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Summary

Nowadays, crystalline silicon (c-Si) wafer-based photovoltaic (PV) products have
widespread applications, as evidenced by their dominant market share in the whole
PV market. As a result, extensive efforts have been devoted to improve the c-Si solar
cell efficiency. Meanwhile, the development of the PV module technology is equally
significant, as the PV module-related issues are crucial to the final conversion
efficiency of solar energy. In this thesis, both simulation and experimental methods

are used to investigate various problems related to c-Si wafer based PV modules.

Firstly, the CTM resistive losses are analysed. CTM resistive loss, which is mainly
caused by current transport through the ribbons, is compared between PV modules
using full-size or halved cells, as well as modules using monofacial or bifacial solar
cells. It is found that the cell metallization pattern has a strong influence on the cell
interconnection resistive loss, and established calculation methods are improved
according to this effect. Furthermore, a detailed quantitative analysis is done for PV
modules using monofacial and bifacial halved cells, using both simulation and

experimental methods.

Besides a resistive loss analysis, an optical analysis is also performed. The optical
analysis focuses on the influence of the backsheet in the cell-gap region and other
inactive areas of the PV module on its short-circuit current. Both simulations and
experiments prove that the short-circuit current increase when going from full-cell PV
modules to halved-cell PV modules is around 3% in the studied case. Furthermore,
the analysis is extended to other inactive areas of a PV module and a full area-related

loss analysis is achieved.

Besides PV module analysis under standard test conditions (STC), PV module
behaviour under other operating conditions is also analysed, including partial shading

condition, spectral response (SR) measurement condition and real environmental

Vi



condition. In the first step, the mismatch effect caused by partial shading is
investigated by circuit modelling. It is found that the bypass diode configuration has a
strong influence on the PV module power output considering the movement of the
shadow. Based on real (i.e., measured) irradiance data, the bypass diode configuration
causes a 20% difference in the PV module energy yield when regular inter-row
shading happens. In the next step, the influence of spectral response (SR) mismatch
of individual cells on the SR of the PV modules is investigated. It is concluded that
the operating current of a PV module is not necessarily limited by the cell having the
lowest current, but depends on the light intensity and the shunt resistance of the

individual cells.

Moreover, PV module performance is also evaluated based on real (i.e., measured)
irradiance data and environmental conditions. In the last study, a global comparison is
made between conventionally mounted monofacial modules and vertically mounted
bifacial modules. It is found that the difference on the energy yield for the two
module configurations depend on three factors: geographic location, diffuse fraction

and albedo.
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1 Introduction

1.1  Crystalline silicon PV technology

Renewable energy can help solve problems caused by the continuous increasing
worldwide demand of energy and the finite availability of fossil fuels. One of the
most promising renewable technologies is photovoltaics (PV). Photovoltaic techno-
logy has many advantages: Its energy source, solar radiation, is available all over the

world. It is environmental friendly and causes little air pollution or hazardous waste.

Among all kinds of PV products, crystalline silicon (c-Si) solar cells and modules
have the largest market share [1]. Figure 1.1 shows the market share for different PV
technologies in 2014 [2]. There are many obvious advantages for silicon wafer based
solar cells. First, silicon is a safe and abundant material on Earth and makes up 27.7 %
of the Earth’s crust by mass [3]. Also, c-Si technology is a very mature technology in
the microelectronic area, which offers a lot of benefits for the development of c-Si
solar cells. And the development history of c-Si solar cells is also over 70 years [4].
What’s more, ¢-Si solar cells have relatively high efficiency and low cost. On one
hand, c-Si solar cell efficiency has reached 25.6 % for monocrystalline silicon and
20.4 % for multicrystalline silicon [5, 6]. Module efficiencies reached 22.9 % for
mono-crystalline solar cells and 18.2 % for multicrystalline solar cells [5, 6]. The
price of ¢c-Si PV modules has dropped to levels of $0.6/W, in 2015 [7, 8]. The low
price allows them to be widely applied in PV systems across the world. It appears that,
among all existing types of solar cells, silicon wafer solar cells provide the best trade-
off among efficiency, cost and lifespan, which allow them to occupy the largest

market share [9].
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Figure 1.1: 2014 solar PV module productions by technology [2].

1.2 Development of crystalline silicon PV modules

The development of PV module technology has a 60 year history. The first silicon
wafer PV module was fabricated by Bell Laboratories in 1955 [10]. The PV module
efficiency was only 2%. Nowadays, the best industrial c-Si PV modules have an
efficiency of over 21%. During these years, a lot of changes have happened to the
PV module technology [10], for example: The cell size became larger and the batch
properties become more uniform; Quasi-square crystalline wafers are applied in order
to increase the cell packing density and reduce the resistive loss; low-iron glass is
applied in PV modules to improve the glass transparency; EVA (ethylene vinyl
acetate) is used as encapsulation material to improve the transparency of the

encapsulation layer as well as the PV module durability.

Nowadays, many new PV module technologies come into the market, which help
improve the PV module energy yield in different ways. For example, halved-cell PV
modules have been applied by some companies like Mitsubishi [11] and Trina Solar
[12]. This kind of PV module is made of half-size silicon wafer solar cells. The
smaller current flowing through the ribbons strongly reduces the resistive loss. Also,
the gaps between the cells in the module increase the module current via back-

scattering of light. In 2014, Trina Solar reported a world-record PV module with an



output power of 335.2 W [12]. It is composed of half-size p-type monocrystalline

silicon wafer solar cells with a batch efficiency of 21.4%.

Another example is the Smart Wire Connection Technology (SWCT) [13]. In order
to further reduce the resistive loss and shading loss from the ribbons, SWCT has been
applied in c-Si PV modules. This kind of PV module employs a foil-wire electrode
instead of the conventional cell connectors (ribbons). The resulting energy yield of
this PV module technology is around 3% higher than that of a conventional PV

module.

Also, for building integrated PV (BIPV) applications, different PV module types
appear. A good example is the bifacial PV module [14]. This kind of PV module uses
bifacial c-Si wafer solar cells and applies a glass-glass construction. Thus they can
make use of the sunlight coming from both sides, which makes them very good at
converting the diffuse irradiance, both indoors and outdoors. Apart from making PV
modules more efficient and more durable, researchers also work on beautifying them.
For example, in 2015 a white PV module with an efficiency of more than 10% was
developed by the CSEM institute [15]. The whole module is white, which is very

attractive for BIPV applications.

1.3 Problems addressed in this thesis

Even though PV module technology has developed a lot over these years, many
factors still affects their efficiency and haven’t been solved. A lot of issues related to
PV modules, such as mismatch effects, cell-to-module (CTM) losses, and also the
installation method can have a strong influence on the PV system power generation
[16]. A PV module which is composed of high-efficiency solar cells can have a
relatively low efficiency if it has severe cell-to-module (CTM) losses. Figure 1.2
shows a summary of CTM losses and how they affect the PV module efficiency

(reported by ISFH [17]). The different kinds of CTM losses have influence in various



degrees and the combined effects greatly influence the PV module efficiency. In
today’s PV market, when packaging 19% efficient c-Si solar cells into a PV module
with 60 cells, the module efficiency can reduce to around 15-16.5% because of these
CTM losses [18]. Also, even a high-efficiency PV module can have low energy yield
if it is not installed in a suitable way. All these issues need to be considered and
optimized in order to maintain the efficiency of the solar cells all the way up to the
system level. Also, due to the development of new PV technologies such as bifacial
solar cells and PV modules [19], it is very important for people to make choices
among different kinds of PV modules and systems based on the real conditions of the
PV power plant. Since these different kinds of systems have different strengths and
weaknesses, it is necessary to choose the optimum system for a certain condition. As
a consequence, PV module technology, which has a strong influence on the ultimate
energy conversion efficiency of a PV system, is an important part in the PV area and

should be investigated and improved continuously.
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Figure 1.2: A summary of cell-to-module losses and gains and their influence on PV
module efficiency cited from [17]. The influence of each loss/ gain mechanism on PV
module efficiency is indicated on the top of each bar.

Thus in this thesis the author uses a set of simulations, experiments and measure-

ments to explore and quantify different CTM losses of a c-Si PV module, to model

the 1-V characteristics of a ¢c-Si PV module under different conditions, and to evaluate



the energy Yield of a ¢c-Si PV module over a long period. The CTM loss in this work
refers to laboratory modules which haven’t been installed in the field. Thus, the field
degradation is not considered in this study. Also, rather than going into the details of
each loss mechanism, the author focuses on the main factors that influence the PV
module power output. For each factor, the author investigates new technologies like
halved cells and bifacial PV modules in the case studies. By making comparisons
with conventional PV modules, the author is able to quantify the benefits of the new
technologies and make suggestions for further improvements. The following is a

series of hypotheses that will be explained in this thesis:

1. Due to the two-dimensional current flow in the cell-area metal sheet, the CTM

interconnection loss is different for finger-busbar “H” pattern and full-area metal

pattern, which further affects the fill factor of a c-Si PV module.

2. The cell-gap region and other inactive components of a ¢c-Si PV module contribute
significantly to the light received by solar cells, which further influences the short-

circuit current of a c-Si PV module.

3. PV module bypass diode configuration greatly affects the output power when

partial shading happens.

4. The spectral response (SR) of ¢-Si PV modules under low irradiance conditions is

different from the SR under AM1.5 condition.

5. The difference of received power for monofacial and bifacial c-Si PV modules
greatly depends on the installation and environmental factors. Under certain circum-
stances, vertically mounted bifacial PV modules receive more solar irradiance than

conventionally mounted monofacial PV modules.

To address the above-mentioned problems, this thesis is structured as follows:



Chapter 1 gives the introduction of this thesis. The importance of c-Si PV

technologies is emphasized and the motivations of this thesis are described.

Chapter 2 includes theories and background knowledge used in this thesis. The basic
principles of c¢-Si solar cells and the one-diode equivalent circuit model are
introduced. The basic principles of c-Si PV modules and different kinds of cell-to-
module loss are described. Also, global and local irradiance conditions are introduced

and the definitions of direct and diffuse radiation are given.

Chapter 3 introduces the methods used in this work, including fabrication methods,
characterization methods and simulation methods. Regarding characterization
methods, I-V measurement and SR measurement of c-Si PV modules are introduced.
For the simulation methods, both electrical models and optical models used for c-Si

PV module analysis and optimization are discussed.

In Chapters 4, 5, 6, 7 the main results of the thesis are presented. Chapter 4 and 5
focus on the investigation and optimization of c-Si PV modules under standard test
conditions (STC). Chapters 6 and 7 investigate the c-Si PV module behaviour under

other operating conditions.

Chapter 4 introduces a resistive loss analysis for c-Si wafer based PV modules. A
rigorous method is used to compare the cell-interconnection resistive loss for PV
modules using monofacial cells and bifacial c-Si cells. Based on this method, a
guantitative analysis is performed for a c-Si PV module using halved cells by both

simulation and experiment.

Chapter 5 focuses on optical analysis for c-Si wafer based PV modules. In this
chapter, the influence of the backsheet (i.e., the cell-gap region) and other
components on the short-circuit current of a c-Si wafer based PV module is investi-

gated theoretically and experimentally.



In Chapter 6, electrical circuit modelling is used to investigate mismatch effects of
¢-Si PV modules. (Mismatch losses of a PV module refer to the power losses caused
by the interconnection of solar cells which don’t have identical properties or which
experience different conditions from one another [20].) In the first part, taking the
movement of the shadow into account, the c-Si PV module current-voltage (I-V)
characteristics under partial shading conditions are investigated. The long-term
influence of bypass diode configuration on the power output under inter-row shading
condition is then studied. In the second part, the mismatch effect under spectral

response conditions is investigated.

Chapter 7 mainly focuses on the outdoor analysis of ¢c-Si PV modules with different
configurations. In the analysis, a global comparison is made between conventionally
mounted monofacial ¢-Si PV modules and vertically mounted bifacial c-Si PV
modules. Factors influencing these two kinds of PV modules are investigated. Also,
which kind of ¢-Si PV module is more suitable for a certain location is evaluated

worldwide.



2 Theory and background

This chapter introduces the theories and background knowledge required in this
thesis. First, the basics of silicon wafer solar cells are briefly introduced in Section
2.1. Subsequently, the one-diode model for solar cells is introduced. The one-diode
model constitutes the fundamentals of circuit modelling, which are frequently used
throughout this work (in Chapter 4 and Chapter 6). In Section 2.2, basic properties of
c-Si wafer PV modules are introduced and the impact of solar cell interconnection on
the PV module I-V characteristics is explained. Following this, the main cell-to-
module loss mechanisms are categorized into resistive loss, optical loss and mismatch
loss and are discussed. In Section 2.3, solar irradiance and its composition are
discussed. Irradiance conditions are of great importance when estimating the power

that can be harvested by a PV module in various locations.

2.1 Basics of c-Si wafer solar cells

Since c-Si solar cells are the basic units used in a c-Si PV module, in this section the
theories describing silicon wafer solar cells are briefly introduced for a basic under-
standing of photovoltaic devices and their operating principles. Basic principles of
solar cells are described in detail in the literature. Comprehensive overviews are, for

example, given in [21-24].

Figure 2.1(a) shows the structure of a typical solar cell. A solar cell is usually made
of semiconductor materials. Under illumination, an electron in the valence band can
absorb the energy of a solar photon and be excited to the conduction band. In this way
a free electron-hole pair is generated. In order to create a photovoltaic device, the
generated free electrons and holes must be spatially separated [25], and this can be
achieved by a p-n junction. A device with a single p-n junction is called a diode. The
n-type material has a large density of free electrons, but a small hole density. Corres-

pondingly, the p-type material has a large hole density but a small density of free



electrons. When the two types of materials are brought together, due to the diffusion
of electrons from the n-type region to the p-type region and the diffusion of holes
from the p-type region to the n-type region, a depletion region is formed and an
electric field is set up within this region. Under thermal equilibrium condition, the
Fermi levels of the two materials align and the p-n junction has one uniform Fermi-
level (shown in Figure 2.1(b)). Assuming the metal forms ideal Ohmic contacts with
the semiconductor, the electrons in the contact material can easily interact with the
majority carriers within the semiconductor. In the n-type region, electrons can move
easily across the semiconductor-metal interface. In the p-type region, electrons from

the metal can also move easily to the semiconductor and recombine with the holes.
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Figure 2.1: (a) Structure of a p-n junction solar cell. (b) Band diagram of a p-n
junction solar cell in the dark (thermal equilibrium).

Under illumination condition, the light-generated carriers change the initial
distribution of electrons and holes, thus the Fermi energy splits into two Fermi
energies (one for electrons and one for holes; “quasi-Fermi energies”) [26]. Assuming
the generation and recombination rate across the diode is uniform and there is no
surface recombination, under open-circuit condition, the quasi-Fermi levels are two
flat lines and have no gradient (shown in Figure 2.2). All light-generated carriers
recombine internally and the open-circuit voltage between the two terminals is

determined from the quasi-Fermi level splitting, as indicated in Figure 2.2.
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Figure 2.2: Band diagram of an illuminated p-n junction under open-circuit condition.
Ef and Eg, are the quasi-Fermi levels for electrons and holes. SCR is the space charge
region of the p-n junction. This band diagram is based on the following assumptions:
(1) the carrier generation and recombination rate across the diode is uniform; (2)
surface recombination is not considered.
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Figure 2.3: (a) Band diagram of an illuminated p-n junction under a forward bias that
is less than the open-circuit voltage. (b) The corresponding free charge carrier
generation (orange arrows), free charge carrier recombination (blue arrows) and
electron and hole flow paths (black arrows). Diagram (a) is based on the following
assumptions: (1) the carrier generation and recombination rate across the diode is
uniform; (2) surface recombination is not considered.

metal

Figure 2.3(a) shows the band diagram of the illuminated p-n junction when the
operating voltage is lower than the open-circuit voltage. Under this condition, the
quasi-Fermi levels for electrons and holes both have a gradient. The carriers then
flow according to this gradient. The minority carriers generated within a certain
distance of the p-n junction move towards, and then across, the junction and become
majority carriers. Figure 2.3(b) shows the main processes involved: charge carrier
generation (orange arrows), charge carrier recombination (blue arrows), and electron
and hole flow paths (black arrows). In this whole process, electrons flow in the
conduction band to the metal contact of the n-type region, and holes flow in the

valence band to the metal contact of the p-type region. The electrons then flow from
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the n-type contact through the external circuit and then return to the diode via the

metal contact to the p-type region.

The optical generation process in the illuminated diode is countered by recombination
mechanisms, including radiative recombination, Auger recombination and Shockley-
Read-Hall recombination. Radiative recombination is the reverse of the optical e-h
pair generation process, in which an electron in the conduction band recombines with
a hole in the valance band and emits a photon. The radiative recombination rate can
be deduced from the detailed balance theory and can be represented using the

generalized Planck Radiation Law [27]:

(K 21 f"" E? dE (2.1)
Jr _a( )h3C2 E E—(Efn—Efp)
p kT

Here, a is the absorption coefficient, which depends on the photon energy, c is the
velocity of light, E is the photon energy, and Er, — Eg, is the difference of the quasi-
Fermi levels across the p-n junction. This equation forms the basics of the one-diode

equation describing a solar cell, which will be introduced in Section 2.1.1.

Solar cells can be fabricated from different semiconductor materials [21]. The most
commonly fabricated solar cell today are silicon wafer solar cells which can be sub-
divided into solar cells made from monocrystalline and multicrystalline material. C-Si
wafer based solar cells have an ordered crystal structure and exhibit predicable and
uniform behaviour. Their behaviour can be well described by existing models, which

are used for modelling and simulation in various applications [28, 29].

2.1.1 Solar cell one-diode model

In order to describe the current-voltage behaviour of a solar cell, diode models are

commonly used in the modelling and simulation of solar cells. Due to its p-n junction
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nature, the one-diode model can be applied to model the I-V characteristics of a solar
cell. The governing equation for the one-diode model is given by [30, 31]:

a0 +iIR) _ ) _V+iWIR, (22)
kT

JV) = Jjpn —Jo {eXp [ R

where j is the output current density of a solar cell, V is its terminal voltage, jpn is the
photocurrent density, jo is the reverse saturation current density, n is the diode ideality
factor, Rs is the lumped series resistance, Rsh is the shunt resistance, q is the electronic
charge (1.6x102° C), k is the Boltzmann constant (1.38x10% J/K) and T is the cell
temperature in Kelvin. Equation 2.2 is written in such a way that the solar cell’s

maximum power point lies in the first quadrant.

The equation is a simplification and extension of the generalized Planck Law in
Equation 2.1. Based on the one-diode equation, the solar cell’s I-V characteristics can
be illustrated and some important quantities can be discussed. Figure 2.4(a) shows the
equivalent circuit of the one-diode model. Figure 2.4(b) shows a comparison of a
measured c-Si solar cell I-V curve and a fitted one, using the one-diode model. In the
shown case, the one-diode model represents the solar cell I-V characteristics very

well. The parameters describing the 1-V behaviour of a solar cell are given in Table

2.1.
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Figure 2.4: (a) The equivalent circuit model of the one-diode model. (b) The
measured solar cell current-voltage curve and the fitted one using one-diode model.
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Table 2.1: The main parameters describing the I-V characteristics of solar cell.

ISC

Short-circuit current, describing the current generated by the cell
under short-circuit condition (i.e. zero external resistance and no
applied voltage)

Jsc Short-circuit current density, describing the current density
generated by the cell under zero applied voltage.

Voc Open-circuit voltage, voltage at the terminals under open-circuit
condition.

Pmpp Maximum power density, describing the maximum power that
can be delivered by the solar cell.

Jmpp Current density at the maximum power point.

Vinpp Voltage at the maximum power point.

n Solar cell efficiency, which is the most important parameter of a
solar cell.

FF Fill factor, which, in conjunction with Isc and Ve, determines the
efficiency of a solar cell.

Rs Series resistance, describing the resistive loss due to the current
transport within the solar cell.

Rsh Shunt resistance, related to the leakage through defects and so

on.

The efficiency of the solar cell is defined as:

_ Pmpp (2.3)
n —_——
Pin

Here, pin is the power density of the external illumination.

The fill factor of the solar cell is defined as:

_ _Pmpp (2.9)
jSC X ‘/OC

The fill factor is usually affected by the parasitic resistances of a solar cell, which will

be discussed in Section 2.1.2.
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2.1.2 Effect of parasitic resistances

The parasitic resistances of a solar cell refer to the series resistance and shunt
resistance, both of which have an influence on the fill factor of a solar cell. Series
resistance is predominantly accumulated during lateral transport of current, which

includes the resistances from [32]:

(1) emitter and base of the solar cell;

(2) the contact between metal and semiconductor;

(3) the metal electrodes on the front and the rear surfaces.

The (lumped) series resistance of a solar cell is usually influenced by the
metallization design and the quality of the metallization. Problems like high contact
resistance, broken fingers and busbars will make the solar cell series resistance
higher. If the series resistance gets larger, there will be more power loss during

current transport, thus the solar cell fill factor drops.

The shunt resistance of silicon wafer solar cells usually originates from manufac-
turing defects. Shunts can be caused by the residual emitter at the cell edge and the
aluminium particles at the cell surface. Shunts can also be caused by cracks and holes
[33]. The presence of these defects lead to leakage currents, which reduce the current
flowing through the cell junction. Low shunt resistance of a solar cell reduces the fill
factor as well as the open-circuit voltage of the solar cell. Figure 2.5 shows the

influence of series resistance and shunt resistance on the I-V curve of a c-Si solar cell.
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Figure 2.5: (a) Influence of the shunt resistance on the I-V curve of a solar cell.
(b) Influence of the series resistance on the I-V curve of a solar cell.

2.2  Basics of ¢-Si wafer PV modules

The basic principles of c-Si wafer solar cells were introduced in Section 2.1. The
present section focuses on the fundamentals of c-Si wafer based PV modules, which
is the background required for the studies presented in Chapters 4 to 7. In the first
step, it is explained how c-Si PV module I-V characteristics are related to the I-V

characteristics of individual cells. After that, the cell-to-module losses are introduced.

2.2.1 Interconnection of solar cells

For outdoor applications, solar cells are connected and packaged into a PV module,
which, in turn, is the basic unit of a PV system. There are mainly two functions of a
PV module: (1) it provides the current and voltage level required by a PV system by
interconnecting the solar cells. (2) It is a mount for the solar cells and also protects

the solar cells from the damage of the environment during operation.

Since the electrical output of a single solar cell usually cannot fulfil the demand of
most applications, they have to be electrically connected within a PV module. For c-
Si wafer PV modules, there are mainly two ways of connection: series connection and
parallel connection (parallel connection is less often applied). A c-Si PV module is

usually composed of a certain amount of solar cells connected in series and parallel.
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Assuming the total number of cells connected in series is Ns and the total number of
strings connected in parallel is Ny, the total number of cells within the PV module is
N, and that the |-V characteristics of all the cells are identical and there is no CTM

loss, then the I-V characteristics of the PV module becomes [35]:

Isem = Np X Isc (2.5)
Voem = Ns X Voc (2.6)
Pmppm = N X Py (2.7)

Here, Iscm, Voem and Pppim are the short-circuit current, open-circuit voltage and the

maximum output power of the PV module.

Figure 2.6 shows a typical c-Si wafer-based PV module consisting of 60 solar cells
connected in series. The current output of this PV module is equal to the current of an
individual solar cell. The voltage output of the PV module is the sum of the voltages
of all the cells. Typically, three bypass diodes are introduced into the circuit in order
to prevent the solar cells from running in reverse-bias if one or more cells are shaded

(for example by a bird), and also to avoid “hot spot” damage [36].

Figure 2.6: A c-Si PV module composed of 60 c-Si solar cells connected in series.

2.2.2 Cell-to-module loss

The efficiency of industrial c-Si wafer solar cells has increased significantly over the
years. However, due to cell-to-module losses, improvements in cell efficiency cannot
be fully transferred to the PV module efficiency. There are mainly two aspects for the
cell-to module loss: optical loss and electrical loss. In this part, a review for each kind

of CTM loss is presented.
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2.2.2.1 Optical losses

The optical losses within a PV module have already been well investigated [37-40].
Optical losses within a PV module are caused by reflection and parasitic absorption.
Reflection losses occur at the interfaces of different layers. Parasitic absorption losses
occur within the glass and encapsulant layer and within the non-active components of
the solar cell (e.g. fingers, busbars or anti-reflection coating). Figure 2.7 shows the
main optical loss mechanisms for a c-Si PV module. Reflection of incident rays
occurs at (1) the air-glass interface, (2) the glass-encapsulant interface, (3) the
encapsulant-cell interface or encapsulant-metal finger interface, and (4) the
encapsulant-backsheet interface. In processes (3) and (4), the reflected light is often
diffuse, and a substantial amount of the diffuse light is total-internally reflected at the
glass-air interface. Absorption of incident light happens within the glass (5), the

encapsulant (6) and the backsheet (7).

It should be noted here that when solar cells are encapsulated into a PV module, the
contribution of initial optical losses changes because of the encapsulation. When
considering the contribution of different loss mechanisms, the optical losses at each
interface and layer cannot be treated separately, since they are all optically inter-
connected. The detailed optical assessment of a ¢-Si PV module can be achieved by
ray-tracing, as shown in Ref. [41]. Apart from ray-tracing, which is usually time
consuming, a holistic method is used in Ref. [42]. This method is based on a
combination of measurements and analytical procedures, and is able to quantify and

distinguish optical loss mechanisms.
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Figure 2.7: Cross section of a c-Si wafer based PV module and the optical loss
mechanisms as introduced in the text.

2.2.2.2 Resistive losses caused by ribbons

Besides optical losses, c-Si PV modules also suffer from resistive losses [43],
particularly in the ribbons connecting the solar cells. The ribbon resistive loss
analysis presented in this part was derived by the author, which forms the basic
theory of Chapter 4. As already mentioned in Section 2.2.1, series connection is often
applied in a c-Si PV module. The series connection is realized by ribbons, including
both ribbons for the interconnection of cells and the bussing ribbons for the
connections of strings. CTM resistive loss is mainly caused by the ribbons, which is

usually quantified as follows:

In a ¢-Si PV module, tin-coated copper ribbons are used to interconnect the silicon
wafer solar cells. For each solar cell, there is at least one ribbon on the top and at least
one ribbon at the bottom. The current flows from the bottom ribbon through the solar
cell, and then flows out of the cell via the top ribbon. If the total current generated by
one solar cell is I, the current along the top ribbon increases linearly from 0 to I, and
the current in the bottom ribbon decreases linearly from I, to 0 across the length of

the cell (as shown in Figure 2.8).
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Figure 2.8: The current flow in a solar cell cross section with a metal ribbon on both
sides.

From Figure 2.8, the current flowing through the top ribbon as a function of the

position x is

X
lrop = I i (2:8)
where L is the ribbon length.
Similarly, the current flowing through the bottom ribbon is
— _x (2.9
Iyottom = I, (1 L).
Thus the power loss in the top ribbon is
L x rLI?
Plossop = | (h)rdx =21, (2.10)
0

where r is the ribbon resistance per unit length, with a unit of Q/cm.

2
Similarly, the power loss of the bottom ribbon is also % thus for each cell the total

2rLI}
3

power loss caused by ribbon resistance is . Since P = I?R, the effective ribbon

resistance R; of one cell is
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where Ly, is the busbar length, and Ny, is the number of busbars.

If the module is composed of N cells connected in series, the power loss on the ribbon

within the cell area is:
Ploss_module = NILZ R, (2-12)

Besides the resistive power loss on the ribbon in the cell area, there is also power loss
on the ribbon in the gaps between the cells and on the bussing ribbons. Bussing
ribbons are used for string interconnection within a ¢c-Si PV module, which are wider
than the ribbons for cell interconnection. These two resistive losses can be easily
calculated with known gap size and bussing ribbon length. After calculating the
resistive power loss on all the ribbons in a module, the total cell-to-module resistive

loss can be obtained.

2.2.2.3 Mismatch loss

The mismatch loss is also an important factor that affects the power output of a c-Si
PV module. Due to the series connection of the cells within a c-Si PV module, all
cells must operate at the same current. The mismatch loss mainly includes two

aspects:

(1) Solar cells within a PV module have different characteristics [44]. In a series
connection, the solar cell with the lowest intrinsic current will force other
cells to operate at the same current and limit the PV module power output.

(2) Under inhomogeneous illumination conditions (e.g. partial shading) [45].
Cells under lower illumination generate lower current and force the other

cells to operate at the same current.
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The mismatch effect resulting from partial shading usually makes some cells suffer
from high reverse bias, which might further cause hotspot on the solar cells and
induce PV module degradation. In order to prevent these potential damages, bypass
diodes are introduced into a c-Si PV module. A bypass is connected in parallel to a
string of solar cells, but with opposite polarity. Under normal operating condition, the
solar cells are forward biased thus the bypass diode is reverse biased and acts as open
circuit. However, under partial shading condition, the bypass diode is forward biased

and allows the current to flow through it instead of reverse biasing the other cells.

(a) No bypass diode (b) With bypass diodes
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Figure 2.9: I-V curves and operating points of two solar cell strings generating
different current and connected in series. Each of the strings is composed of 20 solar
cells. The red curve shows the I-V characteristics for the string generating higher
current; the black curve shows the I-V characteristics for the string generating lower
current. (a) shows the case when there are no bypass diodes connected in the circuit;
(b) shows the case when there is one bypass diode connected in parallel with each
string.

Figure 2.9 shows the operating current-voltage points of two series connected strings
under illumination simulated by the author. Each string is composed of 20 solar cells
connected in series. Figure 2.9(a) shows if there are no bypass diodes connected, the
reverse is 9.8 V for the string that produces the lower current. If there is one bypass
diode connected in parallel with each string, the reverse bias decreases to 0.42 V

(shown in Figure 2.9(b)). In this way, the bypass diode prevents the string with lower

current from becoming seriously reverse biased.
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2.3  Solar radiation and its composition

The characteristics of photovoltaic devices are usually evaluated by the I-V
parameters measured under the standard test condition (STC). However, in the real
operating condition, different factors affect the output power of the c-Si PV modules,
including the PV module tilt angle, solar irradiance, diffuse fraction, ground albedo
and so on. In Chapter 7 the output power is evaluated for different kinds of c-Si PV
modules according to the environmental factors. Thus in this part, the basic theories

about solar radiation and different radiation components are introduced.

2.3.1 Solar radiation

Solar energy is produced by the sun, which can be regarded as a “blackbody”
radiator. A blackbody is an idealized physical body that absorbs all incident electro-
magnetic radiation [27]. Under thermal equilibrium condition, a blackbody emits
electromagnetic radiation according to Planck’s Law, which states that the spectrum
emitted by a blackbody is only determined by its temperature and can be expressed

by the Planck equation [26]:

2mhc? (2.13)

EQLT) =
A3[exp (/{;{—CT) —1]

Here, E has the dimension of power per unit area per unit wavelength, 4 is the

wavelength, T is the blackbody temperature in Kelvin, and h is Planck’s constant.

The sun can approximately be described as a blackbody with a temperature of
5800 K. However, when sunlight passes through earth’s atmosphere, it is scattered
and absorbed by different atmospheric constituents. Thus the composition of the solar
spectrum changes when it reaches the earth’s surface. Under clear sky conditions, the
radiation received by the earth depends on the path length of the sunlight through the
atmosphere. The path length is usually referred to as air mass (AM) and approxi-

mated by 1/cos(6.), where 6, is the angle between the surface normal and the
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incoming sunlight. When the sun is directly overhead, since the path length is the
shortest (AM = 1), the earth’s surface receives the highest amount of radiation. The
standard spectrum for the temperate latitudes is the AM 1.5 spectrum, corresponding
to an angle of elevation of 42° [25, 46] (shown in Figure 2.10). The AM 1.5 spectrum

is also used as the standard spectrum operation condition for a PV device [47-49].
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Figure 2.10: The standard terrestrial (AM 1.5) solar spectrum.

2.3.2 Direct and diffuse radiation

In terrestrial illumination conditions, there is a distinction between direct and diffuse
radiation [50]. Direct radiation describes the solar radiation travelling on a straight
line from the sun down to the surface of the earth. Diffuse radiation describes the
sunlight that is scattered by the molecules and particles in the earth’s atmosphere but
still reaches the surface of the earth [51]. As a consequence, direct light comes from a
specific direction, but diffuse light comes from all directions [52]. The sunlight
outside earth’s atmosphere is direct light. When sunlight passes through the atmo-
sphere, atmospheric scattering happens, which results in a diffuse component of the

sunlight [53-56]. There are mainly two scattering effects:

(1). Rayleigh scattering caused by molecules in the atmosphere, which mainly

occurs at short wavelengths [57].
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(2). Mie scattering caused by aerosols and dust particles [58].

The proportion of diffuse radiation depends on the weather condition (e.g. cloud
cover). On a clear day, usually 10% of the total incident solar radiation is diffuse
radiation [59]. Since the proportion of direct and diffuse radiation is very important
information for many studies and is very hard to derive directly, different models
have been developed [59-68]. In this work, the different irradiance components are

calculated as follows:

The extraterrestrial radiation, which describes the intensity of solar radiation directly
outside the earth’s atmosphere on a horizontal surface, can be expressed by a yearly

varying term [69]:

21 2.14
Io = 1367.7 x [1 + 0.033 X cos (% X DOY)] (214)

I,: extraterrestrial radiation; DOY: day of a year, DOY = 1 if the date is January 1%,

Direct normal irradiance (DNI) is defined as the solar radiation incident on a surface
oriented normal to the solar radiation. It can be calculated from the extraterrestrial
radiation, which is a function of the transmission coefficient [70]. This relationship is
based on a model developed by Liu and Jordan [71]. In this model, DNI is calculated

as a function of air mass.
With a known air mass value, the direct normal incidence is calculated by:

DNI = I, x t4M (2.15)
Here, 7 is the transmission coefficient for direct solar radiation.

If DNI is known, horizontal direct radiation (Hgir), which refers to the direct radiation

incident on a horizontal surface, can be obtained directly from:

Hgir = DNI X cos(6,) (2.16)
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Another important irradiance component is called horizontal diffuse radiation (Hair),
which is defined as the amount of diffuse radiation incident on a horizontal surface.
The commonly used method to calculate Hgix was developed by Campbell and

Norman , which is based on Liu and Jordan’s model and described by [72]:

Hgige = 0.3(1 — M), cos(6,) (2.17)
However, this equation is mostly used to model clear-sky conditions when the
transmission coefficient T is larger than 0.45 and might not be very suitable for
overcast conditions. Under overcast conditions, there are no existing models that
directly relate diffuse radiation to the transmittance coefficient . However, there are
many models that relate diffuse fraction kqto clearness index k.. Here kq and k; are

defined as follows:

o = Hagifr (2.18)
g=—arf
Hgir + Haifr
_ Hgir + Haifr (2.19)
Y7 Iy X cosé,
o Hair (2.20)
= —ar
Iy X cosé,

Diffuse radiation can then be related to the transmittance coefficient by the
relationship between kq and k; [73]. Normally, kq can be expressed as a linear function

of ki, and the general expression is described as follows:

kq = A+ Bk, (2.21)
A and B are the coefficients used in the model. Since
kg X ki + kp = ke (2.22)

and ky can be obtained from (2.20), k: and kq can be obtained using (2.21) and (2.22):
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_(A-1 +J(A—1)2—4B (2.23)
2B

ke =

d=

@A+ -J-1)’—4B
2

(2.24)

In order to verify this method, different models describing the relationship between k;
and kq are used in the calculation. A review of different models can be found in
Ref. [74]. In this thesis, Reindl’s model and Orgill and Hollands’ model are used for
comparison in Chapter 7. The difference of the two models are the values of the
defined coefficients A and B under different clearness index ranges. Table 2.2

describes the different models used in this work.

Table 2.2: Description of different models used in calculation relating k; and k..

Model A B Range
Reindl et al. [75] 1.02 -0.248 ki<0.3
1.45 -1.67 0.3<k:<0.78
0.147 0 ki>0.78
Orgill and Hollands 1 -0.249 ki< 0.35
[76]
1.577 -1.84 0.35<k:<0.75
0.177 0 ki > 0.75

With k: and kq, the horizontal diffuse radiation is calculated by:

Hgigr = IOCOS( 0) x ke X kg (225)

Finally, the average diffuse fraction for one year is calculated via:

Hgiee(for one year) (2.26)
Hgi¢e (for one year) + Hgyi.(for one year)

diffuse fraction =
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3 Methodology

This thesis mainly focuses on c-Si wafer based PV modules, whereby such PV
modules were constructed, characterized and simulated. This chapter introduces the
most important experimental and simulation methods used in this thesis. Section 3.1
describes the experimental methods used in this thesis, which are c-Si PV module
fabrication methods. C-Si PV module characterization methods are then introduced in
Section 3.2, in which the |-V measurement and spectral response measurement are
introduced. Section 3.3 describes electrical and optical models used for computer-
based simulation. In Section 3.3.1, the electrical network modelling tool “Griddler”
for simulating large-area solar cells [77] is introduced. Section 3.3.2 introduces
electrical circuit modelling for c-Si PV modules. In Section 3.3.3, analytical optical
models for calculating backsheet induced optical gain are introduced. Section 3.3.4

describes the model for calculating the solar irradiance received by a tilted surface.

3.1 Experimental methods - c-Si PV module fabrication

In this thesis, several different types of c-Si PV modules were fabricated and investi-
gated, including PV modules using standard c-Si solar cells, PV modules using
halved c-Si cells, PV module with glass-backsheet construction and PV module with
glass-glass construction. Also, both mini-modules for experimental use and
industrial-size c-Si PV modules were fabricated and tested. In this part, the structure

of a ¢-Si PV module and its fabrication process are described in detail.

3.1.1 C-Siwafer based PV module structure

In Section 2.2.1 the interconnection of c-Si solar cells within a PV module was
introduced. When packaging the cells into a PV module, some important factors
about the module structure need to be considered: 1. The module must protect the cell
from detrimental influences of the environment. 2. The module should ensure that the

cells perform optimally. Figure 3.1(a) shows the most commonly used structure for a
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c-Si PV module. In a c-Si PV module, solar cells are connected with thin ribbons on
their upper side. Normally, the cells are placed between a backsheet on the bottom
and a transparent glass pane on the top. The glass pane is usually made of low-iron
glass in order to provide high transmission of light in the wavelength range that can
be used by the solar cell. Another method to reduce reflection is to use a textured
glass pane [78]. However, textured glass surfaces tend to accumulate dust and other
dirt, which blocks light from reaching the solar cells. Besides providing good optical
characteristics, the glass pane should also be stable in the real environment,
protecting the cells from water and offering high mechanical strength and low
thermal resistivity. Besides glass, the front layer can also be made of acrylic and
polymers. Low-iron glass is most commonly used, since it has relatively low cost,

good stability, good optical properties and high mechanical strength.

Encapsulant is another component used in a c-Si PV module to provide adhesion
between the front glass pane and the backsheet. The most commonly used
encapsulant material for c-Si PV modules is ethylene vinyl acetate (EVA). This
material must be stable against the UV photons transmitted through the front glass
pane and tolerate a wide operational temperature range (say -50°C to +80°C). The
bottom layer of a PV module should have low thermal resistance and prevent the
penetration of water and water vapour at the same time. The most commonly used
materials for the bottom layer are Tedlar®, PET and polyamide, which are thin

polymer sheets.

Besides the commonly used glass-cell-backsheet construction for monofacial silicon
wafer solar cells, there are also PV modules using bifacial solar cells which allow the
module to receive sunlight from both sides. The configuration of a bifacial c-Si PV
module is shown in Figure 3.1(b). For this type of PV module, instead of using a

backsheet as the bottom layer, glass is used to allow the cell to receive sunlight also
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from the rear. Also, glass-glass construction makes bifacial modules more

advantageous in terms of durability.

(@) (b)
Sun light Sun light
EVA EVA
Glass T Glass T
Backsheet Glass
Mono-facial Solar cells Bifacial solar cells

Sun light

Figure 3.1: The setups of (a) a monofacial c-Si PV module and (b) a bifacial c-Si PV
module. The directions of the incident light which can be utilized by the two kinds of
modules are also included.

3.1.2 C-Si PV module fabrication

Figure 3.2 shows a flowchart describing the fabrication process of a ¢c-Si PV module.
In a first step, the solar cells are characterized and sorted for similar characteristics,
since solar cells with similar -V characteristics ensure minimal power losses when

they are packed into a PV module.

In a second step, selected cells are connected into strings. The connection is done by
soldering the ribbons to front and rear busbars of a solar cell. String size depends on
the designed module current and voltage. For a standard industrial size c-Si PV
module, normally ten solar cells are soldered into one string. For the mini-modules
used in the experiment, they only include one standard full-size solar cell or two

halved solar cell connected in one string.

In a third step, the strings are interconnected using bussing ribbons, so that all cells

are connected within a whole circuit.
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In a last step, the PV module is assembled using lamination [79]. During this process,
the electrical-connected solar cells are placed between two sheets of encapsulant. This
“sandwich” structure is placed on the glass and covered by the backsheet. Finally, this
pre-laminated module is placed in the laminator. The temperature of the lamination
process is usually around 150 °C, and during this process the encapsulant melts and
forms a sealing for the cells. After that, a curing process is performed. The EVA resin
polymerization occurs during this step. The PV module may then be further equipped
with a frame and a junction box. These steps conclude the fabrication process. Figure

3.3 shows an example of the fabricated mini-modules used in this work.

o EE D
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Figure 3.2: C-Si PV module fabrication process.

Figure 3.3: An example of a fabricated mini-module used in this thesis.
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3.2 Characterization method

3.21 1-V measurement

I-V measurement is one of the most fundamental characterization techniques for solar
cells and PV modules. Through this measurement, the current-voltage characteristics
of a solar cell or a PV module can be obtained, including the short-circuit current,
open-circuit voltage, fill factor and efficiency. The photovoltaic devices are required

to be measured under following standard test conditions (STC) [80]:

1. Under AML1.5 spectrum
2. Under one-sun illumination condition, with light intensity of 1000 W/m?

3. Under cell temperature of 25°C

As indicated in Figure 3.4, an |-V tester uses a four-wire measurement in order to
remove the influence of the probe contact resistance. The two source pins measure the
operating current of the solar cell, and the sense pins measure the operating voltage.
When measuring the |-V characteristics of a single solar cell, a chuck with many
contact pins is used to make direct contact with the busbars of the solar cell. By this
way, current does not need to travel a long way through the busbar. The measured
results only indicate the solar cell I-V characteristics and do not include the influence
of any current transport along the busbars. When measuring a ¢-Si PV module, the
contact pins are connected directly to the ribbons. The resistive loss caused by current
transporting through the ribbons will influence the measured fill factor, which is

closer to the actual operating conditions of the solar cell in a PV system.

The photovoltaic device is then illuminated. Normally a variable resistor load is
applied in the system. By changing the resistance value, the operating current and
voltage of the device are changed and the whole I-V curve of a photovoltaic device

can be obtained.
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Figure 3.4: The equivalent circuit for the I-V measurement of PV devices.

3.2.2  Spectral response measurement of c-Si PV modules

Spectral response (SR) is a commonly used characterization method for PV devices.
SR measurements provide spectrally resolved information about current generation
and recombination, and can be used to deduce information about diffusion
mechanisms in photovoltaic devices [81]. Typically, the spectral response of a PV
device is measured by illuminating with a narrow-bandwidth light at a series of
different wavelengths and bias light [82]. Since the solar cells are usually evaluated
under STC condition, the intensity of a certain wavelength corresponds to the
standard AM1.5 G spectrum. Monochromators and filters are commonly used for
wavelength selection. The current of the device is then measured under short-circuit
conditions. The spectral response of the device is calculated by dividing the measured
current density by the current corresponding to the irradiance at each wavelength. The
typical SR of a PV device decreases both at the short wavelength region and the long
wavelength region. In the short wavelength region, the photon energy is much larger
than the bandgap energy, and the exceeded energy cannot be utilized by the PV
device but only generates heat. In the long wavelength region, photons with energy

lower than the bandgap cannot be utilized by the semiconductor.

When measuring a large-size ¢-Si PV module, an ideal high-intensity large-area

uniform monochromatic light source is required. However, this kind of light source is
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not readily available. In this section, two different measurement methods are
introduced: partial illumination and flash measurements [83]. The advantages and
disadvantages of the two measurement methods will then be compared in Section

6.2.3.

3.3.2.1 Partial illumination method

In this method, the SR of a target cell within a c-Si PV module is measured. During
the measurement, the whole module except the target cell is illuminated by a white
bias light with an intensity of 100-300 W/m?. A subpart of the target cell with an area
of 5 cm x 5 cm is illuminated by both quasi-monochromatic light with an intensity of
50 uW/cm? and white bias light with an intensity of 700 W/m?. The remaining part of
the target cell is not illuminated, and the average irradiance received by the target cell
is around 50 W/m?. By this way, the irradiance received by the target cell is much
lower than that of the other cells within the PV module, thus the target cell limits the
operating current of the whole module [84, 85]. The measured module current is
equal to the current produced by the target cell. By applying a bias on the whole

module, the SR of the target cell can be measured under zero bias.

With the same procedure, the SRs of several target cells within the c-Si PV module
are then measured. If the variation of the SRs of the target cells is small, the SR
closest to the average of all the measured SR is reported as the SR of the module. If
there is large variation of the measured SRs, more cells’ SRs are measured. Instead of
reporting an average SR of the PV module, the spatial distribution of the SR within

the PV module is reported.

3.3.2.2 Full-area flash illumination method

In this method, a pulsed solar simulator (PASAN I11B) is used to illuminate the whole
PV module. The solar simulator is equipped with a filter box containing 15 quasi-

monochromatic filters covering the wavelength range from 400 nm to 1100 nm. As a
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consequence, a high-intensity quasi-monochromatic beam over a large area is
achieved in the measurement [86, 87]. No bias light is required in this method, and
the SR of the c¢-Si PV module can be directly obtained from the measured short-
circuit current at each wavelength range. However, the bandwidths of the band filters
have to be wide enough to ensure a sufficiently high intensity of the quasi-
monochromatic radiation. This wide bandwidth can introduce errors to the measure-
ment [2]. Also, this method requires large-area illumination; thus, the illumination
uniformity is another challenge, since any non-uniform illumination can introduce
errors to the measurement results. Thus the measurement is improved by using a
reference solar cell, the SR of which is already known. Both SR of the PV module
and SR of the reference solar cell are measured under the same illumination condition.
The module SR is calibrated by the measured SR and the initial SR of the reference
cell. The SR of the c-Si PV module is calculated by:

I;I'Cest (/’D/ATest
Il () ARe!

SRTest ) = (3.1)

x SRRef ()
where 175t (1) and Ifff (A) are the measured short-circuit currents of the PV module
and the reference cell under the quasi-monochromatic illumination. AT¢st and AR/
are the total cell area of the PV module and the area of the reference cell, and

SRRef (1) is the calibrated SR of the reference cell

3.3 Simulation method

3.3.1 Network modelling for interconnected solar cells

The electrical performance of c¢-Si PV modules is affected by the interconnecting
resistive loss of solar cells. In this thesis, the resistive loss analysis is done in Section
4.1, using a two-dimensional (2D) network model implemented in a simulator called
Griddler [77]. This simulator is able to simulate the current flow distribution within

metal electrodes for a solar cell that is integrated into a PV module. 2D circuit
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simulation is an established method for solar cell modelling and SPICE related
software is commonly used [88-90]. Figure 3.5 shows the typical circuit structure for
the distributed circuit model of silicon wafer solar cells. It is based on the diode
model describing a solar cell, which considers different regions of interest, including
the metal contacts of solar cells, the metal-semiconductor contact regions and the
emitter layer. Each unit element includes a current source, a diode, a shunt resistance
and a series resistance. Additional elements represent the front metal grid and the
contact resistance between grid and solar cell. Resistances both in direction perpen-
dicular to fingers and in direction parallel to fingers are included in the model so that
the current flowing in this 2D network can be simulated. The model parameters for

each unit were assigned according to its position and the model geometry.

Emitter Sheet resistance

Contact resistance

Resistance of metallisation

One diode model represents
an illuminated node

One diode model represents
an unilluminated node % 9

Figure 3.5: Structure of a typical two dimensional circuit model for a silicon wafer
solar cell. The cross sections of the circuit model between two adjacent fingers and
underneath the finger are shown.

The simulator (Griddler) used in this work uses similar approach as indicated in
Figure 3.5. However, it gives a more accurate prediction of a cell’s fill factor and
power losses than the conventional approach of using simple equivalent-circuit
models using SPICE related software. Besides, the ribbons on top of the busbars can
also be included in Griddler. Figure 3.6 shows the main interface of Griddler in which

all the simulation parameters can be defined. The main input parameters are:
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photocurrent density (jon), open-circuit voltage (V,c), cell shape, emitter sheet

resistance (Remiver), Mmetallization pattern, the sheet resistance (Rm) and contact

resistance (p.) of the fingers and busbars, finger pitch (Fpich), busbar number (Ne),

busbar width (Whusbar), ribbon width (Wiisbon), ribbon height (h.) and the ribbon

resistivity (p.). The simulator solves the current-voltage characteristics of a mini-

module using finite element method (FEM). The current flow within the ribbons can

also be obtained. Furthermore, the current density and voltage distribution across the

surface of the solar cell can be solved and the result is displayed in form of a map.

Based on these results, the resistive power loss within the metal contacts and the

ribbons can be calculated. More details of the calculation will be introduced in

Section 4.1.1.
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3.3.2  Electrical Circuit Modelling for c-Si PV modules

In Section 3.3.1, a c-Si solar cell was modelled by a 2D network model. The circuit
model can also be applied to ¢-Si PV modules. The difference is that, for the circuit
modelling of a ¢-Si PV module, each solar cell is only modelled by a single one-diode
unit. Since a c-Si PV module is composed of a certain amount of solar cells
connected in series and parallel, it can be modelled with a circuit that is composed of
one-diode unit elements (as shown in Figure 3.7). A number of studies using different
software (Matlab, SPICE, etc.) were carried out in the past to model the I-V charac-
teristics of a ¢c-Si PV module for different applications, especially for predicting the c-
Si PV module behaviour under different conditions [91, 92]. Rosell and Ibanez [93]
provided a numerical model that can accurately estimate the output power of a ¢-Si
PV module in outdoor operating conditions. Mermoud and Lejeune [94] and Patel and
Agarwal [95] used PVsyst and MATLAB based modelling to investigate c-Si PV

module I-V characteristics under partial shading.

In this thesis, a SPICE simulator called LTSpice [96] is used for constructing the
circuit model for a c-Si PV module. SPICE simulators were used before to simulate
the behaviour of solar cells or PV modules [97-99]. LTSpice is a high-performance
SPICE simulator which allows the users to build up the circuit and simulate the
electrical behaviours. LTSpice provides a variety of electronic components, such as

constant current sources, constant voltage sources, resistors, diodes and capacitors.

Figure 3.7 shows the equivalent circuit of a c-Si PV module used in this thesis. The
parameters of each one-diode unit are obtained by fitting the one-diode equation with
the measured current-voltage curve of the solar cell. The input parameters include the
photocurrent (Jon), diode reverse saturation current (Jo), diode ideality factor (n),
series resistance (Rs) and shunt resistance (Rsh). There are two ways of building an
electrical circuit in LTSpice. One way is to use the graphic interface and draw the

whole circuit. Another way is to write a netlist in .txt format. For the modelling of a
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¢-Si PV module, which is usually composed of hundreds of electrical components,
the easier way is to use a netlist. For all simulations done in this work, netlists were
generated by an external software — Matlab. The parameters of each solar cell can
then be assigned the same or a different value, depending on the investigated problem.
In order to get the simulated I-V curve for a circuit shown in Figure 3.7, a variable
voltage source or a variable resistor can be applied to the terminal of the circuit. If the
variable voltage source is applied, the voltage should be swept from zero to the open-
circuit voltage of the simulated PV module. If the variable resistor is applied, the
resistance should be swept from zero to a very large value in order to cover both
short-circuit condition and open-circuit condition. Usually, the variable voltage
method is used due to its much shorter computation time. The I-V curve of a standard
c-Si PV module with 60 solar cells connected in series is usually obtained within

several seconds.

One diode unit

r-==-=-=== "
: Jph :
I I ! AR
I —> | - L}
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" I —— 1 -
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Figure 3.7: Equivalent circuit of a c-Si PV module built in LTSpice. The cells are
connected in series, and each cell is represented by a one-diode model. In the one-
diode model, Jpn is photo-current, Ry, is the shunt resistance and Ry is the series
resistance.

3.3.3  Optical model for backsheet-induced current gain

Besides electrical modelling, optical modelling is also applied in in this thesis.
Optical models used in this thesis were implemented in MATLAB [100], since

MATLAB is a convenient choice when dealing with large matrices that were

frequently used in the calculus. In this section, a ray-tracing model used to calculate
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the amount of light scattered by the backsheet, and reflected back to the solar cell is
introduced. The model is used to determine the short-circuit current reaction to a

variation of spacing between the cells within a c-Si PV module in Section 5.1.

It is known that light scattered from the exposed backsheet of a c-Si PV module (see
Figure 3.8) has an influence on the module's short-circuit current. In this section an
optical model built in MATLAB is introduced to precisely determine this amount of
light. By using this model, the amount of light that reaches the backsheet and is
reflected back onto the area covered by solar cells can be compared with the amount
of light that reaches the solar cells directly. An extended ray tracing approach, based

on [101-103] is used here.

Incident
light

glass

EVA

solar cell

backsheet

Figure 3.8: The scattering of light by the backsheet of a c-Si wafer PV module. The
light paths within the PV module are described. Light incident on the backsheet area
between the solar cells is randomly scattered. The scattered light within the escape
cone (shown as path ©®) will escape from the module and is lost. o refers to the
critical angle. The scattered light outside the escape cone can either be reflected back
towards the cell-covered area (@) or towards the backsheet area (®). The light that is
reflected towards the backsheet area will be scattered once more.

This model uses the following assumptions:

1. The refractive indices of glass and EVA are assumed to be equal, a discussion
of which is described in Ref. [42]. Ref. [13] shows that the reflection at glass-
EVA interface is below 0.01 %, thus the assumption of equal refractive

indices of the two materials is justified.
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2. The thickness of the solar cell is ignored. Similar assumptions were used in
Ref. [103]. For an industrial c-Si PV module, the thickness of the EVA layer
is usually around 0.5 mm, thus there will be a certain amount of light
scattered to the rear of the solar cell. We have briefly estimated the
overestimation on the calculation result from this assumption. It is calculated
that the EVA layer mainly affects the results for the backsheet area within 2
mm from the cell edge. The largest overestimation is around 1.6% relative.
The height difference, therefore, is considered as a second order effect and
has been neglected in the further study.

3. The quantum efficiency of the cells is independent from the incident angle of
the radiation.

4. Due to the limit of the computation time, the reflections at the back sheet and
the glass/air interface are calculated twice. After the second calculation, the
remaining light on the backsheet area is considered lost. These losses account

for around 0.6 % of the total incident light.

The radiant power that directly reaches the cell can be represented by:

Pcenl = PinAcell (3-2)

Here, A.qy i the cell area.

Ray tracing is used to calculate the radiant power that is reflected by the backsheet
and reaches the solar cells. In the model, the full module is divided into unit elements,
each with an area of 1 mm x 1 mm. Any unit element of the backsheet area scatters
light into 3600 outgoing rays with a uniform separation of 6 degree azimuth angle

and 3 degree polar angle.

The luminous flux of each ray is calculated by the following steps:
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1) The scattering angle (6) and wavelength (1) dependence of the normalized
reflected radiant intensity S,,(6, 4) and the direct reflectance (1) are determined
experimentally, which will be described in Section 5.1.2.1. S,(6, 4) is obtained
from normalizing the measured signal at a certain angle to the largest measured

signal value.

2.) The wave-length dependent irradiance at a certain direction and certain

wavelength §(6, 1) can be calculated by:

Sa(6,2) (3.3)
1(68, 1) sin(0) depdb

5(9, /1) = Apinr()l) ff S

Figure 3.9 shows a sketch of the situation described in equation 2. Here, A is the area
of a unit element on the backsheet, 8 is the angle between the scattered ray direction
and the surface normal (polar angle) while ¢ is the azimuthal angle in the spherical

coordinate system.

Figure 3.9: A sketch indicates the symbols in Equation 3.3.

The pathway of the scattered rays inside the module is described in Figure 3.10. If the
incident angle of the ray is larger than the critical angle of total internal reflection, the
ray is totally internally reflected. The refractive index of the PV module glass used in

the experiments is kept fixed at 1.5 and independent of wavelength, thus the corres-
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ponding critical angle is 41.8° [104]. If the incident angle is smaller than the critical
angle, the reflectance and transmittance depend on the incident angle, and is calcu-
lated with Fresnel equations [104]. In this simulation light is regarded as unpolarised,
containing an equal mix of the two polarization directions. Figure 3.10 shows a
specific case in which one ray is scattered by the backsheet and reflected to the cell
area. If the incident light reaches the module at a position (x1, y2), the coordinate (xz,

y2) of the position where the reflected ray reaches is calculated by:
X, = x1 + 2d tan( 0) cos(¢p) (3.4)
Yy, =y, + 2d tan( 0) sin(¢)

Here, d is the thickness of the front glass plus the front transparent lamination layer.
The thickness of the rear lamination layer is assumed to be zero and cell and back-

sheet are at the same level.

'acksheet

Figure 3.10: A 3D sketch of the light path within a c-Si PV module.

-
-

In the next step, the whole module is divided into 1 mm x 1 mm unit elements. If the
backsheet area ranges from position (p1, Qi) to (p2, g2), the total radiant power

reflected from the backsheet area to the solar cell area P, can be calculated as:

Py

3 dz (D2 (27 @ ROT Sa(6,)sin(6) 40 do d d
_Jl-h ‘[131 ‘[0 ‘[0 Pin ( ) (xz,yZ) ffsn(e,/l) Sln(g) d(ﬂda ¢ axdy (35)
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Here, a is the critical angle, R(4) is the backsheet reflectance. Since only rays
reaching the cell area add to the integration, a test function T is defined as a function

of x2, y2 calculated from equation (3.5):

T(x5,¥2)=1; when (x,,y,) is within area solar cell (3.6)

T (x3,y,)=0; when (x,, y,)is outside area solar cell

It should be noted that for a large-size c-Si PV module, T'(x,,y,) does not only
consider one solar cell within the module. For the industrial size c-Si PV module
composed of tens of solar cells, the test function is equal to 1 if (x,,y,) locates
within any single solar cell of the module. As a consequence, Equation 3.4 can both

be applied to a mini-module and an industrial size PV module.

In the next step, the short-circuit current contribution from the backsheet is calculated.

The total amount of radiant power received by a PV module can be written as:

Piotal = Peen + Py (3-7)

The relative increase in radiant power received by the solar cells due to reflection at

the backsheet is:

Py (3.8)

Since the solar cell does not utilize light of different wavelengths with the same
efficiency, a better way to estimate the total increment on short-circuit current is to
weight the result with the photon flux ®, (1) of the solar spectrum and the external
quantum efficiency EQE (1) of the used solar cell. The photon flux is defined as the
number of photons incident on a surface per second and per unit area. Since the
photon flux is linearly proportional to the radiation power at a single wavelength, and

equation (3.7) can also be represented by

43



d)n—backsheet (’D (3-9)

InC(A) B d)n—cell (/1)

It follows that the collected carriers at a certain wavelength can be calculated by the
product of the external quantum efficiency and the incident photon flux. Thus, the
total short-circuit current increase Al can be calculated as follows:

| _ ZInc)ba(DEQER)AL (3.10)
B 2 PnEQE(A) A2

Here, ¢, (1) is the photon flux at a certain wavelength, which depends on the
spectrum of the incident light. In this simulation, the AM 1.5 spectrum is used. Note
that only the improved current generation due to scattering from the backsheet is
taken into account. Other effects, like non-uniformity of insolation, are neglected in

this work.

3.3.4 Optical model for calculating irradiance received by a tilted surface

In order to study the PV module behaviour under outdoor operating condition, it is
important to evaluate the PV module performance on the system level. In order to
calculate the radiation received by a PV module with arbitrary orientation, a method
to calculate radiation received by a tilted surface is described. This method is not
limited to c-Si PV modules but can be generalized to any kind of PV module. This
method is used to evaluate different c-Si PV module configurations in Chapter 7. In
the proposed method, both monofacial PV modules and bifacial-PV modules are
considered. Similar methods have been used on bifacial modules [105, 106] and also

PV modules with solar-tracking systems [107, 108].

The sun’s position can be described by two angles: azimuth asn and altitude Ssun.
These two angles of the sun during a whole year for any places in the world can be
calculated by existing models [69]. The configuration of a tilted surface can also be

described by two angles: tilting angle w and azimuth angle a:.
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Assuming aq is the difference between the azimuth angle of the sun and the azimuth
angle of the surface: ag = asu— at, the solar incidence angle y is the angle between
the normal of the surface and the sun’s rays, the amount of direct-beam solar

radiation received by a tilted surface (Sqir) is calculated by:
Sair = DNI X cos(y) (3.11)
Since the angle between two vectors in a three dimensional space is calculated by:
cos(y) =axb/(la| x |b|) (3.12)

The direct radiation received by the front side of the tilted surface can be calculated
by:

—cos( ag) sin(w) + cos(w) X tan(Bsyn) (3.13)

Sgirect (front) = DNI %
irect \/1 + tan? (Bsun)

Similarly, the direct radiation received by the rear side is calculated by:

cos(a) sin(w) — cos(w) X tan(Bsyn) (3.14)
\/1 + tan? (Bsyn)

Sdirect(rear) = DNI X

Here, if the calculated radiation value is negative, the radiation received by that side
is zero. At a certain time of a day, only one side of a tilted surface receives direct

radiation.

In practice, reflection also has an influence on the radiation received by a tilted
surface, which also needs to be taken into account. The reflection loss (Riess) of the
direct beam incidents to a tilted surface is a function of the incident angle y [109]:

1 — exp(—cosy /ar) (3.15)
1 —exp(—1/ar)

Rioss(¥) =1—[

ar is the angular loss coefficient. Typical ar values range from 0.16 to 0.17 for

commercial c-Si wafer modules [109].
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In the next step, radiation reflected from the sky and radiation reflected from the
ground received by a tilted surface needs to be calculated, and a model by Tian et al.

is used [110]. Diffuse radiation from the sky seen by a tilted surface is calculated by:
Rsiy = Haige X svf (3.16)
Here, svf is sky-view factor which is calculated by:
svf = (m—w)/m;, gvf =1-—svf (3.17)
Radiation reflected from the ground seen by a tilted surface is calculated by [105]:
Rgrouna = A X (Hgir + Haifr) X gvf (3.18)

Here, A is ground albedo. Albedo is defined as the fraction of the solar irradiance
reflected from the earth surface back into space, which depends on the reflectivity of

the earth’s surface. gvf is ground-view factor which is calculated by:
gvf =1—svf (3.19)

At last, the total radiation received by a tilted surface (Sww) can be calculated based

on Equations (3.10) to (3.19):

Stotal = Sdir + Haifr X svf + A X (Hgir + Haigr) X gvf — Ryoss (3.20)
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4  Cell-interconnection resistive loss analysis for c-Si wafer

based PV modules!

As described in Section 2.2.2, the cell-to-module loss is always a concern for c-Si
wafer-based PV module manufacturers. The cell-interconnection resistive loss covers
more than 90% of the total CTM resistive loss, which is very important for c-Si PV
module optimization. This chapter focuses on the cell-interconnection resistive loss,

and different problems related to this kind of loss are investigated.

Section 4.1 compares the interconnection resistive loss for solar cells with different
metallization patterns. There are many existing reports focusing on the reduction of
the cell-interconnection resistive loss [111-114]. However, established approaches
assume an effectively one-dimensional (1D) current flow and do not take into account
the 2D current flow on a fully metalized cell rear side. In Section 4.1 a refined
method will be presented taking into account the 2D aspects of the current flow in the
cells' metallization patterns. The commonly used 1D method for calculating the

ribbon resistance is then corrected for 2D effects.

Section 4.2 compares the interconnection resistive loss for ¢-Si PV modules using
full-size cells and halved cells. The method of calculating the output power increase

from full-size cell PV module to halved-cell PV module is introduced.

Section 4.3 is based on the combination of the methods introduced in Section 4.1 and
Section 4.2. A detailed comparison is made between I-V characteristics for full-size
cell ¢c-Si PV modules and halved-cell ¢-Si PV modules using monofacial and bifacial

solar cells. Both simulation results and experimental results are provided for

! Section 4 is based on the publications: S. Guo, J.P. Singh, M. Peters, A.G. Aberle, T.M.
Walsh, “A quantitative analysis of photovoltaic modules using halved cells”, International
Journal of Photoenergy, 2013, 73937 and S. Guo, J.P. Singh, M. Peters, A.G. Aberle, J. Wong,
“Two dimensional current flow in stringed PV cells and its influence on the cell-to-module
resistive losses”, Solar Energy, submitted.
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verification. Further studies are extended to large-size c-Si PV modules regarding the
influence of the short-circuit current of individual cells and the cell interconnection

scheme.

4.1 Two-dimensional current flow for stringed solar cells

In a ¢-Si PV module, the current generated in a solar cell flows to the ribbons. The
current transport through the ribbons causes resistive loss. Established methods for
calculating this loss usually only consider the resistive loss on the ribbons and assume
a linear increase or decrease in current flow [115-117]. However, in general, the
current flow from cell to ribbon forms a 2D pattern, which depends on the metalli-
zation scheme of the solar cell front and rear surface. In this section a refined method
is presented, taking into account the 2D aspects of the current flow in the cell's

metallization patterns.

4.1.1 Influence of metallization pattern on the current flow through the
ribbons
In this work, a network model implemented in Griddler [77] (introduced in Section
3.3.1) is used to simulate the current flow distribution within the metal pattern for a
solar cell that is integrated into a PV module. Griddler was equipped to solve the
voltage and current distributions in a solar cell with one resistive cell plane, instead of
two coupled front and rear planes simultaneously. However, the simulator enables
one to study the resistive losses in each cell plane as if they were independent. Thus
two types of 6-inch-wide silicon wafer solar cell metallization patterns were
simulated, one which featured an “H” pattern with 78 fingers which is representative
of the front grid, and one which had full-area metal electrode which is representative
of the rear cell plane. In the latter case, the solar cell sheet resistance was set equal to
the aluminium sheet resistance (~10 m€/sq). Since in Griddler the shading from
metal and optical generation can be decoupled, in all simulations the light-induced

current density in the cell plane is set to be uniform and the integrated total is set
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equal to the expected cell short-circuit current. In the simulation, mini-modules with
either full-size cells or halved cells are modelled. All parameter values used in the
simulation are listed in Table 4.1. The simulator solves the I-V characteristics of a
mini-module. The current density and voltage distribution across the surface of the

solar cell can also be obtained.

Table 4.1: The parameters used in the simulation of mini-modules using Griddler.

Parameter Value

Renmitter 80 Qcm?

Rwm 3 Qcm?

Pe 0.003 Qcm?
Dr 1.728x10% Qm
Fitch 1 mm

Whusbar 2 mm

Wiibbon 2mm

h, 20 pm

Nob 3

Jph 39.5 mA/cm?

The surface potential distribution on the cell surface at maximum power point for a
full-size cell mini-module is plotted in Figure 4.1. Figure 4.1(a) shows the surface
potential for the cell with “H” metallization pattern, and Figure 4.1(b) shows the
surface potential in the cell with full-area metallization pattern. The corresponding

current flows inside the corresponding ribbon is plotted in Figure 4.2.
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Figure 4.1: Surface potential distribution on the cell surface at maximum power point
for solar cells with (a) finger-busbar metallization pattern and (b) full-area
metallization pattern.
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Figure 4.2: Current flow inside a ribbon at the maximum power point for solar cells
with different front metallization patterns and ideal conductor on the rear side.

From Figure 4.1, the current flow in the solar cell can be inferred. Current flows
according to the potential gradient, and for the “H” pattern the current flows mostly
directly from the semiconductor to the nearest finger, then to the nearest busbar, and
then along the corresponding front ribbon. As a consequence, the current flow along
the ribbon increases linearly, as shown in Figure 4.2. In contrast, for the cell with
full-area metal electrode, there is a significant component of current flowing along
the high-conductance aluminium plane in parallel to the ribbons, which contributes in
the ribbon current deviating from the simple linear dependence. However, the total

current extracted from the end of each ribbon is the same for the two solar cells.

50



The simplified description by the conventional method for the full-area metal
electrode leads to two major inaccuracies in the calculations of resistive power losses
in the fully metallized cell rear plane. Firstly, the simplified picture overestimates the
ribbon power loss and underestimates the rear aluminium metal power loss [6, 8],
because it fails to capture the current division between these two conductors.
Secondly, overall it overestimates the total power loss in the cell plane. The latter
observation can be explained by the energy minimization principle: the correct
current flow pattern must follow the “path of least resistance” and therefore leads to
the minimum power loss, and conversely, any assumed current flow pattern must

necessarily incur an overestimation in the dissipated power.

4.1.2 Corrected method for quantifying CTM resistive loss for monofacial cells
Based on the simulation results shown in 4.1.1, the metallization pattern affects the
current flow within the ribbons. Thus, it can further influence the resistive power loss
on ribbons. In this section, certain correction factors will be introduced to the
conventional calculation method for monofacial cells, so that the influence of
metallization pattern can be considered. Here, mini-modules are used for
investigation. The behaviour of full-size PV modules can be extrapolated from the
mini-module results, if string-interconnection is taken into account additionally. The
mini-modules are composed either of one full-size solar cell (reference case) or two
halved solar cells connected in series (shown in Figure 4.3. In this section, only the
calculation method and the calculated correction factors will be shown. Further

experimental results will be introduced in Section 4.2.3.
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(a) (b)

Figure 4.3: Photographs of mini-modules using (a) full-size solar cells and (b) halved
solar cells.

Based on [115], the total series resistance of a mini-module with a full-size cell

Rmm(full) is:

Rum(rutry = Reqruiy + Re¢runn)- 4.1)

R is the total series resistance of the solar cell, and R, is the series resistance of the

ribbons, which is the sum of the front side and rear side ribbon resistance.

This equation can be well applied to bifacial solar cells. However, as already
mentioned in 4.1.1, for a monofacial solar cell, the current transport through the
aluminium sheet also induces additional resistive power loss, which is not considered
in previous resistance calculation. In order to take this effect into account, the

equation for monofacial cell needs to be corrected as follows:

Rum(rutry = Reqrutry + Recrury + Rmcpuiny- (4.2)

Here, R,y refers to the effective resistance of the aluminium metal sheet on the

rear side of the monofacial solar cell. As shown in [115], if the current flow through
the ribbon increases or decreases linearly (as for the “H” pattern), the metal resistance

can be calculated by:
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PLyp | PLop _ 2pLyp (4.3)
Rr(full) = Rr—top + Rr_rear = 3Nop + 3Nop = 3Nop .

Here, R._font IS the effective resistance of the front ribbons and Ry_, e, iS the

effective resistance of the rear ribbons.

The metal sheet resistance, assuming the current flows in perpendicular to the ribbons,

iS given by:

1 Lpp
R, ==R
m 3 Al(ZNbb

)? (4.4)

Here, Ry, is the sheet resistance of the aluminium sheet.

Both Equation 4.3 and 4.4 are based on the assumption that the current within the
metal sheet takes the shortest path towards the ribbons. Based on the simulation result
in 4.1.1, for a monofacial solar cell integrated into a PV module, the current within
the rear ribbon doesn’t decreases linearly. Also, the current doesn’t flow perpendi-
cularly towards the ribbons. Thus for a monofacial solar cell, in order to accommo-
date for the change in resistance of the full-area metallization, Equation 4.2 is

suggested to be replaced by:

Rmm(full) = Rc(full) + CO ' (Rr(full) + Rr(metal sheet))
4.5)

2pL 1 L
=Recruy + Co - (31\1:: + ERAl(ﬁ)z)

Here, C) is correction factor. To calculate this correction factor, it is noted that for a
ribbon on the rear side, the total power loss is:

L
Pioss—rear = f (I(x))?rdx, (4.6)
0

where r is the ribbon resistance per unit length, with a unit of Q/cm, L is the ribbon
length (with unit of cm), and x is the current position along the ribbon, /(x) is the

current at that position, which is obtained from the red line shown in Figure 4.2. C;, is
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then obtained by dividing the rigorous solution by the conventional solution for 1-sun

maximum power point conditions:

Co = Ploss—top + Ploss—rear + Ploss—Al (4-7)
0=
Iipp (Reruiny + Rin)

Here, Iypp, is obtained from Griddler simulation, Pjoss_front IS the power loss on the
front side ribbon, which is calculated from Iﬁlpp X Ry_top » Ploss—rear 1S Calculated
using Griddler results and Equation 4.6, Pjyss_a; IS the power loss on the rear
aluminium metal sheet. Since the proportion of the power loss in the ribbons and
power loss on the metal sheet can be calculated from Griddler, Pjoss—a; Can be

obtained.

Based on the results from Figure 4.2, for a 6 inch full-size monofacial solar cell with
metal sheet resistance of 10 mCY/sq and 3 busbars, the resistive power loss in the
ribbons of a monofacial solar cell is 83% of the expected power loss calculated based

on Equation 4.3.

Also from the network simulation, it is calculated that the resistive power loss on the
aluminium metal sheet is 50% of the resistive power loss on the rear ribbons of this
solar cell. The calculated power loss on the metal sheet is around 2.6 times the
theoretical power loss calculated from Equation 4.4. The difference is mainly caused
by the bending of the current flow path towards the end of the ribbons. The correction
factor Co is calculated to be 0.94 for this solar cell. Furthermore, the same calculation
is done for mini-module using corresponding halved cells. The percentages of the
CTM resistive loss on each component (ribbons and metal sheet) are shown in Figure

4.4.
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Figure 4.4: Percentages of CTM resistive loss on each component (ribbons and metal
sheet) for a three-busbar solar cell with fully metallized rear side. The theoretical
values refer to the percentage calculated from standard equations (Equations 4.3 and
4.4). The corrected values refer to the percentage calculated from the network
simulation.

It can be seen from Figure 4.4 that the resistive loss in the rear ribbons is much less
than the analytical approximation for a full-size cell module, and the resistive loss in
the rear metal sheet is much higher than the analytical approximation. For the module
with halved cells, the difference between the theoretical and corrected values gets
smaller. In the next step, two factors’ influence on the correction factor Coare investi-

gated: (1) busbar number, (2) metal sheet resistance.
4.1.2.1 Influence of metal sheet resistance on correction factor Co

In Section 4.1.1 a six inch solar cell with a rear metal sheet resistance of 10 mQ/sq is
taken as an as example. In the following it will be show how the correction factor
changes for different metal sheet resistance. The results of the corresponding

calculations is shown in Figure 4.5.
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Figure 4.5: Influence of metal sheet resistance on the correction factor Cy for full-size
monofacial solar cell (6 inch) and halved cell with three busbars.

In Figure 4.5 it can be observed that the correction factor for the full-size cell is
always smaller than the correction factor for the halved cell, i.e. the impact for the
correction is always greater for full-size cells. Also, as the metal sheet resistance
increases, the correction converges to one, which means that the current transport
approaches the one assumed in the conventional model; i.e. current flow is predomi-
nantly perpendicular to the busbars. The correction factors shown in Figure 4.5 can
then be used to accurately calculate the effective resistance. Using this approach, the
network simulation is not necessary for simulating the 1-V characteristics of mini-
modules. In other words, by including the correction factors in the conventional
analytical model, more accurate 1-V characteristics of the mini-modules are easily

obtained.

4.1.2.2 Influence of busbar number

In the next step the influence of the number of busbars on the correction factor and
the power generation is investigated. Figure 4.6 shows the calculated correction factor
Co for full-size and halved cells when the cell has two, three and four busbars. From
Figure 4.6, it can be observed that the largest correction is required for a 2-busbar cell.
For the 4-busbar cell, the correction factor is already very close to one, which means

that nearly no correction is required for the analytical method. The correction factor
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would rapidly converge to one if the busbar number is increased further. It should be
noted that the theoretical value is based on the worst-case assumption that current
flows perpendicularly to the busbars. Griddler simulations allow the free flow of the
current in the whole surface plane, which reduces the effective resistance. Thus the

correction factors are always smaller than one.

The simulations also showed that the power gain of a halved cell mini-module over a
full-size cell mini-module is around 17% lower than the expected power gain
calculated from the conventional method. For the 3-busbar case this number becomes

9%, and 3% for the 4-busbar case.

1.00
0.98
0.96
0.94
0.92
0.90
0.88
0.86 = Full-cell module

0.84 * Halved cell module

0.82

correction factor

2BB 3BB 4BB
solar cell type

Figure 4.6: The calculated correction factor Cy for full-size cell and halved cell when

the cell has two busbars (2 BB), three busbars (3 BB) and four busbars (4 BB). The
metal sheet resistance is fixed at 10 m€Y/sq in all cases.

4.2  Resistive loss analysis for full-size and halved-cell c-Si PV modules

In Section 4.1 the resistive loss analysis is done for c-Si PV modules using solar cells
with different metallization patterns (monofacial and bifacial cells). In this section,
resistive loss analysis is done for c-Si PV modules using full-size cells and halved
cells. It is already known that using halved cells in a PV module is an effective
method to reduce the CTM resistive loss, and this method has already been applied by

some major PV manufacturers (Mitsubishi, BP Solar) in their commercial available
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c-Si PV modules [11, 118]. In this section, the theory behind the output power

increase for c-Si PV module using halved cells is explained.

In this analysis, still mini-module is used as an example to compare the full-size cell
mini-module and the cut-cell mini module. The full-size cell mini-module is com-
posed of one full-size cell. The cut cell mini-module is made by cutting the full-size
cell into n pieces and connecting them in series. Since the resistivity of the bussing
ribbons for string interconnection is very small, it makes no difference between mini-
modules and large-size modules if the resistance of the bussing ribbons is neglected.
Also, in this analysis it is assumed that the contact resistance between the busbars of
the cell and the ribbons is negligible. Equation 4.2 represents the effective series
resistance of a mini-module, however, the equation focuses on the series resistance

within the cell region. Here the series resistance of the ribbons in the gap region (Ry.¢)

is added to Equation 4.2, and the total series resistance of the mini-module (Rym)

with a full-size cell is then become

Rmm(rury = Reqruny + Recrutry + Rregruiy- (4.8)

For the mini-module containing n cut cells connected in series, the series resistance

can be calculated as follows:

Since the lumped series resistance of a solar cell is inversely proportional to the cell

area, we have

Rc(cut) = ch(full)- (4.9)

In the mini-module with n cut pieces of cells in series, the series resistances of the

cells and ribbon add up, therefore

Rmm(cut) = n(Rc(cut) + ch(cut) + Rrg(cut))
= n(ch(full) + ch(cut) + Rrg(cut)) (4-10)

= anc(full) + nch(cut) + nRrg(cut)-
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Here, nRyg(cvs) IS the ribbon resistance of the gap averaged to each cut cell.

The effective current flowing through the mini-module with n pieces cells is 1/n times
of that through the mini-module with full-size cells (I). Since the resistive power
losses (Pj,ss) are equal to the square of the current multiplied by the total series

resistance,

Ploss(full) = IZ(Rc(full) + ch(full) + Rrg(full)) (4-11)
and

n?, 5 (4.12)
Ploss(cut) = (5) (n Re(cut) + NRyc(cur) + nRrg(cut))

1 1
- IZ(Rc(full) + Ech(cut) + ;Rrg(cut))

It can be observed that for cut-cell modules, the cell resistive loss remains the same,
and power gain is due to the reduced ribbon resistive loss. Thus, the power gain from

full-size cell module to the cut-cell module can be calculated:

Pgain = Ploss(full) — Ploss(cut) (4.13)
1 1 .
= 12 (Rr(full) - ZRI'(C‘LLL‘) + Rrg(full) - ERrg(cut))

In the next step the relative power gain can be roughly estimated. If ignoring the
resistance from the gaps for the two modules (which is relatively small) and assuming
the effective ribbon resistance to be directly proportional to the ribbon length, the

relation between the ribbon resistances for the two cells becomes:

1
Rr(cut) = ZRr(full). (4.14)

And the relative power loss reduction on ribbon can be calculated as:
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Pribbon loss(full) — Pribbon loss(cut)

Prelati =
relative Pribbon 1oss(fult) (4.15)
1
= e

Equation 4.15 shows that if the solar cell is cut into n stripes, the power loss in the
ribbon scales with a factor 1/n?. Thus for a halved-cell PV module, the resistive
power loss on ribbons will scale as 1/4 i.e. (75% reduction). It also shows that the
power loss on ribbon can be further reduced if a cell is cut into more pieces. However,
the benefit of power loss reduction gets smaller when n becomes larger. Also, cutting
cells into more pieces might introduce more problems (mismatch effect and more

additional gaps between the cells).

4.3  Combining the results: c-Si PV modules using full-size/halved monofacial/

bifacial silicon wafer solar cells

Based on the analysis introduced in Section 4.1 and Section 4.2, in this part the
methods are used to compare the 1-V characteristics for full-size cell ¢c-Si PV modules
and halved-cell ¢-Si PV modules using monofacial and bifacial solar cells. Due to the
difference in metallization patterns, the power gain from replacing full-size solar cells
by halved cells in a ¢c-Si PV module is also different for PV modules using mono-
facial cells and bifacial cells. In this section both simulation results and experimental

results will be shown to investigate these problems.

4.3.1 Simulation results

Based on the calculated “correction factors” in Section 4.1.2, the effective ribbon
resistance can be calculated for each type of mini-modules, and the corresponding 1-V
characteristics can be solved. The simulation is based on the circuit model for c-Si PV
modules introduced in Section 3.3.2. Since the comparison is purely based on
simulation, the I-V characteristics of both types of full-size cell mini-modules are set

to be the same by adjusting the cell series resistance. The I-V characteristics of the
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full-cell and halved-cell mini-modules with monofacial/bifacial solar cells are shown

as Table 4.2,

From the simulation results, for both types of halved-cell mini-module, the short-
circuit current is half of the full-size cell mini-module and the open-circuit voltage is
twice of the full-size cell mini-module. PV modules using halved cells generally
result in an increase in module fill factor and output power due to the reduced
resistive losses. However, due to the different 2D current flow in different cell types,
this increase is around 10% higher for PV modules using bifacial solar cells. This

result shows the significance of my hypothesis.

Table 4.2: The simulated I-V characteristics and the used correction factors for full-
size cell and halved-cell mini-modules using monofacial/bifacial cells.

Mini-module with mono-facial | Mini-module with bifacial cells

cells

Full-cell | Halved cell A Full-cell | Halved cell A
Correction | 0.945 0.998 N.A. 1.00 1.00 N.A.
factor
Isc [A] 9.00 4.50 0 9.00 4.50 0
Voc [V] 0.63 1.26 0 0.63 1.26 0
FF [%] 76.9 78.6 +2.3% 76.9 78.9 +2.6%
P[W] 4.48 4.62 +2.3% 4.48 4.64 +2.6%

4.3.2 Experimental verification
In order to verify the simulation method, different types of mini-modules are
fabricated experimentally. In this part, the simulation results are compared with

experimental results for mini-modules using both monofacial and bifacial solar cells.

For mini-modules using monofacial solar cells, four samples of each type of modules
are produced. The multi-Si wafer solar cells used to fabricate these modules were

chosen from the same batch with cell efficiencies in the range of 17.2-17.4%. For
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mini-modules using bifacial solar cells, the cell used were chosen from the same
batch of n-type bifacial solar cells with cells with an efficiency of 18.8% and
bifaciality of 0.96. A Q-switched, picosecond, frequency doubled Nd:YAG laser was
used to cut the cells into half (Lumera SUPER RAPID, Lumera Laser, Germany). For
both types of mini-modules, glass-cell-backsheet construction was used for better
comparison. The equipment, materials and soldering conditions were the same for all
samples during soldering and busbar connection processes. After that, all samples
were laminated at the same time and under the same temperature conditions. The
arrangement of half cells used generates an open-circuit voltage approximately equal
to twice the full-size cell mini-module and a short-circuit current approximately equal
to half of the full-size cell mini-module. To compare the halved-cell mini-modules
and full-size cell mini-modules, all fabricated module samples were measured under
standard test conditions (STC) using a steady-state super-class-A, solar simulator

(SolSim 210, Aescusoft, Germany).

The photos of the produced mini-modules using monofacial solar cells have already
been shown in Figure 4.3. Since the produced PV modules using bifacial solar cells
also use glass-cell-backsheet construction, they look similar as PV modules using
monofacial solar cells. The average |-V characteristics for each type of mini-modules
are shown in Table 4.3 and Table 4.4. The simulation results are also included here
for comparison. Since the halved-cell module contains two halved cells connected in
series, its short-circuit current should be half and its open-circuit voltage should be
double as compared to the mini-modules with full-size cell. In order to make the
comparison clearer, in the table the scaled current and voltage values are shown for
the halved-cell mini-modules. The simulation results are also included here for

comparison.
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Table 4.3: The simulated and measured current voltage characteristics of full-size cell

and halved-cell mini-modules using monofacial solar cells.

Parameter Simulation Experiment

Full- Halved A Full-cell Halved- A Av.

cell -cell module cell

module | module module

Isc [A] (scaled) 8.35 8.35 0 8.35+0.02 | 8.35+0.04 0
Voc [V] 0.620 0.620 0 0.620 0.620 0
(scaled)
FF [%)] 77.5 789 | +1.8% | 77.6+0.3 78.9+£0.2 | +1.7%
P[W] 4.02 4.08 | +1.8% | 4.02+0.02 | 4.08+0.02 | +1.7%

Table 4.4: The simulated and measured current voltage characteristics of full-size cell

and halved-cell mini-modules using bifacial solar cells.

Parameter Simulation Experiment

Full- Halved A Full-cell Halved- A Av.

cell -cell module cell

module | module module

lsc [A]| 9.77 9.77 0 9.77£0.01 | 9.78+0.01 | +0.1 %
(scaled)
Voc [V]| 0.640 0.640 0 0.640+0.0 | 0.640+0.0 0
(scaled) 0 05
Fill Factor | 74.3 76.0 +2.2% | 74.34£0.1 75.840.1 | +2.0%
[%]
Power [W] 4.65 4.75 +2.2% | 4.64+£0.02 | 4.74+0.01 | +2.2%

From Table 4.3, for monofacial cells, both experiment and simulation show that the
short-circuit current of halved-cell mini-modules is exactly half of that of the full-cell
mini-modules, while the open-circuit voltage is exactly two times that of the full-cell
mini-modules. The fill factor gain calculated from the analytical 1D model is 2.1%
(relative). However, this value is calculated to be 1.8% (relative) based on the

improved model, which is much closer to the experimental results.
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For mini-modules using bifacial halved cells (shown in Table4.4), the open-circuit
voltage is still exactly two times that of the full-cell mini-modules, while the short-
circuit current is slightly (0.1%) higher than half of that of the full-cell mini-modules.
This is most likely due to the wide gap region between the two halved cells, which
leads to extra current due to scattering of light from the gap region towards the solar
cells [119]. The simulated fill factor increase is 2.2%, which is also very close to the

experimental result (2.0%).

It can be observed that the simulation results agree very well with the measurement
results. The comparison between the simulation and measurement results proves the
validity of the simulation method and the validation of the theory described in Section

41 and 4.2.

4.3.3 Extension to large-size modules by simulation

In Section 4.2.2, mini-modules are investigated as examples. Though the features of
the large-size c-Si PV modules can be represented by mini-modules, there is still a
need to investigate the industrial size ¢-Si PV modules in terms of the interconnection
schemes and real PV module characteristics. In this part, two problems related to
large-size c-Si PV modules are investigated. In part 4.2.3.1, the influence of the cell
short-circuit current on the benefits for c-Si PV module using halved cells is
investigated. In part 4.2.3.2, the different interconnection schemes for the industrial
size c-Si PV modules using halved cells are investigate and compared. Since the basic
features are all the same for c-Si PV module using bifacial cells and monofacial cells,

in this part c-Si PV modules using monofacial cells are investigated as an example.

4.3.3.1 Influence of cell short-circuit current on the benefits for halved-cell c-Si

PV modules

In Section 4.3.2, monofacial solar cells within the same batch of efficiencies are used

in the experiment. However, in today’s PV market, the properties for solar cells of
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different types and brands have large variation. For some high-efficiency solar cells,
the short-circuit current can easily reach to more than 40 mA/cm?. Since the resistive
loss on ribbons for c-Si PV modules depends largely on the cell operating current, in
this part the simulation is extended to large-size modules. The influence of cell short-
circuit current on the resistive loss for full-size and halved-cell large-size modules is
investigated. In this investigation, a large-size module is composed of solar cells
connected in series, and monofacial cells are taken as example. In Figure 4.7 the
power loss on ribbon for halved and full-size cell large-size PV modules with various
cell short-circuit current density values is plotted. The ribbon size and sheet resistance

are the same as the parameters provided in Table 4.1.

T T T

=)
o — .
o w O e 2
2 . S R P U L, o
= O 25p-w-mm"
- [
o g 20 ——fuli-size cettmodule; ribbon thickness=0-2 mm n
w — full-size cell module: ribbon theikness=0.2 mm o = = = ~full-size cell module; ribbon thickness=0.25 mm
8 === = full-size cell mﬂdule; ribbon thickness=0:25 mm Q 1.5 | ——halved cell module; ribbon thickness=0.2 mm
: 4 halved cell module; ribbon thickness=0.2 mm [0)]

> 10 .
Qo =
s L 1 3
5 2 < 05 !
o [t

0 L L L 0.0 | I I
34 36 38 , 40 42 34 36 38 5 40 42
i [mA/em’] J,, [mA/em’]
(a) (b)

Figure 4.7: (a) Power loss on ribbon for halved and full-size cell large-size c-Si PV
modules with various short-circuit current density values. (b) The relative power loss
is the percentage of resistive power loss on ribbon among the total output power. Two
values of ribbon thickness are considered.

From Figure 4.7 it can be observed that when the short-circuit current density
increases, the power loss on ribbon also increases. However, the increase on power
loss is much larger for full-size cell module than for halved-cell modules. This means
that using halved-cell PV modules instead of full-size cell PV modules can help in
keeping the power loss on ribbon within a small range for solar cells with higher

short-circuit current density. In Figure 4.7, this method is also compared with another

method -reducing the resistive loss by increasing the ribbon thickness. The dashed
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line shows the power loss when the ribbon thickness is increased from 0.2 to 0.25 mm.
Since resistive loss varies linearly with ribbon thickness for particular cell js, the
reduction in power loss on ribbon is much lower as compared with using halved-cell
modules. Also, increasing the thickness of the ribbons leads to increase in cell
breakage during manufacturing. Thus compared with increasing the ribbon thickness,
using halved cells is a more effective method to reduce cell-to-module resistive loss

for high ji. (high efficiency) solar cells.

4.3.3.2 Influence of interconnection scheme on the halved-cell c-Si PV modules
In order to take configurations of large-size modules into account, further investi-
gations for large-size c-Si PV modules are performed. The investigated module

structures are shown in Figure 4.8:

(a) shows the structure of a traditional large-size module composed of 60 full-
size cells,
(b) shows the structure of a large-size module composed of 120 halved cells

connected in series and
(©) shows the structure of a large-size module composed of 144 halved cells

connected in both parallel and series.

Among all three module configurations, Type-c is similar to the commercially
available c-Si PV modules of Mitsubishi. Type-b and type-c represent two different
methods to connect halved cells in a module. For the type-b module, all cells are
connected in series, thus the current of this module is half of the current of the type-a
module, and the voltage is two times of the voltage of the type-a module. The type-c
module contains 12 strings and each string contains 12 halved cells. Each two strings
are connected in parallel first, and then pairs of strings are connected in series. The
short-circuit current of this module is the same as the short-circuit current of the type-

a module.
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Simulations were performed to compare the three module types. The main differences
between the different module types are the total length of bussing ribbons and the
current flowing through these ribbons. For this reason, the power loss caused by
bussing ribbons has to be taken into consideration. In the simulations, the relationship
of fill factor and effective series resistance were calculated from the diode equation.
Then the effective series resistance of each type of module was calculated. After that,
the fill factor of each type of module corresponding to its effective series resistance
was obtained from the fill factor - effective resistance relationship. The resistance of
the ribbon in the gaps between the two halves of a halved solar cell was also taken

into account.

Figure 4.8: (a) Traditional large-size module composed of 60 full-size cells connected
in series; (b) Large-size module composed of 120 halved cells connected in series; (c)
Large-size module composed of 144 halved cells connected both in parallel and in
series.

The fill factors corresponding to each type of PV module were calculated according
to their effective series resistance which includes effective cell resistance, ribbon

resistance, bussing ribbon resistance and junction-box cable resistance. The

simulation results are shown in Table 4.5. The parameters used are: bussing ribbon
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width: 5 mm; bussing ribbon thickness: 0.3 mm; cable cross-section area: 4 mm?;

cable length: 1 m. All parameters were obtained experimentally.

From the simulation results it can be observed that the fill factors of the two types of
halved-cell modules [(b) and (c)] are both higher than the traditional full-size cell
module (a). The fill factors of the type-b and type-c modules are different because of
the different interconnection schemes. There are mainly two reasons: Firstly, the total
length of bussing ribbons of a type-c module is longer than that of a type-b module.
Secondly, for a type-b module, the current flowing through all the ribbons is half of

the current of the traditional full-size type-a module.

Table 4.5: Fill factors and total length of bussing ribbon of the three types of large-
size PV modules.

Module type (a) (b) (©)
Full-size Halved-cell | Halved-cell
module module
cell module

Total effective series resistance [Qcm?] 1.15 0.75 0.80
Fill Factor [%] 77.1 79.1 78.8
Total length of bussing ribbon [cm] 2184 384.8 468
Ribbon length per full size wafer [cm] 3.64 6.41 6.50

However, type-c module includes parallel connection of strings, some bussing
ribbons have the same current as the type-a module, and the higher current causes a
higher power loss. Thus in real application, type-b modules might be a better choice,
since the series resistance loss at the module level for this type of module is the
lowest. What’s more, from the system level, type-b module will always result in
lower resistive losses in all the cable connections, since this kind of module has less
current output than the traditional full-size cell module at the same power level.
Parallel connection among module strings can be realised at the system level to

achieve the required current and voltage for a standard inverter.
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In all, if taking all the reduction of resistive loss from ribbons, the power generation
efficiency can be improved by 2.1 % relative for type-b module and 2.6 % relative for
type-c module. This means that, for a standard 240 W industrial c-Si PV module with
full-size solar cells, the power increase can be as much as 6.3 W if it is made into a
halved-cell module. For high-efficiency solar cells, the output power improvement is

even larger.

4.4  Conclusions for Chapter 4

This chapter provides detailed theoretical and experimental analysis of cell-
interconnection resistive loss for c¢-Si PV modules. Section 4.1 introduced detailed
resistive loss analysis considering the 2D current flow for the cell connected within a
c-Si PV module. When analysing the CTM resistive loss for ¢-Si PV modules,
pervious methods were mainly based on 1D model and only consider the resistive
loss in the ribbons. However, from this work it was found that the previous models
are not enough to describe the resistive loss for PV module using monofacial solar
cells. Results from 2D network simulation showed that the resistive power loss within
the ribbon on the rear side is only around 67% of the value calculated from the
analytical model for a standard solar cell with three busbars. The power loss on the
rear metal sheet, which is usually ignored in the calculation, covers around 17% of
the total CTM resistive loss, which cannot really be ignored. In order to improve the
existing models, certain correction factors are added to the existing equations

calculating the effective cell-to-module resistance for monofacial cells.

Section 4.2 compared the interconnection resistive loss for c-Si PV modules using
full-size cells and halved cells. The method of calculating the output power increase
from full-size cell PV module to halved-cell PV module was introduced. It was found
that if each solar cell within a c-Si PV module is cut into n stripes, the power loss in
the ribbon scales with a factor 1/n?. Thus halved-cell ¢c-Si PV module generally

reduce the resistive power loss by 75%.
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Section 4.3 presented a combination effect of the results shown in Section 4.1 and 4.2.
In Section 4.2, a detailed comparison was made between |-V characteristics for full-
size cell c-Si PV modules and halved-cell c-Si PV modules using monofacial and
bifacial solar cells. It was shown that halved-cell mini-modules using bifacial and
monofacial cells have an average FF increase of 2.0% and 1.7 % respectively, com-
pared to the full-size cell mini-modules. Simulation results agree quite well with
experimental results for both types of mini-modules, and the results get much closer
to the experimental results than the results obtained from the commonly used
analytical model. At last, the investigation was extended to industrial size c-Si PV
modules. It was found that comparing with increasing ribbon thickness, c-Si PV
modules using halved cells are more effective in keeping the CTM resistive loss
within a small range for high j (high efficiency) solar cells. Also, by comparing the
different PV module configurations, it is better to only include series connection in
the halved-cell PV module, since this configuration induces the minimum resistive

loss.

In all, this chapter provides a detailed resistive loss analysis of interconnected solar
cells in c-Si PV module from different aspects. The method provided in this work can

be very useful for design and optimization for different kinds of ¢-Si PV modules.
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5 Optical analysis of c-Si wafer based PV modules?

Chapter 4 focused mainly on the resistive power loss analysis and corresponding
optimization for a ¢-Si PV module. Besides reducing the resistive loss, a ¢c-Si PV
module can also be optimized by reducing the optical loss and increasing the optical
gain. One important factor that affects the total amount of light received by the solar
cells is the light scattering effect in the inactive areas of a PV module (such as the
backsheet region in the gaps between neighbouring solar cells). In this chapter the
influence of the backsheet and other components on the short-circuit current of a c-Si

wafer based PV module is investigated theoretically and experimentally.

In Section 5.1, an investigation is presented about the optical gain from light which is
first scattered at the backsheet area and then reflected at the glass-air interface of the
front cover. Different characterization methods are used to quantitatively predict the
influence of the backsheet on the short-circuit current of a c-Si PV module based on
the method introduced in Section 3.3.3. Both specular and angular dependent scatter-
ing properties of the backsheet are included and studied. In Section 5.2, it is shown in
a case study that c-Si PV modules using halved cells generate a higher current than c-
Si PV modules using full-size cells, due to light reflected by the increased backsheet
area close to the cells. Simulation results are verified with experimental results in this
section. Section 5.3 provides an analysis of area-related losses in an industrial-size c-
Si PV module based on the method introduced in Section 5.1. The concept of
“effective area coverage” is introduced. The effective area analysis is done for

different components of a ¢-Si PV module, including the backsheet, fingers, ribbons

2 Sections 5.1 and 5.2 are based on the publication: S. Guo, J. Schneider, F. Lu, H. Hanifi,
M. Turek, M. Dyrba, .M. Peters, T.M. Walsh, “Investigation of the short-circuit current
increase for PV modules using halved silicon wafer solar cells”, Solar Energy Materials and
Solar Cells 133, 240-247 (2015).

Section 5.3 is based on the publication: M. Peters, S. Guo, Z. Liu, “Full loss analysis for a
multicrystalline silicon wafer solar cell PV module at short-circuit conditions”, Progress in
Photovoltaics: Research and Applications, 2015, DOI: 10.1002/pip.2593.
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and frame. Through this analysis, the optical loss on different parts of a c-Si PV
module is quantitatively determined. Also, further strategies of improving the optical

performance of a c-Si PV module are proposed.

5.1 Influence of backsheet region on short-circuit current of a ¢c-Si PV module

5.1.1 Introduction

In this chapter, optical simulation is used to study the optical characteristics of a c-Si
PV module. Optical studies for c-Si PV modules have also been done before to solve
different problems [37, 120, 121]. The present work mainly focuses on the amount of
light that is scattered by the cell-free backsheet area and reflected to the solar cell area,
that is the light trapping effect induced by the backsheet area (as shown in Figure 5.1).
The influence of the exposed backsheet area on the short-circuit current of a c-Si PV
module was investigated before [101-103, 122, 123]. Experimental results, however,
were only provided in Refs. [122, 123]. Ray tracing simulation was used in Refs.
[101, 102], however, the light spectrum and the angular dependent scattering
properties were not considered in those papers, and only mini-modules were investi-
gated in Ref. [101]. References [103, 124] include the wavelength dependent
reflectance of the backsheet in the model, and they also indicate that merely

considering the spectral dependence is not sufficient for a complete description.

The present work is based on the methods introduced in Section 3.3.3. Since most of
the previous works only considered mini-modules, in this work both mini-modules
and large-size modules are investigated. Also, both specular and angular scattering
properties for the backsheet are considered, which is an improvement of the existing
models. From the obtained results it is found that mainly three factors influence the
light-trapping effect of the exposed backsheet area:

o the geometry of the exposed backsheet area,

o the spectral backscattering properties of the backsheet,

¢ the angular backscattering properties of the backsheet.
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Figure 5.1: (a) A photograph showing the scattering of light by the exposed backsheet
of a c-Si wafer PV module. (b) Light paths within a PV module. Light incident on the
exposed backsheet area between two neighbouring solar cells is randomly scattered.
(M@)(B) are three paths taken as examples from all the scattered light paths. The
scattered light within the escape cone (shown as path (1)) will escape from the
module and is lost. The scattered light outside the escape cone can either be reflected
back towards the cell-covered area ((2)) or towards the backsheet area ((3)). The light
that is reflected towards the backsheet area will be scattered once more.

To verify and test the proposed method, light beam induced current (LBIC) measure-
ments are used to characterize the amount of light scattered at the exposed backsheet
and utilized by the solar cells. The spectral and angular backscattering properties of
the exposed backsheet are taken into account by fitting the LBIC measurement results

at different wavelengths.

5.1.2 Measured scattering properties of the exposed backsheet

According to Section 3.3.3, in order to make an accurate prediction of the amount of
the trapped light, the properties of the exposed backsheet need to be taken into
account. An ideal diffuse reflecting surface shows the same brightness, independent
of the angle from which it is seen. This behaviour is commonly referred to as
Lambertian scattering [125] and corresponds to a cosine dependence of the scattering

irradiance and the scattering angle. However, for a non-ideal diffusely reflecting
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surface, like backsheets used in PV modules, the irradiance of the reflected radiation
can have an almost arbitrary angular dependence that can significantly deviate from
that of a Lambertian scatterer. In order to make accurate predictions, the actual
angular scattering properties of the backsheet are taken into account. The scattering
properties can be characterized in two ways: (1) Measuring the backsheet reflectance
and angular-dependent scattering intensity. (2) Measuring the LBIC signal of the
backsheet area. In this part, both methods are used in the calculation. The methods

will be described in detail later in this chapter.

5.1.2.1 Reflectance and angular-dependent scattering intensity measurement

In Section 3.3.3, r(4) and S, (8, 1) were used to calculate the wavelength dependent
irradiance reflected into a certain direction (Equation 3.5). For the measurement of
r(A), the hemispheric reflection spectra of the backsheet against air and in a mini-
module are recorded with a UV/Vis/NIR spectrophotometer (Perkin Elmer, Lambda
1050) coupled to a 150 mm integrating sphere, using a tungsten halogen lamp and a
deuterium lamp as light sources and a photomultiplier (Hamamatsu, R6872) and a
Peltier-cooled InGaAs detector for signal detection. The reflectance of the backsheet
in air is higher than the reflectance of the backsheet in a mini-module, as shown in
Figure 5.3(b). Based on the diffuse reflection of the backsheet, a large amount of light
scattered/reflected under large angles is trapped inside the mini-module by total
internal reflection. The backscattering properties of the backsheet S,(6,1) can be
guantified by measuring the angle-dependent backscattering luminous intensity. The
setup of the measurement is shown in Figure 5.2(a). In this measurement, the light
source is an AlGalnP laser diode (HL6312G/13G). The beam is guided parallel to a
projection plane. The distance between the camera and the backsheet is very short. At
the right end of the projection plane the laser beam illuminates the backsheet. The
backsheet is positioned orthogonally to the projection plane and the laser beam. The

intensity distribution of the scattered light is mapped onto the projection plane, as
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shown in Figure 5.2(b). It is assumed that the scattering property is independent of
the azimuth angle, thus the projected normalized scattered light intensity is captured
by a CCD camera at one azimuth angle and different polar angle. The angle
distribution is calculated by dividing the measured light intensity at a certain angle by
the largest measured light intensity. Figure 5.3(a) shows the measured and normalized

angular dependent intensity for the wavelength of 632 nm and 785 nm.

CCD camera

laser beam

backsheet E

i
laser beam |

projection plane \\\

(@) (b)

Figure 5.2: (a) The measurement setup and (b) the camera image of the intensity
distribution on the projection plane of laser light scattered at the backsheet. The
dashed line shows the central axis of the CCD camera.
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Figure 5.3: (a) Normalized angular dependent intensity of the backsheet used in the
experiment under two different wavelengths and (b) its spectral reflectance before
(blue) and after (red) encapsulation in a mini-module.
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5.1.2.2 LBIC measurements

The backscattering properties of the backsheet can also be tested indirectly by light
beam induced current (LBIC) measurements. LBIC is a useful characterization
method for solar cells [126, 127] and PV modules [128, 129] and can be used to
investigate various aspects of PV devices. In an LBIC measurement, the optical beam
scans the test sample and the generated short-circuit current is measured as a function
of the illuminated position. In the present case, a test sample (mini-module) is
prepared that involves all materials to be used in a large-area c-Si PV module. In the
performed measurements, the laser beam is slightly convergent (the convergence
angle is 2°), and the focus is in the solar cell/backsheet plane, with a diameter of less
than 200 pum. Using the method introduced in the previous section, the short-circuit
current contribution from the exposed backsheet area of any c-Si PV module with
known geometry and layout can be determined for a given optical spectrum. In order
to verify the proposed method, an LBIC measurement is performed on a mini-module
and compared with the simulation results. The comparison will be shown in Section

5.1.3.

5.1.3 Results

5.1.3.1 Comparison of LBIC simulation and measurement results

The simulation method for calculating the backsheet-induced current gain has already
been introduced in Section 3.3.3. In order to verify the method, LBIC measurements
are performed and compared to the simulation results. The wavelength used in these
LBIC measurements is 650 nm, which is very close to the wavelength used for the
angle-dependent scattering intensity measurement (635 nm). The LBIC image of the
measured mini-module is shown in Figure 5.4(a). The measured short-circuit currents
were normalized by the maximum short-circuit current measured in the active cell

area (i.e., semiconductor area between the front grid fingers), giving local LBIC
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signals in the 0 - 1 range. [Remark: In Fig. 5.4(a) all currents above 0.4 are shown in

one colour, to better reveal the current distribution in the periphery of the solar cell.]

[, = meas (5.1)

Imax

Here, Imeas iS the measured LBIC current at a certain position of the PV module, while
Imax IS the maximum measured LBIC signal (measured in the active cell region

between the front grid fingers).

The LBIC measurement is then repeated by simulation. The glass and encapsulant
used in the PV module produced in the experiment are assumed to have a refractive
index of 1.5 and no parasitic absorption in the spectral range of interest. The total
internal reflection at the glass/air interface is a key factor for the light trapping effect
of a solar module, and the critical angle is 41.8° [104] for a glass refractive index of
1.5. The thickness of the front glass pane is 3.0 mm, while the EVA layer is 0.5 mm
thick. Since this part of the thesis only focuses on the influence of the exposed back-
sheet area on the short-circuit current of the mini module, the cell’s front metalli-
zation is not considered in the simulation. Also, the influence from the ribbons in the

backsheet area is ignored. The simulation results are shown in Figure 5.4(b).
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Figure 5.4: (a) Measured and (b) simulated LBIC signals for one corner region of a
¢-Si mini-module. LBIC signals larger than 0.4 are shown in one colour (dark red), to
better reveal the LBIC signal distribution in the cell periphery.
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It can be seen that the simulation result generally agrees with the measurements. In
the backsheet area along the edge of the solar cell, both simulation and measurement
show about 20% collection efficiency for incident light. Furthermore, experiment and
simulation both show that the collection efficiency decreases more rapidly near the

corner region of the solar cell.

5.1.3.2 Spectral dependence of backscattering

In the previous LBIC measurement, only a single wavelength was considered. In
order to investigate the spectral characteristics of the scattering properties of the
backsheet, several LBIC measurements were performed, using three lasers with
different wavelengths. In these measurements, the laser beam scans a straight line on
a mini-module (shown in 5.5(a)). The collected short-circuit current is measured
along this line. The normalized short-circuit currents for three different wavelengths
are shown in Figure 5.5(b). It can be observed that the scattering properties of the
backsheet depend on the wavelength of the incident light. The measured short-circuit
current is largest for a wavelength of 650 nm, and drops for wavelengths of 405 nm
and 960 nm. In order to better compare simulated and measured results, the
simulation results for the three wavelengths are also shown in the figure (solid lines).
From the simulations, it can be seen that mainly two factors influence the fraction of
collected light coming from the backsheet:
e The backsheet reflectance at a certain wavelength.

e The shape of the angular scattering intensity.
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Figure 5.5: (a) Sketch showing the measured line scan (red line) on the mini-module.
(b) Comparison of the line-scan LBIC measurement result and the simulation result
for three wavelengths. For the wavelengths of 650 nm and 960 nm, the reflectance of
the exposed backsheet is used to fit the LBIC measurement results.

The main reason for the reduced collection of 405-nm light in the cell periphery is the
low reflectance of the exposed backsheet region for short-wavelength light (as
indicated in Figure 5.3(b). Also from Figure 5.3(b), for 960-nm light, the reflectance
doesn’t decrease by as much as the measured LBIC signal. Thus the difference is due
to the angular signature of the backsheet, which can be deduced from Figure 5.3(a).
In the presented simulation, this effect can be taken into account either by using the
angle dependent back scattering data at this wavelength or by using an effective
reflectance while using the same angular distribution as for the shorter wavelength in
Equation 3.5 for long wavelengths. Since these wavelengths is not available in our
angle-dependent scattering measurement, the second method is used in the simulation.
For 405 nm and 960 nm, the effective reflectance used is 0.540 and 0.303. It can be
observed that the experimental LBIC curves can be fitted well for 405 nm and
650 nm. For the wavelength of 960 nm, the simulation result still fits very well with
the measured result, except for distances of less than 1 mm from the edge of the solar
cell. The described effect might result in an overestimation of the simulated current.

However, the affected area is small (~1 mm wide stripe along the cell edge), the EQE

in the long-wavelength range is decreasing, and the number of solar photons in this
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wavelength range is calculated to be within 1.6%, thus the overestimation can be

ignored.

5.1.4 Conclusions for Section 5.1

In Section 5.1, different characterization methods were introduced and used to study
the light trapping effect of the exposed backsheet region in a c-Si PV module based
on the method introduced in Section 3.3.3. The developed method is an extended
version of similar methods previously reported in the literature. The LBIC simulation
and measurement results were shown and compared. Improvements of the developed
model are: (1) the large-size PV module was considered in the model. (2) Instead of
treating the exposed backsheet as a Lambertian surface and assuming that the back-
scattering property is independent of the wavelength, the spectrum and angular back-
scattering properties of the backsheet were taken into account by combining
simulations with LBIC measurements. Using this method, the contribution from the
backsheet area on the short-circuit current for any c-Si wafer based PV module with
certain geometry and layout can be precisely determined, which can be very useful

when optimizing the optical and electrical design of a ¢c-Si PV module.

5.2  C-Si PV module using halved cells: a case study

5.2.1 PV module setup

It is already known from Chapter 4 that by using halved cells instead of standard full-
size ¢-Si cells, the CTM resistive loss can be noticeably reduced. In this section, the
investigation is extended towards the optical properties of two large-size c-Si PV
modules: one with full-size cells and one with halved solar cells. PV modules are
investigated theoretically but also experimentally fabricated and characterized for
verification. In this part it will be shown that, in addition to an improved fill factor,
¢-Si PV modules using halved cells also generate a higher current under the following

boundary conditions:
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e The two kinds of PV module use the same number of full-size c-Si wafer solar
cells.

e The two kinds of PV module have exactly the same module size.

e Due to practical reasons there is a minimum distance between neighbouring solar
cells, which always results in a certain gap (at least 2-3 mm) between the cells

within a c-Si PV module.

The setups of the investigated large-size c-Si PV modules are introduced in this part.
Both PV modules using full-size cells and PV modules using halved cells are investi-
gated. For the full-cell PV module, there are 72 full-size cells connected in series (the
same as the type-b module shown in Figure 4.8). For the halved-cell PV module,
there are 144 halved cells connected in both series and parallel. For the full-cell
module, the spacing between two columns of the cells is 3 mm and the spacing
between two rows is 5 mm, corresponding to state-of-the-art c-Si PV modules. It will
be shown later that by optimizing these distances, the current in these modules can be
significantly improved. The pattern of the full-cell module is shown in Figure 5.6(a).
For the halved-cell module, two different types (type a and type b) are investigated.
For the type-a module (Figure 5.6(b)), the spacing between the cells is exactly the
same as in the full-cell module. For the type-b module (Figure 5.6(c)), the spacing
between the cells is expanded in order to make better use of the spacing between the
halved cells. Since there must be a certain distance from the cell edge to the module
edge, the spacing between two columns of the cells is set to be 5 mm and the spacing
between two rows is set to be 7 mm. As indicated in Figure 5.7, the edge backsheet
area is the distance between the cell edge and the module edge, which is indicated as
X1, X2, Y1, Y2 in the graph. For all these modules, the module sizes are exactly the
same. Due to the different design of the modules, the four parameters are different,

which are indicated in Table 5.1.
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(a)

Figure 5.6: A symmetry part of the large-size modules investigated in this work.
(a) Standard full-cell module, (b) Halved-cell module with the same spacing as the
full-cell module (type a), (¢) Halved-cell module with optimized cell spacing (type b).
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Figure 5.7: Sketch of a large-size c-Si PV module.

Table 5.1: Design parameters for different types of large-size c-Si PV modules.

Parameter

X1 (mm)

X2 (mm)

Y1 (mm)

Y2 (mm)

Full-cell
module

30.0

65.0

69.5

69.5

Halved-cell
module,

type a

47.5

47.5

54.5

94.5

Halved-cell
module,
type b

36.5

36.5

54.5

94.5

5.2.2 Comparison between simulation and experimental results
In my simulation, the influence of all the factors mentioned in Section 5.2.1 are taken

into consideration, including the gaps between the cells and the edge backsheet area.
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The simulated current-voltage characteristics for each type of PV module are shown

in Table 5.2.

Table 5.2: Simulation results for each type of large-size c-Si PV module investigated
in this work.

Module type Isc[A] Voe [V] FF Power [W]
Full-cell 9.08 46.0 75.5 % 3153
Type a 9.22 46.0 76.6 % 324.9
Type b 9.34 46.0 76.6 % 329.1

AType-a/Full +1.56 % +0 +1.46 % +3.04 %

AType-b/Full +2.88 % +0 +1.46 % +4.40 %

Further simulations also show that if the spacing between the cells of the full-cell
module is expanded so that the full-cell module has exactly the same edge area as the
halved-cell modules (the full-cell module has 5 mm gap in X direction and 7
mmx11/5 = 15.4 mm gap in Y direction), the short-circuit current of the module is

still 0.9% lower than that of the halved-cell module.

Experimentally, the standard full-cell module and the type-b halved-cell module with
the optimized design are fabricated and compared. The photos of the two modules are
shown in Figure 5.8. Figure 5.9. and Table 5.3 show the measured |-V characteristics

of the two modules.

Figure 5.8: Photographs of the two modules. (a) The PV module using standard full-
size cells. (b) The PV module using halved cells with an optimized design.
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Figure 5.9: The measured one-Sun I-V curves of the two fabricated PV modules.

Table 5.3: The one-Sun I-V characteristics of both full-cell modules and type-b
halved-cell modules from the measurement results.

Module type Isc [A] Vo [V] FF Power [W]
Full cell 9.08 46.0 75.5% 315.3
Halved cell, 9.36 46.0 76.6 % 320.8
type b
AHalf/Full +3.08 % +0 +1.46 % +4.60 %

From Table 5.3, the total power gain of the halved-cell module compared to the full-
cell large-size PV module is 4.60%. Around 32% of this gain comes from the reduced
resistive losses of the halved-cell module, while about 68% of the increase results
from the additional optical gain. The experimental short-circuit current increase is
3.08%, which is slightly larger than the simulation result (2.88%). The reason for this

will be discussed in Section 5.2.3.

5.2.3  Spectrum influence and model accuracy

In order to take the light spectrum into account, the spectrum is divided into six
wavelength intervals in the simulation. Wavelengths below 320 nm are ignored, since
the reflectance of the backsheet is very low at these wavelengths, see Figure 5.3(b).

For each wavelength interval, the LBIC measurement is done for the central wave-
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length, and the spectral and angular dependent properties of the backsheet are
considered by combining the simulation results with the LBIC measurement. The
AM 1.5G solar spectrum [64] is used in the calculation. Optical absorption in the
module’s front glass sheet is ignored. The average relative short-circuit current
increase for each wavelength is shown in Table 5.4. Also, the initial collected carrier
density by the full-cell module at each wavelength and the increased amount induced
by the backsheet area for the halved-cell module is shown in Figure 5.10. Taking the
solar spectrum and the external quantum efficiency of the cells into account, the
calculated difference in the short-circuit current between the two modules is 2.88%
(0.28 A) [using Equation (3.10)]. Within the uncertainties of 6%, this value agrees
with the experimental result of 3.08% (0.26 A). A part of the difference is attributed
to the described overestimation of the collected current for long wavelengths (due to
the angular signature of the backsheet). Another reason that may lead to the
inaccuracy of the result is that in this simulation, the result is a weighted value by six

single wavelengths, which cannot exactly represent the whole spectrum.

Table 5.4: The average simulated relative short-circuit current increase from full-cell
module to halved-cell module for five wavelength intervals.

Wavelength 320- | 450- 580- 710- 840- 970-
interval [nm] 450 580 710 840 970 1110

Photon flux [m2s] | 2.34x | 4.272 | 4.435 | 4.209 | 4.197 | 3.402
1018 x1018 xlols ><1018 X1018 X1018

EQE 84.9% | 97.9% | 98.2% | 96.6% | 95.7% | 89.6%

Isc increase 2.51% | 3.36% | 3.36% | 3.25% | 2.62% | 1.65%
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Figure 5.10: The simulated collected carrier density of a halved-cell module and a
full-cell module, for the solar spectrum described in the main text.

5.2.4 Conclusions for Section 5.2

In Section 5.2, a study was presented to determine the influence of the exposed back-
sheet region on the short-circuit current of a c-Si wafer based PV module

theoretically and experimentally.

From the simulations it was found that, if the spacing between the cells is the same
for the two investigated module types (halved cells vs. full cells), the current
increases by 1.56% (relative) for the halved-cell module. If the spacing is further
optimized for the halved-cell module, the current increase can reach up to 2.88%.
Experimentally, a standard full-size cell module and a halved-cell module with
optimized cell spacing were fabricated. The short-circuit current increased by 3.08%
(from 9.08 to 9.36 A) when going from full-size cells to halved cells, which was well
predicted by the simulation result of 2.88% (from 9.08 to 9.34 A). The PV module
power output increased by 4.60% (315.3 W to 329.8 W). The additional output power

increase came from the fill factor gain, which was discussed in Chapter 4.

Concerning costs, the only additional cost for the halved-cell PV module comes from
the laser cutting process. However, it is easy to minimize this kind of cost during

mass production. The number of standard solar cells, EVA, glass and backsheet size
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are equal in both cases, which induces no additional cost for the halved-cell PV
module. Thus, it is assumed that the cost increase for the production of halved cells
will be insignificant and that the calculated gain of 4.60% will directly translate into

an increased return of investment.

In this section it was experimentally confirmed that large-size c-Si PV modules using
halved cells have higher electric power output than standard modules, due to an
improved fill factor and an improved short-circuit current, whereby the majority of
the power gain is due to the increased current resulting from the superior optical

performance.

5.3 Area related optical loss analysis for ¢-Si PV modules

In Section 5.1, a method was introduced to quantitatively determine the light trapping
effect induced by the exposed backsheet area of a ¢c-Si PV module. In this section, the
method is used to perform a full area-related loss analysis for a ¢c-Si PV module. This
is important since, besides the active solar cell (semiconductor) area, the entire area
of a ¢-Si PV module also comprises nominally inactive areas (the metal fingers and
ribbons, the exposed backsheet area and the frame) that contribute to some extent to
the module's short-circuit current. Based on the results of Section 5.1, light reaching
the exposed backsheet area can be scattered back and then reach the cell area. Thus
these 'inactive areas' actually may not be totally inactive due to the light trapping
effect. It is therefore necessary to look into the different areas of the PV module and
perform a full area-related optical loss analysis for a c-Si PV module, so that its

optical properties can be further optimized.

5.3.1 Method of calculating effective area coverage
The following analysis is based on a standard industrial-size c-Si PV module, the
configuration of which is shown in Figure 5.11. In the analysis this PV module is

divided into five areas: (1) active solar cell area; (2) area covered by the metal fingers;
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(3) area covered by the ribbons; (4) area covered by the exposed backsheet; (5) area
covered by the frame. If there is no light trapping effect, light reaching those inactive
areas (2-5) is totally lost and the analysis can be done only according to the pure area
of each component. However, due to the light trapping effect (as analysed for the
exposed backsheet area in Section 5.1), the light losses of the inactive areas reduce
and some of these photons reach the active area of the module. As a consequence, it
is necessary to do an “effective area coverage” analysis of the whole module and

evaluate the real optical effect for each component.
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Figure 5.11: Sketch of a c-Si PV module. In this sketch the size of the different areas
of the module is indicated. The active solar cell area (1) accounts for 83.7% of the
total area. The active area is different from the total area covered with solar cells, as
parts of the solar cell are covered by ribbons (2, 2.6% of total area) and metal fingers
(3, 3% of total area). Additionally, the module has some exposed backsheet area (4,
9.1% of total area) and a frame (5, 1.6% of total area).

In this analysis, the effective area Aes is used to represent the contribution to current
loss for the inactive areas and current generation for the active area. Thus, due to
light-trapping effect, Aerr should be smaller than the actual percentage area for those
inactive areas and larger than the actual area for the active area. As a consequence,

the effective area represents the fraction of a module that contributes to current
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generation or current loss. Taking the exposed backsheet area as an example, the

calculation is done as follows:

Based on Section 5.1, it is possible to calculate the percentage of photons that reaches
any position of the exposed backsheet area and reflected to the cell area. Assuming
this percentage is f(x, y), which depends on the position of the backsheet within a PV
module, the total percentage of the light that reaches the backsheet area and is then
reflected to the cell area can be calculated by an integration over the whole exposed

backsheet area within the PV module:

P f:f(x,y)dA (5.2)
=0

Here, A is defined as the total exposed backsheet area.

Let's assume the actual percentage area of the exposed backsheet is Ap, which is equal
to 9.1% for the case shown in Figure 5.11. As a consequence, the effective percentage

area is reduced to:
Aegr = Ap X (1- F) (53)

In this analysis, white-painted ribbons are considered and Lambertian scattering is
assumed on the ribbons. For the metal fingers, the effect of finger narrowing was
investigated before [38, 130], and the results show that the finger narrowing is within
the 45% to 55% range. Thus, in this study, the finger narrowing effect is assumed to

be 50%.

5.3.2 Results
Based on the method and assumptions introduced in Section 5.3.1, the actual
percentage area and effective percentage area are calculated for each part of the PV

module. The results are shown in Table 5.5.
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Table 5.5: Summary of the area related losses.

Components Actual area Effective area Area ratio (%)
coverage (%) coverage (%)

Active solar cell 83.7 87.7 105

Ribbons 2.6 15 56

Fingers 3.0 15 50

Exposed backsheet 9.1 7.7 85

Frame 1.6 1.6 100

From the results shown in Table 5.5, for the ribbons, fingers and the exposed
backsheet, the effective area coverage reduces. In contrast, for the active solar cell
area, the effective area coverage increases. The light intensity reaching the active area
is increased by around 5% due to the light trapping effects occurring via the metal
fingers, the ribbons and the exposed backsheet. For the exposed backsheet area, it is
calculated that 15% of the light reaching this area will end up in the cell area. Thus
the effective area of the exposed backsheet is reduced to 7.7% from 9.1% (actual area
percentage). This means that, for the exposed backsheet area, around 15% of the total
incident light is scattered and reflected to the active solar cell area, which is mainly
contributed by the exposed backsheet in the cell gaps. For the fingers and ribbons,

around 50% of the light incident in these areas will reach the active cell area.

It is calculated that the PV module investigated in this case contains 83.7% of active
area and 16.3% of inactive area. However, due to light trapping effect, it is calculated
that 87.7% of the incident light reaches the active area, and only 12.3% of the light is
lost in the inactive area. These values indicate the effectiveness of a c-Si PV module
to capture the light arriving in the inactive area. The light trapping properties of c-Si

PV modules can probably be further improved according to this analysis.
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5.3.3 Conclusions of Section 5.3

In this section, a detailed area-related optical loss analysis was performed for a c-Si
PV module. The effective area coverage for different components of a c-Si PV
module (active cell area, exposed backsheet area, metal area, and frame) was
calculated. It was found that, due to a light trapping effect, the effective active solar
cell area increases by around 5% compared to the actual solar cell area. The reason is
a reduction of the effective coverage for ribbons, metal fingers and the exposed back-
sheet. The results obtained from the analysis provide ideas for further improving the
c¢-Si PV module power output. For the inactive parts (ribbons, fingers and exposed
backsheet), it is necessary to enhance the light trapping effect. Possible methods can
be improving the diffuse properties for these components and improve the light
trapping effect. Also, the gap size between the cells within a c-Si PV module can be
further optimized so that the cell area receives the most amount of scattered light
from the exposed backsheet. As a consequence, by the area-related loss analysis
presented in this section, the current loss of a ¢-Si PV module can be better under-

stood and the optical properties of a ¢c-Si PV module can be further optimized.
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6 Mismatch analysis of c-Si wafer based PV modules

As already mentioned in Chapter 2, mismatch loss is an important factor affecting the
performance of a ¢c-Si PV module. In this chapter, two studies related to the mismatch
problems of c-Si PV modules are presented. In Section 6.1, the mismatch effect
caused by partial shading was investigated for a standard c-Si PV module. The
influence of bypass diodes is included in the study. It was found that the bypass diode
configuration strongly affects the output power of a c-Si PV module under a moving
shadow. Based on this effect, a case study was performed for a virtual PV system in
West Virginia, US, in which the relation between the row-to-row distance and the
performance factor of the PV system is evaluated for c-Si PV modules with different
bypass diode configurations. From the results, the yearly energy yield of the PV
system was found to be strongly affected by the bypass diode configuration when
considering the inter-row shading. In Section 6.2, the influence of the mismatch
effect on the spectral response (SR) of a ¢c-Si PV module as investigated. It was found
that the spectral response of a ¢c-Si PV module under SR measurement conditions can
be very different from the SR under STC. Results show that both the shunt resistances
of the individual solar cells and the bypass diode configuration have an influence on

the measured SR of a ¢-Si PV module.

6.1 Partial shading analysis of ¢c-Si PV modules®

Today’s grid-connected PV systems are frequently mounted on building roofs,
facades, or generally in urban environments, where partial shading can occur
regularly [131]. Even for PV systems in the field, there is still a possibility of partial
shading coming from clouds or inter-row shading [132, 133]. Under partial shading

conditions, mismatch effects occur, which strongly affect the current generation of a

3 Section 6.1 is based on the publication: S. Guo, T.M. Walsh, A.G. Aberle, M. Peters,
“Analysing partial shading of PV modules by circuit modelling ”, Proc. 38th IEEE Photo-
voltaic Specialists Conference, 2012, 002957-002960
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c-Si PV module. To reduce losses due to partial shading, typically bypass diodes are
used. However, the module behaviour will then be more complex because the bypass
diode can introduce a second power peak in the lower voltage region. Thus, it is

important to evaluate the module behaviour under these conditions.

Some work was already done on the investigation of partial shading effects on c-Si
PV modules [134-137]. In Ref. [138], the electrical effects of partial shading of a PV
array were analysed by a PV system design and simulation tool called PVsyst. This
study showed that the electrical shading effect depends on both the number of cells in
each string and the number of strings in parallel. In Ref. [139] the bypass diode
configuration of c-Si PV modules was studied by constructing an equivalent circuit in
the PSpice environment. In Ref. [131], a MATLAB-based model was used to study
the effects of partial shading on the PV array characteristics. It was concluded that the
array configuration significantly affects the maximum available power under partial
shading conditions. However, past publications mainly focused on the partial shading
effects under fixed shading conditions and didn’t consider the movement of a shadow.
However, in reality, the shadows caused by passing clouds, nearby buildings or trees
usually move predominantly in a certain direction during a given period of time. This
section introduces a reliable method to model the c-Si PV module behaviour under a

moving shadow.

6.1.1 Modelling a c-Si PV module under shading condition

In this work, circuit modelling is used to model partial shading of a ¢-Si PV module.
The model is constructed in LTSpice according to the method described in Section
3.3.2. In today’s PV market, most of the c-Si wafer based PV modules consist of 60
solar cells connected in series. One common method to equip the PV module with
bypass diodes (Figure 6.1(a)) employs a three bypass diode configuration. In this

work this method is compared to another easily realizable method which employs
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five bypass diodes (Figure 6.1(b)). Computer based models of PV modules with both
bypass diode configurations are implemented and the corresponding PV module
behaviour under partial shading conditions are compared. In order to model the
module behaviour under a moving shadow, the current source of each cell in the
simulation was set to be time-dependent. When a shadow passes across a solar cell,
the shaded area of the cell changes with time, thus the photocurrent of this cell is

calculated by:

Iph(t) = jph(Acell - fAshade(t)dt) +T"JLo fAshade(t)dtv (6.1)

where Iy is the photocurrent of a solar cell, Ac is the total area of a solar cell,
Agnage(t) is the shading velocity at a certain time, which depends on the cell position

and T is the shadow transmittance.

By using Equation 6.1, the relation between photocurrent and time for each solar cell
in the module can be obtained and implemented into the time-dependent current
source. Using this approach, the ¢-Si PV module behaviour depending on time can be

calculated, using a nonlinear transient analysis provided by the software.

6.1.2 Results and analysis

6.1.2.1 Behaviour of c-Si PV modules with different bypass diode

configurations

In this section, two modules with different bypass diode configurations (shown in
Figure 6.1 (a) and (b)) are compared. While the module with three bypass diodes has
20 solar cells per string, the module with five bypass diodes consists of five strings
and 12 solar cells in each string. One solar cell for a module of each type is com-
pletely shaded and the corresponding power-voltage curves are plotted in Figure 6.2.
It is observed that, under these simplistic conditions, the power output of the PV

module depends only on the number of bypass diodes. This is due to the fact that, if
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one cell of a string is completely shaded, the whole string will be inactive and the

output power is directly related to the number of shaded strings:

N, shade (6-2)

P =P, X
0 Ntotal

Here, P, is the output power of the PV module when there is no shading effect.

Nghade 1S the number of the shaded strings, and Ni,¢4; IS the total number of strings.

Figure 6.1: The structure of (a) a c-Si PV module equipped with three bypass diodes
and (b) a c-Si PV module equipped with five bypass diodes.

Since a module with five bypass diodes contains fewer solar cells per string, the

output power is higher when there is only one cell shaded.

power-voltage characteristics
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Figure 6.2: The power-voltage characteristics of ¢-Si PV modules with three or five
bypass diodes under the condition that one cell in the module is completely shaded.

6.1.2.2 Influence of different grades of shading

In this section, the I-V characteristics of the PV module for different grades of

shading is investigated. In this investigation only one cell of a module is shaded and
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the transmittance of the shadow varies. The corresponding output power for a module

with 60 cells and 3 bypass diodes is plotted in Figure 6.3.

As can be seen in Figure 6.3, two regions exist in the power-voltage curves. In the
lower voltage region, the module power output is not affected by the grade of shading.
In the higher voltage region, the grade of shading has an influence on the power
characteristics. In the present example it is found that under this condition, for a
shadow transmittance larger than 67%, the maximum power point (MPP) is in the
higher voltage region, the power peak is proportional to the shadow transmittance
where the bypass diodes are “off”. For a shadow transmittance of less than 67%, the
MPP is in the lower voltage region where the bypass diodes are “on”. This effect can
also be roughly generalized to a c-Si PV module with Nio¢, Strings and  Ngpade
shaded strings. If the two peaks on the power-voltage curve are of the same value, we
have:

Ntotal - Nshade (63)

Py XT* =Py X
0 0 Ntotal

where Pq is the MPP of a PV module without shading.

The calculated T* from this equation is the shadow transmittance that leads to an
equal value of the two peaks. The calculation based on Equation 6.3 is simple: for
each shaded string, 1/Niytq Of the current is lost when the bypass diode is on.
However, the position of the MPP is less obvious (as indicated in Figure 6.3) and

needs to be calculated by the circuit model.
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power-voltage characteristics
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Figure 6.3: The power-voltage characteristics of the PV module with three bypass

diodes and one cell shaded under different shadow transmittance.

6.1.2.3 Behaviour of a c-Si PV module under a moving shadow

In this section, a moving shadow is taken into consideration. Two different moving
directions are considered, as shown in Figure 6.4 (a) and (b). The influence of the
direction in which the shadow moves on the PV modules with different bypass diode
configurations is evaluated. A time-dependent model using time-dependent current
sources was implemented to investigate this problem. In the situation shown in Figure
6.4(a), the total passing time of the shadow is set to be five. The shadow moves one
solar cell’s length in each half hour, assuming that there is no space between two
adjacent cells. In the situation of Figure 6.4(b), the time is set to be 3 hours. Thus the
shadow speed is equal in both cases. The time-dependent maximum output power of
a PV module with three bypass diodes and a PV module with five bypass diodes
under the situation of Figure 6.4(a) and Figure 6.4(b) is evaluated (shown in Figure

6.5(a) and Figure 6.5(b)). In all the cases, the shadow transmittance is set to be 20%.
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Figure 6.4: (a) The shadow moves horizontally; (b) the shadow moves vertically.
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Figure 6.5: (a) The relationship between maximum power and time under the
condition shown in Figure 6.4(a) for a shadow with 20% transmittance. (b) The
relationship between maximum power and time under the condition shown in Figure
6.4(b) for a shadow with 20% transmittance. The figures also include the time point
(shown as blue arrows) when the shadow reaches the string under each bypass diode
(D1, D2,D3...).

Results show that the modules with different bypass diode configurations show
different behaviour under the same moving shadow. For the situation shown in Figure
6.4(a), this three strings of the PV module with three bypass diodes are all shaded
from the beginning. However, for the module with a five bypass diode configuration,
the strings are shaded subsequently after 0, 1, 2, 3 and 4 h, respectively. With the
incorporation of bypass diodes, a second peak of output power is created in the lower
voltage region because of the remaining unshaded strings. It is calculated from Figure
6.5(a) that the energy output of the module with 5 bypass diodes is 50% larger than
the energy output of the module with 3 bypass diodes. However due to the same

reason, for the situation shown in Figure 6.4(b), the energy output of the module with
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3 bypass diodes is calculated to be 27% larger than the energy output of the module
with 5 bypass diodes (shown in Figure 5(b)). This simple example shows that for
partial shading conditions the choice of the bypass configuration with respect to the
moving direction of the shadow can be more important than the number of bypass
diodes. The time range is not specific to the simulated time range, but can be

generalized with any shadow passing time.

6.1.3 Case study: C-Si PV module configuration optimization for real
condition

In Section 6.1.2, it was concluded that the bypass diode configuration has a strong

influence on the PV module power output under partial shading condition. As a

consequence, there is a need to evaluate the influence under actual operating

condition. In this section, based on the simulations of Section 6.1.2, a specific case

for a PV system suffering from inter-row shading is studied, and the influence of the

bypass diode configuration on the ¢-Si PV module energy yield is evaluated.

Inter-row shading is a commonly happened effect for PV systems [133]. In principle,
the inter-row shading of c¢-Si PV modules can be avoided by placing each row of PV
modules to be very far from the next row. However in reality, the available land area
is limited and the cable connection should be kept within a certain distance. Thus the
distance between the PV arrays is usually limited, which leads to the inter-row
shading of the PV system. This is especially the case for high-latitude places, where
optimum operation requires a high tilt angle of the PV modules. Thus, methods
introduced in Section 6.1.2 are used below to optimize the bypass diode configuration

and reduce the shading loss.

For a typical PV system, the solar panels are usually tilted at an angle that is equal to
the latitude and facing the equator in order to maximize the irradiance they receive

each year. The row-to-row distance for the c-Si PV modules is usually around 2.5
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times the module install height, but can vary greatly depending on the exact local
conditions [140]. For many PV systems, the solar panels are configured in a way
similar to that shown in Figure 6.6. Throughout the year the inter-row shading usually
follows similar paths on the PV modules in early morning and late afternoon. From
Section 6.1.2.3, the bypass diode configuration has a strong influence on the c-Si PV
module power output when the shadow moves according to a certain path. Thus the
bypass diode configuration can be optimized for a PV system suffering from inter-

row shading.

Figure 6.6: Photograph of a typical PV system.

In order to investigate the problem, a simulated PV system in West Virginia, USA, is
taken as an example. The setup of the system is shown in Figure 6.7. For this specific
system, PV modules are tilted at an angle that is equal to the latitude (39°) and facing
the equator (south). The calculation is based on the method introduced in Sections
3.3.4 and 6.1.1. The efficiency of the PV modules is assumed to be independent of
the illumination intensity. Two bypass diode configurations are investigated. Any
shaded part of the PV module is assumed to receive no direct light. Measured
irradiance data are used as input to calculate the irradiance received by the individual
PV modules [141]. The data set includes the measured direct normal irradiance and
diffuse irradiance data in West Virginia for a whole year (2001). Figure 6.8 shows the

measured direct and diffuse irradiance for a certain period in the data set (from
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2001.04.01 to 2001.04.20). During a very clear day, the direct light intensity is high
and shows a perfect cosine profile. During a cloudy day or rainy day, the direct light
is low and the diffuse light intensity is higher. It can be observed from Figure 6.8 that

five days during that moth are very clear days.

Figure 6.7: The setup of the c-Si PV modules in the investigated PV system. The
figure shows two individual PV modules in two adjacent rows of the PV system. PV
modules are tilted at an angle that is equal to the latitude (39°) and facing the equator

(south). The distance between two rows is represented as d in the graph. The length of
the PV modules is 1.6 m in the simulation.
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Figure 6.8: The measured diffuse light intensity and direct light from April Ist to
April 20th, 2001 in West Virginia from CONFRRM data set [141].
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Since the inter-row shading mainly affects the direct light received by the PV
modules, here only direct irradiance is considered in the calculation. If a PV module
is not affected by shading, the output power from direct light is assumed to be Po.
Consider shading effect, the PV module output changes to Ps. Here a performance
factor Ry is defined in order to show the influence of the inter-row shading on the

output power of a PV module:

(6.4)

Using this definition, the performance factor of a PV module is only affected by
shading loss. For the module setup shown in Figure 6.7, the performance factor is
compared between ¢-Si PV modules with two bypass diode configurations shown in
Figure 6.1. The relationship between performance factor and the distance between

two modules is calculated and shown in Figure 6.9(a).
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Figure 6.9: The relationship between the performance factor of the PV modules and
the distance between two rows when the tilt angle of the modules is (a) equal to
latitude (39°) and (b) lower than latitude (29°). Except for the tilt angles, the setups
for PV modules in case (a) and (b) are all the same as what is shown in Figure 6.7.

It can be observed that when the distance between the two rows is very large (larger
than 4 m), the bypass diode configuration nearly makes no difference on the PV
module performance factor. This is because the inter-row shading effect is very small

under this condition. However, the bypass diode configuration greatly affects the
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performance factor when the distance between the two rows is very small (within
2m). This is because that the shading effect happens frequently under high PV
module install density. Since the inter-row shading always follows a similar path
throughout a year, with the PV module setup in Figure 6.7, the shadow moving
direction is very similar to what is shown in Figure 6.4(a). Under this condition, PV
modules with 5 bypass diodes are more shading tolerant and generate a higher power
output. Since the distance between two adjacent rows in a PV system is usually set to
be around 2.5 times of the install height, it is calculated that under this condition, PV
modules with 5 bypass diodes have around 32% more power output from direct light
through the whole year. It is calculated from the measured irradiance data that direct
light covers around 64 % of the total light received by a PV module when there is no
shading effect. Thus the PV module with 5 bypass diodes has around 20% more

power output per year than the PV module with 3 bypass diodes.

Furthermore, the results are compared with another case in which the modules are
tilted at 29°, which is 10° lower than the latitude. This case is considered because in
certain circumstances, the modules are tilted at lower angles to reduce shading loss
[142]. The relationship between performance factor and the distance between two
modules for this case is shown in Figure 6.9(b). When the install density is 2.5 times
of the install height, PV module with 5 bypass diodes has around 19% more power
output from direct light, which results in around 12% more annual power output from
the total light. It can be observed that when the tilt angle gets lower, the bypass diode
still has significant influence on the PV module power output. However, the influence

gets smaller.

From this case study, it can be concluded that the bypass diode configuration has a
strong influence on the c-Si PV module energy yield when daily inter-row shading.

As a consequence, the bypass diode configuration should be seriously considered
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during the installation of a PV system, especially for the high latitude places where

the PV modules tilt at higher angles.

6.1.4 Conclusions for Section 6.1

In this section, a model of a c-Si PV module was constructed in LTSpice to
investigate shading effects. First, the I-V characteristics of a c-Si PV module under
different grades of shading were investigated. Two different bypass diode configu-
rations were evaluated. Furthermore, a time-dependent model was developed to
model the power output of a c-Si PV module for a shadow moving across the module.
Some simple examples were investigated for shadows moving linearly over the
module in different directions (6.1.2). These examples were used to show some basic
features of moving shadows. It was found, especially, that the configurations of the
bypass diodes have a strong influence on the power output of a ¢-Si PV module under
partial shading conditions. PV modules with more bypass diodes were shown to
perform better if only one string of a module is shaded. However, it was found that
for shadows that move in a certain direction, the bypass configuration has a greater

influence than the number of bypass diodes used.

Based on these simple examples, in Section 6.1.3 the model was extended to
investigate the inter-row shading of a virtual PV system in West Virginia using
measured irradiance data. It was found that the bypass diode configuration greatly
affects the energy yield of the PV modules because of the daily inter-row shading. It
was calculated that under normal install density, PV module with 5 bypass diodes has
around 32% higher power output from direct light through the whole year. This effect
should be seriously taken into account when installing c-Si PV modules in conditions
for which known shadows occur, especially for the high-latitude places where the PV

modules are required to tilt at higher angles.
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6.2 Mismatch analysis for spectral response measurement of ¢c-Si PV modules*

The mismatch effect is not only caused by partial shading. It is very common that the
solar cells within a c-Si PV module have slightly different properties, e.g. one or
several solar cells have a lower current than the others. Under normal operation
condition, the ¢-Si PV module operating current is easy to be predicted, since the
operating current is always limited by the cell with the lowest current. However, the
author found via simulations that, under certain measurement conditions such as
Spectral Response (SR) measurement condition, the operating current of a c-Si PV
module is not simply limited by the cell with the lowest current. This section mainly
focuses on the influence of cell mismatch on the SR measurement for c-Si wafer

based PV modules.

SR measurements were already introduced in Section 3.2.2. On the solar cell level,
SR measurements are well understood and there are numerous research works
focusing on the SR measurement of solar cells [86, 143-148]. However, on the PV
module level, the understanding of this measurement is still under development and
needs to be further improved [147]. This is because a PV module is usually composed
of a series connection of solar cells which have slightly different SRs. Also, in some
cases, the cells are protected by the bypass diodes [139], which make the situation

more complex.

Up to now, there is no steady-state monochromatic light source for full-area c-Si PV
module illumination with high light intensity. The existing IEC standard 60904-8
[149] describes different SR measurement setups, but the impact of series inter-

connection on the module SR is not discussed. Additional standards for an adequate

4 This Section is based on the publication: J.Y. Ye, S. Guo, T.M. Walsh, Y. Hishikawa, R.A.
Stangl, “On the spectral response of PV modules”, Measurement Science and Technology 25
(9), 095007. Among all the works presented in this paper, the circuit simulation work and the
simulation result analysis were done by the author of this PhD thesis. The experimental works
were done by other co-authors. This thesis only includes the simulation part of this paper.
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measurement procedure to determine the SR of a ¢-Si PV module are still under
evaluation [14-17]. Based on all these reasons, an investigation of the influence of the
series connection of solar cells on the SR measurement of a c¢-Si PV module is

required and an evaluation of different SR measurement methods is needed.

Under standard operating conditions, the operating current of a c-Si PV module is
limited by the solar cell with the lowest short-circuit current, if bypass diodes are not
considered. In the SR measurement of a c-Si PV module, the monochromatic light
intensity is very low and varies with wavelength [150]. In this study it is found that,
in most of the cases, the operating current of the c¢-Si PV module under low
illumination conditions is not limited by the solar cell with the lowest short-circuit
current. In this work, circuit modelling is used to study the influence of the variation
of solar cell short-circuit currents on the SR of a c-Si PV module. The influence of
the solar cells’ shunt resistances and the bypass diodes are all studied. Based on the
simulation result, two experimental methods used in the real measurement are

compared.

6.2.1 Theory and method

For a standard c-Si PV module, if all the cells within the module have exactly the
same short-circuit current, the SR of the PV module is the same as the SR of the
individual solar cells under the same measurement condition. However, the short-
circuit currents of the solar cells within a ¢-Si PV module usually vary from cell to
cell, which has to be taken into account for the SR measurement. In this work, PC1D,
a standard computer program for c-Si solar cell simulation [151], is combined with
circuit modelling to investigate the influence of the variation of solar cell properties
on the SR of a ¢-Si PV module. In the first step, PC1D is used to generate the SRs of
60 individual solar cells with randomly varied anti-reflection coating properties,

including thickness (70-75 um), texture angle (56-58 °) and refractive index (2.0-2.2).
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Thus the SRs of the 60 cells have a distribution of short-circuit currents within a
certain range. In the next step, the short-circuit currents of all solar cells are
calculated under different wavelengths of the standard AM1.5G spectrum (with 50
nm band width and 10nm step). The calculated short-circuit currents are used as the
input photocurrent for each solar cell in the circuit model. The 50-nm bandwidth
corresponds to what is used in the measurement setup. The short-circuit current of the
PV module for each wavelength can then be obtained. The relationship between
wavelength and the short-circuit current of the 60 individual solar cells are shown in

Figure 6.10.
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Figure 6.10: The simulated short-circuit current densities of 60 individual c-Si solar
cells as a function of wavelength, assuming a bandwidth of 50 nm.

In the next step, the short-circuit current of the PV module can be calculated under
each wavelength based on the circuit modelling method introduced in Section 3.3.2.

The SR of the PV module can be calculated from the simulated short-circuit

current 17854 (2):
SR = 11 (D) /Acen/ Grigrio(A) (6.5)

Here, Gi4€al(2) is the solar radiation at a single wavelength A of the AM1.5G solar

spectrum.
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Since the simulated PV module is composed of solar cells connected in series, the
series resistance of each solar cell adds to the total series resistance of the PV module.
Thus the variation of series resistance of individual cells has no influence on the PV
module SR. However, the shunt resistance of the individual cells can have an
influence on the SR of the PV module, as will be shown in the following by

simulation.

6.2.2  Simulation results and analysis

6.2.2.1 Ideal case: infinite shunt resistance

Figure 6.11 (black line) shows an ideal case for a c-Si wafer based PV module, where
all the cells have infinite shunt resistance. It can be observed that, if there are no
bypass diodes, the SR of the PV module is equal to the lowest SR of the individual
cells. This is because the spectral response of the PV module is measured under zero
bias. Since no bypass diodes are used in the simulated PV module, every cell must
operate under the same current. Under zero bias, the cells operate under different
voltages. Some of the cells are forward biased, while some of the cells are reverse
biased. In this case, the cell with the lowest short-circuit current limits the current of
the whole string and thus operates under reverse bias. Since the shunt resistance of
the cells is infinite, the current-voltage curve of the cell under reverse bias is “flat”
and does not change with the bias value until it reaches the breakdown voltage. As a
consequence, at each single wavelength, the whole PV module operates at the lowest
short-circuit current of all the solar cells, and the module SR is limited by the cell

with the lowest SR.
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Figure 6.11: The simulated SR of a c-Si PV module composed of 60 solar cells

connected in series. The shunt resistance of each solar cell is set to be infinite. The SR
distribution of the individual cells is shown as the grey band.

When there are three bypass diodes connected in parallel with the solar cells, the SR
of the PV module changes when the wavelength is larger than 550 nm. This indicates
that the bypass diode is activated and transports current. The influence of bypass

diodes on the module SR will be discussed further in Section 6.2.2.3.

6.2.2.2 Influence of finite shunt resistance

Figure 6.12 shows the current-voltage curves of two solar cells under different
illumination conditions. One cell has an excellent shunt resistance of 250 kQcm?, and
the other cell has a shunt resistance of 1.7 kQcm?, which is a typical value observed
on many industrial 1-sun c-Si solar cells. It can be observed that the shunt effect for
the solar cell with 1.7 kQcm? shunt resistance is much more pronounced under low
irradiance conditions, which corresponds to the illumination condition for SR
measurement [84]. For the cell with excellent shunt resistance, the shunt effect can
only be observed under low irradiance condition when the reverse bias value is very

high.
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Figure 6.12: The simulated I-V curves of two solar cells under (a) one-sun condition
and (b) 400 nm monochromatic light with an intensity of 50 W/m?.

As a consequence, under standard operating condition (1.0 sun), the operating current
of a ¢-Si PV module is always limited by the cell with the lowest current when the
shunt resistance of the cells is within the normal range. However, under spectral
response measurement conditions, even a typical shunt resistance value (1.7 kQcm?)
has a large impact, and the operating current of the PV module is not necessarily
limited by the cell with the lowest current but may be limited by the solar cell with
the highest shunt resistance. In order to further study the influence of solar cell shunt

resistance values on the ¢-Si PV module SR, four different cases are investigated:

(1) The shunt resistance of all solar cells is very high (250 kQcm?).

(2) The shunt resistance of all solar cells is relatively low (1.7 kQcm?).

(3) The shunt resistance of one cell is 250 kQcm?, and all the other cells have a
shunt resistance of 1.7 kQcm?. The cell with 250 kQcm? shunt resistance has

the lowest SR.

(4) The shunt resistance of one cells is 250 kQcm?, and all the other cells have a
shunt resistance of 1.7 kQ ¢cm?. The cell with 250 kQcm? shunt resistance has

the highest SR.
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The first two cases are used to study the influence of the shunt resistance on the c-Si
PV module SR when the cells have relatively uniform shunt resistance values. The
last two cases are used to study whether the cell with the highest shunt resistance

determines the c-Si PV module SR. The simulation results for these four cases are

shown in Figure 6.13.
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Figure 6.13: Simulated SR of a c-Si PV module composed of solar cells with finite
shunt resistance. The simulation is performed under the AM1.5G spectrum with
bandwidth of 50 nm (the intensity is in the range of 50 W/m?). Four cases are studied:
(1) the shunt resistance of all solar cells is very high (250 kQcm?); (2) the shunt
resistance of all solar cells is relatively low (1.7 kQcm?); (3) the shunt resistance of
one cell is 250 kQcm?, and all the other cells have a shunt resistance of 1.7 kQcm?.
The cell with 250 kQcm? shunt resistance has the lowest SR. (4) the shunt resistance
of one cell is 250 kQcm?, and all the other cells have a shunt resistance of 1.7 kQcm?.
The cell with 250 kQcm? shunt resistance has the highest SR.

From Figure 6.13 it can be observed that for solar cells with finite shunt resistance,

the SR of the PV module is no longer limited by the cell with the lowest SR. This is
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because, as indicated in Figure 6.12, the I-V curve of this kind of cell is not flat but
has a certain slope when the bias is close to zero. When the cells with different short-
circuit currents are connected in series, some cells operate under forward bias and
some cells operate under reverse bias. The slope of the 1-V curve makes the whole
string not operate at the short-circuit current of the cell with the lowest SR but at a
current higher than the short-circuit current. As a consequence, if the cells within a
¢-Si PV module have finite shunt resistance, the SR of the PV module is not equal to
the lowest SR of the cells but higher than this value. Comparing Figure 6.13(b) with
Figure 6.13(a), it can be observed that the SR is higher for the PV module composed
of solar cells with lower shunt resistance. This is because, as indicated in Figure
6.12(b), the solar cell with lower shunt resistance has a larger slope in the zero bias

region, which allows the cell to transport a higher current under reverse bias.

From Figure 6.13(c) and Figure 6.13(d) it can be observed that, if the shunt resistance
of one cell is much larger than the shunt resistance of other cells, the SR of this cell
tends to dominate the SR of the PV module. If this cell has a lower SR than the other
cells, it operates under reverse bias. If the cell has a higher SR than the other cells, it
is forward biased. No matter whether it is reverse biased or forward biased, its
operating current does not deviate much from its short-circuit current, since its I-V
curve has a much smaller slope than that of the other cells. It can also be deduced that
for the cases where a PV module has one or two shunted cells, the PV module SR
will be determined by other cells with higher shunt resistance. However, this is only
the case when the illumination intensity is not very low. Under very low intensity,
due to the more pronounced shunt effect and the decreased open-circuit voltage, the
SR is no longer determined by the cell with high shunt resistance. Furthermore, the
measured SR for case (d) is higher for the PV module SR under outdoor conditions
(within the wavelength range 550-1050 nm), since under outdoor conditions, the SR

of the PV module is always limited by the PV module with the lowest short-circuit
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current. This should result in an overestimation of the current for the PV module

operating under 1 sun or equivalent condition.

In order to further investigate the influence of the shunt resistance, the 1-V curves of
two solar cells with different SRs are simulated. Under the 400 nm monochromatic
light SR measurement condition (50 W/m2), the SR of one cell is 10% higher than the
other one. Figure 6.14 shows the operating current of the string under zero bias when
the two solar cells are connected in series. In the simulation, several cases for

different shunt resistance values are studied:
(1) Both solar cells have a high shunt resistance (250 kQcm?);
(2) Both solar cells have a low shunt resistance (1.7 kQcm?);
(3) The cell with the lower SR has a higher shunt resistance;
(4) The cell with the higher SR has a higher shunt resistance.

From Figure 6.14(a) it can be observed that if two solar cells with high shunt
resistance are connected in series, the operating current of the string is equal to the
short-circuit current of the cell with the lower SR. From Figure 6.14(b), if two solar
cells with low shunt resistance are connected in series, the operating current of the
string is between the short-circuit currents of the two solar cells, due to the different
operating points of the two cells. Also, the bias on the cells in case (b) is much
smaller than in case (a). From Figures 6.14(c) and (d), if the two solar cells have
different shunt resistance values and this difference is large enough, the operating
current of the series connected string is equal to the short-circuit current of the cell
with higher shunt resistance. This also agrees with the results shown in Figures 6.13(c)

and (d).
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Figure 6.14: Simulated I-V curves for two solar cells with different SR under 400 nm
monochromatic light (50 W/m?) condition. Four different cases are studied: (1) Both
of the two cells have high shunt resistance of 250 kQcm?; (2) Both of the cells have
low shunt resistance of 1.7 kQcm?; (3) The cell with lower SR has shunt resistance of
250 kQcm?, and the cell with higher SR has shunt resistance of 1.7 kQcm?; (4) The
cell with lower SR has shunt resistance of 1.7 kQcm?, and the cell with higher SR has
shunt resistance of 250 kQcm?.

The cases discussed in Figure 6.14 are only for two cells connected in series.
However, the results can be generalized to one string with any number of solar cells.
Usually, a ¢-Si PV module contains three strings and each of them has 20 cells. First
a case should be considered in which the cells in one string have slightly different SR
but similar shunt resistance, which corresponds to case (a) and (b). For case (a), since
all the cells have high shunt resistance, the operating current of all the cells is always

equal to the current of the cells with lower current, no matter what the proportion of
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the cells with lower current is. For case (b), if half of the cells have a higher SR and
half of the cells have a lower SR, the bias and operating current of each solar cell
would be the same as the case when there are only two cells. If the proportion of cells
with lower SR is less than 50%, the operating current moves from the average of the
two short-circuit currents to the short-circuit current of the cells with a higher SR. If
the proportion of cells with lower SR is higher than 50%, the operating current moves
from the middle of the two short-circuit currents to the short-circuit current of the

cells with lower SR.

Also the case should be considered in which the cells have slightly different SRs and
also different shunt resistance values, which corresponds to cases (c) and (d). Case (c)
is similar to case (a), the operating current is always the current of the cells with the
lowest SR because of the high shunt resistance of these cells. The only difference is
the bias values for each cell is lower than case (a). For case (d), if the proportion of
cells with lower current is lower than 50%, the operating current is always very close
to the short-circuit current of the cells with higher SR. If the proportion of the cells
with lower SR increases, the operating current point tends to move to the short-circuit

current of the cells with lower SR.

It should be noted that the influence of bypass diodes is not considered in the
discussions above. From the simulation results shown in Figure 6.11 and Figure
6.13(a), it can be observed that under certain conditions there is a difference between
the SR of a PV module without bypass diodes and the SR of a PV module with
bypass diodes. The operating principles of bypass diodes were introduced in Section
2.2.1. The main influence of bypass diodes on the spectral response measurement is
that they make the operating current of the PV module not necessarily limited by the

string with the lowest SR.
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6.2.3 SR measurement method evaluation

As already shown in Section 6.2.2, the SR of a c-Si PV module depends very much
on the measurement conditions. As discussed in Section 3.2.2, there are mainly two
established methods to measure the spectral response of a ¢-Si PV module today,
which are the partial illumination method and the full-area illumination method. In

this section, these two methods are evaluated with respect to the described effect.

The partial illumination method calculates the PV module SR by averaging the SR of
several target cells. However, the average SR of several individual cells may not
exactly represent the real module SR. The full-area illumination method approaches
the real module SR directly. However, the result can be influenced by the bandwidth
of the filters and also the spatial inhomogeneity of the illumination. In order to
compare the two different methods, the c-Si PV module SR is simulated based on the
two different methods. In the simulation, all the cells have the same shunt resistance

value of 1.7 kQcm? and there is no bypass diode included in the module.

For the full-area illumination, the short-circuit current of individual cells are
simulated using the actual measured quasi-monochromatic radiation value with
certain bandwidth (50 nm). The properties of the individual cells have a certain
variation so that the measured SRs have a certain distribution range. In the next step,
the SR of the whole PV module is simulated by using the circuit model. This
simulated “full-area illumination measured” SR is compared with the simulated SR
under ideal AM1.5G monochromatic illumination. The results are shown in Figure

6.15.
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Figure 6.15: A comparison of the simulated “measured c-Si PV module SR” using
two methods: partial-illumination method and full-area illumination method with
filter bandwidth of 50 nm. The measured results using partial illumination method
can be anywhere within the blue dashed line. The simulated ideal PV module SR
under AM1.5G spectrum is also included for comparison.

For the partial illumination method, since it measures the average SR of several target
cells, the measured PV module SR is located between the lowest and the highest SR
of the individual cells and has a certain uncertainty. Thus the accuracy of this method
depends on the variation of the SRs of the individual cells. If this variation range is
very large, the partial-illumination method might result in a large uncertainty and
deviate considerably from the real module SR. If the SRs of the cells within a PV
module are quite uniform and have a small variation range, the partial-illumination
method yields acceptable results. The result from full-area illumination method is

very close to the PV module SR under AM1.5G spectrum. The difference is due to

the bandwidth of the quasi-monochromatic radiation.

Based on the investigation in Section 6.2.2, when the cells within a PV module have
lower or normal shunt resistance values, the PV module SR is close to the average
value of the SRs of all the cells (Figure 6.13(b)). Since the partial illumination
method generally measures the average SR of individual cells, in this case the result
might also be close to the real PV module SR. However, under some special cases, if

there is one current-limiting cell within a PV module and the shunt resistance of this
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cell is large-enough, the SR of the PV module will be limited by this cell as shown in
Figures 6.13(c) and (d). Since the partial illumination method takes the average SR
values of several target cells, in this case the result may deviate from the actual
module SR in operation, especially if the current-limiting cell is not included in the
target cells. Also, the bypass diode effect cannot be taken into account by only taking
the average value of several target cells. In general, the measurement result from full-
area illumination method is more stable and close to the real module SR. For the
partial-illumination method, it can have a larger uncertainty, but it can still approach

the real module SR under certain cases.

6.2.4 Conclusions for Section 6.2

In Section 6.2, the influence of the mismatch effect on the spectral response of a c-Si
PV module is investigated. It was generally believed that the operating current of a
string of series connected solar cells is limited by the cell with the lowest current.
However, it was found in this work that, due to the low illumination condition in SR
measurements, the shunt effect of the solar cells is more pronounced, which makes
the operating current of the PV module not limited by the cell with the lowest current.
Even for the solar cells with moderate shunt resistance values (within the range of
several thousand Qcm?), the pronounced shunt effect can obviously affect the SR
measurement result for a ¢-Si PV module. From the investigation, it was found that
the SR of a ¢c-Si PV module is influenced by several factors, including: (1) the SRs of

individual cells, (2) the shunt resistance of individual cells, and (3) the bypass diodes.

Also, two commonly used methods of measuring the c-Si PV module SR were
simulated and compared. Based on the simulation results, it was found that the results
obtained from one of the commonly used methods - the “partial illumination
method” - can deviate strongly from the actual PV module SR under the AM1.5G
measurement spectrum. In contrast, the full-area illumination method can better

approach the real PV module SR and is therefore recommended.
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7 A global comparison between vertically mounted bifacial
PV modules and conventionally mounted monofacial PV

modules®

In Chapter 6, the characteristics of a ¢c-Si PV module were investigated under partial
shading conditions and SR measurement conditions. In real PV applications, PV
modules are integrated into a PV system to generate electricity. Thus, an estimation
of the energy output for a PV module over a period of time is very important for the
design of a PV system [152]. Also, the module configuration, install orientation, the
climatic conditions, and the system ground cover ratio can all influence the power
generation of the PV modules within a PV system. In this chapter, the irradiance
received by a c-Si PV module is simulated based on the measured illumination

conditions.

With the development of PV market, bifacial c-Si solar cells and PV modules become
an attractive development direction of the PV industry. Yield calculations under
different installation - or environmental conditions - are well established for
conventional monofacial PV modules [153-155]. However, less attention was paid to
the comparison of different module configurations. Especially for bifacial c-Si PV
modules, most of the established work is based on experimental results. Theoretical
models and simulation results are lacking for analysing this kind of PV module
systematically. In this chapter, a detailed global comparison is made regarding one
interesting aspect of bifacial c-Si PV modules, namely between the radiation received
by vertically mounted bifacial modules (VMBM) and by conventionally mounted
monofacial modules (CMMM). The motivation behind this study is to answer the
guestion under which conditions do VMBMs generate as much or more power than

CMMMs? For this purpose a MATLAB-based simulation was developed to

® Chapter 7 is based on the publication: S. Guo, M. Peters, T.M. Walsh, “Vertically mounted
bifacial photovoltaic modules: a global analysis ”, Energy 61, 447-454, 2013.
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investigate factors influencing the amount of energy received by a VMBM and a
CMMM. It is found that the difference between the difference in radiation received
by a VMBM and a CMMM mostly depend on i) latitude, ii) diffuse fraction and iii)
albedo. Based on measured diffuse light fraction data, the minimum albedo required
so that a VMBM receives more radiation than a CMMM is calculated for every
position on earth’s surface. Since the main goal of this work is to make comparisons
between different technologies, the author assumes an ideal case in which the PV
module power output is only affected by the received irradiance. The influence from

other environmental factors (like humidity and temperature) are ignored in this study.

7.1 Introduction

Among different kinds of PV technologies, bifacial c-Si PV modules enjoy an

increasing interest in recent years [156, 157]. There are several reasons for this:

e Glass-glass PV module construction technology has more benefits in terms of
durability compared to the glass-backsheet module construction [158].

e Advanced solar cell manufacturing methods such as ion implantation and
heterojunction technologies not only result in high-efficiency solar cells, but
also naturally result in bifacial solar cells, unlike the aluminium back surface
field (Al-BSF) c-Si solar cells which dominate the photovoltaic (PV) market
today [159-162].

e VMBMs show a daily power generation that is significantly different from
that of traditional solar systems and can solve some of the problems related to

oversupply of solar energy around noon.

The structures of a monofacial and a bifacial p-type substrate c-Si solar cell are
shown in Figure 7.1. The local contact on the back surface of bifacial solar cells
allows them to absorb light from both the front side and the rear side. Their corres-

ponding module structures are also included in Figure 7.1. Instead of having a sheet
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on the back of the monofacial PV module, bifacial modules have glass on their back

side which allows them to make use of the light coming from both sides.

Mono-facial solar cell Mono-facial PV module
Sun light
EVA
[ | Glass T
Electrode Anti reflection
P coating | [
o
Mono-facial solar cells
Bifacial solar cell Bifacial PV module
Sun light
000 = EVA
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Bifacial solar cells
Bifacial solar cell structure Sun light

Figure 7.1: Structure of monofacial c-Si solar cells (upper left), monofacial c-Si PV
modules (upper right), bifacial c-Si solar cells (lower left) and bifacial c¢-Si PV
modules (lower right).

Depending on the installation, bifacial modules can produce up to 20% more energy
per year in side-by-side comparisons than equivalent monofacial modules [163]. The
cost of a bhifacial PV module, however, is similar to the cost of a conventional mono-
facial module with the same module size [164]. Bifacial modules can be installed
vertically, facing East-West. This configuration not only saves space, but also has the
probability to produce as much energy per Watt as CMMMs (tilted at latitude towards
the equator) [165, 166]. The generation profile of such a VMBM is significantly
different to that of a CMMM (see Figure 7.3). The VMBM produces more energy in
the early morning and late afternoon than a CMMM. With increasing penetration of
PV electricity generation in a grid (e.g. Germany), this “double peak” power output

profile is more valuable, since most of today’s grid electricity comes from the
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CMMM PV system and the VMBM offers a good compensation. VMBMs also have
further advantages. They can, for example, be installed as sound barriers along
roadsides and they are less prone to be covered by snow [132]. For these reasons it is
necessary to investigate how the energy yield of VMBM is affected by the

environmental factors and how it compares with CMMM.

CMMM

Figure 7.2: The setups of a VMBM and a CMMM. VMBM represents a vertically
mounted bifacial module facing East-West, and CMMM represents a conventionally
mounted monofacial module. The CMMM shown in the figure is in the northern
hemisphere, and the tilting angle of the CMMM is equal to the latitude of its location,
which is assumed to be close to the optimum tilt angle for this kind of PV system.

7.2 Simulation results and analysis

7.2.1 Daily radiation received by a VMBM and a CMMM

For bifacial modules, tilting at 90° and facing East-West (VMBM) is one of the most
commonly used configurations, since it is easy to realize and also allows a relatively
high power output for the modules. For monofacial modules, many investigations
were done to find the angle that results in maximum energy output over a long period
of time [152, 167-169], and it is found that a monofacial module will generate the
maximum output when it is tilted at an angle which is almost equal to the latitude and

faces the equator (CMMM) [170-172].
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From the theory described in Section 2.3.2 and the method described in Section 3.3.4,
the total radiation incident on a surface with arbitrary orientation during a certain
period of time can be calculated. As an example, Figure 7.3 shows the simulated
radiation received by a VMBM and a CMMM during a certain day in Singapore. It
illustrates the two peaks in the profile for VMBM, which is due to the two situations
in which the bifacial module receives most light. Curves like these are well known

and have been shown for bifacial modules in different locations [156, 166].
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Figure 7.3: Simulated radiation received by a VMBM and a CMMM on a certain day
in Singapore. The diffuse fraction is set to be 0.18, and albedo is set to be 0.35, which
are practical values for clear-sky conditions in Singapore. From the two curves, it is
calculated that the radiation received by the VMBM in the whole day is 8.54 kWh,
which is larger than the radiation received by the CMMM (7.38 kWh).

7.2.2 Relation between diffuse fraction and radiation received

In order to compare VMBM with CMMM, radiation received by these two kinds of
modules is calculated as a function of diffuse fraction. The calculation is carried out
according to the theory and method described in Sections 2.3.2 and 3.3.4. From this
first-step simulation it is found that the difference between the received irradiance of
the two modules depends largely on latitude, diffuse fraction and albedo. The reason
for this is that monofacial modules only accept diffuse light on one side. In contrast,

bifacial modules accept diffuse light on both sides and have, therefore, an advantage

in making use of the diffuse radiation.
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In order to further compare VMBM with CMMM systematically, radiation received
by these two kinds of modules is calculated as a function of diffuse fraction. In the
calculation, an average annual transmittance coefficient is assumed. By changing this
coefficient from 0 to 1, total Hgir and Hairr (direct and diffuse horizontal radiation) is
integrated over the time of a year, and the average diffuse fraction can be calculated
corresponding to certain average transmittance coefficient from Equation 2.26. After
that, radiation received by a bifacial/monofacial module for a year can be calculated

under different average diffuse fraction.

Figure 7.4(a) shows the radiation received by a CMMM facing the equator and a
CMBM for a whole year in (a) Singapore (1° N) and (b) Berlin (52° N). Today’s
bifacial and monofacial modules have nearly the same single-side efficiency [173].
Also, the efficiency for a modern bifacial module is almost equal, no matter from
which side it is illuminated [173]. In this work, it is assumed that both sides of the
VMBM have the same conversion efficiency and that the conversion efficiency is
equal to that of the CMMM. It is further assumed that the spectral composition of the
light received by each side of a module is the same in all cases and doesn’t depend on
the diffuse fraction, albedo and light intensity. Using these assumptions, energy
output of the two modules is calculated, using a module efficiency of 16% under
AML.5 condition in all cases. As the energy output of the two modules is proportional
to the radiation that they received, the calculated output power follows the same trend
as the received illumination. The yearly energy output of each kind of module is
shown in Figure 7.4(b). Here the PV modules made with c-Si solar cells are just taken
as an example. Since this analysis is quite general and not specific to any kind of
solar cell, the energy output of any kind of bifacial solar cell can be obtained by

multiplying the incoming power with the conversion efficiency.
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Figure 7.4: (a) Radiation received and (b) energy generation by a CMMM and a
VMBM calculated for a period of one year under different diffuse fractions in
Singapore (1° N) and Berlin (52° N). The albedo is set to be 0.2 for both cases. The
bifaciality of the bifacial module is assumed to be one.

From Figure 7.4, it can be observed that for a low diffuse fraction, the radiation
received by the VMBM is less than the radiation received by the CMMM for both
places (Berlin and Singapore). This is because the VMBM receives less direct
radiation than the CMMM. As the diffuse fraction increases, the amount of radiation
received by the VMBM increases and for a certain diffuse fraction exceeds the
amount of radiation received by the CMMM. Thus there must be an intersection of
the two curves, which marks the diffuse fraction required under which VMBM and
CMMM receive the same amount of radiation and generate the same amount of
energy in one year. From the simulation results, this required diffuse fraction is
different for Singapore and Berlin. The reason is that the tilt angle for a CMMM in
Singapore is close to zero degree, which is much smaller than the tilt angle for
CMMM in Berlin (52°). Thus it can be concluded that the diffuse fraction required for
equal power output of a VMBM and a CMMM is specific to latitude. Since the back
surface of the monofacial modules cannot receive diffuse light, a CMMM in
Singapore receives almost 100% of the total diffuse light from the sky and nearly no
diffuse light from the ground. However, a CMMM in Germany only receives about
71% diffuse light from the sky and 29 % diffuse light from the ground. Since under

normal condition, diffuse light from the sky has a much higher intensity than diffuse
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light from the ground, a CMMM in Singapore receives a much larger fraction of
diffuse light than a CMMM in Berlin. Consequently, a higher diffuse fraction is
needed to have a VMBM in Singapore receive an equal amount of radiation as a

CMMM.

Using this approach, it is found that the crossing point of the two curves defined in
Figure 7.4 can be expressed as a function of latitude only. If the relation between
latitude and the crossing point can be calculated, it can provide an overview of how
much diffuse fraction is needed for a certain place to make the output of a VMBM
equal to a CMMM. If the real diffuse fraction of that place is equal or larger than this
value, a VMBM generates a higher power output. On the other hand, if the actual

diffuse fraction is lower than this value, a CMMM generates a higher power output.

The result of this calculation is shown in Figure 7.5. For numerical reasons,
calculating the exact intersection point (as shown in Figure 7.4) can be difficult. The
result shown in Figure 7.5 gives the condition for which a VMBM receives 1% more
radiation than a CMMM. As already mentioned in Section 2.3.2, the simulation under
various diffuse fraction is achieved by changing the transmittance coefficient. The
relation between the diffuse fraction and transmittance coefficient, which is required
in the calculation, is described based on existing meteorological models. In order to
verify the results, three different meteorological models are used for comparison (also
shown in Figure 7.5). All three models were introduced in Section 2.3.2. Among the
models, Compbell and Norman’s model is shown in Equation 2.17, which is more
suitable for clear-sky condition. Rendl’s model and Ogill’s model are described in
Table 2.2, which are suitable for both clear-sky and overcast condition. It is observed
that the curves obtained from different models agree quite well. This is reasonable,
since no matter which model is used, the difference of radiation received by the two
kinds of modules only depends on the diffuse fraction. Their absolute values may

change, but the crossing point of the two lines is only a function of diffuse fraction
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and doesn’t change much. Since the albedo also plays a role in the irradiance received
by the two kinds of module, in Figure 7.5, a constant albedo value of 0.2 is assumed
first and the influence of the albedo values will be investigated in the next step. The
data are obtained from NASA surface meteorology and solar energy: global data sets

[39].
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Figure 7.5: Calculated diffuse fraction for which a VMBM receives 1% more
radiation than a CMMM. The calculations were performed using three different
meteorological models. The albedo of the ground is set to 0.2. If the actual diffuse
fraction of a certain place is above the line, it is preferable to use VMBM instead of
CMMM. Also given are the actual diffuse fractions for some cities [39].

As mentioned, the albedo used for Figure 7.5 was 0.2. In reality, the albedo for
different places is different. Since Albedo is the fraction of the radiation reflected
from the ground into space, it has an influence on the curve shown in Figure 7.5.
Therefore, the same calculation as shown in Figure 7.5 has been repeated for different
albedo values. The results are shown in Figure 7.6. From Figure 7.6 it can be seen
that, as the albedo increases, a smaller diffuse fraction is required to make the
VMBM and CMMM receive the same amount of radiation, and more cities move
above the line. The reason is that as albedo increase, there is more diffuse light

coming from the ground, which is more favourable for VMBMSs. When albedo

increases to more than 0.35, the diffuse fraction that makes a VMBM receives 1%
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more radiation than a CMMM does not exist for a large range of latitudes. This
means that for these places, even if the diffuse fraction reaches the minimum value, a
VMBM can still receive more irradiance than a CMMM, since the tilt angle for a
CMMM, which is equal to the latitude, is small for low-latitude places. Thus the
CMMM can receive only a very small fraction of diffuse radiation from the ground.
Bifacial modules, however, receive all diffuse radiation from the ground. As the
albedo value increases, diffuse radiation from the ground also increases, thus bifacial
modules tend to receive more radiation for these places. When the albedo reaches a
certain value, even a very low diffuse fraction can still results in higher collected

irradiance for VMBM in these places.
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Figure 7.6: Diffuse fraction for which a VMBM receives 1% more radiation than a
CMMM, calculated as a function of latitude and for different albedo values. The stars
in the figure indicate data for actual cities.

7.2.3 Aglobal comparison of VMBM and CMMM

Finally, the author would like to answer the following question: if the diffuse fraction
of a certain place is already known, what is the minimum albedo value needed to
make the VMBM have more power output than the CMMM at this place? In order to

solve this problem, the albedo required for a VMBM to receive 1% more radiation

than a CMMM is calculated based on the actual diffuse fraction data of every position
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on the earth’s surface. The global data of the diffuse fraction of light are obtained
from NASA surface meteorology and solar energy: global data sets [39]. The results
are shown in Figure 7.7. If the albedo of a place is larger than the value shown on this
map, the VMBM of that place receives and converts more power than the CMMM.
Subsequently, the average albedo data for one year is calculated from the data set
ISLSCP 1l MODIS (Collection 4) Albedo, 2002 [40]. By comparing the calculated
albedo values that results in a higher power output of VMBM with the actual average
albedo value, a decision can be made whether VMBM or CMMM is more suitable for

a certain place in the world. The results are shown in Figure 7.8.

From Figure 7.8, for a large part of the high latitude places in the northern hemi-
sphere, including Russia, Canada, Greenland and North and Central Europe, VMBMSs
have higher power output and this configuration is preferable to CMMMs. The main
reason is that only a small albedo value (less than 0.2) is required to result in a higher
power output of VMBM in these places, and the real albedo value is relatively high.
For places like North Africa and Middle East, the albedo required to make a VMBM
have higher power output than a CMMM s relatively high; however, the actual
albedo value is higher (sand cover). Thus for these places, it is also better to use
VMBMs instead of CMMMs. In places like the United States, South America,
Central and South Africa, India, East and South Asia and Australia, albedo values
above 0.3 are required to make a VMBM have higher power output. Since the real
albedo value for these places is lower than the required values, CMMMs have higher
power output in these places. It should be noted that, since the data used in this work
are obtained from satellite pictures, the results should generally be true for large-scale
PV power plants in countryside. In urban areas, because of the surrounding buildings
and some other factors, the diffuse fraction and albedo might be very different from
the data obtained from the satellite pictures. The method introduced in this section is

still valid for urban areas, but it must be analysed case-by-case based on the real
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albedo and diffuse fraction data of the specific location where PV modules are

installed.

Albedo

Figure 7.7: The minimum albedo value corresponding to each place in the world
above which the energy yield generated of a VMBM is higher than the energy yield
of a CMMM there.

Figure 7.8: Global map that representing which kind of module configuration results
in higher yield generation in a certain place. Black: VMBM. Light grey: CMMM.
Dark grey: the two kinds of modules have very similar yield generation.
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7.3  Conclusions for Chapter 7

Vertical mounting is a unique install configuration for bifacial c-Si PV modules
which has many advantages. In order to evaluate the potential of this VMBM, in this
chapter it was compared with a conventional PV system. It was found that the answer
to the question “which of these module configurations generates more power”

depends mainly on three factors: the latitude, the diffuse fraction and the albedo.

In the first step, the relation between diffuse fraction and radiation received by a
module was investigated, and the diffuse fraction required to result in higher power
output or the VMBM was calculated as a function of latitude. It was found that the
calculated required diffuse fraction agrees well for all used models. After that, the
minimum albedo value required to make a VMBM have more power output than a
CMMM was calculated based on real-measured diffuse fraction data for every place
in the world. Comparing the required albedo with the real albedo distribution, the
question “which module configuration has more power output” could be answered for
every place in the world. Different regions in the world were analysed based on these

results.

From an economic point of view, the cost of the two kinds of module is almost the
same, which is proved by scientific reports and literatures [142] [164]. Therefore it is
assumed that the return of investment for these two kinds of module only depends on
the total radiation they receive during their whole lifetime. As a result, Figure 7.8 is
also a graph that shows which kind of module is better from an economic point of

view.

In conclusion, the influence of latitude, diffuse fraction and albedo on two PV module
configurations were investigated in this chapter. This investigation provides an over-
view of which of these configurations generates more output in a certain location.

Also, the method used in this work is not limited to this specific topic, but can also be
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applied to solving various problems related to the energy yield evaluation of PV

modules under real operating condition.
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8 Summary and future work

8.1 Summary of the thesis

In this thesis, various c-Si PV module-related problems were investigated. The
problems and hypotheses investigated in this thesis were introduced in Chapter 1. In
the present section, the answers to these PV module related questions will be listed

and the main contributions to the field will be summarized.

Chapter 2 provided background knowledge and introduced the most important
theoretical concepts used in this work. This included a basic introduction to c-Si
wafer solar cells and PV modules. Fundamentals of sunlight and how different
irradiance compositions (direct/diffuse light) depend on the environmental conditions
were also introduced, which were needed in the thesis to understand the analysis for
irradiance received by PV modules in different locations and under different environ-

mental conditions.

Chapter 3 introduced the theoretical and experimental methods used in this thesis.
The theoretical methods included various models for investigating PV modules,
including the network model for interconnected solar cells, the electrical circuit
model for PV modules, the optical model quantifying the light trapping effect of the
exposed backsheet region and the optical model for calculating the irradiance
received by a tilted surface. The experimental methods were the PV module fabri-
cation methods. The characterization methods were the SR measurement and the I-V

measurement for PV modules.

Chapters 4-7 described the main results of this thesis. In Chapter 4, interconnection
resistive losses or c-Si PV modules were analysed from two aspects:

(1) Interconnection resistive losses were compared for c-Si PV modules using
monofacial and bifacial solar cells. Established analyses used a 1D approach and

could not accurately describe the 2D transport of current in the metal rear side of a
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monofacial solar cell. The 2D current flow pattern in the metal sheet was investigated
using circuit simulation, which was found to have significant deviations to the 1D
model. The calculated resistive power loss for the ribbons on the full-area metal sheet
is only 67% of the result from 1D model. Also, the resistive loss on the metal sheet is
around 50% of the rear ribbons for monofacial cells, which is often ignored. These
deviations result in an error of 10% for the total interconnection resistive loss. To
account for these deviations, correction factors were introduced for the analytical
equations for ¢c-Si PV modules using monofacial cells.

(2) Interconnection resistive losses were compared for ¢-Si PV modules using full-
size cells and halved cells. From a theoretical derivation it was found that using cut
cells in ¢-Si PV modules reduces the resistance loss of the ribbons by a factor 1/n
(where n is the number of pieces into which the cell is cut). Simulations and
experiments were carried out for c-Si PV modules using monofacial/bifacial full-size
and halved cells. Experimentally, for monofacial cells, the halved-cell module was
found to have a 1.7% fill factor increase and a 1.8% power increase. For bifacial cells,
the halved-cell module had a 2.0% fill factor increase and a 2.2% power increase. All
these results were accurately predicted by simulation, which validated the theory and

the methods used in this work.

The c-Si PV module power output is also affected by its optical properties. One
property concerns the light trapping via electrically inactive, scattering surfaces in a
PV module. Examples for such areas are the metal fingers or the exposed backsheet
region. Light incident in these areas is scattered, partially internally reflected at the
glass-air interface, and then has a second chance to reach the active solar cell regions
and be absorbed there. This effect was investigated in Chapter 5. In the presented
analysis, the amount of light scattered by the exposed backsheet and reaching the
solar cell was quantified theoretically by ray-tracing. Both specular and angular

dependent scattering properties of the backsheet were taken into account, which had
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not been done in previous studies. The developed ray-tracing method was used first to
study the short-circuit current increase obtained by replacing full-size solar cells in a
c-Si PV module with halved cells. Experimentally 3.1% relative increase in short-
circuit current and a 4.8% relative increase on output power were achieved for an
optimized module layout. This result was well predicted by simulation. After that, the
analysis was extended to other inactive areas and a full area-related loss analysis of a
c-Si PV module was presented. It was found that for a standard industrial size c-Si
PV module, the light intensity reaching the active area is increased by around 5% due
to the light trapping effect occurring on fingers, ribbons and backsheet. For the
backsheet area, this provides guidelines for a potential optimization of c-Si PV

modules using the light-trapping effect.

Both Chapter 4 and Chapter 5 analysed c¢-Si PV modules under standard test
conditions. In actual applications, PV modules are installed in a PV system and
operate under outdoor condition. Even under the measurement conditions, different
kinds of measurements may require different conditions. Like SR measurement, it
requires monochromatic illumination with very low intensity. These conditions can
be very different from STC and introduce various problems. Chapter 6 and Chapter 7
were dedicated to investigate the behaviour of c-Si PV modules under various

conditions.

In Chapter 6, two studies relating to the mismatch effect in ¢-Si PV modules were
presented. In the first study, the mismatch effect caused by partial shading was
investigated. Shading effects had been investigated before for stationary shadows.
The study presented here considered the movement of shadows and investigated its
influence on ¢-Si PV modules with different bypass diode configurations. Investi-
gations were then extended to simulations of the irradiance received by c-Si PV

modules within a PV system. Based on measured irradiance data, it was calculated
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that different bypass diode configurations affects the energy yield of a PV system by

20% under inter-row shading condition.

In the second study, the mismatch effect of c-Si PV modules under SR measurement
conditions was investigated. Influence of the shunt resistance and SRs of individual
cells on the SR of a c-Si PV module were investigated by simulation. Different SR
measurement methods were compared. It was found in this work that the SR of a c-Si
PV module strongly depends on the light intensity of the operating condition and the
shunt resistance of the individual cells. This work breaks the established concept that
the operating current of a ¢-Si PV module is limited by the cell with the lowest
current. It was found that this assumption can lead to an error as large as the spectral
response variation range of the individual cells (around 10% in the simulated PV

module).

In Chapter 7, a global comparison was made between conventionally mounted
monofacial ¢-Si PV modules and vertically mounted bifacial ¢-Si PV modules.
Established works mainly focused on vyield calculations for CMMMs. However,
given the fast development of the different PV module technologies like bifacial PV
modules, it is necessary to take different PV module configurations into account and
make comparisons. It was found in this study that the geographic location, diffuse
fraction and albedo can all affect the difference on the energy yield for the two
module configurations. The results give the guideline of choosing the appropriate PV
module configurations based on the real-measured diffuse faction and albedo data for
every place in the world. It was found in this study that in the following regions the
VMBMs can generate significantly more power output than CMMMs: Russia,
Canada, Greenland, North and Central Europe, North Africa, Middle East and the

South Pole.
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8.2  Main contributions of this thesis

1. The influence from two-dimensional current flow on the CTM resistive loss was
investigated for the first time. Based on the correction factors proposed in this thesis,
researchers are now able to perform a more accurate calculation of the CTM resistive

loss for PV modules using monofacial cells.

2. An enhanced light-trapping effect for PV modules using halved cells was found.
Both the specular and the angle dependent scattering properties of the backsheet were
considered in the study, which leads to more accurate calculation results compared
with earlier works. A 5% power output gain was achieved for halved-cell PV

modules, which is a big improvement.

3. It was found that, under SR measurement conditions, the short-circuit current of
the PV module is not necessarily limited by the cell with the lowest current and thus

needs to be studied case-by-case. This effect had not been considered in earlier works.

4. A global comparison was made between conventionally mounted monofacial PV
modules and vertically mounted bifacial PV modules. Rather than investigating the
performance of bifacial PV modules in a specific place, the results give a guideline

for how to choose the appropriate PV module configuration for any location on Earth.

8.3 Future work

In this thesis, different aspects and losses were investigated concerning c-Si wafer
based PV modules. The main contribution of this thesis is that it offers a holistic
analysis of c-Si PV modules. In the studies, individual cell properties and other PV
module components (ribbons, backsheet, etc) were considered and analysed as a
whole. The resistive loss analysis and light trapping analysis give researchers the
direction for optimizing the design of ¢-Si PV modules. The PV module mismatch

analysis and yield analysis allows people to choose the optimum PV module and

137



bypass diode configurations. All these studies help minimize the different kinds of
PV module related losses and improve c-Si PV module power output under STC
condition and also in the real-word condition. Thus, the initial goals of this thesis as
introduced in Chapter 1 have been achieved. In addition, the different theoretical
models built in these studies can all be applied and extended to solving more
problems related to c-Si PV modules. Based on the methods and results shown in this

thesis, possible future works are proposed below.

8.3.1 Full loss analysis for different kinds of c-Si PV modules

Chapter 4 and 5 presented a resistive loss analysis and a light trapping analysis for
different kinds of c-Si PV modules separately. In the future, the presented methodo-
logy can be extended to a full loss analysis and comparison of halved cell/full cell
c-Si PV modules using monofacial/bifacial solar cells, both under STC and outdoor
conditions. By this way the design can be further optimized for different c-Si PV

modules.

The optical loss analysis presented in Chapter 5 was limited to the light trapping
effect of the inactive areas. To perform the full optical gain/loss analysis, the method
can be combined with the methods described in [38, 41] to quantify the optical loss in
each layer and interface. Bifacial solar cells can be either applied in monofacial PV
modules and bifacial PV modules. For monofacial PV modules, light reflected by the
backsheet area and reaching the rear surface of the solar cell can also be utilized by
bifacial cells. For bifacial PV modules, there is no backsheet in the PV module and no
light trapping happens in the backsheet area. Some of these problems were recently
addressed by the author and her colleagues in a recent publication [174]. From the
optical analysis, the loss of short-circuit current can be quantified. A resistive loss
analysis can be carried out using the methods introduced in Chapter 4. Taking the
calculated short-circuit current into account, the fill factor loss can be quantified. As a

consequence, the power loss on each element can be calculated and a pie chart can be
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obtained. This analysis can help researchers compare the losses for different kinds of
c-Si wafer based PV modules, make decisions and apply potential optimization

methods.

8.3.2 Real-time PV system simulation

In this thesis, long-term energy yield calculations were done for different kinds of
¢-Si PV modules in Section 6.1.3 and Chapter 7. This long-term energy yield is useful
in evaluating a PV module. However, in some applications, the real-time power
generation is required to ensure the system operates healthily — a stand-alone PV
system is an example. This kind of system is usually composed of a PV unit, a battery,
power electronics and a load. The size of each component must be designed properly
in order to ensure the healthy operation of the system under extreme conditions like
extended periods of rainy or cloudy weather. This cannot be achieved by only looking
at the long-period energy yield of the PV modules, thus real-time transient simulation
is required. The system simulation can be done as follows: (1) Since the circuit
modelling of ¢-Si PV modules has already been performed in this thesis, the system
model can also be constructed by adding the battery model and the load. Existing
battery models can be found in [175-177]. (2) Using real-measured irradiance data as
input, the real-time irradiance received by PV modules can be calculated according to
the method described in Section 3.3.4. (3) By using the calculated irradiance in the
system circuit model, the real-time simulation can be achieved. The battery state of
charge can then be obtained to estimate whether the system can operate smoothly.
The size of the PV units and batteries can then be optimized. In all, this real-time PV
system simulation allows people to optimize the size of system components based on

the real environmental condition, which can be very useful for PV system design.
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