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Perovskite solar cells have made remarkable progress in laboratory-scale efficiency, positioning them as
a promising next-generation photovoltaic technology. However, their long-term operational stability
under real-world conditions remains a critical barrier to commercial deployment. This study presents
a three-year outdoor field investigation of a micro power station composed of 20 perovskite sub-
modules (FApoCsg 1Pbls-based, each measuring 30 cm x 40 cm), deployed in subtropical eastern China
and fabricated using scalable, industry-compatible processes. The system was continuously monitored
over a three-year period to assess its long-term energy output and operational stability under real-world
conditions. In parallel, we developed a spectral-accelerated ageing protocol using a tailored ultraviolet
to blue-violet light spectrum, with enhanced intensity in the 390-455 nm range. This method enabled
a UV dose of 60 kWh m™ at 65 °C to effectively replicate approximately two years of outdoor
degradation. The excellent agreement between the UV-aged and field-aged performance validates this
as a practical and predictive tool for evaluating the outdoor lifetime of perovskite modules. The sub-
modules demonstrated outstanding durability, with only a 2.83% decline in power conversion efficiency
after three years of continuous outdoor operation. These findings support the implementation of
perovskite-specific reliability testing frameworks and align with emerging international standards such as
IEC TS 63624-1, highlighting the importance of tailored UV protocols in preparing perovskite
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1. Introduction

Metal halide perovskite solar cells (PSCs) have rapidly ascended
as one of the most promising candidates for next-generation
photovoltaic technologies, owing to their exceptional power
conversion efficiencies (PCEs), cost-effective fabrication
processes, and compatibility with a variety of substrates and
form factors."” Since the seminal report of a 3.8% efficiency by
Miyasaka and co-workers in 2009,* certified single-junction
efficiencies have reached 27.3% as of 2025, rivalling those of
established crystalline silicon solar cells. These laboratory-scale
achievements have progressively translated to larger-area
modules; recent advances in scalable processing, such as
laminar flow-assisted crystallisation, have enabled square-
metre perovskite modules to surpass 18% efficiency.?

Despite these impressive gains in efficiency and scalability,
the long-term operational stability of perovskite photovoltaic
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technologies for commercial deployment.

modules remains a critical barrier to commercial deployment.®”
Degradation mechanisms unique to perovskite materials, such
as ion migration, interfacial reactions and photochemical
decomposition, complicate efforts to predict module longevity
under real-world conditions.** Unlike silicon-based photovol-
taics, which are qualified via well-established certification
frameworks such as IEC 61215 and IEC 61730," perovskite
modules currently lack dedicated protocols that reliably reflect
their failure modes. Application of testing protocols originally
developed for silicon photovoltaics often leads to inconsistent
or misleading outcomes when evaluating perovskite stability,
hindering fair cross-study comparisons and slowing progress
towards industrial qualification. The International Summit on
Organic Photovoltaic Stability (ISOS) introduced a suite of
testing protocols tailored to emerging photovoltaic technolo-
gies, including PSCs."” These guidelines are valuable for har-
monising research practices and promoting reproducibility;
however, they are primarily intended for academic use and do
not impose absolute performance thresholds or qualification
criteria, which are essential for commercial adoption.

More recently, significant efforts have been devoted to
refining these methodologies and understanding their impli-
cations for device physics. For instance, Zhao et al. conducted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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high-temperature (110 °C) continuous illumination tests to
quantify accelerated degradation of all-inorganic CsPbl;
devices, with lifetime projections exceeding 51 000 hours at 35 °©
C based on Arrhenius scaling.” Similarly, in situ IV-PL coupled
characterisation systems have been developed to enable real-
time tracking of photodegradation pathways under damp heat
conditions," while light-free forward bias ageing has been
proposed as a proxy for outdoor ion migration effects.” In
parallel, high-intensity light soaking protocols (up to 4 suns)
have been shown to accelerate testing throughput while
preserving degradation kinetics,’®* and machine learning
models trained on early-time PL absorption spectra have
demonstrated predictive capability for long-term stability
outcomes."” Moreover, recent two-year outdoor monitoring of
perovskite mini-modules revealed reproducible diurnal degra-
dation-recovery patterns, which were successfully correlated to
environmental parameters using XGBoost regression.”® These
advances are complemented by consensus efforts to formalise
ISOS-based stability testing specific to perovskites," including
strategies to mitigate iodine volatilisation and reversible photo-
induced degradation under ISOS-L protocols."™** Together,
these studies underscore a growing sophistication in stability
assessment techniques, from mechanistic studies to data-
driven forecasting and consensus framework building.

Yet, the specific impact of ultraviolet light remains poorly
understood, and its correlation with outdoor degradation is
unclear. For example, IEC 61215 prescribes only 15 kWh m™> of
light exposure, far below the cumulative dose experienced in
real-world operation.™ UV and short-wavelength visible light
(280-455 nm), though comprising only ~8% of AM 1.5G solar
energy, are known to drive significant degradation in perovskite
materials.”*** This spectral region affects both bulk and inter-
facial stability, as confirmed by our previous work and that of
others.® Importantly, UV ageing avoids artefacts seen in outdoor
tests, such as early PCE increases due to ion migration, which
can obscure real degradation. Focused UV protocols offer
a clearer and more reliable assessment of perovskite stability.

To address persistent gaps in the evaluation of perovskite
module stability, this study presents a comprehensive three-
year investigation that connects UV-induced accelerated
ageing with real-world outdoor performance. In April 2021, we
established a micro perovskite power station in Quzhou, Zhe-
jiang Province, consisting of 20 sub-modules (each rated at
~13 W, totalling ~260 W), all fabricated using scalable,
industry-compatible processes. These modules were installed
outdoors at a fixed tilt angle and monitored continuously from
2021 to 2024 to track power output and environmental expo-
sure. In parallel, identical modules were placed in a controlled
UV ageing chamber and subjected to high-dose UVA + UVB +
UVV (280-455 nm) illumination to emulate long-term photo-
degradation. By systematically comparing degradation trajec-
tories under natural and accelerated conditions, we establish
a quantitative correlation between UV stress and outdoor energy
yield loss. This represents the first empirical mapping of its
kind, offering a scientific foundation for the development of
perovskite-specific ageing protocols.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Materials

The NiO, precursor solution was prepared by dissolving 293 g (1
mol) of Ni(acac), 2H,0 (99%, Shanghai Aladdin) in 10 L of
ethanol (98%, Hangzhou Orient) and 50 mL of ethanolamine.
The mixture was stirred for 4 h and filtered through a 0.22 pm
PTFE membrane. The solution was used within 24 h and stored
in a fume hood under relative humidity below 45%. The PTAA
solution was prepared by dissolving in-house synthesized
poly(triaryl amine) in chlorobenzene (99%, Hangzhou Orient) at
a concentration of 1.5 g L™". This solution was also filtered
through a 0.22 um PTFE membrane and renewed every 12 h
under the same ambient conditions. The perovskite precursor
was formulated by dissolving 553.2 g Pbl, (98%, Zhejiang Yitai),
185.7 g FAI (98%, TCI), and 31.2 g CsI (99.9%, Zhejiang Yitai) in
1 L of DMF:DMSO (4:1, v/v; both 99%, Shandong Hualu-
Hengsheng). After stirring for 2 h, 12.2 g MACI (15 mol%,
98%, TCI) and 10.0 g PbCl, (3 mol%, 98%, Zhejiang Yitai) were
added. The final solution was filtered through a 0.22 pym PTFE
membrane in a dry room (RH < 30%).°

2.2. Fabrication process of perovskite sub-modules

Perovskite sub-modules were fabricated on 30 cm x 40 cm X
3.2 mm FTO-coated glass substrates. Initial P1 laser scribing
was performed to define isolated electrode regions. Substrates
were then cleaned sequentially with detergent, deionised water,
acetone, and isopropanol. All subsequent wet processes were
conducted in a Class 1000 cleanroom maintained at 23-25 °C
and relative humidity below 45%. The NiO, hole transport layer
was applied via slot-die coating and annealed in a continuous
belt oven at 350 °C for 30 minutes in air. After cooling to below
30 °C, a PTAA layer was deposited using a second slot-die coater.
This was followed by a brief drying step at 100 °C for 10 minutes
to remove residual solvent. Once the substrate cooled to below
25 °C, the perovskite photoactive layer was deposited using
a third slot-die coater. The wet film was dried in an oven and
subsequently subjected to vacuum thermal annealing, resulting
in a uniform and crystalline perovskite film.

Subsequent vacuum processes included thermal evaporation
of 20 nm of Cgy (Henan Fullerene Nano Material Co., Ltd,
99.9%) and 5 nm of bathocuproine, followed by deposition of
7 nm of SnO, via inline spatial ALD at 90 °C. The SnO, layer was
grown using tetrakis(dimethylamino)tin (99.9999%) and ultra-
pure water (99.9999%) as precursors, supplied by Shanghai
Oriphant. P2 laser scribing was carried out using a 532 nm
nanosecond laser (Bellin Marble GR-40) to remove all upper
layers above the FTO. The beam frequency was set to 100 kHz
and the power to 5.1 W. The back electrode was deposited by
magnetron sputtering: first 10 nm of ITO (In: Sn = 90: 10) was
deposited using an RF source (Hiittinger TruPlasma RF 3012),
followed by 20 nm of ITO and 100 nm of Cu using a DC source
(Huttinger TruPlasma DC 3030). P3 laser scribing was then
performed with a 532 nm nanosecond laser (Bellin Amber NX
GR-15S) at 300 kHz and 0.8 W.

Nanoscale Adv., 2025, 7, 6248-6256 | 6249
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A dead zone width of 195.5 um and pitch width of 6.3 mm
were achieved, corresponding to a geometric fill factor (GFF) of
97%. P4 edge ablation was carried out with a 1064 nm nano-
second laser (Raycus RFL P1000H), using a beam frequency of
10 kHz and power of 1000 W, creating 17 mm edge clearance on
all four sides. Each sub-module comprised 52 series-connected
sub-cells (26 cm in length and 6.3 mm in width), with an
effective area of 868.4 cm” (26 cm x 33.4 cm). Modules were
encapsulated between two 30 cm X 40 cm x 3.2 mm tempered
glass sheets using a POE encapsulant and a PIB edge sealant
(Quanex, SolarGain series). In addition, a pre-cut polyolefin
(Hangzhou First Applied Material, TPO series) film was gently
laminated to the back, and the junction box was affixed and
filled with epoxy resin, which was cured for 8 hours. Final
lamination was performed at 120 °C and 90 kPa for 15 min.

2.3. Outdoor field testing and IV characterization

To establish the perovskite micro-power station, 20 perovskite
sub-modules were deployed outdoors for continuous operation
over a three-year period (April 2021-March 2024) in an open
field in Quzhou, China. The sub-modules were mounted on
a fixed rack, tilted at a 20° angle using standard aluminum
brackets to optimize solar irradiance reception. All modules,
each with a nominal power output of approximately 13 W, were
wired in parallel and connected to a micro-inverter (Brand:
Hoymiles, Model: M1-1200). Irradiance data were collected
using a YIGU ML YGC-TBQ Si-pyranometer at 10-second inter-
vals using a Picotech PT-104 datalogger. Module temperatures
were monitored using TH10S-B sensors affixed to the rear of
each module. Output power was tracked using Huawei
SUN2000-125KTL-JPHO maximum power point (MPP) trackers.
Daily electricity generation was monitored, and monthly and
annual performance ratios (PR) as well as Equivalent Full Sun
Hours (EFSH) were calculated to assess the system's operational
stability and solar resource availability. Periodic removal of the
modules allowed for performance measurements under Stan-
dard Test Conditions (STC) with 1 Sun irradiation.

Indoor IV measurements were performed using a 2 m x 1.5
m Class AAA steady-state solar simulator (LASS200150, Eternal
Sun). The voltage scan was set from 0 to 60 V with a step size of
150 mV, resulting in a total of 400 data points. The scan dura-
tion was 30 s. Before any stress testing or outdoor exposure, the
initial power conversion efficiency (PCE) of each mini-module
was recorded under standard conditions.

2.4. Spectral-enhanced UV-blue-violet accelerated ageing
and damp-heat stability evaluation

To evaluate photostability under accelerated conditions,
perovskite sub-modules from the same production batch as
those deployed in the field were subjected to ultraviolet (UV)
ageing using a GRO-SUV3226T chamber (Shanghai Reichy),
which offers a large exposure area of 3200 mm x 2600 mm. The
chamber operated at a controlled temperature of 60 °C £ 5 °C,
with combined UVA and UVB irradiance maintained at 200 +
30 W m~? and a UVA: UVB ratio of 5-9%, consistent with IEC
61215 specifications. Irradiance was continuously monitored at
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the module plane using an in situ sensor, and the cumulative UV
dose was obtained by integrating spectral power over the test
duration.

To accurately characterise the spectral power distribution
(SPD) during UV ageing, real-time spectral measurements were
carried out using a fibre-optic spectrometer manufactured by
Avasolar (Model AVA-UVX300). The system incorporates a cali-
brated spectrometer, a cosine-corrected diffuser, and a photo-
diode array, enabling continuous measurements across the
200-800 nm range with a spectral resolution of 1 nm, wave-
length accuracy of £1.0 nm, and intensity resolution better than
5%. During operation, the sensor head was positioned at the
same height and angle as the module test surface to ensure that
the recorded spectra faithfully represented the actual irradiance
received by the samples within the UV ageing chamber. By
integrating spectral irradiance across the UVA (320-390 nm),
UVB (280-320 nm), and violet-blue UVV (390-455 nm) regions,
the relative contributions of each spectral band to device
degradation were quantitatively assessed. This characterisation
provided essential spectral input parameters for establishing
a direct correlation between the ageing spectrum and the
performance degradation observed in perovskite modules.

In parallel, damp-heat (DH) ageing tests were conducted to
assess the moisture and thermal robustness of the module
architecture. Modules were placed in a climate chamber at 85 ©
C and 85% relative humidity, in line with IEC 61215 DH
protocols. This test focused on identifying encapsulation-
related failure modes such as delamination, corrosion, and
ion migration, complementing the UV and field ageing studies
by providing a broader view of environmental reliability.

3. Results and discussion

3.1. Configuration and structural design of the perovskite
micro power station

A perovskite micro photovoltaic (PV) power station was con-
structed in April 2021 in Quzhou, Zhejiang Province, China,
a region characterised by a humid subtropical climate. The
station comprises 20 perovskite sub-modules, each with
a geometrical size of 300 mm x 400 mm and a nominal output
power of approximately 13 W, resulting in a total installed
capacity of ~260 W. All sub-modules were electrically connected
in parallel and routed through a micro-inverter, which inter-
faces with the AC grid. To optimise incident solar irradiance,
the modules were mounted at a fixed tilt angle of 20°, using
standard anodised aluminium alloy frames.

Fig. 1a illustrates the outdoor deployment of the micro
power station. Fig. 1b shows the parallel wiring diagram of the
20 modules, while Fig. 1c presents the distribution of their rated
power outputs. As detailed in Table 1, the average power
conversion efficiency (PCE) across all 20 modules at the begin-
ning of deployment was 15.94%. The sub-modules employed in
this study follow a typical inverted (p-i-n) structure, comprising
a NiOx hole transport layer, a PTAA interfacial layer, an FA, o-
Cs1Pbl; perovskite light-absorbing layer, a fullerene-based Cg,
electron transport layer, an SnO, interlayer, and an ITO buffer,
capped with a Cu metal electrode.”®*** The encapsulation

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

Fig. 1
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(a) Outdoor view of the perovskite micro power station deployed in Quzhou. (b) Connection diagram showing parallel wiring of 20

perovskite sub-modules. (c) Histogram of rated maximum power (Pma,) for the 20 modules.

utilised a POE (polyolefin elastomer) film, PIB (polyisobutylene)
edge sealant, and dual-side tempered glass for moisture and
oxygen barrier protection. The internal structural configuration
is shown schematically in Fig. 2, designed to facilitate charge
extraction, minimise recombination losses, and enhance envi-
ronmental stability—factors critical for maintaining long-term
outdoor operability.

3.2. Performance of the perovskite micro power station over
three years of outdoor operation

To comprehensively assess the long-term performance of the
perovskite-based micro power station under real-world envi-
ronmental conditions, a continuous three-year outdoor moni-
toring campaign was conducted. This investigation was
designed to capture not only the seasonal and interannual
variations in energy output but also the operational resilience
and intrinsic material stability of the deployed FA, ¢Csq 1PbI;-
based modules. The monitoring strategy integrated system-level
energy output metrics with module-level degradation assess-
ments, offering a holistic picture of photovoltaic performance
in subtropical climates.

Throughout the monitoring period, a suite of environmental
and operational parameters was systematically recorded. These
included solar irradiance, ambient and module temperatures,
real-time output power, daily energy generation, and critical
performance indicators such as equivalent full sun hours
(EFSH) and performance ratio (PR).° These parameters

collectively enabled detailed analysis of both solar resource
availability and photovoltaic system conversion efficiency,
accounting for dynamic weather patterns and seasonal solar
flux variations.

Fig. 3 illustrates the monthly evolution of EFSH over the
three-year period in Quzhou, where the micro power station was
installed. The EFSH was computed using irradiance data
collected at 10-second intervals by calibrated pyranometers and
normalised to the standard test condition (STC) irradiance of
1000 W m™>. This metric provides a time-integrated represen-
tation of solar input, reflecting the cumulative hours during
which the system effectively received “1 Sun” of irradiance:

total energy yielded (kWh)

EFSH(h) =
(b) rated power output at STC (kWp)

(1)

This formulation allows EFSH to function as a temporally
standardised solar availability metric, independent of daily
fluctuations in light intensity. Notably, the highest EFSH values
were consistently recorded in July and August of each year,
corresponding to periods of extended daylight and high solar
insolation. Seasonal variability was evident, with expected
declines during winter months; however, comparison across the
same months in different years revealed minimal interannual
variation, indicating stable and consistent system performance.
A pronounced increase in EFSH was observed in July and August
2022, which correlated well with independently measured

Table 1 Specific performance parameters of the 20 perovskite sub-modules used in the micro power station

Parameter VoclV I./mA P/ W Jso/mA cm™? FF PCE/%
Average value 53.98 0.37 13.32 22.62 0.67 15.94
Standard deviation 1.66 0.00 0.43 0.13 0.02 0.52

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cross-sectional schematic of the perovskite sub-module,
showing all functional layers and encapsulation configuration.
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Fig. 3 Monthly EFSH for the perovskite modules over three opera-
tional years in Quzhou.

increases in solar irradiance, reinforcing the sensitivity and
reliability of the EFSH metric.

To complement these monthly summaries, Fig. 4 presents
high-resolution time-series data of both daily irradiance
(bottom) and corresponding energy yield (top) over the full
operational period. The data demonstrate a strong correlation
between incident solar energy and system output, underscoring
the robust light-harvesting performance of the perovskite
modules. Remarkably, even during extended periods of overcast
weather or diffuse light conditions, the system maintained
a relatively stable output. This consistent performance high-
lights a notable advantage of the FA, ¢Cs, 1PbI; composition, its
superior low-light response, which makes it particularly

Daily energy yield (kWh)

2 H

Total Irradiance (kWh/m?)
-

O 1 1 1 1 1 1

2021/10/1 2022/4/1 2022/10/1 2024/3/31
Date

2021/4/1 2023/4/1 2023/10/1

Fig. 4 Daily energy yield (top) and corresponding solar irradiance
(bottom) over a three-year period.
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suitable for deployment in regions characterised by high
humidity or frequent cloud cover.

To quantitatively evaluate the system's real-world efficiency,
we further analysed the performance ratio (PR), which serves as
a normalised indicator of operational efficiency by comparing
actual energy output to theoretical yield under STC. In eqn (2),
PR is calculated as the quotient of the specific yield factor (Y;)
and the reference yield (Y;):>**

Y frt]z P mpp,acmal(l)dt
Yo Py x |, irradiance(r)ds

(2)

Here, Pnpp actual is the measured power output of the PV
system from the AC side of the microinverter. Py, is the power
output of the PV system under the condition of standard solar
irradiance (1000 W m™2). Irradiance presents the value of real-
time irradiance, which was collected every 10 s. ¢t1 and ¢2
represent the testing times. As shown in Fig. 5, the monthly PR
values over three years exhibited remarkable consistency, with
only a marginal decline observed, from 102.1% in the first
operational year to 101.3% in the third year, amounting to
a total degradation of just 0.78%. The calculated PR values were
averaged from daily measurements, and the resulting annual
values are summarised in Table 2.

These findings reinforce the excellent operational reliability
and long-term energy conversion efficiency of the system.
Despite exposure to natural weathering effects, temperature
cycling, and environmental stressors, the PR decline remained
negligible, reflecting the robustness of both the device archi-
tecture and the system-level design.*

In addition to energy output metrics, we performed
laboratory-based evaluations to assess the intrinsic material
stability of the perovskite modules. Each year, the 20 perovskite
sub-modules were disassembled and tested under standard test
conditions (1000 W m ™2, 25 °C AM 1.5G). As shown in Fig. 6, the
power conversion efficiency (PCE) degradation rates were
determined to be 1.6% in the first year, followed by only 0.7% in
both the second and third years. These results confirm that the
perovskite sub-modules maintained excellent material and
operational stability over the full three-year outdoor deploy-
ment period.

120

PR (%)

40 1 1 1 1 1 1
ALY AT LT AP L EPV KBTS L

Fig. 5 Monthly performance ratio (PR) values of the perovskite micro
power station over a three-year period.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Annual average PR values of the perovskite micro power
station over three years of outdoor operation

Period Annual average PR (%)
2021-04 to 2022-03 102.10
2022-04 to 2023-03 101.90
2023-04 to 2024-03 101.30

17.0
16.0 F ol

9 o

m L

B 150 s

o ,
().O 1 1 1 1

Initial 2021-2022  2022-2023 2023-2024

Fig. 6 Annual degradation of power conversion efficiency (PCE) of
perovskite sub-modules over three years of outdoor operation.

3.3. UV-blue-violet spectral ageing as a predictive tool for
outdoor lifetime of perovskite modules

Evaluating the long-term outdoor stability of perovskite solar
modules (PSMs) through real-time field testing is inherently
time-consuming. To address this limitation and establish
a predictive ageing methodology, we adopted an accelerated
ultraviolet (UV) ageing protocol based on the spectral charac-
teristics of natural sunlight.

Numerous studies have demonstrated that UV photons in
sunlight, particularly within the UVA (320-390 nm) and UVB
(280-320 nm) regions, are critical contributors to the photo-
induced degradation of perovskite materials.**** The standard
AM 1.5G solar spectrum contains approximately 38.8 W m™ 2 in
this UV range, which accounts for about 4.5% of the total irra-
diance (see Table 3). Based on this, and given that the effective
full sun hours (EFSH) in Quzhou average around 1200-1600 h
per year, the corresponding annual UV dose is estimated at
approximately 47-60 kWh m™>. In regions with higher solar
irradiance, where EFSH can reach 1900 h per year, the annual
UV dose increases to about 74 kWh m™? (Fig. 7).

To simulate two years of UV exposure under field conditions,
we exposed the modules to a UV dose of 60 kWh m™> across the

Table 3
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Fig. 7 PCE degradation after 60, 120, and 180 kWh m~2 UV doses.

280-455 nm spectral range at 65 °C for 14 days. This range
includes not only UVA and UVB, but also the blue-violet region
(390-455 nm), where the spectral intensity of the artificial light
source is approximately four times greater than that of the AM
1.5G spectrum (see Fig. S4). The inclusion of this high-energy
region is especially relevant, as it accelerates degradation
through mechanisms such as trap-state formation and ion
migration. After the accelerated ageing test, the modules
retained 96.86% of their initial PCE, corresponding to a degra-
dation of only 3.14%. Although this value is slightly higher than
the degradation observed after one year of field exposure (1.6%),
it is justifiable given the increased UV dose and elevated testing
temperature. The use of a condensed timescale and intensified
spectral power further supports the effectiveness of this accel-
erated protocol.

To ensure that the degradation observed was primarily due
to light-induced mechanisms rather than packaging failure,
a separate damp-heat (DH) test was performed on the same
module design for 3000 hours at 85 °C and 85% relative
humidity. The results, shown in Fig. 8, confirmed minimal PCE
decline, indicating that the encapsulation was effective in pre-
venting moisture ingress. This reinforces the conclusion that
the performance degradation observed in both UV and outdoor
ageing tests stems from intrinsic material and photo-physical
processes rather than environmental ingress.

Extended testing with a UV dose of 180 kWh m ™ resulted in
a PCE loss of approximately 7.3%, which is more than twice the
degradation observed over three years of natural ageing.**=*
These results indicate that a UV dose of 60 kWh m™> approxi-
mates two years of outdoor exposure in subtropical climates
such as Quzhou. Assuming a linear degradation trend, the
estimated 790 (time to reach 90% of initial PCE) for FA,o-
Csy.1Pbls-based modules is around nine years.

Irradiance contributions (W m~2) across spectral regions for representative light sources

Irradiance @ certain range, W m 2

Light source
AM 1.5G
UV aging chamber

UVA (320-390)nm
3.73
21.11

0.15
1.32

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

UVB (280-320)nm

UVC (250-260)nm UVV (390-455)nm
7.78

— 39.91
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Fig. 9 (A) PCE degradation of MAPDbI3 perovskite sub-modules under
UV accelerated ageing with a total dose of 30 kWh m~2. (B) PCE
change of the same modules after 25 days of outdoor exposure.

Nonetheless, we acknowledge that such a direct correlation
may not be universally applicable across all perovskite systems.
To highlight the composition-dependent nature of UV
degradation,®*** we conducted a comparative test using
MAPbDI;-based modules under identical UV conditions. After
receiving just 30 kWh m~? of UV exposure, the PCE of MAPbI;,
modules dropped precipitously by 69.66%, indicating extremely
poor UV resilience. In contrast, the same MAPbI; devices, when
deployed outdoors at moderate temperatures (~40 °C, ~70 peak
sun hours), retained 98% of their initial efficiency after 27 days.
Even in a hotter scenario (device temperature ~60 °C), the
degradation only increased modestly to 94%, as reported by
Huang et al.** These contrasting behaviours emphasise the
importance of spectral weighting and material sensitivity in
ageing studies. The FA,oCsg1Pbl; composition used in our
study thus offers a far superior stability profile under both UV-
rich and natural conditions. As demonstrated in our supple-
mentary test with the less stable MAPbI; composition, a 20 kWh
UV dose caused a 68.8% PCE loss, while the same device
retained ~98% of efficiency after 27 days of real-world exposure.
This stark contrast highlights how overestimating UV sensitivity
can lead to underestimating actual outdoor lifetime, empha-
sising that composition-specific calibrations are essential.
Therefore, although the FA,Cso Pbl; system represents
a widely adopted, well-stabilised benchmark, its ageing kinetics
should not be generalized. The predictive accuracy of UV-based
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ageing must be validated or re-parameterized when applied to
new perovskite formulations or different climate conditions.
Yet, the strong correlation between UV ageing rate and outdoor
degradation directionality still holds, providing critical insight
into dominant degradation pathways such as ion migration and
trap-state formation.

Our results suggest that UV ageing tests, when carefully
calibrated for dose, spectrum, and temperature, can serve as
reliable proxies for long-term outdoor performance. The clean
and linear degradation observed under UV exposure avoids the
confounding effects of environmental variability and burn-in,
offering higher resolution for kinetic modelling.

This approach echoes trends in the crystalline silicon
industry, where UV doses of 240 kWh m ™2 are standardised for
long-term qualification.*® Recently, a draft IEC technical speci-
fication (IEC TS 63624-1 ED1), led by Canadian Solar, proposed
a dose of 120 kWh m ™ to represent 5-8 years of real-world UV
exposure. These converging insights suggest that spectrum-
weighted, dose-controlled UV protocols should be considered
a central component of accelerated reliability testing for
perovskite PV technologies. In particular, the inclusion of high-
intensity UVV wavelengths may offer diagnostic value in
uncovering degradation mechanisms relevant to advanced
multi-cation perovskite formulations (Fig. 9).

In summary, our findings confirm that UV-blue-violet ageing
is not only reflective of real-world degradation pathways but
also offers a flexible tool for lifetime prediction, provided the
correlation is tailored to the material system in question.
Further work is needed to expand this methodology across the
evolving landscape of perovskite materials.

4. Conclusion

In this work, we present a comprehensive three-year field eval-
uation of a perovskite-based micro photovoltaic power station,
comprising 20 perovskite sub-modules deployed in the
subtropical climate of Quzhou, China. Each module was fabri-
cated with an inverted (p-i-n) architecture and encapsulated
using industrially scalable materials and methods. The system
was monitored in real time for energy output, environmental
conditions, and performance metrics, including equivalent full
sun hours (EFSH) and performance ratio (PR).

Our results demonstrate the excellent long-term operational
stability of the perovskite modules under real-world conditions.
After three years of continuous outdoor deployment, the system
exhibited only a 2.83% reduction in average power conversion
efficiency (PCE), and a marginal 2.47% decline in annual PR.
These findings establish one of the longest and most complete
real-time outdoor performance datasets for scalable perovskite
solar modules to date, reinforcing the field durability of halide
perovskite photovoltaics.

To further probe degradation pathways, we conducted
controlled UV ageing tests, applying cumulative doses of 60 and
180 kWh m ™2 at 65 °C under a spectrum-enhanced chamber.
The results revealed a quantitative correlation between UV-
induced degradation and natural outdoor ageing, suggesting
that spectrum-weighted, dose-controlled UV protocols can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reliably used to predict field performance, provided that the
spectral match and temperature settings are appropriately
tuned.

A critical innovation of this study lies in the establishment of
a dose equivalence framework, whereby 60 kWh m~> of UV
exposure is shown to approximate two years of outdoor ageing
in a subtropical setting. This mapping enables accelerated
stability assessments of new perovskite formulations without
the need for multi-year field campaigns. Furthermore,
comparative studies with MAPbI; modules underscore the
importance of compositional engineering for enhancing pho-
tostability and spectral resilience.

Our findings also align with, and help substantiate,
emerging international standards. Specifically, the degradation
kinetics observed in our UV chamber testing parallel those
proposed in the IEC TS 63624-1 ED1 technical draft, which
recommends 120 kWh m™? of UV exposure to represent 5-8
years of real-world use. This convergence of academic and
industrial methodologies strengthens the case for integrating
UV stress testing into the standard qualification pipeline for
perovskite photovoltaics.

In summary, this study not only provides critical field data
on the long-term stability of scalable perovskite modules but
also introduces a validated UV acceleration methodology,
bridging the gap between laboratory simulation and real-world
operation. By combining systematic outdoor monitoring with
accelerated spectral ageing, we offer a practical and predictive
framework for reliability assessment, one that could facilitate
the commercial deployment of perovskite technologies at
a meaningful scale.
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