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Abstract. Silicon-based solar cells are currently the most widely used, accounting for 90.9% of the
global photovoltaic module production. Solar radiation in the wavelength range of 400 to 1200 nm
is effectively absorbed by crystalline silicon solar cells and converted into electrical energy, and the
remaining energy is converted into thermal energy. The efficiency of silicon-based solar cells is very
sensitive to temperature. For every 1 °C increase in the temperature of the photovoltaic panel, the
efficiency will decrease by 0.5—0.65%. Down-conversion nanoparticles can convert ultraviolet rays into
visible light that is easy for photovoltaic panels to absorb. This paper first established a thermodynamic
model for coating titanium dioxide nanoparticles with a grain size of 20 nm on the surface of crystalline
silicon solar panels and experimentally confirmed that this method can effectively reduce the operating
temperature of silicon-based photovoltaic panels while ensuring electrical performance.
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AnHoranuga. KpeMHueBble COTHEUHbIE 3JIEMEHTHI B HACTOsIlee BpeMsl HauboJjee IIMPOKO
pacnpoctpaHeHbl, cocTaBisiss 90,9% MUPOBOro MpPOU3BOACTBA (POTORIEKTPUUECKUX MOMIYJICHA.
CosnHeyHoe u3nyvyeHue B auanazoHe AIUH BojgH 1200—400 HM »¢hdeKTUBHO MOIJIOIAeTCS
KPUCTAJUTMYECKMUMHU  KPEMHMEBBIMU  COJTHEUHBIMU  3JIEeMEHTaMU U TMpeoOpas3yeTcss B
DJIEKTPUYCCKYIO SHEPIWIO, TOTAa KaK OCTaBIIAsICS SHEPTHS IIPeBpallacTCsd B TEIUIOBYIO.
DPheKTUBHOCTh KPEMHMEBBIX COJTHEUHBIX 3JIEMEHTOB KpaliHe YyBCTBUTEIbHA K TEMIIEpATypE.
I1pu noBbILLIEHUU TeMITepaTypbl (POTONEKTpUYECKOM naHean Ha Kaxablil 1°C 3¢ppeKTUBHOCTD
cuuxaerca Ha 0,5—0,65%. HaHowacTulbl OayH-KOHBEPCHUM CIIOCOOHBI IMPeoOpPa3OBbIBATH
yIbTpaUOIETOBbIE JYYM B BHMIMMBINA CBET, JIETKO IIOTJIOIIAeMBbId (DOTORIEKTPUICCKUMM
maHeassMu. B manHol paboTe BriepBbie pazpaboTaHa TepMOAMHAMUYECKAsT MOJEb HAaHECEHUS
HAHOYACTUIl IOMOKCHIA THUTaHa pasmepoM 20 HM Ha ITOBEPXHOCTh KPUCTAJUTMUCCKUX
KPEMHUEBBIX COJTHEUHBIX MaHeJIel, a TakKe dKCIEePUMEHTAIbHO MOATBEPXKICHO, YTO JaHHBIN
MeTon 2(PMEKTUBHO CHUXAET pabouyio TeMmepaTypy KpeMHUMEBBIX (DOTORIEKTPUUECKUX
MaHeJseil IIpU COXPAaHEHMH UX DJIEKTPOTEXHUUYECKUX XapaKTEePUCTHK.
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Introduction

The thermal energy in photovoltaic panels originates primarily from solar radiation. When
photons in the solar spectrum possess energy exceeding the bandgap energy (E ), only the portion
equivalent to E is utilized to drive the photoelectric effect and generate charge carriers, whereas
the surplus energy (hv — E) is dissipated as heat within the cell. As illustrated in Frg 1, sili-
con-based solar cells (E ={12 eV) exhibit high external quantum efficiency in the 450— 1000 nm
wavelength range. However ultraviolet radiation below 400 nm constitutes the dominant source
of thermal loss in these devrces [2].
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Fig. 1. External quantum efficiency of monocrystalline silicon solar cells

Titanium dioxide (TiO,) is a familiar n-type semiconductor with a wide bandgap of 3.2 €V in the
anatase phase, strong absorption of ultraviolet light, high chemical stability, non-toxicity, and high
photocatalytic activity [3, 4]. However, the main limiting factor of pure TiO, nanoparticles is its
ultrafast recombination rate of charge carriers (measured in nanoseconds). This is because there are
a large number of dangling bonds and defects on its surface, which dominates non-radiative recom-
bination, resulting in extremely low photoluminescence quantum efficiency. By selectively doping
rare earth ions into the TiO, matrix, it can slow down the recombination rate of electron-hole pairs,
resulting in unique persistent photoluminescence [5]. Coating rare earth-doped titanium dioxide
nanoparticles on the surface of solar cells can effectively convert ultraviolet light into visible light,
and its extremely small grains are transparent to visible light, thereby reducing the operating tem-
perature of solar cells and increasing the converted electrical energy [4—5].
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Materials and Methods

We first established a thermodynamic model for solar panels coated with Eu** doped TiO,
nanoparticles, providing a theoretical basis for the experiments. Fig. 2 shows the transfer of heat
and energy from a photovoltaic panel.
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Fig. 2. Schematic diagram of the thermodynamic system of photovoltaic panels

Obviously, the heat balance formula is:

Pheat - Ploss' ( 1 )

Total absorbed power of photovoltaic panels (AM1.5):

Pabs - AQSSO’ (2)

where A is photovoltaic panel area, Q, is the normal solar radiation, and ¢, is absorption capacity
of the surface of a photovoltaic panel.

Since the band gap of titanium dioxide nanoparticles is 3.0—3.2 eV, they have strong absorp-
tion capacity for UVA. The 20 nm grain size is much smaller than the wavelength of visible light
(400—700 nm), and the scattering effect is weak, so it is almost transparent to visible light and
infrared light. Energy absorbed by 20nm TiO, nanoparticles:

Py rio, = 405 '[gTiowV o + €Ti0, '(1 —Jor ):|a (3)

where f,, = 0.05 (the energy proportion of ultraviolet light in AM1.5), &, s absorption rate
of ultraviolet light by TiO, nanoparticles, roughly equal to 0.9, &, is abs8fption rate of TiO,
nanoparticles to visible light is roughly equal to 0.05. 20

The power absorbed by polysilicon is:

Pabs,Si =P, - Pabs,TiOZ' 4)
Photoluminescent power:
Py = Pabs,Tioz,UV MNp, = A0 “E1i0,.0r “Jor ‘Mer- (5)
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Reabsorption and escape power:

re—abs - PPLEQE(;\')’ (6)
I)escape :PPL I:I_EQE(A‘):Ia (7)
where FQE()) is external quantum efficiency.
Heat accumulation:
Pheat = szs,Si ' (1 - nSi ) + BJbs,TiOz ’ (1 - nPL ) + Re—abs ' (1 - T]Si ) (8)
Heat loss:
P, =2hA(T,~T,)+2ecA(T{ - T}), )

where & is convective heat transfer coefficient, assume # = 10 W/(m*K). T is photovol-
taic panel temperature, 7 is ambient temperature, 7 = 23 °C, ¢ is surface emissivity, ¢ is
Stefan-Boltzmann constant.

Based on the above formulas, we can derive the theoretical operating temperature of the solar
panel coated with Eu-doped TiO, nanoparticles at room temperature as 7, = 319.0K.

To better understand the effects of down-conversion photoluminescent nanoparticles on solar
panel operating temperatures, we initially developed a thermodynamic model for theoretical
analysis. Subsequent experimental validation confirmed the temperature-reduction capability of
this approach. For comparative testing, we exposed two 100 mm x 100 mm polycrystalline sili-
con solar panels (supplied by Telecom-STV Company) to AM1.5 midday sunlight for one hour:
Sample 1 coated with 20 nm Eu’**:1% doped TiO, nanoparticles, and Sample 2 as an uncoated
reference standard. Temperature measurements were recorded throughout the exposure period,
followed by electrical performance characterization using a CT-1000 solar module /—V tester.

Results and discussion

The actual measurement results show that the temperature of the solar panel covered with
Eu** doped TiO, nanoparticles is 1.8 K lower than the standard one. As shown in Fig. 3, the
open circuit voltage V. and short circuit current /. have increased slightly, and the photoelec-
tric conversion efficiency has increased by 0.6% (Table 1). The result obtained by theoretical
calculation based on the thermodynamic model is 2.5 K. The error of 0.7 K may be because the
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Fig. 3. Current-voltage (/I—V) curves of two samples
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Table 1

Parameters of the studied samples

sample | 7,K V.,V | I,A n

oc’? SC
1 319.7 | 0.574 | 3.561 | 19.5%
2 321.5 | 0.562 | 3.553 | 18.9%

model assumes that the nanoparticles are closely connected and 100% covered on the surface of
the solar cell. And all the photons emitted by the titanium dioxide nanoparticles are injected into
the silicon matrix. This shows that if the covering technology of the nanoparticles is improved
and the anti-reflection layer is added, the temperature of the solar panel can be lower and the
efficiency n can be higher.

Conclusion

The effects of down-conversion nanoparticles on both thermal regulation and electrical output
of solar cells were systematically investigated. Thermodynamic modeling and controlled exper-
iments demonstrated that this photoluminescent coating strategy reduced the module operating
temperature by 1.8 K while simultaneously increasing energy conversion efficiency by 0.6%.
However, the theoretical operating temperature remains 0.7 K lower than experimental measure-
ments, indicating that subsequent research requires improvements in the coating process for pho-
toluminescent layers and selection of materials with higher photoluminescence quantum yields.
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