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Summary

Throughout the development of crystalline-silicon/perovskite tandem solar cells, the degradation rate
of the perovskite top cells has become a limiting parameter. Currently, perovskite faces stability issues,
mainly caused by corrosion and the light-soaking effect. This work investigates the degradation rate
of the perovskite top cell, where a model is created to determine the parameters from the single diode
model that change the IV-curve of a solar cell and lifetime energy yield simulations were performed
to find the maximum tolerable degradation rate of perovskite in a tandem module to obtain a higher
energy yield compared to a single-junction module

Using experimental data from the King Abdullah University of Science and Technology (KAUST),
where the external parameters from the measurements were provided, the changes over time in the
ideality factor, saturation current, shunt resistance, and series resistance were estimated, using a nu-
merical model. Linear trend lines through the fitting parameters over time were used and lifetime en-
ergy yield simulations were performed. For these simulations, a crystalline-silicon/perovskite tandem
cell with an efficiency of 31.1% was compared to to a single-junction cell with an efficiency of 23.9%,
where the single-junction cell’s optics are the same as the tandem cell’s bottom cell. To perform lifetime
energy yield simulations, the PVMD toolbox is used.

Simulating the lifetime energy yield over 10 years, a perovskite degradation rate of 27.5%/year
was found using the electrical parameters under STC, where the power output decreased from 4.95W
to 0.24W per cell. Comparing 2T and 4T configurations, where the cell optics were kept the same,
degradation rates of 21.2%/year and 9.5%/year were found for 2T and 4T, respectively. Looking at
different geographical locations, degradation rates of 19%, 20%, 20.6% and 21.2% per year were
found for Delft, Lagos, Lisbon and Shanghai, respectively. These differences were caused by current
mismatch between the top and bottom cell, where the highest mismatch of 0.55mA/cm2 was found in
Shanghai.

To determine the maximum tolerable degradation rate of the perovskite top cell resulting in a higher
lifetime energy yield for a tandem module compared to a single-junction module over 25 years, various
degradation rates were analyzed. The perovskite degradation rate must be lower than 1.5%/year and
3.1%/year for 2T and 4T configurations, respectively, assuming no degradation in the silicon single-
junction cell and the tandem cell’s bottom cell.
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1
Introduction

To keep the global temperature rise below 2 ◦C with respect to pre-industrial times, and reach the goals
of the Paris Agreement [1], a shift towards a more sustainable energy society is needed. To decrease
CO2 emissions, energy resources like solar and wind, which has zero emissions once installed, can
be used to produce electricity. One of the most abundant renewable energy sources is solar energy.
The total added installed PV power has grown from 18 GW in 2010 to 183 GW in 2021 [2] and the total
installed capacity is already above 1 TWp.

The energy yield of a solar module is dependent on the efficiency and the lifetime of one. The
efficiency of crystalline-silicon technology, which is the most dominant PV technology in the market with
a market share of 95% in 2020 [3], is currently near its theoretical limit, which is primarily determined
by the Shockley-Queisser limit. This is a theoretical thermodynamic limit of the conversion efficiency of
a semiconductor solar cell. The Shockley-Queisser limit of a single-junction solar cell is approximately
30% [4]. Because of the approaching theoretical efficiency, a step towards a new type of solar cell is
needed to increase the energy yield during its lifetime. This could be accomplished by using tandem
cells and the Shockley-Queisser limit of a tandem cell is approximately 45.1% [5]. Therefore crystalline-
silicon/perovskite tandem cells, later referred to as c-Si/pvk, can reach higher efficiencies, but currently
this type is mostly made on lab scale and it is not exactly known what the degradation rate of perovskite
is outdoor and this degradation rate of perovskite has a major influence on the energy yield during its
lifetime. The PVmodule’s specifications are determined under standard test conditions (STC), but when
installed, the circumstances are different at the site location, because of uncontrollable environmental
conditions like humidity and light. These conditions have large influence on the module’s performance
outside and therefore PV system manufacturers must guarantee at least 80% of the power output after
25 years with respect to year 0. This corresponds to a maximum degradation rate of 0.8% per year
for single-junction modules. Because tandem cells are relatively new and are only for research at this
moment, it is unclear how the degradation will affect the energy yield of a tandem module, since it has
major stability issues. [6]

In this chapter, the most important topics from the literature study are discussed. First in Section 1.1,
an explanation about photovoltaic technology is given. Then in Section 1.2, the theory behind tandem
cells is explained. Hereafter in Section 1.3, degradation in solar cells is discussed in more detail,
followed by an explanation of the PVMD Toolbox in Section 1.4. In Section 1.5, different degradation
models are discussed. Finally in Section 1.6, the knowledge gap and the thesis objective are presented
together with the outline of this report.

1.1. Photovoltaic Technology
In solar cells, light from the sun is used to produce electricity. This light is absorbed and can generate
electricity. In this section, the basic principles of PV technology are discussed.

1.1.1. Working principle of a solar cell
The sun’s energy can be transformed into electricity using a solar cell. The sunlight comprises photons,
and the energy of an individual photon can be determined using the following equation:

1
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E =
h · c
λ

(1.1)

In this formula, h is Plank’s constant, c is the speed of light and λ is the wavelength of a photon. The
spectral irradiance can be characterized as a function of wavelength and this can be visualized with
the AM1.5 spectrum defined by IEC. This spectrum is based on the irradiance on the earth’s surface
on a cloudless day. In Figure 1.1 the AM1.5 spectrum is shown.

Figure 1.1: The AM1.5 spectrum described by IEC. The total radiation in mW/cm2/nm for every wavelength ranging from 0 to
4000 nm [7]

A solar cell can partially capture photons emitted by the sun and to achieve this, a semiconductor
material is used. This material has two energy bands where electrons can be located, and the energy
difference between these two bands is known as the bandgap energy (Eg). In Figure 1.2, the bands of
a semiconductor material are shown. The two bands are the conduction and valance band indicated as
CB and V B, respectively. The energy of a photons can be transferred to an electron in the VB and the
electron can move to the CB. When photons have a larger energy than the bandgap energy, the solar
cell is able to produce electricity, because an electron-hole pair can be formed. The difference between
the bandgap energy and photon energy cannot be used in single-junction solar cells and are called
thermalization losses. All the photon energies that are below the bandgap are called below bandgap
losses. As mentioned before, the theoretical efficiency is determined by the Shockley-Quiesser limit
and is determined by the thermalization losses, below bandgap losses and radiative recombination and
the theoretical maximum is 29.4% if crystalline-silicon is used as semiconductor [8]. Compared to other
materials, the dominant intrinsic carrier recombination process in c-Si cells is auger recombination. [9]
Auger recombination involves the energy from the formation of an electron-hole pair being transferred
to other electrons or holes within the same energy band that are in a higher energy state. [10]
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Figure 1.2: A semiconductor material with the corresponding bands

1.1.2. IV-curve of a solar cell
A key characteristic of a solar cell is the IV-curve, where the voltage and current are plotted against
each other. In Figure 1.3 an example of an IV-curve is shown, together with a PV-curve.

Figure 1.3: IV&PV-curve of a solar cell. [11] The important parameters in the solar cell like current, voltage and power are
labelled.

In this figure the following parameters are denoted:

• Short circuit current (ISC): When there is no voltage over the solar cell, a short circuit is created
and this is denoted as the short circuit current.

• Open circuit voltage (VOC): The open circuit voltage refers to the voltage when no current is
flowing through the cell.

• Maximum power point (PMPP): The maximum power point is the point where the power output
is maximized. The blue curve in Figure 1.3 indicates the PV curve, where the maximum power
output is denoted as Pmax.

• Voltage maximum power point (VMPP): The voltage maximum power point is the voltage where
the power output is maximized.

• Current maximum power point (IMPP): The current maximum power point is the current where
the power output is maximized.

• Fill factor(FF): The fill factor is the ratio between the power at the maximum power point and the
product of VOC and ISC. The fill factor is also described as the squareness of an IV-curve. The
closer this value is to 1, the better. It can be described as the following equation:



1.2. Tandem solar cells 4

FF =
IMPP · VMPP

ISC · VOC
(1.2)

1.1.3. Five-parameter model
In the single diode model, also referred to as the five-parameter (5P) model, the electric behaviour of
a solar call can be described. In Figure 1.4, the 5-Parameter model is shown.

Figure 1.4: Five-parameter model, which describes the electric behaviour of a solar cell. It consists of two resistances, one
diode and a current source. [12]

The 5-Parameter model consists of five parameters:

• Shunt resistance (Rsh): The shunt resistance represents the ohmic losses, which are caused
by leakage currents. [13] For an ideal solar cell this value is ∞.

• Series resistance (Rs): The series resistance represents the ohmic losses in the solar cell’s
contacts and the bulk. [14] For an ideal solar cell this value is 0.

• Photogenerated current (Iph): The photon current is the value of the current source. It is the
number of the generated electron-hole pairs in the cell. [15]

• Saturation current (I0): The saturation current represents the recombination losses in the solar
cell and it is a diode characteristic.

• Ideality factor (n): The ideality factor indicates which recombination mechanism is most domi-
nant and is also a diode characteristic.

The output can be written as Equation 1.3.

I = IPH − I0

(
e
(V +I·Rs

n·Vth
) − 1

)
−V + I ·RS

RSH
(1.3)

1.2. Tandem solar cells
As described before, tandem solar cells can reach higher efficiencies compared to single-junction solar
cells. In this section, the basic principles and challenges of tandem solar cells are explained. First the
working principles of tandem cells are explained and then the different connections between the sub
cells are discussed. Finally, the tandem cell of interest, c-Si/pvk, is discussed.

1.2.1. Working principle of tandem solar cells
The most limiting factors of solar cells are thermalization losses and below band gap losses. To reduce
these losses, a second material can be added to a solar cell to make a tandem cell. In Figure 1.5, the
difference between the two different technologies is shown. Because of two separate bandgap energies,
the total energy that can be produced is higher for a tandem. The material that has the highest bandgap
is placed on top, so that the short wave lengths are absorbed and the long wavelengths are transmitted
and are partially absorbed by the lower bandgap material. A short wavelength corresponds to a photon
with a high energy, which is evident from Equation 1.1
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Figure 1.5: Difference in energy that can be used for a single solar cell compared to a tandem solar cell [16]

1.2.2. Different tandem cell connections
There are different electrical configurations for tandem cells: two, three and four terminal (2T), (3T)
and (4T). These configurations represent innovative designs that aim to enhance the efficiency and
performance of solar cells. In figure 1.6, the difference between 2T, 3T 4T is shown. In 2T connections,
the current through the solar cells must be the same for both layers, and thus needs to be matched.
These sub cells are connected in series and by changing the layer thicknesses, the currents can be
matched.

Figure 1.6: Two, three and four terminal connection in a tandem cell [17]

The thickness of the top layer determines the absorption in the material and so the transmitted photons
and these transmitted photons will reach the bottom cell. [17]

In 4T tandem cells, the current does not needs to be matched. As can be seen in figure 1.6, both
the top cell and bottom cell are connected separately. In this design, no current and voltage matching
is needed, overcoming limitations posed by traditional 2T structures. The disadvantages of 4T are that
this type of configuration is harder to make and the parasitic absorption is higher. [17]

A newer connection, 3T configuration, uses a contact that is shared by both sub-cells [18], providing
independent control over the voltage and current of each layer. This design enhances the flexibility in
material choices and allows for more precise matching of sub cell characteristics and combines the
advantages of 2T and 4T. [19]

1.2.3. C-Si/pvk tandem solar cells
Two materials that can be used together in a tandem cell are crystalline-silicon and perovskite. This
combination is a promising structure since perovskite has low costs, it has a tunable bandgap, a large
absorption coefficient and the fabrication process is relatively easy [20, 21].



1.3. Degradation in PV modules 6

Crystalline-silicon is the most used material in PV solar cells with a market share of 95% [3]. This
material has a bandgap of 1.12 eV at room temperature. This material is used due to a combination
of its long-term stability, abundance/availability, and suitability for large-scale production. This together
with the advantages of perovskite makes this tandem cell configuration an interesting one. [22, 23]

In Figure 1.7 a c-Si/pvk configuration is shown. On the left side 4T and 2T configurations are shown
and on the right side a n-i-p and p-i-n configuration are shown. Currently, efficiencies above 31%
are measured for tandem cells [24], which is higher than the theoretical efficiency of single-junction
solar cells. Therefore, perovskite shows promise for tandem solar cells, yet it faces challenges. As
mentioned previously, the stability of perovskite is not ideal and the degradation rate is high because
of factors such as moisture and high light intensity.

Figure 1.7: Crystalline silicon-perovskite tandem cell configuration[25]

1.3. Degradation in PV modules
As mentioned before, the degradation in solar cells are an important aspect for PV module manufac-
turers, because they must guarantee at least 80% of the power output after 25 years with respect to
year 0. In tandem cells, the degradation of both sub cells affecting the total degradation rate of one. In
this section, degradation is discussed and this is done by distinguishing between two different degra-
dation types: reversible and irreversible degradation. Hereafter, degradation in perovskite solar cells
is discussed.

1.3.1. Reversible degradation
Reversible degradation in solar cells refers to temporary performance declines that can be mitigated or
reversed under specific conditions. This phenomenon is crucial to understand as it affects the overall
reliability of the solar cell. Reversible degradation mechanisms recovers overnight and several factors
contribute to reversible degradation: the effects of light, temperature and electric field. [26]

1.3.2. Irreversible degradation
Irreversible degradation refers to losses in the solar cell that cannot recover overnight and permanently
impact the performance of the PV solar cell. These losses can be caused by factors such as corrosion
and humidity. Addressing irreversible degradation is crucial for improving the long-term reliability of
solar cell technologies. Strategies such as improved encapsulation techniques and advanced materi-
als are continually being explored to enhance the durability and efficiency of solar cells in real-world
applications. [26]

1.3.3. Degradation in perovskite solar cells
In this subsection the most import degradation mechanisms in perovskite solar cells are explained. The
two most important degradation mechanisms in perovskite solar cells are discussed, which are: the
light-soaking effect, corrosion in solar cells and moisture&humidity.

Light-soaking effect (LSE)
The light-soaking effect is one of the major instability issues in perovskite solar cells. This means that
the solar cell’s performance changes with time under illumination. The current and open circuit voltage
are increased during the first minutes of the light-soaking effect together with the power. Mosconi et
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at. [27] found that, in these first minutes, the amount of defects decreased and therefore an increase
in efficiency is found. However, after these first minutes of light-soaking, the degradation starts and
can cause the efficiency to drop by 10-30% during operation after several hours. This power drop can
recover overnight and therefore the light-soaking effect is a reversible degradation mechanism. In a
recent study by Remec et al., the light-soaking effect was extensively investigated, revealing its signifi-
cant susceptibility to daily conditions. The light-soaking effect is further influenced by daily cumulative
irradiance and operating temperature, with losses varying considerably based on geographical location
and climatic conditions [28].

Corrosion in perovskite solar cells
Corrosive elements like salt or airborne pollutants can cause the metal contacts and other components
within a solar cell to corrode. Corrosion can affect electrical connections and reduce the overall effi-
ciency of the cell. To reduce the effect of corrosion on degradation, anti-corrosion strategies such as
passivation, surface coating and machining can be used. [29]

Moisture&humidity in perovskite solar cells
Humidity is referred to as the concentration of water vapor in the air and moisture is the amount of
water that has been diffused into a material. Moisture can cause instability in the perovskite material
and can lead to irreversible degradation. Water molecules can cause the degradation of the perovskite
crystal structure, affecting the performance of the solar cell. Encapsulation and protective layers are
employed to shield perovskite solar cells from moisture, allowing for recovery when the cells are kept
in a dry environment, so that the water molecules can escape. [30, 31]

1.4. PVMD Toolbox
The PVMD Toolbox is a simulation tool that can calculate the energy yield of a PV system using the
material properties in the device and using self-consistent models. [32] This toolbox operates without
any measurement in a PV device and it combines wave and ray optics and a semiconductor simulation
to model the optoelectronic PV properties which results in an IV-curve. Ray tracing is used to obtain
an irradiance distribution from the system surroundings and through the fluid dynamics-based model
for the cell temperatures. For every hour of the year an IV-curve is made and with an inverter, the AC
energy yield is calculated. In this section, all seven parts indicated in Figure 1.8 are explained.
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Figure 1.8: PVMD Toolbox flowchart for the simulation. The input data, the main models and the results are given in black,
blue and green, respectively. [32]

1.4.1. Ray & wave optics
To calculate the PV module’s optical properties, GenPro4 software [33] is used. With this program the
absorption, transmission and reflection are calculated for each layer with the given layer thickness and
refractive indexes (n(λ) + i · k(λ)). By using the net radiation method [34], the different outputs can be
calculated by the GenPro4 software. [35]

1.4.2. Semiconductor
In figure 1.8 it can be seen that the main used model for the semiconductor is the Advanced Semicon-
ductor Analysis (ASA) model [36], where the Poisson equation and continuity equations for holes and
electrons are solved in 1D for different conditions. As illustrated in Figure 1.8, the input is the semicon-
ductor properties, which are the layer’s properties, such as electron-hole concentrations and electric
potential. With the ASA model, IV-curves can be made for different cell temperatures and irradiances.

1.4.3. System Ray Tracing
The system ray tracing uses the LUX software [37] as main model, as can be seen in figure 1.8, where
the software uses the Monte-Carlo ray tracing method, where albedo effects and shading are used.
The absorption, coming from the ray&wave optics part, is used in this particular modelling part.

1.4.4. Sky conditions
For the sky conditions, the main models that are used are: SMARTS [38] & Perez’s [39] model. Perez’
model is used to model the sky luminance pattern. SMARTS is used to obtain the irradiance’s or photon
flux’ spectral composition. The input parameters for this modelling part are the irradiances DHI and DNI.
In the current version of the toolbox, SBDART [40] can be used as well, where the difference between
diffused and direct light can be modelled. In this part of the toolbox, either SBDART or SMARTS can
be used to model the sky luminance pattern.

1.4.5. Thermal model
For the thermal model, the fluid-Dynamic model is used. In this modelling part, the absorbed irradiance
from the sky conditions are used, as well as other input parameters, which are: ambient temperature,
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wind speed, convection and emissivity. All these different heat flows result in one equation for the
module temperature. This can be written as the following [15]:

TM =
αG+ hcTa + hr,skyTsky + hr,grTg

hc + hr,sky + hr,gr
(1.4)

The temperature of the module is an important parameter for other parameters like the FF and VOC .

1.4.6. Calibrated Lumped Element Model
In this modelling part, a calibrated lumped element model (CLEM) is made. From the 5-Parameter
model, which is discussed in subsection 1.1.3, this model is created and is used to make IV-curves
with parameters that are dependent on temperature and irradiance.

1.4.7. Power conversion to AC
The last step is the power conversion from DC to AC. From the module’s IV-curves, and the number
of modules in parallel and series, the DC energy yield is determined and with the chosen inverter type
this is converted to the total AC energy yield.

1.5. Degradation models
Currently, the Kaaya model [41] is utilized in the PVMD toolbox to model degradation. However, this
model cannot be applied to simulate degradation in tandem solar cells. In this section the Kaaya model
and a possible degradation model for tandems are discussed.

1.5.1. The Kaaya model
In a previous thesis from Abishek Velpuru [42], a model is made based on a paper referred to as the
Kaaya model and currently, the PVMD toolbox uses the Kaaya model. In this thesis, three major degra-
dation mechanisms are modelled: hydrolysis, photo-degradation and thermo-mechanical degradation.
In this model, the module’s mean temperature, relative humidity (RH) and UV are taken into account
However, this model is not usable for tandems, because it only provides information about the power
performance over time, but nothing about the voltage/current drop and this model is calibrated for c-Si
modules. Next to that, the Kaaya model cannot be used for 2T solar cells, because it is based on mea-
sured data. Since 2T tandem cells must have the same values for current and voltage, it is important
to know how the degradation relates to these values.

1.5.2. The Qian model
Qian et al. [43] looked into the impact on the lifetime energy yield in perovskite solar tandem cells. In
this report, two- and four-terminal tandem cells were modelled using different device parameters. For
2T&4T tandem cells, the resulting power degradation is simulated using electrical and optical degra-
dation mechanisms. The current and voltage are simulated with the single diode model and these
are solved explicitly where the Lambert W function is used. Three module degradation components
are considered: The encapsulation material, the perovskite cell and the silicon cell. In this paper, the
mechanical damage caused by thermal expansion is not taken into account.

1.6. Knowledge gap & thesis objective
As mentioned in section 1.4, the PVMD group at the Delft University of Technology, developed the
PVMD Toolbox to calculate the energy yield of a PV system [32]. Currently, a proper degradation rate
of perovskite in tandem cells has not been implemented in the toolbox yet and therefore a detailed
model of the degradation in c-Si/pvk tandem cells will be made. The main goal of this thesis is:

”Compare the energy yield of a crystalline-silicon/perovskite tandem with degradation included
to conventional silicon modules”

This will be done not only for the first year of operation, but during their entire lifetime in various cli-
mate conditions and with different tandem cell configurations. This will be done by making a numerical
model to find the parameters from the 5-Parameter model which influences degradation and use this
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for numerical simulations of the lifetime energy yield to find the desired perovskite degradation rate. In
this thesis both 2T and 4T will be used (3T is beyond the scope of this thesis). To achieve the main
goal of this thesis, three sub-goals are defined:

Sub-goal 1: "Determine electrical parameters from single diode equation"
The first goal is to make a model to find the parameters from the single diode equation to estimate the
degradation in a perovskite cell. This will be done by making a model to determine these electrical
parameters using experimental data from outdoor measurements .

Sub-goal 2: "Perform lifetime energy yield simulations when degradation is included"
The goal of the second step is to perform lifetime energy yield simulations in the PVMDToolbox applying
different degradation scenarios and compare these to a single-junction module when degradation is
included.

Sub-goal 3: "Find maximum tolerable perovskite degradation rate"
The final step is to use different degradation rates to determine what degradation rate of perovskite is
tolerable in order to have a higher lifetime energy yield after 25 years for a tandem module compared
to a single-junction module, where different degradation rates will be used.

1.7. Thesis outline
This thesis is divided into 5 main Chapters. In Chapter 2, the goal is to determine the electrical pa-
rameters from the single diode equation. This is done by using the 5-Parameter model together with
experimental data of a degraded perovskite cell. In Chapter 3, the goal is to perform lifetime energy
yield simulations when degradation is included. These lifetime energy yield simulations are based on
the degraded parameters obtained in Chapter 2, where 2T and 4T tandem modules are compared to
single-junction modules. In the same Chapter, the energy yield is compared across four different loca-
tions. Then, in Chapter 4, the goal is to find the maximum tolerable perovskite degradation rate. To
find this maximum tolerable degradation, a tandem module is compared to a single-junction module in
order to have a higher lifetime energy yield after 25 years, where different degradation rates are used.
Lastly, in Chapter 5, this thesis is concluded together with the recommendations of this research.



2
Determination of electrical

parameters of a degraded perovskite
solar cell: Methodology and analysis

The first sub-goal of this thesis, described in Section 1.6, is to determine the electrical parameters from
the single diode equation. In this chapter, the methodology and analysis for the determination of the
electrical model parameters are explained and discussed. The understanding of these parameters is
essential, because these parameters are used to estimate the degradation rate in a perovskite cell.

First in Section 2.1, the physical meaning of the parameters of the 5-Parameter model is explained
together with the method. Secondly in Section 2.2, information about the used data sets is provided.
Then in Section 2.3, the extraction of the parameters out of the data set is discussed. Hereafter in
Section 2.4, the results are validated. In Section 2.5, IV-curve comparisons are shown and finally in
Section 2.6, this chapter is concluded.

2.1. Electrical model behavior and method determining parameters
In Section 1.1.3, the 5-Parameter model was briefly explained and in this section, these parameters are
provided by exploring the physical significance of each. First, the saturation current and ideality factor
are explained and hereafter, the shunt and series resistances are explained and finally, the photocurrent
is explained. Hereafter, the method of extracting the parameters from available data is explained. Later,
these parameters will be used to simulate the degradation in the perovskite top cell.

2.1.1. Equivalent circuit parameters
In this subsection, the five parameters from the equivalent circuit are explained, which are used to
generate IV-curves.

The saturation current
The saturation current, denoted as I0, and the saturation current density, denoted as J0, are also
referred to as the dark saturation current (density). This current flows through the solar cell in absence of
light and is mainly influenced by the recombination of charge carriers within the cell. A lower saturation
current indicates a higher quality solar cell, as it suggests fewer recombination losses. [44]

In Subfigure 2.1a, the effect of varying the saturation current is depicted. It is evident that reducing
the saturation current enhances the maximum power output, demonstrating its beneficial impact on the
cell’s performance.

The ideality factor
The ideality factor quantifies the degree of non-ideality in diode behavior, where it also is an important
variable to determine the dominant recombination mechanism within the solar cell. In an ideal diode
model, n assumes a value of 1, which indicates a perfect diode behavior consistent with theoretical

11
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expectations. However, real diodes exhibit deviations from ideal behavior due to various physical phe-
nomena occurring within the device structure. A higher ideality factor accounts for increased deviations
from ideal behavior, indicating the presence of additional non-idealities within the diode and a lower
ideality factor suggests closer alignment with ideal diode characteristics. [45]

In Subfigure 2.1b, the influence of changing the ideality factor is shown and the other parameters
are kept constant. It is shown that a higher ideality factor accounts for a shift in IV-curve to the right.
While the physical meaning of the ideality factor stated that a lower ideality factor is beneficial, this plot
does not make sense. By increasing the ideality factor, the Voc increases, but at the same time, the
FF decreases and the internal losses increases. Only an increase in the ideality factor is unrealistic
and this usually goes along with an increase in the saturation current.

The shunt resistance
Shunt resistance, denoted as Rsh, represents the resistance parallel to the diode’s junction and it is
used to model leakage current paths across the p-n junction, typically due to defects or contamination in
the cell. High shunt resistance indicates minimal leakage currents, which is desirable for efficient solar
cell operation. Higher shunt resistance reduces leakage currents and improves diode performance.
[46]

In Subfigure 2.1c, the influence of changing the shunt resistance is illustrated. It is illustrated that
a lower shunt resistance increases the slope of the line through the current axis and this results in a
lower FF and maximum power output.

The series resistance
Series resistance, denoted as Rs, represents the resistance encountered by the flow of current through
the semiconductor material and metal contacts of the diode and therefore indicates the resistive losses
in the solar cell. Lower series resistance is preferable as it allows more of the generated current to
reach the load, thereby increasing the cell’s output power and efficiency. [47] In Subfigure 2.1d, the
influence of changing the series resistance is illustrated. It can be seen that a higher series resistance
decreases the slope of the line through the voltage axis and this results in a lower FF and maximum
power output.

The photocurrent
When a solar cell is exposed to sunlight, their energy can excite electrons from the valence band to the
conduction band and this creates electron-hole pairs. The amount of electron-hole pairs generated in
a solar cell is the photocurrent, which is denoted as Iph. This variable is essential in determining the
efficiency and performance of a solar cell. [48]
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(a) IV-curve comparison for different saturation currents (b) IV-curve comparison for different ideality factors

(c) IV-curve comparison for different shunt resistances (d) IV-curve comparison for different series resistances

Figure 2.1: IV-curve comparison for different saturation currents, ideality factors, shunt resistances and series resistances

2.1.2. Reconstructing IV-curves
IV-curves can be reconstructed with five electrical parameters, outlined in Section 1.1.3. These param-
eters are essential for long-term analysis of the electrical model for a perovskite solar cell. In Figure
2.2, an IV-curve is shown with corresponding information on series and shunt resistance, as well as
the maximum power point.
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Figure 2.2: IV-curve with corresponding information to determine the shunt and series resistance. [49]

The shunt and series resistances can be determined by using the following equations:

Rsh = −∆Vsc

∆Isc
(2.1)

Rs = −∆Voc

∆Ioc
(2.2)

From these equations can be concluded that a higher shunt resistance and a lower series resistance
are more beneficial for power generation, which was also explained in Section 2.1. A higher Rsh will
lead to a lower slope, which will result in a more horizontal line towards the intersection at Isc. A lower
Rs will lead to a higher slope, which will result in a more vertical line towards the intersection at Voc.
The combination of the ideality factor, saturation current and the resistances determine the shape of
the IV-curve. The photocurrent, which is approximately equal to the short circuit current, determines
the intersection point with the current axis. The total equation to reconstruct IV-curves can be written
as:

I = Iph − I0

(
e

V +I·Rs
nVth − 1

)
− V + I ·Rs

Rsh
(2.3)

2.1.3. Method of determining parameters form 5P model to simulate degradation
Since the current in equation 2.3 also depends on the current, an alternative way is needed to calculate
the current. This can be done by using a Lambert W function, which is shown equation 2.4 and this
equation can be used to calculate the current output which is shown in equation 2.5.

z =
Rs · I0

n · Vth · (1 + Rs

Rsh
)
· exp

(
Rs · (Isc + I0) + V

n · Vth · (1 + Rs

Rsh
)

)
(2.4)

I =
(Isc + I0 − V

Rsh
)

1 + Rs

Rsh

− LambertW(z) · n · Vth
Rs

(2.5)

Now IMPP and VMPP are estimated and the desired values of FF , Voc and PMPP are estimated by
minimizing the error, where the error can be formulated as the following equation:

error = |FF − FFdata|+ |Pmpp − Pmpp,data|+ |Voc − Voc,data| (2.6)
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In equation 2.6, FFdata, PMPP,data, and VOC_data represent the values obtained during measurements,
which are the desired values. The following equations are used to determine the desired values of FF ,
Pmpp and Voc:

FF =
Pmpp

Voc · Isc
(2.7)

Pmpp = max(I · V ) (2.8)

Voc = V (I = 0) (2.9)

Equation 2.9 represents the calculation of the open circuit voltage using the voltage at zero current,
where V is an array in steps of 0.001 V and the current is the output of equation 2.5. The maximum
power point is calculated by using equation 2.8, where the maximum is the product between the voltage
and the current.

2.2. Measurements external cell parameters during degradation
In this section, two available data sets are discussed. First, an outdoor testing of a perovskite solar cell
in Slovenia is discussed. Then, the outdoor testing of a tandem cell in Saudi Arabia is discussed.

2.2.1. Outdoor testing perovskite solar cell in Slovenia
In 2019, researchers at the University of Ljubljana [50] conducted outdoor testing of perovskite solar
cells over several months, measuring current and voltage at different times throughout the day. Al-
though irradiance data was not recorded, the IV-curves obtained from these measurements were used
to derive the electrical parameters from the 5-Parameter model, which was explained in Section 2.1.
During this study, several perovskite cells were tested and the maximum power output decreased and
the degradation rate increased. Unfortunately, these small perovskite cells were not very stable and
the degradation rate at the end of testing was high.

To estimate reasonable values for n, J0, Rsh and Rs from real IV-curve measurements obtained
during outdoor testing in Slovenia [50], Matlab is used. In Figure 2.3, twomeasurements that have been
done in the first two weeks of testing, are shown with the corresponding fit that has been determined.
Both measurements were done at 10:03, but on different dates. The fits demonstrate a close alignment
with the measured data, and similar fitting processes were applied to all IV-curves collected during the
study.

In Table 2.1, the parameters that determines the fitting curve are shown. This data was only relevant
to get an idea of what the approximate values for the degraded solar cells should be to get an estimate
of the initial guesses for the numerical method, which was discussed in Subsection 2.1.3.

(a) IV-Curve measurement data and fit in Ljubljana at August 19 (b) IV-Curve measurement data and fit in Ljubljana at August 30

Figure 2.3: IV-Curve measurement data and fit in Ljubljana at different dates
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Table 2.1: Parameters from the fit

Jsc [A/m2] Voc [V ] Rp [Ω ·m2] Rs [Ω ·m2] J0 [A/m2] n [-]
August 19, 2019 129.5 1.065 0.0899 5.273e-6 6.130e-06 2.7080
August 31, 2019 23.04 0.9598 0.270 1.330e-5 5.650e-07 2.341

2.2.2. Outdoor testing pvk/c-Si solar cell in Saudi Arabia
In 2022, researchers at King Abdullah University of Science and Technology (KAUST) [51] have tested a
crystalline-silicon/perovskite solar cell for one year. From these measurement, the short circuit current,
open circuit voltage, the fill factor and the power at the maximum power point has been made available.
This data is used to determine the values of the 5-Parameter model by using a numerical model. During
the testing of this tandem cell, more than 24,000 measurement have been done in one year and with
this many data points, a reasonable estimation of the parameters over time can be made.

In Figure 2.4a, the short circuit current density is plotted against the normalized irradiance range
(Inor). The observed linear trend aligns with expectations, as Jsc is directly proportional to Inor. In Fig-
ure 2.4b, the open-circuit voltage is plotted against the short-circuit current density, where the observed
trend is logarithmic, which aligns with the expectations. In Figure A.1 in Appendix A the available data
points are shown over time.

(a) Short-circuit current density over normalized irradiance (b) Open-circuit voltage over short-circuit current density

Figure 2.4: Correlations of short-circuit current density with irradiance and open-circuit voltage

2.3. Estimating electrical parameters from experimental data
In this section, the extraction of the parameters from the KAUST data set is discussed. Using the
method explained in Section 2.1, the parameters from the 5-Parameter model are estimated by using
a numerical model. First, the data filtering is discussed and then the saturation current density, ideality
factor, shunt resistance and series resistance are shown and this is done by showing the trend lines
over time for all these parameters.

Looking at Equation 2.5, there are still 4 unknown values which are not determined by the mea-
surements and these values are estimated by minimizing the error, which is given in equation 2.6. The
initial guesses used for the numerical method can be found in Table 2.2 and these values are based
on the extracted parameters from the perovskite solar cell tested in Slovenia shown in Table 2.1 .

Table 2.2: Initial guesses for minimizing the function error to calculate Jo, n, Rp, and Rs

J0 [A/m2] n Rsh [Ω ·m2] Rs [Ω ·m2]
Initial guess 1e-6 2 0.1 1e-6

2.3.1. Data filtering
Because there are many data points, the estimated values are divided into five different groups, where
these groups are based on the measured normalized irradiance. The normalized irradiance ranges
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are: 0.65-0.75, 0.75-0.85, 0.85-0.95, 0.95-1.05 & 1.05-1.2666, where 1.2666 is the maximum of the
measured data. Since the data provided pertains to a tandem cell, the voltage corresponding to the
crystalline-silicon bottom cell, which is 0.7V [51], was deducted from the total measured Voc. After
calculating all the parameters, outliers for each variable are removed, retaining approximately 95% of
the data. This is accomplished by excluding data points that lie outside the range defined by the mean
value ± 2σ. [52]

2.3.2. Saturation current density
As described in section 2.3, the change in electrical parameters over time are wanted to observe the
change in degradation. To achieve this, the parameters are evaluated over time. First of all, the
saturation current density (J0) is evaluated. In Figure 2.5, a semi logarithmic plot is shown for all
the ranges discussed in section 2.3.1.

(a) Saturation current density for
normalized irradiance range 0.65-0.75

(b) Saturation current density for
normalized irradiance range 0.75-0.85

(c) Saturation current density for
normalized irradiance range 0.85-0.95

(d) Saturation current density for
normalized irradiance range 0.95-1.05

(e) Saturation current density for
normalized irradiance range 1.05-1.2666

Figure 2.5: Semi logarithmic saturation current density plots for different normalized irradiance ranges

For all the ranges, a trend line is plotted next to the data points and the formula of each trend line is
shown in Table 2.3 and a plot of these trend lines is shown in Figure 2.6. This trend line is linear in this
semi logarithmic plot, so the actual increase is 10 to the power of this trend line, which is shown in Table
2.3. From this table it can be seen that most of the lines are increasing over time, which makes sense,
since the higher the saturation current density, there are more recombination losses as described in
Subsection 2.1.1.

Table 2.3: Saturation current trend lines for normalized irradiance ranges

Trend line J0 [A/m2]
Inor0.65-0.75 J0 = 10^(1.088e− 5 · t− 6.194)
Inor0.75-0.85 J0 = 10^(4.081e− 4 · t− 6.310)
Inor0.85-0.95 J0 = 10^(4.143e− 4 · t− 6.275)
Inor0.95-1.05 J0 = 10^(1.718e− 4 · t− 6.185)
Inor1.05-1.27 J0 = 10^(1.888e− 4 · t− 6.120)
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Figure 2.6: Saturation current density trend line comparison for each irradiance range

2.3.3. Ideality factor
For the ideality factor, plots are made for the same normalized irradiance ranges and these are shown
in Figure 2.7. From Table 2.4 it is evident that three out of five trend lines are decreasing, which is not
what was expected and a plot of these trend lines are shown in Figure 2.6. It is shown that the trend
lines for the irradiance ranges are approximately the same value, which implies that the ideality factor
is more or less constant over time. In subsection 2.1.1, the physical meaning of the ideality factor was
explained and it is expected that the ideality increases over time, because the solar cell becomes less
ideal and therefore the recombination increases. The increase over time is not much and therefore the
change can be neglected, because of a wide range in data points.

(a) Ideality factor for normalized irradiance
range 0.65-0.75

(b) Ideality factor for normalized irradiance
range 0.75-0.85

(c) Ideality factor for normalized irradiance
range 0.85-0.95

(d) Ideality factor for normalized irradiance
range 0.95-1.05

(e) Ideality factor for normalized irradiance
range 01.05-1.2666

Figure 2.7: Ideality factor plots for different normalized irradiance ranges
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Table 2.4: Ideality factor trend lines for normalized irradiance ranges

Trend line n [A/m2]
Inor0.65-0.75 n = −3.169e− 5 · t+ 2.122
Inor0.75-0.85 n = −4.054e− 5 · t+ 2.120
Inor0.85-0.95 n = −6.129e− 5 · t+ 2.129
Inor0.95-1.05 n = −2.901e− 5 · t+ 2.120
Inor1.05-1.27 n = 1.082e− 5 · t+ 2.101

Figure 2.8: Ideality factor trend line comparison for each irradiance range

2.3.4. Shunt resistance
For the shunt resistance, plots are made for the same normalized irradiance ranges and these are
shown in Figure 2.9. From Table 2.5 and Figure 2.10 it is shown that the shunt resistance is decreasing
over time and in Subsection 2.1.1, this parameter was explained and it makes sense that this parameter
is decreasing over time. Since there should be degradation after one year, the leakage current due
to defects should increase and therefore a decrease in shunt resistance is expected. The higher the
Rsh, the lower the leakage current, which is desirable for the efficiency of the solar cell. In Figure 2.9,
a clear slope in the trend lines can be seen
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(a) Shunt resistance for normalized
irradiance range 0.65-0.75

(b) Shunt resistance for normalized
irradiance range 0.75-0.85

(c) Shunt resistance for normalized
irradiance range 0.85-0.95

(d) Shunt resistance for normalized
irradiance range 0.95-1.05

(e) Shunt resistance for normalized
irradiance range 1.05-1.2666

Figure 2.9: Shunt resistance plots for different normalized irradiance ranges

Table 2.5: Shunt resistance trend lines for normalized irradiance ranges

Trend line Rsh [Ω ·m2]
Inor0.65-0.75 Rsh = −8.478e− 5 · t+ 0.148
Inor0.75-0.85 Rsh = −1.811e− 4 · t+ 0.177
Inor0.85-0.95 Rsh = −1.193e− 4 · t+ 0.156
Inor0.95-1.05 Rsh = −7.504− 5 · t+ 0.138
Inor1.05-1.27 Rsh = −7.012e− 5 · t+ 0.128

Figure 2.10: Shunt resistance trend line comparison for each irradiance range
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2.3.5. Series resistance
For the series resistance, plots are made for the same normalized irradiance ranges and these are
shown in Figure 2.11. From Table 2.6 and Figure 2.12 it is evident that the shunt resistance is decreas-
ing over time. In subsection 2.1.1, this parameter was explained and in an ideal case, this resistance
is 0, but this will not be the case and a low as possible value is desired. The series resistance is
determined by the material en the interconnection and in Table 2.6 it is evident that the Rs increas-
es/decreases slightly over time, which is also shown in Figure 2.11.

(a) Series resistance for normalized
irradiance range 0.65-0.75

(b) Series resistance for normalized
irradiance range 0.75-0.85

(c) Series resistance for normalized
irradiance range 0.85-0.95

(d) Series resistance for normalized
irradiance range 0.95-1.05

(e) Series resistance for normalized
irradiance range 1.05-1.2666

Figure 2.11: Series resistance plots for different normalized irradiance ranges

Table 2.6: Series resistance trend lines for normalized irradiance ranges

Trend line Rs [Ω ·m2]
Inor0.65-0.75 Rs = 3.345e− 10 · t+ 8.593e− 7
Inor0.75-0.85 Rs = 5.917e− 10 · t+ 8.598e− 7
Inor0.85-0.95 Rs = 6.799e− 10 · t+ 8.196e− 7
Inor0.95-1.05 Rs = 8.716e− 10 · t+ 7.932e− 7
Inor1.05-1.27 Rs = 9.439e− 10 · t+ 1.367e− 6
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Figure 2.12: Series resistance trend line comparison for each irradiance range

2.4. Validation of method
In this section, the validation of the method is discussed and this is done in three steps and in Figure
2.13, these steps are shown in a schematic overview. First, the validation between the measured data
and the fitting parameters is discussed. Then, the validation between the fitting parameters and the
trend line through these fitting parameters is shown and lastly, the validation between the measured
data and the trend line is shown. For all these steps, the percentage difference is shown in a box plot
diagram together with four plots to demonstrate the difference in IV-curve together with the values of
the PMPP, FF and Voc. At four dates IV-curves are plotted.

Figure 2.13: Validation scheme of the taken validation steps

2.4.1. Validation between measured data and fitting parameters
In the first part of the validation of the method, the measured data provided by KAUST is compared to
the parameter fitting that has been done using a numerical method, which was explained in Subsection
2.1.3.
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(a) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 1
(b) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 3001

(c) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 6001
(d) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 9001

Figure 2.14: IV & PV-curve from fitting parameters and Jsc Voc & PMPP from KAUST data at 4 different dates

In Figure 2.17a, four plots are shown at various dates and in Table 2.7, the values for the FF , PMPP

and Voc are shown and in Equation 2.6, the formulated error was dependent on these variables. These
values, which depend on n, J0, Rsh, Rs and Jph, closely match the provided data values.

Table 2.7: Comparison of the fitting parameters and the given data points from KAUST

FFfit[−] FFdata[−] Pfit[W/m2] Pdata[W/m2] Vfit[V ] Vdata[V ]
15-Apr-2021 0.739 0.740 116.032 114.374 1.032 1.016
10-Jul-2021 0.766 0.777 117.884 117.687 1.080 1.062
26-Nov-2021 0.694 0.695 36.310 36.160 1.037 1.031
16-Mar-2022 0.677 0.670 67.792 68.007 1.062 1.075

To make an analysis of all the data points, a box plot was made to see what the spread is of the
percentage difference between the IV-curve determined by the fitting parameters and the one from the
provided KAUST data. In Figure 2.15 this box plot is shown and it can be seen that the normalized
maximum power output values are all around one, which means that these values for the fitting and
the data are almost equal. The Voc and FF are a bit more of for some of the calculations. If the Voc is
overestimated, it makes sense that the FF decreases according to the following equation:

FF =
VMPP · IMPP

Voc · Isc
(2.10)
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Figure 2.15: Box plot for normalized FF , Voc and PMPP fit/data values

In Appendix B.1, more details on the spread is shown.

2.4.2. Validation between fitting parameters and trend line
In the second part of the validation of the method, the parameter fitting is compared to the trend line
that has been plotted through the parameter fitting. For every point, the time with respect to the start
of the measurements is taken and this value is used to determine the value for n, J0, Rsh and Rs, so
every value of each electrical parameter is based on the trend lines, obtained in Section 2.3.
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(a) IV & PV-curve from trend line and Jsc Voc & PMPP from
fitting parameters at point number 1

(b) IV & PV-curve from trend line and Jsc Voc & PMPP from
fitting parameters at point number 3001

(c) IV & PV-curve from trend line and Jsc Voc & PMPP from
fitting parameters at point number 6001

(d) IV & PV-curve from trend line and Jsc Voc & PMPP from
fitting parameters at point number 9001

Figure 2.16: IV & PV-curve from trend lines and Jsc Voc & PMPP from fitting parameters at four different dates

In Figure 2.16, four plots are shown at various dates and in Table 2.7, the values for the FF , PMPP

and Voc are shown and in Equation 2.6. The calculated values, which are dependent on n, J0, Rsh, Rs

and Jph, are less close compared to the first validation step, but this makes sense, since the trend line
through the parameter fitting is used to determine IV-curves.

Table 2.8: Comparison of the trend line and the fitting parameters

FFtrend line[−] FFfit[−] Ptrend line[W/m2] Pfit[W/m2] Vtrend line[V ] Vfit[V ]
15-Apr-2021 0.766 0.739 130.194 116.032 1.116 1.032
10-Jul-2021 0.765 0.766 121.256 117.884 1.113 1.080
26-Nov-2021 0.687 0.694 36.203 36.310 1.044 1.037
16-Mar-2022 0.732 0.677 74.424 67.792 1.077 1.062

In Figure 2.19, an IV-curve comparison is presented. It is evident from Figure 2.17a that the IV-
curve is less accurate compared to Figure 2.17c. This discrepancy is expected because the trend line
is assumed to be linear, leading to inherent deviations from the fitting parameters.
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(a) IV-curve based on the parameter fitting and the trend line
comparison for data point number 1

(b) IV-curve based on the parameter fitting and the trend line
comparison for data point number 3001

(c) IV-curve based on the parameter fitting and the trend line
comparison for data point number 6001

(d) IV-curve based on the parameter fitting and the trend line
comparison for data point number 9001

Figure 2.17: IV-curve based on the parameter fitting and the trend line comparison at 4 different dates

To better understand the variations in the FF , Voc, and PMPP , a box plot has been constructed.
In Figure 2.18 the box plot is shown, displaying normalized values where each value represents the
ratio of the FF , Voc, and PMPP trend line values to their respective fitting parameters. The plot reveals
that the normalized fill factor (FF ) typically falls within a range of 0.8 to 1.2, indicating a reasonable
accuracy. However, the deviations are larger for the open-circuit voltage (Voc) and the maximum power
point (PMPP ). Outliers for Voc and PMPP are 471 and 602, respectively, comprising roughly 5% of the
data points. Additional details about the box plot are provided in Table B.2 in Appendix B. Figure B.2
illustrates the normalized values used to generate the box plot.
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Figure 2.18: Box plot for normalized FF , Voc and PMPP trend line/fit values

2.4.3. Validation between measured data and trend line
In the last part of the validation of the method, the measured data provided by KAUST is compared
to the trend line that has been plotted through the parameter fitting. This step of the validation is the
combination of step one and step two, which were explained in Subsection 2.4.1 and 2.4.2

(a) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 1
(b) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 3001

(c) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 6001
(d) IV & PV-curve from fitting parameters and Jsc Voc & PMPP

from KAUST data for data point number 9001

Figure 2.19: IV & PV-curve from fitting parameters and Jsc Voc & PMPP from KAUST data at 4 different dates
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In Figure 2.19, 4 plots are shown at various dates and in Table 2.9, the values for the FF , PMPP and
Voc are shown and in Equation 2.6. The calculated values, which are dependent on n, J0, Rsh, Rs

and Jph, are less close compared to the first validation step, but this makes sense, since the trend line
is less accurate compared to the data, because the trend line is assumed to be linear and therefore
causes more deviations.

Table 2.9: Comparison of the trend line and the KAUST data

FFtrend line[−] FFdata[−] Ptrend line[W/m2] Pdata[W/m2] Vtrend line[V ] Vdata[V ]
15-Apr-2021 0.766 0.740 130.194 114.374 1.116 1.016
10-Jul-2021 0.765 0.777 121.256 117.687 1.113 1.062
26-Nov-2021 0.687 0.695 36.203 36.160 1.044 1.031
16-Mar-2022 0.732 0.670 74.424 68.007 1.077 1.075

To better understand the variations in the FF , Voc, and PMPP , a box plot has been constructed. In
Figure 2.18 the box plot is shown, displaying normalized values where each value represents the ratio
of the FF , Voc, and PMPP trend line values to their respective data provied by KAUST. The plot reveals
that the fill factor (FF ) typically falls within a range of 0.7 to 1.2, indicating a reasonable accuracy.
However, the deviations are larger for the maximum power point (PMPP ). There are 472 outliers for
PMPP , comprising roughly 5% of the data points. Additional details about the box plot are provided in
Table B.3 in Appendix B. Figure B.3 illustrates the normalized values used to generate the box plot.

Figure 2.20: Box plot of percentage difference between trend lina and KAUST data

2.5. IV-curve comparison after one year for perovskite top cell
In Figure 2.21, IV-curves are plotted with all the values from the 5-Parameter model based on the linear
trend lines. This has been done by taking the value of each parameter at day 1 and the value at day
365. The IV-curves becomes less ideal and the power output decreases over time. To get an idea of
the power output decrease, PMPP is given in Table 2.10. This power output is only for the perovskite
top cell and the crystalline-silicon bottom cell is not included in this IV-curve. At day 1 and day 365, all
lines start at 182 and 168 mA/cm2, respectively. These values are based on the values provided by
KAUST at the start and at the end of testing.
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(a) IV-curve at day 1 compared to day 365
for normalized irradiance range 0.65-0.75

(b) IV-curve at day 1 compared to day 365
for normalized irradiance range 0.75-0.85

(c) IV-curve at day 1 compared to day 365
for normalized irradiance range 0.85-0.95

(d) IV-curve at day 1 compared to day 365
for normalized irradiance range 0.95-1.05

(e) IV-curve at day 1 compared to day 365
for normalized irradiance range 1.05-1.27

Figure 2.21: IV-curve at day 1 compared to day 365 for different normalized irradiance ranges

Table 2.10: Maximum power point at day 1 compared to day 365

PMPP Day 1 [W/m2] PMPP Day 365 [W/m2] Percentage power drop [%]
Inor 0.65-0.75 159.39 143.83 9.87
Inor 0.75-0.85 163.19 140.60 13.84
Inor 0.85-0.95 162.20 140.61 13.31
Inor 0.95-1.05 158.87 140.90 11.31
Inor 1.05-1.267 155.68 141.23 9.28

2.6. Conclusion
In this chapter, the electrical parameters from the single diode equation were determined, fulfilling the
first sub-goal described in Section 1.6. For this purpose, measurements of the external parameters
were used together with a numerical method discussed in Section 2.1. For every data point, J0, n,
Rsh and Rs were determined using this numerical method. Through these fitting parameters, a trend
line was fitted to estimate the change in electrical parameters over time. In Section 2.5, this change in
electrical parameters over time was used to plot the change in maximum power output of the degraded
perovskite top cell. It was shown that the maximum power drops with approximately 10-15% over one
year for the cell that has been tested in Saudi Arabia. In Section 2.4, the provided data by KAUST was
compared to the values of the fitting parameters and the trend lines. The approximated fill factor, open
circuit voltage and maximum power point, compared to the given values, are quite accurate, which was
shown in four plots together with the numerical values for each plot.

In this chapter, the electrical parameters of the degraded perovskite solar cell and the degradation
rate were found. Now that the change in parameters that determine the IV-curve over time are known,
the following step is to perform simulations to find the power output of the degraded perovskite top cell.
Therefore, the trend lines through the fitting parameters from this chapter are used.



3
Lifetime energy yield simulations of

tandem modules

The second sub-goal of this thesis, described in Section 1.6, is to perform lifetime energy yield simu-
lations with degradation included. For this purpose, a tandem module with different perovskite degra-
dation rates is compared to a single-junction module. The degradation parameters derived from the
5-Parameter model in Chapter 2 are utilized to compare the lifetime energy yield of a tandem module
against that of a single-junction module. For this analysis, the PVMD toolbox, previously detailed in
Section 1.4, is employed.

In Section 3.1, the methodology for conducting the lifetime energy yield simulations is discussed.
Then, in Section 3.2 a comparative analysis of the lifetime energy yields across different degradation
rates is presented with values derived from the 5-Parameter model. In Section 3.3, the energy yields
of 2T and 4T tandem configurations are compared under identical conditions. In Section 3.4, the com-
parison of lifetime energy yields at different geographical locations is discussed. Finally, Section 3.5
provides the concluding remarks for this chapter.

3.1. Method and assumptions for life time energy simulations
For the lifetime energy simulations assumptions are made under the same conditions. In this section,
these assumptions together with the simulated conditions are discussed.

3.1.1. Method for estimating lifetime energy output
The trend of the parameters obtained from the electrical model in Chapter 2 are employed to estimate
the total energy output of a tandem module. This output is then compared to that of a single-junction
module, where the tandem cell’s bottom cell is the same as the single-junction cell. Both utilize the
same design to optimize the conversion of sunlight to electricity, where the design is referred to as
’optics’. The PVMD Toolbox is utilized for these simulations, with parameters adjusted monthly, based
on the linear trend lines over time of the parameters of the single diode equation, derived in Chapter 2.
Because of a high perovskite degradation rate, these simulations cover a time span of 10 years.

The parameter adjustments are expressed as percentage differences between day 1 and the num-
ber of days elapsed in the simulation. Each month, a new simulation is conducted where the variations
in parameters n, J0, Rsh, Rs, and Jsc are adjusted. These monthly simulations enable a comparative
analysis of the energy yields between the tandem and single-junction cells. The percentage differences
for each parameter are detailed in the following equations:

ndegraded =

( ∆n
∆t · t

ntrend line(0)
+ 1

)
·ntoolbox (3.1)

J0,degraded = 10 ^
(( ∆ log(J0)

∆t · t
log(J0,trend line(0))

+ 1

)
· log(J0,toolbox)

)
(3.2)

30
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Rsh,degraded =

(
∆Rsh
∆t · t

Rsh,trend line(0)
+ 1

)
·Rsh,toolbox (3.3)

Rs,degraded =

( ∆Rs

∆t · t
Rs,trend line(0)

+ 1

)
·Rs,toolbox (3.4)

Jph,degraded =

( ∆Jph

∆t · t
Jph,trend line(0)

+ 1

)
·Jph,toolbox (3.5)

In all these equations, ∆x/∆t is the slope of the linear trend lines obtained in Section 2.3, where x
indicates n, J0, Rsh, Rs or Jph. At t=0, xtrendline(0) is determined for parameter x, which is used to
determine the percentage change over time. This percentage change is used to adapt the electrical
parameters in the PVMD Toolbox, where xtoolbox is the initial value in the toolbox. These adjusted
parameters are denoted as xdegraded.

The trend line of the saturation current is linear in a semi-logarithmic plot and to account for that,
Equation 3.2 specifies that the change in saturation current is defined by its exponent. For instance,
percentage change of 0.5 implies that a saturation current of 10−5 mA/cm2 is applied when the initial
value is 10−10 mA/cm2. For other parameters, the adjustment is simply the ratio of the two values
multiplied by the toolbox value.

The PVMD toolbox is utilized to carry out the modeling for the cell, module, weather, thermal, and
electrical components. In the electrical part the parameters of the 5-Parameter model are determined
on a monthly basis, as well as the STC parameters for both the top and bottom cells. These param-
eters are used to generate an IV-curve at the start of each year, from which the degradation rate is
determined.

3.1.2. Tandem module degradation scenarios
This chapter examines five different scenarios, distinguished by the parameter changes identified in
Chapter 2 for five normalized irradiance ranges. These scenarios are labeled as scenario 1, 2, 3, 4,
and 5, corresponding to the normalized irradiance ranges of 0.65-0.75 for scenario 1, 0.75-0.85 for
scenario 2, and so forth. In the previous chapter, Tables 2.3, 2.4, 2.5 and 2.6, provide the trend lines
of the electrical parameters for these specific irradiance ranges.

3.1.3. PVMD Toolbox modelling constants
As discussed in Section 1.4, the PVMD toolbox contains various simulation components, each utilizing
specific assumptions and constants to ensure accurate modeling. In this section, the constants and
assumptions underlying all five modeling components are detailed.

Cell
For the optical modeling of the sub cells, GenPro4 is used. With this program the absorption, transmis-
sion and reflection are calculated for each layer with the given layer thicknesses and refractive indexes
(n(λ) + i · k(λ)). This software serves as the foundation of the PVMD toolbox. [35]

Module
A module with periodic properties is used, meaning that the module is in an infinite grid where the edge
effects are neglected and shading/reflection are simulated as if the module is always surrounded by
others. Backward ray tracing is performed to calculate the sensitivity map of the incoming rays. The
cell sensitivity is modelled individually, meaning that the incoming rays are calculated separately for
each cell. [53] The module has 12 rows and 6 columns of cells. The tilt angle is 31 degrees (Used for
Delft, this will be changed in Section 3.4 at different locations). A fixed value of 0.2 is used to represent
the reflective properties of the ground.

Weather
In the first simulation, Delft is used as the location and later in Section 3.4 this is changed. The horizon
is not included in this simulation and SBdarts [40] is used for weather-related simulations, where the
difference between diffused and direct light is modelled.
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Thermal
In the thermal part, which is based on Fuentes’s model [54], a normal solar cell is used for thermal
simulations. The fluid dynamic model is applied to account for the thermal behavior of the cells.

Electrical
The last step is the electrical part, which is based on ASA [36], the following PVMD inputs are used:
Each cell is modeled individually and the cells are not reconfigurable. Metalization losses are ignored
to simplify the calculations in this part and 3 bypass diodes are used. Initially, a 2T configuration is
used, which is changed to a 4T configuration in Section 3.3.

3.1.4. General assumptions for simulations
In Chapter 2, linear trend lines for the electrical parameters n, Rsh, Rs, and J0 were established over
time. These trend lines are employed to change the parameters of the perovskite top cell within the
PVMD toolbox simulations. Due to the rapid change in shunt resistance over time, it is assumed that
its maximum percentage deviation from the initial value is 85%, implying that it can drop to only 15% of
its initial value. The rate of change for the other parameters is determined by the linear trends identified
in the preceding chapter.

For the single-junction cell and the bottom cell of the tandem it is assumed that there is no degrada-
tion included. This assumption leads to a constant annual energy yield for the single-junction module
each year. Next to the assumption that there is no degradation included, the weather pattern is kept
the same for each year to ensure that variations in energy yield are not influenced by differences in
yearly weather conditions.

When comparing the 2T and 4T configurations, the cell structure remains unchanged, and the only
difference is that a tandem IV-curve can be plotted for the 2T configuration, but for the 4T configuration
this cannot be done, resulting in two separate IV-curves for both top and bottom cell, which is explained
in Section 3.3.

Everything in this chapter is based on high degradation rates obtained from KAUST data and this
might not be representative for all perovskite solar cells. This chapter is used to analyse the energy
yield of an existing model of a tandem cell, already implemented in the PVMD Toolbox, considering this
high degradation rate. The simulations can also be performed, using the PVMD Toolbox, by applying
other degradation rates obtained from a more recent data set.

3.1.5. Used solar cells for simulations
In this subsection, the solar cell configuration utilized in the PVMD toolbox is discussed. The used
tandem cell features a monolithic crystalline-silicon/perovskite structure with an efficiency of 32.5%
[55]. This tandem setup consists of a silicon heterojunction bottom cell paired with a perovskite top cell
with an 1.68 eV bandgap. In Figure 3.1, the schematic stack of the utilized tandem solar cell is shown.

Figure 3.1: Schematic stack of c-Si/pvk tandem solar cell used for the lifetime energy yield simulations [55]

Remarkably, this configuration retained 95% of its initial power conversion efficiency (PCE) after 300
hours of maximum power point tracking in ambient conditions.
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In terms of performance, the tandem cell achieved a PCE of 32.5%, accompanied by an open-circuit
voltage of 1.98 V, a fill factor of 81.18%, and a short-circuit current density of 20.24 mA/cm2. [55] For
a comparison between the single-junction module and the tandem module, the silicon heterojunction
bottom cell of this tandem configuration is utilized.

In Figure 3.2, the IV-curve of a single-junction cell and a tandem cell are illustrated. The tandem
configuration exhibits approximately half the current but roughly 2.5 times higher voltage compared to
the single cell, resulting in a higher initial power output without degradation, as expected. The initial
efficiencies, based on the STC determined in the PVMD Toolbox, for the tandem and single-junction
cells are 31.1% and 23.9%, respectively.

Figure 3.2: IV-curve tandem and single-junction solar cell comparison under STC

3.2. Lifetime energy yield for different degradation scenarios
In this section, the parameters derived from the 5-Parameter model, as discussed in Chapter 2, are
used to perform lifetime energy yield simulations. This is done by using five scenarios, which is dis-
cussed in Section 3.1.2. For this comparison 10 years are considered, because the total energy yield
at the tenth year is significantly reduced and the power output is nearly 0.

In Figure 3.3, six IV-curves are shown and each represents an IV-curve that is made at the start
of a year. Here, two individual IV-curves for the sub cells are plotted together with the tandem cell. It
is evident that the IV-curve of both the perovskite top cell and the tandem cell contain a large slope
towards the y-axis, which is caused by the decreasing shunt resistance, which is ideally infinitely large,
as discussed in Subsection 2.1.1. After 10 years, the power at STC for the perovskite top cell decreased
from 4.85W to 0.24W, resulting in a low tandem power output. The tandem cell’s short circuit current
decreased due to the decrease in the perovskite top layer’s short circuit current, which is limiting in a
2T configuration.
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(a) IV-curve at the start of year 1 for
scenario 2

(b) IV-curve at the start of year 2 for
scenario 2

(c) IV-curve at the start of year 3 for
scenario 2

(d) IV-curve at the start of year 4 for
scenario 2

(e) IV-curve at the start of year 5 for
scenario 2

(f) IV-curve at the start of year 6 for
scenario 2

Figure 3.3: STC IV-curves for a tandem solar cell together with its top and bottom cell at the start of year 1 up to year 6

In Figure 3.4, , the efficiency over time is shown for the perovskite top cell and the tandem cell. The
perovskite top cell’s efficiency drops quickly in the first 4 years, but after these 4 years, the efficiency
drop becomes more constant over time. The main reason for this quick drop in the beginning is the
decreasing shunt resistance, where the maximum value is reached after approximately 4 years, which
is discussed in Subsection 3.1.4. The tandem cell and perovskite top cell efficiency decreased to
approximately 4% and 1%, respectively, after 10 years.

Figure 3.4: Efficiency plot over time for the tandem cell and perovskite top cell in a 2T configuration
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In Figure 3.5, the monthly energy yield of the first 5 years of the tandem module is compared to
a single-junction module and for all scenarios, where the energy yield of the silicon module is already
higher after 2 years applying this degradation rate. By the fourth year, the monthly energy yield be-
comes the same across all degradation scenarios due to the most limiting factor, which is the shunt
resistance. As outlined in Subsection 3.1.4, the shunt resistance is assumed to degrade to a minimum
of 15% of its initial value, beyond which themonthly power output stabilizes and remains nearly identical
throughout each month.

Figure 3.5: Monthly energy output over time for a single-junction module and 2T tandem modules for 5 scenarios

In Figure 3.6, the lifetime energy yield, obtained by integrating the power over time, is depicted for
both the degraded tandem module and the single-junction module. It is evident that the single-junction
cell surpasses the tandem cell configuration in energy yield after approximately 3 years, given the
degradation rate of approximately 27% for the perovskite top cell under STC. Given this degradation
rate, even under the assumption that the shunt resistance’s decrease is limited to 15% of its initial value,
the tandem cell does not come close to achieving the desired energy yield after 25 years. This result
is not unexpected because the degradation rate in the first year is approximately 10-15% and these
simulations are based on a 10-year extrapolation, where the annual degradation rate increases even
more.



3.3. Lifetime energy comparison between 2T and 4T configurations 36

Figure 3.6: Cumulative energy output over time for a 2T tandem and single-junction cell for 5 scenarios

To estimate the degradation rate, an average annual degradation rate is calculated, where this
value is based on the power output at STC at the start of each year of the simulation. In Table 3.1,
this degradation rate is shown, which is divided into three parts, an average degradation rate for the
energy yield of the tandem cell, the average degradation of the perovskite top cell and the average
degradation of the perovskite top cell after 4 years. The average degradation rates are closely aligned
due to minimal deviations in lifetime energy yield over time, as shown in Figure 3.6 and the monthly
energy yield, which is shown in Figure 3.5. The largest degradation rate is used in the second scenario,
which is 21.31 %/year and 27.89%/year for the tandem cell and the perovskite top cell after 10 years,
respectively. This is remarkably high considering a degradation rate of 0.8%/year for a single-junction
module is allowed to maintain a minimum of 80% of the initial power output after 25 years.

The applied average degradation rate of the perovskite top cell in the first 4 years, is lower than
the average 10-year degradation rate, primarily due to the impact of the shunt resistance. Initially, the
shunt resistance imposes limitations, but subsequently, other factors contribute to a degradation rate
exceeding 40% in the final year of the simulation, while the degradation rate in the first year is between
10 and 15%.

Table 3.1: Average degradation rate after 10 years for 5 scenarios for the tandem cell and the individual perovskite top cell

Average degradation rate for
tandem cell [%/year]

Average degradation rate
perovskite top cell [%/year]

Average degradation rate
perovskite top cell
first 4 years [%/year]

Scenario 1 21.07 27.55 21.37
Scenario 2 21.31 27.89 23.98
Scenario 3 21.19 27.76 23.75
Scenario 4 21.19 27.63 19.20
Scenario 5 21.13 27.51 18.67

3.3. Lifetime energy comparison between 2T and 4T configurations
In this section, the lifetime energy yield of a single-junction, a 2T and 4T tandem configuration are
compared, using the same optical properties. For this purpose, the obtained parameters from the 5-
Parameter model, which was discussed in Chapter 2, are used. The simulations are performed by
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using the scenarios discussed in Subsection 3.1.2. In Section 3.2, a 2T configuration was used for
the lifetime energy simulations over 10 years and in this section, a 4T configuration is compared to the
common 2T structure. The main advantage of a 4T structure, compared to a 2T structure, is that the
bottom and top cell of a tandem are connected separately, which results in separate power output for
both sub cells, where a 2T structure is limited by the lowest short circuit current. Since the perovskite
top cell degrades faster and the current mismatch increases over time, a 4T could be beneficial for the
lifetime energy yield.

In Figure 3.7, individual IV-curves are shown for both top and bottom cell. In a 4T configuration,
these two are connected separately an therefore an IV-curve of a tandem cannot be made. It is evident
that the IV-curves deteriorate over time as degradation increases.

(a) IV-curve at the start of year 1 for
scenario 2

(b) IV-curve at the start of year 2 for
scenario 2

(c) IV-curve at the start of year 3 for
scenario 2

(d) IV-curve at the start of year 4 for
scenario 2

(e) IV-curve at the start of year 5 for
scenario 2

(f) IV-curve at the start of year 6 for
scenario 2

Figure 3.7: STC IV-curves for a 4T tandem solar cell’s top and bottom cell at the start of year 1 up to year 6

In Figure 3.8, the efficiency over time is shown for the perovskite top cell together with 2T & 4T
tandem cell configurations. The perovskite top cell’s efficiency drops quickly in the first 4 years, but
after these 4 years, the efficiency drop becomes more constant over time. The main reason for this
quick drop in the beginning is the decreasing shunt resistance, where the maximum allowable change
is reached after approximately 4 years, which is discussed in Subsection 3.1.4. The 2T tandem cell, 4T
tandem cell and perovskite top cell efficiencies drop to approximately 13%, 4% and 1%, respectively,
after 10 years. The 4T tandem configuration is less affected by the perovskite degradation rate because
of the separate connection in top and bottom cell.
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Figure 3.8: Efficiency plot over time for 2T and 4T tandem cell configurations and the perovskite top cell

In Figure 3.9, the monthly energy yield of the 4T tandem module is compared to a single-junction
module and for all five scenarios, the energy yield of the silicon cell is already higher after 2 years.
In Figure 3.10, a comparison between a single-junction module, a 2T configuration tandem module
and a 4T configuration tandem module is shown. As shown in this figure, the monthly energy yield for
both tandem modules are almost similar in the first 2 years, but after the degradation increases, the 4T
energy yield is higher.

Figure 3.9: Monthly energy output over time for a single-junction module and 4T tandem modules for five scenarios
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Figure 3.10: Monthly energy output over time for a single-junction module, a 2T tandem module and a 4T tandem modules for
scenario two

In Figure 3.11, the lifetime energy yield of the degraded 4T tandem solar cell is illustrated together
with the single-junction cell. This figure shows that the single-junction module has a higher energy
yield after approximately 4 years compared to the tandem applying this degradation rate, which is
approximately 9.5 %/year. Using this degradation rate, the tandem cell is nowhere near the desired
energy yield looking at this simulation of 10 years even with the assumption that the shunt resistance’s
limit is 15% of the initial value.
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Figure 3.11: Lifetime energy output over time for a single-junction module and 4T tandem modules for 5 scenarios

The comparison of the energy yield between the two different electrical connections, using the
degradation rate from the second scenario, is illustrated in Figure 3.12. This figure demonstrates that
the lifetime energy yield for the 4T tandem is 44% higher than that of the 2T tandem, indicating a
significant increase in energy yield.

Figure 3.12: Lifetime energy output over time for a single-junction module, a 2T tandem modules and a 4T tandem module
scenario 2
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To assess the degradation rate, an average annual degradation in energy output is estimated based
on the power output at STC at the beginning of each year in the simulation. In Table 3.2, this degradation
rate is shown, categorized into three parts: an average degradation rate for the energy output of the 2T
tandem cell, the 4T tandem cell and the average degradation of the perovskite top cell. The average
degradation rate of the 4T tandem cell is lower compared to the 2T tandem cell, which is not unexpected
since the optics of both configurations are identical, and neither sub cell is current limiting. Notably, the
4T configuration allows energy production to continue even when the perovskite cell no longer functions,
owing to the separate connection of both sub-cells.

Table 3.2: Average degradation rate after 10 years for 5 scenarios for a 2T and 4T tandem solar module

Average degradation
rate 2T tandem [%/year]

Average degradation
rate 4T tandem [%/year]

Average degradation rate
perovskite top cell [%/year]

Scenario 1 21.07 9.51 27.55
Scenario 2 21.31 9.55 27.89
Scenario 3 21.19 9.52 27.76
Scenario 4 21.19 9.54 27.63
Scenario 5 21.13 9.53 27.51

3.4. Lifetime energy comparison at different locations
In this section, the lifetime energy is compared at four different locations, which are Delft, Lagos, Lisbon
and Shanghai. Each of these locations experiences unique climatic conditions, and the differences in
lifetime energy yield are discussed. Since the four locations have different climates, a varying lifetime
energy yield is expected. In Table 3.3, the differences in climate are shown, where there are difference
between the temperature and irradiation.

Average Temperature [◦C] Irradiation at optimum tilt Climate
[kWh/m2/year]

Delft [56, 57] 11 1281 Moderate
Lagos [58, 57] 27 1742 Tropical
Lisbon [59, 57] 17 1979 Warm Mediterranean
Shanghai [60, 57] 17 1407 Humid subtropical

Table 3.3: Climate Data for Delft, Lagos, Lisbon, and Shanghai.

In Table 3.5, the average degradation rate for a 2T and 4T tandem module is shown and this value
is determined by the difference in annual energy yield. Notably, the degradation rate for the 2T tandem
module is lowest in Delft. This difference may be attributed to the limiting short circuit current of the
two sub cells. If the silicon bottom cell limits the current, the perovskite top cell can degrade without
significantly affecting power output. However, if the perovskite cell is limiting and it degrades, the
energy output differential increases, leading to a higher average degradation rate. Looking at the
mismatch between the Iph of the top and bottom cell at each locations, an average current mismatch
was calculated using the following equation:

Average current mismatch =
1

N

N∑
i=1

(
Iph,Si − Iph,pvk

)
(3.6)

In Table 3.4, the average mismatch of the first 5 years of the simulation is shown. This table shows
that the mismatch is the lowest in Delft and the highest in Shanghai.
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Table 3.4: Average Iph mismatch

Average Iph mismatch
[mA/cm2]

Delft 0.28
Lagos 0.31
Lisbon 0.42

Shanghai 0.55

Analyzing the average degradation rates in Table 3.5, it is evident that the 2T configuration expe-
riences a higher average degradation rate. This observation aligns with expectations, as a greater
average mismatch between sub cells typically leads to increased degradation losses, because the per-
ovskite sub cell is current limiting. In the last column of Table 3.5, the average degradation rate of the
perovskite top cell is shown and this value is based on STC, which is determined by the change in
electrical parameters, which was discussed in Subsection 3.1.1. Since these values are all based on
the second scenario, the average perovskite degradation rate is the same at each location.

Table 3.5: Average degradation rate after 10 years at 4 locations for a 2T tandem solar cell, 4T tandem cell and an individual
perovskite top cell

Average degradation rate for
2T tandem cell [%/year]

Average degradation rate for
4T tandem cell [%/year]

Average degradation rate
perovskite top cell [%/year]

Delft 18.95 8.56 27.89
Lagos 19.96 8.98 27.89
Lisbon 20.63 8.95 27.89
Shanghai 21.19 8.75 27.89

In Figure 3.13, the lifetime energy yield over time for a 2T tandem, 4T tandem and single-junction
module at different locations is shown. Subfigures 3.13b and 3.13d illustrate that there are minimal
yearly fluctuations in the annual energy yield.
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(a) Lifetime energy yield over time for a 2T tandem, 4T tandem
module and a single-junction module in Delft

(b) Lifetime energy yield over time for a 2T tandem, 4T tandem
module and a single-junction module in Lagos

(c) Lifetime energy yield over time for a 2T tandem, 4T tandem
module and a single-junction module in Lisbon

(d) Lifetime energy yield over time for a 2T tandem, 4T tandem
and a single-junction module in Shanghai

Figure 3.13: Lifetime energy yield over time for a 2T tandem, 4T tandem and a single-junction module at different locations

3.5. Conclusion
In this chapter, lifetime energy yield simulations when degradation is included were performed, fulfilling
the second sub-goal, described in Section 1.6. In this chapter, a conventional single-junction module
was compared to a tandem module applying five different degradation rates. These five degradation
rates were referred to as scenarios and were based on the irradiance ranges discussed in Chapter 2.
In this chapter, the lifetime energy yield after 10 years was shown and even with the assumption that
the the Rsh has a minimum of 15% of its initial value, the single-junction module produced more energy
after approximately three years for each scenario, which is infeasible considering PV module manufac-
turers must guarantee at least 80% of the initial power output after 25 years. This high degradation
rate not unexpected since the energy yield, after one year of testing in Saudi Arabia, decreased with
approximately 10-15%, where the electrical parameters were extrapolated over time to perform lifetime
energy yield simulations. The average degradation under STC for the tandem cell and the perovskite
top cell were shown, which are approximately 21.5%/year and 27.5%/year, respectively. After 10 years,
the power output for the perovskite cell decreased from 4.85W to 0.24W, resulting in a low combined
tandem power because of the low Jsc of the top cell, which is current limiting.

In Section 3.3, the 2T and 4T configurations were compared for five scenarios and the lifetime
energy yield was increased with approximately 44% using a 4T tandem cell configuration. Despite
a high perovskite degradation rate, the silicon bottom cell was still able to produce power at its own
Jsc instead of the perovskite top layer to be current limiting, where the power output of the top cell
decreased to 0.24W at STC after 10 years.

In Section 3.4, the lifetime energy yield at different locations was compared and average degradation
rates were shown. It was shown that the average degradation rates of a 2T tandem cell are in a
larger range than the average of a 4T tandem cell. This difference can be caused by the limiting short
circuit current, which is the silicon bottom layer more often in Delft and Lagos compared to Lisbon and



3.5. Conclusion 44

Shanghai, where the degradation of the perovskite top cell influences the power output less. Also, the
average current mismatch is the highest in Shanghai and the lowest in Delft. The average degradation
rate of the 4T tandem cell is closer at all locations, because both sub cells are connected separately.

Although everything in this chapter is based on high degradation rates from KAUST data, which
might not be representative for all perovskite solar cells, simulations can be performed using other
degradation rates obtained from different data sets, by utilizing the PVMD Toolbox.

It is concluded that the applied degradation rates of all five scenarios are too high for a tandem cell
to produce more energy than the compared single-junction cell. The next step is to perform lifetime
energy yield simulations with varying degradation rates to find the perovskite degradation rate for which
the lifetime energy yield of a tandem is higher compared to a single-junction module.



4
Analyzing lifetime energy yield for

different degradation rates

As stated in Section 1.6, the third sub-goal of this thesis is to find the maximum tolerable perovskite
degradation rate. In order to have a higher lifetime energy yield after 25 years a tandem module is
compared to a single-junction module and different degradation rates are analysed to find the maximum
tolerable perovskite degradation rate. The degradation rates applied in Chapter 3 are adjusted and
lifetime energy simulations are performed to ascertain the necessary change in degradation rate to
achieve a higher lifetime energy output for a tandem module using perovskite compared to a single-
junction module. The simulations span 25 years, comparing a monolithic c-Si/pvk module to a single-
junction module, which was explained in Section 3.1.5. In this chapter, simulations are performed for
both a 2T and 4T configuration.

In Section 4.1, the method and assumptions for estimating the maximum allowed perovskite degra-
dation rate are discussed. In Section 4.2, the lifetime energy yield simulations for 2T and 4T tandem
cell configurations are discussed and compared. Finally, in Section 4.3, this chapter is concluded.

4.1. Method and assumptions of lifetime energy yield simulations
In this section, the method for estimating the maximum perovskite degradation rate is discussed. First,
in Section 4.1.1, the method for estimating the degradation rate at which the tandem module achieves
a higher energy yield compared to a single-junction module is discussed. Additionally, in Section 4.1.2,
the assumptions that are made for lifetime energy yield simulations are discussed.

4.1.1. Method for estimating desired perovskite degradation rate
To determine what the maximum allowable degradation rate of the perovskite top cell should be in order
to get a higher energy yield, a tandem is compared to a single-junction module. The trend lines of the
electrical parameters, discussed in Chapter 2, are used to adapt the electrical parameters in the PVMD
Toolbox. In Chapter 2, these parameters were assumed to be linear over time and the slope is adapted
with constant C, so that the slope decreases, which is translated to an average degradation rate of the
perovskite top cell.

In the following equations the constant C is implemented in the formulas where n, J0, Rsh, Rs

and Jph are the values in the PVMD toolbox that are changed according to the percentage difference
between the extrapolated trend line at time t and the value of the trend line at t=0. Equation 4.2 differs
slightly in that the trend lines of the saturation current density are determined on a logarithmic scale,
which is discussed in Section 2.3.2. Consequently, logarithmic values are used to calculate the new
value. The following equations are used:

ndegraded =

( ∆n
∆t · t · C

ntrend line(0)
+ 1

)
·ntoolbox (4.1)

45
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J0,degraded = 10 ^
(( ∆ log(J0)

∆t · t · C
log(J0,trend line(0))

+ 1

)
· log(J0,toolbox)

)
(4.2)

Rsh,degraded =

(
∆Rsh
∆t · t · C

Rsh,trend line(0)
+ 1

)
·Rsh,toolbox (4.3)

Rs,degraded =

( ∆Rs

∆t · t · C
Rs,trend line(0)

+ 1

)
·Rs,toolbox (4.4)

Jph,degraded =

( ∆Jph

∆t · t · C
Jph,trend line(0)

+ 1

)
·Jph,toolbox (4.5)

Using these equations, the electrical parameters are adjusted in the PVMD toolbox to conduct lifetime
energy yield simulations. By varying the constant parameter C, which varies from 0 to 0.18 in steps of
0.03, different degradation rates are applied, based on the STC at the start of each year.

In all these equations, ∆x/∆t is the slope of the linear trend lines obtained in Section 2.3, where
x indicates n, J0, Rsh, Rs or Jph. At t=0, xtrendline(0) is determined for parameter x, which is used to
determine the percentage change over time. This percentage change is used to adapt the electrical
parameters in the PVMD Toolbox, where xtoolbox is the initial value in the toolbox. These adjusted
parameters are denoted as xdegraded.

4.1.2. General assumptions for degradation simulations
First of all, the second degradation scenario is used, which was explained in Subsection 3.1.2. This
is the scenario with the highest average perovskite degradation due to the rapidly decreasing shunt
resistance. Next to this, the degradation rate is determined by on the perovskite degradation rate under
STC and the simulations were performed in Delft. The tandem module and the single-junction module
that have been used, were explained in Section 3.1, where the single-junction cell is the bottom cell of
the tandem with the same optics. The modeling constants, described in Section 3.1.3, were remained
unchanged. Due to the rapid change in shunt resistance over time, it is assumed that its maximum
percentage deviation from the initial value is 85%, implying that it can drop to only 15% of its initial
value. This minimum value of 15% is only reached when the perovskite degradation rate is higher than
2.5%/year. Additionally, for the single-junction cell and the bottom cell of the tandem it is assumed that
there is no degradation included.

4.2. 2T and 4T tandem cell lifetime energy yield simulations
In this section, lifetime energy yield simulations for 2T and 4T configurations under varying degrada-
tion rates are conducted. The method outlined in Section 4.1.1 is employed for this purpose. First,
the various perovskite degradation rates in the 2T configuration are analyzed. Subsequently, the 4T
configuration is examined and finally, the differences between these configurations are compared.

4.2.1. 2T tandem cell configuration degradation rates
In Table 4.1, the constant value C that have been applied to the equations in Section 4.1.1, are shown
together with the obtained degradation rates.

Table 4.1: Constant parameter C with corresponding perovskite degradation rate

Constant C Perovskite degradation rate [%/year]
0 0

0.03 0.5
0.06 1.1
0.09 2.5
0.12 3.6
0.15 4.1
0.18 4.8
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In Figure 4.1, the lifetime energy yield over time for different perovskite degradation rates of a 2T
configuration is shown. It is observed that a degradation rate of 1.1% per year ensures that the lifetime
energy yield of the tandem configuration surpasses that of the single-junction module. This implies that
the perovskite power output at the 25 years is approximately 77% of the initial power output at STC.

Figure 4.1: Lifetime energy output over time for different degradation rates of 2T tandems and a single-junction module

In Figure 4.2a, the IV-curve of a perovskite top cell with a degradation rate of 1.1% is shown and in
Figure 4.2b, the IV-curve of the tandem cell is shown. After 25 years, the perovskite power output
retains 77% of its initial value with this degradation rate.

(a) IV-curve perovskite top cell for a degradation rate of 1.1%/ (b) IV-curve tandem cell for a degradation rate of 1.1%/

Figure 4.2: IV-curves perovskite top cell and tandem cell for a degradation rate of 1.1%/

In Figure 4.3, the efficiency drop over time is shown, using different perovskite degradation rates.
In Subfigure 4.3a, the efficiency of the perovskite top cell is shown. The efficiency plot for degradation
rates higher than 3.6%/year looks different because of the assumption that the maximum percentage
change in shunt resistance, discussed in Subsection 3.1.4, cannot be higher than 85%. Therefore,
the slope of the curve becomes linear after this value is reached, resulting in a decreasing slope. In
Subfigure 4.3a, the efficiency of a 2T tandem cell configuration is shown, where the perovskite top
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cell affects the 2T tandem configuration efficiency, because the perovskite top cell is current limiting,
resulting in a faster decrease in efficiency.

(a) Efficiency over time perovskite top cell for various degradation
rates

(b) Efficiency over time 2T tandem cell configuration for various
degradation rates

Figure 4.3: Efficiency over time for the perovskite top cell and 2T tandem cell using various degradation rate

4.2.2. 4T tandem cell configuration degradation rates
In Figure 4.1, the lifetime energy yield over time for different perovskite degradation rates for a 4T
configuration is shown. It is observed that a degradation rate of 3.1% per year ensures that the lifetime
energy yield of the tandem configuration surpasses that of the single-junction module. This implies
that the top cell’s power output at 25 years is approximately 44% compared to the power output at the
beginning of the simulations, using STC.

Figure 4.4: Lifetime energy output over time for different degradation rates of 4T tandems and a single-junction module

In Figure 4.5, the IV-curve of the perovskite top cell with a degradation rate of 2.5% is shown. The FF
of this individual curve decreases and the power output at 25 years is approximately 44% compared to
the power output at STC at the beginning of the simulations.
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Figure 4.5: IV-curve perovskite top cell for a degradation rate of 3.1%/

In Figure 4.6, the efficiency drop over time is shown, using different perovskite degradation rates.
In Subfigure 4.6a, the efficiency of the perovskite top cell is shown. The efficiency plot for degradation
rates higher than 3.6%/year looks different because of the assumption that the maximum percentage
change in shunt resistance, discussed in Subsection 3.1.4, cannot be higher than 85%. Therefore,
the slope of the curve becomes linear after this value is reached, resulting in a decreasing slope. In
Subfigure 4.6b, the efficiency of a 4T tandem cell configuration is shown, where the efficiency is less
affected by the low perovskite efficiency, because of the separate connection between the top and
bottom cell.

(a) Efficiency over time perovskite top cell for various degradation
rates

(b) Efficiency over time 4T tandem cell configuration for various
degradation rates

Figure 4.6: Efficiency over time for the perovskite top cell and 4T tandem cell using various degradation rate

4.2.3. 2T and 4T degradation rate comparison
In Figure 4.7, the lifetime energy yield after 25 years over the average degradation rate is displayed,
alongside the energy yield of the single heterojunction (SHJ). It is evident that the 4T configuration con-
sistently achieves a higher energy yield than the single-junction module, irrespective of the average
perovskite degradation rate. This outcome is expected due to identical optics are assumed for both
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2T and 4T, coupled with the inherently higher initial power output of the 4T setup at the start of simu-
lations. Looking at the 2T configuration, the lifetime energy yield exceeds the single-junction module
energy yield for degradation rates below approximately 1.5%/year. For the 4T configuration, this is
approximately 3.1%/year.

Figure 4.7: Lifetime energy yield after 25 years over average perovskite degradation rate

4.3. Conclusion
In this chapter, the maximum tolerable perovskite degradation was found, fulfilling the third sub-goal
of this thesis described in Section 1.6. In order to have a higher lifetime energy yield after 25 years
a tandem module was compared to a single-junction module and different degradation rates were
analysed to find the maximum tolerable perovskite degradation rate. To achieve this, the degradation
rates obtained in Chapter 3 were adjusted and lifetime energy simulations were performed to ascertain
the necessary change in degradation rate to achieve a higher lifetime energy output for a tandem
module using perovskite compared to a single-junction module. This was done by multiplying the
values of the 5-Parameter model in the PVMD toolbox with the percentage difference between the
extrapolated electrical parameters trend line at time t and the value of the electrical parameters trend
line at t=0. These trend lines were obtained in Chapter 2, where these were assumed to be linear over
time. The simulations were performed for 25 years and for both 2T and 4T configurations. One of
the assumptions that was made for the comparison, was that the single-junction cell was the bottom
cell of the tandem solar cell configuration with the same optics. For these simulations, the maximum
permissible perovskite degradation rate was approximately 1.5% per year for the 2T configuration and
3.1% per year for the 4T configuration. Additionally, for these simulations, it was assumed that the
percentage difference in shunt resistance was at least 15% of the initial value, due to rapid changes.

To producemore energy after 25 years, the perovskite degradation ratemust be lower than 1.5%/year
and 3.1%/year for a 2T and 4T configuration, respectively. This rate was based on the assumption that
the single-junction module and the tandem cell’s bottom cell have no degradation included.
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Conclusion and recommendations

In this last chapter, this thesis is concluded and the recommendations for a future study are provided.
First, in Section 5.1 the conclusion is presented and the most important results are discussed. Finally,
in Section 5.2 the recommendations for a future study are presented.

5.1. Conclusion
As described in Section 1.6, the main goal of this thesis was to compare the energy yield of a crystalline-
silicon/perovskite tandem with degradation included to conventional silicon modules. This goal was
divided into three sub-goals, where each sub-goal builds on the outcomes of the preceding sub-goals.

As described in Section 1.6, the first sub-goal of this thesis was to determine the electrical parameters
from the single diode equation. To achieve this, a model was developed to find the change in electrical
parameters over time to estimate the degradation rate in a perovskite solar cell, using the 5-Parameter
model. In Chapter 2, the electrical parameters of the degraded perovskite solar cell and the degrada-
tion rate were found. This analysis is based on experimental data obtained from KAUST. Using this
data, the parameters of the single diode model were fitted and categorized by normalized irradiance
range. Through these fitting parameters, a linear trend line was plotted over time and the electrical
parameters over time were obtained. From these trend lines, the values of the FF , Voc and PMPP

are calculated at time t and these values were compared to the values provided by KAUST. In the first
year, a degradation rate of 10 to 15% was found for the perovskite top cell. In Chapter 2, the electrical
parameters of the degraded perovskite solar cell and the degradation rates were found.

As stated in Section 1.6, the second sub-goal of this thesis was to perform lifetime energy yield sim-
ulations when degradation was included. In Chapter 3, the obtained change in electrical parameters
over time, determined in Chapter 2, were used to adjust the parameters of the 5-Parameter model in
the PVMD Toolbox. In this chapter, a conventional single-junction module was compared to a tandem
module with five different degradation rates. These five degradation rates were referred to as scenarios
and were based on the irradiance ranges discussed in Chapter 2. An average perovskite degradation
rate of approximately 27.5%/year was found after 10 years, which is high, but not unexpected since
the electrical parameters of the pvk/c-Si cell were extrapolated over 10 years and the degradation rate
in the first year was found to be 10 to 15%. After 10 years, the power output for the perovskite top cell
decreased from 4.85W to 0.24W, resulting in a low combined tandem power because of the limiting
Jsc of the top cell. The top cell’s current was limiting because a 2T configuration was used, where the
currents needs to be matched.

In Section 3.3, the 2T and 4T configurations were compared for five scenarios and the lifetime
energy was increased with approximately 44% when using a 4T tandem cell configuration compared to
a 2T. Despite a high perovskite degradation rate, the silicon bottom cell was still able to produce power
at its own Jsc instead of the perovskite top layer to be limiting in a 2T configuration, where the power
output of the top cell went to 0.24W at STC after 10 years.

51
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In Section 3.4, the lifetime energy yield at different locations was compared and the average degra-
dation rates were shown. It was shown that the average degradation rates for a 2T tandem cell are
more different, ranging from 19 to 21%, than the average for a 4T tandem cell (approximately 9%),
which was caused by the limiting short circuit current, which was the silicon bottom layer more often in
Delft and Lagos compared to Lisbon and Shanghai, where the degradation of the perovskite top cell
influences the power output less. Also, the average current mismatch was the highest in Shanghai
and the lowest in Delft. The average degradation rate for the 4T tandem cell was more close for all
locations, because both sub cells are connected separately and no cell was current limiting. For all five
scenarios the degradation rate was too high for 2T and 4T tandem cell configurations to produce more
energy than the compared single-junction solar cell.

Although everything in Chapter 3 was based on high degradation rates from KAUST data, which
might not be representative for all perovskite solar cells, simulations can be performed using other
degradation rates obtained from different data sets, by utilizing the PVMD Toolbox.

As specified in Section 1.6, the third sub-goal of this thesis was to find the maximum tolerable perovskite
degradation rate. This maximum degradation rate was used to obtain a higher lifetime energy yield
for a tandem module compared to a single-junction module. To achieve this, the degradation rates
applied in Chapter 3 were adjusted and lifetime energy simulations were performed to ascertain the
necessary change in degradation rate to achieve a higher lifetime energy output for a tandem module
using perovskite compared to a single-junction module. This was done by multiplying the values of
the 5-Parameter model in the PVMD toolbox with the percentage difference between the extrapolated
trend line at time t and the value of the trend line at t=0. It was found that the maximum allowable
perovskite degradation rates are 1.5%/year and 3.1%/year for a 2T and 4T configuration, respectively.

5.2. Recommendations
In this section, the most important recommendations of this thesis are discussed. First, the recommen-
dations of the data filtering are discussed. Then, the recommendations for the lifetime energy yield
simulations are discussed, which is followed by the recommendations for the 2T and 4T configurations
and the degradation modelling at different geographical locations. Then, the recommendations for
the perovskite top cell are addressed. Finally, the recommendations for recent outside testing data of
perovskite cells are mentioned.

5.2.1. Recommendations data filtering
For the data filtering, the values of the 5-Parameter model, which were determined with the numerical
method discussed in Section 2.1, were filtered by excluding data points that lie outside the range defined
by the mean value±2σ. Next to this, only the normalized irradiance values above 0.65 were considered
and the near 0 values of Voc and Jsc were removed. It was expected that the degradation rate of the
highest normalized irradiance range was the highest because of the light-soaking effect, but this was
not the case. It is recommended to use more irradiance ranges and to filter the data more precisely,
because there is a whole range of values in the ideality factor, saturation current, shunt resistance and
series resistance and the degradation rate is not increasing with normalized irradiance.

5.2.2. Recommendations for the simulations
In this thesis, the change in parameters of the 5-Parameter model, was determined by multiplying the
values of the electrical parameters in the PVMD toolbox with the percentage difference between the
extrapolated trend line at time t and the value of the trend line at t=0. These trend lines were obtained
in Chapter 2, where this was assumed to be linear over time. One of the assumptions was made for the
shunt resistance, where the maximum allowed drop was 85% with respect to the initial value and this
value was reached after approximately 3 to 4 years. This parameter was found to be the most limiting
one for the lifetime energy yield simulations and it is recommended to find a more accurate way of
modelling the change in parameters over time. In Chapter 4, this assumption was still used, although
the maximum 85% was reached at later years, depending on the applied constant C, discussed in
Section 4.1.1.

For the comparison between the crystalline-silicon/perovskite tandemmodule and the single-junction
module, the assumption was made that there was no degradation in the single-junction cell and the
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tandem cell’s bottom cell. It is recommended to include this degradation rate to perform more realistic
simulations.

Reversible degradation on a daily base was not taken into account in this study and an average
degradation rate was used. It is recommended to look into these daily fluctuations and to perform
lifetime energy yield simulations were these are considered.

In Chapter 3, five degradation scenarios were used to perform lifetime energy yield simulations. In
these simulations the monthly energy yield was different in the first 4 years, but after these years, the
monthly energy yield remained constant. It is recommended to usemore varying degradation scenarios,
for instance by using two tandem scenarios, where the maximum and minimum values of the electrical
parameters are used.

5.2.3. Recommendations 2T and 4T configurations
One of the assumptions in this thesis was that the optics of the tandem cell were the same for both 2T
and 4T configurations and only the connection between the two sub cells was changed. In reality, the 4T
structure is harder to make and therefore the optics cannot be modelled the same. It is recommended
to compare the degradation rates of 2T and 4T configurations, ensuring that the optical characteristics
are appropriately defined for each configuration to enhance the realism of the comparison.

5.2.4. Recommendations for degradation modelling at different locations
For the determination of the degradation rate at different geographical locations, the degradation under
STC were the same and the degradation rates were determined by the decreasing energy yield over
time. In this analysis, stress factors were not taken into account and to make the a more accurate
estimation of the degradation rate a varying locations, it is recommended to develop a model that
incorporates stress factors such as relative humidity and UV exposure. Next to this it is recommended to
do experiments at different locations to analyse the difference in degradation rates in outdoor conditions.

5.2.5. Recommendations for perovskite top cell
One of the recommendations for the optimisation of the perovskite top cell, is to model the optics of
the top cell such that the band gap increases and the crystalline-silicon bottom cell to become current
limiting. This can be used to observe what happens to the degradation rate, when the bottom cell
is current limiting. Additionally, it is recommended for further analysis, to use different perovskite cell
configurations, each with distinct optical properties.

5.2.6. Recommendations data outside testing perovskite cell
Currently, a lot of research is done on perovskite solar cells, but there are just a few researches that
have tested a perovskite cell outdoor, which is a key to understand the behaviour of perovskite cells
in operating conditions. In this thesis, everything is based on degradation rates obtained from KAUST
data, but this high degradation rate might not representative for all perovskite solar cells. In this part of
the recommendations, three new researches are recommended for a future study.

Remec et at., looked into the energy yield in perovskite solar cells considering light-soaking recov-
ery, where the annual energy yield decreased with approximately 5% for single-junction devices and
approximately 3% for tandem devices, depending on the geographical location. [61]

A study by Silverman et al., looked into the daily performance changes in perovskite modules. [62]
This work showed that there are changes up to 30% between morning and afternoon caused by re-
versible degradation. This work can be used in a future study to include the daily fluctuations in the
current caused by reversible degradation, which recovers overnight.

Khenkin et al., looked into the outdoor behaviour of perovskite solar cells. [63] This study looked
into the long-term stability of a perovskite solar cell and have been tested for 9 months. The data can
be used to find the change in electrical parameters over time.
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A
KAUST data points

In this appendix, the provided data points from KAUST is shown. This has been done by plotting the
data points over time for the FF , PMPP , Jsc, Voc and Inor, which is shown in Figure A.1.

Figure A.1: Plot of available data from KAUST
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B
Appendix A-Validation of method

In this appendix, the data used for the validation is shown more elaborately. For every validation step,
the the percentage difference, which was used to make the box plot, is shown. Next to this, for each
validation a table is provided where more information about the box plot can be found.

B.1. Validation between fitting parameters and KAUST data

(a) Percentage difference PMPP between
fitting parameters and KAUST data

(b) Percentage difference PMPP between
fitting parameters and KAUST data

(c) Percentage difference PMPP between
fitting parameters and KAUST data

Figure B.1: Validation results for different fitting parameters

Table B.1: Validation between data and fitting parameters

Median Number of outliers
FF 0.9988 656
Voc 1.0089 673
Pmpp 1.0024 182
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B.2. Validation between trend lines and fitting parameters 60

B.2. Validation between trend lines and fitting parameters

(a) Percentage difference PMPP between
fitting parameters and KAUST data

(b) Percentage difference PMPP between
fitting parameters and KAUST data

(c) Percentage difference PMPP between
fitting parameters and KAUST data

Figure B.2: Trend line fitting results for different parameters

Table B.2: Validation between fitting paramters and trend line

Median Number of outliers
FF 1.0157 614
Voc 1.0166 471
Pmpp 1.0327 602

B.3. Validation between trend lines and KAUST data

(a) Percentage difference PMPP between
fitting parameters and KAUST data

(b) Percentage difference PMPP between
fitting parameters and KAUST data

(c) Percentage difference PMPP between
fitting parameters and KAUST data

Figure B.3: Trendline data comparison results for different parameters

Table B.3: Validation between data and trend line

Median Number of outliers
FF 0.9944 471
Voc 1.0329 162
Pmpp 1.0033 472
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