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Most concentrating optics do not show good performance at higher incidence angles and 
have low acceptance angles and, therefore, they require a high-accuracy solar tracking system, 
which is costly. In this study, by detailed investigation of optics of the proposed П-shaped 
concentrating optics, it was found that system remained high in terms of optical efficiency and 
its concentration ratio at certain higher incidence angles. During the work, ray path through the 
concentrating optics, width of the light spot at different incidence angles were calculated. Opti-
cal efficiency, geometrical concentration ratio, concentration ratio at different incidence angles 
were found by the results of COMSOL Multiphysics calculations. It was found that the system 
had a high optical efficiency of approximately 95% and its concentration ratio of 3x-5x was at 
the range of 土0-20 degrees of incidence angle, and it could reduce the work of a solar tracking 
system. As well, an increase in the optical efficiency could be seen from 0 to 5 degrees of the 
incidence angle and an increase in the concentration ratio could be seen from 0 to 12 degrees of 
the incidence angle in terms of the reflective mirrors which helped redirect the rays to the solar 
cells. Optical systems with such a high incidence angle could reduce the performance of the 
solar tracker system, and it reduced the overall cost and energy consumption of the LCPV.

Keywords: Concentration ratio, Fresnel lens, incidence angles, light spot, optical effi-
ciency, ray path, П-shaped.



102

1. INTRODUCTION

These days humanity consumes the 
energy generated by the sources, which 
pollute the environment. In one year, 
humanity consumes the energy, which 
the Sun delivers to Earth in 1  hour [1]. 
It means we are losing the clean, free 
energy; therefore, improving performance 
of solar power plants is a significant task. 
Researchers demonstrated that the substan-
tial and readily available solar energy can 
effectively meet global energy demands 
[2], [3]. Nowadays, the amount of energy 
generated by solar panels is not sufficient, 
and electrical efficiency of the systems 
are lower. There are some opportunities 
to improve the performance of solar bat-
teries. Using high-efficient solar cells, for 
example, multi-junction solar cells, is one 
of the ways to tackle the issue, but these 
kinds of solar cells are expensive, and their 
manufacturing process is complex [4]–[6]. 

Another way to improve the perfor-
mance of generating electrical energy of 
photovoltaic systems is increasing the 
incident solar radiation power [7], [8]. The 
output power of solar batteries depends on 
the power of solar radiation; therefore, by 
increasing the incident solar radiation, it is 
possible to increase the generated power.  
Those systems are called concentrating 
photovoltaics (CPV). In CPV systems, 
by using more affordable mirrors and/or 
lenses, the overall cost can be reduced [9]. 
The paper [10] proved that average power 
output increased considerably using mir-
rors. Another work [11] improved the 
maximum power of the solar panel by 
17 % by using flat mirrors. Currently, the 
CPV systems use different types of con-
centrating optics and depending on their 
performance they are classified as fol-
lows: LCPV (>10 suns) [12], MCPV (10– 

100 suns) [13], HCPV (100–2000 suns) 
[14] and UHCPV (42 000 suns) [15]. LCPV 
and MCPV systems have basic design 
principles even though their concentration 
ratio is lower [16]. HCPV systems usually 
consist of expensive high-efficiency small 
solar cells and several optical elements 
[17]. Even though HCPV systems have a 
high concentration ratio, the installation 
and maintenance are complex and cost-
ineffective. 

Among the CPV systems, LCPV mod-
ules are particularly appealing, since they 
can be affordable due to lowered active 
material usage, a Balance-Of-the-Sys-
tem cost potentially equivalent to that of 
standard fixed panels [18]. In the mid-
2000s, Low Concentration Photovoltaics 
(LCPVs) made their market debut. LCPVs 
are still continuing their significance in 
the solar technology landscape compared 
to traditional flat PV panels [19].  Another 
benefit of LCPV systems is that they can be 
used with cheap commercial silicon solar 
cells, which help reduce the overall cost 
of the system. The paper [20] compared 
poly-crystalline and mono-crystalline sili-
con solar cells under low concentration 
ratio and concluded that poly-crystalline 
PV module was more efficient than mono-
crystalline under LCPV conditions despite 
of the mono-Si PV module having higher 
performance compared to poly-Si PV 
module under STC.

The most common and widely adopted 
concentrating optics are the Fresnel lens 
and parabolic mirror [21]. Types of con-
centrating optics for LCPV systems are 
compound parabolic concentrators (CPCs) 
and planar flat concentrators or V-Trough, 
ACPC, parabolic concentrator, cylindrical 
troughs, linear Fresnel reflectors [22]. The 
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work [23] could increase the output power 
of CPV using CPC by 3 times compared 
to a non-concentrating system.  Another 
work was performed using commercially 
available monocrystalline silicon photo-
voltaic solar cells and compound parabolic 
concentrator, and a concentration ratio of 
the LCPV reached 7x and the CPC optical 
efficiency was 55  % [24]. The work [25] 
examined a reflective asymmetrical com-
pound parabolic concentrator (ACPC), 
which increased the power concentration 
ratio of the panel by 2.1 times compared to 
a similar non-concentrating panel. Another 
common type of LCPV and MCPV optics 
is linear Fresnel lenses, which can reach 
5x concentration ratio but they are usually 
used with solar/thermal systems [26].

The Fresnel lens can be a linear Fres-
nel lens or a point focus Fresnel lens which 
is just called Fresnel lens [27]. Plastic 
Fresnel lenses are the most common pri-
mary optical concentrator since they are 
light-weight and capable of elevating the 
density of solar energy and possess advan-
tages of compactness, simplicity in manu-
facture, and relative cheapness [28]. 

The work [29] designed a Fresnel 
lens which had a shorter focal length, the 
acceptance angle of the whole system 
was between 0.6 to 0.8°, and the optical 
efficiency obtained by simulations was 
between 80 to 90 %. To increase the accep-
tance angle and uniform distribution of 
sunlight, secondary optical concentrators 
were used [30].

Authors [31] compared two secondary 
optics: the CPC and the cone for Fresnel 
lens-based concentrator. Even though the 
concentration ratio increased in the case of 
the cone, the concentration was higher in 
the case of the CPC when the angle of inci-
dence increased. Fresnel lens was used as a 
primary optical element with four types of 
secondary optics to get wider acceptance 

angle in [32]. As it can be seen, the above-
mentioned Fresnel lens-based concentrat-
ing photovoltaics have a low acceptance 
angle because they have a 1000x concen-
tration ratio. Only high-efficiency small 
multi-junction solar cells can resist high 
concentrations. However, such solar cells 
are multiple times more expensive than 
single-junction silicon solar cells. 

The work [33] showed that when using 
Fresnel lens as a concentrator for polycrys-
talline solar cells, it is possible to get an 
LCPV system, which can generate 27  % 
more energy than a non-concentrated 
silicon solar cell. The work [34] investi-
gated different Fresnel lens designs and 
determined their optical efficiency. The 
design of the concentrating optics and the 
distance between solar cell and lens has 
a significant impact on the optical effi-
ciency, which is defined as how efficiently 
the photons of the incoming radiation are 
transferred to the solar cell [35]. 

Point-focusing lenses need to oper-
ate in normal incidence, which means the 
incidence angle is zero, with accurate sun 
tracking in order to work properly [36]. 
A solar tracker is an essential component 
of CPV with such types of concentrators. 
The solar tracker can increase the PV panel 
energy by approximately 33 % [37]. How-
ever, a substantial amount of energy is con-
sumed by solar tracking systems [38], [39]. 
Subsequently, when using point-focus 
Fresnel lenses, there has to be additional 
optics which helps obtain angled rays and 
increase the acceptance angle. The accep-
tance angle or optical tolerance for para-
bolic dishes and Fresnel lenses, without 
additional optics can be expected to be 
very low ±0.5 or less [40], [41]. If rays hit 
the solar cell with a greater angle than the 
acceptance angle, then non-uniform irradi-
ance distribution may occur. To tackle the 
issue, a secondary optical element is added 
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to the CPV system [42]. The secondary 
optical element helps not only to improve 
the uniformity of irradiance distribution, 
but also increases the sunlight tracking 
tolerance [43]. The paper [39] shows that 
the tracking tolerance of the dome-shaped 
non-imaging Fresnel lens held efficiencies 
of 90  % up to an incident angle of 0.4°, 
then dropped to 80 % at 0.6° and then to 
10 % at 1°. It means, when using Fresnel 
lenses as a concentrator, an accurate solar 
tracking system is necessary. However, 
the solar tracking systems consume more 
electrical energy to move the whole sys-
tem [44]–[46]. Reducing the work of solar 
tracking is usually done by designing opti-
cal systems which redirect the sunlight to 
the solar cell. Therefore, it is important to 
design Fresnel based concentrators with 
additional optics. 

The aim of the study is to design an 
optical system which can help reduce 
the work of solar tracking systems and 

increase the acceptance angle while not 
reducing the optical concentration ratio. 
In this work, we added reflective surfaces 
perpendicularly on the edges of Fresnel 
lens which helped redirect the inclined 
rays to the solar cell at higher incidence 
angles. The proposed optical system is 
called П-shaped concentrating optical sys-
tem. The novelty of the work is a math-
ematical model of П-shaped concentrating 
optics and widening the incidence angle of 
a Fresnel lens-based LCPV with polycrys-
talline silicon solar cells. The proposed 
П-shaped LCPV with nine polycrystal-
line solar cells showed good performance 
at higher incidence angles. Moreover, 
using cheap silicon solar cells and simple, 
affordable optics can reduce the system 
cost. As the system which has a wide inci-
dence angle, it can simplify the work of a 
solar tracking system and reduce its power 
consumption.  

2. MATHEMATICAL MODEL OF П-SHAPED 
CONCENTRATING OPTICAL SYSTEM

A Fresnel lens is one of the types of 
optical lens, and it consists of a series of 
concentric grooves. The grooves allow the 
lens to achieve the same optical efficiency 
as a traditional lens but it is much thin-
ner and lighter. It is known that the Fres-
nel lens concentrates the sunlight to one 
point, but if the polycrystalline solar cell 
is placed at the exact focus of the lens, the 
light does not cover the entire surface of 
the solar cell. Due to the concentrated light 
on the centre of the solar cell, it leads to a 
hot spot and the failure of the solar cell. 
Therefore, it is necessary to place the lens 
at such a distance that it evenly and com-

pletely covers the surface of the solar cell 
(Fig. 1a). However, placing the photocell 
at the focus of the Fresnel lens does not 
eliminate the need for a solar tracking sys-
tem. Therefore, nine solar cells, which can 
increase the incidence angle of the light 
entering the Fresnel lens (Figure 1b), are 
used in our proposed П-shaped optical sys-
tem. However, the light deviates from the 
surface of the solar cell at a certain value 
(Fig.  1c). To solve this problem, mirrors 
can be placed around the distance between 
the Fresnel lens and the photocells, as 
shown in Fig. 1d.
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Fig. 1. П-shaped concentrating optics at different incidence angles. 

As shown in Fig. 2, the П-shaped con-
centrating optics consists of a Fresnel lens, 
four reflective mirrors, which make the 
concentrating system as a letter П, and 

nine polycrystalline silicon solar cells. The 
length of each solar cell is 50 mm, length of 
Fresnel lens  is 150 mm, height of the mir-
ror  is 150 mm.

 

Fig. 2. The geometrical diagram of П-shaped concentrating optics.
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Figure 2 shows the path of the ray at a 
certain angle  on П-shaped optical system 
based on a Fresnel lens. Considering the 
cross-section of the Fresnel lens and assum-
ing that it is a system consisting of prisms, 
and dividing it into two halves symmetri-
cally, the ray paths corresponding to both 
right and left sides of the lens are calculated 
using Eqs. (1)–(4). The light passing through 
the Fresnel lens refracts at a certain angle and 
falls on the surface of the solar cell. Accord-
ingly, the position of the incident beam is 
determined by the following equations:

 (1)

 (2)

where  is refracting angle,  is the posi-
tion of the right incident beam.

The ray path for the second part of the 
Fresnel lens is calculated by Eqs. (3) and (4). 
The light passing through the lens is refracted 
at a certain angle and reflects off the mirror 
and falls on the surface of the solar cell.

 (3)

 (4)

where  is refracting angle,  is the posi-
tion of the left incident beam.

We consider the rays calculated by 
these two equations to be the outermost 
rays. Assuming that all the remaining rays 
are located between these two rays, we can 
calculate the length of the light spot with 
the following equation:

 (5)

where  is the length of the light spot. 

The next problem is to determine at 
what angle the ray passing through the 
Fresnel lens is refracted. We consider the 
lens as a system consisting of prisms as 
shown in Fig. 3. It is necessary to determine 
the angle of refraction by calculating the ray 
path through the prism.

Fig. 3. Fresnel lens structure.

Prisms should be considered in two dif-
ferent cases depending on their location on 
the two right and left sides from the centre 
of the Fresnel lens. In the first case, let us 
consider the prism located on the right side 
of the Fresnel lens.

First of all, we express the incidence 

angle of the ray  for the horizontal plane: 

 (6)

where  is the angle between incident ray 
and perpendicular on prism,  is the deflec-
tion angle of the prism.
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Fig. 4. Path of the rays through right prism of Fresnel lens grooves.

According to Snell’s law, the angles   
and  can be found as follows:

 (7)

 (8)

 (9)

where  is a refractive index.

Considering the Eqs. (7)–(9), the angle  
can be determined as follows:

 (10)

Subsequently,  can be expressed with 
angles  and :

 (16)

 (17)

 (18)

The refraction angles of the ray coming 
out of the prism can be determined using 
the following equations:

 (19)

 (20)

 (21)

 (22)

 (23)

Next, we need to determine the ray path 
for the prism on the left side of the Fresnel 
lens. The calculations for the left side of the 
lens will be as the right side.
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Fig. 5. Path of the rays through left prism of Fresnel lens grooves.

First of all, we express the incidence 
angle of the ray for the horizontal plane:

 (24)

Further, we calculate the path of the 
incident ray at a certain angle and determine 
the angle of refraction using the following 
equations:

 (25)

 (26)

According to the calculations of the 
П-shaped optical system, the dependence 
of the width of the light spot on the sur-
face of the solar cells on different incidence 
angles was established. In order to com-
pare the obtained results, a 3D model of 
the П-shaped optical system was created in 
the COMSOL Multiphysics program, and 
a Ray Tracing simulation was carried out 
using the Geometrical Optics section of the 
program.

Fig. 6. Ray tracing simulation of the П-shaped optical system.
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As a result of the simulation, we deter-
mined the total number of rays that hit each 
solar cell by setting the ray detector state. If 
the initial number of rays is known, then we 
can determine the optical efficiency using 
the following equation:

 ,                                                     (27)

where  is the number of rays falling 
on the surface of the solar cell,  is the 

number of primary rays, which equals 5700, 
in our case.

Optical efficiency is one of the most 
significant parameters in the design of solar 
concentrators. During the simulation, the 
sunlight falls on the П-shaped optical sys-
tem at an incidence angle of 0–25 degrees. 
As a result, the dependence of the optical 
efficiency on different incidence angles was 
obtained.

3. RESULTS OF THE CALCULATIONS AND 
MODELLING THE П-SHAPED OPTICAL SYSTEM

We can determine the length of the light 
spot at different incidence angles using 
Eq. (5). We can see the dependence of the 
width of the light spot on the incidence 
angles from 0 to 20 degrees in Fig. 7. Tak-
ing into account that the width of the light 
spot should not be smaller than the length 
of the solar cell, i.e., 50 mm, we determined 
that the deviation of 18 degrees of incidence 
angle is the limit value. If the incidence 

angle exceeds 18 degrees, the length of the 
light spot decreases.

The fact that the width of the light spot 
is smaller than the length of the solar cell 
leads to a decrease in optical efficiency, 
which is one of the important parameters 
in concentrating optical systems. The high 
value of the optical efficiency in variations 
of the incidence angle allows reducing the 
operation of the solar tracking system.

Fig. 7. Width of the light spot at different incidence angles.
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Fig. 8. Optical efficiency at different incidence angles.

Figure 8 shows the dependence of the 
optical efficiency of the system on dif-
ferent incidence angles using the results 
obtained on COMSOL Multiphysics. From 
this dependence shown in Fig.  8, we can 
see that the value of the optical efficiency 
decreases when incidence angle exceeds 20 
degrees. If we do not make any changes to 
the geometry of the optical system, it can 
be stated that the efficiency of the optical 
system is directly proportional to the width 
of the light spot. The optical efficiency rises 
from 94  % to 97  %, when the incidence 
angle expands from 0 to 5 degrees, and this 
is the significant benefit of the system. We 
can see that the dependence constructed as 
a result of the calculations shown in Fig. 7 
is similar to the dependence obtained from 
the simulation in Fig. 8. 

One of the important optical parameters 
of optical systems is the geometric concen-
tration ratio, which is determined as the 
ratio of the lens area to the cell area:

 (28)

where  is the area of the Fresnel lens, 
 is the area of the solar cell. 

Depending on the equations used in the 
description of the П-shaped optical system, 

the geometric concentration ratio can be 
determined as follows:

 (29)

Using Eq. (29), the geometric concen-
tration ratio of the П-shaped optical system 
is calculated, and the dependence of the 
geometrical concentration ratio on the inci-
dence angle is plotted in Fig. 9. 

If we consider that the  is the con-
stant value,  is the width of the light spot, 
the geometrical concentration ratio only 
depends on the width of the light spot. Nar-
rowing the width of the light spot leads to 
increasing the geometrical concentration 
ratio. It can be seen in Fig. 9 that the geo-
metrical concentration ratio increases by 
increasing the incidence angle. By multi-
plying the geometrical concentration ratio 
by optical efficiency of the system, we get 
a concentration ratio of the optical system 
[47]:

 (30)

where  – optical efficiency. As a result of 
the calculation, we get the dependence of 
concentration ratio on the incidence angle 
shown in Fig. 10. 
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Fig. 9. Geometrical concentration ratio at different incidence angles.

Fig. 10. Concentration ratio at different incidence angles.

As it can be seen in Fig. 10, the con-
centration ratio decreases by increasing the 
incidence angle. However, it remains in the 
range approximately 3x–5x from 0 to 20 
degrees of the incidence angle; it shows that 
the system can exhibit good performance at 
20 degrees of the incidence angle, and it 
benefits to reduce the work of a solar track-
ing system.  In terms of the increase of opti-
cal efficiency using reflective mirrors which 

help redirect the sunlight to the surface of 
the solar cells, when the incidence angle 
increases from 0 to 12 degrees, the con-
centration ratio also increases. Taking into 
account that the incidence angle deviates 
from the central normal of the optical sur-
face on both sides, if we double the value 
of the incidence angle, the optical system 
maintains high optical efficiency when the 
sun rotates by 40 degrees.

4. DISCUSSION OF THE RESULTS 

During the work, a П-shaped optical 
system based on a Fresnel lens was proposed 
for low concentrating photovoltaic systems. 

In order to determine the optical efficiency 
of the proposed system, geometrical and 
mathematical calculations were carried out, 
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during the calculation, the width of the con-
centrated light spot in the П-shaped optical 
system was mathematically expressed, and 
the length of the light spot was determined. 
In addition, the change in the width of the 
light spot at different angles of incidence of 
light was observed. Based on the calcula-
tions, a 3D model of the П-shaped optical 
system was created in the COMSOL Mul-
tiphysics software, and its optical efficiency 
was determined using Ray tracing simula-
tion. Based on the work done, the following 
results were achieved:
1.	 The light spot maintained its effective 

width up to 18 degrees at the incidence 
angle between 0–20 degrees;

2.	 When the incidence angle of the opti-
cal system was in the range of 0–25 
degrees, the optical efficiency did not 
fall below 95 % up to 20 degrees;

3.	 The width of concentrated sunlight and 
optical efficiency were directly propor-
tional quantities;

4.	 The geometric concentration ratio of 
the Π-shaped optical system in the 
range of 0–20 degrees was calculated 
using the width of the light spot. As a 
result, it was determined that the geo-
metrical concentration ratio was about 
4–9 at the incidence angle up to 18 
degrees;

5.	 Using the optical efficiency and geo-
metric concentration ratio, the con-
centration ratio in the range of 0–25 
degrees of incidence angle was calcu-
lated; as a result, it was determined that 
the concentration ratio was in the range 
of 2.5–5 up to 20 degrees, which corre-
sponded to the low concentrating pho-
tovoltaic;

6.	 Using the proposed П-shaped optical 
system, the solar tracker of the LCPV 
could stand still up to 40 degrees.

Most of the Fresnel lens-based concen-
trating optical elements or systems have 
low acceptance angles, and they require 
high-precision solar tracking systems. Par-
ticularly, high concentrating solar cells with 
Fresnel lens usually have a low acceptance 
angle. The work [29] designed a Fresnel 
lens, and its acceptance angle was between 
0.6 to 0.8°, and the optical efficiency was 
between 80 and 90 %. The studies [40], [41], 
[30] showed that Fresnel lenses with a sec-
ondary optics could increase the acceptance 
angle and uniform distribution of sunlight, 
but those systems still had comparably low 
acceptance because those systems provided 
high concentrated solar radiation, which 
required small high-efficiency multi-junc-
tion solar cells. Due to the small size of the 
solar cells, concentrating the sunlight into 
one point becomes more difficult if the rays 
are not perpendicular to the surface of the 
lens. In this work, we used inexpensive poly-
crystalline silicon solar cells as in our one 
of the previous works [33], it was proven 
that a polycrystalline silicon solar cell with 
Fresnel lens at optimal cell-lens distance 
could generate 27  % more energy than a 
non-concentrating solar cell.  The proposed 
П-shaped optical system allows the LCPV to 
work without sun tracking up to 20 degrees. 
In addition, we can even see the increase in 
the optical efficiency and concentration ratio 
at lower incidence angles. 

In the case of using the proposed opti-
cal system, it is possible to provide a low 
concentration level on the surface of the 
solar cell. Based on the obtained results, the 
capability of the proposed П-shaped optical 
system, which can minimise the operation 
of the solar tracking system for low-con-
centration photovoltaic systems, was dem-
onstrated using mathematical calculations 
and computer simulations.
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5. CONCLUSION

Detailed investigation of geometrical 
optics of the proposed П-shaped concen-
trating optics was performed. Expressions 
describing the incidence ray path through 
the concentrating optics were presented, and 
width of the light spot at different incidence 
angles was calculated. Optical efficiency at 
different incidence angles was found by the 
results of COMSOL Multiphysics and geo-
metrical concentration ratio, the concen-
tration ratio was calculated. It was found 
that the system had high optical efficiency 
of approximately 95 %, and its concentra-
tion ratio of 3x–5x at the range of 土 0-20 
degrees of incidence angle and it could 

reduce the work of a solar tracking system. 
Additionally, an increase in the optical effi-
ciency can be seen from 0 to 5 degrees of 
the incidence angle and an increase in the 
concentration ratio can be seen from 0 to 
12 degrees of the incidence angle in terms 
of the reflective mirrors, which help redirect 
the rays to the solar cells. Optical systems 
with such a high incidence angle can reduce 
the performance of the solar tracker system, 
and it reduces the overall cost and energy 
consumption of the LCPV. It greatly simpli-
fies the process of system implementation 
and maintenance.
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