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eppeKkmusHicmos pobomu pomoeneKkmpu4HUX Modysie ma rnpo-

aHOi3080aHO €cNOCObU iX 0x0100MeHHA. [ToKa3aHO, wWo nidsuweHHa poboyoi memnepamypu COHAYHUX na-
Heneli Npu38o0uUMb 00 3HUMEHHS HaNpyau, 8UXiOHOI MOMyX*HOCMIi Ma npucKkopeHHs dezpadauii pomoene-
KMPUYHUX enemMeHmis, MAaKo# 3a3HA4YeHO, W0 078 3HUMEHHA pobo4voi memnepamypu U nidsuweHHA
ehekmusHocMi 8UKOPUCMOBYHOMbCA PIi3HI Nidxodu. MpedcmasneHo 027450 Pi3HUX crnocobie 0X0100MEeHHS
014 nidsuwWeHHA NPOOYyKMUBHOCMIi homoenekmpuyHux naHeaell — NAcU8HI, KMUBHI ma KOMbIHOBAHI cuc-
memu 0X0/100X#(eHHA homoeseKmpUYHUX CUCMmeM 3 BUKOPUCMAHHAM nosimps, 8o0u, mamepianie 3 ¢aszo-
8UM repexo0oM i HOHOPIOUH AK poboyux azeHmie ma iHwi cnocobu. 3anexcHo 8id yineli BUKOPUCMAHHSA 00-
peyHo 3acmocosyeamu 8i0nosioHuli crnoci6 3 memoro nidBUWEHHA egekmusHocmi pobomu
homoenekmpuyHuUx mooysie ma/abo 000amKo8o20 8upobHULMEA Menao8oi eHepeaii. Y pe3yabmami ecma-
HOB8/1eHO, WO YyHieepcasnbHO20 COCobY 0X0M00IEHHA homoenekmpuyHUX Modyie He icHyE, a subip onmu-
MasbHOI cucmemu 0X0100M#(eHHA NoBUHEH 30iliCHIO8AMUCSA 3 YPAXYBAHHAM KAIMAMUYHUX, KOHCMPYKMUS-
HUX, eKOHOMIYHUX ma eKcrnayamauiliHux gakmopis.

Knrouosi cnoea: coHAYHA eHepeaid, criocobu 0xon00HeHHA homoenekmpu4yHUX cucmem, nidsuu,eHHA eghekmu-

8HOCMI d)omoeneKmpuqHux cucmem, HpOdmeUBchmb, nacusHe OXOﬂOa}KEHHFI, dKmueseHe OXOﬂOd)KEHHﬂ,
PVT.

Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOUYEHb

PV — photovoltaic (poToenekTpuuHi) STC - Standard Test Conditions (cTaHaapTHi TecToBi

PVT — photovoltaic thermal (boToenekTpuyHi Ten- ymosh)

noBi) NOCT - Normal Operating Cell Temperature (Homi-
V - Hanpyra Ha/sibHa poboya TemnepaTypa COHAYHOIO efleMeHTa)
| - cTpym PCM — phase change materials (ba3o3miHHi maTepiann)

Bctyn. OanH 3 HalinowwupeHiwux BUAiB BigHOBAOBAHOI
eHeprii — coHAYHa eHepria. i nepeBaramu € nerkogocTyn-
HiCTb y 6araTbox MicLAX, HU3bKI eKcnayaTauiHi BUTpaTH i
MOK/IMBICTb BUKOPUCTAHHA B HEBEJIMKUX AeLeHTpasi3oBa-
HUX cMCTeMax eHepronocTayaHHs [1].

MepeTBOpPEHHA  COHAYHOI  eHeprii  Ha  eneKTpPUYHy
3AiNCHI0ETbCA 3a Aonomoroto doToenektTpuuHux (PV) co-
HAYHUX enemeHTiB. OgHaK COHAYHE BUNPOMIHIOBAHHA, AKe
NOrNMHAETLCA, ase He MNepPeTBOPIOETbCA Ha ENEeKTPUKY,
CNpUAE NIABULLEHHIO TEMNEPATYPU COHAYHUX ENIEMEHTIB,
TAaKMM YMHOM 3HUKYHOUM ePEKTUBHICTb iX NepeTBopeHHs

(2].

CoHAYHI NaHeni BUNPoboBYOTHCA 338 CTAaHAAPTHUX TECTOBUX
ymos (STC): 1000 BT/m?> najatoqoro COHAYHOrO BU-
NPOMiHIOBaHHS, TemnepaTtypa d¢oToenemeHtis 25 °C,
WBMAKiCTb  BiTPY O m/C, CNEKTp  COHAYHOTO  BU-
NPOMIHIOBAHHA NOBITPAHOI macu 1,5. CTaHAapTHI TecToBi

ymosu STC pigKo iCHYIOTb Y peasbHUX 30BHILLHIX YMOBaX,
30Kpema, TemnepaTypa COHAYHOI MaHeni 6yae HabaraTo
BULLO, 0COBMBO B KapKomy Kaimati. TOMy xapaktepu-
CTUKWN COHAYHUX NaHenei npu STC He MOXKyTb BYTU BMKO-
puUcTaHi ana OLiHKM GaKTUYHOI NPOAYKTUBHOCTI Ta BUPOO-
HUUTBa eNneKkTpUYHOI eHeprii poToenekTpuyHoi cuctemu B
peanbHUX ymosax [3].

Mig yac poboTn, 0co6AMBO B CNEKOTHY NOroAy, COHAYHI Na-
Heni HarpiBatoTbcA. [iaBULLEHHA TemnepaTypu MNOBEPXHi
COHAYHOIO MOAYNA HEeraTUBHO BMJIMBAE Ha MOro TEXHiKO-
eKcnnyaTauiiiHi xapaktepuctukm [4]. LA 3anexHicte onu-
CYETbCA TemnepatypHUMK KoedilieHTaMn Hanpyru Ta
cTpymy. OnTMManbHOO TemnepaTyporo ANA eKcnayaTauii
doToenemeHTiB BBaXKaeTbca 25 °C. 3a Temnepatypu Bulle
ONTMMaA/NIbHOI Hanpyra XO0/I0CTOr0 Xo4y 3MEHLIYETbCA, a
CTPYM KOPOTKOrO 3aMMKaHHA He3Ha4yHo NigBulLyeTbea [3].
Ha pucyHKy ana npuknagy HaBefeHa BOJbT-amnepHa
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XapaKTEePUCTUKA COHAYHOI MaHeni O4HOro i3 Cy4aCHUX BU-
pobHUKIB 3a pi3HWX TemnepaTyp (POTOENEKTPUYHUX MO-

aynis.
,A14
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PucyHOK. Bonnem-amnepHa xapakmepucmuKa COHAYHOI
naxesni JAM72530-540/MR 3a pi3HUx memnepamyp

o6 ouiHUTK pobOTYy COHAYHMUX NaHenen 3a ymoB Habau-
JKEHUX A0 peasibHOCTi, Bynn NpUNHATI 40AaTKOBI napa-
MEeTpU, a came TemnepaTypa, Lo BiANOBIAAE TMNOBUM YMO-
Bam eKkcnayatauii NOCT (Normal Operating Cell
Temperature) — HOMiHaibHa poboya TemnepaTypa COHAY-
HOro eflemMeHTa.

HomiHanbHa poboya TemnepaTypa COHAYHOrO enemeHTa
NOCT BUMIpPIOETbCA 33 COHAYHOI iHTeHcMBHOCTI 800 BT/m?,
Temnepatypw nositpa 20 °C Ta weuakocTi Bitpy 1 m/c. Yum
HWK4Ya Temnepatypa NOCT, TUm Kpalle npautosaTtmme mo-
aynb y peanbHux ymosax. NOCT He € ymoBoOtO 4Nna ekcnay-
aTauii COHAYHOI NaHeni, OAHaK Le OAWH 3 Ba*K/JMBUX Napa-
MEeTPiB A7 OLiHKM SAKOCTi (HOTOENEeKTPUYHOrOo MOAYASA.
XapakTtepuctukm HasegeHi npu NOCT patoTb 3mory oTpum-
MaTW TOYHiWe yABJIEHHA NpPO Te, Kol byae TemnepaTypa
naHeni Ta il XapaKTepUCTUKN B peanbHUX YMOBAX eKcnaya-
Tauii [3].

TakoX o4HMM 3 PaKTOpIB, LLLO BN/IMBAE Ha 3HUKEHHA edeK-
TMBHOCTI P060TM POTOENIEMEHTIB Ta COHAYHUX NAHENeN € ix
perpagauia. [lerpagauia — ue npouec noriplweHHA xapaKkTe-
PUCTMK COHAYHUX MOAYNIB 3 NJIMHOM Yacy, NOCTYMNoOBE 3HU-
YKEHHA AKOCTIi, pyMHYBaHHA BHACAIAOK 30BHiLUHbOIO BN/IMBY
i yacy. 3 yacom BMpPOONEHHA eneKkTpoeHeprii NoBiNbHO
3MeHLWYyeTbeA [5].

Mig vyac ekcnayaTauii MOHOKPUCTANIYHI Ta NONIKPUCTANIYHI
boTOENEKTPUYHI enemeHTN BTpayatoTb ePeKTUBHICTb Y ce-
peaHbomy 3i weuAakicTio 1 % WwopoKy. BUpobHMKK 3a3BU-
Yall rapaHTytoTb 6113bK0 90 % NPOAYKTUBHOCTI A0 NepLInX
pecatn pokis i 80 % — pgo 25-30 pokiB pobotn. OgHak
OCTaHHi AOCNIAXKEHHA MOKA3Y0Tb, WO MOHOKPUCTANIYHI Na-
Heni, surotosaeHi nicna 2000 poky, MOXKYTb AerpagysaTm
3i wewnakictio Bcboro 0,4 % Ha pik. BUpobHMKK 3aaBAAOTL
TEPMiH cNy*KOKM cCOHAYHMX NnaHenen 20-25 pokis [4].

OpHa 3 NpUYKH gerpasaLii COHAYHMX NaHeNel — arpecnsHa
Lif HABKO/ZIMLLIHBbOrO CepenoBULLA, @ CaMe:

— neperpiB COHAYHUX NaHesel;

— MNOCTIMHWUI BNAINB 3MiHU TEMMEpPaTyp, AKUA NPU3BOANTL
[0 YTBOPEHHA MIKPOTPILLMH, WO BUKIMKAE NOTipLIEHHA
€NeKTPUYHMX 3’ €aHaHb;

— CW/IbHI NOPMBY BITPY, WO BUKAUKAOTb NiABULLEHHA AM1-
HaMIYHUX | MeXaHIYHUX HaBaHTaXeHb;

— BOJIOTICTb, CHIr i /i, AKi NOBIJIBHO CNPUAIOTb CTAPiHHIO
6atapei [6].

TaKUM YMHOM, NiABULLEHHA TEMNEPATYPU HEFATUBHO BMNJIU-
Ba€ Ha ePeKTUBHICTb NEPETBOPEHHA COHAYHOrO CBiTNa Ha
eNeKTPUYHY eHeprito. MNeperpis NPU3BOAUTL A0 3HUKEHHSA
HanpyrM, fAKa TreHepyeTbca QoToeNemMeHTaMu, Lo,
BiANOBIAHO, 3MEHLIYE BUXiAHY NOTYXKHICTb CMCTEMM, A Ta-
KO MPUCKOPIOE Aerpagauito GoToenekTpuYHUX moaynis —
MOriplWeHHA XapaKTepUCTUK ¢GOTOENEMEHTIB 3 MJIMHOM
yacy.

Cnocobu oxonopKeHHA GOTONEKTPUYHUX MOAYANIB. [CHY-

IOTb Pi3HOMAHITHI CNOCOBU OXONOAMKEHHS COHAYHMX MaHe-

Nen, AKi NPU3HaYeHi ANA BigBeAeHHA HAANULWKOBOrO Tena

Ta 3HUKEHHA TemnepaTypu naHenen. Y pesynbraTi MOXKHa

pO3paxoByBaTU Ha 36iMblUEHHS BMPOOHMLTBA €/neKTpoe-

Heprii.

Cnocobu oxonof)eHHA  (OTOENEKTPUYHMUX  MOAYNIB

MOXHA YMOBHO NMOAI/IUTM Ha MACMBHI Ta aKTUBHI, @ TaKOX

KombiHoBaHi (ribpuaHi) [7]:

— NacuBHi — He NoTpebyoTb 40AAaTKOBOIO AXKepesa eHepril
(HanpuKknaa, KOHCTPYKTUBHI pilleHHA, opebpeHHs, pagia-
LiiHe / cnekTpasibHe 0X0N0AMKeHHSA, pa303MiHHI maTepi-
anun PCM);

—aKTUBHI — NepeabayaloTb BUKOPMUCTAHHA AOMNOMIXKHOIO
obnagHaHHA 11 BUTPATYy [0AATKOBOI eHeprii (HanpuKknag,
NPMMYCOBE OXONOAMKEHHS MOBITPAM, pPiAVHHE OXO0N0-
OXKEeHHA, Cnpen-cXemun, TepMOENIeKTPUYHI  0XON04KY-
Baui);

— KombiHOBaHi (abo ribpnaHi) — NoeagHyOTb NACMBHI Ta aK-
TUBHI nigxogn abo NMOEAHYOTb OXONOAMKEHHA 3 KOPUC-
HUM Bigbopom Tensa M reHepaLielo A0AaTKOBOI eHeprii
(Hanpuknaga, PVT-cuctemu).

KorkeH cnocib mae cBoi nepeBarn Ta 0bmexeHHs, AKi 3ane-
aTb Big, KNIMaTUUYHUX YMOB, TUMNY CUCTEMW, BrOaXKeTy Ta
MmacwTaby 3acTocyBaHHsA, WO, BigNOBiAHO, BU3HAYAE Oro
OOUINBbHICTb Y KOHKPETHMX YMOBaX eKcnayaTauii.

MacuBHi cnocobu oxonopKeHHA He noTpebyoTb
30BHILLUHIX AXKepen eHeprii Ta FPYHTYOTbCA HA NPUPOLHUX
di3nYHMX NpoLecax, TaKMX K KOHBEKLLfA, TENN0NPOBiIAHICTb
abo pagjauiliHe BUNpOMiHIOBaHHA. MacnBHE OXONOAKEHHSA
3[iMCHIOETLCA NNLIE 33 PAaXYHOK KOHCTPYKUiMHMX ocobau-
Bocrtel [8].

HannowmnpeHiwmmm TeXHONOriAMMU €:

— NPUPOLHA KOHBEKLA — OXONOAMKEHHA 3aBAAKM PYXY MO-
BiTPA HaBKoNO PV-moayns;
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— KOHCTPYKTUBHI pilleHHs — opebpeHHs Ha 3agHil nosep-
XHi doTOMOAYNA, TOHKOMN/IIBKOBI TENJIONPOBIAHI NigKNa-
[OKW, BEHTUNALINHI 3a30pu 4 ONTMMI3oBaHa reomeTpin
MOHTAY;

— TEenNoaKyMynAauia — iHTerpauia B KOHCTPYKLito ¢oTomo-
ayna paso3miHHMX maTepianis (PCM);

— pagiauiiiHe oxono4KeHHA 3a PaxyHOK cnewiaibHUX No-
KPWUTTIB.

MacuBHI cnocobu BBaXKalOTbCA €KOHOMIYHO AOLLIIbHUMM
3aBAAKM MPOCTOTI peanisauii Ta BiACYTHOCTI A0AAaTKOBUX
eHepreTMyHux BuTpat. MpoTe ixHA edeKTuBHiCTb o0bme-
YKEeHa Pi3HMMM YyMOBaMMU.

[0 KOHCTPYKTUBHUX pilleHb A5 OXONOAMKEHHA COHAYHUX
naHenen BigHocaTb: pebpa, nigknaaku, 3asopu. Mpocri
KOHCTPYKTMBHI MOJINWEHHA 4YacTo [JalTb EKOHOMIYHO
06rpyHTOBaHUIM  npupicT  epeKTUBHOCTI:  40AATKOBI
antomiHiesi pebpa / pagiaTopu Ha 3aHii NOBEPXHIi, TOHKO-
NAiBKOBI TEPMOMPOBIAHI Wapu, a TaKoXK 3abe3neyeHHs
BEHTUIALIMHOIO 3a30py MiX MOAY/eM i KPOHWTENMHOM —
yce ue 36inblye naouy TennoobMiHy Ta CNpUAE iHTEH-
cudikauii npupoaHoi KoHBeKuii. Jocnian nokasyloTb, LWO
TaKi 3aXx04W MOXKYTb 3HW3WUTK JIOKANIbHI TemnepaTypu Ha
Aekinbka rpagycis (5—12 °C) i 3abe3neumnTn ctabinbHMiA, Xou
i HEBEIMKUIA, NPUPICT enekTporeHepadii [9].

PagiauiiHe OXONOOMKEHHS 33 PaxyHOK CneuiasibHUX Mo-
KPUTTIB CNMPAETLCA HA BUNPOMIHIOBAHHA B OTOYYOYe cepe-
[0BULE, 3aBAAKM YOMY NOBEPXHA GOTOENEKTPUYHOTO MO-
OYNA OXONoAKYETbCA 63 A0AaTKOBMX BUTPAT eHeprii. Ann
PV-moayniB € BaXK/NMBWUIA HIOAHC — MOKPUTTA MatloTb BYTK
CNEeKTPa/IbHO-CENIEKTUBHMMM: BUCOKA NPO30PiCTb Y BUAU-
MOMYy Ta B6JMKHbOMY iHPpPayepBOHOMY CNEeKTpi, Wob He
3MEHLWYBATM reHepaLlito. TaKoX BWCOKWIA CTYMiHb BU-
NPOMiHIOBaHHA B cepesHbOMY i AOBroXBUaboBOMY iHbpa-
YepBOHOMY CnekTpi, Wwob Biagasatn Tenno. Ekcnepumen-
TaNbHi  [JOCNIOXKEHHA NpOAEeMOHCTpyBanu, wWo PDMS-
NAiBKW 3 MipamifanbHOK TEKCTYPOK MOXKYTb 3HMMKYBATU
pobouy TemnepaTypy KpemMHieBMX KOMipoK Ha 5-15 °C 3a
CTaHAAPTHOI iHCONALII, WO BigNOBIAAE NOMITHOMY NpUpPO-
CTY eIeKTPUYHOT NoTy»KHocTi [10].

IHTerpauis B KOHCTpyKLUito poTomoayna $pa3o3miHHMX ma-
Tepianis (PCM) gae 3mory akyMyntoBaTi Hag/MLWIOK Tenso-
BOi eHeprii B NepioAn NiKoBOi iIHCONALLT 3@ paxyHOK eHTa/b-
nii NnaBNeHHA, 3 NOAA/bLIOK NOCTYNOBOK Biggadveto ii
BHOUYI. Ponb PCM y PV-KOHCTPYKLiAX — BUPIBHIOBAHHA NiKiB
TemnepaTypu, 3HWMKEHHA aMnAiTyau AeHHUX KOAWBAHL i
TMMYaAcoBa MiATPUMKA CMPUATAUBILIOFO TeMMepaTypHOro
pexumy ana ¢otoenemeHTiB. TakoX 3acTtocyBaHHA PCM
(opraHiyHMx napagdiHis, CONsAHUX riapaTiB) y NOEAHAHHI 3
HaHOHanoBHIOBAYaMM (MeTaneBi UM OKCUAHI HaHo4a-
CTUHKK) MOKe 36in1blLNTN TeNNONPOBIAHICTb | NOKPALWUTH
WBKAKICTb BigBOAY Tenja, WO niaBuwye edpeKTUBHICTb
PCM-piweHHA B peanbHux ymoBax. [poTe epeKTUBHICTb
CUNIbHO 3aNEXUTb BiZ NPaBUIbHOIO BMBOPY TeMnepaTypu
nnasneHHa PCM, TenN0EMHOCTI Ta pereHepaTUBHUX BNa-
cTMBoCTeN BUbpaHoro matepiany [11].

MacmBHi cnocobu oxonogxeHHa PV-moaynis ABAAOTL CO-
6010 nNpuBabnauBy 1 €KOHOMIYHY MOXKAMBICTb ANA 3HU-
KeHHA pobounx TemnepaTyp 6e3 [OAATKOBUX eHepreTny-
HUX BuTpat. [lpoTe yHiBepcanbHOI cTpaTerii He iCHye.
PagiaUiliHi NOKPMTTA NPaLOOTb KPaLLLe B CYXMX PerioHax 3
Mas MM NOKPMBOM XMap i BUCOKOK ONTUYHOI NPO30PICTIO
atmocdepu. PCM-maTepianu fatoTb HaMKpawmii pesynbTaT
Yy perioHax 3 4iTKO BMPAXKEHMMU OEHHUMW KONMBAHHAMM
TemnepaTypu. A KOHCTPYKTUBHI PilleHHA HANEKOHOMIYHILLi
ONA BE/IMKUX MacuBIB, Ae BapTiCTb maTepianis Bigirpae ro-
NOBHY poAb. KNtouoBUMM 0BMEKEHHAMM NACUBHUX CUCTEM
€: 3a/1EeXHICTb BiA4 MEeTeOoymoOB, Aerpajauia NOKpUTTIB Nig,
ynbTpadionetosnm BMMPOMIHIOBAHHAM, obmeKeHa
LMKAiIYHa cTiikictb PCM-maTepianis Ta npobnemu iHTerpa-
Ljii 3 icHytouMmu naHenamu. Nig yac BMbOpy cnif ouiHOBaTK
NAaCcUBHI pPilLEHHA OXONIOAXKEHHA 3 ypaxyBaHHAM JIOKa/b-
HOTO KAiMaTy, apXiTEKTYPHUX OOMEKEHb Ta BapTOCTi XKUT-
TEBOTO LMKy CUCTEMMU.

TaKoX OAHUM 3 HaMEHLL A0CNiAXKEHNX aCNeKTiB Temnepa-
TYpHOro pexxumy $oToenekTpuuHUx moaynis € 6esnoce-
peaHii BNAMB OpieHTaLLT COHAYHMX NaHenen Ha ii pobouy
TemnepaTtypy. 3a3BMuYai OpIiEHTALil0 COHAYHOI nNaHeni
po3rna[aloTb AK CNocib MakcMmisauii NOrMMHAHHA COHAY-
HOro BUMPOMIHIOBAHHSA, MPY LLbOMY He 3BepTaloym yBaru Ha
il TemnepaTypy 3a Pi3HUX KyTiB Haxuay Ta asMMyTasibHUX
HanpAMKiB. TUM YacoM OpieHTAL,iA BU3HAYAE He AunLLe Kinb-
KiCTb pagiaLii, Wo noTpanase Ha NaHenb, ane 1 XapakTep
KOHBEKTMBHOTO OXO/I0AMEHHA, KYT MaZliHHA NPAMOro Bu-
NPOMiHIOBaHHA Ta 4060BY 3MiHY Tens0Boro pexunmy ¢oTo-
enekTpuyHmux mogynis [21]. Tak, g8 ymoB MNiBHIYHOI
NiBKY/li ONTMMANbHOIO 3 NOrALY MAaKCUMAJIbHOI PiYHOI re-
HepaLii BBa)KaeTbCA NiBAEeHHa OpieHTaLia doToenekTpuy-
HUX MOAyAiB. Y LbOMY pPasi MakCMManbHa iHCONALIA Cno-
CTepiraeTbCA B MNOANYAEHHI roguMHu, Konnm CoHue Mae
HalbiNbLy BUCOTY HaZ ropM3oHTOM. MpoTe came KOHLEeH-
TpaL,iA COHAYHOro BUNPOMIiHIOBaHHA B 06iaHIM nepiog dop-
MYE HaliHTEHCUBHILLE TEn/IOBe HaBaHTaXKeHHA. Y NiTHIN
nepios TemnepaTypa NOBEpPXHi NaHenewn y pasi niBgeHHOI
opieHTaujii moxe pocarat 60—-70 °C HaBiTb 3a TemnepaTypu
nositpA 30 °C. Taki yMOBM CynpOBOAXKYHOTbCA 3HAYHUMMU
TemnepaTypHUMM BTpaTamm NOTYKHOCTI [22].

OTXe, ONA 3MEHLUEeHHA TeMmnepaTypu GOTOeNeKTPUYHOro
MOAYNA CNif, TaKOX NPOBOAMTM aHani3 Ta BUGip onTUmanb-
HOro KyTa Haxuay Ta a3MMyTasbHOIO HanpAMKY ONA KOH-
KPETHMUX YMOB PO3MilL,EeHHA Ta perioHy.

AKTUBHI cnocobu OXonoAXKeHHA BUKOPUCTOBYHOTb [0-
nomixHe ob61afHaHHA Ta nepeabayatoTb BUTPATY A0AATKO-
BOi eHeprii. Y NOpPiBHAHHI 3 MAaCMBHUMM NiAXO4aMMU, AKTUBHI
cnocobu aatoTb 6iNbly Pi3HMLIO TEMNepaTyp MiXK 0Xos04-
KYIOUMM TENNOHOCIEM Ta MoAyeM, ane NoTpebytoTb eHep-
rOCMOMMBaHHA, CKNAAHIWOro obnagHaHHA Ta peryaapHoro
06cnyrosyBaHHsA. TOMy BUBip KOHKPETHOTO PilleHHs BUMa-
ra€e aHanisy BMTPaTW Ta BUrOAM Yy KOXKHOMY BWMMAAKYy 3a-
cTocyBaHHA [12].
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[0 aKTMBHUX crnocobiB oxonoarkeHHs PV-moaynis BigHoO-
cATb:

— MNOBITPAHE NPUMYCOBE OXOJIOAXKEHHA 3 BUKOPUCTAHHAM
BEHTUNATOPIB;

— piAVHHE OXONOAKEHHSA — LMPKYAALiA BoAM abo HaHOpi-
ONHW Yepes TenI006MiHHI KaHanu;

— CUCTEMM 3 aKTUBHUM OX0JSI0AKeHHAM PCM;

— piAVHHE OXOJIOAMKEHHA 3 PO3NWUIEHHAM BOAM, CripeNn-
cucTemm.

KokeH BapiaHT Ma€ cBOI iHXeHepHi 0cO61MBOCTI: NOBITPAHI
CXemM NPOCTili i AeweBwWi, pigMHHI — ebeKTUBHILWI ans ne-
pefadi TennoTH, a cnpein-cucTemm AaloTb HaWWBKALLIE 10-
Ka/ibHe 0X0/104KEHHA 33 HAasBHOCTI BOAHWUX pecypcis [13].

MoBiTpAHE NPUMYyCOBE OXONOAKEHHA — HAMNPOCTILLNIA 3 aK-
TUBHUX MigXoAiB, AKUM NiABULLYE KOediLLEHT TeNN1006MiHY i
3HMXKYE pobouy TemnepaTypy doToenemenTis. Moro nepe-
Barn: NpocToTa iHTerpawii Ta HEBUCOKA BapTICTb YCTAHOBKMU
ONna HeBeNUKUX cuctem [14]. Henonikn: eHeprocnoKMBaHHA
BEHTUNATOPIB Ta 3HUKEHHA KOPUCHOTO MPUPOCTY eNieKTpoe-
Heprii, WO MOXe Npu3BecTM A0 HEBWiZHOro CniBBigHO-
WEHHA CNOXWBaHHA M OTpUMaHOi Buroan. LocnigrKeHHA
NiAKPEC/IIO0Tb, LLLO NOBITPAHI CXeMU AOLINbHI Tam, Ae eHep-
rOCMOXMBAHHA BEHTUIATOPIB HEBE/IMKE abO BOHM MOMXKYTb
KMBUTUCA YaCTKOBO Bif camoi PV-cuctemu [7].

PiAMHHI cucTeMn OXONOAKEHHS — OCHOBHWI MPaKTUYHUI
cnocié akTMBHOro oxonoAxKeHHs. Boaa abo moauodikosa-
HWUI TENIOHOCIN NPOKaYYyETLCA Yepes KaHanu Ha 3aAHil no-
BepxHi abo 4Yepe3 KONeKTOpu, 3abesnevyyloum BUCOKY
WBMAKICTb BiABeAEHHA Tenna 3aBAAKU BENUKiN Tennoem-
HOCTi piaMHN. PO3paxyHKWN Ta eKCnepuMmMeHTasbHi BUNpoby-
BaHHA MOKa3yloTb, WO BOAAHE OXONOAMKEHHSA 3MEHLUYE
TemnepaTypy Ha AeCATKU rpadycis y NOpiBHAHHI 3 naHe-
NAMK 6€3 0X0N0AKEHHSA Ta iICTOTHO MiABULLYE BUXIL reHe-
poBaHoOi eNleKTpu4HoT eHeprii [12].

TaKkoX A7 OXONOAMKEHHS BMKOPWUCTOBYIOTb HAHOPIAMHM
(nanofluids) — pianHu 3 goaaBaHHAM HaHOYACTUHOK Y Ten-
JIOHOCI|, WO BNAMBAOTb HA NiABULLEHHA TENAONPOBIAHOCTI
Ten/sioHoCiA Ta ePeKTUBHICTb TenN006MiHy. JocniaKeHHA
NOKa3yioTb, O HaHOPIAMHM (HanpuKNag, Ha OCHOBI OKCU-
AiB MeTaniB) NOKpalLyloTb TENJONEPEHOC i MOXYTb 3HU-
31T TemnepaTtypy PV-moayns 6inblie, Hixk 38MYaliHa Boaa
npu TMX Cammx rigpasBniyHuMx ymosax. lMpoTe cnig Bpaxo-
BYBaTM TaKi HeOONiKW, AK arnomepauia, nigBuLLEHHA
rigpasniyHoro onopy 1  [OBroBiYHOCTI  cycneHsil
HaHopiguH [15].

Y cnpei-cuctemax 3acTOCOBYETLCA PO3MNMAOBAHHA BOAM NO
3a4Hil noBepxHi poTomoaynsa abo opraHisyeTbca TOHKa BO-
OAHA nniBKa 3 BMnaposyBaHHAM. Lle ayke edeKkTUBHUI
cnocib, ocobamBo B cyxomy KnimaTi. OCKinbKM BMNApoBY-
BaHHA NOI/IMHAE 3HAYHY KiNbKICTb TeNNO0TU nig 4Yac ¢aso-
BOr0 nepexony, /IOKalbHE OXO/I0AKEHHA MOMITHO Npwu
NopiBHAHO HeBe/IMKomy 06cAsi Boau. MNpoTe Takmnit cnocib
Ma€ HefoNiKU — BUTPATM BOAHUX PeCcypcCiB, BiAKNaLeHHA
conel Ta HeobxigHicTb dinbTpauii Bogm [16].

Mif Yac BM6OPY aKTUBHMX CUCTEM OXONOLMKEHHSA KHOYOBUM
npu OUiHLI € CNiBBIAHOWEHHA MiX KOPUCHMM NPUPOCTOM
eNeKTpoeHeprii Ta BUTPAaTaMKn Ha XKMBJIEHHA CAMOI CUCTEM
OXONIOOKEHHA. Y MPAKTUYHUX [OCAIAKEHHAX BOAsHE Ta
CNPein-0X0N0AMKEHHA MOKA3YOTb HAMBULLE 3HUKEHHSA TEM-
nepaTypu i, BignoBigHO, Hanbinbwuii Npupict BUPOBITKY,
ane # 6inblwi BUTPATM B eKcnayaTauii Ta Ha HeobxiaHe
obnafHaHHA — BEHTUAATOPM, Hacocu, GinbTpu, Bogo3abes-
neyeHHsa [12].

KombiHoBaHi (abo ribpuaHi) cucremu noeaHyoTb nepe-
Barn o6ox niaxoAis, NaCMBHOrO Ta aKTMBHOIO cnocobiB 0xo-
NoAyKeHHA, abo K NOEAHYIOTb OXONOAMKEHHA 3 KOPUCHUM
Tennosigbopom (PVT-cuctemu). Takuin nigxia oae amory
OAHOYACHO OXO/IOAKYBATU MaHeni W BUMKOPUCTOBYBATM
BigBeaeHe Tenno AnA nobyToBuX YM MPpoOMMUCIOBUX NOTPED,
O NiABULLYE CYyMapHY edeKTUBHICTb cucTem [17].

Komb6iHoBaHi cucTemu oxosioasKeHHA PV-moayniB MOXKyTb

6yTV peanisoBaHi No-pisHOMY:

— MOEAHAHHA MACMBHMX Ta aKTUMBHMX CMOCO6GIB — Hanpu-
Knag, TennosiagigHi pebpa abo cnekTpasbHe NOKPUTTA
Ta PiAUHHUIA KOHTYP;

— OXO/NOAXKEHHA 3 BUKOpUCTaHHAM Tenna (PVT-moayni) —
MoAyNb 04HOYACHO BUPOBNSE eNleKTPOEHeprito, a Bia-
BeZleHe TenJio BUKOPWUCTOBYETbCA ANA Harpisy BoAw,
OnasieHHs YM TEXHONOTIYHKNX npouecis [18].

O6buasa niaxoAu cnpsamoBaHi Ha NiABULLEHHA 3arasbHOI
eHeproedeKTUBHOCTI YCTaHOBKM.

[Jo KombiHauii NacMBHMX i aKTUBHUX NiAXOAiB Ha/sexaTb,
HaNpPWKIa4, CUCTEMM, AKI 3aCTOCOBYIOTb CMEKTpasbHO-ce-
NeKTnBHe NoKputTa abo PCM (dpa3o3miHHi maTepianu), oo
AKMX A043a0Tb BOAAHWUA KOHTYpP abo cnpeli-cuctemy avwe
B nepiogyn nikoBoro Harpisy. Takui nigxig Aae amory cKo-
POTUTM Yac i eHeproBUTPATM aKTUBHOINO OXONOAMKEHHS,
niasuLLytoumn ePeKTUBHICTb.

F6puani PVT-cuctemu 3 yTunisauieto Tenna noeaHyTb Gpo-
TOE/NIeKTPUYHY reHepauito 3 Tensosum Bigbopom [19]. Ten-
NIOHOCIN, WO UMpPKyAtoe Nig PV-moaynem, BigsoanTb TENNO,
3HUMKYE TemMnepaTypy NaHesi Ta nepenae TeNI0BY EHEPrito
Ha KOPWUCHe CNOXWMBAHHA. TaKi cuctemn p[aTb 3Mory
3HAYHO NiABULLUTU CyMapHY ePeKTUBHICTb 32 PaxyHOK BU-
pPO6HMUTBA €NeKTPUYHOI 1 TennoBoi eHeprii ogHOYaCcHO.
Pesynbtat BUNpobyBaHb PVT-cucTem nMoOKasanu, wWo
NiABULWEHHA CYMapHOi eHeproedeKTUBHOCTI MOXKe CTaHO-
BTN 15-25 % nopiBHAHO 3 OKpemoto PV-naHennto 6e3 oxo-

nogxeHHa [20].

Mig yac BMbopy KoHirypaLii KoM6iHOBAaHOI CMCTEMW BaXK-
JIMBUMM € TEXHIYHI NnapameTpu (pisHUUA TemnepaTyp, NOTiK
Ten/ioHocis, naowa TennoobmiHy), eKoHOMiYHa AoUinb-
HicTb Ta onepauiliHa cKaagHictb. KombiHoBaHi cnocobu
oXonoaKeHHA GOTOENEKTPUYHUX MOoAyNiB, ocobamBo pe-
aniszoBaHi y ¢popmarti PVT, aBnAoTb cO600 NOTYKHUN iH-
CTPYMEHT 41A NifgBULLEHHSA edeKTUBHOCTI COHAYHUX CU-
ctem. BoHuM 3a6e3neuytoTb K aKTUBHE OXONIOAMKEHHSA, TaK i
yTUAi3auito Tenna, Wo 3Ha4YHO NiABULLYE 3arasibHy eHepre-
TUYHY Biggavy Ta ePeKTUBHICTb ycTaHOBKM [23]. Xouya Taki
CUCTEMM CKNAAHILLI 1 BUMOINMBILWI A0 BNPOBAAMKEHHSA, iXHi
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nepesarn B A4OBroCTPOKOBIN NepcneKkT1Bi MOXYTb BUMNPaB-
[,0BYBATU BUTPaTH, 0c0611BO A5 06’ EKTIB BEMKOT NOTYK-
HocTi abo cucTem, OpiEHTOBAHMX HA iHTerpauito 3 eHepre-
TUYHUMMK 1 TENNOBUMU MEPEKAMM.

Y pesynbTaTi 6yN0 BCTAHOB/IEHO, WO YHIBEPCAIbHOIO CMo-
coby oxonoasKeHHs GOTOENEKTPUYHUX MOLYANIB He iCHYE.
Bubip onTMmanbHOro pilleHHs Mae 3ailicHioBaTUCA 3
ypaxyBaHHAM KNiIMAaTUYHUX YMOB, KOHCTPYKTUBHUX OCOO-
IMBOCTEN Ta eKOHOMiYHMX dakTopiB. MacKBHi cnocobu po-
LifIbHI ANA HEBEJIMKUX YCTAHOBOK Y MOMIPHOMY KNimaTi, aKk-
TMBHI cnocobu 3abesneuvyloTb CTabinbHilWMA edekT, ane
noTpebytoTb aHaNi3y eHepreTMYHoro H6anaHcy, a KOMBiIHO-
BaHi MaloTb HAaMBULMI NOTEHLIA/N, ane  HalBULLY CKnaa-
HICTb Ta KaniTanbHi BuTpaTU. OKpim LbOro, CNif NPOBOANTH
aHani3 Ta BMGiIp ONTUMaNIbHOIO KyTa HaxW/y Ta asaumyTasib-
HOro HanpsmKy MaHesen 3 noraagy ix BnaMey Ha pobouy
TemnepaTtypy poToeNeKTPUYHNX MOAYNIB.

TakoXK Kpim nepear PVT COHAYHI KONEKTOPM MatoTb
HenoNiKWN. Tennosa eHepris, AKY BUPOHIAE TaKMUii KOMBIHO-
BaHWI KOJIEKTOP € HU3bKOMOTEHL,iHO. A came, HU3bKa
TemnepaTtypa OTPMMAHOro TEMJIOHOCIA MOXe BUKOPUCTO-
BYBaTUCb B 06MeXKeHiN KisIbKOCTi TensoeHepreTUYHUX Npo-
uecis AnA 3a40B0IeHHA NoTpeb npomuncnosocTi abo gomo-
rocnofapcTs. Lle 3By)Kye MOXKAMBOCTI ii BUKOPUCTAHHA. A
BMIMB C@30HHOCTI Ha MOTEHLLiaN Ta HAABHICTb L€l AOAaTKO-
BOi TENI0BOI eHeprii TaKOX 3MEHLIYE nepiog MOXAMBOro
BMKOPUCTAHHA Takux cuctem. Mpu cnpobi oTpumaTtu Tenso-
HOCIl 3 BULLLOI TEMMNEPATYPOLO 3HAYHO 3MEHLLIYETHCA edeK-
TUBHICTb BUPOBHULTBA eneKkTpoeHeprii GOToeNneKTPUUHUM
MOZyNeM, WO CTaBUTb MUTAHHA NPO AOLiNbHICTb BUKOPHU-
CTaHHA PVT-cnctem y KOHKpeTHMUX BUNagKax.

BucHoBKu. OT:Ke, poboya TeMnepaTypa COHAYHMX NaHenen
€ 04HUM i3 daKTopiB, AKMI BNAMBAE Ha ePeKTUBHICTb Ta
HafilHiCTb pob0TK GoTOENEKTPUYHMX MoayNiB. MpKU iHTEH-
CMBHIN COHAYHIN pagiauii 3HaYHa 4YacTMHA NOrAMHYTOI
eHeprii NepeTBOPIETLCA Ha Tenso, Wo Npu3BOAUTL [0
niasuuieHHa poboyoi TemnepaTypu GOTOENEKTPUYHUX
€/1eMEHTIB, 3MEHLLEHHA HAMNPYry Ta 3HWUXKEHHA BUXIiAHOI No-
TYXKHOCTI. Y 3B’A3KY 3 MM 3aCTOCyBaHHA Pi3HMX cnocobis
OXOJ/IOAKEHHA PO3rNALAETHCA AK WAAX NiABULLEHHA edek-
TUBHOCTI GOTOENEKTPUYHUX CUCTEM.

Cnocobu oxonogKeHHA GOTOENEKTPUYHUX MOAYNIB Kna-
cndikyBaTU AK NACUBHI, aKTUBHI Ta KOMbBiHOBaHiI. [MacKBHi
CNocobun OXONOAKEHHA XapPaKTepPU3YITbCA KOHCTPYKTUB-
HOK NPOCTOTO, BMCOKOK EKCNJ/yaTauiliHOW HagiHicTio
Ta BiACYTHICTIO O0AATKOBMX EHEPreTUYHNX BUTPaT. BoHu €
LOUINbHUMW  ANA BUKOPUCTAHHA B YMOBax MOMIpPHOro
KNimaTy Ta ANA HeBeNUKUX GOTOENEKTPUYHUX YCTAHOBOK,
OAHaK X epeKTUBHICTb iCTOTHO 3a/eXMUTb Bif, 30BHIiLLHIX
¢baKTopiB, TaKMX AK TeEMNepaTypa HAaBKOAULLHbOFO cepeno-
BULLA, WBWAKICTb BITPY, PiBEHb iIHCONALLT Ta OpieHTaLLiA co-
HAYHMX NaHenen.

AKTUBHi CNOCOBM OXONOAXKEHHSA, AKI 6a3y0TbCA Ha NPUMY-
COBilt UMpPKyAAUii noBiTpAa abo pianHK, 3abesneuyoTb
Ginblle 3HMMKEHHS TemnepaTypu MoAynis i cTabinbHiWmMiA
pexmm poboTu. BogHouac ix BNPOBAAKEHHA

CYNpPOBOAMYETbCA AOAATKOBUMMU €HEPreTUYHUMM BUTPAT-
aMU, YCKIAgHEHHAM KOHCTPYKLii Ta HeobXxigHicTio perynsap-
HOrO TexHiYHoro obcnyrosyBaHHA. Y LbOMY pasi BUHWUKAE
notpeba KOMMNEKCHOTO aHanisy eHepreTMyHoro 6anaHcy
CUCTEMWN ANA BM3HAYEHHA AOLINIbHOCTI 3aCTOCYBaHHA akK-
TUBHOIO OXOJIOAMKEHHA B KOHKPETHMX YMOBAxX eKcrsyara-
Ljii.

KombiHOBaHi cnocobu oxonoAKeHHA MOEAHYIOTL efe-
MEHTU NMaCUBHUX i aKTUBHUX NigxoAis abo iHTerpyoTb Npo-
LLeC OXONI0AKEHHA 3 KOPUCHMM Bif6OPOM TeNN0BOI eHeprii
y ¢otoenektpuyHo-tennosux (PVT) cucrtemax. Taki
piweHHA 3abe3nedyyloTb HaWbiNbWWIK noTeHuian nigBu-
LWEeHHA CyMapHOi eHeproedeKTUBHOCTI, OCKiNbKM AatoTb
3MOry OZHOYaCHO OMTMMI3yBaTU E€NEeKTPUYHI napameTpu
$OTOENEKTPUYHUX MOAYNIB Ta [A0AATKOBO BUKOPUCTO-
ByBaTW BiaBeaeHe Tenno. OfHaK CKNALHICTb NPOEKTYBAHHA
Ta BULLI KaniTa/bHi BUTPATU NOTPEOYIOTb PeTesIbHOro Tex-
HiKO-eKOHOMIYHOTO OOFPYHTYBaHHA 1 ONTMMI3aLii KOH-
CTPYKTUBHUX MapameTpiB. TakoX [A0AATKOBO OTpMMaHa
TensoBa eHepria € HU3bKOMOTEHL,INHO, L0 3BYXKYE Aiana-
30H il KOPUCHOIO BUKOPMUCTAHHA.

Y3aranbHO4M, MOXHa 3pobUTM BMCHOBOK, LLO YHiBep-
canbHoro cnocoby oxonogyKeHHsA GOTOENEKTPUYHUX MO-
aynis He icHye. MNig yac BMbopy cnocoby Ta cUCTEMMU OXO-
JNIOOKEHHA CNig, BpaxoBYyBaTWM MiCLLEBi, KOHCTPYKTUBHI Ta
€KOHOMIYHIi dpakTopu. A BUBip ONTUMaNbHOIO PillEHHA MaE
34iNCHIOBATMCA 3 ypaxyBaHHAM KAiMaTUYHUX YMOB, KOH-
CTPYKTUBHUX Ta EKOHOMIYHMX HAKTOPIB | BUMOT [0 eHepre-
TUYHOT ePEeKTUBHOCTI.
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AHomauyia. The article considers the effect of temperature on

the efficiency of photovoltaic modules and analyzes the methods of their cooling. It is shown that increasing
the operating temperature of solar panels leads to a decrease in voltage, output power and accelerated
degradation of photovoltaic elements, and that various approaches are used to reduce the operating
temperature and increase efficiency. An overview of various cooling methods for increasing the productivity
of photovoltaic panels is presented - passive, active and combined systems for cooling photovoltaic systems
using air, water, phase transition materials and nanofluids as working agents and other methods. Depending
on the intended use, it is advisable to use the appropriate method to increase the efficiency of photovoltaic
modules and/or to produce additional thermal energy. As a result, it was found that there is no universal
method for cooling photovoltaic modules, and the choice of the optimal cooling system should be carried out
taking into account climatic, structural, economic and operational factors.

Keywords: solar energy, methods for cooling photovoltaic systems, increasing the efficiency of photovoltaic
systems, productivity, passive cooling, active cooling, PVT.
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Introduction. One of the most widespread types of renew-
able energy is solar energy. Its advantages include wide
availability in many regions, low operating costs, and the
possibility of application in small, decentralized energy sup-
ply systems [1].

The conversion of solar energy into electrical energy is car-
ried out using photovoltaic (PV) solar cells. However, the
absorbed solar radiation that is not converted into electric-
ity contributes to an increase in the temperature of the so-
lar cells, thereby reducing their conversion efficiency [2].

Solar panels are tested under Standard Test Conditions
(STC), namely: incident solar irradiance of 1000 W/m?, pho-
tovoltaic cell temperature of 25°C, wind speed of 0 m/s,
and an air mass solar spectrum of 1.5. Standard Test Condi-
tions (STC) rarely occur under real outdoor operating con-
ditions; in particular, the temperature of a solar panel is
usually much higher, especially in hot climates. Therefore,
the characteristics of solar panels under STC cannot be used
to evaluate the actual performance and electrical energy
generation of a photovoltaic system under real operating
conditions [3].

During operation, especially in hot weather, solar panels
heat up. An increase in the surface temperature of a solar
module negatively affects its technical and operational
characteristics [4]. This dependence is described by the
temperature coefficients of voltage and current. The

optimal operating temperature for photovoltaic cells is
considered to be 25°C. At temperatures above the optimal
value, the open-circuit voltage decreases, while the short-
circuit current increases slightly [3]. Figure presents, as an
example, the current-voltage characteristic of a solar panel
from one of the modern manufacturers at different tem-
peratures of photovoltaic modules.
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Figure. Volt-ampere characteristics of the solar panel
JAM72530-540/MR at different temperatures
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To evaluate the performance of solar panels under condi-
tions close to real-world operating environments, addi-
tional parameters were adopted, namely the temperature
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corresponding to the Normal Operating Cell Temperature
(NOCT) - the nominal operating temperature of a solar cell.

The nominal operating cell temperature (NOCT) is meas-
ured at a solar irradiance of 800 W/m?, ambient air temper-
ature of 20°C, and wind speed of 1 m/s. The lower the NOCT
value, the more efficiently the module will operate under
real-world conditions. NOCT is not an operating condition
for a solar panel; however, it is one of the important pa-
rameters used to assess the quality of a photovoltaic mod-
ule. The characteristics specified under NOCT provide a
more accurate understanding of the expected panel tem-
perature and its performance under actual operating con-
ditions [3].

Another factor affecting the reduction in the efficiency of
photovoltaic cells and solar panels is their degradation.
Degradation is the process of deterioration of solar module
characteristics over time, involving a gradual decline in
quality and structural deterioration caused by environmen-
tal influences and aging. Over time, electricity generation
gradually decreases [5].

During operation, monocrystalline and polycrystalline pho-
tovoltaic cells lose efficiency at an average rate of approxi-
mately 1% per year. Manufacturers usually guarantee
about 90% of the initial performance for the first ten years
and 80% after 25-30 years of operation. However, recent
studies indicate that monocrystalline panels manufactured
after 2000 may degrade at a rate as low as 0.4% per year.
Manufacturers generally declare a service life of solar pan-
els of 20-25 years [4].

One of the causes of solar panel degradation is the aggres-

sive impact of environmental conditions, namely:

— overheating of solar panels;

— continuous temperature fluctuations, which lead to the
formation of microcracks and consequently deterioration
of electrical connections;

— strong wind gusts, which increase dynamic and mechani-
cal loads;

— humidity, snow, and ice, which gradually contribute to
battery aging [6].

Thus, an increase in temperature negatively affects the ef-
ficiency of converting solar radiation into electrical energy.
Overheating leads to a reduction in the voltage generated
by photovoltaic cells, which correspondingly decreases the
output power of the system and also accelerates the deg-
radation of photovoltaic modules, i.e., the deterioration of
photovoltaic cell characteristics over time.

Methods of Cooling Photovoltaic Modules. There are vari-
ous methods for cooling solar panels aimed at removing ex-
cess heat and reducing panel temperature. As a result, an in-
crease in electricity generation efficiency can be expected.

Methods of cooling photovoltaic modules can convention-
ally be divided into passive, active, and combined (hybrid)
methods [7]:

— passive methods do not require an additional energy
source (for example, structural design solutions, finned
surfaces, radiative/spectral cooling, and phase change
materials (PCM);

— active methods involve the use of auxiliary equipment
and additional energy consumption (for example, forced-
air cooling, liquid cooling, spray cooling schemes, and
thermoelectric coolers);

— combined (or hybrid) methods combine passive and ac-
tive approaches or integrate cooling with useful heat re-
covery and additional energy generation (for example,
photovoltaic-thermal systems (PVT systems).

Each method has its own advantages and limitations, which
depend on climatic conditions, system type, budget, and
the scale of application, thereby determining its feasibility
under specific operating conditions.

Passive Cooling Methods. Passive cooling methods do not
require external energy sources and are based on natural
physical processes such as convection, heat conduction, or
radiative emission. Passive cooling is achieved solely
through structural design features [8].

The most common technologies include:

—natural convection - cooling due to air movement around
the PV module;

— structural solutions - fins on the rear surface of the pho-
tovoltaic module, thin-film thermally conductive sub-
strates, ventilation gaps, and optimized mounting geom-
etry;

—thermal energy storage - integration of phase change ma-
terials (PCM) into the photovoltaic module structure;

— radiative cooling through the use of specialized coatings.

Passive methods are considered economically feasible due
to their simplicity of implementation and the absence of
additional energy consumption. However, their effective-
ness is limited by various operating conditions.

Structural solutions for solar panel cooling include fins, sub-
strates, and ventilation gaps. Simple structural improve-
ments often provide a cost-effective increase in efficiency:
additional aluminum fins/heat sinks on the rear surface,
thin-film thermally conductive layers, as well as providing a
ventilation gap between the module and the mounting
bracket - all these measures increase the heat exchange
area and promote the intensification of natural convection.
Experimental studies show that such measures can reduce
local temperatures by several degrees (5-12°C) and provide
a stable, although relatively small, increase in electricity
generation [9].

Radiative cooling through specialized coatings rely on ther-
mal radiation emitted into the surrounding environment,
allowing the surface of the photovoltaic module to cool
without additional energy consumption. For PV modules,
an important consideration is that the coatings must be
spectrally selective: they should exhibit high transparency
in the visible and near-infrared spectral ranges in order not
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to reduce electricity generation, while simultaneously pos-
sessing high emissivity in the mid- and long-wave infrared
ranges to effectively dissipate heat. Experimental studies
have demonstrated that polydimethylsiloxane (PDMS)
films with pyramidal texturing can reduce the operating
temperature of silicon cells by 5-15°C under standard solar
irradiance, corresponding to a noticeable increase in elec-
trical power output [10].

The integration of phase change materials (PCMs) into the
photovoltaic module structure enables the accumulation of
excess thermal energy during periods of peak solar irradi-
ance through the enthalpy of fusion, followed by its gradual
release at night. The role of PCM in PV structures is to
smooth temperature peaks, reduce the amplitude of daily
temperature fluctuations, and temporarily maintain a more
favorable thermal regime for photovoltaic cells. In addition,
the use of PCM materials (organic paraffins and salt hy-
drates) combined with nanofillers (metallic or oxide nano-
particles) can increase thermal conductivity and improve the
rate of heat dissipation, thereby enhancing the efficiency of
PCM-based solutions under real operating conditions. How-
ever, effectiveness strongly depends on the proper selection
of PCM melting temperature, heat capacity, and regenera-
tive properties of the chosen material [11].

Passive cooling methods for PV modules represent an at-
tractive and cost-effective opportunity for reducing operat-
ing temperatures without additional energy consumption.
However, no universal strategy exists. Radiative coatings
perform better in dry regions with low cloud cover and high
atmospheric optical transparency. PCMs demonstrate the
best results in regions with pronounced daily temperature
fluctuations. Structural solutions are the most economical
for large-scale arrays, where material cost plays a decisive
role. The key limitations of passive systems include depend-
ence on weather conditions, degradation of coatings under
ultraviolet radiation, limited cyclic stability of PCM materi-
als, and integration challenges with existing panels. There-
fore, the selection of passive cooling solutions should take
into account the local climate, architectural constraints,
and the life-cycle cost of the system.

Another of the least investigated aspects of the thermal re-
gime of photovoltaic modules is the direct influence of solar
panel orientation on their operating temperature. Typically,
solar panel orientation is considered primarily as a method
of maximizing solar radiation absorption, while insufficient
attention is paid to the panel temperature under different
tilt angles and azimuth directions. Meanwhile, orientation
determines not only the amount of radiation incident on the
panel, but also the nature of convective cooling, the angle of
incidence of direct radiation, and the daily variation of the
thermal regime of photovoltaic modules [12].

For conditions in the Northern Hemisphere, southward ori-
entation of photovoltaic modules is generally considered
optimal from the standpoint of maximizing annual electric-
ity generation. In this case, maximum solar irradiance oc-
curs during midday hours, when the Sun reaches its highest

elevation above the horizon. However, the concentration
of solar radiation during the midday period also creates the
most intense thermal load. During the summer season, the
surface temperature of south-oriented panels can reach
60-70°C even when the ambient air temperature is 30°C.
Such conditions are accompanied by significant tempera-
ture-related power losses [13].

Thus, in order to reduce the temperature of a photovoltaic
module, it is also necessary to analyze and select the opti-
mal tilt angle and azimuth for specific installation condi-
tions and regional characteristics.

Active cooling methods utilize auxiliary equipment and re-
quire additional energy consumption. Compared with pas-
sive approaches, active methods provide a greater temper-
ature difference between the cooling medium and the
module; however, they require energy input, more com-
plex equipment, and regular maintenance. Therefore, the
selection of a specific solution requires a cost-benefit anal-
ysis for each particular application [14].

Active cooling methods for PV modules include:
— forced-air cooling using fans;

— liquid cooling - circulation of water or nanofluids through
heat-exchange channels;

— systems with active cooling of phase change materials
(PCM);

— liquid cooling with water spraying, or spray-cooling sys-
tems.

Each option has its own engineering characteristics: air-
based systems are simpler and less expensive, liquid-based
systems are more efficient in heat transfer, while spray sys-
tems provide the fastest local cooling when water re-
sources are available [15].

Forced-air cooling is the simplest of the active approaches,
increasing the heat transfer coefficient and reducing the
operating temperature of photovoltaic cells. Its advantages
include ease of integration and relatively low installation
cost for small-scale systems [16]. The disadvantages in-
clude the energy consumption of fans and the reduction of
the net useful gain in electricity generation, which may re-
sult in an unfavorable ratio between energy consumption
and the benefit obtained. Studies emphasize that air-cool-
ing schemes are advisable in cases where fan power con-
sumption is low or where the fans can be powered partially
by the PV system itself [7].

Liquid cooling systems represent the primary practical
method of active cooling. Water or a modified heat-trans-
fer fluid is pumped through channels on the rear surface or
through collectors, ensuring a high rate of heat removal
due to the high heat capacity of liquids. Calculations and
experimental studies demonstrate that water cooling re-
duces temperature by several tens of degrees compared
with non-cooled panels and significantly increases electri-
cal energy output [14].
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Nanofluids are also used for cooling purposes. Nanofluids are
liquids containing nanoparticles dispersed within the heat-
transfer medium, which improve the thermal conductivity of
the coolant and enhance heat exchange efficiency. Research
indicates that nanofluids (for example, those based on metal
oxides) improve heat transfer and can reduce the tempera-
ture of PV modules more effectively than conventional water
under the same hydraulic conditions. However, disad-
vantages such as agglomeration, increased hydraulic re-
sistance, and issues related to the long-term stability of
nanofluid suspensions must also be considered [17].

Spray-cooling systems involve spraying water onto the rear
surface of the photovoltaic module or creating a thin evap-
orative water film. This is a highly effective method, espe-
cially in dry climates. Since evaporation absorbs a signifi-
cant amount of heat during the phase transition process,
noticeable local cooling can be achieved with a relatively
small volume of water. However, this method also has dis-
advantages, including water consumption, salt deposition,
and the need for water filtration [18].

When selecting active cooling systems, the key evaluation
criterion is the balance between the useful increase in elec-
tricity generation and the energy consumption required to
operate the cooling system itself. Practical studies show that
water cooling and spray cooling provide the greatest temper-
ature reduction and, accordingly, the highest increase in en-
ergy generation, but they also involve higher operational
costs and additional equipment requirements, including
fans, pumps, filters, and water supply systems [14].

Combined (or Hybrid) Cooling Systems. Combined (or hy-
brid) systems integrate the advantages of both passive and
active cooling approaches or combine cooling with useful
heat recovery (PVT systems). Such an approach makes it
possible to simultaneously cool the panels and utilize the
removed heat for domestic or industrial applications,
thereby increasing the overall efficiency of the system [19].

Combined cooling systems for PV modules can be imple-
mented in various ways:

— integration of passive and active methods - for example,
heat-dissipating fins or spectral coatings combined with
a liquid cooling circuit;

— cooling with heat utilization (PVT modules) - the module
simultaneously generates electricity, while the
extracted heat is used for water heating, space heating,
or technological processes [20].

Both approaches are aimed at improving the overall energy
efficiency of the installation.

Examples of combined passive and active approaches in-
clude systems that use spectrally selective coatings or PCM
(phase change materials), supplemented by a water circuit
or spray-cooling system only during periods of peak heat-
ing. Such an approach reduces the operating time and en-
ergy consumption of active cooling, thereby improving
overall efficiency.

Hybrid photovoltaic-thermal (PVT) systems with heat re-
covery combine photovoltaic electricity generation with
thermal energy extraction [21]. A heat-transfer fluid circu-
lating beneath the PV module removes heat, lowers the
panel temperature, and transfers thermal energy for useful
consumption. Such systems significantly increase overall
efficiency through the simultaneous production of electri-
cal and thermal energy. Experimental studies of PVT sys-
tems have shown that the increase in total energy effi-
ciency may reach 15-25% compared with a standalone PV
panel without cooling [22].

When selecting the configuration of a combined system,
important considerations include technical parameters
(temperature difference, heat-transfer fluid flow rate, and
heat-exchange area), economic feasibility, and operational
complexity. Combined cooling methods for photovoltaic
modaules, especially those implemented in the form of PVT
systems, represent a powerful tool for improving the effi-
ciency of solar energy systems. They provide both active
cooling and heat recovery, significantly increasing the over-
all energy output and efficiency of the installation [23]. Alt-
hough such systems are more complex and demanding in
terms of implementation, their long-term advantages may
justify the associated costs, especially for high-capacity fa-
cilities or systems intended for integration with electrical
and thermal energy networks.

As a result, it was established that no universal method for
cooling photovoltaic modules exists. The selection of the
optimal solution should be carried out taking into account
climatic conditions, structural characteristics, and eco-
nomic factors. Passive methods are appropriate for small-
scale installations in moderate climates. Active methods
provide a more stable cooling effect but require analysis of
the energy balance, while combined methods possess the
highest potential together with the highest complexity and
capital costs. In addition, it is necessary to analyze and se-
lect the optimal tilt angle and azimuth direction of the pan-
els from the standpoint of their influence on the operating
temperature of photovoltaic modules.

In addition to their advantages, PVT solar collectors also
possess several disadvantages. The thermal energy gener-
ated by such combined collectors is considered low-grade
thermal energy. Specifically, the relatively low temperature
of the obtained heat-transfer fluid can be utilized only in a
limited number of thermal engineering processes for indus-
trial or household applications, thereby restricting the
range of possible applications. Furthermore, the influence
of seasonal variability on the availability and potential of
this additional thermal energy reduces the period during
which such systems can be effectively utilized. Attempts to
obtain a heat-transfer fluid with a higher temperature lead
to a significant decrease in the efficiency of electricity gen-
eration by the photovoltaic module, which raises questions
regarding the feasibility of using PVT systems in specific ap-
plications.
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Conclusions. Thus, the operating temperature of solar pan-
els is one of the factors influencing the efficiency and relia-
bility of photovoltaic modules. Under conditions of intense
solar radiation, a significant portion of the absorbed energy
is converted into heat, which leads to an increase in the op-
erating temperature of photovoltaic cells, a reduction in
voltage, and a decrease in output power. In this regard, the
application of various cooling methods can be considered a
means of improving the efficiency of photovoltaic systems.

Methods of cooling photovoltaic modules can be classified
as passive, active, and combined. Passive cooling methods
are characterized by structural simplicity, high operational
reliability, and no additional energy consumption. They are
suitable for use in moderate climates and for small-scale
photovoltaic installations; however, their effectiveness sig-
nificantly depends on external factors such as ambient tem-
perature, wind speed, solar irradiance, and the orientation
of solar panels.

Active cooling methods, based on the forced circulation of
air or liquid, provide greater temperature reduction of the
modules and a more stable operating regime. At the same
time, their implementation is associated with additional
energy consumption, increased system complexity, and the
need for regular maintenance. In this case, a comprehen-
sive analysis of the system energy balance becomes neces-
sary in order to determine the feasibility of applying active
cooling under specific operating conditions.

Combined cooling methods integrate elements of passive
and active approaches or combine the cooling process with
useful thermal energy recovery in photovoltaic-thermal
(PVT) systems. Such solutions offer the greatest potential
for increasing overall energy efficiency, since they simulta-
neously optimize the electrical performance of photovol-
taic modules while additionally utilizing the extracted heat.
However, the complexity of design and the higher capital
costs require careful techno-economic justification and op-
timization of structural parameters. In addition, the addi-
tionally obtained thermal energy is low-grade, which limits
the range of its practical applications.

In summary, it can be concluded that no universal method
for cooling photovoltaic modules exists. When selecting a
cooling method and system, local climatic conditions, struc-
tural characteristics, and economic factors should be taken
into account. The choice of the optimal solution should
therefore be made with consideration of climatic condi-
tions, structural and economic factors, as well as the re-
quired level of energy efficiency.
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