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Influence of Climatic Parameters on the Photovoltaic Conversion Efficiency
of a Polycrystalline Solar Panel

The efficiency of electricity generation by solar panels depends on many factors, one of which is the tempera-
ture of the semiconductor layer. An increase in this parameter leads to a decrease in the efficiency of the
module, since the speed of electron movement increases, therefore, the resistance increases. Conversely, the
lower the temperature of the silicon cells, the lower the resistance and the higher the efficiency. However, the
temperature of the silicon cells depends on a number of parameters: wind speeds, insolation, and ambient
temperatures. Therefore, depending on the region and time of year, the same solar module will have different
performance. Based on this, an urgent issue when planning the use of solar panels is the possibility of deter-
mining how much the efficiency of photovoltaic conversion in a particular area will decrease. Therefore, to
study the variability of efficiency indicators, a simulation of the temperature change of the semiconductor
layer of the polycrystalline solar panel KZPV 220 M60 was carried out, taking into account climatic parame-
ters in winter and summer days for three cities of Kazakhstan — Petropavlovsk, Karaganda and Shymkent.
As a result of modeling, it was found that on July 12, solar cells reach their maximum temperature of 64.4 °C
in Shymkent, 49.8 °C in Karaganda and 52.1 °C in Petropavlovsk, while efficiency decreases by 2.7 %, 1.7 %
and 1.8 %, respectively, relative to the efficiency of the solar module under standard conditions (insolation
1000 W/m>, temperature 25 °C, spectrum 4M = 1.5). At the same time, on December 12, T;,,,: in Shymkent
11.5 °C, in Karaganda — 15.8 °C, in Petropavlovsk — 16.7 °C, and efficiency increases by 0.9 %, 2.7 %,
2.8 %, respectively.

Keywords: solar panel, photocells, temperature, wind speed, insolation, efficiency, atmospheric mass, zenith
angle

Introduction

Solar energy has many disadvantages, such as: high cost, dependence on the location of photovoltaic
panels, toxic components of solar cells, dependence of the production of photovoltaic panels on the time of
day, time of year, the presence of rain and cloudy weather, a decrease in the efficiency of the panel with an
increase in its temperature. However, despite all these disadvantages, solar energy is a promising source of
electric energy due to the fact that the technology and composition of solar cells and their efficiency are con-
stantly being improved [1].

The performance of solar panels is not constant. Also photovoltaic conversion efficiency is influenced
by various factors: reflectance, thermodynamic efficiency, and charge carrier separation efficiency, charge
carrier collection efficiency, quality of materials, surface contamination and climatic conditions.

Theoretically, the limit of thermodynamic efficiency, equal to the absolute maximum possible efficien-
cy of converting sunlight into electricity, is about 86 %. This value is an approximation (i.e. the Chambadal-
Novikov efficiency) associated with the Carnot limit and is based on the temperature of the photons emitted
from the surface of the Sun. In contrast, the actual thermodynamic efficiency limit is significantly lower and
is about 33 % in the case of single-compound technology. This means conversion efficiency is no more than
12-21 % for commercial PV panels or up to 24.5 % for high-efficiency single junction cells [2].

Moreover, it is widely known that photovoltaic conversion efficiency is strictly related to the operating
temperature of the cells [3].

For example, in [4] it was found that efficiency decreases by 0.38—0.42 % (i.e., in relative percentage),
and in [5] that electrical power decreases by 0.4—0.5 % for every 1 degree of temperature increase in silicon
cells. The usual simplification is to consider a linear decrease in panel efficiency by 1 % (i.e., in absolute
percentage) every 10 degrees [6]. The temperature of the photovoltaic module (PVM) increases due to the
absorption of solar radiation in the semiconductor layer, and the efficiency of the solar photovoltaic system
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(PVS) decreases when the module is poorly cooled [7]. Thus, the insolation level, air temperature and wind
speed significantly impact the solar panel’s efficiency.

Basically, crystalline silicon FEPs were in the greatest demand on the market. Over time, other designs
have been developed, for example, thin-film, multilayer, transient, cascade, etc. The designs of thin-film SE
worked more efficiently at high temperature, but the efficiency in comparison with crystalline ones turned
out to be almost two times lower (68 %) [8].

During hot summer periods, solar panels heat up to an average of 75 °C, and in equatorial regions to
80-90 °C. Overheating of the solar panel not only reduces its efficiency, but also shortens its service life.
Even in modern solar panels, the problem of overheating has not been solved, for example, gallium arsenide
modules with an efficiency of 46 % at 25 °C lose 20 % of their output at 70 °C, and as much as 30 % at
90 °C [9].

Due to its geographical location, the change of seasons is noticeably pronounced in the territory of Ka-
zakhstan, and there are also differences in climatic conditions in different regions of the country. Therefore,
when designing a photovoltaic system, it is essential to consider the influence of climatic factors characteris-
tic of the area. For example, in winter and summer, solar modules produce different amounts of electricity
due to differences in the length of daylight hours and various degrees of heating of photocells due to differ-
ences in air temperature and wind speed.

Methods and materials

To simulate the variations in operating temperature of solar cells under different conditions, the ANSYS
software was utilized to create a detailed three-dimensional finite element model of the KZPV 220 M60 pol-
yerystalline solar panel (Fig. 1):

Figure 1. 3D model of a polycrystalline solar panel KZPV 220 M60 in ANSY'S software

Main characteristics of the solar module under standard conditions:

— Rated maximum power — 220 W;

— Voltage at maximum power — 29.40 V;

— Current strength at maximum power — 7.5 A;

— Photocells — 60 polycrystalline cells;

— Cell size — 156x156 mm;

— Dimensions — 1.649x992x40 mm.

The climatic parameters of Petropavlovsk, Karaganda and Shymkent were chosen as boundary condi-
tions at noon on one of the hottest days of summer — July 12, 2023, and at noon on one of the coldest days
of winter — December 12, 2023 (Table):

Table
Basic parameters for setting boundary conditions
City Petropavlovsk Karaganda Shymkent
Date 12.07.23 12.12.23 12.07.23 12.12.23 12.07.23 12.12.23
Air temperature, °C 36 -33 35 -28 39 —18
Wind speed, m/s 4 2 5 5 2 1
Insolation, W/m’ 907,86 625 9242 759 9227 833

Although Karaganda is more distant from the equator than Shymkent, the table shows that the insola-
tion level of 12.07.23 in the first city is 1.5 W/m?” higher than in the second. This difference can be explained
by the difference in altitude above sea level — Karaganda is 553 m, Shymkent is 506 m — since the higher
the object is located, the more solar radiation reaches its surface.

Air temperature and wind speed are taken from the source [10].
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The insolation value is calculated based on atmospheric mass. Atmospheric mass is the length of the
path light takes through the atmosphere relative to the shortest possible path (when the Sun is at its zenith).
The formula for calculating atmospheric mass taking into account the curvature and sphericity of the
Earth [11]:

AM = 1 )

cos0 +0.50572(96.07995-0) "’

where 0 is the angle measured from the vertical (zenith angle).
The value of the zenith angle can be calculated from the equation:
cosf = cospcosdcos® +sin@sind, 2)

where ¢ is the geographic latitude of the area, ® is the hour angle (at noon is 0), § is the declination of the
Sun, which can be found from the approximate Cooper equation:

284+n]

365 ©)

where 7 is the serial number of the day of the year, counted from January 1.
The daily intensity of the direct component of sunlight can be determined as a function of atmospheric
mass:

86=23.45 sin(360

(AMo.ons)

1,=1353-0.7 , 4)
where I, is the intensity at the site perpendicular to the Sun's rays in W/m?, 4M is the atmospheric mass,
1353 W/m’ is the solar constant, and 0.7 takes into account the fact that about 70 % of solar radiation arriv-
ing at the boundary of the atmosphere reaches the ground. The indicator 0.678 is an empirical coefficient that
considers atmospheric layers’ heterogeneity.

Diffuse radiation is about 10 % of direct radiation even in a clear sky. Therefore, on a clear day, the to-
tal intensity of radiation incident on the module is equal to:
1,=11-1,. %)
The efficiency of a solar battery under standard conditions (insolation 1000 W/m?, temperature 25 °C,
spectrum AM = 1.5) can be determined by the formula [12]:

N =Py +1000 W/m* + §, (6)
where P, is power under standard conditions, S is area.

Thus, equation (6) states that the efficiency of the KZPV 220 M60 polycrystalline solar panel is 15 %.

However, since it is known that the efficiency of photoelectric conversion decreases with increasing
temperature of the solar module, the efficiency factor taking into account the heating of photocells is calcu-
lated by the formula [13]:

N, =Ny (1-0.0045(7,, —25)), (7
where n , is the panel efficiency, %; n, — solar panel efficiency at a temperature of 25 °C, %; T, — solar

panel surface temperature, °C.
Results and discussions

Modelling of temperature changes and distribution as a result of heating a layer of photocells was car-
ried out for each case separately, considering the boundary conditions corresponding to the climatic factors
characteristic of the regions.

As a result, the values of the maximum temperature reached by the silicon layer when heated on De-
cember 12 and July 12 were obtained (Fig. 2).

Several conclusions can be drawn from the data in Figure 2.

Firstly, the most intense heating of the solar module in summer is observed in the climatic conditions of
Shymkent — 64.4 °C, while in Karaganda and Petropavlovsk — 49.8 °C and 52.1 °C, respectively. The
maximum temperature of the silicon layer in Shymkent is higher than the maximum temperatures in Kara-
ganda and Petropavlovsk — by 14.6 °C and 12.3 °C, respectively. This difference is due to differences in
climatic conditions, namely:

— Ambient temperature: Shymkent (39 °C) > Petropavlovsk (36 °C) > Karaganda (35 °C);

— Wind speed: Karaganda (5 m/s) > Petropavlovsk (4 m/s) > Shymkent (2 m/s);

— Insolation: Karaganda (924.2 W/m?) > Shymkent (510.46 W/m?) > Petropavlovsk (907.86 W/m?).
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Figure 2. Maximum temperature reached by photocells

Thus, the reason for more intense heating of solar cells in Shymkent than in the other two cities is high
air temperatures and insolation levels, which contribute to an increase in the temperature in the silicon layer,
as well as the lowest wind speed, which provides insufficient cooling due to convection.

It can also be noted that the panel heated up more (by 2.3 °C) in Petropavlovsk than in Karaganda, even
though Petropavlovsk is located north of Karaganda and has a lower insolation level. However, this result is
because the module's cooling intensity in the first city is less than in the second since the air temperature in
Petropavlovsk is 1 °C higher, and the wind speed, on the contrary, is 1 m/s less than in Karaganda.

Secondly, similar dynamics can be observed in winter: the panel in Shymkent heated up more than in
the other two cities (up to 11.5 °C), but the difference between the temperature values is much more signifi-
cant than in summer. In this case, the maximum temperature of solar cells in Shymkent is higher than the
maximum temperatures in Karaganda and Petropavlovsk — by 27.3 °C and 28.2 °C, respectively. The re-
sults obtained are associated with more significant differences in the climatic conditions of cities than in the
summer period:

— Ambient temperature: Shymkent (—18 °C) > Karaganda (28 °C) > Petropavlovsk (-33 °C);

— Wind speed: Karaganda (5 m/s) > Petropavlovsk (2 m/s) > Shymkent (1 m/s);

— Insolation: Shymkent (833 W/m?) > Karaganda (759 W/m?®) > Petropavlovsk (625 W/m?).

The difference in insolation and air temperature for Shymkent and Karaganda is 74 W/m” and 10 °C
and for Shymkent and Petropavlovsk — 208 W/m” and 15 °C.

Thus, the reason for the higher temperature of solar cells in Shymkent than in the other two cities, as in
the first case, is the high values of air temperature and insolation level and the lowest wind speed.

It can also be noted that, in contrast to the first case, in Karaganda, the panel heated up more (by 0.9 °C)
than in Petropavlovsk; in other words, in Petropavlovsk, the solar module has the lowest degree of heating
due to the lowest ambient temperatures and insolation.

Let's consider how changing solar cell operating temperature affects photovoltaic conversion efficiency
in both cases. The solar module's efficiency under standard conditions is 15 %; Figure 3 shows the efficiency
values at maximum solar cell temperatures (71,.x) on December 12 and July 12, 2023.
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Figure 3. Efficiency values at maximum temperature of photocells
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As shown in Figure 3, the efficiency of solar panels on December 12 is higher for all cities compared to
July 12 because, during the winter period, the modules heat up significantly less than in the summer period,
meaning thermal losses in energy production are less pronounced.

As a result, on July 12, when the layer of solar cells reaches the maximum temperature, the efficiency
decreases by 1.8 % in Petropavlovsk, 1.7 % — in Karaganda and 2.7 % — in Shymbkent, that is, the lowest
efficiency corresponds to the city with the highest maximum temperature — Shymbkent.

However, on December 12, the efficiency in all cities on the contrary, increased due to the lower tem-
perature of the solar cells. However, in Shymkent, the efficiency of the module still remains the lowest, as in
the first case — 15.9 %, while in Karaganda and Petropavlovsk — 17.7 % and 17.8 %, respectively.

It can be noted that on December 12, the efficiency of solar panels exceeded the value under standard
conditions and was, on average, 4.3 % higher than on July 12. This is because the efficiency of solar panels
in sunny winter weather is higher than in summer, as, at lower temperatures, electrons in the semiconductor
layer move more slowly, which leads to reduced resistance and, consequently, increased efficiency.

Conclusion

As a result of the simulation, it was found that on July 12, solar cells reached their maximum temperatures
of 64.4 °C in Shymkent, 49.8 °C — in Karaganda and 52.1 °C — in Petropavlovsk, while on December 12, the
values were much lower: in Shymkent — 11.5 °C, in Karaganda — —15.8 °C, in Petropavlovsk — —16.7 °C.

Based on the obtained temperatures, the efficiency values were calculated: on July 12, when the layer of
photocells reaches its maximum temperature, the efficiency decreases by 1.8 % in Petropavlovsk, 1.7 % —
in Karaganda and 2.7 % — in Shymkent, but on December 12, on the contrary, it increases by 2.8 % in Pet-
ropavlovsk, 2.7 % — in Karaganda and only 0.9 % — in Shymkent. The difference in efficiency between the
two dates averages 4.3 %.

Thus, the loss of efficiency in Shymkent due to increasing the temperature of solar cells is greater than
in Karaganda and Petropavlovsk, which is caused by a hotter climate and a higher level of insolation.

The closer to the north and further from the equator, the solar module is located, the less intensely the
solar cells heat up. This happens because as you move away from the equator, the amount of solar radiation
reaching the Earth decreases, that is, the level of insolation, and the climate becomes colder; therefore, the air
temperature decreases. Then, less solar energy reaches the surface of the solar panel, which means less of
this energy is converted into heat due to absorption by silicon cells, and due to the lower ambient tempera-
ture, more efficient cooling occurs due to radiation and convection. At the same time, the lower the operating
temperature of photocells, the greater their efficiency.
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KaumarThiKk mapaMeTpJiepaiH MOJTHMKPUCTAIIAbI KYH MAHeJiHIH
(doTodsekTpIaik TypJeHaipy THiMaLTIriHE dcepi

KyHn GatapestapbIHBIH JICKTP SHEPTUACHIH OHIIPYIiH THIMILTIT KenTereH (GakTopiapra, sFHA oJapIbiH Oipi
JKapThUIAll OTKI3ril KabaTThIH TeMIepaTypachiHa OaillaHbICThI. Bysl mapaMeTpaiH JKOFapblIaybl MOAYJIbIIH
TUIMZIUTTIHIH TOMEHJeYyiHe oKeleli, OfTKeHI MeKTPOHIAPAbIH KO3FalbIC KBULAAM/IBIFBl ©CE/l, COHABIKTaH
KapchUIBIK apTazabl. KepiciHle, Imakmak Tac »acylIalapbIHbIH TeMIEpaTypachl HEFYpJIbIM TeMeH Ooica,
COFYPJIBIM KapChUIBIK a3 0OJa/ibl )KoOHE THUIMILIIr sKoFaphl Oonajpl. Anaiifa, MAKMIaK Tac yKacyllanapblHbIH
TeMIeparypacel Oipkarap mapamerpiepre 0ailaHbICTBI: KENAiH KbUIIAMIbIFbI, HHCOALMS KOHE KOpILIaraH
opTa Temneparypacel. Jlemek, aiitMak IeH >KbUT ME3TLTiHE OalIaHBICTHI 0ip KYH MOAYII OpTYPIIi OHIMALTIKKE
ne Gomanel. OchIFaH CyifeHe OTHIPHIN, KYH OaTapesuiapblH IaijalaHy/bl jKOCHapiayJarsl ©3eKTi Macere
Genrimi Gip aliMakTarbl (OTODJIEKTPIIK TYPIEHAIPYMIH THIMIUIIT KaHIIa TOMEHJCHTIHIH aHBIKTay
MyMKiHziri. COHIBIKTaH THIMALTIK KOPCETKIMITEepiHIH BapHaTHBTUITIH 3epTTey yimuiH Ka3akcTaHHBIH yII
kanmacsl — Ilerponasn, Kaparanns! sxoHe IIIBIMKEHT YIIiH KBICKbI JKOHE Ka3fbl KYHIEPJEri KIMMATTBIK
napamerpiepai eckepe oteipbi, KZPV 220 M60 mnomukpHCTangbl KYH MaHENiHIH jJKapThulail ©TKI3rill
KaOaThIHBIH TEMITEpaTypPachIHbIH 03repyiH MOACNbACY XKYpri3iani. Moaensaey HaTmxkecinae 12 uringene KyH
xacymanapsl IlsivkentTe 64,4 °C-ka, Kaparanneina 49,8 °C-ka xone Ilerpomasima 52,1 °C-xa TeH eH
JKOFaphl TeMITepaTypara >KeTeTiHl aHbIKTaNAbl, Oy perre Tuicinme [1OK 2,7 %-ra, 1,7 %-ra xone 1,8 %-ra
temenaeiini. CoHbIMeH Katap, 12 xkentokcaHma Ty, Lemmkentre —11,5 °C, Kaparangsima —15,8 °C,
[erpomnasnma —16,7 °C, an tuicinmre [TOK 0,9 %, 2,7 %, 2,8 %-ra apTaasl.

Kinm ce30dep: xyH maneni, (OTOPIEMEHTTEp, TEMIEPATypa, >KENIH KbULIaMIBIFBI, HHCOJSIHS, THIMALTIK,
aTMoc(epaiblKk Macca, 3eHUT OYpbILIbI.

H.K. Tanamesa, A.A. [Toranosa, JI.JI. MunbkoB, A.C. TycelnOaesa,
A.H. TrocembaeBa, E.K. Mycenona, b.b. Kyrym, A.JK. Tneybeprenosa

Biaunsinne KJIMMaTHYeCKUX MapaMeTPoB HA 3P PEeKTUBHOCTH
(porodnexkTpuyeckoro npeodpa3oBaHus NOJTUKPUCTAININYECCKON COTHEYHOM MaHeJH

D¢ddexTHBHOCTH BBHIPAOOTKH >IEKTPOIHEPTUH COJTHEYHBIMHU OaTapesMH 3aBUCHT OT MHOXKECTBA (haKTOpPOB,
OJHMM U3 KOTOPBIX SIBISIETCS] TEMIIepaTypa IOIyIPOBOJHUKOBOTO CJOS.. YBEIMYEHHE JAHHOTO IapameTpa
npuBoAnT K cHIbkeHuto KITJ] Momyms, Tak Kak BO3pacTaeT CKOPOCTh ABIKEHUSI JJIEKTPOHOB, CIIEI0BATENBHO,
MOBBIIIAETCS CONpoTHBIeHKE. 11 Ha000poT, ueM MEeHbIIe TeMIepaTypa KPEMHEBBIX SUEEK, TEM MEHBIIE CO-
nporusienue u 6ossine KII/1. B cBoro ouepens Temmeparypa KpeMHHEBBIX S9€€K 3aBHCUT OT APYTHX Hapa-
METpPOB: CKOPOCTH BETpa, HHCOJIMN M TEMIIepaTypbl OKpy»xaromei cpexsl. ClieoBaTesbHO, B 3aBHCUMOCTH
OT PernoHa U BPEMEeHHU Tojja OJMH ¥ TOT )K€ COJTHEYHBII MOyJb OyJeT MMEeTh Pa3HYIO POH3BOIUTEILHOCTD.
Hcxonst 3 9T0T0, aKTyaJIbHBIM BOIPOCOM IIPH IUIAHUPOBAHUH NCIIOJIBb30BAHMS CONHEYHBIX OaTapeil sBIseTcs
BO3MOXHOCTB ONpENeNICHHs CHIKEHHUS 3(P(PEKTUBHOCTH (POTOINEKTPUIECKOTO MPeodOpa3oBaHUA B TOW MU
nHOH MecTHOCTH. [lo3aTOMY 1S MiccnenoBanus BapuaTuBHOCTH Mokaszareneit KI1/1 6pu10 mpoBeaeHo Monenu-
pOBaHUE M3MEHEHHS TEMIIEPATyphl MOIYNPOBOAHHUKOBOTO CIIOSI HOJMKPHCTAIMIECKON CONHEYHOW MaHEeNIn
KZPV 220 M60 ¢ y4éToM KIMMAaTHYEeCKUX ITapaMeTPOB B 3UMHUM U JIETHHH Mepuof it TpEX ropoaos Ka-
3axcraHa — [lerponasnoscka, Kaparanzas! n llleiMkenTa. B pesynbrate MogennpoBaHus ObIJIO YCTaHOBJICHO,
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4T0 12 WO COJMHEYHBIE SYCHKHM JOCTUTAIH CBOCH MaKCHMalbHOW TeMmeparypsl, paBHoil 64,4 °C B LLbiM-
keHTe, 49,8 °C B Kaparanne u 52,1 °C B Ilerpomasnoscke, mpu 3toM KIIJ| cHusmmocs Ha 2,7 %, 1,7 % u
1,8 % oTtHOCHTEeNBHO cTaHmapTHOH Temmepatypsl 25 °C. B 1o ke Bpems 12 nexadpst Ty.x B LlpiMkenTe —
11,5 °C, B Kaparanne — munyc 15,8 °C, B IlerponasioBcke — munyc 16,7 °C, a KIIJ] noBbicuiioch Ha
0,9 %, 2,7 %, 2,8 %.

Kniouesvie cnosa: conHeuHas maHenb, (OTOIIEMEHTHI, TeMIepaTypa, CKOPOCTh Berpa, mHcoysiums, KIIJ,
aTMoc(epHas Macca, 3eHUTHBIH yTroJl.
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