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ABSTRACT

Solar energy is increasingly in demand as a clean, sustainable source of energy without a
carbon footprint. This thesis examines the effect of weather conditions on the performance

of photovoltaic (PV), photovoltaic thermal (PVT), and thermal solar erggpglications.

The aim is to maximize the utilized energy, to reduce the costs of energy and emissions.

The analysis is conducted by using a dataset of weather conditions in a North American

city over a period of one year.

First, the effect of weather coitidns on the generation of harmonics in PV systems is
investigated. A PV model, including the inverting stage, is considered. Three converter
techniques, which form the basis for the majority of converters, are used to validate the
proposed approach: A sgrewave inverter with 60Hz switching, a squavave inverter

with blanking angle and 60Hz switching, and pulse width modulation (PWM). Probability
density functions and probability distribution models are determined as aids for improving
the quality of he power generated. The lotegm effects of weather conditions on
harmonics produced by PV inverters are considered. The results show the variatbidty in
amplitude of each harmonic component, the boundaries of each harmonic component, and
which harmonic mgnitudes occur more frequently.

Secondly, the effect of weather conditions on the PV cell ratio of a PVT system is analyzed.
The maximum overall thermal energy (OTE) and @@ emission reduction of the PVT
system is obtained for an entire year. Constandtvariable flow rate values are applied in

the simulated study for different time spans over a year. To validate the proposed work,
threetime span levels are evaluated: A macro level (annual), meso level (seasonal) and
micro level (monthly). Simulatednodels are developed to obtain the appropriate PV
coverage area to maximize the OTE.

Thirdly, global solar radiation (GSR) prediction models are proposed which achieve
improved performance in terms of error values and structural simplicity. The proposed
models are based on the weather conditions of the specific location. Finally, a practical
application is developed on the basis of the proposed GSR predictions, which help to
maximize the utilized energy.
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CHAPTER 1 INTRODUCTION

As a clean source of energy, sadaud other types of renewable energy are important for
meeting future energy needs, especially in rural areas. Costs associated with the use of solar
energy still present a challenge. While photovoltaic (PV) systems comprise one of the most
important renewlale energy resources in terms of global installed capacity, hybrid
photovoltaic thermal (PVT) systems increase system efficiency by using a combination of
PV and solar thermal collectors. This work focuses on PV, hybrid PVT and thermal
systems as a renewalsource of energy. Problems involved with the use of this type of
energy include efficiency, power fluctuations, and harmonics. Much research has been
directed toward harmonic estimation and power fluctuations, to reduce the impact of these
factors. In ddition, many studies have been done on maximizing the efficiency of these
systems. The present work focuses on weather conditions and their effects on solar energy
applications and systems. Because weather conditions are among the most significant
factors affecting these issues, this study is important in terms of the overall cost of

renewable energy integration, and the quality and security of renewable power systems.

1.1 THESIS OBJECTIVES

The primary objectives of this research are to investigate the effeeather conditions
mainly temperature and solar radiation tliea generation of harmonics in PV systems, and

to examine the PV cell ratio photovoltaic thermalfVT) systems to propose models that
maximize the utilized energy. Another goal is toraduce solar radiation prediction
models which achieve improved performance in terms of error values and structural

simplicity comparedto the similar worls thathave been done on this fiel@the final



objective is to develop programbased on the propadesolar radiation predictions, to

assist in maximizing the utilized solar energy.

1.2 THESIS CONTRIBUTION

In this work, the relationship between weather conditions over the long term and the
generation of harmonics in PV systems is investigaitest earlier vork has focused on
varying either the radiation or the temperature and determining the effect on the maximum
power point. Thigshesisutilizes real data that has different radiation and temperature values
in a given time span. It ibund that the amplitués of the fundamental and harmonic
components decrease when the radiation decreases, and the temperature increases and
verse versa. Howevdhevariation in weather conditions does not affietratio of each
harmonic to the fundamental components otimput.In addition,probability distribution

models are determined for each fundamental and harmonic component of the signal, for
the different converting techniquéghis study will help to construct a filterg systemto

mitigateharmonics.

The relationship between weather conditions over ayeae period and the PV cell ratio

in PVT systems is studied to help maximize thermal energy, in order to increase savings

and reduce emissiondglost previous work has focused on a constant fluid flae o&the

PVT system, different PV coverage areas with discrete, limited percentages (e.g. 25%,

50%, 75% and 100%) and a short time span during the year. The phesuitilizes real

data which contain different values of solar radiation, wind spéma rbte, temperature

of the input water, and temperature of the air, for one year. Furthermore, variable water

flow rates and different percentages of PV coverage are used to calculate the monthly and

seasonal OTE.



Three Global 8lar Radiation (GSRmodds are proposetb improve performance and
accuracyof the solar predictionFor this study, the data inputs for the GSR prediction
model are the ambient temperature, relative humidity, cloud cover, wind speed, time of day
in hours (1 to 24), and day ofelyear (1 to 365)The data were recorded in Halifax, Nova
Scotia, Canada, between 2000 and 2605 this study, hourly and daily GSR (G&Bnd

GSR) are predicted from the modets (cloud cover) hu (relative humidity), and (air
temperature) are found to be the best individual weather variables to use as inputs for both
0O°Y'Yand O"Y Yprediction.Using maximumO"Y Yand O Y Ygives each hour and day at

a specific location a distinctive identity, by eliminatitg teffect of weather variables on
GSR. This helps to process the effect of each individual weather variable on GSR. In
addition, using maximum GSR helps to decrease the number of weather variables needed
for prediction.

Wavelet Neural Network (WNNis usedfor GSR error("O"Y Yjprediction.A number of

mother wavelet functions (Morlekjexican Hat (Mexihat)Haar and Gaussiaaye used

as transfer functions for the hidden layethe networkfor "O"Y“prediction.

Moreover, a load management applicatcalled SmartSaveis developed to maximize
utilization of the solar boiler system through the scheduling of household activities. This
application uses the second proposed modeof Yand O™Y Yprediction, and is fed the
weather variables dictly from a weather website. In the first step in developing the
application, live weather data are provided from a weather website. In the second step, the
‘0Y'Yand'OY Yare predicted for ten days. The cumulative hourly energy is then calculated
for ten days. In addition, the cumulative daily energy, and optimal days in tuayen

period are obtainedhe next step is to add household activities which consume hot water,



such as diskvashersusing the washing machine, and taking a shower or bath. The next
step is to find the optimal savings obtainable by scheduling the aclitige results have

been publishedndsubmitted1]-[10].

1.3 THESIS OUTLINE

Thisthesis is organized as follows.

Chapter 2 presents a brief overview of renewable and solar energy and its development
history. Chapter 3 provides an overview of PV and PVT systems, including the structure,
models and mathematical analyses of the systemaddition the modeling, simulation,
analysis and discussion of the effect of weather conditions on the PV cell ratio in PVT
systems are presentedhapter 4 briefly reviews solar radiation forecasting via artificial
neural networks (ANN) and wavelet nalnetworks (WNN), and presents applications

and structures of ANN and WNN. A literature review of solar radiation prediction and the
evaluation of prediction models is also providsthreover, new models for global solar
radiation (GSR) prediction are mtduced and compared widxisting onesn the field.
Chapter 5 reviews harmonics and their causes and effects, as well as metrics used in the
measurement of harmonic levelsA literature review concerning the generation of
harmonics in PV systems is also presentdéurthermore,the modeling, simulation,
analysis and discussion of the effect of weather conditions on the generation of harmonics
is presentedChapter 6 brieflyeviews and defines the concept of load management, and
provides a literature review in this fielsh addition, a newoad managemerapplication

is presented which could be valuable for maximizing cost savings and reducing emissions
through the use of @mmal systemsFinally, Chapter7 presents the conclusions of the
research and proposes suggestions for future endeavours in this field.
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CHAPTER 2 RENEWABLE AND SOLAR ENERGY

In this chapter, a brief overview of renewable and solar energy is prefEdjted

2.1 INTRODUCTION

Since its advent, electricity has become a critically important element of human life,
forming the basis for the lifestyle of the modern era. In light of rapid technological

advancement, the rise of new technologies, and exponential population growth worldwide,

there is an urgent need for enhanced methods of power generation.

Particularly in recent years, global electricity requirements have been the focus of a
multitude of sudies and higiprofile research spanning many fields. Several factors have
contributed to the increasing focus on worldwide energy consumption needs. One of the
most striking is the environmental damage which has occurred and continues to occur from
the urning of hydrocarbon fossil fuels. Althouglebatedthe concept of global warming

as a threat to humanitigas served to spur interest in examining our current energy
consumption patterns and energy sources, with the aim of finding more efficient and
sushinable alternatives. Significant instability in regions of the world that are largely
responsible for the production and export of crude oil, a basic staple of fossil fuel energy,
has caused concern, especially in conjunction with the deepening worlslvadyy crisis

[11].

2.2 RENEWABLE ENERGY
A combination of environmental awareness, evolving economic and foreign policies, and

public opinion on such issues has led worlgoverning bodies to engage actively in



fostering and subsidizing research, and in promoting renewable energy on a much larger

scale in the past decade than ever bdfizp

The increase in demand for renewable energy resources, as opposed to burning of
hydrocarbon fossil fuels, is understandable because it is inexhausiddaer and

produces virtually no pollutiofi3], [14].

Research in renewable energy is focused particularly on geothermal, wind, marine, and
solar energy, with the aim of developing improved methods of generating electricity and
its integration into the existing grid infrastructure for distribution to users. The basic

principle is to extract energy from sustainable sources via mechanical or reaction methods

2.3 SOLAR ENERGY

In wind, wave and tidal current energy extraction mechanarakefis used to rotate a
turbine which drives an electric generator that generates electricity. Geothermal energy is
harnesses heat from the Earth, to produce steam which then powers agengrsor set

to generate electricity. Solar energy, whichhis focus of this thesis, can be used in many

different ways for poweextraction.

In the first method, mirrors are used to concentrate heat as a means of heating water. This
produces steam, which is then used to drive a turbine generator to produce @beotri
[15]. This method is used in solar thermal power plants. One such plant in the Mojave

Desert has a total capacity of 392 megawatts (M¥), [16].

The second method uses photovoltaic (PV) cells, which are placed in an array on large
panels that are positioned so that they are exposedeximum amount of sunlight. The

materials from which the cells are constructed, such as silicon or other semiconductor
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materiab, undergo electron excitation. This process results in the direct conversion of
sunlight to electricity, which can then b@md or otherwise integrated into an existing
distribution grid infrastructur¢l5]. The third method, is a hybrid of PV and thermal
systems, which has the capability of generating et#tgtrhot air and hot water by using

air and water combined as cooling mefdi@], [18]. Chapter 3, will discuss this method

further.

The promise offered by solar energy technology has been significant since it was first
developed in 1860 as a heating method. In the 1950s, solar panels were used to power
satellites in orbit, and continue to be used for that purpose today. Solar energptiapglic

are diverse, ranging from simple solar heaters and cookers to complex PV power
generation stations. Solar energy research has greatly intensified recently as a result of
global interest and increased government funding, particularly within the é&amdgnion

[19], [20].

Within the last decade, power generated by means of solar technology has vastly increased.
For example, as of Decdyar 2016, the solar PV capacity amounted to more than 303 GW
worldwide, the capacity for concentrating solar thermal power totaled 4.8 GW, and the
solar hot water capacity was 456 GW. This represents a meaningful increase in the amount
of thermal energy ahelectricity being generated by solar energy colleddnh. Global
electricity produced by renewable energy at the end 2016 is shdviguire2-1. The top

five countries by the end of 2016, in terms of investment, capacity and production, are

shown inTable2.1 [21].
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Figure 2-1 Global electricity produced via nenenewable and rem@ble energy at the
end 201410].

Table 2.1:Top five countries in terms of investment, capacity and produf@n

1 2 3 4 5
Solar PV China USA | Japan|india| UK
Concentrating solar thermal power | SouthAfrica | China - - -

Solar hot water China Turkey| Barazil| India| USA

Solar energy is also much more accessible than traditional consumable fuels and other
modern renewable energy sources, because energy from the sun is readily available during
daylighthours at every location on the planet. This means that light and heat energy from
the sun can be collected anywhere, even in landlocked or isolated locations. In the case of
tidal and wind energy, although power can be supplied to remote areas viabaitthstri

grid, far fewer sites suitable for power generation are available than is the case with solar

energy.

Analysis regarding the technical potential of concentrating solar power (CSP) was carried
out in Europe in the REACCESS project. The study usedartirect normal irradiation
(DNI) data provided by NASA to assess the feasibility of placement of solar energy

gathering arrays as shownhkigure2-2.
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One of the challenges involved with the widespread implementation of solar power
generation ighe cost of the components. Fortunately, costs have fallen dramatically in
recent years, mainly because of the increase in both public and government interest in
renewable energy sources. Economies of scale have played a significant role in lowering
the mosts associated with the production of solar cell panels and inverters. Increased
demand and expanded production have also led to greater expertise and efficiency in the
manufacture of the various components required to harness solar energy. Ultimately thi

has also served to reduce cdif, [23].



CHAPTER 3 PHOTOVOLTAIC AND PHOTOVOLTAIC
THERMAL SYSTEM

In this chapter, a brief overview &V andPVT Systens are introducedAs well as the

effect of weather conditions on the PV cell ratio of the PVT system is and{ljzg&], [8],

[9].

3.1 PHOTOVOLTAIC

3.1.1 Introduction

Depending on the application, PV systems include several interconnecting components,
designed to perform specific tasks, ranging from the powering of small, portable devices,
to providing power on a much larger scale, for example by feeding electriaty im&in
distribution grid.PV systems can be designed to provide power in the form of either
alternating current (AC) or direct current (DC). They are also designed to be integrated into
a wide variety of configurations. For instance, they can be ineshraith other power
sources, storage systems, or grid interactive production/utilization monitoring equipment.
Because the applications to which PV systems can be applied effectively are varied and
wide-ranging, numerous configurations exist, and clasdiincs depend upon the

application for which the system is requiféd].

3.1.2 Classification

Two primary types of PV system are commonly available on the market, as shown in
Figure3-1. These systems are classified as those which connect to the grid, and those which
are isolated, offyrid systems. Offyrid systems in turn can be divideddrthree categories:

Standalone systems with or without storage capacity, and hybrid sy§2din$25].
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4.‘ Appliances With Wind Turbine ‘ Indirectly connected ‘

4.‘ With Battery With Diesel Generator ‘

AC output

Figure 3-1 PV system classification

PV systems have recently seen expansive growth incgndected developments,
particularly installations which produce over 200 kW and operate as centralized power
plants. Europe has become a major centre for the development of such applications. A
significant increase in the implementation such installations has also taken place in the
United State$26]. Although offgrid systems were initially popular, beginning with the
commercialization of sofaenergy solutions in the 1970s, as technology advanced and
viewpoints have evolved to be more in favour of mass sustainability, the focus has shifted

to systems which are integrated with the 2id].

3.1.2.1 Stand-Alone Systems

Standalone, or offgrid PV systems, are generally preferred when the location of the
application makes connection to the grid difficult or impossible. In addition, -siane
systems are frequently employed to powerlsdevices such as watches, calculators, and
flashlights. These smadicale applications have staabne PV systems with no energy
storage capacity, because the appliances are typically run directly from the power being
produced by the solar c¢H8].
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Other oftgrid PV systems store solar energy in batteries, for later use. Such systems are
generally employed for applications with a large, prolonged demand for power. PV systems
that store pergy are also useful when energy is required at times when direct solar power
is unavailable, such as at night, or when irradiation from the sun is obscuregtidOff
systems with storage are often employed in rural areas where various appliances have
power requirements, but there is no access to the[88d This is often the case with
cottages, or houses that are built in areas which are not yet developed and are lacking in
municipalinfrastructure. OHgrid PV systems that store energy are also important for other
applications. In recent years, it has become the practice of governments when planning
infrastructure, to consider staatbne PV systems along highways to power nighttime
lighting, signage and traffic control lighting, or in rural areas for applications such as small

to mediumscale water pumping stations and purification systems, as shdviguire 3-2

. This technology has also enabled telecommunications companies to overcome significant
challenges, especially since the advent of mobile communications, in providing power to
tower and transmitter installations in rlesaeas where there is no access to the[§O#

[32]. The use of PV systems to provide powertfansmission base stations and repeater

arrays has permitted rapid growth of wireless communications infrastructure.

Battery
L

Controller |—| Inverter H ACLoad

PV Cells

Figure 3-2 Stand alone System
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Hybrid standalone PV systems combine PV technology véither another renewable
energy generating technology, or a source which uses more traditional power generation
methods, such as a diesel or -gasvered generatof33], [34]. In this way, two
technologies, working together, produce the energy required for a given application. Such
hybrid systems are often used in order to conserve resources or redufgs¢d&x6]. For

example, powering a rural summer cottage with a diesel generator alone can involve
significant costs, in continually sourcingedel fuel to operate the generator. This is
particularly the case in recent years, since fossil fuels have become more expensive. By
investing in a PV system, after the initial investment, which is becoming more economical
as the technology advances, thvener of such a cottage would be able to reduce energy
costs by having decreased dependence on diesel fuel, and harnessing solar energy to meet
part of the total energy requirements. A hybrid system can provide power around the clock
more economically ancfficiently than would be possible if only traditional, Ron
renewable energy sources were used. In addition, diesel -ogased generators and

other mechanical means of power generation with moving parts require lubrication and
maintenance, which als@be associated costs. PV energy solutions are more economical

in this respect, following the initial investment to acquire the components and install them.
Thus, a hybrid system can also reduce costs by decreasing the maintenance requirements

of mechanicasystemg37].

Although large standlone systems can and have been employed for such purposes, hybrid
PV systems are often designed as a means of providing power to small rural communities,
as shown irFigure3-3 . When such communities are located far from a conventional grid

infrastructure, hybrid power systems can offer convenienost effectiveness, and

13



efficiency. Such solutions have been used for communities in industrialized as well as
developing nations. PV power systems can also play an important role in providing power
for the agricultural needs of rural farming communitges;h as electric fencing and water

pumping for irrigation.

A - :
Yol Wind Turbine
<)
f)?ﬂ. /

/
PV Cells /'\é\ .<
a9

oyl

Diesel Generator e

Battery Inverter
[
Battery Small Community

Figure 3-3 Hybrid PV system

3.1.2.2 Grid Connected Systems

Grid-connected, centralized PV systems, as showkigare 3-4, have been a particular
focus of attention in recent years. In this type of application, a PV system with or without
battery storage is connected to a distribution grid by means of a power inverter. Grid
connected systems must be synchronized with tdauvhich they are connected in terms

of both voltage and frequency. Such systems vary in size, ranging fromssadall roof
mounted systems in residential neighbourhoods, to -srgle PV power generation

stations that generate enough power to seeasicentire aregB8], [39].

The primary advantage of a grebnnected system is that when power is not availabie fro
the PV system, it can be drawn from the connected central distribution grid. In turn, PV

systems connected to the grid can help to improve the grid voltage and overall reliability.

14



The emphasis on overall sustainability and reliability, and the desaehieve a cost
effective integration with current infrastructure in order to facilitate a smoother transition
to renewable energy, accounts for the increasing use ctgmidected PV systems. In
Germany, an early adopter of largeale PV power solutionsnore than 1 GW of power

was generated via grcbnnected PV systems in 20[340].

An important component of grdonnected PV systems is the inverter, or power
conditioning unit (PCU). Th@CU converts the DC power produced by the PV panels into
AC power that is compatible with the local grid in terms of voltage, frequency, and power
quality, as specified by the utility providé41]. In addition, the PCU has switching
functions that prevent power from being shunted to the grid when the grid is not energized.
The PCU is incorporated into the system via -@ikectional interface between the PV
system with its AC output auits and the utility grid network. This is usually achieved by

a distribution patch panel or a service entrance demarcation. This integration permits the
PV system to supply power to either the grid or the locality. Whesiterdemand is lower

than the atput from the PV system, the excess power produced can be fed to the grid.
Conversely, when ggite power consumption exceeds what the local PV system is capable
of providing, power can be drawn from the grid. This most often occurs at night, when the
sunis below the horizon. This{alirectional capability, which is a required feature for grid
connected systems, ensures that the PV system does not continue to feed power to the

distribution grid if the grid is not in servi¢é1].

Overall, gridconnected PV systems are regarded as being beneficial to the grid to which
they are connected, because they can reduce power losses and improve the voltage profile

of the utility grid. However, itshould be noted that there can also be negative effects
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associated with gridonnected PV systems. This is particularly the case if there is a high
penetration of gricconnected PV systems. These negative impacts include power and
voltage fluctuations, andarmonic distortion. The failure of protective devices can also

result in overloading or undémading of the grid feedefd2].

A
U~ :
"':]OD’ Grid
4 Vv Q Battery
ry

Y
ChargeController (< |nverter — Load

PV Cells

Figure 3-4 Grid- Connected System

3.1.3 PV System Component Structureand Modeling

PV systems, depending on their intended application and the specifics of their expected
functionality for any given installation, are comprised of several components which
interconnect toreate a fully functional offyrid or gridconnected PV system, as shown in
Figure3-5. Regardless of the type of system, the primary component of any PV system is
the solar panel. Secondary to the solar panel is the inverter/converter unit, which is also
referred to as a poweonditioning unit (PCU). This device serves to convert DC power to
AC power, and then condition the power to the proper frequency and voltage to service the
load. Depending on the configuration, there may also be battery or capacitance banks in
use, for torage of the energy produced. Finally, various types of mounting hardware are
required to mount the panels in an optimal location for the collection of light quanta at the
particular installation location. Rooftop and pole mounting are common. It ip@dsible

to set up a panel array on the gro(4a8].
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Figure 3-5 PV system components

It is important to note that the power output of a PV atedlepends upon the intensity of

the light from the sun to which the module is exposed, and upon the temperature of the
semiconductebased cells which make up the larger panels. For this reason, the power
must be conditioned via a power conditioning YRICU), to stabilize the output in order

to deliver it in a form suitable for the grid, batteries, or end load. It is also important to
point out that not all systems require conversion of the DC power originally produced by
the system into AC power. Smalpplications such as watches, calculators, flashlights, and
small panel kits sold for powering camping or hiking gear are only required to produce DC
power similar to the dry cell alternative. Larger installations, including those which
supplying loads oé residential, commercial or industrial nature, usually require inverters
to facilitate the conversion to AC power. In gddnnected solutions, additional
components that are part of the PCU serve to obtain the proper frequency cycle, and to
ensure thathe flow of power is bdirectional as required, depending upon peakjetik

hours, the rate of consumption versus the power produced by the local system, and

compensation for power fluctuations due to meteorological condiddihs

17



3.1.3.1 PV Cell

The smallest functional unit of a PV system is the solar cell. Types of solar cell include
mona-crystalline silicon, polycrystalline silicon, amorphous silicon, and thin film silicon
cells. Experimats and research are also being done on other semiconductor materials.
Copperindium selenide, cadmium telluride, gallium arsenide, and many other organic and
inorganic polymers are among the alternative semiconductor materials being used to
produce PV cé$. At present, approximately 90% of the PV cell technology prevailing in

the market is divided between meramd polycrystalline type$45].

PV cells use a photovoltaic effect to produce electricity. This effect is a quantum
mechanical process. The basic structure of a PV cell is that-ofjantion in the silicon
semiconductor material, similar to a diode, as showhRigure 3-6. An electric field is

formed at the junction by means of impurity doping, which usésging on one side and
n-doping on the other. Essentially, when the asitradiated with light quanta, the photons
create charge carriers, which are separated across the electrical field. This creates a
depletion region, which exists between the p and n sides of the junction. As a result, a
voltage is generated across theeexal contacts, which in turn creates current flow through

to the load, if the circuit is complet¢di6], [47]. The photocurrent flowing fra the solar

cell is proportional to the irradiation intensity of the sunlight.
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Figure 3-6 PV cell structure

As shown inFigure3-7, a PV cell equivalent circuit is comprised of a current source paired
with a parallel diode. The presence of parasitic resistance should be noted: The series
resistancey , normally has amall value; and the shunt resistan¥e,, is relatively large.

'Y is primarily influenced by material factors such as the bulk resistance offered by the
semiconductor material, metallic contacts and interconnectionsis attributable to non

idealities and impurities present at tha punction.

W=
—¢— %RSH e v

Figure 3-7 PV cell equivalent circuit

A generalized equation for the diode current of the PV cell is givgA3h{52]:
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wherel is the overall diode current produced by the d@llis the current generated by the
incident light quanta arriving at the cellfichis directly proportional to the level sblar
irradiation), “O is the reverse saturation current of the diagles the electron charge
(1.60217646 @ t C), nis the ideality factork is the Boltzman constantX.3806503 x

p t J/K), Tis the temperature of the PV cell (more specifically the temperature @t the
njunction) measured in Kelvifiy is the reference temperatu€is the solar irradiance,
V is the voltage across the gelY is the slope of the-V curve at the (Oshortcircuit
curren) point,and’Y is the slope of the-V curve at the gpencircuit voltage 0). The

valuesof,’Y andY aredetermined underaryingenvironmental conditias

PV cells arecharacterized by several important parameters, which are briefly discussed
below. In general, the shectrcuit current {O), opencircuit voltage @ ), fill factor (FF)
and cell efficiency( daje specific parameters that are determined via-theurve of a

PV cell, as shown ifkigure3-8.

The variabl€O represents the current passing through the PV cell when the voltage across

the cell is zero, i.e., when the cell is shartuited.
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Figure 3-8 Thel-V curve of a PV cell

The shorcircuit current is caused by the generation and accumulation oigegterated
carriers. An ideal PV, operating with the most modest resistive loss mechanisms, has a
shortcircuit current equao the lightgenerated current. Thus, the shartuit current is

the maximum possible current that can be drawn from a PV cell.

The variablew represents the greatest possible voltage available from a PV cell. This
voltage is achieved when the cell has zero current flow. The-cpant voltage is
proportional to the amount of forward bias on the PV cell, as a result of the bias of the p

junction with light-generated current is depicted in the-V curve, and is given bj48]:

)
n

lo

: Y,
@ Ot— p (3.5)

@)

The shorcircuit current and the operircuit voltage are the maximum possible current
and voltage, respectively, for a PV cell. However, it should be kept in mind that when either
of these states is achieved, the power from the cell is zero. In coojuagth the short

circuit current and the operircuit voltage, the fill factor KF) specifies the greatest

possible power draw from a PV cell. TRE is the ratio of the maximum power from the
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PV cell to the product of the sharircuit current and the @prcircuit voltage, and is given

by [48]:

00

(3.6)

where6 is the maximunpower voltage anyl  is the maximurpower current.

PV efficiency is the parameter most commonly used to compare one model of PV cell with
another. Efficiency is defined as the ratio of the energy output by the PV cell to the energy
input by the sun. It is important to note that the efficiency rating of @df does not

merely represent the performance of a PV cell in itself, but also depends on the spectrum
and intensity of the irradiation by incident sunlight, as well as the temperature of the PV
cell at the pn junction. Thus, the conditions under whefficiency is measured must be
handled with care in order to achieve a meaningful comparison between PV cells. PV cells
intended for terrestrial use, at the surface of the Earth, are measured according to air mass
1.5 (AML1.5) conditions, at a temperatuieg v C. PV cells designed to be used in space

are measured at AMO conditions. The efficiency of a PV cell is calculated as the fraction

of incident power which is converted into electrical power, and is givé4d}y

0 @ 0700 (3.7)

w 000 38
6 (3.8)
Whered is theincident power of solar radiatioper unit area oPV cell.

Resistive effects in PV cells reduce the cell efficiency by lowering power output, because

power dissipates in the resistances presented. The types of parasitic resistance most
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commonlyencountered in PV cells are series resistance and shunt resistance. In most cases,
the combined values of these parasitic resistances reduce the fill factor. The magnitude and
effect of the series and shunt resistance depend upon the geometry of thé &\itcel

operating point.

Series resistance in a PV cell has three primary causes: The movement of the current
through the emitter and base of the PV cell, the contact resistance offered by the junction
of the metal contact and the silicon semiconductderra, and the resistance inherent in

the top and bottom metal contacts of the PV cell. Series resistance reduces the fill factor,

and exceedingly high levels may also reduce the slrauit current.

Noticeable power losses due to the presence of sisistance usually result from defects
caused by poor manufacture, rather than from poor cell design. A low shunt resistance can
cause power loss in PV cells by providing an alternative path for the flow otjeytgrated
current. This diversion of the ment reduces the amount of current flowing through the

PV cell pn junction, and reduces the voltage output of the solar cell.

Individual PV cells based on silicon semiconductors typically produce about half a volt.
Because this output is so small, maeliscare connected in series in a PV module. Many
modules are then grouped together to form a PV panel, and PV panels are mounted and
arranged to form PV arrays. All the cells in the array produce the power output that is
utilized for end power conditiongn by subsequent PV system components. The
accompanyindrigure 3-9 depicts the organization of PV collector components, from the

simplest unit (the idividual PV cell) to the most complex (the PV arrgs3].
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Figure 3-9 PV cell arrangement

3.1.4 PV Challenges

3.1.4.1 Fluctuation

Fluctuation is an important challenge, because itis a common issue that results from natural
phenomena. Natural fluctuation in the irradiance of light from the sun is caused by the
formation and movement of clouds. Such fluctuations give rise to opexaporblems

and make it difficult to forecast the output power. Differing cloud patterns and cloud
densities hinder the accurate calculation of potential outcomes. In addition, wind speed can
affect the duration of fluctuations caused by cloud formatiBesause wind speed is
variable, present conditions can persist from a few minutes to several hours, and it is
difficult to predict the length of time that fluctuations may Ig#t]. In view of these
variables: Cloud type and size, wind speed, and topology and configuration of the PV array,
it is clear that there is no universal solution that can be employed to deal with this problem.
Clouds differ in size and type. Cloud types can be idedtily comparing the apparent

size of puffs of cloud to that of an outstretched hand. A cirrocumulus cloud has puffs of
cloud that are small, comparable to a fingernail; an altocumulus cloud has puffs of cloud

that are mediunrsized, comparable to a thumindsa cumulus cloud has puffs or cloud that
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are large, comparable to a fighetime of day most subject to wide power fluctuations is
usually around noon, when the sun is at its zenith. At this time, the output of the PV system
is potentially the higheshecause irradiation from the sun falls most directly on the array,
resulting in the highest level of electron excitation in the solar cells. If there are clouds at
this time of day, there can be wide fluctuations in the power provided to the grid. &glativ
high equipment costs also limit the solutions available to electrical utility companies, to

reduce the negative impacts of such fluctuat[éd$.

3.1.4.2 Harmonics

While fluctuation is a problemwvhich results from natural phenomena, there are also
technologybased challenges that must be addressed to avoid problems in the grid and
prevent damage to system loads. In particular, waveform harmonics are a significant
concern. This issue arises fror@® conversion of the DC current produced by the solar
panels to AC current. This is performed via a seamductor switching circuit; however,

the AC wave resulting from this method of conversion is not a perfectly sinusoidal wave,
because there is not angoth transition between the switching phases. Modern PCUs
employ methods which compensate for this imperfect waveform, but older devices with
poorquality, inefficient inverter circuits and components may generate serious harmonics
during the conversionrpcess[55]. It should be noted that the effects of waveform
harmonics are cumulative and can result in significant undesirable impacts on the grid,
such as excessive voltages and currenestd series and parallel resonance. Harmonics
can also impair the functionality of attached appliances and cause component {Eshage

Research in the area of inversion waveform harmdmssfound that the odd numbered
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harmonics are the most problematic with regard to the severity of the distortion produced.

Thus, the 8, 5", 7", etc., harmonics are the ones which are of primary cof6é]n

The complete elimination of waveform harmonics is not achievable via current technology,
however, modern PCUs are designed to limit harmonics and perform waveform smoothing,
similarly to any modern inverting power supply. Oneusioh for managing harmonics is
pulse width modulation (PWMpB7]. PWM serves to control the voltage by manipulating
the interval and the width of the pulse, so that the averagegeottutput equals that of the
required fundamental waveform. After PWM is employed, in an additional step, the low

line current distortion produced by the modulation process is filtered out.

LCL filters are commonly used in many topologies. These filtetsese excellent
attenuation with relatively inexpensive components, and are suitable for high power
applications. In other words, good power quality can be obtained with a low component

cost[58]-[60].

3.1.4.3 Cost of PV Systems

The overall cost of PV system implementation continues to be relatively high in
comparison to the cost of other renewabiergy production systems. However, increased
demand has caused prices to decline. For continued improvements to be made, public
research funding is needed to facilitate new research and enhance existing study efforts. In
addition, increased public awareseof renewable energy and PV systems is required. In
1992, the cost per watt of energy produced by a PV crystalline cell was approximately
$4.23. Ten years later, that amount had fallen to §BX The price continues to fall as

the volume of production increases with demand. The accompanying figure illustrates the

26



general trend of solar energy production costs. It should be noted that the Chinese company
SUN-TECH, the largest producerf @®V cells and panels worldwide, forecast that
manufacturing costs would decrease by the end of 2017 to approximately $0.32 per watt

[62].

3.2 PHOTOVOLTAIC THERMAL SYSTEM

3.2.1 Introduction

Hybrid systems consisting of PV and thermal modules may be the best choice to minimize
costs and equipment, and increase overall efficiency. The photovoltaic thermal (PVT)
model produces both thermal and electrical energy at the same time. PVT systdimns uses

same frames for the PV and thermal mod{6&3.

Kern and Russell introduced the concept of the first PVT coll¢g4dy [65]. Hendrie and
Florschuetz introduced the theoretical (Howdhillier) PVT model, by using conventional

thermal plane concepfg5], [66].

3.2.2 Classification

A PVT system can generate electricity, hot air and hot water, by using air and water
combined as a cooling substance. The system performance can be evaluated under indoor
weatherconditions[17]. A solar air heater with a compound parabolic concentrator has

been investigated with a varying mass air flow fa8j.

In general, glazed PVT water collectors are more suitable for thermal energy applications,

and unglazed PVT water systems are better for electrical energy appli¢afipns
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3.2.3 PVT System Model

The water flowing underneath the absorber is heated by solar radiation that is transferred
through the PV cells to the absorber. The water flows from the bottom of the collector
toward the top. The water output from the part of the coltebttt is covered by PV cells

is input to the part that is not covered, as showfigare3-10 [65].

Glazing surface

Solaﬁ Cell ! G
- :
Air Gap
() = =10
Inlet Thermal Insallation = Outlet
T
I

Figure 3-10 Crosssection of PVT collector

3.2.3.1 Mathematical Thermal Analysis

PV cells can be placed on the upper or lower portion of a PVT collector. In this research,
the lower portion of the collector was covered by PV cells, because more thermal and

electrical energy can be gained there than in the upper pf@8pn

Energy balance equations have been derived for a-gtgaly state. The ohmic losses and
heat capacity of PVT collectors are neglected. The energy balance equations providing the

thermal parameters of PVT water collectors[éE, [68]:

~.

. I tr 0O Y RTY QRTY
Y = .
Y - "Qﬁ 3 9)
tp 0 00 tf W VY QY
"y | T 9 i h (3.10)
Y i Qp
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Y W (3.19)
50 31
0 e (3.19)

where| T istheproduct of effective absorptivity and transmissivi§g is incident
solar intensity § ¥a ),”Y  is thecoefficient foroverall heat transfer frote solar cell
to the ambient surroundingthroughthe glass cover (#& K), Y is the ambient
temperatureK), 'Q; is the solar celplate the solar cefplate heat transfer coefficient
(074 ),"Y istheplate temperaturek), 0 "Ois the penalty factor due to the glass cover
of thePV cells,”Y is thecoefficient for overall heat transfer t frotheblackeredsurface

to theambient(0 ¥& K), 'Qj isthe platefluid heat transfer coefficierfb ¥& ), andV is
thewind speedrf/g. Valuesfor Qy,| h- At h andt are given in65], [68]. "Yis

the averagéemperature oflowing water, given as:

oy
N — (3.16)

where “Y is theinlet water temperature (K)Y is theoutlet water temperature of PVT

systemK), given a468]:

29



- | Ty 0O vy Qi Yi
7Yﬁ P d a o
nd) 'F‘Yv
Y APD — "
a 6 (3.17)

where "Ois theflat-plate collector efficiency factoq isthecollector aread , & isthe
rate of flow of water massk¢/9, 6 is the specific heat of waterJ(kg K), "Yis the
coefficient foroverall heat transfer from blackethsurface to ambient(f& K), ard™Y

is the inlet temperature of water for remaining part of collector which is equal tdk),

givenas ag468]:
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h 'TY "QF] ( " )
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where0 "Ois the penalty factor due to the absorber below PV module, glass to glass PV

cells areaand 0 isthe area oPV cells (& ).

The rate of useful thermal energy of PVT water collector is givg®hiy [68], [69]:
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wherev

The instantaneous thermal efficiency of PVT collecta function of the solar radiation,

the input fluid temperatureand the ambient temperature asdyiven ag65], [68]:

> Y Y

i (3.23)
o .

where™O 0'Q t j isthegain factorandO 0 "OYj istheloss factor.

3.2.3.2 Mathematical Electrical Analysis
The electrical energy and electrical system parameters are calculated via PV module

simulations. A general equation for the current flowing out of the PV ddiB]s[70]:

1w Y w

'O 'O "OA Q# p - (3.29)

e QY Y
O] @ O] Y 'Y 3.2
= | (3.25

p P
0O ° Y Qo ‘no A v 3.26
v 2en TS (3.26)

wherel is the net output current produced by the cell {@is the reverse saturation current

of the diode (A),O is the reverse saturation current of the diode at reference condition
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(A), qis the value of the electron charge® p 1t C). nis the ideality factork is the
Boltzmann constar(p® ¢ p 1 J/K). T is the temperature at tpen junction of the cell

(K), V is the output voltage of the celDis the current generated by the incident light
arriving at the PV cell.’O s the airrent generated by the incident light arriving at the
PV cell at reference condition, aid is series resistance which primarily influenced by
material factors such as bulk resistance offered by the semiconductor material, metallic
contacts, and intercomctions, andRsnx is shunt resistance, is due to Adealities and
impurities present in thg-n junction[48], [71].

3.3 Pv COVERAGE RATIO FOR MAXIMUM OVERALL THERMAL
ENERGY OF PVT SYSTEM

In this section, e effect of weather conditions on the PV cell ratio in PVT systems is

presented, to increase system efficiency and reduce costs and emissions.

The annual energy performance &@. emissims for different climate conditions have
been studied in cold (London), warm (Shanghai) and hot (Hong Kong)[&&a&ully
covered PVT collectors are suitable for applications with temperatures, from v to

T 1 [73]. The temperature profile of the PV module was studied for cloudy and clear
daytime conditions[74]. Thermal and electrical outputs are enhanced when the
photovoltaic thermal flaplate collector (PVAFPC) is partially covered with PV modules

[65], [75].

An analytical expression of useful energy was derived for N PV-pléde water collectors
connected in series and partially covered with PV modules in the lower and upper portions

[76], [77].
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In various Indian cities, analyses of thermal and electrical energy have been conducted for
different weather conditions, for series and parallel combinations of collectors with a
constant mss flow rate. Annual thermal, electrical energy and total carbon credits earned
by the PVT water heater system were calculated for New Delhi condi@éhd-or PVT
systems with a constant mass flow of air, annual overall energy and exergy gains for three

different configurations and weather conditions were evalj@gid

Three different tpes of PVT air collector (unglazed, glazed, and conventional hybrid PVT
air collectors) were studied. The annual overall thermal energy (OTE) and exergy gains for

different types of PVT were investigatgd].

The overall thermal and electrical energy and overall exergy for N partially covered
photovoltaic thermal compound parabolic concentrator @VPT) water collectors
connected in series was investigated and calculated for two weatiti#tians in India, in

January and June 20)65].

The OTE and exergy gains were evaluated for four different cases at a constant flow rate,
for N PVT-CPC water collectors connected in seri The annual reduction &O:

emissions and amount of money saved were exan®gd

The reduction ofCOz emissions was evaluated for four different cases, for a 20%, 40%,
60% and 80% Y coverage area, at a constant flow rate, for each month throughout the
year. Two models were proposed to determine monthly reducticdd®oémissions and

the PV coverage area raffg).

Most previous work has focused on a constant fluid flow rate, different PV coverage areas
with discrete, limited percentages (e.g. 25%, 50%, 75% and 100%) and a short time span
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during the year. The present work utilizes real data which contain different values of solar
radiation, wind speed, flow rate, temperature of the input water, and temperature of the air,
for one year. Furthermore, variable water flow rdtesatexchangefluid flow rates)and
different percentages of PV coverage are used to calculate the monthly and seasonal OTE
[5]. This will assist in determining the appropriate ratio of the PV covexagerequired

to maximize the OTE, in order to maximize the overall system efficiency and minimize

COz emissiond4], [6].

3.3.1 PVT System and Data Description

For this study, a PVT system consisting of a single glazegltide collector with an
effective area of 2.1561 is used for the simulation. The collector is covered with
crystalline silicon solar cells. The area of each solar cdlis0.018& . The number of
cells is incremented by one, beginning in the lower portion of the collector, until full
coverage with the cells is achieved, as showfigure3-11. The system configuration of

the PVT water collector, which includes thermal and electrical parameters, is gigéh in

4
Outl
o |
Tnlet

Inlet

[68].

a) one cell b) partialcoverage c) full coverage

Figure 3-11 PV coverage ratio for different cases

This work is based on a dataset for various environmental conditions in a North American

city. The solar radiation, ambient temperature, wind speed, water flow rate and temperature
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of the input water were measured evieoyrover a oneyear time span, afiswn inFigure

3-12. The dataset was obtained from a solar thermal system used for water heating, with
measurements taken by a pyranometer, a wieddmeter and thermomet¢84]. It has

been assumed that an hourly dataset is sufficient to represent environmental fluctuations.
Moreover, it is important to studyhé weather patterns over an entire year, since the

weather patterns vary seasonally.

The data set could be represented in different $eadds using fuzzyc-meanclustering
techniqueThis techniqudoreals a large dataset to smaller groups where each observation
within every group is more similar to each other than it is to an observation in another
groupas shown irFigure 3-13 for radiationcase.Two different group of clusteringfor
solarradiationare selectedt 365 andl2. Howeverin this work, all real data are used to

represent the actual system.
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Figure 3-12 Solar radiation, ambient temperature and wind speed for one year
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Figure 3-13 Solar radiatiorvalues at differentlustering groumumbes which are
presented pthe centeof the clustefor one year

By selecting a specific day frorigure3-12, hourly solar radiation, ambient temperature,
and wind speedre obtained for a day in Mags shown irFigure 3-14. Hourly solar
radiation, and ambient temperature increase until 2 pm andthlegrstart declining.

However,wind speed changeandomly during the day.
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Figure 3-14 Hourly solar radiation, ambient temperature and wind speed for a day in
May

The simulated PVT system used in this work is modeled MIWGLA B™. The weather

dataset and water specifications are used as input parameters for the PVT system. The
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output d the system is defined as the OTE, which includes the thermal and electrical output

of the system as shown kigure3-15.

L. ™
Solar radiation
Ambient temperature ™~

Wind speed
L Water flow rate | Photovoltaic Thermal Model Overall Thermal Energy

Inlet water temperature )

/

Figure 3-15 Simulated model of the PVT System

3.3.2 Simulation of the PVT System

Two cases are analyzed in this thesis, the first with a constant flow rate value (0.03 kg/s),
and the second with flow rate values varying with time.tRersecond case, the different

flow rate values applied are measured at a thermal system used for water heating. These
flow rate values are controlled by a water pump driven by a PV system. Furthermore, these
values reflect the effect of environmental paetders. The OTE rate of the PVT system is

based on the first law of thermodynamics, and is givg8Qdh

(3.27)

C
0%«
(e}
= xi

0 f 0 (3.29

whereC is the conversion factor for the thermal power plant. Its value depends upon the
type of power plant. This coefficient varies from 38% to 44% for a steam turbine fuel oil

power plant, and from 39% to 47% for a steam turbine coal fired powel{@MNn[82].

As shown inFigure 3-16, for both cases, maximum thermal energy is obtafoedhe
variable and constant flow rate casése output thermal energy exhibits the same trend

of change, with a slight difference in tamount.
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Figure 3-16 Relation between hourly thermal energy, PV area coverage and solar
radiation

From Figure 3-17 and Figure 3-18, it can be observed that in both cases, the maximum
thermal energy @mges with changes in the temperature and wind speed Higane3-16
to Figure3-18, it can be seen that the thermal energy of the PVT system is determined

more by the solar radiation than by the temperature and wind speed.

From Figure 3-19, it can be observed that the electrical energy increases when the PV
coverage area increases for both cases, with constant and variable flowigates3-19
andFigure3-20show that the maximum electrical energy is obtaimigd low temperature

and high solar radiation values. For the variable and constant flow rate cases, the electrical
energy exhibits the same trend of change, with a slight difference in the amount. However,
the effect of wind speed on the generation eteical energy is less significant than the

effect of solar radiation and temperature, as shovigare3-21.
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Figure 3-18 Relation between hourly thermal energy, PV area coverage and wind speed
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Figure 3-19 Relation between hourly electrical energy, PV area coverage and solar
radiation
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Figure 3-21 Relation between hourly electrical energy, PV coverage area and wind

speed

The maximum daily OTE of the PVT system is calculated for both flow rate cases, as

shown inFigure3-22. The maximum OTE between days 1 and 100, and days 270 and 365,

occurred when the PVT system was substantially covered with PV cells, as slirogurén

3-22a andFigure3-22c. However, for the same period, the OTE is almost constant for the

variable flow rate, shown iRigure3-22c, as compared to the constant flow rategwn in

Figure3-22a. The percentage of PV coverage area is between 20% and 30%, as indicated

in Figure3-22b. In contrast, the maximum OTE for the rest of the year, between days 100

and 270, occurred when the PVT system was not covered. However, it can be seen from
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