BigHosnoBaHa eHepreTuka. Ne 1/2026 | CoHAYHa eHepreTuka

VK 621.311:620.92 https://doi.org/10.36296/1819-8058.2026.1(84).155-165
MAKCUMI3AL|IA OBCATIB FEHEPALLIT COHAYHWX ENIEKTPOCTAHLIINA,
CNOPYAXKYBAHUX HA TEPUTOPII NPOMUCNOBUX NIAMNPUEMCTB

OTpumaHo 27 ciu. 2026 p.; pekomeHA0BaHO A0 nybnikauii 23 6ep. 2026 p.
[ocTynHo oHnaitH 31 6ep. 2026 p.

KauaHn 10.T.}, WWpam O. A.2

! p-p. TexH. HayK, npodecop
https://orcid.org/0000-0001-9984-3646

ABTOp AnAa KopecnoHaeHuji: LWpam OnekcaHap,

e-mail: alexshrum@yahoo.com 2 kaH[. TEXH. HayK, JOLEHT

https://orcid.org/0000-0003-4206-7716

L2 HaujoHanbHWi1 yHiBEPCUTET «3anopisbKa noni-
TEXHiKa», M. 3anopixkka, YKpaiHa

AHomayifa. Memoto pobomu € 36inbwieHHs obcszie enekm-
PUYHOI eHepeii, Wo eeHepyemMbCa homoeneKkmpuyHUMU na-
HesaAaMU, BCMAHOBAEHUMU Ha 8udinieHux OiffAHKAX Ha mepu-
mopii npomucnosux nionpuemcms. Makcumizauis 00ca20emMbCA 3a PAxXyHOK sUbOpy onMUMAsbHO20 8apiaHmMa
munig COHAYHUX naHenel 3 ypaxyeaHHAM PeasbHOi COHAYHOI iHConaYil nosepxoHb, 0e BOHU BCMAHOB/EHI.
AKMuBHe 8rnpo8aoxceHHs 8iOHOBMIOBAHUX OXepes eHepeaii MPoMUCA08UMU MIONPUEMCMBAMU Od€E 3MO2y 3MeH-
WUmMu CriouBaHHsA enekmpu4yHoi eHepeii 3 3a2an6HuUX mepexc, 3abe3neyumu be3nepebiliHicms enekmponocma-
YaHHSA, NidsuwWumMu eHepeoepekmusHicms mow,o. 18 po3miuieHHA po3ocepediceHux 0xcepes eHepaii Moxymeo
b6ymu sukopucmaHri Kap’epu, 8i08anu, 8inbHi mepumopii Mix< uexamu rnpomMuca08ux MiornpueMcms, d MAKOM
daxu ix 6ydisen. OCMAHHi MAOMb 3HAYHY NAOWY, 3PYYHY 0158 8CMAHOB/AEHHA homoenekmpu4yHuXx naHenel ¢ho-
PMY, MEeHWY 30HY 30MiHEHHS, HiX¢ 3eMesbHi OifgHKU.

BU3HQYeHHA onMUMQbHO20 PO3MAWYBAHHA COHAYHUX naHesnel ni0 4ac NPOEKMYB8AHHA COHAYHUX eneKmpoc-
maHUyili 0ae 3mozy ehekmusHilie BUKOPUCMOBY8AMU HAABHY MaA0WY 0718 IX 8CMAHOBMAEHHA ma MiHimizysamu
MOXAU8e ix 3amiHeHHsA. Y pobomi 3anponoHosaHuli nioxid w000 Makcumizauii obcseie eeHepauii COHAYHUX ese-
KmpocmaHujit, cnopyodxcyeaHux Ha mepumopii npomuca08ux NiGnpUeMcma. 3 8UKOPUCMAHHAM 3arpornoHOo8aHo!
MemoOuUKU MOMXHA subpamu onmumassHull sapiaHm CEC 3 ypaxy8aHHAM 8Cix MOXCAUBUX Micub 014 if BcMaHo-
8/1EHHA MQ 8CiX MOM(AUBUX MUri8 homoeneKmpuyHUX naHenel. 30cmocy8aHHA MAaKoi MemoOuKU pPo32AaHymo
HQ NPUKAadi 00HO20 3 MPOMUCA0BUX NIGMPUEMCMS, HA 0aXaX UEeXi8 AKO20 € MOMAUBICMb BCMAHOBUMU COHAYHI
naHeni. biba. 11, puc. 2, mabn. 3.

Knrouosi cnoea: coHAYHA eneKkmpocmaHuyis, 8i0HO8A08AHI Oxcepena eHepeii, onmumizayitiHa 3ada4a, 3ami-
HEHHA, COHAYHQA IHCOAAUiA.

Mepenik BUKOPUCTAHUX NO3HAY€Hb Ta CKOPOYEHb
BAE — BigHOBAtOBaHI Axepena eHeprii

CEC — coHAYHA eneKTpoCTaHLifa

BcTyn i nocTaHOBKa 3aBAAaHHA. BUKOpUCTaHHA BigHOBNIOBA-
HUX AKepen A€ 3MOTy 3MEHLUUTU CMOXKUBAHHA eNeKTpUY-
HOI eHeprii 3 3aranbHOI Mepexi, 3abe3neunTn besnepebiit-
HIiCTb €N1eKTPOMOCTaYaHHA, NiABULLMTU eHeproedeKTUBHICTb
BMPOOHULTBA TOLWO. 3 OFNAAY Ha L COHAYHI eneKkTpocTaHL,ii
AK CKNaf0Ba po3ocepesKeHoi reHepau,ii Bigirpatotb gegani
Ba*K/MBILLY POJIb Y Cy4aCHUX e/IeKTPOEHEPTreTUYHUX CUCTe-

3a3BMYaN HaNeXaTb CUCTEMU HAKOMUYEHHA eHeprii Ta mo-
JEepHi3aLia AMCNeTY4EepPCbKOro KepyBaHHA Meperkew AnA
NiATPUMKM Ti cTabinbHOCTI 1 HaAIMHOCTI NicNA NiAKNOYEeHHSA
TAaKUX po3ocepearKeHunx axxepen eHeprii [4].

Ha BigMmiHHY Big, KOmepuiiHUX i NOBYTOBMX CMOXKMBAYiIB,
NPOMMCNOBI NiZNPUEMCTBA 34e6iN1bIOro MatoTb piBHOMIP-
HilWWI Ta NPOrHO30BaHIWNIA rpadik CNOXMBAHHA €NeKTPo-

Max 3aBAAKM MOMKIMBOCTI BUpobHUMLTBa eHeprii 6e3snocepe-
AHbO 6inAa micua i cnoxkueaHHA, Wo 3abe3neyye 3HUKEHHA
BTPAT Nif, Yac nepeaaBaHHA eHeprii, 3MeHLWEeHHA eKcnyaTa-
LiiHMX BUTPAT, BiACYTHICTb WKigAnBMX BUKMAiB Towo [1-3].

He3BakalouM Ha UMC/eHHi nepeBaru, 3anexHicTb obcaris
reHepaLii eneKTpUYHOI eHeprii Big NorogHMX ymoB Ta Yacy
006U MoxKe cTBOptOBaTM HebaXKaHi NEPETOKM NOTYKHOCTI M
KOMIMBAHHA HaNpPyru, Wo 3Ha4YHO 0BMEKYE MOMKINBOCTI BU-
kopuctaHHA CEC y BNaCHUX eNeKTPUYHUX MepeXKax CNoXKu-
BayiB 6e3 [40AaTKOBMX TEXHIYHMX piweHb. Jlo OCTaHHiX

eHeprii. TOX iCTOTHa 3a71eXKHICTb 06CAriB 3reHepoBaHoI Bia-
HOBNOBAaHUMM ArKepenamn eneKTpoeHeprii Big norogHmx
YMOB YCKNAAHIOE X BUKOPUCTAHHA B NEKTPUYHUX Mepe-
Kax npomucnosux nignpuemcrts. Kpim TOro, nigkntoueHi
JOBiINbHMM cnocobom po3ocepeakeHi axkepena eHeprii
HeraTMBHO BMNJ/IMBAIOTb Ha AKICTb @NEeKTPUYHOI eHeprii B 3a-
ra/ibHiM mepeKi, NopyLIYOUYN eIeKTPOMArHiTHY CyMicHicTb
[4, 5].

BpaxoByroumn 3HAYHY KiNbKICTb MOTYXKHMX CMOXKWBaYiB ene-
KTpoeHeprii, cyBopi BUMOru A0 ii sKocTi Ta 6e3nepebiltHocTi
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€/1eKTPOonocTaYaHHA TEXHONOMYHOro NpoLecy ycyBaHHA 3a-
3HaYeHUX BULLLE HeOIKIB ANA NPOMUCNOBUX NiANPUEMCTB
€ 0cob/1MBO aKTyanbHO 3agayeto. Y poboTi [6] 3anpono-
HOBaHa iHHOBALiMHA eneKkTPUYHa Mepexka, AKa CKaaja-
€TbCA 3 TPbOX OKPEMMUX NOKANBbHUX MepeXK. A came mepexi
3MIHHOIO CTPYMY «AKICHOI» eneKkTpoeHeprii, mepexKi 3miH-
HOrO CTPYMY «HeAKiCHOI» eneKkTpoeHeprii 1 mepeKi NocTin-
HOro CTpyMYy, WO ix 06’egHyeE.

[0 KOXKHOT 3 TPbOX JIOKaZIbHUX MepeXK Nia’eaHYTbCA NpUii-
Mayi Ta grKepena po3ocepeaKeHoi eHeprii, nonepeaHbo po-
3nogineHi Ha BiagnosiaHi rpynu. Tak, 40 MepeKi NoCTiHOro
CTpyMy 6e3nocepeiHbo MigKN0YaTLCA POTOENEKTPUYHI
nepeTBoOptoBaYi, NpuiMadi NOCTIMHOrO CTPyMy Ta ABUIYHU
3MIHHOrO CTPYMY 3 YacTOTHMM nepeTsoptoBadem DC/AC. [lo
MepeKi HeAKiCHOT enekTpoeHeprii nig’egHaHi BiTpoycTaHo-
BKM 6e3 okpeMmx 610KiB 3abe3neveHHs AKOCTI eNeKTPUYHOI
eHeprii Ta CNOXKMBaYi, TEXHIYHI XapPaKTEPUCTUKM Ta PEXMM
poboTN AKMX A03BONAIOTH BIAXWUAEHHA MOKA3HMKIB AKOCTI
eNeKTPoeHeprii Big, HOPMOBAHMX 3HAYEHD.

OCKiNbKM 3HaYHa KiNbKiCTb eNeKTPUYHOI eHeprii, 3reHepo-
BaHoi BAE, cnoxunsBaetbcA 6e3nocepegHbo B 3a3HauyeHUX
BUMLLE NNOKANbHUX MepeXKax, TO 3B'A30K LUUX Meperk 3abes-
neuytoTb Asa nepersoptosadi DC/AC ta AC/DC yxe 3Ha4yHO
MEHLLOI MOTYKHOCTI.

Micua nigkntoueHHs BAE i nepetsoptoBayiB A0 3a3HAYEHUX
BUMLLE MEpPEXK, @ TAKOXK iX NOTYXKHOCTI MOXKYTb OyTW BU3HA-
YeHHi Npu BUpiLLeHi BignoBigHOI onTMMmi3aLiinHOT 3agavi. Y
pe3ynbTaTi po3B’A3Ky OCTaHHbOT GOPMYETLCA CTPYKTYpPaA HO-
BOi /IEKTPUYHOI MepeXi MPOMMCIOBOrO NigNPUEMCTBA.

OAHieto 3 aKTyanbHMX 3aga4 nig vac npoeKktyBaHHA CEC €
BM3HAYEHHA OMNTMMAJIbHOTO PO3TallyBaHHA COHAYHUX Ma-
Henei. KoHoirypauia posmiweHHA naHenen Ta BigcTaHi
MiXK pagamu BiZirpatoTb KAHOYOBY poAb y 3anobiraHHi B3ae-
MHOMY 3aTiHeHHIo Ta 3abe3neyeHHi goctyny gna obcnyro-
ByBaHHA [7-9]. HelloaaBHi AoCnigKeHHSA [ABOCTOPOHHIX
$OTOENEKTPUUYHUX CUCTEM MOKA3YHOTb, WO MNPaBU/IbHO PO3-
TaWoBaHi MacuBM NaHenen MoxyTb 3abesneunTn go 10 %
L04aTKOBOI reHepaL,ii eHeprii 33 paxyHOK OTPUMAHHA BU-
NPOMIHIOBaHHA 3BOPOTHOK CTOPOHOK MpPU BUCOTI Kpin-
neHHA 0,51,0 m Hap NOBEpPXHED Ta BUKOPUCTAHHI maTepia-
NiB 3 BUCOKO'O BigbuBHOO 3aaTHicTiO [7, 10].

TakMM YMHOM, BUBIP KiNbKOCTI 11 TUMIB COHAYHUX NaHesneln,
pO3TallOBaHMUX HA OKPEMUX BUAINEHUX MaAaHYMKax Npo-
MWCNOBOrO NiANPUEMCTBA, AKi 6 3abe3aneunnn makcuma-
NbHi 06carn reHepauii CEC, € okpemoto npobnemoto, sAKa
noTpebye BUPILLEHHSA.

MeToto po60TH € 36inbLIEHHA 06CATiB eIEKTPUYHOT eHeprii,
WO reHepyeTbcA GOTORNEKTPUYHUMM NAHENAMM, BCTAHOB-
NIEHVUMM Ha BUAINEHUX MaliAaHuYMKax Ha Teputopii npomu-
CNOBUX NMiANPUEMCTB. MaKcMmisaLlia AOCAraeTbCA 3a paxy-
HOK BMOOPY ONTMMaNbHOrO BapiaHTa TUMIB COHAYHUX
naHesnen Ta ypaxyBaHHA peanbHOi iHCONALLT NOBEPXOHb, Ae
BOHW BCTaHOBJ/IEHI.

Marepian i pesynbtatu gocnigeHb. CoHAYHA iHconALiA,
O MOTPANAA€E Ha NOBEPXHIO renionepeTBoproBaYiB, 3ane-
KUTb Bif, 6araTbox GpakTopiB i MOXKe ICTOTHO BigpI3HATUCS Big,
cepefHix 3HayeHb, AKi HaZATbCA IHGOPMaLiMHUMK cucTe-
Mamu abo posigHnKamn. Kpim TOoro, BOHa MOXKe BapitoBa-
TUCA | B MeXax OKPeMOi LiNAHKKU, Ae BCTAHOB/EHI COHAYHI
naHeni, OCKINbKM HaABHI NOpyy cnopyau Ta 3e/eHi Haca-
JXKEeHHA 3aTiHoTb NeBHi 30HM CEC. OaHUM 3 HAaWTOYHILLMX
METOAiB BU3HAYEHHA COHAYHOI iHCoNAL,ii Ha AinaHuj, ae byae
posTawosaHa CEC, e be3nocepeaHilt il BUMip 3a Aonomoroto
consapumeTpis. 3a LONOMOrO TaKUX MPUNAAIB MOXKHA BUMI-
ptOBAaTU COHAYHE BMMPOMIHIOBAHHA MOBHOMO CMEKTPa 3 Ky-
Tom ornaay 180°. Y Tabn. 1 1a Ha puc. 1 npeactaBneHi otTpu-
MaHi conapumeTtpom Fisher 461105 3HAYeHHs COHAYHOI
iHconALji Ha oAHil 3 BUAiNeHMx ana sctaHosneHHA CEC aina-
HOK MPOMMCNOBOTO MiAMNPUEMCTBA M. 3aNOPiXKKA.

Hexalt nianpuemcTso mae MHOXUHY . = {1, ..., N} BuaineHux
AiNAHOK anA po3miweHHs B = {1, ..., M} pisHux Tunis potoe-
JNIEKTPUYHMX NaHenel. Po3ib’eMo KOXKHY 3 AiNAHOK oL Ha guC-
KPETHi 30HU, e byae BUMipAHa COHAYHA iHconsAuis E.

MacumB gaHMX COHAYHOI iHCONALT OKpeMoi BUAINEHOI Aina-
HKM Ha TepuTopii MPOMMCAOBOrO NIANPUEMCTBA MOXKHA
npeacTaBUTU B TAaKOMY BUrNAA;:

E11 E12 E13 Eln
El@) — Ey E, Ey E2n (1)
Eml EmZ Em3 Emn

e oL — HoMep BUAINEHOI AiNAHKY;

Ejj — COHAYHA IHCONALLIA OKPEMOi 30HM ij, KBT-roa/m?.

Ha nepwomy etani po3s’A3aHHA onTUMI3aLiAHOI 3agadi
WoA0 MaKcumisalii obcary reHepalii enektpoeHeprii CEC
HeobXiAHO BM3HAUYUTU MacUB MOMKIMBUX KOMBIHALIN po3-
TawyBaHHA M TUNIB COHAYHUX MNaHenel Ha N BuAiINEeHUX
ONA UbOro AiNAHKaxX Ha TepuTopii nignpmMemctea. Taka 3a-

Aadva posrnaHyTa B [11], Ae BuwesragaHuii macus popmy-
€TbCA 32 AOMOMOTOK PEKYPCUBHOT BYHKLI.

O6car enekTpUYHoOI eHeprii, 3reHepPoOBaHOI OKPEMOK COHA-
YHOIO MaHennto B-ro Tuny, moxke ByT1 BU3HAYEHW 3a fo-
NMOMOrOI0 TaKOro BUpasy:

B _ pla) B B B
VVh - Eij S/)’ 'Prated ’ nsa/ar : 7/]temp' (2)

ae Whﬁ — 06CAr eNeKTPUYHOI eHeprii, Lo reHepyeTbCA 04-
Hi€l0 COHAYHOIO NaHento 3-ro Tuny, KBT-rog;

E,.(ja) — 3HAYEHHs COHAYHOI iHconALii B ij-i 30HI BMAiNneHol
AinAHKK o, KBT-roa/m?;

Sp — naowa CoHAYHOT NaHeni 3-ro Tuny, m2;

Pﬂ

rated — HOMIHAJIbHA NOTYKHICTb COHAYHOI NaHENI B-I’O T™Mny,

KBT;

775/;,0, — koediuieHT KopucHoi aji naHeni B-ro Tuny;
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’7£mp — TennoBui KoedilieHT COHAYHOI naHeni B-ro Tuny,
AKUI BPAXOBYE 3HUXKEHHSA Ti epeKTUBHOCTI Nig Yac ii Harpisy.
KpuTtepiem ontumisauii B 3a4aui, WO po3rnaaaeTbca, € ma-
KCMMYM 3reHepOoBaHOT COHAYHOI e/1eKTPOCTAHLLIEID eHeprii

33 NPOMIXKOK Yacy T. Tox uinboBa dyHKLia moxe ByTu 3a-
nucaHa B TaKOMy BUTAAI:

T N M

W:ZZZXU ‘W —>max, (3)

t=1 i=1 j=1

ne T — npomixKoK yacy, Ha Akomy ontumisyeTtbca CEC, wo
pO3rnapaeTbes;

Xij — KiZIbKiCTb NaHenen Tmny j, BCTAaHOBAEHWUX Ha AiNAHL, /.

Ons KoxHOI ginaHkm i ={1, ..., N} nnowa naHenemn He MoxKe
nepeBuLLYyBaTU NAOLWY AiNAHKK. TOX 0bmexeHHA ans GyH-
Kuii (3) MmorKe 6yTV 3anuncaHe B TaKOMY BUTNALI:

i(si X;)<S,, Viedl,..,N}. (4)

J=L

OnTMmizauinHa PyHKuiaA (3) micTUTb NV 3MIHHUX Xj, AKi Bi-
ANOBiAAlOTb Pi3HUM KOMBIHALLIAM COHAYHMX MaHenel Ha
BUAINEHUX AiNAHKAX, WO BM/MBAE HA 3ara/ibHy reHepaLito
doTOENEKTPUYHOI CTaHLLT.

Tabanua 1. BUMipaHi 3Ha4eHHA coHauHoi iHconawi (BT-roa/m?) craHom Ha 20 cepnHa 2025 poky

Binc-
TaHb, 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
M
2 600 600 500 500 500 700 700 650 800 800 800 300 600 | 400 | 400
4 800 800 800 800 800 800 800 800 800 800 800 700 600 500 | 500
6 800 800 800 800 800 800 800 800 800 800 800 800 800 800 | 800
8 800 800 800 800 800 800 800 800 800 800 800 800 800 800 | 800
10 800 800 800 800 800 800 800 800 800 800 800 800 800 800 | 800
12 800 800 800 800 800 800 800 800 600 800 800 800 800 800 | 800
14 800 800 800 800 800 800 800 800 800 800 800 800 800 800 | 800
16 700 700 800 800 800 800 800 800 800 800 800 800 800 800 | 800
18 500 500 800 800 800 800 800 800 800 800 800 800 800 800 | 800
20 400 500 800 800 800 800 800 800 800 800 800 800 800 800 | 800
20 The value of solar insolation |:I|n theroofof a bulill:ling 1, Whim?2 o
18 |
4700
16 [ B
4 650
14 1 -
- 600
12 | B
E— 550
g 10 | -
500
8 - -
450
6L _
400
4k i
350
2 -
: ! ' : ' 300
5 10 15 20 25 30
Length, m

Puc. 1. CoHAYHa iHCcoNAUiA Ha 00HIl 3 sudineHux 0718 ecmaHosneHHA CEC 0inAaHoK
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BMKOPUCTAaEMO 3aMpOMNOHOBAHUI Niaxia ANA BU3HAYEHHSA
OoNTMMaNbHOI KoHoirypauii CEC, ska moxe 6yTn nobyao-
BaHA Ha Jaxax N'ATU LexiB O4HOro Po3risHyTOro paHiwe
NPOMUCNOBOrO MNIAMNPUEMCTBA M. 3anOpiXKKA. 3a3HayeHi
BULE AaxM MaioTb nsowy 3600 m?, 5200 m?, 3150 m?,
4100 m?, 3850 m?, BignosigHo. Mpu LbOMY HaABHI COHAYHI

Tabnuua 2. TexHiuHi XapaKTePUCTUKU COHAYHUX NaHenei

naHeni N'ATM TUNIB, TEXHIYHI XapPaKTEPUCTUKM AKUX HaBe-
AeHi B Tabn. 2. Bci MoKAMBi BapiaHTW po3TallyBaHHA BUG-
paHWX NaHeneW Ha 3a3HayYeHuMx BULLE gaxax chopmoBaHi y
BUINALI MaTpULi 38 LONOMOrO pekypcuBHOT dyHKLiT [11].
3aranbHa KiNbKiCTb TaKUX BapiaHTiB ANA 3a4a4i, WO po3raa-
[AETbCA, CTaHOBMTL 3125.

. . | KoediuieHT KO- | OpieHTOBHa 6 "
CoHAYHa naHenb I'Io1'y>I|3(H|C'rb, Tun ocuosHocri PUCHOI aii poTo- BapTiCTb, a apuThnv
T doTomopaynsa moayna, % faon. CLUA po3mip, mm
Ulica Solar UL-610M- "
132DDGN 610 MOHOKpUCTan. 22.58 90 2382*1134
Longi Solar LR7-72HVH- 645 MOHOKpHCTan. 23.9 102 2382x1134
645M
TW Solar TWMNH-
66HD625 Bifacial 625 MOHOKpUCTanN. 23.1 90 2382x1134
Vertex Bificial TSM-
DEG18MC.20(1l) 490 MOHOKpUCTan. 20.3 110 2187x1102
Jinko Solar JKM435N-
SAHLAR 435 MOHOKpUCTan. 21.77 66 1762x1134

3 NPAKTUYHOrO NOrNALY BPpaxyBaHHA peanbHUX 3Ha4YeHb CO-
HAYHOI iHCONALiT ANA KOXKHOI 30HM BU3HAYE€HMX MaidaHun-
KiB MOXKe ByTu ycKnagHeHo. ToMy B NOAaNbLINX PO3PaXyH-
KaX BMKOPMUCTOBYIOTbCA YyCepeaHeHi MOrogMHHI 3Ha4YeHHA
COHAYHOI iHconauii Ei, E2, E3, E4, Es NO KOXXHOMY 3 N'ATU
MalaaHuMKIB, AKi npeacTaBaeHi B Taba. 3.

BHacnigok npoBeaeHMX po3paxyHKiB 6ynn oTpumaHi o6-
cAarv go6b0BOi reHepaLii yCiX MOXK/IMBUX BapiaHTIB AaX0BOi

COHAYHOI enekTpocTaHuii (puc. 2). MiHimanbHe 3Ha4yeHHA
AKTMBHOI eHeprii Bignosigae BapiaHTy 2344 3 BUKOPUCTAH-
HAAIM COHAYHWX NaHesel yeTBepToro TMNy (Tabn. 3) i ctaHo-
BuTb 20,49 MBT-rog. MakcumanbHe 3Ha4YeHHA BignoBiAae
782-my BapiaHTy (COHAYHI nNaHeni gpyroro Tuny) i ctaHo-
BuTb 24,10 MBT-rog. OTXKe, Pi3HMUA MiX 3a3HaYeHMMMU
BMLLE BapiaHTaMM BUKOHAHHA AaX0BOi COHAYHOI eNeKTpocC-
TaHUji NignpMemcTBa cTaHoBUTL 3,61 MBT-rog Ha goby abo
17,63 %.

Total active energy generated per day by a solar power plant

25 4

20+

|\J| H|ﬁ\ ‘M

15 A '

n
10 “‘f

Mh‘

\\" 'W EEE Max generation
|H| mmm Min generation

Daily active energy generation W, MWh

0 500 1000

1500

2000 2500 3000

Variant number

Puc. 2. Obcszu 0060807 2eHepayii akmusHoi eHepzil 0ax080i COHAYHOT eneKMpocmaHuyii
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Ta6nuua 3. YcepegHeHi NOroguHHi 3HaueHHA COHAYHOI iHCcoNALii cTaHOM Ha 20 cepnHa 2025 poKy

Yac, roa E1, Br-rop/m? E, Br-ron/m? Es, Bt-ron/m? E4, Br-rop/m? Es, Br-rop/m?

0 0 0 0 0 0

1 0 0 0 0 0

5 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0 0 0

5 63 59,22 68,04 68,04 65,52

6 214,07 192,663 226,9142 235,477 196,9444
7 382,48 382,48 386,3048 344,232 397,7792
8 539,5 485,55 588,055 544,895 496,34
9 668,22 654,8556 654,8556 601,398 608,0802
10 755,67 778,3401 755,67 831,237 755,67
11 793,35 769,5495 714,015 817,1505 769,5495
12 781,7 773,883 844,236 742,615 805,151
13 717,17 724,3417 666,9681 767,3719 717,17
14 607,45 552,7795 619,599 558,854 613,5245
15 461,05 507,155 437,9975 442,608 461,05
16 291,92 280,2432 297,7584 277,324 283,1624
17 127,15 137,322 115,7065 136,0505 120,7925
18 13,68 13,4064 12,7224 13,2696 14,364
19 0 0 0 0 0

20 0 0 0 0 0

21 0 0 0 0 0

22 0 0 0 0 0

23 0 0 0 0 0

BucHoBKMU HAM peasibHOI COHAYHOI IHCONALiT Ha KOXHIN AinAaHLUi

1. CoHAYHI eneKkTPOCTaHLIi, WO NigKAOYAOTbCA A0BiNb-

HUM cnocobom A0 eNeKTPUYHUX MmepeXx NPoMnNCIoBux

NiANPUEMCTB, CTBOPIOIOTL HEBaXKaHi NEPETOKM NOTYXK-
HOCTi, KONMBAHHA HaNpyr, HEraTUBHO BM/IMBAIOTb Ha AK-
iCTb eNeKTPUYHOI eHeprii. Lle 3HaYHO YCKNa[HIOE iX iHTe-
rpauito, BMMArae AOOATKOBUX TEXHIYHWMX pilleHb Ta

36inbLye cobiBapTiCTb 3reHepPoBaHOT eNeKTPoeHeprii.

AnA BCix cdopmoBaHUX KOMbBIHaLiN.

Bubip TMNiB COHAYHMX NaHeNel Ta iX KiNbKoCTi 3a 3anpo-
NMOHOBaHOK METOAMKOI AA€ 3Mory 36inbwnTn fo6oBY
reHepalito akTmBHoi eHeprii CEC, Wwo po3TawoBaHa Ha
[axax LexiB MpoMMUCI0BOro NianpueMCTBa, binblue Hix
Ha 3 MBT-rog, abo Ha 17 % nopiBHAHO 3 HaWripWnMm Ba-
piaHTOM, MOXK/IMBMM NpU A0BiNbHOMY BMBOpi TMNIB Ta

. 06carv enekTpMUHOI eHepril, LWo reHepyeTbea doToene-
KTPUYHUMW NAHENAMMU, BCTAHOBJEHWMMU Ha TepuTopil
NPOMMCNOBUX NIANPUEMCTB MOXKYTb BYTH 36iNbLUEHi 3a
paxyHOK BMBOpPY ONTMMasbHOFO BapiaHTa TUMIB COHAY-
HWX NaHenel Ta BpaxyBaHHA peanbHOi iHconAuji nosep-
XOHb, A& BOHM PO3TaLLOBaHi.

HalikpalumMm BapiaHTOM po3B’si3aHHA 3a4adi MaKCUMi-
3auii obcariB reHepauji aKTMBHOI eHeprii COHAYHUMMU
€NeKTPOCTaHLIiAMM, CNOPYAXKYBAHMX Ha TepUTopii npo-
MWCNOBMX NIANPUEMCTB, € OKpeMe BUpileHHA 3aJay
$bopMyBaHHA MAcMBY BCiX MOMIMBUX KOMBIHALM po3-
TAWyYBaHHA AOCTYMHUX TUMIB COHAYHUX NaHeNel Ha BU-
OiNeHnX ANA Uboro AinsHKax Ta po3paxyHKy fobosoro
ob6cAry areHepoBaHoi eNeKTPUUHOT eHeprii 3 ypaxyBaH-

PO3TaWlyBaHHA COHAYHUX naHeneu.
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Abstract. The aim of the work is to increase the amount of
electrical energy generated by photovoltaic panels installed
in designated areas within the territory of industrial enter-
prises. Maximization is achieved by selecting the optimal type of solar panels, taking into account the actual solar
insolation at the surfaces where they are installed.

The active integration of renewable energy sources by industrial enterprises enables a reduction in electricity con-
sumption from the general grid, ensures an uninterrupted power supply, improves energy efficiency, etc. Distrib-
uted energy sources can be installed in quarries, waste dumps, vacant areas between industrial buildings, and on
the roofs of industrial buildings. The rooftops have a large area, a shape that is convenient for installing photovol-
taic panels, and less shade than land plots.

Determining the optimal location of solar panels when designing solar power plants allows for more efficient use
of the available space for their installation and minimizes potential shading. The paper proposes an approach to
maximizing the generation volume of solar power plants built on industrial enterprise territory. The proposed
methodology enables the selection of the optimal solar power plant option by considering all possible installation
locations and photovoltaic panel types. The proposed methodology is applied using the example of an industrial

enterprise whose workshops have rooftops suitable for installing solar panels. Ref. 11, Fig. 2, Tables 3.

Keywords: solar power plant, renewable energy sources, optimization problem, shading, solar insolation.

List of Symbols and Abbreviations
RES — renewable energy sources
SPP —solar power plant

Introduction and problem statement. The use of renewa-
ble sources allows for reducing electricity consumption
from the general grid, ensuring an uninterrupted power
supply, increasing energy efficiency of the production pro-
cess, etc. Inturn, solar power plants, as a component of dis-
tributed generation, play an increasingly important role in
modern power systems due to their ability to produce en-
ergy directly at the point of consumption, thereby reducing
transmission losses, lowering operating costs, and eliminat-
ing harmful emissions [1-3].

Despite its many advantages, the dependence of electricity
generation on weather conditions and the time of day can
result in unwanted power outflows and voltage fluctua-
tions. This significantly limits the use of solar power plants
in consumers' electrical grids without additional technical
solutions. The latter typically involves energy storage sys-
tems and modernizing grid dispatch control to ensure sta-
bility and reliability when connecting distributed energy
sources [4].

Unlike commercial and residential consumers, industrial
enterprises typically exhibit a more consistent and predict-
able electricity consumption pattern. Therefore, the

significant dependence of renewable energy generation on
weather conditions makes it difficult to use in industrial
power grids. Additionally, randomly connected distributed
energy sources negatively affect the quality of electrical en-
ergy in the overall grid, violating electromagnetic compati-
bility standards [4, 5].

Due to the large number of electricity consumers and strict
requirements for quality and uninterrupted power supply,
eliminating the aforementioned shortcomings is an im-
portant task for industrial enterprises. In [6], the authors
propose an innovative electrical grid consisting of three
separate local networks. Specifically, there is an alternat-
ing-current grid of "high-quality" electricity, an alternating-
current grid of "low-quality" electricity, and a direct-cur-
rent grid that connects them.

Consumers and distributed energy sources are pre-as-
signed to groups and connected to one of three local grids.
Thus, photovoltaic converters, DC consumers, and AC mo-
tors with only DC/AC frequency converters connect directly
to the DC grid. Wind turbines that do not have separate
power quality assurance units, as well as consumers whose
technical characteristics and operating modes allow for

161



BigHosnoBaHa eHepreTuka. Ne 1/2026 | CoHAYHa eHepreTuka

deviations in power quality indicators from standard val-
ues, are connected to the low-quality power grid.

Since a significant portion of the electricity generated by
RES is consumed directly in the aforementioned local net-
works, these grids are connected via two DC/AC and AC/DC
converters with significantly lower power ratings.

The connection points for RES and converters to the afore-
mentioned grids, as well as their capacities, can be deter-
mined by solving the corresponding optimization problem.
The solution to this problem entails the design of a new
electrical grid for an industrial enterprise.

One of the most important tasks in designing a solar power
plant is determining the optimal location for the solar panels.
The configuration of the panels and the spacing between rows
are crucial for preventing mutual shading and ensuring access
for maintenance [7-9]. Recent studies of bilateral photovoltaic
systems indicate that correctly positioned panel arrays can
generate up to 10% more energy by receiving radiation from
the reverse side when mounted 0.5-1.0 m above the surface
and using high-reflectivity materials [7, 10].

Thus, determining the number and type of solar panels to
be installed in designated areas of an industrial enterprise

to maximize SPP generation is a separate issue that must
be addressed.

Objective of the work is to increase the amount of electric-
ity generated by photovoltaic panels installed in designated
areas on the territory of industrial enterprises. Maximiza-
tion is achieved by selecting the optimal type of solar pan-
els and taking into account the actual insolation of the sur-
faces where they are installed.

Material and research results. The amount of solar insola-
tion that hits the surface of solar converters depends on
multiple factors and can differ significantly from the aver-
age values provided by information systems or reference
books. Additionally, it can vary within a single installation
site, as nearby buildings and green spaces can shade certain
areas of the solar power plant. One of the most accurate
methods for determining solar insolation at the site where
the solar power plant will be located is to measure it di-
rectly using solar meters. These devices measure full-spec-
trum solar irradiance with a 180° field of view. Table 1 and
Fig. 1 display the solar irradiation values measured by the
Fisher 461105 solarimeter at one of the sites chosen for in-
stalling a solar power plant at an industrial enterprise in Za-
porizhzhia.

Table 1. Measured values of solar insolation (Wh/m?) as of August 20, 2025

t:ﬁze, 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
m
2 600 | 600 | 500 | 500 | 500 | 700 | 700 | 650 | 800 | 800 | 800 | 300 | 600 | 400 | 400
4 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 700 | 600 | 500 | 500
6 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
8 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
10 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
12 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 600 | 800 | 800 | 800 | 800 | 800 | 800
14 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
16 700 | 700 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
18 500 | 500 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800
20 400 | 500 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800 | 800

Let the enterprise have aset o ={1, ..., N} of allocated areas
for placing p ={1, ..., M} different types of photovoltaic pan-
els. Then, let us divide each area into discrete zones in
which solar insolation, E, will be measured.

The solar insolation data array for a separate allocated area
on the territory of an industrial enterprise can be presented
as follows:

E11 E12 E13 Eln
E@ _ 21 22 E23 EZn ) (1)
Eml EmZ EmS Emn

where o — the number of the allocated area;

Eji—the solar insolation of a separate area ij, kWh/m?.

The first step in solving the optimization problem of maximiz-
ing the volume of electricity generation by solar power plants
is to determine the array of possible combinations of M types
of solar panels located in N allocated areas on the enterprise's
territory. This problem is considered in [11], where the afore-
mentioned array is formed using a recursive function.

The amount of electricity generated by a single solar panel
of type B3 can be determined using the following expression:
(2)

B _ pla) B B B
VVh - Eij ' Sﬂ ' Prated : 77solar ' ntemp ’

where Whﬂ — the amount of electricity generated by one
solar panel of type B3, kWh;
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Efj“) — the value of solar insolation in the ij-th zone of the
allocated area o, kWh/m?;

Sp—the area of a type P solar panel, m%;

P? —the rated power of a type [ solar panel, kW;

rated

72 .. —the efficiency coefficient of a type f panel;

77£mp — the thermal coefficient of a solar panel of type B,

which takes into account the decrease in its efficiency dur-
ing heating.

The value of solar insolation on the roof of a building 1, Whim?2
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Fig. 1. Solar insolation at one of the sites selected for the installation of a solar power plant

The optimization criterion for this problem is the maximum
amount of energy that a solar power plant can generate
within a time period T. Thus, the target function can be
written as follows:

W =

t

ii’(ﬁ W/ — max, (3)

;
=1 j=1 j=1

where T—the time interval over which the SPP is optimized;
X —number of panels of type j installed in area i.

For each location i ={1, ..., N}, the area of the panels cannot
exceed the area of the location. Therefore, the constraint
for function (3) can be written as follows:

M

>(s;-x,)<S,, Viefl,..,N}. (4)

i
J=1

The optimization function (3) contains N-M variables xj;,
which correspond to different combinations of solar panels
in allocated areas, affecting the total generation of the pho-
tovoltaic power plant.

Let us use the proposed approach to determine the optimal
configuration of a solar power plant that can be built on the

roofs of five workshops belonging to the same industrial
enterprise in Zaporizhzhia, as discussed earlier. The roofs'
respective areas are 3600 m?, 5200 m?, 3150 m?, 4100 m?,
and 3850 m2. There are five types of solar panels available,
the technical characteristics of which are given in Table 2.
All possible combinations of the selected panels on the
above-mentioned roofs are formed in the form of a matrix
using a recursive function [11]. The total number of such
combinations for the problem under consideration is 3125.

From a practical standpoint, it may be difficult to account
for the actual solar insolation values in each zone of the
specified areas. Therefore, the average hourly solar insola-
tion values (Ez, E2, E3, Es4, and Es) for each of the five areas
presented in Table 3 are used in further calculations.

The daily generation volumes for all possible roof solar
power plant configurations were obtained from the calcu-
lations (Fig. 2). The minimum active energy value corre-
sponds to variant 2344, which uses fourth-type solar panels
(Table 3), and amounts to 20.49 MWh. The maximum value
corresponds to variant 782 (the second type of solar panel)
and amounts to 24.10 MWh. Thus, the difference between
the options for the enterprise's rooftop solar power plant
is 3.61 MWh per day, or 17.63%.
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Table 2. Technical characteristics of solar panels

Power, Photovoltaic Photovolta!c Approxi- Dimensions,
Solar panel W module type module effi- mate cost, mm
YP ciency, % usD
Ulica Solar UL-610M-132DDGN 610 monocrystalline 22.58 90 2382*%1134
Longi Solar LR7-72HVH-645M 645 monocrystalline 23.9 102 2382x1134
TW Solar TWMNH-66HD625 Bifacial 625 monocrystalline 23.1 90 2382x1134
Vertex Bificial TSM-DEG18MC.20(l1) 490 monocrystalline 20.3 110 2187x1102
Jinko Solar JKM435N-54HL4R 435 monocrystalline 21.77 66 1762x1134
Total active energy generated per day by a solar power plant
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Fig. 2. Daily active energy generation volumes of the rooftop solar power plant
Table 3. Average hourly values of solar insolation as of August 20, 2025
Time, hour E1, Wh/m? E2, Wh/m? E3, Wh/m? Es, Wh/m? Es, Wh/m?
0 0 0 0 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 63 59.22 68.04 68.04 65.52
6 214.07 192.663 226.9142 235.477 196.9444
7 382.48 382.48 386.3048 344.232 397.7792
8 539.5 485.55 588.055 544.895 496.34
9 668.22 654.8556 654.8556 601.398 608.0802
10 755.67 778.3401 755.67 831.237 755.67
11 793.35 769.5495 714.015 817.1505 769.5495
12 781.7 773.883 844.236 742.615 805.151
13 717.17 724.3417 666.9681 767.3719 717.17
14 607.45 552.7795 619.599 558.854 613.5245
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15 461.05 507.155 437.9975 442.608 461.05

16 291.92 280.2432 297.7584 277.324 283.1624

17 127.15 137.322 115.7065 136.0505 120.7925

18 13.68 13.4064 12.7224 13.2696 14.364

19 0 0 0 0 0

20 0 0 0 0 0

21 0 0 0 0 0

22 0 0 0 0 0

23 0 0 0 0 0
Conclusions Photovoltaic Systems and Implications for Prosumer

1.

2.

3.

4.

Randomly connecting solar power plants to industrial
enterprises' power grids creates unwanted power over-
flows and voltage fluctuations, negatively affecting
electricity quality. These issues significantly complicate
integration, require additional technical solutions, and
raise the cost of generated electricity.

The amount of electricity generated by photovoltaic
panels installed on the territory of industrial enterprises
can be increased by selecting the optimal type of solar
panels and considering the actual insolation of the sur-
faces where they are installed.

The best option for solving the problem of maximizing
the volume of active energy generated by solar power
plants built on the territory of industrial enterprises is
to separately address the problems of forming an array
of all possible combinations of the locations of available
types of solar panels on the areas allocated for this pur-
pose and calculating the daily volume of generated elec-
tricity, taking into account the actual solar insolation at
each location for all formed combinations.

The selection of solar panel types and their quantity ac-
cording to the proposed methodology allows increasing
the daily generation of active energy by the solar power
plant located on the roofs of the industrial enterprise by
more than 3 MWh or 17% compared to the worst-case
scenario possible with random selection of solar panel
types and locations.
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