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lYkpaincsKuii JepraBHuil yHiBEPCHTET HAYKH i TEXHOIOTIi

?JlepskaBHMIi TOPTOBEILHO-€KOHOMIYHMI yHiBEpCHTET

EKCIIEPUMEHTAJIBHE JOC/IVKEHHSA EPEKTUBHOCTI
HAKOIIMYYBAHHSA TA BUKOPUCTAHHA BOJHIO HA OCHOBI
EJIEKTPOJII3BEPA TA ITAJIMBHOI'O EJIEMEHTA

Memoro cmammi € ananiz epexmusHoCmi en1ekmponizy 600U K Memooy GUPOOHUYMEA Ma HAKONUYEHHS
B00HIO, 4 MAKOMC OYIHKA NEepCHeKmus 1020 SUKOPUCMAHHA Y NATUGHUX eleMeHmax Onsa 30epicanHa ma
nepemeopeHnts eHepeaii.

Pozensnymo  mpu  ocnosHi  memoou  enekmponizy:  ayocnull, membpannui  (PEMEL) ma
sucoxomemnepamypruti (HTES). JJocniodxcennss niomeepoxcyroms, wo epekmusHicmes npoyecy 3HA4HO Mipow
3anexcums 6i0 memnepamypu ma ei1eKmpoXiMiyHux napamempis, a ONMUMAaiIbHUL memMnepamypHul 0iana3ox 0
enexmponizy 6oou cmanosums 373—400 K. Ocobnusy yseazy npudineHo KiHemuuHuMm Gaxmopam, maxum 5K
nepeHanpyeu Ha eileKkmpooax, OMIiUHI empamu ma YMEOPeHHs 2a308Ux OYIbOAUIOK, SKI MOXNCYMb 3HUNCYSAMU
NPOOYKMUBHICIb eleKMpPOoni3epis.

PEM-enexmponiz 6usnaueHo sax 00Hy 3 NepCReKmusHUX mexHon02ii 8UpoOHUYmMEa B00HIO 3A805KU GUCOKIL
weuokocmi pearkyii ma moscausocmi inmezpayii' y komnaxkmui cucmemu. Kpim mozo, docniosceno egpexmusnicmo
NATUBHUX elleMeHmi8 HA OCHO8I NpomoHooominnoi membpanu (PEMFC), saxi modcymsb GUKOpUCTOBYBAMUCS Y
MODINbHUX | CIMAYIOHAPHUX eHepeeMUYHUX CUCTHEMAX.

Bucnosku pobomu niomeepocyioms 0OYibHICMb NOOATLULIO2O PO3BUMKY eLeKMPOTTMUYHUX MEXHON02Il
07151 BUPOOHUYMBA BOOHIO, WO BIOKPUBAE MOICIUBOCT OIS IX BNPOBAVICEHHS Y chepi 8iIOHOBNIOB8ANHOT enepeemuK
ma mpancnopmy.

KarwuoBi caoBa: enexmponiz 600u, 600uegi mexuonozii, PEM-enexmponiz, nanusHi enemenmu,
HAKONUYeHHs eHepeii, eHepeemuyHa eqpeKmueHicms.

Beryn. BozpeHs Biirpae KIIIOYOBY poiib ¥ CYYaCHHX CTpATerisix 30epiraHHs Ta BHKOPUCTAHHS EHEpril
3aBISIKM CBOil BHCOKiH eHepreTwuHill minmbHOCTI. [IpoTe HOro BHPOOHHWITBO TOB’S3aHE 31 3HAYHUMH
EHEepreTHYHUMHE BUTPATaMH, III0 BU3HAYAIOTHCS 3aKOHAMU TepMoArHaMiku. Came ToMy e(heKTUBHICTh TEXHOIOTIH
OTPUMAaHHS BOJHIO, a TaKOX JDKepeia eHeprii, 0 BUKOPHCTOBYIOTHCS, € BHUPIIIAIBHUMHU (AKTOPaMH IpU
MOPiBHAHHI HOTO 3 IHITUMH METOIaMH HAaKOMMYEHHS eHeprii.

Hapasi BogeHs nepeBakHO OTPUMYIOTH 13 BUKOITHUX JDKEPENl, TAKUX K MPUPOJHHUN ra3, pifKi ByTJIEBOAHI
Ta BYTLIIJIS, 10 3HAYHO 0OMEXKY€ HOTO €KOJIOT19HY MPUBaOIUBICTh. [IpoTe, BUKOPHCTAaHHS BiTHOBIIOBAHUX JIKEPET
eHeprii B IIpOLECi €JEeKTPOJi3y BOAW MOXKE 3pOOMTH BHUPOOHMITBO BOIHIO KIIMAaTHYHO HEHTPaJIbHUM.
HesBakaroun Ha 3HaYHMH MMOTEHIliaJI, EKOHOMIYHA XHUTTE3AAaTHICTh TAKUX METOJIIB 3HAYHOIO MIPOIO 3aJIEXKUTh BiJ|
BUTpAT Ha CHEPTil0 Ta PO3BUTKY TEXHOJIOTIH.

Enexrponi3 Boan 3anumaeTbes OXHUM i3 HAHIIEPCIEKTUBHIIINX COCO0IB BUPOOHHIITBA BOAHIO, 0COOINBO
y TO€HAHHI 3 BITHOBIIIOBAHUMH JKepenaaMu eHeprii. Lle texHomoris, Binkpura nonasx 200 pokiB TOMY, CbOTO/HI
€ ocHoBowo KoHuenmid Power-to-Gas (PtG) Tta Power-to-Liquid (PtL), mo no3BonsitoTh mHepeTBOprOBaTH
€JICKTPOCHEPTiI0 B XIMIUHY €HEpTiio JJIsl TIOAAJBIIOro 30epiraHHs Ta BUKOpHucTaHHs. Cepeln OCHOBHHX METOJIB
eNeKTPONi3y  BHAUIAIOTE JIykHHH  emektpomi3 (AEL), wemOpannuit  enexrponiz (PEMEL) Ta
Bucoxoremneparypaui exexrpoiiz (HTES), koxeH 3 sitkux mae cBoi 0cOOMMBOCTI Ta cepu 3aCTOCYBaHHS.
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AKTyaJIbHICTh 3aCTOCYBAaHHS BOJHEBHX MMAJMBHUX €JIEMEHTIB BUKIIMKAE 3HATHUH HAYKOBHH 1HTEpEC JI0 i€l
TeMH. BapTo migkpecianuTH, 10 BOHA MPUBEPTAE yBary BUCHHX 3 YChOTO CBITY Ta 3 PI3HMX HAyKOBHMX AWCLHMIUIIH,
TaKUX SIK XiMisl, Ppi3uKa, MalInHOOY/TyBaHHS, EKOJIOTis, EKOHOMIKa, ITOJIiTHKa Tomo. Cepesl yKpaiHChKUX HayKOBIIIB,
SKi JTOCHI/DKYIOTh MPOOJEMHM BHPOOHHUIITBA T4 BHKOPHCTAHHS BOIHIO SK CHEPTOHOCIS, MOXXHA BIA3HAYHTH:
Hy6poscekoro B.B., Taiinyiskoro LI, I'eens B.B., Boittko C.B., lpaiioepa O.A., Ky3uenosa M.I1., Konemrxro
51.0., Kynpro C.O., Cononiny FO.M., Hopomrenka 5. B. [1], Mopo3zosa FO.I1., Sptucs B.A., Tpopumenka O.0.,
3agaunito [.}O., Tameesa 10.B., Tecnenka O.1. ta inmmx [2]. Cepen 3apyOi’KHUX JOCHTITHHKIB, SIKI 3aiMalOThCs
BOJHEBUMH TEXHOJIOTISIMU Ta MOKIIMBOCTSIMH IIEPEXOTy 10 BOIHEBOI €KOHOMIKH, BUAUIAtOTEC: Akinyele D. [3],
Andre L. P. [4], Felseghi R.-A. [5], Andrews J. [6], Audus H., Afgan N., Bossel U., Brandon N., Fan L. [7], Kurban
Z., Carvalho M., Chi J., Glenk G., Gross R., Kaarstad O., Kowal M., Matsuda H., Otto W., Patzelt A., Rifkin J.,
Nagami M., Theijssen J., Shabani B., Wanner M., Yu H. Ta ixmri [2]. Lleif mupoxuii HAayKOBHI iHTEpEC MiTKPECITIOE
PI3HOMaHITHICTH AOCIIKYBaHOI TPOOIEMH Ta HArOJIOMIye Ha HEOOXiTHOCTI MOAAIIBIIOTO BUBYCHHS MOXIINBOCTEH
PO3BHUTKY BOIHEBOi EKOHOMIKH Y Cy4aCHOMY CBITI.

JocnimkeHHs: e(peKTHBHOCTI HAKONMMYEHHS Ta BUKOPUCTAaHHS BOIHIO Ha OCHOBI eJEKTpoii3epa Ta
MAJMBHOTO €JIEMEHTA € aKTyaJbHUM y KOHTEKCTI Mepexoy JI0 cTayiol eHepreTHky. B 1iil po6oTi posmisaaeTbes
eKCIIepUMEHTaJIbHE JOCIIPKECHHS JaHOT TEXHOJIOTI, aHaIi3yI0ThCs il e()eKTHBHICTB, epeBaru Ta 0OMEXeHHs, a
TaKOXK MEPCHEKTUBH BIPOBAKCHHS y PI3HUX TaTy3sX MPOMHCIOBOCTI.

Mertoro cTaTTi € 10CHIUKEHHS IPUHLIUITY pOOOTH MOJYIIIO BOAHEBHUX MAJINBHHUX €IEMEHTIB JUIs TeHepalii
eHeprii Ta BU3HAYCHHS HOTO e(heKTHBHOCTI.

1. Orapa cnoco6iB BUPOOHMUTBA BOIHIO

Bucoka eHepreTWyHa WIUTBHICTE BOMHIO € WOTO HAMOUIBIIOI TMEpeBaror0 IOPIBHAHO 3 IHIINMH
TEXHOJOTisIMHA 30epiraHHsA. AJie mefl BHCOKHI piBeHb XiMI4HOI eHepril TakoX HEOOXiTHWU JJs BHPOOHHIITBA
BOJHIO 3 BOJM a00 IHIIMX MAaTepiatiB i BU3SHAYAETHCA 3aKOHAMHU TSPMOAWHAMIKH. SIK HAacIiIOK, JKepeso eHeprii,
110 BUKOPUCTOBYETHCS, T4 €(PEKTHBHICTh HOr0 BUPOOHMLTBA € BUPIIIAIBHUMH TEXHIYHUMH Ta €HEPreTHYHUMH
(hakTOpaMu TPH MOPIBHAHHI BOMHIO 3 iHITUMH TEXHOJIOTISIMH.

Boznens MoxHa BupoOsiti pizHuMu criocobamu (puc. 1). OKpiM enexTpodtizy BoIH, SKUH Mae 0CoOIHMBe
3HaueHHs JUIs 30epiraHHs eHeprii, CTAaHAAPTHO 3aCTOCOBYIOThCS TAaKOK TEPMiuHi mpouecu. Sk Jukepeno eHeprii
MO)KHa BUKOPHCTOBYBAaTH EJIEKTPUYHY, TEIJIOBY Ta XIMIYHY C€HEpril0, a TaKOX CHEpril0 eleKTPOMAarHiTHOTO
BUIIPOMIHIOBaHHsI (CBITJIOBY €Heprio (oToHiB). Xoya BHKOINHI JyKepeia eHeprii JOMIHYIOTh y BHPOOHHUITBI
BOJHIO, BUKJIIOYHO BHKOPHCTAHHS BiJZHOBIIOBAHOI €HEPTii MOXe 3pOOHTH BHPOOHMITBO BOAHIO KIIMAaTHYHO
HEUTPAJILHUM.

Y npomuciioBux MacmTabax BOJECHb 3apa3 BUPOOISIOTH MIEPEBAYKHO 3a JOIIOMOTOI0 ITAPOBUX pehopMepiB.
Y mpoMy mporeci peopMyIOThCS BYIJICBOJHI 3 BHCOKHMM BMICTOM BOJHIO, Taki SIK MeTaH abo0 MeTaHoJ. [Hrmi
MPOIIECH ITEPETBOPEHHS, TaKi K XJIOPHO-ITYKHHI eJIeKTPOIIi3 a00 ra3udikallis BT, BAKOPUCTOBYIOTh BUKOITHY
CHPOBUHY.

V BeboMy CBiTi BUpoGseThest Omu3bko 500 muapa M* a6o 6u3bKo 50 MITH TOH, 110 CTAHOBUTE OIU3EKO 2%
CBITOBOT'O CIIO’KUBAaHHSI [IEPBUHHOI eHeprii. Y BCbOMY CBIiTi BOJIEHb BUPOOJISIETHCS Maiiike BUKJIFOYHO 3 BUKOITHHX
BYIJIEBOJIHIB!

a) mnpupoaHoro rasy (48%);

6) pinkux ByreBonHiB (30%);

B) Byruum (18%);

r) enekTpoii3 Boau (4%).

CroXMBaHHS BOINHIO y CBITI BaXXKO OIIIHUTH KibKicHO. Lle moB'sA3aHO 3 THM, IO BENWKI OOCATH
BUPOOJISIFOTECS 1 CLIOKUBAIOTHCS HA TEPUTOPIT XIMIYHUX MAPKIB 1, IK HACTIIOK, HE BKIIIOYAIOTHCS 10 CTATHCTUKU.
Bonens yacto Ge3nocepeHb0 ITOBTOPHO BUKOPHCTOBYETHCS SIK KOMIIOHEHT CHHTE3-Ta3y. Y BCbOMY CBITI CHHTE3-
ra3 BUKOPUCTOBY€ETHCS JUISL:

a) 51% nyst BUpOOHHUIITBA amiaKky;

6) 35% Ha HadTOEPepOOHUX 3aBOAX JUIS MTPOLIECIB TipOTeHi3arlii;

B) ~ 8% Iu11 BUpOOHHUIITBA METAHOITY.

Sk 1 cuHTE3-Ta3, caM BOJCHD TAaKOX BHUKOPUCTOBYETHCS MEPEBAKHO JJIS IIMX TPHOX 3acTOCyBaHb. Y 2023
POl BOJICHb BUKOPUCTOBYBABCS ISl HACTYITHUX 3aCTOCYBaHb:

a) 45% s BupoOHUIITBA amiaky (q00puBa);

6) 46% nHa HadTONEpepOOHMX 3aBOAAX VIS BiZIHOBJIEHHS Ta TiAPYBaHHS JOBrOJIAHIIOTOBHUX BYIJIEBOHIB

3 METOI0 OTPUMaHHS OEH3MHY, IU3eJIbHOrO najuBa abo racy (HampHKIal, JUld TiIPOKPEKiHry Ta
rinponecynabdypusarii);

B) 4% 1 BUPOOHHMITBA METAaHONY (HANpPHKIAl, Ul BUKOPHCTaHHS B SIKOCTI OCHOBHOTO XiMIYHOTO

Mmarepiainy);
r) 2% y BUpoOHHMITBI Ta 00poOIi MeTasiB (HANPUKIAA, Y METATYPTil sIK 3aXUCHHN);
n) 1% ra3 mns 3BaproBaHHS Ta pi3aHHS,
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e) 1% B enexTpOHHIN TPOMHUCIIOBOCTI (HAPUKIA, U BUPOOHHUIITBA HAITIBIIPOBITHHKIB);

k) 1% y Xap4oBiii MPOMHUCIIOBOCTI (HampHKIan, Ui TiAporeHisamii piIKux oJiif O TBEPAMX KHPIB,
HaIpUKIIaJ, POCIMHHOI OJii 10 MaprapuHy);

3) 1% B iHmMX mpouecax (HampuKia, ripoGopMuUTIOBaHHS, SIKE TAKOK HA3UBAIOTh OKCO-CHHTE30M, 200
SIK OXOJIOJDKYFOUMH areHT JJIsl BEJIMKUX CHHXPOHHHX I'€HEepaTopiB Ha 3BUYAHHX EJIEKTPOCTAHIIINX).

Haua

Bauumii marepian
Tpsspoasstii ras|Byrices
Bioras Biouacs
Blocssanme
| Esextpoarmrmi mpotecn Tepsoxivinmi mpouecn | Eaesrpoaimnm nponecn
T P ; P
) DR ) ) ' ) : ' ot
Biia Ex Enex Tposi Jm—e Hucoxo- kDot ’ Poro
wounr (AEL, | TEMTIEPRTY e » CACKTPO
Pt ellepies | Bymmni Cramonscsn | | Fasnnjaania . Hlosortsmne 4
' —_— PEMEL, Fovatsomis PoEILIEN bancazee) xavinenii
HTEL) | caexTpos Do Py pxaonies
________________ I I i i i i i
OcHonms Ly ki H Cly, NaOH H H Hy H H, H.
Tofima apoayxiin 0. H (X} €0, 0O, 0,0 O 0

Pucynox 1 — Cnocobu ompumanns 600H10

TpanuuiitHo BogeHb BUPOOIISIOTH NEPEBAYKHO LIUISIXOM pUGOPMIHTY npuponHoro rasy. Lle nos's3ano 3 tum,
110 mpu co0iBapToCTi 1 €BPO/KT 11eH MpoIec Mae HalHIKYI BUPOOHIMYI BUTpATH. [Js MOPiBHAHHS, BAPTICTH BOTHIO
3 BIJIHOBIIIOBaHUX JDKEPE CHEprii Hapasi KoMMBAEeThCs Bim 6 10 10 eBpo/kr. SIk HACHIIOK, 30BHIIIHI BUTPATH,
noB's3aHi 3 BUKOITHUM CO», € KII0YOBUM (haKTOPOM y BH3HAUCHHI €KOHOMIUHOT JKUTTE3JAaTHOCTI BiTHOBIIOBAHOTO
BOZHIO.

2. EnexkrpoJiitu4Hi TexHoiorii y cdepi 30epiranns eneprii

EnexrponitiyHe posmieruieHHs BoAH, Bigkpute moHax 200 pokiB TOMy, B INPUHIOHUIN, HE € HOBOIO
TEXHOJIOTi€r0. AJie B KOHTEKCTI 30epiranHs eHeprii 3 BHKOpUCTaHHAM PtG i PtL BOHO crano HalBaXXJIHBIIIHM
KIIFOYOBHM KOMITOHEHTOM XIMIYHOTO 30epiraHHs eHeprii.

Binkpurtss BomeTOBOrO croBma B 1799 pormi, mo cyTi, mepmoro HamaiiiHOTO, Oe3lepepBHOTO Kepena
EJIEKTPOCHEPTIT - IPU3BEIIO JIO MEPIINX EKCIIEPUMEHTIB 3 enekTpodtizom. Leit npunimmn 6yB Binkputuii y 1800 porri
BuennuM MoranHom Binbrenmsmom Pittepom B Himewumni i B Toit xe wac Bimbsmom Hikonconom, EnTomi
Kapmnaiinowm i Binbssmom Kpykiienkom B AHIIIIT.

PitTep mnpomeMOHCTpyBaB, 10 TalbBaHIYHMH BOJECHb 1 KHUCEHb 0€3 3amaxy yTBOPIOIOTHCS HIISIXOM
pO3KJIagaHHs BOAM. Y CBOEMY BIATYKy Ha crarTio PiTTepa BHIaBelb >KypHaly 1 KOJNHWINHIA Buutens Pirrepa
Woraun Tenpix MoirT Ha3BaB ra30By CyMill, OTPHMaHy B PE3yJIbTaTi eEKTPOIi3Yy, «KHTTEBHM HOBITPSIM», 260
3aiMUCTAM TOBITPSIM, sSKE MPH 3alaOBaHHI BUAULUIO TEIUIO, CBITIO i Bomy. DOWIT BHUCYHYB TimOTe3y, IO
«3irpiBaroynii i CAIOUMH €JIeMEHT COHSYHOIO CBITJIa» MICTHBCS B rasax abo B CHIIax, sIKi BOHM IEpelaBald B
openzy. Llst o0rpyHTOBaHa TiNoTe3a IPyHTYBajlacs Ha CIIOCTEPEXEHHI, 110 KNCHEBO-BOJHEBI peaKiii BUIUIAIOTH
TEIUTO i IPOMEHeBy eHepriro, moxibHo 10 Conms. Kpim Toro, ®odrT paHinie BU3HAB, MO IIeH MpoIlec Bigirpae
MIEBHY POIb Y (POTOCHHTE3I.

TakuMm 4YMHOM, PEBEPCYBaHHS KHCHEBO-BOIHEBHX DPEAaKI[iil IUIIXOM EJEeKTPONi3y BOAM 3a JOIOMOTOI0
COHSIYHOT €HEPTii € MPOIECOM, IO IMITy€E IPUPOY.

Ilepuri excnepumenty, mpoBeaeHi B 1800 pori, mpu3Benn A0 BiZKPUTTA TPHOX OCHOBHUX MPOIIECIB
@JIEKTPOITI3y BOAH, SKi BAKOPHUCTOBYIOTHCS i CHOTOIHI:

a) JyxHuiH enexkrporiz (AEL);

6) mMeMOpaHHMI eleKTpoIi3 a00 KUCIOTHUH eIeKTpoIii3 (mporoHooOMinHa MemOpana) PEMEL;
BHCOKOTEMIIEpaTypHHH enekTpoi3 (enekrpodi3 TBepanx okcunis) HTES a6o SOEL.
BymneneBo-HelTpanbHi METOAM OTPUMAHHS BOJHIO, SIK IIPAaBMIIO, 0a3ylOThCsS Ha BOIHHX EJIEKTPOJi3ax.

Hwxue HaBeieHO MOBHE PiBHSHHS BOAHOTO eleKTpoisy (1):

2H,0(l) —==2—2H,(9) +0,(9) - (1
Enepris, HeoOXigHa i1 pO3IICIUICHHS BOIU, BU3HAYAEThCS PiBHAHHAM [100ca-Tenpmronbia (2):
AH, =AG, +T-AS,, 2)
Kl

e AH, — kopucHa eHTanbmis peakiii, AH = 285,83 :

MOJlb
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K/prc

MOJlb

AG, — BinbHa eHTambIiA peakii abo morenmian I'i6bca, AG? = 237,13

T — temneparypa B KenbBinax;

AS, — 3MiHa eHTpOIii.

Hynb B iHzekci (i3ndHOi po3MipHOCTI O3Ha4ae, 10 MPUHAMAIOTHCS HOPMajbHI YMOBH: Temreparypa T =
298,15 K (25 °C) i tuck p = 1,013 rlla (1 6ap).

Enexrpomnitu — 11e, SIK IpaBUJIO, BOAHI PO3YMHU COJIEH, KUCIIOT 1 BUiIyroByBauiB. Hanpyra, HeoOxinHa s
X enexTpoIIi3y, BU3HAYaETHCs [BOMA 3akoHamu Dapanes:

a) KiTbKICTh PEUYOBHHH, IO OCAKYETHCS 3 CNEKTPONITY 1, mporopiiina 3apsay Q=1 -t mo nporikae
4yepes3 MPOBITHUK

n=k-1-t; 3)

6) oauH i To# camuit 3apsim Q 3aBXKIM MPU3BOAUTH JO OMHAKOBOI KUIBKOCTI MaTepiany, 0CaIKeHOro Ha

PI3HHX eJIeKTpoax

k=,
z-F
OTxe, KUTbKICTh MaTepiary 7 JTOPIBHIOE
l-t
n z-F’ @
i3apsan O (5):
Q=n-z-F, )

ne k — eneKTpoxXiMiuHMiA eKBIBAJICHT €IEKTPOJIITY;
Z — KUIBKICTB €JIEKTPOHIB, 110 OOMIHIOIOTECS (IIPH PO3IICIUICHHI BOIU Z = 2);
F — nocriiina ®apaes, OXiqHA BiJl €leMEHTapHOTO 3apsiay Ta mocriiaoi ABoragpo: F =26,84-200;
I — cuna cTpyMy B €NEKTPOIIITI;
/ — 9ac mpoTikaHHS CTPYMY.
Emextpudna eHepris, HeoOXigHa I pO3KIIaJaHHS
W,=U.-Q=U"1-t. (6)
Sxmo enexkTpuyHy eHeprito W, npupiBHATH n0 eHTanbmii peakuii AG, 1 po3B'a3aTu piBHAHHA A7
HarpyrH, konu 3akoH ®apazges it N=1 Mok IHTErpyeThCs B PIBHSHHS, TO Pe3yJbTaroM Oyie TEopeTH4YHa
MiHIMaJbHa HaTpyra po3KIaJgaHHs, a00 000pOTHA HAIPyTa KOMIipKH
AG; 237,2 ke
=R 1 =123B. (7
n-z-F 1 monw-2-96,486 A-c/ momw
Ockinbku 4epe3 eHTpomito ASr TNMOBHa €HEprisi, 1I0 BHUKOPUCTOBYEThCS, € BHIIOK, TO Hampyra
TEPMOHEHUTPAIILHOTO PO3KJIALy € BHIIOKO
_AHp 285,9 ke
" z.F  1mom-2-96,486 A-c/ mom

Li undpu BigoOpakaroTh TEPMOAMHAMIYHY €(EKTHBHICTb, sKa €KBIBaJEHTHa MaKCHMAJbHO JOCSKHIM
e(heKTHBHOCTI €TEKTPOIIi3y BOIH, KO BOHA 3HAXOAHUTHCS B PIAKOMY CTaHi.

B Tabmumi | mpencraBieHi 3HAUSHHS MapaMeTpiB AJs PO3MICIUICHHS BOOU y NBOQa3Hii cuctemi i B
ra3oasHiil peakiii.

=148B. (8)

Tabmus 1. [TapameTpu BeTUYUH pO3UYCTUICHHS BOTH

JBodazHa cucrema lazodasna peakis
(Boma B pigkomy BUridi, 25°C, (Bozma B razomonioHOMy
1 6ap) crani, 100 °C, 1 6ap)
[orenmian 'i66ca AG, xkJIx/Monb 237.13 228.57
Enransnis 38'a3xy AH, kJlx/Monb 285.83 241.82
TepmonnHaMiuHa eheKTHBHICTB, % 83.0 94.5
OO0opoTHa Hanpyra KoMipku, B 1.23 1.18
Hanpyra tepMoHeNTpanbHOTO 1.48 1.25
po3knany, B
TemmepaTypHa 3a1eXHICTh -0.85 -0.23
obopotHoi Hanpyru, MB/K
TemmepaTypHa 3a1eXHICTh 0 0.046
TepMOHEHTpabpHOI Hanpyru, MB/K
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Ha puc. 2 mokazaHo TeMIiepaTypHi 3aJIe)KHOCTI pi3HUX mapamMeTpiB. Citif] 3a3HaYNTH, 1[0 SHTPOIIS 3pOCTaE
pa3oM 3 TeMIeparypolo, a e(peKTUBHICTh NaJIa€ Pa30M 3 TEMIIEpaTypolo. Sk HaCHIiOK, iZleajbHa TeMIeparypa s
enektponizy Boau (mapu) komuBaetbes Bim 373 mo 400 K. Ha mpakrtuiii, 3BHYAiiHO, TEXHIYHO CKJIAIHO
MiATPUMYBATH L 1/1ealibHi YMOBH.

1,54 - 300
1,28 4 250
o 1.03 =200
g
=
g 0.77 150
§. ~ PepepcHEEa HANPYTA Ta noTexnian ['166ca
K . TepyonefTpanbaa sanpyTa Ta exTAILOIA
051+ IFAIKY 100
- T As
0,26 — b 50
O ! 1 1 | o
200 27335 400 600 800 1000 1200

Temnepatypa, K

Pucynox 2 — Temnepamypui 3anexjcnocmi cmanoapmuux napamempis

3. KineTn4Hi epeKTH Ta BU3HAYCHHS CNAy HANIPYTH B €J1eKTPOITi3HUX eJeMeHTax

Sk 1y BUDaaKy 3 aKyMyJsITOpamy, KIHETHYHI €()eKTH, 10 CHPUYUHSIOTH MaJiHHS HAIPYTH B EIEMEHTI,
TaKoXK BiIOyBalOThCs NpH enekrpoiisi. [ToniOHO NO TepTst B iHXKEHEpHiil MeXaHilli, YaCTKOBI IPOLECH, TaKi K
mudysis, mirpamis abo ajacopOuisi HOCIIB 3apsily, CIPHUYHHSIOTH «BTPAaTH Ha TEPTsA», SIKI MOXKHA BUSBHTH 32
MagiHAAM Hanpyru. Ha momarok mo MiHIManbHOT HanpyTu po3kiagadHs Urey, Ii «IIEPEHATIPYTI» Ha KaTOMi, aHO/I,
i, MOXJIMBO, Ha JiadparMi abo MemOpaHi, TakoX HEOOXiJHO BPaxOBYBaTH IpH eJeKTponi3i Bogu. Komm Hocii
3apslly aKTHUBYIOTHCS, IIi HEPEHANpPYTU 3'SBIIIOTHCS SK MOJSIPU3aLiifHI BTpaTH Ha MEXI MIX €JIEKTPOAaMH Ta
eJIeKTponiTaMH. BoHu 3amexaTh Bij Marepiairy eNeKTpoAiB i ra3iB, 110 BUALISAIOTECS (pHc. 3).
A
Karor MemEpana Ason
kR

Tlorsrmian

v

Bigerane

Pucynok 3 — I[lomenyiiina diacpama Hanpye 6 enekmponizepi
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Kpim TOTO, iICHYIOTH HE3BOPOTHI BTPATH, SAKI 3aJieXkaTh BiJ TYCTHHH CTPYMY, i, SIK ¥ BCIX €IEKTPHYHUX
crcTeMax, OMi4HI BTpaTH, CIIPUYMHEHI BHYTPIIIHIM OIOpPOM JaHIfora. B pesynbrari, B peanbHOCTI (pakTHYHA
Harpyra Ha koMipIi U..; konuBaeTbes Bif 1,5 o 2,0 B 1 Bu3HauaeTbes 3a GopMyInoro

U, =U, +1- (RA + Ry )+UEI.A +Uq +Ug, +Ug +U, +|T]A| +|TIK| > (9)
ne 1-(R, +R,) — oMi4HMIi clIa] HAIPYTH HA ENEKTPOAAX — JiHIHHO 3aJeKUTh Bij| CHIM CTPYMY;

U, /U,  —oMmiuHHii ciax HaIpyTH B €ICKTPOIITI, JIIHIHHO 3aIeKHUN BiJl CHIIH CTPYMY;

n, — IepeHanpyra Ha aHO1, JIorapu(pMidHO 3aJeXHa Bil CUIU CTPYMY;

1, — epeHanpyra Ha KaToAi, JIorapiu(MiTHO 3a1eXHa BiJl CUIN CTPyMY;

U,.,/U,, — magiHHsA Hampyry, COPHYMHCHE YTBOPEHHSIM Ta30BHX Oyib0AIlOK MiXK €IEeKTpOmaMu Ta

niadparMoro — JiHIHHO 3aJIeXKUTh BiJl CHIIA CTPYMY;
U, — niHifHO 3aJIeXKHE BiJ| CUIIM CTPyMy OMiYHE IaJiHHS Halpyr'd Ha MeMOpaHi.

OMiyHi BTpaTH Ha €JIEKTpoJax MOXKHA MiHIMi3yBaTH, 3a0€3IIEUMBINY X XOPOIIMH KOHTAKT 1 3MEHIIMBIIN
YTBOPEHHS OKCU/IHUX IIapiB.

[apiHHg Hanmpyrw B €NEKTPOJNITI MOXKHA 3MEHIIMTH, MaKCHMalbHO 3MEHIIMBIIM BIJIICTaHb MiX
€JIEKTPOAaMH Ta 301IBIINBILYT €JIEKTPOIITUYHY NpoBiaHicTh. [lepeHanpyru Ha aHOl Ta KaTol MOXKHA 3MEHIIUTH
3a JJONIOMOTOI0 TEPMIYHOT aKTUBaLii, TOOTO MiJBHIICHHS TEMIEPaTypH eEKTPOIITY, 800 KaTaJiTUYHOI aKTHBalil
€JIEKTPOIIB.

YTBOpeHHs Ta30BHX OympOamiok MK eleKTpomamMu 1 nmiadpparMol0 NpPHU3BOIUTH O YTBOPCHHS
€JIEKTPOITITHO-Ta30BOi CyMIIlli 31 3HAYHO HIKYOK MPOBIAHICTIO, HIXK y YHCTOTO enekTpoiity. Kpim Toro, ra3osi
Oynp0amiku Ha EJeKTpoJax 3MEHIIYIOTh IUIONTy akTWBHOI moBepxHi. I1l00 MiHIMI3yBaTH BTpaTd Ta30BHX
Oynb0anIok, CiJi BUKOPHCTOBYBATH I'a30MPOHUKHI eNEKTPOIH, e Lie MOXINBO. L{e 1o3BoIsiE ra3zaM MpoayKTy Ha
3BOPOTHOMY OOIIi €JIEKTPO/Ia IBUIIIC BIIXOUTH.

Owmiuni Brpatn U, BUHUKAIOTH TUIBKM B KOMipKax 3 Jiadparmoro abo memOpaHoro. Bonu Bimirparors

BUpIMIAIEHY POJIb, KOJU €ICKTPOIH PO3MIIIIEHI Oe3rmocepelHb0 Ha aiadparmi (MemOpaHi).
VY cmpomieHOMy BHIVISNI 3arajibHy €(eKTHBHICTH 3 ypaxyBaHHSAM YCiX IHTOMHX BTparT MOXKHA
chopmyIoBaTH

U
77ges :ﬂ' (10)

cell

C

4. Oco06aMBOCTi e1eKTPOJIi3y Ta BUPOOHUITBA eJIeKTPOeHeprii 3 BUKOPHUCTAHHAM NPOTOHOOOMiHHOL
MeMOpaHu

MemOpanuuii enekTpoii3z, abo PEM-enextponiz (PEM o3nadae nporoHOOOMiHHa MemOpaHa), OyB
pO3po0iieHHit Ha OCHOBI TEXHOJIOTIi MaJMBHUX E€JIEMEHTIB i 0a3yeThCsl Ha 3BOPOTHHUX Ipoliecax IaluBHOTO
eJIEMEHTA.

Enexrpomnizunii enemenr PEM (puc. 4) cknanaerbes 3 nmporoHooOMinHoi MemOpanu (PEM), 3a3Buuaii
3'eZIHAHOT 3 000X OOKIB 3 eJIEKTPOIaMH B MeMOpaHHOMY enekTpoaHomy onoui (MEA). Ha enexrpoan HaHOCUTBCS
TBepauii moniMepHuit enekrponit (SPE), nampukian, nHatpidd. lleld BHCOKONOpHUCTHH Marepiall TOJETIIYe
MPOXOKEHHS CTPYMY BiJl OINONSPHUX IUIACTHH JI0 eJIeKTpozaa. Bin Takox 3a0e3nedye TpaHCIIOPTYBAaHHS BOIH JIO
eJIeKTpo/Ia 1 BiIBEACHHS ra3iB MPOAYKTY BiJl €ICKTPOAA.

3anexHO BiJ KOHCTPYKIIIT mTadens, Ha OiMONIpHUX IUIACTHHAX BUTPaBipyBaHi KaHAIH, SKi TiIBOIATH BOIY
JIO0 €TEKTPpoJa 1 BIIBOAATH ra3u Npoaykry. Kpim Toro, I1i kKaHaiu 3a0e3MeqyoTh piBHOMIPHHHA PO3IOILT TyCTUHI
CTPYMY B €IEKTPOJITI.

Bona momaetsest Ha aHom, ¢ B aHOAHIM peakii (11) BOHA PO3MICIUTIOETHCS HA aTOMAapHHUN KUCCHB 1 J1Ba
MPOTOHH 32 JIOTIOMOTO0 MPUKIIAACHOI HANPYTH PO3KIIaAaHHs BOAX

HZO(I)—>%OZ(g)+2H*+2e’ (1)

Kucens 3'ennyetbes 3 Monekynamu O, a IOTIM BUBUIBHSETHCS. [IpOoTOHM MPOXOAATH Uepe3 MeMOpaHy 10
KaToza, Jie B KaToAHiHi peakuii (12) BOHU pearyioTs 3 IBOMa eJIEKTPOHAMH, YTBOPIOIOUH BOJCHb
2H" +2e” —> H,(9). 12)
Lle o3Hadae, 1m0 y BOAY 3aHYPIOETHCS JIMIIE aHOIHA YAaCTHHA HaliBeleMeHTa. TeopeTHYHO, KaTOXHUM
HaITliBeJIEeMEHT MiCTUTh BUKIIIOYHO BOJCHb. Ha MpaKTHUIll BOIOTICTh Y WiK MIBKOMIPIIi 3a/IHIIA€THCS BUCOKOIO.
[TanuBHI eleMEeHTH BUKOPUCTOBYIOTh 3BOPOTHHII enekTpoui3. Ha pucyHKy 5 mokasana 6a30Ba KOHCTPYKILis
MaJIMBHOTO eyneMeHTa. [lannBHUI eeMEeHT MICTHUTH /IBa MOPUCTUX (Ta30IPOHHUKHHX), KaTaJiTHIHO aKTHBHHX
enexkrpoau. KaramiTnaHuii 03Hauae, M0 XapakKTepUCTHKHA MaTepiary eleKTPO/iB 3MEHIIYIOTh €HEPTil0 aKTHUBAIlil
peakuii. Yuctuit BogeHb 200 MPOMYKTH 3TOPSIHHS, IO MiCTATh BOJIEHB, MPOTIKAIOTH HABKOJIO aHOJA, BUKIHUKAIOUH
BUBIUJILHEHHS €JIEKTPOHIB (OKkuciaeHHs ). OKHCTIOBaueM Ha KaTofli € YucThil kucerb O, abo moBiTpst (6mu3bko 21%

12 ISSN 2308-7382 (Online)



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. Ne 3

0, 3a 00'emoM). EntlekTpou po3aiiieHi eIeKTPOoiTOM ISl KOHTPOJIIO MBHIKOCTI XiMidHOT peakitii. ExexTpoit €
Ta30MPOHUKHUM T4 10HOMIPOBITHUM, 00 3aM00IrTH 3MIIIyBaHHIO BOX Ta3iB. lle Moxe mpU3BEeCTH O KHCHEBO-
BOJIHEBOI peaxiii Ta BUOYXOBOTO BUIIICHHS €HEPTii.

HO —
O,42H +2¢

Awnopg
Karog
Membpana

Pucynoxk 4 — Ipunyun 0ii membparno2o erekmponizy
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Pucynok 5 — Koncmpykyis nanuenozo eremenma

Criouatky BOIEHB Ha aHOII BiJiIa€ CBO{ €JIEKTPOHH, 10HI3yIOUHCh B 10HU TigpokapOoHary. [Totim BuBiTbHEH]
€JICSKTPOHH PYXaIOTHCS 10 €IEKTPUYHOMY IPOBITHUKY Bifl aHO/IA JIO KaTo/a, JIe CTPYM MOKe OyTH BUKOPUCTAHUN
HaBaHTAXEHHsM. J[OCATHYBIIIN aHO/IA, EIEKTPOHH PO3LIETUTIOIOTh MOJIEKYJIH KHCHIO Ha 10HH O,. 3aJI€XKHO BiJ THITY
MaJMBHOTO eJeMeHTa, ioHu O MOTIM ab0 pyXaloTbCsl Yepe3 eNEKTPOJIT /0 aHoja 1 pearyloTh TaM 3 i0HaMH
rixpokapoonary 3 yrBopenHsM Boau (H>0O), abo naBmaku.

OxpeMi nanuBHI €JIeMEHTH 3yCTPIYaroThCsl Piiko. 3a3BUUail KiIbKa eJIEMEHTIB 3'€IHYIOThCS MOCIIIIOBHO B
CTEK, SIK y BUMAJIKY 3 €JICKTPOIITHUMHE eleMeHTaMu. OKpeMi elleMeHTH 3a3BHYail 3'€ JHYIOTHCS B OITONIIPHUI CTEK.
Ile o3Hauae, M0 KOXXKHA CTiHKA, SKa PO3IALUIIE eNeMEHTH, (PYHKIIOHYE 3 OMHOTO OOKY SIK KaTof, a 3 1HIIOTO - K
aHoI.
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OCHOBHUMH KPUTEPisAMH, SKi BIAPI3HIIOTH Pi3HI TUITN NAIMBHHUX €JIEMEHTIB, € €JICKTPOJIT, Ta3 3TOPSHHS i
poboua TeMIiieparypa.

HaiinommpeHimMy Ha CbOTOIHIIIHIH IeHb € nanuBHi eneMenTH PEM, BoHM OyayTh pO3IVISIHY T TYT OLIbLI
JeTanbHO. EnekTponiT - e mpoToHOnpoBiiHa MeMOpaHa Ha OCHOBI mojliMepy. EnexTpoaaMu 3a3Buuaii € Byrienesi
abo MeTaJeBi HOCIi, MOKPUTI IJIATHHOBUM KaTajizatopoM. [IepeBaroio Takux MajJMBHHUX €JIEMEHTIB € Te, 10 B HUX
MO)KHa TIOJIaBaTH TOBITPs 3aMicTh KHCHIO. KpiM Toro, MeMOpaHHI NanuBHI eJIEeMEHTH MAlOTh BHCOKY IIiJIBHICTB
eneprii. [Ipo6iemMu 3 MM BUIOM NaIMBa BKIIOYAIOTH KOPOTKUH TEPMIH CITy)KOM MEMOpaHH 1 MOUIYK BiJIIOBITHOTO
Marepiaiy IS eNeKTPOIiB.

Y namusHOMY enemenTi PEM BinOyBatoThCS HACTYIIHI peaKiiii:

a) aHoj (OKHCJICHHS)
H, >2H" +2e". (13)

06) xarox (BiTHOBJICHHS)

%OZ+2e' — 0%, (14)
B) 3aBepuIeHs (OKUCIIOBAJILHO-BiTHOBHA PEaKIIis)

H2+%OZ—>HZO. (15)

[lepeBara manMBHUX €JIEMEHTIB HaJ] KHUCHEBO-BOAHEBOIO PEAKLIEI0 TIOJISITAE B TOMY, IO EHEpris
0e3rnocepeIHbO TIePETBOPIOETHCS 3 €HEpril XIMIYHUX 3B'SI3KIB B €JIEKTPUYHY 0€3 MONEepeAHbOr0 BUPOOHMIITBA
TEeIyIoBOi eHeprii. B pe3ynbrari eJeMeHTH MaroTh HU3bKUIl PiBEHb IIyMy, HU3bKUI PIBEHb BUKHUJIB 1 BUCOKY
e(eKTUBHICTh HaBiTh NPU YaCTKOBOMY HaBaHTa)kKeHHI. BOHM He 3anexarh BiJi €(EKTUBHOCTI NEPETBOPEHHS
eHeprii, mo Bigmosizae Mexi KapHo, i He BUPOONSAIOTH BENMKY KUIBKICTH BiJNPalbOBAaHOTO TEIUIA, SIK MPH
TpaAuLiiHOMY BUDOOHHULTBI eneKTpoeHeprii. IlepeTBopeHHs 00MeXy€eThCsI JIMIIE 3MiHO0 BilbHOI eHTanbmii AG,

(abo motenmiamy I'i60ca). Lle o3Hawae, MO TeopeTHYHAa MaKCHMallbHA CHEPTisA, Ky MOXKHA IEPETBOPHTH,
cTaHoBUTH (15):

AG, =AH, —T -AS, (15)

Je eHtanbmisg yrBopeHHs AH, mpu 25 °C i1 6ap cranoButs —285.83 x/Ix/Moib, mo ekBiBaneHTHO GCV

H; Bonnro. Sk Hacninok (16):
AG, = 237139, (16)
mol
OckinbkH (haKTHYHO TIEPETBOPEHA CHEPTIs € HIDKYOK depe3 3MiHy €HTpPOMii, JOCSHKHA HAlpyra KOMipKH

cranoButb U Ha piBHI 1.229 B. lle Hmx4e TeOpeTHYHO TOCSHKHOI MakcuMainbHOI Hampyru U . = 1.481 B.

TepmonnHamMiuHa e()eKTHBHICTh BU3HAYAETHCS CITIBBITHOIIEHHSIM MiX [[UMH JIBOMa BennunHamu (17):

_AG
" 7.F’
_ AH,
" 2R
IAG,| U .
= = eV — . = 17
e = o] O 0.83 = 83%, (17)

JIe Z - KIJIbKICTh eJIeKTpOHIB Ha Monekyiny (z (Hz) = 2),

F -96,485 A c¢/momb sik crana Dapanest.

VY Tabnumi 2 HaBeneHI TEXHIYHI XapaKTePUCTHKH MAIUBHUX eneMeHTiB Hy/O; 3 piakuM i ra3zonomiOHUM
MPOIYKTOM. K 1 y BUITAJKy €IEKTPOIi3y BOMH, Mapa € 3HAYHO e(DEKTUBHIIIOO 3a BOLY.

XapakTepHuCTHYHA KPHUBa TYCTHHU CTPYyMY-HAIIPYTH JJIs TAJUBHOTO €IIEMEHTa JEMOHCTPYE MaKCUMAIIbHY
U,. Ta pesepcuBHy U _, Hampyru. Y peaqbHOMY NAaJHBHOMY €JIEMEHTI BHHUKAIOTh JOIATKOBI €(eKTH, sKi

max
3HIXKYIOTh HalpyTy elleMeHTa abo CIpHUYMHAIOTh BTPAaTH. BTpaTn Hampyrn CKIaAaloThCS 3 BTPAT CHPUYMHEHIX
MIPOXO/DKEHHSAM EJIEKTPOHIB 4Uepe3 MeXy MDK eJIeKTPOJOM Ta E€JIeKTPOIITOM, OMIYHOTO MajiHHA HaIpyTH,
CHPUYHMHEHOTO BHYTPIIIHIMHU OMOPaMH €IEeKTPO/ia Ta MPOBiAHNKA Ta Au(y3iiiHUX BTpAT.

5. ExcriepuMeHTANbHI J0CaiIKeHHs] MPUHIUILY POOOTH NMAJTNBHOIO €JIEMEHTA Ta BU3HAYCHHSA HOro
edekTUBHOCTI

Ha puc. 6 HaBeeHO cxeMy eKCIIEpHMEHTANBFHOI YCTAHOBKH JJIsl BUPOOHHUIITBA BOIHIO. BoHA cKilaiaeTbes
3 eJIEKTPOIIi3epa 3 EMHOCTSIMH JUTS BOIM, HAKOIIMYYyBada Jisl 30epiraHHs BOJHIO, MEMOpaHUX KIIAIIaHiB i 3amipHOT
apMarypu.

Jlyist poOOTH yCTAaHOBKYM BHKOPHUCTOBYETHCS AUCTHIBOBAHA BOJA, KUBJICHHS CJICKTPOIIi3epa 3MIHCHIOEThCS
nocTiitHUM pkepenom Harpyru 1,9 B, ctpymom 200 MA. [l 36epiranHs BoIHIO Oya0 pO3po0IeHO HAKOMTUIYBad,
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3aCHOBAaHUI Ha MPHUHITUIT BUTICHEHHS BOAW B HIDKHIO €MHICTH IIPH HAAXOMKEHHI BOTHIO y BEPXHIO €MHICTB.
dikcallis MOKa3HUKIB HANPYTHU 1 CTPyMy €IeKTpoitizepa, 3A1HCHIoeThesl MyapTuMeTpamu UT61+ migrimoueHuMu
JI0 KoMIT'toTepa 3 nporpaMHuM 3ade3neueHHssM UNIT. Burmsig 3i0paHoi ycraHOBKM HaBeaeHui Ha puc. 7. [Ticns
MO/1a4l JKUBJICHHSI Ha EJIEKTPOJIi3ep, CIIOCTEPIraeThCsl aKTUBHE BUAIJICHHS BOIHIO 1 KHCHIO, BOJCHb IIPH LIOMY
HaJXO/INTh B HAKONIMYYBay, a KUCEHb BUBUIBHIETHCS B HABKOJIUIITHE CEPEJOBUILIE.

[Ipouec BUpoOHHMIITBA BOAHIO TPUBAE JIO TUX ITip HOKH BOAA B BEPXHill EMHOCTI HAKOMM4YyBaya He Iepereye
B HIKHIO EMHICTB.

Tabmuus 2. TexHIYHI XapaKTePUCTHKH MATUBHOTO eneMenTa Hy/O; 3 pilkuM i ra30moIiOHUM IPOTYKTOM

IBodazHa cucrema lazodasna peakmis
(Boma B pigkomy BurIAi, 25°C, (Boma B ra3omomiOHOMY
1 Gap) crasi, 100 °C, 1 6ap)
3MiHa eHTaJbIi/TTIOTeHIiaTy 237,13 228,57
I'i66ca AG, xJI>x/Moib
EnTanpmis 38's3xy AH, xJIx/Mob 285,83 241,82
TepmonmHaMiuHa e(heKTHBHICTB, %o 83.0 94.5
OO6opoTHA Hampyra KOMipku, B 1.23 1.18
TepmoHeiiTpanbHa Hampyra 1.48 1.25
KoMipku, B
O,_,
198 :

Enricmb dnn : Enexmponiaep Trnkms dan
Bodu Bodu
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Pucynok 6 — Cxema exchepumeHmanbHol yCmaHo8Ku 05t BUPOOHUYMBEA 800HIO MA eJLeKMpoeHep2il

Jlyist OLliHKY e€(peKTUBHOCTI YCTAHOBKH, SIKa MIEPETBOPIOE CICKTPUYHY €HEPIii0 B BOACHD YepPE3 CICKTPOIII3,
a MOTIM BHKOPUCTOBY€E OTPMMaHHWIl BOJEHb JUIS BUPOOHHIITBA €JIEKTPUYHOI eHeprii uepe3 MajuBHHUN EJIEMEHT,
HEOOXiZHO PO3IIISTHYTH JIBa OCHOBHI €TaIy IpoLecy:

a) TEepEeTBOPEHHS €JIEKTPUYHOI eHepril B BOACHbD (EJIeKTPOIi3);

0) mepeTBOPEHHS BOJHIO B EICKTPUYHY €HEPTilo (MaJINBHUN €JIEMEHT).

BuxinHi naHi:

a) 4ac BUPOOHHIITBA BOHIO: 3 TOAWHH;

0) xuIbKicTh BUpoOneHoro BoxHo: 300 mut (0,3 1);

B) €JIEKTpUYHA €HEPTis, BUTpaueHa Ha BUpOOHUITBO BozHIO: 1,28 BT To7;

T) 4ac poOOTH najnuBHOIO eyiemenTa: 11 roauy;

) eNeKTpUYHA €Hepris, oTpuMana Bif BogHio: 0,062 Bt Tog.

[Toka3HuKH, IO CTOCYIOTHCS POOOTH eIeKTpoITi3epa i MaJMBHOTO eIeMeHTa, (piKcyBaics 3a JOIOMOTOIO
BUMIpIOBaJIbHUX MpuiafgiB. Lle m03BONMMIO OTpMMATH TOYHI [aHi Ui TONANBIIOTO aHANI3y 1 PO3paxyHKy
e(exTuBHOCTI.
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Pucynok 6 — Cxema excnepumenmanbHoOi yCmanosKu 0iist 6UpOOHUYMEA 600HIO Mma efleKmpoenepaii

Pucynok 7 — Buensio ycmanosku 015 8UpOOHUYMSEA 800HI0 MA eLeKMpOoeHep2ii

Etan 1. [lepeTBOopeHHs eJIEKTPUYHOI eHePrii B BOAeHb (€JIeKTPOJTi3)

Enexrpomizepom Oyno cioxkuto 1,28 BT ron enexrpuunoi eHeprii mist Bupobuumnrea 300 M BogHIO 32 3
roavHU. BUMIpIOBalIbHI MPUIIaJIM, TO3BOJISUIM TOYHO (DiKCyBaTH BCi MapaMeTpu poOOTH eNIEKTpOIi3epa, Taki sK
CTMOKMBaHA MOTYXKHICTb, Hampyra Ta cTpyM. Lle nano 3Mory OTpuMaTH TOYHI JaHi, 110 JO3BOJISIOTH OL[HUTH
e(heKTHBHICTh MIEPETBOPEHHS €JCKTPUYHOI EHEPril B BOACHD.

Etan 2. [lepeTBopeHHs BOAHIO B €J1eKTPHYHY eHepriio (MaauBHUI eJileMeHT)

[Ticnst oTpuMaHHS BOTHIO, BiH BUKOPUCTOBYBABCS B TTAJIMBHOMY €JICMEHTI JIJIsI BAPOOHUIITBA EIEKTPHIHOT
eneprii. [Ipotsirom 11 rogus 6yno orpumano 0,062 Bt rox enekrpudnoi eneprii. Oneparrii 3 HaTUBHIM €JICMEHTOM
TaKOXK (DIKCYBAIHCS BUMIiPIOBAILHUMH IPUIIATAMH, MiIKITFOYSHAMHE 10 MPOrPaMHOTO 3a0e3IeUeHHS, 10 JO3BOJISIE
BIJICTE)XyBaTH BCi MapaMeTpy poOOTH ITaJIMBHOTO €IEMEHTa, TaKi SK Harpyra, CTPyM Ta BUXiJHA IOTYXHICTb.
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Pucynok 8 — Yoockonanena cxema excnepumenmanohoi ycmanosku 015 6upoOHUYmMEa 60010 ma
enekmpoenepeii

Jiis oniHKK €(eKTHBHOCTI MEPETBOPEHHS SIEKTPUYHOI CHEPTii Ha BOICHB, TpeOa MOPIBHATH BUTPAUCHY
SHEprif0 Ha BHPOOHHIITBO BOAHIO 3 CHEPTI€I0, SIKY MOXKHAa OTpUMATH BiJ BomHio. OOHAK, UL HBOTO MOTPiOHO
BPAxXOBYBAaTH TEIUIOTY 3TOPSIHHS BOJHIO, SIKA B JJAHOMY BHIIaJKy He Oyia 3a3HadeHa, TOMY MU BHKOPHCTOBYEMO
JIaHi PO CIIOKUTY SHEPTII0 IS 3araibHOl OiHKH €()EKTHBHOCTI.

Burpadeno Ha BUpoOHUITBO BomHIO: 1,28 BT TONI

Bupobneno Bogaro: 300 mu (0,3 i)

E(ekTUBHICTh MaJMBHOTO €JIEMEHTA MOXHA OLIHUTH 33 (HOPMYJIO0
0,062 Bm - 200

-100% = 4,84%, (18)
1,28 Bm - 2o

W
n. = 100% =
W

eum.en.ex.

ne W

w - KUJIBKICTB €JIEKTPUYHOI eHepril, BUTpa4eHOi Ha BAPOOHUITBO BOJIHIO.

eum.en.en.

- KUIbKICTB €JIeKTPUYHOI eHepril, OTpPUMAaHOi Bijl BOAHIO;

eup.en.ei.

Takum 4MHOM, e€(EKTUBHICTh MAIMBHOTO ejeMeHTa ckiana 4,84%, 110 BKasye Ha 3HA4HI €HepreTH4Hi
BTpaTH B NPOLIEC] IEPETBOPEHHS BOIHIO B €JIEKTPUYHY €HEPTIiIO.

Bukopucrana ekcriepuMeHTalbHa YCTaHOBKA Hapasi Mae 0arato HarpsMKiB MiBUILEHHS €(PeKTUBHOCTI ii
pobotu, yepe3 ii HassBHY HeJoCKOHaJICTh. [IpoMHUCIIOBI BOIHEB] YCTAaHOBKM MalOTh e()eKTUBHICTh Ha piBHI 50% B
MOPIBHSHI 3 PO3NISHYTOK YCTaHOBKOI. Ha moToYHOMY eTami MO)KHA BHAUIMTA HACTYMHI crocodu 1i
YAOCKOHAJICHHS:

a) TOKpalleHHs KOHCTPYKIII €J1eKTpoJIi3ep 1 MaJTUBHOTO eJeMEHTa;

0) 3acToCyBaHHS HOBHX MarepialliB €JIeKTPOIiB;

B) BIIPOBAPKCHHS CUCTEMH OYHMCTKH BOIHIO;

r) MIOBHE BUKOPUCTAHHS BOHIO Y NAIMBHOMY €JIEMEHTI;

JI) YAOCKOHAJICHHS CUCTEMH I0JIa4i BOJHIO.

€) MacmTa0yBaHHS YyCTAHOBKH.

BucHoBkHu.

AHami3 Cy4acHHMX TEHICHLIH y BOAHEBill €HepreTHIl AEMOHCTPYE 3HAUYHUM iHTEpeC IO BOAHIO SIK
€KOJIOTIYHO YHCTOTO EHEProHOCIsA, 0COOIMBO Y JOBIOCTPOKOBiH niepcriekTrBi. OCHOBHI BUKIIMKH, TIOB’s13aHi 3 HOTO
MIMPOKHUM BITPOBAPKEHHSM, BKITIOYaIOTh BUCOKY €HEPTrOEMHICTh BUPOOHHIITBA, 3aJIEKHICTh B/l BUKOITHOTO MAJINBA
Ta 3Ha4HI IHBECTULIHHI BUTpaTH Ha iH(pacTpykTypy. [lepcreKTHBHNM HapsIMKOM € €JIEKTPOJIi3 BOJH Y TIO€JHAHHI
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3 BIJHOBJIIOBAaHMMHM JDKEpEJIaMUd CHeprii, skl 3a0e3redye MiHIMajdbHI BHKUAM Ta CIpHIE AcKapOOHizarlii
npoMuciIoBocTi. [lonpu 3HAYHUI TPOTpec Y TEXHOJIOTISAX eNEKTPOIi3Y, iX eKOHOMI4Ha e()EKTUBHICTh 3AJIUIIAETHCS
TOJIOBHUM Oap'epoM Uit MaciiTaGHOro BrpoBa/pkeHHS. [yt YkpaiHM pPO3BHTOK BOJHEBOI EHEPIETUKU €
MEPCIIEKTUBHUM HAaIPSIMKOM, OCOOJIMBO y IO€AHAHHI 3 MOTY)XKHUM IOTEHIAJIOM BiJHOBIIIOBAHOI €HEPrEeTHKH.
BrnipoBajyKeHHSI BOAHEBUX TEXHOJIOTIH MOXKE CIPHATH 3HIDKCHHIO BUKHJIB NAapHUKOBHX TIa3iB, IMiJIBHIICHHIO
€HEepreTUYHOI HEe3aJIeKHOCTI Ta 3aTy4eHHIO IHBECTHLIHN y Cy4acHy €HepreTHYHY iHPPacCTPyKTypy.

ExcniepyMeHTan bHE JOCHIIKEHHS! €(EKTUBHOCTI HAKOIMYEHHS Ta BUKOPUCTAHHS BOJHIO HAa OCHOBI
eJIEKTpOITi3epa Ta MaTUBHOTO €JIEMEHTA MiATBEPANIIO, IO SIEKTPOITHIHI TEXHOIOTI] € MEPCIEKTHBHIAM 3aC000M
30epiraHHs Ta MEePeTBOPEHHS EHeprii.

[Noka3zaHo, 10 eIEKTPOIIi3 BOAH 3aIHIIAETHCS OCHOBHUM CIIOCOOOM OTPHMAaHHS BOAHIO, @ Cy4acHi METOAU
enekrpomizy — myxauid, MmemOpanauii PEMEL Ta Bucokxoremmneparypanii HTES — neMOHCTpYIOTH BHCOKY
e(eKTHBHICT 1 MOXXYTh OyTH IHTErpOBaHi B €eHEPTETUYHI CHCTEMH.

EneprerruHa eQeKTUBHICTD MPOLECY 3HAYHOIO MipOIO 3aJISKUTh B TEMIIEPATyPH Ta €IeKTPOXiMITHHUX
napameTpiB. JochiDkeHHS MiATBEpPXKYIOTh, IO TEpMOAMHAMIuHA €(eKTHBHICTh rasogasHol peakiii Moxe
nocsirati 94,5% Tpu MiABUILEHHMX TeMIIepaTypax, a ONTHMAaJbHUH TeMIlepaTypHUH Jiana3oH Ul eJIEKTPOIizy
BoaM cTaHoBHUTE 373—-400 K.

Kinernuni edextu Ta mNagiHHA HaNpyrd MaiOTh BUpIMIANbHE 3HAYCHHS ISl MPOLYKTHBHOCTI
eJIeKTpOoITi3epiB. 30KpeMa, MepeHanpPyry Ha eICKTPOJaX, OMIUHI BTPATH Ta YTBOPCHHS ra30BHX OyIh0aIIOK MiX
CJIEKTPOAAMH MOXYTh CYTTEBO 3HW)KYBaTH eQeKTHUBHICTH mponecy. /s MiHiMi3auii BTpar JOLIIBHO
BHUKOPHCTOBYBATH Ta30NPOHHKHI €ICKTPOIH Ta IiIBUILYBaTH TEMIIEPATypy SEKTPOJITY.

B po6orti miakpecieHo nepcueKTUBHICTE MeMOpaHHOTO enekTpornizy (PEM) sk TexHomorii BUpoOHUIITBA
BOJHIO. 3aBIIKH MPOTOHOOOMiHHIM MeMOpaHi BiH 3a0e3Iedye BHCOKY MIBHIKICT peakilii Ta MOXKe MPAIIOBaTH Y
BiJIHOCHO KOMITAKTHHX CHCTEMaX, III0 pOOUTH HOTO NPHIATHAM IS IHHPOKOTO BIIPOBAJDKCHHS B CHEPTEeTHLII.

[ManuBHI enemMeHTH Ha OCHOBI mportoHOOOMiHHOI MemOpanu (PEMFC) nemoHCTpyIOTH e(deKkTHBHE
MepEeTBOPEHHSI BOJIHIO B eJeKTpoeHeprio. lle BigkpuBae NEpPCEeKTHBU JUIS iXHBOTO 3aCTOCYBaHHS 5K Y
CTalliOHAPHHUX EHEPrOCUCTEMAX, TaK i B TPAHCIIOPTHOMY CEKTOPI.
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EXPERIMENTAL STUDY OF HYDROGEN STORAGE AND UTILIZATION
EFFICIENCY BASED ON AN ELECTROLYZER AND FUEL CELL

The purpose of the article is to analyze the efficiency of water electrolysis as a method for hydrogen
production and storage, as well as to assess the prospects of'its use in fuel cells for energy storage and conversion.

Three main electrolysis methods are considered: alkaline, membrane (PEMEL), and high-temperature
(HTES). The research confirms that the efficiency of the process largely depends on temperature and
electrochemical parameters, with the optimal temperature range for water electrolysis being 373—400 K. Special
attention is given to kinetic factors such as electrode overpotentials, ohmic losses, and the formation of gas
bubbles, which can reduce the performance of electrolyzers.

PEM electrolysis is identified as one of the promising hydrogen production technologies due to its high
reaction rate and the possibility of integration into compact systems. In addition, the efficiency of proton exchange
membrane (PEMFC)-based fuel cells is explored, as they can be used in both mobile and stationary energy
systems.

The conclusions of the work confirm the feasibility of further development of electrolytic technologies for
hydrogen production, opening opportunities for their implementation in renewable energy and transportation
sectors.

Keywords: Water Electrolysis, Hydrogen Technologies, PEM Electrolysis, Fuel Cells, Energy Storage,
Energy Efficiency.
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"Hauionanbnuii Texniunnii ynisepcurer Ykpainu

«KuiBchknmii nostitexniyanii incrutyT iMeHi Iropst Cikopcbkoro»

2JlepsxaBHe miaNPHEMCTRO «J/lep/KaBHHil HAYKOBO-TEXHIUHMIA EHTP 3 AEPHOI Ta pagianiiinoi Oe3mexn»

OLIHKA BIUVIMBY PI3BHUX KOMITIOHOBOK IMTAJIMBHUX
3ABAHTAKEHDb HA PAJITAHIMHE HABAHTAKEHHSA
BHYTPIIIHbOKOPITYCHUX NPUCTPOIB PEAKTOPA BBEP-1000

IIpu excniyamayii enep2oOIOKI6 aMOMHUX eNeKMPUYHUX CMANYIL 8 NOHAONPOEKMHUN CMPOK Oydice
BADICIUBO BPAXOBYBAMU GNIUE EKCNIYAMAYIHUX YUHHUKIG, MAKUX AK HeUMpOHHEe ONPOMIHEHH:, NiosuweHa
memnepamypa ma YukiiyHe HABAHMANCEHHS, HA KOPNYC peaxmopa ma GHYMPIuHbOKOPNYCHI NPUCMPOI, AKI
npu3600ams 00 3MiH éracmueocmeti memarny. Taxooic He eéapmo 3abyéamu, WO KOJICHA 3MIHA NOMYICHOCHI
peaxmopa  GUKIUKAE 3HAYHY 3MIHY 2aMMA-6UNPOMIHIOBAHHA, WO, YV C60I0 Hepzy, CHpUsE YUKIAIYHOMY
HABAHMADICEHHIO WAXMU BHYMPIWHbOKOPRYCHOI ma 6ueopoodku. Hacamnepeo, ye eupasicacmvcs y 3HUIICEHHT
ONnopy KPUXKOMY DYVUHYBAHHIO, WO HACMO HA3UBAIOMb OKPUXUYBAHHAM, 4 MAKONC SUKIUKAE 30iNbUleHHS
Ppadiayitino20 HABAHMAICEHHS HA KOPNYC peakmopa ma 6HympIiuHbOKOPRYCHI NPUCMpOi.

Bnposaoowcenns naruenux 3aganmasicenns, AKi 3a0e3neyyoms MiHIMATbHUL GUMIK HEUMPOHI8 3 AKMUBHOL
30HU, € OOHUM i3 KIIOYOBUX 3aX00i8 01 3MEHUIeHHSA paldiayillHo2o 6Nausy HA PpO32IAHYMI eleMeHmu
BHYMPIWHLOKOPNYCHUX npucmpois. Lle docacacmvca 3a paxyHOK po3miljeHHs 8U20piioeo naiuea Ha nepugepii
AKMUBHOI 30HU Ma C8IHCO20 NAIUBaA 8 il yenmpanwbHiti wacmuti. Pisna Konghieypayis nanusnux 3asanmasicersv y
A0EPHUX peaKmopax MAa€ 3HAYHULL BNAUE HA HEPIGHOMIPHICMb eHepeOBUOLIeHb, WO MOdCe Npu3eecmu 0o
000amKo8UX pU3UKIE 051 Oe3neKu.

Y oauii cmammi 6ynu posensmymi pisHi eapianmu KOH@I2ypayii akxmueHoi 30HU peakmopa npu
suxopucmanui menaosuditohux 30ipoxk muny TB3A ma TB3-WR. Taxoodc 6uKOHAHO NOPIGHAHHS GNIUGY
suKopuCmanHa yux 30ipox Ha padiayitine HABAHMANCEHHS 8U2OPOOKU NPU PO3TAHYMUX 8APIAHMAX KOMNOHOBKU
RATUSHUX 3A6AHMANCEHb. Y pe3yTbmami npogedeHux po3paxyHKie 610 OMpUMAHO 3HAYEHHs PRIOEHC) WEUOKUX
HeUMpPOHi8 8 0OPAHUX PO3PAXYHKOBUX MOUKAX 8USOPOOKU akmueHoi 30Hu peakmopa BBEP-1000 ma 6 yenmpi
waxmu HympiwHbokopnycHoi. Kpiv mozo, 6yno ompumano po3nooin enepeoguoiieHb 8Uu0pOOKU 8 AKCiaIbHOMY
wapi MaKkCUMaibHO20 HABAHMANCEHHS.

Karwuosi cinoBa: waxma enympiwnvoxopnycua, peakmop BBEP-1000, sucopooka, enepzogulineHHs,
nanusni sasanmascenns, TB3-WR, TB3A.

Beryn

Atomui enektpuuHi craHuii (AEC) BimirpaioTh KIIOYOBY poOJib y 3a0e3Me4eHHi EeHEepPreTHYHOi
HE3aJIe)KHOCTI Ta CTabUIBHOCTI Cy4yacHOro cycmiiberBa. OJIHAK, 3pOCTaHHS TPHUBAJOCTI eKCIuTyarailii
eHeprooJIokiB, 30kpema peakropis BBEP-1000, craBUTh HOBI BUKJIMKU B ITUTAHHIX OC3MEKH Ta KOHTPOJIIO CTaHY
MeTally KOpIyCy peakropa Ta BHYTPIIIHBOKOPIYCHHX IPHUCTPOIB, 30KpeMa BUIOPOAKHM Ta IIAXTH
BHyTpiHboKopiycHoi (LLIBK). OHuM 13 BaKJIMBUX acleKTiB, 1110 MOTpe0y€e PETENbHOT0 aHai3y, € BIUIUB Pi3HUX
KOMITOHOBOK ITJINBHHUX 3aBaHTA)XEHb Ha pajlialliiiHe HaBaHTAXEHHsI BHY TPIIIHOKOpIycHHX npuctpois (BKII).

Po3ymiHHS MeXaHi3MiB, depe3 sKi MaliBHI 3aBaHTA)XCHHS BIUTMBAIOTH HA pajialliiiHe HaBaHTa)KCHHS, €
KPUTHYIHO BaXKJIMBHUM JUIA OIHKH Oe3rneku excruryaranii AEC. 3MiHM B KOH(}ITyparlii TaTuBHIX 3aBaHTa)KCHb
CYTTEBO BIUIMBAIOTHh HA PiBEHb HEHTPOHHOT'O ONPOMIHEHHS Ta 3HAYCHHS €HEPrOBHUAUICHb y BHTOpOII. Y IiH
ctarTi OyJe NpOBEAEHO JETalNbHUHM aHalli3 BIUIMBY DPI3HUX KOMIIOHOBOK ITJMBHHUX 3aBaHTa)XEHb Ha PiBEHb
panianiitHOro HaBaHTAXKCHHS.

AHAaJ3 JiTepaTypHUX JKepet

JlocmipkeHHsT BIUTMBY PI3HMX KOMITOHOBOK TMAJMBHHMX 3aBaHTa)XXEHb HA pajialliiiHe HaBaHTaXCHHS B
peaktopax BBEP-1000 € BaxnuBUM acmieKTOM 3a0e3NedeHHs OE3MEeKH SJIEPHUX YCTAHOBOK. 3TiHO 3 JaHUMHU
Westinghouse [1], mpoekTyBaHHSI MaTMBHUX 3aBaHTAXKEHb 0a3y€ThCSA HA aJalNTOBAHWX METOJAX, TAKHX SIK
po3paxynkoBuit komiuiekc APA-H, mo no3Bossie MoaenmoBaTH pi3HI KOH(}Irypamii maluBHIX 3aBaHTakeHb. Lle
BIUIMBA€E Ha HEUTPOHHHUHU TOTIK Ta, BIAIOBIAHO, Ha pajialliiiHe HaBaHTAYKEHHS.

Mera po6oTu

Mertor0 [naHOrO JOCHIUKEHHS € CTBOPEHHS KOMIIOHOBOK IAJIMBHUX 3aBaHTXEHb 3 HAHOULIbII
ONTHMAJIGHUM  PO3MIIIEHHSM IaJIMBa, SKE JIO3BOJINTH 3MEHIINTH pajialiiHe HaBaHTaXXEHHS Ha
BHYTPIIIHLOKOPITYCHI TIPHCTPO.
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OOpaHi KOMIIOHOBKH NMAJHBHUX 3aBAHTA’KEHb

Ha pucynkax 1, 2 Ta 3 300pakeHO KOMIIOHYBaHHS MaJMBHUX 3aBaHTaXeHb y 60°-My cekTopi cuMeTpil
aKkTHBHOI 30HH peaktopa (Ak3). Komip komipku BianoBigae poky pobotu TemoBuaiiabHoi 30ipku (TB3) B
aKTHBHIiH 30Hi: cuHii - TB3 1-ro poky ekcruryaTaiii, OJJaKUTHHH - 2-TO POKY, OJIi10-4epBOHHUH - 3-T0 1 YepBOHUM
- TB3 4-ro poky. [l KOpEeKTHOI OLIIHKK BIUIMBY BUKOpUCTaHHs pi3Horo nanuea (TB3A ta TB3-WR), Bupimeno
PO3MIISHYTH NaJIMBHI KaMIaHii, 1o 300paxeHi Ha puc. 1 Ta 2, BIAMOBIAHO. A TaKOX [UIsl TOPIBHSIHHS KOMIIOHOBOK
4-ox Ta 2-ox TB3 1-ro poky ekcruryaTauii y nepudepiitnoMmy psai (puc. 2 Ta puc. 3) 3 MIOBHUM 3aBaHTaXKCHHIM
nanuBoM komnanii Westinghouse.

[2xa

Pir excnnyaTauii Fik excnnyarauii

Pucynok 1 — Kapmoepama nanugnozo Pucynok 2 — Kapmoepama nanugno2o 3a8anmasicenus 3 BUKOPUCAHHAM
3A8AHMANCEHHS 3 UKOPUCMAHHAM 4-0X 4-ox ceidicux kacem 6 nepuepiinomy psoi (TB3-WR)
csidicux kacem 6 nepughepitinomy psoi (TB34)
PR

Plic ekcnnyarauii

i
P
% °

PucyHok 3 — Kapmozepama nanugnozo 3a6anmaicensi 3 6UKOPUCTAHHIM
2-o0x ceidcux kacem 6 nepudgpepitinomy paoi (TB3-WR)

o)
@Q

[IpoananizyBaBmIM KapTorpaMH MNAIMBHUX 3aBaHTAXKEHb, MOXKHA 3pOOMTH NPUITYIICHHS, IO
BUKOPHCTAaHHS MEHINOI KiytbKocTi cBixkux TB3 1-T0 poky ekcruryarauii B KpaifHbOMY psiii Ta 3aMiHH IX Ha BUTOPI
TB3 4-ro poky ekcruryaranii, Sk Ha puc. 2.6, Mpu3Beze 10 3HIKCHHS pajliallifHOro HaBaHTa)KCHHS HA KOPITyC
peakropa (KP) ta enementu BKII, rosoBHIM YnHOM, Ha BUTOPOAKY peakropHoi ycranoBku (PY) BBEP-1000.

ITopiBHsIHHA pe3yJbTaTiB PO3PaxXyHKY (UIl0eHCY Ta eHeproBuaijieHb

HacTynHi po3paxyHKH MiATBEPIIIIH, IO 3aCTOCYBAaHHS 3ra1aHOr0 BUIIE KOMIIOHYBaHHS IalnuBa B AK3,
3 BHKOPHCTaHHSIM OLITBIIOI KiJBKOCTI BHUTOPIJIOr0O IaJHBa 3aMiCTh CBDKOTrO 1Mo mnepudepii, Ipu3BOAUTH 110
3MEHILICHHS BIUIMBY HEHTPOHHUX MOTOKIB Ha ejxementd BKIL.

Po3paxyHKH BHMKOHYBAJIHCh 3a JOIOMOro po3paxyHkoBoro makery DOORS [2], a Takox 3rigHo
METOIMYHHX peKOMeH Iallili crenianicTip BpykxeBeHchKoi HarlionanbsHOi TaGopatopii (BNL), Anrton, Hero-Fopk,
CHIA [3], [4]. Ha pucynky 4 300paKeHO IOJIOKCHHS TOYOK, 32 SKUMH BHKOHYBAIHCS PO3PaxyHKH Ta
po3paxynkosi Toukn y IIIBK. Pe3ynbratu po3paxyHKiB BigoOpakeHo B Tabumix 1-3 Ta Ha pucyHkax 5-8.
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Ta6murs 1 — [opiBHAHHS pe3yIbTaTiB pO3PaxXyHKIB a3UMYTATLHOTO PO3MOALTY (HIIIOSHCY B mapi
MaKCHMAaJIbHOTO paialifHOro HaBaHTa)KEHHS HA BHYTPIITHIH OBEPXHI BUTOPOIKH

Po3paxyHKoBa TOUKa ®mroenc E>0,5 MeB, n/cm? s (")
(Hymeparist TOHOK TB3A TB3-WR TB3-WR |6 = pucs. — 1, [%]
3rizHO puc. 4) (puc.1) (puc.2) (puc.3) sk
1 1,055E+21 1,146E+21 1,216E+21 8,7/15,3
2 1,176E+21 1,211E+21 1,334E+21 2,9/13,4
3 7,898E+20 7,489E+20 8,785E+20 52/11,2
4 5,363E+20 4,806E+20 5,804E+20 10,4/8,2
5 5,970E+20 5,036E+20 6,175E+20 15,6/3,4
6 5,526E+20 4,440E+20 5,586E+20 19,7/1,1
7 9,372E+20 7,138E+20 9,417E+20 23,8/0,5
8 1,645E+21 1,136E+21 1,662E+21 31,0/1,0
9 1,445E+21 9,299E+20 1,447E+21 35,6/0,1
11 1,059E+21 6,890E+20 1,045E+21 34,9/1,3
12 1,634E+21 1,116E+21 1,634E+21 31,7/0,0
13 2,385E+21 1,886E+21 2,390E+21 20,9/0,2
15 1,608E+21 1,493E+21 1,599E+21 7,2/0,6
16 1,338E+21 1,271E+21 1,331E+21 5,0/0,6
17 1,742E+21 1,698E+21 1,731E+21 2,5/0,6
18 2,476E+21 2,455E+21 2,472E+21 0,9/0,2
19 1,739E+21 1,698E+21 1,731E+21 2,3/0,4
20 1,335E+21 1,271E+21 1,331E+21 4,8/0,4
21 1,604E+21 1,494E+21 1,600E+21 6,9/0,3
23 2,378E+21 1,889E+21 2,393E+21 20,5/0,6
24 1,627E+21 1,117E+21 1,634E+21 31,4/0,5
25 1,054E+21 6,899E+20 1,046E+21 34,6/0,8
27 1,436E+21 9,308E+20 1,445E+21 35,2/0,6
28 1,636E+21 1,138E+21 1,662E+21 30,4/1,6
29 9,286E+20 7,108E+20 9,406E+20 23,4/1,3
30 5,454E+20 4,393E+20 5,571E+20 19,4/2,2
31 5,901E+20 5,004E+20 6,160E+20 15,2/4,4
32 5,320E+20 4,805E+20 5,768E+20 9,7/8,4
33 7,845E+20 7,498E+20 8,691E+20 4,4/10,8
34 1,156E+21 1,198E+21 1,302E+21 3,6/12,6
35 1,022E+21 1,118E+21 1,171E+21 9,4/14,5

VY npencTaBiIeHUX pe3ysibTaTax HaOUIbIIE 3HIDKSHHS PIiBHS (UIIOCHCY CIIOCTEPIraeThes IPH BUKOPHUCTAHHI
SIK KOMIIOHOBKH, 3 BUKOPUCTAHHSAM MeHIIOI KutbkocTi cBixkux TB3 (1-ro poky ekcutyaraii) y nepudepiiinomy
paxi (puc. 2 Ta puc. 3), Tak i MOBHOTO 3aBaHTakeHH: manuBoMm TB3-WR. Lle miaTBeppkye IpUITyIIeHHS 00
3MEHIICHHS pafianiifHoro HaBanTaxxeHHs Ha KP Ta enemenTn BKII npw ix 3acTocyBaHHI.

[{omo eneprosuaiicHs y Buropomni PY BBEP-1000, Ha pucyHky 9 300paskeHO aBa pO3IIOILTH IS

JIEMOHCTpalii XapaKTepHUX BiMIHHOCTEH 3aCTOCYBaHHS PI3HOI KOMIIOHOBKHM ITaJMBHHX 3aBaHTaXEHb IIPH
BuKopHcTanHi nanmea TB3-WR (po3noain eneproBuaiieHs npu BUkopuctanHi naausa TB3A Oyne nmogioHuM 1o
TB3-WR, e Takox 3acTOCOBaHO 4 CBiXi KaceTH B nepudepiiHoMy psiji).

PesynbraTl IEMOHCTPYIOTH BIIMIHHICTH PO3MOALTY €HEPrOBUIUICHHS B paifoHI pO3paxyHKOBHX TOYOK 13
ta 23 (Hymepamis TOYOK 3rigHO puc. 4 (a)), 30KpeMa CyTTEBE 3MEHIICHHS MaKCHMaJbHUX 3HAYeHb
EHEepPrOBU/IIJICHHS, 32 paXyHOK 3aMiHH JBOX 3 YOTHPHOX KaceT CBIXKOTro mayiinBa mo nepudepii Ha Buropini TB3 4-
TO POKY eKCILTyaTartii.
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Pucynok 4 — Touxu peecmpayii 6i0HOCHUX NOMOKI8 HEUMPOHIE Ha SHYMPIWHIU (a) ma 308HiuHil (6)
NOBEPXHAX 8U20POOKU, po3paxyHkoei mouxu 6 LLIBK (8)

AxkcianbHa koopavHaTa, cM

200

100

-100

-200
0

®dnioeHe HewTpoHie 3 E>0,5 MeB, H/CM2

e ——— o
' i v =5 oS
I B -
TB3-WR (4 cB. kaceTn no nepudg.) |~ E]
I, £ TB3-WR (2 cB. kaceTv no nepud.)
G TB3A (4 cB. kaceTu no nepud.) %
: A
el
1.5x10% 3.0x10%° 4.5x10%° 6.0x10%°

PucyHoOK 5 — Axcianvruil po3nodin garoency Ha 6HympiwiHill NOBEPXHI 6U20POOKU 8 HANPAMKY MOYKU 6
32i0HO0 3 HyMepayieio puc. 4

Tabnuns 2 — [TopiBHSHHS pe3yJIbTaTiB PO3PaxyHKIB a3UMYTaIbHOTO PO3IOITY (IIFOSHCY Ha BHYTPIIIHIH
MTOBEPXHI MAXTH BHYTPIITHBOKOPIYCHOI Ha PiBHI cepeIHN aKTUBHOI 30HU

dmoenc E>0,5 MeB, n/cm?

Po3paxyHKoBa _ B3-wWR(P/ L )
KOOpAHHATA, TPAYC TB3A TB3-WR TB3-WR |6 = — — 1, [%]
(puc.1) (puc.2) (puc.3)
0 8,286E+19 7,831E+19 9,070E+19 5,5/9,5
8 1,872E+20 1,539E+20 1,923E+20 17,8/2,7
10 1,836E+20 1,446E+20 1,860E+20 21,2/1,3
20 1,277E+20 9,467E+19 1,253E+20 25,9/1,9
30 9,146E+19 8,640E+19 9,108E+19 5,5/0,4
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dmoenc E>0,5 MeB, n/cm?
Po3paxyHkoBa TB3-WR(P2/ o)
KOOPAMHATA, TPLYC TB3A TB3-WR TB3-WR |8 = — -1, [%]
(puc.1) (puc.2) (puc.3)
40 1,271E+20 9,473E+19 1,253E+20 25,5/1,4
50 1,816E+20 1,438E+20 1,855E+20 20,8/2,1
52 1,852E+20 1,530E+20 1,917E+20 17,4/3,5
60 8,181E+19 7,785E+19 8,940E+19 4,8/9,3
200 T
T ot
"‘\.ﬂ ) N
100 AN
\
?3[. TB3-WR (4 cB. kaceTvt no nepud.) %
§ 0 F—— TB3-WR (2 cB. kacetv no nepud.)
] G TB3A (4 cB. kaceTu no nepud.)
) -100 b 95
A 7
P >
I ———
e
200 Lol
0 0.5x10% 1.0x10%° 1.5x10% 2.0x10%

DnioeHc HelTpoHiIB

3 E20,5 MeB, H/cm?

Pucynoxk 6 — AkcianpHuit po3moain (GroeHcy Ha 30BHINIHIH TOBEPXHI BUTOPOAKH B HAIPSIMKY TOYKHU 6
3TigHO 3 HyMeparli€to puc. 4

2.00x10% RN BEEEEEEEE RN R :
o | T T S SR I NN A O
¢ ‘ TB3-WR (4 cB. kaceTu no nepud.) [ s f ]
| N | B=——=F TB3-WR (2 cB. kacet no nepud.) |- @ 1\\ i 1 |
o 20 \ G——0 TB3A (4 cB. kaceTn no nepud.) 727
s 1.75x10
S P Y )\
2 / \
= i
& 1.50x10%° m‘if\
w R Y NI
o iy ¥ 2
g N (It X mll P 7 )‘,
a 20 | 7
% 1.25x10 II \\
I By \ L)\
g - h X F 6‘ -
8 ) X X 4 i
oy 20
1.00x10 W = T s %
/ kant
™ Z u_‘
W %
20 "
0.75x10 0 10 20 30 40 50 60
AsvmyTarnbHa koopauHaTa, rpagyc

PucyHox 7 — AsuMyTansHUI po3moais GIIOEHCY HEWTPOHIB Ha BHYTPIIIHIM NOBEPXHI MaXTH
BHYTPIIIHFOKOPITYCHOT HA PiBHI CEpEINHU aKTHBHOI 30HH

Tabmuus 3 — [MopiBHSHHS pe3yNbTaTiB pO3paxyHKiB a3MMYTaLHOTO PO3NOALTY (IIIOCHCY Ha 30BHILITHIN
MOBEPXHI IIaXTH BHYTPIIIHLOKOPITYCHOI Ha PiBHI CEpeMHN aKTHBHOI 30HU

dmoenc E>0,5 MeB, n/cm?
Po3paxyHkoBa TB3-WR(P"?/ o)
KoOp AT, TPATYC TB3A TB3-WR TB3-WR = — — 1, [%]
(puc.1) (puc.2) (puc.3)
0 3,778E+19 3,515E+19 4,110E+19 7,0/8,8
8 7,085E+19 5,815E+19 7,288E+19 17,9/2,9
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AsnmyTarnbHa koopauHaTa, rpagyc

dmoenc E>0,5 MeB, n/cm?
Po3paxyHkoBa TB3-WR(P2/ o)
KOOPAMHATA, TPLYC TB3A TB3-WR TB3-WR |6 = Y -1, [%]
(puc.1) (puc.2) (puc.3)
10 7,054E+19 5,557E+19 7,159E+19 21,2/1,5
20 4,962E+19 3,706E+19 4,874E+19 25,3/1,8
30 3,692E+19 3,458E+19 3,677E+19 6,3/0,4
40 4,940E+19 3,708E+19 4,874E+19 24,9/1,3
50 6,985E+19 5,530E+19 7,142E+19 20,8/2,3
52 7,010E+19 5,785E+19 7,263E+19 17,5/3,6
60 3,733E+19 3,496E+19 4,058E+19 6,3/8,7
751107 T T
’QG‘. ®———o TB3-WR (4 cB. kaceTn no nepud.) 2(
\ E——= TB3-WR (2 cB. kaceTu no nepud.) y \
N / \ G———o TB3A (4 cB. kaceTu no nepud.) V\
|
% 6.0x10" Y \l
g X AR nq“
] A
o oo
%’ 19 j
% 4.5x10 _[ Eq D‘ \
2 1 .
8 96 B A E
# — =
3.0x10° 10 20 30 40 50 60

Pucynox 8 — A3umyTanbHUI po3noin (GroeHCy HeUTPOHIB Ha 30BHIIIHIM MOBEPXHI MAXTH
BHYTPiLIHROKOPITYCHOT Ha PiBHI CepeMHA aKTUBHOI 30HH

2 cBiXkIi KaceTH B epudepiitHOMy psi
(TB3-WR)

140+

12014

1000+

ni-=

W=

A=

—
ALY

7.1]

10

4 cBiXxi KaceTu B mepudepiitHoMy psii
(TB3-WR)

190+

120~

1004

604

-

l

1o

0,46

11,20

0,51
Eneprosusinenns, Br/cm®

10,66

Pucynox 9 — PaniansHuil po3nozisn eHeproBUIIEHHS Y BUTOPO/IL Ha aKCialbHUX PiBHAX

MAaKCHMAJIbHOT'O 3HAYCHHS
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BucHoBkH

[TopiBHSIHHS KOMIIOHOBOK 3 PI3HOIO KiNBKICTIO CBiXOro nanusa y nepudepiiinomy psai TB3 nokaszano
3HAQYHUH BIUIMB LBOro (akTopy Ha pajialidiHe HaBaHTaXeHHA. 3MeHIeHHs Kimbkocti TB3 1-ro poky
eKCIUTyaTalii B KpalHiX psgax NpU3BOJMTH A0 CYTTEBOTO 3HIDKEHHS PajiallifHOr0 HaBaHTa)KCHHS Ha €JIEMEHTH
BKII, 30xpema Ha Buropoaky ta I1IBK.

Haiibinbiie 3HIOKEHHS! PiBHS (DIIOGHCY CHOCTEpIraeTbesi NMPH BHKOPUCTaHHI 1Mo Tepudepii MeHmoi
KinbkocTi cBbkux TB3 1-ro poky ekcruryaramii Ta moBHOro 3aBaHTaxeHHS nanuBoM TB3-WR. Posmoxin
€HEePrOBUIUICHHS IEMOHCTPYE BIIMIHHOCTI MIXK Pi3HIMU KOMIIOHOBKAMH ITATMBHUX 3aBaHTAXKECHb. 3aMiHa CBIKHUX
TB3 1-ro poky excinryaTanii y nepudepiitiomy psai zHa suropini TB3 4-ro poky ekciuryararii mpu3BOJUTE 10
3HW)KEHHSA MAKCUMAaJIbHUX 3HAYCHb CHEPTOBHUIIICHHS.

V. Konshin?!, Cand. Sc. (Eng.), Assoc. Prof, ORCID 0000-0003-2591-3589

B. Hodunok?, master student, ORCID 0009-0001-9413-8515

M. leremenko?, Cand. Sc. (Eng.), ORCID 0000-0002-5411-7920

!National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»
ZState enterprise «State Scientific and Technical Center for Nuclear and Radiation Safety»

ASSESSMENT OF THE IMPACT OF DIFFERENT CORE LAYOUT ON THE
RADIATION LOAD OF VVER-1000 REACTOR INTERNAL DEVICES

When operating the power units of nuclear power plants beyond their projected lifespan, it is crucial to
consider the impact of various operational factors, such as neutron irradiation, elevated temperatures, and cyclic
loading, on the reactor core and internal structures. These factors lead to significant changes in the properties of
the metal used in these components. It is also important to note that each change in reactor power results in a
considerable variation in gamma radiation, which, in turn, contributes to the cyclic loading of the core baffle and
the reactor barrel. This effect is primarily manifested in the reduced resistance to brittle fracture, commonly
referred to as embrittlement, and it also leads to an increase in radiation exposure for the reactor core and internal
devices.

The implementation of core layouts that minimize neutron leakage from the active zone is one of the key
measures to reduce the radiation impact on the discussed elements of internal structures. This is achieved by
strategically placing spent fuel assemblies still in operation at the periphery of the active zone and fresh fuel in
the central region. Different configurations of fuel loadings in nuclear reactors significantly influence the
unevenness of energy release, which can introduce additional safety risks.

In this article, various configurations of the reactor's active zone have been examined using thermal power
assemblies of the types TVSA and FA-WR. Additionally, a comparison was made regarding the influence of these
assemblies on the radiation exposure of the shielding structures under the considered fuel loading configurations.
As a result of the calculations performed, values for the fast neutron flux were obtained at selected calculation
points within the active zone of the VVER-1000 reactor and at the center of the internal core shaft. Furthermore,
the distribution of power outputs from the core baffle in the axial layer of maximum loading was also determined.

Key words: reactor barrel, reactor VVER-1000, internal devices, fluence, energy release, core baffle, FA-
WR.
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"Hauionanbnuii Texnignnii ynisepcurer Ykpainu

«KuiBchknmii nosritexniyanii incrutyT imeHi Iropst Cikopcbkoro»

AHAJII3 HOPMATUBHO-IPABOBUX MEXAHI3MIB PO3BUTKY
KOI'EHEPAIII B YKPAIHI

Y ecmammi nposedeno komnaekcHull ananiz HOPMaAMUEHO-NPABOBO20 Pe2yNI08AHHS POZGUMKY Ko2eHepayii,
5K CKAA00601 po3nodineHoi eenepayii 6 Ykpaini, exmouarouu 0cHosHi 3aKonooasyi akmu, nocmanosu Kabinemy
Minicmpis Ykpainu ma Hayionanvhoi komicii, ujo 30ilicHioe 0eporcaghe pe2yio8antsa y cghepax enepeemuxu ma
komyHaneHux nocaye (HKPEKII). Oxpemy yeacy npudineno mexanizmam cepmugbikayii KoeeHepayiuHux
YCmaHo8oK, npoyedypi NPUECOHANHS 00 eleKMPOMeEPeNC Ma PIHAHCOBUM CIUMYIAM, CHPAMOBAHUM HA NIOMPUMKY
PO3BUMKY eHepeemUdHOi 2any3i .

Poszenanymo 3axonooasui 3minu, IHCMUmMyyiliHi piulenHs ma PUHKOGI MeXaHi3Mu, wjo 3abe3neuyromo
PO3BUMOK  pO3n0O0iNeHoi 2eHepayii AK Hesid 'eMHOI CcK1a0080i enepeemuynoi mpancgopmayii  Yrpainu.
IIpogedenuii nopisHATbHULL AHANI3 00380JAE GUABUIMU KIIOHO8I O0COOIUSOCHI NPABOBO2O PECYyTIO8aHHA MA
MODICIUGT HANPAMU YOOCKOHANEHHS HAYIOHANbHO20 3aKOHOOAE6CMEA.

Kpin mozo, y cmammi oyineno cmpameziuni nepcnexmueu po3gumKy cucmem pos3nooilenoi eenepayii
BKNIOYAIOYU NPOSHO308AHI 3MIHU HOPMAMUBHO20 CepedoGud, NOMEHYIUHUL 6NIUE OepICAGHOI NONIMUKY ma
MODICIUBOCI POZUUPEHHS YHACT KO2EHepaYIUHUX YCMAHOGOK Y OANAHCYIOUOMY PUHKY MA PUHKY OONOMINCHUX
nocnye.

KarouoBi ciioBa: posnooinena cemepayis, KoceHepayis, HOPMAMUGHO-NPABOSE — PE2YIIOBAHMS,
enepeoeghexmugnicmo, enepeemuyna besnexa, inmezpayis 3 €C.

Beryn. ITuranns TpancdopMmarii eHepreTndHoi cucteMu YKpaiHH HaOysio 0coOnMBOi aKTyalbHOCTI B
yMOBax 30BHIIIHBO{ arpecii, M0 CYTTEBO MOPYIIMIA CTaOUTRHICTh LEHTPANi30BaHOI TeHepalii Ta mepemadi
enekTpoeHeprii. B 1ux yMoBax 0coOJHBOrO 3HaUCHHS HA0YBaIOTh MEXaHI3MH JIOKAJILHOT'O €HEPro3ade3neycHHs,
B OCHOBI SIKHX JISKUTh MPUHIMN AeUeHTpatizanii. Po3nozinena reHepaiisi po3riisiiacThCsl HE JIMIIE K TEXHIUHE
pillieHHs], a SIK CTpaTeriyHa BiANOBi/(b Ha BUKJIMKH €HEPreTHYHOT Oe3NeKH, eKOHOMIYHOT CaMOCTIHHOCTI PerioHiB
Ta BiJIIOBIHOCTI €BPOIEHCHKOMY KypCY €HEPreTHYHOT MO THKH.

€sponeiicbkuii Coto3 GopMye BUCOKI CTAHAAPTH B YaCTHHI PO3BHUTKY BiJHOBIIIOBAHHX JDKEPEN eHepril Ta
posnoxiienux (opm reHepaii. 3okpema, oHoBieHa [lupextuBa (€C) 2023/2413 (RED III) BcTraHOBIHOE
000B’s13k0BY 1inbOBY 4YacTky BJIE B KiHIIEBOMYy CroXuBaHHI eHeprii Ha piBHI 42,5% nmo 2030 poky 3
IHIMKaTUBHUM MiABHIIEHHSIM 110 45%. KpiM TOro, MOKYMEHT KOHKPETH3Y€ MpOLEAYypH NPHETHAHHS MAJIUX
TeHEePYIOYHNX 00’ €KTIB, MABHUINCHHS THYYKOCTI CHEPTOCHCTEMH Ta CTBOPEHHS MEXaHI3MIB y4acTi CII0)KABaviB y
BUPOOHMIITBI i HAKOTIMYEHHI eNeKTpoeHeprii. B Toit xe dac neprkaa, Maroun 3000B’s13aHHS B ME€Xax YTOJH PO
acomjamilo Ta B paMKax ECBpPONEHCHKOTO 3€JEeHOr0 Kypcy, INPOBOJUTh aKTHBHY T'apMOHI3allil0 CBOTO
3aKOoHOAaBCcTBa 3 mojoxeHHssMu RED TI/111. [1]

Y 1upoMy KOHTEKCTI pPO3BHTOK KoreHepauiiinux ycraHoBok (KI'Y) crae wio4oBUM iHCTpyMEHTOM
CTablIbHOTO eHepro3ade3rneueHHs, eQEeKTUBHOTO BUKOPHUCTAHHS I1ajlMBa, 3HIDKEHHS BTpaT Ta peajizailis
THYYKOCTI eHepreTuuHoi cucremu. PosmmpenHst ydacti KI'Y B OanmaHCylo4oMy pPHHKY, 3aIllpOBaKEHHS
MeXaHi3MiB MIATPUMKH Yepe3 cepTudikaiito, CreiaibHi peXkKUMH i JKITI0YSHHs Ta MOJJaTKOBI CTUMYJIM — yce e
CBIZYUTH PO (POPMYBAHHS HOBOT'O MiXOIy 0 ACHEHTPaIi3allii YKPaTHChKOI CHEPTreTHKH. [2]

MeTo10 MOCTiAKEHHSI € aHali3 Cy4acHOTO CTaHy HOPMAaTHBHO-TIPABOBOIO DPETYJIOBAHHS PO3BHTKY
posmoineHoi reHeparii 32 yMOB BCTaHOBJICHHSI KOT€HEpalifHUX yCTAaHOBOK 3 YpaxyBaHHSIM €BPONEHCHKHX
TEHJCHIIN 1 BHYTPIMIHIX BHUKIUKIB. OCOOJNMBHUI aKIEHT 3pO0JICEHO HAa BH3HAYCHHI KIFOYOBUX 3aKOHOJABUYHX
iHimiaTHB, 110 3a0e3MeYyroTh NPaBoOBE MIATPYHTS IS BIIPOBAPKCHHS KOT'CHEpPALIHHUX YCTaHOBOK, a TAaKOX Ha
BUSIBJICHHI ITPOOJIeM IMIIEMEHTAlli] YMHHUX HOPM y NPaKTHYHIN IUIONIMHI. Y MeXax TOCIKEHHs PO3IIISTHYTO
MEXaHi3MHU JIep’)KaBHOTO CTUMYJIIOBAHHS KoreHepauii B YKpaiHi, mpoueaypu cepTH(ikaiii, y4acTb 00’€KTiB
po3mo/IiieHol reHepariii B pUHKOBHX MOJIENSX, BKJIIOUHO 3 PUHKOM JIOTIOMIXXHHUX IIOCJIYT, @ TAKOX MEPCIEKTUBH
rapMoHi3amii 3akoHomaBcTBa YkpaiHu 3 BuMoramu JupextmBu RED III. AHami3 oxoInmoe sIK HaliOHaJIbHE
3aKOHOJIABCTBO, TaK 1 PEryJSATOPHI JOKYMEHTH IEHTPAIbHUX OpPTaHiB BUKOHABYOI BIAJAW, a TAKOXK CTpaTeTiuHi
TUTaHU 3 PO3BUTKY eHepreTHkH 10 2035 poky.

MartepiaJ i pe3y1bTaTH 10CTiTKEeHHS.

YV 2023-2024 pokax B YkpaiHi OyJio peasii3oBaHO KijlbKa 3HAKOBUX MPOEKTIB KOTEHEPAIIMHUX YCTaHOBOK,
10 JIEMOHCTPYIOTh HOTEHIlia]l TEXHOJIOTii B yMOBax HecTaOUILHOIO €HepronocTadyaHHsi. 30Kpema, KOMITaHis
«Imxyp Enepmxi» peanizoBye mnpoekT OyamiBHuITBa enekrpoctaHuii Ha 6a3i KI'Y 3arajbpHOI0 NPOEKTHOIO
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noTyxHictio 34 MBT, ocHOBHI QyHKIIiT MTpoaeMOHCTpoBaHO Ha pHC.l. OO'eXT CKIamaeThCS 3 ABOX UEpT: Iepiia
yepra — 18 MBT, 3amyck sikoi 3arutaHoBaHo Ha KiHeub 2025 poky, apyra yepra — 16 MBT. YcraHoBku
3aIUIAHOBAaHO BUKOPHCTOBYBAaTH JUIA TOKPUTTS IIKOBUX HaBaHTaXeHb, sKi OpaTUMyTh Y4acTb Y PHHKY
JIOTIOMDKHHX IOCIIYT, 30KpeMa B ayKIioHax YKpeHepro 3 pesepByBaHHs yactoTh (aPBY). [3]

OcHoBHi oyHKUii KIY

MNipBuULLEHHA

+ - / eHepreTMuHoi

HapgiiHocTi

perioHv

©

MaHeBpeHi PesepByBaHHA
NOTY>KHOCTi Yyacrotn

FeHepauin
e/ieKTpoeHeprii

Pucynok 1 — Ocnosni ¢pyuxyii KI'V

IIpoekT peanmizoBaHWid 3a 3MIMIAHOK MONEIUTIO (DiHAHCYBAaHHS, IO BKIIOYae OaHKIBCBKUN KpPEIWT,
IHBECTHIIIHHI KOIITH Ta YaCTKOBY KOMIICHCAIIIfO BiJ] MiXKHAPOIHOI JOHOPCHKOI OpraHi3arfii.

Bucoka edekTuBHICTb, BiJHOCHO IIBHJKE DPO3TOPTaHHS Ta MOXJIMBICTH THYYKOI y4acTi B DHUHKY
eJIEKTPOEHEpPrii 3acBIAYMIM aKTyaJbHICTh MacliTaOyBaHHS TakuX IPOEKTIB y perioHax, Ha npanuii vac
HAKOIMYCHO 3HAYHUI JIOCBiJ BHUKOPHCTaHHS MIKpOTYpOiH Ta KOTCHEpaliifHUX YCTAaHOBOK Yy MiCBKOMY
TOCIO/IAPCTBI SIK JKEpesa JeleHTPai30BaHOI0 eJIEKTPO-Ta TEIUIONOCTaYaHHs 1 BUpOOHMITBAa xoioay. lle
MIPOMICIIOBI MiATIPHEMCTBa, O(]icHI, TOProBi Ta PO3BaKAIBHI IICHTPH, OaceifHH, JiKapHi, HABYAIbHI 3aKJaly,
006’ext XKKT', siki mOTpeOyIOTH MOCTIMHHOT TO/1aui eeKTpOeHepTii, Tera i xomonry. [4]

Posrnsgaroun mepcrneKTHBE PO3BUTKY PO3IIOAUICHOT TeHepallii, JOMIFHO BUALIATH 1Ba OCHOBHI CIIeHapii:
0a3oBuii Ta mporpecuBHUN. BoHHM BimoOpakalOTh MOXIIMBI BapiaHTH PETYJSITOPHUX 3MiH, BIUIUB (PiHAHCOBHX
MeXaHi3MiB HiATPUMKH Ta PiBEHb TEXHOJOTIYHOI iHTETpaIlii CeKTOpY Y 3araibHy €HeprocucTeMy KpaiHu.

Ba3osuii cuenapiii. Y Mexxax 6a30BOro clieHapito rnepedadaeTbes MoCTYHOBE PO3MUPEHHS PO3IOIIEHOT
reHepailii 0e3 CyTTEBUX 3MiH y PETYJSITOPHOMY CEpPeIOBHIII. 30CPEeKCHHS MOTOYHHUX TEMINB pedopMyBaHHS
3aKoHO/aBuOi 0a3M Ta MeXaHi3MIiB ()iHAHCOBOIO CTHUMYJIIOBAaHHS MOXKE IPHU3BECTH J0 OOMEXeHOl iHTerpaii
CEeKTOpa, IO CYNPOBOJKYBATUMETHCSI HU3KOIO PErYJIATOPHUX Ta EKOHOMIYHUX Oap’epiB. OuikyeThcs, 10 YacTKa
posrmo/iineHoi renepariii y 3aranbHoMy 00cs131 BApOOHMITBA elieKTpoeHeprii 3pocte 1o 15%, nepeBaxHo y cdepi
KOTEHepaIliiiHuX yCTaHOBOK Ta Manux BJIE-ctanmiii. HopMaTHBHO-IpaBOBe cepefoBuIle Oyae amaanToBaHe
YaCTKOBO, 3JIMIIAIOYH [IEBHI 0OMEXEHHsI 11010 IPOLEyp MPUEIHAHHS Ta TAPU(PHOTO PEryIOBaHHS.

[HBecTHUIiiTHA aKTUBHICTD Y MEXaX I[bOT0 CICHAPIIO 3AIUIIATUMETECS. CTPUMAHOIO0, OCKUTBKH BiICYTHICTH
TapaHTOBAaHMX MEXaHI3MIB KOMIIEHCalii BHTpaT Ta CTaOUIBHMX CTHMYJIIOIOUMX TapU(]iB CTpUMyBaTHMe
KaIliTalIOBKJIQJIEHHS Y CEKTOP.

IporpecuBHuii cuenapiii. [IporpecuBHuii crienapiii nependavae peanizaliro KOMIUICKCHUX pedopM y
cdepi HOPMAaTUBHOTO PETYJIOBaHHS Ta (DiHAHCOBOI MiITPUMKH PO3MOAITICHOI TeHepalii. 3a TAKHX YMOB YacTKa
posmofinenoi rerepanii y BUpOOHUITBI enekTpoeHeprii Moxke nocartu 30%, i3 CyTTEBOIO YacTKOIO PO3YMHHX
MIKpOMEpexk, aBTOHOMHHX KOT€HepalifHUX CHCTEM Ta iHTerpallii TeXHOJIOTiH 30epiranHs eHeprii.

3anpoBa/pKeHHST HOBHX PEryJISITOPHHX MEXaHi3MiB, 30KpeMa IIOBHOLIHHOTO JIOCTYIY pPO3HOAIICHOT
reHepamnii 10 0aJaHCyI04OoTO PHHKY Ta PHHKY JOTOMDKHHUX IIOCIYT, CHPUSATHME IiJBUIICHHIO ii eKOHOMIYHOI
npuBabnuBocti. diHaHCOBA MIATPHMKA OTpUMAe CTabiIbHY OCHOBY 3aBISKH JOBIOCTPOKOBHM MeXaHi3MaM
IHBECTHILIHHOTO CTUMYJIIOBaHHS, L0 BKIKOYATHMYTh MOJEPHI30BaHY CHCTEMY «3€JIE€HHX» TapudiB Ta MOAEIb
JIep>)KaBHO-IIPUBATHOTO MAPTHEPCTBA Y PO3BUTKY CHEPIeTUYHHX KIIAacTepiB.

udposizamiss cexropa copusTUMEe e(QEKTUBHOMY YIPABIiHHIO PO3MOJIUICHUMH EHEProCUCTEMaMHU,
Mi/IBUILIEHHIO IPOTHO30BAHOCTI HABaHTAXXEHb Ta IHTErpauii alropuTMiB MITYYHOTO IHTEJEKTY y MOJIEIIOBAHHS
nonuty Ta OajaHCyBaHHS IIOTY>KHOCTeH. TakuM dYMHOM, 3a YMOB peaji3amlii IPOTrPECHBHOIO CILEHApilo
po3mojiyieHa reHeparisi 3M0oKe TOBHOILIHHO 1HTETpyBaTUCs y THYUYKY Ta JeLEHTPaTi30BaHy CHEPreTHUHY MOJENb
KpalHH, BIAMOBIIHO JI0 CyYaCHUX BUMOT eHepropuHKy €C.

JIyist HA0YHOTO TIPEICTABJICHHS 3MiH Y CTPYKTYpi reHepallii enektpoeHeprii B Ykpaini y mepion 2023—2035
POKIB HaBe/IeHO TaOIM4HE MOPIBHAHHS OCHOBHHUX NapaMeTpiB PO3BUTKY cekTopa. Y Tabnuili 1 HaBeJeHO MPOrHo3
JIMHAMIKHM YaCTKH PO3MOALICHOT reHepallil, MeXaHi3MHi CTUMYJIIOBaHHs, piBeHb iHTerpauii KI'Y y OanaHcyrounii
PHHOK Ta IHCTHTYMIHHI aCIIEKTH MiATPUMKH.
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Ta6muus 1. [TopiBHsIBHUI aHai3 3MiH y CTpyKTYpi rereparii (2023—-2035)

[Tokazauk 2023 2024 (mepeximHuii epion) 2035 (6a3oBwmit 2035
(moTouHmi creHapiit) (mporpecuBHHUI
CTaH) crieHapii)
YacTka ~8% ~11% ~15% ~30%
pO3MoAiICHOT
reHepanii
I'onosHi l"azonopnineBi Po3mmpenns 6iomerany ta Biomeras, Smart Grid,
mxepena KI'Y | KI'Y, Giorazosi KOTeHepauii MiKpoMepexi BUCOKOC(EKTHBHI
YCTaHOBKH JIOKaJIbHOTO KTy
piBHS
[aTerpamis B Ob6MexxeHa [Tepri MOBHOIIHHI ayKITIOHH Posmupena [ToBHOIIHAMIA
PUHKH y4acTb y 3 pe3epByBaHHS IHTEeTpaIis noctyn go Demand
JIOTIOM 1 >KHHX OalaHCyI09OMY gepe3 cTabiIbHe Response
MOCITyT PHUHKY TapupHe
PETYIIOBaHHA
HepxaBHa [Tineru HA 3armyck «3e1eHuX» o0irariit Crumymrorodi «3erneHi» obmirarmii,
TIOJTITHKA o0JyiaHaHHS, Ta KPETUTHHUX MIPOTPaM Tapudmu, JIep>KaBHO-
CTUMYJIFOBAaHHS oOMexeHi ayKI[IOHHE NpUBaTHE
cyocuaii (iHaHCYyBaHHS MapTHEPCTBO
Ludposizaris [MTooauHOKI Ilepira XxBuIIA BOPOBAKEHHS JloxanpHa I'mo6anbHa
Ta npoekTH Smart dpoBux miarhopm aBTomaru3anis  iHrerpauis LI ms
aBTOMATH3AIlis Grid ceprudikariii KI'Y MIKpOMEPEK E€HEProCUCTEM
Inctutyniiina =~ ®parmeHTOBaHA 3anyck €JMHOI CUCTEMHU €auani udposa
MiATPUMKA KOOpAMHAILTiSI peectpartii KI'Y uepes PeryJsITOpHUIA wiatdopma Jyis
JepxeHeproeeKTHBHOCTI [ICHTP KI'Y ta Smart Grid
VYuyactp y 400 MBT 600 MBT >800 MBt >1500 MBT
OalaHCYIOUOMY
PHHKY

Sk BumHO 3 Tabmumi, y 6a30BOMY CIIEHapii pO3BHTOK PO3IOALICHOI reHepamnii BifOyBaeThCsl IIOCTYIOBO,
0e3 CYTTEBHX 3MiH y PETYIATOpHIN momiTuii. BogHOYac y mporpecHBHOMY CIIEHApIii CIIOCTEPIraeTbes 3HAYHE
30impmenHs gactku KI'Y, aktuBHe BukopuctanHs Smart Grid ta mudpoBux mumatdopMm s yIpaBIiHHSI
eHeprocucremMami. Lle miaTBepIKy€e BaXKIIMBICTD BIIPOBA/DKEHHSI HOBUX MEXAHI3MiB ITIITPUMKH Ta CTUMYJIIOBaHHS
PHHKY.

AHaJi3 HOPMAaTHBHO-TIPABOBOTO PEryJIOBaHHS CBIIYUTh NPO PO3BUTOK PO3MOALJICHOI reHepauii B
YkpaiHi Ta MOCTYIIOBY aJalTallio 10 IPUHIKIIB, 3aKIJCHUX Y EBPONECHCHKOMY SHEPTeTHUHOMY paBi. 30Kpema,
npaBoBa 0aza OXOIUTIOE SIK 0a30Bi 3aKOHW, L0 BU3HAYAIOTDH 3arajbHi paMKu (YHKI[IOHYBaHHS €HEPreTHYHOTO
PHHKY, TaK i HU3KY ITiI3aKOHHUX aKTiB, CIIPSIMOBAHUX Ha JIeTalIbHE PETYJIIOBaHHs BIPOBAKEHHS Ta eKCIUTyaTalii
KOTCHEPAI[IfHUX YCTaHOBOK.

3akoHOMaBUE 3a0e3meueHHs] PO3MOJiIeHOI reHepamii B YKpaiHi c()OpMOBAHO MiJl BIUITMBOM KiJIBKOX
KITFOYOBUX (DaKTOPiB: IMIUIEMEHTALil MOJ0XXEHb €BPONEHCHKOrO €HEPreTHYHOI0 3aKOHOJABCTBA, NPAKTUYHOI
HEOOXIHOCTI JNeIeHTpali3alii eHepreTHIHNX PeCypceiB y BiANOBIOs HA BHUKJIWKH BIHH, a TaKOX aKTyai3amii
MUTaHb CHEProe(PeKTUBHOCTI Ta TEXHOJOT19HOI THYYKOCTi. OCOOIMBOTO 3HAYCHHS Ha0yIH HOPMATHBHI aKTH, IO
PETYJIIOI0Th BUKOPUCTaHHS KOTeHEPAIIIIHUX YCTaHOBOK, SIKi 31aTHI e()eKTUBHO 3a0e3IeYnTH BUPOOHHUITBO TeTlja
Ta eyieKTpoeHeprii 3 BucokuMu nokazHukamu PES(Primary Energy Savings). Cepex OCHOBHHX HOPMaTHBHHX
JIOKYMEHTIB CIIil BUIIJTUTH HACTYIIHI:

-3akoH VYkpaiam «lIpo pHHOK eNEeKTPUYHOi eHeprii» — BCTAHOBIIOE NPAaBOBY OCHOBY [UIS
(hyHKIIOHYBaHHS KOHKYPEHTHOTO PUHKY €JIEKTPOCHEeprii, mepeadayae MOKIMBICTE I HE3aJIS)KHUX BUPOOHUKIB,
y ToMy 4mcii 00'€KTiB PO3MOAiIEHOI TeHepallii, OpaTH y4JacTh y pi3HMX CETMEHTaX PUHKY. 3aKOH 3aKpiIlTioe
MOXIIMBICTh YKJIaJaHHS JBOCTOPOHHIX JoroBopiB (PPA), mepenbavae mpueaHaHHS MalliX BUPOOHMKIB [0
SJICKTPUYHHUX MEPEX 3a ITPO30PUMH YMOBAMH.

-3akoH Ykpainu «IIpo ajapTepHaTHBHI JKeperna eHeprii» — CTBOPIOE YMOBH ISl BAKOPUCTaHHS HOBITHIX
BUJIB TajdWBa y pO3MOJUICHIH TeHepamii (Oioras, OioMeTaH, CHHTETHYHHIA ra3) Ta CTUMYJIOE PO3BHTOK
IHQpacTPyKTypH ISl HAKOITMUESHHS eHeprii. 3aKOH CTaB OCHOBOIO JUISl TTOJIAJIBIIOT AEPETYIISLIT Ta CTUMYITIOBaHHS
«3€JICHO» EHEPreTHKU B YKpaiHi.

-3akon Ykpaiau Ne2509-1V (3i sminamu 3akony Ne2955-IX Bix 24.02.2023)— € KIFOYOBUM iHCTPYMEHTOM
MiATPUMKH BUCOKOC(DEKTUBHUX KOTEHEpAIiMHUX YCTaHOBOK. BiH 3ampoBamxye kpurtepiii PES (>10% s
ycraHoBok moHan 1| MBt; >0% mns manux/MiKpo YCTaHOBOK) SK YMOBY Ui KBajidikarlii, BU3HaYa€e IMOHITTS

BrucokoedextuBHO1 KI'Y, mOpsa0K CTBOPEHHS EP>KaBHOTO PEECTPY Ta B3aEMOJIi1 3 OllepaTopaMu CUCTEMH.
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Jlep>xaBHi I1iJ1i pO3BHTKY pO3IOAiJIEHOI reHeparrii 3akianeHi B HarionansHoMy miaHi ait 3 po3sutky B/IE.
3okpema HarioHanpHUI M1aH 3 pO3BUTKY BiJHOBIIIOBAHOI €HEPIeTHKH € JONOBHEHH:IM HarioHajapHOTO IuiaHy 3
enepretuku ta kiaimary (HITEK) Ta Bu3Hauae TpaekTopii pO3BUTKY BiIHOBJIIOBAHOI €HEPI'ETUKH 32 CEKTOPaMH JI0
2030 poky i3 3axoJaMu IIOJO IX peamizalii 3 ypaXyBaHHSM IOJITUK Ta 3axoniB, BuzHaueHnx HIIEK. Ilnan
inrerpyerscs 3 nonoxenHsMu RED II/RED III. Takox B CrpaTterist po3BUTKY po3noziieHoi renepauii g0 2035
pPOKy, J€ BH3HaYHE KOHIENTYaIbHHH WinxXig 10 (OpMyBaHHS JELEHTPali30BaHOi, CTIHKOi Ta T'HY4YKOi
eHeprocucreMu. Bona Brkiouae inTterpamito Smart Grid, HMITPUMKY JIOKaJbHUX EHEPreTUYHUX KIACTEPIB,
PO3BHUTOK MiKpOMEPEK, CTBOPEHHS YMOB IJIsl pO3BUTKY BitacHOTO BupoOHuITBa KI'Y.

Takox OKpeMoO HEOOXiZHO MPHUIUINTH yBary A0 CHpPOIIEHHS Ha 3aKOHOIABUOMY piBHI MpOIEIypH
npuenHanast KI'Y, mpo 1o cBiggats BiAIIOBIAHI 3aKOHH Ta IIOCTAHOBH:

-3akoH Ykpainu Big 15.07.2021 Ne 1657-IX «IIpo BHECEHHS 3MiH A0 NESIKUX 3aKOHOABYHX aKTiB YKpaiHH
IIOI0 CHPOLICHHS MPONEAypH TPHEAHAHHA OO CIEKTPUIHMX MEPEK»— BKIIOYAE IOJOXKEHHS MIONO
MpUCKOpeHoTo TexHiTHOro npueaHanHs 1 KI'Y B yMoBax zii BOEHHOTO CTaHy, a TAKOX IPIOPUTETHE HAJAHHS
TEXHIYHUX YMOB MaJIUM i CEpEeHIM 00’ €KTaM reHeparii.

-B mepiox BIHCHKOBOIO CTaHy Ji€ OKpEMHH CIEHpPEXHUM NPHCKOPEHOTO TUMYAacOBOTO IPHEIHAHHS:
IocranoBa HKPEKII Ne352 Tta Ne832 — siki BperyJibOByIOTh MEXaHi3MHM THUMUYACOBOT'O ITiAKIFOUCHHS B IEPioA
HaJ3BUYAlHUX YMOB, BCTaHOBJIOIOTH CIPOILICHI YMOBH Uil NPUETHAHHS KOTEHEpaLiiHUX YCTaHOBOK, JIO
ra30pO3MOIUTBYHX 1 SCKTPUUHAX MEPEIK, 10 MAIOTh KPUTHYHY iHPPACTPYKTYPHY BOXKIUBICTS. [5-6]

-[TocranoBa KMY Nel1316 Bix 15 rpyans 2023 p. — 3atBepmxye [lopsnok kBanidikauii KI'Y, pernamentye
CTPOKH IMOJIaHHSI TOKYMEHTIB, BUMOTH 10 TEXHIYHOI TOKYMEHTAIlil, KpuTepii BUCOKOeeKTUBHOCTI. PeamizyeTnhcs
MPUHIUI «€AWHOTO BikHA» depes JlepxeHeproeekTHBHOCTI.

[TomaTKoBI MBI Ta MUTHE 3BITEHEHHS — pealizyloThes yepe3 3akoHn Ykpaiau Ne3853-1X ta Ne3854-
IX, sixi nepen6avarots 3umxentst [1JIB na immopT obnaananus st KI'Y. [7-8]

[MornuGmenuii ormsag MexaHi3MiB pHHKY TIOKa3aB, 0 mognHaro4du 3 2024 poky, omepatopu KI'Y otpumanm
3MOTy IIOBHOLIHHO OpaTW ydacTh y OalaHCylouOMy pHHKY Ta pHUHKY JONOMDKHHUX IOCIYT 3aBISIKH
BIPOBapKeHHIO Bignosiauux pernamentiB HKPEKIIL. Yuacts 3aificHIOEThCS Yepe3 aykifionn Ykpenepro[9], me
OIepaTop CUCTEMH BHU3HAUYa€ NOTPeOy B PEryJIIOIOUUX ITOTYKHOCTSX.

Tomy cranom Ha Oepesenb 2024 poky 3arajbHHUil OOCSAT KOHTPAaKTOBaHMX pe3epBiB 3a yudacTio KI'Y
craHoBuB noHa 400 MBT, 1110 € icTOTHUM BHECKOM Y CTaOUIbHICTh eHeprocucteMH. [Ipu 11boMy AOCTYII IO PUHKY
MOXIIMBHH JIMIIIE MICJIsi OTPUMaHHS cepTH(dikaTa BHCOKOS(PEKTUBHOI KOTEHepallil, 1[0 CTUMYJIIOE BUPOOHUKIB
notpuMyBatucs ctanaapriB edexrusrocti (PES > 10 %).

Po3BuTok posmoxineHoi rerepamii Ha ocHOBI KI'Y B YkpaiHi He OOMEXY€ThCS JHUIIE TEXHIYHUMH YH
TPABOBUMH AaCTeKTaMH. VIeThes TakoX Hpo (OPMYBAHHS iHCTHTYIIHHOTO Ta EKOHOMIYHOTO CEpEeIOBHMIIA,
3MATHOTO 3a0€3MEYHUTH CTajicTh TpaHcopmamiii. Hacammepexn BaJIMBO CTBOPUTH [i€BI MeXaHI3MHU
JIOBrocTpoKkoBoro (inaHcyBaHHS s BrpoBamkeHHS KI'Y, 30kpema depe3 MeXaHI3M «3€JIeHHX OOIiramii,
MpOoTrpaMm IMUIBrOBOTO KPeIUTyBaHH, MIP)KHAPOAHY JOHOPCHKY MiATPHMKY.

Takox aKkTyalbHOI € IMIUIEMEHTALis M0J0KEeHb 110JJ0 MikpoMmepex, nependauenux RED 111, ajxe taki
CTPYKTYPH JI03BOJISIFOTH TpoMajiaM, Oi3HecaM 1 KpUTHuHIil iH(QpacTpyKTypl camocTiiiHO 3abe3mneuyBatu cebe
SHEpri€ero, MiBUIYIOYN HAIIHHICTh Y KPU30BHX yMOBax. Peaizalis miei KOHIEMIT MOB’sI3aHa 3 BUKOHAHHIM
HU3KH 3aB/1aHb:

-TTonermmTy MiKITIOYEHHS Ta 3a0€3MeYNTH YMOBH POOOTH I'€HEPaTOpPiB YCiX MOTYKHOCTEH 1 TEXHOJIOTIH.

-Hamatu cioxuBayamM MO>KIIHBICTh aKTHBHO OpaTH yYacTh B ONTUMI3aIlil pOOOTH CHCTEMH.

-3a0e3neynTy CI0KUBaviB HEOOX1IHO iH(pOpMAIIi€TO.

-CTBOpUTH JUTS CIIOKUBAYIB MOKIIUBOCTI BUOOPY BapiaHTiB pimens. [10].

HeoOximHO 3anpoBamuTh €MuHUHA MUQPPOBHIA KaOiHET 3 MOXKIIMBICTIO TIOJAaHHS 3asBKH Ha cepTH(iKaIlito,
NpUEJHAHHS 10 MEpeXi, ydacTb B ayKIioHax a0o MOJAaTKOBUX IporpaMax.3akOHOJaB4ye 3aKpilUICHHS
KJIaCTEPHOTO TMiIXO0JY, & TaKOX ITOJAaTKOBI CTUMYJIH JUIs JoKamizauii BupoOHunTBa KI'Y cTanyTh 10#aTKOBUMH
JipaiiBepaMu po3BUTKY ranysi. Ha puc.2 npoaemMoncTpoBaHo cxeMy, nuisax KI'Y Big MpoeKTy 10 pUHKY 3BaXKatOuu
Ha 3aKOHOJIaBYy 0a3y.

Y noctanosi Ka6inery MinictpiB Nel1316 Bix 15 rpyanas 2023 p. npeactaBieHa “iHCTPYKILis”, sika OMHCY€
SKMM YHHOM PEeajJi30BaHO MeXaHi3MH KBalidikallii KoreHepamiiHIX YCTaHOBOK. BOoHa Mae Tpu rojoBHi OJ0KH:
Kputepii eexTuBHOCTI, Iponenypy KBajidikarii Ta GpyHKIiF0 KOHTpoIo 3 60Ky JlepkeHeproeeKTHBHOCTI, 110
BijtoOpaskeHo Ha pucyHKy 3. [11]

Pa3om i3 mporpecoM nocTaroTh i CHCTEMHI 0OMEXeHHsI, 0e3 MO/J0NaHHs SKUX edeKT BiJ pedopm Oyre
yactkoBuM. Lludposizamis mpouexyp kBamidikamii Ta mnpuenHaHHS TnepeOyBae Ha I0OYaTKOBOMY eTarli.
HesBakaroun Ha 3aTBep/KEHHs CIPOIIEHUX AITOPUTMIB, (pakTHYHA peaji3amis B perioHax € HEOJHOPIJHOIO.
3asBHUKH 3IIITOBXYIOTHCS 3 ITpodIeMaMu JOCTyIry 10 U poBHX IaTdGopm, HEOOXiAHICTIO IIOBTOPHOTO TTOIAHHS
JIOKyMEHTIB, BiJICyTHiCTIO iHTerpauii 6a3 nanux HKPEKII, Minenepro ta [lepsxeHeproeeKTHBHOCTI.
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1. KonuentyanabHe 00IpYHTYBaHHS 2. CepTuikauis Ta JTileH3yBaHHs

*3akoH «[Ipo pHHOK eNeKTPUIHOT
eHeprii» BU3HaYa€ MPaBOBi 3acag

*OuiHKa BiJIIOBITHOCTI 3aKOHOJIABCTBY Ta |  L—>
aHaJIi3 HOpPMAaTUBHUX BUMOT

* BusHaueHH MOTEHIIIMHNX
perynsTopHuX Oap’epiB

*[Tocranoa HKPEKII BcTaHOBIIOE TEXHIYHI
KpHTEpii

*OrpumanHs cepTrdikaTy BiINOBIAHOCTI
KOTeHEepaliifHOi yCTaHOBKU

* OdopmiieHHS JTineH3ii Ha BUPOOHUIITBO

eJIeKTPOeHEePTii
I/
3. [IpueaqnanHs 10 Mepexi 4. Komepuiitna inrerpauis
* Perymoetscs nocranosoro HKPEKII Bix *Peecrparis B puHKy eeKTpOCHEPTIii 3riHO 3
26.03.2022 Ne 352 mpo TUM4YacoBe IMopsinkoM peecTpallii y4acHUKIB ONITOBOIO
TIPHETHAHHS. —— | eHepreTmuHoro puHKy (moctanoBa HKPEKII

* TexHi4uHe y3ro/UKEHHS ITapaMeTpiB Bin 04.10.2023 Ne 18.12)'
iKY eHHS. * YKIIaJaHHs JOTOBOPIB Ha MOCTaYaHHS

€JIEKTPOCHEPTii.
*PerymoBanHs (piHAHCOBUX ACIEKTIB MisIIBHOCTI.

*B3aemMois 3 0repaTopoM CHCTEMH PO3IOILITY.

V/

5. MoHIiTOPHHT Ta BiANOBiTHICTH PeryJsiTOpHUM
HOpMaM

* KOHTpPOJIb BiMIOBIAHOCTI 3aKOHOJABUUM BHMOTaM.
* Amanranist 10 3MiH Y 3aKOHO/IaBCTBI.
* PerynsapHuiil meperisq TeXHIYHUX CTaHAaPTIB.

Pucynok 2 — nax KI'V 6i0 npoekmy 00 punxy

006’ext/Bnacauk KI'Y monae Jonae TexHiuHI
CJICKTPOHHY 3asIBy Uepe3 CaiiT |mummed XapaKTePUCTUKU Ta
HepxereproeeKTHBHOCTI. po3paxyrok PES.

Y KPOK 1: [TOJTAYA

3ASBKU

HepxeHeproepeKTHBHOCT
1 TIepeBips€ TOKYMEHTH T |mud
npoBoanTh ouiHKy PES.

M KPOK 2: PO3TJISA[] S

TA AHAJI3 Tepwmin — mo 30 mHiB.

@ ABO BIJIMOBA

7 SKuio kpurepii . .
BENY  [(0TPUMAHO — BUJIAETHCS Sxmo KT'Y He Bignosinae
EJIEKTPOHHE CBiIOLTBO — 32SBHUKY HAJICHJIAETHCS

(ctpox mii — 1 pik). apryMEHTOBaHE

M KPOK 3: PIIIIEHHS

0OIpyHTYBaHHS.

Pucynok 3 — Ilpoyedypa kearigixayii KI'V

Takox 3anumraeTscst ooMexeHnM JocTym KI'Y 1o rHydKuX prHKIB €Heprii, 30KpeMa pUHKY peakilii HOMmuTy
(Demand Response), mo € HopMoro juisi kpaiH €C. BigcyTHICTh BiANMOBIAHOTO MPaBOBOrO MOJS, TEXHIYHUX
MIPOTOKOJIIB Ta ME€XaHi3MiB (PiHAHCOBOTO 3a0XO4YeHHS 3HIXKYye 37AaTHiICTs K'Y Oparu ydacTb y CHCTEMHOMY
OaslaHCyBaHHI B IOBHOMY 00CsI31.

Bapro TakoX 3a3HauUMTH IHCTUTYLIHHI Oap’epw: BiACYTHICTH €JMHOTO KOOPAMHYIOYOTO LEHTPY abo
areHuii, BiIOBiNaJBLHOT 3a peali3aliio MOJITHKH MiATPUMKH pO3MojLIeHoi rerepanii. HasBHa ¢parmenraris
MOBHOBa)XEHb MK PI3HUMH OpraHaMH BJIQ/IN YCKJIQIHIOE JOCTYTI 10 KOMIUIEKCHOT MiATPUMKH.

JlonaTtkoBo citiJ BKa3aTH Ha Je(iuT KBami(ikoBaHUX KaJApiB B OpraHaX MICIIEBOT BIIQJH Ta EHEPTETUIHUX
KOMIIaHifX, IO CHOBUIBHIOE OOpOOKY TEXHIYHMX yMOB, 3/iHCHEHHS IIOTO/DKEHb, NEPEBIPOK Ta BBEJICHHS B
eKcIuryaraito. [12]
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3araomM, HasiBHI OOMEXEHHSI BUMAaraloTh MPOJOBXKEHHA peopM, CIPSIMOBAHMX Ha CTAOLII3aIliI0 PHHKY
CHEepPropecypciB, MOCWICHHS NU(GPOBUX PIMICHh Ta MIXBIIOMYOI KOOpAMHAINI, a8 TaKOX PO3BUTKY HOBHX
PUHKOBHX MEXaHI3MiB y4acTi po3no/IiyieHol renepariii y 6ajgaHcyBaHHI €HEPreTHYHOT CUCTEMH.

VYci ui eneMeHTH, 3a YMOBH IXHbOT KOMIUIEKCHOI pealti3anii, CTBOPIOIOTh (pyHIaMEHT IS CTIMKOT, THyYKOT
Ta eHeproe()eKTUBHOI EHEPreTUKH HOBOTO TIOKOJIIHHS B YKpaiHi (puc.4).

[orpy MO3WTHBHI 3pYIIEHHS Y HOPMaTHBHOMY CEPEIOBHILI, BIIPOBAPKEHHS PO3IOJIICHOI TeHepauii B
YkpaiHi CynpoBOIKYETHCS PSIIOM CYTTEBHX Oap’€piB Ta 0OMEXEHb, SIKi CTPUMYIOTH 11 MacIITa0yBaHHSI.

CuibHi cTOpOHH MoxuBocri

« Anarrranist 710 mupextas €C (RED 111) * Po3BuTOK Mikpomepesx Ta Smart Grid

S sy —— * Jlep>xaBHA MIATPUMKA depe3 piHaHCOBI MeXaHi3MHU
 TTixTpHMKa y BOCHHHM MIepioz INokpaieHHs KOOpAMHALIT PETYIISTOPHUX OPraHiB

« Ceprudixaris KT'Y 3 PES > 10 % -hv_mneMeHTauiﬁ noaoxenbs RED |1l moxo
.o . - MIKPOMEPEK
* [HBecTHIIHA I ATPUMKA POMEp

BnpoBanxxenns KI'Y B

Yxpaini

Caalki cropoHu 3arposu

* PerynsaTopHa HecTabumbHICTE TapuQiB(3MiHE B * bpak BHYTpIiIHKOTO (hiHAHCYBaHHS
razoBomy [1CO) * PU3UK TOMITHYHOT BOTATHILHOCTI
* [TopinpHa U poBizanis *HemocTaTHs KOOpAUHALIiS PETYIIATOPIB
*Cxnanna B3aemonis 3 OCP « CKJIaJIHICTh iHTErpaii HOBMX PHHKOBHX MEXaHi3MiB

* ®parMeHTOBaHa CTPYKTYpa YIPaBIIiHHS * Bpak kBasidikoBaHUX KaapiB
* O6meskennit moctym go Demand Response

Pucynok 4 - SWOT-ananiz nopmamusnozo cepedosuwa ons KI'V ¢ YVrpaini

BucHoBknu

Po3BUTOK HOPMaTHBHO-TIPABOBOTO DETYJIIOBaHHS pPO3MOAINICHOI reHepamii B YKpaiHi € KIIOYOBHM
(axTopoM TpaHchopMallii eHEPreTUUHOT0 CEKTOPY B yMOBaX HOro AeUEeHTpaialil, iHTerpaiii Jo eBpoIeicbKoro
PHHKY Ta MiJBUIIEHHS eHepreTuyHoi Oe3neku. [IpoBeneHuil aHami3 CBIAYUTH MPO MOCTYIOBE BJIOCKOHAJICHHS
3aKoHO/aBuoi 0a3u, 110 BKJIIouYae iMmruieMenranito nosoxxenb RED III, crnpoiieHHs npouenyp HpueIHaHHS
KOTeHepalifHUX YCTAaHOBOK Ta PO3LIMPEHHS iXHBOI ydacTi y OallaHCYIOYOMY PUHKY Ta PHHKY IOTIOMIXHHUX
HOCIIYT.

AHaiti3 mokasye, IO YCIIIIHE BIPOBA/PKEHHS PO3MOAIICHOI reHepallii HeMOXJuBe 0e3 cTalOiibHOT
TIOJITHKH MTIATPUMKH, IPO30PUX MEXaHi3MIB (iHAHCYBaHHS Ta U(POBOI JOCTYITHOCTI PErYJISATOPHUX MPOLETYP.
BripoBamkenss equnoi miatdopmu Juist cepTrdikamii, npueJHaHHA Ta puHKOBOI iHTerpanii KI'Y mMoxe 3Ha4HO
CIPOCTHUTH MPOLECH IXHBOTO MACIITa0yBaHHSI.

HopmaruBHe cepenoBuie Bce Ine Mae HH3KY Oap’epiB, sKi CTPUMYIOTH ITIOBHOLIIHHMH PO3BHUTOK
€HEepPreTUYHOro CeKTopy. PerymstopHa HecTaOinbHICTH TapudiB, HexocTaTHsS nM(POBi3alis MPOIECiB
ceprudikaifii ta oomexenuit moctyn KI'Y mo mexanismiB Demand Response 3anumiatoThCsi KIIFOYOBUMHU
BUKJIKaMH, 1[0 TOTPeOyIOTh KOMIUIEKCHHUX peopM.
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ANALYSIS OF REGULATORY AND LEGAL MECHANISMS FOR THE
DEVELOPMENT OF COGENERATION IN UKRAINE

The article presents a comprehensive analysis of the regulatory framework governing the development of
cogeneration as a component of distributed generation in Ukraine, including the principal legislative acts as well
as resolutions of the Cabinet of Ministers of Ukraine and the National Energy and Utilities Regulatory Commission
(NEURC). Particular attention is paid to mechanisms for certifying cogeneration units, procedures for connection
to electric grids, and financial incentives aimed at supporting the development of the energy sector.

The study examines legislative amendments, institutional decisions, and market mechanisms that underpin
the growth of distributed generation as an integral element of Ukraine’s energy transition. The comparative
analysis identifies key features of legal regulation and potential avenues for improving national legislation.

In addition, the article assesses the strategic prospects for the development of distributed generation
systems, including anticipated changes in the regulatory environment, the potential impact of public policy, and
opportunities to expand the participation of cogeneration units in the balancing market and the ancillary services
market.

Keywords: distributed generation, cogeneration, regulatory framework, energy efficiency, energy
security, EU integration.
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EHEPI'ETUYHI CUCTEMHU TA KOMIIVIEKCH.

ENERGY SYSTEMS AND COMPLEXES
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ELECTRIC VEHICLE BATTERY TYPE SUITABILITY IN V2L
APPLICATIONS TO ENHANCE GRID LOAD FLEXIBILITY:
A COMPARATIVE STUDY

Purpose of the research: This study examines the potential of Vehicle-to-Load (V2L) technology as a
practical tool for enhancing grid load flexibility through decentralized energy support. Special emphasis is placed
on the influence of battery characteristics on V2L effectiveness.

Methodology: A comprehensive technical and comparative analysis is conducted, focusing on key battery-
related parameters that affect V2L performance. These include usable capacity, inverter constraints, thermal
regulation, and degradation behavior. The study evaluates three dominant battery chemistries—lithium iron
phosphate (LFP), nickel manganese cobalt (NMC), and lithium titanate (LTO)—and three major cell formats
(prismatic, pouch, cylindrical) to assess their suitability for real-world V2L use cases.

Results: LFP batteries demonstrate the best overall trade-off between safety, durability, and cost-efficiency
under partial load conditions typical for V2L. Inverter limitations and thermal management are shown to
significantly affect performance and longevity. Among cell formats, pouch cells are more vulnerable to thermal
stress, while prismatic cells perform more consistently under moderate cycling regimes.

Conclusions: V2L technology offers a viable and increasingly accessible pathway to improve household-
level energy autonomy and reduce strain on centralized grids during peak periods. The growing availability of
commercial EVs equipped with LFP batteries strengthens the case for integrating V2L into smart grid strategies
aimed at increasing load flexibility and resilience.

Keywords: electric vehicles; Vehicle-to-Load (V2L); lithium-ion batteries; peak load shaving; battery
performance; energy resilience

1. Introduction

The global shift towards energy system decentralization and accelerated transition to renewable energy
sources have driven significant changes in electricity generation, distribution, and consumption, shaping new
paradigms for sustainable development and energy security [1-2]. In Ukraine, these priorities are reflected in
national strategies that emphasize the integration of renewables and distributed energy resources while ensuring
system flexibility and reliability [2]. A substantial body of research has explored the trends and prospects of electric
vehicle (EV) deployment, their integration into power systems, and the potential of EVs as flexible resources for
load management and frequency regulation [3-8]. Studies have also examined the impact of EV charging on power
quality and grid stability [9-13], as well as the role of microgrids and distributed generation in enhancing energy
system resilience [6-7, 14]. While these contributions have expanded the understanding of EV-grid interactions
and the broader potential of electrified transport for energy systems, the specific application of Vehicle-to-Load
(V2L) technology remains underexplored, particularly in the context of its role in peak load management and grid
load reduction.

Among emerging solutions, V2L technology has attracted significant attention as a practical and user-
controlled option for decentralized energy support. V2L enables EVs to act as mobile power sources, supplying
electricity directly to external devices, buildings, or homes without the need for grid interconnection [15]. Unlike
Vehicle-to-Grid (V2G) solutions, which involve bidirectional energy flow between EVs and the grid infrastructure,
V2L does not require regulatory approval or smart grid integration and is already implemented in a number of
commercial EV models. This makes V2L particularly relevant for immediate deployment in countries with limited
regulatory support for V2G, such as Ukraine.

V2L applications are especially promising for peak load shaving, backup power supply, and integration
with domestic renewable energy systems. When used strategically, EVs can discharge stored energy to cover
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residential electricity needs during high-demand hours, reducing stress on the grid, lowering energy costs, and
supporting energy resilience [16]. However, repeated V2L operation may lead to battery degradation, making the
choice of battery chemistry and thermal management critical for long-term sustainability.

The purpose of this study is to compare different EV battery chemistries in the context of their suitability
for V2L use, considering factors such as safety, cycle life, thermal stability, and power output. A particular
emphasis is placed on the practical aspects of currently available EV models, technical constraints, and future
development trends.

2. Material and Methods

Approaches and Use Cases of V2L Technology

V2L technology enables electric vehicles to function as decentralized power sources capable of delivering
electricity to residential, commercial, or off-grid loads. This capability supports the broader goals of grid
flexibility, energy cost reduction, and user-driven energy resilience. Several primary application scenarios have
emerged for V2L technology:

One of the most prominent applications of V2L is peak load shaving, which involves reducing electricity
drawn from the grid during times of highest demand. By powering essential loads such as lighting, refrigeration,
and air conditioning during evening peaks, EVs equipped with V2L reduce the strain on grid infrastructure and
help avoid the dispatch of costly peaker plants. This decentralized demand management approach can lower
system-wide costs and carbon emissions while enhancing local energy reliability. Fig. 1 illustrates the use of V2L
as backup source for essential load during peak demand hours [17].

Non-essential load
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Figure 1 - Vehicle-to-Load as backup source for essential load during peak hours

The intermittent nature of solar and wind energy requires flexible storage and discharge solutions. EVs with
V2L capability can store excess renewable energy generated during daylight hours and supply it in the evening
when solar production drops [18-19]. This supports higher penetration of renewable energy in local energy systems
and reduces dependency on fossil-based evening generation .

Real-World Deployments

Several successful pilot projects demonstrate the value of V2L and related bidirectional technologies in
real-world conditions.

City of Boulder (USA): The Vehicle-to-Building (V2B) pilot used a Nissan LEAF to supply backup energy
to a municipal recreation center during peak grid demand periods, showcasing V2L potential for public
infrastructure [20].

PG&E (California): Bidirectional charging pilots explored Vehicle-to-Everything (V2X) use cases
including V2H, V2B, and V2G. Financial incentives encouraged EV owners to participate in backup and grid-
support programs, with promising results in both energy resilience and user satisfaction [21].

These projects reveal a growing role for V2L/V2X systems within broader grid modernization efforts.

Battery Considerations for V2L

The choice of battery chemistry directly influences the practicality and efficiency of V2L. Among available
technologies, Lithium-Ion (Li-ion or LIB) and Lithium Iron Phosphate (LFP or LiFePO,) batteries are the most
commonly deployed in V2L-capable vehicles. Tab. 1 summarizes their key characteristics [22-24].
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Table 1 - Comparative Analysis of Leading Battery Chemistries for V2L Applications

Feature Li-ion (NMC/NCA) Lithium Iron Phosphate
(LFP)

Safety Higher risk of thermal runaway; Inherently stable chemistry; very low
requires complex BTMS risk of thermal runaway.

Average Cycle Life 1,000 - 2,000 cycles (to 80% SoH) 3,000 - 7,000+ cycles (to 80% SoH)

Specific Energy High (150-265 Wh/kg) Moderate (90-160 Wh/kg)

Thermal Stability Narrower operating range (e.g., 0°C to Wider operating range (e.g., -20°C to
45°C) 60°C)

Nominal Cell Voltage Higher (3.6-3.7V) Lower (3.2V)

V2L Use Case Profile Best for high-power, occasional V2L Ideal for high-frequency, long-duration
use where vehicle range is prioritized. V2L use where safety and longevity are

paramount.

In addition, Fig. 2 illustrates how LIBs outperform lead-acid batteries in every key dimension: system
weight, energy density, operating temperature, and cycle life-confirming their suitability for V2L use.
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Figure 2 - Comparison of lithium-ion and lead-acid batteries on key operational parameters [25]

Power Output and System Integration

The practical application of V2L also depends on the onboard inverter's power capacity. While high-end
EVs like the Ford F-150 Lightning offer up to 9.6 kW of V2L output -enough to power an entire home -most mid-
range vehicles deliver 2.2-3.6 kW [26-31]. Tab. 2 presents a comparative overview of selected commercially
available EV models equipped with V2L functionality highlighting the two dominant battery chemistries used in
EVs equipped with V2L: Nickel Manganese Cobalt (NMC) lithium-ion batteries and Lithium Iron Phosphate (LFP,
or LiFePO,). While NMC batteries generally provide higher energy density, LFP batteries offer greater thermal
stability and longer cycle life, making them more suitable for frequent and prolonged V2L applications.
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Table 2 - Technical Specifications of V2L-Capable EVs

Ne Vehicle V2L Power AC Voltage Battery Type
1 Hyundai Ioniq 5 3.6 kW 230-240 V NMC
2 Kia EV6 3.6 kW 230-240 V NMC
3 Kia EV9 3.6 kW 230-240 V NMC
4 BYD Atto 3 2.2-3.0kW ~220-240 V LFP
5 BYD Seal 2.4 kW ~220-240 V LFP
6 BYD Dolphin ~2.2kW ~220-240 V LFP
7 Ford F-150 Lightning 9.6 kW 240V NMC/NCA
8 MG ZS EV 2.2kW 230-240 V NMC
9 MG 4 (2023) 2.2kW 230-240 V LFP
10 | Nissan Leaf 3.6 kW 230-240 V NMC

As shown, most V2L-capable vehicles currently offer power outputs in the range of 2.2 to 3.6 kW, which
is sufficient to supply essential household loads or support temporary off-grid operation. An exception is the Ford
F-150 Lightning, which delivers up to 9.6 kW, enabling full-home backup for several days under certain
conditions. Given the increasing diversity of EV models and battery architectures, the effectiveness of V2L
depends not only on chemistry, but also on battery capacity, power electronics, discharge efficiency, and thermal
control. These factors are explored in the following section.

Battery Chemistries and Cell Architectures: Implications for V2L Use

The effectiveness and safety of V2L operation depend not only on the power electronics and inverter design
but also fundamentally on the characteristics of the battery itself. Different battery chemistries and cell formats
used in EVs exhibit significant variation in terms of energy density, thermal performance, longevity, and
mechanical integrity. These properties, in turn, determine how well a given battery system performs under the
operational conditions specific to V2L use, like frequent discharges, moderate loads, thermal cycling, and
stationary energy supply.

Among currently deployed technologies, Li-ion batteries remain the dominant choice in most EV platforms.
This popularity stems from their favorable balance between energy density, efficiency, relatively low self-
discharge rate, and scalability. Li-ion batteries can store a significant amount of energy per unit weight and volume,
making them ideal for mobility. These same characteristics are beneficial for V2L applications, especially when
the battery is expected to deliver several kilowatt-hours of power to external devices or households. Moreover, the
ability of Li-ion batteries to withstand hundreds to thousands of charge-discharge cycles ensures reliability in
repeated V2L use.

Within the broad category of Li-ion batteries, LFP has gained increasing attention, especially in Chinese-
manufactured EVs [32]. Although its energy density is lower than that of Nickel-based variants (such as NMC and
NCA), LFP offers unparalleled safety, high thermal tolerance, and long operational life. These qualities make it
well-suited for V2L scenarios where batteries may be discharging for extended periods and subjected to variable
temperatures. The stable crystal structure of LFP minimizes the risk of thermal runaway as critical safety
consideration in backup power or off-grid energy contexts. That means the EV equipped with a LFP battery is
likely to deliver more stable and consistent V2L performance over time, with lower degradation rates compared
to its NMC/NCA counterparts.

By contrast, Nickel-Metal Hydride (NiMH) batteries (once widely used in early hybrid electric vehicles)
are now largely obsolete in fully electric platforms [33-34]. Although NiMH batteries are known for their
robustness and tolerance to abuse, they exhibit significantly lower energy density and higher self-discharge than
Li-ion batteries. As a result, their applicability to V2L is limited: while they can technically support small-scale
discharges, their weight, volume, and limited usable capacity make them impractical for extended or high-power
applications.

Looking forward, Solid-State Batteries and Lithium-Sulfur (Li-S) chemistries represent promising
innovations in the EV landscape [35]. Solid-state batteries, which replace liquid electrolytes with solid materials,
offer the potential for dramatically improved energy density, safety, and fast-charging capabilities. If successfully
commercialized, they could transform the capabilities of V2L systems by providing compact, high-capacity
storage with reduced fire risk. Similarly, lithium-sulfur batteries, by employing abundant and inexpensive sulfur
as the cathode, promise both cost reduction and high specific energy. However, both technologies remain in
development stages, and their real-world performance, especially under repetitive V2L cycling, has yet to be
validated.

In addition to chemistry, the physical structure or "cell format" of the battery-namely cylindrical, prismatic,
and pouch cells-plays an important role in how effectively the battery can support V2L. These formats, as
presented in Fig. 3, differ not only in packaging and energy density but also in heat dissipation, structural stability,
and integration into vehicle platforms [36-37]. Each format presents trade-offs in terms of energy density, thermal
characteristics, packaging, and mechanical robustness.
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Figure 3 - Common EV battery cell formats: prismatic, pouch, and cylindrical

Cylindrical cells, known for their standardized design and long manufacturing history, offer excellent
mechanical strength and are relatively easy to cool. Their rigid metal casing protects against deformation and
improves thermal conductivity, which can be beneficial during prolonged discharges as in V2L operation.
However, the use of individual cylindrical units introduces gaps in packaging, slightly lowering volumetric energy
density and increasing the overall weight of the battery pack.

Prismatic cells, commonly found in EVs from manufacturers such as BMW and Volkswagen, offer efficient
use of space and higher capacity per unit volume. Their flat and compact structure allows for more flexible pack
design. However, their rectangular casing can make them more vulnerable to swelling or uneven thermal
expansion, requiring precise thermal management systems-particularly during high-current V2L discharges.

Pouch cells, characterized by their lightweight and flexible laminate packaging, provide the highest packing
efficiency and design versatility. This format enables automakers to tailor battery modules to constrained vehicle
architectures. Nevertheless, pouch cells are mechanically delicate and prone to swelling under stress, which can
compromise performance and safety in applications like V2L that involve sustained energy delivery. Without
proper structural support and cooling, pouch cells are more susceptible to degradation or failure over time.

Taken together, these considerations suggest that the most suitable battery configuration for V2L
functionality combines a thermally stable chemistry, such as LFP, with a robust and well-managed cell format,
like prismatic or cylindrical cells. As V2L adoption expands, vehicle designers and battery engineers must jointly
optimize chemistry and packaging to meet both driving and energy export needs, ensuring performance, safety,
and longevity.

To summarize the strengths and limitations of different batteries for V2L, Tab. 3 summarizes six
representative combinations of battery chemistries and cell formats. The comparison is based on five technical
criteria relevant to V2L performance: energy density, cycle life, thermal stability, mechanical strength, and overall
suitability for V2L operation. This classification highlights how the integration of chemical and structural
properties defines a battery system’s capability to safely and efficiently deliver power to external loads over
repeated cycles.

Table 3 - Comparative assessment of battery chemistries and cell formats for V2L applications

Battery Type & Ener . Thermal Mechanical o e
Cell F(Z,rng)t Densigé Cycle Life Stability Strength V2L Suitability
LFP - Prismatic Medium High High Moderate Excellent

LFP - Pouch Medium High High Low Good

NMC - Cylindrical High Medium Medium High Good

NMC - Pouch High Medium Medium Low Moderate

LTO - Cylindrical Low Very High Very High High Niche

NiMH - Prismatic Low Medium High Moderate Limited

This comparative matrix highlights how the interplay between battery chemistry and cell architecture
directly impacts the technical suitability of EV batteries for V2L use. In particular, chemistries with high thermal
stability and long cycle life, such as LFP; and mechanically stable format, such as prismatic or cylindrical cells-
offer the most reliable performance under repeated discharge cycles. As V2L deployment scales, optimal
combinations of these factors will be key to ensuring safe, efficient, and long-lasting energy delivery from electric
vehicles to external loads.
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Battery Criteria for Effective V2L Performance

While battery chemistry and cell format are key structural determinants of a vehicle's energy storage
capabilities, the actual effectiveness of V2L functionality is shaped by a broader set of technical parameters. These
include usable energy capacity, inverter performance, thermal control, degradation behavior, and overall system
efficiency. In real-world applications, where loads fluctuate, ambient temperatures vary, and energy must be
delivered continuously — these factors collectively determine the reliability, safety, and duration of V2L power
supply.

Usable Capacity and State-of-Charge Buffers

Electric vehicle batteries are typically rated by their total nominal capacity, expressed in kilowatt-hours
(kwh). However, the actual portion of this capacity available for use in V2L scenarios-referred to as usable
capacity-is often significantly lower. Manufacturers routinely implement state-of-charge (SoC) buffers at the upper
and lower ends of the charge range to reduce battery wear and prevent thermal or chemical instability. For example,
a vehicle displaying 100% SoC may be utilizing only 90-95% of the battery’s true charge range. Conversely,
discharging to 0% rarely means that the battery is fully depleted.

This practice enhances battery longevity but introduces practical constraints for V2L users. The usable
energy available for external loads may be noticeably less than anticipated, particularly in systems with
conservative battery management strategies [38]. Users planning V2L for critical backup or extended off-grid use
must account for these buffers in estimating how long their EV can power external devices.

Power Output Limitations

Another decisive factor in V2L performance is the maximum continuous power output, which determines
which devices or systems can be powered and for how long [39]. This output is not solely a function of battery
size, but is also influenced by the onboard inverter's capacity (responsible for DC-to-AC conversion), thermal
constraints that limit sustained current, and the battery’s internal electrical properties, such as resistance and
discharge rate.

Higher-end EVs like the Ford F-150 Lightning are designed to serve as mobile backup generators, offering
up to 9.6 kW of V2L output, sufficient to power an entire household during outages. In contrast, mid-market
vehicles such as the Hyundai Ioniq 5 or Kia EV6 provide around 3.6 kW, which is adequate for running essential
household loads like refrigerators, lighting, laptops, and small appliances. These values define the practical scope
of VV2L: from basic emergency backup to partial home support or remote worksite operation. It is important to note
that peak power may differ from sustained power, and actual performance can degrade under prolonged load or
high ambient temperature, especially without adequate cooling.

Round-Trip Efficiency

Efficiency is a critical but often overlooked aspect of V2L operation. The process of supplying AC power
to external devices involves multiple energy conversion steps, primarily drawing DC power from the battery,
converting it to AC via the onboard inverter and delivering it through external connectors and wiring. While
modern inverters can achieve theoretical efficiencies of up to 95%, real-world conditions introduce losses. Factors
such as partial load operation, heat buildup, poor power factor, and low inverter quality can reduce round-trip
efficiency to 79-88%, or even lower in unfavorable scenarios [21].

These efficiency losses must be factored into both design expectations and user behavior. For instance, a
user expecting to draw 10 kWh from a vehicle may receive only 8-8.5 kWh at the output. This discrepancy can
affect backup duration calculations and should be made transparent in product documentation.

Thermal Management and Operational Stability

Thermal stability is particularly critical for sustained V2L discharges. Delivering several kilowatts of power
over an extended period generates heat in the battery cells, inverter circuits, and cabling infrastructure. Without
active cooling, this heat can accumulate, leading to performance throttling or even automatic shutdown to prevent
damage [38-39]. Vehicles equipped with advanced thermal management systems-such as liquid cooling loops and
thermal throttling logic-can maintain stable output for longer durations. In this context, LFP batteries demonstrate
significant advantages due to their broader thermal operating range and lower sensitivity to overheating, allowing
more stable energy delivery in hot climates or during summer outages.

However, thermal behavior is also linked to cell format. Cylindrical cells typically dissipate heat more
effectively than pouch cells, while prismatic cells require more uniform cooling systems to avoid hot spots.
Therefore, the combination of chemistry, format, and thermal architecture must be holistically considered in
evaluating V2L stability.

Battery Degradation Under V2L Load

Like all electrochemical systems, EV batteries degrade over time. V2L operation contributes to this
degradation, primarily by increasing the number of partial or full cycles, extending discharge durations, and
potentially deepening depth-of-discharge (DoD) profiles [40-41]. While occasional V2L use-such as for
emergency backup-has minimal impact, frequent or daily V2L discharging can accelerate capacity fade and
resistance growth, especially in systems with aggressive power profiles or poor cooling.
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Mitigation strategies include maintaining depth of discharge within a moderate range (e.g., 20-60%)
operating within a mid-range SoC window (40-80%), avoiding full charge or deep depletion and limiting discharge
current to moderate levels (typically between C/10 and C/5), depending on battery specification as well. Following
such practices helps to preserve battery health over the long term, ensuring that V2L remains a sustainable
functionality rather than a source of premature degradation. For users integrating V2L into their daily routines-
such as those using EVs to support solar self-consumption or off-grid work-these considerations are particularly
critical.

The suitability of an electric vehicle for V2L applications is not solely determined by its nominal battery
type or capacity. Several technical parameters influence the actual performance and reliability of V2L operation
in real-world conditions.

Comparative Suitability of Lithium-Based Chemistries for V2L

Beyond thermal management and power delivery, the long-term viability of V2L applications also depends
on the underlying battery chemistry. Fig.4 presents a radar chart comparison of six major lithium-based
chemistries used in EVs, assessed across six key technical criteria: energy density, specific power, safety,
performance, lifespan, and cost [42].
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Figure 4 - Radar comparison of major lithium-based battery chemistries for EV applications based on key
performance criteria

From a V2L perspective, the most relevant characteristics are safety, thermal stability, cycle life, and cost-
efficiency under partial loads. The following observations emerge from the comparison above. Among the lithium-
based battery chemistries evaluated, LFP emerges as the most balanced and well-suited option for V2L
applications. This chemistry is distinguished by its high safety profile, stemming from intrinsic thermal stability
and the use of a non-flammable electrolyte. LFP batteries also offer remarkable cycle life, often exceeding 3,000
to 5,000 cycles under moderate depth-of-discharge conditions, which makes them highly favorable for long-term
and recurring V2L usage. While their energy density is comparatively moderate, this limitation is generally less
critical in stationary or home-support V2L contexts, where safety, longevity, and consistency are more important
than compactness.

In contrast, NMC and NCA chemistries provide higher energy density and specific power, which benefits
dynamic driving performance. However, these advantages are offset by shorter cycle life and greater thermal
sensitivity. Under repeated V2L usage-especially in warm climates or during sustained discharges-these batteries
are more prone to accelerated degradation, which may compromise their long-term reliability in grid-supporting
roles. LTO represents a unique case, offering exceptional resistance to wear and outstanding charging stability. Its
ability to withstand extremely high cycle counts without significant capacity loss makes it theoretically ideal for
intensive V2L use. Nonetheless, LTO’s low energy density and high production cost have so far limited its
deployment in mainstream passenger EVs, particularly those targeting V2L functionality.
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Other chemistries, such as LMO and LCO, are rarely implemented in V2L-equipped EVs. Their application
is constrained by safety concerns, thermal limitations, or rapid aging characteristics, making them less viable for
systems that require repeated and stable auxiliary power delivery. In conclusion, LFP batteries currently offer the
most favorable profile for V2L applications, especially for households or microgrid-level systems that rely on
reliable, repeatable discharge cycles. The increasing availability of LFP-based models (e.g., BYD Seal, Dolphin,
Atto 3) further supports their growing role in the decentralized energy landscape.

3. Results and Discussions

The long-term effectiveness of V2L systems is inextricably linked to the fundamental characteristics of the
battery technologies upon which they rely. While thermal management and inverter architecture define short-term
performance, the sustainability, safety, and economic feasibility of V2L over the battery’s life cycle are determined
primarily by its electrochemical composition. Among commercially available options, LFP batteries present the
most favorable combination of properties for V2L operation. Their intrinsic thermal stability, coupled with a non-
flammable electrolyte, ensures high safety margins under extended discharge conditions. Furthermore, LFP
batteries demonstrate exceptional resistance to degradation, often supporting several thousand cycles with minimal
capacity loss-particularly when operated within moderate DOD ranges. This resilience makes them especially
suitable for applications where the battery is expected to discharge regularly, such as daily home backup or
integration with rooftop solar systems. While their energy density is lower than that of other lithium-based
chemistries, this trade-off is less relevant in V2L contexts, where weight and volume constraints are secondary to
reliability and longevity.

Batteries based on NMC and NCA chemistries deliver higher specific energy and power output, which
benefits vehicle propulsion but introduces compromises for stationary or repeated auxiliary discharging. These
chemistries are more sensitive to elevated temperatures and repeated cycling, and their thermal stability is
comparatively lower. In real-world V2L usage-particularly in warmer climates or during long-duration discharges-
this may lead to accelerated aging and reduced effective lifespan. Nevertheless, the widespread deployment of
NMC/NCA chemistries in modern EVs means that many V2L-enabled vehicles rely on these systems,
necessitating careful management of their operational parameters.

More specialized chemistries, such as LTO, offer exceptional cycle life and ultra-fast charging
characteristics. However, their significantly lower energy density and high production cost have limited their
adoption in mainstream passenger EVs. From a V2L perspective, LTO batteries hold promise for niche use cases
that require frequent, shallow discharges with minimal degradation-but they are unlikely to play a central role in
large-scale deployment. Meanwhile, chemistries such as lithium manganese oxide (LMO) and lithium cobalt oxide
(LCO) are generally considered suboptimal for V2L. Their limited thermal margins, susceptibility to aging, and
declining presence in modern EV platforms reduce their relevance in current and future system designs.

Together, these observations indicate a clear trend. LFP batteries are emerging as the optimal platform for
V2L functionality, especially in household and microgrid-scale use cases. Their growing presence in EV models
such as the BYD Seal, Dolphin, and Atto3 reinforces this direction, demonstrating how battery chemistry
decisions are beginning to align not only with vehicle performance but also with broader energy resilience
strategies. As regulatory frameworks and energy infrastructure continue to evolve [43-46], the compatibility of
EV batteries with distributed energy use-including V2L-may become a critical differentiator in technology and
market adoption.

4. Conclusions

This study examined the technical viability and comparative performance of various EV battery chemistries
in the context of V2L applications aimed at reducing grid load and enhancing decentralized energy resilience. The
analysis confirms that battery characteristics such as thermal stability, cycle life, discharge behavior, and energy
conversion efficiency play a critical role in the sustainability and safety of V2L operation. While all lithium-based
chemistries present distinct strengths and limitations, not all are equally suitable for repeated auxiliary discharging
under real-world conditions.

Among currently available options, LFP batteries offer the most favorable profile for frequent and extended
V2L use. Their high thermal tolerance, non-flammable composition, and extended cycle life ensure stable
performance and minimal degradation under moderate discharge depths. These properties are particularly
advantageous for residential users seeking reliable backup power or to offset peak-hour consumption. Although
LFP batteries provide slightly lower energy density compared to NMC or NCA variants, this trade-off is negligible
in stationary or semi-stationary V2L applications where safety and longevity are paramount.

It is found that battery format (cell architecture) significantly influences heat dissipation and mechanical
integrity, further affecting V2L performance. Prismatic and cylindrical formats show better structural resilience
and thermal control compared to pouch cells, making them more appropriate for applications involving sustained
energy delivery. In tandem with chemistry, these factors must be jointly considered in the selection and deployment
of V2L-capable EVs, particularly as the number of commercial models supporting V2L functionality continues to
grow.
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By enabling EVs to temporarily power homes or critical loads, V2L technology contributes to peak shaving,
enhances household energy autonomy, and supports grid flexibility-especially in regions where regulatory or
technical barriers hinder full V2G integration. As battery technologies continue to evolve, and as energy systems
decentralize further, V2L is poised to play an increasingly important role in the distributed energy ecosystem.
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INOPIBHAJIbHA OLIHKA THIIIB BATAPEHA EJIEKTPOMOBLIIB JIJIS
3ACTOCYBAHHA B TEXHOJIOI'II V2L 3 METOIO HIABUIEHHSA T'HYYKOCTI
HABAHTAKEHHS EJIEKTPOMEPEXKI

Mema docnioncennsn: Ilpoananizysamu npudamuicme mexuonoeii Vehicle-to-Load (V2L) ax incmpymenmy
NIOBUUJEHHS 2HYYKOCMI HABAHMAICEHHS el1eKMPOMEPeXCl 3a PAXYHOK OeyeHmpanizo8aHoi niompumku
€HepeONOCMAYAnHS, 3 YPAXYBAHHAM AKYMYIAMOPHUX XAPAKMEPUCTNUK.

Memoouxka peanizauii: Ilposedeno nopieHAILHUL AHANI3 MEXHIYHUX NaApamempis, Wo GNIUBAIOMb HA
epexmuenicmov V2L: Kkopucna emuicmb, 00MedICeHHs I[HGEpMOpa, MenioGUIl pedxdcum md Yymiugicms 00
Oeepadayii. Oyineno mpu ximiuni munu oamapeti (LFP, NMC, LTO) i mpu ¢hopmamu xomipox (npusmamuuymi,
nakemHi, YuiiHOpuHi) OJis peanrbHux CYyeHapiie 3acmocyeanisi.

Pesynomamu  oocniorncennsn: bamapei muny LFP eussuiu Hauxkpawuili 6ananc mixc 6e3nexoro,
008206IUHICINIO MA eKOHOMIYHOI OOYLIbHICMIO OJI PEAHCUMIB HaCcmK0o8020 HaganmaicenHs. Qopmam nakemuux
KOMIPOK BUABUBCS OIbUL 6DPATUSUM 00 MENIO0BUX KONUBAHb, Y MOU 4AC AK NPUSMAMUYHI NPOSAGUNU CINAOITbHIULY
pobomy.

Bucnoexku: V2L € nepcnekmuSHum  piwieHHAM ~ OAs  NIOBUWEHHS — eHEPeeMUYHOT  A8MOHOMIL
00M020CN00apCmes [ 3HUIICEHHS HABAHMAICEHHS HA Mepedicy 6 nikogi 2oounu. [lowupenns EV 3 LFP-bamapesimu
cmeopioe ymosu onst epexmugnoi inmeepayii V2L y cmpamezii «po3ymuux» mepesic.

KuarwouoBi ciaoBa: erexmpomo6ini; Vehicle-to-Load (V2L); nimiii-ionni 6amapei; 3meHueHHs NiKOBO20
HABAHMAdICEeHHA, eqheKmusHicmy bamapell, enepeemudna CmitiKicme.
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E®PEKTUBHICTD EJIEKTPOIIOCTAYAHHS CIIOKUBAYIB HA
PIBHI HAIIPYI'M 20 KB

Bcmyn. Poszeumox enepzemuyno2o cexmopy ma 6nposaodiCeHHs GIOHOGMIOBANbHUX OJicepen eHepeii
3YMO6I0IMb  HeoOXiOHicmb  MoOeprizayii po3nodinbhux mepedc. OOHuM i3 NepCHneKmMUHUX pIUeHb €
nepegedenns mepedc 3 10(6) kB na 20 kB, wo dossonsiec nioguwumu egpekmusHicme eleKmponoCmaiants ma
SMEHWUMU 8MPamu NOMYHCHOCHI.

Ilocmanoeka npoonemu. Icnyroui enexmpuuni mepeci 10(6) kB ne 3abe3neyyroms HanexcHoi HadiuHoCmi
ma enep2oedekmueHoOCmi yepe3 3HauHi 6mpamu NOMYNCHOCMI Ma 0OMENHCeHHs AGMOoMamu3ayii, Wo cnpuyuHeHi
BIOCYMHICMIO CYYACHUX CUCHEM OUCHMAHYITIHO20 MOHIMOPUHRY, HEOOCMAMHBOIO SHYYKICIIO CUCEM KepYBAaHHS
Mepedicero ma HU3bKUM pieHem inmezpayii po3ymHux mexnonozit. Ocobiueo ye i0UymHO 8 yMO8AX 3pOCHAY020
HABAHMAIICEHHA MA AKMUBHO20 30LIbULeHHS NOMYHCHOCMI Odicepenl BIOHOBNIIO8ANbHOL eHepeil.

Mema. [locniodcenns eghekmurnocmi e1ekmponoCmaiantsa CROACUBAYI8 npu nepegedenii mepedici 3 10 kB
na 20 kB 3i 3acmocysannam pisHux cxem po3nooiny HA8AHMANCEHHSL.

Memoouka. Mooenosanns pedxcumie pooomu po3nodiibHOI Mepedlci NposooUmvbCs 6 NPOSPAMHOMY
cepedosuwyi Power Factory. Buxonano ananiz mpvox eapianmis eleKkmponocmaianHs pationy: mpaouyiino2o (Ha
nanpysi 10 kB), nepesedenoeo na nanpyey 20 kB 6e3 3min y KoH@icypayii ma 3 21uboKuUM 66000M NOMYICHOCMI 3
2PYNYBAHHAM CRONCUBAYIS.

Pesynomam. B pezynomami mooenosanusi pexcumie pobomu po3nooiibHOi Mepedci 8 NpoSpamHoOMy
cepedosuui Power Factory Oosedeno, wjo nepegedenns mepexci Ha 20 kB 3menwiye empamu axmugHoi
nomyscrnocmi na 22%. Hatibinow epexmusnum 6usasuscsa eapianm 3 2aubOKUM 86000M NOMYIUCHOCMI ma
2PYNYBAHHAM CRONACUBAUIE 30 OONOMO2OI0 OLIbULOT KITbKOCME MPAHCHOPMAMOPI6 MeHUOi NOMYHCHOCMII.

Haykosa nosusna. 3anpononosano ma 0ocniodxceno nioxio 0o pexougicypayii mepesci 0,4 kB npu
nepegedenHi ocHO8HOI mepeoici Ha 20 KB 3 ypaxyeauHsam pi3HUX cXem oOpeauizayii eieKmponocmadaHHs.
3anpononosano memoouxy pexonghicypayii mepedci 0,4 kB na ocnoei npunyuny 2auboko2o 8600y NOMYHCHOCHI]
mi pO3n0OLLY CRONCUBAUIE HA SPYNU 3 HCUBTCHHIM 60 MPAHCHOPMAMOPI6 MEHUOT NOMYHCHOCHI.

Ilpakmuuna 3nauumicms. BnposaodiiceHHsi 3aNPONOHOBAHOI MemMOOUKU RNIOBUWYE HAOTUHICMbL Ma
EeKOHOMIUHICMb eIeKMPONOCMAYants, CNpusc inmezpayii 8i0HOBMIOBANLHUX Odicepen eHepeli ma MooepHizayii
enepeocucmemu YKpainu 32i0H0 00 €8pONEUCLKUX CMAHOAPNIG.

KuarouoBi ciioBa: posnodineni mepedici, mooepuizayis, empamu nomyscnocmi, Hanpyea 20 B,
eHepzoeghexmusHicmb, pekoHgicypayis mepedic, HAOIHICMb e1eKMPONOCMAYAHHS.

Beryn

[lepeBeneHHsT pO3MOMITBPHUX EIEKTPUIHUX Mepex 3 Hampyrd 10 kB Ha 20 kB BHKIMKaHO CydYacHUMH
MOTpedaMH €HEPreTHYHOTO CEKTOPY, SIKi 3pOCTAIOTh Yepe3 aKTUBHUN PO3BHTOK MPOMHUCIIOBOCTI, 3aIIPOBAPKECHHS
JOKEpeJl BIHOBIIIOBAHOI reHeparii, ypOaHi3alifo Ta HapoOIIyBaHHS TEMIIB BUKOPHCTAHHS €JIEKTPOTPAHCIOPTY.
Icnyroui mepexi cepenuboi Hanpyru kiacy 10(6) kB y Oaratbox perioHax Bxe He 3/1aTHI TIOBHOIO MipOIO
3a0e3MneunTH HaliiiHe Ta EKOHOMIYHE eJIEKTPOIIOCTaYaHHsI, Yepe3 3HauHI BTPATH aKTUBHOI MOTY)KHOCTI, HU3bKUH
piBeHb 3axucTy Ta aBromaru3auii [1]. BaxkauBum ¢paktopom, 110 MOripIye CUTYaliio, € BIPOBAIKESHHS JKepe
BigHOBIIOBaHOi eHeprii (B/IE) Ta akTuBHOTO crioxkuBaya, ()yHKI[IOHYBaHHS SKHX IPU3BOASATH 10 3MiHH IIEPETOKIB
MOTY>KHOCTI B 6e3 Toro mepeBanTakeHHX Mepexax 10(6) kB. B mepexxax mpu 1ipomy BinOyBarOThCS JOAATKOBI
MepeBAaHTAXKCHHSA, MIABUIICHHS BTPAaT MOTYXKHOCTI 1 MiABMINEHHS dYacy JOBIOCTPOKOBHX TIepepB B
esleKTporiocTayanHi. 3acrocyBanHs Mepex 20 kB mokasano cBoro eeKTHBHICTH Ta BHUTIHICTE B 0araTbox
JIOCITIJPKEHHSX, 30KpeMa Iijl 4ac MOJAETIOBAHHS Ta aHaJi3y PEXXKUMIB pOOOTH MEPEX 13 PO3IOIIICHOIO TeHPELIEr0
[2, 3]. Mepexi knacy Hampyru 20 KB HDIMPOKO BHKOPHCTOBYIOTHCS B PO3MOIUIBHUX Mepexax y OurbiocTi
€BpoIeiicbkuX KpaiH, Takux sk Itamis, Himewuunna, Ilonema, bonrapis, ABctpist [4]. AKTyaJlbHUM ITUTAHHS B
eHeprocucreMi YKpaiHU € He ITPOCTO NepeBeIeHHs] Mepesx Ha Kiac Harpyru 20 kB, a 1 npuHIIUIIOBa 3MiHA PEXUMY
poboTH HelTpasi Mepexi Ta 3MiHa CTPYKTYpH OpraHizamii eleKTponocTayaHHs 3 Oe3mocepeaHiM MiBeJCHHIM
Mepex 20 kB 10 HEBETHKIX TPYII CIIOKMUBAYiB 13 CKOPOUEHHSIM Mepex kiacy 0,4 kB.

MopepHizanis Mepex g0 piBag Hanpyru 20 kB 3abe3meuye 3HauHE MiIBUIICHHS €HEProePeKTUBHOCTI
3aBISKHM 3MEHIICHHIO BTPAT y JiHIAX eJeKTporepenaBanHs. lle mo3Bossie TpaHCHOPTyBaTH OimbImmid oOCST
eNeKkTpoeHeprii 6e3 HeoOXiMHOCTI MPOKIIafaTH HOBI JIiHi1 00 301IBIIyBaTH NEPETHH ICHYIOUHX IPOBOIB. [0 TOTO

K, Take OHOBHCHHS{ CIIpusie OHTI/IMaHBHOMy pOBHO}I]Hy eneKTpoeHepm B Mepe)Kl Ta 3HI/I)Ky€ BI/ITpaTI/I Ha
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noTpedye KOMIUIEKCHOT PMiHN KOH(]Irypaiii Mepexi, o BKJII0YAE ONMTHUMI3aIlil0 TOTOIOTIT MepeXi, OHOBICHHS
o0JiaiHaHHS Ta BIPOBADKEHHSI Cy4aCHUX TEXHOJIOTiH KepyBaHHs [S].

TexHiYHUI CTaH eNeKTPUYHUX MEPEeX Ha MpsSMY MOB'I3aHUH 13 3HAYSHHSIMH BTPAT aKTHBHOI MOTYXXHOCTI
NPY PO3MOALII EJIEKTPOEHEPTil, a TAKOX 13 SIKICTIO Ta HaIIHICTIO eNIEKTPONIOCTaYaHHs CIIoXKMBauiB. He3paxarouu
Ha aKkTUBHI BilicbKOBI mii, 3a 2023 pik iHAEKC cepeiHbOI TPUBAIOCTI AOBTUX INEPEPB B EJIEKTPOIIOCTaYaHHI B
cuctemi SAIDI B Ykpaini B miomy 3um3uBcs Ha 11,1 % MOpiBHSHO i3 momepeaHiM pokoM. 3a iHpopMaIlien
HanionansHoi KoMicii, 10 371iCHIOE peryJitoBaHHs y cdepax eHepreTUKH Ta KOMyHAIBHHUX MOCIYT, TaKi 3MiHH
iHAEKCY TOB’s3aHi i3 BHUKOHAHHAM IHBECTHIIIHHMX NpPOTpaM HANpPaBICHMX Ha MOKpAIICHHS HaIiitHOCTI
€JIEKTPONIOCTadYaHHs Ta 3 HEOOX1THICTIO JOCATHEHHS JOBTOCTPOKOBUX ITApaMETPiB peryTioBaHH [6].

IopiBHIOIOYHN 3HAYCHHS IHICKCY CEpeAHBOI YaCTOTH JOBTHX IEPEpB B EIEKTPOIIOCTadaHHI B CHUCTEMI
(SAIFI) 3a 2023 Ta 2019 pik 3HOBY SICKpaBO BHpaXeHa dacTka (opc-MaxopHHX obcraBuH y 2023 pomi, mo
OCHOBHOIO MIpOI0 CIIpHYMHEHAa BEIeHHSIM OOHOBHX Iiii Ha Tepuropii YKpainu Ta rpadikamu aBapiiHHX abo0
TUTAHOBHX BiAKITIOYECHB eJIeKTpoeHeprii. [Ipu mboMy HeoO0XiTHO BpaxoBYBaTH, IO CEPEIHS YaCTOTA JOBTUX MEPEPB
€JIEKTPOIIOCTAYaHH 3pOCiia TaKoX 1 BHACIJOK MPOBUHH OIEPAaTOPIB CUCTEM PO3IOJiTY Maibxke B 2 paszu —3 3,14
no 5,64 [6]. 3aramom, mokasuuku SAIDI Tta SAIFI maioTh BHCOKi 3HAYCHHs, LIO CBIAYUTH PO TPHUBAITY
BIZICYTHICTb €JIEKTPOIIOCTaYaHHs y CIIOXKHMBAviB BHACIIIOK 3aCTapijiMX €NEKTPHYHUX MEPEX ONepaTopiB CHCTEM
posnoainy [7],[8]. SIk HaCIiIOK, aKTyaJIbHOI CTae mpobiieMa MOJECpHi3allil PO3MOMIIBHAX MEPEXK, a B MEBHUX
BUIAJKax 1 MpOBeIeHHs iX pekoH(irypamii 3 nepeBeleHHSM Ha BUIIMHA KJIAaC HANpyru JUisi 30UIbIICHHS
MPOITYCKHOI 3aTHOCTI Ta i IBUILIEHHS SIKOCTI Ta Ha{IITHOCTI eNIeKTPONOCTa4aHHs 32 PaXyHOK PUHIIUIIOBO HOBOTO
MiAXOQY A0 aBTOMAaTH3AaIlil MEpexK.

Ha Tenepimniit yac 3MiHM y CTPYKTYpi CIIO’KMBAHHS €IEKTPOCHEPTi], 3pOCTaHHS MOIHUTY Ta BIPOBAKCHHSA
BIZTHOBIIIOBAHMX JKEPEJ CHEprii BUMaraloTh CTBOPEHHS HOBOI KOHIEMIII PO3BUTKY PO3MOMUIBHUX MEPEeX i
OIHIM 3 BaXJIMBHUX MOMECHTIB B I[bOMY IUTaHi € mepeBeneHHS Mepexk 10(6) kB Ha kimac Hampyru 20 kB.
BripoBamkeHHs Mepex kiiacy Hanpyru 20 kB 1ae MOXXIHBICTb TOIBOITH 00CAT IepeaHol MOTY>KHOCTI IIOPiBHSHO
3 Mmepexxamu 10 kB mpu BHKOpHCTaHHI OJHAKOBOTO mepepidy mpoBinHukiB [9]. IlepeBeneHHs icHyOYHX
PO3IOJITEHAX MEPEK Ha BUIIMI KIIAacC MiABUIINTH e()EKTUBHICTh Mepeiadi eHepril Ha BEJIUKI BiJICTaHI 3 CyTTEBUM
3HW)KEHHSM BTpAT MOTYXKHOCTI, L0 € BAaXJIUBUM JUIS IHTerpauii BiHOBIIOBAaHHMX JDKEpel, sKi 3a3BUYail
PO3TaIlOBaHi JaleKo BiJ LEHTPIB crokuBaHHA. Lle 0coONMBO akTyanbHO JUis YKpaiHH, BPaxOBYIOUHM 3HAYHY
BiJUTANIEHICTh OKPEMHUX HACEJIEHHUX MYHKTIB BiJl OCHOBHUX Jkepen xuienus [10], [11], [12] [13].

3a MojepHi3allii eHeproBy3iiB po3noaiibHUX Mepexk 10(6) kB npocto nepeseneHust Ha 20 kB ogHO3HAYHO
€ TIO3UTUBHHM, aJIe He BUPIIIYE BCiX MpoOIEeM PO3MOAITPHAX MEpPEeK. BakIIMBIM B ITaHI aBTOMATH3AIll Mepexi
€ 3MiHA peXUMY HEUTpalli 3 BUKOPUCTAHHIM PE3UCTHBHOTO 11 3a3emienHs [14, 15]. Ane He MEHII BaKIUBUM
MOMEHTOM € CTPYKTypHa pekoHpirypaiist mepexi [16, 17]. HeoOxiqHO HE MPOCTO 3aMIiHUTU B yKe iICHYIOUUX
MYHKTaX BHCOKOBOJIbTHI TpaHC(opMaTopH 3 BTOPHHHOIO 00MOTKOI0 10 KB Ha TpanchopmaTopn 3 BTOPHHHOIO
obMmoTkor0 20 kB, a BUKOHATH IepenaBaHHs MOTY>KHOCTI IO CIIOKKMBaviB Ha piBHI Hanpyru 20 kB. [Ipu npomy y
CroxwBaya 4d rpynu croxuBaviB 0,4 kB HEOOXiTHO BCTAaHOBUTH CIIPOMICHI KOHCTPYKIIi TpaHchopMaTopiB
20/0,4 xB 3 BiANOBIAHOO MOTYKHICTIO.

Meta podoTn

OCHOBHOI0O METOI0 POOOTH € TIOPIBHSUILHWH aHasli3 e(pEeKTUBHOCTI €JIEKTPONOCTa4aHHs EHEproBy3Ja
PO3MOILTBHOT eNleKTpruaHO1 Mepesxi Hanpyroto 10/0,4 kB, Hampyroro 20/0,4 kB Ta 3 6e3nocepeIHiM ITiIBEICHHAM
eJIEKTPOEHEePTii 0 crokuBadiB Ha piBHI 20 KB 3 po3nozinoM crioxuBaviB Ha Tpymu 1o Harnpysi 0,4 xB.

ExonomiuHa e(heKTHBHICTD (YHKIIOHYBAaHHS PO3MOMITHPHAX MEPEXK € BarOMHM apryMEHTOM Ha KOPHCTh
BrpoBapkeHHsT Mepexk 20 kB. 3MeHIIeHHs BTpaT Ha JIHISAX JIO3BOJISIE KOMIICHCYBAaTH DI3HHUIIO Y BapTOCTi
obnasnanns i nigcranuii 10/0.4 1 20/0.4 kB, mo poduts neii nepexin GpiHaHCOBO BHUTIIHUM. 3aCTOCYBaHH:
TpancopmaropHux myHKTIB 20 KB mpu3BOIUTh 10 3HIKSHHS HaBaHTa)XKEHHsI Ha CTapl Mepexi Ta OJHOYACHO
CTBOPIOE PE3EPBU MOTYKHOCTI JIJIsI MMiABUIIECHHS HAAIHOCTI €HEPronoCTayaHHs, 0COOIMBO aKTYaIbHO B IEPiou
MaKCHMaJIbHAX HaBaHTOKEHb a0o TiJ Yac HECHPHITIMBUX MOrOAHUX yMoB. IliiBuieHa HaxildHICTD
@JIeKTPONIOCTaYaHHs CIOKMBaviB Ha piBHI Hampyru 20 kB e BaxmuBuM Qaxkropom 11 cTabiIbHOTO
(YHKIIIOHYBaHHS PO3MOIUIEHIX MEPEXK.

MartepiaJ i pe3yJibTaTH A0CJTiIKEHD

HocmikeHHs  €()eKTUBHOCTI ENeKTPONIOCTaYaHHS BHUKOHAHO Ha TPHKIAAI PEaJbHOTO EHEProBy3ia
po3noniibHOT Mepexi Hampyrow 10 kB (puc.1). Enextpudana mepeka Mae kaOenbHE Ta TOBITPSHE BUKOHAHHS.
st kabenbHUX JiHIH BUKOpUCTOBYEThCs Kabenb tuny ACBnY-10-3x120 i3 MiZHUMHU XHJIaMH, apMOBaHUMH
CTAJIEBOIO CTPIUKOIO, MO0 3a0e3nedye MeXaHiyHy MimHicTh. Kabenb BHUKOPUCTOBYETBCS JIs MUISHOK 3
MiIBUIICHOIO BiOpAIiitHOIO a00 XIMIYHOO JTi€I0, BIAMOBIIHO 10 cxeMu, Mix omopamu Nel ta Ne2 (mosxkwuHa 130
M) 1 Mix ontoporo Ne4/7 ta TIT 943 (100 m). [lyist noBiTpsiHMX J1iHIN BUKOpHCcTaHO mpoBin AC-35/6,2, 3 BinnoBigHOO
MPOBIHICTIO Ta KOPO3iHHOIO cTiiiKicTio. Po3paxyHok ycraneHoro pexxumy Mepesxi 10 kB Ta 20 kB BukoHano st
3MMOBOI'0 MaKCUMYMY CHOXXKHBaHHS B IporpaMHoMy cepenosuii Power Factory. Cepen HeoOXiHUX TEXHIYHHUX
3aXO0/iB, SIKI BUKOHYIOTbCS JUISi BUKOHAHHS PEKOHCTPYKIIi 3 NEpeBe/ICHHs 3aJaHOi MEepexi Ha BHIIMH Kiac
HaNpyTH, IpoBe/IeHa 3aMiHa TpaHc(hopMaTopiB Ta KaOETbHUX JIHIHA eNeKTponepesaBaHHsl.

3amictp kabemro ACBnY-10-3x120 Gymo BukopucTaHo cuinoBuii kabenb tumy ATIBErally-20 1x240/70.
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301TBIICHHS TIepepi3y MPU3BENO 10 3MEHIIEHHSI aKTHBHOTO OTIOPY, a 0THO(a3He BUKOHAHHS OO TEPMivHi
YMOBH pPoOOOTHM B NOPIBHSAHHI 3 Tpu(a3HUM BHKOHAHHSIM. BHKOHaHO MOBHY 3aMiHy TpaHC()OPMATOPHOTO
obnasHanHs Ha Bcix TpaHchopmaropuux mifcranuisx (TII) 3 kmacy Hampyrm 10/0,4 kB Ha kiac Hanpyru
20/0,4 kB. OxkpiM 1pOro, BUKOHHAHA 3aMiHa i30JATOPIB Ha omopax, obmamHaHHs migctanuii 110/35/10, 3
nepeseneHHaM ii B 110/35/20.

AHaJi3 eJIeKTpoIocTauaHHsl CII0KMBaYiB EHEProBy3/la BUKOHAHO B TPHOX BapiaHTaX:

— TIlepmmii BapianT — enekTponocradaHHst Ha piBHi Hanpyru 10 kB 3 TpanchopmaTopamu B IyHKTax
10/0,4 kB (mynxtu 313, 943, 401, 261, 262, 263, 389,482);

— Jlpyrmwii BapiaHT — eJeKTpoIiocTayaHHs Ha piBHI Hampyru 20 kB 3 TpaHchopmaTopamMu B MyHKTaX
20/0,4 xB (mynkTr 313, 943, 401, 261, 262, 263, 389,482);

— Tperiii BapiaHT — Oe3mocepenHe eleKTporocTadants (TMuOokuii BBiA) Ha piBHI Hanmpyru 20 kB 3
rpynoBuMu TpaHchopmaTopamu Manoi notyxkHocti 20/0,4 kB (3, 4 Ta 5 Tpym), 3 nepeBeneHHAM Mepexi 0,4 kB
Ha 20 xB.

J
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Pucynok 1 — Iloonopna cxema enepzosysia

YV Ttabn. 1 HaBeoeHO Pe3yNbTAaTH PO3PaXYHKY CTPYMOBOIO HaBaHTa)XCHHS IUITHOK Ha Hampysi 10 kB
(Bapiant 1) Ta 20 kB (BapiaHT 2), KOTpi MarOTh HAWOUIBIT 3MiHU B 3HaYeHHsIX. HaBaHTaxkeHHs Ha cTopoHi 0,4 kB
y BCiXx TpaHcOpMaTOPHHMX MiJACTAHIIIIX BHUKOHAHO €KBiBaJeHTHMM cmocobom, a B TII 482 moOymoBana
posranyxeHa enekrpuuna mepexxa 0,4 kB. Jlana mepexi 0,4 kB mictuts 1Ba ¢igepa, Mo BUKOHAHI IPOBOJIOM
turry CII-4 4x95. Tepumii ¢inep (IIJI 0.4 xB TII 482 - Cml) xuBUTH JIeB’ATh CHOXHBAdiB CyMapHUM
HaBaHTaXeHHsIM 90 kB, nopxmna ninii 580 merpu. [pyruil ¢inep >XMBUTH BIiCIM CIIOKHBa4iB CyMapHUM
HaBaHTaxxeHHsM 80 kBT, moBkuHa niHil cknagae 480 MeTpw.

Heo0xiHO BIIMITHTH CyTTEBE 3HMKEHHS CTPYMOBOT'O HABAaHTA)KEHHSI €JIEMEHTIB MEpeXi 10 BapiaHTy 2, 31
3HIDKEHHSIM yCIX MYHKTaX PiBHIB HAlPYTH, sKi, 3HAXOAATHCS B MeXax JomycTuMux 3HadeHs 3rigao JCTY EN
50160:2014 [18]. 3a mepmioro BapiaHTy eJNEKTPOIOCTA4aHHS BTPAaTH MOTYXKHOCTI B MEpEeXi CKIagaioTh
81,981 kBr, 3 Hux: Ha niHigx enexrponepenasants 20,472 kBr; B Tpancdopmaropax 61,5 kBt. OqHum i3 Baromux
pe3yIbpTaTiB MOJEPHI3aIlii CTajgo 3HIKEHHS CTPYMIB y JUISHKAX Mepexi NMpHOIM3HO BABIYI MIiCIS MiIBUIIEHHS
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HanpyrH 3 10 kB 1o 20 kB (tab6mn.1). e cnpusito 3HAYHOMY 3HIKEHHIO BTpaT MOTY>XHOCTI — Ha 11,2% mo piBHA
72,7 xBt, ipu 4oMy B JTiHISX €JEKTpoIepeaBanHs BTpaTH 3HU3KUCH Ha 37,3 %.

3a TpeTiM BapiaHTOM EJEKTPONOCTa4aHHS, 3 METOI 3MEHIICHHS BTpaT HOTY)XHOCTI Ta IiJBUILEHHS
eHeproe()eKTUBHOCTI MEpeXi BHKOHAHO PEKOH)Irypaiilo CXeMH IiJKIIOYCHHS CIIOKUBAYiB 3 peaizalicro
TJIMOOKOTO BBOJY MOTYXHOCTI Ha Hanpy3i 20 kB Ta po3moaiioM crioXuBadiB Ha IPYIH 3 BUIIyYEHHSIM 31 CXEMH
10 ipyroMy Bapianty Tpancpopmatopa TMI'-250 20/0,4 (TT1-482) i mepeBeneHHsIM ABOX JiHIT, IO BiJXOHMIIH
Biz koMipok Hamnpyroto 0,4 kB tpancdopmaroproi miactanuii TT1-482 Ha Hanpyry 20 kB.

Tabmmms 1 — [opiBHATIBHMIT CTPYMOBHI PO3IIOIT TUITHKAMH eNIeKTPIYHOT Mepeski 3a BapianToM Nel Ta

BapianToM Ne2
Hinanka Hanpyra mepe:xi 10 kB Hanpyra mepexi 20 kB PisHnus
3aBantaxkeHHs, | CTpym, A | 3aBaHTaKCHHS, Crpym, A 3aBaHTAKCHHS
% % ainsiHok 20 kB, %
nc-1 58,997 97,345 29,093 48,004 -29,9
KJI1-2 44,68 97,345 12,9 48,004 -31,8
TI11-12 25,83 42,619 12,78 21,088 -13,05
II12-15 23,993 39,587 11,871 19,583 -12,12
I2-4 59,032 97,401 29,163 48,116 -29,87
T1JI 24 - TTI 389 3,227 5,324 1,589 2,621 -15,44
11J14 - 4/2 2,99 4,934 1,48 2,442 -12,92
T1J14/2 -TII 313 2,99 4,934 1,48 2,442 -13,74
111 4/3 - 417 25,509 42,09 12,586 20,767 -12,93
T1J14/7 - TIT 943 19,328 42,09 5,591 20,767 -22,76

B TperpoMy BapiaHTi NPOBENCHO MOCHIMKEHHS TPHOX MOIH(IKOBAHUX CXEM EJCKTPOIOCTAYaHHS Ha
Hanpy3i 20 kB. OcHOBHa ixes mosirana y po3IiIeHHI 3arajJbHOTO HAaBaHTAXKCHHS HA JIBi, TPU Ta II'ATh TPyl
coxuBadi 0,4 kB 3 xuBlIeHHAM iX TpaHchOpMATOpaMH CIPOLICHHX KOHCTPYKLIH MEHIIOI MOTY)KHOCTI.
BiamoBiHO TOCIHIHKEHO TpH BapHiaTH OpraHi3allii KHBJICHHS:

cxema 1: 3actocyBanHs aBox Tpancdopmaropis TTR-200 /20/0,4; TP-1 3abe3rneuye >KUBICHHS CIOXKHUBAYI
1-9, TP-2 — cnoxwuBaui 10-17;

cxema 2: Tpu tpanchopmaropu TMI'-100/20/0,4; TP-1 — 3a6e3medye *UBJACHHs CIIOXUBAYi CIIOKUBaYi -
6, TP-2 — cnoxxusaui 7-12, TP-3— cnoxkusaui 13-17,

cxema 3 — 'tk Tpanchopmatopis TMI-63/20/0,4, TP-1 3abe3nedye »uUBJIEHHs CIIOXKUBAYI CIIOKUBaYi 1-
3, TP-2 — cnioxwuBaui 4-6, TP-3— Cnoxwusaui 7-10, TP-4 — cnoxwuBaui 11-13, TP-5 — cmoskuBaui 14-17.

B Tabn. 2 mpeacraBiacHo mapaMeTpd MOAM(IKOBAHHMX CXEM eJeKTporocTadanHs Ha Hampysi 20 kB mo
TPETHOMY BapiaHTy OpraHi3amii XKUBJICHHS CHOXHBadiB. Ha prc. 2 HaBe[eHO MOPIBHSUIBHI JiarpaMu CyMapHHX
BTpaT aKTHBHOI MOTY)KHOCTI B €JEMEHTaX Mepexi 3 eIeKTPOIoCTadaHHAM MO BapiaHTy 3 3a TpboMma
MOIU(IKOBAHUMHU CXeMaMH TIIHOOKOTO BBOIY BITHOCHO BapiaHTy 2 eJleKTpoIocTadaHHS Ha Hampysi 20 kB 3
OJTHUM MOTY>KHUM Tpancopmaropom TMI'-250 20/0,4.

Tabuuns 2 — Tlapamerpn MON]IKOBAaHUX CXEM €JIEKTPOIIOCTAUYaHHs 110 TPEThOMY BapiaHTy

[TapameTpu Cxema 1 Cxema 2 Cxema 3
Kisnpkicts Ta Tun tpanchopmaropis | 2xTTR-200 /20/0,4 | 3xTMI'-100/20/0,4 | 5xTMI'-63/20/0,4
3araipHi BTpaTH NOTYXKHOCTI, KBT 72,95 67,21 63,79
Brparu B miHisix, kBT 12,78 7,22 4,35
Brparu B Tp-pax, kBT 60,16 59,98 59,4

3 PO3MIIAHYTUX TPHOX CXEM EJIEKTPOIIOCTaYaHHIM MEpeXki 3 IITMOOKMM BBOJIOM 32 BapiaHTOM 3 Ha Hampys3i
20 xB Haif0iLIBpII ONTHMANBHOIO € TPETS CXeMa eJIEeKTPOIocTadaHHs, 3 nepeBeacHHAM Ha 20 kB mBox miHii
enexkrponoctadanss Hanpyroro 0,4 kB Bix TpanchopmaToproi miactanmii TI1-482 npu popmyBanHI criokuBaviB
y IIATH TPYH 3 )KUBJICHHSAM BiJ TpaHcopmaTopiB moTyxHicTio 63 kBA Hampyroro 20/0,4 xB.

Ha pwuc.3 npencraBieHo 3MiHY BTpaT aKTHBHOI HOTY>KHOCTI B €HEPrOBY3Ji IPH 3MiHI PiBHSA HampyTH 3
10 kB ta 20 kB.

BrpaTty akTHBHOI NOTYKHOCTI B €HEproBYy3JIi IPH NEpeBeICHH] po3MoIUIbHOT Mepexi 3 Hanpyru 10 kB Ha
20 kB (cxema 3 rimbokoro BBOAy 3a BapianToM 3) 3HMKYIOThCS Ha 22 % 3 81,981 kBt 1o 63,79 kBt (puc.3).

BucHoBkH

[epeBenenns Mepexi Ha Hanpyry 20 kB BinnoBigae eBponeicbkUM CTaHAAPTAM 1 € BaXKJIMBUM KPOKOM JI0
iHTerpanii ykpaiHCbKOI €HeprocuCTeMH B €BpOIEHChKMI eHeprompocTip. Lle crpusie 3MilHEHHIO eHepreTHIHOT
He3aJIe)KHOCTI KpaiHM Ta 11 ajanTarii A0 CydacHMX BUKIWKiB. PiBeHp Hampyru 20 kB mosermrye iHTerpartito
BiJIHOBJIIOBAaHUX JDKEpEN €HEeprii, Takux sK COHSIYHI Ta BITPOBI €JNEKTPOCTaHIli, IO BiAMOBIZAE CBITOBUM
TEHCHIIIsIM JiekapOoHizaiii. [TlepeBenenns posnoaimbHUX Mepex 10(6) kB Ha Hanpyry 20 kB 103BOIUTH CyTTEBO
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3MCHIINTH BTPATH aKTUBHOI OTY>KHOCTI Ta IMiABUIINTH €()eKTUBHICTD (YHKIIOHYBAaHHS €JICKTPUIHUX MEPEK.

Besnocepenne nepeseneHHs icHytouoi posnoninsHoi mepexi 10 kB Ha Hampyry 20 kB npuszBoxuth 10
3MEHILIEHHS BTPAT aKTUBHOI MOTY)KHOCTI, OCOOJIMBO B JIIHISIX €JIEKTpOIepelaBaHHsl, aje Taka MOJAEpHi3allie He €
ontuManbsHOIO. [lepeBenennss mepexi 10 kB Ha Hanpyry 20 KB MOBHHHO CYIIPOBOAXKYBATHCS PEKOH(Irypamiero
mepexi 0,4 kB Ha ocHOBI mepeBeieHHs OCHOBHUX 11 (inepiB Ha Hanpyry 20 kB 3 popMyBaHHSM IpyIl ClIOXKHUBAYiB
0,4 xB, XMBJEHHS SKUX MMOBHHHO BHMKOHYBAaTHCS TpaHC(HOpPMATOpaMH MaJloi IOTYKHOCTI 31 CHpPOLIEHUMH
KOHCTPYKLISIMH. 3a Takol MoJepHi3auii 10JaTKOBO OyAe OTPHUMaHO 3HM)KEHHS BTpAT IIOTYXKHOCTI B JIHIsX
eJIeKTpomepe1aBaHHs i 3HIKEHHS BTPAT MOTYXKHOCTI B TpaHchopMaTopax. CyTTeBe 3HWKEHHS BTPAT NOTYKHOCTI
B TpaHc(hopMaTopax MoOKe OyTH AOCSATHYTO BUKOPHUCTAHHSM TPaHC(HOPMATOPIB MOTYXHICTIO MeHIIe 63 KBA,
30Kkpema, moTyxHicTio 10 KBA, 25 kBA.

BimaocH! ETpaTH
MOTYHHOCTL B
Tparchopuaropaz, ¥

BimsocHi BTpaTH
MOTYAHEOCT B MMHLAXK, ¥

BimaocH! ETpaTH
MOTYHEOCT] B Mepeki, ¥

N non £ 0y 0
U LR 1w

Dlczema Ne3 Blczema Nel Blecxena Ml
Pucynox 2 — Bmpamu nomyasicnocmi 6 mepedici nanpyzoio 20 kB no eapianmy 3 3a mpboma cxemamu

eNeKMPONOCMAYAHHS 2IUOOK020 8600y 6 NOPIGHANHI 3 ENEKMPONOCMAYANHS NO 6apianmy 2 6e3 peKkoHCmpyKyii
mepenci 0,4 kB

Brpatu noryxHocri, kBt
=N W B U1 ~ 0 ©
SXSi=t=t<t=R=T=F=2=

BMepexa 10 kB OMepexa 20 kB (cxema 3)

Pucynox 3 — Ilopisusanvhi diacpamu émpam nomysicHocmi 8 enemenmax mepeoici na nanpysi 10 ma 20 kB

PosrnsHyTi BapiaHTH TiepeBeZicHHs Mepexi 3 piBHsA Hampyru 10 kB Ha Hampyry 20 kB Ta 00’emHaHHS
CHOXWBa4Yli B TPYNU 3 TIHOOKAM BBOJIOM IOTY)XHOCTI Ha Hampy3i 20 kB 3 piBHOMIpHOTO pO3MOALIOM
HaBaHTAXXCHHS 1 )KUBJICHHSAM CIIOKHBadviB Bix TpaHchopmaropiB 20/0,4 kB MEHIOI MOTYKHOCTI, IIOKa3aJId CBOYO
€KOHOMIYHY JOIUTBHICTh, 30KpeMa, 3MEHIICHHS 3aralbHUX BTPAT MOTYXHOCTI Ha 22 %.

[epeBenenns Mepexi Ha BUIIMH piBeHb HANPYTH MOBHHHO HE JIMIIe 3a0e3NeuyBaTH IOTOYHI 1OTpedu B
mepenadi Ta pPO3MOAUI eJIEeKTpoeHeprii, aje ¥ BpaxoBYBAaTH IEPCHEKTUBH PO3BUTKY EHEPreTHYHOI
inppactpykTypu. Hanpukiman, momepHizamis Mae mependadaTH MOXKIMBICTH IMOJANBIIOTO IiJABHUIICHHS PIiBHA
HanpyTH abo IHTErparlilo CyJYacHUX TEXHOJIOTiH, TAKUX SIK CHCTEMH HAKOIIMYECHHS €HEPTii, «pO3yMHI» Mepexi 9u
3apsAIHI CTAHII IS €TIEKTPOMOOLITIB.

Crnncok BUKOPUCTAHOI JIiTepaTypu

1. IcexoBa M.C. Enextpuuni Mepexi HOMiHaIbHOO Harpyroro 20 kB 3 mkepenamu HakonnueHHs eHeprii /Renewable
Energy/ M.C. IcbkoBa, A.P. Bypsik, B.B. Kupuk // Vidnovluvana Energetyka. — 2023. — Ne 2 (73). — crop. 18-23.
doi: https://doi.org/10.36296/1819-8058.2023.2(73).18-23

2. Hasibuan, A. Simulation and Analysis of Distributed Generation Installation on a 20 kV Distribution System Using
ETAP 19.0 / Arnawan Hasibuan., Firwan Dani, Asran, | Made Ari Nrartha // Bulletin of Computer Science and Electrical
Engineering.- 2022. — no 3(1). — pp. 18-29. doi https://doi.org/10.25008/bcsee.v3il.1151

3. Degarege A. Distribution network reliability enhancement and power loss reduction by optimal network
reconfiguration / Degarege Anteneh, Baseem Khan, Om Prakash Mahela, Hassan Haes Alhelou, Josep M. Guerrero//
Computers & Electrical Engineering. — 2021. — no 96. doi: https://doi.org/10.1016/j.compeleceng.2021.107518

50 ISSN 2308-7382 (Online)



https://doi.org/10.36296/1819-8058.2023.2(73).18-23
https://doi.org/10.25008/bcsee.v3i1.1151
https://doi.org/10.1016/j.compeleceng.2021.107518

ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. Ne 3

4. IcpkoBa, M. C. BupoBamkenns B Ykpaiuni mepexx Harnpyroto 20 kB / IcbkoBa M. C., Bypsik A. P., Kupuk B. B. //
Enepeemurxa: exonomixa, mexHonoeii, exonocisi @ wuaykoeuti ocypuar. — 2022. — Ne 4. — C. 87-93.
doi: https://doi.org/10.20535/1813-5420.4.2022.273412

5. Mahdavi M. An Efficient Stochastic Reconfiguration Model for Distribution Systems With Uncertain Loads / M.
Mahdavi, HH Alhelou and MR Hesamzadeh // IEEE Access. — 2022. - vol. 10. — pp. 10640-10652, 2022, doi:
https://doi.org/10.1109/ACCESS.2022.3144665

6. 3BIT 111010 OKA3HKUKIB SIKOCTI HA/IaHHS TIOCIYT y cepax eleKTPONOCTa4YaHHs i EHTPATi30BaHOrO BOAOIIOCTAYaHHsI Ta
BOJIOBIIBE/ICHHS 3a 2023 pik [Enexrponnuii pecypc] - Pexum JIOCTYITY:
https://www.nerc.gov.ua/storage/app/sites/1/Docs/Monitoryng/Zvit_yakist_posluh/Zvit_yakist_posluh_2023.pdf.

7. Byp6eno M. MarprnuHuii MeTol BU3HAYEHHS ITOKAa3HUKIB HaIIHHOCTI pO3raly>KeHUX PO3HNOALTEHHX SNEKTPUIHHX
mepex / M. Byp6eno, 10.B. JloGoxa, P.O. Cio6oxsan, A.P. Cno6oass // Bichuk BinHuybKko2o ROTIMeXHiun020 iHCmumymy.
—2023. - Ne 3. — pp. 17-23. doi: https://doi.org/10.31649/1997-9266-2022-162-3-17-23

8. Byp6eno M. Bubip onTiMansHoi KoHbIrypariii posmoaizerux enexrpuanux Mepex / M. 1. Byp6eno, 10. B. JIo6oxa,
P. O. Cnobomssn // Bichux Binnuyvkozo nonimexuiunozo incmumymy. — 2023. - Ne 6. - c¢. 23-29. doi:
https://doi.org/10.31649/1997-9266-2023-171-6-23-29

9. Kupuk B. B. PosnozinbHi enexrpuyni Mepexi Hanpyroro 20 kB Ta edexruBHicTb X pobdotr: MoHOTpadins / B.B.Kupuk,
B.B. LHuranenko, O.C. Sunynscokuit// «KII im. leopst Cikopcvkozoy. - 2018. -233¢

10. [uranenko b.B. OcobmBocTi QyHKIIOHYBaHHS PO3MOALTFHAX MEPEK CEPEIHBOTO KIIACY HATIPYTH Ta iX MepeBeICHHS
Ha Harpyry 20 kB / b.B.Iluranenko, B.B. Kupuk // [iopoenepeemuxa Yrpainu—2016.— Ne3-4.—C.7-13.

11. COBY MEB EE 40.1-00100227-01:2016 «Texniuna momitika y cdepi moOymoBH Ta eKCILTyaTaril pO3MOJUIBHUX
eJIEKTPHYHUX Mepex — HacTtuna 2»

12. Omiiinnk 0. Anani3 nepexony enektpuaHux Mepesx Ha Harpyry 20 kB / }O.C. Omiiinux 10.C.; I1.B. Bacrouenko // In:
The 3 rd International scientific and practical conference “Topical aspects of modern scientific research”(November 23-25, 2023)
CPN Publishing Group/ - Tokyo, Japan.- 2023 -725 p.

13. N. Filimonenko and K. Filimonenko Recommendations Concerning the Renovation Ukraine Electric Power
Structure / 2023 IEEE 5th International Conference on Modern Electrical and Energy System (MEES), Kremenchuk, Ukraine.
- 2023, pp. 1-5. doi: https://doi.org/10.1109/MEES61502.2023.10402453

14. Lopukhova, Tatiana, et al. Integrated presentation of existing approaches to Limit Overvoltages in 6-35 kV
Networks // 2022 4th International Youth Conference on Radio Electronics, Electrical and Power Engineering (REEPE). IEEE.
— 2022. doi: https://doi.org/10.1109/REEPE53907.2022.9731463

15. Mayorov, A. V. Analysis of the Reliability of Circuitries for A 20 kV Electrical Network / A.V. Mayorov, , M. Yu
Lvov, A. A. Chelaznov// Power Technology and Engineering. — 2023. — no 56. — pp. 771-778. doi:
https://doi.org/10.1007/s10749-023-01586-w

16. Mahdavi M. An Efficient Mathematical Model for Distribution System Reconfiguration Using AMPL /. M.
Mahdavi, H. H. Alhelou, N. D. Hatziargyriou, A. Al-Hinai // IEEE Access. — 2021. — vol. 9. — pp. 79961-79993. doi:
https://doi.org/10.1109/ACCESS.2021.3083688.

17. Cakmak H.K. An Optimization-based Approach for Automated Generation of Residential Low-Voltage Grid
Models Using Open Data and Open Source Software / H. K. Cakmak, L. Janecke, M. Weber, V. Hagenmeyer// 2022 IEEE
PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), Novi Sad, Serbia. — 2022. - pp. 1-6. doi:
https://doi.org/10.1109/1SGT-Europe54678.2022.9960483.

18. ICTY EN: 50160:2014 XapakTepUCTUKH Hampyrd eNeKTPONOCTAYaHHsS B EJIEKTPHYHMX Mepekax 3arajbHol
npmHadeHocTi. Kuig, 2014. 21c

V. Kyryk?, Dr. Sc.(Eng.), Prof., ORCID 0000-0003-0419-8934
0. Bohomolova?, Cand.Sc. (Eng.), ORCID 0000-0001-5249-4565
! National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”

EFFICIENCY OF POWER SUPPLY TO CONSUMERS AT THE 20 KV VOLTAGE LEVEL

Introduction. The development of the energy sector and the introduction of renewable energy sources necessitate
the modernization of distribution networks. One of the promising solutions is the transfer of networks from 10(6) kV to
20 kV, which allows to increase the efficiency of power supply and reduce power losses.

Problem statement. Existing 10(6) kV electrical networks do not provide proper reliability and energy efficiency
due to significant power losses and automation limitations caused by the lack of modern remote monitoring systems,
insufficient flexibility of network control systems and a low level of integration of smart technologies. This is especially
noticeable in conditions of increasing load and active increase in the capacity of renewable energy sources.

Purpose. Study of the efficiency of consumer electricity supply when transferring the network from 10 kV to 20
kV using various load distribution schemes.

Methodology. Modeling of distribution network operation modes is carried out in the Power Factory software
environment. An analysis of three options for the district's power supply was performed: traditional (at a voltage of 10
kV), transferred to a voltage of 20 kV without changes in the configuration, and with deep power injection with consumer
grouping.

Results. As a result of modeling the distribution network operating modes in the Power Factory software
environment, it was proven that transferring the network to 20 kV reduces active power losses by 22%. The most effective
option was the option with deep power injection and consumer grouping using a larger number of transformers of lower
power.
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Conclusions. An approach to reconfiguring a 0.4 kV network when transferring the main network to 20 kV,
taking into account different power supply organization schemes, is proposed and investigated. A method for
reconfiguring a 0.4 kV network is proposed based on the principle of deep power injection and consumer grouping into
groups powered by transformers of lower power.

Practical significance. The implementation of the proposed methodology increases the reliability and efficiency
of electricity supply, promotes the integration of renewable energy sources and the modernization of the Ukrainian
power system in accordance with European standards.

Key words: distribution networks, modernization, power losses, voltage 20 kV, energy efficiency, network
reconfiguration, reliability of power supply
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IMPACT OF DISTRIBUTED GENERATION ON THE FUNCTIONING
OF LINE CURRENT PROTECTION

Enhancing the operational reliability of distribution electrical networks (DENs) necessitates the
implementation of intelligent systems that enable the real-time optimization of network operating modes, improve
the reliability of power supply, and effectively integrate renewable energy sources.

Distributed generation (DG) plays an increasingly crucial role in modern power systems. However, its
integration into distribution networks can significantly affect the operation of existing protection systems. To
evaluate this impact, it is essential to conduct calculations, justifications, and simulations of relay protection (RP)
operation in networks with DG. Low- and medium-voltage DENs are critically important for ensuring the reliable
and high-quality power supply to end consumers. Their effective functioning directly influences the overall
reliability and quality of electricity in the integrated power system of Ukraine.

This article investigates the impact of distributed generation on the functioning of the line relay protection
of DENs. For the research, a typical fragment of an electrical network with distributed generation is utilized,
based on which short-circuit current calculations were performed, and the minimum value of the short-circuit
infeed current from the power system was substantiated. It was established that the additional generation source
affects the proportion of the power system current in the total short-circuit current, and there is an interrelation
between the location of DG in the electrical network and the sensitivity of the line current protection.

Keywords: current relay protection, distribution networks, distributed generation.

Introduction

The current state of the energy sector poses significant risks to the country's energy security, as the majority
of thermal and nuclear power units are nearing the end of their operational lifespan, and dependence on fossil fuels
remains critically high. Thermal power plants, used for system balancing, are operating at the limit of their
reserves, leading to equipment wear and increased accident rates. According to international obligations, a
significant portion of thermal power capacity needs to be modernized or decommissioned by 2033, which
complicates the situation.

Furthermore, Ukraine's power grids require updating and modernization [1]. As of 2021, over 837.1
thousand km of power transmission lines were in operation, a significant portion of which requires modernization.
In particular, 64.45% of overhead power lines with a voltage of 220-330 kV have been in operation for 40 years
or more, and 4.95% of lines with a voltage of 220-750 kV require complete replacement or reconstruction due to
their emergency condition. DENSs also require major repairs. Moreover, 61% of the main equipment of electrical
substations has exceeded its service life.

In the context of the aforementioned challenges, the development of distributed generation based on
renewable energy sources (RES) is an important factor for ensuring the energy security and sustainable
development of the country. Distributed generation not only increases the resilience of the power system, making
it less vulnerable to centralized attacks, especially in wartime conditions, but also reduces dependence on fossil
fuels, lowering the need for imports and protecting against price fluctuations in global markets. In addition, it
enhances the reliability of power supply, providing local consumers even in the event of accidents on main power
transmission lines, facilitates the integration of RES into the power system, and modernizes DENS, increasing their
operational efficiency and reliability [1].

At the same time, for the successful development of distributed generation, it is necessary to create
favorable conditions for investment in RES, ensure the development of maneuvering capacities and energy storage
systems, modernize distribution networks, and implement intelligent control systems, promoting the transition to
"green” technologies. The development of distributed generation is crucial for Ukraine as it allows for ensuring
energy security, reducing import dependence, and increasing the reliability of power supply.

However, the integration of distributed generation into DENSs leads to changes in the parameters of the
power system, the magnitude and direction of the fault current may change when RES are connected to the
electrical network [2]. This, in turn, affects the operating algorithm of relay protection and requires new approaches
to its implementation.

Changes in the composition of generating capacities and their operating mode necessitate a continuous
update of short-circuit current calculations and the corresponding adjustment of relay protection tripping
parameters based on the determination of the current contribution of each generation source during fault
conditions. Modern systems utilize databases or event logs to identify the current state and apply pre-developed
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response measures [3]. However, considering the current trend of continuous commissioning (decommissioning)
of new RES capacities and loads in distribution networks, this approach becomes less effective. Furthermore,
power plants based on RES have non-linear characteristics and variable parameters. To guarantee the reliable
operation of the power system, it is necessary to continuously monitor all elements of the protection system and
promptly make changes to their settings adaptively to the operating conditions.

Aim and objectives of the study

The aim of this study is to investigate the impact of distributed generation on the functioning of relay
protection. In accordance with this aim, the study examines the influence on the sensitivity of relay protection
depending on the connection point of DG to the electrical network.

Materials and research results

Changes in short-circuit currents caused by the connection of additional power plants are a key factor that
must be considered in the design and operation of relay protection systems [4, 5]. Traditionally, stepped current
protection schemes are used as primary and backup protection in distribution electrical networks. To investigate
the impact of connecting an additional generation source on the magnitude of short-circuit currents at various
points in the network, which is necessary to consider when setting the parameters of backup relay protection, a
fragment of an electrical network shown in Fig. 1 was selected.

DG RP4

PS  SB1 RP1 SB2 RP2 | gB3 RP3
v Ql — Q22— Q3 >
—>
et Ll -
- Lo >

Figure 1 — Investigated fragment of DEN

To analyze the influence of the DG connection point on the magnitude of the short-circuit current, the
connection from the supplying substation SB1 to the final substation SB3 (base line) was chosen, where DG is
connected at a distance L1, and a three-phase short circuit, as the most severe type of fault, is simulated at the buses
of substation SB3.

We assume:

L-b 0

where L is the relative parameter of the DG distance from the supplying substation SB1; L is the length of
the base line from substation SB1 to SB3; L1 is the distance from substation SB1 to the DG connection point.

The equivalent single-phase substitution circuit for short-circuit current calculations is shown in Fig. 2.

In the circuit (Fig. 2), the following are denoted: Ups and Upg — the EMF of the power system source and
the distributed generation, respectively; Zps and Zpg — the internal impedances of the power system and DG,
respectively; Z, — the total impedance of the supply line.

Assuming that Ugg = Upg = Ups, the substitution circuit can be transformed to the form shown in Fig. 3.
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@ Ueq (1-L)-Z,
A
—1 1 -
Zps L-Z,
ZpG
| — >
L >
Figure 2 — Calculated single-phase Figure 3 — Simplified single-phase
equivalent circuit of DEN fragment equivalent circuit of DEN fragment

According to the circuit (Fig. 3), the equivalent impedance of the DEN can be determined as:
_ (ZPS + L'ZL)'ZDG

EQ —
Zog+L-Z +Z,

+@-L)-Z,, )

The obtained total equivalent impedance is used to calculate the three-phase short-circuit current:

| = UEQ’(ZPS+L'ZL+ZDG) 3)
(=
‘/g'((ZL'ZDG +Zps Zog +Zps-Z )+ L-Z (2 = Zp5)-L*-Z])

The magnitude of the current from substation SB1 to substation SB2 will be determined as:

= Zos N
G Z AL Z 42 "

“4)

or

Uy, -Z
I, = EQ "4pG — )
\/§'((ZL Lo +Lps Lpg +Zps L)+ L-Z(Z —Zp5)—L"-Z])

The second stage of the two-stage current protection (maximum current protection) of substation SB1,
which backs up the possible failure of the protection of substation SB2 in the event of a short circuit on the buses
of substation SB3, must respond to the current lx:. The maximum current protection of substation SB1 does not
operate if its tripping setting exceeds the magnitude of the power system's current contribution to the short-circuit
current. That is, when the sensitivity coefficient of the current protection critically decreases.

Distributed generation has the maximum impact on the three-phase short-circuit current when the power
system's current contribution is minimal. Therefore, to find the minimum value of the function given by equation
(6), it is necessary to calculate its derivative with respect to the relative parameter L.:

dl, 3-(Z(Z, ~Zp)-2-L-Z2)

S 4 (6)
dL BT 2 (B (L2, (2, ~Zpg) P ZEH 7, Zpg +Zps - Zpg +Zps - Z,))
The short-circuit current from the power system will be minimal if the derivative (7) is equal to zero:
3'(ZL(ZL_ZPS)_2'I—’ZE) -0 7)

.. -Z
BT 2 (B (L Z, (2, =Zpg) 222+ Z, 2o+ Zps - Loy + Zps - Z, )P

Since Ugg and Zpg are not equal to zero, the equality will be satisfied if the numerator of the fraction is
equal to zero:

3‘(ZL(ZL_ZPS)_2'L'ZE)=O ®)

Solving the obtained equation (8) with respect to L:
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_ ZL_ZPS
2.2,

L )

In practice, usually, the impedance of the power system Zps is significantly lower than the impedance of
the base line Z,. If we neglect the power system impedance and assume Zps = 0, then the relative parameter L will
be equal to 0.5. That is, the greatest impact of DG on the power system's current contribution will occur if the DG
connection point is located in the middle of the supply line. In this case, in the event of a fault at the end of the
base line, the short-circuit current infeed from the power system will be minimal.

As an example, calculations are provided for a 10 kV base line, type AS-50, with a length of Lo =10 km
(ZL = 7.2 Ohm), Zps = 1.5 Ohm, Zps = 0.211 Ohm. The results of the short-circuit current calculations from the
power system depending on the DG connection point are presented in Table 1.

Table 1 — Short-circuit current calculation

L,p.u Iki, A
0 686
0,1 506
0,3 376
0,5 349
0,8 440
1 780

The graphical interpretation of the current calculation is shown in Fig. 4.

900
800
700
600
500
400
300
200
100

0
0 0,5 1

Ik A

L, p.u.

Figure 4 — Graph of the dependence of short-circuit current on the DG connection point

The conducted analysis shows that the greatest reduction in the sensitivity of the backup current protection
occurs in cases where the DG connection point is located in the middle of the main power supply line to the load,
regardless of the total capacity of the distributed generation source.

The total short-circuit current, calculated using equation (3), has a non-linear characteristic, consequently,
the current from the power system is also non-linear. If the total impedance of the section between substations SB1
and SB2 is greater than Zpg, then the magnitude of the short-circuit current in this branch will decrease due to
changes in current distribution in the branches. Equation (5) determines the power system's current contribution
to the fault current at substation SB2, to which the distributed generation source is connected.

Furthermore, the preliminary analysis showed that the power system's current contribution to the total short-
circuit current depends on the total impedance of the line from substation SB1 to substation SB3, the local short-
circuit capacity, the relative capacity of the DG, its location and connection method, which may be the subject of
further research.
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Conclusions

The results of the conducted research indicate the possibility of the backup protection of SB1 failing to
operate due to a critical reduction in its sensitivity, which is caused by a decrease in the power system's current
contribution to the total short-circuit current under the influence of DG. The tripping settings of the relay protection
may be incorrect according to the new network structure.

For further analysis of the impact of distributed electricity generation on the functioning of current
protection, it is advisable to investigate the impact under different DEN topologies and various parameters of the
power system and DG (type, capacity, connection method, etc.), which will allow for increasing the efficiency of
the relay protection of DENs with DG.
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'"Hauionanannuii Texniunumii ynisepcuter YKpainu

«KuiBcbkuii mojtitexHiyHuii incrutyt imMeHi Irops Cikopcbkoro»

BIIJIUB PO3OCEPE[’)KEHOI TEHEPAIIII HA ®YHKIIIOHYBAHHS
CTPYMOBOI'O 3AXUCTY JIIHII

Iiosuwenna naditinocmi pobomu po3nodinbHux erekmpuynux mepedc (PEM) nepedbauae enpoeadoicenns
IHMeNeKmyanbHux cucmem, sKI 003601AHMb ONMUMIZYEAMU PEXCUMU POOOMU MepexCi 8 DedarbHOMY Hdci,
niosUWUMY HAOIIIHICMb e1eKMPONOCMAYAHHI MA eheKMmueHO inmezpyeamu 6I0HOBI08AHL 0Jicepena enepail.

Posocepeooicena cenepayis (PI) gidiepae 6ce binbui 6adciugy ponb y CYyUACHUX €eKMPOEHePemuUHUX
cucmemax. Ilpome, ii inmeepayis 6 po3nodiibHi Mepedici Modce CYMMEBO BNAUHYMU HA POOOMY ICHYIOUUX CUCTEM
saxucmy. /[na oyiHKu ybo2o 8naugy, HeoOXioHo NPosecmu po3PAxXyHKU, OOIPYHMYBAHHSA MaA MOOeN08aAHHs pobomu
peneunozo 3axucmy 6 mepedxcax 3 PIT PEM Hu3vkoi ma cepeduvboi nanpyeu € KpUumuiHo BadCIUSUMU OJis
3abesneuennss HAOIliHO20 Ma AKICHO20 —eNeKMpONOCMAauaHHs KiHyesux —cnoocueauis. Ix —egpexmusne
DYHKYIOHY8aHHS 0e3n0Cepednbo 6NAUBAE HA 3A2albHY HAOIHICMb Ma AKIiCMb elekmpoeHepeii 6 00'c€OHanil
eHepzocucmemi Ykpainu.

Y emammi docnioocyemucs eniue pozocepedsicenoi eenepayii Ha (DYHKYIOHYBAHHS DELEiH020 3AXUCTY
it PEM. Jlna Oocniojicenb GUKOPUCMOBYEMbCS MUNOSUL (DPASMEHM  eeKmMpOMepedici 3 PO3N0OLIEeHO
2eHepayicro, Ha OCHOBI K020 OYII0 NPO8eOeHO PO3PAXYHKU CIPYMIE KOPOMKO20 3AMUKAHHA Md OOIPYHMOBAHO
MIHIMANbHE 3HAYEHHS CMPYMY RIONCUBTEHHA KOPOMKO20 3AMUKAHHA 8i0 eHepeocucmemu. Bcmanoeneno, wo
dooamxoge 0cepeno cenepayii GNIUBAE HA YACMKY CMPYMY eHepeoCUCmeMU 8 3d2albHOMY CMPYMi KOPOMKO20
3AMUKAHHA MA iCHYE B83A€MO38 30K Midxc Micyem posmawilysanus PI' e enexmpomepesici ma uymaugicmio
CMPYMOB020 3aXUCM)Y JIIHI.

KuarouoBi cinoBa: cmpymosuil penetinuii 3axucm, po3noodilbHi Mepedici, po3ocepeodiceHa 2eHepayis.
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2 HaujonaabHuii TexHiuHuii yHiBepcuter YKpainu

«KniBcskmii mostitexniunuii inerutyt imeni Iropsi Cikopcskoro»

JANUHAMIYHE KEPYBAHHS TOITIOJIOT'TEIO PO3ITOAIVIBHUX
MEPEX I3 3AJIYYEHHSM YCTAHOBOK 3BEPII'AHHSI EHEPT'II

AxmusHe 8npogaoddicents BIOHOBNIOBAHUX Odcepell eHepzii Y 8u2nidi po3nodilbHoi cenepayii cymmeso
3MIHIOE AIK CMPYKMYPY, MAK i yMO8U poOOmu iCHYIOHUUX cucmem po3noodiny erekmpuuynoi enepeii. 3okpema,
Henepeobauy8aui 3MiHU PeHCUMIB He OarOMb MONCIUBOCTI NEPEKOHAUBO USHAYUMU (DIKCOBAHT MICYS PO3SMUKAHHS
KOHMYPI6, AKi OYOYMb ORMUMATLHUMU BNPOOOBIIC MPUBANO20 NEPIOY YACY, WO BBAICANIOCS 3A2ANbHONPUTIHAMOINO
RPaKmuKoio y mpaouyitiHux cucmemax po3nooiny elekmpudtoi enepeii. ¥ 36 ’a3xy 3 yum, y pobomi poszenioacmscsa
MOHCTUBICMY T OOIPYHIMOBYEMbCA CMPAMEis BUKOPUCMAHHA OUCTAHYITIHO KePOBAHUX KOMYMAYIIIHUX anapamis,
K 3ac00y OUHAMIYHO20 Kepy68aHHA MONON0ZIEI0 PO3NOOINbHUX Mepedic, Wo O0a€ 3MO2y 3MEeHWUmy 6mpamu
CeKMPUYHOT eHep2il 3a YMO8 GUKOPUCMAHHSA JIOKAbHUX 0Xcepel eHepeii 3 MIHAUBOIO0 SUXIOHOI0 NOMYICHICIO.
Oo0nak, cKnaonicmio O ePekmueHO20 GUKOPUCTNAHH OUCMAHYIUHO KePOBAHUX KOMYMAYIUHUX anapamie € ix
00OMedCeHUl KOMYMAYItIHULL pecypc, Wo, 3 eKOHOMIYHOI MOUKU 30pY, 0A€ MONCIUBICTG 30ILICHIOBAMU BIONOBIOHI
NepeMUKAHHs Y Mepexci 00MedceHy KibKicmb pasie, 6I0N0GIOHO, auwe 3a 00820MpPUsAIUx 3mi pexcumy. Y mou
Jrce yac, 3a yMo8 GUKOPUCIMAHHS BIOHOBTIO8AHUX 0Jcepesl eHepeii OLib XapaKmepHUMU € Yacmi ma KOpomKOUYACHI
3MIHU pedcumy. YV AKOCI MOMCIUBO20 WNAXY GUPIUEHHS Y020 NPOMUPIYYs, ¥ pOOOMI pO32A0AEMbCS NUMAHHSL
00HOHACHO20, 3 BNPOBAOICEHHAM OUCMAHYINIHO KEPOBAHUX KOMYMAYIUHUX ANnapamie, GUKOPUCMAHHS YCIMAHOBOK
30epieants enepeii 3 Memoio negHoi KOpeKYii pexcumie Mepesici 3a yMos ix Kopomkompuedano2o 30ypeHHs, wo oae
3MO02y, MaKuM UYUHOM, NIOMPUMAMU ONMUMATLHICMbL NEeGHUX MiCYyb DPO3MUKAHHA PO3NOOIIbHUX  JIHILL
Ananizyiomocs mexHiuHi yMOGU, AKI GUZHAYAIOMb MOJCIUGICMb GUKOPUCMAHHA Y 3A3HAYEHUX GUNAOKAX
ycmaHno6ok  30epicanns eHepeii, ma po3paxosyiomvCs HeoOXiOHi napamempu pedcumie ix pobomu 'y
pisHomanimuux cumyayisax. IIpodemoncmposano, w0 o0O0HOuUACHE Y3200iCeHe GUKOPUCMANHA YCMAHOBOK
30epicanus enepeii ma OUCMAHYIHO KePOBAHUX KOMYMAYIUHUX anapamis 0ac 3mo2y nioguuumu eqreKkmusHicmo
3anponoHOGAHUX piuleHb w000 OUHAMIYHO20 KEPYEAHHA PedCUMAaMU PO3NOOLIbHUX MEpediC 3d PAaxXyHOK
NOKpawjentsi 1020 eHyuKocmi ma 3abe3nedenuss Oilbil payioHAIbHO20 BUKOPUCIAHHA KOMYMAYIIHO2O0 pecypcy
BUMUKAYIE.

KawuoBi cioBa: posnodineui mepedici, ycmanoeku 36epicanus eHepeii, OUCMAHYIUHO KepOBaHi
KOMYymayitiHi anapamu, mpamu eHepeii, 8IOH08II08aHI ddicepend eHepaii.

Betyn. [TommpenHs BIpOBaIKEHHs Ta BAKOPUCTAHHS ITOTEHIIATy BiIHOBIIOBaHUX Jykepest eHeprii (BJE)
ChOTOJIHI € OJHMM 13 CTpaTeriyHMX HampsSMIB PO3BUTKY Cy4YacHOi eNIeKTPOSHEpreTHKH. 3a3HauyeHi JpKepena
BKJIFOYAIOTh, HACaMIIepe]], COHSIUHI MaHesl Ta BITPOBI F€HEPATOpH, sIKi y 0araThboX BHUIMAJKAX MPUETHYETHCS 0
CNIEKTPUYHUX MEPEXK SK Ha PIBHI CHCTEM PO3IMOALTY, TaK 1 Oe3mocepeHbo 3 OOKy CIIOKHBa4iB. Y TOMU ke dac,
CHCTEMH PO3IOJILTYy MPOEKTYBAIUCS M €KCIUTyaTyBaJIUCS HE Iependadaodd MOXKIMBOCTI MOSIBH B 1X CTPYKTYpi
JIOZIATKOBHUX JIXKEPEJ eHepril, sKi, y 3arajJbHOMY BUIAJIKY, 3aTHI HEe TIIbKK 320€31eYUTH YaCTHHY HABaHTa)KEHHS
CIIO)KMBAYiB OKPEMHX BY3IIiB, aJIe 1 TeHEPYIOTh €JIEKTPUYHY €HEPTil0 Y PO3MOIUILHI MEPExKi.

[Ipn upomy, y uyMciaeHHMX NyOmikauisx, Hampukian [1-3], 3BepraeTbcst yBara Ha Te, IO y Hpomeci
MOMIMPEHHS BUKOPUCTAHHS 3a3HAYCHUX JIOKAIBHUX JUKEpEN €Heprii SK y BHUMIAAI OKpEeMHX TI€HEepyIYnX
NPUCTPOIB, TaK 1 y GOPMi, TaK 3BaHUX MIKPOMEPEIK, BHHUKAIOT MPOOIEMH 3 MIATPUMKOIO HE JIMIIIE ONITUMAIbHUX,
a HaBiTh 1 NPUIYCTUMHX PEXUMIB POOOTH PO3IOAUIEHUX MEPEX 3a PSJIOM IOKa3HHKIB, 30KpeMa, TaKuX 5K
HaJIIIHICTh, BIAXMJICHHS HAIIPYTH, BTPATH €HEPTii, 3a0e3reueHHs: KOPEeKTHOI poOOTH iCHYI0UHX 3ac00iB peneitHoro
3aXUCTy i aBTOMAaTHKH. BimbIr Toro, 3a3HaueHi OOCTaBHHU PO3TIISAAIOTHCS Y SIKOCTI CEpPHO3HOI MEPEIKOAn Y
MOJAJBIIOMY MOIIMPEHHI BIIPOBA/DKEHHS JIOKAIBHHUX JDKEpeN TeHepallii, y Meplly uepry He KOHTPOJIbOBAaHHX,
3aCHOBaHHX Ha BUKOPHCTAHHI BiTHOBIIOBaHHUX pecypcis [4].

3HaYHOIO MIPOIO II€ TTOB’I3aHO 3 MiHJIMBUM XapaKTePOM pOOOTH TaKUX JDKEPEI, [0 YCKIATHIOE KepyBaHHS
peKIMaMH PO3MOAUILHAX MepeX Ha 0a3i iCHyIOUHX TEXHIYHUX 3aC00iB 1 METO/IIB IX BUKOPUCTAHHS, SIKi HE TAIOTh
MOJKJIMBOCTI 3 HEOOXiJHOIO IIBHAKICTIO aI€KBATHO PearyBaTH HA 3MiHH PEKUMY.

KapnuHansHIM BUXOJIOM i3 1€l cuTyallil BBaXXaeThcsl 00Y10Ba aKTUBHUX THYYKHX CHCTEM PO3IOJLTY
SJIEKTPUYHOT eHeprii [5] 3 MaciTaOHUM 3aJIy4eHHSIM IIMPOKOTO CIIEKTPY CydYacHHUX 3aco0iB aBTOMAaTH3allil Ta
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KepyBaHHs, Y TOMY YHCIi Ha 0a3i IPHUCTPOIiB CHIIOBOi E€IEKTPOHIKH, Ta TIIOOANbHOI iX iH(popMaru3alii, 1o
3pEIITOI0 IaCTh MOXKJIMBICTD KEPYBAaTH PEKUMaMH MEPEX Y pealbHOMY 4Yaci. 3BiCHO, IO pealtiallis 3a3HaueHHX
nepeTBOpeHk Oy/ie MoTpeOyBaTH Yacy Ta 3HaYHUX MaTepiajJbHUX BUTpAT.

VY po6ori [6] OyJ10 3aIpONOHOBAHO MiAXiM, AKUH HE BUMArae 3aHaJTO BEIUKUX IHBECTHIIIMH, aJie Ta€ 3MOTyY
YaCTKOBO BUPIIINTH a0, MPUHAKMHI, IOM’SKIIMTH NIepepaxoBaHi BUILE MPOOIEMH, OB’ s3aH1 3 BIPOBADKEHHAM
PO3IOIIBHOT reHepanii, IUIIXOM peaizallii TMHaMIYHOTO KepyBaHHS TOIOJIOTIEO (2, BIIIOBIAHO, 1 peXKUMaMu)
PO3IOIIBHUX MEpPEeX 3a PaXyHOK 3aCTOCYBaHHS IHUCTAaHIIIHO KepoBaHMX KomyTauiiHux amnapariB (JIKKA).
BuxopuctaHHS Takoro KOMYTalifHOTO OOJIaAHAHHS Ja€ 3MOTY BiTHOCHO OMNEpPAaTHBHO pearyBaTH Ha 3MiHHU
HaBaHTAXXCHHS BY3JIiB PO3MOAUIBHOI JiHIi Ta MOTY>KHOCTI, fIKa HAJXOAWUTH Bil IHTETPOBAaHMUX 1O HEl JOKAIBHUX
JOKepeT TeHeparii.

T'onoBHe 0OMeXeHHs, TIOB’S3aHO 3 peajli3alliero miel MpoIo3uIlii, mosirae y HactynHomy. llo-mepme, y
KOHTYpi pPO3MOIiTBEHOI JIiHII Mo)ke OyTH BCcTaHOBJIEHA Jinmre oOMmekeHa KinbkicTs JJKKA, mo BummBae 3 cyTto
eKOHOMIYHUX MipKyBaHb. [lo-npyre, y mporeci BUKOPUCTAHHS 3a3HAUYCHUX KOMYTALIWHIX amapariB HeOOXiTHO
BpaxoBYBaTH iX OOMEXEHHI KOMyTaliiiHWII pecypc, 11O HE Ja€ 3MOTM X BHKOPUCTAHHS 3 OYy/Ab-SKOO
IHTEHCHBHICTIO JUIs I ITPUMKH HaiO11b1 e()eKTHBHOTO PeXXUMY 32 YMOB HeCTaOlIbHOTo Xapakrepy podoru BJIE.
SIKmo 3MiHa peXXUMy HOCHTh KOPOTKOYAacHHMH Xapakrtep, To Bukopucranus JIKKA, ckopimr 3a Bce, Oyne
HEJIOLIbHUM Yy 3B’SI3Ky 3 THM, 1[0 HEraTUBHUH e(eKT BiJ NMPUCKOPEHOT0 BUKOPUCTAHHS iX KOMYTAaliHHOTO
pecypcy MoKe MepeBakaTH MO3UTUBHHUN e(eKT, OB’ I3aHHil 13 TOJATKOBUM 3MEHIICHHSM BTPAT ENEKTPHUYHOT
eHeprii.

Merta gociaimxens. [Tligpumennas epextuBHOCTI BukopucTanHsa JJKKA 3 MeToro onmtumizamii po3mominy
MOTYKHOCTI B KOHTYpI PO3MOALIBGHOI JiHII MOXIHMBO 32 PaxyHOK OJHOYACHOTO Y3TO/DKEHOTO BHKOPHCTaHHS
ycraHoBoK 30epiranas eHeprii (Y3E), ansg sSkux pekMMH CIIOKHBaHHS €IEKTPHYHOI eHeprii 3 Mepexi abo ii
reHepanii B MepeXy BU3HAYAIOTHCS BUXOASYHM 3 IMO3MLIN MIATPUMKH ONTHMAIBHOTO PEXHMY Ul TIEBHOTO
BapiaHTy PO3MHUKaHHs KOHTYPY 3a yMOB KOPOTKOYAacHOI 3MiHM BHXiIHOI TOTYyKHOCTI iHTerpoBanux B/IE.

[MutanHs OOIPYHTYBaHHS MICIlb po3TaliryBaHHs i yMoB pobotu JIKKA 6yno posrisuyTo B [7], 1e BOHK
BUPIIIyBaJIMCs HA MiJICTaBi, TaK 3BaHOTO, ClIeHapHOTo MeToay. [Ipu nbomy npu GopMyBaHHI cLieHapiiB 10 yBaru
Opasyiicsi Taki XapakTEpPUCTHKH SK THIOBI Tpadikd HaBaHTaKEHHS BY3JIB MEPEXi Ta BHUXIJHOI HOTYXHOCTI
BianoBiguux BJIE 3a okpeMHMHu ce30HaAM POKY Ta KiJbKICTh Ji0 3 MEBHUMH METEOPOJIOTTYHUMH yMOBaMH (SIKi
BILUIMBAIOTh HA BHUXIJHY MMOTY>KHICTh BITHOBIIIOBAHUX JKEPEN) Y MEXKax KOKHOTO ce30Hy. Ha migcTaBi nux qaHux
HIISIXOM MOJIETIOBaHHS i ONTUMI3allii pe)KMMiB BU3HAYAIUCS HAHKpAILli MiClisi PO3MUKAaHHS KOHTYPY, 1110, 1O CYTi,
BignoBinae 6axkaHuM MicsiMm postanryBanHsA JIKKA. OTpumani pe3ynbTaTi paHKyBaIHCS BUXOASYH 3 TPHBATIOCTL
yacy, KOJIM TIeBHUH BapiaHT pPO3MHUKaHHs KOHTYpY (BUKopuctaHHs nesHoro IKKA) OyB onTumanbHAM, a TaKOX
i3 ypaxyBaHHSAM BiJIIOBIZIHOTO IFOMY MEPiOAy 4Yacy 3arajJbHOTO HaBAaHTAXXEHHS KOHTYPY, LIO OMOCEPEIKOBAHO
CBI/TYMIIO IIIOZ0 MOKJIMBOTO €(DEKTY, OB’ S3aHOTO 3 OTEHIIITHUM J0AaTKOBUM 3MEHIIEHHSIM BTPAT €IEeKTPUIHO]
€Heprii 3a yMOB NPUHHATTS TAKOTO PIllICHHS.

3anpononoBani B [8] iHAMKATHBHI MOKa3HWKH JAlOTh MOXJIMBICTH OIHUTH JOIIJIBHICTH 3MIHM MicIs
PO3MHKAHHS KOHTYPY PO3IOUILHOT JTiHIT BIJIOBIAHO 10 MOTOYHOIO PEXUMY 0e3 HEOOXiTHOCTI HOro IeTaabHOro
po3paxyHky. [IpunycTumo, 1o Ha cxemi, Ky HaBeaeHo Ha puc. 1, JIKKA Bi, B, Ta B; BcTaHOBJICHO BiAMOBIIHO
Ha JIAHKAX i3 oropamu Rz, Rs Ta Rg. BBakaemo, 1110 KOHTYp pO3iMKHEHO Ha ainsHii 3 omopom Rz (IKKA By).

ner. "A" ner. "B"
—y— 10 kB - |() kKB
R R2 R3 R4 Rs R R7 Rs
(L L2y open (13 L4y (L.35) (L6) n (1.8)
B _ WB: [ WB:

n 1 | b I3 I Is s I

' ! oy ) ' - | B '

P P2) '( ’3) P4 '<I’5) (P6) 'li ’7)

Pucynox 1 — Konmyp po3nodinenoi ainii 3 posmawoeanumu JJKKA

Y meBHUII MOMEHT 4acy 3’SCOBYETHCS, IO 3TiJHO MOTOYHOTO PEXHUMY 3 SBISAETHCS AOIIBHICTD 3MiHH
MICIISI PO3MUKaHHS KOHTYpY 3 AUISHKH 3 omopoM Rz (IKKA Bi) Ha minsaky 3 omopom Rs (JIKKA B:) 3 metoro
(hopMyBaHHS CTPYMOPO3MOMITY, 3a SKOTO 3MEHIIYIOThCS BTPATH EIEKTPUYHOI EHEeprii, IO BH3HAYAETHCS

HACTYITHOK YMOBOIO
II ch RZ
MI,R_MI,L+MS>—2 , @)
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®ORg)+14(Rs +Rs + Ry +Rg) + 15 (Rg + Ry +Rg ) + 16 (Ry +Rg ) + 1:Rg, My =15 (Ri+Ry), lion=lg+1y.

Y HacTynmHMH niepiof] yacy, HalpHKIaj, 32 PaxXyHOK 30UIbIICHHS TeHepalii 3 00Ky JIOKaIbHOTO JpKepela
eHeprii, IpUEIHAHOTO JI0 By3ia 2, a00 3MEHILCHHS! HAaBaHTa)KEHHS Y JiBIM YaCTHUHI KOHTYPY, MOXE BUHUKHYTH
JOLUIBHICTh TMOJAJbIIOr0 3MILIEHHS Miclsl PO3MHUKaHHS KOHTYpY NpaBopyd (Ha AUISIHKY 3 OmopoM Rs
(AKKA Bg3)). Take pimieHHs € apryMEeHTOBaHIM, SKIIIO BUKOHY€ETHCS YMOBa

lyenRs
My r =My +Mq >—c2 ,

ae My L =Myi+My+Mg+My = LR + 1, (R +Ry)+13(R+R +Ry) + 1, (R +Ry + Ry +R,)

My g =Ms+Mg+M; =I5(Rs+R; +Rg)+ 1 (R; +Rg)+1,Rg, Mg =1 (R+Ry), lyen=1s.

AHaNoriYHO BU3HAYAIOTHCSI BC1 YMOBH, SIKi CBIAYATB 111010 JAOLIJIBHOCTI 3MiHH MiCLSl PO3MHUKAHHS KOHTYDPY
y Oynb-KOMy HampsiMi 3a paxyHoOK BukopuctaHHs icHytounx JIKKA. Takum umHOM, sKIOIO y mpoueci
MPOTHO3YBaHHS PEXUMY 3’ICOBYEThCS, 110 BIH BIAMOBIa€ yMOBaM JOUUIBHOCTI 3MiHH MiCIlsl PO3MUKAHHS Ta Ma€
JIOCTaTHBO TPUBAIIMH XapakTep, TO NPUAMAETHCS PILIeHHs 11010 3MiHK cTaHy BinnoBigHnx JJKKA.

VY Toii e yac, y 0araTh0X BHUIAKAX MICIIsI OTPUMAaHHS iHQOpMAaIlii, SKa CBIIYUTH 100 AOIITFHOCTI 3MIHA
MICIISI pO3MHUKaHHSA KOHTYPY PO3IIOAUTRHOI JiHil, y TPOIeCi TOAabIIOTO IIPOTHO3YBaHHS (CKaHYBaHHS) PEXKUMY
BUSBJIETHCS, 110 BUKOHAHHS BiMIOBITHOT YMOBH, Hanpukiaj (1), HOCUTh HecTaOipbHUN XapakTep, TOOTO, BOHA

3aJI0BOJILHAETHCS HA NIEBHOMY 1HTEpBaJIi Yacy (HAaNpHKIal, IPOJOBXK ti, ..., t4 Ha pHc. 2), TOTIM KOPOTKOYACHO
nepecTae BUKOHyBaTHCA (30KpeMa, Ha iHTepBalli ly, ..., {s Ha prc. 2), 1ami 3HOBY MOYHHAE BUKOHYBATHCS (1HTEpBal
qacy s, ..., ts Ha puc. 2) i Tak gaii.

b M

!

1 15 PSR PR P t; Iy g Ly &4y I

Pucynok 2 — IIpoenos 3minu napamempie pesicumy (iHOUKAmueHUX NOKA3HUKIB)

[Tpu upoMy, y HaBeJJEHUX CUTYAIISIX i3 TOUKH 30pY e(heKTHBHOCTI BUKOPUCTAHHS KOMYTAILIIHOTO pecypcy
JKKA pimneHHs o0 3MiHA Micls pO3MUKaHHS KOHTYPY He IpUMa€eThC.
Buxopucranus Y3E 3 meTor0 miaBuuieHHsi e(eKTHMBHOCTI JAMHAMIYHOIO0 KepyBAHHS PpeXKUMaMu 3
3any4dennsam JIKKA. YV 3a3HaueHnx BHIIE BUMAAKAX PEKUM POOOTH JIiHIT MOXKe OYTH IIPUMYCOBO CKOPHTOBAHO,
30KpeMa, 332 paxyHOK BifmoBinHoro 3acrocyBanHs Y3E. [Ipu npoMy B mepioan gacy, KOJM yMOBA, 110 CBITYUTH
PO AOIIIBHICTD 3MiHH MiCIsI PO3MHKAaHHS KOHTYpPY, HE BUKOHYEThCS (IHTepBand 4acy la, ..., s, ts, ..., t10 Ha
pHc. 2), € MOXKIIUBICTD IUIIXOM MEBHHUX LIIECIPSIMOBAHUX A1l BHECTH HEOOXIIHI 3MIHM Y HOTOKOPO3IOILI JIiHiT,
TAKAM YHHOM, 11100 TOMOTTHCS BUKOHAHHS YMOBH, 1[0 Oy/e MiATBEPKYBATH JOIIBHICTE 30€PeIKEHHSI HOBOTO
Miclsl po3MHKaHHSI KOHTYpY (puc. 3 — 3a yMOB po3rainyBaHHs Y 3E y npaBiii uacTuHI KOHTYPY).

n 15 Iy L4 Is fs I3 Iy Iy N W N2

Pucynok 3 — IIpozno3 sminu napamempie pexcumy (iIHOUKAMUBHUX NOKA3HUKIB) 3a YyMO8 sukopucmanuam Y3E
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Amnaniz (1) cBimuuTh, MO JUII BUKOHAHHS 3a3HA4YE€HOI YMOBH Ha iHTepBanax dacy ts, ..., te Ta ts, ..., tio
HEeoOXiTHO a00 HAJIC)KHMM YMHOM 30UIBIINTH CKIagoBy M r abo 3meHmuTH ckianoBy M .. Lle Moxe Oyrtu
JOCSITHYTO a00 IIISIXOM J0JAaTKOBOT'O 3aBaHTa)KEHHsI MPaBOl YaCTHHU KOHTYPY, a00 pO3BaHTaXKEHHS HOTo JiBOT
yacTHHU. BuOip Takoro pimeHHs 3anexuTh Bia mici po3rauryBanHs Y3E. 3po3ymino, mo, koau Y3E npuennano
JI0 By3Ja Mepexi y JIBiH 4acTHHI KOHTYpPY, TO JJIsl JOCSITHEHHS 3a3HAa4€HOl METH BOHA ITOBHHHA IPALIOBATH Y
pexuMi po3psiaky. BignosinHo, sikmo Y3E 3HaX0omuThCs y NpaBiil 4acTHHI KOHTYPY, TO BOHA Ma€ MpaIloOBaTH y
PEKHMMI 3apSAKH.

Busnaaunmo mapamerpu podotn Y3E, siki He0OXimHI 71 BUpilIeHHS HaBeIeHOTo 3aBHaHHsA. [ 1miei metn
PO3TIITHEMO BapiaHT 3MIHHM MiCIi PO3MHKaHHSI KOHTypy 3 HungHk: 3 omopoMm Rz (AKKA Bi) ma mingHky 3
omopoMm Rs (JJKKA B») (puc. 1). Ilpu npomy B 3anexsocTi Bix Touku miakmoueHHs Y 3E (iBa abo mpaBa gacTuHU
KOHTYPY PO3IOAUIHHO] JIiHiT) BiANOBIAHI YMOBH OyXyTh MaTH HACTYITHAN BHUTJIA

i cnRs

(MI,R+MY3E)_MI,L+MS>CTI )
abo

II,ch RZ

MI,R_(MI,L+MY3E>+MS>— @)
Toni pesxum po6otn Y3E BU3HAYAIOTHCS Ha MiACTAaBI BAKOHAHHS HACTYIIHOT YMOBH
II,ch RZ

|MY3E|>MI,L+—_MI,R_MS' (4)

V¥ Bupazax (2)—(4) yci cknamoBi Bu3HavaroThes 3rigHO (1). 3 mpOTr0 BHIDIMBAE, M0 HEOOXiAHA CTPYMOBa

in’exiiist 3 6oky Y3E mist koxkHOro nepiony dacy t (lysg, 1) po3paxoByeTbest BAXOASYH 3 YMOBU
Myse = lysetRyse - (%)

ne Rysg — cymapHuii omip IiJSTHOK JTiHIT Bifl IEHTPY KHUBJICHHS 10 By3Ja, 1 BcTaHOBJIcHA Y3E.

besymoBHo, 1o Bukopucranus Y3E y nporeci JuHaAMiYHOTO KepYBaHHS PEKUMOM PO3IOALIBHOT Mepexi
3riIHO HaBeICHUX BUILE MiPKYBaHb MOJKJIMBE JIMIIIE 32 YMOB JIOTPUMAHHS TEXHIYHUX 0OMeXeHb. SIKIo MoBa e
BIZIHOCHO aKyMYJIITOPHUX OaTapei, To, y Meplly 4epry, [e CTOCYEThCS TaKHX IMapameTpiB, K MOTYXHICTH i
€MHICTD 0aTapei Ta NOTO4HUIA piBeHb ii 3apsay (S0C).

[pu iboMy MOXKIIMBO 3aIPONIOHYBATH HACTYIHI paBMiIa BUKOPUCTaHHS OaTtapei:

— sxmo S0C =20 % ... 40 %, To Gatapest Ma€ PaLIOBATH Y PEXUMI 3apsKESHHS;

— sxmo S0C =60 % ... 80 %, To 6aTapest Ma€ IPaLIOBaTH Y PEXKUMI PO3PAIKEHHS;

— sxmo S0C =40 % ... 60 %, To 6aTapest MOXe IPALIOBATH SIK B OTHOMY, TaK i B iHIIOMY peXKHUMax.

ToMy, KoM BUPIIIY€ThCS TUTAHHSA 11010 BAKOPUCTAHHS OaTapel JUIs LiIeCpsIMOBAHOTO BILTUBY Ha PEXKHM
PO3MOALIBHOT JTiHIT, MOKJIMBA CTpATErisl MOBEIIHKH 3aJCKUTh BiJ MOTOYHOro 3HaueHHs SOC Oarapei, 1o nae
MOXIIMBICTh BH3HAUMTH, y SKOMY pEKHMI BOHa NOTCHIIHHO MOX€ BHKOPUCTOBYBATUCS: 3apsi/KEHHS,
PO3psLKEHHS a00 Y OyIb-SIKOMY.

Crparerii Bukopucranusi Y3E 3a yMoB IHHAMIYHOI0 KepyBaHHS pe;kUMaMu. Y [IbOMY CEHCI MOXXKHA
PO3IIISIHYTH AB1 IPUHIMIIOBI CUTYalil. Y NepiioMy BUNaIKy 30ypeHHSI, IKi IOPYUIYIOTh YMOBH JIOLIJILHOCTI 3MiHH
MicCIisl PO3MUKAHHSI KOHTYPY PO3MOUILHOT JTiHii, HOCATh KOPOTKOTPUBAIU# Xapakrep (puc. 4).

A M

M, ,

- A"Il I N .‘\!,\

R

Puc. 6

1 fy to hs tig .. I

Pucynox 4 — Kopomxompusani 36ypenns pesxcumy

SIKmo 3a TakMX YMOB NpPUIIMAETHCS pIlIEHHS W00 BUKopHucTaHHS Y3E Ui KOpUTyBaHHS pexXuMY,
CKa)XeMo, Ha iHTepBaii vacy {s ... tip, TO mapaMeTpu, HAPUKIA] aKyMYyJIATOPHOI OaTtapei, BU3HAYAIOTHCS 3T1THO
(5) # mocmiOBHO PO3paxoBYEThCS OOCAT eHeprii, ska Mae OyTu crokuta abo BHIaHa B MEPEXY, 32 YMOBH, IO
nokazHuk SOC He BUXO/UTb 3a CBOT PEKOMEH/I0BaHI MEXi, a 3HAaUEHHS i1 MOTY)KHOCTI Ta EMHOCTI HE NEPEBHUIIYIOTh
TPHUITYCTUMUX PiBHIB (puc. 5)
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SOCpin <S0C; <S0Ciax s Pyset <Pysemax» Avse = ZPY3E,I v teTysp,  Ayse < Ayspour (6)
t

ne Tysg — nepenbavyBanuii yac Bukopuctanus Y3E.

Sxmo y mpormeci MporHO3yBaHHS J000BOro rpadiky 3MIHM IHAWNKATUBHUX MOKA3HWKIB BHSBISETHCS
JIEKiTbKa KOPOTKOTPHUBAINX TepiofiB (puc. 4) 3 HecTabiIbHIM BHKOHaHHAM yMOBH, Hampukman (1), To y pasi
MOJKJIMBOCTI JOTPUMAHHSAM OOMEXeHb (6) 3 ABIs€ThCS BapiaHT BUKopucTaHHS Y3E Ha KOXXKHOMY 3 3a3HaUCHHUX
TepioIiB Yacy y MPOTIIICKHUX peXNMax (puc. 5) Ta (puc. 6), TOOTO CIIOYaTKy B PEKUMI PO3PSIKECHHS, a TIOTIM Y
pexuMi 3apsmkeHHS. Lle macTe MOXIMBICT Ha KiHeIb JOOM 3a0e3nmeunTH 3HA4eHHS TNoKasHmka S0C
MaKCHUMAaJIbHO OJM3BKUM IO HOTO OYaTKOBOTO PiBHS.

W M
M, - (M, - Myy) + M,

It cn Ry 1

2 t

Iy ho

Pucynox 5 — Kopomxompusane suxopucmanns Y3E 015 niompumxu nomouHo20 Micyst pO3SMUKAHHsL KOHMYpPY
PO3NO0OIILHOL NIHIT (pedicum po3psadicants bamaper)

' M

ll,.b R';

A"Il R” (1‘[1 L= A‘Iy”:) + M,

/
: -
he hy
PucyHoxk 6 — Kopomxompusane suxopucmants Y3E 0ns niOmpumxu nOMoYHo20 MiCYsi pOIMUKAHHS KOHMYDY
PO3n00iNbHOI NiHiT (pedrcum 3apsaddicanns bamapei)

OjHOYAaCHO 3 UMM MOXJIMBI BUIAJKH, KOJIM BHUKOHAaHHS yMoBH (1) HOCHTh MIHJIMBHMI XapakTep Ha
JIOCTAaTHRO TPHBAIUX IHTEepBaiax 4acy (puc.7) Ta MOTOYHE 3HaueHHs mapamerpy SOC Oartapei mae 3mory ii
BUKOPHCTAHHS SIK B PEKUMI 3apAIDKEHHS, TaK 1 3apsIKeHHS.

W M

My o= My + M;

<h TR Puc.871a9

1~

I N " hn

Pucynox 7 — /losecompusana minnugicmo pexcumy pobomu KOHmypy po3nooinbHoi ninii

Toxi BUHMKA€e TUTaHHS, SIKE 3 pillleHb Oy/ie GBI 0OTPYHTOBAaHNM: 30€PErTH ICHyI0UY€E MiCIIe PO3MUKAaHHS
KOHTYpY (puc. 8) abo oapa3y Opi€HTyBaTHCS HAa albTEPHATUBHHUI BapiaHT #oro po3mukaHHs (puc. 9). Y Takux
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BHIIAJKaX pPIiBEHh HAIIHHOCTI EIEKTPOIOCTaYaHHS MOXe OYTH MOJaTKOBUM (AKTOPOM IUII OCTATOYHOTO
BU3HAYCHHS KPAIOro pillleHHS.

VY 3arajbHOMY BUNAJKY JUIsl KUIbKICHOT OLIHKY PiBHS HaAIHHOCTI pO3NOAIIBHOI JiHIT [9] BUKOPUCTOBYIOTH
MOKa3HUK OYiKyBaHO! BEJIMYMHU HEJOBIAMYIICHOI €JIEKTPUYHOI €HEprii, SIKUH 3aJeXHUTh BijJ 3HaYE€Hb ITHTOMOI
MOIIKO/KYBAHOCTI JIiHIH (Wo), JOBXKHHU OKpeMux mimsHok miHiit (Li, i = 1, ..., N), cepeHpOro HaBaHTaKCHHSI
By31iB (P}, j =1, ..., M) Ta yacy BiZHOBJICHHS eJICKTPOMOCTAYAHHS (Tij), SIKHH, Y CBOIO YePTy, BU3HAYAETHCS TUIIOM,
KIJIbKICTIO Ta PO3TalllyBaHHAM KOMYTaliiHO-3aXUCHUX allapaTis.

L M M, - (M, - Myg)+ M,

LR

-

f6 f22
Pucynok 8 — /loseompusane suxopucmannsa Y3E 0ns niOmpumu nOMOYHO20 MiCYysi POSMUKAHHSL KOHIYDY
PO3n00iNbHOL NIHIT (pedcum 3apsodicants bamapei)

'.‘Il,.‘n’ - (J“Il.i - :“/Y 3 ) A & ‘lv

!

-
he (2
Pucynox 9 — /losecompusane suxopucmanns Y3E 015 3MiHU ROMOYHO20 MICYsL POSMUKAHHSL KOHMYPY
PO3N00INLHOL MiHIT (pedxcum po3psadaicanns bamapei)

Bynemo BBakatm, 1o y pa3i BUHMKHEHHS IOIIKOJUKEHHS y JIiHII, JIOKaJIbHE JUKEPENo eHeprii 3jaaTHe
MiATPUMATH HaBAaHTAXXEHHS JIMIIE By3Ja /10 SIKOr0 BOHO MiAKiIto4eHo. Toxi, 3 ypaxyBaHHS HaBeAeHHX Ha puc. 1
ICHYIOUMX Yy JiHIi KOMYTallifHUX amapaTiB, Yac BiJHOBICHHS EJCKTPOIIOCTaYaHHS [UIA PEIITH BY3IiB
HaBaHTA)XCHHS MOKe OYTH OB’ s13aHUH, a00 3 TOKATI3AIE€r0 MIiCI TOMIKOIKEHHS (Taox), 200 3 iX IEPEKITFOUCHHIM
Ha J)KUBIICHHS BiJl aJIbTEPHATUBHOTO JDKepena (Tuep), 30KpeMa, Ha mijcTaHLio «by (puc. 1).

[ToBeprarouKch 10 CXeMHU PO3MOJUILHOT JIiHIT HaBeJeHoT Ha puc. 1, PO3PaXxOBYEMO OUiKyBaHEe 3HAYCHHS
HEJIOBINyeHol eneKkTpoeHeprii y pasi 1 po3mukanHs 3a gornomoror JIKKA BcTaHOBIEHHMX BiJNOBIIHO Ha
nimstakax Ls (JJKKA Bs) ta Ls (JIKKA Bo).

Ipu 11bOMy Ma€MO HACTYIIHI Pe3yJIBTaTH y Pa3i pO3MHUKaHHS KOHTYpY 3a moromoroo JIKKA (By):

7

2 2 8 8

EENS =g| 2 B[ D LiTup + D LiTuoe [+ D R D LiTup + D LiTuo || @)
i j=1 j=1 i=3 j=3 j=3

jei jei jei jei

Ta 'y pasi po3MHKaHHS KOHTYpY 3a gqonomororo JIKKA (By):

4 4 8 8
EENS =wo| Y R Z;Ljrnep+Z;thmK +ZPi Zﬁthnep+ZGthmK . )
j= j= i= i=

jei jei jei jei
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V HaBejieHUX BUpa3ax MO3HAYECHHS | € | 03HAYAE, 10 IPH IMiICYMOBYBAHHI PO3IJISIAIOTHCS JIUIIE Ti JiITHKH
TiHIT j, SKi 3HAXOMSIThCSA HA LULIXY JKHMBJICHHS By3na i. BiamoBiaHo, j ¢ | o3Hauae, 110 MpH MiACYMOBYBaHHI
PO3TIISAAIOTHCS JIAIIE Ti MUSTHKY JTHIT |, SKi He 3HAXOIATHCS Ha MUISAXY JKUBJICHHS By3Ja i.

VY migcyMKy BapiaHT pillleHHs, IKOMY BiATIOBiZae MEHIIE 3HAYEHHS OYiKyBaHOI BEIMIMHN HEJAOBI ATy IIEHO
eHeprii, Oyze po3rasaaTiucs y SIKOCTi 0akaHOTO.

JonatkoBo HEoOXimHO 3a3Ha4WTH, M0 y BUpazax (7) Ta (8) mependagaeThCs, IO MICHS CIPAIIOBAHHS
(Bizxmrouenns) JKKA BinnoBigHa AifisHKA JIiHII BIIKITIOYAETHCS JUIIE 3 OXHOTO OOKY, TOOTO 3aHIIAETHCS Mij
Hanpyrow. ToMy MOXKIIMBE MOMIKOKCHHI Ha Hil OyJie MPU3BOIUTH 10 BIAKIIIOYCHHS BIAMOBIIHOT YaCTUHU JIiHIT
Ta, TAKMM YHHOM, BIJIMBATH Ha OYiKyBaHy BEJIMYMHY HEJOBIAIMYIICHOI eIEKTPOEHEPTii.

Bucnosku.

[Tosia B/IE 3 MiHJIIMBOIO Ta Ba)XKO Iepea0aveHOl0 BUXIJAHOIO IMOTYXXHICTIO Y PO3MOJUIBHUX MepesKax
3HMU)KY€E eEeKTHUBHICTh BIPOBAPKEHHS TaKkoi MIMPOKO MOIMUpeHol i edeKTHBHOI 3a1adi K BUOIp ONTHMaIbHUX
MicIb IX pPO3MUKaHHS, 110 1TOB’s3aHO 3 HECTA0IJIbHUM XapaKTEPOM PEXUMIB, SIKi TPH [IbOMY BUHUKAIOTB.

Buposamxenns IKKA mae MOXIIUBICTS OUTBII OITepaTUBHO 3MiHIOBATH TOMOJIOTIIO BiAIIOBITHUX KOHTYPIiB
Mepexi 3riHo A0 i MOTOYHNX pekuMiB. Y TOM ke Yac, MEBHIM TaJbMOM UL BHPIIICHHS 3a3HAYCHOI 3a1adi €
0o0OMe)XeHUH KOMYTAIlIfHAHN pecypc TpaauLiiHIX KOMYTalifHIX amapariB (BUMHKA4YiB HABAHTAKEHHS).

Y po0oTi AEMOHCTPYETHCS, IKUM YMHOM LIeil HEZOJIIK MOXeE OYTH ITOJIOJAHO 332 PaxyHOK OJHOYACHOTO
y3romkeHoro BukopuctanHsa JIKKA it Y3E. Po3po0ieHo anroput, KUl 1a€ 3MOTy BU3HAYUTH PEKUM POOOTH
V3E y BIINOBIAHOCTI 3 ICHYIOUMMHM Ta NPOTHO3HMMH 3HAUCHHSMH HaBaHTa)XEHb 1 BUXIJAHOI MOTY>KHOCTI
JIOKJIBHUX JiKepes eHeprii. [IpoieMOHCTPOBaHO 3a SIKUX YMOB NPHUHHSTTS HalOLIbII OOIPYHTOBAaHHUX pillleHb
NoTpeOye 3aIydeHHsI J0AaTKOBUX KPUTEPIIB.

3anponoHoBaHi pillIeHHs] MOKIIMBO PO3IJIAATH SK NEPIIUi KPOK 10 CTBOPEHHS THYYKHX PO3HNOALIBHUX
Mepex Ta y sKOCTi ofHiel 3 QyHKUiH OararouinboBoro BukopucraHus Y3E B cydacHHX cucTeMax poO3MoiTy
EJIEKTPUYHOT eHeprii 3a YMOB IIOSIBH B 1X CTPYKTYpi Ta MOIIMPEHHS] BUKOPUCTaHHs JIoKainbHUX BJIE.
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DYNAMIC CONTROL OF DISTRIBUTION NETWORK TOPOLOGY WITH
THE USE OF ENERGY STORAGE FACILITIES

The widespread use of renewable energy sources in the form of distributed generation significantly changes
both the structure and operating modes of existing electrical distribution systems. In particular, unpredictable
changes in modes do not allow to determine fixed open points of circuit that will be optimal over a long period of
time, as is the case in traditional electrical distribution networks. In this regard, the article considers the possibility
and justifies the strategy of using remotely controlled switching devices as a means of dynamic control of the
topology of distribution networks, which allows to reduce electrical energy losses under the conditions of using
local energy sources with variable output power. However, the difficulty for the effective use of remotely controlled
switching devices is their limited switching resource, which, from an economic point of view, allows to carry out
limited number of the corresponding switching operations in the network, mainly under conditions of long-term
mode changes. At the same time, in the presence of renewable energy sources, frequent and short-term modes
changes are more typical. As a possible way to resolve this contradiction, the paper considers the possibility of
using energy storage units for the purpose of goal-oriented correction of network modes under their short-term
disturbances, which makes it possible to maintain the optimality of the selected open points in corresponding
branches of distribution lines. The technical conditions that determine the possibility of using energy storage units
are analyzed, and the necessary parameters of their operating modes in various situations are calculated. It is
demonstrated that the simultaneous coordinated use of energy storage units and remotely controlled switching
devices allows to increase the efficiency of the proposed solutions for dynamic control of distribution network
modes by improving its flexibility and ensuring more rational use of the switching resource of switches.

Keywords: distribution networks, energy storage units, remotely controlled switching devices, energy
losses, renewable energy sources.

64 ISSN 2308-7382 (Online)



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. Ne 3

References

1.B.Yang et al.,, “A Critical Review of Active Distribution Network Reconfiguration: Concepts,
Development, and Perspectives,” Energy Engineering, vol. 121, no. 12, pp.3487-3546, Nov.2024.
doi: https://doi.org/10.32604/ee.2024.054662

2. M. Al-Muhaini, and G.T. Heydt, “Evaluating future power distribution system reliability including
distributed generation,” IEEE Transactions on Power Delivery, vol. 28, no. 4, pp.2264-2272, Sep. 2013.
doi: https://doi.org/10.1109/TPWRD.2013.2253808

3. V. Saxena et al., “Navigating the complexities of distributed generation: Integration, challenges, and
solutions,” Energy Reports, vol. 12, pp. 3302-3322, Dec. 2024. DOI: https://doi.org/10.1016/j.egyr.2024.09.017

4. B.L.M. Santos, L.S. Barros, F.A. Moreira, and D. Barbosa, “Hosting capacity maximization of
distributed energy resources through simultaneous optimized volt-var curve and network reconfiguration,”
Electric Power Systems Research, vol. 234, no. 110743, Sep. 2024.
doi: https://doi.org/10.1016/j.epsr.2024.110743

5. K.H. Sirvio, H. Laaksonen, K. Kauhaniemi, and N. Hatziargyriou, “Evolution of the Electricity
Distribution Networks — Active Management Architecture Schemes and Microgrid Control Functionalities,”

Applied Sciences, vol. 11, no. 2793, Mar. 2021. DOI: https://doi.org/10.3390/app11062793

6. V. Popov, V. Tkachenko, O. Yarmoliuk, and D. Yatsenko, “Actual Trends of Electrical Distribution
Systems Automation,” Power Systems Research and Operation. Studies in Systems, Decision and Control book
series. Switzerland: Springer Cham, 2022, vol. 220, pp. 319-346. doi: https://doi.org/10.1007/978-3-031-17554-
114

7. A.F. Zharkin, V.A.Novskyi, V.A.Popov, O.S.Yarmoliuk, A.N.Havkar, “Ohliad tekhnolohii
keruvannia rezhymamy elektrychnykh merezh napruhoiu 6...20 kV z rozoseredzhenymy dzherelamy enerhii
[Review of technologies for controlling the modes of operation of 6...20 kV electrical networks with distributed
energy sources],” (in Ukrainian), Elektronne modeliuvannia, vol. 43, no. 1, pp.46-66, Jan.2021. doi:
https://doi.org/10.15407/emodel.43.01.046

8. D.V. Yachenko, V.A.Popov, A.l. Zamulko, O.S. Yarmoliuk, and O.V. Adanikov, “Zastosuvannia
indykatyvnoho pokaznyka pry dynamichnomu keruvanni topolohiieiu rozpodilnoi merezhi z lokalnymy
dzherelamy enerhii z metoiu minimizatsii vtrat enerhii [Application of indicative quality indicator in dynamic
management of the topology of a distribution network with local energy sources with the purpose of minimizing
energy losses],” (in Ukrainian), Visnyk Khmelnytskoho natsionalnoho universytetu. Tekhnichni nauky, no. 6,
pp. 274-281, Dec. 2022. doi: https://doi.org/10.31891/2307-5732-2022-315-6-274-281

9. A. Zharkin, V. Novskyi, V. Popov, and S. Palachov “Improving the Reliability and Power Quality in
Distribution Networks with Sources of Dispersed Generation,” Power Systems Research and Operation. Studies
in Systems, Decision and Control book series. Switzerland: Springer Cham, 2022, vol. 388, pp. 23-45.
doi: https://doi.org/10.1007/978-3-030-82926-1 2

Hamivimna: 14.07.2025
Reveived: 14.05.2025

ISSN 2308-7382 (Online) 65


https://doi.org/10.32604/ee.2024.054662
https://doi.org/10.1109/TPWRD.2013.2253808
https://doi.org/10.1016/j.egyr.2024.09.017
https://www.sciencedirect.com/science/article/pii/S0378779624006291
https://www.sciencedirect.com/science/article/pii/S0378779624006291
https://www.sciencedirect.com/journal/electric-power-systems-research/vol/234/suppl/C
https://doi.org/10.1016/j.epsr.2024.110743
https://doi.org/10.3390/app11062793
https://doi.org/10.1007/978-3-031-17554-1_14
https://doi.org/10.1007/978-3-031-17554-1_14
https://doi.org/10.15407/emodel.43.01.046
https://doi.org/10.31891/2307-5732-2022-315-6-274-281
https://doi.org/10.1007/978-3-030-82926-1_2

ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2025. Ne 3

YIK 621.311 DOI 10.20535/1813-5420.3.2025.339761
B.II. Kaainuuk!, kann. texs. Hayk, gouent, ORCID 0000-0003-4028-0185

0.M. Komunxog!, acriipant, ORCID 0000-0001-7885-4055

'"HauionansHuii Texniunuii ynisepcurer Yrpainu

«KuiBcbkuii moJritexHivynmii incTutyT iMeHi Iropsa Cikopcbkoro»

IMOBIPHICHE ITPOT'HO3YBAHHS ITPOMHCJIOBOI'O
HABAHTAXEHHA: LIGHTGBM TA TFT
3 YPAXYBAHHAM PUHKOBUX OBMEKEHb

B pobomi npedcmaeneno opiecnmosanuti Ha epagix pobomu 001a0HAKHS NIOXIO 00 CepeOHbOCMPOKOBO20
NPOCHO3Y8AHHSL  NPOMUCTOB020  HABAHMAICEHHS, AKULL — Nnepedbayae  OeKOMNO3UYilo  CROJNCUBAHHA — HA
Oemepminoganuil 6asosuti npogine, cgopmosanull i3 epagikie pobomu 00ONAOHAHHS, MA CHMOXACMUYHOZ0
3anUWKY, wo modentoemvca 3a oonomozoio LightGBM i Temporal Fusion Transformer (TFT). Pescumui 3cyeu
susHauaromoecs 3a 0onomozoi ceemenmayii PELT, moodi sk 6acamocopusoHmui KEAHMUIbHI NPOSHO3U
3a6e3neuyromvcs HenepemuRHUMU MAa Y3200HCeHUMU Mixc yacosumu piguamu 3aeosaku memooam MinT/THieF.
Punkosi obmesicennsn inmeepyromocs uepes 6Ubip peresaHMHUX 20PUSOHMIE NPOSHO3Y8AHHS, WO BIONOBIOAOMb
npasunam 3aKpumms «8opimy 05k 080CMOPOHHIX 002080pi6 i PUHKY «HA 000y Hanepeoy, d MAKOXNC Hepe3
3acmocysanus 8apmicHo-38adxceroi pinball-empamu, sxa eidobpadicae acumempuyni sumpamu HeOANAHCI8 Y
kpumuyni 200unu. Ha sioknadeniti mecmositi subipyi TFT nepeseputye LGBM 3a mounicmio moukosux npocHo3ie.
Buxopucmanus kongpopmmnoi keanmunvroi peepecii (COR) onss LGBM i y-38yorcenns ons TFT nokpawye emnipuune
NOKpumms 00 HOMIHAILHO2O PIGHS MA 3MEHULYE WUPUHY IHMepsaie. 3anpononosanuli nioxio € 6e3nocepeoHbo
npuoamuum 01 NAAHY8AHHA 3AKYNiGelb 6i0N08iOHO 00 NpAsUNl YKPAiHCbKO20 PUMKY eleKkmpoeHepeii ma
V320001cyembest 3 «decision-centricy OyYiHIOBaAHHAM eKOHOMIYHOL 6apmMoCmi NPOSHO3I8.

KawuoBi ciaoBa: npocno3yeanHns enekmpuuHo2o HABAHMAICEHHS, NPOMUCLIO8e NIONPUEMCHIEO,
K8AHMULbHI NPOCHO3U, MEMNOPATbHE Y32004CeHHs, PUHKOSI (DaKmopu ereKmpoeHep2emuKi.

Beryn

[IporHO3yBaHHS HAaBaHTAKEHHA Ta MONHWTY HA CICKTPUYHY CHEPril0 IPOMHCIOBOTO MiANPHEMCTBA €
BOXJIMBUM IHCTPYMEHTOM MUl eKCIUTyaTamii Ta IUIaHyBaHHS HOro MisutbHOCTI. OcOOMMBO BpaxoBYIOUH, IO
HIANPUEMCTBO, K HENOOyTOBHMH CHOXWBa4, 3rigqHo 3akoHy YkpaiHu «IIpo pHHOK enekTpu4HOi eHeprii» €
MOBHOI[IHHUM YYaCHHKOM PHHKY enekTpudHoi eHeprii. Takuii criokuBad Mmae NpaBO KYIyBaTH EJIEKTPUUHY
€HEeprito JUIs BIaCHOTO CIIOKUBAHHSI 32 JBOCTOPOHHIMHU JOrOBOpaMH Ta Ha OPraHi30BaHUX cerMeHTax puHKY [1].
Ile BimkpuBae i MPOMHUCIIOBOTO MiJIPHEMCTBA, SIK HOBI MOMJIMBOCTI, TaK 1 BiAMOBIAAJbHICT 3a BJIaCHI
HebaJlaHCH eJIEKTPUYHOT eHepril, o (PaKTHYHO CTUMYIIIOE TaKUX CIIOKMBAYiB MOKPAIyBaTH TOYHICTH BIACHOTO
MPOTHO3YBaHHs 1 3a0e3MevyBaTi MiHIMaIbHY MOXIJIMBY HOTO IMOMHJIKY, 3 METOIO 3MEHIIECHHS BUTPAT Ha BIIaCHE
CIIOKMBAHHS 3 BPaXyBaHHSM PHUHKOBHX yMOB. [IpommciioBmii criokuBad Mae MOTEHIIial JUIsl aKTUBHOI ydacTi y
BIPOBA/KEHHI CyJacHUX PUHKOBUX MEXaHI3MiB, TAKHX SK THyUYKe CIIO>KUBAHHSI, PO3IO/IIEHA TeHepallis, a TAKOX
OIITUMI3AaIlis POIECIB IMITOPTY Ta EKCIOPTY EIEKTPOSHEPTii.

EnexrpyuHe HaBaHTaKEHHS IMPOMMCIIOBOTO ITANPUEMCTBA (DOPMYETBCS M| BIUIMBOM MHOXKHHH
B32€MOIIOB’I3aHUX UYWHHHUKIB: KJIIMary Ta IIOTOHM, KaJEeHAApPHO-CE30HHHUX INalJIOHIB, MaKpOEKOHOMIYHOT
AKTHBHOCTI/O0CATIB BUPOOHHIITBA, a TAKOX LIHOBMX CHTHAJIB HAa CErMEHTaxX PHUHKY EJNeKTPUYHOI eHepril.
CucteMaTHyHi ODISAM TIPOTHO3YBAaHHS HABAHTAXKEHHS MOCTIJOBHO MiJKPECIIOIOTh poib LUX (akTopiB
MPOTHO3YBaHHS Ta IXHIO 3HAYYIIICTh HA PI3HUX TOPU30HTAX ITPOTHO3Y, 30KpeMa JyIsl TPOMHUCIIOBUX CIIOXKHBAYiB [2,
3].

[TepcriekTHBH PO3BUTKY HOBUX IPHUIIAAiB OOJIKY, III0 MOXYTh II€peIaBaTi JaHi B peXXUMi peasbHOTO Jacy,
CTBOPIOIOTH SIK HOBI MOXKJIMBOCTI (ZIeTanpHIIA igeHTH(IKAIS PEeXUMIB), TaK i HOBI BUKIHKHU A MOIEIEH
(BUpaXkeHa HEINHIHHICT, XapaKTEePU3YETHCS CTOXaCTHUHICTIO) [4, 5].

Ha mpaktuni TporHO3yBaHHS TPaAMIIMHO pPO3PI3HSAIOTH 3aBAaHHA 3a TOPU3OHTOM: BiJ JyXkKe
KOPOTKOTO/KOPOTKOTO (XBHJIMHU-/IHI) Yepe3 CEePeIHbOCTPOKOBE (THXKHI-MICSII) IO TOBTOCTPOKOBOTO (pokwm) [6].
Boxgnouac st 3amadi (OpMyBaHHS ONTHUMAJBHOI CTPYKTYPH 3aKyMiBii €JIEKTPOCHEeprii 3a JIBOCTOPOHHIMH
JIOTOBOPaMH KJIIOYOBHM € IHTEPBAJ, y MEKaxX SIKOTO IIPOMHMCIIOBI CIIOKMBA4i IPUHMAIOTh pillleHHs I0A0 (ikcarii
0a30BOro HABaHTAXXECHHS: MIPAKTHYHO JOIUIEHUM € Jiala30H BiJ 3 MICAIB 0 2 THXXHIB JI0 OYATKY ITOCTaYaHHS.
Came mell mpoMmMiKOK 3abesledye JOCTaTHIO CTaOiMBHICTG BHUPOOHMYMX IUIAHIB 1 BOXHOYAC JO3BOJISE
BHUKOPHCTOBYBAaTH AaKTyali30BaHi 30BHIIIHI YMHHUKH (KaJeHOApHO-CE30HHI IIA0MIOHM, TOTOAHE HOPMYBAHHS,
OYiKyBaHHSI II0JI0 PUHKOBHX I[iH), 3HWKYIOYH PU3UK HE Y3TOJIUTH IIaH BUITYCKY MPOAYKIIT Ta KOHTPAKTOBAHUMHU
oOcsiramu.

Jjisi mpOMUCIIOBOTO CHOXKMBA4a JJOBFOCTPOKOBA 3ajiadya 3aJ0BOJICHHS MOMUTY MOKe OyTH MOAiJIeHa Ha:
3aI0BOJIEHHS TOTPEOM 0230BOr0 HABAHTAKEHHSI Ta peai3allisl 3aJMIIKOBUX BIIXWIEHD. YKIQAAHHSI ABOCTOPOHHIX
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JIOTOBOPIB JJa€ MOXKIIMBICTh 3aBUacHO 3a(iKCyBaTH TapaHTOBAaHI OOCSATH CIIOKWBAaHHS EJIEKTPHYHOI €Heprii, 1o
3a0e3neuye MOKPUTTS 0a30BOr0 HABaHTAKEHHS IMIANPUEMCTBA Ta 3HWKYE 3aJICKHICTD BiJl IHOBUX KOJIMBaHb Ha
KOPOTKOCTPOKOBHX CETMEHTAX PHHKY. Y CBOIO YepIry 3aJIMIIKOBI BIIXMICHHS ONTHMAJILHO KOPUT'YBAaTH Ha «PHHKY
Ha J100y Harepeza», BHyTPIIIHBOJ000BOMY Ta 0allaHCYIOuOMY CEIMEHTaX PHHKY €JIeKTPUYHOI eHeprii. Y JaHomy
JIOCITIJKEHH] yBara 30cepe/keHa Ha METo/iaX IPOTHO3YBaHHS €JIEKTPUYHOTO HABAHTAKECHHS, SIKI € JOIJIbBHUMH
JUIS 32JIOBOJICHHSI TTOTIUTY MiATIPUEMCTBA HA PUHKY JBOCTOPOHHIX JIOTOBOPIB, @ TAKOXK HA PO3POOJICHHI METOIUKH
MOJAJBIIOTO YTOYHEHHS CTPYKTYpH 3aKymiBil eJEeKTpoeHeprii uepe3 pHUHOK «Ha 100y Hamepea» Ta
BHYTPIIIHEOH000BMIT pUHOK 0€3 MOpYIICHHS BUPOOHUIOTO Tpadika.

Y poOoTi aHami3YyIOThCS MOZET CEepeaHbOCTPOKOBOTO (Bi KIBKOX THDKHIB O KUTBKOX MICSIB) i
JIOBTOCTPOKOBOTO (BiJ KUTPKOX MICAIIB J0 POKIB) MPOTHO3YBAaHHS €IEKTPOCIIOKUBAHHS HA PiBHI MPOMHCIOBOTO
MATIPEEMCTBA 13 3Ty9CHHSIM ICTOPUYHUX JAaHUX, METEOPOJIOTIYHIX YHHHHUKIB Ta BUPOOHWIHX TpadikiB podoTH
oOnagHaHHSL.

MeTto10 AocaizkeHHs1 € po3poOKa Ta OIHKA OPIEHTOBAaHMWN Ha Tpadik poOOTH 0OITaTHAHHS IiIXOLY
CepeHbOCTPOKOBOTO NMPOTHO3YBaHHS HABAHTAXKEHHS IIPOMHCIIOBOTO MiIIPUEMCTBA, 1110 NOEAHYE JeTEPMiHOBaHY
0azy Bin rpadika poOoTH 0O0dagHAHHSA, PEXKHUMHY CErMEHTAlil0, HMOBIpHICHE MOJEIIOBAHHS 3aJIUILIKY i
TEMITOpaJIbHE Y3TOMKEHHSI 3 PHHKOBO-OPIEHTOBAHOIO (PYHKIIIEIO BTPAT, PEJIEBAHTHOIO IO «3aKPUTTS BOPIT» Ta
BapTOCTI HeOaIaHCIB.

Bu3HaueHHsI TOPH3OHTY MPOrHO3YBaHHS

AHaJli3 TOTOYHOI CTPYKTYPH PUHKY €ICKTPUYHOI eHeprii YKpaiHu Jae 3MOry BHOKPEMUTH HOTO OCHOBHI
CerMeHTH Ta ineHTH(IKyBaTH crenudidHi 0OMEKeHHS IIOA0 YYacTi cy0’€kTa Ha KOKHOMY 3 HHX. KimrowoBum
eneMeHTOM (PyHKIIOHYBaHHSI € YacOBI paMKH TOPTIBII, SIKi BU3HAYAIOTH JOCTYIHICTh YKiIaganHs yrox. Li qacosi
oOMexeHHS BioOpa’keHO Ha BiIOBIIHIH 9acoBiif mKami (puc. 1), mo iIFCTpy€e MOMEHTH BiIKPHUTTS Ta 3aKPUTTS
«BOpIT» Ha pI3HUX CErMEHTaX PHHKY. Takwid MiAXiZ O3BOJSIE CHUCTEMATH3yBaTH OCOOIHBOCTI poOOTH
JBOCTOPOHHIX JIOTOBODIB, PHHKY «Ha m00y Hamepem» Ta BHYTPILIHBOIOOOBOTO PHHKY, a TAKOXK BpaxyBaTH
PEryJISTOpHI BUMOTH Ta TEXHIUHI YMOBH, 10 HAKJIAIAI0ThCSl HA YYaCHHUKIB PUHKY B KO)KHOMY 4YaCOBOMY HPOMIDKKY.
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Pucynok 1 — Ceemenmu punky enexmpuunoi enepeii Ypainu (6i0kpumms ma 3aKkpumms «8opim» Ha
8IONOGIOHUX cecmenmax puHKy enekmpuuroi enepeii) [1, 7, 8, 9]

KitrouoBy poib y 3a0e3meueHHi cTadiIbHOCTI TOCTaYaHHs U IIPOMHUCIIOBHX CIIO)KHBAUiB BiIirPa€e CETMEHT
JIBOCTOPOHHIX joroBopiB. Came depe3 HOro (GOpMyeThCsi 0a30Be HABAHTAXKEHHS, 110 O3BOJISIE MiHIMI3yBaTH
PH3HKH BOJIATHIILHOCTI KOPOTKOCTPOKOBUX CETMEHTIB Ta 3a0e31euyBaTH IPOrHO30BaHICTh BAPOOHUYHUX MTPOLIECIB.
BaxnuBo MiAKPECIUTH, L0 YKJIaJaHHS JBOCTOPOHHIX JOTOBOpPIB 3IIMCHIOEThCS 3a37ajerillb, HEpiAKo Ha
TOPU30HTaX BiJ| KUIBKOX THXKHIB JIO OJHOTO POKY 1 Olibllle, a TAaKOXK CYNPOBOMKYETHCS pErllaMeHTOBAHUMHU
YaCOBUMH OOMEKEHHSIMH — 30Kpema 3akpHUTTsAM «Bopit» o 10:00 3a omaun meHp g0 A00m moctadanus [7]. Ile
3yMOBITIO€ HEOOX1THICTh HASIBHOCTI JOCTOBIPHOTO TIPOTHO3Y CIIOKUBAHHS 3 TOCTATHIM BUTICPEIKCHHSM.

Jist eheKTHBHOT y4acTi y CETMEHTI IBOCTOPOHHIX JIOTOBOPIB MOTPiOHE MOETHAHHS JCKUIBKOX ITiIXOJIB:
JIOBFOCTPOKOBOTO Ta CEpPEIHbOCTPOKOBOTO MPOTHO3YBaHHS — 3 METOI0 (POPMYBaHHS 3arajbHOTO MpoQisio
HAaBaHTQ)XCHHS Ta BHU3HAYCHHSA O0OCATIB, sAKi OyayTh 3adikcoBaHi B JIOTOBOpax 3a3JalieTilb, & TaKOXK
KOPOTKOCTPOKOBOTO TIPOTHO3YBaHHS, II0 JO3BOJISE YTOYHIOBATH CIIOXXMBAaHHS HalepeNoAHI IOCTayaHHS Ta
Y3TrOKyBaTH Horo 3 BUpOOHMYNM TrpadikoM. TakuM YMHOM, 3aBaHHs IPOTHO3YBAaHHS y KOHTEKCTI JIBOCTOPOHHIX
JIOTOBOPIB Ha0yBa€e KOMILIEKCHOTO XapakTepy, NOEIHYIOUH CTpaTerivHe Ta OlepaTuBHE IIaHyBaHHS.

AHaJi3 aKTyaJabHUX A0CTiTKEeHb

ITporHo3yBaHHsI Ha OCHOBi KOMIIJIEKCHUX TA YHCJIEHHUX NOKA3HUKIB PAHHBOTO MOMEPeIKEeHHSI

Agropu [10] mpomoHYIOTH CEpeqHbO- Ta JAOBIOCTPOKOBHM METOZ MPOTHO3YBAaHHSA HAaBAHTAXKEHHS, IO
00’€eTHy€E KiTbKa «paHHIX 1HIUKATOPiBY, MEPEBOSIYH iX Y CHUIbHY TUCKPETHY IIKATy ¥ IHTErpyI0uHr 3a IPHUHIIUIIOM
MiHiManpHEX iH(GopManiiHuUX BTpar (MIB). PesymbraroMm € #MOBipHiCHE mependadeHHS IHTEpBaliB 3MiHH
CE30HHOT KOMIOHEHTH MOMNHTY, 3 MOAAJBIINM IIEPEXO0M JI0 TOUKOBOTO ITPOTHO3Y (cepearHa iHTepBaiy).
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Ha nepmomy etarmi mparfrooTh 3 MONepeaHbO0 Ce30HHOI0 Kopekiieto (X-12-ARIMA), pani i3 DHKITYHAM
NPUPOCTOM 3MIHM HECE30HHOI KOMIIOHEHTH. HacTymHMM KpOKOM BHKOHYEThCS BHOIp I1HIHMKaToOpiB i3
(13MYHIM/EKOHOMIYHUM CEHCOM, JWCKPETH3allisl 1HAUKATOPIB 1 HIIbOBOT 3MIHHOI Ta OLIHKAa IXHIX PO3MOALTIB.
Ingukatopu 00’eqHyroThCs 32 npuHIMIOM MIB. I B KiHII MOBEepHEHHS BiX 3MIHHM CE30HHOI KOMIIOHEHTH JIO
PEabHOTO MOMUTY.

[TepeBaraMu Takoro miJxoay MOXHA 3a3HAYUTH €JIMHY LIKAJy JUIS PI3HOPIAHUX 1HIUKATOPIB, CTIHKICTh 10
ryMy (4epes AUCKPEeTH3alliio) Ta Kpalla MoBeliHKa B «TOUKaX 371aMy» (KOJIM CTPYKTypa HOMHUTY 3MIHIOETCS). AJie
HasBHI HEHONIKH, a caMe BHKOPHCTaHHA MICSYHUX PSAiB, IO Y KOHTEKCTI PUHKY EJIEeKTPHYHOI eHeprii He €
MOUUTHHAM, apKe IIiHM 3MIHIOIOTBCS TOTONWHHO. Takox moTpiOeH OCMHCICHWH BHOIp I1HIUKATOpiB.
JuckpeTm3amis cupoirye (MoXKe BTpavdaTHCs HIOAHC HENIEPEPBHUX 3B S3KiB).

JeTepMinoBaHO-arperoBaHi mojeJii Ha ocHOBI rpadika podoTu od1agHAHHSA

XapakTepHu3yoThes MoOyI0BOIO INTAHOBOTO PO i HAaBaHTAKEHHS K CyMH OJMHAYHHX TpadikiB podoTH
TEXHOJIOTIYHUX arperariB i/abo mexiB 3 ypaxyBaHHSIM iXHiX PEKUMIB, ITyCKOBHX CTPYMIB Ta IIPOLIECIB PO3IrpiBy,
oOMexeHb Ha 3MiHy CTaHiB (TicTepe3ucy) Ta KaneHaaps BUpoOHUNTBa. Takuid Mmigxia MPUPOIHO CIIUPAETHCS Ha
BiZIOMi Harepe] periaMeHTH QyHKLIOHYBaHHS i ToOpe MacmTabyeThest Ha cKilaaHl BupoOHuyi cucremu [11, 12].

[pakTruno 116 popMye «0a30By TPAEKTOPIION», sIKA HA/IANI KOPUI'YETHCS CTaTUCTHYHOIO Yn ML-Moneto
JUISL BpaxyBaHHs 3aJMIIKOBHX e(eKTiB (MOXMOKHM IJIaHy, BIUIMBY IIOTOAM Ha HENPOLIECHHX CIIOXKHBAYiB,
Mikpomnoiit). Takuii ABOIIAPOBUH MiXi/ € KIIFOYOBUM JUIs IOCSATHEHHS BUCOKOT TOYHOCTI Ha CEpeHIX TOPU30HTAX
MPOTHO3Y, KOJIM PO3KJIaJ onepaniil y>xe HaOyBa€ J0CTaTHbOI CTadlILHOCTI.

Perpeciiini moze.ni i3 30BHilIHIMU perpecopamu

Perpecis 3 ARIMA-noxuokow (ARIMAX). Takuii miaxig mae 3Mory BKJIIOYAaTH BigOMi Hamepen
KoBapiaTH (HAIpHUKIal, KaleHIapHi (akTopw, iHPOpMaIlio mMpo 3MiHE a0 IUTAaHOBI omepalii) Ta OXHOYACHO
MOJICTIIOBATH aBTOKOPEISIIHHY CTPYKTypy psany depe3 ARIMA-xommoHeHTY moxuOku. MeTon NOmiMbHUHN IS
CepeIHbOCTPOKOBIX TOPU3OHTIB IMPOTHO3YBAHHS 32 HAasBHOCTI CTa0IIPHAX 30BHIMIHIX MpeaukTopis [13].

Juuamiuna rapmoniuna perpecis (DHR). Ce30HHI KOJMBaHHS y IbOMY IIIXOMi OMKCYIOTHCS 32
JIOTIOMOTO0 CHCTEMH rapMoHiuHuX (Dyp’€) TepMiB, TOMI K KOPOTKOCTPOKOBA 3aJICIKHICTh MOJCTIOETECT ARMA -
noxuOkoto. Taka crenugikaiis epeKTUBHA y BUIMAAKAX, KOJU B YaCOBUX PsAAX MOEIHYETHCS KiIbKa LUKIIIB
(Hampukiaa, 1000Bi, THKHEBI a00 3MiHHI) [13].

TBATS. lle yHiBepcaibHa MOJETIbHA paMKa, sika MoeqHye TpaHchopmaiiito Bokca-Kokca, ARMA-
MOXUOKY, KOMIIOHEHTY TPEH/y Ta TPUTOHOMETPHYHE MTOJaHHsI CE30HHOCTI, 1110 JT03BOJISIE a/ICKBATHO BiITBOPIOBATH
CKJIa[HI Ce30HHI CTPYKTypH i OaratodacToTHi AaHi [15].

KirouoBrMu mepeBaraMu HaBEIICHHX ITIIXOMIB € MPO30PICTh, IHTEPIPETOBAHICTh Ta BiTHOCHA MPOCTOTA
iHTETpalii BiIOMUX Y Mall0yTHEOMY 3MIHHHX, TAKHX 5K CITY>KOOBI IHANKATOPH pOOOIHX 3MiH, IPOCTOIB 200 iHIIIHX
BUPOOHUYHX PETIIAMCHTIB.

I'naaxi aguTusHi Monesi (GAM/SCAM) i3 ¢izuuHO opicHTOBAaHMMH 00MeKEHHSIMHU

Imagxi amuTHBHI MOJEINi JOOpE OMUCYIOTHh HEMIHIMHI 3aJIe)KHOCTI TIOMMUTY BiJ TeMIepaTypH, KaJeHIapHUX
¢daxkTopiB Ta TXHIX B3aEMOIH i3 pexUMOM pobOotu. [l BigoOpakeHHs UMKIIYHUX 3aKOHOMIpHOCTEH
3aCTOCOBYIOTBCSl MKJIIUHI CIJIAWHM, HANPUKIAJ, U 3MiH «TOJMHA-THKICHBY UM «MICAIb-pik». Y BHIIAIKaXx,
KOJIM TIOTPiOHi (hi3uuHO 00IpYHTOBaHI 0OMEXeHHs, A01iIbHO BUKoprcToByBatd SCAM. Takuil miaxia no3Bosie
HaKJIaJIaTH arpiopHi YMOBH, 30KpeMa MOHOTOHHE 3pOCTaHHs peakiii HaBaHTaxxeHHs a00 U-noaiOHy 3aIexHICTh
Big Temneparypu [15, 16].

OCHOBHUMH CHWJIFHAMH CTOPOHAMH IIMX IMIAXOMIB € iIHTEPIPETOBaHICTE OTPUMAHUX S(PEKTIB, MOXKIHBICTH
(I3MYHO KOPEKTHOTO EKCTPAIlOIIOBAaHHS HAa IIOMIPDHMX TOPW30HTAaX IIPOTHO3YBAaHHS 3a YMOBH CTaOiIbHOI
CTPYKTYpH TPEIUKTOPIB TA THYYKICTh Y MOJICTIOBaHHI HEJIHIMHUX Ta MUAKIIYHUX 3B’ SA3KiB.

Ancamoui JepeB pilleHb Jist TOYKOBHUX i KBAHTUJIBHUX NPOrHO3iB
(GBM/XGBoost/LightGBM/CatBoost; QRF)

I'panienTHe mincnnennst nepeB (GBM). Lleit miaxin € crangapToM s poOOTH 3 TaONHYHUMU JTAaHVMU,
10 MICTSATh BENHKY KUIBKICTh O3HAK (JIaroBi 3MiHHI, KOB3HI CTaTUCTHKH, KaJICHIAPHI Ta PEKUMHI iHAUKATOPH).
Peanizamii, 30kpema XGBoost, LightGBM i CatBoost, IeMOHCTPYIOTP BHCOKY TOYHICTH, 3a0€3MedyroTh
MexaHi3MH perymsipmsanii Ta, y Bumagky LightGBM, miarpuMyroTs HakiIagaHHS MOHOTOHHHX oOMmexeHb. Lle
0COONMBO BAXIMBO TIPH MOAETIOBAaHHI TEMIIEpaTypHHUX e(eKTiB, Ne odiKyeTbcs (i3udHo 0OIpyHTOBaHA
MOHOTOHHICTh peakilii HaBaHTaxxeHHs [17, 18, 19].

Jis moOymoBM iHTEpBAIIEHUX MPOTHO31B 3ACTOCOBYIOTHCS: KBAHTHIIbHE HaBUYaHHS Oy CTHHTOBHX MOJIETIEH 13
BUKOpUCTaHHsAM (QyHKHii BTpar pinball-loss, mo mo3Bonsie Oe3nocepenHbO OIIHIOBATH T-KBAaHTHIIL PO3MOILTY
ymoBHoro mnomuty; Quantile Regression Forests (QRF) sk HemapamerpwyHa anbpTepHATHBA, sKa (Qopmye
EMITIpHYHUI PO3IIOALT HAa OCHOBI aHCAMOIIIO IepeB 1 103BOJIsIE OTPUMYBATH Oyb-sIKi KBaHTHII mmocTdakTym [20].
Y NpakTHYHHX 3aCTOCYBAaHHSAX HEOOXiqHO 3a0e3ledyBaTH Y3TrOMKEHICTh KBAaHTWJIBHMX IPOTHO3IB, a TaKOX
MepeBIPATH NOKPUTTS NMPOTHO3HHUX IHTEpBalliB HAa BaiTAallifHUX BHOIPKax Ul JOCSTHEHHS LIJIHOBOTO PiBHA
JIOBipH.
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Heiipomepe:xeBi apXiTekTypu JIsi 6araToropM30HTHOTO NPOrHO3YBAHHS.

LSTM/GRU ta Temporal Convolutional Networks (TCN). Pexypentri mepexi tTunmy LSTM ta GRU, a
TaKoXK Kay3aJibHi 3ropTkoBi Mepexki TCN, 3marHi BimoOpa)kaTd JTOBFOCTPOKOBI 3aJIEKHOCTI Y OaraTOBUMIipHHX
4acoBUX psAAax i 100pe IHTerpyroThCs 3 BIIOMUMH Harepe[ KoBapiatamu [21].

N-BEATS T1a N-HiTS. ApxitekTypu Ha OCHOBI 0OararolmapoBHX NEpPCENTPOHIB, SKi MOKa3aJd BHUCOKY
TOYHICTh Ha MDXKHAPOJHMUX 3MaraHHsX i3 HNPOTHO3YBaHHS Ta MPOJEMOHCTPYBAJIM 3[aTHICTh 10 y3araJbHEHH:.
Bonu onHakoBO e(heKTHBHI K ISl OMMHUYHUX, TaK 1 AJIsl IPYNOBUX YacOBUX psaiB [22, 23].

Temporal Fusion Transformer (TFT). CmemiamizoBana TpaHcoOpMepHa apXiTeKTypa mis Oararo-
TOPU30HTHOTO TIPOTHO3YBAaHHS, SKa 3IIMCHIOE pPO3IOIIN O3HAK HA CTaTWYHI, BiOMi y MaiOyTHbOMY Ta
crocTepexyBaHi. 3aBIsIKH iHTEpIpeToBaHNM MexaHizMaMm yBard TFT ocobmmBo mopedHwil Ui BUIAIKIB, KOJIH
rpadik pobOoTH BioMuii Harepen i Moxke OyTH momaHuit gk known-future inputs [24].

PatchTST Ta inmi Tpanchopmepu 1Jis1 A0Brux nociainoBuocteil. CydacHi apXiTeKTypH, moO 0a3yI0ThCs
Ha TaT9-TOAAHHI, IEMOHCTPYIOTh BHCOKY €(DeKTHBHICTH y PoOOTi 3 JOBIHMH YaCOBHUMH psAAaMHu (TOOWHHI abo
MIBrOAMHHI J1aHi) Ta YHHUKAIOTh «BHOyXy» OOUYMCIIOBaJbHUX BHTpPaT IaM’sTi, BJIACTUBOIO KJIACHYHHM
TpaHcdopmepam [25].

PesxxumMno-opieHTOBaHMI Iap: BUSABJIEHHS Ta MOJETIOBAHHS TOYOK 3J1aMy

Ha cepeHbOCTPOKOBHX rOPU30HTaX MPOTHO3YBAHHS YAaCTO CIIOCTEPIraloThCs 3MiHM BUPOOHHYHX PEXKUMIB,
MOB’sI3aHi 3 Tepe3alyCKOM TEXHOJOTIYHMX JIiHIH, NPOBEACHHSIM PEMOHTIB a00 Ce30HHMMH mepexomamu. Jms
MIIBUIICHHS CTa0UILHOCTI MOJICIICH MOIIIBHO 3aCTOCOBYBATH TaKi IMiXOMIH.

Opun 3 Takux € anroput™ PELT, mo Mae JmiHIHHY CKIAQIHICTB i TO3BOJSIE CETMEHTYBAaTH YaCOBHH P Ta
3aKOQyBaTH PEXHMH 3a IOIMOMOroro one-hot mpencrasnenns [26, 27]. Takox 3a momomoroio Metomy BOCPD
(Bayesian Online Change Point Detection), sikuii 3abe3medye orepaTHBHE OHOBJCHHS INPOTHO3IB Yy PEKUMI
peanbHOro vacy [28].

AJBTEpHATHBHUM TIAXOIOM € BHKOPUCTAaHHS perpeciiHumx Mopmeneit 3i «switchy»-pexxumamu  abo
npuxoBaHUX MapkoBchkux Mozenei (Hidden Markov Models, HMM), siki 103BOJISIFOTE MOZIEITIOBATH 3MiHH CTaHIB
Ha OCHOBI KaJICHIApPHUX Ta PEKUMHUX 1HIUKATOPIB.

IepapxiuHe Ta TeMnopajbHe y3roJ:KeHHs POTHO3iB

Jlnist 3a0e3nedeHHs] KOTepeHTHOCTI IMTPOTHO3IB SIK MiXK YaCOBUMH PIBHSMH (TOAWHA-00a-THKICHb-MICSAIIb),
Tak 1 MDK BHPOOHMYMMH TimcucteMamu (JiHISA-IIEX-3aBOM), JOIILHO 3aCTOCOBYBaTH METONU forecast
reconciliation. Haiibinpm nomupennmu miaxoxamu € MinT (minimum-trace reconciliation) Ta TemmnopanibHi
iepapxii (THieF). Ixne BuKOpHCTAaHHS HifBMILye TOUHICTH OI[HOK HA BCiX PIiBHAX arperamii Ta 3abesmeuye
y3TOIDKEHICTh TutaHyBaHH: [29, 30, 32].

IMocTranoBka 3agaui

Hexaii 3a1ano 9acoBuii pa akTHBHOI TOTYXXHOCTI (200, €KBIBaJIEHTHO, PSI/Ty CIIOKHBAaHHS eIIEKTPOSHEPrii,
MepepaxoBaHOrO y MOTYXHICTh) 3 TOAWHHOIO AUCKPETHICTIO Y, At t = 1, ..., T. Bigomi B Maiil0yTHhOMY KOBapiatu
X;, a caMe JIETepMiHOBaHUH Tpadik poOOTH OONaJHAHHS S;, KAJICHAAPHI KOBapiaTH C;, MOTOAA (TeMIeparypa,
CDD/HDD Tom10) w;, J1aroBi Ta KOB3aHi 3Ha4eHHS [,

xp = (S, ¢ Wy, 1) (D
[poroHy€eThCs IEKOMITO3HITisSI HABAHTAXXKEHHS Y BUTIISI:
K

Ye=bi+rm, b= Z Skt Pr 2
k=1

ne b, — nerepminoBanuit 6azoBuit podinb, orpuManuii i3 rpagika podoTu o6nagHaHHs (IHAMKATOPH Sy, €
{0,1} ra iforo HOMiHABHA TOTYXHICTH Pj), @ 7, — CTOXaCTUYHHH 3aJIMINOK, SKUH BimoOpaxae BiIXWICHHS Bil
IIaHoBoro mpodimo. Taka IEKOMIO3HUINS € TPUPOAHOIO JUI NPOMHCIOBHX CIIOKHMBAdYiB, JIe 3HAUYHA YacTKa

CIO’KMBAaHHS BU3HAYAETHCSI BUPOOHMYNMH pexuMami [32].

3ajaya JOCHIPKEHHS — OLIHUTH 0araToropu3oHTHI KBAaHTWIIBHI IMPOTHO3U yﬁ_)h, mit h=1:H,q €

{0.1,0.5,0.9}, i3 3abe3ncyeHHSM KOT€PEHTHOCTI MK TOMUHHAMU, JOOOBUMU Ta THXKHEBUMH PIBHSAMH arperariii.
Pe:kMMHO-0Pi€HTOBHE BUSIBJICHHS 3J1aMiB Yy 3aJIMIIKAX
Ha neprromy kpotii OIiHIOEMO 3aIMIIOK 7; = Y; — b; Ta BUKOHYEMO CerMeHTaMil0 Ha OHOPIJHI PeXUMHU
metogoM PELT (Pruned Exact Linear Time) 3 kBaapaTH4HOO BapTiCTIO [26]:
M
min Z C(r,, + 1:Tper) +BM, C() = Z(rt —-7)?, )

T1:M
m=0

Ie T,, — Mexi cermeHTiB, § — mrpad. PeanizariiiHo BUKOPHCTOBYEMO asiropuT™u 0i0ioTeKu ruptures [27].
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CToxacTHYHA MOJEJIb 3aTUIIKY
11 koxHoro g € {0.1,0.5,0.9} HaBuaemo arpoxcHMaTro X > ”(Q). HaBuanpHa mine — BapTiCHO-
q p P Jg: ¥t 2 Vi p
3BakeHa “‘pinball”-rpara [33]:

Lq = Z WtPyq (rt - fq(xt)) ’ pq(u) =u(q—1u<0}) (4)

Jie Baru w; Bi0Opa)xaloTh EKOHOMIKY HeOaJaHCIB (HaIpUKIIa, MiJICHICHHS pOOOYNX TOAMH Ta «3aKPHUTTS
BOpIT»), K BAapTiCHUII TpiopHUTeT y (QYHKII BTpaT, KON ITOMHJIKA MPOTHO3Y HAHOINBII IOopora 3 TOYKU 30Dy
KOHTpaKTiB/HeOalaHCIB:

w; =1+ a,1{t € peak} + a,1{t = h*} (%)

Sk 6GasoBy peanizamiro Oepemo LightGBM 3 GPU-mpuckopennsm [18]. ®isuuni shape-oOMexeHHs
(monotonnuii BB CDD/HDD) 3anaemMo yepe3 MOHOTOHHI OOMEXKEHHS O3HAaK y MeAiaHHiId momeni fys 3 L2-
BTPATOIO:

. of af
mfmZ we(re = f(x0)° acop = > ampp = ° (6)

Take pimeHHs y3romkyeTbes 3 ineonorieto SCAM (Shape-Constrained Additive Models) [15], a Takox i3
MiATPIMKOI0 MOHOTOHHHX OOMEXXEHb Y IepeB’THUX aHcaMOMsax (3okpema, y LightGBM mist perpeciiHux 3amad).
Bonmuowac y LightGBM MoHOTOHHI 0OOMEXEHHS HECYMICHI 3 KBaHTWJIBHOIO WUDIO. ToMy Ha mpakTwHil
3aCTOCOBYEThCS TIOpUAHWN MiAXid: MemiaHy 7(05) OLIHIOIOTh 3a JOMOMOIor L2-Momenm 3 MOHOTOHHHMH
OOMEKEeHHSIMH, TOMI AK KpaiiHi kBauTwa ¢ = (0.1, 0.9), mporHO3yI0Th KBAHTHILHUMHE MOIEISIMU 0e3 0OMEKEHB,
nomatoun mporuos memiann 7% sk nomarkoBy o3maky. Takwmit migxin 3abesmeuye emmipuuHy cTabimizariio
KpallOBMX KBAaHTWJIIB 1 3MEHIITYE PH3HK IXHBOTO MEPETHHY.

AnbrepHaTnBOl0 ab0 KoMIOHeHTOM aHcamOmro Bucrymae Temporal Fusion Transformer (TFT) -
cremianizoBaHa TpaHCchOpMepHA apxIiTeKTypa Uil IHTEPBaJbHUX 0araTOrOPU30HTHUX IIPOTHO3IB, SKa
BUKOPHUCTOBYE BiJIOMI Harepes KoBapiaTu Ta MOoeJHyE MEXaHi3MH yBaru KepyBaHHs ToTokaMu [24]. Jlnist KoxHOTo
PiBHA KBaHTHIII ¢ HABYAETHCSA MOJEND g4, IO MiHIMI3y€ BiIMOBiNHY KBAaHTHILHY QyHKIIiI0 BTpaT L, Ha 3aJTHIIKAX:

ﬁ(q) =Yq ((eope), {x?ffl\gl’fH}) i

TFT € npugaTHUM Ul MOIETIOBAHHS CKJIAJHHUX HENIHIMHHX B3a€MOIIH THIy «peXHM X foroga X
KaJIHAap» 1 OPUPOIHO Y3rOMKYEThCA 3 TOCTAHOBKOKW «known-in-advance» 'y 3amadax HPOMHCIOBOTO
TUTaHYBaHHS, KOJH Tpadik podoTH o0NaJHAHHS € IeTepPMIHOBAHHUM 1 BiTOMHIA 3a3manerias [24].

PexypcuBHe 6araToropu3oHTHe MPOrHO3YBaHHS Ta Y3roIKeHiCTh KBAHTHJIIB.

Hexait t =T + k,k = 1: H. Ha xpoui k OyayeMo X7, SIKHHA BKIIOYa€ BiOMi KaJEeHAApHI Ta IIAHOBI
(akTopH, a TaKOXK OHOBJIEHI JIaroBi i KOB3HI CTaTHCTHKH, MOOYJIOBaHI HA OCHOBI BXKE MPOTHO30BaHOT MEiaHH.
Jaxi nporHo3 [yt kBaHTHII. J{ai mporHo3 At KBAHTHIIKO  BU3HAYAETHCS SIK:

914 = brow + e e € (fy@ra, 940)) ®)
st 3abe3mnedyeHHsT HEMepPeTHHY KBAHTWIIBHUX I[POTHO3IB 3aCTOCOBYETHCS BIOPSIKYBAHHS {9(0'1) <
)7(0'5) <y (0'9)}, 10 BiATIOBiA€ MiX0AaM KBaHTHIHHOI peKOHCTPYKIIii [34].
V3rom:xkeHHst MiK 4aCOBMMM PiBHSIMU
IosHaummo Y53 € R™ BekTop Ga30BHX MPOTHO3IB yCiX PiBHIB YacoBoi iepapxii (roguHa/n06a/THKIEHS).
Toni y3ropkeHuii mporno3 y meromi MinT BU3HaYa€eThCs K

y - S(sTw—ls)—lsTw—lyﬁa3 (9)

ne S — Mmarpuisl arperanii, sika BijmoOpaxkae 3B’S30K MK 0Oa30BUMH Ta arperoBaHuMH piBHsIMH; W —
(CTpyKTYypHO) y3arajipbHeHa KoBapiallis moxuook (wls_struct). Takuit miaxig rapaHTye KOrepeHTHICTh MPOrHo3iB
MDK pIBHAMH iepapxii Ta 3MEHIIyEe CEepeIHbOKBAJAPATHYHY IOXMOKY y3ro/ukeHuX omiHok [29]. IloGymomy

TEMIOPATBFHUX i€papXii 1 MpaKTHYIHI aCHEKTH 3aCTOCYBaHHS onucano B [31].
Ocraro4Hi KBaHTHIIBHI MPOTHO3U HA0YBarOTh BUIVISLY:

9z = R (broaren + 7 0ren ) q € 0.1,0.5,0.9} (10)

ne R(-) - oneparop y3romkeHHs y Ha piBai ¢ = 0.5 3a cxemoro MinT, a Takox mporeypa BIOPSAKYBaHHS
(non-crossing) 1 mHOkuHU kBaHTHIIB (0.1, 0.5, 0.9).
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OOrpyHTYBaHHA BHOOPY MojeJieii. 3alpONOHOBaHA apXiTEKTypa CIIUPAETHCSI HA MOETHAHHS CyYacHUX
METO/IB IIPOTHO3YBaHH:I, KOXKEH 3 SIKUX Ma€ BIIaCHI CHIIbHI cTOpoHu. [1o-niepiire, BUKOPUCTaHHS OPiEHTOBAHOTO Ha
rpadgik poOoTH oONaxHAHHS MiIXOAY JEKOMIIO3UILIT JO3BOJISIE BIJOKPEMHTH JAETEPMIHOBAHY KOMIIOHEHTY
(BUpOOHMYMI MIaH, HOMIHAIK OOJIAJHAHHS) BiJ] CTOXaCTUYHOI YACTHUHH, IO 3HWKYE TUCIICPCIIO 3aIUIIKIB i
Mi/IBUIIY€ 31aTHICTD MOJIEN Y3araJbHIOBAaTH MiXk pi3HUMH pexxumami [32]. [To-apyre, cermMeHTaliis 3a J0MOMOT 00
anroputmy PELT 3a0e3neuye acMMNTOTHYHO JIiHIHHY OOYMCIIIOBAJIBHY CKJIAIHICTh Ta CTIMKICTH A0 JOBIUX
4acoBUX PsAAiB, a 0i0mioTeKa ruptures MPONOHYE IEpeBipeHy peaiizamilo 1boro migxoxy [26, 27]. Ilo-Tpere,
aHcaMmOneBi Mozmemi TpamieHTHOro OycTuHTY, 30Kpema LightGBM, no3Bomsrore iHTerpyBaTé (i3HIHO
oOrpyHTOBaHI 3aJIeKHOCTI, HalpuKiIaa BILHB TeMiepaTtypu [18]. omarkoBo 3actocoByerscsi Temporal Fusion
Transformer (TFT), cierianizoBanuii as1s 6araTo-ropn30HTHUX 3a/1ad i3 BIIOMHUMHE Hallepes KoBapiaTaMu, 3MaTHAN
BimOOpakaTH JOBIOTPHBAII 3aJISKHOCTI Ta B3a€EMOJIl MK peKUMHUMHE (haKTOpaMH 3aBISKHA MeXaHi3MaM YBard,
mo 3abe3nedye KOHKYPEHTHY TOYHICTh Ta iHTEPIPETOBAHICTH pe3ynbTariB [24]. BukopucraHHS BapTicHO-
3BakeHO! (yHKIii BTpar «pinbally mo3Bomse y3rogutu mporec HaBYaHHS i3 METPHKAMH, SKi BpPaXOBYIOTh
HeOaJaHCu Ta OTOBipHI 30008’ s13aHHs [33]. KpiM Toro, 3acTOCYBaHHS METOMIB y3TO/DKECHHS MMPOTHO3iB, 30KpeMa
MinT Tta Temnopanshux iepapxiid (THieF), rapantye korepeHTHICTh MiXk TOMUHHUMH, TOOOBUMH Ta THKHEBUMHU
pINICHHSIMH ¥ 3MEHIIYE TIOMIJIKH Ha arperoBaHux piBHax [29, 31]. Hapemiti, BUKOPUCTaHHS MPOUCIYPH HON-
crossing 3abe3mneuye TOCTOBIPHICTh IHTEPBAIBHUX MPOTHO3IB [34].

MeTpuKH Ta BaIifaiis

OI1iHOBaHHS 3/IIMCHIOBAIIOCS HA BiIKIAJCHOMY TECTOBOMY IHTEPBaJi 3 MPOTOKOJIOM «PO3IIHPIOBAHOTO
BiKHa» Ta OKpEMOK0 KaliOpyBajbHOIO BHOipkoro. ToukoBy skicte BuMiproBamu 3a MAE, RMSE, sMAPE;
intepBanbHy 3a Pinball-Brparoro mis t € {0.1,0.5,0.9}, nokpurram ICPg,, mmpunoto AIWg, i kpurepiem
Winklergy. Bimomi y maitOyTHbOMY 03Haku (rpadik/kaieHaap/HOMIHAIM) BKIIFOYAIKHCS Oe3 BHTOKY; JIaroBi Ta
KOB3HI CTaTUCTUKHU OOUMCIIOBAJIHCS JIUIIE 3 MUHYJINX 3HA4YCHb.

ToukoBi METPUKH:

MAE=l§|y —9.|, RMSE = lE(y — $,)2 sMAPE=EEM (11
NLSTE T N Lo N Lyl + 9] + ¢
teT teT teT
Pinball-srpara nus T € (0,1):
1 >0
. _ ~(7) _ u,u =
Plnballr - N § pr(tt — )' pr(u) = {(‘[ _ 1)u’u <0 (12)

teT

[Mokpurrs intepBany (ICP) mns piBust 1 — a = 0.8 Ta cepenns mmpuHa inTepsaiy (AIW):

1
ICPgy = NZ Ly <y, < U% (13)
teﬂi
AlWg, = NZ(Ut — L) (14)
teT

Winkler-6an (intepBasibHUI KpuTEpiit) 1uist piBHS 1 — a:

1 2 2
Winkler, _, = Nz [(Ut — L)+ E(Lt —y) Uy <L+ a e — Uy > Ut}] (15)
ter

Pe3ysabTaTn eKcriepuMeHTy

JlocnipkeHHsT BUKOHAHO Ha IOTOJMHHOMY TIpadiKy HaBaHTaXXEGHHS ICHYIOYOrO IPOMHCIIOBOTO
MiATIPEEMCTBA XIMIYHOI MPOMMCIOBOCTI 3 BiIOMHMH Hamepesa KoBapiatamu (BUpOOHWYMI pPO3KJIa]l/HOMiHAIH,
KaJeHap, morosna). MoaensHUH MiaXiJ € OpPi€HTOBAHUM Ha BHPOOHHYMI Tpadik: COKUBAHHS JEKOMIIOHYETHCS
Ha ieTepMiHOBaHy 0a3y b, po3paxoBaHy 3 rpadika poOOTH 00IaAHaHHS, Ta CTOXaCTHYHHUI 3aJIMIIOK T, JUIS SIKOTO
HaBYAIOTHCS TOYKOBI Mozeni Ta Mopeni KBaHTwibHOro mpornosyBaHHs (LightGBM i TFT) 3 mopmanmbimmm
TeMropaibHUM y3ropkeHHsM MinT. Onwmc migxomy i motmBanito BuxopuctanHs MinT/THieF y xonTekcti
TUTAaHYBaHHSI IIPOMHUCIIOBOTO HaBaHTa)KEHHS HABEJICHO BHUIIIE.

ToukoBi MmeTpuku Ha Tecti (Tabm. 1) cBiguars mpo cyrreBy nepesary TFT naq LGBM: MAE 3meHmeno na
52.1 %, RMSE Hna 40.9 %, sMAPE na 52.9 %. Orxe, moeJHaHHS Opi€HOBaHOI Ha BHUpOOHWYMI rpadik 0asu 3
0araToropu30HTHOI0 HEHPOMEpEXEI0 Kpallle BiATBOPIOE HeENiHiIWHI B3aeMmopii «rpadik poOOTH 00iagHaHHS-
KaJIeHIap-TIoro/ia» Ta JIOBT1 YacOBi 3aJIe)KHOCTI, SIKi BAKKO MOBHICTIO 3aKOAYBaTH B aHCAMOJISX 13 (iKCOBaHUMU
JIaraMu/KOB3HUMH O3HAKAMH.

3a WmoBipHicHUME MeTpukamu (Tabm. 2) mo kamiOpyBaHHS CHOCTEpiraeMo JiaMeTpalibHO MPOTHUIIEKHI
3cyBu. LGBM mae pizke Heponokputts 80 %-intepBainiB (ICPgy ~ 0.045) Ta HagTO By3bKi iHTepBasN (AlWg =~
240) , mo mniaTBepmKyroTh miarpamu (Puc.2): «TOHKI» I1HTEpBAJIM CHCTEMHO NPOMAxXylOThCSA TWix dac
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nikiB/3amyckiB. Haromicte TFT nae mnomipHe HEZONOKPUTTS

(ICPgy = 0.731) i3 BIZHOCHO HIMPOKUMH

inTepBasiamu (AIWg, =~ 3964) , T06TO MOBOAUTHECS OOEpEXHIIIe, aje Ie He HOMiHaJIbHO KaiiOposaHo. Ilicms
kaniopyBanns (CQR — s LGBM, y-3Bysxenns — s TFT) mokputts aist 060X Mozesell y HaBeieHOMY NMPUKIIa/Ii
crayio HabmmwkeHo 1€ Pgy ~ 0.8. OTxe, HassBHE TOCTATHE MOKPUTTA (PaKTHIHOTO rpadika Ta MOMipHi iHTEpBaJIH.

Tabmutst 1 — ToukoBi METPUKH IPOTHO3Y HABAHTAXKCHHS

MAE RMSE sMAPE
LGBM 1950.93 2241.72 0.04
TFT 933.904 1323.92 0.019
A% -52.13 -40.941 -52.922
Ta6uus 2 — MMoBipHiCHI METPHKM IPOrHO3Y HABAHTAXKEHHS JI0 TA TIiC/s KaniopyBaHHs
Pinball,, Pinballs, Pinbally, Winklerg, ICPg, AlWsg,
bi o) miciIs bi o) micIIs bi o) TicIIs bi (o) miciast | mo | micias bi (o) micis
LGBM [842.752]329.795|566.289 |566.289[231.204/245.542(10739.6/5753.36|0.045| 0.746 [240.059/3234.37
TFT [353.286(330.864]609.722(609.722[332.758/260.65216860.44/5915.16]0.731| 0.746 [3963.57/3351.08

BxigHuit HaOip MICTHTH BUMIpH CIOXHWBAaHHS JIHINC ISl HAWMOTYXXHIIIUX CIIOXKHMBAYiB 1 HE OXOIUIIOE
JpiOHI/MOTIOMI>XKHI HaBaHTaXXCHHS (BEHTHIATOpH, mpuBonud, HVAC Tomio), ki CyMapHO CTBOPIOIOTH iCTOTHHA
tdon. Uepes 1e «aerepmiHoBaHa 0a3a» by € 3aHIKCHOIO, a ii BIICYTHIA KOMIIOHEHT (PaKTHYHO NEPEHOCUTHCS Y
3aIUIIOK 7;. HemoBHa crierudikamis 0a3u MiABHINYE AUCIEPCIIO 7; i CIIOTBOPIOE iHTEPBAJBHI OLIHKU: JCpeBa,
TPEHOBaHI Ha «BYXXYOMY» HaOOpi HPEIUKTOpIB, CXWIbHI a0 Hepomokputts (sk y LGBM-mo), Toni sik TFT
YaCTKOBO KOMIICHCY€E JIATEHTHI €()eKTH 3a paxyHOK yBaru/kKepyBaHHs IOTOKaMH, aje IMOTpedye OKpeMoro
kaniOpyBanHsi mupuHu. Lle y3romkyerbes 3 rpadikamu (Puc.2) Ta yucnoBuMu mnokasHukamu (Taom. 2).
IIpakTu4HUI BHCHOBOK: 1100 MiJABHIIUTU K TOYHICTh, TaK 1 KaJiOPOBaHICTh IHTEPBAJIB, BAPTO JOHACUTUTH b
(BrmrounTH OiNbIIe OONATHAHHS/OTIEpaLiiiHI pexnMu) abo TOJaTH MPOKCi-03HAKU IJIS «HEIHCTPYMEHTOBAHUX)
CIIO)KMBAYIB; aJBTEPHATHBHO 3aCTOCYBATH i€papXivuHy/IATCHTHY PEryISPU3AL{IO 3aJIUIIKY.
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Pucynok 2 — Jliaepamu npocnosis naganmansicents 00 ma nicis Kaiiopyeamms

3 onmimy Ha Pinball-Brpary, micnst kasliOpyBaHHS CIIOCTEpIraloThCs OYIKYyBaHI 3pYIICHHS Ha Kpasx
posmoainy, a came aiust LGBM Pinball-Brpara mis kBantumo 0.1 3amkyetbes 3 842.8 1o 329.8, a Pinball-rpara
st kBantHmo 0.9 3 231.2 no 245.5 (mepeposmoaina Macu 3HH3Y/3BEpXY, KOHCUCTEHTHHH 13 PO3IIUPEHHSAM
inTepBaiis). Y csoto yepry just TFT Pinball-Brpara muist kBanTwmo 0.9 3smenmyetses 3 332.8 no 260.7 npu Maiixke
cranomy Pinball-Brpara ms xBanTiio 0.5 (609.7), mo THIIOBO I Y-3BY>KEHHS, a caMe 3BY)KEHHS IHTEepBaJiB i3
MOMipHHAM BIUIMBOM Ha MeziaHy. CyKyITHO Iie MiITBepAKy€e€ KOPEKTHICTh 0OpaHOi mpouexaypy KamiOpyBaHHS Ta
HanpsM MOJIAJIBIIOT ONITUMI3aIlii.
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BucHoBku.

Y po0oTi 3anpoIrIoOHOBaHO OpieHTOBaHY Ha rpadik poOOTH 00JIaJHAHHS APXITEKTYPY CEPEAHBOCTPOKOBOTO
MPOTHO3YBaHHSI HAaBAHTa)KCHHS [TPOMUCIIOBOTO MiANPUEMCTBA, sIKa MOENHYE AeTepMiHOBaHy 0a3y Bij rpadika
obnmamHaHHs 3 pexxuMHO0 cerMeHrtanielo PELT, cToxacTHYHMM MOJENIOBAHHSIM 3aJIMIIKYy 1 TEMIOPaJIbHUM
y3romkeHHssM MinT/THieF. PuHkoBHH YMHHHMK iHTErpOBaHO Ha pPiBHI BHOOpY TOPH30HTY Ta ONEPaTHBHOIO
KaJIeH/1apsi IPOTHO3Y Y3TOJKEHO 3 PErIaMEHTOM TOPTiBJl Ta «3aKPUTTSAM BOPIT» Ta HA PiBHI HABYaHHS BEAETHCS
3a BapTICHO-3Ba)KEHOIO (DYHKIII€I0 BTpAT, sika BijoOpakae acMMeTpiro Oi3Hec-pU3MKIB HeOalaHCIB y MIKOBI Ta
«xpuTHIHI» ToguHAU. 1o KamiOpyBaHHS CIIOCTEPIraInCh KpaioBi 3CyBU MOKPUTTSL, sKi ycyHeHO Metogamu CQR Tta
Y-3BY’KCHHS, IO Jano HaOmmkeHe 10 HoMiHamy MoKpHTTS 80 % 1 cyTTeBe 3MEHINEHHS HIMPHWHHU IHTEPBAIIB.
Hopamemmi gocmimkenHs Oyme 30cepekeHo Ha «decision-centric» OUIHIOBAaHHI €KOHOMIYHOI BAPTOCTI MPOTHO3IB!
MozemoBaHHI nporeciB 3akymiBm (PAJI, PJIH/B/IP Ta BpaxyBaHHS HeOaJaHCIB) IiJ PI3HAMH MOIEIIMH Ta
CXeMaMH KaJiOpyBaHHA, a TAKOK Ha aHAI31 Yy TIMBOCTI 10 Tapu(iB HeOaIaHCIB Ta Pi3HATICIO MiXK IIIHOIO MIPONAXKY
Ta KyMiBJIi Ha Pi3HUX CerMeHTaX. /|omaTKoBy yBary BapTO MPHUIIINTH PO3LIMPEHHIO HA0OPY BIJOMHUX Hamepen
KOBapiariB 1 3a0€3MeYeHHI0 KPOC-CEKI[IHHOT KOTepEeHTHOCTI.
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PROBABILISTIC FORECASTING OF INDUSTRIAL LOAD:
LIGHTGBM AND TFT WITH MARKET CONSTRAINTS

In this work, we present an equipment -schedule -oriented approach to medium -term industrial load
forecasting that decomposes consumption into a deterministic baseline profile constructed from equipment
operating schedules and a stochastic residual modeled using LightGBM (LGBM) and the Temporal Fusion
Transformer (TFT). Regime shifts are detected via PELT (Pruned Exact Linear Time) change -point segmentation,
while multi -horizon quantile forecasts are enforced to be non -crossing and coherent across temporal aggregation
levels through MinT/THieF reconciliation. Market constraints are integrated by selecting forecasting horizons
aligned with the gate -closure rules for bilateral contracts and the day -ahead market, and by employing a
cost -weighted pinball loss that reflects asymmetric imbalance costs during critical hours. On a hold -out test set,
TFT outperforms LGBM in point -forecast accuracy. Applying Conformal Quantile Regression (CQR) to LGBM
and y -shrinkage (gamma -shrinkage) to TFT improves empirical coverage to the nominal level and reduces
interval widths. The proposed approach is directly applicable to procurement planning under the rules of the
Ukrainian electricity market and is consistent with decision -centric evaluation of the economic value of forecasts.

Keywords: electric load forecasting, industrial enterprise, quantile forecasting, temporal reconciliation,
electricity market factors.
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