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Juceprariisi cipsiMoBaHa Ha BUPIIIEHHS BaXKIMBUX HAYKOBO-TEXHIYHUX 3a7a4
MJBUIIEHHS €(PEKTUBHOCTI POOOTH TMeYeil 3 eIEKTPOTEPMIYHUM KUIUITYUM IIapOM
(EKI) Tta 3MeHIIEHHS BUKHJIB NAapHUKOBHX Ta3iB y BHCOKOTEMIEPATYPHUX
XIMIYHHUX TE€XHOJIOTISX IUISIXOM 3aMiHM BUKOITHOTO TAaJIMBa HA €JIEKTPUYHY €HEPTIIO.

[TocTaBneHi 3a1aul BUPILIEH] IIISXOM €KCIIEPUMEHTAIBHUX Ta TEOPETUUYHUX
JTOCHIIKeHB T1APOANHAMIKY Ta TerjioMacooOMiHy y nedax 3 EKIII.

VY nepuiomy po3/iii Ha OCHOBI aHali3y 1H(POPMAIIHHUX JIKEPEIT I0BEJEHO, 1110
OCHOBHUM HAIlpSIMKOM MOJIEpHI3alllii MPOMHUCIOBOCTI € TMepexiJ A0 3€JIeHOl
€KOHOMIKHM Ta 3aMIHAa BMKOITHOTO MajvBa Ha 3€JE€HY Ta AJIEpHY E€JEKTPOCHEPrito 1
BOJHEBE NauBO. Lle B mepiry 4epry CToCy€eThCsl BUCOKOTEMIIEPATYPHUX MPOIIECIB Y
XIMIYHIA Ta MeTanypridHid ramy3i. OIHUM 3 TEpPCHEKTUBHUX HAMNPSMKIB L€l
MOJIEpHI3allli € BHUKOPUCTaHHS E€JIEKTPOTEPMIYHOTO KHUIUISYOrO IIapy, B SKOMY
BUJIIJICHHST TEIUIOBOI €Heprii BiAOyBaeThCs O€3MOCepenHbo y 00’emi Mmiapy, e
B1J1I0yBa€ThCA TEXHOJOTTYHUHN TTPOLIEC.

MeToro BUKOPUCTaHHS €JIEKTPOTEPMIYHOIO KHUIUIAYOTO IIapy € 3aMiHa
BUKOITHOTO MaJIMBa y MpoIecax KaTaTiTHYHOT KOHBEPCIi Ta MipoIi3y IPUPOIHOTO razy
3 MeTor0 oTpumaHHs Oipto3oBoro BoaHto. Came EKII no3BonuTh MacmTabyBary 11
IpOLECH MTPU BUKOPUCTaHHI eJleKTpoeHeprii. OHaK ISl HIMPOKO BIPOBAKEHHS IIUX

TEXHOJIOT1H HeOOX1IHO OTPUMAHHS HAJIMHUX JaHUX II0J0 BUKOPUCTAHHS OIHAPHUX



cymimieit karajizaropiB Ta ejekrpornpoBigHux 4dactok y EKIII, mo mo3BonuTh
BU3HAYUTH OCHOBHI €JIEKTPHYHI XapaKTEPUCTHKHU IIapy Ta MapaMeTpu poOOovoro
npocTopy oOaHaHHS.

[lepcrieKTUBHUM HAINPSMKOM 3HUKEHHSI €HEPTOBUTPAT 1 HIKIJIJIMBOTO BILIUBY
Ha HaBKoJUIIHE cepenoBuine € BukopuctanHs EKII nns tepmiuHoro padinyBaHHsS
IPUPOTHOTO TpadiTy Ta OTPUMAHHS IITYYHOTO TpadiTy aHOIHOI SIKOCTI 3 BMICTOM
Bymrenio 99,95%. CtBopeHHsT eheKTUBHUX arperaTiB Jyisl peajizamii mux IporeciB
noTpeOyoTh BHU3HAYEHHS TEXHOJOTIYHUX MapaMeTpiB TEPMIYHOI OOpOOKH 3
ypaxyBanHsM ocoonmuBocteit EKIII: mokoBuii HarpiB 4acTOK Marepiaiy, OOMexeHu!
TEpMIH BUTPUMKH. JlJI1 BH3HAUEHHA LMX NapaMeTpiB Ta YTOYHEHHS NPOLIECIB
padinyBanHs  Ta  rpaditamii = HEOOXITHO CTBOPEHHSI  JIabDOpaTOpHUX
BHUCOKOTEMIIEpaTypHUX IeYeH, 1110 BIAMOBIal0Th yMoBaM HarpiBy y EKIII.

EdexruBnicte Bukopuctanns EKII s padinyBanHa 1 rpaditarmii
BYIJICLIEBUX MarepiajiB 00yMOBIIOETHCS MOMIIMBICTIO TEPMIUYHOT 0OPOOKH YaCTOK 3
rpaHyJIOMEeTpUYHUM cKiiagoM MeHIT 200 MKM, T0JIS KX Y CHPOBHUHI CKJIaae OLIbIIn
Hix 50-70%. Lle m103BOMUTH 3HAYHO PO3MIMPUTH MOXKIUBICTH BripoBakeHHs EKII y
npomMucioBicTe. Tomy 3aBmanns pociimkenHs EKI mis wacTox manux po3MipiB €
aKTyaJbHUM 3aBJIaHHSM.

Po3Butok BucokoTemmepaTypHux mporeciB  (2500-3000°C) y EKII
MOB'sI3aHUM 3 HEOOX1HICTIO BUKOPUCTAHHS BEJIMKOI KIJTBKOCTI €JIEKTPOCHEPrii, 110
MPUBOIUTH JI0 3POCTAaHHS EKCIUTyaTal[iiHUX Ta KaIliTAIbHUX BHUTPAT 1 3HUKCHHS
koHKypeHToctpoMoxkHocTi EKIIl TexHomorii. 3HM)KEHHS BHTpaT MOXIHMBO 32
paxyHOK BHUKOPWCTaHHS BTOPMHHUX TEIJIOBHX €HEPrOpecypciB i, B MEPIIy Uepry,
TEIUIOTH TOTOBOrO NpoaykTy. Bimomi cxemm ytwmizaunii BEP wmatoTh HHU3BKY
e(heKTUBHICTD Ta 3HAYHI KalliTallbHI 1 eKCTUTyaTarliitHi BuTparu. ToMy omHi€ro 3 3a1a4
poboTu € po3poOka eekTHBHOI cxeMu yTuiizallii TertoBux BEP B mewax EKIII.

B mpomeci CcTBOpeHHS HOBUX TEXHOJOTIH Ta IX BIPOBAHKCHHS Y
IPOMHUCIIOBICTh MOTPIOEH aHadi3 iX BIUIMBY Ha HAaBKOJMIIHE CEPEJOBHUIIE Ta iX

NOPIBHSHHS 3 KOHKYPYIOUMMH TEXHOJOTIYHUMHU MPOLECAMH 3 BUKOPHUCTAHHIM



nigxonaiB Life Cycle Assessment, B ToMy 4UCJI1 i1 OLIIHKA BUKU/IIB TAPHUKOBUX ra3iB.
OTxe A5 PO3BUTKY BHCOKOTEMIIEpATypHOI TEXHOJOTIT padiHyBaHHS MPUPOIHOTO
rpadity Ta orpuManHs mry4dHoro rpadity y EKII HeoOXigHO mpoBeaeHHS OIIHKU
€KOJIOTTYHUX MOKA3HUKIB I[LOTO MPOIIECY.

VY napyromy po3auii Ha OCHOBI aHaTi3y PO3MOILITY TEMIIEpATyp y BYIJIEIIEBUX
KOMIIO3UTaX MaJioi TYCTUHM Ta MareéMaTUYHOTO MOJEIIOBAHHA PO3MOALTY
TeMIeparyp y KamepHiii BucokoremnepatypHiii medi (3000°C) po3pobieno ii
IHHOBAIlITHY KOHCTPYKIIIIO, IO 3a0e3Medy€e MOJCTIOBAHHS TepMIdHOI 0OpOOKH y
EKIII 3 mBuakictio HarpiBy He MeHIn 1000°C/xB, Ta eKCriepuMEHTaIbHO BU3HAYEHO
PEXKUMHY KapTy Ha OCHOBI BUKOPUCTAHHS «CBIJIKIBY.

3a 10mOMOTr010 1HHOBALITHOT KaMEPHOI 1€l BIIepIlie MPOBEAECHO JOCIKEHHS
rpaditamii aHTparuTy JIOHENBKOrO BYTUILHOTO OaceiHy TiJ Yac MIOKOBOTO
HarpiBaHHs, XapakTEpHOIO JUIsl TEPMIYHOTO OOpOOJEeHHA B  Me4yax 3
CJIEKTPOTEPMIYHUM KHUIUITYUM I1apoM. BcTaHOBIEHO, 1110 TOTEpeIHsT KaIbIIMHAIIIS
anTpauuty 3a remneparypu 1000-1100°C He BruiMBae Ha 3MIHY HOro CTPYKTYpH M1
gac TepMidHOi 00poOkH. JlochiKeHHs BIUTMBY TPUBAJIOCTI BUTPUMKH aHTPAIUTY B
mianazoni temmeparyp 1500-3000°C  ganu  3Mory  BU3HAYUTH  KIHETUYHI
XapakTepUCTUKU  mpolecy rpaditamii miJ Yac [IOKOBOTO  HarpiBaHHS:
eKCIIOHEeHIIambHul  KoediienT A=1,79, ysaBHa enepris aktuamii E,=103.85
KJI>K/MOJIb.

Ha ocHOB1 oTprMaHuX AaHUX BHU3Ha4eHO napamerpu podotu neui EKII, mio
3a0e3MeunTh CTYIIHb TpadiTarllii, XapakTepHy JUIsl IITYYHOTO TpadiTy TpaguiiiiHux
mapok (DOG > 93%): TpuBanicTb BUTpUMKH T = 55-60 XB Ta TeMIiepaTypH HarpiBy
3000°C.

Brnepie excriepuMeHTanbHO JAOCIIHKEHO Tpotiec padiHyBaHHS TPUPOTHOTO
rpadiTy B yMOBax NIOKOBOTO HarpiBaHHs, XapakrepHoro s nedeit 3 EKIII.
OcHoBHUMU (haKTOpaMH, IO BU3HAYAIOTH SAKICTh TOTOBOTO MPOIYKTY, € TEMIIepaTypa
00poOKM, mepenag TEMIEpaTyp Y peakTopi, BHUJAJEHHS TapiB MIHEpPaJIbHOI

CKJIaJIOBOI MPEKYPCOPIB.



SIKicTh TOTOBOTO MPOAYKTY 3a0€3Meuy€eThCs BUAATCHHIM HE TUIbKM OCHOBHHX
3onoBux eneMeHTiB Si, Fl, Fe, Mg, a i1 okcuaiB merainiB 3 MamuM BmictoM Ti, W, V.
Came ixHIM BMICT y TpeKypcopi Bu3Hadae mapamerpu poooru medeit EKII, mio
3a0e3neuath BMICT ByIUIeIio He MeHIT 99,95%: Temneparypa o6pooku 2800-3000°C,
Tepmid 06poOku 5-10 xB.

Bnepmie, Ha ocHOBI aHami3y (i3UKO-XIMIYHUX MPOLECIB MPU TEPMIYHOMY
padiHyBaHHI BYIVICIIEBUX MarepiamiB copMyTpOBaHI BHMOTH JO peaisariii
NepioANYHOrO Y Oe3MepepBHOTO MPOIIECY Y BUCOKOTEMITepaTypHux nevax. [Iporec
padiHyBaHHS MPEACTaBIIg€ COO0I0 BUX1J HA MOBEPXHIO YACTUHOK PO3IUIABIB IXHBOI
MiHEpaJIbHOI YaCTHHM, 110 MPU3BOAUTH JO arjioMepallii 4acCTOK Ta HEMOXJIMBOCTI
HNepeMilieHHsl iX OIbHOrO IIapy. Y 3B'SI3KY 3 I[IMM MOXJIIMBA peai3allis
NEePIOAUYHOrO Tporecy padiHyBaHHsS 13 30BHIIIHIM 00IrpiBoM abo HarpiBaHHS
BYIIICLIEBOTO MaTepially B KOHTEMHEpax, o MepeMillyroThes. Peanizanis BCiX BUMOT
70 Oe3nepepBHOTO TEPMIYHOTO OYHUIICHHS BYIVICIIEBUX MarepiaiiB (pIBHOMIpHE
HarpiBaHHs MPEKYpPCOpPY, BUJIAJICHHS BO3TOHIB 3 po0O04Y0i KaMepu Oe3 MOBTOPHOI
KOHJICHCAIII1) XapaKTepHa JJIsl PEaKTOPIB 3 €NEKTPOTEPMIYHUM KUIUISTYUM IIAPOM.

VY TpeThoMy po3/iTi HABEACHO PE3yJIbTaTH €KCIIEPUMEHTATBHUX TO0CIKCHb:
0COOMBOCTEN PO3MOALTY €JIEKTPUYHOI MPOBIJIHOCTI KHUIUIAYOTO IAPY YacTOK
rpadiTy 1Mo BUCOTI MIAPy; BU3HAYECHHS MOXKJIMBOCTEH BUKOPUCTAHHS MajuX (Ppakiiit
rpadity mis tepmiuHoi 00poOku y EKII; Bu3HaueHHS 3aKOHOMIPHOCTEW 3MIHU
€JIEKTPUYHOI MPOBIAHOCTI OlHapHUX cymimied rpadity Ta Kartamizaropy. s
BUPIIIEHHST [HMX 3a7ad OyJ0 CTBOpPEHO 4 eKCIepUMEHTalIbHI YCTaHOBKH 3
EJIEKTPOTEPMIYHUM KHUILITUUM Iapom. JIBi Bucokotemneparypui 800-1200°C, nBi
XOJIOTHI MOJIETI.

Bnepmie, mnpu wHarpiBi y EKII ekcniepuMeHTanbHO MATBEPIKEHO
HEPIBHOMIPHUM PO3MOALT €JIEKTPUYHOTO OIMOpY IO BHCOTI KHUIUISTYOTO LIapy.
Benuunna mutomMoro omopy MiABUIIyETECS TO Mipi 3aHYpeHHsS Yy Imap 3 HOro
noBepxHi. HepiBHOMIPHICTh MUTOMOTO OMOPY MO BHUCOTI IIAPy 3MEHIIYETHCA 3

NiBUILIEHHSAM TeMiiepaTypu. Ha 0CHOBI MareMaTHnyHOro MOJAEIOBaHHS BU3HAYEHO



nepenaja TeMIeparyp Mo BHCOTI IIapy, KU MOB'S3aHUN 3 PI3HUIECIO Yy PO3MOILII
MOTYKHOCT1 1 HEPIBHOMIPHICTIO €JIEKTPUYHOTO OMopy Mo BUCOTI miapy. [lepeman
TEMIIEpaTyp MOXKe JI0CATaTH JIeKUIbKa AECATKIB TPayCiB.

ExcrieppuMeHTanbHO Ha Tapsyiid MOJENl JOBEICHO HEMOXIIHMBICTh HArpiBy y
EKII ¢pakuiéi rpadiTy Maaux po3MipiB y TypOyJICHTHOMY PEKHUMI KHUIIHHSA, IO
OPU3BOAUTH JI0 3HAYHOIO POCTY EJNEKTPUYHOTO OMOpYy KHUIUISIYOro Imapy Ha 1-2
nopsakd. HeoOXiqHICTh MIABHUILEHHS HANMPYTH MK €IEKTPOAAMH MPHU3BOAUTH 0
po0oiB razy Ta BUHUKHEHHS YT 1 3yIIMHEHHS MPOIIeCy HarpiBy.

Brnepiie  ekcnepuMEHTaIbHO — JOCHIDKEHO HarpiB  OlHapHOi  CyMill
«npupofHii rpadit + kap6ia kpemuito» y EKII. BuznaueHo BelIWYMHU MUTOMOIO
€JIEKTPUYHOIO OIOPY IIapy B 3aJI€KHOCTI BiJ Temmeparypu. OTpUMaHO BEIUUYUHY
temrieparypu 1000 = 50°C npu skifi crocTepirajiocsi pi3Ke 3MEHIICHHS OIMopy
MCeBA03piKeHoro mapy y 8-10 pa3iB moB’s3aHe 3 BIAHOBICHHSM OKCHIHOT IUTIBKU
Ha yacTtkax SiC.

Ha ocHOBi eKkcrepuMEeHTAIbHUX JaHWX BIEpIIe 3alpONOHOBAHO MOKA3HUK,
KWW BU3HAYAE €JIEKTPOIPOBIIHICTh OIHAPHUX CYMIIIEH: CIIBBIAHOMIEHHS KIIBKOCTI
YaCTOK TMPOBITHUK /MieNeKTpuK. EKcriepuMeHTambHO JTOBEACHO, IO TpaHUYHE
CHIBBIAHOILIEHHS, NpU sikoMy MoxiuBui HarpiB y EKII pis cymimi npupogHiit
rpadit + kapbix KpeMHiro, ckiaaae 5-6.

VY yeTBEepTOMY PO3/1Jl HA OCHOBI PO3paxyHKy BUKH/IIB MAPHUKOBUX T'a31B MPU
BUPOOHUIITBI rpadiTy aHOAHOIO KJIACy JJIsl yYMOB YKpaiHU MOKA3aHO, 1110 TEXHOJIOT1S
Bukopuctands EKII pist ountenns npuponHoro rpadity Ta rpaditusalii mTy4HOro
rpadiTy € KOHKYpEHTOCIPOMOXKHOIO 3 TOYKH 30py MUTOMHUX BUKHIIIB MAPHUKOBUX
rasiB.

[Tpu BUpOOHHUIITBI TPUPOAHOTO rpadiTy BUKOPUCTAHHS TEPMIYHOTO OUUTIICHHS
3 EKII emicis mapHUKOBUX Ta3iB MPAKTUYHO 3aJMINAETHCA HAa OJHOMY pIBHI 3
TEXHOJIOIICI0 XIMIYHOIO OYHIIIEHHS. Pi3HUIA cTaHOBUTH He Olabile 8%, 1110 MOXKHA
HNOPIBHATH 3 TOYHICTIO OOuyuciaeHb. OJHOYACHO TMOBHICTIO BHUKIIIOYAETHCS

BUKOPHUCTAHHS KHUCJIOT 1 BamHa. Y pe3ynbTari 3HWXKYyeTbcs Maibke y 10 pasis



HEOOX1THICTh OYMIIEHHS CTIYHUX BOJA 1 KUJIBKICTh MPOMMCIOBUX BIAXOMIB, IO
noTpeOyIOTh MEPEPOOKHU Ta 3aXOPOHEHHS.

BupoOuuntBo mryunoro rpadity aHogHoi skocti B nedax EKII mae 3mory
3HU3UTH BUKUAM MapHUKOBUX Ta3iB Ha 40-50% NOpIBHAHO 3 TpaJulliiHUMU
TexHonorisiMu rpadiramii y neuyax Agencona i Kactaepa. Edexr mocsraerscs 3a
PaxyHOK 3HMKEHHSI €HEPTOCIOKMBAHHS 1 CIIOKUBAHHSI CHPOBUHHUX PECYPCIB.

[TopiBHSHHS BETWYMHW BHUKHUIIB IJIsI MPUPOTHOTO 1 IMITy4HOTO rpadiTy HE
30BCIM KOpPEKTHE, TOMY IO PiBEHb IHBEHTapU3allii BUKUIB I IPUPOAHOTO rpadiTy
3HAYHO JIeTaJbHIIINN, MOPIBHIOIOYM 3 JAHWMHU IIOAO0 MTy4yHOro rpadiry. IIpore
MO)KHA TOBOPHTH, IO MOPSAJOK BEIUYMH BHKHJIIB NApHUKOBHX rasiB i rpadiTy
aHOJTHOT SIKOCT1 Ha OCHOBI MPUPOIAHOTO Ta MITYYHOTO rpadiTy 30iraroThCesl.

VY m’saToMy po3aiIl HaBEACHO peE3yibTaTH pPO3pOOKH eHeproe(eKTUBHUX
koHCTpyKuik meyeil EKII st BupoOHUITBA MITYYHOrO rpadity Ta padiHyBaHHS
IpUPONHOTO TpadiTy 3 METO ojiepkaHHsS rpadiTy aHomHoi sikocTi. Ha ocHOBi
€KCIIEpUMEHTAJIbHUX JaHUX MO0 Mporecy rpaditanii anTpauuty JlOHEUBKOro
OaceifHy 3alpOIOHOBAHO JIUCKPETHO HEMEPEpUBHI PEXKUMHU TEPMIYHOI OOpPOOKH
BYIVICLIEBOI CHUPOBHUHU JJIi OTPUMAaHHS IITYy4yHOro rpadiTy. 3arporoHOBAaHO
koHcTpyKuito nedi EKI 3 kameporo BUTPUMKH, 110 3a0e31euye HeOOXiqHY SKICTh
TOTOBOTO MPOAYKTY Ta MiABUIIECHHS MPOAYKTUBHOCTI yABIYI.

Po3poOneno iHHOBawiiiHy koHcTpykuito mnedi EKII anga padinyBanHs
MPUPOAHOrO rpadiTy 3 YTHIIZALIED TEMIOTH TOTOBOTO MPOAYKTY 1 MHIAITPIBOM
cupoBHHH. TeroyTuiIi3aTop TEINIOTH 3a0e3reduye TErIooOMIH MiX 00poOIeHUM
MaTepiajioM 1 CHPOBUHOIO 3 BUKOPUCTAHHIM TEIJIOOOMIHHUKA KUILUISYOTO 11apy 0e3
BTOPUHHOTO  3a0pyaHeHHs ouumieHoro rpadity. Illmaxom maTemMaTndHOTO
MOJICTTFOBAHHS JOBENICHO, III0 BUKOPUCTAHHS TETIOY THITI3aTOpa 3a0€3MeUnTh IMiITrPiB
cupoBuHHU 10 500-700°C Ta 103BOJUTH 3MEHIIUTH €HEProBUuTpaTu Ha 15 -23% npu
padinyBanHi npupoaHoro rpadity y neui EKIII.

KitouoBi cioBa: nucriepcHUi ByIVIELIEBUN Marepiai, IMITYYHUN 1 TpUpoaHii

rpadiT, BUCOKOTEMIIEpaTypHa €JIEeKTPOTEPMIUHA 114, €IEKTPOTEPMIYHUN KUTLISTUUN



map, TIAPOAMHAMIYHUN PEKUM, MUTOMHUN EJIEeKTPUYHHM OMip, TEIIOMacOOOMIH,

TEIUIOY TUITI3aTopP.



ABSTRACT

Hubynskyi S.M. Improvement of high-temperature units with
electrothermal fluidized bed with the view to reducing greenhouse gas emissions
— Qualification scientific work with manuscript copyright.
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The thesis is aimed at solving an important scientific and technical problem of
increasing the efficiency of electrothermal fluidized bed (EFB) furnaces and reducing
greenhouse gas emissions in high-temperature chemical technologies by replacing
fossil fuels with electric power.

The above tasks are solved through experimental and theoretical research into
hydrodynamics and heat and mass transfer in EFB furnaces.

In the first section, based on the analysis of relevant technical literature, it is
proved that the main trend of industrial modernization associated with the transition to
the green economy incorporates replacing fossil fuels with green and nuclear electricity
and hydrogen fuel. This primarily concerns high-temperature processes in chemical
and metallurgical industries. One of the promising areas of such modernization is
related to the use of an electrothermal fluidized bed, where heat energy is released
directly into the bed volume where the technological process takes place.

Another prospective area of electrothermal fluidized bed application refers to the
replacement of fossil fuels in processes of catalytic conversion and pyrolysis of natural
gas to produce turquoise hydrogen. It is the EFB that allows to scale up these processes
while using electric power. However, for the widespread introduction of the studied
technologies, it is necessary to obtain reliable data on the use of binary mixtures of
catalysts and conductive particles in the EFB, which will allow to determine the main
electrical characteristics of the EFB and the parameters of the equipment working
space.

Using EFB for thermal purification of natural graphite and production of anode



quality artificial graphite with carbon content of 99.95% makes it possible to reduce
energy consumption and harmful environmental impact. The development of efficient
units for realization of such processes necessitates determination of technological
parameters of heat treatment, considering the characteristics of the EFB: shock heating
of material particles, and limited residence time. To define these parameters and refine
purification and graphitization processes, it is necessary to create laboratory scale high-
temperature furnaces that comply with the heating conditions in the EFB.

The effectiveness of using EFB for refining and graphitizing of carbon materials
1s determined by the possibility of heat treatment of particles with a size distribution of
less than 200 microns, the share of which in the raw material 1s more than 50-70%.
This will significantly expand the possibility of implementing EFB into industry, so
the task of studying the EFB of fine particles is an urgent one.

The development of high-temperature processes (2500-3000°C) in EFB is
associated with the need to use a large amount of electricity, which leads to an increase
in operating and capital costs and a decrease in the competitiveness of EFB technology.
Cost reduction is possible through the use of secondary heat energy resources (SER),
primarily the heat of the finished product. The known schemes for the utilization of
SER have low efficiency and significant capital and operating costs. Therefore, one
of the objectives of the present research is to develop an effective scheme for the
utilization of thermal SER in EFB furnaces.

In the process of creating new technologies and their commercialization, it is
necessary to analyse their environmental impact and compare them with competing
technological processes using Life Cycle Assessment one of the key elements of which
is the assessment of greenhouse gas emissions. Thus, for the development of high-
temperature technology for refining natural graphite and producing artificial graphite
in EFB, it is necessary to assess the environmental efficiency of this process.

In the second chapter, based on the analysis of the temperature distribution in
low-density carbon composites and mathematical modelling of the temperature
distribution in a high-temperature chamber furnace (3000°C), we developed its
innovative design that provides simulation of heat treatment in an EFB with a heating

rate of at least 1000°C/min and experimentally determined the regime map based on



the use of "witnesses".

Using the innovative chamber furnace, we pioneered the research into
graphitization of anthracite from the Donetsk coal basin during shock heating, which
is typical for heat treatment in electrothermal fluidized bed furnaces. It was found that
the preliminary calcination of anthracite at 1000-1100°C does not affect the change in
its structure during heat treatment. Studying the effect of anthracite residence time in
the temperature range of 1500-3000°C made it possible to determine the kinetic
characteristics of the graphitization process during shock heating: pre-exponential
coefficient A = 1.79, apparent activation energy Ea = 103.85 kJ/mol.

On the basis of the obtained data, the parameters of the EFB furnace operation
were determined to ensure the degree of graphitization characteristic of artificial
graphite of traditional grades (DOG > 93%): residence time T = 55-60 min and heating
temperature 3000°C.

For the first time, the process of refining natural graphite under shock heating
conditions typical for EFB furnaces was experimentally studied. The main factors that
determine the quality of the finished product are the processing temperature, the
temperature difference in the reactor, and the removal of vapours of the mineral
component of the precursors.

The quality of the finished product is ensured by removing not only the main
ash-forming elements Si, Fl, Fe, Mg, but also metal oxides with low content of Ti, W,
V. It is their content in the precursor that determines the parameters of the EFB furnaces
operation, which will ensure a carbon content of at least 99.95%: processing
temperature 2800-3000°C, and processing time 5-10 minutes.

For the first time, based on the analysis of physical and chemical processes
involved in the thermal refining of carbonaceous materials, the requirements for the
implementation of a batch or continuous process in high-temperature furnaces were
formulated. During the refining process, the mineral part of melt particles is released
on their surface, which leads to agglomeration of particles and the impossibility of
moving their dense bed. In this regard, it is possible to implement a batch refining
process with external heating or heating of carbonaceous material in moving

containers. Realization of all the requirements for continuous thermal refining of



carbonaceous materials (uniform heating of the precursor, removal of sublimations
from the working chamber without recondensation) is typical for reactors with
electrothermal fluidized bed.

The third chapter presents the results of experimental research into: peculiarities
of electrical conductivity distribution in the fluidized bed of graphite particles along
the height of the bed; determination of the possibility to use small fractions of graphite
for heat treatment in EFB; determination of the laws governing the change in electrical
conductivity of binary mixtures of graphite and catalyst. To solve these problems, 4
experimental units with electrothermal fluidized bed were created: two high-
temperature (800-1200°C ) units and two cold models.

During heating in EFB, the uneven distribution of electrical resistance along the
height of the fluidized bed was experimentally confirmed for the first time. The value
of resistivity increases with the depth of immersion into the bed from its surface. Non-
uniformity of the resistivity along the height of the bed decreases with increasing
temperature. On the basis of mathematical modelling, the temperature difference along
the bed height i1s determined, which is associated with the difference in power
distribution and the non-uniformity of electrical resistance along the bed height. The
temperature difference can reach several tens of degrees.

Experimentally, on a hot model, it was proved that it is impossible to heat small
graphite fractions in a turbulent boiling mode in the EFB, which is explained by the
significant rise in the electrical resistance of the fluidized bed by one or two orders of
magnitude. The need to increase the voltage between the electrodes leads to gas
discharges, arcing and halting of the heating process.

For the first time, heating of a binary mixture of natural graphite and silicon
carbide in EFB has been experimentally studied. The values of the bed resistivity as a
function of temperature were determined. A temperature of 1000 + 50°C was obtained
at which a sharp decrease in the resistance of the fluidized bed by a factor of 8-10 was
observed due to the restoration of the oxide film on SiC particles.

On the basis of the experimental data, the index determining the electrical
conductivity of binary mixtures reflecting the ratio of the number of

conductor/dielectric particles, was proposed for the first time. It is experimentally



proved that the limiting ratio at which heating is possible in EFB for the mixture of
natural graphite + silicon carbide is 5-6.

In the fourth chapter, based on the calculation of greenhouse gas emissions from
the production of anode-class graphite for the conditions of Ukraine, it is shown that
the technology of using EFB for the purification of natural graphite and graphitization
of artificial graphite is competitive in terms of global warming potential.

In the production of natural graphite using thermal purification using EFB,
greenhouse gas emissions remain practically at the same level as in the chemical
cleaning technology. The difference is no more than 8%, which is comparable to the
accuracy of calculations. At the same time, the use of acids and lime is completely
eliminated. As a result, the need for wastewater treatment and the amount of industrial
waste requiring treatment and disposal are reduced by almost 10 times.

The production of anode-quality artificial graphite in EFB furnaces reduces
greenhouse gas emissions by 40-50% compared to traditional graphitization
technologies in Acheson and Kastner furnaces. The effect is achieved by reducing
consumption of energy and raw materials.

Comparison of emissions for natural and artificial graphite is not entirely correct,
as the level of emissions inventory for natural graphite is much more detailed than for
artificial graphite. Nevertheless, it can be said that the order of magnitude of GWP
values for anode-quality graphite based on natural and artificial graphite coincides.

Chapter 5 presents the results of the developing energy-efficient designs of EFB
furnaces for the production of artificial graphite and refining of natural graphite to
produce anode-quality graphite. Based on the experimental data on the graphitization
process of anthracite from the Donetsk basin, discrete continuous modes of heat
treatment of carbonaceous raw materials for the production of artificial graphite were
proposed. The design of the EFB furnace with a residence chamber is proposed, which
ensures the required quality of the finished product and doubles the productivity.

The innovative design of the EFB furnace for refining natural graphite with heat
recovery of the finished product and heating of raw materials was developed. The heat
recovery unit ensures heat exchange between the processed material and raw materials

using the fluidized bed heat exchanger without secondary contamination of the refined



graphite. Via mathematical modelling, it is proved that the use of a heat recovery unit
will provide heating of raw materials to 500-700°C and will reduce energy
consumption by 15-23% during the refining of natural graphite in the EFB furnace.
Keywords: dispersed carbon material, artificial and natural graphite, high-
temperature electrothermal furnace, electrothermal fluidized bed, hydrodynamic mode,

electrical resistivity, heat and mass transfer, heat recovery unit.



