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PREFACE

This research was carried out by Olufunmilayo Alice Mafimidiwo under the supervision of Dr.
Akshay Kumar Saha in the school of Engineering, the Discipline of Electrical, Electronic and Computer
Engineering, University of KwaZulu-Natal (UKZN), Durban, South Africa.

This thesis was designed to determine the impact of three-dimensional photovoltaic structure on
solar power generation. The research into this area of power generation is very appropriate particularly at
this time when the fossil energy source faces the risk of being exhausted, coupled with its negative impact
on the environment and the worldwide call for alternative energy sources.

Solar energy is not only a renewable and alternative energy source but it is also sustainable, freely-
given, on-the-spot available and accessible, thereby reducing generation cost particularly for a stand-
alone system. While solar power is generated, the heat which could have otherwise been lost is available
for harnessing for use in other areas of needs such as in geysers, steam washing and the like.

While expectation is high on the use of solar power, it is yet to be widely used due to its low
efficiency and relatively high cost. Various researches have been carried out on solar energy optimisation
and utilization and research is still on-going. The recent research work on solar energy incorporates the
use of three-dimensional analysis. Three-dimensional study into solar power generation is an innovation
to enable multiple source collection of solar energy for optimum power generation.

More awareness has been called for in order to promote effective use of solar energy and
continuous research and development has translated into reduced-cost of photovoltaic solar energy, wider
acceptability and integration into major power projects. Over the years, photovoltaic energy cost has
reduced but the levelised cost of electricity (LCOE) still requires more attention. At present, PV energy
costs stands at less than 1% of what it used to be in the past. Solar energy cost is indicated in this work in
South African Rand for better evaluation since the research work is carried out in South Africa and
examined by South African readers.

Different technologies to harness solar energy for human utilisation are available but the
technology involving the concentrated thermal photovoltaic (CTPV) system or the direct photovoltaic
(PV) use for power generation, rank high in importance due to the fact that they are the two most
developed and most commonly used solar energy technologies. This has been the motivation to research
into this area of study. Improving on their present status will represent a significant contribution to solar
energy utilization.

The essence of this thesis was to model the PV power systems (the concentrated and non-
concentrated) in three-dimensions and to be able to establish the conditions under which the thermal
system of the photovoltaic study would maximise the input energy source, the optical radiation and heat
transfer that would be required to improve the efficiency and output power of the solar power generation.

Six publications have been generated and submitted from this thesis. One has been accepted for
publishing in May, 2016 while three have been published in peer reviewed conference proceedings. These
include one article being accepted for publishing in May 2016 in the Journal of Energy in Southern
Africa (JESA), three articles already published in peer reviewed conference proceedings of Southern

African Universities Power Engineering Conference (SAUPEC) and two additional papers are already



submitted, one to the African Journal of Science, Technology, Innovation and Development (AJSTID)
and the other one to the Journal of Energy in Southern Africa (JESA).
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ABSTRACT

Solar power is obtained through conversion of sunlight into electricity, either directly using
photovoltaic solar cells, or indirectly using concentrated solar panel. The various forms of solar energy —
solar photovoltaic, solar thermal electricity, solar heat and solar fuels offer a clean, climate-compliant,
free, abundant and in-exhaustive energy resource for mankind.

Solar energy has huge potential but it is presently not fully harnessed. There exist concerns about
its costs and efficacy of meeting and sustaining energy needs economically. This is further compounded
by the strong dependency of the power output of photovoltaic device on the latitude and weather.

Three-dimensional technology is considered as an option to address some of these problems and
improve on present solar energy generation. Photovoltaic solar energy generation in three dimensions is
an emerging technology that mimics the natural collection of sunlight in three-dimensions in structures
which is in contrast with the planar method. The technology of collecting light in three-dimension offers
advantages of multiple orientations with absorbers for effective capturing of off-peak sunlight and re-
absorption of reflected light within a structure. Furthermore, the ability to harness and calculate optical,
electrical, material absorption analysis and the physics of the solar material is of interest.

Performance predictions and optimisation strategies require simulation tools that can efficiently
and accurately compute thermal and electrical parameters of intricate three-dimensional geometrical
structures.

The aims and objectives of this thesis are to explore three-dimensional technology in solar energy
with the expectation that models and simulations developed will serve as important tools in performance
predictions and early validation of newly designed cells, modules and arrays for optimal performance that
will contribute to accelerated adoption of a carbon-free society.

This thesis investigated the effect of using three-dimensional technology in enhancing the
generated solar output power. The investigation carried out was for solar photovoltaic and concentrated
thermal photovoltaic systems in particular. The issues involved in the generation of quality and reliable
solar power for future applications were investigated and reported on. The approach used utilizes the tool
flow in COMSOL Multiphysics, Version 5.1 to build three-dimensional and two-dimensional models.
The relevant physical and material properties of these models are then used as variables and expressions
to apply directly to the solid domains, boundaries, edges, and points independently for their
computational meshes. The three-dimensional and two-dimensional geometries of solar photovoltaic were
then simulated and their performances were evaluated.

The output results in both the three-dimensional and the two-dimensional systems are analysed,
compared and reported on. The key findings reveal that heat generated in solar system is a major issue to
be tackled in solar power generation. Through the different 1D, 2D and 3D study, modelling and
simulation carried out, the research has been able to use 3D structure to explore the space in greater
dimensions and analyse the heat distribution, thermal behaviour, physics of material selected, the system
geometry and configuration as important parameters for consideration in solar design systems. The
analysis and the results obtained were found useful in predicting the performance behaviour of the solar

systems under study for power generation optimization.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Global energy demand is daily on the increase due to economic development. This has resulted
in high consumption of fossil fuels with adverse environmental consequences such as environmental
degradation, global warming, acid rain, and the depletion of the ozone layer [1]. This then led to calls
for alternative energy resources diversification in order to overcome these negative impacts of fossil
fuel energy technologies that threaten the ecological stability of the earth. Furthermore, the growing
scarcity of fossil fuel and the consequential rising fuel costs have their increasing negative impacts on
economic development of many countries that need to be curtailed. A global solution reached on this
crisis is the use of alternative renewable energy systems [2, 3].

Of all renewable energy sources, solar energy is considered to be practically unlimited in the
long-term, and it is a very abundant energy resource in the developing world [4, 5]. Photovoltaic (PV)
solar technology has gained recognition in both application and economics as a renewable energy
source over the past years through research into and development of this technology. However, the
technology still requires improvement in developing higher efficiency PV cells and modules, reducing
the cost of manufacturing processes, improving the numerous components states of the PV systems
etc. Different PV technologies have emerged to improve upon solar energy output but the conversion
efficiency of the solar radiation into useful energy has not improved appreciably [6]. In order to
address this problem, various research findings have been made and are still being made on solar
energy generation.

According to [7] ground-based PV panels, otherwise known as the convectional PV panels that
are commonly installed in harvesting solar power, have lower generated energy, which is further
worsened by strong dependency of the generated power of this PV device on the latitude and
conditions of the weather [4]. These features have particularly obstructed the adoption of PV in
various countries particularly in the north European countries with record of hazy climates. On the
other hand, areas with high solar irradiations, particularly in major parts of Africa, are either far-off
from most PV solar energy users and the challenges of long distance losses over connecting miles of
cables, the meagre generated energy output compared with the huge associated overall costs involved
and the associated political issues involved in such a large project, heavily minimizes the economic
benefits; or in most cases, are not even tapped for adequate use [8]. The convectional use of solar
energy has been in two-dimensional structures whereby solar energy generation is considered only in
x and y co-ordinates only and is faced with limitations such as changing weather conditions, losses
due to solar radiation adsorption and reflection [9] .

According to [10], research has proved that three-dimensional photovoltaic (3DPV) structures
can increase the density of the generated energy (energy in per footprint area, Wh/m?) in a linear
proportion to the configuration height, for a specified day and place. These 3D structures include

shapes like an open cubic box (at the top), a funnel-like shaped cubic box, a trapezium, sphere, a



parallelepiped or any other 3D shape which are in principle found capable of increasing the daily
energy generation [11].

Research findings have revealed the ability of 3D nature advantage of the biosphere to permit
large collection of solar energy on plane structures contrary to what obtains in planar or two-
dimensional method of energy collection on flat structures. Three-dimensional collection of sunlight
radiation enables multiple orientations of the absorbers to allow for the effective capture of off-peak
sunlight and the re-absorption of reflected light inside the 3D structure [11]. This then informs the
application of 3DPV technology as an engineering approach to optimising solar power generation
through 3D modelling and simulation of the PV devices and the design of the PV systems. Based on
the above facts, it is necessary for a simple, cost-effective and accurate simulation application or tool,
which can handle commercially available solar panels to be designed and modelled and this is the
motivation behind this research [12, 13].

To enhance the pre-study of solar power systems, many studies have been developed on
methods of simulating and building prototype solar panels and solar cells. These studies involve
techniques like software simulation which models solar cells in 1D and 3D and making use of
different mathematical models [13-15]. Nevertheless, the motive of these studies was to establish
accurate modelling techniques of simulating solar panels for performance prediction and it was not
aimed at commercial production. As an alternative, some attempts have been directed towards
assembling power supplies similar in performance to solar cells by using innovative power electronic
topologies. These are programmable power supplies which exhibit similar properties to commercial
solar panels when the input source is energized. However, these power supplies are equally expensive
to date and are no better substitute for solar power, there is therefore a need for more improvement
[16].

In this work, two and three dimensional concentrated thermal PV and normal PV models were
developed and modelled to forecast the thermal and electrical behaviours of PVs and as well used in
determining the impact of 3DPV structures on PV power generation. The systems are fixed with
radiation and electrical models to form multi-physics models capable of determining the thermal and
electrical performances of the PV panels. In addition, 1D modelling using MATLAB R2014b was
used to determine the PV electrical characteristics which were used as input for the performance
determination of the panel which includes efficiency, the electrical power output, and PV cell
temperatures. Consideration was given to careful selection of the materials which to a large extent
affect the solar panel’s overall performance. Using this model, effects of atmospheric changes and

operating conditions on the performance of the PV systems were studied.

1.2 Statements of the problem
1.  Efficient conversion of the abundant solar energy radiated to the earth into affordable
electricity has been a major task. Over the years, PV conversion has faced the problem of low
energy conversion. Hence, optimizing the solar energy conversion to electricity remains the

world’s focus for attaining the future energy economy. The challenge is in finding the
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appropriate technology in optimizing the converted solar photons into conducting electrons
in order to improve the solar device efficiency and overall energy output.

Three-dimensional arrangement of the solar structure has been researched to improve the
generated solar energy more than that which is currently achievable through the conventional
planar arrangement. However, the task of establishing the best arrangement of solar panels in
three dimensions to make a 3DPV device able to optimize the energy generated in a given
base area (energy density) is still a challenge.

There is also the challenge of understanding the correlation between the performance of the
materials, the performance of the module and the ability to select the materials appropriately.

The challenge remains of determining the impact the 3DPV structure could have on

efficiency in solar power generation.

Research questions

How can 3D complex design and fabrication be realized and incorporated into sustainable
installations on a global scale for optimal solar power generation?

In what ways has 3DPV impacted on the efficiency and power generated in comparison with
the planar method of roof or ground installation?

Temperature increase is known to mitigate against solar energy generation with the planar

configuration. In what ways has 3DPV addressed or resolved this problem?

Significance / Aims & Objectives of the study
Significance

This study is significant since advancement in renewable energy technologies particularly on

solar power generation over the past decades is yielding results in both improved performance and

lower costs. The world believes that renewable resources are already cost-effective in some locations

and for some applications. It is expected that with appropriate research and invention of improved and

appropriate technology, cost should become increasingly more competitive with other traditional

forms of energy generation within the next few years, even for bulk generation purposes for economic

and green-environmental advantages.

Aim and Objectives
The objective of the work is in two parts.

a. To determine the influence of 3D structures on the solar PV generated output power for
the concentrated thermal PV system by modelling, simulating and comparing the 2D and
3DPV structures for their thermal and operating performances (Temperature effect,
efficiency and output power).

b. To determine the influence of 3D structures on the solar PV generated output power for
the normal (non-concentrated) solar PV system by modelling 1D and 3D models, and
simulating and comparing their electrical and operating performances (Temperature

effect, efficiency and output power).



The electrical and thermal properties of these modules were realized through appropriate
materials and physics selection and evaluation to enable determination of the structure effects on the
output power generation. With the success of the simulation, it is believed that the obtained results

could be used to predict PV system performances for technical advice.

1.5 Contribution to knowledge

Hitherto, research work on solar energy generation has mainly been by one-directional
methods and occasionally by two-directional method. This research work is unique because the
research method utilized involved developing, designing and modelling of a PV panel for the study of
power generated in both the concentrated and non-concentrated solar systems. It presents detailed
information on the modelling approaches of PV systems and the challenges encountered. Chapters
four, five and six present in a clear way, the different techniques that could be used to model PV
systems, particularly the concentrated thermal PV and the solar PV systems.

In chapter four, a modelled prototype two dimensional CTPV with eight number PV cells and
mirrors with associated materials was successfully modelled. A new knowledge contribution was
added to this as new CTPV with different configurations such as decreased PV cells from eight to six
cells as well as increased same from eight cells to ten cells were developed and modelled in order to
determine the effects on the CTPV efficiency and generated output power. Furthermore, the three
dimensional model of the CTPV was successfully developed and modelled, a study approach rare to
come across. The electrical performances of the modelled two and three dimensional configurations
were analysed, compared and interpreted.

In chapter seven, the PV panel was modelled in 1D and validated in agreement with the
manufacturer’s electrical data sheet. The output of the 1D simulation was used to model and simulate
the 3D photovoltaic system successfully to predict the impact of a three-dimensional photovoltaic
structure on solar power performance.

The findings in this thesis could provide insights that could help other researchers avoid long-
term switching cost in the future and contribute to making the solar power systems performance more
efficient, less expensive and sustainable towards the goals of Tera-Watt solar power generation and a

free-carbon emission environment.

1.6 Scope of study

The study gives a general overview of various forms of solar power sources and technologies
but more specifically of thermal concentrated and solar Photovoltaics. It investigates the impact of
both the 2D and the 3DPV structure on thermal concentrated PV while it utilises the 1D modelling
and simulation to investigate the impact of 3D structure on the solar PV systems. The study was
carried out by modelling and simulation, the solar devices in one dimension, using MATLAB as well
as in two-dimension and three-dimension geometrics, using COMSOL Multiphysics and analysing
their material and physical effects on the efficiency and power outputs. The study enables the

investigation, analysis and prediction of heat distribution in the solar devices, choice and physics of



materials selection and the effect of different system configurations in determining and establishing

the global definitions required to predict solar configuration for optimum power generation.

1.7

Thesis outline

The subsequent chapters in this study are indicated below. The outline shows the theoretical

framework of the research, the review of existing studies and the methods adopted in improving the

existing work to evolve new variants of the study. The findings and application to global optimization

problems with empirical results are also presented. The summary of the organization of the remaining

part of the thesis is given below:

1.

Chapter 2: Gives a general review of the literatures on solar energy technologies and recent
development in those areas. This is followed by review of the 2D and 3D modelling and
simulation of solar cells, using the engineering software, COMSOL Multiphysics.

Chapter 3: This chapter presents the methodology or the approaches used for modelling and
simulation of both the concentrated and non-concentrated thermal PV systems in determining
the impact of 2D and/or 3D structures on solar power systems, and why the approach was
preferred. Two different scenarios were considered. The first scenario was on concentrated
thermal PV systems while the second scenario was on solar photovoltaics system (non-
concentrated). In both cases, the method used involved the application of COMSOL
Multiphysics engineering software, version 5.1.

Chapter 4: Presents the various thermal energy technologies available and updates on their
status to date. The 2D and 3D structures of the thermal PV structures were modelled and
simulated. The operating conditions were varied to determine the effects on the system
performance and the effect of 2D and 3D configurations on the system were compared, and
analysed. The results were interpreted and conclusions drawn.

Chapter 5: Presents the effects of height on solar energy generation in three and two
dimensions with consideration for a single tree because more complex equations would be
required to describe all figurations when more solar trees are involved. Hence, it was
adequate to utilize Mathematical analysis and Matlab programming to demonstration that
energy collection occurs in the volumetric biosphere. It was established that 3DPV structures
are capable of generating more power from the same base area when compared to the
conventional flat solar panels. The other variable parameters, such as weather conditions,
time of the day and such were assumed constant. This chapter discusses the methodologies
for computation and analysis of the effect of height per unit volume compared with a plain
surface arrangement and the obtained results are discussed. The reports on the remarkable
effects of height on the generated power for both the two-dimensional and three-dimensional
structures are given.

Chapter 6: Presents the 1D method of PV electrical modelling to determine the electrical
output of PV panels at any given operating condition. The electrical behaviour of the PV

system is non-linear and variation effects could only be determined by varying a parameter



while others parameters were fixed, using a 1D modelling with MATLAB programing. The
electrical properties modelled for in 1D included the parasitic resistances (series resistance
R, parallel/shunt resistance Rgy), temperature 7, irradiation G, and ideality factor N. The
obtained results were used as electrical properties to model for the 3D. The generated results
in 3D were compared with the electrical parameters generated in 1D modelling.

6. Chapter 7: Presents the 3DPV methods of solar power generation. The PV structure was
modelled and simulated in 3D. The performance forecast of the PV panel employed involved
a radiation model, a thermal model and an electrical model. Both the radiation and thermal
modelling were carried out by using COMSOL Multiphysics on the 3D geometry to
determine the temperature distribution, electrical power output and the efficiency of the
system while MATLAB was used for the 1D electrical modelling to determine the electrical
output of PV panels at any given operating condition. The results were interpreted and
conclusions drawn.

7. Chapter 8: Presents the summary of findings of work carried out in this Thesis. Conclusions
were drawn on these findings and recommendations for future research were also proposed.

Finally, some of the modelling and simulation outputs in this work and some referenced materials,

data and records used in the study are presented as Appendices.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter provides a general review of the literature. It explains why solar energy study and
application is of interest and presents a broad review of the fast-developing solar technology industries. It
reviews the challenges facing the solar energy industry and various research studies being made for
improving solar energy generation. It further presents various technological approaches utilized in
improving solar cell efficiency for the conventional solar system. Furthermore, it reviews the new
technology of three-dimensionality of solar power generation in particular for thermal and solar
photovoltaics. It critically reviews previous modelling and simulation of solar cells and panels to
highlight the motivations, viewpoints, limitations, advances, contributions and their relevance to the
current study. Lastly, it provides an overview of the key issues identified from the literature and how they

provide leverage for the modelling success in the current research.

2.2 Brief on solar energy generation

Solar energy is one of the most significant sources of renewable energy that promises to grow its
share in the near future. An international energy agency study, which examined world energy
consumption, estimates that about 30 to 60 Terawatt of solar energy per year will be needed by 2050 [17,
18]. Solar energy is one of the key answers to energy demand of the world [18, 19]. The sun has the most
abundant energy source for the earth and apparent surface temperature around 6,000K (10,340°F) [20]
[16]. The atmosphere transmits extra-terrestrial solar energy by about 70 per cent on a very clear day to
nearly 10 percent on a very cloudy day. As a result of the losses in the atmosphere and the fraction of
photons being converted into electricity, the collection of solar energy and its conversion to electrical
energy is just about 30% as shown in Figure 2-1 [21]. Solar energy has wide application as all other

energy sources such as wind, fossil fuel, hydro and biomass energy have their origins in it.
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Figure 2-1: Electric energy consumption as percentage of total energy production in 2008 [21]

According to [22], the demand for energy worldwide is expected to keep rising at the rate of 5
percent each year, consequently, it behooves researchers and developers to find a way of meeting up with

this challenge and to find solutions through suitable technologies that can meet up with the energy



demand. Solar energy is acknowledged as the most suitable choice that satisfies such a large and

progressively increasing demand [19, 23, 24].

2.3 Solar technologies

Various solar technologies are at different levels of maturity, each with a significant potential for
improvement. Continuous and sustained research, development and demonstration efforts are still on-
going over the long term in order to improve power generation output, accelerate cost reductions, existing
mainstream technologies transfer, medium-term cell and system technologies development and
improvement, and designing of novel concepts in order to bring them to industrial use. The overview
layout of solar technologies is given in Figure 2-2 [21]. On a general note, non-concentrated solar panels
(NCSP) and concentrated solar power (CSP) are the two most matured technologies and most
commercialized and these are captured under non-concentrating photovoltaics (PV) solar and

concentrated solar power respectively [19, 21].
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Figure 2-2: Overview of solar technologies [21]

Due to increasing demand for clean energy, particularly solar energy, crucial steps are being
taken in the industry so as to keep up with solar energy’s growing demands in the market. Identifying and

improving on the appropriate technology is paramount to boosting solar energy generation.



2.4 Major solar power generation techniques

Different solar power generation techniques available and presented in this work are
photovoltaics (PV) solar panel, concentrated photovoltaic (CPV) systems, Dye sensitized solar cell, solar
thermoelectric effect and concentrated solar power (CSP) [19, 21]. A brief review of each technology is

presented below.

2.4.1  Photovoltaics Techniques

One of the means of harvesting solar energy is by using PV cells but the problem with solar
energy is its non-availability at all times due to weather variations and the problem that its demand for use
coincides mostly with the times when it is cloudy or the sun is not available for direct energy conversion,
mainly at night. These then negatively affect the efficiency of the PV system by reducing its output
power. PV energy accumulated during high insolation times is therefore stored in a battery, not only to
maintain power supply during low-irradiation times or cloudy periods, but also to provide a continuous
electrical output when required. A battery is an electro-chemical device for storing electrical energy. PV
energy sources can be used as stand-alone systems, hybrid system or grid-connected systems.

PV technology is classified into three generations of wafer-based crystalline silicon technology,
thin-film PV technology and CPV / organic PV (OPV) technology, depending on the basic material being
used and the amount of commercial maturity involved [19, 21]. The types of semiconductor materials
being used for PV power generation are monocrystalline silicon, polycrystalline silicon, amorphous
silicon, cadmium telluride, and copper indium gallium selenide/sulfide. The type of semiconductor

materials used in PV energy generation determines its power output to some extent [9, 19].

(a) Crystalline Silicon
PV modules are mainly of wafer-based crystalline-silicon, constituting between eighty-five percent and
ninty percent of the overall annual market. They are either mono-crystalline or multi-crystalline. Mono-
crystalline is made of single or uniform crystalline silicon so its efficiency is highest and it is the most
expensive. Multi-crystalline silicon modules are of lower atomic structure, hence they have reduced
efficiency but are less expensive and are more resistant to degradation as a result of irradiation and hence,
more durable [19]. As indicated in Figure 2-3, the modules currently use silicon as single sc-Si or mc-Si.
Commercial single silicon sc-Si modules have greater conversion efficiency of about 14 to 20 percent
[25]. Crystalline silicon PV modules dominate the PV market for now and may continue to do so until
about the year 2020 based on results of their proven and reliable technology, longer lifespan, and
abundant primary resources [26]. However, its efficiency and marketability still require improvement
which is achievable through reduction in materials, cell concept improvement and manufacturing
automation [27]. Si is the most common and popular semiconductor material used for solar cells
manufacturing because its fabrication is easy to process and it is economically feasible for mass
production. There are other materials that can yield greater efficiency conversion but they are either

health hazards or economically unattractive [28].



Figure 2-3: The expectation of photovoltaics efficiency improvement in future [29]

(b) Thin Films

Thin films are produced by making a deposit of a thin layer of semiconductor material (with
respect to the thickness of a crystalline cell) on a substrate and then etching that semiconductor material
into cells and wiring them together as a module [30]. There are three most important thin film materials
available, namely: amorphous silicon (a-Si), cadmium telluride (Cd-Te), and copper indium gallium di-
selenide (CIGS or CIS) and each of these materials has its own properties. However, they have lower
efficiency records and shorter lifespan durability [6]. Furthermore, their energy output is less due to their
lower efficiency and would then require extra land for utility production than what crystalline silicon
technology would require in order to reach the same capacity. Hence, land availability and cost are major

factors for consideration when thin film technology is being considered [31].

(©) ITI-VI Semiconductor Thin Films

CdTe cells are semiconductor thin film technology with a comparatively simpler production
process and lower production costs. The technology has attained higher production levels than any other
thin film technology available. Similarly, it has attained a leading position in the thin film technology, and
it has the most competitive cost-per watt and the least energy payback period of eight months among all
other existing PV technologies [21]. However, CdTe cells are known to be toxic and less in abundance

than silicon cells, hence, they are least suitable as recommendable semiconductor materials [22, 32].

2.4.1.1 Basic representation, equations and electrical behaviour of a PV system
The PV panel model is electrically represented by the equivalent circuit model shown in

Figure 2-4:
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Figure 2-4: Simplified equivalent circuit of a photovoltaic cell

For an ideal PV cell

I = Iph - Id (21)

Shockley diode equation is given by:

lo = I [exp (L) - 1] (2.2)

For a practical cell,

I: Iph - Id - Ish (23)
and

_ [v+IRs
Isn = [ o ] (2.4)
Hence:

v+ IRS]

1= b= 1 fewn () - 1] - [

R, is more dominant in operation when PV is in the voltage source region. Ry is the diode reverse

2.5)

voltage current and it is more dominant in operation when PV is in the current source region.
The presence of series resistance is brought about as a result of poor solar cell design. Its presence
reduces the fill factor (FF), while excessively high values may cause further reduction in the short-circuit

current. The equivalent circuit current equation then becomes:

I=1,— I,exp [q(V”RS) - (VHRS)

nkT Rsy

(2.6)

The presence of shunt resistance is due to manufacturing defects and its presence causes appreciable
power losses. The effect of low shunt resistance is largely severe at low light levels, since the impact of
diverted current will be severe on the light-generated current. Furthermore, the impact is also greatly felt

at lower voltages where the effective resistance of the solar cell is high.
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14 14
I=1,— I,exp Lj? - 2.7)

In the presence of both series and shunt resistances, the IV curve of the solar cell is described by the

equation:

I=1,—I,exp [q(V+IRs) _ (V+IRS) 2.8)

nkT Rsy

The reverse saturation current, I , was determined by considering open circuit condition where (when)
I.eyp = 0 and at short circuit condition where (when) I..; = Iy. This implies that I, is equal to light

generated current I, given by:

= 9

e(NKT)

Series resistance (Rg) lower and upper limits are obtained from [28]

R, < % (2.10)
and
Ry, > % (2.11)

For a PV module with Ng numbers of cells serially connected,

_ _ Vit ImRsNs [+ InRgNs)
I = Tpn [IS ( eNsVt 1)] [ NsRsp (2.12)
and,
v, = % (2.13)
P=V=xlI

_ .. __ Maximum output power __ P_m
n= EfflClenCy " Incident light power  EA¢ (2.14)
and
Fill Factor (FF) = W (2.15)

2.4.1.2 Electrical characteristic behaviour of solar PV/cells

A typical PV plot of current or power versus its voltage at standard temperature and pressure
(STC) of (1000 W/m? irradiance, air mass (AM) 1.5, 25° C) is as represented below in Figure 2-5a [28].
The pink curve represents the Current-Voltage curve while the blue curve represents the Power-Voltage
curve. The point I;,  on the Current axis is the PV short circuit current and the V. on the voltage axis is

the open circuit voltage.
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Figure 2-5a: Different curves for a photovoltaic module at varying irradiance and temperature [33]

Figure 2-5b: I =V and P-V curves indicating maximum power point of a PV solar system[33]

In Figure 2.5b, Isc is the maximum current from a solar cell which occurs at the point when the device
voltage is zero, while Voc is the maximum voltage from a solar cell which occurs at the point when the

device current is zero.

Hence, when the device current = 0, Equation (2-13) becomes:
Ve = nq£1n(i—§+ 1) (2.16)
At the operating point on the two graphs in Figure 2-5a and Figure 2-5b, where A (V,,,, Bpgy) and B
(Vps Imax ), the power from the solar cell is zero. The fill factor, FF, combines(/;.) and (V,) to determine
the solar cell maximum power such that:
The following attributes can be deduced from the behaviour of the PV graphs:
. The PV panel behaviour is non-linear as shown in Figures 2-5 as the operating system always
changes and deviates from maximum power point (MPP) when atmospheric conditions change
[16, 34, 35].
ii. The output power and current of the PV panel depend on solar irradiance G, the temperature 7,

and the cell’s terminal operating voltage, Voc [12, 13, 36].
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ii. Variations in temperature affect Yoc more than Isc and Voc diminishes with increasing 7 when G
is kept constant as seen in from Figures 2-5. Furthermore, Isc of the PV panel increases parallel
to an increase in 7, whereas the maximum power output decreases. The net power will continue
to decrease at high temperatures in as much as the rise in Isc is smaller than the reduction in Voc
[9, 37, 38].

iv. Increase in solar irradiance G, also raises the panel output current as well as the output power
whilst 7 remains unchanged as shown in Figures 2-5. This is borne out of the fact that Isc is

directly proportional to G while Voc is logarithmically dependent on G [9, 37, 39].

Due to the non-linearity behaviour of the PV panel and non-availability of solar energy at all
times, a maximum power point transmitter (MPPT) system or automatic tracking system (ATS) could be
employed to deliver maximum power during the operation of the solar panel so as to track the changes in
power due to changes in atmospheric conditions [9, 40]. The electrical behaviour of the solar panel as
regards collecting of electric charges generated by light could be determined with fill factor (FF). It is an
expression that describes the behaviour of the IV curve marked-out by the rectangle established by (Voc)

and (Isc) and portrays the feature of the cell/module's junction [33].

Maximum power from the solar cell

FF= Product of (Is¢c) and (Vp¢) (2- 17)
This is the geographical rectangular area under the IV, PV graphs.
FF can also be defined as [33]
FF = Voc—In (Vyc+0.72) (2.18)
Voc+1
where,
V,. becomes normalised as V,, = nqﬁ |7 (2.19)
And N = Ideality factor, where I<N<2
N determines the quality of the junction and recombination type.
FF is most commonly determined from IV measurement graphs as:
FF = lmplmp (2.20)

VOCISC

The performance of solar cells from one to the other is rated by the cell’s efficiency. Efficiency
is the PV cell’s effective attribute of the ratio of the solar cell energy output to the solar irradiation falling
upon it. The spectrum and intensity of the incident light (sun) and the solar cell temperature, all affect the
cell’s efficiency. As a result the operating condition of the solar cell must be carefully controlled when

determining its efficiency in order to enable performance comparison of one device to the other. For
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control purposes, terrestrial solar cells are measured under standard conditions of Air mass (AM) of 1.5
and temperature of 25 °C or 298 K and solar irradiation of 1000 W/cm? or 1 KW/m?
From equation (K1),

Vmplmp = Prax = VoclscFF (2.21)

The efficiency is defined as

_ VoclscFF
Pin

(2.22)

Where the parameters are as earlier defined and P;,, = input power for efficiency calculation and it is also
known as the in-coming solar irradiation with the value as given earlier.

By obtaining the area (A) of the PV cell/module from the PV manufacturers’ data sheet, the efficiency of
the PV cell/module could similarly be obtained by combining Equations (2.1) and (2.2) together to get the

efficiency as indicated in equation (2.3) as:

n = —max_ (2.23)

Pinx A

2.4.2  Concentrated photovoltaics technology

CPV is a PV technology that generates electricity directly from sunlight energy, using the PV
effect. In contrast to conventional PV systems, lenses and mirrors are used to focus sunrays onto small,
but highly efficient solar cells [41] with multi-junctions (MJ). Furthermore, CPV systems could use solar
trackers or a cooling system to further increase their efficiency. Continuous research and development is
speedily improving their acceptability in the utility-scale segment and particularly in the aspect of high
solar insolation. This type of solar technology is therefore very appropriate for use in smaller areas [30,
42].

CPV systems are classified according to the amount of solar concentration involved as indicated
in Table 2-1. During the concentrating process, energy is lost but in spite of it, CPV can still attain the
highest efficiency among all kinds of other solar technologies. Commercial CPV modules with silicon-
based cells offer efficiency in the range of 20% to 25% [32]. Other materials such as Ge (0.67 eV),
GaAs or InGaAs (1.4 eV), and InGaP (1.85 eV) could also be employed. Since optics are employed to
concentrate incoming solar radiation, CPV modules rely on direct sunlight to operate by using reflectors
to concentrate direct solar radiation onto a solar receiver. Hence CSP collectors need to be used in
regions with clear skies and high direct solar irradiation to maximize performance [19].

At the moment, CPV is not as common as conventional PV systems and it is not used in the PV
rooftop installation. For locations with a high annual insolation of 2000 kilowatt-hour (kWh) per square
meter or more, the levelized cost of electricity is in the range of R1.20 to R2.24 per kWh [41]. Different

CPV energy systems are presented below:
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Table 2-1: Various categories of concentrated photovoltaic energy system [41]

Part Class CPV Typical Concentration Type of Converter
Ratio

i High-concentration, MJ cells >400X Multi-junction

i Medium-concentration, cells ~3X-100X Silicon or other cells

i1l Enhanced concentration, modules <3X Silicon Modules

243  Dye-sensitized solar cell

The dye-sensitized solar cell (DSSC, DSC or DYSC), is also known as the Gritzel cell. It is an
electronic device formed between a photo-sensitized anode and an electrolyte system. The dye converts
the absorbed photons into free electrons in the TiO,, but only photons absorbed by the dye produce
electric current [21, 22]. The rate of photon absorption is a function of the spectrum absorbed by the
sensitized TiO, layer and as well of the solar flux spectrum. The maximum possible photocurrent is
determined by the overlap between these two spectra. Normally, silicon has better absorption in the red
part of the spectrum than the dye molecules, meaning that in sunlight fewer of the photons can be used for
electrical current generation in dye molecules. These features limit the current generated by a DSSC. For
example, a traditional silicon-based solar cell offers about 35 milli-ampere per square centimetre

(mA/cm?2) while current DSSCs offer about 20 mA/cm? [43].

2.4.4  Solar thermoelectricity

In solar thermoelectricity, the concentrator beams and focuses the irradiation on a small area of
lenses (absorbers) which increases the temperature of the receiver to very high temperature. Then, heat
flows from the hot side to the cold side through thermoelectric material to generate voltage between the
two ends [21]. Solar thermoelectricity employs parabolic disc technology to receive thermal energy based
on the thermoelectric effect. A concentrator thermoelectric generator which is driven by low grade heat
energy produces electricity, but the thermoelectric material (Bismuth telluride) still has very low
efficiency of about 1.3 ~ 2.0 [44, 45]. Like the other solar technologies with concentration requirements,
this system collects only direct radiation. Hence high temperatures are required for it to work efficiently
(~ 2000, based on Carnot or thermal efficiency) and in order to have sufficient output. At present, solar
thermoelectricity is considered not mature enough to meet the market requirements and besides
thermoelectric material like Bismuth telluride is toxic and expensive [21]. However, due to the use of its
low grade thermal energy, combining thermoelectricity generator with other solar technology systems as

a hybrid system will enable it to achieve higher final overall efficiency [46].

2.4.5  Concentrated solar power (CSP)

CSP, also known as concentrated solar thermal, employs optical reflectors, such as lenses or
mirrors, to focus direct solar radiation onto a very small area and using highly efficient solar cells
made of a semiconductor material [21, 42]. Energy conversion from sunlight to electricity by CSP
systems is based on application of heat engine instead of the PV effect which transfers photon energy

directly from sun radiation into electricity, similar to what is obtained in PV solar cells. Electricity
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generated in CSP is mainly by heat engines driven by burning of fossil fuels or hydropower. Solar power
is generated by using mirrors or lenses to concentrate a large area of sunlight, or solar thermal energy,
onto a small area of the mirrors or lenses. CSP utilizes the heat from the sun's radiation to drive a heat
engine which is usually a steam turbine which is connected to an electrical power generator, to drive a
turbine that produces electricity.

The conversion efficiency 7 of the incident solar radiation into mechanical work is a function of
thermal radiation properties of the solar receiver and the heat engine (e.g. steam turbine) of the system.
The solar receiver first converts the irradiation falling on it into heat with the efficiency Ngzeceiver and
thereafter, using Carnot's principle, it is then converted into work by the heat engine with the, 1carnot

For a solar receiver supplying a heat source at temperature Ty and with a heat sink at room

temperature T, the overall conversion efficiency is expressed as:

N = MNReceiver - Ncarnot (2.24)
Nearnot = 1= 7 (2.25)
with

Mreceiver = “eeerbetlost (2.26)

Equation 2.26 is the ratio of the difference between flux absorbed by the system’s solar receiver and flux

lost by the system solar receiver to the incoming solar flux.

Qsotar = MopticsICA 2.27)

Qabsorbed = AQsotar (2.28)

For simplicity, it can be assumed that for high temperatures, the losses are only radiative. Hence, for a re-

radiating area 4 and an emissivity €, applying the Stefan-Boltzmann law yields:

Quost = A€aTy; (2.29)
By considering the perfect optics (nopn-cs = 1) and simplifying Equation (2.26) to Equation (2.29),
collecting and reradiating areas equal and maximizing absorptivity and emissivity ( @ = 1,e = 1), then
substituting these equations in equation (2.25) gives

- (- 2) (- e

Tu

where,

Ty, To,1,and C are as earlier defined in the list of Engineering and Mathematical notations.

The efficiency obeys the laws of thermodynamics and the theoretical maximum efficiency
achievable is determined by Carnot’s cycle. The cycle declares that the heat engine efficiency is
determined by the difference between the lowest and highest temperatures reached in one cycle as shown

in equation (2.31) [21, 47]. Hence equation (2.30) can be re-written as:

T,dS, T,

Mmax =1— ———=1-—= (2.31)

=TpdSp Th
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There are four basic CSP technologies as indicated in Figure 2-6. The first two (Linear Fresnel
and Central receiver) are stationary devices which are independent of the plant’s focusing device and
enables the conveyance of collected heat to the power block. The second two (parabolic dish and Solar
Trough) are mobile receivers which move along with the focusing device and mobile receivers to collect

more energy in both line and point focus designs [21]. The main CSP technologies are shown below:

Figure 2-6: Different basic CSP technologies [32]

Most current CSP plants are based on trough technology as shown in Figure 2-7(a), but tower
technology in Figure 2-7(b)is advancing and linear Fresnel installations are emerging more and more due
to their advantages in terms of higher efficiency, reduced operating costs and promising prospects [21,

42]. The comparison of these different solar energy generation techniques is summarized in Table 2-2.

(a): Parabolic trough system (b): Solar tower system

Figure 2-7(a): Parabolic trough system of concentrated solar power [21]

Figure 2-7(b): Solar tower system of concentrated solar power [21]
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Table 2-2: Summary and comparison of different solar energy generation techniques

Solar energy generation

Techniques

Photovoltaic Solar
Panels

(without Concentrators)

Generates electrical power by direct conversion of solar radiation
using PV solar panels.

Most commonly used techniques in today’s solar market.

Concentrated
Photovoltaic Systems

(with Concentrators)

CPV technology uses optics, such as mirrors or lenses to concentrate a
large amount of sunlight onto a small area of solar PV semiconductors
to generate electricity. Energy conversion is based on PV effect which
directly transfers photon energy into electric energy with no heat
involvement. This is recorded to be the highest efficiency ever

achieved in laboratory.

Dye Sensitized Solar

Cell (no Concentrators)

Generates electrical power Biomimics techniques based on cheap

organic materials using Photo-electrochemical system.

Solar Thermoelectric

Effect (with Concentrators)

Generates electricity using semiconductors (parabolic disc technology)

to capture thermal energy based on the thermoelectric effect.

Concentrated Solar Concentrated solar power uses optics, such as mirrors or lenses to

Power(with Concentrators) | concentrate a large amount of sunlight or solar thermal energy, onto a
small area of solar PV semiconductors. Electrical power is produced by
the conversion of concentrated light first to heat (thermal energy) and
then to electrical energy through an electrical power generator
connected. Energy conversion is based on the application of heat

engine.

2.5 Limitation to solar energy generation

Solar energy conversion into electricity as a viable, clean and sustainable energy source and
security against the gloomy global energy crisis is limited in its energy generation capacity. The
conversion efficiency of solar cell to electrical energy is very low at present. The world's solar cell
efficiency levels are: silicon cell panel up to 23.7%, poly cell panel up to 18.6%, and amorphous silicon
cell panel up to 12.8% [6]. Hence, the technologies still require improvement in developing higher
efficiency PV cells and modules, establishing lower cost manufacturing processes, improvements in the
various components of PV systems, etc.

Different technological approaches to improving solar cell efficiency have been exploited and

some of these approaches are briefly indicated below:

2.5.1  The use of the automatic tracking system (ATS)

An ATS system is an electronic device that operates the PV system in such a way that can
enable the PV to deliver the maximum power it is capable of generating [9, 38]. Tracking is needed to
improve electric power generation. Presently, there exists technology for collection of solar energy in the
range of 600° F which favours solar energy generation which utilizes a three-dimensional auto-tracking

system in order to attain the high temperature output needed by central station power plants for power
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production in the multi-megawatt range [21]. There is the need for accurate tracking devices that are able
to track under extreme weather conditions and in varying high wind forces on large three-dimensional

concentrators [48].

2.5.2  The use of the maximum power point tracking (MPPT) system

The results indicated that generally, maximum power point tracking (MPPT) can be adopted to
track the maximum power point in the PV system. The output power of the PV system varies, depending
on the load current, temperature and insolation. The efficiency of the PV module was found to depend on
both the MPPT control algorithm and the MPPT circuit. The MPPT control algorithm is usually applied
in the DC-DC converter, which is normally used as the MPPT circuit [6] [49].

2.5.3  The scientific storage battery charging approach

A proper battery charge controller is required to balance the power flow from a PV system to a
battery and to load this in such a way that PV power is utilized effectively. Whether solar energy is used
as a stand-alone or particularly as grid-connected, to avoid losses of transmission and in contributing to
reductions to CO emission in urban centres, such a system needs to be available to provide electrical
support whenever called upon to do so. The obtained energy from the PV system depends on the voltage
produced in the PV module, the temperature of the cell and the solar irradiation [6].

The various approaches used in improving the solar cell efficiencies for optimum power
generation are yet to yield appreciable improvements. That is why research interest is shifting in other
directions. One of these directions is the area of new technology called three-dimensional photovoltaic
(3DPV) structures. A conventional solar PV system is limited it its power generation, hence, the need for
establishing improved technology in order to optimize power generation per installation area. Research
studies are employing 3D technology for energy optimization and designing new 3D structures that can
generate between 2 to 20 times the power output from the same base area when compared to using

convectional flat solar panels [11, 50].

2.6 Three dimensional photovoltaic (3DPV) structure

3DPV technology is a new approach for achieving optimum solar energy that will yield a cost-
effective, more reliable and more economically friendly alternative energy source. In 3DPV systems, the
absorbers have multiple orientations that allow effective capturing of off-peak sunlight, and the re-
absorption of reflected light within the 3D structure [11, 13]. It utilizes 3D nature of structures such as the
spherical or cubic system, etc., to absorb power in the entire volume of that material. Hence, power is
measured in Watts per unit volume as against per area measurement as is the case in the planar or two-
dimensional (2D) system. Furthermore, the impact of height in system efficiency for the 3DPV has been
found to be remarkable [4, 51, 52].

The plot of energy obtained in a day by the Genetic Algorithm (GA) optimized 3DPV structures
compared with that of a flat panel under the same conditions was found to be much higher as shown in
Figure 2-8: The insertion in the figure illustrates the power generated during the day for the flat panel as

against what was obtained in the 3DPV structure at height of 10 meter [11, 53].
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Figure 2-8: Energy plot comparison between GA optimized 3DPV structures and a flat panel [11]

These are major advantages of 3DPV over the planar arrangement. These are in contrast to the popular

flat design of PV systems [54, 55].

2.6.1  Review of literatures on 3DPV structure

Various research findings have been made and are still on-going on solar energy generation.
Research has proved that 3DPV structures are able to increase the generated energy density (energy per
footprint area, Wh/m?) in a linear proportion to the configuration height, for a given day and location [10,

56]. Some of these assertions on 3DPV technology are as stated below:

2.6.1.1 Fibonacci PV module (FPM)

The mathematical work of Leonard of Pisa, popularly known as Fibonacci, played a major role in
utilizing the nature advantage of the abundant intake of sunlight energy. Fibonacci revealed through his
analytical numbers that the leaf grows vertically upwards the stem in the direction of the sun so as to absorb
more sunlight energy for its photosynthesis and this growth follows a spiral arrangement called ‘phyllotaxis’
[57]. Another research group, carried out a test on a 3DPV module whose configuration was based on
Fibonacci numbers. The results of simulations on the test device revealed that the power generation
characteristics of the solar cells depend on the shape and spacing of the solar cells for the most effective
use of sunlight energy.

Some other researchers carried out some work on 3DPV technology based on Fibonacci’s
phyllotaxis:

1. The absorbers and reflected method - By using self-supporting 3D shapes, taller and more
complex shapes - such as the open parallelepiped, cubes, trapezium and ridged tower for
increased energy density that could enable the use of cheaper thin film material [10].

2. The Fibonacci PV module (FPM) - By using Fibonacci numbers to obtain the shape and
spacing arrangement in a 3DPV structure for most effective solar radiation conversion into

optimized output solar energy [8].
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3. The Fibonacci PV module (FPM) - By using Fibonacci numbers to increase the number of
solar module stages (height) in the FPM for volumetric energy output [51].

4. 3D nanopillar-based cell modules - By using new device structures and materials processing,
such as embedded 3D single-crystalline n-CdS nanopillars in polycrystalline thin films of p-
CdTe to facilitate high absorption of light and efficient collection of the carriers for acceptable

efficiencies [55].

2.6.1.2 Spherical solar technology (SST)

Accurate 3D technology has been found to enable innovative and improved device design which
can result in overall cost-effectiveness, improved material processing and system utilization. Of particular
interest is the spherical Si solar technology (SSST) which has been found to be attractive because it uses
low-cost Si feedstock and the fabrication process is found simple and inexpensive. Similarly, new
innovation in PV installation exploits the use of cheaper, thin film materials on 3D shapes self-supporting
structures to facilitate increased energy density generation. Hence, utilizing solar energy in three

dimensions can open new avenues towards large-scale power generation [11, 54, 58].

2.6.1.3 3D Nanopillar-based cell modules.

In recent years, tremendous progress has been made in developing PV that can, potentially, be
mass deployed. An example of this is in the use of 3D Nanopillar-based cell modules, with the aim to
reduce solar cells cost by using novel device structures and materials processing for obtaining acceptable
efficiencies. This enables the highly regular, single-crystalline nanopillar arrays of optically active
semiconductors to be directly grown on aluminium substrates which are then configured as solar-cell
modules. An example is a PV structure that incorporates three-dimensional, single-crystalline n-CdS
nanopillars that is embedded in polycrystalline thin films of p-CdTe to enable high absorption of light and
efficient collection of the carriers. Various other experiments and modelling have demonstrated the
potency of this approach for enabling highly versatile solar modules on both rigid and flexible substrates.
These display enhanced carrier collection efficiency that arises from the geometric configuration of the

nanopillars [59].

2.6.1.4 Solar energy generation by 3D method, using Fibonacci PV module (FPM).

In Fibonacci PV Module, (FPM), the aim is to maximize solar power generation per installation
area. Low-cost solar cells (Thin-film with conversion efficiency of 10%) were assembled in modules in
3D structures. The PV modules were arranged in the shape of a tree based of Fibonacci’s sequence [51].
Eight solar cells make up a single stage in the module. As the number of stages increases, the total power
generated also increases accordingly. For a single-stage FPM, the maximum power generated is about
75% [15], thus a two stage or three stage FPM maximum power output doubles of triples in values
accordingly. In addition, the amount of generated power increases with increases in solar altitude. Thus a

FPM will yield more power generation per installation area than a conventional plane module.

2.6.1.5 Three-dimensional modelling and simulation of P-N junction spherical silicon solar cells

Another new promising technology for PV energy conversion is the Three-dimensional

simulated spherical p-n junction spherical silicon solar cells (SST). The simulation is based on models
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using finite-difference method. It has been proved that the efficiency of a spherical solar cell is slightly
lower than a conventional planar device but this is being compensated-for in terms of cost advantage.
Furthermore, the materials being used are low-cost based, the device design gives optimal performance
and the device processing technology is quite simple and affordable.

The spherical solar technology involves the use of tiny inexpensive Si spheres which are used as
feed stock in the form of irregular shaped particles. These are melted and solidified into minute single
crystalline spheres. The impurities are segregated to the outer layer to be removed, thereby improving
their quality and purity and making them ideal for use for low-cost PV modules. Accurate Three-
Dimensional (3D) modelling is necessary for advanced device design and material processing
optimization [54].

The Three-Dimensional numerical approach has been used to overcome the modelling
challenges. Simulation results in device quantum efficiency and the model is found to be useful in device

design and simulation and in process optimization.

2.6.1.6 Three-dimensional nanopillar-array PV on low-cost and flexible substrates

In this technology, solar-cell modules are configured by growing optically active, highly regular
single-crystalline nanopillar arrays of semiconductors directly on aluminium substrate [59]. The
geometric configuration of the nanopillars enables highly versatile solar modules on the substrates
achieved improved efficiency of the carrier charges. This method was reported not to be cost-effective.
When nanowires are grown non-epitaxially on amorphous substrates, their random orientation on the
growth could also limit the explored device structure. This is reported to be an improvement on the
hitherto-common approach being used for the coating of the epitaxial growth of thin films by using
single-crystalline substrate as the template.

The success of the technology is in the ability to produce high density, single-crystalline
nanopillar arrays on an amorphous substrate with fine geometrical control. The reliance on epitaxial
growth from single-crystalline substrates has been overcome. Reduced reflectivity from CdS nanopillar
arrays was observed for small inter-pillar distance indicating that the light absorption properties in 3D
nanopillar-based cell modules could be improved while enhancing the carrier collection[59].

In spite of the various technological improvements being made so far on solar power generation,
its effect on costs has only marginally improved. The cost is still comparatively higher than conventional
energy technologies. Furthermore, the effect of the high variation in solar panel electrical parameters such
as output voltages, currents and powers due to environmental conditions such as temperature and solar
irradiance are not favourable to solar power generation [13, 21]. Hence, it is paramount to decide on the
feasibility or otherwise of installing a solar power plant at a location for a particular project before
actually investing in constructing the plant. There will otherwise be a high risk of project abandonment or
unsustainability. In order to avoid this risk, there is the need to carry out pre-analysis of the solar plant by

carrying out modelling and simulation of the solar panels and solar cells.

2.7 The need for modelling and simulation of solar cells
Modelling and simulation of the solar cells and modules requires the use of appropriate software

simulation techniques. This process is critical to the design and development of PV devices and systems.

23



One-dimensional simulations are usually employed but are inadequate for conventional geometry solar
cells [60]. At high intensities, many cell designs with high efficiency require 2D simulations or even 3D
simulations for correct interpretation of 2D/3D finite element analysis of electrical, optical and thermal
properties of silicon semiconductor devices as well as for achieving accurate results [61].

There are numerous solar cell programs and commercial simulation tools used by researchers
from all over the world for solar cells modelling. A few among them are SILVACO, TFT [16] and In
Crosslight, APSYS, Advanced Physical Models of Semiconductor Devices, [17], Synopsys and
COMSOL Multiphysics [14, 62].

COMSOL Multiphysics is an engineering software for modelling and simulating prototype
scientific and engineering systems or structures. It enables the environment for building model geometries
in 3D, 2D-Axisymmetry, 2D, 1D axisymmetry and/or 1D. It is possible to extend conventional models
easily for one type of physics into Multiphysics models that solve coupled physics phenomena. However,
a good knowledge of physics and material properties is required to enable the user develop the mesh for
the finite elements, parameters and variables used within a model. The user could generate the required
physics for the model design or select and add from COMSOL Multiphysics [63]. A basic modelling

workflow is thus represented in Figure 2-9.

MODEL DEFINITION GEOMETRY
Component Parameters >
Variables Import
Add components Functions Livelink
MESH PHYSICS MATERIALS
Build mesh Add physics New material
Mesh 1 Physics 1 .
Mesh 2 Physics 2 Add material
STUDY RESULTS WINDOWS
Study 1 Add II))llgtt 1group Model hlbrarles
Study 2 Plot 2 More windows

Figure 2-9: Basic modelling workflow in COMSOL Multiphysics

The built models define the relevant physical quantities such as material properties, loads,
boundaries, sources, and variations which are often defined by the underlying equations. The variables,
expressions, or numbers could be directly applied to solid and fluid domains, boundaries, edges, and
points independently of the computational mesh. The control of COMSOL Multiphysics is enhanced
through a graphical user interface (GUI) or by script programming in Java or the MATLAB language,
using LiveLink. COMSOL Multiphysics Version 5.1 is used for the modelling and simulation in this
work [63]. The objective is to determine the physics and materials for designing and developing
innovative TPV and solar PV models and to simulate them for varying operating conditions for
consequential effects. Their results are then interpreted and validated. The study of the models was first

carried out in 2D and thereafter converted to 3D geometries.

24



2.8 Thermal CTPV modelling

In 3D modelling, the temperature distribution in the PV panel is calculated by using the thermal
model. Factors determining the temperature distribution in the PV systems are the materials of the PV
module, the cell type, the panel configuration, the electrical load attached to that PV system and the
subjected environmental conditions. The thermal modelling could be with or without cooling and this also
affects the temperature distribution. When cooling is involved, the heat exchanger attribute is also a
factor.

There are different channels of energy transfer in the PV panel. The panel absorbs energy from
the incoming solar radiation and loses energy by convection and radiation to the environment, by energy
relocation experienced by the fluid in the heat exchange unit and also in the electrical energy delivered to
the electrical load. The quantity of electrical energy loss from the system depends on the load
characteristics and this determines the I-V characteristics, the electrical power output and efficiency of
the PV panel.

There is need for TPV systems to maximize radiation heat falling upon them in order to enhance
efficiency. However, the fraction of radiation not converted to electric power contributes to increased
temperature in the PV cells and this is undesirable. Similarly, heat exchange through conduction causes
increased cell temperature. On the other hand, the operating temperature range in a PV cell has its limit
and this depends on the type of materials used. In general, solar cells are limited to temperatures below 80
°C, but semiconductor materials with high-efficiency can withstand as much as 1000 °C [64]. The
temperature range in favour of PV efficiency has to do with some temperature at maximum above

ambient. The temperature range utilized in this work varied between 500 °C and 2000 °C.

2.8.1  The implementation of the thermal model

The thermal implementation of the PV system is of importance since the temperature of the
panel is constantly subjected to fluctuating temperature. Hence, the thermal model enables the study and
estimation of the 3D temperature distribution of the PV system. COMSOL is therefore utilized in this
work to carry out the study and calculations. The geometry, definition, dimensions and meshing for the
2D model already exists in COMSOL Multiphysics as seen in Figure 2-9. However, the model was
positively revalidated against the existing one. Contributions were made to the existing 2D configuration
by developing other 2D system configurations such as CTPV systems with six and eight mirrors
respectively. Further contributions made were converting the existing and newly developed 2D models of
the thermal PV into their corresponding 3D models as carried out and reported in Chapter four of this
work.

The defined geometric, definition, dimensions and meshing were initiated in the 2D model using
COMSOL Multiphysics as seen in Figure 2-9. The global definition for the heater is given in Table 2-3.
The PV efficiency and solar electric output power were defined under global definition in Table 2-4. The
thermal properties used in the model of the various materials are as given in Table 2-5. The electrical

behaviours of the PV cell are characterised as indicated in Figure 2-10 (a, b and c).
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Table 2-3: Global definition for the heater

Parameters Name Expression

Value

Description

T heater 1000 [K]

1000 K Temperature, emitter inner boundary

Table 2-4: Global definition for the PV cell

Name | Expression Unit Description
eta pv | if(T<1000[K], 0.2*(1 - (T/800[K] - 1)"2), 0) Voltaic efficiency, PV cell
q out | htGm*eta pv W/m*2 | Electric output power

The equations for the exchange of heat for solid and fluid domains are contained in equations (2.2) and

(2.3) respectively [13] as:

pCou. VT +V.q = Q + Qteq

q= —kVT

(2.32)

(2.33)

The materials below, the emitter, mirror, PV cell and insulation described the materials used for

the modelling and simulation of 2D geometry [64]. The emitter has a specific temperature, Theaser, as

described in Table 2-3. Radiation was taken into account on all mirrors inner boundaries and low

emissivity was applied to both the mirrors and the insulation while high emissivity was applied to the

PV cells as indicated in Table 2-5.

Table 2-5: Basic materials property summary for CTPV [64]

Component | Thermal conductivity, | Density, p [kg/m®] | Heat capacity at | Emissivity,
k[W/(m-K)] Constant Pressure, | €
Cp (kg K)]
Emitter 10 2000 900 0.99
Mirror 10 5000 840 0.01
PV Cell 93 2000 840 0.99
Insulation | 0.05 700 100 0.1

Presented in Figure 2-10 is the temperature distributions in CTPV for the 2D geometry having

the same number of PV cells and mirrors. The system in Figure 2-10 is a 2D CTPV subjected to heater

temperature of 1.4x 10° K. The 2D geometry experienced great heat distribution and consequently has a

high temperature gradient. Further work shall be carried out in this thesis in order to determine the

temperature distribution pattern of the 3D in comparison to that of the 2D PV system.
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Figure 2-10: Surface temperature distribution at T heater =1400 K in 2D configuration for the CTPV
system

The standard electrical behavioural pattern of the 2D CTPV system in Figure 2-10, when plotted against
the temperature, reveal the behavioural pattern for the efficiency, PV cell temperature and the electric

output power respectively as shown in Figures 2-11 (a, b and c).

(@) (b)

(c)

Figure 2-11: Plot showing the trend of (a) PV cell voltaic efficiency, (b) PV cell temperature, and (c) PV
cell electric output power versus the operating temperature.

29 Non-concentrating solar PV modelling

Review was carried out on the other section of this work which is the modelling and simulation
of the non-concentrating solar PV otherwise known as the direct solar PV system. In direct PV systems,
the source of energy is sun and solar irradiation is directly converted to electricity with the aid of the
electronic semiconductor material known as solar cell(s), module(s) or array(s). Due to different types of
losses experienced by a PV system and coupled with the high cost of solar cells and the problem of
weather and season variations, the need to optimize the generated output power in order to make the

project worthwhile becomes necessary.
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Solar PV study to predict the behaviour and performances of PV system are considered in two
parts, namely, the electrical (1D) modelling and the thermal modelling (3D) modelling [13]. The
electrical model in 1D is required as input to the 3D system to enable the investigation of the effects of
varying operating conditions on the electrical parameters and to investigate the effect of variation in one
parameter while the others are fixed constants These type of graphs are not obtainable from the 3D plot
but from the 1D plots [13]. The obtained parameters are required for verified against the manufacturers’

data and then input them as electrical parameters for the thermal modelling.

2.9.1 Electrical modelling

The 1D modelling of the PV cells and Module is very crucial to the 3D modelling for the
prediction of the panel operation. The PV nature or electrical behaviour is not constant as obvious from
its characteristic electrical equations. The manufacturers’ specifications at standard test conditions are
used to determine and predict the behavioural patterns of the /-V, P-V graphs for varying 7, G, Ry, Ry
and N. Information obtained from the PV manufacturers’ datasheet such as open circuit voltage V., the
short circuit current Is;, maximum power current I,,,,, maximum power voltage V;,,, are used in validating
test or simulated results. This aspect has been extensively covered in section 2.4.1.1 and further reference
on basic characteristics and equations of solar cell can be made to that section.

However, the effect of the cell parameters (R; and Ry, and ideality factor) on the design and

modelling of the solar cell or panel are worthy of note in solar cell/panel design and modelling.

2.9.1.1 Series resistance
The presence of series resistance is brought about as a result of poor solar cell design. Its
presence reduces the fill factor, while excessively high values may cause further reduction in the short-

circuit current. The equivalent circuit current equation then becomes [65]:

I=1,— I,exp [‘“V”Rs) - (&%) (2.34)

nkT Rsy

2.9.1.2 Shunt resistance

The presence of shunt resistance is due to manufacturing defects and its presence causes
appreciable power losses. The effect of low shunt resistance is mainly significant at low light levels, since
the impact of diverted current will be significant on the light-generated current. Furthermore, the impact
is also greatly felt at lower voltages where the effective resistance of the solar cell is high and given as
[65]:

av)_ v (2.35)

I=1 — I,exp [nkT Ron

2.9.1.3 Series and Shunt resistances

In the presence of both series and shunt resistances, the IV curve of the solar cell is described by

the equation [65]:

=1, — lyexp [T - (2%) (2.36)

nkT RsH
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where the electrical quantities are as defined before.

2.9.2 Irradiation and temperature effect on PV modules.

The variation in solar radiation reaching the ground is caused by some factors such as the
distance travelled by the irradiation, time and seasonal variations, climatic conditions, apparent motion of
the sun and tropospheric conditions. The proportion of the solar irradiation getting to a typical
commercial PV panel is about 13 to 20% while the rest is converted to heat which is not useful to the PV
system. All these variants affect the PV module performance [28] and to what extent they affect the
performance need to be verified.

The light-emitted current is given by the equation [28]:

Iph = [Isc + KL( T) - Tref )] [ s ] (237)

100
The equation above is used in modelling and determining the effects of irradiance. The effect of varying

temperature is seen in the diode reverse saturation current, I;(T), and they are related as [28]

I,(T) = I, (TrT—ef)sexp [E—g( r o_ 1)] (2.38)

NVt \Tref

2.9.3  Consideration for environmental parameters and cell parameters in PV modelling
The effect of environmental parameters on PV performances which are irradiance and temperature play

crucial roles in PV study. According to [66],

Iph = (Gk)[lsc + Kl(Top - Tref)] (239)

This implies that the photo current, I,, is a function of ambient irradiation, G in W/m’. As the G
increases, I, also increases. The symbol K is the change in panel short-circuit current, Al in per °C at
temperatures different from 25°C or 298 K. The value of K; increases as the operating temperature
differs from the standard temperature of 25°C or 298 K, that is where T,,, # Tref (25°C or 298 K)

Similarly,

Voo = Veln (22) (2.40)

I
As the operating temperature, T increases, the open circuit voltage decreases indicating that the operating
temperature of the PV cell, T in kelvin, linearly decreases with open circuit voltage, V,. under standard
test conditions of irradiation value, G = I KW/m?air mass, AM = 1.5 and operating temperature, T, = 25

°Cor298 K, I,, = Is. Thisis known to be the greatest current value condition.

2.10  3DPV thermal modelling

3D thermal modelling of the PV system is of great importance because the thermal modelling
enables the temperature distribution study within a typical PV system. Temperature distribution within
the PV system and its study, analysis and effects are vital to the system optimal performance. The 3D also
is a representation of a process, concept, or operation of a system or structure which is often executed by

a computer program for validating real-world measurements [67, 68]. It is recognised as a very important
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part of any engineering practice. With the current use of computers and powerful software, extremely
complex systems can be simulated for performance prediction and monitoring. Availability of models of
all various components of the PV system at all stages is very important in system sizing, cost analysis and
monitoring. Furthermore, such models could be tested together with other distributed system models in
order to evaluate and predict the overall system performance [33].

The techniques in modelling PV systems stress the importance and the need for design
considerations that are required to be undertaken in the course of modelling the 3DPV system.
Environmental conditions are known to have a huge influence on the characteristics and performance of a
PV module [28]. Contrary to the common practice of modelling in one-dimension (x and y planes) only,
due to the complex nature of capturing the light sources in three-dimension and in order to obtain more
accurate results, three-dimensional structure is usually utilized. One of the 3DPV model software
programs to study the performance of the PV system is COMSOL Multiphysics. Materials selection
choices in making-up the solar panel were studied and are as indicated in Table 2-5. Likewise the need for
defining the physics selection for the selected materials is important and could either be user-defined or
selected from the bank of physics equations from COMSOL Multiphysics. The use of appropriate
meshing sizes are also important to successful modelling.

Removing the generated heat or turning it to useful energy is a viable solution to the negative
effect of heat generation in PV energy system by converting the heat into useful energy and applying the
appropriate heat transfer coefficients [13]. Heat transfer coefficients are a variant for determining the
feasible method of drawing heat away from the cell. A forced method (water cooling method) offers the
best results, bringing the cell temperature nearly back to ambient air temperature. Another method of
cooling could be the free method (using air) [69]. These methods are promising solutions to the PV
heat/efficiency problem and they provide the opportunity for the heated water or the extracted heat to be

used for other applications and consequently increase the overall energy generation of the PV panel.

2.10.1. PV model materials

Modelling of the PV panel is composed of different layers of materials (depending on the
photovoltaic technology used) such as the glass covering Corning 7059 Barium-Borosilicate, the
encapsulants (for top and bottom layer of the PV cells) which are anti-reflective coating (ARC) for PV
cells protection such as ethylene vinyl acetate (EVA), the PV cells, the metallic conducting Fingers and
the metal back sheet/frame which is the final structural component support embedding the PV module.

These materials equally required modelling for optimum PV system operation performance [71].
The various layers are briefly reviewed in this chapter and illustrated in Figure 2-12a and Figure 2-12b

but more details on them are presented in Chapters 3 and 7.
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Materials List
A = Material 1
B = Material 2
C = Material 3
&
Material 6
F = Material 4
E = Material 5

/‘ ~ Lowlron Glass

Figure 2-12(a): Materials structure in solar module [70]

Figure 2-12(b): Materials list in solar module [70]

2.10.2 Meshing of material

Meshing is an important aspect in modelling and simulation and it goes with experience on the
job. There are no strict rules to meshing as variations in mesh size are necessary to determine how small
or large a mesh size could be used without it affecting the results [72]. The temperature results in the
model of the solar cell are not affected by the mesh size, however the process is important especially in
models that are more complex because while smaller mesh sizes are more accurate, they result in longer
computation times or may even run out of memory and therefore terminate the simulation, thereby
yielding no results. A rather coarse meshing will more likely successfully complete running the
simulation but may also compromise the results. Therefore, a proper mesh sizing (in-between) is
necessary for a result yielding, non-compromising simulation [72]. A mesh size of ‘Normal’ when used

for computations results in multiple rows of slices throughout the thickness of the cell.

2.11  Chapter summary

This Chapter presents various solar technologies with particular attention on concentrated thermal
photovoltaic system (CTPV) and the non-concentrated photovoltaic (PV) system. Various literature
materials that reported on these technologies were reviewed. Continuous research and development was
reported to be on-going in order to improve the efficiency and acceptability of the solar energy in the
segment of the utility scale. Attention was stated to be shifting in the direction of three-dimensional
photovoltaic research in order to achieve power generation optimisation. The objective of building the 2D
and 3DPV power system was reviewed to be for developing innovative PV and thermal models. A
review was also carried out on the CTPV system modelling in 2D. This was given to be necessary in
order to determine the impact of geometry on the electrical performance of multi-dimensional PV solar
panels. For the non-concentrated PV systems, various practical electrical equations guiding the PV
operation were also reviewed. Various materials used in modelling any or both of the PV technologies
were reviewed as well as the factors affecting the operating performance and optimum output power
generation of a typical commercial PV system. Such factors were given as the environmental, the PV
internal and the electrical parameters. The materials composition of a typical solar cell was reviewed and

the need for accurate meshing was revealed as well.
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CHAPTER THREE

METHODOLOGY

3.1 Introduction

This chapter presents the methods and approaches used in determining the impact of 3D structure
on solar power generation. There are two aspects to it. The first part handles the impact of 3D structure on
the CTPV system while the other aspect has to do with the solar photovoltaic system (non-concentrated),
simply referred to as the PV system. In this work, for the CTPV system, modelling and simulation in two
and three-dimensions were carried out to investigate and predict the influence of the flame or emitter
temperature (operating conditions) on the system efficiency, the output power and the temperature
distribution within a typical CTPV system, using the engineering software package of COMSOL
Multiphysics, version 5.1.

On the other hand, for the PV system, the 3D geometry of the solar panel was imported from
solidworks website into COMSOL environment, using the livelink interface. The domains, boundaries,
edges and points were set and materials properties defined and the geometry then modelled, meshed and
simulated to study and predict the temperature distribution in the PV system and its thermal effect on the
system efficiency and the output power generated while MATLAB programing was used in predicting the
system’s electrical performance for optimum power output. MATLAB was used for the electrical
validation due to the complexities of modelling the electrical circuit in three-dimensions.

Most of the research methods commonly used in modelling and simulation of solar photovoltaic
panels involve using simulation programs such as genetic algorithm [73], particle swam optimization
(PSO) method motivated by flocking and swarming behaviour of insects and animals [34], MATLAB
programming, swarm intelligence (SI) motivated by the social behaviour of animals and insects [74], and
colony optimization (ACO) motivated by trail-following behaviour of ant species and cockroach swarm
optimization (CSO), to mention but a few. These conventional approaches are good in programing and
simulating mainly 1D models. However, 1D simulations are usually inadequate for typical commercial
solar panels but could pass for PV, especially at low solar intensities and for semiconductor materials that
are not well formed. At high intensities, many PV cell designs with high efficiency require 2D
simulations or even 3D simulations for correct interpretation of 2D/3D finite element analysis of
temperature, efficiency, power and thermal properties of silicon semiconductor devices. Likewise, 2D/3D
simulations are required for achieving accurate results due to the fact that their problems which are rather
complex involve the use of increasingly large solution space. This has led to the use of more efficient
engineering tools and software [13, 34] .

There are numerous solar cell programs and commercial simulation tools used by researchers from
all over the world for solar cells modelling in three-dimensions. A few among them are TFT, a device
simulator in SILVACO, which contains physical models and specialized numerical techniques required to
simulate amorphous or polysilicon devices and it is also used for thin film transistors [34]. Other
programs include Crosslight, Synopsis and Advanced Physical Models of Semiconductor Devices

(APSYS). The use of APSYS is centered on 2D/3D finite element analysis of electrical, optical and
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thermal properties of compound and silicon semiconductor devices. Synopsis software is noted to have
some solar cell simulation capabilities. Inclusion of various optical modules in the software makes the
simulation package attractive for light dependent applications such as photosensitive or light emitting
devices and solar cells. The Si rear-contacted cells (RCC) with textured front surface and using real-time
(RT) techniques are recorded to compute enhanced optic absorption coefficients. Conversion efficiency is
recorded as being improved upon with about 20.7 percent for certain textured devices and these are
recorded to be in good agreement with the obtained experimental results [34].

For the PV system, the objective was to design and develop a practical technique of using complex
geometries in 3D structures with various material properties in COMSOL Multiphysics without the
challenge of physically assembling the multiple parts. The proposed method involved the use of
COMSOL Multiphysics to define the parameters, variables and functions. The basic solar panel was
imported from Solidworks website into COMSOL environment using the livelink but the building of the
geometries were modelled in the COMSOL environment.

Multiphysics modelling of complex 3D geometries requires adequate knowledge and
understanding of physics to enable the selection of material properties as well as to define and establish
the global definitions required to model the 3D geometry. A proper understanding of the materials is
required to enable the correct settings for the domain, nodes, boundaries and other necessary points in
order to construct the entire geometry as a unit with each of its parts representing different materials. The
Matlab program is a simpler practical alternative to modelling solar PV cells but it is restricted in
modelling PV panel performances as far as 3D modelling is concerned, especially when dealing with
multipart geometries that require assembling [13]. A custom algorithm was developed to enable the
labelling of geometry nodes with corresponding materials. Then, interpolation functions of COMSOL
Multiphysics were utilized to define material properties as a function of mesh coordinates. This method
enabled incorporating two or 3D geometries with various material properties in COMSOL Multiphysics
without the difficulties that may arise if the complex multipart geometries were to be physically

assembled [75].

3.2 Three-dimensional modelling of the photovoltaic system

The impact of 3DPV technology and its promising potential is tremendous, especially in high
altitude and adverse climate locations. It has been investigated and found that 3DPV technology is
suitable for power generation in adverse weather conditions and for a more constant power generation
across the day and at off-peak hours at high altitudes [4]. The innovative and potentially promising nature
of this technology can be applied at multiple dimensional scales, such as small 3DPV towers acting as
compact foldable power generators and to optimized integration of 3DPV towers in metropolitan settings.
3DPV technology when fully developed will ultimately pave the way for the integration of 3DPV with
architectural and urban design for improved efficiency in energy generation at grid scale [76, 77]. The
tremendous potential for the exploitation of 3DPV at different levels can be achieved only through
extensive fundamental and technological, computational and experimental investigations of 3DPV
technology. 3DPV technology is able to address problems regarding light reflection, incident angle,

position with respect to the sun, panel arrangement with respect to one another and a number of other
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issues defined as part of the complicated optimisation problems [50]. It is possible to optimize solar
energy collection by incorporating 3DPV structure into the system in order to maximize the collection of
indirect, reflected and diffuse insolation.

The first part of this work is the thermal modelling of a concentrated PV system in two and three
geometries with water cooling, using COMSOL Multiphysics software and this is given in full details in
chapter four of this thesis. A 2D modelling has already been achieved by COMSOL [64] with eight PV
cells and an equal number of mirrors. This work was further remodelled in 3D with the same eight PV
cells and equal number of mirrors and the results were validated against the one built by COMSOL. The
validated results agreed with the COMSOL results. However, further contributions were made to already
existing work by COMSOL by modelling in 3D and developing further models in 2D and 3D but with
varying geometries with six and ten number PV cells and equal number of mirrors in order to investigate
their effects on temperature distribution, efficiency and generated output power. The findings are detailed
in Chapter four of this work.

The second part of the thesis is on thermal and electrical modelling of the non-concentrated PV
system in three geometries with air cooling. Electrical modelling in 1D, using Matlab R2014b, was first
carried out. It was necessary to carry out the 1D simulation of the electrical properties as these could not
be determined by the 3D modelling. The study of the effects of environmental variations such as the
temperature and irradiation on electrical parameters was undertaken one at a time, while others are kept
constant. This is only possible with 1D modelling and simulation. The simulated results were then
validated against the manufacturers’ data sheet. Since these were positively verified within limits of
acceptable tolerance, these validated parameters were then used as part of the simulation input for the 3D
simulation on COMSOL Multiphysics, version 5.1. The details on this are given in chapter 6 of this

thesis.

33 Three-dimensional modelling of a concentrated thermal photovoltaics energy
system

The 2D existing model for the CTPV with COMSOL was re-modelled and the results were
validated against COMSOL’s results. The results were validated and in agreement with the existing
results. In the re-modelling and simulation of the CTPV system, the 2D model of the CTPV was modelled
for every segment of the CTPV system such as the heater, the mirrors, the PV cells and insulation. The
CTPV geometry was modelled with its other different components. Selections were developed for the
domains and boundaries which were used in implementing materials settings and boundaries conditions,
using the COMSOL software.

The selected physics was heat transfer with surface-to-surface radiation interface. Thereafter, the
CTPV model in 3D was developed from the 2D CTPV model, using the same approach. This ensured that
the modelling parameters for 2D and the 3D of the CTPV could be compared directly one to the other.

3.3.1  Basic Modelling consideration for CTPV model, using COMSOL Multiphysics software
The basic simulation workflow for the 2D model of the CTPV, using COMSOL Multiphysics

software, follow the same pattern as already shown in the chart in Figure 2-9. The heat radiated on the PV
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cells is not fully converted into electric power but it is wasted away as radiation, conduction and/or
convection and most often raises the temperature of the PV material and the material becomes hot. This
heat reduces the efficiency of the solar material.

To lessen the temperature effect, the PV cells were cooled with water on their rear surfaces by free
convective heat transfer (at the interface with the insulation). All the different boundaries experienced
heat by conduction. The model simulated the emitter with a definite temperature, Theaer, On the inner
boundary. At the outer emitter boundary, radiation (surface-to-surface) was taken into account in the
boundary condition. The mirrors were simulated by taking radiation into account on all boundaries and
applying a low emissivity. Both the inner boundaries of the PV cells and that of the insulation, used
radiation boundary conditions. Nonetheless, the PV cells had a high emissivity while the insulation had a
low emissivity. Furthermore, the PV cells converted a fraction of the irradiation to electricity and the

remaining part remained as heat loss.

3.3.2  Governing equations for the CTPV model

Heat sinks installed on their inner boundaries simulated this condition by accounting for a

boundary heat source, the heat transferred per unit time, q, is defined by in Equation (3.1) [64]:

q= _anv (31)

For water-cooling of the PV cells by natural or free convective heat transfer took effect and was as
represented in Equation (3.2). According to Newton's law of cooling, the equation for convection (heat

transfer per unit surface through convection) is expressed as:
q = h AdT (3.2)
where q, A, h, and dT are as defined in the list of Engineering and Mathematical symbols.

The convective heat transfer coefficient (h.) is dependent on the type of medium, liquid or gas, the
flow properties such as velocity and viscosity, and any other flow and temperature-dependent properties.
The typical free convective heat transfer coefficient for water and liquids ranges from 50 - 3000

(W/(m’K)) as referenced in the Appendix. In this work, h value of 50 was used.

The PV cell’s voltaic efficiency is a function of the local temperature, having a maximum of 0.2 at

800 K and it is mathematically expressed as:

T 2
e = { 0.2 [1 - (=—-1) ] T <1600 K (3.3)
0 T > 1600 K

where,

800 K is the PV cell maximum temperature.
At the outer boundary of the PV cells, water cooling by convection was applied to the model

which satisfied the convective heat transfer with the water cooling equation defined as:

Go=h.(Texe —T) (3.4

where,
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The heat flux is g, and the heat flux is for any fluid which can be liquid or gas/air.

h = hyater (D, Text ) (3.5)
For water, h takes value, h,, 40, between 500 and 10,000 W/m’K

T,,: = external or ambient temperature = 293.15 K

Lastly, at the outer boundary of the insulation, convective cooling for air with / set to 5 W/(m?-K) and

Tump t0 293 K, were applied.
3.3.3  Properties of CTPV materials

The materials definitions used in the model are listed below. Their references and relevant material

properties are attached in the Appendices.

Table 3-1: Material properties summary [64]

Component k [W/(m-K)] p [kg/m?] Cp [J/(kg-K)] €
Emitter 10 2000 900 0.99
Mirror 10 5000 840 0.01
PV Cell 93 2000 840 0.99
Insulation 0.05 10 100 0.1

The parametric solver was used by the model to calculate the stationary solution for a list of
emitter temperatures (1000 K to 2000 K). The graph in Figure 2-10 shows the temperature distribution
that changed with the operating condition within the CTPV system. The upper (right side) of the graph in
Figure 2-11(b) investigates what the optimal operating temperature would be and illustrates the stationary
distribution at working conditions with an emitter temperature of 2000 K. Further various parameters
changes could be effected and investigated; such as the number of mirrors used, the number of PV cells
used, the type of coolants used and so many other changes could be investigated to predict the CTPV
performances with those changes. The results were post-processed and various graphs plotted, analysed

and discussed.

3.3.4  The three-dimensional CTPV model

The 3D CTPV model was developed by determining and selecting the physics, using the same
material properties for the 2D configuration. The materials physics could be chosen from COMSOL
library or could be user-defined. This was followed by meshing and simulation, the details of which are
given in Chapter four. As the materials selection and definitions are the same for the 2D and 3D models,
the same physics on selected materials apply for the 2D and 3D models.

The same procedure of modelling and simulation as illustrated in the basic modelling workflow in
Figure 2-9 was similarly followed for the 3D after importing the modelled 2D geometry into the
COMSOL environment. The obtained results were post-processed, analysed and discussed. However, the
number of points generated for the domain, boundaries, edges and points in the 3D modelling were

greater than in the 2D model.
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34 Non-concentrating solar PV energy system and modelling

The non-concentrating photovoltaic technology is simply referred to in this work as PV
technology. PV technology provides the direct method of converting solar energy into electricity through
the use of semiconductors. Modelling and simulation play vital roles in the development of PV devices as
well as in the design of PV systems [13].

The 3DPV model was implemented in the COMSOL Multiphysics environment. The geometric
model was 3-dimensional and was prepared and meshed using COMSOL Multiphysics mechanical code.
The model consisted of four solid domains for the PV panel namely: front cover, back sheet, encapsulants
(up and down) and the PV cells. The electrical properties used in the model for the various material are
given in details in Chapter five.

In solar PV, the PV module materials, such as PV cell type, configuration of the panel, the
electrical load attached to the PV system [13] and the prevailing conditions in the surrounding
environment, all do affect the temperature distribution. The panel receives the incoming solar radiation
and loses energy from it by convection and radiation to the surrounding environment, transferring energy
to the working fluid in the heat exchanger and also delivering electrical energy to the connected electrical
load.

The load characteristics determine the prevailing current—voltage (I-V) point and consequently the
electrical power output of the PV panel. Usually, maximum power point trackers can be connected to the
PV panel to ensure that the panel performs close to the maximum power point on the I-V curve [78]. The
use of maximum power point trackers connection to the PV was not utilized in this thesis. The materials
and the operating physics of the 3DPV model were determined and selected and successfully meshed and
simulated in COMSOL Multiphysics while the electrical modelling and validation were carried out using

Matlab.

3.4.1  Basic modelling workflow equations in 3DPV

The 3D model was developed by importing the 3D geometry into the COMSOL environment,
using Livelink interface as earlier described. The materials and physics properties were defined, exported
and developed in 3D geometry as earlier described and thereafter analysed and compared with the

manufacturer’s specifications.

The heat transfer equations [79]for solid domains respectively are:

aTi V,Z . .
piCp %= V.(q) + O for i=1,2,3 . n (3.6)
[7]
pCr 5 + PCru.VT(x,,2) = V.(q) + Qun (3.7)
q = KconaVT (3.8)

37



3.4.2  Thermal load equations and boundary conditions

According to [13], the absorbed solar radiation was determined by using the incoming solar

radiation from the radiation model which is defined as :

G . _ A
ba = my <7b”l+‘;d).Rbeame,b +M (7(1 40 'Gd).Km_d (“sz’s ﬁ) x (1 + fSin? (g)) +

G'ref - G'ref Gref
Gp 1-Cos B
M-S Krag ( ) 3.9
Gref pground Ta,g 2 ( )
and

Sref = (Ta)n Gref
where, all the parameters in the equations are as defined in the list of Engineering and Mathematical

notations.

The absorptivity of the PV cells, a, could be assumed to be 0.9 [13]
Only the absorbed portion of solar irradiation was transformed to electrical energy. Applying the
heat transfer equation to this absorbed portion of the PV cell layer (as an internal heat generation, Q), as

in [13] gives:

Q= (1—1ny). (M) (3.10)

va.cell

The PV panel electrical efficiency, 1, , is then given as:

My =1— (M) G.11)

Ga X Apanel

343 PV model materials and consideration for selection

The PV cell is a p-n device that produces current when irradiated upon. The various material
components of the semiconductor interface, from the top-layer material coat to the back cover of a typical

semiconductor are as represented in Figure 3-1 and Figure 3-2(a) and Figure 3-2(b).

Figure 3-1: A typical structure of a c-Si solar cell [80]
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The full details of the materials used 3D PV thermal modelling and their properties are described
in Chapter seven. The general list of materials used in the 3D PV model are as indicated in Figures 3-2,
Figure 3-2(a) and Figure 3-2(b) and are as listed in Table 3-1. However, there could be slight variation
from manufacturer to manufacturer in material composition. Their references and relevant material
properties are attached in the Appendices. The geometry of the model majorly consist of four solid

domains for the PV panel namely: front cover, back sheet, encapsulants and the PV panel.

(a) (b)
Figure 3-2(a): Solar panel make-up
Figure 3-2(b): Materials layout in solar module [82]

3.5 Selection of material properties

New material methods are being harnessed to pave way for solar cells as emerging power
resources for the world to reckon with. According to the literature, for a typical PV module operating at
its maximum power potential, about 75 to 80 percent heat is generated and the output power of the PV
system drops to as high value as 0.4 percent for every 1°C rise in temperature [72]. Furthermore,
temperature increase has been noted to adversely affect solar panels causing several failures and material
degradation of PV modules due to associated stresses from thermal expansion due to elevated
temperatures. Consequently, PV materials need to be selected in such a way that they do not have the
chances of increasing the module temperature. In addition, adequate attention and analysis of temperature
distribution in the solar panel needs to be properly interpreted for a good commercial PV panel operating
at its maximum power potential. The properties of the material selected and used for modelling the PV
panel were taken from literature as well as from the COMSOL Multiphysics material library and are as
indicated below:

Table 3-2: Summary list of materials for solar photovoltaics

List of List of materials Location

materials
Material 1 | Corning 7059 [solid] Frontsheet materials
Material 2 | Elvax 250 (28% VA, 25 MI) [solid] Module encapsulant sheets
Material 3 | Silicon Silicon semiconductor
Material 4 | Elvax 250 (28% VA, 25 MI) [solid] Module encapsulant sheets
Material 5 | PET (polyethylene terephthalate or Mylar) [solid] | Backsheet materials
Material 6 | Copper Cell metallization pastes on silicon

39


http://www.solarpowerengineering.com/wp-content/uploads/2011/04/thinfilm.jpg

The materials selection in the design of the PV module was carefully done to ensure optimum
power output and durability. Most PV bulk silicon PV modules consist of a transparent top surface,
encapsulant, a rear layer and a frame around the outer edge. In most modules, the top surface is glass, the
encapsulant was EVA (ethyl vinyl acetate) and the rear layer was Tedlar. Below are the brief descriptions

of each of these materials for expected electrical performance.

3.5.1 Front surface materials — Material 1

The top surface of the PV module possessed high light transmission of appropriate wavelengths.
The transmission wavelength for silicon solar cells, range from 350 nm to 1200 nm [22]. In addition, the
front surface reflection was ensured to be low but was not made rough so as not to attract dust and
particles. Furthermore, the top surface material was ensure to be waterproof, having good bearing
resistance, ensured to tolerate prolonged ultraviolet (UV) exposure and possessed small thermal resistivity
as water or moisture migrate into the PV panel would oxidise the metal contacts and all interconnects, and
consequently lower the lifetime of the PV module. The top surface and the rear surface were ensured to
be mechanically strong and firm so as to provide support to the solar cells and the electrical wiring.
Available options good for consideration for a top PV surface material were acrylic, polymers and glass.
The most commonly used is the tempered, low iron-content glass because it is low cost, strong, stable,
highly transparent, impervious to water and gases and has good self-cleaning properties. The one
considered in this work for this purpose was Corning 7059 Barium-Borosilicate Glass and it is tagged

Material 1 [83]. This was extracted from [84] as at 1st December, 2015 at 1:51 PM].

An encapsulant was used to give bond and protection between the solar cells at the top surface and
also for the rear surface of the PV module. The encapsulant was ensured to be safe at high temperatures
and to high UV exposure. It was ensured to be optically transparent and possessed a low thermal
resistance. EVA (ethyl vinyl acetate) is the most regularly used encapsulant material and it was the one
considered for this work. EVA comes in thin sheets and the solar cells normally are inserted between the
top and bottom encapsulants as a sandwich. This sandwich was then heated to 150 °C to polymerize the
EVA and bond the module together. So there exists ‘encapsulant up’ and ‘encapsulant down’. In this
work, these are materials 2 and 4 respectively while obviously, material 3 is absolutely PV solar cell. The

material used for this purpose in this work was Elvax 250 UP.

3.5.2  Rear surface — Material 4

It is important and it was ensured that the rear surface of the PV module possessed low thermal
resistance and is capable of ensuring the protection of water or water vapour into the PV module. In most
PV panels, a thin polymer sheet is often used as the rear surface such as Tedlar. Some PV modules,
known as bifacial modules are designed to accept light from either side of the solar cell. In bifacial
modules both sides are ensured to be optically see-through. The rear surface material used in this work is

Elvax 250 Down.
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353 Solar cell — Material 3

Material 3 is the solar cell that is sandwiched between the upper and lower Encapsulants. The

details are given in Chapter five of this Thesis.

3.5.4  Finger — Material 6

The finger is the metallic lines of good electrical properties that run through the surface of the
solar cell in convectional solar panels. This could be made of Copper, Silver or Gold. The recently
manufactured solar panels no longer have Fingers on them. More details about this are given in Chapter

seven of this work.

355 Frame — Material 5

The frame is the final structural part of the panel used for enclosing the module. A typical PV
module casing is made of aluminium due to its strength and non-corrosion. The frame structure needed to
be free of any entanglement from water lodgement, dust or other matter. The material used in this case is
Mat 5 - PET (Polyethylene terephthalate or Mylar).

Improper selection and modelling of suitable and quality materials will ultimately jeopardize the
integrity of the overall aim and intended purpose of the designed solar panel. Some of these effects of
improper materials selection are presented in this work. EVA and PVB are types of commonly used
encapsulants for PV systems. They provide bond and protection between the upper and lower surfaces
holding the solar cells together. Figures 3-6 and 3-7 show the breakdown of this encapsulant, thereby

leading to browning EVA in PV modules, indicating an error or improper material selection.

Figure 3-3: EVA browning in field PV modules [85]
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Figure 3-3 and Figure 3-4 shows the 1990 EVA Browning Crisis at Carrisa PV Power Plant,
California, USA, where the annual power output got degraded by over 45 percent from 1986-1990 as a

result of encapsulant browning.

Figure 3-4: Severe EVA browning on mirror-enhanced PV arrays [85]

Figure 3-5 shows irregular browning in PVB encapsulant, caused by water ingress and
consequently leading to corrosion. This encapsulant has failed in its intended service of optimum power

generation.

Figure 3-5: Irregular PVB browning - water ingress and corrosion [85]
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Figure 3-6: Degraded modules [85]

Figure 3-6 and Figure 3-7 are additional pictures showing a degraded PV module as a result of
materials failure, thus stressing the importance of proper material selection in the modelling of PV panels

for optimum power generation and durability.

Figure 3-7: Degraded Thin film module at NREL OTF [85]

Proper selection and initial tests of encapsulation materials are, therefore, important. Different

encapsulant formulations (e.g., EVA) are essential as these lead to different quality and different PV
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performance. Encapsulation methods and processing conditions must be of high quality as these can
affect the laminate quality and reliability of PV modules. Adequate accelerated exposure is useful and
must be ensured to assess the performance expectation of materials and quality of processed components.
The overall module reliability and performance was determined by all component materials and
processing factors hence they were carefully determined and chosen.

Proper material selection was therefore carefully carried out to ensure that the developed and
modelled 3D PV panel can stand the test of time if it were to be physically built. Supporting material

specifications on the selection are referenced in the APPENDICES.

3.6 Meshing of modelled PV panel

Variations in mesh size were explored to determine how large a mesh size could be used without
affecting the results. The temperature results in the model of the solar cell were not affected by the mesh
size, however this process is important especially in models that are more complex because smaller mesh
sizes, generate more accurate results but they have longer computation times. A mesh size of “Normal”

was used for these computations, resulting in multiple rows of slices throughout the thickness of the cell.

3.7 Electrical characteristics of the system

The electrical model was carried out in 1D simulation, using Matlab link. This is because the
program is a simpler alternative to modelling solar PV cells due to the complexities of modelling the
electrical circuit in 3D. Hence, Matlab programing was used in predicting the system’s electrical
performance for optimum power output and for the electrical validation. This is treated in details under

chapter six of this thesis.

3.8 Chapter conclusion

This Chapter presents the approaches used in determining the effects of 3D structure on two
different technologies of solar power generation. The first part considered the effect on CTPV technology
and the second part considered the non-concentrated PV technology. In both cases, modelling and
simulations were carried out on the systems considered, using COMSOL Multiphysics, version 5.1 in
CTPV technology and both the COMSOL Multiphysics and MATLAB/Simulink R2014b for the con-
concentrated PV system.

For the CTPV technology, an existing model was re-modelled and the results obtained were
validated as expected against the existing built model. Thereafter, new and different CTPV configurations
in 2D and 3D models were developed, modelled and simulated as contributions to the existing work.

For the non-concentrated PV, the Sunpower and Yingli PV panels were both modelled, simulated
and considered to select a better option of the two for use for further modelling in 3D, study and analysis,
using MATLAB/Simulink R2014b for the reasons stated in this Chapter. Sunpower X21- 345 and Yangli
YL-260C panels are among the first best ten available PV panels. The validated electrical values obtained
from the Yingli panel were used as the input parameters for its 3D modelling and simulation, using

COMSOL Multiphysics, version 5.1. The 3D obtained results were analysed and interpreted.
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CHAPTER FOUR
MODELLING AND SIMULATION OF THERMAL PHOTOVOLTAIC
ENERGY SYSTEM

4.1 Introduction

This chapter first presents various thermal energy technology options available and status update.
CTPV energy system is of interest for research because of its huge potential and its fast-growing usage in
the international market today. Among many other uses, CTPV is used for heating water for domestic
usage, in spaces in residences and in commercial buildings, in solar assisted cooling, the swimming pool,
solar-assisted district heating, industrial process heat, desalination, agricultural products and in services
such as drying, hatcheries, chick brooders and seed germinators, solar cooking and electric power
generation to mention but a few [86]. This chapter also presents the work done on the investigation of the
impact of the 3D structure on the CTPV system. Modelling and simulation are essential in the design and
development of the CTPV system [42]. An innovative thermal model shall be used to simulate the
thermal performance of CTPV modules. For this purpose, the parameters for the materials involved in
thermal energy generation were defined and the appropriate physics were applied in the study of various
operating conditions that affect the system performance for the two-dimensional system. This model was
later used for the developing of the 3D system. This was done in order to establish the conditions at which
the thermal PV systems, like any other power generating systems, would maximize the input energy
source, radiation and heat transfer in order to improve its efficiency for better performance and improved

energy output.

4.2 Concentrating solar thermal energy conversion

Solar thermal energy (STE) exists today as concentrating solar plants (CSP) in parched and semi-
parched regions since 2009 [19] and shall be referred to as concentrating solar plants (CSP) in this thesis.
This is because the use of concentrators (solar collectors) in generating electricity is crucial. Solar energy
radiation can be concentrated to produce heat which can be collected at sufficiently high temperatures to
make electricity. The devices used to concentrate the sun's radiation on the PV cells are called
concentrating solar collectors (mirrors or lenses) and the radiation is in the form of heat. There are four
types available, namely: parabolic dish, parabolic trough collector, power tower (heliostat field focusing
on a central receiver) and compact linear Fresnel reflector. These are presented as shown in Figures 4-1(a)
to 4-1(d) [42]. The arrows in each of the figures show the path of the sun's heat and how they concentrate
on a point on line. Only trough collectors have been deployed in commercial service so far [32, 87]. Four

different available types of CSP [87] are briefly described as follows:
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Figure 4-1(a): Parabolic dish Figure 4-1(b): Parabolic trough

Figure 4-1(c): Central receiver with
heliostats Figure 4-1(d): Linear Fresnel reflector

CTPV is relatively new when compared with PV solar energy, but a steady progress is being made
when one considers the generated CSP in the years 2009 and 2013 respectively as contained in Table 4-1.
The most developed technology is the parabolic trough, with a recorded use of over 20 years operation in
California. The other technology options have only been constructed in the last few years, but look
promising as well. For instance, the compact linear Fresnel reflects types are much simpler to build, and

are potentially cheaper on a large scale [19].

Table 4-1: Progress in concentrating solar plants (CSP) since 2009 [19]

Description End 0f 2009 End of 2013
Total installed capacity 600 MW 3.6 MW
Annual installed capacity 100 MW 882 MW
Annual investment USD 1.8 billion USD 6.8 billion
Number of countries with 50 MW installed | 2 5

STE generated during the year 0.9 TWh 5.5 TWh

CSP looks appropriate to be considered as a suitable solar energy option for reducing climate
change because it generates electricity and produces no greenhouse gas emissions, hence it could be a key
technology. In addition, a CSP plant is flexible and enhances energy security as it has thermal storage
ability that ensures firm electric capacities and time-shifting electricity generation. It could also be part of
a hybrid plant thus lowering the cost of solar electricity. CSP technology is diverse, ranging from power
tower to parabolic trough, Dish-engines and concentrated linear Fresnel reflector (CLFR). The operating
characteristics of the different CSP technologies are as presented in Table 4-2. In CSP operation, the
working temperatures and towers are increased with a great variety of designs and applications to meet

the energy needs in a variety of ways [88].
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Unlike in solar PV technologies, CSP plants have the advantage of using steam turbines that will
essentially provide all the needed ancillary services. Moreover, they have an intrinsic capacity to store
thermal energy to electricity for later conversion. Combining CSP with thermal storage capacity of full-
capacity generation that will run for several hours will enable CSP plants to continue production of
electricity and with no disturbance even in cloudy conditions, or in the early morning or evening when
power demand goes up. The CSP technology in generating electricity in plants presents significant
potential for supplying specialized demands such as process heat for industry; heating co-generation,

cooling and power; and water desalination.

Table 4-2: Operating characteristics of concentrating solar power technologies [87, 89]

CSP Concentration | Tracking Operating Average, solar | Unitsize | Installed
Technology | Ratio Requirement | Temperature | to . electric Range Capacity
efficiency 2009

Power 500-1,000 2-axis 400-600°C 12-18% 30-200 40 MW

Tower heliostats MWe

Parabolic 10-100 1-axis 100-400+°C 8-12% 30-100 500 MW

Trough reflector MWe

Dish- 600-3,000 2-axis 600-1,500°C 15-30% 5-50kWe | 0.5 MW

Engines

CLFR <100 1-axis 100-3000C <10% 1-50 5SMW
reflector MWe

4.3 Energy analysis of a concentrating thermal photovoltaic system

The working conditions of the CTPV system are primarily influenced by the cell temperature and
its efficiency. The illumination characteristics and the construction technology of the cell involved is
complex, hence the temperature determination is also a bit complex. Based on some experimental results
achieved by [45], equations that could uniquely express the temperature of the cell in terms of the
concentration factor C, were arrived at. The cell temperature is expressed as indicated in equation (4.1)
[90]:

VOC(TC'C)_ VOC(TOlCO)

T.=T,+ 50

4.1

where the electrical parameters are as defined in the list of Engineering and Mathematical notations.
The knowledge of the parameters in equation (4.1) were empirically obtained from the

experimental diagrams of the variables examined by [91]. The open circuit voltages were found to be
dependent on the temperature of the cell representing the unknown. This problem was overcome by [45,
92] who deduced a graphical relation where V. was found to depend only on the concentration factor.
Hence V. is expressed as:

V,.(C) = 2.5847 + 0.085283.In(C) 4.2)

According to [91], the voltage thermal coefficient also depends on C and it is calculated as:

B(C) = —0.006424 + 0.00036233.In (C) 4.3)
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Based on these assumptions, the cell temperature is equal to:

Voc (€)= Voc(Co)

Te=To+ =50

(4.4)

Once the cell temperature is known, the cell efficiency can then be obtained. Similarly, in order to
define a theoretical equation between the quantities studied, some experimental diagrams obtained by

[91] were used. These show that the efficiency decreases when the concentration factor, V,.(7,.,C) ,

increases at the same cell temperature. Therefore, the cell efficiency is expressed as:

d
Ne = NMr = ﬁ (T.— T (4.5)

where,

T, = reference temperature and it is equal to 25°C or 298 K
n, = reference efficiency corresponding to the concentration factor chosen.

d
d—;z — —0.09167 + 0.005787 .In (C)

Z—Z is only applicable for C factors greater than 30 (C > 30) and in accordance to the curves analysed.

4.4 Electrical and thermal energy
According to [88, 93], the electrical energy theoretically produced by a single cell, using a
concentration system with biaxial motion, is equal to:

P = Nope A C. (Gdir.r f) (4.6)

where Gy, represents the direct irradiance previously calculated. Considering a non-ideal tracking
system, a factor f of value 0.9 is considered. The optical efficiency of the system with parabolic

concentrator mirrors is equal to the expression as stated in equation (4.7) [31]:
1
Mo = [0+ (1= 35)] @)

where,
T and p represent the transmission and reflectivity coefficients of the mirrors respectively. The value 0.98
is the ratio between the areas of the concentrator and the PV cell.

The electric energy actually delivered by the cell is a function of the power thermal
coefficient(k,). The power thermal coefficient,(k;), represents a reduction in percentage of the electricity

supplied by the system at a given operating temperature and it is given as:
ki=14 0,.(T,—25) (4.8)

where,

o = temperature coefficient and it is dependent on cell type and manufacturer.

From analysis of many data sheets, the value of g, equals to —0.16% has been chosen. Hence, the

electrical energy actually delivered by the cell is equal to:
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P, =k P (4.9)

According to [93], calculating the module electric energy necessitates considering the cells
number that develop it and its efficiency (1,,04) When fixed to 0.9 This value takes into consideration, the
coupling in series of the cells along a line, taking note of the possibility that a cell can operate at a lower

efficiency than the nominal one.

Hence, the electrical energy supplied by the module is equal to:

Proa = Pc,r -N¢ -Nmod (4.10)

As a result of the parasitic current losses produced in the module, the obtained value has to be reduced
[93]:

Hence:

Ppar= Ppar-Gdir.rAc-C'nc (411)
where,

Byqr = aloss factor with value equal to 0.023 [93] depending on the radiation.

Considering the inverter efficiency (7;,,) fixed at 0.9 [88] and cells connected in series, the actual

electric energy provided by module is equal to:

Pmod,r = (Pmod - Ppar )'nmv (412)

The thermal energy delivered under ideal conditions by the module is then equal to [88] :

ch,id = (1 - npv)-nopt .C. (Gdir,r f )-Ac -Nc (4.13)
where the overall efficiency (#,,,) for the concentrating PV module considers all the losses in the system

and it is equal to [93]:

Mpv = Mc¢ -Mmod ke 4.14)

Furthermore, because of radiative and convective phenomena, its heating and thermal energy

dispersion is determined by the solar rays which act on the triple-junction cell [88]:

Quny = [he . (T. = T)+ &c.o . (T.* = T,*)] A. ., (4.15)
where,

h..(T. — T,) = the convective component

0. ( T*— T,* ) = the radiative component

e, = PV cell emissivity and it is equal to 0.85. The actual thermal energy is the difference between the
theoretical total thermal energy and the sum of radiative and convective losses, generally included in the

range (1 to 3) % [93].
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4.5 Solar thermal electricity — present status

Present trends in STE energy supply and use are unsustainable in terms of economic,
environmental and social considerations. There is need for avoidance of energy-related emissions of
greenhouse-gas (GHQG) that lead to considerable climate change with an average of 6°C global warming.
Sustainable and carbon- negligible energy technologies play a vital role in the energy turn-around
required to effect this change. Energy Efficiency improvement for the various types of renewable energy
would all require widespread improvement in the bid to compete favourably with fossil fuel generated
power. It is anticipated that it may be possible to achieve a target of 50% below the present levels of
global energy-related CO, by 2050 and a global temperature rise limit of 2°C by 2050 [6, 94].

Solar thermal technology (STT) uses the sun’s energy, rather than fossil fuels, to generate low-
cost, environmentally friendly thermal energy. It focusses the light from the sun to develop heat which is
used to run a heat engine, which turns a generator to produce electricity. This is known as concentrated
thermal electricity. It is one of those technologies that is generated by CSP [19]. The interesting outcome
of this reassessment is that the vision set for STE four years ago, to reach about 11% of global electricity
generation by 2050, still remains unchanged — in spite of the increased prospects for PV deployment

[94].

4.6 Modelling and simulation of the concentrating thermal photovoltaic module

Generation of CTPV power has been in existence since 2010 and has grown strongly worldwide,
although at a slower rate than expected [32]. In CTPV systems, mirrors or lenses are used to concentrate a
large area of sunlight, or heat onto a small area in order to generate solar power. The concentrated light is
converted to heat that drives a heat engine (which is usually a steam turbine connected to an electrical
power generator) before electricity is generated. Modelling and simulation was applied to the
development and design of the PV devices for this system. A new thermal model was used to develop the
thermal performance of the PV modules. Using the developed model, several studies were performed to
evaluate the electrical and thermal performance of the module under heat transfer with surface-to-surface

radiation.

4.6.1  Energy conversion process - Brief description

Presently, the conversion efficiency for PV modules lies between 13% and 20% [44], which
represents the fraction of the total available photons that are converted into conducting electrons. The
remaining absorbed solar radiation by the PV panel that is not converted into useful energy is then
converted to heat that increases the panel temperature. Furthermore, an increase in the module
temperature brings about decrease in the module efficiency [37]. Hence, the target is to reduce the cell
temperature in order to bring about improved conversion efficiency for the PV cells and consequently
enhance the PV system performance.

In this Thesis, the performance prediction of the CTPV panel was considered for the radiation and
thermal models only. The radiation model [95-97] could be used to estimate the absorbed solar radiation

in the PV cells. While different electrical models are necessary in estimating the electrical output of PV
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panels under a defined operating condition, thermal modelling is used in determining temperature
distribution in the CTPV structure at any given environmental and operating condition. More information
on the development of thermal models is available in these referenced materials [69, 98, 99].

An analytical modelling on concentrating solar thermal collectors containing eight PV cells with
an equal number of mirrors was effected to validate the already modelled one by COMSOL. Further
contributions to this were made by developing and comparing other cases of modelled 2D with six PV
cell and equal number of mirrors, ten PV cell and equal number of mirrors and also 3D with eight CTPV
cell with equal number of mirror was made to determine the varying performances of different design
cases with varying number of PV cells covering the collector area. According to [99], the result of their
study revealed that decreasing the fraction of cell-covered area, causes improvement in instantaneous
efficiency of the CTPV panel. Further work was undertaken to determine best CTPV operating
configuration when the model was later extended to modelling and comparing the performance of 2D and
3D CTPV collector configurations for six PV cells and an equal number of mirrors. For electrical
modelling, the validated values in 1D were used as simulating input into the 3D simulation. The accuracy
of the model is possible to be improved upon by using the equivalent electric circuit model to determine
the electrical performance of the system and by using more detailed expressions for determining the
thermal resistances within the system [99, 100]. The effect of model complexity on accuracy forecast was
extensively conducted and studied by [101]. The findings proposed that the consequence of including
dynamical effects on a day’s energy output forecast was not significant, but the deviation in the steady
state model increased for short periods of time.

Most of the reviewed literature above related to the 1D analytical thermal model for PV panels
with temperature variation involving the thickness only. Although simple 1D models are reasonably
accurate for long-term performance forecasts, more complex 2D and 3D models are needed to capture the
temperature gradient effect in CTPV collectors. Models of more complex attributes could handle the

required complex flow patterns and design optimization tasks [101].

4.7 Modelling and simulation of solar cells

Modelling and simulation of the solar cells and modules was carried out in two parts. The first
involved the use of Matlab for the 1D simulation of the electrical model while 2D simulations or even 3D
simulations are required for accurate interpretation of electrical and thermal properties of silicon
semiconductor devices as well as for achieving accurate results [60]. Some of the numerous simulation
tools and solar cell programs developed and used by researchers in various parts of the world for solar
cells modelling include SILVACO, TFT and Crosslight, APSYS, Advanced Physical Models of
Semiconductor Devices, Synopsys and COMSOL Multiphysics [14, 67].

In this chapter, 2D and 3D numerical models were developed with the use of COMSOL
Multiphysics to predict the thermal behaviour of the CTPV system and in addition to calculate the
electrical performance of the system such as the output power and system efficiency. Therefore, the
performance metrics considered in this work include the PV cell temperature distribution, PV cells

efficiency and PV electrical power output.
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The basic modelling of COMSOL Multiphysics enabled the researcher as a desktop environment
model-builder to get full overview of the model and to access all and solve coupled physics phenomena.
It possesses built-in physics interfaces and advanced support for material properties. However, models are
built by defining the relevant physical quantities - such as material properties, loads, constraints, sources,
and fluxes or by describing the underlying equations. The variables, expressions, or numbers could be
directly applied to solid and fluid domains, boundaries, edges, and points independently of the
computational mesh. The work done in building the models was carried out on 2D and 3D geometries. In
addition, the technical effects of modelling to vary the operating conditions in the CTPV system were

studied and results are presented in this Chapter.

4.8 Concentrated thermal photovoltaic modelling

The CTPV was modelled from an existing prototype CTPV system. The same material properties
and physics were defined earlier for a similar model built to validate against the existing literature data
which were found to be technically the same. The study was further carried out to determine the impact
of configuration variations on the system performances such as the CYPV system efficiency and the
electrical power output. In addition, a 3D model was developed, modelled, compared and analysed
against the 2D model earlier developed and the findings are reported in the later part of this chapter.

The purpose of the CTPV models was to enable its use for calculating the 2D and 3D temperature
distributions and they interpreted the results in the CTPV panel. The materials properties involved had to
be defined as the temperature distributions depend on the materials in general. The materials involved for
this modelling are — the heater, emitter, PV cell type, the mirrors, the insulation attached to the PV cells,
and the prevailing environmental conditions.

The PV panel gains energy by absorbing photons from the solar irradiation falling upon it while at
the same time, it gives out energy by convection and radiation to the environment from the electrical
energy delivered to the electrical load and from the energy drop from the heat exchanger working fluid.
The load characteristics determine the operating current—voltage (I-V) point and the electrical power
output of the PV panel and consequently the amount of electrical energy taken out of the system. In
CTPV systems, radiation heat needs to be maximized in order to step-up efficiency. However, unutilized
energy from convection and radiation turned out as heat losses and contributed to the PV cells’ increased
temperature and these were undesirable combinations [99, 100]. The operating temperature range of PV
cells is limited and depends on the type of material used. The efficiency of the PV system is determined
by this temperature with a maximum at some temperature above ambient [101]. Solar cells have their
temperatures limited to below 80 °C, however, semiconductor materials with high-efficiency could have
their temperature raised as high as 1000 °C [64].

For improved system efficiency, it is preferable to use high-efficiency PV cells, but this usage
comes at a high cost. Therefore, in order to reduce system costs, the study was carried out with smaller-
area PV cells and then mirrors or lenses were utilized to focus the radiation on these PV cells. The use of
mirrors or lenses to focus the beams on the PV cells has its limits. If the radiation intensity from the
mirrors or lenses is too high, the PV cells could overheat and burn out. Therefore, there is the need to
determine accurate system geometry and operating conditions in order to achieve maximum performance

and power output at reasonable material costs.
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4.9 The implementation of the thermal model, using COMSOL Multiphysics

A CTPV system utilises a concentrating medium to generate electricity from the combustion of
fuel and through radiation. Figure 4-2 depicts the general operating principle where the CTPV cell
generates electricity from the combustion of fuel and through radiation. The fuel burned from inside an
emitting device that radiate heat intensely. The PV cells captured the radiation and converted it to
electricity. The efficiency of a CTPV system normally varies between one percent and twenty percent
[64]. Radiation losses not converted to electric power would raise the temperature of the PV cells further,
hence indicating that PV efficiency is inversely related to the operating temperature. Furthermore, heat
transfer through conduction does also bring about increased cell temperature. Hence, the CTPV would not
be able to maximize radiation heat transfer for improved efficiency. However, the type of material used
determines the PV cell’s limited operating temperature. The effect of operating conditions (emitter heat)
on the CTPV system efficiency and the temperature of components in the CTPV system was investigated.

The heat transfer application which uses surface-to-surface radiation interface was applied.

Figure 4-2: Operating principle of a concentrating thermal photovoltaic system [64]

The parameters of the materials of the CTPV system under study is as presented in Figure 4-3.
The PV cells were cooled by water on their rear surface (the interface with the insulation) to reduce the
temperature. Since there was flow of heat on the different boundaries, conduction was always present.
The emitter was simulated with a particular temperature called Theater, On the inner boundary by the model
as indicated in Table 4-3. In the boundary condition, radiation (surface-to-surface) was taken into
consideration at the outer emitter boundary. The global definition for the PV cell was specified as
indicated in Table 4-4. The mirrors were simulated and radiation heat was applied on all boundaries and

with a low emissivity to it as indicated in Table 4-5.

Figure 4-3: Geometry and dimensions of the modelled thermal PV system [64]

53



Radiation boundary conditions were applied to the inner boundaries of the PV cells and that of the
insulation as well. On the other hand, the PV cells have a greater emissivity value than that of the
insulation. Furthermore, a fraction of the irradiation was converted to electricity in the PV cells. The heat
sinks situated on the PV cells inner boundaries account for a boundary heat source, ¢, which is defined in
equation (4.16) as:
4= —Gnpy (4.16)

where,
G = irradiation flux (W/m?)
Npy 1s as earlier defined in the list of engineering and mathematical notation The efficiency of the PV

cell depends on the local temperature T in the equation.

4.9.1  Thermal modelling and simulation

The 2D model of the thermal CTPV has already been modelled by COMSOL but the results were
validated against COMSOL results. This was carried out by re-developing the 2D CTPV model. The 2D
CTPV was first modelled as a circle and the other materials were also modelled as represented and shown
in Figure 4-4. The defined geometry, definition, dimensions and meshing were initiated in 2D model
using COMSOL Multiphysics as seen in Figure 4-4. Further contributions were made to it in various
ways as discussed in this chapter. First, the 3D model of the CTPV was achieved through direct
conversion of the 2D model in order to ensure precise translation the same approach in modelling was
applied but with an increased number of boundaries and domains in the 3D CTPV. The thermal
properties for the various materials used in the model are given in Table 4-5 and these are the same for

both the 2D and 3D models.

Table 4-3: Global definition for the heater

Parameters Name Expression Value Description

T heater 1000 [K] 1000 K Temperature, emitter inner boundary

Table 4-4: Global definition for the PV Cell

Name Expression Unit Description

eta_pv if(T<1600[K], 0.2*(1 - (T/800[K] - 1)), Voltaic efficiency, PV cell
0)

q_out ht.Gm*eta_pv W/m? Electric output power

4.9.2  Materials specifications

The materials described below were used for the modelling and simulation. The emitter was
assigned a specific temperature, Theater, ON the inner boundary. Radiation was taken into account on all
boundaries and a low emissivity was applied for the mirrors. The PV cells were assigned a high
emissivity value while the insulation was assigned a low emissivity value. Their references and relevant

material properties are appropriately referenced.
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Table 4-5: Material properties used in the CTPV modelling [64]

Component k [W/(m-K)] p (rho) [kg/m?] Cp [J/(kg-K)] €
Emitter 10 2000 900 0.99
Mirror 10 5000 840 0.01
PV Cell 93 2000 840 0.99
Insulation 0.05 700 100 0.1

4.9.3 Governing equations for the heat transfer

The heat transfer equations for solid and fluid domains are as earlier stated in equations (2.32) and

(2.33) respectively [13].

The voltaic efficiency of the PV cells, 7,,,, is a function of the ambient temperature and it is defined as:

o = [0.2 [1 - (4= 1)2] T < 1600 K 4.17)
0 T > 1600 K

where the electrical parameters are as defined in the list of Engineering and Mathematical notations.

The absorbed solar radiation was partly converted to electrical energy while the remaining
unconverted energy raises the temperature of the PV cells. The heat transfer equation of the PV cell layers
expressed as an internal heat generation, Q, is related to the electrical efficiency of the PV panel 7,,,, the
front area of the PV panel A, q4ne; and the volume of the PV cells in the pane V,; cey; - The heat transferred
could be determined from the absorbed solar radiation using the equation in (4.18):

— (1_ 77pv) XS X Apanel

VpcAcell

Q (4.18)

Using the applied physics application, Heat Transfer with surface-to-surface radiation interface,
the influence of operating conditions (flame temperature or emitter heat) on system efficiency and electric
output power in a typical CTPV system was investigated and studied. The application also considered the
influence of geometry changes on the system such as the number of materials used or the specifications
given on these materials. In this Chapter, the effects of varying the number of mirrors used on the
temperature distribution, the efficiency and the electrical power output of the CTPV system was
investigated and findings and results are presented.

The model simulated the emitter with an assigned temperature, Theaer, On the inner boundary. At
the outer emitter boundary, the surface-to-surface radiation was applied in the boundary condition. The
mirrors were simulated by applying radiation on all boundaries with a low emissivity value. Heat loss by
conduction was continually present and considered on the different boundaries. Radiation boundary
conditions were considered for both the inner boundaries of the PV cells (with high emissivity) and that
of the insulation (with low emissivity) as indicated in Table 4-5.

The heat sink on the inner boundaries of the PV cells simulated water cooling on the PV cells to
convert a fraction of the irradiation to electricity instead of heat. This was made possible by accounting

for a boundary heat source, q, as defined earlier in equation (2.32) within the ambient temperature as
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indicated in equation (4.20). The efficiency of the PV cells, npy, is a function of the local temperature as
defined in equation (4.17). The local temperature of 800 K was applied. The PV cell’s voltaic efficiency
is a function of this temperature and so turned out to have a value of 0.2 at this temperature. This is
obvious from its generalized equation in equation (4.17).

At the outer boundary of the PV cells, the convective water cooling was applied by the model to

avoid PV cells from over-heating by setting:

h = 50W/(m?.K) (4.19)
Tomp = 273 K (4.20)
At the outer boundary of the insulation, convective cooling was applied with h defined as:

h = 5W/(m?.K) (4.21)
Tomp = 293K (4.22)

The equations governing the physics for the modelling of the 2D and 3D CTPV systems are
presented in Appendix A-4. Although the same material properties and procedural approaches were used
for both the 2D and 3D CTPV modelling, as presented in Appendix A-4, different numbers of boundaries

and domains were obtained..

4.10 2D modelling and simulation of a CTPV system for optimum performance

The bottom line in any project handling is cost reduction; usually, there is a trade-off between the
efficiency of the CTPV system and its cost. Due to high cost of silicon PV cells, smaller area PV cells
were utilized and mirrors were then used to focus the radiation from the heat source on these PV cells for
greater concentration and intensity. However, there was a limit to how much of these beams could be
focused on the PV cells because high radiation intensity could overheat and burn out the PV cells.
Therefore, there was the need to optimize system geometry and operating conditions in order to achieve
maximum performance (efficiency and power output) at minimum material costs.

Any of the various system parameters could be varied to investigate the variation effect on the
CTPV performance output. These variation could be from any of the materials listed in Table 4-5 or the
operating conditions such as the emitter heat or the operating temperature in Table 4-3.

In this chapter, modelling and simulation were initially carried out for three different CTPV
configurations. The number of the mirrors radiating heat on the PV cells were varied, while all other
parameters were fixed. The number of mirrors or lenses (concentrators) are the same with the number of
the PV cells receiving the radiation. These three scenarios studied are listed below:

(a) A CTPV system with eight pairs of mirror and PV cells which was set as the standard and
validated.

(b) A reduction in the pair number of mirror and PV cell used from eight to six.

(c) Anincrease in the pair number of mirror and PV cell used from eight to ten.

The mirror/PV cell pair is being referred to as number of mirrors for simplicity. The effect of the
variations on the CTPV system configuration was studied on the system efficiency and generated output
power. The material properties were defined and used in the simulation as contained in Table 4-5 and it

remains the same for each of the cases considered. The summary of domain selection for the selected
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materials is presented on Table 4-6 and Geometry statistics for the 2D and 3D CTPV are presented on
Table 4-7.

Reports were generated for the stationary temperature distributions, the voltaic efficiency and
output power in each of the cases. The findings of the influence of the configuration variation in the 2D
CTPV are as presented in Figure 4-4(a, b and c) to Figure 4-7(a, b and c¢). The comparative analysis of the
2D CTPV system with eight, six and ten mirrors configurations is presented in Table 4-8 as case 1, while
the comparative analysis between the 2D CTPV configuration with eight mirrors and 3D CTPV
configuration with six mirrors configurations is presented in Table 4-9 as case 2. The summaries of the

results for the two cases are given on Table 4-10 and Table 4-11.

(a) Surface temperature with

. . (b) Surface temperature with
eight mirrors

Six mirrors

(c) Surface temperature with ten
mirrors

Figure 4-4: Stationary temperature distribution at operating conditions for (a) eight mirrors, (b) six
mirrors, and (c) 10 mirrors

Application of heat transfer with surface-to-surface radiation interface was based on the type of
energy transfer taking place. In addition, the emitter was simulated with a definite temperature, Theater ON
the inner boundary. The influence of geometry changes on the system such as the number of materials
used or the specifications given of these materials was studied. The application investigated and studied
the influence of operating conditions (flame temperature) on system efficiency and electric output power
in a typical CTPV system. For all the studies carried out on the various CTPV configurations, the
materials selection and specification remain the same.

In order to explore all possibilities and to ensure that the best configuration possible for optimal

solar power generation was considered, selected and reported for this work, the 3D CTPV was later
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modelled, simulated and compared with the best option (six mirrors) from the 2D CTPV. This is in
addition to the three scenarios studied and stated earlier. A full report on the comparative modelling of
the 2D and 3D CTPV systems with six mirrors configuration is presented later in section 4.15 of this
chapter and the results summary is given on Table 4-12.

In Figure 4-4(a) to Figures 4-4(c) all through to Figure 4-5(a) to Figures 4-5(c) are the
comparative analyses of the three different modelled configurations of the 2D CTPV.

Figures 4-4(a, b and c) show the visual temperature distribution (stationary) for the CTPV systems
with eight, six and ten mirrors respectively that were subjected to prevailing operating conditions with an
emitter temperature of 2,000 K. The structure with eight pairs of mirrors and PV cells was set as the
standard since the geometry was initially built with eight pairs of mirrors and PV cells along with the
other materials. The results showed that the CTPV system experienced a remarkable temperature
distribution that varied almost linearly with the operating conditions.

The temperature distributions graphically represented in Figures 4-5(a, b and c) showed that the
PV cells reached temperature values of 1,820 K, 1,880 K and 1700 K for the systems with eight mirrors,
six mirrors and ten mirrors respectively. These are significantly higher than their best operating
temperature of 780 K, 1,300 K and 1,300 K respectively for the eight mirrors, six mirrors and ten mirrors
respectively which would yield system output power of 7.8 kW/m? 31.8 kW/m? and 29.8 kW/m?
respectively and at the operating temperature of 1,200 K, 1,600 K, and 1,800 K respectively.

Figure 4-5(a) Temperature for eight mirrors Figure 4-5(b) Temperature for six mirrors

Figure 4-5(c): Temperature for ten mirrors

Figure 4-5: The point graph of the PV cell temperature versus the heater temperature for (a) eight, (b) six,
and (c) ten mirrors respectively.
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These are significantly higher than their best operating temperature of 780 K, 1,300 K and 1,300 K
respectively in (Figures 4-5(a, b and c) for the eight mirrors, six mirrors and ten mirrors respectively
which would yield system output power of 7.8 kW/m?, 31.8 kW/m? and 29.8 kW/m? respectively in
Figures 4-7(a, b and c) and at the operating temperature of 1,200 K, 1,600 K, and 1,800 K respectively in
Figures 4-7(a, b and c).

On the other hand, in the 3D model, the maximum PV cell temperature reached was 800 K at the
heater temperature of as high as 4,000 K (this is obvious from the graph in Figure 4-9(b). The stationary
temperature distribution indicated that the high heater operating temperature was quite safe for the PV
cells in 3D CTPV as they did not get overheated as seen in Figure 4-8(n). The maximum efficiency
obtained was also about 20% at heater temperature of 2500 K as seen in Figure 4-9(d).

The output power in the 2D model in Figure 4-9(c) was 7.8 kW/m? at 1200 K heater temperature
above which the output power drops sharply while that of the 3D model was 2.2 kW/m? at 3600 K and
this was fairly stable to heater temperature of about 3800 K as shown in Figure 4-9(d). Figures 4-6 (a, b
and c) show the CTPV voltaic efficiency for the eight mirrors, six mirrors and ten mirrors configuration
respectively. The efficiency values for each configuration remain constant at almost 20 percent. However,
the operating temperature for output power generation for the eight, six and ten mirrors configuration

occurred at 1400 K, 1800 K and 2000 K as seen in Figures 4-7(a, b and c).

4-6(a): Voltaic efficiency against temperature

for eight mirrors configuration in 2D Figure 4-6(b): Voltaic efficiency against

temperature for six mirrors configuration in
2D

4-6(c): Voltaic efficiency against temperature for ten mirrors
configuration in 2D

Figure 4-6: Plot showing the voltaic efficiency against temperature for 2D CTPV configuration with (a)
eight mirrors, (b) six, (c) ten mirrors
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Above each of these stated operating temperatures, their output power would begin to drop sharply
and eventually come to zero at 1,400 K, 1,800 K and 2,000 K for the eight mirrors, six mirrors and ten
mirrors respectively in each case as shown in Figures 4-7(a, b and c¢) and their PV efficiency would
collapse to zero accordingly. These graphs present the operating temperature, Teqter, at Which the system
attained the maximum electric power output for the system with eight mirrors, six mirrors and ten mirrors

respectively.

Figure 4-7(a): Electric output power
against temperature of 2D CTPV
configuration with eight mirrors

Figure 4-7(b): Electric output power
against temperature of 2DCTPV
configuration with six mirrors

Figure 4-7(c): Electric output power
against temperature of 2D CTPV
configuration with ten mirrors

Figure 4-7: Plot showing the electric output power against the heater temperature for the CTPV with (a)
eight mirrors, (b) six mirrors, and (c) ten mirrors

4.11 3D Thermal modelling and simulation of a CTPV system for optimum performance
COMSOL Multiphysics engineering software was used to develop the 3D CTPV model to study
the thermal and electrical performances of the system. This ensured that the modelling parameters for 2D
and the 3D of the TPV could be compared directly one to the other. Notwithstanding the geometric
differences between the 2D and 3D structures, they were characterised by the same material definitions

and properties.
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Then modelling in 3D was carried out for the domains, boundaries, edges and vertices of the
structure. The materials parameters for the insulation, PV cells, mirror and emitter remained the same as
earlier stated in Table 4-5. However, the number of points generated for the domain, boundaries, edges
and points in the 3D modelling were more than what are available in 2D geometry as indicated in Table
4-6. Table 4-6 shows the various materials geometries modelled with their dimensions, using the
appropriate materials properties as defined earlier in Table 4-5, while their geometry statistics are
presented in Table 4-7. Domain selections were necessary and developed for all the solid materials used
in the modelling, namely: Insulation, PV Cells, mirrors, emitters and the Air domains and boundaries.
The selections are useful in the implementation of materials settings and boundary conditions.

The comparative models for the 2D and 3D configurations with eight PV cells and corresponding
number of mirrors are presented in Figure 4-8(a to m). The comparative analysis of the study on 2D
CTPV and 3D CTPV geometries are presented in Table 4-9 and the summary of the results is given on
Table 4-11.

Table 4-6: The summary of domain selection for the selected materials

Materials 2D Modelling 3D Modelling
Domains Selection Number of Selection Number
Points of Points
Insulation 1 1 1 1
PV Cells 2,3,8,9,12,13,17,and 18 8 2,3,8,9, 14, 15,19, and 20 8
Mirrors 5-7,10, 11, and 14-16 8 5-7,12,13, and 16-18 8
Emitter 19 1 10 1
Air 4 and 20 2 4 and 10 2

Table 4-7: Geometry statistics of two-dimensional and three-dimensional geometries

2D Geometry 3D Geometry
Description Value Description Value
Space dimension 2 Space dimension 3
Number of domains 20 Number of domains 20
Number of boundaries 184 Number of boundaries 224
Number of edges Not applicable Number of edges 544
Number of vertices 176 Number of vertices 352

Physics determination and selection was carried out for the 3D model in order to mesh and
simulate the models. The materials physics application was chosen from both COMSOL library and user-
definition. The same materials selection and definitions were used for both the 2D and 3D models,
likewise, the same physics on selected materials applied for the 2D and 3D models. The applicable
default physics selected in the modelling and simulation was heat transfer with surface-to-surface
radiation. This was because the heat radiation and transfer variations that took place in these models were

best described by this physics. The summary of which is as presented in Appendix A-4.
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4.12 Comparison of the 2D and 3D models for the CTPV system

The geometric statistics between the modelled 2D and 3D CTPV systems are summarised in Table
4-7. The various boundary selections for the 2D and 3D were not the same in number. For the 3D model,
the various points on the x, y and z axes were considered and taken while only the x and y planes are
considered for the 2D model. The boundary selections are important in the required physics application
for the modelling and simulation. These were successfully carried out for successful simulation. The

comparative analysis of the modelled 2D and 3D CTPV systems are illustrated in Figures 4-8(a to u).

Figures 4-8(a): Modelled insulation for 2D

Figures 4-8(b): Modelled insulation for 3D CTPV geometry with eight mirrors

CTPV geometry with eight mirrors

Figures 4-8(d): Modelled PV cells for 3D Figures 4-8(c): Modelled PV cells for 2D
CTPV geometry with eight mirrors CTPV geometry with eight mirrors
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Figures 4-8(f): Modelled mirrors for 3D
CTPV geometry with eight mirrors

Figures 4-8(h): Modelled emitter for 3D
CTPV geometry with eight mirrors

Figures 4-8(j): Modelled air for 3D
CTPV geometry with eight mirrors

Figures 4-8(e): Modelled mirrors for 2D CTPV
geometry with eight mirrors

Figures 4-8(g): Modelled emitter for 2D
CTPV geometry with eight mirrors

Figures 4-8(i): Modelled air for 2D CTPV
geometry with eight mirrors
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Figures 4-8(1): Meshed result of 3D CTPV Figures 4-8(k): Meshed result of 2D
thermal PV system with eight mirrors CTPYV thermal PV system with eight
mirrors

Figures 4-8(n): Stationary temperature distribution

of modelled 3D CTPV system with eight mirrors 'Fig'ure§ 4-8(m): Stationary temperature
distribution of modelled 2D CTPV system

with eight mirrors

The stationary temperature distribution of modelled 2D CTPV and 3D CTPV systems are shown
in Figure 4-8(m) and Figure 4-8(n) respectively while their meshing results are indicated in Figures 4-8(k)
and Figures 4-8(1) respectively. The graphical results obtained for the 2D and 3D simulations are as
shown in Figure 4-9(a to f). All edges were defined and captured for the 3D geometry while definitions
for edges were not applicable for the 2D geometry.

Comparative analysis of the 1D graphs between the 2D and 3D CTPV systems for eight mirrors/PV cells

are as presented in the Figures 4-9(a to f) below:
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Figure 4-9(a): Point graph - temperature
ina 2D CTPV for eight mirrors

Figure 4-9(c): Electric power output
versus temperature in a 2D CTPV for
eight mirrors

Figure 4-9(e): Voltaic efficiency versus
temperature in a 2D CTPV for eight
mirrors

Figure 4-9(b): Point graph - temperature

in a 3D CTPV for eight mirrors

Figure 4-9(d): Voltaic efficiency versus
temperature in a 2D CTPV for eight
mirrors

Figure 4-9(f): Electric power output versus
temperature - in a 2D CTPV for eight mirrors
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4.13 Results and Discussions

Study Case 1 is the comparative analysis of the 2D CTPV Geometry with different number of PV

cells/mirrors pairs, simply referred to as ‘number of mirrors’.

Table 4-8: Results of comparative analysis of the 2D CTPV geometry with different number of mirrors

CTPV system with Eight mirrors

CTPV system with Six mirrors

CTPV system with Ten mirrors

In Figure 4-6(a), the operating
temperature (Theqter) Was 1,400
K. This was appreciably higher
than its (heater) maximum
temperature of 1,200 K, above
which the CTPV system’s
efficiency would begin to decline
and eventually become zero. The
PV cells  experienced a
temperature distribution from 500
K to a temperature of

approximately 1,800 K.

Increasing the operating
temperature above 1,200 K as in
Figures 4-7(a) would begin to
drop the output power of the
CTPV system (7.8 kW/m?)
sharply and eventually this would
drop to zero at an operating
temperature of 1,400 K and

above as seen in Figures 4-7(a).

The  optimum  operating
temperature (for the heater) at
which the CTPV system achieved
maximum electric power output
is 1200 K. At this temperature,
the PV cells would reach a
temperature of approximately 780
K, which they could withstand

without any problem as shown in

In Figure 4-6 the

(b),
operating temperature
(Theater) was 1,800 K. This was
appreciably  higher than its
(heater) maximum temperature
range of 1,500 K and 1,600 K,
above which the CTPV system’s
efficiency would begin to decline
and eventually become zero. The
PV cells  experienced a
temperature distribution from 600
K to a temperature of

approximately 1,900 K.

Increasing  the  operating
temperature above 1,600 K in
Figures 4-7(b) would begin to
drop the output power of the
CTPV system (7.6 kW/m?)
sharply and eventually this would
drop to zero at an operating
temperature of 1,800 K and

above as seen in Figures 4-7(b).

The  optimum  operating
temperature (for the heater) at
which the CTPV system achieved
maximum electric power output
is 1600 K. At this temperature,
the PV cells would reach a
temperature

1,300 K, which

of approximately
they could

withstand without any problem as

In Figure 4-6 (c), the operating
temperature  (Tpeqrer) Was 2,000
K. This was appreciably higher
than its (heater) maximum
temperature of 1,800 K, above
which the CTPV  system’s
efficiency would begin to decline
and eventually become zero. The
PV cells experienced a
temperature distribution from 450
K to a temperature of

approximately 1,700 K.

Increasing the operating
temperature above 1,800 K in
Figures 4-7(c) would begin to
drop the output power of the
CTPV system (7.8 kW/m?) sharply
and eventually this would drop to
zero at an operating temperature
of 2,000 K and above as seen in
Figures 4-7(c).

The optimum operating
temperature (for the heater) at
which the CTPV system achieved
maximum electric power output is

1800 K. At this temperature, the

PV cells would reach a
temperature of  approximately
1,300 K, which they could

withstand without any problem as
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Figure 4-5(a). Hence, the best

operating  condition  (emitter
temperature) and the PV cells
temperature for optimal output
power (7.8 kW/m?) were 1,200 K
and 780 K respectively. Any
system operation outside these
temperature ranges would only be
a waste of resources as the output
power would become zero. This

stage needs to be avoided.

The
obtained was 19.8%

optimal efficiency

shown in Figure 4-5(b). Hence,

the best emitter (operating
condition) temperature and the
PV cells temperature for optimal

output power (31.8 kW/m?) were

1,600 K and 1,300 K
respectively. Any system
operation outside these

temperature ranges would only be
a waste of resources as the output

power would become zero.

The
obtained was 19.8%

optimal efficiency

shown in 4-5(c). Hence, the best

emitter  (operating  condition)
temperature and the PV cells
temperature for optimal output
power (29.8 kW/m?) were 1,800 K
and 1,300 K respectively. Any
system operation outside these
temperature ranges would only be
a waste of resources as the output

power would become zero.

The
obtained was 19.8%

optimal efficiency

Study Case 2 is the comparative analysis of 2D CTPV configuration with eight mirrors and 3D CTPV

configuration with six mirrors.

Table 4-9: Results of comparative analysis of 2D CTPV with eight mirrors and 3D CTPV with six
mirrors

2D Geometry of the CTPV system with Eight

mirrors

3D Geometry of the CTPV system with Six

mirrors

As contained in Figure 4-9(a), the operating
temperature (Thegter) Of the 2D CTPV system was
1,400 K. The PV cells experienced a temperature
distribution from 500 K to a temperature of
approximately 1,800 K (Figure 4-9(a)). This was
appreciably higher than its (heater) maximum
temperature of 1,200 K, above which the CTPV
system’s efficiency would begin to decline and
eventually become zero. Increasing the operating
temperature above 1,200 K as in Figure 4-7m would
begin to drop the output power of the CTPV system
(7.8 kW/m?) sharply and eventually drop to zero at
operating temperature of 1,400 K and above — refer

to Figure 4-8(t).

As contained in Figure 4-9(b), the performance
of the 3D CTPV system was not stable until the
operating temperature (Theqeer) Was raised to
4,000 K. The PV cells experienced a temperature
distribution from 400 K to a temperature of
approximately 850 K (Figure 4-9(b)). This was
much lower than its (heater) maximum
temperature range of about 3,600 K. This is
obvious from the stationary temperature
distribution graph in Figure 4-8q, where the graph
showed that, apart from the operating condition
(heat source at the centre of the module) where
the temperature was about 4,000 K, the rest of the
CTPV system was very low in temperature at

about just 500 K.

The operating temperature had to be raised to
about 3,600 K before appreciable and steady
generated output power was obtained. Increasing

the operating temperature above the 3,600 K in
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The optimum operating temperature (for the heater)
at which the CTPV system achieved maximum
electric power output is 1200 K. At this temperature,
the PV cells would reach a temperature of
approximately 780 K, which they could withstand
without any problem as illustrated in Figure 4-9(c).
Hence, the best operating condition (emitter
temperature) and the PV cells temperature for
optimal output power (7.8 kW/m?) were 1,200 K and
780 K respectively. Any system operation outside
these temperature ranges would only be a waste of
resources as the output power would become zero.

This stage needs to be avoided.

The optimal efficiency obtained was 19.8%.

Figure 4-9(d), would begin to drop the output
power of the CTPV system (2.2 kW/m?)
gradually to a much higher heater temperature
before it would eventually drop to zero at an

unknown operating temperature.

The optimum operating temperature (for the
heater) at which the CTPV system achieved
maximum electric power output was 3,600 K. At
this temperature, the PV cells would reach a
temperature of approximately 715 K which looks
very favourable for the PV operation. However,
the operating temperature for the emitter heat is
unexpectedly very high and attaining such a high

temperature could be uneconomical.

The optimal efficiency obtained was a bit higher
than the 2CTPV - at about 20% and well-rounded
for a indicates

longer period and this

sustainability but for a lower output power.

Table 4-10: Case one summary of the results of 2D CTPV modelling with different mirror configurations

CTPV with CTPV with Six | CTPV with Ten
Parameters Eight Mirrors Mirrors Mirrors
Subjected operating condition (Emitter 1,400 K 1,800 K 2,000 K
temperature)
Heater temperature range for the operation 1,000 K to 1,000 K to 1,000 K to
2,000 K 2,000 K 2,000 K
Best operating condition (Best Emitter 1,200 K 1,600 K 1,800 K
temperature)
Attained PV cells temperature 1,820 K 1,880 K 1,700 K
Best PV cells temperature 780 K 1,300 K 1,300 K
Output power 7.8 kW/m? 31.8 kW/m? 29.8 kW/m?
CTPV system attained efficiency 19.8 % 19.8% 19.8%
Percentage temperature deviation (increase) 133% 45.0% 31.0%
Percentage temperature deviation (increase) on 16.7% 12.5% 11.1%
operating condition (emitter)
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Table 4-11: Case two summary of the results on 2D and 3D CTPV modelling with eight mirrors

2D  Geometry of | 3D Geometry of
Parameters CTPV system CTPV system
Subjected operating condition (emitter temperature) 1,400 K 4,000 K
Heater temperature range for the operation 1,000 K to 2,000 K | 2,000 K to 4,000 K
Operating condition (emitter temperature) for maximum | 1,200 K 3,600 K
output power
Attained PV cells temperature 1,820 K 850K
PV cells temperature for optimal output power 780 K 715K
Output power 7.8 kW/? 2.2kW/
CTPV system attained efficiency 19.8 % 19.9%
Percentage temperature deviation 133% (increase) 45.0% (decrease)

4.14 Findings and analysis of simulations of modelled CTPV different configurations

The results obtained for the 2-D CTPV modelling and simulation, with a varying number of PV
cells and mirrors are as expressed graphically in Figures 4-4(a, b and ¢) to Figures 4-7(a, b and c) (a, b
and c). The analysis was made and summarised as shown in Table 4-8. Based on the summary given on
Table 4-10, in all cases, the CTPV system attained fairly the same efficiency value of 19.8%. The output
power generated was 7.8 kW/m?, 31.8 kW/m?and 29.8 kW/m? for the eight mirror, six mirror and ten
mirror configurations respectively. The attained temperature deviation are 133%, 45.0% and31.0%
respectively for each case. Hence, the CTPV configuration with eight mirrors has the least generated
output power and highest temperature deviation and so it is the least suitable. The option for consideration
was between the six mirrors and the ten mirror configurations. Studies carried out have revealed that the
lower the temperature increase, the better for the PV cells in order to avoid over-heating and damage to
the PV cells. Based on these reasons, the ten PV cells/mirrors had the least temperature rise, which is
obviously preferable.

However, it was considered necessary to model and simulate the eight mirror configuration in 3D
to determine its effects on the CTPV system performance. The summary of the findings is captured on
Table 4-1.

Based on the analysis made from Table 4-11, for the Comparative analysis of 2D and 3D CTPV
modelling with eight mirrors, the 2D configuration (eight mirror) will require lower emitter temperature
to generate output power of 7.8 kW/? which is greater when compared with the 3D configuration (eight
mirror) with power output of about 2.2 kW/2. Although, the 2D configuration generated higher output
power but its attained PV cell temperature is higher which translate to about 133% heat increase. This is
not good for the configuration as it will soon burn out. In the case of 3D configuration, there is no heat

generated but the operating cost is high and at very low power output, hence the operation will not be

69




economical. Therefore, further investigations are needed to be carried out for best optimal operating
conditions.

However, the six PV cells/mirrors configuration generated the highest power output of the three
configurations. In addition, the six mirror configuration utilized the least numbers of mirrors and the PV
cells out of the three configurations, ultimately translating to reduced material costs for the operation.
However, it is known in PV technology that temperature increase in the system generates heat which must
be avoided. The high temperature conditions and the abrupt nature of the efficiency and power output
graphs are suggestive that the operation of the CTPV system with six PV cells/mirrors may eventually not
be sustainable.

The results obtained for the comparative 2D and 3D simulations for six mirror configuration are
expressed graphically in Figures 4-11(a and b) to Figures 4-12(a and b) and Figures 4-13(a and b) and
summarised in Table 4-12. For the 2D model, the heater temperature was operated between 1000 K and
2000 K at PV cell temperature range of 600 K and 1800 K as shown in Figure 4-11(a). For the 3D model,
the heater temperature was between 2000 K and 4000 K at PV cell temperature range of 450 K and 850 K
as shown in Figure 4-11(b). As the upper plot in Figure 4-11(a) for the 2D model shows, the PV cells
reached the temperature of approximately 1800 K, while that of 3D in Figure 4-11(b) was at PV
temperature of about 850 K. The PV temperature in 2D was significantly higher than their normal
maximum operating temperature of 1400 K, above which their PV efficiency would become zero as seen
Figure 4-12(a and b). The maximum PV efficiency attained was about 19.8% in both cases.

From the analysis of these results, modelling the thermal PV system in 2D, the six mirror
configuration would obviously be able to deliver more power output than going for the 3D, eight mirrors
configuration, but care must be taken to ensure that the Heater temperature of 1200 K is not exceeded.
The CTPV system attained the same efficiency value of 19.8%. In order to determine the operation that
would yield the best or optimum performance, major consideration needs to be given to the temperature
issue. One of the attributes of the 3D modelling is the ability to reveal the temperature distribution in a
system. Since the 2D with six mirrors was the best among the various tests carried out, then it was
considered necessary to model further and simulate the 3D configuration of the 2D six mirrors to see what

difference it could make to the options on the ground.

4.15 Comparison of 2D and 3D six mirror configurations of the CTPV system

The CTPV with six mirrors configuration was then modelled and simulated in 3D. The same
procedure for the previous ones was followed, using the same material properties. Further detailed
comparative analysis of the various segments of the modelled six mirrors 2D and 3D CTPV systems are
not considered again here since comparison of various modelled works has already been extensively
covered in this Chapter and also in order to maintain a sizeable work-load limitation. However, the
COMSOL simulated work for the 3D six mirrors alongside with other modelled configurations are
included in the Appendices for perusal and further reference. In the Figure 4-8(a to u), the plots for 2D
and 3D six mirror configuration plots show visual temperature distributions (stationary).

The comparative analysis of the 2D and 3D CTPV systems with six mirrors/PV cells is as
presented in Figure 4-10(a) and Figure 4-10(b).
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(a) (b)

Figure 4-10(a): Temperature distribution of modelled 2D CTPV with six mirrors
Figure 4-10(b): Temperature distribution of modelled 3D CTPV with six mirrors

The two different geometries, 2D and 3D for the CTPV system with six mirrors were developed and
subjected to prevailing operating conditions. The emitter temperature reached for the 2D was 2,000 K and
that of the 3D was 4000 K. This is to enable further investigations as to the best CTPV structure that
could give the optimum solar generated output power. The results showed that the CTPV system
experienced a remarkable temperature distribution that varied almost linearly with the operating

conditions and the type of system configuration place.

The temperature distribution graphs showed that the 2D CTPV with six mirrors reached
temperature values of about 1,880 K and that of the 3D CTPV with six mirrors reached 900 K. The
temperature at which the output power is reached is 1600 K for the 2D and at 3400 K for the 3D
configuration. The comparative analysis of Point temperature of the 2D and 3D CTPV systems with six

mirrors/PV cells are as presented Figure 4-11(a) and Figure 4-11(b).

Figure 4-11(b): Point temperature of

Figure 4-11(a): Point temperature of CHpLtait
modelled 3D CTPV with six mirrors

modelled 2D CTPV with six mirrors
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The temperature values of the PV cells are significantly higher than their best operating
temperature of 1,300 K and 700 K respectively for the 2D and 3D, six mirror configurations which would

yield a system output power of 31.8 kW/m?, 2.28 kW/m?.

Figure 4-12(a): Voltaic efficiency against Figure 4-12(b): Voltaic efficiency against
temperature of modelled 2D CTPV with six temperature of modelled 3D CTPV with six
mirrors Mirrors

Figures in 4-10(a) and Figures in 4-10(b) show the 3D CTPV six mirrors configuration respectively. The
efficiency values for each configuration remain constant at almost 20 percent in Figure 4-12(a) and Figure
4-12(b). The efficiency distribution graph for the 3D six mirrors appeared better distributed with a wider
range of sustainability than that of the 2D six mirrors.

The operating temperature for output power generation for the 2D and that of the 3D occurred at
1600 K and 3400 K above which the temperature efficiency would begin to drop sharply for the 2D and
gradually for the 3D, until it gets to 1800 K and becomes zero for the 2D and to 4000 K for the 3D before
it too becomes zero.

The Electric output power graphs present the operating temperature, Tpeq¢er, at Which the system

attained the maximum electric power output for the system with 2D and 3D, six mirrors respectively.

Figure 4-13(a): Electric output power against Figure 4-13(b): Electric output power
temperature of modelled 2D CTPV with six against temperature of modelled 3D
Mmirrors CTPV with six mirrors
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Comparative analysis of the electric output power against temperature of the 2D and 3D CTPV

configurations system performances with six mirrors.

Table 4-12: Summary of the results on 2D and 3D CTPV modelling with six mirrors

2D Geometry, six | 3D  six  mirror
Parameters mirror CTPV system | CTPV system
Subjected operating condition (emitter temperature) 1,200 K 2,500 K
Heater temperature range for the operation 1,000 K to 2,000 K 2,000 K to 4,000 K
Operating condition (emitter temperature) for maximum | 1,600 K 3,400 K
output power
Attained PV cells temperature 1,900K 900 K
PV cells temperature for optimal output power 1,300 K 700 K
Output power 31.8 kW/m? 2.29 kW/m?
CTPV system attained efficiency 19.8 % 19.9%
Percentage temperature deviation (increase) 133% (increase) 45.0% (decrease)

From the foregoing, the stationary temperature distribution indicate that the high heater operating
temperature was quite safe for the PV cells in 3D CTPV six mirrors as they did not get overheated as seen
in Figure 4-10(b). The maximum efficiency obtained was also about 20% at heater temperature of 2500 K
as seen in Figure 4-12(b). The output power in the 2D model in Figure 4-13(a) was 31.8 kW/m? at 1200 K
heater temperature above which the output power drops sharply while that of the 3D model was 2.28
kW/m? at 3400 K and was fairly stable to heater temperature of about 3800 K as shown in Figure 4-13(b).
The efficiency and output power for the 2D, six mirrors is much higher but its sustainability even for a
short period is not guaranteed while the output power for the 3D, six mirrors is less but the system

performance will be more sustainable for a longer period because the PV cells operate in safer conditions.

4.16 Chapter conclusion

In conclusion, the choice of 3D thermal modelling with six mirror configuration appears more
desirable over the 2D six mirror configuration which was considered the best in the previous analysis
because the 3D six mirror configuration appears more favourable to contributing and impacting
favourably on solar power generation in a sustainable manner and therefore it is preferred. This decision
is based on the simple fact that the design focus is to obtain optimum power output that can be sustained
over time. The benefit of this thermal modelling is that it can shortcut the prototype development time,
optimize the operating conditions for the finalized TPV device and eliminate undue operational cost. It
could also serve as a reference for Researchers who are interested in thermal solar energy and for
Stakeholders who want to invest or work in this field. The choice of 3D thermal modelling over that of
2D modelling with the same number of mirrors (six) is more favourable to contributing and impacting
positively on solar power generation in a sustainable manner. The benefit of this thermal modelling is that
it can shortcut the prototype development time, optimize the operating conditions for the finalized TPV
device and eliminate undue unsustainable projects. It could also serve as a reference for Researchers who

are interested in thermal solar energy and for stakeholders who want to invest or work in this field.
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CHAPTER FIVE

THE EFFECT OF HEIGHT IN INCORPORATING THE 3DPV
STRUCTURE FOR OPTIMUM SOLAR POWER GENERATION

5.1 Introduction

In solar energy systems, incorporating 3D technology in solar power generation takes advantage of
the 3D nature of the biosphere so that energy collection occurs in a volume, contrary to what is commonly
obtained in a planar or flat photovoltaic panel. 3DPV technologies are capable of generating more power
from the same base area when compared to the conventional flat solar panels. This chapter discusses
methodologies for computation and analysis of the effect of height per unit volume compared with a plain
surface arrangement and the obtained results are discussed. The results showed a remarkable increase in

the energy generated by the 3DPV structure over the 3D planar structures.

5.2 Present status of solar power generation

Solar power is a major energy source capable of making a substantial contribution to fulfilling the
world’s future energy requirements. According to literature from [30, 50, 102, 103], the average cost of
commercial PV modules stands at an average of about R28.25Wp to R37.37Wp. At present, PV energy
costs less than 1% of what it used to be but in spite of impressive drops in PV system costs, the levelised
cost of electricity (LCOE) of PV remains high. As at 2011, the LCOE for residential systems without
storage and with assumption of a 10% cost of capital was in the range R3.74 and R9.72/kWh. With the
addition of electricity storage added, the cost range increases to R5.38 and R10.61/kWh. Still in 2011, for
thin-film systems, the LCOE of current utility-scale was estimated to be between R3.89 and R8.82/kWh.
The cost for the crystalline solar PV system is higher [25]. For the PV solar energy conversion technology
to be affordable and for BiPV technology to become economically attractive for building applications,
then this cost must be brought down to nothing more than R14.95Wp [76]. This can only be made
possible if the appropriate solar energy conversion technology is employed [51] and a solar incentive
program and net metering is implemented [104]. Different types of solar cells are available for use for
energy conversion technology; however, crystalline silicon (Si) dominates around 90% of the current PV
market [20]

Convectional PV modules have relatively low energy density and this is worsened by the fact that
the output of the devices is dependent on the latitude of the installation and the weather conditions of the
location; besides, the peak insolation hours available in most locations is limited [10] [105]. In achieving
the energy conversion target, the use of low-cost base material, optimal device design, and affordable
device- processing technology is vital [54]. Conventionally, for low-scale solar energy generation, flat PV
panels are installed in residential and commercial rooftop installations. In cases where the rooftop is
impracticable for use or the plants are too large for roof-mounting, solar modules can also be placed on

the ground, either as a fixed mount or as a tracking mount that follows the sun to orient the PV modules.
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Other options include mounting as structures that create covered parking or that provide shade as window
awnings. This is often used in multifamily or commercial applications [104].

There is the need for establishing improved technology in order to optimize power generation per
installation area. For more effective use of the sunlight energy, the number of hours the solar cells are in
trajectory with the sun for peak power generation can be lengthened by incorporating sun-trackers.
However, tracking has the disadvantages of introducing additional cost. It also requires larger space for
operation thereby causing interference with other panels and possible shading and it is also subjected to
occasional maintenance periods and other disruptions. Furthermore, it is not suitable for residential or
commercial installations due to its bulky moving parts [4, 106]. However, it is still being used because its
price has reduced considerably [41]. A tracking system can be more cost efficient if the cost of its tracker
is less than total costs of that system by a factor of (T, — 1)/ T, where T, is tracking factor which tends
to unity as it improves the output power generated and this varies from location to location [4]. In
addition, it can generate more energy with less solar panels, lower electrical device ratings and smaller
structure on about the same land area. Nevertheless, there is the need for improved technology for solar

energy optimization.

53 Three dimensional nature of photovoltaic (3DPV) structure

The 3DPV technology is a new technology in PV energy generation that mimics the pattern found
in the nature of structures that collect sunlight in 3D [51, 54, 55]. Three main physical reasons underlying
the advantages of collecting light in 3D are the multiple orientations of the absorbers that allow for the
effective capturing of off-peak sunlight, the avoidance of inter-cell shading, and the re-absorption of light
reflected within the 3D structure [4, 50, 51]. These benefits enable the measured generated energy
densities (energy per base area) to be higher by a factor of 2 to 20, than the stationary flat PV
panels. 3DPV is a new approach for achieving optimum solar energy that will yield cost-effective, more
reliable and a most economically friendly alternative energy source [50, 107].

3DPV technology utilizes the 3D nature of the dimensional structures such as the spherical or
cubic system to absorb power in the entire volume of that material. Hence, power is measured in Watts
per unit volume as against per area measurement as it is the case with planar or 2D systems. Furthermore,
the impact of height in system efficiency for the 3DPV is remarkable [4, 55, 107]. Some of the research

work carried out on this technology is briefly discussed in this chapter.

5.3.1  Solar energy generation in 3D

According to the Massachusetts Institute of Technology (MIT), it has been established that 3DPV
structures can increase the generated energy density in a linear proportion to the structure height, for a
given day and location. The optimum shape of the 3D structures was derived using computer simulations
such as genetic algorithms (GA) for optimizing the generated output energy. These 3D structures include
a cubic box open at the top, a funnel-like shaped cubic box, a sphere, a parallelepiped or any other 3D
shape that in principle is found capable of doubling the daily energy density. 3DPV structures were found
to lessen some of the variability inherent to solar PV as they provide a more regular source of solar

energy generation at all latitudes. They are found capable of doubling the number of peak power
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generation hours as they intensely reduce the seasonal, latitude and weather variations of solar energy
generation when compared to a flat panel design [4, 11, 50].
5.3.2  3DPV module assembly by Fibonacci number

3DPV technology by Fibonacci number method involves the arrangement of the individual solar
cells of the 3DPV module in a leaf-like manner. The arrangement revealed that such a modular design has
the benefits of enabling each solar cell to receive the reflected light from the other cells thereby
maximizing power generation per installation area. It also enables solar cells to be stacked in a vertical
configuration, which enhances the doubling of daily energy density [4, 55].

Another research group, carried out a test on a 3DPV module whose configuration was based on
Fibonacci numbers. The simulation results revealed that the power generation characteristics of the solar
cells depend on the shape and spacing of the solar cells for most effective use of sunlight energy [8, 51,

55].

5.3.3 Spherical silicon solar technology

Accurate 3D technology has been found to enable innovative and improved device design, which
can result in overall cost-effectiveness, improved material processing and system utilization [54, 58]. Of
particular interest is the spherical Si solar technology (SSST), which has been found to be efficient and
quite inexpensive. It utilizes low-cost Silicon (Si) feedstock for its fabrication process which is simple
and inexpensive [108]. In addition, self-supporting 3D shapes are discovered to develop new schemes for
PV installation and to increase energy density which can facilitate the use of inexpensive thin film
materials in area-limited applications. Hence, harnessing solar energy in three dimensions can open new

avenues towards Terawatt scale generation[50].

5.3.4 3D Nanopillar-based cell modules

In recent years, much progress has been made in developing PV that can potentially be mass
deployed. An example of this is in the use of 3D Nanopillar-based cell modules, with the emphasis on
reduced solar cells cost by using novel device structures and materials processing for enabling acceptable
efficiencies. In this regard, the highly regular, single-crystalline nanopillar array of optically active
semiconductors can be directly grown on aluminium substrates, which are configured as solar modules.
An example of this is the CdTe/CdS PV structure that incorporates three-dimensional, single-crystalline
n-CdS nanopillars which is embedded in polycrystalline thin films of p-CdTe, to enable high absorption
of light and efficient collection of the carriers. Various experiments and modelling have proved the
potency arising from the geometric configuration of this approach to enable enhanced carrier collection

efficiency on both rigid and flexible substrates of the highly versatile nanopillars solar modules [59].

5.4 Effect of height in the Fibonacci method of 3DPV generation
The Fibonacci method of employing the PV module (FPM), utilizes numbers to attain the height
spacing for improved adsorption of solar energy [8, 51, 55]. The Fibonacci numbers are manifested in all

spheres of life. They are present in the leaf or petal arrangement of most plants as seen in Figure 5-1.
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Figure 5-1: Leaf arrangement on plants by phyllotaxis [57]

It has been stated that the reason often presented in such arrangements, is to maximize the amount
of light received on the space allotted for each leaf or petal on the plant [54, 55, 106].

In a similar fashion, a mass of silicon with an expanded surface can absorb the solar radiation in
layers of its crystallized molecules. Conversely, the leaves are not usually arranged on a flat surface, but
spread in the whole volume of a plant. This is synonymous with why the trees tend to grow vertically to
access most of the solar rays in a given volume. Solar panels can also be arranged in a similar fashion and
the solar energy considered in terms of Watt-hours per unit volume. However, to install the PV panels on
a tall structure is more tedious and costly than laying them down on the ground. That notwithstanding,
depending on price of land, the arrangement of the solar equipment on a raised structure could be more
cost-effective. Another advantage of a vertical arrangement is the possibility of rotating Fibonacci solar
panels in order to track the sun for a higher efficiency [51, 54, 107].

The manifestations of the Fibonacci numbers and the golden ratio are apparently endless and can
be found throughout nature in the forms and designs of many plants and animals. The Fibonacci sequence
can be perceived in nature in the spirals of a sunflower's seeds and the shape of a snail's shell. These
numbers have also been used in various ways in works of Architecture, Art and Music for centuries. The
numbers have been of use in medicine, science and engineering. In particular, the numbers are widely
used in engineering applications including computer data structures and in sorting algorithms, financial
engineering, audio compression, architectural engineering and solar energy application [109-112]. The
numbers highlight the order and mathematical complexity of the natural world. [57].

Although 3DPV solar power installations are not common yet, one such installation, using a FPM
approach already exists in Ontario, Canada as seen in Figure 5-2. The solar-powered tree of about 0.5 kW
is installed at Tourism London, Wellington Rd, Ontario Canada and it is funded by an Ontario Power

Authority. This solar-powered tree is 7 meters tall and has 27 leaves, each producing power [113].
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Figure 5-2: A 500 Watts solar-powered tree at tourism London, Ontario Canada [113]

5.5 3DPV structure effect on solar radiation intensity

The generated solar energy density is a function of the solar intensity called irradiance and it is
measured in W/m?. Many parameters determine the intensity of solar radiation such as latitude, season,
altitude, geographical conditions, atmospheric pressure, humidity, time of day, and some other extra-
terrestrial effects such as solar storms. On a clear day, the intensity of solar radiation is at its maximum
around noon and decreases towards dusk. However, 3DPV structures have been found to nearly double
the number of peak hours available for solar energy generation and provide a measured increase in the
energy density by a factor of about 2 to 20 without the use of sun tracking in the case of cloudy weather.
The structures are also found able to reduce the large variability in solar energy generation with latitude
and season contrary to what is obtained in the case of planar solar configuration [4, 51, 55, 57]. The solar
radiation received on the surface of the material is proportional to the power absorbed in the entire

volume of the 3DPV structure.

5.6 Energy per unit volume

Generally, some level of physical mass is required for energy of any sort to be absorbed and this
energy is found to be proportional to the volume and density of that material [4, 50, 51].

Mathematically, the material surface is two-dimensional while the physical objects are three-
dimensional. It is proper to consider energy in the volume, as well as energy on the surface, in the context
of solar energy. For energy per unit volume consideration, it is assumed that some solar collectors are
effectively arranged within any three dimensional structure such as a cube with arbitrary dimensions f, g,
h facing northerly with the x, y, z-axes. Hence, the cube volume, 7, is also considered as a vector V" with

three assigned components below:

Ve =gh
V, = fh (5.1)
V,=fg
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These components are assumed to be proportional to the cube’s three faces on which the solar
beams radiate on the top, front and east or west at any given time.
The solar irradiance is considered a vector with variable components proportional to the absolute values
of x, y, z components. Hence, solar power, P, going into the cube as indicated earlier can be extended and

interpreted as the scalar product of the volume and irradiance vectors.

Sunlight

> Vy =fh

NORTH SOUTH

[¢]

WEST
Vx =gh

Figure 5-3: Solar irradiance components to a cube [4]

5.7 Computation of solar energy in three-dimensions

In order to analyse the energy absorbed by the cube, the authors considered the cube volume and
the vector components of the surfaces. In Figure 5-3, with dimensions £ g, / standing northwest with the
X, y, z — axes as shown. As earlier stated, the cube volume, V, was considered a vector V, with three
components as given in equation (5.1). These components of the volume vector were exposed to the solar
beam radiation.

Considering that the solar irradiance is also a vector, with variable components proportional to the
absolute values of x, y, z given by equation (5.1). It would imply that the solar power going into the cube

of a solar tree can be expressed as:

pP=r.1 (52)
where,

Pe = ghl [Cos(B)(6)

P, = fhi[Sin(a)Sin(f)Cos(8) — Cos(a)Sin(H)] (5.3)

P, = fgl[Cos(a)Sin(B)Cos(8) + Sin(a)Sin(6)]

Total power is the vectorial sum of the components, such that:

Pro¢ = P+ P+ P, 54
The value of irradiance and the angles f and 6 are functions of time as described above. The

module of irradiance M, which is defined as the average irradiance in any location at a certain latitude &

, is introduced in equation (5.5). For the purpose of computation, M value applied here is taken as 62%

for location latitude of -29.8833 (South).

Then,
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Avg[Cos(B)Cos(0)] = Avg[Sin(B)Cos(8)] = 0.62
Avg[Sin(B)] =0and f,g,h =1

The module of irradiance for Durban is assumed here as 0.62 for the month of January and it is
utilized here as a parameter of average irradiance at the latitude («) -29.8833 (South). This is specified by
the three components below:

M, =0.621
M, = 0.62ISin(a) (5.5)
M, = 0.621Cos(a)
and
M= M,+M,+ M,
The average value of available solar power obtained within the volume is the scalar product of volume
vector V and module of irradiance, M as indicated:
Pog =V.M (5.6)
Hence,

Py_pvg = ghiMx

Pavg = Py avg = fhIMy 5.7)
Pz—Avg = fglMz

and

PTot»Avg = Px»Avg +py»Avg +PZ—AVg (58)

Dimensions f, g, h in these equations are the effective dimensions where 100 percent of the solar
energy is absorbed. However, real dimensions of the occupied space are “n” times larger; and n relates to
the efficiency 7 of the collectors. The efficiency of the PV panels is assumed to be 16 percent, therefore,
n is 2.5 in this case. This was found useful in the optimization programing carried out on these two
different solar panels’ installation configurations.

The efficiency of a solar power system depends on how it collects solar energy. In order to
determine the solar irradiance in volume, it was assumed the solar panel was effectively arranged within a
cube as shown in Figure 5-4. From equation 5.4, more energy could enter a volume as compared to

entering through a surface such that:

PTot>Px’Py’Pz (59)

The main concept of measuring energy per unit volume is that solar collectors get more irradiance when
elevated from the horizontal position as seen in Figure 5-5 to the vertical position as seen in Figure 5-4.
The solar cell efficiency depends on the collectivity factor, ¢, which is defined as the ratio of the
collected solar energy to the maximum solar energy available in an effective volume occupied by the
solar system installed in an area and at a certain height. The amount of solar energy generated is a
function of the collectivity factor and this was found to be in direct proportion to the height.
In this chapter, the author compared the results obtained on the power (Watts) generated with this

tree-level arrangement (3D) in Figure 5-4, with the Power (Watts) generated by its equivalent co-planer
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arrangement (2D) in Figure 5-5 and the data were run using the Matlab program and the results were

plotted and analysed as shown in Figures 5-6, 5-7 and 5-8.

5.7.1 3D Configuration of the solar panel

In order to estimate the effect of height, a 10 kW solar array was assumed for the multilevel fixed
structure as shown in Figure 5-4. The effective volume dimensions occupied by the tree-level system
were assumed as f = 3.5; g = 2.5 and h = 3meters. The index of the real dimensions of the occupied
space by the PV panel, n, is assumed as 2.5, the assumed irradiation I, was 678 W/m? for the solar panels

installed at a tilted angle of 50° towards the South.

Figure 5-4: Multilevel panels arranged as a volume

From equation (5.5), the modules of irradiance of the solar radiation for the 3D and 2D structures were

determined for this location as:

M, =420W/m?> M,=292W/m? and M, =302 W /m? (5.10)
These values were used for Modules of irradiance in the Matlab computations as.

Py_ang = ghM, = 0.62ghl,
Py_avg = fAM,, = 0.62fhISin(a) (5.11)

Pz—Avg = fgM, = 0.62fglCos(a)

5.8 2D Configuration of the solar panel
It was assumed that the elevation, for the 2D arrangement is one-third of the height h, for the 3D
structure. In the 2D arrangement, not all the sides are present (as shown in Figure 5-5), hence only the

Front and the Top would receive the solar radiation.

Figure 5-5: Planer (2D) arrangement of solar panels
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Hence for the 2D arrangement, the average total power in Watts, is estimated as:

Provme =Py ag + Peig (5.12)
where,
Py_ayg = fhM, = + 0.62fhISin(a)

Py_avg = fgM, = +0.62fglCos(a) (5.13)
H=1/3h (5.14)
5.9 Results and discussions

The variables derived for the solar power in equations (5.4), (5.7) and (5.11) were used to
determine generated powers for the 2D and 3D solar structures for height variation of 1 to 6 meters. The
values are as indicated in Table 5-1. The graphs obtained in 2D and 3D cases are linear in shape since the
effects of other factors such as weather, seasonal variations such as cloud and rain and temperature are
not considered for simplicity.

From Table 5-1, at height of 1 meter, the 2D and 3D solar structures generated output power of
2.983 kW and 4.714 kW respectively (Figures 5-6 and 5-7) while at height 6 meters, the 2D and 3D
generated output power are 4.686 kW and 15.08 kW respectively (Figure 5-8). The percentage increase in
output power ratio between the 2D and 3D solar structures increases from the minimum height (1 meter)
to the maximum height (6 meters) is from 37 % to 69%. This indicates that power generation in 3D
improves with increasing height.

Since a linear relationship exists between solar generated energy and the generated output power,
it is then true to imply that solar energy generated increases with increasing height. However, this
statement may not be true for a solar farm with multiple trees because of the shading effect from the
adjacent trees which hinders the absorption of the reflected rays by the PV cells thereby causing a
reduction in the generated output power. In order to avoid excessive partial shading of the elements, the
solar trees would need to be installed with a relatively large spacing. A new set of equations would need

to be applied to accommodate these changes [114].

Table 5-1: Power output data for the 2D and 3D solar installations
Height h (m) 1.000 | 2.000 | 3.000 | 4.000 | 5.000 | 6.000

Power (2D) kW 2.983 | 3.324 | 3.665 | 4.005 | 4.345 | 4.686

Power (3D) kW 4.714 | 6.786 | 8.859 | 10.93 | 13.00 | 15.08
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Figure 5-8: Energy optimization by ‘volume’ in a 3DPV and by area in a planar systems

5.10  Chapter conclusion

In this chapter, the effects of height on solar generated energy and power were analysed and
discussed. All other variable parameters, such as weather conditions, time of the day and such like were
not considered. The concept of energy-per-unit volume for solar energy was held to be true for solar
installations with consideration given to height. Module of Irradiance, M, was found to be a simple and
useful tool for establishing the per-unit component for the top, front, and the side surfaces for the
irradiance into a unit volume. There was an enhanced power output with the use of the Module of

Irradiance. The graphs for the generated power by volume for the 3DPV system and the generated power
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by area for the planar system showed a linear relationship between solar panel height and the generated
output power. The gradients of the two graphs revealed increased power by the 3DPV structure over the
planar structure by 16 percent. This confirms the fact that introducing height to a solar power installation
will increase the performance of the solar device. This conclusion is true for a single tree like the one
considered in this chapter. However, in situations where more than one tree is used, there is the tendency
of experiencing uneven illumination of solar panels composing a 3DPV system due to shading by other
solar cells. Consequently, the power output decreases progressively as a result of parasitic dark currents
which are believed to be in the masked cells thereby reducing the overall voltage and current and
ultimately reducing the maximum power output of the array. In order to mitigate the power imbalances
resulting from shaded cells, a blocking diode is usually placed in series with every cell to reduce electrical
losses and optimize the power output of a 3DPV system [50]. Another way possible to avoid excessive
partial shading of the PV cells is for the PV panels to be installed with relatively large spacing. When
more solar trees are involved, more complex equations would be required to describe all figurations
[114]. These results obtained in this work suggest that utilizing three-dimensional technology in PV solar

installation presents interesting opportunities in PV design and improved solar energy generation.
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CHAPTER SIX

ONE DIMENSIONAL SIMULATION OF PHOTOVOLTAIC MODULE
FOR PERFORMANCE PREDICTION

6.1 Introduction

In order to determine the performance and the impact of 3DPV structure on photovoltaic power
generation, it is necessary to first model the PV in 1D. This is to effect the determination of the influence
of variation of environmental parameters on PV electrical characteristics. This is done by varying the PV
cell parameter while the other parameters are kept constant or fixed. This is made possible by using 1D
simulation like MATLAB or any other 1D software such as INSEL, TRNSYS, Solar Advisor Model
(SAM), DDSCAD PV, Solar Pro, PV Professional, SolarGIS, 3TIER and PVGIS to mention but a few
[115]. In this work, MATLAB R2014b was used.

In this Chapter, a step-by-step development of mathematical modelling, based on a single diode
equivalent circuit was used to simulate a PV cell/module under different operating parameters is
presented. These steps were used in estimating the five PV parameters and in obtaining the IV
characteristic curves of the photovoltaic module with respect to the changes on the parameters such as the
environmental parameters (temperature and irradiation), the cell parameters (parasitic resistances — series
and shunt resistances) and the ideality factor. Using a Shockley diode equation, the simulated results were
validated and compared with the manufacturers’ specifications at standard temperature and pressure
(STD) and these figures are presented. These results are based on the best commercially available PV
modules namely: a Sunpower 345W X21-Series solar panel with 96 cells as contained in the Appendix
and Yingli Mono 260 Series PV panel with 60 cells, also contained in the Appendix. The simulated
results in both cases were analysed and matched with the manufacturers’ specifications. The findings
under various conditions helped in the choice of the panel chosen for the 3D design of the most current,

accurate, efficient and the best available at present..

6.2 1D Modelling of photovoltaic module/performance analysis determination

The study, development, design, modelling and analysis of a PV power system and its components
from conception to delivery are complex and require adequate understanding of physics selection and its
application on the geometry in order to meet up with quality service delivery. Furthermore, since solar
energy generation is time and season-variant, adequate care needs to be taken into consideration for
accurate PV model production for optimal power generation [116]. The developing and modelling of PV
modules presented in this work and their performance prediction involved the initial use of 1D simulation
approach that involved the use of an efficient PV configuration module based on single diode equivalent
circuit and using Matlab/Simulink. The cell parameters obtained in the simulated modules were compared
against the manufacturers’ specifications. The compared results include Rs, Rsh, Isc, Voc, and N, these
abbreviations are as earlier defined in the list of Engineering and Mathematical notation. Furthermore, the
performance of the simulated modules under variation of series resistance, ideality factor, irradiation and

temperature was also analysed.
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Two different types of the best among the PV modules were simulated and analysed. This was
done to screen further between these two, the more suitable PV that has better manufacturers’
specifications, capable of generating improved and better output power. The two panels considered were
Yingli Mono 260 Series PV panel with 60 cells which was taken from the group of the conventional
panels while the other one was a commercial PV module - a Sunpower 345W X21-Series solar panel with
96 cells which was taken from among the recent technology. This is done for performance comparison
purposes. In the Figure 6-1(a) to Figure 6-4(b) is the comparison between Sunpower X21- 345 and Yangli
YL260C panels.

Figure 6-1(a): Image of Sunpower
X21- 345 PV panel Figure 6-1(c): Image of Yingli
YL260C- PV panel
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Figure 6-1(b): Dimension (mm) of Figure 6-1(d): Dimension (mm) of
Sunpower X21 1,559 x 1,046 x 46 Yingli PV panel 990 x 1,650 x 50

These selected panels, Sunpower 345W X21-series solar panel and Yingli mono 260 series PV
panel were picked as the best among their groups. These are the closest, among the best and the most
current and available panels as enlisted in APPENDIX B-1. They are very close in physical, dimension,
area of the panel and in electrical properties as shown in in the Appendices, hence they are equivalent and

good for comparison.
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The purpose of this comparison is to ensure and justify the fact that the best available panel is used
for modelling and simulation for determining the effect of 3DPV on the generated output power. This is
to ensure that the reports that are generated in this thesis at the end of this work are up to date and most

current.

6.3 Mathematical modelling of PV cells and Module

A single diode equivalent circuit was used in 1D modelling of the practical PV cell. More details
have been presented on this modelling in Chapters 2 and 3 in accordance with Current-Voltage (IV)
relationship of the solar cell. A practical PV cell has equivalent series resistance R; and a parallel/shunt
resistance Ry, connected to it in contrast to an ideal PV cell that has only a current source and a reversed-
connected diode in parallel to it. The presence of series resistance is brought about as a result of solar cell
design defect [117]. Its presence reduces the fill factor FF, while its excessively high values may cause
further reduction in the short-circuit current ;. and reduced short circuit current is [118]. On the other
hand, the presence of shunt resistance Ry, is due to manufacturing defects and its presence causes
appreciable power losses. The effect of low shunt resistance is largely severe at low light levels, since the
impact of diverted current will be severe on the light-generated current. Furthermore, the impact is also
greatly felt at lower voltages where the effective resistance of the solar cell is high [118]. For these
reasons and for good modelling results, the values of R; must tend to zero while that of Ry, must tend to

infinity [118, 119].

For an ideal PV cell [28]
I = Iph - Id (61)
Shockley diode equation is:

I = I, [exp (L) - 1] (6.2)

For a practical cell

1= Ly—Ig — Iy, (6.3)
and

Iy = [%] (6.4)
Hence:

I'= Iy — I [exp (25) — 1] - [V;’:] 6.5)

In the presence of both series and shunt resistances, the IV curve of the solar cell is described by the

equation:

q(V+IRg) ( V+IRS)
NkT Rsy

I'= Iy — Isexp| (6.6)

where, all electrical parameters are as defined in the list of Engineering and Mathematical notations.
The series resistance, R; is more dominant in operation when PV is in the voltage source region.
Ry, is related to diode reverse voltage current and it is more dominant in operation when PV is in the

current source region. The reverse saturation current, I; , was determined by considering open circuit
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condition where (when) I..; = 0 and at short circuit condition where (when) I .;; = I;.. This implies that
Ig. is equal to light generated current I, given by [67]:
= 7
2(NKT)
6.3.1  Consideration for environmental and cell parameters in PV modelling
These considerations fall into two categories and their effects are as described below:
a. Effect of Temperature and Irradiation variations on the PV cell or panel.

The effects of environmental parameters, namely: temperature and solar irradiation on the
performances of the PV system were investigated. Increase in solar radiation intensity increases the
photovoltaic current, I,,, while increase in operating temperature, T,,, decreases the open circuit voltage
and consequently the generated power output [120]. The photovoltaic current, I,, is related to the

temperature and solar irradiation in Equation (6.7) and according to [67]:

Ly = (Gk)[lsc + Ki(Top - Tref)] (6.8)

The variation in solar radiation reaching the ground is caused by some factors such as the distance
travelled by the irradiation, time and season variations, climatic conditions, apparent motion of the sun
and tropospheric conditions [121]. All these variants affect the PV module performance. Hence the light

generated current in Equation (6.7) can be re-written as [36, 116]:

Ly = LIE] [Iloe + Ki(T = Tpep )] (6.9)
1.(T) = 1, (T:—ef>3exp [%(rTf - 1)] (6.10)
V. = V,In (’f—“) (6.11)

It implies that the photovoltaic current, I, is a linear function of ambient irradiation, G in W/m’.
As G increases, so also I,, increases. The symbol K; is the change in panel short circuit current, Alg. per
°C, at temperatures that differ from 25 °C or 298 K. The value of K, increases as the operating
temperature deviates further from the standard temperature of 25 °C or 298 K, that is at a temperature
where [66]
T # Ty (25C 0r 298 KC)

As the operating temperature, T,, increases, the open circuit voltage decreases, indicating the
inverse relationship between the operating temperature of the PV cell, Ty, (in Kelvin) and the open circuit
voltage, Vo [37].. At standard test conditions of irradiation value, G = I KW/m?, air mass, AM = 1.5 and
operating temperature, 7,, = 25 °C or 298 K, the photovoltaic current equals the short circuit current,

meaning that:

ph = Isc (6.12)
As the cell temperature increases, the fill factor, FF, decreases, the open circuit voltage, V. also

decreases linearly and short circuit current, ;. increases slightly and the PV cell becomes less efficient.

These conditions need to be avoided in good PV cell modelling. On the contrary, as the irradiation

increases, the open circuit voltage, V. increases logarithmically, the short circuit current, /. increases
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linearly and the PV cell becomes more efficient. This condition needs to be upheld in good PV cell
modelling [122].

Equation (6.11) represents the greatest current value condition [66]. The variation in the incident
light intensity on a solar cell alters all solar cell parameters, inclusive of the followings: the short-circuit
current, the open-circuit voltage, the FF, the efficiency and the impact of series and shunt resistances.

These are essential PV cells parameters used in characterising the PV cells.

b. Effect of Cell Parameters variation on the PV cell or panel

The cell parameters determined included the parasitic resistance (Rgand Rg,) and N. The presence
of R is due to solar cell design defects while Ry, presence is due to manufacturing defects [66] and this
is a major concern for power losses in solar power generation. Hence, in PV modelling, the parasitic
resistance needs to be made as close as possible to the ideal condition whereby R; is as close as possible
to 0 and Ry, is as close as possible to infinity [66, 119].

The ideality factor is associated with the carriers’ mobility across the junction. If mobility process
is purely diffusion, then N = 1 and N is equal to 2, if mobility is mainly due to recombination in the
depletion region. So, 1 < N <2 and N is a function of solar cell material and is independent of solar
irradiation, G. The carriers recombination in the depletion region is unfavourable and not desired, so as
the value of N tends to 1 is most desirable.

In this work, some pre-defined manufacturers’ specifications were obtained from Yingli mono
260 series PV panel and Sunpower 345W X21-series solar panel as indicated on Tables 6-1 and 6-2.
These values are V,,= 38.6 V, I, =8.91A for Yingli PV panel and V,,= 682 V, [, =6.39 A for
Sunpower solar panel and were used along with Equations (6.12) and (6.12) to obtain the values of R, and
R, for both panels. Furthermore, these values were used and varied in line with equations (6-13) and (6-

14) to obtain the varying values of G4, T,,, , and N. The calculated data from the manufacturers’ Yingli

Y
mono 260 series PV panel and Sunpower 345W X21-series solar panel are presented in Tables 6.1 and

6.2 and these were used for evaluating against the simulated models.

6.4 Matlab modelling of a PV Module

The mathematical model of the PV module was implemented using MATLAB/Simulink R2014b.
The PV nature or electrical behaviour is non-linear as evident from its characteristic equations. The
manufacturers’ specifications in standard test conditions, were used to determine and predict the
behavioural patterns of the I-V, P-V graphs for varying temperature 7, irradiation G, series resistance Ry,
parallel/shunt resistance Ry, and ideality factor N. Some information was obtained from the PV
manufacturer’s datasheet such as open circuit voltage V., the short circuit current Ig., maximum power

current ly,,,, maximum power voltage V,,,.

The series resistance (R) lower and upper limits were determined from [28] as:
R, < XL Toc (6.13)

ISC

and
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10 x Vo

Ry, > (6.14)

ISC

Hence in Table 6-1, the values of series and shunt resistances for both PV panels Sunpower 345W

X21-Series Solar and Yingli Mono 260 Series PV panel were determined using these equations.

Table 6-1: Establishing the series and shunt resistances for Sunpower and Yingli PV Panels

0.1 x V, 10 x V;
s < oc Rsh > oc
ISC ISC
Sunpower 345W X21-Series, V,, =682V, [, =639 A R; < 1.07 Ry, > 106.73
Yingli Mono 260 Series PV panel, 1,.=38.6V, I, =891A | R, <043 Ry, >43.32

For the Sunpower 345W X21-Series PV panel, the value for Rg must not be greater than 1.07
and the value for R, must not be less than 106.73 Q. On the other hand, for the Yingli Mono 260 Series
PV panel, R; must not be greater than 0.43 Q and Rg; must not be less than 43.32 Q. These were taken
into consideration for the 1D modelling, hence these values of R and R, were set as the boundary
conditions for generating the I-V and P-V simulation curves.

The essential cells parameters used in characterising the PV panels were the short circuit current,
Ise, open circuit voltage, V., fill factor, FF and Efficiency, n. The fill factor, FF could combine (/) and

(V,¢) to determine the solar cell maximum power [123], such that:

Maximum power from the solar cell

FF = 6.15
Product of (Ig¢) and (Vp¢) ( )
FF = Product of voltage and current at maximum power conditions _ VmplImp (6 16)
~ Product of Open circuit voltage Voc and Short circuit current Isc - Voclse ’

This is the geographical rectangular area under the IV, PV graphs and a good PV cell must have a FF
value greater than 0.7, such that FF > 0.7.

Similarly, the maximum theoretical FF of a solar cell can be obtained at the turning point. Hence,
the power can be differentiated with respect to the voltage to obtaining FF. Equating the turning point to
Zero gives a maximum point.

This implies that:

% = 0, not bothering with the calculation steps involved, the eventual equation yields:
FF = Voc—In (Voc+0.72) (6.17)

Voct+1
Equation (6.17) indicates that a higher voltage will yield correspondingly higher FF value. A good PV
cell must have FF > 0.7. As the cell temperature increases, the fill factor, FF, decreases, the open circuit
voltage, V,.decreases linearly and short circuit current, /. increases slightly and the PV cell then becomes
less efficient. These conditions need to be avoided in good PV cell modelling.

The performance of solar cells from one to the other is rated by the cell’s efficiency. Efficiency is
the PV cell’s effective attribute of the ratio of the solar cell energy output to the solar irradiation falling
upon it. The spectrum and intensity of the incident light (sun) and the solar cell temperature, all affect the

cell’s efficiency, and hence the operating condition of the solar cell must be carefully controlled when
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determining its efficiency in order to enable performance comparison of one device to the other. For
control purposes, all terrestrial solar cells are measured under standard conditions of Air mass (AM) of
1.5 and temperature of 25 °C or 298 K. The case is different for space of satellite applications.

According to [28, 66], the module efficiency is the ratio of the maximum power to the irradiation

and it is defined in Equation (6.18) as:

n= Efficiency — Maximum output power — P_m (6.18)

Incident light power EAc

The output power of the cell/module, P is given as:
P=V=x]
From equation, P4y, = V, I FF (6.19)

The efficiency is defined as

VoclscFF
Pin

n= (6.20)

where the parameters are as earlier defined and

P, = input power for efficiency calculation = 1 KW/m? or 1000mW/cm?

6.5 Simulation and results

SunPower X21-Series-345 PV panel and Yingli Mono 260 Series PV panel were simulated for
various operating conditions and PV parameters as presented in Table 6-2 to Table 6-13 and in Figure 6-2
to Figures 6-12(a,b,c and d). The results for each case of the panel was analysed and matched with the
manufacturers’ specifications. The derived and calculated data from the simulated models for each of the
panels respectively at STC are presented on Table 6-12 to Table 6-14 for the SunPower X21-Series-345
PV panel and Table 6-15 to Table 6-17 for Yingli Mono 260 Series PV panel. The data on these
referenced Tables were compared in Table 6-18 and used to evaluate the simulation results. The results
under various conditions helped in the choice of the panel chosen for the 3D modelling and simulation of
the most current, accurate, efficient and the best presently available and the validated electrical

parameters were used as the input for the simulation of the 3D modelling of the panel.
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Table 6-2: 1D Simulation of SunPower X21-series-345 solar panel for series resistance

Variation in series | Vimp (V) | Pm (W) Imp (A) | module fill factor
resistance (Rs) efficiency (%) | (FF)
0.20 58.2686 | 335.8250 | 5.7634 | 20.59 0.77
0.40 57.6365 | 328.5790 | 5.7009 | 20.15 0.75
0.60 54.7947 | 321.7241 | 5.8714 | 19.73 0.74
0.80 56.3019 | 313.5383 | 5.5689 | 19.23 0.72
1.00 55.6134 | 305.9164 | 5.5008 | 18.76 0.70

Figure 6-2(a): I-V Characteristics for series resistance (Rs) variation for SunPower PV panel

Figure 6-2(b): P-V Characteristics for series resistance (Rs) variation for SunPower PV panel

From the graphs on varying series resistance on SunPower X21-series-345 solar panel, it is seen
that for both the [-V and P-V graphs, there is little or no effect of varying series resistance on the different
curves but as the voltage increases to about 45V, the effect on the curves become significant and the

curves are separated out.
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Table 6-3: 1D Simulation of Yingli Mono PV 260 Series 60 solar panel for series resistance

Varying series | Vip (V) Pn (W) Imp (A) | module fill factor
resistance (Rs) efficiency (%) | (FF)
0.20 31.8313 260.5710 8.1860 | 15.95 0.76
0.40 30.9262 | 245.9632 7.9532 | 15.06 0.72
0.60 29.9775 231.1053 7.7093 | 14.15 0.67
0.80 26.0411 217.9951 83712 | 13.35 0.63
1.00 253874 | 207.1872 8.1610 | 12.68 0.60
10
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Figure 6-3(a): I-V Characteristics for series resistance (Rs) variation for Yingli PV panel
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Figure 6-3(b): P-V Characteristics for series resistance (Rs) variation for Yingli PV panel

From the graphs on varying series resistance on Yingli Mono PV 260 Series 60 solar panel, it can
be observed that for both the I-V and P-V graphs, there is little or no effect of varying series resistance on
the different curves but as the voltage increases to about 25V, the effect on the curves become significant

and the curves are separated out.
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Table 6-4: 1D simulation of SunPower X21-Series-345 solar panel for shunt resistance

Variation in shunt | Vi, (V) Pn (W) Imp (A) | module efficiency | fill factor
resistance (Rsh) (%) (FF)
200 58.2686 | 335.8250 | 5.7634 | 20.59 0.77
400 58.9183 | 343.3559 | 5.8277 | 21.06 0.79
600 56.8106 | 345.8322 | 6.0875 | 21.21 0.79
800 56.9441 | 347.4596 | 6.1018 | 21.31 0.80
1000 57.0233 | 348.4271 | 6.1103 | 21.37 0.80

Figure 6-4(a): I-V Characteristics for shunt resistance (Rsh) variation for SunPower panel

Figure 6-4(b): P-V Characteristics for shunt resistance (Rsh) variation for SunPower panel

From the above two graphs, it can be observed that the curves on SunPower X21-Series-345 solar
panel are as close as possible to each other, indicating that the influence of variation in shunt resistance is
almost insignificant. However, the effect is experienced slightly at voltage range of 40V< V <65V. This is

an improvement over what is obtainable in Yingli Mono PV 260 Series c-60 solar panel.
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Table 6-5: 1D Simulation of Yingli Mono PV 260 Series c-60 solar panel for shunt resistance

Variation in shunt | Vi, (V) Pn (W) Lnp module efficiency | fill factor
resistance (Rsh) (A) (%) (FF)
200 31.8313 260.5710 | 8.1860 | 15.95 0.76
400 31.9733 262.9012 | 8.2225 | 16.09 0.76
600 32.0195 263.6616 | 8.2344 | 16.14 0.77
800 32.0424 264.0387 | 8.2403 | 16.16 0.77
1000 32.0561 264.2640 | 8.2438 | 16.18 0.77

Figure 6-5(a): I-V Characteristics for shunt resistance (Rsh)
variation for Yingli panel

Figure 6-5(b): I-V Characteristics for shunt resistance (Rsh)
variation for Yingli panel

From the above two graphs, it can be observed that the curves on Yingli PV solar panel are as
close as possible to each other, indicating that the influence of variation in shunt resistance is almost
insignificant. However, the varying shunt resistance effect is less significant here. Hence, the curves

stayed more closely together than what was observed with the SunPower X21-Series-345 solar panel.
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Table 6-6: 1D Simulation of the SunPower X21-Series-345 solar panel for Ideality factor

Variation in | Vip (V) | Pm (W) Imp (A) | module fill factor
Ideality factor (n) efficiency (%) | (FF)
1.20 56.6707 | 335.8250 | 5.6054 | 20.59 0.73
1.35 57.7169 | 329.4961 | 5.7088 | 20.21 0.76
1.50 57.1845 | 323.4460 | 5.6562 | 19.83 0.74
1.65 56.6707 | 317.6597 | 5.6054 | 19.48 0.73
1.80 56.1744 | 312.1196 | 5.5563 | 19.14 0.72
The input power for efficiency calculations is 1 kW/m?
7
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Figure 6-6(a): I-V Characteristics for ideality (N) variation for SunPower PV panel
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Figure 6-6(b): P-V Characteristics for ideality (N) variation for SunPower PV panel
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Table 6-7: 1D Simulation of the Yingli Mono PV 260 Series 60 solar panel for Ideality factor

Variation in | Vip (V) Pm (W) Lwp (A) | module fill  factor
Ideality factor (n) efficiency (%) (FF)
1.20 31.8313 | 260.5710 | 8.1860 | 15.95 0.76
1.35 31.5047 | 255.2521 | 8.1020 | 15.63 0.74
1.50 31.1913 | 250.1981 | 8.0214 | 15.32 0.73
1.65 30.8899 | 245.3868 | 7.9439 | 15.02 0.71
1.80 30.5997 | 240.7974 | 7.8693 | 14.74 0.70

The input power for efficiency calculations is 1 kW/m?

Figure 6-7(a): I-V Characteristics for ideality (N) variation for Yingli PV panel



Figure 6-7(b): P-V Characteristics for ideality (N) variation for Yingli PV panel

Table 6-8: 1D Simulation of the SunPower X21-Series-345 solar panel for Temperature variation

Variation in PV cell | Vi (V) Pm (W) Imp (A) | module fill factor
temperature (Tc) efficiency (%) | (FF)
298.15 58.2686 | 335.8250 | 5.7634 | 20.59 0.77
308.18 582762 | 3359132 | 5.7642 | 20.60 0.77
318.15 58.2793 | 335.9486 | 5.7645 | 20.60 0.77
328.15 582786 | 335.9411 | 5.7644 | 20.60 0.77
338.15 56.0102 | 336.1564 | 6.0017 | 20.61 0.77
348.15 56.0683 | 336.8539 | 6.0079 | 20.66 0.77
358.15 56.1189 | 337.4626 | 6.0133 | 20.69 0.77

Figure 6-8(a): I-V Characteristics for temperature variation for SunPower PV panel

Figure 6-8(b): P-V Characteristics for temperature variation for SunPower PV panel

From the above I-V and P-V graphs, it can be observed that the curves on the SunPower PV

panel are as close as possible to each other, indicating that the influence of Temperature variation has

almost no effect on them. Hence, the varying Temperature effect is of little or no significance here.
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Hence, the curves stayed more closely together than what was observed with the Yingli Mono PV 260

Series c-60 solar panel.

Table 6-9: 1D Simulation of Yingli Mono PV 260 Series c-60 solar panel for Temperature variation

Variation in PV cell | Vi (V) Pn (W) Imp (A) | module fill factor
temperature (Tc) efficiency (%) | (FF)
298.15 31.8313 | 260.5710 | 8.1860 | 15.95 0.76
308.18 31.6493 | 257.5999 | 8.1392 | 15.77 0.75
318.15 31.4622 | 254.5635 | 8.0911 | 15.58 0.74
328.15 31.2703 | 251.4678 | 8.0417 | 15.39 0.73
338.15 31.0739 | 248.3187 | 7.9912 | 15.20 0.72
348.15 30.8732 | 245.1211 | 7.9396 | 15.01 0.71
358.15 30.6684 | 241.8798 | 7.8869 | 14.81 0.70

Figure 6-9(a): I-V Characteristics for temperature variation for the Yingli PV panel

Figure 6-9(b): P-V Characteristics for temperature variation for the Yingli PV panel

From the above I-V and P-V graphs, it can be observed that for the Yingli PV panels, the curves
are as close as possible to each other in the lower voltage range, indicating that the influence of

Temperature variation has almost no effect on them at low voltage. However, at higher voltage of about
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28V upwards, the effect of temperature is predominant as reflected in the curves as the curves separated

out.

Table 6-10: 1D Simulation of the SunPower X21-Series-345 solar panel for irradiation variation

Variation in | Vip (V) Pn (W) Imp (A) | module fill factor
Irradiation (G) efficiency (%) | (FF)
600 57.2492 191.5596 3.3461 | 19.58 0.44
700 56.4160 227.3631 4.0301 | 19.92 0.52
800 57.2769 263.6493 4.6031 | 20.21 0.60
900 57.1085 299.5448 52452 | 20.41 0.69
1000 58.2686 335.8250 5.7634 | 20.59 0.77

Figure 6-10(a): I-V Characteristics for irradiation (G) variation for the SunPower PV panel

Figure 6-10(b): P-V Characteristics for irradiation (G) variation for the SunPower PV panel
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Table 6-11: 1D Simulation of the Yingli Mono PV 260 Series 60 solar panel for irradiation variation

Variation in | Vip (V) Pn (W) Imp (A) | module fill factor
Irradiation (G) efficiency (%) | (FF)
600 30.9891 154.3529 | 4.9809 | 15.75 0.45
700 31.3113 180.0909 | 5.7516 | 15.75 0.52
800 31.0566 206.7016 | 6.6556 | 15.82 0.60
900 32.7847 230.3455 | 7.0260 | 15.67 0.67
1000 31.8313 260.5710 | 8.1860 | 15.95 0.76

Figure 6-11(a): I-V Characteristics for irradiation (G) variation for the Yingli PV panel

Figure 6-11(b): P-V Characteristics for irradiation (G) variation for the Yingli PV panel
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Based on the 1-D simulation results generated for the Sunpower X21-Series-345 W Solar Panel,

the optimum operating parameters derived are as stated in Table 6-12.

Table 6-12: Derived optimum operating parameters for the SunPower X21-Series panel at STC

Various parameters Value Unit
Solar Irradiance (G ) 1000 W/m"2
Cell-operating temperature 25 °C
Series resistance (Rs) 0.2 ohm
Shunt resistance (Rsn) 1000 ohm
Ideality factor (n) 1.35

Air Mass (AM) 1.5

Band-gap energy of the cell (Eg) 1.17 eV
Diode ideality factor 1.35

Number of cells in the PV panel 96

Area of cell (A) 1.63 m”2
Open-Circuit Voltage (Voc) 68.2 v
Short -Circuit Current (Isc) 6.39 A
Current-Temp, Coefficient, (Ki) 3.5 mA/°C
Voltage-Temp, Coefficient, (Kv) -167.4 mV/°C

Table 6-13: Validated electrical parameters for the SunPower X21-Series-345 solar panel at STC

Parameters Calculated | Rated value in | Unit %
Values Datasheet Deviation

Nominal Power (Pnom) 342.3 345.0 W -0.8

Peak Voltage (Vmpp) 56.5 57.3 A" -1.4

Peak Current (Impp) 6.06 6.02 A 0.6

Average Panel Efficiency | 20.99 21.5 % -2.4

Table 6-14: The 345 W Sunpower X21-Series- solar panel at STC

PV cell temperature @ | Vimp (V) | Pm (W) Linp module fill factor
STC (K) (A) efficiency (%) | (FF)
298.15 56.5208 | 342.3131 | 6.0564 | 20.99 0.79

Based on the 1-D simulation results generated for the Yingli Mono PV 260 Series 60 c-Si Solar

Panel, the optimum operating parameters derived are as stated in Table 6-15.
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Table 6-15: Derived optimum PV operating parameters for the Yingli Mono PV 260 Series 60 c-Si solar

panel at STC
Other parameters value unit
Solar Irradiance (G ) 1000 W/m"2
Cell-operating temperature 25 °C
Series resistance (Rs) 0.2 ohm
Shunt resistance (Rgn) 200 ohm
ideality factor (n) 1.2 ohm
Air Mass (AM) 1.5
Band-gap energy of the cell (Eg) 1.17 eV
number of cells in a PV panel 60
Area of module (A) 1.63 m”2
Open-Circuit Voltage (Voc) 38.6 v
Open-Circuit Current (Isc) 8.91 A
Current Temp, Coefft, (Isc) 0.04 %/ K
Cell dimension in size 156*156 mm

Table 6-16: Validated electrical parameters for the Yingli Mono PV 260 Series 60 c-Si solar panel

Parameters Calculated Rated value | Unit %

Values in Datasheet Deviation
Power Output at STC 260.6 260.0 W 0.2
Peak Voltage (Vimpp) 31.8 30.8 \% 33
Peak Current (Impp) 8.19 8.46 A -3.2
Module Efficiency 15.95 15.9 % 0.3

Table 6-17: The Yingli 260 Series 60 c-Si, Monocrystalline solar panel at STC

PV cell temperature @ | Vimp (V) Pm (W) Imp (A) | Module fill factor
STC (K) efficiency (%) | (FF)
298.15 31.8313 | 260.5710 8.1860 | 15.95 0.76

The above parameters in Table 6-15 and Table 6-16 were used as material specification for the 3D solar

panel modelling and simulation.
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Figure 6-12(c): I-V characteristic for modelled Figure 6-12(d): I-V characteristic for modelled
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In 6-13 and Table 6-16 are the calculated/validated parameters under Standard Test Conditions
(STC) of 1000 W/m? irradiance, AM 1.5, 25°C for the SunPower X21-Series-345 PV panel and the Yingli
Mono 260 Series PV panel respectively. These two Tables are brought together to form Table 6-18 for
easy comparison and analysis. From the analysis, comparatively, from Table 6-18, the Sunpower 345W
X21-Series PV panel has higher values of Vi, Pm, efficiency and fill factor than those obtained for the
Yingli Mono 260 Series PV panel, except for the value of Iy, which is higher than that obtained for the
Sunpower 345W X21-Series PV panel. However, this was not the case because the Sunpower 345W X21-
Series PV panel prototype found in solidworks site was encapsulated as a domain (an entity), thus making
it difficult for meshing the different segments of the panel, while that of the Sunpower 345W X21-Series
PV panel has independent segments and hence easier to mesh. Hence, the preference of the Yingli Mono

260 Series PV panel over the Sunpower 345W X21-Series PV panel.
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Table 6-18: Compared calculated/validated values for the SunPower and the Yingli PV panels

Sunpower | PV cell temperature @ | Vimp (V) | Pm (W) Imp (A) module fill factor

345W STC (K) efficiency (FF)
X21-Series (%)

PV 298.15 56.5208 | 342.3131 | 6.0564 20.99 0.79

Yingli PV cell temperature @ | Vimp (V) | Pm (W) | Lup (A) Module fill factor
Mono 260 STC (K) efficiency (FF)
Series 60 (%)

Panel 298.15 31.8313 | 260.5710 | 8.1860 | 15.95 0.76

In Figures 6-12(a and b) and Figures 6-12(c and d), the I-V and P-V characteristics Graphs were
generated for the SunPower and Yingli solar panels respectively at Standard Test Conditions (STC). The
I-V graphs between the two panels showed that the current generated for the SunPower PV panel was
maintained at about 6.5 Amperes constant, for maximum voltage of 50 Volts while that generated by the
Yingli PV panel was constant at 9 Ampere for maximum voltage of 30 Volts and then both started to
decline beyond this voltages and eventually came to zero at a voltage beyond 68 Volts and 38 Volts
respectively. Likewise, the P-V graphs showed continuous linear plot with positive gradient for the case
of the SunPower panel. The P-V graph for the SunPower panel initially increased linearly with greater
positive gradient to a voltage value of about 58 Volts and maximum output power of 350 Watt, thereafter
abruptly dropped to zero value and consequently experienced a drop in output power; whereas that of the
Yingli panel experienced continuous increase to a voltage value of about 33 Volts and maximum output
power of 260 Watt.

Although the electrical values obtained for the SunPower PV Panel were more favourable than the
electrical parameters for the Yingli PV panel on technical grounds, the electrical specification for the
Yingli PV panel were, however, adopted and used as the input parameters for the 3-D PV modelling,

based on the explanations given earlier in Chapter 6.

6.6 Conclusion
The two PV panels were simulated in 1D, generating the graphs as indicated in Figure 6-2 to

Figures 6-12(a, b, ¢ and d). The cell parameters, Gy, T,y ,

Rg, R, and N which to a large extent affect the
PV panel performance were determined the Vi, , studied intensively.

These ideal conditions were also specified in the data sheets for the SunPower X21-Series-345 PV
panel and the Yingli Mono 260 Series PV panel. Every manufacturer tends to manufacture their systems
as close as possible to the ideal conditions. Hence, the behaviour of PV panels with deviation from the
ideal situation and the effects of such changes were studied, analysed as reflected in this work. The results
obtained in this situation were used as defined parameters for the design, modelling and simulation of the
3-D PV system in order to carry out the environmental parameters (temperature distribution, efficiency

and power output) and to predict its optimum operating performance.
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CHAPTER SEVEN
THREE-DIMENSIONAL MODELLING AND SIMULATION OF
PHOTOVOLTAIC ENERGY SYSTEM

7.1 Introduction

This chapter consists of two parts. The first part presents 1D modelling of the electrical part of the
PV module which was fully implemented in Chapter 6 with a generalized photovoltaic simulation model
using MATLAB/GUI interface.

This chapter contains the second part of the modelling which was the development of a thermal
model to simulate the performance prediction of the PV module. The purpose of the thermal model is to
determine the 3D temperature distribution in the PV panel. This temperature distribution is affected by
various factors such as the type of materials used for the PV module, the type of PV cell, the panel
configuration, the electrical load connected to the PV system and the prevailing environmental conditions
[44]. Thermal modelling of PV panels reveals the strong correlation between module temperature
distribution and electrical characteristics of the PV panel [65]. Studies were performed on this developed
model to evaluate its thermal performance under different environmental and operating conditions with
air cooling. Two PV models, Sunpower X31-345 series panel and the Yingli 260 series panel, were
studied in order to select a suitable model for PV device implementation as contained in the
manufacturers’ lists. See the Appendix. Their manufacturers’ data sheet values were used in evaluating
their I-V, P-V behavioural characteristics. The Yingli PV panel was eventually selected based on the
reasons earlier stated in Chapter 6 and its validated electrical parameters and structural specifications are
now being used in this Chapter as the input electrical parameters and dimensions for the 3D modelling
and simulation aspect of this work. The 3D simulation was preferred for use on the PV thermal modelling
because 1D simulations are usually inadequate for conventional geometry solar cells, especially at high
solar intensities and for semiconductor materials that are not well formed. Although 1D models are
simpler and sufficiently accurate for long term performance predictions, nevertheless, more complex 2D
and 3D models are required for better and more accurate PV performance prediction. At high intensities,
many high efficiency cell designs require 2D simulations or even 3D simulations for correct interpretation
of 2D/3D finite element analysis of temperature, efficiency, and power, thermal properties of compound
and silicon semiconductor devices and for more accurate PV performance prediction. Only such 2D and
3D models can effectively handle such complex flow patterns and design optimization tasks [13, 50].
Contrary to previous approaches that have been used for solar PV performance prediction, this thesis has
utilized a 3D approach in predicting the solar performances as they relate to its efficiency and generated
output power.

The 3D simulations involve system ability to handle complex problems involving the use of
increasingly large solution space and a correspondingly efficient system of adequate ram, speed and
capacity. In order to achieve accurate 3D results, this 3DPV model was developed in COMSOL
Multiphysics to study and predict the performances of the Yingli 260 series PV system. The materials and
the Physics were determined, selected and defined by using COMSOL Multiphysics which allowed for
the full coupling of the different physics interfaces. The physical boundaries were also defined for each

simulation in accordance with real values and conditions.
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7.2 The need for PV modules design, modelling and optimization

It is necessary that solar cells, modules or systems undergo modelling and simulation. This is
required in order to study the effects of weather variation on system performance, to be able to optimize
design performance, to and meet target reliability and to achieve improved PV efficiency. These are also
necessary in order to address some of the challenges facing the PV industry. Some of these challenges
include low efficiency and generated output power due to the losses through radiation, convection,
resistive drops and poor weather conditions experienced by a typical PV system. Furthermore, modelling
and simulation of solar cells and modules have been found to make possible the prediction of
manufacturing yields, thus resulting in lowering production costs [9, 13, 54].

The performance prediction of the PV panel was carried out in the radiation model, the thermal
model and the electrical model. The radiation & thermal models were used for calculating the solar
radiation absorbed and the temperature distributions in the PV cells. The electrical models were used to
determine the electrical output of PV panels under any given operating condition. These electrical values
determined were used as the electrical input parameters for the 3D modelling. Most of the available
literature and even the items referenced in this thesis dealt more with 1D and 2D analytical models for PV
panels with temperature variation only. The 3D modelling is able to generate the thermal behaviour of the
PV panel and it enables the calculation of the three dimensional temperature distribution in the PV panel.
Modelling of PV panels in 3D is a relatively new technology compared with 1D and 2D modelling

therefore much work has not been carried out on it.

7.3 Three-dimensional (3D) modelling of the PV panel system

The 3D model of the solar panel was developed in COMSOL Multiphysics to simulate the 3D
temperature distribution in the PV panel. The required geometry for each simulation was developed, the
material properties were defined and selected based on values from the COMSOL materials library and
literature. The materials selected for modelling and the prevailing environmental conditions, to a large
extent, affect the temperature distribution in the PV module [13]. Depicted in Figure (7-1) is an
hypothetical PV panel used to illustrate the various modes of energy transfer in the PV panel which
involve energy transfer through radiation losses (incoming and outgoing) and convection. The panel
energy increases by absorbing incoming solar radiation while on the other hand, there was energy loss
from it to the environment by convection and radiation. The operating current—voltage (I-V) point and the
electrical power output of the PV panel were determined by the amount of electrical energy that is taken
out of the system and is found to be a function of the load characteristics. This has been earlier
determined in Chapter six where the electrical parameters were determined at a reference condition which
was translated to the operating condition or input parameters for the 3D modelling of the PV panel. These

input parameters are as presented in Table 7-1.
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Table 7-1: Electrical parameters from 1D modelling of the Yingli 260 series PV panel as input parameters
for the 3D modelling of the same PV panel

Name Expression Value Description

W _PVCell 156[mm] 0.156 m PV cell width

W_Panel 5*W_PVCell 0.78 m Width of eight PV cells
H PV 46[mm] 0.046 m PV panel thickness

T Amb 298.15[K] 298.15K Ambient air temperature
T Init 298.15[K] 298.15 K Initial cell temperature
T Room 298.15[K] 298.15K Room temperature
Emissivity 0.6 0.6 Emissivity of Silicon

HX Silicon 10.52 [W/(m"2*K)] | 10.52 W/(m?-K) Silicon/air heat transfer coefficient

PVEFFO0 0.159 0.159 PV cell efficiency at room
temperature

PVdeg 0.0045 [1/K] 0.0045 1/K PV cell degradation with temperature

Q Sun 1000[W/m"2] 1000 W/m? Sun incident radiation

A 1.11[m"2] 1.11 m? Area of PV panel

P_in Q Sun*A 1110 W Power in

V_mpp 31.83[V] 31.83V Max output voltage at max. power
point

I mpp 8.186[A] 8.186 A Max output current at max. power
point

V_pv 0.056[m"3] 0.056 m* Volume of the PV panel

The temperature distribution illustrating the various modes of energy transfer in the PV panel
involve energy transfer in form of heat loss. All three methods of heat transfer are involved in a practical
PV panel. Heat is transferred within the PV cell structure through conduction, it is transferred to the PV
panel surroundings by both free and/or forced convection and the PV experiences radiation losses
(incoming and outgoing) through conduction and convection. Heat loss by conduction to the panel
framework structure is neglected here due to the small area of contact points. The heat transfer in a PV is

as shown below in Figure 7-1:
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Figure 7.1: Sources of heat loss in a PV device [13]

All the three different types of heat loss sources mentioned are involved in the modelling. So the
physics selected from COMSOL Multiphysics was heat transfer with surface-to-surface radiation. This
involved fluid and multiple domains. The fluid could be either liquid or air. In this work, the type of fluid
considered was air. The materials involved for the PV in this section of the work were silicon,
encapsulant (polyester) and air and their properties were defined based on values from the COMSOL
materials library and literature. Each item of material has a separate solid domain in the PV panel. The
geometry needed for each simulation was developed, the material properties were defined based on their

real values.

7.3.1  Details of the modelled thermal PV system

The PV panel type used in this modelling was a 40 cells Yingli panel made up of 8 by 5 cells c-Si,
Monocrystalline silicon cells with material properties as described in Table 7-1. The component of the
Yingli PV panel consisted of seven different materials made up of the PV cell, two runs of fingers across
the silicon surface, tempered glass front cover, top and bottom encapsulation materials made up of
ethylene vinyl acetate (EVA), the rear cover material made up of laminated polymer plastic and finally
the frame holding it and made up of robust anodized aluminium alloy. However, the PV panel was
imported from Solidworks using livelink, so most of these materials were unified as a domain thus
making it difficult for their separation for modelling and meshing purposes. The PV cells and the back-

cover polyester were able to be separated for modelling and meshing.
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Figure 7-2: The Yingli YL260C-30b panel

The initial proposed and modelled PV panel was the Yingli Mono 260 Series PV panel with 60
cells as presented in Chapter six of this work. The Yingli panel type with 60 cells has to be exchanged for
the type with 40 cells due to modelling challenges encountered. The computer used for the modelling
could not successfully run the modelling due to the large size of the file. The details of the system CPU
used for all the modelling and simulation works for this thesis was a Windows 10 DELL LAPTOP with
Intel(R) Core(TM) i7-4712HQ CPU @ 2.30GHz, 4 cores, 16.0 GB RAM, 64-bit x 64-based processor.
The 40 cells Yingli PV has the same material and electrical properties as the 60 cells counterpart, so it
was a good and acceptable replacement to use. Similarly, with the 40 cells Yingli PV, running the
simulation was not achieved even after having run it for days at a stretch. This problem was overcome by
starting the simulation with just one PV cell. The running was successful. Then the number of cells were
increased to three and finally to five cells, the results of which is presented in this work. These 5 cells
represent the solar cells receiving the solar irradiation and if the modelling could be right for one cell, it
would then work for as many cells as receive the solar irradiation. Therefore, the Yingli PV panel studied

consisted of 5 PV cells arranged in a 1x5 rectangle as shown in Figure 7-3.

Figure 7-3: 3D modelled Yingli of 5 cells arranged in a 1x5 rectangle
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The solution time for the successful modelling and simulation for the 3D PV panel was
352625 seconds, representing 4 days, 1 hour, 57 minutes, 5 seconds. The simulation details and results are

contained in the Appendices.

7.3.2  Implementation of solar thermal PV panel model in COMSOL Multiphysics

The geometry needed for the simulation was developed, the material properties were defined based
on values from the COMSOL materials library and literature — these are attached under the Appendices.
The model consists of five different materials making up of the PV cell, with two runs of fingers across
the silicon surface, tempered glass front cover, top and bottom encapsulation materials made up of EVA,
the rear cover material made up of laminated polymer plastic and finally the frame holding it and made up
of robust anodized aluminium alloy. The rendering for the Yingli PV panel in Figure 7-2 was obtained
from Solidworks using livelink and by design, most of these materials were in one entity as a domain,
making it difficult for their separation for modelling and meshing purposes. Only the PV cells and the

back-cover polyester could be separated for modelling and meshing. The thermal properties for the two

materials used in the modelling are as given in Table 7-1.

7.3.3  Physics and materials selection and applicable boundary conditions

The physics selection determines what parameters should be solved-for and also defines the
physical boundaries of the simulation. The geometry needed for each simulation was developed with
COMSOL in three space dimension. For the PV panel alone, the total number of domains developed was
122 with a total number of 927 boundaries. The identified number of edges were 2036 while the number
of vertices were 1356. The physics selection defined the parameters solved for, and the physical
boundaries of the simulation. The physics applied was heat transfer in solids with surface-to-surface
radiation and the application of the same was activated and used for simulation in this study. If different
physics interfaces were used, COMSOL allows for the full coupling of these interfaces. Furthermore, the
physical boundaries were also defined for each simulation in line with their real values and conditions.

The materials involved were silicon, polyester encapsulant and air as a coolant and their properties

were defined based on values from the COMSOL materials library and literature.

Table 7-2: Modelled material properties for 3D modelling and simulation

Material Layer Thermal Conductivity Specific Heat Density (kg/m?)
(W/m K) Capacity (J/kg K)
Silicon Solar cell 130 700 2329
Polyester | Bottom 0.5 1250 1300
cover
Air k(T[1/K]) Cp(T[1/K]) rho(pA[1/Pa],T[1/K])

Air was part of the domain for simulation. The following expressions defined the properties of air and
determined the behaviour of the air cooling system. Heat capacity at constant pressure is temperature
dependent- and it is expressed as Cp(T[1/K]) with the unit given as [J/(kg*K)]. The density is pressure
dependent and it is expressed as rho(pA[1/Pa],T[1/K]) with the unit given as [kg/m”3]. The Thermal
conductivity is temperature- dependent and is expressed as k(T[1/K]) with the unit given as [W/(m*K)].

111



7.3.4  Theory and governing equations

The materials properties and the physics were determined, defined and selected by the Author
from COMSOL physics library and developed in 3D geometry as earlier described. This allowed for the
full coupling of the different physics interfaces. The physical boundaries were also defined for each
simulation in accordance to actual values and conditions.

The heat transfer equation with surface to surface radiation for the solid domain are expressed as:
piCp % =V.(q) + Qi iz123..n (7-1)
pCo 5 + pCru.VT(x,7,2) = V.(q) + Qun (7-2)
Heat loss by conduction in Equation (7-2) is defined as:
q = keonaVT

According to [79] In a steady state, the heat transfer is at equilibrium and heat loss is zero, then the heat

equation is given in Equation (7-3) as:
V.(kVT)=0 (7-3)

Heat loss in the form of long-wave radiation was generated from the panel surface. This heat loss by

longwave radiation was calculated in from Equation (7-4) [79] as:.
-n.q= SJ[(Tamb)4 - T4] (7-4)

The quantity of energy being converted into electric power in the PV cell is a function of the PV cell

efficiency, 1, as shown below in Equation [7-5], and it is given as:

Gheat = Graa-(1— npv) (7-5)
The electrical output efficiency of the PV panel, 7,,, is expressed in terms of its reference temperature

efficiency, the temperature and thermal coefficient of the PV [79] as:,

Npv = Nrref [1 - ﬁ‘ref (Tpv - Tref)] (7-6)

This electrical output efficiency, 1,,, of the PV panel could also be expressed in terms of the power

output of the PV panel, its surface area and the solar irradiance upon it [69] as given in Equation (7-7) as:

_ YmpImp _
Moy = Qrad -A (7 7)

In Equation 7-6, the PV cell efficiency at reference condition T,., was given as 25° C or 298° K, the
output power by irradiation, Q.4 Was given as 1000 W/m?* and S, was the PV thermal coefficient. A

constant ambient temperature of 298.15 K was used throughout all test cases.

The panel thermal efficiency, 7¢p-m; 1S the product of the incident power, Ej;, , and the thermal energy

removed by the coolant (air). This is expressed by [79] as:
En = Qraa A (7.8)
Eqir = My Cpair- (Tour — Tin) (7.9)

Combining Equations (7.8) and Equation (7.9) gives the thermal efficiency as:
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Mehrmi=Zair (7-10)

From Equation (7-6), the average of the efficiency of the PV panel was obtained from the solution data of

COMSOL for each iteration and at the completion of the simulation, the total input energy converting to

the electrical energy was calculated as:

Epv = ﬁpv -Ein (7'1 1)

From equation (7-11), the total efficiency of the PV panel is then calculated as:

_ (Eqirt Epy)
Mot = — —
in

(7-12)

7.3.5  The variables to be determined as the output
The variables to be determined as the electrical output are the PV cell efficiency, thermal

efficiency, electrical efficiency, voltaic efficiency and the electrical output power. They are described and

defined as contained and indicated in Table 7-3.

Table 7-3: Geometric entries for output variables to be determined

Name Expression Unit Description
PVEFF PVEFF0*(1 - PVdeg*(T - T _Init)) PV cell efficiency temp. dependence
Q Heat Q_Sun*(1 - PVEFF) kW/m"2 Sun's energy converted to heat
ThermEFF | (V_mpp*] mpp)/(Q_Sun*A) Thermal efficiency
EFF Net PVEFF + ThermEFF Overall efficiency
q_out ht.Gm*eta_pv kW/m"2 Electrical output power
eta_pv if(T<368.15 [K] , 0.159*(1 - (T / Voltaic efficiency, PV cell
298.15 [K] - 1)"2), 0.15)

The models for the simulations were developed as earlier explained in section 7.3.3. The models
are tested conditions that could be integrated into standard operating conditions for predicting the PV
performance outcome based on literature and experience. Once the initial model was tested to be working
properly, further modifications were made to investigate material and atmospheric conditions

dependencies.

7.3.6  Material composition description

The solar cells were fortified together in a vacuum lamination process with 40 cells wired into a
unit panel size. The cells were sandwiched between two encapsulants, comprising a backsheet on the
bottom for structural rigidity and a frontsheet atop the panel, often glass, on top of that. The sandwiched

cells were placed into the laminator and the air removed from it through a vacuum application.
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Figure 7-4 : Principle of a crystalline module assembly [124]

The laminator was subjected to heating up the cells so as to melt the top and bottom encapsulants
which secured the PV cells in place as indicated in Figure 7-4. Upon their process completion and exit, a
frame and junction box were fixed to complete the panel. The choice of materials selected for use on the
PV panels was done in such a manner that would ensure a better tolerance for weather and high resistance
to UV discolouring. The PV films, though transparent, are tough enough to ensure provision of high
resistance to chemicals and harsh weather conditions, exhibit highly non-flammability, highly flexibility

and good insulating properties. More details on materials properties selection are provided in Chapter 3.

7.3.7 Meshing
Meshing is necessary in order to correctly resolve the physics of the modelled work and to

generate an accurate solution. The mesh size is chosen from one of the predefined mesh sizes under
general physics. The mesh types available range from the 2D mesh which are the triangle and the
quadrilateral to the 3D mesh which are the tetrahedron, quadrilateral pyramid, triangular prism, and
hexahedron. In Figure 7-5(a) to Figure 7-5(c) are the generated results obtained for different mesh types
applied on the different parts of the PV cell.

Figure 7-5a: Free tetrahedral meshing of PV cell Figure 7-5b: Normal meshing of PV fins
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Figure 7-5c: Extra-fine meshing of PV edges

These mesh types were chosen from the predefined mesh sizes under general physics in COMSOL
tool bar. The mesh type employed was user defined and ranged from extremely coarse mesh size to
normal and then extremely fine mesh size.

The PV cells were meshed with coarse size tetrahedral elements and triangular elements, the
custom mesh was operated on the PV Fins mesh while extremely fine was applied to the PV edges. The
mesh was made much coarser in the wider regions like the PV cells and finer at the narrow regions like in

the PV edges as shown in Figures 7-5(a, b and ¢).

7.4 Model validation

The modelled 3D Yingli PV panel was validated against the 1D model. The thermal model
obtained was used to predict the standard operating conditions of the Yingli PV 260 series
monocrystalline PV panel and to compare with the validated values obtained in the 1D simulation. The

validated values of the input to the model are as given in Table 6-18 of Chapter six of this thesis.

7.5 Results and discussion

Using the developed and validated model, a study was conducted to see the impact of three-
dimensional photovoltaic structure on solar power generation. The standard testing conditions (STC) were
considered for the operating and environmental conditions for the standard case of 1000 W/m? absorbed
radiation, 25°C or 298 °K ambient temperature and for cooling air equal to 0.05 m/s and 298 °K were
used. The effects of atmospheric factors such as ambient temperature, solar irradiance, efficiency and
electric output power on the performance of the Yingli PV panel were studied. The reports on the

generated 3D results are given below:

7.5.1  Effect of ambient temperature on panel performance
Ambient temperature is one of the important environmental factors that affects PV performance. In
Figure 7-6(a,b and c), different 3D plots of temperature distribution in the cells of the Yingli PV panel

with air cooling are shown.
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Figure 7-6a: 3D Solar PV 40 cells @ 298.15 K

Figure 7-6b: 3D Solar PV 40 cells @ 348.15 K

Figure 7-6¢: 3D Solar PV 40 cells @ 368.15 K

Figure 7-6(a, b and ¢): 3D Solar PV 40 cells @ varying temperature

The phenomenon is seen by the visual plots in Figure 7-6(a, b and c) and the generated plot
extracted from the COMSOL solution in Figure 7-7. The energy applied to the PV cell is the sum of the

amount of energy converted to heat and the amount of energy converted into electric power in the PV
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panel. The amount of energy generated as heat is directly proportional to the panel’s operating

temperature. The higher the panel temperature is, the greater will be the heat generated by the PV.

Figure 7-7: Sun’s energy converted to heat (kW/m?)

In Figure 7-8, the effect of temperature on the PV cell efficiency was determined by making a plot
of the PV cell efficiency against the operating temperature. It is shown from the plot that the PV cell
efficiency is inversely related to the operating temperature. The PV cell efficiency is the fraction of the
irradiation (sun’s input energy) that is converted to useful energy while the remaining unwanted energy is
lost in form of heat. The more the untapped energy, the more the heat, the higher the PV cell temperature
becomes. The highest efficiency of the PV cell was about 16% and was obtained at the room temperature

of about 298° K.

Figure 7-8: PV cell efficiency temperature dependence

In Figure 7-9, the plot of thermal efficiency is made against the temperature of the PV panel. The
thermal efficiency is a measure of the extent to which energy added by heat is converted to network
output. The thermal efficiency was found to be constant at about 23.5% and affected by change in PV cell

operating temperature.
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Figure 7-9: Thermal efficiency

The PV cell electrical efficiency is illustrated in Figure 7-10. It is directly related to the PV panel
temperature, the thermal coefficient which is a constant and its efficiency at reference temperature. In

Figure 7-10, the PV panel efficiency is maximum around the room temperature of 298° K and gradually

Figure 7-10: Voltaic efficiency

decreases with temperature until it reaches the temperature value 368° K above which the temperature
reduces to zero. The maximum PV panel electrical (voltaic) efficiency obtained was 15.9%.

The PV panel overall efficiency plot is illustrated in Figure 7-11. This is the overall efficiency of
the PV panel. The overall efficiency reached was about 39.5% and was obtained at room temperature of
about 298° K. The overall efficiency decreases with temperature and will eventual become zero about

operating temperature of about 370° K.
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Figure 7-11: Overall efficiency

The PV panel electrical power output is shown in Figure 7-12. The maximum electrical power
output reached was 1.045 kW/m? at the room temperature 298° K. The higher the operating temperature,

the lower the amount of electrical power output that would be generated.

Figure 7-12: Electric output power (kW/m?)

7.6 Conclusions

A 3D thermal model of the Yingli PV panel was successfully modelled and simulated using the
engineering software, COMSOL Multiphysics, Version 5.1. The simulation results enabled the prediction
of the electrical performance of the modelled PV panel. The 3D modelling and simulation generated both
the 3D thermal results which made possible the analysis and prediction of the temperature distribution of
the PV structure. The simulation result also generated its 1D plots that revealed the electrical behaviour of
the PV panel under study. These were used in validating the 1D graphs obtained in the 1D simulation.

The obtained results were as expected.
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CHAPTER EIGHT

SUMMARY AND CONCLUSION

8.1 Conclusion

This thesis focused on the two most established and commercialized methods of solar power
generation by the PV method. The first method, the CTPV system, considered heat as the energy source
and utilised concentrating mirrors to focus generated heat on the PV cells while the second method, the
non-concentrated PV system, considered sun’s radiation as the energy source and focused directly on the
PV cells without the use of any concentrator. COMSOL Multiphysics, Version 5.1 was used for the 3D
and non-3D modelling and simulation of both systems - the CTPV and the PV systems considered in this
thesis. However, modelled PV systems in 3D in both cases of the study, were able to operate with
minimal temperature influence on the system operation. In both cases of the study, 3D PV structure
revealed through temperature distribution on the system operation, that temperature increase with
increasing irradiation was common and experienced in both study cases of solar power generation. In the
course of the research work, it was established that 3D simulation is about the completeness of the design
criteria of the PV cells/modules with adequate consideration being given to their performance
optimisation and minimisation of material variation or degradation on module performance in order to
achieve optimised system performance and improved efficiency. 3D cell/panel simulation is able to reveal
the temperature distribution of the system under study and enables the optimization of light absorption
and PN-junction design for improved cell efficiency. 3D modelling has been able to eliminate
temperature increase in the cells lattice structure in line with the expectation of reducing
unprofitable/unwanted heat in the structure of the PV cell or module in the two study cases of the CTPV
and non-concentrated solar PV systems. The normal cell design was subjected to early validation,
ensuring the development of optimised PV cells, modules and arrays.

For the CTPV system, in order to arrive at the best operating condition, modelling and simulations
were carried out on five different configurations. The 2D modelling and simulation was first carried out
among three different configurations with eight mirrors, six mirrors and ten mirrors. Furthermore, the 3D
modelling and simulation was carried out between the six mirrors and the eight mirrors. The 2D
configuration with best performance was six mirrors with emitter heater temperature 1,600 K and PV cell
temperature 1,300 K, generating optimal output power 31,800 W/m? and optimal efficiency of 19.8 per
cent. The attained percentage temperature increase on the PV cell temperature was 45 per cent. This 2D
configuration with six mirrors was then re-modelled in 3D in order to study the effect. There was an
improvement on the performance of the 3D configuration over the 2D configuration with same number of
mirrors (six). The 3D optimum performance curve could not be obtained until the heater temperature of
about 4,000 K was reached and the expected output power was low but its graph was better normally
distributed, indicating more sustainability than the output power generated in its 2D counterpart. From the
2D configuration to 3D configuration, there was a reduction in the attained PV temperature deviation
from 45% to 28.6° K, representing a further 36.4% reduction from the 2D configuration to 3D

configuration. In line with expectation, the effect of temperature increase was less with the 3D
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configuration than that of the 2D configuration of the same number of mirrors. In solar power systems,
the effect of temperature needs to be minimized as much as possible. Contrary to expectation, the output
power for the 3D was low (2,290 W/m?) and the operating heater temperature at which the 3D
configuration began to yield output results was higher (about 4,000 K) but this high temperature was not a
threat to the PV cells temperature and the efficiency was slightly improved upon at 19.9 per cent.

For the non-concentrated PV solar panel, the Yingli panel was eventually used to develop, model
and study to predict the operational performance of the solar PV panel. The Yingli PV panel was used
because it is one of the highly ranked PV panels. It could be more readily developed and modelled and
the manufacturer’s specifications were available for validation. The 1D and 3D modelling and
simulations were used to study and determine the effects of the PV cell variables such as G, T, Ry, R
and N, which affect the operation performance of the PV panel being studied. The ideal conditions
obtained for maximum power generation favourably compared with the specified manufacturer’s values.
The 3DPV simulation revealed the 3D temperature distribution of the Yingli PV panel was well defined
as illustrated in the generated temperature distribution plots. The 1D COMSOL generated plots on sun’s
energy converted, the temperature dependence of the PV cell, the efficiency and the electrical output
power. The results of these were in agreement with the earlier obtained results from 1D simulation and
the manufacturer’s specifications. Each manufacturer of PV panels tends to produce their system under
ideal conditions as validated in this work. The thesis has been able to reveal and predict the performance
behaviour of the panel under study.

The work done in this thesis is therefore sufficient to address the research questions raised at the

beginning of this thesis as follows:

1. 3D complex design and fabrication could be realized and incorporated for sustainable
installation at a global level for optimum power generation through the use of appropriate
engineering software for developing, modelling and simulation exercises to pre-define the
expected operating parameter that will meet the operational specifications and subjected to
further research work for improvement.

2. 3DPV has impacted positively on the efficiency and power generated in comparison to the
planar method of roof or ground installation because 3D configuration is able to predict the
thermal behaviour of which its interpretation and adaptation into design systems is able to
explore the space in greater dimensions, absorb more of the otherwise reflected rays,
calculate and predict the electrical performances of the PV systems. This is evident from the
numbers of domain and boundary formations for the 2D and 3D geometry building of any of
the modelled systems carried out in this thesis. 3D model can handle complex flow patterns
and design optimisation tasks.

3. Temperature increase is known to mitigate against solar energy generation with the planar
configuration. The work done in this thesis has been able to show that 3DPV structure has a
better temperature distribution than the planar configuration. The negative temperature

distribution in 3D is therefore less than what is obtained in 2D or any other configuration.
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8.2 Recommendation for further research
For the CTPV system, the temperature distribution in 3D study on solar systems has revealed

that the effect of temperature rise is minimal and the heat loss is reduced compared with the non-3D
system. It is then expected that this should result in improved output power generation. Therefore, further
study needs to be carried out to determine the cause of the system’s high operating temperature and
unexpectedly lower output power generated.
Other questions requiring future research work are:

How has 3DPV impacted on the seasonal and latitudinal variation of solar energy generation
particularly at night and in the cloudy season?

What are the effects of wind and gravitational pull on the 3DPV structures and how could these
effects be minimized or prevented?

What are the cost implications and economic benefits of the use of 3DPV structures over the use of

planar configurations?
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APPENDIX A

APPENDIX A-1: COMSOL generated report on 2D CTPV system with 6 mirrors

configuration

Parameter

Name Expression | Value | Description

T heater | 1000 [K] 1000 K | Temperature, emitter inner boundary

Variables

Name Expression Unit Description

eta pv if(T<1600 [K], 0.2*(1 - (T / 800 [K] Voltaic efficiency, PV cell
- 1)"2),0)

q out ht.Gm*eta pv W/m"2 Electric output power

40 20 0 20 40
Figure A-1.1: Geometry of the concentrated thermal photovoltaics system in two-dimension
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Figure A-1.2: Geometry of the modelled 2D CTPV system with six cells and insulation around the PV
cells.

Figure A-1.3: Geometry of the modelled 2D CTPV system showing the PV cells (six in number)
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Figure A-1.4: Geometry of the modelled 2D CTPV system showing the mirrors (six in number)

Figure A-1.5: Geometry of the modelled emitter for the 2D CTPV system
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Figure A-1.6: Geometry of the modelled air for emitter cooling in a 2D CTPV system with six mirrors.
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Figure A-1.7: Geometry of the meshing of various domains in CTPV system.
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Figure A-1.8: Stationary temperature distribution of modelled 2D CTPV system with six mirrors/PV cells .

Figure A-1.9: The isothermal contours in 2D geometry with six mirrors and PV cells.
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Figure A-1.10: Line surface radiosity of the modelled 2D, six mirrors CTPV system.
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APPENDIX A-2: COMSOL generated report on 2D CTPV system with 10 mirrors

configuration

Date | Oct 13, 2015 3:00:02 PM

Parameter

Name

Expression

Value

Description

T heater

1000 [K]

1000 K

Temperature, emitter inner boundary

Variables

Name

Expression

Unit

Description

eta pv

if(T<1600 [K] , 0.2%(1 - (T / 800 [K]
- 1)*2),0)

Voltaic efficiency, PV cell

q_out

ht.Gm*eta_pv

W/m"2

Electric output power

Geometry 1

Figure A-2.1: Geometry of the concentrated thermal photovoltaics system in two-dimensions

-40 -20

20 40
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Figure A-2.2: Geometry of 2D CTPYV system with ten cells and insulation around the PV cells.

Figure A-2.3: Geometry of 2D CTPV system showing the PV cells (ten in number)
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Figure A-2.4: Geometry of the 2D CTPV system showing the mirrors (ten in number)

Figure A-2.5: Geometry of the emitter for the thermal photovoltaics system
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Figure A-2.8: Stationary temperature distribution of modelled 2D CTPV system with ten mirrors/PV

Figure A-2.9: The isothermal contours in 2D geometry with ten mirrors and PV cells
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Figure A-2.10: Line surface radiosity of the modelled 2D CTPV system with ten pair mirrors/PV cells
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APPENDIX A-3: COMSOL generated report on 3D CTPV system with 8 mirrors

configuration

Parameter

Name Expression | Value | Description

T heater | 2000 [K] 2000 K | Temperature, emitter inner boundary

Variables
Name Expression Unit Description
eta pv if(T<1000[K], 0.2*(1 - (T/500[K] - 1)"2), 0) Voltaic efficiency, PV cell
q_out ht.Gm*eta_pv W/m*2 | Electric output power

Figure A-3.1: Geometry of modelled 3D CTPV system showing the mirrors (eight in number)
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Figure A-3.2: Geometry of the modelled 3D CTPV system

Figure A-3.3: Geometry of insulation of modelled 3D CTPV system in three-dimension
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Figure A-3.4: Geometry of modelled 3D CTPV system

Figure A-3.5.: Geometry of the modelled 3D CTPV system showing the mirrors (eight in number)
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Figure A-3.6.: Geometry of the modelled 3D CTPV system showing the modelled air/fluid area

Figure A-3.7.: Geometry of the modelled CTPV system showing the modelled insulation

146



Figure A-3.8: Geometry of the meshed mirrors in the 3D CTPV system with eight mirrors

Figure A-3.9: Geometry of the meshed emitter in the 3D CTPV system with eight mirrors
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Stationary Solver 1 in Solution 1 started at 25-Sep-2015 08:57:25.

Continuation solver
Nonlinear solver

Number of degrees of freedom solved for:
Continuation parameter T heater = 2000.
Nonsymmetric matrix found.
Scales for dependent variables:
Temperature (compl.T): 21
Surface radiosity (compl.ht.J): 4.1le+002
Orthonormal null-space function used.
Iter SolEst ResEst Damping
LinRes
1 56 2e+004 0.0100000
010 5.5e-015
2 8.2 1.9e+004 0.0680977
010 5.7e-015
3 9.8 1.8e+004 0.0295835
010 7.2e-015
4 5.6 1.7e+004 0.0677666
010 8.1e-015
5 5.2 1.6e+004 0.0568881
010 8.4e-015
6 3.4 1.5e+004 0.0998460
010 8.1e-015
7 2.5 1.3e+004 0.1250558
010 7.9e-015
8 1.4 1.2e+004 0.2336303
011 4.9e-015
9 0.55 1.5e+004 0.4684395
011 2.3e-015
10 0.042 8.8e+003 1.0000000
011 1.2e-015
11 0.00022 83 1.0000000
011 1.2e-015
Continuation parameter T heater = 2200.
Iter SolEst ResEst Damping
LinRes
1 0.0056 3.2e+005 1.0000000
011 1.2e-015
2 9.7e-006 1.2 1.0000000
011 1.2e-015
Continuation parameter T heater = 2400.
Iter SolEst ResEst Damping
LinRes
1 0.0042 2.2e+007 1.0000000
011 1.1e-015
2 5.8e-006 0.94 1.0000000
011 1.2e-015
Continuation parameter T heater = 2600.
Iter SolEst ResEst Damping
LinRes
1 0.0033 3.4e+007 1.0000000
011 1.2e-015
2 3.5e-006 0.75 1.0000000

011 1.2e-015

31957

Stepsize

56

0.026

Stepsize

0.13

0.0051

Stepsize

0.12

0.0038

Stepsize

0.11

0.003

#Res

10

11

12

#Res

14

15

#Res

17

18

#Res

20

21

#Jac

10

11

#Jac

12

13

#Jac

14

15

#Jac

16

17

#Sol

10

12

14

16

18

20

22

#So0l

24

26

#So0l

28

30

#Sol

32

34

(plus 30342 internal DOFs) .

LinErr

.3e-

.3e-

.3e-

.5e-

.de-

. 9e-

. be-

.le-

.Tle-

.8e-

.de-

LinErr

be-

. 9e-

LinErr

.5e-

.le-

LinErr

.2e-

.5e-
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Continuation parameter T heater = 2800.

Iter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0027 4.8e+007 1.0000000 0.097 23 18 36 5.7e-
011 1.1e-015
2 2.4e-006 0.62 1.0000000 0.0025 24 19 38 8.4e-

011 1.1e-015

Continuation parameter T heater = 3000.
Iter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0024 7e+007 1.0000000 0.089 26 20 40 4.7e-
011 1.2e-015
2 1.8e-006 0.49 1.0000000 0.0023 27 21 42 4.6e-

011 1.2e-015

Continuation parameter T heater = 3200.
Iter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0023 1.1e+008 1.0000000 0.082 29 22 44 4.1e-
011 1.2e-015
2 1.7e-006 0.38 1.0000000 0.0022 30 23 46 3.7e-

011 1.3e-015

Continuation parameter T heater = 3400.
Iter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0024 2e+008 1.0000000 0.077 32 24 48 2.9%e-
011 1.2e-015
2 2.3e-006 0.28 1.0000000 0.0023 33 25 50 1.3e-

011 1.8e-015

Continuation parameter T heater = 3600.
Tter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0026 6e+008 1.0000000 0.072 35 26 52 2.3e-
011 1.4e-015
2 4.2e-006 0.19 1.0000000 0.0027 36 27 54 1.3e-

011 2.5e-015

Continuation parameter T heater = 3800.
Iter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0032 4.5e+008 1.0000000 0.069 38 28 56 1.2e-
011 1.6e-015
2 9.1e-006 0.21 1.0000000 0.0033 39 29 58 2.3e-

011 2.1e-015

Continuation parameter T heater = 4000.
Tter SolEst ResEst Damping Stepsize #Res #Jac #Sol LinErr
LinRes
1 0.0042 1.7e+008 1.0000000 0.068 41 30 60 Ge-
012 1.6e-015
2 2.5e-005 0.52 1.0000000 0.0045 42 31 62 2.1le-

011 2.3e-015
Stationary Solver 1 in Solution 1: Solution time: 232 s (3 minutes, 52 second
s)

Physical memory: 1.48 GB, Virtual memory: 1.58 GB
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Plot Groups

Temperature (ht)

Figure A-3.10: Stationary temperature distribution of modelled 3D CTPV system with eight mirrors

Isothermal Contours (ht)

Figure A-3.11: Line surface isothermal of the modelled 3D, CTPV system with eight mirrors/PV cells
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Radiosity (ht)

Figure A-3.12: Line surface radiosity of the modelled 3D, CTPV system with eight mirrors/PV cells.
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APPENDIX B-1: Top 50 solar PV module efficiency
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APPENDIX B

List of Top 50 solar PV high module efficiency

Company Module Module Type Cell
Efficiency Efficiency

Sunpower 20.40% E20/333 SOLAR PANEL 22.80%

AUO Solar 19.50% PM318B00

Sanyo Electric 19.00% HIT-N240SE10 21.60%

Jiawei 18.30% JW-S100 21.01%

Crown Renewable Energy 18.30% Summit 100LM

JA Solar 16.84% JAMS5(L)-72-215/SI 19.10%

Trina Solar 16.40% TSM-210DC80 18.10%

CNPV Solar 16.20% CNPV-105M 18.80%

Yingli Solar 16.20% Panda 265 Series 18.50%

Jetion 16.20% JT315SAc 18.30%

LG Solar 16.20% LG260S1C

China Sunergy 16.06% CSUN205-72M 19.00%

ET Solar 16.06% ET-M572205 205W 18.94%

Hareon Solar 16.06% HR-205W 18.80%

Suniva 16.00% Optimus 260 19.20%

Siliken 16.00% SLK60M6L 260Wp

Topray 15.80% SLSM-180D 305W

FVG 15.75% FVG 84-125230W 17.90%

Group Dmegc Magnetics 15.73% DM255-M156-6 18.00%

Sunrise Solartech 15.70% SR-M572200-1 18.50%

Suntech 15.70% PLUTO200-Ade 19.00%

Jinko Solar 15.67% JKM-200M (R165) 18.25%

Risen 15.66% SYP200S-M

Frankfurt CS Solar 15.66% FS200W MON

Chaori 15.66% CRM200S 125M-7

Eoplly New Energy 15.66% 125M/72-200

Era Solar 15.66% ESPSA 200

CETC 15.60% ZKX-200D-24 18.00%

Silfab 15.60% SLA255M

Topsola 15.53% TSM60-156M 17.82%

Bisol 15.40% BMO/25 17.20%

Hanwha SolarOne 15.30% SF160 16.50%

Astronergy 15.30% CHSM5612M 195

DelSolar 15.30% D6M_B3A-WT series 250

Perlight 15.27% PLM-250/24 18.00%

JMS Solar 15.27% JMS-CS 180M 195

Mage Solar 15.25% Mage Powertec Plus 255/5 MR 17.80%

Solon 15.24% SOLON Black 230/07

PV Power Technologies 15.12% SM-240MHO0

Renesola 15.06% JC245S-24/Bb

Schiico 14.90% SPV 210 SMAU-1

Aleo Solar 14.90% S19.245

Eging 14.90% EGM 190
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44
45
46
47
48
49
50

Company Module Module Type Cell Efficiency
Astom 14.88% ASH190m-72

Sun Earth Solar Power 14.88% Sun Earth M 190W

Hyundai 14.80% HiS-S215 SF

Win Win Precision 14.73% WSP-245M6

Kioto Photovoltaics 14.72% KPV 220 M

Sharp Solar 14.70% NU-U240F2

Solar-Fabrik 14.70% Premium L-Mono 245
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APPENDIX B-2: YINGLI MONO 260 SERIES SOLAR PANEL
SOLAR PV ELECTRICAL SPECIFICATIONS
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(155 L2065 Cod 0l bpm Ul e (1 0 0V 28 O 02

@ ¥ingli Green Cnergy Holdag Ca Lid

Yingli Mono 260 Series

ELECTRICAL PARAMETERS
Electrical parameters at STC (1,000 Wimz, 25%C, AM 1.5 according to EN &0904=3)

Medule type 'fL2450=30b ¥LZ50C-300 YL2530-30b YL2§00=308
Power sutput W] 450 500 2560 60,0
Power sutpui preduction talerances [%] =3 +=13 +/-1 =3
Module efficiency %] 150 153 156 159
Voltage at Pmax, Vo, vl ing 305 Ine ik
Current at Pmaz, Ly, A1 Bor 820 I B.45
Opsea circult voltage ¥, w1 W 3% 182 186
Short circuit current I, A1 859 an EAS LE]
Limiting reverse carrent I, a1 0

Maz. systes voltage w1 1,000 ¥0T

Electrical parameters at NOCT (200 Wm2, AM 1.5, wind velacily Tm/s, Tams 20°C)

NOCT (Homisal Operating Cell Temperature) el el

Voltage ot Pmax, Vo, 1 5 2Tk T e
Current al Pmaz, Ly [A1 648 .58 (%21 679
Opea circult voltage V,, [{}] 351 351 152 53
Short circuit current |, [A]l &9 702 T3 AL
Tnermal characteristics

Temperature caefficient beta of I, 1%/K1 +0.04

Temperature coefficient alpha of ¥, %/K1 =033

Temgerature coefficient gamma of Pyy, 1%/K1 = 045
MECHANICAL PARAMETERS

Dimensions (length [mm] / widih [mm] / thickness [mm]) 1,650 /990 / 50

Frame haigth (m=] 50

Waight [hg) ns

Front cover {material / thickness [mm]) Tempered Glass, 1.imm

Cell typs (quantity / technalegy / dimansioas) &0 { e=8i, Manocrystalline {156 £ 156
Encapsulatien materials Fitglene Vingl Acetate (EVA)

Rear cover {material) Laminated Poly=er Flastic

Frame {material) Robect Anodized Aluminem Alloy

Junction box, cable & connector configuration
Configuration iz available with 2 different connector typed
Junétisn bax {pratection degree) Ps
Junction bax dimensians (length / width / thickness [mm]) 151 f122 § 25
& nega (hength [mm] / Tomrré T} 1.200900) / 4.0
Consector (type [ protection degree) 051/ IP&7 MC [ MC4 | IPeT

OPERATING CONDITIONS Hen
46 ey - _“M
Operating temperature [*C1 -aito + 85
Max. wind load / Max. snew lead [Fa) 24K (54K
Redustion of effitiency from an irradiance of 1,000 W/m?
1 200 W/t [Tugqu, = 25 *C) accarding to EN 60904-1
PACKAGING
Nember of medules per hex i) _ Cround beles Ty 8
Boa size (length [ widdh / degth [mmI) 17001150 /1790 S — WERE g
Bax Brass weight in kg ar
Baxes per pallet i H

s

I
|4
3
200100 vn

* The data dees not refer to 2 single mecule and they are nat part of
the cffer, they serve for comparison enly to ditferent module types, nn

fr
i

Subject to modifications and errers

Electrical
Yingli Green Energy Holding Co. Ltd. equipment,
commerce@yinglisolar.com check with
0086 =(0)312 = BS29802 your installer

Befpre nstallation, please check
) ) the installation manual provides
www.yinglisolar.com with the product.
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MANUFACTURER’S SPECIFICATION OF THE MODELLED SOLAR PANEL

Electrical specification of the modelled Yingli Mono 260 Series PV solar panel

Module type YL260C-30b
Power output [W] 260.0
Power output production tolerances [%] +/-3
Module efficiency [%] 15.9
Voltage at Pmax, Vinpp [V] 30.8
Current at Pax, Impp [A] 8.46
Open circuit voltage Voc [V] 38.6
Short circuit current Isc [A] 8.91
Limiting reverse current Ir [A] 20
Max. system voltage [V] 1,000 VDC
Maximum Series Fuse rating 15A
Temperature Coefficient of Pmpp -0.45% / °C
Temperature Coefficient of Voc -0.33% /°C
Temperature Coefficient of Isc 0.06% / °C
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APPENDIX B-3: SUNPOWER SOLAR PV ELECTRICAL SPECIFICATIONS
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APPENDIX B-4: YINGLI SOLAR PANEL SIMULATION REPORT

Name Expression Value Description

W_PVCell 156[mm] 0.156 m PV Cell Width

W_Panel 5*W_PVCell 0.78 m Width of Eight PV Cells

H PV 46[mm] 0.046 m PV Panel Thickness

T Amb 298.15[K] 298.15 K Ambient Air Temperature

T Init 298.15[K] 298.15K Initial Cell Temperature

T Room 298.15[K] 298.15K Room Temperature

Emissivity 0.6 0.6 Emissivity of Silicon

HX Silicon 10.52 [W/(m"2*K)] 10.52 W/(m?-K) Silicon/Air Heat Transfer Coefficient

PVEFFO0 0.159 0.159 PV Cell Efficiency at Room
Temperature

PVdeg 0.0045 [1/K] 0.0045 1/K PV Cell Degradation with Temperature

Q Sun 1000[W/m"2] 1000 W/m? Sun Incident Radiation

A 1.11[m"2] 1.11 m? Area of PV Panel

P_in Q_Sun*A 1110 W Power in

V_mpp 31.83[V] 31.83V Max Output Voltage at Max. Power
Point

I mpp 8.186[A] 8.186 A Max Output Current at Max. Power
Point

V_pv 0.056[m"3] 0.056 m? Volume of the PV Panel
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Variables being investigated — The Modelling/Simulation Expected Output

Name Expression Unit Description
PVEFF PVEFFO0*(1 - PVdeg*(T - T_Init)) PV Cell Efficiency Temp.
Dependence
Q Heat Q Sun*(1 - PVEFF) W/m"2 Sun's Energy Converted to Heat
ThermEFF | (V_mpp*I_mpp)/(Q_Sun*A) Thermal Efficiency
EFF Net PVEFF + ThermEFF Overall Efficiency
q out ht.Gm*eta pv W/m”2 Electrical Output Power
eta pv if(T<368.15 [K] , 0.159*(1 - (T / Voltaic efficiency, PV cell
298.15 [K] - 1)*2), 0.15)
Variables of the modelled domains
Name Expression Unit Description Selection
ht.JO ht.J W/m"2 Surface Boundaries
radiosity 19, 21-22,
925
ht.rflux ht.ds2.rflux W/m"2 Radiative heat | Boundaries
flux 19, 2122,
925
ht.T if(ht.opaqueLayer==1,if(down(ht.o | K Temperature Boundaries
paque)==1,ht.Tu,ht.Td),if(down(ht. 19, 21-22,
opaque)==1,ht.Td,ht.Tu)) 925
ht.epsilon_rad subst(0.1,T,at2(x,y,z,ht.T)) 1 Surface Boundaries
emissivity 19, 21-22,
925
ht.Tamb T K Ambient Boundaries
temperature 19, 21-22,
925
ht.G_ext ht.G_ext u+ht.G_ext d W/m"2 External Boundaries
irradiation 19, 21-22,
925
ht.G rad ht.Gm+ht.Gamb+ht.G_ext W/m"2 Surface Boundaries
irradiation 19, 2122,
925
ht.Famb_gp root.compl.ht.radGpEval(ht.Famb) | 1 Ambient view | Boundaries
factor, Gauss | 19, 21-22,
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Name Expression Unit Description Selection
point evaluation | 925
ht.Jinit ht.feb(ht.Tinit)*ht.epsilon_rad+(1- W/m™2 Initial  surface | Boundaries
ht.epsilon_rad)*ht.e_bamb radiosity 19, 2122,
925
ht.Jdef ht.epsilon_rad*ht.e b W/m™2 Surface Boundaries
radiosity 19, 21-22,
expression 925
ht.e b ht.feb(ht.T) W/m”2 Blackbody Boundaries
emissive power | 19, 21-22,
925
ht.e _bamb ht.feb(ht. Tamb) W/m"2 Ambient Boundaries
blackbody 19, 21-22,
emissive power | 925
ht.Gamb ht.Famb*ht.e_bamb W/m"2 Ambient Boundaries
irradiation 19, 21-22,
925
ht.alpha rad ht.epsilon_rad 1 Absorptivity Boundaries
19, 21-22,
925
ht.rho r 1-ht.epsilon_rad 1 Reflectivity Boundaries
19, 2122,
925
ht.J plot try_catch(ht.J,NaN) W/m™2 Surface Boundaries
radiosity 19, 21-22,
925
ht.Ju_plot try_catch(Ju,NaN) W/m™2 Upside Boundaries
radiosity 19, 21-22,
925
ht.Jd_plot try_catch(Jd,NaN) W/m™2 Downside Boundaries
radiosity 19, 21-22,
925
ht.ds2.rflux -ht.Jdef+ht.epsilon_rad*ht.G_rad W/m™2 Radiative heat | Boundaries
flux 19, 21-22,

925
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Shape functions

Name Shape function | Unit Description Shape frame Selection
ht.J Lagrange W/m"2 Surface radiosity Material Boundaries 19,
(Linear) 21-22,925

Weak expressions

Weak expression Integration frame Selection

(ht.Jdef-ht.J+(1-ht.epsilon_rad)*ht.G_rad)*test(ht.J) Material Boundaries
19, 2122,
925

ht.ds2.rflux*test(ht.T)*ht.Pc Material Boundaries
19, 2122,
925

Diffuse Surface 3

Figure B-4: Diffuse surface geometry of modelled 3D PV system with 5 PV cells.
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Variables of the modelled domains in Yingli solar PV panel

Name Expression Unit Description Selection
ht.JO ht.J W/m™2 Surface Boundaries
radiosity 134, 310, 486,
662, 838
ht.rflux ht.ds3.rflux W/m™2 Radiative heat | Boundaries
flux 134, 310, 486,
662, 838
ht.T if(ht.opaqueLayer==1,if(down(ht | K Temperature Boundaries
.opaque)==1,ht. Tu,ht. Td),if(dow 134, 310, 486,
n(ht.opaque)==1,ht. Td,ht.Tu)) 662, 838
ht.epsilon_rad subst(0.6,T,at2(x,y,z,ht.T)) 1 Surface Boundaries
emissivity 134, 310, 486,
662, 838
ht.Tamb T K Ambient Boundaries
temperature 134, 310, 486,
662, 838
ht.G_ext ht.G_ext u+ht.G _ext d W/m"2 External Boundaries
irradiation 134, 310, 486,
662, 838
ht.G_rad ht.Gm+ht.Gamb+ht.G_ext W/m"2 Surface Boundaries
irradiation 134, 310, 486,
662, 838
ht.Famb_gp root.comp1.ht.radGpEval(ht.Fam | 1 Ambient view | Boundaries
b) factor, Gauss | 134, 310, 486,
point evaluation | 662, 838
ht.Jinit ht.feb(ht. Tinit)*ht.epsilon_rad+( | W/m"2 Initial  surface | Boundaries
1-ht.epsilon_rad)*ht.e_bamb radiosity 134, 310, 486,
662, 838
ht.Jdef ht.epsilon_rad*ht.e b W/m"2 Surface Boundaries
radiosity 134, 310, 486,
expression 662, 838
ht.e b ht.feb(ht.T) W/m"2 Blackbody Boundaries
emissive power 134, 310, 486,
662, 838
ht.e_bamb ht.feb(ht.Tamb) W/m"2 Ambient Boundaries
blackbody 134, 310, 486,
emissive power | 662, 838
ht.Gamb ht.Famb*ht.e bamb W/m"2 Ambient Boundaries
irradiation 134, 310, 486,
662, 838
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Name Expression Unit Description Selection
ht.alpha rad ht.epsilon_rad 1 Absorptivity Boundaries
134, 310, 486,
662, 838
ht.rho r 1-ht.epsilon_rad 1 Reflectivity Boundaries
134, 310, 486,
662, 838
ht.J plot try catch(ht.J,NaN) W/m"2 Surface Boundaries
radiosity 134, 310, 486,
662, 838
ht.Ju_plot try catch(Ju,NaN) W/m"2 Upside radiosity | Boundaries
134, 310, 486,
662, 838
ht.Jd_plot try catch(Jd,NaN) W/m"2 Downside Boundaries
radiosity 134, 310, 486,
662, 838
ht.ds3.rflux -ht.Jdef+ht.epsilon_rad*ht.G_rad | W/m"2 Radiative heat | Boundaries
flux 134, 310, 486,
662, 838
Selection

Geometric entity level

Boundary

Selection Boundaries 134, 310, 486, 662, 838
Settings
Description Value

Heat source

General source

Boundary heat source

User defined

Boundary heat source

-q_out

Source position

Layer
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Variables

Name Expression Unit Description Selection
ht.Qbtot ht.bhs1.Qb W/m"2 Total Boundaries
boundary heat | 134, 310,
source 486, 662, 838
ht.bhs1.Qb subst(- W/m"2 Boundary heat | Boundaries
q_out,T,at2(x,y,z,ht.bhs1.Tvar)) source 134, 310,
486, 662, 838
ht.bhs1.Tvar 0.5*(ht. Tu+ht. Td) K Temperature Boundaries
134, 310,
486, 662, 838
ht.bhs1.ntfluxInt ht.bhs1.intExtBnd(ht.ntflux*htb | W Total net heat | Global
hs1.varlntSpa) rate
ht.bhs1.ntefluxInt ht.bhs1.intExtBnd(ht.nteflux*ht.b | W Total net | Global
hs1.varlntSpa) energy rate
ht.bhs1.ntfluxInt u ht.bhs1.intIntBnd(ht.ntflux_u*ht. | W Total net heat | Global
bhs1.varIntSpa) rate, upside
ht.bhs1.ntefluxInt u ht.bhs1.intIntBnd(ht.nteflux_u*ht | W Total net | Global
.bhs1.varIntSpa) energy  rate,
upside
ht.bhs1.ntfluxInt d ht.bhs1.intIntBnd(ht.ntflux_d*ht. | W Total net heat | Global
bhs1.varIntSpa) rate, downside
ht.bhs1.ntefluxInt d ht.bhs1.intIntBnd(ht.nteflux_d*ht | W Total net | Global
.bhs1.varIntSpa) energy  rate,
downside
ht.bhs1.Tave if(ht.bhs1.intBnd(ht.bhs1.varIntS | K Weighted Global
pa*ht.rho*ht.Cp*(ht.ux*ht.nx+ht. average
uy*ht.ny+ht.uz*ht.nz))==0,ht.bhs temperature

1.intBnd(ht.bhs1.varIntSpa*T)/ht
.bhs1.intBnd(ht.bhs1.varIntSpa),

ht.bhs1.intBnd(ht.bhs1.varIntSpa
*ht.rho*ht.Cp*T*(ht.ux*ht.nx-+ht
.uy*ht.ny+ht.uz*ht.nz))/ht.bhs1.i
ntBnd(ht.bhs1.varIntSpa*ht.rho*

ht.Cp*(ht.ux*ht.nx+ht.uy*ht.ny+
ht.uz*ht.nz)))
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Meshing - PV Cell

B-4: Meshing of the 3D modelled Yingli PV solar panel.

Settings

Description Value
Maximum element size 0.016
Minimum element size 0.0014
Curvature factor 0.3
Resolution of narrow regions 0.5
Resolution of narrow regions Off
Maximum element growth rate | 1.3
Custom element size Custom

PV Fins (size3) - Selection

Geometric entity level | Boundary

Selection Boundary 20
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B-4: Meshing of the fins of the 3D modelled Yingli PV solar panel.
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Stationary Solver 1 in Solution 1 started at 29-Apr-2016 03:02:12.

Continuation solver
Nonlinear solver

Number of degrees of freedom solved for:
Continuation parameter T Room = 298.15.
Nonsymmetric matrix found.
Scales for dependent variables:
Temperature (compl.T): 2.9e+002
Surface radiosity (compl.ht.J): 1.5e+006
Orthonormal null-space function used.
Iter SolEst ResEst Damping
inErr LinRes

1 3.7 8e+007 0.0100000
0.037 0.0012

2 1.9 2e+004 0.1000000
00014 2.4e-006

3 0.00071 2.8e+002 1.0000000
0.093 0.0018

4 1.6e-
009 0.19 1.0000000 0.00071
4
Continuation parameter T Room = 308.15.
Iter SolEst ResEst Damping
inErr LinRes

1 5.9%e-
006 21 1.0000000 0.0034
4
Continuation parameter T Room = 318.15.
Iter SolEst ResEst Damping
inErr LinRes

1 S5e-
006 7.7 1.0000000 0.0081
8
Continuation parameter T Room = 328.15.
Iter SolEst ResEst Damping
inErr LinRes

1 1.4e-
005 32 1.0000000 0.0071
2
Continuation parameter T Room = 338.15.
Iter SolEst ResEst Damping
inErr LinRes

1 0.00087 2e+002 1.0000000
0.099 0.016
Continuation parameter T Room = 348.15.
Iter SolEst ResEst Damping
inErr LinRes

1 0.054 1.4e+004 0.0010000
e-011 6.2

2 0.045 1.4e+004 0.0031199
0.018 6.9

3005111

Stepsize #Res

3.7 2

2.1 3

0.42 4
5 4 11

Stepsize #Res

Stepsize #Res

11 6 19

Stepsize #Res

14 7

23

Stepsize #Res

0.0094 17

Stepsize #Res

0.051 23

0.045 24

123

(plus 2683152 internal DOFs)

#Jac #Sol LinIt L

1 2 2
2 5 7 0
3 8 10

45 0.12 0.01

#Jac #Sol LinIt L

63 0.11 0.001

#Jac #Sol LinIt L

89 0.1 0.003

#Jac #Sol LinIt L

0.094 0.01

#Jac #Sol LinIt L
8 27 157
#Jac #Sol LinIt L

9 34

172 1.6

10 36 175
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3
e-013

e-006

e-013

e-013

0.098

0.12

.0056
10
0.11
11
0.017
12
0.042
13
0.081
14
e-006
15
e-014
16
00071
17
0.089
18
e-011
19
e-007
20
0.11
21
0.12
22
0.073
23
0.039
24
0.12
25
0.027
26
0.11
27
0.12
28
0.12
29
0.12
30
0.05
31
0.019

0.055
16
0.083
27
1.8
1.3e+002
0.45
2.6
0.49
0.013
0.35
0.015
0.26
0.12
0.56
0.0023
0.28
0.01
0.15
0.069
0.14
0.3

0.0052

0.0058

0.02

0.0051

0.02

0.0048

0.0041
0.81
0.0027
0.69
0.0064
0.69
0.0053
0.72
0.039

.4e+004

.4e+004

.5e+004

.9e+006

.9e+006

.9e+006

.6e+006

.5e+006

.5e+006

.2e+006

.1le+006

.1le+006

.4e+007

.6e+007

.6e+007

.6e+007

4e+007

4e+007

4e+007

.9e+007

.9e+007

.9e+007

.9e+007

.8e+007

.8e+007

.8e+007

.7e+007

.6e+007

.4e+007

.0038737

.0062394

.0010000

.0066319

.0055687

.0174639

.1746386

.0174639

.0607394

.2308518

.0684906

.0069848

.0698476

.0226292

.0022629

.0132122

.0013212

.0011296

.0015444

.0010000

.0011734

.0014770

.0147704

.0085183

.0058017

.0090990

.0138427

.0430986

.0430986

0.055

0.085

12

12

25

26

27

28

29

30

31

32

33

34

36

37

38

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

56

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

38

40

42

44

46

48

51

53

56

58

61

63

65

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

99

177

179

181

183

205

208

210

222

228

232

235

237

239

242

253

255

257

297

318

326

328

346

348

368

380

400

409

418

421

169



32 1

.0042 0.076
33 1
0.013 0.087
34 1
e-014 0.11
35 3.3
0.057 0.023
36 2.1
0.095 0.035
37 1.4
0.084 0.13
38 0.48
.0089 1.1
39 0.69
e-007 5.6
40 5.6
0.12 9.5
41 33
0.087 0.14
42 13
0.038 0.076
43 4.1
.0019 0.35
44 4.6
0.016 8
45 3.5
e-015 10
46 20
0.006 85
47 22

.0023 2.1e+002

Continuation parameter T Room

Iter SolEst
inErr LinRes

1 0.0091
0.098 0.019

2 0.0019
0.098 0.0059

3 0.00037
0.076 0.0014

Continuation parameter T Room

Iter SolEst
inErr LinRes

1 0.029

0.1 0.0017

2 0.0039
0.059 0.0036

3 0.00094
0.046 0.0046

Continuation parameter T Room

Iter SolEst
inErr LinRes

1 0.0045
0.057 0.0014

3.4e+007

3.4e+007

3.4e+007

3.4e+007

3.4e+007

3.3e+007

3e+007

3e+007

3e+007

3e+007

3e+007

3e+007

3e+007

2.9e+007

3e+007

3.5e+007

ResEst

1.4e+003

1.4e+002

ResEst

4.6e+003

1.5e+003

2.2e+002

ResEst

2.3e+005

1.

1.

1

1.

1.

1.

.0027616

.0010000

.0027367

.0010000

.0096145

.0096145

.0961449

.0096145

.0010000

.0010000

.0018967

.0189674

.0020466

.0056288

.0010000

.0010000

340.65.

Damping

0000000

0000000

.0000000

345.65.

Damping

.0000000

0000000

0000000

348.15.

Damping

0000000

20

22

Stepsize

0.06

0.013

0.0038

Stepsize

0.26

0.012

0.0061

Stepsize

0.053

58 40
59 41
60 42
61 43
62 44
64 45
65 46
66 47
67 48
68 49
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B-4: Temperature distribution in the 3D modelled Yingli PV solar panel, ranging from 300 K to 360 K
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APPENDIX C

PHYSICS DESCRIBING THE THREE DIFFERENT MODES OF HEAT
TRANSFER IN THE PV PANEL

The summary of the governing physics is presented in Table 4-6. The various physics were applied
in the modelling work and the equations governing the applications are put in tabular form as indicated in
Table 4-6. The appropriate physics was applied to various selections such as domains, boundaries, edges
and points of the materials used as it was applicable (as indicated in the table). Although the same
material properties and procedural approaches were used for both the 2D and 3D CTPV modelling, as
presented in Table 4-6, a different number of boundaries and domains were recorded. The generated

report with details of the applied physics and other information is contained in the Appendices.

Table C-1: Governing physics for the 2D and 3D CTPV models, using heat transfer with surface-to-
surface radiation

Selection Physics Applied Applied To Governing Equation
Domain Heat Transfer in | PV cells and Insulation
> | pCpu VT +V.q =Q +
Solid 1 Mirrors, Emitter and Flame plptt 9=0Q+ Qe
(Solid Part q= —kVT,

- Opaque) (Heat Conduction,
P=1 [atm]

Solid) k, p, C, = values are obtained from

materials specifications

-n.q=0

Boundaries | Thermal Insulation 1 | All (Not Applicable)

Domain Heat Transfer in | Air (4
. “) pCpu VT +V.q =Q + Qp + Quq
Fluids 1
- Opaque)

P,=1 [atm] =
Absolute Pressure

Fluid Type = Gas/Liquid

k, p, C, = values are obtained from

materials specifications
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Boundaries | Diffuse Surface 1 Mirrors -n.q= (G- e,(T))
(Surface-to-Surface
Radiation)
(1-e)e=]— eey(T)
G = Gpn )+ Gamp + Gext
Gamb = Famp e (Tamp)
e, (T) = n?0T*
& = User defined = 0.01
Surface radiosity, Jinit i w/m?
Boundaries | Heat Flux 1 Insulation Outside | —n.q = q
Boundary
(Convective heat
flux) (These are the outer
boundaries of the | 4o =h.(Texe =T)
modelling domain)
h = Heat transfer Coef ficient
=5 W/m%k
Tone = External Temp.
= 293.15 [K]
_ B
qo 2
= Qverall heat Transfer rate
Boundaries | Diffuse Surface 2 Insulation Outside | —n.q = ead(Tgp, — TH
Boundary

(Surface-to-Surface
Radiation)

Tymp = Ambient Temperature
= 293.15 [K]

& = Surface emissivity
= User defined
=01
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Boundaries | Diffuse Surface 3 PV cells connecting links | —n.q = & (G — €,(T))
(Surface-to-Surface | (These are the arc-shaped
Radiation) boundaries connecting the
PV cells) 1—-e)e=]— eey,(T)
G= Gpn ()t Gomp t+ Gexe
Gamb = Famp e (Tamp)
e, (T)=n?cT*
Tamp =T [K]
& = Surface emissivity =
User defined = 0.1
Initial Values
Jinie Pt Jinit w/m?
Boundaries | Boundary Heat | PV Cell, Top Surface -n.q= qq
Source 1
(These are the outward-
facing PV-cell boundaries)
Q, = User defined
@ [m 2 * k]
Qp
= QOverall heat transfer rate
Py
A
Boundaries | Diffuse Surface 4 PV Cell, Inner Surface -n.q= (G- e, (T))

(Surface-to-Surface
Radiation

(These are the inward-
facing PV-cell boundaries)

(1-¢e)G=]— ee,(T)
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G= Gy (]) + Gamp + Gexe

Gamb = Famp €p (Tamb)

e, (T)=n?ocT*

Tamb =T [K]

& = Surface emissivity =
User defined = 0.99

Initial Values,

Jinie (he Jinie) in w/m?

Boundaries | Boundary Heat PV Cell, Inner Surfaces -n.q= Q,

Source 2 General Source

Q, = User defin
= —Qout W/‘rn2

Overall heat transfer rate, Q;, = %”

Boundaries | Diffuse Surface 5 Emitter Outside Surface

(Surface-to-Surface | (These are the outward- | —n.q = ¢ (G — eb(T))
Radiation facing emitter boundaries)

(1-¢e)G=]— ee,(T)

G=Gp U) + Gamp + Gext
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Gamp = Famp e (Tamp)

e, (T) = n?0T*

Tomp =T (K]

& = Surface emissivity =
User defined = 0.99

Jinic = Surface radiosity =
(he - Jinic) in W /m?

Boundaries

Temperature 1

Emitter Inner boundary

(These are the inward
facing emitter boundaries).

T=To

To =T — Theater in [K]
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APPENDIX D

PHYSICS DESCRIBING THE THREE DIFFERENT MODES OF HEAT
TRANSFER IN THE PV PANEL

The PV module gains energy from solar irradiation and losses it via convection, conduction and radiation.
The heat transfer with fluid-cooled PV modules utilises the application of surface-to-surface radiation
because it comprises a fluid and multiple solid domains. The fluid can be water, air or any other
applicable fluid. The fluid domains is the applied fluid inside the heat exchanger. Each of the material
layers used in the PV module (such as the top cover, the encapsulants, the back sheet and/or any other

material used) has its own separate solid domain.

Table D-1: Governing physics for the 3D PV model using heat transfer by surface-to-surface

radiation
Governing Equations Operation Description Where applicable
VI 4+V.q=04+ Heat Transfer by conduction | Solid and fluid domains
plou - "4 =0Q+ Qua and convection
q=-kVT
Heat Transfer by conduction In Solids 1
pCM-VT+V:q =0+ Qu
q=-kVT.
Thermal heat loss In Insulation 1
-n-q=0
Heat Transfer by convection In Fluids 1
peu-VI +V:q =0+0,+Qu
q=kVT.
Diffuse heat by irradiation In Surface 1
-n-q=¢G-eyT))
(L& =]-ze)
G= Gm()’) + Gamb + Gex
Gamb = Fambeb(Tamb)
en(T) = rfoT"
-n-q=gq Heat Flux 1 Top and bottom layers of the
0 PV module
-n-q= go-(ijb - T4) Radiation loss In Surface 2
Diffuse heat by irradiation In Surface 3
-n-q=¢G-eyT))
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(1-e)G=)-¢eT)

G= Gm(j) + Gamb + Gex
Gamb = Fambeb(Tamb)
en(T)=r'oT"

Boundary  Heat  transfer
----- - from Source 1

From the PV
surrounding medium

to

the

Diffuse heat by irradiation

G= Gm(j) + Gamb + Gex
Gamb = Fambeb(Tamb)
en(T) = rfoT"

In Surface 4

Boundary Heat Source 2

Diffuse heat by irradiation

G= Gm(j) + Gamb + Gex
Gamb = Fambeb(Tamb)
en(T)=r'oT’

In Surface 5

Temperature 1

Where the following symbols are as earlier defined in the LIST OF ENGINEERING AND

MATHEMATICAL NOTATION

n = surface normal

& = surface emissivity

o = Stefan-Boltzman constant = 5.67x10% W/m*K*

C, = Specific heat capacity of the fluid (J/kg K)

k = thermal conductivity of the fluid (W/m K)

p = Density of film of the fluid on the front face of the PV module (kg/m?)
u = velocity of the fluid (m/s)

p = pressure of the fluid (Pa)
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u = dynamic viscosity of the fluid on the front face of the PV module (Pa s)
q = Heat transferred by conduction (W)

QO = Internal Heat Generation (W)

ur = Turbulent viscosity (Pa s)

k = Turbulent kinetic energy

T,= Temperature for the surface of the module

T,mp = Ambient temperature

Netec = Efficiency of the PV module

Nrrey = PV module efficiency at reference conditions
T, = Surface temperature of the PV module

Bres = Thermal coefficient of the PV module

Gamp = Ambient irradiation (W/m?.K)

Q,4 = Viscous dissipation ()

F = Geometric factor

Fomp = Geometric factor for the ambient

kcona = Thermal conductivity (W/m K)
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