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ABSTRACT

In urban environments, more and more building added and building integrated photovoltaic (PV)
systems are found. These systems use conventional solar modules which have a poor performance
under non-uniform illumination conditions. When the module is partially shaded, either at least
one subgroup is bypassed or the module current is limited by the current of the worst performing
cell. This leads to significant and disproportionate power losses. One way to address this issue is to
implement a solar module made of low reverse breakdown voltage (BDV) solar cells.

A thermo-electric simulation framework was developed in MATLAB to replicate two types of com-
mercially available low BDV solar cells: Sunpower Maxeon gen2 and gen 3 cells. Using the above
model the potential and performance of solar modules in urban landscapes has been evaluated.
A comparative study of solar module models built with these cells and placed on three different
locations on a single rooftop having completely different irradiance profiles has been assessed. A
solar module with 3 bypass diodes made of gen 3 solar cells has a better performance than module
made of gen 2 cells. This accounts not only for better forward parameters of gen 3 cells but also its
improved mismatch losses owing to lower reverse breakdown voltage and better temperature coef-
ficients.

The usage of low reverse breakdown solar cells is beneficial in conditions where partial shading is
predominant. Other advantages of using these solar module over other technologies is there is that
there is no need of any additional electronic components.

Viswambher Kambhampati
Delft, September 2, 2020
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1
INTRODUCTION

1.1. GLOBAL ENERGY DEMAND
During the last century, there has been a huge increase in global energy consumption. In the last
40 years, global primary energy consumption has doubled and reached a value of 164×1012 kWh in
2018 and is expected to grow in the upcoming years. Figure 1.1 shows that the major share of the
primary energy is generated from fossil fuels such as coal, crude oil and natural gas. It is clear that
during the past 50 years the pace of burning fossil fuels has increased drastically. This has resulted
in more pollution and raised CO2 concentration to over 400 ppm [17]. This high CO2 concentration
has caused the global mean temperature to increase, resulting in various problems such as sea level
rise and extreme weather conditions such as intense cyclones and hurricanes.
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Figure 1.1: Annual global primary energy consumption from 1800 to 2018 and world population. Data adapted from
[[56],[9],[68], [30]] (population data were interpolated where necessary).

Figure 1.1 might be slightly misleading as it appears that the world population and energy con-
sumption follow the same trend. But when energy consumption is expressed in terms of per-capita
as shown in Figure 1.2, it is clear that energy use per inhabitant has also increased. From this figure
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2 1. INTRODUCTION

it is also visible that the CO2 concentration has increased enormously. In the event that these pat-
terns proceed, the world will come up short on fossil fuels in the upcoming decades and the impact
of greenhouse effect could be irreparable [47]. Not only to meet the fast-growing energy demand
but also to reduce atmospheric pollution, clean and widely abundant renewable energy sources are
essential.

Figure 1.2: Annual global energy consumption per capita and CO2 emissions from 1800 to 2018 and world population.
Data adapted from [[56],[9],[68], [30], [39]] (CO2 emissions data were interpolated where necessary).

As seen in Figure 1.1, the share of renewable energy sources is relatively small compared to the
global energy mix. However, solar energy has a significant development potential and by far has
the largest prospects in terms of capacity. Solar energy is converted into electricity using "indirect"
thermoelectric generation (heat exchange) and "direct" generation (using photovoltaics (PV) de-
vices) conversion methods [70]. Moreover, solar energy can be harvested by decentralised systems
and requires minimal maintenance due to the absence of dynamic parts [55].

Like any other technology, photovoltaic technologies also face significant challenges namely: low
conversion efficiency, fluctuations in energy yield on a daily and seasonal basis, and electrical mis-
match losses due to irregular working conditions. Nonetheless, over the past few decades, a lot of
research has been done on increasing the conversion efficiency and also on storage technologies to
mitigate the intermittent nature of solar energy. Research is also being done on reducing production
costs of PV systems. As a result, PV technologies are becoming much more economically feasible
source of electricity on different parts of the globe [10].

1.2. STATUS OF PV INSTALLATIONS
Growing awareness about climate change leads to rapid developments in the energy sector. In 2018,
more than 512 GW of PV was deployed worldwide [28]. This is an increase of around 100 GW from
previous year. A considerable share of this new capacity is installed in residential PV systems es-
pecially on commercial rooftops. Plummetting installation prices accompanied with incentives for
renewables, is allowing building owners to invest in urban PV systems even at non-ideal locations
where partial shading is inevitable. In urban landscapes, partial shading of solar modules is a com-
mon phenomenon as shown in Figure 1.3. [23]. When a part of the solar module is shaded, it can be
said that the solar module is partially shaded. It occurs due to nearby objects, like trees, chimneys
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or neighbouring buildings.

Figure 1.3: Partial shading caused by chimneys, dormers,trees, the shape of the building itself, etc. [5]

1.3. PROBLEM STATEMENT
When a solar module is shaded, the module current is limited by the current of the worst perform-
ing (i.e. most shaded) solar cell since the cells are connected in series. This results in power loss.
Sometimes the unshaded solar cells, force the shaded solar cells to operate in the reverse bias A
conventional solar module consists of multiple solar cells connected in series. The solar module
generally has three solar cell arrays connected in series, each with a bypass diode connected in par-
allel. The purpose of bypass diodes is to reduce power dissipation and prevent hot-spot formation
which can permanently damage the module. Ideally, the reduction in the output power should vary
proportionally to the reduction in the incident irradiation on the module, and is known as shading
linearity. In partial shading conditions, the irradiation incident on a solar module is non uniformly
distributed. Due to the series connection of solar cells and the limited number of bypass diodes
in a conventional solar module, current mismatch leads to significant and disproportionate power
losses. By shading one half of a cell of any conventional front-back contacted multi or mono c-Si
solar module which has 3 bypass diodes, a whole subgroup of the module could be bypassed poten-
tially reducing the power output by a third of its maximum output.

Improving the shading resilience of modules increases the electrical performance of PV systems es-
pecially in urban landscapes where partial shading is very common. Additionally, the potential of
indoor, façade and other novel PV concepts can be explored. These applications help buildings to
meet their energy demand and can be divided into building added photovoltaic (BAPV) and build-
ing integrated photovoltaic (BIPV) systems. It is a widely known fact that shading in urban land-
scapes has a huge impact on the electrical performance of these systems. Most research is currently
focused on improving the forward bias characteristics of solar cell and reducing the costs of solar
modules [37]. Innovative research looks into reverse bias characteristics of a solar cell and reduc-
ing the losses. Improving these reverse characteristics would come in handy especially for urban
photovoltaics where operation of solar cell in reverse bias is common due to partial shading.
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1.4. PARTIAL SHADING IN A SOLAR MODULE
Partial shading has significant impact on the output power of the solar module. This can be under-
stood with the help of the following example: When a conventional solar module is partially shaded,
the incident irradiation drastically reduces followed by a decrease in photo-generated current. So-
lar cells in conventional modules are usually connected in series, hence, the shaded cell limits the
current flowing through the module which leads to an overall decrease in power output. The affects
of partial shading could be as bad as losing one third of power output by shading less than 1 % of
the entire solar module.

In many (if not most) cases, a shaded solar cell is enforced to operate in reverse bias by the unshaded
cells, which enforces the voltage across the shaded cell to be higher in magnitude than the reverse
breakdown voltage. The reverse breakdown voltage is defined in different ways in the literature. But,
one of the most common ways, defines the breakdown voltage as the voltage across a dark solar cell
when 2 A of current is forced through it. In conventional solar modules, bypass diodes are incor-
porated to prevent the cells to reach the breakdown voltage, i.e., even before a shaded cell begins
to operate at the breakdown voltage, the corresponding bypass diode starts conducting, protecting
the solar cell and hence the solar module.

In partial shading conditions, the shaded module rather than generating, dissipates power and
heats up the solar module. As the temperature of the solar module increases, its output current
increases exponentially, while the voltage output is reduced linearly ultimately reducing the power
output. The rise in module temperature not only reduces the efficiency of the solar cell but it could
also lead to cracks in encapsulation material, or other materials wearing out and consequently for-
mation of hotspots [35]. Hence, partial shading leads to variable illuminations and temperatures on
a solar module.

1.5. RESEARCH GOAL AND OUTLINE
The aim of this report is to study the impact of the reverse characteristics of c-Si solar cells in the
annual energy yield of partially shaded PV systems. This objective can be divided into the following
sub questions:

1. What is the ultimate electrical potential of solar modules made of low breakdown voltage solar
cells in urban landscapes?

2. Which thermo-electrical model accurately represents commercially available solar cells with
low reverse breakdown voltage.

3. How does the performance of the solar modules made of the two types of commercially avail-
able solar cells compare with each other?

These questions will be answered by creating an equivalent electrical model of the solar module
which are assumed to be made with low reverse BDV solar cells. With the help of measurements of
the available low reverse BDV solar cells a thermo-electrical model would be characterised. Finally
accurate simulations are run for a typical PV system in an urban landscape to determine the poten-
tial and electrical performance of the solar module.

Chapter 2 gives a brief introduction on operating principles of photovoltaic technologies. This chap-
ter also introduces an equivalent mathematical model to simulate the electrical behaviour of solar
cells. Chapter 3 addresses the architecture of the proposed solar module and its potential in a typ-
ical urban landscape. A comparative performance study between conventional and low BDV solar
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cells. In chapter 4 a thermo-electric model of commercially available low BDV solar cells has been
generated with which an accurate performance study has been made in Chapter 5. Finally, chap-
ter 6 provides conclusions and recommendations for further research to substantially improve the
potential of solar modules in the urban environment.





2
LITERATURE REVIEW

2.1. BASIC OPERATION OF SOLAR CELLS
Solar cells are the most basic components of a solar module. A solar cell converts light into elec-
tricity, using the photovoltaic effect: the generation of a potential difference between two different
materials upon exposure to light. The production of electricity happens in four phases: absorption,
generation, separation and collection of charge carriers. When a semiconductor material is exposed
to sunlight it absorbs light of a particular wavelength. If the energy of the incident photon is larger
than the bandgap of the semiconductor, an electron-hole pair can be formed. If this electron-hole
pair is not separated, it recombines to release energy as a photon. Therefore, a combination of p-
type and n-type doped material is used to separate these free charge carriers[55]. To put the energy
contained by charge carriers to use, the electrical contacts of the solar cell should be connected to
a load. Spectral mismatch, recombination and other losses should be as low as possible to achieve
high efficiencies.

The current density of a single junction solar cell is in the range of 25-45 mAcm−2 which roughly
translates to 10 A for a 6-inch squared cell. The voltage of the solar cell is dependant on the band
gap energy of the semiconductor material and is in the range of 0.6-0.7 V. The voltages are too low
for most applications, hence solar cells in a module are connected in series. Therefore, the solar
modules electrical behaviour is similar to that of solar cells. Alike all semiconductor devices, a solar
cell can operate in both forward and reverse bias. In special situations such as partial shading,
the shaded solar cell is sometimes forced to operate in reverse bias. Other than that, a solar cell
usually operates in forward bias to generate power. Hence, most of the research in this field has
been focused on improving the forward characteristics.

2.2. SOLAR CELL TECHNOLOGIES
During the last century a huge number of solar cell technologies have been developed for various
applications. PV technologies are broadly classified into three generations.

2.2.1. WAFER-BASED SOLAR CELLS

Silicon wafer technology is the fundamental technology used for first-generation solar cells. With
over 90 % market share of solar cell production, crystalline silicon (c-Si) wafer-based solar cells are
currently the most dominant technology [21]. These cells have a single junction structure. Theoret-
ically an efficiency upto 33 % can be achieved with these cells [63]. First-gen solar cell is the most
mature technology and hence, they last longer and have higher efficiency compared to other solar
cells. These cells when compared to other cell technologies, not only have higher production costs

7
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Figure 2.1: (a) Simplified structure of a typical front-back contacted solar cell (b) Absorption of light by solar cell (c)
Generation of electron hole pair (d) Separation of electron hole pair (e) Collection of excess charge carriers

but also degrade easily at high temperatures [73].

2.2.2. THIN FILM SOLAR CELLS

Second-generation solar cells are a lower cost version of single-junction devices. Amorphous sili-
con, CdTe and CIGS are the three most common types of thin film cells and occupy around 6.6 %
of the cumulative PV production[21]. Second-generation solar cells are usually manufactured by
thin-film PV technology. These cells are usually made of very thin layers of semiconductors when
compared to the first generation cells and hence, their manufacturing cost in terms of semiconduc-
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tor material is drastically reduced. These thin layers cells help in making the cells flexible and also
allows the solar modules to be printed. The efficiencies of these cells are usually lower compared
to first-generation cells since, lesser amount of semiconductor material is used [73]. The efficiency
of these cells varies proportionately with their manufacturing costs. CdTe solar cells have the least
costs among thin film cells and it’s efficiency varies from 9.4 % to 13.8 %. CIS and CIGS technologies
efficiency typically ranges from 11 %-19 % [74]

2.2.3. THIRD-GENERATION SOLAR CELLS

The main aim of these solar cells is to generate high-efficiency and low cost devices by continuing
the use of thin-film technology. A variety of new materials such as solar inks, nanotubes, organic
dyes, conductive plastics, etc., are used to achieve this target. A lot of research and development on
the third-generation PV technology is being conducted by research groups in universities or com-
panies laboratories and are still at the niche market level such as aerospace applications [73]. The
current world record efficiency for a multi-junction cell (GaInP/GaAs; GaInAsP/GaInAs) under an
intensity of 508 Suns is 46 % [22].

2.3. CURRENT-VOLTAGE (I-V ) CURVES AND EXTERNAL SOLAR CELL PARAME-
TERS

The IV curve shows all possible operating points of a PV cell. They are achieved by measuring the
voltage across and current through the solar cell while changing the value of a resistive load con-
nected between the cell’s electrical contacts. The current-voltage relation can be used to derive a
number of important external parameters which are used to describe and compare the electrical
performance of different solar cells. Figure 2.2 shows a typical IV curve in the first and second quad-
rants along with the external parameters of a solar cell. In the first quadrant the solar cell operates
in the forward bias and works as a generator. The solar cell sometimes operates in the second quad-
rant during partial shading conditions. From this quadrant, it can be said it is a conventional solar
cell with a breakdown of around -14 V. The scales of the two quadrants are different so as to obtain
proportionate curves for better readability.

The main parameters which reflect the electrical performance of a solar cell are the peak power
(Pmpp), the open circuit voltage (Voc), the short circuit current density (Jsc), fill factor (FF) and effi-
ciency (η). The Jsc and Voc are the maximum current density through and maximum voltage across
a solar cell when the solar cell works as a generator i.e in the first quadrant. The generated power
at these operating points is zero since they are operating either in short-circuit (zero voltage) or in
open-circuit conditions (zero current).

The point where the product of current and voltage reaches a maximum is known as the maximum
power point (MPP) and the corresponding voltage and current values are (Vmpp) and (Impp) as in-
dicated in Figure 2.2. The mathematical expression to find the maximum power point uses the
derivative with respect to the voltage and is given by

dP

dV
= d(JV)

dV
= 0 (2.1)

Power is only generated when both the current and voltage are positive. The solar cell dissipates
power when either the current or voltage is negative. The fill factor (FF) is defined as the ratio be-
tween the maximum power of the PV cell and the product of Jsc and Voc.

FF = Pmpp

JscVoc
= JmppVmpp

JscVoc
(2.2)
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Figure 2.2: Typical IV curve with its external parameters

where Pmpp, Jmpp and Vmpp are respectively the power, current and voltage at maximum power
point. The conversion efficiency in terms of the solar cell parameters and incident irradiance on
solar cell (Pin) is given by

η= Pmpp

Pin
= JscVocFF

Pin
(2.3)

Since the electrical performance of a cell is dependent on both irradiance and temperature, tests
are usually performed at standard test conditions (STC). These conditions require an irradiance of
1000 Wm−2 using the AM 1.5 spectrum and a cell temperature of 25 ◦C.

2.4. EQUIVALENT SOLAR CELL CIRCUIT
The electrical performance of a solar cell can be simply determined by tracing its IV curve. However,
changes in measurement conditions such as fluctuations in irradiance and cell temperature affect
the experiments. Therefore, an electrically equivalent model of a solar cell built with basic elec-
tronic components is often simulated to understand it’s electrical behaviour at desired conditions.

There are many equivalent solar cell models out of which the two most common models (a) Five
parameter single diode model (b) 7 parameter double diode model are shown in 2.3. The common
parameters in both the models are the photogenerated current (Iph), shunt resistance (Rsh) and
series resistance (Rs). The other parameters being diode(s) and ideality factor(s) whose numbers
change with the model used.

The single diode equivalent circuit of a solar cell is a current source in parallel with a single diode
considering two lumped resistances which are the shunt (or parallel) resistance and the series resis-
tance. Similarly, the double diode equivalent circuit of a PV cell is a current source in parallel with
two diodes considering two lumped resistances which are the shunt and the series resistance. The
configuration of the equivalent electrical circuit is shown in Figure 2.3
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Electron-hole pairs will be generated in the solar cell provided that the incident photon has an en-
ergy greater than that of the band gap. The current produced by these electron-hole pairs is known
as the photogenerated current and is represented by the current source. The losses due to leakage in
a solar cell are represented with shunt (Rsh) and series resistances (Rs). The losses due to the recom-
bination in the p-n junction is represented using diodes. The ideality factor is a fitting parameter
used to compare the diode’s behaviour with that predicted by theory. It is usually assigned with a
constant value but in reality it is a function of voltage across the device.

VIph

n

Id Rsh

Rs

VIph

n1

Id1

n2

Id2 Rsh

Rs

(a) (b)

Figure 2.3: (a)One-diode & (b) two diode equivalent circuit of a solar cell

The shunt resistance is caused by manufacturing defects and provides an alternative path for cur-
rent between both two terminals of the solar cell. The series resistance is due to the bulk resistance
in the p-n junction, the contact resistance between the junction and electrodes and the resistance
of the electrodes [5]. Ideally, the shunt resistance should be infinite and the series resistance should
be zero.

From figure 2.3(b) the current generated in a two diode model of the solar cell can be derived using
Kirchhoff’s law and is given by:

I = Iph − Id1 − Id2 − Ish (2.4)

where I is the output current of the solar cell, Iph is the photogenerated current, the currents through
the diodes Id1 and Id2 represent the dark current of solar cell and Ish is the current through the shunt
resistance. The voltage across both the diodes and shunt resistance is the sum of the output voltage
of the solar cell and the voltage across the series resistance and equals V+ IRs. Substituting this in
the Shockley diode equation gives:

Id = I0

(
exp

[q(V+IRs)

nkT

]
−1

)
(2.5)

where I0 is the reverse saturation current governed by diffusion and recombination of electrons and
holes in the solar cell, q is the charge of an electron, k is the Boltzmann constant, T is the tempera-
ture and n is the diode ideality factor of the solar cell. The ideality factor (n) is 1 if the dark current
is determined only by diffusion, and n > 1 if recombination in depletion region also contributes to
the dark current [43]. The ultimate equation for the double diode solar cell model is given by

I = Iph − Io1

(
exp

[q(V+IRs)

n1kT

]
−1

)
− Io2

(
exp

[q(V+IRs)

n2kT

]
−1

)
− V+IRs

Rsh
(2.6)
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By neglecting the recombination current i.e by equating Id2 = 0 in equation 2.4, the current equation
for single diode model can be obtained. To find representative values for parameters such as satu-
ration current and ideality factors is the biggest challenge of modelling a solar cell. This is discussed
in detail in chapter 4.

2.4.1. EFFECTS OF VARIABLE IRRADIATION AND TEMPERATURE ON SOLAR CELL PARAME-
TERS

The principle solar cell parameters used to characterise their performance are the peak power Pmax,
the short-circuit current density Jsc, the open circuit voltage Voc, and the fill factor FF, out of which
Jsc and Voc are critical. The open circuit voltage Voc, as the name indicates is the voltage at which
the external circuit of a solar cell is not connected to any load i.e. there is no current flow; the short
circuit current Jsc is the current that flows when the external voltage is zero i.e. the solar cell termi-
nals are short circuited. The Voc and Jsc are the maximum voltage and current values a solar cell can
achieve[55].
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Figure 2.4: IV curves for (a) different irradiance values (b) different temperature values

The external parameters Voc and Jsc of a solar cell are dependent on both irradiance and tempera-
ture. The photogenerated current depends linearly on the irradiance. It is assumed that the spectral
distribution of the solar radiation is maintained and the short circuit current is equal to the photo-
generated current Iph. The short-circuit current can be approximated as

Jsc(G,TSTC) ≈ G

GSTC
JSC,STC (2.7)

where G is the irradiance, GSTC is irradiance at standard test conditions which is 1000 Wm−2 and
JSC,STC is the short-circuit current at standard test conditions. The open-circuit voltage on the other
hand depends logarithmically on the solar irradiation and is given by

Voc(G,TSTC) = Voc,STC + nkT

q
ln

(
Iph

I0
+1

)
≈ Voc,STC + nkT

q
ln

(
G

GSTC

)
(2.8)
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where VOC,STC is the open-circuit voltage at standard test conditions. From equations 2.7 and 2.8 it
is clear that the current varies proportional to irradiance whereas the voltage varies logarithmically.
The IV curves for a range of irradiation intensities are shown in Figure 2.4(a) .

ni
2 = Nc ·Nv ·exp

(
−Eg
kT

)
(2.9)

Equation 2.10 is the formula for the intrinsic carrier concentration represented in terms of ef-
fective density of states in conduction and valence band (Nc and Nv), band gap (Eg), boltzmann
constant (k) and temperature (T).

I0 = C ·T3 ·exp

(
−Eg
kT

)
(2.10)

Equation 2.10 represents the saturation current as a function of temperature. C is a constant derived
from a combination of doping and material parameters of solar cell. From equations 2.9 and 2.10
it can be deduced that I0 is strongly dependant on the exponential term and hence on the intrinsic
carrier concentration[44].

The bandgap of the semiconductor decreases with increase in temperature. This increases the pho-
togenerated current because more photons have enough energy to create electron-hole pairs. The
overall effect of temperature on the short-circuit current can be approximated by

Jsc(GSTC,T ) ≈ Jsc(GSTC,T0)
(
1+αJsc

(
T−T0

))
(2.11)

where αJsc is the temperature coefficient of Jsc and is positive and T0 is the reference cell tempera-
ture and often equals 25°C [27]. Equation 2.8 suggests that the open-circuit voltage should increase
with temperature. However, the saturation current drastically increases with the cell temperature as
shown in equation 2.10, therefore the overall effect on the open-circuit voltage is given by

Voc(GSTC,T) ≈ Voc(GSTC,T0)
(
1+βVoc

(
T−T0

))
(2.12)

where βVoc is the temperature coefficient of Voc and is negative. Since the relative temperature coef-
ficient of Voc has the largest magnitude, the maximum power point drops with increase in temper-
ature. The IV curves for a range of cell temperatures are shown in Figure 2.4(b) .

Decrease in irradiance has minute effect on the open circuit voltage (Voc) but the short circuit cur-
rent density Jsc of the solar cell varies proportionally with the irradiance. The (Voc) is the most af-
fected parameter due to increase in temperature, whereas the Jsc slightly increases with temper-
ature. Partial shading of solar modules causes change in temperature and irradiance leading to
disproportional impacts on external electrical parameters.

2.4.2. BREAKDOWN VOLTAGE

The reverse voltage applied across a p-n junction, at which a sudden current flow begins, is called
the breakdown voltage. In this report the breakdown voltage for a solar cell is defined as voltage
across a dark solar cell when 2 A of current are forced through it. Linear behaviour at low bias and
superlinear behaviour at a relatively higher bias are considered as the (characteristics of) general
breakdown behaviour of a solar cell[11]. There are two classes of breakdowns namely: (a) Soft
breakdown and (b) Hard breakdown. The main difference between these two breakdowns is: the
soft breakdown is characterised by a small change of voltage or current while hard breakdown is
detected by a much higher change of voltage or current during stress and a post-breakdown I-V
characteristics [1] as shown in Figure 2.6(a).
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The different types of breakdown voltages can be seen in the Figure 2.6(b) out of which the two
most common types of breakdowns are avalanche breakdown and zener breakdown. Multiple free
charge carriers move into high field region and accumulate into an avalanche resulting into high
currents. The large increase in current even with small terminal voltages due to internal field emis-
sion, where an electron jumps over the forbidden gap because of the quantum mechanical tunnel
effect is known as zener breakdown [40].
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Figure 2.5: (a) Internal field emission : thin junction resulting in a high field across the junction (b) Avalanche breakdown:
x represents the place at which the initial electron 1 is capable of producing an electron-hole pair which undergoes further
multi- plication. Short vertical lines represent energy loss [40]

Introduction of dislocation-free Si crystals led to a halt of research on crystalline silicon breakdown
mechanisms. However, the arrival of multi crystalline Si solar cells into the market brought back the
breakdown problems. Breakdown in solar cells is complex and different breakdown types may exist
intermixed side-by-side. However, in favorable cases and in certain regions one breakdown mech-
anism dominates. In the experiments performed by researcher Otwin Breitenstein three different
types of breakdown appeared in different reverse bias range.

In a multi crystalline solar cells, the early breakdown is associated with the presence of Al particles
on the surface even before the deposition of the antireflection layer and is observed before −5 V.
Al is a p-dopant which may overcompensate the n+-emitter if the cell is heated up. Depending on
size of the particle and Al doping a highly doped p-n junction may be formed. A highly doped p-n
junction may break down already at a few volts reverse bias by internal field emission (Zener effect).
Therefore it can be said that zener breakdown dominates the type I breakdown[11].

The type-2 breakdown sites is connected with recombination-active crystal defects. These defects
are likely formed due to Fe contamination. The secondary breakdown ranges from −9 V to −13 V
[11]. A few structural defects, intensify local electric field resulting in localized current flow and
consequently cause premature breakdowns. The localized breakdown is referred to as secondary
breakdown and the regions at which this happens is referred to as microplasmas [53].
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Figure 2.6: (a) Class and (b) types of breakdown

The etch pits formed during texturization using an acid solution leads to the last type of breakdown.
It has been found that these etch pits lead to avalanche type of breakdown [6]. Hence, any break-
down appearing beyond −13 V is dominated by avalanche breakdown. [11]. The effect of the radius
of curvature of the metallurgical junction of the tip of the etch pit and p-n junction reduces the
breakdown voltage from -60V to -13 V which is exactly equal to the avalanche breakdown voltage
further supporting our argument[61].

In case of CIGS solar cells, the reverse breakdown voltage reduces significantly under blue illumi-
nation compared to dark conditions. The breakdown under blue illumination usually occurs in the
range of −3 V and −1.5 V. High quality CIGS withstand high current densities, indicating that bypass
diodes can be avoided which improves reliability of the module.Hence, the design of CIGS deposi-
tion processes need to be done carefully[59].
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from [51] and [18])
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Unlike the conventional solar cells shown in Figure 2.7 (a), the interdigitated-back-contact solar
cells (IBC cells) as shown in Figure 2.7 (b) have back contact energy conversion i.e both the elec-
trons and holes are collected at the back contact.The breakdown of IBC cells is low, soft, uniform
over the entire cell, hence it is harmless and enhances the system yield. The IBC cells have a typical
p+n+ junction, whose doping profiles can be changed to produce an even lower breakdown voltage
[16]. Research also demonstrated that breakdown in these cells is caused by the tunnelling effect
rather than avalanche multiplication and results in a more uniform thermal breakdown [60]. Con-
sequently, the power dissipation in reverse bias is considerably lower and will be distributed more
uniformly across the shaded cell. Temperature rise will be limited and therefore hot-spot formation
will most likely not occur in a series connection. This theory can be applied to produce an earlier
breakdown in cells featuring the p+n+ junction; the metal wrap through (MWT) and emitter wrap
through (EWT) solar cells[16] [31]. The solar cell cross sections of both these types of solar cells can
be found in Figure 2.8
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Figure 2.8: Cross sections of (a) Metal Wrap through cells (b) Emitter Wrap through cells (adapted from [62] and [15])

When a solar cell is partially shaded in a solar module, it can be forced to operate in reverse-bias
and hence, dissipates power in the form of heat. This usually produces temperatures greater than
50 ◦C in the solar cell. Type II and type III breakdowns cause a negative temperature coefficient for
voltages of V < −12.5 V, whereas type I breakdown causes positive coefficient for V < −6 V. In nega-
tive temperature coefficient region, the current produced varies inversely with temperature. Similar
to the forward currents, the current flowing in reverse biased conditions vary proportionally with il-
lumination. This mainly happens due to laterally distributed currents from regions of the cell which
are breakdown free [19].

Ideally, power dissipated in partially shaded conditions is distributed equally over the entire cell.
But, this is not always true; in certain solar cells, the heat is focused at certain defective regions
causing irreversible damage. This damage is termed as hotspot formation and is discussed in detail
in the upcoming section[8][35].

2.4.3. FORMATION OF HOTSPOTS

There is no standard definition for hotspot in the PV industry. Many papers define hot spot as the
localized heating of a segment of the solar cell due to secondary breakdown [32], [34], [71]. Nev-
ertheless, the term hot spots can be assigned to the heating up of solar cell even in the absence of
secondary breakdown. A few researchers also define hot spot as the phenomena of increase in tem-
perature to a higher level relative to it’s surroundings[35].
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Hot-spots occur when a large number of series connected solar cells cause a shaded cell to oper-
ate in high reverse bias. The shaded cell dissipates a significant amount of power which leads to
localized overheating.The IV curves of unshaded and shaded solar cells can be used to visualize the
power dissipation in the shaded cell(s) and to obtain the overall IV curve as shown in figure 2.9. This
method is only applicable in short-circuit conditions and when the unshaded cells receive an equal
irradiance. Consider the case where one cell is heavily shaded and is connected in series with 6 un-
shaded cells. First, the IV curve of the shaded solar cell in both forward and reverse bias should be
obtained. In short-circuit conditions, the total power generated by the unshaded cells is dissipated
in the shaded cell(s) and represents the worst-case scenario. Consequently, by mirroring the IV
curve of the unshaded cells in the y-axis, the operating point of the unshaded cell can be identified
as the intersection of it’s IV curve and the reflected curve. The marked area in 2.9 (b) corresponds
to the power dissipated in the shaded cell. Note that the unshaded solar cells have a higher current
and voltage due to the higher incident irradiance and the series connection of multiple unshaded
solar cells respectively. When many unshaded cells are connected in series, the shaded cell is forced
to operate in high reverse bias which significantly increases the power dissipation [55].
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Figure 2.9: (a) A string of six (short circuited) solar cells of which one is partially shaded. (b) This has dramatic effects on
the IV curve of this string. (c) Bypass diodes can solve the problem of partial shading. adopted from [55]

Severe hot-spot heating results in faster degradation of the solar cell. Moreover, it can cause perma-
nent damage such as cell cracking and melting of solder. The important question is : at what con-
ditions does permanent damage occur to the cell and accelerate the degradation rate? The typical
rating of a solar module is around 85 ◦C. Increase in temperature of a solar cell can cause a thermal
breakdown, which can produce high internal temperatures as high as 400 ◦C [4] [33]. At a tempera-
ture greater than 150 ◦C, the encapsulant and isolative material around the cells could get damaged
[20] [25] [66]. The destruction of encapsulant, exposes the cells to environmental elements which
can cause corrosion and additional damage to the cells leading to PV degradation [35].

Not only do hotspots compromise on reliability, but they are also a safety concern. Hot spots can
damage solar panels and possibly lead to fires [50]. The general assumption is that using bypass
diodes, protects cells from hotspots. Multiple field experiments on devices using bypass diodes
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have shown that hot spotting still occurs, leading to accelerated panel degradation [13][52].

2.5. METHODOLOGIES TO IMPROVE SHADE RESILIENCE

Partial shading in solar modules could cause significant power losses and lead to the formation of
hotspots. A joint effort by universities and corporations succeeded in the development of tech-
niques to enhance the shade resilience of a solar module. In this section commercially applied
methodologies along with methodologies which are in research phase are discussed. The emphasis
is on the module level rather than the system level.

2.5.1. ONE BYPASS DIODE PER CELL

Using one bypass diode per cell instead of using three for the entire solar module reduces the power
loss and chance of hot-spots in solar modules. This can be explained with an example: when a
cell in a this kind of a module is shaded, only that particular cell is bypassed, unlike the conven-
tional module, where shading of one cell leads to bypassing of the entire string. The decrease in
power dissipation results in lesser heating of the bypass diode, improving the reliability of the mod-
ule [24]. Although adding more bypass diodes would in principle improve the shade resilience of a
solar module, adding too many bypass diodes eventually does not contribute to increase in shade
resilience any further, especially if diodes have a high forward voltage drop (i.e. comparable to the
Vmpp of a solar cell).

When a conventional bypass diode is activated it usually dissipates 4 W of power. This power loss
is proportional to the forward voltage across the bypass diode. A modern silicon diode has a stan-
dard voltage of 600 mV, while a conventional schottky diode has a forward voltage of approximately
400 mV. Companies such as Texas instruments are developing active bypass elements which have
10 times lower forward voltage [29] than the usual diodes. The power loss of these so-called smart
or active bypass diodes is therefore significantly reduced. This allows more bypass diodes to be in-
troduced while the conduction losses remain reasonable.

…

(a) (b)
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anode

controller 
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driver
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Figure 2.10: (a) Represents a solar module with one bypass diodes per cell (b) block diagram of smart bypass diode [29]
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Smart bypass diodes have allowed to produce modules with one diode per cell which looks as shown
in Figure 2.10 (a). In an experiment carried out by Pannebakar various topologies such as 1 BPD per
cell and 1 BPD for every three cells have been examined. The 1 BPD per cell nearly has a complete
linear response to various shadow patterns i.e extremely low output power loss during shading con-
ditions. In this type of module, the power loss under partial shading is limited [46].

The main disadvantage of using smart bypass diodes is: they are expensive to introduce on a wide
scale at the present time. A Schottky diode costs $0.16 while a smart bypass diode costs around
$1.50. However, major cost reductions are tend to be practical with the growing economies of scale.
There are yet a few more drawbacks, with a configuration such as one bypass diode per cell : Man-
ufacturing and designing the electric circuits of modules with one bypass diode per cell could be
highly complex. With increase in number of components, the number of components that could
get damaged increases. Finally, the area of the module increases which could have an effect on the
performance ratio [46], where the performance ratio of a solar module is given by :

PR = Eout

G× A×ηSTC
(2.13)

Eout is the energy output (kWh) of the solar module, G is the irradiation in the plane of array (kWhm−2)
and A is the area of the solar module (m2) and ηSTC is the nominal efficiency of the solar module.
The denominator is numerically equivalent to the energy which would be produced if the system is
always running with its nominal efficiency as defined by the nameplate nominal power (kWh).

2.5.2. PARALLEL CONNECTIONS OF SOLAR CELLS

Cells in commercial solar modules are usually connected in series. These strings carry the same
current which cannot exceed the current of a single cell and the module voltage is the sum of the
individual cell voltages as shown in Figure 2.11(a). In absence of bypass diodes, the current through
a series connected string is limited by the worst performing cell, as shown in Figure 2.12(a). As a
result, the series architecture is hardly resilient to partial shading which occurs frequently in urban
landscapes.

In contrast to series connected cells, the cells connected in parallel operate at the same voltage and
the module current is the sum of the individual cell currents as shown in Figure 2.11(b) and Figure
2.12(b) shows the performance of the module with one of the cells being shaded. Power losses in
the module can be calculated as:

P = I2R (2.14)

where, I is the output current and R is the resistance of the cables through which current flows. Due
to the aggregation of current from various cells, the current adds up resulting in significant resistive
power losses. Thicker cables are required to carry higher current, which further increases the costs
and impacts the levelised cost of electricity (LCOE) of solar energy.

Consequently, connecting all cells in series would result in the best performance under uniform
irradiance, because the resistive power losses are minimized. While, connecting all cells in par-
allel provides maximum shade resilience, because shaded solar cells cannot limit the current of
unshaded cells and the voltage hardly varies with irradiance as mentioned in 2.4.1. But, the main
disadvantage of a parallel connection is that it significantly increases the current and therefore the
resistive power losses and cable costs.
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Figure 2.11: IV curves of (a) series and (b) parallel connected solar cells
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Figure 2.12: Impact of current and voltage mismatch on the IV curve when a shaded and unshaded solar cell are con-
nected in (a) series and (b) parallel

2.5.3. ALTERNATIVE SOLAR MODULES

A solar module consists of interconnected solar cells. The way in which these cells are connected
is described by their topology or architecture. The most common topologies are series, parallel,
series-parallel, total cross-tied, bridge-linked and honeycomb[14]. As discussed in 2.5.2 the series
architecture is hardly resilient to partial shading whereas in parallel connections there is a signifi-
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cant increase in current and hence, resistive power losses and additional cable costs. Hence, it is
found that series connections are preferrable only when there is uniform incident irradiance, while
parallel connections are preferrable under partial shading conditions.

The series-parallel (SP) topology is a static solar module reconfiguration topology which is middle
ground between connecting all cells in series or parallel. The aim is to minimize the power losses
while maximizing the shading resilience. In this topology, cells are connected in series to form
strings and multiple strings are then connected in parallel as shown in Figure 2.13(a) [48]. Non-
uniform irradiance will now only affect the current of the strings containing the (partial) shaded
cells. Compared to connecting all cells in parallel, the current and therefore the resistive power
losses will be lower. The optimal configuration depends on the shading conditions and system re-
quirements.

The total cross-tied (TCT) topology is another static module architecture to balance between shad-
ing resilience and power losses[49]. In this topology cells are connected in parallel to form rows and
multiple rows are then connected in series as shown in Figure 2.13(b). Research shows that solar
modules in urban landscapes which have a TCT topology generally outperform a SP architecture
[65],[12].

++- -

(a) (b)

+

Figure 2.13: (a) Series-Parallel and (b) total cross-tied topology

Bypass diodes and parallel topologies are static techniques to improve the shade resilience of solar
module and have hardwired interconnections. In contrast, reconfigurable solar modules are pro-
posed that dynamically change the cells interconnection in real time. These topologies use switch-
ing to change interconnections in real time. The switching moments can be at regular or variable
time intervals and should be chosen carefully to minimize mismatch losses. Dynamic topologies
can result in higher shade resilience compared to static techniques. Dynamic topologies are mostly
implemented on system level and hence, are out of scope of this report.

The above mentioned reconfigurable topologies allow the PV generator to operate under severe
partial shading conditions. However, complexity and costs are the main disadvantages of using
these kind of systems.

2.5.4. COMMERCIALLY AVAILABLE LOW BREAKDOWN VOLTAGE SOLAR CELLS

To improve shade resilience of a solar module various methodologies such as using active bypass
elements, one bypass diode per module and parallel connection of solar cells. However, smart by-
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pass diodes are extremely expensive at the moment. Complex manufacture and designs of electri-
cal circuit are involved in one bypass diode per cell topology. Also with the increase in number of
components the reliability of the functioning of components reduces. Ohmic losses in parallel con-
nections are extremely high while in alternative solar modules are complex to build and expensive.

A technology which is cost effective and doesn’t involve in complex manufacturing process would
be ideal for partial shading conditions. From the active bypass elements it is clearly understood that
having a low voltage leads to lesser losses.Therefore, in principle it’s worth exploring characteristics
of solar modules manufactured using low reverse voltage solar cells. To the best of my knowledge
there is yet no study done to assess the improvements that can be obtained with low breakdown
voltage solar cells.

Ideal solar cells would have zero reverse breakdown voltage. In such a case, we do not need bypass
diodes in the system. This is going to eradicate the problems such as hotspots and power dissipa-
tion. However, in practice it’s impossible to achieve a solar cell with a reverse breakdown voltage of
0 V. Nevertheless, solar cells are available in the market with breakdown voltages as low as −5.5 V
[57] (Sunpower Maxeon gen 2 solar cells) and −3.2 V [58] (Sunpower Maxeon gen 3 solar cells), and
lower breakdown voltages might be reached with proper design of the PV cell. Hence, this thesis
revolves around analysing this concept by using simulations as a tool.



3
IDEAL ELECTRICAL POTENTIAL OF LOW

BDV SOLAR CELLS

The chapter starts by discussing the concept of shading linearity (SL) with examples. An overview
of the parameters used in the simulation framework for a case study is presented. Using the simula-
tion model the reverse characteristics of solar cells are manipulated independently from the forward
characteristics and performance of solar module has been evaluated. This is done for several syn-
thetic shading patterns as well as realistic shading patterns. A detailed sensitivity analysis is carried
out to analyse the validity of the results.

3.1. SHADING LINEARITY
Partial shading of photovoltaic modules is a common phenomena which occurs in day to day life,
and is liable for around 25 % of the performance ratio of solar modules [4]. Ideally, we would like the
solar modules to follow shading linearity condition during partial shading.

3.1.1. DEFINITION OF SHADING LINEARITY

According to the concept of shading linearity, the losses in a solar module are proportional to the
fraction of the module shaded irrespective of orientation and distribution of shade. Mathemati-
cally, shading linearity is a plot drawn with normalised average irradiance (NAI) on the x-axis and
normalised output power on the y-axis which is a bijective function like the one shown in figure
3.1(b). NAI is defined as the ratio of irradiance incident on the module at a given moment to the
STC irradiance.

Normalized Average Irradiance(NAI) =
∫ ∫

Gx,y ·d x ·d y

GSTC · A
(3.1)

Gx,y is the irradiance incident on solar module shown in figure 3.1 (a) as a function of it’s position in
the x-y plane. GSTC is the irradiance at STC i.e. 1000 Wm−2 and A is the area of the module, which is
here assumed to be product of area of one cell and number of cells. The (NAI) depends on real time
irradiation hence, it accounts for all possible shading conditions such as shading due to clouds, dust
particles, trees, other buildings, bird droppings etc.,

NOP is defined as the ratio of the maximum power generated by the module at a given instant to the
power output at STC.

Normalized Output Power(NOP) = PMPP(t)

PSTC
(3.2)

23



24 3. IDEAL ELECTRICAL POTENTIAL OF LOW BDV SOLAR CELLS

0 0.2 0.4 0.6 0.8 1

Normalised average irradiance (-)

0

0.2

0.4

0.6

0.8

1

N
o

r m
a

li
se

d
o

u
t p

u
t

p
o

w
e

r
(-

)
x

y

(a) (b)

Figure 3.1: (a) Layout of a solar module (b) Shading linearity plot

Achieving shading linearity in real life situations, is not possible because with change in intensity
and geometry or location of shade on conventional solar modules , there are multiple power output
values for the same NSV. This has been clearly explained with an example.
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Figure 3.2: (a) One row and (b)two rows of solar module partially shaded (c) Shading linearity plot

Figure 3.2 (a) represents a conventional solar module with 3 BPDs and a shade with an area equal to
16.66 % of module area blocks the first row. Therefore, the power is generated by the other two rows
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while the shaded row is bypassed and is equal to 2
3 of the maximum power represented in figure 3.2

(c). The BPDs are assumed to be ideal and the shaded & unshaded parts are assumed to have uni-
form intensity throughout i.e 0 Wm−2 and 1000 Wm−2 respectively. As per the concept of shading
linearity the power output of the module should be equal to the non shaded amount of the solar
module i.e 83.33 % in this case. However this is not achieved because of the presence of BPDs which
bypass the whole row, even though only half a row has been shaded.

Figure 3.2 (b) represents a similar solar module with the same shade area, but blocking the first two

rows. Now two BPDs are bypassed and only a 1
3

rd
of the maximum power is the output as shown in

figure 3.2 (c). From this example, it is observed that for the same NAI values there are multiple NOP
values making it a non bijective function.

Using 1 BPD per cell is a solution for achieving SL however, as discussed earlier it is economically not
feasible at the moment and complex to build. To avoid the problem of bypassing, the BPDs could
be avoided but this often leads the shaded solar cells to operate in the reverse bias and dissipates
power equivalent to the product of current and reverse breakdown voltage. Solar cells with zero
breakdown voltage would have zero losses and would be ideal to achieve SL. Nonetheless, manu-
facturing solar cells with zero BDV is impossible due to the presence of defects, but it is possible to
produce solar cells with relatively low BDV than conventional solar cells. Therefore in the upcoming
sections performance of solar modules made of solar cells whose reverse characteristics have been
manipulated independently from the forward characteristics is analysed.

3.2. SIMULATION PARAMETERS
The conventional (reference) and the simulated modules are modelled in MATLAB Simulink. The
solar modules considered in this report contain 96 solar cells with a size of 125 mm2. The single
diode five parameter solar cell model is adjusted to include the reverse characteristics associated
with shading. This is done by connecting the combination of a voltage controlled switch, resistor
and diode in parallel with the current source [69] making it an 8-parameter model as shown in the
figure 3.3(a). The values used in this eight-parameter model are given in Table 3.1.

Parameters Symbol Values
Series Resistance RS 3.9 mΩ
Shunt Resistance RSH 6.54Ω

Saturation Current I0 0.92 nA
Ideality Factor n 1

Photogenerated Current IPH 5.81 A

Saturation Current(reverse) I01 1 fA or 1 aA
Ideality Factor (reverse) n1 0.1 or 12.6

Reverse Bias Voltage VRB -1 V or -14 V

Table 3.1: Solar cell modelling parameters

The one diode model is chosen for this simulation since it is faster and results from these simula-
tions are only used for analysing and estimation purposes. The values I01 and n1 have no physical
meaning but are used for simple use and faster calculations. The voltage controlled switch in 3.3(a)
is used to switch the operating point from forward to reverse bias.

The IV curves of these solar cells in both reverse (breakdown voltage of −1 V and −14 V) and forward
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Figure 3.3: (a) 8 parameter model of solar cell (b) IV curves of solar cell with low and high breakdown voltages

bias are shown in figure 3.3 (b). All simulations are performed at a cell temperature of 25 ◦C which
corresponds to the standard test conditions (STC). In the electrical simulations, the temperature
effects described previously are not taken into account since it wouldn’t have much impact on com-
parative studies.

Parameters Symbol Values
Open-circuit Voltage Voc 0.70 V
Short-circuit Current Isc 5.81 A

Power at MPP PMPP 3.33 W
Voltage at MPP VMPP 0.60 V
Current at MPP IMPP 5.56 A

Fill Factor FF 0.82
Efficiency η 21.77 %

Table 3.2: Simulation external parameters

The IV curve under forward bias can be used to determine the external parameters of the solar cells.
These are listed in table 3.2. The power produced by each solar cell at STC is around 3.33 W.

3.3. SOLAR MODULE TOPOLOGIES

To put the proposed (solar module made of low reverse voltage solar cells) solar module into per-
spective, its performance is compared with two relevant reference topologies shown in Figure 3.4.
The blue solar cells represent the size and orientation of a single subgroup. The 96 cell solar module
is chosen because, the initial plan was to build a solar module with low reverse BDV cells. The lam-
inator available at the PVMD group could accomodate for a maximum of 4 by 4 cells. Therefore 96
cells have been chosen. Conventional solar modules have 3 BPDs so one of the topologies imitated
them as shown in figure 3.4(a). In this topology, a bypass diode is connected in parallel with each of
the three series connected subgroups. A similar reference topology is obtained when switching to
six subgroups as shown in figure 3.4(b). The 6 BPDs topology have been chosen because it is geo-
metrically more shade resilient compared to the 3 BPD topology.
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Figure 3.4: Module Configurations : (a) 96 cell module with three bypass diodes (b) 96 cell module with six bypass diodes

3.4. SYNTHETIC IRRADIANCE VALUES

3.4.1. METHODOLOGY

Simulations of different synthetic shading patterns on a solar module have been generated using
Matlab. The synthetic patterns values considers many shading patterns such as horizontal, vertical
and diagonal shading. All these shading patterns are further divided into progressive and block
shading. By this attempt, majority of all the possible shading patterns that could occur in real life
have been recreated.

0 1000200 400 800600

Irradiance (Wm-2)

(a)
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Figure 3.5: (a) Vertical (b) horizontal and (c) diagonal progressive shading
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Figure 3.6: (a) Vertical (b) horizontal and (c) diagonal block shading

Each shading pattern on a solar module divides it into two regions : shaded and unshaded region.
The range of their irradiance values, have been given in the table 3.3. The shade pattern is also
divided into horizontal, vertical and diagonal shading based on the orientation of the shade. The
shade moves from one side to other in case of horizontal and vertical shading, whereas in diagonal
shading, the shade moves from one corner to another. Row shading is also called as horizontal
shading is simulated by considering the angle of shade to be 0°, whereas for column/vertical shading
the angle considered is 90°. For diagonal shading we chose multiple angles : 30°, 45°,60°. If the
shade starts at one end of the module and eventually shades the entire module, then it is called
progressive shading. A typical example of progressive shading would be shading due to immobile
objects such as trees, chimneys or neighbouring buildings. In the table, the progressive shading
has been represented with a width equal to zero. If a block of shade with a certain width advances
from one side of the module towards another side, then it is called block shading. Shading due to
mobile objects such as clouds or birds could result in block shading. The percentage of shading
on the module remains constant in block shading, since the same amount of shade moves over the
module. For this report, we chose two different widths of block shade and are represented by widths
= 1,2 in the table 3.3. The progression of the shade from one side to another side, or from one corner
to another corner are shown at different time intervals and is denoted by time intervals in the table.
Considering all these cases the total number of simulations comes out to be 9000. A brief summary
of all the different shading patterns has been represented in table 3.3.
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Parameters Range of Values Number of Values
Unshaded Irradiance (Wm−2) [200;1000] 5

Shaded Irradiance (Wm−2) 50: Unshaded Irradiance 12
Angle (degrees) 0°,30°,45°,60°,90° 5

Width 0,1,2 3
Time intervals 10 10

Total 5x12x3x5x10 9000

Table 3.3: Shading Parameters

3.4.2. RESULTS AND ANALYSIS

From the above procedure irradiance values for each cell of an 8× 12 solar module for 9000 dif-
ferent shade patterns are generated. These values have been fed into the simulink models which
have been discussed in 3.2 for two solar module topologies (96 cell 3 BPDs model and 6 BPDs). The
model calculates the maximum power point for each of the shade patterns. The model is run multi-
ple times, each time modifying the reverse characteristics. For this analysis, we have used a reverse
breakdown voltage of 1 V and 14 V respectively. The reverse breakdown voltage value 14 V represents
conventional solar cells and the value of 1 V is hypothetical. The change in reverse characteristics of
a solar cell definitely has an impact on the forward characteristics however, this first analysis only
focuses on the effects of varying reverse characteristics by assuming that the forward voltage in both
the cases is unchanged.

(a) (b)

Figure 3.7: Shading linearity of 3 BPD module for (a) Vrev = 14V and (b) Vrev = 1V for synthetic irradiance values

After running the simulations for a module with 3 BPDs, the shade linearity for both reverse break-
down voltages have been plotted as seen in figure 3.7. A considerable amount of points are seen at
the right bottom parts of each plots. This means that for a normalised average irradiance close to
1 has a normalised power output close to 0. A small amount of shade ensuring bypassing of two
arrays due to turning on of BPDs is a possible explanation. However these points reduce when low
BDV solar cells are simulated as seen in 3.7(b). Blue colour points in the plots indicate simulations
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run for reverse BDV of −14 V while red colour points represent reverse BDV of −1 V.

(a) (b)

Figure 3.8: Comparison of shading linearity for Vrev = −14 V and Vrev = −1 V (a) 3 BPDs (b) and 6 BPDs for synthetic
irradiance values

Since the forward characteristics remain unchanged only the reverse characteristics are account-
able for any change in the power output in the simulations. Theoretically, for a module made with
low reverse breakdown voltage cells, a higher number of solar cells need to be shaded to activate
the bypass diodes when compared to conventional solar modules. This means that the losses due
to bypassing of array reduce upto a certain extent which in turn improves power output which is re-
flected in figure 3.8. The increase in power is indicated by the vertical translation of each blue point
to become a red point thereby improving shading linearity. Therefore we validate that by using low
reverse BDV cells, a better performing solar module can be made.

In the synthetic irradiances approach, a lot of shading patterns have been considered out of which
only a few patterns occur in real life. In the next section a more realistic irradiance values are cal-
culated using forward ray tracing method on a particular rooftop in Rotterdam. A similar process is
repeated to continue with our validation procedure.

3.5. REAL LIFE IRRADIANCE VALUES

3.5.1. METHODOLOGY

A rooftop in Rotterdam facing Southwest with a tilt of 56° has been chosen for this purpose as shown
in Figure 3.9.The size of the rooftop when expressed in terms of solar cells turns out to be 36×88.
This means, a solar module comprising a size of 36 rows and 88 columns can be fit on the rooftop.
The irradiance for each cell on the roof has been calculated for every ten minutes over a year using
ray scattering techniques.

In the Figure 3.10a and Figure 3.10b the most illuminated and most shaded region of the whole
roof with an annual irradiation of 909.81 kWhm−2 and 480.30 kWhm−2 have been indicated. The
most illuminated region could give us a pessimistic result since there would be little shading fur-
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(a) (b) (c)

Figure 3.9: (a) Building in Rotterdam whose rooftop is used for the following analysis (b) Straight view of the rooftop (c)
Ray tracing of the rooftop to find irradiance [5]

ther having little impact over the power output during partial shading. In the same manner the
most shaded region could give highly optimistic results. Therefore, the region highlighted in Figure
3.10c which is somewhere in between the highly illuminated and shaded regions with irradiation of
648.66 kWhm−2 has been chosen to place the solar module. The position is placed at the 10th row
and 15th column and is repeatedly shaded throughout the year, by the pillar on the roof.

a

b

Figure 3.10: Chosen solar module locations on the rooftop (a) Most illuminated (b) least illuminated and (c) intermedi-
ately illuminated [5]

Azimuth angle of the module (Am) is the angular measurement in the spherical coordinate system
in which 0° denotes North, 90° denotes East, 180° denotes South and 270° denotes West. In this case,
the azimuth angle is 236° i.e the module is facing South-West.The tilt of the module (θm) is the angle
at which the roof is inclined with respect to the ground. The altitude of the module is the comple-
mentary to the tilt i.e (am = 90−θm). Hence, thee tilt and altitude of the solar modules on the roof
are 56° and 34° respectively. Albedo is the amount of light reflected from a surface. The albedo for
this urban landscape is chosen to be 0.15.

The forward ray tracing method has been used for calculation of irradiance on the solar rooftop from
an urban environment and there is solar illumination at these locations are available for slightly
more than half the time instances. Sensitivity maps on each cell of the roof are used to perceive the
variation of irradiance at different moments.Figure 3.11 shows the sensitvity map and the annual
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Parameters Values
Azimuth of Module (Am) 236 °

Tilt of module (θm) 56 °
Albedo 0.15

Table 3.4: Solar module orientation

irradiation at locations A,B,C.
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Figure 3.11: Sensitivity map showcasing the annual irradiation at the chosen locations

3.5.2. ROUGH ESTIMATE OF ENERGY PAYBACK TIME ON ROOFTOP

To calculate payback of advanced crystalline modules by 2020, researcher Mann performed a prospec-
tive life cycle assessment analysis and included only cradle to gate stages of the modules, neglecting
the BOS and disposal (grave) stage. Static scenarios have been used to reckon BOS in the calcula-
tion of Energy Pay Back Time (EPBT). Due to the stochastic approach of this study, parametric and
scenario uncertainties have been included. In this study, two types of PV systems were considered:
rooftop and ground mount PV plant. In each of these cases calculations were made for three mod-
ules. The efficiency of these modules range from 20-23.5 % considering frameless encapsulation
without lamination foil. The estimates of electricity use for Rooftop PV systems range from 839-929
MJm−2 (233.07 - 258.07 kWhm−2) and for the ground mount ranges from 867-899 MJm−2 (240.8526
- 249.7422 kWhm−2). The energy payback for this has been calculated to be in the range of 0.7 - 0.9
years for rooftop and 0.7 - 0.8 years for ground mount considering the annual Insolation of southern
europe (1700 kWhm−2year−1) [41].

These calculations are a bit optimistic, when compared to calculations made by other researchers,
especially due to the timeline of the research. Based on energy analysis Dutch researcher Alsema,
calculated a payback of 4 years assuming 12 % efficiency and 2 years for 14 % efficient modules[3].
Palz and Zibetta’s calculation also resulted in a payback time of 2 years [45], whereas Knapp and
Jester carried out experiments for single -crystal-silicon modules at a manufacturing facility and
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computed the energy payback time to be around 3.3 years [36]. Therefore, it can be roughly said
that the energy payback time of a PV system is 2 years at an insolation of 1700 kWhm−2year−1.

The insolation on the position which has been chosen on the rooftop to carry out this experiment is
675.61 kWhm−2year−1. So, the question is does it make sense to have a solar module installed here?
It’s absolutely worth installing a module at that position because, the payback time turns out to be
5 years, which is pleasantly enough. Building integrated Photovoltaics have been on a rise recently,
and solar facades is an integral part. A facade facing eastwards in the same location as the rooftop,
has lower insolation levels than the chosen rooftop solar module position.

3.5.3. RESULTS AND ANALYSIS

The irradiance values for each cell of the 8× 12 solar module located at B have been fed into the
8-parameter simulink models discussed earlier. The model is run multiple times, modifying the
reverse characteristics, keeping the forward characteristics of the solar cell unchanged. For this
analysis we have used a reverse breakdown voltage of 1V and 14V respectively and output power
for every 10 minutes for an year has been calculated. This data has been further used to plot shade
linearity curves, calculate yield, mean square deviation and root mean square deviation with respect
to ideal conditions.

SHADING LINEARITY

From the plots 3.12, it can be seen that the Normalised Average irradiance ranges from to 0 % to
70-75 % accounting for partial shading. In figure 3.13 the red dots indicate the power output of Vrev

= −1 V (simulated module) and blue dot indicates Vrev = −14 V (conventional). The blue dots seem
to move vertically upwards with change in reduction of reverse BDV improving the shading linearity
irrespective of number of diodes. This indicates that either increasing BPDs or using low BDV cells
improves shade linearity. To validate this the mean bias deviation and root mean square deviation
has been calculated.

(a) (b)

Figure 3.12: Shading linearity of 3 BPD module (a) with Vrev = −14 V (b) and with Vrev = −1 V for realistic irradiance values
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(a) (b)

Figure 3.13: Comparison of shading linearity for Vrev = −14 V and Vrev = −1 V (a) 3 BPDs (b) and 6 BPDs for realistic
irradiance values

DEVIATION FROM IDEALITY

In order to assess the improvement of shading linearity for different models, the following statistical
parameters have been used: mean bias deviation (MBD) and root mean square deviation (RMSD),
which indicate the deviation between the ideal values and those estimated by the models, being the
expressions of these parameters [67]:

MBD =
∑N

i=1(yi −xi)

N · x̄
(3.3)

RMSD = [
∑N

i=1(yi −xi)2]
1
2

N · x̄
(3.4)

where yi is the i-th NOP ideal value, xi the i-th simulated NOP value, x̄ the mean of the simulated
NOP value and N the total number of data points analysed.

The MBD and RMSD give the difference between the simulated and ideal value. Higher value of
deviation indicates that the simulated values are farther from ideality. All the statistical indicators
are normalized in order to facilitate fair comparison.

Figure 3.14 shows the MBD vs season plots of the 3 BPD and module configurations and each mod-
ule is made of cells with reverse voltages of 1V (simulated module) and 14V (conventional module).
In both the plots a similar trend can be seen and clearly the simulated modules have a lower de-
viation from ideality than the conventional modules. The deviations are calculated on a monthly
basis to analyse the impact of seasonal changes. During the winter months when the irradiation is
lower (December and January) the performance gain of the simulated module when compared to
the conventional module is higher than summer months when the sky is clearer and irradiance is
higher(June and July). Similarly in the RMSD plots as shown in Fig 3.14, the simulated modules are
more dominant than the conventional module configuration verifying the MBD plots.
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Figure 3.14: (a) Mean bias deviation and (b) root mean square deviation of solar module made with simulated cells and
conventional cells with 3 BPDs

YIELD

Specific yield is defined as the amount of energy (kWh) produced per kilo watt peak (kWp) of mod-
ule capacity over a year. Specific Yield (kWh/kWp) is one of the performance metrics most widely
used in solar systems of all sizes and in this case used to compare performance of different module
configurations[72]. The Vmpp of the solar cell is 0.60 V and the Impp is 5.56 A which makes the capac-
ity 0.32 kWp for a 96-cell module.

Figure 3.15(a) shows the specific yield plots per month and the Figure 3.15(b) shows the annual spe-
cific yield for 3BPD module and 3BPD conventional module. The specific yield of the simulated
module is higher for every month of the year than the conventional module even though the for-
ward characteristics of the solar cell is assumed to be unchanged. The gain in yield is accounted
for the reduction of losses when a module made of lower reverse BDV cells. It is also observed that
the gain percentage in specific yield is greater during the months of low irradiance than during the
months of higher irradiance proving that solar modules made of low BDV are optimal for use in par-
tial shading conditions. The overall average specific yield improves by 8.81 % over a year when the
3BPD module is used.

Figure 3.16 shows the average specific yield plots for the 6BPD configuration. Except for the amount
of increase in specific yield, the rest of the trends in these plots is the same. The average specific
yield improves by 3.34 % over a year when the simulated 6BPD module is used. This implies that
adding additional BPDs improves shade resilience of a solar module.

To put the above mentioned matter into perspective, the term operating efficiency is introduced.

Operative efficiency(ηop)
The operative efficiency of a solar module is a parameter used to describe the efficiency of a solar
module under real operating conditions and it is defined as the ratio of output energy yield of a
module over a year to the maximum energy incident on the module :
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Figure 3.15: (a) Monthwise and (b) annual specific yield comparison between the conventional and the simulated module
with 3 BPDs
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Figure 3.16: (a) Monthwise and (b) annual specific yield comparison between the conventional and the simulated module
with 6 BPDs

ηop =
∫

year MPP(t) ·dt∫
year Gm(t ) ·Am ·dt

(3.5)

The operative efficiency of the 3BPDs configuration improves from 8.29% to 9.02% and for the
6BPDs configuration improves from 10.48% to 10.83% when we switch from the conventional to
the simulated model.
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3.6. SENSITIVITY ANALYSIS
Sensitivity analysis is a method used to determine the extent to which results are affected by chang-
ing certain variables in a model. In this thesis, variable that has been changed is the reverse break-
down voltage while the output results are the annual specific yield. The reverse breakdown voltage
values have been manipulated, the whole time keeping the Vmpp in other terms the forward voltage
unchanged. Figure 3.17 shows the analysis.
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Figure 3.17: (a) Reverse voltages of various simulated solar cell models (b) and their corresponding yields

In figure 3.17(a) the coloured curves represents the dark, reverse IV curves of various solar cells. The
curves which have markers represent measured solar cells gen 2, zebra and gen 3 with reverse BDV
−5.45 V,−3.70 V and −1.94 V respectively. The dotted line indicates 2A current, the corresponding
voltage value is considered as the breakdown voltage. In figure 3.17(b) the coloured stems repre-
sents the annual specific yield of a 96 cell 3BPD configured solar module for the corresponding
breakdown voltages shown in figure 3.17(a). While the dashed line represents the annual specific
yield of the same module with ∞ breakdown voltage. Conventional solar cells have a breakdown
voltage of -14V. The difference in annual specific yield of a cell with ∞ BDV and a conventional solar
cell is not much. Therefore, cells with BDV in the range of [-14V −∞ V] do not have much difference
in their yields, hence they are not considered in the model.

In 3.17(b), a linear trend in growth of specific yield can be observed until a breakdown voltage of
0.57 V. After that an exponential rise in specific yield is observed. The reason behind this could be
that the bypass diodes aren’t able to turn on and the solar cells are operating at reverse BDV values
thereby, reducing the losses due to bypassing of an entire array.

From table 3.5 it can be seen that there is an increase of 36.23 % in DC gain for cells with −0.12 V
when compared with ∞ V cells. Similarly, with a −0.90 V solar cells there is a gain of almost 11 %.
There is no solar cell with a reverse BDV of −1 V but it might be a possibility in the future that these
kind of cells are manufactured. There are several companies such as AE solar manufacturing schot-
tky diodes with a forward voltage of 0.30 V. For a reverse BDV of −0.25 V there is a DC gain of almost
27.49 %. From this it can be concluded that instead of having one bypass diode per cell which has a
complex manufacturing process it’s worth exploring how to manufacture very low reverse BDV cells.

Also, the solar cells with BDV -5.45 V, -3.70 V and -1.94 V represent measured sunpower solar cells.
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Breakdown Voltage (V) Annual Specific Yield (kWh/kWp) Relative gain w.r.t ∞ BDV
-0.12 533.81 36.23%
-0.18 516.56 31.84%
-0.25 499.54 27.49%
-0.38 474.64 21.14%
-0.57 452.30 15.44%
-0.70 443.35 13.15%
-0.83 436.64 11.44%
-0.90 433.81 10.71%
-1.94 419.39 7.00%
-3.70 409.76 4.58%
-5.45 401.23 2.40%

-14.00 394.45 0.67%
∞ 391.82 0

Table 3.5: Reverse Breakdown Voltages and corresponding yield

The relative increase in yield for each of these solar cells with respect to a solar cell with ∞ BDV
is 2.40 %, 4.58 % & 7.00 % respectively. This is a significant gain in yield and hence shows that it is
worth exploring the yield of commercially available low BDV solar cells with a much more accurate
model.



4
EXPERIMENTAL MODELING OF

COMMERCIALLY AVAILABLE LOW BDV
SOLAR CELLS

In the previous chapter, simulations were run based on one diode model of solar cell. The model
possessed multiple values of breakdown voltage while the forward characteristics were assumed to
be unchanged. In this chapter, the main aim is to characterize a new and much more accurate solar
cell model. For this, IV curve measurements of various solar cells are measured both in dark and
illuminated conditions.

4.1. METHODOLOGY & MEASUREMENTS
The main aim is to characterise the available Sunpower Maxeon solar cells by taking IV measure-
ments in (i) dark; and (ii) under varying illumination and varying temperature for both forward and
reverse bias.

4.1.1. CELL PHYSICAL CHARACTERISTICS

The wafer of the solar cells used for this thesis are made up of monocrystalline silicon. The front face
of the solar cell has a uniform, black antireflection coating and since the cell is an all back contact,
the back is made of copper metal grid, coated with tin. The area of the cell is 153 cm2 , thickness
is 150 µm and has a weight of around 6.5 g. Tin-plated copper strain-relieved interconnect tabs
are usually used since they are easily solderable and compatible with lead-free processing. Hence,
two of these connectors are soldered to the terminals of the cell and one end of the connectors is
soldered with wires that are connected to the DC load.

4.1.2. LIMITATIONS OF MEASUREMENT SETUP

There were certain limitations in making these measurements: Most of the equipment available
with the PVMD group at TU Delft are used for measuring cells with small surface area. Hence,
the equipment could only measure low levels of current. Out of the available electronic DC loads
the maximum measurable limits of current is by a Keithley 2601 sourcemeter which had a current
range of -3A to 3A and voltage range is -5.9V to 5.9V. With the help of the chief technician Remko
Koornheef, a crude software has been built in LabView and IV sweeps of the various solar cells were
made. There were some errors in the measurement values close to 0 A which appear in the form of
discontinuity in the IV curves however the important measurement values have not been tampered.
The error values have been replaced by new values generated using the method of interpolation.

39
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Cooling
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Keithley 2601
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Figure 4.1: Setup for the dark IV curve measurements

4-Probe measurement

IV sweeps

Keithley 2601

Solar cell

Figure 4.2: Setup for the illuminated IV curve measurements

4.1.3. DARK IV MEASUREMENTS IN REVERSE BIAS

Measurements for 10 solar cells of each type at five different temperatures (20 ◦C, 40 ◦C, 60 ◦C, 80 ◦C,
100 ◦C) have been taken. A temptronic thermal inducing vaccuum platform is used to vary the tem-
perature and is controlled by Keithley 6517 B electrometer. In Figure 4.3 (a) the dark reverse char-
acteristics of 10 gen 2 solar cells at a constant temperature of 60 ◦C(Although the measurements
have been taken for 5 different temperature values, 60 ◦C has been randomly chosen and plotted)
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are plotted and are roughly the same. The reverse characteristics of all the cells at different tem-
peratures have been measured and look more or less similar when compared amongst cells. Figure
4.3 (b) shows the reverse characteristics of one of the gen 2 solar cells at the various temperatures.
As the temperature increases the dark reverse characteristics improve i.e the breakdown voltage re-
duces by a tiny amount. However, in gen 2 cells (not only for the cell shown in figure 4.3(b) but also
the other 9 cells that are measured) there is a significant change at the knee of the IV curves.
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Figure 4.3: Dark measurements (a) different gen 2 cells at constant temperature (b) same gen 2 cell at different tempera-
tures
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tures
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Similarly figure 4.4 shows the dark reverse characteristics of sun power gen 3 solar cells. From figure
4.4(b) it can be seen that gen 3 cells also show a positive temperature coefficient however at the knee
the IV curves are almost overlapping unlike the gen 2 solar cells. It is also to be noted that gen 2 cells
have a hard breakdown compared to gen 3 cells.

The low reverse breakdown and positive temperature coefficients indicate the dominance of zener
breakdown mechanism in both the solar cells. However, the behaviour at the knees of the IV curves
cannot be supported from the scope of the literature. However, it can be speculated that with rise in
temperature, the breakdown shifts from a hard to softer breakdown.
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Figure 4.5: Box plots for 10 different gen 2 solar cells representing reverse voltage plotted against temperature measured
at (a) 0.5 A (b) 1 A (c) 2 A

Figure 4.5 and Figure 4.6 represent the dark IV curves in terms of box plots for 10 gen 2 cells and 10
gen 3 cells respectively. In these plots the reverse voltage is plotted against variable temperatures at
three different currents 0.5A, 1A and 2A. As defined in the previous chapters, the breakdown voltage
corresponds to the voltage at 2A. From these plots the reverse breakdown voltage for a gen 2 cell
ranges from -5.6V to -5.4V for temperatures between 20 ◦C - 100 ◦C. Similarly for gen 3 cells the
breakdown voltages ranges from -3.2V to -2.9V.
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Figure 4.6: Box plots for 10 different gen 3 solar cells representing reverse voltage plotted against temperature measured
at (a) 0.5 A (b) 1 A (c) 2 A
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4.1.4. IV MEASUREMENTS AT VARYING IRRADIANCE AND VARYING TEMPERATURE

Measurements for 3 solar cells of each type at four different irradiances and temperatures ranging
from 0 to 350 Wm−2 and 30 ◦C and 40 ◦C have been taken. Figure 4.7 represents the change in reverse
BDV voltage of gen 2 and gen 3 cells. The temperature range is chosen only upto 350 Wm−2 due to
the limitation of measurement equipment which measures high current.

(a) (b)

Figure 4.7: Change in breakdown voltage with irradiance of (a) gen 2 and (b) gen3 cells.

4.2. CHOICE OF MODEL

As discussed in section 2.5 there are two main solar cell models: the one diode model with five pa-
rameters and the two diode model with seven parameters. The one diode model is usually the first
choice tool for researchers owing to its simplicity which comes from the fact that there are lesser
unknown parameters to analyse and extract. However, the one diode model neglects the recom-
bination losses in the depletion region which are significant at low voltages. Therefore, this model
when exposed to weather changing conditions such as partial shading which causes lowering of irra-
diance levels and higher cell temperatures, suffers from inaccurate description of cell behaviour[54].

Alternatively, a two diode model requires a computation of seven parameters, making it more com-
plex and time consuming, hindering this model from being widely used. However, the two diode
model delivers more accurate results even at the vicinity of the open circuit voltage Voc. From lit-
erature one diode model shows degraded behaviour for both multicrystalline and monocrystalline
solar cells at low solar irradiance whereas two diode model exhibits greater accuracy than the one
diode model[64].

The modelling of solar cells should describe their behaviour according to the conditions of use.
A monocrystalline silicon solar cell is being used to simulate modules in an urban setting where
partial shading is common. Hence, the two diode model is more practical for this application.
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4.3. SOLAR CELL FITTING
The fitting of the two diode model has been divided into two parts: fitting the forward characteristics
and fitting the reverse characteristics respectively.

4.3.1. FORWARD PARAMETERS FITTING

As discussed earlier, a two diode model has seven unknown parameters namely: photogenerated
current (Iph), diode reverse saturation currents (I01 & I02), diode ideality factors (n1 & n2) shunt re-
sistance (Rsh) and series resistance (Rs). From the datasheet there are three known points on the
forward IV curves: the maximum power point, short circuit current and open circuit voltage. There-
fore a fitting model proposed by Hovinen is adapted in this report [26].

Due to the non ideal recombination and parasitic series and shunt resistance, the ideality factor
is voltage dependant. The ideality factor is controlled by shunt path across p-n junctions at low
voltages i.e at low irradiance levels causing a large peak in the ideality factor curve as shown in figure
4.8. While the ideality factor is stable at intermediate voltages and at high voltages, it is governed by
series resistances[42].

Figure 4.8: Dependence of ideality factor on voltage [42]

The ideality factor ranges in between 1 and 2. To reduce the complexities while fitting, voltage de-
pendent ideality factor values are replaced by constants. The ideality factors n1 and n2 are equal to
1 and 2 representing diffusion and recombination current respectively.

With two fixed parameters, there are five more to be determined. To find the other parameters the
current equation for the two diode model is written as an explicit function of current and voltage.

f(I,V) = I− Iph + I01

(
exp( V+IRs

n1Vt
) −1

)
+ I02

(
exp( V+IRs

n2Vt
) −1

)
+ V+IRs

Rsh
= 0 (4.1)

Then the equation 4.1 is partially differentiated as shown in equation 4.2 to obtain:
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where Vt is the thermal voltage given by:

Vt = kT

q
(4.3)

k being the boltzmann constant, T is the cell temperature and q the electron charge. The diode
shunt resistance is determined directly from the IV curve slope at the short circuit (V = 0) point as:( dI

dV

)
V=0

= 1

Rsh0
(4.4)

Using equation 4.4, four parameters (Iph,I01,I02,Rsh) can be written in terms of the fifth parameter
(Rs). Equations can be found in appendix. The possible solutions of Rs is then iterated by initialising
it with a value of 1 mΩ and increasing it progressively. The value of Rs is chosen in such a way that
the fitted IV curve has the minimum root mean square error from the measured IV curve.

Parameters Iph0 (A) Is1 (A) n1 (-) Is2 (A) n2 (-) Rs (Ω) Rsh (Ω)
Gen 2 6.32 1.96e-11 1 1.56e-6 2 2.3e-3 306.76
Gen 3 6.15 3.99e-12 1 5.73e-7 2 2.2e-3 192.53

Table 4.1: Values of fitting parameters of the double diode model for gen 2 and gen 3 cells

4.3.2. TEMPERATURE DEPENDENCE OF SOLAR CELL PARAMETERS

The solar cell parameters depend on temperature. In the seven parameter model, the two diode
ideality factors (n1 & n2) are still assumed to be constant and independent of temperature. The solar
cell block from simulink provides the following relationships between the photogenerated current
(Iph), diode reverse saturation currents (I01 & I02), shunt resistance (Rsh), series resistance (Rs) and
temperature as follows:

Iph(T) = Iph × (1+TIPH1× (T−TSTC)) (4.5)

where, TIPH1 is the first order temperature coefficient for Iph who’s value is taken from the datasheet
and T is the solar cell simulation temperature which ranges from −10 ◦C to 80 ◦C.

I01(T) = I0 ×
(

T

TSTC

)( TXIS1
n1

)
×exp

( Eg×( T
TSTC

−1)

n1×Vt

)
(4.6)

I02(T) = I0 ×
(

T

TSTC

)( TXIS2
n2

)
×exp

( Eg×( T
TSTC

−2)

n2×Vt

)
(4.7)

TXIS1 and TXIS2 are the temperature coefficients for the saturation current which indicates how
saturation current changes with temperature and TXIS1 = TXIS2 = 3. Eg is the band gap energy of
silicon which ranges from 1.11 eV and 1.14 eV. For the solar cell simulation range, the Eg is chosen
to be 1.12 eV. Finally the series and shunt resistances are:

Rs(T ) = Rs ×
(

T

TSTC

)TRS1

(4.8)

Rsh(T ) = Rsh ×
(

T

TSTC

)TRSH1

(4.9)

TRS1 and TRSH1 are the temperature exponents for the series and shunt resistance. The series and
shunt resistances are assumed to be not effected by temperature hence, TRS1 = TRSH1 = 0. However,
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Temperature coefficients TIPH1 TXIS Eg (eV) TRSI & TRSH1
Gen 2 4.1139e-04 3 1.12 0
Gen 3 4.7154e-04 3 1.12 0

Table 4.2: Values of temperature coefficients of the double diode model for gen 2 and gen 3 cells

in reality resistances are sensitive to temperature. All the temperature coefficienct values are given
in table 4.2
Using these fitting parameters the solar cells are replicated and their fitted external parameters are
compared with the datasheet paramters in tables 4.3 and 4.4.

Gen 2 Pmpp (W) Vmpp(V) Impp(A) Voc(V) Isc(A)
Datasheet 3.46000 0.58000 5.98000 0.68000 6.32000

DDM (sim) 3.44630 0.57498 5.99390 0.67704 6.32000
Deviation (%) 0.39753 0.87307 -0.23190 0.43720 0.00000

Table 4.3: Values of external parameters generated from the double diode model for gen 2 cells

Gen 3 Pmpp(W) Vmpp(V) Impp(A) Voc(V) Isc(A)
Datasheet 3.63000 0.62100 5.84000 0.72100 6.15000

DDM (sim) 3.60860 0.61505 5.86710 0.71783 6.15000
Deviation (%) 0.59303 0.96740 -0.46190 0.44161 0.00000

Table 4.4: Values of external parameters generated from the double diode model for gen 3 cells

From these tables, it is seen that the deviation of the double diode model simulated parameters
from the datasheet values is less than 1 % and hence can be concluded that the simulated cell is
pretty much representative of actual cell.

4.3.3. REVERSE PARAMETERS FITTING

The fitting of the reverse parameters was considered to follow the Bishop’s approach. The main dif-
ference between Bishop’s approach and the rest is that, Bishop considers that currents components
affected by the breakdown process are those from the shunt resistance while the rest of them (such
as Hartman, Lopez pinada models) consider primary currents [2] as seen in figure 4.9. The leakage
current Jsh is the current through the shunt resistance and controls the cell reverse characteristics.
This means that only a part of the current component shold be affected by avalanche multiplication.
Therefore the Bishop’s model in which the leakage current Jsh is multiplied by a non-linear factor [7]
as shown in figure 4.9(a). is more widely used [2].
A good model should have a simple function (M(Vj)) so that temperature and irradiance coefficients
can be added, and should reflect the measurements made at different irradiances and temperatures.
Finally, the IV curve should be continuous and differentiable while transitioning between the for-

ward and reverse bias i.e the slope
(

dI
dV

)
V=0

= 1
Rsh0

should be constant.

A few exponential and polynomial functions have been used to try and replicate the reverse IV
curves but maintaining a constant slope at the point V = 0 was difficult to achieve. This is due to
the increase in slope of the IV curve of gen 3 solar cell compared to the gen 2 cell. It can also be
argued that in low BDV cells zener breakdown mechanism is dominant. This is also supported by
the positive temperature coefficient obtained in figure 4.11(a) . The bishop model is designed for
reverse characteristics in which avalanche breakdown mechanism are predominant. Hence, there
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Figure 4.9: (a) Bishop model [7] (b) other models for fitting reverse characteristics of solar cells [2]

might be a requirement of a completely new model.

Due to the limitation of measurements and also in view of time, the temperature and irradiance
dependency of reverse IV curves has been ignored. Instead a measured dark IV curve at 25 ◦C is
manually fitted to the forward IV curve.

4.4. IMPACT OF NEGLECTING TEMPERATURE AND IRRADIANCE EFFECTS ON

REVERSE IV CURVES
The temperature coefficient (change in reverse BDV w.r.t temperature) and the irradiance coeffi-
cient (change in reverse BDV w.r.t irradiance) are analysed to find the impact on reverse IV curves.
Figure 4.10 represents the voltage gradient w.r.t temperature and irradiance.
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Figure 4.10: Rate of change of breakdown voltage (a) w.r.t temperature and (b) w.r.t irradiance

The temperature and irradiance coefficients for five different cells have been plotted in figures 4.11
and 4.12. The dashed line in all the plots represents the mean of the gradients. The measured
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temperature coefficient is positive i.e the magnitude of reverse BDV of the solar cell decreases with
increase in temperature and is equal to 0.0004 V/ ◦C for gen 2 cells and around 0.00047 V/ ◦C for gen
3 cells from figure 4.11. This means that for a change in 100 ◦C in temperature, the reverse BDV of
gen 2 and gen 3 cells improve by 0.04 V and 0.047 V which is not very significant.

The measured irradiance coefficient is negative i.e the magnitude of reverse BDV of the solar cell in-
creases with increase in irradiance assuming the same trend is followed even at higher irradiances.
The irradiance coefficient is equal to 0.00095 V/ Wm−2 for gen 2 cells and around 0.00115 V/ Wm−2

for gen 3 cells from figure 4.12. This means that for a change in 1000 Wm−2 irradiance, the reverse
BDV of gen 2 and gen 3 cells reduces by 0.95 V and 1.15 V which seems very significant. However, the
solar cells are not always operating at STC. Especially in partial shading conditions when there are
chances of the cells operating in reverse bias, the change in irradiance is much lower. This makes
the change in reverse BDV a little bit less significant.

(a) (b)

Figure 4.11: Rate of change of breakdown voltage w.r.t temperature for (a) gen 2 and (b) gen 3 cells

The effects due to positive temperature coefficient might compensate a small part of the negative
irradiance coefficient. Therefore it can be said that the effect of neglecting temperature and irradi-
ance effects on reverse characteristics is quantitatively not accurate. However, owing to the small
temperature and irradiance coefficients, a solar cell model in which the reverse characteristics are
independent of temperature and irradiance can be used for qualitative analysis.
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(a) (b)

Figure 4.12: Rate of change of breakdown voltage w.r.t irradiance for (a) gen 2 and (b) gen 3 cells





5
ACCURATE SIMULATIONS OF LOW BDV

CELLS & YIELD COMPARISONS OF ROOFTOP

SOLAR MODULE

In the previous chapter, solar cell model of the two available solar cells: Sunpower Maxeon gen2
and gen3 have been developed. This model possess a high quality resemblance to the original solar
cells. In this chapter, the solar cell model is used to predict the behaviour in an urban environment.

5.1. INTERPOLATION TOOL FOR YIELD AND IV CURVES CALCULATIONS
To calculate the yield of solar modules for different scenarios an interpolation tool developed by the
PVMD group has been used. Figure 5.1 represents the flow chart of the working methodology of this
tool.
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Figure 5.1: Flow chart of the interpolation tool

The first step is to generate IV curves for a single solar cell. The solar cell parameters obtained in
the previous chapter are used as inputs along with irradiance and temperature. The irradiance (G)
ranges from 1 Wm−2 and increases with a step size of 1 until 1100 Wm−2; similarly temperature (T)
ranges from −8 ◦C until 80 ◦C (which are the least and highest possible temperature values on the
module) with a step size of 2 units. Therefore a total of 1100 × 45 forward IV curves have been gener-
ated for various irradiances and temperatures. As discussed in the previous chapter the dependency
of reverse IV curves on temperature and irradiance has been neglected. Hence, measured reverse
IV curves at 25 ◦C have been added to the forward curves to obtain whole IV curves in both forward

51
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and reverse bias.

(a) (b)

Figure 5.2: Fitted IV curves of gen 2 and gen 3 cells at 25 ◦C (a) 200 Wm−2 and (b) 1000 Wm−2

Figure 5.2 represents the comparison between IV curves of gen 2 and gen 3 solar cells at a tempera-
ture of 25 ◦C and irradiance of 200 Wm−2 and 1000 Wm−2. A total of 1100×45 IV curves have been
generated as mentioned above. From this figure, it is clearly visible that the short circuit current of
gen 2 cells is higher than gen 3 cells, while gen 3 cells have a softer breakdown compared to gen 2
cells

The next step is to obtain the IV curves for solar modules located at different places of a rooftop.
The same rooftop which has been used for validation of the use of low BDV cells in chapter 3 has
been used for this model. The irradiances, temperatures of the solar modules together with the
electrical layouts are inputs for this step. The solar module irradiances are calculated using forward
ray tracing and are measured every 10 minutes for a whole year (same as in chapter 3); while the
module temperatures are calculated using the Faiman model [38] which considers that irradiance
and temperature are coupled. Since the reverse characteristics are assumed to be independent of
temperature the Faiman model has no effect in the reverse bias operation of solar cell. Moreover
the Faiman model is reasonably accurate in the forward bias, which contributes to the yield. Hence,
usage of Faiman model is justified.

The location of the solar modules on the rooftop, the solar module topologies are the same as dis-
cussed in 3.3 and . Apart from different locations of the rooftop and the two topologies (96 cell
3BPDs an 6BPDs), two types of solar cells gen 2 and gen 3 have been used. The diodes used are
schottky diode which have a turn on voltage of around 0.4 V The operating temperatures of the
diodes is assumed to be a constant value of 30 ◦C to avoid further complexities in the modeling.
Using all this information the multiple solar module IV curves over a year have been generated.
The maximum power points of the IV curves have been manually calculated resembling an ideal
maximum power point tracker. These maximum power points are summed up to calculate yield.
Table 5.1 shows the value of irradiation and yield of various solar modules placed at different loca-
tions on the rooftop, with different electrical layouts. The yield of solar modules made of same type
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Module Irradiation (kWhm−2) Cell Model Yield - 3 BPDs (kWh) Yield - 6 BPDs (kWh)

A 909.81
gen 2 249.62 253.19
gen 3 265.69 268.84

B 480.30
gen 2 55.41 77.50
gen 3 61.09 84.93

C 648.66
gen 2 116.63 141.47
gen 3 125.31 151.09

Table 5.1: Yield of solar module made of gen 2 and gen 3 solar cells for 3 BPDs and 6BPDs configuration at three different
locations.

of solar cells but with higher number of bypass diodes is higher compared to modules with lower
number of bypass diodes as shown.in figure 5.3(a). The module B receives 47.2 % less irradiation
than module A, while module B produces 77.8 % less power than module A assuming both mod-
ules are made of gen 2 cells and have 3 bypass diode configuration. Similarly when module C and
module A are compared, for a 28.7 % drop of irradiation, there is a decline of 53.28 % power output.
This difference in irradiation drop and power output drop is due to the mismatch losses caused due
to partial shading. The modules with higher number of bypass diodes minimise these losses and
hence produce higher yield. From figure 5.3 it can be clearly seen that gen 2 cells with 6 bypass
diodes outperforms gen 3 cells with 3 bypass diodes in both locations B and C where partial shading
is significant.

As shown in figure 5.3(b) modules made of gen 3 solar cells have higher yield than those made of
gen 2 cells and having same number of bypass diodes at all the locations . The higher yield of solar
modules made up of gen 3 cells can be attributed to their higher rated efficiency and maximum
power point. Due to this reason, the yield of gen 3 cells with 3 bypass diodes is greater than gen 2
cells with 6 bypass diodes at location A, where partial shading is not very dominant. However, the
effect of low reverse breakdown voltage of gen 3 solar cells on the performance of the module can’t
be determined. To obtain more conclusive results of the comparison between modules made of gen
2 and gen 3 cells specific yield is calculated along with analysis of different loss mechanisms.

5.2. SPECIFIC YIELD OF SOLAR MODULES MADE WITH GEN 2 AND GEN 3 CELLS

Specific yield is one of the most commonly used performance metrics for numerous solar modules.
The factors that majorly impact the specific yield are the location, choice of module and bypass
diode configuration. Table 5.2 exhibits the values of specific yields for various solar module con-
figurations. Coincidentally specific yield follows the same trend as the yield. The specific yield of a
solar module made with gen 3 cells with 6 bypass diodes outperforms the rest of the solar modules.
It can also be seen that modules with gen 3 cells perform better than gen 2 cells. Especially in the
case of module B which experiences high amounts of partial shading compared to the other to mod-
ules, there is a spike of 5.3 % in specific yield when gen 2 cells are replaced by gen 3 cells. Whereas
the gain for module A and module C are 1.6 % and 2.6 % respectively. The use of low reverse break-
down solar cells at location B plays a significant role in reduction of mismatch losses due to partial
shading. Partial shading causes power dissipation in some solar cells leading to higher tempera-
tures.
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Figure 5.3: (a) Yield of solar module made of gen 2 solar cells and (b) solar module with 3 bypass diodes

Specific Yield (kWh/kWp) No. of BPDs A B C

Gen 2
3 754.50 167.49 352.53
6 765.28 234.25 427.61

Gen 3
3 766.93 176.34 361.73
6 776.03 245.16 436.15

Table 5.2: Specific yield of solar module made of gen 2 and gen 3 solar cells for 3 BPDs and 6BPDs configuration at three
different locations.

5.3. DIFFERENT LOSS MECHANISMS
The STC efficiency of a solar cell is calculated at standard test conditions. The solar modules rarely
operate at standard test conditions and have a different efficiency called operating efficiency. An
analysis of various losses such as optical, thermal and partial shading losses which explain the dif-
ference between efficiency at STC and operating efficiency has been discussed in this section. Cell
to module losses are neglected i.e size of module is equal to the product of number of cells per
module and area of the cell.

5.3.1. OPERATIVE EFFICIENCY

The operative efficiency of a solar module is a parameter used to describe the efficiency of a solar
module under real operating conditions and it is defined as the ratio of output energy yield of a
module over a year to the maximum energy incident on the module :

ηop =
∫

year MPP(t) ·dt∫
year Gm(t ) ·Am ·dt

(5.1)

5.3.2. OPTICAL LOSSES

Optical losses could be reflection, refraction or absorption losses. The solar modules are assumed
to have a glass sheet on top and a white back sheet. Only reflection losses at the air-glass junction
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Operative efficiency(%) No. of BPDs A B C

Gen 2
3 18.68 7.85 12.24
6 18.95 10.99 14.85

Gen 3
3 19.88 8.66 13.15
6 20.12 12.04 15.86

Table 5.3: Operating efficiency of various solar modules.

are considered while refraction, absorption, and reflection at back contact are neglected.
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Figure 5.4: Optical losses schematic of solar cell

Figure 5.4 shows a schematic of solar cell with its
optical losses. The reflective losses for normally
incident light can simply be written as :

R =
(

n1 −n2

n1 +n2

)2

(5.2)

The optical gain due to texturing and white back
sheet have been traded off by neglecting the par-
asitic absorption losses. Substituting the values
of n1 and n2 (refractive indices of air and glass)
from figure 5.4 in the equation 5.2 gives 4 %. This
means that the efficiency at standard test condi-
tions reduces by 4 % due to optical losses.

Gen 2 Gen 3
STC efficiency (%) 22.52 23.59

Optical loss (%) 0.9008 0.9436

Table 5.4: Optical losses

5.3.3. THERMAL LOSSES

In reality when a substring is bypassed the temperature should increase but this increase in temper-
ature is not accounted by the Faiman model. The temperature is calculated as a function of incident
irradiance on the solar module. According to the results of the Faiman model, the annual average
temperature at locations A, B, C are 24.03 ◦C, 18.99 ◦C, 20.97 ◦C respectively.

Module Irradiance (kWhm−2) Cell Model Yield - 3 BPDs (kWh) Yield - 6 BPDs (kWh)

A 909.81
gen 2 262.77 266.50
gen 3 277.34 280.58

B 480.30
gen 2 55.64 79.60
gen 3 61.37 86.93

C 648.66
gen 2 118.38 145.84
gen 3 127.10 155.13

Table 5.5: Yield calculation after ignoring thermal effects

To calculate the thermal power loss: a constant temperature input of 25 ◦C is given to the IV interpo-
lation tool and yield is calculated as shown in 5.5. The difference in the yield of this model and the
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model which varies with temperature gives the thermal losses. The change in yield due to thermal
losses is calculated to be around 5 %, 0.5 % and 1.5 % for locations A, B and C.

5.3.4. MISMATCH LOSSES DUE TO PARTIAL SHADING

Mismatch losses due to partial shading are calculated by subtracting the operating efficiency, ther-
mal and optical losses from the STC efficiency. Tables 5.6, 5.7, 5.8, 5.9 represent all the losses in
different solar module topologies at different locations.

(%) A B C
Operating efficiency 18.68 7.85 12.24

Optical losses 0.90
Thermal losses 0.98 0.03 0.18

Mismatch losses 1.96 13.73 9.19
STC Efficiency 22.52

Table 5.6: Loss distribution in gen 2 cells with 3BPDs

(%) A B C
Operating efficiency 19.88 8.66 13.15

Optical losses 0.94
Thermal losses 0.87 0.04 0.19

Mismatch losses 1.89 13.95 9.30
STC Efficiency 23.59

Table 5.7: Loss distribution in gen 3 cells with 3BPDs

(%) A B C
Operating efficiency 18.95 10.99 14.85

Optical losses 0.90
Thermal losses 1.00 0.30 0.46

Mismatch losses 1.68 10.34 6.31
STC Efficiency 22.52

Table 5.8: Loss distribution in gen 2 cells with 6BPDs

(%) A B C
Operating efficiency 20.12 12.04 15.86

Optical losses 0.94
Thermal losses 0.88 0.28 0.42

Mismatch losses 1.65 10.32 6.36
STC Efficiency 23.59

Table 5.9: Loss distribution in gen 3 cells with 6BPDs

To have a better understanding, the losses are plotted as a percentage of STC efficiency. as shown in
figures 5.5, 5.6. The optical losses are constant and equal to 4 %. A few of the common trends that
can be observed from the plots are : Operating efficiency of module A in all the cases is very high
compared to module B and module C. The reason being, high irradiation at the location A, due to
which the solar module mostly operates in forward bias hence, increasing the operating efficiency.

The mismatch losses portray a behaviour exactly opposite to the operating efficiency. At location B,
due to low irradiation levels, the solar modules operate in reverse bias dissipating energy hence, the
locations B and C have relatively very higher mismatch losses.

As discussed earlier, the rise in temperature due to bypassing of substrings is ignored. The Faiman
model calculates the module temperature based on incident irradiation. The reverse IV curves have
already been assumed to be independent of temperature. The fraction of temperature losses. The
steep rise of thermal losses at locations B and C when more bypass diodes are used can be attributed
to the fact that, mismatch losses have reduced due to the use of more bypass diodes. This decrease
in mismatch losses are compensated by increase in operating efficiency and increase in thermal
losses. The percentage of thermal losses reduce, while using gen 3 cells, possible reason could be
the better temperature coefficients for gen 3 cells. The increase in specific yield from gen2 to gen3
cannot only be attributed to the better temperature coefficients of gen3 and hence it can be con-
cluded that the reverse characteristics are also responsible for the gain

Turning ON of one bypass diode could lead to a reduction of a whole arrays power generation. Due
to a possible chance of bypassing of array during partial shading conditions, the mismatch loss in
module B and module C is significant. Module A is the best illuminated solar module hence the
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Figure 5.5: (a) Percentages of loss distribution in gen 2 cells with 3 BPDs and (b) gen 3 cells with 3 BPDs

mismatch losses are very low. Usage of gen 3 cells instead of gen 2 cells improves the mismatch
error by a very small percentage. The turning on of the bypass diodes being the reason. The use of
cells with an even lower BDV can improve the operating efficiency. Using higher number of bypass
diodes reduces the size of the arrays hence, lesser number of non productive cells during partial
irradiation which results in higher operating efficiency.
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6
CONCLUSIONS AND RECOMMENDATIONS

The aim of the research was to evaluate the potential and performance of solar modules made of
low reverse breakdown solar cells in urban landscapes. The potential of these solar modules can be
determined by estimating the maximum amount of solar radiation that a module can convert as a
function of its electrical layout.

For a case study, a PV system is modelled on a rooftop facing south with a tilt of 36 degrees. The
initial set of simulations are run for an eight parameter model of a solar cell which is built based on
the one diode model. The module location for this study is chosen in such a way that it is neither
the most shaded (to avoid very optimistic results) nor the least shaded (to avoid very optimistic re-
sults). The reverse characteristics of the module have been manipulated while keeping the forward
characteristics unchanged. The breakdown voltage of solar cells have been varied in the range of
−0.12 V and −14 V. There is an almost 36.23 % increase in DC gain for cells with −0.12 V when com-
pared with −14 V cells. Similarly, with a −0.90 V solar cells there is a gain of almost 11 %. There is
no solar cell with a reverse BDV of −1 V but it might be a possibility in the future that these kind
of cells are manufactured. There are several companies such as AE solar manufacturing schottky
diodes with a forward voltage of 0.3 V. For a reverse BDV of −0.25 V there is a DC gain of almost
27.49 %. From this it can be concluded that instead of having one bypass diode per cell which has
a complex manufacturing process it’s worth exploring how to manufacture very low reverse BDV
cells. Also, the solar cells with BDV -5.45 V, -3.70 V and -1.94 V represent measured sunpower solar
cells. The relative increase in yield for each of these solar cells with respect to a solar cell with ∞
BDV is 2.40 %, 4.58 % & 7.00 % respectively. This is a significant gain in yield and hence shows that
it is already worth exploring the the yield of commercially available low BDV solar cells with a much
more accurate model.

The two main assumptions in the previous solar cell model are measuring performance at a con-
stant temperature of 25 ◦C and keeping the forward characteristics unchanged. Therefore a much
more accurate double diode thermo-electric model has been built for the commercially available
Sunpower Maxeon gen 2 and gen 3 solar cells. Although a double diode model needs greater com-
putation power than the one diode model, due to higher number of parameter it has still been cho-
sen, due to the higher accuracy of double diode model in partial shaded conditions which is very
common in urban landscapes. For the solar cell fitting, measurements of 10 gen 2 cells and 10 gen
3 cells have been made in the dark for varying temperatures and also at various irradiance and tem-
peratures. However, the measurements were limited due to the lack of equipment and hence, the IV
curve measurements were only taken in the range of −3 A to 3 A. Initially the forward characteristics
have been fitted using the Hovinen model. The external parameters from the fitted model turned

59



60 6. CONCLUSIONS AND RECOMMENDATIONS

out to have a deviation of less than 1 % from the original solar cell measurements. The Bishop’s
model was used to fit the reverse IV curves in the model. But managing a constant slope at the short
circuit current point at different temperatures was difficult to model. Especially with the slope of
gen 3 cells being greater than gen 2 cells did not help. Due to the limitations in measurements and
in view of time the reverse IV curves have been left independent of irradiance and temperature. The
measured reverse IV curves have been manually fitted to the existing forward IV curves. Due to the
low irradiance and temperature coefficient, the accuracy of the model is not jeopardised. However,
it is suggested to add the thermal model for reverse bias in the future.

Finally the potential and performance of solar modules in urban landscapes for a solar module
made up of 96 solar cells has been analysed for three different locations on the same rooftop dis-
cussed above. The locations were chosen in such a way that the modules are highly illuminated,
highly shaded and intermediately shaded at each locations. The solar module with 6 bypass diodes
(BPDs) has a better performance than a similar module with 3 bypass diodes irrespective of the lo-
cation and type of cell chosen. The higher number of diodes reduce the mismatch losses during
partial shading condition thereby increasing the operational efficiency. Similarly, a solar module
with 3 bypass diodes made of Sunpower Maxeon gen 3 solar cells has a better performance than
module made of gen 2 cells. This not only accounts for better forward parameters of gen 3 cells but
also its better temperature coefficients.

To sum up, the electrical potential increases by around 36.21 % when the reverse BDV is changed
from infinite to 0.12 V and keeping the forward characteristics unchanged. Next, commercially
available low reverse BDV solar cells are represented by a thermo-electric model based on the two
diode solar cell model. However the reverse characteristics have not been modeled with varying
irradiance and temperature partly owing to the limitations in measurement equipment. This is
something which could be worked on in the future. Finally the commercially available low reverse
BDV cells performance is compared with each other with the help of the developed model.
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