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Abstract: Hybrid concentrator photovoltaic (CPV) architectures that combine CPV modules with
low-cost solar cells have the advantage of functioning well in modest direct normal irradiance (DNI)
regions as well as high-DNI regions, where these architectures allow for higher performance in a
limited space. For higher performance of a hybrid CPV module, we optimized the secondary optical
element (SOE) using raytracing software and conducted experimental measurements that consider
the effective wavelength range. Our experiments with the optimized SOE (6 = 30°, h = 15 mm)
demonstrated a maximum output power on the triple-junction cell and polycrystalline silicon cell
of 212.8 W/m? and 5.14 W/m?, respectively.

Keywords: hybrid concentrator photovoltaic; secondary optical element; Fresnel lens

1. Introduction

The origin of the technique to obtain solar energy effectively using a concentrator is considered
to be a combination of reflector and thermal collector, since the late 1970s [1,2]. The technique has
been further advanced, and concentrator photovoltaic (CPV) modules have been actively studied to
reduce costs and improve performance [3-12]. CPV modules are highly efficient power generators in
high-direct normal irradiance (DNI) regions near the equator, but less effective in the global normal
irradiance (GNI) mid-latitude regions, where these modules do not perform as well as flat
photovoltaic (PV) modules. To overcome these limitations, several researchers have studied hybrid
CPV modules that combine a CPV module with low-cost PV modules [13-16], since these hybrid CPV
architectures can collect sunlight in modest-DNI regions, which allows the same solar module design
regardless of region. In addition, hybrid CPV modules can maximize power generation in the high-
DNI regions without requiring as much volume, since they absorb scattered light more efficiently
[11]. Lee et al. experimentally analyzed two types of hybrid CPV modules with concentration ratios
of 18X and 1000X and showed high power generation efficiency [12]. Yamada et al. combined the
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two-terminal triple-junction (TJ) solar cell and bifacial crystalline silicon solar cell for their hybrid
CPV modules, and performed analyses based on the (GNI-DNI)/GNI ratio [13]. While many studies
have been conducted on the secondary optical elements (SOEs) used in conventional CPV modules
[17-19], we have not seen a study on the SOEs of hybrid CPV modules. In this paper, we analyzed
the mirror-type SOE for the hybrid CPV modules and optimized it through simulation and
experimental measurements under high-DNI conditions. Especially analyzed were the shading losses
of the silicon solar cells by the SOEs on the hybrid CPV modules. In addition, the two-terminal TJ
solar cell, mainly used in CPV modules, cannot convert light of wavelength above about 1.3 um, due
to the current limit of the top cell [20,21]. This longer wavelength light is also not absorbed by the
silicon solar cells in the hybrid CPV modules around the TJ solar cell. For this reason, we considered
the effective wavelength range for the optimization of the SOE. These hybrid CPV modules are
promising as the next generation of the thermal collector system.

2. Simulation Setup

The angle at which sunlight refracts from the primary optical element (POE) of the hybrid CPV
module depends on the wavelength, which creates chromatic aberration [22]. In addition, infrared
rays with wavelengths above 1.3 um are not absorbed in either TJ solar cells or silicon solar cells, due
to current limits in the top cell and limited semiconductor bandgap energy, respectively. Therefore,
we considered the effective wavelength range while we optimized the SOE of the hybrid CPV
module. To analyze the hybrid CPV architecture, we used the TracePro (Lambda Research
Corporation, Littleton, Massachusetts, USA) raytracing software, based on a Monte Carlo method
with the xenon lamp spectrum (1000 W/m?), to create the three-dimensional model shown in Figure
1. Assuming modest-DNI regions, sunlight was designed with 80% DNI and 20% diffuse light. We
selected a 254 x 254 x 3 mm? Fresnel lens made of polymethyl methacrylate (PMMA,; refractive index
=1.49 at 500 nm) and an Al mirror (92% reflective at 500 nm) as the POE and SOE, respectively. The
focal length of the POE was 250 mm, and the body size was 254 x 254 x 253 mm?. We placed the silicon
solar cell 8 mm away from the TJ solar cell in position #2, and the spacing between the silicon solar
cells was 3 mm. For ease of cleaning the module, the flat side of the Fresnel lens faced the sun, and
the stepped side faced the solar cells. We placed a high-performance TJ solar cell (10 x 10 mm?
concentration ratio = 645X) at the center of the hybrid CPV module to collect the concentrated DNI.
Around the TJ solar cell, we spread 12 silicon solar cells (80 x 55 mm?) to collect light that was
scattered from the concentrator and diffuse solar irradiance.

Triple-junction
solar cell
-

Al mirror

Silicon -~
solar cells

Figure 1. (a) The raytracing model and (b) raytracing results of the hybrid concentrator photovoltaic
(CPV) module combined with low-cost silicon solar cells.
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3. Simulations
3.1. Optimization of SOE Design

Figure 2 shows our SOE designs with different angles when placed on the TJ solar cells. At this
point, we fixed the SOE height at 15 mm and maintained a constant distance between the Fresnel lens
and the TJ solar cell. Using these SOEs, we calculated the irradiance on the TJ solar cell and on the 12
silicon solar cells (positions #1 to #12 in Table 1). We also analyzed the irradiance by dividing the
results into an effective wavelength range (0.3-1.299 um) and a lossy wavelength range (1.3-2.5 um).
The irradiance on the TJ solar cell in the effective wavelength range was minimized for a
perpendicular SOE (326.8 W/m?), and maximized when 6 = 30° (606.2 W/m?); when the angle is
greater than 30°, the light is reflected and the intensity of the light is reduced. Although the sum of
power in the effective and lossy wavelength ranges was higher in the 0 = 40° case than the 0 = 30°
case, the Etjoss/Etyetf ratio indicates that the loss ratio of the 6 = 40° (6.9%) case was higher than that
of the 0 =30° (5.7%) case, so O = 30° seems more optimal. In addition, higher SOE angles in the silicon
solar cell will decrease the irradiance, due to shading from the SOE.

(2) ®d - (© V

0° e 20°

@ (e

V300 40°

50°

Figure 2. Secondary optical element (SOE) designs at a 15 mm height with different mirror angles of
(a) ©=0° (b) 6=10° (c) 6 =20° (d) 6=30° (e) 0 =40° and (f) 6 = 50°.

Table 1. Irradiance on the triple-junction and silicon solar cells of the hybrid concentrator photovoltaic
(CPV) module with different mirror angles and a 15 mm height, as calculated using the TracePro
raytracing software. We separated the results into the effective (0.3-1.299 um) and lossy (1.3-2.5 um)
wavelength regions.

SOE Angle ET],eff (W/mz) ET],loss (W/mz) ET],loss/ET],eff ratio (0/0) ESi,eff (W/mz) ESi,loss (W/mz)

0° (Perpendicular) 326.8 7.2 22 135.8 7.3
10° 495.6 15.1 3.1 130.6 7.1
20° 588.6 24.1 4.1 129.8 13.5
30° 606.2 345 57 127.4 9.9
40° 604.7 41.7 6.9 125.8 10.2
50° 603.4 26.1 4.3 125.1 5.2

Next, we analyzed the irradiance with a fixed 30° SOE angle as we varied the SOE height from
0 mm to 100 mm, as shown in Figure 3 and Table 2. Since the conversion efficiency of the TJ solar cell
is better than the low-cost silicon solar cells, the hybrid CPV module configuration should be adjusted
for better light concentration. When the height was zero (i.e., no SOE), we calculated powers of 590.8
W/m? and 131.2 W/m? on the TJ solar cell and the silicon solar cells, respectively. Although larger
heights led to higher power values on the TJ solar cell, the irradiance within the lossy wavelength
range increased faster than the irradiance within the effective wavelength range, as shown by the
increasing Etyoss/Etyert ratio. Moreover, since taller SOEs increase the production cost and maximize
shading, moderately tall SOEs are more desirable. While the irradiance on the silicon solar cells was
127.4 W/m? for h = 15 mm, the irradiances on the silicon solar cells were 124.8 W/m? and 85.4 W/m?
for h = 20 and 100 mm, respectively, due to the shading on the SOEs. Therefore, we focused our
subsequent simulations and experimental measurements on the case of h =15 mm and 0 = 30°.
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(@) (b) (c)

A _ 0mm 4 = 5 mm 4 TV 10 mm
(d) (e) (f)

100 mm

5mm ' AI,I"ZO mm

Figure 3. SOE designs with different mirror heights of (a) 0 mm (no SOE), (b) 5 mm, (c) 10 mm, (d) 15
mm, (e) 20 mm, and (f) 100 mm.

Table 2. Irradiance on the triple-junction and silicon solar cells of the hybrid CPV module with
different mirror heights, as calculated using TracePro. We again separated the results into the effective
(0.3-1.299 um) and lossy (1.3-2.5 um) wavelength regions.

SOE Height (mm)  Emjett (W/m?)  Ejjoss (W/m?  Ety, toss/Etyett ratio (%)  Esiett (W/m?)  Esiloss (W/m?)

0 (No SOE) 590.8 204 35 1312 7.1
5 601.8 26.1 43 1315 9.8

10 605.2 309 5.1 130.3 104

15 606.2 345 5.7 1274 9.9

20 608.3 379 62 124.8 9.3

100 609.7 474 7.8 85.4 1.6

3.2. Irradiance Distributions

Next, we analyzed the light distribution of a hybrid CPV module with a pyramidal SOE (6 = 30°,
h =15 mm). Figure 4 shows the simulation results for the six silicon solar cells using the layout from
Figure 1(a). Since the hybrid CPV module is symmetric, we only needed to identify six of the 12
silicon solar cells. The irradiances on the Si #7-12 were 10.8 W/m?2, 13.8 W/m?2, 11.0 W/m?, 9.2 W/m?,
9.2 W/m?, and 9.3 W/m?, respectively. We analyzed the irradiances and irradiance distributions using
the effective wavelength range. Although single crystal silicon modules are more efficient than
smaller polycrystalline silicon solar cells, we simulated polycrystalline silicon solar cells to better
match the experimental measurements to follow. Figure 4b shows that, although the silicon solar cell
placed next to the SOE was affected by the shadow of the SOE, that solar cell still collected the highest
power (13.9 W/m?). In addition, the silicon solar cells placed away from the CPV also showed
irradiance of at least 9.2 W/m? by absorbing diffuse light. Considering that hybrid CPV modules are
constructed as arrays, we used a square Fresnel lens, which seems to have affected the irradiance
distribution.
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Figure 4. Irradiance distributions of the six silicon solar cells for a pyramidal SOE with 6 =30° and h
=15 mm: (a) Si #1, (b) Si #2, (c) Si #3, (d) Si #4, (e) Si #5, and (f) Si #6. The size of each cell was 80 x 55

mm?.

To identify the irradiance distribution of the T] and silicon solar cells according to the design of
the SOE, we examined the three cases shown in Figure 5. In the perpendicular SOE, the concentrated
power on the TJ solar cell was the smallest (326.8 W/m?), while the irradiance on the silicon solar cells
was the largest (135.8 W/m?2). Without an SOE, the irradiance on the TJ and silicon solar cells were
590.8 W/m? and 131.2 W/m?, respectively. When using the pyramidal SOE optimized above, we saw
the largest power (606.2 W/m?) concentrated on the T] solar cell, and the smallest power (127.4 W/m?)
on the silicon solar cell. The solar cell conversion efficiency relation is:

n= Puax 100 (%) 1)
input

where 1 is the conversion efficiency, Pmax is the maximum output power, and Pinput is the input optical
power. Therefore, assuming a T] solar cell conversion efficiency of 38.5% when using a pyramidal
SOE, we calculate Pmax as 233.4 W/m?. In addition, assuming an 18% conversion efficiency for the
polycrystalline silicon solar cell, we expect to generate 22.9 W/m? of electric power. Using the same
assumption, we predict maximum output powers of 125.8 W/m? and 24.4 W/m? for the perpendicular
SOE, and maximum output powers of 227.5 W/m? and 23.6 W/m? for the no SOE case. We will
compare these predictions with experimental measurements in the next section.
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Figure 5. Irradiance distributions of the triple-junction and 12 silicon solar cells with three SOE
configurations: (a,b) perpendicular (6 = 0°, h =15 mm), (c,d) no SOE (h =0), and (e,f) pyramidal (0 =
30°, h =15 mm).

4. Experimental Measurements

To supplement the simulation results with experimental measurements, we constructed the
hybrid CPV module analyzed above, and show the results in Figure 6 and Table 3. We used a solar
simulator (WACOM, WXS-4505-65), xenon lamp (6500 W), Fresnel lens (PMMA, 254 x 254 x 3 mm?),
GalnP/GalnAs/Ge triple-junction solar cell (Spectrolab, CDO-100-C3M]J, 10 x 10 mm?), polycrystalline
silicon solar cells (Zhiwang, 80 x 55 mm?), and a heat sink in the setup for this measurement. Figure
6(g) shows the I-V and P-V curves of the T] solar cells and the hybrid CPV module, demonstrating
that the pyramidal SOE had the highest maximum output power of 212.8 W/m?2. The hybrid CPV
module without an SOE had the next highest power (181.5 W/m?), followed by the perpendicular
SOE (149.0 W/m?). The perpendicular SOE had the lowest Puax due to its narrow entrance, but it was
expected to act as a homogenizer well. Although these values are slightly lower than the results
calculated above, they show a similar relationship. The I-V and P-V curves for the polycrystalline
silicon solar cells in Figure 6h demonstrate that the sum of maximum output power for the pyramidal
SOE was the lowest at 5.14 W/m?. The perpendicular SOE and the no SOE cases attained the sum of
maximum output power values of 5.67 W/m? and 5.99 W/m?, respectively. From Figure 4, the Pmax of
the polycrystalline silicon solar cells with an 18% conversion efficiency were found to be 1.98 W/m?,
2.5 W/m?, 1.96 W/m?, 1.66 W/m?, 1.67 W/m?, and 1.67 W/m?, respectively. On the other hand, the
experimental measurements obtained Puax of 0.42 W/m?, 0.76 W/m?, 0.4 W/m?, 0.33 W/m?, 0.32 W/m?,
and 0.33 W/m?, respectively, which were lower than expected. These values are lower than the
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simulation results, due to the lower proportion of diffuse light in the measurements using the solar
simulator. Since the measured output power values were smaller than those predicted by the
simulation, we need to include diffuse light in the experimental measurement setup for modest-DNI
conditions in future tests. Overall, the experimental measurements show similar results to those we
calculated using the raytracing simulations, and the hybrid CPV module with the optimized SOE
design performed better than the other cases we tested.

85 Heat sink

L S _‘ TJ solar cell (10 x 10 mm?)
(g) 7 250 (h) 0.06

Silicon solar cells (80 x 55 mm?)

Triple-junction TR = Silicon —s— Perpendicular
s DI 200 "E 0.054 No SOE
5 B 181.5 \\_-m-" :‘5“ —a— Pyramidal
i R . | P _—
< ] 3 T = 0044
149 Wim'| ~ [F st s st et e ey,
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14 —e— No SOE ) é 0.01 458 ====
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Figure 6. Photographs of experimental measurement setup: (a) the solar simulator (WACOM, WXS-
450S-65), (b) the CPV module with a Fresnel lens and a heat sink, (c) the perpendicular SOE (6 =0°, h
=15 mm), (d) the pyramidal secondary optical element (SOE) (0 = 30°, h = 15 mm), (e) the laminated
triple-junction solar cell with bypass diode, and (f) the polycrystalline silicon solar cell. Also shown
are I-V and P-V curves of the (g) triple-junction solar cell and (h) silicon solar cells for the three SOE
configurations.

Table 3. Device characteristics of the triple-junction and 12 silicon solar cells of the hybrid CPV
module, using three SOE configurations.

SOE Configuration Cell Pmax (W/m?2) Voc (V) Isc(A) Fill factor Area (cm?)
Perpendicular Triple-junction 149.0 3.04 3.78 83.61 645.2
(6=0° h=15mm) silicon 5.67 (sum of #1-12) - - - 645.2
Triple-junction 181.5 3.03 473 81.8 645.2
NoSOE silicon 5.99 (sum of #1-12) - - - 645.2
Pyramidal Triple-junction 212.8 3.04 5.57 81.16 645.2
(0=30° h=15mm) silicon 5.14 (sum of #1-12) - - - 645.2

5. Conclusions

We demonstrated a hybrid CPV module that combines a TJ solar cell and low-cost silicon solar
cells by comparing various SOE designs. When we varied the angle of the SOE between 0° and 50°,
our analysis showed an optimized irradiance at 30° on the TJ solar cell in the effective wavelength
range. Higher SOE angles increased the irradiance within the lossy wavelength range more than the
power within the effective wavelength range, which decreased the performance of the hybrid CPV
module. Likewise, taller SOEs also caused larger Etjoss/Etyet ratios. We concluded that an SOE with
an angle of 30° and a height of 15 mm was the most desirable, with the irradiances of 626.2 W/m? and
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127.4 W/m? in the effective wavelength range, and a Ejoss/ETeif ratio of 5.7%. Next, we compared
three SOE configurations for the hybrid CPV module by using simulations and experimental
measurements. The perpendicular SOE and the no SOE case generated maximum output powers of
149.0 W/m? and 181.5 W/m?, respectively, in the TJ solar cell of the fabricated hybrid CPV module.
The optimized pyramidal SOE, however, showed a higher maximum output power of 212.8 W/m?in
the TJ solar cell. The hybrid CPV module has potential applications in next-generation power
production systems and, therefore, requires more research in the future.
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