BigHosntoBaHa eHepretuka. Ne 2/2026 | ligpo-BoaHeBa eHepreTka

YK 620.9 https://doi.org/10.36296/1819-8058.2026.2(85).344-364

OLIHKA CEPEAIHbO3BAXEHOI COBIBAPTOCTI BAPOBGHULTBA 3E/IEHOIO BOAHIO
B YEPKACBKIN OBJIACTI YKPAIHU

OTpumano 13 Tpas. 2026 p.; pekomeHa0BaHO Ao nybnikauii 26 uep. 2026 p.
[octynHo oHnaiiH 30 yep. 2026 p.

1 2
Newenko 1.4.7, Hevaesa T. M. 1 kaHA, TeXH. HayK, CT. HayK. criBpob.

https://orcid.org/0000-0003-3382-4762

ABTOp A4/1A KopecnoHAeHU,i: /leweHKo IpuHa,
e-mail: lesch_ic@ukr.net 2 KaHA. TEXH. HayK, CT. 4OCA.

https://orcid.org/0000-0001-9154-4545

AHomauyia. [NposedeHo aHani3 yKkpaiHcbKoi ma esponelicbKoi
HopmMmamueHoi 6a3u w000 po38UMKY 8UPOBHUUMBA 3ea1eH020
B800H!0. Po3271sIHymMo po38umok mexHono2ili aupobHUYMBEa 3e-
71eH020 BOOHIO y €c8iMi 3a 0CMaHHI n’ame pokis. MokazaHo, wo
04iKy8aHO20 30euwesneHHA enekmposnizepis He 8i0bysocs, asne
8 €8poni 3HU3UAUCA 3a2asbHi KanimasbHi gumpamu 015 COHSA-
YHUX | 8imposux enekmpocmaHuyill. lposedeHo aHani3 nozo-
OuHHo20 npomsazom 2024 poky 8i0nycKy eneKmpu4Hoi eHepaii
COHAYHOI Ma 8iMmpoBo cMaHuyiero, AKi npaytoome y Yepkacokili obnacmi YkpaiHu. 3a pesynemamamu
Ub0o20 QHAI3y Ma 024480y AimepamypHuUxX Oxcepesn obrpyHmMo8aHo opmMy8aHHS 8UXIOHUX napamempie 015
pO3pPaxyHKy cepedHbo38axeHoi cobisapmocmi supobHUYMEBA 3e/1eH020 800HIO 3 BUKOPUCMAHHAM enekm-
poeHepeii, aupobaeHOi yumu enekmpocmanyiamu. loKa3aHo, w0 OUCKYCIliIHUM MOMEHMOM € CniegioOHo-
WEeHHS MiX 8CMAHOB/EHOI0 NMOMYMHICMIO 8iOHOB/IOBAHO20 OXcepesa eneKmpu4vHoi eHepaii ma enekmposni-
3epa. HasedeHo pe3ynbmamu po3paxyHKie cepedHb038aMeHOI cobisapmocmi eupobHUUMEa 3esn1eH020
B0O0H!0 0715 Pi3HUX 3HAYEHb Ub020 Cri8BIOHOWEHHSA. BCmaH08s1eH0 HedoyisnibHiCMb BUKOPUCMAHHSA e/1eKmpo-
nizepa 3 nomyxHicmio, AKa O0PiBHIOE NOMyxHoOCcMi Oxcepesna 8i0Ho8a08aHOI eHepeaii. [Toka3zaHo, wo icHyEe
0nNMUMasnbHe 3HAYEHHA Yb020 CrigsiOHOWeHHS, 30 AK020 3a6e3ne4yyemocsa HalIHUXYe 3Ha4YeHHA cepedHbo-
3saxceHoi cobisapmocmi supobHUUMEBA 800H!O.

ZocnioreHo moxcaugicme 3HUMXCEHHA cobisapmocmi 3es1eH020 B0OHIO 3G PAXYHOK MPOOaXy KUCHO, AKUL
ymaeoproeMbCA nid Yac enekmponisy 8o0u. MOKA3aHO, W0 ye cnpuamume 3MeHUWeHH cobisapmocmi e ce-
pedHoomy Ha 10 %. [poaHanizoeaHo epaghiku 8idnycKy enekmpoeHepzii COHAYHO ma 8iMmposoto esnekmpo-
CMAHYiaMU ma ii CnoXUBAHHA eneKmposizepom npomsa2om 006U KOHHO20 MicAysa. BUsHa4yeHo KinbKicme
enekmpoeHepezii, AKa He BUKOPUCMOBYEMbLCA Y MEXHO102iYHOMY NpPoyeci, ane moxce bymu npodaHa Ha pu-
HKY «Ha 006y Haneped» ma 8HymMpiwHbL0006080MYy PUHKY Y epiod paGHKOB020 MA 8e4ipHbO20 MiKy COM(U-
8aHHA. Takuli npooaxt 0acme 3moay 000amMK0o80 3MeHWumu cobigapmicme 3es1eH020 800HI0 8 CepeOHbOMY
Ha 18 %.

Knrouoei cnoea: 0ekapboHizayis, enekmposizep, COHAYHA es1eKMpPOCMAHUis, 8imposa enekmpocmaHyis, 3e-
neHull 800eHb, cepedHbo3saxeHa cobisapmicms 8upobHUYUMBa 800H!0, Crlie8iOHOWEHHS nomyxHocmeli.

L2 |yctutyT 3aransbHoi eHepreTukn HAH
YKpaiHu, m. Kunis, YkpaiHa

2 1Y «LleHTp OLiHIOBAHHA AiANbHOCTI
HayKOBMX YCTaHOB Ta HayKoBOro 3abesne-
YEeHHA PO3BMUTKY perioHiB YKpaiHn HauioHa-
NIbHOI aKaaeMmii HayK YKpaiHu»

Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOYEHb

CAPEX — Capital Expenditure, nMTomi KanitafoBKAaAEeHHSA Y
BCTAHOB/IEHY NOTYXKHICTb

ALK — alkaline Electrolyzer (ny»kHni1 enektponisep)

PEM — proton exchange membrane electrolyser (enekTtpo-
nizep 3 NPOTOHOOH6MIHHOIO MembpaHoIo)

BAE — BigHOBAIOBaHI Axepena eHeprii

Bctyn. [locArHeHHA KAiMaTUYHOT HeMTpanbHOCTI A0 cepe-
OUHU NOTOYHOTrO CTONITTA € NPIOPUTETHUM 3aBAAHHAM Ma-
pu3bkoi yrogn [1] Ta EBponNemcbKoro 3eneHoro Kypcy
(European Green Deal) [2], ki € opieHTUpamu ana aep-
»KaB — uneHiB €C Woao eHepreTMyHoT TpaHchopmauii 1 ne-
pexogy [0 HaAiAHOro i cranoro eHepromnocTayaHHA B

KBBIM — KoediLieHT BUKOPUCTAHHA BCTAaHOBAEHOT MOTYXKHO-
CTi

MEA — MixHapoaHe eHepreTuyHe areHTcTBo (International
Energy Agency)

CEC+BEC+PEM — TexHO/0rYHA rpyna y CKAaAi COHAYHOI i Bi-
TPOBOI eNeKTPOCTaHLi Ta enekTponizepa PEM

MalnbyTHbOMY Ta, BiANOBIAHO, MatoTb BpaxoByBaTUca YKpa-
THOLO, AK AepXKaBOK — KaHAMAATOM Yy YneHn €C.

Y 2020 poui B €EC byno npuinHaTo BoaHesy cTpaTerito ana
KNimaTuMYHoO HelTpanbHoi EBponu (A hydrogen strategy for
a climate-neutral Europe) [3], y AKilt HagaHO NPOrHO3M 3po-
CTaHHA YaCcTKW BOAHIO B eHepreTuiHomy H6anaHci Esponu 3
MeHLW HixXX 2 %y 2019 poui fo 13-14 % y 2050-my. Y ybomy
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LOKYMEHTI TaKOX Big3Ha4YeHo, Wo KpaiHm CxigHoro cyciac-
TBa, 30Kpema YKpaiHa, Ta KpaiHu MiBgeHHOro cycigcrea ma-
I0Tb CTaTW NpiopuTeTHMMKM napTHepammn EC y BoaHesiit
cTparterii 3a paxyHoK, y TOMy 4uMcAi, [HBecTULiMHOI nhaTdo-
pMM cyciacTBa, 3aBAAKM AKIA NpoTArom 6araTbox pokis ¢i-
HaHCYIOTbCA NPOEKTY, LLO CYNPOBOAKYIOTbL Mepexis, KpaiH-
napTHepiB Ha YUCTY eHEPreTuKy.

3a3HayeHuit JOKYMEHT cepen, OCHOBHUX TUMIB BOAHIO BUA, -
A€ BiAHOBNIOBAaHWUN (abO YMCTUIN) BOAEHDb, AKUIA OTPUMY-
IOTb LJIAXOM €N1EeKTPOi3y BOAU 3 BUKOPUCTAHHAM eNeKTpu-
YHOI eHeprii, BUpobieHOT 3 BigHOBAOBAHUX AxKepen. Xoda
3a3HaAYaETbCA, WO BiAHOBIOBAHUI BOAEHb TaKOX MOXKE
6yTM OTPUMaHUI WaaXxom naposoro pudopmiHry biorasy
abo 6ioximiuHoi KoHBepcii 6iomacK. Ha caiTi PamKoBOi KOH-
BeHUii OpraHizauii 06’egHaHMx Hauit npo 3miHy Knimaty
(The United Nations Framework Convention on Climate
Change) HaBOAWTbCA TaKe BU3HAYEHHSA: «3e/IeHNI» BOAEHb
— e BOAEHb, AKUIM BUPOBNAETLCA 33 ONOMOTrOI e/1eKTPO-
Ni3y BOAM 3 BUKOPUCTAHHAM eNeKTpoeHeprii BigHOBAOBA-
HUX Oxkepen eHeprii [4]. Y uii cTaTTi po3rnagaeTbca BUpo6-
HULTBO Came 3e/1eHOro BOAH!O.

Y 2023 poui Esponeiicbka Komicia onpunatogHuna Mosigo-
MJIEHHA WOA0 CTBOPEHHA EBponecbKoro BoaHeBoro 6a-
HKY (Communication from the Commission to the European
Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions on the
European Hydrogen Bank), y AKoMy HaBeAEHO KOHLEMNLio
CTBOPEHHA TaKoro 6aHKy Ta BHYTPILIHBbOrO PUHKY BOAHIO HA
OCHOBI ayKLUiOHIB 3 }iKCOBaHO Npemielo Ana NigTPMMKK
BMpOobHMUTBA B EC. BogHOYaC y 4OKYMEHTi 3a3HaY€HO «He-
06XiAHICTb CneLianbHOro iHCTPYMEHTY, AKUIM Mir 61 niaTpu-
MYBaTW NMOTOKWU BOAHIO 3 TPETiX KpaiH. 3a BiACYTHOCTI pUHKY
LeprKaBu — yneHn EC matoTb NiATPUMYBATU EBPONEACBKUX
nokynuis, wWo6 3abe3neunT yKAageHHA A0Ci BiACYTHiX
yrog, npo KynieAto-npoga 3 BUpobHUKaMu B TPETiX Kpai-
Hax» [5].

B VYkpaiHi posnopsgxeHHAm KabiHeTy MiHicTpis Big
25.06.2024 Ne 587-p 6yno cxBaneHo «HauioHanbHUI naaH
3 eHepreTUKM Ta KNimaTy Ha nepiog 0o 2030 poky». Y AOKyY-
MEeHTi 3a3HaY€eHO, L0 BUPOOHNLTBO BOAHIO B YKPAiHi MOXKe
pocariytm 1,0 mapg m3 y 2035 poui i 3poctm Ao
5,0 mapg, m3 [6].

Y 2024 poui MiHicTepcTBO eHepreTUKM YKpaiHn npeseHTy-
Bano NpoeKT BogHesoi CTpaTerii YkpaiHm go 2050 poKy, fika
M€ BU3HAYUTN OCHOBHI chepun BUKOPUCTAHHA BOAHIO B YK-
paiHi, BKAOYHO 3 MOXMBOCTAMM eKkcnopTy. MeTtoto CTpa-
Terii 3afeknapoBaHO GopMyBaHHA OCHOBHUX 3acaj, PO3BU-
TKY BOAHEBOI ranysi B YKpaiHi o 2050 poKy, BU3SHAYEHHA
OCHOBHMX €TaniB Ta CTpaTeriyHnX uinen, wnaxis i cnocobis
ix gocArHeHHs [7]. Y AOKYMeHTi HaBeaeHo 3arasibHUM noTe-
HUjian BUPO6HMLTBA BOAHIO 3 BUKOPUCTAHHAM EHEPril COHA-
YHOro BUMPOMIHIOBaHHA Ta eHeprii BiTpy B po3pisi obnac-
Ten YKpaiHu.

OpfHaK y *KOAHOMY i3 3a3Ha4YeHMX JOKYMEHTIB He HagaHo
0brpyHTOBAHMX OLIHOK cobiBapTocTi BUPOOHMLUTBA 3ese-
HOro BOAHIO B YMOBax YKpaiHU. Ane came Lel NOKasHUK

BM/IMBAaTUME Ha KOHKYPEHTOCNPOMOXHICTb YKPAiHCbKOro
BOAHIO Ha EBPONENCBKOMY PUHKY.

CTOXacTUYHUIN pexmnm pobotn coHauHux (CEC) Ta BiTpoBMX
(BEC) eneKTpocTaHLji € cyTTeBUM AecTabinisyroumm dakrto-
pom ans poboTn byab-AKoi eHepreTMYHoOI cMCTeMU, 30KpeMa
i ans OEC YKpaiHu, ae HasBHUI 3HauHUI aediunt maHeBpe-
HUX NoTy*KHocTen. B OEC YKpaiHM K Hakonuyysadi eHeprii
BMKOPUCTOBYIOTLCA TiAPOAKYMYJIHOIOUI e/IeKTPOCTaHLi, em-
HOCTi AKWUX BUABMJIOCA HEAOCTaTHbO A/1A 3abe3neveHHs ii
cTivikocTi. Y 2025 poui noyas poboTy HalibinbLmMil KOoMNAEKC
cucTem 36epiraHHA eHeprii NoTykHicTio 200 MBT, nobyaosa-
HWI KomnaHieto ATEK y napTHEPCTBI 3 aMepMKaHCbKOK KOM-
naHieto Fluence Energy B.V. BogHo4ac Ba)K/iMBEe 3HAYEHHS
Anna 3abesneyeHHn onepauiiHnx 6anaHciB poboTH eHepro-
cuctemm YKpaiHW Npu HeJoCTaTHIM FHy4YKocCTi ii gyRepen re-
Hepauii Ta 3Ha4YHMX obcArax Haa/IMLWKY reHepaLii BigHoBAO-
BaHUX [xepen eHeprii (BAE) BigirpaloTb TexHonorii
nepeTBOPEHHA e/IeKTpoeHeprii B iHWI eHeproHocii [8—12].
Cepepn, Taknx TEXHOOTiA HEOBXiAHO BUAINNTM BUPOOHULTBO
BOAHIO 3 BMKOPUCTAHHAM eHeprii BAE. OTKe, BU3HAYeHHA
TEXHIKO-€KOHOMIYHMX MOKa3HMKIB TEXHOONN BUPOBHULTBA
BOZHIO 3 BUKOPUCTAHHAM BifHOB/IOBAHOI eHeprii 414 yMmoB
KOHKPETHOI KpaiHM € aKTya/ibHUM.

MNocraHoBKa 3aspaHHA. Y 2020 poui aBTopamu L€l cTaTTi
6yno NpoBeAeHO AOCAIAMKEHHA 3 BU3SHAaUYEHHA cepesHbO3-
Ba*KeHoi cobiBapToCTi BUpOOGHULUTBA BOAHIO 3 BUKOPUCTAH-
HAM efieKTpoeHeprii, BUpobieHoi BiAHOBNOBAHUMU OxKe-
penamu, ana YKkpaiHu B uinomy [13]. HaBepeHi y crartTi
pPO3paxyHKW FPYHTYBAZIMCb Ha ANIiTEPATYPHUX [xKepenax,
NMPOrHO3aXx 040 PO3BUTKY TEXHOOTI BUPOOHULUTBA 3ene-
HOro BOZHO, T BAACHUX NPUNYLLEHHAX, 3p0beHMX 3 ypa-
XYBaHHAM MOXINBUX YMOB pobOTH enekTpoiisepis B YKpa-
iHi. He po3rnaganuce KoHKkpeTHi CEC um BEC, a oTxe, i ix
peanbHi rpadikm Buaadi enektpoeHeprii.

AHanis nybnikauin nokasye, Lo NporHo3un 36inblueHHs BK-
pobHMLTBa 3e/1€HOr0 BOAHIO Y CBIiTi He niaTBepauance. MNo-
PiBHAHHA AaHMX Mi*KHapO4HOro eHepreTMYHOro areHTCcTea
(MEA) 322021 [14] Ta 2025 poku [15] nokasano, wo B 2020
poui BMPOBHMLTBO 3e/1eHOro0 BOAHIO i3 3aCTOCYBaHHAM
efnekTponisy Bogu crtaHosuno 30 Tuc. T (6amsbko 0,03 %
oro cBiToBOro BMpobHMLTBA), Ta 16 YCTAaHOBOK Ha BUKOM-
HOMY NafuBi i3 3aCTOCYyBaHHAM TEXHONOTIN YNOBAEHHS, BU-
KOpPUCTaHHA Ta 36epiraHHA Byrneul Bupobuam we
0,7 maH T BogHto (0,7 % cBiToBOro BUpob6HUUTBA). Y 2024
poui TakoxK meHwe 1 % BoaHo 6y0 BMpobaeHo i3 3acTocy-
BAaHHAM HW3bKOBYI/IELEBUX TEXHOOFIM. 3a NPOrHo3amwu
MEA 2025 poKy 3 ypaxyBaHHAM MPOEKTIB, peasni3auia AKnX
6yna orosoweHa, BUPOOGHULTBO HU3bKOBYI/ELEBOrO BO-
OHIO MOXKe gocartv 37 MAH T Ha pik go 2030 poKy [15], wo
MeHLWe HiXX nporHo3 MEA 2024 poKy, iKW CTaHOBUB
49 MAH T Ha piK [16].

KnouoBrmMM napameTpamu, saKi BNIMBatoTb Ha cobiBapTiCTb
BMPOOHMUTBA BOAHIO, € KaniTanbHi BUTpaTn, KK, enekTtpo-
nisepa, Moro KoeogilieHT BUKOPUCTAHHA BCTAaHOBEHOI No-
Ty*HocTi (KBBM) Ta BapTiCTb CNOXWUTOI eneKkTpoeHeprii. 3a
paHumu Lazard gna CLUA CAPEX KomyHanbHoi CEC y 2020
poui ouiHoBanuch y aianasoHi 1300-1500 gon. CLUA/KBT
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[17], y 2025 poui— y aiana3oni 1600—-3300 gon. CLLUA/KBT
[18]. BogHouac 3a gaHumm IRENA CAPEX HazemHux BEC y
€sponi ouiHoBasca y 2024 poui y aianasoHi 1211-
2232 pon. CLUA/KBT, a BUTpaTH Ha eKcnayaTal,ito Ta TexHi-
YyHe 06CnyroByBaHHA — y AdianasoHi 25-55 gon. CLUA/KBT
[19]. 3a aaHumu IRENA npoTarom 2024 poky CAPEX ana
BCiX HELLO0AaBHO BBEAEHMX B €KCM/yaTaLito MPOEKTIB KOMY-
HanbHux CEC B €EBponi KonmBaBcA B mexax 524-1312 non.
CLUA/KBT. faHi npoekTis y 6a3i gaHux IRENA 3a 2024 pik
NnoKasanau, Wo cepefHbO3BaXKeHa BapTIiCTb eKcn/yaTalii Ta
obcnyroByBaHHA KOMYHa/IbHUX CEC CTaHoBMAA
13,1 gon. CLLUA/KBT Ha piK Ha cBiToBOMY piBHI [19].

Ha cborogHi icHyloTb ABi 3pini TEXHONOrIT eneKkTponisy
BOAM — NYXKHi enekTponisepu (ALK) Ta enektponisepu 3
NPOTOHOO6MiHHOI MembpaHoto (PEM). Y 2024 poui Lazard
OLLiIHMB KaniTajbHi BUTPATM Ha BNPOBAAKEHHA €N1eKTPO/Ii-
3epiB 3 BCTaHOBAEHOIO NoTyKHicTio 100 MBT Ta 20 MBT Ha
piBHi 1100-1831 gon. CLWLUA/kBT pgna ALK 1a 1630-
1975 pon. CLWA/KBT ana PEM [20]. 3a ouiHkamn MEA 3a
OCTAHHE gecATuniTTa TexHonoria PEM npogemoHcTpyBana
3HAYHe 3HMKEHHA BUTPAT, XO4Ya BOHA BCe LUe 3a/1MLIAETbCA
npu6amnsHo Ha 20 % pgopoxkyoto 3a ALK. CAPEX ana enekr-
poni3epHOi CMCTEMM HA AAHUI MOMEHT cTaHoBAsTb 2000 Ta
2450 pon. CLUA/KBT ansa ALK i PEM TexHosoriit BignosigHo,
ane MoOXyTb CTaHOBMTM 6amn3bko 750-1300 gon. CLUA/KBT
ONs KuTancbknx ALK enekTponisepis [21].

AHanis 060x TMNiB eNeKTpo/i3epiB NOKa3ye, WO Ha CbOro-
OHi BapTicTb ALK HUKua, Hixk PEM. Aney [22] Bia3HaYaeTbcA
HeobXiAHICTb BpaxyBaHHSA TOro, WO GpaKTUYHO 3aranbHi eKc-
nayatauinHi ButTpaTv PEM cTaHOBNATbL TPETUHY Bif BAPTOCTI
ekcniyaTauinHux sutpat ALK, Y [23] HaBoguTbCs NPOrHo3
3HAYHOrO0 3MEHLUEHHA PO3PMBY B KaMiTa/bHUX BUTPATax
mix TexHonoriammn ALK Ta PEM go 2030 poky npu po3mipi
ycTtaHoBKM 1-10 MBT, a HaBeggeHi y [24] pe3ynbTaTu aHa-
Ni3y NoKasyoTb, Wwo PEM 3peLuToro cTaHyTb AOCTYMHIWMMK,
HIX NYXKHI cuctemm.

OT)Ke, CYyTTEBOrO 3HUMKEHHA KaniTaJbHUX BUTPAT A5 enek-
Tponizepis He Bigbynocb. Ana texHonorii ALK HaBiTb mae
Mmicue HesHayHe 3pocTaHHs CAPEX, wo moxe 6ytu
nos’asaHo 3i cnpoboto 36iNblUMTM THYUKICTb iX peryto-
BaHHA ana pobotn 3 BAE Ta BUpiweHHA npobnaemun aerpa-
hauii enektpoais, 4NA 3HUKEHHA onepauinHUX BuTparT [25,
26]. 3a iHWKMMM nporHo3samu [27] KaniTanbHi BUTPaATU fK
ona ALK, Tak i gna PEM eneKktponisy 3piBHAOTbCA A0
2030 poky.

OfHaK Ha cboroAHi Ana BUpobHMLITBA BOAHIO 06MABI TEXHO-
norii MatoTb O4HAKOBWUIA PiBEHb TEXHOJIONYHOI FOTOBHOCTI
(TRL9), ockinbKu BOHM NOTPEbYHOTb NOAITUUYHOI NIATPUMKN Ta
BAOCKOHANEHb, W06 3anMWATUCA KOHKYPEHTOCMPOMOXK-
HAMM 3 TPAZMULIAHUMM TEXHONOTIAMM BUPOBHULITBA BOAHIO
Ha OCHOBi BUKOMHOro nanvBea 6e3 Bukuais [28].

3a oCTaHHi N’ATb POKiB Malixke He 3miHuBcA KK/ enekTtponi-
3epiB, AKMI CYTTEBO BNAMBAE Ha cobiBapTiCTb BUPOOHMLITBA
BOAHIO.

TakMM YMHOM, MeTOl AOoCNiAXKeHHs Oyno npoBeaeHHA
YTOUHEHUX PO3PaxyHKiB cepenHbo3BaXKeHoi cobiBapTocTi

BUPOOHMLTBA 3e/1eHOro BOAHIO B yMmoBax YepKacbKoi obna-
cTi YKpaiHu.

OnAa po3paxyHKiB BUKOPUCTAHO AaHi PiYHMX MOrOAMHHUX
NOTYKHOCTEM reHepauii BITPOBMX Ta COHAYHUX ENEKTPOCTa-
HUiN, po3TalloBaHMX y YepKacbkii 0bnacTi, oTpMMaHi 3 BU-
KOPUCTAHHAM CUCTEMW MOAENOBAHHA reHepauii BigHOB-
NoBaHUX AxKepen eHeprii System Advisor Model (SAM),
po3pobneHoi HauioHanbHoto nabopaTopieto BigHOBANIOBA-
Hoi eHeprii (NREL) [29].

BWKnaa OCHOBHOro martepiany AOCAIOMKEHHS 3 06rpyHTY-
BaHHAM OeprKaHNX HAayKOBUX pe3y/bTaTiB.

[na BUpO6HULTBA 3€/1EHOM0 BOAHIO BY10 PO3rASHYTO TEXHO-
Norivyny rpyny, wo cknagaetbea 3 CEC, BEC Ta enekTponisepa.

Mpu BMGOPI TUNY eneKkTponizepa — YXKHUIM YN 3 NPOTOHOO-
6MmiHHOIO MembpaHoto, Kpim 3HauyeHb CAPEX, 6yno B3ATO
0,0 YBaru ix KN040Bi AMHAMIYHI XapaKTePUCTUKM 33 AaHUMMU
[30]. Y enektponizepis PEM wupwmint AianasoH HaBaHTa-
*KeHb —Big 0 Ao 160 %. HOMiHaNbHOIO HaBaHTaXEHHSA, TOL4i
AK y ALK BiH cTaHoBUTb 15—-100 %. Y PEM wBunAwmnii nycK sk
3 Tensioro cTaHy — 1 cekyH/Aa NOpiBHAHO 3 1 XBUAMHOO ANA
ALK; TaK i 3 xonogHoro — 5 xsuauH nopisHAHO 3 10 xBnan-
Hamu ana ALK. LLsmAakicTe Habopy / CKMAAHHA NOTYXKHOCTI
y PEM ctaHoButb 100 % 3a cekyHay, y ALK — 0,2—20 % 3a
CeKyHay; 3ynuHka PEM TpuBae nulie KinbKa CeKkyHA, To4i,
AK ALK —Big, 1 0o 10 xBunuH,. OCKi/IbKM Y CKNaAj TeXHONOri-
YHOI rpynu enekTponisep mae epeKTMBHO MpautoBaTh pa-
30M 3 MiHAKMBOIO reHepauieto CEC Ta BEC, 6ynio po3risaHyTo
enekTponizep PEM, aknin mae cyTTesi nepesarn nepeg, ALK
3 TOYKM 30pY AMHAMIYHOCTI poboTu.

MPUIHATO, WO 3a3HaYeHa TEXHONOTYHA rpyna NpaLutoe Ak
EAVHNIN TEXHONOTIYHMI 06’eKT 3 BUPOOHMLUTBA BOAHIO, Ta-
KMM YMHOM, efleKTpoeHepris, wo supobneHa CEC+BEC, Ha-
[A€ETbCA enekTponisepy 6esonnaTHo. BogHouac Ha cobisa-
pTicTb BMPOGHMLUTBA BOAHIO BM/AMBAOTL KaniTaibHi Ta
eKCcnayaTauifHi BUTPaTM He Anwe enekTposisepa, ane i
CECi BEC.

Y cknagj TeXHONOrIYHOI Fpynu TMMYacoBe CXOBMLLE BOAHHO
He nepeabayeHo. Moganblie TPAHCNOPTYBAHHSA Ta BUKOPU-
CTaHHA BOAHIO HE PO3rnsaaanoch.

Ha cborofHi WWPOKO BMKOPUCTOBYETHCA TEPMIH «cepes-
HbO3BaAXKEHa 33 XMUTTEBMM LMK cobiBapTiCTb BUPOOHMLTBA
BoaHto» (Levelized Cost of Hydrogen — LCOH), sika o6uuc-
ntoeTbea y gonapax CLUA 3a 1 Kr BOAHIO K CyMapHi AUCKO-
HTOBAHi BMTPATU 33 KUTTEBUIN LMKA TEXHONOMIYHOI rpynu,
nogineHi Ha cymapHuii AMCKOHTOBaHM obcar BUPOOHML-
TBa BOAHIO, W0 GOpPManisyeTbca BUPasom

LCOH=——"—— (1)

ae ct — AVCKOHTOBAHI BUTPATV Ha BUPOOHMLTBO BOAHIO
TEXHO/IOTYHOI IPYnoto 3a XKUTTEBUM UmKA, gon. CLUA (Ho-
MiHa/IbHa BapTIiCTb rpoLLei BignoBigae nepwomy eTany Ko-
MepuiliHOi ekcnayaTauii); T — TepMiH KUTTEBOTO UUKAY
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TEXHONOFIYHOI FPYNMK, POKIB; t — eTan XUTTEBOTO LMKAY, PiK;
H. — BMPOBHUUTBA BOAHIO TEXHONONYHOIO FPynoto B eTan

t, Kr; r — AUCKOHT, YacTKa.

t

cice _ %5 CAPEX“ + CAPEX® + CAPEX"™
- Z TRt
=1 (1+r)

6 . . A
ne T, YA — TepmiH ByAiBHULTBA TEXHONOFYHOT FPYNK 3 MO-
MEHTY NOYaTKY BKAAAEHHSA NepPLUIMX iIHBECTULM i o Yacy ii
NyCKy B KOMePpL,iliHY eKCnayaTay,ito, pokKis; Te—TepMiH KO-
- . . CEC BEC
mepuiiHoi ekcnayartauii, pokis; CAPEX,”, CAPEX. " 1a

PEM . . .
CAPEX,”™ — signosigHo, kanitanosknageHHs y CEC, BEC
Ta PEM pgnsa signosigHoro etany byaisHuuTea, gon. CLUA;
CEEC cBEC o,

cPem . . . V.
P O ¢ - BigNOBIAHO, PiYHi YMOBHO-NOCTINHI
BUTPATM Ha eKCnayaTalilo Ta TexHiYHe obcayrosyBaHHA
. . 3m
KOXHOTrO esleMeHTa TexHonorivyHoi rpynu, gon. CLUA; Ct

— PiYHi YMOBHO-3MiHHI BUTPATU, AKi Ha KOXHOMY eTani t
BM3HaYaloTbCA AK OYHKLiA Big pexxMmy poboTu TexHoNori-

. IHB . .
4yHoOi rpynun, gon. CLUA; C[H — CyMa cnaaTtu BiACOTKIB 3a
KOPUCTYBAHHA KpeaAUTHMMMKM KowTamu Aans etany t,
non. CLUA.

MaTtemaTnuHy mogens (1)—(2) peanizoBaHo Ha 6a3i Tabau-
YyHoro npouecopa MS Excel.

CnoKMBaHHA BOAWN ANA €N1eKTPOi3y NPUNHATO Ha OCHOBI
[aHux [31-34]. byno B3ATO A0 yBaru, Wo piseHb 3abesne-

Tabnuua 1. BuxigHi napameTpu gna pospaxyHKy LCOH

6ya , e
& CEC+CcE+cr™ e+
+

[WNCKOHTOBaHi BUTPaTV Ha BUPOBHMLITBO BOLHIO NPOTArOM
YWUTTEBOIO LMKy TEXHO/IOTIYHOI rpynu, npuseaeHi Ao no-
YyaTKy ii ekcnayaTauii, BU3sHayatoTbeA 3a popmyoro

, ()

’

t-TOA 1
=T +1 )

(1+r

YeHHs BOAHWUMMU pecypcamu YKpaiHWU, AKWIA BU3HAYAETLCA
$bopMyBaHHAM PiYKOBOro CTOKY, HAABHICTIO MiA3eMHUX i
MOPCbKUX BOA, € HepgocTaTHimM [35]. Maixke 90 % TepuTo-
pii AepXKaBu XapaKTepPU3YETbCA HU3bKUM Ta AyXKe HU3b-
KMM piBHEM Bogo3abesneveHHs. MpUpoaHUX nosepxHe-
BMX BOA, AKI MOMHA BWKOPUCTaTU AAA BUPOBHMLTBA
BOAHIO, B YKpaiHi HEMAE, OTXKe, MOXK/INBE BUKOPUCTAHHA
e Nig3emMHUX BOA, WO i BPaXoBaHO y A0CANiIAXKEHHI. Pe-
HTHA MJiaTa 3a chneuia/ibHe BMKOPUCTAHHA BOAM Bigno-
BiAHO #o MogaTkoBoro Koaekcy YkpaiHn 2026 poky [36]
NPUIMHATA Ha PiBHI PEHTHOI NaaTU 3a cneuja/ibHe BUKOPU-
CTaHHA nig3emMHUx BoA Yy YepKacbkin obnacti —
72,02 rpH/100 m3. Boga ana enektponisepa mMae nponTu
OuMLLEHHA. 33 gaHuMMM [31] BUKOPUCTAHHA, HanpuKnag,
3BOPOTHOrO OCMOCY A/1A OnpicHeHHA 1 M3 MOpCbKOi BoAM
Bumarae 3—4 KBT-ron enekTpoeHeprii, ska bepeTbca 3 me-
pexi Lle mae He3Ha4yHWUI BNIMB Ha 3arasbHy BapTiCTb efe-
KTpONi3y BoAaM, 36inbLytoun 3aranbHy BapTiCTb BUPOOHU-
urea sogHto Ha 0,01-0,02 gon. CLUA/Kr Ha.

[ns BUKOHaHHA po3paxyHKiB 6yn0 NPUNHATO BUXiQHI AaHi,
HaBefeHi y Tabn. 1. Bubip ekoHomiuHMx napametpis CEC,
BEC Ta PEM rpyHTYeTbCA Ha AaaHux [19, 20].

Mapametp OanHuuA BUMipY 3HauyeHHA
CEC[19]
BcraHoBneHa noTy»HicTb CEC MBT 1,0
MuTOMI KaniTanNoBKNAAEHHA Y BCTAHOBAEHY NOTYXHICTb aon. CLLUA/KBT 780
TepmiH ekcnnyaTauii poKiB 30
TepmiH byaiBHUUTBA pOKiB 1
BuTpaTtK Ha eKcnyaTau,ito Ta TexHiYHe 06cnyroByBaHHA GikCcoBaHi aon. CLUA /kBT pik 13,1
PiuHe 36inbleHHA YMOBHO-NOCTiIMHMX BUTPAT % 0,10
BEC [19]
BcraHoBneHa noTy»xHicTb BEC MBT 1,0
MuTOMI KaniTaNoBKNAAEHHI Y BCTAHOBNEHY NOTYXHICTb non. CLLUA/KBT 1660
TepmiH ekcnnyaTauii pOKiB 30
TepmiH byaiBHMUTBA pokiB 1
BuTpaTtu Ha eKcnyaTau,ito Ta TexHiYHe 06cnyroByBaHHA GikCcoBaHi aon. CLUA /kBT pik 35,0
PiuHe 36inbleHHA YMOBHO-NOCTIMHMX BUTPAT % 0,10
EneKkrtponizep PEM [20]
MaKcrMmanbHa NOTYXKHICTb % Big, HOMiHaIbHOT NOTYXHOCTI 100
MiHiMmanbHa NOTYXHiCTb —«— 10
MUTOMI KaniTaNoBKAAAEHHI Y BCTAHOBNEHY NOTYXHICTb aon. CLUA /kBt 1200
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Mapametp OaunHULA BUMIpPY 3HaueHHA
TepmiH ekcnayaTauii poKiB 30
TepmiH byaisHuLTBa poKiB 1
KKA % 60
KoediLieHT AOCTYNHOCTI ANA BUKOPUCTAHHA % 90
CrnoXunBaHHA enieKTpoeHeprii KBT roa/kr Hz 55,00
Cnok1MBaHHA BOAU n/kr H2 10,00
BapTicTb onpicHeHHA BOAU pon. CLLWA/m3 (1000 n) Boan 1,60
BMPOBHULTBO KMCHIO Kr O2/Kr H2 8,00
PeHTHa nnaTa 3a BUKOPUCTAHHA BOAHWUX pecypciB non. CLUA/1 m3 Boam 0,04
3aranbHi napameTpum

YacTKa KpeanTHMX KOLLTIB % 70
TepmiH HafaHHA KpeguTy poKiB 10
MpoueHTHa cTaBKa 3a KpeanTom % 10
MpnbyTKOBICTb AiANBHOCTI NiANPUMEMCTBA % 12
MoaaToK Ha NpMbYTOK NiANpUeEMCTB % 18
JNCKOHT peanbHui % 9,3

ONCKyCinHUM momeHTOM € BMBip 3HaYeHHs BCTaHOBJ/IEHOT  TexHosorivHoto napoto CEC+BEC npoTarom 2024 poKy 3 BU-
NOTY}KHOCTI enekTponisepa. PesynbtaT aHanisy daktuuHmx  Bipkoto 3a gianasoHamu obcAriB cnifbHOI reHepalii HaBe-
[AHUX  NOrogMHHOrO BUPOBITKY €eNeKTpUYHOi  eHeprii  AeHo y Tabn. 2.

Tabauysa 2. [liana3oHu reHepauii enekTpoeHeprii TexHonoriyHoto napoto CEC ta BEC y 2024 poui

[iana3oH reHepadii enektpoeHeprii CEC Ta BEC pasom, .
KBT 33 roavHy FoauH reHepauii Hactkay P'“HOOMY
Bignycky, %
BiA Ao
1824 1803 4 0,05
1768 1732 5 0,06
1694 1605 19 0,22
1597 1512 12 0,14
1496 1402 30 0,34
1391 1300 45 0,51
1298 1200 68 0,78
1199 1100 95 1,08
1097 1000 188 2,15
999 900 294 3,36
899 800 424 4,84
799 700 335 3,82
699 600 411 4,69
599 500 399 4,55
499 400 545 6,22
399 300 675 7,71
299 200 1032 11,78
199 100 1373 15,67
99 1 2361 26,95
0 0 445 5,08
Pasom 8760 100
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3 1abn. 2 BUAHO, LLLO reHepaLin efieKTpoeHeprii TexHonori-
yHoto mnapoto CEC + BEC y gianasoHni Big 1824 po
1000 KBT1/ropg, BiabyBsaeTbcs 466 rog Ha PiK, WO CTAHOBUTbL
nnwe 5,3 % Big, piyHUX poboumx roamH. OTKe, BUHUKAE NU-
TaHHA, Y/ OOLiINbHO Y TexHosoriyHil rpyni CEC+BEC+PEM
BCTAHOB/IOBAaTU €NEKTPOAi3ep, MOTYXKHICTb AKOro A0piB-
HIOE cymapHii noty»kHocTi CEC Ta BEC. Aake KBBI enekT-
ponisepa € O4HUM 3 KAKOYOBMX NApameTpiB, AKi BU3Hava-
10Tb cObiBapTICTb BUPOOHMLTBA BOAHO [13].

AHanis nitepatypv BUABMB, LLO NMMTAHHIO ONTMMI3aLLii cnis-
BigHOLWeEHHA noTy*KHocTel BAE Ta enekTponisepa npucesa-
YEeHO HU3KY AOCNIAMKEHDb Y Pi3HMX KpaiHaX. Y JOCAiAKEeHHI
[37], npoBeaeHomy Ha 3amoBeHHA MiHicTepcTBa eHepre-
TMKK CLLUA, nponoHyeTbcsa BUOMPATN NOTYKHICTb €/1IeKTPO-
nisepa Ha piBHi 50 % Big, 3arasibHOT NOTY»KHOCTI KOMbIHO-
BaHoi napu CEC ta BEC, wo npusBoauTb 40 NiABULLEHHA
KBBI enektponisepa.

Y [38] 3a3HayaeTbcA, WO OMNTUMAJIbHE CMiBBiAHOLIEHHS
MiX noTyHicTio BAE Ta noTyXHicTIO eneKktponizepa €
KOMMNPOMICOM MiK iX KBBI1, OCKiNIbKM BOHU AE@MOHCTPYHOTb
NPOTUAEXKHI TeHAeHLUji. [pn 3MeHLWeHHi cniBBigHOLWEHHA
Mi>X HOMiHA/NbHOK NOTYXHicTio BAE Ta enektponizepa
KBBIN BAE nokpaluyeTbes, BogHouac KBBI enektponisepa
3MeHLWYETbCA. HaBnaku, npum 36iiblIeHHi CNiBBigHOLWEHHSA
Mi>X HOMiIHaNbHO NOTYXKHicTio BAE Ta enektponisepa su-
KOPUCTAHHA OCTAaHHbOrO MaKCMMI3YETbCA. 3aNnexHo Big,
BaApPTOCTi 3a4iAHUX TEXHOJOrIA, ONTUMA/bHE PilleHHA AK
NpaBuNo, NOKpaLlLye oauH i3 aBox KBBI1 3a paxyHOK iH-
woro. Po3rnaHyTUI y cTaTTi NpUKNag ana ymos Itanii su-
ABMB, LLLO HOMiHa/IbHa NOTyKHicTb CEC noBWHHa 6yTn B 2,2
pa3a 6inbwoto, a HoMiHasbHA NOTYKHicTb BEC —y 2,8 pa3a
6iNbLLIOID, Hi*K HOMiHA/IbHa MOTYKHICTb e/leKTpoiisepa.

Y [39] 3a3HayeHO, WO A/1° KOMKHOro Knacy noTy»kHocTi BAE
iCHYE oNTMManbHa NOTYXKHICTb €N1eKTPOoi3y ANA BCTAHOB-
NeHHs, 3a AKoi nokasHukM LCOH € HanHmxummu. Lle cnis-
BiAHOLWEHHA He € 3arafibHMM, a 3a/1eXUTb BiA Micua po3-
TawysaHHA BAE. Y cTaTTi HaBOAATbLCA TaKi ONTMMI30BaHi 32
BUTPaTaMu CMiBBiAHOLWEHHA MOTYXXHOCTI eN1eKTponi3y A0
BAE: Big 13,6 % no 73 % ans CEC, Big 3,3 % no 143 % ansa
BEC, BignosigHo, anA posTtawysaHHA BAE B pi3HuMX

perioHax pi3HMX KpaiH, ge 3abe3neyyeTbca pi3Ha KinbKicTb
roAvH reHepauii enekTpoeHeprii. 3 ypaxyBaHHAM pPi3HUX
Mmicupb po3sTawysBaHHA BAE po3kng 3HauyeHb ONTUMANbHUX
cnissigHoweHb ansa BEC HabaraTo 6inblwimni, Hix ana CEC,
LLL0, HA AYMKY aBTOpPiB, 06YMOB/IEHO Pi3HUMM XapaKTepuc-
TMKamMmu reHepadii. Y [40] nokasaHo, Wwo npaBuabHUI Nia-
6ip noTykHocte CEC Ta enekTponizepa Mae cyTTeBMI
BM/IMB Ha cobiBapTicTb BUPOOHULTBA BOAHIO. Yepes HU3b-
kunit KBBM CEC onTmasbHe CMiBBiAHOLWEHHA MixX Ti MOTYX-
HICTIO Ta MOTY}KHICTIO eNeKTponi3epa CTaHOBUTb 61M3bKO
2:1 ana ymos Itanii. Y [41] Ha 6a3i NOrogMHHMX AaHUX No-
Ka3aHo, Wwo ana miHimizauii LCOH ontumanbHe cnisBigHoO-
weHHA noTy»kHocTi CEC Ta enekTponizepa B ymosax Kani-
¢dopHii ctaHoBNTb 1,7:1.

3p0o3yMmifio, WO He BCA e/IeKTPUYHA eHepris, BupobaeHa
CEC 1a BEC, BUKOPUCTOBYETbCA 471 BUPOOHMLTBA BOAHIO,
YyacTKa TaKoi enekTpoeHeprii ctaHoBUTL BiA 13 % A0 35 %
3a/1eXKHO Big, cniBBigHOWeEHHA noTyxHocTelh CEC+BEC Ta
PEM. Mo-nepwe, He BUKOPUCTOBYETLCA MOTYKHICTb, AKA
nepesBuLLYye NOTYKHICTb PEM, no-apyre, NOTY»KHICTb, AKa
€ meHwoto 10 % notyxHocTi PEM, wo sianosigae peko-
MeHgZauisam 3 oro ekcnnyatauii [38]. Lo enektpuyny
€Heprito MOXKHa peanizyBaTM Ha PUHKY SiMLIE B TOAMHMU
PaHKOBOrO i BE4ipHbOro NiKOBOro HaBaHTAXEHHA eHep-
rocucTemm.

BianosiaHo a0 noctaHoBK HaujoHanbHOT KOMicil, Lo 34ilc-
HIOE AepKaBHe peryntoBaHHA y chepax eHepreTmKM Ta Ko-
MyHanbHUX nocayr Big 16.01.2026 Ne 70 [42] rpaHMYHI LiHK
Ha PMHKY «Ha A0by Hanepea» Ta BHYTPilWHboA060BOMY pU-
HKY B nepiof, paHKoBOro niky cnoxwmsaHHA 3 07:00 gmo
11:00 roamHm BCTaHOB/IEHO Ha pisHi 6900,00 rpH/MBT-rog;
y nepion BedvipHboro niky 3 17:00 go 23:00 roamHn —
15000,00 rpH/MBT-roa. Ha 6anaHcytodOoMy PUHKY MaKCK-

ManbHi  rpaHmMyHi uiim 3 07:00 go 17:00 rogyHn  —
8250,00 rpH/MBT-roa; 3 17:00 po 23:00 roapHun —
16 000,00 rpH/MBT-roa,

AHani3 rpadikis BianycKy enekTpoeHeprii Ta ii CnoXuBaHHA
€/1eKTPO1i3epoOM MPOTAroM [06M KOXKHOro MicAus Jas
3MOry BU3HAYUTU KiNIbKiCTb eHeprii, AKY MOXKHa NpoaaTy 3a
MicAUb Y FOANHM MiK (Taba. 3).

Tabnuua 3. KinbKictb enektpoeHeprii, Bupo6neHoi CEC i BEC Ta He BUKOPUCTAHOI A/18 BUPOBGHULTBA BOAHIO, AKY MOXKHA
npoAaTtu B rog4UHU NiKOBOro HaBaHTaXKeHHA eHeprocuctemu, MBT-rop,

Micaui poky
Nik 3a pik pasom
01 02 03 04 05 06 07 08 09 10 11 |12
BctaHoBANeHa noTy»kHicTb PEM 1,9 MBT
Pankosuit | 6,0 3,2 3,6 3,0 1,3 0,6 0,7 1,4 1,7 3,0 6,2 | 43 | 34,8
BeuipHiit 8,4 9,3 7,9 7,9 9,7 10,8 | 7,6 10,1 | 9,6 9,1 7,9 | 9,6 | 108,0
BcTaHoBAeHa NOTyXxHicTb PEM 1,0 MBT
PaHKkoBMi 5,5 4,6 7,4 51 7,2 7,0 2,1 5,4 7,1 3,2 30 115|591
BeuipHin 2,8 3,0 2,6 2,7 2,8 4,2 4,3 3,9 4,6 3,8 2,3 | 3,6 | 40,7
BctaHoBAEeHa NoTyxHicTb PEM 0,9 MBT
PankoBuin | 6,6 6,0 10,5 | 9,1 11,0 | 11,3 | 3,7 8,7 10,4 | 4,8 31|16 | 870
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BeuipHii 2,7 2,6 2,1 2,5 2,5 3,9 3,9 3,7 4,4 3,3 20 |31 ]|36,7
BcTaHoBneHa noTyxHictb PEM 0,85 MBT

PaHKoBWi1 7,4 6,7 124 | 11,4 | 13,5 | 14,0 | 5,3 11,1 [ 12,9 | 6,2 3,1 | 1,7 | 105,7
BeuipHin 2,4 2,4 2,0 2,5 2,5 3,3 3,7 33 4,3 3,3 20 (29 | 344
BcTaHoBneHa noTyxHictb PEM 0,83 MBT

PaHKoBMi1 7,8 7,1 13,3 | 12,3 | 14,7 | 15,2 | 6,2 12,1 [ 139 |69 3,1 11,7 | 1144
BeuipHii 2,3 2,4 1,9 2,5 2,4 3,3 3,6 3,1 4,0 3,3 1,9 | 2,6 | 33,4
BcraHoBneHa noTyxHictb PEM 0,8 MBT

Pankosuit | 8,4 7,8 14,6 | 13,8 | 16,6 | 17,2 (0,2 14,0 | 15,7 | 8,0 35 (21 |121,7
BeuipHii 2,5 2,5 2,0 2,0 2,6 3,0 3,5 2,9 3,9 3,3 2,1 2,7 |329
BctaHoBneHa noTyxHictb PEM 0,75 MBT

PankoBuit | 9,9 9,0 16,7 | 16,5 | 20,0 | 20,8 | 11,0 | 17,4 | 18,8 | 10,0 | 4,1 | 3,1 | 157,2
BeuipHin 3,0 2,5 2,3 2,0 2,9 2,5 34 2,7 3,6 34 24 126|333
BcTaHoBneHa noTyXxHicTb PEM 0,7 MBT

PaHkoBM 11,6 | 10,2 | 195 | 19,5 (23,8 | 24,8 | 148 | 21,1 | 22,2 | 12,5 | 4,6 | 4,3 | 188,9
BeuvipHil 3,6 2,9 2,6 2,1 3,2 2,2 3,1 2,4 3,6 3,7 29 128|352
BcTaHoBneHa noTyxHictb PEM 0,65 MBT

PaHKoBWi1 13,3 | 11,6 | 22,4 | 22,6 | 28,1 | 291 | 19,2 | 25,2 | 25,8 | 15,1 |56 |54 | 223,4
BeuipHii 4,2 34 2,9 2,6 3,2 1,9 3,0 2,0 3,8 4,0 3,7 3,0 (37,7

Buxoasaum 3 3a3HayeHoro suuie, byno 3HaWgeHoO Take
CNiBBIAHOWEHHA MiX MOTYXHICTIO TEXHONOTIYHOI rpynu
CEC+BEC Ta PEM, saKke 3abe3neyye Kpauie 3Ha4yeHHA

cepeaHbo3BaXeHoi cobiBapToCTi BUPOGHULTBA BOAHIO.
PesynbTaTv po3paxyHKiB HaBeaeHo y Tab. 4.

Tabnuus 4. 3HaueHHA LCOH 3a pi3Horo cniBBigHOLWEHHA NOTYXKHOCTI TexHoAoriYHOi rpynu CEC+BEC+PEM

Mapamertp 3HauyeHHA
BMpO6HMLTBO eNleKTpoeHeprii
3a pik CEC+BEC, MBT-rog 2967,131
BcTaHOBAEHA NOTYXKHICTb
PEM, MBT 1,90 1,00 0,90 0,85 0,83 0,80 0,75 0,70 0,65
CnoXuMTO eneKkTpoeHeprii ana
BUPOOHMLTBA BOAHIO 32 PiK, 2684,7 |2770,9 |2724,7 |2690,7 (2674,9 |2645,8 |2590,9 |2525,4 |2451,9
MBT-rog,
HesukopucTtaHa enektpoeHe- |(282,5/ (196,3/ |242,5/ |276,5/ (292,3/ |321,4/ |376,3/ |441,8/ |515,3/
prisi 3a pik, MBT-roa / % 19 13 16 19 20 22 25 30 35
E:g?f':”“mo BOAHIO 26,359 |27,206 |26,751 |26,417 |26,262 |25,977 |25,438 |24,795 |24,073
LCOH, gon. CLUA/Kr H2 21,39 14,62 14,18 14,36 14,44 13,89 14,19 13,81 14,22
LCOH 3 ypaxyBaHHAM Mpo-
nawy 02, aon. CLUA/Kr Ha 19,92 13,15 12,71 12,89 12,98 12,43 12,72 12,34 12,76
LCOH 3 ypaxyBaHHAM Mpo-
paxy 02 Ta enektpoeHeprii, 18,90 12,5 11,85 11,90 11,92 11,31 11,31 10,65 10,38
non. CLUA/Kr Hz
Ratio PEM / (CEC+BEC), % 95,0% |50,0% |450% |42,5% |41,5% |40,0% (37,5% |350% [32,5%
CniBBigHOLWEHHA BCTaHOBNE-
Hux noTy»HocTten (CEC + BEC): |1,05:1 |2:1 2,2:1 2,35:1 (2,41 2,5:1 2,7:1 2,9:1 3,1:1
PEM
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3 1abn. 4 4YiTKO BMAHO, WO iCHYE Kpale cniBBigHOWEHHA
Mi>K noTyxkHocTamu napu CEC+BEC ta PEM — ue 2,9:1.
TobTo ana TexHonoriyHoi napu CEC i3 BCTaHOB/IEHOO NOTY-
»KHicTio 1 MBT Ta BEC i3 BCTaHOB/IEHOO NOTYXHicTio 1 MBT
AOUiNbHO BCTAaHOBUTM enekTponizep PEM NOTyXHicCTIO
0,7 MBT. Mpu LboMy 3abe3MneyvyeTbca HaMHUKYE 3HAUYEHHA
LCOH - 13,81 gon. CLUA/Kr Ha.

HeobxiAHO 33a3HAYUTH, WO KUCEHb, AKUK BUPOBAAETHCA B
npoueci eNeKTpPoni3y BOAM, MOXKe BUKOPUCTOBYBATUCD Y pi-
3HUX rasy3nax EKOHOMIKM, TexXHO/Oorii oro TpaHcnopTy-
BaHHA fobpe po3BuHyTI. Enektponisepu PEM BupobaatoTb
BOAEHb Ta KNCEHb BUCOKOI YMcToTH (99,999 %) [43], wo Bi-
ONOBiJAE BUMOraM [0 YNCTOTU MeAUYHOro KUcHi. OTxe,
BAPTICTb BMPOOHWULTBA 3€1EHOr0 BOAHIO MOMKHA 3MEH-
LWNTW, AKLLO BUKOPUCTOBYBATU €NEKTPONITUYHNIA KUCEHDb AK
TOBap. Y po3paxyHKax 6yno BpaxoBaHo, AK BrMHe Ha LCOH
npoAaaK BUpobaeHoro KMCHI0. [11a HaBeLeHOoi BULLE TEXHO-
noriyHoi rpynu CEC+BEC+PEM npu BCTaHOBANEHIN NOTYXKHO-
cti PEM y 0,7 MBT ue gae 3mory 3meHwutn LCOH po
12,34 pon. CLWA/Kr Ha.

YpaxyBaHHA MOXAMBOCTI MPOAAXKY HAAJULLKIB eneKTpoe-
Heprii Ha PUHKY «Ha Ao06y Hanepea» Ta BHYTPilWHbOA060-
BOMY PWHKY B FOAWMHM NiK ga€ 3mory 3smeHwutn LCOH po
10,65 gon. CLUA/Kr Hz. npu BcTaHOBAEHIN NOTyKHOCTI PEM
y 0,7 MBrT. OpaHak LCOH 3MEHLUYETbCA no
10,38 gon. CLUA/Kr H2 npw BcTaHoBAEHIW noTy»HOCTi PEM
y 0,65 MBT, xoua 6e3 ypaxyBaHHA NpoaaKy eneKkTpoeHeprii
Lei NoKasHUK BuLe, Hixk ana PECy 0,7 MBT.

[na dopmyBaHHA BUCHOBKY LOA0 AOLNbHOCTI BUPOBHUU-
TBa 3e/1eHOr0 BOAHI0 B YKpaiHi 6y/10 NpoaHani3oBaHO OLLHKK
OPIiEHTOBHOI CO6iBapTOCTi MOro BUPOOHULTBA B iHLUMX Kpai-
Hax €EBponu. Ha caliti The European Hydrogen Observatory y
BiNbHOMY A0CTYNi pO3MiLLLeHO KanbKynAaTop Ana po3paxyHKy
LCOH (Levelised Cost of Hydrogen Calculator) [44], akuit gae
3MOry BMKOPWUCTOBYBATM 3HAYEHHA 33 3aMOBYYBaHHAM, Ha-
naHi Hydrogen Europe, abo 3HauyeHHs, BKa3aHi KOPUCTyBa-
yem. 3HaveHHA 3a 3aMOBYYBaHHAM MOXXYTb 3MiHIOBATUCA 3a-
NeXXHO Big, BMOOpPY KpaiHM Ta ArKepena enekTpoeHeprii.
3HauYeHHA, BKa3aHi KOPUCTYBa4yem, He 3MIHIOKTbCA aBTOMA-
TUYHO | NOBMHHI ByTN aganToBaHi KOPUCTyBaYem. 3 BUKOPK-
CTaHHAM 3HayeHb 33 3aMOBYYyBaHHAM Oyno pPoO3paxoBaHO
OPiEHTOBHI cepegHbO3BaKeHi cobiBapTOCTi BUPOOHULTBA 3€-
JIeHOTO BOZHIO B Ki/IbKOX KpaiHax EBponu (Tabn. 5).

Tabnuua 5. 3HaueHHA LCOH, po3paxoBaHi 3 BUKOPUCTaH-
HAm Levelised Cost of Hydrogen Calculator, po3spo6ne-
Horo The European Hydrogen Observatory [44]

. Tun BAE

KpaiHa -
CEC BEC Ha cyxoponi

IcnaHin 6,82 6,95

JlntBa 12,59 7,25

HimeyunHa 10,42 7,4

MonbLa 11,93 7,36

diHnaHgina 11,1 6,86

Yexia 11,63 8,88

MopiBHAHHA 3HaYeHb cobiBapPTOCTi BUPOOHMLTBA BOAHIO B
KpaiHax EBponu Ta HalMHUXKYOi coBiBapPTOCTi, pO3paxoBaHoOi

Ha OCHOBi $aKTUYHUX AaHuX reHepauii BAE y YepKacbKilt
06.1acTi 3 ypaxyBaHHAM NPOAAXKY KUCHIO T HAA/IULLKIB ene-
KTpOeHeprii B roAnHU NiK, NOKa3aso, Wo YKPaiHCbKUIA BO-
[EeHb € MaiKe CNiBCTaBHUM 3a cob6iBapTICTIO MOPIBHAHO 3
BOAHEM, BUpo6aeHUM 3 BUKopuctaHHAM eHeprii CEC y Kpa-
iHax, sAKi cxoXi 3a norogHumm ymoBamu (HimeuuuHa,
Monbua, diHnaHgia, Yexia). OTKe, HeobxiaHO nposecTu
[OCNIOXKEHHA 3 BU3HAYeHHA Hanpamis 3HMKeHHA LCOH y
peanbHUX YMOBAX HALLIOI KpaiHW.

OfHMM 3 TaKMX HanpAmiB moxe byTu 36inblieHHA NOTYX-
HOCTel TeXHOMOFYHOI rpynu, Wwob npoasmecA BNANB ede-
KTy mMacwTabyBaHHA, HACNiAKOM AKOrO MOMKE CTaTW 3HU-
YKEHHSA KaniTaibHMX Ta onepauiinHuUX BUTPAT, NiABULLEHHSA
eHeproepeKTUBHOCTI 33 paxyHOK ONTUMI3aLLii 4ONOMIXKHMX
cuctem (BoAONiIArOTOBKM, OXONOAMKEHHA, OUMLLEHHA). Kpim
TOro, MOXKHa niasnwmT KBBI eneKkTponizepa 3a paxyHoOK
BUKOPMCTAHHA BEANKOI KINbKOCTI BIAHOBNOBAaHNX AXepen,
pO3TalOBAHMX Ha NEBHIN BiACTaHi ogHe Big ogHOro, Wo
MOKE AaTU KYMYNATUBHUIA edeKT 36i/blueHHs iX CnifbHOi
reHepadiii.

Lle noTpebye npoBeaeHHA A0AATKOBUX AOCAIAXKEHD.

TaKoX A0LiNbHO NPOBECTU A0CNIAKEHHA LWOAO BKAOYEHHA
[0 TexHonoriyHoi rpynu BAE + enekTponizep yCTaHOBKM
36epiraHHA eHeprii. Xoya, Ha AYMKY AeAKUX A0CNiAHUKIB,
TaKa iHTerpauis He 3aBXAM € BUNPaBAAHOLO, OCKiNbKK 36i-
NbLUYE KaniTa/bHi BUTPATW, ane He NPUBOAUTb A0 3MEH-
weHHA LCOH [39].

BuUcHOBKM

Pe3synbTaTn po3paxyHKiB cepegHbo3BaxKeHoi cobiBapTocTi
3e/1eHOro BoAH0 B ymoBax YepkacbKoi obiacTi YKpaiHu no-
Kasanau, Wo iCHYE HalKpaLle CniBBiAHOWEHHA MiXK BCTaHO-
BIEHUMM NOTYXKHICTAMM TexHonoriyHoi napu CEC Ta BEC,
notyxHictio 1 MBT KoXHa, Ta enekTposnizepa PEM — ue
2,9:1, 3a AKoro nokasHuUKkM LCOH € HanHMKUnM.

BcmaHosneHo, o cobisapmicme 3ea1eH020 800HIO MOMHA
3MeHwWumu 8 cepedHbomy Ha 10 % 3a paxyHOK npooaxcy
KUCHI0, AKUU ymeoptoeMoca npu enekmponisi eoou. Joda-
MKOBUM HAMNPAMOM 3HUXEHHA cobisapmocmi 800H!0 8 ce-
pedHboMy Ha 18 % € npodax« enekKmpoeHepeii, AKa supob-
naemecA CEC ma BEC i He s8uKopucmosyemoeca y
mexHo102i4YHOMY NPoyeci, Ha PUHKY «Ha 006y Haneped»
ma eHympiwH60006080My PUHKY 8 nepiod paHKO8020 Ma
8e4YipHb020 MiKY CIOXUBAHHA.

MokasaHo, Wo cepefHbO3BaXKeHa cobiBapTiCTb BUPOOHML-
TBa 3eeHoro BOAHIO  TEXHOJIOFYHOM rpynoto
CEC+BEC+PEM B ymoBax YepkacbKoi obnacti YkpaiHu €
MaityKe cniBCcTaBHO 3 cobiBapTiCTIO BOAHIO, BUpobaeHoro
3 BUKopucTaHHAM eHeprii CEC y KpaiHax, AKi CX0Xi 3a noro-
AHUMKM ymoBamu (HimeuunHa, Monblua, PiHnsHAais, Yexin).

[Ona 3abe3nevyeHHA KOHKYPEHTO34aTHOCTI YKPaiHCbKOro Bo-
OHIO Ha €EBPONENCbKOMY PUHKY HeobxigHo pocniguTtu
BMN/IMB 30iNblWIEHHA MOTYKHOCTEW TEXHOJOrYHOI rpynu
(edekT macwTabyBaHHA) Ha 3MeHLLEHHs cobiBapToCTi 3e-
NeHoro BoAH. Takoxk HeobxigHO NpoBecTn AoCAiAKeHHSA
WOAO AOLINbHOCTI BKAOYEHHA 40 CKAady TeXHOOriYyHol
rpynu BAE + enekTponizep ycTaHOBKU 36epiraHHA eHeprii,
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LLLO MOXe AaTh edeKT 3a paxyHOK 36iiblueHHA KoediuieHTa
BMKOPWUCTAHHA BCTAaHOBJIEHOI MOTYXKHOCTI e€NeKTponisepa,
AKUI CYTTEBO BMN/MBAaE Ha cobiBapTicTb BUPOBHMUTBA BO-
AHt. BogHovac 3HayHO nigsuwmtn KBBI1 enekTponisepa
npw poboTi y TaKili TEXHOIOrIYHI rpyni HaBpPAAL, UM BAACTLCS,
OCKIiNIbKM KNiMaTHUYHi YyMOBWM YKpaiHM He A03BONAIOTbL MaTu
sucoki KBBIM CEC i BEC.
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Abstract. An analysis of the Ukrainian and European regulatory
framework for the development of green hydrogen production
was conducted. The world development of green hydrogen
production technologies over the past five years was considered.
It was shown that the expected decrease in electrolyzer costs did
not occur, but the total installed costs for solar and wind power
plants decreased in Europe. The hourly electricity production by
solar and wind power plants operating in the Cherkasy region of Ukraine in 2024 was analyzed. The initial
parameter values for calculating the levelized cost of green hydrogen production using electricity generated by
these power plants are determined by the results of this analysis and a literature review.

It is shown that the ratio between the installed capacity of the renewable energy source and the electrolyzer is
debatable. The results of calculations of the levelized cost of green hydrogen production for different values of
this ratio are presented. The inexpediency of using an electrolyzer with a capacity equal to the capacity of a
renewable energy source is established. It is shown that there is an optimal value of this ratio, at which the
lowest levelized cost of hydrogen production is ensured.

The possibility of reducing the cost of green hydrogen by selling oxygen formed during water electrolysis has
been studied. It has been shown that this will reduce the cost by an average of 10%.

The electricity supply schedules from solar and wind power plants and their consumption by the electrolyzer
throughout the day of each month were analyzed. This amount of electricity that is not used in the technological
process, but can be sold on the day-ahead and intraday markets during morning and evening peak consumption
periods, has been determined. Such a sale will further reduce the cost of green hydrogen by an average of 18%.

Keywords: decarbonization, electrolyzer, solar power plant, wind power plant, green hydrogen, levelized cost

1.2 General Energy Institute, NAS of
Ukraine, Kyiv, Ukraine

2 State Institution “Center for evaluation of
activity of research institutions and scien-
tific support of regional development of
Ukraine of NAS of Ukraine”

of hydrogen production, capacity ratio.

List of symbols and abbreviations used:
CAPEX — Capital Expenditure
ALK — Alkaline Electrolyzer

PEM — proton exchange membrane electrolyser

Introduction. Achieving climate neutrality by the middle of
the current century is a priority objective of the Paris Agree-
ment [1] and the European Green Deal [2], which serve as
guiding frameworks for EU Member States regarding en-
ergy transformation and the transition to a reliable and sus-
tainable energy supply in the future and, accordingly,
should be taken into account by Ukraine as a candidate
country for EU membership.

In 2020, the EU adopted A Hydrogen Strategy for a Climate-
Neutral Europe [3], which provides projections for the in-
crease in hydrogen’s share in the European energy balance
from less than 2% in 2019 to 13—-14% by 2050. The docu-
ment also emphasizes that the countries of the Eastern
Neighbourhood, in particular Ukraine, as well as the

RES — renewable energy sources
IEA — International Energy Agency

SPP+WPP+PEM — technological group consisting of a solar
and wind power plant and an electrolyzer PEM

countries of the Southern Neighbourhood, should become
priority partners of the EU within the framework of the Hy-
drogen Strategy, including through the Neighbourhood In-
vestment Platform, which has financed projects supporting
the transition of partner countries to clean energy for many
years.

The aforementioned document identifies renewable (or
clean) hydrogen as one of the main types of hydrogen,
which is produced through water electrolysis using electric-
ity generated from renewable energy sources. At the same
time, it is noted that renewable hydrogen may also be ob-
tained through steam reforming of biogas or biochemical
conversion of biomass. The website of the United Nations
Framework Convention on Climate Change provides the
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following definition: “green” hydrogen is hydrogen pro-
duced through water electrolysis using electricity gener-
ated from renewable energy sources [4]. This article specif-
ically examines the production of green hydrogen.

In 2023, the European Commission published the Commu-
nication from the Commission to the European Parliament,
the Council, the European Economic and Social Committee
and the Committee of the Regions on the European Hydro-
gen Bank, which outlines the concept for establishing such
a bank and creating an internal hydrogen market based on
fixed-premium auctions to support production within the
EU. At the same time, the document emphasizes “the need
for a dedicated instrument capable of supporting hydrogen
flows from third countries. In the absence of a market, EU
Member States should support European buyers in order to
ensure the conclusion of currently non-existent purchase
agreements with producers in third countries” [5].

In Ukraine, by Resolution of the Cabinet of Ministers dated
25 June 2024 No. 587-r, the “National Energy and Climate
Plan until 2030” was approved. The document states that
hydrogen production in Ukraine may reach 1.0 billion m? by
2035 and increase to 5.0 billion m3 thereafter [6].

In 2024, the Ministry of Energy of Ukraine presented the
draft Hydrogen Strategy of Ukraine until 2050, which is in-
tended to define the main areas of hydrogen use in
Ukraine, including export opportunities. The declared ob-
jective of the Strategy is to establish the fundamental prin-
ciples for the development of the hydrogen sector in
Ukraine until 2050, as well as to identify the main stages,
strategic goals, and the pathways and mechanisms for their
achievement [7]. The document presents the overall poten-
tial for hydrogen production using solar and wind energy,
differentiated by the regions of Ukraine.

However, none of the aforementioned documents provides
substantiated estimates of the cost of green hydrogen pro-
duction under Ukrainian conditions. Nevertheless, this indi-
cator will determine the competitiveness of Ukrainian hy-
drogen in the European market.

The stochastic operating mode of solar power plants (SPPs)
and wind power plants (WPPs) constitutes a significant de-
stabilizing factor for the operation of any power system, in-
cluding the Integrated Power System of Ukraine (IPS of
Ukraine), which experiences a considerable deficit of flexi-
ble generation capacity. Within the IPS of Ukraine,
pumped-storage hydropower plants are used as energy
storage facilities; however, their storage capacity has
proven insufficient to ensure system stability. In 2025, the
largest energy storage system complex, with a capacity of
200 MW, commissioned by DTEK in partnership with the
American company Fluence Energy B.V., commenced oper-
ation.

At the same time, technologies for converting electricity
into other energy carriers play an important role in main-
taining the operational balance of the Ukrainian power sys-
tem under conditions of insufficient flexibility of generation
sources and significant volumes of excess electricity

generation from renewable energy sources (RES) [8-12].
Among such technologies, hydrogen production using re-
newable energy should be highlighted. Therefore, the de-
termination of the techno-economic performance indica-
tors of hydrogen production technologies based on
renewable energy for the conditions of a specific country is
highly relevant.

Problem statement. In 2020, this article's co-author con-
ducted a study aimed at determining the levelized cost of
hydrogen production using electricity generated from re-
newable energy sources for Ukraine as a whole [13]. The
calculations presented in the article were based on litera-
ture sources, forecasts regarding the development of green
hydrogen production technologies, and the authors’ own
assumptions made with consideration of the possible oper-
ating conditions of electrolyzers in Ukraine. Specific SPPs or
WPPs, and consequently their actual electricity generation
profiles, were not considered.

An analysis of publications indicates that forecasts regard-
ing the increase in global green hydrogen production have
not been confirmed. A comparison of the data of the Inter-
national Energy Agency (IEA) for 2021 [14] and 2025 [15]
showed that, in 2020, the production of “green hydrogen”
through water electrolysis amounted to 30 thousand
tonnes (approximately 0.03% of global hydrogen produc-
tion), while 16 fossil-fuel-based plants using carbon cap-
ture, utilization, and storage (CCUS) technologies produced
an additional 0.7 million tonnes of hydrogen (0.7% of global
production). In 2024, less than 1% of hydrogen was also
produced using low-carbon technologies. According to the
IEA 2025 forecasts, taking into account announced pro-
jects, low-carbon hydrogen production may reach 37 mil-
lion tonnes per year by 2030 [15], which is lower than the
IEA 2024 forecast of 49 million tonnes per year [16].

The key parameters affecting the cost of hydrogen produc-
tion are capital expenditures (CAPEX), electrolyzer effi-
ciency, its capacity factor, and the cost of consumed elec-
tricity. According to Lazard data for the United States, the
CAPEX of utility-scale SPPs in 2020 was estimated within
the range of USD 1,300-1,500/kW [17], while in 2025 it was
estimated at USD 1,600-3,300/kW [18]. At the same time,
according to the International Renewable Energy Agency
(IRENA), the CAPEX of onshore WPPs in Europe in 2024 was
estimated within the range of USD 1,211-2,232/kW, while
operation and maintenance costs ranged from USD 25 to
55/kW [19]. According to IRENA, during 2024 the CAPEX for
all recently commissioned utility-scale SPPs projects in Eu-
rope varied within the range of USD 524-1,312/kW. Data
from the IRENA project database for 2024 showed that the
weighted average operation and maintenance cost of util-
ity-scale SPPs amounted to USD 13.1/kW per year at the
global level [19].

At present, there are two mature water electrolysis tech-
nologies: alkaline electrolyzers (ALK) and proton exchange
membrane electrolyzers (PEM). In 2024, Lazard estimated
the capital costs for the deployment of electrolyzers with
installed capacities of 100 MW and 20 MW at USD 1,100—
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1,831/kW for ALK systems and USD 1,630-1,975/kW for
PEM systems [20]. According to IEA estimates, over the last
decade, PEM technology has demonstrated a significant re-
duction in costs, although it still remains approximately
20% more expensive than ALK technology. Currently, the
CAPEX of electrolyzer systems amounts to USD 2,000/kW
and USD 2,450/kW for ALK and PEM technologies, respec-
tively, although for Chinese ALK electrolyzers these costs
may range from approximately USD 750 to 1,300/kW [21].

An analysis of both types of electrolyzers indicates that, at
present, the cost of ALK systems is lower than that of PEM
systems. However, reference [22] emphasizes the necessity
of considering the fact that the total operating costs of PEM
systems are actually only one-third of the operating costs
of ALK systems. Reference [23] presents a forecast of a sig-
nificant reduction in the gap in capital expenditures be-
tween ALK and PEM technologies by 2030 for installations
with capacities of 1-10 MW, while the analysis results pre-
sented in [24] indicate that PEM systems may ultimately
become more affordable than alkaline systems.

Thus, no substantial reduction in capital expenditures costs
for electrolyzers has occurred. For ALK technology, a slight
increase in CAPEX has even been observed, which may be
associated with efforts to enhance their operational flexi-
bility for integration with RES and to address the problem
of electrode degradation in order to reduce operating costs
[25, 26]. According to other forecasts [27], the capital ex-
penditures for both ALK and PEM electrolysis technologies
may converge by 2030.

However, at present, both technologies have the same
Technology Readiness Level (TRL 9) for hydrogen produc-
tion, since they still require policy support and further im-
provements in order to remain competitive with conven-
tional fossil-fuel-based hydrogen production technologies
without emissions [28].

Over the past five years, the efficiency of electrolyzers,
which significantly affects the cost of hydrogen production,
has remained almost unchanged.

Thus, the objective of this study was to perform refined cal-
culations of the levelized cost of green hydrogen produc-
tion in the Cherkasy region of Ukraine.

The calculations were based on annual hourly power gen-
eration data for wind and solar power plants located in
Cherkasy Oblast, obtained using the renewable energy gen-
eration modeling system System Advisor Model (SAM), de-
veloped by the National Renewable Energy Laboratory
(NREL) [29].

Presentation of the main research material with substanti-
ation of the obtained scientific results.

For the production of green hydrogen, a technological con-
figuration consisting of a solar power plant, a wind power
plant, and an electrolyzer was considered.

Lcc
cC =

K, CAPEX®" +CAPEX"™ +CAPEX"™ .\ T P P Y O™

When selecting the type of electrolyzer — alkaline or pro-
ton exchange membrane — in addition to CAPEX values,
their key dynamic characteristics according to [30] were
also taken into account. PEM electrolyzers have a wider
load range, from 0 to 160% of nominal load, whereas for
ALK systems the range is 15-100%. PEM systems also
demonstrate faster start-up times, both from a warm state
— 1 second compared to 1 minute for ALK — and from a
cold state — 5 minutes compared to 10 minutes for ALK.
The ramp-up/ramp-down rate for PEM systems reaches
100% per second, while for ALK systems it ranges from 0.2
to 20% per second. Shutdown of PEM systems requires only
a few seconds, whereas for ALK systems it takes from 1 to
10 minutes.

Since, within the considered technological configuration,
the electrolyzer must operate efficiently in a technological
group with the variable generation of SPPs and WPPs, the
PEM electrolyzer technology was selected, as it offers sig-
nificant advantages over ALK systems in terms of opera-
tional dynamics.

It was assumed that the considered technological configu-
ration operates as a single integrated hydrogen production
facility; therefore, the electricity generated by the SPP +
WPP system is supplied to the electrolyzer free of charge.
At the same time, the cost of hydrogen production is af-
fected not only by the capital and operating expenditures
of the electrolyzer, but also by those of the SPP and WPP.

The technological configuration does not include tempo-
rary hydrogen storage facilities. Further transportation and
use of hydrogen were not considered.

At present, the term “Levelized Cost of Hydrogen” (LCOH)
is widely used. It is expressed in USD per kilogram of hydro-
gen and is calculated as the total discounted costs over the
life cycle of the technological configuration divided by the
total discounted hydrogen production over the same pe-
riod, which can be formalized by the following expression:

LCOH=—"—— (1)

Lec
where C represents the discounted hydrogen produc-

tion costs of the technological configuration over its life cy-
cle, expressed in USD (the nominal value of money corre-
sponds to the first stage of commercial operation); T is the
life-cycle duration of the technological configuration, years;
t denotes the life-cycle stage, year; H, isthe hydrogen pro-

duction of the technological configuration at stage t, kg;
and ris the discount rate, expressed as a fraction.

The discounted costs of hydrogen production over the life
cycle of the technological configuration, reduced to the be-
ginning of its operation, are determined by the following
expression:

, ()

ry (1 + r)TC +1-t

(1+r) 7

t=TC+1
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where th is the construction period of the technological
configuration from the commencement of initial invest-
ments to the start of commercial operation, years; 7% is

the period of commercial operation, years; CAPEXtSPP,

CAPEX/"" and CAPEX[™" are the capital investments in
the SPP, WPP, and PEM electrolyzer, respectively, for the

corresponding construction stage, expressed in USD; CfPP,

wep
C

PEM . . .
. ,and C," are the annual fixed operation and mainte-

nance costs of each component of the technological config-
uration, respectively, expressed in USD; Cg/ denotes the

annual variable operating costs, which at each stage t are
determined as a function of the operating mode of the

technological configuration, expressed in USD; and Ct'"v is
the amount of interest payments on loan funds for stage t
in USD.

The mathematical model (1)—(2) was implemented using
the Microsoft Excel spreadsheet processor.

Water consumption for electrolysis was adopted based on
the data reported in [31-34]. It was taken into account that
the level of water resource availability in Ukraine,

Table 1. Initial parameters for LCOH calculation

determined by river runoff formation and the availability of
groundwater and marine water resources, is insufficient
[35]. Almost 90% of the country’s territory is characterized
by low or very low levels of water availability. Ukraine does
not possess natural surface water resources suitable for hy-
drogen production; therefore, only groundwater can po-
tentially be utilized, which was taken into consideration in
this study. The rent fee for special water use, according to
the 2026 Tax Code of Ukraine [36], was assumed at the
level established for the special use of groundwater in
Cherkasy Oblast, namely UAH 72.02 per 100 m3. Water sup-
plied to the electrolyzer must undergo purification. Accord-
ing to [31], the use of, for example, reverse osmosis for the
desalination of 1 m? of seawater requires 3—4 kWh of elec-
tricity drawn from the grid. This has an insignificant effect
on the overall cost of water electrolysis, increasing the total
hydrogen production cost by only USD 0.01-0.02 per kg of
Hz.

For the calculations, the input data presented in Table 1
were adopted. The selection of the economic parameters
of photovoltaic power plants (solar power plants, SPPs),
wind power plants (WPPs), and the electricity grid (power
grid, PG) was based on the data reported in [19, 20].

Parameter Unit of measurement Value
SPP [19]
SPP installed capacity MW 1.0
SPP CAPEX USD/kW 780
Period of commercial operation years 30
Construction period years 1
O&M costs USD/(kW-year) 13.1
Annual increase in O&M costs % 0.10
WPP [19]
WPP installed capacity MW 1.0
WPP CAPEX USD/kW 1660
Period of commercial operation years 30
Construction period years 1
O&M costs USD/(kW-year) 35.0
Annual increase in O&M costs % 0.10
Electrolyser PEM [20]

Maximum capacity % of nominal capacity 100
Minimum capacity —«— 10
PEM CAPEX USD/kW 1200
Period of commercial operation years 30
Construction period years 1
Efficiency % 60
Availability factor % 90
Electricity consumption kWh/kg H, 55.00
Water consumption I/kg H2 10.00
Water desalination cost USD /m3 (1000 I) of water 1.60
Oxygen production kg O2/kg H2 8.00
Rent fee for the use of water resources USD /1 m3 of water 0.04
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Parameter Unit of measurement Value
General parameters
Share of loan funds % 70
Term of loan provision years 10
Loan interest rate % 10
Internal revenue rate % 12
Corporate income tax % 18
Real discount rate % 9.3

A debatable issue is the selection of the installed capacity of
the electrolyzer. The results of the analysis of actual hourly

electricity generation data for the combined SPP + WPP tech-
nological pair during 2024, classified by ranges of joint power
generation volumes, are presented in Table 2.

Table 2. Ranges of electricity generation by a technological pair of solar and wind power plants in 2024

Range of combined electricity generation by the SPP and . -
WPP, kW per hour Hours of generation Share in annual electricity
output, %

from to
1824 1803 4 0.05
1768 1732 5 0.06
1694 1605 19 0.22
1597 1512 12 0.14
1496 1402 30 0.34
1391 1300 45 0.51
1298 1200 68 0.78
1199 1100 95 1.08
1097 1000 188 2.15
999 900 294 3.36
899 800 424 4.84
799 700 335 3.82
699 600 411 4.69
599 500 399 4.55
499 400 545 6.22
399 300 675 7.71
299 200 1032 11.78
199 100 1373 15.67
99 1 2361 26.95
0 0 445 5.08
Total 8760 100

Table 2 shows that electricity generation by the combined
SPP + WPP technological pair within the range from 1824
to 1000 kWh occurs during 466 hours per year, which ac-
counts for only 5.3% of the annual operating hours. There-
fore, the question arises as to whether it is reasonable,
within the SPP + WPP + PG technological group, to install
an electrolyzer whose capacity is equal to the total installed
capacity of the SPP and WPP. This is due to the fact that the
capacity factor of the electrolyzer is one of the key param-
eters determining the cost of hydrogen production [13].

A review of the literature revealed that a number of studies
conducted in different countries have addressed the issue
of optimizing the capacity ratio between RES and the elec-
trolyzer. In study [37], carried out on behalf of the US

Department of Energy, it is proposed to select the electro-
lyzer capacity at the level of 50% of the total capacity of the
combined SPP and WPP pair, which leads to an increase in
the electrolyzer capacity factor.

Reference [38] states that the optimal ratio between RES
capacity and electrolyzer capacity represents a compro-
mise between their respective capacity factors, as they ex-
hibit opposite trends. When the ratio between the nominal
capacity of RES and that of the electrolyzer decreases, the
RES capacity factor improves, while the electrolyzer capac-
ity factor decreases. Conversely, as the ratio between the
nominal capacity of RES and the electrolyzer increases, the
utilization of the latter is maximized. Depending on the cost
of the technologies involved, the optimal solution generally
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improves one of the two capacity factors at the expense of
the other. The case study considered in the article for the
conditions of Italy showed that the nominal capacity of the
SPP should be 2.2 times higher, and the nominal capacity of
the WPP should be 2.8 times higher than the nominal ca-
pacity of the electrolyzer.

Reference [39] states that for each RES capacity class, there
exists an optimal electrolyzer capacity to be installed at
which the LCOH reaches its minimum value. This ratio is not
universal but depends on the location of the RES installa-
tion. The article provides the following cost-optimized ra-
tios of electrolyzer capacity to RES capacity: from 13.6% to
73% for SPPs and from 3.3% to 143% for WPPs, depending
on the location of RES facilities in different regions and
countries characterized by varying numbers of electricity
generation hours. Taking into account the different RES lo-
cations, the range of optimal ratios for WPPs is significantly
wider than that for SPPs, which, according to the authors,
is determined by different generation characteristics.

Reference [40] demonstrates that the proper selection of
SPP and electrolyzer capacities has a significant impact on
the cost of hydrogen production. Due to the low capacity fac-
tor of SPPs, the optimal ratio between SPP capacity and elec-
trolyzer capacity under the conditions of Californiais 1.7:1.

Itis evident that not all electricity generated by the SPP and
WPP is used for hydrogen production; the share of such
electricity ranges from 13% to 35%, depending on the ca-
pacity ratio between the SPP + WPP system and the PEM.
First, the power exceeding the electrolyzer capacity is not
utilized; second, power below 10% of the electrolyzer ca-
pacity is also not utilized, in accordance with operational
recommendations [38]. This electricity can only be sold on
the market during the morning and evening peak load
hours of the power system.

According to Resolution No. 70 of 16 January 2026 issued
by the National Commission for State Regulation of Energy
and Public Utilities [42], the price caps on the day-ahead
electricity market and the intraday market during the
morning consumption peak period from 07:00 to 11:00 are
set at UAH 6,900.00/MWh, while during the evening peak
period from 17:00 to 23:00 they are set at UAH
15,000.00/MWh. On the balancing market, the maximum
price caps are UAH 8,250.00/MWh from 07:00 to 17:00 and
UAH 16,000.00/MWh from 17:00 to 23:00.

An analysis of the daily electricity supply and electrolyzer
consumption profiles for each month made it possible to
determine the amount of energy that can be sold during
peak hours over the course of a month (Table 3).

Table 3. Amount of electricity generated by solar and wind power plants that is not used for hydrogen production,
which can be sold during peak load hours of the power system, MWh

Peak Month of the year Total for
period | o1 | 02 [ 03 | 04 | 05 | 06 | 07 [ 08 [ 09 | 20 | 11 | 12 | theyear
PEM installed capacity 1.9 MW
Morning 6.0 3.2 3.6 3.0 13 0.6 0.7 1.4 1.7 3.0 6.2 4.3 34.8
Evening 8.4 9.3 7.9 7.9 9.7 | 108 76 | 10.1 | 9.6 9.1 7.9 9.6 108.0
PEM installed capacity 1.0 MW
Morning 5.5 4.6 7.4 5.1 7.2 7.0 2.1 5.4 7.1 3.2 3.0 1.5 59.1
Evening 2.8 3.0 2.6 2.7 2.8 4.2 4.3 3.9 4.6 3.8 23 3.6 40.7
PEM installed capacity 0.9 MW
Morning 6.6 6.0 | 105 9.1 | 110 | 113 | 3.7 8.7 104 | 4.8 3.1 1.6 87.0
Evening 2.7 2.6 2.1 25 25 3.9 3.9 3.7 4.4 3.3 2.0 3.1 36.7
PEM installed capacity 0.85 MW
Morning 7.4 6.7 | 124 | 114 | 135 | 140 | 5.3 111 | 129 | 6.2 3.1 1.7 105.7
Evening 2.4 2.4 2.0 2.5 2.5 3.3 3.7 33 4.3 3.3 2.0 2.9 34.4
PEM installed capacity 0.83 MW
Morning 7.8 7.1 133 | 123 | 147 | 152 | 6.2 121 | 139 | 6.9 3.1 1.7 114.4
Evening 23 2.4 1.9 2.5 2.4 3.3 3.6 3.1 4.0 3.3 1.9 2.6 334
PEM installed capacity 0.8 MW
Morning 8.4 78 | 146 | 138 | 166 | 17.2 | 0.2 140 | 15.7 | 8.0 3.5 2.1 121.7
Evening 2.5 25 2.0 2.0 2.6 3.0 3.5 2.9 3.9 3.3 2.1 2.7 32.9
PEM installed capacity 0.75 MW
Morning | 9.9 | 9.0 | 167 | 165 [ 200 | 208 | 120 [ 174 [ 188 [ 100 | 41 [ 31 | 1572
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Peak Month of the year Total for
period 01 [ 02 | 03 | 04 | 05 [ 06 | 07 | 08 | 09 | 10 | 11 | 12 the year
Evening 3.0 25 2.3 2.0 2.9 25 34 2.7 3.6 34 24 2.6 333

PEM installed capacity 0.7 MW
Morning 116 | 10.2 | 19.5 | 195 | 23.8 | 24.8 | 14.8 | 21.1 | 22.2 | 125 | 4.6 4.3 188.9
Evening 3.6 2.9 2.6 21 3.2 2.2 31 24 3.6 3.7 2.9 2.8 35.2
PEM installed capacity 0.65 MW
Morning 133 | 11.6 | 224 | 226 | 281 | 29.1 | 19.2 | 25.2 | 25.8 | 15.1 | 5.6 5.4 2234
Evening 4.2 34 2.9 2.6 3.2 1.9 3.0 2.0 3.8 4.0 3.7 3.0 37.7

Based on the above considerations, the ratio between the
capacity of the SPP + WPP technological group and the PEM
was determined so as to ensure a lower value of the

weighted average cost of hydrogen production. The calcu-
lation results are presented in Table 4.

Table 4. LCOH for different power ratios of the SPP+WPP+PEM technological group

Parameter Value
Annual electricity generation
by the SPP + WPP, MWh 2967.191
Installed PEM electrolyzer 190 | 100 | 09 | o085 | 083 | 08 | 075 | 070 | o065
capacity, MW
Electricity consumed for hy-
drogen production per year, | 2684.7 | 2770.9 | 2724.7 | 2690.7 | 2674.9 | 2645.8 | 2590.9 | 2525.4 | 2451.9
MWh
Unused electricity per year, 2825/ 196.3/ | 2425/ | 2765/ | 292.3/| 321.4/ | 3763/ | 441.8/ | 515.3/
MWh / % 19 13 16 19 20 22 25 30 35
fnnua' hydrogen production, | ¢ Jcq | 57206 | 26.751 | 26.417 | 26.262 | 25.977 | 25.438 | 24.705 | 24.073
LCOH, USD/kg H> 2139 | 1462 | 1418 | 1436 | 14.44 | 1389 | 14.19 | 13.81 | 14.22
LCOH considering O sales, 19.92 | 13.15 | 1271 | 12.89 | 12.98 | 1243 | 12.72 | 1238 | 12.76
USD/kg Ha
LCOH considering Oz and 1890 | 125 | 11.85 | 11.90 | 11.92 | 1131 | 11.31 | 10.65 | 10.38
electricity sales, USD/kg H,
Ratio PEM/ (SPP + WPP), % | 95.0% | 50.0% | 45.0% | 42.5% | 41.5% | 40.0% | 37.5% | 35.0% | 32.5%
Ratio of installed capacities ) ) ) ) ) ) ) . .
(SPP 4+ WPP) : PEM 1051 | 21 | 221 | 2351 | 241 | 251 | 271 | 291 | 311

Table 4 clearly demonstrates that there exists an optimal
ratio between the capacities of the SPP + WPP pair and the
PEM electrolyzer, namely 2.9:1. In other words, for a tech-
nological pair consisting of an SPP with an installed capacity
of 1 MW and a WPP with an installed capacity of 1 MW, it
is advisable to install a PEM electrolyzer with a capacity of
0.7 MW. Under these conditions, the minimum LCOH value
of USD 13.81/kg H; is achieved.

It should be noted that the oxygen produced during water
electrolysis can be utilized in various sectors of the econ-
omy, and the technologies for its transportation are well
developed. PEMs produce hydrogen and oxygen of high pu-
rity (99.999%) [43], which meet the purity requirements for
medical oxygen. Therefore, the cost of green hydrogen pro-
duction can be reduced if electrolytic oxygen is commer-
cialized as a by-product. The calculations took into account

the impact of oxygen sales on the LCOH value. For the
above-mentioned SPP+WPP+PEM technological group with
a PEM installed capacity of 0.7 MW, this makes it possible
to reduce the LCOH to USD 12.34/kg H..

Taking into account the possibility of selling surplus elec-
tricity on the day-ahead electricity market and the intraday
market during peak hours makes it possible to reduce the
LCOH to USD 10.65/kg H, for a PEM installed capacity of 0.7
MW. However, the LCOH decreases further to USD
10.38/kg H, at a PEM installed capacity of 0.65 MW, alt-
hough without considering electricity sales, this indicator is
higher than that for a PEM capacity of 0.7 MW.

In order to formulate conclusions regarding the feasibility
of green hydrogen production in Ukraine, estimates of the
approximate cost of its production in other European
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countries were analyzed. The European Hydrogen Observa-
tory website provides free access to the Levelised Cost of
Hydrogen Calculator (LCOH Calculator) [44], which allows
the use of default values provided by Hydrogen Europe or
user-defined values. The default values may vary depend-
ing on the selected country and electricity source. User-de-
fined values do not change automatically and must be ad-
justed manually by the user. Using the default values,
approximate levelized costs of green hydrogen production
were calculated for several European countries (Table 5).

Table 5. LCOH calculated with the Levelised Cost of Hy-
drogen Calculator developed by The European Hydrogen
Observatory [44]

Type of RES
Country
SPP Onshore WPP
Spain 6.82 6.95
Lithuania 12.59 7.25
Germany 10.42 7.4
Poland 11.93 7.36
Finland 11.1 6.86
Czech Republic 11.63 8.88

A comparison between the hydrogen production costs in
European countries and the minimum production cost cal-
culated on the basis of actual RES generation data in Cher-
kasy Oblast, taking into account the sale of oxygen and sur-
plus electricity during peak hours, showed that Ukrainian
hydrogen is nearly comparable in cost to hydrogen pro-
duced using SPP electricity in countries with similar climatic
conditions, such as Germany, Poland, Finland, and the
Czech Republic. Therefore, further research is required to
identify pathways for reducing the LCOH under the actual
conditions of Ukraine.

One such pathway may involve increasing the capacities of
the technological group in order to realize the effects of
scaling, which could result in lower capital and operating
costs as well as improved energy efficiency through the op-
timization of auxiliary systems, including water treatment,
cooling, and purification systems. In addition, the capacity
factor of the electrolyzer may be increased through the in-
tegration of a larger number of renewable energy sources
located at a certain distance from one another, which could
produce a cumulative effect in terms of increasing their
combined electricity generation. This requires further in-
vestigation.

It is also advisable to conduct studies on the integration of
an energy storage system into the RES + electrolyzer tech-
nological group. Although, according to some researchers,
such integration is not always justified, as it increases capi-
tal expenditures without leading to a reduction in the LCOH
[39].

Conclusions

The results of the calculations of the levelized cost of green
hydrogen under the conditions of Cherkasy Oblast,
Ukraine, demonstrated that there exists an optimal ratio
between the installed capacities of the technological SPP
and WPP pair, each with a capacity of 1 MW, and the PEM
electrolyzer, namely 2.9:1, at which the LCOH values are
minimized.

It was established that the cost of green hydrogen can be
reduced by an average of 10% through the sale of oxygen
generated during water electrolysis. An additional pathway
for reducing hydrogen production cost by an average of
18% is the sale of electricity generated by the SPP and WPP
but not utilized in the technological process on the day-
ahead electricity market and the intraday market during
the morning and evening peak consumption periods.

It was shown that the levelized cost of green hydrogen pro-
duction by the SPP+WPP+PEM technological group under
the conditions of Cherkasy Oblast, Ukraine, is almost com-
parable to the cost of hydrogen produced using SPP elec-
tricity in countries with similar climatic conditions, such as
Germany, Poland, Finland, and the Czech Republic.

In order to ensure the competitiveness of Ukrainian hydro-
gen on the European market, it is necessary to investigate
the effect of increasing the capacities of the technological
group (scaling effect) on reducing the cost of green hydro-
gen production. It is also necessary to conduct studies re-
garding the feasibility of integrating an energy storage sys-
tem into the RES + electrolyzer technological group, which
may provide benefits through an increase in the electro-
lyzer capacity factor, a parameter that significantly affects
hydrogen production costs. At the same time, it is unlikely
that the electrolyzer capacity factor can be substantially in-
creased within such a technological group, since the cli-
matic conditions of Ukraine do not allow for SPPs and WPPs
tp achieve high capacity factors.
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