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puemcme y be3nepepsHoOMy eneKmponocmMa4vyaHHi 8 ymosax

HecmabinbHoOi pobomu 308HiWIHLOI Mepexti y cmammi UKOHAHO MeXHIKO-eKOHOMIYHe MOPIBHAHHA Mepexte-
B0i COHAYHOI esieKMpPoCMAaHUii 3 2eHepPaMOoOPHOIO MIOMPUMKOK ma 2ibpudHOI COHAYHOI enekmpocmaHyii 3
AKYMYAAMOPHOI0 CUCMeMO0 HaKoMu4YeHHsA eHepeaii. Po3enaHymo ocobausocmi pobomu ob6ox apximekmyp 8
A8MOHOMHOMY PeHcumi, ix cunbHi ma caAabKi CMoOpPOHU, @ MAKOH 0bMeXeHHs, W0 8UHUKAOMb MpU Hus-
AleHHI NPoMuCc108020 HasaHMaxeHHA. Ocobausy ysazy npuoineHo 8iOMiHHOCMAM y CmpyKkmypi Kanimane-
HUX ma eKcnayamayiliHux sumpam, mpusasnocmi asmoHOMHOI pobomu, posi eeHepamopa K Oxcepesna ono-
PHOI Hanpyau ma Yyacmomu 0415 Mepexcesux iHeepmopis, @ Maxkox obmexceHHAM 2ibpudHux iHeepmopis y
pasi mpusanux 6aekaymis. AK NpuKaa0 8UKOPUCMAHO Kelic MPoMUC1080i OpYKAPHI 3 BIOHOCHO CMasAuM npo-
Ginem HasaHmMaxeHHA. [nsa mepexcesoi CEC 3 2a302eHepamopHOI0 MNidMmMpuMKOI 8UKOHAHO PO3PaxXyHOK 8U-
mpam npupoOHO20 2a3y, 8apPMOCMI pe3epsHoI enekmpoeHepaii ma KanimanbHUX 8UuMpam Ha iH8epmopHyY
i eeHepamopHy yacmuHy cucmemu. ns 2ibpudHoi CEC sukoHaHo nidbip KoHgieypayii Ha 6a3i 0sox 2ibpud-
HUX iHeepmopie cymapHor nomyxcHicmio 160 KBm ma akymynamopHoi cucmemu HOMIHAMbHOK EMHICMIO
900 kBm-200. [Jo0amKo80o po32aaHymo cueHapili BUKOPUCMAHHA 00NOMIXHO20 Ou3esnb-2eHepamopa 04
2ibpudHoi CEC y pa3i 0doszompusanux 8i0Ka0YeHb enekmponocma4vyaHHA. lposedeHe nopieHAHHA 0ano
3MoOo2y 8U3HAYUMU YyMOBU, 30 AKUX KOXHA 3 00CAIOHY8AHUX apXimekmyp € 00yinbHiwow 045 pe3epsHo20
en1eKkmponocma4vyaHHsa NPoOMuUCs108020 NidrnpuemMcmaa.

Knrovosi cnoea: mepexesa COHAYHA e1eKmpPoCcmaHy,is, 2ibpudHa COHAYHA eneKmpPoCcMaHUuis, 2a302eHepamop,
dusenb-2eHepamop, aKyMmysnamopHa cucmema HaKoNU4YeHHA eHepzil, aemoHoMHa poboma, pe3epsHe eneKkm-
pPONOCMAYAHHA, MEXHIKO-eKOHOMIYHE MOPIBHAHHA, MPOMUC/I08€ HABAHMAXKEHHSA, KArimasabHi sumpamu, exc-
nayamauidni sumpamu.

BuKoOpUCTaHi NO3HAYeHHA Ta CKOPOUEHHA

CEC — coHAYHa eneKkTpocTaHuina
PV — doToeneKkTpmuHa cuctema (Photovoltaic)

ATS (AP) — aBTOMaTUUYHKI1 NepeMmKad pesepsy (Automatic
Transfer Switch)

AKB — akymynaTopHa batapen

BESS — cuctema HakonMYeHHA eHeprii Ha aKyMyAATOPHUX
6aTapesx (Battery Energy Storage System)

PCS — cuctema nepetBopeHHsA NoTyxKHocTi (Power
Conversion System)

BMS — cuctema KepyBaHHS aKyMy/ATOPHOO baTapeeto
(Battery Management System)

O&M — ekcnayaTau,is Ta TexHiYHe 06CNyroByBaHHA
(Operations & Maintenance)

CAPEX — KaniTanbHi ButpaTu (Capital Expenditures)

OPEX ——eKcnnyarTauiiiHi Butpatn (Operating Expenditures)
SFC — nutoma BuTpaTa nanmea (Specific Fuel Consumption),
n/kBT-rog abo Hm3/kBT-rog,

DoD — gonyctuma ranbuHa po3psay akymynaTopHoi 6aTa-
pei (Depth of Discharge)

PF — koediuieHT noTy*KHOCTi (Power Factor)

THD — cymapHuit KoedilieHT rapMOHiIYHUX CMOTBOPEHDb
(Total Harmonic Distortion)

AVR (APH) — aBTOMaTMuYHUIA perynaTtop Hanpyru (Automatic
Voltage Regulator)

GFL — iHBepTOp, L0 CIHXPOHI3yeTbCA 3 mepexeto (Grid-
Following Inverter)

GFM — iHBepTOp, Wo popmye mepesky (Grid-Forming
Inverter)

PCC (T3MM) — Touka 3aranbHoOro npueaHaHHs (Point of
Common Coupling)

LCOE - ycepeaHeHa cobiBapTicTb enektpoeHeprii (Levelized
Cost of Energy)

NPV —uncTa TenepiwHs BapTicTb (Net Present Value)

IRR — BHYTpiLLHA HOpMma peHTabenbHocTi (Internal Rate of
Return)

CO, — piokecuna syrneuto
kW / kWh / kVA — kinosaTt / Kinosat-rogmHa / KinoBonbT-am-
nep

Hm3 (Nm3) — HopmanbHKI KyBiUHWIA METP NPUPOAHOTo
rasy
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BcTtyn. be3nepepBHiCTb eN1eKTPONoCcTavYaHHA A1A NPOMMUCAO-
BMX MiZANPUEMCTB Y Cy4aCHMX YMOBax HecTabifbHOT poboTu
ENEKTPUYHUX MEPENK € KPUTUYHOK nepeaymoBoto 3b6epe-
YKEHHA NPOAYKTUBHOCTI, CTabiNIbHOCTI TEXHONOTYHUX NpoLe-
CiB Ta eKOHOMIYHOT edpeKTUBHOCTI BUpOobHMLUTBA [1-3]. Nepe-
pBM B €/1eKTPOMNOCTaYaHHi NPU3BOAATL HEe nLLe A0 NPAMUX
BTPAT e/IeKTpoeHeprii, a [0 NPOCToiB 06/aAHAHHSA, 3HK-
YKEHHA BMNYCKY NPoAyKLji, NOPYLUEHHA BUPOOHUYMX LUKNIB
i JOAATKOBUX eKcnyaTauitHux BuTpat [1-3]. OgHo4YacHo 3i
3POCTaHHAM BMMOI A0 HAAiMHOCTI e/eKTPOXKMBAEHHS ANA
nianpuemcTs aefani 6inoblworo 3HaYeHHA HabyBae BUKOPUC-
TaHHA COHAYHUX enekTpocTaHuin (CEC), 33 4ONOMOroto AKMUX
MOYHa YaCTKOBO abo CYTTEBO 3MEHLLUTN BUTPATM HA CMNOMKMK-
BaHY €/1eKTPUYHY EHEPTit0, @ TAaKOX NiABULINTU eHepPreTUYHy
He3aneXHicTb 06’ekTa [4, 5]. Y pasi HecTabiNbHOI 30BHIWHbOI
Mepei 0cobMBO aKTyalbHUM CTa€E NMUTAHHA 3abe3neyeHHs
po6otu CEC He avLwe B MepexeBOMY PEXUMI, @ 11y pexnmi
pe3epBHOro abo aBTOHOMHOIO efieKTponocTayaHHAa. Ha
NPAKTULi ANA LbOro 3aCTOCOBYOTb A,Ba OCHOBHI Niaxoau. Me-
PWKXIA NONAraE Y BUKOPUCTAHHI MepeXeBOi COHAYHOI e1eKT-
POCTaHL;i 3 reHepaTOPHOO NiATPUMKOLO, Ae reHepaTop dop-
MYE OMOPHY HAMpyry Ta 4acToTy Mig, 4ac BiAKNIOYEHHA
30BHIilWHbOI MepexKi, 3abe3neuyoum poboTy MepeKeBuX iH-
BEPTOPIB Y IOKaNbHOMY pexunmi [6—8]. Apyruit niaxig, 6asy-
€TbCA Ha 3aCTOCYBaHHI ribpUAHOT COHAYHOT eNeKTPOCTaHLil, y
CKNaai AKoI ribpuaHuiA iHBEPTOP | aKyMyNnATOpHa cucTema
HaKOMUYeHHs eHeprii 3abe3neyyoTb pe3epByBaHHA HaBaH-
TaXKEHHA Ta NiABULLYIOTb THYYKICTb eHeprosabesneyeHHn
o6’ekTa [4, 5]. Ans cuctem Ha 6asi mepexkeBux iHBepTOpiB
NPUHUMMNOBUM € Te, L0 BOHU He GOPMYIOTb MepEKY Camo-
CTiliHO, a NOTPebytoTb 30BHILLIHLOFO AXepena OrnopHOI Ha-
npyru i yactotn. Came ToMy B CXeMax aBTOHOMHOI poboTu
6e3 aKyMyNATOPHOI NIATPMMKM AK ONOPHE AyKepeso 3a3Bu-
Yai BUKOPUCTOBYETHCA FreHepaTop, AKUIM 3abe3nedye CUHX-
poHi3aLito iHBepTOpiB i NiATPMMaHHA eHepreTuyHoro 6ana-
HCy B  i30/1bOBaHOMY  pexumi  [6-8].  [MpaKTuyHa
peani3oBaHiCcTb TaKoi TONOOTii A8 NPOMMUCIOBOI APYKapPHI
NiATBEPAMKYETbCA pe3y/ibTaTaMu PO3PAXYHKIB, fAKi MOKasy-
IOTb AOLi/IbHICTL 3aCTOCYBaAHHA ra3oreHepaTopa AK pe3eps-
Horo axkepena gna mepexxesoi CEC 3a paxyHOK HUXKYNX eKc-
nayaTauinHMX BMTPAT NOPIBHAHO 3 AM3€/IbHUM BapiaHTOM.
BogHouac ribpuaHi COHAYHI eNeKkTpoCcTaHLii 3 akymyaaTop-
HUMK BaTapesamn PO3rNALALOTLCA AK aNbTePHATMBA reHepa-
TOPHOMY pe3epBYBaHHIO, OCKiZIbKM BOHM 3abe3neuyoTb
WBMAKE NepPeMUKAHHA B aBTOHOMHUI PEXUM, MOMXK/IUBICTb
HAaKOMUYEHHA HAZ/IMLLIKOBOI COHAYHOI eHeprii Ta 3MeHLUEeHHA
3a1eXXHOCTI Bif, NaIMBHOI CKNa[0BoI. [poTe TaKi cucTemu xa-
PaKTepU3yloTbCA BULLMMM NMOYATKOBUMM KaniTaibHUMW BU-
TpaTamu, a iX EKOHOMIYHA AOUINbHICTb 3HAYHOK MIPOO 3a-
NeXUTb BiZ BapTOCTi aKyMyNATOPHUX OaTapen, perkumy
eKcnyaTauii Ta 4YacToTU BiAK/IOYEHb e/1eKTPONOCTavaHHA.
OmkKe, ANnA NiANPUEMCTB, AKI PO3rNALalOTb BNPOBAAKEHHA
pe3epBHOro KMB/EHHA Ha 6a3i COHAYHOI reHepauji, akTyasb-
HUM € BMBIp MiXK ABOMA TEXHIYHUMMW PiLLEHHAMMU: MeperKe-
Boto CEC 3 reHepaTopHOIO NiaATPMMKOLO Ta ribpnaHoto CEC.

AHani3 nonepeaHix AocniaeHb i NOCTaHOBKA 3a4aui. Npo-
6nema 3abe3neyeHHA HaZIMHOrO efeKTPONOCTavyaHHA Npo-
MWC/IOBUX CMOXKMBaYiB B YMOBaX HecTabinbHOi 30BHILLHbOT
MepEeXi LMPOKO pPO3rNadacTbCss B HAYKOBIN AniTepaTypi.

JocnigrKeHHs NOKasyloTb, WO BiAK/IOYEHHA eNeKTpoeHeprii
CYTTEBO BN/INBAIOTb HA MPOAYKTUBHICTb MiANPUEMCTB, CIpU-
YMHAIOTb EKOHOMIYHI BTPATU Ta 3HUKYIOTb ePEeKTUBHICTb BU-
PO6HMUMX NpoLieciB, 0cO6MBO ANA ManunX i cepeaHix BUPOO-
HULTB, YyT/IMBMX A0 MPOCTOIB 06/134HAHHA Ta MOpPYLUEHHSA
TEXHONOTYHUX UMKAiB [1-3]. OKpemuit Hanpsam A0CNiAKEHb
npUCBAYEHO cuctemam Tuny «PV + generator», y Akux co-
HAYHA eNeKTPOCTaHLiA NPALOE CMiJIbHO 3 pe3epBHUM reHe-
paTopom nig 4Yac nepeboiB y 30BHIWHIN MepeKi. Taki
pillEHHA PO3rNALAIOTLCA AK MPAKTUYHMIA BapiaHT nigsu-
LLLeHHA HALiIMHOCTI eNEeKTPOXKMBEHHSA, 3HUKEHHA BUTPAT Ha
MasiBO Ta YaCTKOBOIO 3aMilLeHHA TPagMLiINHOI reHepaLii 3a
PaxyHOK COHAYHOI eHeprii. OCHOBHMM HaNPAMOM €
MiHIMi3aLia NaMBHUX BUTPAT, @ TAKOXK ONTUMI3aLLA CTPYK-
TYPY MepeXKEBUX COHAYHMX ENIEKTPOCTAHLLi Ha OCHOBI hoTO-
eNEeKTPUYHOI reHepauii Ta reHepaTopHoi NiATPUMKKM [4—6].
BogHouac 3Ha4yHa KifbKiCTb AOCNIAMKEHb CTOCYETLCA CUCTEM
«PV + battery», y sKMx pe3epByBaHHA eNEKTPOKMBAEHHS LO-
CATAETbCA 33 PAXYHOK AKyMy/aaTOpHWX 6aTtapeit, a aBTo-
HOMHa poboTa 3abe3neuyeTbeca cniibHO poboToto doTo-
E€NEeKTPUYHUX  MOAYNIB, aAKYMYNATOPHOI cucTemu Ta
iHBepTOpa. TaKi CMCTEMM XapPaKTEPU3YHOTbCA BULLOK THYY-
KICTIO KepyBaHHA MOTOKaMM eHeprii, MOXAUBICTIO HaKoNu-
YeHHA Ha4/IMLWIKOBOI COHAYHOI reHepalLii Ta WBKAKMM nepe-
XOAOM B aBTOHOMHWMI pemm. BoaHouac iXx eKoHOMIYHa
eDEeKTUBHICTb CYTTEBO 3aNE€XUTb Big, BAPTOCTi aKyMynaTop-
HUX GaTapel, pecypcy LMKy 3apsag — po3psag Ta pexumis
ekcnnyaTauji [4, 7]. na mepekeBux iHBepTOPiB NPUHLMNO-
BMM € Te, LLLO BOHW HanexaTb A0 Knacy grid-following i He mo-
YKYTb CaMOCTiMHO pOpMyBaTM OMOPHY HAMpPyry Ta 4acToTy B
i30/1b0BaHiN mepexi. Came Tomy Ans ix poboT B aBTOHOM-
HOMY peXumi noTpibHe 30BHILLUHE A)Kepeno, AKe BUKOHYE
dyHKUit0 bopMyBaHHA Mmepei. Taki BUMOTM 0 NPUEAHAHHA
pPO3NOoAiNeHNX eHepreTUYHUX PecypciB i 3aranbHi KpuTtepii ix
B3aEMOJji 3 e/IeKTPOEHEPreTUYHOK CUCTEMOKD BM3HaYa-
toTbcA ctaHgaptom IEEE 1547-2018 Ta cyyacHMmn ornago-
BMMW poboTamu 3 iHBEPTOPHMX pecypcis [5, 6, 8]. Monpu Ha-
ABHICTb 3HAYHOI Ki/IbKOCTi AOCAiAXKeHb Woao cucrem «PV +
generator» i «PV + battery», npuknagHe TexHiKo-eKo-
HOMIYHE MOPIBHAHHA LMX ABOX NIAXOAIB ANA KOHKPETHOro
NPOMWC/IOBOrO MiANPUEMCTBA 3a/IMLLAETHCA BUCBIT/IEHUM
HepocTaTHLO. Y BinbwocTi pobiT yBara 3ocepeakyetbca abo
Ha oNTUMI3aLii oKpemoi KoHbirypauii, abo Ha 3arasibHUX Nn-
TaHHAX iHTerpauii iHBepTOpPHUX pecypciB, 6e3 aeTanbHOro
3icTaBNeHHA KaniTasbHUX BUTPAT, eKChayaTauiMHUX BUTPaAT i
NPaKTUYHOI AOUiIbHOCTI BUKOPUCTAHHA Pi3HUX apXiTeKTyp
pe3epBHOro enekTponocTayaHHA Ana o6’ekTiB 3 peanbHUM
npodinem HaBaHTa*KeHHA. Y 3B'A3Ky 3 UMM NOCTaB/iEeHO 3a-
[a4yy BWKOHATU TEXHIKO-eKOHOMIYHE MOPIBHAHHA ABOX
pilleHb pe3epPBHOrO e/1eKTPOMNOCTA4YaHHA NiANPUEMCTBA: Me-
PeXKeBOi COHAYHOI eNeKTPOCTaHLUii 3 rasoreHepaTopHOH
NiZATPMMKOIO Ta ribpMAHOT COHAYHOT €/1EKTPOCTAHLLT 3 aKyMmy-
NATOPHUM HaKOMUYeHHAM eHeprii. ba3oBum BapiaHTOM
NpuMHATO KoHoirypauito meperkesoi CEC 3 rasoreHepato-
pOM, MapamMeTpu AKOI BM3HAYEHO HA OCHOBI PeanbHOro
Kelicy MpPOMMC/IOBOI APYKapHi, ToAi AK a/fbTepHATUBHUM
BapiaHT npeacTaeBneHo ribpuaHoto CEC, gna fAKoi BMKO-
HYETbCA OKPEMUI PO3paxyHOK. MEeTOH TaKOro NOPIBHAHHA €
BM3HAYEHHA YMOB, 33 AKMX KOXXHa 3 apXiTEKTyp € AOLinb-
HiLLOI 3 TEXHIYHOIO Ta EKOHOMIYHOrO NornAay.
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MepexxeBa CEC 3 rasoreHepaTopHOl MiATPUMKOW. AK
nepwnin 06’eKT NOPIBHAHHA PO3rNALAETHCA MEPEKEBA CO-
HAYHA eNEeKTPOCTaHLiA 3 ra30reHepaTopHO MiATPUMKOLO,
npu3HavyeHa [ANA  eNeKTPONoCTaYaHHA MNPOMMUC/IOBOro
NiANPUEMCTBA B YyMOBaxX HecTabinbHOI 30BHILIHbOI Mepexi.
Y WTaTHOMY peXKMMi COHAYHA eNeKTPOCTaHLiA NPaLLoE Na-
panienbHO 3 MepPEIKeLD, a MepeXKeBi IHBEPTOPU CUHXPOHI3Y-
IOTbCA 3 HAMPYro Ta YacTOTO B TOYLL 3ara/ibHOro NpueA-
HaHHA. EHepria, BMpobeHa doTOoeNEeKTPUYHUMHU
MOAYNAMU, BUKOPUCTOBYETLCA A1 YACTKOBOrO MOKPUTTA
HaBaHTaXeHHA 06’eKTa, Wo 3abe3neyye 3MEHLWEHHs Crno-
KMBAHHA €NeKTpOoeHeprii i3 30BHILIHbOT Mepexi Ta CKopo-
YeHHA eKkcnayaTauiiHux BuTpat [4, 7]. Y pasi 3HUKHEHHA
Hanpyry1 B 30BHiLWHIN Mepexi GyHKUilo AxKepena onopHoi
Hanpyry Ta 4aCcToTU BUKOHYE rasoreHepatop. MNicna oro 3a-
NYCKy Ta BUXOAY Ha HOMiHA/NbHI NApaMeTpun MepexKeBi iH-
BEPTOPU CUHXPOHI3YIOTLCA BXKE 3 JIOKA/IbHO CHOPMOBAHOIO
Mepexeto, CTBOPEHOI0 reHepaTopoM, i MPOAOBXKYIOTb po-
60Ty B i301b0BaHOMY pexumi. Taka cxema fOae 3mory
NOEAHATU FeHepaL,ilo COHAYHOI eNeKTPOCTaHLIi 3 pe3eps-
HUM [}Kepesiom KuBAeHHA 6e3 3acToCcyBaHHA aKyMynsTop-
Hux 6aTtapeit [5—-7]. BanaHC MOTY)KHOCTI B TaKili cucTemi
BM3HAYAETbCA CMNiBBIAHOWEHHAM MiX NOTOYHMM HaBaHTa-
KEHHAM NigNPUEMCTBA Ta reHepaLlierd COHAYHOI eneKkTpo-
CTaHU,ii. Y roanHmn A0CTaTHbOI COHAYHOI aKTUBHOCTI YaCTMHA
HaBaHTaXeHHA NoKpuBaeTbcA 3a paxyHok CEC, a pewrTa —
rasoreHepaTopom. Y pasi 3MeHLEeHHA COHAYHOI reHepau,ii
YaCTKa MNOTYXKHOCTI, WO TMOKPUBAETLCA rEHEPaTOPOM,
BianoBigHo, 3pocTae. OTXKe, rasoreHepaTop y Takii Tono-
Norii BUKOHYE He nnLle pe3epBHY pyHKLUIitO, a 1 3abe3nedye
CTabiNbHICTb NapaMeTpiB JOKA/IbHOI MepeKi, HeobXigHMX
ans poboTtn mepexesux iHBepTopis [5, 6, 8]. OcobnusicTio
uiei KoHdirypauii € BiLZHOCHO MpocCTa CTPYKTypa Ta BiA-
CYTHICTb aKyMyAATOPHOI MiACUCTEMM, LLO 3HUMKYE MoyaT-
KOBi KaniTaNbHi BUTPaTH | CNPOLLLYE peani3aLito pesepBHOro
UBNEHHA. BogHOYacC Taka cxema 3a/1eXuTb Bif, HAABHOCTI
nasbHOro, peXXnmy poboTu reHepaTopa, MOro NasMBHOI Xa-
PaKTEPUCTUKM Ta JONYCTUMOTO PiBHA YAaCTKOBOrO HAaBaHTa-
KeHHA. EKOHOMiIYHA eQdeKTUBHICTb CUCTEMM 3HAYHOMO
MipOt0 BU3HAYAETLCA BAPTICTIO NAZIMBHOI CKNAA0BOI, BUTPaA-
TaMM Ha TexHiyHe oO6CNyroByBaHHA reHepaTopa W Tpu-
BasiCTIO NepiofiB aBTOHOMHOT poboTH

riépugHa CEC. [pyrnm o6’eKTOM MOPIBHAHHSA € ribpuaHa
COHAYHA eNEeKTPOCTaHLiA, A0 CKNagy AKOi BXoAATb ¢oTo-
eNeKkTpUYHi moayni, ribpnaHuit iHBepTop, aKyMynsTopHa
CMCTEMA HAKOMWYEHHA eHeprii, 30BHIWHA Mepexa Ta
HaBaHTaXEHHA NignpuMemcTaa. Ha BigmiHy Big mepexeBoi
CEC 3 reHepaTopHO MiATPUMKOW, TaKa KoHoirypauisa
3paTHa 3abe3neyyBaT aBTOHOMHE eNeKTPOMNOCTa4YaHHA 33
PaxyHOK HaKOMWYEHOT B aKyMynATOPHMX baTapesx eHeprii
Ta KEPOBAHOrO PO3NOAiINY NOTOKIB MOTYXHOCTI MiXK AxKepe-
namu. Y WrTaTHOMY pernmi ribpuaHa cuctema moxe ogHo-
YyacHo 3abe3neyyBaTV HaBaHTaXKEHHA MiANPUEMCTBA, 3a-
pAgKaTM  akymynatopHi 6aTapei Ta, 3a HaABHOCTI
Bi4NOBIAHOrO aNropuTMy KepyBaHHA, B3AaEMOAIATU i3
30BHILWHbOK MepeXKelo. Y nepioam A0CTAaTHbOI COHAYHOI re-
Hepauii YacTuHa eHeprii 6e3nocepeAHbO CMOXMBAETLCA
HaBaHTaXEHHAM, a HaZ/IMLIOK CNPAMOBYETbCA Ha 3apAg,

AKYMYNIATOPHOI cuctemMu. Y pasi HefoCTaTHbOI reHepau,ii
abo nig 4ac BigKMOYEHHA Mepei KMB/EHHA HaBaHTa-
YKEeHHA 34iNCHIOETBCA 33 PAXYHOK aKyMyAATOPHKX baTapen
yepes ribpuaHuii iHBepTOop. KntouoBoo mepeBaroto Takoi
TOMNOANOTIT € MOX/MBICTb LWBMAKOrO nepexoay A0 peseps-
HOro abo aBTOHOMHOTO pexXnumy 6e3 HeobXxigHOCTI 3anycKy
reHepartopa Ta 6e3 BuTpaT nanbHoro. Kpim Toro, akymyns-
TOpHa CUCTEMA Q[JA€ 3MOry MOBHille BUKOPUCTOBYBATU
€Heprilo COHAYHOI eNIeKTPOCTaHLji, 3MmeHLWwyouuM ii BTpaTn
abo obmexkeHHs reHepalii. BogHouac ribpngHa CEC xapak-
TEPU3YETLCA BULLMMMW KaniTaJibHUMW BUTPaTamu, a ii eko-
HOMIYHA AOUINbHICTb 3aNeXKNTb Bif, BAPTOCTI aKymyaaTop-
HUX H6aTapen, ix pecypcy, AONYyCTUMOI rNBUHKU po3paay Ta
peumy ekcnayatauii [4, 5]. 3 TexHiuHoro nornaagy
ribpuaHa KoH®irypauia € rHyuKilow, OCKiZIbKM MOEAHYE
dYHKLUIT reHepauii, HaKONMYeHHA Ta NepeTBOPEHHSA eHepril
B Me)aX €EAMHOI cuctemm KepyBaHHA. Came TOmy
nopisHAHHA ribpmuaHoi CEC i3 meperkesoto CEC, Lo BMKOpU-
CTOBYE ra3oreHepaTop AK pe3epBHe AKepeso, AA€ 3mory
OLHUTW NepeBarun i1 0bMerKeHHsA ABOX PiSHUX Niaxoais 4o
3abe3neyeHHsA HaZiMHOro eNneKkTPoNoCcTaYaHHsA NPOMMUCIO-
BOro 06’ekra.

MopiBHANbHA XapaKTEePUCTUKA MepeXKeBUX Ta ribpnagHux
COHAYHUX eNEeKTPOCTaHLi B ymoBax aBTOHOMHOi po6oTu.
MepeseBi Ta ribpuaHi COHAYHI enekTpocTaHLii Biapi3HA-
IOTbCA Hacamnepes NpUHUMNOM 3abesneyeHHs enekTpo-
NOCTa4YaHHA HaBaHTAXXEHHSA B Pasi BTPATW 30BHILHbOI Me-
pexi. MepekeBa COHAYHA e/1eKTPOCTAHLLA B HOPMaibHOMY
peKMMi NPaLLIOE NapaseNibHO 3 MepeXero Ta BUKOPUCTOBYE
il AK AKepeno onopHoi HanpyrK i yactotu (puc. 1). Y pasi
3HWMKHEHHA Hanpyru 444 nNpogoBXKeHHsA poboTn Takoi cu-
CcTemMMn NoTpibHe 30BHIWHE Axepeno, 3aaTHe cdopmyBaTh
NOKaNbHY mepey, TobTo pesepBHUiA reHepaTtop. MNbpuaHa
COHAYHA e/IeKTPOCTaHLLiA, HAaBNAKK, NOEAHYE GYHKLT reHe-
pauii, nepeTBOpPeHHA Ta HAaKOMUYEHHs eHeprii, Wo aae i
3mory 3abe3nevyyBaTy KMBAEHHA HABaHTA)KEHHA B aBTO-
HOMHOMY PeXMMi 32 paxyHOK aKymynsTopHoi 6aTapei Ta
iHBEpTOpa, 34aTHOrO MiATPMMYBATU JIOKA/IbHI NapameTpu
mepei [5, 6]. OaHieto 3 ronosHMx nepesar mepexkesoi CEC
€ BilHOCHO NPOCTa CTPYKTYpPa M HMUXKYA NOYATKOBA BAPTICTb
iHBEPTOPHOT YacTMHU. [INa MeperkeBUX iHBEPTOPIB BEINKOIT
NOTY)KHOCTI XapaKTepHi BMCOKi KK, WKWPOKi MOXKAMBOCTI
peryntoBaHHA KoedilieHTa NOTY»KHOCTI Ta poboTa 6e3 aky-
MYNATOPHOI nigcuctemun. na TpudasHUX mepeKeBux iH-
BepTopiB Knacy 120-136 KBT BMpobHMK Deye BKasye aiana-
30H peryntoBaHHsA KoeodiuieHTa noTy»xHocTi 0,8 leading...0,8
lagging, To6TO iHBEPTOP MOXe MpaLtoBaTh 3 CyTTEBUM 06-
MIHOM PeaKTUBHOI MOTYXKHICTIO B MeXaX CBOEI MOBHOI No-
TyKHocTi  [11]. LUe BaxaAuMBo Ans  NPOMUCAOBMX
NiANPUEMCTB, e B CK/IaAi HaBaHTAXKEHHA 4acTo NPUCYTHI
€N1eKTPOABUIYHU, KOMMPECOPU, HACOCK, BEPCTATU Ta iHLWe
06/1a4HaHHA 3 NOMITHOK pPeaKTUBHOW CKAafoBot. Y pe-
MMi aBTOHOMHOI pob6oTn mepexxesoi CEC 3 reHepaTopHOtO
NiATPMMKOO 3HaYHa YaCTUHA BUMOT [0 PEAKTUBHOI MOTYX-
HOCTi paKTUYHO NOKNAJAETLCA HA FreHepaTop, Lo CMPOLLYE
poboTy MeperkeBOro iHBepTopa fAK AKepena akTUBHOI co-
HAYHOI reHepau,ii.
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3 N7 N N
a) Mepexesa CEC 3 6) r6pugHa CEC B) l6pupHa CEC 3 gonomixxHum
ra3oreHepaTopHoo NiATPUMKOLO Aun3enb-reHepaTopom
®otomopyni ®otomopyni ®Ootomopyni

Mepexesuit
insepTOp
Deye
SUN-135K-G03

AC wuHa
(400 B, 3~)

AC wvra
(400 B, 3~)

Ti6pugHmi Ti6pupHuit
iHBepTop inseprop
2x Deye 2x Deye
SUN-80K- SUN-80K-
SGO2HP3- SGO2HP3-
EU-EM6 EU-EM6

AC wuHa
(400 B, 3~)

HaBaHTaxeHHs 30BHilWHs la3oreneparop HaBaHtaxeHHs  30BHiWHs AKB DEYE HaBantaxenHs 3oBHiwHA  AKB DEYE [LlonomixHuit
Mepexa Generac SG160 Mepexa BOS-B Pro-A3, Mepexa  BOS-B-Pro-A3,  Au3enb-rexeparop
900 kBr-rop 900 kBr-rog 80 kBr
8 A\ I\ >,

—p Morik eneKIEoeHepri'l'
(HopmanbHuit pexum)

sse=p Morik enektpoeHeprii
(pe3epBHuii pexxum)

[lBoHanpaeneruit notik
(3apsa / po3psp AKB)

Puc. 1. lMpuHyunosi cxemu 00CAiOHCY8aHUX apximeKkmyp pe3epeHo20 eneKmponocmayaHHA nionpuemcmead

l6pnaHa CEC cBOEl 4yeproto Mae iHWY ¢yHKUiOHaNbHY
noriry. F6puagHUi iHBEPTOP MOBWMHEH He /uLe NepeTBo-
ptOBATU EHEpPrit0 COHAYHUX MOAYNIB, @ 1 KepyBaTH 3apALOM
/ po3pagoM akyMynaTopHOI 6aTapei, GopMyBaTH N0KaIbHY
MepexXy B aBTOHOMHOMY pPeXuMi Ta yTpumysaTu napa-
METPU XKUBNEHHA B JOMNYCTUMUX MexKax. Lle pobutb Taky
cuctemy 6inbll yHiBEpCasbHOW, ane OAHOYACHO W uyT-
NNBILLIOIO A0 PEeXMMy HaBaHTaXKEHHA. Y TeXHIYHUX Mma-
Tepianax Deye gns ribpugHMx iHBEPTOPIB 3a3HAYeHO, WO
byHKLiA perynoBaHHA peakTUBHOI NOTY»KHOCTI Yepes V(Q)
Ma€ 06MeKeHHs, NoB'A3aHi 3 piBHEM aKTUBHOI MOTYKHOCTI,
a B padi moaeneit 3acTOCOBYETLCA MOPIr MOBTOPHOI aKTU-
BaLii V(Q)-pexxmmy npu gocarHeHHi 20 % HomiHanbHOI no-
Ty*KHocTi [9]. Tomy nig, 4ac po6oTH 3 NPOMUCIOBUM HaBaH-
TA)KEHHAM, Ae B aBTOHOMHOMY PEXMMi NPUCYTHA 3HAYHA
peakTUBHA CKNafoBa, MOXAMBOCTI FibpuaHoro iHBepTopa
MOXYTb CTaBaTW OA4HMM 3 BU3HayaNbHUX obmekeHb. Lle
0COBNMBO BaX/MBO B YMOBAX, KONW MepeXKa BiACYTHA, a
BCS BiZNOBiAANbHICTb 33 NiATPMMAHHA Hanpyry 1M 4acToTu
NeXUTb Ha iHBepTopi Ta b6aTapeinHin cuctemi. LLle oaHieto
NPUHUMNOBOK BIAMIHHICTIO € CTPYKTypa BapToCTi 060X
piweHb. Ana mepexesoi CEC HMK4Ya BapTiCTb JOCATAETHCA
3aBAAKM OeLeBLIOMY MeperKeBoMy iHBepTopy Ta BiAcyT-
HOCTi aKyMyAATOPHOI cucTemun. BoaHouac Taka KoHoiry-
pauia noTpebye BCTAHOBNEHHA PE3epPBHOrO reHepaTopa,
nasMBHOI iIHPPACTPYKTYPM Ta NOB'A3aHUX 3 UMM BUTPAT Ha
TexHiyHe obcnyrosyBaHHA. Y ribpuaHin CEC, HaBnakw,
3HAYHY YacTKy KaniTanbHUX BUTpPAT GOpMYyHOTb Ccame
ribpuaHunii iHBepTop i akymynaTopHa 6atapes. 3a oUiHKamm
NREL, BapTicTb 6aTapeiiHNX CUCTEM iCTOTHO 3aNeXUTb Big,

TpuBanocTi 36epiraHHA eHeprii, a KaniTasbHi BUTPaTM Ha
BESS y po3paxyHKy Ha KifloBaT-rogMHy 3p0CTaloTb pa3om 3
BMMOTOH A0 Binbluoi eHepreTMyHoi eMHOCTI cuctemum [13].
OTKe, xoua ribpngHa CEC gae 3mory yHUKHYTU BUTPAT Ha
nanbHe, il CTapTOBa BapTiCTb HAMYaCTiLLe CYTTEBO BULLA, HiXK
y meperkesoi CEC 3 reHepaTopHOK MNiATPUMKOL. EMHICTb
akymynatopHoi 6aTtapei B ribpuaHit CEC ¢bakTMYHO BMU3Ha-
Yae TpuWBanicTb aBTOHOMHOI pPo60OTU. 3a BM3HAYEHHAM
NREL, TpuBanictb poboTu cucTeEMM HaAKOMUYEHHA eHepril
33[Q€TbCA  CMIBBIAHOWEHHAM MK i  eHepreTMyHor
EMHICTIO Ta MOTY}KHICTIO HAaBaHTAXKEHHSA: Hanpuknaga, 6ata-
peAa 3 NOTyXHicTio 1 MBT i KOpUCHOO emHicTiO 4 MBT-rog,
3abe3neuvye npnbanM3HO 4 roa pobOTM Ha HOMiIHA/bHI NOT-
V¥HoCTI [12]. Ona npomucnoBoro nignpuemcTea Le O3Ha-
yae, Wo 36inbleHHA Yacy aBTOHOMHOCTI BUMArae npamoro
36iNbLIEHHSA EMHOCTI aKyMY/AATOPHOI CUCTEMMU, @ OTXKe, i Ti
BapTOCTi. Y pasi Tpusanoro 61eKayTy, AKWO 3anac eHeprii B
6aTapei BMYepnyeTbCA LWBMALWE, HiXK BigHOBNOETLCA 3a
pPaxyHOK COHSYHOI reHepaLii, BUPOOHUUYMI Npouec MoxKe
6yT” 3ynuHeHui. HatomicTb cucTtema 3 reHepaTopHON
NiATPMMKOLO 34aTHa NpaLoBaTU aBTOHOMHO A0TU, OOKU €
[0CTyN A0 nafbHOro Ta 36epiraeTbcsa TexHiYHa cnpaBHICTb
reHepaTopa.

OKpeMy NpaKkTUYHY Npobaemy Ans iHBEPTOPHUX CUCTEM B
YKpaiHi cTaHOBUTbL pob0Ta B yMOBax HecTabinbHOT Hanpyrm
nicnA BIQHOBNEHHA LEHTPani3oBaHOIO e/IeKTponocTa-
YaHHs. Yepe3 maclwTabHi NOWKOAKEHHA eHepreTUUHOI iH-
dpacTpyKTypKn Ta NepeBaHTaXKEHHA OKPEMUX LiNAHOK me-
pexi nicna 6nekayTiB MOMAMBI  PEXUMU  3aHUMKEHOIT
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Hanpyrv Ta HeCTIMKOro efieKTPOoNoCcTaYaHHsA, Wo odilinHo
BM3HAETbCA HACNIAKOM aTaK Ha eHeprocuctemy Ta
aBapiliHO-BiAHOBAOBAILHOrO peXxunmy ii pobotu [14]. | me-
peesi, i ribpngHi iHBEPTOPU MalOTb BCTAHOB/IEHI BUPOD-
HUKOM A0NYCTUMI MeXKi Hanpyrn mepexi; ANA PO3rNAHYTUX
TpudasHux mogenein Deye TMnoBuit poboumii gianasoH
ctaHoBuTb 0,85Un-1,1Un [10, 11]. 3a ictoTHoro nposany
Hanpyrn iHBepTOopHe obnagHaHHA MOXKe He nepenTn B
WTAaTHUA MEpEeKeBUI PEXMM A0 MOMEHTY Hopmanisauii
napameTpis. 3 iH}XeHepHOro nornagy HagMipHe 3HUXEHHA
NoporisB CnpauloBaHHA /NLWE 3 METOK NPUMYCOBOro 3a-
NyCKy 3a CNabKoi mepexki € HebarKaHNUM, OCKi/IbKK LLe norip-
LIYE YMOBM pOBOTK AK caMoro iHBepTopa, TaK i nigknove-
HOro eniekTpoobnagHaHHA. BogHouyac mepexkea CEC 3
reHepaTopHO MIATPUMKOK MAE iHWUA cneundidyHni
HeAOo/iK: MiCNA PanTOBOro BiAKNOYEHHA 30BHILIHbLOI Me-
pexi noTpibeH NeBHWI Yac Ha BUABNEHHA aBapiiHOro pe-
UMY, 3aMnyCK reHepaTopa, AOCATHEHHA HUM HOMIHA/IbHOT
YacCTOTU 1 HANpyry Ta Nogasblue NepekItoYeHHA HaBaHTa-
YKEHHA Ha pe3epBHe AKepeno. Y TexHIYHUX maTepianax
Cummins 3a3HayeHo, Wo Ana open-transition cxem aBTo-
MaTUYHOrO BBEAEHHA pe3epBYy BUHUKAE NPUMYCOBA KOPOT-
KOYaCHa NepepBa e/1EKTPOXKMUBIEHHA Nig Yac nepexoay MixK
pxRepenamu [15]. Jns 3HaYHOI YaCTMHM NiIANPUEMCTB TaKa
3aTPUMMKA € AONYCTUMOLO, ogHaK ana ob’ekTiB 3 H6esnepe-
PBHUM BUPOBHUYMM LUUKAOM, YYyTAMBUMM NiHiAMM ab0 BU-
COKMMM BMMOramm g0 6e3nepepBHOCTI NPOLLECY HaBITb KO-
poTKa

naysa moxe 6yTu KpUTMYHOLO. Y LibOMY acnekTi ribpuaHa
CEC mae nepeBary, OCKiJIbKM 33 HAABHOCTI AOCTaTHbOrO 3a-
psaay akymynsTopHoi H6aTapei 3gaTtHa 3abe3neyunTy npak-
TMYHO 6e3nepepBHE KUBAEHHA KPUTUYHOFO HaBaHTa-
eHHA 6e3 OuYiKyBaHHA 3anyCcKy OKPemoro reHepaTopa.
Takum ynHom, mepexesa CEC 3 reHepaToOpHO MiaTpUM-
KOl € npuBabauBsilow 3 norasgy NpocTtoTu peanisadji,
HUMKUMX MOYATKOBMX IHBECTULIM Ta MOXKAMBOCTI TpmBanoi
aBTOHOMHOT po60TK 3a HasBHOCTI NanbHoro. lNbpuaHa CEC
y CBOO Yepry 3abesneuye BULLY WBUAKOAIKO NpU nepexosi
B aBTOHOMHUI PEXMM, Kpally KepoBaHiCTb NOTOKamMu
eHeprii Ta MOX/MBiCTb 6e3MaAMBHOT NIATPUMKM HaBaHTa-
YKEHHA, 0AHaK NoTpebye 3HaYHO HiNbLINX KaniTaIbHUX BUT-
paT, peTesbHOro Niadopy EMHOCTI akymynaTopHoi batapei
Ta BpaxyBaHHA TEXHIYHMX 0OMeKeHb iHBepTOpa Nig Yac po-
60TM 3 NPOMMUCAOBUM HaBaHTaxKeHHAM. Came Tomy BUbIp
Mi’K UMMK OBOMA apXiTEKTypamMu MA€E BMKOHYBATUCA He
Ve 3a Kputepiem BapTocTi ob6nafHaHHA, a 11 3 ypaxyBaH-
HAM XapaKTepy HaBaHTaXXeHHA, TpMBanocTi baekayTis, BU-
mor ao 6e3nepepBHOCTI BMPOGHMLTBA Ta [ONYCTUMMUX
eKcnayaTauiiHUX pUsnKie.

Po3paxyHoK pgna mepexxkesoi CEC 3 rasoreHepaTtopHoio
nigTpumkoro. basoBum BapiaHTOM pJna  noganblioro
NOPIBHAHHA NPUMMAETLCA MepeXkeBa COHAYHA eNeKTpo-
CTaHUiA 3 rasoreHepaTopHOlO NiATPMMKOIO, MpU3HAYeHa
ONA  pe3epBHOr0 e/IeKTPONoCTa4yaHHA NPOMMUC/IOBOTO
nignpMeMcTBa B YMOBax HeCcTabiNbHOI 30BHiLLIHbOT Mepexi.
BuxigHOO OCHOBOIO PO3PaxyHKY € peasbHUI Kenc npomum-
CNOBOI APYKapHi 3 BiAHOCHO cTannm npodinem HasaHTa-
KEHHA, ANa AKoro BXe chopmoBaHO A060Bi eHepreTuyHi

6anaHcKu cnoXuBaHHA 06’ekTa, reHepauii CEC Ta pobotn
pEe3epBHOrO AKEPeNa KUBMEHHA.

[o cknagy pocnigxKyBaHoi cuctemMm BXoaaTb GOTOENEKTPU-
YHa CTaHUia Ha 6asi mepexesoro iHBepTopa Deye SUN-
135K-G03 Ta coHAYHUX moaynis Longi Solar LR8-66HGD
610M 3aranbHOK BCTAaHOB/IEHO NOTYXHicTio 159,82 KBT.
Ik pe3epBHe A)Kepeno ANA MOPIBHANBHOIO PO3PaxyHKy
npuMmaeTbca rasoreHepatop Generac SG160 HomiHanb-
HOO MOTYXKHicTio 6an3bko 160 KBT, napameTpu AKOro € cy-
MiPHMMM 3 paHile 3acTOCOBAaHUM pe3epBHUM reHepaTo-
pom Ha o6’ekTi [16]. Y HOpmanbHOMY pexxumi poboTu
€/1eKTPOCMNOXKMBAHHA NiANPUEMCTBA YaCTKOBO MOKPUBa-
€TbCA reHepaLier COHAYHOT eNeKTpoCTaHLil, a AediumT no-
TYXHOCTI KOMNEHCYETbCA €NeKTPOEHePrie0 i3 30BHIWHbLOI
mepexi. Mig yac 6aekayTy GyHKLiO ONOPHOro AKepena Ha-
npyru i YacToTM BMKOHYE rasoreHepaTop, AKWUi 3abesneuye
poboTy mepeKeBOro iHBepTopa B i30/1bOBAHOMY PEXKUMI.
MuTTEBUIN BanaHC aKTMBHOI NOTYXKHOCTI B TaKi cucTemi
OMNUCYETLCA CNiBBIAHOWEHHAM Pren(t) = Puasanra(t) — Pcec(t),
Ae Pren(t) — aKTMBHA NOTYXHICTb reHepaTopa, Puasanrax(t) —
NOTY)KHICTb HAaBaHTAXKEHHA NiANPUEMCTBA, Pcec(t) — noTyk-
HIiCTb, O HAAXOAUTb Bif, COHAYHOI eneKkTpocTaHuii. AK no-
Ka3oBWUI MpuKaag posrnagaetbcs goba 02.05.2025, ans
AKOi  poboBe  CNOXMBAHHA  06’€eKTa  CTaHOBWJIO
2824,399 kBT-rog, reHepauia CEC—1117,5 kBT-roa, cnoxu-
BaHHA 3 mepei — 1024,14 kBT-rof, a eHepris, AKa B 6a30-
BOMY CLLeHapii NOKpMBanaca pesepBHUM reHepaTopom, A0-
piBHtoBana 682,76 KBT-rog. Came uto BEIMYMHY NPUNHATO
AK NoTpeby B efleKTpoeHeprii Big razoreHepaTopa A1a BUG-
paHoi fobw. ns rasoreHepaTopa Generac SG160 y 30Hi Ya-
CTKOBMX HaBaHTaxkeHb 40-50 % npuiimaeTbcA cepeaHa nu-
ToMa BUTpaTa NPMPOAHOro rasy SFCes = 0,28 Hm3/kBT-rog,
LLLO BiANOBIAAE TEXHIYHMM AaHUM YCTAHOBKM Ta NPUIMHATIN
MeToAMLI OUiHKM nanueHoi edekTnBHoCTi [16]. Toai ao-
6oBa BMTpaTa NPUPOAHOrO rasy BU3HAYAETHCA AK Vgas =
ErenSFCgas, A€ Eren — €NEKTPOEHEPTIA, BUPODHNEHA FreHepaTo-
pom 3a goby. Ana 02.05.2025 maemo Vgas = 682,76:-0,28 =
191,17 Hm3. 3a cepeiHbOIO 3aKyNiBE/IbHOIO LiHOK MPUPO-
[Horo rasy ans nignpuemcrsa Cgas = 25,1 rpH/Hm® gobosa
BapTiCTb ManuBa CTaHOBUTb — Costfer = 191,17-25,1 =
4798,37 rpH. Toai nanmeHa cobisapTicTb 1 KBT-rog enekr-

poeHeprii, BUpobaeHoi rasoreHepaTopom, A0PiBHIOE Cruel
4798,37

682,76
NpUKAady A0 y3arabHEHOro MiCAYHOro NOKa3HMKA BUKO-
PUCTAHO CyMapHUIA obcAr enekTpoeHeprii, Wo NoKpuBa-
€TbCA reHepaTopom 3a TpaBeHb. [NA A0CAiAXKyBaHOro
o6’eKkTa UA BenMuMHa ctaHoBuTb 9121,37 KBTroa. Bigno-
BiflHO, MicAaYHa BWUTpaTa NPUPOAHOro rasy CTaHOBMUTL
Vgas,month = 9121,37-0,28 = 2553,98 Hm3, a micauHa BapTicTb
nannea Costfuel,month = 2553,98-25,1 = 64104,90 rpH. Cepe-
[OHS NanvBHa cobiBapTicTb eneKTpoeHeprii B MicAYHOMY po-

3pi3i 3a/MWAETLCA HAa TOMY camomy PpiBHi: Cfuel,month =
64104,90

9121,37
eKcnyaTau,ii reHepaToOpPHOI YCTaHOBKM HEObXiAHO BPaxoBy-

BaTW BUTPATU Ha TeXHIYHe 06CNyroByBaHHA, N1aHOBI cepBi-
CHi po60TK, 3aMiHy BUTPATHUX MaTepianiB Ta CynyTHi eKc-
nayaTtauinHi BuTpatu. N8 ra3oBUX NOPLUHEBMX arperaTis y

= 7,03 rpH/KkBT-roa. [lna nepexoay sia no6osoro

= 7,03 rpH/KBT-roa. OKpim BapToCTi mManvea, npu
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pO3paxyHKy nNpuiimMaeTbca HagbaBka Ha O&M Ha piBHi
10 %, WO y3roaXKyeTbCA 3 AOBIAKOBUMMM OLHKaMWU AN ra-
30BUX FEHEPATOPHUX YCTaHOBOK [17, 18]. 3 ypaxyBaHHAM
uiei Haa6aBKM cymapHi 3MiHHI BUTpaTM Ha BUMPOBHULTBO
eneKkTpoeHeprii BU3Ha4atoTbca AK Cgastoam = Cruel'(1 + koam),
ne koavm = 0,10. Toai oTpumyemo Cgas+oam = 7,03-1,10 =
7,73 rpH/KBT-ro4. Y micA4HOMY po3pi3i cymapHi BUTpaTH Ha
nannMeBo Ta o06cnyroByBaHHA cTaHOBAATb CoOStgastoam =

64104,90-1,10 = 70515,39 rpH, Wwo BiAnNOBiAaE cepeaHii
70515,39

9121,37
7,73 rpH/KBT-roa. OTpumaHi pe3ynbTaTM MOKasyloTb, IO

mepexeBa CEC 3 razoreHepaTopHO NiaTpMMKOLo 3abe3ne-
YYE BiAHOCHO HM3bKY 3MiHHY cObiBapTiCTb pe3epBHOI enek-
TpoeHeprii NOPiBHAHO 3 TPAAULINHUMWN AU3ENbHUMU CLie-
Hapiamun, ocobnnMBo 3a ymoB TpuBanmx abo perynapHux
BigKNOYeHb Mmepexi. Mpu LboMy OCHOBHMMMK paKTopamu,
LLLO BU3HA4YatOTb EKOHOMIKY TAKOrO pilleHHA, € MMTOMA BU-
TpaTa NPMpPOAHOro rasy, pMHKOBA LiHa Mannea, TPUBANICTb
aBTOHOMHOT PO6OTM Ta YacTKA HaBAHTAXKEHHS, AKa NOKPU-
BAETbCA 33 PAXYHOK COHAYHOI reHepauii. Came Lei BapiaHT
Hagani fAouUiIbHO BUKOPUCTOBYBATH AIK 6a30BMIA ANA NOPIB-
HAAHHA 3 TIBPUAHOI COHAYHOM E/IeKTPOCTAHLLIED.

NUTOMIi BapTOCTI eneKkTpoeHeprii

KanitanbHi BuTpatn gna mepexxkesoi CEC 3 ra3oreHeparo-
pHOIO nigTPUMKOlO. [1nA TexHiKo-eKOHOMIYHOro nopis-
HAHHA meperkeBoi CEC 3 rasoreHepaTopHOIO NiATPMMKOIO
Ta ribpuaHoi CEC gouinbHO OKpemo BpaxyBaTu KaniTasbHi
BMUTPaTU Ha obnafHaHHA, AKe GOpPMYE BIAMIHHICTD MixX
UMMM ABOMa apXxiTekTypamu. OcKisibku B 060X BapiaHTax
NPUAMaETbCA OAHaKoBa (GOTOENEKTPUYHA YaCTWUHA, Bap-
TicTb poTOMOAYNIB Y NOAANBLLIOMY MOPIBHAHHI HE BPaxoBy-
€TbcA. TakWi Niaxis fae 3Mory 30cepeanTy yBary came Ha
Pi3HMLi MiXK iIHBEPTOPHOO TONONOTIEID, FreHEePaTOPHOLO Nig-
TPUMKOK Ta aKYMYNATOPHOK CUCTEMOK HAKOMUYEHHA
eHeprii. na mMmepeKeBoro BapiaHTa MPUMHATO BUKOPUC-
TaHHA TpudasHoro iHBepTopa Deye SUN-135K-G03 noTy:K-
HicTio 135 kBT, Wo Bianosigae KoHoirypauii gocnigxysa-
Horo 06’ekTa [11]. TexHiuHi XapaKTePUCTUKK
rasoreHepartopa Generac SG160 npuiAHATO 3rigHo 3i cneum-
dikauiero BMpobHuKa [16], a pyHKOBY BapTiCTb 414 NoAasb-
LWKMX PO3PaxyHKiB — 32 KOMepPLiNHO NPONo3uLielo Nocra-
YanbHUKa [19]. Ana noganblumMx pPoO3paxyHKiB BapTICTb
MepeXKeBoro iHBepTOpa NPURHATO Ha piBHi
4220 pon. CLLUA, a BapTicTb MOro MOHTaXKy Ta MNigkto-
yeHHA 2700 gon. AK pe3epBHe AXKepeno eneKTPOXKWUB-
NIeHHA NPUMHATO rasoreHepatop Generac SG160 NOTYKHi-
cTto 6113bK0o 160 KBT BapTicTio 167 000 gon. [16], [19]. Toai
CYMapHi KanitTanbHi BUTPATM Ha KntoyoBe 061aHaHHA Me-
pexesoi CEC 3 ra3oreHepaTOpHOK NIATPUMKOK CTaHOB-
nATb CAPEXgrid+gen = 4220 + 2700 + 167000 = 173 920 gon.
OTpuMmaHe 3Ha4yeHHA XapaKTepu3ye BapTICTb came Ti€i yac-
TUHU CcUCTEMU, AKa 3abe3neyye pesepBHY Ta aBTOHOMHY po-
60Ty mepexkeBoi CEC. BapTicTb ¢poTomoayniB i cynyTHbOI
doToENeKTPUYHOI iHPPACTPYKTYPU HE BPAXOBYETLCSH, OCKi-
NIbKU BOHa € 04HaKOBOO AN 060X NOPiBHIOBAaHMUX BapiaHTIB
i He BNIMBAE Ha Pi3HULLIO MiXK iX TEXHIKO-EKOHOMIYHMMM NO-
KasHUKamM.

Po3paxyHoK ana ri6pugHoi CEC. AK anbTepHaTUBHUI Bapi-
aHT pe3epBHOro e/1IeKTPONOCTAa4YaHHA PO3rNALAETLCA ribpn-
[HA COHAYHA eNeKTPOCTaHLifA, NPU3HaYeHa A8 }KUBJIEHHA
OKpPEeMOi YaCTMHM HaBaHTAXKeHHA NiANPMEMCTBA, CYMipHOI 3
NOTYKHICTIO paHille BCTAaHOBNEHOI MepeKeBOi COHAYHOI
efleKTpocTaHUii. 1A po3paxyHKy NPUNHATO, WO Ha ribpua-
HUIM KOHTYP NepeBoamUTLCA HAaBAHTAXKEHHA CEPEeSHbOIO aK-
TMBHO NOTYKHicTio 130 KBT, @ HEOOXigHUI Yac aBTOHOM-
HOi pobOTWM Mif 4Yac BiAKNOYEHHA 30BHIWHBLOI MepeXi
CTaHOBUTb 6 roA. AIK CMNOBY YaCTUHY CUCTEMM MPUAHATO
ABa ribpuaHi inseptopm Deye SUN-80K-SGO2HP3-EU-EMS6,
3’egHaHi napanenbHo, Wo 3abesnevye cymapHy BCTaHOB-
NeHy noTyXHicTb 160 KBT. Taka KoHoirypauia cTtBoptoe pe-
3epB 32 NOTYKHICTIO Bi4HOCHO PO3PaxyHKOBOro HaBaHTa-
YKEHHA Ta Bi4NOBIAAE TEXHIYHMM MOXKIUBOCTAM iHBEPTOPIB
uporo Knacy [20]. HeobxigHa KopucHa eHepria akyMynaTo-
PHOI cMCTEMM BM3HAYAETbCA JOOYTKOM MOTYXKHOCTI HaBaH-
Ta*KEHHA Ha TPWUBANICTb aBTOHOMHOI PO60TU: Exop = Phasan-
rantasr. TOBTO Exop = 1306 = 780 KBT-roa. AnA NoKpuTTA L€l
noTpebu NPUNHATO aKyMyNATOPHY CUCTEMY HOMIHANbHOMO
eMHicTio 900 KBT-roa. BoHa ¢popmyeTbca Ha 6asi niTin-3a-
niso-¢pochatHux mopynis DEYE BOS-B Pro-A3 emHicTio
16,08 KBT:roa, KOXHW. 3araibHa KifbKiCTb aKyMYyNATOPHUX
MoZAyiB CTaHOBUTb 56 WT., WO 3ab6e3neyye cymapHy HOMi-
HanbHy eMHicTb Eaks = 56-16,08 = 900,48 kBT-rog Akymynsa-
TOPHa CUCTEMA Peani3yeTbCA Ha YOTUPbLOX CTiMKax 3 BUKO-
PUCTAHHAM BigNOBIAHMX BMCOKOBOALTHUX BMS-mopgynis.
Taka apxiTekTypa BignoBigae mMoAynbHIM Aoriui cucremu
BOS-B Pro-A3, ansa Akoi BUpPOBHWMK nepenbayae npomuc-
IoBYy MacliTaboBaHy KoHirypauito 3 6atapeMHuMn moay-
NAMM, CTilKamu Ta 6/10KamuK KepyBaHHA BUCOKOM Hamnpy-
roto [21-23]. Ona nopanblumMx po3paxyHKiB NPUNHATO TaKi
KaniTanbHi BUTpaTK Ha o6n1aaHaHHA ribpuaHoi cuctemu:

e TibpugHui inBeptop Deye SUN-80K-SGO2HP3-EU-
EM6 — 6990 0. 32 0AUHULIO, YCbOTO 2 WT., TO6TO
13980 gon.;

® aKymMynaTopHuit moaynb DEYE BOS-B Pro-A3
16,08 kBT1-rog — 2075 gon. 3a 04MHULIO, YCbOro 56 WT.,
T06TO0 116 200 AON.;

e barapeliHa cTilika — 770 gon. 33 OAMHULO, YCbOTO
4 wrt., T06TO 3080 HON.;

e BMS DEYE BOS-B-PDU-2-A — 1790 gon. 3a oguHuMLI0,
ycboro 4 wrt., To670 7160 Aon.;

® MOHTaX ribpnaHMX iHBEPTOpPIB Ta aKyMyNATOPHOI cUC-
Temun — 16 800 gon..

Toaj cymapHi KanitanbHi BUTPaTK Ha ribpuaHy 4acTUHY cu-
CTEMU CTAHOBNATb:

CAPEXhybria = 13980 + 116 200 + 3080 + 7160 + 16 800 =
157 220 pon.

OpeprKaHe 3HauYeHHs Bigobparkae BapTiCTb came Ti€i yac-
TUHU CUCTEMMU, AIKa 3abe3neyye pe3epBHY Ta aBTOHOMHY poO-
6oty ribpmaHoi CEC. AK i B nonepegHboMy BapiaHTi, Bap-
Tictb ¢doTomMoayniB y MNOPIBHAHHI He BPAXOBYETbCS,
OCKiNbKK $OTOENEKTPUYHA YacTMHa A1a 060X apXiTeKTyp

)
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BapiaHTaMM pe3epBHOro eNIeKTPONOCTa4YaHHA. 3 TEXHIYHOro
nornagy NpUMHATA KoHoirypauia 3abesneyye aBTOHOMHe
YKMBNEHHA HaBaHTaXKeHHA noTyxHicTio 130 KBT npoTarom
npubansHo 6 rog, WO BiANOBIAAE TMNOBIN TPMBANOCTI AOC-
NiAXyBaHMX BigKNoYeHb. BogHovac Taka cuctema He € no-
BHICTIO aBTOHOMHOO B YMOBaXx A0BroTpusanmx bnekayris.
AKWO TpMBaniCTb BiAKNIOYEHHA NEpeBULLYE PO3PaxyHKO-
BWIA iHTepBan, Nicna BUYEpPNaHHA 3anacy eHeprii akymyna-
TOpHOi 6aTapei noganblia poboTa HaBaHTaXKeHHA 6e3 ao-
[ATKOBOTFO PE3EPBHOIO AyKepena HEMOXANBA. Y 3B’A3KY 3
UMM AN CLUEHapiiB 3 TPUBANIMMM aBapPiMHUMUK BigKIOUYEH-
HAMW [OLiNbHO PO3rnsaaTv A0NOBHEHHA ribpmaHoi CEC
LONOMIXKHUM reHepaTopoM, HaNnpPUKNaa AMU3ebHUM reHe-
paTopoM MOTYKHicTi0 6113bKo 80 KBT, AKUI MmoxKe abo
nNpUMMaTh YaCTUHY HaBaHTaXeHHs, abo 3abe3snevysaTtu ni-
A3apAag, akymynatopHoi cuctemu [20-23]. Omke, ribpmaHa
CECy npuiiHATI KoHbirypauii 3a6e3neyye BUCOKY LIBUAKO-
Ait0 NpY nepexosi B aBTOHOMHUI PEKUM i LLO3BOSIAE YHUK-
HYTW BUTPAT Na/IbHOTO Ha KOPOTKMX Ta CepeHix iHTepBaaax
BiZIKNtOYEHb, OZHAK il aBBTOHOMHICTb € YacOBO 0bMeXKeHoto
3anacom eHeprii AKB. Came ua obctaBuHa mae 6yTu Bpaxo-
BaHa Npu NoAanblioMy NopiBHAHHI 3 mepexkeBoto CEC 3 ra-
30reHepaToOpHOI NIATPUMKOIO, ANA AKOI TPUBANICTb aBTO-
HOMHOI pPo6OTM BM3HAYAETLCA MEPEBAXKHO AOCTYMHICTIO
NasibHOrO, @ He EMHICTIO HaKOMMyyBaya.

Pob6orta ribpuaHoi CEC y pasi AoBroTpuBanux BigKknoueHb
Ta HeobXigHiCTb [OMNOMIKHOro reHepatopa. [puitHaTa
KoHoirypauisa ribpuaHoi COHAYHOT eneKkTpocTaHLi 3abe3ne-
UYYE ABTOHOMHE JKMBJEHHA HABAHTAXKEHHA MOTYXKHICTIO
130 kBT npoTtarom npnubansHo 6 rof 3a paxyHOK aKymynsa-
TOPHOI CMCTEMM HOMIHaNbHOW €eMHicTio 900,48 KBT-roa
[20, 21]. Taka TpmBanicTb aBTOHOMHOi poboTu Bignosigae
TUNOBMM [HTEpPBAaNAM BIiAKAOYEHHA eneKkTpoeHeprii, Wo
CnocTepiranncs Ha gocniaskysaHomy o6’ekTi. BogHouac y
pa3i gosroTpuBanux baekayTis, KONM TPUBANICTb BiaK/t0-
YeHHA NepeBuLLYE PO3PaxyYHKOBUI 6-roaUHHUIA iHTepBan,
3anacy eHeprii akymynaTopHoi baTapei BUABAAETbCA HeAO-
CTaTHbO AN NOAANbLIOTO MiATPMMAHHA HABAHTAXKEHHA.
OTKe, y pasi TpMBaNMX aBapiliHMX BiAKAOYEHb ribpuaHa
CEC y 6a30Bii1 KOH}irypau,ii He 3abe3neyye NOBHOI eHepre-
TUYHOI aBTOHOMHOCTI. licha BuYepnaHHA 3anacy eHeprii B
AKYMYNATOPHIN CUCTEMI KMBNEHHA HaBaHTAXKEHHA MOX-
NivBe NnLLe 33 HaABHOCTI AOAATKOBOrO pe3epBHOro Axe-
pena. 3 NPaKTUYHOTO NOrAAAY TaKUM AXKepesioM AOLibHO
BBAXaTWU [JOMOMIXHWUA AM3eNb-TeHepaTop MOTYXKHICTIO
6113bKo 80 KBT, AKMIA MOxKe abo YaCTKOBO NPMIAMATKY HaBa-
HTaXKeHHA, abo 3abe3sneuvyBaTv MIATPUMKY eHepronocTa-
YaHHA Ta 3apag, aKYMyNATOPHOI cuctemun. [nA OLIHKMK
BM/INBY TAKOrO pilleHHS Ha eKOHOMIKY ribpuaHoi CEC npuit-
Ma€TbCA CMPOLLEHMI CLeHapili: yNpoaoBXK 04HOro micAuA
OOMNOMIXKHUIN An3enb-reHepaTop BUKOPUCTOBYETbCA Y 20 %
[OHiB, TO6TO NpnbHN3HO 6 Ai6 Ha micAub, @ TPMBaNiCTb MOTO
pob0TH B KOXKEH 3 LMX AHIB CTaHOBUTL 5 roa. Mpu ubomy
cepeHe 3aBaHTaXKEHHA reHepaTopa NPUMMAETLCA Ha PiBHI
50 % Bifg, HOMiHa/IbHOT NOTYXHOCTI, TO6TO Ppg,avg = 0,5:80 =
40 KBT.

Toaj micayHuit obecAar enekTpoeHeprii, BUpobaeHoT gonomi-
KHUM [M3eNb-reHepaTopoMm, CTAaHOBUTD:

EbG,month = 6-5-40 = 1200 KBT-rog,

[Nna ouiHKM BUTPAT NasbHOrO MPUIMAETLCA MUTOMA BU-
TpaTa AM3e/IbHOro reHepaTopa:

SFCdiesel = 0,28 1/ KBT-rog,

a ujiHa gusenbHoro nanvea — 88,1 rpH/A, Wo Biagnosiaae ce-
peaHi uiHi Ha gu3enb Ha A3C ana gpibHoro onty. Togi mi-
CAYHA BUTpPATa AN3e/IbHOr0 NaanBa CTAaHOBUTb

Vdiesel = 1200-0,28 = 336 1,
a Moro BapTiCTb AOPIBHIOE:
Costfuel = 336-88,1 = 29601,6 rpH

[Ona BpaxyBaHHA BUTPAT Ha TexHiYHe 06CNYroByBaHHS,
3amiHy mactun, GinbTPiB Ta CynyTHi cepBicHi poboTu npuii-
MaeTbca HagbaBka O&M = 15%, WO y3roAsKyetbca 3
OOBIAKOBUMW OUHKaMKW ANA AW3EeNbHUX FeHepaTOpHUX
ycTaHoBokK [17, 18]. Toai noBHi 3MiHHI BUTpaTK Ha poboTy
OOMOMIXKHOTO An3enb-reHepaTopa CTaHOBAATb:

Costdiesel+oam = 29601,6-1,15 = 34041,84 rpH.

OTKe, 3a MNPUWHATOIO CUEHApil0 BUKOPWUCTAHHA AOo-
NOMIXXHOro gu3esib-reHepaTopa 40AATKOBI MiCAYHI eKcnay-
aTtauinHi ButpaTtn ribpngHoi CEC cTaHoBAATbL NpubaM3HO
34,04 tuc. rpH. Lle o3Havaeg, wo B8 pasi nepexoay Big «4u-
cToi» ribpuaHoi apxiTekTypm A0 cxemu «ribpuaHa CEC + go-
NOMiXKHUI AN3enb-TeHepaTop» CUCTEMA YAaCTKOBO BTPAYaE
OfHY 3i CBOIX FOJIOBHUX NMepeBar — MOBHY BiACYTHICTb MNa-
JIMBHOI CK/M1aZ0BOi Mg Y4ac aBTOHOMHOI poboTu. 3 iHWoro
6OKYy, [A0AaBaHHA [OMOMIXKHOrO reHepaTopa CyTTEBO
NiABMLLYE NPaKTUYHY NpMaaTHICTb ribpuaHoi CEC ana npo-
MWCNOBUX MiANPUEMCTB, OCKiIbKM A€ 3MOTy PO3LWINPUTU
MeXi il aBTOHOMHOCTI 32 MmeXi 6-roanHHoro iHtepsany. Ta-
KMM YMHOM, Y KOPOTKMX | CEpeaHix BigKNOUYEHHAX e/IeKTPO-
noctayaHHA ribpugHa cucTemMa MOXKe  NpaLtoBaTy
BMKJ/IIOYHO 3a paxyHok AKB, Toaj Ak y pasi gosroTpmsanmnx
6nekayTis il GYHKLiOHYBaHHA AOLINbHO PO3rN1A4aTH BXKe AK
KOMbGiHOBaHy cxemy 3 [0JATKOBMM FeHepaTopHUM pe-
3epByBaHHAM. OTpuMMaHW pe3ynbTaT MOKa3ye, WO AnA
06’€KTiB 3 BUCOKMMM BUMOramm Ao 6e3nepepBHOCTI enek-
TponocTayaHHA «4yucTa» ribpuaHa CEC e edeKTuBHOM
JMLLE B MeXKax 0OMeKeHOoT TpMBaNoCTi BigKatoueHHsn. Y pasi
NoripWweHHA peXunmy poboTM 30BHIWHBLOT Mepexki abo
36inblUeHHA TpUBaNoCTi baeKayTiB Taka cuctema notpebye
[OOATKOBOrO Pe3epBHOr0 A)Kepesa, a oTke, GaKTU4HO
HabMKAETLCA 33 CBOEID CTPYKTYpPOLO A0 KOMBiHOBaHOI ap-
XITEKTYpU, B AKiM aKyMynaTOpHa Ta reHepaTopHa
niagTPUMKA NPaLLOTb CibHO.

Nipbip AnsenbHoro reHeparopa gna ri6pugHoi CEC. Ona
peanisauii gonomixkHoro pesepsyBaHHA ribpuaHoi CEC ao-
LiNbHO NPUINHATU gu3enb-reHepaTop Knacy 80 KBT, AKKiA 3a
NOTYXKHICTIO BiANOBiAAE 3a4ayi 4YacTKOBOro MNPUMAHATTA
HaBaHTaXeHHA abo NiATPUMAHHA 3apsay akKyMyAATOPHOI
CUCTEMM B pa3i 4OBroTPUBAANX BigKNOUYEHDb. K PO3paxyH-
KOBMI BapiaHT MoXKe BYTU BUKOPUCTAHUIN AM3enb-reHepa-
TOop Cummins C110D5 3 HOMiHanbHOW NOTYKHicTio 80 KBT
(88 KBT y pesepBHOMY peXXUMI), TEXHIYHI MapameTpun AKOro
BiANOBiJAOTb BMMOram MNPOMMUCNOBOrO  pe3epBHOro
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eneKkTponocTayaHHA [24]. PMHKOBa BapTiCTb TaKoro reHepa-
TOpPA Ha YKPAiHCbKOMY PWHKY CTaHOBWUTb 6/mM3bKo 1,55—
1,67 MAH rpH, Wwo Bignosigae npmbansHo 37-40 Tuc. gon.
3a/1eXKHO Big Kypcy Ta KomnnekTauji [25, 26]. Ons nogans-
LWNX PO3PaxyHKiB AOUINbHO MPUAHATU CepesHI0 OLiHKY
BApTOCTi AOMOMIXHOIO An3enb-reHepaTtopa Ha  pPiBHi
39000 gon. Y Takomy pasi, AKwWwo ribpuaHa CEC ponos-
HIOETbCA  pe3epBHMM  Au3e/lb-TeHepaTopoM, CyMapHi
KaniTasibHi BUTPATU FiGPUAHOI apXiTEKTYpM 3pOCTaloTb Ha
BEe/IMYMHY BAPTOCTi reHepaTopa Ta CyMyTHbOTrO MOHTAYy, a
eKkcnayaTauiiHi BUTPATM MNOYMHAOTb MICTUTM NANUBHY
CKNaJoBY, LLO YAaCTKOBO HiBE/IIOE NMepeBarn «YMUCTOi» aKy-
MYNATOPHOI KOHOIrypaLii.

MNopiBHAHHA pe3ynbTatiB. OTpMMaHi pe3ynbTatM po-
3paxyHKiB MOKa3yoTb, Wo mepexesa CEC 3 razoreHepaTtop-
HOW niaTpumKoto, ribpugHa CEC Ta ribpmuaHa CEC 3 po-
NMOMIKHUM OuM3e/b-TeHepPaTOPOM MalOTb Pi3HI TexHiKo-
€KOHOMIYHI MnepeBarn 3a/ieXXHO Big4 TPMBANOCTI BigKAtO-
YeHb, XapaKTepy HaBaHTAXXeHHs Ta BUMOr A0 b6e3nepeps-
HOCTi efieKTponocTayaHHsa (puc. 2). MNopiBHAHHA LMX TPbOX
KOHOirypauii  AOUinbHO  BMKOHYBAaTM 33  TaKMMMU

OCHOBHMMW KPUTEPiAMWU: KaniTaibHi BUTPATH, 3MiHHI
eKcnayaTauiiHi BUTpaTW, TPMBaNicTb aBTOHOMHOI poboTu
Ta NPUMAATHICTb A0 POHOTM 3 NPOMUC/IOBUM HABAHTAXKEH-
HAM. 3a KaniTa/ibHUMK BUTPaTaMM HaWMMeEHLY noyaTKoBYy
BapTicTb Mae ribpmuaHa CEC y 6a30Biit KoHirypau,ii 6e3 go-
NOMiXKHOro reHepaTopa. CymapHi BUTpaTu Ha ABa ribpugHi
iHBEPTOPM, aKYMYNATOPHY CUCTEMY, CTilikKn, BMS Ta MOH-
TaXK cTaHOBAATL 157 220 pon. [20-23]. Ana mepekesoi CEC
3 ra3oreHepaTopHOO NiATPUMKOIO CYKYMHi KaniTa/bHi BUT-
paTv Ha MepeXKeBUi iIHBEPTOP, MOHTAXK Ta rasoreHepaTop
Generac SG160 ctaHoBAATL 173 920 agon. [16, 19]. OTKe, 3a
KpUTEpPIEM NOYaTKOBMX iHBECTULiA 6a3oBa ribpuaHa cu-
cTemMa € JeweBwol npubansHo Ha 16 700 gon., wo
Bignosigae 6sv3bko 9,6 % BiA BapTOCTi MepexKeBOro
BapiaHTa. BogHouac akwo ribpnaHa CEC 40NOBHIOETLCA pe-
3epBHUM AM3e/ib-TeHepaTopom MoTyKHicTio 80 KBT, mo ii
KaniTasbHUX BWUTPAT HeobxigHO pozatn we 6aM3bKo
39 000 gon., wo 36inbwye cymapHuii CAPEX go npnbamsHo
196 220 pon. [24-26]. Y Takomy pasi KombiHOBaHWM
riGpUaHUIA  BapiaHT y)Ke MepeBULLYE 3a NOYATKOBOK
BapTicTio meperkey CEC 3 razoreHepaTOpHOIO NiATPMMKOIO
npun6an3Ho Ha 22 300 gon., abo maitke Ha 12,8 %.

IMopiBusinusa kanitaabHux BuTpart (CAPEX)
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Puc. 2. [NopigHAHHA KanimanbHUX 8UmMpPam 00CAiOHCY8AHUX CUCMeM pe3epe8Ho20 eneKmpornocmayaHHsA

3a 3MiHHMMM eKcnayaTauilHUMKM BUTPaTaMKM CUTyauia €
npotunexHoto. Ana mepexesoi CEC 3 razoreHepaToOpHOIO
NiATPMMKOI MICAYHI BUTPATM Ha NaZIMBO N TEXHIYHE 06CAy-
ropyBaHHA pe3epBHOr0 rasoreHepaTopa CTAHOBAATb
70 515,39 rpH, a cepegHsA 3miHHa cobiBapTiCTb pe3epBHOI
enekTpoeHeprii aopisHtoe 7,73 rpH/KBT-rog [16-18]. Ona
6asoBoi ribpuaHoi CEC nanusBHa cKknagosa B MeXKax po-
3pPaxyHKOBOiI 6-rOAMHHOI aBTOHOMHOCTI BifCYyTHA, TOmy ii

NOTOYHi 3MiHHi BUTPATU € MiHIManbHUMWN. TAKUM YNMHOM, Y
peXumi KOpoTKMX abo cepeaHix BigKAOYEHb, KOMKM 3anacy
eHeprii akyMy/IATOPHOT cUCTeMM A0CTaTHbO, ribpuaHa CEC
Ma€ ABHY nepeBary 3a eKcnjayaTauiiHUMW BUTpaTamu,
OCKi/IbKM He NoTpebye CnoKmMBaHHA MasbHOrO Ta Nos’A3a-
HOro 3 HUM cepBicy. BogHouac y pasi gosrotpmsanux bne-
KayTiB 6a3oBa ribpngHa CEC yxke He 3abe3neyye NOBHOI aB-
TOHOMHOCTi, TOMY BWHWKaE noTpeba B LOMNOMINKHOMY
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pe3epBHOMY reHepaTopi (puc.3). 3a nNpuiHATOro cue-
Hapito, KON au3enb-reHepaTop BUKOPUCTOBYETbCA ¥ 20 %
OHiB MicAuA no 5roa Ha AeHb 3a cepeAHbOro 3aBaHTa-
*KeHHs 40 KBT, AoaaTKoBuMI micauHMIA o0bcAr reHepauii cTa-
HoBMTb 1200 KBT-rog, a ekcnayaTauiHi BuTpatM 3
ypaxyBaHHAM nasbHoro Ta O&M — 34 041,84 rpH [17, 18,
24-26. Ue o3Hayae, wWo HaBiTb nicnAa AoAasBaHHA A[o-
NOMiXKHOTO An3enb-reHepaTopa KombiHOBaHa ribpuaHa cu-
cTema 36epirae HUXKYi 3MiHHI BUTPaATH, HixX mepexesa CEC
3 ra3oreHepaTopHOIO NiATPUMKOIO, OAHAK YXKe BTPAYaE ro-
NIOBHY nNepeBary «4MCTOi» aKyMynATOPHOI apXiTekTypu —
BiACYTHICTb NANMBHOI CKNAaA0BOI B aBTOHOMHOMY PeXUMI.
Kno4yoBoto BiAMIHHICTIO MiXK BapiaHTamu € rnMbuHa aBTo-
HOMHoOCTi. Mepexxesa CEC 3 rasoreHepaTopHOW MiaTPMM-
KOto 3abe3neyye TpMBany aBTOHOMHY pobOTY 3@ HAABHOCTI
LOCTaTHbOrO 3anacy MasbHOrO, OCKi/NbKM ii pe3epBHa ap-
XiTeKTypa Big, noyaTKy oOpieHToBaHa Ha 6e3nepepBHe
NiATPMMaHHA HaBaHTaXEHHA B i30/1bOBAHOMY pexumi [16,
19]. Onsa ribpuaHoi CEC TpuBanicTb aBTOHOMHOI pob6oTn

cuctemn. Y NpUKAHATIA - KoHdirypauii 3amac  eHeprii
900,48 KBT-ron, 3abe3neuye KMBAEHHA HABAHTAMKEHHSA
130 kBT npoTarom npmnbamsHo 6 rog [20-23]. OTxe, ribpua-
HUI BapiaHT € edeKTUBHUM A/1A KOPOTKOYACHWUX Ta ce-
peaHix BiAKNIOYEHb, afe He MOXKe Po3rnAagaT1ca AK no-
BHICTIO aBTOHOMHe pilleHHA AnA [oBrux bnekaytis 6e3
[O0ATKOBOrO reHepaTopHOro pesepByBaHHA. 3 nornaay
AKOCTi pe3epByBaHHA ribpuagHa CEC mae nepesary B WBKA-
KOAil nepexosy B aBTOHOMHUI PEXMM. 3a HafABHOCTI 3a-
pAAXKeHOi akymynaTopHoi 6atapei Taka cuctema 3gaTtHa
NPaKTMYHO 6e3nepepBHO MNIATPUMYBATU  ENEKTPOMKMUB-
NeHHA HaBaHTaXXeHHA 6e3 nay3u, NoB’A3aHOI i3 3anyckom
pe3sepBHoro reHepatopa [15, 20]. Ana mepexkesoi CEC 3 re-
HEepaToOpPHOO NiATPMMKOIO, HABNAKKU, XapaKTepHa KOPOTKO-
YacHa nepepBa eNEeKTPOXMBAEHHA, HeobxigHa Ana BuAB-
JIeHHS aBapilMHOro pexumy, 3amnycky reHepatopa Ta
nepeMmnKaHHs HaBaHTaxeHHs [15]. Came Tomy s CNoOXKK-
BayiB 3 KPUTMYHOI BMMOrot A0 6e3nepepBHOCTI TEXHO-
noriyHoro npouecy ribpugHa CEC moxke 6yTM Kpawmm

BM3HAYAETbCA Hacamnepes EMHICTIO aKyMY/JATOPHOI  PilleHHAM y MeXaX CBOEI YacOBOI aBTOHOMHOCTI.
IlopiBHSAHHSA MiCIYHHMX eKCIIyaTalIHHUX BUTPAT
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Konoirypariist cucremu

Puc. 3. lopieHAHHA MicAYHUX eKcrayamauyiliHux aumpam 00cnioxncysaHux KoHpieypayili

LLle oAHMM BaXK/IMBUM acreKToM € poboTa 3 NPOMMUCIOBUM
HaBaHTaXeHHAM. OnAa mepexeBoi CEC 3 reHepaTOpHOIO
NiATOMMKOK pPEeaKTUBHA CK/JA3f0Ba HaBaHTAa)KEHHA Ta
NiATPMMaHHA NapaMeTPiB JIOKa/IbHOI MeperKi 3HaYHO
MipO0 MNOKNAAAITLCA Ha FeHepaTop, Wo noserwye poboTy
mepexeBoro iHBepTopa [11, 16]. Y ribpugHin CEC iHBepTOop
CaMOCTIMHO BUKOHYE PYHKUIi GdOpMyBaHHA NOKaNbHOI me-
pexi, KepyBaHHA 6aTapeeto Ta 3ab6e3neYeHHs eNeKTPOKMB-
NIEHHA HABAHTA)KEHHSA, WO NigBULLYE BUMOTM A0 MOro pe-
UMiB pob0OTM B aBTOHOMHOMY cTaHi [9, 20]. Tomy ana
BE/IMKMX NMPOMMUCNOBUX CMOMKMBAYIB 3 BUPANKEHO peak-
TMBHOIO  CK/JaZoBOK  Ta BUCOKMMMU  MYCKOBUMM

HaBaHTaXeHHAMU MmepexeBa CEC 3 reHepaTopom Mae
KpaLly afanToBaHICTb L0 BAXKKUX PEKMMIB pob0oTU. Taknm
YMHOM, pe3ynbTaT NOPIBHAHHA [aloTb 3Mory 3pobuTu
KiZIbKa NpaKTUYHMX BUCHOBKIB. ba3oBsa ribpmngHa CEC € ao-
LiNIbHOK ANA CLEeHapiiB, Y AKMX NepeBakaloTb KOPOTKi Ta
cepefHi BiAKNIOYEHHA, a NPIOPUTETOM € WBUAKe pe-
3epBYBaHHA, HWU3bKi NOTOYHI BUTPATU 1 BiACYTHICTb CNOMXM-
BaHHA nanbHoro. bpuaHa CEC 3 gonomixkHUM ausenb-re-
HEepPaTopoOM € KOMMPOMICHUM BapiaHTOM, AKMIA PO3LUNPIOE
MeXi aBTOHOMHOCTI, ane 36inbluy€e KaniTanbHi Ta ekcnaya-
TaLiMHI BUTPATM i YaCTKOBO 3MEHLUYE MepeBarn akymyns-
TOopHOi cuctemn. Mepexkesa CEC 3 rasoreHepaToOpHOLO
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NiATPUMKOIO € HANNPUAATHILWOW AN1A YMOB TPUBANUX i pe-
rynapHux 6nekayTiB, KOAW BU3HaYyaNbHUMW € Heobme-
YKEHiCTb Yacy aBTOHOMHOT pob0TH, CTiMKiCTb 40 NPOMMUCIO-
BOrO HaBaHTaXeHHA Ta  CTabinbHicTb  pe3epBHOro
YKMB/IEHHA 33 HAABHOCTI Na/IbHOTO.

AHaniz uyytamsocti. Ogep)KaHi pe3ynbTaTM TEXHIKO-eKo-
HOMIYHOrO NOPIBHAHHA 3a/1eXaTb Big HU3KWN BUXIAHUX NpuU-
nyweHb, cepes AKUX HalbinbWwuiA BNAIMB MaloTb BapTiCTb
AKyMyNATOPHOI CUCTEMM, LiiHA NPMPOAHOro rasy, wiHa agu-
3e/IbHOr0 NaaunBa, TPUBANICTb BiAKNIOUYEHDb e/leKTpoeHeprii
Ta YacToTa BUKOPUCTAHHA AOMNOMIXKHOro reHepatopa. Came
TOMY A/17 KOPEKTHOTO TPaKTyBaHHA pe3ynbTaTiB AOLiIbHO
BMKOHATU aHaNi3 YyTAMBOCTI, AKMIA [AAE 3MOTYy OLHWUTU
CTiMKICTb OTPMMaHUX BUCHOBKIB 3@ 3MiHU OCHOBHWX TeX-
HiYHMX Ta eKOHOMiIYHMX napameTpis [27-30]. Mepwwum i
Halo4YeBUAHILWMM GaKTOPOM € BapTiCTb aKyMyIATOPHOI CU-
CTEeMMW, OCKi/IbKM came BOHA GOPMYE AOMIHYHOUYY 4YaCTKY
KaniTanbHux BUTpaT ribpuaHoi CEC. Y npuinHATIN KoHbiry-
pauii BapTiCTb aKyMynaTopHMX moaynis, BMS i cTiltoK cTa-
HOBWUTb OCHOBHY 4acTMHy cymapHoro CAPEX ribpugHoro
BapiaHTa, ToMy byab-AKa 3miHa BapTocTi 6aTapen nNpamo
BM/IMBAE Ha EKOHOMIYHY NPMBAB/IMBICTb LLbOTO pilleHHSA. 3a
ouiHkamu NREL, BapTicTb cMcTem HaKOMMYEHHA eHeprii 3a-
NINWAETbCS OAHUM 3 HaMAMHAMIYHIWWX NapaMeTpiB, a Npo-
FHO3HIi CLLeHapii AEMOHCTPYIOTb iICTOTHY Pi3HULIO MiXK HU3b-
Koto, £a30BOKO Ta BUCOKOK TPAEKTOPIAMM KaMiTanbHUX
BUTPaT [27]. Lle o3Hauag, Lo B pasi No4aNblOro 3HUKEHHA
BapTocTi Li-ion/BESS ribpnaHa apxiTekTypa ctaBaTume ae-
[ani KOHKYPEHTHIWOo, 0cob11MBO ANA cLEeHapiiB KOPOTKUX
i cepefHix BiAKNOYEHb, A€ NAaNMBHA CKAAJOBa BiACYTHA
abo € MiHimanbHoOw. HaBnakKu, 3a yMOBM 340PONKYAHHA
HaKonuuyBayiB abo y pasi HeobxigHOCTI cyTTEBOro 36i/b-
WweHHA emHocTi AKb ana f0BLIOI aBTOHOMHOCTI, nepesara
ribpnaHoi CEC 3a CAPEX moske 6yTu BTpadeHa [13, 27]. Apy-
MM BaKNMBMM (GAKTOPOM € LjiHa NpPUpOAHOro rasy, fka
6e3nocepeaHbO BUM3HaYae 3MiHHI BUTpaTn mepexxesoi CEC
3 rasoreHepaTopHOK niaTpumMKoto. [na 6asosoro po-
3paxyHKy NpUHATO wiHy 25,1 rpH/HMm3, npw akiit cepeaHs
3MiHHa cobiBapTiCTb eN1eKTPOeHeprii Big, rasoreHepaTopa 3
ypaxyBaHHAM O&M ctaHoBUTL 7,73 rpH/KBT-roa. OgHaK y
peanbHUX YMOBaX LiiHA NPUPOAHOrO rasy MoXe 3MiHBa-
TMCA Nif BNANBOM C€30HHOCTI, Mi*KHapOAHOT KOH'IOHKTYpH,
NOTICTUYHUX PU3MKIB | FEONONITUYHUX YUNHHUKIB. IEA y 3BiTax
3a 2026 pik NpAMO BKa3ye, W0, MONPM OYiKyBaHe 3pOCTaHHA
npono3uuii LNG, pvHKM NpUMpOAHOro rasy 3aauMwatoTbCa
YYTAMBUMM A0 reONOAITUYHOT HaNpyrK, NoroaHMx GakTopis
Ta perioHanbHUX AMcbanaHcis, WO NiATPUMYE PU3UK LiHO-
Boi BonatunbHocTi [31]. BignosigHo, y pasi cyTTeBOro
NiaBULWEHHA LiHW NPUPOAHOro rasy 3MiHHi BUTPATN mepe-
»keBoi CEC 3 rasoreHepaTtopom 3poCTaTMMyTb Mponop-
LiMHO, a il eKoOHOMIYHA nepeBara Haz AW3eNbHUMM Ccue-
HapiaAMK 3meHLWyBaTMMeTbcA. BoagHouyac HaBiTb y Takomy
pasi reHepaTopHa cxema 3bepirae CBOK roNOBHY nepe-
Bary — MPaKkTMYHO HeobmekeHy TpWBanNiCTb aBTOHOMHOI
pob0oTK 3a HanaBHOCTI nasnbHoro [28, 31]. TpeTim pakTopom
€ UiHa AM3enbHOro nasnuBa, AKa Hakbinbwe BM/AMBAE Ha
KombiHOBaHMi BapiaHT «ribpnaHa CEC + gonomixkHun am-
3e/b-reHepaTop». Y 6a30BOMY cLUeHapii 41a 40NOMIXKHOro

AM3eNbHOro reHepaTopa NPUAHATO BUKOPUCTAHHA ¥y 20 %
OHiB micauA no 5 rog 3 cepenHim 3aBaHTaxkeHHAM 40 KB,
LLLO AAE MiCAYHI BUTPATH Ha piBHi 34,04 TUC. rpH 3 ypaxyBaH-
HAM O&M. BogHoyac came LjiHa AM3eNbHOro NanavBea € oa-
HUM 3 HaiMeHW cTabiNbHWMX NapameTpis y KPMU30BUX YMO-
BaX, OCKi/IbKM BOHA 3a/IeXWUTb He Jauwe Big CBITOBMX
HadTOBMX PWUHKIB, a 1 Big, NOFICTUKM NOCTAYaHHSA, AOCTYN-
HOCTi NaJIbHOrO HA BHYTPILWHbOMY PWUHKY Ta PEXUMY MO-
nuty B nepiogn aediunty enexktpoeHeprii. Y gocnigxeH-
HAX, NpucBAYEHUX cuctemam Tuny PV/diesel/battery,
HEeoAHOPa30BO MOKa3aHO, WO 3POCTaHHA LiHW Au3ena
WBMAKO NOTipLWYE €KOHOMIKY reHepaTOpPHOI CKNaf0BOI Ta
36inblye NpuBeaeHy BapTiCTb aBTOHOMHOMO e/1eKTPOMNo-
ctayaHHa [29, 30]. OTxe, KOMbiIHOBaHMI TribpuaHUIA
BAPiaHT € 3HAYHO YYT/IMBIUMM A0 MAZAMBHOI BOIATUNBLHOCTI,
HiXK «4nCTUiA» TiBpUAHWIA BapiaHT, ane MeHLW YyTIUBUM,
Hi*K CUCTeMa, Y AKIN AOBroTpMBaia aBTOHOMHICTb MOBHICTIO
3abe3neyyeTbca reHepatopom. YeTseptum daKkTopom €
TPMBANICTb i YAacTOTa BigKAtOUYEHb eNeKTpoeHeprii, AKi dakK-
TUYHO BM3HAYalOTb, AKA Came apxiTekTypa byae [ouinb-
HILWOK. Y MeXax KOpPOTKMX i cepefgHix BigKntoyeHb
ribpuaHa CEC mae cyTTeBy nepeBsary 3aBAAKM BiACYTHOCTI
NnasnMBHOI CKIA[0BOI, BUCOKIN WBUAKOAIT nepexoay B pe-
3E€PBHUIM PEXUM Ta HUNKUYMM eKCnayaTaliiHMm BUTpaTam.
MpoTe 3i 36inblIeHHAM TpmBanocTi 6ieKayTiB abo 3pocTaH-
HAM KiIbKOCTi AHIB, Y AKi aKymynATOpHa cUCTEMa He BCTU-
ra€e BiAHOBUTW 3apAd 33 pPaAXYHOK COHAYHOI reHepawii,
ribpuaHnii BapiaHT gepani binble HabAMKaeTbCA A0 HEOb-
XiAHOCTi BMKOPMCTAHHA AOMNOMIKHOro reHepartopa. Y Ta-
KOMy pasi MOro eKOHOMiKa 3MIHIOETbCA MNOABINHO: Mo-
neple, 3poctae notpeba B nanusi; no-apyre, npu cnpobi
YHUKHYTU TreHepaTopa gosenoca 6 36inblyBaTV EMHICTb
aKYMYNATOPHOI cucTemu, Wwo npusseno 6 Ao NOomiTHoOro
3poctaHHa CAPEX [12, 13, 27]. 3 nornagy metogonorii
aHanisy ribpnaHux PV/diesel/battery cucrem, came tpu-
BaficTb 6nekayTiB i 4YacTKa roguMH aBTOHOMHOI poboTu
HanexKaTb 40 HalNYyTAUBILLIMX MAapPaMeTPiB Y MOAE/OBaHHI
Takux KoHbirypauii [29, 30]. M’'ATUM BaXKAMBUM NapameT-
POM € 4YacTKa y4acTi JOMOMIXKHOro An3eNb-reHepaTopa B
poborTi ribpuaHoi CEC. Y 6a3oBomy cueHapii npuitHAaTo, Wwo
reHepaTtop npautoe avwe y 20 % gHis micAua, To06To BUKO-
HYE JLONOMIXKHY, @ He OCHOBHY GyHKUit0. MpoTe AKLWO Tpu-
Banictb abo uvactota HaeKayTiB 3pocTaTUMe, LA 4YacTKa
MoxKe byTn 36inbweHa go 30 % i 6inble, Wo npu3Bese 40
BignoBigHOro 36inblWeHHA BUTPAT Ha MasbHe Ta obcayro-
BYBaHHA. TakMm 4MHOM, KOMbBiHOBaHa cxema «ribpuaHa
CEC + ausenb-reHepaTop» € €KOHOMIYHO YyT/IIMBOK He
e A0 LiHW NaNbHOrO, a 1 A0 YacTOTM Nepexoay cuctemm
3 aKYMY/NATOPHOIO PEXWMMY B reHepaTopHWii. 3pOoCTaHHA
L€l YaCTOTM NOCTYNOBO 3MEHLLYE Pi3HULIO MiX KOMbiHOBa-
HUM ribpuaHUM BapiaHToM i meperketo CEC 3 nocTiHo re-
HepaToOpPHOIO NiATPUMKOI, 0CO6MBO AKLLO TpUBani 61eka-
YTU € HE BUHATKOM, @ TUMOBMUM PEXMUMOM PobOTH 06’eKTa
[28—-30]. 3aranom aHani3 YyTAMBOCTI NOKA3YE, LWO ribpugHa
CEC € HalluyTAMBiLWIOO 40 BAPTOCTi aKymMynaTopis i TpuBa-
NocCTi BigKtoueHb, Toaji Ak mepexesa CEC 3 razoreHepaTtop-
HOO NiATPUMKOI HaluyTAMBILIA 4O LiHW NPUPOLAHOro rasy
Ta YaCTKM Yacy aBTOHOMHOI poboTu reHepaTopa. KombiHo-
BaHWI BapiaHT «ribpugHa CEC + A0ONOMiXKHUIA Ausenb-
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reHepaTop» 3aMa€ NPOMIXKHE NOJIOXKEHHSA: BiH 3HUKYE pU-
3UK HeJOoCTaTHbOI aBTOHOMHOCTI, ane BOAHO4YaC NOEAHYE
Hefo0niKn 060X Nigxonis — BUCOKY KaniTaNOEMHICTb aKyMy-
NATOPHOI CMCTeMM Ta NOABY MaAMBHOI cKnagosoi 8 OPEX.
Came TOMy OCTaTOYHWMI BMBIP apXiTEKTYpU pe3epBHOro
€N1eKTPONOCTa4YaHHA Ma€ IPYHTYBaTUCA He Nnle Ha 6aso-
BOMY PO3PaxyHKY, @ M Ha CLLeHapHOMY aHani3i MOXKANBUX
3MiH NAa/IMBHUX LiH, BapTOCTi 6aTapelt Ta peanbHOi TPUBa-
NOCTi aBapiMHUX BigKNIOYEHD.
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Abstract. Given the growing need of industrial enterprises for

uninterrupted electricity supply under unstable grid conditions, this paper presents a technical and economic
comparison of a grid-connected solar power plant with generator support and a hybrid solar power plant
with battery energy storage. The study considers the operating features of both architectures in islanded
mode, their strengths and weaknesses, as well as the limitations that arise when supplying industrial loads.
Particular attention is paid to differences in the structure of capital and operating costs, duration of
autonomous operation, the role of the generator as a source of reference voltage and frequency for grid-
following inverters, and the limitations of hybrid inverters during long-duration blackouts. An industrial
printing house with a relatively stable load profile is used as a case study. For the grid-connected solar power
plant with gas-generator support, natural gas consumption, the cost of backup electricity, and capital
expenditures for the inverter and generator parts of the system are calculated. For the hybrid solar power
plant, a configuration based on two hybrid inverters with a total capacity of 160 kW and a battery energy
storage system with a nominal capacity of 900 kWh is selected. In addition, a scenario involving the use of
an auxiliary diesel generator for the hybrid solar power plant during long-duration outages is considered. The
comparison made it possible to determine the conditions under which each of the studied architectures is
more suitable for the backup power supply of an industrial enterprise.

Keywords: grid-connected solar power plant, hybrid solar power plant, gas generator, diesel generator, battery
energy storage system, autonomous operation, backup power supply, technical and economic comparison,
industrial load, capital expenditures, operating expenditures.

Abbreviations

SPP — solar power plant ATS — Automatic Transfer Switch

PV — photovoltaic system AVR — Automatic Voltage Regulator

BESS — Battery Energy Storage System GFL — Grid-Following Inverter

PCS — Power Conversion System GFM — Grid-Forming Inverter

BMS — Battery Management System PCC — Point of Common Coupling
O&M — Operations and Maintenance

CAPEX — Capital Expenditures

OPEX — Operating Expenditures

SFC — Specific Fuel Consumption, L/kWh or Nm3/kWh

DoD — Depth of Discharge

LCOE — Levelized Cost of Energy

NPV — Net Present Value

IRR — Internal Rate of Return

CO, — carbon dioxide

kW / kWh / kVA — kilowatt / kilowatt-hour / kilovolt-

PF — Power Factor

THD — Total Harmonic Distortion

Introduction. Uninterrupted power supply for industrial
enterprises under current conditions of unstable operation
of electrical grids is a critical prerequisite for maintaining
productivity, the stability of technological processes, and
the economic efficiency of production [1-3]. Power out-
ages lead not only to direct losses of electrical energy, but
also to equipment downtime, reduced output, disruption
of production cycles, and additional operating costs [1-3].

ampere

Nm3 — normal cubic meter of natural gas

At the same time, as the requirements for power supply re-
liability increase, the use of solar power plants (SPPs) is be-
coming increasingly important for enterprises, as they al-
low partial or substantial reduction of electricity costs and
enhance the energy independence of the facility [4,5]. Un-
der conditions of an unstable external grid, the issue of en-
suring SPP operation not only in grid-connected mode, but
also in backup or autonomous power supply mode
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becomes particularly relevant. In practice, two main ap-
proaches are used for this purpose. The first involves the
use of a grid-connected solar power plant with generator
support, in which the generator forms the reference volt-
age and frequency during external grid outages, thereby
enabling the operation of grid-following inverters in a local
mode [6-8]. The second approach is based on the use of a
hybrid solar power plant, in which a hybrid inverter and a
battery energy storage system provide load backup and im-
prove the flexibility of the facility’s energy supply [4,5]. For
systems based on grid-following inverters, it is essential
that they do not form the grid independently, but require
an external source of reference voltage and frequency.
Therefore, in autonomous operation schemes without bat-
tery support, a generator is typically used as the reference
source, providing inverter synchronization and maintaining
the energy balance in islanded mode [6-8]. The practical
feasibility of such a topology for an industrial printing facil-
ity is confirmed by calculation results demonstrating the
advisability of using a gas generator as a backup source for
a grid-connected SPP due to lower operating costs com-
pared with a diesel-based alternative. At the same time, hy-
brid solar power plants with battery storage are considered
an alternative to generator-based backup, since they pro-
vide rapid switching to autonomous mode, the possibility
of storing surplus solar energy, and reduced dependence
on the fuel component. However, such systems are charac-
terized by higher initial capital costs, and their economic
feasibility depends to a large extent on battery cost, oper-
ating conditions, and the frequency of power outages.
Therefore, for enterprises considering the implementation
of backup power supply based on solar generation, the
choice between two technical solutions remains relevant: a
grid-connected SPP with generator support and a hybrid
SPP.

Analysis of Previous Studies and Problem Statement. The
problem of ensuring a reliable power supply for industrial
consumers under conditions of an unstable external grid is
widely discussed in the scientific literature. Studies show
that power outages significantly affect enterprise produc-
tivity, cause economic losses, and reduce the efficiency of
production processes, especially for small and medium-
sized manufacturing facilities that are sensitive to equip-
ment downtime and disruptions of technological cycles [1-
3]. A separate line of research is devoted to “PV + genera-
tor” systems, in which a solar power plant operates jointly
with a backup generator during disturbances in the exter-
nal grid. Such solutions are regarded as a practical means
of improving power supply reliability, reducing fuel con-
sumption, and partially replacing conventional generation
with solar energy. The main focus is on minimizing fuel
costs and optimizing the structure of grid-connected solar
power plants based on photovoltaic generation with gener-
ator support [4-6]. At the same time, a considerable num-
ber of studies concerns “PV + battery” systems, in which
power supply backup is achieved by means of battery stor-
age, while autonomous operation is provided through the
joint operation of photovoltaic modules, the battery

system, and the inverter. Such systems are characterized by
greater flexibility of energy flow control, the possibility of
storing surplus solar generation, and rapid transition to au-
tonomous mode. At the same time, their economic effi-
ciency depends significantly on battery cost, charge-dis-
charge cycle life, and operating conditions [4,7]. For grid-
following inverters, it is essential that they belong to the
grid-following class and cannot independently form a refer-
ence voltage and frequency in an islanded network. There-
fore, for their operation in autonomous mode, an external
source performing the grid-forming function is required.
Such requirements for the interconnection of distributed
energy resources and the general criteria for their interac-
tion with the electric power system are defined by IEEE
1547-2018 and modern review papers on inverter-based
resources [5,6,8]. Despite the existence of numerous stud-
ieson “PV + generator” and “PV + battery” systems, applied
technical and economic comparison of these two ap-
proaches for a specific industrial enterprise remains insuf-
ficiently covered. In most papers, the focus is placed either
on optimization of an individual configuration or on general
issues of integrating inverter-based resources, without a
detailed comparison of capital costs, operating costs, and
the practical feasibility of different backup power supply ar-
chitectures for facilities with a real load profile. In this re-
gard, the objective is to perform a technical and economic
comparison of two backup power supply solutions for an
industrial enterprise: a grid-connected solar power plant
with gas-generator support and a hybrid solar power plant
with battery energy storage. The base case is a grid-con-
nected SPP with a gas generator, the parameters of which
are determined on the basis of a real industrial printing
house case study, while the alternative case is represented
by a hybrid SPP for which a separate calculation is per-
formed. The purpose of such a comparison is to determine
the conditions under which each architecture is more ap-
propriate from both technical and economic perspectives.
Grid-Connected SPP with Gas-Generator Support. As the
first comparison object, a grid-connected solar power plant
with gas-generator support is considered, intended for the
power supply of an industrial enterprise under conditions
of an unstable external grid. Under normal operating con-
ditions, the solar power plant operates in parallel with the
grid, and the grid-following inverters are synchronized with
the voltage and frequency at the point of common cou-
pling. The energy generated by the photovoltaic modules is
used to partially cover the facility load, thereby reducing
electricity consumption from the external grid and lowering
operating costs [4], [7]. In the event of voltage loss in the
external grid, the gas generator performs the function of
the reference voltage and frequency source. After startup
and stabilization at nominal parameters, the grid-following
inverters synchronize with the locally formed network cre-
ated by the generator and continue operating in islanded
mode. Such a scheme makes it possible to combine solar
generation with a backup power source without using bat-
tery storage [5—7]. The power balance in such a system is
determined by the relationship between the current enter-
prise load and the generation of the solar power plant.

187



BigHosntoBaHa eHepretuka. Ne 2/2026 | CoHAYHa eHepreTuka

During periods of sufficient solar activity, part of the load is
covered by the SPP, while the remaining part is supplied by
the gas generator. When solar generation decreases, the
share of power supplied by the generator increases accord-
ingly. Thus, in such a topology, the gas generator performs
not only a backup function, but also ensures the stability of
the local grid parameters necessary for the operation of the
grid-following inverters [5], [6], [8]. A distinctive feature of
this configuration is its relatively simple structure and the
absence of a battery subsystem, which reduces initial capi-
tal costs and simplifies the implementation of a backup
power supply. At the same time, such a scheme depends
on fuel availability, generator operating mode, its fuel char-
acteristics, and the permissible level of partial loading. The
economic efficiency of the system is largely determined by
the cost of the fuel component, generator maintenance
costs, and the duration of autonomous operation periods.

Hybrid SPP. The second comparison object is a hybrid solar
power plant consisting of photovoltaic modules, a hybrid
inverter, a battery energy storage system, the external grid,
and the enterprise load. Unlike a grid-connected SPP with
generator support, such a configuration is capable of
providing an autonomous power supply by means of en-
ergy stored in the batteries and controlled distribution of
power flows among the sources. Under normal operating
conditions, the hybrid system can simultaneously supply
the enterprise load, charge the batteries, and, when an ap-
propriate control algorithm is available, interact with the
external grid. During periods of sufficient solar generation,
part of the energy is directly consumed by the load, while
the surplus is directed to charging the battery system. In
the event of insufficient generation or during a grid outage,
the load is supplied from the batteries through the hybrid
inverter. A key advantage of such a topology is the possibil-
ity of rapid transition to backup or autonomous mode with-
out the need to start a generator and without fuel con-
sumption. In addition, the battery system allows more
complete use of the energy generated by the solar power
plant, reducing energy losses or generation curtailment. At
the same time, a hybrid SPP is characterized by higher cap-
ital costs, while its economic feasibility depends on battery
cost, battery lifetime, allowable depth of discharge, and op-
erating conditions [4], [5]. From a technical perspective, the
hybrid configuration is more flexible, since it combines gen-
eration, storage, and power conversion functions within a
single control system. Therefore, comparison of a hybrid
SPP with a grid-connected SPP using a gas generator as a
backup source makes it possible to assess the advantages
and limitations of two different approaches to ensuring re-
liable power supply for an industrial facility.

Comparative Characteristics of Grid-Connected and Hy-
brid Solar Power Plants under Autonomous Operation.
Grid-connected and hybrid solar power plants differ pri-
marily in the principle of supplying the load in the event of
loss of the external grid. Under normal conditions, a grid-
connected solar power plant operates in parallel with the
grid and uses it as the source of reference voltage and fre-
quency (Fig.1). If the voltage disappears, continued

operation of such a system requires an external source ca-
pable of forming a local grid, i.e., a backup generator. A hy-
brid solar power plant, by contrast, combines generation,
conversion, and energy storage functions, enabling it to
supply the load in autonomous mode by means of a battery
system and an inverter capable of maintaining local grid pa-
rameters [5], [6]. One of the main advantages of a grid-con-
nected SPP is its relatively simple structure and the lower
initial cost of the inverter part. High-power grid-following
inverters are characterized by high efficiency, wide power
factor control capability, and operation without a battery
subsystem. For three-phase grid-connected inverters in the
120-136 kW class, the manufacturer Deye specifies a
power factor adjustment range of 0.8 leading to 0.8 lagging,
meaning that the inverter is capable of substantial reactive
power exchange within its apparent power range [11]. This
isimportant for industrial enterprises, where the load often
includes electric motors, compressors, pumps, machine
tools, and other equipment with a noticeable reactive com-
ponent. In autonomous operation of a grid-connected SPP
with generator support, a significant share of the reactive
power requirements is effectively assigned to the genera-
tor, which simplifies the operation of the grid-following in-
verter as a source of active solar generation. A hybrid SPP,
in turn, has a different functional logic. The hybrid inverter
must not only convert energy from the photovoltaic mod-
ules, but also manage battery charging and discharging,
form a local grid in autonomous mode, and maintain power
supply parameters within permissible limits. This makes
such a system more versatile but, at the same time, more
sensitive to the load regime. In Deye technical documenta-
tion for hybrid inverters, it is stated that the reactive power
control function through V(Q) has limitations associated
with the level of active power, and in a number of models,
the reactivation threshold of the V(Q) mode is set at 20% of
rated power [9]. Therefore, when operating with industrial
loads, where a significant reactive component is present in
autonomous mode, the capabilities of the hybrid inverter
may become one of the determining limitations. This is es-
pecially important under conditions where the grid is ab-
sent and full responsibility for maintaining voltage and fre-
quency lies with the inverter and the battery system.
Another fundamental difference concerns the cost struc-
ture of the two solutions. In a grid-connected SPP, the
lower cost is achieved through the use of a less expensive
grid-following inverter and the absence of a battery system.
At the same time, such a configuration requires the instal-
lation of a backup generator, fuel infrastructure, and the
associated maintenance costs. In a hybrid SPP, by contrast,
a significant share of capital expenditures is formed pre-
cisely by the hybrid inverter and the battery system. Ac-
cording to NREL estimates, the cost of battery systems de-
pends substantially on storage duration, while BESS capital
expenditures per kWh increase as the required energy ca-
pacity of the system rises [13]. Therefore, although a hybrid
SPP makes it possible to avoid fuel costs, its initial cost in
most cases is significantly higher than that of a grid-con-
nected SPP with generator support. The capacity of the bat-
tery system in a hybrid SPP effectively determines the
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duration of autonomous operation. According to NREL, the
discharge duration of an energy storage system is deter-
mined by the ratio between its energy capacity and the load
power: for example, a battery system with a power rating
of 1 MW and a usable capacity of 4 MWh can provide ap-
proximately 4 hours of operation at rated power [12]. For
an industrial enterprise, this means that increasing the re-
quired backup duration necessitates a direct increase in

battery capacity and, consequently, in its cost. In the case
of a prolonged blackout, if the stored energy in the battery
is depleted faster than it can be restored by solar genera-
tion, the production process may be interrupted. In con-
trast, a system with generator support is capable of oper-
ating autonomously as long as fuel is available and the
generator remains technically operable.

(a) Grid-tied PV System
with Gas Generator Support

PV Modules

(b) Hybrid PV System
(with Battery Energy Storage)

PV Modules

(c) Hybrid PV System
with Diesel Generator Support

PV Modules
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Fig. 1. Schematic diagrams of the studied backup power supply architectures for the enterprise

A separate practical problem for inverter-based systems in
Ukraine is operation under unstable voltage conditions af-
ter the restoration of centralized power supply. Due to
large-scale damage to energy infrastructure and overloads
in certain sections of the grid after blackouts, undervoltage
conditions and unstable power supply may occur; these are
officially recognized as consequences of attacks on the
power system and its emergency recovery operating mode
[14]. Both grid-following and hybrid inverters have manu-
facturer-specified permissible voltage limits; for the three-
phase Deye models considered here, the typical operating
range is 0.85Un—1.1Un [10], [11]. In the event of a signifi-
cant voltage sag, inverter equipment may fail to enter nor-
mal grid-connected operation until the parameters are re-
stored to acceptable limits. From an engineering
standpoint, excessive lowering of protection thresholds
solely for the purpose of forced startup under weak-grid
conditions is undesirable, since it worsens operating condi-
tions for both the inverter itself and the connected electri-
cal equipment. At the same time, a grid-connected SPP with
generator support has another specific disadvantage:

following a sudden loss of the external grid, a certain
amount of time is required to detect the emergency condi-
tion, start the generator, allow it to reach nominal fre-
qguency and voltage, and then transfer the load to the
backup source. Cummins technical documentation indi-
cates that open-transition automatic transfer schemes in-
herently involve a forced short-term interruption of power
supply during transfer between sources [15]. For many en-
terprises, such a delay is acceptable; however, for facilities
with continuous production processes, sensitive lines, or
strict requirements for process continuity, even a short in-
terruption may be critical. In this respect, a hybrid SPP has
an advantage, since, provided that the battery has suffi-
cient charge, it can ensure virtually uninterrupted supply of
critical loads without waiting for a separate generator to
start. Thus, a grid-connected SPP with generator support is
more attractive in terms of implementation simplicity,
lower initial investment, and the possibility of long-dura-
tion autonomous operation provided fuel is available. A hy-
brid SPP, in turn, ensures faster transition to autonomous
mode, better controllability of energy flows, and the
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possibility of fuel-free load support, but requires signifi-
cantly higher capital expenditures, careful selection of bat-
tery capacity, and consideration of inverter technical limi-
tations when operating with industrial loads. For this
reason, the choice between these two architectures should
be based not only on equipment cost, but also on the na-
ture of the load, blackout duration, process continuity re-
quirements, and acceptable operational risks.

Calculation for the Grid-Connected SPP with Gas-Generator
Support. For further comparison, the base-case option is
taken to be a grid-connected solar power plant with gas-gen-
erator support, intended for backup power supply of an in-
dustrial enterprise under conditions of an unstable external
grid. The basis for the calculation is a real case study of an
industrial printing house with a relatively stable load profile,
for which daily energy balances of facility consumption, SPP
generation, and backup source operation have already been
established. The system under study includes a photovoltaic
plant based on a Deye SUN-135K-G03 grid-following inverter
and Longi Solar LR8-66HGD 610M modules with a total in-
stalled capacity of 159.82 kW. As the backup source for the
comparative calculation, a Generac SG160 gas generator
with a nominal power of about 160 kW is adopted; its param-
eters are comparable to those of the backup generator pre-
viously used at the facility [16]. Under normal operating con-
ditions, the enterprise load is partially covered by solar
generation, while the power deficit is compensated by elec-
tricity from the external grid. During a blackout, the gas gen-
erator performs the function of the reference voltage and
frequency source, enabling the grid-following inverter to op-
erate in islanded mode. The instantaneous active power bal-
ance in such a system is described by the relationship
Pgen(t)=Pioad(t)—Pser(t), where Pgen(t) — is the active power of
the generator, Pioad(t) — is the enterprise load power, and
Psep(t) — is the power supplied by the solar power plant. As
an illustrative example, the day 02.05.2025 is considered, for
which the daily facility consumption amounted to 2824.399
kWh, SPP generation was 1117.5 kWh, consumption from
the grid was 1024.14 kWh, and the energy that, in the base
case, was covered by the backup generator amounted to
682.76 kWh. This value was taken as the required amount of
electricity to be supplied by the gas generator for the se-
lected day. For the Generac SG160 gas generator, in the par-
tial load range of 40-50%, the average specific natural gas
consumption is taken as SFCgas=0.28 Nm3/kWh, which corre-
sponds to the technical characteristics of the unit and the
adopted fuel-efficiency evaluation methodology [16]. Then,
the daily natural gas consumption is determined as
Vgas=Egen-SFCgas, Where Egen is the electricity generated by the
generator during the day. For 02.05.2025, we obtain
Vgas=682.76-0.28=191.17 Nm?3. At the average purchase price
of natural gas for the enterprise, Cgas=25.1 UAH/Nm3, the
daily fuel cost is Costfe=191,17-25,1=4798,37. Accordingly,
the fuel cost of 1 kWh of electricity generated by the gas gen-

—27:28'7367=7,03 UAH/kWh. To move from the daily

example to an aggregate monthly indicator, the total
amount of electricity covered by the generator during the
month of May was used. For the facility under study, this

erator is Crue=

value amounts to 9121.37 kWh. Accordingly, the monthly
natural gas consumption is
Vgasmonth=9121.37-0.28=2553.98 Nm?3, and the monthly fuel
cost is Costfuel,month=2553.98:-25.1=64104.90 UAH. The aver-
age fuel cost of electricity on a monthly basis remains at the

©410490_7.03 UAH/kWh. In addition to
9121.37

fuel cost, generator operation requires consideration of
maintenance costs, scheduled service, replacement of con-
sumables, and related operating expenses. For gas recipro-
cating units, an O&M adder of 10% is used in the calculation,
consistent with reference estimates for gas generator instal-
lations [17], [18]. Taking this adder into account, the total
variable cost of electricity production is defined as
Cgas+0am=Cruel*(1+koam), where koewm=0.10. Thus, we obtain
Cgast0am=7.03:1.10=7.73 UAH/kWh. On a monthly basis, the
total fuel and maintenance costs amount to Cost-
gas+0&M=64104.90-1.10=70515.39 UAH, which corresponds to
an average specific electricity cost of

—790152115'3379=7.73 UAH/kWh. The obtained results show that a

grid-connected SPP with gas-generator support provides a
relatively low variable cost of backup electricity compared to
traditional diesel-based scenarios, especially under condi-
tions of long or frequent grid outages. At the same time, the
main factors determining the economics of such a solution
are the specific natural gas consumption, market fuel price,
duration of autonomous operation, and the share of the load
covered by solar generation. It is therefore advisable to use
this option as the base case for further comparison with a
hybrid solar power plant.

same level: Cruel,month=

Capital Expenditures for the Grid-Connected SPP with
Gas-Generator Support. For the technical and economic
comparison of a grid-connected SPP with gas-generator
support and a hybrid SPP, it is advisable to separately ac-
count for the capital costs of the equipment that creates
the difference between these two architectures. Since the
same photovoltaic part is assumed for both options, the
cost of PV modules is not included in the subsequent com-
parison. This approach makes it possible to focus specifi-
cally on the differences between the inverter topology,
generator support, and the battery energy storage system.
For the grid-connected option, a three-phase Deye SUN-
135K-G03 inverter rated at 135 kW is adopted, correspond-
ing to the configuration of the studied facility [11]. The
technical characteristics of the Generac SG160 gas genera-
tor are adopted according to the manufacturer’s specifica-
tion [16], while the market price used in the calculations is
based on a supplier’s commercial offer [19]. For further cal-
culations, the cost of the grid-following inverter is taken as
USD 4,220, while the cost of its installation and connection
is taken as USD 2,700. As the backup power source, a Gen-
erac SG160 gas generator with a capacity of about 160 kW
and a cost of USD 167,000 is adopted [16], [19]. Thus, the
total capital expenditures for the key equipment of the
grid-connected SPP with gas-generator support amount to
CAPEXgrid+gen=4220+2700+167000=173920 USD. This value
represents the cost of precisely the part of the system that
ensures reserve and autonomous operation of the grid-
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connected SPP. The cost of PV modules and associated pho-
tovoltaic infrastructure is not taken into account, since it is
the same for both compared options and therefore does
not affect the difference between their technical and eco-
nomic indicators.

Calculation for the Hybrid SPP. As an alternative backup
power supply option, a hybrid solar power plant is consid-
ered, intended to supply a separate portion of the enter-
prise load comparable to the power of the previously in-
stalled grid-connected solar power plant. For the
calculation, it is assumed that a load with an average active
power of 130 kW is transferred to the hybrid subsystem,
and that the required autonomous operating time during
an outage of the external grid is 6 hours. As the power con-
version part of the system, two Deye SUN-80K-SGO2HP3-
EU-EM6 hybrid inverters connected in parallel are adopted,
providing a total installed capacity of 160 kW. Such a con-
figuration creates a power reserve relative to the design
load and corresponds to the technical capabilities of invert-
ers of this class [20]. The required usable energy of the bat-
tery system is determined as the product of the load power
and the autonomous operating duration: Eusable=Pioad-taut,
thus, Eusable=130-6=780 kWh. To cover this requirement, a
battery system with a nominal capacity of 900 kWh is
adopted. It is formed on the basis of DEYE BOS-B Pro-A3
lithium iron phosphate modules with a capacity of 16.08
kWh each. The total number of battery modules is 56,
which  provides a total nominal capacity of
Egess=56-16.08=900.48 kWh. The battery system is imple-
mented on four racks using the corresponding high-voltage
BMS modules. Such an architecture corresponds to the
modular logic of the BOS-B Pro-A3 system, for which the
manufacturer provides an industrial-scale configuration
with battery modules, racks, and high-voltage control units
[21-23]. For further calculations, the following capital costs
of the hybrid system equipment are adopted:

e Deye SUN-80K-SGO2HP3-EU-EM6 hybrid inverter —
USD 6,990 per unit, 2 units in total, i.e. USD 13,980;

e DEYE BOS-B Pro-A3 16.08 kWh battery module — USD
2,075 per unit, 56 units in total, i.e. USD 116,200;

e battery rack — USD 770 per unit, 4 units in total, i.e.
USD 3,080;

e DEYE BOS-B-PDU-2-A BMS — USD 1,790 per unit, 4 units
in total, i.e. USD 7,160;

e installation of hybrid inverters and the battery system
— USD 16,800.

Thus, the total capital expenditures for the hybrid part of
the system amount to CAPEXhy-
bria=13980+116200+3080+7160+16800=157220 USD. This
value reflects the cost of precisely the part of the system
that ensures reserve and autonomous operation of the hy-
brid SPP. As in the previous case, the cost of PV modules is
not included in the comparison, since the photovoltaic part
is assumed to be identical for both architectures and does
not determine the difference between the backup power

supply options. From the technical point of view, the
adopted configuration provides autonomous supply of a
130 kW load for approximately 6 hours, which corresponds
to the typical duration of the outages under study. At the
same time, such a system is not fully autonomous under
long-duration blackouts. If the outage duration exceeds the
design interval, after depletion of the battery energy re-
serve, further operation of the load without an additional
backup source becomes impossible. Therefore, for scenar-
ios with long emergency outages, it is advisable to consider
supplementing the hybrid SPP with an auxiliary generator,
for example, a diesel generator with a capacity of about 80
kW, which can either take part of the load or provide charg-
ing support for the battery system [20-23].

Thus, in the adopted configuration, the hybrid SPP ensures
fast transition to autonomous mode and makes it possible
to avoid fuel consumption during short and medium-dura-
tion outages; however, its autonomy is time-limited by the
available battery energy reserve. This circumstance should
be taken into account in the subsequent comparison with a
grid-connected SPP with gas-generator support, for which
the duration of autonomous operation is determined pri-
marily by fuel availability rather than by storage capacity.

Operation of the Hybrid SPP During Long-Duration Out-
ages and the Need for an Auxiliary Generator. The
adopted configuration of the hybrid solar power plant en-
sures autonomous supply of a 130kW load for approxi-
mately 6 hours due to a battery system with a nominal ca-
pacity of 900.48 kWh [20], [21]. This duration of
autonomous operation corresponds to the typical outage
intervals observed at the studied facility. At the same time,
in the event of long-duration blackouts, when the outage
duration exceeds the design 6-hour interval, the battery en-
ergy reserve becomes insufficient to continue supporting
the load. Thus, in the case of prolonged emergency out-
ages, the hybrid SPP in its basic configuration does not pro-
vide full energy autonomy. After depletion of the energy
reserve in the battery system, load supply is only possible
in the presence of an additional backup source. From a
practical point of view, such a source may be an auxiliary
diesel generator with a capacity of about 80 kW, which can
either partially take over the load or provide support for
power supply and charging of the battery system. To assess
the effect of such a solution on the economics of the hybrid
SPP, a simplified scenario is adopted: during one month,
the auxiliary diesel generator is used on 20% of the days,
i.e. approximately 6 days per month, and its operating time
on each of these days is 5 hours. The average generator
loading is assumed to be 50% of nominal power, i.e. Poc
avg=0.5‘80=40 kWh.

Then the monthly electricity output of the auxiliary diesel
generator is: EDGmonth=6:5-40=1200 kWh. For fuel cost as-
sessment, the specific fuel consumption of the diesel gen-
erator is taken as SFCdiesei=0.28 L/kWh and the diesel fuel
price is taken as UAH 88.1/L, corresponding to the average
diesel price at filling stations for small wholesale purchases.
Then the monthly diesel fuel consumption is
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Vdiesei=1200-0.28=336 L, and its cost is
Costfuei=336-88.1=29601,6 UAH. To account for mainte-
nance costs, oil and filter replacement, and related service
operations, an O&M adder of 15% is adopted, consistent
with reference estimates for diesel generator installations
[17], [18]. Thus, the total variable operating costs of the
auxiliary diesel generator are:

Costdiesel+0am=29601.6-1.15=34041.84 UAH.

Accordingly, under the adopted scenario of auxiliary diesel
generator use, the additional monthly operating costs of
the hybrid SPP amount to approximately UAH 34.04 thou-
sand. This means that, when moving from a “pure” hybrid
architecture to a “hybrid SPP + auxiliary diesel generator”
configuration, the system partially loses one of its key ad-
vantages — the complete absence of a fuel component dur-
ing autonomous operation. On the other hand, the addition
of an auxiliary generator significantly increases the practi-
cal suitability of the hybrid SPP for industrial enterprises,
since it extends its autonomy beyond the 6-hour interval.
Thus, during short and medium-duration outages, the hy-
brid system may operate entirely on battery storage,
whereas in the case of prolonged blackouts, its operation
should be regarded as a combined scheme with additional
generator-based backup. The obtained result shows that,
for facilities with high requirements for continuity of power
supply, a “pure” hybrid SPP is effective only within a limited
outage duration. When the operating conditions of the ex-
ternal grid deteriorate or blackout duration increases, such
a system requires an additional backup source and there-
fore in fact approaches a combined architecture in which
battery and generator support operate jointly.

Selection of a Diesel Generator for the Hybrid SPP. For im-
plementation of auxiliary backup for the hybrid SPP, it is ad-
visable to adopt an 80 kW-class diesel generator, whose ca-
pacity corresponds to the task of partial load supply or
battery charging support during long-duration outages. As
a design option, a Cummins C110D5 diesel generator with
a nominal capacity of 80 kW (88 kW in standby mode) may
be used; its technical parameters meet the requirements of
industrial backup power supply [24]. The market cost of
such a generator on the Ukrainian market is about UAH
1.55-1.67 million, which corresponds to approximately
USD 37-40 thousand, depending on the exchange rate and
configuration [25], [26]. For further calculations, it is advis-
able to adopt an average estimated cost of the auxiliary die-
sel generator at the level of USD 39000. In this case, if the
hybrid SPP is supplemented with a backup diesel generator,
the total capital expenditures of the hybrid architecture in-
crease by the cost of the generator and associated installa-
tion works, while the operating costs begin to include a fuel
component, which partially offsets the advantages of the
“pure” battery-based configuration.

Comparison of Results. The obtained calculation results
show that a grid-connected SPP with gas-generator sup-
port, a hybrid SPP, and a hybrid SPP with an auxiliary diesel
generator have different technical and economic ad-
vantages depending on outage duration, load

characteristics, and continuity-of-supply requirements
(Fig. 2). It is advisable to compare these three configura-
tions using the following main criteria: capital expendi-
tures, variable operating costs, duration of autonomous op-
eration, and suitability for supplying industrial loads. In
terms of capital expenditures, the lowest initial cost is ob-
served for the hybrid SPP in its basic configuration without
an auxiliary generator. The total costs of two hybrid invert-
ers, the battery system, racks, BMS modules, and installa-
tion amount to USD 157,220 [20-23]. For the grid-con-
nected SPP with gas-generator support, the total capital
expenditures for the grid-following inverter, installation,
and the Generac SG160 gas generator amount to USD
173,920 [16], [19]. Thus, according to the initial investment
criterion, the basic hybrid system is approximately USD
16,700 cheaper, which corresponds to about 9.6% of the
cost of the grid-connected option. At the same time, if the
hybrid SPP is supplemented with an 80kW backup diesel
generator, its capital expenditures increase by about USD
39,000, bringing the total CAPEX to approximately USD
196,220 [24-26]. In this case, the combined hybrid option
already exceeds the initial cost of the grid-connected SPP
with gas-generator support by approximately USD 22,300,
or nearly 12.8%.In terms of variable operating costs, the sit-
uation is the opposite. For the grid-connected SPP with gas-
generator support, the monthly fuel and maintenance costs
of the backup gas generator amount to UAH 70,515.39,
while the average variable cost of backup electricity is UAH
7.73/kWh [16-18]. For the basic hybrid SPP, the fuel com-
ponent is absent within the design 6-hour autonomy inter-
val, so its current variable operating costs are minimal.
Thus, in the case of short or medium-duration outages,
when the energy reserve of the battery system is sufficient,
the hybrid SPP has a clear advantage in terms of operating
costs, since it does not require fuel consumption or the as-
sociated service operations. At the same time, during long-
duration blackouts, the basic hybrid SPP no longer provides
full autonomy, and therefore an auxiliary backup generator
becomes necessary (Fig. 3). Under the adopted scenario, in
which the diesel generator is used on 20% of the days of
the month for 5 hours per day at an average load of 40 kW,
the additional monthly electricity generation amounts to
1200 kWh, while the operating costs, including fuel and
O&M, amount to UAH 34,041.84 [17], [18], [24-26]. This
means that even after the addition of an auxiliary diesel
generator, the combined hybrid system retains lower vari-
able costs than the grid-connected SPP with gas-generator
support; however, it already loses the main advantage of
the “pure” battery-based architecture, namely the absence
of a fuel component during autonomous operation. The key
difference between the options lies in the depth of auton-
omy. A grid-connected SPP with gas-generator support en-
sures long-duration autonomous operation provided that
sufficient fuel reserves are available, since its backup archi-
tecture is initially oriented toward continuous load support
in islanded mode [16], [19]. For a hybrid SPP, the duration
of autonomous operation is determined primarily by the
capacity of the battery system. In the adopted configura-
tion, the energy reserve of 900.48 kWh ensures the supply
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of a 130kW load for approximately 6 hours [20-23]. There-
fore, the hybrid option is effective for short and medium-
duration outages, but cannot be considered a fully autono-
mous solution for long blackouts without additional gener-
ator backup. From the standpoint of backup quality, the hy-
brid SPP has an advantage in the speed of transition to
autonomous mode. If the battery is sufficiently charged,
such a system can provide virtually uninterrupted power
supply to the load without the interruption associated with
the startup of a backup generator [15], [20]. For a grid-con-
nected SPP with generator support, by contrast, a short-
term interruption of power supply is typical, as it is required
to detect the emergency condition, start the generator, and
transfer the load [15]. For this reason, for consumers with
critical requirements for continuity of technological pro-
cesses, a hybrid SPP may be the preferable solution within
the limits of its available backup duration. Another im-
portant aspect is operation with industrial loads. In a grid-
connected SPP with generator support, the reactive com-
ponent of the load and the maintenance of local grid pa-
rameters are largely assigned to the generator, which facil-
itates the operation of the grid-following inverter [11], [16].

In a hybrid SPP, the inverter independently performs the
functions of local grid formation, battery control, and
power supply to the load, which imposes higher require-
ments on its operating modes in autonomous conditions
[9], [20]. Therefore, for large industrial consumers with a
pronounced reactive component and high inrush loads, a
grid-connected SPP with a generator is better adapted to
severe operating conditions. Thus, the comparison results
allow several practical conclusions to be drawn. The basic
hybrid SPP is advisable for scenarios dominated by short
and medium-duration outages, where fast backup transi-
tion, low current operating costs, and the absence of fuel
consumption are the main priorities. A hybrid SPP with an
auxiliary diesel generator is a compromise solution that ex-
tends the autonomy limits, but increases both capital and
operating costs and partially reduces the advantages of the
battery system. A grid-connected SPP with gas-generator
support is the most suitable option under conditions of long
and recurring blackouts, where the decisive factors are vir-
tually unlimited duration of autonomous operation, resili-
ence to industrial loads, and a stable backup supply pro-
vided fuel is available.

Comparison of Capital Expenditures (CAPEX)
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Fig. 2. Comparison of capital expenditures of t he studied backup power supply systems

Sensitivity Analysis. The obtained results of the technical
and economic comparison depend on a number of initial
assumptions, among which the most influential are the cost
of the battery system, the price of natural gas, the price of
diesel fuel, the duration of power outages, and the fre-
quency of use of the auxiliary generator. Therefore, for the
correct interpretation of the results, it is advisable to per-
form a sensitivity analysis that makes it possible to assess
the robustness of the obtained conclusions under changes

in the main technical and economic parameters [27-30].
The first and most obvious factor is the cost of the battery
system, since it forms the dominant share of the capital ex-
penditures of the hybrid SPP. In the adopted configuration,
the cost of battery modules, BMS units, and racks consti-
tutes the major part of the total CAPEX of the hybrid option;
therefore, any change in battery costs directly affects the
economic attractiveness of this solution. According to NREL
estimates, the cost of energy storage systems remains one
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of the most dynamic parameters, while forecast scenarios
demonstrate significant differences between low, base,
and high trajectories of capital costs [27]. This means that
with further reductions in the cost of Li-ion/BESS systems,
the hybrid architecture will become increasingly competi-
tive, especially for short and medium-duration outage sce-
narios where the fuel component is absent or minimal.
Conversely, if storage systems become more expensive, or
if a substantial increase in battery capacity is required to
ensure longer autonomy, the CAPEX advantage of the hy-
brid SPP may be lost [13], [27]. The second important factor
is the price of natural gas, which directly determines the
variable costs of a grid-connected SPP with gas-generator
support. In the base-case calculation, a price of UAH
25.1/Nm?3 is adopted, at which the average variable cost of

electricity from the gas generator, including O&M,
amounts to UAH 7.73/kWh. However, under real condi-
tions, the price of natural gas may change under the influ-
ence of seasonality, international market conditions, logis-
tical risks, and geopolitical factors. In its 2026 reports, the
IEA directly indicates that, despite the expected growth in
LNG supply, natural gas markets remain sensitive to geopo-
litical tension, weather factors, and regional imbalances,
which sustains the risk of price volatility [31]. Accordingly,
in the event of a substantial increase in the price of natural
gas, the variable costs of a grid-connected SPP with a gas
generator will increase proportionally, and its economic ad-
vantage over diesel-based scenarios will diminish. At the
same time, even in such a case, the generator-based
scheme retains its main advantage — a virtually unlimited
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Fig. 3. Comparison of monthly operating costs of the studied configurations

duration of autonomous operation as long as fuel is availa-
ble [28], [31]. The third factor is the price of diesel fuel,
which most strongly affects the combined “hybrid SPP +
auxiliary diesel generator” option. In the base scenario, the
auxiliary diesel generator is assumed to operate 20% of the
days in the month for 5 hours at an average load of 40 kW,
resulting in monthly costs of about UAH 34.04 thousand in-
cluding O&M. At the same time, the price of diesel fuel is
one of the least stable parameters under crisis conditions,
since it depends not only on global oil markets, but also on
supply logistics, fuel availability in the domestic market,
and the pattern of demand during periods of electricity def-
icit. In studies devoted to PV/diesel/battery-type systems,
it has repeatedly been shown that an increase in diesel

prices quickly worsens the economics of the generator
component and increases the levelized cost of autonomous
power supply [29], [30]. Therefore, the combined hybrid
option is significantly more sensitive to fuel price volatility
than the “pure” hybrid option, but less sensitive than a sys-
tem in which long-term autonomy is entirely ensured by a
generator. The fourth factor is the duration and frequency
of power outages, which, in fact, determine which architec-
ture is more appropriate. Within short and medium-dura-
tion outages, the hybrid SPP has a substantial advantage
due to the absence of a fuel component, the high speed of
transition to backup mode, and lower operating costs.
However, with increasing blackout duration or with in-
creasing numbers of days on which the battery system
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cannot restore its charge through solar generation, the hy-
brid option increasingly approaches the need for an auxil-
iary generator. In such a case, its economics change in two
ways: first, the demand for fuel increases; second, if one
attempts to avoid generator use, it would be necessary to
increase battery capacity, which would lead to a noticeable
rise in CAPEX [12], [13], [27]. From the methodological
point of view of hybrid PV/diesel/battery system analysis,
blackout duration and the share of hours of autonomous
operation are among the most sensitive parameters in
modeling such configurations [29], [30]. The fifth important
parameter is the degree of participation of the auxiliary die-
sel generator in the operation of the hybrid SPP. In the base
scenario, it is assumed that the generator operates only
20% of the days in the month, i.e., it performs an auxiliary
rather than a primary function. However, if blackout dura-
tion or frequency increases, this share may rise to 30% or
more, which would lead to a corresponding increase in fuel
and maintenance costs. Thus, the combined “hybrid SPP +
diesel generator” scheme is economically sensitive not only
to fuel price, but also to the frequency with which the sys-
tem transitions from battery mode to generator mode. An
increase in this frequency gradually reduces the difference
between the combined hybrid option and a grid-connected
SPP with continuous generator support, especially if pro-
longed blackouts become not an exception but the typical
operating mode of the facility [28—30]. In general, the sen-
sitivity analysis shows that the hybrid SPP is most sensitive
to battery cost and outage duration, whereas the grid-con-
nected SPP with gas-generator support is most sensitive to
the price of natural gas and the share of time during which
the generator operates in autonomous mode. The com-
bined “hybrid SPP + auxiliary diesel generator” option oc-
cupies an intermediate position: it reduces the risk of insuf-
ficient autonomy, but at the same time combines the
disadvantages of both approaches — the high capital inten-
sity of the battery system and the emergence of a fuel com-
ponent in OPEX. For this reason, the final choice of backup
power supply architecture should be based not only on the
base-case calculation, but also on a scenario analysis of
possible changes in fuel prices, battery cost, and the actual
duration of emergency outages.
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