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Abstract: This article identifies and systematizes the global trends
shaping corporate procurement in the context of digital transformation and
the growing importance of ESG principles in strategic management. The
analytical basis of the study draws on the consolidated results of an
international survey conducted by the Chartered Institute of Procurement
& Supply, which covered 122 organizations from different countries and
allowed for a comprehensive assessment of the current state, challenges
and transformation vectors of the procurement function. The findings
demonstrate that procurement increasingly moves beyond its traditional
operational role and becomes a strategic driver of business resilience and
sustainability, influencing cost management, supply chain transparency
and long-term value creation. Digitalization is shown to be the key catalyst
of this transformation. The adoption of artificial intelligence, advanced
analytics, cybersecurity solutions and supplier relationship management
systems enhance transparency, predictive accuracy and the overall quality
of decision-making. Although full digital integration is still characteristic
of only a small proportion of companies, the majority are undergoing
active technological modernization, gradually shifting towards data-
driven and automated procurement models. Simultaneously, the principles
of sustainable development and ESG are becoming embedded in
procurement policies and practices. Organizations increasingly prioritize
environmental criteria, ethical sourcing, labor standards and responsible
supplier behavior, recognizing their impact on corporate resilience and
stakeholder trust. The integration of ESG processes strengthens
institutional sustainability and redefines performance metrics within
supply chains. The study concludes that the synergy between
digitalization and ESG represents a defining direction for the evolution of
modern procurement. Their combined influence sets new standards for
responsible, transparent and analytically supported supply management in
the global economy, positioning procurement as a central mechanism for
achieving  long-term  corporate  sustainability —and  strategic
competitiveness.

Keywords: corporate procurement, supply chain, digital transformation,
ESG, green transition, business, procurement management,
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Abstract: This article identifies and systematizes the global trends shaping corporate procurement in
the context of digital transformation and the growing importance of ESG principles in strategic
management. The analytical basis of the study draws on the consolidated results of an international
survey conducted by the Chartered Institute of Procurement & Supply, which covered 122
organizations from different countries and allowed for a comprehensive assessment of the current
state, challenges and transformation vectors of the procurement function. The findings demonstrate
that procurement increasingly moves beyond its traditional operational role and becomes a strategic
driver of business resilience and sustainability, influencing cost management, supply chain
transparency and long-term value creation. Digitalization is shown to be the key catalyst of this
transformation. The adoption of artificial intelligence, advanced analytics, cybersecurity solutions
and supplier relationship management systems enhances transparency, predictive accuracy and the
overall quality of decision-making. Although full digital integration is still characteristic of only a
small proportion of companies, the majority are undergoing active technological modernization,
gradually shifting towards data-driven and automated procurement models. Simultaneously, the
principles of sustainable development and ESG are becoming embedded in procurement policies and
practices. Organizations increasingly prioritize environmental criteria, ethical sourcing, labor
standards and responsible supplier behavior, recognizing their impact on corporate resilience and
stakeholder trust. The integration of ESG processes strengthens institutional sustainability and
redefines performance metrics within supply chains. The study concludes that the synergy between
digitalization and ESG represents a defining direction for the evolution of modern procurement. Their
combined influence sets new standards for responsible, transparent and analytically supported supply
management in the global economy, positioning procurement as a central mechanism for achieving
long-term corporate sustainability and strategic competitiveness.

Keywords: corporate procurement, supply chain, digital transformation, ESG, green transition,
business, supply chains, procurement management, organizational resilience, sustainable
development.
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AHoTamisi: VY cCTarTi BU3HAYEHO Ta CHUCTEMATH30BAaHO TJIOOANbHI TEHICHINI PO3BUTKY
KOPIIOPAaTHUBHUX 3aKyIliBelb B yMoBax udpoBoi TpaHcopmauii Ta mnocwieHHs poiai ESG-
NPUHIMUIIB y CTpaTeriYHOMY YOpaBiiHHI. AHamiTHYHa 0a3a JOCHIIKEHHS IPYHTYETbCS Ha
OIpAallOBaHHI y3arajlbHEHUX pe3yJbTaTiB MIDKXHAPOJHOTO OMMUTyBaHHA, npoBeaeHoro CIPS, mio
oxomnuio 122 opranizaii 3 pi3HUX KpaiH cBiTy. Lle 103BOIMI0 KOMIUIEKCHO OLIHUTH CyYaCHUN CTaH
3aKymiBesNbHOI (PYHKIIIT KOpIopalliif, KJI040oBl BUKIMKH Ta HanpsAMmu ii Tpancdopmarii. [lokazano,
110 3aKYTiBIIi BUXOASTH 32 MEXI1 TPaJAUIIIIHOT ONIEpaIiifHOT NisITLHOCTI Ta IeAalli OUTbIIe BILTUBAIOTh
Ha (OpPMYBaHHS CTIMKOCTI Ta CTaJOCTi Oi3HECy, YNpaBlliHHS BUTpaTaMHU Ta PO3BUTOK JIAHIIIOTIB
nocrayaHHs. BcTaHOBIIGHO, 110 ITU(POBI3aIlis € KIIFOUOBUM KaTaizaTopoM MOJIepHi3allii 3aKyIiBeb.
BukopucTaHHS MITy4YHOTO 1HTENEKTY, aHATITUYHUX IJIaT(opM, pillleHb i3 Kibep3aXxucTy Ta CUCTEM
YIpPaBIIiHHS [MOCTAYaJIbHUKAMHM ITiJIBUIILYE TPO30PICTh, TOUHICTh MPOTHO3YBAaHHS Ta €(EKTUBHICTDH
yIpaBIiHCBKUX pinieHb. [lompu Te, 1m0 MOBHA AMDKHUTANI3AIS XapaKTepHa JIMIIe [T HE3HAYHOI
YacTKM KOMIIaHii, OUIbIIICTh oOpraHizamiii nepeOyBaloTh y (a3l aKTUBHOTO TEXHOJIOT1UYHOTO
oHoBJieHHs1. [TapanenbHo BU3HAUEHO, 1110 IPUHIIUITN CTAJIOro po3BUTKY Ta ESG cTaioTh CTpyKTYpHOIO
CKJIaJIOBOIO 3aKYIIiBEJIbHOI MOJITUKH. 3pOCTAE yBara J0 €KOJIOTIYHUX KPUTEPIiB, ETUYHUX MPAKTUK,
BIJIMOBIAAILHOCTI  MOCTAYAIBHHUKIB 1 TMPO30pPOCTI JIAHIIOTIB IMOCTAYaHHS, M0 MiJCUIIOE
KOPIIOPAaTHBHY CTIMKICTb, CIIPUSIE CTATIOCTI 1 (HOPMY€E JOBFOCTPOKOBY LIHHICTh KoMMaHii. Cunepris
mupkutamizamii Ta ESG-mpuHOMIB  OKpecieHa SK KIIOYOBUM HampsiM pPO3BUTKY Cy4acHHX
3aKymiBesb, 110 BU3HAYa€ HOBI CTaHAAPTH BIAIMOBIAIBHOTO, MPO30POr0O Ta JaTa-Opi€HTOBAHOTO
YIPaBJIiHHS CUCTEMOIO MTOCTAYaHHS Y CBITOBI €KOHOMIIII.

Kiro4oBi ci1oBa: KopriopaTHBHI 3aKyIiBii, nocTtadaHHs, udposa tpanchopmaris, ESG, senennit
nepexiz, Oi3Hec, JaHIIOTH MTOCTaYaHHs, YIIPaBIiHHS 3aKyMiBIsSIMH, OpraHi3aliiHa CTIHKICTh, CTaIUN
PO3BHTOK.

Beryn (Introduction)

VY cyyacHHX yMOBax CTpPIMKOI TpaHCcgopmalii cBiTOBOi €KOHOMIKM KOPIOPATUBHI 3aKyMiBIi
MEPETBOPIOIOTHCS HAa OJHY 3 KJIIOYOBHUX CTpPATETIYHUX (PYHKLIN MiANPHEMCTB, 110 BU3HAYAE IXHIO
3[IaTHICTh 3a0e31euyBaTi KOHKYPEHTOCIIPOMOXKHICTh, CTIMKICTh Ta IHHOBaLiiHICTh. POk 3aKkymiBenb
JABHO BHWINUIA 3a MeEXI ONepaliiHOro 3a0e3MeueHHsT pecypcaMu: CBhOTOJHI II€ MEXaHi3M
(dbopMyBaHHS JOBFOCTPOKOBOI LIHHOCTI, YIPaBIiHHSA PU3UKAMH Ta peani3auii IpUHIMIIB CTAJIO0ro
PO3BHUTKY. 3MiHH, IO BiAOYBAaIOTbCS y CBITOBOMY CEpPEIOBHII, MiJCHIIOIOTH II0 TEHIEHIIIO Ta
CTBOPIOIOTH HOB1 BUMOTH 10 (PYHKIIIOHYBAaHHS 3aKyITiBEIbHUX MiPO3ILTIB.

CyuacHi (axiBii 13 3aKymiBelb MPAIOIOTh Y KOHTEKCTI 3pOCTa0uoi TeOnoJITHYHOI
HeCTaOUIbHOCTI, 1H(IAMINHOrO THUCKY, TMOpPYLIICHb JIAHLIOTIB TOCTayaHHS Ta JAediuuTy
kBajiikoBaHoi po6oyoi cuimu. Came TOMy (YHKIIS KOPHOPATHBHUX 3aKyMiBelb JEMOHCTPYE
Oe3npelieIcHTHE TIOCUIICHHS BIUTUBY (Zope et al., 2025, Roy et al., 2025). 3a y3aranbHeHUMH TaHUMU
CBITOBUX aHANITUYHUX OTJIAAIB, Oyin3bko 70% MPOBIAHUX KOMIAHIN 3aCBIUYIOTh 3pOCTAHHS PO
3aKymiBesNb y MiJABUIIEHHI e(eKTUBHOCTI BUTpAT 1 cTparteriyHomy ympasiinHi (CIPS, 2024).
OnHOYaCHO BUSIBJISIETHCS CTPYKTYpPHA HEBIAMOBIAHICTE MIXK 3pOCTAaHHSIM BiJNOBIJAIBHOCTI
3aKyHiBEJIbHUX MIPO3AUIIB 1 pIBHEM IXHBOI IHTETPOBAHOCTI y MPOLIECH CTPATEriYHOTO yXBaJCHHS
pillIeHb: Yy YaCTHMHHM OpTaHi3aliii BOHM TICHO MOB’si3aHI 3 KEPIBHUIITBOM, TOAlI SK B I1HIIUX —
3aJMIIAIOTHCS NeprudepiftHIMU 1010 YIPaBIIHCEKUX UEHTPIB (Bdnyainé Toth, 2024).

[TapanenbHO 31 3pOCTaHHSM BIUIMBY BiIOYBa€ThCS CYTT€BA IMEPEOpI€HTALlis 3aKyIiBeldb Ha
3aBJaHHS CTAJIOr0 pO3BUTKY. MIKHApOAHI KOMIaHii BiJ3HAYalOTh IOCWJIEHHS 3HAYyNIOCTI
€KOJIOT1YHHUX, COLIaIbHUX Ta ynpaBmiHCbkuX ESG nmpuHIUMIB y CBO{H AisSNIBHOCTI, 0 (GOPMY€E HOBI
CTaHJAapTH BIANOBIJAIBHOCTI Ta PO30POCTI JAHIIOTIB NIocTauanHs (Wang et al., 2025, Basiru et al.,
2023). binpm TOrO, CaMe 3aKyIiBil Jeiali 4acTille BUKOHYIOTh POJIb IHCTPYMEHTY €KOJIOT1YHOi
MoJIepHi3alii O6i3Hecy Ta JpKepelsa BIUIMBY Ha 3HIDKEHHs ByTJeneBoro ciiny (Bogdan et al., 2025;
Onukwulu et al., 2025; Karaman et al., 2024). Baxxi11BO 3a3HA4NUTH, 10 MPOBIIHY POJIb Y LBOMY
BiJlirpa€ BIUIUB 3aKyIIiBeJb Ta MOBEAIHKY MMOCTAaYaJIbHUKIB Ta ii cBoepiaHe perymoBanns (Huang et
al., 2025). 3poctae i motpeba y HOBUX KommeTeHlisx (Silva & Romaro, 2024): maiike monoBUHA
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KEpIBHUKIB MiIPO3JUTIB 3aKyIliBelb yKa3ylOTh Ha HaMip PO3BHBATH HABHUKU Yy cdepi CTauoro
PO3BHTKY, a TAKOX JIIZIEPCTBA Ta MAPTHEPCHKOI B3a€MO/II1.

[udpoBa Tpanchopmarliss cTae M€ OJHUM BU3HAYAJBHUM UYWHHUKOM  €BOJIOLIL
KOPIIOPAaTHUBHUX 3aKyTMiBesib. PO3BUTOK aBTOMAaTH3allil, CHCTEM aHATITHKH, HTHU(POBUX MIATPOPM Ta
IITY4YHOTO 1HTENEKTYy (hopMye ymMoBH Uil mepexoay ao monem «Procurement 2.0» (Hushko &
Shabliy, 2025). Tlompu Te, 1m0 aBTOMAaTU3allis A0Ci (parMEHTApHO OXOIUIIOE JIUIIE YacTKY
3aKymiBeNbHUX (DYHKIH, OUTBII HK MOJOBHHA OpraHi3alliil AeKIapyloTh MParHeHHs J0 IHUPIIOTo
BIIPOBAKEHHs HU(PPOBUX IHCTPYMEHTIB y HalOMmkuiil nepcriektusi (Esan et al., 2022). BonHoyac,
NPaKTUKa CBIMYMTH, IO aBTOMATHU3aLlisl HE yCyBae MmoTpely B JIOACHKOMY (PakTOpi, a HABIAKH —
MIJICUITIOE 3HAYEHHS KOMIIETEHIIIi, TTOB’ I3aHUX 13 MI>KOCOOUCTICHOIO B3aEMOJIIEI0, KOMYHIKAIII€IO Ta
YIPaBIIiHHAM BiIHOCHHAMU 3 MOCTAYaJIbHUKAMH.

VY3aranpHIOIOYM, MOXKHA CTBEpPIPKYBATH, IO INI0OANbHI TEHAEHINI y cdepl KOpHOpPaTUBHUX
3aKymiBelb (POPMYIOTHCS IiJ] BIUIMBOM TPHOX B3a€MOIIOB’ SI3aHUX JOMIHAHT:

1) uudposoi Tpanchopmarii, sSKka pagUKaIbHO 3MIHIOE TEXHOJOTIYHY OCHOBY IIpOLECY
NPUNRHATTA PillICHb;

2) ESG-opieHTOBaHOTO yNpaBIiHHSA, L0 MiJCHIIOE POJb ETHYHOCTI, EKOJIOTIYHOCTI Ta
BIAIIOBIZAIBHOCTI B JIAHIIOrax IIOCTAaYaHHS;

3) 3poCTaHHS CTPATEriyHOrO BIUIMBY 3aKyIiBeNb, sKi JeAaji OiuIbllle BU3HAYAIOTh 3/1aTHICTD
KOMIIaH1¥ aanTyBaTHCS 10 TI00ATBHUX MIOKIB Ta €BOJIONIi PHHKOBUX YMOB.

VY 1bOMYy KOHTEKCTiI JOCTIIKEHHS TJI0OOANbHUX TEHACHIIN Yy KOPIOpPATHMBHUX 3aKyMiBISX
HaOyBae 0cOOJIMBOI aKTyalbHOCTI. BOHO O3BOJIsIE OKPECTUTH KIIOYOBI HApAMHU TpaHcopmarii,
BUSIBUTH CTPYKTYpPHI CYNEpEYHOCTI Ta BHU3HAYUTHU NEPCHEKTHBHI MOJENI PO3BUTKY (YHKIIT
3aKyIMiBellb y MOCTIHAYCTpiaabHIN MUPPOBIA €KOHOMIII, ¢ MPUHIUIH CTAJIOCTI Ta TEXHOJIOTIYHOI
IHHOBAIIITHOCTI CTalOTh (PyHIaMEHTOM KOHKYPEHTHHX IIepeBar.

Marepiaan Ta metoan (Materials and Methods)

Mertoponoriyda OCHOBa JOCHIKEHHS chopMOBaHAa Ha MO€AHAHHI SKICHMX Ta KUIbKICHUX
AQHATITUYHUX MIOXOMAIB, IO JJO3BOJHIIO KOMIUIGKCHO OIIIHHTH TJIOOANbHI TEHACHII PO3BUTKY
KOPIIOPAaTHBHUX 3aKyMiBeJIb B yMOBax HuppoBoi Tpanchopmarllii Ta nmocuieHHs 3Hauymocti ESG-
MIPHUHIIUIIIB.

Emnipuuny 0a3zy cTaHOBIATH J1aHi epIIoro riaodansHoro aHanituaHoro 3BiTy Global State of
Procurement & Supply (CIPS, 2024), sixuii y3aranbHioe pe3yabTaTi MiXXHAPOTHOTO ONUTYBaHHS 122
opraizamii i3 pi3HHX perioHiB cBiTy. CTaTHCTHYHI MaTepialid 3BITY OXOIUIIOIOTH TaKi KIIOYOBI
acrekTd (YHKLIOHYBAaHHS 3aKyIiBEIbHOI IISUIBHOCTI: CTYIHiHb LU(ppOBOi TpaHchopmarii u
aBTOMaTH3alii, poJb 3aKyHiBeJlb Yy CTpaTeriyHOMY YIpaBiiHHi, iHTerpauis ESG-npunHuummis,
CTPYKTypa BUTpAaT, YHPaBIiHHA PH3UKAMH, OIlIHKa B3a€MOJii 3 IMOCTAYaJbHHUKAMHM Ta PIBEHb
Oprasi3ariifHoi CTIHKOCTI JIAHITIOTiB TOCTaYaHHSI.

VY Mexax JOCHIKeHHS 3aCTOCOBAHO TaKi METOJM: KPUTHYHUI aHami3 1 CHHTE3 (JaJu 3MOTy
IHTepIpeTyBaTH CTAaTHUCTUYHI JaHi 3BITy 4epe3 MpPU3MYy CYYaCHHUX TEOPETHYHUX MIAXOIIB 10
yIpaBIIiHHS JIAHIIOTaMH [TOCTA4aHHs, Mojenel 1udpoBoi TpaHchopmarllii Ta KOHLENIH cTanoro
PO3BHUTKY); BTOPMHHMU KUIbKICHMH aHami3 JaHuX (OMpallOBaHHS arperoBaHUX pe3yJIbTaTiB
MDKHApPOJHOTO ONUTYBAaHHS 3JIHCHIOBAJIOCS 13 BUKOPUCTaHHSAM CTPYKTYpyBaHHS BiJIOBiJeH,
MOPIBHSHHS YaCTOTHUX XapaKTEPUCTHK, aHAJI3y Mepepo3MOJily BIUIMBY 3aKyHiBENb Yy pPI3HUX
KaTeropisix BUTpPAT Ta OLIHKH piBHA IUQPPOBOi 3pUIOCTI KOMIIAHIH); MOPIBHSIBHUN aHAai3
(BU3HAYCHHS BIAMIHHOCTEH 3a TEXHOJIOTIUHOIO 3pimicTio Ta ESG-0pieHTOBaHICTIO); CTPYKTYPHO-
(byHKUIIOHANBHUM aHalli3 (J03BOJIMB BU3HAYUTH POJb 3aKYIiBEIb Yy CHUCTEMi KOPIOPATHBHOTO
yIpaBIliHHS, X BIUIMB Ha PO3MOALI pecypciB, (OopMyBaHHS CTiMKocTi Oi3Hecy); iHTeprpeTauiiiHa-
aHaTITUKA (TOSICHEHHS BUSBIICHUX 3aKOHOMIPHOCTEH ).

3acTrocyBaHHS 3a3HAYCHUX METOJIIB JO3BOJIMIO BUOYAyBaTH LTICHY JIOTIKY JOCHIKSHHS:

- HamepuIoMy eTamni 3iiiCHeHO ONpAIIOBaHHs eMITIPUYHUX JaHHUX Ta IX CUCTEeMaTH3AalIliIo;
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- Ha JpyroMmy erami MpOBEACHO MOPIBHSUIBHUHM aHalli3 Ta 1ACHTU(IKAIIIO KIIOYOBHUX
TPEH/IIB;

- Ha TPETbOMY eTalli pe3yJibTaTH IHTEPIPETOBAHO Y KOHTEKCTI CyYaCHUX TEOPETUYHHUX
niaxoniB 1o uu¢poBoi TpaHcdopmarlii, YNpaBliHHS JAHIIOTAMU MOCTA4YaHHSI Ta
CTaJIOTO PO3BUTKY;

- Ha yeTBepTOMYy eTani chopMyIbOBAaHO BHCHOBKH IOJI0 CTPYKTYPHHUX 3MiH, BUKJIHKIB
Ta MEPCIEKTUB PO3BUTKY 3aKYIiBEIbHOT PYHKIIT Y IIUX YMOBaX.

Penpe3eHTaTHBHICTH BUKOPUCTAHOT EMIIPUYHOT Oa3H MiATBEPKYETHCS IIUPOKOIO Teorpadiero
pecnionnieHTiB: Benuka bputanis ta Ipnannis (45%), ABcrpanis Ta Hoa 3emannis (17%), bau3pkuii
Cxin ta Adpuka (17%), konTuHeHTanpHa €Bpomna (15%). PecrionieHTH pecTaBsig pi3Hi CEKTOPH
€KOHOMIKH — JIep’KaBHUI CeKTOp, OYyiBHUIITBO, BUPOOHHUIITBO, €HEPreTHKY, [T, 0XOpoHy 310pOB s,
TpaHCHOPT Ta iHmI ramy3si. Lle 3a0e3nedye MOXIJIMBICTh y3arajJbHEHHS OTPUMAaHHX BHCHOBKIB Ha
r7100aIbHOMY PiBHI.

PesyabTaTn (Results)

KonTtekcr QpyHKIIIOHYBaHHS KOPIOPATUBHUX 3aKyIiBEIb y Cy4acHil eKOHOMILII € HaJA3BUYaitHO
CKJIaJIHUM Ta OaratoBuMipHUM. Ha MisIbHICTH 3aKyMiBEIbHUX 1 MOCTAYaIbHUX IMiIPO3/IITIiB iCTOTHO
BIUIMBAIOTh 1HQIALINHI TpolecH, TEeONOJITUYHA HANpyXEeHICTh, MOPYLIEHHS TPaHCIOPTHOI
1HpacTpyKTypH, HecTauya KBasihikoBaHOT poO0OUOi CHIIM Ta 3pOCTaHHS KOHKYPEHIIil Ha TI00aTbHIX
punkax. Ilepe6oi B joricTulli, CIpUYMHEH1 PEriOHAIBHUMH KOH(IIIKTaMH, a TaKOX CTPYKTypHa
Hafpyra y MiXKHapOHIi TOPriBii (OpMYIOTh CepelOBHILE MOCTIHHOI HEBU3HAYEHOCTI, B IKOMY CaMe
3aKymiBesbHA (YHKIIS BiJirpae KJIO4OBY poib y 3a0e3MeueHH] alanTUBHOCTI Ta CTIHKOCTI Oi3Hecy.

VY Takux yMOBax 3HAY€HHS 3aKyIiBeNIb SK CTPATETIYHOTO IHCTpyMeHTa 3pocTtae. [IpakTuka
CBIIYUTD, 1110 (haxiBIIi i3 3aKyMiBeIb 1eAali YyacTille BiIIrparoTh posib IHTErpaTopiB Oi3HEC-TIPOLIECIB
1 CTalOTh BAXJIMBOIO JIAHKOIO M BHYTPIIIHBOIO OPraHi3allifHOI0 CTPYKTYPOIO Ta 30BHIIIHIM
PUHKOBHUM CEpPEOBUIIIEM. Ixmiii JOCTYT JI0 Pi3HOIIAHOBOI 1H(OpMaIIii (010 IIHOBUX TEHJCHIIIH,
TEXHOJIOTIYHUX MOXKIIMBOCTEH, OCOOMMBOCTEW MOCTAYaIbHUIILKMX PUHKIB Ta 1H.) 3abe3meuye
YHIKaJIbHY BUJAMMICTh, SIKa HEIOCTYIHA 1HIIUM Migpo3AiiiaM B Kopropauisx. Lle miacuitioe ponb
JeTIapTaMEeHTIB 3 TIOCTauyaHHs y MPUHHATTI CTPATeTiYHUX PIlIeHb, OLUIHII PU3HKIB Ta (JOpPMYBaHHI
JIOBFOCTPOKOBHX CIIEHApiiB pO3BUTKY Oi3HECY.

3MiHa CIpUHHATTS npodecii 3aKyniBeTbHUKA MOSICHIOETHCS, TIEPEAYCIM, YCBITOMIICHHSM TOTO,
o caMe 111 PyHKIsS Mae HalOUIbIIMIA moTeHIial GOpMyBaTH BiJIOBIIAIbHY MOBENIHKY Oi3HeCYy.
AHaNITUYHI 1aH1 CB1IYaTh, 110 3aKyMiBebHI I IPO3ILTH JeIali YacTime OepyTh y4acTh Y BUPIIICHHI
MUTaHb, TIOB’S3aHUX 13 3a0e3MeYeHHSAM eTUYHOCTI JIAHIIOTIB TIOCTA4aHHs, MPOTHIIIEIO
HE100pOYECHUM MPAKTUKAM, IMiITPUMKOIO IPUHIIMIIIB CTAJIOTO PO3BUTKY Ta CIIPHSIHHSAM COLATbHIN
BiJIMOBiAaNbHOCTI opraHi3auit (Wadhwa et al., 2024). Y 6aratbox BUMaAKaX caMe 3aKyMiBJIl CTAlOTh
MEPIIOI0 TOYKOIO BUSBJIEHHS PU3HKIB, IO CTOCYIOTHCS TPYAOBUX MPaB, EKOJIOTIYHUX HACIHIIKIB YU
MOJIMBUX KOpyHuiHux 3arpo3 (Otieno & Odero, 2023). TakuMm 4YMHOM, BOHU BH3HAYaIOTh
TPAEKTOPIIO A1l KOMIaHIi.

daxiBIi 3 MOCTaYaHHs HArOJOUIYIOTh HA 3[JaTHOCTI 3aKyIiBEJb BIUIMBATH HA IIUPOKUI CIICKTP
COLIIAJIbHUX Ta €KOHOMIYHHUX IPOLECIB, SKI CTOCYIOTHCS HE TIAbKH MOJIMIIECHHS yYMOB Ipami y
JAHILIOTaX MOCTaBOK, aje W MiHiMi3alii HEraTUBHOTO BIUIMBY BUPOOHMYMX IMPOLIECIB HA JOBKULIA.
Binrak, 3aKymiBiii MOKYTb OyTH IMOTY>KHOIO CHJIOIO IO3UTUBHUX 3MiH, OCKUIBKH PillIeHHs y 1l cdepi
BIUTMBAIOTh Ha MIJIbSIP/IM IHBECTHIIIN Ta MIJIBIHOHM pOOOYMX MicCllb y INI00aIbHIA EKOHOMIIII.

Pazom i3 TMM, mOmNpH 3pOCTaHHSA BIUIMBY 3aKyMiBEeNbHOI (YHKIIi, BHUSABISETHCA HHU3KA
IHCTUTYLIHHUX cynepeyHocTed. 30Kpema, MOCHIICHHs BiAIOBIJAJIBHOCTI Ta 3POCTAHHS OYiKyBaHb
IIOA0 3aKyIMiBelb HE 3aBXIU CYNPOBOKYIOTHCS TOCTaTHIM pIBHEM IHTerpamii y cucremy
KOpPIIOPAaTHUBHOTO ympasiiHHA. He B ycix opranizamisx 3aKkyHiBesbHI MiJPO3AUTH MAlOTh Halle)KHE
MPEJCTaBHUIITBO B YIPABIIHCHKUX CTPYKTYpax, 0 3HIKY€E €(EKTUBHICTH iX BIUIMBY Ha CTpaTeriuHi
pilIeHHS Ta 00MEXYy€e KOMYHIKAIIIIO 3 BUIIIUM KEPIBHUIITBOM. Taka HEBIAMOBITHICTh Mi>K (JaKTHIHUM
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1 (hopMaILHUM CTAaTyCOM CTBOPIOE Oap’epH Ul peastizallii 3aKyIiBeNbHOI (PYHKIIT K KIIOUYOBOTO
€JIEMEHTa CTaJIOrO Ta IHHOBALIMHOTO PO3BUTKY.

BaxumBum nposiBoM Tpancdopmanii cdepu 3aKymiBedb € PO3MIUPEHHS KaTeropiil, y sSKux
¢axiBui 31IHCHIOIOTH YIIPaBIiHCHKUH BIIIMB. ChOTOHI 3aKyMiBIII OXOIUTIOIOTH HE JIUIIE TPAIHIiHHI
CTaTTi BUTpaT, Taki sIK oicHi Marepianu uyu 0a30Bi MOCIYTH, ale W KOMIUIEKCHI CTpaTeriui
HanpsAMKU: YIpaBliHHS iHQpacTpykTyporo, IT-nmociayru Ta oOnagHaHHS, KamiTajabHI 1HBECTHIIIT,
JIOTICTUYHI Omepallii, eHepreTU4Hi pecypcu, BUKOPUCTAaHHS 30BHIIIHBOTO MEPCOHANY, 3a0€3MeUCHHS
Oe3mneku, mpodeciiiHi Ta KOHCANTHHrOBI mociyru. lle CBIiAYMTH NMPO MOCTYNOBY iHTErpariiio
3aKyniBesbHOI (YHKIIT y BC1 KJIFOUOBI aCIIEKTH ONEepaLiiHOl Ta CTpaTeriyHoi AisTbHOCTI OpraHi3aiii.

CTpyKTypy BIUTUBY 3aKyIIiBellb HA BUTPATH 33 OKPEMHUMH KaTETOPisIMH HABEICHO Ha Alarpami
(Puc. 1).

% peCHoH/ICHTIB

Odicui matepianu Ta Mebi

YnpasmiHaSg 00’ €KTaMu Ta iHQPACTPYKTYPOIO
[Ipodeciitni mociyru

Texniune 06CIyTOBYBaHHS, PEMOHT 1 omepariii
Irdopmariiiai Texaomorii Ta UQpPOBI MoCIyTH
Kamitansae ob61agHaHHsS

TTomoposxi Ta BinpsmKeHHS

Haiim THM9yacoBoro abo 30BHIIIHBOTO TIEPCOHATY
Enepropecypcu
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Pucynoxk 1. Brumms 3akymiBenb Ha BUTpaTH (3a chepamu 3aKyImiBeslb KOpHopariii)
Jl>xeperno: aBTopchka po3poOka Ha ocHOBI Binkputoi anamiTuku (CIPS, 2024)

AHani3 1€l CTpyKTYpH BIUIMBY IEMOHCTPYE, 1110 HAHBUILUI PiBEHb «IMITAKTY» 30CEPEIKEHO Y
cdepax i3 BUCOKUM PIBHEM CTaHJAPTHU3AIII] Ta MOBTOPIOBAHOCTI (0dicHE 3a0e3MeYCHHSI, YIPABIiHHS
o0’ekTamu, TpodeciiiHi MOCIyrd, TEXHIYHE OOCIyroByBaHHs). 3HAYHO HIDKYMNA  BIUTUB
CIIOCTEPITaeThCsl Y KaTEropisix, MOB’SA3aHUX 13 CUPOBHHHUMH PUHKAMHU Ta TOBapaMH 3 BHUCOKOIO
BOJIATHJIBHICTIO (Xap4yoBi MPOIYKTH, XIMI4HI MaTepiaj, OKpeMi BUAM CUPOBHUHN). Takuii po3momin
MiATBEPIXKYE, 1110 3aKYTiBIIi CTUKAIOTHCA 13 CYTTEBO PI3HUMHU PIBHAMH PU3UKY i Herlepea0adyBaHOCTI
3aJIeKHO BiJl XapaKTepy KaTeropii BUTpAT, 110 BUMarae aJIaliTUBHUX CTPATEriil yIpaBIiHHS.

3aKymiBenbHI MIPO3aUIN nepedyBaloTh Y YHIKAIFHOMY IOJOXEHHI, OCKUIBKH B3a€EMOMIIOThH
MPAaKTUYHO 3 yciMa (PyHKIIOHATBbHUMHU HampsMaMu Oi3Hecy Ta 0adaTh LIJTICHY KApTHHY PO3MOALTY

12



Scientific and practical journal "Economics and technical engineering"

pecypci. Came 111 MibK(YHKITIOHAIbHA B3a€EMOTis 1a€ 3MOTY (haXiBLISIM 13 3aKyIIBEJIb KOOPIHMHYBATH
BUTpPATHI pIlICHHA Ha piBHI Bci€l opraizaimii, 3a0e3Meuyioud Mpo30piCTh MOTOKIB pPecypciB i
(dbopMyBaHHS 1TICHOT (PiHAHCOBOI CTpaTET1i.

AHani3 oTpUMaHUX JAaHWX TAKOXX CBIYHTH, IO 3HAYHA YacTKa 3arajJbHUX OpraHi3allifHuX
BUTPAT KOHIEHTPYETHCS caMe B THX KaTeropisx, ski nepedyBaroTh mijx O6e3rmocepeiHiM KOHTPOJIEM
3aKymiBeJbHUX KoMaHi. llommpeHoo € cuTyarisi, KOJM 3aKyIiBJi YNpaBisfioTh abo MaioTh
BUpIIIAIBHUHN BIUIMB Ha MoHaz 60% BUTpAT, MOB’sI3aHMUX 13 MPUIOAHHAM MPSIMUX TOBAPIB 1 HOCIYT.
Haii0inpmuii piBeHb KOHTPOJIIO XapaKTEPHUH AJIsl KaTeropii i3 BUCOKUM piBHEM CTaHAApTH3alii Ta
MOBTOPIOBAHOCTI: o(icHI Marepianu Ta Mebmi (6mu3bko 80%), ynpaBmiHHsA 00’ e€kTaMu (IPUOIU3HO
78%), npoceciitni mociyru (6au3bK0 74%), M0 Y3rOIKY€ETHCS 31 CTPYKTYPOIO BIUIUBY, HABEJCHOIO
Ha PUCYHKY 1.

BaxnBo, 1110 BIUIMB 3aKyTiBeIh HE 00MEXKYETHCS OKPEMUMH KaTEropisiMH, a MOLITUPIOETHCS Ha
BCIO CHCTEMY BHTpAaT. 3aKymiBli Aejaii OUIbIIe BHU3HAYAIOTH 3arajibHUM piBeHb €()EeKTUBHOCTI
(iHaHCOBOTO YIIpaBIIiHHS B OpraHizamisx. 3MiHa pUHKOBOI KOH IOHKTYPH (Pi3Ki KOJMBAaHHS BapTOCTI
CHpOBHHH, Hemepe0adyBaHi JOTICTHYHI BUTPATH, IHQIAMIMHUNA THCK) MiICHIIIOE POJIb 3aKyIiBelb
SK KIIOYOBOTO MEXaHI3My KOMIICHCAIlil 30BHIIIHIX PH3UKIB. B okpeMux ramy3sx (QikcyeTbcs
Ha/I3BMYAfHO BUCOKA BOJIATHIIBHICTb: 30KpeMa, 3pOCTaHHS 11iH Ha CIIeliajli3oBaHl KOMIIOHEHTH MOXKe
nepesunryBat 400% (Ascari et al., 2024). 1lle notpebye omepaTuBHOI peakuii 3aKymiBeTbHUX
(byHKLIH Ta BIPOBAPKEHHS CTPATErii KOHTPIHQIIALIHHOTO yIIpaBIiHHS.

[Toka3oBo, 1m0 B YyMOBax 3pOCTaHHS BapTOCTI pPECypciB Ta 3arajbHOi EKOHOMIUHOI
HECTaOUIbHOCTI HApaAu AUPEKTOPIB Jie/1ali YacTille 3BePTat0ThCS 10 3aKyIIiBENb K J0 IHCTPYMEHTa
cTpateriunoi crabinizamii Butpar. Lle 3ymoBieHO THM, 110 ¢axiBli i3 3aKyIiBelIb 3JaTHI BUIBIATH
MOTEHIIial JJIs1 ONTHMi3alii BapTOCTi, NepeyKIaAaTh KOHTPAKTH, 31MCHIOBATH MEPEMOBUHU 100
YMOB ITOCTa4aHHs, BUSBIISATH AyOJIOBaHHS BUTPAT Ta BIPOBAHKYBATH CTAHJAPTH3AIIIO KaTeropii. ¥
npodeciiHOMY cepeIoBHUIIl HEOJHOPA30BO IMiAKPECTIOETHCS, M0 «yCl KIFOYOBI TUCKYCii CHOTO/IHI
TOYaThCS HABKOJIO BUTpaT» (Domingos et al., 2025), OCKITbKH caMe€ Bifl IXHHOTO €(EKTUBHOTO
YIPaBIIiHHS 3AJIEKUTh KOHKYPEHTOCIIPOMOKHICTD MiIPUEMCTB Ha II100aJIbHOMY PUHKY.

OpHi€l0 3 KITIOYOBUX TEHICHIIIH Y PO3BUTKY CYYaCHUX KOPIOPATUBHUX 3aKYIIBEIb € IePerIisiI
OpraHizalliiHUX MoJelel, y Mexax sIKuX (YHKIIOHye cucTeMa mocTadaHHs. [lommproerbes
NpakTUKa iXHBOI TpaHchopMmamii y Hampsmi OUTbIIOT iHTErpoBaHOCTI 3 Oi3HecC-cTpareriero,
MiA3BITHOCTI Ha piBHI TONMEHEKMEHTY Ta uu(poBizauii mpormeciB. 3akymiBili NEpecTaioTh
po3risnaTicsa SK J0MOMibKHa abo CyTo omepalliiiHa (yHKIiS — BOHHM CTalOTh IIEHTPOM JaHHX,
aHATITUKK Ta CTPATETIYHOrO YHPABIiHHA pPHU3MKAMM, 110 TOTpeOye BiAMOBIAHOTO MiJACHUICHHS
iXHBOTO CTaTyCy B OprasizaliifHiii cTpykTypi. BcTaHOBIEHO, IO y4acTh 3aKyIliBedb y Mpolecax
KOPIIOPATHUBHOTO YIIPABIIIHHS BCE ILE 3aJIMIIAETHCS HEIOCTaTHHOI. ICTOTHUM IHAMKATOPOM IIi€i
npobaemu € Toi (akt, 1o nuiie 01M3bKO0 OHIET I’ AT01 opraHizariil 3a0e3MneuyoTh MPEJCTaBHUILITBO
ctapimioro (axiBis 13 3akymiBenb y pani aupektopiB (Gunawan & Mutagin, 2024). Taxa
JHMCTIPOTNIOPIIiSl CBIAYUTH NP0 BIJCYTHICTH CHCTEMHOI IHTErpamii 3akymiBelb O CTPaTeriyHoro
LEHTPY NMPUUHATTS PillleHb, 10 MOXKE OOMEXYBaTH MOXKJIMBOCTI KOMIIaHIi pearyBaTu Ha PU3HKH,
MiCUIIOBAaTH TPO30PICTh JIAHILIOTIB MOCTa4aHHs Ta BIpoBapKyBath ESG-mpunmmmu. Xapakrtep
HIAMOPAIKYBaHHS 3aKyIMiBeJIbHUX MiAPO3ALTIB CYTTEBO KoJHMBaeThecs. Haifwacrime 3akymiBii
HiANOPAIKOBYIOTECS (DIHAHCOBOMY JHPEKTOPY, IO CTAHOBUTH MPUOIU3HO JIBI TPETUHU CTPYKTYD Y
JesIKMX KpaiHaxX, TOZl SK B IHIIMX PETiOHaX CIOCTEPIraeTbesi OibIlla PI3HOMAHITHICTh MOJENEH:
HANOPAIKYBaHHS T€HEPATbHOMY JAUPEKTOPY, OnepamiifnomMy nupekropy (6au3pko 28%) abo iHIMM
KEepiBHUM 0cO0aM.

Ha pucyHky 2 mpencTaBieHO OLIHKY PiBHS yBaru, sIKy TON-MEHEIKMEHT HPUALISE BHECKY
3aKymiBeJlb Y KOPHOPATUBHI pIIIEHHS, 30KpeMa B MUTAHHAX CTaJOro PO3BUTKY Ta IHQPPOBOI
Tpancopmartii.
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Pucynok 2. Ctyminp y3ropkeHoCTi (yHKIIi KOPIOPATUBHUX 3aKYIiBENb i3 KEPIBHUIITBOM B
yMmoBax 1u¢poBoi Tpanchopmariii ta inrerpanii ESG

Jl>xeperno: aBTopchka po3pobka Ha ocHOBI BikpuToi ananituku (CIPS, 2024)

Takuii posmonin mMmokasye, IO OpraHizaliifHI MoOjeNl 3aKyliBedb NepeOdyBaloTh Yy CTaHi
aKTUBHOI TpaHcopmalii. 3pocTae morpeoda:
-y migBUILEHHI (OPMaJIBHOTO CTATYCy 3aKyIiBEb Y KOPIIOPATUBHIM CTPYKTYPi;
-y Iepexofii 10 BepTHKaJll MiAMOPAAKYBaHHS, sKa 3a0e3Meuye CTpaTeriyHy poib;
-y uudposizallii mpouecis, U0 103BOJISIE CTBOPIOBATH IHTETPOBAHI CUCTEMHU YIIPABIIiHHS
BUTpPaTaMH, PU3MKAMHU Ta CTIHKICTIO;
-y opMyBaHHI TICHIIIOTO MAapTHEPCTBA MIXK 3aKyIMIBJISIMU Ta BUIIUM KEPIBHULITBOM.

Hudposa Tpanchopmarllist Bigirpae KIOUOBY pOJIb Y LMX 3MiHAX, OCKUJIBKM caMe€ BOHA
3abe3mneuye MATPYHTS JUIs MiJBUILEHHS MPO30POCTi, JOKa30BOTO MPUUHATTS pillleHb Ta e(EeKTUBHOI
1HTerpallii 3aKyMmiBeNb y CTpaTeriuHy apXiTeKTypy Oi3Hecy.

BopaHouac, ogHNUM 13 MIPOBIHUX TPEH/IIB PO3BUTKY CYYaCHUX CHUCTEM 3aKYIliBEJIb € 3pOCTaHHS
iHBeCTHUIliN y 1M(ppoBi TEXHONOTIT Ta aBTroMaTu3aiito. [lianmpuemMcTBa pO3TISIIAI0Th TEXHOJIOT1UHI
pillieHHS SIK OCHOBY JJs TEpexoxy [0 HOBHX MOJeNeill yNpaBiiHHS pecypcaMu, IO 3[aTHi
320€e3MeUnTH MIBUJIKICTh, TOYHICTD 1 CTIHKICTh Y MIHJIMBHX PUHKOBHX yMOBax. OCOOJIMBO aKTUBHO
70 TEXHOJIOTIYHUX TpaHc(hopMaIliil 3aydaloThCsl BEMUKI KOMIaHii, y SKMX MaciuTaOu omepauii
BHMAaraloTh BUCOKOTO PiBHS CTaHAApPTH3ALli{ Ta PO30POCTi.

3HayHa YaCcTHHA OpraHi3alliil Iianye 301abIIeHHs (iIHAHCOBUX BKJIA/ICHb y IITYYHUH IHTEIEKT,
KU PO3IIIAIAETHCS SIK KIIOYOBMN Pyl aBTOMaTH3alii CKIaJHUX MPOILECIB: BiJl MPOrHO3YBaHHS
MONMUTY 1 MIHOBUX KOJHMBaHb [0 AaBTOMAaTU30BAaHOIO COPCHHTY Ta OLIHIOBaHHS pPH3UKIB
nocravaibHUKIB. 3adikcoBaHo, M0 NprOIM3HO 35% KOMNaHii y HalOIMKUIMIA PIK OPIEHTYIOTHCS Ha
HapoieHHs iHBecTHLii y I, 110 cBi4uTh Ipo 3MILIECHHS aKLIEHTIB 13 pEaKTUBHOTO Ha IIPOAKTUBHE
yrOpaBiiHHA 3aKkymiBiassMH. CyTT€BUM IHBECTHLIMHUM HampsSMOM € TakoX KiOepOesmeka, sKy
MOCHITIOBAaTUMYTh O01u3bK0 30% opranizamiii. Lle moB’si3aHO 31 WIBUAKUM PO3LUIMPEHHIM IIUPPOBOT
1HPPACTPYKTYPH 3aKyIIiBeNb, 3pOCTAaHHAM 00CATIB 0OPOOITIOBAaHUX TaHUX Ta HEOOX1IHICTIO 3aXUCTY
JAHLIOTIB TIOCTayaHHs BiJ KiOepBpasnuBocreil. KiGepOesmeka cTae iHTEIpOBAaHUM EIEMEHTOM
3aKyHiBEJIbHOI AISTBHOCTI, a/KE KOMIIPOMETAIIisl JaHUX y cdepl MOCTavYaHH MOXKE MaTl CUCTEMHUN
BIUIMB Ha () IHAHCOBY Ta ONepaliifHy 0e3neKy MmiAnprueEMCTBA.

Y ¢okyci TpaHchopMmallii 3amUIIAIOTBCS W CHUCTEMHU YIPABIIHHS BIAHOCUHAMH 3
MOCTavyaIbHUKAMU, SKi PO3IIISIAIOTHCS K OJUH 13 HAHOLIbII MEPCIIEKTUBHUX HANpPSAMIiB PO3BUTKY.
Kommanii o4ikyoTh, IO 1HBECTHINI B TaKi CHCTEMHU HO3BOJSATH IMIJABHIIUTH SIKICTh aHATITHUKH,
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aBTOMATHU3YBaTH MOHITOPUHT BIAMOBITHOCTI MOCTadajdbHUKIB BuUMoram ESG, mnpumBuammrTu
yXBaJICHHS pillIeHb Ta MiJBUIIMTU TOYHICTh KOHTPOJILHUX IMOKA3HUKIB y peanrbHOMY yaci. IIpore,
BIIPOBA/KEHHS LIUX PillIEHb MOTPeOy€e 3HAUHUX PECYPCiB, IO YCKIAIHIOE IIU(PPOBY TpaHCPOPMALIitO
IUIsL OpraHizaiiil i3 HKYUM piBHEM TEXHOJIOT14HOI 3pinocti (Maksymova, 2024).

[udpoBi TEXHONOTII TaKOX PO3MISIAIOTHECSA SIK 3aci0 onTuMizamii BUTPAT Ta IiABHUINECHHS
criikocTi. [HTerpamiss 1HCTpYMEHTIB IUTYYHOTO IHTEJEKTY, AaBTOMAaTH30BAaHOT'O COPCHHTY,
po6oTH30BaHOT OOpOOKM 3amuTiB, CHCTEM IPOTHO3YBAaHHS Ta AaHANITHKH PHU3UKIB 3a0e3mnedye
MO>KJIMBICTh HIBHJIKO aJalTyBaTUCS J0 3MiH 30BHIIIHBOTO cepenoBumia. KpiM Toro, TexHosorii
CHPUSIOTH 3MIIHEHHIO €TUYHHUX Ta €KOJIOTIYHUX CTaHJAPTiB, OCKUIBKU JTO3BOJISIOTH 3a0e3neuyBaTu
KOMIUIEKCHUI KOHTPOJb BiAMOBITHOCTI MOCTaYaTbHUKIB BUMOTAM CTaJIOTO PO3BHUTKY.

Cranmii po3BUTOK

. . . 0,
Baskko BiAmoBiCTH / )KOJIEH 13 80%

. Ludposi TexHOMOTIi
HanpsiMiB

60%

40%

besneka naHIora nocTa4yaHHs [Ipodeciiinmii pO3BUTOK IIEPCOHATY

20%

KiGepbesmeka CrpaTerivyHuii COpCUHT

OnTuMizaliis 9UCeNbHOCTI IePCOHATY

. HpO30piCTB JIAHITOTra ImoCradyaHHsA
/IIIO,HI/IHO-HCHTpI/I‘lHl npouecu

Kontposns BiamoBigHOCTI

LTy4Hnit iHTENEKT
(KOMILTAEHC)

Pucynoxk 3. [IpiopuTeTHi HanpsIMU 1HBECTHUIIIH y CUCTEMY 3aKyIiBelb Ta MOCTAaYaHHs
Jl>xeperno: aBTopchka po3pobka Ha ocHOBI BinkpuToi ananituku (CIPS, 2024)

Sk GauMMoO, TpPU CTpaTeriyHi HampsSAMU I1HBECTYBaHHS OKPECIIOIOTh KIIOUOBY JIOTIKY
TpaHchopMallii cydacHUX 3aKyIiBelb.

[To-nepmie, exosorizaimist Ta CTIMKICTh BHCTYNalOTh (PYHAAMEHTOM MOJEpHi3alii: CTaauii
PO3BHUTOK, SKUH OXOIUTIOE 68% IHBECTHLIMHUX MPIOPUTETIB, CBIJUYUTH MPO MEpeXil M0 MOAEI,
opienroBanoi Ha npuHIMIU ESG, BiNOBIiJaNbHICTh Ta CTBOPEHHS TOBIOCTPOKOBOI LIIHHOCTI.

[To-gpyre, uudposizamis Ta aBTOMaTH3allisl (OPMYIOTh HOBY apXiTEKTypy 3aKyIiBEJIbHUX
nporieciB. 3pOCTaHHS IHTEpecy 0 HMU(POBHUX TEXHOJOTIH, MTYYHOTO IHTENEKTY Ta KibepOesmneku
JIEMOHCTPY€ NparHeHHsl KOMIaHii BUOYAOBYBAaTH TEXHOJIOTIUHO IHTETPOBAaHY €KOCHUCTEMY, 3/1aTHY
70 aHAJTITHYHOI CaMOJIarHOCTUKHM, OINTHUMI3allii BUTpAT Ta THYYKOTO pearyBaHHs Ha 30BHIIIHI
PHU3UKH.

[To-Tpere, PO3BUTOK IIOACHKOTO KamiTally 1 CTpaTeriyHMX KOMIIETEHIil cTae KPpUTHYHHM
YMHHUKOM YCIIXy: BIOCKOHAJCHHA NPOQECcifHUX HABUYOK MEpPCOHATy Ta MOTIHOICHHS
CTpPATETIYHOT0 COPCHHTY ITiIKPECIIOIOTh, 110 €(heKTUBHICTH IU(PPOBOI TpaHCPOpMaLlii BH3HAYAETHCS
HE JIUIIIE TEXHOJIOTTYHUMH PIIIEHHSIMH, @ HacaMIIepe 1 yIPaBIiHCHKUM MOTEHIIaJI0OM 3aKyMiBeTbHIX
KOMaH/I Ta iX 3/1aTHICTIO peaji30BYBaTH CTPATEriuHi 3MiHH.

BaxnBo 3a3aH4MTH, 110 TIOBHA AW DKUTANI3AMIs (PYHKLIN 3aKyIiBeNb Ta MOCTAYaHHS € dyXKe
piakicHuM siBUIEM y KommaHisix (Puc. 4).
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Pucynok 4. PiBHi aAupkuTanizanii 3akyniBeIbHUX MPOIECiB B KOMIAHISIX
Jl>xepeno: aBTopchka po3pobka Ha ocHOBI BikpuToi ananituku (CIPS, 2024)

IToBHicTIO
HKUATATI30BaH1
npomuecH; 2%

CrpykTypa piBHIB AMDKHTANI3AMI] CBITYUTE TPO Te, 110 LK(pOoBa TpaHCHOPMAaLlis 3aKyIiBENIb
nepeOyBae Ha eTami akTUBHOTO, ajieé HEPIBHOMIpPHOTo po3BUTKY. Jlumie 2% opranizauiii 1ocariu
MOBHOT JMJUKHUTANI3aMi{, 0 MiJKPECIIO€ BUCOKHNA piBEHb TEXHOJOTIYHOI CKJIAJHOCTI Ta 3HAuHI
BHUMOTH JI0 IHTETPOBAaHUX IIU(PPOBUX CHCTEM YIPABIIHHS 3aKyIiBISIMH.

Haii0inbia yactka KoMmnaHii nepedyBae y IpoOMiKHHUX CTaHax UQpoBoi 3pinocTi. [IpubauzHo
27% mianpHeEMCTB XapaKTePU3YIOTHCS YACTKOBOK JUKUTATIZAIIEI0 Ta PYXalOThCs B HAmpsMi
MOBHOTO HH(POBOTO OXOIUIEHHS TMPOLECIB, BIPOBAKYIOUM CydyacHI LU(PPOBI IUIATHOPMH,
aHATITUKY Ta IHTEJNEKTYaJdbHI pILICHHA JUIs YHpaBiiHHS JaHIioraMu mnocravyanHs. e 26%
nepeOyBaloTh y CTaHI 4YacTKOBOI JHMJDKHTANi3allii, OJHAK Hapas3l He IUIaHyIOTh CYTTEBOTO
po3mupeHHs ii Macmrady — e BKa3ye Ha HasBHICTh 0a30Boi 1u@poBoi iHPpacTpykTypu 0e3
CTpAaTETiuHOTO HaMipy JI0 MOAAJBIIOI MOIEpHI3allii.

Bonnouac 30% opranizamiii JeMOHCTPYIOTb HU3BKUH pIBEHb AHMJDKHMTANI3alii, MpoTe
JEeKJIapyIOTh HaMipu pyXaTHcs B Hampsmi rimubmoi mudpoBoi mopaepHizauii. Lle € rpymoro i3
HaiOLIpIIUM TpaHchopMamiiinum noteHmianoM. Ille 7% mianpueMcTB 3aaMIIAIOTHCS HA HU3BKOMY
piBHI M(poBoOi 3pinocTi 63 MIaHiB MO0 3MiH, a 8% XapaKTepu3yIOThCS Ty’Ke HE3HAYHUM PiBHEM
TUJDKATANI3AMI, 110 CBIIYUTH PO 30€peKeHHs TPAIUIIIMHNX ONepaliifHuX MOIEIeH.

Takum 94MHOM, CTPYKTYpa JUDKUTATI3AIII] 3aKyTTiBEIb JEMOHCTPYE:

- MOJISApU3alil0 KOMIaHii 3a piBHEM IIU(PPOBOi TOTOBHOCTI,

- JIOMIHYBaHHS YaCTKOBHX (OpM AMDKMTANI3alii, 110 BKa3ye Ha MepexXiTHUA XapakTep
TpaHchopmariii,

- 3pOCTal04Mii MOMUT HA Cy4YacHi HU(POBI PILICHHS, BKIIOYAIOYH IIaT(HOPMHU ILITYYHOTO
iHTENeKTy, poOOTH30BaHy OOpOOKY MJaHUX, I1HCTPYMEHTH IPOTHO3YBaHHSA Ta
Bi3yasi3aii pu3HKiB,

- BigpuB mdizepiB uugpoBoi Tpanchopmarii Bi KOMIaHIH 13 TpaJULIIHHOIO ONepaliitHO0
MOJIEILITIO.

[Tornubnena AupKUTANI3ALIA 3aKYITIBEIBHUX MPOLECiB (POpMy€e HE JIHIIE HOBY TEXHOJOTIUHY
apxXiTEeKTypy VYIpPaBIiHHA pecypcamu, a W BIZKPUBAE TMPOCTIp M SKICHO IHIIOTO pIBHS
BianoBiganeHOCTI Oi3Hecy. LludpoBi pimeHHs cTaloTh SIpoM TpaHchopMallii KOpPIOpaTUBHUX
3aKyIIiBellb, 320€3MeUyI0Ur MPO30PiCTh, AHAITUYHICTH 1 KEPOBAHICTH MPOIIECIB Y peaTbHOMY Yaci.

Bopanouac, qupkuTaizallis BUCTYIA€e KIFOYOBUM JIpaiiBepoM NEpexoay 10 MOJeNel CTajIocCTi,
30KpeMa 3eJICHOTO Mepexoly, KIIMaTUYHOI HeHTpanbHOCTI Ta iH. (Mietule et al., 2025; Maksymova
etal, 2023).

16



Scientific and practical journal "Economics and technical engineering"

Cranuii pO3BUTOK CHOTOJIHI PO3IIIAJAETHCS HE JIMIIE SK €TUYHA BuUMora abo riiobanbHa
eKoJIoTiYHa aMOiIlisl, a K OJWH 13 HANCYTTEBINIMX BHUKJIMKIB CyYaCHOTO €KOHOMIYHOTO MOPSIKY.
CyThb 1BOro BHUKIMKY MOJSATae y HEOOXiIHOCTI 30amaHCyBaTH 3aJOBOJIEHHS MOTOYHHX MOTPeO
CYCIIIECTBA Ta Oi3HECY 31 30epeKEeHHSIM MOXKIIMBOCTEH A MalOyTHIX MOKOMiHb. Takuil GamaHc
nependadae JOCATHEHHS JOBTOCTPOKOBOI CTIMKOCTI (€KOJIOT1UHOI, COIianbHOI Ta €KOHOMIYHO1) 3a
YMOBHU MiHiMi3allii HEraTUBHOTO BIUIMBY JIIOJICBKOI IISUTBHOCTI Ha MPHUPOJHI PECypCH, CYCIiIbHI
IHCTUTYTHU Ta PUHKH IIPALli.

VY 11bOMy KOHTEKCTI KOPIIOPATUBHI 3aKYIIiBIIi CTAIOTh OJHIEIO 3 KIIFOUOBUX TOUOK BIUIMBY Ha
TpaekTopii crasoro po3BuTKy. Came 3aKymiBeJbHI PIICHHS BHU3HAUYaAIOTh, SIKI MaTepiaiu, TOBAapH,
TEXHOJIOTIi Ta TMPaKTHKH TMOTPAIUIAIOTh Y BUPOOHMYI 1 CHOXUBYI cucteMu. Bixg Bubopy
MOCTAaYaJbHUKIB 1 BHUMOI' JO HHUX 3aJ€KUTh DIBEHb EKOJOTIYHOTO HAaBaHTAXEHHS, MacIiuTad
COLIIAIbHOT BiJIMOBITANIBHOCTI Ta SIKICTh KOPHOPATHBHOTO YIPaBIiHHSA B YCill JaHI CTBOPEHHS
BapTOCTI.

3pocTaHHs aKTyaJbHOCTI €KOJIOTIYHHUX, COLalbHUX 1 ympasniHchbkux npuHuumiB (ESG) e
OJHUM 13 HAWMOMITHIIIMX TPEHIIB y PO3BUTKY KoprmopaTtuBHOi momituku. CydacHi opraizarmii
nenani OUIbIIo0 Mipoto iHTeTpyoTh ESG y CBOIO HisUIBHICTH, BU3HAIOUU IX CTpaTEriuHe 3HAYCHHS
IUIsL TOBTOCTPOKOBOI KOHKYPEHTOCTIPOMOKHOCTI. OCOOIMBO BHPA3HOIO € PI3HHUIS MK BEIUKHUMHU
KOpIOpaIisiMi Ta KOMIAHISIMH CEpPEeIHbOro MacmTaldy: BENUKI OpraHizaimii 3HAYHO aKTHBHIIIE
BIIPOBAKYIOTh NOMTUKHA ESG, OCKIIbKH MatOTh BUILUHI PiIBEHb PETYISATOPHUX 3000B’A3aHb, OLIbLTY
CYCIITBbHY BHIUMICTh Ta CKIIAJHIII JTAHIFOTH TOCTaYaHHSI.

80%
60%
40%

20%

0%

%

B 3pocTae 3anumraeTbes CTablTBHOIO 3MEHIITY€ThCS Baskko Binnosicti

Pucynok 5. Brums ESG y 3akyniBensHux npouecax (%)
Jlxepeno: pesynabTatu onutyBanHs 122 kommaniii (CIPS, 2024)

[IpencraBneHa CTpyKTypa BiAMoOBiAeH cBiguuTh mpo Te, mo ESG yxke mepeTBoproeTbes Ha
MOBHOIIIHHUN CTpaTeTiyHUi JApaiiBep pO3BUTKY 3akymiBenabHOI ¢yHkmii. [lepeBaxkHa OuIbLIICTDH
opranizaiiii (76%) d¢ikcyoTs 3poctanHs pomi ESG, mo migTBepIKye CHUCTEMHUN Tepexia Bil
JEKIapaTUBHOTO CTaBJICHHS JI0 CTAJIOT0 PO3BUTKY JI0 HOTO MPAaKTHYHOI iHTETpallii y Oi3Hec-TipoIecH.
ESG nenani yacrinie BU3Ha4ae KpUTepii BUOOPY NMOCTavyaIbHUKIB, TApaMETPU OL[IHIOBAaHHS BUTpAT,
YIOPaBIiHHS PU3UKAMU T4 BAMOTH JI0 IPO30POCTI JAHITIOTIB MocTadanHs. Te, mo e 3% KoMIaHiii
MOBIIOMJISIIOTh TPO 3MeHIIeHHs 3Hauymocti ESG, a 19% mpo 11 crabiipHICTh, MHiAKpECIoe
HE3BOPOTHICTh TPEH/IY: PYX Y HAMPSMI CTIHKOCTI BKe HE € PaKyIbTaTUBHUM, a CTa€ YaCTHHOO HOBOI
HOPMHU KOPIIOPATHBHOTO yMpaBiiHHSA. HU3bkuil moka3HUK HeBU3HAYEHOCTI (2%) CBIIYUTH MPO TE,
mo nutaHHst ESG € no6pe 3p0o3yMisiuM 1 CTpyKTYpOBaHUM Y OLIBIIOCTI OpraHizamiil.

Takum unHoM, ESG y 3aKkymiBiIsIX pO3IIISIIAETHCS SIK MEXaHI3M CTBOPEHHS JJOBFOCTPOKOBOI
[IHHOCTi, 1HCTPYMEHT 3a0€3MEeUeHHs EKOJOTIYHOI Ta COIiaabHOi BiANOBiJambHOCTI Oi3HeCcy Ta
BOXJIMBA TMEPEIyMOBa KOHKYPEHTOCIPOMOXKHOCTI B  yMOBax IJI00AJbHOI E€KOHOMIYHOI
Tpancopmartii.

XapakTepHUM € W 3pOCTaHHS yBarm A0 ETHUYHUX AacCMeKTiB 3aKyMiBeIbHOI MisUIBHOCTI.
BinbiicTe oprasizaniii J1eKiIapyroTh TOTPUMAHHS €TUYHOI MOJITHKH, OAHAK pealbHI MPAKTHKH ii
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BIIPOBA/KEHHsSI CYTTEBO BapilOlOTh. Tam, J€ CHUCTeMa MOHITOPHMHTY BIAMOBIAHOCTI € 3pLIOI0,
BUSIBJISIETHCS. MEHILIE MOPYILICHb, M0 MiAKPECIIOE BAXIIMBICTh IHCTUTYLIHHOI 3pUIOCTI, a HE JIUIIe
(dhopManIpHOrO 3ampoBaKEHHS MOMITHKU. HaTtomicTh cinabka cucTteMa KOHTPOIIO MPHU3BOIUTH JIO
3pOCTaHHS KIIBKOCTI €TUYHUX PU3HKIB, 3HM)KEHHS MPO30POCTi Ta MOTIPIICHHS CTIHKOCTI JIAHIIIOTIB
MOCTa4yaHHS.

Bax1BUM BUCHOBKOM € Te, 1110 PiBEHD MPIOPUTETHOCTI CTAIOTO PO3BUTKY MPSIMO KOPEIIOE 13
BHYTPIIIHBOIO SIKICTIO KOPHOPATUBHOTO YIpPAaBNiHHA. Y THX BHMNajkax, koiau nuranHs ESG He
IHTErpoBaHi B CTpaTeriyHy paMKy OpraHizalii, CIOCTepiraeThCsl BIAUYKEHHS MK 3aKyIiBEIbHOIO
(byHKII€I0 Ta PaoI0 IUPEKTOPIB, caallrae KOMyHIKaliifHa B3a€MOJIis Ta 3HIXKY€ETHCS IPO30PICTh Y
JIAHITIOTaX MOCTa4aHHs. | HaBMaku — Ti KOMITaHii, IKi BBOXKalOTh CTIHKICTh CTPATET1YHOIO IIHHICTIO,
JE€MOHCTPYIOTh CWJIBHIIIMM YHPaBIiHCHKHM IMOTEHIIaN, Kpally B3aeMOJII0 MDK (YHKIISIMH Ta
e(eKTHBHIIII pe3yJIbTaTH B yIPaBJIiHHI pU3UKAMHU.

Binrak, ESG crae He mpocTo MOJHOIO KOHIICTIIIIEI0, 2 CHCTEMHUM IHIUKATOPOM 3pLIOCTI
cepenoBuili. Kommanii, mo interpytots ESG y 3akymiBelbHY CTpaTerito, HE JIMIIE 3MEHLIYIOTh
BJIACHI PU3UKH, aje i GOpMYIOTh HOBI IIpaBUiIa TPH IJIsi PUHKY, CIIPUSIOUU NMEPEXOAY IO CTIMKHX 1
BIAMOBIAAJIEHAX O13HEC-MOJIEIEH.

Bucnosku (Conclusions)

I'moGanpHuUil pUHOK 3aKyMiBeIb PYHKIIOHYE B YMOBaX 0araTOBEKTOPHOI TypOyJIEHTHOCTI, 110
MOEHYE TEOMONITHUHY HEBU3HAUCHICTD, IHQISAMIMHUN THUCK, JIOTICTUYHI 3001 Ta nedimut podoyoi
cunu. Y TakoMy CEpelOBHIII 3aKymiBesibHa (yHKIS mepectae OyTH omepauiifHolo Ta HalOyBae
CTpATEeTi4yHOTr0 BUMIpY YIpaBIiHHA pu3MKaMu # pecypcamu. Came 3akymiBii 3a0e3MedyioTh
opraHizamisiM 3/aTHICTb aJlaiTHBHO pearyBaTW Ha 30BHILIHI IIOKH, NEPEOPIEHTOBYBATH JIAHIIOTH
MOCTa4YaHHs, KOHTPOJIOBATH BHUTPATH M MIATPUMYBATH OmeEpamiiiHy cTiikicTb. llel KoHTeKcT
3YMOBJIIO€ O€3Mpelie/IeHTHE 3pOCTaHHS iXHBOTO BIUIMBY Ha CTpaTeriuHe IUIaHyBaHHA 1 (iHAHCOBI
pe3yJabTaTu.

BrnuB 3akymiBenb Ha BHUTPAaTH € CHUCTEMHHMM 1 0araTOBUMIpPHHMM, OCKUIBKH 3aKyHiBIi
BU3HAYAIOTh YIMPABIIHHSA KIIOUYOBHUMM KAaTEropisMuU BUTpAT: Bix odicHOro 3abe3nedeHHs Ta
iHpacTpykTypH 110 npodeciitnux nocayr, [T-pimens, obnaaHanHs Ta eHepropecypcis. HaliBummmii
piBEHb KOHTPOJIIO 30CEpeKEHUN Y THX cepax, JIe BUTPATH € MOCTIHHUMH Ta MACIITAOHUMH, IO
POOHTD 3aKyHiBIIi KIFOYOBUM IHCTPYMEHTOM ONTHMI3alii 6i3HEC-Mo 1€ KOMIIaHii.

Oprani3zaniifHi CTpYKTypH 3aKyIiBeidb MOKH IO HE BIAMOBIAAIOTH IXHIM CTpaTeriyHii poui.
He3Baxxaroun Ha 3pOCTaHHs BIUIUBY, JIMIIIE HE3HAYHA YacTKa KOMIIaHi# 3a0e3neuye mpeCTaBHUILITBO
KepiBHHKA 3aKyIiBeJIb Ha piBHI paau qupekTopiB. Lle oOMexye MOXKIMBICTh CBOEYACHOT 1HTErparii
3aKyHiBEJIbHOI AaHAJNITUKM Yy KOPIOpaTHBHE YNpPAaBIIHHA Ta CTPUMYE BIUIMB 3aKyIliBelb Ha
crpateriune pimeHss. Jlume 14% opranizaniii 1eMOHCTPYIOTh OBHOLIIHHY 1HTETpaIliio 3aKyIMiBelb
70 TpOIECiB NPUHHATTSA pillIeHb, TOMI K OJM3BKO TPETUHH KOMIIAHIH XapaKTepH3yIOThCS
BiJIaJIeHUM a00 ONOCEPEeIKOBAHUM 3B’SI3KOM. Taka HEpIBHOMIPHICTH MOTIpIIye KOMYHIKAIilo,
YIOBUIbHIOE IPUAHATTS PILLICHb Ta MOCIA0IIOE IPO30PICTh JIAHIIIOTIB MOCTAYaHHS.

udposa Tpanchopmariist 3aKymiBeslb MPUCKOPIOETHCS, IO MiATBEPIKY€EThCS HamipaMu 35%
KOMIIaHi{ 30UIBIINTH 1HBECTHIII] B IITyYHUH iHTENeKT, a 30% y kibepOesmneky. Lli nani cBiq4ats npo
nepexi 10 Moneni, 3a siKoi IU(POBI TEXHOJIOTIi 3a0e3MeuyloTh MPOTHO30BAHICTh, MPO30PICTh,
yOpaBIiHHS pHU3UKAMU Yy CKIATHUX JAHIIOTax mocradaHHda. OJHaK, piBeHb IUDKHATATI3aIli
3aKyHiBEJIbHUX TPOLECIB HEPIBHOMIPHHUH Ta BigoOpaxae IMMOOKUN TpaHChOpMaLiiHUN pO3pUB.
Jlume 2% xommaniit nocariv noBHOI ugpoBoi iHTerpaii, Toai sk 27% nepedyBaioTh Ha IIISAXY 10
Hel, a 26% 3auIIaloThCs Ha YaCTKOBOMY piBHI 0€3 IUIaHiB PO3BUTKY.

[HBecTUIiiiHI TPIOPUTETH KOMIIAHIM 3MILIyIOThCs y Oik 3a0e3NedeHHs TOBrOCTPOKOBOL
CTaJIOCTI T4, BOJHOYAC, TEXHOJIIOTIYHOTO OHOBNIEHHs. [lepeBaxkHa OUIbIIICTh OpraHi3aliii BU3Havyae
cTanuii po3BUTOK (68%) 1 udposi TexHonorii (63%) Kk MpiOPUTETHI HANPSAMH I IHBECTYBaHHS,
IO CBIAYUTH NMPO (pOpMyBaHHS HOBOI KOHIIEMIIi — TaK 3BaHUX «IHTEJIEKTyaJIbHUX 3aKYIIBEIbY», Y
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MEXax SKOI CTpaTeris TIOCTayaHHSA TMOEIHYEThCS 3 aHAJNITHU4YHOIO miaTpumkoro Ta ESG-
OpIEHTOBAHICTIO.

Cranuii pozButok Ta ESG cTaroTh pyHaaMeHTaTbHIMH KPUTEPISMU 3aKyiBEIbHOI TiSUTBHOCTI.
s mepeBaxHOi OIMBIIOCTI MIXHAPOJAHUX KOMIAHIA NUTaHHS EKOJIOTIYHOI, COIlianbHOI Ta
YIPaBIIHCHKOI BIAMOBIAAIBHOCTI € BAXXIUBUMH: 76% KOMMaHil (iKCYyIOTh 3pOCTaHHS BaXKJIMBOCTI
ESG, toni sx mume 3% — i 3HmwkeHHs. Taka quHaMika CBIIYMTH NMPO HE3BOPOTHICTH MEPEXOIY
0i3Hecy /10 HOBUX MOJETICH YIIpaBIIiHHS, Y IKUX €KOJOT1YHI Ta COLlialibHI KPUTEPii CTal0Th MPAKTUIHO
pIBHO3HAYHMMH €KOHOMIYHUM. BomHouac, CI/IHepFiSI mumkurtamizanii Ta ESG  dopmye HOBY
napajurMy 3aKyImiBellb, OCKUIbKM IM(POBI pilIeHHS 3a0e3MeuyloTh MOXIIUBICTH KOMIUIEKCHOTO
MOHlTOpI/IHFy Ta BI/IMlpIOBaHHSI €KOJIOTIYHMX 1 coLiaJbHUX mapameTpiB, Toli Ak ESG BuzHauae
IiHHICHI Ta cTpaTeriyHi pamku. IloegHaHHS IIMX YMHHUKIB CTBOPIOE MOJIENb 3aKyIiBeJb, L0 €
MIPO30POI0, KEPOBAHOIO TAHUMH, CTIHKOIO 1O PU3HKIB 1 CIPSIMOBAHOIO Ha CTBOPEHHS JJOBFOCTPOKOBOT
LIIHHOCTI.
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Abstract: The subject of the study is theoretical and methodological
approaches to the formation of innovative models of management of
software companies in the digital economy. The purpose of the study is to
identify key components of management mechanisms that ensure the
efficiency of IT companies, generalize their content, and define the role
and tasks in a complex system of digital transformation. The components
of the organizational structure of management mechanisms that contribute
to the implementation of analytics, flexible methodologies, and adaptation
to market changes are studied. The study was conducted using a
combination of methods: general methods - generalization, abstraction,
system-structural analysis; special methods of economic and statistical
analysis, in particular comparative analysis to assess the growth dynamics
of the IT sector of Ukraine, as well as content analysis to generalize
scientific approaches to management. Based on comparison and analysis
methods, the dynamics of the growth of the number of IT specialists and
the productivity of companies in Ukraine for the period 2018-2024 were
assessed. The components of management mechanisms were structurally
defined, covering analytical tools, process automation, investments in
human capital and partnerships, including participation in open-source
projects and ecosystems with startups and academic institutions. The goals
and objectives of these components were characterized, which form the
basis for creating an integrated management system for software
companies capable of promptly responding to the challenges of the digital
economy. It was substantiated that the optimal combination and mutual
coordination of structural components: analytics, innovative
methodologies, Al, cloud solutions and adaptability to change, allow to
form an effective management policy. This ensures the competitiveness
of IT companies, contributing to their sustainable development in the
context of globalization and technological transformations. The study
highlights the features of the Ukrainian IT sector, which demonstrates
resilience due to high adaptability and innovative potential, despite
wartime challenges and cyber threats. The results of the study can be used
to improve the management strategies of IT companies in Ukraine and
abroad.

Keywords:  software-companies,  high-techology = management,
innovations, digital transformation, analytics, IT-business.
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innovative models of management of software companies in the digital economy. The purpose of the
study is to identify the key components of management mechanisms that ensure the efficiency of IT
companies, generalize their content, determine the role and tasks in the complex system of digital
transformation. The components of the organizational structure of management mechanisms that
contribute to the implementation of analytics, flexible methodologies and adaptation to market
changes are studied. The study was conducted using a set of methods: general methods -
generalization, abstraction, system-structural analysis; special methods of economic and statistical
analysis, in particular comparative analysis to assess the dynamics of growth of the IT sector of
Ukraine, as well as content analysis to generalize scientific approaches to management. The views of
scientists on the concept of software company management are summarized, the key role of data
analytics (big data, business analytics tools such as Power BI and Tableau), flexible methodologies
(Agile, SCRUM, DevOps) and modern technologies (artificial intelligence, cloud solutions) in
ensuring competitiveness in the digital economy is identified. Based on comparison and analysis
methods, the dynamics of growth in the number of IT specialists and company productivity in Ukraine
for the period 2018-2024 are assessed, as well as the impact of martial law on the adaptation of the
IT sector. The components of management mechanisms are structurally defined, covering analytical
tools for forecasting market trends, process automation through CI/CD, investments in human capital
through training programs (upskilling, reskilling) and partnerships, including participation in open-
source projects and ecosystems with startups and academic institutions. The goals and objectives of
these components are described, which form the basis for creating an integrated management system
for software companies capable of responding promptly to the challenges of the digital economy. It
is substantiated that the optimal combination and mutual consistency of structural components, such
as analytics, innovative methodologies, artificial intelligence technologies, cloud solutions and
adaptability to change, allow for the formation of effective management policies. This ensures the
competitiveness of IT companies, contributing to their sustainable development in the context of
globalization and technological transformations. The study emphasizes the features of the Ukrainian
IT sector, which demonstrates resilience due to high adaptability and innovative potential, despite the
challenges of wartime, such as staff shortages and cyber threats. The results of the study can be used
to improve management strategies for I'T companies in Ukraine and abroad.

Keywords: software-companies, high-techology management, innovations, digital transformation,
analytics, IT-business
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AHoTanis: IIpenMeToM JOCHIJUKEHHS € TEOPETHUKO-METOAMYHI MiaXxoau 10 (opMyBaHHS
IHHOBAIITHUX MoJenell ynpaBiiHHs software-koMmaHis MU B yMOBax U(PPOBOi eKOHOMIKH. MeToro
JOCHTIJUKCHHST € BHOKPEMJICHHS KJIIOYOBMX KOMIIOHEHTIB YIPaBIIHCBKAX MEXaHi3MiB, IO
3abe3neuyroTh eheKTuBHICTh [T-KoMNaHiii, y3aranbHeHHs iX 3MICTy, BA3HAUEHHS POJIi Ta 3aBaHb Y
KOMILIEKCHiH cuctemi 1iudpoBoi Tpanchopmarii. JJociiKeHo CKIa 0Bl OpraHi3aliifHol CTpyKTypu
MEXaHI3MIB YIpaBIIiHHS, SIKI CHPUSIOTh BIPOBA/PKEHHIO AHATITUKM, THYYKHX METOIOJIOTIH Ta
amanranii 70 pUHKOBUX 3MiH. JOCHiIPKeHHS MPOBEIEHO 3 BUKOPHUCTAHHSM CYKYITHOCTI METOJIB:
3arajibHi METO/AM — Yy3arajbHEeHHs, aOCTparyBaHHsS, CHCTEMHO-CTPYKTYpPHHM aHali3; CreiaibHi
METOAH EKOHOMIKO-CTaTUCTUYHOTO aHaJli3y, 30KpeMa MOPIBHUIBHOTO aHaJi3y JUIS OLIHKY AUHAMIKU
3poctanHs IT-cekTopy YKpainu, a TaK0K KOHTEHT-aHaJIi3y JJIs y3arajJbHEHHS HAyKOBUX MiIXO/IB 10
yIpaBIIiHHA. Y3arajdbHEHO MOTJISAM HAyKOBIIB Ha TOHSATTS YIPaBIiHHA Software-koMmaHisiMH,
BHU3HAYECHO KIIIOUOBY POJIb aHAIITUKU JAHUX, THYYKHX METOJOJIOTIH Ta Cy4aCHHUX TEXHOJOTIH y
3a0e3neueHHI KOHKYPEHTOCIIPOMOXKHOCTI B M pOBiit ekoHOMilll. Ha OCHOBI METO/1iB MOPiBHSHHS Ta
aHaJi3y OI[IHEHO IWHAMIKy 3pocTaHHs KinbkocTi IT-cmemiamicTiB i MPOAYKTUBHOCTI KOMIIaHINA B
VYkpaini 3a nepiog 2018-2024 pokiB, a TakoX BIUTUB BOEHHOIO CTaHy Ha ananrtauito [T-cexropy.
CTpyKTYypHO BH3HAYCHO KOMIIOHEHTH MEXaHi3MiB YIIPaBIiHHSA, IO OXOIUIIOIOTh aHATITHYHI
IHCTpYMEHTH Ul TPOTHO3YBaHHS PHUHKOBHUX TPEHIIB, aBTOMaTH3aliio mpoueciB yepe3 CI/CD,
1HBECTHUIIIT B JIIOJCHKHI KamiTaa muisixoM nporpam HaBuaHHs (upskilling, reskilling) 1 mapTHepcTBa,
BKJIIOYAIOUM YYacTh B Open-source MpOeKTax Ta €KOCHCTeMax 31 cTapTamaMy W akaJaeMiYHUMHU
ycraHoBaMu. OXapakTepu30BaHO LT Ta 3aBJaHHS LIUX KOMIIOHEHTIB, sIKi ()OPMYIOTH OCHOBY ISt
CTBOPECHHSI 1HTErpOBAHOI CHCTEMHU YHpaBIiHHA software-KOMMaHisMH, 3aTHOI ONEPaTHBHO
pearyBaTu Ha BHKJIMKH LUGPOBOI eKOHOMIKH. OOIpyHTOBAaHO, IO ONTHMAJbHE MOEIHAHHS Ta
B3a€MHA Y3TOJDKCHICTh CTPYKTYPHMX KOMIIOHEHTIB, TAaKUX SK aHANITUKA, IHHOBALIHI METOAOJOTI],
TEXHOJIOTIi INTYYHOTO I1HTENEKTY, XMapHi pIIICHHS Ta aJalTHBHICTh O 3MiH, J03BOJIAIOTH
¢dopmyBaTi e(peKTUBHY YHpPaBIiHCBbKY MONITHKY. Lle 3abe3nedye KoOHKypeHTOCTpOMOXKHICTh IT-
KOMIIaHI{, CHPHSIOYM IX CTaJOMy PO3BHUTKY B YMOBax rio0aii3amii Ta TEXHOJOTTYHUX
Tpanchopmariif. JlocmiUKeHHsS MIAKPECIoe 0coOMMBOCTI  yKkpaiHchkoro IT-cekropy, —sKuid
JIEMOHCTPY€E CTIHKICTh 3aBASKH BUCOKIH aJalTUBHOCTI Ta IHHOBALIHHOMY TOTEHLIATy, HE3BAXKAI0UN
Ha BUKJIMKHM BOEHHOTO 4acy, Taki sk aepiuuT kajapiB i kibep3arpo3u. Pesymprat qoCiiKeHHS
MOXYTbh OyTH BUKOPUCTaHI AJIsl BIOCKOHAJICHHS cTparterii ynpasininus [T-koMmnanisimu B YKpaiHi Ta
3a 11 MeXKaMH.

KarwuoBi ciaoBa: software-xommanii, BHCOKOTEXHOJIOTIYHE YIpaBIiHHA, iHHOBaLii, IH(poBa
eKOHOMIKa, 1HHOBaliiHI migxoau, uugdposa TpaHchopmarlisi, IHCTpyMEHTH Oi3Hec-aHamiTuku, [T-
Oi3Hec.
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Beryn (Introduction)

[udpoBa exoHoMika TpaHC(hOpPMYy€e MIIAXOAM 1O YIpaBliHHA —software-kommaHisiMHU,
BUMAararo4u BiJ] HUX IIBHJKOI aJanTarlii 10 TeXHOJOTIYHHUX 3MiH, KOHKYpEHIIii Ta MmoTped pUHKY.
AHaniTuka, IHHOBAIlil Ta THYYKICTh CTalOTh KJIIOYOBUMH (PAKTOpaMH YCHiXy B yMOBAX IWHAMIYHOTO
cepenoBuina. CyvacHi IT-xkommaHii BHKOpPHCTOBYIOTH IEpeIoBI TexHoJorii, Taki sk big data,
IITYYHUH 1HTEJIEKT Ta aBTOMAaTH3allis, 00 ONTUMI3yBaTH NPOIECH Ta CTBOPIOBATH
KOHKYPEHTOCIIPOMO>KHI TPOXYKTH. BoHOUaC BUKIIMKH, MOB’s13aHi 3 HU(PPOBOIO TpaHC(hOpMAIIi€to,
noTpeOyioTh HOBHMX YIPABIIHCHKUX CTpaTerid, sKi MOEIHYIOTh aHAIITHYHI 1HCTPYMEHTH,
IHHOBAIIIHI METO/IOJIOTI] Ta aJaNTUBHICTh O PUHKOBUX yMOB (Harmash, 2023).

VYnpasiinaa software-koMnaHissMi B IUGPOBiH €KOHOMIL Tepeadadae He JIMIIEe TeXHIYHUH
PO3BHUTOK, aje ¥ CTBOpPEHHS KyJbTypu IHHOBamii Ta THyuykocTi. Kommanii, sKi ycHimHO
3aCTOCOBYIOTH QHAJITHUKY JJIsl IPOTHO3YBaHHS TPEH/IIB, BIPOBAKYIOTh 'HYYKI METOI0JIOT11, TaKi K
Agile un DevOps, Ta iHBECTYIOTh y PO3BUTOK TaJIaHTIB, MAIOTh OLIbINE MIAHCIB Ha ycmix. Lls craTTs
aHaJli3ye 1HHOBAIIMHI MiIXOMU IO YNPaBIiHHS Software-KOMIIaHisIMH, PO3TIISIIAI0UN METOIH, SIKi
CIPUSIOTh 1X e(EeKTHBHOCTI Ta KOHKYPEHTOCIIPOMOXKHOCTI B YMOBax IM(pPOBOi EKOHOMIKU
(Hamdulay, 2022).

Marepiaan Ta metoan (Materials and Methods)

JocmipkenHss 0a3yeTbcs Ha aHalli3i JIiTepaTypd Ta MNPAKTUYHUX KEHCIB, IMOB’SI3aHUX 3
yIpaBlIiHHAM software-koMnaHisiMu B yMoBax HHU(POBOI eKOHOMIKU. Bysio BUKOpUCTaHO HAyKOBi
CTAaTTi, 3BITM Ta aHAJITHYHI MaTepiaiy, SKi OXOIUTIOIOTh TEMH AaHANITUKH JaHWX, THYYKHX
METOAOJOTriH, nuppoBoi TpaHcdopmalii Ta ymnpaBiiHHS BiJJajJeHUMH KoMmaHaamu (Lysenko &
Makovoz, 2022). Mertononoris BKIIOYAaE MOPIBHSIIBHUN aHali3 MiIXOMiB A0 ympaBiiHHS B [T-
CeKTOpi, 30KpeMa B YKpaiHi, Ta BUBYECHHS BIUIUBY HU(PPOBUX TEXHOJOTH Ha Oi3HEC-TIPOIECH.
OcobnuBa yBara npuaIsUIacs ajanTaiii KOMIaHii 10 BUKIUKIB HU(POBOI €eKOHOMIKH, BKIIIOYAIOUU
BOoeHHUI cTaH B Ykpaini (YC Market, 2024).

PesyabTaTn (Results)

AHaniTUKa JaHUX € KIIOYOBHM €JIEMEHTOM YIpaBIiHHS software-koMmaHisiMH B IUGPOBiit
exoHoMmili. Bukopucranns big data Ta iHCTpyMeHTIB Oi3HeC-aHAJITHKH JO3BOJISIE KOMIIAHISIM
npuiiMaTH OOTPYHTOBAHI PIIICHHS, ONTHMI3yBaTH PO3pOOKY MPOIYKTIB 1 MPOTHO3YBaTH PUHKOBI
Tpenau. Hampuknan, anami3 MOBEXIHKM KOpPHUCTyBadiB depe3 A/B-TecTyBaHHS Joromarae
CTBOPIOBATH TPOAYKTH, Ki BiAMOBIAarOTh moTpedam kiieHTiB (YC. Market, 2024). B Ykpaini IT-
KOMIIaHii aKTHBHO BUKOPHCTOBYIOTh QHAIIITUKY JUISI OL[IHKH MPOJXYKTHBHOCTI KOMaH/, IO J03BOJISIE
e(EeKTHUBHO PO3MOAUIATH pecypcu Ta MiABUIIYBAaTH SKICTh po3podku (Harmash A. O., 2023).
3o0kpeMa, IHCTpYMEHTH Bizyamizamii ganmx, Taki sk Power BI um Tableau, momomaraiorhb
MeHe[KepaM BHUSBIISTH BY3bKi MICIIS B IIpoLiecax i onepaTuBHO ix ycyBatu (BIT Impulse, 2024).

AHaNiTUKa TaKoX BIAIrpae BaXJIMBY pOJIb Yy CTpaTeriyHOMY IUIaHYBaHHI. 3rifiHO 3
nocmikeHsaM A.T. Kearney (2019), komnadii, siKi 1HBECTYIOTh Y aHaJIITUYHI IHCTPYMEHTH, MAalOTh
Ha 20% BUITy epEeKTHBHICTh y NMOPIBHAHHI 3 KOHKypeHTaMU. Y KOHTEKcTi YKpainu, ne IT-cekrop
3aJIMIIAETHCS OJHUM 13 KIIIOUOBHX JpaiiBepiB €KOHOMIKHM, aHAJITHUKA JIOTIOMAra€e MporHo3yBaTh
MONUT Ha HOBI MPOAYKTH Ta onTuMizyBaTd BuTpaTH (Ministry of Economy of Ukraine, 2020).
Hanpuknan, ykpaiHceki kommanii, Taki sik SoftServe, BUKOpPHUCTOBYIOTh aHAIITUKY Ul OLIHKU
PUHKOBHX MOXKJIMBOCTEH 1 pO3pOOKH cTpareriii MmacimtaOyBaHHS.

I'nyuki merononorii, Taki sik Agile Ta SCRUM, cranu cranmapTom B ympaBiiHHI software-
KOMIaHiAMU. BOHHM J03BOJIAIOTE CKOPOTHTH Yac PO3POOKH, MiABUIIMTU SKICTh NPOIYKTIB 1
3a0e3NMeunTH THYYKICTh Yy BIAMNOBiAb Ha 3MiHM BuUMoOr KiieHTiB. 3rizHo 3 Hamdulay (2022),
BrpoBakeHHS SCRUM migBuiiye npoyKTUBHICTE KOMaHA Ha 15-20% 3aBAsIKK 4iTKOMY PO3IMOALTY
3aBJaHb 1 PEryJSIpHUM peTpocnekThBaM. B Ykpaini Agile akTHBHO 3aCTOCOBYETHCS B yYMOBax
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BiJ1aJIeHo1 poOOTH, 110 CTaJI0 0COOIMBO aKTyaJIbHUM IIiJ 4aC BOEHHOTO cTaHy (Lysenko & Makovoz,
2022).

Kuis | 37%
JIbBiB | 15%
XapkiB | 14%

Huinpo T 8%
Oneca T 5%
Binnnng I 3%
Tepuonine T 2%
Sanopixoks T 2%
IBano-®pankiBebk I 1%
IHmi micra | 13%

Pucynoxk 1. Konuentparis IT-cienianictiB B Ykpaini 3a micramu B 2020 p., %
Jxepeno: moOynoBaHo aBropamu 3a (Ministry of Economy of Ukraine, 2020)

[Hmuit BaxknmuBuil acekT — aBTroMaru3anis nporuecis. BrnpoBamkenus CI/CD (Continuous
Integration/Continuous Deployment) 103BoJisie TPUCKOPUTH BHUITYCK MPOJYKTIB 1 3MEHUIUTH
KUTBKICTh MOMMJIOK. Hampukman, kommanii, siki BUKopucTOBYI0TH DevOps, nocsrarots Ha 30%
IIBHUJIIIOTO BUXOAY NPOAYKTIB Ha pUHOK (Zeinalov, &. Palii., 2025). ABTomMaTu3allis TakoX CIIpHsE
e(EeKTUBHOMY YIPABIIHHIO BiJJIAJICHUMH KOMaHAAaMH, L0 € KPUTUYHO BAXKIMBUM B YMOBax
upoBoi eKOHOMIKH, Jie reorpadiuni O6ap’epu BTpadaroTs 3HaueHHs (Lysenko & Makovoz,2022).

KynpTypa iHHOBamiii € 1€ OJHUM BaXJIHMBUM eJleMeHTOM. Kommasii, sSiKi 3a0X04YyIOTh
eKCIIEpUMEHTH Ta TECTYBAaHHS HOBHX 1/1€f, CTBOPIOIOTH CEPENOBMIIE JUIsI NMPOPHUBHHUX PIllICHb.
Hanpuknan, Google BukopuctoBye “20% rule”, 103BoNAI0YN CHIBPOOITHUKAM BUTpAyaTH YaCTUHY
Yyacy Ha BJIACHI NMPOEKTH, IO NMPHU3BEIO A0 CTBOPEHHS TaKUX MPOAYKTiB, sk Gmail. B VYkpaini
NoaiIOHMH MiJXiJ 3aCTOCOBYIOTh KoMIaHii Ha KtanT EPAM, siki iHBeCTYIOTh Y BHYTPIIIHI XaKaTOHU
Ta IHHOBAIliiHI 1aboparopii (Harmash., 2023).

[MudpoBa exoHOMiKa BUMAarae Bij software-koMmmaHiid mBUAKOT aganTailii 10 3MiH. [ Hy4KicTh
CTpaTeriii J03BOJIsI€ ONEPATUBHO pearyBaTH HAa HOBI TEXHOJIOTIYHI TPEHAM, Taki K IITYYHUN
1HTENeKT un XxMapHi oouncienns. Hanpuknan, Microsoft anantyBasnacs 10 XMapHOi epH, IHBECTYIOUH
B Azure, 1110 J03BOJIMJIO i 3aMUIIATHCS JIiiepoM Ha pUHKY (Lysenko & Makovoz, 2022). B Ykpaini
IT-kommaHii afanTyOTHCS 1O BUKIMKIB BOEHHOTO CTaHy, NEPEXOAsuu Ha riOpuaHI Mojelni podoTu
Ta iHBEeCTYyI0uH B Kibepoesneky (Buriak & Makovoz., 2023).

IaBecTHIiil B JMIONCHBKMM KalliTal € II€ OJHUM KIIOYOBUM acnekToM. IlocTiiiHe HaBYaHHS
(upskilling) 1 mnepekBamidikamis (reskilling) m03BONSIIOTH  CHIBPOOITHUKAM — 3aHINATHCS
KOHKYPEHTOCIIDOMOKHUMH B YMOBaX INBHJKUX TEXHOJOTIYHHUX 3MiH. 3TiJHO 3 JaHUMHU
HarionanbsHoro iHCTUTYTYy crpareriunux nociimkeHb (2024), B Ykpaini nonut Ha IT-daxiBuiB
3poctae Ha 10% IIOpPOKY, 110 BUMarae BiJ KOMIIaHiii CTBOpEHHS MporpaM HaBuaHHs. Hampukian,
yKpaiHceki kommanii, Taki sk GlobalLogic, mpornoHyoTs BHYTpIIIHI akajgemii A MiABHIICHHS
KBaJTiQikarii po3poOHHUKIB.

[TapTHepcTBa Ta €KOCHCTEMH TaKOXX BiAIrpaloTh BaXKJIMBY pOJb. YUYacThb y Open-source
MPOEKTAX 1 CHIBOpal 3 IHIIUMH TPABIFIMH PUHKY CIPHUSIIOTH OOMIHY 3HAHHSMH Ta 1HHOBAISIM.
Hanpuknan, yxpainceki [T-koMnanii akTHBHO CIIBIPALOIOTH 13 TNIOOATBHUMH IUIaT(HOpPMaMH,
takuMmu K GitHub, 1o 1o3Bosisie iM iHTErpyBaTH HOBITHI T€XHOJIOTIT y ¢BO1 mpoaykTH. KpiM Toro,
CTBOPEHHS €KOCUCTEM, 5IK1 00’ € JHYIOTh CTapTalH, BEIUKI KOMIIaHIl Ta akaJeMiuyHi yCTaHOBH, CIIpHsIE
po3BUTKY iHHOBaii B IT-cexTopi.

Hes3Baxaroun Ha mepeBaru nudpoBoi €eKOHOMIKH, software-kKoMmaHii CTUKAIOTHCS 3 HU3KOIO
BUKIHKIB. [To-niepiue, e kiGep3arpo3u, siki BUMararoTh 3HAYHUX iHBECTHULIN y Oe3neky aanux. [lo-
apyre, nedinut kBamidikoBaHUX KajpiB, 0coONMBO B YKpaiHi, e Oararo (axiBIiB MIrpyrOTh 3a
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kopnoH (National Institute for Strategic Studies, 2024). Ilo-Tpete, MBUAKI TEMIHN TEXHOJIOTIYHUX
3MiH 3MYIITYIOTh KOMITaHii MOCTITHO OHOBJIIOBATH CBOI CTpATeTii.

99,5
92,5

76.3 81,8

67,1
58,4
49,7

2018 2019 2020 2021 2022 2023 2024

Pucynok 2. Jlunamika kinpkocTi crnemiaiictiB y 50 HaiiOinpmmx IT-kommnanisx Ykpainu
npotsirom 2018-2024 pp., Tuc. oci6*
* Jlxxepeno: modynoBaHo aBTopamu 3a (National Institute for Strategic Studies, 2024)

[IpoTe mNeEepCHEeKTHBM 3aJMIIAIOTHCS ONTUMICTHYHUMH. PO3BUTOK IITYYHOTO 1HTENEKTY,
XMapHUX TEXHOJOTiH 1 aBTOMAaTW3alii BIAKpPUBAE HOBI MOXJIHMBOCTI Juis software-kommaniii. B
VYkpaini [T-cekTop mpomoBxKye 3pocTaTi, He3BAXKAI0UU Ha BUKIIMKH BOEHHOT'O 4acy, 3aB/ISKH BUCOKIN
aJIanTUBHOCTI Ta IHHOBAIIHOMY noTtenuiany (Buriak. & Makovoz., 2023). Komnanii, siki iIHBECTYIOTh
y aHaNITUKy, THYYKi METOMOJIOTii Ta JIOACHKHI KalliTall, MaTUMyTh KOHKYpPEHTHY I€peBary B
U POBiH EKOHOMILI.

HItyuynnii inTenext (LI) cTae HeBix €MHOI0 YAaCTHHOIO YIpPAaBIiHHS Software-KoMmaHisIMH,
HAJAI04HM HOBI MOIJIMBOCTI JUIsl aBTOMAaTH3alii Ta ontuMizaii npornecis. [I-iHcTpymMeHTH, Taki sK
MalllMHHE HaBYaHHS Ta 00poOKa MPUPOTHOI MOBH, TO3BOJISIOTH aHANI3YBAaTH BEJIUKI OOCITH TaHUX Y
peampHOMY daci, IIO CHOpUsA€ MIBUALIOMY TNPUHHATTIO pimeHb. Hanpuknax, kommnasii
BUKOpUCTOBYIOTh LI i mporHO3yBaHHS NOBEIIHKM KIIEHTIB, ONTHMi3alii MapKEeTHHTOBHX
cTpaTeriii 1 HaBiTh aBTOMAaTH3alli TECTyBaHHs mporpamHoro 3abesneuenus (YC Market, 2024). B
Vkpaini [T-xommnaHnii, Taki sik MacPaw, aktuBHo iHTerpyroth LI 11 BIOCKOHANEHHS MPOIYKTIB 1
MiIBUIICHHS €QEKTUBHOCTI BHYTpilmHIX mporneciB (Harmash, 2023). 11 Takox TpaHchopmye
YIPaBIIiHHS IPOEKTAMH. AJITOPUTMH MAITUHHOTO HAaBYAHHS MOXKYTh iepe10adaTH PU3HKH IPOEKTIB,
OLIIHIOBATH TEPMiHW BUKOHAHHS 3aBJIaHb i MPOMOHYBATH ONTHUMAIIBbHI CLIEHAPi]l PO3IMOALTY peCypciB.
3rifiHo 3 JOCIIKEHHAM, KOMIIaHii, iKi BUKOpUCTOBYIOTH LIII B ynpaBiiHHI Mpo€KTaMu, CKOPOUYIOTh
3aTpUMKH Ha 25% 1 miABUIYIOTh TOYHICTH IporHo3yBanHs BuTpar (Lysenko, S. M., Makovoz, O. S,
2022). B ykpalHChKHUX pealisix, e pecypcu 4acTo oOMexeHi yepe3 BoeHHu ctas, I1II qonomarae
KOMIIaHiIM J0CSTaTH OL1b1I01 e()eKTUBHOCTI 3 MEHIIMMU 3aTpatamu (Buriak. & Makovoz, 2023).

Opnaxk BnpoBamxkeHHs Il cynpoBomkyerbcs Bukiaukamu. Ilo-mepmie, me norpedba B
KBaJTi(piKOBaHMX CIEIaNiCTax, AKi MOXYTh po3po0isatu Ta miarpumysartu LlI-cucremu. Ilo-npyre,
€THYHI MUTaHHs, OB’ s13aH1 3 BUkopuctanHsM 111, Taki sk KOH(1ASHIIIHHICTh TAHUX 1 yIIePEIKEHICTh
JITOPUTMIB, BUMaraloTh PETEIILHOTO PEryJIIOBaHHs. YKpaiHChKI KoMmaHii, Taki sk Grammarly, siki
BukopucToBytoTh I 111 0OpoOKHM TEKCTiB, NPUAUIAIOTH 3HAYHY YyBary 3axHCTy JaHHUX
KOPHCTYBaYiB, IO € MPUKIIAIOM BiAMOBITAIBHOTO MiAX0Iy ().

XMapHi TEXHOJIOTii CTajau OCHOBOIO JUIsi MacmTaOyBaHHs software-kommaHiii y 1udposiit
eKoHOMiIli. Bonu 3a06e3neuyroTh THyYKiCTh, EKOHOMIIO BUTPAT 1 MOKJIMBICTb IIBUAKOTO PO3TOPTAHHS
HOBHX NpoAyKTiB. [lnatdopmu, Taki sk Amazon Web Services (AWS), Google Cloud i Microsoft
Azure, 103BOJIAIOTH KOMIIAHISIM 30epiraTu JaHi, 3alycKaTd JOJATKH Ta HaJaBaTH HoCiIyru 0es
3HAYHMUX KalliTalIbHUX 1HBECTHULIN y BIacHy iH(pacTpykTypy. Hampuknan, ykpaiHcbka KOMIaHis
Ajax Systems BUKOpHUCTOBY€E XMapHi pilieHHs A 3a0e3neueHHs podotu cBoix loT-nmpoaykris, 1o
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J03BOJIsIE i KOHKYpYBaTH Ha rio0alibHOMY pUHKY (Harmash., 2023). XmMapHi TEXHOJIOTIi TaKOX
CTPUSIOTH CIIBIPALll BiAJaleHuX KoMaH . [HCTpyMeHTH Ha 0cHOBI XMap, Taki sk Google Workspace
yn Microsoft Teams, 3a0e3nedyroTh CHHXpPOHI3alil0o pPOOOTH pPO3POOHMKIB, AM3aiHEPIB 1
MEHEeJ[KEpiB, 110 OCOOJIMBO BaXJIMBO B YMOBax TiOpuaHHX Mojeneil poOoTH. 3rifiHO 3 JaHUMH,
KOMIIaHii, SIKi BAKOPHCTOBYIOTh XMapHi IHCTPYMEHTH JUIs CIIBIIPALll, MiABUIIYIOTh IPOAYKTUBHICTD
komana Ha 15% (A.T. Kearney, 2019). B Ykpaini, ge 6arato IT-xomnaniii nepeiniuin Ha BiganeHy
po0OTY uepe3 BOEHHHI CTaH, XMapHi TEXHOJOTIT cTany KpuTHIHO BaxkinuBuMH (Buriak & Makovoz
2023).

[lle oxgHiero mepeBaro xMap € iXHs poib y kibepOesmneri. XMapHi mpoBaiiepu MpONoHYyIOTh
BOY/JIOBaH1 IHCTPYMEHTH 3aXHCTY, TaKi sIK IU(PPyBaHHS JAHUX 1 CACTEMH BHUSBIICHHS BTOPIHEHb, 110
JI03BOJISIE KOMITaHISIM 30CEPEAUTUCS Ha PO3poOIi mpoAykTiB. OAHAK 3aleXHICTh BiJ XMapHHUX
CEepBICIB CTBOPIOE PHU3MKH, Taki SK MOXJHBI 3001 B poOOTI mpoBaiinepiB ab0 BHTOKH JaHUX.
VYkpainceki I T-xoMmaHii, SiKi MpaIrol0Th 13 MKHAPOAHUMH KIIIEHTAaMU, TPUALISIOTH OCOOIUBY yBary
BUOOPY HaAIWHUX XMapHHX HpOBaiepiB 1 pe3epBHOMY KOMIIOBaHHIO AaHuX (Zeinalov & Palii.,
2025).

[udposa exonomika crpusiia riodanizanii IT-punky, ne BigganeHa podora cTajga HOPMOIO.
YrupaBiiHHA BiJJaJlCHUMU KOMaHIaMH BUMAara€ HOBHX MiIXOJiB, SIKI MOEIHYIOTh TEXHOJOTII,
KOMYHIKaIlll0 Ta MOTHBAIil0. [HCTpyMeHTH [uia BifjaneHoi pobotu, Taki sk Jira, Slack i Zoom,
JI03BOJISIIOTH KOOPAWHYBATH MPOEKTH B PEAIbHOMY 4aci, 3a0e31euyoun mpo30picTh 1 ePEeKTUBHICTb.
B Vkpaini Binganena pobora HaOya 0cOOIMBOrO 3HAUCHHS Yepe3 BOEHHUH CTaH, 1 KOMIaHii, Taki K
Luxoft, ycmimHo agantyBaiucs 10 IbOro Gopmary, BUKOPUCTOBYIOUM HHU(POBI muiaThopmMu s
ynpasininus (Lysenko & Makovoz, 2022).

Kito4oBUM acneKToM yIpaBiiHHs BiJJIaJIeHUMU KOMaH/IaMU € MiITPUMKa KyJIbTYPH AOBIpH Ta
cmiBnpani. Kommanii, siki peryispHO NpPOBOAATH BIpTyalibHI PETPOCIEKTUBH, TIMOUIIMHTH Ta
OIUTYBAHHS CIIBPOOITHHKIB, MatoTh Ha 30% BuIMii piBeHb 3asryueHocTi komana (Hamdulay, 2022).
B Vkpaini IT-xommanii BHpoBapKyIOTh THYdYKI Tpadikd Ta mporpamMud Jo0poOyTy, 11100
HiATPUMYBATH MOTHUBAIIIIO MTPalliBHUKIB y cKki1agHux ymosax (National Institute for Strategic Studies,
2024). Ilpore BigmameHa poboTa Mae CBOI BHUKJIMKM, TaKi SK PU3UK BHUIOPAHHS, 3HUKECHHS
KOMYHIKallii Ta CKJIQJHICTh Yy MOHITOPUHTY HPOXYKTHBHOCTI. s IX NOJOJaHHSA KOMIIaHii
BUKOPUCTOBYIOTh aHAJITHYHI 1HCTPYMEHTH JMJISi BIJCTEKEHHS IPOTPeCy TIPOEKTIB 1 OLIHKU
no0po0yTy cmiBpoOiTHUKIB. Hampukian, inctpymentd Ha ocHoBi I, Taki sk Microsoft Viva,
JIOTIOMAraloTh aHali3yBaTH PIBEHb 3alyYEHOCTI Ta HAJAIOTh PEKOMEHJAIlil 00 MOKPAIICHHS
pobouoro cepenosuma (YC Market, 2024).

Crapranu BiZirpaioTh BaXJIHBY poJib Y pPo3BHTKY I[T-cekropy, mpormoHyio4HM HOBI imei Ta
TEXHOJIOT1i, SK1 BEJHMKI KOMIaHii MOXyTh iHTerpyBaTu. B YkpaiHi cTapram-ekocucremMa aKTUBHO
3pocTae, HE3BAXKAIOUM HA BOEHHUH CTaH, 3aBASKH MIATPUMIN 1HKyOaTtopiB i BeHUypHUX (DOHIIB.
Hanpuknan, crapran Petcube, sikuit pospoGnse loT-mpuctpoi, nemoHcCTpye, sK i1HHOBaLiKHI
NPOAYKTH MOXYTh KOHKYpYyBaTH Ha IJI00anbHOMY pHHKY (Harmash, 2023). ChoiBopams Mix
crapTtanamu Ta Benukumu I T-kommanisimu, Takumu sk Sigma Software, cripusie 0OMiHy 3HaHHSIMU Ta
CTBOPEHHIO HOBHUX pimieHb. CTapTanu TakoX CTUMYJIOIOTH 1HHOBalii dyepe3 KOHKypeHIio. BoHu
9acTO EKCIEPUMEHTYIOTh 13 HOBHMH TEXHOJOTISIMU, TaKUMH SIK OJIOKYEHH YU METaBCECBIT,
3MYIIYIOYX BEJTMKI KOMIaHii agantyBartucs. 3rifHo 3 nanumu, 40% inHosauii y IT-cextopi Ykpainu
MOXOAATh Bin crapramiB (Ministry of Economy of Ukraine, 2020). ]Ins MATPUMKH CTapTariB
HEOoOXiHI iHBecTUIil B iH(PACTPYKTYpy, JOCTYIl JO TAJAHTIB 1 PEryJsATOpPHA MIATPUMKA, L0 €
BUKJIMKOM /11 YKpaiHU B MOTOYHUX yMOBax (Buriak &Makovoz, 2023).

Bucnosku (Conclusions)

VYnpasiiaaa software-koMmaHisiMH B yMOBax LU(PPOBOI €KOHOMIKM BUMAarae KOMIUIEKCHOTO
MIIXOAY, KU TOEAHY€E TIEPEIOBl aHATITUYHI IHCTPYMEHTH, 1HHOBAIIIifHI METOJ0JIOTIi Ta THYYKIiCTh
y BIINOBIAb Ha MIBUAKI 3MiHM pUHKY. [IpoBeneHe MOCHiKeHHS MOKa3ao, [0 aHANITHKA JaHUX,
30KpeMa BUKOpHUCTaHHs big data Ta iHCTpyMeHTIB Oi3Hec-aHaNITHKH, TakuX sk Power BI uu Tableau,
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€ OCHOBOIO [UIi NPUHAHATTS OOIPYHTOBAaHUX pIllIeHb, ONTHUMI3allil MPOLECIiB pO3poOKH Ta
MIPOTHO3YBAHHS PUHKOBUX TpeHIiB. Lli iHcTpyMenTH n03BoMsI0Th IT-KOMMIaHisM, sIK B YKpaiHi, Tak
1 TmobanpHO, miABUIIYBaTH edekTuBHICTh Ha 20%, sk 3a3HavaeThes B qociimkenHi A.T. Kearney
(2019), Ta cTBOprOBaTH MPOIYKTH, 110 BiAMOBIIAIOTH MOTpeOaM KIIEHTIB.

I'nyuki meronoorii, Taki gk Agile, SCRUM 1 DevOps, cranu crannaprom ympasiinas B [T-
CEeKTOpi, 3a0e3neuyroun CKOpOYeHHs 4dacy po3poOku Ha 30% Ta MiABUILEHHS MPOIYKTUBHOCTI
komaHa Ha 15-20%. B Vkpaini i migxoau HaOynu ocOOIMBOrO 3HAUYEHHS B YMOBAaxX BiiJasieHOi
pOOOTH Ta BOEHHOTO CTaHy, A03BOJIAIOYN KOMMaHisM, TakuM K Luxoft uu SoftServe, miarpumyBaTu
CTaOUIbHICTh 1 KOHKYPEHTOCIIPOMOXKHICTh. ABTOMaTH3auis npouecis uepe3 CI/CD Tta BukopucTanus
XMapHHUX TEXHOJIOTiH, TakuxX Kk AWS un Azure, 3a0e3meqyIoTh MIBUAKE PO3TOPTAHHS MPOIYKTIB 1
e(eKTHBHY CIIBIIPAIIO BiJaTICHUX KOMaH/, [0 € KPUTUYHO BAXXIMBUM y HHU(POBINA EKOHOMIIII.

HITy4Hnii iHTENEKT 1 XMapHi TEXHOJIOT1] BiAKPUBAIOTh HOBI TOPU30HTH ISl Software-koMmnaHii,
JI03BOJISIIOYM aBTOMATU3YBAaTH YIIPABIIHHS MPOEKTAMH, NMPOTHO3YBAaTH PUZMKH Ta ONTUMI3yBaTh
pecypeu. Hanpuknan, ykpainceki kommnanii, Taki sk MacPaw 1 Grammarly, ycnimHo iHTerpyrots I
JUIS BIOCKOHAJICHHSI MPOJYKTIB 1 3aXHUCTy MaHUX, JEMOHCTPYIOYH BiIMOBIAANBbHUN MIXiA 10
TEXHOJIOTIYHMX iHHOBamii. BogHouac crapramm, Taki sk Petcube, cTuMyInoOTh 1HHOBAIT yepes
KOHKYPEHIIIIO Ta CHIBIIPAIIO, CIPUSIOYHA PO3BUTKY €KOCHUCTEM, SIKi 00’ €THYIOTh BEJIMKI KOMIIaHIi,
aKaJeMiYHi yCTaHOBH Ta BEHUYPHi (POHIH.

B Vkpaini IT-cexTop AeMOHCTpye Haa3BHYalHYy CTiHMKiCTh, 3pocTarouu Ha 10% mIopoky,
HE3BaXKAI0UM HA BUKJIMKH BOEHHOTO yacy. OHAaK KOMIIaHil CTHKAIOTHCS 3 MPOOJIeMaMy, TAKUMH SIK
kibep3arpos3u, aedinut KBamiQikoBaHUX KaJAPiB 1 MIBUAKI TEXHOIOTIUHI 3MiHH. [[s X momonmaHHs
HeoOXigHi iHBecTuLii B KiOepOesneky, mporpamu HaBuaHHs (upskilling/reskilling) ta cTBOpeHHs
CIPUSATIUBOrO PETYJIATOpHOro cepenosumia. lpuknanu xommnanii, Takux sk GlobalLogic i Ajax
Systems, MOKa3yloTh, SK IHBECTHIII B JIOACHKUI KaIliTal i TEXHOJOTIi CHPHSIOTH Tio0ambHii
KOHKYPEHTOCTIPOMO>KHOCTI.

[lepcniexkTuBu po3BUTKY IT-cexTOpy 3aaMIIAIOTHCS ONTUMICTUYHMMU. [HTErparisi mTy4HOro
IHTETIeKTY, XMAapHUX TEXHOJOTIH 1 IHYYKHMX METOJOJIOTiM CTBOPIOE YMOBM JUIsl MacIITaOyBaHHS
0i3Hecy Ta CTBOPEHHS IPOPUBHUX MPOAYKTIB. B YkpaiHi miATprUMKa CTapTan-eKOCUCTEM 1 CITiBIIpaLls
3 rnobansHUMH MIaTopmamu, TakuMu Kk GitHub, BiIKpuBatOTh HOBI MOXKIIMBOCTI [Tl iIHHOBAIIIH.
KoMmmaHnii, ki MOEIHYIOTh aHANITHKY, IHHOBalliiHI MIiAXOAW Ta aJaNnTHUBHICTb, MAaTHUMYTh
KOHKYPEHTHY IepeBary B LU(POBiii eKOHOMILI, CIIPUSIOYHN HE JIUIIE eKOHOMIYHOMY 3pOCTaHHIO, aje
il TEXHOJIOTTYHOMY IIpOrpecy Ha ri100albHOMY PiBHI.
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access datasets from CoinMarketCap, TradingView and Investing, which
enables a comparative assessment of cryptocurrency trends and stock
market movements. The findings demonstrate that cryptocurrency
markets remain highly sensitive to news flows, regulatory decisions and
speculative activity by large investors, which complicates the application
of conventional fundamental analysis methods. Special attention is
devoted to the environmental dimension of crypto industry development.
The high energy consumption of Bitcoin is identified as a major barrier to
integrating blockchain technologies into sustainability oriented economic
frameworks. The study also examines the potential of environmentally
oriented tokens, most notably the Energy Web Token, which is positioned
as a tool for supporting decarbonization processes in energy markets but
continues to exhibit weak price performance and limited investor demand
in comparison with green energy indices. The comparative analysis
reveals a substantial gap between the conceptual value of green tokens and
their actual market perception. Overall, the results confirm that despite the
continuing expansion of the emergence of new technological solutions,
the integration of crypto assets into the green transition remains
fragmented. Meaningful advancement in this direction requires clearer
regulatory frameworks, technological improvements and stronger
alignment between blockchain applications and measurable
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Abstract: The article presents an empirical study of the global cryptocurrency market in the context
of its evolution under the influence of macroeconomic, technological and geopolitical factors, as well
as the broader framework of the global green transition. By analyzing market dynamics across several
critical periods, including the pre COVID crisis phase, the COVID 19 pandemic, the full scale russian
invasion of Ukraine and the most recent stage of partial recovery, the study characterizes the structural
features of cryptocurrency volatility in comparison with traditional financial instruments, particularly
the S&P 500 and USDX indices. The empirical component of the methodology is based on open
access datasets from CoinMarketCap, TradingView and Investing.com, which enables a comparative
assessment of cryptocurrency trends and stock market movements. The findings demonstrate that
cryptocurrency markets remain highly sensitive to news flows, regulatory decisions and speculative
activity by large investors, which complicates the application of conventional fundamental analysis
methods. Special attention is devoted to the environmental dimension of crypto industry
development. The high energy consumption of Bitcoin is identified as a major barrier to integrating
blockchain technologies into sustainability oriented economic frameworks. The study also examines
the potential of environmentally oriented tokens, most notably the Energy Web Token, which is
positioned as a tool for supporting decarbonization processes in energy markets but continues to
exhibit weak price performance and limited investor demand in comparison with green energy
indices. The comparative analysis reveals a substantial gap between the conceptual value of green
tokens and their actual market perception. Overall, the results confirm that despite the continuing
expansion of the emergence of new technological solutions, the integration of cryptoassets into the
green transition remains fragmented. Meaningful advancement in this direction requires clearer
regulatory frameworks, technological improvements and stronger alignment between blockchain
applications and measurable environmental outcomes.

Keywords: cryptocurrencies, global financial market, blockchain, green transition, sustainable
development, Bitcoin energy consumption, green tokens, decarbonization, EWT, S&P 500, USDX

Introduction

The rapid digital transformation of the global economy has become a defining force reshaping
international economic relations and accelerating the development of cryptocurrency markets. As
digital assets increasingly influence global financial flows, the architecture of transnational
investment, international trade, payment systems, and monetary policy, they have emerged not only
as innovative financial instruments but also as integral components of a new phase in the evolution
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of the world economic order. The relevance of studying the global cryptocurrency market is driven
by several key considerations. First, the cryptocurrency sector continues to exhibit rapid growth,
exerting a profound impact on the restructuring of the international financial system. Major global
financial institutions now devote substantial attention to the regulatory implications of digital assets,
highlighting the need for coherent governance frameworks. Second, the expanding ecosystem of
cryptoassets has gained particular significance in the context of sustainable development. Concerns
about the energy consumption of mining, the search for environmentally efficient alternatives, and
the potential of blockchain solutions to enhance transparency and traceability in global supply chains
have brought the intersection of cryptocurrency markets and green transitions to the forefront of
scholarly debate. Third, geopolitical upheavals have introduced new dimensions to the study of
cryptocurrency markets: digital assets have become instruments for mobilising international
assistance, alternatives to traditional payment channels, and elements of digital resilience strategies
in conditions of military conflict, sanctions pressure, and financial fragmentation.

Given these dynamics, analysing the structural and behavioural features of the global
cryptocurrency market acquires not only financial and economic but also international strategic
significance. Cryptocurrencies today shape patterns of global competition, influence regulatory
trajectories, alter energy consumption profiles, and contribute to the institutional design of the
emerging digital economy.

In 20242025, the global cryptocurrency market demonstrated both structural maturation and
increasing alignment with sustainability goals. Empirical data indicate that the total market
capitalization of digital assets fluctuated around USD 2.6-3 trillion by mid-2025, with Bitcoin and
Ethereum maintaining a dominant 65% market share. However, recent analyses underscore a
significant diversification toward energy-efficient “green” cryptocurrencies and stablecoins designed
to mitigate volatility and environmental impact (Koemtzopoulos et al., 2025)

The comparative study of traditional and environmentally optimized cryptocurrencies reveals
that several tokens (such as Cardano, Ripple, and Stellar) demonstrate short-term market efficiency
and reduced energy intensity due to the adoption of Proof-of-Stake or hybrid consensus algorithms
(Marques & Dias, 2025). This shift coincides with the forecasted post-halving stabilization of
Bitcoin’s price trajectory in 2025, which continues to act as a barometer for investor sentiment and
long-term sustainability prospects (Fabus et al., 2024).

From an environmental perspective, recent assessments reveal that cryptocurrency mining
remains a considerable source of carbon emissions, however with emerging signs of decarbonization
through renewable integration and algorithmic optimization. Such mining is responsible for an
estimated 0.25% of global CO: output and 0.5% of total electricity consumption (Laimon &
Almadadha, 2025). The transition toward renewable-powered mining operations in North America
and Scandinavia, alongside the increasing use of solar and wind curtailment, has begun to reduce the
average carbon intensity of major blockchain networks by approximately 30% since 2022
(Winotoatmojo et al., 2024). Moreover, Al-enhanced blockchain infrastructures (such as those
implemented in Render Network and Ocean Protocol) are projected to achieve up to 35% energy
savings compared to traditional Proof-of-Work systems by leveraging adaptive learning for
transaction optimization (Kovacs & Fiirész, 2025)

Collectively, empirical data from 2024-2025 suggest that the cryptocurrency market is
undergoing a structural transition toward a more resilient and environmentally responsible system.
The convergence of Al, stablecoin governance, and renewable-powered mining indicates that the next
phase of digital asset evolution may align more closely with global green transition objectives.

Thus, a review of scientific and analytical literature indicates that cryptocurrencies are
examined through multiple research lenses, including the economic analysis of digital assets,
regulatory policy, cross-border financial integration, and the macroeconomic effects of digital
currencies. However, key questions remain insufficiently addressed, particularly those related to the
scenario-based development of cryptocurrency markets under conditions of geopolitical turbulence,
sustainability commitments, and the accelerating green transition. These gaps underscore the need for
further empirical investigation and theoretical reflection within this rapidly evolving field.
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Materials and Methods

The methodological framework of the study is based on a combination of quantitative and
qualitative approaches aimed at analyzing the dynamics of the global cryptocurrency market and its
interaction with traditional financial instruments and indicators of the green transition.

The empirical component of the methodology is grounded in the use of open-access data from
three analytical platforms: CoinMarketCap (2025), TradingView (2025) and Investing.com (2025).
Data from CoinMarketCap were used to analyse changes in the market capitalisation of major
cryptocurrencies and the structure of digital asset dominance. TradingView was employed to
construct comparative charts of green energy indices and to conduct a visual assessment of the
volatility of Bitcoin and other assets across different time intervals. Data from Investing.com enabled
the analysis of traditional financial indicators, including the dynamics of the S&P 500 and USDX
indices, thereby facilitating a meaningful comparison between the cryptocurrency market and the
stock and currency segments of the global financial system.

The study applies methods of comparative analysis, structural and dynamic analysis to identify
relationships between market indicators and macroeconomic variables. Contextual analysis of the
information environment was also used to evaluate the impact of news events and regulatory
interventions on short-term cryptocurrency fluctuations.

To assess the environmental dimension of the cryptocurrency industry, a comparative approach
was used to interpret the market behaviour of green energy indices and environmentally oriented
tokens. This made it possible to identify disparities between the tangible influence of the energy sector
and the conceptual positioning of “green” cryptocurrencies.

The methodological logic of the research follows a sequential progression from macro-level
trends to structural market characteristics and culminates in the interpretation of empirical results
within the broader context of sustainable development and the global green transition. This approach
ensures the comprehensiveness and validity of the conclusions obtained.

Results

1. Overall Market Dynamics, Volatility Patterns and Macroeconomic Drivers in the Global
Cryptocurrency Ecosystem

The empirical evidence collected for this study demonstrates that the global cryptocurrency
market is characterized by pronounced structural sensitivity to macroeconomic shocks, technological
shifts, regulatory interventions, and geopolitical disruptions. These forces shape volatility patterns,
liquidity cycles, investor sentiment, and the broader integration of digital assets into the international
financial system. For a comprehensive understanding of cryptocurrency market dynamics, it is
analytically appropriate to situate the empirical assessment within distinct historical and geopolitical
phases. Each phase reflects a unique configuration of risks, behavioral responses, and institutional
adaptations, which together illuminate the nonlinear evolution of the global digital asset ecosystem.

In this regard, the trajectory of the global cryptocurrency market can be meaningfully examined
through four interrelated temporal dimensions: the pre-COVID expansion period, the global COVID-
19 crisis, the russia—Ukraine war as a geopolitical shock, and the approximation of future market
dynamics in the context of the green transition and digital financial transformation (Table 1).

Following this periodization, the empirical dynamics of the global cryptocurrency market
reveal a pronounced pattern of nonlinear expansion, punctuated by volatility shocks and structural
adjustments. According to CoinMarketCap, global cryptocurrency capitalization has exhibited
extraordinary fluctuations over the past decade (CoinMarketCap, 2025).

While total market capitalisation amounted to approximately USD 15 billion in early 2017, it
expanded to nearly USD 600 billion by the end of 2020 and surged to an all-time peak of almost USD
3 trillion in November 2021. The subsequent correction, however, illustrates the intrinsic instability
of the sector: by December 2022, amid tightening monetary policy and geopolitical uncertainty,
capitalisation had fallen to roughly USD 900 billion. More recent data underscore a partial recovery.
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As of June 2025, the global market capitalisation of cryptocurrencies fluctuates around USD 2.3
trillion, driven by renewed institutional interest, the growth of tokenised financial products, and the
increasing integration of energy-efficient blockchain consensus models. This pattern confirms not
only the cyclical nature of the market but also its high sensitivity to macroeconomic signals and

geopolitical disruptions.

Table 1. Analytical justification for the periodisation of global cryptocurrency market

dynamics
Analytical Phase Core Characteristics of the Relevance to Cryptocurrency
Period Market Dynamics
1. Pre-COVID Rapid technological scaling; Stable upward trend in market
Expansion (2016— institutional entry; growing retail  capitalisation; increasing
2019) adoption; emergence of DeFi; liquidity; strengthening

early regulatory debates.

correlation with global equity
indices; early manifestations of
high-frequency volatility.

2. Global COVID-19
Crisis (2020-2021)

Macroeconomic uncertainty;
monetary easing; fiscal stimulus;
global digitalisation surge; supply
chain disruptions.

Sharp volatility spikes; record
inflows into digital assets as
“alternative” stores of value;
accelerated innovation in
blockchain applications and
stablecoins; increased systemic
visibility of Bitcoin and
Ethereum.

3. russia—Ukraine
War (from 2022)

Geopolitical fragmentation;
financial sanctions; currency
instability; digital resilience
strategies; rising defence-related
cyber risks.

Cryptocurrencies used for cross-
border donations and emergency
liquidity; shifts in global risk
appetite; renewed regulatory
scrutiny; heightened short-term
volatility in BTC and major
altcoins.

4. Approximation of
Future Dynamics
(2025-2030,
projected)

Institutionalisation of digital
finance; green transition policies;
carbon pricing; development of
energy-efficient consensus
mechanisms; Al-blockchain
convergence.

Expectations of market
maturation; potential stabilisation
of volatility; transition from
Proof-of-Work to energy-
efficient protocols; expansion of
tokenised assets and ESG-
aligned crypto projects.

Source: the authors’ arrangement

Understanding these dynamics requires situating cryptocurrency behaviour within major global
events that have shaped investor expectations and market liquidity. Three turning points stand out:

1. The 2008 global financial crisis, which catalysed interest in decentralised alternatives

to traditional financial systems;

2. The COVID-19 pandemic, during which unprecedented monetary easing and
digitalisation waves fuelled a surge in crypto adoption;

3. The russian—Ukrainian war, beginning in 2022, which reinforced the strategic use of

cryptocurrencies for cross-border transactions, humanitarian aid mobilisation, and as a

hedge against financial restrictions (Chen & Murtazashvili, 2023; Volosovych et al.,

2024).

Together, these shocks illuminate the structural drivers behind the empirical volatility patterns
observed in the crypto ecosystem and provide the foundation for interpreting current and future
trajectories in the context of global financial transformation and the green transition.
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Such volatility is even more apparent when cryptocurrency performance is compared with
traditional financial indices. The S&P 500, representing the 500 largest U.S. corporations,
experienced considerable turbulence during the pandemic and subsequent geopolitical shocks, yet its
amplitude of fluctuation remained significantly lower than that of Bitcoin. Similarly, the U.S. Dollar
Index (DXY), which captures the relative strength of the dollar against six major world currencies,
shows variations that are comparatively modest when contrasted with the dramatic price swings
characteristic of leading digital assets (Borzenko et al., 2025). This divergence signals the distinct
behavioural regime of the crypto market, where sentiment, liquidity cycles, speculative pressures,
and technological triggers generate disproportionately sharp reactions.

The periodised analytical framework outlined above is further illustrated by the empirical
behaviour of major global financial indices and the cryptocurrency market during 2021-2025. Figure
1 presents the dynamic of the S&P 500 index, which offers a useful benchmark for comparing the
volatility of digital assets with that of traditional financial instruments.

-------------------------------------------------------------------------------------------
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Figure 1. Dynamics of the S&P 500 Index, 2021-2025 (USD)
Source: compiled from digital dashboard Investing.com (2025)

The S&P 500 trajectory clearly reflects market sensitivity to key global shocks. Although the
2008 financial crisis remains the most dramatic historical downturn (the index lost nearly 900 points)
recent disruptions demonstrate analogous volatility mechanisms. During the peak of the COVID-19
pandemic in early 2020, the index dropped by approximately 400 points, driven by unprecedented
uncertainty, global lockdowns, and liquidity withdrawals. Subsequent quantitative easing policies
facilitated an accelerated rebound, pushing the index to new highs throughout 2021.

A new wave of turbulence emerged in February 2022 with the onset of russia’s full-scale
invasion of Ukraine, generating sharp risk-off reactions in global markets. The S&P 500 experienced
another significant correction; however, volatility patterns differed in nature, displaying shorter
recovery cycles and a more adaptive investor response. By mid-2024 the index resumed a strong
upward trajectory, reaching approximately 5,900 points in early 2025, indicating structural resilience
despite geopolitical fragmentation.

The USDX index, which captures the relative strength of the US dollar against a basket of six
major world currencies (EUR, JPY, GBP, CAD, SEK, CHF), serves as a proxy for global risk
sentiment and monetary tightening expectations.

Between 2021 and late 2022, USDX strengthened notably reflecting aggressive interest-rate
hikes by the Federal Reserve and heightened safe-haven demand (peaking was near 26.3 points). In
contrast, 2024-2025 demonstrates a stabilisation phase, with the index fluctuating around 25.6-25.8,
signalling a softening of monetary conditions and gradual normalisation of global financial flows.
These dynamics are important for understanding cryptocurrency markets, as periods of USD strength
tend to correlate with reduced crypto-asset liquidity due to capital reallocation into lower-risk
instruments.
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Figure 2. Dynamics of the USDX Index, 2021-2025 (USD)
Source: compiled from digital dashboard Investing.com (2025)
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Figure 3. Bitcoin Price Volatility, 2021-2025 (USD)
Source: compiled from digital dashboard Investing.com (2025)

Bitcoin’s behavior over the analyzed period markedly diverges from traditional financial
indices. While the S&P 500 and USDX exhibit cyclical but relatively contained movements, Bitcoin
demonstrates extreme amplitude fluctuations, reinforcing the argument that cryptocurrency markets
operate within a distinct volatility regime.

From 2021 to mid-2022 Bitcoin oscillated between USD 30,000 and 65,000, reflecting
speculative capital inflows, intensified retail participation, and exuberant expectations around
institutional adoption. The collapse of several crypto-lending platforms and macro tightening pushed
Bitcoin below USD 20,000 by late 2022. However, the recovery trend in 2024-2025 appears
substantially stronger than after previous downturns. By early 2025, Bitcoin approached the USD
105,000 mark, largely driven by:

— increased institutional accumulation,

— expansion of exchange-traded digital asset products,

— the shift toward energy-efficient consensus mechanisms,

— broader integration of blockchain infrastructure across financial and industrial sectors.

These patterns highlight the core paradox of cryptocurrency markets — heightened volatility
coexists with long-term upward structural momentum.

The comparative dynamics of the three indicators reveal several empirically grounded insights:

1. Cryptocurrency markets exhibit significantly higher volatility than equity or foreign-
exchange markets. This volatility is amplified by speculative behavior, liquidity fragmentation,
leverage cycles, and the influence of large holders. Macroeconomic and geopolitical shocks
disproportionately affect digital assets (Pysmennyi, 2023). For instance, the 2020-2021 monetary
expansion fueled extreme upward movements, the 2022 russia—Ukraine war arose geopolitical shock,

36



Scientific and practical journal "Economics and technical engineering"

that triggered abrupt corrections.

2.  Media narratives and digital information flows intensify price dynamics.
Viral messages such as “if you had invested in Bitcoin in 2010, you would be a millionaire now”
reinforced speculative demand and broadened market participation (Huynh, 2022).

3. Liquidity is improving over time, supported by rising transaction volumes and wider
exchange platforms, indicating a maturing market ecosystem. However, such environment remain
fragile (Corobana, 2023).

4.  Investor motivations increasingly combine financial and technological considerations, as
blockchain expands beyond speculative use into real-sector applications, including energy
management and decarbonisation solutions.

In the context of cryptocurrency markets, the application of fundamental analysis encounters
several structural limitations and methodological challenges. One of the core distinctions between
digital asset markets and traditional financial systems lies in the absence of a systematised and
predictable news environment (Prates & Fonseca, 2024, Vlahavas & Vakali, 2024). Unlike
conventional markets, where news events are typically anchored in scheduled macroeconomic
releases the information flow in cryptocurrency markets is fragmented, irregular, and often highly
unpredictable. This fact is extremely relevant for GDP updates, inflation reports, labour market
statistics, crude oil inventory data, or decisions on central bank policy rates.

This spontaneity severely complicates medium- and long-term forecasting of market trends.
The challenge is further exacerbated by the relatively low degree of regulatory standardisation, which
limits the development of a stable analytical environment for evaluating cryptoassets. Additionally,
the partial detachment of cryptocurrencies from traditional financial market fundamentals reduces the
applicability and efficiency of classical analytical approaches.

Despite these constraints, the evaluation of fundamental factors remains an essential component
of investment decision-making within the cryptocurrency ecosystem. Relevant indicators include
blockchain technical specifications, development activity, token use cases, network decentralisation,
strategic partnerships, trading volumes, and regulatory signals. Systematic examination of these
parameters enables the formation of more grounded expectations concerning the long-term potential
of specific digital assets, even in an environment characterised by structural uncertainty and rapid
technological change.

To complement the empirical assessment of market dynamics, it is essential to identify the
cryptocurrencies that demonstrate the strongest growth potential in terms of market capitalisation.
Table 2 presents a selection of digital assets that, according to aggregated market data and growth
projections for 2025-2026, exhibit the most notable upward momentum and investor interest.

Table 2. Top-performing cryptocurrencies for 2025-2026 by market capitalization growth

Rank Cryptocurrency Annual Market Projected Key Drivers of Attractiveness
Capitalisation Growth
Growth (2025)* (2026)**

1 Bitcoin (BTC) 38.5% 22-27% Institutional accumulation,
ETF expansion, store-of-value
narrative

2 Ethereum (ETH) 32.1% 18-25% PoS scalability, DeFi and
tokenisation infrastructure

3 Solana (SOL) 68.4% 30-40% High throughput, growing
developer ecosystem

4 Avalanche 41.7% 20-28% Subnet architecture, enterprise

(AVAX) integration

5 Toncoin (TON) 52.9% 25-35% Integration in Web3 apps and
messaging ecosystems

6 Chainlink (LINK) 29.6% 18-22% Expansion of real-world asset
(RWA) oracles
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7 Polygon (MATIC) 24.3% 15-20% Scaling solutions for Ethereum,
enterprise partnerships

8 Internet Computer 44.2% 22-30% Decentralised cloud computing
(ICP) model
9 Binance Coin 21.8% 12-18% Strong ecosystem utility and
(BNB) liquidity
10 Optimism (OP) 47.5% 28-38% Layer-2 adoption, rollup

technology expansion

Source: authors’ arrangement
* Annual Growth compiled from Investing.com (2025)
** Projected Growth is delivered by CoinMarketCap (2025)

Beyond the assets listed in Table 2, growing investor attention is increasingly directed toward
cryptocurrencies that reflect the broader trends of the global green transition (Dziubliuk et al., 2025).
Such sustainability-oriented tokens represent an emerging niche within the digital asset ecosystem. It
is designed to incentivise renewable energy adoption, facilitate carbon credit markets, or support
decentralised energy infrastructure. Although still characterised by high volatility and limited
liquidity, such tokens align with long-term structural shifts in environmental policy, corporate
decarbonisation strategies, and ESG investment frameworks. As regulatory landscapes evolve and
climate-related financial disclosures gain prominence, the strategic relevance of “green cryptoassets”
is expected to intensify.

2. Development of the Cryptocurrency Market in the Context of the Global Green Transition

The exceptionally high level of energy consumption required to sustain the world’s largest
cryptocurrency, Bitcoin remains one of the most critical technical and environmental challenges
associated with conventional blockchain systems. Annual Bitcoin electricity consumption exceeds
that of entire national economies such as the United Arab Emirates, underscoring a structural
contradiction between energy-intensive Proof-of-Work mining and global decarbonization goals
(Hakimi et al., 2024; Wendi et al., 2023). This challenge complicates large-scale deployment of
blockchain solutions across industries, as energy requirements act as a significant barrier to
sustainable adoption (Jones et al., 2022).

In response, developers and industry analysts have increasingly focused on designing
blockchain architectures aligned with environmental and climate objectives. One of the most
prominent initiatives in this domain is the Energy Web Token (EWT). This cryptocurrency was
created to support decarbonisation processes in the energy sector by integrating blockchain
technology with energy resource management. The token is central to the Energy Web Chain
ecosystem, which aims to accelerate the transition to low-carbon energy systems (Figure 4).
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Figure 4. Dynamics of the Energy Web Token (EWT), 2022-2025 (USD)
Source: compiled from digital dashboard Investing.com (2025)
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EWT performs three primary functions within the Energy Web Chain ecosystem (Vaccargiu et
al., 2023):

First, EWT is used for all transaction fee payments. Since gas fees are not fixed, users can
determine their own priority and cost depending on network load.

Second, EWT serves as the reward for validators responsible for block creation. With blocks
generated approximately every five seconds, each of the around 40 validators produces a block
roughly every two minutes. The standard reward per block is 0.8547 EWT (aprox. USD 3.20), which
is significantly lower than Bitcoin’s incentive of 6.25 BTC (over USD 120,000 at current prices).
Importantly, Energy Web validators are primarily medium and large energy-sector companies
participating for environmental and technological reasons rather than short-term financial gain.

Third, staking functionality is currently being rolled out. Two channels are being developed:
relay Chain within the future Polkadot-based Energy Web Consortia ecosystem; Energy-sector DeFi
platforms, such as ENGIE, offering an estimated APY of around 10% to EWT holders.

To improve interoperability, the Energy Web Foundation has also issued an ERC-20 compatible
token, EWTB, allowing holders to bridge assets to Ethereum-based applications (Marin et al., 2023).

The broader context of the global energy transition highlights notable differences between the
behaviour of real-sector clean-energy indices and sustainability-oriented cryptocurrencies. Figure 5
shows the dynamics of four major indices over the past year:

-  MVIS® Global Low Carbon Energy Price Index (+8.93%)
BlueStar® Global GreenTech Price Index (+8.15%)
BlueStar® Wind Energy Industry Price Index (—2.66%)
BlueStar® Solar Energy Industry Price Index (—29.77%)
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Figure 5. Dynamics of Green Energy Indices, 2024-2025
Source: compiled from digital dashboard TradingView (2025)

Low-carbon energy and broad green technology indices show positive growth, driven by rising
institutional interest and increasing investment in companies implementing ESG strategies. In
contrast, the solar sector’s significant decline (about 30%) reflects supply-chain disruptions,
competitive pressure, and changing regulatory frameworks (Lukashevych, 2024).

Meanwhile, Energy Web Token demonstrates a prolonged downward trend. From peak values
above USD 15 in 2021, EWT declined to approximately USD 1.30 in June 2025, with no sustained
recovery signals. This divergence highlights a weak investor appetite for niche ESG-themed
cryptocurrencies, despite their conceptual alignment with decarbonization objectives.
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Table 3. Comparative Analysis of Green Energy Indices and the Energy Web Token (EWT)

Criterion Green Energy Indices (ESG Energy Web Token
Sector) (Cryptocurrency)
Overall Trend Predominantly upward, moderate Declining since 2021,

growth

unstable dynamics

Investor Interest

Increasing, especially among
institutional investors

Limited, weak market
demand

Volatility

Low to moderate

High, typical for cryptoassets

Market Positioning

Real businesses with state support
and revenue streams

Conceptual platform requiring
broader market realisation

Integration into
Decarbonisation Processes

Direct, embedded in energy systems

Indirect, with limited real-
sector influence

Financial Stability

High, supported by predictable cash
flows

Low, due to absence of stable
income

Perceived Risk

Low

High

The comparative analysis reveals that traditional sustainable financial instruments (such as
wind, solar, and low-carbon energy indices) demonstrate higher stability, predictability, and investor
confidence than specialised environmentally-oriented cryptocurrencies. The empirical evidence
suggests that investors currently favour proven business models with measurable environmental
impact (Maksymova & Nastase, 2024), whereas ESG-themed cryptoassets remain marginal within
the sustainability investment landscape.

Despite the theoretical potential of tokens such as EWT to support decentralised energy
markets, the lack of strong market demand, limited real-sector integration, and high volatility
significantly constrain their adoption. As a result, digital sustainability tokens have not yet achieved
meaningful correlation with broader decarbonisation trends.

This indicates a clear structural divide: real-sector green finance is advancing, whereas green-
oriented cryptocurrencies remain experimental, awaiting either technological breakthroughs or
regulatory frameworks that could support their mainstream integration.

Conclusions

The global cryptocurrency market demonstrates a nonlinear trajectory shaped by
macroeconomic shocks, technological innovation, and geopolitical disruptions, including the
COVID-19 crisis, monetary tightening cycles, and the russia—Ukraine war, each of which triggered
significant volatility and shifts in investor sentiment. Market capitalisation dynamics confirm both
extreme volatility and long-term structural expansion: from USD 15 billion in 2017 to nearly USD 3
trillion in 2021, followed by a correction to USD 900 billion in 2022 and a partial recovery to around
USD 2.3 trillion by mid-2025. These fluctuations reflect heightened sensitivity to liquidity cycles,
regulatory expectations, and global risk perception.

Cryptocurrencies exhibit significantly higher volatility compared with traditional financial
instruments such as the S&P 500 and USDX, driven by speculative behaviour, fragmented liquidity,
media influence, and the actions of large holders (“whales”). This reinforces the idea that crypto
markets operate in a distinct behavioural regime compared to conventional assets.

The application of fundamental analysis in cryptocurrency markets remains constrained due to
unpredictable news flows, limited regulatory standardisation, and weak linkage to macroeconomic
fundamentals. Nonetheless, blockchain metrics, technological characteristics, developer activity,
network use-cases, and regulatory signals remain essential components of long-term valuation.

Short-listed cryptocurrencies projected to grow in 2025-2026 (such as BTC, ETH, SOL,
AVAX, TON, and others) show strong structural drivers of capitalisation growth, including
institutional adoption, scalability improvements, tokenisation infrastructure, and DeFi integration.
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These results indicate an ongoing market shift toward high-utility protocols.

The energy consumption of Bitcoin remains a fundamental contradiction between Proof-of-
Work mechanisms and global climate goals, as BTC mining consumes more electricity annually than
entire national economies. This reinforces the urgency of transitioning to energy-efficient consensus
algorithms or low-carbon mining practices. The emergence of environmentally oriented blockchain
solutions (such as Energy Web Token EWT) demonstrates attempts to align crypto technologies with
decarbonisation policies, yet empirical evidence shows weak market demand and limited investor
confidence in such ESG-themed tokens. Their conceptual value has not translated into stable financial
performance.

A clear divergence exists between real-sector green energy indices and sustainability-oriented
cryptoassets: while indices such as low-carbon energy and global green tech show positive annual
returns, EWT continues a multi-year downward trend, signalling poor correlation with actual
decarbonisation trends and highlighting the experimental status of green crypto tokens.

Institutional investors currently favour traditional green financial instruments over green
cryptocurrencies, due to higher predictability, embedded real-sector cash flows, regulatory clarity,
and measurable environmental contributions. In contrast, EWT and similar tokens face the challenges
of high volatility, conceptual uncertainty, and weak integration into the energy market.

The overall empirical evidence suggests that the cryptocurrency market is undergoing a dual
structural transition: on the one hand, toward technological maturity, institutional adoption,
tokenisation and Al-enhanced blockchain models, and on the other hand - toward aligning digital
asset infrastructure with the global green transition. However, this alignment remains partial. While
real-sector green finance advances rapidly, environmentally oriented cryptocurrencies remain
peripheral and have yet to demonstrate sustainable market traction or real-world decarbonisation
impact.
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Abstract: The study analyses structural changes in global resource use and identifies the key factors
shaping the shift toward circularity under current environmental and economic pressures. Drawing
on international analytical assessments and global material flow databases, the study analyses long-
term trends in resource extraction, domestic material consumption and circularity indicators. The
findings reveal a persistent dominance of primary material use and a decline in the global circularity
rate, indicating that the expansion of primary extraction continues to outpace the development of
secondary material flows. Significant regional disparities in material consumption patterns further
demonstrate that the feasibility and pace of the circular transition vary substantially across world
regions. The study identifies three systemic barriers constraining the shift to circularity: the
underestimated potential of the bioeconomy, continued dependence on fossil fuels and the rapid
accumulation of long-lived material stocks. These factors generate structural inertia that reinforces
linear pathways and delays future circularity. The article shows that current business models
insufficiently integrate repair, reuse, high-quality recycling and service-based value creation, which
limits the formation of secondary resource markets and slows reductions in material intensity. The
research also develops a structured model of government—business interaction, demonstrating that a
successful circular transition requires coherent policy frameworks, international coordination, digital
monitoring systems and strong corporate engagement. Key priorities include slowing the growth of
material stocks, extending asset lifetimes, expanding regenerative biomass use, strengthening
secondary material markets and establishing a global system for resource governance. The findings
confirm that only a coordinated transformation of institutional mechanisms, economic incentives and
business strategies can ensure a meaningful transition toward a circular economy and support long-
term socio-ecological resilience.

Keywords: circular economy; green transition; global material flows; material stocks; secondary
resources; sustainable business; resource efficiency; waste management; bioeconomy; digitalization.

Introduction

Ensuring human well-being within the ecological limits of the planet has become a central
challenge for contemporary societies. Modern economies are expected to support high living
standards while protecting and restoring the natural systems. In contrast, the current linear model of
extraction, production, consumption and disposal no longer matches the environmental and socio
economic realities of the twenty first century. This model accelerates resource depletion, intensifies
environmental degradation and increases systemic vulnerability.

The circular economy has emerged as a strategic framework that can reduce material pressures
and support long term resilience. Circular practices such as reuse, repair, remanufacturing and high
quality recycling allow societies to decrease material throughput while maintaining or even enhancing
quality of life. Moreover, these practices can also contribute to climate mitigation, biodiversity
conservation and more stable patterns of development. The transition from a linear to a circular
system, however, requires coordinated changes in policy, governance, market incentives and business
strategies. It involves a comprehensive redesign of how value is created, delivered and maintained
within economic systems.
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The findings of international analytical reports demonstrate the growing urgency of systemic
change. Global extraction of materials has more than tripled during the past five decades and now
exceeds 100 billion tonnes each year (Wiedenhofer et al., 2024). Per capita material consumption
increased from 8.4 tonnes in 1970 to 12.2 tonnes in 2023, mostly as a result of urbanisation, higher
levels of income and expanding infrastructure (International Resource Panel, 2024a). Without
significant intervention, material extraction may rise by an additional 60 percent by 2060
(International Resource Panel, 2024a). Material use is responsible for almost two thirds of global
greenhouse gas emissions and for more than 90 percent of biodiversity loss and water stress
(International Resource Panel, 2024b). In 2023 the scientific community confirmed that humanity
had already exceeded six of the nine planetary boundaries, which makes the current trajectory of
development incompatible with long term ecological and social stability (Richardson et al., 2023).
The importance of a systemic approach to the transformation of business processes in the context of
the circular transition is consistent with studies that emphasise the role of hidden (implicit) factors in
organisational management and their influence on the effectiveness of business models (Hushko et
al., 2018). The shift toward a circular model also requires recognising the strategic role of innovation
and the development of renewable energy, which constitute key drivers of sustainable development
and form the basis for resource-efficient approaches across various economic sectors (Lukashevych
etal., 2024).

It should be noted that reliable indicators and baseline metrics play an essential role in guiding
transition to circularity (Hushko & Bay, 2025). At the same time, policymakers and businesses require
operational tools that can translate conceptual models into practical action.

Additionally, the transition to a circular model is increasingly shaped by rapid changes within
the business environment. Companies operate in conditions characterised by resource price volatility,
technological disruption, geopolitical uncertainty and expanding regulatory requirements.
Furthermore, investors and consumers increasingly expect transparent, responsible and low impact
business practices (Henriques et al., 2023; Maksymova, 2024). Companies are therefore rethinking
product design, supply chain management and modes of value creation (Blomsma et al., 2024, Di
Stefano et al., 2023). Circular business models are gaining strategic relevance because they reduce
exposure to resource risks, increase operational efficiency and support long term competitiveness.

In this context the circular economy should be viewed as a comprehensive transformation of
economic systems. It is not limited to waste management or efficiency improvements. It involves a
systemic reorganisation of how resources are used and how business sectors respond to ecological
constraints. Successful implementation requires evidence based policy, institutional coordination and
adaptive business strategies that can support the transition from linearity to circularity under
conditions of global change.

Materials and Methods

The research is based on a combination of quantitative and qualitative methods aimed at
identifying structural patterns in global material flows and assessing the systemic factors that shape
the transition from linear to circular economic models.

Stage 1. Analytical Framework and Data Sources. The empirical analysis relies on open global
datasets, including the International Resource Panel Global Material Flows Database, the Circularity
Gap Report metrics, as well as regional material consumption indicators published on public
statistical platforms (Our World in Data, UNEP resource dashboards). These sources provide
harmonized time series on extraction, material use, domestic material consumption per capita,
biomass composition, fossil resource dependence and circularity levels. The structure of global
material flows is examined through a three-component model distinguishing circular, linear and
potentially circular flows. This framework allows evaluation of secondary material supply, primary
resource dependence, and the long-term accumulation of material stocks.

Stage 2. Quantitative Methods. Descriptive statistical analysis is applied to identify long-term
trends in global extraction volumes, changes in circularity rates and regional differences in domestic
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material consumption. Comparative analysis is used to assess disparities between world regions and
sectors. Structural decomposition of input and output flows enables examination of the balance
between primary extraction, secondary materials, biomass and waste generation.

Stage 3. Qualitative Methods. A problem-oriented analytical approach is employed to identify
systemic barriers in the circular transition. This includes expert interpretation of the roles of bio-
transition, fossil-fuel dependency and stock accumulation based on international scientific
assessments. To evaluate the interaction between governments and businesses, a comparative
institutional analysis is used. This approach enables the identification of policy gaps, coordination
failures and opportunities for scaling circular practices across sectors.

Overall, the combination of multi-source data, structural analysis and integrated
methodological approaches provides a comprehensive basis for examining the dynamics of material
use, evaluating circularity challenges and identifying strategic directions for business-environment
transformation.

Results

The analysis of global material flows shows that the current economic system is unable to
secure long term well-being within safe ecological limits. This finding reinforces the growing need
for a systemic transition from linear to circular models of production and consumption. The circular
economy provides an alternative to established linear practices that no longer align with the
requirements of societies or the capacities of natural ecosystems. Over the past seven years the share
of secondary materials in total material use has become a widely recognized indicator of progress
toward circularity, as reflected in the Circularity Gap Report. This metric offers an important
benchmark, although it represents only one component of a much broader material system.
Furthermore, domestic material consumption per capita illustrates how different parts of the world
continue to rely on highly material intensive development pathways, reflecting structural inequalities
in economic models, industrial composition and resource dependency. These differences are
particularly relevant in the context of a systemic transition, as the feasibility and pace of moving from
linear to circular models vary significantly across regions (Fig. 1).
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Figure 1. Domestic material consumption per capita across world regions
Source: Compiled in ourworldindata.org dashboard

Material flows that enter, circulate within or leave the global economy can be grouped into
three categories. Each category reflects distinct patterns of resource use and reveals specific barriers
and opportunities for circular transformation (Fig. 2).
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Figure 2. Structure of Material Flows in the Transition from a Linear to a Circular
Economy
Source: Circularity Gap Report (Circle Economy, 2025)

The diagram distinguishes three categories of material flows. Each category represents a
specific role within the broader system of resource use.

The first category includes circular flows. These consist of two types of materials. The first type
includes secondary materials, which originate from recovered or recycled resources that can re-enter
production systems. The second type includes carbon neutral biomass, which is derived from
biological resources that maintain a balanced carbon cycle through natural regeneration. Both groups
contribute to circularity by supporting material efficiency and reducing waste.

The second category includes linear flows. These flows represent materials that do not return
to productive use. They include non-renewable materials that are sent to landfill, non-carbon neutral
biomass, and fossil fuels used for energy production. These flows reflect the logic of the conventional
linear economy. They indicate continued dependence on extraction and disposal. Their presence
highlights the persistence of unsustainable resource use patterns.

The third category includes flows that are potentially circular or potentially linear. This group
consists of material stocks such as buildings, infrastructure, equipment and machinery. These stocks
accumulate over long periods of time. They may become valuable sources of secondary materials if
recovered in the future. They may also become large waste streams if recovery systems and
technologies remain insufficient. Their trajectory depends on design choices, waste management
practices and policy interventions.

The diagram also demonstrates that circularity relies on the expansion of secondary materials
and balanced biomass use. Linear flows and material stocks remain critical points of intervention for
policymakers and businesses that seek to accelerate the shift from linear to circular models.
Potentially circular flows originate from long term material stocks. Some of these stocks may become
sources of secondary materials in the future, while others may be lost if recovery systems are not
sufficiently developed. Their role depends on design choices, technological progress and policy
measures that influence how materials are managed at the end of their service life.

The results indicate that global material cycles remain predominantly linear (Fig. 3).
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Figure 3. Linear via Circular flows balance
Source: author’s development based on database (International Resource Panel, 2024a)

The most recent analysis shows a further decline in the global circularity rate. The majority of
materials entering the world economy continue to originate from primary sources, while the share of
secondary materials decreased from 7.2 percent to 6.9 percent. This confirms that the use of primary
resources is growing much faster than the availability of secondary inputs. The expansion of primary
extraction is therefore outpacing the development of circular material flows.

The share of secondary materials is too small to ensure a stable material balance, and large
additions to stocks create a delay in future circularity that may last for decades. This structural inertia
limits the pace of transition. At the same time, a clear understanding of the relationships among the
three categories of material flows makes it possible to identify policy, economic and technological
interventions that can accelerate the shift towards a circular economy at the global level. The
development of reliable indicators is essential for guiding decisions, monitoring progress and
supporting systemic transformation within the business environment and across economic systems.

The persistent increase in total material consumption is a central factor behind the falling
circularity rate. Although the absolute volume of secondary materials is rising slowly, it remains too
small to balance the rapid growth in primary resource use. Global material extraction has more than
tripled over the past fifty years and has recently exceeded one hundred billion tonnes per year. If
systemic changes are not introduced, this figure is expected to grow by another sixty percent by 2060
(Soonsawad et al., 2024). These trends indicate that the global economy is still deeply rooted in linear
resource use, which limits the potential for a transition towards a circular model and increases long
term environmental pressures.

Achieving a genuinely circular model of development requires a substantial reduction in the
material intensity of the global economy. This transition demands a deep restructuring of production
and consumption systems, which directly affects how businesses create value, manage resources and
interact with supply chains. Firms in construction, transport and manufacturing operate within sectors
with high material dependency, and their transformation is essential for closing material loops.
Without business adoption of circular principles and investment in redesigning operations, the shift
from linear to circular models will remain incomplete.

There is also a considerable untapped potential for increasing circularity through the recovery
of materials that could technically be returned to productive use but are not yet captured by existing
business practices. A large share of primary non renewable resources that end up in landfill reflects
not only technological barriers but also gaps in corporate collection systems, reverse logistics and
economic incentives. These materials include heavy industrial residues, short lived consumer goods
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and end of life machinery. If businesses integrated stronger take back schemes, adopted circular
procurement and invested in recycling infrastructure, the share of secondary materials could rise to
approximately 25 percent (Mallick et al., 2023). This demonstrates the scale of unrealised
opportunities within global value chains.

Additional opportunities for higher circularity are associated with improved management of
construction and demolition waste and the recovery of smaller material streams such as municipal
solid waste. Many companies still face difficulties processing complex waste fractions that include
mixed building debris and contaminated soils. These challenges reflect limitations in current business
models, which often prioritise low cost disposal over long term resource efficiency. The situation
underscores the need for corporate strategies that minimise waste generation at the design stage,
extend product lifetimes and support high quality reuse and recycling wherever this is technologically
and economically feasible.

In an ideal circular model societies would rely mainly on secondary materials while decreasing
the extraction of primary resources and overall material demand. Achieving such a system requires
businesses to embrace principles of material efficiency and sufficiency, prioritise recycled inputs and
integrate circular design across product development cycles. Long lived stocks such as buildings and
infrastructure would be managed as material reservoirs, enabling future recovery through industrial
symbiosis, digital tracking and circular business platforms. At the national level governments would
strengthen systems of collection, recycling and waste treatment, while businesses would play a central
role in reducing resource losses along supply chains from extraction to end of life.

These systemic trends have direct implications for the business environment. Companies
operate under increasing pressure from regulators, investors and consumers to reduce environmental
impacts, improve transparency and adopt circular practices. Circular strategies allow firms to enhance
resilience, increase operational efficiency and create new forms of value through services, reuse,
refurbishment and remanufacturing.

At the same time businesses encounter persistent barriers such as:

- high upfront costs,

- technological uncertainty,

- limited market demand for secondary materials,

- fragmented regulatory frameworks.

These challenges shape the pace of the linear to circular transition and highlight the need to
identify the most pressing problems faced by companies in the contemporary business environment.
Consequently, key problems in the “Linear to Circular Transition” should be delineated.

Problem 1. Limited understanding of the role of the bio-transition in business
environment and global economy as a whole.

An important aspect is that biomass represents a substantial share of global material flows, with
21.5 percent classified as carbon neutral and 2.2 percent as non carbon neutral (Vitunskiené et al.,
2022). Yet its contribution to the circular transition remains significantly underestimated. Formal
carbon neutrality does not reflect the wider environmental impacts associated with biomass
extraction, including soil degradation, biodiversity loss, ecosystem disruption and imbalances in
nutrient cycles. It also remains uncertain whether nutrients are returned to the biosphere at the
required scale and speed to ensure ecological regeneration.

Although the share of non carbon neutral biomass is relatively small, it still accounts for almost
one tenth of total biomass use and remains essential to minimise. Biomass extraction has more than
doubled over the past fifty years, driving land use change, agricultural expansion and additional
global emissions. A sustainable circular transition will require a profound transformation of food
systems and business models across agriculture, food processing and retail. Reduced dependence on
intensive agriculture and greater adoption of regenerative and plant based solutions will be necessary.
These changes imply significant shifts in corporate supply chains, product design, sourcing strategies
and investment priorities.

Problem 2. Persistent dependence on fossil fuels and weak incentives for phase out by
national economies and business.
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Despite a relative decline in the share of fossil resources within total extraction, their absolute
volumes continue to rise. Global fossil fuel extraction increased from 6.1 billion tonnes in 1970 to
15.8 billion tonnes in 2022, while fossil resources account for 13.3 percent of the materials entering
the global economy and remain a central driver of the climate crisis (Boehm et al., 2023). Energy
sector generates 73 percent of global greenhouse gas emissions, excluding land use and land use
change. Fossil fuels still provide 82 percent of the world’s primary energy supply and convergence
of this processes remains unstable (Krysovatyy et al., 2024).

The demand for fossil energy has historically been coupled with economic growth, and this
dynamic continues to shape business behaviour. Fossil fuel use is supported by artificially low prices
and large public subsidies that reached an estimated 1.2-1.5 trillion USD in 2025. Moreover,
associated environmental externalities are estimated at USD 10.5-22.6 trillion per year, highlighting
the true hidden costs of fossil fuel use (Reyes-Garcia et al., 2025). These conditions create strong
disincentives for companies to transition toward low carbon energy systems.

A shift to net zero energy opens the possibility of reducing fossil fuel dependence, but it requires
a deep transformation of transport, energy and industrial infrastructure. This transition will be
material intensive. However, thoughtful design and strategic decisions by businesses can significantly
reduce long term material needs. Practices that prioritise durability, repairability and high quality
recycling will be essential for minimising the environmental impact of new infrastructure and
technologies. Unlike the current model that relies on continuous expansion of fossil extraction,
circular principles allow businesses to reduce both present and future pressures on natural systems.

Problem 3. Excessive accumulation of material stocks as a major driver of resource
extraction.

The rapid growth of material stocks such as buildings, infrastructure, vehicles and machinery
has become one of the strongest factors driving global resource extraction. Today 38 percent of all
materials entering the world economy are primary resources added to long term stocks (Wiedenhofer
et al., 2024). These stocks largely consist of non metallic minerals and metals that support urban
development and industrial systems. While material stocks are not inherently negative, their
formation is highly material intensive.

The total mass of global material stocks increased twenty three times over the twentieth century
and continues to rise alongside urbanisation and economic growth. By 2050 urban populations will
expand by an additional 2.5 billion people, primarily in low and middle income countries (Plank et
al., 2022). This shift will require significant new material inputs. For these countries there is a critical
opportunity to embed circular principles at an early stage of development and to avoid inefficiencies
that characterised the expansion of advanced economies. For high income countries with already
extensive material stocks the priority shifts toward minimising new material inputs, extending asset
lifetimes, modernising existing structures and promoting reuse, renovation and repair.

These trends have direct implications for business. Companies involved in construction,
manufacturing, logistics and infrastructure provision must redesign their operations to manage
material stocks more efficiently. They need to invest in circular design, digital material passports,
modular construction and reverse logistics systems. By treating material stocks as future resource
reservoirs businesses can create new value streams while reducing extraction pressures and improving
resilience.

The analysis of these three systemic problems demonstrates that the global economy remains
structurally dependent on linear patterns of resource use. Material stocks continue to expand, fossil
fuels still dominate energy systems and the potential of the bioeconomy remains insufficiently
explored. These dynamics increase long term environmental pressures and slow the shift towards a
circular model. At the same time they reveal clear points of intervention where targeted actions by
governments and businesses can accelerate the transition. Based on the evidence presented above,
several strategic directions can guide more effective decision making.

First, it is essential to limit the growth rate of material stocks. Governments and businesses need
clear global and national targets that define acceptable levels and growth dynamics in construction
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and infrastructure. Without such targets it is difficult to manage material intensity or address
ecological risks in a timely manner.

Second, priority should be given to extending the lifetimes of existing assets. Repair,
refurbishment, retrofitting and modernisation should become standard practices. These measures
reduce the demand for new materials and lower the overall pressure on resource systems.

Third, material stocks should be designed for durability and circularity. Buildings and
infrastructure must be created in ways that enable easy repair, disassembly and high quality recycling
at the end of their service life. Such design choices support long term availability of secondary
materials.

Fourth, the use of renewable and low impact materials should be expanded. Stocks should
increasingly incorporate sustainable timber, biocement and biocomposites, provided that their
production and use comply with circularity principles.

Fifth, operations should be localised where possible in order to reduce energy consumption.
Local production and construction processes minimise transport distances, lower logistical emissions
and improve the overall efficiency of material flows.

Sixth, both existing and new material flows must be optimised through circular design.
Integrating circular principles at the earliest design stages helps prevent unnecessary stock growth
and ensures that materials are used efficiently across multiple life cycles.

A successful transition from a linear to a circular economic model requires coordinated action
from both governments and businesses. Each actor plays a distinct yet interdependent role in shaping
the enabling conditions, implementing circular practices and scaling system level changes (Table 1).

Table 1. Role of Business and Government in the Systemic Transition to a Circular Economy

Actor Strategic Role Key Actions
Governments Leadership for circular  National circularity vision; multilateral
transition cooperation; tax shift to circular models;
redirecting subsidies; public funding for
innovation
International Managing global material flows; participation in
coordination international agreements; establishing
international resource governance
Monitoring and Circularity indicators; national targets; data-
accountability based policy adjustment
Business Operational and supply Material recovery; local supply chains; service-
chain circularity based business models; measuring circularity
Resilience and risk Reducing exposure to resource scarcity and
reduction geopolitical instability; lowering dependence on
volatile global markets
New markets and Service-based revenue models; proactive
competitiveness adaptation to regulation; leadership in digital and
low-carbon technologies
Sector-wide scaling Transparency; industrial symbiosis;

collaboration with governments

Source: constructed by the author

Governments hold a critical opportunity to lead the global transition toward a circular economy
by establishing coherent policy frameworks and enabling transparent multilateral cooperation. Clear
long term visions, consistent support for circular initiatives and fair market conditions are essential
for creating an environment in which circularity can expand. Key actions include shifting the tax
burden from linear to circular models, redirecting subsidies away from resource intensive sectors and
allocating public financial flows to circular projects and innovation. These measures influence not
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only national development strategies but also the broader business environment in which companies
operate.

However, yet no country can address resource overuse in isolation. Effective transition requires
strong international coordination and, where possible, joint action to manage global material flows.
Despite increasing awareness of planetary limits, the current global landscape lacks clear targets and
does not possess a governance structure capable of systematically tracking resource use worldwide.
This institutional gap limits the ability of both governments and businesses to align their actions with
long term sustainability goals.

An international institution dedicated to resource governance could provide science based
assessments, policy recommendations and reliable benchmarks. Emerging negotiations on a global
agreement on plastic pollution illustrate the relevance of such mechanisms. At the national level
governments should select and monitor robust indicators similar to those discussed in this report,
ensure transparency and adjust policy based on new data. Reliable monitoring systems strengthen
accountability and create predictable conditions for businesses planning circular investments.

Business plays an equally important role in the transition. Companies that adopt circular
strategies, such as material recovery, closed loop production models and localised supply chains, can
reduce exposure to volatile global markets and lower operational risks. To maximise the effectiveness
of these actions firms must consider not only their internal operations but also the broader context of
circularity reflected in global indicators. Transparent reporting on progress can accelerate the spread
of circular practices across sectors.

Collaboration among companies is essential. Knowledge exchange, industrial symbiosis, the
development of service based business models and close cooperation with governments help
overcome systemic barriers and support the creation of circular markets. Firms that already
implement circular practices can gain a competitive edge by securing new revenue streams,
improving resilience to resource scarcity and reducing vulnerability to geopolitical disruptions. In an
increasingly unstable global economy companies that anticipate regulatory shifts and lead the
transition can not only adapt to emerging conditions but also contribute to shaping large scale circular
systems.

Conclusions

Despite intensive proclamation of the green course, the global economic landscape remains
structurally linear, as demonstrated by the persistent dominance of primary resource extraction and
the decline in the global circularity rate from 7.2% to 6.9%. This indicates that the growth of primary
material use continues to outpace the development of secondary material flows, undermining progress
toward climate neutrality and long-term resource efficiency. The analysis of domestic material
consumption per capita across world regions reveals pronounced inequalities in material-intensive
development pathways. High levels of resource use in North America and Europe, combined with
rapidly increasing DMC in Asian economies, indicate that the feasibility and pace of circular
transition remain highly uneven across global regions and require differentiated policy approaches.

Additionally, the structure of global material flows illustrates the strong predominance of linear
flows and the limited contribution of circular flows to the global material balance. Potentially circular
flows (long-term material stocks in buildings, infrastructure and machinery) represent the largest
share of accumulated materials and may become future waste streams if recovery systems and circular
design principles are not strengthened. The balance of linear versus circular flows confirms that more
than 90% of materials entering the global economy are either added to long-lived stocks or lost as
waste. Such structural inertia creates a “circularity delay,” whereby decisions made today in
construction, infrastructure and industrial systems will determine the availability of secondary
materials for decades.

The limited integration of secondary materials into business operations constrains opportunities
for circularity. Despite the technical potential to raise recycling rates to approximately 25%,
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insufficient collection systems, weak market incentives and a lack of circular product design maintain
high dependence on primary resources.

The rapid accumulation of material stocks has become one of the principal drivers of resource
extraction. With 38% of all extracted materials annually added to long-term stocks, circular transition
strategies must prioritise lifetime extension, renovation, modularity and repurposing, especially in
highly urbanised economies with saturated infrastructure systems.

A successful circular transition also requires a deeper transformation of the bioeconomy.
Although biomass accounts for a significant share of global material flows, its circular potential
remains underutilised. Regenerative agricultural practices, circular food systems and resource-
efficient biomass management must become core elements of business strategies to reduce land
degradation, biodiversity loss and nutrient imbalances.

The conducted research highlights that the transition to a circular economy is feasible only
through coordinated action between governments and businesses. Governments provide the
institutional framework (such as circularity indicators, tax reforms, subsidy alignment, international
coordination and data-driven policymaking) while businesses operationalise circularity through
material recovery, service-oriented models, localised supply chains and industrial symbiosis.

Circular practices significantly enhance business resilience by reducing exposure to resource
price volatility, geopolitical disruptions and supply chain instability. Firms that transition to reuse,
repair, remanufacturing and service-based value creation gain long-term competitive advantages,
while those dependent on primary extraction increase their operational and strategic risks.

The systemic transition from a linear to a circular model requires the establishment of an
international governance mechanism for global material flows. The absence of a global authority
setting resource targets, monitoring extraction and consumption, and harmonising policy efforts
creates fragmentation and slows corporate investments in circularity. A coherent international
resource governance system is therefore a critical precondition for large-scale business environment
transformation.
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maximum degree, clustering, assortativity). These metrics serve as
exogenous regressors in an ARIMAX model, enabling the forecasting
engine to incorporate structural information embedded in the geometry of
price history. Empirical results show that NVG topology exhibits regime-
dependent signatures: crisis episodes are associated with sharp shifts in
centralization and connectivity, and several network indicators become
statistically significant predictors of standardized 7-day returns. In
particular, global efficiency and harmonic centrality repeatedly emerge as
dominant covariates, with coefficient signs varying across window
lengths, consistent with multi-timescale market behavior. The sample is
split into a pre-2020 training set and a post-2020 testing set to stress-test
robustness under extreme events. The findings highlight heterogeneous
horizons in oil price dynamics and the value of NVG features for practical
forecasting and monitoring.
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Abstract: This study develops and evaluates a hybrid forecasting framework for energy market
dynamics that combines classical econometrics with complex network science. Using daily West
Texas Intermediate (WTI) spot prices from May 23, 1990 to October 30, 2025, we target short-
horizon risk by forecasting 7-day forward returns, standardized via a rolling 50-day mean and
volatility to mitigate heteroskedasticity. The univariate price series is mapped into Natural Visibility
Graphs (NVGs) on rolling windows (L = 25, 50, 75, 100 days), and a vector of topological descriptors
is extracted at each step, including spectral measures (e.g., algebraic connectivity, spectral gap,
natural connectivity, graph energy) and centrality/efficiency and clustering indicators (e.g., global
efficiency, harmonic centrality, betweenness, maximum degree, clustering, assortativity). These
metrics serve as exogenous regressors in an ARIMAX model, enabling the forecasting engine to
incorporate structural information embedded in the geometry of price history. Empirical results show
that NVG topology exhibits regime-dependent signatures: crisis episodes are associated with sharp
shifts in centralization and connectivity, and several network indicators become statistically
significant predictors of standardized 7-day returns. In particular, global efficiency and harmonic
centrality repeatedly emerge as dominant covariates, with coefficient signs varying across window
lengths, consistent with multi-timescale market behavior. The sample is split into a pre-2020 training
set and a post-2020 testing set to stress-test robustness under extreme events. The findings highlight
heterogeneous horizons in oil price dynamics and the value of NVG features for practical forecasting
and monitoring.
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Introduction

The global energy landscape, dominated by the vicissitudes of the crude oil market, stands as
one of the most complex and consequential economic systems in the modern world. Crude oil is not
merely a fungible commodity; it is the lifeblood of industrial civilization, a geopolitical weapon, and
a primary input variable for macroeconomic stability. The dynamics of crude oil prices — historically
characterized by extreme volatility, non-linear regime shifts, and susceptibility to exogenous shocks
— present a formidable challenge to economists, policymakers, and financial analysts (Hamilton,
2009, Kilian, 2009). Accurate forecasting of these price movements is paramount, not only for the
profitability of trading desks but for the formulation of fiscal policies in producing nations and
inflation management in consuming economies.

However, the traditional econometric toolkit, heavily reliant on linear paradigms such as the
Autoregressive Integrated Moving Average (ARIMA) model, faces diminishing returns in an era
defined by hyper-connectivity and structural chaos (Box et al., 2015, Hyndman & Athanasopoulos,
2021). While these models provide a robust baseline for capturing linear autocorrelations, they
frequently fail to account for the “black swan” events and complex internal dynamics that define
turbulent market regimes (7aleb, 2007). This research report proposes and evaluates a novel
methodological framework: the augmentation of classical ARIMA approaches with advanced
topological indicators derived from complex network theory. By transforming time series data into
Natural Visibility Graphs (NVGs), we hypothesize that the geometric and topological structure of
price history contains latent predictive information that can significantly enhance forecasting
accuracy during periods of market stress (Lacasa et al., 2008). This hypothesis is consistent with
prior early-warning research demonstrating that entropy-based complexity measures can reveal
precursors to crash-like events in financial markets (Bielinskyi et al., 2026).

The contemporary energy market operates under the pressure of a “trilemma”: the competing
demands of security, affordability, and sustainability (World Energy Council, 2022). This structural
tension exacerbates volatility. Historically, oil prices have been driven by a relatively straightforward
calculus of OPEC supply quotas and OECD demand. Today, however, the market is influenced by a
chaotic confluence of factors: the rapid elasticity of US shale production, the unpredictable demand
shocks of post-pandemic recovery, the geopolitical fracturing of global supply chains (exemplified
by the Russia-Ukraine conflict), and the long-term uncertainty introduced by the green energy
transition (International Energy Agency, 2023; Smith, 2017).

The West Texas Intermediate (WTI) crude oil price, the primary focus of this study, serves as
a barometer for these tensions. A cursory examination of WTI price history from 1990 to 2025 reveals
a trajectory that defies simple linear extrapolation. The Gulf War spikes of the early 1990s, the
demand-driven supercycle of the mid-2000s, the financial collapse of 2008, the supply glut of 2014,
and the unprecedented negative prices of April 2020 all represent distinct “regimes” or phases of the
market (U.S. Energy Information Administration, 2020). Standard time series models often assume
stationarity or stable variance (homoscedasticity) after differencing, an assumption that crumbles in
the face of such multifractal behavior (4/varez-Ramirez et al., 2002). Such multifractal features and
cross-market dependencies have been documented in related financial contexts, highlighting that
market dynamics often reflect coupled, non-linear structures rather than isolated processes (Bielinskyi
et al., 2023a).

The limitations of linear modeling in this context are well-documented. ARIMA models, while
mathematically elegant, essentially view the future as a linear combination of the past (Box et al.,
2015; Hyndman & Athanasopoulos, 2021). They are “blind” to the structural texture of the data. For
instance, an ARIMA model might perceive a stable uptrend and a volatile pre-crash bubble as
statistically similar if their immediate autocorrelation functions align, missing the fragility inherent
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in the bubble’s structure. This study seeks to remedy this blindness by equipping the forecasting
model with “vision” — specifically, the ability to see the topological shape of the time series through
graph theory (Newman, 2010).

The intellectual foundation of this research lies in the convergence of economics with statistical
physics — a domain often termed “Econophysics”. This interdisciplinary approach treats financial
markets not as equilibrium systems governed by rational agents, but as complex adaptive systems
characterized by disorder, fluctuations, and emergent phenomena (Mantegna & Stanley, 2000).

The scientific legitimacy of modeling such complex systems has received significant validation
from the highest levels of the physics community. The 2021 Nobel Prize in Physics was awarded to
Syukuro Manabe, Klaus Hasselmann, and Giorgio Parisi (Nobel Prize Outreach, 2021). Parisi’s
work, in particular, on “the discovery of the interplay of disorder and fluctuations in physical systems
from atomic to planetary scales”, provides a theoretical analog for financial markets. Just as spin
glasses in physics exhibit frustration and multiple equilibria, financial markets exhibit competing
narratives and sudden phase transitions (crashes). This perspective is also supported by empirical
work framing stock market crashes as phase transitions, reinforcing the use of tools borrowed from
statistical physics for analyzing market instabilities (Bielinskyi et al., 2023b). Furthermore, the 2024
Nobel Prize in Physics, awarded to John J. Hopfield and Geoffrey E. Hinton for foundational
discoveries in artificial neural networks, underscores the utility of network-based approaches in
decoding complex patterns (Nobel Prize Outreach, 2024).

In this context, the financial time series is no longer seen as a mere sequence of numbers but as
the output of a high-dimensional dynamic system. The challenge is to reconstruct the “phase space”
of this system to understand its trajectory (Takens, 1981). While methods like embedding dimensions
and Lyapunov exponents have been used for decades, they are often sensitive to noise and require
massive datasets (Eckmann et al., 1986). Recent work has also shown that energy-related markets
can exhibit identifiable states of irreversibility, reinforcing the view that regime changes reflect
deeper structural transitions rather than simple linear deviations (Bielinskyi et al., 2024). Network
science offers a more robust alternative: mapping the time series into a graph (Newman, 2010).

The core innovation utilized in this study is the NVG algorithm. Introduced by Lacasa et al.,
this method transforms a time series into a complex network based on a geometric criterion: two data
points are connected if they have a direct “line of sight” to each other on a plot.

This transformation is not merely an aesthetic exercise; it is a rigorous mathematical mapping
that preserves the information content of the signal while exposing its structural properties (Lacasa
et al., 2008).

e Periodic series map to regular, lattice-like graphs.

e Random series (white noise) map to random graphs with exponential degree
distributions.

e Fractal series (like financial markets) map to scale-free networks with power-law
degree distributions.

By converting the WTI price series into a sequence of evolving graphs, we can utilize the vast
arsenal of network topology metrics — clustering coefficients, harmonic centrality, global efficiency,
and spectral measures —to quantify the state of the market (Chung, 1997; Latora & Marchiori, 2001,
Rochat, 2009; Watts & Strogatz, 1998). These metrics act as “sensors” for the market's internal
structure. For example, a sudden drop in the “Global Efficiency” of the visibility graph might indicate
that the market is losing its long-term memory or coherence, often a precursor to a regime shift
(Latora & Marchiori, 2001).

The primary objective of this research is to construct and validate a hybrid ARIMAX-NVG
forecasting model. Unlike a standard ARIMA model that relies solely on endogenous lags, the
ARIMAX framework allows for the inclusion of external covariates (Box et al., 2015, Hyndman &
Athanasopoulos, 2021). Here, the exogenous variables are not traditional macroeconomic indicators
(like GDP or interest rates), but the complex network measures derived from the price series itself.

This report is structured to provide an exhaustive analysis of this methodology:
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e Section 2 (Materials and Methods) details the extensive WTI dataset (1990-2025), the
mathematical formulation of the NVG algorithm, the specific definitions of the spectral
and centrality measures used, and the specification of the ARIMAX model.

e Section 3 (Results) presents the empirical findings, including the statistical significance
of specific topological features (such as Harmonic Centrality and Efficiency) and the
sign and magnitude of their regression coefficients.

e Section 4 (Conclusions) synthesizes the implications of these findings, discussing how
“structural” information translates into “predictive” gain and offering recommendations
for future applications in energy risk management.

By integrating the transparency of econometrics with the structural nuance of network science,
this report aims to provide a sophisticated tool for navigating the turbulent waters of the global energy
market.

Materials and Methods

The empirical basis of this study is the daily spot price of WTI crude oil, widely regarded as
the benchmark for global energy pricing. The data is sourced from Federal Reserve Economic Data
(FRED). The dataset spans a comprehensive 35-year period from May 23, 1990 to October 30, 2025.
This interval is deliberately chosen to encompass a wide variety of market regimes:

e The Great Moderation (1990s): A period of relative stability punctuated by the Asian
Financial Crisis (Bernanke, 2004).

e Asian Financial Crisis (late 1990s): a major global financial disturbance affecting
commodity demand expectations.

e The Global Financial Crisis (2008-2009): The collapse of Lehman Brothers and the
subsequent demand shock.

e Shale Revolution (2010-2014): structural supply-side change driven by U.S. tight oil
growth.

e The COVID-19 Pandemic (2020): The unprecedented demand destruction and negative
pricing anomaly.

e The Geopolitical Era (2022-now): The impacts of the Russia-Ukraine conflict and
subsequent supply chain realignments.

To ensure rigorous out-of-sample validation, the data is split into a Training Set (spanning from
1992 to roughly 2020) and a Testing Set (spanning from 2020 to 2025). The inclusion of the post-
2020 period in the testing set is critical, as it challenges the model to perform during one of the most
volatile periods in history.

Target Variable Formulation: The raw price series P; is non-stationary and unsuitable for
direct modeling. Consequently, we focus on forecasting 7-day forward returns, a relevant horizon for
short-to-medium term risk management. The simple h-step forward return R, , for h = 7 days is
calculated as:

Piyipn—P,
Rep =—=— ()

However, financial returns exhibit volatility clustering (heteroscedasticity). To stabilize the
variance and facilitate the comparison of returns across different volatility regimes, we employ a
standardization procedure using a sliding window. For a window size w = 50 days, the standardized
return 7 , is defined as:

Ren—HUew
Teh == 5 (2)

59



Scientific and practical journal "Economics and technical engineering"

where u, ,, and o, are the rolling mean and standard deviation of the returns over the past 50
days. This transformed variable 7, j, serves as the endogenous target variable y, in the ARIMAX
framework.

The cornerstone of the feature extraction process is the mapping of the univariate time series
into a graph space. We employ the NVG algorithm (Lacasa et al., 2008) due to its convexity
properties and its ability to capture both local and global dependencies.

The mathematical definition is the following: Let the time series be represented as a set of N
data points {(t1,v1), (t3, y2), ..., (ty, Yn)}, Where t; represents the time index and y; represents the
price value.

Two arbitrary data values (t,,y,) and (t;,y,) are connected by an undirected edge in the
associated graph if and only if any other data point (¢, y.) placed between them (t, < t. < tp)
satisfies the visibility criterion:

Ve <¥p+ 0o — V)

tp—tc
P— (3)

This inequality implies that two time points are connected if a straight line joining their tops
does not intersect any intermediate data bars. The criterion is essentially a convexity check. A
“valley” in the time series allows distant peaks to see each other, creating long-range edges. A “peak”
in the time series (a local maximum) acts as a hub, as it can see many other points (both past and
future). Thus, the degree of a node k; is directly correlated with the local magnitude and convexity
of the price series.

Financial markets are non-stationary systems where structural properties evolve over time.
Constructing a single graph for the entire 35-year history would obscure these temporal dynamics.
Therefore, we implement a sliding window approach:

1. We utilize four distinct window lengths: L € {25,50,75,100} days.

2. At each time step t, a subgraph is constructed using the price data in the interval
[t—L+1,t].

3. For each window, the topology of the resulting graph is analyzed, and a vector of
network metrics is computed. This results in a dynamic, time-varying stream of network
indicators.

For each sliding window, we calculate a suite of complex network measures. These measures
are selected to capture specific structural aspects of the market: connectivity, efficiency, centrality,
and clustering. These serve as the X variables in the ARIMAX model.

Spectral measures. Spectral graph theory utilizes the eigenvalues of graph matrices to
understand global properties like synchronization and robustness (Chung, 1997).

1. Algebraic connectivity (4,): Defined as the second-smallest eigenvalue of the graph
Laplacian matrix (Fiedler, 1973). A value of A, > 0 indicates a connected graph. The
magnitude of 1, measures how difficult it is to decouple the graph. In a market context,
high algebraic connectivity suggests a highly synchronized market where prices move
in a unified manner, often observed during strong trends or systemic crashes.

2. Spectral radius (R): The largest eigenvalue of the adjacency matrix. It is strictly related
to the dynamic range of the process (van Mieghem, 2011).

3. Spectral gap (AA): The difference between the largest and second-largest eigenvalues.
It controls the speed of convergence to equilibrium in dynamic processes (like random
walks) on the graph. A large gap implies the market absorbs information rapidly
(Chung, 1997).

4. Natural connectivity (N.): defined as ln(N iy e’li). It measures the “robustness” of
the network, quantifying the redundancy of routes between nodes (Wu et al., 2010).

5. Graph energy E(G): The sum of absolute values of eigenvalues. A holistic measure of
structural complexity (Gutman, 1978).
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Centrality and Efficiency Measures. These metrics identify the “importance” of specific days
and the efficiency of information transmission.

1. Global efficiency (E g0p):

1 1
Egiop = mzt;tj @ 4)

where d;; is the shortest path length between nodes i and j (Latora & Marchiori, 2001). High
global efficiency in an NVG implies that most time points are visible to each other (short path
lengths). This occurs in “flat” or “concave” market structures where historical prices are relevant to
the present. A drop in efficiency often signals a regime shift where the past becomes disconnected
from the present.

2. Global harmonic centrality (GH.):

1 1
GH. = EZj:tid_ij- 5)

Unlike standard Closeness Centrality, Harmonic Centrality handles infinite distances
(disconnected components) by taking the reciprocal of the distance (where 1/c0 = 0) (Rochat, 2009).
While NVGs of continuous series are usually connected, this measure is more robust to “long tail”
structures. High Harmonic Centrality suggests that a specific time window is dominated by a few
central “hubs” (extreme price events) that connect the entire window.

3. Betweenness Centrality (B): Measures the fraction of shortest paths passing through
a node. High betweenness nodes act as “bridges” between different market regimes
(Freeman, 1977).

4. Maximum Degree (D,,,,): The highest number of connections for a single node in the
window. Identifies the most significant local extremum (peak or valley) in that
timeframe (Lacasa et al., 2008).

Clustering and Density Measures.

1. Clustering Coefficients (C3, C4): C; measures the prevalence of triangles (transitivity),
while €, measures squares. High clustering is associated with regular, deterministic
signals. A decrease in clustering often indicates an increase in randomness or noise
(Watts & Strogatz, 1998).

2. Assortativity (1): The Pearson correlation coefficient of degrees between connected
nodes (Newman, 2002).

a. Assortative (r > 0): Hubs connect to hubs.

b. Disassortative (r < 0): Hubs connect to low-degree nodes. Financial networks
frequently show disassortative mixing, where extreme events (hubs) are
surrounded by smaller fluctuations.

The ARIMAX Model Specification. The predictive engine is an ARIMAX model, which
extends the univariate ARIMA by linearly adding exogenous covariates. The model for the
standardized return y, is given by:

Ye=¢C + Z?:l ¢iyt—i + Z?=1 gjet—j + Z%=1 ﬁme.t + €t (6)

where ¢; captures the momentum or memory of the returns themselves, 6; captures the
persistence of past shock (error) terms, X, . represents the complex network indicators, and S,
quantifies the predictive impact of the network topology on future returns.
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Results

We analyze the topological evolution of the market network, identify the statistically significant
network predictors, and evaluate the model's forecasting performance during the critical testing
period of 2020-2025.

The transformation of the WTI time series into visibility graphs reveals distinct topological
signatures corresponding to different market phases.

During the 2003-2008 supercycle, the visibility graphs exhibited high global efficiency and
regular clustering. The steady rise in prices meant that each new high was “visible” to many previous
highs, creating a dense, interconnected structure. During the 2008 crisis and the 2020 COVID-19
crash, the network topology underwent a phase transition. We observed a sharp spike in maximum
degree (as the crash created a prominent “valley” visible from many points) and a divergence
in assortativity. The algebraic connectivity often rises prior to these events, signaling a fragmentation
of the market structure before the actual price collapse.

These observations validate the hypothesis that the shape of the price history changes
fundamentally during different regimes, providing a signal that is distinct from simple price volatility.

The regression analysis of the ARIMAX model identified a specific subset of network measures
that possess high predictive power for 7-day forward returns.

Table 1 presents the top 10 statistically significant features (p < 0.05) derived from the training
process.

Table 1. Statistically significant network features in the ARIMAX model.

Feature Name Window Size (Days) Lag Coefficient
B
Global Harmonic 25 t -1.825%x 10!
Centrality
Global Efficiency 25 t +1.825%x10"!
Global Harmonic 50 t +1.247x10""!
Centrality
Global Efficiency 50 t -1.247x10!!
Global Harmonic 75 t -7.224x10'0
Centrality
Global Efficiency 75 t +7.224%10'°
Global Harmonic 100 t +4.726x%10'°
Centrality
Global Efficiency 100 t -4.726x10!°
Global Harmonic 25 t-1 +1.563x10""!
Centrality
Global Harmonic 25 t-2 -4.442x 101
Centrality

A striking pattern emerges in the 25-day window (short term). Global efficiency has a large
positive coefficient, while global harmonic centrality has a large negative coefficient.

High global efficiency implies a network where information flows easily and path lengths are
short. In the context of NVG, this often corresponds to a coherent trend where past prices support the
current level. The positive coefficient suggests that such a structure predicts positive future returns —
momentum is sustained.

High harmonic centrality implies the presence of dominant hubs (extreme values) that make the
graph highly centralized. A negative coefficient suggests that when the local window becomes too
centralized (e.g., dependent on a single price spike), the market is fragile and likely to correct
downwards.
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The significance of lagged variables (centrality at ¢t-1 and t-2) indicates that the topological
information is not just instantaneous but has a lingering effect. The extremely large negative
coefficient for global harmonic centrality at window 25 and time lag t-2 (-4.442x10'!) suggests a
strong mean-reversion effect: if the market structure was highly centralized two days ago, a sharp
negative correction is highly probable today.

The model was rigorously tested on the out-of-sample period (2020-2025), covering the post-
pandemic recovery and the geopolitical instability of the Russia-Ukraine war. The performance
metrics are summarized in Table 2.

Table 2. Test Set Error Metrics (Standardized Returns).

Feature Name Window Size (Days)
Root Mean Square Error 1.71
Mean Absolute Error 1.35
Mean Squared Error 2.92
Conclusions

This research report has detailed the development, implementation, and evaluation of a hybrid
forecasting system for crude oil prices, merging the distinct disciplines of econometrics and complex
network science. By treating the time series of WTI crude oil as a complex evolving network, we
have demonstrated that the topological structure of the market contains valuable predictive
information that eludes traditional linear analysis.

Changes in the geometric structure of the visibility graph — measured through efficiency,
centrality, and spectral properties — often precede significant price movements. The visibility graph
acts as a “structural X-ray” of the market, revealing fragility (e.g., high centralization) that is not
apparent in simple price plots. The ARIMAX-NVG model leverages the best of both worlds: the
statistical rigor and mean-reversion properties of ARIMA, and the non-linear, structural sensitivity
of network science. The alternating signs of coefficients across window sizes (25 vs. 50 days) confirm
that energy markets are not monolithic. They operate on multiple timescales simultaneously, with
short-term speculative flows often opposing medium-term fundamental trends. The model effectively
disentangles these conflicting signals.

The success of this methodology challenges the Strong Form of the Efficient Market Hypothesis
(EMH). If historical price structures can predict future returns, then the market is not a random walk
(Fama, 1970; Samuelson, 1965). Instead, it supports the Fractal Market Hypothesis (FMH), which
posits that markets are made up of heterogeneous agents with different investment horizons, and that
instability arises when the liquidity provided by one time-horizon fails (Peters, 1994).

For energy traders and risk managers, this research offers a tangible edge. The complex network
indicators — particularly global efficiency and harmonic centrality — can be integrated into algorithmic
trading systems as “filters” or “alpha signals”. A sharp divergence in these metrics could serve as an
early warning system for volatility spikes, prompting defensive hedging strategies.
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Abstract: This investigation analyzes the influence of alkali metal
compounds introduced into the firing process through the bentonite binder
contained in iron ore pellets on the durability of grate bar assemblies in
conveyor-type induration machines. During pellet firing, sodium- and
potassium-bearing components inherent to montmorillonitic bentonites
transform into reactive forms and interact at high temperatures with the
grate bar material. In the presence of chromium in the steel, a complex
oxide scale develops at the metal-oxide interface, incorporating low-
melting chromate phases. These phases significantly reduce the protective
capacity of the oxide film, promote intense scale spalling, and accelerate
high-temperature chemical erosion, ultimately resulting in rapid and
catastrophic grate bar degradation. To evaluate the degradation
mechanisms, laboratory tests were carried out on samples of cast steel
40Kh24N12SL, which were oxidized and exposed to sodium-containing
components at 1070 °C for six hours. Scanning electron microscopy and
energy-dispersive X-ray spectroscopy revealed the formation of
multilayer oxide scales enriched in sodium and chromium and the
presence of reaction products characteristic of chromates, confirming the
intensification of corrosion processes in the presence of alkali metals. The
obtained results clarify the origins of severe grate bar wear under pellet
induration conditions when bentonite is used as the binder. Since the alkali
metal content is defined by the mineralogical nature of bentonite and is
technologically necessary for achieving adequate pellet strength, its
reduction is not feasible. Therefore, mitigating the destructive effect of
alkali metals must rely on selecting more corrosion-resistant alloys for
grate bars and optimizing the temperature—oxidation parameters of the
firing process.
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conveyor induration machine

66


mailto:ete@duet.edu.ua
https://ete.org.ua/
https://doi.org/10.62911/ete.2025.03.01.01
https://doi.org/00.0000-000
https://doi.org/10.62911/ete.2025.03.01.01
mailto:panchenko_hm@duet.edu.ua
mailto:andrey.ivanov@metinvestholding.com
mailto:suslo_nv@duet.edu.ua
mailto:huk_ys@duet.edu.ua
https://orcid.org/0000-0002-8866-9467

Scientific and practical journal "Economics and technical engineering"

JEL: L61

Investigation of the Influence of Alkali Metal Compounds on the Durability of the Grate Bar
Field of Conveyor Machines During Iron Ore Pellet Firing

Hanna Panchenko
Assoc. Prof. PhD, State University of Economics and Technology, Kryvyi Rih, Ukraine
e-mail: panchenko hm@duet.edu.ua

ORCID ID: 0000-0001-7565-0380

Andrii Ivanov
Deputy Head of the Pelletizing Plant, PrJSC "Central Iron Ore Enrichment Works", Kryvyi Rih,
Ukraine

e-mail: andrey.ivanov@metinvestholding.com

Nataliia Suslo
Assoc. Prof. PhD, State University of Economics and Technology, Kryvyi Rih, Ukraine
e-mail: suslo nv@duet.edu.ua

ORCID ID: 0000-0001-9280-6316

Yelyzaveta Huk
Assistant State University of Economics and Technology, Kryvyi Rih, Ukraine
e-mail: huk ys@duet.edu.ua

ORCID ID: 0000-0002-8866-9467

Abstract: This investigation analyzes the influence of alkali metal compounds introduced into the
firing process through the bentonite binder contained in iron ore pellets on the durability of grate bar
assemblies in conveyor-type induration machines. During pellet firing, sodium- and potassium-
bearing components inherent to montmorillonitic bentonites transform into reactive forms and
interact at high temperatures with the grate bar material. In the presence of chromium in the steel, a
complex oxide scale develops at the metal-oxide interface, incorporating low-melting chromate
phases. These phases significantly reduce the protective capacity of the oxide film, promote intense
scale spalling, and accelerate high-temperature chemical erosion, ultimately resulting in rapid and
catastrophic grate bar degradation. To evaluate the degradation mechanisms, laboratory tests were
carried out on samples of cast steel 40Kh24N12SL, which were oxidized and exposed to sodium-
containing components at 1070 °C for six hours. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy revealed the formation of multilayer oxide scales enriched in sodium and
chromium and the presence of reaction products characteristic of chromates, confirming the
intensification of corrosion processes in the presence of alkali metals. The obtained results clarify the
origins of severe grate bar wear under pellet induration conditions when bentonite is used as the
binder. Since the alkali metal content is defined by the mineralogical nature of bentonite and is
technologically necessary for achieving adequate pellet strength, its reduction is not feasible.
Therefore, mitigating the destructive effect of alkali metals must rely on selecting more corrosion-
resistant alloys for grate bars and optimizing the temperature—oxidation parameters of the firing
process.
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AHoTamiss: Y poOOTi AOCTIKEHO BIUIMB CIONYK JIy>)KHHX METalliB, M0 HAAXOIATh y TPOIEC
oOnaneHHss pa3oM i3 OCHTOHITOBOIO 3B’S3KOI0 Yy CKJIAJil 3alli30py/JHUX OKATHIIIB, HA CTIHKICTh
KOJIOCHUKOBOT'O TIOJISI KOHBeepHUX MamuH. [1i yac oOmaneHHs HATpi€Bi Ta Kali€Bi KOMIOHEHTH,
MPUCYTHI B MOHTMOPHJIOHITOBUX OCHTOHITAX, IEPEXOAATh Y PEAKIIHO 31aTHI (POPMHU Ta 32 BUCOKHX
TeMIepaTyp B3a€EMOIIIOTH 13 MaTepialoM KOJIOCHUKA. 3a HasIBHOCTI B CTaJli XpOMY B 30HI KOHTaKTy
YTBOPIOETHCS OKAJIMHA CKJIAJHOI CTPYKTYPH, Y SIKii (PIKCYIOThCS JierkoruiaBki xpomatu. Taki ¢a3osi
YTBOPEHHS PI3KO 3HIDKYIOTh 3aXMCHI BJIACTHBOCTI OKCHUIHOI IUTIBKH, CIIPHYUHSIOUN ii IHTCHCUBHE
BIJIIIAPOBYBAHHA Ta CTPIMKE MPOTpecyBaHHS XIMIYHOI €po3ii, [0 MPU3BOAMTH IO MEPEIIaCHOTO
pYHHYBaHHS KOJIOCHUKIB. /ISl OIiHIOBaHHA MeEXaHi3MiB Jerpajamii MpoBeaeHO IabopaTopHi
nocuimkeHHs 3paskiB mutoi crani 40X24H12CJI, siki OKMCHIOBAIH Ta IMiIIaBaIH JIii HATPIEBMICHUX
KoMMoHeHTiB 3a Temmeparypu 1070 °C ympomoBxk mmiecTd roauH. MeTojgamu €JIeKTpOHHOI
MIKpPOCKOMII Ta PEeHTI€HOCIIEKTPATILHOTO MIKpOaHali3y BCTAHOBJICHO (pOpMyBaHHs OaraTomapoBoi
OKaJIMHM 3 MiJBUIIEHUM yMICTOM HATpPiIO Ta XpOMY i HasBHICTIO (ha3, XapaKTEPHUX JJISI XpPOMATIB,
110 MiATBEPDKYE IHTCHCU(DIKALIII0 KOPO3IHHUX MPOLECIB y MPUCYTHOCTI JIy)KHUX METAJIiB.
OTpumaHi  pe3ylnbTaTH JO3BOJSIOTH MOSCHUTH TNPHUPONY KAaTacTpO(pidHOTO 3HOIIYBAHHS
KOJIOCHUKOBOTO TIOJISl 32 YMOB OOIaJeHHsS OKATHIIIB 13 OEHTOHITOBOIO 3B’s3K010. OCKIIBKH BMICT
JYKHHUX METaJiB BU3HAYAETHCS MIHEPAJIOTIYHOI NPUPOAOI0 OCHTOHITY Ta € TEXHOJOTIYHO
HEOOXITHUM 15 3a0€3MeUeHHS MIITHOCT OKaTHILIB, MiHIMi3allis iXHbOTO BILUTUBY Ma€ I'PYHTYBaTHCA
Ha BHOOpi OULTBII KOPO3IMHOCTIHKMX MaTepialiB KOJOCHHUKIB 1 KOPUTYBaHHI TeMIIEpaTypHO-
OKHCHIOBAJIbHHUX ITapaMeTpiB 0OMaIeHHS.

KirouoBi cioBa: myHI MeTanu; HaTpi€BI CHOJMYKH; OOMAaJCHHS OKATHIIIB; KOJIOCHUKOBE TOJC;
BHCOKOTEMIIEpaTypHa KOpo3ist; XxpoMaTH; peppaTi; OEHTOHITOBA 3B’ A3Ka; KOHBEEPHA OOMaIIOBaIbHA
MallyHa.

Beryn (Introduction)
OOmnaneHHs 3a1i30py/AHUX OKATUIIIB HA KOHBeepHii MarmHi Lurgi OK-552 cynpoBomkyeTbes

BHCOKOTEMIIEPATYPHOIO XIMIYHOIO €pO3i€I0 JIMTUX CTAJEBUX KOJOCHHUKIB. YHACTIIOK LBOTO IXHS
eKCIUTyaTaliiHa CTIMKICTh y CEpeJHbOMY HE IEPEBHINY€E LIECTH MICALIB. 3aMiHa KOJOCHHKIB
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MPHU3BOAUTH JI0 TMPOCTOIB OOJIaTHAHHS, 3HUKCHHS MPOAYKTUBHOCTI MAIlMHMU Ta, BiAMOBIAHO, O
3pOCTaHHS MUTOMOI BUTPATH KOJIOCHUKIB 1 MiJIBUIIEHHS COOIBAPTOCTI OKATHILIB.

BcraHoBieHO, 110 OCHOBHUMH MPUYMHAMU BHUXOIY 3 JIaay KOJIOCHUKIB €. MEXaHIYHe
3HOIIYBAaHHSA; XIMIYHA €po3is MiJ Jdi€l0 MaTepialy OKaTHUIIIB 1 Ta30BOr0 CEepeAOBUINA;
TEMIIEPATYPHUN PEXUM POOOTH OOMATIOBATBHOI MAIIMHU; HU3bKA SAKICTh JIMTUX KOJOCHHUKIB Ta
HEBIJIMOBIIHICTh XIMIYHOTO CKJIa/ly CTajli BCTAaHOBIEHUM BuUMoraMm (Panchenko et al, 2008).

Cupi odurocoBaHi okaruiii giametpom 12—15 MM, 1110 HAAXOAATh HA OKHCHIOBAJIBHUIN 00Tall,
CKJIaJaroThes 3 IpiOHUX (ppaxiiiii MarHeTuTOBOTrO KOHIEHTPATY, BAIlHa Ta 3B’;13yBanLH0'1' petoBHHH,
nepeBaxHo OenToHiTy. Ilix yac anamizy mporeciB XiMi4HOT epo3il KOJIOCHUKIB 13 XPOMOHIKEIEeBOi
cTaji HEeoOXiAHO BPaxOBYBaTH XIMIUHUH CKJIaJ 1 MIHEpAJIOTIYHY HPUPOAY OCHTOHITY. TeleH
«OenTtoHiT» (bentonite) € 3aranpHONpUiiHATOI0 B CIIIA Ha3BOIO IIMHU, IO YTBOPHJIACS BHACITIIOK
KOHCEIIMEHTAI[IHHOTO BUBITpIOBaHHSA. OCHOBHMM MiHEpaJIbHUM KOMIIOHEHTOM OCHTOHITY €
MOHTMOPWIOHIT (Striibel et al, 1991)

Crhin migKkpeciauTd, IO HpU OJHOMY M TOMY JK 3arajJlbHOMy HaiiMeHyBaHHI MiHEpay
MOHTMOPHJIOHITY HOT'O Pi3HOBHIM ICTOTHO BiAPI3HAIOTHCS 32 XIMIYHUM CKJIaJ0M 1 OynoBoro. Mexi
CKJIaJiB MOHTMOPWJIOHITOBOI TPYIHU 3MIHIOIOTbCA BiJ YHUCTO aJIOMOCHIIKATHUX (TUO A) 10
maruesianpHux (tun b). Cepen oOMIHHMX KaTiOHIB HaWOUIbIIEe 3HAUYEHHS MAlOTh 10HU JIY>KHUX
METaJiB 1 KanbLito. [OHM Marxiio 3HaYHO MilHIIIE 3B’ 513aH1 B CTpYyKTypl y Burisiai rpyn [MgQOs], mo
3aMintyioTh [AlOs] B okTaenpuyHuX mapax mpo@isliToBoro TUIy. Y MiHEpalIoriyHiil pi3HOBUAHOCTI,
110 Ha3uBaeThes OerineniToM — (Na,Cao,s)o,33Al2(Al,S1)4010(OH)2-nH20 — siK KiHIIEBUM YJIEHOM TPYTIH
MOHTMOPHJIOHITIB, KIJIBKICTh JYKHHUX €JIEMEHTIB € TOCUTh 3HauHOO (Striibel et al, 1991).

3a manumu K. ®pes (Frye, 1983), MOHTMOPUIIOHIT Mae JyxHy peakuiro (pH 6,2-9,0) Ta
HACTYIMHUN (GOPMYIBHUN CKIIA;

Nao,7(A13,3Mgo,7)(Sisto)(OH)4-nH20, ( 1)

VY «Minepanoriunomy cioBHuky» I'. Ltpy6ens ta 3. X. Lummepa (Striibel et al, 1991) neit
MiHepan (tun b) monaetscs popmynoro:

A11,7Mgo,33[(OH)zSi4010]0,33‘Nao,33(H20)4, (2)

Takum 9rHOM, HaBEJCHI BUIIE JaHI CBiIYaTh MPO CYTTEBI BIIMIHHOCTI MIX PI3HOBHUIAMHU
MOHTMOPHJIOHITY 32 BMICTOM JIY)KHHX KOMIIOHEHTIB (30KpeMa iOHIB HATpil0), IO aKTyaji3ye
HEOOXIJHICTh JOCHIUKEHHS BIUIMBY XIMIYHOTO CKJIaAy OEHTOHITY pa3oM i3 TeMIepaTypHO-
OKHMCHIOBAJIbHUMH ITapaMeTpaMu 00TaJIeHHs OKaTHILIB Ha XIMIYHY €pO3ii0 KOJIOCHHKIB.

V pasi BUKOpHUCTaHHS OCHTOHITY, SIKUI MICTUTh TOCTATHIO KUTBKICTh MiHEpaidbHUX (hopM NaO
1 K2O, ans oTpuMaHHS MEXaHIYHO MIIIHMX OKATHIIIB HaTpieBa 100aBKa (coma) sSK «aKTUBATOP»
3a3BMYail HE BBOJUTHCA a0O JOJA€THCS Yy HE3HAUHIM KUIBKOCTI. SIKIIO K 3aCTOCOBYIOTHCS
MOHTMOPHJIOHITOBI IMHU 3 HU3BKUM BMicToM Na:O Ta K.O, ane 3 migBumenum Bmicrom CaO
(mampukinaz, JlamykiBCbKOro poJoBHIIa), nepeadadyaeTbcst BBEACHHS COAM Yy KibKocTi 5—7%. Le
MOJKE€ TOCHJIIOBATH XIMIYHY €pO3il0 KOJIOCHHUKIB MiJ 4yac OOMAaJEeHHS OKATHUIIIB 4Yepe3 3HMIKECHHS
3aXMCHUX BJIACTUBOCTEN OKAJIMHH.

OxucHIOBaJIbHUI 00Majl MAarHETUTOBUX OKATHUIIIB 3IIHCHIOETHCS 32 TEMIIEPATypHO-Ta30BUM
pexxumomM, pospoonienum Ha [IpAT «lliBHI3K» mis obmamoBanpHux Mammea Lurgi OK-552.
TemmnepaTrypHO-4acoBi pPEXUMH CYIIIHHS CHPHMX OKAaTHUIIIB MPAaKTUYHO BHKIIOYAIOTh BHUIU
pYHHYBaHHS, IO MPOSBISIIOTHCS YTBOPEHHSM TPIIIMH HAa MOBEPXHI a00 BHCOKOTEMIIEPATYpPHHM
BUOYXOBUM pYHHYBaHHSIM, TOB’SI3aHHUM 3 PO3BUTKOM 00’ €MHO-HAIPY)>KEHOTO0 CTaHy BHACIIIOK
BEIIMKUX T'PaJII€HTIB BOJIOTOCTI Ta Temneparypu (Pokhyl et al, 2003)

[Ipu OKHCHIOBaJIBbHO-3MIIHIOBAILHOMY oOmnasi Oo(IIIOCOBAaHMX OKATHILIIB repedirae HU3Ka
BOXJIUBUX OKHUCHO-BITHOBHUX IIPOLIECIB, CEpell SKUX EK30TepMIUHE OKHUCHEHHS MAarHeTUTy [0
reMaTuTy:

2Fe304 + 1202 = 3Fe20s + 247 M k. (3)
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TepMmokiHeTHKAa OKHMCHEHHS Ta MUQY3IMHUN TpaHCIOPT 10HIB MmiJx 4Yac obOmajeHHs Oynu
npenMeroMm Oaratbox gochimkenb (Emctpem Ta iH.). MakcuManbHa CTYHiHb OKHCHEHHS
cnoctepiraetbest 'y aianmazoni 900-1000 °C [4]. 3a BummMx TeMmepaTyp CTyMiHb OKHCHEHHS
MarHeTUTY 3MEHIIYETHCS Yepe3 TePMIUHy TUCOLIAIII0 TeMATUTY 3TiHO 3 peaKIli€ro:

Fe203 — FesO4 + O2, (4)

E. ®. Berman Tta iH. (Pokhyl et al, 2003) 3a3Ha4ar0Th, IO MPU BMICTI KHCHIO y Ta30BOMY
terutoHocii 10-15% temmneparypa nucomnianii rematuty ctanoBuTh 1360-1370 °C.

ITig yac obnaneHHs OKaTUILiB BiAOyBaeThCs TBepaoda3Ha XiMiuHa B3aeMoist Mik Fes0a 1 SiO:
(SIK 13 KOHILIEHTPATY, TaK 1 3 OEHTOHITY) 3 YTBOPEHHIM CHJIIKaTHOT'O pO3IUIaBy, SIKUi Oepe yJacTb y
¢dbopmyBaHH1 3MiLHIOBaTIBHOI (pa3u. JIykHMii cUITIKaTHUNA pO3IIaB MOKe OYTH 3HAYHO aKTUBHIIINM
IOA0 XIMIYHOI epo3ii MeTaly KOJOCHHKIB TMOPIBHSHO 3 pO3IUIaBOM, YTBOPEHHUM 3a YYacTiO
KPEeMHE3eMy MarHeTUTOBOT'O KOHLIEHTPATY Ta MarHi€BMiCHOTO MOHTMOPUJIOHITY. 3 OISy Ha T€, 110
pi3HOBHIM OEHTOHITIB CYTTEBO BiAPI3HAIOTHCS 32 BMICTOM HATpilO Ta KaJlilo, a TOJaTKOBE BBEICHHS
HATPIEBMICHUX aKTHBATOPIB y TEXHOJIOTiIO O(IIIOCOBAHUX OKATHILIIB MOXKE 3MIHIOBATH XapakTep
peakIiiif y 30HI BUCOKOTEMIIEPATypHOr0 OONalieHHsI, BUHUKA€E MMOoTpeda y MOoryinbIeHOMY BUBUYCHHI
BIUIMBY CIIOJIYK JIY’)KHHX METaJiB Ha IHTEHCHBHICTh XIMIUHOI epo3ii Ta CTIMKICTh KOJOCHUKOBOTO
MOJIs KOHBeEpHUX MammH. Came 11e BU3HAYA€E aKTyalbHICTh JAHOTO JAOCTIKEHHS Ta GopMye Horo
METY — BCTaHOBUTH POJIb JIy’)KHUX KOMIIOHEHTIB B IpoOIleci OOMajeHHs OKATHUIIIB y MeXaHi3Max
nerpajaaiii KOJOCHHUKIB.

Marepiaan ta metoan (Materials and Methods)

Jns  nochmipkeHHs XiMiuyHOi epo3ii KOJOCHUKOBOTO TMOJss OynM BUKOPUCTAHI 3pas3KH,
BUTOTOBJICHI 3 ’KapoMiliHoi TuToi cTaini Mmapku 40X24H12CJI, 10 3acTOCOBY€THCSI 17151 BUTOTOBJICHHS
KOJIOCHHMKIB KOHBEEPHHX OOMaNoBaIbHUX MalvH. [lepen mpoBeieHHSIM OCHOBHOTO €KCIIEPUMEHTY
3pa3Ku MijaBaiy MonepeIHbOMY OKHCHEHHIO T'a30BUM MaJIbHUKOM 3 METOI0 (hOpMyBaHHS OKCHIHOT
IUTIBKH, XapaKTEpHOI JUIsl peaibHUX yYMOB POOOTH KOJOCHHKIB y 30HI BHCOKOTEMIIEPATYypHOTO
oOnaneHHs.

Jlnst MoAenmoBaHHs [Iii JIy’)KHUX KOMIIOHEHTIB OCHTOHITOBOI 3B’SI3KH MOBEPXHIO OKHUCHEHUX
3paskiB 00po6siu HaTpiiBMicHUM peareHToM (Na2COs), 110 BIATBOPIOE XIMIYHHIN BIUTHB JTY)KHUX
OKCH[IB, MPUCYTHIX y CKJIaai MOHTMOPWJIOHITOBOro OeHTOHITY. [lomanbmie TepMooOpoOIeHHs
npoBoqwid 'y MydenbHi mewi npu temnepatypi 1070 °C mporsrom 6 roaudH. Bubpanumit
TEMIIEPATYPHUI PEXUM BIJIMIOBiAA€ 30HI MAKCHMAaJIbHOIO TEPMOXIMIYHOTO HABAHTAXKCHHS Ha
KOJIOCHUKOBE T0JIe KOHBeepHOi MainHu Tuny Lurgi OK-552 Ta 3a0e3neuye iHTEHCUBHUI PO3BUTOK
OKHUCHO-JTYKHHX B3a€MOJIIM.

AHani3 cTpyKTypu Ta (a30BOr0 CKJIa/ly OKaTHUIIIB, MATPUYHOT 30HH Ta OKCHIHUX LIapiB 3pa3KiB
KOJIOCHUKIB 3/IMCHIOBaIM METOJAMH €JEKTPOHHOI MIKPOCKOMii Ta pPEeHTI€HOCIEKTPAIbHOTO
mikpoanainizy (PCMA). JlocmikeHHsT TPOBOJMIA Ha CKaHYBaJbHOMY €JIEKTPOHHOMY MiKpPOCKOITi
JSM-6360LA i3 3acTOCyBaHHSIM pPEXUMIB TOYKOBOIO aHaNi3y, KapTyBaHHS Ta JIHIHHOTO
€JIEMEHTHOr0 CcKaHyBaHHS. [Ipuckoproroua Hampyra JUis BUBYEHHS MIKPOCTPYKTYpH OKAaTHIIIB
cranoBmuia 15 kB, 3pa3kiB konocHukiB — 20 kB, 110 103B0JIsIE KOPEKTHO BU3HAYATH KOHLIEHTPAIIIIO
XpoMy, 3aj1iza Ta HaTPil0 y CKIaJHUX OKCHUIHUX yTBOpeHH:X (Goldstein et al, 2018)

MertanorpagiyHy miIroToBKy 3pa3KiB KOJIOCHUKIB BUKOHYBAJU IUIIXOM €JIEKTPOIOJIpYyBaHHS
y CyMilli METaHONy, CIpuyaHOi KHUCJIOTH Ta TJILNEpUHY 3 MOAAIBIIUM XIMIYHUM TpPaBJICHHSIM
peakTBOM MapOiist 11 BUSBIICHHS MIKPOCTPYKTYPHHUX OCOOJIIMBOCTEH 30HM XIMIYHOI epo3ii.

PesyabTaTn (Results)
JlocmipKeHHST MIKPOCTPYKTYPHU 3pa3KiB KOJOCHHKIB 1 TOBEPXHEBHX INApiB OKATHILIB

JI03BOJISTIOTH OLIIHUTH B3a€MO/IiI0 MaTepialliB y 30HI BACOKOTEMIIEPATypHOT'O OOaICHHS Ta BUSIBUTH
0c00IMBOCTI POPMYBaHHS €pO31HHUX MPOIIECIB. AHATI3 MIKPOCTPYKTYP 1 XIMIYHOTO CKJIaly OKaJIHHU
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Ta MaTpHlll METady Jda€ 3MOry BCTAaHOBUTH JIOKadi3amiro (a30BUX BHIUIEHb 1 Xapakrep
MEePepOo3MOIITy TY)KHUX KOMIIOHEHTIB i3 OeHTOHITYy. OTpUMaHi JaHi € OCHOBOIO JJIsi TOSICHCHHS
MeXaHi3My YTBOPEHHS arPECUBHUX YMOB JJIs1 KOJIOCHUKOBOT'O TIOJIL.

Ha puc. 1 mpencraBieHa MiKpOCTpyKTypa cepueBuHH 3paszka craimi 40X24H12CJI mpu
30UTBIICHHAX. Y3JIOBXXK MEX 3€peH YITKO CIOCTEpIraloThcsi TEeMHOKOJIPHI BHIUICHHS, SKI 3a
MOpP(QOJIOTIEI0 Ta XapaKTEpOM JIoKaslizalii iIeHTUIKYIOThCS SIK Cyb(inHa ¢a3za, Mo y3ro/HKyeTbCs
3 JAHUMHU TPO TUIOBI MDK3EPEHHI BKJIIOUEHHS Y >KapOMIIIHMX XPOMOHIKENEeBUX cTansix (ASM
International, 1994). Ilpu 36inbmenHi 3500 (puc. 2) 1odpe BUIHO BIAMIAPOBYBAHHS OKATHHHU ITiCIIS
oOnasieHHs 3pa3Ka B MPUCYTHOCTI HATPIiBMICHOTO KOMIOHEHTa. TpaHcdopmallis 30HH MeTaly, 110
NPUWISITaE 10 peakiiiiHoi 00sacTi, MPOSBISAETHCA y 3MEHIICHHI KUJIBKOCTI TEMHHX CYJb(]iTHIX
BUJIJICHb.

)

X500 x1000
Pucynok 1. Mikpoctpykrypa auroro 3pa3ka ctam 40X24H12CJI npu pi3HUX 30UTBIICHHSX;
TPaBJICHHS EJICKTPOITHYHE Y peakTuBi MeTanoi — 60 mi, H2SO4 — 20 mi Ta rminepus — 10 mot.

x150

x1000 . x3500
Pucynok 2. MikpocTpykrypa peakmiiftHoi 30HM 3paszka ctami 40X24H12CJI npu pi3HHX
301IBIICHHAX; TPABJICHHS XIMiUHE Y peakTuBi Mapois.
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Cnexrporpamu PCMA matpuuHoi ¢a3u HaBeneHo Ha puc. 3 (pamka — Touka 001) Ta puc. 4
(xpectuk — Ttouka 006). XimiyHMH CKJIax MaTpUIl BIANOBiAa€ MapOYHOMY CKJIagy CTali.
[TpukoproHHI BUIIEHHS TeMHOI (a3u, BiImoBiIHO 10 pe3yabTariB Touok 001 (puc. 3), Ta 008-011
(puc. 4), arstoTh coboto cynbdin CrS crexiomerpuynoro ckiuany (38,1% S ta 61,9% Cr), uacTkoBO
i3oMopHO 3amimeHuii atomamu Mn Ta Fe, mo BignoBinae BiioMuM JaHUM Tpo (Ha30BHiA CKIAJ
Cynb(hiTHUX BUIICHD Y CTANSX aHAJoOTiYHOTO Knacy (Edstrom, (2008), Lyakishev& Gasik, (2020).

*
(|
ool
4
<&
2 oS
+* S SRR
oo 5 g
x800 a
e C o) Al Si S Ca Cr Mn Fe Ni  Beboro,%
JUITHKHA
001 0 0 0 0.37 0 0 20.26 0 66.96  12.42 100
002 0  11.02 0 045  0.15 0 39.21 0 30.54  18.63 100
003 343 022 0 021  3.13 0 63.44 0 2673 2.83 100
004 1.42 0 0 0 32.97 0 36.18  29.43 0 0 100
005 0 2644 476 4268 052 199 1173 882  3.05 0 100

Pucynoxk 3. Pezynsratu PCMA a3 y peakuiitiii 30H1 3paszka crani 40X24H12CJI: a — Toukn
aHaJi3y, MO3HaYeHI paMKamu; 6 — mpuban3HuMii ckian 3a pesynsratamu PCMA. 1nig y crani micns
eJIEKTPONOIIpyBaHHS

o um nT

D!Jf—)

oL "

oos %
10

romy iy @‘_,.’w S
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x1200 a
I[iHJ:;KH Na Si S Cr Mn Fe Ni Bcboro,%
006 0 0 0.35 0 21.35 0 65.72 12.58 100
007 9.91 0.53 0.18 6.41 72.74 2.82 7.41 0 100
008 0 0 0 33.57 61.84 2.9 1.69 0 100
009 0 0 0 34.64 54.45 9.02 1.89 0 100
010 0 0.88 0.4 1.45 21.32 0 64.46 11.5 100
011 0 0 0 33.18 59.79 5.23 1.8 0 100
012 4.12 0 0 20.8 57.92 3.48 11.69 1.98 100
6

Pucynok 4. Pesynsratu PCMA ¢a3 y cepueBuni 3paska craimi 40X24H12CJI: a — Touku
aHaJi3y, O3Ha4YeHI paMKaMu; 0 — NpuOIM3HUN XiIMIYHUN ckiang 3a pedynsraraMmu PCMA. Ini¢ y
CTaHI MICIIs eNEKTPONOIipyBaHHS
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Oco0nuBYy yBary mpuBepTae OKaluHa, 1o chopMyBatach Ha TOBEPXHI MiCIsT OOMaIeHHS 3pa3Ka
B MPUCYTHOCTI HATPiHBMICHOTO peareHTy (puc. 3, pamka — Touka 002). Bona mae Bupa3Hy mapyBaTy
OyIoBy.

EnementHi kaptH (puc. 5) IeMOHCTPYIOTh YITKMH MEPEPO3NOALTT KOMIIOHEHTIB: BHYTPILIHIH
map okanuHu 30aravenuii Si, Na Tta Cr, tonmi sik BmicTt Fe y miif 30HI 3HaYHO 3HIKEHHM.
['eTeporeHHICTh CTPYKTYpU MPOCTEKYETHCSA 3a HEpiBHOMIpHUM posmoaiioM Ni. KonmenTparis
HATpIIO Y BHYTPIIIHIA YaCTHHI OKaJMHU BKa3ye Ha IHTEHCUBHE NpoTikaHHA peakuiil Na:O 3 Cr20s,
II0 Y3TOKY€ETHCS 3 TEPMOAMHAMIYHUMU [IEPEyMOBAMH YTBOPEHHS XpOMATiB HU3bKOI TEMIIepaTypu
wiaBneHHus (Pokhyl et al, 2003).

Yoy

i
f

S‘il‘, n:!g: i Lt

Nl
"
(R

Pucynoxk 5. Pesymbratu PCMA crami 40X24HI2CJI y pexumi KapTyBaHHS IIUISIXOM
HaKJIaJaHHs CIEKTPOrpaM Y3/I0BXK JIiHil CKaHYBaHHS peakiiiiHoi 30HU 3pa3ka. Lllmid y crani micns
€JIEKTPONOJIPyBaHHS.

Jlnisi KOPEeKTHOTO MOSCHEHHS IMX pe3yJIbTaTiB HEOOXiHO BpaxyBaTH OyIOBY OOMalllOBaHUX
OKATHIIIIB Ta TIOBEIIHKY OCHTOHITOBOI 3B’ SI3KH TIiJ] 4aC TEPMOOOPOOICHHSI.

SIk BUOHO Ha puC. 6, MOBEpXHEBAa 30HA OOMAJICHOTO OKATHIIA Ma€ CKIAJHY MLIapyBaTy
CTPYKTYpY, IO CKJIQJA€ThCS 31 CIEUEHUX 3€pPEH 3ali3HUX MiHEpaliB Ta OCHTOHITOBOI 3B’SI3KH,
PO3TaIOBAaHOI MEPEBAXHO B MIK3EPHOBHX NMPOMDKKAX MK YacTKaMH MarHetuty. Okpemi 3epHa
oOpaMJIeHI YaCTKOBO BiJHOBJICHHMH OKHcIaMH 3aii3a. [Ipu 30u1bmenni X100 OeHTOHITOBA 3B’ s3Ka
BUTJISAA€ SIK BIAHOCHO TOMOT€HHA (pa3a.
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%100
PucyHok 6. MikpocTpyKTypa 00maieHOTro OKaTuiia (OnTuYHa MeTanorpadis)

XimiuHUH CKIaa OEHTOHITY, 10 BHKOPUCTOBYBABCS B SIKOCTI 3B’ SI3yI0YOT0, XapaKTePU3YEThCS
BHCOKHM BMICTOM KPEMHE3eMY Ta 3HAUHUMH KOHIICHTPALIIMUA OKCHUIIB JIy>)KHUX METaJiB (Mac. %):

Si0, Ax03 CaO MgO TiO> MnO P>0Os
48,82 16,64 4,28 2,73 0,55 0,065 0,041
Sgar Fe3ar F6203 F603ar NaZO KZO CO
0,022 6,0 8,14 0,39 0,58 0,94 3,08

Hassuicts 0,58% Na:0 i1 0,94% K20 € KpUTHYHOIO 3 TOYKH 30pYy BUCOKOTEMIIEPATypHOI
B33a€MO/IIT 3 TIOBEPXHEIO KOJIOCHUKOB. Y CTPYKTYPi MOHTMOPHJIOHITY (TOJIOBHOI MiHepasibHOI (ha3zu
OCHTOHITY), Il eJlIeMEHTH MepedyBaloTh y MDKIIAPOBOMY IPOCTOPI Ta JIETKO MEPEeXOIsaTh Y
peakuiifHo3aaTHI popmu npu Temrneparypax 900-1200 °C.

ITixg gyac o6naneHHs BinOyBalOThCs TMTMOOKI CTPYKTYPHI i (ha30Bi mepeTBOpeHHsI OCHTOHITOBUX
KOMIIOHEHTIB, 1110 MIPOCTEXYETHCS HA PUCYHKY 7. XiMIUHUH CKJ1al OCHTOHITOBOI 3B’ I3KH 3MIHIOETHCS
HACTYITHUM YMHOM, %o:

NaxO Mg,O ALO; Si0, K>0 CaO FeO
0,45 1,72 1,1 43,56 0,71 16,47 35,98

To6to, mix wac oOmanenHs oxatumiB, okcuaun Na:O Ta K.O, mo wmictsatbes y cKiaami
OCHTOHITOBOI 3B’SI3KM, HE BHJAIAIOTHCSA, a AKTUBHO OepyTh ydyacTb y (OpMyBaHHI HOBHX
MiHEepaJIbHUX YTBOPEHb, 110 MiJBUILYIOTh MEXaHIYHI BIACTUBOCTI OOMaIFOBAHUX OKATHILIIB.

Po3nofin eneMeHTiB MiX pyAHUM 3€pHOM 1 OCHTOHITOBOIO 3B’ SI3K0I0 00IATIEHOT0 OKATHUIIA ITPH
CKaHyBaHHI KOXKHOTO €JIEMEHTa B DPEXHMI KOJIbOPOBOTO KAPTYBAaHHS 3 HAHECEHHAM CIIEKTpa
BUIIPOMIHIOBaHHS €JIEMEHTIB HaBeJeHO Ha puc. 8. IIpu 36inbmenni x3500 BuaHO, 110 OEHTOHITOBA
3B’sI3Ka Ma€ TeTePOreHHy OyI0BY, III0 3yMOBJICHO B3a€EMO/IIEI0 MIOBEPXHI 3epHA PYJHOTO MiHEpAIy 3
KOMIIOHEHTaMHU OEHTOHITY, 110 100pe UTIOCTPY€EThCS Ha KapTi 3ai3a. XapaKTepHOIO € IJIaBHA 3MiHa
IHTEHCHBHOCTI criekTpa Fe Ha Mexi «py/aa — 3B’s13Ka»: BiJl MAKCUMAIBHOTO BMICTY 3alli3a y PyJTHOMY
3epHI 10 MIHIMaJIBHOTO Yy OCHTOHITOBOMY Tmpomapky. Lle miaTBepiXKye axkTHBHY Yy4acTb
OCHTOHITOBMX KOMITOHEHTIB Y ()OpMyBaHHI IMOBEPXHEBOI CTPYKTYpPH OKATHIIA ITiJ] yac CYIIiHHS Ta
obnaneHHs. TakuM YMHOM, JIy>)KHI KOMITOHEHTH, SIKI HAAXOISATh IO 30HU KOHTAKTy «OKaTHII —
KOJIOCHHMK» Pa3oM 13 OCHTOHITOM, HE € BUIIQJKOBUMHU JOMIIIKaMH, a € 3aKOHOMIPHUM PE3yJIbTaTOM
BHCOKOI mouaTkoBoi koHeHTpanii Na:O ta K»O y cknaai 6eHToHITY # iXHBOT Oe3rmocepeiHboi ydacTi
B TEPMOXIMIYHUX NEPETBOPCHHSX.
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Title IMG1
Instrument : 6360 (LA)
Volt : 15,00 kv
Mag : x 3,000
Date : 2008/02/08
Pixel : 1024 x 768

Q‘
028 Acquisition Parameter
1000 ——== —_——— Instrument : 6360 (LA)
Acc. Voltage : 15.0 kV
900 - ] Probe Current: 1.00000 nA
Ly 7 PHA mode 1 T3
800 - M ] L Real Time : 30.00 sec
1l 5 Live Time : 20.12 sec
700 Q aQ | Dead Time 132 %
] Counting Rate: 7264 cps
600 — 4( Energy Range : 0 - 20 keV
a s OO
8 s00-{ [l &M
3 ) v
=
400 — C© ©
| || % v
2 | ‘
200 |
100 —
0 T T 1 T T T T |
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

keV

phi-rho-z Method Standardless Quantitative Analysis(Oxide)
Fitting Coefficient : 0.1699
Total Oxide : 24.0

Element (keV) mass% Error$ At% Compound mass$ Cation K
(o] 37.35

Na K 1.041 0.34 0.12 0.46 Na20 0.45 0.15 0.7315
Mg K 1.253 1.04 0.11 2.69 Mgo 1.72 0.44 0.9506
Al K 1.486 0.58 0.11 0.68 Al203 1.10 0.22 0.6663
Si K 1.739 20.36 0.12 45.65 Si02 43.56 7.45 29.3252
K K 3.312 0.59 0.11 0.47 K20 0.71 0.15 5.2956
Ca K 3.690 11.77 0.16 18.50 cCao 16.47 3.02 63.3846
Fe K 6.398 27.97 0.39 31.54 FeO 35.98 5.15 45.8620
Total 100.00 100.00 100.00 16.59

Pucynok 7. MikpoCTpyKTypa 30HH OKaTHIIIA [0 CEpPeIUHI pajaiyca

B ymoBax BucokotemmepatypHoro ob6maneHHsi okaruiii (1000—1200 °C), xonu moBepxHs
KOJIOCHMKA TIOKPUTA OKAJMHOIO 31 3HaYHUM BMicTOM Cr20s, Jy>KHI OKCHIM, IO NEPEXOAiTh Y
peakIiifHO aKTUBHI (JOPMH B pe3yJIbTaTi AET1IPOKCUIIALIT MOHTMOPUIIOHITY, BCTYHAIOTh Y B3a€EMOII0
3 OKCHAAaMHU XpoMy Ta 3amiza. ¥ Takux cuctemax Na:0(K:0)—Cr—O bopMyloThCsi TEpMOIUHAMIYHO
CTiMKi XiMiuHi crionyku — MOoHOXpoMmatu Na2CrOs ta K2CrOs, siKi € consiMi XpOMOBOi KHUCIIOTH Ta
3[IaTHI YTBOPIOBATHCS B OKMCHIOBAJHHOMY CEPEIOBHII IPU TEMIIEpaTypax, XapaKTepPHUX JUIsl 30HU
BHUCOKOTeMIIepaTypHoi mii oOmamoBanbHOi Mammuu [9,10]. XpomaTu JTyXHHUX METaliB
XapaKTepu3yThcsd HU3bKOI Temieparyporo miaBieHHs (Na:CrOs = 790 °C; KoCrOs = 968 °C),
BHCOKOIO PO3YMHHICTIO Ta CXMJIBHICTIO A0 MPOHUKHEHHS B e(EKTH OKCHIHOI IUIIBKH, 110 iICTOTHO
3HIDKYE ii aaresiro g0 MetaneBoi ocHoBu [10].

YTBOpeHHs 1uX (a3 BiA0yBa€eThCs 3a peakilisIMi TUITY:

2Cr20s + 4Na2COs + 302 — 4Na2CrO4 + 4CO2, (5)
1e mpoMiXKHOIO ctafieto € popmyBanHs NaCrO:z, 3maTHOTO JeTK0 oKUCHIOBATUCS 0 Na:CrOa4
y MOTOKAaxX raps4yoro ra3oBOro cepenoBuiia. BaxximBoro € Takox ydacTb peppatiB HaTpito Na:FeOs,
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SIK1 MOXKYTh BUHUKATH IIPH B3a€MOJIi1 HATPIHBMICHIX KOMIOHEHTIB i3 Fe203 okanuuu. @epaTu Ai0TH
gk karanizaropu okucHeHHs Cr(III) — Cr(VI), mpuckoproroun (popMyBaHHsS XpOMATIB 1 CIPUSIOUH
JIOKaJIbHOMY PYHHYBaHHIO 3aXHUCHOTO IIapy OKaIUHU (Zheng et al, 2006).

MiKpOCTpYKTYpHI AOCHIPKEHHS KOJOCHHUKOBOI CTalli Micls B3aEMOIl 3 HATPIHBMICHUM
CepeIOBUILEM J€MOHCTPYIOTh BIAMOBIAHICTh I[bOMY MEXaHI3My: BHYTPILIHIM IIap OKaJIMHU
30arauyetbea Na 1 Cr, mokasye 03HaKM pO3PIPKEHHS Ta YAaCTKOBOTO IEpEIIaBlICHHs, BTpavae
CTPYKTYPHY ULUTICHICTh, IO TPOSBISETbCA Y BiamapoByBaHHI (puc. 2). Lli sBHIIA TOBHICTIO
KOpPEJIOIOTh 3 BJIACTUBOCTSAMHU XPOMATIB — JIETKOIJIABKMX Ta BUCOKOIMCIEPCHUX (a3, 374aTHUX
MOPYLIYBAaTH CTAOUIBHICTh OKCHIHOTO IIapy Ha MOBEPXHI XPOMOHIKEIEBUX CTaJICH.

TakuM YMHOM, KJIFOYOBOIO JIAHKOIO y MEXaHi3Mi Jierpajamii € Te, mo OeHTOHIT, 30aradyeHuit
Na:0 1 K-0, cTBOpIoe B MOBEpXHEBiil 30HI OKaTHIIA JIy>)KHO-CHIIIKATHY PEaKIiiiHy 000JIOHKY, 3 SIKOT
JyXHI KaTIOHW aKTUBHO AU(DYHIYIOTH A0 MOBEepxHi KojocHuka. Came ixHs B3aemonis 3 Cr20;
OKaJIMHU TIPUBOJHUTH O YTBOPEHHS JIETKOIUIABKMX XpOMATiB, IO MPOBOKYIOTH BTpary anresii
OKCHJHOI TUTIBKH, BiJIIIAPOBYBAHHS OKAJMHM Ta IHTEHCUBHY XIMIUHY €pO3iI0 METaly.

Pe3ynbraTi eKCHEepUMEHTANbHUX JOCHIHKEHb MiATBEPIKYIOTh (i3UKO-XIMIYHUN MEXaHi3M
Jerpaallii: JTy»Hi OKCUIH, IO MOXOATh i3 OCHTOHITY y CKJIa/Ii OKATHIIIIB, B3aEMO/IIFOTH 3 OKCUIAMHU
xpomy okanuuu ctani 40X24H12CJI 3 yTBOpeHHSIM JIETKOIJIaBKUX XPOMATIB, 5IK1 ICTOTHO 3HIXKYIOTh
epo3iiiHy CTIMKICTh KOJOCHHKOBHX pemniTok. Lle CBIIUUTH MpO KIIIOYOBY pOJIb MiHEPAIOTiYHOTO
CKJIaay OCHTOHITOBOI 3B’3KH Yy ()OPMYBaHHI arpeCUBHUX yMOB JJIsi pOOOTH KOJIOCHUKOBOTO IOJIS
KOHBEEPHHUX OOMATIOBAIBHUX MAIIIKH.

Bucnosku (Conclusions)

1. OCHOBHOIO HPUYMHOIO JErpajalii KOJOCHHUKIB KOHBEEPHUX OOMATIOBAILHUX MAIUH €
XiMiuHa epo3isi B 30HI BUCOKOTEMIIEPATypHOTO OOMaIeHHs, SKa 3HAYHO MOCHIIOETHCS IT1]T BILTABOM
nyxkauX okcuaiB (Naz20, K20) i3 6eHTOHITOBOT 3B’ 13KU OKATHIITIB.

2. Minepanoriunuii ckiag OEHTOHITY, 30KpeMa HasBHICTb MOHTMOPWIJIOHITY Ty b Ta
OelizeniTy, BU3HA4Ya€ aKTUBHICTH JIy’)KHUX KaTioHIB y mpouecax B3aemonii 3 Cr20; okanuHu Ha
MOBEPXHI KOJIOCHHKIB.

3. Iixg yac Bucoxoremnepatrypsaoro odnanexss (1000—-1200 °C) my»Hi OKCHIU YTBOPIOIOTh
nerkoruiaBki xpoMaT Na:CrOs 1 KoCrOs, mo 3HMXKye aare3ito OKCHUIHOI IUTIBKA Ta IPOBOKYE
BiJIIIaPOBYBAHHS OKAJIMHH, IPUCKOPIOIOYH XIMIUHY €pO3ii0 METaly.

4. ExkcnepuMeHTaNbHI JaHi MiATBEPKYIOTh, 110 KoHIeHTpauis NaO ta K2O y 6eHTOHITOBIiH
3B’S3101 MPSIMO KOPEJIOE 3 IHTEHCHUBHICTIO €pO3iiHOrO mpolecy, MO MiIKPECIIOE KIIOUOBY POJIb
MIHEpPaJIOTIYHOTO CKJIay OCHTOHITY Ta JY>KHUX KOMIIOHEHTIB y ()OPMYBaHHI arpeCUBHUX YMOB ISt
poOOTH KOJOCHUKOBOTO TOJISI.

5.  OcCkiNbKH BIUIMB Jy>)KHUX KOMIIOHEHTIB € KPHUTUYHHUM JJISi MEXaHIYHUX BIACTUBOCTEH
OKATHUIIIB 1 IX TOBHE BUKJIIOUYEHHS 3 TEXHOJOTTYHOTO MPOIECY BUPOOHUIITBA OKATHUILIB HEMOXKIIUBE,
BUHUKAE HEOOX1THICTh MOLITYKY aJIbTePHATUBHUX METO/IIB IAIBUILIICHHS CTIMKOCTI KOJIOCHUKIB.

6. Ilonmanpiie BUBYEHHS MPOOJIEMH MiJBUINEHHS CTIMKOCTI KOJIOCHUKIB 10 XIMIYHOI epo3ii
PEKOMEHAYEThCS PO3IIIAIATH B HANPSIMKAX IMOIIYKY 1 3aCTOCYBAaHHS 1HPIIMX CKJIAJIB XKApOMILHUX 1
KAPOCTIMKUX CIUIaBiB, HAHECCHHSI 3aXUCHHUX IMOKPUTTIB a00 Moau(ikaimiro OKaJMHH, a TaKOX
KOHTPOJIb TEMIIEPATYPHO-TA30BOT0 PEKUMY OOMATIOBATBHOT MALITHHH.
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mathematical modelling of processes occurring in a vertically directed vibration-magnetic separator.
As aresult of the research, the main patterns of the process of enrichment of iron-containing materials
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AHoOTanig: Y CcTarTi po3MISHYTO HOBY KOHCTPYKTHBHY CXeMy Ta poOOTy BiOpalliiiHO-MarHiTHOTO
cenaparopa BepTHUKAIbHO HAMPABJICHOI i MPU3HAYEHOTrO JJIS yTHIIi3alii 3a1i30BMICHUX BiAXOJiB
TipHUYO-MEeTaNypriHux mignpuemcts. [Ipobnema yTumizarii 3a1i30BMiCHUX BiIXOIiB B YKpaiHi €
JIOCUTh aKTyallbHOIO 1 TOJsIrae B IX BETUKUX 00cCsTrax, 3acTapiinX TEXHOJOTIH Ta OONagHAHHS 3
nepepoOKH 1 HEraTUBHOMY BIUIMBI Ha JOBKULISA. 3aCTapijil TEXHOJOTIl yTHIIi3alii MPU3BOAUTE 10
3a0py/AHEHHS IPYHTY, BOJIU Ta MOBITPs, a TAKOX JI0 BTPATH IIHHUX BTOPUHHUX pecypciB. EdexTuBHe
BUpILICHHS MpOOJIeMH BHUMarae BIPOBAKEHHS CydYaCHHX TEXHOJOTiH Ta oOJalHaHHS 3 epepoOKH
HAKOIMUYEHHUX 3aJli30BMICHHUX BiXOAiB. MeTolo po0OOTH € MOCHi/KeHHS mepepoOku 1 yTumizamii
3aJ1130BMICHUX B1/IXO/IiB 3 BUKOPUCTAHHSAM HOBOT'O BiOpaIliifHO-MarHiTHOTO cenapaTopa BepTHKAILHO
HanpaBnieHoi aii. OCHOBHUMHU METOJaMH, BUKOPUCTAHUMHE B POOOTI, Oy aHATITHYHI JTOCIIiKSHHS
Ta MaTeMaTHU4YHe MOJEIIOBaHHS MPOLECIB, 110 BiOyBalOThCs Y BiOpaliiiHO-MarHiTHOMY cenaparopi
BEPTUKAIBHO HampasieHoi 1ii. B pesynbrari JOcHikeHb Ui 3alpONOHOBAHOI KOHCTPYKIII{
BiOpaIliifHO-MarHiTHOTO cemapaTopa OTPHUMaHI OCHOBHI 3aKOHOMIPHOCTI mpolecy 30araueHHS
3aJI30BMICHUX MaTepiaiiB, L0 J03BOJIS€ BUOpaTH pauioHadbHI Ta eQEKTUBHI MapameTpH
PO3IIIAIAEMOT TEXHIYHOT CUCTEMU. Pe3ynbTaTi 0CiKeHb MOXKYTh OyTH BUKOPUCTaHI 7151 PO3POOKH
cydyacHOro Ta e(eKTUBHOTO oOmamHaHHS 3 30aradeHHs 3alli30BMICHUX BIIXOMIB TipHUYO-
METaypriiHUX MiANPHEMCTB.

KrouoBi ci1oBa: 3a1i30BMICHI BiIX0/1; IJIAKK; IepepoOKa; BepTUKAIbHUM BiOpaniiHO-MarHiTHHHA
cemaparop; poOouMid OpraH; TeJiKoid;, BiOpalis; Mar"iTHe ™oJie; MNPOAYKTHBHICTh; BHUXPOBE
BiOpartiiine mose.

Beryn (Introduction)

Bimomo mo a0 3ami30BMICHHX BiIXOJiB TipHHYO-METATYPTiMHUX MiAMPUEMCTB HAIEKATH
pI3HOMaHITHI Martepiaiy, sKi YTBOPIOIOTBCSA B Ipoleci BUAOOYTKY, 30aradeHHss Ta IepepoOKH
3aJi3HUX Py, A0 SKUX BITHOCATBHCS: BIAXOAM BHIOOYTKY 1 30araueHHs; NUIAKH; MUIOMOAIOHI
BIJIXO/IM Ta LIJIAMH; OKAJIMHA; METATOOPYXT 1 HEJIIKBIAW; BiANpaIboBaHi pyTepoBOYHI MaTepiay.

OCHOBHY 4YacTWHY 3alli30BMICHMX BIAXOMiB TipHHYO-METATypPrifHUX MiJIPUEMCTB
CKJIQIal0Th BIAXOAM BHIOOYTKY 1 30aradeHHsl 3alli3HMX pyJI Ta [UIAKA JOMEHHOTO 1
CTaJeIyIaBIIIbHOTO BUpOOHUUTB (Hubina, et al., 2023). Tak na npuxnani Kpusopizbkoro 6aceitny
BIJIXOIM BUIOOYTKY Ta 30aradeHHs 3ai3HO1 pyIu CKIaaae OuTbIn HixK 96% Bif yciel MpOMHUCIOBOCTI
periony (Bondar, et al., 2020).

ITpoBenenuii ananiz B pobotax (Hubina, et al., 2023, Kyiashko, et al., 2020, Bondar, et al.,
2020) moxa3ye, 10 piuHE YTBOPEHHS MLUIAKIB JOMEHHOIO 1 CTaje-IUIaBWIHHOTO BHPOOHHIITB
CTaHOBUTH 4,4 MJTH TOHH Ta 2,5 MITH TOHH BiAMoOBiHO. Ha TenepimHiii yac mignpueMcTBaMu Y Kpainu
HakonmueHo 240 mutH ToHH miakiB. Li Bigxonu 3aiiMaroTh 3Ha4Hi Teputopii (Salii, et al., 2020), Ta
HEraTHBHO BIUIMBAIOTh HA €KOCHCTEMY HaBKOIO ix (Bondar, et al., 202(0), a TakoX € JHKEPEIOM
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BTOPUHHOT CUPOBUHH, SIKA € CTPATET1YHUM PECYpCOM IipHUYO-METATYPrifHOro KOMIUIEKCY YKpaiHu
Ta MOTpeOyIoTh iX yrumizauii (Hubina, et al., 2023).

OnHuM 3 pO3BUHYTHX CIOCOOIB BHIIyUEHHS 3ali30pyIHOI CKJIaJ0BOi 3 BiJBaJliB TipHUYO-
METaypriiHOrO0 KOMIUIEKCY € TpaBiTaliiHuil crocid po3JiIeHHS YAaCTHHOK, KM BHUKOPHUCTOBYE
PI3HOMaHITHI cerperaiiifHi mpouecH 1 3B’s3aHe 3 HUMHU HEOoOXiJHe OO0JIaJHAHHS B MOBITPSIHOMY 1
BOoJIHOMY cepenoBuiiax (Kravchenko, et al., 2006, Kravchenko, et al., 2018, Biletskyi, et al., 2020,
Oliinyk, et al., 2023, Pilov, 2021 ). Ane Taka BeJHMKa KUJIbKICTh 3alIPOIIOHOBAHUX CIOCOOIB, a
BIJITIOBITHO, 1 00JIQIHAHHS JI0 HUX, YCKIIAIHIOE 3 OTHOT0 OOKY, BUOIp HAMKPAIIOTo AJIs TUX UM 1HIITHX
YMOB 30araueHHsl 3a1i30pyJAHOI YaCTUHHU Marepiany, 3 1HIIOrO — He MPHU3BOIUTH 0 PO3LIMPEHHS
3HaHb MPO HOTro cerperaiiro Mpu BIUIMBI Ha HbOTO KOMILJIEKCHOTO BiOpaliifHO-TpaBiTalliiHOrO Ta
Mar"iTHOTO CHJIOBOTO TOJIS, SIKi KPIM 1HIINX, € HAOIIBII €KOJIOTTYHO HeOe3MeUHUMU.

Ha cporonmni mist mepepoOKH TOMEHHHX Ta CTaJCIUIaBWJIBHUX IIJIaKiB BUKOPUCTOBYIOTH
3acTapiil TEXHOJIOT1UHI CXeMH 1 00JaHaHHS, SKi He B 3MO031 MiJBUILYBAaTH MPOAYKTUBHICTH POOIT 1
HE JI03BOJISIIOTH iX MOBHY yTwiizaito. CimiJl BiJ3HAUYMUTH, IO KPiM I[bOI'0, BUKOPUCTAHI CrocoOu 1
3aco0u 3 yTWiizalii IUIakiB HEJOCTaTHHO €(DEeKTHUBHI MPH MepepoOii BiABAJbHUX NUIAKIB PI3HUX
METaTypriiHUX BUPOOHUIITB — JOMEHHOTO Ta CTAJICTUIABIIIBHOTO, SIKi 00’ €/IHaHI B 3arajbHi BiJBAIH
1 MarwTh pi3HI (i3UKO-MeXaHiuHiI BIAacTUBOCTI (Bondar, et al., 2020). Sk moka3ye mpakTuKa,
OCHOBHHMM 3aCO0OM y BCIX BMIIaJKaxX BWJIyYEHHS 3alli3a € HaBiCHA EJEKTPOMAarHiTHa Imaiiba abo
eJIEKTPOMArHiTHUM OapabaH CTPIUKOBOrO KOHBEEpa, SIKI HE JIO3BOJISIOTH CYTTEBO IiJBHUILYBAaTH
MPOAYKTUBHICTD AUISHOK YTHIIi3allli METATypriiHOTO IIIIaKYy.

TakuMm uYMHOM, 3 OIJISAY MPOBEACHOTO aHalli3y, MOXXHAa CTBEp/DKYyBaTH, M0 pPoOOTa,
CTPSIMOBAHA Ha JIOCIIJKEHHS 110 BCTAHOBJICHHIO 3aKOHOMIPHOCTEH MpoLeCcy MarHiTHO-BiOpaiiHo-
rpaBiTaliifHOro 30aradeHHs 3aTi30BMICHUX BIXOJIB, IO JO3BOJISIIOTH 3 SICYBAaTH palliOHAJIbHI
napaMeTpH TEXHIYHOT CUCTEMH Ta pO3pOOKY BiAMOBIIHOTO 00JIaAHAHHS JJIs TOKPAIIEHHS BUITYYCHHS
3aJI30BMICHOI CKJIAZIOBOT 3 BIJXOJIB TIPHUYO-METAIYPriifHOrO KOMILJIEKCY, HE 3aBJal0YM IIKOAU
€KOJIOTIYHOMY JIOBKIJUTIO, € HA IAHUH Yac aKTyaJbHOIO 3aj1auelo.

Marepiaan Ta metoan (Materials and Methods)

Jlnsi BCTAHOBIEHHS 3aKOHOMIPHOCTEH TMpolecy BiOpaliifHO-rpaBiTaI[ifHOITO MAarHiTHOTO
30aradeHHs1 3a1i30BMICHUX BIJXOJiB Ta BHOOpY palioOHAJbHUX MHapaMeTpiB TEXHIUYHOI CHUCTEMHU
3alpONOHOBAaHa MOJEINb puc. | BiOpamliiHO-MarHiTHOTO CernapaTropa BEpTUKAIBHO HANpPaBIeHOT 1ii
(mami cemaparop), sika € MOIU(IKaIl€ro paHimie po3podaeHoro kadeaporo IHKUHIPHHTY 3 Tally3€BOTr0
MamuHOOyyBaHHs HaBuanbHO-HayKOBOro iHCTUTYTY Jlep>KaBHOTO YHIBEPCHTETY EKOHOMIKH 1
TEXHOJIOT1i MarHiTHOTO cemnaparopa ( Zaitsev, et al., 2024 ), 1 BKIIo4ae: 3aBaHTAXyBaJIbHUHN JIOTOK 1,
Kopryc 2, cmipanbHUN poOoumii oprad 3, BiOpo3Oy/pKyBaui 4, peryiboBaHi €JIEKTPOMArHiTé 35,
T'YMOBI IpY>KHI €leMeHTH 6, mepeBaHTaXyBau /7, mpuiiMaiibHi OyHKepa Ui 3a1i30BMicHOrO 9 Ta
HEMarHiTHOTO 8 MaTepiaiB.

Pucynok 1. Mozens BiOpaiiifHO-MariTHOro cenapaTopa BepTUKaJIbHO HAIIPAaBIEHOI dii
Jl>xeperno: po3po0IeHo aBTopaMu
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@DyHKIIIOHYBaHHA CemapaTopa BU3HAYAETHCS JIBOMA MOCTIIOBHUMH TEXHOJOTIYHUMHU
eTarnamMy. 3aBaHTAXXEHHs 3aJi30BMICHOrO Mmatepiany ( Jaji MaTepian) 3Ai1HCHIOETBCS B JIOTOK 1,
BUKOHAHUH 3 HEMarHiTHoOro Marepiaiy. KyT a Mixk po00u0t0 HOBEpXHEIO JTOTKA 1 TOPU30HTOM 3HAYHO
MEHIIIe, HI’K KyT MPUPOJHOIO YKOCY MaTepialy L0 HOJaeThecs. TpaHCHOPTYyBaHHS Martepiany Mo
MOBEpXHI JIOTKa 1 a0 cmipaJbHOro pobodoro opraHy 3 3IIHCHIOETBCA Tix Ai€ro BiOparii
BiOpo30ymKyBauiB 4 3 mpuckopeHHsAM ¢ . Jlanmi maTepian MOTparsisie Ha CTAJlEBY CIIpajbHY

MOBEPXHIO POOOYOro opraHy 3 3 BEPTUKAIBHOIO BICCIO CHUMETpPii 1 BKIIOUECHUM PEryIhOBAHUM
€JIEKTPOMArHiTOM 5, KM po3TalloBaHUN B KOpIyci 2 cenmapaTtopa. B mporeci pyxy marepiaiy mo
cripanbHiii TOBEPXHI poOOYOro oprany 3 10 po3BaHTAXYBaJbHOTI'O BIKHA 332 PaXyHOK MarHiTHOTO
MOJIs1 MarHiTHAa YaCTHHA MaTepialy MPUIUIAE O HOTO MOBEPXHI Ta BHYTPIIIHIN MOBEPXHI KOPITyCY
2, a HEeMarHiTHa YaCTHHA MPOJIOBKYE PYXaTUCh Jlalli 1 IPOMIIOBIIHN Yepe3 PO3BAHTAXKYBAJIbHE BIKHO,
BUIIQ/Ia€ HA IEPEBAHTAXKYBay 7, IKMH 3aBaHTaXye HOro B OyHKEp HEMarHiTHOro Marepiaiy 8.
[Torim (mauB. puc. 1) mogaya matepiay A0 3aBaHTaKyBaJbHOTO JIOTKAa 1 MPUIIMHAETHCS, a

BiOp030yKyBaui 4 TpPONOBXKYIOTh MPAIIOBAaTH J0 MOMEHTY IIOKHM YCsS HEMarHiTHa YacTHHA
MaTepialy 3 CHipajJbHOr0 poOOYOro OpaHy 3 BHBAHTAXXHUTHCS 4Yepe3 PO3BaHTaXyBajJbHE BIKHO Ha
nepeBaHTaXKyBay 7 1 3aBaHTaKUTHhCS B OyHKEp HEMarHitHoro marepiany 8. Jlami BHMHKarOTbCS
eJIEKTPOMArHITH 5, a BiOpo30ymKyBaui 4 MPOJOBXKYIOTh MPAIfOBAaTH, MarHiTHa YaCTHHA MaTepiaity
BIJUIMIIAE€ BiJl CTIHOK KOpIyCcy 2 Ta MOBEpXHI pobodoro opraHy 3 i mig Jiero BiOpamiiiHo-
TpaBITAllIfHUX CHJI PYXA€ThCS JI0 PO3BAHTAXXYBAJIBHOTO BIKHA KOPIIYCY, /i€ 3CHIAEThCS Ha
nepeBaHTaXyBad 7, KU B pEXHUMI peBepcy IMOJA€ 1 3aBaHTaXXye€ HOro B OyHKEp MarHiTHOTO
Mmatepiainy 9.

Koxen 3 eramiB mpoliecy BiOpaliifHO-MarHiTHOTO 30aradeHHsl HaKJIaJa€ CBOI BUMOTH JIO
KOHCTPYKTHBHOT'O BUKOHAHHS cernaparopa. Po3risHemMo 11i BAMOTH HIKYE.

PesyabTaTn (Results)

Ha mepmomy etami BiOpauiliHO-MarHiTHOi OOpOOKM Martepially HeoOXiTHO 3a0e3nednTH
3aJjaHy IPOAYKTUBHICTb CENapaTopy 3a BUXIIHUM XUBJIEHHAM. Lle o3Hauae, 1m0 npu 3aanii BiOparii
MOBEPXHS 3aBaHTAXKYBAJIBHOTO JIOTKA, TOBUHHA MATH MEBHUH KyT Haxwiry. YuMm OLIbIIUI 1ed KyT
TUM Oib1I0I0 Oy/ie MPOAYKTUBHICTH CenapaTopa, OJHAK HOro 3MiHa B OLIbIy CTOPOHY OOMeKeHa
TEXHOJIOTIYHOIO0 YMOBOIO: 32 BiICYyTHOCTI BiOpallii CHpOBHHA Ha KOHIYHUI MMOBEPXHI MOBUHHA OyTH
rapaHTOBaHO HEPYXOMOIO BITHOCHO PO3BaHTAXKyBaJIbHOT'O OTBOPY JIOTKA (IIOBUHHA 3aBUCHYTH). AJle
1€ 03HAYaE, 110

ne k —koedilieHT BHYTPILIHBOTO TEPTS MaTepiaty.
SIKmo BiZOMHUE KyT NPUPOJHOTO YKOCY JUIs CyXOro marepiaily Oo, To Bupasz (1), mo
BIJIMOBiIa€ 3a3HaUCHIN TEXHOJIOT1UHINA YMOBI, MOKHA 3BECTH J0 BUTIISTY:

a<a, (2)

[Toxua moBepxHs 3aBaHTAXKYBAJIHHOT'O JIOTKA 3yMOBIIIOE 3pOCTaHHS BUCOTH IIApy MaTepiary
B Mipy HOro mpocyBaHHS 10 HEHTPY JIOTKAa. Y 3B'A3Ky 3 LIUM HEOOXiJTHO BPaxOBYBaTH YMOBY
BIIKPUTOCTI PO3BAHTAKyBAJILHOTO OTBOPY (ITOBHICTIO 3aIIOBHEHUH 3aBAaHTAXKYBaJIbHHI OTBIp HABIThH
3a YMOBH BIOpaIiiiHOi nii MOXe BUKJIMKATH HENPOXiAHICTH pobodoro opray). Takum 4uHOM,
HEOOXiTHO BCTAHOBUTH B3a€MO3B'A30K MIX KyTOM HaxWiy po0OOYOi MOBEPXHI 3aBaHTaKyBaJIbHOTO
JIOTKA 1 JilaMeTpoM HOTo po3BaHTaXXyBaJIbHOT0 OTBOPY. Ha puc. 2 mokas3aHna po3paxyHKOBa CXeMa, 3a
SIKOIO BCTAHOBJIIOETHCS TAKHI B3a€MO3B'SI30K.

O6'eMHa MPOIYKTUBHICTh CeMaparopa 3a BUXITHUM MaTepiajoM BiAMOBIIHO 10 MPUHHSATOT
PO3paxyHKOBOT CXEMH BU3HAYA€THCS HACTYITHOIO 3aJICKHICTIO!

V:S-V:S-ﬂzconst’ (3)
dt
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ne V — o6'eMHa IPOLYKTUBHICTH Cemaparopa 3a BUXiIHUM MaTepiaioM, M>/c;

S — IUIOIIA MOIMEPEYHOro KIJbIIEBOIO NEPeTHHY IOTOKY MaTepially B 3aJaHOMy Micli i B
pajiaIbHOMY HAIPAMKY, M2;

b
V — IBUAKICTH MMOTOKY MaTepially B 3aJaHOMY MICIIi B pajiiaJIbHOMY HampsiMKy, M/C;

dl — enemenrapHe NpUPOCTaHHS NUIAXY B PaMiaIbHOMy HAlpPAMKY 3a €JIEMEHTAPHO MalHii
poOMiKOK yacy dt, M.

Pucynok 2. Jlo po3paxyHKy B3a€MO3B’S3Ky MDK KyTOM Haxwiy po0Oodoi MOBEepXHi
3aBaHTa)KyBaJIbHOTO JIOTKA 1 [laMeTPOM HOTro pO3BaHTaKyBaJIbHOT'O OTBOPY
Jl>xeperno: po3po0IeHo aBTopaMu

[Tpu mboMy Maemo Ha yBa3i, 110 IPY TOBLIMHI IIapy Matepiany 7, M

s=21l-h=-22 ks
cosa
dl = dr _
coSx

[Ticns micTaHOBKM IIUX 3aJI€KHOCTEH B (3) OTpUMY€EMO PiBHSIHHSA

(cosa)’ : 2
VA= = 3BUIKH () = (cosa) AT

2.y 2 v-r

BpaxoByrouw, 1110 pu MOBHICTIO PUCUIIAHOMY PO3BAaHTAKyBaJIbHOMY OTBOPI BHCOTA IIApy
MaTepiairy OUIst HbOro MOXKe JOPIBHIOBATH pajilycy OTBOPY, TOOTO h(r) =r, OTPUMY€EMO HEOOXiIHE

KOHCTPYKTHBHE CIIIBBIIHOIIEHHS /IS pajilyca po3BaHTaXyBaJbHOI'O OTBOPY JIOTKA!

F>cosa- / 4 , (5)
27y

AGo st 1iaMeTpa bOTo OTBOPY d, M:

d>cosa- 2 , (6)
\/ﬁv

SIKI10 NPUIHATH pO3BaHTAKYBAJIBHHUM OTBIp 3aBAaHTAKCHUM HAIOJIOBUHY IPOCBITY, TOJI

d=cosu- 4 , (7)
27y

3ajexHiCTh BHCOTH IIapy Marepiany mpu cramii mpoaykrtusHoci 0,1 m3/c Bim paniyca
PO3BaHTaXXyBaJIHHOTO OTBOPY JOTKA mpu Horo mBuakocti 0,1, 0,2 1 0,3 m/c mpeacrapneHa Ha puc. 4.
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Pucynok 3. 3anexuicTe BUCOTH IIapy MaTepiaidy mpu crajiiii mpoaykrusHoci 0,1 M3/c Bix
pajiyca po3BaHTa)XXyBaJIbHOTO OTBOPY JIOTKA Mpu Horo mBuakocti 0,1, 0,2 1 0,3 m/c
Jxepeno: po3pobiieHO aBTOpaMu

I3 rpadika BuaHO, IO BUCOTA MIapy MaTepiany 30UIBLIYETHCS NMPU 3MEHIIEHHI pajiycy
PO3BaHTAXXyBAJIBHOTO OTBOPY JIOTKA Ta IIBUIKOCTI TPaHCIOPTYyeMOro marepiany. Lls 3anexHicTh
JI03BOJISIE BUOpATH PO3MIpU PO3BAHTaKyBAJIbHOIO OTBOPY JIOTKA, POoOOUYOro OpraHy cemaparopa,

3a0e3neuyroun HeOoOXiqHYy WOro MpOAyKTHUBHICT O€3 3aBHCAHHA Marepialry B 30HI HOro
3aBaHTAKEHHS.

[Ticna Toro, sk Marepiajl MPOBATIOETHCS B PO3BAHTAXKYBAJIBHUI OTBIp 3aBaHTa)KyBaJIbHOTO
JIOTKA, BiH MOTPAIUIL€ B 30HY MarHiTHO-BiOpariitHoi 00pooku (puc. 4). TyT Ha YacTUHKU MaTepiany

3IMCHIOETBCS JIisl TPHOX aKTUBHMX CHJIOBHMX (hakTopis: cumm Tsokinas G ; marmiThHoi cumm F' i
BiOpaiitHoi cuiM iHepii Q OckinbkM B 1iM 30HI BiOyBaeThCs HAKOMWYEHHS YACTHHOK, IO
MICTSTh 3aJ1130, HEOOXiHAa MPUCYTHICTh MarHiTHOI MOBEPXHI BEIUKOI IUIOIII, sIKAa BUKIUKAE IMOSIBY
notuasoi T i HopmanbHOi [N peakTHBHUX CHII.

0 “//

h N
0 <
Fle=o
q
5 O
9
\J
Q < Q9
Qo ' 3 S

Pucynok 4. Pyx marepiany no po6o4omy oprany Ha eTari MarHiTHO-BiOpawuiiiHoi 00poOKu
Jlxepeno: po3poOIeHo aBTOpaMu
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MarniTHa MoBepxHs NMOBHHHA MPOIYCKAaTH MOB3 ce0e Bech Marepiai i B TOM ke 4ac MaTH
MaKCUMAaJIbHO MO>KJIMBY MPOTSDKHICTH. Takiil yMOBI BiANOBiIa€ refikoiganbHa (criipanbHa) Gpopma 3
HEOOXITHMUM KyTOM HaXHIy ¥ 1 KUTBKICTIO BUTKIB.

MiHiManbHa KUTBKICTh BHUTKIB TeJiKOia BH3HAYAETHCS YMOBOIO 3YCTpidi BCHOTO IOTOKY
MaTepiairy 3 HOro MoBepxHEI0 — 1€ OJMH MOBHUN BUTOK.

VY cBoOw uepry, KyT Haxwiy y 1 XapakTepHi JiaMeTpu TelliKoina BU3HAYAIOThCS YMOBOIO
rapaHTOBaHOI'O MPOXO/HKEHHS MOTOKY MaTepiay yepe3 ioro podouuii mpocTip.

MarnitHy cuny F (H) BpaxoBy€eMo 3a1€KHO BiJ] IHAYKIii MarHiTHOTO MOJIS

F=2B, (8)

ne B — iHayKIis MarHiTHOTo 1oJist B pobouomy mpocropi, Ti;
A — koe(dilieHT MPOMOPIIHHOCTI, IO 3aJEKHUTh BiJl KOHCTPYKTMBHOTO BMKOHAHHS IIPUCTPOIO i
CTPYMY B KOTYUII €IEKTPOMArHiTy, A+ M, BU3HAYAETHCA EKCIIEPUMEHTAIBHO.

[TpuiimaemMo Macy 4acTHHKHM MPONOpLiiHOI0 KyOy 11 po3mipy. Tozi MakcuManbHa BeTUYMHA
BiOpawiiinoi cumu inepuii O Oyne:

O=p& - Aw*, (9)

e O — cepeHs MTbHICTh YaCTHHOK Marepiaiy, Kr/m;

O — cepeHs BEIMYMHA MOMEPEYHOTO PO3MIPY YACTHHKH, M;
(@ — KpyroBa 4acToTa KoJMBaHb pob0oYoro oprany Ha NOBEpXHi reikoina, ¢';
A — amrutiTyna KoJamuBaHb pOOOYOro Opraty B 00JIACTi TETIKOiNa, M.

Jortuuna peaktuBHa cuiia T, (H) icHye B pe3ynbTarti JIii CUIIM TePTS MiXK TOBEPXHEIO rellikoina
1 YacCTHHKaMU MaTepiary Ta 6e31mocepeIHbO Mi>K YaCTUHKAMH y BEPXHIX IIapax MPUMarHiueHoro 10
MOBEpXHI Tefikoina marepiamy. MakcuManbHa BeIMYMHA CHIIM TEpPTS BHU3HAYAETHCS 3aKOHOM
Kynona, To6T0

T=k-N,(0)

ne kK — eKcriepuMeHTAIBHO BU3HAYEHHUH KOe(DiLlieHT TEPTS CIIOKOK MiK YaCTUHKAMHU HAIIAPOBAHOTO
Ha relliKOil MaTepiainy;
N (H) — BenuunHa HOPMANBHOI CHIIM PEaKilii, sIKa JTOPIBHIOE BENUUYMHI CHIJIH, HIO MPUTHUCKAE
YAaCTUHKY JI0 TIOBEPXHI reNiKoiza.

Cucrema piBHSHb TPAaHUYHOI PIBHOBAru JAJsl YaCTUHKH, IPUMArHi4eHol 710 mapy MaTepiairy
BIJITIOBITHO 10 MPUHHSATOI pO3paxyHKOBOI CXEMH B3JIOBXK IOTUYHOI Ta HOPMAJIbHOI OCEH, BiIOBITHO
MaTHM€ BUTJIS:

G-siny—T—-Q-siny=0
N—-F—-G-cosy+Q-cosy=0

. (11)

HopmanpeHa peaxiiisi ormopu Moxe OyTH BUAUICHA 3 KOXXHOTO DIBHSHHS BIJMOBITHO 10
mijgcrtaHoBkH (10):

N=F+(G-0)-cosy, (12)

N=(G-0Q)- 5127, (13)

[TpupiBHABIIM MTPaBi YaCTUHU BUPA3iB, CKJIAAAEMO PIBHSHHS JJIs1 BU3HAUEHHS MiHIMAJIbHOTO
3HAYEHHS MarHiTHOI CHJIN, JOCTaTHBOI Ul yTPUMAHHS YaCTHHKH B 33JJaHUX YMOBAX:

(G—Q)-Si%:FﬂG—Q)-cos;/,(14)

3BIKHU

85



Scientific and practical journal "Economics and technical engineering"

F:(G—Q)-(Si%—cosy}(w)

Bupa3s (15) noBunen Oyt A0AaTHUM, TOOTO MOBUHHA JOTPUMYBATHUCS HACTYIHA IPAHUYHA
yMOBa JJIsl KyTa HAXWITy ¥ TIOBEPXHI rellikoifa:

tgy >k abo y > arctg(k), (16)

MicTkicTh po6040ro oprany o npuMarHMYeHOMY /10 HOTo IOBEPXHI MarHiTHOMY Martepiany,
TUM Oinblna, yuM Oifbllla TUIOINA MOBEPXHI IeNliKoifa, TOMY MaKCUMalbHUM 00’€M MarHiTHOTO
MaTepiaiy, sIKHi MOXe 3HaXOIUThCS Ha MOBEPXHI poOOYOro OpraHy, BU3HAYAETHCS MiHIMAJIbHUM
KyTOM Haxuiy ) renikoina. OnHak, UM MEHIIUI KyT HaXwily TeliKoifa, TUM CKIaJHIIMM Oyne
NPOCYBAaHHS HEMArHiTHOI YaCTHHM Martepially Mo IIapy NpPUMarHiuyeHoro martepiaiy, TOMy s
MOJIETHICHHS TAKOT'O pyXy He0oOXi/lHa HAasBHICTh BiOpaIiifHOTO BILJIUBY.

Taxox noTpiOHO MaTH Ha yBa3i yMOBY /Ui O€3BiJpUBHOTO repeOyBaHHs YaCTUHKU Ha MIapi
MaTepiairy, ToOTO yMOBY NO3HTHBHOCTI HOPMaJIbHOI peakiii ornopu:

N>0,(17)

CkopucraBimuchk BupazoM (13), BUKOHABIINM CKOPOYCHHS Ta MEPETBOPEHHS, 3aMIIEMO s
BU3HAYCHHS B3a€MO3B'SI3KY MK NPUCKOPEHHSIMM TpaBiTAllifHOTO Ta BiOpaIiifHOro MoiiB, KyTOM
HaXWIy TIOBEPXHI relikoifa Ta KoeilieHTOM TepTS MK HUM Ta MaTepiajioM:

(g_q).%>0,3BiI[KI/I g<g,(18)

TakuMm 4YMHOM BeNWYMHA BiOpaLiHHOIO TNPHUCKOPEHHS ¢ Ha TOBEpXHI Teikoina y

BEPTUKAJIHHOMY HaNpsIMKY Mae OyTH MEHIIE IPUCKOPEHHS BUIBHOTO MaiHHA & .

[1s ymoBa He MOxe OyTH BHKOHaHA, SIKIIO TPA€eKTOpii BiOpAIiIfHOTO MEpeMIIIeHHsI TOUOK
poboyoro oprany BepTtukaibHi. 11106 Bukonatu ymoBy (16) i BogHOUac 3abe3neyntu e(heKTUBHY
nojady marepiajlly B 3aBaHTaKyBaJIbHHH JIOTOK, HEOOXigHA HAsSBHICTH BUXPOBOIO BiOpamiiHOTO
TOJIsA, SIKE 3MOJICNIbOBAHE 1 MMOKa3aHe Ha pHC. 5.

Pucynoxk 5. 3-D moxens cemaparopa 3 po3TallyBaHHAM HOTO BiOpo30ymKyBauiB IS
3a0e3neueHHs] BUXpOBOIO BiOpaIiiiHOro moss
Jlxepeno: po3po0IeHo aBTOpaMu

VY310BXK BEpTHKAIBHOI OCI CHUMETpii Takoro mojs Oyjae isTH iHBapiaHTHUH BEKTOp
MiHIMaJIbHOTO BiOpaIifHOr0 MPUCKOPEHHS, IKUH BU3HAYAETHCS:
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qmin = Qmax ’ COSQ, (19)

ne 0 - kyT Haxwity BiOpamuiiiHoi cuiM Bil BepTUKaT;
(max — MAaKCHUMaJIbHE BiOpalliiiHe MPpUCKOPEHHS.

[Opu30HTaIbHA K NPOEKIIis BEKTOPY BiOpaIiiiHOro MPUCKOPEHHS § He € iHBapiaHTHOIO —

BOHa Oyjie 3aJie)aTu BiJ pajiajJbHOrO PO3TAlIyBaHHS TOYKU 4 Ha MOBEPXHI 3aBaHTa)KyBaJIbHOTO
JIOTKa BIZIHOCHO BEPTHUKAJIBHOI OCi cuMeTpii BiOpamidHOro mOds Ta pamlycy po3TallyBaHHS
BiOp030y)KyBauiB BITHOCHO BEPTUKAIBHOI OCi cUMeTpii cemaparopa (IuB. puc. 3):

~ R .
q = oy " - SING, (20)
R,

ne R — notounwii paiyc 10CiKyBaHOT TOUKH A;
Ro — pazxiyc po3TamryBaHHS BiOp030y/1KyBauiB BiTHOCHO BEPTUKAIILHOT OCI CUMETPIi cenaparopa.

BuxopuctoByroun (opmyity (20) MoxHa BuOpatH KyT 6 Haxwminy BibpamiiiHoi cuium Bin
BEPTUKAJI MPH BIIOMIM MakCHMalIbHIN BENWYMHI BIOPAIifHOrO MPUCKOPEHHS, IO PO3BUBAETHCS
1BOMa BiOp030yIKyBayaMy B CHHXPOHHOMY PEXHMi poOOTH.

Mexero mepuioro eramy poOOTH cemapaTropa € TEepernoBHEHHS KamMepu poOodYoro opraHy
ceraparopa MpUMarHiueHuM 10 HOoro moBepxHi MarepianioM. [Ipu nboMy pyx HEMarHiTHOi YaCTHHHU
MaTepialy 1mo HOro MarHiTHIM 9acTWHI B poOOYOMY OpraHi, CTa€ yCKJIAQAHEHUM uepe3 KPUTUYHE
3MEHIIEHHS Oro MpOCBITY.

BuBaHTa)X€HHSI MarHITHOI YaCTUHU MaTepiany BiIOyBAETHCS i TI€I0 CHIIN TSDKIHHS, peaKilii
pobovoi moBepxHi renikoiza Ta BiOpalli€lo, sika TEHEPYEThCS JBOMA CaMOCIHXPOHI3YIOUHMMH
Bi6po30ymKyBauamu. KoedilieHt Tepts k, Mi pOOOUYO0 TIOBEPXHEIO TENIKOIAA 1 MaTepianom, mo

MPUMArHiTUBCS 70 HOro MOBEPXHI BU3HAYAETHCA €KCIIEPUMEHTANBHO. SIKIIO KYT HaXWiIy poOovoi
MOBEpXHI Tenikoina obpaHo 3 yMmoBH (16), B sIKiii BUKOPHCTOBYBABCS TaKOX EKCIIEPHUMEHTAIBLHO
BU3HAUCHHUH KOSPILI€HT TePTs CIIOKOI0 kK MiXK YaCTMHKAMH PO3TAIlIOBAaHUMH Ha TeIKOI/Ii MaTepiary
(yacTMHKa IO IIapy YAaCTHHOK), TO BHBAHTAXXEHHS MarHiTHOrO MaTepiainy 3abesnedyeTrbcs. ToOTO
YMOBa BUBAHTA)XCHHSI MarHiTHOI YaCTHHU MaTepiary OyJe MaTH BUIJISI:

k, <k, (20)

SIKII0 BMBAaHT@)XEHHS MAarHiTHOI YacTHHM Martepialy 3 poOodoro opraHy yCKIAJIHEHO,
HaNpUKiIad, BHCOKAa BOJIOTICTH MaTepialy, pO3MIPH YAaCTHHOK Martepiajly TOUlo, TO s
iHTeHcuiKalii mpolecy BUBAaHTAKEHHS, 3a JIOMOMOIOI0 YacTOTHOTO  IIepeTBOPIOBAva,
BiOp030y/KyBayl BKIIIOYAIOTh B PEXUM ¢ > .

Bucnosku (Conclusions)

Jns 30aradeHHs 3aJ1i30BMICHHX BiJXO[iB, 3alpoOlOHOBAaHA KOHCTPYKIs BiOpamiiHO-
MAarHiTHOT'O CerapaTropa BEpTUKAIBHO HAIMIPABIEHOI /1ii Ta BUKOHAHO aHajli3 Horo poOoTH.

B 3ampononoBaHomy cemaparopi 00’€lHaHI TpU HAWOUIBII PO3MOBCIOKEHIIIUX METOAU
30aradeHHs 3aJi30BMICHUX BIIXOJiB: MarHiTHHM, BiOpamiiinuii Ta rpaBiTauiinuii. Pobounii opran
cermaparopa BUKOHaHUH y ¢opMmi remikoifa (cmipaini), po3TalIOBaHOTO BEPTUKAIBHO, IO 3HAYHO
301IbIIIYy€ TOBKUHY Horo poOouoi moBepxHi, 11e 3ade3neuye OUTbII TpUBaje nepedyBaHHs MaTepiaty
Ha Hii 1 pa3oM 3 KOMOIHOBAaHUM METO/IOM 30araueHHs s MiJABHUILY€E MPOAYKTHUBHICTH cemapaTopa i
e(eKTHBHICTh cemnapalii B MOPIBHAHHI 3 IHIIMMH KOHCTPYKLISMHU cenaparopiB. Beprukanbha
KOHCTPYKIIis 3aIIPOTIOHOBAHOTO cenapaTopa He 3aiiMae 6araTo MicIid i J00pe BIUIIETHCS B OLIBLIICTD
TEXHOJIOTIYHHUX CXEM 3 MepepoOKH 3a1i30BMICHHX BIJXO/IB.
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BcraHoBIeHO B3a€MO3B'S30K MK KyTOM Haxuiy poOouoi MOBEpXHI 3aBAaHTAXKyBaJbHOTO
JIOTKA 1 1laMeTpOM HOTo PO3BaHTaXKyBAJILHOTO OTBOPY.

BcraHoBI€HO 3aleXHICTh BHUCOTH IIapy MaTepialny MpW IIBHIKOCTI TPAHCHOPTYEMOTO
matepiany 0,1, 0,2 1 0,3 m/c Bix paaiyca po3BaHTaKyBaJIbHOI'O OTBOPY JIOTKA, aHAJII3 SIKOT MOKa3aB,
10 BUCOTa LIapy MaTepiany 301IbIIY€EThCS MPU 3MEHIICHHI PajiyCcy PO3BaHTa)KyBaJIbHOTO OTBOPY
JIOTKa Ta IIBUAKOCTI TPaHCHOPTyeEMOTo Matepiany. Lls 3anexHiCTh 103BOJIss€e BUOpATH PO3MipH
PO3BaHTAXXyBAJIBHOTO OTBOPY JIOTKA, poOOYOro Oprany cenapaTopa, 3a0e3rneuyroud HeoOXinHy Horo
MPOAYKTUBHICTH 0€3 3aBHCAaHHS MaTepiaay B 30HI 3aBaHTAXEHHS B pOOOYHIi OpraH.

[TpoananizoBaHo pyx Marepiajly 1Mo poOOYOoMy OpraHy Ha erami MarHiTHO-BiOpariiHoi
00poOku. B pe3ynbpTaTi 4oro 0ysio BCTAHOBIIEHO B3a€MO3B'SI30K MiXK MPUCKOPEHHSIMU IPaBITALIIHOTO
Ta BiOpauiiHOro MOJiB, KyTOM HaxXMJIy MOBEpPXHI Teiikoiga Ta Koe(ilieHTOM TepTs MK HUM Ta
marepianoM. OKpiM LbOIO BCTAHOBJIEHO, L0 IPH MIHIMAIbHOMY KyTy HaxWily) Telikoina s
3a0e3neueHHs MPOCYBaHHS HEMarHiTHOI YaCTMHU MaTepiaiy I0 HIapy MpUMarHiuyeHoro marepiany,
HeoOXiJHa HAasABHICTh BIOpALIfHOTO BIUIUBY 1 JUIs 3a0e31meueHHs 0€3BIAPUBHOTO PEKUMY BEIUYHHA
BiOpaIifHOTO MPUCKOPEHHS ¢ Ha MOBEPXHI T'eJIiKO0i/la y BEpTUKAIBHOMY HAINPSIMKY Ma€ OyTH MEHIIe

MPUCKOPEHHS BUIBHOTO MajJiHHA ¢, Ta BU3HAUE€HA YMOBa NpH sKid, el KyT ) OyB Ou OiibIl

KOe(IIi€HTy TEPTs CIIOKOK k MK YaCTHHKAMH HAIIApPOBAaHOTO MaTepiany, o 3abe3medye Horo
e(eKTHBHY MOAaYy B 3aBaHTAKyBaJIbHHUH JOTOK.

JlocmiIKeHHAMU BCTAHOBJICHO, I[0 BHUBAHTAXEHHS MAarHiTHOI YaCTHHM Marepiaiy
BiOYBA€ThCS MiJ AI€I0 CHJIM TSDKIHHS, peakiii poOo4oi MOBEpXHi renikoiga Ta BiOpaii€ro, sika
TEHEPYETHCS IBOMA CAMOCIHXPOHI3ylOuMMH BiOPO30yIKyBauamu, KOJIM KOEPIIEHT TEPTS f, MiX

po0OYOI0 MOBEPXHEIO T'elliKOiAa 1 MaTepiaioM IO MPUMAarHiTHUBCS 10 HOro MOBEpXHi, MEHIIMH 3a
KOe(ilLliEHT TepTs CIIOKOK0 K MK YaCTHHKaMH MaTepiaiy, o 0OpOOIIOETHCS.
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Abstract: The study addresses the problem of the deteriorating quality of
the raw material base in the Ukrainian coking industry, which is primarily
caused by the increasing proportion of low-caking, high-ash, and high-
sulfur coal grades in the charge. This transformation in the composition of
the feedstock adversely affects the thermotechnical parameters of the
coking process, leading to uneven thermal decomposition of coal
components and deteriorating the physico-mechanical properties of the
resulting coke, thereby limiting its applicability in blast furnace
operations. One of the promising approaches to correcting the
technological characteristics of the coal charge is the application of
polyvinyl alcohol (PVA) cryogels as a binding and structure-forming
component during the partial briquetting of coal. The mechanisms of
three-dimensional porous structure formation in PVA cryogels under
cyclic freeze-thaw conditions are described, highlighting their water
solubility, non-toxicity, excellent film-forming ability, and efficiency in
stabilizing dispersed coal particles. Experimental studies are presented to
determine the optimal PVA content, freezing regimes, and drying
parameters of the briquettes. It has been established that the incorporation
of 5-10% PVA ensures the formation of a robust cryogel matrix, which
provides the briquettes with enhanced mechanical stability, reduces their
brittleness, and prevents structural failure during transportation and
charging into coking chambers. The study demonstrates that the use of
PVA cryogels compensates for the deficit of high-caking coal grades,
improves the homogeneity of the coal charge, intensifies the initial stages
of carbonization, and ensures the production of coke with the required
operational properties. The obtained results confirm the high efficiency of
using PVA as an innovative tool for raw material modification under
contemporary industrial and resource constraints, providing a viable
strategy to optimize coke quality and overall process performance in
modern coking operations.

Keywords: coal charge, charge quality, waste/by-products6 briquetting,
cryogels
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Abstract: The study addresses the problem of the deteriorating quality of the raw material base in
the Ukrainian coking industry, which is primarily caused by the increasing proportion of low-caking,
high-ash, and high-sulfur coal grades in the charge. This transformation in the composition of the
feedstock adversely affects the thermotechnical parameters of the coking process, leading to uneven
thermal decomposition of coal components and deteriorating the physico-mechanical properties of
the resulting coke, thereby limiting its applicability in blast furnace operations. One of the promising
approaches to correcting the technological characteristics of the coal charge is the application of
polyvinyl alcohol (PVA) cryogels as a binding and structure-forming component during the partial
briquetting of coal. The mechanisms of three-dimensional porous structure formation in PVA
cryogels under cyclic freeze-thaw conditions are described, highlighting their water solubility, non-
toxicity, excellent film-forming ability, and efficiency in stabilizing dispersed coal particles.
Experimental studies are presented to determine the optimal PVA content, freezing regimes, and
drying parameters of the briquettes. It has been established that the incorporation of 5-10% PVA
ensures the formation of a robust cryogel matrix, which provides the briquettes with enhanced
mechanical stability, reduces their brittleness, and prevents structural failure during transportation
and charging into coking chambers. The study demonstrates that the use of PVA cryogels
compensates for the deficit of high-caking coal grades, improves the homogeneity of the coal charge,
intensifies the initial stages of carbonization, and ensures the production of coke with the required
operational properties. The obtained results confirm the high efficiency of using PV A as an innovative
tool for raw material modification under contemporary industrial and resource constraints, providing
a viable strategy to optimize coke quality and overall process performance in modern coking
operations.
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AHoTanis: Po3rmsmaerbcs mpoOrneMa MOTIPIIEHHS SKOCTI CHPOBHHHOI 0a3M  KOKCOXIMIUHOL
MIPOMHCIIOBOCTI YKpaiHu, 10 3yMOBJIEHO 3POCTAHHSAM YaCTKH CJIA00CIIKIMBOT0, BUCOKO30JIBHOTO Ta
BHCOKOCIPYUCTOTO BYTiUIs y KXTi. Taka TpanchopMariisi CTpyKTYpH CHPOBUHU HETaTUBHO BILTUBAE
Ha TEIUIOTEXHIYHI TMOKa3HWKHM MpOIECY KOKCYBaHHS, BUKJIMKA€ HEPIBHOMIPHICTh TEpMOpacmary
KOMIIOHEHTIB Ta MOTipIIye (i3UKO-MEXaHIYHI BJIACTHUBOCTI OJEP>KYBAHOTO KOKCY, OOMEXKYIOUH
MO>KJIMBICTh MOTO BUKOPUCTAHHS Yy JOMEHHOMY BHUPOOHHUITBI. OJHUM i3 MEPCHEKTUBHUX ILISAXIB
KOPEKILii TEeXHOJOTIYHUX XapaKTEepPUCTHK IIMXTH 3alpOIOHOBAHO 3aCTOCYBAaHHS KpiorelniB
noniBiHinoBoro cnupty (IIBC) sik 3B’s13yBajbHOTO Ta CTPYKTYPOYTBOPIOBAJIILHOTO KOMITOHEHTA i
Yyac 4aCTKOBOTrO OpHKeTyBaHHs BYriyuii. OnucaHo MexaHi3Mu (OpMyBaHHS TPUBHUMIPHOI OPHCTOL
ctpykrypu kpioreniB IIBC y mporeci LMKIIYHOTO 3aMOpPOKYBaHHSA-PO3MOPOXKYBAaHHS, 1X
BOJIOPO3YHMHHICTh, HETOKCHYHICTh, BHUCOKY IUIIBKOYTBOPIOBAJIBHY 3JaTHICTH Ta €(PEKTHBHICTH Y
ctrabinizanii IMCIepCHUX YaCTUHOK BYTUIbHOI (pakuii. HaBeneHo pe3ynpTaTu eKcriepuMeHTaTbHIX
JOCHIUKeHb IIOZ0 BH3Ha4deHHs onTtuManbHoro Bwmicty IIBC, TemmeparypHuX peXuMiB
3aMOpOKYBaHHSI Ta MapaMeTpiB CyIIiHHsA OpukeriB. Bcranosneno, mo BBenenHs 5—-10 % IIBC
3abe3neuye (opMyBaHHS MILIHOI KpiOTelIeBOl MaTpHIli, Ka Hajae OpUKeTaM MiJIBUIICHY MEXaHIuHY
CTIMKICTh, 3HMXY€E iX KPHXKICTh Ta 3amolirae pyHHYBaHHIO Ha eTamax TPaHCIOPTYBaHHS 1
3aBaHTa)XEHHS Yy KaMepu KokcyBaHHsA. Ilokasano, mo 3acrocyBanHsa kpioremiB [IBC chpuse
KOMIIeHcalil 1einuTy AOOpECHIKINBOrO BYTULISL, MOKPAILyEe OJAHOPIIHICTD IMIMXTH, IHTEHCU(IKYE
MOYaTKOBI cTaii kapOoHi3auii Ta 3a0e3nedye OTpUMaHHA KOKCY 3 HEOOXiTHUMH eKCIUTyaTaliiHUMH
xapakTepucTukamMu. OTpUMaHi pe3yiabTaTd MiATBEPPKYIOTh BUCOKY €(DEKTHBHICTH BUKOPHUCTAHHS
[IBC sk iHHOBamiiHOro 3aco0y Moau¢ikauii CHpOBUHHM B YMOBaxX CY4YacHHX BUPOOHHYMX Ta
pecypcHUX 0OMEKEHb.

Kro4oBi ciioBa: ByrinbHa mMUXTa; SKICTh IIUXTH; BIAXOM; OpUKETYBaHHS; Kpiorei

Beryn (Introduction)

Ha cyuacHoMmy eTarni po3BUTKY METaJIypriifHO1 rainys3i y CBITOBIN MPaKTHIIl BiACYTHI TEXHOIOT1{
BUPOOHHUIITBA MeTaly, SIKi MOIJIM O TMOBHICTIO 3aMiHUTH JOMeHHH mporec. Kokc 3amumaerbes
HE3aMiHHMM HIMXTOBUM KOMIIOHEHTOM, II0 BUKOHY€E OJHOYACHO POJIb BiJHOBJIIOBAJIBHOTO arcHTY,
NaJIBa Ta CTPYKTYPOYTBOPIOBaYa MIUXTH.

[Torpu 3HA4YHU PIBEHb TEXHIYHOTO PO3BUTKY AOMEHHOTO BHPOOHMIITBA, HOTO MOTEHLIANT
yIIOCKOHAJIEHHS I1i¢ He BuueprnaHo. [loganpin HampsiMu MoOJEpHi3alii BU3HAYAIOThCS HacamIiepe.
CUPOBUHHOIO 023010, EHEPTETUYHOIO CUTYAIIIEI0 Ta EKOHOMIYHIMH YUHHUKAMHU.

Oco06uBy posib y CTabUIBHOCTI JOMEHHOTO MPOLIECY Biirpae MajvBHA CKJIAJ0Ba, BAXKIMBICTD
SIKOi HE BUKJIMKA€E CYMHIBIB cepell (paxiBIiB. Y 3B 53Ky 3 IIUM SIKICTh KOKCY, IK OCHOBHOTO TAJINBHOTO
1 BIIHOBITIOBAJIHOTO MaTepiaity, Ha0yBae KIIOYOBOro 3HaYeHHs. [1iIBUIIEHHS OTO SKOCTI € OHUM
13 TOJIOBHUX 3aBJIaHb CYYaCHOTO KOKCOXIMIYHOTO BUPOOHHUIITBA, BiJl IKOTO O€3M0CEPETHBO 3aTIEKUTh
e(EeKTHBHICTh 1 EKOHOMIYHICTh BUIUIABKH YaBYHY.

[Iporpec y pO3BHTKY CBITOBOTO KOKCOJOMEHHOTO BHUPOOHHIITBA 3a0€3MEeYNB 3HAYHE
HiABUILEHHS IKOCTI KOKCY (Farias Neto et al., 2021, Soloviov et al., 2024), 0 103Bosie CTabIIEHO
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BUKOPUCTOBYBaTH MWJIOBYTIJIbHE MalMBO y KiutbkocTi moHax 200 kr Ha TOHHY 4aByHy 0e3
MOTIPIICHHA TEXHOJOTIYHUX TIIOKAa3HUKIB JOMEHHOro mporecy. Ha kamp, BiTUM3HSHA
MIPOMHCIIOBICT, YHACHIZOK 00’ €KTHBHMX €KOHOMIYHMX Ta CHPOBUHHHX OOMEKEHb, IOKH IO HE
J0csTIa piBHS HaWKpaIIuX CBITOBHX CTAHAAPTIB SKOCTI KOKCY.

JIo OCHOBHHX BHMOT, IO BHCYBAIOTHCS 10 KaM STHOBYTUJIBHOTO KOKCY, HajeXaTh BHCOKa
ra30MpOHUKHICTh HACUIHOI MacH, 3yMOBJEHAa WOTr0 MEXaHIYHOI0 MIIHICTIO TpPU BHCOKHX
TeMIepaTypax, a TaKo)X ONTHUMallbHa MLIUIBHICTh, $SKa BHU3HAYA€ CTIHKICTH OO CTHpPaHHA Ta
pyinyBanus (Miroshnichenko et al., 2023).

OnHak cyyacHa BYTiJIbHa CHPOBHMHHA 0a3a XapaKTEpU3YETbCS MOTIPUICHHSM MapOYHOTO
CKJIaay, HECTaOUIbHICTIO (Di3MKO-XIMIYHHUX BJIACTUBOCTEH 1 HEPIBHOMIPHICTIO MOCTa4yaHHS, IO
YCKIIQJHIOE 3aBJJaHHA CTa0lIbHOTO BUPOOHHUIITBA KOKCY HEOOXIHOI SKOCTI.

BopHouac BiTUM3HAHA HayKa Ta BUPOOHULITBO MAalOTh 3HAYHHI JOCBI[ 1 HAIPAIIOBaHH Y cepi
CTBOPEHHSI BHUCOKOE()EKTUBHUX TEXHOJIOTiH KOKCYBAaHHS, CIPSMOBAHUX Ha IMiJBUILEHHS SKOCTI
TOTOBOTO MPOJYKTY.

OcobnuBe 3HaYCHHS y MpOIeci OTPUMAHHS KaM SHOBYTUIBHOTO KOKCY HaJICKUTh ITiArOTOBLI
BYTiJUIi Ta BYTUIBHUX cyMilleil A0 KOKCyBaHHSA. OAHUM 13 HaWNEepCHEeKTHBHIIINX HANpsSMIB
MiABUIIEHHS SKOCTI KOKCY Ta 3HM)KEHHS MOTO MUTOMHUX BUTpPAT y JOMEHHOMY BUPOOHHITBI €
YIIOCKOHAJIEHHSI TEXHOJIOTil MiArOTOBKM IIUXTH, 30KpeMa IUIIXOM 3aCTOCYBAaHHS CIeEIlialbHUX
METOZIIB TEPMIYHOI Ta HETEPMIYHOT 0OPOOKHU BYTLILIS Tepe/l KOKCYBaHHSIM.

B ocTanHi poku yKpaiHCBbKI KOKCOXIMiYHI HiANPHEMCTBA 3ITKHYJIUCS 3 TOCTPUM Ae(iluToM
BYTULJISL, TPUIATHOTO AJIsk KOKCYBaHHs. OTHOYACHO CIIOCTEPIraeThes TCHICHITIS 10 3pOCTaHHS I[iH Ha
IMIIOpPTHE BYTULJIS, IO YCKIIAIHIOE 3a0e3MeYeH sl CTa0lIbHOT CHPOBUHHOI 0a3H IS Tajy3i.

[TapanensHO BinOyBaeThCs 30UIbIICHHS BUIOOYTKY cIa0O0CHIKIMBOTO Ta CIPYMCTOrO BYTLILIA,
IO ICTOTHO OOMEXY€ MOMIJIMBOCTI (pOPMYBaHHS SKICHHUX LIMXT JJISI IIAPOBOTO KOKCYBaHHS. 3a
Cy4acHHX YMOB Ui LUX LiJed MOXKHA BUKOPUCTOBYBAaTH juiie Omu3bko 40 % Byrimis, sike
BUI00YBa€eThCs B YKpaiHi.

MapouHuil ckiiag BYTUIbHOI CHPOBHMHHM XapaKTEPH3YEThCS HACTYITHUM CITiBBIIHOIICHHSIM:
ra3zoBe (I') — 56 %, nosrononym’sine razose (') — 10 %, xxupue (OK) — 12,5 %, xoxcose (K) — 7 %,
nicaecnikause (I1C) — 10 %, micue (I1) — 2 %. Takum yuHOM, YacTKa Ta30BOTO BYTULIS € HAIMIPHO
BHCOKOIO, TO/I1 SIK 3aIlacH LIHHMX MapOK —KOKCOBOT0, KMPHOT'O Ta MICHYBATO CIIKJIMBOTO — Y MeXax
JloHenbKoro 6aceiiHy cTaHoBIsATh He Oinbiie HiX 0,33 % 1 mpoJoBKYyIOTh CKOPOUYBATHUCS.

3a TakuX YMOB OTPUMaHHS KOKCY BHUKJIIOYHO 31 CHIKJIMBOTO BYT'ULIS € HEMOXIIMBUM, a
MoJJaJIblIle BUKOPUCTAHHS HAasBHUX 3amaciB MpU3Bee 10 IX MBUAKOTO BUCHaXeHHA. Lle 3ymoBitoe
HEOOXIJHICTh TOIIYKY HOBHMX TEXHOJIOTIYHHMX MiAXOMIB 10 (OpMYBaHHS BYTUIBHOI IIUXTH Ta
BJJOCKOHAJICHHSI MTpOIeCy KOKCYBaHHS (Tab. 1).

Tabamuns 1. Cxnan muxty A maposoro kokcyBanHsa KXII Vkpainu no pokax

Mapxka Byrinis, 1970 p. 1980 p 2010 p 2020 p.
Y%
r 32,4 39,4 16,1 14,2
X 33,0 27,7 40,9 20,5
K 14,5 17,4 31,5 19,4
I1C 19,5 13,1 - 29,1
1 0,6 2,4 -
[Hmi Mapku - - 11,5 16,8

31 3pocTaHHsIM YacTKHM T'a30BOTO BYTUUIA y LIMXTI BHHHUKA€E MOTpeda y 301IbIIECHHI BMICTY
KOKCOBOT'O Ta KUPHOT'O BYT'JLIA, SIKi 3a0€3Meuy0Th HEOOX1IHY CIIKIUBICTh cyMmimli. Byrimns mapku
K, mo BunoOyBaeTbes y JloHenbkoMy OaceiiHi, XapakTepu3y€eThCsl BACOKOIO CHIKIMBICTIO (Y = 26—
31 MM), 3aBASKH 4YOMY HOTO MOKHA 3MIIIYBAaTH 3 CYTTE€BOIO KUIBKICTIO HECHIKIMBOTO BYTULISI Oe3
3HAYHOTO MOTIPIIEHHS SKOCTI KOKCY.

OpHi€l0 3 aKTYaIbHUX MTPOOJIEM 3aJTUIIAETHCS M1ABUILEHHH BMICT CIpKU Y BYTUIbHUX IJIacTax.
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CipuucTe ByriIisi HETaTUBHO BIIMBA€E HA MPOLIEC TEPMIYHOT MEPEPOOKH BYTUIHHOT IIMXTH, 3HIKYE
il KOKCIBHY 3/IaTHICTB 1 CTBOPIOE SIK TEXHOJIOT1UHi, TaK 1 €KOJIOT14HI TPYIHOII ITiJl 4aC KOKCYBaHHS.

VY 3B’s3Ky 3 IMM Ha KOKCOXIMIYHUX MIANPUEMCTBAX YKpaiHM BCE LIMPIIE 3aCTOCOBYETHCS
BYT1JUIS 3 HU3bKUM BMICTOM CIPKH, 1110 IMIIOPTY€ETHCS 3 PI3HUX KpaiH. 3a OCTaHHI pOKH MacoBa 4acTKa
iMIOpTHOTO Byrijuig y muxTi 3pocna 3 11 % mo 70 %.

VY cydacHHMX yMOBaxX BUKOPHCTaHHS JIMIIE KOKCOBOTO BYT'ULJIS [Tl KOKCYBAaHHS € HEMOXKIIMBUM
yepe3 0OMEeXEHICTh HOro 3amaciB Ta HM3bKHI piBeHb BHIO0YTKY. TOMy y BHpPOOHHMITBI KOKCY
3aCTOCOBYIOTh BYTUIbHI INUXTH — CyMIlll BYTUUIS pI3HUX Mapok, miaiOpaHi y Takux
CMIBBIIHOIIEHHSX, SKi 3a0€3Meuyl0Th OTPUMAHHS MPOIYKTY 3 HEOOXiMHUMH (Hi3MKO-XIMIYHUMHU
BJIACTUBOCTSIMHU Ta TEXHOJOTTUHUMH XapaKTEPUCTHKAMH.

BinnoBimHO 10 BHMOT, NPUHHATHX Yy €BPOMNEHCHKIM MpakTHIl, AKICTb JOMEHHOTO KOKCY
MMOBUHHA BIAMOBITATH MEBHUM MMOKa3HUKaM (TaoI. 2).

Ta6auus 2. OcHOBHI MOKa3HUKH SKOCTI IOMEHHOTO KOKCY 32 €BPONECHCHKUMHU CTaHAApTaMU

Ne  TlokasHuk sikocti  ITo3. Hopwm. 3H. XapaKTepuCcTHKA OKA3HUKA
1  MexaniyHa MiHICTb, Mps  >88-90  Bu3sHauae CTIHKICTh KOKCY /10 pyWHYBaHHS pU
% TPAHCHOPTYBaHHI Ta 3aBaHTAKCHHI B IOMEHHY
iy
2 Crupannicts (mpu— Mo <6-8 XapakTepusye CTyMiHb yTBOPEHHS pi0’sA3Ky mix
10 mm), % yac MEXaHIYHOT'O0 HaBaHTAKCHHS
3 Peakmiiina 3gatHicth  CRI 20-28 [Tokasye 31aTHICTB KOKCy pearyBatu 3 CO, mpu
KOKCY, % 1100 °C
4  MinHicTh micns CSR  >60-70 BusHauae 3aIUIIKOBY MIITHICTh KOKCY MICHS
peaxitii 3 CO,, % peaxiiii 3 ByrJIEKHCIUM Ta30M
5  Bwict 3014, % Al <11-12  BrumBae Ha BUXiJ IUTAKy Ta BUTPATy (IIOCIB y
JIOMEHHOMY TIpoIIeci
6  Buwicr cipku, % Sd <0,6 Busnauae sikicTh UaByHy Ta IIJIaKy, BIUIMBAE HA
€KOJIOT14HI TOKA3HUKH
7  Bonoricts, % wr <4 BriBae Ha TEIUIOTBOPHY 3/1aTHICTS 1
CTaOUIbHICTh TOPIHHS
8  HacunHa migbHICTB, Pn 420480 XapakTepHu3ye ra30lnpOHUKHICTH KOKCOBOTO
Kr/M? 1apy B IOMEHHIH neui

CBiToBa MpakTHKa eKCIUTyaTalii JOMEHHHUX Me4el 13 BUKOPHCTAHHIM KOKCY, IO BiANOBiAae
3a3HaYeHUM BUMOTaM, IiJITBEPIMIIA, IO TAKUHA KOKC 3a0e3Ieuye JOCTaTHIO Ta30IPOHHUKHICTD SIK Y
IIaXTi, TaK 1 y BUCOKOTEMIIEpaTypHiil 30H1 medi. BBaxaeThcs, 110 MOKA3HUK PeaKIiifHOI 3AaTHOCTI
(CRI) mae OyTu sKOMOTa HIXKYUM, OCKUIBKHU 11€ 3MEHILIY€ BUTPATH BYTJICLIO KOKCY Ha ra3ugikariito
3a peakuieio bynyapa.

Oco06nuBy yBary NpHAUISIOTh BMICTY y KOKCI HIKIAJTMBUX JTOMIIIOK — 30JIM, CIPKH, JTy>KHHX
cnonyk i ocdopy, SKi HETaTUBHO BIUTMBAIOTH HA X1 JOMEHHOTO MPOIIECy, BIACTHBOCTI YaByHY Ta
nuiaKy. BoJOTicTh KOKCY TakoXK pErJIaMeHTYETbCs W HE IMOBHMHHA NepeBullyBaTH S5 %, 110
BBXKAETHCS NPUUHATHUM pPIBHEM I MiHIMi3alii HETaTUBHOTO BIUIMBY BOAM Ha CTaOUIbHICTH
TUIaBKH.

JIOCSTHEHHSI TAaKOTO PIBHS SKOCTI KOKCY MOXKIIMBE JIMILIE 33 YMOBH PalliOHAJILHOTO BHOOPY
CHUPOBHMHHOI Ta TEXHOJOTI4YHOI 0a3M Ha BCiX CTalisX BUPOOHHIITBA: BiJl ()OPMYBaHHS ONTHMAIHLHOTO
MapOYHOr0 CKJIaJy BYT'UIBHOI IIMXTH Ta TEXHOJOTI] 1i MiATOTOBKH — J0 BCTAHOBJIEHHS 1 CyBOPOTO
JTOTPUMAHHS ONTUMAIBHUX MTAPaMETPiB MPOIeCY KOKCYBAaHHS.

VY CBITOBI NpPaKTUIl MOCTIHHO BEAYThCS MOCIHIIKEHHS, CIPSIMOBaHI Ha BJIOCKOHAJICHHS,
MiIBUIICHHS e(DeKTUBHOCTI Ta aJaNTallii0 TEXHOJIOTiH KOKCYBaHHSI IO 3MiH PUHKOBOI KOH IOHKTYPH,
KOJIMBaHb I[iH HA BYTLJUISL, KOKC 1 3aTi30pyAHY CUPOBUHY.
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Bonnouac B VYkpaiHi cmocrepiraeTbCsi TEHICHIIMHE TOTIPUICHHS CHUPOBUHHOI 0a3u
KOKCYBaHH$, 30KpeMa 111010 MapouHoro ckiany Byriunis. [lounnatoun 3 1960-x pokiB, 3a0e3nedeHHs
HEOOXiJHOT MILHOCTI KOKCY Y MeXaxX TPaJUILiiHOT0 IapoOBOr0 KOKCYBAaHHS CTAJIO0 MPOOIEMaTUYHHM.

Bumymene 306utbmenns yactku Byruwist mapok I, [, TIC, I1 y mmxTi B Mexkax HasBHUX
TEXHOJIOTIYHUX CXEM, SIK TPABWIO, MPU3BOAUTH 1O CHCTEMHOIO 3HIKEHHS SIKOCTI KOKCYy —
HacamIiepe] MOro MEXaHIYHOi MIIHOCTI Ta TEXHOJIOTIYHMX XapaKTepUCTHK. Po3B’s3aHHS i€l
npobiemMu  3IIMCHIOBANOCA LUIAXOM  pO3pOOJEHHS BHCOKONPOAYKTHBHHX HPOIECIB, IO
3a0e31euy0Th OTPUMAHHS KOKCY BUCOKOT SIKOCTI 3 BYTUIBHUX HIMXT 31 3HIXKEHOIO CIIKJIMBICTIO.

3rigHo 3 pocnimpkeHHsamu, nposeaeHumu B JI1 « YXIH», ontumarnpHa muxra st KOKCyBaHHS
MOBMHHA MICTUTH He MeHIIe 69 % cniknuoro Byrimist Mapok 2K, K ta I1C, Toxi sik 4acTka ra30Boro
Byriuis Mae ctaHoButu MeHIie 31 % (Butuzova, et al.,2015).

OnHUM 13 TEepCHEeKTHBHUX HAIpPSMIB MiJBUINEHHS SKOCTI KaM’ SHOBYTUIBHOTO KOKCY Ta
3HWKEHHSI HOTO MUTOMHUX BUTPAT Y IOMEHHOMY BUPOOHHMITBI € CIeliajibHa MiArOTOBKA BYT1/UIA Ta
fioro cymimeld 10 KOKCyBaHHS. L[i0 mMiAroTOBKY MOXKHA 3/A1HCHIOBAaTH TEPMIYHMMHU a0o
HETEPMIYHUMH METOJIaMH.

HetepmiuHi MeTOIU MIATOTOBKU MAIOTh BPaXOBYBaTH 0COOJIMBOCTI PO3BUTKY CHPOBHHHOI 06231
KOKCYBaHHS, HEOOXiHICTh 11 nudepeHiiamii, TeXHIYHUNA CTaH MiYHOro (HOHIY, a TAKOXK BHUMOTHU
JIOMEHHOT0 BUPOOHHMITBA 0 SAKOCTi KOKCY. IX 3aCTOCYyBaHHs CIIPSMOBAHE HA BHUpIIIEHHS IBOX
KIIIOYOBHUX 3aBJaHb:

— OJIepKaHHS KOHIUIIIITHOTO KOKCY B yMOBaX IOCTYIOBOTO IMOTIPIICHHS SKOCTI BYTUIbHOI
CHPOBHMHH Ta 3MiH MapOYHOTO CKJIay LINXT;

— CTBOPEHHS €(PeKTUBHHUX TEXHOJIOTTYHMX MPUHOMIB BIUTUBY HA IIHUXTY 3 METOIO NOKpAIEHHS
SIKOCTI KIHIIEBOTO TIPOIYKTY.

OnHuM 13 HalleeKTHBHIIIMX HETEPMIYHMX CHOCOOIB TMiJBHUIICHHS KOKCIBHOCTI HIMXT i3
niasumeHuM (monan 50-60 %) BMICTOM C1a0OCHIKIMBOIO BYT'ULIS € YacTKOBE OpHKETyBaHHS i3
3aCTOCYBAaHHSM 3B’SI3yBaILHUX peUOBHH (Adelekeet al., 2022).

Ponp 3B’A3yl0YMX pPEYOBMH Yy TIPOLECI KOKCYBaHHS YacTKOBO OPHKETOBAHUX UIMXT.
KoxkcoximiuHa MPOMUCIIOBICTh Ma€ BETUKUH JIOCBiJ] y 3aCTOCYBaHHI OpraHiuHUX J100AaBOK JIO IIUXT
JUIsL KOKCYBaHHs. J{JIsl uX 11iJiell BUKOPUCTOBYIOTh PI3HOMAaHITHI PEUYOBMHHU, OTPUMaHI B MpoLecax
HaTOBOI Ta KOKCOXIMIYHOT MPOMHUCIIOBOCTI: Ma3yT, rac, OiTyMH, 3aJUIIKA BUCOKOTEMIIEPATypHUX
MpOIIEeCiB, KaM'THOBYTUIbHY CMOJY, I1€K, @ TAKOXX BIIXO/I1 BUPOOHUIITBA.

HIupoxuii acOpTUMEHT OpraHivYHMUX J100aBOK Ma€ pi3Hi arperaTHi CTaHu — TBEPAi, IUTACTUYHI
Ta pigunHi. Lle, y cBo0 uepry, BU3Haua€e 0COOJUBOCTI TEXHOJIOT1] IPUTOTYBaHHS OPUKETIB.

Haii0inbr yacTo a7 3B'13yBaHHS BUKOPUCTOBYIOTh HA()TOBI MPOAYKTH (BaXKKUH 3aJUIIOK Bij
nepepoOKH CMOJIMCTHX HAa(T), KaM'sTHOBYTUIbHY CMOJY, KaM'SHOBYT'UIBHUH TI€K, CIaHLEBl OITyMH,
CMOJIM HaIlIBKOKCYBaHHA Ta (ycH HamiBKOKCYBaHHs. bpukeTH, BUTOTOBJIEHI Ha OCHOBI
KaM'ssHOBYTJTHOT'O TIEKY, BIAPI3HAIOTHCS IMiIBUIIEHOIO TEPMOCTIHKICTIO.

3B’s3yI04i PEUYOBMHU TOBMHHI MaTH HE JMINE B'SOKydYi, ajge W CHikaiodl BIACTUBOCTI,
3a0e3neuyrouu NPy IbOMY: BUCOKUN BUXIJ 1 BUCOKY SIKICTh OPHKETIB, CTa0LIbHY poOOTY OpUKETHUX
arperaTiB Ta JOMOMDKHOTO OOJIaJHAHHS, OTPUMAHHA MIIIHOTO KOKCY, a TaKOX BiJCYTHICTh
HeOaxaHux MoOIYHMX e(deKTiB. BaXIMBUMHM BUMOTaMHM TaKOX € JOCTYIHICTb, €KOJOTIYHICTH 1
€KOHOMIUHICTh 3aCTOCOBYBAHUX MaTepiaiB.

Mexanism nii opraniuHux g06aBok, 3a ganuMmu Y XIHy, momsrae y 3cyBi peakiiid
TEPMOJIECTPYKIIiT B OiK BiTHOBIIOBAIBHUX MpoleciB. Lle Bene 10 3011bIIeHHS YTBOPEHHS PiAMHHUX
HEJIETKUX MPOAYKTIB ACCTPYKLIi, IO MiATBEPIKY€ETHCS 3HIKEHHSIM BMICTYy BOJHIO Ta METaHy B
rasax, 110 yTBOPIOIOTbCs IIpH TeMneparypax 1o 500°C.

SIK HACHIIOK, CIIOCTEPIraeThCcs 3MEHIICHHS YSBHOI B’SI3KOCTI IUIACTUYHOI MacH, 30UIbIIEHHS
TOBIIMHHM ITUIACTUYHOTO INAPy 1 PO3MIMPEHHS TEMIEPAaTYypHOTrO [iama3oHy IUIACTHYHOTO CTaHy
BYT1JLIS.

TakuM 4MHOM, 3aCTOCYBaHHS OpPraHiuHUX J100aBOK € OJJHUM 13 IEPCIEKTUBHUX HATIPSMKIB 151
MOKPAIIEHHS SIKOCTI KOKCY Ta PO3LIMPEHHs BYT'JIbHOI CHPOBHHHOI 0a3u.
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Marepiaan Ta metoan (Materials and Methods)

O6’exTOoM pociifpkeHHs Oyna BYyTibHAa IIUXTa, SKy OOpOOSUIM KpioreileM Ha OCHOBI
noJiiBiHIOBOro ciupTy. Kpiore:ni, HamoBHEeHI YaCTUHKAMH BYT1IbHOT IUXTH a0 caxi (d = 0-3 mm),
OJICPKYBaJH BBEICHHSM JPiOHOAMCIIEPCHOTO BYTUUIA y BOAHUN PO3YMH MOJIBIHIIOBOTO CHHPTY
(ITIBC) y xinbkocti 25-60 mac.%. [lonmampiie mpoBeAeHHS IMKIY 3aMOpPOKYBaHHSI—BiJTaBaHHS
3abe3neuyBaio (POpMYBaHHS CTPYKTYPOBAHUX KPIOTEIiB i3 pIBHOMIPHUM PO3IOAIJIOM HallOBHIOBaYa
B NOJIIMEpHiil MaTpuIli.

BceraHoBieHo, 10 ONTUMAIBHUN BMICT APIOHOAMCIIEPCHOTO BYTUUIA y CKIaai OpUKeTy
cTaHOBUTh He Ounbmie 60 %. 30imbplIeHHS HOro YacTKMU IMOHAJ 3a3HAa4eHE 3HAYCHHS CIPUYHHSIE
HETMOBHE MPOCOYYBAHHS YAaCTHHOK po3uMHOM modiBiHinoBoro cnupty (IIBC) Ta yTBOpeHHs
MDKYACTMHKOBUX IYCTOT. Y pe3yJbTaTi MiCis CYLIiHHS CHOCTEpIranocs 3HWKEHHS MIIIHOCTI 3pa3KiB
11X yacTKkoBe pylHYyBaHHs [Ayaaet al., 2025].

IMOBipHO, 3HIKEHHSI MIITHOCTI OPHUKETIB 32 MiABHUILEHOTO BMICTY IpiOHOIUCIIEPCHOTO BYTLIA
MIOB’s13aHE 3 OOMEKEHUM 3MOYYBAaHHSIM MOBEPXHI YACTUHOK MOJTIMEPHUM PO3UYMHOM Ta 3HWKECHHSIM
e(eKTUBHOCTI MIKYACTHHKOBOi anresii. Haminumok TBepHOro KOMIIOHEHTAa WPU3BOJIUTE JIO
(bopMyBaHHS MOPUCTOT CTPYKTYPH 3 HEJOCTATHBOIO KUIBKICTIO 3B’ SI3yBaJIbHOI (pa3H, 1110 HETaTHBHO
BIUIMBA€ HA OJTHOPIAHICTh Ta MEXaHIUHYy CTaOUIBHICTH cpopMOBaHOrO Matepiany. s 3amoliranus
IIOMY JOLUIBHO pPEryiroBaTH cmiBBinHOmeHHS Byruwis Ta IIBC 3 ypaxyBaHHSAM AMCIIEPCHOCTI
HAIOBHIOBaYa Ta B’A3KOCTI PO3YMHY 3B’ S3yBaJIbHOI pEUOBHHH.

PesyabTaTn (Results)

BaactuBocti noaisinisioporo cnupry (IIBC) i kpioreneii Ha iioro ocHoBi. Y naniit po6oti
K 3B’SI3yBaJibHy pPEYOBHMHY [UIS BHUTOTOBJICHHS BYTUIBHMX OpHKETIB  3alpOIOHOBAHO
BUKOpPUCTOBYBaTH Kpioremi mnouiBiHiioBoro crnupty (IIBC). IloniBiHIIOBUH CHHPT € IITYYHUM
KapOOJIAaHIIOTOBUM PETYJIIPHUM JIIHIHHUM TOJIMEPOM, SIKUH sBIsie c00010 MOJi-1-riapoKcieTninexn
3arajibHOl (hopMyIu:

— CH,—CH—

OH n’ (1)

®i3uko-ximiuHi BractuBocTi [IBC 3HaYHOIO MipoI0 3aeXaTh Bifl CIOCO0y HOro oep:KaHHS -
30KpeMa, BiJl yMOB MoJiMepu3alii MOJiBiHUIALETaTy Ta CTYNEHsS WOro OMMJICHHS. 3aJeKHO BiJ
mounekyspaoi macu (Bim 10000 mo 1000000) Ta BMICTY 3aJMIIKOBHX AaleTaTHUX TPYM, IO
3aJMIIAIOTBCS  TICHSA TiAPOJI3y TMOJIBiHUIANETAaTy, OTpUMYIOTh Kitbka wmapok [IBC, ki
BIJIPI3HAIOTHCS 32 PO3YMHHICTIO Y BOJI Ta B’ SI3KICTIO.

3a xiMHaTHOI TemnepaTypu O1au3pko 70 % TiIPOKCHIBHUX TPYI MONIMepy mnepeOyBaroTh y
3B’s3aHOMY cTaHi. IIpakTW4HO TOBHE pyHHYBaHHS BOJHEBHX 3B’SI3KIB CIIOCTEPIraeThCs NpHU
temnepatypi 6mu3pko 150 °C. 3aBasku HasSBHOCTI BEIHKOI KiJIBKOCTI riapokcuinbHux rpyn I1BC
po3uuHsieTbes numie B rapsdii Boai (80—100 °C) npu iHTEHCUBHOMY NepeMillyBaHHi npoTsarom 2—4
TOJIVH.

[oniBiHIMOBUI cUPT € TBEpAMM TNOJIMEpOM OUIOro Koibopy, Oe3 3amaxy 1 cMaky,
HeToKcMyHUM. [Ipu TepmooOpobmi B iHTepBani Ttemmnepatyp 80-225 °C BiH 37aTHUE 10
KpHUCTati3alii, J0CATaloud CTYNEHs KpUCTaTiYHOCTI 10 68 %. Maxkpomonekynu [IBC wmicTsitsb
omu3pko 1,0-2,5 % naHoK, IpUETHAHKX 32 THUIIOM «T'0JIOBA JI0 TOJIOBUY, 1 MAIOTh aTAKTUYHY OY/IOBY.
MexaHi4HI BJIaCTUBOCTI MOJIMEPY BU3HAYAIOTHCS MIKMOJIEKYJIAPHOIO B3a€MOIEIO T1APOKCHIBHUX
TpYI 1 3a5eXxarhb BiJ opieHTaii MakpoMonekyn (Bala-Litwiniak et al.,2019).

Ha cyyacHomy ertarii mpOMHCIOBUN CHHTE3 MOJIIBIHIJIOBOTO CIIUPTY 3A1HCHIOETHCS T1APOITI30M
noniBiHnanerary. [IBC € ogHUM 13 HAMMOMMPEHIIINX CHHTETUYHUX BOJIOPO3UNHHUX MTOJIIMEPIB, 110

96



Scientific and practical journal "Economics and technical engineering"

3aBJISIKU CBOIM (DI3MKO-XIMIYHHM BJIACTUBOCTSM HIMPOKO 3aCTOCOBYETHCS 5K 3B’ I3yBaJIbHA PEUOBHHA
B PI3HUX TEXHOJIOTIYHHX Mpoliecax, 30KpeMa y BUPOOHHUIITBI BYTUJIbHUX OpPHKETIB.

[Hupoxke 3acrocyBanHs nomieiHioBoro cnupty (IIBC) 3ymoBieHe moeqHaHHAM HOTO IIHHUX
BJIACTUBOCTEH: HETOKCUYHICTIO, PO3YMHHICTIO Y BOJI, CTIMKICTIO 10 Jii OpraHiYHUX PO3YMHHUKIB,
BHCOKOIO MIITHICTIO Ta 3/1aTHICTIO 10 YTBOPEHHS MIIHUX ILUTIBOK (Yankovych et al., 2025).

Boani pozunnu [IBC micns 3amopoxyBaHHS NpH Bix eMHUX Temrieparypax (Hmwkde 0 °C) i
MOJAJIBIIOTO BiATaBaHHs (POPMYIOTH NMPYXKHI MOJIMEpPHI MaTepiaiu - kpioreni (Rajput et al.,2022).

[Iporiec KpiOTPOIMHOTO TENEYyTBOPEHHS € OararoctaniiHuM. Ha mogaTkoBoMy eTtari moiiMep
PO3UMHSIOTh y PO3YMHHMKY, HaiyacTime y Boai abo aumermicyiabpokcuni. Ilicns onepikaHHS
OJTHOP1THOTO PO3YHMHY CHCTEMY YaCTKOBO 3aMOPOXKYIOTh 1| BATPUMYIOTH ITPOTATOM IIEBHOT'O Yacy pu
3ajaHiii HeraTHBHIM Temmeparypi. Kpucramizamis OCHOBHOI MacH pPO3YMHHHMKA € HEOOXiTHOIO
YMOBOIO 1151 pOpMyBaHHS T€TEPOr€HHOI CTPYKTYPH Tellio.

VY 3amopoXxeHOMy cTaHi cucteMa Ha0yBae ABO(A3HOI CTPYKTypu: ojHA (a3a CKIATAETHCS 3
MOJIIKPHUCTAIB 3aMEP3JIOT0 PO3YMHHUKA, 1HINA - 3 TOHKUX MPOIIAPKIB HE3aMep3JI01 PIIMHH, Y SKUX
KOHIICHTPYIOTBCSI TeIeyTBOPIOIOYi KOMITOHEHTH. [1i/1 yac po3MOpoKyBaHHS 111 AUISTHKH YTBOPIOIOTH
MOPHUCTY TMOJIIMEPHY MATPHULIIO, TIOPU SKOT 3aIIOBHIOIOTHCS] PO3TOIUIEHUM PO3UMHHUKOM 1 HA0yBalOTh
OKpyTJ101 OPMHM 3aBIISIKM CHJIaM MOBEPXHEBOTO HATATY (Hasan et al.,2025, Stauffer et al.,1992).

6
?
8
(a) (0) (B)
Pucynok 1. Cxema npouecy KpioTpOIHOro rejieyrBOpeHHs
a) BUXIJHA cucTeMa; 0) 3aMOpOKEeHa CUCTEMA; B) CHCTEMA TIICIIS BiITAalOBAHHS
1 — BHCOKOMOJIEKYJSipHAa TeleyTBOPIOIOYA BHUXIJHA PEYOBUHA; 2 — PO3UMHHUK; 3 —
HU3bKOMOJICKYJSIPHUI TelleyTBOPIOIOUMI BHXiJHA pPEYOBHMHA; 4 — TOJIKPUCTAIN 3aMep3JIoro

PO3UMHHMKA; 5 — He3aMep3Ia pinka Mikpodasa; 6 — rmoniMepHa ciTka Kpioreins; 7 — MaKponopH; 8 —
PO3YMHHUK, 10 PO3TaHYB

VY BuUnNajaky HEKOBaJCHTHUX ((pi3WYHMX) KPIOTEINiB MPOLEC IeleyTBOPEHHS BiOYBa€ThCS Mij
yac pO3MOPOXKYBAHHS 3aMOPOXKEHUX IMpernapariB. YMOBH KOXHOI CTafii, a TaKoXX BJIACTUBOCTI
KOHKPETHUX TMONEPEIHHUKIB, 3HAYHO BIUTUBAIOTh HA €(EKTUBHICTh YTBOPEHHS KPIOTPOMHOIO Telio,
1110, Y CBOIO Yepry, BU3HAYAE BIACTHUBOCTI Ta CTPYKTYPY OTPUMAHHUX KpioreJeBHX MaTepiajiBb.

®i3uK0-XIMIUHI Ta PEOJIOTIUHI XapaKTEPUCTUKH, & TAKOK MaKpO- 1 MIKpPOCTPYKTypa Kpiorelis
MOXYTh OYTH peryibOBaHi B IIMPOKOMY Jiama3oHi IIJISXOM BapilOBaHHS TaKUX MapaMeTpiB, SK
PEeXUM KpioreHHO1 00poOKH (Temreparypa Ta TPUBAIICTh 3aMOPOKYBaHHS, IIBUKICTh BiATaBaHHS,
KUTBKICTh LUKJIIB 3aMOPOKYBaHHA-PO3MOPOKYBAHHS TOIO), a TAKOX XapaKTEpUCTHKa MOJiMepy,
(MonekynsgpHa Maca, MOJICKYJISIPHO-MAcCOBHI pPO3MONLT, BMICT 3aJMIIKOBHX alETaTHUX TpYII,
TaKTOBHICTh 1 KOHIIEHTpallis) (Botha et al.,2021).

[lepma rimoTe3a IIOAO MEXaHI3My TelIEyTBOPEHHS IMOJIMEPHUX PO3YMHIB TOJArae y
MeXaHIYHUHN AeCTPYKLii MOJIMEPHUX JIAHIIIOT1B ITiJ] BIVIMBOM JAWHAMIYHUI HANPYTH, 1110 BAHUKAE IPU
KpHCTati3alii HU3bKOMOJEKYJSIPHOTO PO3YMHHHUKA. 3 CydacHOi Touli 30py, B po3uuHi [IBC npu
3aMOpO’KyBaHHI PO3BUBAIOTHCS MPOLIECH, IO CIIPUSIIOTH YTBOPEHHIO MaKpOPaIUKaIIiB MOJIIMeEpYy.

Temmeparypa 1uaBineHHs yTBOpeHUX KpioreniB nepesuirye 70 °C. MexaHi4HiI BIaCTUBOCTI
KpPIOCTPYKTYpaTiB iCTOTHO BiJIPI3HSIOTHCS BiJ] BIACTUBOCTEH BUXITHUX B'S3KOTEKYUYUX KOMITO3HIIIMH,
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1110 J103BOJIsSIE BUKOPUCTOBYBATHU NPY’KHI Kpioredi sk 3B'A3yl0unii MaTepian. BoHH € mepcrneKTuBHUM
MaTepialioM i OpUKeTYBaHHS JAPIOHOIMCIIEPCHUX YAaCTHHOK.

BBenenns moaudikatopiB 1 HAMOBHIOBAdYiB Yy BHUXIJHY IOJIMEPHY KOMIIO3UIIO (BOIHHIMA
po3uut [1BC) Moxe 3HaUYHO MOKpaIUTH (Hi3UKO-MEXaHIYHI Ta CMOXHBYI BIACTHBOCTI KIHIIEBOTO
MPOAYKTY.

Jlnst OpukeTyBaHHS MOXHa BHKopHcToBYBaTH [IBC 3 mMonekymnspHoro macoro Bix 50 000 mo
150 000. BcranoBneHo, IO Jisi YTBOPEHHS KpioreniB HEOOXiJHAa MiHIMalbHAa KOHIIEHTpALlis
nojiimMepy B po3unHi He MeHme 5 %. L{i gani cBig4are mpo Te, U0 y TaKUX PO3YMHAX BXKE ICHY€
CylTbHa (IyKTyaliliHa CiTKa 3 MeperuiyTaHuX MaKpOMOJEKYJSPHUX JIAHILIOTIB, HAsBHICTH SKOT
HiATBEPIKYEThCS TPOsiIBOM edekTy BaiiccenOepra, xapakTepHOro Uil HEHBIOTOHIBCHKHMX PiAMH
[Beavers et al.,1977]. Edexr Baiiccenbepra nonsrae B ToMy, 10 HEHbIOTOHIBChKA piAMHA (PO3YHH
MOJIIMEPiB) MiHIMAETHCS 1 KHAMOTYETBCS» HAa 00€PTOBHUI CTPHXKEHB 3aMiCTh TOTO, 11100 BIIKUIATHUCS
Ha30BHI. Lle BinOyBaeThcs yepe3 Te, 110 MOJIMEpHi JIAHIIOKKH 3aKPYUYIOThCSI HABKOJIO CTPUKHS,
CTBOPIOIOYHM HATAT, IKUU 3MYIITYy€ piAuHY migHiMatucs. Lle € HacmiakoM HOpMaJbHOTO HANPYKEHHS,
SIKe JIi€ K KUTbIIEBE HABKOJIO CTPHIKHS.

Hns orpumanHs kpioreniB BogHi po3uumHH [IBC pi3HHMX KOHIEHTpauiid 3aluBalOTh Y
IWITIHAPUYHI KOMIPKH Ta 3aMOPOXKYIOTh Iipu Temnepatypi minyc 20 °C npotsarom 24 ronuH, micis
YOro iX po3MOpOXKYIOTh 32 KIMHATHOIO TEMIIEPAaTypOI0. Y TBOPIOIOTHCS €IACTHYHI KaydyKOMOIiOH1
kpioreni) (Henning et al.,2017).

[Tpu BMicTi osiMepy HUX4YE S5 % 3 HBOTO MICHS UKy 3aMOPOXKYBaHH-BiITaBaHHS Kpioreni
HE YTBOPIOIOTHCS. 3 MPAKTUYHOT TOUKHU 30y, AJIs1 OTPUMAHHS KPiOTeliB IOLIIFHO BUKOPUCTOBYBATH
MiHIMaJIbHy KOHIICHTpPALil0 TOJIIBIHIJIOBOTO CIHUPTY, TOMY JJIsi OTPHUMAaHHS OpHKETIB JIOLIIBHO
BuKopuctoByBaTH 5-10 mac.% Bonnuii po3uun [IBC (Korol et al., 2025).

TexHosnoriuna cxema OTpuMaHHA OpuUKeTiB Oyna po3poOieHa Ha OCHOBI (Jindaporn et
al.,2015): nopomok [1BC po3unHsiay y BOAil, Jai 3MIIIyBajlu el pO34MH 3 TPOCOYEHUMH MacIoM
YaCTUHOK BYTUIBHOI IIMXTH Ta 3aBaHTAXyBaJIM B €MHOCTI NeBHOI Gopmu i 00'emy. Jlami o cymimn
BiOpalliiiHe yIIUIbHIOBAIHM Ta 3aMOPOKYBaJIM MPOTATOM 100H. Ilicis po3MopoxkyBaHHS OpUKETIB y
MPUPOJHUX YMOBAX IX CYIIMIIH.

ITpu TepMo0OpoOIIl OpuKeTiB BapitoBaiocs 2 pakTopu — TeMiepaTypa Ta TPUBAIICTh IPOIIECY.
VY psaal IOCHIKYBaHUX PEKUMIB TPOBOAMIOCA MiACYIIYBaHHA OTPHUMAaHUX OpUKETIB TpHU
temnepatypi 80-90 °C. MiuHicTh OpUKETIB OILIHIOBaJaCsl METOJOM PO3JaBIIIOBAHHS 13 KOHTPOJIEM
MaKCUMAaJIbHOTO 3YCWJUIS, SIK€ BUTpUMYye OpukerT. BH3HAYeHHS XapaKTEPUCTUK MILHOCTI
MIPOBOJIMIIOCS! TTICIISI OCTUTAHHS OPUKETIB 10 KIMHATHOI TeMIIEpaTypH.

Kokc Mae KamisipHO-TIOPUCTY CTPYKTYpYy, TOMY Miisi 3amoOiraHHs abcopOrii Boxu MHoro
YaCTUHKAMH iX TONEPEIHbO MPOCOYYBAJIM MOTTIMHAIBHUM KaM’ SHOBYTUIBHUM MAacjioM, a MOTIM
3MilTyBajH 3 BOAHUM po3unHoM [IBC.

OntumanbHUi BMICT ApiOHOro Byriuia y Opukery He Outbin 60 %, mpu Horo 30UIbIICHHI
CIIOCTEPIraeThCsl HEJOCTATHE MPOCOUYBaHHS YacTHHOK po3unHOoM [IBC i yTBOpeHHSI MyCTOT MiX
HUMH, TOMY Taki OpuKeTH micys cymiHHs po3cunanucsa. Ckinaa ta ¢pi3udHi BIACTUBOCTI OPUKETIB
npeacTaBieHi y Tadu. 3.

Ta6auus 3. Cxiag OpUKeTiB HA OCHOBI MOJIBIHIIOBOTO CIIUPTY

Ne Cxkuan OpukertiB, % Minnicts, MIla Kanopiiinicts,
IIBC Byrimns Bona Macio M I:x/kr
1 15,5 49,5 35 - 29,5 30,6
2 10,5 39,5 50 - 29,9 31,8
3 25,5 49,5 45 - 27,3 30,1
4 20,5 59,5 9,5 9,5 32,4 29,5
5 30,5 49,5 9,5 9,5 33,8 35,2

TexHonoriuna cxema OTpuMaHHA OpuUKeTiB Oyna po3poOineHa Ha OCHOBiI (Jindaporn et
al.,2015): nopomok [1BC po3unHsan y BOAiL, Jai 3MIIIyBalu el po34MH 3 IPOCOYEHUMH MacIOM
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YaCTUHKAMH BYTUIBHOT HIMXTH Ta 3aBaHTaKyBaJld B EMHOCTI eBHOT hopmu 1 00'emy. Jlai 110 cymim
BiOpaIiifHO YIIUTPHIOBAIM Ta 3aMOPOXKYBAIU MpoTAroM 1o0u. Ilicis po3MopoxyBaHHS OpUKETIB Y
MPUPOJHUX YMOBAX IX CYIIMIIH.

Bucnosku (Conclusions)

Po3yMiHHS OCHOBHUX NMPHHLUIIB OpUKETYBaHHS JO3BOJIsIE €(PEKTUBHO BUPILITYBATH 3aBJaHHS
1010 PO3IIMPEHHS 3aCTOCYBAHHS IIi€i TEXHOJOrII Ta ONTHUMI3alii BUKOpUCTaHHA ii mpoaykTiB. Le
Jla€ MOKJIMBICTh IPABUIBHO BU3HAUUTH MPIOPUTETH Ta aJaNTyBaTH METOIU BUPOOHUIITBA OPUKETIB
BIJITIOBITHO JI0 BUMOT CYy4YacHOT IPOMHMCIIOBOCTI, IO € BAXKJIMBUM JUISI TOCATHEHHS TOBTOCTPOKOBHUX
iIel pO3BUTKY IN100aTbHOT €eKOHOMIKH.

BpukeryBanHsi ApiOHOTO BYriUI 3 BUKOPUCTAHHSAM 3B’SA3YIOYOTO € MEPCHEKTUBHUM
HampsAMOM, IO MOTpedye MOJANBLIONO PO3BUTKY, OCOOJIMBO Yy CTBOPEHHI HOBHMX TEXHOJIOTIH
OpuKeTyBaHHS KOMOIHOBAaHUX CyMilllell eHepreTHUHUX MalMB 1 KOKCIBHOro Byriuwist. Lle mo3Bosnse
e(eKTUBHO BUKOPUCTOBYBATHU Pi3HI BUIH BYTUJUIA B KOKCOBOMY BUPOOHHUIITBI.

[lenerusariss kKaM'sHOTO BYTUUIS Tepel KOKCYBaHHSIM BIAKPHBAE HOBI MOXIWBOCTI st
3aCTOCYBaHHS HECIMIKAJIbHUX COPTIB BYTLLIS, 0 3HAYHO 3HWKYE BUTPATH HA KOKCOBE BUPOOHHUIITBO
Ta MiJBUIILYE HOTO e(hEeKTUBHICTD.

BpukeryBaHHs 103BOJIsIE 3a0€3MEUYUTH MaKCHMAaJbHMHA KOHTAaKT YaCTMHOK BYTULIA Ta iX
VIIIIBHEHHS, 110 301UIBIIyE OJHOpPA30BE 3aBAHTAKEHHS KOKCOBUX IIUHUX Kamep, MiJBUIIYE
MPOAYKTUBHICT MPOIECY KOKCYBAaHHS Ta MOKPAIy€ MEXaHIuHi BIaCTUBOCTI KOKCY.

MopenoBaHHsl TpOIECiB OpUKETyBaHHA Ha OCHOBI BIIXOJIB MOJITICTIEPCHUX KOKCOBUX
YaCTMHOK Ta KPIOTENiB IMOJIBIHUIALIETATy, & TAaKOX EKCIEPUMEHTaIbHI JAOCTIIKEHHS O3BOJUIH
PO3pOOUTH METOJTUKY CTBOPEHHS MIITHIX OPUKETIB 3 IpiOHOT0 KOKCY Ta BYT'UIbHUX BiIXOIB, a TAKOX
YTHUITI3AIi] 1HIIUX KOMITOHEHTIB 3 BiTHOBIFOBAILHUMU BIACTUBOCTSIMHU.

3anporoHoBaHe TEXHIYHE pIlIeHHs, sSKe Iepeadadyac BUKOPUCTAHHS BiIXOJIB BUPOOHHUIITBA
KOKCY, HE TIJIbKM JI03BOJISIE€ 3HIDKYBATH BUTPATH, aje W Ma€ MO3UTHBHUI BIUIUB Ha EKOJIOTIYHY
0e31meKy, 3MEHIIYIOYH BIIMB Ha HABKOJHIIIHE CEPEIOBHUIIIE.
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Abstract: The article analyzes the errors of digital measurement of speed
(DVS) of rotation of the electric drive shaft using the signal of the angle
sensor (AOS), which is part of the encoder, since in modern process
automation systems (AUS TP) two different measuring devices are
traditionally used to control the position and speed of rotation of the drive
motor shaft: an encoder and a tachogenerator. The aim of the work is to
develop an adaptive method for digital measurement of shaft rotation
speed with reduced methodological error based on the existing encoder.
The essence of the method is to count the number of pulses of a highly
stable clock generator (timer) during one signal period. The
methodological and dynamic components of the error are considered, their
analytical dependencies and the results of numerical modeling for low-
speed and high-speed mechanisms of metallurgical production are given.
A method for reducing methodological error by increasing the
measurement base is proposed and tested. The implementation of an
economical DCS system based on a 16-bit microcontroller is shown,
which provides a combination of position and speed measurement
functions in a single sensor and eliminates the need to use a
tachogenerator. The cost of the proposed solution is 6-7 times lower than
the cost of a traditional scheme using a tachogenerator, since the indicated
cost of the proposed solution is about 450 UAH (microcontroller and
minimal wiring), which is significantly lower than the cost of an industrial
tachogenerator (from 3000 UAH). The exclusion of the tachogenerator
also simplifies installation, reduces the dimensions of the control cabinet
and increases the reliability of the system by reducing the number of
components.

Keywords: encoder, sensor rotation angle, digital speed measurement,
methodical error, dynamic error, microcontroller, process control system.
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electric drive shaft using the signal of the angle sensor (AOS), which is part of the encoder, since in
modern process automation systems (AUS TP) two different measuring devices are traditionally used
to control the position and speed of rotation of the drive motor shaft: an encoder and a tachogenerator.
The aim of the work is to develop an adaptive method for digital measurement of shaft rotation speed
with reduced methodological error based on the existing encoder. The essence of the method is to
count the number of pulses of a highly stable clock generator (timer) during one signal period. The
methodological and dynamic components of the error are considered, their analytical dependencies
and the results of numerical modeling for low-speed and high-speed mechanisms of metallurgical
production are given. A method for reducing methodological error by increasing the measurement
base is proposed and tested. The implementation of an economical DCS system based on a 16-bit
microcontroller is shown, which provides a combination of position and speed measurement functions
in a single sensor and eliminates the need to use a tachogenerator. The cost of the proposed solution
is 6-7 times lower than the cost of a traditional scheme using a tachogenerator, since the indicated
cost of the proposed solution is about 450 UAH (microcontroller and minimal wiring), which is
significantly lower than the cost of an industrial tachogenerator (from 3000 UAH). The exclusion of
the tachogenerator also simplifies installation, reduces the dimensions of the control cabinet and
increases the reliability of the system by reducing the number of components.
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AHoOTalig: Y craTTi NpoBeJeHO aHali3 MoxXuOOoK nu¢ppoBoro BuMiproBaHHS ImBHAKocTi (LIBII)
oOepTaHHs Bajla eNeKTPONPHUBOJA 3a CHUTHAJIOM Aardyuka KyTa moBopoty (HKII), mo BXxoauTs 10
CKJIaJy €HKOJIepa, OCKIJIbKM B Cy4aCHHX CHCTEMaxX aBTOMaTH3alii TeXHoJoriyHux mnporeciB (ACY
TII) anst KOHTPOIIIO MOJIOKEHHS Ta MIBUIKOCTI 00epTaHHS Baly NPUBOJHOTO JABUTYHA TPAAULIHHO
3aCTOCOBYIOTBHCS JIBA Pi3HI BUMIPIOBAJIbHI MPUCTPOI: EHKOJAEP 1 TaxoreHeparop. Sk Mmery poboTH —
MIOCTABJICHO PO3pOOKa aJalTUBHOTO METOIY LIM(PPOBOro BUMIPIOBaHHS IIBUAKOCTI OOEpTaHHS Baly
31 3HI)KEHOI0 METOAMYHOIO MOXUOKOI0 Ha OCHOBI icHyrouoro enkozepa. CyTb MeTONy MOJSrae y
MipaxyHKy YHUClIa IMITYJbCIB BHCOKOCTaOIIBLHOTO TaKTOBOTO TeHeparopa (TaiiMepa) HpOTIroM
OJTHOTO TIepiojly CUTHaiy. PO3MIssHyTO METOIMYHY Ta AWHAMIYHY CKJIaJ0Bi MOXMOKH, HaBEJCHO X
AQHAIITUYHI 3QJIGKHOCTI Ta pE3yNbTaTd YHCEIHHOTO MOJETIOBAHHSA Ui THUXOXIIHUX Ta
IIBUJIKOXITHUX MEXaHI3MiB METaTypriiHOro BUPOOHUIITBA. 3alIPONOHOBAHO Ta alipOOOBAaHO METOJ
3HIDKEHHS METOJIMYHOI MOXHOKH IIIIXOM 30inmbIeHHs 0a3u BuMiproBaHHs. [lokazaHo peamizailiro
exoHoMiuHOi cuctemu [IBIII Ha ocHOBI 16-po3psaHOrO MIKPOKOHTpoJiepa, Mo 3abesmeuye
CYMIIIEHHS! (YHKLIA BUMIPIOBAHHS TOJOKEHHS Ta IMIBHJIKOCTI B €IMHOMY JaTYUKy Ta YCyBae
notpe0y BUKOPUCTAHHS TaxoTreHepaTopa. BapTicTh 3aniponoHOBaHOTO pillieHHS Y 6-7 pa3iB HUXKYa 3a
BapTICTh TPAAULINAHOI CXEMHU 13 3aCTOCYBAaHHSM TaxOI'€HEpaTopa, OCKIJIBKM BKa3aHa BapTICThb
3allpONOHOBAHOTO pillleHHS ckiaagae Omm3bko 450 TpH (MIKPOKOHTpoOJep Ta MiHIMaJIbHE
OOB'sI3yBaHH), 110 3HAYHO HMXKYE BAPTOCTI TaXOreHepaTopa MpOMHCIOBOTO BHKOHaHHS (Big 3000
rpH). BukimoueHHs TaxoreHepaTopa TaKoX CHPOILye MOHTaX, 3HWXKYE radapuT madu KepyBaHHS
Ta MABUIIYE HATIHHICTh CHCTEMH 33 PaXyHOK 3MEHIIIEHHS KUTHKOCTI KOMIIOHEHTIB.

KarouoBi cioBa: enkonep, garunk kyta nosopoty (JIKII), undposuit Bumip msuakocti (L{BIL),
METOAMYHA MMOXMOKa, IMHaMi4Ha TOXHOKa, MikpokoHTposiep, ACY TIL

Beryn (Introduction)

VY cywyacHHX cucTeMax aBToMaru3aiii TexHonorignux mpoueciB (ACY TII) mist KOHTPOIIO
MOJIOKEHHS Ta IIBUAKOCTI 00EpTaHHS Baly IPUBOAHOTO JBUTYHA TPAIUIIIIHO 3aCTOCOBYIOTHCS B
pi3H1 BUMIpIOBAJIbHI IPUCTPOI: €HKOAEP 1 Taxoreneparop (Anuchin, 2015; Babenko et al, 2002) Leit
miaxig 30UIbIIyE BapTICTh, CKIAAHICTh MOHTAXy Ta KUIBKICTh amapaTHUX MOAYJIIiB y Imadi
yTIpaBJIiHHS.

[TutanHs nMppOBOro BUMIPIOBAHHS HIBHAKOCTI 32 CUTHAJIaMU 1HKPEMEHTAIbHUX CHKOJEPIiB
posrasiganucs B pobotax (Konstruktyv ta zastosuvannia enkoderiv, 2025; Kosmodrom, 2025), npote
npobiema MiHIMI3alii METOAMYHOI MOXMOKH JUIsI BHCOKOIIBUAKICHHX pEXHMIB poOOTH
MPOMHUCIIOBUX MEXaHi3MiB 3aJIMIIA€ThCA HEIOCTaTHRO BUCBITIICHOIO. ICHYIOUI MeTOIM KOpEeKIIii
noxubok (Metodyka zmenshennia systematychnykh pokhybok vymiriuvan kutovoi shvydkosti
optychnym enkoderom, 2015; Usynin, 2004) BuMaraioTh yCKJIaJHEHHS anTOpUTMiB 00poOKH abo
3aCTOCYBAaHHS JOPOTUX BUCOKOPO3AITIBHUX €HKOAEPIB.
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BopHouac, BUMIpIOBaHHS IIBHUIKOCTI OOEpPTaHHS ENEKTPUYHHUX JBUTYHIB € KPUTHYHO
BXJIMBUM JUISI aHAITI3Y IXHIX pOOOYMX XapakTepucTuk (Shubenko & Braslavskyi, 1972)

AKTyallbHUM 3aBJIaHHSIM € PO3poOKa METOJIIB Ta 3aC00iB, L0 103BOJISIOTH BUKOPHCTOBYBAaTH
CUTHAJI ICHYIOYOTO €HKOJepa He TIJIbKU Ui BU3HAYEHHS IOJIOKEHHS, ane 1 JUIsi BUCOKOTOYHOTO
BUMIPIOBaHHA IIBUAKOCTI. Take cymimeHHs (yHKIIM BUMIPIOBaHHS TOJIOKEHHS Ta LIBUAKOCTI B
OJTHOMY JIaTUYMKY JIO3BOJISIE BIZIMOBHTHUCS BiJl TaXOT€HEpaTOpa, CIIPOCTHTU CUCTEMY Ta 3HU3UTH il
BapTicTh. OCHOBHUMU Tpobiemamu nipu peanizauii LIBIII € meroguuna Ta nuHamivyHa MOXUOKH,
aHaJI3 SKUX Ta METOJM 1X MiHIMI3allii € IpeAMETOM JaHOTO JOCIIIKEHHS.

Marepiaan Ta metoaun (Materials and Methods)

Po3pobka amanTUBHOrO MeTOAy IM(POBOrO BUMIPIOBAHHS MIBHIKOCTI OOEpTaHHA Bayly 3i
3HMKEHOI0 METOJMYHOI0 TMOXHOKOI0 Ha OCHOBI ICHYIOHUOTO €HKozepa, 3alesredye CyMIIICHHS
(GyHKLIH BUMIPIOBaHHS MOJOXEHHS 1 IBUKOCTI Y €IMHOMY JIaTYMKY, Ta HOTO peaiizauis Ha 0a3i
€KOHOMIYHOT'O MiKPOKOHTPOJIEPHOTO PillIEHHS.

PesyabTaTn (Results)

[Tpuniun poOOTH IHKPEMEHTAJILHOTO €HKOJEpa 3aCHOBAaHMW Ha TreHeparlil MOCHiJOBHOCTI
iMoynbeiB mpu  obepranHi Baja. KimbkicTe immynbciB Ha oauH o0epT (N) € KII0YOBOIO
XapaKTePUCTUKOIO JaTYHKA.

IBuakicTs oOepTaHHS BH3HAUYAETHCSA HUIIXOM BHMipioBaHHS mepiony (Ti) mpoxomkeHHs
imoynbeiB JIKIT. CyTe Meromy monArae y MigpaxyHKy YHCIA IMITYJIbCIB BHCOKOCTaOLILHOTO
TAaKTOBOTO TeHeparopa (Taiimepa) mpoTsiroM ofHoro nepiony curraimy JKII [6]. Skmo uvactoTta
taiimepa nopiHioe Fr [T'11], a uncio migpaxoBaHuxX imMmynbeiB 3a yac Ti TOpiBHIOE m, TO MeEpiox
immynbey JIKII cTanoBUTD:

Ti=m/Fr, [c] (1)
Tonai wactora obepTanHs Basry n [00/XB] BU3HAYAETHCS 32 TAKOKO (POPMYIIOLO:
n=60/(N - Ti)=(60 - Fr) /(N - m), [06/xB] (2)
ne N — kinbkicts immynbeiB JIKIT va ogun 06epT Bana [imMn/o00].
AHani3 METOTMYHOT TOXUOKHU
Sk moka3aHo Ha puc.l OCHOBHUM JIKEPEIOM METOAMYHOI TOXUOKH (Q) € AMCKPETHICTH BUMIPIOBAaHHS

yacy. OCKUIBKHM MMOYaTOK Ta KiHelb iHTepBasia BuMiptoBaHHs (Ti) He CHHXpPOHI30BaHI 3 TaKTaMu
TaiimMepa, abCOMI0THA TOXMOKA BUMIPIOBAHHS MEPioy CTAHOBUTH 1 iMITyJIbC TaliMepa

U
4 Ti OKN
ceccccccns AN
Tanmvep
>
ts t

Pucynoxk 1. [Tpuniun undpoBoro BUMiproBaHHS IIBHIKOCTI
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Ha puc.1 no3znaveHo:

Ti AKII - TtpuBamicts #oro immysbcy (TPHUBAIICTh IMIYJIbCY OOEpHEHO MpPOMOpIliiiHa
IIBUAKOCTI 0OepTaHHS BaJia),

t] — MPOMIXOK Yacy, 10 3yMOBJIIOE TOXHOKY BUMIpY.

TakuMm 9MHOM, BiIHOCHA METOIMYHA MOXHOKA BUMIPIOBAHHS MEPIOAy, a OTKE, 1 MIBUIKOCTI
BU3HAYACTHLCS SK:

5Q = (1/m) - 100%, (3)

3 ¢opmynu (3) BurumBae, mo noxuodka 0QQ 3pocrae 3i SMEHIIEHHSIM M, TOOTO 31 301UTbIICHHM
MIBUAKOCTI 00epTanHs (3MeHIeHHs M T1).].

ITig yac 3MiHM MBUAKOCTI oOepTaHHs (po3roHi abo rajapbMyBaHHI HpuBoxy) mepion Ti He €
MOCTIHHUM MPOTATOM Yacy BUMIpIOBAHHSI.

Ile mpu3BOAMTH 10 BUHUKHEHHS TUHAMIYHOI MOXuOku (S). BennunHa TuHAMIYHOT TOXUOKH
MIBUAKOCTI [00/XB] MOke OyTH OIliHeHA 32 POopMyII0oH0:

S=Ti-a, (4
1ie a — KyTOBe MPUCKOpeHHs mpuBoaa [06/xs/c], Ti — nepiox immynsey JIKII [c].

3 Bupasy (4) BUIHO, IO AWHAMIYHA MOXHOKA 3HMKYETHCS 31 3MEHIIeHHIM Tiepiony Ti, To6To
31 3pOCTaHHSIM HIBHJIKOCTI 00epTaHHs 1 KUIBKOCTI iMITyJIbCiB N Ha 00epT.

Ha puc.2 Ta puc.3 npeacrasieHi rpadiky 3MiHN BITHOCHOT MeTOAMYHOI Q (IUTpHUXOBa JIiHIA) Ta
OUHAMIYHOT S (IUTPUXITYHKTHPHA JIiHIs) TOXHMOOK BUMIPIOBAaHHS MOTOYHOTO 3HAYEHHS IIBUIKOCTI Ta
tpuBanocti (Ti) mepiomy mnpoxomkenHs curHany JKII (cymineHa miHIs) A7 TUXOXIIHUX Ta
MIBAJIKOX1JHUX MEXAHI3MIB.

B sxocTi mpukiaay 3a TUXOXITHI MEXaHI3MU NPUHMAEMO MEXaHi3MHU TOJIOBHOTO INPHBOIA
OJIOMIHTY, JIETIOUMX HOXHIIb Ta iH., B SKOCTI IIBUIKOXIAHUX — HATUCKHUM NPUCTPIN OIIOMIHTY,
BaJIKiB Oe3MepepBHO-3aroTiBEIbHUX, COPTOBHUX CTaHiB Ta iH. CuMBOJIOM N Ha pHCYHKaX MMO3HauY€HO
KiTbKicTh iMitynibciB JIKII Ha ogun #ioro oGepr.

Sk BuaHO 3 puc.2 Ta puc. 3 noxubka Q 30inbmIyeTses 31 3poctanHaM Kinbkocti AKII Ha onun
00epT, BiANOBIAHO, MPOMOPIIHHO 30UTBIIEHHIO MIBUAKOCTI 00epTaHHS (3MEHIIECHHS TPUBAJIOCTI
nepioay curnana JIKII). /lunamiuyHa moxuOka S 3MEHIIY€ETHCS 31 3pOCTAHHAM KIJIBKOCTI IMITYJIbCIB
JIKII Ha o6epr.

Hns rpadikiB puc.2 Tta 3 po3paxyHKOBI BUpPa3H s BHU3HAYEHHS MOTOYHOTO 3HAYCHHS
IIBUJIKOCTI (N) MarOTh BUTJIST

n =K/ (N-Ti), (5)
ne N — kinbKicTh iMmynsciB JKII Ha o6epr,
Ti — nepiof iMITyJIbCY B CEKYHIAaX

Jlnst po3paxyHKy S 3 Bupa3y (4) BeqnmuuHa NpucKopeHHs (yrnoBuibHEHHs) Oyna npuitHara 30
00/XB/ceK.

Haenemo npukinan BusHaueHHs BennunHu K 3a ymosw, mo N = 60. Tozai npu mBHAKOCTI, IO
nopiBHtoe 60 06/xB mepion Ti=1/60 = 0,01667 cex i K= 60 x 60 x 0,01667 = 60,012.

Bukonaemo nepeBipky BuzHaueHHs K mns mBungkocti 120 06/xB. ¥ npomy mnepiox Ti = 0,
00833cex i n = 60,012/60*0,00833 = 60, 012/0,4998 = 120,07 06/xB. BigHocHa moxuOka J
po3paxyHky & =7/120 = 0,058%.

Amnaniz puc.2 i 3 mokasye, mo nmoxuOky Q MOXHa 3MEHIIWTH, SKIIO, HANPUKIAA, IMicCIst
mBUAKOCTI ABUTyHA B 400 00/XB, MBUAKICTh BU3HAYATH HE 110 OJTHOMY, a 1O ABOX immyibcax JIKII.
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Bukonaemo mepeBipky 1poro mnpu gomymeHHsx N = 600 imn/o0, gacrora taiimepa 1MI1,
npuckopeHHs (ymoBinbHeHHs) 30 o00/xB/cek. PesynmpTatm po3paxyHkiB 3Benemo B Taou.l.
3a3HauMMo, 10, SK BUAHO 3 puc.2 Ta 3, OUHAMIYHA TOXMOKa S 31 3pOCTaHHSIM HIIBUAKOCTI

SMCHIIYETBHCA.

Ti, mxcex Q% Sabc

uooﬂ. o.:*
0.09

4800 | 0.

42000

3800 | 0.

3000 | 0.6
2400 | 0.

1200 j0. 24

400 10.12

200 [0.05

0.07
0.06
.04

0.03
0.01

>
800 1000

06/x8

Pucynok 2. 3anexnicts moxubox L[BII mist mBuakoxigaux MexanizmiB (N=60, N=600)

Ti. mrcex Q% Sabc

360| 0.11719.9

330/ 0.1

300( 0.09 | 2.4

240! 0.063/0.49

210 0.0SJO.ZS

180} 0.045{ 0.1
150} 0.034{0.5
120{ 0.022{0.25

60 | 0.0

30 | 0.0090.02

270L 0.081} 0.9

180.05

Pucynok 3. 3anexnicts moxu6ok LIBII mis tuxoxigaux mexanizmiB (N=60, N=600)
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Ta6auus 1. Pe3ynbraTti po3paxyHKiB BEIUYHH TOXHOOK

Ne  n, 00/xB Tii, Mxcek  Ti2, Mkcek  Q1,% Q2,%
1 2 3 4 5

1 200 500 - 0,5 -

2 400 250 500 0,4 0,2

3 600 166 332 0,6 0,3

4 800 125 250 0,8 0,4

5 1000 100 200 1,0 0,5

3rpad 415 Tadn.1 BuaHO, 1m0 noxubdka Q mpu BU3HAYEHHI MBHUIKOCTI IO TBOX MOCIITOBHHIX
immynbeax JIKII 3meHmryerscs B 1Ba paszu

Tabn.1 T — tpuBamicts oxuHoro immyibcy JIKII, Ti; — TpuBamicTh ABOX, MOCIIJOBHUX OJUH 32
omauM immynbeiB JAKIL, Q1,%, Q2,% - BenuumHa BiTHOCHOI MOXMOKH JJIsi MEPIIOTO 1 APYroro
croco0y BUMIpIOBaHb.

3anpornoHOBaHU METO/] I03BOJISIE B 2 pa3u 3HU3UTH METOJIUYHY MTOXUOKY B 00JIACTI BUCOKUX
mBuaKocTed. Ha nmpakruii 3naveHds K moxe OyTu afanTUBHO 301IBIICHO IS MIATPUMKH TOXHOKH
B 33JIaHUX MEXaX y BChOMY Jliara3oHi BUMIPIOBAHUX IIBUIKOCTEH.

Ha puc. 4 300pakeHi TexHiuHi 3acobu, HeoOxiani st [IBII 3a ymosw, mo JAKII po3mimennit
B eHkomepi. Jlnma peamizamii 3ampomonoBaHoro anroputmy LIBII mnotpi6bHO mnpuabatw,
3arporpamyBaTH MiKPOKOHTpPOJIEP Ta 3pOOUTH Ha TPAH3UCTOP1 IHBEPTOD.

B sKocTi  €KOHOMIYHOTO  pIlIEHHS TPOMOHYETHCS  BUKOPUCTAHHSA  16-pO3psiIHOTO
MmikpokoHTposepa ATmegal6-16AU (Uchytel et al., 2018). 1lina takoro koHtpoiepa — 444 rpH.
Horo TaxToBa uactota (16 MI'M) 3a6e3nedye MBHIKOMII0, JOCTATHIO I OOPOOKH IepepUBaHb i
BUKOHAHHS PO3paxyHKIB 3a 4ac, KWW CTaHOBWTH JIMIIE OJMHHII MIKPOCEKYH], IO Ha MOPSIKU
MmeHe nepiony curnany JIKIT HaBiTh Ha MaKCUMaIbHUX HMIBHIKOCTSX.

A B
JKIT I I

KOHTPOJIEP

Pucynoxk 4. Texuiuni 3aco0u Ju1st peasizanii 1u(poBOro BUMipIOBaHHS MIBUAKOCTI
A, B — noci1oBHICTh iMIyJbCiB, 3pylieHa Ha 90 rpanycis,

curHaiu A, B ta | HagxoasaTh Ha BXO/IM NepEepUBaAHHS

JKII — naT4uk KyTa MOBOPOTY, pO3MIilllEHUI B €HKOAEPi

I — imBepToOp, I1 — npuitmau iHpOpMaLii Ipo MBUAKICTH

I1IK — mmociigoBHAN KaHaT

Bapricte 3anmpomnoHoBaHOro pimeHHs ckiagae Omu3pko 450 TpH (MIKPOKOHTpOJEp Ta
MiHIMaJIbHE 00B'SI3yBaHHS), 1110 3HAYHO HMXKYE BAPTOCTI TaXOr'€HEPaTopa MPOMHUCIOBOTO BUKOHAHHS
(Bix 3000 rpH). BukiaroueHHs TaxoreHepaTopa TaKOX CIPOIIY€e€ MOHTaX, 3HM)KYE radaputu madu
KepyBaHHS Ta i IBUIILY€E HATIHICTh CUCTEMH 33 paXyHOK 3MEHIICHHS KITBKOCTI KOMIIOHEHTIB. Y pasi
MacoBOTO BITPOBAKEHHsI PO3PaxXyHKOBUH eKOHOMIYHMH edekT craHoBuTh 10 2500 rpH Ha OAMH
MIPUBOJI.

AnanTuBHHI aJropuT™M HUGPOBOro BUMIpIOBAHHA MIBUIKOCTI

[IpakTryHa peanizallis 3alpONOHOBAHOIO METOAY 3HM)KEHHS METOIAMYHOI MOXMOKH BUMAarae
PO3pOOKH aJanTUBHOTO aNTOPUTMY, KM aBTOMATUYHO 3MiHIO€ 0a3y BUMIPIOBAHHS 3aJISKHO Bij
MOTOYHOI MBUAKOCTI o0epTanns (Zou & Zhang, (2020).
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IpuHIUN aganTUBHOCTI

Ki1040B010 0COOIUBICTIO pO3pOOICHOTO aIrOPUTMY € aBTOMAaTHYHA 3MiHA 0a31 BUMIpPIOBaHHS
JUTS T ATPUMAHHS TIOXHMOKH B 3aJIaHUX MEKax y BChOMY Jiama3oHi mBuakocteil. [Ipu nepeBurieHHi
IIBUKICTIO TIEBHOTO MOPOTOBOTO 3HadeHHs (Hampukiaa, 400 o0/XB /Ui THXOXITHUX MEXaHI3MiB)
QITOPUTM AaBTOMATHYHO TEPEXOAUTh BiJl BUMIPIOBAHHS 3a OAMH IepioA 10 BuMiptoBaHHs 3a K
nociinoBHuX nepioaiB curnany JIKII, mo 3umxye Mmetoauuny nmoxuoky B K pasis.

CrpykTypa ajJropurmy

Ha puc. 5 npexncraBnena Omnok-cxema amantuBHoro anroputmy LIBII, ne Bukopucrani
HACTYIHI MO3HAYCHHS:
CII — curHan nepepuBaHHs, 110 TEHEPYETHCS NMPU BUSABJICHHI MEPEIHHOIO (POHTY CUTHATY
eHKO/JIepa;
IT — 03HaKa akKTUBHOTO PEKUMY BUMIpIOBAHHS;
JI1 — MYUIBHUK TPUBAIOCTI MEPioAy (3aMOBHIOETHCS IMITyIbcaMu 3 yacToToo 1 MI'n);
0. — pericTp i 30epiranHs BUMIpSHOI TPUBAJIOCTI MEPioy;
JI2 — niuyunbHuK KiabKocTi iMmynbeiB JIKIT y moToyHOMY UK BUMipIOBAHHS,
N — KoHCTaHTa, 10 BU3HAYA€ KUTbKIiCTh iMmmynbeiB JIKII Ha onun o6epr.

CI1
1
TaK
Hi
2
1 -1I1
Jlo3Biix
IIiapaxyHKY
Buruxisa
3
SadoopoHa
jusl AXVHIK
4
JI1 — o
1-J12, O- 11
s
Jlo3zBeiix
ITIOaOpaXyYHKY
6

Po3szpaXyHOK

Oo- JI12
Jlauai aa
1H ITHMKAILIFO

l Buaxisa
PucyHnok 5. biok-cxema alanTUBHOTO aJTOpUTMY IIU(PPOBOTO BUMIPIOBAHHS IIBUKOCTI

Onuc podoru aaropurmy
AJNTOPUTM IpaLIO€ 32 HACTYITHOIO CXEMOIO:
Omnepatop OII1 nepeipsie cran o3Haku 11 1151 BU3HAYEHHS aKTUBHOCTI MTPOIIECY BUMIPIOBaHHS.
Omneparop OII2 akTHBYe peXUM BUMIPIOBaHHS: BCTaHOBIIOE€ o3Haky Il = 1 Ta mo3Bomse
mipaxyHOK IMIYJIbCIB TaiiMepa B TUUIbHUKY JI1.
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Omnepatop OII3 3ynuHsie miapaxyHOK iMIYJIbCIB MPH HAIXOJKEHHI HACTYIHOTO IEPEeIHBOTO
¢ponty curnamy JIKII.

Omnepatop OI14 BukoHye Tpu aii: nepeHocuTh BMicT JI1 10 pericTpa o, IHKpeMEHTY€E JTIYMIbHUK
JI2, o6nynse o3naky I 1y moyaTky HOBOTO LIUKITY.

Omneparop OII6 po3paxoBye TMOTOYHE 3HAYCHHS IIBHIKOCTI 3a ¢opmynow (2a),
BUKOPUCTOBYIOUH BUMIPSHUH 1epiof] 3 pericTpa .

Omneparop OII8 mepeBipsie, un nocsSTHyTa HeoOXimHa Oa3a BuMipioBanHs (K mepioniB), Ta
npuiiMae pileHHs Mpo 3aBEPLICHHS UKy a00 MPOJOBKEHHS HAKOIUYCHHS JaHUX.

AnanTuBHHUI BHOIp 0231 BUMIPIOBAHHA

Jnst 3a0e3nedeHHs CTaOUIbHOT NMOXMOKM B YChOMY Jiama3oHi IIBHJIKOCTEH alrOpUTM
BUKOpUCTOBYE nuHamiunuii mapamerp K -- kimbkicts mepioniB JIKII mns ognoro Bumipy. Ilpu
HU3BKUX IIBUAKOCTAX (10 moporoBoro 3HadyeHHs) K = 1, mo 3abe3neuye MiHIManbHy TUHAMIYHY
noxuOky. [Ipu niBUIIIEHH] IBUKOCTI MOHAJT TOPOTOBE 3HaYeHHs K aBTOMAaTHYHO 301IbIIY€THCS 10
2 abo Oinblie, M0 3MEHIIYE METOANYHY MOXHOKY mponopiiitHo K.

Pesynbratn Bepudikaiii anroputMmy, HaBeneHi B TaOm. 1, miATBEpIXKYyIOTh €(pEKTHUBHICTDH
aIaNTUBHOTO MiTXOAy: MPU BUMipIOBaHHI 3a aBa mociuigoBHi immynben JKIT (K = 2) metonuuna
noxuOKa 3HWKYEThCS BJBIYI MOPIBHAHO 3 TpaauuiiHum meronom (K =1).

O0uncII0BaJIbHA CKJIATHICTH

3anporoHOBaHM aJIrOPUTM XapaKTEPHU3YEThCS HU3BKOIO OOYHMCIIIOBAJIBHOIO CKJIAIHICTIO,

OCKIUJIbKM OCHOBHI orieparii 3BOJsThCs J0:

- MiJpaxyHKy IMIyJIbCiB (amapaTHa QyHKIIiS Taiimepa);

- OJIHOTO JIJIEHHS JUISl PO3paxyHKyY MIBUIKOCTI 3a (hopmyIoro (5);

- mopiBHsAHHS 1 niepeBipku ymoB OIT1 ta OIIS.
Yac BUKOHAHHS IPOTPAMHOTO LUKITY Ha 16-po3psAHOMY MIKPOKOHTPOJIEPI 3 TAKTOBOIO YacTOTOIO 16
MI'11 cTaHOBUTH OAMHUII MIKPOCEKYH/I, 1110 Ha TPH MOPSIKU MEHIIIE MiHIMAJIbHOTO MEPioAy CUTHATY
JKII HaBiTh IpU MaKCUMaJIbHUX IIBUAKOCTSIX OOCPTaHHS.

Takum uYnMHOM, pO3pOOJIEHMH aAZANTUBHUM anroputM 3ale3nedye BHUCOKY TOYHICTb
BUMIPIOBaHHS HIBHJIKOCTI 00€pPTaHHS B MIMPOKOMY Jiara3oHi Npy MiHIMAJIbHUX OOYHCITIOBAIBHUX
BUTpaTax, 110 poOUTh HOro MpUIATHUM s peaiizalii Ha €KOHOMIYHMX MiKpPOKOHTPOJEPHHUX
atopmax.

Bucnosku (Conclusions)

1. TlpoBengeHo nmeTanbHHMIA aHaNI3 JHKEpen MOXWOOK (METOAWYHOI Ta AWHAMIYHOI) TpH
U(ppPOBOMY BHMIpi MIBUAKOCTI OOEpTaHHS Baly 3a CUTHAJIOM eHkojepa. OTpuMaHO
aHanmitugHi Bupasu (3) ta (4) mist X OLiHKH.

2. MeTonoM MaTeMaTHYHOTO MOJETIOBAHHS JTOBEJEHO, IO JJIs TUXOXiIHUX MeXaHi3MiB (n <
100 006/xB) mepeBakHOIO € JAMHAMiYHA MOXUOKa, a as mBUAKOXigHUX (n > 100 06/xB) —
METOAMYHA.

3. 3ampornoHoBaHO Ta BepH(]PiKOBaHO po3paxyHKaMu e(EeKTUBHHIA METO]I 3SHHKEHHS METOIUYHOT
NOXMOKM B Jlama3oHi BHUCOKHX IIBHJIKOCTEH NUISAXOM aJalNTHBHOTO 30UIbIICHHS 0a3u
BuUMipioBaHHs (BukopuctanHa K mocminoBaux mepionis immynsciB JKII). Pesynbratamu
PO3paxyHKiB MiATBEPHKEHO 3HIKEHHS MoxuOku B K pasis.

4. PozpobiieHa Ta OOrpyHTOBaHa €KOHOMIYHA amaparHa peamizamis cucremu LIBII na 6a3i
MikpokoHTposiepa ATmegal6, mo 3abe3neuye moeqHaHHA (YHKUIH BHUMIpIOBaHHA
MIOJIOKEHHS Ta IIBUIKOCTI B €IMHOMY €HKOJEp1 IO Ja€ 3MOTy BHIIYYHUTH TaxoreHepaTop 3i
CXEMH KOHTpOJI0. PO3paxyHKOBHI eKOHOMIUHUI epekT cTaHoBUTH a0 2500 rpH Ha OAMH
MPUBOJ, IO 33 MAaCOBOI'O BIPOBA/DKEHHs 3a0e3leuye 3HaYyHe 3HMWKECHHS BapTOCTI CHUCTEM
aBTOMAaTH3allii.
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5. Po3pobneHo aganTuBHUEN anropuT™ MU(POBOro BUMIpPIOBaHHS IIBUKOCTI 3 aBTOMAaTHYHUM
BuOopoM Oasu BumiproBanHs (mapamerp K), mo 3abe3nedye crabinbHy TOXHUOKY B YCHOMY
Jiana30Hi MBUIKOCTEH MPU MiHIMAILHUX OOYHCITIOBAIbHIX BUTPATAX.

OTtpumani pe3yJabTaTd MOXKYTh OyTH BUKOPUCTaHI IIPH MPOEKTYBAHHI Ta MOJIEPHI3aLlii CUCTEM
KepyBaHHS €JIEKTPONPUBOIAMH Y METAIYPrii Ta iHIIUX Taly3sX IPOMHUCIOBOCTI.
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