OPTICAL ANALYSIS OF CROSSED COMPOUND
PARABOLIC CONCENTRATOR FOR HIGH
CONCENTRATOR PHOTOVOLTAIC SYSTEM

LEE PEI SHAN

MASTER OF ENGINEERING SCIENCE

LEE KONG CHIAN FACULTY OF ENGINEERING SCIENCE
UNIVERSITY TUNKU ABDUL RAHMAN
JULY 2021



OPTICAL ANALYSIS OF CROSSED COMPOUND PARABOLIC
CONCENTRATOR FOR HIGH CONCENTRATOR
PHOTOVOLTAIC SYSTEM

By

LEE PEI SHAN

A dissertation submitted to the Department of Electrical and Electronics
Engineering, Lee Kong Chian Faculty of Engineering Science, University
Tunku Abdul Rahman, in partial fulfillment of the requirements for the
degree of Master of Engineering Science.

JULY 2021



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



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



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



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.



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.



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 Albugquerque, New Mexico
developed the first prototype of linear-trough CPV system with a concentration
ratio of 40x 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-

Agustin 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

7



(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):

= | ow 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



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 6 and p 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.

Z AXIS

‘CONCENTRATED
LIGHT

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

Co., 1987)



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.

\
\ /
@ (b)

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

12



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).

detlector T central receiver

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 A6 represents the incident angle, L is the length
of the 3-D CPC module, ro 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.

A

»:

\J

Incident sunlight

4/

Input aperture

Py 3

Exit aperture

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,
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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 (Hernandez 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 Hernandez et al, Sandia Labs introduced the first
photovoltaic integrating concentrator in late 80’s, and the concept is
demonstrated in Figure 2.7 (Hernandez 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).

Primary optical
element

Focal
distance

Focal point on

the secondary
/ mirror

4 Secondary optical element

Cell Cell
(a) (b)

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 (Hernandez 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 800x 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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Fresnel lens

Half-egg secondary

(a) (c)

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/m? (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).

(b)

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).

15 mm _ 15mm
44.8 mm 44.8 mm
10 mm '10 mrﬁ
(2) (b)

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).

Fresnel Lens

Diffractive Lens
I
I
I
I
10 mm

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 Findings and discussion
optics used
Reflective light funnel
Boeing Light Funnel Light funnel e The geometrical parameters
Aerospace | Concentrator concentrator must be designed based on the
Co. (1987) | Panel for Solar refractive index of the material
Power 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.
Kaiyanet | A novel Imaging CPC The concentrator’s focus is at the
al. (2011) | multiple curved back side.
surfaces Light rays are transmitted
compound forward instead of backwards
concentrator compared to the conventional
parabolic concentrators.
This design is extremely useflu
for some application.
Tang and | Optical V-trough Able to produce light intensity
Liu (2011) | performance concentrator with high uniformity.
and design Better dissipation of excess heat.
optimization of
V-trough
concentrators
for photovoltaic
applications
Solanki et | Enhanced heat | V-trough Solution for the high temperature
al. (2008) | dissipation of V- | reflector cumulated in CPV cells.
trough PV
modules for
better
performance
Zheng et Combination of | Light funnel Deflector is attached at the outlet
al. (2014) | a light funnel concentrator of light funnel to direct the light
concentrator with a deflector beams to the central receiver.
with a deflector Utilization of whole parabolic
for orientated deflector creates focal speckle
sunlight with higher consistency and
transmission uniformity than half paraboloid
deflector.
Compound parabolic concentrator (CPC)
Dai et al. Numerical Single 3-D e The use of secondary optics
(2011) investigation of | CPC doubled the concentration ratio
the solar of the CPV system.
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concentrating
characteristics

of 3D CPC and
CPC-DC
Su, Pei, et | Radiance/Pmap | Lens-walled e A thin CPC-shape lens attached
al. (2012) | simulationofa | CPC to the inner wall of a mirror
novel lens- CPC.
walled e Able to collect light rays from
compou_nd greater angle of incidence.
parabolic e Lighter weight than solid CPC.
concentrator
(lens-walled
CPQ)
Su, Riffat, | Comparative Lens-walled e Comparison is made with other
etal. study on annual | CPC types of CPC.
solar energy e Lens-walled CPC has greatest
collection of a angle of incidence but lowest
novel lens- optical efficiency when the
walled incident angle is within the half
compound acceptance angle.
parabolic
concentrator
(lens-walled
CPQ)
Cooper et | Performance of | Polygonal e When number of side increases,
al. (2013) | compound CPCs the acceptance efficiency
parabolic increases.
concentrators e Revolved CPC produces highest
with polygonal efficiency whereas CPC with
apertures four sides within 5% of it.

e Square CPC showed some
strange but notable behavior as it
achieved  higher  acceptance
efficiency than hexagonal and
pentagonal CPC.

e Square CPC is more suitable for
the application of secondary
optics as too many sides increase
the complexity of the fabrication
process.

e Square CPC matches better with
solar cells.

Dome lens
Victoria et | Comparative Several types e Lesser materials required than
al. (2009) | analysis of of SOE are dielectric-filled CPC.
different studied (Dome | ¢ Dome shaper is easier to
secondary lens is mainly manufacture.
optical elements | discussed in e Better irradiance distribution.
for aspheric this section.) e Possible to reduce cost by using
primary lenses homogenizer ~ with  greater
acceptance angle.
James and | Use of imaging | Half-ellipsoidal | e Solar image could be uniformly
W (1989) | refractive glass or a penetrated on the solar cell

secondaries in

single surface
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photovoltaic

lens (SILO)

regardless the angle of incidence

concentrators of incoming lights.
Hernandez | High-
et al. performance
(2008) Kdéhler
concentrators
with uniform
irradiance on
solar cell
Fu, Leutz | Secondary Half-egg o Half-egg secondary is extremely
and Annen | optics for homogenizer sensitive to the focal point’s
(2010) Fresnel lens position of primary optics.
solar e The irradiance  distribution
concentrators becomes progressively  worse
when the angle of incidence
increases.

e A precise manufacturing is
required to cooperate with
primary optics.

Ferrer- Optical Design | Four-fold e The optical efficiency of the
Rodriguez | of a 4-Off-Axis- | dome-shaped multi-stage  solar system s
et al. Unit Cassegrain | homogenizer studied.
(2016) Ultra- High e No particular discussion on the
CPV Module dome-shaped homogenizer.
with Central e An effective SCR of 1682 suns is
Receiver achieved.
Kaleidoscope
Ries, High-flux Hexagonal e The solar image formed is based
Gordon photovoltaic kaleidoscope on its geometry.
and solar e Kaleidoscope secondary
Lasken concentrators generates  better  minimum-t-
(1997) kaleidoscope- maximum irradiance ratio than
based optical using single stage optics only.
designs e Lower relative standard
deviation.
Kreske Optical design Square or e The shading of the receiver box
(2002) of a solar flux rectangular causes more losses  than
homogenizer for | kaleidoscope expectation.
concentrator e A precise design is needed for
photovoltaics the supports to hold the receiver
box.
Chen etal. | Design of the o Kaleidoscop | e An optimized KOD is the best in
(2015) Secondary e with equal exhibiting irradiance distribution
Optical optical path on the solar cell.
Elements for design e The manufacturing for KOD-
Concentrated (KOD) type secondary optics is difficult
Photovoltaic e Kaleidoscop as it required high tracking
Units with e with flat accuracy.
Fresnel Lenses top surface
(KFTS)
e Open-
truncated
tetrahedral
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pyramid

with

specular

walls (SP)
EL- Indoor Pyramid lens e Pyramid lens achieved higher
yahyaoui | characterization | and cone lens optical efficiency than cone lens.
etall of pyramid- and e The difference between
(2019) cone-type simulated and  experimental

secondary optics result is approximately 29% but

no justification is given.

Diffractive secondary

Sahinand | High Circular e Large area diffractive lens is hard
Yilmaz Concentration diffractive SOE | to  fabricate  but  smaller
(2019) Photovoltaics diffractive lens used as secondary
(HCPV) with optics is easier.
Diffractive e Diffractive SOE increases the
Secondary optical efficiency of CPV system
Optical by 6%.
Elements e Actual manufactured diffractive
Furkan 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, Mifiano 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).

UHCPV
Receiver Module

Sunlight

CCPC lens

Flat Facet <~

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 x 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 x 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 4cmx4cm

Total reflective area 7680 cm?

Total projection area of reflector 7590 cm?

Assumed reflectivity in simulation 0.95

Array arrangement 11 rows x 11 column per quarters

22 rows x 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 cm? is concentrated onto a surface of 1 cm?, the GCR s said to be 10 suns;
if the light of 100 cm? is concentrated on 1 cm?, then the GCR is 100 suns. The
GCR of CCPC lens is 5.998 as the entrance aperture is 576 mm? while the exit
aperture is 96.04 mm?2. In this study, B270 Schott glass is chosen as the
dielectric material for the CCPC lens due to its high transmissivity and

affordable cost.

CCPC,n=1.52
(B270 Scott Glass)

Adhesive, n=1.38

InGaP, n =3.68
(First layer of MJSC)

(@) (b)

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, Mifiano and Benitez, 2005).

2ar

= Sin 6y (3.2)
__ar(1+sin6r;) cosBr;
L= sin261; (3'2)
0; = sin"(nsin ') (3.3)
1
GCR = (%)2 = (o eli)z = (#@i)z (3.4)

where 20 and 2a’represent the entrance and exit aperture size respectively
while L is the length of the CCPC lens. The half acceptance angle, 8i and the
angular half acceptance angle, ¢ 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 x 2 columns

Dimension of the entrance aperture, 2a 24 mm % 24 mm

Dimension of the exit aperture, 2a’ 9.8 mm x 9.8 mm
Length, L 37.78 mm

Geometrical concentration ratio (GCR)  5.998

Half acceptance angle, 6i 24.1°

Angular half acceptance angle, i 37.77°

Optical constant of B270 Schott Glass @ 300-1800nm

Refractive index, n 1.50 - 1.56

Absorption coefficient, a 2.81x 10 mm™-0.14 mm™*
Extinction coefficient, k 1.23 x 1098359 x 10
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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InGaP 1.88 eV

InGaAs 1.41 eV

Ge 0.67 eV

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 x 10 mm

Thickness 190 pm (£ 20 pm)

Antireflective coating material TiOx/AlO«

Typical efficiency at 1000 suns  40.5%

Maximum operating temperature 110 °C

Measurement condition:

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

Open circuit voltage, Voc @ 1000 suns  3.14V

Short circuit current, Isc @ 1000 suns 14.97 A
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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 IlI-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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QTART

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.

| |

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
Simulate flux distribution maps of CCPC-CPV assembly module for different zenith angles @;:
0° to 37.77°) and azimuth angles (®; : 0° to 360°).

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

maps.
ﬁ Experimental Setup h
Indoor measurement Outdoor measurement
1. Measure the lccpe-cpv and Icev indoor 1. Measure the lccpc-cpv and lcpv
with the aid of solar simulator. outdoor under direct exposure to sun.
2. Measure the spectral irradiances of the 2. Determine the direct beam irradiance
solar simulator via spectrometer. from the sun via pyrheliometer.

Numerical analysis based on simulated data

1.  Divide the optical power received by MJSC, Pcpy by the optical power at entrance aperture of CCPC
lens, Pccec 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.

Calculate the Jsc (1) in the function of wavelength for each sub-cell of MJSC.

Calculate the lccpe-cev and leey by using Eq. (3.10) and Eq. (3.11).

5. Compare the lecpe.cpy and lepy to determine the SCR of the CCPC-CPV assembly module.

~w

END

Figure 3.5: A summary of the evaluation process of the CCPC-CPV assembly

module.
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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 SiO- 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, « 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:
Npa70° (1) = a + a;A% + % + % + % + % (3.5)

where ng270 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

ai 2.286575

az -0.0087334582
as 0.011742884

a4 0.00029041756
as -1.2506695 x 10
as 9.2646253 x 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 Refractive Absorption (/mm)  Extinction Coefficient, k

(nm) index, n (um/ pm)
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
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220

1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
151
1.51
151
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51

7.13060 E-04
7.13060 E-04
7.13060 E-04
7.13060 E-04
7.13060 E-04
7.86522 E-04
7.86522 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
7.86522 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
8.60065 E-04
9.33689 E-04
8.60065 E-04
9.33689 E-04
9.33689 E-04
9.33689 E-04
9.33689 E-04
9.33689 E-04
9.33689 E-04
9.33689 E-04
1.00739 E-03
9.33689 E-04
9.33689 E-04
9.33689 E-04
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
9.99171 E-04
9.99171 E-04
9.99171 E-04

4.14228 E-08
4.19902 E-08
4.25577 E-08
4.31251 E-08
4.36925 E-08
4.88198 E-08
4.94457 E-08
5.47535 E-08
5.54379 E-08
5.61223 E-08
5.68067 E-08
5.74911 E-08
5.81756 E-08
5.38269 E-08
5.44528 E-08
5.50787 E-08
5.57046 E-08
5.63305 E-08
5.69564 E-08
5.75823 E-08
5.82082 E-08
6.43353 E-08
6.50197 E-08
6.57042 E-08
6.63886 E-08
6.70730 E-08
6.77574 E-08
6.84418 E-08
7.50437 E-08
6.98107 E-08
7.65297 E-08
7.72727 E-08
7.80157 E-08
7.87587 E-08
7.95017 E-08
8.02447 E-08
8.09877 E-08
8.81826 E-08
8.24737 E-08
8.32167 E-08
8.39597 E-08
9.73223 E-08
9.81760 E-08
9.90297 E-08
9.98834 E-08
1.00737 E-07
1.01591 E-07
9.54139 E-08
9.62090 E-08
9.70041 E-08
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1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720

1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
151
1.51
151
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51
1.51

9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.99171 E-04
9.25628 E-04
9.25628 E-04
9.25628 E-04
9.25628 E-04
9.25628 E-04
9.25628 E-04
9.99171 E-04
1.14650 E-03
1.51626 E-03
1.59045 E-03
1.59045 E-03
1.51626 E-03
1.29416 E-03
1.22029 E-03
1.07280 E-03
1.07280 E-03
9.99171 E-04
9.99171 E-04
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.07280 E-03
1.22029 E-03
1.29416 E-03
1.29416 E-03
1.36811 E-03
1.36811 E-03
1.51626 E-03
1.59045 E-03
1.59045 E-03
1.81354 E-03
1.81354 E-03
1.88807 E-03
2.11216 E-03
2.26198 E-03
2.26198 E-03

9.77992 E-08
9.85943 E-08
9.93895 E-08
1.00185 E-07
1.00980 E-07
1.01775 E-07
1.02570 E-07
1.03365 E-07
1.04160 E-07
9.72301 E-08
9.79667 E-08
9.87033 E-08
9.94399 E-08
1.00177 E-O7
1.00913 E-07
1.09726 E-07
1.26818 E-07
1.68924 E-07
1.78456 E-07
1.79721 E-O07
1.72544 E-07
1.48300 E-07
1.40806 E-07
1.24641 E-07
1.25494 E-07
1.17677 E-O07
1.18472 E-07
1.28056 E-07
1.28909 E-07
1.29763 E-07
1.30617 E-07
1.31470 E-07
1.32324 E-07
1.33178 E-07
1.34032 E-07
1.34885 E-07
1.54401 E-07
1.64777 E-07
1.65807 E-07
1.76370 E-07
1.77459 E-07
1.97882 E-07
2.08831 E-07
2.10097 E-07
2.41010 E-07
2.42453 E-07
2.53919 E-07
2.85737 E-07
3.07804 E-07
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
4.0E-06 1.62
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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, ta 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.

CCPC

Adhesive Tal
layer

MISC——J

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,
@7 is the angle between the Z-axis and the incident ray while Azimuth angle,
@a 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 37.77°, the range of the zenith
angle used in the ray-tracing simulation is from 0° to 37.77° while the range of

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

Zenith angle

T Azimuth angle

CCPC module

() (b)

Figure 3.9: (a) Definition of angles of incidences (Zenith angle, @z and
Azimuth angle, @a) 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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Dy

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 =rsind, cos P, (3.6)
Y =rsind,sin®, (3.7)
Z =rcosd, (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.

Dz

Pr .Z=120mm  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)

52



Table 3.8: Light source position (X, Y) for zenith agnle equal to 30° and 37.77°

(acceptance angle of CCPC lens) respectively.

bz

Pa 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 2x2 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 (Pccec) as shown in

the following equation:
P
T]opticalo\') = % X 100% (39)

The optical efficiency in the function of wavelength, 7optical(4), are then
multiplied with the GCR of CCPC lens (5.998 suns) and divided by 100% to
obtain the spectral SCR, C(4), 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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2
Iepy = Agctive X ;Il_canQE (1) -S,(A)da (3.10)

where Aacite IS the active area of MJSC; q represents the electronic charge; ¢
stands for the speed of light in vacuum; h is the Planck’s constant; 7eqe(A) is
the EQE of any p-n junction sub-cell in the MJSC, which is in a function of
wavelength; S (1) 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:

A
Iecpc-cpv = Aactive X 1= J C(A) " Nrgr(A) - SL.(A) d2 (3.11)

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

following equations:

SCR = leepe=crv (3.12)

Icpy

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 RTYV 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 25°C. 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 400°C 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 Sol1A™ 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/m?). 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

Sol1A™ 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 B The second alphabet indicates the

uniformity 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 B To prevent the measured cell efficiency
stability 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.

CCPC-CPV
assembly module

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 S; (1) in Egns. (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 Iccpccev as shown in Figure 3.13. The effective SCR of the CCPC-
CPV assembly module can be obtained by comparing lccpc-cev (module with
CCPC lens) and Icpy (module without CCPC lens). Hence, five units of MJSC
are used to measure Icpy, 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 lccpc.cpvand Icpy 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
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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, 2 «, of 0.1° and opening angle, 2, of 2.5° 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,

He (3.13)
tan Zf —tan L«

L2=Htan L& (3.14)

where H represents the height between the receiver’s entrance aperture and the
opening, za represents the tracking error angle, 2f 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 lccec-cev 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.

Ll L2
R R =
MJSC Module
Alignment —
Sight
H
b7/
Lo
CCPC Module
v
Receiver
(a) (b)

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

tester case.

Connected to
multimeters

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.
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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, @z for
Figure 4.2(b) and (c) are 10° and 20° respectively (azimuth angle, ®@a remains

at 0°).
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(a)

Figure 4.2: Ray tracing simulation of the CCPC-CPV assembly module under
light source with azimuth angle, @A = 0° while zenith angle, @z equals to (a) 0°

(b) 10°, (c) 20°, (d) 30°, and (¢) 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, @z, increases, whilst it shifted towards to the corner edge of the receiver
when azimuth angle, ®a, 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 0° to 37.77° and azimuth angle ranging from 0° to

360°. The data was then plotted in Figure 4.4.

66



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

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

360°.
Azimuth Zenith angle, @7
Angle, @ g 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 (@z = 0, @a = 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 30° as it approaches half of the acceptance angle. The optical
efficiency drops significantly and reduces to below 50% after incident angle
has reached 35° even though it is still less than the half acceptance angle of

37.77°.
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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 (®a =
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 @ =

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 ®x = 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 @a = 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.

(a) When @4 =90°, &7=37.77°

Side view Top view

(b) When @&, =45°, &;=37.77°

Side view Top view

Figure 4.4: The ray tracing simulation of the CCPC-CPV assembly module
from various points of view when (a) ®@a = 90° and &z = 37.77°, (b) ®a = 45°

and &z = 37.77°.
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Zenith angle, @z =137.77°
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Figure 4.5: The simulated flux distribution map on the MJSC receiver with

®p =0°,90°, 180° and 270° while &z = 37.77°.

It can also be proven through the simulation result as depicted in Figure
4.6; the optical efficiency for the ®a 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, @z below 10° and the then SCR
gradually decreases as the zenith angle, @z 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 37.77°.
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Figure 4.6: The optical efficiency of the CCPC-CPV assembly module in 2D-

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

72



12 -10 -8 6 -4 -2 0 2 4 6 8 10 12

(a) (b)

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, ta 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, @,, while azimuth angle, ®, = 0, for different

thicknesses of adhesive layer, ta.

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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e Before entering the CCPC lens
e Within the CCPC lens

e After exit from the CCPC lens

The Fresnel reflection losses can be predicted by TracePro accurately by
defining the absorption coefficient, « 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,

N2
Rpresner = () (4-1)

(ny+ny)?

where ny and ny are the refractive indices of the two mediums. For instances,
the predicted Fresnel Loss | 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 Il (from CCPC lens to

optical adhesive) is small as the refractive indices gap is small. For Fresnel loss
I11, 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
method on the CCPC lens only with

the absorption loss is unavoidable

designed to match with the dimension and of the MJSC as well as the rim angle

of the POE proposed in previous wor

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 shortcomin

adjustment can be made to the geometry of the CCPC lens in future to achieve

lens has been simulated using ray-tracing
the amount as high as 11.59%. However,

as the geometry of the CCPC lens is

k. The purpose of this study is to develop

g of the design in current stage. Further
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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 [ — 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 IT — 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 lccpc-
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 Iccpe-crv (MA)
assembly module

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
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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 19" February 2019, weather condition:

sunny day with mostly clear skies.

'C‘;")\ﬂ Ig?ﬁ) DNI (W/m?)  Icpv (MA)  Iccpecov (MA)  SCR (suns)
12:10 750.0 8.04 36.8 458
12:15 612.5 7.76 35.9 463
12:20 762.5 9.86 455 461
12:25 775.0 9.92 456 4.60
12:30 512.5 6.32 29.0 459
12:35 7125 8.87 413 4.66
12:40 775.0 9.67 445 4.60
12:45 762.5 9.3 438 4,68
12:50 775.0 9.88 46.7 473
12:55 7875 9.83 46.4 472
13:00 7875 9.49 44.4 468
13:05 625.0 7.88 355 451
13:10 775.0 9.88 418 4.23
13:15 700.0 9.13 428 4.69
13:20 700.0 9.12 42.4 465
13:25 25.0 0.57 25 4.39
13:30 687.5 8.88 40.0 450
13:35 625.0 8.2 37.6 459
13:40 7125 8.77 39.8 454
13:45 537.5 6.79 30.9 455
13:50 7315 8.78 40.9 4.66
13:55 625.0 7.98 36.5 457
14:00 600.0 755 34.4 456
Average 8.37 38.5 4.60
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Table 4.5: Outdoor data collection on 21 February 2019, weather condition:
sunny day with mostly clear skies.

(";"’\‘/’Iﬂ Iér?s) DNI (W/m?)  lcpv (MA)  lccpe.cev (MA)  SCR (suns)
10:40 762.5 9.65 443 459
10:45 750.0 9.18 42.9 4.67
10:50 775.0 9.77 44.8 459
10:55 7875 9.56 44.0 4.60
11:00 775.0 9.92 453 457
11:05 812.5 10.36 46.7 451
11:20 825.0 10.25 46.5 454
11:25 825.0 10.46 47.4 453
11:30 837.5 10.66 48.0 450
11:35 825.0 10.51 47.9 456
11:40 812.5 10.53 48.4 4.60
11:45 850.0 10.95 50.1 458
11:50 825.0 10.65 48.9 459
11:55 850.0 10.95 49.6 453
12:00 862.5 11.06 48.4 4.42
12:05 850.0 11.05 49.8 450
12:10 850.0 11.11 50.0 452
12:20 887.5 11.31 50.8 4.49
12:25 850.0 10.87 481 4.43
12:30 812.5 10.34 46.7 452
12:35 825.0 10.38 47.4 457
12:40 837.5 10.73 471 4.39
12:45 7375 9.35 408 4.36
12:50 612.5 7.68 335 4.36
12:55 662.5 8.57 38.7 452
13:20 850.0 10.95 485 4.43
13:25 850.0 10.95 48.9 4.47
13:30 812.5 8.8 425 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 1153 485 421
13:55 862.5 1153 488 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 29.8 431
14:30 825.0 10.15 425 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 22" February 2019, weather condition:

sunny day with mostly clear skies.

cocal Iér?ﬁ) DNI (W/m?)  Iepy (MA)  Iccee.cov (MA)  SCR (suns)
12:40 900.0 1137 506 4.5
12:45 850.0 1076 476 4.42
12:50 8125 1015 453 446
12:55 850.0 1089 485 4.45
13:05 900.0 1156 511 4.42
13:10 0375 1181 520 4.40
1315 925.0 1157 505 436
13:20 925.0 1159 510 4.40
13:25 91255 1152 505 438
13:30 9125 1146 524 457
13:35 875.0 1128 494 438
13:40 900.0 1152 506 4.39
13:50 900.0 1149 508 4.42
13:55 9125 1150 507 441
14:00 925.0 1160 512 441
14:15 9125 1169 524 4.48
14:30 87.5 052 23 4.42
14:40 887.5 1092 457 418
14:45 900.0 1129 483 428
14:50 850.0 1111 512 461
15:10 662.5 852 36.1 424
15:15 375 0.41 17 415
15:20 375 0.41 17 415
15:25 862.5 1120 504 450
15:30 862.5 1080 494 457
15:35 875.0 1125 486 432
15:40 225.0 254 11.0 433
Average 9.61 12.4 441

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.
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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 ind Outdoor
Single Full solar naoor
wavelength spectrum ~ Measured Measured
550nm result result
lccre-cpy 67.32 mA 45.29 mA 43.26 mA 42.13 mA
lcpv 14.04 mA 9.75 mA 9.46 mA 9.40 mA
Solar Concentration 4.79 suns 4.65 suns 4.57 suns 4.48 suns
Ratio (SCR)
Optical Efficiency 79.9% 77.40% 76.2% 74.7%
Percentage difference 4.8% 1.8%
between simulated and
indoor experimental
SCR
Percentage difference 6.9% 3.8%

between simulated and
outdoor experimental
SCR

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 x 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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2 x 2 CCPC modules

Non-imaging dish
concentrator

Figure 4.14: Ray-tracing simulation for the UHCPV system.

The dimension of each square facet mirror is 4 cm x 4 cm with an area
of 16 cm?. 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 cm?. On the contrary, the 2 x
2 array CCPC modules form a total entrance aperture of 48.5 cm x 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 x 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 x 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/m?. 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.
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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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Form D05 0/BA,

APPENDIX A

B270 SCHOTT GLASS

SCHOTT DESAG

SCHOTT

Specification
Physical and chemical properties

PCE - TKT
B 270 Superwite

B 270 Superwite

B 270 Superwite is a clear high transmission crown glass
{modified soda-lime glass) available in form of sheets,
optical rods, profiled rods and strips.

D 0092

The subsequent properties are based primarily upon the measuring results of the wery latest standards
and measuring methods, which are defined in comesponding "Measuring and Test Procedures”.
SCHOTT DESAG retains the right to change the data in keeping with the latest technical standards.
Non-toleranced numerical values are reference values of an average production quality_

Values marked with ¢ do not apply to the type of glass or no values are available.

Reguirements deviating from these specifications must be defined in writing in a customer agreement.

Date of release: May 02, 00

04.00:1
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SCHOTT DESAG SC H OTT
Specification PCE - TKT
Physical and chemical properties B 270 Superwite
1. Optical properties
14 Refractive indices [ 20°C )

Pretreatment of samples ng 1.5341

annealed at 40°C/h ng 1.5297
ne 15202
e 1.5251 £ 0.001"
My 1.5230
no 1.5228

* + 0.0003 upon request Ag 1.5207
fg 1.5203

Further refractive indices in UV and IR (reference values) SEE annex

1.11 Abbe value Ve 583 +0.6

Vg 585

1.2 Transmittance data
1241 Spectral transmittance = (1)

1214 T (4} - curve

Plot of speciral transmittance (1) for

d=20mmund d =15 mm (i =280 nm - 850 nm) SEE annex

o =20 mm und d =15 mm (4 =280 nm - 2000 nm} S22 annex
1.2.1.2 T (4 ) - individual values in % See anmnex

1.21.3 Edge wawvelength (d = 2.0 mm)

Edge wavelength At =046) in nm 312
Solarization refer to 6.2
Additional data Ag (r =0.05) in nm o4
Ap{r =0.85) in nm 340
1.2.2 Luminous transmittance T,
1.2.21 Luminous transmittance as a function of thickness
@ thickness in mm Tupes iM% Ty im 3
5 20 817 817
4.0 91.6 918
'E 15.0 91.0 91.0
04 002 page: 2

108



Form 005 06E

SCHOTT DESAG

SCHOTT

Specification
Physical and chemical properties

PCE - TKT
B 270 Superwite

1.2.3 Special transmittance values in % (d = 2.0 mm)
1.2.31 UV - transmittance Tirm 84
Te 19
1.2.3.2 IR - transmittance Ta B2.E
1.2.3.3 Radiant transmittance Te o114
1.3 Colour
1341 Visual evaluation disregard
13.2 Colorimetry [d = 2.0 mm)
Dg X 0.314
Chromaticity coordinates (colour locus) are referred ¥ 0.332
to the namend Standard Iluminant according to A 0448
CIE 2*-observer ¥ D402
13.3 disregard
134 General colour rendering index R, (d = 2.0 mm) 100
04 .00/ page: 3
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Form B0SMEE

SCHOTT DESAG

SCHOTT

Specification
Physical and chemical properties

PCE - TKT
B 270 Superwite

2. Thermal properties
24 Viscosities and comesponding temperatures
Designation iscosity Temperature
log i in dPas #in "G
Sirain paint 14.5 511
Annealing point 13.0 541
Softening point 7.6 724
Forming temperature 6.0 BT
Forming temperature 5.0 815
Forming temperature 4.0 1033
2.2 Transformation temperature Tg in °C 533
23 Coefficient of thermal expansion o
2.31 Coefficient of mean linear thermal expansion
 in 10°° K for the indicated temperature range
(static measurement)
£ (203007 04
X zomc-20rc) a0
O 20mc-100C) B2
2.3.2 Coefficient of mean linear thermal expansion
a in 10 K for the indicated temperature range
(dynamic measurement)
& POrC-G) [E:
X 2oec1ss) 84
X zomc-20rc) a8
€ (202507 8.1
¥ e300 a4
X Gome-350G) 0.8
X 20ecamorc) a8
O 2nC24507G) 10.0
& 2ovc-500ee) 103
04.00M1 page: 4
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Form 0050EE

SCHOTT DESAG

SCHOIT

Specification PCE - TKT
Physical and chemical properties B 270 Superwite
2.3.3 Coefficient of mean linear thermal expansion
ain 10° K™ for the mentioned temperature intervals SEE annex
[dynamic measurement)
24 Fuseability
Stress-free fusion with suitable SCHOTT DESAG lower
segments is possible.
2.5 Mean specific heat capacity o (20°C-100°C) in . {g-K) 0.88
2.6 Thermal conductivity 4 in Wi (m-K) for the
indicated temperatures
# =24 .5°C 082
= 88°C 1.0
# =127°C 1.08
¢ = 167°C 1.15
2.7 Specific thermal stress ¢ in N (mm*-K) 0.88
04.00M1 page: 5§
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SCHOTT DESAG SC H OTT
Specification PCE - TKT
Physical and chemical properties B 270 Superwite
3. Mechanical properties
34 Density p in glem? 255
3.2 Stress optical coefficient C in 1.02 - 1072 m¥/M 27
33 Breaking strength

Admissible value for the bending strength &y of technically
annealed glasses as calculation basis (air) im Nimm? o
A higher mechanical strength can be realized by chemical
toughening acconding to the ion exchange procedure
(refer to annex 3.3.1) or by thermal toughening.
3341 Chemical toughening
Processing temperature 1 in °C 420
Processing time ¢ in h 16
Compressive stress Ds as birefringence in nmicm 7200
Penetration depth Mz up to neutral zone in pm 48
Further information S22 SNnex
332 Thermal toughening
Recommended minimum thickness d in mm for toughened safety a0
glass for building purposes according to DIN 1248 T10 - 1800 -

34 Young's modulus E in kNimm? 715
35 Poisson's ratio u 0219
3.6 Torsion moedulus G in kM/mm? 283
3.7 Knoop hardness HK 5 B

g
:
:
04.00M1 page: B
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SCHOTT DESAG S( H r"}TT
Specification PCE - TKT
Physical and chemical properties B 270 Superwite
4, Chemical properties
44 Hydrolytic resistance acc. to DIN 150 719

Hydrolytic class HGB 3
Eguivalent of alkali (May0) per gram of glass grains in ,u-g.fgl 170
4.2 Acid resistance acc. to DIN 12 116
Acid dasEI 2

Half surface weight loss after & hours in mg/dm? 1.4

43 Alkali resistance acc. to DIN 150 635
CIasEI AZ
Surface weight loss after 3 hours in mg/dm? 140

k. Electrical properties
54 Dielectric constant (Permittivity) £, at 1 MHz 7.0
532 Dissipation factor tan & bei 1 MHz ag - 107
h3 Electric wvolume resistivity p pin 0 - em

at the specified temperatures
531 pofor alternating current 50 Hz and 3 kHz
¢ = 1260°C 102
¢ = 1386°C 6.8
5.3.2 ppfor direct cument
# = 250°C 10°
g = 350°C 16 - 107
& = 400°C 2-10®
5.4 Temperature tgpo in °C for a specific electric
g volume resistivity of 1002 -cm 301
:
04.00M1 page: T
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Form DOS0EE

SCHOTT DESAG SC H OTT

Specification PCE - TKT
Physical and chemical properties B 270 Superwite
6. Other properties
6.1 Lead equivalent in mm Pb at 15 mm glass thickness for X-rays
Voltage 50 kVN.16 mm Cu total filkering 024
Voltage 80 k.16 mm Cu total filkering 032
Voltage 110 kV/D.40 mm Cu total filtering 0.33
Voltage 150 kVD.TO mm Cu total filtering 027

Measuring and Test Procedures

For X-radiation (constant voltage) the lead equivalent is defined by

the total filtering specified in the table (refer also o DIN 6845).

The exposed area has a diameter of 50 mm. The absorption of
radiation in the sample piece is compared to lead absorbers of such a
thickness that the same attenuation of the dose perfformance is reached
in both cases.

As detector, a scintillation dosimeter (scintillator 44 mm diameter,

15 mm height) is used.

The measuring inaccuracy is + 0.03 mm.

6.2 Solarization

Shifting of the edge wavelength L {r - 0.45) after
N -radiation in the direction of longer wavelength A dginnm 2

Measuring and Test Procedures

The sample will be imadiated with a UV - F 400 floodlamip.
The iradiation time amounts to 7h; the distance between
flocdlamp and samplefastening is 14 cm.

7. Annex (diagrams, curves)

04.0002 page: B
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Specification PCE - TKT
Physical and chemical properties B 270 Superwite
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Specification PCE - TKT
Physical and chemical properiies B 270 Superwite
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Specification PCE - TKT
Physical and chemical properiies B 270 Superwite
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Speﬁificatinn PCE - TKT

Physical and chemical properties

B 270 Superwite

Spectral transmittance ¢ (1) in % for the named thickness

thickness im mm

A imnm 1 2 3 4 5 [i] 7 ] g 10 15 20 25 30
300 351 | 135 | 52 20 0.8 03 01 0.0 [iXi] 0.0
310 600 | 388 | 261 (17.2 ] 114 | 75 4.8 33 22 14
320 TGO | 834 | 529 | 441 | 368 | 307 | 2568 | 214 | 178 | 140 | 109 | 54 28 1.3
330 B42 | 778 (718 | 883 | 613 | 586 | 523 | 483 | 4468 | 412 | 348 | 250 | 181 | 131
30 BEOD | 849 | B19 | 79.0 | 763 | 736 | 710 | 685 | 861 | G3B | 5848 | 518 | 449 | 300
350 BOB | 884 | B71 [ A57 | 844 [ 831 | 818 (BOG | 783 | 7BY1 | 751 | 704 [ 858 | 818
380 b0G | 990 | BP2 | B85 | &7D | 872 | 855 (BHD | 852 | B46G | 830 | BD4 | 778 | 754
aro B0B | 904 | BPD | 804 | BOD | 885 | BBOD | B7G | 871 | BE.T | 850 | B3B8 | 820 | 803
380 BOQ | 904 | 200 (895 | 801 | 896 | B81 | BY7 | E7.2 | BG6E | 854 | B3E | 81.7 | 7TO.8
300 B12 | 910 | B0D7 | 905 | 903 | 901 | 809 ( BOTF | 895 | BP2 | B8O | B7.7 | BB | 85O
400 B1.3 | 942 (010 | 809 ) 907 | D06 | 805 ([ B03 | 902 ([ OODO | 895 | BBO | 882 | 878
410 P13 | 912 |11 (1.0 | 808 | 907 | 06 | BO4 ( 203 | BD2 | 887 | BB.1 | B35 | BT @
420 P14 | 912 | 911 (.0 | 208 | 907 | 206 | 004 ( DD3 | DOD2 | 898 | BBO | 883 | B77
430 P14 | 912 | 911 | .0 | 208 | 907 | 206 | 904 ( 203 | OO2 | 804 | BBE | 881 | 674
440 P14 | 913 (@11 | M0 | 908 | 907 | @06 | BO4 | 903 | BOD1 | 885 | BBE | 881 | &74
450 P14 | 943 |12 | &1 | 209 | 008 | 0.7 ([ 05 | ©D4 | B03 | 887 | BB1 | 835 | E7 O
480 P15 | 914 |13 (M2 ] 811 | 910 | 209 ( BOB | ®0.7 | B0G | B0.O | BBS | 9.0 | BBS
470 P15 | 914 (P14 | M3 ) 912 ) 911 | 910 (00 | 908 | BOB | 903 | BE9 | 804 | 8OO
480 PG| 915 |14 (M3 813 | 12| 811 (811 810 | B0R | 805 | BO.1 | 89.8 | E04
440 P1E |95 | M5 (M4 ] 914 | 13| 912 (812 (811|911 | 003 | BO5 | 902 | BDD
500 P16 | 998 (M5 | M5 ) 9814 | 014 | 814 (613 | 813 (012 | 009 [ 606 | D04 | 801
510 PG| Mg (M5 | M5 014 | 014 ] 014 (013 813 (012 000 (| 607 | D04 | 202
520 P17 | 918 | M8 (M5 8915 | 914 | 214 (013 813 | 912 | 911 | BO2 | 907 | 205
530 17|98 | M8 [ ME ]85 | N5 | 815|014 (| 814 | 014 | 912 | 810 | 908 | 206
540 PI7T | M7 |ME | Me|815 | M5 815 (8014 | 914 [ 013 ) 912 (01D | 808 | 807
E50 17| M7 | ME | M| 85| M5 85 [ 014 | 814 | 013 | 912 | 910 | 800 | 807
560 PI7T|9i7 | M8 (M| 815 | N5 815 (014 (814 | 013 | 812 | 010 | 508 | 206
570 17T | M7 |6 | Me| 915 | M6 915 (8014 | 914 (013 ) 912 | 01D | 908 | 208
5R0 17|97 | M8 [ MB]8M5 | NS5 | 815|014 | 814 | 913 | 911 | 802 | 906 | 204
500 7|97 | M8 ([ ME]™ME5 | N5 815 (014 ( 814 | 013 | 010 | BOE | 905 | 203
&00 Pi7 | M7 | ME | M| 8E5 | N5 815|014 | 814 | 013 | D09 | BO.7 | D04 | 201
610 ATy | M55 | 4] 813 (013 812 (011 | 009 | B0E | D03 | 200
620 17T | M7 |6 | M5 015 | 014 | 813 (813 912 (011 | 0048 | 604 | 900 | 80T
630 B1B | 917 | P18 (M5 815 | 914 | 813 | ©1.3 | 81.2 | 811 | B0.F | BO.2 | 90.0 | BRE
B40 7| M7y |@ME | M5 9814 ) 13912811 | 910 (600 | 0060 | BD2 | 898 | 804
G50 BMI7| My |[ME | M5 9814 | 0139812 (811 | 910 (600 | 006 [ B0D2 ) 808 ) 804
[&i] 1B |97 | M8 [ M5] 815 914 | 813 (013|812 | 911 807 | P02 (898 8BRS
B70 1B | 917 |08 ([MB ]85 | 14 | 812 (812 (812011 | 807 | B02 | 900 | 206
GED i |9y | ME | Mo 915 | M4 @13 (12| @12 (011 | 907 | 603 | 900 | &oE
B0 Pig |97 |6 | Mo 915 ) 914 | 813 (12| 912 (011 | 00438 | 604 | 801 | 8BT
700 1B | M7 | ME [ ME] 85| M4 | 813 (912|812 | 911 | 9038 | 804 | 801 | 807
710 1B |97 | M8 (M6 ] 815 914|813 (812 (812|011 508 | P04 (9801 B80T
720 P1g |9y |6 | MeB 815 | 014 | 813 (12| 912 (011 | 0048 | 604 | 801 | 8B.T
T30 P1E | 918 |17 (MG | 816 | 15| 814 | 814 | 813 | 812 | 0.3 | BO.4 | 901 | BBT
740 1B | 918 | M7 (ME ]| 86| 5| 914 (014 (813 | 012 | 003 | BO4 | 901 | BBT
750 1| M8 |7 | Ma) 9816|0165 ) 914 (614 | 913 (012 | 008 [ 604 | 801 | BAT
T80 i) M| @M7 | Mo @16 | 165914 (014 913 (012 | 0048 | 604 | B0 | BBT
770 1B | 918 | M7 (MB]®™ME | N5 814 (014 (8913|012 | 003 | 604 (| 500 | B0E
TED B1EB | 917 | 017 (MG | 815 | 914 | 813 ([ @12 ( 811 | 811 | B0.F | BO.2 | 89.9 | B8RS
70 M| M| M7 | Mo 916 | 165 914 (914 | 913 (012 )| 007 (602 | 898 | 804
200 168 | 918 | 017 [ 6] 815 [ 914 | 813 {912 | 811 | 910 | 9048 | 802 { 89.7 | 0.3
04.00/1 page: 12
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Specification PCE - TKT
Physical and chemical properties B 270 Superwite

Chemical toughening parameter

Glass and chemical toughening parameters

Transfermation temperature "C 533
Glass thickness mim 3
Processing time h 16
Processing temperature "C 420
Salt bath (" weight percentages) MO in % * 8a.5
Si0; xHO0In % " 0.5
Chemical toughening results *
Penetration depth T 48
Birefringence mmicm T200
" measured across at a sample piece ground down o 0.3 mm £ 0.05 mm
Ball drop test acc. FDA % failedl not camed out
Ball drop test acc. DIN % failedl not camed out
ADOOD i coeeiemssed abs puimban s i s "
R N AT U SO A
E 1
OO0 A ..............
g 6B0D s PR NP,
g 5000 : . ........... i
i 1 PN SN st e b
g WA, CONRUINS PR, : :
2000 % PRSNGSRS, SUERPE AP TRP. sy
1000 . e
0 —
360 380 400 420 440 450 4B0 500
Precessing temperature in®"C  ——=
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APPENDIX B

AZUR SPACE 3C44

AZURSPACE

SOLAN MOWEN CMEA

Concentrator Triple Junction Solar Cell
Cell Type: 3C44 — 10 x 10mm=
Application: Concentrating Photovoltaic (CPV) Modules

San [ Vo [ Wiipe Purs FF n
Congeniration 2] M 2] | [Wiee] 3] [%]
i} Version MCIAIr
Grid optimized for medium concentration + Antirefiective Coating adapied o air
X250 385 3,068 ki 2,80 10,59 B69,9% 421
X500 756 ERD 754 281 21,20 BB.9% 420
X 1000 15,35 3,15 15,07 2,69 40,55 B3.5% 40,3
@ version MC/Glass
Grid optimized for medium concentration + Antirefiective Coating adapéed o olass
X250 382 3,07 3,78 2,80 10,55 B69,9% 419
X 500 TE1 an T.50 281 .04 EB.8% 418
X 1000 15,36 3,15 14,53 2,70 40,45 B3.5% 40,2

Sun [™
‘Conceniration [A] m Al m Wigel 1

i Version HCIAI

Ve lurs Wiaer Pure FF

Grid ogtimized for high concentration + Antireflective Coating adapbed o air

:
3C44

EeE bbb EG&

efficiencyin %

o 200

X250 .76 306 366 2,83 10,44 S0.7% 1.5
X500 748 an 738 283 20,53 59,5% 414
X 1000 15,17 3,14 14,82 277 41,08 6 4%
Werslon HCIGlass
Grid optimized for high concentration + Antireflective Coating adapbed o qglass:

X250 375 306 366 282 10,7 S0.5% 41.3
X500 TAT 310 TS 282 20,73 59,5% 41,2
X 1000 14,57 3,14 4.7 277 40,77 BE,0% 405
ADD 00 00 1000 1200 1400 1600

sun concentration

M iremant coeiiona: 1.5 AMd ~ 1000 Wind (ASTM 3 173-03), T = 26 °C, designaled messunamient anss = 100,51 min

I b 281

S-frd
Folsmmed for publceton (evel 1 ol 5)

FHR
[ h
Capyright © 2015 ATUR SPACE Sakr Powsr GeH

AZUR SFACE Solar Powar SabH e

Theres ety 2 -

74072 Hatoroen e wt

shane: 40 T131 &7 2800 s

s #4131 T 2727 21 ez mma

= L. CPV
webule. www EIFECEoN oM TERm o ey
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AZURSPACE

SOLAN MOWED ORMEA

m Typical Temperature Coefficients
Tempsarature rangs (25 — 80 °C)

Parameter Bl g} (AT [AVa! Vaegro) AT (AP ! Poppara V8T (A1 Nawa) /AT
Value 0,080 -0,135%K -0, 108%0 0, 106 epunF
Parameter Alw! AT AV lAT AP | AT AniAT
Value 8,1 mAK 4.2 mIK 225 miiK A0, (45 o K

Exonmdary wallieh MeasiLred with varsion MCIAT, @t 500 sns

Typical Performance over Temperature

Expmplary for vershon MCRAr
a4
43 il 350 -
42 - i BO°C [~

3C44

35
34 T T T T T T T 1
[1] 200 400 B00 BDO 1000 1200 14000 1600
Sun concentration
e chnte: 2515412 AZUR SPACE Solar Powar GmbH [
Fialammed for publcation (ewvel 1 of 5) Theres ey, 3 -
TaTE Halbrrn s @}@
HHR DOBE355-00-00 heme: 4 7131 £7 28
Pige 2 o d b 4 131 £F 2PIT figazEma
e i =m : .
Capyright © 3008 ATR SPACE Gskar Pawer GeiH wmknty. e MrUTEEos Co Rt S
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Version Comparison

AZURSPACE

SOLATN POWED DMRMEA

Opto Electrical Behaviour Influence of Cell Dimension
A‘:C-ljdjm mﬁw Active Ares JMM%
ersion Air =3.2 Vograty 3x3Imm 40%
Version Glass 0.4 Hogwg 55x55mm 420%
10 x 10 mm 421%
Efficiancy compartson o 500 surs
Design and Mechanical Data
Base Material GalnP¥GalnAs/Ge on Ge substrate
AR coating TiO A0,
Chip size 10,1 mm x 10,5 mm = 108,05 mm®
Active Cell Area 10,0 mm x 10,0 mm = 100 mm™
Call thickness 180 ppm £ 20 pm
Pokarity Mon P
Thickness of front contact 22,8 pm (finish is an Ag/u alloy)
Thickness of back contact 2 2.8 i (finish is an Agifu alloy)
Assembly methods suitabie for welding, soidering and bonding
Layout details
Drawing dimenslon are mm
co

intr
AT

o

ET
in 4

Eample drawing shows wemion with HC-grid design More detalis in drawing HHR 000ETED and HNR DO03TEY, svallabls on reguest.

I cube: 20150402
Folaised for publication (level 1 ol 5)

HHR
Puge 3 o8 4

Capyright O 2088 ATUR SPACE Sobr Power GeH
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AZURSPACE

SOLATN POWED DMRMEA

- Awvoid free rear sade assembly (heat sink) is requested to awoid hot spots
- The cell junction shall not excead a maximum operation temperature of 110°C

- Secondary giass gue on the front side has to be flexible (prefer slicone glue or similar)

- Curment valees st ific operating woltage can be offered on customer request
- Esq:la'mmd’AR?E?ﬁw;ms.
= AlR:
The antireflective coating on top of the solar cell is optimized for the interface to air. In this kind of
application the light enters the solar cell directly from air. The indoor test measurement (flash test) will
be done at ar aimosphere.
o GLASS:
The antireflective coating on top of the solar cell s optimized for the interface to glass or similar
(n=1.43). At this kind of application the light enters the: solar cell through a glass component or similar
E'ﬁfé: element, homogenizer element, cover glass). However, the indoor test measurement
tesst) will be done at air atmosphers without glass | Thesefore the flash test results wil
underestimate the potential call perfomance. The performance of a system with glass inferfaces is
axpected to be higher using cells with ARC Glass than with ARC Air_
- HAccaptance test nules for delivery lots:

o M average value 2% (el
o "Mm% hpdaﬂageggsmméﬁ =N}

L ®

Product Version wafar diced wafer,
(not dicad) mounted on a tape
& Mot Bi1244 81245
B MCGiass 1248 1247
&  HCAr Bi248 1240
#  HC/Glass Bi250 B1251
I e 351 55412 ATUR BPACE Solar Powsr GabH e o
Falamed for puslcation (evel 1 ol 5] mﬂ 2 -
HMR DOOE355-00-00 phosa: +iE T131 T 884 =, @}@
Page 4 of & i 48 T131 8T 2737 EREE-T
‘Mw - M) LT
Capyright © 20015 ANUR SPACE Schar Power GeiH Wk e IR COm TR ey
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APPENDIX C

REPORT AND CERTIFICATION OF ORIEL’S SOL1A™ CLASS ABB
SOLAR SIMULATOR

11.1 NON UNIFORMITY REPORT

Performance validation procedure of Non-uniformity of irradiance:

1. |EC and ASTM non-uniformity of irradiance of Sol1A Model 94021A, Serial# 1005, lamp
serial# RCO677 is 2.44%

The IEC and ASTM uniformity measurement data consists of 64 data points, where the designated

test area was divided into 64 equally sized (by area) test positions (blocks). The uniformity detector

size was divided by 64. A single detector was used for measurements covering 100% of the

designated area and measurement positions were distributed uniformly over the designated test area.

2. JIS non-uniformity of irradiance of Sol1A Model 94021A, Serial# 1005, lamp serial#
RCO677 is 2.06%

The JIS uniformity measurement data consists of 17 data points as required and mapped in JIS

standard for measuring positional non-uniformity of irradiance, where a single square detector was

used with size not exceeding 2 cm and 4% of effective irradiated plane.

Irradiance Uniformity Plot

22

17 01.7-
o1.2-
% Non-uniformity m0.7-
1:2 0.2-
0.7
Y Position

0.2

X Position

125



Sol1A Series
Solar Simulator Systems

11.2 TEMPORAL INSTABILITY REPORT

Performance validation procedure of temporal instability of irradiance:

1. Temporal instability of irradiance of Sol1A Model 94021A, Serial# 1005, Lamp# RCC677
The temporal instability measurement data consists of 20 samples acquired over each time period in
consideration. Data was acquired by placing a solar cell in the optical center of the lens at the model-
specified height of reference plane where the measured irradiance was 1 SUN (+/- 0.05 SUN).
Irradiance level was measured using a NREL-calibrated reference cell.

Stability Analysis

1.400000 -

1.300000

|— Relative Intensity |

Relative intensity

= —
= n
(=] (=]
=] =
(=] =}
o o
(=] o
. :

1.000000

0.900000 T T T T .
0 300 600 900 1200 1500

Number of samples
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Sol1A Series

Solar Simulator Systems

11.3 SPECTRAL MATCH REPORT

Performance validation of Spectral Match:

900-
400-500 500-600 600-700 | 700-800 | 800-900 1100 400-1100
Ideal Match% 18.40% 19.90% 18.40% 14.90% 12.50% 15.90% 100.00%
Upper Limit% 23.00% 24.88% 23.00% 18.63% 15.63% 19.88%
Lower Limit% 13.80% 14.93% 13.80% 11.18% 9.38% 11.93%
Sol1A% 21.69% 21.23% 18.88% 11.57% 12.32% 14.31%
Sol1A Spectral Match
0.2600
0.2400 - | |
0.2200
. [ ]
o 02000 - l !
g ’ l — l —— |deal Match
S o180 * 1
g l I = Jpper Limit
% 0.1600 - X o« LOwer Limit
E r— = Mo l e SollA
R 0.1400 {— — ‘_ —
| 6
0.1200 AR
Le, |
0.1000 L ]
0.0800 - - -
400.0 600.0 800.0 1000.0
Wavelength (nm)

First printing 2010

© 2011 by Newport Corporation, Irvine, CA. All rights reserved.

No part of this manual may be reproduced or copied without the prior written approval of Newport Corporation.

This manual has been provided for information only and product specifications are subject to change without notice.

Any change will be reflected in future printings.

Newport Corporation 1791 Deere Avenue Irvine, CA, 92606 USA
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APPENDIX D

PUBLICATION: OPTICAL AND ELECTRICAL PERFORMANCE
EVALUATION OF CROSSED COMPOUND PARABOLIC
CONCENTRATOR MODULE FOR THE APPLICATION OF ULTRA-
HIGH CONCENTRATOR PHOTOVOLTAIC SYSTEM
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Optical and Electrical Performance Evaluation of the Crossed
Compound Parabolic Concentrator Module for the
Application of Ultra-High Concentrator Photovoltaic System

Pei-Shan Lee!, Chee Woon Wong'*, Tiong-Keat Vew?, Ming-Hui Tan®, Kok-
Keong Chong', Woei-Chong Tan' and Boon-Han Lim'

'Lee Eong Chian Faculty of Engineering and Science, Universiti Tunku Abdul
Fahman Bandar Sungai Long, 43000 Kajang, Selangor, Malaysia

*Faculty of Engimeenng and Green Technology, Universiti Tunku Abdul Fahman,
Jalan Unrversiti, Bandar Barat, 31900 Kampar, Perak, Malaysia

#Comesponding author’s E-mail addmess: wewoonigutar. adu noy

Abstract. This paper presents the performance evaluation i terms of optical and electrical
application of the ultra-hizh concentrator photorvoltzic (THCPV) system. The CCPC module is
the imtesration of a dielecric-filled 3D CCPC lens and 3 pmlti-junction solar cell (MMISC)
module The optical efficiency of the refractive lens has been evalnated through the ray-tracing
simmlation techniquoe by inchiding all the possible opical losses at each component level, and
the ouiput current of the MTSC module has also been calculated in accordance with its spectral
response to the wavelengths range from 300 nm to 1800 om. The optical efficiency of CCPC
lems itself is determined to be 933%. With reference to the owtpmt cument of the MISC
module withowt 8 CCPC lems, an optical concentration ratiec of 4.65 is observed in the
simmilated result. An indoor experiment has been performed to validate the simmlated resnlt, in
which sm effective optical concentration ratio of 4.57 has been obfained via laboratory
measurement. The experimental result is matched well with the simmlated result and it shows.
that the COCPC module has an effective optical efficiency of 76.17% as the geometrical
conceniration ratio of the CCPC lens is 6.00. The detsiled stady of CCPC module is good for
optimizng the performance of the THCPFV system.

1. Imtroducton

In recent years, the mtoduchon of mmlh-junchon solar cells (MTISCs) with the proven optical-to-
elecirical efficiency of 46% has accelerated the research and development of concentrator photovoltzic
(CPV) system_ Dhue to the remarkable cost reductions mn flat-plate photovoltzie (FV) modules, a CFV
system wath greathy improved solar concentraton ratio (SCR) 15 mdeed a sipmificant strategy to be a
lghly compettve solufion m the solar energy market. By boosting the CPV system to ultra-lngh
concentration ratio, it can dramatically reduce the wsage of hagh-cost solar cells by replacing wath
imexpensive optics a5 well as the levelized cost of solar electricity (LCSE). The higher the SCE, the
lgher the system ouwiput power. However, an effechve way of solar energy harvestng can be
challengimg due to the chromatic aberration limts for single matenal murmors/lenses. In respect to thas
issue, an earber study suggested that by adding homopenizing lenses as secondary ophies fo the

r-—l.”- Content from this work may be nsed mder the ierms of the Creative Commons Atribution 3.0 fcence. Any forther distribution
Ml o Lhis work must maintin sttribation (o the sethor(s) snd e tigle of the weork, journal citation and DOL
Published under licemce by I0P Publishing 1id 1
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system, 1t 1= able to break through the boundaries and produce a SCR of more than 1000 suns [1].
Among all types of homopem=ng optics, a 3D-CPC 15 s;d to be the most 1deal as it works perfectly
for all hght inmdences within the desired acceptance angle [2-3]. Thus, Wong et al has proposed an
ultrz-high concentrator photovoltase systems using small-zeale two-stage non-imagping  solar
concentrator. This system has the capability to produce an ulta-lugh SCE (1000 sums) and a
reasonably vmiform solar dlwmination focused onto the MISCs[4]. The propesed UHCPV system
comprises of pon-imaging dish concentrator (MIDC) as a primary ophical element (POE) and crossed
compound parabolic concentrator (CCPC) lens as a secondary optical element (SOE) [4].

The general features of CCPC lens has been discussed in the previouns work [4-6], but a detailed
performance evaluation on the lens has wet to be studied In a CPV system optics are the core
components to determine the practicability of the system. A good understanding of the optical
charactenistics 1s the key to optimize the performance of a CPV system. Therefore, there 1s an interest
to study the performance of CCPC lens in detailed In this paper, the detailed charactenstics of a
CCPC module, a combinafion of a dielectnie-filled 3D CCPC lens and a multi-junction selar cell
(WMISC) module, 15 evaluated m terms of opfical and electrical performance by considenmg several
imperfechon factors that were neglected in the previcws study. The evaluation has been done through
computatonal and experimental methods.

1. Owerview of the CCPC Module

Figwre 1 shows the ilhistrative diagram of the UHCPV system which consists of NIDC and CCPC
modules, propesed by Weng et. al [4]. As shown m Figure 1(b), the OCPC modules comprises of
chhs&nthSCmnMeaﬂphmlaﬂmwmmmbmdﬂummpmmgeﬂm Each
recerver module 15 equpped with MTSC and a bypass diede. The MISC consists of three layers of
Arsemde{InGaS) and Germanum(Ge), where each material responds to a different range of the solar
speciral imadiance. Fizgure 1(c) shows the cross-sectional view of the CCPC lens, which possesses with
enfrance aperfure, 2 and exat aperture, 2o’ with the dimension of 24mm and 9. 8mm respectively that
result m geomeinical concentration ratio (GCR) of 6.00. The dimension of the square-shaped et
aperture are designed to match with the dimension of Amor Space 3C44 MTSC used m the module, at
which the cell aperture’s dimension 15 10 mm = 10 mm The exit aperture of CCPC lans 15 shghtly
smaller than the solar cell to avoid low packing factor due to the less active area at the penpheral
region of the cell The angular half acceptance angle. &, and length of the CCPC lens 15 37.77° and
37.78mm respectively. The CCPC lens are made of Schott B270 Crown Glass due to its hugh
transmassivity and affordable cost.
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Figure 1. The 3-dimensional wiew of the propesed ultra-high concenirator photoveltae (UHCPV)
system  (3) Pnmary optical element (POE), non-mmaging dish concentrator (MIDC) (b) Crossed
compound parabolic concentrator (CCPC) modules, a combimation of COCPC lenses and MITSC
modules (¢} Schematc diagram to show the dimension of the dielecine-filled CCPC lens (d)
Refiactive index, » of each component level of the CCPC module [4].
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3. Performance evaluation of the CCPC Module

With the ad of an opto-mechanical software, Tracepro, a comprebenzive optical charactenzation of
CCPC lens has been camed out through the ray-tracing techmque by considenng all the poszible
optcal losses at sach component level, such as Fresnel reflaction losses, materials” transmmssivity -
absorphion, edge’comer lezkage due to adhesive spillage and the effect of ant-reflective coating. The
Fresnel reflechion loss ocours at the interface of two matenals when there 15 any discontimmty of
refractive mdex [7]. Figure 1{d} shows the refractive mdex » of each component in the model In thes
study, Fresnel losses ocouwr thnce m tofal as there are fowr different medmms mcludmg air. To
overcome the big gap between the n of Indmom Gallium Phosphide (InGalP), whuch 1s the first laver of
MISC, and the engaged medium (glass or ophical coupler), a baayer of anhi-reflectnve coafing 15
deploved on the surface of the solar cell fo mimmaize Fresnel reflection losses [8]. A summary of the
evaliation process 1s 1llustrated in Figure 2.
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Figure X Flowchart to show a process of evaluafing the optical and elecincal performance of the
CCPC module.

It 15 sipnificant to define the surface and materials’ properties data m the simmlation. Definmg amy
improper property data mayv result in inadequate accuracy. Most of the properties data used in the
simulation are obtained from TracePro’s built-in database while the information that is not mcluded in
the Library such as absorption coefficient, o and extinction coefficient, k of Schott B270 Glass and
Indiwm Gallium Phosphide (first layer of MTSC), the properties data are extracted from the datashest
as provided by the manufacturer. The wavelength of hight sowree 15 set 1n a range of 300 nm — 1800
mm o accordance with the speciral response of MISC. The ray-trace simulation began with a set of
parallel hght rays approaching the CCPC lens. Once the Light rays reached the lens, the hght rayvs
undergone the process of reflachion, refraction and scattering before reaching the exit aperture of the
peometry via fotal intermal reflection. The CCPC lens 15 bonded on the solar cell with the use of
optical adhesrve, and from the previous study [9], if is stated that the encapsulant spallage will lead to
Lght leakage from the edgze of the optical element To consider the edse'comer leakage due to
adhesive spillage, the simmlation has been carmed out by attaching a layer of adhesive in between
CCPC lens and MISC as shown m Figure 3. The ruyrepresenis the total thickness of the adhesive layer
while f 15 the thickness of the adhesnve spillage surrounding the bottom edge of CCPC lens. Both the
aforementioned variables are the key parameters to predict the optical losses at the point in which the
Light rays are entering solar cell from the exit aperture of CCPC lens passing through the optical
adhesive.

[

Sl * P T
Lo

3 I

Figure 3. The adhesive layer 15 inserted mto the model for simulaton.
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From the aspect of electrical performance, the output cwrent generated from a OCPC module (or
CCPC lens + MISC module assembly) can be estimated from 1ts spectral response to the hight source.
The output curent of MISC module with CCPC lens (Joposacmc), output current of MISC module
without a CCPC lens (Tum-) and concentration ratio (CR) of CCPC module are deterrmmed as follows:

CR = lecreemyse _ J‘m“"gf Bege(Ubepecoerermisey (Ul [ dopocroomeym o112 m
ToIMse T Agcmel | drge(Aydspecoupscy)dl ] $speciusey ()i

where Ao 15 the active area of MISC, g represents the electnc charge, ¢ stands for the speed of light
in vacmm, k is the Planck’s constant, @ ppe(A) is the external quantum efficiency of each subeell in
the MTSC in whech it is represented in a finction of wavelength A, @geqorrcawsn(d) and
@ ey A) are the spectral nradiance recerved by the MISC module with and without a CCPC lens,
respectvely.

To vahdate the simulated result, an mdoor experiment has been camed out by using the Onel's
SollA™ (lass ABB Solar Smmulator. The spectrum of the hght source 15 first measured using a
spectrometer so that the value can be used to caleulate the output current of the MISC m the ray-
tracing smmlation. To ensure both MTISC module wathout a lens and CCPC module recerve the same
amount of neident hight within the same acceptance angle, the entrance aperture 15 fixed at the same
height with a fixed posihon The ocutcomes has been tabulated based on an average of frve
measurements, and this will be further discussed 1n the next section

4. Result and discuzsion

The optical efficiency profile of CCPC module, the ratio of the light received by the MTSC to the hght
enfering the entrance aperture of CCPC lens, as shown m Figure 4 depicts severe optical losses at each
edge/corner of the exit aperfure of CCPC lens. The optical efficiency at each partienlar poant of the
enfrance aparture of CCPC lens has been obtained by usmg the simmlation program and was presented
in a heat map as shown mn Figure 4(3). The real optical losses in the CCPC lens under divect normal
imradiance can be observed with naked eves (see Figure 4(b)). Due to the adhesive spillage, an obvious
Light can be seen from each edze/comer of the exat aperfure of CCPC lens.

Table 1 shows the optical losses determumned from the ray-tracing smmlatien By defming the
refractive mmdex, n comespondmg to different wavelengths, absorpton coefficient, @ and extinchon
coefficient, k of the swiface'matenals, the losses wiach tock place at each component level of the
CCPC module can be determmned The majority type of the losses is attnbuted by Fresnel reflection
losses as the incident rays travelled through four different mediums (from air — glass — adhesive —
MISC). However, the greatest percentage among all the losses is recogmzed as the absorption loss of
CCPC lens which is made from B270 Schott glass. This indicates that the material’s absorption is the
mam cause of opiical losses. However, 1t 15 unavoidable m the cwrent stage as the geometry of the
CCPC lens is designed to mateh with the dimension of the receiver. Yet, this can be a hint for future
desizn work to reduce the system losses. In the sinmlation, 1 15 assumed as | mm and 1#s refractve
mmdex, n 15 1.38 at 550nm, which explains why the Fresnel losses from CCPC lens to the adhesive 15
relatively small due to their small difference in refractive mdex. The abscrption of adhesive 15
neglected as the thickness 1s too small to affect the cutcome. The overall percentage of each loss 15
caleulated 1 terms of the mput power recerved at the entrance of the CCPC lens. The ophcal
efficiency of the CCPC module 15 §9_33% after exchuding the total percentage losses.
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Uptical EMclency Frafile o COFC Yodiile:

fa il
Figure 4. The optical efficiency profile of CCPC module mdicates severe optical losses are mewred at
the edge/comer under direct normal mradiance. (2) Simulation result (b) Top wview of actual CCPC
module.

Tahle 1. The optical losses at sach component level of the CCPC module.

Type of losses Percentage (in term of input)
Fremnel Loss I — From air to CCPC 4.14%
Absorphion Lozss — CCPC lens (B270 Schott Glass) 11 46%
Edze/Cormer Leakage 530%

Fremel Loss [T — From CCPC to adbesive 0.20%

Fremnel Loss [T — From adhesive to MTSC 9.56%

Total losses 30.66%

On the other hand, Table 2 shows the outeoms companson between the simmlated and expenimental
process. The simulated CR 15 calculated by comparmg the output current of the CCPC module to the
output corrent of the MTSC module alone as derived in equation (1. The spectrum of the hight source
used m the experiment 1= measured nsmg a spectrometer, and the value obtamed 1= substituted mio
eqnahml[l}ﬁtmﬂpuh:m‘eutcakﬂahm The simmlated result for the cutput cwrrent 15 shightly lower
than the experimental result. There are two possble reasons which causes such ouwtcome: (3)
measurement distortion of the spectrometer, (b) the emror m the cwrent caleulabion dues to the
discrepancy in external quantum efficency (EQE) of the MISC prowided in the datashest However,
the result shows that both oufcomes are tally to each other with a munor difference of 1.7% when
normalized it to CR. From the result, it shows that the CCPC module (CCPC lens + MISC module)
has an overall effective effimency of 76.17% (4.57 out of GCR of 6.00), which both optical and

Table X. The cutcome comparison betereen the sipmlafion and experiment.

Type of model Calculated Current (fzc) Measzured Current (Isc)
CCPC lens + MTSC module 34 19mA 43 26mA
Only MISC module T36mh 9. 46mh
Concentration Eatio (CE) 4.65 4.57

In the previous work done by Chong et al. [6], a CRarsaea of 4.07 1= obtamed through an outdoor
expenment setup. This resalt 15 below the expectztion a5 compared fo the cutcome obtamed from thes
paper. This muight be caused by the inconsistent ambient condition apphed to the two modules during
the experiment Therefore, the following step m this study 15 to conduct another cutdoor expennent
with a3 more precise setup with the conmderation of the same amount of mput meidence and
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5. Concluszion

Thas paper has presenfed the imrestigation on the optical and electrical performance of the CCPC
maodule for the apphication of UHCPV system for both simumlation and expenmmental approach By
considermg all the possible losses in the simmlation, the CCPC  lens has an optical efficiency of
69.33%. For the concentration ratio, the simmlation result 1z 4.65 while the experimentz] remlt 1s 4.57.
Thes mdscates that the real CCPC module has an effechve ophcal efficiency of 76.17% smee the
geometneal concentration ratio of the CCPC lens 15 6.00. The abscrphon loss of CCPC lens and
Fresnel reflechion losses from the optical adhesive to MISC mterface are the major losses in the CCPC
module. The companison betereen the simmlated and experimental resulis show a reliable accuracy of
the ray-tracing technique used in this siudy, where two results are tally to each other with a munor
difference of 1. 7. In a nutshell, the proposed work can provide a better understanding of optical and
elecirical properties of CCPC module, which are essential for optimizing the performance of UHCPV
system. In fuhore, the performance evalmton of the CCPC will be further studied by performng
several tests for different angles of incident Light in terms of both polanzation and azinmith angle, with
the mmtegration of NIDC to determine the overall performance of the whole UHCPV system.
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A comprehensive analysis on assembly of dielectric-filled 3D crossed compound parabolic concentrator (CCPC)

and concentrator ph Itaic (CPV) dule is pr

d by embracing the consideration of spectral irradiance,

incident angles, and breakdown optical losses. The theoretical modeling is supported by experimental validation
to evaluate the optical efficiency of the CCPC-CPV module. From our analysis, Fresnel reflection loss of 11.27%,
absorption loss of 11.59%, and other losses of 4.79% are obtained to reach the optical efficiency of 77.3% or equiv-
alent solar concentration ratio (SCR) of 4.65 suns out of a geometrical concentration ratio (GCR) of 5.998 suns.
Then, indoor and outdoor measurements prove the actual SCR of 4.57 and 4.48 suns, respectively. ~© 2020 Optical

Society of America

https://doi.org/10.1364/A0.387965

1. INTRODUCTION

The overuse of the finite energy resources has become one of
the most major concems attributed ro its inescapable depletion
and with it being no longer available one day. To provide a safe
environment and sustainable energy production for the future
generation, the development of renewable energy resources
is needed to minimize pollution. The photovoltaic system is
one grear 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’s
surface every one and a half hours is actually more than sufficient
for the worldwide consumption in a year [1]. That is to say that
solar energy should be able to meet the energy demands for the
entire world. However, the current technologies for harvesting
this clean energy from Sun are still negligible [2].

Rescarchers around the world have been working for years to
developa reliable way to capture and to convert solar energy into
usable electricity. The concentrator photovoltaic (CPV) system
has been an emerging trend in the research and development of
solar technologies after the introduction of high-performance
multijunction solar cells (MJSCs), which have the proven con-
version cfficiency of 46% [3]. The MJSC is a combination of
multiple series-connected layer semiconductor materials with
different bandgaps tailored to maximize the absorption of awide
solar spectrum. MJSC plays an important role in the develop-
ment of the high concentrator photovoltaic (HCPV) system as
it can transform highly concentrated sunlight efficiently into

1559-128X/20/140001-01 Joumal © 2020 Optical Society of America
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clectrical energy under high operating temperature. With the
advantage of using relatively cheaper oprics such as mirrors and
lenses, the sunlight can be focused at high solar concentration
ratio (SCR) of more than 500 suns onto the receiver fitted out
with MJSC. The utilization of concentrating optics reduces
the usage of solar cells proportionally to the SCR and hence
decreases the levelized cost of electricity (LCOE). The higher
the SCR, the lower the LCOE [4]. Nevertheless, there are many
challenges faced by the CPV systems that need to be improved in
order to be more comperitive.

One of the major challenges in the CPV system is chromatic
aberration limits occurred in a single material lens. A previ-
ous investigation suggested that adding homogenizing lenses
as secondary optics in a CPV system can break through the
boundaries and produce an SCR of more than 1000 suns [5].
A number of researchers have proposed different types of sec-
ondary optical elements (SOEs) in their CPV system to achieve
higher SCR with good oprtical performances. The SOEs are
cither refractive or reflective while some of the conventional
concentrators are the compound parabolic concentrator (CPC),
kaleidoscope, dome-shaped lens, etc. Chen and Chiang [6]
evaluated three types of SOE coupled with a flat Fresnel lens,
which include kaleidoscope with equal oprical path design
(KOD), kaleidoscope with a flattop surface (KFTS), and open-
truncated tetrahedral pyramid with specular walls (SPs). An
optimized KOD lens is found to be the best in exhibiting irra-
diance distribution on the solar cell among the three SOEs.
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Nevertheless, the optical efficiency of KOD-type SOE drops
significantly at an incidence angle of greater than 2°, which
indicates the KOD-type SOE requires high tracking accuracy.
Similarly, EL-yahyaoui e a/. [7] investigated the performance
of the two-stage oprical concentrators consisting of PMMA
Fresnel lens as the primary optical element (POE) with two
types of SOEs including a pyramid lens and a cone lens made
of fused silica. In their indoor experiment, the pyramid lens
achieved higher oprtical efficiency of 73.7% as the SOE. The
difference between simulation and experiment results is approx-
imately 29%, but no justification is given. Sahin and Yilmaz
[8] proposed a circular diffractive SOE instead of reflective or
refractive optics. Despite the addition of the diffractive SOE
increasing the optical efficiency of the CPV system by 6%, the
real manufactured diffractive elements will come with discrete
step and cause deviation from the ideal model proposed in the
paper. Based on literature studies, secondary optics have solved
one problem but have concurrently incurred another problem,
especially increasing optical losses. Multiple stages of optical
devices in a CPV system can lead to increasing optical losses
as well as the reduction of the oprical precision attributed to

facturing and alig; errors [9]. All the above studies
only revealed the overall oprical efficiency of concentrating
optics without detailed analyses on the optical losses. We should
know the optical losses before the overall efficiency in order to
optimize the system more effectively.

Among all types of homogenizing optics, a 2D CPC is the
mostideal optical geometry as it should work perfectly to receive
all sunrays being directed within the acceprance angle [10—
12]. A rotational CPC can be obtained by revolving the linear
CPC at its axis. However, the circular aperture of the rotational
CPC can cause losses when interfacing with the squared-entry
solar cell. Thus, a crossed compound parabolic concentrator
(CCPC) with square aperture is introduced as the improved
version of rotational CPC [10]. There are several studies on the
optical characterization of CCPC as the SOE in a CPV system.
Sellami ez al. presented a MATLAB code to simulate the oprical
cfficiency and flux distribution of an improved atypical 3D
CCPC on the solar cell for different angles of incidences [13].
However, their study is only limited to angular performance in
onedirection by moving the light source unidirectional, and the
result is not favorable to the CPV system because of producinga
nonuniform illumination distribution at the exit aperture. Baig
etal. [14] analyzed the optical loss ina 3D CCPC. Nevertheless,
itis more focused on analyzing the optical loss caused by differ-
ent thicknesses of optical adhesive and the study of trapping the
light from escaping via the edge/corner of the exit aperture. In
fact, the oprical performance of a CCPC lens is also affected by
many other factors, and thus a detailed analysis for all kinds of
possible optical losses should be explored. Furthermore, we also
introduced the CCPC lens as the SOE coupled roa nonimaging
dish concentrator (NIDC) in an ultrahigh CPV system capable
of producing a reasonably uniform solar illumination with
maximum SCR of 1475 suns onto the MJSC module [15-17].
Unfortunately, all the aforementioned studies have not yet
scrutinized into the breakdown analysis of all the optical losses
incurred in the SOE of CPV system, which can provide fun-
damental guidance to optimize the overall performance of the
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CPV system. In this paper, we would like to propose a compre-
hensive analysis with detailed methodology to study the oprical
losses of the CCPC-CPV module: an assembly of a dielectric-
filled 3D CCPC lens and a MJSC module. The evaluation in
both optical and electrical performance of the CCPC-CPV
module is carried out in three phases—computational simula-
tion, indoor practical validation, and an on-site performance
test. In some studies on solar power system, the effect of the full
solar spectrum has been neglected in which wavelength depend-
ency of both refractive indices and absorptions is not considered
in those works [6,18,19]. Last but not least, in our theoretical
modeling, the light source is simulated based on AM1.5 spectral
irradiance ranging from 300 to 1800 nm in accordance with the
spectral response of MJSC as provided by the specification of the
manufacturer.

2. OVERVIEW OF THE CCPC-CPV ASSEMBLY
MODULE

Figures 1(a)and 1 (b) show the cross-sectional view of the CCPC
lens and 3D geometry of the CCPC-CPV assembly module
being studied in this paper. 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 ensure a good
match with the dimension of the MJSC, the lens exit aperture
must be designed in square with the size slightly smaller than
that of the solar cell to avoid the concentrated sunlight fallen
onto the peripheral region of the solar cell, which is a nonactive
region comprising the built-in bus bars [16]. The specification
of the CCPClens s listed in Table 1, and the detailed design rule
of the CCPC lens used in this work has been described in our
previous work [16]. B270 Schott glass is chosen as the dielectric
material for the CCPC lens due to its high transmissivity and
affordable cost.

The internal structure of a MJSC consists of three p—n
junctions made of different semiconductor materials, indium
gallium phosphide (InGaP) on top, followed by indium gallium
arsenide (InGaAs), and lastly germanium (Ge). The external
quantum efficiency (EQE) of the MJSC versus wavelength
is provided in “Concentrator Triple Junction Solar Cell Cell
Datasheet” by Azur Space [20]. Each p—» junction material
responds to a different range of the solar spectral irradiance in
such a way that the three different I1I-V semiconductor materi-
als can complement each other to cover the incident light with

ar N
=)
| Azimuth angle
2 /
| —corcumn=152
(B270 Schoct Glass)
— Optial adbesive, = 138
1nGaP, =368
(Pt ler o€ MISC)
Fig. 1.  (a) Cross-sectional view of the dielectric-filled CCPC lens;

(b) 3D geometry of an assembly CCPC-CPV module with refractive

indices, 7, of cach component.
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Table 1.  Specification of the Secondary Optics
Element Used in CPV System

Secondary Oprical Element
(SOE):

Dielectric material
Dimension of the entrance

Crossed Compound Parabolic
Concentrator (CCPC) Lens
B270 Schott glass
24 mm X 24 mm

aperture, 2a

Dimension of the exit aperture, 9.8 mm x 9.8 mm

24'

Length, L 37.78mm
Geometrical concentration ratio 5.998

(GCR)

Angular half acceptance angle, 6; 37.77°

Optical constantof B270 Schott 3001800 nm

Glass @

Refractiveindex, 1.50-1.56
Absorption cocfficient, & 281 x 10" mm~'—0.14 mm~'
Extinction coefficient, £ 1.23 x 107%—3.59 x 10~
Internal transmittance, 7, 0-0.989

External transmittance, 7, 0-0.906

wavelength from 300 nm to 1800 nm, which is 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 concen-
trated sunlight as compared to that of the conventional silicon
solar cells.

3. RESEARCH METHODOLOGY

The evaluation of the CCPC-CPV assembly module in both
optical and electrical performance has been carried out through
computational and experimental methods. The research meth-
odology of theoretical modeling on the CCPC-CPV module
with practical validation is presented systemarically in a flow
chartas depicted in Fig. 3.

A. Ray-Tracing Simulation

For a comprehensive assessment on the optical system, all
the possible optical losses that occurred at cach stage of the
light transmission throughout the CCPC-CPV assembly

Absorption Coefficient (fmm)

0.0001
0 200 400 600 800 1000 1200 1400 1600 1800 2000

‘Wavelength (nm)
Fig.2. Absorption coefficient of the B270 Schott Glass versus wave-
length of incident light.
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START

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.
E 2
Theoretical characterization of 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,
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 ®;: 0° to 37.77) and azimuth angles (®;: 0°to
3607).

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

Experimental Setup

Outdoor measurement
1. Measure the lececcov and lcsy
outdoor under direct exposure

1. Measure the lecaccry and lory
indoor with the aid of solar

simulator. to sun.
Measure the spectral

irradiances of the solar
simulator via

~

Determine the direct beam
irradiance from the sun via

on simulated d

1. Divide the aptical power received by MJSC, Pery by the optical power at
entrance aperture of CCPC lens, Pecye 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.

Calculate the /sc (1) in the function of wavelength for each sub-cell of MSC.

Calculate the Jccrecrvand lesy by using Eq. (2) and Eq. (3).

5. Compare the fccre.crv and Icry to determine the SCR of the CCPC-CPV

assembly module.

Fig. 3.  Summary of the evaluation process of the CCPC-CPV
assembly module.

W

module during operation are listed out in the theoretical mod-
eling, which include Fresnel reflection loss, absorption loss,
edge/corner leakage loss caused by the adhesive spillage, etc.
The refractive indices, 2, of all the elements in the CCPC-CPV
assembly module are indicated in Fig. 1(b). Any discontinuity
of refractive indices appearing in the interface of two materials
can result in Fresnel reflection loss in which there are several ele-
ments in the CCPC-CPV assembly with significant variations
in reflective indices [21]. In addition, a bilayer of antireflective
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\

CCPC

Adhesive
MISC

Tl

(a) (b)
Fig.4. Oprcal adhesive layeris considered in the theoretical model-
ing for the ray-tracing simulation: (a) adetailed view of the bottom part
of the CCPC-CPV assembly module; (b) an example of ray-tracing
simulation at an incident angle of 0 deg.

coating is applied on the top surface of the MJSC to minimize
the impact of the refractive index gap and hence to reduce
Fresnel reflection loss. The evaluation process is summarized
in Fig. 3. Defining appropriate values for the properties of all
the elements in the CCPC-CPV assembly module are critical
to ensure the accuracy of simulated results. Although most
of the material properties are available in the built-in library
database of TracePro, some of the information such as absorp-
tion cocfficient @ and extinction coefficient 4 are incomplete.
As a result, the properties of B270 Schott Glass were extracted
directly from the datashect as provided by the manufacturerand
inserted into the TracePro property database [22]. The relation-
ship absorption coefficient @ of the B270 Schott Glass versus
wavelength of incident light is plotted as shown in Figure 2.
Any wavelength before 320 nm is not able to pass through the
transparent material since theabsorption coefficient s 1.

For the theoretical analyses of the CCPC-CPV assembly
module under real climate conditions by taking into consider-
ation the actual solar spectrum, the simulated light source is set
to have wavelengths ranging from 300 nm to 1800 nm with a
resolution of 10 nm in the TracePro, which corresponds to the
spectral response of the MJSC. The use of the full solar spectrum
is absolutely necessary in the ray-tracing simulation as each
wavelength reacts differentdy to different materials where the
refractive index varies with wavelength. To highlight the impor-
tance of using the full solar spectrum in the theoretical analysis,
a ray-tracing simulation using a single wavelength of 550 nm
has also been conducted for a comparison. The simulated data
is used to calculate the output current of the CPV cell without a
CCPC lens Icpy and output current of CCPC-CPV assembly
module Zoope_cpy-

To bond the CCPC lens onto the MJSC, oprical adhesive
with high transmittance is employed. Baig er al. [14] posited
that the encapsulated spillage surrounding the bottom side of
the lens can lead to light leakage from the edge of the oprical
clement in which the thickness of optical adhesive spillage
plays a vital role in justifying the optical losses. In the current
stage of this research, it is impossible to eliminate the spillage
of the optical adhesive completely. Hence, a layer of optical
adhesive is needed to be included in the ray-tracing simulation
as shown in Fig. 4. From Fig. 4(a), the thickness of the adhesive
spillage surrounding the bottom edge of CCPC lens #,/is the key
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parameter to affect the optical losses. In this simulation, the per-
formance 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. An example of ray-tracing simulation
is shown in Fig. 4 (b). 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 scartering phenomena inside the lens during the simulation.

B. Numerical Analysis

For the verification of the theoretical result, the spectral irra-
diance of the solar simulator is measured via the AVANTES
spectrometer during indoor measurement. The measured
spectral irradiance is then applied in the following numerical
analysis. First, the optical efficiency of each wavelength is com-
puted by comparing between the optical power received by the
CPV cell (Pcpy) and the optical power arrived at the entrance
aperture of the CCPC lens (Pccpce) as shown in the following
equation:

Pep

opica (M) = 7 l" % 100%. ™)
ccrC

The optical efficiency in the function of wavelength,
Nopical(A), is then multiplied with the geometrical concen-
tration ratio (GCR) of the CCPC lens (5.998 suns) and divided
by 100% to obtain the spectral SCR, C(4), for cach wavelength.
The equation of the output current of the CPV cell without
CCPClens Icpy has been derived in our previous work [23] and
can besimplified to

Icpv = Aqciive X f (%) neqe(A) - S (Wdh,  (2)
where Ao is the active area of MJSC; g represents the elec-
tronic charge; ¢ stands for the speed of light in vacuum; 4 is the
Planck’s constant; ngqe(2) is the EQE of any p—» junction
subcell in the MJSC, which is in a function of wavelength;
and S (%) is the spectral irradiance of the light source (solar
simulator or the Sun).

Based on Eq. (2), we calculate the output current for all the
three p—n junctions of subcells in the MJSC. Since three sub-
cells are serial connected in the MJSC, the net outpur current
of the MJSC is capped by the lowest output current among
the three subcells. The following is the equation for the output
current of the CCPC-CPV assembly module:

A
Iccrc-cov = Aaciive X / CR)- (q—) NeQE(A) - S (A)dA.

he
()]
The SCR of the CCPC-CPV assembly module can be deter-
mined through the following equation:

SCR= Iccrc—crv ) @

Icpv

C. Experimental Setup

The simulation result has been validated with a series of indoor
and outdoor experiments. Optical adhesive has been used to
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bond the CCPC lens and MJSC cell together. The surface of
the MJSC has been cleaned before assembly to remove the dust.
Then, an adequate amount of optical adhesive is applied on
the MJSC surface, and then CCPC lens is placed on top of the
optical adhesive. As the adhesive needs time to cure, the position
between the CCPC lens and MJSC has been held with a jig to
ensure they stay in position during curing process. An indoor
experiment was conducted with the aid of Oriel’s Sol1A™
Class ABB solar simulator. The spectrum of the solar simula-
tor was measured using the AVANTES spectrometer, and the
measured spectral irradiance was then substituted into Eqs. (2)
and (3) to calculate output currents for the CPV module only
and the CCPC-CPV module, respectively. In this case, it can be
safely assumed that both the indoor experiment and ray-tracing
simulation were referred to the same spectral irradiance. The
effective SCR of the CCPC-CPV assembly module can be
obtained by comparing the output currents of two CPV mod-
ules, in which one is with and the other is without CCPC lens.
During the indoor experiment, the entrance aperture of both
CPV and CCPC-CPV modules are fixed at the same heightand
placed in a fixed position to assure both of them receive the same
amount of incident light within the same acceptance angle. The
output currents are then measured using a multimeter, and the
empirical results have been tabulated based on an average value
of five measurements for cach module.

The outdoor performance of the CCPC lens has been estab-
lished under the actual working environment. In contrast to the
laboratory test, the situation becomes more complicated for the
outdoor experiment due to the variation of ambient conditions
and direct exposure to the Sun. A tester box is designed for the
purpose of outdoor measurement, where the design of the tester
box was inspired by the working principle of the pyrheliometer
to accommodate both the tracking error angle, a, of 0.1° and
opening angle, S, of 2.5° as depicted in Fig. 5. It allows both
CPV and CCPC-CPV modules to be exposed to the same
amount of incident light by subtending to the same view angle,
and the following are the relevant equations:

L1

" manpf—tna’

5)

[2=Huna, (6)

where H represents the height between the entrance aperture
of the receiver and the opening, « represents the tracking error
angle, 8 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 facing direction of the instrument was adjusted man-
ually. The holes of alignment sight were used as a reference for
casy and precise oprical alignment to ensure the instruments
always face toward the Sun perpendicularly. The outer surface
was sprayed with black coating to isolate it from the diffused
light. 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 illustrated in Fig. 3, the mea-
surements were repeated for different days and periods of time
so that more variations of data could be obtained for detailed
analysis.
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Alignment
Sight
ccpc-cey
L & assembly module
Recerver
Fig. 5. Tester box/case is designed for outdoor measurement.

(a) The illustrative 3D schematic diagram of the tester box/case.
(b) The dimension of the tester box/case is designed according
o Egs. (5) and (6), and the receiver size of the MJSC module is
10 mm x 10 mm (active area of the solar cell), while the receiver size
of the CCPC-CPV assembly module is 24 mm x 24 mm (entrance
aperture of CCPClens).

4. RESULTS AND DISCUSSION
A. Simulated Result

1. Comparison between Full Solar Spectrum and Single
Wavelength in Theoretical Modeling

In this paper, it is advocated that the full solar spectrum should
be utilized in the theoretical modeling to emulate the actual con-
dition of the solar spectral irradiance with wavelengths ranging
from 300 nm to 1800 nm and the resolution of 10 nm. Based
on the simulation result, the simulated SCR versus the wave-
length of the light source has been plotted throughout the whole
solar spectrum as depicted in Fig. 6. Starting from 300 nm, the
SCR of the CCPC-CPV assembly module increases steeply
upward and then remains at high SCR in the range of visible
light (400 nm—650 nm). Then, the SCR drops gradually when
the wavelength of the solar spectrum further increases towards
the range of the infrared region (650 nm-1800 nm). It shows
that the properties of all the materials behave differently subject
to the wavelengths of the solar spectrum. From the simulation
result, the peak of the SCR is 4.85 suns at the wavelength of

6

Solar concentration ratlo (suns)
N w

o

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Fig. 6. Variation of solar concentration ratio for CCPC-CPV
assembly module in the function of wavelength is simulated ranging
from 300 nm to 1800 nm with a resolution of 10 nm corresponding to
the full solar spectrum.
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Table 2. Computed Short Circuit Current, Isc for Each
Subcell of MJSC

Single Wavelength550nm  Full Solar Spectrum
ccrc-cev ccprc-crv
Assembly Assembly
Subcell Single Cell  Module  SingleCell  Module
InGaP 14.04mA  67.32mA  12.88mA  59.66 mA
InGaAs 18.28mA  87.63mA  9.75mA 4529 mA
Ge 70.37mA  337.41mA  16.66mA  75.04 mA

550 nm, and the average SCR of the full solar spectrum is 4.65
suns. Therefore, an overestimation of output power will happen
if a single wavelength at 550 nm is applied in the simulation
instead of the full solar spectrum.

The short circuit current /s¢: generated from each subcell of
the MJSC has been computed through Egs. (2) and (3), and
tabulated in Table 2. Since MJSC consisted of three subcells
stacked in different layers connected in series, the actual output
current follows the subcell with lowest current [24]. Based on
Table 2, the /sc will follow the current output of InGaP for the
case of single wavelength, while the /¢ will follow the current
outputof InGaAs in the case of full solar spectrum.

2. Optical Behaviorunder Different Angles of Incidence

The optical characteristics of the CCPC-CPV module are stud-
ied under omnidirectional incident light with different angles
of incidence relative the entrance aperture of the CCPC-CPV
module. The angle of incidence is an important input to model
CPV systems, and the Sun position relative to the CPV system
can be expressed in two angular components: zenith angle and
azimuth angle. From Fig. 1(b), the zenith angle ® 7 is the angle
between the Z axis and the incident ray, and azimuth angle ® 4
is the angle between the ¥ axis and projection of the incident ray
(positive direction starting from the front view of the CPV mod-
ule in the counterclockwise direction). As the half acceptance
angle of the CCPC lens is 37.77°, the range of the zenith angle
used in the ray-tracing simulation is between 0° and 37.77°,
while the azimuth angle used in the ray-tracing simulation
ranges from 0° to 360°.

From Fig. 4(b), more light rays are directed to the peripheral
region as compared to that of the central region of the CPV
cell when the light source is positioned perpendicularly relative
to the CCPC-CPV module. It is because the light rays hitting
on the diclectric-filled CCPC inner wall are totally internal
reflected to the peripheral regions instead of the central region,
especially the regions near to four corners. Figure 7 shows the
simulated flux distribution map of concentrated sunlight on the
active region of the MJSC for different incident angles in terms
of zenith angle ® 7 and azimuth angle ® 4. The flux distribution
map shifted to the left when the zenith angle increased from 0°
t0 20° at azimuth angle of zero, while the flux distribution map
shifted diagonally to the top-left corner of the receiver when the
azimuth angle increased from 15° to 45° at zenith angle of 20°.
Figure 8 plots the simulated optical efficiency of the CCPC-
CPV assembly module versus azimuth angle for different zenith
angles 0°, 10°, 20°, 30°, 37.77°. The highest oprical efficiency
0f72% is obtained when light rays are at the normal incidence
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Fig.7. Simulated fluxdistribution map on the MJSC receiver under
different angles of incidence in terms of azimuth and zenith angles.
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Fig. 8. Simulated optical efficiency of the CCPC-CPV assembly
module versus azimuth angle for different zenith angles 0°, 10°, 20°,
30°,37.77°.

with the angle ® 7= 0. In 2D geometrical optics, all the light
rays with incident angles less than half of the acceptance angle
can be perfectly concentrated onto the active area of the MJSC.
However, in 3D geometrical optics, the amount of concentrated
solar flux on the MJSC receiver starts to decrease when the
zenith angle increases from 10° (refer to Fig. 9) even though the
zenith angle s still less than half of the acceprance angle because
some skew rays may escape from the CCPC lens. The optical
losses become more severe especially when the light rays with
zenith angle have gone beyond 30° as they approach half of the
acceptance angle. The oprtical efficiency drops significantly to
below 0.5 after the zenith angle has reached 35° even though it is
still less than the half acceptance angle of 37.77°.

The optical cfficiency becomes sensitive to the variation
of the azimuth angle when the zenith angle has approached
37.77°. The most optimized azimuth angles relative to the
CCPC-CPV module are 45°, 135°, 225°, 315°, in which the
most light rays are received by the CPV cell as compared to other
azimuth angles and the rays are equally hit on two sidewalls
simultancously. It can be proven through the simulation resultas
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Fig.9. Simulated distribution of solar concentration ratio for differ-
entangles of incidence: zenith angle and azimuth angle.

depicted in Fig. 8, where the optical efficiencies for the azimuth
angles of 45°, 135°, 225°, and 315° are the highest among all
azimuth angles. Figure 9 shows the overall simulated results of
the distribution of SCRs for various zenith and azimuth angles.
The highest SCR can be obtained when the zenith angle @
is lower than 10° and then the SCR gradually decreases as the
zenith angle ® 7 increases. Optical efficiency is not affected by
the azimuth angle unless the zenith angle gets closer to the half
angular acceptance angle of the CCPC lens, which is 37.77°.

3. Optical Efficiency Profile of CCPC-CPV Assembly Module

Figures 10(a) and 10(b) display a comparison of the simulated
distribution profile of optical efficiency and a top view photo
of the CCPC-CPV assembly module, respectively. The optical
efficiency at each particular point on the entrance aperture is
retrieved through the computational method and plotted as
shown in Fig. 10(a). As a comparison, the actual oprical losses
under direct normal irradiance can also be observed with naked
eyes as shown in Fig. 10(b). The blue region represents the arca
with the least oprical power delivered to the receiver or, in other
words, the region with the highest optical losses. Severe optical
losses can be seen at four edges/comers of the exit aperture due
to both oprical adhesive spillage and skew rays, in which it can
been scen as an obvious bright spot at each edge/corner of the
lens.

Since the optical adhesive used for bonding between CCPC
and CPV is unavoidable, four different thicknesses of the adhe-
sive layer are modeled in the simulation to analyze the oprical
loss. Figure 11 shows how the thickness of the oprical adhesive
can affect the optical efficiency under different incident angles
in which a greater thickness of the adhesive spillage can result
in lower optical efficiency. For optimizing oprical perform-
ance, the thickness of the adhesive layer ¢, is fixed as 1 mm, and
the thickness of the spillage surrounding the lens #, is set as
0.9 mm because it is the best achievable adhesive thickness for
the CCPC-CPV assembly module practically.

There are three major components made of different mareri-
als being integrated in the CCPC-CPV assembly module, which
means the analysis of optical losses is complicated by requiring
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(a) (b)
Fig. 10.  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 of 2D map optical
efficiency profile. (b) Top view of actual photo taken on CCPC-CPV/
assembly module in which the optical efficiency profile can be observed
with the naked eye.
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Fig. 11.  Simulated optical efficiency of the CCPC-CPV assembly

module versus different zenith angle @ atazimuth angle, @, =0, for
different thicknesses of adhesive layer #,;.

more evidences. The optical losses of each component have
been analyzed and presented in Table 3. The breakdown analysis
of optical losses in each layer can be obrained by comparing
the optical powers received by the corresponding layer and the
subsequent layer. The Fresnel reflection losses can be predicted
accurately by carefully defining the absorption coefficient «,
extinction cocfficient 4, and refractive index # in the function
of wavelengths for each layer of the assembly. As expected,
Fresnel reflection losses are one of the major optical losses in
the CCPC-CPV module as the incident rays have to travel
through four different mediums consecutively: air — B270
Schort glass (CCPC lens) — oprical adhesive — MJSC. The
Fresnel reflection loss Iis 4.21% when light rays enter the CCPC
lens. The Fresnel reflection loss II for light rays traveling from
the CCPC lens to the oprical adhesive is small, which is 0.52%
as the refractive indices of both the CCPC lens and the oprical
adhesive are almost the same. Since the difference in refractive
indices between optical adhesive and MJSC is relatively high,
Fresnel reflection loss IIT for light rays traveling between the
two mediums introduced a higher optical loss of 6.54%. Thus,
the total Fresnel reflection loss is 11.27%. The absorption loss
within the CCPC lens is obtained as 11.59% via performing
ray-tracing simulation on the CCPC lens only. The absorption
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Table 3. Optical Losses at Each Component Level of
the CCPC-CPV Assembly Module

Type of Optical Losses Percentage (in Term of Input)
Fresnel Loss [—air to CCPC lens 4.21%
Absorption Loss—CCPClens 11.59%

Edge/Comner Leakage 1.48%

Optical loss caused by light 3.31%
escaping from optical adhesive

Fresnel Loss [I—CCPC lens to 0.52%
optical adhesive

Fresnel Loss II1—optical adhesive 6.54%
w©MJSC

Total optical losses 27.65%

loss is unavoidable in the current stage as the geometry of the
CCPClens s tailored to match with the dimension of the M]SC
and substrate equipped with a bypass diode. Not much can be
done on the CCPC lens to reduce the absorption loss unless
we use the high transmission material, in which the cost of
material will be the major concern. The absorption of oprical
adhesive can be neglected as the thickness is too small to affect
the outcome. The percentage of each optical loss is calculated
with respect to the input power entering the entrance aperture
of the CCPC lens. The oprical efficiency of the CCPC-CPV
assembly module is 72.35% after considering the total optical
losses as listed in Table 2. Since the optical efficiency of the CPV
module alone (without CCPC lens) is 93.62% with only Fresnel
reflection loss, the effective oprtical efficiency of the CCPC lens
can be obtained as 77.30% via dividing the optical efficiency of
the CCPC-CPV assembly module by the optical efficiency of
the CPV modulealone.

B. Experimental Result

A comparison of the outcome between the computational and
experimental methods is presented in Table 4. The simulated
SCR of 4.65 suns is determined by comparing the output
current of the CCPC-CPV assembly module with the output
current of the CPV module alone as shown in Eq. (4). The
resulted oprical efficiency of the CCPC lens is 77.4%, which is
supported by the optical efficiency of 77.3% computed from the
breakdown analyses asin Table 2. From the indoor experiment,
aminor difference of 1.8% is shown between the simulated and
indoor measured SCRs. Overall, the effective optical efficiency
of the CCPC-CPV assembly module under a direct light source
with the full solar spectrum is 76.2%. For the case of simulation
based on a single wavelength, the difference between the indoor
measured result and simulated result is 4.8%. Once again, it
further consolidates our work that the ray-tracing simulation
urilizing the full solar spectrum can model the optical perform-
ance more accurately as compared to that of single wavelength.

Furthermore, the evaluation of the CCPC-CPV assembly
module has taken a step forward with an outdoor measurement.
In this work, the outdoor experiment has been set up with
the consideration of the same amount of input incidence and
acceptance angle received by the MJSC and CCPC module
[17]. The results of outdoor measurement are tabulated based
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Table 4. Outcome Comparison between the
Simulation, Indoor, and Outdoor Experiment
__ Simulated Result
Single Indoor Outdoor
Wavelength FullSolar Measured ~ Measured
550nm  Spectrum Result Result
saan 6732mA  4529mA  4326mA  42.13mA
Iepy 1404mA  9.75mA 9.46 mA 9.40 mA
Solar 4.79suns  4.65suns  4.57suns  4.48 suns
Concentration
Ratio (SCR)
Oprical 79.9% 77.4% 76.2% 74.7%
Efficiency
6

PRSP, i LB T YIS
e R 1% i

*+ Outdoor measured SCR

Solar concentration ratio (suns)
w

— Avearge measured SCR

% 100 200 300 400 50 600 700 800 90 100¢
Solar Irradiance (W/m?)
Fig.12.  SCR ofthe CCPC-CPV assembly module versus solar irra-
diance for outdoor measurement.

on on-site experiments for three days, where the SCR of the
CCPC-CPV assembly module under different solar irradiance
is plotted as depicted in Fig. 12. From the graph, the SCR of the
CCPC-CPV assembly module is found to be independent of
solar irradiance. The outdoor measured SCR varies in a range
from4.15 t0 4.83 suns withan average SCR of 4.48 sunsand rel-
ative standard deviation of 3.25%, which is equivalent to optical
cfficiency of 74.7%. This variation of the outdoor measurement
can be caused by various external factors during on-site data col-
lection including the circumsolar effect, diffuse solar irradiance,
ambient temperature, humidity, weather condition, etc. From
Table 3, the simulated results from the theoretical modeling
have successfully been validated by both the indoorand outdoor
measurement resultswith deviations of between 1.8% and 3.8%
respectively.

5. CONCLUSION

Secondary optics have been widely deployed in CPV systems,
which not only can homogenize the concentrated solar flux
received by the solar cell but also tremendously increase the
SCR. In-depth understanding on secondary optics can assist
us in the optimization of the CPV system. To fully explore
this knowledge, a comprehensive analysis on the CCPC-CPV
module has been carried out via theoretical modeling and exper-
imental validation. A full range of the solar spectrum has been
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applied in the numerical simulation of the CCPC-CPV module
because the properties of each component in the CCPC-CPV
module, including dielectric material, optical adhesive, and
MJSC, are dependent on the wavelengths. In the theoretical
modeling, a special methodology has been formulated to ana-
lyze and to generate the breakdown of optical losses for each
component of the CCPC-CPV assembly module. Since the half
acceptance angle of the CCPC lens is designed as 37.77° based
on 2D geometrical optics, 3D ray-tracing simulation has been
conducted where some of light rays, especially skew rays, can
escape from the CCPC lens even if the incident angle is less than
37.77°. From the numerical simulation results, the effective
optical efficiency of the CCPC lens has been determined as
77.30% with the simulated SCR of 4.65 suns. The measured
SCR under the solar simulator has been found as 4.57 suns,
while the outdoor measured SCR varies in a range from 4.15
to 4.83 suns with an average SCR of 4.48 suns. The simulated
optical efficiency of the CCPC lens is 77.4, which is tallied with
the resulted oprical efficiency of 77.3% as obtained from the
theoretical breakdown analysis of optical losses. Meanwhile, the
outdoor measurement indicates that the CCPC-CPV assembly
module can achieve an effective efficiency of 74.7% under the
real working condition as the GCR of the CCPC lens is 5.998.
For advanced theoretical analysis, the variations of the SCR of
the CCPC-CPV module in the function of both wavelength
and incident angles (zenith and azimuth angles) are also studied.
Following that, the optical efficiency is also plotted in the func-
tion of wavelength and incident angles. The optical efficiency
is not affected by the azimuth angle unless the zenith angle gets
closer to the half angular acceptance angle of the CCPC lens,
which is 37.77°. In overall study, our proposed methodology
with the ray-tracing technique has shown a highly reliable and
promising accuracy in evaluating the assembly of secondary
opticsand the CPV module.
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