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ARTICLE INFO ABSTRACT

Keywords: As photovoltaic solar technology plays a pivotal role in the transition to renewable energy, concerns about long-
Accelerated ageing tests term performance still persist. This research aims to investigate and model the ageing effects in photovoltaic
Arrhenius model solar cells, defining power and voltage degradation coefficients. Monocrystalline modules from two different

Photovoltaic solar cell ageing
Ageing effects

Photovoltaic cells modelling
Degradation coefficients

manufactures are tested. The objective is to provide quantitative insights into performance decline over
time, offering guidance for improving photovoltaic system reliability. Photovoltaic solar cells are subjected
to accelerated ageing tests considering high temperature conditions to increase electron collisions, emulating
long-term operation. It is verified that open-circuit and maximum power point present a logarithm decline
trend over time. On the other hand, the accelerated temperature ageing tests allow us to apply the Arrhenius
model, which also represents logarithm behaviour but with the temperature. This is used to predict real-
world degradation trends. Results showed that maximum power output declines between 0.22% and 0.80%
per year, depending on the manufacturer. Moreover, the V,, presents a faster degradation rate, decreasing 10%
in approximately 4 years. The model results present high coefficients of determination, confirming the strong
correlation between empirical data and theoretical models.

1. Introduction Generally, solar panels have a warranty of 25-30 years. Knowing
that the usual return on investment of a photovoltaic system can be up

In an era marked by the urgent need for sustainable and renewable to 10 years, this means that, after the initial investment is recovered,
energy sources, photovoltaic (PV) solar energy has become a consoli- the solar panels can output between 10% to 20% less than their original
dated alternative in the fight against climate change and the depletion production output. Typically, a 20% decline is considered a failure, but
of fossil fuels. The adoption of PV solar systems has witnessed unprece- there is no consensus on the definition of failure. The identification

dented growth worldwide, with solar energy installations proliferating
at an exponential rate. PV technology is easy to install and maintain
and is not expensive compared with other renewable sources, mainly
because the most used materials are abundant in the Earth and the
fabrication processes are well-known.

As PV system age, they gradually lose some performance. Most
commonly, PV module manufacturers guarantee a maximum loss of
about 20% of power after 25 years. The decline is expressed in relative
percentage, such that a module with a hypothetical absolute efficiency of years under normal operation into hundreds of hours under accel-
of 20% today would decline to 17.5% after 25 years at a rate of erated conditions. In the end, these quantitative results will allow the
0.5%)/year, assuming a linear decline (Jordan et al., 2016; Jordan and modelling of this type of phenomenon in the characteristics of the solar
Kurtz, 2013; Gebhardt et al., 2025). cells.

of the underlying degradation mechanism through experiments and
modelling can lead directly to lifetime improvements (Jordan and
Kurtz, 2013).

This work provides experimental and quantitative results on the
changes of the electrical response in the PV solar cells due to their
ageing. To accomplish so, a methodology based on accelerated ageing
techniques is presented, allowing one to reproduce the effect of dozens
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2. Literature review on solar cells ageing phenomena

The ability to accurately predict power delivery over time is of vital
importance to the growth of the PV industry. Two key cost drivers are
the efficiency with which sunlight is converted into power and how this
relationship changes over time. An accurate quantification of power
decline over time, also known as degradation rate, is essential to all
stakeholders. Financially, the degradation of a PV module or system is
equally important, because a higher degradation rate translates directly
into less power produced and, therefore, reduces future cash flows, as
well as indirectly to new investment to substitute modules (Jordan and
Kurtz, 2013).

With the emergence of different technologies of PV cells it becomes
imperative to access each technology ageing. Their characteristics must
be studied since they will influence the behaviour of the PV solar cells
with ageing. In this section, a brief explanation of each type of PV
solar cell as well as previous developed research on their ageing will
be presented.

Of all the technologies of PV cells, wafer-based silicon account
for 90% of the PV solar cells. The most manufactured solar cells
are monocrystalline, polycrystalline a-Si, CdTe and CIGS. Based on
manufacturing material and level of commercial maturity, PV cell
technologies can be categorised into three generations (Rathore et al.,
2021).

2.1. First generation PV solar cells — Silicon wafers

Crystalline silicon PV solar cells have been present for quite some
time. And even with the development of several alternatives to silicon-
based PV cells, it remains as the most widespread and prevalent PV
technology today, accounting for 95% of produced photovoltaic solar
power in 2020 (Marques Lameirinhas et al., 2022). In the first genera-
tion, there are two types of silicon PV solar cells: monocrystalline and
polycrystalline.

These cells reveal a substantial decrease of its efficiency, with
reported median degradation rate of 0.5-0.6%/year and a mean in the
0.8 — 0.9%/year range (Jordan et al., 2016; Gebhardt et al., 2025; Libby
et al., 2023).

One of the main deterioration aspects is a considerable deterioration
of the optical properties of the tempered glass and of the Ethylene
Vinyl Acetate (EVA) encapsulate, which is the main responsible for
the efficiency rundown to around 86.5% of its initial value after a
lifetime of 25 years in Standard Test Conditions (STC). Besides that, the
EVA encapsulate does not tolerate temperatures above 100 °C, which
conditions high-temperature experimental tests made on PV solar cells.
Indeed, the alteration of the electrical properties of materials (p-n
junction and electrodes) represents only 13.5% of this diminution. The
degradation rate of the maximum power for a monocrystalline was
reported to be 0.5%/year (Doumane et al., 2015a; Libby et al., 2023).

2.2. Second generation PV solar cells — Thin films

This generation is based on thin-film PV technologies, where three
main families are included: amorphous silicon (a-Si) and micromorph
silicon (a-Si/uc-Si), cadmium telluride (CdTe) and copper indium gal-
lium selenide (CIGS). Second-generation cells were developed with the
intent of reducing the costs of the previous generation and improving
their characteristics (Marques Lameirinhas et al., 2022). However, they
offer a slightly lower efficiency, and some technologies use highly toxic
metals (such as Cadmium, which is specifically listed in the European
Restriction of Hazardous Substances Directive — RoHS) or rare (as
Indium) (Mughal et al., 2018). Maybe due to that, accelerated tests in
CIGS are not common in literature.

Amorphous silicon (a-Si) is the most commonly developed and non-
crystalline allotropic form of silicon. It is most popular among thin film
technology, but it is prone to degradation (Gul et al., 2016). Besides
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that, this technology is also less efficient than crystalline silicon, with
typical efficiencies of around 6%, but it tends to be easier and cheaper
to produce (Mughal et al., 2018). Several studies have been done to
analyse how a-Si PV solar cells age. In King et al. (2000), results
show that only after 6 months, this type of cells already show some
degradation. Besides that, the majority of the analysed modules reach
a stabilised power level about 20% below the initial power after about
1 year (King et al., 2000).

CIGS solar cell comprises four elements, i.e., copper, indium, gal-
lium, and selenium. It has achieved efficiencies of 20% (Ott et al.,
2013). However, they are expensive and usually difficult to obtain in
the market, not only due to the fabrication processes but also due to
the indium rarity in the Earth (Rathore et al., 2021). In Ott et al.
(2013) the authors tested some cells of this technology, verifying that
the degradation rate of the open-circuit voltage ensures 35 years of
performance.

From an economical point of view, CdTe is one of the most im-
portant types among thin-film PV solar cells which is less expensive
and economically feasible as well. The p-n junction diode is formed
between layers of cadmium sulphide (Rathore et al., 2021). In this
type of cell, the degradation appears to result from a decrease in the
carrier concentration with ageing. The authors in Tyan (1988) reported
a decrease between 6% to 10% after about 2 years of operation.

2.3. Third generation PV solar cells

Limitations seen in other PV technologies are lessened by the in-
troduction of nanoscale components due to their enhanced optical
properties, dielectric properties, heat resistance and mechanical prop-
erties such as stiffness, strength and resistance to wear and damage.
Therefore, to improve conversion efficiency, nanoscale structures that
absorb more solar radiation are favoured, not just those based on p—n
junctions (El Chaar et al., 2011).

Due to their materials and fabrication processes, the technologies
in this generation cannot be exposed to high temperatures, limiting
accelerated tests. Furthermore, due to commercial and laboratory re-
producibility, the most analysed technologies are perovskite solar cells,
which also converge to today’s application needs.

Perovskite PV solar cells are a newly developed PV solar cell
type which has several advantages compared with thin-film PV so-
lar cells and conventional silicon, such as higher efficiency, low-
temperature solution processability, high absorption coefficient, long
carrier-diffusion length, and tunable direct bandgap (Rathore et al.,
2021; Marques Lameirinhas et al., 2022; Shin and Shin, 2023).

The first reported stable perovskite PV solar cells had conversion
efficiencies as high as 9.7%, but today some solar cells have an overall
efficiency up to 31%. Stability and durability are certain issues re-
garding perovskite type PV solar cells. Due to the degradation of the
material used in this cell, the efficiency gets reduced at least two to
three times faster than other technologies (Rathore et al., 2021; Zhou
et al., 2023).

3. Methodology
3.1. Photovoltaic solar cells characterisation

PV solar cells are commonly modelled by one-diode equivalent
circuits, namely 1M5P model since it considers losses. However, the I-V
characteristics of this model do not fit well with the behaviour of some
PV solar cells as well as under or after being under extreme conditions.
The d1MxP is based on the discretisation of the diode’s electrical
behaviour. It does not use fitting processes, it is based on connecting
adjacent experimental points (Torres et al., 2023a,b; Bernardo et al.,
2024). While the information given by the d1MxP model regarding
losses is yet to be direct as the ones given by the shunt and series
resistance in 1M5P, it is able to provide a better characterisation of
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the points near the maximum power point and open circuit voltage,
which is the main focus in this kind of works. This is essential because
the conventional model always produces some inaccuracies due to the
required fitting. These would be critical to evaluate the change of
the maximum power point and open-circuit voltage along the ageing
process. Therefore, the d1MxP is more adequate for this study. Thus,
in this research work d1MxP model is used to consider the maximum
power point, the open-circuit voltage and the short-circuit current
experimentally obtained.

The discretisation is done using the diode’s equivalent circuit, con-
sisting of an ideal diode, resistance, and an independent voltage source
in series. The diode is discretised in N branches, meaning that the elec-
trical behaviour of the PV solar cell is linearised at each experimental
I-V point (Torres et al., 2023a,b; Bernardo et al., 2024). This is espe-
cially important for points close to the point of maximum power. This
approach allows the computation of more accurate I-V and P-V curves
since the discrete model uses a larger portion of experimental points
to describe the devices compared to the classical models presented in
the literature that use a small portion of the data set to characterise the
entire voltage range (Torres et al., 2023a,b; Bernardo et al., 2024; Adak
et al., 2023). Also, if the point is experimentally measured, it may be
in the model. Common fitting-based models cannot afford it.

3.2. Arrhenius model

The Arrhenius model is a commonly used method for forecasting the
lifetime of electronic devices. The theory behind the Arrhenius model
is based on the electron collision theory. Electronic devices age over
time due to electron collisions. By increasing the temperature, electrons
velocity is increased and consequently, collisions probability increases
too. Thus, one can emulate ageing processes by increasing temperature
and extrapolating results for normal conditions (van Leest et al., 2017;
Sinha et al., 2020).

The relation between degradation rate (s~!) and temperature, T,
is shown in expression (1), where E, denotes the activation energy,
k the Boltzmann constant and A the parameter to fit the model for
high temperatures (van Leest et al., 2017; Sinha et al., 2020). Instead of
rate, the expression may be treated to determine the expected lifetime
of electronic devices, as presented in expression (2). To simplify the
extrapolation process and the extraction of physical meaning from data
plots, Arrhenius graphics are commonly presented as shown in Eq. (3),
resulted from the application of natural logarithms in both equation
sides.

VR Ae(#) (€8]

P = AT ®)
E, 1

In(t) = T +In(A) 3)

On the other hand, by increasing the temperature from the opera-
tion, T,,, to a certain value, T,.., used to accelerate ageing, the Ageing
Factor (AF) must be set according to expression (4) (van Leest et al.,
2017; Sinha et al., 2020).

F=M=AAF.6+B“(T;CC7ﬁ) 4
(lacc) - (tacco)

Based on this, electronic characteristics have an exponential age
behaviour. Thus, the increase in temperature distorts the time scale.
1000 h in an oven at 80 °C can correspond to 20 years in an oven at
25 °C (i.e. normal conditions) (Barbato et al., 2017). This extrapolation
starts by searching for the best A and B values to fit expression (3)
at experimental data obtained for different T,... After that, T is set
at 45 °C (nominal operating cell temperature) and one obtains the
time ¢ for which the degradation rate is equal to the obtained at high
temperatures (the ones used for the accelerating ageing tests).
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Fig. 1. Methodology flowchart.
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Fig. 2. Experimental set-up to obtain I-V points.

3.3. Experimental methodology

Firstly, a preliminary characterisation of the solar cell at 25 °C
is done. After that, the cell is taken to the oven for 1 h at high
temperature. After 1 h, the I-V characteristic of the cell is obtained
after the cell reaches room temperature. This scheme is repeated for
different accelerated ageing periods (1 h, 10 h, 24 h and 100 h tests —
135 h in total) and temperatures (65 °C, 70 °C, 75 °C, 80 °C, 85 °C,
90 °C, 95 °C). The methodology is summarised in the flowchart shown
in the Fig. 1. The goal is to determine the coefficient A and the slope
E,/k of expression (3). As illustrated in the flowchart of Fig. 1, this
is done after the experimental accelerating ageing procedures different
temperatures and periods.
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Fig. 4. Power-voltage curves of OSEPP SC10036 modules for 95 °C.

The accelerated ageing temperature tests are conducted by control-
ling only the temperature. The experimental current and the voltage are
measured using GW Instek GDM-8135 multimeters both in DC Voltage
mode. As illustrated in Fig. 2, a multimeter is measuring directly the
voltage of the photovoltaic solar cell, V;,. Another one is used to
measure the voltage in a measurement resistance R,,. This is a precision
10 mQ resistance that allows us to reduce the load effect of a common
ammeter.

The I-V points are obtained one by one, reducing noise and ensuring
the same load conditions for each resistance for different tests.

To ensure the repeatability of the tests and the validation of the
model that is created from the tests results, all the tests are conducted
using 3 identical PV solar cells, using a 50 W light with a light
temperature of 6400 K, under 84 W/m?.

This strategy allows us to follow the evolution of the cell character-
istics as I, V,, and P,,.. With these values, I-V curves are plotted and
the algorithm from the d1MxP model is used to connect experimental
points.

Using I-V curves, the evolution of the aforementioned characteristics
is traced in terms of time and experiment temperature.

4. Results

Based on the modules’ efficiencies and today’s market shares, we
selected the monocrystalline solar cells to carry out the experimental
tests. Two modules from two manufacturers are compared: (1) Seeed
Studio 313070004 (Seeed Studio, 2025); and (2) OSEPP SC10036 (OS-
EPP, 2025).

4.1. I-V and P-V results

As an example, the I-V and P-V curves for 95 °C and 75 °C are
depicted in Figs. 3 to 6, for the OSEPP SC10036 modules.

With these results, the open-circuit voltage and maximum power
present a high degradation while the short-circuit current also present
a moderate degradation.
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Fig. 6. Power-voltage curves of OSEPP SC10036 modules for 75 °C.

Figs. 7 and 8 contain all the linear regressions for all the tested
temperatures over the test time, for the two variables under study on
the Seeed Studio 179-3740 modules, V,. and P,,,,, respectively. The
same for the OSEPP SC10036 modules in Figs. 9 and 10.

It was found that both V,, and P,,, depends logarithmically on
time, as modelled by expression set (5). An important note should
be highlighted: this is not the Arrhenius Model. Although both are
logarithm variations, this represent the ageing over time, whereas from
the Arrhenius Model one presents the time for a certain parameter
decrease as a function of test temperature.

{Voc(t) = C,In(t) + C,

(5)
Pyax() = Ciln() + C,

C, and C, are respectively the slope and y-intercept value coeffi-
cients of the /n(r) linear regression, in which ¢ is the test time. This
expression set is useful to estimate the time required for the module
to present a determined percentage of loss for each parameter (open-
circuit voltage and maximum power). Then, by repeating this process

for all ageing temperatures, the Arrhenius model can be applied to
estimate the required time to age under normal conditions. They are
presented in Tables 1 and 2, respectively for the Seeed Studio 179-3740
modules as well as in Tables 3 and 4 for the OSEPP SC10036 modules.
In these tables are also the coefficient of determination, R2. They take
values very close to 1 for almost every temperature, confirming that
the linear regression fits very well the results of the tests.

As expected, the cells under study experience the typical decrease
in open circuit voltage and maximum power, with the increase in oven
test temperature.

Also, it can be seen that, as the temperature rises, the logarithmic
regression that defines the evolution of V,, and P, as a higher slope.

4.2. Arrhenius model
The Arrhenius model is applied to the experimental results obtained

in Section 4.1. The results are shown in Figs. 11 and 12, respectively
for the Seeed Studio 179-3740 and the OSEPP SC10036 modules. The
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Fig. 11. Arrhenius plots of the power degradation over test time for the Seeed Studio
179-3740 modules.

Table 1
Coefficients of the linear regression of V,, for each temperature tested, for the Seeed
Studio 179-3740 modules.

T (°C) c, c, R

65 -1.337 97.417 0.970
70 -1.734 97.951 0.774
75 -2.022 95.838 0.985
80 -2.029 98.149 0.673
85 -1.960 96.425 0.896
90 -2.012 94.777 0.987
95 -2.442 95.430 0.927

dots represent the experimental points and the lines the Arrhenius plots
for a maximum power decrease of 10%, 15% and 20%.

With these data and assuming a normal operation under an average
of 45 °C (given by Nominal Operating Cell Temperature — NOCT),
one can estimate how much time it takes for the module to lose a
certain percentage of its maximum power. This is done using expression
(4), extrapolating the time (yy-axis in Arrhenius plots) for which the
temperature (xx-axis in Arrhenius plots) is, in this case, 45 °C.
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Fig. 12. Arrhenius plots of the power degradation over test time for the OSEPP

SC10036 modules.

Table 2

Coefficients of the linear regression of P,

Studio 179-3740 modules.

for each temperature tested, for the Seeed

T (°C) c, c, R

65 -1.312 97.826 0.823
70 -1.525 97.949 0.739
75 —2.053 93.311 0.754
80 -1.988 95.342 0.976
85 —2.461 94.940 0.830
90 -3.326 92.490 0.962
95 -3.687 91.045 0.743

Table 3

Coefficients of the linear regression of V,,

SC10036 modules.

for each temperature tested, for the OSEPP

T (°C) C, c, R

65 -1.294 96.469 0.964
70 —2.494 97.383 0.732
75 -3.318 94.801 0.926
80 -3.176 96.606 0.651
85 —2.765 90.725 0.870
90 -3.335 93.655 0.919
95 —4.354 89.999 0.935

Table 4

Coefficients of the linear regression of P, for each temperature tested, for the OSEPP

SC10036 modules.

T (°C) C, C, R?

65 -1.191 97.738 0.903
70 -3.319 95.384 0.709
75 —4.290 93.144 0.929
80 —4.889 93.251 0.856
85 -3.384 88.368 0.870
90 —-4.601 86.517 0.690
95 -5.878 83.356 0.902

Based on these results, it is concluded that the Seeed Studio 179-
3740 modules lose 10% of their maximum power in 12 years and
5 months, whereas the OSEPP SC10036 modules lose it in 45 years
and 1 month. Although both solar cells are from the same technology
(monocrystalline silicon solar cells), they are from different manufac-
tures, and consequently, the fabrication processes are distinct. This
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Fig. 13. Arrhenius plots of the open circuit voltage degradation over test time for the
Seeed Studio 179-3740 modules.
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Fig. 14. Arrhenius plots of the open circuit voltage degradation over test time for the
OSEPP SC10036 modules.

justifies the results divergence and shows the necessity of analysing
the device’s performance for long periods instead of testing just for the
present behaviour.

However, loss of power is not always the main problem. Often the
modules are connected in strings to inverters or converters. For the
system to work properly, it is necessary to guarantee minimum and
maximum operating power limits for the string, as well as voltage
limits. Thus, one should also analyse how ageing affects voltage for
the same load, for instance, by analysing open-circuit voltage. These
results are shown in Figs. 13 and 14, respectively for the Seeed Studio
179-3740 and the OSEPP SC10036 modules. The dots represent the
experimental points and the lines the Arrhenius plots for a V. decrease
of 10%, 15% and 20%.

As done for the maximum power, the loss of 10% in V,, is forecast
for 4 years and 1 month for the Seeed Studio 179-3740 module whereas
the OSEPP SC10036 modules it takes 2 months.
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Table 5
Data and time extrapolation of the Arrhenius model.

Module Seeed Studio 179-3740 OSEPP SC10036
Characteristic P, Y, Py Ve
E,/k 1128.01 908.78 1095.72 373.610
In(A) —13.465 -9.707 -11.462 -0.767
R 0.94 0.85 0.85 0.30
Time to lose 10% 12y 5m 4y 1m 45y 1m 2m

5. Discussion

Table 5 details the model parameters and their time extrapolation
for 10% power and voltage losses, considering expression (3). The
results of the Arrhenius model for the P, show a clear logarithmic
dependence of this parameter with the temperature, as the Arrhenius
model states, since the coefficient of determination, R2, has a value
very close to 1. The same logarithmic behaviour happens with the plots
of V,. of the Seeed device. Using this fit, the open-circuit voltage decays
10% in just 4 years and 1 month. The exception is the open-circuit
voltage of the OSEPP module whose variation as almost no trend.
The conclusion, also based on the coefficient of determination, is that
the experimental points obtained do not follow Arrhenius model and
consequently ageing should be determined. This would be overcome
by adding lower temperatures points. However, it would increase dras-
tically the real testing time which made it impossible to perform the
experimental procedures.

Nonetheless, both modules’ maximum power loss times are within
the expected in literature (Jordan and Kurtz, 2013; Sreejith et al., 2022;
Doumane et al., 2015a; Gyamfi et al., 2023; Doumane et al., 2015b;
Otth and Ross, 1983). The average degradation rate of the maximum
power of these cells is 0.80% and 0.22% per year, for the Seeed and
OSEPP modules, respectively. Nonetheless, the results of both models
suggest that the modules characteristics would decay between 10% and
15% in 25 years, which is the standard commercial warranties.

6. Conclusion

In this research work, modules from two different manufacturers
are under accelerated ageing tests and their operation is analysed at
different times, establishing their lifetimes.

Modules are aged in constant temperature experiments but repeated
for different temperatures following the hypothesis underlined by the
Arrhenius model. The results showed a constant decrease in the output
power and in the open circuit voltage with the test time, as anticipated.
The behaviour of both P,, was successfully modelled using a
logarithmic regression over time, which showed a strong fit with ex-
perimental data.

The Arrhenius model applied to P,,, showed a clear logarithmic
dependence on temperature. The analysis indicated that the solar cells
used in the tests would lose approximately 10% of their maximum
power output between 12 and 45 years, depending on the manufac-
turer, a time frame longer than the usual warranty of a PV solar
cell. The V,, revealed a much faster degradation rate, with a volt-
age decrease of 10% in approximately 4 years, for the cells’ whose
performance followed the logarithm behaviour.

Comparing the cells from different manufacturers, one can conclude
that the degradation rates and the stability of the cells differ from
manufacturer to manufacturer. The two different models of solar cells
studied showed a maximum power degradation ranging of 0.80% and
0.22% per year, depending not only on the device technology but also
on its fabrication processes. This fact leads one to conclude that the
reliability of some solar cells that are available in the market cannot be
assured. The results of the tests performed were plausible and followed
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what can be found in the literature (Gebhardt et al., 2025; Doumane
et al.,, 2015a; Gyamfi et al., 2023; Doumane et al., 2015b; Otth and
Ross, 1983; Jordan and Kurtz, 2013; Sreejith et al., 2022).

Within the 25-year commercial warranties the results also suggest
that both power and voltage characteristics will decay between 10% to
15% (Doumane et al., 2015a; Jordan and Kurtz, 2013). By providing
data on how solar cells from various manufacturers perform, this study
lays the groundwork for improving the quality and reliability of solar
cells.

In conclusion, this study successfully characterises the ageing pro-
cess of photovoltaic solar cells. As photovoltaic solar energy becomes
a cornerstone of the global shift towards renewable energy, the per-
formance and stability under the ageing of photovoltaic solar cells are
more important than ever.
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