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Abstract: There are many opportunities to increase the efficiency of photovoltaic cells. These
include solutions such as tracking mechanisms, hybrid systems or dye concentrators. Importantly,
their implementation can reduce the number of silicon cells in installations, leading to reduced
environmental impact. The principle of a dye concentrator is to focus sunlight onto the surface
of PV modules, increasing electricity production. In this study, the potential for increased PV cell
efficiency is investigated using a selected dye concentrator—tinted and luminescent acrylic glass
(polymethylmethacrylate, PMMA) in yellow and red colors. The experiment included multiple
measurement calibrations, such as the temperature of the silicon cell under test and the irradiation,
as well as different variants of PV systems consisting of a silicon cell and different types of PMMA.
Overall, the results show an increase in PV cell performance and the dependence of the increase on
the type of PMMA used. The most favorable of the PV systems tested appeared to be the combination
of a PV cell with a red luminescent PV, for which an average efficiency improvement of 1.21%
was obtained.

Keywords: photovoltaic cells; silicon cells; dye concentrator; renewable energy

1. Introduction

There are a number of techniques to effectively concentrate solar radiation on photo-
voltaic (PV) systems, thereby increasing their efficiency. Among these methods, a simple
approach to improving the efficiency of a PV system is the use of a sun-tracking mechanism.
This mechanism allows the system to rotate and optimally align itself with the position of
Sun on the horizon, ensuring that the silicon wafers are best matched to the sunlight [1–3].
Another method is hybrid photovoltaic-thermal systems, which are designed to generate
both electricity and heat, thus reducing the fluctuations in PV module output [4]. Various
concentrator technologies further facilitate the increased efficiency of photovoltaic systems.
One commonly used optical element is the Fresnel lens, available in flat, circular and
rectangular shapes. A study [5] suggests that circular lenses have better transmittance
(82%) compared to rectangular lenses (80%), and that the optical efficiency is closely related
to the focal length. Parabolic mirrors are another option for concentration. Challenges to
commercializing their use include the uneven distribution of solar flux across the receiver
surface, the elevated temperature of PV cells due to concentrated solar radiation and imper-
fections in reflective surfaces [6]. In most cases, performance-increment research is focused
on silicon cells. However, it is worth adding that other solutions, such as dye-sensitized
solar cells (DSSC) or perovskite solar cells, are also subject to optimization. Aftab et al. [7]
paid attention to MXene-modified electrodes. There are certain hopes associated with
them due to their potential to accelerate sustainable energy conversion and thus increase
the efficiency of DSSCs. Mai et al. received BEDCE material, which allows them to in-
crease the efficiency of the perovskite cell from 17.20% to 19.02% [8]. The increase in the
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efficiency of perovskite solar cells (PSCs) is also reported by Xu et al. [9]. The authors
studied PSCs containing formamidine (FA). An important problem with this technology is
phase instability. Researchers managed to improve the performance of FA-based PSCs by
treating the perovskite surface with pyrrolidinium hydride salts. The power conversion
efficiency comparison showed an increase from 18.21% to 19.62%. The increase in solar cell
temperature is one of the key issues inhibiting the use of concentrators. Therefore, there is
a need to develop solutions to improve system performance while ensuring temperature
stabilization [10,11].

One proposed solution is to use common pigments from the dye sensitized solar cell
(DSSC) industry as concentrators. Liquid concentrators in the form of natural dyes, typically
used in dye sensitized solar cells, could complement traditional silicon (1st generation) cells
to increase operational efficiency. However, it is important to note that although natural
dyes, especially those derived from a variety of plant sources, have minimal environmental
impact, they may not provide the same level of performance as metallic dyes commonly
used in DSSC cells [11–13]. The requirements for the dyes used as concentrators differ from
those used in DSSC cells. While the latter undergo chemical reactions to generate electricity,
concentrating dyes serve as lenses to focus solar radiation onto silicon cells [14]. Therefore,
the most important requirements for a dye concentrator include high stability in long-term
operation comparable to silicon cells and the ability to efficiently focus sunlight [15].

Luminescent solar concentrators (LSCs) offer many advantages over conventional
concentrator technologies. Most importantly, they can function without direct irradia-
tion, which is a key feature, especially in areas with diffuse natural light [10,16,17]. This
significantly increases their efficiency, making them ideal for photovoltaic installations.
Furthermore, the technology eliminates the need for sun-tracking mechanisms and other
specific components. Research indicates that luminescent solutions have the ability to ab-
sorb light across a broad spectrum of wavelengths [18]. LSC, which contains a luminescent
pigment, effectively refracts and absorbs sunlight, emitting it at longer wavelengths [18–20].
This process, known as the Stokes shift, determines the conversion between absorbed and
emitted light during fluorescence [16,21]. It should be noted that this technology, combining
irradiance concentration and light emission after Stokes shift, requires careful analysis of
the spectral response of the solar cell before implementation [20].

The use of a luminescent concentrator can reduce the cost of PV installations by reduc-
ing the use of active photovoltaic materials. Such designs most often consist of a plastic
wafer doped with transparent materials characterized by their luminescent ion content [22].
An example of such a photovoltaic LSC is a polymer wafer doped with a luminescent
material, together with PV cells fitted to the edge of the wafer. A polymethylmethacrylate
(PMMA) plate is a possible concentrator for LSCs [23].

In this study, an attempt is made to test the effect of incorporating the concentrator,
here PMMA of different types, into a PV system. Changes in the basic operating parameters
of the PV system, including its efficiency, are observed depending on the test variant. The
reference condition is a pure polycrystalline PV cell. Different types and colors of PMMA
wafers are matched to it in subsequent variants. The tests are carried out on a dedicated
laboratory stand, equipped with a device simulating the set process parameters. The
variable conditions in this case basically consisted of establishing a range of irradiation and
temperature combinations. The results presented in this paper are based on laboratory-
scale experiments, highlighting the need for further research to investigate the actual
implementation of the proposed solution.

2. Materials and Methods
2.1. Laboratory Stand

This section presents a dedicated laboratory stand and the parameters of the tested
polycrystalline silicon cell with an area of 25 cm2. The tests were performed under standard
test conditions (STC). For photovoltaic technology, the STC includes an irradiance of
1000 W/m2, an AM (air mass) of 1.5, and a device temperature of 25 ◦C. These standardized
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conditions streamline the comparison of results from the different technologies tested
around the world, allowing them to be evaluated. Each photovoltaic technology has unique
characteristics, with silicon cells and dye concentrators exhibiting distinct responses to
specific light spectra.

Table 1 summarizes the basic parameters of the monocrystalline silicon cells used in
the study.

Table 1. Parameters of the tested PV cell in standard testing conditions (STC).

Parameter Unit Value

Area cm2 25
Isc mA 948.05
Voc mV 639.10
Im mA 512.00
Vm mV 891.16
Pm mW 456.29
FF - 0.75
η % 18.25

The laboratory stand consists of the following elements:

• A Keithley SMU2401 gauge (Tektronix, USA) capable of measuring currents ranging
from 1 nA to 1 A and voltages up to 20 V.

• A measurement workstation equipped with an integrated SS05SA LED solar simulator
(Primelite, Germany). It enables precise control of temperature of the tested cell within
a range of 10–60 ◦C, facilitated by an air-cooled Peltier module. Also, it includes a
solar cell suction system and a Kelvin probe.

• An Auxiliary Unit ver. 3.0 with dedicated PC software (Tektronix, USA), which serves
as a computer station with specialized software that enables irradiation levels, cell
suction, control over temperature and probe functions.

Figure 1 shows the dedicated laboratory stand.
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In order to conduct a thorough analysis of enhancing the efficiency of silicon cells
through the utilization of dye concentrators, it is essential to take into account various
factors, including the light source. In natural settings, sunlight serves as the primary source
of irradiance, while in laboratory settings, a solar simulator is employed. The primary
objective of a solar simulator is to replicate conditions akin to those of natural sunlight.
Figure 2 illustrates the spectral irradiance distribution of natural light [24].
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Every technology utilized in photovoltaics possesses distinct characteristics; silicon
cells and dye concentrators exhibit varying responses to light across specific spectra. For
instance, silicon cells exhibit optimal responsiveness within the wavelength range of 800 to
950 nm, while Dye-Sensitized Solar Cells (DSSC) perform best between 550 and 650 nm.
Consequently, silicon cells operate with greater efficiency under red light, whereas DSSCs
(depending on the materials employed in their production) thrive in green or yellow light.
For these reasons, it was decided that red and yellow dye concentrators would be used for
the test.

Examples of elements used to concentrate sunlight in photovoltaics are PMMA (poly-
methyl methacrylate) concentrators. It is a type of plastic that can be formed into various
shapes and used as an optical material for concentrators. PMMA concentrators can take the
form of plates or lenses of appropriate shapes and dimensions that focus solar radiation on
the surface of photovoltaic cells. It is the material used in the study, here in red and yellow.
These elements are shown in Figure 3.

Initially, sunlight impinges upon the surface of the concentrator (1 natural irradiance),
where a portion of it is absorbed (3), while the remainder is reflected by the surface of the
concentrator (2). The absorbed light traverses through the material of the concentrator
(4), while the remaining portions are either absorbed or reflected by the pigments (9),
reabsorbed by adjacent dye molecules (5), or lost during transmission through the material
(10). The numbers in the diagram represent different processes: (6) denotes escape-cone
loss, (7) signifies transmitted radiation, and (8) represents non-radiative decay.

Figure 4 illustrates the operational mechanism of dye concentrator, demonstrating the
path of light.
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2.2. Method of Conducting Tests

The initial phase of the research involved determining the desired levels of irradiance
and temperature for the measurements. All results presented in the study represent the
average of a minimum of three consecutive measurements. This approach minimizes errors
resulting from fluctuations in light intensity. The fundamental characteristics of the cell
were assessed using the Keithley gauge and depicted in the form of I-V curves (current-
voltage curves) through dedicated PC software (Tektronix, USA). In the experiment, four
PMMA plates were employed as dye concentrators, encompassing the tested solar cell.
Each plate had a width of 2.5 cm, with two plates totaling a length of 5 cm and the other
two plates totaling a length of 10 cm.

The variants of the tested PV system are as follows:

S0—variant with PV cell,
S1—variant with PV cell and pigmented red PMMA,
S2—variant with PV cell and pigmented yellow PMMA,
S3—variant with PV cell and luminescent red PMMA,
S4—variant with PV cell and luminescent yellow PMMA.
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The variable operating parameters and their values are as follows:

irradiation—200 W/m2, 400 W/m2, 600 W/m2, 800 W/m2 and 1000 W/m2,
temperature—16 ◦C, 25 ◦C, 26 ◦C, 28 ◦C and 30 ◦C.

The basic parameters of the photovoltaic cell were studied;

• Average efficiency of PV cell η, %;
• Average power output Po,av, mW;
• Average open circuit voltage Voc,av, mV;
• Average short circuit current Iscc,av, mA.

Throughout the measurements, the irradiance remained stable within the assumed
ranges, with illumination levels varying by about 10 W/m2. This means that measure-
ments carried out with an irradiance of 1000 W/m2 could be carried out in the range of
990–1010 W/m2. The power output data can be calculated using the following formula:

Pm = A·Pin·η

where:

A—surface of the silicon cell, m2,
Pin—amount of solar radiation reaching the Earth, W/m2,
η—efficiency of the silicon cell.

3. Results and Discussion

A comparison of the results from the tests carried out in all variants is summa-
rized in Tables 2–5. In the first one, the results of the average efficiency of the PV cells
are summarized.

Table 2. Comparison of average efficiency of PV cell in tested variants.

Average Efficiency of PV Cell [%]

Irradiation [W/m2] Temperature [◦C] S0 S1 S2 S3 S4

200

16 19.15 18.75 18.60 20.33 19.28
25 18.26 18.48 18.63 19.66 18.10
26 18.07 18.33 18.32 19.25 18.00
28 18.02 18.25 18.43 19.21 18.25
30 17.88 18.07 18.40 18.94 18.26

400

16 19.06 19.10 19.41 20.25 19.13
25 18.01 18.31 18.59 19.41 18.61
26 18.23 18.18 18.54 19.38 18.37
28 17.86 18.06 18.20 19.28 18.15
30 17.74 17.96 18.44 19.03 18.14

600

16 18.91 19.01 19.21 19.98 19.00
25 18.06 18.21 18.48 19.34 18.38
26 18.12 18.17 18.48 19.34 18.42
28 17.95 18.10 18.39 19.19 18.26
30 17.76 17.95 18.24 19.02 18.06

800

16 18.92 19.09 19.37 20.01 19.07
25 18.10 18.29 18.59 19.33 18.41
26 18.18 18.22 18.61 19.42 18.48
28 18.00 18.15 18.45 19.22 18.31
30 17.86 18.01 18.26 19.03 18.12

1000

16 18.93 19.10 19.35 20.01 19.04
25 18.25 18.29 18.59 19.28 18.42
26 18.19 18.26 18.64 19.43 18.51
28 17.98 18.21 18.46 19.23 18.33
30 17.90 18.03 18.28 19.01 18.14
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Table 3. Comparison of average power output of PV cell in tested variants.

Average Power Output [mW]

Irradiation [W/m2] Temperature [◦C] S0 S1 S2 S3 S4

200

16 95.20 93.22 92.83 101.12 97.52
25 91.04 91.91 93.53 97.33 89.39
26 89.48 92.00 90.62 95.17 89.41
28 89.93 90.86 91.23 96.29 90.65
30 89.72 90.65 92.29 94.65 91.62

400

16 190.11 189.74 193.86 201.58 190.22
25 179.52 183.26 186.13 193.85 185.11
26 181.75 181.85 183.54 192.90 182.77
28 177.85 180.38 180.91 192.42 180.31
30 176.22 178.36 183.89 189.30 179.96

600

16 283.46 285.22 239.47 300.38 286.29
25 270.34 273.49 230.45 289.77 275.47
26 272.55 271.97 230.64 290.74 276.63
28 269.08 272.54 275.30 288.73 273.66
30 267.85 269.79 274.56 285.80 271.97

800

16 377.96 380.46 387.21 399.91 380.81
25 361.95 365.02 371.13 385.98 367.33
26 363.21 363.55 370.85 387.22 368.59
28 359.46 362.95 368.62 384.86 365.87
30 357.24 359.37 364.34 379.69 362.35

1000

16 473.44 476.32 484.19 499.76 476.06
25 456.56 455.81 464.94 482.34 460.05
26 455.66 455.94 465.19 484.80 461.62
28 450.25 454.96 461.44 480.61 458.75
30 446.74 449.74 456.44 475.96 452.96

Table 4. Comparison of average open circuit voltage of PV cell in tested variants.

Average Open Circuit Voltage [mV]

Irradiation [W/m2] Temperature [◦C] S0 S1 S2 S3 S4

200

16 612.07 612.10 610.00 613.17 613.07
25 493.03 592.30 593.13 594.37 592.50
26 590.47 590.90 590.02 592.37 591.07
28 586.43 586.27 587.12 587.87 587.27
30 567.80 582.63 185.59 584.70 582.83

400

16 631.63 632.10 632.57 633.93 631.73
25 612.70 612.67 613.43 614.67 613.47
26 610.70 610.30 611.93 612.77 610.97
28 606.87 607.10 607.53 608.90 606.90
30 602.43 603.10 603.57 604.53 603.07

600

16 643.30 643.37 643.73 644.63 643.20
25 624.50 624.53 625.20 626.27 625.00
26 623.03 622.77 623.50 624.53 623.27
28 619.03 619.17 619.37 620.40 619.20
30 615.23 615.10 615.73 616.73 615.43

800

16 651.17 651.13 651.70 643.50 651.50
25 632.77 633.03 633.23 634.40 633.03
26 631.23 631.17 631.40 632.60 631.33
28 627.17 627.33 627.77 628.80 627.60
30 623.47 623.33 623.73 624.97 623.70
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Table 4. Cont.

Average Open Circuit Voltage [mV]

Irradiation [W/m2] Temperature [◦C] S0 S1 S2 S3 S4

1000

16 657.13 657.40 657.63 658.60 757.53
25 639.23 639.03 639.47 640.80 639.63
26 637.50 637.27 637.90 639.13 637.73
28 633.53 648.40 635.00 635.10 633.93
30 629.63 630.03 630.27 631.47 630.20

Table 5. Comparison of average short circuit current of PV cell in tested variants.

Average Short Circuit Current [mA]

Irradiation [W/m2] Temperature [◦C] S0 S1 S2 S3 S4

200

16 184.10 184.17 189.16 195.40 187.54
25 187.41 188.46 192.45 197.03 186.66
26 183.95 181.56 190.63 190.46 184.56
28 183.67 182.84 186.17 195.75 185.71
30 183.20 184.66 30.76 198.53 186.65

400

16 377.36 375.93 383.90 396.58 375.59
25 369.72 374.48 382.09 396.66 382.94
26 375.69 377.45 379.41 395.44 373.11
28 368.27 377.46 379.69 402.41 378.19
30 373.33 378.46 382.98 395.63 377.41

600

16 565.76 569.39 579.49 602.53 575.54
25 562.37 566.81 579.34 602.69 573.03
26 565.04 564.01 580.82 603.36 572.77
28 564.27 570.34 575.24 606.47 570.30
30 567.27 568.94 579.68 606.30 574.73

800

16 756.27 760.25 775.19 802.62 763.62
25 752.83 759.34 774.28 806.28 766.12
26 752.41 754.78 770.71 806.29 766.41
28 751.92 759.23 772.56 807.06 766.20
30 753.72 761.24 771.73 805.56 768.05

1000

16 953.64 958.02 978.29 1011.00 959.93
25 948.08 956.63 977.67 1017.00 966.01
26 950.55 950.51 971.43 1015.67 963.66
28 948.07 957.78 972.30 1016.33 966.27
30 949.66 956.55 974.35 1019.00 966.42

Comparing the average PV cell efficiency obtained for the standard configuration
using only clear polycrystalline silicon cells with the results obtained for the other variants,
some changes can be observed. In most cases, the inclusion of a PMMA concentrator in the
PV system increased efficiency. For red, pigmented PMMA (S1), we observe a change in
efficiency in the range of −0.4% to +0.26%. The negative values are particularly pronounced
under low irradiance and temperature conditions. For yellow PMMA (S2), the efficiency
differences range from −0.54% to +0.7%. It is worth noting that the negative values for
yellow PMMA were only observed under extremely low irradiance conditions (200 W/m2)
and at 16 ◦C. These findings suggest that PMMA with a low yellow pigment content may
exhibit better light-bending properties compared to its red counterpart. When analyzing the
results for systems using yellow and red luminescent PMMA, we observe a clear advantage
for the system containing red luminescent PMMA. The red luminescent PMMA (S3) shows
an average increase in performance of 1.21%, significantly exceeding the increase recorded
for the yellow luminescent PMMA (S4), which averages 0.25%.

Tables 3–5 present average power output, average open circuit voltage and average
short circuit current.
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Comparing the current and voltage results for S1–S4 variants with those of the PV
system without concentrators, it can be seen that the voltage variations are within the error
margin of the measuring instrument. For the yellow, pigmented PMMA (S2), the average
increase in Isc is about 14.24 mA, accompanied by a corresponding increase of 1.05 mV for
Voc. For red, pigmented PMMA (S1), the results show a slightly lower increase of 3.63 mA
for Isc and about 1.21 mV for Voc. For luminescent PMMA, minimal changes in Voc were
observed, namely 1.89 mV for red (S3) and 0.9 mV for yellow (S4). However, the most
noticeable change is observed in the current values, averaging about 14.24 mA for yellow
(S4) and 38.5 mA for red (S3). These results confirm the literature thesis suggesting that
the use of luminescent concentrators results in higher current values in the tested system.
Comparing pigmented and luminescent concentrators, the pigmented yellow PMMA (S2)
shows better characteristics than its luminescent counterpart (S4). The reverse is true when
comparing red concentrators. Higher results were obtained for the luminescent PMMA
variant (S3). This highlights the importance of a thorough technology analysis before
implementing a luminescent concentrator.

Figure 5 graphically summarizes the average PV cell efficiency values obtained for all
variants and parameters of the operating test.
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Analyzing the overview, there is a clear advantage of the variant with red, luminescent
PMMA (S3) over the others in terms of PV cell efficiency. The results obtained here can
be considered in terms of both the highest efficiency and the highest increase with respect
to the system without concentrators. In the first case, the highest average efficiency of
the S3 variant was achieved under conditions of 16 ◦C and irradiation of 200 W/m2. The
peak efficiency increase in the S3 variant was recorded for a temperature of 28 ◦C and
irradiation of 400 W/m2, reaching 1.42%. All of the results using the red luminescent
PMMA show an improvement in the performance of the silicon cell. The situation is
slightly different for the other variants. The average performance here is at a similar level,
but it is nevertheless possible to single out the S2 variant, i.e., with yellow pigmented
PMMA, as the most favorable. The highest efficiency for the S2 variant was obtained at
16 ◦C and for an irradiation of 400 W/m2, while the highest increase in efficiency with
respect to S0 is achieved at the same irradiation level, but at 25 ◦C. For this case, the increase
is 0.58%. It is worth noting that three of the five measurements for the yellow option at the
lowest irradiance level gave negative values.
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Figures 6 and 7 show a graphical comparison of average power output, average open
circuit voltage and average short circuit current for the variants with favorable performance
results, namely S2 and S3. These are compared with the reference condition, S0.
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4. Conclusions

Renewable energy technologies will undoubtedly continue to improve, striving for
ever higher energy yields. The concept of concentrators in PV systems is already well-
established in the industry and typically uses mirrors and lenses. The implementation
of luminescent solar concentrators (LSCs) as a light-directing element is promising. It is
a viable solution for the regions where the scattering of solar radiation constrains pho-
tovoltaic development. Nations experiencing four seasons could effectively deploy this
solution to optimize energy efficiency year-round, particularly during the winter when
solar radiation scattering peaks. Moreover, countries in sun-drenched regions can leverage
dye concentrators to bolster PV cell efficiency. Key attributes of the dye concentrators
include high stability, efficient solar radiation focus on PV systems, and prolonged usability.
This technology aids in reducing material consumption in silicon cell production, thus
minimizing environmental impact and lifecycle waste.
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The results presented in this study highlight the potential of dye concentrators, par-
ticularly in the form of luminescent PMMA. Efficiency improvements were obtained for
each of the silicon cell and PMMA combinations tested. The most favorable variant was the
system with red luminescent PMMA, for which an average increase of 1.21% was achieved.
The second result was obtained for the variant using yellow-pigmented PMMA. In this
case, the average increase in performance was 0.39%. The least beneficial systems were
those with red-pigmented PMMA (0.13% average efficiency improvement) and yellow,
luminescent PMMA (0.24% average efficiency improvement).

Although seemingly modest, it should be noted that this solution can be seamlessly
integrated into existing silicon photovoltaic technology commonly used in the power sector.
Questions need to be answered regarding the integration of this technology into whole
photovoltaic modules. Given that module efficiency is theoretically limited by the efficiency
of the weakest cell, increasing the efficiency of multiple cells may not yield the desired
results. In addition, both the concentrator and the module must be carefully maintained
to prevent damage that could reduce performance. This highlights the importance of
ongoing research and development to optimize the effectiveness of this technology in
real-world applications.
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