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 A B S T R A C T

As crystalline silicon (c-Si) solar cells approach their theoretical efficiency limit, the perovskite/silicon (PerSi) 
tandem technology offers a promising solution for further improving the efficiency of photovoltaic (PV) 
modules. However, as perovskite cells are facing stability issues, it is unclear whether PerSi modules will have a 
larger lifetime energy yield (LEY) than c-Si modules. In this work, we present a novel methodology to simulate 
the LEY of PerSi tandem devices, accounting for environmental stress factor-dependent degradation across 
four different climates. Our approach combines a physics-based analytical degradation model for components 
shared with c-Si modules and a scenario-based degradation model for the perovskite top cell. This method 
enables us to identify the tolerable degradation rate (𝑘𝑡𝑜𝑙) of the perovskite cell under different scenarios and 
climatic conditions. We find that 𝑘𝑡𝑜𝑙 is lowest when degradation occurs in the short-circuit current, reaching 
a minimum value of 1.2% per year in Delft (the Netherlands). Additionally, we demonstrate that 𝑘𝑡𝑜𝑙 inversely 
depends on the module lifetime, reaching values up 7.6% per year in Lagos (Nigeria). Moreover, we show 
that module efficiency (𝜂𝑚𝑜𝑑) significantly impacts 𝑘𝑡𝑜𝑙. For instance, increasing 𝜂𝑚𝑜𝑑 from 28.0% to 32.9% 
raises 𝑘𝑡𝑜𝑙 by approximately 50%. Additionally, we propose a simplified model that can predict 𝑘𝑡𝑜𝑙 without 
the computationally intensive simulations, which has a root-mean-square error of 0.34% per year. Lastly, 
environmental impact assessments reveal that PerSi modules are more sustainable in all impact categories 
when the degradation rate is 80% of 𝑘𝑡𝑜𝑙 for LEY.
. Introduction

To surpass the theoretical efficiency limit of 29.5% [1,2] for con-
entional crystalline silicon (c-Si) solar cells, the perovskite/silicon 
PerSi) tandem technology offers a promising solution. This technol-
gy has practical and theoretical efficiency limits of 39.5% [3] and 
2% [4,5], respectively, with a record efficiency of 34.6% [6] already 
emonstrated.
However, perovskite-based solar cells face stability issues [7,8], 

hich would affect the lifetime of PerSi modules. Since both efficiency 
nd lifetime are crucial for total electricity generation [9], both factors 
ust be considered when comparing c-Si and PerSi systems.
A key determinant of a photovoltaic (PV) system’s lifetime is its 

egradation rate (𝑘), which quantifies the irreversible power loss com-
ared to its initial power [10]. 𝑘 can be predicted using data-driven 
r physics-based models [11], both of which require calibration with 
utdoor data. Unfortunately, current reported outdoor experiments 
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involving PerSi technology are mostly limited to small-scale cells op-
erating for a maximum of one year [12–15], making conventional 
approaches unsuitable.

An alternative approach involves modeling energy yield under dif-
ferent degradation scenarios to identify tolerable degradation rates. 
Qian et al. [16] introduced a method that separates the degradation 
rates of perovskite (𝑘𝑝𝑒𝑟) and silicon (𝑘𝑠𝑖𝑙). In Qian’s approach both 𝑘𝑝𝑒𝑟
and 𝑘𝑠𝑖𝑙 are assumed scenario based losses in output power without 
specifying the underlying degradation mechanisms. They found that 
𝑘𝑝𝑒𝑟 values between 0.5% and 0.9% per year are acceptable for two-
terminal PerSi cells to outperform c-Si cells. Moreover, they observed 
that a 2% absolute increase in tandem efficiency extends the tolerable 
𝑘𝑝𝑒𝑟 by 1%.

Similarly, Orooj and Paetzold [17] adjusted parameters in the equiv-
alent circuit of a PerSi tandem cell to study their effects on standard test 
conditions (STC) and energy yield (EY). They found that degradation 
in the short-circuit current density of the perovskite subcell had the 
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Y. Blom et al. Solar Energy Materials and Solar Cells 299 (2026) 114169 
greatest impact on tandem performance. Additionally, they identified 
the tolerable degradation rates for the different degradation scenarios.

Lastly, Aydin et al. [18] conducted a simplified Levelized Cost of 
Electricity analysis to determine acceptable degradation rates for PerSi 
tandems. They concluded that if the tandem degradation rate is 2% per 
year and there are no additional costs compared to c-Si modules, the 
module efficiency must exceed 32% to remain competitive.

While these studies offer valuable insights into tolerable 𝑘𝑝𝑒𝑟 values, 
none accounts for climate dependency in degradation rates. Given that 
𝑘𝑠𝑖𝑙 varies across different climates [19], it is likely that 𝑘𝑝𝑒𝑟 tolerances 
also vary by location. Moreover, in two-terminal PerSi tandem cells, 
where the voltages of both subcells are combined, a single degradation 
rate is insufficient to describe performance loss, as shown in Appendix 
A.

In this work, we propose a new approach to determine tolerable 
𝑘𝑝𝑒𝑟 values. We develop an analytical model for the silicon bottom 
cell, fitting and validating it with experimental data. A scenario-based 
approach is then used to model degradation in the perovskite cell. 
By simulating EY for various 𝑘𝑝𝑒𝑟 values, we identify tolerable rates 
across different locations. Additionally, a simplified model is developed 
that can predict the tolerable degradation rates without performing 
the computationally intensive simulations. Finally, we examine how 
tolerable 𝑘𝑝𝑒𝑟 values change with higher cell efficiencies and assess the 
environmental impact of PerSi and c-Si modules.

It is important to note that this study only covers the analysis 
for monotlithic two-terminal (2T) PerSi modules, as these devices are 
most similar to the single junction reference modules. Future work 
can be done to explore how the tolerable degradation rate changes for 
different terminal configurations.

2. Methodology

To identify tolerable values for 𝑘𝑝𝑒𝑟, we extend the PVMD Tool-
box [20] by developing a methodology to simulate degradation. The 
PVMD Toolbox is a modeling framework designed to predict the EY of 
various PV systems by simulating key aspects of their performance. The 
simulation process begins by calculating the optical response of each 
subcell for the relevant wavelength range (300–1200 nm), which helps 
determine the incoming irradiance. This irradiance data is then used to 
calculate the temperature of each cell throughout the year. Finally, the 
electrical performance is simulated to obtain the EY of the PV module 
and the system afterwards. Full details and validation of the PVMD 
Toolbox have been documented in previous studies [20–23].

To predict the lifetime energy yield (LEY) of a PV system, we 
extend the annual PVMD simulation by adjusting input parameters to 
account for degradation. Fig.  1a illustrates the degradation modeling 
methodology.

We use an analytical model to simulate degradation in the silicon 
bottom cell, encapsulation, and contact resistance. Since these com-
ponents are similar to those in single-junction c-Si modules, available 
outdoor data can be used to calibrate the model effectively.

For the perovskite top cell, a different approach is required. Due to 
the lack of large-scale outdoor data for perovskite modules, we adopt 
a scenario-based approach. The simulation of the top cell is adjusted 
based on three different scenarios to explore tolerable degradation 
rates.

The performance of the top and bottom cell is modeled using a 
one-diode equivalent circuit model with two resistors [24–27]. The 
behavior of this model can be described with 5 parameters, namely 
the photo-generated current (𝐼𝑝ℎ), the diode saturation current (𝐼0), the 
diode ideality factor (𝑛), the shunt resistance (𝑅𝑠ℎ𝑢𝑛𝑡), and the series 
resistance (𝑅𝑠). To simulate a tandem cell, both circuits are connected 
in series with an additional resistor to represent the interconnection 
(𝑅 ).
𝑐𝑜𝑛

2 
2.1. Analytical modeling

In literature, various analytical models have been developed to pre-
dict performance loss in c-Si modules [28,29]. However, these models 
typically produce only a single value for 𝑘 without distinguishing be-
tween losses in voltage or current. For this reason, they are unsuitable 
for tandem devices.

To address this limitation, we develop a new analytical model 
that not only provides 𝑘 but also simulates losses in the absorption 
profile and the current–voltage (IV) curve. This model accounts for 
different degradation types and stress factors, simulating their impact 
on module performance through analytical equations. The degrada-
tion mechanisms included in this model are discoloration, moisture-
induced degradation (MID), thermal cycling-induced degradation (TC), 
and light-induced degradation (LID), as these mechanisms are most 
severe or occurring most frequently [30,31].

Certain effects, such as hotspots, potential-induced degradation, and 
soiling, are excluded from this study as they are not compatible with 
the modeling approach. Hotspots are due to current inhomogeneity 
within the cells, which can result from partial shading or wafer im-
purities [32]. However, since the PVMD Toolbox assumes all cells 
are identical and, in this study, considers an unobstructed horizon, 
hotspot effects cannot be incorporated into the model. Similarly, PID 
occurs due to a potential difference between the module frame and the 
active circuit, which can reach up to 1500 V when multiple modules 
are connected in series [33]. This phenomenon cannot be captured in 
the simulations, as the model considers only the direct current (DC) 
performance of a single module, where such high potential differences 
are not present. Finally, the effect of soiling [34] has also been excluded 
from this model, as rainfall is not included as input parameter of the 
PVMD Toolbox, and cleaning strategies would need to be considered, 
making it a complex degradation mechanisms to model. It would be 
interesting for future work, however, to study how soiling impacts 
the current matching in tandem devices, as soiling effects are not the 
same across all wavelengths [35]. Nevertheless, the exclusion of these 
mechanisms does not lead to an underestimation of degradation, as 
the final calibration is based on real-world outdoor PV system data. 
Moreover, similar analytical models in the literature [28,29] also do 
not account for these more complex degradation mechanisms.

Each degradation mechanism is characterized by its stress factors, 
time profile, and impact on the module. Fig.  1b provides an overview 
of the degradation mechanisms considered in this study. The stress 
factors considered in the model are ultraviolet (UV) irradiance, the 
temperature of the module (𝑇 ), the relative moisture content (RMC), 
and the photo-generated current (𝐽𝑝ℎ). Another important characteristic 
is the time profile of a degradation mode. Degradation rates are not nec-
essarily constant over time; they may increase or decrease throughout 
the module’s lifespan [36], as will be shown later in Fig.  7. Finally, the 
degradation modes are characterized by which part of the module they 
affect.

For each mechanism, a separate degradation rate 𝑘𝑖 is calculated. 
To obtain the power loss (𝑃𝑙𝑜𝑠𝑠,𝑖) solely due to a mechanism 𝑖, we use 

𝑃𝑙𝑜𝑠𝑠,𝑖(𝑡) = ∫

𝑡

0
𝑘𝑖(𝜏)𝑑𝜏. (1)

It should be realized that all mechanisms affect the performance 
differently at the same time. This means that the total 𝑃𝑙𝑜𝑠𝑠 does not 
necessarily equal the sum of the individual power losses.

2.1.1. Discoloration
The encapsulant in PV modules, typically made of ethylene vinyl ac-

etate (EVA) or polyolefin (POE) [37], undergoes color changes over its 
lifetime. Exposure to UV radiation can alter the encapsulant’s chemical 
composition, impacting the optical performance of the device [38].
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Fig. 1. (a) An overview of the methodology, where a scenario-based approach is used for degradation in the top cell, and an analytical approach is used for 
the bottom cell, encapsulant, and contact resistance. (b) An overview of the degradation mechanisms considered for the analytical model, including their stress 
factors, time profile, and effect on the module. MID, TC, LID, and RMC stand for moisture-induced degradation, thermal cycling, light-induced degradation, and 
relative moisture content.
Fig. 2. The change in 𝑁(𝜆) and its effect on the absorption profile for different values of 𝑃𝑙𝑜𝑠𝑠, solely due to discoloration.
To predict the performance loss due to discoloration, we use the 
modified Arrhenius equation from Sinha et al. [39], which calculates 
the discoloration degradation rate (𝑘𝑑𝑖𝑠) as: 

𝑘𝑑𝑖𝑠 = 𝐴𝑑𝑖𝑠 ⋅ 𝑒
−𝐸𝑎,𝑑𝑖𝑠

𝑘⋅𝑇 ⋅ (UV)𝑛𝑑𝑖𝑠 , (2)

where 𝐴𝑑𝑖𝑠, 𝐸𝑎,𝑑𝑖𝑠, and 𝑛𝑑𝑖𝑠 are the pre-exponential factor, the activation 
energy, and the exponent related to the discoloration, respectively, and 
𝑘 is the Boltzmann constant. Based on the findings in literature, we 
assume 𝑛𝑑𝑖𝑠 to be 1 [40] and 𝐸𝑎,𝑑𝑖𝑠 to be 0.39 eV [39]. The value 
of 𝐴𝑑𝑖𝑠 is determined through calibration later in this section. The 
amount of UV is defined as all in-plane irradiance with a wavelength 
smaller than 400 nm [41]. Although the UV and 𝑇  have seasonal 
fluctuations, they are approximately similar for all years. Therefore 𝑘𝑑𝑖𝑠
is constant throughout the lifetime of the PV module, being consistent 
with literature [36].

Since discoloration affects the encapsulant’s optical properties, we 
model performance loss by adjusting the refractive index (𝑁(𝜆) =
𝑛(𝜆) + 𝑖 ⋅ 𝑘(𝜆)) of the encapsulant in the EY simulations. The PVMD 
Toolbox uses 𝑁(𝜆) for each material to calculate the device’s optical 
response [20].

To model changes in the refractive index due to discoloration, we 
use data from Meena et al. [42], who measured variations in internal 
quantum efficiency and reflection spectra of discolored modules. The 
full details of the procedure for calculating 𝑁(𝜆) are provided in Ap-
pendix  B. Fig.  2 illustrates different 𝑁(𝜆) for different values of 𝑃𝑙𝑜𝑠𝑠 and 
the corresponding the optical response. This change in optical response 
will then also have an impact on the thermal and electrical simulation 
step of the PVMD Toolbox.
3 
2.1.2. Moisture induced degradation
Moisture ingress in PV modules can trigger various degradation 

modes, such as delamination and corrosion [43,44]. While these mech-
anisms are distinct, it is challenging to separate them due to their same 
stress factor. Therefore, their effects are combined in our analysis.

To quantify the amount of degradation due to MID (𝑘𝑀𝐼𝐷), the Peck 
model is used [11,28,29,45]: 

𝑘𝑀𝐼𝐷 = 𝐴𝑀𝐼𝐷 ⋅ 𝑒−
𝐸𝑎,𝑀𝐼𝐷

𝑘⋅𝑇 ⋅ (RMC)𝑛𝑀𝐼𝐷 , (3)

where 𝐴𝑀𝐼𝐷, 𝐸𝑎,𝑀𝐼𝐷, and 𝑛𝑀𝐼𝐷 are the pre-exponential factor, the acti-
vation energy, and the exponent related to MID, respectively. The RMC 
is the relative moisture content that describes the amount of moisture 
that has entered the module compared to the saturation concentration 
of the encapsulant. In previous work, a model has been developed to 
simulate and predict the RMC over time for different climates [45]. 
The values for 𝐸𝑎,𝑀𝐼𝐷 and 𝑛𝑀𝐼𝐷 are assumed to be 0.809 eV and 1.87 
based on previous work [45], and 𝐴𝑀𝐼𝐷 will be used for calibration. 
Since moisture ingress is a gradual process, RMC increases over time. 
As a result, the degradation rate 𝑘𝑀𝐼𝐷 also increases throughout the 
module’s lifetime, consistent with literature findings [36].

As MID affects both the electrical and optical properties of PV mod-
ules, its impact is simulated by adjusting the diode model parameters 
of the c-Si bottom cell. Zhu et al. [46] conducted damp heat tests to 
measure the effects of moisture ingress on IV curves. They also identi-
fied how the parameters of the equivalent circuit model change due to 
moisture exposure. These trends are used to adjust the simulation of c-
Si performance, incorporating the associated performance loss. Fig.  3a 
illustrates the changes in the IV curve for different values of 𝑃𝑙𝑜𝑠𝑠 caused 
by MID. More information on the calculation of circuit parameters is 
provided in Appendix  C.
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Fig. 3. The effect on the IV curve of different values of 𝑃𝑙𝑜𝑠𝑠, solely due to MID (a), TC (b), and LID (c).
2.1.3. Thermal cycling
In addition to the absolute temperature influencing Arrhenius pro-

cesses in discoloration and MID, temperature fluctuations over time 
introduce additional degradation mechanisms. High-temperature vari-
ations, combined with mismatches in the thermal expansion coeffi-
cients of different materials, cause layers to expand at different rates, 
leading to thermomechanical stress on the interconnections [47,48]. 
Bosco et al. [49] proposed an analytical equation that can describe the 
damage due to TC (𝐷𝑇𝐶 ), written as 

𝐷𝑇𝐶 = 𝐴𝑇𝐶 ⋅ (𝛥𝑇 )𝑛𝑇𝐶 ⋅ 𝑅𝑏 ⋅ 𝑒−
𝐸𝑎,𝑇𝐶
𝑘⋅𝑇 , (4)

where 𝐴𝑇𝐶 , 𝐸𝑎,𝑇𝐶 , and 𝑛𝑇𝐶 are the pre-exponential factor, the activa-
tion energy, and the exponent related to TC, respectively, 𝛥𝑇  is the 
average daily temperature fluctuation, 𝑅 is the number of times the 
temperature has fluctuated, and 𝑏 is an exponent to 𝑅. The values for 
𝐸𝑎,𝑇𝐶 , 𝑛𝑇𝐶 , and 𝑏 are assumed to be 0.12 eV, 1.9, and 0.33 as calibrated 
by N. Bosco et al. [49], and 𝐴𝑇𝐶 will be used for final calibration.

As Eq.  (4) outputs the total amount of damage instead of a degra-
dation rate, the degradation rate due to TC (𝑘𝑇𝐶 ) can be obtained 
iteratively with 

𝑘𝑇𝐶 (𝑡) =
𝐷𝑇𝐶 (𝑡) −

∑𝑡−1
𝜏=1 𝑘𝑇𝐶 (𝜏) ⋅ 𝛥𝑡
𝛥𝑡

, (5)

where 𝛥𝑡 is the time step. Given that 𝑏 is equal to 0.33 and 𝑅 will 
constantly increase over time, 𝐷𝑇𝐶 will keep rising but at a slower pace, 
causing 𝑘𝑇𝐶 to decrease over time. The time profile of both the damage 
and 𝑘𝑇𝐶 and the definition of 𝛥𝑇  are shown in Appendix  D. It should 
be noted that Eq.  (5) applies only for 𝑡 > 0. 𝑘𝑇𝐶 (0) is defined to be 
0%/year.

Since TC degradation primarily affects the contacts [47–49], we 
adjust the value of 𝑅𝑐𝑜𝑛 to simulate the required 𝑃𝑙𝑜𝑠𝑠. Fig.  3b illustrates 
the impact of TC degradation on the IV curve.

2.1.4. Light induced degradation
The final degradation mechanism considered is light-induced degra-

dation (LID), where the efficiency of the solar cell decreases due to 
prolonged exposure to light. According to literature, this is attributed 
to an increase in the minority carrier lifetime (𝜏𝑚𝑖𝑛) within the solar 
cell [50–52], with the 𝐽𝑝ℎ acting as the stress factor [53,54].

Experimental studies have demonstrated that 𝜏𝑚𝑖𝑛 decays exponen-
tially with exposure to 𝐽𝑝ℎ and eventually saturates at a constant 
value [54,55]. This time-dependent behavior of 𝜏𝑚𝑖𝑛(𝑡) can be modeled 
as: 

𝜏𝑚𝑖𝑛(𝑡) = 𝜏𝑚𝑖𝑛,∞ + (𝜏𝑚𝑖𝑛,0 − 𝜏𝑚𝑖𝑛,∞) ⋅ 𝑒
− ∫ 𝑡0 𝐽𝑝ℎ (𝜏)𝑑𝜏

𝐴𝐿𝐼𝐷 , (6)

where 𝜏𝑚𝑖𝑛,0 and 𝜏𝑚𝑖𝑛,∞ are the minority carrier lifetime initially and 
after saturation, and 𝐴  is the decay constant for LID.
𝐿𝐼𝐷

4 
Table 1
An overview of the datasets that are used for the calibration and validation of 
the analytical model, and the calibrated values for the remaining parameters 
for each parameter set.
 Location Years Source 𝐴𝑑𝑖𝑠 𝐴𝑀𝐼𝐷 𝐴𝑇𝐶 𝐴𝐿𝐼𝐷  
 [%/y] [%/y] [%/y] [Cm−2]  
 Alice Springs 16 DKA [57] 0.0556 1.03 × 108 4.65 × 10−5 1.23 × 107 
 (Australia)  
 Pfaffstäten 6 Lindig [58] 1.084 3.72 × 108 9.71 × 10−5 1.70 × 107 
 (Austria)  
 Cocoa 6 NREL [59] 0.0677 6.10 × 107 1.23 × 10−4 8.19 × 105 
 (USA)  
 Grimstad 20 Segbefia [60] 0.2645 9.61 × 107 2.11 × 10−5 7.53 × 106 
 (Norway)  
 Borlänge 30 Psimopoulos [61] 0.1198 1.92 × 108 4.96 × 10−5 1.12 × 106 
 (Sweden)  

Since 𝜏𝑚𝑖𝑛 and 𝐼0 are inversely proportional [56], the value of 𝐼0 can 
be adjusted using 

𝐼0(𝑡) =
𝐼0,𝑖𝑛𝑖𝑡
𝐶𝜏 (𝑡)

, (7)

where 𝐼0,𝑖𝑛𝑖𝑡 is the initial value of 𝐼0 and 𝐶𝜏 (𝑡) is the ratio of 𝜏𝑚𝑖𝑛(𝑡) over 
𝜏𝑚𝑖𝑛,0, written as 

𝐶𝜏 (𝑡) =
𝜏𝑚𝑖𝑛(𝑡)
𝜏𝑚𝑖𝑛,0

= 𝐶𝜏,∞ + (1 − 𝐶𝜏,∞) ⋅ 𝑒
− ∫ 𝑡0 𝐽𝑝ℎ (𝜏)𝑑𝜏

𝐴𝐿𝐼𝐷 , (8)

where 𝐶𝜏,∞ is 𝜏𝑚𝑖𝑛,∞𝜏𝑚𝑖𝑛,0
. Based on measurements in literature [55], 𝐶𝜏,∞ is 

assumed to be 0.5, and 𝐴𝐿𝐼𝐷 is used for calibration. The effect of LID 
on the IV curve is shown in Fig.  3c.

In contrast to the other degradation mechanisms, there is no direct 
analytical equation for the degradation rate due to LID (𝑘𝐿𝐼𝐷(𝑡)). 
Instead, it can be derived from the change in power output as 

𝑘𝐿𝐼𝐷(𝑡) =
1 − 𝑃 (𝑡+𝛥𝑡)

𝑃 (𝑡)

𝛥𝑡
, (9)

where 𝑃 (𝑡) is the output power at time 𝑡, excluding the other losses.

2.1.5. Calibration and validation
Each degradation mechanism considered has one parameter that 

can be used to calibrate the models based on outdoor measurements. 
For this calibration process, we rely on measured outdoor data from 
various PV systems reported in the literature. Table  1 provides an 
overview of the datasets selected for this calibration.

For each dataset, the data was filtered and normalized to obtain 
the normalized power (𝑃𝑛𝑜𝑟𝑚(𝑡)) for each operating year. Full details 
of the filtering and normalization process are provided in Appendix 
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Fig. 4. (a) The calibration and validation of the analytical model for the different datasets. (b) A validation of the analytical model on the effect of degradation 
on the IV curve.
E. Calibration was performed separately for each dataset, resulting in 
different values for 𝐴𝑑𝑖𝑠, 𝐴𝑀𝐼𝐷, 𝐴𝑇𝐶 , and 𝐴𝐿𝐼𝐷. This variation can be 
attributed to differences in module characteristics, as the degradation 
parameters are not identical across systems. Fig.  4a shows the calibra-
tion results for all datasets, demonstrating that the analytical model 
accurately captures the temporal trends of 𝑃𝑛𝑜𝑟𝑚 for each site.

To further validate the methodology, we assessed its ability to 
predict changes in the IV curve. Two studies have been found that 
reported the change in IV curve after 20 or 30 years of operation. Fig. 
4b compares the predicted and measured IV curves of both studies, 
showing that the analytical model successfully captures the loss in IV 
performance.

The results presented in this work are obtained by using the pa-
rameters calibrated with the PV system in Alice Springs. The reason 
for selecting this dataset is that it has continuously reported the output 
power of the PV module for the longest time period. To see how using 
different parameters affect the results, Appendix  F shows a sensitivity 
analysis. This sensitivity analysis contains the result of Fig.  9, obtained 
with different sets of parameters. It can be seen that the choice of 
parameter set can significantly change the values of 𝑘𝑡𝑜𝑙, but the same 
trends and relative differences are present for all sets.

2.2. Scenario modeling

Degradation in the top cell is simulated using a scenario-based 
approach. Specifically, we introduce performance loss in the perovskite 
cell by adjusting parameters in the electrical model, following methods 
similar to those used by Qian et al. [16] and Orooj et al. [17]. To 
examine the effect on different degradation trends, three scenarios are 
considered where there is a loss in short circuit current (𝐼𝑠𝑐), open 
circuit voltage (𝑉𝑜𝑐), and fill factor (FF). These scenarios are simulated 
by adjusting 𝐼𝑝ℎ (for 𝐼𝑠𝑐 degradation), 𝐼0 (for 𝑉𝑜𝑐 degradation), and both 
𝑅𝑠ℎ as well as 𝑅𝑠 (for FF degradation).

It is important to realize that the degradation of a perovskite cell in 
practice is not a loss in a single component, but rather a combination of 
multiple losses due to different mechanisms. The reason for analyzing 
these extreme cases is to establish a range of tolerable degradation 
rates that encompasses all possible degradation scenarios. If a real-
world scenario involves a combination of the tested cases, its tolerable 
degradation rate will fall somewhere between the values derived in this 
study.
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Fig.  5 illustrates the impact of these scenarios on the IV curve 
for various values of 𝑃𝑙𝑜𝑠𝑠. To simulate lifetime degradation, different 
constant values for 𝑘𝑝𝑒𝑟 are applied. To indicate a specific degradation 
scenario, the notation 𝑘𝑝𝑒𝑟,𝑋 , where 𝑋 can be 𝐼𝑠𝑐 , 𝑉𝑜𝑐 or 𝐹𝐹 , is used. The 
corresponding 𝑃𝑙𝑜𝑠𝑠 for the top cell is calculated using Eq.  (1), enabling 
the necessary adjustments to the IV curve.

It should be noted that this scenario based approach only considers 
fixed degradation rates over the lifetime of the PV module. This means 
that non-linear trend in the degradation of the perovskite cell are not 
captured by this method.

2.3. Calculating the relative environmental impact

The methodology considered so-far only allows to make compar-
isons between single junction and tandem devices in terms of energy 
yield. However, to develop truly sustainable PV modules, it is essential 
to also consider the environmental impact of both technologies.

To include the environmental impact of both technologies, we use 
the results from Roffeis et al. [62] who reported the absolute envi-
ronmental impacts of single-junction c-Si and PerSi tandem modules, 
covering 13 impact categories listed in Table  2. It should be noted that 
both modules have the same module area, but a different output power. 
Interestingly, the PerSi module has a lower environmental impact for 
the impact category human toxicity and marine ecotoxicity. This is 
because 37% less silver is used for the metallization process of the PerSi 
module, as explained by Roffeis et al. The silver reduction is enabled 
by the fact that tandem modules have about 50% lower currents as 
compared to Si single junction modules [62].

While these absolute environmental impact values (𝐸𝐼𝑎𝑏𝑠) are infor-
mative, it is more meaningful to compare their relative environmental 
impacts (𝐸𝐼𝑟𝑒𝑙) by accounting for differences in energy production. We 
compute 𝐸𝐼𝑟𝑒𝑙 using the formula 

𝐸𝐼𝑟𝑒𝑙 =
𝐸𝐼𝑎𝑏𝑠
LEY , (10)

where LEY is calculated with the methodology described above.
The values for 𝐸𝐼𝑟𝑒𝑙 can be used to assess for which degradation 

rates tandem modules have a lower environmental impact than single 
junction devices.
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Fig. 5. The effect on the IV curve of the perovskite subcell due to different degradation scenarios.
Table 2
The absolute environmental impact per module in different categories for the 
c-Si and PerSi tandem module.
Source: These values are obtained from literature [62].
 Impact category Unit c-Si PerSi 
 Climate change, default kg CO2 eq. 411 434  
 Particulate matter formc g PM2.5 eq. 644 684  
 Fossil depletion kg oil eq. 157 164  
 Freshwater consumption m3 14 14  
 Freshwater ecotoxicity kg 1,4 DB eq. 4 4  
 Freshwater eutrophication g P eq. 209 210  
 Human toxicity, non-cancer kg 1,4 DB eq. 440 421  
 Ionizing radiation kBq Co-60 eq.d 70 71  
 Marine ecotoxicity kg 1,4 DB eq. 6 5  
 Marine eutrophication g N eq. 29 31  
 Metal depletion g Cu eq. 1900 2034 
 Terrestrial acidification g SO2 eq. 1510 1577 

3. Case studies

The proposed methodology can be used to determine tolerable 
values for 𝑘𝑝𝑒𝑟 of a tandem PV module at different locations using a 
c-Si PV module as reference. This section outlines the module speci-
fications and the selected geographical locations. For this study only 
monolithic 2T PerSi modules are considered. The reason for excluding 
other terminal configurations, such as three- or four-terminal devices, 
is that there cell and module design is significantly different than the 
reference c-Si module.

3.1. PV module

The PV module comprises 144 half-cut PerSi tandem cells with 
a G12 wafer size, connected in butterfly topology with three bypass 
diodes. The cell design is based on the 32.5% efficient 2T PerSi cell 
developed by S. Mariotti et al. [63], which has been integrated and 
validated in the PVMD Toolbox in previous studies [21,22]. Similar 
to those previous studies, a layer of encapsulant and glass is included 
to simulate realistic modules. Fig.  6 illustrates the optical structure, 
absorption profile, and module IV curve for both the reference c-Si as 
the PerSi module. The module has an output power of 948 W and a 
total area of 3.38 m2, meaning the module has a module efficiency of 
28.0%.

The reference c-Si module is derived from the bottom cell of the 
PerSi device shown in Fig.  6. It also consists of 144 half-cut cells with 
a G12 wafer size, utilizing the same bottom-cell design as the PerSi 
device.

Both modules consists of monofacial cells, and have a polyethylene 
terephthalate (PET) backsheet, being similar to modules in previous 
work [45]. Also, there is an anti-reflection coating (ARC) and an 
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amorphous fluoropolymer (AF) layer on top of the glass to further 
improve the optical performance.

3.2. Operating conditions

Different geographical locations are selected for which the accept-
able values of 𝑘𝑝𝑒𝑟 are found. These distinct locations represent different 
climates according to the Köppen-Geiger-Photovoltaics (KGPV) classifi-
cation [64,65] and a machine learning based PV climate classification 
(ML-PV) [66]. Table  3 shows the annual Global Horizontal Irradiance 
(GHI), weighted average ambient temperature (𝑇𝑎), average relative 
humidity (RH), KGPV classification, and the module tilt.

4. Results

We apply the outlined methodology to calculate the Lifetime Energy 
Yield (LEY) of different modules across four different locations. First, 
we simulate the performance of the c-Si modules with the analytical 
model to calculate the modules’ lifetime for all locations and their LEY. 
Next, we calculate the LEY of PerSi modules for all nine scenarios and 
different values of 𝑘𝑝𝑒𝑟, identifying the maximum tolerable degradation 
rate. We also factor in the environmental impact of both c-Si and 
PerSi modules. By considering both energy yield and environmental 
impact, we determine the values of 𝑘𝑝𝑒𝑟 that make PerSi modules more 
sustainable compared to their c-Si counterparts. Finally, we propose a 
simplified model that can predict the maximum tolerable degradation 
rate.

4.1. Reference lifetime energy yield of c-Si modules

To determine the module lifetimes for different locations, we use 
the analytical model to calculate the degradation rates for all mecha-
nisms. As illustrated in Fig.  7, Lagos exhibits the highest degradation 
rates due to its high temperatures and humid climate, as indicated in 
Table  3. Conversely, the modules in Delft demonstrate the longest life-
times, thanks to the area’s lower ambient temperatures. The obtained 
time profiles of each degradation mechanism align well with the time 
profiles from literature presented in Fig.  1b.

Based on the simulated degradation rates and the applied method-
ology, we compute the normalized power (𝑃𝑛𝑜𝑟𝑚) over time, as depicted 
in Fig.  7. The module lifetime, defined as the time it takes to reach 80% 
of the original power output (𝑇80), is also shown on top of the figure. 
Due to the elevated degradation rates, Lagos has the shortest module 
lifetime at 13 years. Shanghai and Lisbon follow with similar lifetimes 
of 26 and 30 years, respectively. Delft, benefitting from its favorable 
environmental conditions, achieves the longest lifetime of 48 years. 
It should be noted that similar differences in module lifetime across 
climates were also found in other studies [28].

The LEY of the modules is calculated by integrating the annual 
energy yield over time till the module lifetime 𝑇 .
80
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Fig. 6. The optical structure (a), the absorption profile (b), and the IV curve (c) of the simulated PV module.
Table 3
The characteristics of the selected locations. The ambient temperature is weighted with the global horizontal 
irradiance [21]. This metric is chosen as it, in our opinion, better represents the operating conditions of the PV 
modules than the normal average of the ambient temperature. The selected module tilts are chosen such that 
they maximize the annual front-side irradiation for each location. For acronyms in KGPV and ML-PV climates, 
we refer to [65,66].
 Location Annual global horizontal 

irradiation [kWhm−2]
Weighted average ambient 
temperature [◦C]

KGPV ML-PV Optimal module 
tilt [◦]

 

 Delft 1018 16.2 DL Tem1 31  
 Lagos 1642 29.4 AH Tro2 5  
 Lisbon 1758 20.6 DH Tem5 28  
 Shanghai 1271 21.7 DM Tro1 17  
Fig. 7. The degradation rates of the different degradation mechanisms in all locations. Also, the normalized power is plotted such that 𝑇80 can be determined.
4.2. Tolerable degradation rates

To determine the tolerable value for 𝑘𝑝𝑒𝑟, we employ both the ana-
lytical and scenario-based models to calculate the LEY of PerSi modules. 
For a fair comparison, we use the same module lifetime as calculated 
for c-Si modules to determine the LEY. As an example, Fig.  8a illustrates 
the annual EY of the PerSi module in Delft under 𝐼𝑠𝑐 degradation for 
different values of 𝑘𝑝𝑒𝑟. As 𝑘𝑝𝑒𝑟 increases, the EY declines more rapidly 
over the module’s lifetime due to faster performance degradation.

Fig.  8b integrates the energy production over the module’s lifetime 
to determine the LEY, with the dashed line representing the LEY of 
c-Si modules. The LEY of PerSi modules decreases as 𝑘𝑝𝑒𝑟 increases, 
indicating a specific threshold value, denoted as 𝑘𝑡𝑜𝑙. Similar to 𝑘𝑝𝑒𝑟,𝑋 , 
𝑘𝑡𝑜𝑙,𝑋 is used to indicate a specific degradation scenario. This value 
represents the maximum allowable 𝑘𝑝𝑒𝑟 for PerSi devices in order to 
outperform c-Si modules.

This process is repeated for each location and degradation scenario 
to calculate 𝑘𝑡𝑜𝑙 under various conditions. Fig.  9 presents the LEY for 
different values of 𝑘𝑝𝑒𝑟 for all PerSi modules, along with the corre-
sponding 𝑘𝑡𝑜𝑙 values. It should be noted that LEY is simulated only for 
integer values of 𝑘𝑝𝑒𝑟 and the intermediate values are found via linear 
interpolation.
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Across all locations, degradation in 𝐼𝑠𝑐 yields the lowest 𝑘𝑡𝑜𝑙 (1.2% 
per year for Delft) as two-terminal modules require current matching 
between subcells. As a result, current losses are more harmful than 
voltage losses. This also explains why 𝑘𝑡𝑜𝑙 values for 𝐹𝐹  degradation 
are lower than those for 𝑉𝑜𝑐 degradation, as fill factor losses affect both 
current and voltage.

Another key observation is that 𝑘𝑡𝑜𝑙 is inversely linked to 𝑇80. In 
Delft, where there is a high module lifetime, the perovskite top cell 
needs to be very stable as a degradation rate of only 1.9% can be 
tolerated. On the other hand, in Lagos, where the module lifetime is 
short, a larger perovskite degradation rate of 7.6% can be tolerated. 
This occurs because the total degradation in the perovskite cell (𝑘𝑡𝑜𝑙 ⋅
𝑇80) remains approximately constant across locations. Consequently, 
locations with lower 𝑇80 have larger 𝑘𝑡𝑜𝑙 values, as the modules last 
shorter at that location anyway, meaning perovskite degradation is less 
of an issue.

4.3. Effect of higher efficiency

The PV module used in the simulations is based on a 32.5% efficient 
PerSi tandem cell, resulting in a module efficiency (𝜂 ) of 28.0%. 
𝑚𝑜𝑑
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Fig. 8. An example for identifying the tolerable degradation rate 𝑘𝑡𝑜𝑙,𝐼𝑠𝑐 for the modules in Delft. (a) shows the annual EY of the c-Si and PerSi modules for 
different values of 𝑘𝑝𝑒𝑟,𝐼𝑠𝑐 . (b) shows the integrated LEY, such that 𝑘𝑡𝑜𝑙,𝐼𝑠𝑐 can be determined for the case of Delft.
Fig. 9. The LEY for different values of 𝑘𝑝𝑒𝑟 and the corresponding 𝑘𝑡𝑜𝑙 for each location and degradation mechanism.
However, (𝜂𝑚𝑜𝑑) could be higher, as the practical efficiency limit of 
PerSi technology is 39.5% [3]. An increase in efficiency would enhance 
the energy yield (EY) for tandem modules, which could in turn impact 
𝑘𝑡𝑜𝑙.

To explore this effect, we repeat the previously described procedure 
using modules with higher efficiencies. The performance of the per-
ovskite cell is artificially improved, as illustrated in Fig.  10, achieving 
a module efficiency of up to 32.9%. Details of these performance 
enhancements are provided in Appendix  G.

The higher-efficiency modules are labeled according to their respec-
tive efficiencies. Fig.  11 presents the corresponding 𝑘𝑡𝑜𝑙 values for all 
modules across different locations and efficiency levels, showing a clear 
influence of 𝜂𝑚𝑜𝑑 on the tolerable degradation rate.

For instance, in Delft, the 𝑘𝑡𝑜𝑙 for 𝐼𝑠𝑐 degradation increases from 
1.2% to 1.9% per year, representing a relative increase of nearly 
50%. This same approximate increase is observed in other locations 
and degradation scenarios. The highest 𝑘  is found in Lagos for 𝑉
𝑡𝑜𝑙 𝑜𝑐
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degradation, primarily because lower module lifetimes lead to higher 
𝑘𝑡𝑜𝑙, and voltage degradation is less harmful than current degradation.

Overall, these simulations quantify by how much the tolerable 
degradation rate under expands with improving module efficiency. This 
illustrates that higher efficiency not only boosts energy production but 
can also loosen the stability requirements of the perovskite cell.

As mentioned in Section 2.2, practical degradation scenarios will 
most likely not be a loss solely in 𝐼𝑠𝑐 , 𝑉𝑜𝑐 , or 𝐹𝐹 , but a combination of 
them. The presented results can be used to create a window of tolerable 
degradation rates for the perovskite cell at different module efficiencies, 
as shown in Fig.  12. As mentioned before, degradation in current is 
most harmful for 2T tandem cells and degradation in voltage is least 
harmful, meaning these scenarios function as two extreme scenarios. 
Therefore, the tolerable degradation rate for any possible scenario is 
in between 𝑘𝑡𝑜𝑙,𝐼𝑠𝑐 and 𝑘𝑡𝑜𝑙,𝑉 𝑜𝑐 , indicated with the gray area in Fig.  12. 
This figure shows what is the minimum and maximum value for 𝑘𝑡𝑜𝑙 at 
different locations and module efficiencies.
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Fig. 10. (a) The cell performance of perovskite subcells with increasing quality. The separate perovskite subcells can reach an efficiency of 24.1%. (b) The module 
performance with increasing perovskite efficiencies.
Fig. 11. The effect of the module efficiency on 𝑘𝑡𝑜𝑙. It can be seen that higher efficient modules have a larger tolerable degradation rate.
In practice, it is more practical to measure the degradation rate of 
a PerSi module rather than focusing specifically on the top cell. To 
identify a single tolerable degradation rate for the entire PerSi module, 
one can use the value of 𝑘𝑡𝑜𝑙,𝐼𝑠𝑐 as an approximation. Since the module 
consists of two-terminal cells, meaning its current is limited by the 
lowest subcell, any value of 𝑘𝑝𝑒𝑟,𝐼𝑠𝑐 will also translate into a similar 
module degradation rate.

4.4. Simplified model

The current methodology requires significant computational effort 
since energy yield must be calculated for each year and for various 
values of 𝑘𝑝𝑒𝑟. To avoid these computationally-intensive simulations, 
a more streamlined approach is desirable. Therefore, we explore the 
potential of developing a simplified model to predict 𝑘𝑡𝑜𝑙.

Our proposed simplified model is an Arrhenius-based equation writ-
ten as 

𝑘 = 𝑐 ⋅ 𝜂 ⋅ 𝑒
−𝐸𝑎,𝑠𝑖𝑚 ⋅𝑞

𝑘⋅𝑇𝑎 , (11)
𝑡𝑜𝑙 𝑠𝑖𝑚 𝑚𝑜𝑑
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Table 4
The calibrated values for 𝑐𝑠𝑖𝑚 and 𝐸𝑎,𝑠𝑖𝑚 that are used in the simplified
model.
 𝑐𝑠𝑖𝑚,𝐼𝑠𝑐  [y−1] 𝑐𝑠𝑖𝑚,𝐹𝐹  [y−1] 𝑐𝑠𝑖𝑚,𝑉𝑜𝑐

 [y−1] 𝐸𝑎,𝑠𝑖𝑚 [eV] 
 4.71 × 1011 5.19 × 1011 6.85 × 1011 0.743  

where 𝑐𝑠𝑖𝑚 is a pre-exponential constant that depends on the degrada-
tion type, 𝐸𝑎,𝑠𝑖𝑚 is the activation energy of the simplified model, and 
𝑇𝑎 is the weighted ambient temperature from Table  3.

Although the physical degradation model accounts for multiple 
stress factors, the simplified model considers only temperature. This 
decision avoids the need for additional parameters that would require 
calibration. Given the limited dataset, including multiple factors could 
lead to overfitting, making a single-factor model more practical.

The parameters 𝑐𝑠𝑖𝑚 and 𝐸𝑎,𝑠𝑖𝑚 are calibrated using the results from 
Fig.  11, with the final values shown in Table  4.
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Fig. 12. The window of tolerable degradation rates for the perovskite cell at different module efficiencies.
Fig. 13. The comparison between the predicted values for 𝑘𝑡𝑜𝑙 with the 
simplified model and the simulated values with the detailed methodology.

To assess the accuracy of this approach, we apply the simplified 
model to predict 𝑘𝑡𝑜𝑙 values for the simulated scenarios. Fig.  13 com-
pares these predicted values with the simulation results. The model 
performs well, achieving a root mean square error of 0.34% per year. 
This demonstrates that the simplified model provides accurate predic-
tions for 𝑘𝑡𝑜𝑙 across all degradation scenarios and module efficiencies, 
making it a reliable tool for predicting 𝑘𝑡𝑜𝑙 under different climate 
conditions without detailed simulations.

4.5. Including the environmental impact

The values presented for 𝑘𝑡𝑜𝑙 indicate the maximum degradation 
rate at which PerSi devices achieve a larger LEY than c-Si modules. 
However, as mentioned before, it is essential to also consider the 
environmental impact of both technologies to make a good comparison.

We use the approach outlined in Section 2 to identify the perovskite 
degradation rate at which the relative environmental impact of PerSi 
modules is lower than that of c-Si modules, denoted with 𝑘 . Fig. 
𝑡𝑜𝑙,𝐸𝐼
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14 illustrates 𝑘𝑡𝑜𝑙,𝐸𝐼  across all impact categories and locations for PerSi 
modules with a 28% efficiency. The first row provides a reference value 
for 𝑘𝑡𝑜𝑙 when only considering LEY.

In general, 𝑘𝑡𝑜𝑙,𝐸𝐼  values are lower than 𝑘𝑡𝑜𝑙. This can be attributed 
to the more complex structure of PerSi cells, which require additional 
materials and production steps, thereby increasing their environmental 
footprint. Fig.  14 reflects this, showing a higher absolute environmental 
impact for PerSi modules despite their higher energy yield. Conse-
quently, when PerSi devices achieve equal LEY to c-Si modules, their 
environmental impact relative to LEY is higher. Therefore, the tolerable 
degradation rates for environmental impact are generally lower than 
the one for LEY (𝑘𝑡𝑜𝑙,𝐸𝐼 < 𝑘𝑡𝑜𝑙,𝐸𝑌 ) However, there are exceptions. 
In the categories Human Marine Ecotoxicity, PerSi devices exhibit 
lower absolute environmental impacts, resulting in higher 𝑘𝑡𝑜𝑙,𝐸𝐼  values 
compared to those based solely on LEY.

Overall, the lowest 𝑘𝑡𝑜𝑙,𝐸𝐼  values are approximately 15% to 20% 
lower than when considering only LEY. This suggests that PerSi mod-
ules with degradation rates below these minimum 𝑘𝑡𝑜𝑙,𝐸𝐼  values are 
more sustainable than c-Si devices across all considered environmental 
aspects.

5. Conclusion

In this work, we introduced a novel approach for simulating degra-
dation in PerSi tandem modules by combining an analytical model for 
the bottom cell with a scenario-based model for the top cell. The analyt-
ical model was validated using reported performance data from various 
outdoor PV modules. This methodology enabled us to determine the 
operational lifetime of c-Si PV modules across four different locations.

We then identified the tolerable degradation rates for the perovskite 
cell, ensuring that the PerSi module continues to outperform the c-Si 
module. Various degradation scenarios were analyzed, with degrada-
tion in 𝐼𝑠𝑐 found to be the most critical, resulting in the lowest 𝑘𝑡𝑜𝑙. 
Notably, 𝑘𝑡𝑜𝑙 is inversely related to the module’s lifetime. In temperate 
climates where high module lifetimes can be achieved (Delft), the 
perovskite top cell needs to be very stable as a degradation rate of 
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Fig. 14. The values of 𝑘𝑡𝑜𝑙 when considering all environmental impact categories. The first row indicates the original calculate value for 𝑘𝑡𝑜𝑙 when only considering 
LEY (𝑘𝑡𝑜𝑙,𝐸𝑌 ). All results are obtained by using the original PerSi module with an efficiency of 28%.
only 1.9% can be tolerated. On the other hand, in humid/tropical 
climates (Lagos), where module lifetime anyway is short, a larger 
perovskite degradation rate of 7.6% can be tolerated. Additionally, we 
demonstrated that improving module efficiency can relatively increase 
𝑘𝑡𝑜𝑙 by nearly 50%.

To avoid the computationally intensive simulations, we introduced 
a simplified model that can predict the tolerable degradation rate. This 
Arrhenius-based model considers only module efficiency and ambient 
temperature. With a root mean square error of 0.34% per year, the 
model effectively and accurately predicts 𝑘𝑡𝑜𝑙 for different locations, 
offering a practical alternative for future analyses.

Beyond considering only electricity production, we also factored in 
the environmental impact. 𝑘𝑡𝑜𝑙,𝐸𝐼  was calculated for different environ-
mental categories, showing that using approximately 80% of the cal-
culated 𝑘𝑡𝑜𝑙 from LEY ensures that PerSi modules are more sustainable 
across all aspects.
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Appendix A. Limitation of single degradation value in a tandem 
device

As mentioned in the main text, the type of degradation (current 
or voltage loss) in a subcell influences the overall power loss (𝑃𝑙𝑜𝑠𝑠) 
differently. Fig.  A.1 illustrates that a 10% current loss in the perovskite 
subcell results in an 8.7% power loss, while a 10% voltage loss leads 
to a 6.2% power loss. This shows that the degradation in both the 
perovskite and silicon subcell is relevant, and a single value for 𝑘 is 
not sufficient.

Appendix B. Calculating changes in 𝑵(𝝀) due to discoloration

To model the effect of discoloration, we adjust the refractive index 
(𝑛(𝜆) + 𝑖 ⋅ 𝑘(𝜆)) of the encapsulant layer via 
𝑛𝑛𝑒𝑤(𝜆) = 𝑛𝑜𝑟𝑖𝑔(𝜆) + 𝛥𝑛(𝜆)

𝑘𝑛𝑒𝑤(𝜆) = 𝑘𝑜𝑟𝑖𝑔(𝜆) + 𝛥𝑘(𝜆),
(B.1)

where 𝛥𝑛(𝜆) and 𝛥𝑘(𝜆) are the changes in refractive index. In order to 
calculate 𝛥𝑛(𝜆) and 𝛥𝑘(𝜆), we use the work of Meena et al. [42], who 
reported external quantum efficiency (𝐸𝑄𝐸) and the reflection of field 
aged modules, as shown in Fig.  B.1.

We begin by computing the change in parasitic absorption across 
all wavelengths. The spectral parasitic absorption (𝐴𝑝𝑎𝑟(𝜆)) accounts 
for photons absorbed without contributing to current generation and 
is defined as 𝐴𝑝𝑎𝑟(𝜆) = 1−𝑅(𝜆) −𝐸𝑄𝐸(𝜆). 𝐴𝑝𝑎𝑟(𝜆) is calculated for both 
reference and field-aged modules, allowing us to obtain the difference 
in parasitic absorption (𝛥𝐴𝑝𝑎𝑟(𝜆)). To control the degradation level, we 
introduce a parameter 𝑐𝑑𝑖𝑠, which scales 𝛥𝐴𝑝𝑎𝑟(𝜆).

We make the assumption that this additional parasitic absorption is 
only absorbed in the encapsulant. By using the Lambert–Beer law, we 
find the difference in absorption coefficient 𝛥𝛼(𝜆) via 
(1 − 𝑅(𝜆)) ⋅ 𝑒−𝛥𝛼(𝜆)⋅𝑑𝐸𝑉 𝐴 =

(

1 − 𝑅(𝜆) − 𝑐𝑑𝑖𝑠 ⋅ 𝛥𝐴𝑝𝑎𝑟(𝜆)
)

, (B.2)

where 𝑑𝐸𝑉 𝐴 is the thickness of the EVA encapsulant. Rearranging 
Eq. (B.2) provides an explicit function for 𝛥𝛼(𝜆), written as 

𝛥𝛼(𝜆) = − ln
(1 − 𝑅(𝜆) − 𝑐𝑑𝑖𝑠 ⋅ 𝛥𝐴𝑝𝑎𝑟(𝜆)

1 − 𝑅(𝜆)

)

∕𝑑𝐸𝑉 𝐴 (B.3)

We can obtain 𝛥𝑘(𝜆) via 

𝛥𝑘(𝜆) =
𝛥𝛼(𝜆) ⋅ 𝜆

4𝜋
(B.4)

To determine 𝑛𝑛𝑒𝑤(𝜆), we assume 𝛥𝑛(𝜆) is approximately equal to 
𝑐𝑑𝑖𝑠, such that only one changing variable is needed. This assumption is 
justified by the fact that 𝑛 and 𝑘 are connected via the Kramers–Kronig 
(KK) relationship [67]. Numerical KK integration [68] of 𝛥𝑘(𝜆) confirms 
that 𝛥𝑛(𝜆) is nearly constant.



Y. Blom et al. Solar Energy Materials and Solar Cells 299 (2026) 114169 
Fig. A.1. The effect of a 10% current (left) or voltage (right) loss in the perovskite subcell (blue) on the loss on 2 terminal tandem IV curve (green). The solid 
and dashed lines represent the original and degradated IV curves, respectively. It can be seen that a loss in voltage has a lower impact than a loss in current.
Fig. B.1. The change in EQE and reflection due to discoloration. 
Source: The data is obtained from literature [42].

To connect 𝑐𝑑𝑖𝑠 to 𝑃𝑙𝑜𝑠𝑠 due to discoloration, we simulate the optical 
absorption for different values of 𝑐𝑑𝑖𝑠 and calculate the loss in current. 
Fig.  B.2a illustrates the effect of 𝑐𝑑𝑖𝑠 on the absorption profile of the 
solar cell. It can be seen that there is a similar trend compared to 
the original measurements in Fig.  B.1. Fig.  B.2b demonstrates how 𝑐𝑑𝑖𝑠
affects the current loss, providing a basis for selecting appropriate 𝑐𝑑𝑖𝑠
values for specific degradation levels.

Appendix C. Calculating changes in circuit parameters due to MID

To model the impact of moisture ingress on the IV curve of a silicon 
solar cell, we base our approach on the work of Zhu et al. [46], who 
provided circuit parameter values under varying stress levels quantified 
in a procedure-defined unit (p.d.u.) [46].

First, we extracted the trends for each circuit parameter from the 
experimental data and applied these trends to our c-Si cell. Fig.  C.1a 
illustrates the variation of circuit parameters with different stress doses, 
while Fig.  C.1b shows the corresponding power loss.

To model the power loss caused by moisture ingress, we use Eq. 
(3) to predict the required power loss and identify the associated dose 
value. This dose value enabled us to determine the degraded circuit 
parameter values.
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Appendix D. Time profile of thermal cycling

The effect of thermal cycling is modeled by using the equation from 
Bosco et al. [49]. This equation describes the amount of damage expe-
rienced by the PV module as a function of temperature fluctuation 𝛥𝑇 . 
For this work, we define 𝛥𝑇  to be the average of the daily temperature 
fluctuation, written as 

𝛥𝑇 =
∑𝑁𝑑𝑎𝑦𝑠

𝑖=1
(

max(𝑇𝑖 − min(𝑇𝑖))
)

𝑁 𝑑𝑎𝑦𝑠
, (D.1)

where 𝑁𝑑𝑎𝑦𝑠 is the number of days in the year, and 𝑇𝑖 is the temperature 
at day 𝑖. The damage due to thermal cycling is then translated into a 
degradation rate 𝑘𝑇𝐶 via Eq. (5). Fig.  D.1 shows the time profile of the 
damage and degradation rate over time for the c-Si module in Delft.

Appendix E. Filtering and normalization datasets

The datasets summarized in Table  1 provide performance measure-
ments of PV systems over several years. To obtain 𝑃𝑛𝑜𝑟𝑚, we have 
preformed the following steps.

First, a data filtering process was conducted. Data points with 
GHI values below 200 Wm−2 or above 1200 Wm−2 were excluded. 
Additionally, only measurements recorded at 12:00 were selected to 
ensure consistent solar positioning across all data points.

The power output was then normalized to standard test conditions 
(STC) using an equation from literature [11,69] 

𝑃𝑛𝑜𝑟𝑚 = 𝑃𝑎𝑐 ⋅
𝐺𝑆𝑇𝐶
𝐺𝐻𝐼

⋅
1

1 + 𝛾 ⋅
(

𝑇 − 𝑇𝑆𝑇𝐶
) , (E.1)

where 𝑃𝑎𝑐 is the provided output power, 𝐺𝑆𝑇𝐶 and 𝑇𝑆𝑇𝐶 are the 
irradiance-level and temperature at STC (i.e. 1000 Wm−2 and 25 ◦C, 
respectively), and 𝛾 is the temperature coefficient.

Following normalization, outliers were removed by excluding data 
points with deviations exceeding twice the standard deviation. Finally, 
the data were averaged over 100 samples to smooth variations and 
enhance the visibility of trends.

Appendix F. Sensitivity analysis for parameters in physical model

As mentioned in the main text, the parameters for the physical 
model are based on the calibration performed for the PV system in Alice 
Springs. To see how different parameters would change the results, we 
repeat the calculations for the tolerable degradation rates with different 
parameter sets. Table  1 contains the parameters for PV modules from 
all five datasets that can be used for a sensitivity analysis.
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Fig. B.2. The effect of 𝑐𝑑𝑖𝑠 on the absorption and reflection profiles (a) and the loss in current (b).
Fig. C.1. The effect of moisture ingress dosage on the circuit parameters (a) and the power loss (b).
Fig. D.1. The time profile of the damage and the degradation rate due to 
thermal cycling.

The parameter set for Pfaffstäten has been excluded, as a normalized 
power of 0.8 was already reached after 5 years, being much smaller 
than typical module lifetimes.

It is important to note that the differences between the datasets are 
not only due to varying locations but also to differences in PV modules 
and their respective systems. Since each module uses a distinct bill of 
materials and manufacturing process, their degradation rates can vary, 
explaining the differences observed in parameter values.

Fig.  F.1 shows how the tolerable degradation rate changes when 
different parameter sets are used. It can be seen that the parameters 
can have a significant impact on the tolerable degradation rates. This 
is because the parameters impact the degradation rates of the physical 
model, which affect the value of 𝑇 . Since the product 𝑘 ⋅ 𝑇 , stays 
80 𝑡𝑜𝑙 80
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approximately constant, as mentioned in the main text, the tolerable 
degradation rates change accordingly.

For all simulated locations, it can be seen that 𝑘𝑡𝑜𝑙 is the lowest when 
the parameters are calibrated for Cocoa PV module dataset, as the these 
calibrated values are, extend 𝐴𝑑𝑖𝑠 the lowest for all datasets (Table  1). 
This results in a larger module lifetime, leading to lower values for 𝑘𝑡𝑜𝑙. 
Similarly, 𝑘𝑡𝑜𝑙 is the largest when the Boränge PV module dataset is 
used, as the parameters in this calibration are the largest.

Overall, it can be seen that for each parameter set, the same trends 
and relative differences among locations and degradation scenarios are 
visible.

Appendix G. Improving the perovskite quality

Fig.  10a illustrates the IV curves of perovskite subcells with en-
hanced efficiencies. To simulate these higher-quality subcells, new 
calibrated lumped element method (CLEM) models are made. The 
full details for how the CLEM model is constructed are explained in 
previous literature [20]. To make the new CLEM models, the electrical 
parameters are adjusted. Each parameter is interpolated between its 
original value and the corresponding value for an ideal solar cell, using 
a factor denoted as 𝑐𝑝𝑒𝑟. This factor ranges from 0 to 1, where 𝑐𝑝𝑒𝑟 = 0 
represents the original cell configuration, and 𝑐𝑝𝑒𝑟 = 1 corresponds to 
the ideal cell.

Based on the value of 𝑐𝑝𝑒𝑟, the value of the electrical circuit param-
eters are determined by 
𝐼0 = exp

(

log(𝐼0,𝑜𝑟𝑖𝑔) ⋅ (1 − 𝑐𝑝𝑒𝑟) + log(𝐼0,𝑖𝑑𝑒𝑎𝑙) ⋅ 𝑐𝑝𝑒𝑟
)

𝑛 = 𝑛𝑜𝑟𝑖𝑔 ⋅ (1 − 𝑐𝑝𝑒𝑟) + 𝑛𝑖𝑑𝑒𝑎𝑙 ⋅ 𝑐𝑝𝑒𝑟
𝑅𝑠 = 𝑅𝑠,𝑜𝑟𝑖𝑔 ⋅ (1 − 𝑐𝑝𝑒𝑟) + 𝑅𝑠,𝑖𝑑𝑒𝑎𝑙 ⋅ 𝑐𝑝𝑒𝑟
1 = 1

⋅ (1 − 𝑐𝑝𝑒𝑟) +
1

⋅ 𝑐𝑝𝑒𝑟,

(G.1)
𝑅𝑠ℎ 𝑅𝑠ℎ,𝑜𝑟𝑖𝑔 𝑅𝑠ℎ,𝑖𝑑𝑒𝑎𝑙
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Fig. F.1. A sensitivity analysis of the tolerable degradation rates. The different parameter sets used for the validation are utilized to plot the tolerable degradation 
rates for the different parameters.
where 𝑛𝑖𝑑𝑒𝑎𝑙 = 1, and 𝑅𝑠,𝑖𝑑𝑒𝑎𝑙 and 𝑅𝑠ℎ,𝑖𝑑𝑒𝑎𝑙 are 1 ⋅ 10−6 and 1 ⋅ 106, 
respectively, representing arbitrary small and large values. 𝐼0,𝑖𝑑𝑒𝑎𝑙 is cal-
culated by using the generalized equation for black body radiation [70] 

𝐼0,𝑖𝑑𝑒𝑎𝑙 = 𝐴𝑐𝑒𝑙𝑙 ⋅ ∫

𝜆𝑔

0

4𝜋 ⋅ 𝑐
𝜆4

⋅
1

exp( ℎ⋅𝑐
𝜆⋅𝑘𝑏⋅𝑇

) − 1
𝑑𝜆, (G.2)

where 𝑐 and ℎ are the speed of light and planks constant, respectively, 
and 𝜆𝑔 is the wavelength corresponding to the perovskite bandgap 
energy.

In the main text, the two extreme cases are considered, (i.e. 𝑐𝑝𝑒𝑟 = 0
and 𝑐𝑝𝑒𝑟 = 1). Additionally, an intermediate scenario is evaluated where 
𝑐𝑝𝑒𝑟 represents a value such that the subcell efficiency lies halfway 
between the two extremes. This intermediate value of 𝑐𝑝𝑒𝑟 is different 
for the various IV curves that are needed as input for the CLEM model.

Appendix H. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.solmat.2026.114169.

Data availability

Other underlying data will be made available on request.
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