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This paper presents a proposal of a new configuration of an optical concentrator for photovoltaic application which may enhance
the efficiency of solar cells. Bee-eyes array Fresnel lenses concentrator proposed here provide high concentration factor which
is greater thanl000x at the 20th zone. In addition, the system also provides room for increasing the number of zones to achieve
the high concentration factor if needs arise. The transmission efficiency greater than 90% has been achieved with f-number of
>1.25. Mathematical relations derived to obtain flux distribution at the absorber plane and the transmission efficiency as well
as the position of the solar cell were used in the ray tracing simulations for 6, 18, 36, 60, 90, 126, 168, 216, 270, and 330 suns
concentration systems. A transmission efficiency is linearly decreasing with the increase in the number of arrays in which the

transmission efficiency of 94.42% was recorded at the array of 6 suns and 74.98% at 330 suns.

1. Introduction

Solar photovoltaic (SPV) technology is one of the most attrac-
tive renewable energy options for energy generation due to
its advantages over other energy options and the fact that it is
very friendly to the environmental conditions, which requires
only capital cost and less maintenance cost. However, it is
limited because of its high cost per kilowatts-hour [1].

Crystalline silicon is the main component used in the
fabrication of solar cells in SPV technology whereby the Sun’s
light energy is converted into electrical energy. Researches
all over the world are continuing in looking for measures to
produce highly efficient, low-cost solar cells [2]. Among such
means are the use of thinner wafer [3], thin film solar cell
technology [4], and optical concentration technologies [5].
Optical concentrator photovoltaic systems reduce the surface
area of the solar cells required and increase the radiation
intensity on the solar cells; thus, the solar cells with smaller
surface area can generate high output power at lower cost
of the entire system when compared with solar cells without
a concentrator [6]. An optical concentrator photovoltaic

system employs mirrors or lenses and/or a compound arrange-
ment of both (mirrors and lenses) in a specified method of
arrangement.

Generally, reflector-based concentrator systems like a
parabolic dish/trough or a compound parabolic reflector
reflect nonuniform solar radiation on the receiver/collector
and they occupy larger space in comparison with the solar
cells’ surface area [6, 7]. Hence, the refractor-based concen-
trators which usually use Fresnel lenses may be found to be
more suitable because of some advantages which they have
over reflectors. A Fresnel lens used in concentrator pho-
tovoltaic applications is almost universally plano-convex in
which solar radiations are focused by means of a series of
concentric grooves (also referred to as point focus) or parallel
grooves (known as line focus). When parallel rays of light are
passing through the aperture of the Fresnel lens, each ring of
the prisms refracts the light at a slightly different angle and
focuses on a focal point.

Fresnel lenses find very wider applications in modern
actively developing photovoltaic systems and they are becom-
ing the backbone of the solar concentrators in different



photovoltaic solar cells and panels. Developments of Fresnel
lens for photovoltaic concentrators have been studied. In
recent years, several methods of photovoltaic concentrators
with Fresnel lenses using different materials have been inves-
tigated.

Chen and Su have presented a simulation result on Fresnel
lens and secondary optical elements as a concentrator PV
system by the ray tracing method using ASAP software, in
which the comparison between the estimated optical efficien-
cies and the acceptance angles of a Fresnel lens concentrator
(i.e., without secondary optical element SOE), a Fresnel lens
concentrator with reflective pyramid as a SOE, a Fresnel lens
concentrator with a reflective cone type as a SOE, and a
Fresnel lens concentrator with a refractive dome type as a
SOE are drawn, respectively [7, 8].

Minano et al. designed and fabricated a multifunc-
tional concentrator PV system called Fresnel Kohler (FK-
concentrator) by Kohler integration principles, in which a
PMMA Fresnel lens with four identical quadrants (as a
primary optical element POE), along with a free-form glass-
molded lens with four identical sectors (as a secondary optical
element SOE), is arranged in the form of Kéhler array. Thus,
each pair of a quadrant and a sector works together as a
Kohler integrator couple [9].

On the other hand, Languy et al. demonstrate the feasibil-
ity of obtaining a Fresnel lens with high concentration ratio
operating with wavelengths between 380 nm and 1600 nm via
polymethylmethacrylate (PMMA) and polycarbonate PC in
which the linear chromatic aberration of singlet and doublets
hybrid lenses was compared [10].

Another research led by Kusko et al. entails simulating a
Fresnel lens and binary phase gratings via glass of refractive
index (n = 1.5) by the beam propagation method. They
compared their result with the theoretical values and found
that it was close to theoretical values [11].

In a related development, Jing et al. study the optical
performance of the compound Fresnel lens as a concentrator
photovoltaic system comprising sawteeth Fresnel lens as a
primary optical element and ring type Fresnel lens as a sec-
ondary optical element. In line with this, the improvements
in the acceptance angle, the uniformity in the solar radiation
on the solar cell, and the reducing of the aspect ratio were
significantly studied. Thus, higher optical efficiency and
smaller aspect ratio were achieved [12].

Previous researches on the concentrator photovoltaic sys-
tems suffer from nonuniformity in the solar flux distribution
on the solar modules/panels causing the system’s efficiency to
be low. The concept of mimicking nature in the development
of physical science has already been introduced [13]. Hence,
the concept of mimicking nature in the development solar
photovoltaic concentrator should not be ignored. In this
paper, a new model of a multilevel Fresnel lens concentrator
photovoltaic system that mimics natural Bee-eyes structural
arrangement is introduced. The solar flux distribution and the
optical concentration efliciency on the module are investi-
gated using simple ray-tracing simulations and the principles
of the superposition theory. The result obtained shows that
this model can provide a uniform flux distribution of the solar
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radiation throughout the surface of the target area (solar cells)
with high concentration ratio. Thus, it can be used to improve
the efficiency of the solar photovoltaic generator.

2. Conceptual Design of Fresnel Lenses in
Bee-Eyes Array for PV Concentrator

Because of their aspheric shape and thinness, leading them
to be free from spherical aberration with very low absorp-
tion loss, large aperture Fresnel lenses are used in solar
photovoltaic concentrator systems. Conventional Fresnel lens
concentrator photovoltaic systems were generally designed to
focus a collimated beam of solar irradiance to a given point
or an area within the surface of solar module/panel. Thus, the
irregular illumination on the surface of solar module/panel
causes the reduction of the maximum power extraction.
Nonuniformity in the illumination creates a significant local-
ized hot spot on the solar module/panel, thus lowering the
efficiency and reducing the lifetime of the solar cells [7,12, 14].

The problems of producing low conversion efficiency due
to irregular illumination of solar irradiance may be addressed
by using solar cells that are uniquely designed for a particular
optical concentration photovoltaic system. This also has a
disadvantage in that the design of the cells/module/panel has
to be done for a particular optical concentration photovoltaic
system. This could be addressed by way of introducing a new
technique that mimics nature using Fresnel lenses arranged
in the Bee-eyes array format.

Figure 1(a) shows the two-dimensional view of Bee-
eyes array of Fresnel lenses concentrator system which is
described above as an example. The central lens block does
not require any facet; this is because the light is not expected
to be bent in this region. The system uses hexagonal lens
blocks in which series of blocks at each zone are fixed at
a very small angle of inclination and serves as sources of
beam focusing onto the solar cell. This is to allow high
concentration of solar irradiance at the target area (solar
cell), while Figure 1(b) shows the 3-dimensional concentrator
PV system in which the working principle is based on
superposition theory. At any given zone, an array of Fresnel
lenses along each side of hexagon is inclined at a small
angle and bends the incident beam of the solar radiation
onto the surface of the solar cells in such a way that the
dimension of each hexagonal lens block is the same or is
slightly greater than that of the solar cell. The superposition
theory can properly be implemented if the inclination for
each illumination lens block is in the direction normal to the
vector, starting from its center, and this can be achieved by
the use of the inclination angle of each illumination zone.

The Bee-eyes multilevel Fresnel lens concentrator system
has a regular hexagonal shape with an array of regular hexa-
gonal Fresnel lenses serially along each side of the hexagon.
If » is the number of a given zone corresponding to a level
starting from the optical center of the system, then for the first
zone corresponding to level one, the system will have an array
of 6-Fresnel lenses. Therefore, there is (6 + 6(n — 1)) array of
Fresnel lenses expanding hexagonally from the optical center
of this system.



Journal of Photonics

Hexagonal array

()

Incident rays

1,
[ 4

FIGURE 1: Concept of Bee-eye array of Fresnel lenses for solar concentrator PV system: (a) two-dimensional view of Bee-eye array of Fresnel
lenses concentrator system and (b) three-dimensional view of concentrator PV system.
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FIGURE 2: (a) Optical parameters of the concentrator PV system (b)
and (c) cross sectional view of the Bee-eyes array of Fresnel lenses
for the concentrator PV system.

From Figure 2(a), if the length of one side of a hexagonal
block is denoted by w, then the total length of the system
becomes

N
2{6 (6w + 6w (n—1))}. (1)
n=1

Let i, j represent the ith and jth elements extending from —»
tonin x- and y-axes; then the distance from the optical center
of the array to the center of a hexagonal block in x and y will
be given as w/3i or wV/3].

The radiation beam incident normal at the surface of the
lenses is refracted at an angle f at the facets underneath the
plane of the lens (as depicted in Figure 2(b)). Therefore, for
any given hexagonal block with a central point distance of
w"V/3i or w/3j from the optical centre of the array, the angle
of refraction, f3(i, j), can be expressed as

V{(@iv3) + (@)}
f

B (i, j) = tan™

2)
wV3 x (% + j?)

=tan —_— s

f

where f is the focal length of the concentrator system;
however, in Figure 2(c) the sloped facets angle, «(i, j), can be
obtained from Snell’s law of refraction as

1 sin2,3 (i) j)

(n?* - 2ncos B (i, j) + 1) )

(i, j) = sin”

where # is the refractive index of the material used for the
fabrication of the Fresnel lens.

3. Determination of the Performance of
the System

The transmission efficiency, the optical concentration ratio,
and the uniformity of solar fluxes distribution on the surface
of the solar cells were determined using the ray tracing
simulation. Polymethylmethacrylate (PMMA) was selected
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FIGURE 3: Geometric structures defining the geometrical parameters of the lens.

as lens materials, as PMMA has some good optical prop-
erties in the solar spectrum of the range of the wavelength
between 0.23 ym and 0.314 ym. In addition to this, PMMA
is a lightweight material with shatter resistance, low cost,
and available material, with high transmission efficiency
in the wavelength ranging between 0.38 ym and 0.78 ym.
The refractive index of PMMA is 1.4914 at 0.5876 ym, and,
therefore, this refractive index was used in the determination
of angles of the sloped facet and the respective transmission
efficiencies. Similarly, to include the contributions of the
photons to the conversion of energy, the simulation was
done by multiplying the sum of flux distribution of the solar
spectrum and the product of irradiance on the earth surface
and the spectral response of crystalline silicon solar cells
(2, 15].

The angular diameter of the sun is 30 arcmin, and the
angular extension of the sun with respect to the position
of the concentrator PV system plays a vital role in limiting
the uniformity of flux distribution at the absorber. This
problem was addressed by applying the convolution to the
flux distribution with a kernel function, in which the kernel
function was given as two-dimensional arrays with constant
value within a circle whose diameter corresponds to f¢,,,..

The ray tracing simulation was done by varying the angle
of incidence, f-number, and optical concentration ratio. The
length of one side of the hexagonal array w was fixed at
w = 1m, and the focal lens of the system varied between
0.75m and 3 m, while the angle of incidence ranges between
0° and 5°, and the solar cells with hexagonal shape having the
same area as one of the hexagonal blocks of the array was
adopted for simulation. The length of the sloped facet [ was
approximated to w/52 and the height of the facet h at any
given point in (4, j) can be obtained by the following equation:

h(i.j) =10, ) tana(i, ) ()

The transmission of light at the immediate surface of Fresnel
lens Tig can be obtained by assuming that the angle of

incidence to be very negligible (8, = 0) from the Fresnel
equation as expressed below:

B 4n
(n+1)*

(5)

TIS

On the other hand, for a given Fresnel lens with a slope facet
angle o and a transmission angle f3, the surface transmission
Trs» at the rear surface, can be expressed as [14]

Trs
tan’3

A ety - (2

For a given length of a side of lens block as w, the diagonal
as D, and the perpendicular height h, as depicted in Figures
3(a) and 3(b), the geometrical concentration ratio GCR of the
array system can be estimated using

B sin’3 )2
sin® (2« + )
(6)

Gor < (Wt D)y )
(wo + DO) hO

where the subscript o represents the dimensional parameters

of solar cells and 7 is the number zone in the array of Fresnel

lenses’ concentrator system. Thus, the optical concentration

ratio OCR can be expressed in

OCG = GCR X Tgs. (8)

The losses that resulted from the reflections of light at the
surfaces of the lens are included by weighing the traced ray
bundles by (5) and (6) and the uniformity of distributed flux
at the absorber plane is also investigated by comparing the
relative deviation (which is the ratio of the standard deviation
of the solar irradiance to the maximum solar irradiance),
within the surface area of solar cell. The flux distributions
(for each wavelength 1) from the hexagonal lens blocks
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FIGURE 4: Transmission efficiency T'(%), against incidence angle 0,
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are estimated independently and are summed to estimate
the performance at the position of the solar cell. The flux
distribution at the absorber plane (i.e., at the surface of the
solar cells) is the sum of the incidence fluxes of the individual
lens blocks of the entire array multiplied by transmission
efficiency Tyg. Therefore, if ¢, is denoted by monochromatic
flux distribution at the surface of the solar cell formed by lens
block, then the total flux distribution can be expressed as

by = TRSZQD(A) (6+6(n-1))
)

©)
N
=Trs ) Py . (6+6(n—1)).
A n=1

The effective transmission versus the angle of incidence is
given in the graph of Figure 4. As seen, the transmission is
decreasing with the increase in the incidence angle, where
this shows that high transmission can be obtained at small
angle of incidence. Meanwhile, the optical concentration
ratio increases with the increase in the geometric concentra-
tion ratio which is exponentially increasing by the increase
in number of zones, as depicted in Figure 5. On the other
hand, the transmission efliciency is slightly decreasing with
the increase in the number of arrays of Fresnel lenses (as seen
in Figure 6). This due to the fact that as the number of array
increased, the number of lines joining the hexagonal block
also increased, thereby absorbing some of the incidence solar
irradiance. In addition, the increase in the number of Fresnel
zones and their corresponding levels causes the occurrence
of the nonuniformity in the flux distribution at the absorber
plane. Other factors include thermal expansion resulting
from the rapid increase in the incident solar radiation as well
as stray light on the aperture of the lens system.

The highest transmission efficiency corresponding to the
lowest concentration ratio was achieved at zone 1 which is
6 suns. Conversely, the lowest transmission efficiency corre-
sponding to the highest concentration ratio was achieved at
zone 20 which is 330 suns.
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FIGURE 5: Optical and geometric concentration ratios against num-
ber of zones.
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FIGURE 6: Transmission efficiency against array of Fresnel lenses.

4. Conclusion

The new concept of Bee-eyes array of Fresnel lenses for
solar photovoltaic concentrator system introduced in this
paper is expected to improve the efficiency of solar cells at
a reasonable cost with high concentration ratio at uniform
illumination. Mathematical treatments used to evaluate the
effective performance of the system with illustrations are
presented.

The transmission efficiency and optical concentration
ratio of the system with the number of zones ranging from 1
to 20 were evaluated. The transmission efficiency greater than
75% can be maintained with acceptance angle larger than 1.5°
where this shows that hexagonal Fresnel lenses are suitable
for moderate concentrated photovoltaic systems.

With this system also, concentration factor greater than
1000x can be obtained with the number of zones greater than
15. However, the concentration increases with the increase in
the number of zones; thus, the Bee-eyes array Fresnel lenses
concentrator can be regarded as a nonlimiting concentration
ratio and, therefore, it can be used to achieve moderate
concentration at an affordable cost.
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