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Long-term outdoor performance of a solar farm
enabled by graphene-perovskite panels:
investigating degradation mechanisms, dark
storage recovery, and visual defectst

E. Spiliarotis,® G. Viskadouros, (22 K. Rogdakis, 22 S. Pescetelli,® A. Agresti, (¢
N. Tzoganakis, @22 A. Di Carlo*® and E. Kymakis (2 *2©

OQutdoor performance monitoring of the emerging photovoltaic technologies, such as organic or perovskite
solar modules, under real-life environmental conditions for an extended period will set the grounds for further
technological maturity while revealing distinct characteristics compared to silicon or other commercial
technologies. This study focuses on the long-term outdoor performance of a solar farm enabled by
graphene-perovskite panels (S. Pescetelli, A. Agresti, G. Viskadouros et al., Nature Energy, 7, 597 (2022)). In
this study, we investigated the solar farm's degradation mechanisms and a peculiar dark-storage recovery
effect, as well as the light-soaking phenomenon that emerges after a dark-storage recovery process. The
solar farm's performance was monitored over an extended period of time, and its performance was
analyzed using a combination of electrical and optical characterization techniques. It was demonstrated
that the key sources of solar farm degradation were exposure to high temperatures and solar irradiance
while operating outdoors, as well as lamination failure due to aging that resulted in moisture and oxygen
penetration. Notably, the visual defects observed in the perovskite modules during the performance
monitoring period revealed severe effect of lamination failure on the graphene-perovskite solar farm
performance degradation. The reported performance degradation was found to be partially restored after
panels’ dark storage indicating that both reversible and irreversible mechanisms are at play. A peculiar light-
soaking phenomenon was also observed after the dark storage process, which led to partial performance
recovery, indicating different behavioral trends after the dark storage of panels.

This study examines the long-term outdoor performance of a graphene-enabled perovskite solar farm, highlighting critical insights into the stability challenges
and recovery mechanisms of the perovskite photovoltaics. Given the increasing demand for renewable energy, the development of efficient and stable

perovskite-based solar technologies is essential for transitioning to sustainable energy systems. The study identifies the primary degradation factors—such as
high temperatures, solar irradiance, and lamination failure—while demonstrating the potential for partial performance recovery through dark storage. The
observed light soaking phenomenon also provides insights into the dynamic behaviour of perovskite solar panels. These findings underscore the importance of
designing robust perovskite structures and improving encapsulation techniques to extend operational lifetimes. By correlating environmental impacts with

performance changes, this research advances the understanding of perovskite photovoltaics' real-world reliability and contributes to the development of
practical solutions for large-scale deployment. Ultimately, this study fosters progress toward achieving the economic and environmental benefits promised by

next-generation solar technologies.
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Introduction

Perovskite solar cells have garnered significant scientific
attention as an emerging photovoltaic technology because of
their promising characteristics, such as unique optoelectronic
properties, high power conversion efficiency (PCE)," low-cost
and facile, solution-based fabrication at low temperatures,
and mechanical flexibility.* Research on perovskite solar cells
(PSCs) and modules has focused on improving the device
performance and durability,®> while testing the devices using
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specific measurement protocols® under both indoor’ and
outdoor®*™ conditions. Notably promising path toward
increasing the PCE further is to develop various tandem struc-
tures by combining the PSCs with silicon or other photovoltaic
technologies, opening the path for more efficient panels that
could lead to cheaper electricity.**>'* Efforts have focused on
optimizing the composition of perovskite materials, interface
engineering, device architectures, and fabrication techniques to
achieve higher efficiencies.”'® Even though the PSCs have
achieved a certified PCE with values up to 26.1% (USTC)" re-
ported in 2023, thus outperforming conventional thin film solar
cells such as crystalline Si, CIGS, and CdTe, more fundamental
research is still needed at both material and device levels toward
commercialization.'®

Research has focused on improving the stability and dura-
bility of perovskite solar cells and modules. Perovskite tech-
nology is known to be susceptible to external environmental
factors such as oxygen,' moisture,”>*" temperature,*>**>* as
well as exposure to high solar irradiance*® and specifically the
ultraviolet (UV) spectrum that can induce photochemical reac-
tions and degrade the organic components of the device.”
These environmental factors affect the perovskite layers differ-
ently, resulting in a reduction in their PCE and more impor-
tantly, in their lifetime stability.'®**3° Specifically, moisture
ingress can cause perovskite materials to degrade, resulting in
reduced device performance,* increased hysteresis, and, even-
tually, device failure. Exposure to intense sunlight and pro-
longed light exposure can lead to the formation of phase
segregation,®* defects, trap states, and photo-induced degrada-
tion in perovskite materials, resulting in reduced device
performance and stability. High temperatures can accelerate
degradation processes such as ion migration,* decomposition
of organic components, and phase transitions in perovskite
materials, leading to device instability and reduced efficiency.
Thermal management strategies such as heat sinks and thermal
pastes are employed to mitigate the effects of temperature on
perovskite solar cells. Encapsulation techniques, UV-blocking
layers, and interface engineering have also been explored to
mitigate degradation mechanisms and enhance long-term
stability by minimizing the effects of light exposure. The
demonstration of long-term stability is still a significant chal-
lenge that this technology must overcome.>*?

In some examples, continuous light illumination or light
soaking can enhance the performance through light-induced
structural dynamics that locally relax strain, lower energetic
barriers, or decrease the surface accumulation of photo-
generated charge carriers at the electrode interfaces, thus
improving the open circuit voltage and fill factor.**** There are
various sources of degradation in PSC reported in the litera-
ture,* such as migration of cations,*® non-radiative recombi-
nation processes,*”*® columnar intergrains and defective spots
in the perovskite bulk,* the nature of the hole transport
layer,'**® or the perovskite stoichiometry.** Some studies have
indicated partial recovery of some electrical properties when
devices are stored in the dark for some period.”*®*" Some
reports even stated that recovery occurs during nighttime
hours,'® urging for a systematic investigation of the operation
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conditions on the degradation behavior of PSC, being either
reversible or permanent.*

Most of the reported studies on PSC have been implemented
indoors by accelerated International Summit on Organic
Photovoltaic Stability (ISOS) stability tests to simulate the real-
life exposure conditions of photovoltaic cells in the field and
thus be able to estimate their lifetime.”® Initial reports sug-
gested that the most reliable way to investigate PSC stability is
under 1 sun illumination, preferably at the maximum power
point (MPP), and both under room and elevated tempera-
tures.**** However, more accurate conclusions were derived by
simulated ambient conditions based on real temperature and
irradiance data, revealing that only a low decrease in efficiency
with elevated temperature and low light intensity was observed,
maintaining almost optimum values for ambient conditions.*’
Therefore, long-term stability measurements outdoors are
necessary to identify the real-life performance of the technology
that cannot be captured with solar simulators.®

In field measurements, during the day, there are gradual
fluctuations in the intensity of solar irradiance and tempera-
ture* in contrast to the ideal lab conditions, where continuous
illumination of 1 sun is provided. In addition, the overall
exposure time and solar irradiance intensity are lower during
cloudy days, whereas the phenomena that occur during night
time, such as recovery effects on electrical characteristics,?***¢
cannot be simulated. Despite several studies having investi-
gated the short-term lifetime of PSCs in outdoor condi-
tions,*3036424547:48 data are still required on the long-term
outdoor stability, especially when the modules exhibit low
PCE levels; thus, a detailed investigation of the degradation
mechanisms can take place. Most of the outdoor evaluation is
based on PSC, and only a few studies have been demonstrated
on modules*” or panels® level, pinpointing the crucial role of
perovskite additives, HTL selection, and perovskite stoichiom-
etry in partially reversible degradation effects by dark storage.*
Notably, it was recently reported that the presence of various
degradation patterns for different PSCs implies that accelerated
aging with constant light experiment is no ‘“worst-case
scenario” and thus cannot replace the light cycling® test nor
can it reproduce the real-world scenarios.*

The authors of the present study have fabricated the world's
first solar farm based on graphene-enabled perovskite panels,
while the outdoor stability of the system was investigated for
a period of ~5000 hours of exposure. In Fig. 1, the generated
power over the entire lifetime of the solar farm is presented,
indicating that an abrupt reduction in the generated power
from ~200 W down to ~90 W is observed in March 2021. This
period coincides with an obvious failure of some panels' lami-
nation (Fig. 1) that led to a penetration of moisture (when high
levels of humidity and rainfall were recorded). The visual
inspection of the panels indicated that only some panels
suffered from this lamination issue, whereas the encapsulation
of the modules prevented deeper moisture penetration at the
cell level. In the current follow-up study, long-term performance
monitoring of both the solar farm as a whole and of each panel
from 3/2021 to 10/2022 is presented. Moreover, various degra-
dation mechanisms were carefully investigated, and the effects

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Evolution of solar farm nominal power for the period 06/2020 till 12/2022.

of dark storage and light soaking on panel performance were
studied. The dark storage of the panels was found to have
a beneficial effect on the output power of the panels.

The detailed set of measurements implemented in this study
allows a comprehensive understanding of the degradation
mechanisms, providing insights into designing stable®* and
efficient cells, modules, panels and solar farms based on
perovskite technology. Feedback from outdoor monitoring will
also allow for the optimization of panel manufacturing
processes, such as lamination techniques,* towards enhanced
endurance against severe real life environmental conditions.
Overall, it is necessary to establish specific measurement
protocols that can be applied commonly in outdoor conditions,
allowing various labs to produce comparable and reproducible
results.

Methodology

Solar farm Graphene Perovskite panels interconnection and
solar farm assembly

All the experiments presented in this study were conducted at
the HMU's solar farm located in Crete consisting of 9 Graphene
Perovskite (GRAPE) panels, as reported in our previous study.®
Each panel contained 40 GRAPE modules (5 in parallel, con-
nected in rows of 8 in series). The modules were fabricated
using the following cell stack in which 2D materials were inte-
grated at various places across the device structure: glass-
fluorine doped tin oxide (FTO)-compact TiO, + graphene
(cTiO, + G)/mesoporous TiO, + graphene (mTiO, + G)/mixed-
cation  perovskite/fMoS,/poly(triaryl ~amine) (PTAA)/Au.
Extended details on material formulation and characteriza-
tion, as well as manufacturing processes, can be found in ref. 8.
Finally, for the realization of the solar farm, all panels were
connected in parallel to allow accurate performance

© 2025 The Author(s). Published by the Royal Society of Chemistry

comparisons between measurements. Due to the parallel
connection, the open circuit voltage (Voc) of the solar farm was
the nominal Vo output of the panels and the current produc-
tion was the sum of all 9 panels. In this configuration, current
production was maximized, thereby improving the efficiency of
the battery charging system.

Dark storage

During this study, the panels of the solar farm were stored
indoors at different time periods and for different time intervals
to determine whether recovery effects on the electrical charac-
teristics occurred and how these effects affected the panel
performance. The applied dark storage (DS) methodology fol-
lowed the ISOS-D-1 protocol,® which involved storing the GRAPE
panels in a completely dark environment at ambient air
temperature, relative humidity, and environmental conditions.

I-V characterization of solar farm and monitoring
methodology

The electrical characterization of the solar farm was performed
by measuring forward I-V (short circuit current to open circuit
voltage) characteristics during the day. The measurements were
taken every 50 W m~> (0.05 sun) change in solar irradiance on
sunny days using the electronic load PV-blocks (by EKO
Instruments). Comparisons were made between the morning
and afternoon values at the same irradiance levels, as well as
over time for the period in which the panels were outdoors. The
transition between morning and afternoon values was defined
as the time of day when the solar irradiance value peaked and
began to descend. Outdoor stability monitoring was performed
according to the ISOS-O-2 protocol.® The goal was to observe the
differences in the solar farm behavior at distinct performance
periods, namely when degradation was reported, after the dark-
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storage enabled partial recovery (DS) of the panels, and then
each month after the recovery had occurred.

Light soaking methodology

The light-soaking experiments were performed to investigate
the dependence of various electrical characteristics, such as V.
(open circuit voltage), I (short circuit current), Py, (maximum
power), and FF (fill factor), on light illumination. The forward I-
V measurements were performed using the PV-blocks electronic
load (by EKO Instruments) at 1-minute intervals until the elec-
trical characteristics were stabilized. After ensuring that all the
electrical values had the same behavior during light soaking,
the rest of the light-soaking experiments were performed by
continuously measuring only the V,. at 1-minute intervals.

Because a light-soaking protocol (such as ISOS-L) is not
available for outdoor measurements, the following method-
ology was proposed and used for the experiments: the GRAPE
panels were initially exposed to sunlight under ambient
temperature, relative humidity, and outdoor environmental
conditions. The characterization light source was sunlight on
a clear day, and the load used was at OC (open circuit). The
experiments were conducted during midday to maintain
a nearly stable solar irradiance of 1000 + 10 W m ™ for a suffi-
ciently long period to ensure consistency. To minimize any
changes in panel temperature and relative humidity during
measurements, the GRAPE panels were simply covered to block
light illumination; however, they were still exposed to the
surrounding environmental conditions.

Environmental conditions monitoring

Environmental conditions were monitored during all experi-
ments, and their correlation with the outdoor performance of
the GRAPE panels (ESI Fig. 1 and 27). The weather station used
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to monitor the environmental conditions consisted of a data
logger (Campbell Scientific CR1000) and several weather
parameter sensors, including air and panel temperature, rela-
tive humidity, wind speed/direction, and a pyranometer for
solar irradiance.

Visual inspection

A visual inspection approach was used to track any visual
defects or changes in the panels over time. Photos*® were taken
during the panels’ outdoor lifetime, and differences between
them were compared to identify any visual changes. The visual
monitoring also aimed to observe vulnerable spots on the panel
due to moisture penetration resulting from lamination failure
and to investigate how this effect affected module performance
as the moisture penetration progressed.

Results and discussion
Visual inspection of GRAPE panels

A visual inspection process was conducted throughout the
lifetime of the GRAPE panels measured under outdoor condi-
tions in alignment with other outdoor test protocols for perov-
skite PV panels.*® This involved the periodic capture of photos
that allowed for observing visible signs of degradation, such as
module discoloration, and to identify the most vulnerable areas
of the panels to moisture and oxygen penetration, which are
known to have a destructive effect on PSCs.***

The comparison of the captured images revealed various
visual defects that could be attributed to different factors. Some
defects were linked to imperfections that occurred during the
fabrication process, while others were a result of degradation
factors like prolonged irradiation and elevated temperature over
time.’**” In addition, some defects were associated with

Fig. 2 GRAPE panels visual defects (a) and (b) flairs, (c) cracks, (d) holes, regions suffered by (e) oxygen penetration, and (f)—(h) moisture

penetration in the panel module.
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moisture and oxygen penetration from vulnerable spots where
panel lamination failed.

The aggregated results of these visual degradation defects
are presented in Fig. 2, including the following categories: (1)
flairs, (2) microcracks, (3) appearance of cell holes, and (4)
regions suffering from moisture and oxygen penetration.

However, some panels did not exhibit lamination failure and
demonstrated resilience against outdoor conditions, retaining
their characteristics at a higher rate. Fig. 3 shows representative
examples of a less discolored panel (panel #7) and a more dis-
colored panel (panel #9 and panel #3), respectively.

Fig. 3 shows a side-by-side comparison of the three panels,
indicating two panels that experienced moisture penetration
through different pathways (panel #9 and panel #3) and one
panel with better structural and morphological stability over
time due to a more robust lamination. One panel demonstrates
lamination failure on the sides (panel #3), the other within the
junction box, which is in the center of the back side (see ESI
Fig. 8) of the panel, (panel #9), and another panel (panel #7)
showing only minor discoloration over time that exhibited
remarkable endurance in outdoor conditions.*®

In cases where lamination failed on the side of the panel
(panel #3), it is evident that moisture and oxygen penetration
gradually affected multiple modules within the panel. In
contrast, moisture and oxygen penetration from the junction
box occurred at a slower rate, resulting in a different form of
discoloration (panel #9). This difference can be attributed to the
fact that the back of the panel is more protected from envi-
ronmental factors, such as rain, compared to the edges of the
panel.

Time

Panel #3

'

Panel #7
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Effect of parallel connection of GRAPE-panel-based solar farm

Although there are some published studies on the stability of
perovskite photovoltaics under outdoor conditions,'®*** they
all refer to characterization measurements performed on single
cells and not on a combination of cells integrated into modules
or even multiple modules. However, the degradation mecha-
nisms induced by the system configuration are also relevant in
PV plants.®

As mentioned in the methodology, all panels were connected
in parallel to maximize the current production and thus
improve the efficiency of the battery charging system. However,
each panel exhibited a different degradation rate throughout its
lifetime, resulting in voltage mismatch between panels. One
approach to overcome this voltage mismatch would be to
change the configuration of the panel's connections, ie., to
connect panels with lower voltages in series and then in parallel
with others to reduce this effect. However, this would make
previous solar farm measurements inaccurate.

It is widely known in the literature that voltage mismatch
across a photovoltaic module results in a built-in electric field
that can cause various forms of degradation.®®** This effect is
inevitable in perovskite photovoltaics because of the different
degradation rates expected in individual samples (cells,
modules, panels) integrated, affecting the local V,. of each cell
or module. Thus, the built-in electric field originating from the
voltage mismatch in the perovskite modules can be described as
a DC bias. It is also known that external DC biasing is beneficial
for a short period and is also used as a preconditioning method
before electrical characterization for PSC*>* (pre-bias step);
however, it is not ideal for long periods of time or for values
higher than the V,. of the sample.®**

Panel #9

Fig. 3 Side-by-side comparison of 3 GRAPE panels: (a) GRAPE panel #3, (b) GRAPE panel #7, and (c) GRAPE panel #9. The 1st row shows GRAPE
panels before the period of lamination failure, the 2nd row shows the period of the lamination failure and the 3rd row after the lamination failure
and the different pathways of moisture and oxygen penetration in the panels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table S1 (ESI)} shows the V. values of each panel and the
solar farm as a system for each month after the 3-month DS
period. To ensure that this comparison is accurate, the
measurements were conducted midday at the peak of solar
irradiance in each month, when solar irradiance is stable, so the
changes due to fluctuations in irradiance can be ruled out. The
total V,,. output of the solar farm lies between the values of the
individual panels and is not close to the expected minimum. If
the panels had no losses, we would theoretically expect them to
have the lowest voltage, as is the case with the parallel
connection of the current sources. We can assume that this
behavior can be attributed to different levels of degradation
leading to different electrical equivalent circuits than expected
for parallel connection. These internal parasitic connections
across various modules of each panel could explain the
apparent overall solar farm voltage being close to the average
value of independent panels. It should be noted that after this
DS period, the total V,,. value of the solar farm is very close to the
average of the V. values of the individual panels (difference <
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with the lowest value (difference > 30%). We noticed that the V.
value of the solar farm gets even closer to the average value of
the 9 panels V,. and even reaches deviations of <1% in July
2022, after the gradual decrease in the V,. values of the indi-
vidual panels reported during monthly measurements.*

Electrical characteristics recovery in GRAPE panels enabled by
DS

In the following, we investigate the long-term photovoltaic
performance of GRAPE panels under real outdoor conditions
between 3/2021 and 10/2022, which corresponds to the Ty,
point of solar farm operation (Fig. 4 and ref. 8) and beyond (T},
is defined as the period when the efficiency of the solar farm
was reduced to 40% of the initial value). Data from the perfor-
mance monitoring from 06/2020 to 06/2021 have been pub-
lished in ref. 8. During the first 10 months of the solar farm
operation, a slow decrease in the nominal power was observed,
indicating a Ty, of 5832 h (at ~month 8), which was attributed

5%) and deviates quite strongly from the V,, value of the panel  to intrinsic perovskite degradation mechanisms.**** However,
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Fig. 4 Electrical parameters (Pmay. Isc, and Vo) extracted from the /-V characteristics of (a) solar farm, (b) GRAPE panel #7, and (c) GRAPE panel
#9 for the period 2021-2022. In graphs a, b and ¢, dark storage periods are highlighted with (a) cyan (1 month DS period applied twice), (b) orange

(3 month DS period applied once).
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a notable abrupt reduction in the electrical properties of both
the individual solar panels and the entire solar farm was
observed after the first 10 months of the solar farm operation,
which is likely related to an extrinsic degradation mechanism.
This period coincides with the start of the spring period.

Fig. 4 illustrates the changes in V,, Iy and Pnax for indi-
vidual representative panels that exhibit different degradation
levels and the entire solar farm before and after the DS
processes. Two different dark storage periods are tested in
Fig. 4, either 1 month (boxes with cyan color) or 3 months
(boxes with orange color).

As mentioned in the previous section, moisture ingress in
the panels upon lamination failure is the dominant degradation
factor. The degradation can be attributed to exposure to
elevated temperatures and prolonged sunlight illumination,
especially after the end of winter when longer daylight hours are
expected with high irradiance levels (see Fig. 5). This suggests
that the GRAPE panels may experience a seasonal degradation
rate that reduces their electrical performance. Extrinsic and
intrinsic perovskite degradation mechanisms are also involved.

Even panels with lamination issues can recover their
performance after DS as long as the module encapsulation
remains undamaged,®” preventing moisture penetration that
could degrade the perovskite layer. Therefore, the daily deteri-
oration during these months surpassed the partial recovery that
occurred during the night," leading to a gradual decrease in
electrical properties over this period. For the non-reversible
degradation process, two criteria should be fulfilled: panel
lamination failure and local cell encapsulation failure leading
to perovskite degradation due to environmental conditions.

After the panels were stored indoors for approximately one
month (from 06/09/2021 to 23/10/2021) - first cyan column bar
in Fig. 4 - a significantly higher recovery rate of the electrical
properties was observed, as opposed to the day-night cycle,'®
where a partial and weak recovery has been demonstrated in
literature in fresh, non-degraded perovskite cells.

For a detailed quantitative analysis, Table S27 presents the

percentage (%) increase or decrease in the electrical
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characteristics of each panel observed during each dark storage
(DS) period. Moreover, Fig. S7 in ESI} presents various histo-
grams of the £% increase/decrease of each electrical parameter
(Pmax, Ise, and Vi) during each DS period for the nine panels of
the solar farm. The average values of each figure of merit of all 9
panels are also presented in their corresponding Fig. S7.7 It is
evident from Fig. 4 and S77 that not all panels followed the
same trend after applying each DS process; therefore, evaluating
the percentage increase or decrease in the electrical character-
istics of each panel as presented in Table S27 could be more
valid. The average P, values of the nine panels exhibit an
increase of over 12% after dark storage, regardless of storage
duration (one or three months). A similar monotonic behavior
is reported in V,. values after the corresponding DS processes,
reaching an enhancement by 15%, 14% and 44% after DS 1,2
and 3, respectively (Fig. S7 and Table S2%). After DS 3, the
highest percentage of performance recovery was reported due to
lamination problems in some panels (e.g., panel #3, panel #9).
The parameter that is most affected by the various degradation
levels of the panels is I, where percentage fluctuations are
observed after the DS periods.

Panels that exhibited less discoloration showed greater
recovery (panel #7) and demonstrated performances compa-
rable to those of the previous year. On the other hand, panels
with more discoloration exhibited a lower recovery rate or even
a reduction in their electrical characteristics after the DS
periods (panel #9). The results for the remaining grape panels
for the period 2021-2022 are presented in ESI Fig. 4.}

After a 3-month dark storage period indoors, the panels were
reinstalled in their initial mounting system and monitored
continuously. Fig. 4 shows that panel #7 exhibited an initial
partial recovery even after the 3-month DS, which was not the
case for panels such as panel #9, which exhibited a performance
degradation. Interestingly, the panels that did not show
recovery during the initial dark storage period exhibited
temporal improvement upon exposure to sunlight for some
period before starting to decline again.
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Fig.5 Comparison between the winter and summer clear days of (a) differentirradiation levels and duration. (b) Comparison of maximum air and

panel temperature.
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The solar farm as a whole demonstrated an average
degradation/regeneration rate. This is a result of the parallel
connection of the panels, where panels with higher initial
voltage (V,.) tend to bias panels with lower initial V,. by adding
their current values together.

Further analysis of the electrical characteristics of each
panel, along with continuous monthly measurements and
recording of these values, revealed an additional phenomenon.
For panels that did not experience recovery but instead exhibi-
ted a decrease in electrical properties after the first and second
dark storage periods (see behavior of panel 9 as representative
example), an increase in their electrical characteristics was
observed as soon as they were reinstalled on their mountings
after the 3rd DS. This observation aligns with findings in the
literature on perovskite photovoltaics,*® which categorizes the
degradation of PSC into two different phases, each based on
a different mechanism inherent to the perovskite layer or
extrinsic originating from lamination and encapsulation
failure. In the first period, a reversible degradation occurs
during day/night cycles, which is the behavior observed before
the Ty, period; thus, the lamination and encapsulation of the
panels are not severely degraded. This intrinsic degradation can
be attributed to the formation of metastable defects or revers-
ible ion redistribution under light illumination or electric bias.
The second period emerges after Ts, when the GRAPE panels
exhibit distinct performance recovery dynamics. In this phase,
the FF (fill factor) and Is¢ (short-circuit current) rapidly increase
with extended light illuminations (Fig. 4b). The formation of
a charge extraction barrier induced by de-trapping interfacial
shallow traps when light is switched off could be the mecha-
nism behind this behavior.*® During this phase, which occurs
after the PCE has dropped to 20-50% of the initial values,
performance recovery is possible but takes longer than a single
night, making it non-reversible within the day-night cycle.*®
Ion-vacancy recombination process enabled by photo-induced
halide redistribution could lead to current modulation upon
illumination. Moreover, light illumination can lead to an overall
current enhancement attributed to a photogenerated electric
field that lowers Schottky barriers driven by trapped photo-
generated holes or vacancies. During nighttime, charge carriers
are released from these traps, resulting in the formation of an
interfacial charge extraction barrier.*

Furthermore, we observed that depending on the position of
the discolored modules within certain panels, no overall
recovery of the Isc was observed. This is due to the in-series
connection of the eight modules composing each string; thus,
if one module fails, the entire series is affected, directly
impacting the total current generation through the string of the
panel.

Finally, as shown in Fig. 4, after Ts,, all panels experienced
a significant decrease in their electrical properties during the
summer, even after the DS periods, confirming the presence of
a seasonal degradation rate for the GRAPE panels.

The panels were stored once again for approximately one
month (from 10/08/2022 to 20/09/2022) (cyan column bar in
Fig. 4). During this period, the panels exhibited a recovery of
their electrical characteristics, although to a lesser extent.
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However, the modules that suffered from moisture insertion
resulted in a perovskite layer with clear visual degradation and
were unable to operate again, giving a minimum contribution of
current in the connected series.

Note that panel #7 demonstrated a substantial power
recovery once again, and the subsequent decrease in the
following month was smaller compared to panel #9. Although
panel #9 exhibited a recovery, it shows significant degradation
during the following month of operation. These observations
suggest that the panels that initially depicted an abrupt degra-
dation experienced a faster recovery after the DS process.

The percentage increase or decrease in the electrical char-
acteristics of each panel during each dark storage (DS) period is
provided in Table 2 of the ESL.{

Light soaking phenomenon (LSP) in GRAPE solar farm

Another phenomenon that was investigated in this study
consists of the light-soaking effect that occurs when the
perovskite panels are exposed to sunlight. DS observed in
GRAPE panels should be related to LSP and the associated light-
induced carriers and ions migration across the perovskite bulk
and potential trapping effects at relevant interfaces, with
a direct impact on V, values on cell, module and panel levels
that leads to voltage mismatch effects observed in the current
study.

LSP induces drastic changes in the optoelectronic properties
under illumination and is usually observed in hybrid perovskite
materials.®® LSP should be avoided to achieve long-term oper-
ational stability in perovskite devices.

PSCs often exhibit light-soaking behavior under illumination
conditions, which can gradually affect device performance.
Experimental studies *»**7° have shown that light soaking is
associated with interfaces between electrodes and active layers
in planar-heterojunction PSCs.”* In general, the light soaking
and hysteresis effects can be attributed to polarization effects
caused by lattice distortions, carrier trapping/interception, ion
migration®**”> and photoinduced halide segregation (PIHS) in
PSCS.31’44’58’73

The light soaking phenomenon has been observed in PSCs
having different device structures, which raises concerns about
the instability of the power output of PSCs. Nonetheless, the
severity of the light-soaking phenomenon varies from labora-
tory to laboratory and has been the subject of intense discus-
sions on the underlying mechanism.

One of the proposed mechanisms is based on trap-filling/
detrapping,” where traps are filled under light illumination.
The long timescale observed in this process leads to contro-
versial discussions about the location, properties of the trap
states,”’® and the role of light-generated charge carriers and
mobile ions in the trap-filling process.” The second mechanism
is based on a type of doping where mobile ions drift to the
opposite electrode under a photogenerated electric field,
causing p- and n-doping at the anode and cathode, respectively.
The latter mechanism does not consider the role of traps in
light-soaking. In addition, mobile carriers and their drifting
directions are still debated. The third mechanism proposed to
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explain the light-soaking effect considers variations in the
crystal structure of the perovskite due to the rotation/alignment
of the methylammonium cations under light and bias. None-
theless, drawing conclusions from these studies is difficult
because of the different device structures and perovskite
morphologies obtained in numerous research laboratories.*®
Moreover, optical measurements have revealed that carrier
trapping (bulk trapping) strongly affects the photoconductivity
response and consequently generates photocurrent hysteresis
phenomena. In addition, electrochemical impedance spectros-
copy (EIS) and ultraviolet photoemission spectroscopy (UPS)
studies suggest that energy level alignment and trap filling can
also lead to “light soaking” behavior.”””®

During LSP, changes in the electrical parameters of the
panels were also observed. For the phenomenon of light soak-
ing, comparative experiments were conducted to determine
whether it is possible to distinguish the degradation of perov-
skite panels from their different origins.

For both panels (panels #7 and #2), the first measurements
(measured at 4/21 and 8/21) show a typical behavior expected
from the literature at this degradation state:*** as soon as the
panels are exposed to light, the V,. exhibits an upward trend.
However, just after the 3-month DS period, all panels exhibited
different behaviors. When exposed to sunlight, the electrical
properties start at a higher voltage than before partial recovery
and then decrease towards stabilization. As shown in Table S3,}
panel #2 exhibited an increase in average V,,. measured during
LSP from ~36 V to ~53 V, panel #7 an increase from ~35 V to
~49V and the average overall panels is a recovery over 15% for V.
between 08/21 and 02/22, including 1 and 3-month DS periods.

After this different behavioral trend had been observed on 2/
22, the same experiment was carried out for a second time on 3/
22 without any measurements or light exposure between these
dates. The results show identical behavior to the experiment of
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2/22 for all panels during the LS in terms of the open circuit
voltage, with an average variation in all GRAPE panels of
approximately 0.4%. This is due to the lack of deterioration
under illumination because the experimental measurements
stress the panels, accelerating the reduction in their electrical
properties due to LID.

To investigate any changes in this behavior, V,. measure-
ments were conducted each month after the 3-month DS. Fig. 6
shows the behavior of the V,. for the solar farm, with panel #7
and panel #2 as representative examples. Results for the rest of
the panels can be found in ESI Fig. 5.}

After re-installation of the mounting system, the LSP
measurements indicate a gradual decrease in electrical perfor-
mance during measurements and the exposure to high sunlight
illumination, as mentioned earlier. The behavior during LSP
gradually changes each month after the DS until it returns, from
month 5/22 to its pre-DS recovery period state, i.e., the values of
electrical properties start increasing until they stabilize, as soon
as the panels are exposed to solar irradiation for some time.
Although V,. increased for all panels after the DS, more
degraded panels were observed (ESI Fig. 5T panel #3). Requiring
more time to change the behavioral trend to the “pre-DS”
upward trend.

It is worth noting that during the LSP, minor fluctuations in
solar irradiance were reported (less than 15-20 W m™2), thus
they do not affect the electrical properties of the panels.
However, after LSP application, a strongly solar irradiance-
dependent behavior was observed for all electrical properties.

To ensure that all electrical properties followed the behavior
of V., a series of experiments was conducted, where forward I-V
characterization curves were recorded, as described in the
methodology section. These experiments were implemented for
the entire solar farm and each panel to determine the correla-
tion between the suppressed electrical properties of the panels
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and the lamination failure on the overall production of the solar
farm during LSP. Fig. 7 demonstrates that all electrical char-
acteristics of panels #7 and #5 during LSP exhibit the same
behavior. The results for the remaining GRAPE panels are
shown in ESI Fig. 6.7

The data extracted from individual LSP measurements were
analyzed, as shown in Fig. 7 and Table S4,f clearly indicating
that the short-circuit current, maximum power, and efficiency
of each panel follow the same trend as those of the open-circuit
voltage.

The solar farm as a whole aligns with the majority of panels
in terms of behavioral trends, showing an intermediate pattern.
The effect of light soaking (LS) under 1000 W m > for 60
minutes before and after dark storage (DS) on the electrical
performance of the perovskite panels was quantified. The
observed variations in FF, P,y I, and V,. are presented in
Fig. 6 of the ESI,t where box charts illustrate the percentage (%)
of open circuit voltage losses and gains associated with LS are
presented in ESI Fig. 9.1 A detailed quantitative analysis of these
variations is provided in Tables S3 and S4 of the ESI.t

Diurnal variation per month after dark recovery

The difference between the morning and afternoon data of I
dependence on the illumination of the solar farm in a monthly
analysis is plotted in Fig. 8, after the dark storage period
(February 2022 to July 2022).

As reported in our previous study,® the V,. values during the
day appear to be reduced during the afternoon hours compared to
the corresponding values in the morning at the same solar radi-
ation. Regarding the differences between I values recorded at the
same solar irradiance in the afternoon and morning periods, no
difference was observed since the light-induced degradation
(LID)*%273443:4479°85 effect had no direct effect on the production of
the current at this time. By plotting (Fig. 8a) the corresponding
morning-afternoon graphs after 3-month DS (months 5/22, 6/22,
7/22), we observed an abnormal behavior, consisting of an I
increase in the afternoon period compared with what we observed
during the morning session at similar irradiance values. This
confirms dark storage degradation and light recovery of some
panels, as mentioned earlier, resulting in an increase in current.
In contrast, the V. shows the same behavior, i.e., in the afternoon,
the V,. values are always reduced (Fig. 8b) compared with the
morning before and after DS. However, significant differences
were observed in the first morning V,. values (the voltage
decreases despite the increase in irradiance) because they were
strongly affected by the LSP effect each month.

As the panels are gradually restored and the behavior of the V.
in the light soak changes, the same change appears in the V.
values during the morning measurements. Finally, while the
panels have regained the “ascending behavior” by comparing the
Voe values at the morning/afternoon transition, the same behavior
is observed as well. Moreover, the I,. behavior was restored to the
original behavior, i.e., the morning values should be the same in
the afternoon for the corresponding solar irradiance values.

The measurement protocol effect, as well as the effect of LSP
and LID on V,, solar irradiance dependence, clearly indicate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the conventional, static MPP tracking algorithms used for
commercial PV systems, such as fractional open circuit voltage
MPP tracking,®*®*” are not suitable for perovskite photovoltaics
and new algorithms should be introduced for more accurate
MPP tracking® of this PV technology.

Two days experiment

To verify the different behaviors of the GRAPE panels after the
DS periods (02/2022), I-V measurements were presented (ESI
Fig. 31) on all panels for two consecutive days to investigate the
impact of LID**#**%* on the electrical properties of the panels.
Some panels exhibited reduced electrical properties, as ex-
pected due to LID,* particularly affecting the V,. and conse-
quently the FF. Thus, the V,. of all panels decreased on the
second day.

However, the solar irradiance exposure had different effects
on the current and maximum power in the two scenarios, as
described in the following text and shown in Fig. 9.

In the first scenario, a subset of panels showed an increase in
current after exposure to solar irradiance (ESI Fig. 31). These
panels had improved electrical properties on the second day,
contributing to the observed increase in current. Additionally,
the V,. decreased, as expected, due to the effects of LID.**7*%
Thus, Pn.c increased because the increase in current was
greater than the reduction in V..

In the second scenario, a different subset of panels exhibited
lower Vi, Is, and Py, values after exposure to solar irradiance.
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These panels exhibit reduced electrical properties, which can be
attributed to the impact of prolonged light exposure.

The findings from the two-day experiment once again validate
that the behavior of perovskite photovoltaic cells, in relation to
recovery phenomena, is closely linked to the level of degradation
they are experiencing. Specifically, panels with degradation levels
>Tso recover in the dark, whereas those that are more degraded
show a reduction in their characteristics during dark storage and
then recover once exposed to light conditions.

This effect is caused by the ion-vacancy recombination
process®* enabled by photo-induced halide redistribution,
which could lead to current modulation upon illumination
mentioned earlier in this study and justifies the observed
diurnal variations from the previous chapter, where short-
circuit current values were higher in the afternoon compared
to the morning, despite identical radiation intensity levels.

Conclusion

In summary, this study investigated the long-term performance
of perovskite panels based on solar farms outdoors, with
particular emphasis given to the origin of various degradation
factors, some of which were intrinsic to the perovskite active
layer, while others were extrinsic due to lamination failure. The
detailed measurement protocols enabled an analysis of the
effects of dark storage and light soaking on panels and partial
recovery of the solar farm. The long-term stability of perovskite
panels is a significant challenge due to the inherent sensitivity
of perovskites to environmental conditions like humidity, high
temperatures, and light exposure, which are degradation sour-
ces. The experimental findings of this study indicate a greater
degradation of the solar farm during summer, resulting from
prolonged exposure to high temperatures and solar irradiance,
which has a severe effect on panel lamination stability. This
degradation is partially reversible in dark storage. After the DS,
not only was an improvement in the electrical parameters of the
solar farm recorded, but also a different behavior in terms of the
LSP was observed. Depending on the degradation level of the
panels, different DS times were required to achieve sufficient
recovery. Specifically, during the early stages of panel operation,
recovery occurs in the day-night cycle; however, in later stages
where stronger degradation appears, more time is needed for
recovery. Notably, at very low degradation levels, the panels
cannot restore their properties when simply stored in the dark;
however, exposure to light illumination is required afterwards
for performance recovery. This indicates that a complex inter-
play of degradation and recovery mechanisms exists that
depends on light exposure and dark storage. Depending on the
season and environmental conditions in the area where the
GRAPE panels are installed, the electrical parameters can
degrade slower or faster, as shown by the seasonal behavior of
degradation. One potential real-world application of the dark
recovery (DS) effect in perovskite solar panels is the imple-
mentation of periodic operational cycles to mitigate perfor-
mance degradation. For instance, in installations where
continuous energy production is not a priority, such as seasonal
residences or off-grid applications with intermittent demand,
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panels could be periodically taken offline and covered to allow
their electrical properties to recover before the next operational
cycle. By strategically managing the exposure time to illumina-
tion and recovery periods, the long-term stability of perovskite-
based photovoltaics can be significantly extended.

In addition, this study revealed visually inspected defects in
the panels, which were monitored over time. These findings are
associated with lamination failure and the penetration of
oxygen and moisture, suggesting that they have a detrimental
effect on perovskite solar farm performance. In the case of
severe optical degradation, the electrical parameters of the
corresponding panels cannot be restored even after being
stored in the dark. Therefore, visual inspection during the
panels’ lifetime operated under outdoor conditions is an effi-
cient way to identify the vulnerable points that occur either due
to manufacturing dysfunctions or inherent material degrada-
tion, with the aim of technology optimization towards future
designs. Identifying and preventing lamination failure and
moisture penetration are critical for improving panel durability
and stability while minimizing visual defects and ensuring
optimal performance. This optimization strategy will contribute
to the development of more reliable and durable perovskite
solar panels, facilitating the widespread adoption of this
promising renewable energy technology.

Another necessary step towards the commercialization of
this photovoltaic technology is to study the voltage mismatch of
perovskite photovoltaics to determine if and to what extent it
affects their degradation rate. This, as well as their optimum
connection configuration (parallel and in series), is used both in
the upscaling process and in the fabrication of panels, as well as
in the connection of panels for the most efficient long-term
operation of a solar farm. Finally, we conclude that the lami-
nation of the panels is the most important parameter for the
stability of photovoltaic perovskites. From this study, we
conclude that it is possible to restore the electrical properties of
panels as long as the lamination prevents penetration of
external parameters (oxygen and moisture) into the panels.
However, additional studies on aging under outdoor conditions
are necessary to differentiate the recovery scenarios in terms of
their long-term stability and degree of degradation.

Data availability

The data that support the findings of this study are available in
the ESL.t
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