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Over the past few years, there has been a growing interest in renewable energy
sources. Among them, photovoltaic (PV) technology is advancing rapidly. Solar
insolation is the most crucial factor for PV installations. Various solutions, such as
tracking mechanisms, hybrid systems, and new materials, can enhance the
efficiency of PV systems. Concentrators focus solar light onto the surface of
solar modules, increasing production of electricity. Implementing such solutions
can reduce the number of silicon cells in installations, leading to a decrease in
waste generated during production. Dye concentrators have a positive impact on
the performance of silicon systems. A two-stage study on the effect of dye
concentrator application on PV cell efficiency is carried out. In the first stage,
specific types of dye concentrators are tested for their interaction with the silicon
system. Tinted and luminescent acrylic glass (polymethyl methacrylate, PMMA) in
yellow and red are used as dye concentrators. The experiment included multiple
measurement calibrations, such as the temperature of the tested silicon cell and
the intensity of illuminance. Results showed absolute increase of efficiency in
solar cells ranging from 0.05% to 1.42%, depending on the type of concentrator
used. The most significant improvements were observed with luminescent red
PMMA, averaging at 1.21%. The potential of this concentrator was further explored
in the second stage of the study, investigating the relationship between the
surface involvement of the silicon cell and the dye concentrator. Test results
indicated the potential of dye concentrators for integrating luminescent dye
concentrator technology into PV systems. The effect of this integration is
increase in the efficiency of the PV cell. On the other hand, it should be
noted that replacing the PV cell with a dye concentrator reduces the
efficiency of the entire photovoltaic system. Hence, the use of a PV cell and
concentrator system is recommended especially for photovoltaic systems with a
large area. As dye concentrators have the ability to operate without direct
irradiance, they are also recommended for regions where natural light is
dispersed.
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1 Introduction

Climate policy in many countries, including those in the
European Union, emphasizes the development of renewable
energy. One of the most commonly utilized technologies for this
purpose is photovoltaics, aligning with sustainable development
goals (SDGs) (Poranek et al, 2022). In recent years, significant
advancements in PV technology have led to its widespread adoption.
The development of photovoltaic technology also provides methods
for detecting and limiting the impact of PV system faults (Alam
et al, 2015). An increasing number of reports are also devoted to
methods of numerical optimization of the operation of PV systems
(Fadakar Masouleh et al., 2016; Chen et al., 2023). Predictions for PV
technology indicate further growth and an increased share in
electricity ~ production. The predominant technology in
currently silicon  (c-Si).

typically three
generations: I, II, and III. The first generation includes crystalline
which
(approximately 95%) of currently used panels (Goetzberger and

photovoltaic panels is crystalline

Photovoltaic panels are categorized into

silicon (c-Si) panels, constitute the vast majority
Hebling, 2000). Therefore, this study focuses on c-Si cells. It is worth
noting that the production process of silicon cells results in
significant waste, and their performance is closely tied to
atmospheric conditions. Material losses during the production of
silicon wafers are estimated to reach up to 40% (Green and Staffel,
20165 Ortega-Izquierdo and Del Rio, 2016). Consequently, solutions
that conserve silicon while maximizing energy output from silicon
cells are becoming increasingly important (Esen et al, 2017;
Korzeniowska et al., 2020). Dye concentrators are a solution that
meets these criteria, allowing solar light to be concentrated on the
solar cell, thus maximizing cell efficiency while reducing the surface
area of the silicon cell (Kenny et al., 2013; Zdanowicz, 2020). The
concentrators act by absorbing sunlight and then emitting light from
the concentrator, among others, towards the surface of the solar cell.
It is possible thanks to the bending of the light beam (Assadi et al.,
2016). The potential utilization of concentrators as solar light
focusing elements on photovoltaic cells is particularly relevant for
solar energy in Central European countries characterized by
relatively low amount of solar energy reaching the surface of
Earth. To show the difference one can use irradiation examples
of Poland and Czech Republic (about 1,000-1,050 kWh/m?year). In
contrast, Southern European countries have much higher values,
namely, France (about 1,300 kWh/m®syear) and Spain (about
1,700 kWh/m?®syear). Therefore, it is justified to search methods
to increase PV cells efficiency in less favorable conditions (EI-Bashir,
2018). The use of concentrators also allows for maximizing PV cell
efficiency on cloudy days when solar radiation is largely diffuse (El
Himer et al., 2020). In general, solar concentrators can be classified
as imaging and non-imaging. In the case of imaging concentrators,
an optical image of the Sun is created on the receiver (Mortadi and El
Fadar, 2023). Due to the fact that they focus light on a line or point,
there are linear concentrators (for instance, parabolic trough and
linear Fresnel reflector) and point concentrators (for instance,
parabolic dish and solar tower) (Chauhan et al, 2021). In the
second class of concentrators, image of the Sun is not created,
and the light is scattered in the receiver (Castelletto and Boretti,
2023). This type of device are characterized by a relatively low
concentration coefficient in comparison to imaging concentrators

Frontiers in Energy Research

10.3389/fenrg.2024.1399020

(Madala and Boehm, 2017). However, the advantage of using this
type of concentrator is the ability to use diffuse light under low
irradiance conditions.

Many methods enable efficient concentration of solar radiation
on photovoltaic installations, thereby increasing their efficiency.
The simplest method to enhance the efficiency of a photovoltaic
installation is sun-tracking mechanism. This mechanism allows for
the rotation of the photovoltaic system to achieve the best position
relative to the position of Sun on the horizon. One can distinguish
here single-axis or two-axis solutions (Tan et al., 2021). This
ensures optimal alignment between the surface of silicon wafers
and solar light (Singh et al., 2018). Another example is the hybrid
photovoltaic-thermal system. The aim of this system is to produce
both electricity and heat, which also helps in reducing PV module
fluctuations 2019). Many concentrator
technologies facilitate increased efficiency of PV installations.

(Roberson et al,

The Fresnel lens is one of the commonly used optical elements
in PV systems (Davis, 2011). This type of element can be utilized in
circular and rectangular flat forms. Research conducted by A.
Davis indicated that a circular shape has better transmittance
(82%) compared to a rectangular shape (80%) (Canavarro et al.,
2013). The optical efficiency of such technology is closely related to
the focal length.

Another type of concentrator technology is the parabolic mirror.
In this solution, the concentrator is the component that collects light
from a given area and redirects it to the photovoltaic installation.
The study by Canavarro et al. (2013) showed that a low
concentration equal to 70 suns can achieve results of 80% optic
efficiency (Hasan et al, 2010). The challenge with this type of
solution lies in the requirement for long-term positioning for
analysis. The performance of the system is closely tied to the
sun-tracking mechanism. Proper positioning of the parabolic
mirror yields the best results in the overall performance of the
photovoltaic installation. Apart from the sun-tracking mechanism,
the most significant issue for traditional solar concentrators is the
increase in temperature of the solar cell after redirecting sunlight by
the concentrator.

The concentrator, which enhances the performance of the
Solar System and theoretically offers opportunities to stabilize
temperature of the system, should be developed. Commonly used
pigments in the dye-sensitized solar cells (DSSC) industry could
serve as the proposed concentrator. A liquid concentrator in the
form of natural dye, typically utilized in dye solar cells, thus
that
complement traditional silicon cells (first generation cells) to

presents an alternative solution could effectively
enhance their operational efficiency. However, natural dye is not
the sole available option. In the DSSC industry, two types of cells
can be distinguished: metallic dye and natural dyes (derived from
various plant parts or synthesized in laboratories). The most
popular and effective dyes in the DSSC cell industry are
ruthenium (metallic) dyes. Nonetheless, it is important to note
that when a dye is used as a concentrator, its efficiency for DSSC
cells cannot be evaluated with expectations of similar results.
This is because the dye used in DSSC cells serves as a catalyst,
initiating reactions aimed at electricity generation when
stimulated by light. As a concentrator, the dye merely
functions as a specific lens, focusing solar radiation on the
targeted cell. An advantageous

aspect of natural dyes,
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The rule of bending of solar rays using a luminescent concentrator.

TABLE 1 Basic parameters of the tested PV cell measured in STC.

Polycrystalline silicon cell

Parameter Unit

Ve mvV 639.10
L mA 948.05
Vi mV 512.00
I mA 891.16
Pu mwW 456.29
FF — 0.75

Efficiency % 18.25

supporting their use as a concentrator, is their minimal
environmental impact. Dyes employed to modify silicon cells
should be natural and biodegradable. Dyes utilized in DSSC cell
technology must exhibit the following properties:

« high stability, enabling operation for approximately 20 years
under natural light conditions,

o possess the capacity to absorb light with wavelengths
below 920 nm,

o characterized by a high redox potential to facilitate efficient
regeneration by the electrolyte,

o that to bond
electrical conductor.

allow them to the surface of the

The requirements for dyes used as concentrators are not as
stringent as those for dyes used in DSSC cells. As mentioned earlier,
these dyes are utilized as elements that concentrate solar radiation
onto a silicon cell; they do not generate electricity themselves and
thus do not need to undergo a series of chemical reactions, exhibit
properties enabling connection to the conductor surface, or possess
redox properties. Therefore, the most important requirements for a
dye concentrator are its high stability, allowing operation for the
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lifetime equivalent to that of a silicon cell, and its ability to focus
sunlight (Tan et al., 2021). The principle of the LSC operation is
shown in Figure 1. It presents the light route in the luminescent
concentrator.

At first, the light falls on the surface of the concentrator
(1 natural irradiance) and part of it is absorbed (3), but the
other part is reflected by the surface of the concentrator (2).
The absorbed light part goes through the material of the
concentrator (4) and the others are absorbed and reflected by
the pigments (9), reabsorbed by neighbor dye molecules (5), and
lost during transmission in the material (10). The numbers (6) in
the schema are an escape-cone loss, (7) is transmitted radiation,
and (8) is non-radiative decay.

A concentrator in the form of luminescent PMMA, which
means that it is embedded in poly (methyl methacrylate), can be
integrated into luminescent solar concentrator technology (LSC)
(Zhou et al., 2015). LSC, which incorporates luminescent
pigments, partially bends and absorbs sunlight to fluoresce it
at a longer wavelength. This phenomenon, known as the Stokes
shift, describes the shift between the absorbed and emitted light
in fluorescence (Brennan et al., 2018; Moraitis et al., 2018). It
should be noted that the technology, which combines irradiance
concentration and light emission after Stokes shifting, can only
be used after analyzing the spectral response for a solar cell (Zhou
et al., 2016). The luminescent solution offers several advantages
over other types of concentrator technology. The most significant
advantage is its ability to operate without direct irradiation,
which is particularly beneficial in regions where natural light
is dispersed. Thanks to this quality, it can be effectively
implemented in solar installations in terms of efficiency
(Goetzberger and Hebling, 2000) Another advantage of this
technology is that it can function without the need for a sun-
tracking mechanism and does not require large elements that
occupy a large area around the cells/modules (McKenna and
Evans, 2017; Baiju and Yarema, 2022). Another important issue
here is the implementation of sustainable solutions (Herndndez-
Rodriguez et al., 2022).

There are many scientific reports on LSC systems with PMMA
as the host polymer. Theoretical considerations on this topic
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Keithley SMU2401 gauge

Measurement workstation

FIGURE 2
The dedicated laboratory stand for testing PV cells
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Auxiliary Unit

FIGURE 3

Selected dye concentrators — polymethacrylate (PMMA) plates red and yellow

often deal with the update of LSC technology, as well as economic
issues. Castelletto and Boretti (2023) in their review work
focused, among other things, on the possibility of reducing
optical losses and improving the efficiency of photon capture.
Van Sark (2012) assessed the LSC solution as a low-cost
alternative, especially for north-central areas of Europe.
Practical research focuses on determining the properties of a
number of LSC base compounds embedded in the polymer, as
well as examining the possibilities of new applications of the
created photovoltaic systems. One example combining these
issues is the study of Frias et al. (2019), who developed a
transparent lanthanide based LSC embedded in PMMA as
transparent coatings. It is suggested to use them on facades
and windows in order to achieve zero-emission buildings.
Ahmed et al. (2024) studied LSC in a system with PMMA
doped with zinc or nickel complexes. The Zn(II)/PMMA LSC
complex performed favorably here, primarily in terms of
degradation speed. This study investigates the alterations in
operational parameters of silicon cells when enveloped by
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pigmented and luminescent planar PMMA. The selected
materials was chosen primarily due to their high optical
efficiency. This applies especially luminescent concentrators,
which was tested by, among others, Zetti et al. (2016). The
author considers this solution to be the most optimal, as it
involves covering the silicon cells with luminescent plates,
leading to reduced operational parameters for the solar cells
types
concentrators are proposed to surround the solar cell. A

under examination. In this study, four of dye
multi-variant study of the efficiency of individual photovoltaic
systems (PV cell with a dye concentrator) is carried out in
conditions of variable sunlight and temperature. The obtained
results are related to the base system consisting only of PV cells.
The findings presented in this paper are based on a basic
laboratory-scale experiments. Then, the material with the best
properties will be subjected to a broader analysis to check the
course of changes in the efficiency of the photovoltaic system
depending on the share of the photovoltaic cell surface area and

the selected dye concentrator.
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TABLE 2 Results for the clear PV cell (EFF av, average efficiency of PV cell; Pm av, average power output; Voc av, average open circuit voltage; | sc av, average

short circuit current).

Irradiation [W/m?] Temperature ['C] EFF av [%] Pm av [mV] Voc av [mV] lsc av [mA]
1,000 30 17.90 44674 629.63 949.66
28 17.98 450.25 63353 948.07
26 18.19 455.66 637.50 950.55
25 1825 45656 639.23 948.08
16 18.93 473.44 657.13 953.64
800 30 17.86 357.24 623.47 753.72
28 18.00 359.46 627.17 751.92
26 18.18 363.21 63123 752.41
25 18.10 361.95 63277 752.83
16 18.92 377.96 651.17 756.27
600 30 17.76 267.85 61523 567.27
28 17.95 269.08 619.03 564.27
26 18.12 272.55 623.03 565.04
25 18.06 270.34 624.50 562.37
16 18.91 283.46 64330 565.76
400 30 17.74 176.22 60243 37333
28 17.86 177.85 606.87 368.27
26 18.23 181.75 610.70 375.69
25 18.06 179.52 61270 369.72
16 19.06 190.11 631.63 377.36
200 30 17.88 89.72 567.80 183.20
28 18.02 89.93 586.43 183.67
26 18.07 89.48 590.47 183.95
25 18.26 91.04 493.03 187.41
16 19.15 95.20 612.07 184.10

2 Materials and methods

The presented research utilized crystalline silicon cells. The basic
parameters of the tested silicon cells in STC (Standard Testing
Conditions) are presented in Table 1. The values are
experimentally measured.

Measurements were conducted using a photovoltaic research
stand, which includes: Keithley SMU2401 meter for current
measurement < 1 nA-1 A, voltage measurement up to 20 V;
measurement table with integrated SSO5SA LED solar simulator
(class AAA; the table allows determining the temperature of the
tested cell in the range of 10°C-60°C using an air-cooled Peltier
module), solar cell suction system, and Kelvin probe; auxiliary unit
version 3.0 (computer workstation with software enabling control of
temperature, irradiation level, cell suction, probes, and other
functions). Figure 2 presents the laboratory stand.

The first step in the research was to determine the level of
irradiance and temperature at which the measurements would be
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conducted. All results presented in the article are the average of (at
least) three consecutive measurements. This procedure reduces
errors caused by light instability. The basic characteristics of the
cell were measured using the Keithley meter. The dye concentrators
used in the experiment were 4 PMMA plates surrounding the tested
solar cell. Each plate had a width of 2.5 cm, thickness of 0.3 cm, and
their total length was up to 5 cm, while the total length of the other
two was 10 cm. Figure 3 depict the arrangement connecting the PV
cells with the dye concentrator.

The fluctuations in the illumination level were approximately
10 W/m’. This means that measurements for irradiance of 1,000 W/
m’ could be conducted within the range of 990-1,010 W/m?. The
output power was calculated using Eq. 1:

Pm:A'Pin'n (1)

where:
A - surface of the silicon cell, m?,
P;, - amount of solar irradiance reaching the solar cell, W/m?,
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TABLE 3 Results of the test with the use of clear PV cell and pigmented red PMMA.

Irradiation [W/m?] Temperature ['C] EFF av [%] Pm av [mV] Voc av [mV] I« av [mA]
1,000 30 18.03 449.74 630.03 956.55
28 18.21 454.96 648.40 957.78
26 18.26 455.94 637.27 95051
25 1829 455.81 639.03 956.63
16 19.10 47632 657.40 958.02
800 30 18.01 35937 62333 76124
28 18.15 362.95 62733 759.23
26 18.22 363.55 631.17 75478
25 1829 365.02 633.03 759.34
16 19.09 380.46 651.13 760.25
600 30 17.95 269.79 615.10 568.94
28 18.10 272.54 619.17 57034
26 18.17 27197 62277 564.01
25 1821 273.49 62453 566.81
16 19.01 28522 64337 569.39
400 30 17.96 178.36 603.10 378.46
28 18.06 180.38 607.10 377.46
26 18.18 181.85 61030 377.45
25 1831 183.26 612.67 37448
16 19.10 189.74 632.10 37593
200 30 18.07 90.65 582.63 184.66
28 1825 90.86 586.27 182.84
26 1833 92.00 590.90 181.56
25 18.48 91.91 59230 188.46
16 18.75 93.22 612.10 184.17

n - efficiency of the silicon cell.

3 Results

Table 2 presents measurements for a clear polycrystalline silicon
cell under various irradiance levels at defined temperatures. Upon
analyzing the results in terms of illumination, it can be observed that
the efficiency of the cell remains stable. Lowering the temperature of
the cell led to an enhancement in the performance of the system, a
phenomenon  well-recognized among photovoltaic module
Each module employed in a photovoltaic

installation has its designated operating temperature, outlined in

manufacturers.
its data sheet included in the technical specifications. Tables 2-6
present the measurement results for each tested variant. The

following variants of photovoltaic systems are tested:

e PV - clear PV cell,
o PV + PR - clear PV cell and pigmented red PMMA,
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e PV + PY - clear PV cell and pigmented yellow PMMA,
e PV + LR - clear PV cell and luminescent red PMMA,
o PV + LY - clear PV cell and luminescent yellow PMMA.

Tables 3, 4 present the results for systems utilizing pigmented
red and yellow PMMA.

In Tables 3, 4, one can observe the outcomes for systems
employing a dye concentrator to bend and concentrate the
illumination onto the surface of a functioning silicon cell. By
comparing these results with those of the basic system utilizing
only a clear polycrystalline silicon cell, one can infer absolute
change in performance ranging from —0.4% to + 0.26% for red
PMMA. The negative value is notable under low irradiance and
temperature conditions. For yellow PMMA, the performance
results range from —0.54% to + 0.7%. The negative value for
yellow PMMA was only recorded under very low irradiance
(equal to 200 W/m?) and a low temperature of 16°C. This data
suggests that PMMA pigmented with yellow color may bend light
better than similar red PMMA. Additionally, a slight improvement
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TABLE 4 Results of the test with the use of clear PV cell and pigmented yellow PMMA.

Irradiation [W/m?] Temperature ['C] EFF av [%] Pm av [mV] Voc av [mV] I« av [mA]
1,000 30 1828 456.44 630267 974.351
28 18.46 46144 635.000 972298
26 18.64 465.19 637.900 971.431
25 18.59 464.94 639.467 977.667
16 1935 484.19 657.633 978289
800 30 18.26 36434 623733 771726
28 1845 368.62 627.767 772.565
26 18.61 370.85 631.400 770.171
25 18.59 371.13 633233 774280
16 1937 387.21 651.700 775.188
600 30 1824 274,56 615733 579.680
28 1839 27530 619367 575.239
26 18.48 230.64 623.500 580.820
25 18.48 230.45 625.200 579.341
16 19.21 239.47 643733 579.495
400 30 18.44 183.89 603.567 382.977
28 18.20 180.91 607.533 379.690
26 18.54 183.54 611.930 379.410
25 1859 186.13 613.430 382.090
16 19.41 193.86 632.570 383.90
200 30 18.40 92.29 185.590 30.760
28 18.43 91.23 587.120 186.170
26 1832 90.62 590.020 190.630
25 18.63 93.53 593.130 192.450
16 18.60 92.83 610.000 189.16

in amperage value for the tested cell is observed. The voltage value
fluctuation falls within the measurement error of the device
utilized for the measurements. For yellow PMMA, the average
absolute increase in Isc was approximately 14.24 mA and 1.05 mV
for Voc, while for red PMMA - for Isc (3.63 mA) and around
1.21 mV for Voc. These findings indicate that yellow pigmented
PMMA exhibits superior bending capabilities compared to the red
pigmented PMMA.

Tables 5, 6 present the results of the investigations into the
system with luminescent PMMA. This type of solution not only
allows for bending sunlight through the PMMA plate but also
utilizes the luminescence effect to enhance the efficiency of the
solar cell. The Stokes shift is a well-known concept in luminescence.
The idea of the Stokes shift describes the change in the spectrum of
light before and after its emission through a luminescent pigment. A
red luminescent pigment will emit light shifted towards the red
spectrum; theoretically, this means that for silicon cell technology,
which performs better under such conditions, its efficiency
will increase.
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Upon analysis of the provided data and comparison with results
for the pure silicon cell, we observe higher efficiency in the system
utilizing red luminescent PMMA. The average absolute change in
results obtained for red luminescent PMMA (PV + LR) were 1.21%,
while for yellow (PV + LY), it was 0.25%. The highest result for the
first one was achieved with an irradiance of 400 W/m” and a
temperature of 28°C, yielding 1.42%. Similarly, for the yellow
option, irradiance at 400 W/m?> and a temperature of 25°C resulted
in 0.54%. It is noteworthy that three out of five measurements for the
yellow option at the lowest irradiance showed a negative value. The
results obtained for red luminescent PMMA demonstrated an
increase in the efficiency of the silicon cell. Comparing the results
obtained for pigmented and luminescent concentrator, it is evident
that pigmented yellow PMMA (PV + PY) exhibits better bending
characteristics than its red counterpart (PV + PR). Also, the results
obtained for pigmented yellow PMMA were higher than for its
luminescent counterpart (PV + LY). Conversely, the opposite
situation occurred for the red dye.

Figure 4 presents average efficiency of PV cell in tested variants.
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TABLE 5 Results of the test with the use of clear PV cell and red luminescent PMMA.

Irradiation [W/m?] Temperature ['C] EFF av [%] Pm av [mV] Voc av [mV] I« av [mA]
1,000 30 19.01 475.96 63147 1,019.00
28 19.23 480.61 635.10 1,016.33
26 19.43 484.80 639.13 1,015.67
25 19.28 48234 640.80 1,017.00
16 20.01 499.76 658.60 1,011.00
800 30 19.03 379.69 624.97 805.56
28 19.22 384.86 628.80 807.06
26 19.42 387.22 632.60 806.29
25 1933 385.98 634.40 806.28
16 20.01 399.91 643.50 802.62
600 30 19.02 285.80 616.73 606.30
28 19.19 288.73 620.40 606.47
26 19.34 290.74 62453 60336
25 1934 289.77 626.27 602.69
16 19.98 300.38 644.63 602.53
400 30 19.03 189.30 604.53 395.63
28 19.28 192.42 608.90 402.41
26 1938 192.90 61277 395.44
25 19.41 193.85 614.67 396.66
16 20.25 201.58 633.93 396.58
200 30 18.94 94.65 584.70 198.53
28 1921 96.29 587.87 195.75
26 1925 95.17 59237 190.46
25 19.66 97.33 59437 197.03
16 20.33 101.12 613.17 195.40

As mentioned above, the variant with red luminescent PMMA
(PV + LR) outperforms the others in terms of PV cell efficiency. The
results demonstrate the highest efficiency and the greatest
improvement compared to the system without concentrators. The
PV + LR variant achieved the highest average efficiency under
conditions of 16°C and irradiation of 200 W/m’. Additionally,
the peak absolute increase of efficiency for this variant was
observed at a temperature of 28°C and irradiance of 400 W/m?,
reaching 1.42%. All results using the red luminescent PMMA
indicate an enhancement in the performance of the silicon cell.
The situation is slightly different for the other variants. Although
their average performance is similar, the PV + PY variant, with
yellow pigmented PMMA, stands out as the most favorable. The
highest efficiency for this variant was recorded at 16°C with an
irradiance of 400 W/m’®, while the greatest increase in efficiency
compared to the PV variant was at the same irradiance level but at
25°C, with absolute increase of 0.58%. Taking into account test
results, red luminescent PMMA was selected for further research.
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To evaluate the potential application of organic dyes as a
focusing component for radiation on a photovoltaic module, it is
essential to analyze systems with a constant surface area depending
on the amount of dye concentrator used and compare them. This
method involves establishing multiple systems with a consistent
surface area but varying proportions of the silicon cell and dye
concentrator surface areas. In this adopted approach, the base
system utilizing only silicon cells (without modification) is
denoted as System 0. Subsequent systems gradually increase the
concentration of the dye surface area at the expense of the silicon cell
surface area. The following percentages of dye concentrator were
employed: 0% (System 0), 25% (System 1), 56% (System 2), 69%
(System 3), 79% (System 4), 88% (System 5), and 93% (System 6).
The silicon cells utilized in the conducted tests demonstrated an
efficiency of 15%. This is a baseline value of efficiency of solar cell
without dye concentrators in a given conditions. Source of this value
are measurements. The measurement were performed for various
lighting and temperature conditions, reflecting the conditions
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TABLE 6 Results of the test with the use of clear PV cell and yellow luminescent PMMA.

Irradiation [W/m?] Temperature ['C] EFF av [%] Pm av [mV] Voc av [mV] I« av [mA]
1,000 30 18.14 452.96 63020 966.42
28 1833 45875 633.93 966.27
26 18.51 461.62 637.73 963.66
25 18.42 460.05 639.63 966.01
16 19.04 476.06 75753 959.93
800 30 18.12 36235 62370 768.05
28 1831 365.87 627.60 766.20
26 18.48 368.59 63133 766.41
25 18.41 367.33 633.03 766.12
16 19.07 380.81 65150 763.62
600 30 18.06 27197 61543 57473
28 18.26 273.66 619.20 570.30
26 18.42 276.63 62327 57277
25 1838 27547 625.00 573.03
16 19.00 28629 64320 57554
400 30 18.14 179.96 603.07 377.41
28 18.15 180.31 606.90 378.19
26 1837 182.77 610.97 373.11
25 18.61 185.11 613.47 382.94
16 19.13 190.22 63173 37559
200 30 18.26 91.62 582.83 186.65
28 1825 90.65 587.27 185.71
26 18.00 89.41 591.07 184.56
25 18.10 89.39 592,50 186.66
16 19.28 97.52 613.07 187.54

throughout the year. The reference were the conditions of a
temperate continental climate — South of Poland, Central Europe.
Data concerning the energy output of the presented solution,
dependent on the surface area of the utilized concentrator and
silicon cell, are depicted in Table 7. Additionally, the results were
calculated based on the efficiency of the entire system (comprising
the surface area of the silicon cell and the concentrator) and the
efficiency attributed solely to the surface area of the silicon cell.
Analyzing the results, two potentially conflicting conclusions
can be drawn. Increasing the surface area of the concentrator allows
for an enhancement in the efficiency of the silicon cell. The
utilization of the concentrator enables the maximization of the
amount of electrical energy generated by the silicon cell. This
solution facilitates achieving higher efficiency of the installation
on days with scattered sunlight (low irradiance - winter days). On
the other hand, the installation with the dye concentrator introduced
exhibits lower efficiency compared to the baseline comparative
system. The amount of energy obtained from PV systems is
closely related to the surface area of the installation converting
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solar energy into electrical energy. The concentrator serves as a
component for focusing solar radiation on silicon cells. It does not
convert solar radiation into electricity but rather acts as a
component of the system responsible solely for increasing the
efficiency of PV cells.

4 Conclusion

Dye concentrators are a solution that can be successfully applied
in countries where the scattering of solar radiation limits the
development of photovoltaics. Countries located in regions with
four seasons (spring, summer, autumn, and winter) could effectively
utilize the described solution to maximize energy -efficiency
throughout the year, especially during the winter period when
the scattering of solar highest. Dye
concentrators can also be used in countries located in regions

radiation is at its

with intense sunlight to increase the efficiency of solar cells. The
key properties of dyes include high stability, the ability to focus solar
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FIGURE 4
Average efficiency of PV cell in tested variants.

TABLE 7 Results of the second stage tests — changing surface of silicon cells and dye concentrator (Ei, energy obtained from the installation; Ssc, share of
silicon cells; Sdc, share of dye concentrator; Esc, energy obtained from silicon cells; EFFsc, efficiency per m? of silicon cells; EFFs, efficiency per m? of the
system; S, system).

Parameter Unit SO S1 S2 S3 S4 S5 S6
Ei kWh¢/year - m* of the system 76.4 63.7 433 352 28.0 204 15.3
Ssc % 100 75 44 31 21 12 7
Sdc % 0 25 56 69 79 88 93
Esc kWh¢/year - m? of the silicon cells 76.4 84.9 98.4 113.4 133.4 169.8 218.4
EFFsc % 15.00 16.67 19.32 22.26 26.19 33.33 42.86
EFFs % 15.0 12.5 8.5 6.9 5.5 4.0 3.0

radiation on the PV system, and long-term usability. This  However, the utilization of an LSC concentrator in the form of
technology can contribute to reducing the consumption of pigmented PMMA as a light-directing component for PV cells
materials used in the production of silicon cells, thereby  shows promise. The results presented in the article demonstrate
minimizing the environmental impact of the production process  the positive impact of using a dye concentrator, particularly in the
and waste generated throughout its lifecycle. The key aspects of this ~ form of luminescent PMMA. The tested cells showed an average
technology, which are still in the research phase, include: efficiency increase of 1.21% for red luminescent PMMA, 0.25% for
yellow luminescent PMMA, 0.41% for yellow pigmented PMMA,

o placement of the dye concentrator to maximize the efficiency ~ and 0.13% for red pigmented PMMA. Moreover, the results clearly

of the photovoltaic cell while minimizing the surface area of = suggest that implementing a dye concentrator in photovoltaic

the photovoltaic installation, technology can lead to an increase in current intensity. During

« optimal ratio of the concentrator to PV system components,  testing, the highest increase in Isc was observed with red

o dyes characterized by high stability and long-life cycle, luminescent PMMA and pigmented yellow PMMA. The study
developed based on environmentally friendly materials and  presents a basic laboratory-scale experiments. For this reason,

the principle of minimizing costs as much as possible. specific physical phenomena responsible for changes in the
efficiency of the photovoltaic system after adding the

The concept of concentrators is well-established in the  concentrator were not considered. The relationships between the
photovoltaic industry, typically in the form of mirrors and lenses.  share of the concentrator in the PV system and the efficiency of the
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cell and the efficiency of the PV system were, among others,
examined as part of multi-variant tests.

Based on these findings, the concentrator with the most
favorable properties was selected for the second stage of the
study, which turned out to be red luminescent PMMA. The next
part of the research allows checking the relationship between the
surface of solar cells and the dye concentrator in the photovoltaic
system and the efficiency of the cells and the entire PV system. For a
fixed area of the PV system, seven simulations were performed,
starting with a system whose area is 100% made up of solar cells, and
ending with a system where the cells occupy only 7% of the area and
the rest is the dye concentrator. The results clearly indicate two
trends. The first is a significant increase in the efficiency of the PV
cell and an increase in the energy obtained from it along with the
increase in the concentrator area. This is an almost threefold
increase in these parameters. The second one indicates a decrease
in the efficiency of the entire PV system and a decrease in the energy
obtained from the entire system under the same conditions. The
decrease in efficiency and energy obtained in this case is
approximately fivefold.

It can be concluded that this technology holds potential regarding
enhancement of solar cell efficiency especially for countries
experiencing all four seasons, with significant scattered irradiation
during the winter season. Additionally, the operational dynamics of
this technology in larger-scale modular systems need to be considered.
Each module comprises multiple cells connected in series and parallel,
with the efficiency of the module theoretically equivalent to that of the
weakest cell. Hence, enhancing the efficiency of several cells may not
produce the anticipated outcomes. It is crucial to maintain LSC
alongside the photovoltaic installation to avoid any potential
reduction in expected effects due to damage to either the
concentrator or the module. Furthermore, standard photovoltaic
solutions  necessitate  regular  maintenance to  eliminate
contaminants that accumulate on surface of the module.

The tested system was analyzed only on a laboratory scale. It has
the potential to be used in large power plants. Assuming a limited
area for the construction of a photovoltaic installation, the obvious
solution is to use traditional panels without a concentrator (for
example, on the roof surface). However, if the area occupied by the
installation is not severely limited, the use of a concentrator will
potentially allow for a reduction in the number of panels (less waste
after the end of the LCA use phase) or a greater amount of

energy obtained.
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