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AHomayia. EHepeemuyHuli cekmop YKpaiHu € 00HUM 3 KAto4osux hyHOameHmie HayioHaneHoi besneku ma cma-
71020 po3suUMKy Oepxasu: 6i0 lioezo HadiliHoi pobomu 3anexume yHKYIOHYB8AHHSA MPOMUCA080CMI, MPAHCO-
pmy, coyianbHoi iHppacmpykmypu ma 06’ekmis Kpumu4Hoi eaxcaugocmi [1, 2]. MacosaHi nowKoOM eHHA 2eHe-
pysanbHux nomyxHocmel i mepeu YHACNIOOK B80EHHUX Oill HAOYHO MPOGEeMOHCMPY8anu 8pasnusicme
mpaduuiliHoi ueHMpanizo8aHoi Modesi ma sucyHysu Ha nepuwuli NaaH 3a80aHHA nepexody 0o cmilikiwoi U 2Hy-
ykiwoi apximexkmypu eHepaocucmemu [1, 3].

MixcHapoOHuli 0oceid ocmaHHbLO20 decamunimms NOKA3yeE, Wo NpucKopeHuli po3sumok bamapeliHux cucmem
Hakonu4yeHHs eHepeii (Battery Energy Storage Systems, BESS) 3ymoesieHuli NOEOHAHHAM KiflbKOX YUHHUKI8: cym-
mesum 30euwiesneHHAM Aimili-ioHHUX mexHonoeili, WeUOKUM 3pOCMAHHAM YaCMKU 3MiHHOI 8iOHOB/10BAHOI 2e-
Hepauii (nepedycim coHAYHOI ma 8impoeoi), nidsuweHUMU 8UMo2amMu 00 2HYYKOCMI eHepaocucmem, d MaKoM.
hOPMYBAHHAM HOBUX PUHKOBUX MEXAHIi3Mi8, OpiEHMOB8AHUX Ha NMocay2u 3 6anaHCy8aHHA Ma peaysnto8aHHA o-
myxHocmi [4—6]. Ha ubomy mai cucmemu Hakonu4eHHA Ha 6a3i akymyaamopHux bamapeli po32aa0aromecs AK
00UH 3 K/H040B8UX iIHCMpPyMeHmie nid8UUW,eHHA KeposaHocmi eHepaocucmemu, 3MeHWeHHA 0b6cAzie sumywieHuUx
obmexceHb eeHepayii 3 BE ma eghekmueHiui02o BUKOPUCMAHHA HaA8HOI Mepexcesoi iHghpacmpykmypu [4, 5, 7,
8].

s YKpaiHu, AKa 00HOYACHO npoxodume WAAX CUHXPOHI3aUii 3 €sponelicbKoo eHepaocucmemMoro ma CMuKa-
EMbCA 3 pyliHYBAHHAM MPaduuiliHux 2eHepysanbHUX 06’ekmis i Mepext, iHmeapauis cucmem HAKOMUYEHHSA eHe-
peil Habysae noosiliHo2o 3micmy. 3 00H020 6OKY, MaKi pieHHs 30amHi NidsUWUMU HUBY4icmb eHepaocucmemu
i cmilikicmb 00 nowKodxceHb, 3a6e3neyumu eneKmpoXCUBAeHHA KPUMUYHUX Croxcusayie ma pobomy sn0Kane-
HUX MiKpOMepexX« 3a yMo8 0bMexeHOi nponycKHOI crnpomoxcHocmi abo nosHoi 8idcymHocmi mazicmpansHux i-
Hili [1-3]. 3 iHWo20 60Ky, BESS Moxymb crnamu 8axusum esemeHmom 00820CMpPoKo8oi cmpamezii eHepze-
muY4Hoi He3anexHocmi ma dexkapboHizauii, cmeoprorouu nepedymosu 018 2nubwoi iHmezpayii 6i0HO8MHOBAHUX
Oxcepen eHepaii ma 3MeHWeHHSA 3aaeXHocMi 8i0 iMMopmMHux eHepaoHociis [4—7].

Memoto uiei cmammi € 0ocnidnceHHs ponai bamapeliHux cucmem HAKOMUYEHHSA eHepeii 8 nidsuuw,eHHi cmilikocmi
ma eHep2emuyHOI He3aa1eXHOCMI eHepaocucmemu YKpaiHU 8 yMo8ax 80EHHUX 3a2po3 | nodanbulo2o 8i0HO8-
/IeHHA, 0 MAKOMX( BU3HAYEHHSA OCHOBHUX PiBHI8 i cyeHapiie 3acmocysaHHA BESS ma Ka4vo8uUx MexHiYHUX, EKOHO-
MIiYHUX | pe2ynamopHux nepedymos 0111 ix MacwmabHOo20 8npos8adHeHHA.

Knruoei cnosa: 6amapeliHi cucmemu Hakonu4yeHHA eHepeii (BESS), cmilikicmb eHepaocucmemu, 2HyYKicmeo
eHepzocucmemu, 8iOHO8/0BAHI Oxcepena eHepeail, MiKpomepeHi.

BcTyn. EHepreTMYHNin ceKTop YKpaiHu € 0AHMM 3 KAloYoBMX  lMoBHOMAacWTabHa BillHA pagMKanbHO 3MiHWMNA PaMKOBI
YMHHMKIB €KOHOMIYHOrO 3POCTaHHA Ta COLjaNbHOI CTabinb-  YMOBM QYHKLOHYBaHHA eHepreTuyYHoi cuctemu. MpuuinbHi
HOCTI: Bifj HbOTO 3a71€XNTb POBOTa MPOMMCAOBOCTI, TPAHCMO-  YAapu No o6’ekTax reHepaLii Ta Mepexesiil iHppacTpyKTypi
PTY, iHeHEepHOI IHpPaCTPYKTYpy Ta NOBYTOBE UTTA AOMO-  NPU3BEM 0 3HAYHWX PYWHYBaHb i NOCTaBUAK Nif 3arposy
rocnoaapcts. [lo noyaTky nosHomacluTabHoi arpecii kpaiHa ~ 6€3nepepBHICTb eNeKTPoNOoCTauyaHHA ANA HaceNeHHA Ta
NOCNIfOBHO pO3BMBaNa CEKTOP BIAHOB/OBAHWX [xepen  KPUTUUYHO BAXMIMBUX CNoXMBadis. MixkHapoAHi opraHisauii
eHeprii (BAE) AK iIHCTPYMEHT 3MEeHLLEHHA 3aNeXHOCT Big iMm-  QIKCYIOTb  CMCTEMATUUHI aTaku Ha  eneKkTpocTaHuii Ta
NOPTHUX EHePropecypcis Ta NOCTYNOBOI AekapboHisaLyiieHe-  OB’EKTM nepeaadi enekTpoeHeprii, WO CyTTEBO NiABULLYE
PreTMKW. 3a JaHUMKU MiKHAPOAHUX LOCAIAXEHb, y 2020—  PU3MKU TPUBANNX BiZLKNIOYEHD i BUCYBAE NiABULLEHI BUMOTHU
2021 pokax yacTka enektpoeHeprii 3 BAE B YKpaiHi carana /O *KMBYYOCTI Ta THy4KoCTi eHeprocuctemu [12, 13].

OpieHTOBHO 8—12 % 3aranbHOro BUPOOHMLTBA, 3 AOMiHYBaH-

- i ; Jocsia KpaiH, oe CTpiMKO 3pOCTa€ YacTKa COHAYHOI Ta BIT-
HAAIM COHAYHOI Ta BiTPOBOI reHepadii [9, 10].

poBOi reHepalii, cBigUMTb, WO came HaTapeiHi cucTemu
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HaKonuyeHHs eHeprii (Battery Energy Storage Systems,
BESS) nocTynoBo CTaloTb O4HMM 3 KNHOUYOBUX IHCTPYMEHTIB
NiATPUMaHHA HaAiMHOCTI eHepronocTayaHHA. AHaniTUYHI
ornagn MixHapogHoro eHepreTuyHoro areHTcTea (IEA) Ta
IRENA nokasytoTb: 3i 36in1bIEeHHAM YaCcTKM 3MiHHOI reHepa-
uii 3 BAE pi3ko 3pocTtae notpeba B CUCTEMHIA FHY4YKOCTI, a
MepeXKeBi Ta NPOMUCNOBI aKyMYNATOPHI CUCTEMU PO3rNA-
[Al0TbCA K HEOOXIAHUIM enemeHT iHTerpauii BUCOKMX vac-
TOK «3e/IeHOI» eNeKTPOoeHeprii, 3rnaaKyBaHHA MOrOANHHUX
KoNMBaHb BMPOBITKY Ta NiATPUMaHHA cTabinbHoi poboTu
eHeprocuctem [5-7].

[Ons YKpaiHM B ymoBax BOEHHMX 3arpo3 i noganbluoi Biaby-
[0BU BNpoBaaKeHHA BESS BuxoanTb ganeko 3a mexi 3su-
YalHOro TEXHO/NOrMYHOro OHOBAEHHA. PAKTUYHO KaeTbCA
npo ¢gopmyBaHHA HOBOI KOH®IrypaLii enekTpoeHepreTny-
HOro KOMMAEKCY, Y AKIN 6aTapeiHi cMcTeMW HAaKOMMYEHHSA —
Ha JIOKa/IbHOMY, POMaACbKOMY Ta MaricTpasibHOMY PiBHAX —
MOYTb CTaTM OOHUM 3 BM3HAYa/IbHUX YMHHMKIB NigBK-
LLLEHHA CTIMKOCTi Ta eHepreTMYHOi CaMogOoCTaTHOCTI.

BuKnag OCHOBHOro matepiany

EHepreTuuHa cuctema YKpaiHu cborogHi nepebyBsae B TouLi
nepeTuHy MaclTabHUX BUK/UKIB i HOBUX CTPYKTYPHUX MO-
»)nusocTtel. 3 ogHOro BOKy, 3pOCTAE YacTKa BiLHOB/OBA-
HUX AXKepen eHeprii, 3 iHWOro — TpMBalTb CUCTEMHI 3a-
rpo3u UinicHOCTI iHOPACTPYKTypn B YyMOBax BilHMU.
MixHapoaHi opraHisauii ¢ikcytoTb CyTTEBI NMOLIKOAMKEHHA
reHepyBaibHUX MNOTYXKHOCTEN, MepeKeBoi iIHPpacTpyKTypu
Ta 06’€KTiB TEN/ONOCTaYaHHSA, WO NPAMO BMJ/IMBAE Ha Ha-
LiVHICTb eneKkTpo- i TenNonocTaYaHHA A1 HaceNeHHA Ta
06’€eKTiB KpUTUUHOI iHdpacTpyKTypu [15, 16].

Y TaKkin cuTyauii moaepHi3alis eHeprocucTeMmn He MorKe
obMmeKyBaTUCA NMLLE BiLHOBAEHHAM 3pYMHOBAHMUX NOTYXK-
HocTel UM aobyaoBot HOBOI reHepauii. MoTpibHO nepe-
OCMWC/IEHHA CaMOi apXiTEKTYpPU yNpaB/liHHA NOTYXKHICTIO Ta
NnoToKamm eHeprii. Y it oHoBAEeHI mogeni 6aTapenHi cuc-
TEMU HaKoMuueHHA eHeprii (Battery Energy Storage
Systems, BESS) po3rnagatotbca K oguH 3 6a3oBUX eneme-
HTIB, LLO NiACMNIOE CTIMKICTb CMCTEMM Ta HABAUMKAE YKpaiHY
[0 peanbHOi EHePreTUYHOI HEe3aNEXKHOCTI.

CeiTOBI TeHAeHLji cBig4aTb NPO MPUCKOPEHEe MOLWMPEHHA
BESS AK Ha piBHi BEIMKMX eHEepProcMcTem, Tak i Ha posnogine-
HOMY piBHi. 3a faHMMK MiXXHapoaHOro eHepreTMYHoro are-
HTcTBa (IEA), cepeaHsa BapTiCTb AiTili-ioHHUX 6aTapei ans
CTALiOHApPHMX | TPAHCMOPTHMX 3aCTOCYBaHb 3MeHLUM/IAcA
npmnbnamnsHo Ha 90 % 3 2010 poKy: opieHToBHO Big, 1400 fo
MeHLW Hix 140 gon. CLWIA 3a 1 kBt-roa y 2023 poui, Wwo € og-
HUM 3 HAMMOMITHILLMX 34eLUeBNEHb CePes, Cy4aCHUX eHepre-
TUYHMX TexHosorii [9]. AHani3 IRENA nokasye, wo go 2030
POKY CYMapHO BCTAHOBAEHI MOTYXKHOCTi cucTem 36epiraHHsA
eHeprii 3pocTyTb y 6arato pasis, a BESS nocnigoBHo po3rna-
[A0ThCA AK KHOYOBUM IHCTPYMEHT iHTErpaLLii BUCOKOI YacTKM
COHAYHOI Ta BITPOBOI reHepauii Ta 6anaHcyBaHHA nonuTy
npono3uuii B pexxmmi peanbHoro yacy [11, 12].

Y noeaHaHHI 3i 3pocTaHHAM YacTku BAE Ta po3BUTKOM pu-
HKIiB FHYYKOCTi M1 AONOMIXKHMX NOCAYT Wi 3pyLIeHHA daKkTu-
YHO 3MiHIOOTb cTaTyc BESS: 3 «HiweBOro» piweHHA BOHM

NnepeTBOPIOIOTHCA HA OAMH i3 CUCTEMOTBOPHUX IHCTPYMEH-
TiB eHepreTuyHoro nepexoay. Y KpaiHax EC ¢ikcyeTbca cTa-
6inbHe HapolLyBaHHA MOTYXKHOCTeM 36epiraHHA: 3a OUiH-
Kamu EBponencbKkoi Komicii Ta npodinbHMX acouiauii,
BCTAHOB/IEHA MOTYXKHICTb HaTapenHux cuctem 36epiraHHA
eHeprii BXXe BUMIPIOETbCA KiIbKOMa LEeCATKAMM FiraBarTiB i
HaZani 3poctaTMme MPUCKOPEHUMU TemMNamu, Lo6 BUKO-
HaTW LiNi 3 AeKkapboHisauii Ta NigBULLEHHA THYYKOCTI eHep-
rocucrem [14].

Y KOHTeKCTi YKpaiHu 3HaueHHs BESS nos’sizaHe ogpasy 3
ABOMa rpynamu 3aBfaHb: 3 04HOr0 HOKy, LLle KOPOTKOCTPO-
KOBE MiABULLEHHA «KMBYYOCTi» €HEeprocucTemm B ymOBax
LinecnpAMOBaHMX aTaK Ha reHepawito Ta mMepexKi, 3 iH-
woro — GopmyBaHHA AeLLeHTPaNi30BaHOI HU3bKOBYreLe-
BOI Ta €KOHOMIYHO CTilKOI MoAeni eHepronoctayaHHA y
[OBrOCTPOKOBI MepcnekTusi. 3a ouiHkamu IEA, y nepui
POKM MOBHOMACLUTAabHOT BiliHM YKpaiHa BTpaTMaa 3HA4Hy
YaCTUHY AMCNETYEPU30BAHMX NOTYKHOCTEM YHACILOK OKY-
nauii, pyMHYBaHHA Ta MNOLWKOAMKEHHA EHepreTUYHUX
06’€eKTiB, @ yAapu No eneKkTpoeHepreTUYHin iHppacTpyKTypi
M Hagani niaTPUMYIOTb BUCOKUIA PiBEHb PUSKKY ANA Hagin-
HOCTi eHepronocTayaHHs [6, 7].

Cy4yacHi gocnigeHHA THy4YKoCTi eHeprocuctem €EC cBig-
yaTb, Wo A0 2030 poky noTpeba B rHy4YKMX pecypcax (Hako-
nuMYyBadi, KEpyBaHHA NOMUTOM, MEPEXKEBI PiLIEHHA) MOXKe
3pOCTU LOHaliMeHLwe BABIYi, a Ao 2050 poky — Habansu-
TUCA A0 TPUKPATHOrO 36iNblUEHHA NOPIBHAHO 3 NOTOYHUM
pisHem [13]. Y aokymeHTax ENTSO-E Ta EBponencbKoi Ko-
Micii nigKpecntoeTbes, Wo 6e3 CyTTEBOro PO3ropTaHHA Tex-
HOJIOTil FHYYKOCTI, 30Kpema cuctem 36epiraHHA eHeprii, iH-
Terpauia BMCOKUX 4acCTOK 3MiHHOI reHepauii 3 BAE 6e3
BTpaTW HaAiMHOCTI NocTayaHHA byae BKpak cknagHoto. Lli
BMCHOBKM B MNOBHOMY 06cA3i cTocytoTbca 1 YKpaiHu, 3
ornAAy Ha Kypc Ha CUHXPOHi3aL,ito 3 EBPONENCbKUM eHep-
FOPMHKOM Ta 3aZ,eK/1IapOoBaHi LiNi LWOoAO0 PO3LIMpPEHHA BUKO-
puctaHHa BAE.

3HaueHHA GaTapeMHUX CUCTEM HaKOMWYEHHA eHeprii ana
NiABULLEHHA CTIMKOCTI Ta eHepreTMYHOI He3aNneKHOCTi YK-
PAiHCbKOI eHeprocucTeMM AOLINbHO PO3r1A4aTM B TPbOX
B33aEMOMNOB’I3aHMX BUMipaXx.

Mo-nepuwe, BESS nigcuntooTb onepaLinHy CTiMKICTb i *KuBy-
YiCTb CMCTEMM: Aal0Tb 3MOry MiATPUMYBATU €/1IeKTPOXKMB-
JIEHHA KPUTUYHWUX CMOXKMBAYIB Yy pa3i MOLIKOAKEHHA MEPEXK,
CKOPOUYHOTb TPUBANICTb | MacwTab BiAKNHOYEHD, MPUCKOPIO-
t0Tb BiHOB/IEHHA NiCNA aBaPiHMX Ta BOEHHUX NOAiN.

Mo-gpyre, BOHU CNpUAIOTb NMOCUNEHHIO eHepreTUYHOI ca-
MOAOCTaTHOCTI, A03BONAKOYM MOBHilIE 3a4it0BaTU NOTEH-
Lian COHAYHOI Ta BITPOBOI reHepauii, 3MeHLWYyBaTK 3anex-
HiCTb Bif iIMNOPTHOro Masnuea Ta obmexxyBaTn NoTpeby B
NiKOBUX TEMNOBUX NOTY>KHOCTAX.

Mo-TpeTe, BESS € BarKNMBUM iHCTPYMEHTOM AN1A MOBHOLLIH-
HOro QYHKLOHYBaHHA AeLLeHTPaNi30BaHOI apXiTeKTypu: 3a-
6e3neuytoTb 6anaHCcyBaHHA B MiKpomMeperKax, NigTpumyroTb
MiXKpiBHEBI NEPETOKM Ta AaOTb 3MOTy 3a/1y4aTV PO3NOAiNeHi
pecypcu [0 3ara/ibHOCUCTEMHOrO YNpaBAaiHHA (BipTyanbHi
€1eKTPOCTaHLi, arperoBaHi NOTy*KHOCTi Towwo) [15].
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AKWO AMBUTMCA HA CMTyaUilo 3 NOrNaAy NPaKTUYHOroO 3a-
CTOCYBAHHSA, MOYKHA BUOKPEMMUTU LLLOHaNMeHLwe Tpu 6a30oBi
piBHi iHTerpauii BESS B eHeprocuctemy YKpaiHu (puc. 1).

PieeHb 1. loMorocnogapcrea Ta Manuiu BisHec

* paxoei CEC Ta iHwi mani BAE
* pe3epBHEe XWBNEHHA KPUTUYHWUX HABaHTa>KeHb
* NIOKanbHa ONTMMi3alis BNAaCHOro CNOXMBaHHA

h S

!

PieeHb 2. TpoMapaceKi / MyHIiuMNanbHi cucteMmu

MiKpoMepexi rpomag Ta KOMyHanbHWX NignpUEMCTB
niKkapHi, BOOQOKaHanNW, TPAHCNOPT, 3B'A30K, UNBIIbHWA 3aXUCT
poboTa KpMTWUHHOI IHPPACTPYKTYPKW B «OCTPIBHOMY» pPeXUMi

!

PieeHb 3. CucTeMHMIA / MaricTpanbHUi piBeHb
BESS y meperkax nepepnadyi Ta posnogainy
AONOMIPKHI NOCAYTW, PETYIOBAHHSA YaCTOTU Ta NOTYXHOCTI
3meHweHHa EENS, SAIDI/SAIFI Ta o6caris obmexeHb BE

/

Puc. 1. KoHyenmyansHa cxema bazamopieHego20 3acmo-
cy8aHHA bamapeliHux cucmem HaKonu4yeHHs eHepail
(BESS) 8 eHepzaocucmemi YKpaiHu

Jomorocnogapctea Ta Manui 6isHec

Ha ubomy piBHi BESS 3a3B1Yait NOEQHYIOTb 3 Ma/IOK0 PO3MO-
LiNEeHOI0 reHepaLieto, nepeaycim 3 4aX0BUMWU COHAYHUMM
yCTaHOBKaMMu. TaKi cMCTeMU BUKOHYIOTb ABi OCHOBHI QyHK-
Lii: pe3epBHe eNIeKTPOXKMBIEHHA Ta NOKAbHY ONTUMI3aLLit0
CMOXKMBAHHA. B ymoBax BOEHHWX 3arpo3 BOHM Aal0Tb 3MOry
niaTpMMyBaTM pobOTy HaAMBAMKAMBILLMX HABaHTaXKEHb —
3B’A3Ky, OCBIiT/IeHHSA, 6a30BOro onasieHHsA, nobyToBoro 06-
NafHAHHA — Mig Y4ac TPUBANMUX BIOKNIOYEHDb MEPEXi, 3MEH-
wytoumn notpeby B gn3enb-reHepaTopax i naamsi. Y nicnaso-
€HHUI nepiof TaKi YCTaHOBKU MOXYTb ByTW 3anydyeHi oo
CXeM «BIipPTyaNlbHUX €NeKTPOCTaHLin» Ta nporpam Kepy-
BaHHA NOMUTOM.

pOMafCcbKuii piBeHb

Ha pisHi TeputopianbHmx rpomag, BESS 3aaTHI BUKOHYBATH
po/b AAPA NOKANbHUX MIKpOMEpPEXK A5 06’eKTIB KpUTUY-
HOT iIHOPACTPYKTYpPU — NliKapeHb, BOAOKaHaniB, TPaHCNOPT-
HWX BY3AiB, CUCTEM 3B’A3KY Ta LMBINbHOIO 3axMCTy. Y Nnoea-
HaHHi 3 MicUeBOlO reHepaLi€elo (COHAYHI eneKkTpocTaHL;i,
bioeHepreTuyHi yctaHoBKM, masi FEC) HakonnyyBayi 3abes-
neyytoTb pobOTy TaKMX BY3/iB B «OCTPIBHOMY» PeXuUMI, ni-
OTPUMYIOYM NpUHaWMMHI 6a3oBMIM piBeHb eHepronocTa-
YaHHA  HaBiTb 33  BIACYTHOCTI  MiAKAOYEHHA 80
MaricTpanbHOi mepexi. Lle cTBOploe OCHOBY 1A KePOBAHOI
OeueHTpanisauii, Konm yactmHa oyHKLUiA 6anaHcyBaHHA 1
pe3epByBaHHA NOCTYNOBO NEPEXOAUTb Bif 3arasibHOHaL,io-
Ha/ZIbHOTO PiBHA A0 piBHA rpomag,

CucteMHMIM (MaricTpanbHUIA) piBeHb

Benwuki BESS, nigkntoueHi Ao mepex nepegadi ta posno-
ANy, MOXYTb HaaBATU LUMPOKMUIM CNEKTP AOMOMINKHUX MNO-
CNyr: NePBUHHE M BTOPUHHE PEryatoBaHHA YacToOTK, pery-
NIOBaHHA MOTYXKHOCTI, LIBUAKOAIIOUMIN pe3epB, 3rnagKy-

BaHHA Ko/AMBaHb reHepadji 3 BAE Ta 3meHlweHHs obcAris
BMMYLUEHUX OBMENKEHb COHAYHMX | BITDOBUX EN€KTPOCTaH-
uin. Ons YKkpaiHu uen piseHb € 0COBNMBO BaXK/IMBUM, 3Ba-
YKAKUM Ha BTPATY YaCTUHU AMCNETYEPMU30BAHUX NOTYHKHOC-
TEWN Ta 3POCTAHHA YaCTKM 3MiHHOI reHepadii. [TokasoBMm €
NpWUKAag posroptaHHA KomnaHieto DTEK cninbHo 3 Fluence
noptdena BESS 3aranbHoto noTyHicTio 200 MBT Ta eMHI-
cTio 400 MBT-ro4, cnpAMOBaHOr0 Ha NiABULLEHHA CTIAKOCTI
€HEeprocucTeMu Ta 3HUMKEHHA PU3UKY BiAK/IOYEHb B YMO-
BaX MOCTiMHMX aTak [16].

Cnnpatoyumchb Ha Li TpU piBHI, MOXHA OKPECAUTU ABa OCHO-
BHi YacoBi cueHapii BUKOpUCTaHHA BESS B YKpaiHi.

Y KOpOTKO- Ta cepeaHbOCTPOKOBiA mepcnekTusi (nepios
BiiHW Ta PaHHbLOrO MICAABOEHHOrO BigHOBNEHHA) HA Mep-
WKWIA NNaH BUXOAWUTb 3abe3neyeHHA KUBYYOCTI CUCTEMMU:
pe3epBHEe }KMBNEHHA 06’€KTIB KPUTUUHOT IHPPACTPYKTYPH,
niaTPUMKa po3apibHeHUX ¢parmeHTiB Mepexki, CKopo-
YeHHA TPMBAJIOCTI BiAKIIOYEHb, @ TAKOXK MOMK/MBICTb 34iMC-
HIOBaTU KYOPHUI NYCK» OKPEMUX EHEPreTUYHUX 06’eKTiB.

Y AOBroCTPOKOBOMY rOPU30OHTI (eTan CTPYKTYPHOT MOAEPHi-
3aUil) aKUEHT 3MILLYETbCA Ha iHTerpauito BMCOKOI YacTKu
BAE, yyactb BESS y puHKax AOMNOMIXKHUX MOCAYr, 3MeH-
LWeHHA NoTpebu B NiKOBUX TENIOBUX NOTYKHOCTAX, ONTUMI-
3aLLit0 3aBAHTAXKEHHA MeperKeBOi iIHPPaCTPYKTYpH Ta peai-
3auitl0 NOoTeHUiaNy eKCNOPTHO-IMMOPTHUX onepauin Ha
CcMHXpoHi3oBaHomy 3 ENTSO-E puHKy enektpoeHeprii [4, 5,
9]. MixKHapoaHi OLUiHKM NOKa3yoTb, Lo 6e3 NpuckopeHoro
PO3BUTKY CUCTEM 36epiraHHs eHeprii Ta iHWWUX IHCTPYMEH-
TiB FHYYKOCTi iHTerpauisa 3HayHMX 4Yactok BOE HemuHyuye
BeJe A0 3poCTaHHA 0b6cAriB BUMYyLLEHUX 0BMEXKeHb reHe-
pavii Ta CUCTEMHUMX PU3KKIB, @ TOMY PO3ropTaHHA BESS cnig
pO3rnNAgaTM He AK A0AATKOBY OMUito, @ AK 060B’A3KOBUM
€e/1IeMeHT cTpaTeriyHoro naaHyBaHHA [13].

Peanisauis onucaHoro noteHujiany notpebye He nwe Tex-
HIYHMX, @ I HaNeXHUX PerynaTopHMx nepesymos. BoaHo-
YyacC BapTO 3a3HAYMTU, LLO HU3KA OOKYMEHTIB yXKe MICTUTb
peneBaHTHi HOpMMU, 30Kpema: 3aKoH YKpaiHn «lpo pMHOK
enekTpuyHoi eHeprii» Ne 2019-VIII Big 13.04.2017 (3i 3mi-
Hamu); HauioHanbHUI NAaH Aji 3 BiAHOBAOBaHOI eHepre-
TUKM Ha nepiog A0 2030 pokKy, 3aTBEPAKEHUI po3Mnopsa-
poKeHHAam KMY Big 13.08.2024 Ne 761-p; Crpareria
PO3BUTKY PO3MoAiieHOi reHepaLii Ha nepiog ao 2035 poky,
cxBaneHa posnopagxeHHam KMY Big 18.07.2024 Ne 713-p.
Monpw HaABHICTb TAKMX HanpaLloBaHb, peanisayisa NoTeHL-
any BESS noTpebye A0TPUMaHHA HU3KKN TEXHIYHUX Nepeay-
MoB. Hacamnepes, HeobXxiZlHO OHOBUTU MepEeKeBi KOAEKCH
Ta NPOEKTHI HOPMMU TaK, LWO6 BOHW BpaxoByBaan cneumndiky
BESS AK aKTMBHOro enemeHTa CUCTEMMU, 34aTHOTO He inwe
CMOKMBATK, a 1 BiALABATM €NEKTPOEHEPTII0 B MEPENKY.

[ani KpUTUYHO BaXKAMBUM € PO3BUTOK LUPPOBOI iHDpa-
CTPYKTYPU KepyBaHHA: CUCTEM NPOrHO3yBaHHA reHepaLlii 3
BAE, nnaTpopm MOHITOPUHIY Ta AucrneTyepmsauii Mikpo-
MepeXK, a TAKOX IHCTPYMEHTIB Kibep3axmncTy Ansa Hakonuuy-
BayiB AK OO’EKTIB KPUTUYHOI iHOpacTpyKTypn. OKpemuit
610K 3aBAaHb CTOCYETbCA CTAHAAPTU3AL,iT TEXHIYHMX BUMOT
[0 BESS — Big BuMmor 6e3nekn Ta BOrHECTIMKOCTI A0 e/fieK-
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TPOMarHiTHOI cymicHocTi, Wo Habysae ocob6amBOro 3Ha-
YEeHHA B yMOBaX MAacoOBOro NOLWMPEHHA cucTem 36epiraHHA
eHeprii Ha po3nogineHomy pisHi [14].

He MeHLW Ba}XNMBMMM 4S8 MACLWITabHOro BMPOBAAMKEHHS
BESS € eKOHOMIiUHI Ta perynaTopHi nepeaymosu. 3 eKOHOMI-
YHOrO MOrNAAY KNHYOBUM 33aBAAHHAM € GOpPMyBaHHA Npo-
30puX i NepeabavyBaHNX MeXaHi3MiB ONNaTK NOCAYT FHy4YKO-
CTi Ta pe3epByBaHHA, 3abe3neyeHHA HegUCKPUMIHALIMHOrO
AOCTYyNy CUCTEM HAKOMUYEHHA 40 PUHKIB eIeKTPOoeHeprii Ta
[OMOMIMKHMX MOCAYT, @ TAKOXK 3a/lyYeHHA MiXKHAPOAHUX iH-
CTPYMEHTIB KNiMaTUYHOrO Ta BiAHOBMOBANbHOIO iHaHCy-
BAHHA A1A 3HUXKEHHA KaniTaNIbHUX BUTPAT Y KPUTUUHUIA ne-
pioa. Y HOPMATUBHIN NAOWMHI HEOBXiAHO YITKO BU3HAUNTMK
NnpaBOBUI CTaTyC cUCTeM 36epiraHHs eHeprii (AK cnoXneadis,
BMPOBHMUKIB UM OKPEMOTO KNacy akTUBIB), BCTAHOBMTM 3p03y-
Mini npaBuna ix NPMeAHaAHHA A0 MepeXi, yyacTi B banaHcy-
Ba/IbHOMY CErMEHTI Ta PUHKaxX AOMOMIXHWUX NMOCAYT, @ TAaKOXK
y3roauTh HalioHanbHy perynatopHy 6asy 3 nigxogamm €C y
cdepi rHyyKocTi Ta 36epiraHHa eHeprii [15].

Y nigcymky 6atapeitHi cucTemm HakoMUUYEHHS eHeprii B yK-
PAIHCbKUX peaniax BUCTYNAKTb HE NPOCTO TEXHOOMYHUM
«40AaTKOM» 4,0 BiAHOBAOBAHOI reHepaLlii, a2 O4HMUM 3 KAto-
YOBUX CTPYKTYPHWUX enemeHTiB ManbyTHbOi eHeprocumc-
TEMMW, 30PIEHTOBAHOI Ha CTiMKICTb, AeueHTpanisauio Ta
eHepreTMyHy camopgocTaTHicTb. OKpecneHi piBHi 3acTocy-
BaHHA, YaCOBI CLLeHapii BUKOPUCTAHHA, @ TAKOXK PO3rNAHYTI
TEeXHi4YHi, EBKOHOMIYHI Ta peryaaTopHi nepeaymoBu CTBOPIO-
I0Tb NIAFPYHTA ANA NOAANbLUMX KINbKICHUX A0CAiAXeHb

BnanBy BESS Ha NoKasHWKM HaAiMHOCTI Ta CTIMKOCTI eHep-
rocuctemm YKpaiHu.

Y MiXKHapPOAHIM NpaKTULi ANA XapaKTepPUCTUKN HaginHoCTI
Ta XMBYYOCTi EHEepProcMcTeM 3acTOCOBYIOTb, 30Kpema, Taki
iHAMKATOPU, AK cepeaHA TPMBANICTb NepepB B €1eKTpono-
cTayaHHi (SAIDI), cepeaHs yactoTa nepeps (SAIFI), ouikyBa-
HUI Heposignyck enektpoeHeprii (EENS), imoBipHicTb
BTpaTW HaBaHTaxeHHs (LOLP). PiBeHb eHepreTU4HOI He3a-
NIeXKHOCTI 3a3BMYall ONMUCYIOTb Yepes3 YacTKy imnopToBa-
HOro ManuBa B CTPYKTYpi reHepaLii, YacTky BJIE B 6anaHci,
a TaKoX 06carn BUmyLLeHUX obmerkeHsb (curtailment) amin-
HoT reHepau,ii [14]. IHTerpauia BESS gae 3mory BnamBaTt Ha
Ui MOKa3HWMKM KiIbKOMa OCHOBHUMM LUAAXAMMU:

e 3meHuwysaTM EENS i nokasHmku SAIDI/SAIFI 3aBaaku
CKOPOYEHHIO TPMBANOCTI Ta IMUBUHN BigKNIOUEHb Cno-
JKMBauiB y pa3i aBapill i NOWKOAKEHb MEPEXK;

® 3HMXKYBATU 06CATN BUMYLLEHWUX OBMeEKEHb reHepauii 3
BAE, wo $aKkTMYHO NiABULLYE KOPUCHY, PeaNbHO BUKO-
pPUCTaHY YacTKy BiAHOB/OBAHOI eHeprii B 6anaHci;

® CKOpo4yBaTM NoTpeby B MiKOBMX TEMIOBUX MOTYMKHOC-
TAX i B IMNOPTi eneKkTpoeHeprii B rognHn aediuyunTty, y Ta-
KMl cnocib onocepeAKoBaHO NiABMLLYHOYN PiBEHb EHE-
PreTMYHOT CaMog0CTaTHOCTI.

HasiTb 3a BiACYTHOCTI AeTanbHOI KinbKicHOI moaeni ana Yk-
PaiHK BXKe HA KOHLUENTYa/1IbHOMY PiBHI MOYHA BUOKPEMUTHU
KinbKa TMNOBMX CLLEHAPIiiB PO3BUTKY, AKi Pi3HATbLCA CTyne-
Hem iHTerpauii BESS B eHeprocuctemy (puc. 2).
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Bcranosnena notyxHicTs BESS (P_BESS / P_ref)

Puc. 2. KoHuenmyasnbHa 3anexHicmb o4ikyeaHo20 HedosionycKy enekmpoeHepeii (EENS) ma obcszie sumyuwieHUx obme-
HeHb eeHepauii 3 BJE 8i0 ycmaHoeneHoi nomyxHocmi BESS e eHepaocucmemi

EENS / EENS, — 3HaueHHsA nokas+Huka Expected Energy Not Supplied (EENS), Hopmosare do EENS y eunadxy 6e3 BESS.

P_BESS / P_ref — scmaHosneHa nomyxcHicmo BESS, HopmosaHa 0o eubpaHoi ornopHoi nomyxHocmi P_ref (Hanpuknad, ma-
KCUM@/bHA MOMYMCHICMb, W0 p03210aembcA 8 00CiOHeHHI).

E_VRE,lim / E_VRE,Ilim,0 — obmexceHa 2eHepauis B/IE, HopmosaHa 0o sunadky 6e3 BESS.
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CueHapiit A — obmekeHe BnpoBaaKeHHA BESS

CrcTemMu HaKoOMNMUYEHHA BCTAaHOB/IOKOTLCA TOYKOBO, NepeBa-
YKHO Ha OKpemux 06’eKTax KPWUTUYHOT iHpPaACTPyKTypH Ta
YaCTKOBO Ha MPOMMWCIOBMX NiANPUEMCTBAX. IX BB Ha 3a-
ranbHOCMCTEMHI NOKA3HMKK CTIMKOCTI Ta YacTky BAE B 6a-
NaHCi 3aNUWAETbCA HEBENNMKMM; OCHOBHA $yHKLia BESS y
LbOMY pa3i— N0KanbHe pe3epByBaHHA Ta NiABULLEHHA Ha-
AOiAHOCTI OKpemmx By3niB.

CueHapiit B — po3BuHeHuit po3noaineHnii piseHb

BiguyTHa yacTka AOMOrocnoAapcTs i3 BAACHOK reHepa-
Li€t0, @ TAKOXK 3HAYHA KiNIbKICTb rPOMaCbKMX Ta MyHiUmMMa-
NbHUX 06’eKTiB 061aaHYOTbCA BESS. ®opmyeTbesa Wwap cTin-
KMX MIKpOMepeX, fAKi 3MEeHLWYTb HaBaHTaXeHHA Ha
marictpanbHi fiHii Ta 4aloTb 3MOry 06mesKyBaTU NPOCTOPO-
BUI MacwwTab BigKnoYeHb. BNanMB Ha NOKa3HMKKU HaainHo-
cTi Ta EENS cTae nomiTHMM, ogHaK iHTerpauia BAE Ha piBHi
BCi€i cMcTemm M Hagani CTPMMYETLCA MPOMYCKHOK CAPOMO-
JKHICTIO Ta KOHirypauieto mepex.

CueHapiii C — 6araTopiBHeBa iHTerpauis BESS

HaKonu4yyBayi NnpMcyTHI Ha BCiX piBHAX — Big iHAMBIAYyaNb-
HUX CNOXMBAYIB | F[pOMaA A0 MaricCTpanbHOi mepexi. MNoTy-
»Hi BESS 6epyTb y4acTb Y pUHKAxX AOMOMINKHUX MOCAYT Ta
6anaHcyBanbHOI eHeprii, ToA4j AK po3noainexi cuctemu 3a-
6e3neuyloTb NOKaNbHE pe3epByBaHHA I peanisaLiio npo-
rpam KepyBaHHA NONMTOM. 32 TaKOro NiaxoAy AOCATAETbLCA
MaKCUMaNbHUIA CYKYNHUIN edeKT: CKOPOUYyETbCA HEeAOBIA-
NycK enekTpoeHeprii, 3poctae ¢pakTMyHa Yactka BAE B 6a-
NIAHCI, 3MEHLLYETLCA 3a/1€KHICTb Bif, IMNOPTOBAaHNX eHepro-
pecypcis, NOAINWYOTLCA MNOKa3HUKM CTIMKOCTI A0 30BHiL-
Hix 36ypeHb [11, 13].

lpadiyHO 3aneXHiCTb CyKynHOro edeKTy Bi PiBHA NPOHUK-
HeHHA BESS pouinbHO nogaty y BUrNAAi KPUBOI 3i cnagHoto
rPaHUYHOIO BigJayelo: Ha NOYATKOBMX eTanax A0AaBaHHA
HOBWX MOTYXKHOCTEM HAKOMWYEHHA [AE MOMITHE 3HUMKEHHSA
HeA0BiANYCKY Ta MNOKPALLEHHA iHAMKATOPIB HAAiIMHOCTI, o4-
HaK 3i 3pOCTaHHAM BCTAaHOB/EHOI NOTYXXHOCTI NpupicT ede-
KTY Bif, KOXKHOI 0,04aTKOBOI oanHumui BESS noctynoBo 3meH-
LUYETbCA.

OKpemoro aHanisy noTpebyroTb NOTEHLiNHI 06MeKeHH:A Ta
pU3NKKM mMacwTabHoro BnpoBaaskeHHA BESS B YKpaiHi. Mo-
nepue, Le TEXHONOTIYHI Ta PecypcHi YUHHMKK. MNonpu cyT-
TEBE 34ELEBNEHHA aKyYMYNATOPHUX TEXHONOTIN, BENAUKO-
MacwTabHi BESS 3anuwatoTbca KanitanomicTKMmMK 06’€ek-
TaMM ¢ iCTOTHO 3ane)aTb Bif, BAapTOCTi CUPOBUHM (NiTilA,
HiKenb, KobanbT, rpadiT TowWwo) Ta cTabinbHOCTI FNO6aNbHUX
NaHutoriB nocTavyaHHs. [na YKpaiHu, aka nepebyBae B CTaHi
Bil{HM Ta 3HAYHOI MiPOIO 3a/1EXKMUTb Bif, IMNOPTY BUCOKOTE-
XHO/MOrYHOro 061a4HaHHA, Le 03Havyae notTpeby B peTenb-
HOMY NAaHyBaHHI 3aKyniBesb, AnBepcudikaLii nocravanb-
HUKIB i, 338 MOX/IMBOCTI, 10Kani3aLii OKpemMmx NaHOK BUPO6-
HWYOro UMKAY (HanpuKnaa, cKnagaHHs wad, iHterpauia cu-
cTemM KepyBaHHsA) [10, 15].

Mo-apyre, BaXKNMBUMM € €KONOTIYHI TA COLiaNbHI acnekTun.
MacoBe BMKOPUCTAHHA aKyMYNIATOPHUX CUCTEM HEMUHYYE
NiAHIMAE NUTAHHA YNPaBAIHHA XUTTEBUM UMKAOM 0bnaa-
HaHHA: Bif BUAOOYTKY Ta NepepobKM CUPOBUHM A0 yTUAi3a-

Ljii 1 BTOpUHHOI Nnepepobku BianpauboBaHux batapei. Ans
YKpaiHK, AKa AeKNapye [OBroCTPOKOBUIM Kypc Ha AeKapbo-
Hi3aLil0, KPUTUYHO BaXKIMBO iHTerpyBaT BESS y wupwwni
KOHTYp «3e/1eH0i» NPOMMUC/IOBOI MONITUKN: PO3BMBATH iH-
dpacTpyKTypy NnepepobKu akymynsaTopis, 3anpoBaaKyBaTu
CTaHAAPTM NOBOAKEHHA 3 BiAX04aMM Ta MiHIMI3yBaTK eKo-
NOTiYHI PU3NKM Ha BCiX eTanax XXMUTTEBOMO LUKAY.

Mo-TpeTe, ocobnumBy Bary MatoTb NUTaHHA Kibepbesneku Ta
cucTeMHOI iHTerpauii. Y mipy Toro, ak BESS nepetsopto-
IOTbCA HA aKTUBHI e/1IeMEeHTU MepeXxKi, 3POCTAE KiNbKiCTb MO-
TEHLUiMHNX TOYOK 30BHILIHbLOrO BMNJINBY HAa EHEProcUcTeMy.
HakonuuyBaui, o6nagHaHi cuctTeMamu AUCTaHLIAHOIO MO-
HITOPUHTY Ta KepyBaHHA, MOXKYTb CTaTK LiNAMM KibepaTak,
30aTHUX NOPYLWKTH pexunum poboTn mepexi. Ona Ykpaiiu,
O BXKe Ma€E A0CBig MaclTabHUX KibepaTak Ha eHepreTu-
YHY iHPpaCTPYKTYpY, iHTerpauis BESS mae cynpoBoarKyBa-
TUCA 3anpoBagKeHHAM CTaHAapTiB Kibepbesneku, ceptu-
diKaLieo NporpaMHo-anapaTHUX KOMMIEKCIB | CTBOPEHHAM
cneujianisoBaHMxX npoueayp MOHITOPUHIY Ta pearyBaHHA Ha
iHUMAEHTN.

OKpemuit BUMip cToCcyeTbcA BOYyaoByBaHHA BESS y mogenb
LeLeHTpanisoBaHOi eHeProcMCcTeMm, 3aCHOBAHOT HA aKTUB-
Hil yyacTi cnoueadis i rpomag, y BUpobHULTBI eHeprii Ta
ynpaB/iHHi Heto. Y Taki moaeni 6aTtapeliHi cuctemm Hako-
MUYEHHA eHeprii CTaloTb He JINLE TEXHIYHUM, a 1 IHCTUTY-
LiMHUM eNleMeHTOM:

® Ha piBHi AOMOrocnoAapcTs — YaCTMHO Npoc’ toMepCb-
KMX mogenei (CnoKmeay — BUPOBHUK), KON BNACHUKM
BESS MOMXyTb HagaBaTW CUCTEMHI NOCAYIU W OTPUMY-
BaTM 32 Lie BMHaropoay;

® Ha piBHi rpomag — CKNaAHUKOM eHepreTMYHmUxX Koorne-
paTMBiB Ta MYHILMNANbHUX €HEepreTUYHUX KOMMaHiW,
O YNPaBAAOTb NOKANIbHUMU MIKPOMEpPEeKamm i aKTu-
BaMu;

® Ha CUCTEMHOMY PiBHi — YaCTUHOI «BIPTYa/IbHUX €NEKT-
POCTaHLiM», AKI arperyoTb 3HaYHY KiNbKiCTb po3nogine-
HUX HAKOMW4yBauiB Ta reHepyBa/ibHUX YCTAaHOBOK A/1A
y4acTi B ONTOBOMY PMHKY €/1eKTpOeHeprii Ta puHKax no-
cnyr[11, 17].

Y uboMy KOHTeKCTi BESS ¢paKTUUHO cTaloTb 1aHKOMO, LWO NOo-
€HYE TEXHIYHUI, EKOHOMIYHWI | cOLLiaNbHUI BUMIPU eHe-
preTMyHoro nepexogy. bes cucrem HakonuMyeHHA OeUEeHT-
panisoBaHa eHeprocuctema 3 BMCOKOK 4acTkow BAE
HEMMHYYE CTUKAETLCA 3 OOMEKEHHAMM 3a CTIMKICTIO 1 Ke-
POBaHICTIO; BOAHOYAC 3a BiACYTHOCTI BiANOBIAHNX PUHKO-
BUX i PeryNATOPHMX MexaHiamiB cami BESS He 34aTHi NoOBHi-
CTIO peanisyBatu CBilA MoOTeHUian, a iHBECTULIi B HWUX
33/IMLWAOTLCA NOOANHOKMMU M GparmeHTapHUMU.

BucHOBKMU

BaTapeliHi cuctemMn HakonuueHHn eHeprii (BESS) € ogHMM 3
KNIOYOBUX €/IeMEHTIB HOBOI apXiTEKTYpU eHeprocucTemmu
YKpaiHW. BOHN BMKOHYIOTb HE SOMOMIXKHY, @ CTPYKTYPOYT-
BOptoBanbHY GYHKLj0: 3a6e3MnedytoTb FHYUKICTb 32 BUCOKOT
YyacTku BAE, niacuntotoTb CTIMKICTb 4,0 30BHIiLWHIX 36ypeHb i
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dopmyloTb OCHOBY A1 AeUeHTpani3oBaHoi moaeni eHep-
ronocTayaHHs.

B ymoBax BoeHHUxX 3arpo3 BESS BigirpaloTb KpUTMYHY posb
Y NiABULLEHHI XXUBYYOCTi Ta CTiKOCTi eHeprocucTemu. ba-
raTopiBHeBa iHTerpayia HakoNM4YyBadiB — Ha PiBHI LOMOro-
cnogapcTe, 06’eKTiB KPUTMUHOI iHPPACTPYKTYpU Ta maricT-
pasibHUX MepeX — AOoNoMarae obmexkyBaT macwTab i
TPUBaNiCTb BiAKNOYEHb, NIATPMMYBATU POBOTY MiKpome-
pe i KNIYOBUX BY3/iB, @ TAKOXK MPULWBMALLYBATU BiJHOB-
JIEHHA eNeKTPONOCTa4YaHHA NicnA aBapil i aTak.

Y poBroctpokosii nepcnektmsi BESS cnpuatotb nornmb-
JIEHHIO eHepreTUYHOI He3aneXXHOoCTi YKpaiHn. Cuctemn Ha-
KOMWYeHHA 3abe3neyytoTb NOBHILLE BUKOPUCTAHHA NOTEH-
Liasy COHAYHOI Ta BiTPOBOI reHepal,ii, 3MeHLYyoTb 0bcArm
BMMYyLIEHUX obmexkeHb BAE, ckopouytoTb noTpeby B niko-
BMX TEMAOBMX MOTYKHOCTAX T iIMNOPTHOMY ManuBi M NOK-
paLyoTb YyMOBM iHTerpauii YKpaiHu 4o eBpOnencbKoro pu-
HKY eN1eKTpOeHeprii.

Haiibinblwinin epeKT ocAraeTbca 3a yMoB baraTopiBHEBOI i
CMCTEMHO CNPOEKTOBAHOI iHTerpauy,ii BESS. MoeagHaHHA po3-
nofineHux Hakonu4yysadiB (y JOMOrocnozapcrs, Masnoro
6i3Hecy, rpomaz) 3 BE/JIMKOMACLUITaBHUMMK CUCTEMAMM HA
piBHi MepexeBoi iHPPaCTPYKTypn Aae 3mory ofHO4YaCcHO
noninwysaTn NOKasHWKKM HagaiHocTi (SAIDI, SAIFI, EENS),
3MEHLYBaTKU CUCTEMHI PU3NKM 32 BMCOKOI YacTkm BAE Ta
niagTPMMyBaTM PO3BUTOK AELLeHTPani3oBaHOi eHeprocuc-
TEMM 3 aKTUBHOH Y4aCTIO CMOXKMBaYIB.

Peanizauia noteHujiany BESS noTpebye BUKOHAHHA Komnne-
KCY TEXHIYHMX, EKOHOMIYHUX | PErynATOPHMUX nepesymos.
Cepepg, KNHOHOBUX — OHOBJIEHHA MEpPEXKEBUX KOLEKCIB i CTa-
HAAPTIB 3 ypaxyBaHHAM cneundikn cMcTem HaKOMUYEHHS;
PO3BUTOK LMdPOBOI iHOPACTPYKTYPU KEPYBAHHA Ta MeXaHi-
3MmiB Kibepbe3sneku; 3anpoBagKeHHA NPO30PUX PUHKOBUX
mogaenen onnati NOCNYr FHYYKOCTi  pe3epByBaHHA; HOP-
MaTUBHe 3aKpinneHHa ctatycy BESS i rapmoHisauia perynto-
BaHHA 3 nigaxogamu €C. be3 BMKOHAHHA LUUX 3aBAaHb Mac-
WwrabHe BNpPOBagKEHHA HAKOMMUYyBayiB 3a/MWATUMETHCA
dparmeHTapHMM i He JacTb oviKyBaHOro edekTy aas CTin-
KOCTi Ta eHepreTM4HOI He3a1eXHOCTi CUCTEMM.

BESS BMCTYnatoTb 3B’A3yBasbHOKO JIAaHKOK MiXK CTiMKiCTIO,
€HepreTMYHOI He3aJIeXKHICTIO Ta AeLeHTpaisauieto. IHTer-
pavif cMCTEM HAaKOMUYEHHA B AELLEHTPANI30BaHY MOAENb —
yepes MiKpomepexKi, eHepreTUyHi CNiNIbHOTK Ta BipTyabHi
€NEeKTPOCTAHLLii — CTBOPIOE MOXKNMBICTb NOEAHATM TEXHIYHI
M IHCTUTYLiMHI acnekTn eHepreTUYHOro Nepexoay B LificHy
CTpaTerito NMOBOEHHOI MOAEPHiI3aLii eHepreTMYHoro cek-
TOpy YKpaiHu.
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Abstract. The energy sector of Ukraine is one of the key foundations of national security and sustainable develop-
ment: the reliable operation of the power system underpins the functioning of industry, transport, social infra-
structure and critical facilities [1; 2]. The large-scale damage to generation assets and networks caused by military
actions has clearly demonstrated the vulnerability of the traditional centralised model and brought to the fore-
front the need to transition towards a more resilient and flexible power system architecture [1; 3].

International experience of the past decade shows that the rapid development of battery energy storage systems
(BESS) is driven by a combination of factors: a substantial reduction in the cost of lithium-ion technologies, the fast
growth of variable renewable generation (primarily solar and wind), increasing requirements for system flexibility,
as well as the emergence of new market mechanisms focused on balancing and capacity regulation services [4—
6]. Against this background, battery-based storage systems are increasingly seen as one of the key instruments
for enhancing power system controllability, reducing the volume of forced curtailment of renewable generation
and enabling more efficient use of existing grid infrastructure [4; 5; 7; 8].

For Ukraine, which is simultaneously progressing towards synchronisation with the European power system and
facing the destruction of conventional generation assets and networks, the integration of energy storage systems
has a dual dimension. On the one hand, such solutions can strengthen the resilience and survivability of the power
system under conditions of damage, ensure electricity supply for critical consumers and support the operation of
local microgrids when transmission capacity is limited or backbone lines are unavailable [1-3]. On the other hand,
BESS can become an important pillar of a long-term strategy for energy independence and decarbonisation, cre-
ating the preconditions for deeper integration of renewable energy sources and reducing dependence on imported
fuels [4-7].

The aim of this article is to examine the role of battery energy storage systems in enhancing the resilience and
energy independence of Ukraine’s power system under conditions of war-related threats and subsequent recov-
ery, as well as to identify the main levels and scenarios of BESS deployment and the key technical, economic and
regulatory preconditions for their large-scale implementation.

Keywords: battery energy storage systems (BESS); power system resilience; power system flexibility; renewable
energy sources; microgrids.

Introduction. The energy sector of Ukraine is one of the key
determinants of economic growth and social stability: the
functioning of industry, transport, engineering infrastruc-
ture, and the everyday life of households depend on it.
Prior to the full-scale aggression, the country consistently
developed the renewable energy (RES) sector as an instru-
ment for reducing dependence on imported energy re-
sources and for the gradual decarbonization of the energy
system. According to international studies, in 2020-2021,
the share of electricity generated from RES in Ukraine
reached approximately 8—12% of total production, with so-
lar and wind power dominating the mix. [9; 10]

The full-scale war has radically transformed the framework
conditions of the energy system’s operation. Targeted
strikes on generation facilities and grid infrastructure have

resulted in extensive destruction and jeopardized the con-
tinuity of electricity supply for the population and for criti-
cal consumers. International organizations report system-
atic attacks on power plants and electricity transmission
assets, which significantly increase the risk of prolonged
outages and impose stricter requirements for the resilience
and flexibility of the power system. [12; 13]

The experience of countries with rapidly growing shares of
solar and wind generation indicates that battery energy
storage systems (BESS) are increasingly becoming one of
the key instruments for maintaining the reliability of energy
supply. Analytical reviews by the International Energy
Agency (IEA) and IRENA demonstrate that, as the share of
variable RES generation increases, the need for system flex-
ibility rises sharply, and grid-scale and industrial battery
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storage systems are regarded as essential components for
integrating high levels of “green” electricity, smoothing
hourly fluctuations in output, and ensuring stable system
operation. [5-7]

For Ukraine, under conditions of wartime threats and forth-
coming reconstruction, the deployment of BESS extends far
beyond a conventional technological upgrade. In essence,
it concerns the formation of a new configuration of the na-
tional power system, in which battery storage — at the lo-
cal, community, and transmission levels — may become
one of the decisive factors in enhancing resilience and
achieving greater energy self-sufficiency.

Presentation of the Main Material

The energy system of Ukraine is currently positioned at the
intersection of profound challenges and emerging struc-
tural opportunities. On the one hand, the share of renewa-
ble energy sources is increasing; on the other hand, sys-
temic threats to the integrity of infrastructure persist under
wartime conditions. International organizations report sig-
nificant damage to generation capacities, grid infrastruc-
ture, and heat supply facilities, which directly affects the re-
liability of electricity and heat supply for the population and
critical infrastructure assets [15; 16].

Under such circumstances, the modernization of the en-
ergy system cannot be limited to rebuilding destroyed as-
sets or constructing new generation facilities. A rethinking
of the very architecture of power management and energy
flows is required. Within this updated model, battery en-
ergy storage systems (BESS) are viewed as one of the fun-
damental elements that enhance system resilience and
bring Ukraine closer to genuine energy independence.

Global trends indicate an accelerated deployment of BESS
both at the level of large power systems and in distributed
applications. According to the International Energy Agency
(IEA), the average cost of lithium-ion batteries for station-
ary and transport applications has decreased by approxi-
mately 90% since 2010—from roughly USD 1,400 to less
than USD 140 per kWh in 2023 —representing one of the
most substantial cost reductions among modern energy
technologies [9]. Analyses by IRENA demonstrate that by
2030 the total installed capacity of energy storage systems
will multiply severalfold, and BESS are consistently re-
garded as a key instrument for integrating high shares of
solar and wind generation and for balancing supply and de-
mand in real-time operation [11; 12].

In combination with the growing share of RES and the de-
velopment of flexibility markets and ancillary services,
these shifts are effectively changing the status of BESS:
from a “niche” solution, they are transforming into one of
the system-forming instruments of the energy transition.
EU countries demonstrate a stable increase in storage ca-
pacities: according to estimates by the European Commis-
sion and sectoral associations, the installed capacity of bat-
tery energy storage systems is already measured in several
tens of gigawatts and will continue to expand at an

accelerated pace to meet decarbonization targets and en-
hance system flexibility [14].

In the context of Ukraine, the significance of BESS is linked
simultaneously to two groups of tasks: on the one hand,
short-term enhancement of the system’s “survivability” un-
der targeted attacks on generation and grid infrastructure;
on the other hand, the formation of a decentralized, low-
carbon, and economically resilient model of energy supply
in the long term. According to IEA assessments, during the
first years of the full-scale war, Ukraine lost a substantial
share of dispatchable capacity due to occupation, destruc-
tion, and damage to energy facilities, while ongoing strikes
on the electricity infrastructure continue to pose a high risk
to supply reliability [6; 7].

Contemporary studies on the flexibility of EU energy sys-
tems indicate that by 2030, the need for flexible resources
(storage, demand response, and grid-based solutions) may
at least double, and, by 2050, approach a threefold in-
crease compared to current levels [13]. ENTSO-E and the
European Commission emphasize in their documents that
without substantial deployment of flexibility technologies,
including energy storage systems, integrating high shares
of variable RES generation without compromising supply
reliability will be extremely challenging. These conclusions
fully apply to Ukraine, given its course toward synchroniza-
tion with the European energy market and its declared ob-
jectives for expanding the use of renewable energy.

The significance of battery energy storage systems for en-
hancing the resilience and energy independence of the
Ukrainian power system should be considered across three
interrelated dimensions.

First, BESS strengthen the system’s operational resilience
and survivability: they enable the maintenance of electric-
ity supply to critical consumers in the event of network
damage, reduce the duration and scale of outages, and ac-
celerate recovery after emergency and wartime events.

Second, they contribute to increasing energy self-suffi-
ciency by enabling fuller utilization of solar and wind gen-
eration potential, reducing dependence on imported fuels,
and limiting the need for peak thermal capacities.

Third, BESS represent an important instrument for the ef-
fective functioning of a decentralized architecture: they en-
sure balancing within microgrids, support inter-level power
flows, and enable the integration of distributed resources
into system-wide management (virtual power plants, ag-
gregated capacities, etc.) [15].

From the perspective of practical implementation, at least
three fundamental levels of BESS integration into Ukraine’s
energy system can be identified (Fig. 1).

Households and small businesses

At this level, BESS are typically combined with small-scale
distributed generation, primarily rooftop solar installations.
These systems perform two main functions: backup power
supply and local consumption optimization. Under wartime
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threats, they allow the operation of essential loads—com-
munications, lighting, basic heating, and household equip-
ment—during prolonged grid outages, reducing reliance on
diesel generators and fuel. In the post-war period, such sys-
tems may be integrated into virtual power plant schemes
and demand-response programs.

Level 1. Households and Small
Businesses
e rooftop PV systems and other small-scale
RES
e backup supply for critical loads
e local optimization of own electricity
consumption

J
e ™
Level 2. Community / Municipal
Systems
e community microgrids and municipal
enterprises
e hospitals, water utilities, transport,
communications, civil protection )

!

( Level 3. System / Transmission Level i

e BESS in transmission and distribution
networks

e ancillary services, frequency and power
regulation

e reduction of EENS, SAIDI/SAIFI and
RES curtailment

J

Fig. 1. Conceptual scheme of a multi-level application of
battery energy storage systems (BESS) in the energy sys-
tem of Ukraine

Community level

At the level of territorial communities, BESS can function as
the core of local microgrids serving critical infrastructure fa-
cilities—hospitals, water utilities, transport hubs, commu-
nication systems, and civil protection units. In combination
with local generation (solar power plants, bioenergy instal-
lations, small hydropower plants), storage systems enable
these nodes to operate in an “islanded” mode, maintaining
at least a basic level of energy supply even in the absence
of connection to the transmission grid. This forms the basis
for managed decentralization, whereby part of the balanc-
ing and backup functions is gradually transferred from the
national level to the level of communities.

System (transmission-level) scale

Large-scale BESS connected to transmission and distribu-
tion networks can provide a wide range of ancillary ser-
vices: primary and secondary frequency control, power reg-
ulation, fast-response reserves, smoothing of RES
generation fluctuations, and reduction of curtailment vol-
umes for solar and wind power plants. For Ukraine, this

level is particularly important given the loss of a portion of
dispatchable capacity and the increasing share of variable
generation. A representative example is the deployment by
DTEK, in cooperation with Fluence, of a BESS portfolio with
a total capacity of 200 MW and an energy rating of 400
MWh, aimed at enhancing the resilience of the energy sys-
tem and reducing outage risks amid ongoing attacks [16].

Building on these three levels, two principal temporal sce-
narios for the use of BESS in Ukraine can be outlined.

In the short- and medium-term perspective (the period of
war and early post-war recovery), the primary emphasis is
on ensuring system survivability: backup power supply for
critical infrastructure facilities, support for fragmented seg-
ments of the grid, reduction of outage duration, and the
possibility of performing black start operations for individ-
ual energy assets.

In the long-term horizon (the stage of structural moderni-
zation), the focus shifts toward integrating a high share of
RES, enabling BESS participation in ancillary service mar-
kets, reducing the need for peak thermal capacities, opti-
mizing the loading of grid infrastructure, and realizing the
potential of export—import operations within the electricity
market synchronized with ENTSO-E [4; 5; 9]. International
assessments indicate that without accelerated develop-
ment of energy storage systems and other flexibility instru-
ments, the integration of substantial RES shares inevitably
leads to increased levels of forced curtailment and systemic
risks. Therefore, the deployment of BESS should be re-
garded not as an additional option but as an essential com-
ponent of strategic planning [13].

The realization of this potential requires not only technical
measures but also appropriate regulatory preconditions. At
the same time, it should be noted that several existing doc-
uments already contain relevant provisions, including: the
Law of Ukraine “On the Electricity Market” No. 2019-VIII of
13 April 2017 (as amended); the National Renewable En-
ergy Action Plan until 2030, approved by Resolution of the
Cabinet of Ministers of Ukraine No. 761-r of 13 August
2024; and the Strategy for the Development of Distributed
Generation until 2035, approved by Resolution of the Cab-
inet of Ministers of Ukraine No. 713-r of 18 July 2024. De-
spite these advancements, the implementation of BESS po-
tential requires compliance with a number of technical
preconditions. First of all, grid codes and design standards
must be updated so that they account for the specific char-
acteristics of BESS as an active system element capable not
only of consuming electricity but also of injecting it into the
grid.

The further development of digital control infrastructure is
critically important: systems for forecasting RES genera-
tion, platforms for monitoring and dispatching microgrids,
as well as cybersecurity instruments for storage facilities as
components of critical infrastructure. A separate set of
tasks concerns the standardization of technical require-
ments for BESS — from safety and fire-resistance criteria to
electromagnetic compatibility, which becomes particularly
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significant in the context of the large-scale deployment of
energy storage systems at the distributed level [14].

Equally important for the widespread implementation of
BESS are economic and regulatory preconditions. From an
economic perspective, the key task is to establish transpar-
ent and predictable mechanisms for compensating flexibil-
ity and reserve services, ensuring non-discriminatory ac-
cess for storage systems to electricity and ancillary service
markets, and mobilizing international climate and recovery
financing instruments to reduce capital expenditures dur-
ing the critical period. In the regulatory dimension, it is nec-
essary to clearly define the legal status of energy storage
systems (as consumers, producers, or a distinct class of as-
sets), to establish clear rules for their grid connection, par-
ticipation in the balancing segment and ancillary service
markets, and to align the national regulatory framework
with EU approaches in the field of flexibility and energy
storage [15].

In conclusion, battery energy storage systems in the Ukrain-
ian context represent not merely a technological “add-on”
to renewable generation but one of the key structural ele-
ments of the future energy system oriented toward resili-
ence, decentralization, and energy self-sufficiency. The out-
lined levels of application, temporal scenarios of use, and
the technical, economic, and regulatory preconditions ex-
amined above form the basis for further quantitative stud-
ies into the impact of BESS on the reliability and resilience
indicators of Ukraine’s energy system.

In international practice, the reliability and “survivability”
of power systems are typically characterized using indica-
tors such as the System Average Interruption Duration

Index (SAIDI), the System Average Interruption Frequency
Index (SAIFI), Expected Energy Not Supplied (EENS), and
Loss of Load Probability (LOLP). The level of energy inde-
pendence is usually described by the share of imported fuel
in the generation mix, the share of RES in the balance, as
well as the volume of forced curtailment of variable gener-
ation [14]. The integration of BESS enables an impact on
these indicators in several principal ways:

¢ reducing EENS and SAIDI/SAIFI values by decreasing the
duration and depth of consumer outages in the event of
accidents and network damage;

e Jowering the volume of forced curtailment of RES gen-
eration, which effectively increases the useful, actually
utilized share of renewable energy in the balance;

e decreasing the need for peak thermal capacities and
electricity imports during deficit hours, thereby indi-
rectly increasing the level of energy self-sufficiency.

Even in the absence of a detailed quantitative model for
Ukraine, it is already possible at a conceptual level to dis-
tinguish several typical development scenarios that differ
in the degree of BESS integration into the power system
(Fig. 2).

Scenario A - limited BESS deployment

Storage systems are installed selectively, primarily at indi-
vidual critical infrastructure facilities and partially at indus-
trial enterprises. Their influence on system-wide indicators
of resilience and on the RES share in the balance remains
minor; the primary function of BESS in this case is local
backup and enhancing the reliability of specific nodes.

—— EENS without BESS
-- EENS with increasing BES
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Fig. 2. Conceptual dependence of Expected Energy Not Supplied (EENS) and the volume of forced RES curtailment on
the installed BESS capacity in the power system

EENS / EENS, — value of the Expected Energy Not Supplied (EENS) indicator normalized to the EENS in the case
without BESS.
P_BESS / P_ref — installed BESS capacity normalized to a selected reference capacity P_ref (for example, the maxi-
mum capacity considered in the study).
E_VRE,lim / E_VRE,lim,0 — curtailed variable renewable energy generation normalized to the case without BESS.
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Scenario B — advanced distributed level

A substantial share of households with their own genera-
tion, as well as a significant number of community and mu-
nicipal facilities, are equipped with BESS. A layer of resilient
microgrids is formed, reducing the load on transmission
lines and enabling spatially limited outages. The impact on
reliability indicators and EENS becomes noticeable; how-
ever, the integration of RES at the system-wide level re-
mains constrained by network capacity and configuration.

Scenario C — multi-level BESS integration

Storage systems are present at all levels — from individual
consumers and communities to the transmission grid.
Large-scale BESS participate in ancillary service and balanc-
ing energy markets, while distributed systems provide local
backup and facilitate demand-response programs. This ap-
proach yields the maximum aggregate effect: expected en-
ergy not supplied decreases, the actual share of RES in the
balance increases, dependence on imported energy re-
sources declines, and resilience to external disturbances
improves [11; 13].

Graphically, the dependence of the aggregate effect on the
level of BESS penetration can be represented as a curve
with diminishing marginal returns: at early stages, addi-
tional storage capacity produces a significant reduction in
unserved energy and improves reliability indicators; how-
ever, as installed capacity grows, the incremental benefit
from each additional unit of BESS gradually decreases.

A separate analysis is required for the potential constraints
and risks associated with large-scale BESS deployment in
Ukraine. First, these concern technological and resource-re-
lated factors. Despite the substantial reduction in battery
technology costs, utility-scale BESS remain capital-intensive
assets and are significantly dependent on the cost of raw ma-
terials (lithium, nickel, cobalt, graphite, etc.) and the stability
of global supply chains. For Ukraine, which is in a state of war
and heavily dependent on the import of high-technology
equipment, this implies the need for careful procurement
planning, diversification of suppliers, and, where possible, lo-
calization of certain stages of the production cycle (e.g., cab-
inet assembly, integration of control systems) [10; 15].

Second, environmental and social aspects are of significant
importance. The large-scale deployment of battery systems
inevitably raises questions regarding equipment lifecycle
management: from raw material extraction and processing
to disposal and secondary recycling of spent batteries. For
Ukraine, which has declared a long-term commitment to
decarbonization, it is critically important to integrate BESS
into the broader framework of a “green” industrial policy:
to develop battery recycling infrastructure, introduce
waste-management standards, and minimize environmen-
tal risks at all stages of the lifecycle.

Third, cybersecurity and system-integration issues carry
particular weight. As BESS evolve into active elements of
the grid, the number of potential external points of influ-
ence on the energy system increases. Storage systems

equipped with remote monitoring and control functionali-
ties may become targets of cyberattacks capable of disrupt-
ing grid operation. For Ukraine, which already has experi-
ence with large-scale cyberattacks on its energy
infrastructure, the integration of BESS must be accompa-
nied by the introduction of cybersecurity standards, certifi-
cation of software—hardware systems, and the establish-
ment of specialized procedures for incident monitoring and
response.

A separate dimension concerns the embedding of BESS
within a model of a decentralized energy system based on
the active participation of consumers and communities in
energy production and management. In such a model, bat-
tery energy storage systems become not only technical but
also institutional elements:

e at the household level — components of prosumer
models (consumer—producer), in which BESS owners
may provide system services and receive compensa-
tion;

e at the community level — elements of energy coopera-
tives and municipal energy companies that manage lo-
cal microgrids and assets;

e at the system level — components of “virtual power
plants” that aggregate a large number of distributed
storage units and generation facilities for participation
in the wholesale electricity market and ancillary service
markets [11; 17].

e In this context, BESS effectively become the link con-
necting the technical, economic, and social dimensions
of the energy transition. Without storage systems, a de-
centralized energy system with a high share of RES in-
evitably encounters limitations in terms of resilience
and controllability; at the same time, in the absence of
appropriate market and regulatory mechanisms, BESS
themselves cannot fully realize their potential, and in-
vestments in them remain isolated and fragmented.

Conclusions

1. Battery energy storage systems (BESS) constitute one of
the key elements of the new architecture of Ukraine’s
power system. They perform not an auxiliary but a sys-
tem-forming function: they provide flexibility under a
high share of RES, strengthen resilience to external dis-
turbances, and form the foundation for a decentralized
energy supply model.

2. Under wartime conditions, BESS play a critical role in en-
hancing the survivability and resilience of the energy
system. Multi-level integration of storage systems—at
the household level, at critical infrastructure sites, and
within transmission networks—helps to limit the scale
and duration of outages, support the operation of mi-
crogrids and key nodes, and accelerate the restoration
of electricity supply after accidents and attacks.

3. In the long-term perspective, BESS contribute to
strengthening Ukraine’s energy independence. Storage
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systems enable fuller utilization of solar and wind gen-
eration potential, reduce the volume of forced RES cur-
tailment, decrease the need for peak thermal capacities
and imported fuels, and improve the conditions for
Ukraine’s integration into the European electricity mar-
ket.

. The greatest effect is achieved through multi-level and
systematically designed integration of BESS. The combi-
nation of distributed storage systems (in households,
small businesses, and communities) with large-scale
storage at the level of grid infrastructure allows simul-
taneous improvement of reliability indicators (SAIDI,
SAIFI, EENS), reduction of system risks under a high
share of RES, and support for the development of a de-
centralized energy system with active consumer partic-
ipation.

Realizing the potential of BESS requires fulfilling a set of
technical, economic, and regulatory preconditions.
Among the key ones are: updating grid codes and stand-
ards to account for the specific characteristics of stor-
age systems; developing digital control infrastructure
and cybersecurity mechanisms; introducing transparent
market models for compensating flexibility and reserve
services; legally defining the status of BESS and harmo-
nizing regulation with EU approaches. Without address-
ing these tasks, the large-scale deployment of storage
systems will remain fragmented and will not deliver the
expected benefits for the resilience and energy inde-
pendence of the system.

BESS serve as a connecting link between resilience, en-
ergy independence, and decentralization. Integrating
storage systems into a decentralized model — through
microgrids, energy communities, and virtual power
plants — creates an opportunity to combine the tech-
nical and institutional dimensions of the energy transi-
tion into a coherent strategy for the post-war moderni-
zation of Ukraine’s energy sector.
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