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Abstract— In the future, PhotoVoltaic (PV) modules might overcome the current efficiencies by
including crystalline silicon layers and layers of different materials, with different absorption properties.
One of the most promising materials to reach this goal is the perovskite, an organic material capable to
absorb radiation with wavelength between = 300 nm and = 800 nm. However, the major issue of such a
material is its stability over time, as well as the stability of the electrical performance of Perovskite Solar
Cells (PSCs). This work investigates the degradation of the electrical performance at Standard Test
Conditions (STC) of 4 PSCs using data collected in an experimental campaign carried out in 2022 at
Torino (Italy). Since these modules were prototypes, their electrical performance at STC was determined
in the first day of the campaign. In addition, the degradation of maximum power and efficiency over
time was investigated. Finally, the temperature coefficients for power were estimated in the first day of
the campaign.
Keywords—perovskite solar cells, degradation, outdoor testing, long term experimental campaign,
temperature coefficients.

I. INTRODUCTION

In the recent years, the global energy demand has significantly grown, and the adoption of generators
based on Renewable Energy Sources (RES) is increasing due to their reduced polluting emissions. In this
context, PhotoVoltaic (PV) technology is the most diffused because it is clean [1], reliable as it requires
low maintenance [2]. In addition, wind turbines [3] or other renewable generators [4] can be integrated in
complex systems [5] like energy communities [6] to increase the self-sufficiency of the users or to optimize
the exploitation of renewable energy. PV technologies can consist of different materials [7]: crystalline
silicon (c-Si), amorphous silicon (a-Si), or thin films. Such technologies permit to achieve efficiencies up



to ~26% in commercial PV modules [8]. The current challenges in the PV sector at the European level
consist in increasing the modules’ conversion efficiency and limiting their manufacturing cost. However,
in the last decade, the performance improvement of the most efficient technology (monocrystalline silicon,
m-Si) was limited [9].

The integration of other materials capable of absorbing different wavelengths of solar radiation is
currently under investigation [10]. In this context, one of the most promising materials is based on the
perovskite [11]. Such a material has a crystalline structure ABX3, where A is the organic cationic group, B
represents the inorganic cationic group and X indicates the halogen ionic groups [11]. Nowadays, the most
widely used perovskitic technology is the lead halide one [12], in which the organic cation A is the
methylammonium ion, CH3NHs", the inorganic cation B is the lead ion, Pb,", and the inorganic cation
group X is the tri-hydride ion, I". The overall formula is therefore CH3NH3sPblz and this compound is named
Methyl-Ammonium-Lead-Tri-Hydride, MAPbIs [13]. The advantages of these devices are the following.
According to their modularity, Perovskite Solar Cells (PSCs) can be integrated in PV modules consisting
of different materials, with different absorption properties. Indeed, such cells may consist of perovskite
layers merged with other materials (e.g., crystalline silicon). Such configuration may enhance the
absorption of solar radiation, increasing the conversion efficiency of the solar modules [14]. PSCs can
absorb radiation with wavelength between = 300 nm and ~ 800 nm [15]: however, this wavelength range
is much narrower than silicon cells, which can absorb radiation up to about 1200 nm [16]. Hence, it is
fundamental to extend the absorption range of PSCs [17]. Current values of energy gaps for PSCs are about
1.4 eV [18], which increase with temperature, permitting to achieve efficiencies up to about 18%.
Moreover, the diffusion length of the carriers ranges between ~ 100 nm and a few pm, permitting to limit
the layers thickness, which is much lower than c-Si wafers [19]. In addition, perovskite is a synthetic
material with a lower manufacturing cost than c-Si [20]. The major issue with such a material is its stability
over time, as well as the stability of its electrical performance [21]. On the contrary, the performance of Si
modules is, generally, guaranteed to be higher than 80% of its rated value after 20 or more years [22]. The
degradation of PSCs might be due to factors like the instability of organic materials, fast variations of
operating conditions (e.g., fast variations of environmental parameters like irradiance, air temperature, wind
speed, relative humidity), and not optimal insulation [23]. Thus, it is important to define standard tests and
analyses aiming to quantify this degradation effect and to compare the performance of different PSCs. In
this context, some testing protocols, named ISOS [24], were defined at the International Summit on Organic
PV Stability. Such protocols were grouped in five categories: dark storage testing, light-soaking testing,
outdoor testing, thermal cycling testing and light-humidity-thermal cycling testing. The outdoor testing is
the most important to investigate the electrical performance of the perovskite cells in real operating
conditions, as well as its degradation over time. The 1SOS-O protocols are three [25]: the ISOS-O-1, in
which periodic measurements of the current-voltage (I-V) curves are performed by a sun simulator; the
ISOS-02, in which the cells work in the neighbourhood of their Maximum Power Point (MPP) and their I-
V curves are traced under sunlight; the 1SOS-O-3, in which the PSCs operate at their MPP, and their
performance is determined under sunlight and under sun simulator both. In this work, the degradation of
the electrical performance for four PSCs was determined using ad-hoc 1SOS-O-2 protocols in an
experimental campaign with long duration. In particular, different protocols were used for each module to
evaluate their impact on the performance degradation. In addition, the temperature coefficients of the
modules were determined by investigating their performance in an early degradation-free period.

The paper is organised as follows: in Section I, the measurement station used to monitor the
performance of the PSCs under test and to store the most important environmental and electrical parameters
is described. In Section |11, the testing protocols applied to the modules under test are presented. Section
IV describes the procedure used to identify the temperature coefficients for power of the tested PSCs, which
are presented in section V. Section VI presents the results of the analyses, while section VII contains the
conclusions.

The authors gratefully acknowledge the contributions of Swiss company Solaronix SA, for providing
the perovskite modules tested in the experimental campaign and analysed in the present work.



II. DESCRIPTION OF THE MEASUREMENT STATION

A measurement station was installed by the Italian company Edison on the roof of the Energy Center
building (Torino, Italy) under the supervision of the Energy Department of Politecnico di Torino. Such a
system was designed to monitor the performance of PV modules in experimental campaigns with long
duration (up to years). In particular, in its current configuration, the system consists of the following
components:

e 4 programmable electronic loads with maximum power of 60 W (maximum voltage = 60 V, and
maximum current = 1 A). These devices have a resolution of 16 bits, and relative uncertainty up to
+0.15% (voltage) and £0.25% (current). Each electronic load is connected to one PV module, and it
acquires the voltage and current signals.

e 4 PT100 sensors with resolution of 0.1 °C, and relative uncertainty <+0.3 °C measure the temperature
of the PV modules on their rear side.

e A spectrally flat class A pyranometer (measurement range 0—-2000 W/m? and relative uncertainty of
+20 W/ m?) acquires the incident solar irradiance G.

e A weather station includes an anemometer to measure the wind speed (resolution of 0.01 m/s and
relative uncertainty of £1%) and its direction (resolution 0.1° and relative uncertainty of £1%), a
piezoresistive sensor to measure the atmospheric pressure (resolution of 0.1 mbar, relative
uncertainty of £0.4 mbar), one PT100 sensor to measure the ambient temperature (resolution of 0.1
°C, relative uncertainty < £0.3 °C), and a capacitive sensor to measure the relative humidity
(resolution of 0.1%, relative uncertainty of +2.5%).

e A Personal Computer (PC) runs the control software in LABVIEW ambient to store the acquired
quantities in a database.

Fig. 1 presents the schematic with the components of the measurement station.
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Fig. 1. Components of the measurement system.

I11. TESTING PROTOCOL OF THE SYSTEM

The working principle of the station is presented in Fig. 2. At the beginning of the experimental
campaign, the electronic loads are initialized, and their Maximum Power Point Tracking (MPPT) function
is activated. In such a state, the loads keep the PV modules working in the neighbourhood of their MPP for
a time selected by the user. In addition, periodically, the loads acquire the I-V curves of the modules under
test, behaving like a resistor with variable resistance. The resistance can vary from zero (modules in short
circuit state) to a very high value (modules almost in their open circuit state): hence, the I-V curves of PV
modules can be measured in reverse voltage (from open circuit to short circuit) or in forward voltage (from
short circuit to open circuit).
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Fig. 2. Principle of operation of the measurement system.

The experimental campaign was based on the repetition over a cycle consisting of two stages: the MPP
and the I-V curve phases. Their duration was equal to 12 min and 130 s, respectively. The main

characteristics of these stages were the following:

The duration of each MPP search was equal to 5 s.

Four MPP searches were performed in the MPP stage.
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Fig. 3. Duration of the different stages of each cycle.

The temperature coefficients for power (y) were identified using nonlinear optimization. The procedure
used to determine such coefficients consists in three steps.

First, the 1-V curves measured under sunny conditions (irradiance higher than 550 W/m?) were selected.
Then, the curves acquired under unstable weather conditions were removed. The Normalized Root Mean
Square Error (NMRSE) was computed for irradiance and modules temperature. These indexes were
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)
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-

After the identification of the MPP, the modules were kept at their operating point for 175 s.

The duration of the I-V curve phase was 130 s. However, the duration of the I-V tracing was different
according to the module under test. In particular, the I-V curves were acquired in 130 s for PV
modules #1 and #2, while the curves of module #3 were measured in 30 s. In this case, such a module
was kept working at its MPP for the remaining 100 s. The curves of these generators were acquired
in reverse voltage mode. Finally, two subsequent acquisitions of the I-V curves for PV generator #4
were performed: one in reverse voltage mode and one in forward voltage mode. The duration of each
acquisition was 65 s.

Fig. 3 presents the different stages of a cycle, as well as the durations of their substages.

MPP stage

IV. EVALUATION OF TEMPERATURE COEFFICIENTS

computed in the following way:
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where x is the measured generic quantity, xm is its average value, xi is the i quantity value, and N is
the number of measurements in a specific time interval. In this work, I-V curves measured with normalised
root mean square errors on irradiance (NRMSEg) or on module temperature (NRMSET) higher than 2%
and 3%, respectively, were removed. In addition, measurements with wind speed > 5 m/s were excluded
as well. In the third step, a nonlinear fitting was carried out to identify the temperature coefficients. The
fitting is performed on the following equation:

G
Prax = Psrc a [1 ty: (Tm - TSTC)] (2)

where G is solar irradiance, Gsrc is the irradiance at STC (1000 W/m?), T, is the module temperature,
Tstc is the module temperature at STC (25°C), and Psrc is the maximum power at STC.

V. PV MODULES UNDER TEST

Four perovskite modules, manufactured by the Swiss company Solaronix SA, were tested in an
experimental campaign carried out between October 11" and December 21%, 2022 at Torino (latitude of
45° North). Such devices consist of 12 series-connected cells, with a module active area of 56.3 cm? each
and a glass structure. Fig. 4 presents a picture of the modules on the supporting structure of the
measurement station.

Fig. 4. PSCs under test.

Since they were prototypal modules, their rated power and efficiency at STC (Pstc, and #stc,
respectively) were not provided by the manufacturer, and they were determined in the first day of the
experimental campaign by correcting measured data to STC. In addition, the temperature coefficients of
the modules were unknown.

VI. RESULTS

This section presents the results of the experimental campaign. The first result regards the evaluation
of the most important electrical parameters at STC. Therefore, in the first day of the campaign, the modules
were exposed to sunlight in the hours with the irradiance peak to determine the parameters at STC.
However, after measuring the power and efficiency of the PV modules, their correction to STC needed
the knowledge of the temperature coefficients y. These values would not be necessary if the curves were
acquired with modules temperature close to STC (25°C). Hence, the measurements were carried out while
cooling the modules to obtain modules temperature almost equal to 25°C. Thus, the measured power and
efficiency were corrected to STC using equation (2) and neglecting the temperature dependence. The
results are presented in Table I: although the modules were prototypes, the manufacturing process was
sufficiently mature to obtain comparable performance among the lot of the considered modules.

TABLE I. MEASURED MAXIMUM POWER AND EFFICIENCY ATSTC
PV Pstc STC
modules n

#1 0,814W | 143%




#2 0816 W | 145%
#3 0,814W | 14,6 %
#4 0,812W | 142 %

These measurements, with modules’ temperature = 25°C, were periodically performed in clear sky
days to compare the performance at STC of the modules at different stages of the campaign. Then, the
data from the experimental campaign were processed to assess the degradation of the modules over time,
and their temperature coefficients as well.

First, a preliminary filtering of the I-V curves was performed to remove measurements affected by
mismatch, measurement errors or other issues. In this case, about 20% of acquired curves were removed.
Then, the degradation of efficiency was investigated by comparing the STC electrical parameters at the
beginning and at the end of the campaign. Such parameters were identified starting from the periodic
measurements carried out with modules’ temperature = 25°C.

Figures 5 and 6 present the profiles of the maximum power and efficiency at STC over the experimental
campaign. The figures include experimental data measured under sufficiently high irradiance (> 550
W/m?) and corrected to STC. The green dots represent measurements performed with modules’
temperature of 25°C and corrected to STC using the irradiance-proportional part of equation (2). On the
contrary, blue dots are measurements acquired with modules’ temperature different from STC: these data
were corrected according to real irradiance and temperature using the coefficients obtained with the
procedure described in Section IV. Table 11 reports the temperature coefficients for the modules under test
that were estimated starting from the data acquired in the first day of the campaign. Measurements in the
first day were selected to avoid experimental data affected by degradation.

TABLEIl.  ESTIMATED TEMPERATURE COEFFICIENTS FOR POWER
Module Y
0

As previously mentioned, the modules under test present similar initial performance, but the
degradation of the modules is different over the campaign. The lowest loss of performance at the end of
the campaign occurs for PV module #3 (power reduction of -17.5%), which was tested by measuring its
I-V curves in the lowest time interval (30 s). On the contrary, the highest degradation rate is for module
#4 (power reduction of -51.4%). This module was subject to the highest stress with respect to the others
since its I-V curves were measured in two directions (forward voltage and reverse voltage). The other two
modules present comparable degradation (power reduction of -35.7% and -29.5% for PV modules #1 and
#2, respectively). Regarding the efficiency, its profiles over time have the same shape of the maximum
power ones. Indeed, at the beginning of the tests, the values of efficiency were comparable and in the
range from 14.2% (#4) to 14.6% (#3), while, at the end of the campaign, it ranged between 6.90% (#4)
and 12.0% (#3). Finally, the identified y coefficients were comparable with the values generally provided
for the ¢c-Si module (from -0.5 %/°C to - 0.3 %/°C), but they were significantly different for the modules
under test. This means that, in the calculation of energy production, the error linked to the thermal losses
might be remarkable.
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The best performance with temperature was stated for module #3, which also had the lowest degradation
at the end of the campaign. Finally, the assumption of no degradation during the first day of the campaign
was confirmed by Figures 5 and 6. Actually, the blue dots (measurements corrected to STC using the
temperature coefficients) and the green dots (data obtained at 25 °C by cooling the modules and corrected
using the irradiance-proportional part of equation (2)) almost overlap. This behaviour states that the
temperature coefficients did not change during the experimental campaign. These results confirm that
perovskite cells still need technological improvements to allow installations for commercial application.
However, their potential to increase the efficiency of PV modules with respect to conventional c- Si
modules is clear. In this context, further experimental campaigns on new prototypal devices with larger
surface, and so higher maximum power, will be conducted in the future.

VII. CONCLUSIONS

This work investigates the degradation of the electrical performance at STC of PV modules base on an
innovative organic material (perovskite). The paper presents results for four PSCs using data collected in
2022 at Torino (Italy, with latitude of 45° North). In particular, a measurement station installed on the roof
of a research lab permits to make the modules operate in the neighbourhood of their maximum power point
and to periodically trace their I-V curves. Since such modules were prototypes, their electrical performance
at STC was determined in the first day of the campaign, and they had comparable rated power and rated
efficiency (=0.81 W and ~14%, respectively). Data from the experimental campaign were properly filtered



to exclude curves affected by mismatch, measurement errors or other issues (about 80% of the total curves).
Filtered data were processed to quantify degradation of maximum power and efficiency over the
experimental campaign. PV modules under test had different degradation rate, which ranged between ~-
51% and =~-17%. The module with the lowest degradation had the lowest stress since its 1-V curves were
acquired in the shortest time interval (30 s). On the contrary, the module with the highest degradation was
subject to the highest stress since its I-V curves were acquired in the longest interval (about 2 min) in two
subsequent directions. Finally, the temperature coefficients for power were estimated, being comparable
with the values generally provided for crystalline silicon modules. However, the obtained coefficients
exhibit higher deviations within the same lot of production, in the range from - 0.407 %/°C to - 0.245 %/°C,
instead of c-Si modules belonging to the same technology, with almost constant temperature coefficient.
These results confirm that perovskite technology still needs improvements to allow commercial
deployment. In the future, further experimental campaigns on new prototypal devices will be conducted to
monitor their competitiveness with respect to c-Si modules.
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