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Abstract. Solar radiation is an environmentally friendly and affordable energy source with high
release of energy. The use of a photovoltaic thermoelectric battery makes it possible to increase
the efficiency of converting solar and thermal radiation into electrical energy, both on serene
and cloudy days. An original battery structure with photovoltaic and thermoelectric converters
is proposed. The 3D model of the proposed photovoltaic thermoelectric battery was realized in
the COMSOL Multiphysics software environment with the use of a heat transfer module.
The simulation was performed for the geographical coordinates of Minsk and taking into account the
diurnal and seasonal variations of both the ambient temperature and the power density of the con-
centrated AM1.5 solar spectrum, the maximum value of which being varied from 1 to 500 kW/m?
The dependences of the maximum temperature values of the photovoltaic thermoelectric battery
and the thermoelectric converters as well as temperature gradient patterns in the thermoelectric
converters have been calculated. The dependences of the maximum temperature gradient values
inside the thermoelectric converters on the solar power density are obtained. The graphs of
the temperature gradients inside the thermoelectric converters of the photovoltaic thermoelectric
battery by concentrated solar radiation versus the time of day in the middle of July and January
are provided. It is shown that the output voltage increases up to the maximum values of 635
and 780 mV, respectively, in January and in July were achieved due to the temperature stabili-
zation of the back side of the external electrodes of the proposed device

Keywords: thermoelectric converter on the basis of CulnSe,, numerical simulation, COMSOL
Multiphysics, solar radiation concentrator, solar power density, temperature stabilization, tempera-
ture gradient, output voltage amplitude
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B DJIEKTPUYECKYIO SHEPTHIO KakK B SICHBIC, TAK U B TACMYypPHEIE MHU. B nanHOl pabore mpemoskeHa
OpHTHHAJIbHAS CTPYKTypa Oarapen ¢ GpOoTo- M TepMOdIEKTPHISCKUMHU HpeodpazoBaTesiMu. Tpex-
MepHasi MoJeNnb (POTOTepPMO3IEKTPUUECKOil OaTapen peain30BaHa B MPOrPaMMHOM 00ECIIeueHUH
COMSOL Multiphysics ¢ ucronezoBanuem Moyt «Teruonepenaya». MoaenIupoBaHiue POBO-
JIMIIOCH I Teorpaduieckux KOOpANHAT I'. MUHCKA ¢ y9€TOM CYTOYHOTO M CE30HHOTO U3MEHEHHH
TEMITepaTyphl OKPYKaIOIIEeH cpe/ibl U INIOTHOCTH MOIIHOCTY KOHIIEHTPUPOBAHHOTO COTHEYHOTO H3IIY-
wenms criektpa AM1.5, MaKCHManbHOE 3HAYCHHE KOTOPOil BapbHpOBaNoch oT 1 g0 500 kBr/™2
PaccunTanbl 3aBUCHMOCTH MaKCHMAJBHBIX 3HAYEHHH TeMIlepaTypbl ()OTOTEPMOIIEKTPHUECCKON
Garapen, TEPMOAJIEKTPUYECKHUX IpeoOpa3oBarelield, a Takke Mpo(IIN pacipeieseHus TpaanueH-
Ta TEMIEpaTypbl B TEPMOVICKTPUYECKHX IpeoOpasoBarensix. I1oaydeHbl 3aBUCHMOCTH MaKCH-
MaJIbHBIX 3HAYEHHMII IPaIMeHTa TeMIepaTypbl BHYTPU TEPMOIICKTPHYECKUX IpeodpaszoBareineii ot
IUTOTHOCTH MOIIHOCTHU COJIHEYHOTO M3iydeHus. [locTpoeHs! rpaduky 3aBHCHMOCTEN IrpaJHeHTOB
TEMIIepaTypbl BHYTPU TEPMOIEKTPUIECKOTO Ipeobpa3oBarelisi (OTOTEPMOIIEKTPUIECKOH Oara-
peu IpH BO3EHCTBUM KOHLEHTPUPOBAHHOTO COJHEYHOI'O H3JIyYCHHUs OT BPEMEHH CYTOK B cepe-
JMHe uions U sHBaps. [TokazaHo, 4TO 3a CHET TepPMOCTaOWIM3ALMY ThUIBHOH CTOPOHBI BHEILIHHUX
JIEKTPOIOB NPEATI0KEHHOTO YCTPOICTBA YNAJIOCh JOCTHYD YBEIHUECHHS BBHIXOAHOTO HAIPSKEHUS
JI0 MaKCUMaJIbHBIX 3HaueHui 635 MB B sHBape u 780 MB B urone.

KiroueBble ciloBa: TepMO3JIEKTpUUSCKHI NpeoOpa3oBaTens Ha ocHoBe CulnSe,, uncieHHoe Mo-
nempoBanre, COMSOL Multiphysics, KOHIEHTPAaTOp COJHEYHOTO U3ITy4EHHS, IUIOTHOCTH MOII-
HOCTH COJIHEYHOTO M3IIy4eHHMsI, CTaOMIM3aIys TeMIIEPaTyphl, TPAANCHT TeMIIepaTyphl, aMIUIUTY1a
BBIXOJIHOTO HAIPSKEHUS

Jnst untupoBaHus: MojaenupoBaHHe XapaKTePUCTHK (GOTOTEpMOdNIEKTpUdeckoil Garapen /
A. K. Ecman [u np.] // Dnepeemuxa. H3ze. gvicui. yuebd. 3asedenuii u snepe. oo6veounenusi CHI.
2021. T. 64, Ne 3. C. 250-258. https://doi.org/10.21122/1029-7448-2021-64-3-250-258

Introduction

A special place among alternative and renewable energy sources is occupied
by photovoltaic (PV) batteries [1-4] due to their minimal negative impact on the
environment. Despite the improvement of the technology for the production of
solar cells (SCs) and the manufacture of new structures of semiconductor mate-
rials, scientists continue to search for other possibilities for more rational struc-
tures and algorithms for the operation of PV batteries. One of the reasons of the
decrease in the efficiency of SCs is that part of the absorbed energy is converted
into heat, which can lead to overheating of both single SCs and the entire
battery; moreover, performance characteristics deterioration and their service life
decrease can occur when using solar radiation concentrators [5-7].

The purpose of this paper is to develop and realize a 3D model of the PV
thermoelectric battery in the COMSOL Multiphysics software environment,
to calculate and evaluate its temperature characteristics and output voltage
obtained under conditions of the diurnal and seasonal variations of the ambient
temperature and the power density of the concentrated solar radiation.
The search for ways to improve the conversion efficiency of solar energy into
electric energy has been carried out.

Construction of the photovoltaic thermoelectric battery

The structure of the proposed PV thermoelectric battery is shown in the
Fig. 1 [8]. In it, semiconductor PV cells 1 are interconnected through molyb-
denum metal layers 5 ((x = 25-90 um) x (y = 1000 pm) x (z = 700-1000 pm)



A. K. Ecman, I'. JI. 3vikos, B. A. [lomauuy, B. K. Kynewos
252 MopenupoBaHie XapaKTEpPUCTHK (POTOTEPMOIICKTPHICCKOM OaTapern

in size, see Fig. 1, 2), which located at the interface between these elements. Each
of the PV cells includes diffusion doped p-type 2 and n-type 3 silicon layers (the
size of each layer is (x = 0.8 um) x (y = 1000 um) x (z = 500 um)). TiO, structured
dielectric coating 4 ((x =300 um) x (y =1000 pm) x (z=0.5 um) in size) are
deposited on the front side of diffusion doped p-type and n-type silicon layers, as
well as on silicon semiconductor material 6 ((x = 298.4 um) x (y = 1000 um) x
X (z = 0.5 pm) in size). Aluminum mirror coatings 7 are located on the front exter-
nal surface of the metal layers and are optically connected through structured
dielectric coatings to the diffusion doped p-type and n-type silicon layers, as well
as to the semiconductor material of PV cells. CulnSe,-based thermoelectric con-
verters 8 with external 10 and internal 11 molybdenum electrodes are thermally
connected to the molybdenum metal layers through Al,Os-based dielectric
layers 9 ((x = 27-92 um) x (y = 1000 um) x (z = 1 um) in size).

Fig. 1. The photovoltaic thermoelectric battery structure: 1 — PV cell;

2, 3 —diffusion doped p- and n-type silicon layers respectively; 4 — TiO, structured dielectric
coating; 5 — molybdenum metal layer; 6 — silicon semiconductor material; 7 — aluminum mirror
coating; 8 — CulnSe,-based thermoelectric converter; 9 — Al,O3z-based dielectric layer;

10, 11 - external and internal molybdenum electrodes respectively

& _ P2k, S0 OS2 5 1000mbe_MisbkT 150720« 128+ 235 Tnoll0Tacenstongh - COMSOL Multiphysics o =
¥ |
i — gy OB T
| A = ;| W &
[ Buid Mesh  Compute Stedy Add | Temperstwe AddFiot | Windows Reset
ne  Physcs | Meh 1« 1+ Shady 'n.;.. [ = Desktop -
( 1€ i -8
¥ I ¥-MmE- £itamal Aagiatan Source RN pe e eREcan HdEE «EEE:
< & PYRImbon S00mkm TiOSmimSt2 5e 1000m «Do aE

4 ([T Gobal Defintions Fquation
¥ Parameter:
W Bl . T ioent = Direet Imadaticn Secres

£ Materias Seurce posion:
4 (@ Cemponent 1 fespll

Solar pasitien =

Lesation defined by:
Counlnates

" Ratitude {+ 1o 4, | Longtude [+ to Ll b Teme zone (UK
i Thermal Insulation 1 a1 a0 17 5686834 3

Lxsemal Rackation Souce 1 x10%m #
; Tempe e

= Heat Fun 1 " owy Hontn Year
= Dilliie Surface Mo = o 00

" veur Miute Second

] Uipdiate e frem sobver
Seler inadianee

o | Mser defined

Fig. 2. Screenshot of the setting window of the external radiation source
by using the Solar Position option in the COMSOL Multiphysics



A. K. Esman, G. L. Zykov, V. A. Potachits, V. K. Kuleshov
Simulation of Photovoltaic Thermoelectric Battery Characteristics 253

Operation algorithm
of the photovoltaic thermoelectric battery

The PV thermoelectric battery works as follows. The input solar radiation,
incident on the surface of the structured dielectric coating, penetrates through
it directly (Fig. 1, rays I) and after reflection from the mirror coating (Fig. 1,
rays Il). Therefore, due to the antireflection effect of the structured dielectric
coating, this radiation enters almost completely into the PV cells and is absorbed
in them, which causes photogeneration of charge carriers. One part of the gene-
rated charges is separated by the fields of the p—n junctions of the PV cells. This
leads to the generation of the photo-ElectroMotive Force (photo-EMF). Another
part of the generated charges recombines. This provides the heating of the semi-
conductor material. The thermal energy of the semiconductor material, due to
the heat transfer, heats the metal layers in respect of the ambient temperature.
As a result, the temperature gradient arises inside the thermoelectric converters,
since the external electrodes are kept at the ambient temperature. This causes
the appearance of the corresponding thermo-EMF and thereby increases the
efficiency of the device.

Computer simulation

The COMSOL Multiphysics software environment was used to simulate
the characteristics of the proposed PV thermoelectric battery. This software
environment allows taking into account all of the specified and/or variable
parameters when solving most applied problems. The simulation was performed
using the heat transfer module of this software environment [9-13], in which the
developed numerical model of the PV thermoelectric battery was implemented
and its characteristics were calculated in the presence and absence of its tempe-
rature stabilization. The presence of the temperature stabilization means that
the temperature of the external electrodes 10 is kept equal to the ambient tem-
perature. The calculations were performed for the geographical coordinates
of Minsk. The simulation was performed taking into account the diurnal and
seasonal variations of both the ambient temperature and the power density of
the AM1.5 solar spectrum, the maximum values of which manually ranged
from 1 to 500 kW/m? (Fig. 2, see area, marked by red ellipse) by using concent-
rators. In climatology, the diurnal variation of the ambient temperature is usually
considered. This diurnal variation is averaged over long-term period, when non-
periodic temperature changes offset each other and the diurnal variation curve
of the ambient temperature follows a simple 24-hour periodic sinusoidal distri-
bution around the average temperature:

Tomp (1) = Tayg + AT cos(Zn t 241,4}

where Ty, AT stand for two adjustable parameters corresponding to the average
temperature and half diurnal temperature variation, respectively; t stands for the
variable time in hours.
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The above-mentioned function is used when performing simulation. Average
minimum (T,q — AT) and average maximum (Tag + AT) monthly ambient tem-
peratures data in Minsk were taken from the site: http://belmeteo.net. In addi-
tion, the solar radiation incident angles on the battery were determined by the
geographic location and time of day [9].

Thus, the PV thermoelectric battery was divided into finite tetrahedral ele-
ments in the simulation (Fig. 3). The grid density of each layer was customized
by taking into account the tetrahedron geometry by selecting one of the preset
modes: from extremely fine to extremely rough. If it is necessary to use a finer
grid in any area, the partitioning was performed by manually setting. The pro-
gram facilities enable to handle and visualize calculated numerical data for all
the reviewed operating regimes of the PV thermoelectric battery.

HEE E e FBL i SO0vkrn TR0 S L S A D00mirm_Mindd 71507 20+ 130+ 2361 mgh - COMSOL Multiphysies = 80 IETN
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Fig. 3. Screenshot of the mesh operation of the PV thermoelectric battery
in the COMSOL Multiphysics

Analysis of the results

According to the results, the uneven heating of both the surface and inter-
nal layers of the PV thermoelectric battery without temperature stabilization
occurs during its operation under conditions of diurnal and seasonal variations
of the ambient temperature and the solar radiation power density. The in-
crease in the solar power density, the maximum value of which is varied
within 1 kW/m® < Prax < 500 KW/m?, leads to the temperature variations of
the PV thermoelectric battery in the range from 36.5 °C to temperatures corres-
ponding to its failure. As it follows from [4, 14, 15], the operating temperatures
of the PV thermoelectric batteries in various systems can vary from 25 to 60 °C,
depending on the used materials, design features and the solar radiation concen-
tration. The temperature stabilization of the back side of the external electrodes
of the PV thermoelectric battery at the ambient temperature makes it possible to
reduce the operating temperature (up to +22.8 °C in January and up to +48.2 °C
in July at Prax = 500 kW/m? (Fig. 4, curve 1) of this battery and, in particular,
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the operating temperature (up to —0.7 °C in January and up to 24.7 °C in July,
when P,z = 500 KW/m? (Fig. 4, curve 2) of the thermoelectric converter and to
increase the temperature gradient (by a factor of 7.6 in July and 10.9 in January,
when Ppa = 500 KW/m? (Fig. 5, curves 2, 2')) inside the thermoelectric conver-
ters. It should be noted that a significant temperature gradient occurs inside
thermoelectric converters regardless of the ambient temperature (Fig. 6).
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Fig. 4. The maximum operating temperature Fig. 5. The maximum values of the temperature
values of the PV thermoelectric battery gradient inside the thermoelectric converters
(curve 1) and its CulnSe,-based thermoelectric of the PV thermoelectric battery without
converter (curve 2) in case of the temperature (curves 1, 1") and with (curves 2, 2")
stabilization of the back side of the external the temperature stabilization of the back side
electrodes in the middle of July versus the solar of the external electrodes in the middle
power density, the maximum value of which of January (curves 1', 2') and July (curves 1, 2)
is varied from 1 to 500 kW/m? versus the solar power density, the maximum

value of which is varied from 1 to 500 kW/m?

x10°

Fig. 6. The temperature gradient patterns inside the thermoelectric converter
of the PV thermoelectric battery in one of the cross sections parallel to the XZ plane
under concentrated solar radiation conditions with maximum power density of 500 k\W/m?
at 12 o’clock in the middle of: a — January; b — July
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Our calculations allowed us to estimate how much the amount of incident
solar radiation on the southeast and southwest sides of the PV thermoelectric
battery differs between themselves and from the amount of incident solar radia-
tion on the other sides. At the same time, at about 12 o’clock the southeast side
receives this amount of solar radiation, and at about 14 o’clock the southwest
side receives this amount of solar radiation. As a result, without taking into
account cloudiness, the temperature gradients reach maximum values at the begin-
ning (at about 12 o’clock) on the southeast side and then (at about 14 o’clock) on
the southwest side. The temperature gradients are lower by ~12 % on the north-
east and northwest sides. The dependences of the temperature gradients are pre-
sented only for the southeast side of the thermoelectric converters. For all other
sides, the dependences of the temperature gradients are similar in appea-
rance, only are shifted in time (northwest and southwest sides) and/or are lower
(northeast and northwest sides).

Fig. 7 shows the diurnal changes of the temperature gradients inside
the thermoelectric converter of the PV thermoelectric battery under conditions
of irradiation of its surface by the concentrated solar radiation with the maxi-
mum power density values of 1 and 500 kW/m? in July (curve 1) and January
(curve 2). As follows from the graphs shown in Fig. 7, the maximum tempe-
rature gradient values are reached at about 12 o’clock in the middle of January
(2.5 - 10° K/m) and in the middle of July (2 - 10° K/m). In January the maximum
temperature gradient values are about 20 % higher than in July (Fig. 5, 7), which
caused, on the one hand, by the temperature stabilization of the back side of the
external electrodes of the PV thermoelectric battery at the ambient temperature,
which in January is lower than in July, and, on the other hand, by the concen-
trated solar radiation exposure on all cells of the PV thermoelectric battery
throughout the daylight hours. However, owing to the daylight hours in July
are longer than in January, the total energy gain, obtained throughout the day
in July, inside the thermoelectric converters of the PV thermoelectric battery
is greater than in January.
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Fig. 7. The temperature gradients inside the thermoelectric converter of the PV thermoelectric
battery under exposure of the concentrated solar radiation versus the time of day in the middle
of July (curve 1) and in the middle of January (curve 2) with maximum power density:

a- 1 kw/m? b - 500 kW/m?
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The reached maximum values of the temperature gradients (Fig. 7) between
the external and internal electrodes of the thermoelectric converters of the PV
thermoelectric battery under exposure of the concentrated solar radiation
with maximum power density of 500 kW/m? lead to the fact that the potential
difference generated between these electrodes in January and July also reaches
maximum values of 81.1 and 64.9 mV, respectively, at about 12 o’clock.
The total generated potential difference throughout the day (at Py = 500 kKW/m?)
in the middle of January and in the middle of July is 635 and 780 mV, res-
pectively.

CONCLUSION

The 3D model of the proposed PV thermoelectric battery was developed and
realized in the COMSOL Multiphysics software environment. Using this model,
the temperature characteristics and output voltages of the proposed PV thermo-
electric battery were calculated and evaluated under conditions of the diurnal
and seasonal variations of the ambient temperature and the power density of the
AML.5 solar spectrum. In these conditions, the values of the solar power density
were varied by using concentrators, and their maximum values were varied in
the range from 1 to 500 kW/m?. The temperature stabilization of the back side of
the external electrodes of the PV thermoelectric battery at the ambient tempera-
ture makes it possible to reduce the uneven heating of the surface and to reduce
the operating temperature of the PV thermoelectric battery (up to +22.8 °C
in January and up to +48.2 °C in July at the maximum value of the concentrated
solar power density P, = 500 kW/m?) and to increase the temperature gradient
(by a factor of 7.6 in July and 10.9 in January, when Py = 500 kW/m?) inside
the thermoelectric converters. Calculations have shown that the maximum
values of the temperature gradient of the PV thermoelectric battery in January
are about 20 % higher than in July. However, the total energy gain, obtained
throughout the day in July, inside the thermoelectric converters of the PV ther-
moelectric battery is greater than in January. In this case, the amplitude of the
output voltage generated by the thermoelectric converter reaches maximum
values of 81.1 mV (in January) and 64.9 mV (in July) at about 12 o’clock.
The total amplitude of the output voltage of the PV thermoelectric battery gene-
rated by the thermoelectric converter throughout the day (at Ppax = 500 KW/m?)
in the middle of January and in the middle of July is 635 and 780 mV, respec-
tively. The carried out analysis has shown that under conditions of intense
irradiation, the examined PV thermoelectric battery allows not only to increase
the energy release per unit area, but also to increase the efficiency.
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