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OJgena byasikoBa
K.€.H., IOIICHT
KuiBchkuii HalioHaTBHUM YHIBEPCUTET TEXHOJIOTIH Ta TU3aiiHy

BIOEKOHOMIKA B KOHTEKCTI €BPOIIEMCHKHUX CTPATETTA
EHEPI'O3GEPEXXEHHS TA TOCBIAY AJ51 YKPATHU

Anomauia. Y cyuacnomy ceimi npobnema enepeoszbepedicents € oouieto 3 HatiakmyansHiwux. Llleuoke
3POCMAHHIA CHONCUBAHHS €HEP2ii, BUCHAJICEHHS NPUPOOHUX pecypcié ma 3a0pyOHeHHsA HABKOIULUHBO2O
cepedosua 0OYMOBNI0I0Mb eHep2o30epedicents ma HOGI MmexHonozii eupobnuymea ewepeii. OOHuM i3
NepCneKmusHUX HAnpsamie € po3eumox 0OioekoHomixku. bioexonomika — ye mooenv, sika basyemvcsa Ha
BUKOPUCMAHHI BIOHOBTIOBAHUX OIONI02IUHUX pecypcié 01 8upobHuymea bOioenepeii, bionanusa, 6Oioeasy,
NPOOYKMI6 XapuyeanHs, Mamepianie mowjo. Bona no€onye ekoHOMIUHY, eKO02TuHY ma coYianvHy cghepu ma
CY4acHi mexHono2ii, 30kpema 6iomexHoa02ii, Wo CAPUAE CMANIOMY PO3BUMKY.

Knrouoei cnosa: dioexonomixa, cmanutl po36umox, 6ionaiueo, eHepeo30epesiceHHs.

s Ykpainu nuTaHHS PO3BUTKY 010€KOHOMIKH € OCOOJMBO BaXKIHBUM. Uepe3 eHepreTuyHi
KpHU3U BHACIIJIOK IMOBHOMACIITAOHOTO BTOPTHEHHS Ta 3QJICKHICTh BiJl IMIIOPTHUX EHEPTrOHOCIIB
KpaiHa noTpe0ye TOUIyKYy albTePHATUBHUX JKepes eHeprii. YKpaiHa Mae BeJIUKI IUIOIII
CLIBCHKOTOCTIOAPCHKUX 3€Mellb, 3HAUHI JIICOBI PECYPCH Ta BEIHKi 00CATH OpraHiuHUX BiXOJIB, SKi
MOKYTh BUKOPHCTOBYBATHCS AJisi BUpoOHHUIITBA OioeHeprii. Came ToOMy 0O10€KOHOMIKa € OJHUM 13
KJIFOUYOBHMX HAIPSIMIB PO3BUTKY €HEPro30epeKeHHs B JepikKaBi.

VY 2009 poui €C moyaB po3poOJATH MOMITUKY IS 3a0€3MEeYeHHST CTIHKOTO €HEPreTUYHOTO
COI03Y Ta JOBIOCTPOKOBOI MOJITHKH IOAO KIIMAaTUYHUX 3MiH. Y paMKax LbOTO MPOEKTy Oyina
po3pobnena Jupexktuna 2009/28/€C €sponeiicekoro Ilapnamenty ta Paau mpo 3aoxouyeHHs 10
BUKOPUCTaHHA eHeprii, BUpoOeHoi 3 BiiHOBMOBaHUX kepen (Renewable Energy Directive, RED),
sIKa CIOYaTKy BCTaHOBUJIA 00OB'A3KOBY MeTy 20% KiHIIEBOTO CIIOKMBAHHS €HEPTii 3 BIIHOBIIOBAHUX
mxepen 10 2020 poky [1].

3 momeHTy ctBopeHHs JlupexktnBa RED HeonHOpa3oBo meperisgaiach Ta OHOBIIOBAIACH, B
pe3ynbTaTi crana yactuHoio [lakery umcrtoro eneprocnoxuBanHs €Bponericbkoro Corozy (€C)
(2018) (RED II). ITepernsuyra upexktrBa €Bponeiicbkoro napiaamenty 1 paau Big 11 rpyaas 2018
poky «IIpo cTuMytOBaHHS BUKOPUCTAHHS €HEPrii 3 BITHOBIIOBAHUX JKepel» [2] miABUIIHIIA CBOIO
I[Ib Ha CIIOKUBAHHS BiHOBIIOBaHOT eHeprii 10 32 % mo 2030 poky. «/lep:kaBU-uiIeHH MOBHHHI
KOJIGKTUBHO 3a0e3Me4nTH, 00 yacTKa eHeprii 3 BiJHOBJIIOBAaHMX JKEpeN y BaJOBOMY KiHLIEBOMY
cnoxuBanHi eHeprii B Coro3i y 2030 pomi Oyna Ha piBHI mpuHaiimMui 32%» [2]. [dupektuBa
BCTaHOBJIIOE KPUTEPil CTANOCTI Ta ckopoyeHHA BUKUAIB I1I°, 110 BeNbMHU aKTyalbHO JUIS 3€JIEHOTO
BIIHOBJIEHHS YKpaiau [3].

3aranpHuil MUIbOBHH Moka3HuK €Bpomneiickkoi YHii y 2023 porti (RED III) 6yno oHOBEHO 110
42,5% 3 10AaTKOBUM ITYHKTOM TIPO T€, IO JePKABU-YWICHH KOJIEKTUBHO MPArHyTh 301IBITUTH YAaCTKY
eHeprii 3 BIAHOBIIOBAHUX JHKEPET y BAJIOBOMY KiHIIEBOMY criokuBaHH1 eHeprii Coro3y y 2030 porri
10 45%.

OnuH 13 cueHapiiB HaOUIBII IHTEHCUBHOTO PO3BUTKY BiJIHOBIIOBAJIBHHUX JDKEpEN eHeprii —
30inbIIeHHS i1 YacTKu 10 75% KIHIEBOTO CrioKUBaHHS eHeprii 1o 2050 poky.

Cepenr OCHOBHHX MEXaHI3MiB CTUMYJIIOBaHHS PO3BUTKY OioeHepreTHKH B KpaiHax €C: pMHKOBI
IIHA Ta JOAATKOBI TMOJATKW Ha BUKOIHI TMajvBa, CTUMYJIOIOUl «3€JeH» Tapudu Ta «3eJeHI»
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ceptudikaT Ha EJIEKTPOSHEPTil0 3 BITHOBIIOBAILHUX JDKEPEN €HEeprii, Jep’kaBHA IMiATPUMKA,
cyOcunii Ha o0yaHaHH, BUCOKI JepKaBHI LI Ta JIitoya JepKaBHA MOJITHKA 3 po3BUTKY B/IE.

Otxe, €sponelicekuii Co103 AaKTHBHO MiATPUMY€E PO3BUTOK OlOGHEPreTUKH dYepe3
BIIPOBA/KEHHSI CTPATETid CTaJoro pPO3BUTKY, HOPMATHBHO-TIPABOBUX aKTIB Ta IHCTPYMEHTIB
crumyioBanHs. OcoOnuBa yBara MpHIUISIETHCS €KOJOTIYHOMY BIUIMBY OioMacu 3 BpaxyBaHHIM
BUKH/I1B TAPHUKOBUX ra3iB Ha BCIX eTanax BUPOOHUIITBA Ta BUKOPHUCTAHHSI.

B Vxpaini 13 cepras 2024 p. Posnopsmkenasm KMV 3arBepmkxeno HarionanpHuU T1aH Aiid
3 BigHOBIMIOBaHOI eHepreTuku a0 2030 poky, ae 3a3HayeHO, MO0 B YKpaiHi Jisio 68 yCTaHOBOK
3arajJbHOI0 €JIEKTPUYHOIO0 MOTYXHIcTI0O 135 MBT, sxumMu BUpoOIsS€ThCS €Hepris 3 Oiorasy Ta ski
MpamiooTh 3a ‘“3emeHuM” Tapudom Ha modatok 2024 poxy [3]. TlepcreKTUBHUM PO3BHTKOM
010ra30BUX TEXHOJIOTIH € BUPOOHUITBO Oiorazy 3 moOyroBux BiaxoniB. ll{opiuyno B Ykpaini oocsr
moOyTOBHX BiIXOMIB csirae 10 MITH TOHH.

TakuM YWUHOM, pO3BUTOK OIOCKOHOMIKM B KOHTEKCTI CHEpPro30epekeHHS 3a PaxyHOK
BUPOOHUIITBA 0i0Ta3y 3MEHIIIy€ BUKUAM TAPHUKOBUX ra3iB B aTMochepy, 3abe3neuye cTabiIbHICTh B
€HepreTUYHOMY KOMILJIEKCI 32 PAXyHOK 3MEHIIICHHS CIOXUBAHHS TPAIUIIMHUX KOPUCHUX KOMAIUH
(rasy, HadTH, ByTULJIS TOIIO), CIIPHSIE EHEPro30epeeHHIO Ta €HEPrOHE3aTEeKHOCTI.

JlocimkeHHsT TPOBENEHO 3a MIATpUMKU €Bponeiicbkoro Coro3y B pamkax mpoekTy Kana
Mone [Homep rpanty ERASMUS-JIMO-2023-HEI-TCH-RSCH, 101127252 — «IIpocyBanus
€BPOTEHCHKAX HABMYOK Ta MIiAXOJIB JI0 CTajOi OI0EKOHOMIKM B YMOBaxX Cy4YaCHHMX BUKIIUKIB B
VYxpaini» (PESAB)].

«®Dinancyerbest €Bponeiickkum Cotro3om. [IpoTe BUCIOBIEHI MOTNIAAA Ta AYMKH HaJeXaTh
JIUIIIEe aBTOpaM 1 He 000B’I3KOBO Bi10OpaXkaroTh Morusau €sponeiicbkoro Coro3y i €Bponeicbkoro
BHKOHABYOI'0 areHTCTBA 3 OCBITH Ta KyJabTypu. Hi €Bponelickkuii Coro3, Hi Opras, 1110 Ha/1a€ TpaHTH,
HE MOXYTh HECTH 32 HUX BIIOBIIaTbHOCTI».

This research has been conducted with the support of the European Union within Jean Monnet
project [grant number ERASMUS-JIMO-2023-HEI-TCH-RSCH, 101127252 — “Promoting of
European skills and approaches for sustainable bioeconomy in the conditions of Ukrainian acute
challenges” (PESAB)].

“Funded by the European Union. Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the European. Neither the European Union nor
the granting authority can be held responsible for them”.
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AHnacracia Bakapuyk
TOKTOp dimocodii
Hamionanbnuii yHiBepcuTeT «JIpBiBChKa MOTITEXHIKA»

KOMIUIEKCHHHM MIAXII 10 MOHITOPUHTY CTAHY EJIEKTPOTEXHIYHOI'O
OBJIAJHAHHSA

Anomauia: Y pobomi posenadaromvcs axmyanvHi npooiemu MOHIMOPUHZY CMAHy eHepeemmuyHoco
00IAOHAHHA MA cUcCmeM 3 Memoi0 8UABNIEHH 0eCMPYKMUBHUX 3MIH 00 MOMEHM) HACMAHHA He360POMHUX
npoyecis. Ha ocnosi ananizy ichyouux memoois 0iaeHOCMUKU, W0 Nepeda’cHo 6a3yiomvcs Ha eNeKMPUYHUX
ma XiMIYHUX NOKA3HUKAX, OOIPYHMOBAHO HEOOXIOHICMb SNPOBAOICEHHS MYIbMUNAPAMEMPUUHOZO NIOX0DY.
Hocniosxcenns oxonnoe nepenix HeeleKmpUYHUX Napamempis HA8KOIUUHbO20 Cepedosulya — memnepamypu,
6071020CMi, KOHYEHMPAaYii KOpPO3IUHUX 2a3is, 8Iopayii ma 3anuieHoCcmi, AKi Maioms KibKiCHO NIOMEepONCeHUl
BNIUB HA Oe2padayilo eleKmpUYHUX xapakxmepucmux ooaaonanus. [lposedenuti ananiz cmeoproe niorpyHms
07181 PO3POOKU ABMOMAMUZOBAHUX OUCTHAHYILIHUX CUCTEM MOHIMOPUHSY 8 PearbHOMY 4aci OJisl 3A64ACHO20
NPUTTHAMMS OUCHETNYePCOKUX PIlUeHtb.

Knwwuoei cnoea: monimopumz enekmpomexmiyHoco O00NAOHAHHA, HeeNeKMpPUyHi napamempu,
diaznocmuka 0ONAOHAHHSA, MYTbMUNAPAMEMPUUHUL MOHIMOPUHL.

TpanuiiiiHa IiarHOCTHKA EJICKTPOSHEPTeTHYHUX CHCTEM Ta iX CJIEMEHTIB 37eO1IbIIOro
30Cepe/KeHa Ha eJIEeKTPUYHUX MapaMeTpax 1 4acTo irHOpye iHII1 (aKTOpH BIUIUBY, SIKI T€X CTAIOTh
NEepUIONPUYMHAMHU HE3BOPOTHUX 3MiH. J[0 eNeKTpUYHMX MapaMeTpiB, [Ki T0BOJI1 100pe IHTerpoBaHi
B CHUCTEMHM MOHITOPHHTY Ta CIIOCTEPEXEHHsS HaJeXaTh CTPyMHM HeOallaHCIB, CKJIajJ rasiB, II0
PO3BHHEHI Yy Macii MacJIOBMICHOTO OOJIaJIHaHHsI, CTaH 13071l BBOJIB, OMOPH, HIEICKTPUYHI
BJIACTMBOCTI MaceJl Ta 1HIII.

BTiM, MOHITOPUHI €JIEKTPUYHUX IapaMeTpiB HE MOXe OyTH 130JbOBAaHUMH BIJ] I1HIIHX,
HEEeJIEKTPUYHUX, MNapaMmerpiB. Hampukian, HaaMipHe HarpiBaHHsS KOMIIOHEHTIB € OCHOBHONO
MPUYMHOIO JECTPYKIIi 130suiiHuX MarepianiB [1]. Take HarpiBaHHS MOXe MaTu JBa JKepena:
TeMIepaTypa HaBKOJIMIIHBOTO CEPEIOBHILA Ta TEIUIO, SIKE BUALISAETHCSA CTPYMOBIAHUMHU YaCTUHAMU
1 HAKOTIMYYEThCA B MEXkKaX PO3MOAUILYOro muTa [2]. B 06u1BoX Bunaakax, MOHITOPHHT TEMIIEPATypH
o0J1aJiHaHHS JO3BOJISIE BYACHO BXKUBATH 3aXOJIH II0JJ0 OXOJIOKEHHS Ta BEHTHIIALIT IpUMilIeHb a0o
KOHCTPYKIIii, B IKUX po3TamroBane ooaaaHanHsa. OKpiM IbOT0, MiABUILEHHS TeMIIepaTypH 301IbIy€e
HIBUAKICTh KOPO3IMHUX peakiliif Ta MOXe COHPUUYMHUTH TEPMIUHE PO3LIMPEHHS JeTalei, 10 TaKox
301IbIIIY€ 3HOLTYBaHHS KOHTAKTIB [3].

BigHocHa BONOTICTH MOBITPSI € OJHUM 13 KITIOYOBUX HEEJEKTPUYHUX YMHHHUKIB, IO CYTTEBO
BIIMBA€E HA CTaH BHYTPIIIHBOI 13081111 Ta 1HTEHCHBHICTh JerpajalliiHuX MPOLECIB
eJIEKTPOTEXHIYHOT0 o0nagHaHHA. KoHaeHcallisi BOJIOTH Ha XOJOIHMX METaleBUX MOBEPXHIX MPHU
BHCOKIH BOJIOTOCTI aKTHBY€ KOPO3iiiHi peakllii, IepeTBOPIOIOYN METAIN HA OKCUIM, T1IPOKCUAN a0
cynbdinni cionyku [4], a koposiitHo-akTiBHI ra3u (HaS, SOz, NH3), noTpanisitoun B miIiBKy BOJIOTH
Ha MeTaJli, pi3K0 30UIBLIYIOTH i €NEeKTPONPOBIIHICT T IHTEHCUBHICTD pyHHYBaHHS [5].

3anuiIeHICTh MOBITPS, IK CAMOCTIIHO, TaK 1 B KOMOIHAIII{ 3 IHIIUMH TapaMeTpaMH, TAKOK HECe
3arpo3y poOOoTi oOyiamHaHHA. 3a pPaxyHOK HAKOMHMYEHHS MWy Ha CTPYMOBIAHUX e€JIeMEHTax
YCKIJIQJJHIOETHCS TEMJIOBIIBEICHHS BUALJICHOIO HUMU TEIlIa, 1110 MOXe MPU3BOIUTH JI0 NIEperpipy. A
B MMO€HAHHI 13 BOJIOTOI0, 3aIMMJICHICTh CYTTEBO MPHUIIBUIIIYE €JIEKTPOXIMIUHY KOPO3it0 KOHTAKTHUX
MMOBEPXOHb [6].
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[lin 4ac poOOTH  ENEeKTpPUYHOTO  OONaJHAHH], OCOONMBO  TEHEpaliifHOro  Ta
TpaHc(hOpMaTOPHOTO, ENEKTPUYHA CHJIA € JpKepesoM BiOparii. Y cBoro uepry BiOpaillisi BIUIMBA€ Ha
AKICTb OONTOBHX 3’€IHAHb HIMHOMPOBOJIIB, MPOBOKYE MIKpPOMpPoOOoi 1301l Ta MEXaHIYHUHA 3HOC
PYXOMHUX KOHTakKTiB. BificTexXeHHs1 TpUBAJOCTI BiOpalliil 3 pi3HOIO aMILTITYIOK0 MOXE JTOTIOMOITH
3aBYACHO BHUKOHYBATH MpodisiakTuyHi a00 PEeMOHTHI poOOTH, HE MOBOMSYU CTaH OOJIATHAHHS Ta
3’€/IHaHb J10 KPUTHYHOTO PiBHS.

Ormsm Mx mapaMeTpiB JTOBOJHWTH, IO JKOJCH 13 HUX HE BHU3HAUAE CTaH OOJIQJHAHHS
130JIbOBAaHO — M)XK HUMH € B3a€MO3B’S3KU B PI3HUX KOMOIHAIISIX Ta MOCHIIOBHOCTAX BUHUKHEHHS.
Tomy eheKTUBHHMI MOHITOPHHI CTaHy €JIEKTPOTEXHIYHOTO OOJaJHAHHS HE OOMEXKYEThCS JIHMIIIE
CJNIEKTPUYHIMH TapaMeTpaMH, a W CKIQAA€ThCS 3 KOMIUIEKCHOTO MOHITOPHHTY HEENEeKTPUYHHX
napamMeTpiB 31 CKIaJHUMH B3a€MO3B’s3KaMH. Takuil MigXid, iHTETpOBaHUU y HUQPPOBI CUCTEMHU
TIarHOCTUKK 3  BUKOPUCTAHHSM  IHTEJIEKTYaJIbHOI aHAITUKH, JIO3BOJHUTH  IONEPEKATH
NEPEAKPUTHYHI CTAHU EJIEKTPOTEXHIYHOTO 00JIaIHAHHS Y peaTbHOMY Yaci.

IHoasika
s pobGorta Oyna BUKOHAHa B paMKax JAEpKABHOTO HAYKOBO-IOCTIAHOTO MPOEKTy No
01260001693  «TexHomnoris  MyJbTHCEHCOPHOTO  MOHITOPUHTY  MapaMeTpiB  KPUTHYHOI
1HPaCTPYKTYpH 7S IPEBEHIIIT MO3AITATHUX CUTYalliid HA OCHOBI MOZIEJICH MAITMHHOTO HAaBYaHHS.
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BITHOBJIFOBAHI JI)KEPEJIA EHEPT'II IK YUHHUK TPAHC®OPMAIIII
EJIEKTPOEHEPTETHUYHOI'O CEKTOPY

Anomauia: po3ensiHymo ponb GIOHOGMIOBAHUX Odcepel eHepaii y PO3GUMKY eleKMPOeHeP2eTnUYHO20
cekmopy. [ocnioxcerno ix 6nnug Ha enepeemuyny Oe3nexy, eKoao2iuHy CImitiKicme ma eKOHOMIUYHUL PO38UMOK.
Oxpecrneno ko408 nepesazu 6NPOBANICEHHS «3ENEHOLY eHepeemUKU.

Knwwuoegi cnosa: ionosniosani doicepena enepeii, enekmpoenepeemuxa, enepeemuuna 6e3nexd, 3ei1eHa
eHepeemuKa, Cmanuii po3gUmMox, 0eKapOOHi3ayis, KOHKYPEHMOCNPOMON}CHICMb.

BinnoBmoBaHi JoKepena eHeprii 3a0e3MeuyroTh 3MIIHEHHS E€HEepreTH4Hoi Oe3meKu Ta
MIBUIICHHS EKOJIOT1YHOI CTIHKOCTI, CHPHSIOTh EKOHOMIYHOMY 3POCTaHHIO W TOKpPAIICHHIO
no0poOyTy CyCHUIbCTBA, a TaKOX MiABUIIYIOTh KOHKYPEHTOCHPOMOXHICTh HAalllOHAIBHOI
eKoHOMiKU. KpiM TOro, BOHM MOCHIIIOIOTH CIIBIIPALIO 3 €BPONEHCHKMMHU NapTHEpaMH B peaiizariil
MIPOEKTIB Yy cepi BITHOBIIOBAHOI €HEPreTUKHU Ta CIPUSIOTH 00MiHY 10CBiAoM [1].

3aKkoHOZaBYE PEryJIOBaHHS € OJHHM 13 KIIOYOBHMX IHCTPYMEHTIB peanizauii crparerii
nepexony YKpaiHM [0 «3€J€HOI» EHEpreTWKH, [0 Mepeadadae 3MEHIICHHS 3alie)KHOCTI BiJ
BUKOIHUX BHJIB MajuBa Ta IHTETPallil0 BIAHOBIIOBAHUX JIKEPENI €Heprii B HalllOHAIbHY
eneprocucremy. [IpaBoBe 3abe3neueHHs IIHOTO MPOIECY Ma€ KOMIUIEKCHUH XapakTep 1 BKIIIOYAE SIK
BHYTpIIIHI HOPMATHBHI 1HILIaTUBHU, TaK 1 BAKOHAHHS MDKHApPOJHUX 3000B’A3aHb, CIPSIMOBAHUX Ha
CKOpPOYECHHS BUKH/IIB MAPHUKOBUX ra3iB Ta MOKPAIIEHHS €KOJOrTYHOro CTaHy JTOBKLLIA [2].

OnHUM 13 KJIFOYOBUX HOPMAaTHBHO-IPABOBHUX aKTiB, 110 (OPMYy€E MPaABOBI 3acaaul PO3BUTKY
«3eNIeHo1» eHepreTUkH B YKpaiHi, € 3akoH Ykpainu Big 20.02.2003 Ne 555-1V «IIpo anpTepHaTuBHI
JpKepesa eHeprii», KU yCTaHOBIIIOE MPaBOBI, EKOHOMIYHI, €KOJIOTIUHI Ta OpraHi3auiiHi OCHOBU
BUKOPHCTaHHS allbTePHATHBHUX JDKEpET E€Heprii, a TakoX CHPSIMOBAaHWA Ha CTHMYJIOBAHHS
PO3IIMPEHHS 1X 3aCTOCYBAaHHS B MAJIMBHO-EHEPTeTUUHOMY KOMILIEKCI [3].

BaxJMBOIO TEHIIEHITIEI0 CYYaCHOTO €HEPTeTHYHOTO PO3BUTKY BUCTYIAE CTPIMKE 3pOCTAaHHS
YaCcTKH COHSIYHOI Ta BITPOBOI reHepallii B eHepreTHYHUX OanaHcax KpaiH, 110 3yMOBJIEHO 3HH)KEHHSAM
BapTOCTI TEXHOJIOT1H, PO3BUTKOM IHHOBAIIIHHUX PillIEHb Ta AKTUBHOIO JIEP>KaBHOIO MIATPUMKOIO. Y
pe3yJIbTaTi eNeKTPOSHEPreTUYHI CUCTEMHU TOCTYIOBO MEPEXOAATh Bijl LIEHTPaIi30BaHOI MO JI0
JeLIEHTPaTi30BaHO1, 10 Mepedavae 3HaYHy KUIbKICTh PO3MOAITICHUX JKepel reHepariii.

Pazom i3 TuM iHTerpamis BIJHOBIIOBAaHMX JIKEpENl €HEprii B  EHEproCUCTEMY
CYNIPOBO/KYETHCSI KOMIUIEKCOM TEXHIYHHMX Ta OpraHi3aliifHuX BHKIHKIB, $KI TMOTpeOyIOTh
cucTeMHOTO BHpimeHHs. OHIEI0 3 KIIOYOBUX MPOOJIEM € HEPIBHOMIPHICTH Ta HEMepea0auyBaHiCTh
re’eparlii eJeKTpoeHeprii 3 COHSUHUX 1 BITPOBUX YCTaHOBOK, OCKIJIBKU iI 0OcsAru Oe3mocepeHbo
3ajekaTh BiJ TIOTOJHWUX YMOB, Yacy J0OM Ta CE30HHUX KOJHMBaHb. lle yckiamHioe mporec
cTabUTbHOTO OaJlaHCYBaHHS CHEProCUCTeMH Ta 3abe3nmedeHHs Oe3MepepBHOIO TMOCTavYaHHS
eJIEKTPOEHEPTii CIIOKUBaYaM.

VY 3B’A3Ky 3 UMM BUHHUKAE MOTpeda y PO3BUTKY iH(PaACTpyKTypu HAKOMMUYCHHS EHEprii,
30KpeMa CHCTEM aKyMYJIIOBAaHHS PI3HUX THUIIB, SKi JO3BOJSAIOTH 30epiraTv HaJJIUIIKA BUPOOIEHOT
eJIEKTPOCHEPrii Ta BHUKOPHCTOBYBATH iX Yy MEPIOAM MIKOBOTO MOMUTY a00 3HIKEHHS TeHeparlii.
BaxuinBy posb Biirpa€e TakoXK PO3BUTOK MaHEBPOBUX IOTYKHOCTEH, 3JaTHUX LIBUJKO pearyBaTu
Ha KOJIMBAaHHsI HABAaHTA)XKCHHS B EHEPTOCHUCTEMI Ta 3a0e3nevyBartH ii CTaOUTbHICTD.
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OxkpeMHM HampsIMOM € MOJIEpHI3allisd €JIEKTPUYHMX MEPEX, BKIIOYAIOYM BIPOBAKEHHS
«PO3YMHHX» EHEPreTHYHHUX CUCTeM (smart grids), siki JO3BOJSIOTH 3JIHCHIOBATH OINEPATUBHUM
MOHITOPUHT, IMPOrHO3yBaHHS Ta AaBTOMATH30BaHE YIPABIiHHSI NOTOKaMU eJekTpoeneprii. Lle
3abe3neuye Ounbll epeKTUBHE OanaHCyBaHHS MOMUTY 1 MPOIO3MINi, 3MEHIICHHS BTpaT Ta
MIIBUIICHHS HAMIMHOCTI CEHEpPrornocTayaHHs B yMOBaX 3pPOCTAaHHS YAaCTKHU BiTHOBIIIOBAHOI
CHEPreTHKU.

ExoHOMIUHUI acleKT pO3BUTKY BIAHOBIIIOBAaHUX JKEpEN €HEprii € OJHUM 13 KIIFOUOBHX
YMHHUKIB TpaHCc(hopMallii CydacHOIO eJIeKTPOEHEPreTHYHOro puHKy. [locTynoBe 3pocTaHHs 4acTKu
BJIE cnipusie popMyBaHHIO HOBUX OpraHi3amiiHO-eKOHOMIYHMX Mojeiel (yHKIIIOHYBaHHS raiy3i,
cepell SKMX BAXKIWBE MicIe 3aliMae po3MoJiIeHa TeHepamis. Bona mepenbdadae BUPOOHHIITBO
SIIEKTPOCHEPTil Oe3MmocepeIHh0 MOOIU3Y CIIOXKHMBAYa, 10 3HWKYE BTPATH B MEpexax, HiABHUIIYE
CHEepreTH4Hy €(eKTHBHICTh Ta CIpHsE€ NEIEeHTpai3alii eHEepreTHYHOi CHUCTeMH. BaximBum
€JIEMEHTOM HOBOI PUHKOBOi apXiTEKTypH € PO3BUTOK CHEPreTHYHUX KOOMEPATHBIB Ta JIOKAJHHHUX
€HEepPreTUYHUX CIUIBHOT, SIKI 103BOJISIIOTh 00’ €IHYBATH PECYPCH JOMOTOCIOAAPCTB, MiIPUEMCTB 1
rpoMaj Ui CHUIBHOTO BUPOOHHUITBA Ta CHOXKUBAHHS «3€JeHOi» enekTpoeHeprii. Lle He muie
HiZBHILY€E JOCTYIHICTh BIJIHOBIIIOBAHOI €Heprii, aje N CTUMYJIO€ y4acTh UIMPOKOrO KoJia
€KOHOMIYHUX Cy0 €KTIB y eHEPreTUYHOMY PUHKY.

CyTtreBy poutb y po3Butky B/IE BimirparoTh Takok eKOHOMIYHI CTUMYJIH, 30KpeMa MEXaH13MHU
«3eneHnx» Tapu(iB Ta ayKUiOHIB MiATPUMKH. BoHU 3a0e31medyoTh MPOTHO30BAHICTh JOXOIIB /IS
1HBECTOpIB, 3HIDKYIOTh PU3HMKH peali3amii MPOEKTIB Ta CTBOPIOIOTH CIPHUSATIUBI YMOBH JUIS
3aTy4eHHs IPUBATHOTO KamliTaly. Y pe3yJbTaTl BiI0YBAa€ThCs aKTUBI3alLlisl IHBECTUIIHHOI TISJIbHOCTI
Ta TPHUCKOPEHHS BIPOBA/KCHHS I1HHOBAIIMHUX TEXHOJOTIH y CEKTOpl eIeKTPOEHEPreTUKH.
Exonoriunuit epeKkT po3BUTKY BiJHOBIIOBAHOI EHEPTEeTHKH MPOSIBISAETHCSA Y 3MEHIIEHH] 3aJI€KHOCTI
BiJl BUKOITHOTO MaJHMBa, 110 OE3MOCepeaHbO CIPHUSE€ CKOPOUYECHHIO BUKHUAIB JAIOKCUAY BYIJIELIO Ta
HIIKX IIKIJUIMBUX PEYOBUH B atMocepy. Lle mo3uTHBHO BIUIMBAE Ha SIKICTh HOBITPSI, 3HIKYE PIBEHb
€KOJIOTIYHUX PU3MKIB Ta MOKpaIly€e 3arajlbHUil CTaH JOBKULISA. Y JIOBrOCTPOKOBIM MEPCIEKTUBI
MacmtabHe BrpoBamkeHHs BJIE € BaxJIMBUM I1HCTPYMEHTOM JIOCSITHEHHS LUJIEH KJIIMAaTUYHOI
HEUTPaJbHOCTI, BHU3HAYEHUX MDKHAPOJHUMHM Yyrogamu, Ta (OpMyBaHHA CTIHKOi Mojeml
€HepreTUYHOr0 PO3BUTKY, OPIEHTOBAHOI HAa €KOJIOT1UHY O€3IeKy Ta CTalIui eKOHOMIYHUN PO3BUTOK.

Otrxe, BJIE € xio4oBUM YMHHHKOM TpaHChOpMaIlii €IeKTPOCHEPTETUYHOTO CEKTOpY,
3a0e3neuyroun Horo ekosorizallito, JeleHTpali3allilo Ta TexHojoriune oHoBleHHs. [lornpu HasBHI
BUKJIMKH, TIOB’513aH1 3 HECTAOUIbHICTIO TeHepallii Ta HEOOX1IHICTIO MO/IepHi3alii IHPpacTpyKTypH, ix
NOJAIBLIMKA  PO3BUTOK € HEBII'€EMHOIO yMOBOIO (OpMyBaHHS CTiiikoi, Oe3neuHoi Ta
KOHKYPEHTOCTIPOMOKHOT €HEPreTHYHOT CUCTEMU. Y JTIOBIOCTPOKOBIN mepcrnekTuBi inTerparis BJE
CTIPUSTHME ITiBUIIECHHIO CHEPTeTHYHOI HE3aJIS)KHOCTI, 3HWKECHHIO €KOJIOTIYHOTO HAaBaHTAXCHHS Ta
MEPEXOy 10 MOJIENI CTANIOTO EHEPTETUYHOTO PO3BUTKY.
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SOLAR ROAD LIGHTING AS AN ENERGY SAVING STRATEGY: LIFE CYCLE CO:
EVIDENCE FOR LOWER GRID DEMAND AND CLIMATE IMPACT

Abstract: This paper presents a comparative cradle to grave Life Cycle Assessment of a stand alone
solar road luminaire and two grid connected alternatives. The study demonstrates how LCA can support
energy saving decisions by linking operational electricity demand, grid dependence and life cycle CO:
emissions.

Keywords: life cycle assessment, energy saving, road lighting, solar luminaire, grid electricity, CO:
emissions.

Public road lighting is a permanent electricity consuming infrastructure. It operates every
night, remains in service for many years and is commonly replicated across thousands of installations.
Therefore, energy saving in road lighting should not be reduced only to LED efficacy or driver
efficiency. A broader European approach has to assess whether the complete lighting system can
reduce supplied electricity demand, relieve pressure on the grid and lower environmental impacts
over its service life. This is also important because grid infrastructure is a critical condition for secure
energy transitions [2]. In lighting, the next technological development is increasingly connected with
efficiency, smart operation, long lifetime and circularity [1].

Life Cycle Assessment is useful because it prevents a narrow interpretation of energy
efficiency. A product may reduce operational electricity use but require more materials, electronics
or maintenance. Conversely, a product with low production impact may create high climate impact if
it depends on grid electricity for decades. LCA therefore addresses the engineering question of
whether an energy saving solution remains environmentally beneficial when manufacturing,
transport, use and end of life are considered together. This is particularly relevant for stand alone
solar lighting, where photovoltaic modules and batteries shift part of the environmental burden from
the use phase to the production phase.

The study compares three Schréder road lighting products: the solar luminaire Sunaria and
two grid connected alternatives, Izylum 2 and Izylum Neo 2. The products were selected to represent
comparable road lighting functions and similar application conditions. The assessment follows ISO
14040 and ISO 14044 principles and is aligned with EN 15804:2012+A2:2019 and the PEP
ecopassport PCR framework [3]. The system boundary covers Al to A3 manufacturing, A4 to AS
transport and installation, B6 operational energy use, and C2 to C4 end of life. Operational electricity
for the grid connected luminaires was modelled using an average European grid mix.

The results show a clear life cycle trade off. In Al to A3, Sunaria has higher embodied
emissions: 178.07 kg CO: eq compared with 36.24 kg CO- eq for Izylum 2 and 35.38 kg CO: eq for
Izylum Neo 2. This is expected because the solar option integrates local electricity generation and
storage into the product system. It is not only a lighting device, but also a compact autonomous energy
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supply system. If only the production stage were assessed, the solar option would appear less
favourable, because the energy saving mechanism during use would be ignored.

The decisive difference appears in B6. Sunaria has zero operational grid electricity emissions
because it operates independently from the electricity network. The grid connected alternatives
accumulate 777.89 and 800.30 kg CO: eq during the use phase, which dominates their cradle to grave
profiles. From A1 to C4, Sunaria reaches 191.96 kg CO: eq compared with 820.75 kg CO: eq for
Izylum 2 and 839.26 kg CO: eq for Izylum Neo 2. The corresponding reductions are 76.61% and
77.13%. Thus, the energy saving effect is expressed both as avoided lifetime grid electricity and as a
lower total carbon footprint.

Module D was calculated separately as supplementary information beyond the core system
boundary. When reuse, recovery and recycling potential are included, the reduction reaches 85.61%
compared with Izylum 2 and 85.94% compared with Izylum Neo 2. Although Module D is not part
of the core Al to C4 result, it is relevant for European energy saving strategies because circular
design, recoverable materials and responsible end of life management influence the long term
performance of energy infrastructure [4].

For Ukraine and wider European practice, the study supports a pragmatic conclusion. Energy
saving strategies in lighting should include not only efficient components, but also system
configurations that reduce dependence on supplied electricity where this is technically justified. Solar
road lighting is not universal, because performance depends on solar resource, battery sizing,
maintenance quality and service life. However, when these conditions are properly engineered, it can
contribute to lower grid demand, improved local resilience and measurable reduction of life cycle
climate impact. This conclusion is consistent with earlier comparative LCA work on grid connected
and stand alone solar street lighting [5]. The scientific value of the comparison is methodological:
LCA translates energy saving from a general intention into measurable evidence. In road lighting and
electrical supply systems, robust decisions should combine low operational electricity demand,
transparent material impacts and credible environmental communication.
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HAIPSAMU NOKPAIIEHHSA EHEPTO3BEPEKEHHS B ITYKPOBIH I'AJTY 31

Anomauia. Ilpoananizo8ano 0CHOBHI HANPAMU NOKPAUeHHs eHep2o30epediceH s, AKI nepedbayaome
MOOEpHI3aYilo  OKpeMux emanié MeXHOAOSIYHUX NpoYecie, SCMAHOGACHHS 0102430601 YCMAHOBKU MaA
ompumants 6ioeazy, a MaKoiC NPoBAOIHCEHHS MENI0B020 NIHY-AHANI3Y HA NIONPUEMCMBAX YYKPOBOL 2aY3i.
3aznaueno, wo Kodcen 3 YUX HANPAMIE 6NAUBAE HA NOCUNLEHHS eHepeoepexmusHocmi. Biomiueno, wo
3anposad’ceHHs 000POMHOL cucmemMu 6000KOPUCTYBAHHS NPUBOOUMb 00 3HUINCEHHS POOOMU eHEPSOEMHO20
0071a0HaHHA Ma 3HAYHOI eKOHOMIL enexkmpoeHepeii ma ¢inancie. Bxazano, wo mommadic 6iozazosoi
VCMAHOBKU € MEXHOL02IUHO CKAAOHUM NPOYECOM, AKUL NOBUHEH BPAX)YEAMU MONCIUBICTHY YILOPTUHOT pobomu
yiei cnopyou i UKOPUCAHHS THWUX Odcepell biomacu, OKpiM mux, wo GopMyHomscs Ha YyKPOBOMY 3a800L.
Hazonoweno na sasicnusocmi npogaodicenss HOGUX MemoOon02itl, MAKUX K MenI08Ull NiHY-aHaLi3, AKUl
00360J15€ THMe2py8amu Meni06i npoyecy PisHUX emanié MexHON02IUHO20 YUKTY GUPOOHUYMEBA YYKDY-NICKY.

Knwuogi cnosa: yyxposa eanysv, biocazoea ycmanosxka, cmiuni 600U, menyioguil Niny-aHais.

VY cyuyacHMX peamisiX, CIPUYMHEHHX MOBHOMACHITaOHOK BilfHOIO B YKpaiHi, KpU3010
€HEPreTUYHOr0 CBITOBOTO PHUHKY MpOOJEMHM 3HW)KEHHS CIHOXXKHBaHHS €Heprii Ta MOIIyKH
MOJKJIMBOCTEHd BUKOPUCTAHHS QJIBTEPHATHBHHUX JOKEpEN, HacaMmIepea BiTHOBHUX, CHPHUSIOTH
6e3nepeOiiiHiil poOOTI MIANPUEMCTB Ta iXHIN €HEProHe3a1eKHOCTI.

[TyxpoBa ramyss, sIK OJJUH 13 CEKTOPIB XapyOBOi1 MPOMHUCIIOBOCTI, BaXJIUBICTh AKOi Ta BKJIa/J B
€KOHOMIKY YKpaiHU 3pi3 B OCTaHHI POKH, IparHe nepeopieHTyBaTu poOOTY CBOIX MIAMPUEMCTB 1]
Cy4acH1 BUKJIMKH, K1 CTOCYIOTHCS 30KpeMa i MiJABUILEHHS eHeproeekTuBHOCTI. OHUM 13 HUISXIB
I[BOTO € TaKa MOJIEpHi3allisl TEXHOJIOTIYHOTO MPOLECy, KA MO3HAYUThCA Ha poOOTI €HEProeMHOI0
obnagHaHHsA. Tak, BHOpOBaJUKEHHS OOOPOTHOI CHCTEMH BOJOKOPUCTYBAaHHS Ha XOPOCTIBCHKOMY
IyKpPOBOMY 3aBO/Ii, SIK€ BIIHOCUTBCS 10 KoMMaHii «PagexiBCbkuii IyKop» — KJII0UOBOT'O BUPOOHUKA
yKpy B YKpaiHi, IPHUBEJIO J0 3HAUYHOTO 3HMKEHHS BUTPAT €NEKTPOCHEPrii Ha BOJOMOCTAdYaHHS
(opientoBHO 70—-80%) [1]. CkOopoueHHsI 4acy poOOTH HACOCIB, IO BHUKAaYyBaJIM BOAY 3 PIUKH, Ta
BOJIOMIIIIMaTbHOTO 00 JHAHHS TTO3HAYAETHCS Ha €KOHOMII eslekTpoeHeprii npuommsuo B 200-300
tuc. kBTt'rox 3a ce3on. 3a 2019-2024 poku exoHOMIsl KOIITIB 3a 1i€to craTTero ctaHosmia 300-500
TUC. TPHUBEHb Ha PiK. BapTo 3a3HaunTH, 10 3HIDKEHHS HABaHTA)KCHHS Ha OOJIAHAHHS TOJIOBKYE
TPUBAJICTh HOTO POOOTH 1 3MEHIIIYE BUTPATH Ha PEMOHTH.

Jns  mianpueMcTB TepepoOHOI MPOMHUCIOBOCTI, SKI MpPaLIOTh 13  010CHPOBUHOIO,
MIPOBE/ICHHS TEXHOJOTIYHUX IMKJIIB MEpPepoOKHM CHPOBUHU 1 OTPUMAHHS OCHOBHOI HPOIYKIIT
CYIIPOBOJKYETHCS YTBOPEHHS 3aJIUILIKIB PI3HOTO MOXO/KEHHSI — JEPEeBUHHHUX YU MOKHUBHHX, SIKi
BHKOPHUCTOBYIOTHCSI SIK OiomMaca ijisi 3a0e3MeueHHs €HEePreTUYHUX MoTped miampuemctBa [2]. YV
BHUIAJKy ITyKPOBHX 3aBOIB TaKOK BTOPHHHOIO 010MAacor MOXe OYTH JKOM IIYKPOBHX OYypSIKiB.
[ToBHOIIHHE (YHKIIIOHYBaHHS O10Ta30BMX YCTAaHOBOK Ha IMIANPUEMCTBAX IYKPOBOiI ramysi Oyje
peHTabeIbHUM TOIi, KOJIU CIOpyJa MpairoBaTuMe 0e3nepebiiiHo, a He TUTBKH y CE30H MepepoOKHu
IyKpOBUX OYpsIKiB, sika TpuBae 4OTHPH Micsmi [3]. ToMy BaXJIMBUM € mepeadayuTy MOCTyHaHHS
6iomacu 13 IHIIMX JDKEpen, sIKi PO3TalIoBaHi MOOJIM3Y I[yKPOBOTO 3aBOAY., a TaKOX IaToKa Ta
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nedexat. OKpemMo BapTO PO3TIISHYTH MOKIIMBICTh BUKOPUCTAHHS B 010Tra30BUX YCTaHOBKAaX HU3BKO-
Ta BHCOKOKOHIIEHTPOBAHUX CTIYHHUX BOJ, SIKI XapaKTEPU3YIOTHCS BHCOKHUM piBHEM XiMI4HOTO Ta
010XIMIYHOTO CIIO’KMBAaHHS KHUCHIO, IMiJBUINEHHS KOHIICHTPALIN 3aBHCIMX PEYOBHH Ta OIOTC€HHHX
€JIEMEHTIB (HITPOTeHY 3arajibHOTo i amiauHoro ta hocdopy). Came Taky ycTaHOBKY IepeadaqaeThes
MOHTYBAaTH Ha OJHOMY 3 HiANpHEMCTB KommaHii «PagexiBcpkuii mykop». Bona Oyne yacTuHOIO
TEXHOJIOTTYHOTO Ipoliecy 010JI0TTYHOTO OUMIICHHS CTIYHUX Boj. CrcTeMa aHaepoOHOr0 OYHUIICHHS
i oTpumaHHs Olorasy BKJIIOYAE TaKi CIOPYIW: TIAPOJi3ep, aHAepOOHUU peakTop, JHerazarop,
JaMeIbHUN BIACTIHHUK, KOT€HepaTop Ta BUCOKOTeMIIepaTypHuil nanbHuK. Ha anaepoOHe ounIiieHHs
moJaBaTUMYThCs CTiuHI Bogu Il xareropii micias MeXaHIYHOTO 3HEBOJHEHHS ocany (00’em — 142
M’/TOJl Ta BHCOKOKOHILIEHTpOBaHi cTiumi Boau Boja III kareropii (06’em — 5 m’/ronm). Ilicas
aHaepOOHOT0 OYMIICHHS CIIOCTEPIraeThCs 3HAYHE 3HIKEHHS OPTraHiyHUX CIIOJIYK Y CTIYHHX BOJAX, a
KIiHIIGBOIO CIIONYKOKO € METaH SK OCHOBHA CIIONyKa y CKmami Giorasy. Moro HakomuueHHS
BiIOYBA€THCS y BHYTPIIIHEOMY 00'€Mi peakTopa MiX PiBHEM BOIH 1 Ta30HENPOHUKHOIO MTOKPIBIICIO
Oiora3zoBoi ycTaHoBkH. be3rneune cranioBaHHS HAAJIUIIKY Olorasy BigOyBaeThCS B 30BHIITHHOMY
ra30BOMY HaJIbHUKY.

[lepcnekTUBHMM HAmpsIMOM € M 3acTOCYBaHHs TEIJIOBOTO MiHY-aHaI3y, OCOOJIMBO Yy
MO€HAHHI KWOTO 13 BOAHMM miHuY-aHami3oM [4]. Taka cuHepris cnpu4MHEHa, 3 OJHOTO OOKY,
HasBHICTIO crenugiqHoro o0JaAHaHHS (BHIIAPIOBadiB, BaKyyM-KOHJIEHCATOPHUX YCTaHOBOK,
TEII0000MIHHHKIB), @ 3 1HIIOTO - (OPMyBaHHAM BETUKUX 00’€MIB HArpiTUX BOJI, TEIIOBA €HEPTis
SAKHX MOKE OyTH TepeHaIpaBlieHa Ha HarpiBaHHs XOJIOJHUX IOTOKIB Y TEXHOJOTIYHOMY MpOIeci
BUTOTOBJIEHHSI LyKpY (Hampukiaa, naudysiiiHoro coky). Taka iHTerpaiis Jornomarae He TUIbKU
MIOBTOPHO BUKOPUCTOBYBATH TEIUIOOOMIHHI BOJH, aJie i J03BOJIsIE 3HU3UTH BUTPATY EHEPropecypcis,
1110 TO3UTUBHO BIUIMBAE HAa €HEProePEeKTUBHICTh pOOOTH MiAIPHEMCTBA.

Bucnosxu

AHasti3 HanpsMiB HOKpAIlleHHs eHepro30epexeHHs B IyKpOBiH raiy3i MOKas3aB, 10 BOHHU
CTOCYIOTBCSl ~ yJIOCKOHAQJIGHHSI YMNpaBJIiHHSA HAarpiTuMu (BOPOBAKEHHS OOOPOTHOI CHUTEMH
BOJOKOPHUCTYBaHHSI) Ta CTIYHMMM BOJaMHU (BUKOPHCTAHHS IXHBOIO aHAaepOOHOro O10J0TIYHOTO
OYMIIEHHS JJI1 OTPUMaHHs 0lora3y), a TaK0oX 3aJdy4yeHHs IHTerpalli TeIIOBUX MPOIECIB 1 BOJIHOTO
MHY-aHai3y (3aCTOCYBaHHSA TeIUla HArpiTMX BOJ JJIS MIJICPIBAHHS XOJOJHUX MOTOKIB).
BnpoBamkeHHss ogHOro a0o KUIBKOX HampsiIMIB JacTb 3MOTY MiJIBUIIUTH €HEProe(peKTUBHICTh
HiANPUEMCTB IIYKPOBOI Trayly3i Ta TOCHJIUTH €KOJIOTIYHY OpIEHTOBAHICTh 3aBASKH 3aTyUYCHHIO
«3ENIeHUX)» TEeXHOJOTIH.
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CYYACHI METOJY EHEPTETUYHOI IEPEPOBEKH OCAIIB CTIUHHUX BO/]
Y CUCTEMAX OYUIIEHHSA CTOKIB

Anomauia. Posenanymo nepcnekmueHi HANpaMu eHepeemudnoi ymunizayii ocadig¢ cmiuHux 600
(OCB) sk sionosmoeanozo Odicepena ewnepeii. Iloxkazano, wjo nepcnekmueHuM HANPAMOM eHep2emuyHOi
ymunizayii OCB ¢ anaepobrne 36pooxcysants 3 ompumanHsim 60ioeazy. Ilpoananizoeano modiciusocmi
OMPUMAHHA CUHMe3-2a3Y Ma meepoo20 anbmepHamugHozo nanusa. Ilokazano, wo enpo8ad’CeHHs MaKux
MEXHON02TU CHPUSE 3MEHUEHHIO 00cs2i8 6I0X00i8, NIOBUWEHHIO eHepeOehEeKMUBHOCME MA 3HUNCEHHIO
€KOJI02TUHO20 HABAHMANCEHHS HA OOBKILIAL.

Knrouoei cnosa: ocaou cmiunux 600, enepeemuuna ymunizayis, 0ioeas, anaepobre 30po0NCcysants,
niponis, eazughikayis, arbmepHamusHe NAIUBo, eHepeoeheKmuUeHICMb.

Curyariis 3 HAKOIMYEHHSM 3HAYHUX 00cAriB ocafiB cTiyHUX BoJ (OCB), siki yTBOPIOIOTHCS
IICHST MEXaHIYHOTO, (PI3UKO-XIMIYHOTO Ta 010JO0TIYHOIO OYMIIECHHS KOMYHAJIbHUX 1 MPOMHCIOBUX
CTOKIB Ha OYMCHHUX CHOPYJax, XapaKTepU3yeThCs K KpUTUYHA Ta 3arpo3yuBa i exodorii [1]. OCB
noTpeOyroTh 3HAUHUX IO A5 30epiraHHsl, a TAKOXX CTBOPIOIOTh PU3UKHU BTOPUHHOTO 3a0py/JHEHHS
I'PYHTIB, IOBEPXHEBUX 1 MiJ3EMHUX BOJl Ta aTMOC(epHOro moiTps ToMy 0COOGIMBOrO 3HAa4YEHHS
HaOyBae BIPOBA/KEHHS Cyd4aCHUX TEXHOJIOTIH oOpoOku Ta eHeprernyHoi ytuiizauii OCB, mo
BIJIOBIAAIOTh PUHIUIIAM pecypco30epekeHHs, JeKkapOoHi3allli Ta IUKIIYHOI €eKOHOMIKH.

[IpoananizoBaHO NEPCIEKTUBHI TEXHOJOTIYHI pimeHHs monao 3amnydeHHs OCB  go
BUPOOHMIITBA Ta30MOAIOHOTO Ta TBEPAOro MajuBa. SK MoKaszaB aHali3 jpkepen jgiteparypu [1-3],
OJTHUM 13 HalOUIBIII MEPCIIEKTUBHUX HAIPSMIB €HEPTeTUYHOT yTHIII3allll € aHaepoOHe (Oe3KHUCHEBE)
30po/KyBaHHSI OCa/iB y METaHTEHKax 010ra3oBHUX yCTaHOBOK. J[ns Takoro mporecy HaiOiIbIn
MIPUIATHUMU € TIEPBUHHI OCaI1, HAJUTUIITKOBUH aKTUBHHUI MYJI Ta 3MIIlIaHi OCAIH MIiCIsI O10J0TIYHOTO
OYMILEHHS CTIYHMX BOJ| MiJIPUEMCTB XapyOBOi NMPOMHUCIOBOCTI, TBAPUHHUIBKUX 1 MTaXiBHUYUX
KOMILJIEKCIB, I[yKpPOBHX Ta CIIUPTOBUX 3aBOIB, a TAKOXX MICBKHX OYMCHUX cropyd. Taki ocanu
XapaKTepU3yIOTbCS BHCOKMM BMICTOM OpraHi4HOI pPEYOBMHHM, 3HAYHOIO KOHIIEHTPALIEIO
Olomerpama0ebHUX KOMIIOHEHTIB Ta BHCOKMM 010Ta30BHMM TIOTEHIIAJIOM, IO 3abe3rneuye
e(eKTHUBHICTb MTPOLIECIB aHAEPOOHOT0 30POKYBaHHS.

Ha puc. 1 mpencraBieHa TpUHIIMIIOBA TEXHOJIOTIYHA CXEMa OYHIIEHHS CTIYHUX BOJ 13
3aJIy4CHHSIM OCaJliB 0 aHaepOOHOI MepepoOKH y METAaHTCHKY Il BUpOOHHUIITBa Oiorazy. Cxema
BiJ0Opakae MOCIiJOBHICTh OCHOBHUX CTaJ[1i OUUIIICHHS CTIYHUX BOJI, 0OpOOKH 0CaJIiB Ta OTpUMAaHHS
CHEepPreTUYHUX MPOAYKTIB.

CBiTOBHI1 1OCBIJ BUKOpHCTaHHs aHaepoOHoi nepepodku OCB cBiquuTh npo peHTabeNbHICTh
Ta TEPCIeKTUBHICTH ii BHpoBafkeHHSA. B VYkpaini TexHonorii aHaepoOHOI mepepoOKH oOcajiB
BUKOPUCTOBYIOTBCSI 0OOMEXKEHO, X04a MalOTh 3HAUHUI MOTEHI[1aJl AJIs TOAAJIBIIOTO PO3BUTKY.
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Pucynok 1 — Texnonoeiuna cxema ouuyeHHsA CMIYHUX 800 13 3A1YYeHHAM HAOIUULKOBO2O
MYy ma 0cadié 00 aHaepooHoi nepepodKu y MemanmeHKy 0is 8upooHuymea 6io2asy

AHaepoOHa nepepoOka /103BoJjIsie cTabLIi3yBaTU Ocall Ta OJHOYACHO OTpUMYBaTu Oioras —
BiJIHOBJIIOBaHE MAJIMBO, OCHOBHUM KOMIIOHEHTOM SIKOTO € MeTaH y KinbkocTi 60-70 % CHa. bioras
MO’K€ BUKOPHMCTOBYBATHCS U1 BUPOOHUIITBA 5K €JIEKTPUYHOI, TaK 1 TEIUIOBOI €Heprii, 1110 3HUXKYE
3aJIe)KHICTh OYMCHHX CIOPYA Bif 30BHIMIHIX Jxepen eHeprii [1]. Ilig wac cmamoBanHs 6iorazy y
ra3oTypOIHHUX YCTaHOBKAax a00 KOTE€HEpaliiHUX MOIYJSX BUPOOJSIETBCS €NEeKTPOCHEepris AJis
YKUBJIEHHS HACOCIB, KOMITPECOPIB Ta 1HIIOTO OOJaJHAHHS OYHUCHUX CIOPYH. TeruioBa eHepris, 1o
YTBOPIOETHCS TIPU I[bOMY, MOKE€ BUKOPUCTOBYBATHUCS ISl MIATPUMAHHS TEMIIEPATYPHOTO PEKHMY
METaHTEHKIB, MIAIrpiBy BOAM Ta IHIIMX TEXHOJOTIYHUX HpoleciB. MOXINBOIO € Tnepenada
HQ/UTMILKIB €Heprii CrokuBauaM BUPOOHHMYOro cekrtopy. OJIHOYAacHO 3 IMM JHUrecTat, SKU €
3aJIMIIKOBUM TPOJYKTOM Hpoliecy 30poJKyBaHHS, Michs JAOAATKOBOI cTaduli3auii Ta KOHTPOIIO
BMICTY BaKKHX METaJliB, MO’KE€ BUKOPUCTOBYBATHUCS K OpraHO-MiHEpaJbHE J0OPHUBO, 110 10/1aTKOBO
HiJBHILY€ PECYpCHY €(PEeKTHUBHICTh TEXHOJIOT].

Bukopucranns anaepo6Ho1 nepepodku ocaiB ctiyHux Boj (OCB), He3BaXkatouM Ha 3HAUHUI
€HepreTMYHUN Ta EKOJIOTITYHUN MOTEHLIad TEeXHOJIOTi, CTPUMYEThCS HHU3KOI TEXHOJOTIYHHX,
€KOHOMIYHUX 1 OpraHi3aliiHuX 4MHHUKIB. OTHUM 13 OCHOBHUX CTPUMYIOUHX (aKTOpIB € BHCOKa
KamiTaJOMICTKICTh TPOIIECY, OCKUIbKM OyIIBHMIITBO METAHTEHKIB, CHCTEM IIJTOTOBKH OCafy,
ouuIeHHs 0iora3y, KOreHepalliifHIuX YCTaHOBOK Ta JOTOMIXKHOTO OOJIaJlHaHHS TOTpedy€e 3HAYHUX
IHBECTHUIINHUX BUTPAT.

[lepcrieKTUBHUM HampsiMOM € TakoX TepMiuHa nepepoOka OCB meromoM miponizy abo
rasudikaii [4]. 1y Takux mpoliieciB HaHOUIBII MPUIATHUMU € TIONIEPETHHO 3HEBOIHEH] Ta BUCYIIIEH]
0Caau 3 HHU3BKOIO BOJIOTICTIO, OCKUIBKM HAUIMIIKOBUH BMICT BOJHM 3HUXKYE EHEPreTUUHY
edekTUBHICTh TepMiuHOi nepepoOku. Ilig yac mipomnizy opraniyHa yactuHa OCB 3a BincyTHOCTI
KHCHIO MEPETBOPIOETHCS Ha MIPOJII3HUM Ta3, piAki majauBHI (Qpakiii Ta TBepAui KapOOHI30BaHUI
3aynioK. ["a3udikaris 103BOIsE OTPUMYBATH CUHTE3-Ta3, SKUH MICTUTh BOACHB, OKCHJI BYTJICITIO Ta
METaH 1 MOX€e BUKOPUCTOBYBATHCS SIK MAJIMBO JUIsl BAPOOHMIITBA TEIJIOBOI TA €JIEKTPUYHOI €HEpTii.

[HIIMM TIEPCTIEKTUBHUM HANpPSMOM € BHPOOHHMIITBO TBEPJIOTO AIbTEPHATUBHOIO MajuBa 3
OCB [5, 6]. Hdns 1mporo BHKOPHCTOBYIOTH MEXaHIYHO 3HEBOJHEHI Ha (imbTp-mpecax abo
HEeHTpUdyrax Ta Mofaji TepMiYHO BUCYIICHI y OapabaHHHMX, CTPIYKOBUX YU CyIIapKaxX KUIUITYOTO
1apy OCaja, SIKi MiCJisl 3HMKEHHS BOJIOTOCTI XapaKTEPU3YIOThHCS TEIIOTBOPHOIO 3/1aTHICTIO OJIM3BKO
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14...17 MJx/xr. Ilicns rpanymoBanHs abo OpukeryBaHHs Bucymedi OCB  MoOXyThb
BUKOPUCTOBYBAaTUCS Yy BUTIISAAI TAIWBHUX TPaHyl YU OPHUKETIB I KOTECIBHUX YCTaHOBOK,
TEIUIOENIEKTPOCTAHIIl a00 CMITTECHANIOBATBPHUX KOMIUIEKCIB. OCOONMBO MEPCHEKTUBHUM € IX
BUKOPUCTaHHA y IIEMEHTHI! MPOMHUCIIOBOCTI, JIe BUCOKOTEMIIEPATYpHUI PEXUM TeUeil 3abe3mneuye
MOBHE 3rOPSIHHS OPTraHIYHOI CKIIQJ0BOT Ta HEUTpallizaiiro HeOe3MeYHNX KOMIIOHEHTIB.

Jlis mOKpaIlleHHsT eHepreTUYHUX XapaKTepUCTHK Ta cTabinbHOCTi ropinHs OCB moxyTh
3aCTOCOBYBATHCS y CyMIllll 3 iIHITUMHU BHAAMH 0ioMacH, JEPEBHUMH BIJX0JaMH, TUPCOIO, COJIOMOIO
abo TBepaAuMU NOOYTOBUMHU BifaxoaaMu. Lle 103Bossi€ MiABUIIMTH TEIUIOTBOPHY 3/1aTHICTH MAJMBHOT
KOMITO3HIIii, 3HU3UTH BOJIOTICTh Ta MOKPAIIUTH MEXaHIUYHY MIITHICTh MAJMBHUX TPaHyJI Y OPUKETIB.

BucHoBku

Ocamu CTIYHUX BOJ € TEPCIEKTUBHUM BiJHOBIIOBAHUM JDKEPEIIOM EHEpTii, SKe MOXKe
e(EeKTHBHO BUKOPHCTOBYBATHCS JJIsi BUPOOHUIITBA Ta30I01I0HOTO Ta TBEpIOro manuBa. HaiGinpm
NEPCIEKTUBHIUMH HampsiMamMu eHepretuunoi ytuiizamii OCB e anaepoOHe 30popKyBaHHS 3
OTpUMaHHM Oiorasy, TepMidHa epepoOKka METOI0M MipoJii3y Ta ra3udikariii, a Tak0>X BUPOOHHUIITBO
TBEPAOrO aNbTEPHATUBHOTO MAaJINBAa 13 BUCYIIEHUX OCA/IiB.

BcranoBneHo, 1o nepBUHHI 0cajy, Ha/UIMIIKOBUN aKTUBHUN MYyJ Ta 3MilllaHI OCaayl Micis
010JI0T1YHOT0 OYMILIEHHS HAWOIBII MPUAATHI AJI aHaepOOHOT0 30pOKYBaHHS, TOA1 K IONEPEIHbO
3HEBOJHEHI Ta BHUCYIICHI OCaJM JAOIUIBHO BHUKOPHUCTOBYBAaTH MJIsi Mipoji3y, rasudikarmii Ta
BUPOOHUIITBA MTAIMBHUX TPAHYIL.

Eneprernuna yTuiizamis OCaaiB CTIYHUX BOJ JO3BOJISIE CKOPOTHTH OOCSTH HAKOIMHUYCHHS
BI/IXO/IIB, 3HU3UTH €KOJIOT1YHE HABAaHTAXKEHHS Ha JOBKIJUIS, 3MEHIIUTH CHOKUBAHHS TPaJAUIIIITHIX
EHEepPropecypciB Ta MiJBUIIMTH €HEProHEe3aJIeKHICTh KOMYHAIBHUX MiJIPUEMCTB BIAMOBIAHO 10
Cy4YaCHHMX MPHUHIIUIIB PECYypcoe(EeKTUBHOCTI Ta CTAJIOTO PO3BUTKY.
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ANALYSIS OF THE IMPACT OF DIGITAL TECHNOLOGIES ON WORKING
CONDITIONS AND SAFETY IN THE ENERGY INDUSTRY

Abstract: The impact of digital technologies on the working conditions and safety of personnel in the
energy sector is studied. The role of automated control systems, digital monitoring platforms and remote
access technologies in reducing production risks is analyzed. The main advantages of digitalization are
identified, in particular, reducing the impact of hazardous factors, increasing the efficiency of equipment
condition monitoring and the speed of response to emergencies. New challenges associated with cyber threats,
increased psycho-emotional stress and the need to improve personnel skills are outlined. The feasibility of a
comprehensive approach to ensuring occupational safety in the context of the digital transformation of the
energy sector is substantiated.

Keywords: Digitalization, energy, occupational health and safety, SCADA, cybersecurity, automation.

The current stage of the energy industry's evolution is inextricably linked to large-scale digital
transformation, which serves as the fundamental basis for implementing the concept of smart energy
systems and integrating the principles of the Fourth Industrial Revolution. The active and widespread
implementation of end-to-end digital technologies, including automated dispatch control systems, the
Industrial Internet of Things, predictive big data analytics, and intelligent continuous monitoring
platforms, is fundamentally transforming the traditional architecture of production processes. These
processes are driven by the global transition to decentralized generation and the need for real-time
capacity balancing. These technological innovations contribute to a significant increase in the energy
efficiency of generation and distribution facilities, the minimization of process losses, and a manifold
increase in the efficiency of network operation mode management. At the same time, they are
initiating a profound, multi-layered transformation of the working conditions of service personnel [2;
5].

The key vector of change in the nature of production activity lies in the large-scale transition
from direct physical interaction with power equipment to predominantly cognitive, informational,
and analytical work carried out through integrated human-machine interfaces and complex software
systems. This paradigm shift creates fundamentally new, heightened demands on the professional
training of specialists, requiring the development of abstract thinking, a high level of digital
competence, and the ability to quickly adapt to the increasingly complex automation of work
processes. At the same time, the reliability of power facilities is becoming increasingly dependent on
the correctness of software algorithms, the throughput and stability of the communications
infrastructure, and the overall security of information systems, which has a direct determining effect
on the basic level of technosphere safety in the production environment [3].

Under these circumstances, the issue of ensuring safe working conditions during the combined
operation of high-voltage power equipment and the latest cyber-physical control systems is acquiring
particular scientific and practical significance. The specific nature of modern technological processes
is such that any latent errors in automated system algorithms, telemetry transmission failures, or
cybersecurity compromises can trigger cascading emergencies, creating an unpredictable threat to the
lives and health of production personnel. In this context, basic occupational safety regulations
continue to play a fundamental, yet increasingly controversial, role, particularly conservative rules
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for the safe operation of electrical installations, which strictly regulate procedures for physical access,
work permit issuance, and visual inspection of equipment technical condition [4]. Currently, there is
an objective and progressive lag between the traditional regulatory framework, focused on analog
systems, and the pace of innovation, necessitating a conceptual revision of safety regulations, shifting
from static to dynamic risk assessment models.

The digitalization of the energy sector inevitably creates new categories of occupational risks,
requiring detailed scientific analysis and the development of adequate countermeasures. These
primarily include targeted cyberattacks on critical information infrastructure (e.g., false data
injections), which can disorient operators and disrupt the normal operation of hardware safety
interlocks. Secondly, researchers are documenting a sharp increase in the psychophysiological load
on control and operational personnel, which is due to the need for continuous cognitive control over
colossal amounts of incoming data from hundreds of subsystems in real time. Recent research
confirms that permanent information overload and the need to simultaneously process multiple
emergency signals act as a powerful catalyst for technostress, depleting cognitive reserves, negatively
impacting concentration, increasing the latency of psychomotor reactions, and greatly increasing the
likelihood of critical errors caused by the notorious human factor [1; 3].

At the same time, the deep integration of advanced digital solutions opens up unprecedented
prospects for a fundamental shift from the traditional reactive risk management model to proactively
improving industrial safety and systematically minimizing injuries at enterprises. The use of extensive
Industrial Internet of Things networks, in close synergy with the concept of multidimensional digital
twins, enables highly accurate, continuous remote monitoring of the technical condition of critical
power equipment in real time. This high-tech approach makes it possible to identify hidden
degradation defects, such as abnormal microvibrations of rotor mechanisms, localized thermal
overheating of contact connections, acoustic deviations, or the initial stages of partial discharges in
insulation, at the earliest stages of their development. Timely identification and intelligent analysis
of such hardware and physical anomalies enable operating organizations to implement scientifically
and economically sound predictive maintenance strategies. This completely eliminates the risk of
sudden catastrophic failures of high-voltage equipment, accompanied by an uncontrolled energy
release and posing a direct threat to the lives of operating personnel. The conceptual design,
hierarchical architecture of information links, and general operating algorithm of such integrated
hardware and software solutions are clearly demonstrated in the generalized structural diagram (Fig.
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The architecture of the intelligent safety management system is built on a multi-level
hierarchical principle and includes several key functional blocks that are continuously engaged in
information exchange. At the basic (field) level, continuous data collection occurs through an
extensive network of smart sensors integrated directly into power equipment nodes. The resulting
arrays of primary raw information are transmitted to a cloud or peripheral predictive analytics module,
where complex neural network algorithms and machine learning methods are used to identify hidden
patterns of physical deterioration and probabilistically predict potential failures. The final results of
high-performance computing are transmitted to the central safety monitoring interface, implemented
as an interactive digital twin, which provides operational personnel with a visualized, ergonomically
structured metric of the technospheric safety status of the entire facility in real time [5]. This
structural-analytical approach reduces the likelihood of sudden, fatal equipment failures and the
accompanying severe man-made incidents to an absolute minimum. Moreover, the widespread
automation of routine operations and the introduction of remotely controlled robotic systems for
inspecting high-risk areas radically reduce the need for direct human presence in aggressive
production environments, completely mitigating the impact of hazardous production factors on the
worker's body [2; 5].

To summarize, it can be concluded that the impact of digital technologies on working
conditions and safety in the energy sector is clearly dualistic, multidimensional, and dialectical. On
the one hand, the large-scale deployment of smart systems and intelligent predictive analytics tools
creates a highly reliable technological foundation for radically reducing industrial injuries and
increasing the overall predictability of complex power grids. On the other hand, the intensive
development of cyber-physical production environments is giving rise to previously unknown, hidden
threats in the form of critical cyber vulnerabilities and severe cognitive overload for control personnel.
This systemic contradiction requires the immediate implementation of a comprehensive,
interdisciplinary approach to occupational safety management, based on a harmonious synthesis of
advanced technological solutions, a promptly modernized regulatory framework, and innovative
programs for in-depth psychological support and continuous professional adaptation for energy
industry specialists [1; 2; 5].
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3D-IPYK OIITUMI3OBAHUX KOMIIOHEHTIB MIKPO-T'EC TA
BITPOI'EHEPATOPIB.

Anomauisn: Posensanymo cyuachi nioxoou 00 ni08UWeHHs epeKmusHOCmi cucmem menionoCmaiaHHs
HA OCHOBI 6NPOBAVICEHHS ABMOMAMUZOBAHUX CUCTHEM KEPYBAHHS, YUPDPOBO2O MOOENIOBAHHA MA AOUTHUBHUX
mexHonoeiu. OObIpyHmosano OoyinbHicms  iHmespayii  Oeyenmpanizo8anux oOdxcepell  eHepeii ma
IHMeNeKMYANbHUX CUCEM YIPAGTIHHS

Knwuogi cnoea: asmomamuzosani cucmemu Kepysanus, menionocmadyanis, eHepeoeQexmusHicms,
mikpomepesrci, 3D-0pyk, CFD.

CydacHi BHUKJIMKMA €HEpreTH4Hii Oe3meni Ta HEOOXITHICTh 3a0e3MedyeHHs CTIMKOCTI
KPUTHUYHOI 1H(GPACTPYKTYpH BHMAaraloTh MEPEOCMUCICHHS MiIXOMIB JO OpraHizalii cucreM
teruionoctayaHds. OcoOJIMBOI aKTyaJlbHOCTI 1€ NUTaHHS HaOyBae B yMOBax IEpexony 10
JCLIEHTPATI30BAHUX EHEPreTUYHUX CHUCTEM, 30KpeMa MiKpoMmepexx (microgrids), ski 3marHi
3a0e3neyyBaTu aBTOHOMHE (DYHKI[IOHYBAHHS €HEPreTUYHUX 00’ €KTIB.

BaxxnuBuM HampsMoM pO3BUTKY € IHTErpallis BIJTHOBIIIOBAHUX JPKEpENl €HEprii, TaKuX SK
MIKpO-T1JpOEJIEKTPOCTAHLI{ Ta Majii BiTpoenekTpocTaHii. [IpoTe iX eQeKkTUBHICTh 3HAYHOIO MIPOIO
3aJIeKUTh BiJ MPUPOJHUX YMOB, 30KpeMa IIBUJKOCTI BITpY ab0 mapameTpiB BOJHOrO MOTOKY. Lle
00yMOBJIIO€ HEOOXIJHICTh 3aCTOCYBAHHS CYYAaCHUX IHXEHEPHHX MiJXOJIB, Cepes SKHUX INPOBiIHE
Miclle 3aiiMalOThb aBTOMAaTM30BaHI CHUCTEMM KepyBaHHA Ta LMdpoBe MozemoBaHHS [3, 4].
KonnenryanbHa cxeMa (yHKIIOHYBaHHS JIELEHTPai30BaHOI €HEPreTUYHOI CUCTEMH, 1110 MOETHYE
reHeparito, yrnpasiiHHS Ta BUPOOHUIITBO KOMIIOHEHTIB, HaBeJieHa Ha pucC. 1.

KitouoBy ponb y mifBuIlieHHI e(pEeKTUBHOCTI TaKUX CHCTEM BIJITPA€ CTBOPEHHS LU(PPOBUX
NBIMHHUKIB eHepreTuyHoro oo6mnamHanHs Ha ocHoBi CAD/CAE-monentoBaHHs, 10 JO3BOJISIE
ONTHUMI3YBaTH MapaMeTpu poOOTH CHUCTEM IIe Ha eTarli mpoekTyBaHHs. [Ipu po3pobui TypOiH ais
YMOB HM3BKUX HIBHJIKOCTEH NOTOKY B@KJIMBHUM € BHOIp ONTUMANbHOrO Mpo(iaro JomaTi 1e
3abe3neuye BUCOKUI KoeilieHT MiAHOMHOT CHiIM Ipy Manux uuciax PeitHonbiaca [3]. Hactynmuum
€TaroM € OINTUMI3allisl TeOMETPUYHUX NapaMeTpiB (KpydeHHs Ta Xopja Jonari). Bukopucranus
CY4acCHUX 1HCTPYMEHTIB MOJIEIIOBaHHS JI03BOJII€ CTBOPIOBATH CKJIaJHI MPOCTOPOBi (opMH, IO
3a0e3meuyoTh e(PEeKTHBHY poOOTy KOXXHOTO CErMEHTa JiomaTi. Pe3ynpTaT dYHCENBHOTO
MOJIETIIOBaHHS MpoleciB 00TiKaHHS poOOUYHX MOBEPXOHb HaBE/IEH1 Ha pucC. 2.

3acTocyBaHHsS MeTOAIB obOuuciatoBaibHOi rigpoauHamiku (CFD) nae 3mory BH3HAUMTH
pPO3MOALT TUCKY Ta IIBUAKOCTEW MOTOKY, IO, Y CBOIO Yepry, JO3BOJISAE MIABUIIUTH KOeDImieHT
KOpHCHOI Aii TypOinu Ha 15—-20% mopiBHSAHO 3 TpaAULIKHUMU pilIEHHSAMU [4].

Pucynox 1 — Exocucmema oeyenmpanizosanoi mepeici 6 oii
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Pucynox 2 — Pezynomamu CAE-cumynayii nomoky nasxono 3D-0pykosarnoi nonami

BaxmBuM enemMeHTOM pearmizaiii 1HHOBAaIMHUX pIlIEHh € aIUTHBHI TEXHOJOTI]
BUPOOHUITBA. 3D-ApyK A03BOJISIE BUTOTOBIIATH CKJIaIHI TE€OMETPUYHI KOHCTPYKIIiT 6€3 He0OXiJHOCTI
BUKOPHUCTAHHS JIOPOTOTr0 TEXHOJIOTTYHOTO OCHAIICHHs. [TpHrKIa mporecy BUrOTOBJICHHS €JICMEHTIB
TypOiHM HaBEACHO HA pHC. 3.

Pucynox 3 — Beauxocabapumnuii 3D-npunmep OpyKye ckiaoHy mypoOiny 8 MoOiIbHOMY KOHmMelHepi

3acTocyBaHHS IMOJIMEPHUX Ta KOMITO3UTHUX MatepiaiiB, 30kpema PETG, ASA ta apmoBaHux
BOJIOKHOM TIOJIIMEPiB, 3a0e31euye HeoOXiTHy MIIHICTh 1 JIOBrOBIYHICTh €JI€MEHTIB KOHCTPYKIIi [1,
2]. Kpim toro, MoxuBicTh (hopMyBaHHSI BHYTpIIHBOI CTpyKTypHu (infill) no3Bosisie cTBOproBatu
JIeTKl, ajieé JOCTaTHhO >KOPCTKI KOHCTPYKIIii, 110 3MEHIIYy€E iHEpLiiHICTh TypOiH 1 HOKpalye ix
MycKOBI XapaktepucTtuku [2]. ExcrepumeHTanmbHa nepeBipka e(EeKTUBHOCTI 3alpOlIOHOBAHUX
pilleHb BKJIOYAa€ $K aepoJMHAMIYHI, TaK 1 MeXaHiuHl BUIIpoOyBaHHS. BumpoOyBaHHsA B
aepoJuHaMIuHiil TpyOi MiATBEP/PKYIOTh BIAMOBIAHICTE E€KCIIEPUMEHTAIBHUX JAHUX pe3yJbTaTaM
YHUCETbHOTO MOJIETIOBAHHS, 110 CBIAYUTH MPO BUCOKY JOCTOBIPHICTH 3aCTOCOBAHMX METOMIB [4].
[Tpuknax ekcriepuMEHTaIBHOTO CTEHAa HAaBEIEHO Ha pucC. 4.

[TapanenbHO 3 aepOAMHAMIYHMMH JOCIHIDKEHHSIMH TPOBOIATHCS KOMILUIEKCHI MEXaHIdH1
BUNIPOOYBaHHS, CHPSAMOBAaHI Ha OIL[IHIOBAHHS MIIIHOCTI Ta JOBTOBIYHOCTI KOHCTPYKTHBHHX
€JIEMEHTIB. Y XO0JI1 TaKuX JOCIIKEeHb JIoNaTi TypOiH MiAIal0Thes IK CTATUYHUM, TaK 1 AMHAMIYHUM
HaBaHTAXEHHSM, 1[0 MOJEIIOIOTh peajibHi YMOBHU €KCILTyaTallii, BKJIIOYal0YH BIUIMB BiALIEHTPOBUX
CHJI, BITPOBUX MOPUBIB 200 3MiH TiJjpoanHaMiuHOro Tucky. OcobiuBa yBara NpuaUIsSETbCS aHATIZY
HanpyXeHO-Ae(OPMOBAHOTO CTAaHy MaTepialliB, a TAKOXK JOCIIKEHHIO IXHbOT BTOMHOI MIITHOCTI TIpH
TPUBAJIOMY IIUKJIIYHOMY HaBaHTaKeHHI. OTpUMaHi pe3yJabTaTH CBiT4aTh PO Te, 10 HABITH 32 YMOB
3MEHIICHOI MacH KOHCTPYKIIli, MOCATHYTO! 3aBIASKM BUKOPHUCTAHHIO ONTHMI30BAaHUX BHYTPIIIHIX
CTPYKTYp Ta aJlUTUBHUX TEXHOJIOTiH, 3a0e3MmevuyeTbcsi HEOOX1THUM PIBEHh HAMIMHOCTI, KOPCTKOCTI
Ta eKCIulyaTaliidHoi cTiiikocti BupoOiB [2]. Ile miaTBep/kKye MOUUIBHICTh 3aCTOCYBaHHS
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IHHOBAaIlIMHUX MMAXOMIB O TMPOEKTYBAHHS 1 BUTOTOBJICHHS €JIEMEHTIB CHEPreTUYHUX YCTaHOBOK
MaJIO1 MMOTYKHOCTI.

[HTerpartist aBTOMaTH30BaHUX CUCTEM KEPYBaHHS 3 JICLICHTPATI30BaHUMU JDKEpeNlaMH eHeprii
(bopMye OCHOBY JJIsl CTBOPEHHSI IHTEJIEKTYyallbHUX CHCTEM TEIUIONOCTauyaHHs HOBOTO IHOKOJIHHS.
Taki cucremMu QyHKIIOHYIOTh Ha 3acafax 0e3nepepBHOro 300py Ta aHaNi3y JaHHUX II0JI0 TapaMeTpiB
po60TH 00JIaTHAHHS, 110 JO3BOJISIE OTIEPATHBHO pearyBaTH Ha 3MiHY 30BHINIHIX 1 BHYTPIIITHIX YMOB
(yHKIIIOHYBaHHS. 3aBISIKM BUKOPHUCTAHHIO CyYaCHUX aJTOPUTMIB OOpOOKH JaHUX 1 TPOTHO3yBaHHS
3a0e3neuyeThesl afanTalis pexuMiB poOOTH 10 3MiH TEMIEpaTypy HAaBKOJHUIIHBOTO CEpeIOBUIIIA,
HABAaHTA)XCHHS CIIOKHMBAUiB Ta JOCTYMHOCTI €HEPreTMUYHUX PEcypciB. Y pe3yibTaTi IOCITaeThCs
ONTHUMI3AIlisl TPOLECIB CIOXKUBAHHS CHEPTii, 3HWKCHHS BTpaT Ta MIJBUIICHHS 3arajibHOl
epeKTUBHOCTI (YHKI[IOHYBaHHS CHCTEMHU. BomHOoYac aBTOMaTH3allis CHOpPHSIE ITiIBULIICHHIO
HAJIHHOCTI POOOTH TEIUIONOCTaYaHHS, OCKUIBKHA JI03BOJISIE CBOEYACHO BHSIBIISITH BIAXWICHHS Y
poboti oOmamHaHHS, TMONEpeKaTH apapiidHi cuTyamii Ta 3a0e3medyBaTH CTaOUIBHICTH
eHepro3abe3rneueHHs HaBiTh B YMOBaxX HECTAOUIbHOCTI 30BHIIIHIX JXKEpel eHeprii.

3 eKOHOMIYHOi TOYKH 30py, BIPOBA/KEHHS AAWTHUBHHX TEXHOJOTIM Yy TMO€IHAHHI 3
aBTOMATHU30BAHUMHU CUCTEMaMU KePYBaHHS BIAKPUBA€E MIMPOKI MOKIMBOCTI AJIs ONITUMI3aIlil BUTPAT
Ha CTBOPEHHS Ta €KCIUTyaTallll0 eHEPreTHYHUX YCTAaHOBOK. BiJCyTHICTh MOTpeOU y BHUTOTOBIEHHI
CKJIATHOTO Ta JIOPOTOr0 TEXHOJOTIYHOTO OCHAIIEHHS, XapaKTePHOTO Ui TPAaTUIIHHUX METOMIB
BUPOOHMIITBA, JO3BOJISIE CYTTEBO 3HU3UTH KalliTalbHI BUTpaTu. KpiM TOTrO, CKOPOUYIOTHCSI CTPOKH
BUTOTOBJICHHSI KOMIIOHEHTIB, IO € OCOOJMBO BaXXJIMBUM JUIS OIEPATUBHOTO BIPOBAKCHHS
SHePreTUYHUX pIlleHh y JIOKAJhbHUX yMOBax. He MeHII 3HadyIIor IMepeBarol0 € ITiIBUIICHHS
PEMOHTONPUIATHOCTI OOJIAHAHHS, OCKUIBKHM HasBHICTh HU(PPOBUX Mozenei ta 3D-npuHTepiB 1ae
3MOTY LIBHUJIKO BiATBOPIOBATH HEOOX1/IHI AeTani 6e3mocepeiHbo Ha Miclli ekcrutyartanii. CyKynHicTh
1uX (aKTOpiB pOOUTH aTUTHBHI TEXHOJIOT'1] BaXKJIMBUM 1IHCTPYMEHTOM PO3BUTKY JELEHTPaII30BaHUX
CHepreTUYHUX CHCTeM Ta TMIiJBUIIEHHA iX eKkoHoMiyHOi edexktuBHOCcTI [1]. IloemHanHs
aBTOMAaTH30BaHUX CUCTEM KepyBaHHs, LU(GPOBOrO MOJENIOBAHHSA Ta aJUTHBHOTO BUPOOHMIITBA
(dhopmye HOBY TTapaJiiTMy PO3BUTKY CHCTEM TeIIonocTavyanHs. Takui miaxia J03BOJIsIE 3a0€3MeUUTH
BHCOKY €Heproe(eKTUBHICTh, HAIIWHICTh Ta €KOJIOTIYHICTh €HEPreTUYHUX cucTeM. llepcrexTuBu
MOJAJBIINX JIOCHIKEHb MOJIATAIOTh Y PO3pOOLIl 1HTENEKTyalbHUX aJlOPUTMIB KEpyBaHHS,
BJIOCKOHAJIEHHI MarepiamiB s 3D-npyky Ta JOCHIKEHHI JOBrOTPUBAIOl EKCILTyaTaliitHol
HAJIIHOCTI €JIEMEHTIB EHEPreTUYHUX YCTAaHOBOK.
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ATPOBOJIBTAIKA: IOEJJHAHHSA COHSAYHUX EJEKTPOCTAHIIIA I3 CLIbCHbKAM
IroCcrniogApCTBOM

Anomauisn. Pozensinymo azpogonibmaixy K iHHOSayiuHUull nioxio 00 NOEOHAHHS COHAYHOI eHepeemuKu
ma cinbcoko2o 2ocnodapcmea. Bucsimieno npunyunu QyHKYiOHY8aHHA aA2pOBONLMAIYHUX CUCMEM, IXHi
nepegazu w000 eheKmusHO20 BUKOPUCANHS 3eMENIbHUX PeCyPCi8, NAUEY HA MIKDOKAIMAM i 8POACALIHICID,
a Maxkoxc eKoHOMIuHI Ul exonociuni acnexkmu. OKpecieHo 0CHOBHI BUKTIUKYU BNPOBAOICEHHSA MA NePCReKmMUBU
PO3GUMKY YbO2O HANPSAMY.

Knwuosi cnosa: acposorvmaika; COHAYHA eHepeemuxa, CLIbCbKe 20CHO0ApCmeEo, BIOHOBNIOBAHI
Ooicepena eHepeii; pomoeanb8aniyHi cucmemu, cmanuii po3eUmMoK, epexmusHicms 8UKOPUCMANHI 3eMelb,
MIKPOKAIMAM, 8POIACAUHICMb, eKOI02IYHA CMIUKICHb.

ArpoBonbTaika € 1HHOBallIHHUM HampsMOM PO3BUTKY BIJHOBIIOBAHOI E€HEPreTHKH, 10
nepeabayae  OJHOYAaCHE  BUKOPUCTAHHSA  3€MEJIbHMX  pecypciB s BHUPOOHMLTBA
CUIBCBKOTOCIIOAAPCHKOI MPOAYKLIT Ta reHepallii eeKTpOeHeprii 3a JOMIOMOI 0K COHSYHUX MaHeNeH.
Taxuil miaxin po3riasiaeTbes sk eheKTUBHUM IHCTPYMEHT 3a0€3MeUeHHS CTaIoro pO3BUTKY B yMOBax
3pOCTaHHs TJ00aJBPHOTO TOMUTY HAa EHEPrilo, MOCUJICHHS KIIMAaTHYHUX 3MIiH 1 OOMEXEHOCTI
MPUIATHUX A7 00po0ITKY 3emensb [2]. OcobamBOT aKTyaIbHOCTI arpoBoOJIbTaika Ha0yBa€ B KOHTEKCTI
HEOOX1ZTHOCTI CKOpPOYEHHS BHUKHUIIB TMAapHUKOBUX Tra3iB Ta IMEpPexXoay 10 HU3bKOBYIJIELEBOI
€KOHOMIKH.

CyTHICTB arpoBOJIbTa{YHMX CUCTEM IOJIATAE Y IPOCTOPOBOMY MO€IHAHHI ()OTOTAIbBAHIYHUX
MOJYJIiB 13 CUIbCBKOTOCIOAAPCHKUMH KyJIbTypaMH a0o0 TBapuHHHLTBOM. IlaHeni moxyTh OyTu
PO3MIIIEH] Ha MiIBULIEHUX KOHCTPYKIISX a00 BCTAHOBIIEHI 3 MIEBHUMH IHTEpBAJIaMU, 1110 J03BOJISE
3a0e3MeYuTH JOCTaTHIN JOCTYN COHSYHOTO CBiTha M0 pociuH (puc. 1). Takuil miaxin nae 3mory
a/lanTyBaTH CUCTEMY JI0 PI3HUX TUIIIB arpOBUPOOHUIITBA — BiJl BUPOILLYBaHHS OBOYEBUX KYJIBTYp 10
BUKOPUCTaHHS MacoBull s TBapuH. [Ipm 1mpoMy BifgOyBaeThcsi (GopMyBaHHS CHEHU(PIYHOTO
MIKpPOKJIIMATy, SIKHH BIUIMBAaE HAa TeMIeEpaTypy IPYHTY, PIB€Hb BOJOIOCTI, IIBUIKICTH BITPY Ta
IHTEHCUBHICTh BumapoByBaHHs [4]. JlochimkeHHs CBig4aTh, MO YAaCTKOBE 3aTiHEHHS, CTBOPEHE
COHSTYHAMH TIAHEJISIMH, MOXXK€ MAaTH SIK TIO3UTHUBHHM, TaK 1 HETaTHBHUU BIUIMB Ha BPOXKAHHICTH
3aJIeKHO BiJl TUITY KYJIBTYp, KIIIMAaTHUHUX YMOB 1 MapaMeTpiB CUCTEMHU.

Pucynok 1 — Cxema acposonvmaiunoi cucmemu (HOEOHAHHS COHAUHUX naHenell i
CIbCLKO20CNO0APCHKUX KYIbIMYP)

30



"EUROPEAN ENERGY SAVING STRATEGIES AND THEIR ADAPTATION IN UKRAINE"

30kpemMa, y TOCYIUIMBUX 1 HaIIBIOCYNUIMBUX PEriOHaX 3MEHIICHHs 1HCOJSIII CIpuse
30€peKEeHHIO BOJIOTH B IPYHTI, 3HH)KEHHIO TETIOBOTO CTPECY POCIHH 1 HaBITh MOKPALICHHIO SIKOCTI
nponykmii. Jleski KymnbTypH, Taki SIK cajlaTH, IIMUHAT a00 STOAM, ACMOHCTPYIOTH IiJBHINCHHS
BpPOKaHOCTI B yMOBaX NOMIPHOTO 3aTiHeHHs. BojHoudac CBITIOMIOOHI KYyJIbTypH, HAIPHKIA]
KyKypyn3a a0o TIIeHHUIS, MOXYTh JIEMOHCTPYBATH 3HIKEHHS MPOAYKTUBHOCTI 3a YMOB
HE/I0CTaTHHOI'O OCBITJIEHHS, LII0 OTPeOYe peTesbHOro Mioopy arpoTexHoiorii [1]. ArpoBosbraika
Ma€ 3HAYHUN €KOHOMIUHMN moTreHmian. [loeqHaHHS NBOX BHIIB JisSJIBHOCTI Ha OJHIA TepUTOPIi
JI03BOJISIE MABUIIUTH €(PEKTUBHICTh BUKOPUCTAHHS 3€MEJIBHUX PECYPCIB 1 3a0€3MEUUTH JT0JaTKOBI
JpKepena JoXoly A (epMepCchKMX TOCIOAapcTB. BUPOOHMUTBO  e€JIEKTpOEHeprii Moxke
KOMIICHCYBaTH pPHU3HMKH, IIOB’S3aHI 3 HECHPUATIMBUMH IOTOJHUMH YMOBaMH, CE30HHHUMHU
KOJINBaHHSIMH BPOJKAHOCTI Ta HECTaOUIBHICTIO arpapHuX pHHKIB. bismbiie Toro, arpoBoibTaiuHi
CHCTEMH MOXYTh CIIPUSTH PO3BUTKY JIOKAIbHIUX EHEPreTUIHUX TPOMA/I 1 IiIBUIICHHIO EHEPreTUYHOT
HE3aJIe)KHOCTI perioHiB [3].

BaxuBuM acnekToM € Tako)K €KOJIOTIYHUH BIIMB arpoBOJIbTAiKU. BUKOpUCTaHHS TakUX
CHCTEM CIIpHsI€ 3MEHILIEHHIO JIerpajalii IPyHTIB, OCKIJIbKH 3HM)KY€ETHCSl pIBEHb BUIIAPOBYBAaHHS Ta
epo3ii. Kpim Toro, 3meHuyeTbcs norpeda y BOJHHMX pecypcax JJisi 3pOLICHHS, 10 € KPUTUYHO
BOXJIUBUM Yy perioHax i3 Ae(iuuToM BOJH. ArpoBOJbTaiKa TAKOXX MOXKE CHPUATH 30€peKEHHIO
010pi3HOMAHITTSI, CTBOPIOIOYM HOBI CEpeIOBUINA ICHYBAaHHS IS PI3HUX BUJIB POCIHH 1 TBapHH [2].

Pa3om i3 THM BIpOBaKEHHS arpoBOJIbTATYHUX CUCTEM CYIIPOBOJIKYETHCS HU3KOIO BUKITUKIB.
Jlo HHMX HajeXaThb 3HAYHI TOYATKOBI I1HBECTHIil, CKJIAaTHICTh TEXHIYHOTO MPOEKTYBAaHHS Ta
HEOOXI1IHICTh aJanTallli HOpMaTUBHO-TIPABOBOI 0a3u. Ba)KJIMBUM € Tak0K MMUTAHHS IHTETPAIlll TAKUX
CHCTEM Yy BX€ ICHYIOUy IH(PAacCTpyKTypy CUIBCBKOro rocmojapctBa. HeoOXigHO BpaxoByBaTH
napaMeTpH po3MillleHHs MaHeNel, IXHIO BUCOTY, KyT HaXxMJTy, OpIEHTAIII0 BITHOCHO COHIIS, a TAKOX
CYMICHICTb 13 CLTBCHKOTOCIIOIAPCHKOI0 TEXHIKOIO Ta MpoliecaMu MexaHizamii [1].

Po3BuTOK arpoBosbTaiki MOTpeOye MIKAMCUUILUTIHAPHOTO MiAXOY, KU MO€AHY€E 3HAHHS 3
arpoHOMii, EHEepreTHKHU, eKOJIOT1i Ta eKOHOMIKU. HayKkoBi gociipkeHHs y il cepi cipsMoBaHi Ha
OIITHUMI3AIliI0 TapaMeTPiB CUCTEM, pO3POOJICHHSI HOBUX MaTepiajliB Ui COHSIUHUX MaHeseH, a TaKoX
MOJICITIOBAHHSI BIUIMBY arpoBOJITAIYHUX YCTaHOBOK Ha HAaBKOJUINHE cepenosuile. Lle mo3Boise
MIJBUIIUTH €PEKTUBHICTh TAaKUX CUCTEM 1 PO3IIMPHUTH cepu iX 3acTocyBaHHsS. ATrpoBojbTaika €
MEPCIIEKTUBHUM HANpsIMOM IHTErpaiii €HepreTMYHUX 1 arpapHUX TEXHOJIOTIH, 110 J103BOJISE
HiABUIIUTH €(EKTUBHICTh BHUKOPHUCTaHHS 3E€MEJIbHUX pecypciB, 3abe3meuuTH CTalbiabHICTh
arpapHoro BUpOOHUIITBA Ta CHPUATH €KOJOTiuHii cTiiikocti. [Tomanbui nocnimkeHHs y ui chepi
MaloTh OYyTH CIpSIMOBaHI Ha BJOCKOHAJEHHS TEXHOJIOTIYHHMX pillleHb, 3HWKEHHS BapTOCTI
BIIPOBA/PKEHHSI TA OL[IHKY JJOBFOCTPOKOBHX €KOHOMIUHUX 1 €KOJIOTTYHUX e(eKTiB [2; 3].
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AJANTAOIA EHEPTETUYHUX CUCTEM 0 3MIHU KJIIMATY TA PO3BHUTOK
BITHOBJIFOBAHOI EHEPTETUKH

Anomauisn. ¥ mesax 00cniodiceno ocobausocmi adanmayii eHepeemuyHux Cucmem 00 3MIiH KAiMamy
ma ponv IOHOBIOBAHUX dcepell eHepeii y 3abe3neuenti enepeemuunoi besnexu Yxpainu. Ilpoananizoeano
OCHOGHI Oap’epu  6NPOBAVINCEHHA A0ANMAYIUHUX 3AX00i6, 30KpeMa (DIHAHCOBI, MeXHON02IuHI ma
iHcmumyyitini oomeodicents. Posenanymo npobiemu ouckpemnocmi eHepeemuiHux NOMoKi6 8iOHO81H08AHOT
eHepeemuKy ma Wisixu ix NOOOJIAHHS 3 OONOMO20H0 PO3NOOJINEHOI 2eHepayii, KOMOIHOBAHUX eHEeP2OCUCmEM
i cucmem HaKONUYEHHs eHepeii..

Knrouoei crosa: aoanmayisi 00 3MiHU KIIMAMY, eHEPeeMUYHi CUcmeMu, SIOHOGIIO8AHI Oxcepena
eHepeil, po3nodiniena eenepayis, KOMOIHOBAHI eHepeocUcmeMu, eHepeemuyHa besnexda, 0ekapOoHizayis.

VY CBITOBIM €HepreTHIll MPIOPUTETHUM HANpPSIMOM PO3BUTKY € BHpPOOHUITBO €HEprii 3
BiHOBIOBaHUX Jkepen eHeprii (BJIE), mo mae 3mory mojonaté eHEepreTuyHi, €KOJOTIYHI Ta
€KOHOMIuH1 npobaemu cydacHocTi [1]. [lo3uTuBHI pe3ynabTatu (QyHKIIOHYBaHHS €BPONEHCHKOI
€HEPreTHKHU 3a HU3bKOBYIJICLIEBUM KYpPCOM MIATBEPKYIOTh €(EKTUBHICTh CTPATETTYHUX PIIICHb
mono po3sutky BJIE [2]. 3Bakatounm Ha moAiOHICTh BUKJIHKIB YKpPAiHCBKOI Ta €BPOMEHCHKOL
€HEepreTUKU, CTpaTeTiYHUN PO3BUTOK EHEPreTHYHOi Tramy3i YKpaiHM Mae BpaxOBYBaTH
€Bponenchkuit 10cBiA. ONTUMAIBHUM IUIIXOM HU3bKOBYTJIEIIEBOTO PO3BUTKY JIEPKaBH € Mepexif
1o sukopuctanus BJIE [3].

Y J0BrocTpokoBiil MepCHeKTHBl pOJIb BIJHOBIIOBAHOI EHEPreTUKH M YKpaiHu €
MPIOPUTETHOIO 3aBMISKH 3HAYHOMY MOTEHIIATy MPAKTUYHO HEBHUYEPITHUX Ta €KOJOTIYHO YUCTHX
pecypciB [4]. Po3BUTOK HAyKOBO-TEXHIYHOT 0a3H BITHOBIIOBAHOI €HEPTETHKHU 3 METOIO IMMOCTYOBOT
3aMiHM TPaJULIMHUX CMOCOOIB OTPUMAaHHS €Heprii € OJAHMM 13 KIIIOYOBUX 3aBJaHb JEp>KaBU.
BitunsHsHa Hayka poOUTh BaroMuii BHECOK y peaiizauito HarioHanbHOro miaHy aii Ykpainu 3
BiJTHOBJIFOBaHO1 eHepreTuku [9].

OnHi€r0 3 OCHOBHHX MTP0o06JIeM MIMpOKoro BrpoBapkeHHs B/IE € auckpeTHicTh eHepreTHYHUX
MOTOKiB, TOOTO MEPIOUYUHICTh HAJIXOKEHHS Ta 3MIHHICTh €HEPreTUYHOTO MOTEeHIIIaTy COHSYHOT 1
BITPOBOi €HEPIreTUKH, [0 HE 3aBXKIW BIANOBIAa€ CY4YaCHHUM BHMOTraM CTaOUTLHOTO
€HEPrOoNMOCTavYaHHsI CIIOKMUBAYIB. Y 3B’SI3KYy 3 IUM BHHHUKA€ HEOOXITHICTH CTBOPEHHS IOJATKOBUX
PEryIIOBaNIbHUX MOTYXHOCTEH 1 3a0e3neueHHs 0e3rnepeOiifHOro eneKTponocTayaHHs y nepioau
HU3BKOI reHepaiii [5].

CywacHi miaxoaw 10 BHUpIIIeHHS 1i€i mnpoOiaeMu mependavyaroTh  3aCTOCYBaHHS
KOPOTKOTEPMIHOBOTO TIPOTHO3YBAaHHS EHEPreTMYHOro OanaHCy, BpaxyBaHHS perioHaJbHUX
KIIIMaTUYHUX OCOOIMBOCTEH, BAKOPUCTAHHS CUCTEM «PO3YMHOT'0» PETYJIIOBaHHS €HEPronoTOKIB Ta
KepyBaHHS MONUTOM [6]. 3HauHy poJib y 3a0€3MeUYeHHI CTIKOCTI eHePrOCUCTEM BiJIirpa€e PO3BUTOK
PO3MOAiNIEHOI TeHeparllii, o nepeadavyae mepexiy BiA HEHTPali30BaHOIO €HEPronoCTayaHHsS 10
JIOKaJBLHUX CHCTEM, OPIEHTOBAHWX Ha BUKOPUCTaHHS MiclieBuX pecypciB Ta B/IE.
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Posnoninena renepariisi 0XOIITIOE€ TeHEPYBaIbHI YCTAHOBKH, CHCTEMH HAKOITWMYEHHS CHEprii,
aBTOMAaTH30BaHi 3aco0W YINpaBIiHHS, JIOKAIbHI €JIEKTpOMEpexi Ta cucrteMu o0IiKy. B ymoBax
VYkpainu Takuil miaxigy HaOyBae OCOONMBOTO 3HAYCHHS Yepe3 HEOOXiTHICTh ITiABHUIECHHS
eHepreTMuHoi  Oe3meku, CTIMKOCTI  1HQPACTPYKTYpH Ta 3MEHIICHHS 3aJeKHOCTI  Bif
[EHTPaJIi30BaHNX EHEePreTHUHuX cucrem [10].

BaxuinBuM HampsiMOM pPO3BUTKY € KOMOIHOBaHE BHKOpUCTaHHA pi3HuX Buzais BJIE.
['eorpadiune po3ocepem eHHs COHAYHUX 1 BITPOBHUX EJEKTPOCTAHIIIN CIPHUsS€E€ BUPIBHIOBAaHHIO
CyMapHOi IOTY)KHOCTI Ta 3MEHLIEHHIO KoyMBaHb reHepaiii. JlogaTkoBo e(eKTUBHICTb
€HEepProCcUCTEM MIIBUIYETHCS 3aBJSIKH BUKOPUCTaHHIO aKyMYyJIATOPIB €Heprii, siki 3a0e31edyroTh
3MILIIEHHS EHEepPronoTOKIB Yy daci, 3MEHIICHHS BTPaT HAUIMIIKOBOI eHeprii Ta crabimi3alito
HaBaHTa)XCHHA [§].

KommiekcHe BUKOPUCTAaHHS Pi3HHUX JpKeped eHeprii GopMmye MOHATTS KOMOiHOBaHOI abo
ribpunHoi eneprocucremu. Taki cucremu noeanyiots BJIE Ta TpaaumumiiiHi mkepena eHeprii,
aBTOHOMHI YCTAHOBKHM Ta LIEHTPAaJli30BaHi eJeKTpomepexi. [ 3a0e3nedyeHHs HaleKHOI sIKOCTi
€JIEKTPOIIOCTauYaHHsI B KOMOIHOBAaHHMX CHUCTEMaxX BUKOPUCTOBYIOTbCS CHCTEMH aKyMYJIIOBaHHS
eHeprii Ta cydacHi 3aco01 aBTOMaTH30BAHOTO yIPaBIiHHA [7].

Apnantanisi eHepreTH4HUX CUCTEM JI0 3MIHU KJIIMATy € BaKJIMBUM €JIEMEHTOM 3a0e31eueHHs
iXHBOT TOBrOCTPOKOBOI HaIIHHOCTI, O€3MeKN Ta eKOHOMIYHOI edekTuBHOCTI [12]. Ha Bigminy Bifx
OIIHKY KJIIMAaTHYHUX PHU3HKIB, sKa CIPSIMOBAHA HA BUSBICHHS 3arpo3 Ta ypas3JIMBOCTEH, OIlIHKA
aJlanTaliifHOTO TOTEHIIaTy BU3HAYA€ 3/IaTHICTh €HEPreTHYHHX CHUCTEM MPOTHAISATH HETaTUBHUM
BIUIMBAM Ta MiHIMI3yBaTH iX Haciiaku [13].

Crparerig ananTauii B €HepreTull nependadae cUCTEMAaTH3aLlil0 3aXOiB 3a YaCOBUMHU
TOPU30HTaMHM, DPIBHSAMM YIpaBIiHHA Ta TUNAMM BTpy4yaHHA. BoHa moBuHHa Oa3yBaTucs Ha
pe3yabTaTax OLIHKM KJIIMAaTHYHUX PU3MKIB 1 OyTH IHTErpOBAHOIO B TMPOrpaMU PO3BUTKY Ta
MoJiepHi3allii eHepreTuuHoi iHdpacTpykTypu [14].

He3Baxaroum Ha HasBHICTb CyYaCHMX TEXHOJIOTIYHMX PillleHb, ajanTallisi €HepreTUKU
CTUKAETHCS 3 (PIHAHCOBUMM, TEXHOJOTIYHHUMM Ta PEryJssTOpHUMHU Oap’epaMu. 3HauHa yacTHHA
€HepreTMYHoOi 1H(PACTPyKTypH HE BIANOBIAAE€ CYYaCHUM KJIIMaTUUYHUM BHUKJIMKaM, a MPOIIEC
MozepHizamii morpedye 3HauyHux iHBecTHIN [11]. B ymoBax VYkpaiHu KIiMaTuyHl pUBHKU
JT0JIATKOBO TIOCHITIOIOTHCS BIMCHKOBUMH 3arpo3aMH Ta HEOOXIAHICTIO BITHOBJICHHS IMOIIKOIKEHUX
E€HepreTUYHUX 00’ €KTIB.

BopHouac mporuec MOBOEHHOI BiZIOYJOBH CTBOPIOE MOJKIJIMBICTH IHTErpalii MPUHLUIIB
KJIIMaTUYHOI aJjanTallii y HOBy eHepreTuuHy iHdpacTpyKkTypy. [HTerparis aganraiii B eHepreTuaHe
IUTaHyBaHHA Nepedayae BpaXyBaHHs KIIIMaTHUYHUX PU3UKIB IT1]] 4aC IPOEKTYBAHHS HOBUX 00’ €KTIB,
MoJiepHi3alii Mepex Ta (QOpMyBaHHsS €HEpreTHYHOl MomTuku. Takuil miaxin 3ade3nedye
MIJIBUIIICHHS CTIMKOCTI €HEPreTUYHUX CHUCTEM, X €KOHOMIYHOI €(EKTHMBHOCTI Ta BiJIMOBIIHICTH
MpUHITUIIAM JekapOoHizaii [13].

Kpamii  TexHiKO-eKOHOMIUHI  TMOKa3HMKM 3actocyBaHHs BJIE  nocsaratotecs mpu
KOMOIHOBaHOMY BHMpPOOJIEHHI €eKTPUYHOI i TEMIOBOI eHeprii 3 BUKOPUCTAHHSAM DPI3HUX JDKEpel
€Heprii, SK BIJTHOBJIIOBAHOI, TaK 1 TPAAULIIHOI, a TAKOX CUCTeM 30epiranHs eHeprii. OntumansHe
CIIBBiHOIIEHHS OKPEMHUX €JIEMEHTIB Yy KOMOIHOBaHUX EHEProcHCTEMax BHM3HAYAETHCA 3
ypaxyBaHH]IM pi3HUX (aKTOPiB, 3aJEKHO BiJ BUMOT JO IEBHOI CHUCTEMH, 1 B YCIX BHIAAKax
CIpsIMOBaH1 Ha 3MEHIIICHHS HEBU3HAYECHOCTI MTPOIIECIB TeHEepaIlii.

OTxe, pO3BUTOK BITHOBJIIOBAHOI €HEPTETHKHU Ta BIPOBA/KCHHSI aIallTAllIHHIX MEXaHI3MiB y
CTpaTerivyHe IIaHyBaHHS EHEPTeTUYHO1 ramy3i € He0OX1JHOK YMOBOIO 3a0€3MeUeHHS €HEPTeTUYHOT
Oesrieku Ykpainu. BukopucranHs po3monauieHoi TeHepallii, KOMOIHOBaHUX €HEProCHCTEM 1
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10.

11.

12.

13.

14.

CyYaCHHUX CHCTEM HAKOTHUYCHHS CHEprii COpHUATHME ITJABUIICHHIO CTIHKOCTI €HEProCHUCTEM 10
KJIIMaTUYHHUX Ta 0€3MMeKOBUX BUKIIMKIB. [HTErpalrist KIIIMaTUYHOI ajanTarlii B MpoIecu MOJIepHi3allil
EHepreTHYHOl  1HPPACTPYKTYpH JO3BOJIUTH 3a0E3MEYUTH JOBTOCTPOKOBY HAMIMHICTh Ta
e(eKTUBHICTh ()YHKIIOHYBaHHS €HEPTETHYHOTO CEKTOPY.
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«EHEPTETUYHUHA NOTEHIIIAJ BIOBIIXO/IIB CLIbCHKOI'OCIIOJIAPCBKOI'O
BUPOBHUIITBA B YMOBAX 3EJIEHOI'O BIZJTHOBJEHHS YKPATHW»

Anomauin. Y me3ax po3ensndaemvcsi  MOJNCIUGICMb — OMPUMAHHSA — eHepeii 3 0i06i0x00i8
CLIbCHKO20CNO0APCHKO20 BUPOOHUYMBA 68 YKpaini 3a 00nomo2oio idei 3enenoeo ¢ionosnenns. Ilonao 170 man
M Op2aHiyHUX 8i0X00i68 WOPIUHO BUPODTIAEMbCA ASPAPHUM CEKMOPOM, WO € 3HAYHUM OHCEPENOM OPSAHIYHUX
8i0X00i8, sKi Modcymb Oymu euxopucmaui 07 eupobonuymea 0Oiocazy ma 6iomemany. Ilomenyian
supobrHuymea 6iozazy ma diomemany 6 Yxpaiuni cmarnosumo 61uzoxo 21,8 mapo Kybiunux mempis Ha piK, wjo
cnigcmagHo abo Hagimv nepesuwyye 0ocacu 8UO0OYMKYy NPUPOOHO20 2a3y, 32i0HO 3 OYIHKAMU AHATTMUYHUX
yeumpie i npoinvhux opearnizayiu. Ilpu ybomy i0X00u CilbCbK020 20Cn00APCMEa, MAKi AK 2Hill, NONCHUBHT
pewmxu ma nobiyHa npooyKyis pociunHuymea, ckaaoarome npubausno 70% yvoeo nomenyiany.
Obrpynmosano, wo suxopucmanHs 0i06i0X00i68 He MINbKU 3MIHIOE eHepeemuyHuil 6aianc Kpainu, ane i
cnpusie 0ekapOoHizayii eKOHOMIKU, 3MEHUIeHHIO BUKUOI8 NAPHUKOBUX 2a3168 I NIOBUUEHHIO eHepeemuuHOl
oeznexu. IlicnagoeHne 6iOHOB8IEHHS PO321A0AE PO3GUMOK DioeHepeeMUKU AK 00UH i3 NPIOPUMEmHUX HANPIMIE,
OCKINbKU BIH MAE eKOHOMIUHI, eKOJ02TuHI ma coyianvii epexmu. Bemanoeneno, wo eghexmuene 3anyuenus
0106i0Xx00i6 00 eHepeemU4HO20 00i2y ModCe CMAmu KIO408UM KOMNOHEHMOM 3elleHoi mpanchopmayii 6
Yrpaini ma it inmeepayii 00 €8poneticbko2o enepeemuyrHo20 nPoCmopy.

KarouoBi cioBa: 6iogioxoou cinbcbkoeo eocnodapcmea, OioeHepeemuxa, 6iozas, Oiomemar,
eHepeemuyHUll NOMeHYia, 6IOHOBII08AHI DJcepea eHepeii, enepeemuyna be3neka Yxpaiuu.

VY pe3ynbTari IOBHOMACIITAOHOT BIHU €HEpreTHYHUN CEeKTOp YKpaiHU 3HAa4HO 3MiHuBCA. Lle
MPU3BEJIO 10 OUIBIIOrO 3aHEMOKOEHHS MO0 OE3MEeKH eJIeKTPOEHEPrii Ta MiABUIICHHS MOTpedu y
BHYTPIIIHIX BiJHOBIIOBAHUX JDKEped eHeprii. AKTyaJlbHUM CTajo NHUTaHHS HpO HEOOXIIHICTh
nepexoy A0 JCHEHTPaNTi30BaHUX 1 CTIMKMX EHEPreTHYHHX CUCTEM uepe3 3HauyHl pyHHYBaHHS
1H(QpacTpyKTypH, HECTAOUIbHICTh MOCTAYaHHS €HEprii Ta 3pOCTaHHs IIH Ha MajiuBoO. Y IbOMY
KOHTEKCTI OloeHepreTuka pO3TIATAEThCA SK OJWH 13 OCHOBHHX HAMPSAMKIB 3a0€3MeUeHHS
€HepreTMYHOI aBTOHOMIi JIep)KaBH; OCOOJIMBO 1€ CTOCYEThCS BUKOPHCTAHHS O10B1IXOIIB
BUPOOHMIITBA CUIBCHKOTO rocmojapcrBa. HaBiTh B ymMoBax BiiHM arpapHUil moTeHuian YKpaiHu
3aJIMIIAETHCS KUTTEBO BAXIMBUM JJISi CTaOLIBHOCTI €KOHOMIKH. CUIBChKE TOCIIOAAPCTBO TaKOXK
BUPOOJISIE BETUKY KIJIBKICTh OPTaHIYHUX BIIXO/IIB 1 MOOIYHUX MPOAYKTIB. 3TiTHO 3 TOCII)KEHHSM, B
arpapHoMy cekTopi mopiuHo BupoOiseTses Bil 150 1o 170 minbiioHiB ToHH GioBinxoxiB. [lo HUX
HaJIe)KATh COJIOMA 36pPHOBHX KYJIBTYD, IIO)KHUBHI PEIITKH KyKYpY/I3H1, BIIXOI! TBAPUHHHIITBA, THIN
Ta IHIIl OpraHiuHi Marepianu. barato nux pecypciB HE BUKOPHUCTAHO, 110 MPU3BOIUTH A0 BTpaTH
MTOTEHIIHHOT €HEePTii Ta HEraTUBHOTO BILTMBY Ha HABKOJUIITHE cepenoBuiie [1].

OmuuM 13 HaWOUIBII MEPCIIEKTUBHUX HAIPSMKIB PO3BUTKY BIJHOBIIOBAHOI €HEPIETHKHU €
NepeTBOPEHHs O10BIAXOJIB Ha EHEPreTHYHHUIl pecypc. 3a OLIHKAMHU, TEXHIYHO JOCSDKHUHI 00cCsT
BUpOOHMIITBA Oiorazy B YkpaiHi nepesuirye 20 mipa KyOIYHMX METpiB Ha pik, 3 Akux 10 70%
CKJIQIal0ThCSl 3 BIIXOJIB CUIBCHKOTO TocmojapctBa. lle CrmoHykae 10 4YacTKOBOTO 3aMiIllIEHHS
MPUPOJHOTO ra3y Ta 3MEHIIEHHS 3aJIeKHOCTI KpaiHu Bi eHepreTukH [2]. lekapOoHizallis eKOHOMIKH
TaKO’K TICHO MOB’s13aHa 3 PO3BUTKOM O10€HEPreTHKH. 3a paXyHOK 3aMIIICHHSI BUKOITHOTO MajiBa Ta
3MEHIICHHS HEKOHTPOJHOBAHOTO PO3KJIAJAHHS OPraHIYHUX BIJIXOJIB BHKOPUCTAHHS O10BIIXOIIB
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3MEHIITY€ BUKUIM IMAPHUKOBHUX Ta3iB. SIK CTBEPIKYIOTh, BUKOPUCTAHHS 010Ta30BHX TEXHOJIOTIM HE
TIABKH POOUTH BUPOOHUITBO OUTBII €KOJOTIYHO YHCTHM, aj€ i CTBOPIOE HOAATKOBY €KOHOMIUHY
BapTICTh Yepe3 BUPOOHHIITBO €HEprii Ta opraniyHux 1o0pus [3].

Hocein xpain €Bpomnelicekoro Coro3y 1010 PO3BUTKY 010€HEPreTUKU B paMKax MOJITHKH
«3EIJICHOTO KYpCY» € BXKJIMBHM OPIEHTUPOM ISl YKpainu. €Bporneiichka 6iorasosa acomiaiist (EBA,
2023) moBigomtsie, o0 BUpOOHHUITBO OiomeTaHy B €C mpooBXKYe€ 3pocTaTh, 1 610MeTaH BBAXKAETHCS
KJIFOYOBUM KOMIIOHEHTOM JJIsi JOCATHEHHSI KJIIMAaTUYHOI HEHTpaiabHOCTI. €BpoIenchbki KpaiHu
AKTUBHO BUKOPHUCTOBYIOTh JEP)KaBHI MeEXaHI3MH MIATPUMKH, CTUMYJIOIOTH 1HBECTHUIlT Ta
CTBOPIOIOTH 1HGPACTPYKTYpPY [HJs TPAHCIOPTYBaHHS BiJHOBIIOBAHUX Tra3iB. Y KOHTEKCTI
MICISIBOEHHOTO BITHOBIICHHS Ta IHTETpallii J0 €BPOMEHCHKOT0 EHEPreTHYHOTO MPOCTOPY IEH TOCBI
€ Ha/I3BUYaHO KOPUCHUM JUIs Y KpaiHH.

OkpeMo BapTO BIJI3HAYUTH EKCIOPTHHM TOTEHI[ian OioMeTaHy SK OJHOTO 3 HAWOLIBII
MEPCIEKTUBHUX HAMpPSMiB pO3BUTKY Ol0CHEPreTHKH B YKpaiHi. 3a OIliHKaMH €KCIIePTiB, KpaiHa Mae
pecypcHy 06a3y st BupoOHuUITBa 61u3bko 21,8-22 muipa m® 6ioMeTaHy Ha piK, IO MEPEBUILYE
MOTOYHHUM 00CSAT BUAOOYTKY NPUPOAHOrO ra3zy. BomHodac BHYTpIIIHIA PUHOK MOKH IIO HE
3a0e3neyye JOCTaTHHOI EKOHOMIYHOI MNpUBaOIMBOCTI peanizamii OioMeTaHy, IO 3yMOBIIOE
Opi€HTAIlll0 BUPOOHUKIB Ha 30BHIIIHI pUHKH. €Bporeicekuii Coro3 Gopmye CTIHKUN MONUT Ha
BiJIHOBJIFOBAaHI T'a3u B MEXaX IMOJITHKY JIeKapOOHi3allii, 110 BiIKpUBaE i Y KpaiHu 3HAYHI EKCIIOPTHI
MoxxmBocTi. [losiBa mepmmx moctaBok ykpaiHCchbkoro Oiomerany no €C 3acBiguye peaiabHICTh
(dbopMyBaHHS HOBOTO HAIpsIMy CHEPreTHUYHOTO EKCIIOPTY Ta IMOCWICHHS TIO3WINK YKpaiHu Ha
€BPONENCHKOMY €HEPreTUUHOMY PUHKY [4].

Jlns y3aranbHEHHS MOTEHINaly BUKOPUCTAaHHS O10B1IXO/IIB JOLIIEHO MPEICTABUTH KITFOUOBI
MOKA3HUKH Yy BUTISAA1 Tabmui (Tabm. 1).

Tabanns 1 Oninka noreHuiaxy 0ioBIAXO0AIB CiIbCHKOI0 rocoAapCcTBa YKpPaiHH

o ] OpicuroBnnii o6csar, | Morenuniag BupodoHUITBA Oiorasy,
Bupn 6GioBinxonis . A
MJIH T/pik mapa m*/pik

CosoMa 3epHOBHUX KYJILTYP 30,6 8,5-9,5
Bi 0

LIXO/IM KyKYpY 131 (cTebua, 40,2 9,5-11
CTPHUXHI)
Bi 0

17IXOJTH COHSIIHUKY (cTeOa, 21,0 3,5-4,5
KOIITHUKH )
B - -

TOPHHHI arpoBiIX0IH 6.9 2,0-2,5
(JTyIITTHHHS, KOM)
B =

1)1xo‘z11/1 TBApUHHUIITBA (THIH, 50-60 1-1,6
Oprasika)

JIxeperno: ckiaieHo aBTOPOM Ha OCHOBI [5,6].

3rifHO 3 aHaJi30M HaBelIEeHUX [aHUX, pPOCIMHHA OioMaca € OCHOBHHM J[KEpPEIoM
E€HEePreTUYHOTO MOTEHIIay O10BIIXO/IB CUIHCHKOTO TOCMOAApCTBAa YKpaiHu. Bigxomu Kykypyasu
(9,5-11 mapa M*/pik) 1 costoma 3epHOBHUX KyIbTYp (8,5-9,5 mupa M3/pik) 3a0e3meuytoTh HalO T IIHA
BHECOK y BUPOOHMITBO 0iora3y, OCKUIBKH BOHH YTBOPIOIOTHCS B arpapHoMy cektopi. Kpim Toro,
OCKUTBKM COHSIIHUK 3aiiMae 3HAYHYy YacTKy IMOCIBHHX IUION] YKpaiHH, HOTO IMOTEHIlial CTAHOBUTH
Bix 3,5 no 4,5 mupa m*/pik. BropuHHI arpoBigxo[d, Taki SK OM 1 JYIITUHHSI, 3a0€3MeUyI0Th
CTaOUIbHUIN eHepreTUYHUI BHECOK y po3Mipi Bix 2,0 1o 2,5 mapa m* Giorasy Ha pik, Xo4a 1€ MEHIIIE,
HDK 1HIII pkepena eHeprii. He3Bakatoum Ha HaiOumemmid Qismunuii obcsar (50—60 muH T/pik),
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BIIXO/IM TBAPUHHUIITBA MAIOTh HaWHWKYMK BuXin Oiora3y (1-1,6 mapa m3/pik), 10 TOB’sI3aHO 3
iXHBOIO MEHIIOK CHEPreTUYHOI0 MIUIbHICTI0. TakuM YHHOM, CTPYKTypa IOTEHI[AIy SIBHO
JEMOHCTPYE TIepeBary pPOCIMHHHUX OI1OBIIXOMIB, OCKUIBKM BOHH CKJIQJAlOTh 3HAYHY YaCTKY
NOTeHIifHOTO 00csAry BHpoOHUITBAa Oiorasy. Lle migKpeciroe, HACKIIBKM BaXIJIHUBUM €
POCIIMHHUIITBO JUIsI PO3BUTKY O10€HEPTeTUKU Ta HACKLJIBKU BaXJIMBUM € BUKOPHCTAHHS POCIMHHOI
OlomMacH B EHEPreTHYHUX TEXHOJIOTIAX YKpaiHu.

TakuM 4mHOM, OGIOBIAXOIM CLIBCHKOTOCIOAAPCHKOTO BUPOOHUITBA € 3HAYHUM PE3EPBOM,
AKUI MO’K€ JIONOMOITH PO3BUTKY BiJHOBJIFOBAHOT €HEPreTHKM B YKpaiHi. [X HajexkHe BUKOpHCTAHHS
J1a€ MOYJIUBICTh OTPUMATH HE3aJICKHICTh BiJl €HEPTeTHKH, CKOPOTUTH BHKHIM MAPHUKOBHX Ta3iB i
BUPIMIUTH MpoOJeMy yTuii3amii opraHiuHux BigxoaiB. IloeqHyr0Yr €KOHOMIYHI Ta EKOJOTIdHI
nepeBaru, OlOCHEpreTHKa MOXKE€ CTaTH OJHHUM i3 KIFOYOBHUX JpaiBEpiB CTAJIOT0 €KOHOMIYHOTO
PO3BHUTKY HICIIBOEHHOTO BiTHOBJICHHS, BIIKPHBAIOUX HOBI MOKJIMBOCTI JUI iHTETpamii YKpaiHnu 10
€BPOIIEHCHKOTO EHEPTETUIHOTO MPOCTOPY.
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2 disuko-mexaniynuii inctutyT im. I'. B. Kapnenka HAH Vkpainu

PO3BUTOK MAJIMBHO-KOMIPYAHUX TEXHOJIOI'TA B YKPATHI

Anomauia. Y pooomi npoananizoeano nepcnekmueu po3eUmKy NnaiueHO-KOMIPUAHUX MeEXHON02il 8
Ykpaini y kowmexcmi esponeticokux cmpamezill po38uUmKy 600He80I eKOHOMIKU ma OekapOoHizayii
enepeemuyno2o cekmopy. Posensamnymo cyuacnuii cman po3eumky 600Hes8oi ingpacmpykmypu ma peanizayiro
nilomHux 600Hesux xabie 6 Yxpaiui. [loxazano, wjo po36UmMoOK NATUBHO-KOMIPYAHUX MEXHOAO02I Modce
cmamu 8adCIUBUM eleMeHmoM 0eyenmpanizoeanoi enepeemuxy ma nioGUUEHHs. eHepeemuiHoi Cmitikocmi
Yxpainu 6 ymosax inmezpayii 0o egponeiicbkozo enepeemuurnozo npocmopy. O62060peno nomeHyilni cghepu
3aCMOCY8aHHS NATUSHO-KOMIPUAHUX MEXHON02I MA OCHOBHY NPOOIEMAMUKY iX NPOBAOIHCEHHS.

Knrouoei cnosa: sooenn, nanusna xomipra, soouesi doaunu, PEMFC, SOFC, dexapbonizayis.

CyuacHuii eTan po3BUTKY BOJHEBHX Ta IMMAJTMBHO-KOMIpYaHUX TEXHOJIOTiH B YKpaini mepeOyBae
Ha ctafii popMyBaHHS HOPMATHBHO-TIPABOBOI 0a3u, 3aTBEpPKEHHs CTPATETIYHOI JOKYMEHTAIl] Ta
PO3pO0JIEHHS JJOBMOCTPOKOBHUX IPOrpaM PO3BUTKY. Y IIaHi BiAHOBIEHHS YKpainu a0 2032 poky
OuiKyeTbCsl (DIHAHCYBaHHS TPOEKTIB IS 3aKJIaJ€HHS OCHOB BOJHEBOI EKOHOMIKM, a came
OyaiBHULTBO 15 I'BT enexTpomnizHux noryxHocreit Ta nonaj 30 I'BT renepyBaibHUX NOTYKHOCTEH
s BUpoOHUITBa aemeBoi enektpoeneprii (BJE) ans BupoOHMITBA BOJHIO, TECTYBaHHS Ta
PO3BUTOK TPAHCHOPTHOI 1H(pacTpyKTypH BojH!O [1].

Hapasi B Ykpaini peanizytoTbcs Ba IPOEKTU CTBOPEHHS BOJHEBUX Xal0iB - y 3akapnaTchKii
ta Opnecbkil obnacTsax. Po3BuTok iHQpacTpykTypu Oa3yeTbCsi Ha TOETAalHOMY  HapOIIECHHI
MOTYHOCTEHN HUIAXOM elekTpoi3y: 10 100 MBT Ha koxxHOMY 00'ekTi 10 2028 poKy 3 MOAATIBIINM
MacmradyBanasaM 70 200 MBT 1o 2030 poky. 3okpema, y 3akapnarcbkoMmy xadi Ha mepiii crajii
ouikyeThcs mopiuna rexepaitis 7 000 TorH "3eneHoro" BogHio Ta 55 880 TOHH TEXHIYHOTO KUCHIO.
BaxnBoro cki1asioBoI0 € KOreHepauiiHui MOTeHIian CUCTEMH, 110 JI03BOJIUTh YTUII3yBaTH 110 26
000 I'kan ckugHOrO TemJa Ha PiK A MOTped JokanbHUX rpoman. DiHaimbHa (as3a NMPOEKTY
nepenbavae macmradyBanus 10 1500 MBT, mo 3a6e3neuuTs piBeHb BUpoOHuUITBa onaa 104 000
TOHH BOJIHIO Ha pik [2]. Benuka yBara mnpHAUISETHCS €KCIIOPTHOMY IMOTEHINATy BOJHIO 3aBISKH
1HTerpamii  yKpaiHChKOi Tra30TPaHCIOPTHOI CHUCTEMH 3 EHEPreTUYHOI 1H(PaCTPyKTypOrO
E€pornericekoro Corozy. Yuacte Ykpainu B European Clean Hydrogen Alliance mepenbauae
rapMOHI3aIliI0 HOpPMAaTUBHOI 0a3u, cucTeM cepTudikallii Ta rapaHTii MOXOKEHHS BOIHIO BiIITOBITHO
1o cranaaptiB €C.

Po3BUTOK BOJHEBOT EKOHOMIKM MOXeE 3a0e3MeYMTH BHUPIMIEHHS KUIBKOX CTpaTeriyHux
3aBJaHb JUIsl YKpaiHu. 3a OLHKaMM MDKHApOJHMX opranizamiii, koxui 100 MBT1 BcraHoBieHol
€JIEKTPOJII3epHOI MOTYXKHOCTI CTBOproe 45 mpsmux ta 160 HempsMux poOOYMX MicLlb Ha eTami
oyniBauITBa [3]. [loTeHmiitHO MacTabyBaHHs BOJHEBOTO CEKTOPY MOTEHITIHHO 32a0€3MeYNTh 3HAYH1
€KOHOMIYH1 HaJIXOJKEHHS, a POTHO30BAHMM JOX1]] MOXE JTOCATATH 7,2 MIIPJ €BPO LIOPIYHO ITiCIIst
2034 poxy, mpoTe 3arajJbHU OOCST KamiTaJOBKJIAaJeHb, HEOOXimHUX s cTBopeHHs 10 I'Bt
EJIIEKTPOJII3HUX MOTY>KHOCTEH 1 CYMyTHBOI 1HQPACTPYKTYpH, OIliHIOEThCS Y 32,882 mupa €Bpo [4].
OpnHi€0 3 KJIIOYOBHUX TepeBar BOJHEBOI €KOHOMIKH € MOXIIUBICTH CTaOiIi3allii eHeproCUCTeMH,
3MEHIIIEHHS BIUIMBY 1000BHX KOJIMBaHb TeHepallil BigHOBMOBaHUX Jukepen eHeprii (Duck curve) ta
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3a0e3nedyeHHs ekapOoHi3allii eHepreTUYHOTO CeKTOopy. BUKOpHUCTaHHS BOAHIO SIK €HEPTETUYHOTO
aKyMyJIATOpa JO3BOJISIE KOMIIEHCYBATH JIe(pIIUT Ta MPOQIIUT eNEeKTPOeHeprii B eHeprocucTemi
nuIIXoM peanizamii kouueniii Power-to-Gas-to-Power (P2G2P). HamnumikoBa enekTpoeHepris Bij
B/IE Moe BUKOPUCTOBYBATHUCH IS €TICKTPOIII3Y BOJIU 3 OJANBIINM HAKOIMYSHHSIM BOJIHIO Ta HOTO
MOBTOPHUM IIEPETBOPEHHSM B €IEKTPOCHEPTIIO0 32 TOTIOMOT00 MAIIMBHUX KOMIpOK.

[ToTeHuiitHo a5 BOpOBaKEeHHS B YKpaiHi pO3TiIsAaoTh 1Ba TUIH MAJTUBHUX KOMIPOK, a caMme
3 TBEPAOOKCHIHUM KepamiuHuMm enektpodiitom (SOFC) Ta 3 mnomiMepHuM MeMOpaHHUM
enekrpoaitom (PEMFC). PEMFC mpaimoroTs npu HU3bKiH poOouiii Temmeparypi (mo 120 °C),
BHCOKIH MTUTOMIH MOTY>KHOCTI Ta MIBUJIKOMY CTapTi y pobounii pexuM. [lepcnektuBHUMU chepamu
3aCTOCYBaHHS € TPAHCIOPTHUN CEKTOp, PE3EpPBHE JKUBJICHHS KPUTHYHOI 1HPPACTPYKTypHU Ta
ABTOHOMHI eHepreTHyHi cuctreMu. HaltoibI mepcneKTHBHOIO ceporo iX 3aCTOCyBaHHS € aBTOOYCH
Ta BaHTaXHI aBTOMOOULTI Ha BoaHeBuX IIK, OCKiNbKM BOHM MarOTh OUIBINY HIUIBHICTH €HEpTii,
IIBUJIKICTh 3aIIPaBKH Ta BHUILY BaHTAXXOMIAHOMHICTh, HIK akyMyJisiTopH. [IpoTe € meBHi 0OMexeHHs
JUIS JIETKOBHX aBTOMOOLTIB, SIKi MOB'A3aH1 3 BIICYTHICTIO 1HPPACTPYKTYpPH Ta BHCOKOIO BapTICTIO
MOPIBHSIHO 3 enekTpoMamuHamu [5]. OnHak Ha BiAMIHY BiJl MIPOTOHOOMIHHMX MaJIMBHUX KOMIPOK
(PEMFC) tBepaookcuani manuBHi koMmipku (SOFC) onTuManbHO BUKOPUCTOBYBATH y CHCTEMax
Power-to-Gas-to-Power, 1110 103BOJISITh HAKONMTUYYBAaTH €HEPril0 Ta MOBTOPHO ii BUKOPUCTOBYBATH.
3aBasiku poOoTi y BucokoremiieparypaoMy mianazoni 600—1000 °C SOFC 3a6e3nedyoTh BUCOKHIA
enextpuunnii KKJ, sxwii moxxe mepeBuiryBatd 60 %, a B KOreHEpaliiHOMY peXHMi cymMapHa
epexTuBHICTh cuctemu agocsrae 80-90 %. Lo no3Boisie epeKTHBHO BHKOPHCTOBYBATH iX ISt
CTalllOHApHOI TeHepallii, JOKaIbHUX MIKPOMEpEX Ta MPOMHUCIOBUX EHEPreTUYHUX KOMILIEKCIB.

TakuM YMHOM, PO3BUTOK MAJMBHO-KOMIPYaHUX TEXHOJOTIH B YKpaiHi € NepCrHeKTUBHUM
HampsMOM  ajanTamii  €BpONEWCBKUX  CTpaTerii  eHepro3OepekeHHs Ta  JekapOoHizaiii
€HEePreTUYHOr0 CEKTOpy. BUKOpHCTaHHS BOJHIO y MOEIHAHHI 3 NAJMBHUMM KOMIPKaMH J103BOJISE
peanizyBaTH KOHIEMMIi JOBrOTPUBAJIOTO HAKOMHMYEHHsS €Heprii, OanaHCyBaHHsA TIeHepauii
BiJTHOBJIIOBAaHUX JKEpeNl €Heprii Ta MiJBUIICHHS CTIHKOCTI IEIEHTPATi30BaHUX EHEPreTUYHHX
cucteM. BopgHouac OCHOBHHMH TMEpPENOHAMU 3aJIMIIAIOTHCS BHUCOKA BAPTICTh EJIEKTPOJI3EpIB Ta
NaJIMBHUX KOMIPOK, BIJICYTHICTb BOAHEBOI 1H(QPACTPYKTYpH, a TaKOX MpoOsieMu MaciuTaOyBaHHS
BUPOOHMIITBA Ta HOPMATHBHO-TIPaBOBOro 3a0e3nedeHHs. [lomanbminii PO3BUTOK BOTHEBHX
TEXHOJIOTIM B YKpaiHi 3HaYHOIO MIPOI0 3aJIeaTUME BiJl IHTErpaiii 3 €HepreTUYHOI0 MOJIITUKOIO
€sporneiicbkoro Coro3y, MDKHAPOJHOTO (piHAHCYBaHHS Ta PO3BUTKY BJIACHOI HAYKOBO-TE€XHIYHOI
0a3u y cdepi eneKTPOXIMIYHHX 1 MaTepialo3HaBUMX TEXHOJOTIH.
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CEKIJIA 2 | InHoBaniiiHi TeXHOJIOTii eHepro3depeskeHHs B eJIeKTPOHHIH IHiKeHepii Ta
eHepreTHYHMX cucTeMax

SECTION 2 | Innovative Energy Saving Technologies in Electronic Engineering and Energy
Systems
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MAJIMBHI KOMIPKU SIK MIEPCIEKTUBHA TEXHOJIOI'ISA JEKAPBOHI3ALIIT
EHEPTETUKU TA TPAHCIIOPTY

Anomauin: Y pobomi npoananizosano npunyuniu 0ii, NOPIGHAIbHI XAPAKMEPUCTMUKY OCHOBHUX MUNI8
namueuux komipoxk (PEMFC, SOFC, MCFC, DMFC) ma cyyacui Hanpsmu IXx 3ACMOCYSAHHS Y
MPAHCNOPMHOMY ceKmopi 1 cmayionaphiu enepeemuyi. Ilokazano, wo UKOPUCMAHHA RATUGHUX KOMIDOK
CHpUsic  NIOGUWEHHIO eHEPeOehEeKMUBHOCME, 3MEHUEHHIO GUKUOIE NAPHUKOBUX 2a3i8 1 3MIYHEHHIO
eHepeemuyHoi Oeznexu. Boonouac wupoxe enpoeadsicennss mexHono02ii Cmpumyemopcs UCOKOI0 8apmicmio
KOMHOHEHmMi8, HeOOCMAMHIM PO36UMKOM B00He80I IHGpacmpyKkmypu ma oOMedCeHUM UPOOHUYMBOM
«3enenozo» 600HI0. Bcemanosneno, wo wnagimv y kpainax €C macwumabdysamHs G0OHeSUX MeEXHON02il
8i00y8aemb sl NOGINbHILULE 30 NPOSHO308AHI MEMNU, WO 3VMOBIIEHO eKOHOMIYHUMU Ma IHPPACmMPYKMYpPHUMU
bap epamu.

Knrouoei cnosa: nanueni komipxu, 6odenv, PEMFC, SOFC, oexapbouizayis, 3enena enepeemuxa,
600Hesa cmpameeis €C, enepeemuuna be3nexa Yxpainu

['mobGanbHa eHepreTnyHa cucTeMa mepeOyBae y crTaHi TpaHcdopmarii, 10 3yMOBJIEHO
HEOOXIJHICTIO 3MEHILIEHHs BUKUAIB NapHUKOBHMX TIa3iB, MIJBUIIEHHA €HEproe(eKTUBHOCTI Ta
nepexoay 10 HU3bKOBYTIJIEIEBOI eHepreTUKH. OJTHUM 13 IepCIEKTUBHUX HANPSMKIB TOCSITHEHHS IIUX
1iJ1el € BUKOPUCTaHHS MAJMBHUX KOMIPOK, SIKi 3a0€3MeuyoTh Oe3nocepeiHe NePEeTBOPEHHS XIMIUHOT
eHeprii najrBa B eeKTPUYHY 0e3 mpoliecy crantoBaHHs. 3aBsIKH BUCOKOMY KOe(]illieHTY KOPUCHOT
A1 Ta MiHIMaJIbHUM JIOKAJIbHUM BUKUJAM MaJUBHI KOMIPKU PO3IJISIAIOTHCS SIK BaXKJIMBUN €J€MEHT
nexapOoHi3allli €eHepreTUKU i TPaHCIOPTY.

[TanuBHa KOMIpKa € €IEKTPOXIMIYHUM MPUCTPOEM, Y SKOMY I 4ac peakiii MK BOJHEM Ta
KHCHEM I€HEPYEThCSI €JIEKTPUYHA €HEpris, a OCHOBHUM IIPOJIYKTOM peakiii € Bojga. Ha Bigminy Bij
TpaJANuLIHHUX TEIJIOBUX MAIINH, €()EeKTUBHICTb MATUBHUX KOMIPOK HE 00OMeXyeThCsl ukiioM KapHo,
110 A03BoJIsie focsiratu koedirienta kopucHoi aii (KKJ[) 50-65 %, a B koreHepaiiifHUX yCTaHOBKaX
— 10 85-90 % [1]. OcHOBHMMU efleMEHTaMH MAJTUBHOT KOMIPKH € aHOJ, KaTOJ Ta €JIeKTPOIIT, a JUIs
MIPUCKOPEHHS eJIEKTPOXIMIYHHUX PeaKilii BUKOPUCTOBYIOThCS KaTasizaTopu. Hanmpyra onHiel koMipku
CTaHOBHTH 0sin3bko 0.7 B, TOMy /U1 OTpMaHHS MPAKTUYHO KOPUCHOT MOTYKHOCTI X 00'€IHYIOTH Y
Oarapei. 3ajexXHO BiI TUIY €JIEKTPOJITYy Ta poOouoi TemmepaTypu  PO3PI3HSIOTh
HU3BKOTEMIIEPATypHI Ta BHCOKOTEMIIEpaTypHI MalMBHI KOMIPKM, LI0 BHU3Haydae cdepy Iix
3actocyBaHHs [2]. Bubip Tuny nanuBHOI KOMIpKHM BU3HAYA€ThCs yMOBaMH 3acTocyBaHHs. Kitrouosi
XapaKTEPUCTUKA OCHOBHMX THIMIB HaBeZeHO B Tabn. 1 [3]. HaliGinpm mommpeHUMH € TMajvBHI
€IIEMEHTH 3 TOJIMEepHOI0 enekTponiTHolo MeMOpaHoio (PEMFC) Ta TBepmoOKCHIHI MaauBHI
enementu (SOFC). PEMFC npartiorots 3a Temmepatyp 60—80 °C, xapakTepu3yloThCsi KOMIAKTHICTIO
Ta MIBUJKUAM 3aITyCKOM, 110 POOUTH iX ONTHUMAaIbHUMU i TpaHcHopTy. OCHOBHUM OOMEXECHHSM €
notpeba y IJIaTHHOBOMY KaTajizaTopi Ta uymmBicTs 10 CO, 1o miIBuUILye BapTiCTh cuctemu [4].
Cepiiini aBTOMOO1T1 Ha MATUBHUX KoMipkax — Toyota Mirai, Hyundai Nexo — 1eMOHCTPYIOTh 3amac
xony moHan 400 kM 1 yac 3ampaBKH 3-5 XBWIMH, IO € CYTTEBOIO IEpPEBArol0 MOPIBHSIHO 3
aKyMYJISITOPHUMH eJieKTpoMoOuTsiMu. OJTHAaK TOMPH yCl MepeBaru TaKuxX TPAHCIIOPTHHX 3aco0iB,
iH(}pacTpyKTypa 11 IXHBOr0o 00CITyTOBYBaHHSI Ta 3alIPABJISIHHS Y CBITI BKpait oOMexeHa, a B YKpaiHi
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— moBHICTIO BificyTHs. Ha kiners 2024 poky y cBiti aie smmie 1 160 BogHeBUX 3apaBHUX CTaHIIIH, 3
akux 294 — y €Bpomni (nepeBaxno B Himeuuuni), a B Ykpaini ix Hemae xoHOi [5].
Tabanuns 1 — ITopiBHAIbHA XapaKTepPHCTHKA OCHOBHUX THIIIB NAJMBHUX KOMIPOK

Tun Enexrpouit Temneparyp | [lamuBo 3acToCcyBaHHS
a
PEMEFC | ITporonooOMiHHA 60-80 °C Bonenb Tpancnopr,
MemOpaHa HOPTATUBHI
SOFC TBepae okcugHe 700-1000 °C | BoxaeHsn, CramionapHa
MIPUPOJHUN Ta3 eHepreTuka
PAFC docdopHa kucioTa 150-220 °C Bonens bynismi, TEL]
AFC Jlyrosuii po3una KOH 60-90 °C Bonenn Kocmoc, cnenrexHika
MCFC | Po3miaB kapOoHaTiB ~650 °C [puponumii  ra3, | Benuki
6ioras eJIEKTPOCTAHIII{
DMFC | IIporonooOMiHHa 20-90 °C Pinkuii MeTaHon [TopratuBHe
MeMOpaHa JKUBJICHHSI

SOFC matore Bummit KKJ[ Ta 3maTHi mpamroBaté Ha pi3HUX BHIAX MaJIMBA, BKIIIOYAIOYU
npupoanuit ra3z i 6ioras [3]. SOFC mpamrorots 3a Temnepatyp a0 1000 °C, mjo ycyBae notpedy B
JOPOTHUX KaTaji3aTopax Ta J03BOJIS€ BHYTPILIHIN pUPOPMIHT pI3HUX BUJIB MMaJIHBa, OJTHAK OOMEXY€
3aCTOCYBaHHS CTalllOHAPHUMHM yCTaHOBKaMHM 4epe3 MOBUIbHUMI 3amyck [4].

CyTTeBOIO MepeBaror0 MajluBHUX KOMIPOK € MOXIIMBICTh BUKOPHCTAHHS BOIHIO SIK MajHBa
0e3 YTBOpEHHsI LIKIJJIMBUX MPOJIYKTIB 3ropsHHsA. CaMe TOMY PO3BHUTOK BOJHEBUX TEXHOJIOTIH €
OJIHUM 13 TipiopuTeTiB €Bpomneiickkoro Coro3y B Mexax European Green Deal ta Hydrogen Strategy
for a Climate-Neutral Europe. IlanuBHI KOMIpKM pO3IJISAAIOTHCS K BaXJIMBUM KOMIIOHEHT
MalOyTHbOI BOJHEBOI E€KOHOMIKH, OCOOJMBO Yy TpPaHCHOPTI, JELEHTpali30BaHiil reHeparii
eJIEKTPOEHEPTii Ta CUCTEMAaX PE3E€PBHOTO KUBJICHHS.

[TanuBHI KOMIpKHM € TEpPCIEeKTUBHOIO TexHosorielo 3 BucokuM KKJI 1 MiHIMalbHUMH
BUKHJaMH, 3/IJaTHOIO BIJIrpaTy BaXJIMBY poOJib y JeKapOoHi3allii eHepreTuku Ta Tpancnopty. Ilpore
iXHE MHpPOKe BIOPOBAKEHHS Hapa3l CTPUMYEThCS 3HAUHOIO BAapTICTIO KOMIIOHEHTIB 1 HEIOCTaTHBO
PO3BHHEHOIO BOJHEBOIO 1H(GpacTpykTyporo. [lomomannas mux Gap'epiB € KIFOYOBOIO YMOBOIO IS
KoMeplliasi3alii TeXHOJIOr 1.
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Abstract: The spectral characteristics of developed uniform FBGs were investigated and analysed.
Almost linear dependencies of the Bragg wavelength, reflectivity, full width at half maximum (FWHM) and
band width were obtained. The developed uniform FBGs can be used for sensor applications.
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In complex energy environments, it is important to monitor parameters such as strain and
temperature. It is advisable to use sensors that are high-temperature and radiation-resistant. In this
case, it makes sense to use fibre Bragg grating (FBG) sensors which are passive and do not consume
energy. They can be used for energy-saving purposes in optimising energy production and
distribution, e. g. to monitor the structural integrity of wind turbine blades, as well as components of
hydroelectric dams including spillways, gates and turbines, which allows to detect deformation or
damage at the initial stages and carry out the necessary measures to reduce operating costs [1]. These
sensors are also often used to monitor the temperature of, for example, solar panels, oil and gas
pipelines, offshore drilling equipment or in geothermal wells to monitor the temperature. Another
area of application is smart buildings, in which sensors can optimise heating, cooling, and lighting
systems as well as energy consumption [2]. In summary, the use of fibre-optic sensors contributes to
early detection of potential failures and optimisation of equipment performance, to reduce costs and
ensure a stable power supply. In order to develop temperature-independent FBG sensors including
strain sensors, the spectral characteristics of FBGs should be investigated and analysed. The aim of
the work was to investigate and analyse the spectral characteristics of developed uniform FBGs with
various spectrum widths for sensor application.

Uniform FBGs were inscribed in optical fibres GF1 using UV excimer laser KrF with a pulse
energy of 80mJ and a repetition rate of 20Hz in 30s by the phase mask technique. Fabricated FBG
lengths were 3 mm, 6 mm, 9 mm, and 12 mm. The dependencies of the normalised optical power on
wavelength for fabricated FBGs are depicted in Fig. 1.

As can be seen from Fig.1, there is a Bragg wavelength shift towards a decrease in wavelength
with an increase in the FBG length. The slope of Bragg peak changes with FBG length, e. g. the
slope is slight for an FBG length of 3 mm compared to the sharp slopes for FBG lengths of 6 mm, 9
mm and 12 mm. There is an almost linear dependence of the Bragg wavelength on FBG length

(Fig.2).
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Figure I - Dependencies of the normalised optical Figure 2- Bragg wavelength vs FBG length
power on wavelength for fabricated FBGs of 3 mm,
6 mm, 9 mm and 12 mm FBG lengths.

Almost linear dependencies of the full width at half maximum (FWHM), reflectivity and
band width on FBG length were obtained for fabricated FBGs (Figs. 3).
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Figure 3 - Dependencies of the reflectivity (a), full width at half maximum (FWHM) (b),
and band width (c) on FBG length

Summarising the results obtained it can be stated that by adjusting the grating length, it is
possible to change the shape of the spectral characteristics of FBGs, including the slope of the Bragg
peak, which allows the development of a sensor with characteristics for a specific application. For
example, the selection a smaller or larger slope of the Bragg peak with allows for a slower or faster
change of the sensor parameters. The linear character of the dependencies of FBG parameters on
FBG length allows for their use in sensor applications.
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Abstract: The article examines current approaches to optimizing energy consumption in modern
intelligent mobility support systems devices, such as exoskeletons, smart prostheses and sensor networks in
the context of the strict requirements of European legislation. The effectiveness of the transition of devices to
the «deep sleepy state is substantiated, which allows significantly extending the autonomy of operation without
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The current stage of development of intelligent mobility support systems technologies, such
as exoskeletons, smart prostheses and sensor networks, poses two critical challenges for engineers:
maximum autonomy of operation and compliance with strict environmental standards. The Energy
Efficiency Directive establishes a strict framework for manufacturers of intelligent equipment. It
stimulates the development of devices that consume a minimum of resources throughout the entire
life cycle. For mobility systems, this means optimizing data transmission and implementing energy-
saving communication protocols. The solution to these problems lies in the field of intelligent energy
management and the implementation of energy-efficient engineering principles.

Regulation (EU) 2023/1791, which sets a vector for all energy-consuming systems, requires
the implementation of «energy management» systems, which stimulate the development of sensors
with a «deep sleep» function. Currently, providing energy to the entire mobility device system is one
of the biggest engineering challenges [1].

The energy supply for intelligent mobility support systems must be mobile and stored in the
device itself. Energy sources play a crucial role in supporting the operation of intelligent mobility
support systems over a long period. Battery technologies dominate modern implementations [2].
Portable power supplies used in intelligent mobility support systems vary greatly in efficiency,
durability, and weight. These battery parameters largely determine the capabilities of intelligent
mobility support systems. In general, «the engineering challenge is therefore to incorporate adequate
power, data storage, and processing capabilities on the wireless devices to balance the throughput and
operational lifetime» [5].

Intelligent mobility support systems typically have a computation unit with storage, a
communication unit, and several sensors onboard for their operation [3]. The main problem with
power supply is the limited battery life of devices. Therefore, there is currently an active search for
extended battery life, which forms the concept of low-energy support [4].

One of the most effective methods for saving energy in intelligent mobility support systems
is the use of an algorithm for analyzing user activity. When the device detects movement or changes
in parameters, the system’s power supply operates at maximum. As soon as activity stops, the system
automatically reduces the frequency of requests. In case of prolonged inactivity, the device goes into
deep sleep mode. In this state, power consumption is minimized to microamperes, and only critical
components remain active, capable of «waking up» the system at the first signal of movement. This
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approach allows you to extend the battery life from a single charge by 40-60%, which is vital for
intelligent mobility support.

In general, optimization of the device's power consumption is achieved by using the energy-
efficient deep sleep protocol and choosing a microcontroller with support for deep sleep modes. The
use of a compact battery with a capacity of 250-300 mAh provides up to 8 hours of continuous
operation with minimal device weight.

However, here the question arises in the balance between the frequency of reading information
by sensors and the autonomous operation time of intelligent mobility support systems. Although
modern sensors consume only microamperes in sleep mode, during active reading of data along 6
axes they require a stable voltage. In addition, the microcontroller spends significant energy on
performing filtering algorithms (Butterworth, Kalman filters) in real time.

The use of modern electronics provides unique capabilities that were previously unavailable
in the creation of intelligent mobility support systems. The use of user activity analysis algorithms is
the foundation of energy efficiency in modern intelligent mobility support systems. Instead of linear
energy consumption, the system uses a dynamic power profile that adapts to the context of use in real
time. This approach not only saves battery life, but also transforms the device from a passive tool into
an intelligent assistant that «understands» the user’s physical state.

Thus, the combination of adaptive «smart sleep» technologies with the principles of the
circular economy creates a new generation of intelligent mobility support. They not only provide high
autonomy and accuracy for the user, but also meet the global goals of sustainable development,
transforming complex electronics into environmentally responsible tools of the future.
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EHEPTOE®EKTUBHICTD CYIHAPKHU KUIIJIAYOI'O IIAPY TA HIJIAXHU
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Anomauia: Pozenanymo npobiemy niosuujenHs eHepeoeheKmueHoCmi Cyuapox KUnisiuozo wapy.
Toxazano, wo oCHOBHUMU HANPAMAMU NIOBUWEHHS IX eHepeoeheKMUBHOCTI € YOOCKOHANEHHSI KOHCIMPYKYii,
onmumizayis  2IOPOOUHAMIYHUX — DeXCUMiB,  BUKOPUCIMAHHA  CcUCeM  peKynepayii meniomu  ma
ABMOMAMU308AHO20 KePYB8aHHs. BCcmanosneno, wo 6npo6adliceHHs CYyYaACHUX eHEPeOOUAOHUX MEXHON02il
00360JI51€ CYMMEBO CKOPOMUMU GUMPAMU MENI080I Ma eNeKMPULHOT eHepeii, 3MeHWUMY mpamu meniomu
3 GIONPAULOBAHUM CYUUTLHUM A2eHMOM i NIOSUWUMU 3A2ATbHY eHepeemUdHy eheKmMUGHICMb CYUUIbHUX
YCMAHOBOK.

Knrouoei cnosa: cywapka kuniawozo wapy, eHepeoeheKmusHicms, cucmem peKynepayii menjiomu,
cucmemu agmoMamu308aH020 KepyeanHs, 3HUNCEHHS eHep2o3ampam.

CymriHHs € OJHUM 13 HaWBaXJMBIMIKUX TEIJIO- Ta MAacOOOMIHHMX MPOIECIB y XIMIYHIMH,
dapmaieBTUYHIN, XapuoBiii 1 OI0TEXHOJIOTIUHIA MHPOMUCIOBOCTI. BoHO 3a0e3mneuye 3HMKEHHS
BOJIOTOCTI MarepiajiB 10 HEOOXIJHMX TEXHOJIOTIYHMX IapaMeTpiB, MiJBUIIYE CTaOIIbHICT
MPOJYKIIT 1] yac 30epiraHHs Ta TPAaHCTIOPTYBAHHS, @ TAKOXK CIPUSIE MOKPALIEHHIO IKOCTI KIHIIEBOTO
MPOAYKTY. Y TPOMHCIOBOCTI 3aCTOCOBYIOTH Pi3HI THIHM CYHIWJIBHOTO OOJIaTHAHHSA, CEpell SKHX
0co0JIMBE MiCIle 3aiiMalOTh CyIIApKU KUIUISTYOTO HIapy 3aBASIKM BHCOKIM 1HTEHCHUBHOCTI TEIUIO- 1
MacooOMiHY, pIBHOMIPHOCTI CYIIIIHHS Ta MOYJIMBOCTI aBTOMAaTH3allli Mpoliecy.

Cymapky KUIUISIYOTO IIapy I[IMPOKO BHUKOPUCTOBYIOTH JUIS CYUIIHHA 3€PHUCTHX,
MOPOLIKONOAIOHUX Ta KpUCTaliyHUX MaTepianiB. [IpuHIun ix poOOTH IPYyHTYEThCS Ha CTBOPEHHI
MICEB/I03P1KEHOT0 (KHUILISYOr0) Iapy YaCTUHOK MaTepially MOTOKOM TEIJIOBOTO areHTy. Y TakoMy
CTaH1 YaCTMHKH IHTEHCUBHO MEPEMIIIYIOThCS, 1110 3a0e3nedye piBHOMIPHUNA pO3MOILT TEMIIEpaTypH,
BHCOKY IIBUJKICTh BUIIAPOBYBAHHS BOJOIM Ta 3HAYHY MOBEPXHIO KOHTAKTy MIXK (a3amu. 3aBIsKU
[IBOMY CYIIApKH KUIUITIOTO MIApy XapaKTePU3YIOThCS BHUCOKOIO MPOIYKTUBHICTIO 3 MOYIIUBICTIO
peanizaiiii 6e3nepepBHOTO TEXHOJIOTTYHOTO MPOIIECY.

Pa3om 13 1M mporiec CyUIiHHS HAJICKHTh 0 HAWOUIBII €HEPrOEMHUX TEXHOJIOTTYHHX
mporeciB 'y npoMucioBOCcTi. OCHOBHI €HEPreTHYHI BHUTpPAaTH TMOB’s3aHI 3 HEOOXITHICTIO
BUTIAPOBYBAHHS 3HAYHOI KUJIKOCTI BOJIOTH Ta HAarpiBaHHSAM CYIIMJIBHOTO areHTy. 3a OLliHKaMH, Ha
npolecu CyUIiHHA Moxe mpunagatu 10 10-25 % 3araqbHOro €HEeprocrnoXKWBaHHS MPOMHUCIOBUX
HiANPUEMCTB 3aJI€KHO BiJ] crieu@iki BUPOOHUITBA. 3HAYHI BUTPATH TEIJIOBOI Ta EIEKTPUUHOT
eHeprii Oe3nmocepeHbO BIUIMBAIOTH Ha COOIBAPTICTh MNPOAYKIii, TOMY HUTAHHS IiJBUILEHHS
eHeproe(eKTUBHOCTI CYIIUJILHOTO OOJIaJHAHHS € OJHHUM 13 MPIOPUTETHUX HAMpsSMIB PO3BUTKY
Cy4YaCHUX TEXHOJIOTIYHUX JIIHIH.

OpHiero 3 mepeBar CymapoK KUIUITYOro Mapy € iIHTCHCUBHUN TETUIOOOMIH MIXK CYITHIBHUM
areHTOM 1 YaCTHHKaMHU Marepiaiay, IO JO03BOJISE€ CKOPOTHUTH TPUBAIICTH TPOIECY CYIIHHS Y
NOpiBHSAHHI 3 OapabaHHUMH a00 CTPIYKOBUMHU CyliapkaMu. BomHouac eekTHUBHICTE pOOOTH TaKHX
armapariB 3HaYHOIO MipOIO 3aJIeKUTh BiJl PIBHOMIPHOCTI PO3MOILTY MOBITPSHOTO MOTOKY MO TUIOLI
ra30po3MoAiIbHOI peuriTki. HepiBHOMIpHUIN PO3MOILT CYIIMIBHOTO areHTa MOXK€ MPU3BOAMUTH 10
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YTBOPEHHS 3aCTIMHUX 30H, JJOKAJTHLHOTO TMEPETPiBy MaTepiaay Ta IepeBUTpaT eHeprii. ToMmy BakiIvBe
3HAYCHHS Ma€ MPaBWIbHHUI BHOIp KOHCTPYKILIi PEelIiTOK, FeOMETPHYHUX IMapaMeTpiB amapaTa Ta
MIBUAKOCTI 1014l moBiTpsi. OnTuMizariisi KOHCTPYKITii CyIIapKH JT03BOJISIE 3a0€3MeYUTH CTA0ITHHIIMA
PEKUM  TICEBIO3PI/DKEHHS, CKOPOTHUTH TPUBANICTh CYIIIHHS Ta MiABUIIUTH e(QEKTUBHICTD
BUKOPUCTAHHS TETJIOBOI €HEePrii.

JUis migBUILEHHS eHeproe(eKTUBHOCTI CYIIApOK KMILISYOro Iapy MIMPOKO 3aCTOCOBYIOTh
Meroau Kowmi totepHoro moxentoBanHs Ta CFD-anamizy (Computational Fluid Dynamics), ski
JO3BOJISIIOTH JIOCHIKYBATH TiAPOJMHAMIKY PyXY ra30BHX IMOTOKIB 1 MOBEAIHKY YACTHHOK Yy IIapi.
BukopucranHs MaTeMaTHYHOTO MOJEIIOBAHHS Ja€ 3MOT'Y BU3HAYUTH ONTHUMAJIbHI PEXUMU poOOTH
CYIIapKH, 3MEHIINTHU TiAPaBIIYHUNA OIIp Ta MIABHIIUTH €QEeKTHBHICTH TEIUIO- i MacooOMminy. Lle
CIpUsi€ CKOPOUSHHIO BHTPAT €JIIEKTPOCHEPTii Ha POOOTY BEHTHIISITOPIB Ta MiJBUIIYE CTAOUIBHICTH
TEXHOJIOTIYHOTO TIPOIIECY.

BaxxmBuM HanpsiMOM YAOCKOHAJICHHS CYIIAPOK KUTUISTYOTO IIapy € aBTOMATH3AIIisI TPOIIeCy
CYLIIHHA. Y Cy4acHUX YCTaHOBKaX BMKOPHMCTOBYIOTh JAATYMKH T€MIEpPATypH, BOJIOTOCTi, TUCKY Ta
HIBUAKOCTI MOBITPA, 5KiI 3a0e3meuyroTh Oe3nepepBHUI KOHTPOJIb MapamerpiB mporecy. Cucremu
aBTOMAaTH30BAaHOIO KEPyBaHHs J03BOJIAIOTH PEryJIIOBATH TEMIIEpaTypy CYLIWIBHOTO areHTy,
MIBUKICTh TOJadl MOBITPS Ta TPUBAIICTh CYIIIHHSA 3aJIe)KHO BiJ Bosorocti marepiany. I[licms
JOCSITHEHHSI HEeOOX1HOI1 KiHIIEBOI BOJOTOCTI CHCTEMa aBTOMATUYHO 3MEHIIY€E 10Aa4y TEIUIOTH Ta
KOpUTY€E POOOTY BEHTHIISTOPA, IO JO3BOJISIE YHUKHYTH MEPETPiBY MPOMYKTY i EpEeBUTPAT SHEPTIi.
BripoBakeHHSI aBTOMAaTH30BAaHUX CUCTEM KepyBaHHsI 3a0e31euye eKOHOMiro eHeprii Ha piBHi 10-20
% Ta MIBUIIYE SIKICTh TOTOBOI MPOJTYKIIIi.

CyTTeBor0 MpoOJIEMOI0 y MpOIEecax CYyMIIHHSA € BTpaTH TEIUIOTH 3 BIANPalbOBAHUM
CYLIMJIbHUM areHToM. BignparpoBane moBiTpsi MiCTUTH He JIMIIE BOJSHY Hapy, a i ApiOHOANCHIEpCH
YaCTUHKM MaTepially, 10 MOTpedye BCTAHOBJIEHHS CHUCTEM OUMIIEHHS — IUKJIOHIB, PyKaBHUX
¢inbTpiB abo enexkTpodinbTpiB. PoboTa ouricHOro o6iaajHaHHSA CYHNpPOBODKYETHCS JOJATKOBUMH
CHepreTMYHuMH  BuTpaTamMu. OJHMM 13  HaWOUIhIl  €(PEeKTUBHUX  NUIIXIB  3HIMKEHHS
€HEePTOCIIOKUBAHHS € BIPOBAKEHHS CUCTEM PEeKyIepallii TeIUIOTH BiAMPabOBaHOTO CYIIMIBHOTO
areHTy. BuxopucTtaHHs Temo0OMIHHUKIB-pEKYNEpaToOpiB J03BOJIE€ MOBTOPHO BUKOPUCTOBYBATH
TEIUIOTY BIAXIJHOTO TEIUIOBOTO areHTy JUIsl HarpiBaHHSI CBLKOTO MOTOKY, IO CIPHSIE 3MEHILEHHIO
BUTpAT MaJIBa Ta CKOPOYCHHIO TETIOBOTO 3a0pYIHEHHSI HABKOJIHUIITHBOTO CEPETOBUIIA.

[TepceKTUBHUM HAmpsMOM PO3BUTKY €HEProOIIaJHUX CYHIMJIBHUX TEXHOJOTIH €
BUKOPUCTaHHS TEIUIOBUX HACOCIB JJIs 3a0e3neueHHs] poOOTH CyIIapoK KUIUIAYoro mapy. [IpuHmnmmn
pOOOTH TEIIOBOTO HAcoca IMOJATrae y BiAOMPaHHI TEIUIOTH BiANPAIlbOBAHOTO BOJIOTOTO MOBITPS Ta
nepezaayi ii CBXKOMY CyIIMIbHOMY areHTty. Ha BinMiHy Bi TpaauLiitHOT pekymnepallii, 1e TemIo JIuIe
YaCTKOBO ITOBEPTAETHCS Yepe3 TETIOOOMIHHUK, TETNIOHACOCHA CHCcTeMa 3a0e31edye 3aMKHEHUH ITHKIT
BUKOpHUCTaHHs eHeprii. OHouacHO BiAOYBAETHCS OXOJOJKEHHS Ta OCYIIEHHS BiANPaIlbOBAHOTO
MOBITPsI, 1O JI03BOJISIE MMOBTOPHO BUKOPHUCTOBYBATH WMOro y mpoleci cymriHHS. Bukopucranus
TEIUIOBMX HACOCIB 3a0e3leuye CyTTEBE CKOPOUEHHS BHUTPAT TEIUIOBOI €Heprii, Ta ITiIBUIICHHS
€HEeproe(eKTUBHOCTI YCTAHOBKH 3arajioM.

JlonaTKOBUM HUISXOM 3HMIKEHHSI €HEpro3arpar € BUKOPUCTAHHS 0araToCTaaiiiHUX CyIIapoK
KUIUISIYOTO ILApy, Y SIKMX Peaji3yeThecsl MOETalHe CYIIIHHS MaTepialy 3a pi3HUX TeMIepaTypHHX
pexxumiB. Takuil miaxia 103BoJisie OUTBII palliOHAIBHO BHUKOPUCTOBYBATH TEIUIOTY CYLIMJIBHOTO
areHTy, YHUKaTH IeperpiBy HpOAYKTy Ta 3MEHIIyBaTH BTpaTu eHeprii. [[ng TepMouyTinuBHX
MarepiaigiB JOIUIBHAM € 3aCTOCYBaHHS CYHIIHHS Yy BIOpOKMIUIAYOMY Iapi, mo 3ades3rneuye
iHTeHCH((DIKaIiI0 TPOIEeCy MPHU HIDKYUX TEMIIEpaTypax 1 MEHITUX BUTPATaX MOBITPSI.
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3HWKCHHS CHEPrOCIOKMBAHHS Yy TMpoIlecax CYIIHHSA Mae Oe3locepe/Hii BIUIUB Ha
eKOHOMIUHY e(eKTHUBHICTh BUpoOHUITBA. {15 papmaneBTHUHUX IpenapaTiB, XIMIYHUX PEarcHTIB,
MiHEpalIbHUX JOOpHB Ta XapuyoBUX J00AaBOK BUTPATH EHEPrii CTAHOBIATH 3HAYHY YaCTKY
cobiBaprocti mpoaykuii. Tomy BOpoBa/KeHHS €HEProe()eKTUBHUX CYIIAPOK KHUIUIAYOTrO IIapy,
CHCTEM peKyIlepalii TEeIUIOTH Ta aBTOMAaTH30BAaHOTO KEpyBaHHA 3a0e3nedye MIBHIKY OKYITHICTb
iHBecTulliil. KpimM TOro, CKOpo4eHHs CIOKUBaHHS EHEPropecypciB crpusie 3MeHeHHIo BUKUAIB CO2
Ta BiJINOBIZa€ Cy4aCHUM €KOJIOTIYHUM BUMOTaM 1 MPUHIUIIAM CTaJIOTO PO3BUTKY IPOMHCIOBOCTI.

BucHoBknu

Cymapky KHIUIT4OTO IIapy € OAHMM 13 HaiOuIbll e(QEeKTHBHUX THUMIB CYIIMIBHOTO
oOJIaJiHaHHS 3aBISKA BHCOKiMl iHTEHCHBHOCTI TeIUIO- i MacoOOMiHy, piBHOMIPHOCTI CYUIIHHSA Ta
MOKIMBOCTI peanizaiii OGe3nepepBHUMX TEXHOJOTIYHMX IIPOILECiB. IX BHKOpHCTaHHS 3abesmedye
CKOpPOYCHHS TPUBAJIOCTI CYIIIHHS Ta MiABUIICHHS SKOCTI TOTOBOT MPOJTYKIIii.

[Toka3aHo, 110 OCHOBHMMH HamlpsMaMH IiJBULICHHS €HEproe(eKTUBHOCTI CyLIapoK
KUIUISIYOT0 MIapy € YJOCKOHAJIEHHsS KOHCTPYKILIi, BUKOPUCTAHHS CUCTEM peKyImepalii TeIuioTH,
aBTOMAaTH30BAaHOT'O KEPyBaHHs Ta TEIUIOBUX HACOCIB. BaxiMBY posb TakoX BiJirpae 3acTOCYBaHHS
KOMIT FOTEPHOTO MOJICIIOBAHHS IS ONTHUMI3allli TiapoJuHaMIYHUX DPEKHUMIB Ta iHTeHcH]ikarii
MPOIIECIB TEIUIO- i MACOTIEPEHECEHHS.

BcranoBneHo, 110 BIPOBaKEHHS CyYaCHUX €HEPTOOIIATHIX TEXHOJIOTIH 103BOJISIE CYTTEBO
CKOPOTUTH BHTPAaTH TEIUIOBOI Ta EIEKTPUYHOI €Heprii, 3MEHIIMTH BTPATH TEIUIOTH 3
BIJIIIPAllbOBAHUM CYIIWJIBHUM areHTOM 1 MIIBUIIUTH 3arajbHy €HEpreTH4Hy eQeKTUBHICTh
CYLIMJIHUX YCTaHOBOK. KOMIUIEKCHE BIOCKOHAIEHHS! CYIIapOK KUIUIAYOTO 1Iapy CIPUsE 3HUKEHHIO
co0iBapTOCTI MPOAYKIi, 3MEHIIEHHIO HETaTMBHOTO BIUIMBY Ha HABKOJIMIIHE CEpEelIOBUILE Ta
3abe3neyye BIAMOBIAHICT CYYaCHUM BHMOTaM pecypco30epexeHHs 1 CTajJoro poO3BHUTKY
MIPOMHUCIIOBOCTI.
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MOJUPIKAIIA OPTTAHIYHUX CBITJIOBUITPOMIHIOBAJIBHUX
I'ETEPOCTPYKTYP HAHOYACTUHKAMM CPIBJIA JUIA IIIJIBUINEHHSA
E®PEKTUBHOCTI

AHnomauia:  00CuiodHceHO  6MAUE  NO3UYIOHYBAHHA — HAHOYACMuUHOK  cpiona  (AgNP) Ha
E1eKMPONIOMIHECYEHMHI  XAPAKMEPUCUKYU  OP2AHIYHUX — CEIMI0BUNPOMIHIOBAIbHUX — 2eMepPOCmPYKMyp
(OLED,). IIposeoeno NOPIGHANbHUU ananis 080X apximexkmyp OLED:
ITO/AgNP/HIL/HTL/EML/EBL/ETL/Cs:COs/Al ma
ITO/HIL/HTL/AgNP/HTL (ynompamounxuti)/EML/EBL/ETL/Cs:COs/Al. Bcmanoeaneno, wo noxanizayis AGNP
na wmexci ITO/HIL 3abesneuye egexmusHiuie NOKpawjenHs enekmponioMiHeCyeHmuux napamempis i
3POCMAHHA 306HIUHBOI K8AHMOBOI egheKmueHOCmi NOPISHAHO 3i CMPYKMYpolo, y AKill HAHOYACTUHKU
po3mawiosani nobausy emimepnozo wapy. Ompumani pe3yibmamu NOACHIOOMbCA ONMUMIZAYIEIO THICEKYIT
HOCIi6 3apady ma 3MeHueHHAM 6e36Unpominioganvhux empam y cmpykmypi 3 AGNP na meorci ITO/HIL.

Knrouoei  cnoea: OLED, nanowacmumku  cpiona,  NAA3MOHHUL — DPE30OHAHC,  OP2AHIYHI
2emepoCcmpyKmypu, eieKmponoMinecyenyis

OpraHiyHi CBITJIOBUIIPOMIHIOBAIbHI 10U € TEPCHEeKTUBHUMU €JIEeMEHTaMH CYy4acHOi
OIITOETIEKTPOHIKH 3aBISIKM HU3bKOMY €HEPrOCHOXHBAHHIO, BUCOKIH KOHTPACTHOCTI Ta MOKJIMBOCTI
CTBOpPEHHSI THYUYKHX IuCIUieHux cucteM[l,2]. OgHuM i3 HampsMiB MiABUIICHHS €()EeKTUBHOCTI
OLED € BUKOpUCTaHHS MeETaJeBUX HAHOYACTUHOK, 3AaTHUX (opMyBaTH JIOKaJIi30BaHUN
MOBEPXHEBUH MJIa3MOHHUI PE30HAHC Ta MiJACHIIOBATH €JIEKTPOMArHiTHE I0JIe B aKTHBHINM 001acTi
npuctporo[3]. Y poboti 6yno mocmimkeno nsi OLED-rerepocTpykTypH 3 pi3HUM PO3TalTyBaHHIM
AgNP. Tlepmia ctpykrypa mana konpiryparito: ITO/AgNP/HIL/HTL/EML/EBL/ETL/Cs.COs/Al.

VY naniii apxitektypt AgNP posramoByBanucs Gesnocepennbo Ha noepxHi ITO mepen
1apoMm 1HXeKii 1ipok. Take Mo3uiioHyBaHHs CIPHUs€E 3MEHIIIEHHIO EHEPreTUYHOro Oap’epy Ha Mexi
ITO/opraniynuii map Ta HOKpaIeHHo AipKoBoi iHxekIii. KpiM Toro, 1okanizoBaHe 1mia3MoHHE 10J1e
3abe3neuye eheKTUBHILINI TPAHCTIOPT HOCIIB 3apsily Ta MOKPAIEHHs IX peKOMOIHAIlil B eMITEPHOMY
mapi. BHacmioK MBbOTO CIOCTEpIracThes MiABUIICHHS SICKPABOCTI BUIIPOMIHIOBAHHSI, 30BHIIIHBOI
KBAaHTOBOI €()EeKTHUBHOCTI Ta 3HIKEHHs poboyoi Hanpyru OLED.

Hpyra ctpykrypa mana surisin: [TO/HIL/HTL/AgNP/HTL(ynsTpatonkuii)/ EML/EBL/
ETL/Cs2CO5/ALY npomy Bunagky AgNP Oynu BBeeH1 TOOIM3Y EMITEPHOTO HIapy Ta BiIOKPEMIIEH1
Bim HBOro yabTpaToHKUM HTL-mapom. He3Bakaroum Ha MOXKIMBICTH IUIa3MOH-EKCUTOHHOT
B3a€MOJIIi, HaJMIpHE HAONMKEHHS METaleBUX HaHo4acTMHOK 10 EML moxe npusBoautu 1o
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0E3BUMPOMIHIOBATILHOTO TaCiHHS €KCUTOHIB 1 Iepeaadi eHeprii Ha MOBEPXHIO MeTally. Y pe3yJbTarti
BUHUKAIOTh JOJATKOBI BTPATH EHEPTii, M0 OOMEXYIOTh €(PEKTHUBHICTh EICKTPOIOMIHECIICHIIIT.
Vubrparonkuiit HTL-map nuie 4acTkoBO KOMIIEHCYE 111 BTpaTH, BUKOHYIOUYH (yHKIII0 OydepHOoro
npomapky Mixk AgNP ta EML.

Crpyktypa A Crpyktypa B
(ITO/AgNP/HIL/HTL/EML/EBL/ETL/Cs,CO,/Al) (ITO/HIL/HTL/AgNP/HTL(ynbTpaToHKWi1)/E
ML/EBL/ETL/Cs,CO,/Al)
Al (Cathode / Karon) Al (Cathode / KaTop)
Cs,CO; (Cesium Carbonate) Cs,CO; (Cesium Carbonate)
ETL ETL [ A
EBL EBL 5 t 5 2
EML EML
(Active Layer / AKTUBHUIA LIap) (Active Layer / AkTuBHUI LWap)
HTL HTL (ynbtpatoHkuit 6ycep)
HTL oo
25 ¥~ AgNP
HIL £%| AgNP HTL P
R
ITO (Indium Tin Oxide) ITO (Indium Tin Oxide)
Substrate Substrate

Pucynox 1 - Cxemamuune 300padicenns oocnioxcysanux OLED-eemepocmpykmyp:
a) Koughicypayia 3 posmauly8anuam Hanovacmunok cpiona (AgNPs) na mexci ITO/HIL,
0) xongizypayis 3 posmawysannam AgNPs nobnusy emimepnozco wapy (EML).

[TopiBHsUIBHUI aHANI3 MOKa3aB, 10 cTpykTypa 3 AgNP Ha mexi ITO/HIL xapakTepusyerscs
OUTbII BUPAXKEHUM IIJICWJICHHSAM €JIEeKTPOJIOMIHECIICHIII, HMKYOK HAlpyrol0 BBIMKHEHHS Ta
BHIIIOI0 CTAOUTHHICTIO TIapaMeTpiB BUIPOMiHIOBaHHs. BomHouac postamryBanHs AgNP moOmuzy
E€MITEpHOTO IIapy CYIMPOBOKYETHCS 30UIBIICHHSIM OE3BHIPOMIHIOBAILHUX TMPOIIECIB Ta MEHIII
e(eKTHUBHUM BUKOPUCTAHHSM €HEprii eKCUTOHIB.

OTtpumaHi pe3yJbTaTH CBIIYATH PO T€, 1110 ONTUMI3aLisl MOJI0KEHHS HAHOYACTUHOK cpibiia €
BOXJIUBUM (akTopoMm Juigd miaBuieHHA edekTuBHOCTI OLED-rerepoctpykTyp. Bukopucranus
AgNP na mexi ITO/HIL € nepcnekTMBHMM HiAXOJOM JJsi CTBOPEHHS BHCOKOE()EKTHBHUX
OpraHiYHUX CBITJIOBUIIPOMIHIOBAJILHUX MPUCTPOIB.
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INTEGRATION OF ENERGY HARVESTING TECHNOLOGIES INTO
REHABILITATION CONTROL SYSTEMS IN THE CONTEXT OF THE EUROPEAN
GREEN DEAL

Abstract: Approaches to creating autonomous systems to control the rehabilitation process for persons
with disabilities within the framework of the European Green Deal and the Digital Decade 2030 strategies
are considered. The feasibility of using Energy Harvesting technology to power low-power electronic devices
is substantiated. The advantages of integrating System-on-Chip solutions for dynamic power management are
described. It is substantiated that the implementation of domestic systems based on these technologies will
contribute to increasing the availability of rehabilitation services and ensuring the autonomy of control devices
in Ukraine.

Keywords: Energy Harvesting, energy consumption, sensor systems.

Within the framework of the European Green Deal initiatives, which were officially presented
to the European Parliament on December 11, 2019, and the Digital Decade 2030 strategy, global
attention is increasingly focused on sustainable development and renewable energy in all areas of
public knowledge [3]. It is now important to ensure that these achievements are inclusive and
accessible to every segment of society, including persons with disabilities.

Innovative electronic, objective means and devices for controlling the rehabilitation process,
ensuring high quality and effectiveness of rehabilitation effects, and regulating and reducing energy
consumption under dynamic changes in external influences. Therefore, given that the European
approach to energy saving is based on three principles: energy independence, digitalization (eHealth)
and environmental friendliness of materials, special relevance is given to the creation of energy-
efficient control devices that combine high autonomy with minimal energy consumption. European
Green Deal Stimulates the development of devices with Low-power electronics, which is critical for
continuous control systems.

The energy efficiency of autonomous devices is determined by their ability to minimize
energy consumption [6]. In modern sensor systems, this issue is solved by implementing new methods
and optimization algorithms [2]. Adaptation of European strategies in the context of rehabilitation
control devices is a point of intersection of electronic technologies, energy efficiency and social
inclusion.

One of the leading trends in European engineering is the introduction of Energy Harvesting
technology, a promising energy source for low-power devices. It is based on the conversion of solar,
thermal, radio-frequency and kinetic energy of the environment into electricity [5]. In particular, the
use of piezoelectric elements allows you to transform the kinetic energy of the movement of the
subject of control into a resource for powering sensors and accumulating charge in low-power mobile
devices.

To ensure the autonomy of the systems, the use of Energy Harvesting modules is provided,
which allows you to abandon stationary power sources. The module, connected to a piezoelectric
source, rectifies the voltage and accumulates it on an external capacitor optimized for working with
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sources with high output resistance, such as piezoelectric, solar, or magnetic conversions. As shown
in the study [1], the implementation of Energy Harvesting technologies is critically important for
ensuring the autonomy and energy efficiency of modern control devices.

Since the level of accumulated energy is constantly changing, the system requires not fixed
settings, but dynamic control of input characteristics in real time. For this purpose, solutions of the
System-on-Chip or System-in-Package class are used [4]. Such systems integrate energy harvesting
modules, voltage conversion, power management and wireless communication units in one housing.
This allows to significantly reduce the dimensions of the devices, minimizing energy losses and
simplifying the design. This becomes especially relevant against the backdrop of the rapid growth of
demand for compact, lightweight and ergonomic devices.

The use of energy harvesting systems not only increases the comfort of operation, allowing to
significantly extend the service life of devices without recharging [1], but also solves a number of
environmental problems. In particular, it contributes to reducing the volume of electronic waste, since
minimizing the need to replace batteries slows down the accumulation of waste that is difficult to
recycle. Therefore, the use of kinetic, thermal, or solar energy of the human body contributes to the
transition to environmentally friendly technologies for powering electronic control devices.

The implementation of EU technical regulations on energy labeling and the development of
domestic systems based on Energy Harvesting technology will reduce the cost of devices compared
to imported analogues. Important that Energy Harvesting corresponds to the concept of sustainable
development, as it allows you to abandon disposable galvanic batteries. For Ukraine, this will be a
step towards improving the quality not only of improving the quality of control of the rehabilitation
process, but also of ensuring the stability of the systems in any conditions.
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IMPOI'PAMHO-AITAPATHUI KOMILIEKC CHHXPOHHOTI'O JIETEKTYBAHHSI
OIITUYHOI'O BIATI'YKY PIIKOKPUCTAJITYHOI'O 'A30BOI'O CEHCOPA 3
JUPEPEHIIAJIBHOIO KOMIIEHCALIETIO ITAPASUTHUX BIIJIMBIB

Anomauia: Onucano npozpamHoO-anapamuuii KOMNIEKC CUHXPOHHO20 OemeKMY8aHHs I ONMUYHO20
8i02YKy PIOKOKPUCMANIYHO20 2308020 CeHCOpAd HA OCHO8I mikpokonmponepa STM32. Obrpynmosano
3ACcmMocosHicmy  OUPepeHYianbHOi 08OKAHANBHOL cxeMu OJid aAnapamuoi KomneHcayii HecmabiibHOCMi
doicepena ceimna, memnepamypHo2o opelq)y ma onoeo2o 3aciuentsa npu peccmpayii ciabOkux onmudHux
CUSHAIIE XOJIeCINEePUYHO20 YYMAUBO20 eleMenma.

Kniouosi cnoea: piokoxkpucmaniunuii ceHcop 2azie, O0B0KAHANLHA ONMUYHA PEECMPayis,
mikpoxkoumponep STM32, cunxporte OemekmysarnHs, OupepenyiaivHe UMIPIOBAHHS, X0lecmepuyta ¢asa.

CyuacHmii eTan pO3BUTKY TEXHOJIOTIH MOHITOPHHTY JOBKULIS Ta MPOMHCIIOBOI Oe3reKu
HEPO3PHUBHO TOB'SI3aHUI 13 MAaCOBHM BIIPOBA/KEHHSIM KOMIAKTHHX Ta30BUX CeHCOpiB. ChoromHi
KPUTHUYHO BaXKJIMBUM € 3a0€3MEUYEHHS CEJIEKTUBHOCTI, YyTJIIMBOCTI Ta JTOBIOTPUBAJIOI CTaOLIbHOCTI
BHUMIPIOBAHHS KOHIIEHTpAIIiil JIETKUX CIOJYK B YMOBax 3HAYHUX Mapa3UTHUX BIUIMBIB. OcoliuBe
MICIIe cepe]] CEHCOPHHUX IUIaTGOpM MOCIIAIOTh PIIKOKPUCTANIIYHI CEHCOPH TasiB, sKi (GOPMYIOTh
SCKpaBO BHUPaXEHHH ONTHUYHMH BIIrYyK dYepe3 3CyB CIEKTpa CEJIEKTHMBHOTO BiAOUTTS BiX
XOJIECTEPUYHOT HAIMOJIEKYJIISIPHOT CTPYKTYPH.

Bukopucranss TpaAuLifHIX OHOKAaHAJIBHUX (POTOMETPUUHUX CXEM PEECTpallii He J03BOJIsE
3a0e3MeynTH HeOOX1H1 METPOJIOrIYHI XapaKTePUCTUKU Yepe3 BUCOKY BPa3IMBICTb O MapasUTHUX
¢akrtopiB. Hectabu1bHICTh IHTEHCUBHOCTI CBITJIONIOAHOIO JDKEpENa JOCATaE Bl OAHOIO O TPhOX
BIJICOTKIB 3a TOJMHY HaBITh 3a YMOBU CTa0UII30BaHOrO >KMBJIEHHS, a TeMIlepaTypHUM apeid
CTIEKTPAIbHUX XapaKTEPUCTUK CTBOPIOE CHCTEMATHYHY ITOXHOKY, sIKa MOBHICTIO MacKy€ KOPHCHUH
CUTHAJ BiJl HU3bKUX KOHIIEHTpAIlIl aHATITY.

Jlist TOI0MaHHs IMX METPOJIOTIYHHUX OOMEXEHb po3poOJIeHO crieliali3oBaHUi pOorpaMHO-
armapaTHUN KOMIUIEKC JIBOKaHAJIBHOI ONTHYHOI peecTpauii. AmapatHa ruiat¢popma 0a3yeTbcst Ha
OJHOYacHOMY (OpPMyBaHHI JBOX ONTHYHHUX CUTHAJIB BiJ CHOUIBHOTO JUKepena CBITIA —
BUMIPIOBAJILHOTO, 1[I0 B3aEMO/II€ 3 aHAJITOM, Ta OMOPHOTO, KU XapaKTepu3ye mapaMeTpu camoro
JpKepera 0e3 BILTHMBY T'a30BOTO cepenoBuina. DismyHa KOHCTPYKIIiSI peai3oBaHa 3 MaKCHMAIbHOIO
CUMETPIEI0 ONTUYHUX TPAKTIB Ta CEJIEKTUBHUM Mi0OpOM Mapu KpeMHIeEBUX (OTOIIOMNIB, IO
3abe3neuye eheKTUBHY anapaTHy KOMIICHCAIIIO CIIJTFHUX Mapa3suTHUX BIUTHBIB.

Crabimizarisi pKepena BUIPOMIHIOBAHHS 3IIMCHIOETHCS CHEIIaTi30BaHUM 1HTETPATbHUM
npaiiBepoM cBiTiomiona 31 cralimizamiero crpymy uepe3 iHTepdeiic SPI, mo 3abe3neuye
MIATPUMaHHS 3aJaHOTO TPSIMOTO CTPYMY 3 BIJHOCHOIO MOXHMOKOIO MEHIIE OJHOTO BiJICOTKA Ta
MiHIMi3y€e Mapa3suTHI MOAYJIALIT KOpHUCHOTO curHaiy. [lepeTBopeHHs cabKUX CTPyMOBUX CUTHAJIIB
($OTOIOIIB BUKOHYETHCS MPEIU3IHHUMU TPaHCIMIEAAHCHUMHU TEPEINiCHIIOBaYaMi Ha OCHOBI
MaJIOIIYMHUX ONEPAIifHUX MiACHUIIOBAYiB 31 BXIIHUMH CTPyMaMH 3MIIICHHs Ha PiBHI JECSTKIB
MmKoamrep.
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[IporpamHo-amapatHa apxiTeKkTypa KepyBaHHS moOyaoBaHa Ha 0a3l MIKpOKOHTpoJiepa
STM32 3 sapom ARM Cortex-M. 3acTocyBaHHS pPEXUMY OJHOYACHOTO MEPETBOPEHHS ABOX
HE3AJIeKHHUX aHATOTO-IM(POBUX MEPETBOPIOBAYIB Y MOEIHAHHI 3 allapaTHUMHU TaliMEepaMu TapaHTye
CTPOTO CUHXPOHHY JUCKPETHU3AI[II0 CUTHAJIIB 000X KaHATIB 3 YACOBUM PO3Y3TOJKEHHSIM HE OIbIe
cTa HaHOceKyHJ. KoHTposiep mpsMOro AOCTYNy [0 TaMm'siTi MOBHICTIO 3BUIbHSE ILEHTPATbHUI
mpouecop Al peajizauii alropuTtMiB HU(POBOrO CHHXPOHHOIO JAETEKTYBAaHHS Ta HOPMYBaHHS
KaHAIIB Y PEKUMI PEIbHOTO Yacy.

[Iporpamua peanizariisi aJiropuTMy OOpPOOKHM CHUTHATIB y MIKpPOKOHTpoJiepi 0a3yeTbcsi Ha
u(poBOMYy MEPEMHOKEHHI MAcCUBIB JAHUX BHMIPIOBAJILHOTO Ta OMOPHOTO KaHAJNIB Ha OMOPHY
(GYHKITIIO, [0 TEHEPYEThCS CHUHXPOHHO 3 MOJIYJIALIEI0 JpKepena cBitina. Otpumani m00yTKH
IiA1aI0ThCs TUGPOBIK GUIBTpallii HU3PKUX 9acTOT 3a JomoMororo kackany PIX-¢pinstpis (pimsTpiB
i3 IMITyJIbCHOIO XapakTEPUCTHKOIO KIHIIEBOI TPHUBAJIOCTI), SKi E€PEKTHBHO NPUAYLIYIOTh
BHCOKOYACTOTHI IIlyMH Ta HABOAKHU NMPOMHUCIIOBOi yactoTu S50 ['1. @inanpauil eran 00poOKu mossrae
y MaTeMaTUyHOMY OOYHCIIEHH1 BiJTHOIIEHHS aMIUTITYJ] BUMIPIOBAJIHHOI'O Ta OMOPHOTO CHUTHAIIB.
Take mnporpaMHe HOPMYyBaHHS JO3BOJISI€ MOBHICTIO JIKBIIyBaTH 3aJMIIKOBY HECTAOLIbHICTh
IHTEHCHUBHOCTI BUIIPOMIHIOBaHHS Ta 130JIIOBaTH BHUKJIIOYHO KOPUCHUN ONTHYHHUHA BiATYK
XOJIECTEPUYHOI MaTPUIli HA MPUCYTHICTh aHAMITY.

Takuii KOMIUIEKCHUI 1H)XXEHEpHUH MinXiJ 3a0e3nedye amapaTHe MOCIa0IeHHS CHH(pa3HUX
GaykTyariii iHTEHCUBHOCTI JDKEpesa CBITIIa Ha TPUIISATH-COPOK ACIHOENT Ta 3HUKCHHS BIUIHBY
TEMIIEpPaTypHOTO Apelidy Ha OAWH-IBa MOPSIKHA MOPIBHSIHO 3 OJHOKAHAIBHHUMH CHCTEMaMH, IO
JT03BOJISIE JJOCSITaTH BITHOCHOI MOXUOKHM BUMIPIOBAHHS MEHIIIE OJIHOTO BIJICOTKA Ta 3aJ0BOJILHSATH
Cy4YacH1 METPOJIOTIYHI BUMOTH /10 aBTOMAaTU30BaHUX CHCTEM MOHITOPHHTY ra30BOTO CEpPEIOBUIIIA.

Ioasika
ITro poGoTy Oyn0 MIATPUMAHO AOCHIITHULIBKUM IPOEKTOM, 110 (iHAHCYBaBCs 3 JE€PKaBHOTO
oroxery (mpoekT Ab/POPC: “@yHKIi0HAIBHI TEPBUHHI IEPETBOPIOBAaYl CEHCOPHUX MPHUCTPOIB HA
OCHOBI pIJKOKPUCTAJIIYHMX MarepiajiB s BHUKOPUCTaHHS B EKCTpEMaJbHMX YyMoOBax’,

0126U001141)
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ABTOMATHU30BAHE KEPYBAHHS PE3UCTUBHUM HABAHTAXEHHAM JIJIS1
JANHAMIYHOI'O TECTYBAHHSA IMIIYJIbCHUX JKEPEJI JKUBJIEHHSA

Anomauia: Onucano po3spobKy ma npakmuury peanizayilo anapamuo-npocpamHo20 KOMHIEKCy O
aAgMoOMamu308aH020 MeCMY6aHHs NEPexiOHUx Npoyecie IMHYILCHUX O0JCepel  JHCUBNEHHS HA OCHOBI
mikpoxowmpoaepa STM32. Obrpynmosano 3acmocoericms 2iopuoH020 nioxooy i3 GUKOPUCTHAHHAM MACUBIE
NAAHAPHUX OE3IHOVKMUBHUX PEe3UCmopie ma KOoMymylouux N-KaHaibHux nONbOGUX MPAH3UCMOPIS, WO
npayionms GUKIIOYHO Y KIHUY0BOMY pedcumi ni0 KepysawHam inmezpogarozo opatigepa LTC7004 i3
60Y008AHOI0 CXeMOI0 NOMNYBAHHS 3aps0y. 3anponoHOBAHO NPOSPAMHI ANOPUMMU (HOPMYBAHHS SHYUKUX
8UNPobY8aANbHUX NPOQINi6 HABAHMAIICEHHS (MeaHOp, NOOOUHOKI IMAYIbCU, CMYNIHUACMUL pedcum) i3
yacmomoio komymayii 0o 100 xl'y.

Knrouoei cnoea: imnynvcui 0dxicepena iusients, OUHaMiune mecmysauts, mikpoxkonmponep STM32,
opaiisep 8epxXHLO20 KI0OUa, WEUOKICMb HAPOCMAHHS CIMPYMY, NePexXioni npoyecu.

CTpiMKHMI PO3BHTOK CY4YacHOi MIKPONPOLIECOPHOI TEXHIKM, CHCT€M 3B’SI3Ky Ta
00YHCITIOBAJIBHUX MJIaT(OpM BHCYBA€ MiJIBUIIEHI BUMOTH JI0 €HepProe(eKTUBHOCTI Ta CTablIbHOCTI
CHUCTEM iXHBOTO eJIeKTpOoXuBJeHHA. CydacHi I1HTErpajibHI MIKPOCXEMH XapaKTepU3yIOThCA
JTUHAMIYHUM CIIOKUBAHHSM €HEPrii 13 HaAIMBHUAKUM TMEPEX0JIOM Bl €HEPro30epirarounx pexuMiB
710 MaKCUMAJIbHOT IPOTYKTUBHOCTI, 1110 CYTTPOBOJIKYETHCSI MUTTEBUMHE CTPHOKAMU CTPyMY. 3a TaKHX
YMOB IMITyJIbCHI Jkepena sxuBieHHs (I1K) moBuHHI MUTTEBO afanTyBaTHCS A0 3MIHHUX YMOB 0e3
KPUTHYHHX KOJIMBaHb BHUXiMHOI Hanpyrn. Came TOMY KOHTPOJIb iXHiX JHHAMIYHUAX XapaKTEPHCTHUK,
30KpeMa peakilii Ha pi3Ky 3MiHy CTpyMYy HAaBaHTa)K€HHS I/l yac MepexiAHUX NPOIECiB, € KPUTUIHO
BaXXJIMBUM €TAIlOM IXHbOT'O MPOEKTYBaHHs Ta cepTudikarii [1].

BukopucTranHs TpaAuLiHHUX MTACHBHUX HaBaHTa)KE€Hb HE TO3BOJISIE IMITYBAaTH peaibHi yMOBU
pOOOTH Cy4acHHX HPUCTPOIB uYepe3 BHUCOKY MapasUTHY IHAYKTUBHICTb JPOTSHHUX PEOCTATiB Ta
TeMmreparypuuil npeiid omopy. Ilin yac cTpuOKiB CTpyMy IHAYKTHBHICTH OOMOTKH CTBOPIOE
TIraHTCBKUI OMip, NMEPETBOPIOIOYM MUTTEBHM (POHT Ha MOBUIbHE EKCIOHEHIIIMHE HapOCTaHHS
cTpyMy. BonHouac KiacM4Hi aKTHMBHI €JIEKTPOHHI HAaBaHTAKEHHS B JIHIMHOMY peXuMi
CYIPOBOJUKYIOTBCSI KOJIOCAIbHUM BHJIUICHHSIM TeIUIa Ha KPHUCTall TPaH3UCTOPA, IO CTBOPIOE
HeOe3NeYHU pPU3UK BUHUKHEHHS JIOKAJIbHOTO IIEperpiBy Ta JECTPYKTUBHOTO BTOPUHHOIO MPO0OI0.

Jns nononaHHs 1MX (QI3MYHUX OOMEXeHb po3po0JIeHO Creliani3oBaHUl MpPUCTpii
TECTYBaHH MEPEXiAHUX MPOLECIB, KU MiIKII0UaeThesi 6e3mocepeiHbo 10 BUXiaHuX kiem [JDK.
AmnapatHa miardopma 0a3yeTbcs Ha MacuBax O€31HAYKTUBHUX IUIAHAPHUX PE3UCTOPIB, SKi
KOMYTYIOTbCST N-KaHQIbHUMH TOJHOBUMH TPAaH3UCTOPAMH BHUKIIOYHO Y [IBUAKOMIFOUOMY
KIIFOYOBOMY pekumi. Di3nuHa KOHCTPYKIIIS TPUCTPOIO peaizoBaHa Ha OaraTomapoBiid IpyKOBaHIM
J1aTi 3 )KOPCTKO 3a(hiKCOBAHOIO Ta ONMTHMI30BAaHOIO TOBIIWHOIO JIEIEKTPUKA B 1 MM, IO J03BOJISE
MaKCUMaJIbHO 3HU3HUTH MMapa3UTHY 1HIYKTUBHICTh CHJIOBHUX KiJ [1-2].

KepyBaHHs CWJIOBOI0O YacCTMHOIO y KOH(QIrypamii BEpXHBOTO KiIIOYa 3JIIHCHIOETHCS 3a
JIOTIOMOTOI0  BHCOKOTEXHOIIOTIUHOTO iHTerpoBaHoro apaiiepa LTC7004. Voro BGymoBammii
TeHepaTop MOMIYBaHHS 3apsy CaMOCTIHHO (opMye BHCOKY Hampyry KepyBaHHs 3aTBOPOM, IO
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3a0e3neuye MUTTEBE IPUMYCOBE IMepe3apsPkaHHS Mapa3UTHOI €MHOCTI BEIMKUMH IMITYJIbCHUMHU
CTpyMaMmH Ta Koe(]imieHT 3amoBHEHHs iMITyJIbCiB 10 100%.

[IporpamHo-anapaTHa apxiTeKTypa KepyBaHHS MoOynoBaHa Ha 0a3i MIKpPOKOHTpoJepa
STM32. 3acTocyBaHHSI BUCOKOIIBU/IKICHIX OaraTOKaHAJIBHUX aHAJIOrO-IU(PPOBUX MEPETBOPIOBAYIB
y IIO€THAHHI 3 allapaTHUMH TaliMepaMy TapaHTy€e TeHEPaIlilo KEPYyIUNX CUTHAIIB 3 HAHOCEKYHTHOIO
TOYHICTIO ©0€3 BTpy4YaHHs LEHTpalbHOro Ipouecopa. /Jlnd mnepenadi BETUYE3HUX MACHUBIB
BUMIPIOBAJIbHUX JaHUX B ONEPATUBHY MaM'siTh BUKOPUCTOBYETHCSI KOHTPOJIEP IPSAMOTO JTOCTYIY A0
nam'sTi, 1110 MOBHICTIO BUKJIIOYa€ BUHUKHEHHS OyAb-IKUX POrPaMHHUX 3aTPUMOK.

[Iporpamue  3abe3medyeHHsT  MIKPOKOHTpojiepa  peamidye  THydyke  (GOpMyBaHHS
BUNIPOOYBAIBHUX NPOQUIIB HABAaHTAKEHHS, BKIIOYAIOYHM PEXKUMH IUKIIYHOTO TNPSMOKYTHOTO
MeaHJ[pa, MOOJMHOKUX IMITYJIbCIB 33JaHOI TPUBAIOCTI Ta CTYIIHYACTOTO HApPACTaHHS CTPyMY.
3aBIAKH 1HTETPOBAaHOMY LHU(PO-aHAJIOTOBOMY IIEPETBOPIOBAYy Ta THYYKOMY HaJAIITyBaHHIO
KOHCTaHT TaiiMepiB KOPHUCTYBaY MAa€ MOXIIMBICTh HE3aJEKHO 33/1aBaTH aMILIITYy BEPXHBOTO Ta
HUKHBOTO PIBHIB CTPYMY, a TAKOK 4acTOTy KoMyTauii B giana3oni g0 100 kI'1. Kpim Toro, BOymoBaHi
JITOPUTMHU O€3MEKU 3J1HCHIOITh Oe3MepepBHUM MOLMKIOBUM MOHITOPUHI TEMIIEPATypU CHIIOBHX
KJIIOYIB Ta BHUXIJHOI HAIPYr'H TECTOBAHOIO JDKEpeNa, 10 JO3BOJISIE MUTTEBO 3a0JIOKYBAaTH POOOTY
npaiiepa LTC7004 y pa3i BUHUKHEHHS aBapiHUX pexUMiB a00 KOPOTKOTO 3aMUKaHHS [3-4].

[Tin wac ekcrmepuMEHTaJIbHOI BepHudikaiii po3po0JICHOT0 KOMIUICKCY OyJIo TpOBEISHO
JOCII/UKCHHST JWHAMIYHUX XapaKTEPUCTHK KOMEPUIWHUX IMIYyJbCHHX II€PETBOPIOBAYIB TIpU
cTpuOKONOAiOHIN 3MiHI HaBaHTakeHHS Bix 10% mo 90% Big HOMiIHAMBHOI TOTYKHOCTI. OTpUMaHi
OCLMJIOTPAMH  TEPEXITHUX MPOILECIB MPOAEMOHCTPYBAIM IOBHY BIJACYTHICTh Napa3UTHUX
KOJIMBAJIBHUX MPOLECIB, K1 3a3BUYail BUKJIMKAHI 1HAYKTHUBHICTIO BUMIpIOBaIbHUX Kul. Kommiekc
3a(hikCyBaB aMIUTITYyly JUHAMIYHOTO MPOCIJaHHS Ta BUKUAY HAIpPyTU 3 PO3IUIBHOIO 3/1aTHICTIO 12
01T, 1110 JO3BOJINJIO 3 BUCOKOIO TOUHICTIO PO3paxyBaTH 4yac BiTHOBIEHHA BUXiaHOI Hanpyru [JK ta
OLIIHUTH AKICTh POOOTH KOHTYPY 3BOPOTHOTO 3B'SI3KY JIOCIHI)KYBaHUX IPUCTPOIB.

Taxuii iH)XeHepHUI MiJIXi]] HOBHICTIO YCYBa€ MpoOIeMy 3aTPUMKHU NEPEMHUKAHHS 1 103BOJISE
CUCTEM1 JOCATaTH €KCTPEMaJlbHO BHMCOKHMX 3HAau€Hb IIBHUJKOCTI HAapOCTaHHS CTPyMy, SKi
BHUMIPIOIOTBCSI amIepaMu Ha MIKPOCEKYHy, 3aJ0BOJIbHSIIOYM HalCyBOpIlIl CBITOBI BHUMOTH J0
Bepudikamii [JK.
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EFFICIENT UNDOPED ORGANIC LIGHT-EMITTING DIODES BASED ON A NOVEL
DONOR-ACCEPTOR TADF EMITTER

Abstract: This study examines novel thermally activated delayed fluorescence (TADF) emitter
compounds designed to maximize internal quantum efficiency. Photophysical characterisation confirms
radiative decay, validating successful exciton harvesting via a delayed-emission channel. To evaluate
electroluminescent performance, an undoped OLED device was fabricated, These findings demonstrate the
emitter's operational stability and strong viability for next-generation optoelectronic applications.

Keywords: Organic light-emitting diode, Heterostructure, TADF.

The continued advancement of flexible, wearable, and stretchable electronics, crucial for
untethered applications such as continuous health monitoring, biomedical imaging, and electronic
skins-relies heavily on the development of highly energy-efficient technologies [1]. Conventional
inorganic light-emitting diodes struggle to meet the strict power and form-factor constraints of these
next-generation devices due to their mechanical rigidity and high energy consumption. In contrast,
organic light-emitting diodes (OLEDs) satisfy these modern demands by combining inherent
flexibility and possible biocompatibility with exceptional energy efficiency and low-power
manufacturability [2]. However, the extensive integration of organic optoelectronics into modern
digital infrastructure necessitates the continuous development of versatile, highly efficient emissive
materials. Harnessing the full potential of thermally activated delayed fluorescence (TADF) through
optimized molecular design offers a promising pathway to maximizing internal quantum efficiency
and minimizing power dissipation [1-3].

This study aims to provide an up-close examination of novel emitter material. The decay
curves clearly exhibit multi-exponential behaviour. This confirms that a significant portion of the
excitons is being harvested through a delayed emission channel, which aligns with the TADF
mechanism expected for this material. These properties confirm its operational stability as a TADF
emitter capable of maximizing internal quantum efficiency.

To evaluate its electroluminescent potential, an undoped OLED device architecture was
fabricated. The resulting diode exhibited an emission peak, ELmax at 556 nm. Performance
characterization revealed a maximum external quantum efficiency (EQE) of 3.36% and a peak
brightness of 4547 cd/m2. Furthermore, the device attained a maximum current efficiency of 9.63
cd/A and a power efficiency of 5.46 Im/W.
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ABTOMATU3ALIA ITPOUHECY ITO3UINIOHYBAHHSA ®OTOEJEKTPUYHUX
MAHEJIEH BIZITHOCHO COHAYHOI'O BUITPOMIHIOBAHHSA

Anomauia: Y pobomi obrpynmoeano axmyanbHiCmb 6npOBAONHCEHH CUCmeM OUHAMIYHO2O0
NO3UYIOHYBAHH Ol MIHIMI3AYIT ONMUYHUX 8Mpam ma niosuueH s epekmusHocmi eeHepayii enekmpoenepeaii.
Memoio Oocrniodicenna € NpOEKMy8aHHA AGMOHOMHO20 KOHMPONEepa aKmueHo2o mpekepa Ha 0asi
Mmikpokonmponepa Arduino  Nano. 'V pezynemami cmeopeno 1ab0pamopnuii npomomun  cucmemu
ABMOMAMUYHO20 CIENCEHHS, WO 3a0e3neyye KOPUSy8anHs NOL0NCEHHs NAHENi HA OCHOBI dupepenyianbHo2o
ananisy ocgimnenocmi. Pospobnena cucmema xapakmepusyemuca cmadbiibHo0 pobOmMOoIo 3a YMO8 HU3LKOI
IHMEHCUBHOCII COHAYHO20 UNPOMIHIOBAHMS A OCHAWEHA MOOYIIEM KOHIPOTIO eHeP2ONCUBTICHHSL.

Knrouoei cnosa: conaunuii  mpekep, Arduino Nano, ¢omopesucmop, aemomamuzayis,
eHnepeoepekmusHicms, cepeonpusio, pomoenekmpuiHa naHens.

VY cywyacHux ymoBax MIo0abHOI TpaHc@oOpMallil €HepreTHUYHOro CEeKTOpy Iepexis a0
BIJTHOBJIIOBaHUX JDKEpEIl €Heprii € OfHUM 13 NPIOPUTETHUX HANPSAMIB CTAJIOro po3BUTKY. COHSUHA
SHEepreTHKa PO3IIISIAETHCS SIK €KOJIOTIYHO Oe3MeYHe Ta MPAaKTUYHO HEBHUYEPITHE JDKEPENo eHeprii,
3/1aTHE 3MEHIINTH 3aJIEKHICTh B1Jl BAKOITHUX BUAIB najauBa. OHI€I0 3 OCHOBHUX TEXHIYHHUX MTPoOIIeM
CTalllOHapHUX (OTOENEKTPUUYHUX YCTAHOBOK € (hiKCOBaHE IOJIOXKEHHS NaHeleH, sKe He J03BOJIsE
e(hEeKTUBHO KOMIIEHCYBATH 3MiHy TojioskeHHs CoHIls npoTaroM 100u. Lle mpu3BoauTh 10 3HWKEHHS
koe(dilieHTa KOPUCHOI [ii CHCTeMH Ta BTpaT YaCTUHM NOTEHLIHHOI eHeprii COHSIYHOIro
BUIIPOMiHIOBaHHS [ 1].

EdextuBHicTe poOoTu (POTOECNEKTPUYHOI MaHEeNl 3HAYHOIO MIpPOI0 BHU3HAYAETHCS KyTOM
Na/iHHA COHSYHOIO BHUIIPOMIHIOBAaHHS Ha ii MOBEpXHI. BiINOBIIHO 1O 3aKOHY KOCHHYCA,
OCBITJICHICTh MOBEPXHI 3MEHIIYEThCA 31 30UTBIIEHHAM KyTa M’ HalPSIMKOM COHSTYHOTO ITPOMEHS Ta
HOPMAJUTIO IO TIOBEPXHI TaHedl. 3pOCTaHHS IHOTO KyTa CYNPOBOMKYETHCS IiABHIICHHIM
KoedilieHTa BIAOUTTS Ta 3HWKEHHSIM T'yCTUHU €HEpreTUYHOro MOTOKY, 110 HEraTUBHO BILJIMBAE Ha
BUXIJHY MOTYXHICTb cuUcTeMH. J[ns MiHiMi3alli 3a3Ha4€HUX BTpaT JAOLUIBHUM € BHUKOPHUCTaHHS
CHCTEM aBTOMAaTHYHOTO cTexeHHs 3a COHILIEM — COHSIYHUX TpekepiB [2].

CyuacHi cuCTeMH MO3UIIOHYBaHHS MOAUISIOTHCS HA OAHOOCHOBI Ta IBOXOCHOBI 3aJIEXKHO Bij
KUTBKOCTI CTyIeHiB cBoOou. OIHOOCHOBI CUCTEMH 3a0e3MeuyoTh OPIEHTAIIIO MaHeNl y HaPsIMKY
CX17—3axi/1 Ta J03BOJISAIOTH MIJBUILUTH €(EKTUBHICTh reHepartii mpuoauzHo Ha 20-25 %. JIBoX0CchOBi
TpEeKepH JI0AATKOBO BPaxXOBYIOTh 3MiHY BHCOTH COHIIS HaJl TOPU30HTOM, IO A€ 3MOTY 301IbLINTH
MPOAYKTUBHICTh (DOTOENEKTPUYHOI cuctemu 110 35-45 % [3].

Jlns BU3HAUCHHSI TIOJIOKEHHS JDKEpeNna BUIIPOMIHIOBAHHS 3aCTOCOBYIOTh aCTPOHOMIYHI,
CEHCOpHI Ta KoMOiHOBaHI MeToau [4]. [lisi MamomoTy)KHUX Ta HaBYAJbHUX YCTAHOBOK HANOUIBII
€KOHOMIYHO JOLUIBHUM Ta MPOCTUM Y peasizarlii € CEHCOpHUM MeToj Ha 0a3i nudepeHIiaipbHOro
aHaJi3y CUTHaIIB (POTOPE3UCTOPIB, IO TO3BOJISE CUCTEMI THYUYKO a/IalITyBaTUCS 10 JIOKATbHUX YMOB
ocBiTIeHocTi 6e3 notpedbu y GPS-opieHTyBaHHI.
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Y Mexax maHoi poOOTH peaizoBaHO CEHCOPHUN METOI, KWW 0a3yeThCs Ha TOPIBHSHHI
cUrHaiiB BiJ ¢porope3ucTopiB. Takuii miAXiJ € EKOHOMIYHO JOUIIBHUM, IPOCTHM y peaiisauii Ta He
norpelye Bukopuctanus GPS-monyniB abo ckIagHUX MaTeMaTHYHUX MOJIEIICH.

Po3pol6nenuii COHIUHMI TpeKep SBIIsI€ COOOK MEXATPOHHY CUCTEMY, Y SKIi MIKPOKOHTPOIIEP
Arduino Nano Bukonye (QyHKIIIT 0OpOOJICHHS CUTHAIIB Ta KEPYBaHHS BUKOHABYUM MeXaHi3MoM. J1jis
BH3HAYCHHSI PiBHS OCBITIICHOCTI BUKOPUCTAHO (hoTopesuctopu tuiry GL5528, omip SKUX 3MIHIOETHCS
3aJIE)KHO BiJ IHTEHCUBHOCTI I1aaro4doro csitia. CUrHaIM 3 JaTYMKIB HAAXOISATh Ha aHAJIOTOB1 BXOIHU
MIKPOKOHTpOJIEpa Y BUIVIS/AL HAIIPYTH, c(hOPMOBAaHOI MOAIIbHUKAMU HanpyrH. IIopiBHSIHHSA 3HAaYEHb
OCBITJICHOCTI JI03BOJISIE BU3HAYUTH HAIIPSIMOK MaKCHMMAaJbHOI'O CBITJIIOBOIO IOTOKY Ta c(OpMyBaTu
KOMaH/ly Ha IIOBOPOT TaHeM .

SIx BUKOHABUMI MEXaHI3M 3aCTOCOBAHO CEPBONPUBIJ Oe3rmepepBHOrO 00epTaHHS, KEpyBaHHS
SKUM 3JIHCHIOETBCS 32 JIOTIOMOTOI0 IIHUPOTHO-IMITYJBCHOT MOAYJAMii. 3MiHA MapaMeTpiB
IMITYJIbCHOTO CHTHaITy 3a0e31euye peryaroBaHHs HAIpsSMKY Ta IIBUAKOCTI oO0epTanHs npuBoxy. s
KMBJICHHSI CUCTEMU BUKOPUCTAHO JIITIEBY aKyMYJIATOPHY 30ipKy Tumy 2S i3 BOyIOBaHUM MOJyJIEM
BMS, mio 3abe3neuye 3axucT BiJl MMOOKOro po3psay Ta NepeBaHTaKeHHs. Jl01aTKOBO peani3oBaHO
USB-BuXij AJis )KUBJICHHS 30BHIIIHIX TPUCTPOIB.

[Tporpamue 3a6e3neueHHs po3podieHo MoBoro C++ 13 BUKOpUCTaHHAM cepenoBuiia Arduino
IDE. ¥V mporpami peanizoBaHO aJrOpUTM 3IVIQJKyBaHHS CHUTHATIB IIJSIXOM yCEpPETHEHHS 3HAYECHb
AT, mo K03BOJSE 3MEHIIMTH BIUIMB IIYMIB Ta IJIBHIIUTH CTaOUIBHICTH poboTh cuctemu. s
3armobiranHss  Oe3lepepBHOMY OOCpPTaHHIO MPHBOAY 32 YMOB HECTAOUIBHOTO OCBITIICHHS
BIIPOBAKEHO OOMEKEHHS KUIBKOCTI LIMKJIIB MOUIYKY rosioskeHHs1 CoHld. Takoxk peaii3oBaHO PEKUM
CHEepPro30epeKeHHs, y SIKOMY CHUCTeMa aBTOMAaTUYHO NPUINMHIE aKTUBHE CTEKEHHS IpH
HEI0CTaTHbOMY PiBHI OCBITJIEHOCTI.

[TpaktuuHi BUIIPOOYBAaHHS J1aOOPATOPHOrO MPOTOTHITY MIATBEPAWIN Mpane3iaTHICTh 1
CTalbUIbHICT po3poOnieHoi cuctemu. [lil yac ekcnepMMEHTalIbHUX BUNPOOYBaHb CHCTEMA
JIeMOHCTpYBaja cTabijIbHE BiJICTEKCHHS TTOJIOKEHHS JPKEpea CBITIIA 3a PI3HUX PIBHIB OCBITICHOCTI
Ta 3MiHHOI XMapHocTi. CepeaHiil yac peakiiii CepBONPUBOAY HA 3MIHY HAINPSIMKY BUIIPOMIHIOBAHHS
CTaHOBUB ONMU3bKO 1-2 c. BUKopHCTaHHS anropuTMy yCepeIHEHHsI CUTHAIB JO3BOJIMIO 3MEHIIIUTH
BB ImymiB ALIIl Ta yHUKHYTH XaOTWYHHMX TepeMillleHb NMPUBOMY. BHKOpHCTaHHS COHSIYHOTO
TpeKepa J103BOJIS€ MiIBULIUTH €(EeKTUBHICTh poOOTH (POTOENEKTPUUHUX MaHENIel y cepelHbOMY Ha
20-40 % nopiBHSHO 31 CTalllOHAPHUMH KOHCTPYKIISIMHU. 3aBISKN MOIYJIbHIN apXiTEKTypi Ta MPOCTOTI
peanizanii cucreMa Moke OyTH BHKOpPHUCTaHa $SK OCHOBa Ui TOAAJBIIOTO BIOCKOHAJECHHS
ABTOHOMHHX Ta IPOMUCIOBUX (HOTOECTEKTPUUHUX YCTAHOBOK.

CnucoK BUKOPHCTAHUX JKepeJt:
I.1Ilo Take coHsuHa e€Hepris Ta 5K BoHa mpamwe? — [Enexrtponnmii pecypc]. —
https://sonergia.com.ua/shho-take-sonyachna-energiya-ta-yak-vona-pratsyuye/
2. Consuni TpeKepu TUTSt EJIEKTPOCTAHITIH. — [EnexTponHMit pecypc]. —
https://220volt.com.ua/storage/catalog_products/169558/instruction/738.pdf
3. Hafez A.Z., Soliman A., El-Metwally K.A., Ismail .M. Solar tracking systems: Technologies and
trackers drive types — A review. Renewable and Sustainable Energy Reviews. 2018. Vol. 91. P. 754-
782.

4. Hafez A.Z., Soliman A., El-Metwally K.A., Ismail .M. Solar tracking systems: Technologies and

trackers drive types — A review. Renewable and Sustainable Energy Reviews. 2018. Vol. 91. P. 754-
782.
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JIEJJEKTPUYHA OIITUMIBALIA PIIKOKPUCTAJITYHUX KOMITIO3UTIB JJIAA
NIJIBULLIEHHSA EHEPTOE®EKTUBHOCTI LCD-JIUCILIEIB

Anomauia: Y pobomi pozenanymo modxcaugicms nioguugenus enepeoeghekmuenocmi LCD-Oucneis
WLIAXOM ONMUMI3ayiil OleIeKMPUUHUX 81ACTNIUBOCHEN PIOKOKPUCTNAITYHUX KOMNO3UMIE HA OCHOBI HEMAMUKA
5CB 3 xipanohumu nipuourosumu oomiwikamu. Ilpoananizosano eniue 3pocmantHs OieleKmpuyHoi
auizomponii Ha nopozogy nanpyey Dpedepikca ma eHepeocnoNCU8anHs Kepyrouoi erekmporixu. Ha ocnosi
JTimepamypHux OaHux GUKOHAHO MEOPemuyHy OYIHKY 3HUNCEHHS nopoeogoi Hanpyeu npu donyeauui SCB
komnosumamu LC1 ma LC2.

Knrwouoei  cnosa: pioxi kpucmanu, 5SCB, LCD-Oucnnei, Oienekmpuuna  anizomponis,
eHepeoepexmusHicmy, pPIOKOKPUCMATIYHI KOMAOSUMU.

3HIDKEHHST PO0OYOi HAMpPyTd PIAKOKPUCTATIYHOT KOMIPDKM € OIHHMM 13 MIAXOIIB [0
nigBuiieHHs eneproegextuBHocTi LCD-nucmieiB. KitouoBum mapameTpom, 1o BH3HA4Ya€E poOOUy
Hanpyry LCD y mmanapHiii koMmipmi (kimituHka @penepikca), € AieNeKTpUYHA aHI30TPOIis, 110
BHU3HAYAETHCS SIK:

de=¢ —¢, (1)

[Toporosa Hanpyra nepeMUKaHHsI OIACYETHCS BUPA30OM:

Vth =T B (2)

ERYAY:S

ne Ki; — KOHCTaHTa IpPYXHOCTI pO3ruHy. 30UIbIIeHHS A€ MPU3BOIUTH 10 3MEHILEHHS MOPOroBOi
HanpyTy MepeMUKaHHs, 1110 MOTEHIIITHO MOXKe CIIPUATH 3HWKEHHIO €HEproCIOXKUBAaHHS JIpaliBepiB
mikcemis [1, 2].

[lepcneKTUBHUM HAIPSIMOM € BBEIEHHS XIpAJIbHUX MOJIEKYJISAPHHUX JOMIIIOK Y HEMaTH4HI
PlAKOKpHUCTANiIuHI MaTpulli. MeToo poOOTH € TEOpPETUUHE OOTPYHTYBAHHS MOMIIMBOCTI 3HUKEHHS
eHeprocriokuBaHss ~ LCD-aucnneiB  nuigsxoMm — 30UIbLIEHHS  JIEJIEKTPUYHOI  aHI30TpPOIii
PIIKOKPUCTATIYHUX KOMIO3UTIB Ha 0cHOBI SCB, a Tako mojanpiina eKCrepuMeHTaIbHA TIepeBipKa.

Y po6oTi po3rIsTHYTO PIAKOKPUCTATIYHI KOMITO3UTH Ha OCHOB1 HeMaTuka SCB 3 XipanbHuUMH
cnoiykamu LC1 ta LC2 y xoHmentpamisx 2 1 5 mac.% [3, 4]. JienexkTpudHi BIACTUBOCTI TaKUX
CUCTeM JOCTIKYIOTh METOJOM IMIIEJAaHCHOI CHeKTpockomii y miamasoni 1 k['m — 10 MIm.

BcranoBieHo, 1110 BBEJIGHHS JJOMIIIOK IPU3BOJUTH 10 3pocTaHHs A€ Bin 7,29 (uuctuit SCB)
1o 8,20 mpu 5 mac.% LC1 ta go 8,58 mpu 5 mac.% LC2 (~18%) [3]. Ha ocHOBI 1TuX 3HaY€Hb OI[IHEHO
BIUIMB Ha MOPOTOBY HAmpyry: miactaBisoun Ae = 7.29 => 8.587.29 y dopmyny Ppenepikca i
¢dikcyroun K;; = 6.2 nH mnsa 5CB, oTpumaemMo 3HWKEHHS TOPOTOBOi HAMPYTH:

7.29
1- /ﬁ ~ 7.8% 3)

Hns tunoBux LCD-komipok i3 moporoBoro Hampyrowo Vip,~1 — 2 Bue nae mpakTUuHY
exoHoMil0 ~0.08 — 0.16 Bua mikcenb. Kommosutu SCB/LC1 ta SCB/LC2 € nepcrieKTUBHUMH IS
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MOAAJIBINOT onrTuMi3alii nienekTpuyHux mapamerpiB LCD. ®a3oBuii cTaH CcyMmini € OJHUM 13
KIIOYOBUX  OOMexyBalbHUX  (akTopiB. POM-mocimimkeHHsT MiATBEPIKYIOTh  30€peKeHHs
HEMaTUYHOI ()a3u B yCiX JOCTIKyBaHUX KoHIeHTpamisx (2 1 5 mac.%) [3]. [Tepexin 10 CMEKTHYIHOT
¢ba3u € KPUTUIYHUM OOMEKEHHSIM Yepe3 MOTIpIISHHS pyXJIMBOCTI Ta yacy BiAryky. ®a3oBi nepexoau
B PIIKOKPUCTATIIYHUX KOMITO3UTaX € YyTIMBUMH JI0 30BHIIIHIX BIUIMBIB 1 CKJIaly CHCTEMH, a IEPexis
70 130TPOMHOro 200 CMEKTUYHOTO CTaHy OOMEXy€e MIPAaKTHYHE 3aCTOCYBaHHSA [5].

HienextpuyHa penakcarlisi Ta BuOip poO0Y0i YaCTOTH € BaXKJIMBUMH 1)1 €PeKTUBHOI poOOTH
LCD. IIpouecu gienektpudHoi penakcamii y PK-matepianax BinOyBaroThes B aianazoni 10 k' — 1
MI 11 1 BU3HAYarOTh PiBEHB JICICKTPUYHUX BTpaT npu nepemukanti [2]. [Tokazano, mo LC1 3mimrye
4acToTy penakcauii f, y Oik Bumux 3HaueHsb (~1,5 MI'm), Toai sik LC2 — y 6ik Hmkunx (~42 k1)
[3]. Husbke 3mauenus f, mna LC2 (~42 x['m) moreHmiiHO OOMEXye BHUKOPHCTAHHS TaKUX
KOMIIO3UTIB y BHCOKOUacTOTHHX AC-cxemax dYepe3 3pOCTaHHs JICJICKTPUYHUX BTpAT MOOIH3Y
obumacTi penakcaii. J1o6ip 106aBKH 3 ONTHMAJIBHUM f, JO3BOJISIE MiHIMI3YBaTH J11€JIEKTPUYHI BTPATH
y pobodoMy aiamazoHi 4acTOT KOHKPETHOTO THUIY IHCIUIEs, IO 3HMKYE SHEpPreTHYHI BTpPAaTH B
koMmipii. Hwu3bka 10HHAa TMPOBITHICT TaKOX € BAXKJIWBOI JUIA 3arMo0iraHHsA Jerpajarii
OpIEHTAIITHOTO IIapy Ta Mapa3uTHOMY €HEPrOCIIOXHBAHHIO [6].

TeopernuHuii aHasi3 MoKa3as, 0 BBeACHHS XipainpbHux 1006aBok LC1 Ta LC2 y HemaTuuny
Matpuno SCB 30iibllye AieneKTpUuHy aHi3orpomito Ha ~18%, 10 TEOpeTHMYHO BiANOBiAaE
3HIKEHHIO TTOPOTOBOT HANpyru nepemukanas Openepikca npudauzno Ha 7,8% (~0.08 — 0.16 B Ha
nikcenb). [Ipu nboMy 306epiraeThecsi HeMaTH4Ha (Paza B yChOMY JOCIIKYBAaHOMY KOHIIEHTpAIliHHOMY
niarnaszoHi. Jlo6aBka LCI € Ouibll MepCrneKTUBHOI 3 TOYKH 30pY JTIEJEKTPUYHUX BTpPAT 3aBISKU
BUIIIM YacToTi penakcanii. OTpuMaHi pe3yapTaTd OOIPYHTOBYIOTh JOLUIBHICTh MOJAJIBIIOTO
eKCIiepuMeHTaabHoro fociimkenHs kommo3uTiB SCB/LC1 ta S5CB/LC2 sk wmarepianiB ISt
eneproedextuBHIX LCD-aucmneis/
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ENHANCING THE DURABILITY OF PEROVSKITE SOLAR CELLS THROUGH
METHODS OF ENCAPSULATION

Abstract: In this review the milestone progress of development and commercialization of the
perovskite solar cells (PSCs) and their relevance is summarized. The adaptability of perovskite solar cells to
flexible substrates, coupled with their low-cost production technology make them promising materials for solar
energy. The problem that caused reduction of their energy efficience and appropriateness to sustainable
technologies is conditioned by degradation of perovskite solar cells were evaluated and divided into several
categories. Study provided efficient methods of elongating PSCs life for commercial benefit.

Keywords: heterostructure, perovskite, solar cells, organic, photovoltaic.

According to the European Green Deal 2050, the transition to carbon-neutral energy requires
the implementation of technologies that are not only environmentally friendly throughout the entire
life cycle, but also efficient.

There are more than ten years since the discovery of perovskite solar cells (PSCs). The number
of studies on perovskite semiconductor materials and devices, and in particular PSCs, continue to
grow exponentially. Although the efficiency of PSCs exceeded 25.5%. In the quest for superior and
more economical alternative energy sources. perovskite solar cells occupy a prominent position.
Notably, the relatively elevated efficiency of PSCs, when compared to organic solar cells, renders
them appealing for further investigation and practical implemantation.

Despite the theoretically recorded efficiency of 25%, the main obstacle to the
commercialization of PSCs remains their sensitivity to moisture, oxygen and ultraviolet [3]. The
problems that cause the degradation of perovskite solar cells can be divided into two categories. The
first is (1) intrinsic instability, which on the one hand includes structural, chemical and thermal
instability, mainly caused by the chemical composition. On the other hand, it includes instability
caused by defects. It is reported that defects that exist in the layers of perovskite, at grain boundaries
and interfaces, can create pathways for easier ion migration, which causes a phase transition and leads
to a decrease in the performance of the cell. The second category is (2) extrinsic instability, which
includes environmental factors such as moisture, oxygen and ultraviolet (UV) rays and can directly
destroy the perovskite architecture [1, 2].

Encapsulation is critically necessary to protect the active layers from the external
environment. Currently, encapsulation is the most effective strategy for protecting devices from
external outdoor conditions. This typically involves sandwiching the device between barrier materials
[3].

Encapsulation methods for perovskite solar cells (PSCs) are divided into two main
architectural strategies: (1) thin-film encapsulation (TFE) and (2) edge seal. TFE is a method in which
a thin film as encapsulant is deposited on top of the module. And an edge seal method in which sealant
is placed around the module [1].

Even though certain compounds allow to withstand oxygen, moisture, UV radiation, and
even hail, hot-sealed adhesives are inappropriate for long-term application on heat-sensitive hybrid
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perovskite materials or adjacent functional layers. While perovskite layers are commonly treated at
temperatures below 150 °C, the organic hole transporting layer is typically manufactured at room
temperature, meaning it could be compromised during the lamination process which occurs at ~140.

(a) 'l'

Encapsulation
materials

Active area

Substrate __

(b)

Encapsulation
materials _

Active area

Substrate—_

Figure I - Methods of encapsulation PSC

In addition, certain films are vulnerable to external damage, which is why the service life of
such TFEs remains relatively short. The use of an edge sealing material applied around the cell avoids
direct contact with the perovskite layers, thus minimizes the risk of the sealant reacting with them.
The use of rigid edge sealing materials is ineffective, as this will help avoid cracking during
temperature changes [1].

Based on the understanding of the nature of degradation mechanisms in PSCs, a number of
synthetic approaches have been introduced including doping, compositional and dimensional
engineering, grain boundary modification, and the development of new functional materials for
electron and hole transportation layers. [2].

Such a comprehensive approach to improving internal charge collection and protection from
external degradation may allow perovskite technologies to become a full-fledged ecological
replacement for fossil silicon.

References
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ONITUMIBALIA PEXKUMIB POBOTH EJIEKTPOABHUI'YHIB Y IIPOMUCJIOBOCTI

Anomauin: Poszensnymo cyuacui nioxoou 0o onmumizayii pescumie pooomu eiexmpoosucyHie y
NPOMUCTIOBOCTT 3 MEMOI0 NiOGUIWEHHS eHepeOeheKMUBHOCTI A 3HUINCEHHS eKCNIYamayitiHux eumpam.
Ilpoananizogano 0CHOBHI (haxmopu, wo GNIUBAIOMb HA EHEPSOCNONCUBAHHS eIeKMPONPUBOOi8, a MAKONC
00Ci0dCEHO MemOodu pe2ynioganis ix pobomu. 3anponoHo8aHO GUKOPUCTNAHHS THMETEKMYATbHUX CUCEM
KepyB8aHHsA ma 4acmomHO20 Pe2yIt08aHHA SIK epheKmugHux 3acobie onmumizayii.

Knrouosi cnosa: Enexmpoosucyn, enepeo3depescents, 4acmomuull nepemeoplosay, onmumisayis,
eNeKMpPOnpUso0.

Ha erari po3BUTKY POMHUCIIOBOTO BUPOOHHIITBA €JIEKTPOJABUTYHH BUCTYIAIOTh KIIFOUYOBUMHU
MEPETBOPIOBAYaMH C€HEPTii, CIIOKMBarO4H, 3a oIliHkamu, Big 60% no 70% Bciei enmexTpoeHeprii,
reHepoBaHoi norped mpomucioBocTi [1]. B ymoBax rmo0anpHOro TpeHIy Ha JIeKapOOHi3aliio Ta
MEPMAaHEHTHOI0 3pPOCTaHHS BapTOCTI €HEPropecypciB, MiJBUILNEHHS €HEPreTU4YHO! e(eKTUBHOCTI
€JIEKTPOIPUBO/IIB CTa€ CTPATETiYHUM 3aBJAHHIM JUI 3a0€3MEUEHHS] KOHKYPEHTOCIPOMOMXHOCTI
nianpueMcTB. Lle 0co6MBO akTyanbHO AJIl ACHHXPOHHUX JABUTYHIB 3 KOPOTKO3aMKHEHUM POTOPOM,
K1 B CHJTy CBO€1 KOHCTPYKTHBHOI POCTOTH Ta HAAIMHOCTI IPEBAJIIOIOTh Y HACOCHUX, BEHTUJIILIIHHUX
Ta KOMIIPECOPHUX yCTaHOBKaX. OCHOBHOIO MPUYMHOIO HU3bKUX MOKA3HUKIB €HEProe(peKTUBHOCTI €
HEBIIMOBIIHICT, BCTAaHOBJICHOI TOTYXKHOCTI JBHUTyHa. Po0OoTa eNeKTponmpuBOAY y peXKHUMax
HefoBaHTaxeHHs (Hwxk4ye 50% BiI HOMIHAJIBHOI MOTYXXHOCTI) BEAE JI0 PI3KOTO 3HUKEHHS
koedirienta notyxHocti cos ¢ 1 KK/, mo 3 nepeBakaHHSIM MOCTIHHUX BTpaT y CTaji (MarHiTHI
BTpaTH) HaJ 3MiHHUMH (EJIEKTPUYHUMH) BTpaTaMH B 0OMOTKax [4].

Sk mokasye 3anexHICTh Ha puc. 1, poboTa y 30HI MaJluX HaBaHTAKEHb XapaKTEPU3YETbCS
HepalioHATHHUM CIIOKUBAHHSIM PEAKTHUBHOI MOTYKHOCTI 3 Mepexi. KpiM Toro, cepiio3Hy mpoliaemy
CTaHOBJISITh MYCKOBI pexuMH. [IpsMHuil Myck acHHXPOHHOIO ABUTYHA CYIPOBOIKYETbCS 5-7-
KpaTHUM MEePEBUIICHHSIM HOMIHAJIbHOTO CTPYMY, 1110 BUKJIMKA€E y/IapHI MEXaHI4H1 HaBaHTaXEHHsI Ha
BaJ Ta WiAMIUMHUKA. BIAMOBITHO 10 TEXHIYHUX pEriaMeHTIB 3 eKCIUTyaTallii eJIeKTpOMAIIHH,
IHTEeHCUBHE HarpiBaHHA 130J11ii Yy Taki MOMEHTH CKOpOYye ii pecypc BiAMOBIIHO 0 TEPMIYHOTO

3aKoHy 3Hocy [3].
160

—8— CnoxueaHa NnoTyxHicT

140 - 140
120
100
80
60 -

40 -

CnoxuBaHa noTyxHICTb, KBT

20

0 T T T T T :
0 0,2 0,4 0,6 08 1,0 1.2

KoedpiuieHT 3aBaHTaxeHHs, K,

Pucynox 1 - 3anexcnicmo cnoscusanoi nomyxcnocmi 6i0 Koeq)iyicHma 3a8aHmaiCcenHs.
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EdexTuBHICTE pOOOTH CHCTEMH BU3HAYAETHCS CYKYIHICTIO TEXHIYHUX Ta €KCILTyaTalliiHUX
¢dakropiB. EkcriepuMeHTaIsHO BCTAHOBJICHO, IO MPHU 3HWKCHHI HaBaHTaxeHHS MeHime 50% Bifg
HoMiHanbHOT KoedimienT xopuchHoi mii (KKJ[) nBuryna pisko mnamae [4]. Ha puc. 2
MIPOJIEMOHCTPOBAHO THIIOBY CTPYKTYpy BTpAaT, aHami3 $KOi JO3BOJSE BHUIUIATH TPIOPUTETHI
HaIpsSIMKU MOJIepHI3aIlii.

Brpatu 8 Mini cratopa
(sTpaTh B obmoTkax cratopa)

Brpatu B Migi potopa
(BTparn 8 obmoTkax poropa)

55-60% e - - i Brpatu B cTani
S (ricrepeaucHi Ta BUXpOoBI)

10-15% MexaHiuHi BTpatu

\ (TepTa B NiALWKMNHMKAX,

BEHTUNALIR)

[opatkosi BTpaTH
2-4% (HecuMMeTpIsi, rapMOHIKK TOLLO)

Pucynok 2 - Cmpykmypa enepeemuunux 6mpam 6 ACUHXPOHHOMY e1eKMPOOBULYHI

BnposakeHHs YaCTOTHO-PETYJIbOBAHOTO €JIEKTPOIIPUBOLY (HPII) BU3HAHO
Hale()EeKTUBHIIIUM  METOJAOM  ONTUMI3alii MEXaHi3MIB 3  KBagpaTUIHOI  MOMEHTHOIO
XapaKTePUCTHKOI. BiAMOBITHO 10 3aKOHIB MOMIOHOCTI JUIS BiIIIEHTPOBUX MAIIWMH, CIOKHBaHA
MOTY’KHICTb MPONOPIIiifHa KyOy yacToTH oOepTaHHS:

n,\3
P = P ()
1

3HIDKEHHS IIBUIKOCTI oOepTaHHs BeHTHiATOpa muime Ha 20% [103BONSIE 3HU3UTH
€HeprocroXXKuBaHHs Maiike BaBiui. Ha puc. 3 Ha04HO Moka3aHo nepeBary nepexo/1y BiJ MEXaHiuHOTO
peryiroBaHHs (3aCliHKH, KJIanaHu) 10 enekTpuuHoro. Kpim mpsmoi ekonowmii Bukopuctanus YPII
JTO3BOJISIE peastizyBaT (DYHKIIIT «M'SKOTO0» ITyCKY, TOBHICTIO HIBETIOIOYN HETaTUBHI €()EKTH, OTHCaH1
B [3], 1 3HIKYIOUM HaBaHTKECHHS Ha JIOKAJIbHY €HeprocucTemy [5].

[INA BEHTUNATOPHOTO HABAHTAKEHHA:!

1.2 4 P~ n3 /
1,000

0,6 0,512

BigHocHa cnoxusaHa noTyxHicTts, P/P,.,

0 02 04 06 0.8 1,0 12
BiaHocHa wewakicte obepranun, n/n,.,,

Pucynok 3 - 3anesrcnicmo cnoswcusanoi nomyscHocmi 8i0 weuUOKocmi 06epmanHts 08UeyHa
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CyuacHa mapagurma «Iamgycrpis 4.0» mepenbavae mepexii A0 IHTENEKTYaIbHHX CHCTEM
ynpasiiaaa (ICY), ski iHTerpyroTh y co0i METOAM MAIIMHHOTO HABYaHHA Ta MEPEIUKTHBHOI
anamituky. Ha Bigminy Bin knacuunux I11/I-perynsaropis, ICY 3paTHi agantyBatucs 10 mapameTpiB
00'eKTa, 10 3MIHIOIOTHCS, B PEATLHOMY 4aci.

CrpykTypa npencTaBiieHa Ha puc. 4, BKIIOYa€ CCHCOPHUI IIap (IaT4uKu CTpyMy, BiOparii,
TeMIiepaTypu) 1 0OUMCITIOBAIBHUIA OJIOK, IO peajli3y€ alrOpUTMH TMOIIYKY TOYKH MaKCUMalbHOT
epektuBHOCTI (Maximum Efficiency Tracking). Taki cucteMu A03BOJISIIOTH HE TIIBKH
3aomiakyBatu 10 30% enexTpoeHeprii, a i 311HCHIOBaTH MOHITOPUHT cTany oOnanHanHs (Condition
Monitoring), nepeadadaroyr MOKIIMBI MOJIOMKH 10 iXHBOTO (PaKTHYHOTO HaCTaHHS [7].

e — — s 3
Aarumkn IHTenexTyansHui CucTema kepyBaHH=a

« Crpym moayns (4acToTHuR

 Hanpyra (anropuTmi xepyBasHa, —P1  nepeTBopIoBaY,

* Wauaxicts ONTUMI3AUIA pexumis, BMKOHaBYYI

« Temnepatypa NPOrHOZyBatA) NpMCTPOI) EnexTpogamryr

» Bibpauin J
e,

InTepdeirc onepartopa 3BOPOTHMIA 38'R30K
(HMI / SCADA) (xoHTpONE Napamerpis
T T3 CTaHy)

Pucynok 3 - V3zaeanvnena cmpyxmypa inmenexmyanvHoi cucmemu Kepy8anHs eneKkmponpuso0om

3anporoHoBaHa CTPYKTypa KOMIUIEKCHOT ONTHMI3alli1 BpaXOBY€ HE JIUIIE TOTOYHI TapaMeTpu
HAaBaHTAXKEHHs, a ¥ CykynHy BapTicTh BosoAiHHS (TCO) obOnagHaHHSAM. 3arpoONOHOBAHUM TIIX1/
0a3yeTbcs Ha CHHEprii 4acTOTHOI MOZYJALII Ta HEHpOMEpeKeBUX MOJeNel INPOrHO3yBaHHSI
TEXHOJIOTIYHOTO LUKIYy. B pe3ynbraTi MOCHIIKEHHS MiATBEP/UKEHO, IO CHUCTEMHa ONTHUMI3allis
peXKuMiB  poOOTH  €NeKTPOABHIYHIB €  (yHZaMeHTadbHUM  (aKTOPOM  IiJABUIICHHS
eHeproeeKTUBHOCTI IPOMHUCIOBOrO CcekTopa. Peamizaiiss 3amponOHOBaHUX 3aXOJIB JI03BOJISE
320e3MeUnTH 3HAYHUI €KOHOMIYHUM e(eKT Ta MiJABUIIUTH E€KOJIOTIYHY CTIMKICTh BUPOOHMIITBA 32
paxyHOK 3HMKEHHSI HeNpsIMUX BUKUIIB C 0.
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EHEPI'O3BEPITAIOUNI BOPTOBUI PK-OIITUYHUI T'A30BUI CEHCOP 1151
BILIA 3 AIAIITUBHUMHU PEJKUMAMM POBOTH TA GPS-ITPUB'SI3KOIO JIAHUX
MOHITOPUHT'Y

Anomauia: Posenanymo bBII/IA-6epcito piOKOKpucmaniuno2o OnmuyHO20 24308020 CEHCOpPA O
Mouimopuney amiaky ma ayemony. Ipucmpiti 3a6e3neuye GPS-npus'a3ky eumipiosans, asmoHOMHUL 3aRUC
Ha MicroSD ma adanmuehe Kepy68anHs eHePeOCRONCUBAHHIM Y MPbOX PENCUMAX, WO 3MEHULYE CRONCUBAHHS
3~85 00 ~12 mA.

Knrouoei cnosa: BI1JIA, piokuii kpucman, eazosuii cencop, GPS, enepeoegpexmusnicmo, MOHImMOpUuHe
ammocghepu.

OnepaTUBHUIA MOHITOPUHT I'a30BOr0 3a0pyIHEHHS aTMOC(EPH € aKTyaTbHUM 3aBIAHHAM JUIs
MPOMHCIIOBOT  OE3MEeKH, EKOJOTIYHOrO KOHTPOJI Ta IuBUIbHOrO 3axucty. CramioHapHi
BHUMIPIOBAJIbHI CTaHII HE JTO3BOJISIFOTH OXOMUTH BEIHUKI IUIOMNI W BUSBUTH JIOKAIBHI OCEPEIKU
BUKH/IIB TOKCHYHUX PEUYOBUH y PEATbHOMY Yaci. 3aCTOCyBaHHS O€3MUIOTHHX aBialllfHUX CHUCTEM
(BAC) 3abe3neuye MOOUIBHHI HPOCTOPOBO PO3MOJIICHUM MOHITOPHUHI 13 HPUB'SI3KOI0 KOXKHOTO
BUMIpIOBaHHA /10 reorpadiunux koopauHat [1]. BogHodac oOMexeHuit pecypc akyMyJIsTOpPHOT
6arapei (AKB) BIIJIA Bu3Hauae ®OpCTKi BUMOTH /10 €HeproeeKTHBHOCTI O0PTOBOTro 00JIaAHAHHS.

VY nonepeanii po6oTi [2] aBTOpamMu po3poOIIEHO ONTUYHY CEHCOPHY CUCTEMY JETEKTYyBaHHS
ra30BUX CIi/iB Ha OCHOBI pigkokpuctaniyHoro (PK) uytnuBoro meperBoproBaua 3 ABOKaHAIbHUM
ONITHUYHUM TPAKTOM Ta TEMIIEpaTypHOIO KOMITeHcalier. Cxema MPUCTPOr0 MiCTUTh MIKPOKOHTPOJIEP
Arduino Nano V3, sugumuii RGB-kanan (WS2812 / TCS34725, 450-630 um), [U-kanan (35351R /
InGaAs NIP300, 900-1700 um) 3 TpancimnenancHuM mniacumoBaueM AD8065ARZ, cencop
temrnepatypu Ta Bosorocti DHT11. Jlns 3acrocyBanns y ckiaai BITJIA cxemy moompaiiboBaHO:
BUJTyU€HO JUCTUIEH SK 3aliBUIA CIIOKMBAY eHeprii, HaToMicTh AogaHo GPS-monyns Neo-6M (UART,
koopauHatH lat/lon/alt 3 Tounictio 2,5 M), MicroSD-moayns (SPI, 3anic CSV) Ta ginbHUK HApyTH
(ADC) nns xortpomnto AKB.

Pucynox 1 — 3D-modenv PCB 6opmogoeo PK-onmuunozo 2azosozo cencopa ons BI1J/IA
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Kosxne BUMIpIOBaHHS 3alIUCY€ETHCS MIKPOKOHTposiepoM Ha MicroSD-kapty y ¢popmati CSV
13 momsimu: mitka gacy UTC, koopaunatu lat/lon/alt, onTuanuii Binryk Buaummoro ta [Y-kananis,
TeMmIeparypa, BoJoricTb, piBeHb AKb Ta motounuii pexum podoru. GPS-monyns Neo-6M nepenae
nani yepe3 UART y dopmari NMEA 0183; mapcsartecst pedenass $SGPRMC ta $GPGGA s
OTPUMaHHS KOOPAWHAT 3 TOYHICTIO *£2,5 M. 3amuc 3A1MCHIOETHCS CHUHXPOHHO 3 BHMIipPIOBAaHHIM
ONTHUYHOT'O CUTHAY Ticis oTpuManHs BaitiaHoro GPS-dikcy.

PiBenn 3apsgy AKbB BusHauaeThbcs depe3 IIILHUK HANpyTd Ha aHaoroBoMmy Bxoji AQ.
Cucrema nepeMukaeTbest Mixk TpboMa pesxkumamu: NORM (> 50 % AKB) — o0uBa kaHaau akTUBHI,
1 Bum./c, ~85 MA; ECO (20-50 %) — numie Buaumuii kanain, 1 Bum./S ¢, ~42 MmA; CRIT (<20 %) —
rimbokwuit sleep-mode, 1 Bum./30 ¢, ~12 MA. TakuM YMHOM CIOKMBAHHS CKOPOYYETHCS y TIOHAT 7
pasiB MOPIBHIHO 3 HOPMATBHUM PEKHMOM.

[Ticnst 3aBepmenHst micii CSV-daitn o0pobmsietbest ckpuntom Python (pandas, folium):
KOOPJMHATH Ta ONITHYHUI CHUTHAI BUKOPUCTOBYIOTHCS JUIS MOOYIOBH TPEKY IMOIBOTY 3 KOJIbOPOBUM
MapKyBaHHM PiBHs 3a0pyIHEHHS — BiJ1 3€1€HOTr0 ((hoH) 10 4epBOHOTO (MIEPEBUILIEHHS TOPOTY), 110
JI03BOJIsI€ 11eHTU(DIKYBATH OCepEAKH BUKUIIB O€3 CKIaIHOT IHTePIOJIALLII.

3anponoHoBaHuil npucTpiit Boepiie noeanye GPS-mpus's3ky BUMiproBaHb, aBTOHOMHHUUN
3anuc Ha MicroSD Ta aganTuBHe KepyBaHHS €HEProCHOKMBaHHSAM. BigMoBa Bij auciies il mepexin
y sleep-mode CKOpOUyIOTh CIIOKUBaHHS 3 ~85 M0 ~12 MA, CYTTEBO IMOJIOBXKYIOUM Yac aBTOHOMHOI
po6otu Ha 6opty BIIJIA. IlepcnieKTHBOIO € MOIBOBI BUMPOOYBAHHS Ta OLIHIOBAHHS MPOCTOPOBOI
PO3ILIBHOT 3aTHOCTI 3AJIEKHO Bijl BUCOTH 1 IIBUAKOCTI TMOJIBOTY.
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BEHAVIOR ANALYSIS OF RENEWABLE ENERGY SYSTEM COMPONENTS
IN ENERGY-SAVING STRATEGIES

Abstract: Using technology based on structural automata modeling is proposed to expand the scope for
analyzing the behavior of switching voltage converters. Using the duty cycle as an integral parameter allows
for adaptive control of energy conversion, thereby enhancing efficiency under various operating conditions.
Integrating the analysis of physical energy conversion processes with intelligent algorithms that control
component behaviour in renewable energy systems improves energy saving strategies.

Key words: duty cycle, structural-automata model, switching voltage converters, adaptive control.

One of the basic components of modern electronic devices and renewable energy systems is
the switched voltage converters (SVC) based on pulse width modulation (PWM) principles.

In classical PWM-based topologies, the electrical properties of SVC depend on the amount of
energy accumulated in the inductive storage device, and the dynamics of its conversion. The process
of accumulating and converting energy is controlled by a PWM parameter known as the 'duty cycle'.

In [1], an original method is proposed for converting energy from direct current voltage
sources in to pulse energy, which expands the capabilities of PWM for regulating and optimizing the
operating modes of SVC, particularly in terms of energy efficiency. Figure 1 shows a screenshot of
the Multisim environment during analysis of a step-up SVC topology designed using this method. In
this topology, separate switches (Q1 and Q2) provide independent control of energy accumulation in
inductive (L1) and capacitive (C1) energy storage devices, as well as the simultaneous transfer of
accumulated energy to the load (R5). The relationship between the duty cycle and the formation of
energy conversion modes, as well as its impact on the dynamics of these modes, is deepened in this
topology. This makes the duty cycle an instrumental parameter that integrates the control of physical
energy conversion processes with comprehensive optimization algorithms. The result is a balance
between the efficiency and adaptability of SVC.
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Figure I - Multisim simulation of independent control using switches Q1 and Q2 to adjust the duty
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cycles t11/T and tci/T, respectively, taking into account losses in the storage devices L1 and C1.

Using the duty cycle as a basis therefore enables intelligent algorithms to be implemented for
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the simultaneous regulation of the SVC electrical parameters and control of their operating modes.
This is achieved by monitoring a range of indicators, such as temperature, reliability, efficiency,
energy savings and more. This makes the duty cycle a versatile tool for flexibly controlling the
behavior of SVC under varying operating conditions.

To study the behavior of the SVC with the topology in Figure 1, a basic structural-automata
model was developed by applying the technology of analytical modeling of algorithms for the
behavior of radio-electronic systems [2]. Figure 2 shows a graph of the changes in SVC states 1-7
when the threshold values of three controlled Pn parameters are reached under the influence of
random factors, for example, fluctuations in the illumination intensity of solar panels (A) and the
battery discharge rate (B). The intensity of state changes is controlled by adjusting the duty cycles
t1/T and/or tc1/T of the L1 and C1 energy storage devices using switches Q1 and Q2, respectively.

Figure 2 - Graph of states of the structural-automata model for the topology shown in Figure 1:

“1” — energy accumulation in storage devices L1 and C1; “2”

accumulated energy to load R5; “3”, “4”, and “5” — monitoring of the values of parameters P, P>,
and Ps, respectively; “6” and “7” — regulation of duty cycles tci/T and t.i/T under conditions of

fluctuating solar panel illumination intensity “A’" and varying battery discharge rates “B”.

— simultaneous transfer of

The proposed approach combines an analysis of the SVC electrical parameters with an
analysis of dynamic processes resulting from changes in operating conditions, both internal and
external. This opens up new opportunities to improve the SVC and optimize the efficiency of
renewable energy systems, the parameters of which vary on both the load side and the primary power
source side. Using the duty cycle as a universal parameter to integrate mathematical modeling of
physical energy conversion processes with analytical modeling of the algorithms that control their
behavior provides a new level of controllability and efficiency.

In particular, it allows for: optimizing energy efficiency through adaptive duty cycle control;
reduce losses in power components through precise control of energy accumulation and conversion
processes; use smart control algorithms to adapt energy saving modes to destabilizing factors;
improve response behavior to changes in operating conditions, etc. In the future, this will facilitate
the development of energy-saving strategies and innovative components for renewable energy
systems. Smart SVCs will adapt their parameters in real time to changes in internal and external
operating conditions, ensuring maximum energy efficiency in distributed generation networks.

References
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NUMERICAL SIMULATION OF ELECTRON - CHARGE TRANSPORT IN ORGANIC
THIN FILM

Abstract: simplified analytical models for charge transport in organic thin films, such as Mott-Gurney
law (J o V2), fail to capture critical device physics, including diffusion currents and finite injection
barriers under high electric fields. This work presents a robust numerical implementation of the Drift-
Diffusion (DD) model coupled with the Poisson equation to investigate charge transport in organic
semiconductors.

Keywords: OLED, Numeric Simulation, Drift-Diffusion, Poisson, Charge Transport.

To accurately predict the optoelectronic behavior if organic semiconductor devices, we must
precisely model both their electrostatic and charge transport properties. The electrostatic potential
Y (x) across the active layer is governed by the 1D Poisson equation. Fundamentally, this equation
represents Gauss’s law for electricity applied to a continuous medium, mapping how the spatial
distribution of net volumetric charge density alters the local electric field. In the context of organic
light-emitting diodes (OLEDs), the Poisson equation provides the essential electrostatic feedback

loop.
d

ay
;(Sofra) =q(n—p) (1)
As carriers are injected from the metallic electrodes, they form a dense space-charge cloud
near the interfaces. The continuity equation presents the dynamic balance and spatial evolution of
free carrier concentrations within the device under steady-state conditions.

1dn _ R G
aa— (n,p) — G(x)
—222 = R(n,p) — G(x) @)

here J, and ], represent the electron and hole current densities, respectively, while R(n, p) and G (x)
denote the net recombination rate and external generation rate.

Although the analytical drift-diffusion equations are well-known, solving them numerically
on a discrete grid introduces instabilities. Standard central-difference approximations fail when the
local electric field exceeds the thermal voltage scale. In this drift-dominated regime, the numerical
system produces severe artificial oscillations and non-physical negative carrier concentrations. To
eliminate this instability, we employ the classical Scharfetter-Gummel discretization scheme.

Unlike simplified analytical models, such as Mott-Gurney law, our approach accounts for both
drift and diffusion components. The steady-state behavior of electron transport is described by the
Poisson equation (3) and the electron continuity equation (4) [1, 2]:

o= (coer 57) = am 3
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Where 1 is the potential, n is electron concentration, g is elementary charge, €,€, is permittivity.

The system of non-linear equations is solved self-consistently using the Gummel iteration

scheme. To ensure numerical stability under high electric fields (> 10° V/cm), we employed the
Scharfetter-Gummel (SG) [4] discretization technique for the continuity equation. An asymmetric
adaptive grid refinement strategy was implemented to accurately capture the steep carrier
concentrations gradients at the metal-organic interfaces.

The simulator was validated using experimental data from an Alqs thin film (length is 215

nm) with a measured electron mobility p = 3.404-107 cm? V-!s™! by susceptance spectroscopy [3].
Numerical results demonstrate a significant deviation from the classic J o« V? relationship at low
voltages (< 3V) due to the dominant diffusion current, and at high voltages (> 8V) where the current
becomes injection-limited. The model achieved a high degree of correlation with experimental I-V
characteristics, providing a deeper insight into the transition between Injection-Limited (IL) and

Space-Charge-Limited Current (SCLCO) regimes.
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Figure I - J-V characteristics for the 215 nm Alqs. a) Linear scale comparison between the
developed numerical framework and classical Mott-Gurney theory (dashed line). b) Log-log plot

highlights the transition between distinct physical transport regimes.
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INVESTIGATION OF DISTILLERY STILLAGE DUST SEPARATION EFFICIENCY IN A
CYCLONE USING CFD MODELING METHODS

Abstract. This paper evaluates the separation efficiency of corn alcohol distillery stillage dust in a
cyclone using CFD simulations. Results for the base model indicate a collection rate of 91.07% due to the low
organic particle density. To improve performance, the study investigates a geometric modification of the inlet
through an internal profiling baffle that narrows the flow passage. Numerical experiments with 120 mm and
60 mm widths demonstrate that, while efficiency reaches 92.48%, hydraulic resistance increases exponentially.
The 120 mm width is identified as the optimal design, balancing a 91.90% recovery rate with acceptable
energy consumption.

Keywords: Cyclone separator, corn distillery stillage, CFD modeling, ANSYS Fluent, geometric
optimization, separation efficiency, pressure drop, organic dust, circular economy.

The current stage of development of the food industry and the agro-industrial complex is
inextricably linked to the transition to the principles of zero-waste production (the circular economy).
Food industry enterprises, particularly distilleries, generate significant volumes of secondary organic
raw materials, such as corn distillery stillage. The technology for its processing requires mandatory
drying; however, this process entails the problem of intensive entrainment of fine organic dust.
Emissions from such a product not only violate sanitary and environmental standards but also cause
direct economic losses due to the irreversible loss of valuable biomass.

Cyclones are traditionally used for dry gas cleaning; however, separating stillage dust is
complicated by its low true density (313.5 kg/m?®), which results in high aerodynamic lightness. To
improve the separation efficiency of this system, computational fluid dynamics (CFD) was applied
using the ANSYS Fluent software package. The RNG k-epsilon model was used to describe the
turbulent structure of the swirling flow, while the dynamics of solid particles were modeled using the
Euler-Lagrangian approach (DPM).

Numerical modeling of a standard CN-15 cyclone (900 mm in diameter) at a gas velocity of
20.8 m/s showed that the base collection efficiency 1s 91.07%. An analysis of the velocity magnitude
distribution contours (Fig. 1) clearly demonstrates the structure of the acrodynamic field.

Contours of Velodty Mgt (m/ ]

Ansys
2025R2

Figure I - Velocity magnitude distribution in the longitudinal section of the base model of the CN-
15 cyclone
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Insufficient initial velocity and the presence of flow expansion zones at the inlet prevent the
generation of strong centrifugal force in the near-wall region. As a result, ultra-light organic particles
do not have time to settle on the walls, are picked up by the central upward vortex, and are secondarily
entrained from the apparatus.

To intensify the separation process, the inlet pipe was modernized by installing an internal
profiling baffle that gradually narrows the flow passage width. A parametric study of variants with
passage widths of 120 mm and 60 mm revealed patterns in changes in the apparatus's performance
indicators (Fig. 2).

i [y

paration effic

2Bp
[=

10 &l

15 | SR L

Inlet chanmel width, now
Figure 2 - Dependence of separation efficiency on the inlet channel width

It was established that narrowing the inlet channel to 120 mm creates a pronounced converging
effect, locally accelerating the gas-particle flow. This acceleration enhances tangential velocity and
the resulting centrifugal force in the near-wall zone, thereby increasing separation efficiency to
91.90% with only a moderate, industrially acceptable increase in aerodynamic resistance (1810 Pa).
Conversely, the maximum channel narrowing to 60 mm provides the highest overall collection
efficiency of 92.48%. However, this minor gain in dust recovery is accompanied by an exponential,
critical increase in hydraulic losses to 4780 Pa. Such an excessive pressure drop would require
installing high-capacity exhaust fans, leading to disproportionate electricity consumption and making
this option economically impractical for large-scale industrial applications.

Consequently, the obtained results confirm that the most rational modernization strategy is the
installation of an internal profiling baffle with a 120 mm passage width. This geometric optimization
not only accelerates the inlet flow but also ensures a highly stable descending vortex structure,
effectively minimizing the risk of secondary particle entrainment. Ultimately, this configuration
significantly improves the dust-collection efficiency of ultra-light secondary organic raw materials,
achieving an optimal balance between maximizing product recovery and maintaining energy
consumption levels within strictly acceptable limits for the enterprise.

Perspectives for further research involve performing a more detailed multi-objective
optimization by narrowing the search intervals between the previously studied configurations.
Specifically, investigating the intermediate range of 80—110 mm for the inlet passage width will
enable precise identification of the global optimum.

The authors express their gratitude to the Virtual Center for Collective Use of ANSYS
Software at Lviv Polytechnic National University for their assistance in conducting this
scientific research.
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TEXHOJIOI'TA HIABUIMEHHA EHEPTOE®EKTUBHOCTI CYIUHIHHA
CTAIIOHAPHOI'O TAPY AACOPBEHTY

Anomauia. Aemopamu 3anponoHO8aHULl Memoo NIOBUUEHHS NPOYeCi8 pe2eHepayii aKkmueo8aHo20
gyeinns. Texnonoeis nidguuierns eqheKkmueHoCmi Cyulints NOA2A€E 8 MOMY, WO HAKONYEHA eHEeP2is 6 6ePXHIX
wapax aocopbeHmy Oyoe SUKOPUCMOBYBAMUCA O CYWIHHA HUJCHIX wapie. Lle dacmb 3m02y noHusumu
3a2a1bHY MeMnepamypy wapy, He GUKOPUCMOBYIOYU eHeP2ilo MENI08020 A2eHMY, CKOPOMUMU SIK YAC CYUIIHHSL
MAK i 4ac 0X0N002CeHHsL 1, SIK HACTIOOK - 3SMEHUWUMY eHep2emUYHi 3ampamu Ha npoyec.

Knwuogi cnosa: aocopbenm, enepeozbepesicerts, meniomaco0OMiH, CyuinHa

OpuH 3 eTamniB pereHepaiiii acopOeHTIB — MPOLIeC BUCYIIYBaHHs, IO BiI0yBa€ThCS Y KOJIOHI
nuaxoM (iapTpallii ra30BOro MOTOKY Kpi3h MOPUCTY CTPYKTYPY CTalliOHAPHOTO LIapy aacOpOCHTY
3a paxyHOK Iepenaay THCKIB (po3piKeHHs ad0 HaJUIMIIKOBOIO TUCKY). MeXaHi3M Takoro MeToay
OB’ SI3aHUI 3 TUM, 110 CYUIIHHS BiAOYBA€eThCSl HE MO BCI BUCOTI 1Iapy, a JMILIE Ha JEAKii BUCOTI
BEpXHIX IapiB. B pe3ynbTari 3’sBisieTbCA 1Iap CyXOro Marepiaiy, sSIKui ydacTl B TEIJIOMacoOOMiH1
HE NpuiiMae, a TUIBKM HarpiBaeTbcid 1 aKyMyJalOo€e B ce0e 3HauHy KUIbKICTh €Heprii, sika He
BUKOPUCTOBYETHCS.

MexaHi3M (iIbTPaLifHOTO CYIIIHHS TaKOX MIATBEP/UKYEThCS €KCIIEPUMEHTAIbHUMU JaHUMU
3MIHU TeMIepaTypu TEIJIOBOrO areHTy MiJ yac GpuUIbTPpaLifHOrO CYIIIHHS B Yaci 3a BUCOTOIO IIapy
aKTUBOBaHOro BYruuist mMapku BAVY-A. (puc. 1). MOMEHTH NOCATHEHHS PIBHOBA)XXHOI BOJIOTOCTI
KOXXHOTO [Iapy aKTUBOBAHOI'O BYT'LIs 300paXkeH1 Ha puc. 2.

B pesynbrari anpokcumariii €eKCIepUMEHTAIBHUX JaHUX (pUC. 2) CTENEeHEBOI (YHKIIIEO
OTpUMaHa po3paxyHKOBa 3aJIeKHICTH (1).

-5 1.4
H=1.1-10"-7 (1)
PiBusnHs (1) 1ae 3Mory po3paxyBaTi BUCOTY CyXOro IIapy aKTUBOBAHOTO BYTLLIS B Oy 1b-sSKUM
MOMEHT 4Yacy i, BIAMOBIIHO, Yac JOCATHEHHS PIBHOBAYKHOI BOJIOTOCTI OYy/b-sIKO1 JAUITHKH, B MEXax
JOCIIJKYBaHUX BUCOT IIapy.

Bax/nBo BHM3HAYMTH, SKMHA IUISIX NPOXOJUTH TEMJIOBUH areHT A0 IMOBHOI'O HAaCHUYEHHS
BOJIOTOF0, TOOTO BU3HAYMTH MiHIMaJIbHY BUCOTY IIIAPy BOJIOTOT0 Marepiany h,,;,, 1ka 3ade3neuyBaa
0 palioHaJIbHE BUKOPUCTaHHS TEIJIOBOTO areHty [1]:

_2:0y-p-c

o~ DIKTUBHA IIBHUAKICTH FAPSYOro TEMIOBOIO AreHTY, M/C; p- TYCTHHA TEIIOBOTO areHTy, KI/M; ¢ -

h

min

TemnoeMuicTh Temnosoro arenty, Jox/(kr-K); a - xoedinient temnosimmaui, Br/(M? - K); o-
MUTOMA MOBEPXHS MIapy aJcOpOeHTy, M2/M>.

77



«EBPONEMCBHKI CTPATEI'Ti EHEPTO3BEPEKEHHS TA iX AJIAIITAINIA B YKPATHI»

KoedimienT TemmoBimmaui « i1 BOJOTOr0 AaKTUBOBAHOTO BYTULIS BHU3HAYAETHCS 3
KpHUTEPiaJIbHOTO PIBHSHHSA, Ofep>KaHoro aBTopamu [1]:

Nu=0,033-Re -Pr’% 3)
t, K H, m
2607 0.20
0.16
+
0.12
+
0.08
0.04
300_ T T T T T T T 1 000 R R R AR RS
0 400 800 1200 1600 0 300 600 900 1200
T, sec T, sec
Pucynox 1 — 3mina memnepamypu Pucynox 2 — 3aneaxcnicmo sucomu wapy
Mensi08020 azeHmy nio 4ac Qinbmpayilino2o 8I0 4acy 00CsAcHeHHA HUM PIBHOBAJICHOI
CYWIHHA 6 Yaci no eucomi wapy aocopoenmy. 1 8071020Cmi

—0.03m; IT—0.06 m; IITI—0.1 m; IV —0.13 m;
V—0.16m; VI—0.18 m

[TincTaBndounM 4YHUCIOBI 3HAYEHHS, 10 BU3HAYEHI IUISAXOM EKCIEPUMEHTAIbHUX Ta
TEOPETUYHHX JOCHIUKEHb y 3aleXKHICTh (2) oTpuMaeMo: Ay, = 0.055 — uymcnoBe 3HaueHHS
MiHIMaJILHOTO IIJISIXY, IKAM MPOXOAUTH TEIUIOBUI areHT Kpi3b I1ap BOJIOTOro akTHBOBAHOTO BYT1JLIS
3a yMOB IIPOBEJIEHHS €KCIIEPUMEHTY JI0 TIOBHOTO CBOT'O HACUYEHHSI BOJIOTOXO.

Kopuctyrouncs 3anexHicTio (1) 3HaxoAMMO MiHIMaIbHUN 4ac MOBHOTO HACHUYEHHSI TEIIOBOTO
areHTy BOJIOTOKO: Tpyin = 0.055 . Lle 3HaueHHS MiNTBEP/DKYETHCS pE3yIbTaTaMH EKCIIEPHMEHTY,
npencrasieHoro Ha puc. 1. [lepiosl mOBHOTO HacCHYEHHsI TEIUIOBOTO areHTy Bojorow Tpusae 450 c
(puc. 1, xpusa II). To6T0, micas 440 —450 ¢ MoxJIMBE MPUITMHEHHS MOJa4i TEIUIOBOTO areHTy i, 3
METOIO CYIIIHHS HI)KHIX BOJIOTHX IIapiB, BAKOPUCTAHHS €HEPTii CyXOro rapsyoro mapy Apin.

OTxe, MiABULICHHS €PEKTUBHOCTI CYLIIHHS MOJSATae B TOMY, IIO B MEBHUI MOMEHT 4acy (B
HamoMy Bunajaky 440 —450 ¢) npunuHaeThCs NPOPUIBTPOBYBAHHS TapsAyYOro TEIJIOBOTO areHTy Ta
MOYMHAETHCS TPOIEC OXONOKeHHA. lle m03Boisie CKOPOTUTHM SK 4Yac CYyIIHHS Tak 1 4ac
OXOJIOJKEHHS Ta 3MEHIIIUTA €KOHOMIYHI 3aTpaT a Ipoliec.

CnucoK BUKOPHCTAHUX JKepe
1. Atamanyuk V., Huzova I. & Gnativ Z. (2018). Intensification of drying process during activated
carbon  regeneration. Chemistry &  Chemical  Technology, 12(2),  263-271.
https://doi.org/10.23939/chcht12.02.263.
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HAHOIUCHEPCHI HEPOBCKITHI MATEPIAJIN HA OCHOBI TUTAHATIB I
HIOBATIB JJ151 OUMIIEHHS JJOBKLJLIS: 3AJIEXKHICTHh BIACTUBOCTEM BIJI
CIIOCOBY CUHTE3Y

AHoTanist. Posensanymo nepcnekmugu 3acmocy8anHs HAHOOUCNEPCHUX NePOSCKIMHUX Mamepianie
(BaTiOs, LiNbOs, AgNbOs) ons ouuwyenHs 008K 6i0 CMIUKUX OP2AHIYHUX 3a0PYOHI08AUIS, BANCKUX
Memanie ma Mikpobionoziunux 3a6pyonens. lloxkazano, wjo cnoci6 cunmesy € GUSHAUANLHUM YUHHUKOM
@opmyeanns numomoi nosepxui, pazoeo2o ckuady ma 0e@ekmHoi cmpyKmypu mamepianis.

Karwouosi cnoBa: neposcximu, BaTiOs, LiNbOs, AgNbOs, couoximiunuii cunmes, MexaHoXiMiuHa
akxmusayis, pomoxamanis, n'e30-pomoxamanis, ouuwgerHs cmiunux 600, PFAS.

CrpiMKe 3pOoCTaHHS AaHTPOIOT€HHOI0 HAaBAaHTAXKEHHsI HA BOJHI Ta IPYHTOBI peCypcy BUMArae
PO3poOKH e(heKTUBHUX TEXHOJIOTIH OUMILEHHS JTOBKIUIA BiJl CTIMKMX OpraHidYHUX 3a0pyIHIOBAYiB —
aHTHOIOTHKIB, CUHTETMYHUX OapBHHKIB, NECTHUIMIIB, neppropoankinbHux cnoiayk (PFAS) Ta
BaXKHX MeTauiB [1-5]. [lepciekTHUBHUM HaIIpsIMOM € BUKOPHUCTAaHHS HAHOAMCIIEPCHUX MEPOBCKITHUX
MarepianiB tuny ABXs: turanary Oapiro (BaTiOs), miob6aty mitito (LiNbOs) Ta Hiobaty cpibia
(AgNbO:s), sIKi MOEAHYIOTH HAIIBIPOBIAHUKOBI, CETHETOETIEKTPUUHI Ta I1'€30€JIEKTPUYHI BIACTUBOCTI
[1, 3-5].

BcranoBneHo, 110 crnocid CHHTEe3Y € KIII0UOBUM (PaKTOPOM, 1110 BU3HAYAE TUTOMY ITOBEPXHIO,
¢bazoBmii ckian Ta nepeKTHy CTPYKTYypy Marepiaiy, a BiITaK - HOro MPUIATHICTh 1O KOHKPETHHX
eKOJIOT1YHUX 3acTocyBaHb. CoHOoXiMiuHMI cuHTe3 AgNbOs 13 npidHonucnepcHoro Nb2Os (355 um)
3abe3nedye muToMy OBEpXHIO 110 156 M?/T (ipekypcop) Ta 45 M2/t micis Tepmooopooku mipu 600 °C
—y 45-150 pa3ziB Oinblie, HIX MpU TBepaoda3HOMY CHHTE31. MaTepiaiu 3 MUTOMOIO TTOBEPXHEIO
noHaz 30 M?/r nemoHCcTpyrOTh Ha 40—60 % BulLy KOHCTAaHTY doTOoAerpanaIlli cyibhaMeToKca3ory
(98 % 3a 8 Toa, BUAMME CBITIIO) MMOPIBHAHO 3 MIKDOHHHMH aHAJIOTaMH.

MexanoximiuHa aktuBaiis (MXA) cymimi anarazy 1 BaCOs dopmye po3BuHeHy aedeKkTHY
cTpykTypy BaTiOs 3 miiBHIIEHOO HIUIBHICTIO KUCHEBUX BaKaHCIH Ta 10HOOOMIHHHUX LIEHTPIB -
onTUManbHy ans aacopOuii Baxkkux wmeraniB (Pb*, Cd**, Cr®) Ta reHepaiii TiIpOKCHIBHUX
panukainiB *OH. Y noegnansi 3 Bingnanom npu 700 °C MXA-matepianu 30epiraloTb Te€TparoHalIbHy
¢dazy BaTiOs 3 Bupaxkenum m'e3oedekToM, Mo 3abe3neuye 6—7-KpaTHE CHHEPriduHE IiJCUICHHS
(dhoToKaTaMITHIHOI Aerpaaliii 0apBHUKIB y peKUMI IT'€30-PoToKaTaizYy.
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Okxkcanarauii meton (npexypcop TOB) 3a0e3neuye uncty terparonansHy ¢azy BaTiOs npu
noMipHiii nuToMid moBepxHi (20-25 M?r), MO € ONTHUMaJIbHUM IS MIKPOOIOJIOTiYHOTO
3He3apaxeHHs (moHan 99,9 % inaktuBamii E. coli 3a 60 xB y cucremi m'e30-(hoToKaramizy).
Pinxodasni wmeromu (TEMIUIATHMHA CHHTE3, TigpOTEpMalbHHUI) HaXalOTh KOHTPOJIb Haj
OJTHOBUMIPHUMHU MOP(OJIOTISIMU — HAHOPOTH Ta HaHOAPKYIIi AgNbOs IeMOHCTPYIOTH IiABHUILEHY
epeKTUBHICTh TIpU Aerpananii mectunugie Ta PFAS-cnonyk 3aBIskyd NOKpalIeHOMY IEPEHOCY
3apsay. «3eleHui» CUHTEe3 3 POCIMHHUMH CKCTPaKTaMH BiJKPHBA€ TICPCICKTHBH LIS
JCIIEHTPATI30BaHUX CUCTEM OYMILEHHS CIIIbCHKOTOCTIOAAPChKUX CTOKIB.

[lepcneKTHBHUMH HampsiMaMy TOJAIBIIAX JOCTIKEHD €: (DOTOKATaNiTUYHE BiIHOBIICHHS
CO: mna LiNbOs/Au-rerepoctpykrypax (mBuakicte CO.—CO: 18,5 wxmons/(roar)),
dorokaramituane BupoOHUITBO H> (150—400 mrmons/(rox-T) Ha LiINbOs 3 kokaTamizaTropamm),
(boTOENEKTPOXIMIYHHUN CEHCOPHUI MOHITOPHHT aHTUOIOTHKIB (JIIMIT BHSBICHHS IUTTPOQIIOKCAIIMHY
- 0,05 sM mna cencopi BaTiOs/g-CsNi), a TakoX 3HEIIKOKEHHS MiKPOIUTACTUKY METOJIOM
M'€30KaBITALlITHOTO OKUCHEHHS.

Otxe, coHoxiMmiuHMi cuHTe3 AgNDbO; 3abe3neuye nuTomMy mHoBepxHIO 10 156 mr i
nigsuieny Ha 40-60 % edektuBHicTh (oTOmerpasanii aHTUOIOTHUKIB Y BHUAMMOMY CBITIIL
MexanoximiuHa aktuBauis BaTiOs ¢opmye nedexTHy CTpyKTypy, ONTHUMAIbHY JUIsL aicopOrii
BaXKUX METAJIIB Ta IT'€30-poToKaTamizy 3 6 -7 - KpaTHUM CHHEPriyHUM TincuieHHsM. OxcanaTHUN
METO/T 3a0e3Meuye YUCTY TeTparoHaIbHy a3y uis MiKpoOioJIOTidHOTO 3HE3apaKeHHs, piaKodazHi
METOJIM — KOHTPOJIb OJHOBUMIpHUX Mopdororiit mis nerpagamii mectuiuaiB i PFAS, «3eneamin»y
CHUHTE3 — MacluTaboBaH1 PillIEHHs AJIs JELIeHTPaII30BAHUX CUCTEM OUMIICHHS.
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EHEPTOE®EKTHBHI ITPOLIECU TA MATEPIAJIM B XIMIYHIV TH)KEHEPII:
€BPOIENCBHKHIA JOCBIJ TA MOKJIMBOCTI AJATITAIT B VKPATHI

Anomauis. J{ocriodiceno nioxoou 00 nidguueHHs enepeoeexmusHocmi Ximiunux eupoornuyms y €C,
30KpemMa 6UKOPUCMAHHA eHep2oOWAOHUX MEeXHON02il ma @Qyukyionanrvhux mamepianie. Ocobaugy ysazy
npudineHo adanmayii €6ponelcbko2o 00ceidy 8 Ykpaini, 30Kpema 3acmocy8aHHI0 MEMOPAHHO20 eleKmpPOTi3).

Knrouosi cnoea: enmepeoepexmusHicmov, XiMiuHA IHOCEHEDIs, MeMOPAHHI MEXHONO02I, eneKmpois,
B800HE8A eHepeemuUKa, pecypco30epedceHHsl.

Ha cydacHOMy erami pO3BUTKY IPOMHCIOBOCTI NUTaHHS €HEPro30epexeHHs € OAHUM 13
KJIIOYOBUX HampsIMiB TEXHOJOT14UHOro mporpecy. OcoOIMBO aKTyaJlbHUM BOHO € JUIsS MIANPUEMCTB
XIMIYHOI1 ranys3i, ie BApOOHHY1 MPOLIECH XapaKTEPU3YIOThCS BUCOKUM PIBHEM €HEProCHOKUBaHHS. Y
KpaiHax €sporneiicbkoro Coro3y BIpPOBaKEHHS EHEProe(eKTUBHUX TEXHOJOIIH € CKIIaJ0BOIO
CTpaTerii CTaJoro pO3BHTKY Ta TMEPEXoay [0 HHU3BKOBYIIENeBOi ekoHoMiku [1]. XimiuHa
MIPOMHUCJIOBICTh CITOKMBAE 3HAUHI OOCATH TEIUIOBOI Ta €JIEKTPUYHOI €Heprii B Mpoliecax CUHTE3Y,
pekTudikariii, CyliHHs, eJIeKTPOXIMIYHUX MEPETBOPEHb Ta OUMILEHHS MPOAYKTIB. JlJig 3HM)KEHHA
€HepreTMYHUX BUTpPAT y €BPOINEHCHKIM MpakTHI[l aKTUBHO BUKOPHCTOBYIOTHCSI 1HHOBALINHI
TEIUIO0OMIHHI CUCTEMH, KaTali3aTOpU HOBOI'O MOKOJIIHHS, (PyHKIIIOHANbHI MeMOpaHHI MaTepiaiu Ta
aBTOMAaTH30BaHI CHUCTEMU KEpyBaHHSA TEXHOJIOTIYHMMHU mpouecamu [2]. OgHuM 13 HaiOLIbII
NEPCHEKTUBHUX HANpsAMIB € BUKOPUCTaHHA MEMOpaHHUX TexHolorid. MemOpaHHi mporecu
3a0e3neuyroTh e(EeKTUBHE PO3AUIEHHS KOMIIOHEHTIB 13 MEHIIMMH EHEpreTHYHMMHU BHUTpaTaMu
MOPIBHSHO 3 TPATUIIHHUMHA METOaMH, TAKUMHU SIK TUCTHIIALIS a00 ekcTpakiis [3]. TlepcriekTuBHUM
MIPUKJIAIOM Cy4yacHOi eHeproeeKTUBHOI TeXHOoJoril € Bukopuctanua PEM-enextpomnizepis (Proton
Exchange Membrane) aist orpuManHs BOIHIO. JlaHa TEXHOJIOT1SI aKTUBHO BIIPOBAKYETHCS B KpaiHaX
€C B Mexax pO3BUTKY BOJHEBOI €HepreTuku. [IpuHIMIT poOOTH mossrae y po3KiIaJaHHi BOAW Ha
BOJIEHb Ta KHCEHb MiJ €I ENEeKTPUYHOIO CTPYMY 3 BHMKOPHUCTaHHSIM MOJIMEpHOI MeMOpaHH.
OCHOBHUMHM I€peBaraMy TEXHOJIOTIl € BHCOKa €Heproe(eKTHBHICTh, KOMIAKTHICTh OOJIaJHAHHS,
IIBUJIKE PETYJIIOBaHHS MOTYKHOCTI Ta OTPUMAaHHS BOJHIO BHCOKOi umcToTH [4]. s Ykpainu
BIIPOBA/DKEHHS MOJIOHMX TEXHOJOTIH € TMEepPCIeKTUBHUM HAMpsSMOM MOJAEpHizalii XiMIYHOI
MIPOMUCIIOBOCTI. ANlanTanisi €BporenCchKUX CTpaTerii eHepro30epeKeHHs CIpUITHME 3MEHILIEHHIO
€Hepro€MHOCTI BUPOOHMIITB, IMiJIBUIICHHIO KOHKYPEHTOCIIPOMOXHOCTI MIJIPUEMCTB Ta 1HTErparii
YKpalHChKOI MPOMMCIOBOCTI B €Bpomeichbkuil TexHomoriyuuii mpoctip [1, 4]. Takum yuHOM,
BUKOPHUCTAHHS €Heproe(eKTHBHUX IMPOIECIB 1 CyyaCHHMX MarepiajiB y XIMIUHIA 1HXeHepii €
BaXXJIMBOIO YMOBOO CTAJI0OI'0 PO3BUTKY ITPOMHUCIOBOCTI Ta €EHEPreTUUHOI OE€3MEKH IEepHKaBH.

CnuCcoOK BUKOPHUCTAHUX JAKepe
1. European Commission. A Hydrogen Strategy for a Climate-Neutral Europe. Brussels, 2020.
2. bounpapenko B. M. Exeproormaani rexsonorii B XiMiuHii npom-1i. Kuis: Texnika, 2021. 256c¢.
3. Kyxap B. II. Mem0Opanni nporiecu B XiMiuHiil TexHonorii. JIbBiB: BumaBaunreo JIbBiBChKOT
nomitexuiku, 2022. 198 c.
4. International Energy Agency. Global Hydrogen Review 2024. Paris, 2024.
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RESOURCE-SAVING TECHNOLOGIES FOR INSTALLING SHEET PILE
FOUNDATIONS USING FIBER-REINFORCED CONCRETE

Abstract: Modern construction under conditions of dense urban development requires engineering
solutions aimed at reducing material consumption, minimizing excavation works, and limiting the impact of
new construction on adjacent buildings and structures. One of the promising approaches is the use of slab-
sheet pile foundations, in which the sheet pile wall simultaneously performs the functions of excavation support
and a permanent structural element of the foundation system. This study considers a resource-saving
technology for the staged construction of slab-sheet pile foundations using fiber-reinforced concrete. The
proposed approach makes it possible to reduce material consumption through the integration of the sheet pile
wall into the load-bearing foundation system, reduction of conventional reinforcement, and optimization of
foundation slab thickness.

Keywords: slab-sheet pile foundation, fiber-reinforced concrete, resource saving, sheet pile wall,
dense urban development, monolithic structures.

The technology of slab-sheet pile foundation construction is based on a phased execution
process, which ensures stability of the excavation and minimizes soil displacement during
construction [1-2]. At the initial stage, sheet pile elements are installed along the perimeter of the
future excavation to provide lateral soil retention and protection of adjacent structures. Subsequently,
excavation is carried out in stages with temporary fixation of sheet pile elements where necessary.
After reaching the design depth, local sections of the foundation slab are concreted sequentially,
followed by reinforcement and concreting of adjacent zones until a continuous monolithic slab is
formed. In this system, sheet piles are integrated into the permanent foundation structure, which
reduces the need for additional retaining systems, shortens construction time, and improves the
overall efficiency of foundation works in constrained urban conditions [3-4].

Fiber-reinforced concrete is considered an efficient structural material for monolithic slab-
sheet pile foundations due to its improved crack resistance, reduced shrinkage deformations,
enhanced impact toughness, and increased durability [5-6]. Dispersed fiber reinforcement ensures a
more uniform stress distribution in the concrete matrix and decreases the risk of microcrack
formation, which is especially important under complex geotechnical conditions and uneven loading
[7].

Experimental studies demonstrated that the actual bearing capacity of sheet pile elements
under horizontal loading significantly exceeded the design values by nearly 90 %. At a design load
of 20 kN, the recorded deflection was only 0.5 mm, whereas failure occurred at loads exceeding 38
kN. These results confirm the reliability of the proposed structural solution.

Comparative analysis showed that the use of slab-sheet pile foundations with fiber-reinforced
concrete allows reducing material consumption by approximately 12 % and the total construction cost
by 8 % compared with traditional excavation support systems and conventional foundation
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technologies. In addition, transportation costs, excavation volumes, and future maintenance expenses
are reduced.

The obtained results confirm the feasibility of using fiber-reinforced concrete as a resource-
efficient material for slab-sheet pile foundations in dense urban areas. The proposed technology can
be recommended for projects requiring increased reliability, durability, and reduced material and
energy consumption during construction.

Conclusions

1. The use of slab-sheet pile foundations enables combining the functions of excavation support
and load-bearing foundation structures, thereby reducing the material intensity of the system.

2. The application of fiber-reinforced concrete improves crack resistance, durability, and
reliability of foundations while reducing the need for conventional reinforcement.

3. The staged construction technology minimizes the impact on adjacent buildings and reduces
overall construction costs.

4. The proposed technology is promising for implementing resource-saving and sustainable
construction principles in Ukraine.
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HIABUIMEHHA EHEPTOE®EKTUBHOCTI CIIIPAJIBHUX TEIIVIOOBMIHHUKIB
Y BUPOBHUYUX ITPOHECAX TA CUCTEMAX OYUINEHHA CTITYHHUX BOJI

Anomauia. Po3enanymo ocooausocmi 3acmocy8ants ma wiasxu ni08UeHHs eHepeoeqheKmueHocmi
CHIPATLHUX MEeNTO0OMIHHUKIB, SIKI WUPOKO BUKOPUCTOBYIOMbCS 8 XIMIYHI, XapUuo6ill a MAaKodiC y CUCmemax
ouuwenHss ma ymunizayii menaomu cmiyHux 600. Oxapakxmepuzo8aHo Mexauizm —IHmeHcugixayii
MEeNIONePeHeceHHsi, AKUll 00CA2AEMbCS 3A680SIKU KPUBOIHIUHOMY PYXY HOMOKIG | MIHIMI3ayii 3aCMitiHUX 30H.

Knrouoei cnosa: euepeoeghexmusnicmo, ouunjenHs CMIYHUX 800, IHMeHCUDIKayis menioooMiHy.

Cripanpai TeruiooOMinaukn (CT) MIUPOKO 3aCTOCOBYIOTHCSI y CHUCTEMax OYHUINEHHS Ta
YTHITI3AIil TEIJIOTH CTIYHUX BOJ| CHEPTeTUYHHMX 1 MPOMHCIOBUX OO €KTIB 3aBISKH 31aTHOCTI
e(eKTUBHO MPAIFOBATH i3 3a0pyTHCHUMH, BUCOKOB sI3kuMH cepepoBuiamu. Omniero 3 nmepeBar CT
€ 3JaTHICTh 10 CaMOOYMIICHHS Mia 4yac poOotu. KpuBOMiHIHHMIA pyX MOTOKY Ta BiJCYTHICTb
3aCTIHUX 30H 3MEHIYIOTh IHTEHCUBHICTh YTBOPEHHS Bi/IKJIQJICHb Ha MOBEPXHAX TeriooOMiny. Lle
JI03BOJISIE MIATPUMYBATH CTAaOUIbHI TEIIOTEXHIYHI XapaKTEpPUCTHKH arapara Ta 3HW)KYE BUTPATH
eHeprii, ToB’s3aHi 13 3a0pyTHEHHSM OBEPXHI TEIJI000MIHY.

CT cknagaerscsi 3 JBOX METAJEBUX JIUCTIB, 3TOPHYTUX Yy CIHipalibHI KaHAIU, MK SKUMH
BiIOyBa€ThCs Mepejaya TEII0TH MIXK TeTIOHOCIAMHU. Taka KOHCTpYKLis (popMye KpUBOJIIHIHHUM pyX
MOTOKIB, 110 cropusie TypOyiizamii Ta iHTeHcHdikalli npoueciB TemonepeHeceHHs. OnHie 3
ocHoBHUX mnepeBar CT € BHCOKMH CTyHiHb BHUKOPHCTAHHS IOBEPXHI TEMJIOOOMIHY. 3aBAsIKU
CHIpaJbHIN TeoMeTpli MOTOKY 3a0e3MeuyeThCss PIBHOMIPHUIN PO3MOALT TEIUIOHOCIIB MO KaHajax Ta
3MEHIIYETHCS HMOBIPHICTh YTBOPEHHSI 3aCTIMHUX 30H, IO JIO3BOJISE TMIJBUINUTA KOE(DII€HT
TEIUIOBIAJIaul Ta 3HM3UTU TEIUIOBI BTPAaTH y MOPIBHAHHI 3 TPaJULIHHUMU TEMI000MIHHUKAMH.
BaxnuBum HampsimoM mijBuiieHHs eHeproedexTuBHocTi CT € omTumizaris TiApOIWHAMIYHHX
PeXUMIB pyXy TeIuloHOCIiB. IlilBUINEHHS MIBUAKOCTI pPyXy TOTOKIB cIpusie TypOyizamii
MPUKOPJIOHHOTO 1Iapy Ta iHTeHcuQiKalii TemnoooMiny. ONTUMaIbHUNA PeXUM poOOTH BU3HAYAIOTh
13 ypaxyBaHHSIM CITIBBIIHOIIEHHS MK IHTEHCHBHICTIO TEIJIONEpeaayi Ta BUTpaTaMH €Heprii Ha
nepeKkadyBaHHS CepeNOBHIN. BHKOpPHCTaHHS CHCTEM aBTOMATH30BAaHOTO KEPYBaHHS J03BOJISIE
MIATPUMYBATH ONTHUMAJIbHI PEXUMH POOOTH TEINIOOOMIHHUKA, CBOEUYACHO BUSBIIATH 3a0pyIHEHHS
KaHaJIiB Ta MiHIMI3yBaTH NEPEBUTPATU €HEPTii.

BucHoBku. IlizBumenns eneproedexruBHocti pobotn CT y BHpOOHMUMX Hpolecax Ta
CHCTEMaX OYMIIECHHS CTIYHUX BOJ JOCSTAETHCA NUIIXOM ONTHUMI3alii TiApoJIUHAMIYHUX PEXUMIB,
BIIPOBA/PKEHHSIM CHUCTEM PEKyIepalii TeIIOTH Ta aBTOMAaTU30BaHOIO KEPyBaHHS TEXHOJIOTTYHUMU
MPOIECaMHU.
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HANPSAMKH NIIBUIEHHS EHEPTOE®EKTUBHOCTI B ITPOIIECAX
PEKTU®IKAILI

Anomauia. Posenanymo npobnemy HU3bK0i eHepeoepexmusHocmi MmMexHOA02IYHUX Npoyecie K
nepeuKoou KOHKYPEHMOCHPOMONCHOCE YKpaiHcbkol npodykyii ma inmeepayii 0o €C. Ocuosny ysazy
npudineHo pexmugikayii — HaAUNOWUPEHIWoOMY U eHepeOEMHOMY npoyecy XIMIYHOI MexXHONO02il.
Cucmemamuzogaro ddcepena enepeozbepesicenns: nioguwenns KKJ[ xononu, pexynepayis menna, nos'azami
Meni06i NOmMoxKu ma ouuwenHs cuposunu. Iloxazano, wo ix KoOMNIeKCHe 3ACTMOCYSAHHA 3a0e3nedye
MiHIMi3ayio enepeosumpam Oe3 6mpamu AKOCmi nPoOyKmie.

Knrouosi cnosa: enepeoedexmusnicmo, enepeozbepedcents, pekmupixayis, pexynepayis, XiMiuHa
iHoKICeHepIsL.

Huszpka eHeproeeKTHBHICTh TEXHOJIOTIYHHX IMPOIECIB € OJHUM 3 BHU3HAYAJIBHHUX (DaKTOpiB
KPU30BHX SBHI B €KOHOMili. HecmpoMOXXHICTh BITYM3HSIHOI MPOAYKLIi KOHKYypyBaTH i3
3apyOKHUMH TOBapaMu IMOSICHIOETBCS THM, II0 B COOIBAPTOCTI MPOAYKIil 3HAYHY YaCTHHY
CKJIaJJAfOTh BUTPATH €HEPreTHUYHHX pecypciB. Lle € mepernoHo Ha MIIsXy BXO/PKEHHS JI0 CBITOBOI
CHCTEMH IOCIIO/IapIOBaHHs YKPaiHChKOT €KOHOMIKH. 3Ba)kKaloul Ha MOKJIMBICTh BCTYITy YKpaiHH J10
€BpOCOI03y, MTUTAHHS €HEProePEeKTUBHOCTI Ta EHEPro30epeKEHHS CTAaE OCOOIMBO aKTyaTbHHUM.

XiMi4Ha TEXHOJIOTIs Olepy€e MIMPOKUM CIIEKTPOM MPOLIECIB, CEPel AKUX BEIUKOTO MOMIUPEHHS
3n00yna pextudikanis. Ilepexoasun Ge3nocepenHbO 10 pekTUdiKallli, BAPTO 3a3HAUYNTH, 110 BOHA
JECSTUIITTAMU 3aJIMILAETHCS KIIOYOBOIO y rajly3i XIMIYHOI IpOMUCIIOBOCTI. Benuka yactuHa ycix
MPOIIECIB  PO3/ITIEHHS y HadTomepepoOIli, CIUPTOBOMY BHUPOOHMIITBI, OpPraHIYHOMY CHHTE31
0asyeTbcs came Ha pextudikauii. IlpuumHa Takoi MOMyJIsSpHOCTI — YyHIBEpCaIbHICTh, 3AAaTHICTh
MpalfoBaTH 3 BEJIMYE3HUMHU 00'€eMaMU PIIKUX CyMILIEH 1 OTpUMYBaTH MPOJAYKTH BUCOKOI YUCTOTH.

OnHak 3BOPOTHMM OOKOM 1IIi€i e(eKTUBHOCTI € KOJOCallbHE CIIOKMBAaHHS EHeprii.
PexTtudikaris 6a3yeTbcs Ha TOBTOPHOMY BHITAPOBYBaHHI Ta KOHAeHcalli (a3, ToMy BoHa OTpedye
MOCTIHOTO Mi/IBEJICHHS TEIUIOTHU /10 Ky0a KOJIOHH Ta BiIBEJICHHS TEIUIOTH Yepe3 aedIierMarop.

OnHuM 3 HaWOLIBII OYEBUAHUX JKEPEN eHepro30epekeHHs Npu peKTH(IKAIl € 3HUKEHHS
(ierMoBoOro 4mcia, ke J0CATaeTbes Yepes MiJIBUIICHHS e(eKTUBHOCTI KOHTAaKTHUX MpucTpoiB. Lo
Bumuii KKJ[ xomoHu, ToO MeHIIa KITBKICTh TTapu Mae OyTH MOBEpHYTAa y BUTJISII 3POIICHHS, a 1€
6e3nocepeIHbO 3MEHIIIYE HaBaHTAKEHHsI Ha KUM'ITHIIbHUK. J[0 IIbOTO 5k OJIOKY BHYTPIILIHIX PE3€pBIB
armapara HaJIe)KUTh 3HWKEHHS TiAPaBIIYHOTO OMOpPY KOJOH, ajpKe Ha/UIMIIKOBHU Tepemnal THCKY
3MYIIy€ BUTpA4aTH JI0JIaTKOBY €HEPriio Ha KoMmIpecito abo MiJBUIIYBAaTH TEMIIEpaTypy B KyOi, 110
3HWXKYE PYLIHHY CHITy Teruionepenadi. 3aBepilye 1eil piBeHb pekyneparis Teria i XoJIo1y, Koiu
CKHU/IHI TOTOKU HE BUBOJAATHCS 3 CUCTEMH, a MMOBEPTAIOTHCA ISl MiAIrPiBYy CHPOBHHHU UM MPOMDKHUX
TEXHOJIOTIYHHUX CEPEOBHIII.

Ha piBHi BCi€l TEXHOIOTIYHOI CXEMHU BU3HAYAIBHUM € MEPEXij 10 KOMIUIEKCIB 13 MOB'sI3aHUMU
TEIUIOBUMM IOTOKAaMH, JI¢ TEIUIO KOHJAEHCAIll MapiB BEpXy OJHI€] KOJIOHM BUKOPUCTOBYIOTH IS
BHUIAPOBYBaHHsS KyOOBOTO B3JIMIIKY 1HINOI, IOCSATAIOYM MiHIMI3aIil CyMapHHX €HEproBUTparT.
Bukopucranss Tenia napiB BepXy KOJIOHHM HeE SIK BIAXOY, a sIK IOBHOLIHHOTO €HEpropecypcy Ajs
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JKUBJICHHS IHIIUX arapariB, MEPETBOPIOE TPATUIIIMHY CXeMy Ha 3aMKHEHUM €HEProTEeXHOJIOTTYHHMA
UK.

3aMUKal0Th MEPETiK JHKepes eKOHOMIT 3aX0/I1, SKi YaCTO HEJOOLIHIOITh Ha MPAKTHIIl, a caMme
OYMILEHHS CHUPOBMHHM Ta TEIUJIOHOCIiB Bix aucnepcHoi ¢(asu. IlpucyTHiCTh MexaHIYHHX i
HEPO3UYMHHUX JIOMIIIOK Bele 0 3a0pyIHEHHs TEIUIOOOMIHHMX MOBEPXOHb, MaiHHSI KOe(iIli€HTIB
TeIuIonepeiadi Ta HEOMITHOTO, ajle MOCTIHHOIO 3pOCTaHHS BUTPATH I'Pit0YO01 IapH, TOMY IOIEPEaAHs
binpTparis aa BiIIUICHHS aucrepcHoi (asu € (HaKTUYHO 1HBECTHINEI B CTAOLIHBHO BHUCOKY
eHeproe()eKTUBHICTh YCTaHOBKH.

BucHoBok

OTxe, eHeproe()eKTUBHICTh PEKTHU(IKAIMHUX MPOLECIB HE 3BOAUTHCSA JO SIKOTOCH OJIHOTO
YHIBepcaJlbHOTO pillleHHs, a popMyeThest Ik OaraTopiBHEBa cuctema 3axofiB. Ha piBHI okpemoro
amapara — e niasumeHas KKJI, 3HIKEHHs TigpaBiidHOTO OMOPY Ta peKyIepalis BHYTPILIHIX
TEIUIOBUX MOTOKIB. Ha piBHI TEXHOJIOTIYHOT CXEMH — MEPeXif 10 KOMIUIEKCIB i3 B3a€MOIIOB'I3aHUMH
TEIUIOBUMH MOTOKaMM Ta MOBTOPHUM BUKOPUCTAHHAM TeIUIA. YBary TakoK HEOOX1AHO NMPUALIUTH
OYMILEHHIO CUPOBUHM I TemIoHOCIiB. Jluile moenHaHHs 3a3HaYEHUX TEXHOJOTIYHUX PILIEHb Ja€
3MOTY JOCATTH CHpaBli TTUOOKOI MiHIMi3allii €HeproBUTpaT 0e3 IIKOAW Ui SKOCTI KiHIIEBHX
MPOJYKTIB.

CnucoK BUKOPUCTAHUX JKepe

1. EneproedexTuBHi TexXHOJOT] : HaBYanbHUIA ociOHKK / A. C. Manapuka Ta iH.; 3a 3ar. pen. A. C.
Mannpuku. — Cymu : CymMcbkuii nepxkaBHui yHiBepcuTet, 2021. — 330 c.
2. Knumenko B. B. KpaBuenko B. 1., Tentora P. B. EHeproz0epekeHHsl B TEXHOJIOTTYHHX ITpoLecax
Ta yctaHoBkax: HaBuanbHuit nociOHuK. - KponuBauupskuii : I111 Exckmo3us-cucrem, 2020.
3. T'apes JI. A., Pg6osa 1. b. InTeHcudikamis pexynepaTuBHOrO TEIUIOOOMIHY B IMpolecax
BUPOOHMIITBA PeKTU(IKOBAHOTO €TUIIOBOTO CIIUPTY. IHTErpoBaHi TEXHOJIOTIi Ta €Hepro30epeKeHH s,
2024, Ne 2. https://doi.org/10.20998/2078-5364.2024.2.01
4. Txauenko II., €rokumona A., €B1okUMOB A. BripoBaykeHHsI eHeproeeKTUBHUX TEXHOJIOTIH B
nisimeHOCTl. Bicauk Cym/[Y. Cepis Exonomika, 2023, C. 38-45. https://doi.org/10.21272/1817-
9215.2023.2-05

86


about:blank
https://doi.org/10.20998/2078-5364.2024.2.01
https://doi.org/10.21272/1817-9215.2023.2-05
https://doi.org/10.21272/1817-9215.2023.2-05

"EUROPEAN ENERGY SAVING STRATEGIES AND THEIR ADAPTATION IN UKRAINE"

Hiana Kinazepa

K.T.H., JIOLI.

Ouabra Koryr

3100yBay BHIOT OCBITH NIepIoro (0akaiaBpChKOT0) piBHS
Hamionanbuuii yHiBepcuTeT «JIpBiBChKa MOTITEXHIKA»

EHEPTOE®EKTHUBHI IIPOHECHU TEIIVIOOBMIHY Y BUPOBHUYINX
TEXHOJOTTYHUX JIHHISAX XIMIYHOI MPOMUCJIOBOCTI

Anomauia. Po3enanymo axmyanivHi NUmMaHHs RIOGUUWEHHST eHep2oe@eKmUBHOCI MEeXHOA0STUHUX
npoyecie y XiMIiuHil NPOMUCTIOBOCMI 34 PAXYHOK ONMUMI3ayii npoyecié menioooMiHy ma 6npoeadNCeHHs
cucmem pexynepayii mennogoi enepeii. Oxapaxmepuzo8ano NPUHYUNY pobomu ma KOHCMpPYKMUBHI nepesacu
KOJICYXOMPYOHUX MeNnI000MIHHUKIG K 0A306020 00IAOHAHHS 018 PAYIOHATLHO20 SUKOPUCTNAHHS 6MOPUHHUX
enepeopecypcig. Ilokazano, wo 3a ONMUMANTbHUX 2e0MEMPUYHUX NAPAMEMPI8 HAKAMOK, eKOHOMIs eHepeii Ha
MPAHCNOPMYBAHHA — MeNnIoHOCIie  Modice  nepesuwiysamu 16%. Ilpoananizoeano  eumepeoeheKmuseHy
NPUHYUNOBY —CXeMy peKmu@ixayiiinoi ycmaHosku Oe3nepepsnoi 0ii, 0O0e KOMWIEKCHA iHmezpayis
KOJ®CYXOmpYyOHUX anapamis 3abe3neyye CYmmee 3HUNCEHHS CHONCUBAHHS NApU, MIHIMI3ayilo mMeniosux
empam ma 3MeHUWeHHsl eKCNIyamayitiHux eumpam nionpuemcmed. 3pobieno BUCHOBOK NPO ANCIUBICHb
agmomamu3ayii ma 6UKOPUCMAHHS HOBUX Mamepianis 071 3a0e3neyeHHsi Cmaio2o po3eUmKY RPOMUCLIO80CHII.

Knrouoei cnoea: Xiviuna npomucnogicme, eHepeoehpeKmugHicms,  peKynepayis  meniomu,
KOJCYXOmMPYOHULl MeniooOMIHHUK, [HMeHcugikayis menioooMminy, npo@irbosani mpyou, pekmugixayiina
YCMAHOBKA, CMAIULl pO36UMOK.

XiMi4Ha MPOMUCIIOBICTh € OJIHIEIO0 3 0a30BUX raTy3€il Cy4acHOTO MPOMUCIOBOTO KOMILIEKCY,
sKa 3a0e3reuye BUpOOHULITBO IIHMPOKOTO CHEKTpa MPOAYKLIT Il €eHepreTUKH, MalllMHOOY Ay BaHHS,
arpapHOro CeKTOpYy, MEIMIMHM Ta iHIMX cdep Tocmoiapchkoi MisuibHOCTI. li pPO3BUTOK
XapaKTepU3y€EThCs BUCOKOIO HAYKOEMHICTIO BUPOOHUIITBA, 3HAUHUMH €HEPreTHUHUMH BUTPAaTaMHU Ta
CKJIQJHICTIO TEXHOJIOTIYHUX TpOLEeciB. Y CydacHUX YMOBAaxX OCOOJMBOrO 3HA4YeHHS HaOyBae
MIJBUIICHHS €HEeproe(eKTUBHOCTI BUPOOHMYUX CHUCTEM, 110 OOYMOBJIEHO HEOOXIJHICTIO
palioHaILHOTO BUKOPUCTAHHS €HEPTeTHYHIX PECYPCiB, 3HWKECHHS TEXHOI€HHOTO HABAHTA)XKCHHS Ha
HaBKOJIMIITHE CEPEIOBUIIE Ta 3a0€3MEUEHHS CTAJIOTO PO3BUTKY TPOMHCIOBOCTI [1].

EneproedexTrBH1 mpoecH B TEXHOJIOTISIX Cy4aCHUX MIANPUEMCTB XIMIYHOI POMUCIIOBOCTI
€ OJHUM 13 TIPIOPUTETHUX HANPSAMIB iX PO3BUTKY, OCKUIbKH 3a0€3MeuyloTh pallioHaJbHE
BUKOPUCTaHHS CHEPreTUYHUX PECYpCiB, 3HWKEHHS €HEproEMHOCTI BUPOOHMIITBA Ta ITiJIBUIIEHHS
€KOHOMIYHOI e(EeKTUBHOCTI TEXHOJOTIYHUX TNpoleciB. B ymoBax rio0anpHUX €HEPreTMYHHX
BUKJIUKIB 1 HEOOX1HOCTI epexo 1y A0 MPUHLUIIIB CTAJIOr0 PO3BUTKY OCOOIMBOIO 3HaAUCHHs Ha0yBae
BIIPOBA/KEHHSI 1HHOBAIL[IMHUX TEXHOJIOTIYHUX PIlIeHb, COPSIMOBAHUX HA ONTHMI3allil0 MPOIECiB
TEIUIOO0OMIHY, yJIOCKOHAJEHHS KOHCTPYKIIA TEMI000OMIHHOTO OOJagHaHHA Ta HAyKOBO
oOrpyHTOBaHMII BUOIp mMapaMeTpiB poOOOTH TEXHOJOTIYHUX CHCTEM 3 METOK MiHIMI3ZaIlii
€HEePTOCIIOKUBaHHSI.

OpHUM 13 KITIOUOBUX HANpPSAMIB IMiIBUIICHHS €HEproe(eKTUBHOCTI B XIMIUHINA 1HXEeHepil €
BJJOCKOHAJICHHSI TPOIECIB TEIUIOOOMIHY Ta IHTErpaulis CyYaCHHX CHCTEM aBTOMAaTH30BaHOIO
KOHTPOJIIO i KepyBaHHS TEXHOJIOTTYHUMH MPOIECaMU. 3HAYHOTO MOIUPEHHS Ha0yBatOTh TEXHOJIOT1]
pexyreparii TernaoBoi eHeprii Ta CTBOPEHHsSI 3aMKHEHUX BUPOOHMYMX LUKIIB, SKI 3a0€3MeuyloTh
MIOBTOPHE BUKOPHUCTAHHS BTOPUHHUX EHEPIeTUYHUX PECYpPCiB 1 3MEHIIEHHsS BTpaT TEIJIOTH. Y
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MO€THAHH] 3 BUKOPUCTAHHSIM B1IHOBIIIOBAHUX JDKEPEN CHEpPrii 1e cipusie GopMyBaHHIO €KOJIOTIYHO
0€3MeYHNX Ta EHEPTOOLIaTHIX BUPOOHHUIITB.

BrnpoBamkenHs: eHeproeeKTUBHUX MPOLECIB TEMII000MiHY Y BUPOOHUYMX TEXHOJIOTTYHUX
JMHIAX PI3HUX Tally3edl TMPOMHUCIOBOCTI, 30KpeMa XIMIYHOI, € BaXKJIUBUM YHHHHKOM 3HIKCHHS
co0iBapTOCTI MPOIYKIi Ta MiABUILEHHS KOHKYPEHTOCIIPOMOXKHOCTI MIiANPUEMCTB. BaxkimuBe Mmicie
cepen oOJamHAHHSA TEXHOJOTIYHMX JIHIA 3aliMarOTh TEIUIOOOMIHHI amapatd, cepeln SKuX
HaMGINBIIOro MOMMpPEHHs HA0YIN KOXYXOTPYOHI TEIMIO0OOMIHHUKH. IX 3aCTOCYBaHHS € BaKIIHBOIO
CKJIaJJOBOI0 CyYaCHHMX EHEproollaIHHUX TEXHOJIOTiH, OCKUIbKM 3ale3nedye eQeKTHBHY Iepenady
TEIUIOBOI €Heprii MXK TEXHOJOTYHUMH CEPEOBUIIIAMU Ta CIPUSE PALlIOHATBHOMY BUKOPUCTAHHIO
SHEePreTUYHUX PECYPCiB.

[Tpuanmn poOOTH KOKYXOTPYOHOTO TEIIIOOOMIHHHMKA IPYHTYETHCS Ha TIepe/iadi Teruia yepe3
MOBEPXHIO TPyO0 MK JBOMa TEIUIOHOCISIMH 3 PI3HHMH TeMIIepaTypHUMH mapamerpaMu. OauH
TEIUIOHOCIH pyXaeTbcs BCEepenuHi TpyOHOro Iydka, TOMI SK iHIIWH IUPKYIIOE Y MDKTPYOHOMY
mpocTopi Koxyxa. Taka KOHCTPYKIlisl 3a0e3redyye IHTEHCUBHUIN TEeII000MiH, BUCOKHM KOE]IIieHT
TeruIonepeiadi Ta CTabiIbHICTh pOOOTH 00JIaTHAHHS.

Oco061MBOro 3Ha4E€HHS KOXKYXOTpyOH1 TeIII0O0OOMIHHUKY Ha0YyBalOTh y CUCTEMaX peKyrnepaii
TeIuIoBOi eHeprii. BukopucTaHHS TEIUIOTH BIANPAIbOBAHUX TEXHOJOTIYHUX TIOTOKIB JUIs
MMOBTOPHOTO HArpiBaHHSI CHPOBUHH a00 pOOOYHMX CEpPEJOBHIN JO3BOJISE CYTTEBO 3MCHIIUTH
SHEepPreTUYHI BUTPATH MIANPUEMCTBA, CKOPOTUTH CIIO)KMBAaHHS MaJMBa Ta MIiHIMI3yBaTd TEILIOBI
BTpaTu. B yMoBax MOCTIHHOTO 3pOCTaHHS BAapTOCTI EHEPTETHYHUX pECypciB 1 HEOOXiTHOCTI
BIIPOBA/KEHHSI €KOJIOTIYHO OE3MEeYHUX TEXHOJIOTIM peKylepallisl TEeIVIOTH € OJHUM 13 KIFOYOBHX
HanpsMiB €HePro30epekeHHs Yy MPOMUCIOBOCTI.

[TinBuieHHsT e(EeKTUBHOCTI KOXYXOTPYOHHMX TEMJIOOOMIHHHUKIB JOCSTAEThCA IUIIXOM
ONTUMI3allil KOHCTPYKTUBHUX MapaMeTpiB, I1HTeHCU}IKalil TiAPOJUHAMIYHUX pPEXKUMIB Ta
BUKOPHUCTaHHS Cy4aCHMX MaTepialiB i3 BUCOKMMH MOKa3HUKaMM TEIJIONPOBIAHOCTI M KOpo3iitHOT
crifikocTi [2]. BukopucTaHHS JIerOBaHUX CTajled, CHeLialbHUX CIUIaBiB 1 Cy4YacHHMX
TEIUTOI30JAIIMHUX MaTtepiainiB 3a0e3nedye MIABUIICHHS HAAIMHOCTI 0OJagHaHHSA, 301IbIICHHS
TEPMIHY MOTO €KCILTyaTallii Ta 3MEHIIIEHHS TeTUIOBUX BTpaT [3]. BaxInBuM € TakoX ONTHMaTbHUI
BUOIp WIBUJIKOCTEH PyXy TEIIOHOCIIB, IO CHpUS€ MiJBUILEHHIO KoeQilieHTa TEeMJoBiAgadl Ta
IHTeHCH(IKaLlli TPOLECIB TEIIONEPEHECEHHS.

KpiMm Toro, momineHOIO € iHTeHCH (KAl MPOIECiB TeIMJI00OMIHY IUIIXOM BCTaHOBJICHHS
CEeTMEHTHUX NEPEropoiok (IUCKO-KUIBIEBUX, CHIpalIbHUX), sKi 3a0e3MeuyroTh pPiBHOMIpHUH
PO3MOAL MOTOKIB, 3SMEHIIYIOTh YTBOPEHHS 3aCTIHUX 30H, MiIBULYIOTh €()EeKTUBHICTH TEIJI000MiHY

[4].

Pucynok 1 — Pyx nomoky 6 MiscmpyOHoMy BpOCMOpi Menio0OMIHHUKA 13 Ce2MeHMHUMU
nepezopooxamu [4]

JIOIITbHUM € TaKO BUKOPHUCTAHHS TPYO 13 BHYTPIIIHIM penbedoM, 30KpeMa 3 KUIbIICBUMHU
a00 TBUHTOBMMHU BUCTYIaMH, SIKi TypOyli3ylOThb MPUCTIHKOBY 30HY MOTOKY Ta IHTEHCHUQIKYIOTH
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MpoIriec TeIIonepeHeceHHs. [HTeHcudikamis TeruooOMiHy 3a JIaMiHaApHOTO a00 TypOyJIEHTHOTO
PSKUMIB pyXy TEIJIOHOCIIB J03BOJISAE 30UIBIINTH KUIBKICTh TEIUIOTH, MEPEJaHol Yyepe3 OJHMHHMII0
IUTOII MOBEPXHI TeryiooOMiHy [5, 6]. 3a onTHMaIbHUX T€OMETPUYHHMX IapaMeTpiB BHCTYIIIB Ha
tpy6ax h/D = 0,1 Ta S/h = 6,6 (puc. 2) ekoHOMis €Heprii Ha TPAaHCHOPTYBaHHs TEIIOHOCIIB Yepe3
KOXKyXOTpyOHHI1 TErI00OMIHHUK MOKe repeBuiryBata 16 % [6].

Pucynox 2 — Cxemu nakamox na mpybax meniooOMiHHUKa ma xapaxmepui posmipu [5]: a)
HaKkamka Kiivyeso2o muny, 6) HAaKAmKa 28UHMOBO20 MUNY

VY XiMi4HIA TPOMHCIOBOCTI IUPOKO 3aCTOCOBYIOTh MPOIECH peKTU(IKAIIl I pO3iIeHHsS
0araTOKOMIIOHEHTHUX CyMilllel, M0 3AIHCHIOEThCS NUIAXOM 0araTopa3oBoi MPOTHUTEUIHHOT
B3aeMoAil mapoBoi Ta pimuHHOI ¢a3. [IpencraBieHa TexXHOJOTIYHA cXeMa peKTU(IKaIiitHOT
YCTaHOBKH (pHC. 3) XapaKTepPU3YEThCS BUCOKOK EHEProe(EKTUBHICTIO 3aBISKU PalliOHATEHOMY
BUKOPUCTAHHIO TEIIOOOMIHHOTO OONagHaHHS Ta opraHizaiii MpoleciB pekymnepaiii TeraoBoi
e”Heprii. YcraHoBka 3a0e3neuye e(QeKTUBHE BUKOPUCTAHHS TEIUIOTH TEXHOJIOTIUHUX MOTOKIB
[UIAXOM MONEPETHBOT0 HArpiBaHHS BUXIAHOI CyMillli, KOHEHCAIlIl MapiB Ta 0XOJIOIKEHHS TOTOBUX
MPOAYKTIB.
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Pucynox 3 — Ilpunyunosa cxema pekmughixayitinoi ycmanosku besnepepsnoi oii:
1 — pexmugpixayivina konoua, 2, 3, 5, 6, 7 — meni00OMiHHUKU KOHCYXOMPYOHO20 muny, 4 —
PO3ROJINbHUK, 8 — EMHICIb 07151 KYD08020 3anuwky, 9 — emuicmo 0aa oucmunamy,; 10 — nacoc,
11 — emnicmob 6uxioHoi cymiwuti

BaxxnuBy posb y 3a0€31e4eHH] €HEProomaIHOCTI CXeMH BIIITPAIOTh TEMJI000MIHHI armapaTu
— MiairpiBay, KU ITHIBHUK, Ae(IerMaTop Ta XOJ0UIbHUKH, sIKi 3a0€31eUyI0Th Nepeaaqy TeIIoTH
MDK poOOYMMH CEepeIOBUIIIAMH 3 MIHIMAJIbLHUMH BTpaTaMu €Heprii. 3aCTOCYBaHHS KOXYXOTPYOHUX
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TEITIO0OMIHHHKIB 3a0€31euye BUCOKUMA KOe(DIIIEHT Tertonepeaadi, HaiiHICTh poOOTH 00IaTHaHHS
Ta CTaOUIbHICTh TEXHOJOTIYHOTO MpOoLecy. BUKOPUCTaHHS TEMJIOTH BiANpPaIllbOBAHUX MOTOKIB IS
HarpiBaHHS CUPOBUHU JI03BOJISIE 3MEHIITUTH BUTPATH €HEPTOHOCITB, CKOPOTUTH CIIOKUBAHHS TTApH Ta
MIJBUIIATHA 3araIbHUNA KOE(IIIEHT KOPUCHOTO BUKOPHUCTAHHS eHeprii. J[0laTKOBO TEII0i30JIsIIis
oOJaJiHaHHS CIpUSE 3HIKEHHIO BTPAT TEIUIOTH Y HABKOJMWIIHE CEPEAOBHINE Ta ITiIBUICHHIO
CHEPreTHYHOT €PEKTUBHOCTI YCTAHOBKH.

BucHoBku

EneproedekTuBHICTh TPOLIECIB TEIJIOOOMIHY € OJHUM 13 BH3HAYAJIBHUX YWHHHKIB
MIJBUIICHHS ~ TEXHIKO-€KOHOMIYHUX  IMOKa3HWKIB  MIANPUEMCTB  XIMIYHOI  TPOMHCIIOBOCTI.
BukopucranHs Cy4acHHUX TEIUIOOOMIHHHMX CHCTEM JIO3BOJIIE 3MEHIIUTH EHEPrOEMHICTh
TEXHOJIOTIYHUX TPOIIECiB, CKOPOTHTH BHUTPATH EHEPrOHOCIIB Ta IMiJBUIIUTH PIBEHb E€KOJOTiYHOI
Oe3mekn BUPOOHUITBA.BCTaHOBIEHO, MO 3aCTOCYBaHHS KOXYXOTPYOHUX TEMJIO0OOMIHHHKIB Yy
MOEJHAHHI 3 CHCTEMaMM peKyreparlii TermIoTH 3ade3neuye e(heKTUBHE BUKOPUCTAHHS BTOPUHHHX
SHEPreTUYHUX PECYPCIB 1 CIIPHUSIE CYTTEBOMY 3HW)KEHHIO TEIUIOBUX BTPAT Y TEXHOJIOTTUYHHUX JIHISX.
[linBumieHHsT e(QEeKTUBHOCTI POOOTH TEIJIOOOMIHHOTO OOJaAHAHHS JIOCSATAETHCS  MUITXOM
ONTHUMI3alll KOHCTPYKTHBHUX IapaMmeTpiB, YyIOCKOHAJIEHHS TIAPOJMHAMIYHUX PEXKUMIB PyXy
TEIUIOHOCITB Ta BUKOPHCTaHHA TPyO 13 MPOQIIHLOBAHOIO IOBEPXHEIO, IO 3a0e3MeYyrTh
iHTeHCH(iKalilo MporeciB TemionepeHeceHHs. Iloka3aHo, MmO IHTETpamis EHEeProomagHoOTro
TEIUIOOOMIHHOTO OOJamHaHHA Yy peKTU(IKAIiifiHI yCTAaHOBKH JO3BOJISE IIIBUIIATH KOEQIIiEHT
KOPHUCHOTO BHKOPHCTaHHS €HEprii, 3MEHIIUTH CIIOKWBAaHHS TapHW Ta 3HU3UTH EKCIUTyaTalliiHi
BUTpPATH MiANPUEMCTBA. BaJIMBUM HampsiMOM TOJANBIIOTO PO3BUTKY €Heproe(eKTHBHUX
TEXHOJIOTIH € BIPOBA/UKEHHS KOMIUIEKCHHUX CHUCTEM aBTOMAaTH30BAHOTO KEpyBaHHS IpolLecaMu
TEIUIOOOMiHY, 3aCTOCYBaHHSI CY4YaCHUX KOHCTPYKIIM TENnJ00OMIHHHMKIB 1 BUKOPHCTAHHS HOBHX
MaTepialliB 13 BHCOKUMM TeMIO(I3UYHUMH XapakTepucTukamu. Lle cTBOproe meperymMoBH IUist
dbopMyBaHHS pecypcoedeKTUBHUX Ta €KOJOTIYHO O€3MeUHNX BUPOOHUIITB BIAMOBITHO IO CYYaCHUX
BHUMOT CTaJIOTO PO3BUTKY MPOMHCIIOBOCTI.
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ENERGY-EFFICIENT HIGH-STRENGTH SELF-COMPACTING CONCRETES
WITH SUPPLEMENTARY CEMENTITIOUS MATERIALS FOR SUSTAINABLE
CONSTRUCTION

Abstract. The paper presents the results of research on energy-efficient high-strength self-compacting
concretes based on superplasticized rapid-hardening cementitious systems containing supplementary
cementitious materials. The developed self-compacting concrete mixtures were characterized by high
workability and stability, corresponding to slump-flow class SF2 (660-730 mm), viscosity class VS2 (T500 =
5-8 s), passing ability class PJ1 (8-9 mm), and segregation resistance class SRI (10—15%). The obtained
concretes achieved compressive strength classes B60—B65 and demonstrated rapid early strength development
under normal curing conditions. The developed materials were characterized by high density, low water
absorption, increased water resistance (WI12-W20), frost resistance (F300-F400), corrosion resistance, and
atmospheric durability. Improved mechanical properties were also observed, including increased modulus of
elasticity, reduced Poisson’s ratio, and significantly lower shrinkage deformations. The results confirm the
effectiveness of supplementary cementitious materials and superplasticized cementitious systems for
producing sustainable, durable, and energy-efficient self-compacting high-strength concretes suitable for
modern construction and post-war infrastructure reconstruction.

Keywords: self-compacting concrete, high-strength concrete, supplementary cementitious materials,
energy efficiency, durability, sustainable construction.

The development of energy-efficient and durable construction materials is an important task
for sustainable construction and post-war reconstruction of infrastructure. Self-compacting concrete
(SCC) is considered one of the most nmepcnekTuBHUX materials due to its ability to ensure high
workability without mechanical vibration, which reduces energy consumption during placing and
improves construction quality [1-3].

This study investigates high-strength self-compacting concretes based on superplasticized
rapid-hardening cementitious systems containing supplementary cementitious materials. The
designed SCC mixtures were characterized using special technological test methods. Experimental
results demonstrated that the developed mixtures satisfy the requirements for self-compacting
concretes and are characterized by slump-flow class SF2 with a spread diameter of 660-730 mm,
viscosity class VS2 with T500 of 5-8 s, passing ability class PJ1 with blocking step PJ of 8-9 mm,
and segregation resistance class SR1 with segregation index SR of 10-15% [4].

The obtained high-strength SCCs achieved compressive strength classes B60-B65 and
exhibited rapid strength development under normal curing conditions, with a strength gain ratio
fcem2/fem28 = 0.63. The developed concretes were characterized by average density of 2350-
2430 kg/m? and low water absorption of 1.1-1.3%, indicating a dense and refined microstructure [5].

Durability characteristics confirmed high performance of the developed materials. The
concretes demonstrated enhanced water resistance (W12-W20), frost resistance (F300-F400),
corrosion resistance coefficient KC6 = 1.1, and improved atmospheric resistance. In comparison with
conventional superplasticized concretes, the modulus of elasticity increased from 40.2 to 52.0 GPa,
while Poisson’s ratio decreased from 0.20 to 0.17. Additionally, shrinkage deformations after 28 days
under air-dry conditions were reduced by 2.7 times [6].
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The obtained results indicate that the use of superplasticized rapid-hardening cementitious
systems with supplementary cementitious materials enables the production of energy-efficient high-
strength self-compacting concretes with improved technological properties, mechanical performance,
and durability. Such materials are promising for sustainable construction and resilient infrastructure
development [7-8].

Experimental studies have established the multifunctional effect of finely dispersed
aluminosilicate and carbonate mineral additives in cementitious systems under conditions of
increased flowability (270-410 mm). This effect is manifested through a stabilizing function at the
stage of obtaining a rheologically active and homogeneous mixture due to filling the intergranular
space, the “fine powder” effect, transformation of free water into adsorption-bound water, and
formation of an initial weakly bound coagulation structure. As a result, the volumetric bleeding
coefficient of cementitious systems decreases by two times, while the water-retaining capacity
increases by 9.7% compared to Portland cement CEM 1 42.5. The structure-forming function of
polycomponent mineral additives consists in ensuring the formation of additional hydration products,
which contributes to the targeted development of the cement matrix microstructure.
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DETERMINATION OF ENERGY CONSUMPTION FOR FILTRATION DRYING OF
WILD CARROT POMACE

Abstract. The study presents an experimental evaluation of energy consumption in the filtration drying
of wild carrot pomace for the production of an alternative solid fuel. The relationship between kinetic
parameters (drying rate, process duration) and total energy demand for heating and overcoming the
hydrodynamic resistance of the material layer is analyzed. Based on the effects of the fixed-layer height, drying
air temperature, and filtration velocity, energy-efficient operating conditions for the process are established.

Keywords: kinetics, energy consumption, filtration drying, stationary layer, wild carrot pomace.

Relevance. A significant portion of plant-based waste in Ukraine consists of pharmaceutical
industry residues, in particular, wild carrot pomace formed after the extraction of target compounds.
It is typically disposed of in landfills, which leads to the formation of harmful leachate and negative
environmental impacts [1].

A rational method for the utilization of wild carrot pomace is the production of fuel briquettes.
For this purpose, the biomass must be dried to a moisture content not exceeding 14 wt.% [2], which
increases both the storage stability of the raw material and the calorific value of the fuel.

For drying dispersed plant materials, the filtration method in a fixed layer is considered
effective [3], as it is characterized by high process intensity. However, results obtained for other
materials (brewer’s spent grain, veneer) cannot be directly applied to wild carrot pomace due to its
specific structural properties [4, 5]. In addition, for industrial implementation, it is important to
evaluate not only the drying kinetics but also the energy consumption of the process.

Experimental part. Total specific energy consumption for filtration drying Q consists of
specific thermal energy consumption Q, (for heating the drying agent) and specific electrical energy
consumption Q,p (fan work to overcome the hydrodynamic resistance of the material layer):

Q=0+ Qsp

The material studied was wild carrot pomace from a local pharmaceutical production, with an
initial moisture content of 41.5%. Experiments were conducted on a laboratory-scale setup at drying-
agent temperatures of 40-80 °C, filtration velocities of 1.2-3.1 m/s, and fixed-layer heights of 40-100
mm. Drying was carried out until a final moisture content of 5% was reached.

Kinetic analysis showed that increasing the temperature and velocity of the drying agent
increases process intensity and shortens drying time. However, increasing the velocity above 2.2 m/s
causes a sharp rise in the layer's hydrodynamic resistance and higher electrical energy consumption,
while temperatures above 60 °C increase heat losses and reduce the unit's thermal efficiency.

With an increase in the fixed-layer height, the drying rate decreases due to a longer mass
transfer path and extended process time. At the same time, a higher layer improves utilization of the
thermal potential of the agent, thereby reducing specific heat consumption.
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The results of determining energy consumption for filtration drying of wild carrot pomace are
presented in Table 1.

Table 1. Energy consumption for filtration drying of wild carrot pomace

o (Q¢+Qnp) | (QetQap)/

Hm [I,K J>;g/m3 ’ﬂ G, kg ||, ¢ [Qc, kJ Qnp, kJ fjf+QAP’ 2}“ 2}“
S kg | kg H,0

For different layer heights
0,100 333 [1,138 (1,975 0,325 [720 493,009 437,27 930,279 R2717,967 |13478,398
0,080 333 [1,138 [1,.975 0,260 [780 [534,093 424,643 958,736 3508,64 |11858,207
0,060 333 [1,138 1,975 0,190 660 451,925 (328,479 (780,404 [3909,839 [11842,246
0,040 333 [1,138 [1,975 0,130 480 (328,673 206,943 |[535,616 [3921,628 [11283,253
For different temperatures
0,060 353 1,073 1,975 0,260 540 [523,211 319,885 [843,096 [3088,489 18900,929
0,060 343 1,105 1,975 0,260 660 548,436 384,306 932,742 [3408,273 1[9929,125
0,060 333 [1,138 (1,975 0,260 [780 [534,093 424,643 958,736 [3508,64 |11858,207
0,060 323 1,173 1,975 0,260 |1620 [857,709 884,536 (1742,245 6366,924 |18540,438
0,060 313 1,210 1,975 0,260 2400 {874,185  [1205,532 2079,717 (7535,207 22696,901
For different heat agent velocities
0,060 333 [1,138 2,815 0,260 660 [644,26 909,05 [1553,31 [5683,327 [21078,979
0,060 333 [1,138 2,395 0,260 {720 597,919 (722,311 [1320,23 4824,697 |17289,549
0,060 333 [1,138 (1,975 0,260 [780 [534,093 424,643 958,736 [3508,64 |11858,207
0,060 333 [1,138 (1,555 0,260 900 485,124 256,463 (741,587 707,807 [8888,733
0,060 333 [1,138 [1,135 0,260 1260 495,58 143,047 638,627 [2338,008 [7598,179

Conclusions. The kinetics of filtration drying of wild carrot pomace were studied, and the

energy consumption of the process was determined. It was established that increasing the temperature
and velocity of the drying agent intensifies the drying process; however, excessive increase of these
parameters leads to higher energy consumption. Optimal process conditions were identified under
which the minimum specific energy consumption is achieved, ensuring energy efficiency and the
potential for industrial production of fuel briquettes.
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REDUCING THE ENERGY INTENSITY OF MASS TRANSFER PROCESSES: ENERGY-
SAVING MODES OF MECHANICAL MIXING DURING SALT DISSOLUTION

Abstract.This study addresses the energy inefficiency of "blind mixing" during industrial salt
dissolution. Experimental dissolution kinetics of inorganic salts (including boric acid, sodium tetraborate, and
ammonium tetrafluoroborate) were analyzed using a three-bladed agitator at 293—323 K and speeds of 1.67—
6.67 s'. Results reveal a nonlinear relationship: increasing rotation from 1.67 to 3.33 s significantly
improves mass transfer, while higher speeds yield negligible benefits and waste energy. To optimize costs,
highly reliable criterion equations (Sh = f(Re, Sc)) were developed with a 5—10% error margin. These models
enable precise calculation of mixing times, eliminating unproductive energy consumption and supporting
sustainable industrial development.

Keywords: energy efficiency, mass transfer, mechanical mixing, dissolution kinetics, critical
suspension rate, criterion equations.

Introduction. In the context of European integration and Ukraine's implementation of the
goals of the European Green Deal [1], the issue of improving the energy efficiency of industrial
production is becoming critical. One of the key problems of modern chemical technology is the high
specific energy intensity of solution preparation processes. According to international studies [2, 3],
mechanical mixing in solid-liquid systems is one of the most energy-consuming processes, which is
often accompanied by excessive energy dissipation, which does not lead to a proportional acceleration
of mass transfer.

According to the concept of process intensification [4], the adaptation of energy-saving modes
requires an accurate determination of the regularities of dissolution kinetics to minimize the operating
time of the equipment. As a rule, at domestic enterprises of the chemical, pharmaceutical and water
treatment industries, dissolution processes are carried out at fixed, inflated agitator rotation speeds.
These speeds significantly exceed the critical suspension rate Njs, substantiated in classical works [5]
and supplemented by modern hydrodynamic studies [6]. This leads to the effect of "blind mixing",
when the solid phase has already passed into solution, or when the thickness of the diffusion layer
has reached its minimum, and electricity continues to be spent exclusively on overcoming hydraulic
resistance and generating macroturbulence.

Research materials and methods. To establish the optimal parameters of mass transfer and
search for ways to reduce energy costs, the kinetics of dissolution of a number of inorganic
compounds widely used in industry were investigated: boric acid, sodium tetraborate and ammonium
tetrafluoroborate. In accordance with modern approaches to modeling multiphase systems [7],
experiments were carried out in an apparatus equipped with a standard three-bladed agitator. In order
to cover a wide range of technological conditions, the research was carried out in temperature
intervals of 293-323 K and at discrete agitator rotation speeds of 1.67, 3.33, 5.00 and 6.67 5.

Results and their discussion. Based on an array of experimental data, the mass transfer
coefficients in the solution during mechanical mixing were calculated. A comprehensive analysis of
the influence of temperature and mixing intensity on the kinetics of dissolution was carried out.
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Studies have shown that the dependence of the mass transfer rate on the speed of rotation of the
agitator has a pronounced nonlinear (asymptotic) character. It has been established that the transition
from a speed of 1.67 5! to 3.33 5! gives a significant increase in the mass transfer coefficient due to
intensive renewal of the phase contact surface. However, a further increase in intensity to maximum
revolutions (5.00 and 6.67 ') almost does not accelerate dissolution. technological effect [8]. In order
to practically optimize energy costs, the array of experimental data was summarized in the form of
criterion equations linking the criteria of Sherwood, Reynolds and Schmidt: S& = f(Re, Sc). Statistical
analysis confirmed the high reliability of the obtained mathematical models -- the derived criterion
equations describe the process of dissolution of the studied salts with an error not exceeding 5—10%.

Conclusions. Determination of the exact regularities of the kinetics of dissolution of inorganic
salts is a necessary condition for minimizing the energy intensity of mass transfer processes. The use
of the developed generalized criterion equations allows the engineering and technical personnel of
enterprises to accurately calculate the required mixing time and optimize the hydrodynamic situation
in the devices. The introduction of such scientifically based, dynamic modes of equipment operation
at the enterprises of the chemical industry of Ukraine will eliminate unproductive electricity
consumption. This is a direct practical step towards the implementation of European energy saving
strategies, reducing the cost of production and achieving the goals of sustainable industrial
development.
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T'APOJIUHAMIKA IIIJI YAC ®LJILTPAIIIMHOIO CYIIIHHA CIPHUKOBOI
COJIOMKHA

Anomauia: Y pobomi nasedeno pe3ynvmamu OOCHONCEHHA 2IiOpOOUHAMIKU ni0 yac npoyecy
Ginempayitinozo cywinus cipuuxoeoi coromxu. OOIPYHMOBAHO nepexio 6i0 MpaouyitHux memoodis 00
iHHO8aYilIHO20 hinbmpayilino20 3He800HeHHs CIPHUK0B0I conomku. [Ipogedeno xomniexcHe 00CiONCeHHS
2IOpOOUHAMIKU PYXY MENni08020 azeHma Kpizb cmayionapuull wap mamepiany 3 euxopucmanuim CFD-
mooemosanusi 6 ANSYS Fluent. Bcmanosneno 6’s3xkuti ma iHepyiiHull Koegiyichmu Onopy, a markoic
niomeepoxceno Hu3bKul 2iopasniynui onip wapy (2,3 Ila npu weuoxocmi 0,29 m/c). Pesynomamu 00800amo
O00YINbHICb 8NPOBAONCEHHS MEMOOY O/ SHUIICEHHSL RUMOMUX eHEPLOBUMPATN.

Knrouosi cnosa: ginompayitine cywinus, 2iOpoOUHAMIKA, CIPHUKOBA CONOMKA, eHep2030epedCenHs,
cmayioHaprui wap

CBiTOBE CIOXMBaHHS €HEPrii CTPIMKO 3pocTae i, 3a mporHo3amu, 10 2050 poky csarae 926
€KCaPKOYJIIB, IPU LIbOMY MPOMUCIOBUI CEKTOP 30UIBIINTH BUKOPUCTAaHHS pecypciB Ha 36% [1]. B
yMOBaX €HEPreTMYHOi HEeCTaOUIbHOCTI B YKpaiHI ONTUMI3alllsl €HEProEMHUX IMPOIECIB, 30KpemMa
CYLIIHHS, BapTICTh SIKOTO Y cBiTOBOMY MacmuTa0i 10 2027 poky 3pocte y 1,5 pas3u [2], € KpUTUYHO
BaXJIMBOW. /U1 BITUM3HSAHOI CIPHMKOBOI ramysi, 110 3abe3nedyye TOBapH Mepiioi HEoOXiIHOCTI,
nepexij BiJ TpaauIiifHIX KOHBEKTUBHUX METO/IIB 10 IHHOBALIMHOTO (iIbTPaAIliiHOTO 3HEBOJHEHHS
€ CTPaTeriYyHUM KPOKOM JUIsl 3HMKEHHsI cO01BapTOCTI Ta HABAHTAXKEHHSI HA €eHEPrOCUCTEMY .

BnpoBajkeHHsT 1HHOBAIITHOTO (QUIBTPAIITHOTO METOAY 3HEBOJHEHHS JI03BOJISIE 3HAYHO
IHTEHCU(IKYBaTH MPOILIEC Ta MIHIMI3yBaTH MUTOMI BUTPATH €Heprii. BaxInBUM eTanoM A0CTiIKEHb
y IIbOMY HAIpPSIMKY € BHUBYEHHS TiIPOJMHAMIKH PYXy TEIUIOBOTO areHTa Kpi3b IIap marepiamy.
OCKIJIbKHY 1Iap Ma€ BEIUKY MOPUCTICTh, TO BTPATU €HEPTii Ha MTO/I0JIaHHS ONOPY € HE3HAUHUMU. {71
MIITBEP/HKEHHS SIBUINA HU3HKOTO T1APABIIYHOTO OTIOPY OyJI0 BCTAHOBIICHO 3aJICKHICTh OTIOPY IIapy
COJIOMKH BiJ1 (PIKTHBHOI HIBUIKOCTI TETJIOBOT'O areHTa, BAKOPUCTOBYIOUM TEOPETUYHI PO3PAXYHKH 32
piBusHHAM Jlapci-Belic6axa Ta CFD-moaentoBanHs B nporpamuomy komriekci ANSYS Fluent 3a
BCTaHOBJIEHUMH MeToauKkamu [3].
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Jlns boro BU3HAYeHO B’s3kuit 1/a = 1,57-10° M2 Ta inepuiitnuii Co = 112,2 m™!' koedirientn
onopiB Ha ocHOBI 3anexHocTi AP/(Hvo)=f(v,), ska 306paskena Ha puc 1.

Ha ocHOBI ojiep)kKaHUX JaHUX MPOBEACHO MOJICIIOBAHHS TiAPOJUHAMIKH PYyXy TEIUIOBOTO
areHTa Kpi3b IIap MaTepialy Ta BCTAHOBJICHO BTpaTH Hamopy. Ha puc 2 HaBeneHO pe3yibTaTé
TEOPETHYHMX JOCII/KEHB (YOPHI JIiHIT) Ta MOJenoBaHHs (pokeBi JiHil). [loxubka He mepeBuIye
4,5%, 1Mo MIATBEpIKYE BUCOKY 30DKHICTH pe3yJbTaTiB, a TAaKOX CBIJUUTh NPO HEPCHEKTHBY
3actocyBanHsa CFD mozentoBanHs 51 MPOEKTYBAaHHS CYIIMIBHOTO 00JIaHAHHS B IIPOMHUCIIOBOCTI.
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Pucynox 2 — 3anesxcnicmo 2iopasniuno2o onopy HACUNHO20 wlapy CIpHUKOBOI CONOMKU PIZHOT
sucomu 8i0 iKmuHOI WBUOKOCMI MENI0B020 A2EHMY:
(4opHi NIHIT — pe3yibmamu meopemudHuUx O0CAIOHCEHb, POHCEBL JIIHII — pe3yibmamu
MOOenoB8aHHs1)
3 pucyHka 2 6aunMo, 110 3a (IKTUBHOI MBUIKOCTI TerioBoro areHty 0,29 M/c rifpaBiidyHui
OIlip HACUMHOTO mapy BUcoTor0 350 MM ctaHOBUTH Oam3bKO 2,3 Tla.
To6to rigpaBaiuHuil OMip CIPHUKOBOI COJIOMKH € HE3HAaYHHMM, L0 He Oyae MaTH CyTTEBOTO
BIUIMBY Ha 3pOCTaHHS €HEPro3arpar Ha CYIIiHHS B [IJIOMY.
BucHoBku
JlochipkeHHsT MIATBEPIKYIOTh, M0 (UIbTpAlliiHE CYLIIHHA € eHEeproe(eKTUBHOIO
IbTEPHATUBOIO TPAIUILIHHUM METOJaM Y CIPHUKOBIA Tamy3l. 3aBAsSKH BHCOKIH 301KHOCTI
pe3yJbTaTiB TeopeTHuHuX po3paxyHkiB Ta CFD-moznenmtoBanHs (noxubka < 4,5%) noBeneHo, 110
yepe3 3HayHy MOPHUCTICTh LIapy COJIOMKH HOTO TifipaBliyHHUM omip € MiHiManbHUM. Lle mo3Bonse
iHTeHCU(iKyBaTH MpoIleC 3HEBOAHEHHS 0e3 CYTTEBHX BUTpAT €HEprii Ha IOJAOJIaHHS OMopy, IO
CTBOPIOE MIJAIPYHTS JUIsI TPOEKTYBAaHHS HOBITHBOIO OOJaJHAHHS B paMKax CTpaTerii
eHepro30epeKeHHS.
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YTUIIBALIA BTOPUHHUX EHEPI'OPECYPCIB TA IHTEI'PALIA
BIJTHOBJIFOBAHUX JIXKEPEJI EHEPT'Ii ¥ XIMIYHI IIUKJIA

Anomauia. Poszenanymo nioxoou 00 nidGuueHHs eHep2oeheKmMUEHOCMI XIMIUHUX BUPOOHUYME
wisxom  ymunizayii 8MOPUHHUX eHepeopecypcié ma inmeepayii GiOHOGIIEAHUX Odcepesl eHepail Y
mexHonoeiyHi npoyecu. OOIPYHMOBAHO OOYIIbHICMb CUCMEMHO20 HIOX00y 00 onmumizayii XiMiKo-
EHEePeeMUYHUX KOMNILEKCIB 13 3ACOCY8AHHAM NIHY-AHANIZY OJisl NIOGUWEHHSL PIGHS 6HYMPIWHbLOI peKynepayii
menaomu. Tloxazano moxiciugocmi GUKOPUCMAHHSL MENJI0BUX HACOCIE T MEePMOXIMIYHO20 AKYMYTI08AHHS OJs
3ANYy4eHHs HU3bKONOMEHYIUHOI meniomu ma HecmabiibHOl 6i0HO8M08aHOI eHepeii. 3anpononosana
KOHYenyis iHmezpoeano2o XiMiuHo20 YUKTY 0036078€ 3MEHUWUMU CHOJCUBAHHSA NEPBUHHOI eHepeli ma
RIOBUYUMU eKONO2IUHY eheKMUBHICIb 8UPOOHUYMEA.

Knrouoei cnosa: ximiuna indicenepis, 6MOpUHHi eHepeopecypcu, 8IOH0GII0BAHT Odcepela eHepeil, NiHy-
amanis, cucmemua inmeepayis, 0exapOoHizayis, eHepeoeheKmueHicmb.

CyuacHa XiMi4Ha IHAYCTpis € OJHHM 13 HaWOLIBII EHEPrOEMHUX CEKTOPIB CBITOBOI
€KOHOMIKH, QYHKI[IOHYBaHHS SKOTO TPAAMIIMHO Oa3yeThcs Ha BAKOPUCTAaHHI BUKOITHOTO MaJIWBA JIJIs
3a0e3MeueHHs] BUCOKOTEMIIEPATypHUX TEXHOJIOTIYHMX TmporeciB. B yMmoBax 3arocTpeHHs
r7100aNbHUX KIIIMAaTHYHUX 3MiH, TOCHJIEHHS €KOJIOTTYHUX BUMOT, a TAKOXK HECTa01IbHOCTI CBITOBHX
PUHKIB €HEpProHOCiiB BHUHUKAa€E OO0 €KTUBHA HEOOXINHICTh TIMOOKOI MoJepHi3auii XiMmiko-
TEeXHOJNIOTIYHUX  cucTeM. OcobnuBoi  akTyanpHOCTI  HaOyBarOThb  NHMTAHHS  MiJBUIICHHS
eHeproe(eKTUBHOCTI BUPOOHMIITB, 3HM)KEHHS IXHbOT 3aJIE)KHOCTI1 BiJl TpaJULIHHUX €HEPropecypciB
Ta BIPOBA/DKEHHS €KOJIOTIYHO Oe3meuyHux TexHoJorid. OCHOBHMUMH HalpsiMaMH  Takoi
TpaHcopMarlii € MakcUMi3alisl yTUii3alii BTOPUHHUX €HEPTeTUYHHUX PECYPCIB, a TAKOXK 1HTErparis
BiHOBMOBaHUX Jkepen eHeprii (BJE) y texnomoriuni nuknum [1]. JogaTKoBUM CTUMYJIOM 0
BIIPOBAKEHHS LIUX MIAXO0/IB € TII00aIbHUM Kypce Ha 1eKapOOHi3allito IPOMUCIOBOCTI Ta TOCSTHEHHS
[IeH CTajJoro po3BUTKY. TpaiuiiiiHi MiAXOIU 10 ONTHUMI3alii OKpeMHuX amapaTiB abo JOKaJIbHHX
BY3J1iB BUPOOHMIITBA MMPAKTUYHO BUUEPNAIH CBilf moTeHuian. [loganbiue miaBuIieHHs e(peKTuBHOCTI
MOJKJIMBE JIMIIE 32 paXyHOK KOMIUIEKCHOTO MiAXOMy, KWW mepeadadae po3risja MiNPUEMCTBA SIK
€IMHOI IHTEIPOBAHOI EHEPrOTEXHOJOTTUHOI CHCTEMH. Y MeXaxX TaKoro MiJXOAy BCi MOTOKU €Heprii
Ta PEYOBUHU aHANI3YIOThCSA 3 TMO3ULINA IX €KCEepPreTHYHOI LIHHOCTI, IO J03BOJISE€ OLIbII TOYHO
OLIIHUTH BTPAaTH Ta BHU3HAUUTU pe3epBU eHepro3depekeHHs [2]. BaxinuBo Takoxk BpaxoBYyBaTH
B3a€EMO3B’S3KH MK OKPEMHUMH TEXHOJIOTTYHHMH TMPOIECaMHU, IO BIIKPUBAE MOXKJIUBOCTI JJIA
OTTHUMI3aIll] HE JIUIIIE OKPEMHUX BY3JIIB, a M yC1€1 BAPOOHUYOT CTPYKTYPH 3arajioM.

TeopeTHuHOI0 OCHOBOIO CHUCTEMHOI OMITUMI3AIlil € METOOJIOTIs iHTeTpaIlii mporecis (process
integration), OAHUM 13 KJIIOUOBHX IHCTPYMEHTIB fIKOI € MiHY-aHami3. 3riAHO 3 UM MiAXO0J0M
BH3HAYA€THCS TaK 3BaHA «IiHY-TOUKay (pinch point), sika po3aiisie cucteMy Ha 00JI1acTi 3 HaUTUIIKOM
Ta aedinuToM TerioTH. Lle M03BoMsSe BCTAHOBUTH MiHIMAIBHO MOKJIMBI IOTPEOU y 30BHIIIHBOMY
HarpiBaHHI Ta OXOJIO/KEHHI III¢ Ha €Talll MPOEKTYBaHHS Ta CPOPMYBATH ONTUMAJIbHI TEIJIOOOMIHHI
Mepexi [1]. I[IpakTuyuHe 3acToCcyBaHHS MIHY-aHATI3Y Ja€ 3MOTY 3HU3UTH €HEPrOCIIOKMBAaHHS Ha 15—
30%, a B OKpeMUX BUMNAJKaxX — 1 OUIbIINE, 3aJIEKHO BiJ CKIAAHOCTI BUPOOHHUIITBA Ta CTYIICHS HOTO
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iHTerpoBanocti [3]. KpiMm Toro, cydacHi mporpamHi 3aco0u T03BOJISIIOTh aBTOMATU3YBAaTH IPOIIEC
noOy/I0OBH TEIUIOBUX CXEM 1 MiJBUIIMTU TOYHICTH po3paxyHKiB. [lomanpmimii po3BUTOK METOIIB
iHTerparii mpoieciB mependavae ix aganTaimiio g0 PeaJbHUX YMOB EKCIUTyaTalil MPOMHUCIOBUX
nianpueMcTB. Lle BKiIIOYa€ BUKOPUCTAHHS BHCOKOE(PEKTHBHOTO TEIIOOOMIHHOTO 0O0JaTHAHHSA,
IHTENIEKTYaIbHUX CUCTEM KEpYBaHHS Ta HU(PPOBUX TEXHOJOTIH MOHITOPUHTY €HEPTrOCIIOKMBAHHSI.
3acTOCYBaHHS TaKUX IMMAXOMIB J03BOJISE €()EKTUBHO YTHUJII3YBaTH HaBiTh HU3BKOMOTCHIIIHHY
TEIUIOTY, sIKa paHillle BBaXKajacsi HEIPUIATHOIO JJIs IOBTOPHOI'O BUKOPUCTAHHS, 1 IOBEPTATH 11 Yy
BUPOOHMUMM LUKA [2]. YV pe3ynapTaTi JOCATAETHCS CYTTE€BE 3MEHILEHHS CIIOKMBAHHS MEPBUHHOT
eHeprii Ta 3HMKEHHsI TeIUIOBOI'0 HABAHTAXKEHHS HA HABKOJIUIIIHE CEPEIOBUILE.

Pa3zom i3 TMM cydacHa KOHLEMIIS eHeproeeKTUBHOCTI nepeadadae He JIMIIe BHYTPIIHIO
pekymepanito, a ¥ aKTUBHE 3aJly4CHHS BIJHOBIIOBAHUX JDKEpeN eHeprii. [HTerpariss COHSYHOI,
BITPOBOi Ta IHIIMX BH[IB BIJHOBIIOBAHOI €HEPTii y XiMIKO-TEXHOJIOTIYHI IMPOLECH TO3BOJISE
3MEHIINTH 3aJISKHICTh BiJI BAKOITHOTO TaJMBa, CKOPOTUTH BUKHIM MAPHUKOBUX Ta3iB i MiIBUIIUTH
€KOJIOT1uHy CcTilikicTh BuUpoOHHMUTBA [3]. KpiMm Toro, Bukopuctanus BJIE cnpusie dbopmyBaHHIO
JCLIEHTPATI30BaHUX EHEPreTUYHUX CHCTEM, M0 MIJBUINYE HAAIMHICT eHepro3ade3nedeHHs
mianpueMcTB. JloUiabHO PO3TIISHYTH KOHIICTILII0 TEPMOIMHAMIYHO IHTETPOBAHOTO XIMIYHOTO IIUKITY,
sgKa Iependadae CTBOPEHHs JBOPIBHEBOI CHCTeMH eHepro3abesnedeHHs. llepmmii piBeHb
CTIPSIMOBAaHUH Ha MaKCUMAaJIbHY PEKyIepallio TETIIOBOi €Heprii BcepeIuHi TeXHOJIOTIYHOI CHCTEMHU
3a JIONIOMOTOI0 ONTHUMI30BaHMX TEIUIOOOMIHHUX Mepex. Jlpyruii piBeHb Opi€EHTOBaHWH Ha
BUKOPHCTaHHS BiJTHOBIIIOBAaHUX JDKEpEN EHeprii Ta Cy4acHHUX TEXHOJIOTiH 11 TepeTBOpPEHHS 1
aKyMYJIFOBaHHSI.

Jns yrumizanii HusbkomnoTeHmiiHoi Ttemnotu (40-80 °C), ska y 3HAYHMX oOcsrax
YTBOPIOETHCS HAa XIMIYHMX MIJIPUEMCTBAX, JOLUIBHUM € 3aCTOCYBAaHHS BHCOKOTEMIIEPATYPHHX
TEIUIOBUX HAcoCiB. BOHM /103BOJIAIOTH MNIABHIIUTH TEMIEPAaTYpHUH MOTEHI[iaJl TEIUIOTH [0
120-150 °C, mo poOuTs ii MpuIaTHOIO A7 TOBTOPHOI'O BUKOPUCTAHHS Y TEXHOJIOTTYHHUX Ipoliecax,
TaKUX SIK TeHepallis apu, HiAIrpiB CHPOBUHU a00 MiITPUMaHHS TEMIIEPATYpPHOTO PEKUMY PEAKTOPIB.
BuxopucTtanHs eneKTpoeHeprii BiJl COHSYHUX ab0 BITPOBUX YCTaHOBOK JJIsi pOOOTH KOMIIPECOPIB
TEIUIOBUX HACOCIB 3a0e3Meuye T0AaTKOBUN €KOJIOTTUHUM €EeKT 1 CIIpHsi€ 3MEHIIICHHIO BYTJICIIEBOTO
ciiny nianpuemcTsa [4]. E¢ekTuBHICT IHTETPOBAHOT CUCTEMHU MOXKE OyTH OIIHEHA 3a JOTIOMOTOI0
y3araJbHEHOTO MMOKa3HUKA €HEPro30epeKeHHS: :

Qsave=Qrec+ErenxCOPhpsys

ne Qrec — KUIBKICTh TEIJIOTH, IO IMOBEPTAETHCS B CUCTEMY 3aBISKH ONTHMI30BaHIN
BHYTpIIIHIN TeruiooOMiHHINA Mepexi; Eclean— enekTpuuna eHepris, 3reHepoBaHa BiJHOBIIOBAaHUMU
JDKepeIaMi Ta CIpsMOBaHa Ha NOTpeOM TeruioHacocHoi yctaHoBku; COPhp — koedimieHT
Tpanchopmariii TeroBoro Hacoca; COPhp — 3aranpHuii koedilieHT KOPHUCHOI [ii CHUCTEMHU
TPAHCMOPTYBaHHS Ta aKyMYJIFOBaHHS TETIJIOTH.

JlolaTKOBUM BaKJIMBUM HAINpsIMOM IIJBUIIEHHS 3arajlbHOI €HeproeeKTUBHOCTI XIMIKO-
TEXHOJIOTIYHUX CUCTEM € BUKOPUCTAHHS TEPMOXIMIYHUX aKyMYJIATOPIB €HEPTii, K1 PO3IIISIIal0ThCs
AK TIepCHeKTMBHMH KJIaC HAKONMYYBAuyiB HOBOTO TOKOMIHHA. IX TPHHIMI Mii TPYHTYeThCA Ha
00OpOTHUX XIMIYHHMX PEAKLifAX, Y SIKUX EHEepris 30epiraerbcs He y BUIVIALI SBHOTO TEIJIOBOTO
noTeHIiany, a y ¢opmi 3B’SI3aHOT0 XIMIYHOTO CTaHy PEareHTiB. 3aBISKU LbOMY 3a0e3nedyeTbes
MOJKJIMBICTB 30€piraHHsi eHeprii MpoTArOM TPUBAJIOTO Yacy MPAKTUYHO Oe3 TeIIOBUX BTpAT, IO €
CYTTEBOIO IIEPEBAro0 MOPIBHIHO 3 TPAAULIHHUMHU TEMJI0AKyMYIIOIYUMU CUCTEMAMHU.

Oco06mMBOi aKTyaJIbHOCTI TaKi CHCTeMH HAOyBarOTh B YMOBax HEPIBHOMIPHOI Ta 3MIHHOT
reHeparlii BiJHOBIIOBAHUX JIKEPEN €HEprii, 30KpeMa COHSYHOI Ta BITPOBOI CHEPreTHKU. Y Tepioan
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HaJJTUIIIKOBOTO BUPOOHMIITBA EIEKTPOCHEPTii BUHUKAE TTOTpeda B i epeKTUBHOMY aKyMYJIIOBaHHI 3
MOJAJbIIMM BUKOPHCTAHHSM Yy MOMEHTH TIKOBOTO HaBaHTaXCHHS abo medimuty reHepartii.
TepmoximiuHi aKyMyJIITOPH [O3BOJSIOTH BHUPIIIMTH IF0 3a/Jady 3a PaxyHOK IE€pPETBOPEHHS
HA/ITMIIKOBOI eHeprii y XiMIYHO 3B’s[3aHMIA CTaH 13 MOKJIMBICTIO 11 MOJAIBIIOTO KOHTPOJIbOBAHOTO
BUBIUJIbHEHHSI. BUKOpHUCTaHHA TaKMX aKyMYyJIATOPHUX CHUCTeM 3a0e3redye He JIMINE IiJABUIICHHS
CTaOUTBPHOCTI €HEPronoCcTa4yaHHs, ajeé W 3Ha4yHO pO3MUPIOE (YHKIIOHAIBLHY THYYKICTh
TEXHOJIOTTYHUX CHUCTEM XIMIYHOTO BHpOOHHMITBA. KpiM TOro, BOHM CpuUsrOTh OUTbIT epeKTUBHIN
iHTerpamii BIJHOBIIOBAaHUX JDKEpPEN €HEprii y MpPOMHUCIOBI LMKIHM, MIHIMI3yIOUM BIUIUB IXHBOI
npupoaHOi BapiabenbHOCTI [4]. Y JOBrOCTPOKOBIM TEPCIEKTHUBI II€ JO3BOJISAE ITABUIIUTH
ABTOHOMHICTh €HEPreTHYHHUX CHCTEM ITiIPUEMCTB.

PesynbraTi MareMaTHYHOTO MOJETIOBAHHS Ta MOPIBHSUIBHOTO aHaNi3y MOKa3yIOTh, IO
BIIPOBADKEHHS 3aIIPOIIOHOBAHOT KOHIICTIIIIT IHTErPOBAHOI €HEPreTUYHOT CUCTEMH JI03BOJISIE€ 3HU3UTH
CTIOKMBAHHS 30BHIIIHBOT TETI0BOT eHeprii Ha piBHI 40—45% y MOpiBHAHHI 3 TpaAULIHHIMU CXeMaMHu
eHeprozabesneyeHHsd. [Ipu 1bOMy dacTka eHeprii, OTpUMaHOi 3 BIJHOBIIOBAaHUX JUKEpel, Yy
3arajlLHOMy eHepreTuuHoMy Oananci Moxe pocsrati 25-30%, 1110 HOBHICTIO BIANOBIAA€ CyYaCHUM
CBITOBUM TEHJECHLIAM IEpexoay 10 HU3bKOBYIJIELEBOI Ta pecypcoeeKTUBHOI eKOHOMIKH. Kpim
IPSIMOTO EHEPreTUYHOro e(eKTy, BIPOBAKEHHS TaKOi CHUCTEMHM NPU3BOAMTH J10 3HUKEHHS
HAaBaHTAXXCHHS Ha 30BHINIHIO €HEPreTHYHY iH(PAacTPyKTypy, 3MEHIICHHS IIKOBUX CIIOKHBYHX
HAaBaHTAXXCHb Ta IMJBUINCHHS 3arajibHOi HAIIMHOCTI eHepro3ade3NedyeHHsT IMPOMHUCIOBUX
mianpueMcTB. Jl0IaTKOBO CIIiJT BiA3HAYMTH TO3UTUBHHUN CKOJIOTIYHUH e(eKT, MOB’s3aHuid 3i
CKOPOYCHHSIM BHKHJIIB TMAapPHUKOBUX Tra3iB Ta 3MEHIICHHSM CIIO)KMBAHHS BUKOITHOTO TaJINBA.
[TigBuieHHsT eHeproe(eKTUBHOCTI XIMIYHMX BHPOOHHUITB Yy Cy4YacHHUX yMoBax HoOTpelye
KOMIIJIEKCHOTO, CUCTEMHOT'0 MiAXO/Ty, SKUH MO€AHY€E BHYTPIIIHIO PEKYNEPaLlil0 eHeprii 3 aKTUBHOIO
IHTErpali€ro BIAHOBIIOBAHUX JDKEpENl Ta Cy4aCHUX TEXHOJIOTIH aKyMyJIIOBaHHS. 3ampOIOHOBaHA
KOHIIETILiI TEPMOAMHAMIYHO IHTErPOBAHOTO XIMIYHOIO LHMKIY JEMOHCTPYE BHCOKY TEXHIKO-
eKOHOMIUHY €(EeKTHBHICTh 1 MoOXke OyTH BUKOpPUCTaHa sK Oa3oBa mIaTgopma Uil CTBOPEHHS
€KOJIOTIYHO O€3MeYHUX, EHEeProeeKTUBHUX Ta IUPPOBO KEPOBAHUX BHUPOOHUUTB HOBOIO
MTOKOJIIHHS.

[Tonanpiii HayKoB1 JOCHIIKEHHS Yy IbOMY HampsiMi JOLIIBHO 30CEPEAUTH Ha pPO3poOIi
aJanTUBHUX LUQGPOBUX MOJIENEeH KepyBaHHS EHEPreTUYHMMM IOTOKaMH, ONTUMI3alii pexuMIB
pPOOOTH aKyMyJIATOPHUX CHUCTEM, a TAKOXK iX 1HTErparii 3 pi3HUMH TUIIAMH XIMIYHUX BUPOOHUIITB 3
ypaxyBaHHSM CHelH(iKK TEXHOIOTIYHUX MPOLECIB 1 CE30HHOT MiHJIMBOCTI €HEProCIOKUBAHHS.
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HAIPSIMKHA EHEPTO3BEPEXXEHHS B ABCOPBIIMHUX MPOIIECAX

Anomauin. 3anponoHo6aHo  KOMWAEKCHUU RNIOXI0 00 NiOGUUWEHHS  eHepeoedeKmusHOCmi
abcopoyitinux npoyecie, wo 6a3yeEmMbcs HA 3ACMOCYBAHHI  BUCOKOEPEKMUGHUX PESYNIAPHUX HACAOOK,
Mano8'sa3kux abcopbenmis HOB020 NOKOMIHHA MA MeMOPAHHUX KOHMAKMHUX elemenmis. Buxopucmanns
Pe2yapHUX HACAOOK 0036015€ 3HUSUMU 2i0pasiiynuti onip anapamig y 1,5—2 pasu nopisHano 3 xaomuuHumu,
a Manoe'si3Ki aminui cymiwi 3a6e3neuyoms cKopoueHHs enepeosumpam Ha pezerepayiio 0o 2,5 I [c/m CO..
Inmezpayis npomiscHo20 0X010024cen s 8 AOCOPOYIIHUX KOOHAX MA BNPOBAOIHCEHHS YUKTTUHUX CXEM KTNUCK—
8AKYYM» I3 3AKPINIEHUMU AMIHAMU O0ArOmMb 3MO2Y Hepeumu 8i0 8UCOKOmMeMNepamypHoi pecenepayii 00
HU3bKOMEMNEPAMYpPHUX ab0 MexXaniuHux memooie decopbyii, ckopouyrouu meniosi empamu Ha 35-50 %.
Hoeonanns ananizy @izuunux npoyecie mMaconeperocy 3 OnmuMisayiclo pecumie pobomu abcopOYiliHux
cucmem Ccnpusic (OPMYy8aHHIO BUCOKOCHEKMUSHUX A eKON02iUHO Oe3NeyHUx MexHON02I Y XiMIuHill
iHoKCeHepil.

Knrouoei crosa: abcopbyis, enepeoehekmuenicmns, pecyispHi HACAOKU, MAN08's13Ki abcopbenmu,
MeMOpaHHi KOHMAKMOPU, peceHepayis, YUKIIUHI CXeMu «MUCK—8AKYYM».

AOcopOuiifHi  mponecu IMIMPOKO  3aCTOCOBYIOThCA Yy  XIMIYHIM, HaQTOXIMIUHIMH,
ra3onepepoOHiil, eHepreTHuHii ramgy3sX HpPOMHCIOBOCTI Ta eKojoriuHiid cgepi. EdextuBHicTh
peamizalii IMX TPOLECIB 3HAYHOK MIpOI0 BHM3HAYAETHCA IHTEHCUBHICTIO MacoOOMiHY,
XapaKTepUCTUKaMU aOCOpOEHTIB, KOHCTPYKLIEIO amapariB Ta pIBHEM €HEProcroXHBaHHS
TEXHOJIOTIYHOT CUCTEMH 3arajloM.

VY cyuacHMX yMOBaXx MiJIBUIIEHHS BAapTOCTI €HEPropecypciB i HEOOXiIHOCTI CKOPOYEHHS
BUKH/IIB MapHUKOBHUX Ta3iB OCOOJIMBOI aKTyaJbHOCTI HaOyBa€ BIPOBA/IKEHHS EHEProOLIaIHHUX
TEXHOJIOTIN y mpouecax abcopOuii. OCHOBHUMHU HamnpsMaMy NiJABUIIEHHS €HEepProeeKTUBHOCTI
abcopOuiiHOro 00JaHAHHS € 3HIKEHHS T1IpaBJIIYHOrO OINOpY amapaTiB, MiHIMI3alis BUTpaT
TEIUIOTU Ha pereHeparilo abcopOeHTIB, IHTEHCU]IKallil MacolepeHoCy, BUKOPUCTAHHS Cy4yacHUX
MaTepialiB Ta ONTUMI3allisl PEKUMIB pOOOTH TEXHOJIOTIUHUX JiHiIH. KoMIiekcHe MmoenHaHHS UX
pillleHb O3BOJISIE 3HU3UTH EKCIUTyaTaliifHI BUTPATH, MIABUIIUTH €(PEKTHBHICTH YJIOBIIOBAHHS
KOMIIOHEHTIB Ta 3a0€3MeYUTH eKOJIOTiuHy Oe31eKy BUPOOHUIITBA.

OnHMM 13 BaXIUBUX HampsAMiB eHeprozoepekeHHs B a0OCOpOLIMHMX Mpolecax €
3aCTOCYBaHHS BHUCOKOC(PEKTHBHHX pPETYJSIPHUX HACalIOK, SKi 3a0e3NeuyroTh 3HWKCHHS
TiIpaBIIYHOTO OMOpPY amapaTiB. Y HacaJakoBUX abcopOepax 3HayHA YacTHHA €HEpTrii KOMIPECOopiB 1
BEHTHJISITOPIB BUTPAYAEThCS Ha TOJOJIAHHS OMOpPY MIapy HacaJKh. BUKOPUCTaHHS pPETyIsIpHUX
CTPYKTYpOBaHUX HacaJlOK 3aMiCTh TPaJAMLIMHUX XaOTHYHMX Hacajok (kumenp Pamura abo Ilamns)
JI03BOJISIE 3MEHIIUTH Tepenaja THCKYy B 1,5-2 pa3u 3a 30epekeHHs BHUCOKOI e(eKTHBHOCTI
MacooOMiHy. PerymspHi Hacanku (GOpMyIOTh YIOPSAIKOBAaHMN pyX TOTOKIB Ta3y Ta piIUHH,
3MEHIIYIOTh 3aCTilHI 30HH Ta JIOKAJIbHI BTPATH Ha TEPTH, IO CIIPUSE 3HIKEHHIO €HePrOCIOKHBAHHS
o0JIaiHaHHS JJIs1 TPAHCTIOPTYBAHHS TOTOKIB.

BaxiuBuM HanpsMOM MIJBUILEHHS €HEProe(EeKTUBHOCTI € BUKOPHUCTaHHS MaJoOB SI3KMX
aOCOpOCHTIB  HOBOTO TIOKONIHHS. TpamuIiiiiHi BOJHI pPO3YMHHU E€TAaHOJIAMIHIB, 30KpeMa
moHoeta"osaminy (MEA) Ta mieranomaminy (JIEA), xapakTepu3ylOTbCs BHCOKOI B’SI3KICTIO Ta
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3HAYHOK TEIIOEMHICTIO, IO 3YMOBJIIOE TIABUINCHI BUTpPATH C€HEPrii Ha TMepeKadyBaHHsS Ta
perenepamiro. CydacHi TEXHOJIOTii TiependadaroTh BUKOPUCTAHHS HU3BKOB SI3KUX aMiHOBUX
CyMillIel, IOHHUX PiUH Ta KOMIO3HLIHHUX a0COPOEHTIB i3 10laBaHHIM OpPraHIYHUX PO3YUHHUKIB,
TaKWX K METaHos abo cynbdonan. BukoprcTaHHs CydacCHUX aMiHOBHUX CyMiIIe J103BOJISI€ 3HU3UTH
eHeproputpaT Ha necop6biito CO:2 xo 2,5 I'/x/t, Toai sk mist tpanuuiiaux 30 % po3unniB MEA
el MOKa3HUK CTaHOBUTH Onm3bko 3,8—4,0 I'J[xk/T. 3MeHIIEHHS B’S3KOCTI aOCOpPOCHTIB TaKOX
3a0e3neyye CKOPOUCHHS BUTPAT €NEKTPOeHEPrii Ha poOOTy HacocHOro oOnaaHanHs Ha 15-25 %.

3HaYHMI TOTEHIial €HepPro30epeKeHHs MArOTh MHUPKYJALIHHI CHCTEMH 3 MPOMIKHUM
BIIBEICHHAM TEIUIOTH 13 30H abcopOiii. Y mporecax XiMidHOI aOCOpOIIii, SKi CYIPOBOIKYIOTHCS
eK30TEPMIYHUMH PEAKIISIMH, IIIBUIICHHS TEMIIEPATypu DPIIMHHU 3HIKYE PO3UMHHICTH Ta30BHX
KOMIIOHEHTIB 1 moripurye eheKTuBHICTh HoriuHaHHA. [y crabimizanii TeMIepaTypHOTro pPexuMy
BUKOPHCTOBYIOTh MIPOMIXKHI TETIIOOOMIHHHKH a00 BUHOCHI XOJIOAMIBLHUKH, PO3TAIIOBAHI HA PI3HUX
pPIBHAX KOJOHW. BiIBeneHHS TEIUIOTH peakiii J03BOJSIE MIATPUMYBATH  ONTUMATBHHUN
TEMIIEPATypPHUI PEKUM, MIJABHUILYBATH PYIIIHHY CHUJIY HPOLECY MAacOMEepPEeHOCY Ta 3MEHIIYBaTH
HeoOXiHy BHCOTY amapaTta. Lle 3a0e3neuye 3HMKEHHS BUTPAT €HEPrii Ha IUPKYIAIi0 a0COpOeHTY
Ta CKOPOUEHHS TEIUIOBUX BUTPAT Ha MOT0 perenepailito. Y mopiBHAHHI 3 a/1ia0aTUYHUMU CUCTEMaMU
€KOHOMIs TeII0BO1 eHeprii Moxke mocsrata 20—30 %.

EneproeekTHBHOIO albTEpHATHBOIO TPAMUIIAHUM Oe3MepepBHUM IpOIlecaM € IHKITIYHI
cxemMHu abcopOrii-gecopOuii 3 BUKOPHUCTaHHAM IepemnajiB THCKY Ta BaKyyMyBaHHS. Y TaKHX
cucreMax abcopOIlisi Ta pereHeparlisi BiqOyBalOThCS B OJHOMY arapari 3a paXyHOK 4YepryBaHHS
PEXUMIB IIABUIIEHOTO 1 3HMXKEHOTO THUCKY. [l0€1HaHHS IMKIIIB «TUCK—BAKYyM» 13 BUKOPUCTAHHSAM
TBEPIUX HOCIiB piKUX abcopOeHTiB abo IMMOOLTI30BAHUX aMiHIB J103BOJISIE CYTTE€BO CKOPOTHTHU
BUTPATH TEIUIOTH Ha pereHepalito. 3aCTOCyBaHHs TaKUX TEXHOJIOTIH J03BOJII€ CKOPOTUTH 3arajibHe
CMOKMBaHHS NEpBUHHOI eHeprii Ha 35—50 % MopiBHAHO 3 TPAJULIHHUMHI aMIHHUMH yCTaHOBKaMHU.

Bucnosxu

[TigBuIeHHS eHeproeeKTUBHOCTI aOCOpOIIii B XIMIYHIM IPOMHUCIOBOCTI JOCATAETHCS Yepe3
BUKOPUCTAHHSI PETYJSPHUX HACaJO0K, MaJlOB’SI3KMX COpOEHTIB, MEMOpaHHUX €JIEMEHTIB Ta
IIPOMIPKHOTO OXOJIOJKEHHS, 110 3HMIKYE OMIp MOTOKIB 1 BUTpAaTH TeIula. BrpoBakeHHS IUKIIB
«THCK—BaKyyM», IMMOOUTI30BaHMX aOCOpPOEHTIB Ta TEIJIOBOI IHTErpalii J03BOJIAE 3aMIHUTH
BHCOKOTEMIIEPATypHY PETreHEpallil0 €KOHOMHIIIUMHU HU3BKOTEMIIEPATYPHUMU a00 MEXaHIYHUMH
MeTtoaaMu jecopOrii. Takuii KOMIJIEKCHMHA MiAXiJA CYTTE€BO CKOPOYYE CIIOKWBAaHHS MEPBUHHOI
eHeprii, 3MeHIIly€e eKCIUTyaTalliifHi BUTPAaTH Ta MiJABHILY€E €KOJOTIYHY 0€3MeKy BUPOOHUIITBA.

Cnncox BUKOPHCTAHUX JIZKepeJt
1.F. Ziegler ,P.Riesch(2000)-Absorption cycles. A review with regard to energetic efficiency
2.N.Ellebracht,P.Roy, T.Moore, A.Gongora, D.Oyarzun,D.Nguyen(2023)-3D printed triply periodic
minimal surfaces as advanced structured packings for solvent-based COZ2 capture
3.A. Cousins L.T. Wardhaugh,P.H.M. Feron (2011)-4 survey of process flow sheet modifications for
energy efficient CO2 capture from flue gases using chemical absorption
4. M.L. Gray, K.J. Champagne, D. Fauth, J.P.Baltrus,Henry Pennline(2008)- Performance of
immobilized tertiary amine solid sorbents for the capture of carbon dioxide
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SILICON SURFACE

Abstract: The work investigates the features of the formation of bimetallic nanoparticles on the surface
of silicon by pulsed laser deposition in non-aqueous solutions of metal salts. The relevance of the study is due
to the significant interest in bimetallic nanostructures, which are characterized by unique optical,
electrophysical and catalytic properties. Due to this, such materials are promising for use in plasmonics,
sensor systems, SERS substrates, photonic and optoelectronic devices, catalysts of chemical reactions, as well
as in modern systems for converting and accumulating solar energy. The pulsed laser deposition method is
considered as an effective method for synthesizing nanostructures, since it provides a high level of control
over deposition parameters, localized energy supply and the possibility of forming nanomaterials with
predetermined characteristics. In the course of the study, the influence of the laser radiation wavelength and
deposition duration on the morphology of the formed nanostructures was analyzed. It was found that under
certain synthesis conditions, nanoparticles with a diameter of up to 100 nm are formed on the surface of a
silicon substrate, which are characterized by a uniform distribution over the surface. It was shown that with
an increase in the wavelength of laser radiation, a gradual transition occurs from individual isolated
nanoparticles to the formation of continuous porous nanostructured films. It was also found that an increase
in the duration of the deposition process promotes the growth and agglomeration of nanoparticles due to the
intensification of the processes of nucleation of new crystallization centers and accumulation of material on
the substrate surface. The results obtained confirm the prospects of using pulsed laser deposition in non-
aqueous media for the controlled formation of bimetallic nanostructures with adjustable morphological and
functional properties. The conducted study creates a basis for further optimization of the technology of
nanomaterial synthesis and expansion of the areas of their practical application in nanophotonics, sensors,
catalysis and energy technologies.

Keywords: bimetallic nanoparticles; silicon surface; pulsed laser deposition, nanostructures; non-
aqueous solutions, porous films, nanoparticle morphology, plasmonic materials.

The silicon surface modified with bimetallic nanoparticles is widely used in the creation of
plasmonic sensors, SERS substrates, photonic structures, catalysts, solar cell elements and other
functional nanomaterials [1]. Significant interest in such structures is due to the unique
electrophysical, optical and catalytic properties of bimetallic nanoparticles, which can be controlled
to change depending on their composition, morphology, geometric parameters and method of
formation. The use of bimetallic nanostructures in the fields of nanoelectronics, optoelectronics,
photonics, energy storage and conversion are especially promising, where the processes of local
amplification of the electromagnetic field, charge transfer and catalysis of surface reactions play an
important role.

One of the most effective methods for forming nanoparticles on the surface of semiconductor
materials is Pulsed Laser Deposition. The main advantages of laser deposition are high locality of the
process, precision control of deposition parameters, absence of mechanical contact with the surface
and the possibility of forming nanostructures with specified characteristics. In addition, laser
irradiation provides localized energy impact on the silicon surface, which allows initiating the
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processes of nucleation, growth and fixation of nanoparticles without significant damage to the
substrate.

Over the past decade, the method of pulsed laser deposition has been actively used for the
synthesis of metal and bimetallic nanostructures mainly in aqueous solutions. However, the use of an
aqueous medium is accompanied by a number of side physicochemical processes, in particular,
photolysis of water, formation of oxide phases, particle aggregation and uncontrolled metal reduction
reactions. This significantly complicates the controlled formation of metal deposits, as well as control
of the morphology, distribution and geometric parameters of nanoparticles. In this regard, a promising
direction is the use of non-aqueous media, which provide more stable deposition conditions, reduce
the intensity of side reactions and increase the homogeneity of the formed nanostructures [2]. The
aim of the work is to study the influence of pulsed laser deposition modes, in particular the wavelength
of laser radiation and the duration of the deposition process, on the formation of bimetallic
nanoparticles on the silicon surface.

As a result of the conducted studies, it was established that during pulsed laser deposition in
metal salt solutions on the silicon surface, bimetallic nanoparticles with a diameter of up to 100 nm
are formed, which are evenly distributed over the substrate surface. It was found that changing the
wavelength of laser radiation significantly affects the morphology of the formed deposit. With an
increase in the wavelength, a transition is observed from the formation of individual discrete
nanoparticles to the formation of a continuous nanostructured porous film.

It was also found that increasing the duration of pulsed laser deposition leads to an increase in
the size of bimetallic nanoparticles. This is explained by the intensification of the nucleation processes
and subsequent particle growth due to the accumulation of material on the surface of the silicon
substrate. With longer irradiation, the probability of agglomeration and the formation of larger cluster
structures increases.

Thus, it is shown that the main parameters that determine the geometric characteristics,
morphology and features of the formation of bimetallic nanoparticles on the silicon surface are the
wavelength of laser radiation and the duration of pulsed laser deposition. Controlling these parameters
opens up the possibility of purposeful formation of nanostructures with specified properties for further
use in modern nanotechnological and optoelectronic systems.
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HamionansHuii yHiBepcuTeT «JIbBiBCbKA MOJIITEXHIKA

3O0BHIIIHA TA BHYTPIIIHA 3AJAYA I'TNPOAUHAMIKHA CTAHIOHAPHOI'O
IIAPY BAITHAKOBO-AMIAYHOI CEJITPHU

Anomauia. Jlocniodxceno 2i0poOuHamiky inbmpysanHs 2a308020 NOMOKY Kpizb CayioHapHull wap
epanynvbosanoi  eanuakoso-amiaynoi cenimpu (BAC) wnaxom posdinenns npoyecy Ha 308HIWHIO MA
sHympiwHio 3a0a4i. Ha ocrosi anpoxcumayii excnepumeHmanbHux 0aHux OMpUMaHo KpumepiaibHi pi@HAHHS
36'a3Ky kpumepito Eiinepa 3 kpumepiem Peiinonboca ma 2eomempuidHum CUMNAEKCOM. 3HAlIOeH] 3a1edcHOCmi
00380J1A10Mb 3 OOCMAMHBLOI MOYHICMIO NPOSHO3YEAMU GMPAMU MUCKY, WO HEODXIOHO Ol NPOEeKMYBAHHS.
eHep2oephexmUsHUX NPOMUCTIOBUX YCIMAHOBOK (inbmpayitinozo cywinua BAC.

Knrouoei cnosa: 306niwns 3a0aua 2i0poOuHamiKy, HYmMpIiwHs 3a0a4a 2iOpoOUHAMIKY, OUCNEPCHU
mamepian, 8anHAKOGO-AMIAYHA cenimpa, CMayioHapHull wap, 2a308utl NOMix

AKTyaJbHicTb. JloCTiXKEHHS TIAPOAMHAMIKU PYXY Ta30BOrO (PiAMHHOTO) MOTOKY Kpi3b
CTalllOHAPHUIA IIap TUCTIEPCHOTO MaTepialy Ma€ aKTyajbHe 3HAaYCHHs sl 0araThb0X TEXHOJIOTTYHIX
MPOILIECiB XIMIYHOI TEXHOJIOTISA, 30KpeMa B Tpoliecax ancopoiii (xecopoOirii), abcopOirii, ekcTpaxitii,
¢biIpTpaniiHOMY CYLIIHHI TOIO. PexxuM pyXy ra3y (piAuH1) BU3HAYa€ 3HAUEHHS KOE(II[IEHTIB TEIUIO
1 MacooOMIHY, 1 BIZITIOB1IHO IHTEHCHUBHICTh TEXHOJIOTTYHUX IIPOLECIB, EHEPTETUYHI 3aTPaTH, a TAKOXK
AKICTb 1 COOIBapTICTh FOTOBOT MPOIYKIIIi.

PesynpTatu gocmimkeHHs BTpaT TUCKY B ctanioHapHuid map BAC HaBeneHo Ha puc. 1.

AP,Tla ®inpTpyBaHHA ~ Ta30BOr0  IOTOKY  Kpi3b
10000 - - CTaIllOHapHUI JHUCIIEPCHOTO MaTtepianry
I A H-20m / npejacTaBisie  co0or  3MilIaHy — 3a1ady

8000 3— @ m-tsow / rigpoauHamiku. OHaK Teopii 3MilIaHoT 3a1a4i
: Hfijjjj / TIIPOJMHAMIKM HE ICHY€, TOMY AOCIHIKYyBaJIN

6000 / OKpPeMO 30BHIIIHIO 1 BHYTpIIIHIO 3ajadi
4000 /‘1,/ / TiApOAMHAMIKH CcTallioHapHoro mapy. [lix gac
E ;// GinbTpyBaHHS ~ Ta30BOrO0  IOTOKY  Kpi3b

2000 /Z CTalllOHApHUI IIap AMCIEPCHOro MaTepiary
3 ra3oBUi MOTIK OMMBA€ 30BHIIIHIO MOBEPXHIO
KO>KHOT YACTUHKH 1 XapaKTEPHUM PO3MipOM ISt

00_(; o 1'0 o 20 U '3_0 BU3HAYEHHS BTPAT THUCKY € yCePETHEHUI PO3MIp

YACTUHKH TOJIJUCIIEPCHOTO MaTepialy 1o
Vg, M/C

. ., TpeiacTaBisie  cOOOI0  30BHINIHIO  3a]ad
Pucynox 1 — 3anexcnicmo empam mucky AP 6io p 2 ] ) ) e ] y

. . . . rigpoauHamiku. i gac ¢inprpartii rasy Kpisb
Gikmusnoi  weuoxocmi vV,  QpinbmpysanHs .

. . . KaHaJ1n MIX YaCTUHKaMH XapaKTCpHUM
2a306020 nNOMOKY Kpi3b CcmayloOHApHUU uwap

. . napaMeTpoM € EeKBIBJICHTHUH po3Mip IHX

BANHAKOBO-AMIAUHOL cenimpu .
KaHaJIiB

Jis mociikeHH BHYTPILIHBOI 1 30BHILIHBOI 3a1a4l TAPOIUHAMIKH 00paHO TPaHyJIbOBaHY

BamHsKoBo-amiauHy cemitpy (BAC), BupoOHUIITBO sikOi B YKpaiHi € OaraToTOHHaXHUM. JlJis

MIPOTHO3YBAaHHA BTpaT TUCKY Yy cranioHapHoMmy mapi BAC pe3ynpTaTH eKClepHUMEHTaJIbHUX
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JOCIIDKEHD TPEICTaBIISLIN Y BUIIIAA Oe3po3Mipaux koMiuiekciB Eu = f(Re,T), i Binnosiguo Eu =
—x (H\Y . . .
A-Re™: (3) , @ Ppe3yJbTaTH eKCIEPUMEHTAIbHUX JOCIIDKeHb Yy Oe3po3MipHiii  ¢opmi

MpeIcTaBjICHI Ha puc. 2 i puc. 3.
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Pucynok 2 — I'paghiuna 3anexcnicmo kpumepiro  Pucynok 3 — 3anescnicme kpumepito Etinepa
Eu = f(Re,) (3o6niwns 3adaua 8I0 2eomempuiHo20 cumniexcy (Buympiwins
2I0POOUHAMIKU, NO3HAYEHHSL IONO0BIOAIOMb 3a0aua 2i0pOOUHAMIKU NOZHAYEHHS
puc. 1) gionogioaroms puc. 1)

I - Re,, = 240, 2 — 300, 3 — 360, 4 — 420, 5
480, 6 — 540, 7— 600, 8 — 660, 9 — 720
AHpOKCI/IMaHiH CKCIICPUMCHTAJIbHUX JJAHUX CTCIICHCBOIO (by'HKI_[iGIO aajia MO)KJ'II/IBiCTL

BCTaHOBUTH 3aJIeXKHICTh KpuTepito Eiinepa Bix kpurepis PeliHonbaca 1 reoMETpUYHOTO CUMILIEKCY:
. ; . . - H
— IS 30BHINIHKOI 3a1a4i rigpoauaamiku: Eu = 7 - Re, 0.2, (d—e);
cas
. . .. . —-02 H
— JUId BHYTPILIHBOI 3a1a4i rigpoguHamiku: Eu = 3,8 - Re;” T

e

KiHIIeBOIO METOI0 eKCIIEpUMEHTAIbHUX JOCIIPKEHb € 3MEHIIIEHHS! eHEpreTUYHUX 3aTpaT Ha
BUCylTyBaHHS TpaHyl BAC 3aMiHUMBIIM KOHBEKTHMBHE CYUIIHHA B 00epToBHX OapabaHax Ha
¢binbTpaniiHe CyUIiHHSA, fKe SK CTBEpPAXKYIOTh Oarato aBTopiB [1-3] € omHuM i3 HaHOLIBII
epextuBHUX. OTpuMaHi PO3PaXyHKOBI 3aJIEXKHOCTI JTAIOTh 3MOTY MPOTHO3YBAaTH BTPATU THUCKY B
ctaionapHoMy mapi BAC 3 10CTaTHbOIO TOYHICTIO JJIs TPOEKTYBAaHHS YCTaHOBKU (PUIBTpaliiiHOTO
CYLIIHHS.

Cnncox BUKOPHCTAHUX JIZKepeJt
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2025. — Advanced manufacturing processes : 7th Grabchenko’s international conference
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JIronmuna borincbka
K.€.H., JIOIICHT
CyMCBKHii HAIllOHAIBHUH arpapHUi YHIBEPCUTET

3EJIEHE BYIIBHUIITBO AK IHCTPYMEHT CTAJIOI'O BIZIHOBJIEHHA
IHOPACTPYKTYPU YKPATHU

Anomauin. Y pobomi poseisiHymo cymuicme 3e1eH020 6y0ieHUYmMea K IHHOBAYIUH020 nioX00y 00
NPOEKMYBAHHS, 36e0€HHA Ma eKcniyamayii 0yoisens, Wo 6a3yemvbca Ha NPUHYUNAX CIMATI020 PO3GUMK)Y MdA
nepeobavae eghekmuene BUKOPUCMAHHA pecypcie | Minimizayito enaugy Ha 008kinis. OOIpyHmosano
AKMYANbHICMb BNPOBAONCEHHS 3€]IeH020 0YOJisHuymea 6 YKpaini 6 yM08ax NOBOEHHO20 GIOHOGIEHHS, 3
VPAXYBAHHAM eHepeemUYHUX PU3UKI6 ma HeoOXiOHocmi iHmezpayii 00 egponelicbkux cmandapmis. /{oedeHo,
Wo pO36UMOK 3e1eH020 0YOIBHUYMEA CHPUSE NIOBUWEHHIO eHepeemUYHOI De3NeKU, 3HUNCEHHIO BUMPAm
pecypcie ma (hopMy8aHHIO OCHO8 CIANI020 eKOHOMIUHO20 PO3BUMKY YKpaiHu.

Knrwouoei  cnosa:  3enene  OyOigHUYmMBO,  CMAIUU — PO3BUMOK,  eHep2oeqheKmuUBHiCmb,
pecypcosbepedicents, YupKyasipHa ekonomixa, BIM-mexuonoeii.

3eneHe OyIiBHUIITBO - 1€ M1AX1]] A0 IPOEKTYBAaHHS, 3BEICHHS Ta eKCIUTyaTalii Oy /1iBeb, SKUi
nepeabavyae MiHIMI3alil0 BIUIMBY Ha JOBKULIA, €(EKTUBHE BUKOPUCTAHHS C€HEprii, BOAUM Ta
MaTepiajiB, a TaKOXK 3a0e3redeHHs] KOM(DOPTHOTO Ta OE3MEUYHOTO CepeIOBHUINA IS JIFOAUHA. BoHO
0a3yeThCsl Ha MPUHIUINAX CTAJIOTO0 PO3BUTKY, HIO0 TOEIHYIOTh €KOHOMIYHICTH, €KOJOTIYHICTH 1
COLIIAJIbHY KOPUCTh. Y KOHTEKCTI TOBOEHHOTO BITHOBJIEHHSI YKpaiHU 3ejieHe OyIIBHULITBO HaOyBae
CTpaTErivHOro 3Ha4€HH:, OCKIJIbKY 3HaYHA YaCTHHA iIHPPACTPYKTYpH 3pyiHOBaHa a00 MOIIKO/IKEHA,
icHye moTpeba y IMBUAKIHM, ane sKICHIA BiIOYAOBI, CIIOCTEPIraloThCs BUCOKI €HEPreTUYHI PU3UKH,
OB’ s13aHI 13 3aJIEKHICTIO Bl eHEPropecypciB 1 HOLIKOKEHHSIM EHEPrOCUCTEM, a TAKOXK aKTyaJIbHOIO
€ 1HTerpalis 70 €BpONehHchKkUx craHmgaptiB, 30kpema Green Deal 1 ESG-mimxonis. Binrak
BIJIHOBJICGHHS Ma€ 31HCHIOBATHCS HE JIMIIE sIK BiOYJ0Ba, a SK MOJEpHI3allisd Ha HOBIHM «3eleHIN»
OCHOBI [4].

OCHOBHUMH HampsMamH 3€JeHOro OYAIBHUIITBA € TIBUILIECHHS €HeproeeKTUBHOCTI Yepe3
yTeIUIeHHs1 OyziBesb, BUKOPHUCTAHHS EHEProollaJHUX TEXHOJIOTIH 1 BIPOBAIKEHHS CHCTEM
«PO3YMHOTO OYIMHKY», 3aCTOCYBaHHS BiJTHOBIIOBAaHUX JDKEpEN EHeprii, 30KpeMa COHSIYHHX
naHesel, TerIoBUX HACOCIB 1 JIOKAJIbHUX €HEProcUCTeM, BUKOPUCTaHHS €KOJIOTIYHHX Marepiais,
BKJIIOYAIOUYM BTOPMHHY CHPOBUHY Ta MaTepialii 3 HHM3bKUM BYIJICLIEBUM CIIIJIOM, a TaKOX
palioHaJlbHE BHUKOPHUCTaHHA PECYpCiB HUIAXOM €KOHOMIii BOJHM, MOBTOPHOTO BUKOPUCTAHHS
MaTtepialiB 1 3MEHIIEeHHs Oy/iBeIbHUX BiAXOiB. BaxuBy poiib BiIIrpatoTh 1 HU(POBI TEXHOJIOTI,
30kpema BIM-monentoBaHHS, IO J03BOJSE ONTUMI3yBaTU BUTPATU pecypciB 1 e(eKTHBHO
YIPABIISATH )KUTTEBUM IIUKIOM 00’ €KTiB [3].

[lepeBaru 3esneHoro OyNiBHUIITBA IPOSBISIOTHCSA B EKOHOMIUHIN, eHepreTUYHIM, eKOIOTr14HIN
Ta coliaibHIM MIoHMHaX. 3 eKOHOMIYHOI TOYKHU 30py BOHO 3a0e3Meuye 3HMKEHHSI eKCIITyaTaliiHuX
BUTpAT, ITiIBUILEHHS 1HBECTUIIHHOT TPUBAOIMBOCTI Ta IMOJOBKEHHS KUTTEBOTO MHUKITY 00 €KTiB. B
CHEPreTUYHOMY AacleKTi CHpUs€ 3MEHIICHHIO 3aJIe)KHOCTI BiJ 3O0BHIIIHIX JPKEpena eHeprii Ta
MiABUILEHHIO €HepreTM4yHoi Oe3nmeku KpaiHu. EKojoriuxi mepeBard MONSATalOTh Y CKOPOYEHHI
BukuaiB CO:2 Ta 3MEHIIICHH]I HABAaHTAXKEHHS HA JOBKIJUISA, TOML K COIiaJIbHI - Y TOKPAIICHHI SIKOCTI
YKUTTSI HACEJICHHS Ta CTBOPEHHI 0€3MEYHOT0 1 KOM(POPTHOTO CEPEIOBHUIIIA.

BomgHouac BmpoBapKEHHS 3€J€HOTO OYIIBHHUIITBA B YKpaiHi CYHMPOBOKYETHCS HHU3KOIO
BHUKJIMKIB, CEpEJl SKUX BUCOKI MOYATKOBI 1HBECTHIIII, HEAOCTATHIM PiBEHbh HOPMATHUBHO-IIPABOBOTO

109



«EBPONEMCBHKI CTPATEI'Ti EHEPTO3BEPEKEHHS TA iX AJIAIITAINIA B YKPATHI»

3a0e3nedeHHs, 0OOMEKEHHUI TOCTYT J0 «3eJIeHOTO» (hiIHAHCYBaHH, HECTa4a KBajli(hiKOBaHUX KaJIpiB
1 Hu3bKa OO0I3HAHICTh Y4YacHHUKIB pUHKY. I[lompm 1e, NEepCHeKTHBH PO3BUTKY TIOB’S3aHi 3
rapMOHI3aIlI€I0 HALIOHAJBHUX CTAaHAAPTIB 13 €BPONEWCHKMMH BHUMOramu, 30kpema Nearly Zero
Energy Buildings, po3BUTKOM MeXaHI3MiIB «3€l1e€HOro» (hiHAaHCYBaHHS Ta JEP)KaBHO-IIPUBATHOTO
MapTHEPCTBA, CTUMYJIIOBAHHSAM I1HHOBAWii y OyAiBHHUITBI, MaciiTaOyBaHHIM €HEProeQeKTHBHOI
PEKOHCTPYKLIT )KUTIIOBOTO ()OHY Ta BIPOBAPKEHHSAM IPUHLIMIIIB LIUPKYJIAPHOT €eKOHOMIKH [1].

BaxmBuMm acnekToM € Takok (popMyBaHHs AE€P)KaBHOI MOJMITUKHU CTUMYJIFOBAHHS 3€JIEHOTO
OyIIBHHUIITBA Yepe3 MOJATKOBI MUJIbIH, TPAHTOBI IPOrpaMH Ta MATPUMKY IHHOBAIIMHUX MPOEKTIB.
He MeHmn 3Hauymum € po3BUTOK OCBITHIX MpOrpaM 1 MiAroToBKa (axiBIliB, 3MaTHUX IPAIIOBATH 3
CY4aCHUMH TEXHOJIOTIIMH Ta CTaHAapTaMu. Y TMEpCHeKTHBI 1€ crpustumMe (GOpMyBaHHIO
KOHKYPEHTOCIIPOMOXKHOTO OyIiBEJIbHOTO PHHKY Ta 3aJy4YCHHIO MDKHApOIHUX iHBeCTHIIH. Kpim
TOT0, TIOUIMPEHHSI MPHUHIUIIB 3€JIEHOr0 OYAIBHHUILITBA CTUMYJIIOE PO3BHUTOK CYMIKHHX Tally3ei,
30KpeMa BUPOOHHUIITBA EKOJIOTIYHHX MaTepialiB i BIAHOBIIOBAHOI €HEPreTHKH. Y CYKYITHOCTI IIe
3a0e3neuye MyJIbTUILIIKATUBHUN €EeKT JIsl €EKOHOMIKHU Ta CTaJloro PO3BUTKY KpaiHu [2].

JlonaTtkoBo cilij] BIA3HAYMTH, IO BIPOBAIKEHHS CTaHAAPTIB €HEProeeKTUBHOCTI CHpUsE
MIJBUIICHHIO MPO30pOCTi OydiBENbHOTO PUHKY Ta SIKOCTI peanmizalii HmpoekTiB. BaxnuBy poib
BiJirpae IU(PPOBUI MOHITOPUHI IOKAa3HUKIB EHEProCHOXHMBAHHA, ILIO J03BOJISE ONEPATHBHO
pearyBaTd Ha BIAXWIECHHS Ta TMiJBUIIYBaTH €(EKTUBHICTh YINpaBIiHHSA 00 €KTaMHu. Y4acThb
MDKHAPOJHHUX OpraHizamiidi Ta (IHAHCOBUX IHCTHTYIIM CTBOPIOE IOJATKOBI MOXKJIMBOCTI IS
MacIITa0yBaHHS «3€JICHUX» IHIMaTHB B YKpaiHi. TakuM 4YWHOM, KOMIUIEKCHE ITOE€IHAHHS
IHHOBAIIMHUX TEXHOJIOTIH, JAep:KaBHOI MIATPUMKH Ta 1HBECTHIIN 3abe3nedye CTIMKUNA PO3BUTOK
OyAiBeNIbHOI raly3i Ha 3acajjax eKOJIOTIYHOI Ta eHepreTHuHol e(heKTUBHOCTI [4].

BucHoBok. 3eneHe OyAiBHULUTBO € HE TMPOCTO Cy4aCHUM TPEHJOM, a KIHOYOBUM
IHCTPYMEHTOM CTaJOro BiJHOBJIEHHS 1H(PAcTpyKTypu YKpaiHu. BoHO [103BOJsie 0JTHOYACHO
BUPILIUTH TPU CTpATEriuHi 3aBJaHHs: B1IOYAyBaTH 3pyHHOBaHI 00’ €KTH, MIJBUIIUTH €HEPreTUUHY
HEe3aJeXHICTh Ta 3a0e3meyuTH ekojoriuny Oesmeky. Came Takuili miaxin QopMye OCHOBY
JOBIOCTPOKOBOTO €KOHOMIYHOT'O PO3BUTKY KpaiHH.

CnuCcoK BUKOPUCTAHUX JKepel
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ynpaBiiHHs nepcoHanoM. [loniTuuni Hayku Ta myOmiuHe ynpasiinHs. 2024. Bun. 4, Ne 76. C. 71—
77. DOI: https://doi.org/10.32689/2523-4625-2024-4(76)-9.
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https://doi.0org/10.37405/1729-7206.2023.1(44). 124-138.
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T'IBPUIHI MOJEJII MAILIMHHOT'O HABYAHHS JIJISI ONTUMI3ALI
EHEPTOBUTPAT XMAPHUX HEHTPIB OBPOBKHU JAHUX

Anomauia. Posenanymo 3acmocyeanus  2iOpuoHux moolenei  MAWUHHO20 — HABYAHHA  OJif
NPOCHO3Y8AHHA HABAHMAICEHHA MA ONMUMI3AYIi eHepeosUmpam XMApHux yeHmpie 0OpPOOKU OaHUX.
Obrpynmosano  OOYinbHICMb  NOEOHAHHA — 320PMKOBUX — HEUPOHHUX — Mepedc, Modeli 3 0082010
KOPOMKOCMPOKOBOIO NAM SAMMIO Ma 2padi€HMHO20 NIOCUNeHHs O 30IUCHEH Sl €6PONEUCLKUX cmpamezill
eHnepao36epedicenis 8 YMo8ax po3sUmKY iH@opmayitinux mexnonoziu Ykpainu. 3anpononoeano apximexmypy
2iOpUOHOI MoOeni ma npoananizo8ano egexmu 8io ii BNPOBAONCEHHS.

Knrouoei  cnosa: 2ibpuoni  mooeni  MAWUHHO20 — HAGUAHHSA, YeHmpu  00pOOKU  OaHUX,
eHepeoeheKmusHicmy, NPOSHO3Y8AHHS HABAHMAICEHHS, HEUPOHHI MePediCt, eHEP2030ePeHCeHH L.

XMapHi 1neHTpu 0OpOOKM JIaHWUX € OJHHUM 13 HAMOLIbII €HEProOEMHUX CETMEHTIB Cy4YacHOI
iH(pOpMaNiiHO-KOMYHIKaIHHOI 1HQPACTPYKTYpH: 3a OMiHKaMH MIKHApOIHOTO EHEPreTUYHOTO
areHTcTBa, y 2024 poui Ha HUX npunajano 1,5 % cBITOBOro CroKMBaHHA el1eKTpoeHeprii, a 10 2030
POKY ITPOTHO3Y€ETHCS TTOIBOEHHS I[HOTO MIOKA3HMUKA BHACITIJIOK PO3BUTKY XMapHHUX CEPBICIB Ta CUCTEM
mry4Horo iHtenekty [1]. OnTumiszaiisi eHeproBUTpaT TaKMX OO0 €KTIB € KIIIOYOBUM HANpsiMOM
peamizanii €BpONENChKUX CTpaTerii eHeprozoepexeHHs, nepeayciM iHiliaTuBu €BpoIEHCchKOro
3eneHoro Kypcy Ta Kogekcy noseninku €spomneiicbkoro Coro3y o0 eHeproe(eKTUBHOCTI LIEHTPIB
00poOku ganux [2].

KnacuuHi MeTroaM mNpOrHO3YBaHHS HABAaHTAXKEHHS IIEHTPIB OOpOOKM JaHUX, 30Kpema
aBroperpeciiini mozem tumy ARIMA, He 3a0e3medyloTh JOCTaTHBOI TOYHOCTI B yMOBax
HEeCTalllOHapHUX 1 OaraTOpiBHEBUX 3aKOHOMIpPHOCTEH xmapHoro Tpadiky. Oxpemi MeTonu
MalIMHHOTO HaBYaHHS: 3TOPTKOBI HEMPOHHI MeEpexi, MOJedl 3 JOBIOI KOPOTKOCTPOKOBOIO
nam’ATTIO Ta aHCaMOJIi TPaliEHTHOTO MiJICUJIEHHS - KOXKEH Mae CBOI IepeBaru, mpoTe >KO/IeH 3 HUX
OKpEeMO HE OXOIUIIOE BChOTO CIEKTpa 3aKOHOMipHOCTeW HaBaHTakeHHS [3]. IlopiBHSHHS mHHMX
IMIXO/IB MOAAHO B Ta0muLi 1.

Sk BuaHO 3 Tabnwii 1, HABUILY TOYHICTH 3a0e3Medye riOpuaHa apXiTeKTypa, 0 MOETHYE
NepeBaru 3ropTKOBUX MEPEK, pEKyPEHTHUX MEPEXk Ta IPalieHTHOTO MiICHICHHS.

3anpornoHoBaHa apxiTeKTypa Tependadae TMOCTIOBHO-TIApalelibHy OOpOOKY JTaHUX:
3rOpTKOBa Mepeka BUSBISE JIOKAJbHI IPOCTOPOBI 3aKOHOMIPHOCTI B 0araTOBUMIpPHHX JaHHX
TeIeMeTpii, peKypeHTHA MEpPEekKa MOJIEITIOE TOBTOCTPOKOBI YaCOB1 3aJIEKHOCTI TpadiKy, a TpaIi€HTHE
MIJCWICHHS TOEAHYE MPOTHO3M TOMEPENHIX PIBHIB 3 KOHTEKCTHUMHU O3HAKaMH (JI€Hb THIKHS,
Temmeparypa, Tapudu). [Iporuo3 Ha TOpu30HT Bix 15 XB 10 24 1O/ CIYrye OCHOBOIO /ISl PILIICHD Y
YOTHUPHOX TMIJACUCTEMAax: KEpyBaHHS EHEProCIOXUBAHHSAM CEpBEPiB, KEPYyBaHHA CHUCTEMaMU
OXOJIO/PKEHHS, KOHCOIAAIil BipTyaJbHUX MAIlMH Ta iHTErpalii 3 BiJHOBIIOBAHUMH JKEpellaMH B
MeXax IHTEJIEKTyalIbHOI EHEPTOMEPEKi.
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Taoauus 1 IopiBHAHHSA Moje/ieil MAIIMHHOTO HABYAHHS JIJISl IPOTHO3YBAHHS
HABAHTAKEHHSI IEHTPIB 00pOOKM TaHUX

. TToxuoka
Moaean CuJbHI CTOPOHU O0MekeHHS
MPOTHO3Y
ARIMA [IpocToTa, iHTEpIPETOBAHICTh Jlue niHiMHI 3aJ1€KHOCTI 812 %

BusiBieHHs T0KalIbHUX
. . Cnabke MOZETIOBaHHS o
CNN 3aKOHOMIPHOCTEHN y 5-8 %

. JOBI'HX 3aJIeKHOCTEH
6aFaTOBI/IM1pHI/IX JaHUuX

MoienroBaHHs 4aCOBUX Bucoki o0uncitroBaibHi
LST™M . 4-6 %
3aJIEKHOCTEN BHUTpATH, IEPCHABYAHHS
Bucoka mBuakicts, podoTa 3 IrHOpYBaHHS TTOPSIK
XGBoost ’ Y Y 4-7 %
TreTEPOreHHUMHU O3HAKaMH TaHUX
KowmrmiekcHe BpaxyBaHHs CxitagHicThb
CNN-LSTM- yeat ) .
MPOCTOPOBO-YACOBUX 1 HaJIAIUTYBAHHSA U 24 %
XGBoost .
KOHTEKCTHUX O3HAK IHTepIpeTanii

OuikyBaHi edekTr Bij ympoBa/DKEHHS TiOpUIHHX MOJENEH Yy XMapHUX IIEHTpax 0OpoOKH
JAHUX BUSBIAIOTHCS OAHOYACHO Y TEXHIUHIN, EKOHOMIYHIM Ta €KOJOTI4HIN MIOIUHAX: 3HUKEHHS
NoXuOKM mporHozy no 2—4 % 3abe3neuye exkoHoMio 8—15 % enexkTpoeHeprii, CKOPOYEHHs
KoeiieHTa epeKTUBHOCTI BUKOpUCTaHHS eHeprii 3 1,5-1,7 mo 1,2—1,3 Ta 3MeHIIEHHS BUKUIIIB
Byriekucioro razy Ha 20-30 % mnpu moelHaHHI 3 BIAHOBIIOBAaHHUMH Jukepenamu. s Ykpainu
BIIPOBA/DKEHHSI TaKUX PILIEHb € OCOOJMBO aKTyaJbHUM 3 OIVILYy Ha OOMEXKEHICTh I'€HEpYHUHMX
MOTY>KHOCTEH Ta 3000B’sI3aHHS 11010 CHHXPOHI3AII11 3 €BPONEHCHKOI0 €HEPTOMEPEKEIO.

Boanouac BUsBI€HO HU3KY MpoOieM, Kl MOTpeOyI0Th MOAAIbIIOro BUPIIEHHS: 1) BUCOKa
o0YMCITIOBaJIbHA CKJIAJHICTh TOPUIHUX apXITEKTyp MPU3BOAUTH /10 3HAYHOI'O €HEProCIOKUBAHHSI
Ipollecy HaBYaHHS Ta MEpPeHaBYaHHS, L0 YaCTKOBO 3MEHILIY€E OUiKyBaHY E€KOHOMIIO; 2) HM3bKa
IHTepIpPETOBAHICTh MOJAETEeH YCKIAIHIOE iX YHOPOBaXKEHHS Y KPUTHUYHY EHEpreTU4HYy
iHGpacTpyKTypy; 3) HECTalllOHApHICTb XMapHOro Tpadiky Ta 3MiHa 3aKOHOMipHOCTEH
HaBaHTAXXEHHS Y BOEHHUX YMOBaxX MPU3BOJAATH O IIBUAKOTO «CTApiHHS» MPOTHO3HUX Mojeneit; 4)
NepiuUT pernpe3eHTaTUBHUX BIAKPUTHX HAOOpPIB JAHUX TeJIEeMETpii IEHTPIB OOpOOKM JaHHUX B
VYkpaiHi yCKJIaIHIOE HAaBYaHHS ¥ BaJTIIAIIiI0 MOICIICH.

Cnncox BUKOPHCTAHUX JIZKepeJt
1. International Energy Agency. Electricity 2024: Analysis and forecast to 2026. Paris : IEA, 2024.
170 p.
2. 2024 Best Practice Guidelines for the EU Code of Conduct on Data Centre Energy Efficiency / EU
Joint Research Centre. Luxembourg : Publications Office of the European Union, 2024. 96 p.
3.Hong T., Pinson P., Wang Y. et al. Energy forecasting: A review and outlook // IEEE Open Access
Journal of Power and Energy. 2020. Vol. 7. P. 376-388.
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KOHTEKCTHA THXKEHEPIS IK YAHHUK EHEPTOOIITUMIBAIII
MYJbTUATEHTHUX CUCTEM BEJIMKUX MOBHHUX MO/JIEJIEH

Anomauin. Y 00CniOdiceHHI NPOAHANI308AHO  6NIUE MeMmO0i8 KOHMEKCMHOI I[HJCeHepli Ha
eHepeoephexmusHicms MyIbMUAZEHMHUX CUCMEM HA OCHOB8I 8eUKUX MOGHUX Moldenel. Bcmanosneno, wo
imepamueri YuUKIu MipKy8aHb CHPUYUHAIOMb eKCNOHEeHYiliHe 3pOCMAaHHA mpackmopiu dianozy (0o 1 miu
KYMYJSAMUGHUX TOKEHI8 HA 3a80aHHs), npuuomy 0o 99% mpa@iky cmanosensims 6XIOHI OaHi, WO CMBOPHE
3HAUHe HABAHMANCEHHA HA NAM amb I eHepeocnodcueanus. Ha ocuoei Oewumapka TokenPowerBench
NOKA3AHO, WO eheKmusHa opeanizayisi KOHMEKCmy 00380E CYMMEGO 3HUUMU 0OUUCTIOBANIbHI UMPAMU,
mooi 5K i1 HepayioHanbHA peanizayis ma YUKIiuHi npoyecu MipKy8aHHsa NPU3800ams 00 nepesumpam eHepeaii,
wWo 00yMO8II0E HeOOXIOHICMb ANapamHO-CUCINEMHO20 KO-OU3AaUHy 0JiA MIHIMI3ayii empam npu nepemiujeHHi
OaHUX MIXHC PIGHSAMU NAM ST,

Kniouosi crosa: Konmexcmua inocenepis, enepeoepexmuenicms, MyIbMuUazeHmHi CUCmemu, GeiuKi
MOBHI  MOOeNi, CMUCHEHHS MPAEKMOPIl, KOHMEKCMHA MApPWPYymMu3ayis, CmpyKmypogana nam simo,
TokenPowerBench.

Beryn Ta aktyanabHicTb. CTpiMKa iHTErpalisi aBTOHOMHUX areHTiB Ha 0a31 BEIMKUX MOBHUX
Mojieniel y BUpOOHMYI MpOLleCH BUCBITIMIA Mpo0OeMy iXHbOI KpUTHUHOI eHeproeMHocTi. CyyacHi
MYJIbTHAr€HTHI CHCTEMU BUKOPUCTOBYIOTh 0araTOKpOKOBI iTepaTHUBHI LIMKJIU, HaNIpHuKIIad, ReAct, mo
NPU3BOJUTH JI0 €KCIOHEHIIHOrO 3pOCTaHHS TPAeKTOpii aAianory. 3okKpema, BUpIIMIEHHS OHi€l
nporpamHoi noMunku B 0OeHumapky SWE-bench Verified Bumarae B cepenaboMy 48,4 THC. TOKEHIB
3a 40 KpoOKiB, 1110 Yepe3 HAKOMUYEHHs icTopii TpaHchopMyeThes y noHaa 1,0 MITH KyMyJISTHBHUX
TOKEHIB Ha ojHe 3aBlnaHHs. Ockuibku 10 99% Tpadiky ckiagaroTh BXiJHI TOKEHHM TPAEKTOPIi,
BUHUKA€ 3HAYHE HABAaHTAKEHHS Ha MPOIYCKHY 3[aTHICTh MaM'sTi, 110 0€3M0CepeHbO KOPEIoe 31
3pOCTaHHSAM BYIJIELIEBOTO CIIJIy Ta BapTOCTi oOciayroByBaHHs 1HGpacTpykTypu [1]. KoHtekctHa
1HXKEHepis, 10 OXOIUII0E METOJIM CTUCHEHHSI, MapIIpyTH3allii Ta CTPYKTypyBaHHs MaM'siTi, TIOCTa€e
KIIIOYOBUM 1HCTPYMEHTOM JIISl TIEPEXOJIy BiJ TACHMBHOTO OPKECTPYBAaHHS 1O aKTUBHOTO
€HEeproe(peKTUBHOIO KOHTPOIIIO OOYNCIIEHb.

Teoperuxo-merogonoriunmii 6azuc. KoopauHaiiss B KOHTEKCT-OPIEHTOBAHUX CHUCTEMax
dopmanizyeTbcss SK JACLUEHTPATi30BaHUM YaCTKOBO CHOCTEPEXYyBaHHHM MAapKiBCbKMHA IpOLEC

npuiHATT pimtens [2]. YV Takiii momeni obcepsaiiis koxHoro arenra Ol,t oOMexyerbes CyO-

xonrtexctoM Cti, sixuit hopMyeThest omepaTopoM CTHCHEHHS Ta MapIIPYTH3allii 3 ypaxyBaHHSIM PO
areHTa Ta OPCTKOTO JIMITY TOKeHIB. L{i1b0BOIO (QYHKIIEI0 CHCTEMH € MaKCHMMI3allisl O4iKyBaHOT

BHHArOPOJM TIPM JIOTPMMAaHHi eHepreTHyHoro Owomkery inpepency Ebudget. ®izuune

eHeprocroxuBanHs cuctemu Etotal susmauaetscss sx imrerpan motyxsocti CPU Ta GPU, ne
MUTTEBI 3HAYCHHS MOTYKHOCTI IETEPMIHYIOTbCS 00CATOM 3UYMTYBAaHHS Ta OOUMCIIEHHS TOKEHIB, 110
3aJIe)KHTh BiJl €()EKTUBHOCTI OIeparopa .

MeTtonoaoriss BuMiproBanHs. /s OLIHKK eHEproe(eKTUBHOCTI KPUTHUYHO BAXKIIUBUM €
PO3MEXyBaHHS METPUK: HEmpsMi (TPOKCi) METPUKH, Taki SK OOCAT TOKEHIB, Yac BUKOHAHHS Ta
KUTBKICTD 3aIUTIB; MpsMi (i3UUHI MOKa3HUKH, TOOTO eHeprocrnoxuBanus ([[x), moTyxHicts (BT) Ta
iHTerpaibHa BUTpaTa eHeprii (kB1-Tox), mo BuMiproroThes 3acobamu Intel RAPL, NVML/DCGM
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a0o 30BHIMHIMKA BaTMeTpamu. CriertianizoBanuii 6eHuMapk TokenPowerBench no3Bossie mpoBoautu
($a3oBy JEKOMIIO3HINI0 €HEPrOBUTPAT HA €Tamu OOpPOOKM BXOAY Ta TeHEpalli€lo, BUSBISIOUH, 110
SHEepTis Ha TOKEH 3POCTaE CyNepIIiHiiHO BITHOCHO po3Mipy mozedi [3].

IIporpamHi MeTOAM CTUCHEHHS KOHTEKCTY Ta MapmpyTu3anii. Ontumizaiisi TpaekTopii,
Hanpukia, maxin AgentDiet, 703BoJIsle CKOPOTUTH KUIBKICTh BXiTHUX TOKEHIB Ha 39,9-59,7%, mo
3a0e3neuye 3MEHIICHHA o0uucaoBaIbHUX BuTpaT Ha 21,1-35,9% 06e3 nerpamauii sikocTi[1].
Bukopucranus cuctem aJanTUBHOrO MaplIpyTHU3yBaHHs, Takux sk GreenServ, Smart Meta-
Controller, Mi>k «JIETKUMU» Ta «BaKKHUMI» MOJEIISIMU 3aJI€KHO BiJl CKJIaTHOCTI 3aBAAHHS 1a€ BUTPAILI
no 62% eneprii Ha 3anut. Edekr nocsraetbcs 3a paxyHOK (yHIaMeHTaIbHOro Qaxtopa —
3MEHIIEHHS 00cATY 00YHCIICHD 1 KITBKOCTI 00pO0IIIOBaHUX TOKEHIB, IO € IPSIMUMH A€TEPMiHAHTAMHU
(hi3MYHOTO EHEePrOCIIOKUBAHHS.

Jloriuna opranizamis mam’ATi Ta anmapatHuii acmekt. CTpyKTypyBaHHS TaMm’sTi 3a
ponboBUM TpuHIUIIOM, Hampukiaa, RCR-Router, no3Boiise BigOwpaTd JHIIe CEMAHTHYHO
pelieBaHTHI (parMeHTH, cKopouyrouu oOcsr TokeHiB 10 30% Ta yac BukoHaHHS Ha ~38% [4].
Enizognuna pekoHCTpyKIis KOHTEKCTY E-mem 3maTHa 3HU3UTH TOKEH-BapTicTh Ha moHan 70%.
lepapxiuni minxonu H-MEM, AOI 3a0e3neuyroTh miiecnpsiMoBany ¢inbrpaiito iHdopmalii, 1o
MiHIMI3y€ KUIBKICTh JOPOTHX 3BEPHEHD J0 Mam'saTi. BogHoyac HasiBHI JOCTIAKEHHS IMiIKPECTIOIOTh
BXJIMBICTH allapaTHO-CHCTEMHOTO Ko-au3aiiHy. Bukopuctanas MoE-apxitekTyp 3abe3neuye 2—3-
KpaTHE 3MEHIICHHS SHEPrii Ha TOKEH IMOPIBHSHO 3 IIUIbHUMH MojermsiMu. OfHak HepalioHaIbHA
oprasizariis iepapxii mam'sti, sik-oT BuBaHTaxeHHs Bar MoE Ha moBinsHI SSD-HakonmuyBadi, Moxe
30IIBIINTH €HEProBUTpAaTH Yy 12 pasiB, HIBENIOIOUM MEpeBaru aJropuTMIYHOI ONTHMI3aLlli.
Hatomicts cnerianizoBani pimenHss H3D-LLM pocsraroTh miJBUIIEHHS €HEProeQeKTUBHOCTI 10
12,3 paza uepe3 ontumizanio KV-kemry.

BucHoBKHM. 3acTOCyBaHHS METOJIB KOHTEKCTHOI 1HXKeHepil 3a0e3nedye 3HMKEHHS
obuncmoBanbHUX BUTpaT Ha 20-35%, ToAl K Hee()eKTUBHA OpraHizallis KOHTEKCTY Ta LUKIIUHI
MIpKyBaHHSI MOXYTbh MPU3BOIUTH 10 A0 9,4-KpaTHOTO mepeBuTpayaHHs eHeprii. [lepcnekTuBHUMU
HanpsMaM# € po3poOKa JIETKOBArOBUX MOJIENEH ISl MOHITOPUHTY EHTPOIii KOHTEKCTY 3 METOI0
BUSIBJICHHS HETIPOTYKTUBHUX IIUKJIIB, @ TAKOXK IPOSKTYBAaHHS T€TEPOTCHHNX CUCTEM 30epiraHHs, 1o
y3roJUKYIOTh JIOTIYHI PIBHI Ham’aTi 3 (I3UYHOIO apXIiTEKTypolO, 1 CTBOPEHHS YHi(IKOBaHUX
OEeHUMapKiB JJ11 EHEPreTUYHOI0 PO IITIOBaHHS MYJbTHAT€HTHUX CUCTEM.
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Abstract. This study investigates the feasibility of applying passive optical sensors based on liquid
crystal-semiconductor structures for non-contact temperature monitoring in energy-efficient digital
environments. An approach for digital optical signal processing is proposed, including spectral response
acquisition, white balance correction, transformation of colour coordinates from CIE XYZ to RGB, and
gamma correction. The experimental results demonstrate that the highest sensitivity of the sensor structures
is observed in the spectral range of 450-550 nm, where the maximum signal intensity reaches 1.4 relative
units. A temperature-dependent calibration characteristic, Amax = f(T), was obtained, confirming the possibility
of quantitative temperature determination based on the spectral shift of the selective reflection maximum. The
results demonstrate the potential for integrating the proposed sensors into IoT platforms, smart building
systems, and energy consumption monitoring systems.

Keywords: passive optical sensors, liquid crystals;, semiconductor structures; temperature
monitoring; energy-efficient systems; Internet of Things, digital image processing; colorimetry; smart
monitoring; non-contact diagnostics.

The modern development of energy-efficient technologies, Industry 4.0 concepts and the
Internet of Things are driving an increasing demand for sensor systems capable of providing
continuous real-time monitoring of environmental parameters with minimal energy consumption.
Temperature is one of the key parameters determining the energy efficiency of technical systems,
building infrastructure, electronic equipment, and industrial facilities. At the same time, conventional
electrical temperature sensors operating under conditions of increased electromagnetic interference
may exhibit reduced measurement accuracy, require additional power supply, and involve complex
signal processing circuits.

A promising alternative involves the use of passive optical sensors based on functionally
integrated liquid crystal-semiconductor structures, in which the detection process relies on changes
in the spectral characteristics of an optically active medium under the influence of external physical
factors. Cholesteric liquid crystals are characterized by a helical supramolecular structure whose pitch
is highly sensitive to temperature variations. Structural rearrangement of the mesophase is
accompanied by a spectral shift of the selective reflection maximum, resulting in a colour change of
the sensing element, which can be utilized for non-contact temperature monitoring. Such an approach
eliminates the need for active electrical primary transducers, reduces the influence of electromagnetic
interference, and decreases the overall energy consumption of the system [1, 2].

The aim of this study is to evaluate the feasibility of applying passive optical sensors based
on liquid crystal-semiconductor structures for smart temperature monitoring in energy-efficient
digital environments.
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For digital processing of the optical signal, an optical identification algorithm was
implemented, which includes:
e spectral signal acquisition using digital optical systems;
e white balance correction to compensate for illumination conditions;
e matrix transformation of colour coordinates from CIE XYZ to the RGB colour space;
e gamma correction of nonlinear colour channels;
e construction of calibration dependencies of the spectral response as a function of temperature.

Experimental studies were conducted in the optical range of 370—650 nm. It was established
that the highest sensitivity of the sensor structures is observed within the 450-550 nm wavelength
range, where the maximum signal intensity reaches I = 1.4 relative units. Analysis of the spectral
response showed that a wavelength shift of 10 nm is accompanied by an intensity variation of
approximately 0.14 relative units, indicating high spectral resolution of the sensor system and the
capability to detect small temperature variations. A temperature-dependent shift of the selective
reflection maximum was identified and described by the calibration relationship A.. = f(T). The
obtained results confirm the stability of the optical response and the reproducibility of measurements
during repeated heating and cooling cycles [3-5].

Additionally, it was found that the application of digital image processing enables automated
classification of the temperature states of the sensing element without direct electrical contact with
the monitored object, thereby expanding the possibilities for integrating such sensors into distributed
monitoring systems.

These results confirm the potential of passive optical sensors for application in energy
consumption monitoring systems for smart buildings, industrial Internet of Things platforms,
predictive equipment diagnostics systems, as well as environmental monitoring of industrial facilities,
where low energy consumption, electromagnetic compatibility, autonomous operation, and remote
diagnostics are of critical importance.
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Abstract. This study addresses Advanced Metering Infrastructure (AMI) cybersecurity challenges in
Ukraine’s energy sector amid war and EU integration. It identifies severe vulnerabilities, notably commercial
metering and SCADA fragmentation, alongside reliance on unencrypted legacy protocols like Modbus. To
mitigate risks cost-effectively, the study proposes deploying TLS gateways (IEC 62351), ensuring
communication redundancy, and adopting a hybrid cloud model. Immediate regulatory compliance with the
EU Cyber Resilience Act is recommended, with IEC 61850 migration as a long-term goal. Ultimately, securing
AMI ensures operational sovereignty and EU market integration.
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Relevance. The digitalisation of Ukraine's energy sector constitutes a strategic priority within
the framework of European integration and the fulfilment of obligations under the EU-Ukraine
Association Agreement [1]. The widespread deployment of Advanced Metering Infrastructure (AMI)
substantially expands the cyber-attack surface of critical infrastructure. Following Ukraine's
synchronisation with ENTSO-E in 2024, requirements for digital resilience have acquired an explicit
regulatory dimension. The ongoing war further intensifies these challenges, as damage to
communication infrastructure directly impairs the operation of metering and control systems.

System Architecture and Risk Analysis. A typical energy data transmission system
comprises a three-tier architecture: smart meter, Data Concentrator Unit (DCU), and central database
or SCADA system. A critical systemic issue is architectural fragmentation: commercial metering
based on the DLMS/COSEM protocol [2], mandated by the NEURC Commercial Metering Code [3],
and operational monitoring via SCADA operate as parallel, poorly integrated subsystems, and the
absence of network segmentation between them creates an attack vector from a field device to
substation control systems. The principal vulnerabilities include the absence of end-to-end encryption
in the majority of deployed systems, dependency on mobile network infrastructure susceptible to
disruption in war conditions, and the inability to remotely update legacy field devices. Metering data
constitutes strategically sensitive information: load profiles disclose network topology, while
anomalies in meter readings may indicate cyberattacks or physical infrastructure damage.

Comparative Protocol Analysis. At the field level (meter to concentrator), Modbus
RTU/TCP and its industry adaptation SunSpec Modbus represent the de facto standard for the
majority of deployed meters and inverters. Despite their prevalence, these protocols lack built-in
authentication and encryption, constituting a critical non-compliance with EU requirements. IEC
61850 provides comprehensive protection aligned with ENTSO-E requirements but remains limited
in Ukraine due to cost and a shortage of qualified personnel, whereas DLMS/COSEM (DSTU EN
62056), mandatory for new meters under the NEURC Code, incorporates cryptographic mechanisms
and offers a viable foundation for system unification. At the backhaul level (concentrator to database),
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GPRS/4G remains prevalent despite its dependency on commercial mobile infrastructure; NB-IoT
and LoRaWAN constitute prospective alternatives with stronger native security support.

Recommendations. To address the identified vulnerabilities, a multi-layered strategy is
proposed, encompassing immediate technical upgrades, regulatory shifts, and long-term architectural
evolution. The most immediately feasible measures concern communication security at the data
transport layer. Deployment of TLS gateways as an overlay security solution, implemented in
accordance with IEC 62351 [4], enables encryption and mutual authentication without requiring
replacement of end devices. This should be complemented by communication channel redundancy:
combining a primary channel (4G/NB-IoT) with a backup channel (LoRaWAN or satellite
communication) eliminates single points of failure, which is particularly pertinent given the
vulnerability of terrestrial infrastructure in war conditions. Both measures are economically justified
for mid-to-large-scale facilities and, given that neither requires replacement of existing hardware, are
among the most rapidly deployable options available. Parallel to these technical measures, it is
recommended that compliance with the EU Cyber Resilience Act [5] be incorporated as a mandatory
evaluation criterion in public procurement procedures for metering system equipment. Regarding
cloud technologies, a hybrid model is recommended: real-time operational systems (SCADA, EMS)
are retained on locally hosted, hardened servers, while non-critical data, such as analytics, load
forecasting, and archives exceeding ninety days, may be hosted in a private cloud under national
jurisdiction, combining the advantages of scalability and automated backup with data sovereignty
requirements, in alignment with the Gaia-X and SecNumCloud frameworks.

Conclusions. Data protection for energy infrastructure requires a calibrated, phased approach
aligned with Ukraine's institutional capacity. Priority should be given to cost-effective measures:
overlay encryption, channel redundancy, and procurement-driven regulation via the EU Cyber
Resilience Act. Ultimately, securing metering and communication infrastructure is not merely a
technical requirement, but a structural precondition for Ukraine's full integration into the European
energy market and for maintaining operational sovereignty over critical national assets.
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AHnomauia: poseniaHymo 3a0ayy adanmueroz2o eubopy opona-pempanciamopa y FANET ¢ ymosax
BUCOKOI MOOINLHOCIMI, HeCMAOINbHUX PAJIOKAHANIE | 0OMENCEHUX eHepeopecypCie. 3anponoH08anHo Heupo-
Heyimkull nioxio, wo oyinwe kanouoamie 3a SoC, LOE ma RPI i ¢opmye inoexc npuoamnocmi
pempanciamopa RSI.  Pesynomamu 3D-cumynayii y cepedosuwi  1000x1000x1000 m3 niomeepounu
niosuwenusi PDR 00 99%, 3menwenus sampumxu Ha 26% ma exonomiio enepeii 0o 25-30%.
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Beryn

Jlitaroui camoopranizoBani Mmepexxi FANET € mepcieKTHBHUM Ki1acoM 0€3IpOTOBHX CHUCTEM,
y skux rpyna BIIJIA ¢yHkIioHye SK CyKyNmHICTH MOOUTBHHMX BY3JIB 3B'si3Ky. Ha BiamiHy Bin
neHTpanizoBanoi apxitektypu UAV-to-Infrastructure, FANET BHKOpPUCTOBYE AeLEHTpalli30OBaHi
3B's13ku UAV-to-UAV, 1o mifBHIy€e BiAMOBOCTIMKICTH 1 JJO3BOJSE€ MIATPUMYBATH KOMYHIKALIIIO
HaBiTh NpHU BTpaTi oKpeMux By3mdiB [1-3]. BogHouac Taka Mepeka XapaKTepH3YeThCs IIBUAKOIO
3MIHOIO TOIIOJIOTIi, MEPEPUBUYACTICTIO KaHAJIB, 0OMEXEHUM 3apsiIoM aKyMyJIATOPIB Ta 3aJIeKHICTIO
AKOCT1 curHaiy BiJ pyxy BIIJIA y TpuBUMipHOMY ITPOCTOPI.

Kputnunum pimennsm y FANET e BuOip HacTymHoro By3jia MapumipyTy - JIpOHa-
perpancisatopa. Knacuuni nporokonn AODV ta OLSR wyacTo pearyloTh Ha po3puB KaHalIy BKe
IiCHsl MOro BUHUKHEHHS, 110 30UIbIIY€e 3aTPUMKH Ta 3HUKY€E KOEPIIIEHT JOCTaBKH MaKeTiB. ToMmy
aKTyaJIbHUM € TPOAKTUBHUM MIAX1J, SKUH OILIHIOE HE JHIIE MOTOYHY SIKICTh KaHaly, a U
NEePCHEKTUBHY CTIMKICTh MapIIPYTy.

MeToa BHOOpPY peTpaHcasiTOpa

Mepexy FANET nonano sik aunamiunuit rpad G(t) = (V, E(t)), ne V - muoxkuna BITJIA, a
E(t) - akTuBHI kaHanu 3B's13Ky. [loTOUHMIT By30:1 JIOKaJIbHO 00Mpae HalKkpanioro cycina 3 Tadbmumi N-
cycimiB [4]. Ta6mums N-cyciaiB popmyeThecsi Ha ocHOBI nepioguyanx Hello-makeris, y sitkux BITJIA
nepearTh 1IeHTU(IKaTOp, KOOPAUHATH, HMIBUAKICTh, HAIPSIMOK pyXy Ta piBeHb 3apsamxy SoC. Ilig
Yac MpHUIOMYy TaKoOro MOBIJOMJICHHS NMOTOYHMN BY30Jl OHOBIIOE 3allMC PO CyciJla Ta BUMIPIOE
napamerpu sikocTi kaHaimy: RSSI, SINR 1 LQI. SIkmo moBiZoMiIeHHS HE HaJIXOAWUTH YIPOJIOBX
3aJJaHOTO 1HTepBaly abo mapaMeTpu KaHally HOTIPHIYIOTHCS, CYCiJ BHIy4YaeTbes 3 TaOnuui abo
M03HAYAETHCS SIK HECTAOIIbHUMA.

Kanmunatu dinerpyrotecs 3a moporamu: SoC < 20%, LQI < 80% a6o RSSI < -90 dBm. Taki
BY3JIM BUKJIIOYAIOTHCS 3 PO3TIISAY K €HEPreTUYHO a00 KOMYHIKAIIHO HeCTa0lIbHI.

JInst pamKyBaHHS KaHAWIATIB BUKOPUCTAHO TPH 1HTETPpaibH1 MOKa3HUKU: SOC - 3aJIUITKOBHMA
3apsan Oarapei; LQE - ominka sxocti kanamy Ha ocHoBi RSSI, SINR Tta LQI; RPI - inmekc
NEPCHEKTUBHOCTI MapIIpyTy, IO BpaxoBye ¢aktop HampsMmky DF, BimHocHy MoOutbHicTE MF i1
3aBaHTaxeHicTh Oydepa BF. Y3araneaeno: LQE = wr*RSSIn + ws*SINRn + wi*LQIn, a RPI =
w1*DF + w2*MF - w3*BF.
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Ha Bxin neiipo-neuitkoi cucremu ANFIS momarotecs SoC, LQE ta RPI, a Ha Buxomi
dopmyetbes iHaeke mpunataocti perpancisaropa RSI = f(SoC, LQE, RPI). O6upaetscs By301 i3
MakcuMaabHUM RSI. Takwuii miaxia 3MEeHIIye po3MipHICTh 3a/1a4i, CKOPOUye 0a3y MpaBuiI 1 Ja€ 3MOTY
npuiiMaTH pillieHHs B peatbHOMY daci Ha 6opty BITJIA.

3D-cumyJisiiisi Ta pe3yJabTaTH

EdexTuBHicTh MeToy niepeBipero y 3D-cepenosuiti 1000x1000x1000 M3 3 BUKOpUCTaHHSIM
AirSim, Gazebo ta Unreal Engine 4. Cumymsitis BpaxoByBana ¢izuky nonsoty BITJIA 3 micteMa
crynersimu cBobonu (6-DOF), kinbkicte By3miB Big 20 mo 50, 6azoBuii cuenapiii i3 40 BIUIA,
MBUIKICTB 10 460 kM/roa Ta KOHTposep yHUKHEeHHs 3iTkHeHb 3DVFH+ 3 wacrororo 100 I'u. s
MIBUIICHHS MacIITa0OBaHOCTI BUKOpPHUCTAHO iepapxiuny crpykrypy Cluster Heads (CH), ska
JoKanizye ciyx00Buit Tpadik ycepeauHi KiacTepis.

Taoiauus 1 IopiBHsVIbHA OLIHKA NPOTOKOJIIB MapIIPYyTH3alil

Moxa3zuuk AODV/OLSR | RL/Q-Learning | ANFIS/RSI
PDR 81-85% 90-96% 10 99%
3aTpumKa BHCOKA cepenHs -26%
Enepris BHCOKA cepenHs -25-30%
MacmTaboBaHiCTh | HM3bKA oOMexeHa Bucoka, CH

Pesynbpratu nmokazanu, mo ANFIS-miaxia 3a6esneuye HaitBummii PDR - 1o 99%, 3menmrye
CepeqHIO 3aTpUMKy Ha 26% 1 3HUXKYye eHeprocrnoxxkuBanHs Ha 25-30%. lepapxis CH momatkoBo
CKOpOUYy€E CIy>KOOB1 HaKJIaAH1 BUTpATH MPpUOIU3HO Ha 14%, 1110 0COOIMBO BAXKIIMBO MPHU 301UIbIICHH]
poro no 40-50 BIUJIA. Ha BimMiHy BiJl METOAIB TNIMOOKOTO MiAKPIIUTIOBAHOTO HaBuYaHHS [5],
3aMpoNOHOBAHUM aNTrOpPUTM HE MOTpPeOy€e BEIMKOrO MPOCTOPY CTaHIB 1 AiMl, OCKUIBKU Ipaloe 3
TPHOMA arperoBaHUMHU MTOKA3HUKAMH.

BucnoBknu

3arponoHOBaHO CKOPOYEHUH BapiaHT METOy AMHAMIYHOTO BUOOPY APOHA-PETPAHCIATOpA Y
FANET nHa ocHoBI Helipo-HeuiTkoi cucteMu. Bukopuctanus SoC, LQE ta RPI no3Bonse noennatu
OLIIHIOBAHHS €Heprii, SKOCTI KaHaJly Ta MEepCIeKTUBHOCTI MapuipyTy, a iHaekc RSI 3abesneuye
yHI(IKOBaHE paHXyBaHHS KaHAWAATiB. 3D-cumyssmis miaATBepAuia €PEeKTUBHICTh MIIAXOLY JUIs
BHUCOKOAMHaMIYHOro cepenosuiia: PDR no 99%, 3atpumka -26%, exonomis eneprii 25-30% 1
3HIKEHHS ciy>kO0oBoro tpadiky Ha 14%. Meton € mpuaatHuM JUIsl MOLIYKOBO-pATYBAJIbHUX,
MOHITOPHUHTOBUX Ta 1H(QPACTPyKTYpHUX MICIH, e MOTPiOHI aBTOHOMHICTb, IIBUJKA aJamTalis Ta
Ha/liliHa mepeiavya JaHuX.
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Introduction.

Radio engineering is a fundamental field within telecommunications that focuses on the
transmission and reception of electromagnetic signals. It plays a crucial role in enabling wireless
communication systems, including radio broadcasting, television, mobile networks, and satellite
communication. A central concept in radio engineering is modulation, which allows information
signals to be effectively transmitted over long distances by modifying a carrier wave [1].

Basic Concepts of Radio Engineering.

Radio engineering deals with the transmission and reception of information using radio
frequency (RF) signals, which are electromagnetic waves capable of traveling through free space.
These signals operate at different frequencies, measured in Hertz (Hz), and are selected based on
application requirements. Lower frequencies can cover longer distances, while higher frequencies
allow higher data rates but are more sensitive to obstacles and attenuation.

An important concept is bandwidth, which defines the range of frequencies a signal occupies.
A wider bandwidth enables more information to be transmitted, but it must be used efficiently due to
limited spectrum availability. Another key factor is noise, which can distort signals and reduce
communication quality. The signal-to-noise ratio (SNR) is used to evaluate how clearly a signal can
be received [2].

A typical radio system includes a transmitter, communication channel, and receiver. The
transmitter generates and modulates the signal, the channel carries it through space, and the receiver
captures and processes it to recover the original information. Antennas are essential components that
convert electrical signals into electromagnetic waves and back.

Additionally, radio wave propagation is affected by environmental factors such as terrain and
obstacles, leading to effects like reflection and interference. Understanding these basic principles is
crucial for designing reliable and efficient communication systems [3].

Concept of Modulation

Modulation is the process of varying one or more properties of a high-frequency carrier signal
in accordance with a low-frequency information signal. This process is necessary because low-
frequency signals cannot be efficiently transmitted over long distances without significant loss or
distortion.

There are three primary parameters of a carrier signal that can be modified:
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> Amplitude
> Frequency
> Phase

Based on these parameters, different modulation techniques are developed.

Amplitude Modulation (AM). In amplitude modulation, the amplitude of the carrier signal is
varied in proportion to the message signal, while frequency and phase remain constant. AM is widely
used in radio broadcasting but is susceptible to noise and interference.

Frequency Modulation (FM). Frequency modulation involves varying the frequency of the
carrier signal according to the information signal. FM provides better noise immunity and higher
sound quality compared to AM, making it suitable for music broadcasting.

Phase Modulation (PM). In phase modulation, the phase of the carrier signal is altered based
on the input signal. PM is closely related to FM and is commonly used in digital communication
systems [4].

Applications of Modulation in Modern Systems.

Modulation techniques are widely used in various communication systems, including:

v Mobile communication networks (4G, 5G),
v Satellite communication,
v Wi-Fi and wireless networks,

v Television and radio broadcasting.

These applications rely on advanced modulation schemes to ensure reliable and high-speed
data transmission [5].

Conclusion

Radio engineering and modulation form the core of modern communication systems. By
enabling efficient transmission of information over long distances, they support a wide range of
applications, from broadcasting to advanced wireless networks. Understanding basic modulation
techniques helps improve signal quality, reduce interference, and optimize bandwidth usage.

Moreover, both analog and digital modulation methods play an important role in meeting
different communication needs. While analog techniques remain relevant in certain applications,
digital modulation provides higher efficiency and reliability in modern systems. As technology
continues to advance, the development of more sophisticated modulation techniques will be essential
to support increasing data demands, faster communication speeds, and improved overall system
performance.
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Abstract. Industrial digitalization introduces loT systems for energy management and environmental
monitoring, which face critical cyber risks. This study proposes an event-driven, automated threat response
architecture in AWS using Amazon GuardDuty, Amazon EventBridge, and AWS Lambda. Grounded in a
serverless approach and the AWS Well-Architected Framework's sustainability pillar, the model detects
anomalies (e.g., data spoofing or credential compromise) and executes instant remediation actions without
continuous manual oversight. Results demonstrate that the architecture drastically minimizes incident dwell
time, mitigates human error, and protects the integrity of critical telemetry data (such as CO2 and energy
metrics). Ultimately, this safeguards both operational continuity and enterprise energy efficiency.
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Today, industrial enterprises are increasingly implementing digital systems for energy
management, environmental monitoring, and production process control. One of the practical
directions of such digitalization is the use of Internet of Things (IoT) devices, including CO2,
temperature, humidity, energy consumption sensors, and operating parameters of ventilation or
production systems. Such devices can transmit data to cloud infrastructure for further analysis,
visualization, and management decision-making. At the same time, cloud workloads must be
designed taking into account the principles of sustainability and efficient resource utilization, as
reflected in the AWS Well-Architected Framework, where sustainability is defined as one of the key
architectural pillars [1].

The security of such systems is directly linked to the enterprise's energy efficiency. If an
attacker gains access to IoT devices or the cloud data processing environment, they can alter sensor
readings, generate anomalous requests to cloud services, or disrupt the operation of the monitoring
system. AWS IoT Device Defender enables the detection of anomalous behavior of IoT devices,
including changes in connection patterns, data transmission to unexpected endpoints, or changes in
inbound and outbound traffic [2]. In addition, services like AWS IoT SiteWise are used to collect,
organize, and monitor industrial data from equipment, which confirms the relevance of protecting the
cloud IoT infrastructure of enterprises [3].

To reduce the response time to such events, it is advisable to use an event-driven architecture
in AWS. Amazon GuardDuty generates security findings that contain information about potential
threats, involved resources, event time, and other data necessary for incident analysis [4]. Such
findings can be transferred to Amazon EventBridge, which subsequently triggers target services,
including AWS Lambda [5]. As a result, an automated response model is formed: Amazon
GuardDuty -> Amazon EventBridge -~ AWS Lambda -> response action. The Lambda function can
send notifications to the administrator, log the incident, launch additional verification, restrict
suspicious requests, or isolate the compromised system component.
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The methodology analyzed scenarios where industrial IoT devices, including CO2 sensors
and energy management elements, transmit data to AWS. Risks such as data integrity violations,
anomalous requests, and component compromise were considered. An event-driven model was
proposed: GuardDuty detects suspicious activity, EventBridge routes it, and Lambda executes
automatic responses. This architectural model for automated threat response in energy management
and environmental monitoring enables continuous security control, detecting atypical requests,
connection changes, or compromised credentials [2, 4].

The proposed model has both security and energy-saving significance. On the one hand,
automatic response reduces the time between incident detection and the launch of response
mechanisms. On the other hand, protecting the integrity of data from IoT sensors allows maintaining
the correct operation of ventilation, energy consumption, and environmental monitoring systems.
This is especially important for industrial enterprises, where incorrect CO2 indicators or energy
consumption parameters can cause erroneous management decisions and overconsumption of
electricity. Practical implementation of such a model may involve creating an EventBridge rule that
responds to security findings of a certain type or severity level. After receiving the event, the Lambda
function can perform one or more actions: send a message to the responsible person, record the
incident in the log, launch an additional device check, temporarily restrict suspicious access, or
initiate the isolation of the compromised component [5—7]. This approach allows maintaining the
continuity of energy saving and environmental monitoring systems without the need for constant
manual control.

The use of the combination of Amazon GuardDuty, Amazon EventBridge, and AWS Lambda
allows reducing the response time to suspicious activity, reducing the impact of the human factor,
and ensuring the rapid execution of protective actions. In the context of energy saving and sustainable
development, such a model is appropriate because it helps to preserve the integrity of data based on
which decisions regarding ventilation, electricity consumption, and CO2 emissions control are made.
The proposed approach can be used as a component of protecting the cloud IoT infrastructure of
enterprises implementing digital systems of energy management and environmental monitoring.
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Abstract. This work discusses the transition to the Smart Grid 2.0 concept, which introduces a new
level of interaction through "prosumers” and emphasizes system flexibility and self-healing capabilities. To
implement comprehensive intelligent monitoring, a three-layer loT architecture (perception, network, and
application) is proposed, utilizing wireless sensor network (WSN) nodes. This system enables real-time
supervision of both electrical parameters, such as voltage, current, and harmonics, and the physical condition
of power lines, including temperature, mechanical sagging, and fire-hazard detection. To address the
challenges of Big Data, the research suggests a shift from centralized processing to edge and fog computing
paradigms. By integrating artificial intelligence (A1) and machine learning (ML), the proposed system can
autonomously detect anomalies and predict equipment failures with up to 90% accuracy, facilitating a
strategic transition toward proactive energy system management.

Keywords: Smart Grid 2.0, loT, Artificial Intelligence, Proactive Management, Machine Learning,
Edge Computing, Power Line Monitoring.

Modern energy systems face significant challenges due to aging infrastructure and the
continuous growth in global electricity demand, which leads to overloads and deterioration in power
quality [1]. Traditional management approaches, based on periodic manual inspections and reactive
maintenance (i.e., after faults occur), are becoming increasingly inefficient and costly to operate [2].
Deviations of voltage, current, and frequency parameters from standard values not only reduce the
service life of equipment but also result in substantial financial losses for both suppliers and
consumers.

Traditional Power Grid Smart Grid 2.0
(One-way Flow) (Active Interaction)

Smart
Substation

"V

A

: Plug & Play Electric —- —
Passive Consumers Vehicle Integration -l

Figure I — Demonstration of the transition from the legacy single-tier model to a two-tier
interaction, featuring the emergence of active participants capable of generating electricity.
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The Smart Grid 2.0 concept, whose implementation began around 2020, introduces a new
level of interaction between energy producers and consumers [3]. The key distinguishing feature of
this generation of grids is the emergence of “prosumers”- active participants who can not only
consume but also feed energy back into the grid based on a “plug-and-play” principle. Such systems
are designed for high flexibility and self-healing capability, relying on real-time data acquisition and
processing to automatically detect and mitigate fault conditions.

For the implementation of comprehensive intelligent monitoring, the deployment of an IoT
sensor network based on a three-layer architecture - perception, network, and application - is
proposed. The system is built upon wireless sensor network (WSN) nodes based on low-cost
microcontrollers, enabling the integration of a wide range of measurement devices.

These nodes perform not only the monitoring of electrical signal parameters (voltage, current,
active power, and harmonics), but also continuous supervision of the physical condition of power
transmission lines. In particular, the use of temperature sensors allows tracking of critical overheating
in conductors and contact connections. To prevent failures, the system is equipped with flame and
smoke sensors (e.g., MQ-2), enabling the immediate detection of insulation degradation and fire-
hazard conditions. Furthermore, the integration of accelerometers and strain sensors enables
monitoring of the mechanical state of the lines, including sagging and vibration.

Data from these devices are transmitted via reliable gateways (Wi-Fi, GSM/GPRS, or ZigBee)
to cloud platforms such as ThingSpeak, providing operators with remote real-time access to system
statistics, network state visualization, and immediate notification of any anomalies.

Nowadays, traditional centralized data processing on local personal computers is no longer
the most efficient approach due to the enormous volume of Big Data generated by billions of smart
devices. In addition, the limited memory of standard controllers often does not allow the execution
of complex computations, such as simultaneous analysis of three-phase harmonics, directly at the
edge.

The use of artificial intelligence (AI) and machine learning (ML), in combination with
edge/fog computing paradigms, enables systems to autonomously detect anomalies, predict
equipment failures with up to 90% accuracy, and transition from reactive to proactive energy system
management.
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Abstract. Industrial energy monitoring systems increasingly rely on AWS infrastructure to process loT
telemetry (CO2, temperature, power consumption), making cloud availability a crucial factor for both
information security and energy efficiency. Service degradation or cloud outages can distort data analysis,
resulting in automated equipment mismanagement and substantial electricity waste. This study proposes a
structured incident response model for AWS availability violations that bridges technical monitoring and
financial remediation. By leveraging Amazon CloudWatch, AWS CloudTrail, and the AWS Health Dashboard,
the framework enables real-time incident detection, root-cause classification, and automated evidence
compilation to verify Service Level Agreement (SLA) breaches and claim Service Credits. Implementing this
model minimizes operational downtime, prevents energy overconsumption, and strengthens the overall cyber
resilience of digitalized industrial enterprises.
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Under modern conditions of industrial enterprise digitalization, the issue of energy
conservation is increasingly addressed through cloud technologies, energy management systems, and
Internet of Things (IoT) devices. In particular, IoT sensors for CO2, temperature, humidity, and
electricity consumption are used to monitor production processes, control harmful emissions,
optimize the operation of ventilation, and reduce non-productive energy costs. A significant portion
of such data is transmitted to cloud platforms, notably Amazon Web Services (AWS), where its
storage, processing, analysis, and visualization are carried out [1].

At the same time, the dependence of energy monitoring systems on cloud infrastructure
creates cybersecurity risks. Violations of AWS service availability, delays in data transmission, or
incorrect configuration of resources can lead to the loss of up-to-date information on energy
consumption and CO2 emissions. As a result, the enterprise may make erroneous decisions regarding
the operating modes of ventilation, production equipment, or energy management systems, which
causes electricity overconsumption. Since availability is one of the core components of information
security, it is advisable to consider such violations not only as technical failures but also as
cybersecurity incidents [2, 3].

The Service Level Agreement (SLA) defines the guaranteed level of quality and availability
of a cloud service, as well as the response conditions in case of failure to meet the stated indicators
[4]. In the context of AWS, such agreements may provide for compensation in the form of Service
Credits [5]. However, the SLA does not inherently provide automated incident detection,
documentation, or claim submission for compensation. That is why the development of a response
model to AWS service availability violations in energy monitoring systems—which combines
technical monitoring, cybersecurity classification of incidents, analysis of SLA terms, and the
formation of an evidentiary base—is highly relevant [6, 7].
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To develop the response model to AWS service availability violations, the official
documentation of Amazon Web Services regarding SLAs, Service Credits, the shared responsibility
model, availability of cloud systems, and monitoring tools was analyzed [1-7]. As an example, an
energy monitoring system of an industrial enterprise was considered, in which IoT sensors transmit
data to the AWS cloud infrastructure. The work uses the method of technical documentation analysis,
synthesis of approaches to ensuring the availability of cloud services, and modeling of the incident
response process.

As a result of the analysis, a response model to AWS service availability violations in energy
monitoring systems was formed. The proposed model includes the following stages: monitoring the
availability of cloud services, detecting the incident, analyzing logs and metrics, classifying the cause
of the violation, assessing the impact on energy saving processes, verifying compliance with SLA
conditions, and forming an evidentiary base for submitting a claim for Service Credits.

It has been established that a violation of AWS service availability can have technical,
cybersecurity, and energy consequences. Delay or loss of data from IoT sensors for CO2, temperature,
or electricity consumption can lead to incorrect operation of ventilation systems, erroneous analysis
of energy consumption, and an increase in non-productive electricity costs. Therefore, such incidents
simultaneously affect the availability of the information system, the cyber resilience of the enterprise,
and the efficiency of energy saving.

For the practical application of the model, it is proposed to use Amazon CloudWatch for
monitoring metrics, AWS CloudTrail for analyzing user actions and possible configuration errors,
and AWS Health Dashboard for checking events related to the operation of AWS services [6, 7]. The
combination of these tools allows for faster detection of availability violations and the formation of
an evidentiary base for verifying SLA conditions and receiving Service Credits.

Ensuring the availability of AWS services in energy monitoring systems is an important
condition for the stable operation of an enterprise and efficient energy saving, since the loss or delay
of data from IoT sensors can lead to erroneous analysis of energy consumption, incorrect operation
of equipment, and non-productive electricity costs. The proposed response model combines
availability monitoring, log and metric analysis, incident classification, verification of SLA
conditions, and the formation of an evidentiary base for receiving Service Credits, which allows for
increasing the cyber resilience of energy monitoring systems and responding more effectively to
cloud service disruptions.
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Hamionanbuuii yHiBepcuTeT «JIpBiBChKa MOTITEXHIKA»

AITAPATHO-ITPOI'PAMHI PIINEHHA AJ1s1 CTBOPEHHA MOAYJIbHUX
IOT-INIAT®OPM PAIIAIIIHHOIO MOHITOPUHI'Y

Anomauia. Onucano koHyenyio no6yoosu mooyibHoi 2emepoeentoi loT-nramgpopmu padiayiiinozo
mouimopuney. OOIpyHmMo8ano HeoOXIOHICMb  POo3no0diny 3A60aHb MIJC OemepPMIHOBAHUM CEHCOPHUM
cnignpoyecopom (STM32) ma mepesrcesum winozom (ESP32) ona ycynenns empam cmoxacmuyHux 0aHux nio
Yac Mepedtcesux HasanmaniceHsb. Po3enanymo 3acmocy8anis npomMuciogozo inmepgeticy RS-485, cmanoapmy
1IEEE 1451 ons peanizayii konyenyii Plug-and-Play, npomoxonie camoopeanizayii 0eyenmpanizosanux Mesh-
mepedic, A maKoxic cepgepHoi npocmoposoi ananimuku Ha 6azi 1SO 11929.

Knrouoei cnosa: paodiayivinuii monimopune, Inmeprnem peueti (loT), cemepocenna apximexmypa,
mikpoxkoumponepu STM32 ma ESP32, cmanoapm IEEE 1451, LoRa, Mesh.

CyvacHa nmapaaurma eKoJoTiqHOi Oe3MeKy Ta paaialiiHOro 3aXUCTy Iefali Oliblie BUMarae
Hepexoay BiJl BUKOPUCTAHHS 130JIbOBAaHUX JO3MMETPUYHUX HPUIAIiB 1O CTBOPEHHS KOMIUIEKCHUX,
IIPOCTOPOBO PO3MOJALICHUX Kibepdizmunux cucrem. Takuil miaxig 3yMOBIEHHH HEOOXIIHICTIO
OINEPATUBHOTO BUSBJICHHS JIOKAJBHUX aHOMaNii pajiauniiiHoro ¢oHy, MiJBULIEHHS NPOCTOPOBOT
PO3AUIBHOT 3/1aTHOCTI BUMIPIOBaHb, a TAKOX 3a0e3neueHHs 0e3nepepBHOro 300py, nepeiaBaHHs Ta
aHaI3y JaHUX Y PeXUMIi pealibHOro yacy. Oco0IMBO1 akTyaIbHOCTI 1€ HaOyBae JIsl TEPUTOPIid, 110
3a3HaJIM TEXHOT'€HHOI'O BILIUBY, pallOHIB PO3MIILIEHHS 00’ €KTIB SIIE€PHOI €HEPTETUKH, TIPOMUCIIOBUX
M1JIPUEMCTB, CXOBHUII Pa/IIOAKTUBHUX BIIXOIB, @ TAKOX JJIS 3a/1a4 IIUBUIHHOIO 3aXHUCTy B YMOBax
NOTEHLIMHUX pajiamiifHuX iHIMaeHTiB. BnpoBamkenns konnenuii [ntepuery peueit (IoT) Binkpusae
MOJKJIMBICTB IHTETpalii BETUKOI KIJIbKOCTI CEHCOPHUX BY3JIIB Y €IMHY 1H(POPMAIIHHO-BUMIPIOBAJIbHY
eKOCHCTEMY. Y MeXaX TaKol eKOCHUCTEMH OKpeMi IETEKTOPH MOXYTh (DYHKIIOHYBAaTH SIK €JI€MEHTH
PO3MOAIIEHOT Mepexi, 3a0e3Medyour aBTOMaTH30BaHe HAKOITMYEHHS TEIEMETPUYHUX JaHUX, iXHIO
nornepeaHo 0OpoOKy, mepeady a0 XMapHOi abo JIOKalbHOI cepBepHOi 1H(pacTpyKTypu Ta
MOJaJIbIly Bi3yali3alilo y BUIVISIII JUHAMIYHUX KapT pajialiiHoro 3a0pynHeHHs. Ha BiaMiHy Bij
TpaJAULIMHUX MIJIXOJIB, IO I'PYHTYIOThCA Ha MEPIOJUYHUX PYYHHX BUMIPIOBaHHAX a00 poOoTi
130J1bOBaHUX J03UMETPiB, loT-opieHTOBaHa apXiTeKTypa /103BOJIsIE GOPMYBATH aKTyallbHYy KapTHHY
panianiifHoi OOCTAaHOBKM 3 BHCOKOIO YacOBOIO JeTalli3alli€el0 Ta MIHIMI3YBaTH 3aTPUMKH MIX
MOMEHTOM peecTpauii moaii Ta T BiJOOpaKeHHsSM Yy CHCTeMi MOHITOpHHTY. Pazom i3 TuM
pPO3pOOJIEHHSI TAaKUX CHUCTEM CYIPOBOJDKYETbCS HM3KOIO CHEUM(IYHMX amapaTHO-MPOrPaMHUX
BUKIIHKIB.

@dyHaaMeHTalbHa MpodJieMa IMOJIATae y TOMY, IO pPaAioaKTUBHUM pO3Maj € CTOXaCTHUYHUM
MpOIIECOM, SIKMH  MIANOpsAKOBYyeThbcst  cratuctuimi Ilyaccona [1]. Kmacuuni omHosiaepHi
MIKPOKOHTPOJIEpH HE 37aTHI OJHOYACHO 3a0e3MeuyBaTH JKOPCTKUM JACTEPMIHI3M JUIS MiAPaXyHKY
IMITYJIBCIB Ta MIATPUMYBATH CKJIQJHI CTEKH MEPEKEBUX MPOTOKOJIB. OOCIyroByBaHHS MEPEKEBHUX
3aBaanb (TCP/IP a6o TLS) mpusBoauth 10 OJOKyBaHHS TEpEpHBaHb, IO CTBOPIOE MACHUBHHM
nporpamMHuii "MepTBUil yac" 1 kaTacTpodiuHy BTpaTy iHpopMauii npo pagiaiiHui ¢oH.

Jns mononanHa 1ux Oap'epiB 3alpONOHOBAHO T'€TEPOr€HHY JIBOMOJMYJBHY apXITEKTYpY.
Cencopnuii criBrnporecop (Ha 6a3i ARM Cortex-M cimeiictBa STM32) mOBHICTIO BiIOKpeMIICHUN
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BiJI MEpPEXKEBUX 3aBJaHb. 3aBISIKH KOHTpoJiepy BekTopHHX mnepepuBanb (NVIC), BiH 3a0e3neuye
JeTepMiHOBaHY peakKilito Ha moii [2] Ta 3aiicHIoe TUPPOBY KOPEKIIiIO alapaTHOTO MEPTBOTO Yacy.
BinginerpoBani maHi mepenaroThcsi Ha MepexkeBuid numo3 (Ha 6a3i ESP32). BuxopucroByrouun
CUMETpUYHy Oaratomporiecopny oOpoOky mix ynpasiminasMm FreeRTOS [3] Ta amapatHi
kpunrorpadiuni npuckoprosaui, ESP32 3a6e3neuye nackpizue mmdppyBanss tenemerpii (AES-256-
GCM) 6e3 BIUIMBY Ha MPOIEC JETEKTYBaHHS BHUIPOMiHIOBaHHsA. Di3ndyHa HAAINHICTH 3B'S3KYy MIX
MOAYJIsSIMH 3a0e3medyeTbess 3amiHO0 BpasnuBoi mumHU [2C Ha audepeHIIHHUNA MTPOMUCIOBHMA
iHTepderic RS-485. Jlns BupimeHHss npobieMu >KOPCTKOT KOH]Irypallii BIpoOBaI)KEHO CTaHAAPT
IEEE 1451. BukopucrtanHsi enekTpoHHoro mnacrmoprta meperBopioBada (TEDS), BOymoBaHoOro y
BUHOCHUH 30H]1, TO3BOJISIE MIATGOPMI aBTOMATUYHO PO3III3HABATH TUII AETEKTOPA Ta 3aBaHTAKYBAaTH
KamiOpyBanbpHi KoedimienTn (xonuentis Plug-and-Play) [4]. Ha piBai opranizamii mepexi
apxiTekTypa mnependadae BiIMOBY BiJl LEHTpali3oBaHOi Tomoiorii "3ipka" 3 ii €JMHOI0 TOYKOIO
BimMoBH. [lepenada nqanux 3MiHCHIOETHCS Yepe3 caMmoopranizoBani komipuacti (Mesh) mepexi. J{ns
MaciITabyBaHHs Ha BEJTUKI TEPUTOPIi BOPOBAKYIOThCS 0e31u1030B1 mpotokonu LoRa Mesh [5], mo
rapaHTylOTh 0araTocTpOKOBY PETPaAHCIALII0 JaHUX B YMOBax 3pylHOBaHOi iH(pacTpykrypu. Ha
CepBEPHOMY PiBHI JIOCTOBIPHICTh 310paHUX MacHBIB TeJIEMETPii MepeBIPAETHCS 3T1THO 31 CTAHAPTOM
ISO 11929 [6], skuit MaTeMaTHYHO OOIPYHTOBY€E MOPOTH MPUUHATTS PIlIEHb MIOAO MEPEBUILECHHS
IpUPOJHOTO (HOHY, AO3BOJISIIOYM CHCTEMaM TeoiH(OpMaIiifHOi aHamITUKKA OyTyBaTH BHCOKOTOYHI
130TiHIMHI MOZEITI 3a0pYAHCHHSI METOIOM IPOCTOPOBOi iHTeprosii (Kpurinry).

TakuM YUHOM, CHHEPTisl TeTePOreHHUX OOYUCITIOBATIBHUX S/EP, POMHUCIOBHUX iHTEp(EHCiB,
crannapty IEEE 1451 ta ronosnorii Mesh popmye BimmoBocTiiKy 6a3y A cydacHUX Kioep]iznaHux
CHCTEM pajiiallifHOTO MOHITOPHUHTY.
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3ACTOCYBAHHA SALESFORCE EINSTEIN AI TA TEHEPATUBHOI'O
HTYYHOI'O IHTEJIEKTY JJIA NPEAUKTUBHOI'O YIIPABJIIHHSA
EHEPI'OCHHO’KUBAHHSAM: BI/Il SMART METER 10 SMART CITY

Anomauia. Cmpimxutl po36umox yughposux mexHono2iti 6i0KpUSAE HOBL MONCIUBOCTI 01l OOCACHEHHS.
yineti enepeemuynoi nonimuxu €C. [Jupexmusa npo enepeoepexmusnicmo (Energy Efficiency Directive
2023/1791) [1] 306086'a3y€e kpainu-unenu ckopomumu Kikyese cnoxcusanus enepeii va 11,7% 0o 2030 poxy.
Peanizayia yvoco sasdanns nompebye 6npo6addicenHs iHMeNAeKmyarbHux CUCeM YAPAGLIHHA, 30AmHUX
onpaybo8yeamu 0ami 6 peanvHOMy uaci ma 2cenepyéamu obrpynmosani piwenns. Ilhamgpopma Salesforce
Einstein Al y noeonanni 3 2eHepamueHum WmMy4HUM IHMENEKMOM (QOPMYE MEXHONO02IUHY OCHO8Y O/A
VIPAGNIHHS eHEeP2OCHONCUBAHHAM — 6i0 POZYMHO20 NUUILHUKA 00 MACUWMAOY PO3YMHO20 Micma.

Knrouosi cnosa: Salesforce Einstein Al, cenepamusnuii wimyynuil inmenexkm, npeOuKmueHe YnpasiiHHs.
enepeocnooicusannsam, Smart Meter, Smart City, loT, Einstein Copilot, Energy Efficiency Directive,
EU4Energy, yugpposa mpancgopmayis enepeemuxi.

CyuacHa eHepreTHYHa CHUCTEMA 3IIITOBXYEThCS 3 TPhOMa (DyHIAMEHTAIbHUMHU BUKJINKAMHU.
[To-nepure, ¢parMeHTOBaHICTh AAHUX: 1H(OpPMAIlSl NPO CHOKUBAHHA €HEprii HaaXOAUTh 13
pizHopinHux mkepen — Smart Meters, BMS, SCADA-cucrem, mereoctaHuiii — 0e3 €IMHOro
aHAJIITUYHOrO LIEHTPY 00poOku. [lo-mpyre, peakTUBHICTh YHpPaBIiHHA: OUIBINICTE €HEPreTUYHUX
KOMIIaH1M pearyloTh Ha aBapii Ta nepeBaHTakeHHs octdaxktyM. [lo-Tpere, macUBHICTH ClIOKHMBaya:
KIHIIEBH CIIO’KMBAY HE OTPUMYE MEPCOHATI30BAaHUX PEKOMEH ALl 111010 ONITUMI3allii CIIO’KUBAHHS.
Came 111 BUKJIMKH aJipecye apxiTektypa Ha 6a3i Salesforce Einstein Al, sika nmepeTBoproe po3pi3HeHi
[oT-naHi Ha iHTeNEeKTyalbHI YIPABIIHCHK] PIIIEHHS.

Einstein Prediction Builder — nie low-code iHCTpyMEeHT MalIMHHOTO HAaBYaHHS IIATHOPMHU
Salesforce, mo no3Bossie OyayBaTH NpeAUKTUBHI Moseni 6e3 rimubokoi excrieptusu y Data Science
[2]. Y KOHTEKCTI ymNpaBIiHHSA EHEProCIOKMBAHHIM BIH OXOIUTIOE [Ba KIIOYOBI CIIEHapii.
[Tporuo3yBaHHsI aHOMaJIBHOTO CIIO)KMBAHHS PEai3y€eThCs Yepe3 HAaBYAHHS MOJIENI Ha ICTOPHYHHUX
naHux Smart Meters 3 ypaXyBaHHSM TeMIIEpaTypH, 4yacy 100U Ta BUPOOHUYOTO KaneHaaps. Moenb
BHSIBJISIE BIJXHMJICHHSI BiJl OYIKYBaHOTO MPOQIII0 Ta aBTOMATUYHO T€HEPYE CIOBIMIEHHS ONEpaTopy
yepes Salesforce Flow. TounicTe Mozenelt y mijoTHUX BIpoBakeHHsIX y Hinepnanaax ta ABcrpii
csirae 87-93% npu ropu30HTI POrHO3yBaHHs 24-72 roguni [3].

BusiBieHHsT KOMEpUIMHUX Ta TEXHIYHUX BTPAT 3AIHCHIOETHCS MUISIXOM 31CTAaBICHHS JaHUX
PO BIAMYCK €IEKTPOSHEPrii 3 MiCTaHIii 3 arperoBaHMMH MMOKa3aHHSIMH JIIYMIbHUKIB CIIOKHUBAYiB.
Anroput™m knacudikye BTpaTH sSK TexHiuHI ((pi3uka Mmepexki) abo KOMepIiiHi (HeCaHKI[IOHOBaHE
T IKITIOYCHHSI, HECTIPABHICTH O0JIIKY), IO TO3BOJISIE MIPIOPUTU3YBATH THCIICKI[IHHI BUI3AH MTOJIHOBHX
Opura.

Salesforce Einstein Copilot (renepatuBuuii Al-acuctent Ha 6a3i LLM) BukoHye 1B1 poui: 1ist
CIO’KMBAYiB — TEHEPYE PEKOMEH/IAIIIT 11010 Yacy 3aIyCKy IMPHIIAJIiB, 3€JICHOTO Tapu(y Ta OKYITHOCTI
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COHSYHMX TaHeJeH; 11 onepatopiB — popmye 3Bitu BianosinHo g0 Bumor HKPEKII Ta ENTSO-E 1
IPONOHY€E cleHapii pearyBaHHsS Ha HewmTatHi cutyauii. Interpamis 3 Salesforce Data Cloud
3abesneuye yHidikoBanuii goctyn jgo loT-morokiB, CRM-3anuciB, (iHaHCOBUX TpaH3aKIiid Ta
3oBHimHIX APL

Salesforce Experience Cloud 3a6esneuye ¢ponternn Smart City Energy Dashboard i3
TPUPIBHEBOIO apXiTeKTypoto: 30ip nanux — loT-interpariist (AWS IoT Core, Azure IoT Hub, MQTT)
yepe3 MuleSoft 3 onoBiennsim Big 1 ¢ 10 15 xB; 0OpoOka — arperartis y Salesforce Data Cloud Ta
obuncnennss KPI (mutome cmokuBaHHS, ByrieneBuid ciin, dyactka BJIE, iHaexc eneprermuHoi
0igHOCTI) yepe3 Einstein Analytics; Bizyanizarist — myOaiqHAE 1amoop, KOPIOpaTUBHUHN TTOpTa Ta
MOOUTBHUHN 3aCTOCYHOK JUISL IHCIIEKTOPIB.

Amcrepnam (Amsterdam Smart City) inTerpysas gai mora 800 000 po3yMHUX JTIUMIHHUKIB
13 MICBKOIO TIAT(OPMOIO: MPEAUKTHBHA aHATITHKA CKOPOTHIIA TKOBE HaBaHTaXeHHS Ha 14% Ta
3HM3WJIA KOMepIiitHi BTpatu Ha €12 muH mopiuno [3]. Bigens (Smart City Wien Rahmenstrategie
2019-2050) 3aBnsiku XMapHOMY MOHITOpUHTY BMS-1aHux BUSBUB MOTEHITIANI €HEPro30epeKeHHS Y
23% myHInUnaibHOro GOHAY 3 PO3PAXyHKOBUM CKOPOYEHHSIM crioxkuBaHHS Ha 31% mo 2030 poky.
Konenraren, mnparHydd [0 BYTIJIELEBOI HEUTpaJIbHOCTI, 3acTocoBye Al ams ontumizamii
TEIUIONOCTaYaHHs — IPEJUKTUBHI aJITOPUTMH IIPOTHO3YIOTh TEIJIOBE HABAHTAXKEHHS 3 TOUHICTIO 96%
Ha rOpU30HTI 48 TOJINH, 3HWKYIOUH OIepaliiHi BUTpaTH Ha €8 MJIH mopivHo [4].

Monenps perutikamii anst Ykpaiam y pamkax nporpamu EU4Energy mepenbauatume Tpu
eTanu: MUIOTHE PO3ropTaHHs B obimacHomy ueHTpi (JIpBiB, Binnums abo [lonrtaBa) 3 iHTErpariero
icaytounx ACKOE-cucreM; macimitabyBaHHs Ha pPIBEHb PETIOHY 3 MIIKIIOYEHHSIM HIAIPUEMCTB
XKKI'; ¢dopmyBaHHS HaLIOHAJIBHOI TMJIATPOPMHU EHEPreTUUHOTO MOHITOPUHTY, CYMICHOI 31
crangaptamu ENTSO-E, 1o sikoi Ykpaina npueananaces y 2022 poti.

Apxitektypa Ha 0a3i Salesforce Einstein Al, Einstein Copilot Ta Experience Cloud ¢popmye
MmacmtaboBany miatgopmy ans peamizauii nineit EU Energy Efficiency Directive Ha piBHI
nianpueMcTB 1 MicT. Killo4oBoro mepeBaroro € BepTHKaibHa iHTerpauis — Big loT-mpuctpois uepes
MPEIMKTUBHY aHAJIITUKY 10 B3aeMOJII 31 croxkuBaueM 3aco0amu reHepatuBHOro Al — y pamxax
€IMHOT XMapHOi ekocucTeMu. [l Ykpainu, 1110 MpOoXOAUTh HUISAX €BPOIHTErpalii Ta BIAHOBICHHS
€HepreTUYHOl 1HPPACTPYKTypH, MOJIOHI pIIIEHHS € CTpaTeriyHUM I1HCTPYMEHTOM JOCSTHEHHS
BianosigHocti BuMoram EU Green Deal ta 3a0e3nedeHHst eHepreTHyHO1 O€3MeKH.
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IHTEJIEKTYAJIbHE KEPYBAHHA CUCTEMAMMU HAKOITMYEHHS EHEPI'II B
IMMPOMHUCJIOBHUX I TEJEKOMYHIKAIIMHAX MEPEKAX

Anomauia: Onucano niam@opmy aemomMamu308ano20 YAPAGIIHHA AKYMYIAMOPHUMY CUCTEMAMU
HAKONu4YeHHsl GIOHOBNIO8AHOI eHepeli Ha OCHOBI Memooy NpeOUKMUGHO20 KepYy8aHHs 3 20pPU3OHMOM
nianyeanns 24 200uHu ma iHmezpayicio YiHOBUX CUSHAIE ONMOB020 PUHKY eflekmpoenepeii. OOIpyHmMO8aHO
3acmocoHiCmb €0UHO20 AN2OPUMMIYHO20 NIOX00Y AK 015l NPOMUCIOBUX CUCHEM HAKONUYEHHs, MakK i 0.l
MIHIMIzaYil onepayitinux eumpam 6a306ux CManyiti CMibHUKOGUX MEPENC.

Knrouoei cnosa: cucmemu HaxonuuenHs enepeii, npeOuKmuseHe Kepy8anHs, pPUHOK «Ha 000y Hanepeoy,
0a306i cmaHyii CMITbHUKOBUX MePedC, ONEPAYItiHI BUMPAmu, 8IOHOGIIEAHA eHEPEeUKA.

bazoBi craHmii MarTh BHCOKY 4acTKy eHeproBuTpar (mo 70%) Ta BHpakeHH# K000BUIt
npodins crnoxuBaHHsA [1]. Lle 7103Bojsle BUKOPHCTOBYBATHM aKyMyJIATOpH Ui apOiTpaxy
€JIEKTPOEHeprii. AJTOpUTM YINpPaBIiHHA TAaKUMH CHUCTEMaMH IIOBHICTIO 30Ira€TbCsi 3 MOJEIUIIO
ONTHUMI3aIlil MPOMHCIOBUX HAKOMUYYBaYiB JJIsl MiHIMI3allii BUTpaT.

[Tporpamua miaTgopma mnoOynoBaHa Ha MIKPOCEPBICHIM apxXiTeKTypi: BeO-iHTepdeiic,
CepBepHa YacTUHA 3 IPOrpaMHUM 1HTepdelicom, MIaHyBaJbHUK (POHOBUX 3aB/aHb 1 pelsLiiiHa 6a3a
JaHUX — ycl KOMIIOHEHTH PpO3TOPHYTO y CEpelOBUIl KOHTEHHEepHOi BipTyamizamii. 3B'SI30K 3
IHBEPTOPHUM 00JIaJHAHHAM 3/IIHCHIOETHCS Uepe3 XMAapHUI cepBic BUPOOHHKA IIJISIXOM BIATBOPEHHS
3alUTIB KOPUCTYBAILbKOI'O MOPTaly, MOMNEPENIHbO TOCHIPKEHUX aHaJIi30M MEpeKeBOro Tpagiky.
IIporHo3Hi IiHM pUHKY «Ha 100y Hamepea» 3aBaHTaXyKThCS aBTOMATW4YHO 3 mnoprairy AT
«Onepatop puHKy» moaHa micng nyOmikamii [2]. Hlopenno anroputm ¢opmye 24-ronuHHY
CTpaTerilo yIpaBIiHHI NOTOKaMH €Heprii Ha OCHOBI MPOTHO3HUX I[iH PUHKY, TOTOJIMHHOTO NPOodiro
CMOXMBAaHHS OO'€KTY Ta TEXHIYHUX XapaKTEepPUCTHK akymyssatopa. OCKUIBKM 1HBEPTOpHE
oOnasHaHHS MIATPUMYE OOMEXEHY KUIbKICTh CErMEHTIB KEpPYBaHHS, pO3POOJIEHO aJrOpUTM
KJlacTepu3anii, mo rpymnye 24 mabioHu y MiHIMaJbHUN HaOip iHTepBasliB 0e3 BTpaTH SKOCTI
onTumizaii [3].

Jns 6a30BUX CTaHIM mpodiib HaBaHTa)KEHHS BHU3HAYA€ThCS TPadikoBUMHU IIabIOHAMH,
XapakTepHUMH JUIs THITY MicbKoi 30HU. [1naTdopma 103B0IIsI€ TOPIBHIOBATH MailaHYMKH 32 PIBHEM
€Hepro3amilleHHs, €KOHOMIEI0 BHUTpPAT Ta HEOOXIJHOIO €MHICTIO aKyMyJsaTopiB. Takuil mimxifg
MEPEBOUTH MPOEKTYBAHHS apXITEKTYpH O€3IpOTOBOTrO 3B’SI3KY y IUIOIIMHY MIKAUCIMILTIHAPHOTO
€Hepro-TeJIeKOMYHIKallIiHOTO MOJENIOBaHHs, i IHTerpallis HaKONM4YyBadiB Jla€ TPU IEepeBaru:
LIHOBUH apOiTpax, BIAMOBY BiJl IN3€JIb-T€HEPATOPIB Ta y4yacTh y OajaHCyBaHHI €eHEPrOCUCTEMH 32
crangaptamu €C [4].

Anroput™M Bepu(]PiKOBaHO Ha O00'€KTI arpopOMHCIOBOTO CEKTOPY 3 CEpelHIM JT00O0BUM
cnokuBaHHsAM Onm3bko 550 kBTrom Ta akymynaropHoro cuctemoro emHictio 100 kBt-rox. 3a
pesyiabTaTaMyd MPaKTHYHOI eKcIuryartamii 3adikcoBaHO 3HIDKCHHS BUTpaT Ha  3aKyIIBIIO
enexTpoeHeprii Ha 25%. Ha pucyHky 1 BUIHO KIIOUOBHI MEXaHi3M €KOHOMII: Y HiYH1 TOJTUHH, KOJIU
tapu( pUHKY «Ha 100y Harepen» ctaHoBUTH 1,1—1,5 rpa/kBT roa, HakonMuyBay 3apsHKa€ThCS BiJ
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Mepexi; y BedipHid mik mpu Tapudi 10—11,5 rpa/kBTt-rog 00'ekT mepexoauTh Ha >KUBIICHHS Bij
aKyMYJISITOpa, PI3KO CKOPOYYIOUH 3aKYITIBITIO JJOPOTOi €JIEKTPOSHEPTii.

PucyHok 1 - MoroavHHe cnoXxueaHHA enekTpoeHepril 3 Mepexi A0 Ta Nicns onTuMisadii
(0B'ekT: Tennuus; gobose cNoXnBaHHS = 550 KBT-rof; EMHICTE akymynaTopa 100 KBT-rog)
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Pucynox 1 — Ilocoounne cnoscusanus enekmpoenepeii 3 mepexci 00 ma nicis onmumizayii
(00'exm: mennuys,; 0obose cnoxcusanns = 550 kBm-200,; emuicmo axymynamopa 100 kBm-200)

PucyHox 2 - MopisarHA A060BIX BUTPAT Ha eNEKTPOEHERTi0
(Tapucpu PH 87 D1.10.2025, oree.com.ua)
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Pucynox 2 — Iopisnsanns 00006ux eumpam Ha eiekmpoenepiio 00 ma nicisi OnMuMizayii
(pospaxynox 3a mapugpamu P/[H 6io 01.10.2025, oree.com.ua)

[Tnardopma € yHipiKOBaHUM pIICHHSIM JJISi YIOPABIIHHS BiJHOBIIOBAHOI CHEPTIEI0 SIK Y
MPOMHCIIOBHX 00'€KTax, Tak i B €HEPreTHUHid iH(QpacTpyKTypi 0a30BHX CTaHIIN CTUTBHUKOBHX
Mepex. BripoBamkeHHs y CTITBPHIKOBHUX Mepexax 3a0e3rneuye Tpu epeKTr: EKOHOMIIO OTepariitHIx
BUTpAT 4Yepe3 LIHOBHM apOiTpak Ha JOOOBOMY PHUHKY EJIEKTPOCHEprii; MiJABMIIEHHS CTIHKOCTI
0a30BUX CTAaHLI{ MPH BIIKIIOUYEHHIX 30BHIIIHBOTO )KUBJICHHS; (POPMYBaHHS pecypcy OallaHCyBaHHS
JUIs CHUCTEMHOTrO OIlepaTropa BiANOBIAHO O BHMMOTI IHTErpalii €HeprocucTeMu YKpaiHu 0
3arajibHO€Bponeiicbkoi  Mepexi. [linxix  y3romKyeTbcs 3  €BPONEHCHKMMU  CTpaTerisiMu
JexapOoHi3allii TeNeKOMyHIKaIiitHOT IHPPacTPyKTYpH.
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Abstract. The exponential expansion of global internet infrastructure has driven a massive surge in
data center electricity demand, positioning resource optimization as a critical pillar of modern sustainability.
This study evaluates CPU energy efficiency across three distinct deployment methodologies: single application
per physical server, traditional hardware virtualization, and Docker containerization orchestrated via
Kubernetes (K8s). Utilizing an analytical model based on Thermal Design Power (TDP), baseline idle power,
and active processing utilization, we analyze application density and cumulative power draw under scaling
workloads. The analysis reveals that while a single application per server remains efficient under low-traffic
baselines due to zero architectural overhead, it becomes highly inefficient at scale due to resource over-
provisioning and dependency isolation constraints. Hardware virtualization increases application density but
introduces substantial CPU overhead via the hypervisor and guest operating systems. Conversely, Docker
containerization paired with Kubernetes dynamic orchestration eliminates redundant OS layers and minimizes
idle resource waste through real-time elastic scaling. In a high-demand simulation of 1,000 users, the Docker-
Kubernetes architecture reduces power draw from 1,080 W to 480 W, yielding an approximate 55% energy
reduction over unoptimized infrastructures. The study concludes that containerized orchestration represents
the most viable software-level strategy for implementing Green Computing initiatives and mitigating the
carbon footprint of expanding digital and Al infrastructures.

Keywords: Green Computing, Data Center Optimization, CPU Power Consumption, Thermal Design
Power (TDP), Hardware Virtualization, Docker Containerization, Kubernetes (K8s) Orchestration, Server
Utilization

Introduction

The modern world is built around the internet. Every aspect of our life interacts with the global
network, whether it is communication, streaming, data storage, booking etc. To make this achievable
an extensive network of servers should be created, and with economy growth more of said servers
are needed to maintain the infrastructure. The problem is that demand is growing, and so are data
centers, to the point that some of them have designated power plants. To solve this problem,
virtualization, Docker and Kubernetes were introduced.

Main part

Servers consist of various physical elements, each consuming electrical energy, with the
Central Processing Unit (CPU) typically taking the most. The energy needed is represented by TDP
— the amount of power consumed when operating at base frequency with all cores loaded. This metric
varies significantly based on the core count and frequency, for example modern Intel Xeon CPUs
range from 13 to 500 W[1]. Compared to CPU, other components sometimes use as little as 20 W or
as much as 700 W if it is GPU. As it has its own ways of optimization not related to topic, their power
consumption will be ignored. This study focuses solely on optimizing the energy usage of the CPU.

This means an average server needs at least 100 to 500 W to power CPU. However, servers
are rarely fully loaded, even at near-zero utilization, processor does not consume zero watts. Due to
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static leakage currents and the energy required to keep internal architecture active, “idle power” usage
is present. The approximate total CPU power consumption can be calculated using this formula:
U=0+(TDP-0) xC

Where U — final CPU power consumption in Watts; TDP - maximum TPD of the processor;
O — baseline idle power usage; C — CPU processing power usage percentage;

Let us assume a server with TDP of 300 W. If idle power consumption O is 60 W, operating
system continuously utilizes 10% of processing power and application needs 10% more CPU
capabilities, to maintain the application server needs 108 W according to formula. The problem arises
when incoming traffic exceeds what one instance can handle. Traditionally, starting two instances on
one OS can cause interference and dependency errors, forcing the setup of a second physical server.

However, this inefficiency is only present when restricting a server to setup with a single
application. By utilizing virtualization, multiple isolated virtual machines can be deployed on a single
host, significantly increasing the application density per server. Yet, this approach introduces new
layer of complication, as each instance of application requires its own complete guest operating
system to function. As mentioned before, if our application requires 10% of computational power,
guest OS might consume additional 10% to maintain background services, bringing the total CPU
cost per virtualized instance to 20%. Furthermore, the underlying host infrastructure requires 10%
computation for host OS and additional 10% for hypervisor to manage virtual machines. Assuming
we load CPU fully, by inverting the formula we can calculate that it is possible to launch 4 instances
of applications on a single server, bringing down the usage of power to 75SW per instance.

To increase the application density further, applications can be packaged into containers that
include only the essential binaries and dependencies. This is the fundamental principle of Docker
containerization [2]. Number of resources needed varies from OS used and dependencies application
needs, so let us assume our specific container takes around 2% of CPU. This brings the total CPU
cost per containerized instance to 12%. The host infrastructure still requires 10% for host OS,
however instead of a resource-heavy hypervisor, a lightweight container engine is sufficient, utilizing
approximately 5% of the CPU. Re-valuating the calculation, we can simultaneously support 7
instances, each requiring approximately 43 W of power.

However, as stated earlier, servers a rarely fully loaded. To address the variable nature of
incoming traffic, Kubernetes, also known as K8s, was introduced. As an orchestration platform, K8s
dynamically scales application instances up or down based on real-time demand[3], which
significantly reduces the overall power consumption of the infrastructure. Without it, companies often
over-provision resources, leaving servers running continuously at full capacity to handle sudden
traffic spikes, resulting in massive electrical waste. Furthermore, K8s allows cloud providers to
cluster hardware into a unified resource pool, enabling instances to be distributed across different
servers or even entire data centers to optimize power usage globally.

Figure 1 illustrates the comparative power consumption of a single application per server
setup, traditional virtualization, and Docker orchestrated by K8s, assuming one application instance
can handle 100 users. The sudden steps in the virtualization and containerization trend lines represent
the exact moments when a new physical server must be powered on. For a low-traffic environment
requiring only a single instance, single application per server remains the most energy-efficient due
to the absence of architectural overhead. However, as demand scales to 1000 users, single application
per server needs 1080 W of power. In contrast Docker consumes 480 W, saving roughly 600 W.
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Figure 1 - Comparison of different methods of running application
Conclusion

In conclusion, this analysis demonstrates that the simultaneous use of Docker containerization
and Kubernetes orchestration represents the most effective software-level strategy for optimizing
CPU utilization and reducing data center power consumption. By maximizing application density, a
single CPU can perform several times more tasks without a proportional increase in energy draw. For
high-demand digital platforms, such as streaming services or e-commerce networks — this architecture
can reduce the power footprint per application instance massively. Demonstrated model can differ
from reality, as of many variable factors, converting energy effectiveness limit into a limit of skill.
Ultimately, with the latest growth of Al infrastructure, adopting these advanced technologies aligns
perfectly with modern "Green Computing" initiatives and European energy-saving strategies, offering
a highly scalable solution to mitigate the escalating carbon footprint of the global IT infrastructure.

References:
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A FREQUENCY SYNTHESIZER BASED ON THE ADF4360-1 MICROCIRCUIT WITH
AUTOMATIC FREQUENCY TUNING ACCORDING TO PHASE

Abstract: The operating principle based on the block diagram, electrical parameters, and applications
of a 2400 MHz frequency synthesizer implemented using the ADF4360-1 PLL integrated circuit are
considered.

Keywords: frequency synthesis, ADF4360-1 integrated circuit, MVCO-2040-SF VCO.

A frequency synthesizer is a device designed to generate stable signals at a specified
frequency. It is used in radio communications, telecommunications, satellite navigation, scientific
research, and amateur radio applications. The device produces signals based on one or more reference
sources, ensuring high accuracy and frequency stability. The operation of radio engineering systems
is based on the extraction of information from radio signals characterized by highly stable parameters
such as frequency, phase, and envelope shape. To achieve these parameters, in addition to reference
oscillation sources that are resistant to various destabilizing influences, appropriate technical means
of control are also required. However, in order to obtain the required results, these tasks are practically
contradictory; therefore, they are solved using frequency synthesizers (FS). Frequency synthesizers
convert oscillations of a reference oscillator, which are taken as a standard, into signals of the desired
frequency with minimal degradation of the reference characteristics.

Of particular interest to electronic equipment developers are frequency synthesizers
implemented as one or several integrated circuits that can be embedded into new devices. In this case,
the system is implemented using the ADF4360-1 PLL integrated circuit, since the required frequency
for the signal generation unit coincides with the operating frequency range of the ADF4360-1
microcircuit, as specified in its technical documentation [1].

It is known that a frequency synthesizer includes a PLL integrated circuit with programmable
frequency dividers, a phase detector, and control circuitry, operating in conjunction with an external
reference oscillator and a voltage-controlled oscillator (VCO). This architecture provides a high
degree of flexibility in selecting system parameters, particularly when a wide frequency tuning range
is required. The intrinsic noise characteristics of PLL integrated circuits manifest as noise
contributions from the phase detector (PD), frequency dividers, and control circuitry [2].

The voltage-controlled oscillator MVCO-2040-SF serves as a high-frequency signal source.
Its output signal is passed through an attenuator and an amplifier, which provides isolation of the
VCO output stages from the subsequent load circuit and amplifies the signal to the required level.
The signal from the amplifier output is then routed through a power divider and a filter to the useful
load. A portion of the signal is tapped via the power divider and fed to the RF input of the ADF4360-
1 integrated circuit. The sampled signal at the input of the microcircuit is further amplified by a tuned
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amplifier and then applied to the N-divider. According to [3], the function of the N-divider is to
reduce the frequency of the high-frequency VCO signal to a level suitable for operation of the phase-
frequency detector (PFD) (with a VCO frequency range of 2.4 GHz and a PFD operating frequency
up to 55 MHz).
VCO
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Figure I - Block diagram of the frequency synthesizer based on the ADF4360-1 integrated circuit.

The reference signal with a frequency of f.- = 10 MHz is applied to the reference input of the
ADF4360-1 integrated circuit through a filter and an amplifier based on the BFR91 transistor. The
function of the filter is to suppress unwanted harmonics in the signal, ensuring that synchronization
is performed using the 10 MHz fundamental frequency rather than one of its harmonics, which may
have a sufficiently high amplitude. The reference frequency signal of the ADF4360-1 is also pre-
amplified to the required level and then fed into the R-divider input.

The DC-DC voltage converter (charge pump, CP) operates by switching capacitors between
the power supply and the output, enabling the efficient generation of a different voltage level without
the use of inductors. The capacitor C, s used to filter the CP output voltage in order to reduce ripple
and suppress noise components in the output signal. At the CP output, a control voltage U .., is
obtained, which is directly applied to the control input of the VCO. This voltage adjusts the VCO
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such that the output frequency of the VCO, when divided by N and multiplied by R, becomes equal
to the reference signal frequency, as expressed in Equation (1):

fOr'=fRF *R N (1)

The ADF4360-1 integrated circuit contains a logic control block that manages the N-divider,
R-divider, as well as the operating modes of the phase-frequency detector (PFD) and charge pump
(CP) [4]. Control commands are transmitted to the logic circuitry via a serial SPI interface, where
they are decoded and used to configure the required operating mode of the frequency synthesizer.

Conclusion. The frequency synthesizer is used in the signal generation unit of the MS2026C
vector network analyzer manufactured by Anritsu. Within this unit, the frequency synthesizer
demonstrated the following characteristics [4]: a) operating frequency range: 2400 MHz + 50 MHz;
b) output power level: not less than 0.4 dBm; c) external reference oscillator frequency: 10 MHz.

It is considered appropriate to conduct further research aimed at improving and upgrading the
frequency synthesizer circuit to enable operation in higher frequency ranges.
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Abstract. This study explores the implementation of Artificial Intelligence (Al) and Internet of Things
(loT) systems for dynamic energy consumption management in Ukrainian industrial enterprises, driven by
severe energy deficits and generating capacity shortages. Transitioning from obsolete static load profiles to
real-time, data-driven forecasting requires a robust architectural foundation. The research emphasizes the
criticality of data integrity, proposing the normalization of relational databases and the deployment of DML
triggers for hardware-level anomaly detection and automated security auditing. Furthermore, it advocates for
migrating from vulnerable on-premises servers to virtualized cloud environments (e.g., AWS) to achieve elastic
scalability for machine learning workloads [3]. This transition must be supported by static routing to isolate
10T telemetry and ensure low-latency data delivery. Recognizing the expanded cyber threat landscape, the
study underscores the necessity of multi-layered security—including end-to-end encryption, strict access
controls, and network isolation. Compliance with the EU NIS2 Directive [2] and adherence to the Shared
Responsibility Model [1] are highlighted as mandatory frameworks for cloud integration. Ultimately, the
technological modernization of energy management, fortified by systemic engineering and rigorous
cybersecurity standards, is presented as a crucial vector for restoring Ukraine's post-war industrial resilience.

Keywords: Artificial Intelligence, IoT, Energy Management, Cloud Computing, Cybersecurity, EU
NIS2 Directive, Shared Responsibility Model, SCADA.

Relevance. Ukraine faces unprecedented challenges in its energy sector, characterized by a
persistent deficit in generating capacity and the destruction of infrastructure. Traditional energy
management relies on static load profiles that lack the flexibility to adapt to real-time supply
fluctuations. Transitioning to dynamic, Al-led management is not merely a technological upgrade but
a strategic necessity for national industrial survival. By leveraging IoT telemetry and machine
learning, enterprises can shift from reactive mitigation to proactive optimization, ensuring that energy
consumption is precisely aligned with both production needs and grid stability.

System Architecture and Risk Analysis. To implement such a dynamic forecasting system,
a highly robust and secure architecture is paramount. However, this transition introduces significant
operational and cyber risks. Malicious actors intercepting telemetry through Data Spoofing or Man-
in-the-Middle (MITM) attacks can deliberately feed false data to Al models, inevitably leading to
erroneous forecasting and potentially catastrophic equipment damage. Furthermore, the system must
account for "Model Drift"-the gradual degradation of AI predictive accuracy due to shifting
operational patterns or equipment wear over time. On a physical level, relying solely on on-premises
servers exposes the infrastructure to power outages and physical destruction, while simultaneously
causing inefficient server sprawl, resource redundancy, and significant maintenance overhead. To
mitigate these vulnerabilities, a multi-layered architectural approach is required. The data pipeline
must begin at the Data Acquisition layer, where IoT sensors and legacy SCADA systems aggregate
real-time energy metrics, requiring careful management of IT/OT convergence [4]. To prevent
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latency and reduce bandwidth strain, an Edge Processing layer must be introduced. Edge Computing
gateways can perform localized anomaly detection, primary data filtering, and protocol translation
immediately on the factory floor. Following this, the Data Storage layer must employ a hybrid
approach: utilizing Time-Series Databases (TSDB) for the rapid ingestion of high-velocity telemetry,
alongside 3rd Normal Form (3NF) Relational Databases for structured metadata, supported by DML
triggers for instant hardware alerts. Finally, the pre-processed data is securely transmitted to a
virtualized Cloud Infrastructure (such as AWS), which provides the necessary elastic scaling to train
complex LSTM networks and conduct high-volume historical data analysis [3].

Strategic Recommendations and Cybersecurity. Moving forward, industrial enterprises
must adopt a comprehensive Edge-to-Cloud integration strategy. This hybrid approach ensures that
Edge Computing handles immediate data filtering and gateway security, while a cloud environment
leverages the Shared Responsibility Model [1] to manage heavy machine learning workloads and
ensure infrastructure resilience. Because the integration of cloud technologies and industrial control
systems expands the attack surface [4], organizations must move beyond traditional perimeter defense
by implementing a strict Zero Trust Architecture (ZTA). This framework assumes no implicit trust,
mandating end-to-end encryption for all telemetry traffic and enforcing multi-factor authentication
(MFA) across every single IT and OT network node.

Furthermore, strict network segmentation is essential. Utilizing static routes and robust
firewalls to continuously isolate IoT traffic from standard corporate traffic will significantly minimize
the potential for lateral movement by cyber attackers. To formalize these security measures,
enterprises must align their policies with the regulatory standards outlined in the EU NIS2 Directive
[2]. This alignment will not only guarantee a high common level of cybersecurity and secure
vulnerable legacy SCADA protocols but will also strategically facilitate Ukraine's broader economic
integration with European markets.

Conclusion. The convergence of advanced machine learning, specifically time-series
forecasting, alongside hybrid database design and Edge-to-Cloud infrastructure, provides a
comprehensive and highly effective roadmap for transforming Ukraine’s industrial energy
management. By adopting a systemic engineering approach that prioritizes data integrity through
TSDBs, utilizes elastic cloud scaling, and enforces rigorous Zero Trust cybersecurity measures,
Ukrainian enterprises can achieve significant economic savings while directly contributing to the
structural resilience of the national power grid. The comprehensive modernization of these systems,
founded on scientifically substantiated architectural solutions, stands as a critical and indispensable
pillar for the nation's post-war industrial recovery.
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APXITEKTYPA CUCTEM IOT JUIS1 IHTEJEKTYAJIbBHAX PIIEHB TIPOMUCJIOBOI
ABTOMATHM3AIII

Anomauia: /locnioscyemscsa 3a0aua npoexmyganus apximexkmypu cucmem loT ma ocnoeni eumozu
Wooo KoMnoweHmis po3nodineHux cucmem. OOIPYHMOBAHO emanu HPOEKMYSAHHI Md 3a0adi wWooo
3abe3neyeHHss BUCOKOI egexmusHocmi ma eHepeos3depediceHHsA. Bucynymo iHmenexmyaivbHi pilieHHs
NPOMUCIO80I asmomamu3ayii.

Knrouoei crosa: epexmusnicmo, enepeozbepedicenns, 3a0aud, iHmepHem peyel, IHCmpymMeHmapill,
KOMNOHEHmMU, Mepedicesi MexXHOoN02li, ONMUMI3ayis, NPOEKMYEAHH, NPOMUCT0BA ABMOMAMUZAYIA.

KommiiekcHe 1HXeHepHe 3aBJlaHHsI IPOEKTYBAHHS CHCTEM KepyBaHHS Ha OCHOBI IHTepHeTy
peueii (IoT) monsrae B 06’ eaHanHi (Hi3UUHUX MPUCTPOIB, MepexkeBOi 1HPPACTPYKTypU, XMAPHUX
TEXHOJIOTI Ta aJropuTMiB 00poOKM iH(popMamii a7 CTBOPEHHS IHTEIEKTYyaJbHHX CHCTEM
MIPOMHUCIIOBOI aBTOMAaTH3allii W MOHITOpUHTY BUpOOHMYMX mporeciB [1]. OcHoBHa Mera -
MIHIMI3yBaTl €HEProCIOKMBAaHHS HAa KOKHOMY piBHI, 30€piratouu npu LboMy HaJlHHICTh 300py Ta
00poOKHU JaHUX.

Etanu po3po0ku po3noiIeHUX CUCTEM BU3HAYAIOTHCS BIIOBITHO JI0O BUMOT 1 0COOJIMBOCTEM
TEXHOJIOTIYHOT'O MPOLECY.

ApxiTekTypa posnoniienoi loT-cuctemu Mae 6araTopiBHEBY CTPYKTYPY, Y AKi BUAUIAIOTH
Taki piBHi: piBeHb cnpuiHATTA (Perception Layer) — natumku Ta BukoHaBui mpuctpoi (ESP32,
Arduino, Raspberry P1), mjo 3aiiicHIoI0Th 30ip iHQOpMAaIIil PO CTaH HABKOJUIIHHOTO CEPEAOBUINA;
MepeskeBuid piBeHb (Network Layer) — mumto3u ta nporokonu 3B’ 13Ky (MQTT, CoAP, LoRaWAN),
SIK1 3a0€3MeuyIoTh Tepe/laBaHHs JaHuX; piBeHb 00poOku Ta 30epiranHs naHux (Processing/Cloud
Layer) — xmapHi cepsicu Ta 6a3u ganux (Node.js Tomno), ne BijmOyBaeTbes aHami3 1 30epeKeHHS
iHpopmarii; piBeHb 3acTocyHKiB (Application Layer) — kopucTyBalbKi iHTepdeic y BUIIII
Be03aCTOCYHKIB 1 MOOUIBHUX MTPOTPaM.

J10 OCHOBHUX eTaIliB MPOEKTYBaHHs HaJleXaTh [2]: popMyBaHHS BUMOT — BU3HAUEHHS LILTEH
cucteMu (MOHITOPUHT, KEpyBaHHs) Ta HassBHUX OOMEXEHb (BapTiCTh, EHEPTrOCIIOXKUBAHHS); MiA0Ip
armapaTHOro 3abe3nedyeHHs — BHOIp €HEeproolaJHUX MIKPOKOHTPOJEPIB 1 CEHCOPIB; CTBOPEHHS
MepexkeBOi 1HOPACTPYKTYPH — MPOEKTYBAHHS HAMIMHOI CHCTEMH 3B’SI3Ky MK PO3MOIUICHUMH
BYy3JIaMH; po3po0OKa MporpaMHOro 3abe3nedeHHs — nporpamyBanHs BOygoBanoro [13 (firmware) Ta
HaJAIITYBaHHs cepBepHOI yacTHMHU U xmapHoi muatgopmu (backend); 3a0esneueHHst Ge3nekun —
peastizallisi MexaHi3MiB aBTeHTU(IKAIll Ta 3aXUCTy JIaHUX, 30KpEeMa 13 3aCTOCYBAHHSIM OJIOKYEHH-
TEXHOJIOTIH Y JAEeLEHTPaIi30BaHUX CHCTEMaX.

J1o KIJII0OYOBHX KOMIIOHEHTIB, SIKi 3a3BUYail peali3yloThCs Ha TIaTGopmax 300py, aHAIITUKU
Ta Bi3yamizauii 1aHUX, HaJleXaTh mporpamue 3a0esnedeHHs i loT-6a3 manux i cucrem aHamizy
iHpopMmaii.

Takox 10 cKJIaqy TaKMX KOMIIOHEHTIB BXOJUTh IHTETpaIliiiHe mporpamMHe 3a0e3nedeHHsl, 1m0
3abe3neuye B3aemonito loT-iHGpacTpykrypu 3 icHyrounmu ERP-cucremamm Ta cucremamu
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yIIpaBJIiHHS BUPOOHUIITBOM, a TAKOXK MPUKJIIAIH] PIICHHS, IKI BUKOPUCTOBYIOTHCS B OuIbIocTi [0T-
MPOEKTIB opraxizamii [3].

OTxe, posnoainena loT-cuctema € TiOpUIHOIO APXITEKTYPOIO, IO MOXE MOEJHYBATH Pi3HI
TUTU TiACHCTeM. Y OUTBIIOCTI BUMIAAKIB TaKi CUCTEMU 0a3yIOThCSI Ha TBOX OCHOBHHX MPUHITUTIAX
KepyBaHHs — IMMOAIEBOMY Ta YacoBoMmy (puc. 1).
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Pucynox 1 - Apximexmypa cucmemu ynpaeninusa loT

Bubip texnoorii 3B'13Ky, 110 3a0e3neuye HU3bKE CIOKMBAaHHS €HEPrii IpU JI0CTATHbOMY
paaiyci aii. Po3poOka 1HTENEKTyalbHUX alrOPUTMIB KEpyBaHHS CTaHaMU IIPUCTPOIO.
OOrpyHTyBaHHS: [pOorpaMHa ONTHUMI3alis JO3BOJisi€  "TacUTH"'  KOMIIOHEHTH, W0 He
BUKOPUCTOBYIOThCS. 3axoau A 1poro: Power Management ICs (PMIC) (BukopHCTaHHS MIKpOCXeEM
KepyBaHHS >KMBJICHHSIM Ul TUHaMIvHOi 3MiHM Hanpyru); Duty Cycling (nepeBenieHHs IpUCTPOiB y
PEXUM IITMOOKOI0 CHY 3 aBTOMaTUYHHUM "TIPOKHUJIAaHHSIM" 32 pO3KiIaJoM abo MOi€l0).

[TnaTdopma NOBUHHA MIATPUMYBATH ACHHXPOHHY B3a€MOII10 JIJIsl 3MEHILICHHSI HABAHTa)KEHHS
Ha KIHLIEBl MPHUCTpoi. 3acTocyBaHHs Oe3cepBepHHUX apxiTeKTyp (Serverless) nns oOpoOku maHuMX
3MEHIIY€ €HEProOCIOKUBAaHHA 1HPPACTPYKTYPH, Ta BUKOPUCTAHHS €PEKTUBHUX 0a3 JaHMX YAaCOBHX
psaaiB (Time-series DB).

Eneproedextusna apxitektypa loT (Green [oT) Oynyerbcs Ha NMpUHIMIIAX: MiHIMI3aIis
nepeznayi 1anux, oopodka Ha kpato (Edge), Bukopucranus LPWAN Ta HaTHU3bKOTO CIIOXKUBAaHHS Y
pexxumi cHy. Taka apxiTekTypa MiHIMI3y€ €HEproCHoKMBaHHS Ha KOXKHOMY piBHI Ta 30epirae
Ha/1IHICTB 300py Ta 00pOOKM JaHUX.
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Anomauia: po3ensanymo eniue 36 A3HOCMI Mepedci NpUCMpoia y CUCmemax «po3yMHuti OyOUHoOK» Ha
egpexmugnicmy enepeoszdepedcenns. Tloxazano, wo cyyacHi aneopummu ONMUMIZ3ayii eHepeoCnONCUBAHHSL
Cymmeso 3anexcamsv 6i0 cmabiibHOCmi nepedayi OaHux Mide 0amyuKamu, KOHMpoiepamy ma GUKOHAGUUMU
npucmposmu. OOTPYHmMOBaHo, wo 8iOMOGU KAHANIE 36 A3KY MOJNCYMb NPU3GOOUMU 00 8MPAMU KPUMUYHO
8aXCIUBOL THopmayii ma nepexody cucmemu 00 HeepexmusHux pescumie pobomu. Ocobausy yeazy
NpUdineno poni KIo4o8ux OAmyuxie, 36 sI3HICMb AKUX 0e3n0CcepedHbO GNIUBAE HA AKICMb KepYBaHHs
€Hep2OCNOJCUBAHHAM. 3aNPONOHOBAHO NIOXIO 00 OYIHKU 6NIUBY MePelcesUx 8i0M08 HA 3A2albHULl PiGeHb
eHepeoeexmugnocmi 0e3 YCKIaOHeHHs: mMamemamuynozo anapamy. Iloxkazano ooyinbHicmv 8paxy8aHHs.
CMPYKMYPHOI HAOIUHOCMI MepediCi npu NPOEKMYBAHHI cUcmeM «Po3yMHULL 0YOuHoky. Ompumani pe3yiomamu
8I0N0GIOAIOMb CYYACHUM €6PONEUCLKUM NIOX00aM 00 NoOY008U eHepeoedeKmueHUx i CMIUKUx CUCHEeM.
3pobneno sucnosox npo HeoOXiOHicmb iHmezpayii oYinKy 36 SAZHOCMI Y 3a0aui eHepe036epedCceHH .

Knrouoei cnoea: posymuuil 0YOUHOK, eHepe030epedcents, 38 sA3HICMb Mepedxcl, HAOIuHicmb,
arcugyuicmo cucmem, oamyuuxu, loT, pesunvenmuicme.

Beryn. CydacHi cucteMu «po3yMHUN OyAMHOK» € BaXKIMBOIO CKJIAJOBOIO KOHIICTIIIT
eHeproe(eKTUBHOCTI, 1110 aKTUBHO BIIPOBAKY€EThCS B KpaiHax €Bporu. OCHOBHA 171es1 TAKUX CUCTEM
[ojisirae B ONTHMi3alii CIIOKMBAaHHS €Heprii 3a paxyHOK aBTOMATHU30BaHOIO YIPaBIiHHSA
OCBITJICHHSIM, ONAJICHHSM, BEHTWIALIEIO Ta IHIIMMH 1HXXEHEPHUMH HifcucteMaMu. JlOCATHEHHS
BHCOKOTI'O piBHS eHeproz0epekeHHs 0a3yeThCsl Ha BUKOPUCTaHHI ITaHUX B1Jl YUCICHHUX JATYHKIB, K1
BUMIPIOIOTH TEMIIEPATYypy, MPUCYTHICTh JIIOAEH, piBEHb OCBITJIEHHS Ta iHIII napaMmeTpu. Ha ocHOBI
LUX JJaHUX CHCTeMa MpUHMAaE PIIeHHS 1[0JI0 PEryII0BaHHS PeKUMIB poOoTu obnaaHanHg. OgHaK y
OUIBLIOCTI JIOCHIKEHb OCHOBHA yBara MNpPUIUISIETbCS alrOpUTMaM ONTHUMI3Alii, TOMAl SIK POJb
MepekeBO1 1HOPACTPYKTYPH UYaCTO HEMOOINHIOEThCS. Y TOW ke 4ac €QeKTHBHICTh OYJb-SKOT
CUCTEeMH KepyBaHHs Oe€3lOoCepelHbO 3aleKUTh BIJ HaJlHOCTI mepefadl iHGopMmamii MK Il
KOMITIOHEHTaMH.

ITocTanoBka npodjemu. Cucrema «po3yMHHUI OyIMHOK)» 32 CBOEIO CYTTIO € PO3IOILIICHOIO
Mepexero [1], sika BKIIOYae: CEHCOPHI BY31IM (JATYMKH), KEpyrdl NMPUCTPOi (KOHTpOJIEpH) Ta
BUKOHAaBY1 MexaHi3Mu. [Tepeaaya naHux MiX IIUMH €JIeMEHTaMH 3A1HCHIOEThCS Yepe3 KaHaJIH 3B’ 13Ky
[2], sixi MOXKYTh migmaBaTUCs BigMoBaM abo aerpanarii [3]. [IpuunHu MOXyTh OYyTH PI3HUMH, TSI
MIPUKJIATY, MEPEIIKOAN B OE3IPOTOBUX Mepexax, amaparHi abo mporpamHi 3001, epeBaHTaKEHHS
Mepexi. Y BUIMAIKy MTOPYIIECHHS 3B’ SI3HOCTI MK BY3JIaMH CHCTEMa BTpavyae yacTUHY iHpopMaIlii abo
oTpuMye ii 13 3aTpuMKOI0. [le mpu3BOIUTE 10 3HMKEHHS €()EKTUBHOCTI aJITOPUTMIB KEpyBaHHS.
Takum yuHOM, 3a0€3MEUeHHs] HAJEKHOTO PIBHS 3B’SI3HOCTI MEpEXi € HEBiJI'€MHOIO YaCTHHOIO
cTpaterii eHepro3zoepexeHHs [4]. SIKIIo Taki By3JM BTpadaloOTh 3B 530K 13 CHCTEMOIO, 1€ MOXE
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MPU3BECTH /IO TEpeXoay B Hee(EKTHUBHI PEXKUMHU POOOTH, HAMPUKIAA: MOCTIMHE IMMATPUMAHHS
BHCOKOI TEeMIIepaTypHu HE3aJIEKHO BiJl MOTPEOH Ta HEKOPEKTHA pOOOTA CUCTEM BEHTHIISLI].

Meton st ouniHBaHHS 3B’si3HOCTi. [l BpaxyBaHHS BIUIMBY MEPEXKEBHX BiJIMOB
MIPONOHY€ETHCSI BUKOPUCTOBYBATH Ii/IX1/1, 32CHOBAHM Ha OLIHII 3B’A3HOCTI Mepexi. CyTh miaxomy
MOJISITa€ 'y BHUJIJICHHI KIIOYOBUX BY3JIIB CUCTEMHU (HATUMKIB 1 KOHTPOJEPIB), aHAI31 MOXKIHBHX
NUBSIXIB TIEpeiadi JaHUX MK HUMH, OITIHIII CTIMKOCTI IUX NUISAXiB J0 BIJIMOB KaHATIB 3B 3Ky [5].

Takuii miaxig A03BOJSIE BU3HAYMTH, SKI €IEMEHTH MEpEeXi € KPUTUYHUMH, OI[IHUTH,
HACKUIbKH CHCTEMA € CTIHKOIO JIO BIIMOB Ta BUSBUTH CJIa0Ki MicIls B TomoJiorii mepesxi. Ha Biaminy
BiJl TPAIUIIHHUX MIIXOIB 10 €HEPro30epeKeHHs, e PO3IIIAIAI0THCS JIUILE aTOPUTMH KEPyBaHHS,
3aMpONOHOBAHMH MiIX11 BpaxoBye iHOPACTPyKTypHUI piBEHb — TOOTO MEpEXy mepenadi JaHuX.

VY cy4acHUX €BpOINEHCHKIX KOHIICTIISX PO3BUTKY €HEProeeKTHBHUX CHCTEM 3HAYHA yBara
NPUIUIAETHCS TAKUM aCIeKTaM: HaJiiHICTh 1 CTiMKicTh (resilience), iHTerparmis iHdopMariifHux i
SHEePreTUYHUX CHCTEM Ta 3a0e3neueHHs Oe3nepepBHOCTI (PYHKIIOHYBaHHS. 3alIpOTIOHOBAHUH TTiIX1]T
MOBHICTIO BIJMOBiAa€ LHUM TMPUHIUIAM, OCKUIBKM BpaxoBy€ BIUIMB BIIMOB MEpeXi Ha
(GYHKI[IOHYBaHHS CHUCTEMH, JI03BOJISIE MiJBULIUTH CTIMKICTH A0 300iB, crpusic OUIbII TOYHOMY
MIPOTHO3YBAHHIO €HEProClOXUBaHHSA. TakuM YMHOM, 3a0€3MeueHHs] HAJIC)KHOTO PIiBHS 3B S3HOCTI
MepEeXi € HEB1Jl'EMHOIO YaCTHHOIO CTpaTerii eHepro30epekeHHsI.

BucHoBkH. Y po0OTi MOKa3aHo, M0 €(PEeKTUBHICTh CHCTEM «PO3YMHHI OyIUHOK)» 3aJ€KUThH
HE JIMIIE BiJl aJrOPUTMIB ONTHMI3alii, ajge ¥ Bix HamilfHOCTI MepexeBoi iHpacTpykTypu. Tomy
€HEepro30epeKeHHS MPSIMO TIOB’s3aHE 3 AKICTIO OOMIHY JNaHUMHU MK KOMIIOHCHTaMU CHUCTEMH, a
BiJIMOBH KaHAJIIB 3B’ 513Ky MOXYTb IIPU3BOIUTH J0 CYTTEBUX CHEPTETUIHHX BTPAT. Y TAKUX MEpexkKax,
KITFOUYOB1 IATYMKU MTOBHHHI MaTU BUCOKUHN piBeHB 3B’ A3HOCTI. OIliHKA 3B’ A3HOCTI JO3BOJISIE BUSIBUTHU
KPUTHYHI €JIEMEHTH CUCTEMH Ta MiJABUILUTH i1 €()eKTUBHICTb.

OTxe, BpaxyBaHHS CTPYKTYPHOI >KMBYYOCTI Mepexki € HEOOXiJHOI YMOBOIO IOOYH0BU
Cy4yaCHHX €Heproe()eKTUBHUX CHCTEM «PO3YMHHUN OyJWHOK» BIIMOBIAHO 10 €BPOMEHCHKUX
CTaHJIapTiB.
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