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Abstract: In this research, we present a novel design for a large scale spectral splitting concentrator
photovoltaic system based on double flat waveguides. The sunlight concentrator consists of a Fresnel
lens array and double waveguides. Sunlight is firstly concentrated by Fresnel lenses then reaches
an upper flat waveguide (UFW). The dichroic mirror-coated prisms are positioned at each focused
area to divide the sunlight spectrum into two bands. The mid-energy (mid E) band is reflected at the
prism surface and coupled to the UFW. The GaInP/GaAs dual-junction solar cell is attached at the exit
port of the UFW to maximize the electrical conversion efficiency of the mid E band. The low-energy
(low E) band is transmitted and reaches a bottom flat waveguide (BFW). The mirror coated prisms
are utilized to redirect the mid E band sunlight for coupling with the BEW. The GalnAsP/GalnAs
dual-junction solar cell is applied to convert the low E band to electricity. The system was modeled
using the commercial optic simulation software LightTools™. The results show that the proposed
system can achieve optical efficiencies of 84.02% and 80.01% for the mid E band and low E band,
respectively, and a 46.1% electrical conversion efficiency for the total system. The simulation of the
system performance and comparison with other PV systems prove that our proposed design is a new
approach for a highly efficient photovoltaic system.

Keywords: spectral splitting CPV; geometric optical design; photovoltaic; solar energy

1. Introduction

Solar is considered to be a promising renewable energy source, which can be a solution to
the issues associated with fossil fuels and nuclear energy. Today, there are two main methods of
harvesting sunlight and delivering useful energy: solar thermal and photovoltaic (PV) technologies [1].
Solar thermal technology converts solar radiation to useful heat, while PV technology transforms
sunlight to electricity directly. Although thermal technology is cheaper than solar PV, the drawbacks
are the low efficiency and difficulties in heat storage systems. When the solar PV system was first
recognized as a promising renewable energy technology, many governments and research groups
promoted research to improve the performance of PV systems. Recently, a very high electricity
conversion efficiency of 46.0% in laboratory conditions was obtained by using multi-junction (M])
solar cells [2]. However, the very high fabrication cost of multi-junction solar cells is a challenge
for commercialization.
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A concentrating photovoltaic (CPV) system is a promising solution in utilizing MJ solar cells for
high efficiency solar energy systems [3]. In a CPV system, sunlight is focused by optical devices, then a
small piece of solar cell is placed at the focal area to harvest the concentrated sunlight. In this way;,
the usage of expensive PV material is decreased significantly because of the replacement with more
affordable mirrors and/or lenses [4]. In order to increase the electricity conversion efficiency, MJ solar
cells are used in most CPV systems, and the high concentration ratio will offset their expensive cost [3].
Nevertheless, finding a solution for further increasing the efficiency and reducing the cost of PV
systems is always of great interest. In spectral splitting CPV technology, sunlight is concentrated and
separated into several wavelength bands by a spectral beam splitter, then solar cells with suitable band
gaps are paired with each wavelength band to optimize the photoelectric conversion efficiency. Spectral
splitting CPV technology has more potential applications [5]. In the literature, Jackson suggested the
concept of a solar energy system based on splitting the solar spectrum and using a suitable convertor
for each wavelength band for the first time in 1955 [1,6]. This approach is still applied extensively to
solve spectral mismatch problems in solar cells. Many types of spectral splitting CPV system using
different mechanisms have been developed up to now [1,7-13]. However, solar systems using spectral
splitting technology have higher costs than conventional PV systems [5]. To achieve commercially
viable competitive costs, the system cost should be offset by efficiency gains and the enlarging of
system scales.

Traditionally, spectral splitting CPV systems have been implemented only on a small scale [1,5].
To increase system scale, large numbers of individual spectral splitting concentrator modules are
gathered together and share the same sun tracking system. In a spectral splitting CPV system,
focused beam handling part is quite complex. It includes a spectral splitter, secondary optics for
the uniform distribution of the focused beam, solar cells, and a heat dissipation part. In this paper,
an alternative approach is proposed for large scale spectral splitting CPV systems by replacing the
focused beam handling part by double flat waveguides to eliminate secondary optics and share the
solar cell and heat dissipater. The utilization of a waveguide as a solar concentrator has been reported
in some research articles recently and attracted a lot of attention because this mechanism yields a
compact, efficient, and light weight CPV system with a uniform flux distribution [14-24]. Waveguides
using these CPV systems are classified in two main classes, namely, a lossless mechanism using
stepped thickness waveguides [14,16,18] and a lossy mechanism using flat waveguides [17,19,20].
Moore et al. [14] proposed a concept of a lossless system based on a kind of planar solar concentrator
with a “stepped-shape”. Figure 1la shows the mechanism of the lossless structure. A lens array is used
to concentrate sunlight, and the focused sunlight is coupled to a waveguide using light directing facets
(inclined mirror, in most cases) then propagates to the end of waveguide by total internal reflection
inside and exits from one edge of waveguide where the solar cell is placed. The waveguide thickness
needs to be increased with subsequent lenses to avoid optical loss due to the interaction of the guiding
ray with other light directing facets. Therefore, the geometrical concentration ratio of the system, which
is the ratio of lens array area and output area, is limited. Enlarging the system scale does not increase
the concentration ratio. In the lossy mechanism [25], the sunlight is focused by a lens array then
coupled to a flat waveguide using a redirecting structure located at each focal point of the lens as shown
in Figure 1b. The flat waveguide concentrator consists of three parts: a lens array, flat waveguide, and
light-directing mirror. Because the thickness of waveguide does not change, the concentration ratio
increases with an increase in the system scale. In the lossy structure, some of concentrated sunlight
strikes and decouples with the redirecting structure when it propagates inside the waveguide; this is
the cause of optical loss. Both structures have their own advantages and disadvantages; the lossless
system has lower optical loss while the lossy system can achieve a much higher concentration ratio.
The use of a waveguide as a solar concentrator for spectral splitting CPV systems is a promising new
idea for the commercialization of solar energy systems with very high efficiency. The first study related
to this idea was proposed by Ma et al. in 2014 [26]. They suggested a structure based on a double
stepped thickness waveguide as a solar concentrator. Figure 1c shows the mechanism of Ma’s approach.
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A cylindrical micro-lens array focuses sunlight into double vertically staggered light guide layers.
The redirecting structure in the upper waveguide is dichroic mirrors, which allow high reflectance
for the middle energy (mid E) band of the solar spectrum (A < 850 nm) and transmittance of the low
energy (low E) band (A > 850 nm) to the bottom waveguide. The mid E band propagates inside the
upper waveguide and be absorbed by mid E band solar cells placed at the exit port. Similarly, the low
E band is confined in the bottom waveguide and absorbed by a low E band solar cell. This design can
achieve high optical efficiency, but it is for small scales, and the concentration ratio is low because of
the use of cylindrical lens and the lossless mechanism.
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Figure 1. Concentrating photovoltaic (CPV) system based on waveguides: (a) lossless structure and
(b) lossy structure. Spectral splitting CPV system based on double waveguide: (c) stepped thickness
waveguide and (d) our proposed double flat waveguide.

Our goal is to propose a design for a large-scale spectral splitting CPV system whose structure is
simple with a high geometrical concentration ratio and low fabrication cost by utilizing the double flat
waveguide mechanism (lossy). The physical layout of our proposed spectral splitting CPV system
approach is shown in Figure 1d. Sunlight focused by a Fresnel lens array reaches the upper flat
waveguide (UFW) first, then strikes redirecting structures. The directing structures on the UFW are
prisms with a dichroic mirror coating on the inclined surfaces. The mid E band of the solar spectrum is
reflected and propagates inside the UFW; the low E band is transmitted to the bottom flat waveguide
(BFW) and coupled inside by redirecting mirror coated prisms. The detail of the proposed design
is described in Section 2. Theoretical analysis of the impact of design parameters on the system’s
performance is also discussed in this part. In Section 3, the proposed spectral splitting CPV system
based on double waveguides is modeled in LightTools™ (Synopsys Inc., Mountain View, CA, USA) [27]
to calculate the optical efficiency’s dependence on some main parameters and evaluate the system’s
performance. Finally, Section 4 presents some conclusions and recommendations about the possibilities
for future work.

2. Spectral Splitting Concentrator Photovoltaic System Concept

Beyond conventional solar concentrators, the main objective of the presented system is to separate
the solar spectrum into two bands; each band is coupled and confined to one waveguide. At the
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exit port of each waveguide, we place corresponding wavelength-sensitive solar cells for each band.
The system is equipped with a sun-tracking device to collect normal direct sunlight. As shown in
Figure 2, our proposed system is composed of two entities: a focusing lens array based on a Fresnel
lens and double waveguides with suitable solar cells. The details of the optical system and design
parameters are explained below.
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Figure 2. Physical layout of spectral splitting CPV system using double flat waveguides.
2.1. Fresnel Lens Array

In a conventional CPV system, there are many types of primary concentrator such as glass lenses,
reflective parabolic mirrors, compound parabolic concentrators, diffractive concentrators, etc., but the
main aim of this research is to create a highly efficient large-scale spectral splitting CPV system, so the
requirements for the primary concentrators should be that they are thin, lightweight, and low in price.
In this study, we utilized a Fresnel lens as the primary concentrator. A Fresnel lens is a non-imaging
optics device that is constructed by micro ring-shaped segments on the surface. Sunlight is focused on
a small spot, but this device does not provide a sharp image-like conventional convex lens. To meet the
requirements, the commercial Fresnel lens made by DiYPRO Co., Ltd. (Suwon, Korea) is employed [28].
The Fresnel lens specification is shown in Table 1.

Table 1. Fresnel lens technical specification from DiYPRO Co., Ltd.

Fresnel Parameters

Size (length, width and thickness) 240 % 240 X 3.5 mm
Groove pitch 50 pm
Focal length, F 300 mm
Material PMMA *

* PMMA: Poly-methyl methacrylate.

The primary concentrator is a 3 X 5 square array of Fresnel lenses so that the system length,
L, is 1200 mm and the width, W, is 720 mm. For a large scale CPV system based on waveguides,
the sunlight travels considerably longer distances inside the waveguide, so the material attenuation and
decoupling loss become more significant. Increasing the system’s length leads to reducing the system’s
efficiency. Most typical CPV systems can achieve an optical efficiency >80%. Thus, the requirement
for the system’s design is that the optical efficiency must be higher than 80%. This is why a system
length, L, of 1200 mm is selected. A system of length larger than 1200 mm cannot achieve 80% system
efficiency, which will be mentioned in Section 3. The main thickness of system is defined by the focal
length of the Fresnel lens, F, which is 300 mm. One of inherent disadvantages of the Fresnel lens in
comparison with a reflective concentrator is the dispersion of the solar spectrum. The dispersion causes
a broadening of the focal area, and this leads to decreases in the optical efficiency and concentration
ratio. For our proposed CPV system based on waveguides, the size of focal area is also an important
design parameter for the directing surfaces and the waveguide’s thicknesses, which will be discussed
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in Section 2.2. We analyzed the dispersion of the solar spectrum in the range of 400-2500 nm using
the LightTools™ software. Figure 3a,b illustrate how sunlight is focused and dispersed through the
Fresnel lens array by using ray tracing analysis. There is a 3 X 5 array of focused light spots on the
focal plane. The simulation shows that the diameter of the focused area was 3.78 mm for the single
wavelength of 550 nm but was widened to 8 mm for the full spectrum of sunlight. The dispersion at
the focal plane can be explained by the Fresnel lens principal of convergence and the wavelength’s
dependence on the refractive index.
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Figure 3. (a) The lens array distributes the concentrated sunlight on the focal plane; (b) The shape and
the size of the concentrated sunlight on the focal plane.

2.2. Double Flat Waveguides

The planar waveguide concentrator was recently developed. In this approach, the concentrated
beams are redirected inside the waveguide by injected facets and transferred to the exit port where a
PV cell is attached. In our approach, double waveguides are utilized for the proposed spectral splitting
CPV system. Figure 4 shows a side view and the ray tracing of our proposed system. The area around
the focal point of the Fresnel lens is exaggerated for the illustration of the mechanism of coupling
sunlight into double waveguides. The prism'’s side should be larger than the size of the concentrated
light spot at its reflecting surface to cover all of the incident beam. Increasing the prism size leads
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to decoupling loss in the system. Decoupling loss occurs when the sunlight propagates inside the
waveguide and strikes other prisms then leaks out of the waveguide.

Direct Sunlight
(B
| s/“/’ \ “\[“‘,"f” A

\(/ “‘

D

W

Upper Prism with

Exit ports of dichroic mirror
waveguides UFW /coating
== Upper Prism with
BFW B mirror coating

Figure 4. Details of double flat waveguides with an exaggeration at the position of redirecting prisms.

Firstly, the focused sunlight reaches the dichroic mirror coated prism (DMCP) in the UFW. The role
of the DMCP is redirecting the focused beam, while concurrently acting as a spectral splitting facet.
Only the mid E band of the solar spectrum is reflected and coupled to the UFW by total internal
reflection (TIR). Therefore, the inclined angle of the prism should be designed to satisfy the TIR
condition of the waveguide for the mid E light. One important parameter for calculating the inclined
angle of the prism is the f-number of the Fresnel lens, which is the ratio of the focal length to the
effective aperture diameter. In this research, the f-number of the Fresnel lens is 1.25. Based on this
f-number, the angle of the focused beam is 43.6°. After refracting at the surface of the waveguide,
this beam angle is reduced to 34.3°. The critical angle of the TIR condition inside the waveguide is
41.8°. Using this condition, we found out that an inclined angle for the prism of 30° can satisfy the
requirement as shown in Figure 5a. If the f-number gets smaller then some of the light coming into
focus are refracted too much and some edge rays do not satisfy the TIR condition. This calculation is
based on a single wavelength of 550 nm with a refractive index of 1.49. There is the fact that this system
operates across a wide range of the solar spectrum, so the material dispersion greatly affects the design
of redirecting prism. It is very difficult to include this dispersion phenomenon in the calculation. In this
research, we used simulation to reconfirm the prism design. By simulating the total system under the
solar spectrum, by changing the incline angle and size of the prism, we can determine the appropriate
design. The optimal design will provide the highest optical efficiency, which will be shown in Table 2.

Incident beam

(a) Upper Flat Waveguide

l‘. 3
%
Dichroic R
mirror surface

Mirror
surface

Figure 5. The design of redirecting mirrors in the: (a) upper flat waveguide (UFW) and (b) bottom flat
waveguide (BFW).
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Table 2. Some main parameters of double waveguides and system loss analysis.

Breakdown of Proposed Double Waveguide Parameters and Losses

Upper Flat Waveguide (UFW)

Prism’s parameters (dy;rw/6) 4.5 mm/30°
Prism’s coating Dichroic mirror
UFW's thickness, Tyrw 8 mm
Mid E band concentration ratio 150
Total Fresnel losses 9.48%
Dichroic mirror reflection loss 2.00%
Waveguide loss 5.30%
Total losses of mid E band 15.98%
Bottom Flat Waveguide (BFW)
Prism’s parameters (dgrp/0) 2.7 mm/30°
Prism’s coating Mirror
UFW's thickness, Tgrp 6 mm
Mid E band concentration ratio 200
Total Fresnel losses 14.10%
Dichroic mirror transmittance loss 3.11%
Waveguide loss 4.12%
Total losses of low E band 19.97%

After hitting the prism surface, the concentrated beam is separated into two bands by the dichroic
beam splitter; the mid E band is reflected and coupled with the UFW, and the low E band is transmitted
and reaches the BFW. Similar to the UFW, the prism structure is used to redirect and couple the low E
band beam with the BEW. However, instead of the dichroic mirror, the reflecting mirror is applied on
the prism surface as shown in Figure 5b.

The dichroic mirror is an important part of our proposed spectral splitting CPV system. Splitting the
sunlight spectrum could be achieved by several optical elements such as prismatic elements, diffractive
or holographic mirrors, luminescent materials, and thin film splitters. In this research, we focused on
spectral splitting using thin film filters. Multilayer dichroic mirrors have surfaces with alternating thin
film layers designed in such a way that interference effects can allow for complete transmission or
complete reflection. The dichroic coating designed in our proposed system was a 66-layer TiO,/SiO,
coating. We used the LightTools™ software to evaluate the performance of the dichroic mirror,
which we have calculated. We applied multiple layers of thin film to the single prism surface then set
up the optical receivers to calculate the reflected beam power. A simulation was carried out with a
solar spectrum from 400 to 2500 nm and rays with different angles of incidence (AQOIs) ranging from 0°
to 75°, with a step of 15°. Figure 6 shows the performance of the dichroic mirror designed with a cut-off
wavelength at around 900-950 nm. This multilayer dichroic mirror design is applied to all redirecting
prisms on the UFW for total system simulation. Based on this dichroic mirror, the appropriate solar
cells are applied on the exit port of waveguide to optimize the electrical conversion efficiency. The types
of solar cell will be discussed in Section 2.3.
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Figure 6. Simulation results on solar spectrum splitting by dichroic mirror with different angle
off incident.

2.3. Exit Ports of Waveguides

Two types of dual junction solar cell were selected for this study: a low E band absorbing dual
junction solar cell GaInAsP/GalnAs and mid E band absorbing dual junction solar cell GaInP/GaAs.
The solar spectrum used in this research is generated by the LightTools™ software. It is divided into
four bands, each band corresponding to a single junction solar cell, as shown in Figure 7a. Figure 7b
shows that the mid E band solar cell attached on the exit port of the UFW is made of a GaInP top
junction that has a band gap energy of 1.91 eV (649 nm) and a GaAs bottom junction that has a band
gap energy of 1.42 eV (873 nm). The low E band solar cell attached on the BFW consists of a GaInAsP
top junction that has a band gap energy of 0.98 eV (1265 nm) and a GalnAs bottom junction that has a
band gap energy of 0.74 eV (1675 nm).
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Figure 7. (a) Solar spectrum is divided into four bands corresponding to suitable solar cells.
(b) Illustration of the solar cells at waveguide exit ports in association with other optical elements.
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3. Simulation Results and Discussion

3.1. Optical Efficiency

The LightTools™ software was used to model our proposed spectral splitting CPV system. In order
to propose a spectral splitting large scale system that is cost effective, the system design has to be
compatible with larger scale mass production and industrial manufacturing processes. Thus, some main
optical devices such as the Fresnel lens array, a flat waveguide that constitutes the system, should be
made from thermal-plastic material. Poly-methyl methacrylate (PMMA) with a refractive index of 1.49
at a wavelength of 550 nm was set in the simulation. Because the refractive index is dependent on the
wavelength of sunlight, the dispersion is important and must be included in the simulation. In the
simulation model, sunlight with a wavelength ranging from 400 to 2500 nm was inserted as the source.
The dispersion inside the total proposed system is taken into account by the LightTools software
automatically. The redirecting prisms in the UFW and BFW should be made from glass because their
surfaces need to be coated by dichroic films or mirrors. The interface between the waveguide/prism
and waveguide/solar cell is filled by an optical epoxy as a matching gel with an index of 1.51. Figure 8a
illustrates the simulation configuration of our design associated with the geometrical dimensions of
the optical elements. Some representative rays are displayed to explain the loss mechanism inside the
waveguides. A simulation for the optical performance of the proposed total system was implemented
at real scale and under the full solar spectrum as shown in Figure 8b. An important property of the
spectral splitting CPV system is based on the double waveguide; the geometrical concentration ratios
for the mid E band and low E band are given by Equations (1) and (2), respectively.

‘ ‘ L=1200 mm
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T=240mm Fresnel lens array
Decoupling loss
Vo dyey T
» —> urw
L1 Upper flat waveguide l
L0 -l < I __
2 < = I—AZ-CC
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(b)

Figure 8. (a) Illustration of the simulation structure in association with geometrical parameters.
Some representative rays are shown to explain the decoupling loss mechanism. (b) Simulation of the
total system under the full solar spectrum with ray tracing.
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In our design, the length of system, L, is fixed at 1200 mm (five Fresnel lenses). Reducing the
waveguide thicknesses can improve the concentration ratios. This will reduce the system cost because
the expensive high efficiency solar cell area at the exit ports is reduced. However, there is a trade-off
between the concentration ratio and optical efficiency, which will be discussed in Equations (3)-(6) and
Figure 9.

The optical efficiency is defined by the ratio of output power at the exit port to the sunlight power.
For the spectrum splitting CPV system, there are two optical efficiencies: the mid E band optical
efficiency and low E band efficiency. The mid E band efficiency is the ratio of the output energy at the
UFW to the mid E band energy of the input solar spectrum. Similarly, the low E band efficiency is the
ratio of the output energy at the BFW to the low E band energy of the input solar spectrum. These optical
efficiencies depend on many types of losses including Fresnel losses occurring at the interfaces of two
different refractive index media, reflection or transmission losses in the mirror/dichroic-mirror coated
surfaces of the redirecting prisms, decoupling loss inside the waveguide, and material absorption.
When the sunlight propagates inside the waveguide, some of it hits prisms and leaks out; this is the
cause of decoupling loss (Figure 8). Theoretical analysis for decoupling loss and material attenuation
was proposed by Karp et al. in [25]. By applying Karp’s waveguide loss theory in our case, the optical
efficiencies for the UFW and BFW can be calculated by the combination of equations below:

Ptang

1 2T

T]decouple(P/ @) = (1 - C—) ®)
UFW (or BEW)

-aP
TMposition (P, (P> =RX Ndecouple X exP( cos (P) 4)
I Mpostin P9 1315 21—l .
T]totul - (ZLZ_I) 7 — E/ Er E/ ey T ( )

2

where 14ecouple 18 related to the decoupling losses; 1position is related to the material attenuation, and
Motal TEpTesents the total optical efficiency inside the waveguide. Cyryw and Cpry are the concentration
ratios of the Fresnel lens on the two waveguides, and they can be calculated by:

Y Y
Curw = (d—) i Curw = (d ) (6)
UFW BFW

A minimal prism size will increase these concentration ratios. However, the prisms must be
large enough to cover all of the focused beam falling down on the inclined surfaces of the prisms
in both the UFW and BFW. Using ray-tracing analysis, we can determine the minimal size of the
prisms. In the simulation model, all parameters such as the Fresnel lens array and waveguide size
were fixed, except for the size of prisms. We found that the output powers of the UFW and BFW do
not change with dypw > 4.5 mm and dppyy > 2.7 mm and decrease significantly when dyry < 4.5 mm
and dpry < 2.7, respectively. This means that the appropriate sizes of prisms in the UFW and BFW are
4.5 mm and 2.7 mm, respectively.
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Figure 9. The dependence of optical efficiency on the waveguide thickness: (a) theoretical analysis
for case of coupling angle (@) = 30° and (b) simulation results. (c) Simulation result for the optical
efficiency depends on system length.

As denoted in Figure 8, P is the distance from each prism to the exit port; T is the thickness of
the waveguide (Tyrw and Tpppy are the thicknesses of the UFW and BFW, respectively); ¢ is the angle
of the ray inside the waveguide; and « is the absorption coefficient. Equation (3) shows the optical
efficiency from the input position, P; it expresses the probability of the ray being able to be transmitted
to the exit port. Because the sizes of the prisms were fixed, Ngecouple is a function of the waveguide
thickness. Increasing the waveguide thickness or decreasing the prism size will reduce the decoupling
loss. Equation (4) is related to the material absorption, with exponential decay with an increasing
path length of the ray. Taking the integration over all prism positions, Ps, and the coupling angle ¢,
in Equation (6) will determine in the total optical efficiency of the waveguides, 1;.1,. Figure 9a plots
the optical efficiency as a function of waveguide thickness in the case of fixed ¢ = 30°. It shows a
qualitative understanding about the loss mechanism inside the waveguide, i.e., a thicker waveguide
yields a higher efficiency. It is very complicated to calculate the optical loss based on theoretical
equations because there are many loss mechanisms and material dispersions. However, theoretical
analysis provides an understanding about the influence of physical factors on the optical loss of the
system. To calculate the total optical efficiency, the total system was simulated using the LightTools
software with the full solar spectrum. We have to take into account the entire cone of focused beam as
well as the coupling angle. Additionally, the Fresnel losses at many surfaces are too complicated to
predict by theory, but they significantly affect the system’s optical efficiency. To evaluate the optical
efficiency of the system, we carried out simulations with different waveguide thicknesses, Ty riy and
Tprw. Figure 9a shows that the loss inside the UFW is higher than the loss in the BFW because the prism
size in the UFW is larger than that in the BEW. However, the total loss of the UFW is lower than of the
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BFW because of Fresnel losses. To reach the BFW, the sunlight has to pass more intersection surfaces
than to reach the UFW. Based on theoretical calculation and simulation, we selected the thicknesses of
waveguides as Tyrw = 8 mm and Tpry = 6 mm. One of the significant losses is the material attenuation
of sunlight inside the waveguide. This loss limited the system length. To confirm that a system length
of 1200 mm satisfied the requirement that the optical efficiency is not lower than 80%, we carried out
the simulation of system with different lengths, L = 240 to 1680 mm in steps of 240 mm, corresponding
to changing the number of Fresnel lenses across the length of the array from 1 to 7. The result in
Figure 9c shows that L = 1200 mm is the critical point to achieve the requirement set in Section 2.1.
To breakdown all the kinds of losses in our proposed system, we inserted optical receivers at many
positions such as at the sunlight input area, at the exit ports of the two waveguides, and before and
after boundaries where Fresnel losses occur. The optical loss analysis is shown in Table 2.

3.2. System Performance

One of the requirements for the proper operation of the system is that the sunlight should be
perpendicular to the surface of Fresnel lens, then the focused beam should always be centered on
the redirecting surfaces of the prisms. Because the sunlight direction changes over a day and a
year, a sun tracking system needs to be utilized to maintain precise alignment between the system
and sunlight direction. The required accuracy of the sun tracking system is very important for the
operation of the system. This accuracy can be determined according to system’s angular tolerance.
The angular tolerance of the system is defined by the acceptable angular deviation of sunlight to the
normal direction of the system surface. The acceptant angle of the system is the angular deviation
that reduces efficiency by 10%. To calculate the acceptant angle, we do the simulation for the total
system along the North-South (N-S) and East-West (E-W) axes, and slightly change the sunlight
direction (Figure 10a). The simulation model is the same as in Section 3.1, but the incident angle of the
sunlight beam changes. The dependence of the optical efficiency on sunlight angular deviation along
the N-S and E-W axes was examined and is shown in Figure 10b. The simulation results show that
the acceptance angle for the BFW is smaller than that for the UFW because of the difference in prism
size. Based on Figure 10b, we can determine the acceptant angle of system to be +0.5°. Many sun
tracking systems have been proposed over the past 20 years in the literature. The range of tracking
system accuracy is from 0.05° to 1° using closed-loop control mechanisms. Sun tracing with a higher
accuracy is more expensive. The accuracy requirement of 0.5° of our proposed system is compatible
with most typical, available sun tracking systems. With the increase in the size of the redirecting prisms,
the focused light couples more effectively to the waveguides rather than the sun-tracking tolerance
being increased. Lower accuracy sun tracking costs less; however, a larger prism size then reduces the
optical efficiency (Equations (3)-(6)). Therefore, the tolerance and the optical efficiency should be kept
in balance. It means that depending on real circumstances, with a given accuracy of solar tracking
system, we can design a proper system that provides the highest optical efficiency.

To evaluate the system’s performance over a day, we carried out simulations with the site of
application at 127° longitude and 37.5° latitude. The GalnP/GaAs dual-junction solar cell is attached at
the exit port of the UFW and the GaInAsP/GalnAs dual-junction solar cell is at the exit port of the BFW.
The electrical conversion efficiency of the GaInP/GaAs dual-junction solar cells is 34.2% for the full
solar spectrum corresponding with an in-band efficiency of 61.53% [23]. The in-band efficiency is the
efficiency of solar cell operating under its appropriate solar spectrum band. The GaInAsP/GalnAs
dual-junction solar cell has a conversion efficiency of 32.5% and an in-band efficiency of 43.9% [23].
The total electrical conversion efficiency of the system can be calculated by Equation (7).

Usystem = NUFWT]GaInP/GaAs kmid E band + 1BEWT]GalnAsP/GalnAs klow E band (7)

where 7)system 1S the total electrical conversion efficiency; nurw and nppw are the optical efficiencies of
the double waveguides; 1Gu1up/Gaas a0 1NGanasp/Gainas are the in-band efficiencies of each solar cell
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type; and kyig £ pang and kigy E pana are the ratios of the in-band energy over the total spectrum energy.
Following Equation (7), the total electrical conversion efficiency of the system is 46.1%. The output
power of the system, Psystern can be calculated by Equation (8).

Psystem = Nsystem X Solar Irradiation (8)

Figure 11 shows the output power at the UFW and BFW over time on a sunny day in summer.
The total energy harvested on this day is 2.448 kWh. It can be calculated by taking the integral of the
output power over the time for both the UFW and BFW.
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Figure 10. (a) The alignment of system along the North-South (N-S) and East-West (E-W) axes;
(b) Variation of optical efficiency according to angular deviation along the N-S and E-W axes.
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Figure 11. Solar irradiation and electrical output power of the UFW and BFW over time on a

summer’s day.

For the CPV system, not only the concentration ratio but also the optical efficiency affects the
system’s performance, but the irradiance uniformity of the concentrated sunlight on the surface of the
solar cells is also important. For a typical CPV system including spectral splitting CPV, non-uniformity
of the concentrated sunlight beam reduces solar cell electrical performance and lifetime [29]. High flux
contrast on the cell’s surface leads to resistance losses. In our proposed system, the double waveguides
act as a homogenizer for achieving highly uniform irradiance on the solar cells.

Many types of spectral splitting CPV system have been developed with various approaches
recently, but none of them have been commercialized because they are still too expensive in comparison
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with typical CPVs. Additionally, most of approaches for spectral splitting CPV systems are at a small
scale, thus it is difficult for them to be used widely. This research provides a new approach to increasing
the system scale by using a waveguide mechanism. It shows great potential for commercialization.
However, we need to carry out a performance evaluation of our proposed system in comparison with
typical plat PVs and CPVs that have been commercialized. Due to variety of operating conditions,
system comparison is not easy; however, we used the data from developers’ publications in order to
evaluate our proposed system. For comparison, we simulated the cases of flat PV and CPV based on the
developers’ parameters [30] and under the same climates as found in Seoul (Korea, where DNI is very
low in winter) and Phoenix (Arizona state, United States, where DNI is high). We assumed that the
collecting areas of the PV and CPV systems were the same with our proposed design. The comparison
in Table 3 shows that the energy harvested per year in the low DNI area (Seoul) increases by only 21.1%
by using our proposed system in comparison with using conventional PV. In the high DNI area, the
energy harvested per year is improved significantly (207%). This shows that our proposed system has
more advantage in areas where DNI is high.

Table 3. Comparison in performance between conventional photovoltaic (PV) systems, CPV systems,
and our proposed design.

Conventional PV Commercialized CPV Our Proposed System
Situation Commercialized Commercialized Research
Type Non-concentration High concentration High concentration

Fresnel lenses and

Optics for concentrator None Fresnel lenses Waveguides
. . 150 for Mid E band and
Concentration ratio 0 ~500 200 for Low E band
Sun tracking None Required Required
. . Multi-junction cells TW.O types of dual
Solar cell Si solar cell with GaInAsP/GalnAs with junction cell:
efficiency of 18-20% off. of 35% GalnP/GaAs and
. ¢ GalnAsP/GalnAs
Simulation in ideal Simulation in ideal Simulation in ideal
Energy harvesting on a circumstances circumstances circumstances

summer’s day

In Seoul: 1.05 kWh
In Phoenix: 1.14 KWh

In Seoul: 1.44 kWh
In Phoenix: 1.65 kWh

In Seoul: 2.488 kWh
In Phoenix: 2.6 kWh

Energy harvesting
per year

By simulation
In Seoul: 184 KWh
In Phoenix: 325.0 KWh

By simulation
In Seoul: 154.5 kWh
In Phoenix: 468 kWh

By simulation
In Seoul: 223 KWh
In Phoenix: 673.1 KWh

4. Conclusions

The proposed spectral splitting concentrator with a Fresnel lens array and double flat waveguide
has been designed, modeled, and simulated for large scale application. The design concept allows
two types of solar cell to be used with appropriate operational spectral bands, intending to maximize
the electrical conversion efficiency. Theoretical analysis and system modeling have shown that the
waveguide thicknesses and redirecting prism sizes are two important parameters that directly affect
the system optical efficiency. Simulations of system performance were carried out for the evaluation
of the optical losses and the energy harvested over a day and a year in different climates (high and
low DNI). A high electrical conversion efficiency of 46% was achieved with a larger system scale of
1200 x 720 x 300 mm. A comparison with conventional PV and CPV performances shows a great
advantage of our design in high DNI climates. System prototype fabrication and experiments should
be done in future research to verify the design concept and evaluate the commercial viability.
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