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Abstract: This study proposes a rectangular-shaped optical module capable of simultaneously im-
plementing crop cultivation and solar power generation. By employing a cylindrical Fresnel lens
(CFL) array plate with a size of 100 x 100 mm?, multiple focal lines are formed, where some of the
incident light transmits through the module while the rest is guided laterally through the rectangular
lightguide structure. This guided sunlight is then concentrated by a cylindrical compound parabolic
concentrator (CCPC) structure, resulting in a 20-fold concentration ratio, onto a 5 x 100 mm? Si
photovoltaic (PV) cell. To experimentally verify feasibility, both the CFL array plate and the light-
guide plate were fabricated with three-axis machine tooling equipment and assembled. The power
generated experimentally by the 5 x 100 mm? Si PV cell was 54% of the expected value from the
simulation results on the light-concentrated efficiency considering experimental conditions, while the
results on experimental transmittance along with rotation angles were very close to the simulation
results. However, overall, the tendency of the generated power along the rotation angles is close to the
tendency of the light-concentrated efficiency along the rotation angles from the simulation. Addition-
ally, this study dealt with further consideration to enhance light-concentrated efficiency, introducing
a means to adjust the trade-off relationship between transmittance and light-concentrated efficiency.

Keywords: agrivoltaic solution; transmissive light-concentrating optical module; cylindrical Fresnel
lens (CFL); cylindrical compound parabolic concentrator (CCPC); Si photovoltaic cell (Si PV cell)

1. Introduction

The essential resources of humanity, such as water, energy, and food, are facing a rapid
increase in global demand due to the expected rapid population growth to 9.7 billion by
2050. However, difficulties are anticipated in sustaining resource production to meet such
demand [1-5]. According to the Food and Agriculture Organization (FAO), agricultural
production in developing countries needs to double to meet demand, and these nations
are predicted to face competition for water and energy resources as well as the impacts
of climate change [6]. Irrigation involves controlling the water demand that is not met by
rainfall through artificial systems to facilitate crop growth and development [7]. Securing
energy for irrigation is crucial for agricultural development in developing countries with
insufficient rainfall. Therefore, it is necessary to actively utilize environmentally friendly
and cost-effective renewable energy sources, with solar photovoltaic (PV) panels being
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used for solar power generation [8,9]. Globally, renewable energy accounts for 20% of total
energy consumption, with approximately 30% of renewable energy investments allocated
to wind energy and 60% to solar energy [10]. It is projected that 25% of the world’s required
power will be obtained through solar power generation by 2050 [10]. However, utilizing
solar power generation for irrigation presents challenges due to the significant land area
occupied by solar panels, potentially reducing arable land [11].

To mitigate these issues, efforts are being made to introduce agrivoltaic systems. Agri-
voltaic systems aim to establish systems where solar panels and cultivation can coexist, with
the core concept being the utilization of the space beneath solar panels for agricultural pur-
poses [12-14]. Studies, such as that by Jamil et al., have reported that applying agrivoltaic
methods to just 1% of Canada’s farmland could satisfy at least a quarter of the nation’s
electricity demand [15]. However, research on agrivoltaic systems primarily focuses on
determining optimal panel arrangements based on factors such as the amount of light
reaching crops beneath PV arrays and the shaded land area of PV cells [16]. This approach
often incurs significant costs in constructing and maintaining overall solar panel arrays
and does not fully resolve the trade-offs between agriculture and solar power generation.

Another approach being explored is the use of semitransparent organic solar cells
(STOSCs) for combined solar power generation and cultivation [17-19]. Agrivoltaic systems
typically use Si PV cells, which offer high energy conversion efficiency and stability but
are costly and render shaded land areas unusable for cultivation. In contrast, STOSCs
offer a way to utilize solar spectra other than those needed for plant photosynthesis within
the same land area. STOSCs contain an active layer that generates electron-hole pairs,
covered with a transparent conductive material allowing certain spectra to penetrate. Thus,
photons in the visible spectrum necessary for photosynthesis pass through, while photons
in the UV and near-infrared spectrum are converted into electrons. Compared to Si solar
cells, STOSCs with thin-film structures are lighter and cheaper to manufacture. However,
their semi-transparency poses a trade-off between power conversion efficiency (PCE) and
average visible transmittance (AVT), and they may lack durability in various environmental
conditions compared to Si PV systems [20,21].

The agrivoltaic system faces several challenges. It is not feasible to combine solar
power generation and crop cultivation on the same land, and setting up a large-scale solar
power generation system is expensive due to the need for costly high-efficiency single-
crystal Si PV cells and dual-axis tracking to account for daily and seasonal variations in
solar light angle. These challenges limit the available land for cultivation and hinder cost
reduction in manufacturing and operating solar power generation systems. Although
research on combining solar power generation and cultivation using STOSCs is ongoing,
the PCE and AVT of the state of the art are 11% and 28% [22], which is insufficient for
crops requiring significant solar radiation. Additionally, STOSCs require continuous im-
provement in device and module durability. To address these issues, our study aimed to
develop an optical module capable of higher AVT while using small-sized Si PV cells for
electricity generation. To achieve our aim, we propose an optical system composed of a
thin cylindrical Fresnel lens (CFL) array plate and a compact lightguide plate. Basically,
in the proposed system, PCE and AVT vary depending on the incident angle of sunlight.
We believe that our approach can be one of the solutions to reduce the size of expensive
Si solar cells and enable the growth of crops requiring high solar radiation. In this paper,
we report the results of its design and fabrication, as well as experimental results on the
module’s transmittance and generated power efficiency, comparing them with detailed
simulation results.

2. Design and Analysis of the Proposed Optical System
2.1. Design of the Proposed Optical System

Figure 1 illustrates a schematic diagram of the proposed optical system. Initially, solar
lightflux is concentrated into multiple linear light beams using a CFL array. The linearly
concentrated lightflux is then reflected by multiple prism-shaped geometries formed on
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the exit surface of the lightguide, and reflected lightflux is guided towards the edge of the
lightguide by internal reflection in the lightguide. Table 1 presents the design specifications
of the CFL array plate. Increasing the pitch of the CFL array results in a greater overall
thickness of the optical module to enhance the efficiency at the focal plane of the CFL.
To compact the optical module comprising the CFL array plate and the lightguide while
maintaining high optical efficiency at the focal plane of the CFL, the pitch and the focal
length of the CFL array were set to 10 mm and 11.5 mm, respectively. The CFL array plate
consists of 10 CFLs arranged in an array, with a width of 100 mm and a length ensuring
a square entrance cross-section of 100 mm. The design wavelength of the CFL was set to
550 nm, the central wavelength of the visible spectrum, which corresponds to the maximum
range of solar spectral irradiance. Polymethyl methacrylate (PMMA) with a refractive
index of 1.4936 at the design wavelength was considered as the material for the CFL.

Z

CFL Array Plate

Lightguide plate

Prism geometries
in lightguide
Figure 1. Concept of the proposed optical layout.

To analyze the concentration efficiency of the CFL array plate with specifications simi-
lar to Table 1, non-sequential ray tracing simulations were conducted using LightTools™
(Synopsys, Sunnyvale, CA, USA). During the analysis, solar spectrum data corresponding
to the Phoenix (USA) region (latitude 33.5°, longitude —112.17°) provided by LightTools™
was applied as the spectrum data for the light source [23]. Additionally, the size of the
sunlight-simulating light source was set to 10,000 mm? to match the size of the CFL array
plate. Considering the size of the CFL array plate and the angle of incidence of solar
radiation, the distance from the CFL array plate to the light source was set to 16,205 mm.
Furthermore, the radiant flux of the sunlight-simulating light source was set to 5 W, propor-
tional to the irradiated area of 10,000 mm?, and directed to the designed CFL array plate
entrance surface. Figure 2 illustrates the results of non-sequential ray tracing analysis of
the radiant flux transmitted to the focal plane of the CFL array plate under direct normal
incidence (DNI) conditions. This analysis considered transmission and reflection due to
the Fresnel loss of the CFL array plate. As shown in Figure 2, a cylindrical focused line
array is formed 11.5 mm below the CFL array plate, and it can be observed that some of
the incident light flux is reflected and lost at each entrance and exit interface of the CFL
array plate. The total radiant flux reaching the focal plane of the designed CFL array plate
is 4.6 W, resulting in an optical transmission efficiency of 92% when considering the 5 W of
incident radiant flux. The radiant flux reaching the focal area of the CFL array, represented
by the blue-line box, is 4.2 W, indicating an optical transmission efficiency of 84% for the
CFL array plate.
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Table 1. Design specification of the cylindrical Fresnel lens (CFL) array plate.

Parameter Unit Target Remark

Pitch mm 10 CFL array plate with the dimension of

Width mm 100 100 x 100 mm?. The plate is composed of
Length mm 100 10 CFL structures

Designed wavelength nm 550 Considering the peak of the solar spectrum

Refractive index - 1.4936 Refractive index at 550 nm of PMMA

Effective focal length mm 11.5 Considering a compact optical module

Optical power efficiency % >80 Considering the Fresnel loss of CFL

array plate

Solar Direct Normal Incidence Condition

‘ ‘
|| H
o LN T

H H ‘ \

Focal plane of the designed cylindrical Fresnel lens array

Figure 2. Non-sequential ray tracing for the designed CFL array plate with the solar direct normal
incidence (DNI) condition.

To transmit the light flux reaching the focal area of the CFL array to the edge of the
lightguide, it is necessary to form a lightguide with a prism-shaped exit surface near the
focal area of the CFL array, as depicted in Figure 1. In this study, we considered a lightguide
with the same cross-sectional area as the CFL array plate, and a thickness of 10 mm. The
angle of the prism shape was set to 40° to maximize the transmission of light flux to the
lightguide edge.

In this study, we also explored ways to reduce the usage area of high-cost 5i PV cells. To
satisfy a concentration ratio of 20, where solar flux entering an area of 100 mm x 100 mm is
concentrated onto a Si PV cell measuring 5 mm x 100 mm, the light flux guided to the edge
of the lightguide is directed to the cylindrical compound parabolic concentrator (CCPC)
end face by a CCPC structure. Figure 3 illustrates the cross-sectional shape of the CCPC
and the parameters defining its shape. The relationship between the maximum acceptance
angle and the parameters of the CPC shape is defined by Equation (1), and in this study,
considering a maximum acceptance angle, 6; = 27°, and both by = 10 mm and by = 5 mm,
the x-axis length of the CCPC, L, was set to 14.7 mm [24].

by + by

tan6; = oL

@
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CFL array plate

Lightguide Plate

Figure 3. Cross-sectional shape and parameters of the compound parabolic concentrator (CPC).

2.2. Primary Analysis of the Designed Optical Module

Figure 4 illustrates the overall shape and dimensions of the designed optical module,
including its key components. As it is convenient to fabricate the CFL array plate and the
lightguide separately, it is necessary to set an appropriate air-gap spacing distance, AS,
for assembly. For this purpose, we examined the light power incident on the CCPC end
surface according to the magnitude of AS. In this analysis, the transmittance and reflection
due to the Fresnel loss were considered for both the CFL array plate and the lightguide.
Figure 5 represents the transmitted power through the module and the concentrated power
on the CCPC end surface according to the AS values. When AS was set to 1.3 mm, the
concentrated light power on the CCPC end surface reached its maximum value of 1.475 W.
At this point, considering the 5 W radiative power of the solar simulating light source, the
transmittance through the optical module and the concentrated optical efficiency on the
CCPC end surface were 54.1% and 29.5%, respectively.

X-Z view
|
[ ———————————————————
“pblaze angle =40°

110 mm : :
Y-Z view A j i
“B Voo " Fmm
14+48 mm T
- 100 mm :

Figure 4. Shape and dimensions of the designed transmissive light-concentrating optical module.

The designed optical module considers tracking the annual variation of the incidence
angle of the sun, while not tracking the daily variation. In Figure 6, the angle notations
for the rotation directions of the sun are defined. a and p represent the incidence angle
of the sun in the direction of daily variation and the incidence angle in the direction of
annual variation, respectively, for the normal incident surface of the optical module. Thus,
when both « and B are 0°, it is under DNI conditions. Considering tracking the annual
variation of the incidence angle of the sun, when tracking without error,  is always 0°.
However, to examine the allowable tracking error, the transmittance and the concentrated
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light efficiency of the module were analyzed for B variations. Figure 7 illustrates the power
transmitted through the module and the concentrated power on the CCPC end surface
according to changes in « and  when the incident solar power onto the CFL array plate is
set to 5 W. In this simulation, we set the range of « considering the range of o« where the
amount of light transmitted to the CCPC end is more than 30% of its maximum value. As
shown in Figure 7a, within the range of |a | < 15° for the daily variation in the incidence
angle of the sun, 28% of the incident solar power can be concentrated onto the CCPC end
surface, and it can concentrate more than 16% up to la | <20°. At this point, the power
transmitted through the module showed more than 50% transmittance within the range of
Il <40°. As shown in Figure 7b, for the annual variation of the incidence angle, more than
28% of the incident solar power can be concentrated onto the CCPC end surface within the
range of | | <1°, and it can concentrate more than 15% within the range of 1° < | 1 < 2°.
The reason for the sharp decrease in concentration efficiency onto the CCPC end surface for
the annual variation in the incidence angle of the sun is due to the sun crossing the array
direction of the CFL array, causing the incident angle onto the array axis to change.

3.5 T T T . : ;

U

[\
i
T
1

——CCPC end
i ——Through Optical Module| -

Total irradiance [
o .

L L

0.5 L 1 1 1 L
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Amount of A4S [mm]

Figure 5. Transmitted power through the module and the concentrated power on the CCPC end
surface according to the amount of AS.
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Figure 6. Definition of solar light incidence angle considering daily and annual sun path.
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Figure 7. Transmitted power through the module and the concentrated power on the CCPC end
along with « and B: (a) result of variation in « and (b) result of variation in B.

3. Development of the Designed Optical Module

To validate the operating principle of the optical module designed in this study, a
3-axis machine tooling equipment, VM 6500 (DN solutions, Changwon-si, Republic of
Korea), was used to manufacture the CFL array plate and lightguide plate. However,
when designing the CFL array plate, although the ideal shape of a cylindrical Fresnel lens
was considered, the machining freedom of the device was not high enough to properly
implement the vertical walls of each zone of the Fresnel lens. Therefore, as shown in
Figure 8a, the draft angle of each zone was changed to 20° for manufacturing. Figure 8b
illustrates the shape of the CFL array plate and the modified design shape together. As
shown in Figure 8b, while the pitch of the manufactured CFL array, the radius to each zone,
and the wall angle of each zone were generally well implemented, fillet curvature occurred
at the corners of each zone.

Draft angle : 20°

() (b)
Figure 8. Modified design of CFL (a) and its fabrication result with the designed profile (b).

A photograph of the assembled optical module prototype, consisting of the machined
CFL array plate and the lightguide plate integrated with the CCPC, is presented in Figure 9.
As AS was set to 1.3 mm in the designed optical module shown in Figure 4, the total
thickness of the module is 15.3 mm, while the thickness of the manufactured optical
module ranged from approximately 15.25 to 15.27 mm. Taking the fabrication errors of
the CFL shape and the thickness deviation of the optical module into account, the key
parameters were recalculated according to the variations in & and B. In this analysis, for the
shape of CFL, draft angles and edge fillet radii were set to 20° and 0.1 mm, respectively.
Figure 10 illustrates the transmittance through the module and light concentration efficiency
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as a percentage of the incident optical power of 5 W, compared to the characteristics of an
ideal optical module.

15.25 mm i 15.27 mm

Figure 9. Assembled optical module prototype.

100 T T T T T T T 100
—— Assembled CCPC end
90 F  |—e—Ideal CCPC end 90 ¢
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Figure 10. Transmittance through the module and the concentrated optical power efficiency on the
CCPC end surface according to variation in the incidence angle of the sun, considering fabrication
error of the CFL module: (a) result of variation in & and (b) result of variation in .

Comparing to the results of the ideal module, the optical module considering fabrica-
tion deviations reveals that there is approximately a 5% decrease in the concentrated optical
efficiency at the CCPC end surface for « and j3 variations in the maximum efficiency range,
lal <15° and | 8| <1.5°. Furthermore, compared to the results for the ideal module, the
transmittance through the module shows a similar level of transmittance for « variations
within the range of |« | <40°, while for § variations, it exhibits approximately a 5% higher
transmittance in the minimum transmittance range of | 1 <1.5°.

4. Experimental Results and Discussion

The solar radiation spectrum data used in the design of the optical module does not
match the local solar radiation conditions in the laboratory, and accurate radiation spectra
considering the local weather conditions are not known. Therefore, to experimentally
measure the through-module transmittance and power generation, a high-power white
LED illumination device was used. In this study, a high-power white light LED with a
color temperature of 6500 K and a radiant output of 2420 Im, CXB1520 from Cree LED
(Durham, NC, USA), along with two lenses, was used for illumination. Figure 11 illustrates
the applied LED radiation spectrum and the experimental concept for measuring the
transmittance and power generation of the fabricated module. The emitted light from
the illumination device equipped with converging lenses is incident on the fabricated
optical module placed 3 m ahead. In the experiment, we used the monocrystalline p-type
silicon photovoltaic (Si PV) cell, SCM 5WE-6V from Solarcenter (Gimpo-si, Republic of
Korea). It was attached to the CCPC end surface, which has an area of 5 mm x 100 mm,
using a transparent encapsulant, Sylgard-184 from DOW (Midland, MI, USA). Before the
experiment, considering the fabrication deviations of the optical module and experimental
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conditions, the through-module transmittance and the concentrated power efficiency on
the CCPC end surface and the incident surface of the Si PV cell were predicted. In the
results shown in Figure 12, the illumination device consisting of an LED light source and
two lenses as presented in Figure 11 were considered, and the thickness of the transparent
encapsulant was set to 0.1 mm. Since a commercially available illumination device was
used, the specifications of the two lenses were not precisely known, so we modeled them
based on data measured by a surface profiler.

0.8 —Solar Spectrum

0.6 —Light in Experiment

CCPC end
surface

PDMS paste

SiPV cell
incident surface

0.4

200 600 1000 1400 1800 2200

Figure 11. Experimental concept for measuring the through-module transmittance and the generated
electrical power using the concentrated solar power in Si PV cell.

100 ; " 100
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90 —=—Si PV incidence surface 90
30 ——Through optical module efficiency| 30
S S i I\
'; 70 '; T0F T T, ,//k»* -
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5 60 L — 5 60 N ,/
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Figure 12. Transmittance through the module and the concentrated optical power efficiency on the
CCPC end surface and the incident surface of the Si PV cell according to variation in the incidence
angle of the sun, considering experimental conditions: (a) result of variation in « and (b) result of
variation in .

Comparing with the results shown in Figure 10, it can be observed that, on average, the
transmittance and the concentrated power efficiency decreased by approximately 3.8% and
2.4%, respectively, for the rotation angle . However, the overall trends of transmittance
and the concentrated power efficiency were very similar. For the rotation angle §, both
parameters are more sensitively changed compared to the results shown in Figure 10. This
is because, for the approximate solar source of 16,205 mm, the incident angle of all light
incident on the module is close to 0°. However, under experimental conditions, considering
a distance of 3 m between the illumination device and the module, the incident angle
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ranges from 0° to 1.9°, and the sensitivity of the rotation direction B is higher than that of
the rotation direction a.

To experimentally measure the module transmittance and compare the simulation
results, we first measured the reference illuminance at a distance of 3 m in front of the
illumination device in the absence of the fabricated optical module. The measured reference
illuminance at 3 m in front of the illumination device was 106 1x. Using the prototype
optical module, the module transmitting illuminance was measured by rotating it in the
and B directions around the center position of the CFL array plate. Then, the transmittance
was calculated as a percentage of the reference illuminance. To measure the concentrated
power efficiency, we used a PV cell with an effective area larger than 100 mm x 100 mm.
In the absence of the optical module, the reference generated power was measured in
the 100 mm x 100 mm PV area arranged perpendicular to the optical axis at 3 m in front
and was set as the reference power for calculating the concentrated power efficiency.
As shown in Figure 13a, as the size of the PV cell is larger than 100 mm x 100 mm, a
100 mm x 100 mm aperture plate was attached to the incident surface of the PV cell. The
measured reference generated power was 22 uW. To measure the generated power with the
proto-optical module, a PV cell with a 100 mm x 5 mm aperture plate was attached to the
incident surface of the PV cell, as shown in Figure 13b. An optical module was attached to
the PV cell using a transparent encapsulant. Under these conditions, the generated power
while rotating the proto-optical module in the « and § directions around the center position
of the CFL array plate was measured. In Figure 14, the measured module-transmitted
illuminance and the measured generated power according to the rotation angles are shown
as a percentage of each standard value.

(b)

Figure 13. Apertured PV cell to measure generated electricity: (a) the apertured PV cell with a clear

aperture of 100 mm x 100 mm and (b) the apertured PV cell with a clear aperture of 5 mm x 100 mm.

Comparing the results of the optical module transmittance according to the rotation
angle shown in Figure 14a with the simulation results presented in Figure 12, it can
be observed that a very similar trend is evident within the angular range of la| < 35°
and | Bl < 3°. When both rotation angles « and § were 0°, the measured illuminance
was 57 1Ix, corresponding to 53.8% of the measured reference illuminance,106 Ix. Near
loc| =25° the maximum transmittance of 55% was measured. As |B| increases, the
transmittance continues to increase steadily, reaching up to 70%, which is similar to the
maximum transmittance value shown in Figure 12b. For the generated power from the
5 mm x 100 mm Si PV cell, the maximum value of 2.52 uW was measured when both
rotation angles &« and  were 0°, representing 11.5% of the reference generated power,
22 uW. Considering the maximum concentrated optical power efficiency, 21.4%, presented
in Figure 12, this value is about 54% of the expected value. However, it was confirmed that
the overall rotation angle-dependent tendency of the measured module transmittance and
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the concentrated optical power efficiency are very similar to the results shown in Figure 12.
There can be several reasons for the result that the generated power is lower than expected
values from simulations. One major factor could be the inaccurate modeling of the applied
illumination device and fabrication errors of the proto-optical module. Another significant
factor is that, as illustrated in Figure 13b, the area of the aluminum electrode within the
effective area of the PV cell attached to the CCPC end surface using encapsulant is relatively
larger compared to the PV cell with the effective aperture of 100 mm x 100 mm shown in
Figure 13a. We judged that it induced about a 25% decrease in the generated power.

AL
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Figure 14. Transmittance through the module and the measured power efficiency on the CCPC end
surface and the incident surface of the Si PV cell according to variation in the incidence angle of the
sun, considering experimental conditions: (a) transmittance through the module and (b) generated
power efficiency.

5 15 25 35

In this study, additional investigations were conducted on the structure that could
improve the concentration efficiency of the CCPC end surface. In the structure examined
through design and experiment, the prism-shaped array at the exit surface of the lightguide
was not treated as the reflective surface. The description in Figure 2 indicated that the
focused light efficiency formed on the focal plane by the CFL array plate was 84% of the
incident optical power. However, as shown in Figure 7a, the module transmittance was
about 55% under the DNI condition of « = 0° and 8 = 0°. This means that approximately
65% of the incident light power was transmitted through the optical module. Therefore,
we conceived that it is feasible to improve the light concentration efficiency to the CCPC
end surface by applying a reflective coating to the prism geometry interface, as shown in
Figure 15.

In the illumination analysis model, all optical surfaces except those represented as
“reflective coated surfaces” in Figure 15 were set as transmission and reflection surfaces
considering Fresnel loss. Figure 16 shows the module transmittance and concentrated
optical power efficiency to the CCPC end surface of the modified model. In this simulation,
the draft angle and the fillet radius of the CFL were set to 20° and 0.1 mm, respectively. The
result shows the light concentration efficiency to the CCPC end surface higher than 2 times
that of the “assembled CCPC end” shown in Figure 10 in the angular regions of |« | <20°
and | 81 <1.5°. The transmittance in the regions of |« | <20° and |8 < 1.5° decreased
to approximately 35% compared to the results in Figure 10. The magnitudes of the CCPC
end surface concentration efficiency and module transmittance are trade-off characteristics,
and adjusting the number of surfaces applying the reflective coating in the linear prism
geometry of the lightguide can adjust both result characteristics.
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Figure 15. Modified shape of the optical module with reflective coated surfaces on the prism-shaped
surfaces of the lightguide.
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Figure 16. M Transmittance through the module and the concentrated optical power efficiency on the
CCPC end surface according to variation in the incidence angle of the sun, of the modified optical
module: (a) result of variation in « and (b) result of variation in j.

In this study, to validate the transmittance and the light collection characteristics of the
proposed optical module structure, we designed and fabricated a small-sized unit module
with a dimension of 100 mm (X) x 100 mm (Y), a suitable size for the fabrication of the
prototype. However, for practical implementation of large-scale simultaneous cultivation-
power generation systems based on the devised structure, reducing manufacturing costs
by producing larger unit modules and arranging them in an array format is deemed
feasible. For instance, by manufacturing unit modules of size 100 (X) mm x 200 (Y) mm
using injection molding, it is possible to produce them for less than 4 USD, considering
assembly costs even for mass production. In this case, the size of Si PV cells arranged on
the CPC-shaped aspect is 5 mm x 200 mm. Meanwhile, the unit cost of high-efficiency
mono-crystalline Si PV cells is around 1.0 ~ 1.5 USD/W, with a power output of 4 W for
PV-cell modules measuring 100 (X) mm x 200 (Y) mm. Considering this, the material
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cost of high-efficiency mono-crystalline Si PV cells with the same area is approximately
4 ~ 6 USD. Ultimately, this is comparable to the material cost of the optical module capable
of simultaneous cultivation-power generation proposed in this study. If the proposed
optical module is used, compatibility issues related to power transmission are not expected
since the same mono-crystalline Si PV cells can be applied. Additionally, conventional PV
systems utilizing Si PV cells require dual-axis tracking for seasonal and daily variations in
solar incidence angles. While variations exist depending on the country and region, they
generate power for approximately 3.5 ~ 4 h per day on average. Suppose the solar incidence
angle during the central time of the power generation period meets the DNI conditions by
setting the reference angle of the optical module. In that case, the variation range of solar
incidence angles during the power generation period is within | | < 15° [25,26]. Therefore,
based on the analysis and experimental results, it is suggested that the module proposed
in this study, with a concentration efficiency variation within || < 15° of daily solar
incidence angle variation, within 15%, may not require tracking means for this purpose. It
is also anticipated that tracking methods for seasonal variation in solar incidence angles
will be applied similarly to conventional methods.

5. Summary and Conclusions

Our study aimed to develop an optical module capable of higher AVT while using
small-sized Si PV cells for electricity generation. We proposed an optical system comprising
a thin cylindrical Fresnel lens (CFL) array plate and a compact lightguide plate.

Considering the ideal optical module design proposed in this study, the module
transmittance and light concentration efficiency at the CCPC end surface were 55% and 30%,
respectively, under DNI conditions (x = 0° and B = 0°). The module transmittance increased
as the « rotation angle increased, but when | « | exceeded 25°, the reflectance at the module
incident surface increased, leading to a decrease in transmittance. The concentration
efficiency at the CCPC end face was over 28% in the |« | < 15° region, but when | «|
exceeded 15°, the concentration efficiency decreased sharply. Through the simulation
considering major experimental conditions such as illuminating device, fabrication, and
assembly error of the optical module, and CCPC end to Si PV cell encapsulating condition,
it was found that the light concentration efficiency to the Si PV incident surface decreased
by approximately 8% in the |a | < 15° region compared to the ideal optical module. The
maximum light concentration efficiency to the Si PV incident surface is about 22% under
the DNI conditions. Through experiments, the through-module transmittance and the
generated power efficiency for o« and {3 rotations were reviewed. While the through-
module transmittance showed very similar rotation-dependent tendency and transmittance
to the analysis results, the generated power efficiency showed approximately 54% of the
calculated light concentration efficiency. These discrepancies were attributed to imperfect
modeling of the applied illumination device, the shape of the proto-optical module, and
assembly errors in attaching PV cells to the CCPC end surface. However, the rotation-
dependent tendency of the generated power closely matched the analysis results. Therefore,
we concluded that the functional characteristics of the proposed optical module were
sufficiently validated.

The optical module proposed in this study is expected to have various positive effects
contributing to the solar industry as a technology that enables both crop cultivation and
solar power generation using solar energy. First, it is anticipated to positively impact food
production by efficiently utilizing limited land resources to increase agricultural produc-
tivity. Moreover, an integrated system combining solar power generation and farming is
expected to promote the establishment of sustainable agricultural management models and
contribute to environmental protection. Additionally, the proposed technology is expected
to promote diversification and innovation in the solar power generation industry, enhanc-
ing industrial competitiveness and contributing to the expansion of the renewable energy
market. Overall, the results of this study suggest the possibility of opening up a more
sustainable and efficient future through the integration of agriculture and energy industries.
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