
 
 

DESIGN, CONSTRUCTION AND EVALUATION OF A PARABOLIC 

CONCENTRATOR – PHOTOVOLTAIC (PV) SYSTEM WITH IMPROVED 

EFFICIENCY 

 

BY 

 

MWANSA MBAYONI 

 

A DISSERTATION SUBMITTED IN PARTIAL FULFILMENT OF THE 

REQUIREMENT FOR THE DEGREE OF MASTER OF SCIENCE IN PHYSICS 

 

 

 

 

 

 

THE UNIVERSITY OF ZAMBA 

user
Typewritten text
(2016)

user
Typewritten text
        



 

ii 
 

DECLARATION 

 

I, Mwansa Mbayoni, hereby declare that this dissertation is my own work and that it 

has not been submitted and is not being currently submitted in part or in whole for the 

award of a degree at any other university. 

 

 

 

Signature: ………………………………………………… Date: ……………………… 

 

 

 

 

 

 

 

 

 



 

iii 
 

APPROVAL 

This dissertation of Mwansa Mbayoni is approved as fulfilling in part the requirement 

for the award of the degree of Master of Science in Physics by the University of Zambia 

 

 

 

 

Signed:                                                                                         Date: 

…………………………………………………….     ……………………………...…… 

…………………………………………………….    …………………………………… 

……………………………………………………     …...………………………………. 

 

 

 

 

 



 

iv 
 

ABSTRACT 

One of the major problems in concentrating solar radiation on the Photovoltaic (PV) 

module is the uneven illumination of the solar cells. The non – uniform irradiance 

creates hot spots on the module and increases its temperature. The high temperature 

results in a lower efficiency and increases the degradation rate of the PV module. To 

solve both problems, a Parabolic Trough Solar Concentrator (PTSC) was designed and 

constructed from locally available materials. The configured Parabolic Concentrator 

Photovoltaic (PV) system’s efficiency was evaluated using diffuse reflector materials 

(aluminium foil, rolled aluminium and galvanised aluminium) as reflecting surfaces.  

Use of diffuse reflector materials resulted in an increased and even irradiance on the PV 

module compared to a module without concentration. Aluminium foil recorded the 

highest irradiation of 2148.62W/m
2 

and module temperature of 52.9
o
C. Rolled 

aluminium recorded irradiance of 2133.20W/m
2
 and a temperature of 47.8

o
C. This 

would be attributed to their high total integrated reflectance 95.4%, aluminium foil and 

86.7% for rolled aluminium. Galvanised aluminium recorded irradiance of 1655.0W/m
2
 

and the lowest temperature of 29.6
o
C. Its total integrated reflectance was 77.3%.  

Galvanised aluminium showed the highest efficiency of 15.1%, aluminium foil gave 

13.5% and rolled aluminum 12.7% compared to the solar module without the 

concentrator which showed an efficiency of 11.3%. Hence, galvanised aluminium was 
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the best diffuse reflector material as it scattered solar radiation on the module which 

resulted in the lower module temperature and increased efficiency of the Parabolic 

Concentrator Photovoltaic (PV) system. 
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CHAPTER ONE 

 INTRODUCTION 

1.1 Introduction 

Energy is fundamental to our way of life and has a lot of bearing on our economy. It is 

crucial in everything from fueling our cars to heating/cooling our homes and to 

powering the appliances in everyday life. 

Due to the fast global population increase and economic growth, the world demand for 

energy has also been increasing rapidly. The production and use of energy most of 

which comes from fossil fuels has created challenges associated with environmental 

problems the world faces today. These problems include climate change and emission 

of greenhouse gases, pollutants, oil spills and acid rains all resulting from man’s 

dependence on fossil fuels. The greenhouse gases cause global warming which has 

been identified as having devastating consequences for planet Earth.  

On the other hand, world oil reserves are being depleted because of the increasing 

demand for oil. Due to increased competition for what has now become a limited 

resource, price of oil is ever increasing which is now negatively affecting the economic 

development of many countries as more resources are being channeled to procurement 

of oil at the expense of developing other sectors. 

To mitigate some of the negative effects, the use of clean and renewable sources of 

energy such as solar could be explored and exploited more. Solar power generation 

does not require fossil fuel and is therefore, less dependent on the limited and expensive 
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natural resource namely, fossil fuel. Compared to other forms of electricity generation 

methods such as nuclear and fossil fuels, solar power electricity generation has fewer 

negative impacts on the environment since it does not emit greenhouse gases or pollute 

the air. Solar energy is also the most abundant renewable source of energy available. 

Therefore, utilizing this energy would reduce the dependence on the fossil fuels and the 

damage done on the environment. 

To harness solar energy in the generation of electricity, photovoltaic solar technologies 

using Photovoltaic (PV) modules which utilize the photovoltaic effect is employed. 

However, the high cost of photovoltaic modules coupled with their low efficiency is of 

great concern.  

One method/technique to reduce the cost and improve the efficiency of the photovoltaic 

modules is to use solar concentrators [1]. Presently, different types of concentrator 

systems are in use to concentrate solar radiation on the photovoltaic module. These 

include solar refraction (lenses) and solar reflecting mirrors [2]. However, both lenses 

and mirrors produce focused hot spots on the solar cells of the PV module resulting in 

uneven concentration of radiation when solar concentrators are installed without active 

cooling which produces an increase of the solar module temperature [3]. The high 

temperature causes degradation of the solar module and reduces its efficiency. 

Furthermore, the use of lenses and mirrors in photovoltaic systems and the technology 

involved in the manufacture is still expensive.  

The main objective of this dissertation is to improve the efficiency of a Parabolic Solar 

Concentrator – PV system by addressing the problem of uneven concentration of solar 
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radiation on the photovoltaic module which leads to an increase in the module 

temperature and reduction of the efficiency in addition to lowering the cost of such a 

system. The problem was addressed by designing and constructing a Parabolic Trough 

Solar Concentrator from locally available material so as to reduce the cost of 

production and evaluating the efficiency of the new configured Parabolic Trough 

Concentrator – PV system using diffuse reflectors. 

The overall performance of the solar module is characterized by a number of factors of 

which the fill factor is a major contributor. Fill factor is the ratio of the maximum 

obtainable power output from the module to the product of short-circuit current and 

open circuit voltage from the module. A low fill factor of the solar module indicates 

that the module produces less power at its maximum power point while a high fill 

factor indicates a better performance of the solar module. Therefore, improving the fill 

factor of the module leads to an increase in the power output of the module and 

efficiency as well. Three different diffuse reflector materials (galvanised aluminium, 

rolled aluminium and aluminium foil) were tested on the system to determine which 

one produced the best fill factor and efficiency. 

 

1.2 Objectives 

The objectives of this research were to; 

(i) design a parabolic trough solar concentrator, 

(ii) construct a concentrator from locally available materials and then to 

configure a parabolic trough concentrator photovoltaic – PV system and  
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(iii) evaluate the efficiency of the parabolic concentrator – PV system using 

diffuse reflector materials (Galvanised Aluminium, Rolled Aluminium and 

Aluminium Foil). 

 

1.3 Statement of the Problem 

In the recent past, there has been growing pressure from different sectors of society to 

reduce the emission of greenhouse gases and the dependence on fossil fuels which are 

environmentally unfriendly. This has motivated the development of technologies for 

generating electricity from solar energy. 

Concentrating solar radiation on the module using lenses and mirrors as reflector 

materials is one of the technologies to reduce the cost of production of photovoltaic 

systems. However, photovoltaic modules utilize a small fraction of incident solar 

radiation in the generation of electricity. The remaining solar radiation is mainly turned 

into heat as a result of its uneven concentration on the module. This causes an increase 

in the module temperature hence, reducing the efficiency and lowering the life of the 

cells. Diffuse reflector materials which scatter solar radiation have the potential to 

address the problem of uneven illumination in concentrator photovoltaic systems by 

scattering solar radiation uniformly on the module and reducing the formation of hot 

spots on it thereby improving the efficiency and increasing the life of the solar cells. 

 1.4 Literature Review 

A number of researchers have worked on the use of diffuse reflectors.  Increased power 

output from various types of diffuse reflectors including aluminium and motorized Sun 
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tracking has been reported by Antara et al. [4]. Performance enhancement of solar panel 

using diffuse reflectors and Sun tracking has been experimented on by Rizwan et al. 

Their results show that there is no need for Sun tracking if diffuse reflectors are 

installed with the solar panel [5]. It has also been shown by Rizk et al that 

implementing different types of reflectors in solar energy systems will dramatically 

improve the energy output by means of concentrating more solar radiation on the solar 

cell [6]. A comparison study of the power output from solar photovoltaic panel with 

diffuse reflectors and solar trackers was undertaken by Othman et al. The results show 

that short circuit current of the tracker is higher than that of diffuse reflector system. It 

has been reported that it is better to use diffuse reflectors to improve the power output 

of a solar panel because it is cheaper and less complicated [7]. Some preliminary work 

has been done on anodized aluminium, and aluminium foil by Nostell [8]. What is new 

in this dissertation is the use of galvanised aluminium on the parabolic solar 

concentrator as a reflecting material and the configuration of the solar module on the 

concentrator.   

 

1.5 Significance of the Study 

The importance of this study derives from the fact the solution of the problem of 

uneven concentration of solar radiation on the module will lead to the production of 

cheaper solar electricity and this will in turn increase the accessibility of solar power by 

many. This will reduce the high demand and dependence on the fossil fuels and other 

sources of energy such as nuclear materials whose use have a number of negative 

impacts on the environment.   



 

6 
 

1.6 Hypothesis 

The use of galvanised aluminium, rolled aluminium and aluminium foil as diffuse 

reflectors on the parabolic trough concentrator should mitigate the problem of uneven 

illumination by scattering solar radiation on photovoltaic modules and improve the 

efficiency of a parabolic concentrator – PV system with the right configuration of the 

concentrator – PV system. 
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CHAPTER TWO 

THE PHYSICS OF SOLAR CELLS 

2.1The Photovoltaic Effect 

The photovoltaic effect is the conversion of solar energy to electrical energy when it 

falls on a semiconductor device. The first observation of the photovoltaic effect is 

attributed to the French experimental physicist Edmond Becquerel. In 1839, he 

observed that light falling on silver coated platinum electrode immersed in electrolyte 

produced an electric current [9, 10]. 

The Sun is a light source with a radiation spectrum that can be compared to the 

spectrum of a black body at a temperature of nearly 6000K. When this light falls on a 

photovoltaic cell, which is a semiconductor device, its photons may be reflected, 

absorbed or transmitted. When the PV cells absorb photons from the sunlight, the 

photons impart enough energy to the electrons and free them leaving behind bonds 

missing the electrons. A bond missing an electron is called a hole [11].With this 

imparted energy, excess electrons and holes are produced in a semiconductor device 

which generate an electric current. During this process of photovoltaic effect in a solar 

cell, a potential barrier is set up by opposite electric charges facing each another on 

either sides of a dividing line. This potential barrier selectively separates light generated 

electrons and holes, sending more electrons to one side of the cell, and more holes to 

the other side. The separated electrons and holes are less likely to rejoin each other and 

they lose their electrical energy hence set up a voltage difference between either end of 

the cell which is used to drive an electric current through the external circuit [9]. Figure 
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2.1 shows how a photovoltaic cell generates electricity. Light incident on a PV cell 

imparts enough energy to some electrons generate electron-hole pairs. A built-in 

potential barrier in the cell accelerates the electrons across the junction and keeps them 

at opposite ends of the cell. When an external electric circuit with a load is connected to 

the cell, electrons flow through the load and perform useful work on the load and 

recombine with the holes. 

 

Figure 2.1: Photovoltaic Solar Cell [12] 

 

2.2 Solar Cell Device 

2.2.1 Photovoltaic Cells and Power Generation 

A photovoltaic cell also referred to as a solar cell which is a semiconductor p-n junction 

device that converts light energy directly into electricity by the process of photovoltaic 

effect, is the basic building block of solar electric system. Solar cells typically generate 

photo voltages somewhere between 0.4 and 0.7 volts and photocurrents of about 10 

milliamperes per cm
2 

when illuminated. Usually, a solar cell is a thin slice of 

semiconductor material of about 0.01 m
2
 in area. The surface is treated to reflect as 
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little visible light as possible and appear dark blue or black in colour. A pattern of wires 

are imprinted on the surface to make electrical contacts. The wires are imprinted in 

such a way that they do not shadow a large portion of the solar cell in order to get 

maximum useful power output from it. This means that the wires are quite small [13]. 

Figure 2.2.1a shows a Crystalline Silicon (cSi) Solar Cell. 

 

Figure 2.2.1.a: Typical Crystalline Silicon (cSi) Solar Cell [14] 

Due to low voltage of an individual solar cell, several cells are wired in an appropriate 

series combination to get the desired voltage and current. They are usually put into 

some protective package to create a Solar Module. The most common package is to 

have solar cells encapsulated in a special polymer with glass cover and plastic back 

sheet [13]. Figure 2.2.1.b shows a solar module string made from connected 36 cells in 

series. 
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Figure 2.2.1.b: Typical module with 36 cells connected in series [14] 

A solar module represents the basic building block for large scale photovoltaic power 

production. Multiple solar modules can be stacked together in series forming a string of 

modules. This results in an increased output voltage. When multiple strings of solar 

modules are connected in parallel, they form a photovoltaic array with a large voltage 

and current output according to the power demanded by the application.  

For an array or string to perform well, all the modules must be fully illuminated. 

Partially illuminated cells are said to be shaded. The shading can be caused by a tree 

branch, roof vent or bird droppings or birds sitting directly on the solar module. A 

shaded cell causes a drop in module current due to reduced irradiance on it. Also when 

shaded, cells operate in the blocking state as a resistive load. The loss in individual cell 

due to shading results in an increase in cell temperature and overheating.  

A standard technique to protect against the destructive effects of shading is to connect 

bypass diodes across series-connected cells or modules. A bypass diode bypasses the 

module string containing the shaded cell and therefore steers electricity past the passive 

cell or module. In Figure 2.2.1.c, modules with bypass diodes across them are shown 

connected in series into a string and then in parallel to form an array. 
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Figure 2.2.1.c: An Array of modules [15] 

The primary component common to all PV systems is the PV array. An array consists 

of individual PV modules that are electrically connected to produce the desired power 

output. Modules and arrays produce power which can be used to charge batteries, 

directly power dc loads or be converted to ac loads and interfaced with the electric 

utility grid [16]. A PV array is designed to generate power at a certain current-voltage 

under Standard Test Conditions (STC). STC consist of an irradiance of 1000W/m
2
, cell 

temperature of 25
o
C and the Air Mass equals 1.5 (AM1.5). The Air Mass (AM) is the 

path length which light takes through the atmosphere to reach the Earth’s surface. It 

quantifies the reduction in the power of light as it passes through the atmosphere and is 

absorbed by air and dust and is considered to the spectrum provided on a clear day by 

the sun when its rays have passed through an average depth of atmosphere to the 

Earth’s surface [17, 18]. 
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The voltage of PV modules varies somewhat with temperature, and the current varies 

widely with solar radiation, so power output is rarely constant. For the power to be used 

later, PV systems usually require means to store or condition power so that it can be 

used efficiently by a load [17]. A battery is commonly used as storage. 

Power conditioning equipment converts and controls or otherwise processes the dc 

power produced by an array to make the power compatible with other equipment or 

loads. Power conditioning equipment includes inverters, charge controllers, rectifiers, 

chargers, dc-dc converters, maximum power point trackers and power quality 

equipment. These components may be individual devices or may be combined into a 

single power unit. A Power Conditioning Unit (PCU) is a device that includes more 

than one power conditioning function [17]. However, since an inverter is commonly the 

major component in multifunction PCU, the PCU is still often called an inverter. Figure 

2.2.1.d shows the integrated photovoltaic power generation system 

 

Figure 2.2.1.d: Photovoltaic power generation system [14] 
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2.2.2 Solar Cell Structure 

 The structure of a solar cell basically consists of an absorber layer and an optical 

coating or antireflection layer. The absorber constitutes the core (semiconductor 

material) of the device in which the photons of incident radiation are efficiently 

absorbed resulting in the creation of electron-hole pairs and the optical coating or 

antireflection layer minimizes the loss of solar radiation by reflection. The optical 

coating effectively traps the solar radiation incident on the solar cell by promoting its 

transmission to the energy – conversion absorber layer below it. The solar cell also has 

two electrical contact layers that are needed to carry the electric current out to an 

external load and back into the cell, thus completing an electric circuit. 

 

2.2.3 Solar Cell Materials 

Most photovoltaic cells are made from various types of semiconductor materials, the 

most common of which is silicon. The main types are monocrystalline silicon, 

polycrystalline silicon and armphous silicon. Monocrytalline silicon is grown from a 

single silicon crystal into large crystalline block, which is sliced into a thin wafer that is 

doped to increase the photon absorption. Polycrytalline silicon is manufactured in the 

same way but uses multiple crystals to grow the blocks to be cut into wafers. Solar cells 

made from monocrytalline silicon are more efficient but also tend to be the most 

expensive because of the purity of silicon material needed. Solar cells made from 

amorphous silicon are less efficient and are usually cheaper [18, 19].  
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Thin film photovoltaic cells are normally made by depositing very thin consecutive 

layers of atoms on a flexible substrate. The thin film production costs approximately 

half that of silicon – wafer based solar cell production [19] and use much less material 

during production compared to silicon based solar cells. The most common thin film 

materials include copper-indium-gallium (CIGS), cadmium telluride (CdTe) and 

amorphous silicon (a – Si). 

 

2.2.4 The p-n Junction 

A solar cell is basically a p-n junction semiconductor device formed by interfacing the 

p-type and n-type semiconductors together. The n-type semiconductor is formed by 

doping pure or intrinsic semiconductor materials from group IV elements such as 

silicon with impurity atoms (atoms with an additional valence electron not needed for 

bonding in the crystal) or donor atoms from group V while the p-type is formed by 

doping a semiconductor material from group IV elements, by the introduction of 

impurity atoms from group III elements such as Boron (acceptor atoms) having a 

valence electron less than the host material. The n-type doping results in excess 

negative charge carriers (electrons) and the n-type semiconductor material increases the 

conductivity of a semiconductor by increasing available electrons while the p-type 

doping results in fewer electrons than the host material and excess positive charge 

carrier called holes. The p-type semiconductor material also increases the conductivity 

of the semiconductor by increasing the number of holes present.  
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By joining the n-type semiconductor together with a p-type semiconductor without a 

bias, electrons from the high concentration n-type side tend to flow towards the p-type 

side and similarly the holes from high concentration p-type side tend to migrate towards 

the n-type side. When the electrons and holes flow to the other side in the p-n junction, 

they leave behind exposed charges on dopant atom sites, which are fixed in the crystal 

lattice and are unable to flow. On the n-type side, positive charges are exposed and on 

the p-type side, negative charges are exposed. The exposed charges set up an electric 

field that opposes the natural diffusion tendency of electron and holes at the junction. 

This is the behavour of the p-n junction under equilibrium condition hence the region is 

depleted of free charge carriers. The region is called the depletion region [20, 21]. 

Figure 2.2.4.a shows a p-n junction and figure 2.2.4.b shows a p-n junction and 

depletion region. 

 

Figure 2.2.4.a: Electrons and holes moving across the junction [14] 
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Figure 2.2.4.b: Depletion region of the p-n junction [14] 

Only charge carriers with high enough energy to overcome the electric field in the 

depletion region can make the transition. The transition results in equal and opposite 

drift current and diffusion current flowing across the depletion region. Equilibrium is 

established when the field becomes large enough to restrain the process of diffusion. In 

equilibrium, the net current in the junction is zero since the drift current and diffusion 

current exactly balance out. 

 

2.2.5 The p-n Junction under Applied Voltage 

When a positive voltage is applied to the p-side of the semiconductor, the p-n junction 

is said to be forward biased. Figure 2.2.5.a shows a forward biasing voltage of the p-n 

junction. The electric field induced by the applied voltage is in opposite direction to the 

charge electric field in the depletion layer and this result in a thinner, less resistive 

depletion region.  
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2.2.5a: The Forward Biased p-n Junction [22] 

The electric field that would prevent majority carriers from crossing the depletion 

region is then reduced, majority carrier electrons from the n-side are now injected 

across the depletion region to the p-side making the diffusion current to increase 

exponentially. Since the electric field has reduced across the depletion region, the drift 

current also reduces as the majority carrier holes from the p-side are injected across the 

depletion region into the n type semiconductor. The diffusion current will exceed the 

drift current thus, allowing net current flow. 

When the positive voltage is applied to the n-side of the semiconductor, the p-n 

junction is said to be reverse biased. The depletion region widens since the electric field 

is now in the same direction as the charge electric field in the depletion layer as shown 

in figure 2.2.4.b and the resistance becomes greater. 
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2.2.5b:   Increased depletion region due to reverse Bias [22] 

The diffusion current reduces while drift current remains the same resulting in the total 

current flowing through the depletion region to be due to minority carriers and very 

small. 

 

2.3 Principle Operation of Solar Cells 

A solar cell is essentially a p-n junction and when light shines on it, current and voltage 

are generated in a process called photovoltaic effect. 

When photons with energy equal to or greater than the band gap of the semiconductor 

material are incident on it, they are absorbed and transfer enough energy to the 

electrons in the valence band and cause them to move in the conduction band creating a 

hole in the valence band. This energy transfer, therefore creates, electron-hole pairs. 

Both the electron in the conduction band and hole that has been created in the valence 

band can be involved in the conduction of a current under an electric field [23]. Photons 
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with less energy intensity than the band gap energy of the material do not have enough 

energy to cause an electron to move from the valence band to the conduction band and 

therefore are not absorbed by the solar cell. 

However, as electron-hole pairs appear, the electric field of the depletion region causes 

the charge carriers to separate to opposite ends of the material. Figure 2.3 shows the 

electron-hole behavior in solar cell. 

 

Figure 2.3: Electron-hole pair behavior in a solar cell [24] 

The electrons move to the n-region, giving an excess negative charge at the top of the 

solar cell while the holes move to the p-region giving an excess positive charge at the 

bottom of the solar cell. The flow of carriers to opposite ends of the device creates a 

current in a material and a voltage differential on the two ends. Metal contacts placed 

on top and bottom of the solar cell allow it to power an external circuit as shown in 

Figure 2.3. The positive contacts on top of the solar cell are extremely thin and evenly 
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distributed to allow light to shine on the solar cell. The negative contact at the bottom 

of the solar cell covers the whole surface. This contact is often polished to assist in the 

creation of electron-hole pairs by reflected light that has passed through the solar cell 

without creating an electron-hole pair back through the solar cell [25].  

 

2.3.1 Current – Voltage Characteristic of a Solar Cell 

The parameter that characterizes the electrical output of the PV module includes current 

and voltage. A plotted current-voltage (I-V) curve usually shows the possible 

combinations of current and voltage output of the photovoltaic module. Figure 2.3.1 

shows the characteristic current-voltage (I-V) curve. 

 

Figure 2.3.1: Typical I – V Curve of a Solar Cell 

From the I-V curve, certain output parameters that greatly influence the efficiency of a 

solar module are now described: 
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Short circuit current (ISC): - This is the maximum possible current that flows through 

the external circuit at zero voltage. This case occurs by connecting the positive and 

negative terminals together. The short circuit current is directly proportional to the 

available incident light intensity.  For ideal solar module, short circuit current is equal 

to photo generated current and is the maximum current delivery capacity of the solar 

module at any illumination level [20].  

Open circuit voltage (Voc): - This is the maximum voltage that is delivered in a solar 

module at zero current, that is when the solar module terminals are not connected to a 

load. It is the maximum voltage that a solar cell can deliver under any given 

illumination. 

 

2.3.2 Maximum Power Point (PMPP) 

Maximum electrical power output of a PV module is the product of the current at 

maximum power point (Imp) and the voltage at maximum power point (Vmp), which is 

the maximum possible power at standard conditions. From Figure 2.3.1, the knee of the 

I-V curve represents the maximum power point of the PV module. Equation (1) gives 

the maximum output power of the PV module at maximum power point; 

                               mpmp VIP *max                                                                               
(1) 
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2.3.3 Fill Factor (FF) 

The fill factor (FF) is an indicator of the quality of the solar cell. It is an important 

parameter for Solar cell or PV module performance. It is defined as the ratio of the 

maximum power that can be delivered to a load and the product of the open circuit 

voltage (Voc) and the short circuit current (Isc). Referring to Figure 2.3.1, it represents 

the area of the largest rectangle which fits the I-V curve. Its importance is linked to the 

magnitude of the power output from the module. The higher the value of the FF, the 

higher the power output of the solar cell or PV cell. Equation (2) gives the formula for 

calculating the fill factor, 

                              ocscocsc

mpmp

VI

P

VI

VI
FF

**

*
max

                                                              

(2) 

 

2.3.4 Module Efficiency (η) 

The PV module conversion efficiency is the ratio of the electrical power output to the 

incident energy in form of sunlight. In other words, it is the ability of PV module to 

convert incident energy from the Sun to electricity. Mathematically, it determines the 

output power of the module per unit area per unit incident radiation and is given by the 

relation, 
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Or 
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(4) 

Where IN is the incident solar radiation on the module and considered to be 1000W/m
2
 

at (STC), A is the surface area of the PV module. 

The PV cell efficiency is limited by several factors and some of them are: 

(i) Spectral Mismatch: - Only photons with higher energy than the band gap 

energy of the absorber material generate electron-hole pairs. Since electrons 

and holes tend to occupy energy levels at the bottom of conduction band and 

the top of valence band respectively, extra energy that the electron-hole 

pairs receive from the photons is released as heat into the semiconductor. 

Photons with energy lower than the band gap energy of the semiconductor 

are not absorbed and cannot generate electron-hole pairs. Therefore these 

electrons are not involved in the energy conversion process. 

(ii) Optical Properties: - There is reflection of light at interfaces between 

individual layers within the solar cell. This means that a part of the incident 

energy that can be converted into usable energy by the solar cell is lost by 

reflection. 

(iii) Incomplete Absorption: - In general, solar energy is absorbed in all layers 

that form the solar cell. However, due to limited thickness of the absorber 

layer, not all the light entering the absorber is absorbed. Incomplete 

absorption in the absorber due to its limited thickness is an additional loss 

that lowers the efficiency of the energy conversion.  
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2.3.5 Effect of Temperature on Photovoltaic Module 

Solar cells are sensitive to temperature change. Increase in temperature reduces the 

band gap of a semiconductor thereby affecting most of the semiconductor material 

parameters. In a solar cell, the parameter most affected by increase in temperature is the 

open - circuit voltage. As the temperature increases, the open - circuit voltage decreases 

and the output current increases exponentially. Since the maximum power output is the 

product of current at maximum power point and voltage at maximum power point, this 

property means that the warmer the solar cell the less power it can produce and thereby 

decreasing the fill factor and finally its efficiency. So, in short, for higher temperature 

of the solar cell, the system performance will be lower. Figure 2.3.5 shows the I-V 

curve characteristics at different temperatures. 

 

Figure 2.3.5: I-V Characteristics of a PV Cell at Different Temperatures [26] 
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Employing different methods of cooling such as air flow above and below the PV 

module and water flowing through the pipe at the back of the module may improve its 

efficiency.  

 

2.3.6 Effect of Irradiance on the Current – Voltage Characteristics 

In a solar cell, the photo-generated current is proportional to the incident irradiance on 

it. Therefore, an increase in the irradiation level results in a higher photo-generated 

current. Since the short circuit current is directly proportional to the photo-generated 

current, thus it is also directly proportional to the irradiance.  

 

Figure 2.3.6: The effect of Irradiance on I-V curve of the PV cells [26] 

Figure 2.3.6 shows that when the irradiation increases, the current increases more than 

the voltage and the maximum power at maximum power point increases as well. 
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2.3.7 Effect of Parasitic Resistance  

Parasitic resistance mainly affects the FF of the solar cells, which in turn affects the 

efficiency of the solar cell. The most common parasitic resistances are series resistance 

(Rs) and shunt resistance (Rsh). The series resistance is the sum of resistance due to all 

the components that come in the path of current. This include emitter, semiconductor – 

metal contact resistance and resistance of metal contact. It has no effect on open-circuit 

voltage, but reduces the short circuit current and it is desirable to have the value of 

series resistance as low as possible. The shunt resistance is due to the leakage across the 

p-n junction. It is desirable to have the value of the shunt resistance as high as possible 

[27]. It has no effect on the short-circuit current, but reduces the open-circuit voltage. 

Figure 2.3.7 shows the equivalent circuit of the solar cell with both series and shunt 

resistances.  

 

Figure 2.3.7: Equivalent Solar Cell Circuit [27] 

The current – voltage characteristic of the equivalent circuit of a solar cell is expressed 

by the following equation, 
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where I is the output current, q is the electric charge, α is the ideality factor, kB is 

Boltzmann constant, IL is current generated by the incident light, Io is the dark current, 

Rs is the series resistance, V is the output voltage, Rsh is the shunt resistance and T is the 

absolute temperature.  The ideality factor is a fitting parameter that describes how close 

the solar cell’s behavior matches that predicted by theory, which assumes that the p-n 

junction of the solar cell is infinite plane and no recombination occurs within the space-

charge region. A perfect match to the theory is indicated when the ideality factor is 

equal to 1.  
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Chapter Three 

CONCENTRATORS 

3.1 Solar Concentrators 

Optical devices that concentrate solar radiation onto solar cells using lenses, mirrors 

and metal reflectors are referred to as solar concentrators. Solar concentrators used in 

PV concentrator systems collect solar radiation from a large area and concentrate it 

onto a small area of the solar cell. Thus, only a small solar cell area is required to 

convert solar radiation to electricity. This implies that, the use of solar concentrator 

results in the reduction of solar cell area required for generating a given amount of 

electricity. This results in reducing the cost of generating electricity from solar cells. 

This is achieved by using small solar cell area which is less expensive coupled with less 

expensive optical materials such as metal reflectors. High performance solar modules 

are quite expensive due to the materials and processes involved during manufacturing. 

The use of concentrator systems allows the use of higher performance solar modules 

which would be too expensive without concentration [28].  

The use of concentrator system increases the power output while reducing the area of 

the solar cell needed to be exposed to solar radiation without concentration. The smaller 

cell area that is utilized in concentrator systems provides high efficiencies due to 

smaller heat losses [29]. Another advantage of the solar concentrators is that they can 

use small individual cells because it is harder to produce large-area, high-efficiency 

cells than it is to produce smaller-area, high-efficient cells. 
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There are, on the other hand, drawbacks to using concentrators. Solar concentrators 

need to be oriented such that they face the Sun accurately. If they are not facing the sun, 

the focal point will fall away from the solar cell and hardly any electricity will be 

generated by it, thus, lowering the performance of the system. Solar concentrators must 

therefore, track the Sun throughout the day and year to effectively concentrate solar 

radiation onto the small receiver area. The tracking system can be more expensive than 

the concentrator itself, can easily break down and is difficult to repair. Tracking of the 

sun can be motorized or manual. Motorized tracking increases the complexity of a solar 

concentrator system both to build and to maintain. This makes manual tracking a better 

option in low cost solar concentrator systems. 

Solar cells operating under concentrated solar radiation are subject to high 

temperatures. The high intensity solar radiation causes a temperature increase at the 

solar cell due to radiation that is absorbed but does not directly contribute to electrical 

power. The excess solar radiation is turned into heat which heats up the cells and 

decreases the efficiency of solar cells which in turn offset the benefits of solar 

concentration. On the other hand, overheating also creates some cracks on the surface 

of the cells which reduces the life of the cells [30]. For high concentration, liquid 

cooling may be used although air cooling is simpler and generally less costly. 

 

3.2 Solar Concentrator Materials 

The primary reason for using concentrators is to enable the use of less solar cell 

material in a PV system. A concentrator makes use of relatively inexpensive materials 
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such as lenses, mirrors and metal reflectors to capture the solar radiation falling on a 

fairly large area and focuses it on the small solar cell area to further enhance the 

efficiency of the system. Solar radiation is concentrated by reflection through the use of 

mirrors and metal reflectors and refraction by lenses. Mirrors and lenses in concentrator 

systems are used to improve the solar radiation capture for specific applications [31]. 

Nonimaging Fresnel lenses are commonly useful in the field of solar thermal 

application while Imaging Fresnel lenses are mostly used in photovoltaic systems. 

Fresnel lenses offer more flexibility in optical design, thus allowing for uniform flux on 

the absorber, which is one of the conditions for efficiency improvement in photovoltaic 

cells. Mirrors are considered to be the baseline reflector materials for solar thermal 

electric applications since glass mirrors have high specular reflectance, long lifetime, 

durability in the field and modest degradation of reflectivity over the concentrator 

lifetime [32, 33]. 

Drawbacks of Fresnel lenses include imperfection on the edges of the facets which 

causes the solar radiation to improperly be focused on the absorber receiver [31]. 

Thermal stress due to temperature cycles is another impact factor on Fresnel lenses. 

Fresnel lenses have been reported to crack at locations of high material stress and their 

performance decreases due to dust or dirt accumulation on the surface when they are 

operated in dry and dusty regions [34]. On the other hand, mirrors are heavy, fragile 

and expensive which makes them bad candidates for low cost solar concentrator 

reflecting materials. Both lenses and mirrors create hot spots on the absorber/receiver 

which is of great concern to both solar thermal applications and photovoltaic cells that 

require homogeneous flux. 
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Diffuse reflectors such as aluminium have found useful applications in concentrator 

photovoltaics due to their properties. Aluminium can be deformed easily to the best 

shape reflecting shape for a concentrating efficiency. Unlike mirrors, aluminium 

reflectors cannot be broken easily. This is an important property for outdoor 

applications. Not only does aluminium have better surface reflectivity in high solar 

wavelength ranges, it is also lighter in weight than mirrors [35].  

Rolled aluminium has been has reported to be suitable for solar energy applications 

since it is cheaper than other reflector materials and can be a cost effective material in 

this application [36]. The use of aluminium Foil as reflector material has also been 

reported to have increased the short current in photovoltaic cells from 2.4 to 2.7 

milliamperes [37]. 
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3.3 Solar Concentrator Parameters 

Figure 3.3 shows some of the parameters of a Parabolic Concentrator. 

 

Figure 3.3: Parameters of a Parabolic Concentrator Geometry 

The aperture area (Aa), is the opening area through which solar radiation incident on the 

concentrator is accepted. 

Absorber area (Aab), is the total area that receives the concentrated solar radiation. It is 

the area from which useful energy can be removed and delivered to the system. 

Acceptance angle ( c ), is the maximum angle over which solar radiation path may 

deviate from normal to the aperture plane and still reach the absorber. The acceptance 

angle may be seen as a measure of how precisely it tracks the sun in the sky. The 

smaller the acceptance angle, the more precise the tracking needs to be or the solar 

concentrator will not capture the incident solar radiation. 

Geometrical Concentration (Cg), is the ratio of the collecting aperture area (Aa) to the 

area of the absorber (Aab). This is given by 
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Local Geometrical Ratio also called Brightness Concentration Ratio ( lC ) is the ratio of 

the flux on the receiver (Ir) to the flux on the aperture (Ia) and is given by 
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Local concentration ratio is a quantity used to describe the non-uniform illumination of 

the absorber that occurs in solar concentrators in most cases [38]. 

The intercept factor ( ) for a concentrator is defined as the ratio of solar radiation 

intercepted by the absorber of a chosen size to the total solar energy reflected/refracted 

by the focusing device, that is  
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Where I(x)is the solar flux at a certain position x and w is the width of the receiver [39]. 

Optical efficiency ( o ) is the ratio of the solar energy absorbed by the absorber to the 

energy incident on the solar concentrator’s aperture. It includes the effects of reflector 

surface, shape and reflection/transmission losses, tracking accuracy, shading, receiver 

cover and solar beam incidence effects [39]. 

Thermal efficiency ( th ) is the ratio of the useful energy delivered to the system to the 

energy incident at the concentrator aperture. In a thermal conversion system, a working 
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fluid is used to extract the energy from the absorber. The thermal performance of a 

solar concentrator is described by its thermal efficiency. The incident solar energy 

consists of beam and diffuse radiation. However, the majority of the concentrating 

systems can utilize only beam radiation. 

 

3.4 The Parabolic Trough Solar Concentrator 

A Parabolic Trough Solar Concentrator (PTSC) is U-shaped like with reflective surface 

facing the Sun. The surface is normally made of either concave lens or mirror or any 

other reflecting material that is capable of concentrating solar radiation at a focal 

line[40]. A PTSC employs linear imaging concentration and its configuration is that of 

cylindrical with a parabolic cross-section, and a circular cylindrical receiver tube made 

of steel or copper when used in thermal application, or solar module when used in 

photovoltaic solar concentrator. The receiver tube or solar module is mostly located 

along the focal line of the parabola. The reflecting surface must be able to rotate around 

an axis parallel to the receiver tube/solar module to constantly ensure that the incident 

solar radiation and plane containing the parabolic section axles are parallel. In this way 

the incident solar radiation on the reflecting surface is concentrated and continuously 

intercepted by the receiver tube or solar module in any assumed position of the Sun 

during its apparent motion.  
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Figure 3.4: The Parabolic Trough Solar Concentrator 

Whenever parallel rays of solar radiation are incident on the PTSC, the solar energy 

would be reflected and converge along its length in the receiver tube or solar module 

located at the focal plane also called focal line as shown in Figure 3.4. Solar energy at 

the focal line is absorbed by the solar cells to generate electricity or absorbed by the 

receiver tube to give rise to an increase in temperature and generate higher temperature 

steam.   
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3.4.1 Parameters for the Geometry of the Parabolic Trough Solar Concentrator 

There are a number of parameters that characterize the form and size of the PTSC and 

the following are commonly used: 

Focal length (f) is the distance between the focal point (F) and the vertex of a 

parabola. It is a parameter that determines the parabola completely. In the equation of 

a parabola, 

                  f

x
y

4

2



                                                                                                        

(9) 

the focal length (f) is the only shape parameter as shown in Figure 3.4.1. 

 

Figure 3.4.1: Focal Length as shape parameter [41] 

Depth (D) is the distance from the vertex to the aperture and is calculated from the 

equation, 
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where W is the aperture width and f the focal length of the PTSC. 

Aperture is the plane opening of the concentrator trough through which solar radiation 

passes. It is characterized by the diameter of the opening which is also commonly 

known as Aperture Width (W). 

Arc length of the parabolic curve (S) can be computed from the equation  
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and is used to determine the reflective surface area (Af)  by the following equation  

            Af  = S x L                                                                                              (12) 

or  
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for a parabolic trough of length L and the rest of the parameters as defined above. 

Rim angle( R ) is the angle between direct incident radiation on the reflective surface 

and the line joining focal point and extreme point of the reflective surface at the 

aperture width. It is calculated by using equation based on the focal length, width and 

the depth, 
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The rim angle determines the shape of a parabolic trough and, ideally, it should neither 

be too small nor too large. If the rim angle is very small, then the PTSC is very narrow 

and this increases solar radiation incidence but at the same time increases the heat loses 

due to convection and radiation. Hence a small rim angle in the PTSC is not 

advantageous [42]. If the rim angle is very big, then the path of the reflected solar 

radiation from the outer parts of the PTSC is very long and the beam spread is very 

wide, hence reducing the concentration. A rim angle of 90
o
 is preferred as it gives an 

optimum intercept factor and allows the depth of the PTSC to be equal to the focal 

point. The focal point (F) where the rim angle is set at 90
o
 can be calculated by using 

the aperture width (W) value alone using 

                                 4
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Chapter Four 

METHODOLOGY 

4.1 Design of Parabolic Trough Solar Concentrator 

The shape of a parabola is defined by the equation, 

                                                    f

x
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                                                                     (13) 

where f is the focal length. Equation (13) was used to obtain the geometric coordinates 

of the Parabolic Trough Solar Concentrator. The x coordinates were obtained by setting 

the initial value of x and then maintaining the step size to get other values of x. The 

fixed value of f was then used together with the x coordinates to obtain the y 

coordinates using equation (13). The x and y coordinates were then plotted on the graph 

paper to get the parabolic shape as shown in figure 4.1a. 

 

 

 

 

 

 

Figure 4.1a: Graph of a parabola 
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After plotting the graph, the focal point which was taken as the position for placing the 

solar module was confirmed by using a ray tracing procedure. A ray tracing procedure 

for a reflecting concentrator surface is governed by the law of reflection. In vector 

notation, the law of reflection is expressed as  

                                               ⃗⃗ ⃗⃗      ⃗⃗      ⃗      ⃗                                                         (14) 

Figure 4.1bbelow shows the geometry with unit vectors   ⃗⃗  and    ⃗⃗ ⃗⃗ along the incident and 

reflected rays and unit vector  ⃗  along the normal pointing into the reflecting surface. 

 

Figure 4.1b 

 Using this procedure, a line parallel to the axis of a parabola representing incident ray 

was drawn to the reflecting surface. A tangent was then drawn on the curve where the 

incident ray touched the surface. A protractor was used to determine the normal, angle 

of incidence and the angle of reflection. Using law of reflection the angle of incidence 

equals the angle of reflection, a parallel ray to the axis of the parabola was seen to be 

reflected almost to the focal point which is the focus.  The process was repeated for a 

series of rays and some were reflected off the focal point which was the condition 

needed for using diffuse reflector materials as reflecting surface. 
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4.2 Construction of Parabolic Trough Solar Concentrator 

The frame of the PTSC was made from 20mm thick plywood from which four ribs 

were cut using the trace of the parabolic shape obtained from the graph. Contact 

adhesive and 50mm x 4mm screws were used for fixing the ribs together. The solar 

module supports were also made from the same piece of plywood and wing nuts were 

used for attaching them to the PTSC Frame. The metal support frame was made from 

40 x 40 x 3mm x 6mm angle iron bar and 40mm x 40mm square tubes and E6013 

3.13mm welding rods were used to weld it. Manual tracking lever was made using a 

Y16 deformed bar and M12 bolts and nuts were used to fix the PTSC on the metal 

support frame.  Figure 4.2 shows the PTSC frame fixed on the metal support frame. 

 

Figure 4.2: PTSC Frame on the support structure 
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Table 4.2 gives the specifications of the constructed PTSC 

Table 4.2 Parabolic Trough Solar Concentrator Specifications 

Length (L) 1.000m 

Aperture Width (W) 0.770m 

Focal Length (f) 0.200m 

Depth (D) 0.185m 

Arc Length (S) 0.780m 

Reflecting Surface Area 0.875m
2 

Rim Angle (ϕR) 87.812
o 

 

4.3Reflector Materials 

The first reflecting surface to be tested on the PTSC was galvanised aluminium. 

Contact adhesive was used to fix it. The solar module was then mounted on the support 

and then connected to the current-voltage tracker which was used for measuring the 

current and voltage generated by the solar module with galvanised aluminium as a 

reflecting surface. The measurements were downloaded onto the computer through the 

Tera Term software and analyzed using Microsoft Office Excel. 

Due to its thickness, galvanised aluminium was then used as a base on the PTSC for the 

other two reflector materials. Aluminium foil was then placed on the PTSC using Tuff 

Stuff contact adhesive which enabled the reflector materials to be replaced since it did 

not make permanent contact with the materials especially after being exposed to the 

Sun for some time. Measurements were repeated using aluminium foil as a reflecting 
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surface. The readings were again downloaded onto a portable computer and analyzed. 

Aluminium foil was then removed from the PTSC and rolled aluminium was placed on 

it using contact adhesive. The procedure was then repeated for getting measurements 

and the analysis carried out. 

4.4 Experimental Set Up 

The experimental setup used for evaluating the performance of the constructed 

Parabolic Concentrator-PV system is shown in Figure 4.4.  

 

                                         

Figure 4.4: Experimental set up of the concentrator-PV system 
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The complete Parabolic Concentrator-PV system consisted of a solar module with 7 

cells in series. The solar module was connected to the current-voltage (I-V) tracker, a 

copper-constantine thermocouple and a photo sensor. These devices were themselves 

connected to a CR10X data logger. 

The Parabolic Concentrator PV system was mounted on the roof top of the Applied 

Solar Lab at the University of Zambia in the School of Natural Sciences building. This 

site was chosen because it is free from obstructions such as trees and other buildings. 

The data logger, portable computer and I-V tracker were situated inside the Applied 

Solar Lab. 

 

4.4.1 The Data Logger 

CR10X data logger provide by Campbell Scientific Limited was used in all the required 

measurements in combination with LoggerNet software.  The CR10X datalogger is a 

fully programmable logger with non-volatile memory and a lithium battery backed 

clock in a small, rugged sealed module. The data logger used was an 8 control port with 

12 single-ended or 6 differential analog inputs which are configured individually. It has 

a scan rate of 64Hz and can store up to 62 000 data points either wind speed and wind 

direction, air temperature and modular temperature or solar radiation depending on the 

way it is programmed.  

The data logger was connected to a portable computer in order to record and save 

measurements of solar radiation measured by the photo sensor and module temperature 

measured by the copper-constantine thermocouple for a period of 9 seconds. The 
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measurements for each reflector material used were taken from 09:00 hours to 15:00 

hours over a period of seven days.  

 

Figure 4.4.1: CR10 X Data logger 

The recorded and saved measurements were then downloaded in wordPad and the 

average irradiation and module temperatures calculated. 

 

4.4.2 Current-voltage (I-V) Tracker 

The current and voltage generated by the solar module was measured using a current-

voltage (I-V) tracker which was powered by a 12V d.c Solar Africa battery.  The 

tracker consists mainly of a power supply, a push button which is pushed when getting 

the measurements, a display screen to display the measured values and positive and 

negative terminals to which the solar module terminals are connected. It measures the 

voltage and current generated by the solar module and stores up to 60 measurements of 

Copper-constantine 

thermocouple  

Cable connecting photo  

sensor and data logger  
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voltage and current before the memory is full. It also stores ninety nine data points of 

both current and voltage for each measurement. Figure 4.4.2 shows the front and back 

panels of the I-V tracker used. 

          

Figure 4.4.2: The front and back panels of the I-V tracker 

The two red terminals were connected to the positive terminals of the solar module and 

the two black terminals to the negative terminals of the solar module using two red and 

blue cables. Ninety nine data points were recorded by the tracker in nine seconds and 

were then Im downloaded onto the personal computer through the Tera Term software. 

I-V curves were plotted for each reflective material from which the short-circuit current 

(Isc), the open-circuit voltage (Voc), maximum current (Im), and maximum voltage (Vm) 

were obtained.  The maximum power (Pm) output from the module and the fill factor 

(FF) were evaluated using equations (15) and (16). 

                             mmm VIP 
                                                                                       

(15) 

                             ocsc

mm

VI

VI
FF                                                                                    (16) 
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I-V curves were obtained for each reflector material used on the Parabolic 

Concentrator-PV system and also for the solar module without concentration.  

4.4.3 Spectral Reflectance Measurements 

Spectral reflectance measurements provide important information about the optical 

properties of materials. Spectral reflectance is defined as the ratio of the reflected 

radiant flux to the incident radiant flux [43]. It is a function of the wavelength of the 

incident radiation. The total solar irradiance on the material (Gs) which is the radiant 

energy incident on a surface expressed in watts per square meter is found from the 

equation 

              



0

)()(  dGRGs
                                                                                    

(17) 

Where R(λ) is the wavelength – dependent spectral property of a material and G(λ) is 

the solar spectral irradiance. 

The mean value (Rs) of the R(λ), which is effective over the total solar spectrum is 

given by 
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Since the spectral property and spectral irradiance are usually known for discrete 

values, the integration is performed as summation so that equation (18) becomes 
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(19) 

In the experiment, the reflective materials used were aluminium alloys, chosen because 

to among other properties, flexibility of application, low degradation rate when exposed 

to high temperature and light in weight. The reflectance of each reflector material used 

was measured using Perkin Elmer Lambda 19 spectrophotometer set up in the Solid 

State Physics Laboratory at the University of Zambia. Figure 4.4.3a shows Perkin 

Elmer Lambda 19 connected to a computer. 

 

Figure 4.4.3a: Perkin Elmer Lambda 19 connected to a personal computer 

A reference sample which is a circular disk with a white surface was used to calibrate 

the instrument and was placed at the sample port as shown in Figure 4.4.3b and a 
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spectral scan performed. The spectral wavelength range of the instrument is 300nm to 

2500nm. This range is conveniently divided into three regions, the ultraviolet (300nm 

to 400nm), the visible (400nm to 700nm) and the near-infrared (700nm to 2500nm). 

The source, order-sorting filter, grating and detectors were automatically controlled so 

that continuous spectral scans were made through the full wavelength range of the 

instrument.  

 

Figure 4.4.3b: Sample placed at the sample port of the Lambda 19 

After calibrating the instrument, the reference sample was then replaced with the actual 

samples and the spectral scan on the actual samples performed. The measurements were 

downloaded onto the personal computer connected to the Perkin Elmer Lambda 19 

Spectrometer through UV Winlab software and the total integrated reflectance (TIR) 

for each material calculated using equation (19). 

 

Sample port 
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4.4.4 Tracking System 

Sun tracking is the continuous positioning of the reflector toward the Sun [44]. As the 

Sun’s position changes hourly, the concentrator system should be adjusted so that it 

continues to capture maximum solar radiation and generate maximum power output. 

Generally, there are two types of Sun tracking and these are one-axis tracking and two-

axes tracking. One-axis trackers are generally configured with either a horizontal axis 

rotation or polar axis rotation. A horizontal axis provides for lower profile and larger 

area per tracking structure, as compared to the polar-axis approach and a horizontal axis 

rotation usually uses reflective troughs [45]. The polar-axis of rotation, on the other 

hand, gives higher intercepted energy and limits the incoming sun angle to a maximum 

of 23
o
from the plane of the concentrator. 

A two-axes tracker uses gears which affect the tracking along a vertical axis (the 

azimuth rotation) and along a horizontal axis (the elevation rotation). The horizontal 

axis rotates the concentrator clockwise and counterclockwise horizontally during 

tracking of the sun and the vertical axis rotates the concentrator vertically during the 

tracking of the sun. It also requires more rotation bearings and linkages. The structure 

can use rather small drive components and support members which makes it motorized, 

expensive to maintain and represents the most complicated Sun tracking installation. 
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Figure 4.4.4: Tracking lever on the metal support frame 

Due to the simplicity and low profile of the horizontal-axis configuration, it was chosen 

as a tracking system in the experiment. A tracking lever which was welded to the metal 

support frame shown in figure 4.4.4was used to rotate the concentrator manually so that 

it always pointed at the Sun. This reduced the cost of production of the concentrator 

photovoltaic system compared to the use of motorized tracking system. 
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Metal support  
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Chapter Five 

EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 Irradiance and Module Temperature 

Figure 5.1is a bar graph that gives a comparison of the results for the irradiance and 

module temperature of the reflector materials and the reference (solar module without 

concentration). It is seen that Aluminium Foil and Rolled Aluminium gave almost the 

same irradiation followed by Galvanised Aluminium. The module without 

concentration shows the lowest irradiation.  

Figure 5.1: Comparison of Irradiance and module temperature for the reflector 

materials and reference 
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A closer examination of the results shows that the difference in the irradiance between 

aluminium foil and rolled aluminium is 10.42W/m
2
. This is attributed to the high Total 

Integrated Reflectance (TIR) of both materials. The results found, show that 

Aluminium Foil gave the highest TIR of 95.4% followed by rolled aluminium with 

86.7% and galvanized aluminium with 77.3% with reference to the standard sample of 

the Perkin Elmer Lambda 19 Spectrophotometer. Literature tells us that reflector 

materials with higher TIR have higher concentration of irradiance [46]. 

It is also seen that aluminium foil show the highest module temperature of 52.9
o
C then 

followed by rolled aluminium with 47.8
o
C. This shows a small difference in 

temperature of 5.1
o
C between them. The reference which is the solar module without 

concentration of solar radiation onto it shows a temperature of 35.7
o
C and a difference 

of 12.1
o
C between it and rolled aluminium. The reference also shows a higher 

temperature of 6.1
o
C higher than galvanised aluminium which recorded 29.6

o
C. 

Reflector materials with high TIR also have high heating effect. The high temperature 

shown of the solar module recorded with aluminium foil as a reflective material on the 

concentrator could be attributed to its high reflectance resulting in more irradiance on 

the solar module. The lower temperature shown by rolled aluminium and galvanised 

aluminium, indicate that aluminium foil is not a good diffuse reflector material. The 

high temperature of the solar module recorded when not on the concentrator or without 

concentration could be attributed to the time it was exposed to irradiance. This was 

necessitated by the fact that measurements for the module without concentration were 

taken after removing the solar module from the parabolic concentrator system and 

allowed to cool. 
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5.2 Current – Voltage (I-V) Curves 

Figure 5.2 shows the current-voltage characteristic curves obtained for the three 

reflector materials and the reference (solar module without concentration). 

 

Figure 5.2: Characteristic current-voltage curves for the reflector materials and 

reference 

It can be seen from the curves that the solar module without concentration recorded the 

lowest short-circuit current of 1.14A compared with the configured Concentrator 

Photovoltaic (PV) system using the three different reflectors. With galvanised 

aluminium as a reflector material, the system recorded a short-circuit current of 2.03A 

and with rolled aluminium 2.24A. The highest short-circuit current of 2.34A was 

recorded with aluminium foil as a reflector material on the system. The higher short-
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circuit currents shown by the system compared to the reference can be attributed to the 

amount irradiance recorded by each reflector material and Figure 5.1 supports this. 

aluminium foil recorded the highest irradiance and short-circuit current, followed by 

rolled aluminium and then galvanised aluminium. This tells us that the short-circuit 

current from the solar cells depends linearly on irradiance. However, this effect does 

not provide an increase in the efficiency of the solar module since the incident power 

also increases linearly with irradiance. Instead, the efficiency increase arises from the 

logarithmic dependence of the open circuit voltage. 

On the other hand, it was also observed that with galvanised aluminium used as a 

reflector material, the system recorded the highest open circuit voltage of 3.99V 

followed by rolled aluminium with 3.98V and the module without concentration 

recorded 3.93V. With aluminium foil used as a reflector material, the system recorded 

the lowest open circuit voltage of 3.61V. The decrease of the open circuit voltage for 

the reflector materials would be attributed to the temperature at which the solar module 

was operating. At high temperature, the band gap of the semiconductor reduces due to 

an increase in the energy of the electrons in the material since lower energy is needed to 

break the bonds [47]. The open circuit voltage decreases with temperature because of 

the temperature dependence of the current density under illumination. 

5.3 Power and Irradiance 

The maximum obtainable power from the Concentrator Photovoltaic (PV) system for 

the three reflector materials and without concentration and irradiance is compared in 
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Figure 5.3

 

Figure 5.3: Comparison of maximum power output and irradiance for the 

concentrator system using different reflector materials and without concentration 

 

It was found that when aluminium foil was used as a reflector material on the 

concentrator, the system recorded a maximum power output of 4.16W and with rolled 

aluminium 4.23W. With galvanised aluminium used a reflector material on the 

concentrator, the module recorded 3.89W, 0.34W lower than when rolled Aluminium 

was used. The solar module without concentration recorded a maximum power output 

of 2.34W, 1.55W lower than when galvanised aluminium was used as reflector 

material. The higher power output exhibited by the system with aluminium foil and 

rolled aluminium as reflector materials could be attributed to their high reflectance 

which also resulted in more irradiance on the solar module. This could have also 

resulted from the high currents as it can be observed from the I-V curves leading to the 
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creation of hot spots and reducing the performance of the module and this does not 

improve the efficiency of the solar module. 

 

5.4 Fill Factor 

Figure 5.4 is a comparison of the fill factor of module for each reflector material used 

on the concentrator. 

 

Figure 5.4: Fill factor of module for each reflector material used on the 

concentrator and solar module without concentration 

With galvanised aluminium used as reflector on the concentrator, the module shows the 

highest fill factor of 0.59. When aluminium foil was used as reflector material on the 

concentrator, the solar module recorded a fill factor of 0.55 and with rolled aluminium 
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the fill factor of 0.54 was recorded. The lowest fill factor of 0.53 is for the module 

without concentration. The high fill factor exhibited by the system with galvanised 

aluminium could be attributed to its low reflectance compared to the other two reflector 

materials. Since galvanised aluminium recorded a low reflectance, the irradiance on the 

solar module was being scattered and this resulted in the reduction of the hot spots on 

the module and in turn resulted in uniform distribution of current within the module. 

The low fill factor shown by the module when aluminium foil was used as reflector 

material and rolled aluminium resulted from the high specular nature of the two 

materials as this lead to high short-circuit current recorded. Low fill factor results in the 

reduction of the overall performance of the system. 

 

5.5 Module Temperature and Module Efficiency 

Figure 5.5 is the comparison of the solar module temperature against efficiency for the 

concentrator using different reflector materials and without concentration. 
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Figure 5.5: Temperature and efficiency of the module with concentrator using 

different reflector materials and without concentration 

Figure 5.5 shows the highest efficiency of 15.3% when galvanised aluminium was used 

as reflector material on the concentrator and lowest solar module temperature of 

29.6
o
C. The second highest efficiency of 13.2% was recorded when aluminium foil was 

used as reflector material on the concentrator and module temperature of 52.9
o
C 

followed by 12.7% when rolled aluminium was used as reflector on the concentrator 

and module temperature of 47.9
o
C. The module without concentration showed an 

efficiency of 11.7% and module temperature of 35.7
o
C. From the results obtained, 

galvanised aluminium was a better diffuse reflector material compared to aluminium 

foil and rolled aluminium as can be seen from the temperature recorded. Aluminium 

foil showed a higher efficiency than rolled aluminium. This can be attributed to the fact 

that measurements were instantaneously taken but literature informs us that the 
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efficiency of aluminium foil reduces after being exposed to solar radiation for a long 

period of time [48]. 
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CHAPTER SIX 

SUMMARY, CONCLUSIONS AND RECOMMEDATIONS 

6.1 Summary and conclusion 

The Parabolic Trough Solar Concentrator (PTSC) was designed using the equation of 

the parabola and the ribs for the frame were constructed from locally sourced materials 

of 20mm plywood, contact adhesive and screws. The metal support frame was 

constructed from 40mm x 40mm x 3mm x 6mm angle iron bars and 40mm x 40mm 

square tubes. The sourcing of the materials used in the construction locally assisted 

greatly in reducing the production cost of the PTSC.  

The Parabolic Concentrator Photovoltaic-PV system was then configured with a solar 

module of armophous silicon solar cells and its performance evaluated. The total 

integrated reflectance of the diffuse reflector materials was analyzed using Perkin 

Elmer Lambda 19 spectrophotometer located in the Solid State Physics Laboratory at 

the University of Zambia. Aluminium foil gave the highest reflectance of 95.5% 

followed by rolled aluminium with 86.7% and galvanised aluminium gave 77.3%. The 

results showed that galvanised aluminium gave the lowest irradiance resulting in the 

best irradiance scattering and illuminating the solar module evenly. The even scattering 

of solar irradiance caused uniform distribution of current within the solar cells therefore 

reducing the hot spot formation which resulted in low temperature at which the module 

operated. This showed that galvanised aluminium was a better diffuse reflector material 

than aluminium foil and rolled aluminium. Furthermore, use of galvanised aluminium 

as a reflecting surface on the Parabolic Concentrator-PV system would lower the 
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degradation rate of the solar module since the system would be operating at low 

temperatures. 

The configured Concentrator Photovoltaic (PV) System showed that the use of diffuse 

reflector materials as reflecting surfaces onto it improved the efficiency of the PV 

module by 4% using galvanised aluminium as reflector material on it compared to the 

module without concentration of solar irradiance on it. Using aluminium foil as 

reflective surface the system showed an improvement in efficiency of 2% and rolled 

aluminium showed 1.5% improvement. These results suggest that galvanised 

aluminium would be used as a reflector material on the Parabolic Concentrator (PV) 

System since it shows a better efficiency of the PV module.   

6.2 Recommendations  

It has been shown in this work that diffuse reflector materials can be used as reflecting 

surfaces on the Parabolic Concentrator Photovoltaic (PV) system and they are capable 

of improving the efficiency of the solar module. In this work, the experiment was done 

using passive cooling system (where air was used as a coolant for cooling the solar 

module). For future work, a recommendation to use active cooling system (using a 

liquid such as water running through the pipe at the back of the module) is made as this 

would extract excess heat from the module which in turn would lower the temperature 

of the module. However, this would result in an increase in the cost of producing the 

parabolic concentrator system as the cooling system would require a tank, pipes and 

pump for circulating the water. A pump would also require its own power supply and 

this would mean extra cost.  
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In the experiment, contact adhesive used created a bit of permanent contact between the 

reflector materials used and the base. It was difficult to completely remove the contact 

adhesive from the base when replacing the reflector materials and this affected the 

profile of the concentrator. In order to maintain the smooth profile of the parabolic 

concentrator, a recommendation is also made to use a substance which would make a 

less permanent contact and so that it could be removed completely from the surfaces of 

the reflector material. This would enhance more reflected irradiance to be focused onto 

the module and in turn improve caption of this irradiance by the PV module.  
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