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 ABSTRACT 

 

OPTICAL ANALYSIS OF CROSSED COMPOUND PARABOLIC 

CONCENTRATOR FOR HIGH CONCENTRATOR 

PHOTOVOLTAIC SYSTEM 

 

Lee Pei Shan 

 

 

 

A comprehensive optical analysis on assembly of dielectric-filled 3-D crossed 

compound parabolic concentrator (CCPC) and concentrator photovoltaic 

(CPV) module is presented by embracing the consideration of spectral 

irradiance, incident angles and breakdown optical losses. The theoretical 

modelling supported by experiments has been carried out to evaluate the 

optical efficiency of the CCPC-CPV assembly module by investigating 

detailed optical losses at each layer of the components. From our breakdown 

optical analysis, total Fresnel reflection loss of 11.27%, absorption loss within 

CCPC lens of 11.59% and other losses of 4.79% are obtained to reach the 

optical efficiency of 77.3% of equivalent solar concentration ratio (SCR) of 

4.65 out of geometrical concentration ratio (GCR) of 5.998 suns. Furthermore, 

indoor and outdoor measurements have proven the actual SCR of 4.57 and 

4.48 respectively, which are also equivalent to optical efficiencies of 76.2% 

and 74.4% accordingly. The experimental results have strongly verified the 

simulated result of optical analysis on CCPC-CPV assembly module. The 

comprehensive theoretical modelling of secondary optics is essential for the 

performance optimization of CPV system in the future.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Introduction 

In this chapter, the research background, the problem statement, the aims of the 

project as well as the scope of project will be discussed. 

 

1.2 Research Background 

The development of sustainable energy for generating electricity is vital for the 

future of mankind as non-renewable energy resources release pollutants and is 

exhaustible. Many researchers have been worked on the technologies of 

renewable energy in order to provide a safe environment and sustainable power 

production to the future generation. 

There are many types of sustainable energy being used all around the 

world for electricity production, such as wind, solar, geothermal, hydropower 

and so on. A photovoltaic system is one great alternative to complement and 

replace conservative resources in the future. According to the U.S. Department 

of Energy, the amount of solar power that reaches on Earth every one and a 

half hour is actually more than the worldwide consumes in a year (Tsao, Lewis 

and Crabtree, 2006). Solar energy should be able fulfil the worldwide energy 
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demands. However, the current technologies for harvesting this energy from 

sun are still negligible (Kabir et al., 2017). 

 Researchers around the world have been working for years to develop a 

reliable way to capture and convert solar energy into usable electricity. 

Concentrator photovoltaics system has been a trend towards the research and 

development of solar technologies since multi-junction solar cells (MJSC) 

came out (Green et al., 2015). The cell is a combination of three series-

connected layers of semiconductor materials with diverse bandgaps to absorb a 

wider range of solar spectrum. Therefore, it can generate higher power as 

compared to conventional silicon solar cells. From the datasheet, it is 

recognized that the MJSC could achieve conversion efficiency up to 46%  

(Azur Space, 2015). 

The integration of optics and MJSC in a solar system is defined as 

concentrator photovoltaic (CPV) system. It plays an important role in the 

growth of ultra-high concentrator photovoltaic (UHCPV) system as it can 

transform highly concentrated sunlight into electrical energy. With the use of 

optics such as mirrors and lens, the sunlight can be focused onto the receiver 

that is fitted out with MJSC and generate more than a 1000 suns of ultra-high 

solar concentration ratio. Some of the most common optics used in a CPV 

system is parabolic concentrator, Fresnel lens, refractive kaleidoscope etc. 

These optics can greatly minimize the usage of semi-conductor material and 

the levelized cost of solar electricity (LCSE). The utilization of optics is also 

inexpensive compared to the solar cell made of semiconductor materials. 

However, due to the rapid development in flat PV panel, the optimization of 

CPV systems is indeed so that it can be more competitive in the market. 
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An efficient way of solar energy harvesting can be challenging due to 

the chromatic aberration limits for single material lenses. A number of scholars 

have been introduced several types of multi-stage concentrator photovoltaic 

system to achieve ultra-high SCR with excellent optical performances (Fu, 

Leutz and Annen, 2010; Pérez-Higueras et al., 2015; Ferrer-Rodriguez et al., 

2016; Wong et al., 2017; Shanks et al., 2018). A previous investigation 

advocated that by using homogenizing lenses as secondary stage concentrator, 

a concentrator photovoltaic system is able to exceed the limitation and capable 

of achieving SCR above 1000 suns. In addition, the researchers agree that the 

structure and performance of the optics requires to be investigated further to 

make the CPV system cost competitive to the flat plate photovoltaic. This 

especially applies on secondary optics because it hold a huge potential for 

enhancing the acceptance angle and optical tolerance of a CPV system (Shanks, 

Senthilarasu and Mallick, 2016).  

In a previous work presented by  Wong et al., an UHCPV system with 

the integration of two-stage non-imaging solar concentrator comprises of non-

imaging dish concentrator (NIDC) as the primary optical element (POE) and 

crossed compound parabolic concentrator (CCPC) lens as the secondary optical 

element (SOE) is introduced (Wong et al., 2017). The presented work is able to 

produce an ultra-high SCR of 1475 suns and a reasonably uniform solar 

illumination homogenized onto the MJSCs module. The general features of the 

CCPC lens have been discussed in their previous work (T. Yew, Chong and 

Lim, 2015) and an experiment was conducted (Chong et al., 2017) to inspect 

the performance of the CCPC lens under direct exposure to the sun. However, 

not much details about the optical performance is revealed in their study. Many 
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more details such as the effect of solar spectrum, the optical behaviour of the 

optics under omnidirectional light source etc. are yet to discovered. The optical 

characteristics and performance of the SOE need to be studied in order to 

develop a reliable solution to the main issue. 

The detailed of optical losses in the integration of CCPC and CPV cell 

remains unknown, despite it has been introduced in high CPV system. As the 

CPV system mainly rely on optical elements, identifying the underlying causes 

of the optical losses helps to develop the genuine solution for optimizing the 

overall performance including optical and electrical efficiency. Only through 

analysing the causes of the problem, we will be able to see which strategies 

will be most appropriate to tackling it. Taking action without identifying what 

factors contribute to the problem could result in misdirected efforts. A good 

understanding of the optical characteristics is the key to optimize the 

performance of a CPV system.  Thus, in this thesis, a detailed study on the 

optical characteristics of CCPC module, an assembly of a dielectric-filled 3-D 

CCPC lens and a MJSC has been evaluated. The evaluations were examined 

through 3 phases – computational simulation, indoor and outdoor experiment. 

The light source used in the simulation was based on the spectral output of 

AM1.5 and ranged from 300 – 1800 nm corresponding to MJSC’s spectral 

response. 

 

 

1.3 Research Objectives 
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In this study, a comprehensive optical characterization of the Crossed 

Compound Parabolic Concentrator (CCPC) module as the secondary optics of 

the ultra-high concentrator photovoltaic (UHCPV) system is presented through 

computational and laboratory methods. The main objectives are as follows: 

a) To develop a ray-tracing numerical simulation technique to investigate the 

characteristics of the CCPC module for the application of UHCPV system. 

b) To identify the optical losses of the CCPC module. 

c) To perform indoor and outdoor experiment to validate the ray-tracing 

numerical simulation technique. 

d) To evaluate the optical performance of the CCPC module. 

 

1.4 Outline of Thesis 

In this thesis, the optical characterization and performance of the CCPC will be 

discussed and the organization of the thesis will be presented in the following 

sections: 

▪ Chapter 1 introduces the research background and the existing problem 

under study.  

▪ Chapter 2 gives a literature review on the existing works from other 

researchers.  

▪ Chapter 3 describes an outline of the methodology used in this research. 

The design concept of the CCPC lens, assembly of the prototype module, 

numerical ray-tracing technique with the aid of opto-mechanical software, 

procedure and experimental setup for indoor and outdoor experiment will 

be described in detail.  
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▪ Chapter 4 presents the result and discussion based on the computational 

and experimental findings. Both findings will be analyzed and compared to 

validate the accuracy and reliability of the methodology proposed.  

▪ Chapter 5 will be the wrap for this thesis. A conclusion of the overall 

research and recommended future work will be provided. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Introduction to CPV system 

In recent years, the development of concentrator photovoltaic (CPV) system 

has been getting more interest from the researchers as the alternative of the 

renewable energy sources. The idea of concentration photovoltaic is first 

introduced in mid-1970s to compete with traditional fossil fuel plants. The 

researchers in the Sandia National Laboratories of Albuquerque, New Mexico 

developed the first prototype of linear-trough CPV system with a concentration 

ratio of 40× suns by using Fresnel lenses and water-cooled solar cell (Burgress 

and Pritchard, 1978; Swanson, 2000; Luque, Sala and Ignacio Luque-Heredia, 

2006). 

By making use the principle of optics, optical elements are installed to 

intensify the solar irradiance power onto the decreased areas of photovoltaic 

(PV) cell. Thus, the high cost semiconductor materials can be offset by the 

inexpensive optical devices while efficiency increases as it is able generate 

higher electric power under highly concentrated solar light (Zubi, Bernal-

Agustín and Fracastoro, 2009; Shanks, Senthilarasu and Mallick, 2016).  

The solar concentration ratio (SCR) is defined as the ratio of solar 

irradiance entering the collector to the solar irradiance received by the receiver 

in which it represents the system’s ability to enhance the solar energy 
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(Hoffschmidt et al., 2012). The configuration of the CPV systems can be 

classified as follows based on its concentration factor (Algora and Rey-Stolle, 

2012): 

▪ Low concentration : Less than 10 suns 

▪ Medium concentration : 10 to 100 suns 

▪ High concentration : 100 to 1000 suns 

▪ Ultra-high concentration : More than 1000 suns 

The optical devices that are commonly employed in a CPV system are 

mirrors, lenses (refractive or reflective) or a combination of both.  

 

2.2 Types of secondary optical element 

Many researchers have been proposed different types of secondary optical 

elements (SOE) in their CPV system to achieve higher SCR with good optical 

performances. The SOE are either refractive or reflective while some of the 

conventional concentrators are compound parabolic concentrator (CPC), 

kaleidoscope, dome-shaped lens and reflective light funnel. The 

characterizations of different types of SOE are presented in the next section 

and a summary of all the literature reviewed is listed in Table 2.1. 

 

2.2.1 Reflective light funnel 

A light funnel relies on reflective or refractive components to intensify solar 

reflections onto the solar cell. The common geometry designs for light funnel 
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concentrator can be paraboloid, cone, pyramid, V-shape and so on. According 

to a report released by NASA (National Aeronautics and Space 

Administration), the working principle of a light funnel relies on the 

phenomenon of total internal reflection that it would be possible to lead solar 

incidents onto a concentrator solar cell (Boeing Aerospace Co., 1987). Figure 

2.1 depicts the cross-sectional schematic diagram of a typical light funnel 

concentrator. The angle θ and β named by the researchers, must be designed in 

accordance with the refractive index of the material used so that total internal 

reflection happens. In effect, the light entering from the top will be trapped by 

internal reflection and directed to the exit aperture. This results in a hot spot of 

highly diffuse incident.  

 

Figure 2.1: Illustration of light funnel concentrator concept (Boeing Aerospace 

Co., 1987)  
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The researchers claim that reflection loss is the only losses that might be 

affecting the performance of a light funnel concentrator. Roughly 4% of 

reflection losses happen at each interface of glass and air under normally 

incident light (Boeing Aerospace Co., 1987). This outcome provides an idea 

for the Fresnel reflection losses to be included in this project. When the light 

rays travelling through surfaces or materials with different refractive indices, a 

portion of light will be reflected away from the original pathway, which 

resulted in partial optical losses (Couny, Benabid and Light, 2007). 

 Kaiyan et al. developed a compound concentrator made of multiple 

curved surfaces by combining a parabolic and a flat contour. It was also known 

as imaging CPC. The concentrator’s focus, F is at the backside where the 

reflected incidents are transmitted in opposite way compared to the traditional 

paraboloid concentrator as seen in Figure 2.2. Due to the position of the focus, 

the receiver module and the supporting frame could be easily mounted close to 

the exit aperture, which helps a lot in dissipating the heat (Kaiyan, Hongfei and 

Tao, 2011). At the same time, it provides more flexibility and convenience for 

the researchers to design for various application. 

 

Figure 2.2: The different light transmission pattern, (a) in a conventional 

paraboloid (b) in an imaging concentrator (Kaiyan, Hongfei and Tao, 2011). 
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 Tang and Liu suggested a V-trough concentrator for the application of 

photovoltaic system due to the higher uniformity of the light intensity on the 

exit area. Moreover, the excess heat can be dissipated easier through its side 

wall (Tang and Liu, 2011). The similar concept has been utilized in an earlier 

study by Solanki and colleagues in which a prototype of V-trough PV module 

is designed to overcome the high temperature cumulated in solar cells due to 

the concentrated solar incidents. The fabrication process is presented in Figure 

2.3. A layer of anodized aluminium sheets are mounted on the inner surface of 

the V-trough as shown in Figure 2.3(e) to improve the reflectivity of the 

reflective walls (Solanki et al., 2008). This design is really inspiring as the use 

of anodized aluminium sheets or other similar materials could be useful for the 

optimization of the CPV system proposed in this project. The light rays leaking 

from the adhesive spillage is one of the optical losses encountered in this 

project. The reflective sheets could be a good solution to this issue. On the 

other side, the cell temperature in this design is controlled as it remains almost 

the same with the flat PV module despite the highly concentrated light. The 

increased cell temperature was responsible for the performance drop on solar 

cell as well as the degradation of its operating life (King et al., 2000). 
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Figure 2.3: The fabrication process of the prototype of V-trough concentrator 

module using aluminium sheets and strips of PV module. (a) Aluminium sheets 

(b) aluminium sheets bent into the desired V-trough shape (c) schematic of PV 

cells connected to become a strip, (d) PV module strip and V-trough reflector 

mounted on the aluminium frame, and (e) additional high-reflectance reflector 

is mounted on the side walls (Solanki et al., 2008).  

 

 On top of the optical principle of light funnel, Zheng et al. presented a 

modified version of light funnel concentrator with a deflector. A parabolic 

reflector is attached to the exit of the light funnel as illustrated in Figure 2.4, 

and the concentrated incident will be funnelled down to the centralized receiver.  

The feasibility of the system is verified via ray tracing simulation and 
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experiment. The outcome shows that with the use of whole parabolic deflector, 

the focal speckle distributed on the receiver has higher consistency and 

uniformity compared to half paraboloid deflector (Zheng et al., 2014). 

 

Figure 2.4: Schematic diagram for the combination of light funnel concentrator 

with a deflector for oriented sunlight transmission (Zheng et al., 2014). 

 

2.2.2 Compound Parabolic Concentrator (CPC) 

The history of compound parabolic concentrator (CPC) begins in mid-1960s 

(Welford and Winston, 1978). The key advantage of CPC is that it allows 

wider acceptance angle and remains stable at the same time compared to other 

concentrators (Victoria, Dom and Ant, 2009). Many versions of CPC have 

been investigated in former studies, such as atypical 3-D CPC, lens-walled 

CPC, crossed CPC (CCPC).  

 Dai et al. had used a single 3-D CPC as the secondary optics for their 

two-stage solar concentrator while the primary stage was formed by a dish 

concentrator. The idea of the 3-D CPC module used as secondary optic is 
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depicted in Figure 2.5, where ∆𝜃 represents the incident angle, L is the length 

of the 3-D CPC module, r0 and r1 represent the radius of the entrance aperture 

and exit aperture respectively. The solar concentrating performance of the 

system has been investigated under two scenarios: (i) only dish concentrator is 

used (ii) the combination of dish concentrator and 3-D CPC are used. In their 

study, the numerical result shows that the intercept efficiency of using the 

integrated system is approximately 4.0% higher and concentration ratio for the 

latter scenario is twice that of using only the dish concentrator (G. Dai et al., 

2011). This is evidence that a multi-stage concentrator photovoltaic system is 

the key to boost the solar concentration ratio. 

 

Figure 2.5: The illustration of the 3-D CPC module (G. Dai et al., 2011). 

 Su and team had proposed a novel lens-walled CPC in their study in 

which it has a thin CPC-shape lens bonded to the inner side of a mirror CPC. 

The alternative is to mirror-coat the outside surface of the lens. The researchers 

claimed that a lens-walled CPC could collect the incoming light at a greater 

angle of incidence compared to mirror CPC while it has lighter weight 
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compared to a solid CPC (Su et al., 2012). A comparison between the lens-

walled CPC together with the common mirror CPC and a solid CPC was then 

presented in their later study. The schematic view for the three designs is 

shown in Figure 2.6. The concentration ratio for all three modules is 2.5. A 

mirror CPC consists of two parabolic curves (AB and CD) in which the axes of 

symmetry tilted to form the acceptance angle (AOD). The configuration of a 

solid CPC is the same as mirror CPC but filled with dielectric material. The 

back surface of the lens-walled CPC can direct the incident to the outlet of the 

lens via second refraction. The outcome showed that the lens-walled CPC is 

indeed providing a greater acceptance angle compared to the other two, but its 

optical efficiency is the lowest among all three when the incident angle is 

within the half acceptance angles (Su, Riffat and Pei, 2012). Based on their 

evaluation in various aspect, solid CPC earned the best score among three as 

lens-walled CPC only yields approximately 80% of the solid CPC’s 

performance in terms of accumulative solar energy collection even though it 

provides bigger acceptance angle. This evidence shows that solid CPC is a 

better option compared to other design of CPC. 
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Figure 2.6: The schematic view of (a) common mirror CPC (b) solid CPC (c) 

lens-walled CPC (Su, Riffat and Pei, 2012). 

 Cooper et al. presented an analysis on polygonal CPCs to find out the 

most promising geometry for CPC except from revolved CPC. The tested 

polygonal CPCs having number of sides, n = 3, 4, 5, 6, 8 and 12. The result 

showed that when the number of sides increases, the acceptance efficiency 

increases. Revolved CPC gave out the highest efficiency while polygonal CPC 

with n ≥ 4 are within 5% of it. However square CPC (n = 4) also showed some 

strange but notable behaviour. It achieved higher acceptance efficiency than 

hexagonal and pentagonal CPC for acceptance angle less than 17˚ even though 

it has lesser number of sides (Cooper et al., 2013). Consequently, a square CPC 

is more suitable to use as secondary concentrator as too many sides might 

increase the complexity of fabricating process. Besides, if we want to use a 

CPC as the homogenizer for PV cell receiver, the shape of the receiver must be 

included into consideration (Sellami, Mallick and Mcneil, 2010; Mammo, 



 

17 

 

Sellami and Mallick, 2012; Baig et al., 2014). Apparently, a square exit 

aperture can match better with the CPV receiver as most of the commercial 

solar cell are fabricated in square or rectangular shape. 

 

2.2.3 Dome lens 

A dome lens is a semi-sphere lens that well known for its wide acceptance 

angle. Several studies stated that a dome lens typically requires lesser material 

compared to a dielectric-filled CPC, and it is easier to manufacture due to its 

shape (Victoria, Dom and Ant, 2009; Shanks, Senthilarasu and Mallick, 2016). 

Apart from acceptance angle, it is also proven that the dome lens produced 

better irradiance distribution than other lens (Hernández et al., 2008; Victoria, 

Dom and Ant, 2009). Acceptance angle is an important factor to consider in 

choosing a secondary optics as wider acceptance angle can provide more 

tolerance to other system components as well as the alignment requirements. In 

overall, it is possible to reduce the manufacturing and installing cost using 

homogenizer with greater acceptance angle (Victoria, Dom and Ant, 2009). 

 According to Hernández et al, Sandia Labs introduced the first 

photovoltaic integrating concentrator in late 80’s, and the concept is 

demonstrated in Figure 2.7 (Hernández et al., 2008). The concentrating system 

presented by James and Lawrence is formed by integrating the primary Fresnel 

lens onto dome-shaped secondary optic, which can be either a half-ellipsoidal 

glass or a single surface lens (SILO). The SILO lens is a cylinder or cone lens 

moulded with half-egg top surface. It seems more convenient as it allows direct 

bonding to the solar cell. Through their study, it is verified that the solar image 
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could be uniformly penetrated on  the solar cell regardless of the incident angle 

of incoming lights (James and W, 1989). 

 

Figure 2.7: The illustrated concept for the concentrating system presented by 

James and Lawrence in late 80’s (a) under normal incidence (b) under 

incidence approaching acceptance angle (Hernández et al., 2008). 

 

 Fu, Leutz and Annen discussed the optical performance of the “half-

egg” as the secondary for Fresnel lens in 2010. The proposed two-stage CPV 

system consists of Fresnel lens as POE while a half-egg homogenizer as SOE 

(as depicted in Figure 2.8) has geometrical concentration ratio of 800× suns. It 

is found that the “half-egg” secondary is exceptionally sensitive to the focal 

point’s position of primary optics. Although the irradiance distribution 

produced on top of the solar cell is relatively uniform under normal incidence, 

when the angle of incidence increases, it becomes progressively worse. Thus, it 

is concluded that a precise manufacturing of “half-egg” SOE is needed so that 

it can cooperate well with POE (Fu, Leutz and Annen, 2010). 
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Figure 2.8: (a) The CPV system comprises of Fresnel lens and half-egg lens (b) 

ray-tracing of the half-egg lens with solar angle of ± 0.28˚ under normal 

incidence at the direct normal insolation (DNI) of 850 W/m2 (c) ray-tracing of 

the half-egg lens with an incidence angle of 0.5˚ for both x and y directions 

horizontally (Fu, Leutz and Annen, 2010). 

 

 Ferrer-Rodriguez and team presented a 4-off-axis-unit UHCPV based 

on Cassegrain optical design. The three-stage optical system as shown in 

Figure 2.9 used independent paraboloid (POE) and hyperboloid mirrors (SOE), 

four pieces each, and a glass cover as tertiary optical element (TOE) to 

concentrate and transmit the sunlight onto a MJSC receiver to attain effective 

SCR of 1682 suns. Nonetheless, the optical efficiency is capped at 73% 
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because of the shadowing and transmission losses (Ferrer-Rodriguez et al., 

2016). 

 

Figure 2.9: (a) Modelling of the UHCPV with Cassegrain-based optical design. 

The labelled elements are (1) paraboloid mirrors (POE), (2) hyperboloid 

mirrors (SOE), (3) four-fold dome-shaped homogenizer and (4) solar cell (b) 

ray-tracing at the central receiver. 
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2.2.4 Kaleidoscope 

The idea of kaleidoscope was first patented at two centuries ago by Brewster 

and David (Brewster and Sir David, 1817). A kaleidoscope is similar to CPC 

but equips with rectangular reflective or refractive sidewalls.  

 Ries, Gordon and Lasken used a hexagonal reflective paraboloid dish as 

POE while used a hexagonal kaleidoscope as SOE in their high-flux 

photovoltaic concentrator system as presented in Figure 2.10. The parameters 

presented as D = dish diameter, f = dish focal length, H = distance from focal 

spot to absorber plane, W= kaleidoscope width, L = kaleidoscope depth and n 

= ratio of the linear dimension of the window to that of the unit cell of the grid.  

The image formed by the polygonal kaleidoscope is based on its geometry, one 

with square-based will produce a square grid. In terms of irradiance 

distribution, the utilisation of kaleidoscope secondary generated better 

minimum-to-maximum irradiance ratio than using POE only. In addition, the 

relative standard deviation is lower (Ries, Gordon and Lasken, 1997). 
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Figure 2.10: Side view of the kaleidoscope with the design parameters. The 

field of view is commensurate with the grid of virtual sources (Ries, Gordon 

and Lasken, 1997). 

 The similar idea was then discussed in Kreske’s work in which a square 

or rectangular kaleidoscope is preferred to use as the receiver box. However, 

the shading of the receiver box causes more losses than expectation. A precise 

design is required for the supports used to hold the receiver box (Kreske, 2002). 

Chen et al. evaluated three types of SOE with flat Fresnel lens which 

are kaleidoscope with equal optical path design (KOD), kaleidoscope with flat 

top surface (KFTS) and open-truncated tetrahedral pyramid with specular walls 

(SP). An optimized KOD lens is found to be the best in exhibiting irradiance 

distribution on the solar cell among the three SOEs. Nevertheless, the optical 

efficiency of KOD-type SOE drops significantly at an incidence angle of 2˚, 

which indicates that the manufacturing for KOD-type SOE is difficult as it 

requires high tracking accuracy (Chen, Chiang and Hsieh, 2015).  
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Figure 2.11: Schematic diagram of KOD-type SOE (a) design factors (b) 3-D 

model (Chen, Chiang and Hsieh, 2015).  

Similarly, EL-yahyaoui et al. (El-yahyaoui et al., 2019) investigated the 

performance of the two-stages optical concentrators consisted of PMMA 

Fresnel lens as the primary optical element (POE) with two types of SOEs: a 

pyramid lens and a cone lens made of fused silica (refer to Figure 2.12). In 

comparison, pyramid lens achieved higher optical efficiency of 73.7% as SOE 

in indoor experiment. The difference between simulation and experiment result 

is approximately 29% but no justification is given (El-yahyaoui et al., 2019).  

 

Figure 2.12: Three dimensional illustration for the (a) refractive cone and (b) 

pyramid lens (El-yahyaoui et al., 2019) 
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2.2.5 Diffractive secondary 

Sahin and Yilmaz (Sahin and Yilmaz, 2019) proposed a circular diffractive 

SOE instead of reflective or refractive optics as shown in Figure 2.13. The 

manufacturing process for large-area diffractive lens such as Fresnel lens can 

be challenging. However, if diffractive lens is used as secondary optics, it is 

easier to manufacture as the size reduces. In spite of the addition of diffractive 

SOE increases the optical efficiency of the CPV system by 6%, the real 

manufactured diffractive elements will comes with discrete step and cause 

deviation from the ideal model proposed in the paper (Sahin and Yilmaz, 2019).   

 

Figure 2.13: Diffractive lens is used as the secondary optics in the high 

concentration photovoltaics system (Sahin and Yilmaz, 2019). 
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Table 2.1: A summary of the existing secondary optics used in CPV system 

mentioned in literature review. 

Authors Title Secondary 

optics used  

Findings and discussion 

Reflective light funnel 

Boeing 

Aerospace 

Co. (1987) 

Light Funnel 

Concentrator 

Panel for Solar 

Power 

Light funnel 

concentrator 
• The geometrical parameters 

must be designed based on the 

refractive index of the material 

used to manufacture the light 

funnel so that total internal 

reflection occurs. 

• Reflection loss is the only loss 

that might be affecting the 

performance, Roughly 4% of 

reflection losses occur at each 

interface of glass and air under 

normally incident light. 

Kaiyan et 

al. (2011) 

A novel 

multiple curved 

surfaces 

compound 

concentrator 

Imaging CPC • The concentrator’s focus is at the 

back side. 

• Light rays are transmitted 

forward instead of backwards 

compared to the conventional 

parabolic concentrators. 

• This design is extremely useflu 

for some application. 

Tang and 

Liu (2011) 

Optical 

performance 

and design 

optimization of 

V-trough 

concentrators 

for photovoltaic 

applications 

V-trough 

concentrator 
• Able to produce light intensity 

with high uniformity. 

• Better dissipation of excess heat. 

Solanki et 

al. (2008) 

Enhanced heat 

dissipation of V-

trough PV 

modules for 

better 

performance 

V-trough 

reflector 
• Solution for the high temperature 

cumulated in CPV cells. 

Zheng et 

al. (2014) 

Combination of 

a light funnel 

concentrator 

with a deflector 

for orientated 

sunlight 

transmission 

Light funnel 

concentrator 

with a deflector 

• Deflector is attached at the outlet 

of light funnel to direct the light 

beams to the central receiver. 

• Utilization of whole parabolic 

deflector creates focal speckle 

with higher consistency and 

uniformity than half paraboloid 

deflector. 

Compound parabolic concentrator (CPC) 

Dai et al. 

(2011) 

Numerical 

investigation of 

the solar 

Single 3-D 

CPC 
• The use of secondary optics 

doubled the concentration ratio 

of the CPV system. 
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concentrating 

characteristics 

of 3D CPC and 

CPC-DC 

Su, Pei, et 

al. (2012) 

Radiance/Pmap 

simulation of a 

novel lens-

walled 

compound 

parabolic 

concentrator 

(lens-walled 

CPC) 

Lens-walled 

CPC 
• A thin CPC-shape lens attached 

to the inner wall of a mirror 

CPC. 

• Able to collect light rays from 

greater angle of incidence. 

• Lighter weight than solid CPC. 

 

Su, Riffat, 

et al. 

Comparative 

study on annual 

solar energy 

collection of a 

novel lens-

walled 

compound 

parabolic 

concentrator 

(lens-walled 

CPC) 

Lens-walled 

CPC 
• Comparison is made with other 

types of CPC. 

• Lens-walled CPC has greatest 

angle of incidence but lowest 

optical efficiency when the 

incident angle is within the half 

acceptance angle. 

Cooper et 

al. (2013) 

Performance of 

compound 

parabolic 

concentrators 

with polygonal 

apertures 

Polygonal 

CPCs 
• When number of side increases, 

the acceptance efficiency 

increases. 

• Revolved CPC produces highest 

efficiency whereas CPC with 

four sides within 5% of it. 

• Square CPC showed some 

strange but notable behavior as it 

achieved higher acceptance 

efficiency than hexagonal and 

pentagonal CPC. 

• Square CPC is more suitable for 

the application of secondary 

optics as too many sides increase 

the complexity of the fabrication 

process. 

• Square CPC matches better with 

solar cells. 

Dome lens 

Victoria et 

al. (2009) 

Comparative 

analysis of 

different 

secondary 

optical elements 

for aspheric 

primary lenses 

Several types 

of SOE are 

studied (Dome 

lens is mainly 

discussed in 

this section.) 

• Lesser materials required than 

dielectric-filled CPC. 

• Dome shaper is easier to 

manufacture. 

• Better irradiance distribution. 

• Possible to reduce cost by using 

homogenizer with greater 

acceptance angle.  

James and 

W (1989) 

Use of imaging 

refractive 

secondaries in 

Half-ellipsoidal 

glass or a 

single surface 

• Solar image could be uniformly 

penetrated on the solar cell 
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photovoltaic 

concentrators 

lens (SILO) regardless the angle of incidence 

of incoming lights. 

Hernández 

et al. 

(2008) 

High-

performance 

Köhler 

concentrators 

with uniform 

irradiance on 

solar cell 

Fu, Leutz 

and Annen 

(2010) 

Secondary 

optics for 

Fresnel lens 

solar 

concentrators 

Half-egg 

homogenizer 
• Half-egg secondary is extremely 

sensitive to the focal point’s 

position of primary optics. 

• The irradiance distribution 

becomes progressively worse 

when the angle of incidence 

increases. 

• A precise manufacturing is 

required to cooperate with 

primary optics. 

Ferrer-

Rodriguez 

et al. 

(2016) 

Optical Design 

of a 4-Off-Axis-

Unit Cassegrain 

Ultra- High 

CPV Module 

with Central 

Receiver 

Four-fold 

dome-shaped 

homogenizer 

• The optical efficiency of the 

multi-stage solar system is 

studied. 

• No particular discussion on the 

dome-shaped homogenizer. 

• An effective SCR of 1682 suns is 

achieved. 

 

Kaleidoscope 

Ries, 

Gordon 

and 

Lasken 

(1997) 

High-flux 

photovoltaic 

solar 

concentrators 

kaleidoscope-

based optical 

designs 

Hexagonal 

kaleidoscope 
• The solar image formed is based 

on its geometry. 

• Kaleidoscope secondary 

generates better minimum-t-

maximum irradiance ratio than 

using single stage optics only. 

• Lower relative standard 

deviation. 

Kreske 

(2002) 

Optical design 

of a solar flux 

homogenizer for 

concentrator 

photovoltaics 

Square or 

rectangular 

kaleidoscope 

• The shading of the receiver box 

causes more losses than 

expectation. 

• A precise design is needed for 

the supports to hold the receiver 

box. 

Chen et al. 

(2015) 

Design of the 

Secondary 

Optical 

Elements for 

Concentrated 

Photovoltaic 

Units with 

Fresnel Lenses 

• Kaleidoscop

e with equal 

optical path 

design 

(KOD) 

• Kaleidoscop

e with flat 

top surface 

(KFTS) 

• Open-

truncated 

tetrahedral 

• An optimized KOD is the best in 

exhibiting irradiance distribution 

on the solar cell. 

• The manufacturing for KOD-

type secondary optics is difficult 

as it required high tracking 

accuracy. 
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pyramid 

with 

specular 

walls (SP) 

EL-

yahyaoui 

et al/ 

(2019) 

Indoor 

characterization 

of pyramid- and 

cone-type 

secondary optics 

Pyramid lens 

and cone lens 
• Pyramid lens achieved higher 

optical efficiency than cone lens. 

• The difference between 

simulated and experimental 

result is approximately 29% but 

no justification is given. 

Diffractive secondary 

Sahin and 

Yilmaz 

(2019) 

High 

Concentration 

Photovoltaics 

(HCPV) with 

Diffractive 

Secondary 

Optical 

Elements 

Furkan 

Circular 

diffractive SOE 
• Large area diffractive lens is hard 

to fabricate but smaller 

diffractive lens used as secondary 

optics is easier. 

• Diffractive SOE increases the 

optical efficiency of CPV system 

by 6%. 

• Actual manufactured diffractive 

lens will comes with discrete step 

and cause bigger deviation from 

the ideal model proposed in the 

paper. 

 

 

2.3 Evaluation of secondary optical element 

From the past studies, it is known that although SOE can help to boost up the 

performance of the solar system, adding a secondary optics will also incur 

additional optical losses. Multiple optical devices in a system can lead to 

increasing optical losses as well as reducing the optical precision due to 

manufacturing and alignment errors (Languy and Habraken, 2013). However, 

all the studies above only provide a brief description about the optical 

efficiency but not much detail about the optical losses is revealed. More details 

such as the type of possible losses, the reason that causes those losses and how 

can it affect the overall performance should be revealed as we should know the 

optical losses before the overall efficiency in order to optimize the system more 

effectively. For instances, if reflective SOE is used in a project, the reflectivity 
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of the materials should be included in the discussion as no material can 

guarantee zero reflection loss. 

Even though there are many types of homogenizing optics can be used 

as secondary concentrator, prior researches substantiate the belief that a 3-

dimensional crossed compound parabolic concentrator (3-D CCPC) is the most 

ideal as it works perfectly for all light incidences within the desired acceptance 

angle(Winston, Miñano and Benitez, 2005; Sellami and Mallick, 2013). Thus, 

many efforts had been done by some researchers to study the optical 

characterization of the crossed compound parabolic concentrator as the 

secondary optics of a CPV system (Sellami, Mallick and Mcneil, 2010; Sellami 

and Mallick, 2013; Baig, Sellami and Mallick, 2015). For instances, a work 

studied by Sellami et al. presented a MATLAB code to test the optical 

efficiency and flux distribution on the solar cell of an improved atypical 3-D 

CCPC with different angles of incidences (Sellami, Mallick and Mcneil, 2010). 

However, the angular performance was only studied in one direction by 

moving the light source unidirectional. The result shows a non-uniformity 

illumination distribution at the exit aperture. Another study conducted by Baig 

et al. (Baig, Sellami and Mallick, 2015) has presented the losses incur in a 3D 

Cross Compound Parabolic Concentrator (3DCCPC). An optical analysis is 

conducted by quantifying the losses due to the encapsulant spillage of different 

thickness. However in their work, it is more focused on the losses caused by 

the optical adhesive and the concept of trapping the light escaping from the 

module. Other than the edge/ corner light leakage, the optical performance of a 

CCPC lens can be also affected by many other factors, such as Fresnel 

reflection losses caused by refractive-index difference as well as the absorption 
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of the materials, which in this work, a detailed analysis for all kind of possible 

optical losses will be computed. Through the breakdown analysis, it allows 

future researchers to understand what the possible optical losses are and how 

much it can affect the overall efficiencies of the CCPC lens. Understanding the 

optical losses of the optics is essential for the researchers to optimize their CPV 

system. 

To validate the ray-tracing numerical simulation technique used, both 

indoor and outdoor experiments is conducted in this work. An indoor 

experiment is carried out with the aid of solar simulator to validate the 

simulated result. Gao and Chen used laser instrument to verify the light path 

generated through the ray tracing, and the difference between the theoretical 

and experimental result is analysed through the abscissa of a point. Similarly, 

their ray tracing method is also based on Monte Carlo Ray Trace (Gao and 

Chen, 2020). However, laser instrument can only emit single light ray at one 

time. It is effective to track the direction of the light ray but not able to observe 

the ray’s convergence characteristics of the whole system. For this reason, 

solar simulator is used in this work as it can generate solar light rays with full 

range of solar spectrum, with the projection area that is able to cover the whole 

CCPC-CPV assembly module. In this case, the ray’s convergence 

characteristics of the module can be studied thoroughly as the light rays will 

distribute onto every part of the module’s entrance. 
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CHAPTER 3 

 

METHODOLOGY 

 

3.1 Overview of UHCPV system 

Wong et al. introduced an UHCPV system with the integration of two non-

imaging optics as solar concentrators. The proposed solar concentrator system 

is a combination of non-imaging dish concentrator (NIDC) and dielectric-filled 

crossed compound parabolic concentrator (CCPC).  The 3-dimensional 

schematic diagram of the UHCPV system is shown in Figure 3.1 (Wong et al., 

2017).  

 

Figure 3.1: The UHCPV system comprises of (a) POE: non-imaging dish 

concentrator (b) SOE: crossed compound parabolic concentrator (Wong et al., 

2017). 
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 The incoming solar irradiance from the sun will be collected by the 

POE and reflected towards the SOE. Next, the irradiance will be homogenized 

and further concentrated by the SOE before entering the solar cell. 

 

3.1.1 Design of primary optical element 

The primary optical element used in this UHCPV system is non-imaging dish 

concentrator. This design is aimed to generate uniform flux distribution across 

the receiver. The design criteria and details of the non-imaging dish 

concentrator are patented by Chong et al. (Chong et al., 2012, 2013; Chong, 

Yew and Tan, 2015). A parabolic dish made of single piece of mirror requires 

high manufacturing cost because distinct technology is needed to fabricate the 

mirror with thickness from 0.7 mm to 1.0 mm to shape it in parabolic mirror 

(Kussul et al., 2008). Therefore, the cost for a combination of small facet 

mirrors can be really low and the manufacturing process is easier compared to 

a whole piece of parabolic mirror.  

As shown in Figure 3.1(a), the NIDC is formed by 480 pieces identical 

facet mirrors arranged in an array of 22 rows × 22 columns. To avoid the 

shading of the central receiver, four mirrors around the origin is removed. The 

dimension of each flat facet mirrors is 4 cm × 4 cm. The position of the facet 

mirrors is gradually lifted from central to peripheral regions to form a parabolic 

dish. In addition, the facet mirrors is drawn 0.5 cm adjacent to each other to 

enable more tolerance for installation. The position of each facet mirrors is 

arranged through a computational algorithm so that it won’t block and causes 
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shadowing effect among the adjacent mirrors. The specification of the NIDC is 

listed in Table 3.1. 

 

Table 3.1 Specifications of the NIDC as the primary concentrator of the 

UHCPV system. 

Primary optical element (POE) : Non-imaging dish concentrator (NIDC) 

Type of reflector Flat facet mirrors 

Dimension of facet mirrors 4 cm × 4 cm 

Total reflective area 7680 cm2 

Total projection area of reflector 7590 cm2 

Assumed reflectivity in simulation 0.95 

Array arrangement 11 rows × 11 column per quarters 

22 rows × 22 columns in total, with 4 

facet mirrors in central region 

removed 

 

3.1.2 Overview of CCPC-CPV assembly module 

Crossed compound parabolic concentrator is utilized as secondary concentrator 

in the UHCPV system. Figure 3.2(a)-(b) depict the cross-sectional view of the 

CCPC lens and 3-D geometry of assembly CCPC-CPV module being studied 

in this paper. A CCPC-CPV assembly module means the integration of a 

CCPC lens with a MJSC. The optical adhesive is used as the bonding material 

between the CCPC lens and a MJSC module equipped with a bypass diode. 

Most of the solar cells in the market including Azur Space 3C44 MJSC (used 

in this study) are fabricated in a square or rectangular shape. To match the 

interface of MJSC, the lens aperture must be designed in square with the size 
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slightly smaller than that of solar cell to avoid the concentrated sunlight fallen 

onto the peripheral region of the solar cell which is non-active due to the built-

in bus bars (T. Yew, Chong and Lim, 2015). The specification of the CCPC 

lens is listed in Table 3.2 and the detailed design rule of the CCPC lens used in 

this work has been described in a previous work done by Yew et al. (T. Yew, 

Chong and Lim, 2015). The geometrical concentration ratio (GCR) of a 

concentrating optic can vary. For instances, when the irradiances that falls on 

10 cm2 is concentrated onto a surface of 1 cm2, the GCR is said to be 10 suns; 

if the light of 100 cm2 is concentrated on 1 cm2, then the GCR is 100 suns. The 

GCR of CCPC lens is 5.998 as the entrance aperture is 576 mm2 while the exit 

aperture is 96.04 mm2. In this study, B270 Schott glass is chosen as the 

dielectric material for the CCPC lens due to its high transmissivity and 

affordable cost.  

 

Figure 3.2: (a) Cross sectional view of the dielectric-filled CCPC lens (b) 3-D 

geometry of an assembly CCPC-CPV module with refractive indices, n, of 

each component. 
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 By referring to Figure 3.2(a), the geometrical design of the CCPC lens 

can be calculated through the following equations derived from Snell’s Law 

(Winston, Miñano and Benitez, 2005). 

2𝑎 =
2𝑎′

𝑠𝑖𝑛 𝜃′𝑖
     (3.1) 

𝐿 =
𝑎′(1+sin 𝜃′𝑖) cos 𝜃′𝑖

𝑠𝑖𝑛2𝜃′𝑖
     (3.2) 

𝜃𝑖 = 𝑠𝑖𝑛−1(𝑛 sin 𝜃′𝑖)     (3.3) 

𝐺𝐶𝑅 = (
𝑎

𝑎′)
2 = (

1

𝑠𝑖𝑛 𝜃′𝑖
)2 = (

𝑛

𝑠𝑖𝑛 𝜃𝑖
)2    (3.4) 

where 2α and 2α’represent the entrance and exit aperture size respectively 

while L is the length of the CCPC lens. The half acceptance angle, θ’i and the 

angular half acceptance angle, θ i of the CCPC lens can be computed through 

Eqns. 3.3 and 3.4 as 24.1˚ and 37.77˚ respectively. 
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Table 3.2 Specification of the secondary optics element used in UHCPV 

system. 

Secondary optical element (SOE): Crossed compound parabolic concentrator 

(CCPC) lens 

Dielectric material B270 Schott glass 

Array arrangement 2 rows × 2 columns 

Dimension of the entrance aperture, 2a 

Dimension of the exit aperture, 2a’ 

24 mm × 24 mm 

9.8 mm × 9.8 mm 

Length, L 37.78 mm 

Geometrical concentration ratio (GCR) 5.998 

Half acceptance angle, θ’i 24.1˚ 

Angular half acceptance angle, θi 37.77˚  

Optical constant of B270 Schott Glass  @ 300-1800nm 

Refractive index, n 1.50 – 1.56  

Absorption coefficient, α 2.81× 10-04 mm-1 – 0.14 mm-1 

Extinction coefficient, k 1.23 × 10-08 – 3.59 × 10-06 

Internal transmittance, Ti 0 – 0.989 

External transmittance, Te 0 – 0.906 

 

 

3.1.3 Multi-junction solar cell 

The internal structure of a MJSC studied in this work is divided into three 

layers, Indium Gallium Phosphide (InGaP) on top, followed by Indium 

Gallium Arsenide (InGaAs) and lastly Germanium (Ge) as shown in Figure 3.3 

while the external quantum efficiency (EQE) of the three p-n junctions is 

shown in Figure 3.4 (Azur Space, 2015) which provides energy conversion 

efficiency as the ratio of the output electrical energy to incident photonic 

energy for each wavelength.  
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Figure 3.3: Azur Space 3C44 consisting of three layers: InGaP/InGaAs/Ge 

with a bandgap of 1.88 eV, 1.41 eV and 0.67 eV respectively. 

 

Each MJSC equipped with a bypass diode for protecting purpose. As a 

matter of facts, there are two options of ARCs for the MJSC depending on 

user’s need, which is ARC-air and ARC-glass. ARC-air indicates that the 

antireflective coating applied on the surface of MJSC is adjusted for the 

interface to air.  Under this circumstance, the light rays enter the MJSC directly 

from air. On the other hand, the ARC-glass is adapted for the interface to glass 

or other similar materials with refractive index, n ≈ 1.43. It is suitable for the 

application where the light will enters the MJSC through secondary glass 

components or homogenizer. With regards to this, ARC-glass is applied in this 

work since the CCPC lens is bonded onto MJSC. The specification of the 

MJSC is listed in Table 3.3. The detailed electrical and mechanical data of the 

MJSC can be found in Appendix B. 
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Table 3.3 Specification of the multi-junction solar cell (MJSC) used in this 

work (Azur Space, 2015). 

Multi junction solar cell: Azur Space 3C44 

Base materials First layer – Indium Gallium Phosphide 

Second layer – Indium Gallium Arsenide 

Third layer – Germanium 

Dimension of active cell 10 mm × 10 mm 

Thickness 190 µm (± 20 µm) 

Antireflective coating material TiO×/AlO× 

Typical efficiency at 1000 suns 40.5% 

Maximum operating temperature 110 °C 

Measurement condition:  

1000 W/m2 irradiance (ASTM G 173-03), Temperature = 25 °C 

Open circuit voltage, VOC @ 1000 suns 3.14 V 

Short circuit current, ISC @ 1000 suns 14.97 A 

 

Figure 3.4: External quantum efficiency (EQE) of the MJSC (Azur Space, 

2015).  
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Since each p-n junction material responds to a different range of the 

solar spectral irradiance in such a way that the three different III-V 

semiconductor materials can complement each other to cover almost the full 

solar spectrum. Moreover, the MJSC is designed to generate high density of 

electrical power capable of accommodating high current and high operating 

temperature under highly concentrated sunlight as compared to that of the 

conventional silicon solar cells. 

 

3.2 Performance evaluation of CCPC-CPV assembly module 

The evaluation of CCPC-CPV assembly module in both optical and electrical 

performance has been carried out through computational and experimental 

methods. The research methodology of theoretical modelling on CCPC-CPV 

assembly module with practical validation is presented systematically in a flow 

chart as depicted in Figure 3.5.  
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Figure 3.5: A summary of the evaluation process of the CCPC-CPV assembly 

module. 

Theoretical characterization of CCPC-CPV assembly module 

(a) Optical losses of different components in CCPC-CPV assembly module 

1. Identify all the possible optical losses at each component layer. 

2. Compare the optical power received at each layer to the subsequent layer.  

3. Compute the percentage of each optical loss at each component layer, i.e. Fresnel reflection 
losses, absorption losses, edge/corner leakage etc. 

 

(b) Optical efficiency under different angle of incidence 

1. Simulate flux distribution maps of CCPC-CPV assembly module for different zenith angles ΦZ : 

0o to 37.77o) and azimuth angles (ΦZ : 0
o to 360o). 

2. Extract optical efficiency of CCPC-CPV assembly module from the simulated flux distribution 

maps. 

 

Indoor measurement 

1. Measure the ICCPC-CPV and ICPV indoor 

with the aid of solar simulator. 

2. Measure the spectral irradiances of the 

solar simulator via spectrometer. 

 

 

Ray-tracing simulation 

1. Import 3-D model of CCPC-CPV assembly module from SolidWorks to TracePro. 
2. Define surface and material properties for each component of CCPC-CPV assembly module.  
3. Define 

spectral irradiance of light source ranging from 300 nm to 1800 nm with the resolution of 10 nm. 
4. Initiate ray-tracing simulation. 

5. Generate irradiance map and concentrated solar flux data in the format of .txt. 

START 

Outdoor measurement 

1. Measure the ICCPC-CPV and ICPV 

outdoor under direct exposure to sun. 

2. Determine the direct beam irradiance 

from the sun via pyrheliometer. 

 

Numerical analysis based on simulated data 

1. Divide the optical power received by MJSC, PCPV by the optical power at entrance aperture of CCPC 
lens, PCCPC in a function of wavelength to determine the optical efficiency of each wavelength. 

2. Calculate the SCR for each wavelength by multiplying the optical efficiency of each wavelength 

with the GCR of 5.998. 

3. Calculate the JSC () in the function of wavelength for each sub-cell of MJSC. 

4. Calculate the ICCPC-CPV and ICPV by using Eq. (3.10) and Eq. (3.11). 

5. Compare the ICCPC-CPV and ICPV to determine the SCR of the CCPC-CPV assembly module. 

Experimental Setup 

END 
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3.2.1 Ray tracing simulation 

Ray tracing is a simulation technique that is extensively used in optical science 

and engineering. It has long been used for studying the realistic lightning and 

application’s performance as it can simulate the physical behaviour of the light 

through various mediums. An optical system can be optimized with the help of 

ray tracing as researchers are able to diagnostic and analyse the performance 

through illustrating the distribution of lights. Many researchers rely on ray 

tracing simulation to evaluate the solar and optical system in their studies (G. L. 

Dai et al., 2011; Zheng et al., 2014; Baig, Sellami and Mallick, 2015; T. K. 

Yew, Chong and Lim, 2015). Aiming to develop a ray tracing numerical 

technique to investigate the characteristics of the CCPC module, the optical 

engineering software – TracePro is used in this work. TracePro comes with a 

user-friendly, CAD-like interface that uses Monte Carlo ray tracing to 

accurately predict the performance of the prototype. 

Firstly, a 3-D model was created using 3-D CAD software called 

SolidWorks as shown in Figure 3.6. The modelling of the CCPC-CPV 

assembly module comprises of CCPC lens, a layer of optical adhesive as well 

as the MJSC. The adhesive is extruded up to the body of the CCPC lens to 

create a lap of spillage surrounding the bottom of the lens as in actual assembly. 
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Figure 3.6: 3-D modelling of the CCPC-CPV assembly module (1) CCPC lens, 

(2) optical adhesive, (3) MJSC. 

 

The assembly drawing is exported as .stp file and imported into 

TracePro as .oml file for 3-D ray trace. The surface and material properties 

data for each part of the assembly are defined accordingly. A bilayer of anti-

reflective coating comprised of TiO2 and SiO2 is applied on top of the MJSC as 

stated in the datasheet. Lastly, the light source’s spectrums were added from 

300 nm to 1800 nm (with 10 nm wavelength interval). 

The objective for this work is to identify the optical losses of the CCPC 

module. For a comprehensive assessment on the optical system, all the possible 

optical losses occurred at each stage of the light transmission in the CCPC-

CPV assembly module during the operation are listed out in the theoretical 

analyses, which include Fresnel reflection loss, absorption loss, edge/corner 
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leakage and losses caused by the adhesive spillage. The refractive indices, n, of 

all the elements in the CCPC-CPV assembly module are shown in Table 3.4. 

Any discontinuity of refractive index happened at the interface of two materials 

can result in Fresnel reflection loss in which there are several elements with 

significant variations in reflective indices (Sankawa et al., 1986).  

 

Table 3.4 Refractive indices, n of the components used in the CCPC-CPV 

assembly module. 

Components Refractive index, n @ 300-1800 nm 

CCPC lens 1.50 – 1.56 

Optical adhesive 1.39 – 1.37 

MJSC (InGaP) 3.11 – 3.70 

 

In addition, a bilayer of anti-reflective coating (ARC) is applied on top 

of the surface of MJSC to minimize the effect of refractive index gap in order 

to reduce Fresnel reflection loss. During the ray-tracing simulation, defining 

appropriate values for the properties of all the elements of the CCPC-CPV 

assembly module are critical to ensure the accuracy of simulated results. The 

properties data that is required in the ray tracing simulation including the 

refractive index, absorption as well as extinction coefficient of all the 

components.  Although most of the material properties are available in the 

built-in library database of TracePro, but some of the information such as 

absorption coefficient, α and extinction coefficient, k are incomplete. As a 

result, the properties data of Schott B270 Glass was extracted directly from the 

datasheet provided by the manufacturer and inserted the data into the TracePro 
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property database (Schott Corp., 1993). The following equation is the index 

dispersion formula for B270 Schott glass: 

𝑛𝐵270
2(𝜆) = 𝑎1 + 𝑎2𝜆2 +

𝑎3

𝜆2 +
𝑎4

𝜆4 +
𝑎5

𝜆6 +
𝑎6

𝜆8   (3.5) 

where nB270  represents the refractive indices of B270 Schott Glass with respect 

to the wavelength of light source. The value for the index coefficient, a are 

listed below in Table 3.5 whereas the complete properties data for B270 Schott 

glass are stated in Table 3.6. 

Table 3.5: Index coefficient for the dispersion formula of B270 Schott glass. 

Index Coefficient Index 

a1 2.286575 

a2 -0.0087334582 

a3 0.011742884 

a4 0.00029041756 

a5 -1.2506695 × 10-5 

a6 9.2646253 × 10-7 

 

 

 Figure 3.7 shows the variation of extinction coefficient, k and 

refractive index, n of B270 Schott Glass throughout the broadband of solar 

spectrum. 
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Table 3.6: The refractive indices, absorption and extinction coefficient of B270 

Schott glass for wavelength 300 nm to 1800 nm. 

Wavelength 

(nm) 

Refractive 

index, n 

Absorption (/mm) Extinction Coefficient, k 

(μm/ μm) 

300 1.57 1 2.38732 E-05 

310 1.56 1 2.46690 E-05 

320 1.56 1.41341 E-01      3.59924 E-06 

330 1.55 6.43357 E-02 1.68949 E-06 

340 1.55 2.80822 E-02 7.59804 E-07 

350 1.55 1.28110 E-02 3.56816 E-07 

360 1.55 6.14309 E-03 1.75987 E-07 

370 1.54 4.08677 E-03 1.20330 E-07 

380 1.54 4.38241 E-03 1.32522 E-07 

390 1.54 1.93003 E-03 5.98989E-08 

400 1.54 1.25624 E-03 3.99876 E-08 

410 1.54 1.10743 E-03 3.61321 E-08 

420 1.54 1.18179 E-03 3.94988 E-08 

430 1.54 1.33077 E-03 4.55369 E-08 

440 1.53 1.39578 E-03 4.88723 E-08 

450 1.53 1.24697 E-03 4.46542 E-08 

460 1.53 1.02438 E-03 3.74983 E-08 

470 1.53 8.02533 E-04 3.00159 E-08 

480 1.53 6.55040 E-04 2.50207 E-08 

490 1.53 4.34411 E-04 1.69390 E-08 

500 1.53 3.61030 E-04 1.43649 E-08 

510 1.53 5.00427 E-04 2.03096 E-08 

520 1.53 3.53907 E-04 1.46448 E-08 

530 1.53 2.80768 E-04 1.18417 E-08 

540 1.53 2.80768 E-04 1.20651 E-08 

550 1.53 2.80768 E-04 1.22885 E-08 

560 1.52 2.80768 E-04 1.25120 E-08 

570 1.52 2.80768 E-04 1.27354 E-08 

580 1.52 3.53907 E-04 1.63346 E-08 

590 1.52 4.27127 E-04 2.00539 E-08 

600 1.52 5.00427 E-04 2.38937 E-08 

610 1.52 5.00427 E-04 2.42919 E-08 

620 1.52 5.73808 E-04 2.83106 E-08 

630 1.52 6.47270 E-04 3.24501 E-08 

640 1.52 7.20813 E-04 3.67107 E-08 

650 1.52 7.20813 E-04 3.72844 E-08 

660 1.52 6.47270 E-04 3.39954 E-08 

670 1.52 6.47270 E-04 3.45105 E-08 

680 1.52 6.47270 E-04 3.50256 E-08 

690 1.52 7.13060 E-04 3.91531 E-08 

700 1.52 7.13060E-04 3.97205 E-08 

710 1.52 7.13060 E-04 4.02879 E-08 

720 1.52 7.13060 E-04 4.08554 E-08 
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730 1.52 7.13060 E-04 4.14228 E-08 

740 1.52 7.13060 E-04 4.19902 E-08 

750 1.52 7.13060 E-04 4.25577 E-08 

760 1.52 7.13060 E-04 4.31251 E-08 

770 1.52 7.13060 E-04 4.36925 E-08 

780 1.52 7.86522 E-04 4.88198 E-08 

790 1.52 7.86522 E-04 4.94457 E-08 

800 1.52 8.60065 E-04 5.47535 E-08 

810 1.52 8.60065 E-04 5.54379 E-08 

820 1.52 8.60065 E-04 5.61223 E-08 

830 1.52 8.60065 E-04 5.68067 E-08 

840 1.52 8.60065 E-04 5.74911 E-08 

850 1.52 8.60065 E-04 5.81756 E-08 

860 1.52 7.86522 E-04 5.38269 E-08 

870 1.52 7.86522 E-04 5.44528 E-08 

880 1.52 7.86522 E-04 5.50787 E-08 

890 1.52 7.86522 E-04 5.57046 E-08 

900 1.52 7.86522 E-04 5.63305 E-08 

910 1.52 7.86522 E-04 5.69564 E-08 

920 1.51 7.86522 E-04 5.75823 E-08 

930 1.51 7.86522 E-04 5.82082 E-08 

940 1.51 8.60065 E-04 6.43353 E-08 

950 1.51 8.60065 E-04 6.50197 E-08 

960 1.51 8.60065 E-04 6.57042 E-08 

970 1.51 8.60065 E-04 6.63886 E-08 

980 1.51 8.60065 E-04 6.70730 E-08 

990 1.51 8.60065 E-04 6.77574 E-08 

1000 1.51 8.60065 E-04 6.84418 E-08 

1010 1.51 9.33689 E-04 7.50437 E-08 

1020 1.51 8.60065 E-04 6.98107 E-08 

1030 1.51 9.33689 E-04 7.65297 E-08 

1040 1.51 9.33689 E-04 7.72727 E-08 

1050 1.51 9.33689 E-04 7.80157 E-08 

1060 1.51 9.33689 E-04 7.87587 E-08 

1070 1.51 9.33689 E-04 7.95017 E-08 

1080 1.51 9.33689 E-04 8.02447 E-08 

1090 1.51 9.33689 E-04 8.09877 E-08 

1100 1.51 1.00739 E-03 8.81826 E-08 

1110 1.51 9.33689 E-04 8.24737 E-08 

1120 1.51 9.33689 E-04 8.32167 E-08 

1130 1.51 9.33689 E-04 8.39597 E-08 

1140 1.51 1.07280 E-03 9.73223 E-08 

1150 1.51 1.07280 E-03 9.81760 E-08 

1160 1.51 1.07280 E-03 9.90297 E-08 

1170 1.51 1.07280 E-03 9.98834 E-08 

1180 1.51 1.07280 E-03 1.00737 E-07 

1190 1.51 1.07280 E-03 1.01591 E-07 

1200 1.51 9.99171 E-04 9.54139 E-08 

1210 1.51 9.99171 E-04 9.62090 E-08 

1220 1.51 9.99171 E-04 9.70041 E-08 
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1230 1.51 9.99171 E-04 9.77992 E-08 

1240 1.51 9.99171 E-04 9.85943 E-08 

1250 1.51 9.99171 E-04 9.93895 E-08 

1260 1.51 9.99171 E-04 1.00185 E-07 

1270 1.51 9.99171 E-04 1.00980 E-07 

1280 1.51 9.99171 E-04 1.01775 E-07 

1290 1.51 9.99171 E-04 1.02570 E-07 

1300 1.51 9.99171 E-04 1.03365 E-07 

1310 1.51 9.99171 E-04 1.04160 E-07 

1320 1.51 9.25628 E-04 9.72301 E-08 

1330 1.51 9.25628 E-04 9.79667 E-08 

1340 1.51 9.25628 E-04 9.87033 E-08 

1350 1.51 9.25628 E-04 9.94399 E-08 

1360 1.51 9.25628 E-04 1.00177 E-07 

1370 1.51 9.25628 E-04 1.00913 E-07 

1380 1.51 9.99171 E-04 1.09726 E-07 

1390 1.51 1.14650 E-03 1.26818 E-07 

1400 1.51 1.51626 E-03 1.68924 E-07 

1410 1.51 1.59045 E-03 1.78456 E-07 

1420 1.51 1.59045 E-03 1.79721 E-07 

1430 1.51 1.51626 E-03 1.72544 E-07 

1440 1.51 1.29416 E-03 1.48300 E-07 

1450 1.51 1.22029 E-03 1.40806 E-07 

1460 1.51 1.07280 E-03 1.24641 E-07 

1470 1.51 1.07280 E-03 1.25494 E-07 

1480 1.51 9.99171 E-04 1.17677 E-07 

1490 1.51 9.99171 E-04 1.18472 E-07 

1500 1.51 1.07280 E-03 1.28056 E-07 

1510 1.51 1.07280 E-03 1.28909 E-07 

1520 1.51 1.07280 E-03 1.29763 E-07 

1530 1.51 1.07280 E-03 1.30617 E-07 

1540 1.51 1.07280 E-03 1.31470 E-07 

1550 1.51 1.07280 E-03 1.32324 E-07 

1560 1.51 1.07280 E-03 1.33178 E-07 

1570 1.51 1.07280 E-03 1.34032 E-07 

1580 1.51 1.07280 E-03 1.34885 E-07 

1590 1.51 1.22029 E-03 1.54401 E-07 

1600 1.51 1.29416 E-03 1.64777 E-07 

1610 1.51 1.29416 E-03 1.65807 E-07 

1620 1.51 1.36811 E-03 1.76370 E-07 

1630 1.51 1.36811 E-03 1.77459 E-07 

1640 1.51 1.51626 E-03 1.97882 E-07 

1650 1.51 1.59045 E-03 2.08831 E-07 

1660 1.51 1.59045 E-03 2.10097 E-07 

1670 1.51 1.81354 E-03 2.41010 E-07 

1680 1.51 1.81354 E-03 2.42453 E-07 

1690 1.51 1.88807 E-03 2.53919 E-07 

1700 1.51 2.11216 E-03 2.85737 E-07 

1710 1.51 2.26198 E-03 3.07804 E-07 

1720 1.51 2.26198 E-03 3.09604 E-07 
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1730 1.51 2.41213 E-03 3.32075 E-07 

1740 1.51 2.56262 E-03 3.54832 E-07 

1750 1.51 2.78899 E-03 3.88396 E-07 

1760 1.50 3.01613 E-03 4.22429 E-07 

1770 1.50 3.09202 E-03 4.35518 E-07 

1780 1.50 3.39643 E-03 4.81098 E-07 

1790 1.50 3.54916 E-03 5.05556 E-07 

1800 1.50 3.70224 E-03 5.30308 E-07 

 

 

Figure 3.7: Extinction coefficient, k and refractive index, n of B270 Schott 

glass throughout the wide range of solar spectrum. 

 

 For the theoretical analyses of CCPC-CPV assembly module under real 

climate condition by taking into the consideration of the actual solar spectrum, 

the simulated light source is set from 300 nm to 1800 nm in TracePro, where 

fits well with the spectral response of MJSC. The use of full range of 

wavelengths for the solar spectrum is absolutely necessary in the ray-tracing 

simulation as each wavelength reacts differently to different materials in which 

refractive index varies with wavelength. To highlight the importance of setting 

a full wavelength of solar spectrum in the theoretical analysis, a ray-tracing 
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simulation using single wavelength of 550 nm has also been conducted for a 

comparison. 

To bond the CCPC lens onto the MJSC, optical adhesive with high 

transmittance is employed. Baig et al. (Baig, Sellami and Mallick, 2015) 

posited that the encapsulated spillage surrounding the bottom side of the lens 

can lead to light leakage from the edge of the optical element in which the 

thickness of adhesive spillage plays a vital role in justifying the losses. In the 

current stage of this research, it is impossible to eliminate the spillage of 

optical adhesive completely. Hence, a layer of optical adhesive is needed to be 

included in the simulation as shown in Figure 3.8. The thickness of the 

adhesive spillage surrounding the bottom edge of CCPC lens, tal is the key 

parameter to affect the optical losses. In this simulation, the performance of the 

CCPC-CPV assembly module has been tested with the thickness of the optical 

adhesive adjusted to 1 mm, 2 mm, 3 mm and 4 mm. With the light source 

placed normal to the entrance aperture of the CCPC lens, tens of thousands of 

light rays are traced through the total internal reflection, refraction and 

scattering phenomena inside the lens during the simulation. 

 

Figure 3.8: The optical adhesive layer is inserted into the model for theoretical 

simulation. 
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3.2.2 Simulation for different angle of incidence. 

The optical characteristic of the CCPC-CPV module is also studied in omni-

directional. The angle of incidence is an important input to model CPV systems 

and the parameters used to describe the sun position relatively to the CPV 

system usually divided into two parts: zenith angle and azimuth angle. The 

light source has been placed in different angles of incidence angle relative the 

entrance aperture of the CCPC-CPV module. From Figure 3.9, the Zenith angle, 

ΦZ is the angle between the Z-axis and the incident ray while Azimuth angle, 

ΦA is the angle between Y-axis and projection of incident ray with positive 

direction starting from the front view of the module in counter clockwise. As 

the half acceptance angle of the CCPC lens is 37.77o, the range of the zenith 

angle used in the ray-tracing simulation is from 0o to 37.77o while the range of 

azimuth angle used in the ray-trace simulation is from 0o to 360o.  

 

Figure 3.9: (a) Definition of angles of incidences (Zenith angle, ΦZ and 

Azimuth angle, ΦA) of the light source relative to the CCPC lens during the 

simulation. (b) Light rays hitting on the CCPC lens’ inner wall are mostly 

reflected onto the peripheral region of the CPV cell via total internal reflection. 
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Figure 3.10: Spherical coordinate is used to calculate the position of light 

source under different angle of incidence. 

 

 From Figure 3.10, the position of light source for different angle of 

incidence can be calculated through the following equation: 

𝑋 = 𝑟 sin 𝛷𝑍 cos 𝛷𝐴     (3.6) 

𝑌 = 𝑟 sin 𝛷𝑍 sin 𝛷𝐴     (3.7) 

𝑍 = 𝑟 cos 𝛷𝑍      (3.8) 

where r represents the radial distance from the origin (central of CCPC lens’ 

entrance aperture) to the central of the light source. In this work, r is set as 120 

mm. The position of the light source varies with the angle of incidence are 

listed in Table 3.7 and Table 3.8. 
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Table 3.7: Light source position (X, Y) for zenith angle equal to 0˚, 10˚ and 20˚ 

respectively. 

ΦA 
ΦZ 

0˚, Z = 120 mm 10˚, Z = 118.17 mm 20˚, Z = 112.76 mm 

0˚ ( 0 , 0 ) ( 20.8374 , 0 ) ( 41.0423 , 0 ) 

15˚ ( 0 , 0 ) ( 20.1274 , 5.3931 ) ( 39.6439 , 10.6225 ) 

30˚ ( 0 , 0 ) ( 18.0457 , 10.4187 ) ( 35.5437 , 20.5211 ) 

45˚ ( 0 , 0 ) ( 14.7342 , 14.7343 ) ( 29.0213 , 29.0213 ) 

60˚ ( 0 , 0 ) ( 10.4187 , 18.0457 ) ( 20.5212 , 35.5437 ) 

75˚ ( 0 , 0 ) ( 5.3931 , 20.1274 ) ( 10.6226 , 39.6439 ) 

90˚ ( 0 , 0 ) ( 0 , 20.8374 ) ( 0 , 41.0423 ) 

105˚ ( 0 , 0 ) ( -5.3931 , 20.1274 ) ( -10.6226 , 39.6439 ) 

120˚ ( 0 , 0 ) ( -10.4187 , 18.0457 ) ( -20.5212 , 35.5437 ) 

135˚ ( 0 , 0 ) ( -14.7342 , 14.7343 ) ( -29.0213 , 29.0213 ) 

150˚ ( 0 , 0 ) ( -18.0457 , 10.4187 ) ( -35.5437 , 20.5211 ) 

165˚ ( 0 , 0 ) ( -20.1274 , 5.3931 ) ( -39.6439 , 10.6225 ) 

180˚ ( 0 , 0 ) ( -20.8374 , 0 ) ( -41.0423 , 0 ) 

195˚ ( 0 , 0 ) ( -20.1274 , -5.3931 ) ( -39.6439 , -10.6225 ) 

210˚ ( 0 , 0 ) ( -18.0457 , -10.4187 ) ( -35.5437 , -20.5211 ) 

225˚ ( 0 , 0 ) ( -14.7342 , -14.7343 ) ( -29.0213 , -29.0213 ) 

240˚ ( 0 , 0 ) ( -10.4186 , -18.0457 ) ( -20.5212 , -35.5437 ) 

255˚ ( 0 , 0 ) ( -5.3931 , -20.1274 ) ( -10.6226 , -39.6439 ) 

270˚ ( 0 , 0 ) ( 0 , -20.8374 ) ( 0 , -41.0423 ) 

285˚ ( 0 , 0 ) ( 5.3931 , -20.1274 ) ( 10.6226 , -39.6439 ) 

300˚ ( 0 , 0 ) ( 10.4186 , -18.0457 ) ( 20.5212 , -35.5437 ) 

315˚ ( 0 , 0 ) ( 14.7342 , -14.7343 ) ( 29.0213 , -29.0213 ) 

330˚ ( 0 , 0 ) ( 18.0457 , -10.4187 ) ( 35.5437 , -20.5211 ) 

345˚ ( 0 , 0 ) ( 20.1274 , -5.3931 ) ( 39.6439 , -10.6225 ) 
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Table 3.8: Light source position (X, Y) for zenith agnle equal to 30˚ and 37.77˚ 

(acceptance angle of CCPC lens) respectively. 

ΦA 
ΦZ 

30˚, Z = 103.92 mm 37.77˚, Z = 94.85 mm 

0˚ ( 60 , 0 ) ( 73.4991  ,0 ) 

15˚ ( 57.9556 , 15.5292 ) ( 70.9947 , 19.023 ) 

30˚ ( 51.9615 , 30 ) ( 63.6521 , 36.7495 ) 

45˚ ( 42.4264 , 42.4263 ) ( 51.9718 , 51.9717 ) 

60˚ ( 30 , 51.9614 ) ( 36.7496 , 63.652 ) 

75˚ ( 15.5292 , 57.9554 ) ( 19.0231 , 70.9947 ) 

90˚ ( 0 , 60 ) ( 0 , 73.4991 ) 

105˚ ( -15.5290 , 57.9555 ) ( -19.0229 , 70.9947 ) 

120˚ ( -30 , 51.9615 ) ( -36.7496 , 63.652 ) 

135˚ ( -42.4263 , 42.4264 ) ( -51.9718 , 51.9717 ) 

150˚ ( -51.9615 , 30 ) ( -63.6521 , 36.7495 ) 

165˚ ( -57.9555 , 15.5293 ) ( -70.9947 , 19.023 ) 

180˚ ( -60 , 0 ) ( -73.4991 , 0 ) 

195˚ ( -57.9555 , -15.5293 ) ( -70.9947 , -19.023 ) 

210˚ ( -51.9615 , -30 ) ( -63.6521 , -36.7495 ) 

225˚ ( -42.4263 , -42.4264 ) ( -51.9718 , -51.9717 ) 

240˚ ( -30 , -51.9615 ) ( -36.7496 , -63.652 ) 

255˚ ( -15,5290 , -57.9555 ) ( -19.0229 , -70.9947 ) 

270˚ ( 0 , -60 ) ( 0 , -73.4991 ) 

285˚ ( 15,5290 , -57.9555 ) ( 19.0229 , -70.9947 ) 

300˚ ( 30 , -51.9615 ) ( 36.7496 , -63.652 ) 

315˚ ( 42.4263 , -42.4264 ) ( 51.9718 , -51.9717 ) 

330˚ ( 51.9615 , -30 ) ( 63.6521 , -36.7495 ) 

345˚ ( 57.9555 , -15.5293 ) ( 70.9947 , -19.023 ) 

 

 

3.2.3 Performance evaluation of the UHCPV System 

This research establishes a detailed study on the characteristics and 

performance of the CCPC lens for solar application in real working condition. 

Apart from the performance of the lens, a simulation of the whole UHCPV 

system is also carried out by integrating the CCPC module with the POE 
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(NIDC) where 480 pieces of facet mirrors formed a reflective area in the 

primary stage. A minor gap of 50 mm is adjusted between the facets mirrors to 

provide tolerance for the installation in actual assembly (Wong et al., 2017). 

Incoming light rays are collected and reflected from NIDC onto the 2×2 array 

CCPC modules for further concentration before entering the MJCS. The 

surface properties of the facet mirrors are set as standard mirror with 

reflectivity of 0.95. The overall SCR for the whole UHCPV system is obtained 

through the simulation, and it will be discussed in the Chapter 4. 

 

3.3 Numerical analysis 

For the verification of theoretical result, the spectral irradiance of the solar 

simulator is measured via AVANTES spectrometer during indoor measurement. 

The measured spectral irradiance is then applied in the following numerical 

analysis. Firstly, the optical efficiency of each wavelength is computed by 

comparing between the optical power received by CPV cell (PCPV) and the 

optical power arrived at entrance aperture of CCPC lens (PCCPC) as shown in 

the following equation: 

 𝜂𝑜𝑝𝑡𝑖𝑐𝑎𝑙() =
𝑃𝐶𝑃𝑉

𝑃𝐶𝐶𝑃𝐶
× 100%                               (3.9) 

The optical efficiency in the function of wavelength, optical(), are then 

multiplied with the GCR of CCPC lens (5.998 suns) and divided by 100% to 

obtain the spectral SCR, C(), for each wavelength. The equation of the output 

current of CPV cell without CCPC lens, ICPV was derived in the work presented 

by Lee at al. (Lee et al., 2019) and can be simplified to 
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𝐼𝐶𝑃𝑉 = 𝐴𝑎𝑐𝑡𝑖𝑣𝑒 ×
𝑞𝜆

ℎ𝑐
∫ 𝜂𝐸𝑄𝐸(𝜆) ∙ 𝑆𝐿(𝜆) 𝑑𝜆           (3.10) 

where Aacitve is the active area of MJSC; q represents the electronic charge; c 

stands for the speed of light in vacuum; h is the Planck’s constant; EQE(𝜆) is 

the EQE of any p-n junction sub-cell in the MJSC, which is in a function of 

wavelength; SL(𝜆) is the spectral irradiance of light source (solar simulator or 

the sun).  

Based on Eq. (3.11), we calculate the output current for all the three p-

n junctions of sub-cells in the MJSC. Since three sub-cells are serial connected 

in the MJSC, the net output current of MJSC is capped by the lowest output 

current among the three sub-cells. The following is the equation for the output 

current of CCPC-CPV module:  

𝐼𝐶𝐶𝑃𝐶−𝐶𝑃𝑉 = 𝐴𝑎𝑐𝑡𝑖𝑣𝑒 ×
𝑞𝜆

ℎ𝑐
∫ 𝐶(𝜆) ∙ 𝜂𝐸𝑄𝐸(𝜆) ∙ 𝑆𝐿(𝜆) 𝑑𝜆            (3.11) 

The SCR of the CCPC-CPV assembly module can be estimated through the 

following equations: 

𝑆𝐶𝑅 =
𝐼𝐶𝐶𝑃𝐶−𝐶𝑃𝑉

𝐼𝐶𝑃𝑉
     (3.12) 

 

3.4 Experimental setup 

The simulation result has been validated with a series of indoor and outdoor 

experiments. The configurations of the experiments are discussed in the 

following section. 
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3.4.1 Assembling CCPC-CPV assembly module 

A complete set of CCPC-CPV assembly module consists of MJSC and CCPC 

lens, one unit each. These two components must be bonded together so that it is 

easier for experiment setup as well as installation on the CPV system. To bond 

the components, Dow Corning SE 9120 RTV silicon is applied as the optical 

adhesive in between two components. This one-part RTV (Room temperature 

vulcanizing) based clear sealant makes the bonding process easier as it cures at 

room temperature of 25oC. Even though the Dow Corning SE 9120 RTV 

silicon is not tested for optical performance, its transparent and low viscosity 

nature makes it a suitable substance for optical bonding. Other than that, the 

robustness of this RTV silicon under concentrated sunlight has been tested in a 

previous work. As a result, no obvious degradation that could affect the output 

of the CPV cell negatively is observed (Yew, 2016).  

After an adequate amount of optical adhesive is applied, the CCPC lens 

is placed on top of the MJSC with exit aperture facing downwards. As the 

optical adhesive takes time to cure, a jig is used to hold the CCPC lens in the 

same position throughout the curing process to maintain a 0.1 mm gap between 

two components, at the same time making sure that it will not force too much 

pressure on the adhesive to prevent excessive spillage. One crucial part about 

the assembling process is to ensure the bonding area is clear from air bubble as 

it will affect the refraction of light rays at the interface. 

 Next, to make it convenient for measurement, two external wires with 

low resistance and high current capacity were soldered to each terminal of the 

MJSC. Higher temperature around 400oC is required to solder on the DBC 
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substrate due to its high thermal conductivity and excellent heat dissipation. 

The CCPC lens is wrapped by a small piece of fabric to prevent the glass 

stained by the soldering fumes. Lastly, isopropyl alcohol is used to clean the 

modules. It is to remove the flux residues and fingerprints remained on the 

modules after soldering. The complete set of the CCPC-CPV assembly module 

is shown in Figure 3.11. 

 

Figure 3.11: Complete set of CCPC-CPV assembly module (1) CCPC lens, (2) 

MJSC on DBC, (3) connecting wires. 

 

3.4.2 Indoor measurement 

An indoor experiment was conducted with the aid of the Oriel's Sol1ATM Class 

ABB solar simulator as shown in Figure 3.12. The solar simulator (model 

94021A) is equipped with an 150W ozone-free xenon short arc lamp to 

illuminate the typical output power for 1 sun (1000 W/m2). The three-alphabet 

code of the Class ABB solar simulator indicates the classification of spectral 

match, irradiance uniformity and temporal stability respectively. The criteria 
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for each of the parameter is explained in Table 3.9. The report and 

certifications for the criteria classification can be found in Appendix C. 

 

Table 3.9: The classification criteria of the three parameters of the Oriel's 

Sol1ATM Class ABB solar simulator (Newport Corporation, 2011). 

Parameters Class Rating Criteria 

Spectral match A The spectral match of a solar simulator is 

determined according to the percentage 

of the integrated light intensity across six 

spectral ranges. The Class A rating in 

spectral match indicates that the solar 

simulator may not deviate more than 

0.75 to 1.25 times the ideal percentage in 

each wavelength range. 

Irradiance 

uniformity 

B The second alphabet indicates the 

irradiance uniformity of the light source 

over the working area. Hot spots can lead 

to significant deviation in measured cell 

efficiency and can cause inaccurate 

binning of cells. The Class B spatial 

uniformity performance standard is 

intended to minimize the impact of hot 

spots and meets the Class B requirements 

for the standards. 

Temporal 

stability 

B To prevent the measured cell efficiency 

from interfered by the lamp fluctuations, 

the light source must be stable over time. 

This parameter meets Class B stability 

standards for all three standards without 

the need for a feedback-based controller. 

 

To achieve the desired results in measuring stability, non-uniformity 

and spectral match, the lamp is turned on and allowed to warm up for 10 
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minutes before taking measurements. During the measurement, all lights is 

switched off except from the solar simulator. 

 

Figure 3.12: Indoor experiment was set-up to measure the output current of the 

CCPC-CPV assembly module and for single MJSC respectively.  

 

The spectrum data of the light source generated by the solar simulator 

was measured using a AVANTES spectrometer, and a real-time data is 

collected through the software AvaSoft. From the actual data collected by the 

spectrometer, a wide range of wavelengths from 180nm to 1800nm is captured. 

The measured spectral irradiance was then substituted as 𝑆𝐿(𝜆) in Eqns. (3.10) 

and (3.11) to calculate the output current of the CCPC-CPV assembly modules. 

In this case, it can be safely assumed that both the indoor experiment and ray-

tracing simulation were referred to the light source with the same spectral for 

irradiance.  
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Figure 3.13: Five unit of CCPC-CPV assembly modules used for indoor 

measurement. 

 

Next, five unit of CCPC-CPV assembly modules are used to collect 

data for ICCPC-CPV as shown in Figure 3.13. The effective SCR of the CCPC-

CPV assembly module can be obtained by comparing ICCPC-CPV (module with 

CCPC lens) and ICPV (module without CCPC lens). Hence, five units of MJSC 

are used to measure ICPV, too. The entrance aperture of both CPV modules 

(with and without CCPC lens) are fixed at the same height and placed in a 

fixed position to assure both receive the same amount of incident light within 

the same acceptance angle. Both reading for ICCPC-CPV and ICPV is taken directly 

by pointing the digital multimeter’s probes onto the MJSC terminal to maintain 

the lowest possible resistance on the connection. The measurement is repeated 

for five times for each module. The empirical result is tabulated and will be 

discussed in the next chapter.  

 

3.4.3 Outdoor measurement 



 

61 

 

The outdoor performance of the CCPC lens has been established under actual 

working environment. The experiment is carried out on the rooftop of 

Universiti Tunku Abdul Rahman in Bandar Sungai Long, Selangor. In contrast 

to the laboratory test, the situation becomes more complicated for outdoor 

experiment due to the variation of ambient conditions and direct exposure to 

the sun. For that reason, a tester box is designed for outdoor measurement 

purpose. The design was inspired by the concept of pyrheliometer in which the 

tracking error angle, ∠ α, of 0.1o and opening angle, ∠ β, of 2.5o were 

considered as depicted in Figure 3.14. It allows both modules being exposed to 

the same amount of incident light within the same view angle. The dimension 

is calculated through the following equations, 

 −
=

tantan

1L
H      (3.13) 

 = tan2 HL                                              (3.14) 

where H represents the height between the receiver’s entrance aperture and the 

opening, ∠α represents the tracking error angle, ∠β represents the full view 

angle, L1 is the half-length of the receiver and L2 is the gap distance between 

the opening and the edge of receiver. The outer surface was sprayed in black 

coating to isolate the inner part from the diffused light. 

For outdoor measurement, the ICCPC-CPV and ICPV is measured through 

connecting the soldered external connecting wires to the digital multimeter. 

This is because the tester box needs to be fully covered to isolate the diffuse 

light. This might cause some deviation between indoor and outdoor 
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measurement due to the wire’s resistance but won’t be significant enough to 

affect the overall outcome. 

 

 

Figure 3.14: (a) The illustrative 3D model and (b) schematic diagram of the 

tester case. 

 

Figure 3.15: Experimental setup for outdoor measurement. 
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The facing direction of the instrument can be adjusted manually. The 

alignment sight holes were used as reference for easy and precise optical 

alignment to ensure the instruments always facing towards the sun. A 

pyrheliometer was installed and aligned with the tester box to measure the 

direct beam irradiance from the sun. With the outdoor experimental setup as 

shown in Figure 3.15, the measurements were done and repeated on different 

days and period of time so that more variations of data can be acquired for 

detailed analysis. The collected data is presented and will be further discussed 

in next chapter. 
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CHAPTER 4 

 

RESULT AND DISCUSSION 

 

4.1 Comparison between full solar spectrum and single wavelength in 

simulation 

In this project, it is advocated that full solar spectrum should be utilized in the 

simulation with wavelengths ranging from 300 nm to 1800 nm at the resolution 

of 10 nm to emulate actual condition of the solar spectral irradiance. Based on 

the simulation result, the solar concentration ratio versus wavelength of light 

source has been plotted throughout the whole solar spectrum as shown in 

Figure 4.1. Starting from 300 nm, the solar concentration ratio of CCPC-CPV 

assembly module increases steeply upward and then remains at high solar 

concentration ratio in the range of visible light (400 nm to 650 nm). However, 

the solar concentration ratio drops slightly when the wavelength of the solar 

spectrum further increases in the range of infrared region (650 nm – 1800 nm). 

In addition, the properties of all the materials also behave differently at 

different wavelengths of the solar spectrum. From the simulation, the peak of 

the graph is located at the wavelength of 550 nm, where it yields a SCR of 4.85. 

However, the average SCR of the full solar spectrum is 4.65, which means an 

overestimation of output power will happen by using single wavelength 

without considering the full solar spectrum.  



 

65 

 

 

Figure 4.1: Variation of solar concentration ratio of CCPC-CPV assembly 

module under full solar spectrum. 

 

4.2 The optical behaviour under different angle of incidence 

The optical characteristic of the CCPC-CPV module is studied in omni-

directional.  Figure 4.2 illustrated the ray tracing simulation of the CCPC-CPV 

assembly module under different angle of incidences where Figure 4.2(a) is the 

simulation under perpendicular light source while the zenith angle, ΦZ for 

Figure 4.2(b) and (c) are 10˚ and 20˚ respectively (azimuth angle, ΦA remains 

at 0˚). 
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Figure 4.2: Ray tracing simulation of the CCPC-CPV assembly module under 

light source with azimuth angle, ΦA = 0˚ while zenith angle, ΦZ equals to (a) 0˚ 

(b) 10˚, (c) 20˚, (d) 30˚, and (e) 37.77˚. 

 

On the other hand, Figure 4.3 shows the concentrated flux distribution 

of the focused solar image on the active region of MJSC for different incident 

angles relative to CCPC aperture. The solar flux shifted aside when the zenith 

angle, ΦZ, increases, whilst it shifted towards to the corner edge of the receiver 

when azimuth angle, ΦA, increases. It can be observed that when the light 

source is perpendicular to the module, the central region of the CPV cell 

received lesser flux as compared to the peripheral region. It is because the light 

rays hitting on the CCPC inner wall are mostly total internal reflected to the 

peripheral regions especially the four corner regions as shown in Figure 4.2 (b). 

Table 4.1 depicts the optical efficiency of the CCPC-CPV assembly module for 

zenith angle ranging from 0o to 37.77o and azimuth angle ranging from 0o to 

360o. The data was then plotted in Figure 4.4.  
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Table 4.1: The optical efficiency of the CCPC-CPV assembly module for 

zenith angle ranging from 0o to 37.77o and azimuth angle ranging from 0o to 

360o. 

Azimuth 

Angle, ΦA 

Zenith angle, ΦZ 

0 10 20 30 37.7 

0 72.34 70.83 66.23 57.64 26.36 

15 72.36 70.99 66.34 57.25 35.09 

30 72.21 71.09 66.40 57.91 44.63 

45 72.32 71.38 66.29 57.52 46.59 

60 72.21 71.14 66.43 57.85 44.56 

75 72.39 70.91 66.52 57.27 35.12 

90 72.34 70.85 66.24 57.67 26.36 

105 72.36 70.99 66.34 57.23 35.09 

120 72.21 71.09 66.40 57.94 44.63 

135 72.32 71.38 66.29 57.52 46.59 

150 72.21 71.14 66.43 57.85 44.56 

165 72.39 70.91 66.52 57.27 35.12 

180 72.34 70.84 66.24 57.67 26.36 

195 72.36 70.99 66.34 57.23 35.09 

210 72.21 71.09 66.40 57.94 44.63 

225 72.32 71.38 66.29 57.52 46.59 

240 72.21 71.14 66.43 57.85 44.56 

255 72.39 70.91 66.52 57.27 35.12 

270 72.34 70.85 66.24 57.67 26.36 

285 72.36 70.99 66.34 57.23 35.09 

300 72.21 71.09 66.40 57.94 44.63 

315 72.32 71.38 66.29 57.52 46.59 

330 72.21 71.14 66.43 57.85 44.56 

345 72.39 70.91 66.52 57.27 35.12 

 

The highest optical efficiency of approximately 72.34% can be obtained 

at the normal incidence with the angle (ΦZ = 0, ΦA = 0). Theoretically, all the 

light rays with incident angles less than half of the acceptance angle should be 

concentrated to the active area of MJSC. However, the amount of concentrated 

solar flux on the MJSC receiver decreases when the incident angle increases 

even though the incident angle is still less than half of the acceptance angle. 
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The optical losses become more severe especially when the incident angle 

more than 30o as it approaches half of the acceptance angle. The optical 

efficiency drops significantly and reduces to below 50% after incident angle 

has reached 35o even though it is still less than the half acceptance angle of 

37.77o. 

 

Figure 4.3: The simulated flux distribution map on the MJSC receiver under 

different angles of incidence. 

 

On the other hand, when the light source is directed diagonally (ΦA = 

45, 135, 225, 315) toward the CCPC-CPV module, the CCPC lens will 

receive more solar flux because the light can hit on two side walls 

simultaneously as shown in Figure 4.4. It can be clearly seen that when ΦA = 

90 as depicted in Figure 4.4(a), the incoming rays incident mainly on one side 
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wall only. The simulated flux distributed on the receiver module when ΦA = 0, 

90, 180 and 270  is presented in Figure 4.5, where it can be observed that 

only a minimal amount of flux is received on one side of the receiver module. 

On the other side, when ΦA = 45 as shown in Figure 4.4(b), the incoming light 

rays strike two walls at the same time which permit more chances for the 

incoming light rays to refract towards the receiver module, thus resulted in 

higher flux received. The same phenomenon applies on the other diagonal 

angle. 

 

Figure 4.4: The ray tracing simulation of the CCPC-CPV assembly module 

from various points of view when (a) ΦA = 90 and ΦZ = 37.77 , (b) ΦA = 45 

and ΦZ = 37.77. 

 



 

70 

 

 

Figure 4.5: The simulated flux distribution map on the MJSC receiver with   

ΦA = 0, 90, 180 and 270  while ΦZ = 37.77. 

 

It can also be proven through the simulation result as depicted in Figure 

4.6; the optical efficiency for the ΦA of 45, 135, 225 and 315 is higher as 

compared to that of other azimuth angles. Figure 4.7 shows the overall 

simulated results of the distribution of SCRs for various angles of incidence. 

The highest SCR is obtained at zenith angle, ΦZ below 10o and the then SCR 

gradually decreases as the zenith angle, ΦZ increases. Based on Figure 4.6, 

optical efficiency is not affected by the azimuth angle unless the incident angle 

is close to the half angular acceptance angle of the CCPC lens, which is 37.77o.  
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Figure 4.6: The optical efficiency of the CCPC-CPV assembly module in 2D-

plot for zenith angle from 0o to 37.77o and azimuth angle from 0o to 360o.  

 

Figure 4.7: Distribution of solar concentration ratio at different angles of 

incidence. 
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4.3 Optical efficiency profile of CCPC-CPV assembly module 

Through the study, it is found that when light rays strike on the edge of the 

CCPC’s side wall, it will be lost for unknown reason. This optical loss is 

demonstrated in Figure 4.8 and it is known as edge/corner leakage in this study. 

 

Figure 4.8: Light rays fall on the edge of side wall is lost for unknown reason. 

 

In order to identify positions that may lead to the losses, the optical 

efficiency at each particular point via the entrance aperture is retrieved through 

computational method and presented in Figure 4.9(a). As a comparison, the 

real optical losses under direct normal irradiance can be observed with naked 

eyes (referring to Figure 4.9(b)). Blue region represents area with least optical 

power received, in other words, the highest losses. Severe optical losses can be 

seen at each edge/corner of the exit aperture due to the optical adhesive 

spillage as an obvious light is depicted from each edge/corner of the lens. 
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Figure 4.9: The optical efficiency profile of CCPC-CPV assembly module 

indicates severe optical losses are incurred at the edge/corner under direct 

normal irradiance. (a) Computational result. (b) Top view of actual CCPC-CPV 

assembly module observed with the naked eye. 

 

As mentioned in the previous section, the use of optical adhesive will 

cause some losses. The losses due to adhesive spillage is demonstrated in 

Figure 4.10. Some light rays are refracted away from the MJSC due to the 

change of refractive index caused by the optical adhesive. However, the use of 

bonding adhesive is unavoidable, therefore four different thicknesses of 

adhesive layer are tested in the simulation to see how it will affect the 

performance. 
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Figure 4.10: Escaping light rays due to adhesive spillage. 

 

Figure 4.11 shows how the thickness of adhesive can affect the optical 

efficiency under different incident angle in which the greater the thickness of 

the adhesive spillage, the lower the optical efficiency. For the rest of the 

simulation, the thickness of the adhesive layer, tal is set as 1 mm and thickness 

of the spillage surrounding the lens, tas is 0.9 mm because it is the closest value 

to the actual adhesive thickness in the CCPC-CPV assembly module. 
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Figure 4.11: The optical efficiency of CCPC-CPV assembly module versus 

different zenith angle, Φ
Z
, while azimuth angle, Φ

A
 = 0, for different 

thicknesses of adhesive layer, tal. 

 

4.4 Optical losses occur at each component level 

There are three parts involved in the CCPC-CPV assembly module, which 

mean there will be different kinds of optical losses in the module. These optical 

losses are verified with more evidence based on a detailed study. The 

percentage of the optical losses occur in each component have been analysed 

and presented in Table 4.2. The optical losses have been studied by comparing 

the optical power received at each layer with the subsequent layer. The 

visualized result is shown in Figure 4.12. In overall, the optical losses can be 

divided into three phases depending on the location of the light rays: 
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• Before entering the CCPC lens 

• Within the CCPC lens 

• After exit from the CCPC lens 

The Fresnel reflection losses can be predicted by TracePro accurately by 

defining the absorption coefficient, α extinction coefficient, k and refractive 

index, n corresponding to different wavelengths. Apart from that, the Fresnel 

reflection losses can also be validated through calculation using the equation as 

follows, 

𝑅𝐹𝑟𝑒𝑠𝑛𝑒𝑙 =
(𝑛1−𝑛2)2

(𝑛1+𝑛2)2     (4.1) 

where n1 and n2 are the refractive indices of the two mediums. For instances, 

the predicted Fresnel Loss I that occur in the first phase is 4.21% while the 

outcome of calculation is 4.22%. It is proven that the outcome predicted by the 

software is reliable and accurate. However, the predicted value is selected to 

use in all the analysis to ensure the consistency. As expected, Fresnel reflection 

losses have been occurred thrice throughout the three phases as the incident 

rays travelled through four different mediums (air →B270 Schott glass → 

optical adhesive → MJSC). The Fresnel reflection loss II (from CCPC lens to 

optical adhesive) is small as the refractive indices gap is small. For Fresnel loss 

III, the difference between refractive indices of the two mediums is relatively 

high, which causes a higher optical loss when light travelling between optical 

adhesive and MJSC.  
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Figure 4.12: Optical losses occur at each of the component level. 

 

The absorption loss of CCPC lens has been simulated using ray-tracing 

method on the CCPC lens only with the amount as high as 11.59%. However, 

the absorption loss is unavoidable as the geometry of the CCPC lens is 

designed to match with the dimension and of the MJSC as well as the rim angle 

of the POE proposed in previous work. The purpose of this study is to develop 

a simulation technique that is suitable to investigate the characteristics of the 

CCPC module for the application of UHCPV system proposed in previous 

work. So, it is impossible to modify the geometry of the CCPC lens in this 

study and this became a shortcoming of the design in current stage. Further 

adjustment can be made to the geometry of the CCPC lens in future to achieve 
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a balance between the two. Next, the absorption of optical adhesive can be 

neglected as the thickness is too small to affect the outcome. 

The percentage of each loss is calculated with respect to the input 

power entering the entrance aperture of CCPC lens. The optical efficiency of 

the CCPC-CPV assembly module is 72.35% after considering the total optical 

losses as listed in Table 4.2. In order to determine the efficiency of CCPC lens, 

the optical efficiency of CPV module is retrieved as 93.62% by simulating only 

MJSC. It is reasonable as only Fresnel loss will occur when light rays entered 

MJSC from air. As a result, the effective optical efficiency of CCPC lens can 

be obtained as 77.30% via dividing the optical efficiency of CCPC-CPV 

assembly module by the optical efficiency of CPV module alone. 

Table 4.2 The optical losses at each component level of the CCPC module. 

Type of losses Percentage (in term of input) 

Fresnel Loss I – From air to CCPC 4.21% 

Absorption Loss – CCPC lens (B270 Schott Glass) 11.59% 

Edge/Corner Leakage 1.48% 

Optical loses caused by light escaping from adhesive 3.31% 

Fresnel Loss II – From CCPC to optical adhesive 0.52% 

Fresnel Loss III – From optical adhesive to MJSC 6.54% 

Total losses 27.65% 

 

 

4.4 Results for indoor and outdoor experiments 

A simulated SCR of 4.65 is calculated by comparing the output current of the 

CCPC-CPV assembly module with the output current of the CPV module alone 

as shown in equation (3.12). The resulted optical efficiency of the CCPC lens 
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is 77.4% (4.65 out of GCR of 5.998) which is supported by the optical 

efficiency of 77.3% computed from the breakdown analyses as in Table 4.2. 

Next, an indoor experiment is conducted. Spectral irradiance emitted from the 

solar simulator has been measured with a spectrometer and the data is compiled 

with the simulated data for further analysis and SCR calculation.  

The data collected during indoor experiment is recorded in Table 4.3. 

The measurement of each module is calculated based on the average of five 

readings. Consequently, the average ICPV is 9.46 mA while the average ICCPC-

CPV is 43.26 mA, which results in the SCR of 4.57. A minor difference of 1.8% 

is shown between the simulated and indoor measured SCRs. In overall, the 

effective optical efficiency of the CCPC-CPV assembly module under direct 

light source with full solar spectrum is 76.2% (4.57 out of GCR of 5.998).  

 

Table 4.3: Indoor measurement for five MJSC and CCPC-CPV assembly 

modules respectively. 

MJSC ICPV (mA) CCPC-CPV 

assembly module 

ICCPC-CPV (mA) 

Cell 01 9.22 Module 01 42.9 

Cell 02 9.43 Module 02 43.7 

Cell 03 9.60 Module 03 43.8 

Cell 04 9.45 Module 04 42.6 

Cell 05 9.60 Module 05 43.3 

Average 9.46  43.26 

 

Furthermore, the evaluation of CCPC-CPV assembly module has been 

carried forward with an outdoor measurement. In this work, the outdoor 

experiment has been set-up with the consideration of the same amount of input 



 

80 

 

incidence and acceptance angle received by the MJSC and CCPC–CPV 

assembly module. The data collected during outdoor measurement is tabulated 

in Table 4.4, 4.5 and 4.6 over three days of experiment. For all three days, the 

data were measured on sunny day with mostly clear skies at particular local 

time.  

 

Table 4.4: Outdoor data collection on 19th February 2019, weather condition: 

sunny day with mostly clear skies. 

Local Time, 

GMT +8 (h) 
DNI (W/m2) ICPV (mA) ICCPC-CPV (mA) SCR (suns) 

12:10 750.0 8.04 36.8 4.58 

12:15 612.5 7.76 35.9 4.63 

12:20 762.5 9.86 45.5 4.61 

12:25 775.0 9.92 45.6 4.60 

12:30 512.5 6.32 29.0 4.59 

12:35 712.5 8.87 41.3 4.66 

12:40 775.0 9.67 44.5 4.60 

12:45 762.5 9.36 43.8 4.68 

12:50 775.0 9.88 46.7 4.73 

12:55 787.5 9.83 46.4 4.72 

13:00 787.5 9.49 44.4 4.68 

13:05 625.0 7.88 35.5 4.51 

13:10 775.0 9.88 41.8 4.23 

13:15 700.0 9.13 42.8 4.69 

13:20 700.0 9.12 42.4 4.65 

13:25 25.0 0.57 2.5 4.39 

13:30 687.5 8.88 40.0 4.50 

13:35 625.0 8.2 37.6 4.59 

13:40 712.5 8.77 39.8 4.54 

13:45 537.5 6.79 30.9 4.55 

13:50 737.5 8.78 40.9 4.66 

13:55 625.0 7.98 36.5 4.57 

14:00 600.0 7.55 34.4 4.56 

Average  8.37 38.5 4.60 
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Table 4.5: Outdoor data collection on 21st February 2019, weather condition: 

sunny day with mostly clear skies. 

Local Time, 

GMT +8 (h) 
DNI (W/m2) ICPV (mA) ICCPC-CPV (mA) SCR (suns) 

10:40 762.5 9.65 44.3 4.59 

10:45 750.0 9.18 42.9 4.67 

10:50 775.0 9.77 44.8 4.59 

10:55 787.5 9.56 44.0 4.60 

11:00 775.0 9.92 45.3 4.57 

11:05 812.5 10.36 46.7 4.51 

11:20 825.0 10.25 46.5 4.54 

11:25 825.0 10.46 47.4 4.53 

11:30 837.5 10.66 48.0 4.50 

11:35 825.0 10.51 47.9 4.56 

11:40 812.5 10.53 48.4 4.60 

11:45 850.0 10.95 50.1 4.58 

11:50 825.0 10.65 48.9 4.59 

11:55 850.0 10.95 49.6 4.53 

12:00 862.5 11.06 48.4 4.42 

12:05 850.0 11.05 49.8 4.50 

12:10 850.0 11.11 50.0 4.52 

12:20 887.5 11.31 50.8 4.49 

12:25 850.0 10.87 48.1 4.43 

12:30 812.5 10.34 46.7 4.52 

12:35 825.0 10.38 47.4 4.57 

12:40 837.5 10.73 47.1 4.39 

12:45 737.5 9.35 40.8 4.36 

12:50 612.5 7.68 33.5 4.36 

12:55 662.5 8.57 38.7 4.52 

13:20 850.0 10.95 48.5 4.43 

13:25 850.0 10.95 48.9 4.47 

13:30 812.5 8.8 42.5 4.83 

13:35 850.0 10.79 46.4 4.30 

13:40 862.5 11.59 49.6 4.28 

13:50 850.0 11.53 48.5 4.21 

13:55 862.5 11.53 48.8 4.23 

14:00 350.0 4.46 20.0 4.48 

14:05 912.5 11.61 49.8 4.29 

14:15 562.5 6.91 29.8 4.31 

14:30 825.0 10.15 42.5 4.19 

14:35 900.0 11.47 49.3 4.30 

14:40 900.0 11.38 48.4 4.25 

Average  10.21 45.5 4.46 
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Table 4.6: Outdoor data collection on 22nd February 2019, weather condition: 

sunny day with mostly clear skies. 

Local Time, 

GMT +8 (h) 
DNI (W/m2) ICPV (mA) ICCPC-CPV (mA) SCR (suns) 

12:40 900.0 11.37 50.6 4.45 

12:45 850.0 10.76 47.6 4.42 

12:50 812.5 10.15 45.3 4.46 

12:55 850.0 10.89 48.5 4.45 

13:05 900.0 11.56 51.1 4.42 

13:10 937.5 11.81 52.0 4.40 

13:15 925.0 11.57 50.5 4.36 

13:20 925.0 11.59 51.0 4.40 

13:25 912.5 11.52 50.5 4.38 

13:30 912.5 11.46 52.4 4.57 

13:35 875.0 11.28 49.4 4.38 

13:40 900.0 11.52 50.6 4.39 

13:50 900.0 11.49 50.8 4.42 

13:55 912.5 11.50 50.7 4.41 

14:00 925.0 11.60 51.2 4.41 

14:15 912.5 11.69 52.4 4.48 

14:30 87.5 0.52 2.3 4.42 

14:40 887.5 10.92 45.7 4.18 

14:45 900.0 11.29 48.3 4.28 

14:50 850.0 11.11 51.2 4.61 

15:10 662.5 8.52 36.1 4.24 

15:15 37.5 0.41 1.7 4.15 

15:20 37.5 0.41 1.7 4.15 

15:25 862.5 11.20 50.4 4.50 

15:30 862.5 10.80 49.4 4.57 

15:35 875.0 11.25 48.6 4.32 

15:40 225.0 2.54 11.0 4.33 

Average  9.61 42.4 4.41 

 

The SCR of the CCPC-CPV assembly module under different solar 

irradiance is plotted in Figure 4.13. It can be seen from the graph that the SCR 

is less likely to be affected by the energy density of solar irradiance. By taking 

the average of all the outdoor measurements, a SCR of 4.48 is obtained with 

relative standard deviation of 3.25%, which indicates an effective efficiency of 

74.7% (4.48 out of GCR of 5.998) under real working condition. This outcome 
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is acceptable as the outdoor measurement including the consideration of solar 

disc effect as well as the weather changes on the experiment days.  

A summary of the simulated and experimental results is tabulated in 

Table 4.7. It can be seen that the simulated result is in a good agreement with 

the experimental result as the differences between the computational and 

outdoor experiment is only 3.8%. On the other side, when the indoor 

measurement is compared with the single wavelength simulated result, the 

difference between laboratory and simulated result increases from 1.8% to 

4.8%. Once again, it is proven that utilizing full solar spectrum is way more 

reliable and accurate compared to single wavelength simulation. 

 

Figure 4.13: SCR of the CCPC-CPV assembly module under different solar 

irradiance. 
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Table 4.7: The outcome comparison between the simulation, indoor and 

outdoor experiment. 

 

Simulated result 
Indoor 

measured 

result 

Outdoor 

Measured 

result 

Single 

wavelength 

550nm 

Full solar 

spectrum 

ICCPC-CPV  67.32 mA 45.29 mA 43.26 mA 42.13 mA 

ICPV 14.04 mA 9.75 mA 9.46 mA 9.40 mA 

Solar Concentration 

Ratio (SCR) 

4.79 suns 4.65 suns 4.57 suns 4.48 suns 

Optical Efficiency 79.9% 77.40% 76.2% 74.7% 

 

Percentage difference 

between simulated and 

indoor experimental 

SCR 

 

4.8% 
 

1.8% 
  

Percentage difference 

between simulated and 

outdoor experimental 

SCR 

6.9% 3.8%   

 

4.5 Overall performance of UHCPV system 

For the last phase of this research, a ray-tracing simulation for the whole 

UHCPV system (integration of POE and SOE) is conducted. The model for 

ray-tracing simulation consists of 480 pieces of facet mirrors as the POE 

whereas the SOE is consists of four CCPC modules (2 × 2 array). Figure 4.14 

illustrates the ray-tracing simulation of the UHCPV system where the 

irradiance rays is injected on NIDC, then reflected towards the entrance 

aperture of CCPC lens for further concentration before entering to solar cell.  
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Figure 4.14: Ray-tracing simulation for the UHCPV system. 

 

 The dimension of each square facet mirror is 4 cm × 4 cm with an area 

of 16 cm2. It is assigned into 22 rows and 22 columns while four mirrors at the 

centre are taken off to avoid losses caused by the shadow of the receiver 

module. The total reflective area of NIDC is 7680 cm2. On the contrary, the 2 × 

2 array CCPC modules form a total entrance aperture of 48.5 cm × 48.5 cm 

(with a minor gap spacing of 0.5 mm between adjacent lenses). The simulated 

flux distribution map on the SOE’s entrance aperture and the MJSC receiver is 

shown in Figure 4.15. As a result, the reflected rays from POE forms a focused 

image of 20 mm × 20 mm. This once again proven the significance of 

implementing the CCPC lens onto the MJSC. The active area of the MJSC is 

only 9.8 mm × 9.8 mm, which mean the solar irradiance fall onto the DBC will 

be wasted if there is no CCPC lens to direct the sunlight towards the solar cell. 
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The reflection formed at the entrance aperture of SOE is shown in Figure 

4.15(a).  

The overall SCR for the whole UHCPV system is calculated by 

comparing the power intensity onto the MJSC receiver with the standard 

irradiance of 1000 W/m2. An overall SCR of 1144.3 suns is obtained through 

the simulation. This can prove that the integration of CCPC as a SOE into the 

NIDC able to achieve ultra-high solar concentration ratio which is more than 

1000 suns. Nevertheless. further study and analysis is required to investigate 

the losses incurs in the simulation for whole UHCPV system as it may incur 

different losses as compare to the study of single CCPC module. It involves 

more uncertainty and losses that is yet to be justified. 

 

Figure 4.15: The simulated flux distribution map on (a) the CCPC lens’ entrance 

apertures (b) the MJSCs. 
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CHAPTER 5 

 

CONCLUSION AND FUTURE WORK 

 

5.1 Conclusion 

A comprehensive optical analysis on assembly of dielectric filled 

crossed compound parabolic concentrator (CCPC) and concentrator 

photovoltaic module (CPV) is carried out in this thesis. A full range of solar 

spectrum is recommended to use for all the simulation of CPV system as not 

only MJSC, but each material also has different properties as the wavelength 

varies. It is found that if only single wavelength is utilized in ray tracing 

simulation, it leads to overestimation of output power. The optical losses at 

each layer of the module are studied through computational breakdown 

analysis and the absorption of the CCPC lens made of dielectric material is 

found to be the most significant loss, which is 11.59%, following by the 

Fresnel reflection losses that occurs multiple times throughout the ray-tracing 

process. Besides, the performance of the CCPC lens is limited by the 

acceptance angle of the lens itself in which the optical efficiency drastically 

worsens even though it has not reached the acceptance angle of 37.77˚. The 

optical efficiency of the CCPC-CPV assembly module is 77.3% after 

considered all the predicted losses. On the other side, a SCR of 4.65 is obtained 

through the combination of ray-tracing simulation and numerical analysis. The 

simulated optical efficiency is 77.4% (4.65 out of GCR of 5.998) in which it is 

tally to the optical efficiency of 77.3% computed through the breakdown 
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analysis. This shows that the algorithm and ray-tracing technique used in this 

work is presenting a highly reliable and promising accuracy. 

Next, the performance of the CCPC-CPV assembly module under 

various practical scenarios is studied through experiments. For indoor 

measurement, it yields an optical efficiency of 76.2% (4.57 out of GCR of 

5.998). Meanwhile, the outdoor measurement indicates that the CCPC-CPV 

assembly module can achieve an effective efficiency of 74.7% (4.48 out of 

GCR of 5.998) under real working condition.  

Last but not least, the ray-tracing simulation for the whole UHCPV 

system shows that with the aid of secondary optics, the CPV system is able 

achieve SCR of 1144.3 suns. 

 

5.2 Recommended future work 

The geometry of the CCPC lens used in this work is designed to match the 

dimension of the CPV cell used as receiver, other sizes and different types of 

materials can be studied in future to minimize the absorption loss as it 

contributes to the greatest part of the losses. Currently, the ARCs applied on 

top of MJSC are optimized for the interface of air and glass, however based on 

the study in which the MJSC is bonded to the optical adhesive; future research 

might be needed on ARC that is optimized for the interface of optical adhesive.  

The purpose of this thesis is to study the optical characteristics of 

CCPC lens as the SOE in a CPV system. The next step of this study should be 
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expanded to the integration of POE and SOE to determine the overall 

performance of the whole UHCPV system in detailed.  
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