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The concentration ratio is one of the most important characteristics in designing a
Cassegrain solar concentrator since it directly affects the performance of high-density
solar energy applications such as concentrated photovoltaics (CPVs). In this study, solar
concentrator modules that have different configurations were proposed and their
performances were compared by means of a Monte Carlo ray-tracing algorithm to
identify the optimal configurations. The first solar concentrator design includes a
primary parabolic concentrator, a parabolic secondary reflector, and a homogenizer.
The second design, on the other hand, includes a parabolic primary concentrator, a
secondary hyperbolic concentrator, and a homogenizer. Two different reflectance were
applied to find the ideal concentration ratio and the actual concentration ratio. In addition,
uniform rays and solar rays also were compared to estimate their efficiency. Results
revealed that both modules show identical concentration ratios of 610 when the tracking
error is not considered. However, the concentration ratio of the first design rapidly drops
when the sun tracking error overshoots even 0.1°, whereas the concentration ratio of the
second design remained constant within the range of the 0.8° tracking error. It was
concluded that a paraboloidal reflector is not appropriate for the second mirror in a
Cassegrain concentrator due to its low acceptance angle. The maximum collection
efficiency was achieved when the f-number is smaller and the rim angle is bigger and
when the secondary reflector is in a hyperboloid shape. The target area has to be rather
bigger with a shorter focal length for the secondary reflector to obtain a wider
acceptance angle.

Keywords: Cassegrain solar concentrator, high concentrated photovoltaics, Monte Carlo ray-tracing, concentration
ratio, focal point

INTRODUCTION

The amount of solar energy intercepted by the earth every minute is greater than the amount of
energy that is obtained from the fossil fuels that the world consumes each year. However, it is often
constrained to use solar energy by its low energy density compared to conventional energy resources.
Solar energy has an energy density of 1.5 x 107° J/m?, while the energy densities of oil and gasoline are
45% 10" J/m’and 1.0 x 10" J/m?, respectively (Layton, 2008). Furthermore, the conventional solar
cells, which are based on the single junction of semiconductor materials, can harvest only a small
portion of the solar spectrum to convert solar energy into useful electricity. The unused remaining
spectrum of solar energy is dissipated as heat, which leads to low conversion efficiency. Hence, it is
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required for the solar cell to respond to the more wide range of the
solar spectrum in order to produce more electricity, maximizing
the conversion efficiency.

Concentrated photovoltaics (CPVs) are one of the feasible
solutions to solve such problems, which employ a multijunction
solar cell (MJC) and solar concentrators as the major
components. The CPV requires less land compared to
conventional photovoltaics as it uses a smaller photovoltaic
array. Therefore, it is capable of generating higher power with
the same land use. Although cumulative CPV capacity installed in
2016 was 350 MW, it is only less than 0.2% of the global PV
capacity (230,000 MW) installed that year (Labouret and Villoz,
2010).

MJC s a sort of tandem solar cell, which is created by stacking
more than one p-n junction cells. Each junction cell absorbs the
corresponding solar spectrum according to its band-gap energy.
The typical size of MJC is 50 mm x 5mm, the open-circuit
voltage is 2.6 V, the short-circuit ampere is 1.81 A. So far, the
multijunction solar cell has achieved a maximum efficiency of
46% at laboratory (Honsberg and Barnett, 2005). Although the
MJC has the highest conversion efficiency among other solar
cells, mass production is still expensive for large-scale
applications. For such a reason, the concentrated photovoltaic
(CPV) has been developed by many researchers. Low-cost
concentrators are employed to converge sunlight onto a small
area of the multijunction cells (Mendelsohn et al., 2014).

As another important component of the CPV, the solar
concentrator is a device that collects solar energy from a large
aperture area and converges it onto a much smaller area. The use
of the solar concentrator not only increases the efficiency of solar
energy systems but also reduces the overall cost of the system. The
solar concentrators are designed with refractive or reflective
optics in either flat or curve shapes in order to intensify
incident solar radiation from 10 to 1,000 suns (Garboushian
et al.,, 1997; Mendelsohn et al., 2014).

The solar concentrators are categorized by a concentration
method and an acceptance angle. Lenses over 50 mm in diameter
are too thick to be used for the solar concentrator. Instead, Fresnel
lenses are usually selected as a solar concentrator. Fresnel lenses
are fabricated to have either a point focus or a linear focus based
on their application. The curved reflective mirrors have a
reflective surface in the shape of a parabola. They focus all the
incident rays parallel to the axis onto a point located at the
parabola’s focus. The reflective mirrors are able to concentrate
solar energy without chromatic aberration, but they require much
higher accuracy than the refractive method. Another type of the
solar concentrators is the compound parabolic concentrator
(CPC), which provides the maximum concentration ratio with
a fixed acceptance angle. For high-concentration purpose,
however, CPC is not appropriate because its dimension
increases too much. Hence, CPC is restricted to low-
concentration applications.

Many efforts and research studies have been conducted to
develop more efficient solar concentrators (Rabl, 1976; Lorenzo
and Luque, 1982; Feuermann et al., 2002; Bader et al.,, 2009;
Whang et al.,, 2009; Chen et al., 2010; Zhang et al., 2014). Chen
et al. (2010) designed solar concentrators that have two reflectors
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to achieve a high concentration ratio when a tracking error is
present. They used ASAP (Advanced System Analysis Program)
for ray-tracing simulation. Allen et al. (Whang et al., 2009)
developed a novel solar concentrator that can reduce the UV
and IR spectrum by incorporating a chromatic lens. They
designed the lens with optical design software, OSLO. Their
design can also be applied to photovoltaic cells to reduce the
heat as it filters IR. They concluded that 94% of UV and 50% of IR
were removed when the distance between the fiber and the
chromatic lens was 3.1 cm, with 92% transmittance of visible
light. Patel et al. (Bader et al., 2009) proposed a new two-stage
optical design for solar concentrators, which combined a
composite parabolic trough (CPT) as a primary concentrator
and a CPC (compound parabolic concentrator) type as a
secondary reflector. They concluded that their design boosts
the concentration ratio by a factor of 1.52 relative to the CPT
alone. Daniel et al. (Feuermann et al.,, 2002) conducted a field
experiment on a solar fiber-optic minidish concentrator that is
200 mm in diameter with a focal length of 120 mm. They used a
1-mm diameter optical fiber to transport concentrated sunlight
and measured the output flux from the optical fiber at a remote
target that is 20 m away. They suggested the use of sculpted
optical fiber tips that can increase the concentrated power density
by a factor of 2-4, which may be used for solar surgery. Rabl
(1976) conducted a comparative analysis on various solar
concentrators in terms of key characteristics such as the
concentration ratio, sensitivity to mirror errors, acceptance
angle, and reflector size. They proposed a novel concentrator
that includes a compound parabolic concentrator (CPC) as the
second reflector to increase the acceptance angle. Their results
showed that the concentrator with CPC at the focus region gives
the highest concentration ratio. Lorenzo and Luque (1982)
compared the optical performance that can be obtained with
two-stage concentrators when the primary concentrator was a
Fresnel lens or a parabolic reflector. It was concluded that the
parabolic reflector could generate higher power density than the
Fresnel lens. Zhang et al. (2014) compared diverse types of
secondary mirrors using ASAP in order to analyze the effects
of geometric parameters and preciseness of a concentrator on the
optical performance. Their simulation results showed that when a
flat mirror or hyperbolic mirror was used as the second mirror,
the solar concentrator was more sensitive to the rim angle. They
revealed that a convex surface is more appropriate for the second
mirror, especially when the rim angle is bigger than 90°.

In this study, we propose two types of two-stage solar
concentrator modules and conducted ray-tracing simulation in
order to investigate the concentration ratio and the sensitivity to
the tracking error. Simulation was conducted by means of
TracePro, which is ray-tracing simulation software based on
the Monte Carlo method.

DESIGN OF SOLAR CONCENTRATOR
MODULES

Two concentrator modules (CM-1 and CM-2) were designed and
simulated to evaluate their performances in terms of
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FIGURE 1 | Drawings of each component of the concentrator module-1: (A) the primary parabolic concentrator, (B) the secondary reflector, and (C) the
homogenizer.

FIGURE 2 | Assembly of the solar concentrator module.

concentration ratio and tolerance angle. Both concentrator
modules consist of three components: a primary concentrator,
a secondary reflector, and a homogenizer. For CM-2, however, a
hyperbolic reflector was used as the secondary reflector, while
CM-1 used a parabolic reflector as the secondary reflector.

Concentrator Module-1

In the concentrator module-1(CM-1), a parabolic reflector was
employed as the primary concentrator and the secondary
reflector. The parabolic reflector has a curved surface created
by revolving the half of a 2-dimensional parabola about its central
axis (z-axis). The 2-dimensional parabola is represented by the
equation x° = 4py, with the y-axis being the axis of symmetry of
the parabola. The surface of the parabolic reflector receives rays
parallel to the z-axis and converges them at the focal point, as
shown in Figure 1. The parabolic radius that is the distance from

the focal point can be obtained in terms of the rim angle as
follows:

2f

r=————
1+cos¥

(1)

It is noteworthy that solar rays are collimated because the solar disk
subtends an angle of 0.53" (26;) at the earth, which creates a focal area
with a certain diameter depending on the focal length. The incident
solar rays on the surface of the primary concentrator are concentrated
onto the focal point and, in turn, reflected back by the secondary
reflector into the entrance of the homogenizer. The homogenizer is
located at the center of the primary concentrator and makes solar rays
evenly distributed onto the target area (i.e., MJC). The second reflector
is located below the focal point of the primary concentrator by a
distance of the focal length of the secondary reflector so that solar rays
reflect back in parallel to the z-axis.

Figure 1 illustrates the drawings of each component of CM-1.
The parabolic concentrator has a diameter of 300 mm and a focal
length of 195 mm with a rim angle of 42°. The focal length and
diameter of the secondary parabolic are 15 and 30 mm,
respectively. As depicted in Figure 1B, the position of the
secondary reflector is determined such that the rays
concentrated by the primary concentrator are reflected in
parallel with its rotation axis. The ray falling into the
homogenizer reaches the end with only one reflection. A
multijunction cell can be placed at the bottom of the
homogenizer or a fiber optic cable can be connected to the
homogenizer for another application.

Figure 2 shows the photograph of an assembly of the solar
concentrator module. The bright region is clearly seen at the
secondary reflector. The primary mirror and the secondary
reflector were made of a bulk of aluminum using a milling
machine. Although the primary mirror weighs 5kg, it could
be considerably reduced with an extrusion molding technique.

The useful power output from the concentrator module can be
obtained by the following equation:

P =n,nAcls )
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FIGURE 3 | Detailed geometries of the primary parabolic concentrator, the second hyperbolic reflector, and the homogenizer.
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FIGURE 4 | Reflectance of the aluminum coating layer.

where #,, 11, and #, are the efficiencies of the primary mirror, the
secondary parabolic reflector, and the homogenizer, respectively.
A, is the effective surface area of the primary mirror, and I, is the
direct normal irradiance that is the beam component of solar
irradiance. For this case, 1 sun of incident solar flux was assumed
to estimate the concentration ratio.

The disturbance of the incident solar rays by the secondary
reflector and the support struts also should be considered. For our
first design, the diameter of the secondary reflector is 0.03 m, and
four rods are supporting the secondary reflate at the center of the
primary concentrator. The diameter of the rod is 4 mm, and the
length is 200 mm. Therefore, the four struts and the secondary
reflector make a shadow with an area of 1.18 x 107> m?

disturbing the solar rays from striking the surface. 16.71% of
the total area of the primary mirror does not receive the solar rays.
The effective primary area (A,) is then calculated to be 5.88 x
107 m”

Concentrator Module-2

The second concentrator module (CM-2) includes a parabolic
mirror as a primary concentrator, a hyperbolic reflector as a
secondary concentrator, and a homogenizer. The hyperbolic
reflector was employed in order to again converge the light
reflected from the primary mirror into the inlet of the
homogenizer, while the parabolic reflector of the first design
reflects back the light in parallel.

For the second design, a parabolic concentrator manufactured
by Edmund Optic Inc. was employed as the primary
concentrator. It is 300 mm in diameter, and its focal length is
76 mm. There is a hole with a diameter of 19 mm at the center.
The surface was coated with the same aluminum material as the
CM-1. The secondary hyperbolic reflector plays the role of
converging the concentrated rays into the homogenizer, and
hence, the acceptance angle increases. The diameter is 38 mm,
and the height is 7 mm. The reflector has a front focal length of
6 mm and a back focal length of 20 mm. The surface was also
coated with the same aluminum material. The homogenizer acts
as a light guide to deliver the reflected concentrated ray to the
target (MJC). Its length is 80 mm, and its diameter is 12 mm.
Figure 3 illustrates the detailed drawing of the primary
concentrator, the secondary reflector, and the homogenizer. F;
and F, denote the focal point of the primary concentrator and
secondary reflector, respectively.

Reflectance
The surfaces of the primary concentrators and secondary
reflectors were coated with aluminum and followed by a
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ceramic. As the reflectance of the aluminum-coated surface drops
quickly due to oxidation when it is exposed to the environment,
the ceramic layer protects the aluminum layer from degradation.
A mirror film was also a good candidate for the reflectance
material, which is a joint invention of Reflectech Inc. and the
NREL (National Renewable Energy Laboratory). However, it was
very difficult to attach the mirror film to the curved surface of
each component.

The reflectance of the primary concentrator and the secondary
reflector was measured using a UV-Vis. spectrophotometer
(model no. S-3100). As it is difficult to measure the reflectance
of the surfaces of the bulky concentrator, a sample patch (30 mm x
30 mm) was prepared by coating it with the same materials, and its
reflectance was measured.

Figure 4 shows the comparative reflectance of the sample
patch coated with aluminum and the blank. The blank is the
reflectance of the reference material that has 100% value, which
was provided by SinCo Inc. It is clearly seen that the average
reflectance of the aluminum coating layer was 86.34% in the
range of 190-1,100 nm.

According to this reflectance, the losses due to the reflectivity
of both the primary concentrator and the secondary reflector
were then computed using the aluminum coating. With this
surface finish, the efficiency of the primary and secondary was
considered to be 0.86. The inner surfaces of the homogenizer
could not be coated with any material but be treated with

polishing. The efficiency of the homogenizer was

conservatively estimated to be 0.65. Based on Eq. 2, the
resulting power delivered to the end area is then 24 W.

MONTE-CARLO RAY-TRACING

The ray-tracing simulation using TracePro was conducted to
investigate the performance of two concentrator modules.
TracePro is a ray-tracing program for designing and analyzing
optical and illumination systems, which Lambda Research
Corporation of Littleton developed under a grant from NASA.
It provides GUI (graphical user interface) in which 3-dimensional
modeling can be drawn by simply entering values. The modeling
of each component for both concentrator module designs is
illustrated in Figure 5. A perfect absorber plate is located at
the bottom of the homogenizer to count the number of rays
exiting from the homogenizer. The absorbed rays are then
compared with the rays generated from the gird source in
order to compute the collection efficiency and concentration
ratio. The ray type should be defined by specifying the angular
profile before running ray-tracing simulation. Two different types
of rays were used in this study, namely, a uniform ray and a solar
ray. In the uniform ray, each ray starts with a flux equal to the
peak flux and has uniform intensity within the cone angle of the
source. On the other hand, the solar ray has an angular profile
equal to that measured for the sun. The grid source is modeled in
a circular shape and has a diameter of 300 mm. It was set up to
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TABLE 1 | Simulation results of ray trace with two different wavelengths.

546 nm 200-2,000 nm
Total flux (W) 29.51 29.76
Collection efficiency (%) 30.6 30.8
Incident rays 756 756

generate an irradiance of 1000 W/m* (1 sun) with a total of
10,621 rays.

Solar concentrator modules are characterized by the
concentration ratio (CR). By definition, the concentration ratio
has two different meanings, namely, geometric concentration
ratio, CRge,, and optical concentration ratio, CR,p¢ (Harriga,
1986; William, 2011). The geometric concentration ratio is
defined by the ratio of the aperture area (the diameter of the
primary concentrator) and the area of the receiver (target) as
follows:

A,
CRgeo = Xr: (3)
where CR,,, indicates the geometrical concentration ratio and A,

and A, are the aperture area and the receiver area, respectively.

It should be noted that the geometrical concentration ratio is
the maximum obtainable concentration ratio with the given
dimensions since it does not consider light properties (spatial

Solar Concentrator Module

and angular distributions) and optical properties such as
reflectance, refraction, and transmittance of the concentrators.

The optical concentration ratio is defined as the ratio of the
irradiance incident on the receiver (detector) and the irradiance
over the aperture area and can be calculated using the following
equation:

+ [1.dA,

CR, pt = I

, (4)
where CR,,, indicates the optical concentration ratio. A, is the
receiver area, and I, and I, are the insolation on the aperture area
and the irradiance (radiant flux) on the receiver area, respectively.

In order to evaluate the performance of the concentrator
modules, we also introduced the collection efficiency that is
defined as the ratio of the flux (W) incident on the
observation plane (detector) to the flux (W) emitted from the
ray source (Turner, 2021).

flux incident on the detector (W)
flux emitted fromthe ray source(W)'

®)

As a form of electromagnetic wave, solar radiation reaching
the surface of the earth is composed of a wide range of
wavelengths spanning from 250 to 2,500 nm with a peak of
546 nm. In order to investigate the effect of the wavelength on
the performance of the concentrator modules, a single wavelength

Collectionef ficiency =

‘ |
| |
!|, ‘M!‘

ﬂ i

FIGURE 6 | Ray-tracing results of the concentrator modules: (A) CM-1 and (B) CM-2.
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TABLE 2 | Concentration ratios of solar concentrator modules. Case 1: uniform
ray and perfect reflectance, case 2: solar ray and perfect reflectance, case 3:
uniform ray and aluminum reflectance, and case 4: solar ray and aluminum
reflectance.

CM-1 CM-2

CRgeo 625 625
CRopt (for cases 1,2, 3,and 4) 612, 449,230, 145 611, 611, 293, 293

of 546 nm and a wide range of wavelengths from 280 to 1,100 nm
were applied to the light source, and the performances were
compared using the same concentrator module. The measured
reflectance data were applied to the surface properties of the
concentrator, second reflector, and homogenizer (see Figure 4).
As shown in Table 1, the differences in the total flux and
collection efficiency were found to be negligible, and hence, a
single wavelength of 546 nm was used as the wavelength of the
light sources in this simulation for simplicity.

RESULTS AND DISCUSSION

Figure 6 shows the results of the ray-tracing simulation of both
concentration modules. Rays were sorted to show only the rays
that have been absorbed by the surface of the detector. It is clearly
seen that all the rays generated from the grid source are first
concentrated by the primary concentrator and reflected by the
secondary reflector, and finally, they enter into the homogenizer.

Table 2 shows the concentration ratios of two different solar
concentrator modules in terms of geometrical concentration ratio

Solar Concentrator Module

(CRgeo) and optical concentration ratio (CRyp). There are four
cases in the optical concentration ratio depending on ray
properties and reflectance. The geometrical concentration
ratios for CM-1 and CM-2 are the same as 625 since their
aperture area and receiver area are identical. However, it can
be found that the optical concentration ratio varies with different
conditions such as ray source properties and reflectance. For case
1, where the uniform ray and the perfect reflectance are applied,
the optical concentration ratio is almost the same as the
geometrical concentration ratio. It can also be found that the
CM-2 is not affected by the ray source type as its acceptance angle
covers the solar subtended angle.

Figure 7 shows the irradiance map on the detector of the CM-
1 under two different ray sources, namely, the uniform ray and
the solar ray. The irradiance map was created by the flux
distribution that has been absorbed by the detector located at
the bottom of the homogenizer. It can be seen from Figure 7A
that most of the rays incident on the detector reach the center
with an average value of 6.1 x 10°W. On the other hand, as
shown in Figure 7B, the rays are distributed more uniformly with
an average value of 4.5 x 10° W. The peak-to-average ratio (PAR)
is defined as the ratio of the peak flux to the average of the flux
across the surface. The PAR for the uniform ray of 10.3 is
observed for the uniform ray, while the solar ray gives a PAR
of 2.2. For the uniform ray, a total flux of 69.24 W is obtained with
a collection efficiency of 0.98. Using the average flux and the total
emitted flux of the grid source, the optical concentration ratio for
the uniform ray reaches 614 suns. For solar rays, it is observed
that the total flux is 50.92 W with a collection efficiency of 0.73.
An optical concentration ratio of 450 suns was obtained for the
solar ray, which decreased by 26.7% compared with that of the
uniform ray. For the uniform ray, a total output flux of 69.24 W is
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FIGURE 7 | Irradiance map for flux absorbed by the CM-1 under different ray source types: (A) uniform ray and (B) solar ray.
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e solar ray applied to the surface of each component. As shown, CM-2 has a
0-91 wider acceptance angle than CM-1 since the collection efficiency
is the same regardless of the type of ray source. For the ideal case,
0.8+ CM-1 exhibits a collection efficiency of 0.98 with a total flux of
3 69.24. However, for the real condition, the collection efficiency
.§ 0.7 - dropped to 0.53 with a total flux of 37.44 W. The collection
E efficiency of CM-2 is almost the same as CM-1, but it is slightly
064 less than CM-1.
Figure 9 shows the effect of the tracking error on the
05 (33.4W) concentration ratio of the solar concentrator modules. The
' . tracking error lies in the range of 0.0-1.6". It can be seen that the
concentration ratio is largely affected by the tracking error for both
04 Perfeot miror Aluminum coating concentrator modules. As shown, the concentration ratio of CM-1
Reflectance drastically drops with increasing tracking error. On the other hand,
the concentration ratio of CM-2 maintains at its maximum of 610
FIGURE 8 | Collection efficiency of the concentrator modules with suns until the tracking error goes beyond 0.8°. After the critical angle)
different reflectance and different ray sources: (A) CM-1 and (B) CM-2. the concentration ratio also drops rapidly at the same rate as CM-1.

obtained with a collection efficiency of 0.98. Using the average
flux and the total emitted flux of the grid source, the optical
concentration ratio for the uniform ray reaches 614 suns.

For solar rays, it is observed that the total output flux is
50.92W with a collection efficiency of 0.73. An optical
concentration ratio of 450 suns was obtained for the solar ray,
which decreased by 26.7% compared with that of the uniform ray.
This is attributed to the fact that fewer rays reach the detector due
to the sun’s subtended angle (0.25°), although the same number of
rays is generated from the grid source. As shown, the number of
incident rays on the detector for the uniform ray is 10,452, while
that of solar rays is 7,759.

Figure 8 shows the variation of the collection efficiency of the
concentrator modules with different reflectance and different ray
sources. A uniform ray source and perfect reflectance (100%)
were assumed for an ideal case. For a real condition, the solar ray
is considered as a ray source, and the aluminum coating was

Based on the theoretical upper limit of the concentration ratio, the
rim angle is the key factor because it affects the concentration ratio.
When a solar concentrator operates at a single stage, the maximum
concentration ratio is achievable at a rim angle of 45" with a given
acceptance angle. For the two-stage solar concentrator module,
however, it was found that the concentration ratio can be
obtained with increasing rim angle.

CONCLUSION

Two types of solar concentrator modules were designed, and ray-
tracking simulations were conducted to investigate the
concentration ratio, collection efficiency, and the effect of
tracking errors. The first solar collector module (CM-1)
consists of a parabolic primary collector, a parabolic secondary
reflector, and a homogenizer. On the other hand, the second solar
collector module (CM-2) used hyperbolic secondary reflectors
with other components identical to CM-1. Perfect mirror and
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aluminum coating were compared to find the ideal concentration
ratio and the actual concentration ratio. In addition, uniform rays
and solar rays were compared to estimate the collection efficiency
and the acceptance angle against the tracking error. The key
findings from this study include the following:

1) For the first design of the concentrator module, the concentration
ratio reached 614 suns with a collection efficiency of 0.98 under
the condition of perfect reflectance and the uniform ray source.
However, the concentration ratio dropped to 450 suns with a
collection efficiency of 0.73 under a real solar ray condition.

2) When the aluminum coating was applied on the surface of the
module’s components, the concentration ratio dropped to 145
under a real solar ray condition. The corresponding power
output was 37.44 W, which is the maximum power available
for the MJC cell to generate electricity.

3) When the tracking error was considered, the concentration
ratio is largely affected by the accuracy of the solar tracker.
Especially, the concentration ratio of the CM-1 dramatically
decreases with increasing tracking error. For the CM-2, the
concentration remained until a tracking error of 0.8°, with a
concentration ratio of 610 suns. Above a tracking error of 0.8°,
it dramatically decreases at the same rate as the CM-1.

4) The rim angle is a key factor that affects the concentration
ratio. When the rim angle is 45°, the maximum concentration
ratio is achievable with a given acceptance angle. However, it
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