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Abstract: Today’s research on concentrated photovoltaic (CPV) cells focuses on creating multi-
junction semiconductor solar cells capable of withstanding high temperatures without losing their
properties. This paper investigated silicon low concentrated photovoltaic (LCPV) devices using
Fresnel lenses. The parameters of the silicon CPV cell were measured to simulate its operation based
on a single-diode model with four and five parameters. The most optimal position of the Fresnel lens
relative to the solar cell was shown, and the dependence of the CPV efficiency on the concentration
ratio, incident solar power, and temperature was studied. Experiments on heating of a solar cell
were conducted to build a model of heating of a solar cell under different solar radiation based on
machine learning. Additionally, a cooling system was developed, and experiments were conducted
for one LCPV cell. The resulting LCPV model was used to predict electrical power output and
temperature change pattern using clear day data. Results of modeling show increase in generated
energy by 27% compared with non-concentrated solar cells. Cooling system energy consumption
was simulated, and the optimum cooling regime was determined. The proposed LCPV system can be
used as a hybrid heat and electricity source, increase power generation, and does not require new
solar cell production technologies.

Keywords: low concentrated photovoltaic cells (LCPV); Fresnel lens; machine learning; cooling
system; single-diode model

1. Introduction

Today, with the development of green energy and increasing demand for alternative
energy sources, more and more attention is paid to ways to increase the efficiency of so-
lar panels. In the development and research of solar cells in recent decades, two main
trends can be replaced: the creation of more efficient semiconductor materials and the
development of additional devices to increase the efficiency of solar cells. Such devices
include solar trackers [1–3], MPPT controllers [4], and solar concentrators [5–7]. Devel-
opments in the field of increasing the degree of solar flux concentration up to 1000 suns
(1 sun = 1000 W/m2) using various optical techniques inevitably entail the development
and creation of new semiconductor materials capable of withstanding such operating condi-
tions. The most important limitation of such systems is the use of expensive semiconductor
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elements and the need for very accurate orientation to the sun due to the small size of the
solar cell.

The classification of concentrating photovoltaic systems today includes modules
with high concentration (HCPV), medium concentration (MCPV), and low concentration
(LCPV). The concentration ratio C is determined by the ratio of the intensity of solar
radiation per square meter with the Gx optical system to the average standard solar
radiation G = 1000 W/m2 and is measured in suns. For HCPV, the value of C is in the
range of 300–2000 suns; for MCPV, the concentration ratio is 40–300 suns; and for LCPV,
the concentration ratio is 1–40 suns [8]. A high concentration ratio can be obtained by using
lenses of various shapes and parameters. The most commonly used optical systems in
this field are Fresnel lenses and mirror parabolic concentrators [9]. The positive aspects
of Fresnel lenses are their relative cheapness and durability, whereas the surface of mirror
parabolic concentrators degrades over time [10–12].

HCPV and MCPV systems use semiconductor hetero-structures capable of withstand-
ing high concentration ratios and high temperatures without failing [13–16]. The sizes of
such semiconductors range from 1 mm2 to 1 cm2 [17]. Currently, the efficiency of such
systems reaches 45% [18]. However, such systems use solar cells with high resistance to
external influences (solar radiation, temperature, etc.), which increases the cost of the ele-
ments by about 100 times higher than that of traditional silicon cells. In the articles [19–21],
solar concentrators with a high concentration ratio were studied, and triple-junction solar
cells were used. Such semiconductor solar cells are not produced on a commercial scale,
and the high cost of electricity generated in this method creates a need to look for new
methods. Increasing the concentration ratio entails a number of necessary changes in the
design of the solar battery. The most important thing is to provide solar cells with a cooling
system. The authors of [22] show a silicon CPV system using a cooling system and a linear
Fresnel lens, with which it was possible to increase the amount of generated energy by
28%. Most laboratories dealing with this issue use water as a heat carrier and aluminum
pipes [23]. The solar energy converted into heat is removed by water flowing through a
pipe to which the solar cells are attached. The heat transfer properties of an aluminum
radiator improve with an increase in the aspect ratio of its cross section [24].

Commercial silicon polycrystalline solar cells fail quickly at high temperatures. Due to
Auger recombination, the efficiency of silicon solar cells cannot exceed 36–37%, regardless
of the concentration ratio [25]. Reference [26] discusses six ways of using silicon solar
cells for concentrating PV systems by creating hetero-structures with several junctions.
The maximum efficiency of silicon CPV systems reached 27.6% with a concentration ratio
of 92 suns [27]. Reference [28] shows experimental silicon LCPVs for the purpose of
comparing concentrating systems with a Fresnel lens and an optical mirror system. This
study shows a decrease in the efficiency of the solar cell from 7.5 to 5% with an increase in
the concentration ratio from 1 to 12.

To use CPV systems in practice, it is necessary to accurately ensure that the light spot
hits the solar cell. For this purpose, solar trackers of various designs are used [29,30].

There are many papers that provide accurate models of PV cells [31,32]. Modeling the
behavior of silicon solar cells under concentrated conditions is complicated and requires a
lot of experimental data.

In reference [33], the analytical five-point method, which is very similar to curve fitting
techniques, but is faster and more convenient, was used in order to extract parameters of a
single-diode model, and the authors obtained accurate, reliable results that can describe
the performance of a solar cell.

Reference [34] presents a general approach to modeling photovoltaic modules. The
short circuit current point (0, Isc), open circuit voltage point (Voc, 0), and the maximum
power point (Vmpp, Impp) points were chosen for the parameter determination. The needed
data of CIS thin film and m-Si and c-Si solar modules for the model were obtained from
either the products’ data sheet or experimental testing results.
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An improved and comprehensive mathematical model for photovoltaic (PV) devices,
developed in MATLAB based on the basic circuit equation of a solar cell with the basic
data provided by the manufacturer, was presented in [35]. The effects of solar radiation,
ambient temperature, and cell types, including monocrystalline and polycrystalline silicon,
are fully considered.

Single-diode and double-diode models of solar cell and their parameter extraction
methods were described by mathematical techniques in [35]. The photocurrent, Iph; the
reverse diode saturation current, I0; the ideality factor of diode, n; the series resistance, RS;
and the shunt resistance, Rsh, were the main parameters of a solar cell.

Celik in [32] and Chan in [33] proposed a model based on the five parameters, IL, I0,
Rs, Rsh, and n, at a certain temperature and solar irradiance level within the limits of Voc, Isc,
Vmpp, and Impp. Additionally, Valerio [36] and Brano [37] provided their model based on a
single-diode model with five parameters and Merbaha [38] based on a double-diode model.

Celik constructed a four-parameter model in [32] based on the assumption that Rsh is
infinite and thus can be ignored. A four-parameter model based on single-diode model was
devised by Tivanov [39], and the parameters of the solar cell, such as Rsh, Rs, I0, and n were
calculated from the I–V characteristic at different illumination levels, and Iph was equal
to Isc. Besides, a four-parameter model was proposed by Tivanov [39], Chegaar [40], and
Khan [41] based on single-diode model and Kaminski [42] based on double-diode model.

In this paper, the parameters of a polycrystalline silicon solar cell are experimentally
determined at different temperatures and at different incident solar radiation with and
without a Fresnel lens. Based on the obtained parameters, a mathematical model of the
solar cell is developed herein. CPV cell performance is calculated by experiments and
a model of concentrated solar cells is proposed using a model of a solar cell based on a
five-parameter on a single-diode model.

2. Model of Solar Cell

In our work, cheap commercial polycrystalline solar cells were used. A mathematical
single-diode model of a solar cell was built based on five parameters, such as photocurrent
Iph, reverse saturation current I0, series resistance Rs, shunt resistance Rsh, and ideality
factor n [31]. The equivalent circuit of the solar cell is shown in Figure 1.
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Figure 1. Traditional single-diode equivalent electrical circuit of a solar cell.

Equation (1) is used to describe the solar cell:

I = Iph − I0

[
exp

(
q(V + RsI)

nkT

)
− 1
]
− V + RsI

Rsh
(1)

where I is the output current of the solar cell, V is the output voltage, k is the Boltzmann
constant, and T is the absolute temperature. Reference [32] shows the five-parameter model
of a solar cell as a function of open circuit voltage Voc, voltage at maximum power Vmp,
short circuit current Isc, and current at maximum power Imp. These parameters are given
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by the manufacturer or experimentally determined. Using Equations (2)–(6), we determine
the parameters of the solar cell.

n =
q
(
Vmp + ImpRs0 − Voc

)
kT
[

ln
(

Isc −
Vmp
Rsh

− Imp

)
− ln

(
Isc − Voc

Rsh

)
+

(
Imp

Isc−Voc
Rsh

)] (2)

I0 =

(
Isc −

Voc

Rsh

)
exp

(
−

qVoc
nkT

)
(3)

Iph = Isc

(
1 +

Rs

Rsh

)
+ I0

[
exp

(
1 +

qIscRs

nkT

)
− 1
]

(4)

Rs = Rs0 −
[

nkT
qI0

exp
(
−

qVoc
nkT

)]
(5)

Rsh = Rsh0 (6)

where Rs0 is the inverse value of the tangent slope at no-load voltage, and Rsh0 is the inverse
value of the tangent slope at the short circuit current.

Besides the five-parameter model, in this work we investigated the four-parameter
model [43] in order to compare and identify which model works properly. Thus, the four-
parameter model will be described in the following paragraphs. This model is also based
on single-diode model but there are four parameters, such as Rsh, Rs, n, and I0. Equation
(1) is used to describe the model, but Iph is considered as Isc. However, Rsh, Rs, n, and I0
are determined as follows in Equations (7)–(9):

Rsh = Rsc (7)

Rs = ROC −
(Vm + ROCImpp − VOC)

Im +
[
ln
(
Isc − Impp

)
− ln(Isc)

]
Isc

(8)

n =
Vm + ImppROC − Voc[

ln
(
Isc − Impp

)
− ln(Isc)

]
VT

(9)

I0 =
nVT

ROC − Rs
exp

(
−

qVoc
nVT

)
(10)

where Rsc is short circuit resistance and Roc is open circuit resistance, Isc is short circuit
current, Voc is open circuit voltage, Impp is the current at maximum power point, and Vm is
the voltage at maximum power point. VT = kT, where k is the Boltzmann constant and T is
the absolute temperature.

3. Extracting Parameters of Solar Cell

Let us determine the optimal position of the lens using geometric constructions,
placing the solar cell so that the rays coming from the edges of the Fresnel lens pass through
the extreme points of the solar cell as shown in Figure 2.

Thus, the task is to determine the variable h—height of the lens relative to the
solar cell. We introduce the notation llen—the length of the lens, lcell—the length of
the solar cell, d = llen

2 , x = llen−lcell
2 , y—a ray of the beam connecting the extreme

points of the lens and the solar cell, and f—focal length. Define the angles: β = atan d
f ,

α = 180◦ − (90◦ − β) = 90◦ + β, γ = α− 90◦ = 90◦ + β− 90◦ = β. Let us define y from
the ratio sinβ = sinγ = x

y , taking into account x, we get y = x
sinβ = llen−lcell

2sinβ .
Using geometric constructions, we write an expression for h taking into account x and y:

h =

√√√√
(

llen−lcell
2

sinβ
)

2

− (
llen − lcell

2
)

2
(11)
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Simplifying Formula (11) and expressing the desired value only in terms of the length
of the solar cell and the length and focal length of the Fresnel lens, we finally get the
following formula for h:

h =
llen − lcell

2

√√√√√√

 1

sin
(

atan llen
2f

)
2

− 1

 (12)

If f = 17 cm, llen = 15 cm, and lcell = 5.2 cm, then h will take the value 10.453 cm.
An important ratio for CPV cells is the geometrical concentration ratio Cgeo. It is

defined by the fraction of the aperture area Aaperture and the designated area of the solar
cell Acell,des, where the designated area is the illuminated area of the solar cell.

Cgeo =
Aaperture

Acell.des
(13)

If we calculate Cgeo for our system, then Cgeo = (15 × 15) cm2/(5.2 × 5.2) cm2 = 8.321.
The experimental setup for studying the light characteristics of a concentrating silicon

solar cell is a solar cell with a temperature sensor fixed on the back side. The experimental
setup is shown in Figure 3. The temperature sensor is a K-type thermocoupled with a range
of measured temperatures from 0 ◦C to 400 ◦C. The solar cell is fixed on the surface with a
slot for the temperature sensor. A height-adjustable Fresnel lens is installed above the solar
cell. A pyranometer is used to determine the power of solar radiation. Incandescent lamps
are used as a simulator of solar radiation. Coolers are used to control the temperature of
the solar cell.

The experimental installation for the study of the temp characteristics of the solar
cell is a heater bed with temperature control, on which the solar cell is installed. The
experimental setup is shown in Figure 4. A temperature sensor is installed near the solar
cell. The solar cell is covered by a dark cover.
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In order to experimentally determine the optimal position of the Fresnel lens relative
to the solar cell, a number of measurements of the current–voltage characteristics of the
solar cell were carried out at different temperatures and heights h of the Fresnel lens relative
to the solar cell at a constant incident radiation power of 200 W/m2. The results of the
experiment are shown in Figure 5. The surface constructed for h = 10 cm is higher than all
other surfaces, confirming the geometric constructions. A further increase in h to 12 cm and
14 cm leads to a decrease in output power, respectively, and the surfaces corresponding to
these values lie lower and symmetrically repeat the surfaces for h = 8 cm and h = 6 cm.

The graphs show that the ideality factor (Figure 6a) decreases linearly with increasing
temperature and is inversely proportional to the radiation power. The reverse saturation
current (Figure 6d) and the photocurrent (Figure 6b) slowly increase depending on the
temperature; however, if the first value is inversely proportional to the radiation power,
then the second value is directly proportional to the radiation power. The shunt resistance
(Figure 6e) practically does not depend on the power of solar radiation and has a logarith-
mic dependence on temperature. The series resistance (Figure 6c) has the most complex
dependence among the parameters of the solar cell and is in the range between 0.2 and
0.3 Ohms.
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4. Modeling Silicon CPV Solar Cell Using Extracted Parameters

Using the experimental data, Equations (1)–(8) and the measured five parameters
of the solar cell, we constructed models of solar cells at different radiation powers and
different temperatures. The optical concentration ratio X is the most important parameter
for CPV cells and must be included, so Equation (1) is rewritten as Equation (14):

I = XIph − I0

[
exp

(
q(V + RsI)

nkT

)
− 1
]
− V + RsI

Rsh
(14)

where concentration ratio X as the ratio of the short circuit current Isc CPV of the CPV cell
and the silicon cell Isc cell is defined as shown in Equation (15). Optical concentration ration
X and geometrical concentration ratio Cgeo are related through optical efficiency ηopt as
shown in Equation (16) [44].

X =
Isc CPV

Isc cell
(15)

X = Cgeo·ηopt (16)

Figure 7 shows the experimental I–V characteristics and power graphs of the silicon
cell and CPV cell at temperatures of 32 ◦C and 40 ◦C and at radiation powers of 200 W/m2,
300 W/m2, and 400 W/m2. In addition, the graphs obtained as a result of modeling the
solar cell using a single-diode model based on the measured five and four parameters
for the silicon cell and CPV cell are shown here. As we can see on the graphs, the five-
parameter model has better predicting ability than the four-parameter model. Therefore,
we will use the five-parameter one moving forward. Additionally, from the graphs, it can
be seen that with an increase in the power of the incident radiation, the inverse dependence
of the output power on temperature becomes more pronounced than for the silicon cell;
therefore, the cooling system is the cornerstone for the CPV cell.
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Figure 7. I–V characteristics of solar cell and CPV cell at temperatures of 32 ◦C and 40 ◦C for solar
radiation level: (a) 200 W/m2, (c) 300 W/m2, and (e) 400 W/m2; and graphs of output power of solar
cell and CPV cell for solar radiation level: (b) 200 W/m2, (d) 300 W/m2, and (f) 400 W/m2.
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Thus, we plot the dependence of the CPV cell efficiency on the concentration ratio
at different incident solar radiation (Figure 8a). As the concentration ratio increases, the
efficiency of the solar cell decreases, and there is an increase in temperature and radiation
power (Figure 8b).
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Using the obtained parameters of the solar cell at different temperatures and solar
radiations, we will make an approximation for these parameters for real power levels on a
clear sunny day on 23 August 2021 in Almaty, Kazakhstan. Figure 9 shows experimentally
measured values of solar radiation on the day of 23 August 2021 in Almaty, Kazakhstan.
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Figure 9. Experimentally measured solar radiation during the day.

The results of the approximation for the solar cell parameters and LCPV are shown in
Figure 10 for temperatures of 32◦ and 40◦ depending on the power of the incident solar
radiation. Approximations are based on the dataset shown in Figure 6 and the polynomial
regression method using the fourth degree polynomial. This approximation aims to expand
values received from experiments, determine the parameters of the solar cell, and show
changing of these parameters when using a Fresnel lens when exposed to solar radiation
with the power shown in Figure 9 at fixed temperatures.
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5. Silicon LCPV Cooling System

The previous chapter shows the results of modeling the parameters of a solar cell
depending on the temperature and the power of the incident radiation. An increase in the
temperature of the solar cell when using a concentrating lens leads to a decrease in efficiency,
as shown in the previous chapter. As a result, it is necessary to use a cooling system. The
cooling system in this work is, as shown in Figure 11, a wireless network. The nodes
are connected to a network based on the Long-Range Wide-Area Network (LoRa WAN)
protocol. The sensor unit consists of four thermocouples that measure the temperature of
the solar cell, the temperature of the water in the hot water tank, the temperature of the
water in the cold water tank, and the ambient temperature, as well as the water flow sensor.
This unit sends data to turn on and off the water pump with a certain preset power and
sends data to the dispatcher device. The control is carried out using threshold temperature
levels, to which the water pump reacts. The power of the pump can be set manually or
automatically changed depending on the power of the incident solar radiation.
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Figure 11. Silicon LCPV cooling system.

The cooling system was tested using a solar radiation simulator with adjustable power.
The power of artificial solar radiation was measured using a BGT-TBQ pyranometer. In
order to simulate the temperature of a solar cell depending on the incident solar radiation
using machine learning, experiments were conducted to study the dynamics of heating the
element at different values of the power of incident radiation from incandescent lamps.
The results of the experiments are shown in Figure 12.
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It can be seen from the graph that with an increase in the power of incident radiation,
the maximum heating temperature of the solar cell increases, and the graph has a saturation
character. The dependence of the maximum heating temperature of the solar cell on the
incident radiation power is linear, as shown in Figure 13. Cooling is carried out using
water supplied by a pump with adjustable power in the range from 1.8 W to 4.7 W and a
voltage of 12 V. Figure 14 shows the cooling time of the solar cell depending on the incident
radiation power from the maximum heating temperature to 25 ◦C. The pump operating
mode at 1.8 W has lowest power consumption and situated above other lines due to long
cooling time.

Energies 2022, 15, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 13. Dependence of the final heating temperature of the solar cell on the incident radiation 

power. 

 

Figure 14. Cooling time of the solar cell depends on the incident radiation power. 

6. Results of Modeling Energy Generation and Temperature of Silicon LCPV Cell and 

Discussion 

The simulation of energy generation and temperature of a silicon LCPV solar cell is 

based on the five-parameter model shown in Section 2. The simulation results are shown 

in Figure 15. 

Figure 13. Dependence of the final heating temperature of the solar cell on the incident radiation
power.

Energies 2022, 15, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 13. Dependence of the final heating temperature of the solar cell on the incident radiation 

power. 

 

Figure 14. Cooling time of the solar cell depends on the incident radiation power. 

6. Results of Modeling Energy Generation and Temperature of Silicon LCPV Cell and 

Discussion 

The simulation of energy generation and temperature of a silicon LCPV solar cell is 

based on the five-parameter model shown in Section 2. The simulation results are shown 

in Figure 15. 

Figure 14. Cooling time of the solar cell depends on the incident radiation power.

6. Results of Modeling Energy Generation and Temperature of Silicon LCPV Cell and
Discussion

The simulation of energy generation and temperature of a silicon LCPV solar cell is
based on the five-parameter model shown in Section 2. The simulation results are shown in
Figure 15.
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Figure 15. Energy generation by silicon solar cell and LCPV during the day.

As shown in Figure 15, an increase in the concentration ratio and power of radiation
leads to a decrease in the output power of the solar cell. Obviously, during peak hours, an
increase in the power of solar radiation and, accordingly, the concentration ratio, leads to a
decrease in the efficiency and the output power of the solar cell. Although the efficiency of
a solar cell drops when using a Fresnel lens, the amount of energy generated increases. For
comparison, at a constant temperature T = 40 ◦C, the silicon cell energy was 1.7747 Wh,
and the CPV cell is 27% higher and is equal to 2.254 Wh.

Modeling solar cell heating processes is performed using machine learning methods.
Using the heating temperature data as a function of time and incident radiation power
shown in Figure 12, the model was trained using the Random Forest regression method
with five trees. Evaluation metrics of the model are shown in Table 1. It can be seen that
mean absolute error (MAE) is 0.125, and mean square error and root mean square error
(MSE, RMSE) are 0.0879 and 0.2965, respectively. It can be seen from the table that the
coefficient of determination R2 is close to one. These metrics show that model has good
prediction accuracy.

Table 1. Metrics of model.

MAE MSE RMSE R2

0.125 0.0879 0.2965 0.99896

The resulting model was used to simulate the dynamics of heating of a solar cell at
the experimental values of incident radiation shown in Figure 9. Figure 16 shows the
results of modeling the dynamics of heating of a solar cell at an incident radiation power of
200 W/m2.

Figure 17 shows a solar cell’s temperature simulation using a cooling system that turns
on if the temperature of the element exceeds 40 ◦C for the first 30 min of work. Similar
graphs can be built for another threshold temperature of 32 ◦C. Graph shows heating of a
solar cell several times and after each temperature drops heating time decreases because of
rising solar radiation power.
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The power consumption of the water pump will be determined in three operating
modes: in the temperature threshold mode of 32 ◦C, 40 ◦C, and in the continuous cooling
mode. The simulation results are shown in Figure 18. As seen from the figure, if the cooling
system runs constantly, then the energy consumption will be maximum. If the permissible
heating temperature of the solar cell is limited to 40 ◦C, then the consumption of the cooling
system will be minimal. At the same time, this curve has a break that corresponds to the
most optimal operating mode of the pump with a consumption of 2.2 W.

As a result, a silicon LCPV cell model was obtained using a Fresnel lens with a water
cooling system. A five-parameter mathematical model for the lens case was used to model
the solar cell. Due to the increase in the degree of concentration of solar radiation, a water
cooling system was used. For realistic solar cell simulation, a solar cell heating model was
built based on experiments using machine learning methods. To simulate the temperature
regimes of LCPV, experiments were carried out on heating a solar cell and cooling it with a
water pump when the cell was illuminated with radiation of various powers. The results of
the experiments were used to simulate the temperature and energy generation of the LCPV
cell for real solar power data during the day. Results of modeling of the cooling system
show that cooling from 40 ◦C to 25 ◦C is more efficient than cooling from 32 ◦C. In other
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words, the greater the difference between the temperature threshold and the minimum, the
less energy the cooling system consumes. Furthermore, there is the most optimal operation
mode of the water pump, in which energy consumption will be minimal.
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The results of the work can be used to create hybrid LCPV batteries based on the most
common polycrystalline silicon solar cells and Fresnel lenses to generate electrical and
thermal energy.

7. Conclusions

In this paper, the model of a silicon LCPV cell with a cooling system was developed
using a five-parameter model. In order to develop a mathematical model of the CPV cell, sil-
icon cell and CPV cell parameters were studied using a Fresnel lens at various temperatures
and incident radiation for LCPV systems. By approximating the silicon cell and CPV cell
parameters, their power outputs were simulated using real solar power values on a clear
day on 23 August 2021, in Almaty, Kazakhstan, at a constant temperature. The simulation
results show a 27% increase in generated energy when using the CPV cell. The heating of
a solar cell was modeled using machine learning. Experimental results of the developed
cooling system based on wireless communication were used to model temperature patterns
using the cooling system under real solar radiation. The proposed model can be used only
for commercial polycrystalline silicon solar cells under low concentration. It was shown
that the greater the difference between threshold temperature and minimum temperature
of the cooling system, the lower the consumption of the water pump. Additionally, the
modeling of the cooling system showed optimum water pump power consumption for
our experimental model. The proposed LCPV system can be used as a hybrid system
for heating water and, at the same time, generate electrical energy without affecting the
existing production process for the manufacture of polycrystalline silicon solar cells.
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