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Abstract
To complete the energy transition, a high efficiency for photovoltaic (PV) modules is desirable to
reduce the needed material and surface area (per unit of generated electrical energy). The tandem
PV technology has the potential to increase the efficiency of PV modules over 30%. In order to
design efficient solar cells, a quantification of the different losses is important. Moreover, research
in the losses of PV system has resulted in important insights for PV technology.

This work introduces a comprehensive model for quantifying the different loss mechanisms in a
PV system with tandem cells. The loss analysis model will be added to the PVMD Toolbox, which is
a software developed at Photovoltaic Materials and Devices group at Delft University of Technology.
This software can be used to simulate the energy yield of a PV system at any given location. In
the loss analysis model, 17 losses are defined and divided into four categories (fundamental, optical,
electrical and system losses).

The developed model will be used to analyse the loss distribution under different operating
conditions for four different PV modules. These different modules are a mono-facial crystalline sil-
icon, a bifacial crystalline silicon, a two-terminal perovskite/silicon tandem, and a three-terminal
perovskite/silicon tandem module. The design of these modules is based on a >29% efficient per-
ovskite/silicon tandem cell, fabricated by HZB.

The loss distribution of every module is simulated for Standard Test Conditions (STC) and
for real word conditions at four geographical locations. Generally, we find that modules operating
in tropical high irradiance climates have the lowest efficiency. For all locations, the difference in
losses compared to STC follow similar trends. When the two-terminal perovskite/silicon module is
simulated at STC, the loss distribution of the fundamental, optical, electrical, and system losses are
54.8%, 8.9%, 8.5%, and 0.1%, leaving a DC module efficiency of 27.7%.

At real-world operating conditions, various differences can be found. The most significant differ-
ences are the thermalization, reflection, and recombination losses, which increase with 1.4%, 1.1%,
and 0.5% respectively for the two terminal perovskite/silicon tandem module. Furthermore, the sim-
ulated two-terminal module has a higher efficiency than the three-terminal modules for all operating
conditions due to lower mismatch losses.

Additionally, this study was able to quantify the fill factor gain for two-terminal devices. Due
to spectral variations, there can be a mismatch between the absorbed current in the top cell and
bottom cell, which can lead to losses. However, this loss is partially compensated by an increase in
fill factor. For example, a current mismatch of 7.0% is reduced to a power mismatch loss of 1.2%,
due to an increase in fill factor. Therefore, the power mismatch should be used as an indicator for
mismatch losses instead of the current mismatch.

Finally, this study simulated different improvements on operating conditions. The results show
that solar tracking does not only increase the in-plane irradiance of the PV system, but can also
increase the efficiency. For example, dual-axis tracking can increase the efficiency with 1.1%. Also,
the gain of active cooling is simulated and quantified. The increase of efficiency when cooling at 20oC
compared to a PV system without cooling is around 0.4%, mostly caused by decrease in emission
and recombination losses. Furthermore, the optimal perovskite thickness for real world conditions is
found, by simulating different thicknesses for the perovskite layer. The results shows that the optimal
thickness under STC (575 nm) is also optimal under real-world operating conditions. Finally, the
optimal bandgap energies for reducing the fundamental losses are found for tandem cells. For all
conditions (including STC), the optimal bandgap energies for the top and bottom cell are 1.73 and
0.94 eV respectively.
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Nomenclature
Symbols

AOI Angle of Incidence.

Amod The area of the module [m2].

EQE external quantum efficiency [%].

ERE external radiative efficiency [%].

Eg bandgap energy [eV].

FF fill factor [-].

I0 saturation current [A].

Iin Spectral irradiance per wavelength of the incoming spectrum [W·m-2 · nm-1].

Impp maximum power point current [V].

Iph photo generated current [A].

Isc short circuit current [A].

PAC AC output power [W].

PCarnot Carnot limit losses [W].

PNRRI current losses due to non-radiative recombination [W].

PNRRV voltage losses due to non-radiative recombination [W].

Pabs,par parasitic absorption losses [W].

Pangle angle mismatch losses [W].

Pbelow losses due to below bandgap non absorption [W].

Pcable cable losses [W].

Pcell−spacing losses due to cell spacing [W].

Pelectrical electrical losses [W].

Pemission emission losses [W].

Pfund fundamental losses [W].

Pintercon losses due to cell interconnection [W].

Pinverter inverter losses [W].

Pmetallization losses due to metallization [W].

Pmismatch mismatch losses [W].

Pmpp maximum power [W].
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Nomenclature Nomenclature

Poptical optical losses [W].

Pref,trans reflection and transmission losses [W].

Pseries Ohmic losses due to series resistance [W].

Pshunt Ohmic losses due to shunt resistance [W].

Psystem system losses [W].

Pterm thermalization losses [W].

Rs series resistance [Ω].

Rsh shunt resistance [Ω].

SF shading factor [-].

TA ambient temperature [oC].

VCarnot Carnot voltage difference [V].

Vangle angle mismatch voltage difference [V].

Vmpp maximum power point voltage [V].

Voc open circuit voltage [V].

Ω Solid angle [sr].

λg wavelength corresponding to the bandgap energy [m].

µ chemical potential [V].

ϕE flux density per energy [J-1 ·m-2 · s-1].

ϕλ flux density per wavelength [m-2 · nm-1 · s-1].

ϕin flux density per wavelength of the incoming spectrum [m-2 · nm-1 · s-1].

n ideality factor [-].

pmpp maximum power density [W·m-2].

2T two terminal.

3T three terminal.

4T four terminal.

A

AM air mass.

ASA Advanced Semiconductor Analysis.

C
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Nomenclature Nomenclature

CLEM calibrated lumped element method.

G

GHI Global Horizontal Irradiance [kWh·m-2].

K

KGPV Köppen-Geiger-Photovoltaic.

N

NRR non-radiative recombination.

P

PV photovoltaic.

PVMD Photovoltaic Materials and Devices.

S

SQ Shockley-Quiesser.

STC standard test conditions.

W

WS wind speed [m·s-1].
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1. Motivation and background
Currently, humanity is making a transition from fuel energy to renewable energy. The reason for this
is the goal of the European Union to become climate neutral in 2050, which is stated in the European
Green Deal [1] and the Paris Agreement [2]. One of the renewable energy sources is photovoltaic
(PV) technology, which is growing rapidly. The installed PV capacity worldwide has increased from
around 73 GWp in 2011 to 940 GWp in 2021 [3].

To achieve these goals, it is important for PV modules to become as efficient as possible to reduce
the number of needed PV systems. A loss analysis can help to make solar cells more efficient, as it
provides an overview of the different losses that are present. A quantification of the different loss
mechanisms is very important for the development of PV technology [4]. Because it is desirable to
have solar cells with a high efficiency, it is useful to know which factors affect this efficiency. A loss
analysis can help to understand and to quantify these effects for different materials and different
types of solar cells [5]. Furthermore, research in loss analysis has resulted in important insights for
the design of a solar cell [6].

Another aspect that needs to be considered, is that most solar cells are tested under standard
test conditions (STC). This is important, such that the performance of different solar cells can be
compared with each other. However, it is also crucial to optimise the performance under various
climate conditions because different conditions affect the performance of solar cells [7].

This chapter discusses the most important topics that are analysed during the literature study of
this project. Also, this chapter presents background knowledge regarding the loss analysis of tandem
PV modules. First, a brief introduction to photovoltaic (PV) technology will be given, including
the IV-curve and the five-parameter model. After this, the tandem technology is explained. This
technology can be used to increase the efficiency of a solar cell. Then, an analysis on the PVMD
Toolbox will be given. This toolbox can be used to simulate certain aspects of a PV system. This is
followed by an overview of the different losses that are considered. Finally, the knowledge gap that
this project tries to overcome is explained and the goals of this thesis are presented.

1.1 Introduction to photovoltaic technology

PV technology creates electricity from light. Light, which normally comes from the sun, is absorbed
by a solar cell, and can be used to generate electrical energy. This section discusses several aspects
to give a short introduction about PV technology.

1.1.1 Energy from the sun

The most important source of energy for the earth is the sun [8]. Every day 60,000 EJ is radiated
towards the earth and around 50% of this energy actually reaches the surface of the earth. In
comparison, the total energy consumption per year is around 550 EJ for the last decade [9, 10].
This means that approximately 20,000 times more energy reached the earth than is consumed by
humankind.

The energy from the sun comes in the form of light, where light consists of photons. The energy
of a single photon can be calculated by using the Planck equation, written as

Ephoton =
h · c
λ

, (1.1)

where h is the plank constant, c is the speed of light, and λ is the wavelength of the photon.
Light can be characterized with its total power, its wavelength spectrum, its position, and the
direction of travel. The AM1.5 spectrum is defined by the International IEC and is based on the
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1.1. INTRODUCTION TO PV CHAPTER 1. MOTIVATION/ BACKGROUND

irradiance received on a cloudless day on the earth’s surface [11, 12]. The AM1.5 spectrum is shown
in Figure 1.1.

Figure 1.1: The AM1.5 spectrum as defined by the International IEC. It shows the amount of
energy that is radiated on earth’s surface for every wavelength.

1.1.2 Working principle of a solar cell

A solar cell converts the energy of a photon into electricity by creating an electron-hole pair, which
is the called the photovoltaic effect [10]. A solar cell usually consists of a semiconductor material.
In a semiconductor, there are two energy bands in which electrons can be located. These two bands
are the conduction band and the valence band [13]. The energy difference between these two bands
is called the bandgap energy (Eg), as shown in Figure 1.2a. A photon can transfer its energy to an
electron in the valence band such that it can move to the conduction band, as shown in Figure 1.2b.

(a) The different energy bands in a
semiconductor. The difference between the
conduction and valance band is the bandgap

energy.

(b) If the energy of the photon has more energy
than the bandgap energy, its energy is

transferred to the electron. This causes the
electron to move to the conduction band.

Figure 1.2: The energy bands in a semiconductor.
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1.1. INTRODUCTION TO PV CHAPTER 1. MOTIVATION/ BACKGROUND

The amount of energy that can be transferred from a photon to the solar cell is dependent on
the material. Photons that have an energy larger than the bandgap energy of the solar cell are
able to generate an electron-hole pair, thus creating electricity. The difference between the energy
of the photon and the bandgap energy cannot be used for normal solar cells and is considered as a
loss. This loss is called the thermalization loss [14]. All the photons that have less energy than the
bandgap energy cannot generate an electron-hole pair and are therefore also considered as losses.
This loss is called the below bandgap loss. These losses, together with radiative recombination, give
an upper limit for the efficiency for a single junction solar cell. This limit is 30% for a general single
junction solar cell, famously known as the Shockley-Quiesser limit [15], and 29.4% for crystalline
silicon solar cells [16].

1.1.3 The IV-curve of a solar cell

If the two poles of a solar cell are connected, the absorbed photons can create a current. This
current will depend on the voltage over the solar cell. If the current from the solar cell is measured
for different voltages, an IV (current/voltage) curve can be made. By multiplying the voltage with
the current for every point, the output power of each voltage can be calculated, thus creating a PV
(power/voltage) curve. A typical IV curve and PV curve are shown in Figure 1.3.

Figure 1.3: A typical IV curve and P-V curve of a solar cell.

The IV curve of a solar cell is characterised by the following parameters:

• The short circuit current (Isc): This is the current if there is no voltage over the solar cell,
thus creating a short circuit.

• The open circuit voltage (Voc): This is the applied voltage such that there is no output current.

• The maximum power (Pmpp): This is the maximum power that can be obtained from the solar
cell.

6



1.1. INTRODUCTION TO PV CHAPTER 1. MOTIVATION/ BACKGROUND

• The maximum power point voltage (Vmpp): This is the voltage at which maximum power is
obtained.

• The maximum power point current (Impp): This is the current at which maximum power is
obtained.

• The fill factor (FF ): The parameter is the ratio of the maximum power and the product of

Isc and Voc, so FF =
Impp·Vmpp

Isc·Voc
. This value is ideally as close to 1 as possible.

1.1.4 The five-parameter model

To model the electrical behaviour of a solar cell, the five-parameter model can be used [14, 17–19].
This model consists of four components and 5 unknown parameters, as shown in Figure 1.4. The
model consists of a current source with current Iph, a diode with saturation current I0 and ideality
factor n, and two resistors Rs and Rp.

Figure 1.4: The five-parameter model, which can be used to model the electrical behaviour of a
solar cell. It consists of a current source, a diode, and two resistors.

The five unknown parameters of the model are:

• The photo generated current (Iph): This parameter is the value of the current source and
expresses the amount of generated electron-hole pairs in a solar cell.

• The saturation current (I0): This parameter is a characteristic of the diode, and it accounts
for the recombination losses in the solar cell [20].

• The ideality factor (n): This parameter is also a characteristic of the diode, and it indicates
which recombination mechanism is the most dominant [21].

• The series resistance (Rs): This parameter represents the ohmic losses in the bulk and the
contacts of a solar cell [22]. The value of Rs would be 0 for an ideal solar cell.

• The shunt resistance (Rsh): This parameter represents the ohmic losses, caused by leakage
currents [23]. The value of Rsh would be ∞ for an ideal solar cell.

By applying the laws of circuit theory, the output current can be expressed with Equation (1.2)

I = Iph − I0 ·
(
e(

V +I·R
n·Vt

) − 1
)
− V + I ·Rs

Rsh
(1.2)

Equation (1.2) is an implicit expression and cannot be solved analytically without using the
Lambert W function [24]. This is explained in Section 2.1.
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1.2. TANDEM TECHNOLOGY CHAPTER 1. MOTIVATION/ BACKGROUND

1.2 Tandem technology

A tandem solar cell is one of the technologies, which aims to overcome the Shockley-Quiesser
limit [15]. In this technology, two solar cells of different material are combined to increase the
efficiency.

1.2.1 The principle of tandem solar cells

As explained in Section 1.1, the efficiency of a solar cell is mostly limited due to thermalization losses
and below bandgap losses. These losses can be reduced by using the so-called tandem technology [25].
In a tandem solar cell, two different materials with a different bandgap energy are placed on top
of each other, such that each layer can absorb a different spectrum of light. The material with the
highest bandgap is placed on top to absorb the photons with a high energy. The lower bandgap
material is placed on the bottom to absorb photons with a lower energy, which cannot be absorbed
by the top layer.

The efficiency of a tandem solar cell is higher compared to a normal solar cell, because high
energy photons can transfer more of their energy into electricity. This is shown in Figure 1.5, where
the usable energy in the wavelength spectrum is compared for the solar cell and the tandem solar
cell.

0 500 1000 1500 2000 2500 3000 3500 4000

Wavelenth [nm]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

S
p
e
c
tr

a
l 
Ir

ra
d
ia

n
c
e
 [
W

 m
-2

 n
m

-1
]

Usable energy for normal solar cell

0 500 1000 1500 2000 2500 3000 3500 4000

Wavelenth [nm]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

S
p
e
c
tr

a
l 
Ir

ra
d
ia

n
c
e
 [
W

 m
-2

 n
m

-1
]

Usable energy for tandem solar cell

Bottom cell

Top cell

Figure 1.5: The usable energy for a normal solar cell and for a tandem solar cell. Because of the
multiple bandgap energies, more energy is usable. In this figure a bandgap energy of 1.12 eV is

used for the bottom layer and a bandgap energy of 1.68 eV is used for the top layer.

1.2.2 Different structures

There are multiple methods to connect a tandem solar cell. The solar cell can be connected in a
two terminal (2T), three terminal (3T), or in a four terminal (4T) configuration [26–29]. All the
different configurations are shown in Figure 1.6.

In the 2T configuration, the current flowing through the solar cells must be the same for both
layers. Therefore, the currents between the top layer and the bottom layer needs to be matched. This
can be done by varying the thickness of the top layer [27]. The absorption of the top layer depends
on its thickness. Since the photons that are not absorbed by the top layer will be transmitted to
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1.2. TANDEM TECHNOLOGY CHAPTER 1. MOTIVATION/ BACKGROUND

Top cell

2T

(A)

Bottom cell

Intermediate layer

Top cell

3T

(B)

Bottom cell

Intermediate layer

Top cell

4T

(C)

Bottom cell

Intermediate layer

Figure 1.6: The different configurations for a tandem solar cell. In (A) the 2T configuration is
shown, in (B) the 3T configuration is shown, and in (C) the 4T configuration is shown.

the bottom layer, the current density of the bottom layer will be affected by the thickness of the top
layer. Other methods that can be used for current matching are [27]:

• Texturing can be added in the intermediate layer to create scattering in the bottom cell. Due
to light scattering, more light will be absorbed in the bottom cell, thus creating a higher
current.

• The bandgap energy in one of the two layers can be changed. The bandgap energy of a material
affects the absorption of the solar cell, which therefore also affects the current.

Another challenge in the 2T configuration is to reduce the recombination losses at the interme-
diate layer [28]. Furthermore, the intermediate layer should also have a low electrical resistance and
should not absorb light in the near infra-red region.

3T tandem cells are relatively new and are designed to use the advantages of both 2T and 3T
tandem cells [30]. A third contact can be placed at the intermediate layer or at the back (more
deeply discussed in Section 3.1), such that the top and bottom cells can operate independently.
Therefore, current matching is not needed.

In the 4T configuration, the current of the two solar cells do not have to be matched. However,
the production costs of both the 4T configurations are high compared to the 2T configuration [28, 29].
Therefore, these configurations are not suitable for large scale production, and will therefore not be
considered in this project.

1.2.3 Perovskite/ silicon tandem solar cells

A combination of perovskite and silicon has become a promising structure for tandem solar cells [28,
31–35]. Several advantages of perovskite are that it is low cost, the bandgap can be varied, the
fabrication process is not difficult, and it has a high absorption coefficient. Also, perovskite as a
single junction solar cell has measured an efficiency of more than 25% [36] and the efficiency limit
for a single junction perovskite solar cell is predicted at 30.88% [37].

Perovskite has a specific crystal structure in the form of ABX3 [32, 35]. In this structure, A
is a larger cation (meaning that it is positively charged), B is a smaller cation, and X is an anion
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(meaning that it is negatively charged). In PV applications, organic-inorganic perovskites are used,
which means that A is an organic material, B is normally lead or tin, and X is a halogen [11].

There are still some challenges regarding perovskite [38]. To tune the optical properties, the
structure of perovskite has to be modified, which affects the long-term stability of the solar cell.
Also, perovskites with certain cations have been shown to degrade under exposure of moisture and
heat.

Silicon is the most used materials for PV technology [39]. One important reason for this is that
the bandgap of silicon at room temperature is 1.12 eV [13], which is close to the optimal bandgap
for the SQ limit. Another reason is the fact that silicon is one of the most abundant materials on
earth [40], which means that silicon is suitable for large scale production.

In a perovskite/silicon tandem solar cell, perovskite is used as top cell and silicon is used as
bottom solar cell. A tandem solar cell with this combination has already led to cell efficiencies over
30% [36]

1.3 The PVMD Toolbox

This project will be implemented into the PVMD Toolbox [41]. This toolbox is created at the TU
Delft in the Photovoltaic Materials and Devices (PVMD) research group to simulate the energy yield
of a PV system. The simulation process is divided into different models, which are the absorption
model, the ray tracing module, the semiconductor model, the irradiance model, the thermal model,
the electrical model, and the inverter model [41]. An overview of all different models and the
interaction between the models is given in Figure 1.7. A detailed explanation of each of these
models is given in Section 2.1.

Absorption model
GenPro4

Ray tracing model
Lux

Irradiance model
SMARTS & Perez model

Semiconductor model
ASA

Electrical model
CLEM

Thermal model
Fluid Dynamic model

Inverter model

Generation 
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Figure 1.7: An overview of the different models in the toolbox. Also, the software used for different
models is represented.
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1.4 Loss analysis

For every PV system, there is a difference in the generated electrical energy and the received in-plane
irradiance. A loss analysis provides an overview which factors cause these differences. In this project,
17 different losses are considered, which are divided over four categories. This section introduces
the four categories. A detailed explanation for each individual loss can be found in Chapter 2.

1.4.1 Fundamental losses

The first losses that will be considered are the fundamental losses. These losses are called ’fun-
damental’, because they cannot be prevented or reduced without fundamentally changing the PV
system or the operating conditions. These losses will always happen when electricity is generated
at a solar cell, since it is part of the working principle of photovoltaic technology. The fundamental
losses are the losses used for calculating the upper limit of the efficiency, such as the SQ limit [15]
or the upper limit of a tandem cell calculated by De Vos [25].

1.4.2 Optical losses

The second category are the optical losses. This category includes all losses that occur due to the
working principle of light absorption. In total four optical losses are included, from which two are
caused by non-active area. This is area that cannot be used for the generation of electricity. The
other two losses of this category are losses occurring due to the behaviour of light, such as reflection
and parasitic absorption.

1.4.3 Electrical losses

After photons have generated an electron-hole pair, the electrons and holes need to be collected such
that an electrical current can flow. During this process, two different losses are present that reduce
the efficiency of the solar cell, which are recombination losses and Ohmic losses. The losses of this
category can be calculated by using the five-parameter-model, which is discussed in Section 1.1.

1.4.4 Module/ system losses

The last category are the module/ system losses. This are all losses that occur at module or system
level. These losses can be grouped as DC system losses and AC system losses. The DC system losses
arise because different cells are connected together, which introduces non-idealities. The AC system
losses happen during the conversion from DC to AC, and the transportation of current through the
cables.

1.4.5 Difference real-world operating conditions and STC

When solar cells are installed at operating conditions, its performance is in general different than
at STC [7]. The two main factors which cause this difference are a difference in temperature and
a difference in irradiation. Both of these factors can be seen as indirect losses, because they affect
other losses.
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The temperature

If the solar cell operates at a different temperature than the STC temperature, the characteristics
of the IV curve will change [42–44]. An increase in temperature typically results in a decrease in
efficiency.

The irradiance

At STC, the irradiance is defined at 1000 W/m2. However, the irradiance is in general different
when operating at outdoors conditions. Therefore, there will be a difference in performance and
energy losses. One aspect that influences the level of irradiance is the angle of incidence [45], which
is the angle between the module and the position of the sun.

1.5 Knowledge gap and thesis objective

As any other scientific report, this project aims at increasing the scientific knowledge and overcoming
certain knowledge gaps. This section discusses the knowledge gaps this project wants to overcome
and the objectives of this thesis.

1.5.1 Knowledge gap

The first knowledge gap this project aims to overcome is to extend the PVMD Toolbox. As described
in [41], the PVMD Toolbox is developed at the TU Delft to model the energy yield of PV systems.
However, this toolbox does not include a loss analysis model. This project will implement a loss
analysis model to the toolbox, such that the loss distribution for different solar cells can be quantified.

As discussed in Section 1.2 the combination of perovskite and silicon in a tandem solar cell
is promising. Because tandem cells of silicon and perovskite are relatively new, the potential of
this technology is not fully known yet. There is some literature on the loss analysis of a single
junction solar [4, 6, 14, 46–49] and there is literature on an optical analysis of a perovskite/silicon
tandem solar cell [27, 33]. However, no literature has been found for a complete loss analysis for
a perovskite/silicon tandem solar cell. This thesis can give insight into which factors affect the
efficiency of a solar cell and what the most important losses are.

Also, since the combination of perovskite and silicon is not fully developed yet, no large-scale
area PV module with perovskite/silicone technology has been designed [50]. Simulations of the
energy yield of a PV system with perovskite/silicon solar cells under operating conditions are already
done[26, 31, 51], but a loss analysis can help to understand the differences between STC and operating
conditions for this technology.

Finally, the developed model can be used to analyse optimisations or improvements that can
reduce the reduce the losses. By analysing and comparing the loss distributions, it can be seen how
a certain improvement increases the efficiency and the effect can be quantified. Since no literature
has been found for a complete loss analysis on the perovskite/silicon solar cell, there is also no
literature found on reducing these different losses. This thesis can give an understanding how
different improvements can help to increase the energy yield.
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1.5.2 Thesis objective

This project is a continuation of previous work done on the PVMD Toolbox by students from the
TU Delft [51, 52]. The main goal of this thesis is:

Use the energy loss distribution model to analyse improvements for
perovskite/silicon tandem systems under realistic operating conditions.

To achieve this goal, the following sub-goals are defined:

Sub-goal 1: Development and implementation of a loss analysis model

The current version of the PVMD Toolbox provides an energy yield for a PV system at a certain
location. The next step for the Toolbox is to have a quantification of the different losses in a PV
system. The different losses discussed in Section 1.4 can each be calculated with methods described
in literature. All these calculations combined provide an overview and quantification of the different
losses that are present.

Sub-goal 2: Loss analysis of a perovskite/silicon tandem module at STC

As described in the beginning of this section, no literature has been found on a complete loss analysis
for a perovskite/silicon tandem module. To compare the loss distribution with different solar cells,
the loss distribution needs to be calculated at standard test conditions. This thesis aims to provide
an overview of the different losses that are present and quantifies these losses at STC.

Sub-goal 3: Loss analysis of a perovskite/silicon tandem module at real-world operating
conditions

As stated before, the performance of a PV system can change when operating outdoors. Therefore,
it is also essential to look at the loss analysis of a solar cell at normal operating conditions. This
thesis also aims at quantifying the different losses at operating conditions and comparing different
locations with each other.

Sub-goal 4: Simulation of optimisations and improvements to reduce energy losses

The last objective of this thesis is to simulate possible optimisations and improvements. The loss
analysis can be used as an indication where improvements can be the most beneficial. These different
improvements can be simulated to see the effect and it can be used to optimise the design of the
solar cell.

1.6 Thesis outline

This report consists in total of six chapters. Chapter 2 to 5 each cover a different sub-goal. Chapter
2 discusses the implementation of the different losses, which are discussed in Section 1.4. This is
the first sub-goal discussed before. In Chapter 3, the loss distributions of different PV modules are
analysed under STC, which covers sub-goal 2. Chapter 4 analyses the energy loss of different solar
cell under realistic conditions, which is sub-goal 3. In Chapter 5, sub-goal 4 is covered. This chapter
will show improvements that can increase the efficiency. Chapter 6 will present the conclusion of
this project and will discuss recommendations for future study.
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2. Development of a comprehensive loss analysis for
the PVMD Toolbox

As discussed in Chapter 1, this project is an extension of the PVMD Toolbox. Before the results of
the loss analysis can be studied, the implementation needs to be discussed, as this determines how
the losses are defined. In this chapter the first sub-goal mentioned in Section 1.5 is covered.

This chapter first discusses the current state of the PVMD Toolbox. This is done to provide a
clear overview of what this project adds to the Toolbox. Then, the implementation of the loss analysis
is described, which is the part that is added to the Toolbox. First, the order of the calculation and
the motivation for this order is discussed. After this, the implementations of the four categories, as
discussed in Section 1.4, are discussed separately. Finally, a mathematical and physical validation
of the implementation is given in which the results are compared to fundamental limits of literature.

2.1 The current version of the PVMD Toolbox

The PVMD Toolbox is briefly introduced in Chapter 1.3. It consists of several models that each
simulate a different aspect of a PV system. An overview of these models is shown in Figure 1.7. For
each of the models, a short explanation of its working principle is given.

2.1.1 The absorption model

The first model calculates the optical properties of the PV module. These properties are simulated
using the GenPro4 software [53]. This software calculates the total reflectance, transmittance, and
the absorptance in each layer, based on the thickness (d) and refractive index (n(λ) + i · k(λ)) of
each layer. This is done by using the net radiation method [54]. In this method, four different fluxes
are defined for every layer, where each flux represents a photon path. All these fluxes can be solved
with a set of linear equations, which allows GenPro4 to calculate the different outputs. Furthermore,
GenPro4 is able to simulate flat interfaces as well as textured interfaces.

2.1.2 The ray tracing model

To simulate the mounting conditions of a solar cell, a sensitivity map is generated for all solid angles.
This is calculated by using the software LUX [41], which has implemented a forward Monte-Carlo
ray tracing method. This allows for shading and albedo effects. The sensitivity of a certain angle is
defined as number of absorbed rays by the solar cell divided by the incoming rays [55].

2.1.3 The semiconductor model

To simulate the IV curve of the solar cell, the simulator Advanced Semiconductor Analysis (ASA)
is used [56]. This simulator solves the Poisson equation and two continuity equations for electrons
and holes in one dimension under different conditions. The input of the software are properties of
each layer, which are the free electron concentration, the hole concentration, electrostatic potential,
and the depth resolved generation profile.

The toolbox uses ASA to calculate the IV curves of a cell at different temperatures and different
irradiances. This is done by using the five-parameter model, as discussed in Section 1.1. This
creates a calibrated lumped element method (CLEM) with temperature and irradiance dependent
parameters.
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2.1.4 The irradiance model

The toolbox uses a model to simulate the irradiance from each solid angle at each moment of time.
This model is based on the Perez model [57], which models the distribution pattern of the sky
luminance. After this, the model uses SMARTS [58] to obtain the spectral composition of the
irradiance or the photon flux. Combined with the sensitivity calculation of the optical model, the
absorbed irradiance and the photo generated current in the solar cell can be calculated.

2.1.5 Thermal model

Since the performance of the solar cell dependents on its temperature, it is important to model the
temperature accurately. The PVMD toolbox does this by using the fluid-dynamic model [11, 59].
An advantage of this model is that it only uses non-empirical parameters [41], which makes the
Toolbox also useful for solar cells that are not tested yet. This model considers the following heat
flows:

• Heat absorbed from the sun.

• Convective heat exchange.

• Radiative heat exchange between the module and the sky.

• Radiative heat exchange between the module and the ground.

These heat flows can be combined into a heat transfer balance [11]. If some assumptions are
made a single equation for the module temperature can be made, written as

TM =
αG+ hcTa + hr,sky · Tsky + hr,grTgr

hc + hr,sky + hr,gr
, (2.1)

where TM , Ta, Tsky and Tgr are the temperatures of the module, the ambient, the sky, and the
ground respectively. αG represents the absorbed heat, and hc is the convective heat coefficient.
Furthermore, hr,sky, and hr,gr are the radiative coefficients of the sky and ground respectively.

Because the values for hr,sky and hr,sky depend on Tm, this equation has to be repeated iteratively
until the value for TM becomes stable.

2.1.6 Electrical model

To calculate the generated power, the electrical model is used. This model takes as input the photo
generated current [A], the cell temperature, and the parameters of the five-parameter model. The
IV curve is calculated by using the Lambert W function [24, 60, 61]. The Lambert W function is a
solution to the equation

x · ex = z, (2.2)

such that x = W (z). The Lambert W function can be used to have an explicit solution for the
current of the solar cell in terms of the voltage. This expression can be written as [24]

I(V ) =
Rsh · (Iph + Io)

Rsh +Rs
− V

Rsh +Rs
−n · Vth

Rs
·W

(
Rsh · I0 ·Rs

(Rsh +Rs)n · Vth
· e

Rsh·(Rs·Iph+Rs·I0−V )
(Rsh+Rs)n·Vth

)
. (2.3)
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To reduce the number of calculations, the operating conditions are discretized into temperature
steps of 0.3 K and Iph steps of 0.01 A/m2. This discretization can reduce the number of calculated
IV curves [41]. If certain operating conditions appear at multiple moments in time, they are only
simulated once for all moments.

2.1.7 Inverter model

The last model that is discussed in this section is the inverter model, which simulates the conversion
from DC power to AC power. The inputs of this model are the number of PV modules in series
and parallel, the DC and AC cables, and the inverter properties. The PVMD Toolbox can simulate
central inverters, string inverters, micro inverters, and power optimizers. To simulate the three
different inverters, the SNL model is used [18, 62], and for the power optimizer a model from the
TU Delft is used [41].

2.2 Order of calculation

Before the actual calculations of the different loss components can be done, it is important to
determine the order in which the losses are calculated. The reason for this, is because the order
affects the equations that need to be used.

This also means that multiple power distributions over the different losses are possible. As
an example, it can be argued that reflection losses should be calculated before the thermalization
losses, because the reflected photons are not absorbed and will therefore not lose energy due to
thermalization. Changing the order of thermalization losses and reflection losses, would therefore
change the loss distribution.

The order that is used for this project is shown below and shown in Figure 2.1. All the considered
losses and the categories are described in Section 1.4. First, the fundamental losses are calculated,
followed by the optical, electrical and system losses.

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

Figure 2.1: The order in which the different losses are calculated.

The main reason for calculating the fundamental losses first, is because these losses are, as
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the name states, fundamental [63, 64]. This means that these losses cannot be prevented without
fundamentally changing the solar cell. Therefore, calculating these losses first indicates how much
energy is fundamentally lost and gives a clear upper limit for the design of the solar cell.

Another reason for this order, is that the results can give more useful information. As explained
in Chapter 1, a loss analysis can be used to improve the design of a solar cell, based on the loss
distribution. By calculating the fundamental losses first, a better estimate can be made of how
much energy can be gained by improving a certain aspect of the solar cell. As the fundamental
losses are taken out of the other losses, this does not have to be taken into account when estimating
a certain gain. This makes the loss analysis more useful because it can more easily be seen which
improvements can have the largest gain.

The motivation for the remaining order of the optical losses, electrical losses, and system losses is
that it can be seen as the order of which the energy is transferred into AC electricity. First, photons
need to be absorbed by the solar cell, which introduces optical losses. After this, photons need to
be transferred into electricity. In this process, electrical losses occur. Finally, the created electricity
at cell level is transferred to AC electricity at module level, in which the system losses occur.

The order of the losses within a category are chosen in the order of which they occur. Whenever
there is not a clear order of occurring, either the losses are not dependent on each other, or the most
logical order is chosen. A complete list of all losses is shown below.

1. Fundamental losses (Pfund)

(a) Thermalization losses (Pterm)

(b) Losses due to below bandgap non absorption (Pbelow)

(c) Emission losses (Pemission)

(d) Carnot limit losses (PCarnot)

(e) Angle mismatch losses (Pangle)

2. Optical losses (Poptical)

(a) Losses due to cell spacing (Pcell−spacing)

(b) Losses due to metallization (Pmetallization)

(c) Reflection and transmission losses (Pref,trans)

(d) Parasitic absorption losses (Pabs,par)

3. Electrical losses (Pelectrical)

(a) Ohmic losses due to series resistance (Pseries)

(b) Ohmic losses due to shunt resistance (Pshunt)

(c) Voltage losses due to non-radiative recombination (PNRRV )

(d) Current losses due to non-radiative recombination (PNRRI)

4. System losses (Psystem)

(a) Losses due to cell interconnection (Pintercon)

(b) Mismatch losses (Pmismatch)

(c) Cable losses (Pcable)

(d) Inverter losses (Pinverter)
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The losses are defined such that the input power is equal to the sum of the different categories
and the AC output power PAC , which can be written as

Pin = Pfund + Poptical + Pelectrical + Psystem + PAC . (2.4)

2.3 Fundamental losses

Fundamental losses are losses that cannot be prevented or reduced without fundamentally changing
the solar cell or its operating conditions. In this project, five fundamental losses are considered. The
implementation for each of these losses will be discussed separately. The equations are defined such
that they are not dependent on non-ideal parameters of a solar module, such as the EQE or Vmpp.
However, by neglecting these non-ideal parameters, some of fundamental losses are overestimated
and some are underestimated. To compensate for this, a certain non-ideality effect is defined at the
end of this section. The total fundamental losses (Pfund) can be written as

Pfund = Pterm + Pbelow + Pemission + PCarnot + Pangle + Pnon−ideal. (2.5)

2.3.1 Thermalization losses

As discussed in Section 1.1, photons with a higher energy than the bandgap energy can generate an
electron-hole pair. However, if photons have more energy, the difference between the photon energy
and the bandgap energy will be lost as thermal heat [14]. This is referred to as thermalization. To
calculate the total thermalization losses, this energy difference should be calculated for all photons
with a wavelength smaller than the wavelength corresponding to the bandgap energy (λg). The
thermalization losses can be calculated as

Pterm = Amod

∫ λg

0

ϕin(λ)

(
h · c
λ

− Eg

)
dλ, (2.6)

where Amod is the area of the PV module, ϕin(λ) is the photon flux for a given wavelength λ, h
and c are the plank constant and the speed of light respectively, and Eg is the bandgap energy of
the solar cell. λg can be calculated with

λg =
h · c
Eg

. (2.7)

Temperature dependence of the bandgap energy

The bandgap energy of a solar cell generally depends on the temperature [65, 66]. This effect can
be modelled by expressing the bandgap energy as a function of temperature. However, because the
temperature dependence is not known for every material that is used, it is assumed that the bandgap
remains constant for different temperatures.

2.3.2 Below bandgap losses

If photons have a lower energy than the bandgap energy, they are not able to generate an electron-
hole pair. The energy of these photons will be lost as heat or as non-absorption [14]. This is
called the below bandgap losses and it can be calculated by integrating over the incoming spectral
irradiance (Iin) for all wavelengths larger than λg, which is written as
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Pbelow = Amod

∫ ∞

λg

Iin(λ)dλ, (2.8)

where Amod is the area of the module and Iin(λ) is the spectral irradiance for a given wavelength
λ. λg is calculated in the same way as for the thermalization losses.

2.3.3 Emission losses

Because a solar cell does also emit black body radiation, some of the incoming power is lost due to
radiative recombination. This radiation can be modelled with the generalised Plank equation [14,
63, 67]:

ϕE (E, T, µ,Ω) =
2 · Ω
c2 · h3

· E2

e
E−µ

kṪ − 1
(2.9)

In this equation ϕE is the number of emitted photons per energy, E is the energy of the emitted
photons, T is the temperature of the object, µ is the chemical potential of the solar cell, and Ω is the
solid angle of emission. Equation (2.9) is written as a function of energy, but it can also be written
as a function of wavelength (ϕλ), as shown in Equation (2.10). This is done, such that it can be
used in combination with the flux density per wavelength of the incoming spectrum (ϕin).

ϕλ (λ, T, µ,Ω) =
2 · Ω · c

λ4
· 1

e
E−µ

kṪ − 1
(2.10)

The total emission losses can be calculated by integrating over the wavelengths smaller than
λg. Since a solar cell radiates photons with an energy equal to the bandgap energy, the number of
emitted photons has to be multiplied with the Eg, written as

Pemission = Amod

∫ λg

0

Eg · ϕλ (λ, Tcell, q · Vopt,Ωemit) dλ, (2.11)

where Tcell is the cell temperature, Ωemit is the solid-state angle of emission, and Vopt is the optimal
voltage, shown in Equation (2.13). The optimal voltage is more deeply discussed in the rest of this
section.

2.3.4 Carnot and angle mismatch losses

The energy of an electron leaving the solar cell is typically lower than the bandgap energy. As shown
in Equation (2.10), the emission losses depend on the cell voltage. This limits the cell voltage, as
a too large voltage leads to much emission. The fundamental voltage limit can be derived by only
considered radiative recombination, which can be modelled with the generalised plank equation
(Equation (2.9)). The total absorbed power density (P ) is calculated by multiplying the absorbed
current with the optimal voltage, written as

P = q · Vopt

(∫ ∞

Eg

ϕin (E) dE −
∫ ∞

Eg

ϕE (E, Tcell, q · Vopt,Ωemit) dE

)
, (2.12)

where Vopt is the optimal voltage that maximises the absorbed power density. This voltage can be
seen as the maximum power point voltage of an ideal solar cell. When black body (BB) irradiation
is considered as input irradiation, an analytic equation for the optimal voltage can be derived, as
shown in Equation (2.13). The derivation of this equation is shown in Appendix A.1.
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Vopt =
Eg

q
− Eg

q

Tcell

Tsun
− k · Tcell

q
ln

(
Ωemit

Ωabs

)
(2.13)

The difference between the output voltage and the bandgap energy consists of two terms, namely
Eg

q
Tcell

Tsun
and k·Tcell

q ln
(

Ωemit

Ωabs

)
. These voltage differences are called the Carnot voltage (VCarnot) and

the angle mismatch voltage (Vangle) respectively. A description of Ωemit and Ωabs is given later in
this section.

It should be noted that the value of the optimal voltage depends on the incoming irradiance
spectrum. Only at black body irradiance, the optimal voltage has an analytic equation, whereas for
other irradiances it has to be calculated numerically. To account for this, a scaling factor has been
defined as a correction for the Carnot voltage and the angle mismatch voltage. This factor is the
ratio of the difference between the bandgap energy and the optimal voltage at the given irradiance,
and the difference between the bandgap energy and the optimal voltage at black body irradiance.

This leads to new equations for the Carnot voltage and the angle mismatch voltage, which are

VCarnot =
Eg

q

Tcell

Tsun
·

Eg

q − Vopt

Eg

q − Vopt,BB

, (2.14)

VCarnot =
k · Tcell

q
ln

(
Ωemit

Ωabs

)
·

Eg

q − Vopt

Eg

q − Vopt,BB

. (2.15)

Carnot losses

Carnot losses occurs because the efficiency is limited when operating at two different tempera-
tures [63, 68]. For solar cells, the different temperatures are the temperature of the sun and
the operating temperature of the solar cell. The Carnot losses can be calculated by multiplying
VCarnot with the maximum output current Imax. Therefore, the Carnot losses can be calculated
with the [14, 63, 64, 69]

PCarnot = VCarnot · Imax. (2.16)

Imax can be calculated by taking the difference of the number of incoming photons per wave-
length (ϕin) and the number of emitted photons per wavelength and integrating over corresponding
wavelength range, written as

Imax = Amod · q
∫ λg

0

ϕin(λ)− ϕλ (λ, Tcell, q · Vopt,Ωemit) dλ. (2.17)

Angle mismatch losses

The second term of the voltage difference is caused by a difference in solid angle between the
absorption and emission of the solar cell. The power loss due to the angle mismatch can be calculated
by multiplying Vangle with Imax [14, 63, 64]:

Pangle = Vangle · Imax (2.18)

In this equation, Ωemit is the solid angle in which the solar cell emits its radiation. For mono-
facial solar cells, this is half of the unit sphere (2π sr) and for bifacial solar cell, this angle is a full
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unit sphere (4π sr) [70–72]. Ωabs is the solid angle in which the solar cell absorbs the photons, which
is the solid angle of the sun on the earth. Ωabs can calculated to be around 6.8 · 10−5 sr [73].

It can be argued that this angle only applies for direct irradiance, since diffuse or albedo radiation
can come from larger angles. However, Ωabs should be considered as a parameter for the amount of
irradiance instead of the angle of incidence. Even though the diffuse and albedo radiation can come
from different angles, this radiation is still coming from the sun. Therefore Ωabs is equal for all the
different types of irradiances.

2.3.5 Overestimation due to non-idealities effect

Considering an ideal solar cell leads to overestimating some losses. To compensate for this, two
non-idealities effects are defined. These effects are added to have one power component accounting
for the overestimation, which will be named Pnon−ideal. The equation is shown in Equation (2.19),
where Pnon−ideal,1 and Pnon−ideal,2 are the results of the two different effects. These two components
are discussed separately in the rest of this section.

Pnon−ideal = Pnon−ideal,1 + Pnon−ideal,2 (2.19)

Overestimation of emission losses

The emission losses are calculated with Vopt. However, due to non-idealities the maximum power
point voltage is typically lower than the optimal voltage. Therefore, the number of emitted photons
will be lower since the cell voltage in Equation (2.11) should actually be lower. The overestimation
due to this is the difference between actual emitted photons and calculated emitted photons. This
difference has to be multiplied with Ephoton to obtain the non-ideality effect as

Pnon−ideal,1 = Amod · Ephoton

∫ λg

0

ϕλ (λ, Tcell, q · Vmpp,Ωemit)− ϕλ (λ, Tcell, q · Vopt,Ωemit) dλ,

(2.20)
where Ephoton = Eg − q · VCarnot − q · Vangle, which can be seen as the energy of the photon that
can be absorbed. It should be noted that the difference will be negative, since the optimal voltage
is higher, indicating that this is a gain due to non-ideality.

Absorption below bandgap

In theory a solar cell cannot absorb photons with an energy lower than the bandgap energy, since the
theory assumes a zero absorption for wavelengths higher than λg. However, the EQE is typically
nonzero for wavelengths larger than λg, which is described by Urbach’s rule [74, 75]. This means
that these photons can still be absorbed. The second non-ideality effect is calculated as

Pnon−ideal,2 = −Amod · Ephoton

∫ ∞

λg

(ϕin(λ)− ϕλ (λ, Tcell, q · Vmpp,Ωemit)) · EQE(λ)dλ. (2.21)

A minus sign is added in front of the equation, as it can be seen as power taken from the below
bandgap losses. Therefore, it is considered as a gain, meaning the loss component should be negative.
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Underestimation of thermalization losses

For the non-ideality effect of tandem modules another component is considered. For a non-ideal
solar cell, it is possible for a high energy photon to be absorbed by the bottom cell instead of the
top cell. This leads to an underestimation of the thermalization losses, which should be included in
the non-ideality effect. However, this does not happen in a single-junction module, as there is only
one absorber. The mathematical expression for this is discussed in Appendix A.2.

2.4 Optical losses

After the fundamental losses have been calculated, the optical losses can be quantified. As discussed
in Section 1.4, the optical losses are all losses that prevents photons from being absorbed into the
absorber material. As shown in the list of Section 2.2, there are four optical losses. The total optical
losses (Poptical) can be written as

Poptical = Pcell−spacing + Pmetallization + Pref,trans + Ppar−abs. (2.22)

2.4.1 Losses due to cell spacing

Solar cells are typically in the shape of a pseudo square [76], which means they do not fully cover
the area of a PV module. Also, the modules can have some empty space on the edges, which is not
covered with solar cells. Although, it is still possible for these photons to be reflected onto the solar
cell [76, 77], this is not considered as it is not compliant with the current version of the toolbox.
The cell spacing losses can be calculated by multiplying the fraction of area that is not covered with
solar cells with the difference between the total incoming power and the fundamental losses, such
that losses are not counted double. Therefore, the losses due to cell spacing are written as

Pcell−spacing = (Pin − Pfund) ·
(
1− Ncells ·Acell

Amod

)
, (2.23)

where Ncells is the number of cells, Acell is the area of a single cell, Amod is the area of the PV
module, and Pfund is the sum of the fundamental losses as shown in Equation (2.5)

2.4.2 Shading losses due to metallization

To transport the electrons and holes away from the solar cell, metallic contacts are normally added
to the front and back of the solar cell. Because these contacts occupy some area, they will also
create some non-active area. It needs to be realised that the incoming photons might be reflected
by the metal wires such that the photons still reach the active area. If the photons are reflected
into an angle that is larger the critical angle of the corresponding interface, all the photons will be
reflected [78]. This phenomenon is called total reflection and allows almost all reflected photons to
be absorbed by the solar cell [79].

However, to make the implementation compliant with the current version of the Toolbox, a
fraction of the solar cell is considered to be shaded. This is defined as the shading factor (SF ). The
shading factor causes an additional non-active area, which prevents photons from being absorbed.
The losses due to metallization can be calculated with

Pmetallization = (Pin − Pfund) ·
Ncells ·Acell

Amod
· SF. (2.24)
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2.4.3 Reflection and transmission losses

When a photon hits the active area of the PV module, it still might not be absorbed due to reflection
or transmission. Because air and the solar cells typically have a different refractive index, there will
be reflection as described by the Fresnel equations [78]. There will also be a part of the light, which
is not absorbed at all and transmits through the solar cell, which is described by Lambert-Beer’s
law [11].

However, the absorption model of the toolbox can be used to calculate the reflection and transmis-
sion losses. As described in Section 1.3, the absorption, reflectance, and transmission are calculated
in this model for different angles. An example of a typical result from the optical model is shown in
Figure 2.2.
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(a) The results of the optical model for a single
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400 600 800 1000 1200

Wavelength [nm]

0

0.2

0.4

0.6

0.8

1

A
b

s
o

rp
ti
o

n
 [

-]

Absorption for double junction

Top absorber

Bottom absorber

Parasitic absorption

Reflection/Transmission

(b) The results of the optical model for a double
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Figure 2.2: An example of the output of the optical simulation of two solar cells. For each
wavelength, the reflection, parasitic absorption and absorption in the absorber layer is shown.

These results can be used to calculate the reflection and transmission losses by multiplying
the photon flux at each wavelength with the reflectivity/ transmissivity. For each photon, the
fundamental losses should not be included, which means that each photon loses an energy of Ephoton

(as defined in Section 2.3). The total reflection and transmission losses can be calculated as

Pref,trans = Aeff

∫ λg

0

(ϕin(λ)− ϕλ,emission(λ)) · (R(λ) + T (λ)) · Ephotondλ, (2.25)

where Aeff is the effective area (Aeff = Ncells · Acell · (1 − SF )), and R(λ) and T (λ) are the
reflectivity and transmissivity at each wavelength respectively.

It should be noted that transmission typically only occurs for bifacial solar cells. Mono-facial
solar cells normally have a metal reflector at the back to prevent transmission.

2.4.4 Parasitic absorption

Solar cells typically have other layers that do not generate electron-hole pairs, which can absorb
photons [76]. This is called parasitic absorption. The results shown in Figure 2.2 can be used to
calculate this loss. For each wavelength, the photon flux should be multiplied with the parasitic
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absorptivity (αpar = (1−R(λ)− T (λ)− α(λ)), where α(λ) is the absorptivity of the solar cell).
Similar to the reflection/transmission losses, this should be multiplied with the energy Ephoton. The
equation for the losses due to parasitic absorption can be written as

Ppar−abs = Aeff

∫ λg

0

(ϕin(λ)− ϕλ,emission(λ)) · αpar(λ) · Ephotondλ. (2.26)

2.5 Electrical losses

After photons have been absorbed by solar cell, there are also losses when photons transfer their
energy into electricity. As discussed in Section 1.4, the electrical losses can be divided into ohmic
losses and recombination losses. These losses are calculated on cell level, so the total losses are the
sum of the individual cells. Therefore, the total electrical losses (Pelectrical) can be written with the
following equation:

Pelectrical =

Ncells∑
i=1

(Pseries,i + Pshunt,i + PNRRI,i + PNRRV,i) (2.27)

It should be noted that the electrical losses are calculated as if all cells are operating at their
maximum power point. In the equations in this section, the values of Impp and Vmpp are derived
from the IV curve of the individual cells. The difference between the output power at the maximum
power point and actual operating power point is included in the system losses.

For tandem cells, the electrical losses are calculated for top and bottom cell separately. The
values of Impp and Vmpp are derived from the individual IV curves.

2.5.1 Ohmic losses

The materials in a solar cell have a resistivity, which creates ohmic losses. These ohmic losses can be
divided into two types. The first type comes from the resistance in the bulk and contacts, which is
represented with the series resistance in the five-parameter model [22]. The second type comes from
a leakage current since the solar cell has a conductance. This type is represented with the shunt
resistance in the five-parameter model [23].

Series resistance losses

The losses due to the series resistance can be calculated by multiplying the current through the
resistor, which is Impp, with the voltage drop over the resistor Vseries. The voltage drop is calculated
with Ohm’s law. The series resistance losses can be calculated as

Pseries = I2mpp ·Rs. (2.28)

Shunt resistance losses

The voltage over the shunt resistor is equal to Vmpp + Impp ·Rs. The current through the resistor is
this voltage divided by Rsh, which will later be referred to as Ishunt. Therefore, the shunt resistance
losses can be calculated with

Pshunt =
(Vmpp + Impp ·Rs)

2

Rsh
, (2.29)
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2.5.2 Recombination losses

Besides radiative recombination, it is possible that holes and electrons recombine in the solar cell
without radiating photons [14, 48]. These recombined holes and electrons will not contribute to the
output current, reducing the generated electricity. This is called the non-radiative recombination
(NRR). This can be separated into a current component (PNRRI), which accounts for the loss in
current, and a voltage component (PNRRV ), which accounts for a loss in voltage.

The power loss due to non-radiative recombination can be calculated in different ways. Three
methods will be presented, that will be discussed individually. Each method will be based on the
five-parameter model, which is discussed in Section 1.1.

Method 1

The first method defines non-radiative recombination losses as the difference between the power of
current source in the five-parameter model (Iph) and the output power combined with the resistive
losses. This can be divided in the voltage component (PNRRV ) and the current component (PNRRI)
The voltage loss due to NRR (VNRRV ) can then be calculated as

VNRRV = Vopt − Vmpp − Vseries. (2.30)

The power loss due to a voltage difference can then be calculated by multiplying VNRRV with Iph,
as shown in Equation (2.31). The reason for multiplying with Iph, is that every generated electron
hole pair experiences this voltage loss.

PNRRV = VNRRV · Iph (2.31)

The current component be calculated in a similar way by taking the difference between the
absorbed current and the output current combined with the shunt resistance current. This current
loss (INRRI) can be seen as the current flowing into the diode of the five-parameter model and is
written as

INRRI = Iph − Impp − Ishunt. (2.32)

The power loss due to a current difference can then be calculated by multiplying the current loss
with the voltage over the diode:

PNRRI = INRRI · (Vmpp + Vseries) . (2.33)

The advantage of this method is that it is relatively simple. Both VNRRV and INRRI are calcu-
lated by taking the voltage difference and current difference respectively, which is less complicated
than the other methods. Another advantage is that everything in the end adds up to 100% exactly.
By defining VNRRV and INRRI as they are defined, the losses combined with the output power will
always be equal to Pin. This is desirable because this means that all the losses have been identified.
The disadvantage of this method is that it is physically less accurate compared to the other methods.
For this method, no equation describing that describe a physical process are used to calculate the
voltage and current recombination loss.

Method 2

The second method is a variation of the first method. VNRRV and PNRRV are calculated still
calculated with Equation (2.30) and (2.31). The current loss is the current through the diode and
can be modelled with
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Irecom = I0 ·
(
e

(
VMPP +I·R

n·Vt

)
− 1

)
, (2.34)

where, Irecom is the recombination current, both the non-radiative recombination current and
the radiative recombination current. Since radiative recombination losses are already included in
the fundamental losses, this needs to be excluded. This can be done with the external radiative
efficiency (ERE), which is the fraction of total recombination current that results in radiative
emission current [80]. It can be determined by calculating the radiative emission at Voc, since the
output current is zero at this voltage. That means that at this operating point the recombination
current equals Iph [80], meaning that

ERE =

Aeff

Ncells

∫
EQE(λ) · ϕλ (λ, Tcell, q · Voc,Ωemit) dλ

Iph
, (2.35)

where
Aeff

Ncells
is the effective area per cell, EQE(λ) is the external quantum efficiency, and ϕλ is

the emitted photons per wavelength at Voc as shown by Equation (2.10).
With the external radiative efficiency, the non-radiative recombination current can be calculated

as shown in Equation (2.36). The total recombination current is multiplied with the term (1−ERE),
because this is the fraction of recombination current due to non-radiative recombination. Finally,
the recombination current loss can be calculated as

PNRRI = Irecom (1− ERE) · (Vmpp + Vseries) . (2.36)

The advantages of this method compared to method 1 is that it is more physically accurate,
as it uses the diode equation to model the recombination current. The downside of the method is
that the calculation of voltage loss is still not physically accurate, because it is still defined as the
remaining voltage. Also, the final results do not add up to 100% exactly, since numerical deviations
occur during the implementation. This will be discussed more deeply in the next method.

Method 3

In method 3, both the voltage and current loss are calculated with physical processes. Due to
the non-radiative recombination processes, the maximum power point voltage becomes lower. The
derivation of the optimal voltage, as shown in Section 2.3, can be repeated, but with non-radiative
recombination losses as well. To do this, the radiative emitted photons have to be multiplied with

1
ERE , since this would then be the total recombination current. This leads to an analytic expression
for the maximum power point voltage:

Vmpp =
Eg

q
− Eg

q

Tcell

Tsun
− n · k · Tcell

q
ln

(
1

ERE

Ωemit

Ωabs

)
(2.37a)

Vmpp =
Eg

q
− Eg

q

Tcell

Tsun
− n · k · Tcell

q
ln

(
Ωemit

Ωabs

)
− n · k · Tcell

q
ln

(
1

ERE

)
(2.37b)

Vmpp = Vmpp,ideal −
n · k · Tcell

q
ln

(
1

ERE

)
(2.37c)

The non-radiative recombination voltage loss can be written as

VNRRV =
n · k · Tcell

q
ln

(
1

ERE

)
. (2.38)
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The external radiative efficiency is calculated with Equation 2.35. The recombination voltage
loss can then be multiplied with the absorbed current, shown in Equation 2.31. The current recom-
bination loss is calculated the same as method 2, which is done with Equation 2.36 and 2.33.

The advantage of method 3 is that everything is described with physical processes, and it is
compliant with the five-parameter model. The disadvantage of this method is that all the losses
and output power may not add up to 100%. This happens, since the implementation of method 3
introduces small numerical differences. An explanation for this, could be the fact that the electrical
model discretizes the irradiation and the temperature. However, this is something that can be
further investigated in future work.

Motivation for used method

The method that will be used for the rest project is method 1, since the implementation is relatively
simple, and it does not introduce numerical deviations. Also, the difference between the absorbed
energy and the output energy combined with ohmic losses is lost due to recombination, which justifies
using method 1.

The deviations by using method 2 and 3 are shown in Appendix A.3. In the rest of this chapter,
method 1 will be considered.

2.6 System losses

The last losses that are considered are system losses, which happen after the electricity is generated
at cell level. These losses include the cell interconnection, the mismatch, the cable, and the inverter
losses. The total system losses (Psystem) can be written as

Psystem = Pintercon + Pmismatch + Pcable + Pinverter. (2.39)

2.6.1 Cell interconnection losses

To couple different modules into a PV system, each module is connected via an interconnection.
These interconnections also have some resistance (Rintercon) [76]. The loss due to this resistance is
the current through the interconnection multiplied with the voltage, written as

Pintercon = I2module ·Rintercon. (2.40)

2.6.2 Mismatch losses

The IV curves of solar cells within module are not always identical. Therefore, the maximum power
point of an individual cell can be different than the maximum power point of the module. This
makes the cell operate on a different operating point than its own maximum power point, which can
be seen as a loss.

The mismatch losses are calculated by taking the difference between the sum of the individual
maximum power point powers and the actual output power. This can then be written as

Pmismatch =

(
Ncells∑
i=1

Pmmp,i

)
− Imodule · (Vmodule + Imodule ·Rintercon) . (2.41)
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For tandem PV modules, a similar equation can be used. Since the electrical losses are calculated
for top and bottom cell separately, the mismatch losses are calculated as

Pmismatch =

(
Ncells∑
i=1

Pmmp−top,i + Pmmp−bottom,i

)
−Imodule · (Vmodule + Imodule ·Rintercon) . (2.42)

2.6.3 Cable losses

To transport the electricity to the inverter, the modules are connected via cables. Because the cables
have some resistance, there will be some power loss. The inverter model, as discussed in Section 1.3,
calculates the efficiency of the cables. This efficiency can be used for the cable losses, which can be
calculated with

Pcable = Pin−cable · (1− ηcable) . (2.43)

In this equation, Pin−cable is the power that goes into the cables and ηcable is the efficiency of
the cables that is provided by the inverter model of the Toolbox.

2.6.4 Inverter losses

When the inverter converts the DC power into AC power, there are typically some losses. The
inverter model (discussed in Section 1.3), calculates the AC output power. The inverter losses can
be calculated as the difference between the in-going DC power and the out-coming AC power, which
can be written as

Pinverter = PDC−in − PAC . (2.44)

2.7 Theoretical validation of the implementation

Before the implementation can be used to analyse PV modules, it should first be validated. Two
types of theoretical validation will be done. First, it will be shown that the calculations add up to
100%, such that all the outgoing power is equal to the incoming power. This can be considered as a
mathematical validation. The validation will be done for both single junction and tandem junction
solar cells. The implementation for the calculation of a tandem junction solar cell is similar to the
implementation described above. A detailed discussion about of the implementation for tandem
modules can be found in Appendix A.2

The other validation that will be done is a comparison with fundamental limits described in
literature. Since the fundamental losses are defined such that they do not depend on non-ideal
properties, the fundamental losses can be used to estimate the fundamental limit of the solar cell. If
the values of the fundamental losses match the values from the literature, this is an indication that
the implementation is accurate. This can be considered as a physical validation.
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2.7.1 Mathematical validation

To validate the implementation, the loss analysis of a single and tandem junction module has been
calculated. The single junction module is a mono-facial crystalline silicon module, and the tandem
junction module is a two-terminal perovskite/silicon module. The results of the calculations for both
modules are shown in Figure 2.3 and Table 2.1. Both calculations are done for STC.

The sum over all the percentages equals 100% for both solar cells, which can be seen in Table 2.1.
This means that all the input power has been found. This indicates that the implementation is
mathematically valid.
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(a) The loss distribution for a single junction
crystalline silicon module.
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(b) The loss distribution for a tandem
silicon/perovskite module.

Figure 2.3: The results of the calculations. On the left, a single junction mono crystalline silicon
module is considered. On the right, a two-terminal perovskite/silicon module is considered.

Table 2.1: The power distribution of the various categories for the single module and the tandem
module. Note that the sum over the categories may not add up to 100% due to rounding at one

decimal.

Category Single module [%] Tandem module [%]
Fundamental 65.9 54.8

Optical 7.0 8.9
Electrical 6.0 8.5
System 1.1 1.6
Power 19.9 26.2
Total 100.0 100.0

29



2.7. VALIDATION OF IMPLEMENTATION CHAPTER 2. DEVELOPMENT OF MODEL

2.7.2 Physical validation

To physically validate the implementation, the fundamental losses are compared to values from
literature. Different upper limits have been defined for both single and tandem junction cells. For
this work, the upper limit (ηupper) is defined in as

ηupper =
Pin − (Pterm + Pbelow + Pemission + PCarnot + Pangle)

Pin
. (2.45)

The upper limit according to the implementation is 32.8% for single junction modules and 44.1%
for tandem junction modules. The upper limit for a single junction is compared to the limit described
by Shockley and Queisser [15], and the limit described by Richter [16]. The upper limit for the
tandem junction is compared to the limit described by De Vos [25].

(a) The upper limit for a single junction module. (b) The upper limit for a tandem module.

Figure 2.4: The upper limit of a single solar cell and tandem solar cell. For the upper limit, only
the fundamental losses are considered.

Upper limit for single junction solar cells

The upper limit calculated by Shockley and Queisser is 30%, which is slightly different than the
calculated limit of this project. The most important reason is that a different irradiance spectrum
is considered. The results shown in Figure 2.3 are obtained under the AM1.5 spectrum, whereas
the limit of Shockley and Queisser is calculated with black body radiation of the sun. If black
body radiation is also considered as irradiance spectrum, the new upper limit according to this work
becomes 30.0%, which agrees with the limit of Shockley and Queisser. The differences between the
two spectra are shown in Figure 2.5. The results of the loss analysis under black body radiation are
discussed in Appendix A.4.

The upper limit calculated by Richter is 29.4% for a 110µm thick silicon solar cell [16]. This is
also slightly different than the derived limit of 32.8%. However, there are two significant differences
between the calculations of both limits. Firstly, Richter calculated the limit for a crystalline silicon
solar cell and included parameters specific for crystalline silicon solar cells, such as the intrinsic carrier
concentration. This is different than the calculation of the fundamental losses, where no material
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Upper limit calculation
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Figure 2.5: The difference in upper limit for a single junction solar cell between the AM1.5
spectrum (on the left) and the black body radiation (on the right).

specific parameters are used. The other main difference is that Richter also included non-radiative
recombination in his calculations. Non radiative recombination, such as Auger recombination, also
gives an upper bound for the limit for silicon solar cells [81]. However, this loss is not categorized as
fundamental in the implementation since it is a material dependent parameter and not fundamental
in general. Therefore, it is not included in the upper limit, which can explain the difference between
both limits.

Upper limit for a tandem junction solar cell

The upper limit calculated by De Vos is 42% for a tandem junction solar cell, which varies slightly
with the derived limit of 44.1%. De Vos calculated its limit with black body radiation instead of the
AM1.5 spectrum. Therefore, the results of the loss analysis under black body radiation (discussed
in Appendix A.4) should be taken as a reference. Under this spectrum, the upper limit is 40.6%.
The reason for the difference with the limit of De Vos, is that different bandgap energies are used.
In the ideal case, the bottom cell has a bandgap energy of 1.0 eV and the top cell has a bandgap
energy of 1.9 eV [25], which are different than the bandgap energies of the simulated tandem PV
module. However, the equations for the fundamental losses can also be used for the ideal bandgap
energies. As discussed in Appendix A.4, the upper limit for this situation is 42.0%, which agrees
with the value calculated by De Vos.

Another difference is that De Vos also considered emission losses being absorbed by the other
cell, which is known as photon recycling. This could then increase the number of absorbed photons.
However, this is not considered in the implementation since it would make the calculation more
complicated. Moreover, emission losses are relatively low which means that emitted photons being
re-absorbed will also be relatively low.
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Overview of different upper limits

This section has described multiple upper limits for both single junction solar cells and tandem
junction solar cells. Also, two different spectra are used, namely the AM1.5 spectrum and black
body radiation of the sun. An overview of the different upper limits is shown in Table 2.2.

Table 2.2: An overview of the different upper limits (ηupper). The first row lists the upper limits at
the AM1.5 spectrum and the second row lists the upper limits at black body radiation.

Spectrum
Single junction [%]

Eg = 1.12eV
Tandem junction [%]

Eg1 = 1.68eV,Eg2 = 1.12eV
Tandem junction [%]

Eg1 = 1.9eV,Eg2 = 1.0eV
AM1.5 32.8 44.1 -

Black body 30.0 40.6 42.0

2.8 Deviations due to numerical methods

Because the irradiance spectrum is typically not an analytic function, but a set of measured data
points, numerical methods have to be used. In this section, two rooms for deviations regarding
numerical methods need to be considered.

2.8.1 Method of integration

For some losses, integration over the irradiance spectrum is required. This integration cannot be
done analytically, but has to done numerically, as the incoming spectrum is typically defined point-
wise. Numerical integration is a whole field of science on its own [82]. However, only two different
methods will be considered. These methods are integration with the Riemann sum and trapezoidal
integration [83]. The difference between the two methods is shown in Figure 2.6.

(a) An illustration of integration based on the
Riemann sum.

(b) An illustration of integration based on the
trapezoidal method.

Figure 2.6: The difference between integration based on the Riemann sum and trapezoidal
integration.
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In general, there will be a different outcome, based on which method is used. As an example, the
total amount of power in the AM1.5 spectrum is calculated by using both methods. The results are
shown in Table 2.3. The difference between both methods is 0.047%, which means that the methods
do not vary significantly. For the equations in this study, trapezoidal integration is used, as it has a
better accuracy for most analytical functions [84]. Even though the incoming spectrum is typically
not defined analytically, it is assumed that the trapezoidal integration is more accurate.

Table 2.3: The irradiance in the AM1.5 spectrum calculated with two different methods of
integration.

Method of integration Power in AM1.5 spectrum [W]
Riemann sum 999.3970
Trapezoidal 999.8660

2.8.2 Wavelength range and interval

One of the inputs of GenPro4 is the interval between two wavelength points and the total wavelength
range. Both of them are important parameters for the simulations of the optical model, and thus
they can have an effect on the final results. In Table 2.4 the results for a mono-facial silicon PV
module are presented for different wavelength settings. It can be seen that the maximum deviation
is 0.02%. The reason for choosing 1200 nm and 2400 nm as final wavelength, is that 1200 nm is
slightly larger than λg of silicon, and 2400 nm ensures that 99% of the AM1.5 spectrum is included.

The wavelength interval and final wavelength that are used are 10 nm and 1200 nm respectively.
These values are chosen as the are the default setting of GenPro4 and a variation in settings does
not have significant differences in the results.
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Table 2.4: The results for different wavelength settings. It can be seen that there is at most 0.02%
deviation.

∆ω [nm] 2 5 10 15 20
ω2 [nm] 1200 2400 1200 2400 1200 2400 1200 2400 1200 2400
Pterm 31.71 31.71 31.71 31.71 31.71 31.71 31.71 31.71 31.71 31.71
Pbelow 19.25 19.25 19.25 19.25 19.25 19.25 19.25 19.25 19.25 19.25

Pemission 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57
PCarnot 2.42 2.42 2.42 2.42 2.42 2.42 2.42 2.42 2.42 2.42
Pangle 12.31 12.31 12.31 12.31 12.31 12.31 12.31 12.31 12.31 12.31

Pnon−ideal -1.32 -1.32 -1.32 -1.32 -1.32 -1.32 -1.32 -1.32 -1.32 -1.32
Pcell−spacing 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12 2.12
Pmetallization 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
Pref,trans 0.74 0.74 0.74 0.74 0.74 0.75 0.74 0.73 0.74 0.74
Ppar,abs 3.78 3.78 3.78 3.78 3.78 3.79 3.78 3.79 3.78 3.79
Pseries 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pshunt 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
PNRRV 4.98 4.98 4.98 4.98 4.98 4.98 4.98 4.98 4.98 4.98
PNRRI 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05
Pinter 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Pmismatch 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pcables 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21
Pinverter 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83
Pout 19.91 19.90 19.90 19.91 19.90 19.89 19.91 19.90 19.91 19.89
Ptotal 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

2.9 Conclusion

This chapter presented the implementation of the loss analysis for the PVMD Toolbox, fulfilling the
first sub-goal described in Section 1.5. 17 different loss components and a non-ideality effect have
been identified and are divided into four categories (fundamental, optical, electrical, and system
losses). For all components, equations have been defined to quantify the different losses.

For this implementation, two validations are done. First, a mathematical validation is done by
showing that the sum of all losses and output power equals the incoming power. This indicates that
all energy has been identified. The second validation is a physical validation, where the upper limit
of a single junction and a tandem solar cell are compared to upper limits calculated in literature.
For both solar cells, the calculated upper limit matches the value from literature. Therefore, the
first sub-goal is achieved successfully. In the next chapter, this model will be used to calculate the
loss distribution for different modules at STC.
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3. Loss analysis under standard test conditions
The second sub-goal of this study is to analyse the loss distribution of different PV modules under
STC. In this chapter, four different modules will be considered: a mono-facial crystalline silicon, a
bifacial crystalline silicon, a mono-facial two terminal perovskite/silicon tandem, and a mono-facial
three terminal tandem perovskite/silicon module. The single junction modules are included as a
reference for the tandem modules. By using the equations defined in chapter 2, the different losses
are calculated.

First, the design of the cells and modules will be discussed. After this, the cell structures, and
the optical and electrical properties are analysed. To understand the differences in the loss analysis,
the results will be comparisons with each other. Finally, the conclusion is presented.

3.1 The design of the cells

The designs of the different solar cells are based on the monolithic perovskite/silicon two-terminal
tandem solar cell from Al-Ashouri et al [85], which has a power conversion efficiency of 29.15%.
The design of the solar cell has been implemented and validated into the Toolbox by the PVMD
research group [41]. To make the cell more realistic, the thickness of the silicon layer is reduced
to a standard thickness and encapsulation is added. Also, the perovskite thickness is changed in
order to achieve current matching. For the design for the mono-facial crystalline silicon cell and a
bifacial crystalline silicon, the top layer is removed to observe the effect of adding a top layer. By
comparing the mono-facial crystalline silicon cell with the perovskite/ silicon tandem cell, the effect
of an additional layer can be seen. Finally, the design of the tandem cell has been adjusted such
that the cell can operate as three-terminal tandem cell. This has been done to compare the loss
distribution of two-terminal and three-terminal tandem modules.

In the rest of this section, the different cell structures and characteristics are discussed. A brief
comparison between the structures of the four cells can be found in Figure 3.1.
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Figure 3.1: The structures of the different cells. Note that both tandem cells are mono-facial.
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3.1.1 The mono-facial crystalline silicon cell

As mentioned before, this cell is based on the bottom part of the tandem module. The results for
this cell can then be used to observe the increase in efficiency by adding the top cell. Another
difference is that the texturing of the crystalline silicon is not removed for the front. Therefore, the
silicon layer for this cell is double textured, whereas the silicon layer in the tandem cell is only rear
textured. The structure of the mono-facial cell, which is fed as an input to GenPro4, is shown in
Table 3.1.

Table 3.1: The structure of the mono-facial module that is used as an input.

Layer Thickness [µm]
AF2400 [86] 0.093

Porous glass AR [87]C 0.053
Glass with low iron (Fe2O3) [88] 3200

Polyolefin-UVT 450
ITO [89] 0.063
n-SiOx (n) 0.020
a-Si(i) [89] 0.009

c-Si, bulk n-type (Double textured) 160
a-Si (i) [89] 0.006
a-Si (p) [89] 0.012

AZO 0.055
Ag [90] 0.30

After simulating this cell in the Toolbox, the optical and electrical properties of the cell can be
obtained. The EQE and the IV curve on this cell are shown in Figure 3.2. It can be seen that the
maximum power density (pmpp) at cell level is 226.13 W/m2, resulting in a cell efficiency of 22.6%
at STC.
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Figure 3.2: The EQE and the IV curve of the mono-facial solar cell.
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3.1.2 The bifacial crystalline silicon cell

The structure of bifacial cell is similar to structure of the mono-facial cell and is shown in Table 3.2.
The main difference is that rear contact has been replaced with glass, such that light can enter from
both sides. Also, the thickness of the glass is changed. This cell is also included in the study to
observe the difference in loss distribution between mono-facial and bifacial cells.

Table 3.2: The structure of the bifacial module that is used as an input.

Layer Thickness [µm]
AF2400 [86] 0.093

Porous glass ARC [87] 0.053
Glass with low iron (Fe2O3) [88] 2000

Polyolefin-UVT 450
ITO [89] 0.063
n-SiOx (n) 0.020
a-Si(i) [89] 0.009

c-Si, bulk n-type (Double textured) 160
a-Si (i) [89] 0.006
a-Si (p) [89] 0.012
ITO [89] 0.063

Polyolefin-UVT 450
Glass with low iron (Fe2O3) [88] 2000

For bifacial solar cells, irradiance can come both from the front and the back. However, for the
normal AM1.5 spectrum, only light from the front is considered. To also analyse the performance
of the solar cell for light from the back, a new spectrum can be defined [91]. For this report, the
new spectrum (which will referred to as B-STC) will be the AM1.5 spectrum at the front, and 20%
of the AM1.5 spectrum at the rear.

Another aspect for bifacial solar cell, is the bifaciality factor (fb). This is the ratio of its perfor-
mance when light comes from the back over the performance when light comes from the front. This
can be written as

fb =
ηrear
ηfront

. (3.1)

For simplicity, fb is assumed to be equal to 1, which is valid according to the work of H. Schulte-
Huxel [92]. The main reason for this, is that the Toolbox does not include rear irradiance for STC
calculations. By assuming fb is equal to 1, the B-STC performance can be analysed by multiplying
the photo-generated current with 1.2.

The EQE and the IV curve of the bifacial solar cell are shown in Figure 3.3. It can be seen that
there is a small difference between the EQE of the front side and the rear side. However, the ratio
of the optical performance of the rear side and the front side is 93% (when illuminating both sides
with the AM1.5 spectrum), justifying the method for simulating bifacial modules. The output cell
power density is 270.03 W/m2. Because the incoming irradiance for B-STC is 1200 W/m2, the cell
efficiency is 22.5%.
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Figure 3.3: The EQE and the IV curve of the bifacial solar cell.

3.1.3 The perovskite/silicon two-terminal tandem cell

The next cell is the tandem cell as originally developed by Al-Ashouri et al. The only changes are
the addition of encapsulation, and the changes in the silicon and perovskite thickness to make the
cell more feasible for large scale production. The structure of the cell is shown in Table 3.3.

Table 3.3: The structure of the two-terminal tandem cell that is used as an input for the 2T
tandem module.

Layer Thickness [µm]
AF2400 [86] 0.093

Porous glass ARC [87] 0.053
Glass with iron (Fe2O3) [88] 3200

Polyolefin-UVT 450
IZO [93] 0.085
SnO2 [94] 0.005

C60 0.007
Perovskite 1.68 eV [95] 0.575

PTAA 0.023
ITO [89] 0.063
n-SiOx (n) 0.020
a-Si (i) [89] 0.009

c-Si, bulk n-type (Rear textured) 160
a-Si (i) [89] 0.006
a-Si (p) [89] 0.012

AZO 0.055
Ag [90] 0.30

The EQE curves and the IV curves of this tandem cell is shown in Figure 3.4. It can be seen
that current matching is considered, as the maximum power point current of the top and bottom
cells are similar.

38



3.1. THE DESIGN OF THE CELLS CHAPTER 3. LOSS ANALYSIS STC

400 600 800 1000 1200

Wavelength [nm]

0

0.2

0.4

0.6

0.8

1

E
Q

E
 [

-]

EQE of 2T tandem cell

Top cell

Bottom cell

(a) The EQE curve of the two-terminal tandem
solar cell

0 0.2 0.4 0.6 0.8 1 1.2

Voltage [V]

0

50

100

150

200

C
u

rr
e

n
t 

d
e

n
s
it
y
 [

A
/m

2
]

JV curves of 2T tandem cell

Top cell

Bottom cell

J
mpp

:

V
mpp

:

p
mpp

:

175.72 A/m
2

1.06 V

187.12 W/m
2

J
mpp

:

V
mpp

:

p
mpp

:

181.07 A/m
2

0.62 V

112.31 W/m
2

(b) The IV curve of the top and bottom cell for the
two-terminal tandem cell

Figure 3.4: The EQE and the IV curve of the tandem solar cell.

3.1.4 The perovskite/silicon three-terminal tandem cell

For the cell design of the 3T tandem cell, many possibilities can be considered. Since the design of
a three-terminal tandem cell is not the main focus of this project, the 2T tandem cell will be used
as a starting point. However, to fairly compare 2T and 3T tandem cells, some adjustments need to
be made. The most important design decisions are discussed in this subsection.

The third contact point

The key principle of 3T tandem cells is that there is a third contact point, such that there can be two
different current flows [30, 96–98]. This removes the limitation that the top and bottom cell need
to be current matched. The third contact point can be placed in the middle between the top and
bottom layer, or at the back side such that the bottom cell becomes an IBC cell. For this project,
the third contact point is chosen to be at the back for two reasons:

• The fabrication of a third contact point in the middle is challenging and it can reduce the
active device area [97].

• The IBC implementation is more similar to the 2T cell design. Because the design of a 3T
tandem cell is not the focus of this project, this implementation is preferred.

Series and reverse connection

Another aspect for three-terminal tandem cells is that the top and bottom cell can be connected in
series or reverse connection. The difference between a series connection and reverse connection can
be seen in Figure 3.5. In the reverse connection, the current from both the top and bottom cell are
coming from the negative back contact and go to their own positive contact. In series connection,
the top current flows into the negative contact, whereas the bottom current still flows from the
negative bottom contact to the positive bottom contact.
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Figure 3.5: The difference between reverse connected (on the left) and series connected (on the
right).

There are differences on cell level and on module level. On cell level, the optical performance
can change depending in the order of which the materials are stacked. On module level, there is
a difference in the mismatch losses when the cells are connected. This is discussed in detail in
Section 3.2. The performance of the series and reverse connection are compared in Appendix B.4.

The energy bandgap of perovskite

The main difference between 2T and 3T tandemmodules is that 2T tandem cells are current matched,
and 3T tandem cells are voltage matched. This means that ratio the operating voltage of the top
cell and the operating voltage of the bottom cell is always the same. This ratio can be written as
m
n and will from now on be referred as the VM (Voltage Matching) ratio.

To maximise the output power, the ratio of the maximum power point voltage of the top cell and
the maximum power point voltage of the bottom cell should be as close to the VM ratio as possible.
The maximum power point voltage of the top cell depends on the energy bandgap of the perovskite
layer.

Due to limited time and resources, a perovskite material with a bandgap energy of 1.68 eV is
chosen. The IV curves of the top and bottom cells are shown in Figure 3.7.

The thickness of the cell perovskite layer

The thickness of the perovskite layer affects the number of absorbed photons. Because current
matching is not considered for three-terminal tandem cells, it is desired that the top layer absorbs
as much photons as possible. This requires a larger thickness compared to the perovskite layer in
the two-terminal tandem cell.

However, a larger thickness will increase the recombination, as electrons and holes need to over-
come a greater distance. The chosen thickness of the perovskite layer is 1000 nm, as it is shown in
literature that this is optimal thickness for perovskite [28, 99].
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The input cell structure

A limitation of PVMD Toolbox is that the cell structure for GenPro4 should be one-dimensional.
Therefore, an IBC contact cannot be realised. To simulate a three-terminal tandem cell with the
IBC contact, it is assumed that the optical results are the same for both contacts. This assumption
is justified in Appendix B.3. The cell structure that is used as input for the Toolbox is shown in
Table 3.4.

Table 3.4: The structure of the three-terminal tandem cell that is used as an input for the
three-terminal tandem module.

Layer Thickness [µm]
AF2400 [86] 0.093

Porous glass ARC [87] 0.053
Glass with iron (Fe2O3) [88] 3200

Polyolefin-UVT 450
IZO [93] 0.085
SnO2 [94] 0.005

C60 0.007
Perovskite 1.68 eV [95] 1.000

PTAA 0.023
ITO [89] 0.063
n-SiOx (n) 0.020
a-Si (i) [89] 0.009

c-Si, bulk n-type (Rear textured) 160
a-Si (i) [89] 0.006
a-Si (p) [89] 0.012

AZO 0.055
Ag [90] 0.30

ASA simulation

The perovskite layer that is used for the 3T tandem cell is different than the perovskite layer used
for the 2T tandem cell. Therefore, the designed perovskite top cell should be simulated in ASA [56]
such that it can be used in the Toolbox. Similar to GenPro4, only one-dimensional structures are
allowed as inputs. Therefore, the input structure shown in Table 3.4 is used as input for ASA.

The temperature and irradiance dependence can be obtained from the JV curves under different
conditions. These JV curves are shown in Figure 3.6. The temperature ranges from 15oC till 95oC,
which is slightly different than the temperature range of the ASA simulations of the normal perovskite
top cell. The reason for this, is that the ASA simulation did not converge for low temperatures.
However, most energy yield is generated within this temperature range, as shown in Appendix C.7.
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Figure 3.6: The JV curves for different conditions. These curves are used to extract the
temperature and irradiance dependencies.

The EQE and the JV curve

The EQE curves and the JV curves of the 3T tandem cell are shown in Figure 3.7. It can be seen
that voltage matching is considered, as the maximum power point voltages of both cells are close to
the ratio m

n = 3
2 .
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Figure 3.7: The EQE and the IV curve of the 3T tandem solar cell.

The JV curves presented in Figure 3.7 make an assumption that will also be made in the rest of
this project. It is assumed that the IV curve of the top cell is not influenced by the operating point
of the bottom cell and vice versa. However, in reality the IV curves of a 3T tandem cell are not
completely independent [30]. The reason that this assumption is made, is that the Toolbox considers
the top and bottom cell as individual cells during the electrical model. Therefore, it is not possible
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to include the dependence of the IV curves. Therefore, it should be considered that this assumption
is made and that the simulated results may differ from reality.

3.2 The design of the modules

For each module, the same system parameters are considered. This includes the area of the cell/
module, the type of interconnection, and the number of cells. The most important parameters are:

• The area of the cell (Acell) is 0.0246 m2.

• The area of the module (Amod) is 1.89 m2.

• The number of cells in the module (Ncells) is 72.

• The resistance of the interconnection (Rintercon) is 0.0130 Ω.

• The percentage of shaded area due to metallization is 1.2%.

An important aspect for PV modules is the connection of the cells within the modules. For the
mono-facial c-Si module and the bifacial c-Si module all the cells are connected in series. Because
these modules consist only of single-junction cells, the implementation of the cell connection rela-
tively simple. A detailed explanation of the implementation in the Toolbox can be found in the
thesis of Nour El Din [51].

For the tandem modules, the connection of the cells is important and can influence the out-
put power. Therefore, the connection of the two-terminal and three-terminal tandem modules are
discussed separately.

3.2.1 Connection of the two-terminal tandem module

Because a two-terminal tandem cell, by definition, only has two terminals, the top and bottom cell
are always connected in series. The electrical behaviour of the cell can be simulated by connecting
the five-parameter circuit of both cells to each other. This is shown in Figure 3.8. The connection of
the two-terminal tandem cells is implemented with the same method as the single junction modules.
This implementation is also discussed in the thesis of Nour el Din [51].

Iph,bottom

Dbottom
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-
Rsh,bottom

Rs,bottom

Iph,top

Dtop +Rsh,top

Rs,top

I

Figure 3.8: The connection of the 2T tandem cell
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3.2.2 Connection of the three-terminal module

The cells in a three-terminal module are connected in a different way. Due to the third contact, it
is possible to connect the top and bottom cell in parallel. However, the module itself only has two
terminals, which means that the connection of the cells is more complicated than for the 2T tandem
module. An important parameter for three-terminal is the VM-ratio

(
m
n

)
, which indicates that m

bottom cells are connected in parallel with n top cells [98]. This also means that the ratio of the
operating voltages is equal to

Vtop

Vbottom
=

m

n
. (3.2)

The connection of the different cells is also determined by the type of connection at cell level
(series or reverse). Both the series and reverse module connection are shown in Figure 3.9 and
Figure 3.10. In these figures, the VM-ratio is 2

1 .

Figure 3.9: The configurations of 3T series connected tandem cells, with the VM ratio of 2
1 . The

first two bottom cells and last top cell cannot be used.

Figure 3.10: The configurations of 3T reverse connected tandem cells, with the VM ratio of 2
1 . The

last bottom cell cannot be used.
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For the series connection, there are two bottom cells and one top cell, which are not connected.
Also, the top cell at position 1 and the top cell at position N-1 are connected in parallel with a
bottom cell, which means that both operate at half of the desired voltage. Therefore, it can be
argued that this series connection has two non-active cells.

If the tandem cells are reversed, the number of active cells will increase. This is shown in
Figure 3.10. In this configuration, the number of active cells is N-1.

In the study performed by McMahon [98], the following relations were defined for the number of
active cells (Nactive) for a 3T module with the VM-ratio m

n .

Nactive = N + 1− (m+ n) for series connection

Nactive = N + 1−max(m,n) for reverse connection
(3.3)

Design of the module

On module level, two choices need to be made. The VM-ratio needs to be chosen, and it should be
decided whether the cell has a series or reverse connection. Based on the IV curves in Figure 3.7b,
the VM-ratio of 3:2 is chosen, since this is close to the ratio of the maximum power point voltages
of the top and bottom cell.

The cell connection is chosen based on a comparison of both connections. The series connected
module is slightly more efficient than the reverse connected modules, as shown in Appendix B.4. The
difference between both modules is that the reverse connected module has more reflection losses, and
the series connected module has more mismatch losses. It is discussed by MCMahon [98] that the
mismatch losses of 3T tandem modules can be reduced for simple adjustments, such as increasing
the number of cells in the module or fabricating heterogeneous cells. Therefore, the series connection
is chosen.

3.2.3 Implementation of the 3T tandem module

The current version of the PVMD Toolbox does not contain a developed model for three-terminal
modules that considers end losses. Therefore, this implementation will also be discussed in this
section. Two different models are designed to simulate the 3T tandem module. The first model is a
simplified version and will be referred to as the approximation model. The second model provides a
more accurate simulation and will be referred to as the comprehensive model.

The approximation model

The approximation model will be based on the work of McMahon [98]. As discussed before, the
VM-ratio indicates the ratio between the operating voltages of the top and bottom cell. The output
voltage of the module can be approximated at:

Vmodule = Nactive ·
Vtop

m
= Nactive ·

Vbottom

n
(3.4)

The output current of the module will be the sum of the different paths that are connected in parallel
with each other. For a VM-ratio of m

n , there will be m paths of top cells and n paths of bottom
cells. Therefore, the output current can be approximated at:

Imodule = m · Itop + n · Ibottom (3.5)
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The output power of the module can then be modelled as

Pmodule = Vmodule · Imodule (3.6)

There are two approximations which are made by this model that simply the calculations:

• It is assumed that each tandem cell receives the same amount of irradiation and will therefore
have the same top IV curves and bottom IV curves. If this is not the case, Equation (3.4)
would not be valid.

• The end effects at the beginning and the end are neglected. Because the top cell at position
1 and the top cell at position N are operating at a fraction of the normal voltage, they have
a different operating voltage. A different operating voltage would typically imply a different
operating current. However, it is assumed that the top cells at the ends have the same current
as the top cells in the middle of the string.

The comprehensive model

The comprehensive model is used to avoid the assumptions that are made by the approximation
model. The central idea of this model is to focus on the voltage of the middle contacts, where the
middle contact is the negative rear contact in Figure 3.5. The operating point of each top or bottom
cell is completely determined by the voltages at the middle contacts. If the values of the different
middle contacts are found for a certain output voltage, the current of the module can be calculated.
By varying the output voltage, the IV curve of the model can be created.

The voltages of the middle contacts are calculated by solving a set of equations. Since there are
N middle contacts, also N equations need to be defined. These equations will be different for the
series connected or reverse connected cells. Since the module will contain series connected cells, only
the equations for this type will be discussed. The model for the reverse connection module can be
found in Appendix B.1.

To indicate the voltage of a middle point of a certain cell, Vmiddle,x will be used, where x is the
index of the cell (ranging from 1 to N). To indicate the voltage over a single top cell or bottom
cell, Vtop,x and Vbottom,x will be used respectively. By looking at Figure 3.9, it can be seen that the
voltage of the top cells can be written as

Vtop,x = Vmiddle,x+m − Vmiddle,x if N − n > x. (3.7)

For the voltage over the bottom cells, a similar relation can be defined. Since the first m bottom
cells are not connected, there voltage will be undefined. The voltage over a bottom cell can be
written as

Vbottom,x = Vmiddle,x − Vmiddle,x−n if m < x. (3.8)

The current through each cell can be written as a function of voltage over the cell, as shown in
Equation (2.3), which is discussed in Chapter 2. This equation is obtained by solving the voltage
current relationship in the five-parameter model. The current of a top cell and bottom cell, will be
indicated with Itop,x (Vtop,x) and Ibottom,x (Vbottom,x) respectively.

At each middle point, current is coming in and current is going out. According to Kirchhoff’s
current law, the incoming current should equal the outgoing current. This law can be used to create
equations. For m < x < N − n the following holds:

Itop,x−m (Vtop,x−m) + Ibottom,x (Vbottom,x) = Itop,x (Vtop,x) + Ibottom,x+n (Vbottom,x+n) . (3.9)
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The last n+m equations that are needed to complete the set of N equations will come from the first
m and last n middle points. Since the first m middle points are connected to the negative terminal
of the module, those can be set to 0. This can be written as

Vmiddle,x = 0 if m ≥ x. (3.10)

Since the last n middle points are all connected to the output, it can be defined that

Vmiddle,x = Vout if x ≥ N − n. (3.11)

As mentioned before, Vout is a parameter that will be varied to create the IV curve of the module.
The system of equations will be solved with the MATLAB function vpasolve [100].

Validation of the models

To validate the different models, a 3T tandem module is simulated in LTspice. The IV curve of both
models and the LTspice simulation are shown in Figure 3.11 and the important electrical parameters
are shown in Table 3.5. All models show similar results, indicating that the approximation model is
accurate. Because the comprehensive model takes more computation time than the approximation
model, the approximation is used in the Toolbox.
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Figure 3.11: The IV curve of the different models. It can be seen that the three curves are similar.

Table 3.5: The electrical parameters for the different models.

Model Isc [A] Voc [V] Pmpp [W] FF [-] Impp [A] Vmpp [V]
Approximation 23.4 25.1 470 0.797 21.7 21.6
Comprehensive 23.4 24.9 472 0.808 21.8 21.6

LT spice 23.4 25.2 475 0.804 21.7 21.9
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3.2.4 The module IV curves

The IV curves of all the modules are shown in Figure 3.12. It can be seen that the 2T tandem
module has the highest efficiency (27.7%), followed by the 3T tandem module (24.6%), the mono-
facial c-Si module (20.9%), and the bifacial c-Si module (20.8%). An important difference between
the two-terminal and three-terminal tandem module, is that the two-terminal tandem module has
a higher voltage, and the three-terminal tandem module has a higher current. This is because all
cells in the 2T tandem module are connected in series, whereas the cells in the 3T tandem module
are connected in a combination of series and parallel.
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Figure 3.12: The IV curves of the different modules.

3.3 Results and comparison between modules at STC

The results for the different modules are shown in Figure 3.13 and Figure 3.14. The next step is to
compare the loss distributions of the modules and analyse the differences. In this section, the four
different modules will be compared with each other. This comparison will be done per category. It
should be noted that if stated that certain losses increase or decrease with x%, this is meant as an
absolute increase in percentage points, not as a relative increase.
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Crystalline silicon modules 
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Figure 3.13: The results of the mono-facial and bifacial module.

Perovskite/c-Si modules 
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Figure 3.14: The results of the 2T and 3T tandem module.

3.3.1 Fundamental losses

An overview of the fundamental losses in the different modules is presented in Table 3.6. The
fundamental losses of the mono-facial and bifacial module are similar, and those of the 2T tandem
and 3T are the same. The differences between the four modules are caused by three phenomena:
multiple/ different band gaps, a different solid state of emission, and a better EQE for the top cell.
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Table 3.6: A comparison of the fundamental losses of the four different modules

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Thermalization [%] 31.7 31.7 18.8 18.8
Below bandgap [%] 19.2 19.2 19.2 19.2
Emission losses [%] 1.6 1.6 2.3 2.3
Carnot losses [%] 2.4 2.4 3.1 3.1

Angle mismatch [%] 12.3 12.9 12.5 12.5
Non-ideality effect [%] -1.3 -1.3 -1.3 -1.8

Differences due to multiple band gaps

The biggest difference between the single junction and the tandem module is the decrease in ther-
malization losses. As explained in Section 1.2, tandem PV is designed to use more energy from the
high-energy photons, which causes this decrease.

Another effect of a different bandgap energy is that the Carnot losses change, as shown by
Equation (2.16). Because the Carnot voltage difference is dependent of the bandgap energy, the
Carnot losses increase for a higher bandgap. Since tandem PV contain two different band gaps, the
Carnot losses have increased 0.7%-0.9% compared to single junction modules.

The number of emitted photons is dependent on the applied cell voltage(Equation (2.9)). The
top cell (with the higher bandgap energy) has a larger voltage, resulting in more emitted photons.
This makes the emission losses increase from 1.6% for mono-facial modules to 2.3% for tandem
modules.

Difference due to a different solid angle

Bifacial solar cells have a solid angle of emission that is twice as large as mono-facial solar cells.
This leads to a larger angle mismatch voltage, causing an increase of 0.6% in the angle mismatch
loss compared to the mono-facial c-Si module.

A better EQE for the top cell

The 3T tandem module has a better EQE for the top cell, due to the thicker perovskite layer. This
means that more high energy photons are absorbed in the top cell, compared to the 2T tandem
module. When a high energy photon is absorbed in the bottom cell instead of the top cell (due
to a non-perfect EQE), there are more thermalization losses. The non-ideality factor accounts for
this underestimation of the thermalization losses. Because the 3T tandem cell has a better EQE,
less high energy photons are absorbed in the bottom cell, leading to a lower underestimation of the
thermalization losses. This causes a difference of 0.5% in the non-ideality factor.

3.3.2 Optical losses

The optical losses of the different modules are presented in Table 3.7. Similar to the fundamental
losses, the results for the mono-facial and bifacial module are close to each other, and the results
for the 2T and 3T tandem modules are almost the same. The differences in results are due to the
following two causes: lower fundamental losses for tandem modules, and the different cell structures.
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Table 3.7: A comparison of the optical losses of the four different modules

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Cell spacing [%] 2.1 2.1 2.8 2.9
Metal shading [%] 0.4 0.4 0.5 0.5
Reflection [%] 0.7 1.1 2.5 2.5

Parasitic absorption [%] 3.8 3.4 3.1 3.0

Lower fundamental losses for tandem modules

The cell-spacing and metallization losses both contain the term (Pin − Pfund). This term increases
as a result of lower fundamental losses for tandem modules (as shown in Table 3.6). Therefore,
the cell-spacing and metallization losses are larger for tandem modules than for the single junction
modules.

A different cell structure

The cell structures of the different modules are discussed in the previous sections of this chapter.
Each material has different optical parameters, which can cause a difference in reflection/transmission
and parasitic absorption. Although there are many differences that can be discussed, only two im-
portant differences will be highlighted.

The difference in reflection/transmission losses between the mono-facial and bifacial module is
because bifacial cells do not have a back reflector. Therefore, photons that would be reflected by
the back contact, can now be transmitted through the solar cell. This causes the increase of the
reflection/transmission losses.

An important difference between the single junction cells and tandem cells is that the single
junction cells have double texturing, whereas tandem cells only have rear texturing. Front texturing
is designed to reduce the reflection, due to its pyramid shape. Since tandem cells do not have front
texturing, their reflection losses increase.

3.3.3 Electrical losses

An overview of the electrical losses is shown in Table 3.8. The differences between the modules are
due to the different materials that are used and different levels of irradiances.

Table 3.8: A comparison of the electrical losses of the four different modules.

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Series resistance [%] 0.0 0.0 0.0 0.0
Shunt resistance [%] 0.0 0.0 0.8 0.9

Voltage recombination [%] 5.0 4.4 6.5 8.2
Current recombination [%] 1.0 1.2 1.2 1.2

Different materials

The tandem cells and the silicon cells are made of different materials, which means that the values
of the electrical parameter are also different. The values of the parameters for different photo
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generated currents are shown in Appendix B.2. Because perovskite has a smaller shunt resistance,
there is more leakage current. Therefore, the shunt resistance losses increase with 0.8%-0.9% for
both tandem modules

Also, perovskite has a larger value for the ideality factor n. A larger value of the ideality factor
lowers the MPP voltage, since there is a greater dependence between the recombination current and
the output voltage. Therefore, the difference between the MPP voltage and the optimal voltage
increases. Because the non-radiative recombination voltage losses depend on this difference (shown
in Equation (2.30)), this loss increases for the tandem modules.

There is also a large difference between the 2T and the 3T tandem module. Due to the thicker
layer of perovskite, the 3T tandem cell has more recombination, leading to a larger value for the
ideality factor and the saturation current. This causes the increase in recombination losses for the
3T tandem module.

Different irradiances

The bifacial module is simulated under B-STC, whereas the mono-facial modules are simulated under
STC. Since B-STC has a higher irradiance, bifacial cells have a larger photo generated current. This
reduces the recombination since the ideality factor and the saturation current density depend on the
photo generated current (Appendix B.2).

3.3.4 System losses

The last category is the system losses. The results of this category are shown in Table 3.9. The
differences for the system losses can be explained by two different causes: the output current, and
the configuration.

Table 3.9: A comparison of the electrical losses of the four different modules

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Cell interconnection [%] 0.1 0.1 0.0 0.3
Mismatch losses [%] 0.0 0.0 0.0 1.7

The output current

The interconnection losses depend on the output current since a higher current leads to more ohmic
losses. For the 2T tandem module, the output current is lower, since the irradiation is divided over
the top and bottom cell, and all cells are connected in series. Therefore, the interconnection losses
decrease for the 2T tandem module. For the 3T tandem module, there is a higher output current,
leading to an increase of interconnection losses.

The configuration

Mismatch losses occur if the solar cells within a module cannot operate on their maximum power
point. The operating point of the individual solar cells is determined by the configuration of the
module. For the single-junction modules, all cells can operate on their maximum power point, and
therefore there are no mismatch losses.
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For the 2T tandem module, the top and bottom cells need to be current matched, as they are
connected in series. Because the top and bottom cells are almost current matched (as shown in
Figure 3.4b), there are no significant mismatch losses.

For the 3T tandem, there are significantly more mismatch losses. This is caused by the non-active
solar cells. In a 3:2 series connection, there are four non-active cells, which already cause a loss of
4
72 compared to the generated electricity. This means that there are approximately 1.5% ( 4

72 · η)
mismatch losses due to the non-active cells.

3.4 Conclusion

The second sub-goal of this work is to quantify the loss distribution at STC. This chapter has
presented the loss distributions for four different PV modules under STC. An overview of these
results is shown in Figure 3.13 and Figure 3.14. As expected, tandem modules have a higher efficiency
compared to single junction modules, which is mostly due to a reduction of the thermalization losses.
However, the resistance and recombination losses increase for tandem modules, since the perovskite
top cell has more resistance and recombination losses compared to the silicon cell.

Additionally, mono-facial modules are compared to bifacial modules. The efficiency for mono-
facial module is slightly larger than bifacial modules due to lower angle mismatch losses. However,
the actual power generation is larger for bifacial modules due to the additional rear side irradiance.

Additionally, the loss distribution of a 2T tandem module is compared to that of a 3T tandem
module. This required to design an electrical model of a 3T module, as this was not included
in the PVMD Toolbox. The simulations show that 3T tandem modules have significantly more
mismatch losses. This is because the 3T tandem module has more non-active cells, which create
mismatch losses. Also, the greater thickness for the perovskite cell in the 3T module resulting in
more recombination. Overall, the efficiency of the 2T module is 3.1% larger than the efficiency of
the 3T module.

The next chapter will analyse the annual loss distribution for the same modules under realistic
operating conditions.
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4. Loss analysis for real world operating conditions
The third sub-goal of this study is to analyse the loss distributions of the PV modules under realistic
operating conditions. In this chapter, the modules described in Chapter 3 will be simulated at four
locations. Using the equations defined in Chapter 2, the loss distributions are calculated.

First, the model used for calculating the incoming irradiance, is explained. This model is needed
since this is not provided by the Toolbox itself. After this, the four locations will be discussed, and
the differences will be highlighted. Then, the results for the modules will be discussed individually
in the order: mono-facial crystalline module, bifacial crystalline module, the 2T tandem module,
and the 3T tandem module. This is followed by a comparison among the different modules. After
the results, the upper limits of the different modules under different locations will be discussed and
compared with the upper limit at test conditions. Finally, the conclusion and recommendations of
this chapter are presented.

4.1 The irradiance model

To calculate the loss analysis of a given PV system, it is crucial to know the incoming power. The
absorbed power is calculated in the ray tracing model and the irradiance model. However, this model
does not calculate the total in-plane irradiation. Therefore, a simple irradiance model is constructed
to calculate the in-plane irradiance on the module. The calculated irradiance is then corrected based
on calculations from the Toolbox. An important assumption is that the irradiance on all the cells is
the same for every cell. The reasoning behind this assumption is explained in Appendix C.1.

The irradiance model of the Toolbox uses the SMARTS model [101], which can simulate the spec-
tral irradiance. However, this spectral irradiance does not consider cloud coverage, which typically
has an effect on the spectral distribution. This is more discussed in Chapter 6.

4.1.1 The simple model for incoming irradiance

The irradiance model used for the loss analysis is based on Perez model, similar to the actual
irradiance model of the Toolbox. By using Perez model, the irradiance for each position in sky can
be modelled based on the direct normal irradiance (DNI), diffuse horizontal irradiance (DHI), and
the position of the sun. In the irradiation model, the sky is divided into 160 vertices, such that the
irradiance for each vertex can be calculated. For each vertex, the Angle of Incidence (AOI) can
be calculated, which is important for the in-plane irradiance. The irradiance from a certain vertex
is calculated by multiplying the total irradiance from this vertex with the cosine of the angle of
incidence. The total incoming power can then be calculated as

Pin =

160∑
i=1

Ii ·max [cos(AOIi), 0] , (4.1)

where Ii is the irradiance coming from vertex i. The term max [cos(AOI), 0] is used, such that only
vertices that can directly reach the module are included.

A limitation of this simplified model is that it does not consider albedo reflection. The reason
for this is that it is unknown in which direction light travels from a given vertex. Therefore, the
assumption is made, that all the light from a vertex travels directly to the module.

4.1.2 Correction

The model described above uses a different method than the model of the Toolbox, which can cause
deviations in the absorbed current density. To make the model of the loss analysis more consistent, a
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correction is done. The absorbed current density of the simplified model (Jabs,sim) can be calculated
with the incoming photon flux from the vertices and the EQE of the solar cell for different angles,
written as

Jabs,sim =

160∑
i=1

(∫ λg

0

q · ϕi(λ) · EQE (AOIi) dλ

)
max [cos(AOIi), 0] . (4.2)

The correction factor is then defined as the ratio of the absorbed current density of the Toolbox
(Jabs,tb) over the absorbed current density of the model. This correction factor is based on the work
of Schmager et al [102]. The incoming irradiance of a given vertex is them multiplied with this
factor. This can be written as:

Ii,cor = Ii,org ·
Jabs,tb
Jabs,sim

, (4.3)

where Ii,cor and Ii,org are the corrected and original irradiance from vertex i respectively. The
corrected irradiance can then be used to calculate the incoming power with Equation (4.1). The
irradiance weighted correction coefficient for each climate is shown in Table 4.1. The correction is
the largest in Delft and Shanghai. However, for all locations, the correction is approximately 1.04
for all locations, indicating that the error is smaller than 5%.

Location Delft Lisbon Lagos Shanghai
Correction factor 1.042 1.038 1.041 1.042

Table 4.1: The irradiance weighted correction factor for each factor. The error at each location is
smaller than 5%.

The model for bifacial irradiance

For bifacial modules, the irradiance can come from both sides of the PV module. This makes the
model for the incoming irradiance more complicated, especially since ignoring albedo reflection would
be an invalid assumption. Therefore, a different model has been defined for bifacial modules, and it
is discussed in Appendix C.2.

4.2 The different climates

The four different modules are simulated at four different climates. For each climate, a geographical
location is selected, that will represent this climate. The locations are:

1. Delft (the Netherlands), representing temperate low irradiance climates.

2. Lisbon (Portugal), representing temperate high irradiance climates.

3. Lagos (Nigeria), representing tropical high irradiance climates.

4. Shanghai (China), representing temperate medium irradiance climates.

The hourly climate data of the different locations is extracted from METEONORM version
7.3 [103]. Table 4.2 shows the most important annual climate parameters, which are the annual
global horizontal irradiation (GHI), the mean annual ambient temperature (TA), the mean annual
wind speed (WS), and the Köppen-Geiger-Photovoltaic (KGPV) classification [104, 105]. Also,
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Table 4.2: The most important climate parameters of the four locations. Also, the locations are
classified according to the KGPV classification.

Location
Annual in-plane Mean annual Mean annual

KGPV
Optimum

irradiation [kWh·m-2] TA [oC] WS [m·s-1] tilt [o]
Delft 1127 10.8 4.0 DL 31
Lisbon 1575 16.7 3.6 DH 28
Lagos 1909 27.5 3.9 AH 5

Shanghai 1284 17.5 3.5 DM 17

the optimum tilt of the module is shown, which has been determined by previous work on the
Toolbox [41].

Besides the total in-plane irradiation, it is also important to know what the spectral distribution
is, and what levels of irradiance occur most often. Figure 4.1 shows the normalized distribution of
the air mass. The distribution is irradiance weighted, and it can be seen that most incoming power
is received with a lower air mass than 1.5 (air mass at standard test conditions). This means that
there will be a small blue shift in the spectrum. It should be noted that these values are simulated
with SMARTS [101], and this might differ from reality.
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Figure 4.1: The normalized distribution of the air mass of the different climates. The red line is
the air mass corresponding to the STC spectrum
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Figure 4.2 shows the normalized distribution of the different irradiance levels. In Delft and
Shanghai, low levels of irradiance happen more often compared to Lagos and Lisbon. These values
are also irradiance weighted.
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Figure 4.2: The normalized distribution of the irradiance level of the different climates. The red
line is the irradiance level corresponding to the STC spectrum

4.3 The results for the mono-facial c-Si module

This section presents the loss distribution for the mono-facial module. The results of the bifacial,
two-terminal, and three-terminal module will be presented in the next sections. A full discussion
about the loss distribution can be found in Appendix C.3. In this section, only the significant
changes compared to STC will be discussed.

The results for the mono-facial module are shown in Figure 4.3. The calculations are performed
for each hour and combined into an annual loss distribution. This means that hourly, daily, or
seasonally variations could also be analysed. This could be used to see how the losses vary for
different moments of the day or different moments of the year. However, due to limited time only
the annual results are analysed.

The main results are summarized in Table 4.3. The greatest DC-efficiency is achieved in Delft,
mostly due to slightly lower fundamental losses. The greatest energy yield is achieved in Lisbon,
due to the high irradiation.
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Figure 4.3: The results of the mono-facial module for the different locations.

Table 4.3: The most important results for the mono-facial crystalline silicon module.

Delft Lisbon Lagos Shanghai STC
DC efficiency [%] 20.7 20.4 19.7 20.3 20.9

AC Energy yield [MWh] 1.99 3.41 2.68 2.22 -

An important difference between outdoors conditions and STC, is the spectral variation in in-
coming irradiance. At real-world operating conditions, the irradiance is blue-shifted compared to
STC, since the (irradiance weighted) air mass is lower than 1.5 for all locations (see Figure 4.1). This
leads to an increase of thermalization and a decrease of below bandgap losses. The thermalization
losses increase from 31.7% at STC to 32.7%-33.8% at outdoors conditions, and the below bandgap
losses decrease from 19.2% to 15.1%-15.7%. The blue shift is the largest in Lagos, as this location
has the lowest air mass, explaining why the difference is the largest in Lagos.

Another difference is that the amount of in-plane irradiance is typically lower at outdoors con-
ditions than at STC. This results in lower optimal voltage. Therefore, the Carnot voltage and
the angle mismatch voltage increase, as they are the difference between the optimal voltage and
Eg

q . Therefore, the Carnot and angle mismatch losses increase from 2.4% and 12.3% at STC to

2.7%-2.8% and 13.8%-14.1% at real-world operating conditions respectively.
For the optical losses, only the reflection losses change significantly. Because irradiance is reaching

the module at more oblique angles, the reflection increases. Therefore, the reflection losses increase
from 0.7% at STC to 1.5%-1.6% at outdoors locations.

Finally, the output power varies among the different locations. Since the efficiency of the inverter
depends on the output voltage and current, the inverter will be more efficient for Lisbon and Lagos,
as they have larger power outputs. This causes the inverter losses to be lower in Lisbon and Lagos.
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4.4 The results for the bifacial c-Si module

The bifacial module is also simulated for every hour of the year at four different locations. The loss
distributions for this module are shown in Figure 4.4.

c-Si bifacial module 
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Figure 4.4: The results of the bifacial module for the different locations.

The most important results of the simulations are shown in Table 4.4. Similar to the mono-facial
module, the module located in Delft has the highest DC-efficiency (due to lower fundamental losses),
and the module located in Lisbon has the largest energy yield (due to more irradiance).

Table 4.4: The most important results for the bifacial crystalline silicon module.

Delft Lisbon Lagos Shanghai B-STC
DC efficiency [%] 20.4 20.1 19.2 19.8 20.8

AC Energy yield [MWh] 2.26 3.83 2.99 2.51 -

The results of the bifacial module follow similar trends as the mono-facial module. Due to a
blue shift of the spectrum, the thermalization losses increase from 31.7% at STC to 32.7%-33.8%
at real-world operating conditions, and the below bandgap losses decrease from 19.2% to 15.2% to
15.7%.

A difference compared to the mono-facial module, is that the angle mismatch losses are higher.
Bifacial cells have a larger solid angle of emission, leading to more emission. This causes an increase
of the angle mismatch voltage, leading to a higher loss compared to the mono-facial module.

Similar to the mono-facial modules, the inverter losses vary due to different inverter efficiencies.
However, the inverter losses are slightly smaller than the mono-facial module, since the bifacial
modules have a higher output power.
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4.5 The results for the 2T tandem module

The next module that will be discussed is the two-terminal tandem module, whose structure is shown
in Section 3.1. The perovskite layer has a thickness of 575 nm, as this optimises the performance
under STC. The annual loss distributions of this module are shown in Figure 4.5.

Tandem 2T module 
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Figure 4.5: The results of the two-terminal tandem module for the different locations.

The most important results are summarised in Table 4.5. Similar to the other modules, the
greatest energy yield is achieved in Lisbon. The tandem module located in Delft has the greatest
DC-efficiency, which is mostly due to lower fundamental thermalization losses. A difference compared
to the c-Si modules is that the difference between STC and real-world operating conditions is more
significant than for c-Si modules.

Table 4.5: The most important results for the 2T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
DC efficiency [%] 27.0 26.9 26.1 26.7 27.7

AC Energy yield [MWh] 2.56 4.47 3.54 2.90 -

For the fundamental losses, the similar effects as for the single junction modules can be seen. The
thermalization losses increase from 18.8% at STC to 19.4%-20.2% at real-world operating conditions,
and the below bandgap losses decrease from 19.2% to 15.1%-15.7%. This is a result of the blue shift
in the spectrum.

There is also less incoming irradiance compared to standard test conditions, which leads to a
lower optimal voltage. This results in a higher Carnot and angle mismatch voltage loss. The Carnot
and angle mismatch losses increase from 3.1% and 12.5% at STC to 3.5%-3.6% and 14.0%-14.3% at
outdoors conditions, respectively.

Similar to the crystalline silicon modules, the incoming photons reaches the module at more
oblique angles compared to STC. This makes the reflection increase from 2.5% at STC to 3.4%-
3.6%.

A difference compared to the crystalline-silicon modules is the significant increase in recombi-
nation losses. The saturation current density and the ideality factor of the perovskite cell increase
for a higher temperature as shown in Appendix B.2. The cell temperatures are higher at real-world
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operating conditions compared to STC (shown in Appendix C.7), leading to more recombination
losses. The voltage recombination loss increases from 6.5% at STC to 6.8%-7.0% outdoors. This
difference is the highest in Lagos, since the cell temperatures are the highest at this location.

The mismatch losses increase from 0.0% at STC to 0.2%-0.3% at real-world operating conditions,
which means that the current mismatch does not cause significant power losses. This is due to the
fill factor gain, and is explained more deeply later this section.

The inverter losses show a similar trend as found before. The locations with lower output powers
have a larger inverter loss, due to a lower inverter efficiency.

The fill factor gain

The mismatch losses are larger at outdoors conditions than at test conditions. This is expected
according to literature [106]. However, the actual power mismatch loss is not as much as the current
mismatch indicates, which is due to the so-called fill factor gain. This is the effect that the fill
factor can increase if the IV curves of the top and bottom cell are not matched, which is shown in
Figure 4.6. The IV curve of the unmatched tandem cell is steeper compared to the matched cell,
indicating that the fill factor has increased.

Figure 4.6: The fill factor of the tandem cell can increase when the cells are not current matched.

In Table 4.6, the current mismatch and the fill factor are shown for the different locations. For
the locations where the absorbed current mismatch is large, the fill factor increases. This limits
a mismatch in power, where the power mismatch is defined as the relative difference between the
power when operating at four-terminal (P4T ) and the power when operating at two-terminal (P2T ).

Table 4.6: The fill factor increases when there is a greater current mismatch. The current
mismatch is calculated as the difference in Iph compared to absorbed current in the bottom cell.

The power mismatch is defined as P4T−P2T

P2T
.

Delft Lisbon Lagos Shanghai STC
Current mismatch [%] 7.03 6.25 8.11 6.87 0.18

Fill factor [-] 0.824 0.828 0.838 0.832 0.817
Power mismatch [%] 1.17 0.76 0.86 0.80 0.20
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Figure 4.7 shows the normalised distribution of the fill factor, weighted according to the generated
AC energy yield. The fill factors for all moments in time are discretized in steps of 0.001, and for
each interval the AC energy yield is added together, to see which fill factors occur most often. It
can be seen that for all locations, most of the AC energy is generated at a fill factor larger than the
fill factor at STC.
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Figure 4.7: The normalized distributions of the fill factor for all locations, weighted with the
generated AC energy yield. The red line indicates the fill factor at STC.

Another illustration of the fill factor gain can be seen in Figure 4.8. This figure shows the
normalised distribution of the current mismatch (top graph) and the power mismatch (bottom graph)
over the different fill factors. The distribution of the current mismatch is calculated by adding the
current mismatches that occur at the same fill factor. First, the fill factors at all moments in time
are discretized in steps of 0.001. Then, a range of all possible fill factors is created, ranging from 0
to 1, with an interval of 0.001. Each possible fill factor is denoted with FFi, where 0 < i < 1000.
The current mismatch at fill factor FFi, denoted with ∆Ii, can be calculated with

∆Ii =
∑

t∈T,FFt=FFi

|Iph,top,t − Iph,bot,t|. (4.4)

In this equation, t is an hour in the year, T is the collection of all hours in the year, FFt is
the fill factor at time t, and |Iph,top,t − Iph,bot,t| is the absolute current mismatch at time t. The
condition FFt = FFi is used, such that only the hours with a fill factor equal to FFi are added at
index i. Finally, all values are normalised by dividing by the maximum value, resulting in the top
graph shown in Figure 4.6.

The distribution of the power mismatch is calculated with a similar equation. The power mis-
match at a fill factor FFi is denoted with ∆Pi and is calculated with

∆Pi =
∑

t∈T,FFt=FFi

|P4T,t − P2T,t|, (4.5)

where P4T,t is the power output at time t if it would operate as four terminal tandem, and P2T,t

is actual power output at time t (as the module operates as two terminal tandem). Also, these
values are normalised by dividing by the maximum value.
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The current mismatch has a peak at a lower fill factor compared to STC, and a peak at a higher
fill factor compared to STC. However, the power mismatch only has a peak at a lower fill factor.
This indicates that the current mismatch can be compensated if the fill factor is relatively high. In
this figure, only the current mismatch and power mismatch of Delft are shown, but a similar trend
can be seen for other locations. Delft is shown, as this location provided the clearest illustration.
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Figure 4.8: An illustration of the fill factor gain. The top graph shows the normalized distribution
of the current mismatch over different fill factors, whereas the bottom graph shows the distribution

of the power mismatch over the different fill factors.

4.6 The results for the 3T tandem module

The last module that is simulated is the three-terminal tandem module, whose structure is described
in Section 3.1. The thickness of the perovskite layer is 1000 nm, which is thicker than the perovskite
layer of the two-terminal tandem cell. The results of the three-terminal tandem modules performing
outdoors are shown in Figure 4.9. The most important parameters are summarised in Table 4.7.
The module located in Lisbon has the highest efficiency and the highest energy yield, which is due
to lower fundamental losses and more irradiance. However, all locations have a lower efficiency
compared to the efficiency at test conditions.

Table 4.7: The most important results for the 3T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
DC efficiency [%] 23.7 23.8 23.0 23.3 24.6

AC Energy yield [MWh] 2.42 4.15 3.29 2.72 -
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Figure 4.9: The results of the three-terminal tandem module for the different locations.

The 3T tandem module also shows an increase in thermalization losses (18.8% to 19.4%-20.2%)
and a decrease of below bandgap losses (19.2% to 15.1%-15.7%), due to a blue shift in the spectrum.
The increase of reflection (from 2.5% to 3.4%-3.5%) is similar to the 2T tandem module as well.

The non-ideality effect is larger for the 3T tandem module compared to the 2T tandem module.
This is due to a better EQE for the 3T tandem cell, and is more deeply discussed in Section 4.7.

The recombination losses are larger compared to the 2T tandem module. Because the layer of
perovskite has a greater thickness in the 3T tandem cell, there is more recombination. This leads to a
higher saturation current density and a higher ideality factor, as shown in Appendix B.2. Also, these
values increase for a higher cell temperature, which causes the increase of voltage recombination loss
(7.9% to 8.8%-8.9%) compared to STC.

The mismatch losses in the 3T tandem module follow a different trend than in the 2T tandem
module. Because the voltage ratio of the top and bottom cell stays relatively constant, the mismatch
losses do not vary significantly for the conditions. At all locations and at STC the mismatch losses
are 1.5%-1.6%, which is different compared to the 2T tandem module. This difference is more
discussed in Section 4.7.

4.7 Comparison of the different modules

The outdoors performance of the different modules can also be compared with each other. Because
the different locations all followed similar trends, the comparison will only be done for Delft. In
the comparison, only significant differences will be discussed per category, similar to the discussion
Chapter 3.

4.7.1 Fundamental losses

The fundamental losses for the different modules are shown in Table 4.8. Similar to the comparison at
STC, the thermalization losses for the tandem modules are lower due to multiple bandgap energies.
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Table 4.8: The fundamental losses for the different modules in Delft.

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Thermalization [%] 32.7 32.7 19.4 19.4
Below bandgap [%] 15.7 15.7 15.7 15.7
Emission losses [%] 1.7 1.8 2.5 2.5
Carnot losses [%] 2.7 2.7 3.5 3.5

Angle mismatch [%] 13.8 14.5 14.0 14.0
Non-ideality effect [%] -1.4 -1.3 -1.3 -1.9

Another difference between the crystalline silicon and the tandem modules, is the emission losses.
Because a tandem cell has two materials that emit radiation, there is more emission for the tandem
cells.

The Carnot losses are the largest for the tandem cells, because the perovskite cell has a larger
bandgap energy than the silicon cell. The Carnot voltage is a fraction of the bandgap voltage, leading
to an increase of Carnot losses for the tandem modules. The angle mismatch voltage increases for
the bifacial module, since it has a larger solid state of emission.

The last significant difference is that the non-ideality effect is larger for the 3T tandem module
than for the 2T tandem module. The non-ideality effect includes an overestimation of the emission
losses, below bandgap absorption (Urbach’s tail), but also the underestimation of thermalization
losses. Because the perovskite cell does not have a perfect EQE, some high energy photons are
absorbed by the silicon. This means that there are actually more thermalization losses than for an
ideal solar cell. Because the 3T tandem cell has a better EQE (Section 3.1), this underestimation is
less, leading to a better non-ideality effect.

4.7.2 Optical losses

Table 4.9 presents the optical losses for the different modules in Delft. The cell spacing and metal
shading losses are larger for the tandem cells, since the tandem cells have lower fundamental losses
(similar to the comparison at STC).

The cell structure plays an important role for the optical losses. Bifacial modules do not have
a back reflector, leading to more transmission losses. Also, the tandem cells do not have front
texturing, which leads to more reflection for the tandem modules.

The difference in parasitic absorption, is due to the different cell structures, which is also similar
to the comparison at STC.

Table 4.9: The optical losses for modules in Delft.

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Cell spacing [%] 2.2 2.1 2.9 2.9
Metal shading [%] 0.4 0.4 0.5 0.5
Reflection [%] 1.5 2.1 3.4 3.4

Parasitic absorption [%] 3.8 3.5 3.2 3.2
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4.7.3 Electrical losses

The electrical losses are presented in Table 4.10. For the crystalline silicon modules, the resistance
losses are negligible. The shunt resistance losses are higher for the 3T tandem module than for
the 2T tandem module. This can be counter-intuitive, since the 3T tandem cell has a lower shunt
resistance (Appendix B.2). However, since the 3T has more current coming from the perovskite cell,
the shunt resistance losses increase.

The recombination losses are significantly larger for the tandem modules, which are caused by the
perovskite top cells. As shown in Appendix B.2, the saturation current density and the ideality factor
are larger for perovskite. This leads to more recombination, increasing the recombination voltage
and current loss. Because the perovskite layer is thicker in the 3T tandem cell, the recombination
for this module is higher compared to the 2T tandem module.

Table 4.10: The electric losses for modules located in Delft.

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Series resistance [%] 0.0 0.0 0.0 0.0
Shunt resistance [%] 0.0 0.0 0.8 1.3

Voltage recombination [%] 4.9 4.3 6.8 8.8
Current recombination [%] 1.1 1.1 1.2 1.2

4.7.4 System losses

The system losses for the different modules are shown in Table 4.11. The 3T tandem module has
the highest output current (shown in Figure 3.12 in Chapter 3), which explains the fact that it is
the only module with significant cell interconnection losses.

The mismatch losses are the largest for the 3T tandem module, since it has non-active cells.
As mentioned in Section 3.3, this already accounts for approximately 1.4% of the mismatch losses.
However, the mismatch losses did not increase for the 3T tandem module compared to STC, whereas
the mismatch losses for the 2T tandem module increased for STC.

Finally, the inverter losses are the largest for the 2T tandem module. Because this module has
the lowest output current (Figure 3.12 in Chapter 3), the inverter is less efficient. This causes the
inverter losses to be the highest for this module.

Table 4.11: The system losses for the different modules in Delft.

Mono-facial Bifacial Tandem 2T Tandem 3T
c-Si c-Si perov/c-Si perov/c-Si

Cell interconnection [%] 0.0 0.0 0.0 0.2
Mismatch losses [%] 0.0 0.0 0.3 1.5
Cable losses [%] 0.2 0.2 0.3 0.2
Inverter losses [%] 1.9 1.7 2.6 1.8
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4.8 Conclusion

This chapter analysed the loss distributions of the different module under different real-world op-
erating conditions, such that this chapter fulfils sub-goal 3 (listed in Section 1.5). The difference
between outdoors operating conditions and STC are similar for all locations. Due to a blue-shift of
the spectrum, there is increase in thermalization losses, but a decrease for the below bandgap losses.
Also, there is an increase in reflection losses, as light reaches the module at more oblique angles
of incidence. In all cases, the modules simulated in Lagos (tropical high irradiance climate) have
the lowest efficiency. Also, it was found that the difference between STC and real-world operating
conditions is more significant for tandem modules than for c-Si modules.

The mismatch losses for two-terminal tandem modules increase slightly at outdoors conditions,
as a result of spectral variations. However, this chapter showed that the fill factor gain partly
compensates for a mismatch in absorbed current. The fill factor gain is the phenomena, where
the fill factor increases when there is a current mismatch. For the 2T tandem module, a current
mismatch of 7.0% only leads to a power mismatch loss of 1.2%, due to a higher fill factor. This means
that the power mismatch is a better indicator for mismatch losses than the current mismatch.
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5. Optimisations and improvements for tandem PV
system

The last sub-goal described in Section 1.5 is to use the developed model to analyse optimisations
or improvements for PV system. This chapter presents the different optimizations/ improvements
that are performed and discusses the effect it has on the performance of the solar cell. These
improvements are only simulated for the two-terminal perovskite/silicon module, as this module is
the main focus of this study.

In this chapters, four different optimisations/ improvements are considered, which are solar
tracking, fixing the cell temperature, changing the perovskite thickness, and varying the bandgap
energies. The first section will discuss solar tracking, which can be seen as an improvement as it aims
to improve the operating conditions. This is followed by analysing the effect of fixing the temperature
which also improves the operating conditions. Then, different thicknesses of the perovskite layer are
simulated and analysed. This can be seen as an optimisation, as the optimal thickness for different
conditions is found. Finally, the optimal bandgap energies for maximising the upper limit are found,
which can also be seen as an optimisation.

5.1 Solar tracking

An important difference between outdoors conditions and standard test conditions, is the intensity
of the received in-plane irradiance. An important factor of the in-plane irradiance is the Angle of
Incidence (AOI), as the direct irradiance on the module is written as [11]

Gdir
M = Idire · cos(AOI), (5.1)

where Gdir
M is the direct in-plane irradiance, Idire is the direct normal irradiance (DNI). It can be

seen that if the angle of incidence is smaller, the direct irradiance on the module will increase.
Besides increasing the in-plane irradiance, a smaller angle of incidence can also lead to other

effects. Smaller angles of incidences can lead to less reflection [107]. Therefore, the efficiency of the
PV system could potentially increase when reducing the angle of incidence. This is something that
will be tested and analysed in this section.

To reduce the angle of incidence, solar tracking can be used. To track the sun, the module should
be able to rotate either around a horizontal axis or a vertical axis. Therefore, three types of solar
tracking will be distinguished, which are also shown in Figure 5.1:

1. Altitude tracking, meaning that the module can rotate around the horizontal axis.

2. Azimuth tracking, meaning that the module can rotate around the vertical axis.

3. Dual axis tracking, meaning that the module can rotate around both axes.

Altitude tracking Azimuth tracking Dual axis tracking

Figure 5.1: An illustration of the different types of tracking that are considered.
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In literature, different implementations of solar tracking systems are described [108, 109]. How-
ever, for this study, the simulation performed is kept simple due to time restrictions. For azimuth
tracking, the azimuth that maximises the incoming irradiance is selected, while the altitude of the
module stays fixed. Similar for altitude tracking, the tilt of the module that maximises the in-plane
irradiance is selected. This method does not always provide the angle that is closest to the sun,
especially in cases with relatively high diffuse irradiance.

For dual axis tracking, the azimuth and altitude of the module are set the same as the azimuth
and altitude of the sun. Because finding the azimuth and altitude that maximise the in-plane
irradiation increased the simulation time significantly, this implementation is chosen.

Since the ray tracing model and irradiance model are not suitable for solar tracking, the Toolbox
is not used for calculating the incoming irradiance. To calculate the in-plane irradiance, the simple
irradiance model described in Section 4.1 is used. First, the spectral irradiance from each vertex
is calculated for the static module, including the correction for the static module. Then, this
calculated spectral irradiance from each vertex is also considered for the tracking systems. The
in-plane irradiance is calculated with Equation 4.1.

5.1.1 The effect on the AC yield

As mentioned before, solar tracking increases the in-plane irradiation. Therefore, the AC energy
yield can increase up to 40%. Table 5.1 shows the annual incoming irradiation, AC energy yield, and
efficiency for the different tracking systems at all locations. The table shows that for all locations,
the tracking systems result in an increase in in-plane irradiance, AC yield, and efficiency.

For all locations, dual axis tracking is the most effective as expected. For most locations, azimuth
tracking results in a larger increase than altitude tracking. The causes of this are explained later in
this section. Only for Lagos, altitude tracking is more effective. This is not surprising, as the tilt of
the modules in Lagos is relatively small, which means that the module is almost flat on the ground.
A change in azimuth would therefore not be as significant as for other locations.

Table 5.1: An overview of the incoming annual irradiation, efficiency, and AC energy yield for the
different tracking systems in the different locations.

Location Type of tracking Incoming annual AC energy AC Efficiency [%]
irradiation [MWh] yield [MWh]

Delft

None (Tilt = 31o) 10.6 2.56 24.1
Altitude tracking 11.4 2.77 24.4
Azimuth tracking 12.8 3.18 24.9
Dual axis tracking 13.7 3.46 25.2

Lisbon

None (Tilt = 28o) 18.0 4.47 24.8
Altitude tracking 19.3 4.85 25.1
Azimuth tracking 22.0 5.62 25.6
Dual axis tracking 24.5 6.31 25.8

Lagos

None (Tilt = 5o) 14.9 3.54 23.8
Altitude tracking 15.5 3.73 24.1
Azimuth tracking 15.4 3.69 24.0
Dual axis tracking 17.6 4.36 24.7

Shanghai

None (Tilt = 17o) 12.1 2.90 24.0
Altitude tracking 12.7 3.08 24.3
Azimuth tracking 13.2 3.21 24.4
Dual axis tracking 14.3 3.56 24.9
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5.1.2 The effect on the efficiency

Figure 5.2 shows the efficiency of the PV system in Delft for a whole day. It can be seen that in the
morning and evening the effect of azimuth and dual axis tracking is the greatest. As the sun is in
the east in the morning and in the west in the evening, the AOI is large for the static PV system.
However, by rotating around the vertical axis (which is possible for azimuth and dual axis tracking),
the AOI can be kept small at in the morning and evening. This also explain why azimuth tracking
is more effective than altitude tracking. In the middle of the day, all tracking systems are equally
efficient, indicating that the optimal orientation is the same as the static system at this moment in
time.
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Figure 5.2: The effect of tracking for the PV system in Delft over a whole day. As example, April
9th is selected.

5.1.3 The effect on the loss distribution

To explain why the efficiency is affected by solar tracking, the loss distributions of the tracking
systems need to be analysed. Figure 5.3 shows the yearly loss distribution for each tracking system.

Solar tracking in Delft 
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Figure 5.3: The loss distributions for the tracking systems in Delft. All values are yearly irradiance
weighted.
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The year average tandem system efficiency is the largest for dual axis tracking (25.2%), followed
by azimuth tracking (24.9%), altitude tracking (24.4%), and static (24.1%). The increase of efficiency
is mainly caused by a reduction of angle mismatch, Carnot, reflection, and inverter losses. However,
the mismatch losses increase for when tracking is used.

The increase of incoming irradiance allows the optimal voltage to be larger. Since the angle
mismatch and the Carnot voltage accounts for the difference between the

Eg

q and the optimal voltage,
both voltages decrease for a larger optimal voltage. This leads to a reduction of the angle mismatch
and Carnot losses.

As mentioned before, the angle of incidence is reduced when solar tracking is used. This leads to
a reduction of the reflection losses, as the reflection decreases for a lower AOI. In the figure, it can be
seen that the reflection decreases the most for dual axis tracking, as it reduces the AOI the most. For
altitude tracking, however, there is no reduction in reflection observed. This is because for altitude
tracking, the sky view factor needs to be taken into account. The sky view factor indicates which
part of the sky (when seen as a hemisphere) can reach the module [11] and is important for diffuse
irradiation. When the module is tilted, this sky view factor is reduced. To maximise the in-plane
irradiance, a trade-off needs to be made between minimising the AOI for the direct irradiance and
maximising the sky view factor for the diffuse irradiance. This is shown in Figure 5.4, where the
incoming irradiance and reflection losses are plotted for different values of module tilt and azimuth.
The simulations are done for June 13th at 13:00 as this moment provides a clear difference. It can
be seen that for altitude tracking, there is a different optimal value for the reflection losses and the
in-plane irradiance. For azimuth tracking however, there is only one optimal value, since the sky
view factor remains constant. Therefore, the reflection is not reduced for altitude tracking.
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Figure 5.4: For altitude tracking, a trade-off needs to be made between maximising the incoming
irradiance and minimising the reflection losses.

The inverter losses decrease as a result of a larger voltage and current. Due to a larger in-plane
irradiance, the produced electricity increases. As mentioned in Chapter 4, the selected inverter
becomes more efficient when the current and voltage increase, resulting in lower inverter losses.

The only loss that increases, is the mismatch loss. Due to a different in-plane irradiance, there
is a greater mismatch between the top and bottom cell. This causes the mismatch losses to increase
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with 0.3% for dual axis tracking (from 0.3% to 0.6%). This indicates that a different thickness of
perovskite may be optimal for a tracking system.

5.2 Fixing the temperature

The IV curve of a solar cell depends on the cell temperature [42–44]. Both the open circuit voltage
and the fill factor decrease for a higher temperature. The temperature dependence on the IV curve
on the silicon and perovskite cell in the two-terminal cell is shown in Figure 5.5. For all curves, the
absorbed photocurrent is kept constant at 200 A/m2. It can be seen that the open circuit voltage
decreases for higher temperatures.

The short circuit current is also dependent on the temperature. However, this effect is not
included, since this effect is also not included in the Toolbox and the effect is smaller compared
to the voltage effect. Also, there is not sufficient data available for perovskite to model this effect
correctly.
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Figure 5.5: The temperature dependence on the IV curve of the silicon and perovskite cell.

As shown in Appendix C.7, the cell temperature reached values up to 60oC for different locations.
To reduce the temperature of the cell, active cooling can be applied. In literature, different systems
for active cooling are presented [110, 111]. For this study, however, active cooling is simulated by
setting the temperature of the module equal to a fixed value. It should be noted that this might be
unrealistic to keep a cell’s temperature fixed at one specific temperature for a whole year. However,
this is done to observe the temperature effect on the loss distribution.
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5.2.1 The effect on the efficiency

The efficiencies for the PV systems under different cell temperatures are shown in Figure 5.6. It
can be seen that for all locations, the efficiency decreases for a higher temperature. The highest
efficiency is obtained in Lisbon due to the largest irradiation. The increase in efficiency from 50oC
to 20oC is around 1.7%-1.8% for all locations.

If the efficiency at 20oC in Delft (24.5%) compare with the efficiency in Delft without cooling
(24.1%), there is a relative increase of 1.7% in the efficiency. This will also lead to a 1.7% increase
for the energy yield over a year. To examine whether it is beneficial to apply active cooling, the
amount of energy needed for cooling needs to be calculated. This is discussed in more detail in the
recommendations in Chapter 6.
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Figure 5.6: The effect of active cooling for all locations. It can be seen that at each location, the
efficiency is the highest at lower temperatures. Also, the efficiency at STC (25oC) is included in

the plot as a reference.

5.2.2 The effect on the loss distribution

The efficiency increase for lower cell temperature is mostly caused by a decrease in recombination,
both radiative and non-radiative. As shown in Figure 5.7, the losses that change significantly are
the emission, Carnot, angle mismatch, and recombination losses. In this section, only the loss
distribution in Delft is presented, as all locations follow similar trends. The results of the other
locations can be found in Appendix D.3.

Equation 2.10 shows that the emission will increase for a larger temperature, explaining why the
emission losses increase for increasing temperatures. Due to the increase in emission, the optimal
voltage decreases. This results in a lower Carnot and angle mismatch voltage, as these voltages are
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Fixing temperature in Delft 
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Figure 5.7: The loss distributions for active cooling in Delft. All values are yearly irradiance
weighted.

the difference between the optimal voltage and
Eg

q . Therefore, the Carnot and angle mismatch losses
increase.

The voltage recombination losses also increase for larger temperatures. As can be seen in Ap-
pendix B.2, the saturation current density increases for larger temperatures. This results in an
increase of recombination losses.

It should be noted that the optical losses and system losses decrease for a higher temperature.
However, this is the result of more energy being lost in previous steps.

5.3 The thickness of the perovskite layer

The thickness of the perovskite layer affects how much photons are absorbed in the perovskite layer.
For the two-terminal cell, the thickness is chosen such that current matching is achieved under STC.
However, as the incoming spectral irradiance is different at outdoors conditions, the top and bottom
cell become unmatched. Therefore, a different thickness of the perovskite layer may result in a better
performance [112].

Another aspect that needs to be considered is that a thicker perovskite layer results in more
recombination [113]. This can lead to more electric losses, resulting in a lower efficiency. This is also
discussed in the design of the three-terminal cell.

To observe the effect of the perovskite thickness on the loss distributions, different thicknesses
are simulated. As the original thickness is 575 nm (which provides current matching at STC), it is
expected that the optimal thickness lies within the range 400 nm-700 nm. Therefore, thicknesses
within this range will be simulated. All perovskite layers will be simulated in ASA to obtain the
electrical characteristics. These simulations are shown in Appendix D.1.
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5.3.1 The effect on the loss distribution

To qualitatively understand how the efficiency changes for different thicknesses, the loss distribution
can be studied. In Figure 5.8, the loss distributions for the different thicknesses in Delft are shown.
Only this location is shown, as the other locations follow a similar trend. The loss distributions for
the other locations can be found in Appendix D.4. The losses that vary for different thicknesses are
the non-ideality effect, the recombination, and mismatch losses. The main effect is the change in

Optimizing perovskite thickness in Delft 
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Figure 5.8: The loss distributions for active cooling in Delft. All values are yearly irradiance
weighted.

mismatch losses. The thickness of the perovskite layer determines the absorbed current in top cell
and is therefore an important parameter for achieving current matching. For the lower thickness
(400 nm), the top cell absorbs less current compared to the bottom cell, leading to more mismatch
losses. For a greater thickness (700 nm), the top cell has absorbed more current than the bottom
cell, also leading to more mismatch losses.

An additional effect is the change of the non-ideality effect. The non-ideality effect accounts for
different phenomena, such as an overestimation of emission losses, absorption below the bandgap
energy (Urbach’s tail), but also for an underestimation of thermalization losses for tandem cells.
The latter one means that if photons with a high energy are absorbed in the bottom cell instead of
the top cell, the thermalization losses for that photon increase. Note that this only happens for a
non-ideal solar cell, due to a non-perfect EQE. For an ideal solar cell, all high energy photons will
be absorbed in the top layer. A thicker layer of perovskite will improve the EQE, as more photons
can be absorbed. This leads to thermalization losses, making the absolute value of the non-ideality
effect increase.

A downside of increasing the perovskite thickness, is that the non-radiative recombination will
increase. A larger thickness requires electrons and holes to travel a greater distance, resulting in a
greater change of recombining. Overall, this will increase the recombination losses, which results in
a voltage loss.
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5.3.2 Finding the optimal efficiency

The efficiencies for different thickness at different locations are plotted in Figure Figure 5.9. To find
the optimal thickness, an interval step of 25 nm is taken between 500 nm and 600 nm, as it was
found that the highest efficiency is in this region. It can be seen that the highest efficiency at every
location is achieved at around 575 nm. For Lisbon, Lagos, and Shanghai, the efficiency does not
vary much between a 500 and 600 nm, whereas for Delft, a clear peak at 575 nm can be seen.
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Figure 5.9: The effect of changing the thickness of the perovskite layer. The normal thickness (575
nm) is included as well. It can be seen that the optimal thickness is approximately the same for all

locations.

5.4 Different bandgap energies

The fundamental losses in the developed model are determined by the bandgap energies and the
incoming spectral irradiance. Based on the fundamental losses, and upper limit can be assigned for
a certain location with the equation

ηupper =
Pin − (Pterm + Pbelow + Pemission + PCarnot + Pangle)

Pin
. (5.2)

By using the fundamental losses calculated in Chapter 4, the upper limits can be calculated
for the different locations. The upper limits for the two-terminal tandem module are presented in
Table 5.2. It can be seen that the upper limit varies for the different operating conditions.

Table 5.2: The upper limit for the two-terminal module at the different locations.

Delft Lisbon Lagos Shanghai STC
ηupper [%] 44.9 44.8 44.1 44.5 44.1

This raises the questions if there are different values for the bandgap energy that maximise
the upper limit for the different operating conditions. To find the optimal values for the bandgap
energies, different combinations for the top and bottom cell are simulated. For each combination,
only the fundamental losses are identified, and its upper limit is calculated. When calculating the
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optimal voltage, the ambient temperature is used as the cell temperature. This is done, since this
temperature can be seen as the ideal temperature without considering active cooling.

The considered values for the bandgap energies range from 1.4 eV to 2.0 eV for the top cell, and
0.8 to 1.3eV for the bottom cell. It should be realised that not all bandgap energies are equally
suitable or available in practice. However, this work is done purely on theoretical basis to understand
which bandgap energies provide the maximal upper limit for a double junction tandem cell.

5.4.1 The optimal bandgap energies

The upper limits for the different combinations are shown in Figure 5.10. The upper limit is around
46%-47% for each location. The optimal values for the bandgap energies are shown in Table 5.3. In
this table, also the optimal values for STC are also included. All locations have the same optimal
bandgap energies, which is 1.73 eV for the top cell, and 0.94 eV for the bottom cell.
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Figure 5.10: The upper limit for different combinations of bandgap energies for all locations.

Table 5.3: The optimal values for the bandgap energies at the different locations.

Delft Lisbon Lagos Shanghai STC
Optimal Eg1 [eV] 1.73 1.73 1.73 1.73 1.73
Optimal Eg2 [eV] 0.94 0.94 0.94 0.94 0.94
Optimal ηupper [%] 47.1 47.1 46.0 46.7 45.2

Suitable materials with the corresponding bandgap energies are a perovskite based on formami-
dinium (FA), methylammonium (MA), cesium (Cs), and rubium (Rb) [114] (bandgap energy of
1.73 eV), and the conjugated polymer PBTTQ [115] (bandgap energy of 0.94 eV). Both of these
materials have been used in a solar cell. However, these materials are only ideal for lowering the
fundamental losses. More research is needed to examine the actual efficiency of such a tandem cell
and the feasibility of this combination.

Delft and Lisbon have the highest upper limit (both 47.1%), followed by Shanghai (46.0%), and
Lagos (46.0%). The differences between the locations are discussed in detail later in this section. An
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interesting result is that all locations have a higher upper limit compared to STC. Due to a lower
irradiance weighted air mass (when simulated in the Toolbox) compared to STC, there is a significant
spectral variation between outdoors and test conditions. This leads to more below bandgap losses
at STC.

5.4.2 The fundamental losses with optimal bandgap energies

The distribution of the fundamental losses and the upper limit with the optimal bandgap energies
are shown in Figure 5.11. Although all locations have the same optimal bandgap energies, there are
differences in the fundamental losses.
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Figure 5.11: The fundamental losses and the upper limit for the optimal bandgap energies at the
different locations

Each location has a different irradiance weighted air mas, which leads to spectral variations.
These spectral variations cause a difference in the thermalization losses and the below bandgap
losses. As Delft has the highest air mass, this location has the lowest thermalization losses and the
highest below bandgap losses.

Another difference among the locations is the ambient temperature. Lagos has the highest tem-
perature, resulting in more emission losses. This also accounts for more Carnot and angle mismatch
losses, as the optimal voltage is lower. It should be realised that the cell temperature in reality would
be higher than simulated. As optimal conditions are simulated, the ambient temperature is used
as cell temperature. In practice, the cell temperature would be higher, resulting in more emission
losses at all locations.

5.5 Conclusion

This chapter showed the results of different optimizations performed on the PV system, fulfilling
the fourth and last sub-goal of this project. It was shown that solar tacking increases the mismatch
losses, as the top and bottom cell absorb a different amount of photons. Nevertheless, the angle
mismatch, reflection, and inverter losses can decrease for solar tracking. This eventually leads to an
increase of efficiency of the PV system. Especially in the morning and evening, azimuth and dual
tracking is effective.

Also, the effect of active reducing the temperature of a PV module has been quantified. Both the
emission and recombination losses decrease for lower temperatures, improving the efficiency. The
increase in efficiency from 50oC to 20oC is around 1.7%-1.8% for all locations. Compared to a PV
system without active cooling (the temperature range can be found in Appendix C.7), there is an
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increase of 0.4% in efficiency. This can lead to a relative increase of 1.7% in the energy yield. These
simulations can be used to examine the benefit of active cooling.

Additionally, different thicknesses of the perovskite layer are simulated. An important aspect
for finding the optimal thickness is current matching. Furthermore, for lower thicknesses, the non-
ideality effect becomes smaller as there are more thermalization losses. On the other hand, the
non-radiative recombination increases for larger thicknesses. The results show that for real-world
operating conditions, the optimal thickness is approximately the same as the optimal thickness at
STC.

Finally, the optimal values of the bandgap energies that maximise the upper limit are found.
The simulations show that all locations (including STC) have a maximum upper limit for a bandgap
energy of 1.73 eV and 0.94 eV for the top and bottom cell respectively. The highest upper limits
are found in Delft and Lisbon, which have an upper limit of 47.1%.
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6. Conclusion and Recommendations
This last chapter will give the conclusion of this project and will provide recommendations for future
study. First, the conclusion will be presented, and the most important results will be discussed.
Then, the recommendations are presented. This includes not only improvements on the developed
model or Toolbox, but also new topics that are not studied in this work due to time restrictions.

6.1 Conclusion

This work has presented a model for quantifying the loss distributions for different PV systems.
This model is used to calculate the losses for four different modules in four different climates and
at standard test conditions. The model is also used to understand how different improvements can
increase the efficiency in a PV system.

As stated in Section 1.5, the main goal of this thesis is:

Use the energy loss distribution model to analyse improvements for
perovskite/silicon tandem systems under realistic operating conditions.

This goal is divided into four sub-goals, where each sub-goal builds on the results achieved in
previous sub-goals and is a step closer to the main goal. For each sub-goal a chapter is dedicated
to fulfil its corresponding sub-goal. It should be noted that although the main goal specifically
mentions perovskite/silicon tandem systems, some sub-goals are also achieved for other types of
modules. However, the final sub-goal only focuses on perovskite/silicon tandem systems.

Sub-goal 1: Development and implementation of a loss analysis model

The first sub-goal is to develop and implement a model for the loss analysis in the PVMD Toolbox.
Chapter 2 discusses the implementation and the different equations used for this. In total, 17 losses
are defined and divided into four categories (fundamental, optical, electrical, and system losses).
Also, a non-ideality effect is included for the fundamental losses, to compensate for the non-idealities
of a solar cell, when calculating the fundamental losses.

For the implemented loss analysis model, two types of validation are done. The first one was
a mathematical validation, where it was shown that the percentages of all losses and the efficiency
add up to 100%. This indicates that all the incoming power has been detected. The second type of
validation was a physical validation, where the upper limit is compared to the upper limit derived
in literature. The upper limit is defined as the efficiency of an ideal solar cell, which means that
only the fundamental losses are considered. For both single junction and tandem cells, it is shown
that the upper limit derived by the developed model matches the upper limit in literature (the
Shockley-Quisser limit [15] and the limit calculated by De Vos [25] respectively).

Sub-goal 2: Loss analysis of a perovskite/silicon tandem module at STC

Chapter 3 presents the loss distributions for different PV modules under STC, fulfilling the second
sub-goal. As a reference, the monolithic perovskite/silicon tandem cell fabricated at HZB [85] is
used for the design of four different modules. The simulated modules are a mono-facial crystalline
silicon, a bifacial crystalline silicon, a two-terminal perovskite/silicon tandem, and a three-terminal
perovskite/silicon tandem module. Additionally, the electrical implementation for the three-terminal
module considering end losses is designed, as this was not yet included in the PVMD Toolbox.

The efficiency of the tandem modules is larger than the efficiency of the crystalline silicon mod-
ules, which is mostly due to reduction of thermalization losses. However, there are also losses that
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increase for the tandem modules. The reflection losses increase significantly, since the cells in the
tandem modules do not have front texture, whereas the single junction cells are double-textured.
Also, the recombination losses increased, as perovskite has more recombination compared to silicon.

Besides comparing single junction modules with tandem modules, also the loss distribution of
the two-terminal module was compared with the loss distribution of the three-terminal module. The
efficiency of 2T module is larger, mostly due to lower mismatch and recombination losses.

Sub-goal 3: Loss analysis of a perovskite/silicon tandem module at real-world operating
conditions

After simulating the loss distribution at STC, the modules are simulated under realistic operating
conditions, thereby fulfilling sub-goal 3. This is discussed and explained in Chapter 4. Four different
climates are selected for which the simulations are performed, and for each climate a location is
selected. These locations are Delft, Lisbon, Lagos, and Shanghai. All four modules from Chapter 3
are simulated for all four locations.

The differences between the locations and STC show a similar trend for all locations. When
simulating with SMARTS, there is a blue shift of the spectrum compared to the STC due to a lower
(irradiance weighted) air mass. This causes an increase in thermalization losses, and a decrease for
below bandgap losses. Also, the reflection losses increase for all modules, due to more oblique angles
of incidence. In general, the difference between STC and real-world operating conditions is greater
for tandem modules than for c-Si modules. Also, the tropical high irradiance climate provides the
lowest efficiency for all modules.

The mismatch losses increase slightly at outdoors conditions, due to spectral variations. However,
an important insight of this study is that the fill factor gain partly compensates for a current
mismatch. The fill factor gain is the phenomena where the fill factor of a tandem cell increases when
there is a current mismatch. This means that a current mismatch of 7.0% can be reduced to a power
mismatch loss of 1.2%, due to an increase in the fill factor. Therefore, the power mismatch loss is a
better indicator for mismatch losses than the current mismatch.

Sub-goal 4: Simulation of optimisations and improvements to reduce energy losses

The last sub-goal is fulfilled by Chapter 4. In this chapter, different optimisations and improvements
are simulated. The simulated optimisations and improvements are solar tracking, active cooling to
set the temperature, varying the thickness of perovskite, and varying the bandgap energies. For
solar tracking, not only the in-plane irradiance and the energy yield, but also the efficiency of the
PV system can increase. One aspect that needs to be considered for solar tracking with tandem PV
modules is that the mismatch losses increase with respect to the static situation. This means that
there could be a different optimal perovskite thickness for solar tracking. Nevertheless, the angle
mismatch, reflection, and inverter losses decrease for solar tracking. This leads to an increase of
0.7% in the efficiency for dual axis tracking.

Additionally, the temperature of the PV module has been fixed at different temperatures. For
lower temperatures, the emission and recombination losses decrease, which also lead to lower Carnot
and angle mismatch losses. Overall, the increase in efficiency from 50oC to 20oC is around 1.7%-1.8%
for all locations. Compared to the PV system without cooling, there is increase of 0.4%, which leads
to relative increase of 1.7% in the energy yield. This can be used to examine whether active cooling
is beneficial.

The yearly loss analysis is also simulated with different thicknesses for the perovskite layer. An
important aspect for this is current matching, as the perovskite thickness affects the EQE of the
perovskite cell. Also, it was found that lower thicknesses lead to lower non-radiative recombination
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losses, whereas a greater thickness leads to a better non-ideality effect. The optimal thickness for
all locations is around 575 nm, which is similar to the optimal thickness for STC. Nevertheless, for
most locations, there is an optimal range of thicknesses (500 - 600 nm) that provide the maximum
efficiency.

Finally, the upper limit at all locations is simulated for different combinations of bandgap ener-
gies. For all locations, the optimal combination of bandgap energies are 1.73 eV and 0.94 eV for the
top and bottom cell respectively. The upper limit of all locations is higher than the upper limit at
STC, which is mostly due to lower below bandgap losses. The highest upper limit can be found in
Delft and Lisbon, which have an upper limit of 47.1%.

6.2 Recommendations

As science is never finished, there are still improvements or extensions for this project that can
be made. This section will discuss the most important recommendations for using the loss anal-
ysis model to its full potential. First, the recommendations regarding the Toolbox are discussed,
which is followed by recommendations for the developed model. Then, the recommendations for
the performed simulations are discussed, and finally the recommendations for the optimisations are
presented.

6.2.1 Recommendations for the Toolbox

The main recommendation for the Toolbox is to consider a different model for the spectral irradiance
model. The current version of the Toolbox uses the SMARTS model [101]. However, this model
does not consider cloud coverage for calculating the spectral irradiance, which typically affects this.
A model that does take the cloud coverage into account, is the SBDart model [116]. The SMARTS
model can be replaced with the SBDart model to make the irradiance model more accurate.

Another recommendation is to improve the electrical model for tandem modules. In the current
version, the top and bottom cell are simulated independently in ASA. However, especially for three-
terminal tandem cells the IV curve of the top and bottom cells are not independent. Additionally,
IBC cells cannot be simulated, as both GENPRO and ASA work in one dimension. To realistically
simulate an IBC module, the simulation software could be extended to two (or three) dimensions.

The final recommendation for the Toolbox is to include optical effects on module level. GENPRO
simulates the optical behaviour on cell level, and these results are used for the module level as well.
However, on module level it is possible for light to be reflected from the non-active area to the active
area. Also, photons can be reflected from the metallic wires on top of the bottom cell, which is
called total reflection. The Toolbox assumes a fixed percentage of shaded area (the shading factor)
and uses this for calculating the absorbed current.

6.2.2 Recommendations for the developed model

The first improvement for the developed model is to include photon recycling fundamental losses.
Photon recycling is the phenomena that emitted photons can be absorbed again [117–119]. This
could be included either in the emission losses or in the non-ideality effect.

Furthermore, the bandgap energies of the top and bottom cell are assumed to be constant for
different temperatures. In reality, however, the bandgap energy is generally dependent on the
temperature of the cell. This can be included for calculating the fundamental losses. However,
this requires accurate data for the temperature dependency, which is currently not available for
perovskite.

82



6.2. RECOMMENDATIONS CHAPTER 6. CONCLUSION

Another recommendation for the fundamental losses is to include a more accurate division be-
tween the Carnot voltage loss and the Angle mismatch loss. For this study, it is assumed that the
ratio of these voltage losses is independent of the operating conditions. However, a study performed
by P. Isherwood [120] shows that the Carnot limit for diffuse light is lower than for direct light,
which is not included for this study. Also, the study of H. Ziar [121] shows that the entropy of lab
irradiance has a lower entropy compared to outdoors irradiation, which could also be taken into
account in this model.

The last recommendation for the implementation is to include quantification of the different re-
combination processes. For this study, the type of recombination is not specified, and it is calculated
by taking the voltage loss or current loss. However, there are different types of non-radiative recom-
bination such as Auger [122], Shockley-Read-hall, and surface recombination [11]. For the design of
the solar cell, it can be useful to know the origin of the non-radiative recombination [123]. However,
identifying the type of recombination would also require changes in different parts of the Toolbox, as
this information needs to be provided either from the semiconductor model or the electrical model.

6.2.3 Recommendations for the simulations

The first recommendation for the simulations is to improve the design of the three-terminal tandem
module. As mentioned in Section 3.1, the 2T tandem cell is used as starting point for the design of the
3T cell, and small adjustments are made. The design of the cell could be improved by considering
different materials and different thicknesses. This would also make the comparison between the
two-terminal and three-terminal tandem module more fair.

The developed model can also be used to simulate the loss distributions for different two-terminal
tandem modules. In this project, only perovskite/silicon tandem cells are considered, as this was
the focus of the project. However, this model can be used to compare various tandem cells, such as
tandem cells based on CIGS materials or perovskite/perovskite tandem cells.

Another recommendation is to simulate the bifacial module under B-STC more accurately. In
this work, this is simulated by multiplying the absorbed current density of the front side with 1.2.
It would be more accurate to use the absorbed current density from the rear side, which is also
provided by GenPro4. This current density can be multiplied with 0.2 (to make the rear irradiance
200 W/m2) and add it to the absorbed current density of the front side. However, this requires
changes in the implementation, as the calculations need to be calculated separately for both sides.

Finally, the hourly results could also be analysed. The results presented in this chapter are based
on annual irradiance weighted results. However, it could also be interesting to analyse the seasonal
variations over a year or the hourly variations over a day.

6.2.4 Recommendations for the optimisations/ improvements

The first recommendation is an improvement for the implementation of solar tracking. For dual
axis tracking, the altitude and azimuth of the sun are used as the altitude and azimuth of the
module. However, it is possible that this does not maximise the incoming irradiance for a large
diffuse irradiance. The implementation could be improved by selecting the altitude and azimuth by
maximizing the in-plane irradiance, similar to the implementation of single-axis tracking. This was
not done, as it would increase the simulation time significantly. However, by improving the code
for the implementation, the simulation time could be reduced. This could potentially lead to more
accurate results.

Another improvement for the implementation of solar tracking is to use the irradiance model of
the Toolbox. However, this requires that the ray tracing module also needs to simulate different
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orientations of the module, which will also increase the simulation time.
The last recommendation for solar tracking is to simulate altitude tracking for a different fixed

azimuth. In the current simulation, the module is facing south (as this is optimal for the static
situation). However, it might be more efficient to have the module facing west/east, such that the
module can follow the sun in the morning and evening.

For fixing the temperature, more time and effort can be spent on estimating whether it is benefi-
cial to actively cool the PV module. It is shown that the efficiency improves when the temperature
is fixed at 20oC compared to the PV system without cooling. This also leads to a larger energy
yield. However, the energy needed for cooling the PV modules also needs to be taken into account.
By calculating how much energy is needed for cooling, an accurate estimation can be made whether
active cooling is beneficial.

Also, more research can be spent on changing the bandgap energies of the top and bottom cell.
In this study, only the fundamental losses are calculated for different bandgap energies. The next
challenge is to study whether it is feasible to design a tandem cell with these bandgap energies and
analyse the non-fundamental losses (i.e., reflection, non-radiative recombination losses). Another
approach would be to keep one bandgap energy fixed and optimise the other bandgap energy. Silicon
is very popular as bottom cell, as it is very abundant in nature. Therefore, the optimal bandgap
energy for the top cell can be found, when considering silicon as bottom cell.

The final recommendation for the optimisations/improvements is to perform optimisations for
more parameters. Especially on cell level, there more optimisations are possible. Other thicknesses
(besides perovskite) can be varied to observe its effect on the loss distribution. This could be done
for the anti reflection coating, but also for hole/electron transport materials. It could be possible
that there is a different optimal value for outdoors conditions.
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A. Appendix implementation

A.1 Derivation of the optimal voltage

According to [63], the current density in a solar cell under black body radiation can be written as:

J = q

∫ ∞

Eg

ϕE (E, Tsun, 0,Ωabs) dE − q

∫ ∞

Eg

ϕE (E, Tcell, q · Vopt,Ωemit) dE

In this equation, ϕE is the photon emission flux per unit energy and per unit solid angle, given as

ϕE (E, T, µ,Ω) =
2 · Ω
c2 · h3

· E2

e
E−µ

kṪ − 1

. In this equation:

• Ω is the solid angle.

• c is the speed of light.

• h is Planck’s constant.

• E is the energy of the emitted photons.

• µ is the chemical potential.

• k is Boltzmann constant’s.

• T is the temperature of the emitter.

Substituting this in, results into the following equation:

J = q

∫ ∞

Eg

2 · Ωabs

c2 · h3
· E2

e
E

kṪsun − 1
dE − q

∫ ∞

Eg

2 · Ωemit

c2 · h3
· E2

e
E−q·Vopt

kṪcell − 1

dE

J =
2 · q
c2 · h3

(
Ωabs

∫ ∞

Eg

E2

e
E

kṪsun − 1
dE − Ωemit

∫ ∞

Eg

E2

e
E−q·Vopt

kṪcell − 1

dE

)

The term E2

e
E−µ

kṪ −1
can be approximated to E2 · e−

E−µ

kṪ if Eµ
k·T > 2, which is true if E > 1.12 eV (the

bandgap of silicon). Using this approximation, results in:

J ≈ 2 · q
c2 · h3

(
Ωabs

∫ ∞

Eg

E2 · e−
E

kṪsun dE − Ωemit

∫ ∞

Eg

E2 · e−
E−q·Vopt

kṪcell dE

)

J ≈ 2 · q
c2 · h3

(
Ωabs

∫ ∞

Eg

E2 · e−
E

kṪsun dE − Ωemit · e
q·Vopt
k·T

∫ ∞

Eg

E2 · e−
E

kṪcell dE

)
By using partial integration twice, the integral

∫∞
Eg

E2 · e− E
kT dE can be calculated. This gives:∫ ∞

Eg

E2 · e− E
kT dE = e−

Eg
kT ·

(
E2

g · kT + 2Eg · (kT )2 + 2 · (kT )3
)
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Substituting this into the equation for J , gives:

J ≈ 2 · q
c2 · h3

Ωabse
− Eg

kTsun ·
(
E2

g · kTsun + 2Eg (kTsun)
2
+ 2 (kTsun)

3
)

− 2 · q
c2 · h3

Ωemit · e−
Eg−q·Vopt

k·T ·
(
E2

g · kTcell + 2Eg (kTcell)
2
+ 2 (kTcell)

3
)

The power of the solar cell is given as P = J · Vopt. This means that the power can be written
as:

P = Vopt
2 · q
c2 · h3

Ωabse
− Eg

kTsun ·
(
E2

g · kTsun + 2Eg (kTsun)
2
+ 2 (kTsun)

3
)

− Vopt
2 · q
c2 · h3

Ωemit · e−
Eg−q·Vopt

k·T ·
(
E2

g · kTcell + 2Eg (kTcell)
2
+ 2 (kTcell)

3
)

The power depends on the bandgap energy and on the voltage. To maximise the power with
respect to the bandgap, ∂P

∂Eg
should be equal to zero.

∂P

∂Eg
=

2 · q
c2 · h3

(
−Ωabs · Vopt · e−

Eg
kTsun E2

g +Ωemit · Vopt · e−
Eg−q·Vopt

kTcell E2
g

)
= 0

Ωabs · e−
Eg

kTsun = Ωemit · e−
Eg−q·Vopt

kTcell

q · Vopt = Eg

(
1− Tcell

Tsun

)
− k · Tcell ln

(
Ωemit

Ωabs

)
Vopt =

Eg

q
− Eg

q

Tcell

Tsun
− k · Tcell

q
ln

(
Ωemit

Ωabs

)

A.2 Implementation for tandem junction modules

For the implementation of a tandem solar cell, the calculation of the fundamental and the optical
losses has to be changed. The electrical and system losses, however, can stay the same. This section
will discuss the main differences between the implementation for single junction solar cells and double
junction solar cells.

In the rest of this section, three different wavelength ranges are used. They are defined in the
following way:

• Wavelength range 1: from 0 to λg,1.

• Wavelength range 2: from λg,1 to λg,2.

• Wavelength range 3: from λg,2 to ∞.

A.2.1 The Fundamental losses

In a tandem solar cell there is a top cell and a bottom cell. The top cell has a bandgap energy of
Eg,1 (corresponding to a wavelength of λg,1) and and ideal operating voltage of

Vopt,1 =
Eg, 1

q
− Eg, 1

q

Tcell

Tsun
− k · Tcell

q
ln

(
Ωemit

Ωabs

)
.
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The bottom cell has a bandgap energy of Eg,2 (corresponding to a wavelength of λg,2) and and
ideal operating voltage of

Vopt,2 =
Eg, 2

q
− Eg, 2

q

Tcell

Tsun
− k · Tcell

q
ln

(
Ωemit

Ωabs

)
.

Both Vopt,1 and Vop,2 can be derived in a similar way as shown in Appendix A.1. For each of the
five fundamental losses, the equations are shown and a small explanation is given.

Thermalization losses

The thermalization losses are split over the two cells. For the top cell, there are thermalization losses
in the first wavelength range and for the bottom cell there are thermalization losses in the second
wavelength range. This can be written as

Pterm = Amod

(∫ λg,1

0

ϕAM1.5(λ)

(
h · c
λ

− Eg,1

)
dλ+

∫ λg,2

λg,1

ϕAM1.5(λ)

(
h · c
λ

− Eg,2

)
dλ

)
. (A.1)

Below bandgap losses

The below bandgap losses only occur in wavelength range 3. Therefore, the below bandgap losses
can be written as

Pbelow = Amod

∫ ∞

λg,2

IAM1.5(λ)dλ. (A.2)

Emission losses

Both solar cells will emit photons due to black body radiation. However, the solar cells will only
emit photons in the wavelength region in which they absorb photons. For the ideal situation, this
means the top cell will emit photons in the first wavelength range and the bottom cell will only emit
photons in the second wavelength range. The total emission losses can be calculated with

Pemission = Amod

∫ λg,1

0

Eg,1 · ϕλ (λ, Tcell, q · Vopt,1,Ωemit) dλ

+Amod

∫ λg,2

λg,1

Eg,2 · ϕλ (λ, Tcell, q · Vopt,2,Ωemit) dλ.

(A.3)

Carnot losses

The Carnot losses can be calculated by multiplying the Carnot voltage of each solar cell with its
maximum current. The maximum current for the top cell are all the photons in the first wavelength
range excluding the emitted photons. The maximum current for the bottom cell is similar except
calculated in the second wavelength range excluding the emitted photons. These maximum currents
can be written as
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Imax,1 = Amod · q
∫ λg,1

0

ϕAM1.5(λ)− ϕλ,emission,1(λ)dλ,

Imax,2 = Amod · q
∫ λg,2

λg,1

ϕAM1.5(λ)− ϕλ,emission,2(λ)dλ.

(A.4)

The total Carnot losses can then be calculated with

PCarnot =
Eg,1

q

Tcell

Tsun
· Imax,1 +

Eg,2

q

Tcell

Tsun
· Imax,2. (A.5)

Note that these equations only hold for black body radiation, as this gives an analytic expression
for the Carnot voltage. For other incoming irradiance, the Carnot voltage needs to be scaled in a
similar way as is done for the normal implementation.

Angle mismatch losses

The angle mismatch losses can be calculated in a similar way as the Carnot losses. Since the voltage
loss is the same for both solar cells, this voltage loss can be multiplied with the sum of Imax,1 and
Imax,2, written as

Pangle =
k · Tcell

q
ln

(
Ωemit

Ωabs

)
· (Imax,1 + Imax,2) (A.6)

Note that these equations only hold for black body radiation, as this gives an analytic expression
for the angle mismatch voltage. For other incoming irradiance, the angle mismatch voltage needs to
be scaled in a similar way as is done for the normal implementation.

The non-ideality effect

The non-ideality effect, which accounts for the overestimation of the fundamental losses, is calculated
with a similar equation as the single junction. The only difference is that an additional component
is added that accounts for an underestimation of thermalization losses. When a high energy photon
is absorbed in the bottom cell instead of the top cell, there are more thermalization losses. This is
accounted for with the third non-ideal component.

Pnon−ideal = Pnon−ideal,1 + Pnon−ideal,2 + Pnon−ideal,3 (A.7)

The third non-ideal component is calculated with Equation (A.8). It consists of two components,
since for some photons the thermalization is underestimated (high energy photons absorbed in the
bottom cel), and for some photons the thermalization is overestimated (low energy photons absorbed
in the top cell).

Pnon−ideal,3 = (Eterm,2 − Eterm,1) ·
∫ λg,1

0

ϕin(λ) · EQE2(λ)dλ

+(Eterm,1 − Eterm,2) ·
∫ λg,2

λg,1

ϕin(λ) · EQE1(λ)dλ,

(A.8)

where Eterm,i is the energy lost by thermalization per photon for cell i.
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A.2.2 Optical losses

The losses due to cell spacing and metallization can still be calculated with Equations (2.23)
and (2.24) respectively. The reflection and parasitic absorption losses can be calculated in a similar
method.

The reflection and transmission losses

For each wavelength, the reflectivity and transmissivity is given as shown in Figure 2.2b. Therefore,
the photon flux can be integrated over the different wavelengths. It should be noted that the photons
in the first wavelength range lose an energy of q · Vopt,1 and the photons in the second wavelength
lose an energy of q · Vopt,2. The total reflection losses are

Pref,trans = Aeff

∫ λg,1

0

(ϕAM1.5(λ)− ϕλ,emission,1(λ)) · (R(λ) + T (λ)) · q · Vopt,1dλ

+Aeff

∫ λg,2

λg,1

(ϕAM1.5(λ)− ϕλ,emission,2(λ)) · (R(λ) + T (λ)) · q · Vopt,2dλ.

(A.9)

Parasitic absorption

The losses due to parasitic absorption can be calculated in a similar method, written as

Ppar−abs = Aeff

∫ λg,1

0

(ϕAM1.5(λ)− ϕλ,emission,1(λ)) · αpar(λ) · q · Vopt,1dλ

+Aeff

∫ λg,2

λg,1

(ϕAM1.5(λ)− ϕλ,emission,2(λ)) · αpar(λ) · q · Vopt,2dλ.

(A.10)

A.3 Results for different methods recombination losses

As described in Section 2.5, there are three different methods to calculate the non-radiative recom-
bination losses. The loss percentages of the electrical losses of the different methods are listed in
Table A.1. Also, the sum of all percentages is presented in this table. It can be seen that for method
2 and 3, the final percentages do not add up to 100% exactly. For this reason, method 1 is selected.

Table A.1: The power distribution of the various categories for the different methods. The results
are presented as percentage single junction/ percentage tandem junction

Category Method 1 [%] Method 2 [%] Method 3
Series resistance 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0
Shunt resistance 0.0 / 0.8 0.0 / 0.8 0.0 / 0.8

Recombination voltage 5.0 / 6.5 5.0 / 6.5 4.8 / 7.3
Recombination current 1.0 / 1.2 1.0 / 1.2 1.0 / 1.2

Power 19.9 / 26.1 19.9 / 26.1 19.9 / 26.1
Total 100.00 / 100.00 100.00 / 99.98 99.85 / 100.71
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A.4 Difference AM1.5 and black body radiation

The AM1.5 spectrum is defined as the typical irradiance on earth on the cloudless day, as discussed
in Section 1.1. This spectrum is similar to the black body irradiation received from the earth, as
shown in Figure A.1. The difference in the spectra is due to absorption of the atmosphere.
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Figure A.1: The difference irradiance spectrum between AM1.5 and black body radiation.

The implementation described in Chapter 2 can also be done under black body radiation. These
results are shown in Figure A.2. The upper limit for a single junction solar cell is 30.0% and the
upper limit for a tandem junction solar cell is 40.6%.

(a) The upper limit for a single junction module. (b) The upper limit for a tandem module.

Figure A.2: The upper limit of a single solar cell and tandem solar cell under black body radiation.
For the upper limit, only the fundamental losses are considered.
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A.4.1 Upper limit for ideal bandgap energies

As shown in [25], the ideal bandgap energies for a tandem solar cells are 1.0 eV for the bottom cell
and 1.9 eV for the top cell. The fundamental losses can be calculated for these bandgap energies
as well, as shown in Figure A.3. The other losses can not be calculated, since they depend on the
parameters of the solar cell. It can be seen that the fundamental limit for the ideal bandgap energies
is 42.0%.

Figure A.3: The fundamental losses with a bandgap energy of 1.0 eV and 1.9 eV for the bottom
and top cell respectively. Black body radiation is considered.
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B.1 The comprehensive model for the reverse connection

The voltages of the middle contacts are calculated by solving a set of equations. Since there are N
middle contacts, also N equations need to be defined.

To indicate the voltage of an arbitrary middle point, Vmiddle,x will be used, where x is a number
between 1 and N. To indicate the voltage over a single top cell or bottom cell, Vtop,x and Vbottom,x

will be used respectively. By looking at Figure 3.10 it can be seen that the voltage of the top cells
can be written as for x ≥ m holds that

Vtop,x = Vmiddle,x − Vmiddle,x−m if x > m

Vtop,x = Vmiddle,x if x ≤ m
(B.1)

For the voltage over the bottom cells a similar relation can be defined. Since the last n bottom
cells are not connected, there voltage will be undefined.

Vbottom,x = Vmiddle,x − Vmiddle,x−n if n < x ≤ N − n

Vbottom,x = Vmiddle,x if x ≤ n
(B.2)

The current through each cell can be calculated with Equation (1.2), which is discussed in
Chapter 1. This equation is obtained by solving the voltage current relationship in the five-
parameter model. The current of a top cell and bottom cell, will be indicated with Itop,x (Vtop,x)
and Ibottom,x (Vbottom,x) respectively.

At each middle point, current is coming in and current is going out. According to Kirchhoff’s
current law, the incoming current should equal the outgoing current. This law can be used to create
several equations for the system of equations. For 1 ≤ x ≤ N −m the following holds.

Itop,x (Vtop,x) + Ibottom,x (Vbottom,x) = Itop,x+m (Vtop,x+m) + Ibottom,x+n (Vbottom,x+n) (B.3)

The last m equations that are needed to complete the set of N equations will come from the last
m middle points. Since the last m middle points are all connected to the output, it can be defined
that for x > N −m

Vmiddle,x = Vout (B.4)

Vout can then be varied to obtain the IV-curve.

B.2 Dependence parameters on photo generated current and
temperature

The values of the parameters in the five parameter model are dependent on both the photo current
density and the temperature. The dependencies on these quantities is shown in this section.

B.2.1 Dependence on photo generated current

When calculating the dependence on the photo generated current, the temperature is assumed to
be constant at 298.15 K. For each figure, silicon is shown on the left and perovskite is shown on the
right.
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Figure B.1: The effect of the photo generated current on the series resistance.
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Figure B.2: The effect of the photo generated current on the shunt resistance.
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Figure B.3: The effect of the photo generated current on the saturation current density.
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Figure B.4: The effect of the photo generated current on the ideality.

B.2.2 Dependence on the cell temperature

When calculating the dependence on the temperature of the cell, the photo-generated current is
assumed to be constant at 150 A/m2. For each figure, silicon is shown on the left and perovskite is
shown on the right.
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Figure B.5: The effect of the cell temperature on the series resistance.
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Figure B.6: The effect of the cell temperature on the shunt resistance.
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Figure B.7: The effect of the cell temperature on the saturation current density.
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Figure B.8: The effect of the cell temperature on the ideality.

B.3 Optical difference 3T cell

The rear contact of the three-terminal tandem cell is an IBC-contact. In the Toolbox, however,
the input is one-dimensional, which makes it impossible to simulate an IBC contact. For the 3T
tandem cell, it is therefore assumed that the optical behaviour of both rear contacts is the same.
This assumption is tested by simulating the EQE of the cell with the different rear contacts. In
Figure B.9, the EQE of the cell with the p-layer at the rear and the EQE of the cell with the n-layer
at the rear are simulated. As can be seen, there is no significant difference.
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Figure B.9: The difference in EQE between the two rear materials.

B.4 Results reverse connection

The results of the series and reverse connected 3T tandem modules are shown in Figure B.10. It can
be seen that the series connected module is sightly more efficient, but the loss distribution shows
some significant differences. For the reverse connection, there are more reflection losses, whereas
there are more mismatch losses for the series connection.
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Figure B.10: The results for the series and reverse connected 3T tandem modules. The series
connected module is slightly more efficient.
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C. Appendix outdoor losses

C.1 Assuming equal irradiance for every cell

The sensitivity map that is used for calculating the photo generated current uses the software LUX.
This software uses a Monte-Carlo ray-tracing method. Because a finite number of rays are used,
there will be some randomness involved in this calculation. Due to this randomness, there can be
a mismatch of irradiance between the cells. Although it is possible that some cells receive more
irradiance than other cells, there is also a difference for the same cell after repeating the simulation.
This is shown in Table C.1.

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5
Simulation 1 244.6 A/m2 246.4 A/m2 241.1 A/m2 244.7 A/m2 237.2 A/m2

Simulation 2 244.9 A/m2 241.5 A/m2 246.0 A/m2 243.8 A/m2 241.1 A/m2

Simulation 3 240.8 A/m2 240.5 A/m2 246.3 A/m2 244.0 A/m2 240.9 A/m2

Table C.1: The received irradiance by the first 5 cells for three identical simulations. The location
is Delft and the date is January 20 at 13:00.

It can be seen that the difference between cells has the same order as the difference between
simulations. Therefore, it can be argued that the difference between cells is caused partly by ran-
domness. It should also be noted that these simulations used the maximum amount of rays, which
is time-consuming. When using the a lower value, this difference can become higher. To reduce
the randomness as much as possible, the average is taken over all the cells, resulting in an equal
irradiance for every cell.

C.2 The irradiance model for bifacial modules

For bifacial modules, the irradiance can come from both the front and the rear, which makes the
irradiance model more complicated. To extend the model described in Section 4.1 for bifacial
modules, the irradiance has been split into three components, which can be written as:

Itotal = Ifront,direct + Irear,direct + Irear,albedo (C.1)

In this equation, Itotal is the total incoming irradiance, Ifront,direct is the irradiance at the front
coming directly from the vertices, Irear,direct is the irradiance at the rear coming directly from the
vertices, and Irear,albedo is the irradiance at the rear coming via albedo reflection. It should be noted
that the term ”direct” does not refer to direct irradiance, since it includes both direct and diffuse
radiation.

C.2.1 The irradiance at the front directly from the vertices

The first component of the total irradiance is calculated in the same way as for the mono-facial
modules. The irradiance of this component is the sum as the irradiance of the vertices that can
reach the front of the module directly, multiplied with the cosine of the Angle of Incidence (AOI).
This can be written as:

Ifront,direct =

160∑
i=1

Ii ·max [cos(AOIi), 0] (C.2)
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,where Ii is the irradiance coming from vertex i, and the term max [cos(AOIi), 0] is used to only
include vertices that can reach the front of the module.

C.2.2 The irradiance at the rear directly from the vertices

If the module is tilted, some of the vertices might be able to reach the rear of the module directly.
This can be calculated in a similar way as the previous component. The only difference is that the
normal angle of the rear side should be used. The azimuth and the altitude of the rear side can be
calculated with the following equations:

Azimuthrear = Azimuthfront + 180o (C.3)

Altituderear = −Altitudefront (C.4)

The irradiance at the rear directly from the vertices can be calculated by using the following
equation:

Irear,direct =

160∑
i=1

Ii ·max [cos(AOIrear,i), 0] (C.5)

,where AOIrear,i is the angle of incidence for the rear side.

C.2.3 The irradiance at the rear via albedo reflection

This component is the most complicated to calculate, since it is more complicated to determine which
vertices can reach the rear side. Also, there might be vertices who can only reach certain cells, but
not the whole module. Because the model assumes that every cell receives the same irradiance, it
is defined that only the vertices that can reach the middle of the module are included for albedo
reflection.

A vertex can reach the module if a straight (reflected) line can be drawn from the vertex to the
middle of the rear side with only one reflection. This is done by reflection the PV panel with respect
to the ground, as shown in the Figure C.1
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(a) This vertex is able to reach the rear
side of the PV panel via albedo reflection.

(b) This vertex is not able to reach the
rear side of the PV panel via reflection.

Figure C.1: A vertex is able to included for albedo reflection if it is able to reach the middle of the
module via one reflection.

To determine whether a vertex should be included for albedo reflection, the altitude of that
vertex is compared with a critical angle ϕcrit. The critical angle can be calculated by:

ϕcrit = 90− tan−1

(
d

h

)
(C.6)

,where d and h are defined in Figure C.2.

Figure C.2: The horizontal distance between the middle of the mirrored module and the edge (d),
and the vertical distance between the edge and the middle of the mirrored module (h) are needed

to calculate the critical angle.
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The actual value for d or h depends on what the azimuth of the sun is. These values are
calculated for the different regions in which the azimuth can be. The equations of l and h are shown
in Figure C.3. In the equations shown, the following notations are used:

• Hmod is the height of the module.

• Lmod is the length of the module.

• Wmod is the width of the module.

• θtilt is the tilt of the module.

Figure C.3: This vertex is not able to reach the rear side of the PV panel via reflection.

If the altitude of the sun is higher than the critical angle, this vertex is not accounted for albedo
reflection. This means that the irradiance via albedo reflection can be calculated as

Irear,albedo =

160∑
i=1

Ii · cos(AOIalbedo,i) ·H (ϕcrit − altisun) , (C.7)

where AOIalbedo,I is the angle of incidence for the albedo reflection, and H(x) is the Heaviside step
function [124].

After all components have been calculated, the same correction is applied as for the normal
irradiance model.
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C.3 A detailed discussion of the mono-facial module

The loss distribution of the mono-facial module is briefly discussed in Section 4.3. Here a detailed
discussion is provided. The losses are discussed per category.

C.3.1 The fundamental losses of the mono-facial c-Si module

An overview of the fundamental losses of the mono-facial module is presented in Table C.2. The
thermalization and below bandgap losses have increased and decreased respectively compared to
STC conditions. This is because the irradiance received outdoors is blue shifted compared to the
irradiance at test conditions. The difference is the largest for Lagos and the smallest for Delft, since
the blue shift is the greatest in Lagos and the weakest in Delft.

The Carnot and angle mismatch losses depend on the difference between the bandgap energy
and the optimal voltage. At real-world operating conditions, there is typically less irradiance than
at STC, leading to a decrease of the optimal voltage. This leads to an increase of both the Carnot
and angle mismatch losses.

Table C.2: The fundamental losses for the mono-facial crystalline silicon module.

Delft Lisbon Lagos Shanghai STC
Thermalization [%] 32.7 33.2 33.8 33.4 31.7
Below bandgap [%] 15.7 15.5 15.1 15.4 19.2
Emission losses [%] 1.7 1.8 1.8 1.8 1.6
Carnot losses [%] 2.7 2.7 2.8 2.7 2.4

Angle mismatch [%] 13.8 13.8 14.1 13.9 12.3
Non-ideality effect [%] -1.4 -1.4 -1.4 -1.4 -1.3

C.3.2 The optical losses of the mono-facial c-Si module

The optical losses of the mono-facial cell are summarised in Table C.3. The cell spacing and metal
shading losses outdoors are close to these losses at test conditions, because the fraction of non-active
area remains the same. The small deviations occur due to differences in the fundamental losses.
Because both losses are a fraction of the incoming power without the fundamental losses, a change
in fundamental losses results in a change of cell spacing or metal shading losses.

The losses due to reflection are larger at outdoors conditions, because the light is not always
reaching the module at a normal angle. The reflection typically increases when light enters at an
angle, thus increasing the overall reflection at outdoors conditions. The parasitic absorption does
not change significantly since this is not as sensitive to the angle-of-incidence.

Table C.3: The optical losses for the mono-facial crystalline silicon module.

Delft Lisbon Lagos Shanghai STC
Cell spacing [%] 2.2 2.2 2.1 2.1 2.1
Metal shading [%] 0.4 0.4 0.4 0.4 0.4
Reflection [%] 1.5 1.5 1.6 1.5 0.7

Parasitic absorption [%] 3.8 3.9 3.9 3.9 3.8
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C.3.3 The electrical losses of the mono-facial c-Si module

The system losses of the mono-facial cell are presented in Table C.4. The resistance losses are
negligible for both test and outdoors conditions. The series resistance and shunt resistance losses
are in the order of 0.001% and 0.01% respectively. This is because the values of the series and shunt
resistance are respectively small and high enough to make these losses negligible. However, for other
modules, these values can be less ideal, making these losses not negligible [125].

The recombination stays approximately constant for the different locations. The reason for this
is that the parameters accounting for the recombination (n and I0) do not change significantly for
different irradiances [126], as shown in Appendix B.2.

Table C.4: The electric losses for the mono-facial crystalline silicon module.

Delft Lisbon Lagos Shanghai STC
Series resistance [%] 0.0 0.0 0.0 0.0 0.0
Shunt resistance [%] 0.0 0.0 0.0 0.0 0.0

Voltage recombination [%] 5.1 5.1 5.0 5.0 5.0
Current recombination [%] 1.1 1.1 1.1 1.1 1.0

C.3.4 The system losses of the mono-facial c-Si module

The last category is the system losses, which is presented in Table C.5. The interconnection losses
are negligible in all situations due to a low connection resistance. Among the locations, there are
fluctuations for the inverter losses. This is due to the fact that the efficiency of the inverter is
dependent of the input power. Because there is more irradiance for the PV panels in Lisbon and
Lagos, the inverter is more efficient at these locations, reducing the inverter losses.

Table C.5: The system losses for the mono-facial crystalline silicon module.

Delft Lisbon Lagos Shanghai STC
Cell interconnection [%] 0.0 0.0 0.0 0.0 0.1
Mismatch losses [%] 0.0 0.0 0.0 0.0 0.0
Cable losses [%] 0.2 0.2 0.2 0.2 -
Inverter losses [%] 1.9 1.3 1.5 1.8 -

C.4 A detailed discussion of the bifacial module

The most important results of the bifacial module are discussed in Section 4.4. A detailed discussion
of the loss distribution is presented in this section.

C.4.1 The fundamental losses of the bifacial c-Si module

The distribution of the fundamental losses is shown in Table C.6. The thermalization losses and
the below bandgap losses are the same as for the mono-facial module and can be explained with a
blue-shift of the spectrum. The emission losses are larger at outdoor locations, which is also similar
to the mono-facial module.
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The emission losses increase with 0.2%/0.3%, which is due to two causes. The first cause is that
there is lower incoming irradiance is lower at outdoors conditions, whereas the amount of emission
will not decrease as much. This leads to a relative increase of emission. The other cause is the higher
module temperature. At outdoors condition, the temperature of the module can be higher than the
temperature at STC, which is shown in Appendix C.7. Since a higher temperature increases the
emission, the emission losses increase. Also, this explains the fact that Lagos has slightly more
emission losses than the other locations.

Both the Carnot and angle mismatch losses are larger at real-world operating conditions than
at test conditions. The reason for this is that the optimal voltage decreases at real-world operating
conditions, similar to the mono-facial modules.

Table C.6: The fundamental losses for the bifacial crystalline silicon module.

Delft Lisbon Lagos Shanghai B-STC
Thermalization [%] 32.7 33.2 33.8 33.4 31.7
Below bandgap [%] 15.7 15.5 15.2 15.4 19.2
Emission losses [%] 1.8 1.8 1.9 1.8 1.6
Carnot losses [%] 2.7 2.7 2.8 2.7 2.4

Angle mismatch [%] 14.5 14.5 14.8 14.6 12.9
Non-ideality effect [%] -1.3 -1.3 -1.3 -1.3 -1.3

C.4.2 The optical losses of the bifacial c-Si module

The optical losses of the bifacial module are presented in Table C.7. The non-active area losses (cell
spacing and metal shading) are all similar since the fraction of non-active area is the same for all
situations.

The reflection losses have increased, because the light is not always reaching the cell at the normal
angle, similar to the mono-facial module.

Table C.7: The optical losses for the bifacial crystalline silicon module.

Delft Lisbon Lagos Shanghai B-STC
Cell spacing [%] 2.1 2.1 2.1 2.1 2.1
Metal shading [%] 0.4 0.4 0.4 0.4 0.4
Reflection [%] 2.1 2.1 2.3 2.3 1.1

Parasitic absorption [%] 3.5 3.5 3.6 3.5 3.4

C.4.3 The electrical losses of the bifacial c-Si module

The electrical losses for the bifacial module (shown in Table C.8) follow the same trend as the mono-
facial module. Both resistance losses are negligible, and the recombination losses are similar to the
test conditions.

C.4.4 The system losses of the bifacial c-Si module

The system losses of the bifacial module are presented in Table C.9. The cell interconnection losses
become negligible at real-world operating conditions (in the range of 0.01%), due to a lower output
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Table C.8: The electric losses for the bifacial crystalline silicon module.

Delft Lisbon Lagos Shanghai B-STC
Series resistance [%] 0.0 0.0 0.0 0.0 0.0
Shunt resistance [%] 0.0 0.0 0.0 0.0 0.0

Voltage recombination [%] 4.3 4.4 4.3 4.2 4.4
Current recombination [%] 1.1 1.1 1.1 1.1 1.2

current than at STC. Similar to the mono-facial module, the inverter losses are the highest for Delft
and Shanghai since they have lower irradiance.

Table C.9: The system losses for the bifacial crystalline silicon module.

Delft Lisbon Lagos Shanghai B-STC
Cell interconnection [%] 0.0 0.0 0.0 0.0 0.1
Mismatch losses [%] 0.0 0.0 0.0 0.0 0.0
Cable losses [%] 0.2 0.2 0.2 0.2 -
Inverter losses [%] 1.7 1.2 1.3 1.6 -

C.5 A detailed discussion of the 2T tandem module

The loss distribution of the mono-facial module is shortly discussed in Section 4.5. Here a detailed
discussion per category is provided.

C.5.1 The fundamental losses of the 2T tandem module

The fundamental losses of the two-terminal tandem module are shown in Table C.10. At outdoors
conditions, the thermalization and below bandgap losses have increased and decreased respectively
due to the blue shift, which is similar to the other modules.

The emission losses at outdoors conditions have increased compared to results at test condi-
tions. This is due to a lower incoming irradiance and higher module temperature, as explained in
Section 4.4. The emission loss is the largest in Lagos, due to a higher module temperature.

Table C.10: The fundamental losses for the 2T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Thermalization [%] 19.4 19.7 20.2 19.9 18.8
Below bandgap [%] 15.7 15.5 15.1 15.4 19.2
Emission losses [%] 2.5 2.6 2.7 2.6 2.3
Carnot losses [%] 3.5 3.5 3.6 3.5 3.1

Angle mismatch [%] 14.0 14.0 14.3 14.1 12.5
Non-ideality effect [%] -1.3 -1.4 -1.4 -1.4 -1.3
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C.5.2 The optical losses of the 2T tandem module

The optical losses (shown in Table C.11) are similar for all locations. The only significant difference
are the reflection losses, which increase for real-world operating conditions. This is due to fact that
light is not always reaching the module at a normal angle, similar to the other modules.

Table C.11: The optical losses for the 2T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Cell spacing [%] 2.9 2.9 2.8 2.9 2.8
Metal shading [%] 0.5 0.5 0.5 0.5 0.5
Reflection [%] 3.4 3.4 3.6 3.5 2.5

Parasitic absorption [%] 3.2 3.3 3.3 3.3 3.1

C.5.3 The electrical losses of the 2T tandem module

The distribution of the electrical losses for the two-terminal tandem module are presented in Ta-
ble C.12. The resistance losses are the same at each location. Also, the shunt resistance losses are
higher for the two-terminal tandem module than for the crystalline silicon modules, due to a lower
shunt resistance of perovskite.

The voltage recombination losses increase at outdoors conditions, whereas this remained constant
for the crystalline silicon modules. The reason for this is that the perovskite used has a different
irradiance dependence. Both the ideality factor and the saturation current density increase for a
lower implied photo-current density (shown in Appendix B.2. This leads to a higher voltage loss,
which explains the increase in voltage recombination.

Table C.12: The electric losses for the 2T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Series resistance [%] 0.0 0.0 0.0 0.0 0.0
Shunt resistance [%] 0.8 0.8 0.8 0.8 0.8

Voltage recombination [%] 6.8 6.9 7.0 6.9 6.5
Current recombination [%] 1.2 1.1 1.2 1.2 1.2

C.5.4 The system losses of the 2T tandem module

The system losses are shown in Table C.13. For the locations with a lower energy yield, the inverter
losses are larger. This is in line with the inverter losses for other modules. Furthermore, the inverter
losses for the tandem module are larger than for the c-Si modules. The reason for this, is that
tandem modules have in general a lower output current, which lowers the efficiency.

C.6 A detailed discussion of the 3T tandem module

The most important results of the three terminal tandem module is discussed in Section 4.6. Here,
a detailed discussion is given on all results.
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Table C.13: The system losses for the 2T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Cell interconnection [%] 0.0 0.0 0.0 0.0 0.0
Mismatch losses [%] 0.3 0.2 0.2 0.2 0.0
Cable losses [%] 0.3 0.3 0.3 0.3 -
Inverter losses [%] 2.6 1.8 2.0 2.4 -

C.6.1 The fundamental losses of the 3T tandem module

The fundamental losses of the 3T tandem modules are shown in Table C.14. The blue-shift in the
spectrum (as discussed for the other modules) has an impact on the thermalization and the below
bandgap losses. Also, it can be seen that there is more emission outdoors, as described before. It is
also the highest in Lagos since this location has the highest temperature.

Another significant difference is that both the Carnot and Angle mismatch losses increase com-
pared to test conditions. The reason for this, is that the optimal voltage is lower for real-world
operating conditions, than at test conditions. This leads to an increase of the Carnot voltage and
the angle mismatch voltage, as discussed in Appendix C.8.

Table C.14: The fundamental losses for the 3T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Thermalization [%] 19.4 19.7 20.2 19.9 18.8
Below bandgap [%] 15.7 15.5 15.1 15.4 19.2
Emission losses [%] 2.5 2.6 2.7 2.6 2.3
Carnot losses [%] 3.5 3.5 3.6 3.5 3.1

Angle mismatch [%] 14.0 14.0 14.3 14.1 12.5
Non-ideality effect [%] -1.9 -1.9 -2.0 -1.9 -1.8

C.6.2 The optical losses of the 3T tandem module

The optical losses are summarised in Table C.15. The non-active area losses are similar for all
locations. The reflection increases when the module is located outdoors, which is due to more
oblique angles of the incoming light. This is similar to the reflection losses for other modules.

Table C.15: The optical losses for the 3T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Cell spacing [%] 2.9 2.9 2.9 2.9 2.9
Metal shading [%] 0.5 0.5 0.5 0.5 0.5
Reflection [%] 3.4 3.4 3.5 3.5 2.5

Parasitic absorption [%] 3.2 3.2 3.3 3.2 3.0

C.6.3 The electrical losses of the 3T tandem module

The electrical losses for the different locations are shown in Table C.16. It can be seen that the
resistance losses are approximately the same for all locations.
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The voltage recombination loss is 0.6%-0.7% higher for real-world operating conditions. The
reason for this, is that the maximum power point decreases more than the optimal voltage with
respect to test conditions, shown in Appendix C.8. This leads to an increase of the non-radiative
recombination.

Table C.16: The electric losses for the 3T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Series resistance [%] 0.0 0.0 0.0 0.0 0.0
Shunt resistance [%] 1.3 1.0 1.1 1.2 0.9

Voltage recombination [%] 8.8 8.8 8.9 8.8 8.2
Current recombination [%] 1.2 1.3 1.2 1.2 1.2

C.6.4 The system losses of the 3T tandem module

The system losses of the three-terminal tandem modules are shown in Figure C.17. The cell inter-
connection, the mismatch and the cable losses are all similar for the different locations. The only
significant difference is the variation in the inverter losses. This is because inverters are less efficient
at a lower power, which is similar to the other modules.

Table C.17: The system losses for the 3T tandem perovskite/silicon module.

Delft Lisbon Lagos Shanghai STC
Cell interconnection [%] 0.2 0.2 0.2 0.2 0.3
Mismatch losses [%] 1.5 1.6 1.5 1.5 1.7
Cable losses [%] 0.2 0.2 0.2 0.2 -
Inverter losses [%] 1.8 1.2 1.4 1.6 -
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C.7 The module temperature at different locations

The temperature of the module affects the performance. Therefore it is important to know the
temperature of the different modules at the different locations. The temperature of the mono-facial,
bifacial, 2T tandem, and 3T tandem are shown in Figure C.4, C.5, C.6, and C.7
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Figure C.4: The module temperature of the mono-facial module at the four different locations.
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Figure C.5: The module temperature of the bifacial module at the four different locations.
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Figure C.6: The module temperature of the 2T tandem module at the four different locations.
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Figure C.7: The module temperature of the 3T tandem module at the four different locations.

C.8 The optimal voltage at outdoors conditions

The optimal voltage is defined as the voltage that maximises the following equations:

P = Vopt · q

(∫ ∞

Eg

ϕin(E)dE −
∫ ∞

Eg

ϕE (E, Tcell, q · Vopt,Ωemit) dE

)
(C.8)

Because the irradiance varies at different locations, the optimum voltage is also different. The
values of the optimum voltage and maximum power point voltage of used materials in the modules
are shown in Table C.18.

Table C.18: The values of the optimal voltage and maximum power point voltage of the different
material used. The values are irradiance weighted.

Delft Lisbon Lagos Shanghai STC
c-Si mono-facial Vopt [V] 0.75 0.75 0.74 0.74 0.77
c-Si mono-facial Vmpp [V] 0.61 0.61 0.59 0.60 0.63

c-Si bifacial Vopt [V] 0.73 0.73 0.72 0.73 0.76
c-Si bifacial Vmpp [V] 0.61 0.61 0.59 0.60 0.63

c-Si 2T Vopt [V] 0.75 0.75 0.74 0.74 0.77
c-Si 2T Vmpp [V] 0.61 0.60 0.59 0.60 0.62

Perovskite 2T Vopt [V] 1.26 1.26 1.24 1.25 1.28
Perovskite 2T Vmpp [V] 1.03 1.03 1.01 1.02 1.06

c-Si 3T Vopt [V] 0.75 0.75 0.74 0.74 0.77
c-Si 3T Vmpp [V] 0.60 0.59 0.58 0.59 0.62

Perovskite 3T Vopt [V] 1.26 1.26 1.24 1.25 1.28
Perovskite 3T Vmpp [V] 0.96 0.96 0.94 0.95 1.00
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D. Appendix optimisations

D.1 The ASA simulations for a different perovskite thickness

In section 5.3, it is discussed that the thickness of perovskite will be varied to observe the effect on
the loss distribution. This requires simulations in the Advanced Semiconductor Simulator (ASA)
to model the electrical behaviour. The ASA simulations of the different thicknesses are shown in
Figure D.1, D.2, D.3, and D.4.
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Figure D.1: The ASA simulation of the perovskite top cell with a thickness of 400 nm.
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Figure D.2: The ASA simulation of the perovskite top cell with a thickness of 500 nm.
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Figure D.3: The ASA simulation of the perovskite top cell with a thickness of 600 nm.
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Figure D.4: The ASA simulation of the perovskite top cell with a thickness of 700 nm.
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D.2 The results for tracking

In Section 5.1, only the results of Delft are shown. The loss distributions of the other locations with
tracking are shown in Figure D.5, D.6, and D.7.

Solar tracking in Lisbon 
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Figure D.5: The loss distributions for the tracking systems in Lisbon. All values are yearly
irradiance weighted.

Solar tracking in Lagos 
                      

           

              

                    
                 

               
            

               
                    

               
               
                
                 

                    
          

             
            

                   
              

             
               
             
              

     
     

     
     
     
     
     

     
     
     
     
     

     
     

     
     

     
     

     
     

     

     

     

     

     

                   

               

                  

              

             

          

           

              

                    
                 

               
            

               
                    

               
               
                
                 

                    
          

             
            

                   
              

             
               
             
              

     
     

     
     
     
     
     

     
     
     
     
     

     
     

     
     

     
     

     
     

     

     

     

     

     

                   

               

                  

              

             

         

           

              

                    
                 

               
            

               
                    

               
               
                
                 

                    
          

             
            

                   
              

             
               
             
              

     
     

     
     
     
     
     

     
     
     
     
     

     
     

     
     

     
     

     
     

     

     

     

     

     

                   

               

                  

              

             

          

           

              

                    
                 

               
            

               
                    

               
               
                
                 

                    
          

             
            

                   
              

             
               
             
              

     
     

     
     
     
     
     

     
     
     
     
     
     
     

     
     

     
     

     
     

     

     

     

     

     

                   

               

                  

              

             

 

Fundamental 

54.4% 

 Optical 

10.2% 

 Electrical 

9.0% 

 
System 

2.5% 

 

None (tilt = 5o) Azimuth tracking Altitude tracking Dual axis tracking 

AC power 

23.8% 

 

Fundamental 

54.4% 

 Optical 

10.1% 

 Electrical 

9.0% 

 
System 

2.4% 

 AC power 

24.1% 

 

Fundamental 

54.2% 

 Optical 

9.6% 

 Electrical 

9.1% 

 
System 

2.3% 

 AC power 

24.7% 

 

Fundamental 

54.4% 

 Optical 

10.2% 

 Electrical 

9.0% 

 
System 

2.4% 

 AC power 

24.0% 

 

Figure D.6: The loss distributions for the tracking systems in Lagos. All values are yearly
irradiance weighted.
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Solar tracking in Shanghai 
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Figure D.7: The loss distributions for the tracking systems in Shanghai. All values are yearly
irradiance weighted.

D.3 The results for active cooling

In Section 5.2, the loss distributions for Delft are presented with different temperatures. The results
of the other locations are shown in Figure D.8, D.9, and D.10.

Fixing temperature in Lisbon 
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Figure D.8: The loss distributions for active cooling in Lisbon. All values are yearly irradiance
weighted.
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Fixing temperature in Lagos 
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Figure D.9: The loss distributions for active cooling in Lagos. All values are yearly irradiance
weighted.

Fixing temperature in Shanghai 
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Figure D.10: The loss distributions for active cooling in Shanghai. All values are yearly irradiance
weighted.
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D.4 The results for changing the perovskite thickness

In Section 5.3, the loss distributions for Delft are presented with different perovskite thicknesses.
The results of the other locations are shown in Figure D.11, D.12, and D.13.

Optimizing perovskite thickness in Lisbon 
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Figure D.11: The loss distributions for increasing the perovskite thickness in Lisbon. All values are
yearly irradiance weighted.

Optimizing perovskite thickness in Lagos 
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Figure D.12: The loss distributions for increasing the perovskite thickness in Lagos. All values are
yearly irradiance weighted.
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Optimizing perovskite thickness in Shanghai 
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Figure D.13: The loss distributions for increasing the perovskite thickness in Shanghai. All values
are yearly irradiance weighted.
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[41] M. R. Vogt, C. Ruiz Tobon, A. Alcañiz, P. Procel, A. Nour El Din, T. Stark, Z. Wang, E. Gar-
cia Goma, J. G. Etxebarria, H. Ziar, M. Zeman, R. Santbergen, and O. Isabella, “Modelling
the future’s PV Systems using the PVMD Toolbox,” Delft University of Technology, Delft,
Tech. Rep.

[42] P. Singh and N. Ravindra, “Temperature dependence of solar cell performance—an analysis,”
Solar Energy Materials and Solar Cells, vol. 101, pp. 36–45, 6 2012.

[43] J. C. Fan, “Theoretical temperature dependence of solar cell parameters,” Solar Cells, vol. 17,
no. 2-3, pp. 309–315, 4 1986.

[44] S. Chander, A. Purohit, A. Sharma, Arvind, S. Nehra, and M. Dhaka, “A study on photovoltaic
parameters of mono-crystalline silicon solar cell with cell temperature,” Energy Reports, vol. 1,
pp. 104–109, 11 2015.

[45] D. King, J. Kratochvil, and W. Boyson, “Measuring solar spectral and angle-of-incidence
effects on photovoltaic modules and solar irradiance sensors,” in Conference Record of the
Twenty Sixth IEEE Photovoltaic Specialists Conference - 1997. IEEE, 1997, pp. 1113–1116.

[46] I. M. Peters, Y. S. Khoo, and T. M. Walsh, “Detailed Current Loss Analysis for a PV Module
Made With Textured Multicrystalline Silicon Wafer Solar Cells,” IEEE Journal of Photo-
voltaics, vol. 4, no. 2, pp. 585–593, 3 2014.

119

https://www.nrel.gov/pv/cell-efficiency.html
www.ise.fraunhofer.de


BIBLIOGRAPHY BIBLIOGRAPHY

[47] A. Khanna, T. Mueller, R. A. Stangl, B. Hoex, P. K. Basu, and A. G. Aberle, “A fill factor
loss analysis method for silicon wafer solar cells,” IEEE Journal of Photovoltaics, vol. 3, no. 4,
pp. 1170–1177, 2013.

[48] L. Shen, Z. Li, and T. Ma, “Analysis of the power loss and quantification of the energy
distribution in PV module,” Applied Energy, vol. 260, p. 114333, 2 2020.

[49] A. Wang and Y. Xuan, “A detailed study on loss processes in solar cells,” Energy, vol. 144,
pp. 490–500, 2 2018.

[50] C. U. Kim, E. D. Jung, Y. W. Noh, S. K. Seo, Y. Choi, H. Park, M. H. Song, and K. J. Choi,
“Strategy for large-scale monolithic Perovskite/Silicon tandem solar cell: A review of recent
progress,” EcoMat, vol. 3, no. 2, 4 2021.

[51] A. Nour El Din, “Improved Electrical Model and Experimental Validation of the
PVMD Toolbox Extending the Energy Yield Prediction Model to Tandem PV
Modules,” Delft University of Technology, Delft, Tech. Rep., 7 2020. [Online]. Available:
http://resolver.tudelft.nl/uuid:0cc6ae16-9501-419b-b70a-7a7987c38350

[52] Z. Wang, “Improvements and Experimental Validation of the PVMD Toolbox-an Energy
Yield Prediction Model for PV Systems,” Delft University of Technology, Delft, Tech. Rep., 6
2019. [Online]. Available: http://repository.tudelft.nl/.

[53] R. Santbergen, T. Meguro, T. Suezaki, G. Koizumi, K. Yamamoto, and M. Zeman, “GenPro4
Optical Model for Solar Cell Simulation and Its Application to Multijunction Solar Cells,”
IEEE Journal of Photovoltaics, vol. 7, no. 3, pp. 919–926, 5 2017.

[54] R. Siegel, “Net radiation method for transmission through partially transparent plates,” Solar
Energy, vol. 15, no. 3, pp. 273–276, 1973.

[55] R. Santbergen, V. Muthukumar, R. Valckenborg, W. van de Wall, A. Smets, and M. Zeman,
“Calculation of irradiance distribution on PV modules by combining sky and sensitivity maps,”
Solar Energy, vol. 150, pp. 49–54, 7 2017.

[56] M. Zeman, J. Van Den Heuvel, M. Kroon, J. Willemen, B. Pieters, J. Krč, and S. Solntsev,
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