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AHomayia. Ceped 8i0HO81H0BAHUX OXcepesn eHepeaii COHAYHA
eHepeis 88axaAEMbCA 00HIEO 3 HalledhekmusHiwux ma Hal-
3acmocosHiwux y macwmabax micm, patioHise ma okpemux
byodisesib. BUKOpUCMAHHA COHAY-HO20 8UNPOMIHIO8AHHA MAE
8UCOKUlI nomeHuian. [ns po3sumky 6a2ameox cucmem
eKpali saxciuso sumiprosamu abo rnpozHo3ysamu iHmeHcus-
HicMb COHAYHO20 8UNPOMIHIOBAHHSA 019 MAKCUMA/16HO20 8U-
KOpUCMQAHHSA COHAYHOI eHepeii. ¥ pobomi docnioxcyemeoca no-
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12,345 ypaiHCbKUIA AepKaBHUIA YHiBEpcuTET
HayKM i TexHonorii, HHI «YKpaiHCcbKuit
OEePrKaBHUIM XiMIKO-TEXHO/IOMYHUIA YHIBEPCUTETY,
m. [Hinpo, YKpaiHa

meHUyian COHAYHO20 GUﬂpOMiHiOGGHHﬂ 8 yMoe8ax cy4YacHozo

HUM08020 KomriseKcy. Taki OaHi 8 nepcriekmusi MOXymb cmamu 0CHO80 0411 N00abWO020 MACO8020 BUKO-
PUCMAHHA COHAYHUX CUCMEM 8 YMOBAX CepedHiX ma seauKux micm. Lie moxe icmomHo 3meHWUmMu eapmicme
067100HAHHA Ma NUMoMi sumMpPamu 0118 KOXHO20 0Kpemoz20 domozocriodapcmeaa. s susHayeHHs nomeHuyiany
COHAYHOI eHepeii 8 yMoB8ax Cy4yacHoi MicbKoi 3aby-008uU 8UKOpUCMO8BY8AAU Mamemamu4Hy moodesns. BoHa po3pa-
X0BYE MOMOKU COHAYHOI eHepeil Ha 0a-xu ma ¢hacaou 6yOUHKI8 #UMI08020 KOMII/AEKCY MPOMA20M OHA 3 ypaxy-
BAHHAM 0OPU POKY, XMAPHO-CMI, 3aMiHeHHS, Kyma Haxusy nosepxHi 8i0HOCHO 20pU30HMY. 3 MemMoro 8PAXY8AHHS
811Uy XMap-HOCMI 3acmocosyeasu apxieHi 0aHi 2idpomemeoueHmpy 019 micma [Hinpo, axi 6yau oyugpposaHi.
OmpumaHi pe3yasmamu 0arome MOX(AUSICMb 8U3HAYUMU ONMUMAsbHI Micuya 0719 8CMAHOB/AEHHA COHAYHUX CU-
cmem Ha pacadu micbKux bydisesnb, @ MaKox 0arome NMPAKMUYHY iHghopmauito 015 2a-s1y3eli COHAYHOI eHepae-
muku. OmpumaHi 0aHi MoXyms bymu sukopucmati 015 06rpyHMye8aHHS 30-rpPoeadxceHHs iHeecmuuyill y 8i0HO-
8/1H08AHY eHepaemuky.

Knrouoei ¢noea: coHAaYHUL nomeHuias, sunpoMiHIOBAHHSA, eHepa2oedekmusHicms, MamemMa-mudHe MoOesto-

B0HHHA, Humaosuli Komrsexc.

Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOUEHb

O — KYT BUCOTU COHLA

[ — FOAMHHUI COHAYHUI KYT

75 — COHAYHWUI Yac

Sm— CTaHAAPTHUI MepuAiaH MicLLeBOro 4acoBsoro noscy
Lm — pOBroTa po3TallyBaHHA

O — COHAYHE CXUNIEHHA, KyToBe NosoKeHHA CoHuAa BiagHO-
CHO NNIOLWNHM eKBaTopa

@ — lUMPOTa MicLLA PO3TaLLyBaHHA

| — NOTiK NOBHOrO COHAYHOrO BUMPOMIHIOBAHHA, WO Naaae
Ha A0BiNbHY TBEPAY MOBEPXHIO

BcTyn. BUKOpUCTaHHA BiAHOBNOBaHUX AXKepesn eHeprii B 6i-
NIbLIOCTi perioHiB 3eMHOI KyAi WOpPoKy 3pocTae. Cepes HUX
COHAYHA eHeprif BBAXKAETbCA OCHOBHOK EHEepri€lo, OCKi-
JIbKM iHLWWI gyKepena € NoxXigHMMM NPAMOI 1 HENPSMOT 4T Big,
Hei, a came eHepris BITPY, eHepria 6iomacw, rigpoeHepris,
XBWU/IbOBA eHeprif Ta iH. BUKOPUCTAaHHA COHAYHUX CUCTEM B
YMOBax cepegHix Ta BE/IMKUX MICT cnpuse aekapboHisauii

Is — npsAAMe COHAYHE BUMNPOMIHIOBAHHA
l4— po3cisiHe (andy3He) BUNPOMIHIOBAHHSA

lo — COHAYHE BMMPOMIHIOBAHHA, WO AOCAra€ 30BHIWHbOIO
KOPAOHY 3eMHOT aTmocdepu

6 — KyT NagiHHA COHAYHOrO BUMPOMIHIOBAHHA Ha 4OBINbHY
MOBEPXHIO

&— KyT Haxuny NOBEPXHi 40 FOPU3OHTY

¥—a3MMyTaNbHUI KYyT NOBOPOTY NOBEPXHI Bif, HANPAMKY Ha
nisaeHb

ko — KoediLieHT NponyckaHHA aTmocdepu

€/1eKTPOEHEePreTUYHOT CUCTEMM, OCKIIbKN BOHU FreHEepYIoTb
eneKkTpoeHeprito 6e3 BUMKUAIB NAapHUKOBMX TrasiB, Lo
cnpusie 36iNbLUEHHIO YacTKM BiAHOB/OBAHOI eHeprii B eHe-
pro6anaHci KpaiHu [1, 2]. BAKOPUCTAHHA COHAYHOT eHeprii B
MiCbKMX 3aby,0Bax MoXKe 6yTU NepCrnekTMBHUM i B yMOBax
YKpaiHu. Lle gonomoske 3MiLHUTU CTIMKICTb LUX PaMOHIB,
3HUXKYBaTMMeE eKcnJlyaTauiiHi BUTPATH, CNpUATUME eHep-

187



BigHosntoBaHa eHepretvka. Ne 1/2026 | CoHAYHa eHepreTuka

reTUYHIN He3aNeXHOCTi, a TaKOXK 3MEHLIEeHHIO WKignmMBmx
BUKMAiB.

CoHAYHa eHepria € OCHOBHMM GaKTOPOM, L0 BU3HAYaE ede-
KTUBHICTb COHAYHMX cucTem. OTKe, OLLiHKa MOoTeHLiany CoHA-
YHOrO BMMPOMIHIOBAaHHA MOXe CTaTh B NEepCneKkTUBi OCHO-
BOIO 417 MOAANIbLIOTO MAcOBOrO BMKOPMUCTAHHA COHAYHMX
CUCTEM B YMOBAX CepeaHiX Ta BEJIMKUX MICT, 415 OLHKK Ten-
JIOBOrO Ta ENEKTPUYHOIO HAaBaHTAXKEHHS, AKe Aai BUKOPUC-
TOBYETbCA 4719 PO3PO6KM eHeproedeKTUBHUX Byaisenb. Lle
MOXe iICTOTHO 3MEeHLIMTU BapTiCTb 0b61agHAHHA Ta NUTOMI
BUTPATU 419 KOXKHOIO OKPEMOrO AOMOroCnoAapcTaa.

CucTemu, LLLO BUKOPUCTOBYIOTb COHAYHY EHEeprilo 3a gono-
MOTO COHAYHWUX NaHenel Ha gaxax i pacagax, MaloTb BU-
COKiil noTeHujan y 3axigHin €Esponi [3, 4]. ®oToeneKkTpuyHiI
naHeni reHepyloTb eN1EKTPUYHY eHeprito ANA OCBIT/IEHHA Ta
nobyToBux NoTpeb, a COHAYHI KONEKTOPU — TEMIOBY eHep-
rito y BUrA4i rapayoi Boau 4158 4OMOrocnogapcTs, a TakoX
HarpiBy Ta OXONOAKEHHS OYANHKIB.

B YKpaiHi Taki cuctemu NoKu WO He MaloTb LUMPOKOro po3-
NnoBCIOAKEHHA. Lle obymoBneHo HeobxigHiCTO BigHOCHO
BMCOKMX IHBECTULIM ONA OKpeMmx AOMOrocnogapcrs Ta
3HAYHMM TepMiHOM OKynHocTi [5]. Ane B ymoBax BiliHM
aNbTEPHATMBHA €HepreTMKa OTpPUMasa HOBUW iMMYAbC
PO3BUTKY AK 3acib 3abe3neyeHHA eHepreTMyHoi Hesane-
KHOCTi. COHAYHI eNeKTPOoCTaHLil BUABUINCA MEHLI Bpas3-
NIMBUMM L0 MacCWTabHMX aTaK 3aBAAKM PO3rajyKeHocTi
Ta MOX/MBOCTI LIBUAKOIO BiAHOBAEHHA MiCAA MOLUKO-
OeHb. MNpuBaTHI COHAYHI cTaHLii 3abe3neyyloTb eHepre-
TUYHY aBTOHOMIilO A8 OKpemux byaisenb, AOMOrocno-
[apCTB Ta NiANPUEMCTB, 3HMMKYIOUYM HaBAHTAXKEHHA Ha
LeHTpa/sbHy eHeprocuctemy. PO3BUTOK COHAYHOT eHepre-
TUKU CNPUAE 3MEHLUEHHIO 3aJIeXXHOCTI Bif, iMNOPTHUX
€HeproHociiB Ta MiABULLYE 3araJibHy eHepreTUYHy Hesa-
NEeXHICTb KpaiHM B yMOBaX BOEHHOIO CTaHy.

MepcnekTMBHUM HanpAMOM BUpilleHHA Liei npobaemu €
nepexig, A0 MacoBOro BUKOPUCTAaHHA COHAYHWUX CUCTEM B
YMOBAX cepeHix Ta BeIMKUX MiIcT. Lle moKe iCTOTHO 3MeH-
LUNTK BAPTICTb 0BNaAHAHHA Ta NUTOMI BUTPATU SR KOXK-
HOro OKPEeMOoro AOMOrocnoAapcTaa.

Hanpuknag, y pisHux perioHax €EBponu 34ilMCHEHO NPOEKTH
3 OLiHKKW NOTeHUiaNy COHAYHOI eHeprii B MiCbKMX YMOBaX, AK
nigrotyBaHHA ANA MNPAKTUYHOI peanisauii BUKOPUCTaHHA
COHSAYHOI eHeprii. FNMBOKo TaKi gocnigxKeHHs 6yan npose-
OeHi ans micta eHesa (LUBeliuapin) [4], micta TpoHxenm
(Hopseris) [3] Ta iHWKX. Pe3ynbTaTaMun LUX OOCNIAKEHD €
LeTaNbHi XapaKTEPUCTUKM MNOTEHLUiany COHAYHOI eHeprii
LN OKpeMUX BYANHKIB, BY/INLb Ta BEJIMKUX X KUTIOBUX paii-
OHiB y Uinomy. [Jna HAOYHOCTI pe3ynbTaTh NPeacTaBAATb
y BUFNAAjI KONbOPOBMX Man ANA NAOCKUX Ta 06’EMHUX MO-
nenei micbKoi 3abyaosu.

iz Yac NPOEKTYBAHHA HOBUX YM MOAEPHI3aL,iT iCHYHOYNX CU-
CTeM Tenno- Ta eHepronocTa4aHHA NPOMMUC/IOBONO YU NpU-
BATHOMO CEKTOPY HEOOXiZAHO BU3HAUMTM TEPMOAUHAMIUHY
ePeKTUBHICTb COHAYHUX CUCTEM: COHAYHUX KONIEKTOPIB YK
boTOENEKTPMYHUX NepeTBOplOBaYiB. A 418 Lboro Heobxi-
OHO MaTW BigOMOCTI MPO KiNbKiCTb COHAYHOrO BUMNPOMI-

HIOBAHHA, AKe HAAX0AMTb HA iX MOBEPXHIO. Lle MOXKHa 3po-
6UTU AeKibKOMA MeToZ4amMM: NPAMUMK BUMIpaMK, aHanNi-
TUYHUMK METOLaMM Ta 3a LLONOMOrOH AOBIAHWMKIB abo Bia-
nosigHmx 6a3 gaHux [6]. Nepwi BMmaratoTb cneundivyHoro
obnagHaHHA (nipreniomeTpu, aKTIOMETpU, NipaHOMeTpu
abo conapumeTpu) Ta MOXKANBOCTI beanocepeaHbOro BCTa-
HOB/IEHHA Ha 06’€KTi Ta MOMK/IMBOCTI MOHITOPUHTY 3 QYHK-
uieto nepegadi aaHux Ha NEOM uu cepBep. 3a3Buyait Bap-
TiCTb TAaKOro yCTaTKyBaHHA 4OCUTb BesnKa. [lOBiAHUKM un
cyyacHi 6asm gaHux matoTb obmexkeHy iHpopmauito 3a po-
Kamm abo obmexkeHHs 3a TepuTOpiAMM, a CBITOBI
Komn’toTepHi 6a3n gaHuUX, WO MatoTb A0BO/Ii TOYHI Ta iHdO-
PMaTMBHI AaHi, Ha4aOTb AOCTYN 40 CBOIX pecypcis Ha naa-
THi ocHoBI. OT}Ke, 3BayKaloumn Ha BUTPATK 1 TOUHICTb HaBe-
OEHUX JaHUX 3 NOTEeHLaNy COHAYHOrO BUMPOMIHIOBaHHA,
L0 MAJAE HA NOBEPXHIO NPOEKTOBAHNX COHAYHUX CUCTEM,
[OUiNbHOK € po3pobKa maTemMaTUYHOI mogeni, Aka 6 ypa-
XOBYBaa KYT Haxuny 40 ropn3oHTY reniocucTemMm, opieHTa-
Lito BiAHOCHO NiBAHSA, 3aTiHEHHSA, XMapPHICTb, BiaOMBHY 34a-
THICTb HAaBKOIMLLHIX NpegMmeTiB, MOpy POKy Ta iH. Lie pgactb
3MOry ONTMMI3yBaTW PO3TallyBaHHA COHAYHMX CUCTEM HaA
3a4aHin micuesocTi [7].

Buxoaauu 3 BULWEHABEAEHOIO, MOXHa 3p0BUTU BUCHOBOK,
LLLO AOCNIAKEHHA COHAYHOTO NOTEHLUiany ANA CepeHix i Be-
JINKUX MICT MOXKe BTV NepcneKkTUBHUM i B yMoBax YKpaiHu.
OTpuMaHi gaHi MoXyTb 6YTM BUMKOPUCTaHi ANnA 06rpyHTy-
BaHHA 3aNpOBaAKEHHSA iHBECTULM Y Bi4HOBNIOBAHY eHep-
reTuky. Jna NnpakTMYHOro BM3HAYEHHA NOTeHLiany COHAY-
HOrO BUMPOMIHIOBAHHA CY4YaCHUX MICT 3aCTOCOBYIOTb
MeToAM MaTeMaTUYHOTO MoAeNtoBaHHA [3, 4, 8-10].

MNocTaHOBKa 3aBAaHHA Ta meTa poboTn. Y poboTi BupiLly-
€TbCA 33Ja4a BM3HAYEHHA NOTEHLiaNy COHAYHOI eHeprii B
yMoBax micta [IHinpa npoTArom poKy 3 ypaxyBaHHAM poO3-
TalyBaHHA, OPIiEHTALii MOBEPXHi, 3aTiIHEHHA Ta XMAPHOCTI
Heba. [lna uporo 3aCcTocoBaHO NiAxig, 3aCHOBAHWUIA Ha cni-
JIbHOMY BUKOPUCTaHHI MaTeMaTUyHoro Ta pismyHoro moge-
NOBAHHA A1A NPAaKTUYHOIo BU3HAYEHHA NOTEHLiany COHA-
YHOro BWUMPOMIHIOBAHHA. MeTolo pPobOTU € BM3HAYEHHSA
NoTeHLUiaNly COHAYHOrO BMMPOMIHIOBAHHA MOBEPXHi 3 BW-
3HAYEHO0 OpiEHTAL,ELD.

3aBgaHHAM poboTK € po3pobKka maTeMaTUYHOT mogeni Ana
BM3HaAYeHHA NOTOKIB COHAYHOI eHeprii Ha dpacaam byamHKis
YKUTI0BOrO KOMIMJIEKCY NPOTAFOM AHA 3 ypaxyBaHHAM Nopu
POKY, XMapHOCTi Ta 3aTiHEHHA, 3BaKalouuM Ha po3Tally-
BaHHA BYAMHKY BifJHOCHO CTOPiIH FOPU3OHTY Ta KyTa Haxuay
nosepxHi (bacagy).

Y po60oTi BUKOPUCTOBYBANN METOAN MaTEMATUYHOrO Ta i-
3MYHOr0 MOAENIOBAHHA A1 MPAKTUYHOIO BU3HAYEHHA MOo-
TeHLUiaNly COHAYHOro BUMPOMIHIOBAHHA. 3 METOI Bpaxy-
BaHHA BM/MBY XMAPHOCTI 3aCTOCOBYBAa/IM apXiBHiI AaHi
riipomeTteoueHTpy Ana Mmicta [Hinpa, Aki 6yan ouymdpo-
BaHi.

MaTemaTuyHa moaenb BU3HAUYEHHA NOTeHLialy COHAYHOI
eHeprii B ymoBax Cy4acHoi MicbKoi 3abyaosu. [na BU3Ha-
YeHHA napameTpiB MOTOKY COHAYHOrO BWMMPOMIHIOBAHHA,
WO NafaE Ha MOBEPXHI0 3eM/i 3 3aJaHMM HaxMom Ta
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Opi€EHTALLIE0, KOPUCTYEMOCHL CNiBBiIAHOWEHHAMMN, HaBeae-
HumK B [11]. MonoxkeHHA CoHUA BiHOCHO NEBHOro MicuA
Ha NOBEpPXHi 3em/i BUSHAYAETbCA KYTOM BUCOTU COHUA « i
FOAUHHUM COHAYHUM KyTom S (puc. 1). Bucota CoHus a—
ue KyT MiX Hanpamkom Ha COHue i FrOpM30OHTasIbHOM

_O_

MNisaeHb

noBepxHeto B NeBHOMY Micui Ha 3emni. FTOAMHHMIA COHAY-
HWIA RyT S— ue BiaxuneHHs CoHUA Big NonyaHs, BU3HaYa-
€TbCA KYTOM MiX FOPM3OHTa/NIbHOK MPOEKLIEID COHAYHOTO
NPOMEHIO i NiHi€l0, HaNpaBAeHOo Ha NiBAEHb Y MiBHIYHIN
niBKyi.

ATmocdepa

Cxig,

Puc. 1. CxemMa COHAYHO20 8UMPOMIHIOBAHHSA HO 20PU30HMAsbHY M08EPXHIO

FOOVMHHWIA KYT € OYHKLIEID Bif, COHAYHOrO Yacy, AOPiBHIOE
Hy/It0 oniBAHI 1 npeacTaBnse 3miweHHa CoHuA Big nony-
[OHA, BUPAXKAETHCA B KYTOBUX OAMHULAX Y TaKKUiM cnocib:

p=15-(12— 1) (1)
Tg :T+(Sm—|_m)/15 (2)
Oe T— MiCLLeBUI Yac, rog,; 7s— COHAYHMM Yac, rog; Sm— CTa-

HOAPTHUMA MepugiaH MicLEeBOro 4acoBoro noscy, rpag,.;
Lm — poOBroTa posTalyBaHHA, rpaa.

[na 3agaHoro reorpadiyHoOro NosioXKeHHsA KyT BUMCOTU
CoHUA Haf, rOPU3OHTOM BM3HAYAETHCA AK:

Sina = C0s@COosS cos B +sin psin g, (3)

ae O— COHSIYHE CXMNEHHA, KyTOBe nonoxkeHHa CoHuAa BiAHO-
CHO NNOWWHU eKBaTopa,; @— WNpPOoTa micuA pPO3TalWlyBaHHA.

CoHAYHE CXMNEHHA O/1A 3a4aHOro AHA POKY N PO3paxoBy-
€TbCA AK:

S5 = 23.5sin(p), (4)
p = (360/365)(n —81) (5)

MOTiK NOBHOIO COHAYHOrO BUNPOMIHIOBaHHSA /, LLLO Naja€ Ha
[OBiNIbHY TBEPAY NOBEPXHIO, BU3HAYAETLCA AK Cyma nps-
MOFo BUNPOMIiHIOBAHHA Isi po3ciaHoro atmocoepoto (anoy-
3HOr0) BUMPOMIHIOBAHHA /g:

I:ISCOSH+I (6)

d 7
Ae O— KyT NagiHHA COHAYHOro BUMPOMIHIOBAHHA Ha AOBi-
JIbHY NOBEPXHIO (PUC. 2), KOCUHYC LbOTO KyTa BU3HAYAETLCA
3a dopmynoto:

cosé =singd-sing-cos& —sind-cose-sin&-cosy +

+C€0SJ - COS¢-COSE - COS B+ COSI - Sin ¢ -sin & -cosy - Cos B + (7)

+c0sd-siné-siny-sin g

e £— KyT Haxuny NoBepxHi 40 rOPU3OHTY, ¥— a3umyTasib-
HWIA KyT NOBOPOTY MNOBEPXHI Bif HAaNpPAMKY Ha NiBAEHb.

I'Ipﬂlwe COHAYHE BVII'IpOMiHPOBaHHH 3HaxoaunTbCA AK:

|y =1367-[1+0.083cos(27:n/365)] (9)

be lo— COHAYHEe BMMPOMIHIOBAHHA, WO A0CATAE 30BHiLL-
HbOIo KOPAOHY 3eMHOi aTmocdhepu, ke — KoedilieHT npony-
CKaHHA aTmocohepu.

[ns 3HaxoaxeHHA KoedilieHTa nponycKaHHA aTmocdepu B
ymoBax Mmicta [Hinpa 3actocoByemo mogenb MeiiHens
[12]:

ka =0,7%, (10)

189



BigHosntoBaHa eHepretvka. Ne 1/2026 | CoHAYHa eHepreTuka

o = (1/sin a)0’678

MoTiK AndY3HOro BUNPOMIHIOBaHHA BU3HAYaEMO 3a A0MO0-
moroto mogeni [13]

Id =120g -exp[-1/(0.4511+ cos )]

(11)

(12)
g =0.796 —0,01-5in[0.986(n + 284) (13)

TyT g — dakTOp MyTHOCTI aTMOChepu.

3axig,

MNisaeHb

Po3rnaHyta mogenb Aae 3mory 3HaxoguTW NOTIK Magato-
4YOro COHAYHOTrO BUMPOMIHIOBAaHHA HA NOBEPXHIO B YMOBaX
AcHOro Heba. [Jna BpaxyBaHHA XMApPHOCTI Ta MOX/MBOrO
3aTiHEHHA NoBepxHi bygemo BMKOpUCTOBYBaTW Taky ¢op-
Myny:

Ae A&c— NOTOYHMM CTyniHb XMapHOCTI, %, d — NOTOYHa YacTKa
OCBITNE€HOCTi NOBEPXHi, LLLO BU3HAYAETLCA eKCNepUMEHTaTbHO.

Cxin

Puc. 2. Cxema cOHAYHO20 8UMPOMIHIOBAHHSA HA 008ifIbHO PO3MAWOBAHY M10CKY M08EPXHIO

TaKMM YMHOM, MOAENb AA€ 3MOTY 3HAaXOANTM NOTiK Najato-
4YOro Ha MNOBEPXHI0 COHAYHOrO BUNPOMIHIOBAHHA, BPaxoBy-
HOUM CTaH XMapHOCTi Heba Ta 3aTiHEHHS NOBEePXHI.

MpaKTM4Hi gaHi napameTpis COHAYHOro BMMNPOMIHIOBAHHA
Ha NoBepxH0 3eMi Ta XMapHicTb Heba 3a3BMUYall NpeacTa-
B/IEHi B 4OBiAKOBMX MaTepianax NnorogMHHo, TOMy Mo Mo-
Leni po3paxyHKM BUKOHYEMO Y BU3HaYeHi nepiogm 3 noc-
TiNHUM iHTepBasom A7=1roa;

Ty =10+Ar-k, k=01...K, (15)

e To—no4aTKoBUI Yac; K —4ncio po3paxyHKOBUX iHTEPBaiB.

Po3paxoByeMO NOTIK COHAYHOIO BUMPOMIHIOBAHHA [znk, WO
NagaE Ha NOBEPXHIO Y BU3HAYEHMI AeHb POKY N B iHTEpBani
yacy k AN KOXHOro 3HaYeHHA yacy 7 3a popmynamu (1) —
(14). Nicna 3akiHYEHHA po3paxyHKiB AnA BCiX 3HaYeHb K Mo-
YKHa BM3HAUMTM CYMapHy MUTOMY eHeprilo COHAYHOro BM-
NpomiHioBaHHA Qn, KBT*roa/(m2* aeHb), Aka Haaxoanna Ha
NOBEPXHI0 3a BECb AEeHb:

K

(16)

Y TaKuii e cnocib Moemo po3paxysaTy ycepeaHeHy Lio-
[LeHHY EHeprit0 COHAYHOTO BUMPOMIHIOBAHHA A1 KOXHOIO
micaus, kBT*roa/(m%* geHb):

L2
N n
Ny
e n1inz BU3HAYAOTb NEPLUMIA | OCTaHHIM AeHb micaua, Lo

PO3PaxoBYETbCA, Bif, NOYATKY POKY, N —KinbKiCTb AHIB HA Mi-
cAaub.

QM = (17)

MoTeHuian coHAYHOI eHepril Epm (KBT*roa) KoXKHOi noBepxHi
6YAMHKY 32 MicALb BU3HAYaEMO 3a GOpMynoto:

EM :F‘N‘QM,

Ae F— gocTynHa nioLwa nosepxHi.

(18)

MoTeHuian coHaYHOT eHeprii Ep (KBT*roa) KoskHOI noBepxHi
6YAMHKY 3a PiK 3HaXo0AMMO AK CyMy NoTeHLUianiB 3a BCi Mi-
cAui. AHANOMYHO MOXKHA BM3HAUYUTU PiYHI MOTEHLiaIN OK-
pemoro 6yANHKY Ta BCbOTO }KUT/IOBOFO KOMMJ/IEKCY.

MNpeacrtaBneHa matematuyHa mozeslb A€ 3MOry BM3Ha-
YaTu BEIMYMHY NOTOKY COHAYHOrO BUNPOMIiHIOBAHHS, Naja-
IO4YOro Ha MJIOCKY NMOBEPXHIO MPOTArOM COHAYHOrO AHA 3
ypaxyBaHHAM reorpadiyHUX KoopamHaT (WwupoTa, [0B-
roTta), NOBOPOTY NOBEPXHI Bif NiBAHA, HAXWUNY NOBEPXHI Bi-
[AHOCHO FOPU30HTY, AHA POKY abo micsaua poky. [Ana Bpaxy-
BaHHA XmMapHoCTi Heba Ta 3aTiHEeHHS Bif cyciaHix byanHKiB
abo iHWKnx cnopya 4o mogeni HeobxigHO Ao0AATU BiANOBI-
OHi [aHi NPaKTUYHMX Ta eKCnepuMeHTaNbHUX JOCAIAKEHb
(noroAnHHI 3HaYEeHHSA CTYNEeHA XMapHOCTI Oc Ta YaCTKM OCBI-
TAEHOCTi NoBepxHi d).
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MepeBipKa ageKBaTHOCTI moAaeni COHAYHOI ippaaiauii. B
YKpaiHi AaHi XapaKTepUCTUK COHAYHOrO BUMPOMIHIOBAHHA
ONA BCiEl TepUTOpIi KpaiHW NPaKTUYHO BiACYTHI, TOMY AnA
nepeBipKM afeKBAaTHOCTI BULLEPO3M/IAHYTOI MaTeMATUYHOI
MoZesNli BUKOPUCTOBYEMO JaHi COHAYHOrO BMMPOMIHIO-
BaHHA HaLioHanbHOro ynpasfiHHA 3 aepPOHaBTUKK | JoCAi-
OKeHHs KocmiyHoro npoctopy CLUA (NASA). Taki gaHi y Bi-
nbHOMY poctyni npeactasneHi NASA B meKax MPOEKTY
POWER [14], cnpamoBaHOro Ha BM3HAY€HHS XapaKTepwuc-
TUK eHepreTUYHMX pecypcisB Mo BCbOMY CBiTy. BiH ga€ 3mory
OTPMMYBaTW AaHi MPO NOTOKM Nafakoyoro NPAMOro i posci-
AHOrO0 KOPOTKOXBM/IbOBOIO COHAYHOIO BUNPOMIHIOBAHHS, A
TaKOX [,0BrOXBMAbOBOrO BUMPOMIHIOBAHHA Heba Ha ropu-
30HTa/IbHY NOBEPXHIO 3eMi AnA 3a8aHuX reorpadiyHmx Ko-
opauHaT. Taki ycepefHeHi AaHi npeacTaB/eHi: 3a KOXKeH
[LEeHb, 33 OKpeMuit micaub i 3a pik.

[aHi npo cTyniHb XmapHocTi Heba ana pisHUX micT YKpaiHm
BUKOPUCTOBYBA/IM 3 YKPAIHCbKUX TigpOMETEOPONOriYHMX
oxxepen [15], Bubmpanu rigpomeTeoponoriyHi gaHi ans su-
3HAYeHHA YMOB XMapHOCTI gnda micta [Hinpa 3a 2023 pik.
3pe6inbWworo ue NOroavHHI AaHi y BigCcoOTKax (3HayYeHHA
CTyneHa xmapHocTi (%), wo Aae 3mory npubansHO Bpaxy-
BaTW BMJIMB XMAPHOCTi Ha NOTIK HA3eMHOr0 COHAYHOTO BU-
NPOMIHIOBaHHA. 3 BUKOPWUCTAHHAM HaBeaeHOi BULLe MO-
Aeni 6yno po3paxoBaHO COHAYHMI NOTEHLiAN AAA ACHOrO i
XMapHoro Heba ans KBiTHA 2023 poky.

[ns Toro wob ouiHUTM NPaBUAbHICTb pe3ynbTaTiB po3paxy-
HKY 33 4,0MOMOrOH MOAE/i, BUKOPMUCTOBYBANM AaHi LOAEH-
HOro COHAYHOro BUNpomiHtoBaHHA NASA [9]. OTpumaHi pe-
3y/bTaTu po3paxyHKy i aaHi NASA HaBeaeHi B Taba. 1.

Ta6auua 1. 3icTaBneHHA 3HaUYeHb eHeprii COHAYHOro BUNPOMiHIOBaHHA Q, (KBT*roa/m?* aeHnb) 3a gaHnmm NASA i otpu-
MaHMUX 32 AONOMOro Mmoaeni AnA yMoB M. JHinpa, KeiteHb 2023 p.

JeHb Ana acHoro Heba DOna xmapHoro Heba
micausa NASA Mogenb BigxuneHus, % NASA Mogenb BigxuneHHs, %
1 5,12 4,94 3,5 1,22 0,49 15,8
2 5,20 5,00 3,8 1,77 1,47 12,6
3 5,26 5,06 3,8 1,18 1,17 40,8
4 5,32 5,12 3,7 3,36 1,18 13,6
5 5,12 5,18 1,2 3,05 2,01 2,2
6 5,27 5,23 0,7 1,56 2,56 57,8
7 5,30 5,29 0,2 2,62 1,06 4,41
8 5,55 5,35 3,6 4,14 2,11 5,3
9 5,45 5,41 0,7 1,66 1,14 4,6
10 5,87 5,47 6,8 5,04 2,18 4,1
11 5,38 5,52 2,6 2,54 2,21 2,6
12 5,44 5,58 2,5 1,08 1,67 5,9
13 5,37 5,64 5,0 1,47 1,13 1,6
14 5,79 5,69 1,7 1,4 1,14 5,3
15 6,09 5,75 5,5 1,96 1,15 4,0
16 6,27 5,80 7,5 4,98 2,64 14,9
17 6,42 5,85 8.8 6,19 4,12 72,5
18 6,14 5,91 3,7 5,53 2,31 49,5
19 5,58 5,96 6,8 3,22 3,82 41,8
20 6,01 6,01 0 1,21 1,2 0,2
21 6,31 6,06 3,9 1,68 1,21 2,3
22 6,22 6,12 1,6 3,26 1,43 3,3
23 6,67 6,17 7,5 4,83 2,58 16,9
24 6,45 6,21 3,7 5,08 2,44 1,7
25 6,48 6,26 3,4 4,66 2,55 8,7
26 6,67 6,31 5,4 6,04 2,92 2,4
27 6,49 6,36 2,0 4,77 4,64 21,1
28 6,41 6,41 0 1,77 2,11 0,5
29 6,72 6,45 4,0 1,97 1,29 2,4
30 5,56 6,50 16,9 1,56 1,3 2,1

Ha pwuc. 3 nokasaHo 3icTaBAeHHA 3Ha4YeHb COHAYHOrO BU-
I'IpOMiHlOBaHHﬂ, WO nNaga€ Ha ropnu3oHTaIbHY NOBEPXHIO 3a

AeHb, 32 gaHMmn NASA i oTpMMaHuX 33 4ONOMOroK Mo-
peni, KBiteHb 2023 p.
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Puc. 4. 3icmasneHHA 3Ha4eHb COHAYHO20 BUNPOMIHIOBAHHSA 0117 XMApPHO20 Heba, W0 Na0dE HA 20pU30HMAsIbHY N08ep-
XHI0 3a OeHb, 3a 0aHUMu NASA i ompumaHux 3a dornomozoto modesi, KeimeHs 2023 p.

BUCHOBKHA BigatoTb gaHum NASA. Halbinblui BiaxnneHHa cnocrepira-

IOTbCA B NepiogM HAABHOCTI 3HAYHOI XMaApHOCTI. Ane cnig
Ak BUAHO 3Tabn. 17a puc. 3 i puc. 4, pesynbTatn, OTPUMAHI  3a3HaunTy, Wo NASA He rapaHTye AKOCTi CBOIX AaHUX Y Leit
3 3aCTOCYBaHHAM PO3PaxyHKOBOI MO, B LiNIOMY BiAno- nepiog,. TakoXK MOXKHa A404aTH, WO noxmbka B Ui nepioan
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He Ma€ BeNnKoi Barn, 60 Npu 3HaYHI XMapHOCTI BUKOpUC-
TAHHA COHAYHOrO BUMPOMIHIOBAHHA NMPAKTUYHO He AOoLi-
NbHe. B iHWI nepioan makcMmanbHa noxmbka He nepesu-
wye 5-8 %, a B cepegHboMy CTaHOBUTb 3—5 %. AHANOrIYHI
NOPiBHAHHA BYAM BUKOHaHI ANnA micauiB 3 bepesHa A0 *Ko-
BTHA 2023 p. 3 nogibHUMKM pesynbTatamu. TOMy MOXKHa
3pobUTU BMCHOBOK, WO 3anpONOHOBAHY MOAE/Nb MOXKHA
BMKOPWUCTOBYBATU A/1A OLHKM MOTEHLiaNy COHAYHOro BW-
NPOMIHIOBAaHHA B ymoBax YKpaiHuW. [pu ubomy oTpumaHi
AaHi AatloTb 3MOry B KOPOTKi TepMiHM 06paxoByBaTH TEPMO-
OVHaMiYHY ePeKTUBHICTb Pi3HUX TUMIB COHAYHUX CUCTEM Ta
NpoaHasi3yBaTh ix TEXHIKO-€KOHOMIYHY AOLINbHICTD.
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Abstract. Solar energy is considered one of the most effi-
cient and applicable renewable energy sources used in cit-
ies, ur-ban development and individual buildings. The use
of solar radiation has high potential. It is extremely im-
portant to measure or predict the intensity of solar radia-
tion for many systems development efforts in order to
maximize the use of solar energy. This paper investigates
the solar radiation potential for modern urban develop-
ment. Such data can be used for planning solar system in-
stallations in medium and large cities. This can significantly reduce the cost of equipment and specific costs for
each individu-al household. To determine the potential of solar energy under urban development conditions, a
mathematical model was used. It calculates the solar irradiation incident on building roofs and facades within an
urban area throughout the day, taking into account seasonal variation, cloudiness, shading, and the angle of sur-
face inclination relative to the horizontal. In order to take into account the influ-ence of cloudiness, archival hy-
drometeorological observation data for the city of Dnipro were digitized and then used. The obtained results pro-
vide an opportunity to determine the optimal locations for in-stalling solar systems on urban building facades.
These results also provide practical information for the solar energy industry. The obtained data can be used to

justify investments in renewable energy.

Keywords: solar potential, solar irradiation, energy efficiency, mathematical model, urban development.

List of used designations and abbreviations
a - solar altitude angle (or elevation angle);
S-hour angle;

7s - solar time;

Sm - standard meridian of local time zone;
Lm - longitude of location;

O- solar declination, the angular position of the sun with
respect to the equatorial plane;

@ - latitude of location;

| - total solar radiation (or insolation) falling on a solid
surface;

Introduction. The use of renewable energy sources in most
regions of the globe is growing every year. Among them, so-
lar energy is considered the main source, since other energy
forms are direct or indirect derivatives of it, such as wind en-
ergy, bioenergy, hydropower, wave energy, etc. The use of
solar systems in modern large or small urban areas contrib-
utes to the decarbonization of the power system, since they
generate electricity without greenhouse gas emissions, in-
creasing the share of renewable energy in a country's energy
balance [1,2]. The use of solar energy in urban development

Is - direct radiation;

l4 - atmospherically scattered (diffuse) radiation;

lo - solar radiation at the top of the atmosphere;

0- the angle of incidence of solar radiation on a surface;

& - slope, the tilt angle of a surface relative to the
horizon;

y - the surface azimuth angle, the angle deviation from
the direction to the south;

ka - atmospheric transmittance coefficient.

can be promising in Ukraine. This will directly improve area
sustainability, cut operating costs, foster energy independ-
ence, and also slash harmful gas emissions.

Solar energy is the main factor determining the efficiency
of solar systems. Therefore, the assessment of the poten-
tial of solar radiation can become the basis for accelerating
the further mass adoption of solar systems in medium and
large cities, for the assessment of energy demands for heat-
ing and electricity, which is further used for developing of
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energy-efficient buildings. This can significantly reduce the
equipment capital expenditures and ongoing operational
unit costs for each individual household.

Rooftop and facade solar systems hold high potential in
Western Europe [3,4]. Photovoltaic panels generate electri-
cal energy, providing a sustainable energy source for light-
ing, household appliances, while solar collectors generate
thermal energy for domestic hot water, space heating, and
cooling buildings.

Such systems are not yet widely used in Ukraine. This is due
to high initial investment costs and long payback periods
for individual households[5]. However, in wartime,
alternative energy received a new impetus for
development as a means of ensuring energy security,
resilience, and decentralization. Solar power plants turned
out to be less vulnerable to large-scale attacks due to their
extensive nature and the possibility of rapid recovery after
damage. Private solar power plants provide energy
independence for individual buildings, homes and
businesses, decreasing the load on central infrastructure.
Solar energy development helps reduce dependence on
imported energy resources and increases the country’s
energy independence in martial law.

A promising way to solve this problem is the mass use of
solar systems in cities. This can significantly reduce
equipment costs and specific costs for each individual
household.

For example, in different European urban areas, the
projects have been carried out to assess solar potential,
with the aim of actively usingsolar energy. Numerous
studies have been carried out on this topic for the city of
Geneva (Switzerland) [4], the city of Trondheim (Norway)
[3] and others. The results of these studies are the detailed
characteristics of solar energy potential for individual
buildings, streets and entire districts. For clarity, the results
are presented in the form of color maps for both flat and
volumetric models of urban development.

When designing new or modernizing existing industrial or
private heat and power supply systemes, it is necessary to de-
termine the thermodynamic efficiency of solar systems: solar
collectors or photovoltaic converters. Therefore, there is a
need for information about the amount of solar radiation (in-
solation) reaching the surface. This can be done using several
different methods: direct measurements, analytical meth-
ods, and using reference books or relevant databases [6].
The application of the first methods requires specialized
equipment (pyrheliometers, actinometers, pyranometers or
solarimeters) tailored for direct installation on the object
with monitoring and data transmission to a PC or server. As
a rule, the cost of such equipment is very high. Reference
books or modern databases often contain limited infor-
mation due to time-period or territorial constraints, while
global computer databases, which provide quite accurate
and informative data, require paid access to their resources.
Therefore, based on the costs and accuracy of the obtained
data on the potential of solar radiation falling on the de-
signed solar system's surface, it is reasonable to develop a
mathematical model that would take into account the angle

of inclination to the horizon of the heliosystem, orientation
relative to the south, shading, cloudiness, reflectivity of sur-
rounding objects, season, etc. This will allow the location of
solar systems to be optimized on a given terrain [7].

Based on the above, we can conclude that the study of solar
potential for urban areas can be promising for Ukrainian
conditions. The obtained results can be used to justify the
introduction of investments in renewable energy. Mathe-
matical models are used for practical evaluation of solar ra-
diation potential [3-4,8-10].

Task statement and purpose of the work. This work solves
the problem of determining the potential of solar energy in
Dnipro conditions during the year, taking into account the
location, surface orientation, shading and sky clouds. In this
regard, the paper considers an approach based on a com-
bination of mathematical and physical modelling for the
practical assessment of solar radiation potential. This paper
aims to determine the solar radiation potential of a surface
with a certain orientation.

The aim of the study is to develop a mathematical model to
determine solar energy flows falling on residential complex
facades during the day, taking into account the season,
cloud cover and shading, and also the building location
relative to the horizon sides and the angle of surface
(facade) inclination.

The methods of mathematical and physical modeling were
used for the practical determination of solar radiation
potential. In order to take into account the influence of
cloudiness, the archival data of the hydrometeorological
center for the city of Dnipro were digitized and used.

A mathematical model for the estimation of solar energy
potential in modern urban development. To determine
the parameters of the solar radiation flux falling on the
earth's surface with a given inclination and orientation
(Haxmnom Ta opieHTauieto), we use the relations given in
[11]. The position of the Sun relative to a certain place on
the Earth’s surface is determined by the angle of elevation
of the Sun «a and the hour angle of the sun S (Fig. 1).

The solar altitude angle « is the angle between the direc-
tion to the Sun and the horizontal plane at a given location
on Earth. Hour angle of the sun g is the angular
displacement of the sun east or west of the local meridian
due to the rotation of the Earth on its axis, that is negative
in the morning, and positive in the afternoon.

The hour angle is a function of solar time: it is zero at noon
and represents the angular displacement of the Sun from
the local noon, expressed in angular units as follows:

p=15-(12-175) 1)
Tg :T+(Sm—|_m)/15 (2)

where 7 - local time, hours; zs - solar time, hours; Sm -
standard meridian of local time zone, degrees; Lm -
longitude of location, degrees.
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Fig. 1. View of solar radiation on a horizontal surface

For a given geographical location, the solar altitude angle is
defined as:
Sina = cos@pcosdcos f+sinpsin g, (3)

where - solar declination, the angular position of the sun
at solar noon with respect to Earth’s equatorial plane; ¢ -
latitude of location.

The solar declination for a given day of the year n is
calculated as:

o =23.5sin(p), (4)

p = (360/365)(n —81) (5)

The total solar radiation (or insolation) / falling on a solid
surface is defined as the sum of direct radiation /s and
atmospherically scattered (diffuse) radiation /a:

I:%cme+l, (6)

d

where @ - the angle of incidence of solar radiation on a
surface and the normal to that surface (Fig. 2), the cosine
of this angle is determined by the formula:

cosf =singd-sing-cos¢ —sind-cosg-sin & - cosy +

4+ C0S0 - COS¢p-COSE - COS B+ C0SJ -Sin ¢ -sin & -cosy - cos S+ (7)

+C0sd-siné-siny-sin g

where ¢-slope, is the tilt angle of a surface relative to the horizon, y - the surface azimuth angle, is the angle deviation
of the surface normal’s horizontal projection from the direction to the south.

West

South

East

Fig. 2. View of solar radiation on an arbitrarily located flat surface
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Direct solar radiation is found as:
ls =1lgka, (8)
1y =1367 - [1+0.033cos(27-n/365)] (9)

where lo - solar radiation at the top of the atmosphere, kq -
atmospheric transmittance coefficient.

To find the atmospheric transmittance coefficient in the
conditions of Dnipro, we use the Meinel Model [12]:

kq =0,7¢, (10)
o = (1/sin a)0’678 (11)
The diffuse radiation is determined using [13]:
I d= 1209 - exp[—1/(0.4511+ cosx)] (12)
g =0.796 -0,01-5in[0.986(n + 284)]  (13)

where g - atmospheric turbidity factor.

The considered model allows us to find the surface solar ra-
diation under clear-sky conditions. To take into account
cloudiness and possible shading of the surface, we will use
the following formula:

I, =1-(1-0,01-5;)-d, (14)
where oc — current cloud cover, %, d — current fraction of
not-shaded surface, is experimentally determined.

Thus, the model allows estimating the solar radiation on
the surface, taking into account the state of sky cloudiness
and surface shading.

Practical data on the parameters of solar radiation on the
earth's surface and sky cloudiness are usually presented in
reference materials on an hourly basis. Therefore, calcula-
tions were performed using the model for certain periods
with a constant interval Az= 1 hour:

7y =TO+Ar-k, k=01...K, (15)

ne 7o — initial time; K— Number of Calculation Intervals.

Solar radiation /Iznk on the surface is calculated for a certain
day of the year n within the time interval k at time z using
formulas (1) — (14). After calculating all values K, we can
determine the total specific energy of solar radiation Qp,
kWh/(m?*day), which reached the surface over a full day:

K
Qn =2 'znk -(1—0,015anj-dnk Az (16)

In the same way, we can calculate the average daily solar
radiation energy for each month, kWh/(m?*day):

1M
=\ 5 (17)
where n1 and n2 — the first and last day of the month,
calculated from the beginning of the year, N — number of
days per month.

The monthly potential of solar energy En (kWh) of a build-
ing surface is determined by the formula:

Eyg =F N-Qy (18)

where F —is the available surface area.

The annual potential of solar energy Ep (kWh) of a building
surface is calculated by summing all monthly potentials of
solar energy. Similarly, it is possible to determine the an-
nual potentials for individual houses and for an entire resi-
dential complex.

The presented mathematical model allows to determine
the magnitude of solar radiation flux on a flat surface dur-
ing a sunny day, taking into account the geographical coor-
dinates (latitude, longitude), the rotation of the surface
from the south, the inclination to the horizon, the day of
the year or the month of the year. To take into account the
sky cloudiness and shading from neighboring buildings or
other structures, it is necessary to add to the model the
relevant data of practical and experimental studies (hourly
values of the cloudiness degree Jc and the fraction of
shaded surface d).

The adequacy of the solar irradiation model. In Ukraine, so-
lar radiation data for the entire territory of the country are
scarce; therefore, to verify the adequacy of the above math-
ematical model, we use solar radiation data from the US Na-
tional Aeronautics and Space Administration (NASA). NASA
provides such data, which is free and available within the
POWER project [14], to characterize global energy resources.
It allows you to obtain data on the direct and diffuse compo-
nents of short-wave solar radiation, as well as long-wave ra-
diation from the sky to the Earth’s surface for given geo-
graphical coordinates. Such averaged data are presented for
each day, for a separate month and for a year.

Data on sky cloudiness degree for various Ukrainian cities
were used from Ukrainian hydrometeorological sources
[15]. Hydrometeorological data were selected to deter-
mine cloudiness conditions for the city of Dnipro for 2023.
Hourly cloudiness percentage data (the value of cloudiness
degree (%), allows for approximate estimation of the influ-
ence of cloudiness on terrestrial solar radiation. Using the
above model, the solar potential was calculated for clear
and cloudy skies for April 2023.

NASA daily solar radiation data [9] were used validate and
assess the accuracy of solar modeling calculations. The ob-
tained calculation results and NASA data are given in Table 1.
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Table 1. Comparison of solar radiation data Q, (kWh/m?*day) from NASA and calculated by the model for the city of

Dnipro, April 2023

Day of For a clear sky For a cloudy sky
mt::th NASA Model Deviation, % NASA Model Deviation, %
1 5,12 4,94 3,5 1,22 0,49 15,8
2 5,20 5,00 3,8 1,77 1,47 12,6
3 5,26 5,06 3,8 1,18 1,17 40,8
4 5,32 5,12 3,7 3,36 1,18 13,6
5 5,12 5,18 1,2 3,05 2,01 2,2
6 5,27 5,23 0,7 1,56 2,56 57,8
7 5,30 5,29 0,2 2,62 1,06 4,41
8 5,55 5,35 3,6 4,14 2,11 53
9 5,45 5,41 0,7 1,66 1,14 4,6
10 5,87 5,47 6,8 5,04 2,18 4,1
11 5,38 5,52 2,6 2,54 2,21 2,6
12 5,44 5,58 2,5 1,08 1,67 59
13 5,37 5,64 5,0 1,47 1,13 1,6
14 5,79 5,69 1,7 1,4 1,14 53
15 6,09 5,75 5,5 1,96 1,15 4,0
16 6,27 5,80 7,5 4,98 2,64 14,9
17 6,42 5,85 8.8 6,19 4,12 72,5
18 6,14 5,91 3,7 5,53 2,31 49,5
19 5,58 5,96 6,8 3,22 3,82 41,8
20 6,01 6,01 0 1,21 1,2 0,2
21 6,31 6,06 3,9 1,68 1,21 23
22 6,22 6,12 1,6 3,26 1,43 33
23 6,67 6,17 7,5 4,83 2,58 16,9
24 6,45 6,21 3,7 5,08 2,44 1,7
25 6,48 6,26 3,4 4,66 2,55 8,7
26 6,67 6,31 54 6,04 2,92 2,4
27 6,49 6,36 2,0 4,77 4,64 21,1
28 6,41 6,41 0 1,77 2,11 0,5
29 6,72 6,45 4,0 1,97 1,29 2,4
30 5,56 6,50 16,9 1,56 1,3 2,1

Fig. 3 shows a comparison between NASA data on solar
radiation on a horizontal surface during a day and data
calculated by a mathematical model for April 2023.

CONCLUSION

As seen in Table 1 and Figs. 3—4, the results obtained using
the mathematical model generally correspond to NASA data.
The largest deviations are observed during periods of signifi-
cant cloudiness. However, it should be noted that NASA does
not guarantee the quality of its data during cloudiness pe-
riod. It should be noted that the error during these periods is

not of great importance, because with significant cloudiness,
the use of solar radiation is practically not advisable. In other
periods, the maximum error does not exceed 5 - 8%, and the
average error is 3 - 5%. Similar comparisons were made for
the period from March to October 2023, and the results were
similar. Therefore, it can be concluded that the proposed
model can be used to assess the potential of solar radiation
for Ukrainian regions. At the same time, the obtained data
allow to calculate the thermodynamic efficiency of various
types of solar systems in a short time and analyze their tech-
nical and economic feasibility.
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Fig. 3. Comparison of NASA data on solar radiation on a horizontal surface during a day with data obtained by a
mathematical model, April 2023
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Fig. 4. Comparison of NASA data on solar radiation on a horizontal surface during a day under cloudy sky conditions with
data obtained by a mathematical model, April 2023
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