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JlekapOoHi3amisa cucrem
IEHTPATi30BaAHOTO TEIIOMOCTAYAHHSI.
IlnanyBaHHs AJISI BEJMKOTO MicTa

Amnorarnis. /[ cyyacHOTO BEJTMKOTO MicTa JekapOoHizalis Terio3abe3nedeHss € cdepoio, sKa
BH3HAYa€ PiBeHb eHepreTHYHOI ePeKTUBHOCTI, He3aJMeKHOCTI Ta cTiltkocTi. /[lekap6onisartist cuc-
TeM nenTpanizosanoro rersonocradanis (CIIT) € akTyasbHOIO TEMOIO Vst KpaiH 3 PO3BUHYTH-
mu CIT, gki 6ysu mo6y/oBaHi ePEeBAKHO Y TOTEPEIHBOMY CTOPiUYi Ta PO3PAXOBaHi HA BUKO-
PUCTAHHS BHWKOITHOTO TIajWBa. Y IMX CHCTEMaX OJHOYACHO HEOOXiHO BUPIITyBaTH 3aBIaHHS
CKOpPOYEHHsI CIIOJKMBAHHS TEIJIOBOI eHeprii, 3aMiHu 3actapijioro o6JaJHaHH Ta 3aMillleHHsST BH-
KOITHOTO ITAJINBa BiTHOBIIOBAHUMU [KEPEJAMU €HEprii Ta CKUAHUMY €HepreTHUYHUMI pecypcaMi.
IIi 3aBmanHs MalOTh BUPINIYBATUCSI B YMOBaxX HEOOXiAHOCTI cTabisbHOTO 3a6e3MedeHHs CIIOXKU-
BauiB TEILJIOBOIO eHepri€io. BupilieHHs Takoro CKJIaJHOTO KOMILJIEKCHOTO 3aBaHHS MOTpe6ye
PO3po0OKM HAyKOBO OOIpyHTOBaHOI crpaterii. Temmnu oHoBJieHHsT Ta fAekapOonizaiii CIIT B pis-
HUX KpaiHaxX CyTTeBO pi3HATbCSA. s YKpaiam, siKka HaJeXWUTb /[0 YUcaa KPaiH 3 PO3BUHYTUMH,
ase 3acrapisumu CIT, nexkapOoHisais 1iei BasKJIMBOI eHEepreTHYHOi iH(pPaCTPYKTypH BUPIMTy-
€TbCSI HA OCHOBi €BPOMEICHKOro JOCBiy 3 ypaXyBaHHIM HallioHAJIbHUX ocobiuBocteii. lle mo-
CJIiJIDKEHHS TIPUCBSTYEHO METO/IMYHUM Ta TEXHIKO-eKOHOMiYHUM aclieKTaM crparerii jgexkapOoHisa-
il Besmkux 3acrapismx CIT 3 BUKOpUCTaHHAM OCOGJUBOCTEN MOTOYHOTO CTaHy WX CUCTEM B
Ykpaini. ¥ gocuimkenni mpobseMa ekapOoHi3allil TemIomocTaYaHHsT PO3TJSIAETHCSA Y MaCIITa-
6ax BeJUKOTO MicTa 3 HacesJeHHSIM opieHTOBHO 200 TuC. MEIIKAHIIiB, sSKe MAa€ PO3BUHYTY, aje
3aCcTapijsy cucTeMy IeHTPaJi30BaHOTO TEIJIONOCTadYaHHs: HeedEeKTUBHI ra3oBi KOTEJbHi, TeIJIo-
€JICKTPOLIEHTPAJIi, HEeiHTerpoBaHi TEIJIOBI MepesKi, 3acTpiJi CUCTEMU MOBO/KEHHS 3 TBEPAUMU
mo6yTOBUMY BiIX0JaM¥ TOMIO. PO3IJISHYTO TPU MPUHIIUIOBUX HANpAMKU gekap6onizamii CIT
Micta: 1) 3HMIKEHHS CHOKMBAHHS TEPBMHHOI €HEPrii 3a paXyHOK TepMOMOJepHizaiii 6yiBesnb

© Hikirin €.€., [Iytka O.B., II'smnx K.€., II'smux K.K., 2025
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Ta yIpPaBJiHHS CIOKUBAHHs €HEPrii, CKOPOYEHHsSI BTpAT TellJia y TEIIOBUX Mepexkax; 2) 3aMi-
IIeHHs JUKepeJ BUPOOHMIITBA TEIJIOBOI eHepPTii 3 BUKOIHOTO TAJWBa €KOJOTiYHO YNCTUMU JIKe-
pesiamMu eneprii; 3) iHrterpaitisi Temiosux mepex. biba. 20, puc. 9, maba. 8.

KmouoBi coBa: MeTo/10J10Tis1 eKapOOHi3allil CUCTeM IeHTPATi30BAHOTO TEIIONOCTAYAHHS, 3HI-
JKEHHST CTIOKWBAHHS TIEPBUHHOT eHepTii, TepMoMoiepHi3allisi 6yAiBesib, CKOPOYEHHS BTPAT TeTl-
JIOTH Y TEIJIOBUX Meperkax, IIOKpalllaHHA CUCTEeMU KepyBaHHSA CIIOKMBAHHA €Hepril, 3aMillleHH:
JUKepesT BUPOGHUIITBA TEIJIOBOI e€Heprii 3 BUKOIHOTO TTAJNBa €KOJIOTiYHO YHCTHMHU [KepeaMu
eHeprii, TenIoeIeKTPOIeHTpasb Ha GioTanBi, TEIJIOBI HACOCH, COHSTYHI €JEKTPUYHI CTaHIIiT,
TEIJIOB] CTaHIii, aKyMyJIATOPU €JIEKTPUYHOI eHeprii, akyMyJATOPHU TEIJIOBOI eHeprii, BUKOPUC-
TaHHS 6GioMeTaHy 3 TBEpAUMHU MOOYTOBUMU BiJXO/IaMU, iHTETpallis TEIJIOBUX MEPEK, TEIJIOIN0-
CTa4aHH:A BiJi €KOJIOTIYHO YMCTUX [PKEPEeJl eHeprii.

Beryn

[exap6onizanis ycix cdep AisabHOCTI € cyyac-
HUM CBITOBUM TpEHIOM, SKUN OOYMOBJEHUN He
TiIBKU €KOJIOTIYHUMU MipKyBaHHIMU, aje i Heo6-
XiHiCTIO 3a6€3TeUeHHs] eHepreTHYHOI eeKTuBHOC-
Ti, He3aJesKHOCTi Ta criitkocti. [[ns1 cyuacHoro Be-
JIUKOTO MicTa came Teruio3abesreueHus € cdepoio,
sIKa BU3HAUA€ PiBeHb eHepreTHYHO! e(peKTUBHOCTI,
HesaJsieskHocTi Ta crifikocri. Kpainu €C nocrynoso
BiIMOBJIAIOTBCA BiJl BUKOIIHOTO IajuBa. YKpaiHa,
sgKa CIpsIMOBaHa Ha €BPOIEHCBHKY iHTerpariiio, Ta-
KOK Ma€e MisKHapO/Hi 3000B’sI3aHHSI Ta IJIAaHHU JeKap-
6onizarii. Kpainu, gki BXKe MalOTb PO3BUHYTIi, aJe
3aCTapiJi CUCTEMU IEHTPaJi30BaHOTO TEIJIONOCTa-
vyarts (CIIT), Br/oyatoun YKpaiHy, CTUKAOThCS 3
HEOOXIHICTIO BUPIIIEHHs TTUTaHHS TEXHiKO-€KOHO-
MiyHOT edeKTUBHOCTI iHBECTUIIMHUX IIPOEKTIB Ta
maniB gekap6onizainii CIIT. Peanizaris nux mia-
HiB TOTpeOy€e BEJUKHMX KalliTaJOBKJIAJIEHD, SIKi 6a-
raTopasoBo TEePEBUNIYIOTH OIO/IPKETU PO3BUTKY MiCT
Ta TOTPeGYIOTh 3aTyUYeHHs BeJIUKUX (DiHAHCOBUX pe-
cypciB. Tomy TexHiko-ekoHOMiuHa e(dEKTUBHICTD
NpOoeKTIB Ta mianiB gekap6onizanii CI[T ta ix in-
BeCTUIilfHA TPWBAGIUBICTD € BUpiMIaIbHUM (PaKTO-
poM. Haii6iabin po3moBCIOMKEHNUM JIPKEPESIOM TeTl-
soBoi eneprii y 3acrapimux CIT e rasosi korum,
TOMY caMe Li JpKepeJia eHeprii JOLiJbHO PO3IJIajia-
TH K 06a3y [Jig TIOPiBHSIHHSA 3 BiJHOBJIOBAHUMU
JoxkepesiaMu eHeprii. J[ast mOpiBHAHHS Pi3HUX Tex-
HiYHMX pillleHb BUKOPUCTOBYETHCS IMOKA3HUK ITUTO-
MoOi BapTocTi BUPOOJIEHOT eHeprii 3a JKUTTEBIN ITHKJI
(LCOE) Ta TepMiH OKYIHOCTi KamiTaJbHUX BUTPAT.

Mera crartri

Mertorto cratTi € po3po6JeHHST HAYKOBO OOTPYH-
TOBAaHUX PEKOMEHJAIil MIO/I0 JJOBTOTPUBAJIOTO TLJIa-
Hy /eKapOoHi3allil TeronocTadyaHus BeJUKOTO Mic-
Ta 3 HaceJeHHsAM opieHToBHO 200 THC. MENIKaHIIiB,

PO3TANIOBAHOTO Y TIOMipHO-KOHTHHEHTAIbHIH KiiMa-
TUYHiii 30Hi, SiKe Mae Po3BUHYTY, ajye 3actapimay CLT,
10 MiCTUTD y CBiil CTPYKTYpi TUIIOBi eleMeHTH, Xa-
paKTepHi A1 Takux cucreM (Ta3oBi KOTENbHi, Tem-
JIOCJIEKTPOLIEHTPAJI Ta TEIIOBI Mepexi, gKi He iH-
TerpoBaHi Mixk co6010, 3acTapiji CUCTEMH YIIPaB-
JAinasg TBepAuMu nobyrosumu Biaxomamu (TIIB)),
a TaKO’K Ma€ IIeBHUN IOTEHI[iaJ 3aMill[eHHS BUKOII-
HOTO ITAJIMBa €KOJIOTiYHO YMCTUMU JPKepeIaMu eHep-
rii: mepeBaskHO COHSYHOIO €HEPri€lo, eHeprie OTo-
YyIOYOro CepeioBUllla, CKUIAHOIO TEIJIOBOIO €HEep-
riero, 6ionanausoMm ta naausoMm 3 TIIB. Take micro
PO3IJIAJIAETbCS  IK MOJZIEJIbHE MICTO [ JIOCJIiJI-
>kenHst ipo6semu nekap6oniszanii CIIT.
Posrasgnarorbess Tpu NPUHNWIIOBUX HAMPSIMKH
JiekapOoHi3allii 1eHTPasi30BaHOrO TEIJIONOCTAYaH-
Hg micra. Ilo-mepine, 3HIDKEHHS CHOXKWBAHHS Iep-
BUHHOI eHeprii 3a paxyHOK TepMOMOJepHi3allii 6y-
JliBeJIb, CKOPOUCHHS BTPAT TEIJIOTH Y TEIJIOBUX Me-
peskax Ta IOKpallaHHS CUCTEMH KePYBaHHS CIIOXKU-
Banns eneprii (demand said management). ITo-apy-
re, 3aMillleHHs JKepes BUPOOHUIITBA TETJIOBOI eHep-
rii 3 BUKOIIHOI'O ITajiiBa €KOJIOTiYHO YUCTUMU JKe-
pesaMu eHeprii: TeIJoeJeKTPOoleHTpatb Ha Oioma-
JIMBi, TEIJIOBI HACOCH, COHAYHI €JCKTPUYHI Ta Tel-
JIOBI CTaHIIil, a TAaKOXK 3aCTOCYBAaHHSA aKyMYJIATOPiB
€JICKTPUYHOI Ta TemnsoBoi eHeprii, naiuso 3 TIIB.
ITo-Tperte, iHTErpallisi TEIJIOBUX MePEK, 110 J1a€ MOXK-
JIMBICTb YaCTKOBO BiJIMOBUTUCS BiJl IESIKUX JIXKEPeEJ
eHeprii Ha BUKOITHOMY TaJMBi Ta 3a6€3MeYNTH TEII0-
TMOCTAYaHHA BiJl €KOJIOTIYHO YMUCTHUX JPKEPeJ eHeprii.
Y 1uboMy J[OCHiJKeHHi PO3TJAgAaloTbCcs pi3Hi
ajgpbTepHaTHBHI Bapiantu aexapOonizartii CILT mo-
JIEJIBHOTO MicCTa, SKi MOPiBHIOIOTHCS MiXK c000I0 Ta 3
6a30BUM BapiaHTOM — Ta30BOIO KOTEJbHEIO.

IToTounmii cTan nNUTaHHSA

PiBenb nekap6oniszani Ha 2022 p.iy CILT kpain
€C 6yB 42,6 % [1, 2], npu n1bOMy OCHOBHA YacTKa
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Bi/IHOBJIIOBAHUX [IPKepeJsl eHeprii (BAE) — 1e 6io-
naauso, mo ckaagae 34,4 % (puc. 1).

Kpaiun €C matoth aM6iTHI miaHu JgeKapOOHi3a-
mii. Bigmosigro mo European Green Deal, xpaiun
€C wmarorp OyTH KJIMAaTHYHO HEUTPAJbHUMH [0
2050 p. Bigmosigno o moxymenra Fit for 55
Package, nepen6aueHo CKOPOYEHHST BUKU/IIB HA 53 %
1o 2030 p. (nopisusano 3 1990 p.). €sponeiicbka
mupektuBa Renewable Energy Directive (RED 11)
2018 /2001 nepen6auae 36iapimru yactky B/IE no
42,5 % mo 2030 p. €sporneiicbkuii 3akoH European
Climate Law (Regulation (EU) 2021 ,/1119) opu-
JIMYHO 3aKpiriioe 060B a3k €C AOCATHYTH HYJIbO-
BUX BUKWAIB /10 2050 p.

Ykpaina Mae HallioHaJIbHI TLJIaHU JeKapOOHi3a-
uii. Joxyment «IIpo sarBep/pkenns HaiionanbHo-
IO TJIaHy [Jiil 3 Bi/IHOB/IIOBAHOI €HEPreTUKY Ha T1epioj
no 2030 poky Ta 1nIaHy 3aX0/liB 3 HOTO BUKOHAHHS»
nepen6avae 36iabienHs vactku exeprii 3 B/IE y
cUcTeMax IIEHTPATi30BAHOTO TEMJIO- Ta XOJOIOTO-
cravanus 10 33 % g0 2030 p. HawionanbHuii miax
3 eHepreTuky ta kjimary Ha nepiog no 2030 p. me-
penbauae pocsirnennst 27 % ydactku BJIE y 3araib-
HOMY KiHIIEBOMY €HEPrOCIIOKMBaHHi. 3aKOH YKpai-
Hn «IIpo 3acaagm MoHiTOPWHTY, 3BITHOCTI Ta Bepu-
dikamii BUKNAIB MapHUKOBUX Ta3iB» mepembadae
000B’I3KOBY 3BiTHICTD [JISI MiTIPUEMCTB, CTAHJAAPTH
Bepudikallii, MiAroTOBKY 10 CTBOPEHHS CUCTEMH TOP-
risai Bukugamu. Oxpnak yactka BJIE y CHT Ykpai-
Hu Ha 2023 p. ckaagaga 6;1u3bko 1 %, mepeBasKHO

e 6yJsio 6ionanuso. Iumri B/IE a6o ckumna TerioBa
eneprig (CTE) B CLT VYkpainu npakTU4HO HE BU-
KOPHUCTOBYIOTbCA.

CriocrepiraeTbcs TepMaHeHTHA TEHEHIlisT 3poc-
TaHHS I[iH Ha NPUPOJHWI Ta3 Ta eJeKTPUYHY eHep-
rito. IligTpumka coniasbHo TpuAAaTHUX TapudiB Ha
tensoBy enepritio B CHT Ykpainu 3aificHioeTbcs 3a
PaxyHOK BCTAaHOBJIEHHA CIELiaJbHOI LiHM Ha IIPU-
POMHU Ta3 /s TETJIOMOCTAYaJ bHIUX OpraHi3alliil 3a
PaxyHOK CIeI[iaJlbHUX BUJATKIB 3 JIep3KaBHOTO OO/
skery. BiiicbkoBa arpecis P® nporn Ykpaiau auk-
Ty€e JoJaTKoBi Bumoru z1o crifikocti CHT, 1mo Moxe
6yt 3a6esreueHo 3a PaXyHOK 6araToNajuBHOCTI
JuKepes eHeprii 3 Bukopuctanuam B/IE.

TakuM 4mHOM, aKTWBi3aIlis mpolecy AeKapOOHi-
zanii CIIT ¥Ykpainu € axTyaJbHUM Ta HEBiAKJA[I-
HUM IIUTAaHHAM He TiJIbKU 3 €KOJIOTiYHOI TOYKH 30Dy,
ajie 1 3 MipKyBaHb Ii/IBUIIEHHS CTillKOCTi, eHepre-
TUYHOT He3aJeKHOCTI Ta 3abe3eYeHHS HACeJeHHS
COLiaJIbHO JOCTYIIHOIO TEIIOBOIO E€HEPIi€lo.

Harionasbhi oco6smBocTi Ta 6ap’epu Ha MIISXY
tpancdopmarii s3actapimux CHT npoanamizoBani y
pocaipkenni [3]. HamioHajibHa MeTO0JIOTISI CTBO-
penHs Ta oHoBJieHHs cucteM CIIT HaceseHuxX myHK-
TiB YKpaiHum BuKJaJeHa B AOKyMeHTi «Metogukn
PO3POOKH CXeM TEIIOTIOCTAaYaHHS HAaCeJeHNX MTyHK-
TiB YKpainu» [4]. Bukonane noCJTi/pKEHHS MOKe
6yTH BUKODUCTaHE JJis JOTIOBHEHHS JOKyMeHTa [4]
PEKOMEHIAIIIMU  IIO/I0  eKapOoHi3alii iCHYIYnx
3acrapiaux CIIT.

= Bioenergy

= Geothermal
Heat pumps & e-boilers
Solar thermal

= Coal, oil & peat
Natural gas
Waste (flue gas
condensing)
Waste heat (industry &
tertiary)

Waste heat (non-bio waste)

m Other

Puc. 1. CrpykTypa [:xepes eHeprii B €BpONEHChbKUX CUCTEMaX IEHTPAIi30BaHOTO TEIJIOIIOCTAYaHHS.

Figure 1. Structure of energy sources in European district heating systems.
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Meropo.i0Tig Ta MaTepiaau

3anporoHoBana MeTOJOJIOTisS  JeKapOoHisariii
CIIT Ga3yeTbcs Ha 3araJbHOMY ysiBJIeHHI MicTa (BU-
KOPUCTAHO IIOHATTS <«MOJEJIbHE MicTo»), aHamisi
norounoro crany CIIT, anasnisi MiciieBoro moreHiiia-
JIy 3aMillleHHsI BUKOITHOTO NTaJINBa Bi/IHOBJIIOBAHUMU
JKepeJslaMi eHeprii Ta CKUIHOIO TellJIOBOIO eHeprielo
nagusoM 3 TIIB, a TakoX po3TJIsS/i TUTIOBUX MPOEK-
TiB 3aMillleHHd JPKepeJl eHepril Ha BUKOIIHOMY I1aJIu-
Bi BJIE ta CTE.

Y 1boMy JOCJiPKEHH] Mi/T TOHATTAM <«MOJieJIbHE
MiCTO» PO3YMI€TbCA TaKe: MiCTO 3 HaCeJCHHAM Opi-
eHTOBHO 200 THC. MEITKAHIIiB, PO3TANIOBaHE y TIOMip-
HO-KOHTWHEHTAIbHI I KJAIMAaTUIHIN 30Hi, IO MAa€E pO3-
BUHYTY, aje 3actapiay tunoBy CIT. TumoBa — 11e
taka CIT, gka MicTuTb y CBOIlf CTPYKTypi THUIOBI
eJIEeMEHTH: [IePeBaXHO ra3oBi KOTEJIbHI, TEIJIOeJeKT-
POLIEHTpAJIi Ha BUKOIIHOMY ITaJIUBi Ta TEILJIOBI Mepe-
i, SKi He iHTeTpoBaHi Mixk co6o10. B YkpaiHi € me-
KiJIbKa [JEeCATKiB TaKMX THUIIOBUX MiCT, BKJIOYHO 3
06JJACHUMH TIeHTPaMH.

Hwxde HaBeseHO NMPUKJIAJL MOJEJbHOTO MicTa Ta
tunioBoi CIIT BigmosigHo 10 pexomenmariit [4]:
TJIoIa MicTa, HaceJieHHs Ta TPOTHO3 WOTO 3MiHH,
KJIMaT, OTMaJOBAIbHUI Mepiof, KiJbKicTb Gy miBesb,
JpKepesia eHeprii, saraabuuii omuc CLIT (puc. 2).

Howminyiounm naauBom y CIT e Byrisng Ta npu-
poauuii ra3, Haibigpimmmu crnoxkuadamu CLT e
HacesieHHsT — 75 %. 3aragom cuctema CIIT sacrapi-

HaceneHHa
200 000 ocib

Mnowa micrta
100 km?

3aranbHa K-cTb T4 BctaHoBAeHa

MOTYXHICTb
1100 MBt

35 KoTenbHuX
1TEL,

CTpyKTypa CnoXK1Badis
3aranbHa AoBXKMHA TM

HacenenHa — 70%,
300 km

broger — 25%,

iHWi — 5%.

(8 gBOTPYOHOMY BUMIpI)

JIa, TEIJIOB JiKepesia Ta Mepeski moTpeGyIoTh 3aMiHu
Ta PEKOHCTPYKIIi, OY/AiBJi MOTPe6YIOTh KOMILIEKC-
HOI TepMOMO/iepHi3alii Ta aBTOMaTUYHOTO KepyBaH-
HAM ITO[a4€eI0 TEeILJIOHOCIA.

Orminka ToTeHIiaMy 3aMillleHHs BUKOITHOTO Tia-
sua BJIE Ta CTE Buxonyetbcst y dopmi peectpy
aJbTEePHATUBHUX JUKepes eneprii [5]. Ilpukman ta-
Koi opMH /1T MOJIEJIbBHOTO MicTa, sSKe PO3rJisa-
€THCS y 1IbOMY JOCJTI/KeHHi, HaBelleHO y Ta6. 1.

[TpuHIIMNOBUM TOJIOJKEHHSAM PO3PO6KH  ILJIaHY
nexap6ownizanii CIIT Benmkoro micra € 3actocyBaH-
HS KOMILIEKCHOTO TiAXOMY, SAKUN BKJIIOYAE TPU Ha-
MPAMKHM /I IOCSTHEHHST METHU:

— CKOPOYEHHS CIIOKMBAHHS TEILJIOBOI eHeprii 3a
PaxyHOK TIiIBUIIEHHS €HePrOeeKTUBHOCTI TETLIIOBUX
CIIO’KMBAUiB Ta TPAHCIIOPTYBAHHA TEILIOBOI €Heprii;

— iHTerpaisi TeIJIOBUX MepesK, Io 3abe3reuye
MOJKJIMBICTb BUPOOJISITU «3€JIEHY» TEIJIOBY eHepTiio
Ha JIeIKUX TelJIOBUX JpKepesax, sIKi MaloTb HalKpa-
i yMOBH JIJIS leKapOoHi3allii, Ta TPaHCIOPTYBaTH
110 €HEeprilo Ha iHWI JpKepeJa eHeprii, AKi MarmoTb
ripur ymMoBHU s AekapOOHi3artii;

— 3aMilleHHsT BUPOOHUIITBA TEIJIOBOI eHeprii Ha
JuUKepesax, [AKi IIpalioloTb Ha BUKOIHOMY IIAJIUBI,
Jurepenamu, ki BukopuctoByioth B/IE ta CTE.

Hanpamox ckopoueHHS CIOKMBAHHS TeIlJIOBOL
eHeprii BKJIIOYa€e TepMOMOJepHizalilo OyaiBesb Ta
MOKpaIlleHHs PiBHS KePyBaHHS TEIJIOCIIOKNBAHHSIM
33 PaxXyHOK BCTaHOBJICHHA Cy4YaCHUX iHAWBiZyasb-
Hux temoBux myHkTiB (ITII), 3MeHIeHHST BTpaT y

baratokBapTupHa
3abynoBa
2 159 byauHkiB

OnantoBanbHWi4 nepiog
4320 roauH

3aranbHe NPUEAHAHE
Peanisauin TE

800 000 MBT rop,

TennoBe HaBaHTa*XeHHA

500 MBt

PiseHb iHTerpauii TM
25%

Brpatu tenna 8 TM
15-25%

Puc. 2. Ilpuknaz 3aranabhoi xapakrepuctuku micra ta CIIT.

Figure 2. An example of the general characteristics of the city and the DHS.
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Ta6muus 1. MdopmMa oUiHKU moTeHniay samimenus sukonnoro nausa B/IE ta CTE

Table 1. Form for assessing the potential of replacing fossil fuels with RES and waste heat energy

HaiimenyBanns

’ Heob6xinna indopmaris a1 aHatisy ’

MoskIIBOCTi BUKOPUCTAHHS

biomammpo

Topioui TBepau 1mMoOyTOBI Bij-
X011

BupoGuurnrea Giomerany 3
BUKOPUCTAHHAM  TEXHOJIOTi1
«T10J1iTOH-6iopeakTop»

MyuoBi ocaau micbkux KOC*

Huspkonorenuiiina TernJosa
€Hepris TerJsoi BOAU 3i CKU/-
Horo kanany TEI]

CoHstuHe BUIIPOMiHIOBAaHHS

Hwusbkonotenniiina TeroBa
eHeprisi TPUPOAHUX BOAONM
(ma mpukaagi piukm decHa)

Perionanpui 3samacu OiomaanBa —
6mm3p-k0 1140 tric. MBT1-ron/ pik

Piunuii eHepreTuyHuii MOTEHITiaa TO-
prounx TIIB 3a BuK/TIOUeHHSAM Xapydo-
BUX BigxoaiB — 165 tuc. MBrron,/ pik
Piunnii enepretudHmii motexiian 6io-
MeTaHy 3 xapuoBux Biaxoxais TIIB
ckaanae 45 tuc. MBr-rog/ pik

[Morentian GionmanmBa 3 MyJIOBUX BiJl-
xoxaiB KOC — 32 tuc. MBr-roz

Eneprernunuii moTeHIfiaa CKUIHOI
tersioi Bogu TELL 3 Temmnepatyporo
npu6ausuo 30 °C cTaHOBUTH 6JIM3b-
Ko 283 tuc. MBr-rox

CepegabopiuHa KiJbKicTb cyMapHOI
eHepril COHSYHOTO BUITPOMiHIOBAHHS
ckaagae 1100 xBrrox,/m>. Hass-
HiCTh /I0CTATHBHOT BiJIbHOT IIJIONII /151
posumimennust CEC a6o CCT

CepegabopiuHa BUTpaTa BOAU Y Pid-
mi — 6uusbko 326 M3/c [6]. 3a
YMOBHU BUKOPUCTaHHS 1 % BOIHEBOTO
MOTOKY Ta 3HIXKEHHS TeMIleparypu
Ha 1 °C piunnii eHepreTHIHMUIH TOTEH-

CnamoBanns Ha TEIL y kotsax, ra3udika-
1isg GionasmBa y ra3oreHepaTtopax Ta CIIiJib-
He CIIQJIIOBAHHS 3 IIPUPOJHIM Ta30oM

CriaJoBaHHs CHIJIBHO 3 6iOIaInBOM

3aMillleHHs PUPOIHOTO a3y 3 MiCleBUX
ra3oBUX Mepesk 6ioMeTaHOM Ta #oro cra-
JIIOBAHHS B Ta30BUX KOTEJIbHAX

CriaJoBaHHs CHIJIBHO 3 GiOIaaInBoOM

Bukopucranust 10 % CKHAHOI TEMIOBOI
eneprii TEIl 3 Temneparypoio G6JM3bKO
30 °C ta COP** 6;113bKO0 4 3a JOIIOMOTOIO
TEIJIOBOr0O Hacocy Oy/ie 3a6e3leqyBaTH BH-
po6uuirrBo 61usbko 113 MBrrox teruio-
BOI eHeprii onajoBaJbHUX TTapaMeTpiB
BupoGuuireo esekTpudtoi a6o TEIJIOBOL
eneprii B CEC*** a6o CCT****. 3acrocy-
BaHHS TEIJIOBOTO HACOCY /IS BUPOGHUIITBA
TEIJIOBOI eHeprii

[Ipn BuKOpHCTaHHI HU3BKOMOTEHIIiHO-
TO EHEepreTHYHOTO TOTEHIaTy B TerIo-
Bomy Hacoci 3 COP 3-piuna kinbKicTh BU-
po6JieHOT  TEIJIOBOT eHeprii  CKJIagaTuMe
87 MBr-roz

mian ckaagatume 29 tuc. MBrrog

* KOC — xanaunizaniiini ounchi cnopyzan; ** COP (Coefficient of Performance) — koedilli€HT mpOAYKTHBHOCTI;
***% CEC — consuni enekrpocrantii; **** CCT — consuni craniii TemaomnocTayanus.

TEIJIOBUX Meperkax 32 PaXyHOK omnTuMisanii giamer-
piB Ta 3aMiHUM aBapifiHMX Ta 3HOIIEHUX TPYO Ha Cy-
YacHi TonepeIHbO i301b0BaHi TPYOH.

TepMoMozepHizanis GyaiBeb.
Tpomajcobki GyaiBii

[na aHamisy epeKTUBHOCTI CIIOKUBAHHS TETLIO-
BOI eHeprii (Ha 1oTpe6U oONaIeHHsI) yCi OKPeMO Po3-
TaIoBaHi TpoMajicbki GyniBiai micra, ski Qinancy-
I0TbCSL 3 MICBKOTO OIO/UKETY, 3a3BHYail PO3/iJSAIOTH
Ha 4 rpymm: Meanuni 3akaazn (sikapri Ta amGy.Ja-
TOpii); 3aKJIaaM JOUIKiJBHOI OCBIiTH; 3aKIa[y Cepesl-
upoi (1ikosn, mirei, riMHasii Tolo) Ta MO3aMIKiJIb-
HOI OCBiTH; ammiHicTpaTtuBHi GymiBJIi (BUKOHKOMH,
6i6miorexku, mysei Ta in.). BusHauaiors piBeHp Ga-
30BOTO PiYHOTO CIIOKUBAHHA TEIIOBOI €Heprii, crm-
parounuch Ha HOPMATUBHI lapaMeTpu MiKpPOKJiMary

B npuMimennax. Sk MoxkmBi (3a yMOB gOTpUMAaH-
HS KOMILJIEKCHOCTI, eTamHocTi a6o TeXHIYHOI JIOIfi/Ihb-
HOCTi) IS IiABUIIEHHS e(DeKTUBHOCTI CIIO>KMBAHHS
TemnoBoi eneprii (Ha morpe6m omajgeHHS) B TPO-
MAJICBKUX OYiBJISX PO3IJIAAIAI0Th BapiaHTH BIIPOBA/I-
JKEHHST 3aXO0/IiB 3 €Hepro36epeKeHHs B OYiBJi /IS
JlocsTHEHHS KJyacy eHeproedekruBHocTi C a6o D, a
TaKOX 3aXO/liB 3 eHEPro30epeKeHHsT B iH)KEHEPHUX
cucremax (IC) 6yxinii. [lepesik 3axoziB 3 eHepro-
edeKTUBHOCTI /1Ji9 Pi3HUX BapiaHTiB MozepHizailii
GyiBesib, a TAKOK HOPMATUBHI TIOKA3HUKH Ta MOKA3-
HUKU [MTUTOMOTO €HEePTOCIOKUBAHHA /I Pi3HUX TH-
MiB rpOMaJICbKUX Oy/iBesb HaBe/eHo y [7].

TepmomoaepHizalia 6yaiBeb.
JKuraori Gyaisi

PospaxyHKHU 175 KUTJOBUX 6YiBeJb BUKOHY-
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IOTBCST 32 PeKoMeHpalisiMu gokymenrta [8]. Biamo-
Bi/IHO /10 IMX peKOMeH/allill BU3HAYAETbCS cCyMapHa
piuHAa €KOHOMis TEIIOBOI €Heprii o TPbOX 3aIpPo-
IIOHOBAHUX BapiaHTax BIIPOBAKEHHI 3aXO/liB 3
eneprernunoi edexrusnocti (EE): mocsarnennss EE
kaacy C, mocsraennsi EE kmacy D, mopepwizattis
iHXKEHEPHUX CUCTEM, a TaKOK 1HBECTHIlii, SKi Heo6-
XigHi Mg peanisdanii ganux BapianTiB. [lpuitnari
3HAQYEHHS TUTOMOIO €HEPrOCIOKUBAHHA TPHU Olla-
JIEHHI JKUTJOBUX Oy[iBesb HaBeZeHo y [8, 9].

Orxe, y mrani aekap6onisarnii CI[T micra Ha
MEPIIOMY €eTalli OIiHIOETbCS 3arajJbHUN TOTEHIIial
JIOCSITHEHHSI €KOHOMii TeIIoBOi eHeprii 1mpu BIPO-
BA/IP)KEHHI KOMILIEKCHOI TepMOMOJIEpHi3ailii B rpo-
MAJICBKUX Ta JKUTJIOBUX OYAiBIASX i3 JOCATHEHHIM
HOPDMATUBHUX TIOKa3HUKIB eHepreTnyHoi eqeKTHB-
Hocti — xuacy EE 6yamiBens C — Ta imBecTwmif,
HeoOXiHi J1d 11bOrOo.

Ha mnoganpmmx eramax HEOOXiJHO BU3HAYNUTH
eTany BIIPOBA/PKCHHA TaKOoi MOJepHisalii 3 ypaxy-
BaHHSM (PiHAHCOBUX OOMEXKEHb Ta YAaCOBUX PaMOK,
a TaKOJK TEeXHiUHOI JOIiJIbHOCTI.

BceraHoBsieHHST 1HAMBI Iy aJJbHUX
TEIJIOBUX MYHKTIB

Cyuacni ITII Bk/o4aroTh MOy IbHI GJIOKHU 3 /1aT-
YHKaMU TeMIIepaTypHu 30BHIIIHbOTIO MOBITPs Ta pea-
JIi3yI0Th IIOTO/HE PEeryJ/IOBaHHdA, HMiATPUMYIOUM 3a-
JlaHy TeMIlepaTypHuM rpadikoM Temneparypy B I0-
JIaBATBHOMY TPYOONPOBOI cucTeMu omajseHHs. [[o
CKJIaly MOJYJIs BXOJUTDH 3allipHa apMarypa, By30.
00JTiKy TerJIoOBOi eHeprii, aBTOMAaTUKa pPeryJIIOBaH-
He, HUPKYJISALIIHI Hacocu, TPUXOAOBUI 3MilTyBasib-
HUI KJamaH, IJIaCTUHYACTUH TeIJIOOOMiHHUK 3a Ha-
ABHOCTI rapsdoro sogonocradannsa (IBII).

ITII aBTOMAaTMYHO BCTAHOBJIIOE iHAWBILyaTbHUN
TipaBJivHNUN PEKUM Ta TETJIOBUN PEXKUM TI0 TTIOTO/I-
HOMY PeTryJIsITOpYy, 3a0Upaloyu 3 Mepeski PiBHO CTiJjb-
KU TeILIa, CKiJIbKA B JaHUU MOMEHT HEOOXiJ{HO CIIO-
JKMBaueBi, Ta 30BCIM He BIJIMBAE U HE 3aJEKUTH BiJ
YMOB POOOTH CYCiZIHIX CIIOKMBAYiB.

[MopiBHABHMIT aHATI3 CTIOKUBAHHS TETJIOTH CEK-
misMu 6yauHKY, ge BcraHoBJjeno B ITII morogwi pe-
TYJIATOPH, AKi PeryJjoBajy I0Jady TeIIOHOCid B
3aJI€KHOCTI BiJ| TeMIlepaTypy 30BHINIHbOIO OBITPA,
IIOKa3ye, 10 BUTPATH TEIJIOTU 3MEHUIYIOTbCA Ha
10—20 %. OtKe, 3aIPONOHOBAHMI 3aXi[ II[OJI0 BCTA-
noBneHHsa ITII mokpammTh piBeHb TEMJIONOCTAaYaH-
HA y CIIOKMBAYiB Ta HAJaCTb MOXKJMBICTb JOAATKO-
BOI €KOHOMii IaJIMBHO-CHEPreTUYHUX peCypciB 3a
PaxyHOK aBTOMaTHU3allii CHCTEMU.

3MeHIIeHHS BTPAT y TEIJIOBHX Mepeskax

Termiosi Mepesxi 3a6e31e4yIOTh 04y TeIIOBOT
eHeprii crmoskmBavaM s TOTpe6 OTaJIeHHS, BEHTHU-
JIATIT Ta TapsSY0To BOJAOIIOCTaYaHHs. DimbIrmicTs Tem-
JoBUX Mepesk Micta 3HomeHi (70 %) Ta norpeGyorh
3aMiHM, TAKOXK € aBapiliHi AiJSHKHU, SKi TOTPE6YIOTh
nepuoueprosoi 3aminu (10 %).

[Ipuennane TemnJioBe HaBaHTAXKEHHSI CIIOKMBaYiB
I[OPOKY IIOCTYIIOBO 3MEHIIYETHCS 4epe3 BiIKJIIOYCH-
s Big CILT, tomy BpaxoByBartu npu 3amini TpyO
TETIOBUX MepeXk TOTpedy TEIJIOHOCiST Ta BUBHAYUTHU
onTHMaJbHMIl AiameTp Tpy6onpoBoai. Kpim Toro,
HeoOXiTHO 3MO/IETIOBATH HOBUII PEsKUM POOOTH Terl-
JoBUX Mepesk mics BetaHoBeHHs [TII Ta BukoHaT!
Ti/[paBJivHUN PO3PaxyHOK IPU MPOEKTHOMY HaBaH-
TaKEHHI CIIOJKUBaYiB.

[Ipu rinpaBiiyHOMYy pO3paxyHKY TeIJIOBUX Me-
PE’X BU3HAYAIOTHCA BTPATU Ta NMAJiHHA TUCKY Ha Ji-
JITHKAX TPYOOMPOBOAIB JJIS TOAATBINOI PO3POOKU
riApaBJ/ivHOrO PEXKUMY Ta BU3HAYAIOTbCA HaABHI Ha-
MIOPH Ha TEIJIOBUX BBOJAAX CIIOKMBAYiB, TAKOX BU-
3HAYA€ETHbCSl CyMapHe Ma/liHHs TUCKY B TeIlJIOBiil Me-
pEXi BiJl JKepeJsa TEIJIONOCTAa4aHHS 10 KiHIEeBUX
CIIOJKUBAUYiB.

PospaxynkoBi Hamopm B Pi3HUX TOYKAX CUCTEM
TEIJIOTIOCTAaYaHHs BU3HAYAIOTbCA 3a JIONOMOTOI0
rpadikiB Haropy Mepexuoi Boau (I'€30MeTpUYHIX
rpadikiB), AKi BPaXOBYIOTb B3a€MHUI BILIUB (DaK-
TOPiB: TeoAe3NYHOTO TPO(dINI0 TEermIoTpacu, BTpaT
HAIOPY B MepeXi, BUCOTU CUCTEM TEIJIOCIOKHUBAH-
HS, HasIBHOTO HAIlOpy Ha BUBIJHUX KOJIEKTOpPaX JI7Ke-
peJt TemnJa.

3a pe3yJbTaTaMu Ti/[paBJivHOrO PO3PaXyHKY pe-
KOMEH/IYETBCSI 3aMiHUTH TPYOOIPOBOAU TEIJIOBUX
MepesK, Bi/ITOBi/THO BpaxXyBaBIIX KiJbKiCTh TPYO, mia-
METpHU SIKUX MaloThb GyTH 36iJIbIIEH]I YU 3MEHIIEHI.

Bub6ip marepiany remnsoizonsrii Tpy6 TEIIOBHX
Mepesk BUKOHYETHCS 3 YpaXyBaHHSIM €KOHOMiuHOTO
ONTHUMYMY CYMAapHHUX €KCILIyaTallilHUX BUTpaT Ta
KamiTaJoBKJA/IeHb B TeTJIOBI Mepeski. Tpy6ompoBo-
[U IIOIIePEeHbO 130/IbOBaHI IAPOM 3 TBEPAOIO IIiHO-
noJiiypeTany — OJIHOTO 3 HalKpaluX Cy4yaCHHX Tell-
JI0i30/IALIHNX MaTepiajiB. 3 OCHOBHUX IepeBar
uX TPyOGOIPOBO/IiB MOXKHA BU/IIJIUTU TaKi:

— PpiBHOMipHAa LIIJIbHICTb 3AIIOBHEHHA KOHCTPYK-
ii Tpy6ompoBOLy TEIJIOi3OMAIIHNM MaTepiaaoM.
[3oJisA11isT 3 TIiHOMIOTiypeTaHy MOHOJIITHA, GE3IIOBHA,
HE YTBOPIOE «MiCTKiB XOJIOAY > ;

— HasIBHICTb CUCTEMU OTIEPATUBHO-IUCTAHITIITHO-
TO KOHTPOJIIO /1€ MOXKJUBICTh BCTAHOBUTH JieDEKTH
Ta, K HACJIJO0K, 3anmobiraTtu aBapisiM, siKi THIIOBI
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JUIS TEIJIOBUX MEPEXX iHIINX KOHCTPYKILii;

— TepMiH eKCILIyaralnii miHonojiyperany moHaj
30 pokiB 3 MOBHUM 36€peKEHHIM BJIACTUBOCTEI;

— CTiliKicTb [0 BILIMBY BOJIOTH, T€pPMETUYHICTb
000JIOHKH;

— abCcoJIIoTHA CTIMKIiCTh 10 KOPO3ii, MBUIKICTD
30BHINIHBOT KOPO3ii Tpy6 He nepesutrye 0,03 MM/ pik;

— IPOCTOTa eKCILIyaTarii.

InTerpanisa tenjaoBux Mepe:x

InTerpaniss TenygoBUX MepeX PO3TJIAMAETLCS K
incTpymenr znekapOoniszaiiii. Came BoHA Ha/lae MOXK-
JINBICTDb MOCTAYaTU «3€JIEHY» TEILJIOBY €HEPrilo y 30-
HU TEIJIOIOCTAYaHHS KOTeJeHb, /e BiJICyTHilt a6o
00OMesKeHNUI MOTEHIial 3aMillleHHsT BUKOITHOTO TaJIn-
Ba Bi/THOBJIIOBAHOIO €HEPTi0 2060 CKUHUM €HEePreTHy-
HUM ToTeHIliasoM. Hanmpamku inTerpariii TemioBux
MepeXk Ta 3MEHIIeHHS BTPaT y TeIJIOBUX Mepeskax
MOTPiOHO PO3TJIAAATH Y KOMILIEKCI.

Busnauenuns npiopureTHux 06’€KTiB eKapOOHi-
sanii CIIT MoaenpHOro MicTa € BasKJIMBOIO CKJIAJ0-
BOIO METOMOJIOTiT, 10 po3ragnaerbes. [Ipiopurerni
00’€KTH BU3HAYAIOTHCS 3 BPAXYBAHHIM TaKUX MPUH-
IIMIIB Ta MOKAa3HUKIiB:

— PO3IJISA/IAI0THCS He TiJbKU JIKepeJia TeIJIoBO1
eHeprii, a B3araJi TeIo-Ti/[paBJliuHi KJacTepu,
SKi BKJIIOYAIOTH TEIJIOBI MepesKi Ta TeIJIOBUX CIIO-
JK1BaUiB;

— TeIJIO-TiZ[paBJliuHi KJacTepu MalOThb Bi/IOBI-
JaTH BUMOTaM IIiJIbHOCTi TEIJIOBOIO HAaBaHTAKEHHS
Ta JIHIAHOI MiJBHOCTI TETJIOTH MO0 OOIPYHTYBaH-
ust 3acrocyBannss CLIT [10];

— Ha4BHICTb IOTEHLialy 3aMillleHHs IIPUPOJLHO-
ro razy B/IE ta CTE (aus. Taba. 1);

— HagBHICTDL cucteM IeHTpastizoBanoro I'BII, a
TaKOXX TIEPCIIEKTUB BIIPOBA/P)KEHHS IeHTPaJsi3oBa-
HUX CHCTEM OXOJIO/PKEHHS, IO CYTTEBO IIiJ[BUIIYE
inBecTHIifiHy TpUBaGJUBICTD TAKOTO TEILIO-TiJpaB-
JIIYHOTO KJIacTepa,

— HaW61abIT TPUBAGJNBUMY € KOTEJbHI BEJUKOT
MIOTY>KHOCTi, Hanpukaaza, moHas 20 MBT, ockiabkn
3a PaxXyHOK JieKapOOHi3allii Bi/[HOCHO HEBEJIHMKOI KiJib-
KOCTi TaKUX KOTeJeHb 6yne NOCATHYTO GiJIbIl CyT-
TEBUU Pe3yJbTar.

OCHOBHOIO CKJIQIOBOIO TLJIAHY JeKapOoHiszarrii
CIIT Besnukoro micta € po3po6Ka Ta MOPiBHIHHS TE€X-
HiKO-€KOHOMIYHUX OOTPYHTYBaHb Pi3HMX BapiaHTiB
3aMillleHHS TeIJIOBOI eHeprii 3 BUKOIIHOIO IaJuBa
terioBoio enepriio Big B/IE ta CTE. /s uporo 3a-
cTocoByBaBcst Meto/1 Butpar ta surig (MBB), npu-
kaa 3acrocyBanHs skoro i CIT naBemeno y

[10]. [lsig KoxKHOrO BapiaHTa BU3HAYAETHCS TMOKA3-
HHUK HOPMOBAHOI BapTOCTi JKUTTEBOIO LUKJY €Heprii
LCOE [11], a TakoX TepMiH OKyIHOCTi KaIliTasb-
HUX BUTpaT. JAK 6a30BWii BapiaHT [JIsSI MOPiBHSIHHS
3 aJIbTePHATUBHUMU BapiaHTaMu 3actocyBanHus B/IE
ta CTE ponisbHo posrasaaru eneproedeKTUBHi Ta-
308Bi Koty 3 KK/l 6;m13bK0 92 %, OCKiJIbKU L€ JKe-
peJIO0 TEIIOBOI €Heprii € TUIIOBUM /g iCHYOYUX
CIIT, mo6pe BiIoMO JJIs1 TEIMJIONOCTAYATBHUX KOM-
NaHiil Ta 3apa3 HANGIIbIT YaCTO 3ACTOCOBYETHCS TIPU
mojtepnisartii 3acrapismux CIIT.

@opMyBaHHSI aJbTePHATUBHUX BapiaHTIB 3aMi-
IIEHHS TETJIOBOI €HePTii 3 BUKOITHOTO IaJInBa Ha Tell-
soBy eneprito 3 B/IE ta CTE 6a3yerbcst Ha KoHIIemN-
TyaJqbHOMY TOJIOKEeHHI TpaHcdopMallii icHylounx
ra3oBUX KOTeJeHb y OalaHCyloui eHepreTuuHi KOMII-
JIEKCH, sIKi BUPOOJISIOTh He TiIbKU TEILJIOBY, a I eJIeKT-
puuny eneprio (puc. 3).

Icaytoua rasoBa KoTeJsibHS, SIKA IIi/T €JHAHA [0
TEIJIOBOI, €JIEKTPUYHOI MepesKi Ta Mepexki IpUpo-
HOTO rasy, PO3IVISJAETbC SIK MalJJaHYMK JJs 10C-
TYIIOBOI'O 3aMillleHHA TeIJIOBOI eHeprii BiJ icHyIO-
uynx rasosux KoruaiB (I'K) TemnoBowmo emepricio Bif
korenepaniitaoi ycranoskn (KI'Y), TemmoBoro Ha-
cocy (TH) a6o coHg4HOI cTaHIil TeIIoNnocTayaHHs
(CCT) (aus. puc. 3). Kpim toro, na repuropii ra-
30BOi KOTeJibHI a60 6iJist Hei Moxke 6yTH po3MillieHa-
comauna enexTpuuna cranmis (CEC), axa 3’eqmana
3 KOTeJbHEI0 iCHYI0U0I0 abo CIeliaJbHO o6y aoBa-
HOIO €JIEKTPUYHOI0 Mepeskeio. Y CTPYKTypi GasaH-
CYIOUNX €HEPreTUYHMX KOMILIEKCIiB PO3TJISAAAETHCS
TaKO>X MOXKJIUBICTb 3aCTOCYBaHHS TEIJIOBUX aKyMy-
asropis (TA), 9Ki 3ameKHO BiJi PO3MipiB BUKOHY-
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Puc. 3. KonuenryaspHa cxema TpaHc@opMalii razoBux
KOTeJIeHb y 6alaHCyIo4i eHepreTHYHi KOMILTEKCH.

Figure 3. Conceptual scheme for the transformation of
gas boiler houses into balancing energy complexes.
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10Thb QYHKIII0 J060BUX a60 CE30HHHX, a TAaKOX 3a-
crocyBanHs esiekTpuunnx akymyJsropis (EA). Ha-
aBrictb TA Ta EA 3a6e3neuye HesasnexHe PyHKITiO-
HYBaHHSI CUCTEMU 32 TEMIIEPATYPHUM a60 eJeKTpUY-
HuM rpadikom. TH BUKOPUCTOBYIOTH Ty 4M iHIIY
HU3bKOIOTEHIIIiHY TEIJIOBY €Hepriio, HalbGiJbIn J0c-
TYIIHOIO 3 SIKUX € TEIJIOTa MOBITPs 30BHIIIHBOTO Ce-
peioBuUIla, MOXYTb XKUBUTHUCS €JIEKTPUYHOIO eHepri-
€10 Bi/l 3aTaJbHOI eIeKTPUYHOT Meperki abo Bij Biac-
voi KI'Y. ¥V nepcnekTusi mopsisi 3 MpUPOIHUM Ta30M
Moxke OYTH Tepe6adeHO BUKOPHUCTAHHS «3€JEHUX»
rasiB, HaIpUKJIAA, reHepaTopHoro rasy [12], a6o 6io-
ragy /6iomerany 3 moJiirony-6iopeaxropa [13].

Cruparounch Ha c(OPMYIbOBAHY KOHIENTYaJIb-
HY CXeMy, MOXJHUBO c(DOpMyBaTH pi3HOMAaHITHI Ba-
piaHTH 3aMillleHHs TeIJIOBOI eHeprii Bijl ra30BUX KOT-
JiB Ha TeryoBy eHepriio Big BJE ta CTE. Pesyib-
TaTu TEeXHIKO-€eKOHOMIYHOIO aHa/i3y IUX BapiaHTiB
PO3TJIAHYTO JAJi.

Mertoto mocaigKeHHS € Po3po6Ka KOMILIEKCY
MIPOEKTIB 3aMillleHHS BUKOITHOTO MaJWBa y IEHTpa-
JII30BaHOMY TeIJIONOCTAaYaHHi MOJEJbHOrO MicTa
na BJIE ta CTE. Ha ocHoBi anasidy OTOYHOTO CcTa-
ny CIHT BusHaueHa KiJTbKiCTb BUKOITHOTO MAJUBA,
SIKy HeoOXimHOo 3amictut, — 127 Tuc. T y.1m. /pik

(1029 tuc. MBr-roa/ pik). Pesy/bratu JociiKeH-
HS BKJIIOYAIOTH aHAJi3 TeXHiKO-€KOHOMi4HO1 edex-
TUBHOCT] IIPOEKTIB 3aMillleHHs BUKOIIHOTO I1aJBa
6i0TaJIMBOM, COHSIYHOIO €HEPTi€l0, eHeprieo oTouy-
I0YOTO CepeIOBUINA, CKUJHOIO TEIJIOBOIO eHepTielo
TEIJIOCJIEKTPOLIEHTPAJi, AKi MOXJUBO PO3IJLAaTh
gk tunosi npoektu aiag CIT Besukoro micra.

3amimenns Byriaaa Gionammsom na TEI]

Tumnosoio cutyalieio AJsi BeJUKOTO MicTa € Ha-

ABHICTD TeIJIOEJIEKTPOIIEHTPaJi, SKa BUKOPUCTOBYE
Bukomnte najauso (npupoauuii raz a6o Byrijisa) ta
BUPOOJISE €JEKTPUYHY Ta TEIJIOBY €HEPTilo [Jist
[[EHTPaJIi30BaHOrO TeIlJIoNocTaYaHHa Micta. Hmk-
Ye PO3IJIIAAEThCS 3aMillleHHsT BYTiJst 6ionaanBoM
"Ha TEIIL.
[IpuitHATTS TPUHITUIIOBOTO PillleHHI IOJ0 pe-aJi-
3aIfii TakoTO THUITY TTPOEKTY MOTpebye aHaJi3y Has-
BHOCTi HEOOXiJHOrO 006cATY JOCTYITHOro G6iorma-
JuBa. Y perioHi, /e po3raioBaHe MojieJIbHE MiCTO,
piuHa KiJbKiCTh AOCTYIHOTO OiomasmBa CKJajae
142 Tc. T y.1., a IPOTHO30BaHMiT HEOOXiaHMIT 06CAT
6iomaysmBa ckaanae 32 TUC. T y.I., IO A€ MOKJIU-
BiCThb peaJiidallil TaKOro TUILY IIPOEKTY.

Ta6ug 2. OCHOBHI TEXHIKO-€KOHOMiYHi ITOKAa3HMKM IOIiJbHOCTI NPOEKTY 3aMillleHHs BYTiJs

6ionmasmsom Ha TEIT

Table 2. Key technical and economic indicators of the feasibility of replacing coal with biofuel at a

CHP plant
HasBa napamerpa | PosmipHicTb | Benmunna

Enexrpuuna noryxuicts TEIL na 6iomanusi MBrt 100
Enexrpuunmit KK/ TEII na 6ionanusi % 30
Temnosuit KK/ TEIL na Gionaausi % 50
IMuromi kamitanbui Burparn TEI] va 6ionamusi noJ. /kBr 3000
Baprictp Byrisis IpH /T 11900
Kanopifinictb ByTinns KKaJl /KT 7200
Baprtictp Tpicku TpH /T 3000
KasopiitaicTb Tpicku KKaJ /KT 3000
CuiBBiZiHOIIEHHS BapTOCTi BYriJjisg / Tpicka — 1,65
Piune cnoskuBanns namusa wa TEIT (2034 p.) THC. T y.II. 32
Piune cnoskmBanns naamsa Ha TEIL (2034 p.) THC. T 31
YacTka 3aMilieHHs BYTi/LIS 6iomaginBoM % 100
KisnpkicTp 3aMinieHoro ByTiss TUC. T 31
BapricTtp 3amimenoro ByTisis THC. TPH 370222
Baprictp 6ioMacu JJ1s1 3aMillIeHOTO BYT1JLJIsT TUC. TPH 224000
Piuna exoHoMisl 3a paXyHOK 3aMillleHHS BYrijis 6ioMacolo THUC. TPH 146222
Tepmin OKymHOCTI KamiTaJbHUX BUTPAT POKiB 12

LCOE

noa. / MBr-roj 52
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Bimomi pisHi TexHiuHi pilreHHs 3amimieHHsT a6o
CHiJIBHOTO BWKOPHUCTAHHS BT Ta OGiomanmBa
[14], BKJIIOYHO 3i CTBOPEHHSM CyMilmn BYTiJIst Ta
OionanuBa, Ha craail MiArOTOBKU IaJHBa, CIAJIO-
BaHH4 y Pi3HUX NaJIbHUKAX, CIAJIOBAHHSA y Pi3HUX
KotJax abo crBopenust okpemoi TEILL Ha 6ionaausi.
Bu6ip TOro um iHIIOTO TEXHIYHOTO PillleHHS 3aJie-
SKUTD Bif ctany icuyioyoi TEI, i mpocropoBux Ta
KOHCTPYKTHBHUX XapaKTepHUCTUK, XapaKTEePUCTUK
BYTIJIIS Ta iHOIMX OCO6JUBOCTEH. Y TpHKJIaAi, IO
PO3TJIAIAETBCA B IIbOMY JIOCJi/KEHHi, PEeKOMEeH/I0-
BaHO cTBOpeHHS HOBOI GionasusHoi TEIL va Teputo-
pii icayrouoi Byrisbaoi TELL, mo aprymeHTOoBaHO Be-
JUKUM TepMinoM exciuayarauii Byrimpuoi TEIL
(6/m3pK0 50 POKIB), HAasABHICTIO MalgaH4nKa 47151 Gy-
nisaunTa HoBoi 6ionanuBuoi TELL Ta HeapyuHicTio
YMOB JIJISI PO3MillleHHST HOBUX GiOMAJUBHUX KOTJIiB
B iCHYIOUHMX KOHCTPYKTHBHHMX KOMipkax crapoi TEIL

Baromum  QakropoM JomiJbHOCTI  peastizaitii
MIPOEKTY € TeXHiKO-eKOHOMiuHa e(eKTHUBHICTh 3aMi-
IeHHst ByTiist GiomasmuBoM. OCHOBHI TTOKa3HUKHU
TEeXHIKO-€KOHOMIYHOI JOIiJIbHOCTI IIPOEKTY HaBele-
Hi y Tabu. 2. Bonu cBifuaTh, 110 peasisailisi MPOEK-
Ty 3aMillleHHs1 BYTiJisg 6ionaauBOM eKOHOMiYHO [10-
mnigbHa. TepMiH OKYMHOCTI KamiTaJbHUX BUTPAT
ckaagae 12 pokis, a LCOE — 52 mona./MBr-rox.
Peasizartisi 1boro nmpoekTy 3abesreuye 3aMillleHHs
31 tuc. T y.m. Byrijuisg GiomasuBoM Yy KiJbKOCTi
251 tuc. MBT-ToO/1.

Bcranosienna CEC ta TH
Ha KaHaJi ckuaHoi temaoi Boau TEI]

Kanasmn ckupnoi Temoi Boan TELL MoxxyThb 6yTn
BUKOPUCTaHI [/ JIOJJATKOBOTO BUPDOOHUIITBA €JIEKT-
puuHOi Ta TernsoBoi eHeprii 3 B/IE ta CTE aBoma
nsxamu: 1) posmimenns  doroenementisB CEC
6esrocepeIHbO Ha MOBEPXHi BOJM KaHAJTy; 2) BUKO-
PUCTaHHS TeIsol BOAW 3 KaHAJMy SIK HU3bKOIOTEH-
nitnoro mxepena ans TH.

Enexrpuuna enepris CEC mMoxxe 6yt BUKOpHC-
TaHa A7 kuBjgeHHS TH, axuii BupobJisie TeraoBy
€HEePTilo AJd 1IEeHTPali30BaHOTO TEIJIONOCTAYaHHS,
a6o 6e3Tocepe/IHbO MOABATHCS B €JIEKTPUYHY Me-
pexy (puc. 4).

3acTocyBaHHS TaKOTO JIOJJATKOBOTO €HEpPreTHy-
HOT'O KOMILJIEKCY ITi/IBUIILyBaTUMe €JEKTPUYHY Ta Tell-
JIOBy TOTYXHICTb Ta O6alaHCyl0dy CIIPOMOSKHICTDb
TEI. ¥ Bumanky, ko TEIL BukopucroBye 6ioma-
JIUBO, TaKWUil €HEePreTUYHUH KOMILJIEKC € I[iJIKOM Jie-
kap6onizoBanuM. Posmimenns CEC ua Boaniii mo-
BepxHi € BijomMuM TexHiunuM pimennsam [15]. Ha
TEIL MmozesibHOTO MicTa HasiBHA ILJIONIA KaHATY CKU/I-

CJICKTpHIHA MEpEKa
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Puc. 4. Cxema 3acrocyBannss CEC ta TH na kanani cku-
nuoi remtoi Bogu TEILL

Figure 4. Scheme of using a SPP and HP on the warm
water discharge channel of a CHP Plant.

Hoi Terotn 50 Trc. M?. TexHiKO-eKOHOMIuHI Xapak-
TEePUCTUKY €HePreTUYHOro KoMiulekcy B ckiaagi CEC
ta TH na kanani TELL B MozgesbHOMY MicTi, 110 J10-
CI/DKYy€eTbCs B 11i#l po6oTi, HaBe/eHi y TabJ. 3.

HaBeneni po3paxyHKU IOKa3yloTb, 1[0 IIPOEKT
BCTAHOBJIEHHSI €HEPTeTUYHOTO KOMIIJIEKCY B CKJAJi
CEC Tta TH na xanaji ckugnoi termotu TEILL € eko-
HOMIYHO JOIiJIbHUM Yy TOPiBHSIHHI 3 BUPOOGHUIITBOM
TernJioBoi eHeprii Ha crapiil razosiil koresbHi. Tep-
MiH OKYITHOCTi TIPO€EKTY cKiamae 7,2 poxu. IIpoekt
TaKOXK Mae nryske npuBabuusuii mokasuuk LCOE —
20 mon. /MBrt-rop, sskuit po3paxoBaHUi AJIs BUTIA/I-
Ky, Ko Bcst BupoOsena CEC consiuna eHepris Bu-
KOpuCcTOBY€EThbCA A skuBierHs: TH. Ileit mpoext
nepea6avae miBuineHHs TemaoBoi notyxHocti TELL
TOMy TOTpe6ye 36iJbIIeHHS TPUETHAHOI TETIOBOT
notyxHocTi aaa TELL, ake nocaraerbcd 3a paXyHOK
inrerpartii TensoBux Mepexx TEII Ta rasoBux kore-
JIeHb, Ha SIKUX TIOTeHIiaa gekapOoHisamii BiacyTHIN
260 eKOHOMIYHO HEJOI[iJIbHUI.

Bapiantu Bcranosiennss KI'Y, TH, CEC,
€JEKTPHYHHUX Ta TEMJOBUX aKyMyJISITOPiB
HA ra3oBHX KOTEJbHIX

OpHuM 3 HAMO1JIBIT TEPCIEKTUBHUX Ta €KOJIOTiy-
HO Ge3mevHnX croco6iB 3aMillleHHsT TPUPOIHOTO Ta-
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Tabmuus 3. TeXHiKO-€KOHOMiUHI XapaKTepUCTHKH eHepreTnuHoro kommiekcy B ckaaai CEC ta TH na

kanauai TEI]

Table 3. Techno-economic characteristics of the energy complex comprising a SPP and a HP on the

CHP plant channel

HasBa napamerpa ‘ PosmipHicTb ‘ Bemmunna
Hasgna mioma aias CEC M? 50000
Heo6xiana mutoma mioma s 1 kBt Beranosaenoi (mikosoi) moryskuocti CEC M2 /KBt 7
[Tikosa noryxuicts CEC kBT 7143
ITutome piuHe BUPOOHUIITBO €JIEKTPUYHOI eHepril kBr-rox,/ kBt 1100
Piune BUPOGHUIITBO €JEKTPUYHOI eHepril MBt-rozx 7857
IMutomi kamitanbhi Butpatn Ha CEC noJt. /KBt 400
Kamnirtanpui Butpatn Ha CEC THUC. J10JI. 2857
Koedinient excrryaraniiiHux surpar % 2,00
Piuni excrmyaramniitai Butparn TUC. JIOJI. 57,14
Koeditnient tTpancopmarii TH - 4,00
Bcranosnena temsosa mortysxHicTe TH kBt 28571
Piune BupoGHUIITBO TerioBoi eneprii TH MBt-rozx 31429
[Iutomi kamitaapui BuTpatn Ha TH noua. /kBr 300,00
Kamitasnpai Butpatn Ha TH THC. JTOJI.. 8571,43
Kypc rpushi I'pH / 10J1. 42,00
Iina TPUPOHOTO Trasy rpu /M 18,00
Kanopiitaictp pupogHoro rasy KKaa,/ M 8100,00
Kasopiiinicts mpupognoro rasy kBr-rox,/m? 9,40
KK/I rasoBoro xor./ia - 0,87
Heo6xisHa KibKiCTh TPUPOLHOTO ra3y THC. M 3844,39
Baprictb npupoaHoro rasy TUC. TPH 69199,05
Bapricte mpupognoro rasy THC. JIOJI. 1647,60
ExoHoMist ekcrTyaTamiiiHux BUTpaT THC. JIOJI. 1590,45
CymapHi KaniTajabHi BUTpaTH THC. JIOJI. 11428,57
TepMiH OKyIHOCTI KaliTaJbHUX BUTPAT POKiB 7,19
Tepwmin excryaranii enepreruunoro komiiexkcy CEC ta TH POKiB 20
LCOE noa. / MBr-roj 20

3y B KOTEJIbHAX ILEHTPaJi30BAaHOTO TEILIOIIOCTAaYaH-
HSI € BIIPOBA/PKEHHS TEXHOJIOTiH, 1110 BUKOPUCTOBYIOTD
COHSAYHY €HEepTilo.

3a HagBHOCTI Ha TEPUTOPIl UM MOGIU3Y AiFOUMX
ra3oBuUX KOTeJieHb JOCTAaTHiX BiJIbHUX ILJIOLI IS
BCTAQHOBJIEHHS COHSIYHUX €JIEKTPOCTaHIIii Ta cucteM
aKyMyJIIOBaHHS TEIJIOBOI YW €JICKTPUYHOI eHeprii
Taki BapiaHTu JOLI/JIBHO JeTaJbHO aHa/i3yBaTu.

s BUKOHAHHS TAKHUX OI[iHOK PO3POOJIEHO TeX-
HiKO-€KOHOMIYHY MO/€JIb, 110 Ja€ MOXKJ/IUBICTb BU-
3HAUUTH e(PEeKTUBHICTD 3aMillleHHsI TEIJIOBOI eHep-
rii, BUpOO6JIEHOI 3 TPHUPOIHOTO Ta3y Ha KOTEJbHI,
dKa IPaIoe IiJOPIiYHO 3 CEpPeHIiM HaBAHTAXKCHH
na I'BIT 0,5 MBrt ta cepeaniM HaBaHTa)Ke€HHS Ha

omaseHuss 1,5 MBT. MakcumasnbHe po3paxyHKOBe
HaBaHTa’KeHHS TaKoi KoTeJsbHi, Bignmosiano go /IbH
B.2.5-39:2008, cranosurume 4,2 MBr.

Posraanyro norenuiiini insectuniiini npoexru:

1) CEC+TH+AKB+TA+uiunuii tapudp — CEC
MpaIfioe B/eHb Ta 3a6e3mneuye enexTpoeHeprieio TH.
Hapnumiok esiekrpoeneprii akyMyJIIOETbCS Ta IIPO-
JIAETBCST B MEPEKY TICJST TIOBHOTO 3apsily €JIEKTPO-
akymysitoptoi 6atapei (AKB). Buoui TH npartioe
10 MAaKCUMYyMY BiJl eJIeKTPOMePesKi 32 HiYUHUM Tapu-
dom (=50 %), HAAIMIIOK TEMmIoBOI eHeprii 36epira-
€TbCs B TemioBux akymyJsitopax (TA);

2) CEC+TH+AKB — CEC mpamioe Ta 3a6esrme-
yye enekrpoeHepriero TH. Hapmummok esexrpoenep-
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Ta6auus 4. OcHOBHI BUXiZHI JaHi AJs1 YMCETHHOrO MOLYJIIOBAHHS

Table 4. Key initial data for numerical modelling

HasBa mapamerpa PoswMipHicTb | Bennuuna

Cepe/iHs TEIJIOBA MOTYKHICTh HA OTAJEHHS MBr 1,5
Cepemus temnsoBa mory:xHictb Ha ['BII MBr 0,5
COP rensnoBoro Hacoca - 3
ITuroma piuna renepanis CEC (incossuis) kBr-rox,/ kBt 1110
Koeinient edexrusrocti CEC (rpyaenn) - 0,1
TpuBasicTb ONaIIOBAIBHOTO CE30HY roj,/ pik 4320
Tpusasicts mocayru I'BII roj/ pik 8760
Kypc eBpo €BpO,/TpH 48
Baprictb nnpomaxy «3eseHoi» enekTpoeHeprii rpH /kBT1-TO/ 5,52
Baprictb esiekTpoeHeprii 3a HiYuHUM Tapugom rpu /KB1TOA B
Baprictb npupogHoro rasy rpu /M 18
KK/l rasoBoi Kore/bHi - 0,87
Piune TemnioBe CIOKMBaHHS HA OIAJIEHHS MBrt-rox / pik 6480
Piune temnnoBe cnoxxuanus Ha [BIT MBr-roa/ pik 4380
3arajibHe piuHe TeIJIOBe CIIOXKUBAHHS MBrt-rox / pik 10860
Piune cnosxkuBanus enexrpoeneprii TH MBrt-rox / pik 3620
IMutoma Bapricte CEC eBpo,/ KBt 500
[Turoma Bapricte TH eBpo,/ kBt 400
ITutoMa BapTiCTh €JEKTPOAKYMYJISATOPA eBpo /KBrTON 200
ITuroma Baprictb KI'Y (e) €Bpo /KBt 1200
[Tutoma Bapricte TA €Bpo,/ M 400
ITutomi eKCITyaTaliifiti BUTPaTH Ha iCHYIOUY rasoBy KOTEIbHIO (zapmuata, €50,/ KBI-piK 20,00
PEMOHTH Ta iH.)
[Muromi excrutyaTaniitai Butparu ma TH (xommpecopu, ¢ppeoH, TexnepeBipku)  €Bpo,/KBT-pix 4,00
[Muromi ekcrryartauitini Burpatn Ha TA (i3ossnis, Hacoc, BUTOKN) €Bpo / M>-pik 1,00
[Turomi ekcriryaramiiiai BUTPATH HA AKB (oxomomKkenns, cucteMa KepyBaHHs €50,/ KBI-piK 2.00
AKYMYJIITOPAMH, Jerpajiaiis)
HI/ITAOMI excrutyataniiini surpatn Ha CEC (uncTka, 3aMiHa MONIKOKEHNX MO- €80/ KBT-piK 4,00
JIyJTiB)
ITutomi excrryaraniitni surpatu Ha KI'Y €Bpo /KBT-pix 50,00
Tepmin excrryararii o6s1aiHaHHS POKiB 20,00

Ta6auus 5. Peayabrati TeXHiKO-€KOHOMIYHHX PO3PaXyHKiB

Table 5. Results of the techno-economic calculations

EC+TH+A EC+TH+ | TH+TA+
Hassa mapamerpa I§+$A+HquI/§?1 CECHT CAISB 6e3 HiYHUHI KIV+TH RIEV+T
H +AKDB +AKB H +TA
tapud EE tapud

Jloxia bia mposasiy Haum- 0,55 0,43 0 0 0 0
KOBOi eHeprii, MJIH €BpPO/ piK
3arasibHi iHBecTHIlil, MJIH €BPO 6,5 7,3 7,3 4,9 3,4 1,9
Piuni eKCIUTyaTaiiiini Burpar, 0.16 0,07 0,07 0,32 0,34 0,32
MJIH. €BPO/ PiK
Cymapiia piiia CKOHOMIA KO- 0,97 0,95 0,50 0,27 0,24 0,26
TiB, MJIH. €BPO/ pPiK
Hpqcmn TEPMiH OKYITHOCTI, 6.7 7.7 14,7 18.3 13.9 7.4
POKiB
LCOE, eBpo,/MBr-rox 31,0 29,6 29,6 55,3 46,8 38,4




16 ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepexenms. 2025. No 4

rii aKyMyJIIO€TbCA Ta IPOJAETHCA B MEPEXKY IIiCJA
noBHOTO 3apsaay AKD;

3) CEC+TH+AKB 6e3 npogaxy eJeKTpoeHeprii
— CEC mparoe Ta 3a6e3reuye eJeKTPOEHEPTieio
TH. Hapmmumok esekTpoeHeprii aKyMyJIIOETbCS B
AKD, 6e3 mpoiaxy eyieKTpOeHepTii B MepeKy;

4) TH+TA+wuiunuii tapud — TH npaioe su-
e BHOYI BiJi eJleKTpoMepeki 3a HiYHUM Tapudom
(=50 %), HagauoK TemaoBoi eHeprii 36epiraerbcs
B TA;

5) TH+TA+AKB — KI'Y 3a6esneuye 30 % piu-
HOTO TEIJIOBOr0 Mmonuty (BUKOPUCTOBYIOYM TEILIO,
mo BigBoguthesa), TH 3abesneuye pemry 70 % (3a
paxyHOK ejiekTpoeeprii); AKB — s sriamky-
BaHHS 060BUX /T KOBUX BiIMiHHOCTEH, pe3epBy Ha
24 rox po60TH CcUCTEMU TeTo3abe3neueHHs;

6) TH+TA+AKB — BigMiHHiCTH BiJ Iomepes-
wboro Bapianta: TA 3amicte AKDB nns pesepBy Ha
24 rox po60TH CUCTEMU TeTIo3abe3neueHHs .

OcHoBHa i/iesl IOTEeHIIHHUX iHBECTUIIITHUX TTPO-
€KTiB II0JIATa€ y TOMY, L0 YaCTKa TEeIJIOBOI eHeprii
3 MPUPOHOTO ra3y 3aMill[yEThCS COHSYHOIO Ta, 260
JIETEBOT0  €JIEKTPOEHEPTI€I0 32 HIYHUM TapuhoM.
Mopnesb 1a€ MOKJINBICTh BUSHAUUTH 3QJI€KHICTD Ka-
IiTAJIbHUX BUTPAT Ta TEPMiHy OKYIHOCTI KalliTaJb-
Hux Butpart, a Takoxk LCOE ans 6 onucanux Buie
crenapiiB. IlopiBHAHHS BHKOHYBaJOCS 3 Ta30BOIO
KOTEJbHEIO, dAKa Ma€ TepMiH eKCITyaTralii IoHaj
15 poki, KK/I 87 % Ta norpebye 3HAYHUX HOPiy-
HUX eKCITyaTallilHuX BUTPAT Ha PEMOHTI po6OoTH,
onsary mpami Tomo. IIpm 1boMy razoBa KOTeJTbHS
3QJINNIAETBCS I TIOKPUTTS TMiKOBUX HaBaHTAXKEHb
y 3WMOBWIT Tiepio/l y pasdi HeoOXiTHOCTI.

OcHOBHI BUXiaHI aHi A8 MOJEJIIOBAHHS HaBe-
JleHi y Tabs. 4, OCHOBHI pe3yJibTaTH MOJEJNIOBAHHS
— y Tabua. S.

| Loy

SENEQIMODY
- nepadiror 31

buen 3 A
Aoron nidrzan s

Spursisierms wepydos

Bumpamomp [/ /
ftimpodybna /

Bukonane po3paxyHKOBe [IOCJi/IKEHHS TIOKA3Ye,
1[0 3aMillleHHd ra3oBoi TEIIOBOI reHeparii CTOCOBHO
MIOPIYHOT €KOHOMIT Ta TepMiHy OKYITHOCTI Hai6iabin
qotisbae ansa Bapianta CEC+TH+AKB+TA+wuiu-
HUll Tapud, SKUI TaKOX JJa€ MOXKJIHUBICTH OTPUMY-
BaTH JOJATKOBUI MOPiuHUiT PUGYTOK BiJl IPOAAKY
enekTpoeneprii B posmipi 0,55 muH e€Bpo/pik (ce-
penHiit Tapud Ha <«3eseHy» eHepriio, BHUPOOGJEHY
CEC, signosigno o ITocranosu HKPEKII Ne 465
Big 25 Gepesusa 2025 poky, JomaTok 1).

Bcranossienns rasudikatopis
GiomMacH Ha Ta30BUX KOTEJbHAX

3MiCT TPOEKTY TOJSATAE Y TOMY, IO HA TEPUTOPii
ra3oBoi KOTEJbHi BCTAHOBJIOETHCSA CTAHILiS JJIS Ta-
3udikarii gepeB’sTHOT TPiCKU MOTYKHiCTIO 2—4 MBT
110 [TQJIUBY, SKa 3aliMae BiJIHOCHO HeBeJUKY ILJIOLLY
— 6smsbko 270 M? (puc. 5) Ta MiCTHTH y CBOEMY
ckJai GyHKep epeB’sTHOi TPiCKH, CHCTEMY ITaJnBO-
1oJ1avi, TPU ra3oTeHepaToOpy MepioinyuHoOI i, (iabT-
pH, IUKJIOHU, 3ac00M aBTOMATU3AIlIl Ta KepyBaHHSI.
Tazoreneparopra cranmis (I'TC) inTerpyerbest y
CTPYKTYPY iCHYIOUOT Ta30BOi KOTEJbHI Ta BUPOOJISE
reHepaTopHuil ras, o /Ja€ MOXKJHUBICTb MOCTYIIOBO
3aMilyBaTl TPUPO/IHNN Ta3 TEHEPATOPHUM Ta30M 3
6ionasmBa. 3acTOCYBaHHS ra30reHEPATOPHOI CTaH-
11i{ He moTpe6ye cyTTeBOI MOJepHi3allil iCHyIOUNX ra-
30BUX KOTJIiB. Heo6ximHa TiJIbKM Mo/iepHi3allis maJib-
HUKOBHUX IIPUCTPOIB.

TexHiKO-eKOHOMIYHA €(DeKTUBHICTh BIIPOBA/[KEH-
Ha [TC cyTTeBO 3a/€XUTh Bi/l iHK IPUPOIHOTO Ta-
3y, Tpicku Ta HasgBHOCTI nijopiyroro I'BII y xotesn-
Hi. [lokasHuKM TeXHiKO-eKOHOMiYHOi e)eKTUBHOCTI
sripoBapkents ['TC noryskuictio 4 MBT Ha KoTesb
Hi 3 TIPUETHAHNM TETIOBUM HaBaHTaskeHHsM 11,8 MBT

Puc. 5. TasoreneparopHa craHiis noryxHictio 2—4 MBT.

Figure 5. Gasification power plant with a capacity of 2-4 MW
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Ta6auus 6. ITokasHUKU TeXHiIKO-eKOHOMiuHOi epekTuBHOCTI BupoBakenns: ITC na koreabui

Table 6. Techno-economic performance indicators of gasification plant implementation at the boiler

house
HaszBa mapametpa PoamipuricTs Besnumaa

Kypc rpushi I'pH,/ KOJ1. 42
Baprictb npupoguoro razy (IIT) rpu /> 18
Kasnopiitaicts 1T KKaJI /M 8100
Kasopiitaicts IIT kBrrog,/m® 9,42
BapricTp Tpickn IPH /KT 3
Kasopiitaicts Tpickm KKaJ /KT 2600
Kanopiitaicts Tpicku kBr-roz / kr 3,02
Heo6xiana kinbkicTb Tpickn Ha BupoGHuuTso 1 M° reneparopnoro raszy (I'T) kr/mM IT 2,7
Baprictp enextpuunoi eneprii rpu /kBtrox 7,95
3aMileHa NOTYyKHICTb ra30BOTO KOTJIA MBr 4
KK/l xorsa - 0,87
KK/I rasoreneparopa - 0,70
Piunmii Tepmin pyHKIiOHYBaHHS Jli6 180
1133(1);1(})121< (i?IKaCiMjéI;;;BI:]JII;;;%T?[ Cssih(a);menm termosoi eneprii (TE) Bix raso- MBrrox 17280
Yacrka I'BIT - 0,25
Piuna makcumasibHa KisnbKicTh 3amimienoi TE Bij rasoBoro xorJa B Heola-
JIOBabHUI TIepiof MBr-ron 4440
Cymapna MakcuMaJsibHa piyHa Kinbkictp 3amimenoi TE Bij rasoBoro korsa MBrt-rTox 21720
Cymapae icayioue Bupo6uunTBO TE Bif ra3zoBoro xorma MBrt-rox 13890
Piune cnoxkuBanng 11T MBr-rox 24966
Piune cnoskuBannsg I1T M 1683243
Piuni BuTpatu Ha nmpupomgHuii ra3 MJIH TPH 30,298
KoeditienT 3aminieHHss TpupoHOTo ra3y 6iomajanBoM kr/m 3,12
Piune cnosxuBanms 6iomnajinBa MBr-roxn 19842
EneprernuHa mMoTy;KHICTb TIOTOKY GiomaanBa MBr 3,66
Piune crioskuBanHs Giomaansa Kr 6.570.482
Piuni BuTparn Ha 6ionaauBo MJIH TPH. 19,711
Yacose criosknBaHHs GiomainBa Kr /TO[ 15211
[TuToMa eJeKTPUYHA TTOTYKHICTh CUCTEMH MaJUBONOAAYi kBt(e) /xBr(6io) 0,02
EnexTpuyHa NOTYXHICTh CUCTEMU TTAJTMBOIIOAAY] kBT 131,36
Piuni BuTpatn enexTpudHOi eHeprii A/ magnBonofadi kBrrox 396857
Piuni BuTpaTtu Ha eJeKTPUUHY eHeprilo [ NaJauBoNoAayi MJIH TPH 3,155
[lonaTkoBa KiJbKiCTh MEePCOHANY Jis 0OCTyTOBYBaHHSI cucTeMy Tazudikarrii oz. 3
Micsiyna 3apo6iTHa TLJIATHS I'pH 15000
Piuni BuTpatn Ha omaty mparti MJIH I'PH 0,54
Piuna exonomis 3a paxyHok 3aminienus [T 6ionanusom MJIH TPH 6,892
[Mutomi BUTpaTH Ha cucteMy raszudikariii nox. /xkBr (IT) 150
Kamniranbai BUTpatu Ha cucremy rasudikarii MJIH JOJI. 0,985
Kamnirtanbui BuTpatt Ha cuctemy rasudikaii MJIH I'DH 41,379
Tepmin OKyImHOCTI KaliTaJbHUX BUTPAT POKiB 6,00
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HaBesileHo y Ta6sa. 6. BpaxoBaHo Tako:x HEMOXKJIH-
BiCTb PO3MillleHHsT Ta30oreHepaTopiB Ge3MmocepeHbo
6iJ1 KoTesbHI 4epe3 MIiJIbHY 3a0yIOBY, [JIS 4OTO
notpi6uo npoxaactu 6au3bko 250 M razomnpoBomsy
JUISL TPAHCIOPTYBAHHS F€HEePaTOPHOIO rasy.

Peanizaniss mpoexTy /1ae MOXKJMBICTH 3aMiCTUTH
21,7 Tuc. MBr-ron,/ pik TemmoBoi eneprii, BUpoOIeHOT
3 TIPUPOJIHOTO Ta3y, TEIJIOBOIO eHepriio, BUPOOJIeHOT
3 6iomasmBa. g BesmunHa BpaxoBye SK iCHyIoUYe BH-
poGHMIITBO TemioBoi eweprii y 13,8 tuc. MBtTog,
Tak i 36iJbIIeHHS HABAHTAKEHHS 3 YpaxyBaHHIM
100y TOBY SKUTJIOBOIO MAaCHBY HAaBKOJIO KOTEJIbHi.

Kamitanpai BUTpaTé Ha peasizallifo MPOEKTY —
6m3bko 1 mMutH gout. [Ipu isopivnomy yHKITioHy-
BanHi [T'C TepMiH OKyITHOCTI IPOEKTY cKJanae 6 po-
kiB. Ilpu BificyTHOCTI (DYHKITIOHYBaHHS TIEHTPaJIi30-
Banoro I'BII y xoresibHi TepMiH OKYITHOCTi 36iJbIITy-
etbcst 1o 8—10 poxkis. [Ipu migkaroueHHi HOBOOYI0B
el TepMiH Moke 6YTH 3MEHIIEHHI 10 5 POKiB.

OCHOBHUMU TI€peBaraMu 11bOTO MTPOEKTY € BiJHOC-
HO HEBEJIMKI KalliTaJabHi BUTPATU IOPiBHAHO 3 BIIPO-
BQ/KCHHAM HOBUX OiONaJUBHUX KOTJIB Ta IIiJBU-
IMeHHSIM CTiMKOCTi TeTJIONoCTavYaHHs 3a PaXyHOK 3a-
6e3Te4eHHsT MYJIbTUIIAJIUBHOCTI B YMOBaX TEBHOI Bi-
POTiHOCTI TUMYACOBOI BiZICYTHOCTI NOCTaYaHHA IIPU-
POMHOTIO Tasy.

3acrocyBauus Giorazy
3 xapyoBux Bigxoxais TIIB

Buxonano amasni3 MOXJIMBOCTI 3aMillleHHS TIPH-
POJHOTO Ta3y 3a PaXyHOK BUPOOGHUITBA GiOMETaHY
3 BUKOPHUCTAHHSM J06pe OIpalbOBaHOI TEXHOJIOTIT
MOJIiTOH-610PEaKTop, KA MUPOKO BUKOPUCTOBYETD-

Seattle

cst B CIITA (puc. 6) Ta tecryerbes B €Bpori.

Amnaniz 6a3yeTbcs Ha SIKiCHUX Ta KiJbKiCHUX TO-
Ka3HUKaxX I10/I0 YTBOPEHHS Ta CKJIaly TBepANX II0-
OyTOBUX BIiJIXO/IiB ¥ MOJIEJIbHOMY MiCTi Ta Marepia-
max HarionasbHOTO NTaHy ynpaBJiHHS BifXomgaMu
no 2033 poky. Ilepenbauaerbcst cTBopeHHs 06’€KTa
noraubeHoro nepepobiaenns TIIB, opientoBanoro
Ha BUKOPUCTAaHHA iX €HEPreTWYHOTrO TOTEHIiaTy Ta
CMiTTecnaloBaJbHUIl 3aBOJ B MOJEJbHOMY MIiCTi.
MeTol0 CTBOpEHHS IbOTO 00’ €KTa € 3HIKEHHS 00Cs-
riB 3aXOPOHEHHS BiJAXOZiB Ta MOXJIMBICTb 3aMillleH-
HS TPAAMIIIHHUX eHepreTHYHNX pecypciB.

O6’em yrBopioBanux mopiuro TIIB y micri cra-
HOBUTDH 6sin3bKo 128.122 T. B ixubomy ckiazai nepe-
Ba’Ka€ XapyoBa CKJAJ0Ba, AKOi, 3a JaHUMH He3a-
JIEHOTO BUBYeHHHA, € 6im3bko 36 %. Tertora 3ro-
psaHS HecopTtoBanux TIIB cranoBuTh y cepenHboMy
7,94 Mx/xr (2,2 xBrrox,/Kr) mpu 30JIbHOCTI
22,4 % (tabn. 7).

[Tepen6avaerncst posaiibHe 36MPAHHS Ta TTOAATD-
e BiICOPTYBaHHS TBepAUX NMOOYTOBUX BiAXOAIB 3
METOI0 pO3/liJieHHsT 6ioJIoriuHOoi / XapyoBOi YacTUHU
BIZIXO/iB, BU/IiJIEHHS BTOPUHHOI CHPOBHUHU, BUPOG-
HUITBO i3 3aumkiB copryBanas RDF /SRF manu-
Ba Ta BUKOPHUCTAHHS I[bOTO MajJuBa JJs TeHeparlii
eJIEKTPUYHOI Ta TeIJIoBOi eHeprii B TeNJOBil esexT-
pocraHIlii, po3paxoBaHoi Ha reHepailifo 10 5 MBr
esqekrpuynoi Ta 20 MBrt TernoBoi eneprii.
[IpororyeThess BUKOpUCTaHHS 6i0JIOTiYHOT / Xapyo-
Boi yactunu TIIB, 1o yTBOpIOETbCS B MiCTi A7 Te-
Heparii 6iomMeraHy Ta TojAa4i BUPOOGJEHOTO Ta30mo-
JiOGHOTO TIaJMBa B Ta30MPOBOU /s 3a6e3TeYeHHs
TelJIoreHepaltii Ha KOTeJbHAX MaJIoi MOTYXKHOCTI,
PO3MIIIIEHNX B MiCIISX MI/IBHOT 3a0Y/I0BH, TIepeBe/icH-

* s
.
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Puc. 6. Mana poaMimienns Aitounx mosironis Ha teputopii CIIA, Ha SKuX 36MPAETbCs Ta BUKOPHCTOBYETHCS Gioras.

Figure 6. Map of operating landfills in the U.S. with biogas collection and utilization.
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Ta6Gmug 7. Ycepeauenuii ckja/| Ta TemIoTexHiuni xapakrepuctuku TIIB, mo yTBOPIOIOTBCS B MO/I€JIb-

HOMY MicTi

Table 7. Average composition and thermophysical characteristics of MSW generated in the model city

Ximiunnit ckaan TIIB Eneprernunuii
Buicr MoTeHIial 3
Kommnonentu TIIB KOMITOHEH- BOHO(: ypaxyBaHHAM
Tis, % ricTb, % C H (0] N S | 3ona By
k /K /KT
[Tamip 8,6 11,0 38,95 5,23 39,04 0,22 0,18 5,38 1621,9
Ilonimepu 10,3 10,0 30,71 4,82 34,2 0,11 0,16 20,0 1615,3
Meraan 1,7 3,0 0,77 0,04 0,19 - - 96,0 0,0
Cxki0 9,1 2,0 0,66 0,03 0,11 - - 97,2 0,0
Texctumab 1,1 10,0 49,28 594 28,30 4,16 0,12 2,20 254,4
IIkipa, ryma 1,1 5,0 72,89 10,25 - - 1,98 9,88 398,1
[lepeso 0,4 30,0 35,46 4,78 28,80 0,12 0,04 0,80 67,0
Xapuosi Bigxoan 35,7 72,0 12,59 1,80 8,03 0,95 0,15 4,48 1686,0
Hecoprosannii s3anuiox 32,0 40,0 15,93 2,35 17,62 0,05 0,05 24,0 2300,0
Ycboro 100,0 48,4 17,7 2,5 15,8 04 01 224 79427

HA AKUX Ha iHII eHepreTU4YHi pecypcu HeMOK/IUBeE.

Maca 6iosioriunoi / xapuoBoi yacturu TIIB, sika
[OPIYHO TEHEPYETbCd B MiCTi, HA CbOTOJAHI CTaHO-
Buth 128.122 x 0,357 = 45.740 T.

Jlng 3a6esnevyennst siKicHOT mepepoOKy IUX BiJl-
XO/IiB TIPOTIOHY€ETbCS CTBOPEHHS TOJIITOHiB-6iopeak-
TOpiB, sIKi 3a6€3TeUyIOTh SIKiCHE MPOrHO30BaHE Iie-
PETBOPEHHST BUXi/IHOT 6i010TiUHOI cMpOBUHE Ha 6io-
ra3 Ta [PyHT, KU, K IIPaBUJIO, BUKOPUCTOBYETHCS
gk miacunka. Cxemun opranisarii mosirony-6iopeak-
Topa HaBezieHi Ha puc. 7 [16].

Ha monironi-6iopeakTopi KepoBaHO ITiIBUIIYIOTh
610JI0TiYHY AKTHBHICTD, JJIsI YOTO OPTaHi3yIOTh pe-
MUPKYJIAIiI0 (hifbTpary Ta iHIUX PiJinH, Y TOMY YuC-

> Leachate / Liquids Addition
&= Air Injection

Liquids
Storage

Courtesy of Waste Management

Jii B X0Ji aepoGHOTO TIPOTIeCy, 3 JI0JIABAHHSIM TIOBIT-
ps. lle 3a6esreuye NMPUCKOPEHUN PO3KJIA] OPraHi-
Ki, OiJIbII MIBUAKUN MOYATOK 36upanHs 6iorasy ta
inTencuikarnito #oro yrBopeHHs. Aepo6Ha ¢asa
quig cBixkux mapiB TIIB TpuBae mexisbka THKHIB,
anaepo6Ha — pokamu (puc. 8).

Bukonana orinka 06’eMy reHepailii 6iomeraHy
6asyerbcst Ha GararopiunoMmy nocsifi [HctutyTy ra-
3y HAHY 3i cTBOpeHHS cucteM 30UpaHHS 3BaJIHIIL-
Horo tazy [17]. /lani Hammx crHeriagicTiB € GiJbim
KOHCEPBATUBHUMM, Hi’K HaBe/leHi y poOOTi HAyKOB-
uis [lakicrany [18], ase mo6pe KopesOOTLCS 3 pe-
3yJsbratamu gociijkenus [19], ske 3ocepemxeno
Ha BUBYEHHI reHeparlii 6iorasy Ha IoJiirOHi-peakTopi.

> Leachate / Liquids Addition
=_» Gas Collection
Leachate

Nitrification
Treatment

Monitoring

Courtesy of Waste Management

6

Puc. 7. Toniron-6iopeakTop Ha pisHMX cTafifax Horo excruryataiii. Aepo6uuii mponec na nepmriit (a) ta apyriit (6)

CTaJIiIX TEXHOJIOTII.

Figure 7. Bioreactor landfill at different stages of its operation. Aerobic process at the first (a) and second (b)

stages of the technology.
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. TIMTOMe Y TBOD €HHA Ta BIOBIIOBAHHA GloMeTany
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Puc. 8. T'enepaitis ta BJIOBIIOBaHHS 6GioMeTaHy sl ITO-
Jlavi B ra3oBi Mepexki Ha noJiironi-6iopeakTopi.

Figure 8. Generation and capture of biomethane for in-
jection into gas networks at a bioreactor landfill.

3i6panHuil 3BaJHUIIHNI Ta3 3aCTOCOBYETHCS JIJIsl BU-
poGHUIITBA eHepTii a60 OUMIIEHHS /10 piBHS GiomeTa-
HY Ta BUKOPHUCTOBYETHCS 3aMiCTb TPUPOJHOTO Ta3y.

CTBOpeHHs MOJTOHIB /JIsI Tiepepo6Ku 6ioJoriy-
noi vacturu TIIB Ta xomrtekcy migroroBku 6iome-
tany 3 Giorazy /jae MOXKJIMBICTb MOOY/IyBaTH CHUC-
TeMy, sKa TapaHTOBAHO 3a PaxyHOK HasBHOTO Ha
CBOTO/IHI pecypcy CIPOMOKHA 3a6e3MeYuTH Mopid-
Hy mojady B Ta3oBy Mepexy Oiomeran B 06’eMmi
Pur. = 45.740 x 112:10% = 5,1 muna M3/ pik.

BpaxoByioun perjiaMeHTOBaHUI Ha CbOTO/HI KO-
edimient KopucHoi [ii KorJjoarperatis 92 %, Bu-
3HAYUMO, IO IIbOTO PECYPCY BUCTAYUTD [ 3a6€3-
medeHHd reHepaiii He MeHmT 39 tuc. ['kaa TemmoBoi
eHeprii. [Iporso3oBanuii OMUT Ha TEIJIOBY €HEp-
rito y micti n0 2034 poky craHoBUTUME OJHM3BKO
450 tuc. T'kan/ pik.

TakuM yuHOM, CTBOPEHHS CUCTEMU IOJIiTOHiB-pe-
aKTOPiB Ta KOMILIEKCY BUiJIeHHsS 3 Giorasdy Giome-
TaHy JIa€ MOKJIUBICTH 3a0€3ME€YNUTH BiTHOBJIIOBAHUM
rasono/iOHuM najauBoM 6Jau3bK0O 9 % moTpeb Terio-
reHepylounx KOMIIaHi#l MicTa Ha oOmaJieHHd Ta raps-
4e BojionocTavanmsi. IlnanyeTbest 3a6e31eUnTt MOXK-
JIUBICTh POGOTU 3 BUKOPUCTAHHSM TIPUPOIHOTO ra3y
/ 6ioMeTaHy KBapTaJbHUX KOTEJEHDb, TepeBeJICHHS
AKMX Ha eKCIlIyaTallilo 3a paxXyHOK iHIIMX eHepre-
TUYHUX PECypPCciB HEMOXKJINBO.

[Toniron 6ymyerbcsti 3i CTBOPEHHSIM KJacTepiB-
KapT y KiJbKOCTi 8 mWTyK A7 3a6e31e4eHHs PiBHO-
MipHOi renepanii Giomerany (puc. 9). Kosxna kapra
Ma€ MOJKJ/IUBICTb BMICTUTU piyHE YTBOPEHH:A Xapuo-
BUX BiZX0ZiB y MicTi. BpaxoByoun misbHicTb Xap-
40B0i ck/1a40B0i TIIB Ha pisui 700 kr /M°, cepeniio
BUCOTY iX cKjaayBanus 6iau3bko 10 M, HasBHICTDH
YKOCIB Ta Miji' I3HUX TJISXiB, OIiHIOEMO IIJIOTLY OJI-
niei kapru B 8000 M%. TakuM YHHOM, 3 YpaxXyBaHHIM
MicIls JIJIsT PO3MIIEHHST TTePepOOHIX KOMILJIEKCIB Ta
aJIMiHICTPATUBHO-MOGYTOBUX TIPUMIIIEHb 3arajbHa
JIo1a moJTirony ckaajae 6usbko 100 tuc. m?, T06-
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Puc. 9. Cxema po3MillleHHs JiJSTHOK Ta KOMILJIEKCIB 3 TIepepo6KH BiJIXO/IiB Ha MOJIITOHi-pEaKToPi.

Figure 9. Scheme of the allocation of sites and waste treatment complexes within the landfill-reactor.
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to 10 ra. Ile y 2,5 pasu MeHIe, Hi’K PEKOMEH/I0-
panuil noJuiron aag TIIB gaa uwucesnpHOCTI Hace-
aenrsa 200 tuc. oci6, 3rigno [20], amxe HeoOXimHO
BpPaxoByBaTH, IO Ha IOJITOH-PEAKTOP 3aBO3UTHCH
BUKJIIOYHO Giosioriuna ckiazosa TIIB micss ix cop-
TYBaHHS B XO/Ii 36MpaHHs Ta Mepepo6KN HA CMiTTe-
COpTYBaJIbHIN CTaHIIi].

OcHOBHI TOJIOKEHHS TTPOEKTY CTBOPEHHS TI0JIi-
TOHY-PEAKTOpA:

— TIOJITOH MicCJIS BUXOAY Ha POOOUMI PEsKUM
(uepes 6 pokiB) reHepye 8,5 muH M®/pik 3BasmUII-
HOTO Tra3y, B SIKOMYy CIIiBBifiHOIIeHHsT GioMeTaH
CO, =60 : 40 %;

— TeHepallis 3 IOCTYNOBUM 3POCTaHHSIM I10YH-
HAETDHCS 3 TPETHOTO POKY 3 MOMEHTY MOYaTKy Oy/liB-
HUIITBA TIOJIITOHY, SIKMW ckJaajaetbes 3 10 xuacre-
PpiB, 10 3aIIOBHIOIOTHCS 110 Yep3i. ¥ KOKHUHU 3 KJac-
TepiB 3akaagaeThest 45.740 T XapuoBUX BiIXO/IiB;

— KJIOYOBa 3ajladya — TeHepailisi 6ioMeTaHy 3
MiHIMAJbHUMU ONepaliifHIMI BUTpAaTaMu /51 3aKa-
YyBaHHS B MEPEXKY Ta 3aMillleHHS IIPUPOIHOTO rasy;

— BUTpATH €JIEKTPUYHOI eHeprii /1T poOOTH CHC-
TEMU KOMIIEHCYIOTbCSI 32 PAaxyHOK i BUPOOGHMI[TBA
€JIEKTPOCTAHI[I€10, SIKa CKJIAJAEThCs 3 JIBOX IMOPII-
HEeBUX MAaIlWH, BCTAHOBJIEHUX Ha moJiiroxi. Ilg enex-
TPOCTAHIIig CIIOKUBAE YACTHHY 3BAJIMIIHOIO Trasy,
SKUN TeHepyeTbcsl 3 moJiirony. KoedimienT xopuc-
HOI /il eJIeKTPUYHMX TOPITHEBUX MamnH — 40 %;

— reHepailis 6ioMeTaHy 3/1iICHIOETHCS 13 3BAJHUIIL-
HOTO Ta3y, KW 3aJUMIUBCS TicJas poO6OTH TOPIII-
HEBUX MAallliH;

— cepeJHbOMiCSIYHA 3apo6iTHA IIIaTa OIHOTO
criBpo6iTHUKA mosrirony cranoButhb 800 mou. 3 ypa-
XyBaHHAM IIO/IATKiB;

— BapricTh GioMeTaHy CTaHOBUTH 5 J0JI. /M,

— IuIaTa 3a 3aXOpoHeHHs 1 T BiAXOiB Ha MOJIi-
TOHi, AKa CIJIAYY€ETHhCS MOCTAYaJbHUKAMU BiJIXO/iB
JUIS KOMIIEHCAIlil YaCTUHU OTepalliifHuX BUTpaT T0-
Jirony, cranoButb 1,2 pon. /T.

[nmukaTBHI €KOHOMiUHI TTOKA3HUKW CTBOPEHHS
Ta eKcIutyarartii moJliroHy-peakropa 3BezieHi y tabur. 8.

Ort3ke, 1715 BIPOBAKEHHS 3aX0y HEOOXiHi 3a-
raJibHui 06CAT KariTaabHuX BUTpar — 40,5 MJIH 101,
mopiuyHa ekoHoMmiss — 1,6 MJH m0JI., TIPOCTUIT Tep-
MiH OKyMIHOCTi — 24,5 pOKiB.

CTBOpEHHST KOXKHOTO KJlacTepa-KapT nependadae:

— MiJATOTOBKY IIOIIQJKY 3 BAKJQJICHHAM IIila-
HO-TPYHTOBOI TOJYTITKH, PO3MIllleHHS MPOTUQIIbT-
pariitnol Mem6panu Ta 1epGOPOBAHUX KOJEKTOPIB
s Bifbopy dinbTpary;

— CTBOPEHHA CUCTEMU PELUpPKYJIALii, po3paxo-
BaHOI Ha 3BOPOTHIO mogauy a0 30 % ¢inbTpary;

— MiATOTOBKY BEPTUKAJIbHUX Ta30BUX CBEPJIO-
BUH, ra3036ipHUX KOJIEKTOPiB, BCTAHOBJIEHHSI CUCTE-
MU Ta30/[yBOK [IJIS1 TI0/1a4i MOBIiTPsI Ta Bin6opy rasy;

— BCTAHOBJIEHHSI TeOMEMOPAHNU 3 TPYHTOBHUM TI0-
KPUTTAM Ha PEAKTOPi;

— KOMILJIEKTallisg KJacTepa-KapTu JaTYUKaMu
KOHTPOJIIO TeMIlepaTyp Ta MOTOKiB.

BucHoBku Ta pekomeHaalrii

[lexap6oHi3allisi cucteM IEHTPaJi30BAHOTO TeTl-
JIONIOCTAYaHHA € aKTyaJbHOIO TEMOIO /I KpaiH 3
possunytuMu CIT, saxi 6y mo6ymoBami mepeBask-
HO y IOIIepeIHbOMY CTOPiv4i Ta po3paxoBaHi HA BU-
KOPHCTAHHSI BUKOIHOTO TajnBa. Y IHMX CHUCTEMax
OJTHOYACHO HEOOXi/IHO BUPIIyBaTH 3aBIaHHS CKOPO-
YEHHS CIIOJKMBAHHA TEIJIOBOI eHeprii, 3amMiHu 3acTa-
piJsioro o6IaHAHHS Ta 3aMillleHHsT BUKOITHOTO TTaJIH-
Ba Bi[THOBJIIOBAaHUMU JIXKEpPeJIaMU €Heprii Ta CKU/IHU-
MU eHepreTHYHUMU pecypcamu. i 3aBmanHS MaOTh
OJTHOYACHOTO BUPINTYBATHCS B YMOBaX HEOOXiTHOCTI
cTabiIbHOTO 3a6€3TMeUeHHSIM CIIOKMBAYIB TETIIOBOIO
eHeprielo. BupineHHsa Takoro cKJIagHOr0 KOMILIEKC-
HOTO 3aB/IaHHs TOTpe6ye PO3POOKH HAYKOBO OOIPYH-
TOBAHOI METOJ0JIOTii.

3ampoTIOHOBAaHO METO/0JIOTIIO0 eKapOoHi3aitii mo-
ty:kHux 3acrapisiux CIT nHa BukonHoMy maJsusi
JLTST MOZIEJTBHOTO MicTa, sTKa Moxke 6yTH 3aCTOCOBaHA
JUIst 6araThox MicT YKpainu ta kpain €C.

[IpuHIIMTIOBUM TIOJIO’KEHHSM 3alIPOIIOHOBAHOI Me-
TOJO0JIOTI € 3aCTOCYBAaHHSA KOMILJIEKCHOTO IiJXOMY,
SIKUH BKJIIOUYA€ TPU OCHOBHI HATIPSIMKU:

— CKOPOYEHHS CIIOKMBAHHS TEILJIOBOI eHeprii 3a
PaxyHOK IIi/IBUIIIEHHS eHeproedeKTUBHOCTI TerIo-
BUX CIIOKMBAYiB Ta TEILJIOBUX MEPEXK;

— 3aMilleHHsT BUPOOHUIITBA TEIJIOBOI eHeprii Ha
JoKepesax, SKi IIpalioloTh Ha BUKOITHOMY IIAJIWBI,
Jukepesiamu, fki Bukopucrosyiorb B/IE Ta ckuani
enepretnuti pecypcu (CEP);

— iHTerpailisi TEIJIOBUX MEPEXK, IO 3abe3Iedye
MOXKJIUBICTD BUPOOJISITH <3€JIeHY» TEIJIOBY €Hepriio
Ha OKPEMHX TeIJIOBUX JKepesax, sSKi MalTb Hai-
Kpalli yMOBHU [T JekapOoHi3allii, Ta TpaHCIOpTY-
BaTU 1[I0 €HEPTilo Ha iHII J)KepeJsa eHeprii, sgKi He
MAaIOTh MOTeHIiany abo MaloTh Tipili YMOBH [JIS Jie-
KapOoHi3sarrii.

Busnauennst npioputeTHux 06’€KTiB 1eKapOOHi-
sanii CIIT mMozeapHOTO MicTa € BasKJINBOIO CKJIAJI0-
BOIO 3amporioHoBaHOi MeTomoJoTii. Ilpiopurerni
00’eKTH BU3HAYAIOTbCS i3 BpaxXyBaHHAM TaKUX IIO-
JIOJKCHb Ta NMOKa3HUKIB:

— PO3IJILAIOThCA He TiJbKU JKepeJia TeIJI0BO1
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Ta6muus 8. Iloka3HUKKM TEXHIKO-€KOHOMIYHOI €(DEKTHBHOCTI CTBOPEHHS IOJIrOHy-peakTopa 3 Bi6opom

biomerany

Table 8. Indicators of the techno-economic efficiency of establishing a landfill-reactor with

biomethane recovery

HasBa mapametpa PoswmipnicTb ‘ Bemmuuna
OCHOBHI OKAa3HUKHN KOMILJIEKCY
Piunwit 06’em mozaui BigXoiB Ha MOTITOH-PEAKTOP T,/ pik 45740
[Inara 3a BumaeHHSA 0. /T 1,2
3araspHa KibKiCTh 3BAJHUIIHOTO Ta3y M/ pix 8.500.000
BizcoTok MeTaHy B 3BAJIMITHOMY rasi % 60
Ilina Ha 6iomeran noJa. /M 0,5
Bincorox Bumyuenns CHis i3 3BajmiHOrO rasy % 98
Butpatn enextpuunoi eneprii nHa Busyuenuas CHy kBrrox,/ M 0,25
Burparu Ha nepepo6Ky / po3MillleHHs BiIXO/IiB kBrrox /T 10
KK/I mopIiHeBoi eJIeKTpOCTaHIIi % 40
KinpkicTp BUTYHIB B eJIeKTPOCTaHILiT IT. 2
KamitasbHi BUTpaTH HA CTBOPEHHS €JIEKTPOCTAHITI{ noi. /KBt 900
3arac HoTy>XKHOCTi eJIeKTPOCTaHILii % 20
[Tepconan o6’exra oci6 10
KepiBuuii Ta JOMOMiXKHUI TIepcOHAT 00’ €KTa oci6 6
Cepeaniii Micsunuii (ponz 3apo6iTHOT TIaTH CHiBPOGITHUKA 3 YPaXyBaHHAM IOJIATKiB ZIoJL. /' Mic 800
Ormeparifini BuTpaTn Ha 3a6e3nedyeHHS (QYHKIIOHYBAHHS MOJITOHY-PeakTopa . .
(OPEX) oJ1. /T BiIXO/iB 7
Onepaniiini BuTpartn Ha ounuienHs rasy ta sunydents CHy (kpim esekTpoeneprii) non. /m? 0,05
Kamitanbui BuTpat Ha iHdpacTpyKkTypy 06’€KTa MJIH JIOJT. 2,0
Kamitanbai BUTpaTn Ha KOMipKy MJIH J10J1. 3,7
Kinbkictp kmacrepiB-kapt T, 8
Kamiranbui ButpaT Ha GyJiBHUITBO yYCTaHOBKU 3 OuUIIeHHs 6iorasy 10 piBHA
6iomMeTany MU O 2,0
PesepByBanus Ha Hernepe6aueni 06CTaBUHI % 10
[Mepiox anasnisy POKiB 10
CraBKa IUCKOHTYBAHHS % 10
Eneprernunuii 6ananc po60TH KOMILIEKCY
3araspHa KiIbKiCTh 3BAJHUIIHOTO Ta3y man M° / pik 8,50
Crio:KMBaHHS 3BAJIUIIHOTO ra3y JBUTYHAMU maH M/ pik 0,67
3BaJUNHAI Ta3 HA BUJIYUYEHHS METaHY MIH M/ piK 7,83
lenepamisi CHy4 maH M/ pik 4,60
CIHOXKUBaHHS €JIEKTPOEHEPTii KOMILJIEKCOM MBr-roa,/ pik 1607,8
Cepenns norpeba B MOTYKHOCTI kBt 183,5
3araJjibHa BCTAHOBJIEHA MOTYXKHICTb IeHEpaTopiB kBT 220,2
ITutoma reHepailist esieKTpoeHeprii i3 3BAJUIIHOTO Ta3y kBr-rox,/m? 2,4
ExoHOMiuHi TTOKa3HUKN POGOTH KOMILIEKCY
[loxin Big peamisarii 6iometany MJIH J10J1. / PiK 2,30
[Lnata cnoxuBauiB 3a BugateHHsa (3aXOPOHEHHS) BiAXO/iB MJIH J10J1. / piK 0,055
3araJabHuil J0Xij MJIH 0J. / PiK 2,356
BurtpaTtu Ha mepconas MJIH J10J1. / piK 0,154
Omepartiitni BuTpaTtu Ha 3a6GesnedeHHs: (PYHKIIOHYBAHHS TTOJITOHY-pEaKTopa MJIH J10J1. / PiK 0,320
Onepariiiini BuTpaTn Ha po60Ty ycTanoBku Busayderns CHy MJIH J0J1. / PiK 0,230
3araspHuil 06CAT OmepaIiiHux BUTPAT MJIH 0J. / PiK 0,704
Piunwit ynctuii rpomoBuii MOTiK MJIH J10J1. / piK 1,652
3araspHuil 06CAT KamiTaabHUX BUTPAT MJIH J10J1. / PiK 40,478
ITpocta okymnHicTh POKiB 24,5
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eHeprii, a B3araJi TeIlJIo-Ti/[paBJliuHi KJacTepH,
SKi BKJIIOYAIOTb TEILJIOBI MEpesKi Ta TeIJIOBUX CIIO-
JKMBaUiB;

— TEILIO-TiApaB/iuHi KJacTepu MaroTb BiJAIOBi-
JIaT¥ BUMOTaM UIiJIbHOCTi TEIJIOBOTO HABAaHTAXKCHHS
Ta JIHIAHOT MIJBLHOCTI TEMJIOTH IMOA0 OOIPYyHTOBA-
Horo 3acrocyBanng CIIT;

— Ha4BHICTb IOTeHLiaJ]y 3aMillleHHd IIPUPOJ-
soro razy B/IE ta CEP;

— HagBHICTb cucTeM IieHTpajizoBanoro I'BII, a
TaKO>K TEPCIIEKTUB BIIPOBA/DKEHHSA I[€HTpasi3oBa-
HIX CHCTEM OXOJIO/PKEHHS, IO CYTTEBO IIiJ[BUIIYE
inBecTHIifiHy TpUBaGJUBICTD TAKOTO TEILIO-TiJpaB-
JIIYHOTO KJIacTepa.

3anpoIoHOBaHi pi3HOMaHITHI eeKTMUBHI Ta MacII-
TaGyeMi TIPOEKTH, SIKi MOTPEGYIOTh 3aJEKHO Bij MO-
TY>KHOCTEH TeNJIOBUX JKepeJs Pi3HUX iHBeCTHIIii,
aJjie NMPUJATHUNA TepMiH OKYIIHOCTi: BIPOBa/IXKEHHS
TEIL na GionajsuBi; BCTAHOBJIEHHSI €HEPreTHYHOTO
komrtekcy B ckaagi CEC ta TH na kanani ckugHOT
teriot TEIL; Bukopucranasgs CEC Ha KoTenbHSX B
noeHanHi 3 TH Ta eleKTpUYHUM i TEIJIOBUM aky-
MyJIIOBAaHHSM; BCTaHOBJIEeHHs1 rasudikaropiB 6io-
MacH Ha Ta30BUX KOTEJbHSX; BUPOGHUIITBO TIAJIMBA
3 TIIB BkouHO 3 GioMeTaHOM Ha MoJironax-6iope-
aKTopax.

Peasnizaris nuianiB nekapOoHisaliii icHyIounx 3a-
crapimux CHT mnorpebye BeqMKUX KalliTaJToBKJA-
JIeHDb, SIKi 6araTopa3oBo MepPeBUIIYIOTh OI0[KETH PO3-
BUTKY MiCT, Ta 3aJlyueHHsI BeJIUKIX (DiHAHCOBUX pe-
CypciB. Y 3B’S3Ky 3 MM TE€XHIKO-eKOHOMiuHa edek-
TUBHiCTDH IPOEKTIB nekapOonizanii CIIT ta ix inBec-
TUIIiiHA TPUBAGJIUBICTD MOXKe OYTH BUPINIATBHUM
(paxropom peasizarii.

InBecruriiina TpuBaGJIMBICTb TIPOEKTIB JAeKapOo-
Hizarii Moxxe 6yTH 3a6e3IedeHa 3a YMOBH IIiJTiCHOTO
MiAXO/Y /10 BUPIIIEHHA €KOJIOTIYHUX, €KOHOMiYHUX
Ta CUCTEMHUX TPOGJIEM, XapaKTePHUX MJIsI 3acTapi-
gux CIT. [To Takux mpo6JeM HajeKaTh BUYepIiaH-
HS pecypcy exciuiyaraiii o6JaaiHanHs, HeoOXiIHICTh
MiIBUIIEHHS CTiKOCTi cUCTeM y HAA3BUYAMHUX Ta
HerepeJ6aYyBaHUX yMOBAX, ONTHMIi3allis 30H Tell-
J03a0e3MevenHs, a TaKoX HepiBHOMIpHiCTb 3aBaH-
Ta’KeHHS TeIJIOBUX MepeXk YIIPOJOBX POKY.
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Decarbonization of district heating systems.
Planning for a large city

Abstract. For a modern large city, the decarbonization of heat supply is a key area that
determines the level of energy efficiency, independence, and resilience. Decarbonization of
district heating (DH) systems is a highly relevant issue for countries with well-developed DH
infrastructure, most of which was built in the previous century and designed for the use of
fossil fuels. These systems face simultaneous challenges: reducing heat consumption, replacing
obsolete equipment, and substituting fossil fuels with renewable energy sources and waste
energy resources. At the same time, the reliable supply of consumers with thermal energy must
be ensured. Addressing such a complex and multifaceted task requires the development of a
scientifically justified strategy. The pace of DH modernization and decarbonization differs
significantly across countries. For Ukraine, which has a developed but outdated DH sector,
decarbonization of this important energy infrastructure is being implemented based on Euro-
pean experience while taking into account national specifics. This study is devoted to metho-
dological and techno-economic aspects of the decarbonization strategy for large, outdated DH
systems, considering the current state of such systems in Ukraine. The research addresses the
problem of heat supply decarbonization at the scale of a large city with approximately 200,000
inhabitants, characterized by a developed but obsolete DH system: inefficient gas-fired boilers,
combined heat and power (CHP) plants, outdated solid waste management system and non-
integrated heat networks. Three principal directions for urban DH decarbonization are exami-
ned: 1) Reduction of primary energy consumption through building retrofitting, energy de-
mand management, and heat loss reduction in networks; 2) Replacement of fossil fuel-based
heat generation with environmentally friendly energy sources; 3) Integration of district heating

networks. Bibl. 20, Fig. 9, Tab. 8.
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ITigBuneHHsT TAaIUBHOI €(DEeKTHBHOCTI
eHepreTHYHNX ra3oBHX TYpOiH 3a paxXyHOK
BUKOPUCTAHHSA IHTEHCUBHOTO OXOJIO/’)K€HHS JIONATOK

AHorarnisi. Y nanuii yac po60oTa Cy4acHUX eHepPreTHIHUX ra30Bux TypOin 0OMeKY€eThCsS TeMIepa-
Typoio TpoayKTiB 3ropsiHHs Ha piBHI 1300—1400 °C, 1o o6yMOBJIEHO BUMOTaMH [0 BHCOKOTO
KUTTEBOrO 1uKay Typ6inm (10 150 tuc. roa). Ilpu icHyiounx OOMEKEHHSX IO TeMIeparypi
JIOTIATKY OCHOBHUM HANPSIMKOM 306iJIbIIIEHHS MOTYKHOCTI TYpOiHN € BUKOPUCTAHHS OiJIbIT iHTEH-
CUBHUX CHCTEM BHYTPIITHBOTO Ta 30BHINHBOTO (MJIIBKOBOr0) OXOJIOKEHHS JIOTIATKH, 10 3a6€3-
Mevye 3HWKEHHS MOTPiOHOT BUTPATH OXOJIOKYIOUOTO TIOBITPS TIpH 36epeskeHHi Tiei K Tambunu
OXOJIO/UKEHHS JIOTIATKU. Y po6OTi Ha TPUKJAAI YKPAiHCbKOiI eHepreTHYHoi Ta3oBoi TypOiHU
UGT25000 mory:xuictio 25 MBT po3riisiHyTo MOXKJIUBICTD 36i/bIIEHHS TOTYKHOCTI Typ6iHu Ta
miBUIIEHHS i1 masmBHOI epeKTUBHOCTI 3a PaXyHOK I0/Iaui OX0JIO/KyBava JI0 ABOPSIHOT CUCTe-
MU «JIpiOHUX»> TOTIEPEYHUX TPAHIIeH, SKa XapaKTepu3yeThbes GiJbIT BUCOKUM PiBHEM e(heKTHB-
HOCTI IIJTIBKOBOIO OXOJIO/KeHHd. [3 3acTocyBaHHSM KOMII'IOTEPHOIO MOJIe/IIOBaHHA BUKOHAHO
JIOCJTI/PKEHHST XapaKTEePUCTUK JBOPSITHOI CXEMH OXOJIO/KEHHS Ta OTPUMaHO OCHOBHI [JlaHi, SKi
XapaKTepu3yoTh JIOKAJbHI TapaMeTp! 0XO0JO/KEeHH /I Pi3HUX NapaMeTpiB BAyBY. [lokasano,
10 BiZICTaHb MiXK TPaHIIEsIMU €Ja00 BILJIMBAE HA OCEPEJHEHY MO TJIOIIi eDeKTUBHICTD MJIiBKOBO-

© Xamaros A.A., Jouuk T.B., Crymak O.C., Cadiynin [.A., 2025
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IO OXOJIO/PKeHHs. 31 3POCTaHHAM IIapaMeTpa BAYBY CHOCTEPiraloTbcs IOKpalllaHHs [0IIepevyHol
HEPiBHOMIPHOCTI Ta 36iJIbIIIEHHS JIOKAJbHOI ePeKTUBHOCTI TIiBKOBOTO OXOJOMKeHHS. [Ipm m >
0,9 3a APYroio TPaHIIEEID CIIOCTEPITAETHCS MOPYIIEHHS CUMETPUYHOCTI PO3MOIijeHHsT eeKTHB-
HOCTi IO IJIOIIMHI IJIACTUHU, HIO IIOB’SA3aHO 3i CKJIAJHOI0 BUXPOBOIO CHUCTEMOIO, KA BUHUKAE
Bi/l B3a€EMO/Ii1 MOTOKIB 0XO0JIO/KyBava 3 nepiioi Ta Apyroi Tpanieil. Po3paxyHku 1mokasanuu, 1o
cepefiHs 110 TLIONN e(heKTUBHICTD ILJIIBKOBOIO OXOJIO/KEHHs ILJIAacKoi moBepxHi ckuaznae 0,65,
mo Ha 30 % Buie eeKTUBHOCTI TPAAUIITHOT CXeMU MOXUINX OTBOPIB. BUKOpUCTaHHS iHHOBa-
MiHOT CXeMU TIJIIBKOBOTO OXOJIO/KEHHST POOOYMX JIOMATOK 3 TIOJIAU€i0 OXOJIO/KyBavya B MO/IBiil-
HUN P/l TOXWJIUX OTBOPIB y «/IpiOHill» TpaHiiel gae MOKJIMBICTh NPH CTaJill TeMIepaTypi mo-
TOKy Ta 36epexkeHHi cepeHboi IMGMHE OXOJOKEHHS JIONATOK Ha piBui O = 0,5 36iabmuTH
noTyskHicTh TazoBoi Typ6inm UGT25000 na 542,5 xBr (2,17 %), mo 3a6esneuye eKOHOMItO
maguBHOTO Tasy 6igbiie 600 tuc. mou. /pik. bBiba. 21, puc. 5.

KuouoBi cioBa: nayBHa epeKTuBHICTD, ra3oBa Typ6iHa, iHHOBaIifiHE OXOJIOPKEHHS JIOTIATKH,

ABOpPsAHa TpaHIIEA, KOMH’IOTepHe MO/J€E/JI0OBaHHA.

Beryn

Eneprernyni razoBi TypOiHM HITMPOKO BUKOPHC-
TOBYIOTbCS Y JlelleHTpasli3oBaHiil eHepreTuli A/s cy-
MiCHOTO BUPOGHUIITBA TEIJIOBOI Ta €JEKTPUYHOI eHep-
rii. Bonn xapakTepusyloTbcs BUCOKOIO MaHEBpEHiC-
TIO, CTiliKOI0 pOOOTOI0 HA Pi3HUX THUMAX MAJINBa, Ma-
I0Th PO3BHUHYTY CJYKOY cepBicy Ta BIUCOKY €KCILITya-
TaniiiHy HaAilHicTb. Y MOPiBHAHHI 3 aBiamiltHUMMT
ra3oBUMHU TypOiHAMU B €HEPTETHYHUX TYPOiHAX BaXK-
JINBE 3HAYeHHS MalOTh TPUBAJIICTh KUTTEBOTO ITUKJIY
(10 150—200 THcC. TOM) Ta HU3bKA MAJUBHA edexTus-
Hicts (muToMa BUTpaTa masusa). IS MiABUIEHHS
TPUBAJIOCTi KUTTEBOTO IUKJY BUKOPHUCTOBYIOTHCS
Pi3Hi 3aX0/11, OCHOBHMM 3 SIKUX € IIOMipHa TemIepa-
Typa IMOTOKY MicJsl KaMepH 3TOpPsSIHHS, sKa B Cydac-
HUX eHepreTHYHuX TypOiHax MaJoi Ta cepeiHboi mo-
TyskHOCTi (10 70 MBT), 1110 BUPOGISioThCsS B Y Kpai-
ui, ckaagae 1300—1400 °C, mo oomexxye KK/ raso-
Boi TypGinu. Ilopanpmuii picT TeMueparypu nHoToKy
CTPUMYETHCA BUKOPUCTAHHAM Y KOHCTPYKIi BapTic-
HUX JKapOMIIHAX MaTepiasiB, 30iJbIIEHHSIM BUTpAa-
TH TTAJINBA Ta OXOJO/KYIOUOTO TIOBITP. Y IUX yMO-
BaX OCHOBHUM HAaIIPIMKOM ITi/IBUIIEHHS MaJUBHOL
edeKTUBHOCT] eHepreTUYHoi ra3oBoi TypOiHy € iHTeH-
cuikallis TeII0BUX NPOIECiB y cucTeMaxX BHYTPIlI-
HBOTO Ta 30BHIIIHBOTO OXOJIO/PKCHHS JIOIIATOK 3a
PaxXyHOK 3MEHIICHHS BUTPATU OXOJIO/KYIOUOTO II0-
BiTpsI, sike 3a6upaeTbcs 3 Kommpecopa. Oco6mBO
BEJIMKUI iHTEepeC CTaHOBJATD iHTEHCUBHI CXEeMHU TLJIiB-
k0BOTO (30BHIIITHBOTO) OXOJIOKEHHS, SKi JIeTaIbHO
JocyipKkeni 3a octanni poku [1].

Y cyuacHmUX BHCOKOTEMIEPATyPHUX €HepreThd-
HUX Ta30BUX TypOiHAX BUKOPUCTOBYETHCS, SIK IMpa-
BUJIO, KOHBEKTUBHO-TLIIBKOBE OXOJIO/PKEHHS COILIO-
BUX Ta POGOYUX JIOMATOK 3 FJIMOUHOIO OXOJIOIKEHHS

0 na pisai 0.40, 0.60. Oxomno/KyI0Ye TTOBITPS Bifg

KOMIIPECOPA 3 BHYTPIIIHBOrO 06’ €MY JIOMATKU Yepe3
noxmii (30°) xpyr.ii orBopu mamoro giamerpa (0,3~
0,8 MM) B CTiHIIi JIOTIATKY MOAAETbCS Ha ii 30BHilI-
HIO TIOBEPXHIO, Jie (POPMYETDHCS 3aXUCHA TLTiBKA 0XO-
JoKkyBada (3aBicHe OXOJIO/PKEHHS). 3a KPYTJIUMU
OTBOpAMI BUHWKA€E CUCTEMAa BUXPOBUX CTPYKTYD,
HaHGIJIBII TTOTYKHUMH 3 AKX € mapHi («HUPKOBi» )
BUXOPH, SKi 3HIDKYIOTb e(EeKTUBHICTb OXOJO/KEH-
HS JIONIATKU 32 PaXyHOK IepeMillleHHsI Tapsioro 30-
BHINIHBOTO MOTOKY /10 ii noBepxHi. {151 BUpimeHHs
i€l Tpo6IeMu BUKOPUCTOBYIOThCS iHHOBAIIITHI cXe-
MU iHTEHCUBHOTO ILJIiBKOBOI'O OXOJIO/KE€HHS, IKi 3HU-
SKYIOTb HETAaTUBHWI BIJINB BUXPOBOI cTpykTypu. lle,
y CBOIO YEPTY, /1a€ MOKJIUBICTD TIPU 33JaHUX 06Me-
SKEHHSX 110 TeMIIepaTypi JIONATKM 3HU3UTH HEoOXijI-
HY BUTPATy OXOJIO/KyBadya Ta TMUTOMY BUTpaTy Ia-
auBa. Bigomo, mio sHmkends Ha 1 % BUTpaTH MOBIT-
Ps Ha OXOJIOJIPKEHHSI COTIJIOBUX JIOTIATOK 3061JIbINY€
KK/ typ6inu na 0,5—0,7 %, a sumwkennst Ha 1 %
BUTPATU OXOJIO/XKYBaua HA OXOJIOMKEHHS POOOUUX
gomatok 36iabnrye KK typ6inu va 1 % [1, 2].
Ax nokazamm pocaimkenns [ 1], Hait6iapim edek-
TUBHOIO CXEMOIO iHHOBAIliITHOTO TLTiBKOBOTO OXOJIO/I-
SKeHHS € TI0/[lada OXO0JIO/KyBada depe3 KpyTJli ToXu-
JIi OTBODH, SIKi PO3TAIIOBaHI y TONepeuHiil «api6-
Hiil» TpaHIei MPSMOKYTHOTO Ilepepi3y Ha IOBepXHi
oXOJOKeHHs [3]. ¥ 1IbOoMYy BHUITQJIKy OXOJIO/PKEHHS
IOBEPXHi CYTTEBO MOKPALIYETHCA 32 PAXyHOK IIOIIe-
peYHOro PO3TiKaHHA OXOJO/pKyBada B TpaHilei Ta
3MEHIIIEHHSI TeOMEeTPUYHOTO PO3Mipy «IIapHOTO» BU-
xopy 3a Heto. OjiHA 3 TIEPHIUX €KCIIEPUMEHTAJbHUX
poGit [4] BuKoHaHA I IBOX BapiaHTiB BiJIHOCHOI
ruMOuHU TpaHmiei: «ramubokoiy — h/d = 3,0; «api6-
noi» — h/d = 0,43. lle mocmimKeHHS IOKa3aJo,
Mo «/JIpi6Ha» TpaHiies € GiJblI MePCIEeKTUBHUM Ba-
piaHTOM [JII TPAKTUYHOTO 3aCTOCYBaHHS: 306iJib-
IeHHd  e(EeKTUBHOCTI TLIiBKOBOTO OXOJOKEHHS
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ckimagae 50—75 % y mopiBHSAHHI 3 6a30BUM BapiaH-
TOM OJTHOPSIZTHOI CXeMU OTBOpiB Ge3 TpaHIiei Ta po3-
TallyBaHHSA </IpiOHOT» TpaHiel B TePMO3aXUCHOMY
mapi JomaTky, 10 He 3MeHIIye ii MirHicTb. Bumyck
O0XO0JIO/KYBavya Ha JHO TPaHIlei CTPUMYy€E HOTro Bij
nepeMillyBaHHA 3 rapsduM NOTokoM. IIpm mpomy
BXKJINBO, 106 CTiHKA TpaHIlei, B SKy BAAPSETHCS
OXOJIO/IPKYBA4, PO3TAIIOBYBAJACSd SIKOMOra OJMKYe
J10 KpoMKH 0oTBOpPY. 1la cTinKa clipalnboBye K epe-
IIOHA, 1[0 3MYLIY€E YAaCTUHY OXOJIO/KyBaya pPo3Tika-
THCS B NIONIEPEYHOMY HAIPSAMKY BCepeAnHi TpaHIei
J10 BUXO/ly Ha 30BHIIIHIO NTOBEPXHIO JoMaTKu. BoHa
TaK caMo mocJabiioe abo pPyilHye XapakTepHi st
CTPYMEHIB OXOJIO[)KYyBaua BUXPOBI CTPYKTYpH, AKi
i ICMOKTYIOTb Tapsiunii MOTiK /0 TIOBepXHi. Y BU-
[IaJIKy HIMPOKUX TPaHIIeHd Ta BEeJUKHUX IapaMeTpiB
B/IyBY OCHOBHUI NOTiK IIPOHUKAE B TPAHIIIECIO Ta 3Mi-
HIYETbCS 3 OXOJIO/KyBaueM [4].

[Mopgaspnri gocHiPKeHHST B IbOMY HANPAMKY [5—
13] cnpsmMoBaHi Ha BUBYEHHS BILUIUBY Pi3HUX BapiaH-
TiB pO3TalllyBaHHA OTBOPiB BAYBY B Jialla3oHi 3MiHU
BisHOCHOT TaimGunu Tpaniiei 0,4 < h/d < 1,0 B mu-
POKOMYy Jialla3oHi 3MiHU PEKUMHUX I1apaMeTpPiB Ha
e(eKTUBHICTD TIJIIBKOBOTO OXOJIO/IPKEHHS HA TJIACKiil
noBepxHi. Ik 3a3HayalOTb aBTOPU JIOCJi/IPKEHD, 1IPU
TPAHNIETHOMY TIJIiBKOBOMY OXOJIO/UKEeHHi 3i 36iJb-
IIEHHSAM TapaMeTpa BAYBY [0 2,5 y TOPiBHSIHHI 3
BapianTom 6e3 Tpamiiei edeKTUBHICTD OXOJOIKEH-
Hs 36ibIy€eThes. Bukopucranns tpaniiei 3a6e3re-
4yye BUCOKY €(EeKTUBHICTb ILIiBKOBOTO OXOJIO/KEH-
HS HaBiTh NPH BUCOKUX Napamerpax BayBy (m =
4,0) [4].

Y cepii po6iT [5—7] mocrimkena edeKTUBHICTD
TJIIBKOBOTO OXOJIO/DKEHHSI Ha TIJIAcKill TOBepXHi
(Ipu BiAHOCHOMY KPOILi PO3TaIlyBaHHS OTBOPIB t,/d
= 3,0, KyTi HaxXuJIy OTBOPIB JI0 3aXUCHOI TOBEPXHi
a = 30—35°) B miamasoHi 3MiHM BiHOCHOI T'TMOUHU
tpantei 0,4 < h/d < 1,0. Bici orBopiB 6y./n opieH-
TOBaHi B3/I0B’K OCHOBHOTO IIOTOKY, a BiJIHOCHA IINU-
puna tpaniiei b/d 3minioBanacs Big 2,0 g0 3,5 3a
YMOBH, 1[0 OTBOPHU <«BIIMCaHi» B TpaHUIe0 IIPpU o =
30°, BiAHOIIEHHS I'YyCTHH OXOJIOAXKyBaua Ta OCHOB-
HOro IMOTOKY ckJyafaso DR = 1,07. BcranosseHo,
0 ONTHUMAJbHA Bi[HOCHA TJTMOMHA TpaHImei CKJa-
mae h/d =0,75.

Y uactuHi POGIT 3 MOCHIKEHHS TPaHIIEHHOI
koH(iryparlii Ha Mozensx mpodisell JonaToK Typ-
6ir [8, 9] oTBOpU BIYBY pPO3TAIIOBYBAJNCS Ha IIO-
BepXHi po3piKkeHHs (CIMHKK) JIOMATKH, HA BUITYK-
JIiil MOBEpXHi, 1110 IPU3BOAUTD /10 3HAYHOTO BILIUBY
Ha e(eKTUBHICTD MJIiBKOBOTO 0XO0JIO/KeHHs. Ekcrie-
PUMEHTH, BUKOHaHi y pobori [8], mokazasu, mo mpu

m = 1,4 cucremMa OTBOPiB, 1110 PO3TANIOBaHi y BY3b-
Kill Tpantei, 1o cepe/iHii epeKTUBHOCTI TIJTiBKOBOTO
OXOJIO/KeHHST IlepeBepllye TpaJullifiHy cucremy
oTBOpPiB 6e3 TpaHiiei y 3 pa3u, a cXxeMa OTBOPIB y
MIMPOKiN Tpanimei — Tijbku Ha 65 %. Y poborax
[7, 8] HaBenmeHi pe3yabTaTH BIUIMBY <«3TJIAKYBaH-
Hs» BUXiHOT KpoMKu TpaHmiei Ha eQeKTUBHICTbH
IJIiBKOBOTO OXOJIO/PKeHHs. PesyJbTaru ekcriepumMeH-
TiB MOKa3aju, 1o Iell (hakTop He CIpuse Ii/IBU-
MEeHHI0 e(EeKTUBHOCTI OXOJO/KeHHS. 3a JAaHuMU
po6oru [7], iioro BIJIMB He3HAYHWIT, a y po6oTi [8]
ToMiueHe HaBiTh 3HIKEHHST e(PEKTHUBHOCTI.

Kpim ornucanux Buille J0OCJi/PKEHb, MOXHA BiJl-
Mmitut podotu [10, 11] mo mocuiukeHHI0 TpaHIel
3 OTBOpaMHM Ha TOPIIEBill MOBepXHi B 06JacTi mepes-
HbOI KPOMKH JIOMATKHM COIJIOBOTO amapary. ¥ Inx
po6oTax TaKOX WiJATBEP/IKYETbCS iCTOTHE ITi/[BU-
IIeHHs cepe/IHbOi 1O MUPHHI eeKTUBHOCTI IJTiBKO-
BOTO OXOJIOJPKEHHS TIO BiJHOIIEHHIO [0 TPaIUIliii-
HUX [AJIHAPUYHUX OTBOPIB.

Y pob6orti [12] pocaimxena komOiHalis TpaHiiei
3 (pacoHHMMHU OTBOpaMu. K ITOKa3aau eKcliepuMeH-
TH, Taka KoOHQirypallis crpusie sHUKEHHIO eeKTUB-
HOCTi TUTIBKOBOTO OXOJOJKEHHS Ha 25—33 % y mo-
piBHSHHI 3 6a30BUM BapiaHTOM (DAaCOHHWX OTBOPIB
6e3 Tpaniiei. [TopiBHSIHHS, siKe BUKOHAHO B POOOTI
[1], nokasye, mo B nepepisi x/d ~ 5 epeKTUBHICTD
IJIIBKOBOTO OXOJIO/IXKEHHS OJHOPSA/IHOI CXE€MU OTBO-
piB y tpanmei npu m = 0,50 nepesuinye edeKTus-
HICTb TPAAWIIINHOI CXeMU OMHOPSAHUX OTBOPIB ¥y
«kparepax» Ha 30 % npu m = 1,0 Ta Ha 40 % TpU
m = 1,50.

Y pob6oti [13] 3ailicHeHO MOCJIKEHHST TpaH-
nreffHol KoHgirypamnii 3i cKIaJHIM KyTOM PO3TAIly-
BaHH$ 0TBOpPiB. BusHaveno, 1o ontTuMaabHuit KyT
CKJIaiae 45°, TIpu 1IbOMY TOB3JOBXHi <«IMapHi» BH-
XOpH CTAIOTh HECUMETPUYHMMU Ta /1e(pOpMOBAHUMU,
npu 3 = 90° Bonu noBHicTIO pyiHYyOThHCS. [Ipnm m =
0,5 ta B = 45° cepenusi y IOIEPEYHOMY HAIMPSIMKY
eeKTUBHICTD 0X0JI0KeHHsT 36imbimyeTbest Ha 80 %
B MOPiBHSAHHI 3 BapiaHTOM 6e3 TpaHiiei Ta Ha 120 %
— 3 Bapiantom B = 0 6Ge3 TpaHiiei.

Y po6otax [1, 14] BukoHAaHO MOPiBHAHHS edeK-
THBHOCTI TIJIIBKOBOTO OXOJIO/KEHHS 32 JAaHUMH OITy6-
JiKOBaHUX POO6IT. Y NMOPIBHSAHHI 3 TPAUIIMHOIO CUC-
TEMOIO TOXUJINX OTBOPIB, MJIS SKUX MAaKCUMyM edek-
TUBHOCTI focATaeTbes npu m =~ 0,5, I/ OTBODIB B
Tpaniel eeKTUBHICTb TIJTIBKOBOTO OXOJIO/KEHHS
3pocTae 3i 36iybleHHIM TTapaMeTpa BAyBy. llopis-
HSHHS CePeIHbOI 10 MIUPHUHI MJIACTUHE e(DEeKTUBHOC-
Ti IJIIBKOBOTO OXOJIO/PKCHHA JIJI1 OTBOPiB y TpaHIIel
Ta 6e3 Tpauiei MOKa3ye, 10 BiIHOMEHHS M / Mor



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 4 29

3pocTae 3i 36iJIbIIeHHSIM TapaMeTpa BAYBY B YCbOMY
JIOCJIi/PKEHOMY [liaTia30Hi 3MiHu TTapaMerpa BayBy [1].

[Moripu BucOKi 3HaYeHHS e(EKTUBHOCTI TLTiBKO-
BOTO OXOJIO/KCHHS IS TpaHilei XapakTepHa BHCO-
Ka IIoIlepeyHa PiBHOMIPHICTD PO3TiIKAHHA OXOJIO/KY-
Baya. Y TOpPIiBHSAHHI i3 cucTeMOl0 OTBOPiB 6Ge3 3a-
rimbJieHb Ta OTBOPIB 3 «KpaTepamMu» e(DEeKTHBHICTD
ILJIIBKOBOIO OXOJIO/I)KEHHSI PiBHOMipHA 110 IIMPHHI
TpaHiei MPaKTUYHO BiJpa3y MicJsd BUXOAY OXOJIOM-
skyBada. Ile MOXHA TTOSACHUTH y/1apOM OXO0JIO/IKYBa-
ya 00 KpailKy TpaHIlei Ta PO3TiKaHHSIM BCepeIuHi
nei. PiBHAHHA Ui cepeHBOI IO MIUPUHI TJIACTUHU
e(eKTUBHOCTI TLJIIBKOBOTO OXOJIO/KEeHHST Tpu 6e3-
rPaieHTHOMY Ta HETYpPOY1i30BAHOMY 30BHINIHBOMY
MoTOTi HaBesieHo y po6ori [1]. Dopma miel 3amex-
HOCTi aHaJIoriyHa oTpuMaHiil B po6oTi st ¢acoH-
HUX OTBOpiB [15].

Bukonanuii Buie anaJii3 IokasaBs, II[0 iHHOBa-
nifiHa cxeMa ILJIIBKOBOIO OXOJIOJKEHHA 3 II0/auelo
0XOJIOJIKYBAua y TIOBEPXHEBY TPAHIIEIO A€ MOYKJIN-
BiCTb CYTTEBO 36iJbIMNTH e€(EKTUBHICTD IMJIiBKOBOTO
OXOJIO/IKEHHS, 110, Y CBOIO YepTy, /1a€ MOXKJUBICTh
IIpu cTaJiiil TeMreparypi IIOTOKY Ha BXO/li B Ta30BY
Typ6iHy 3a6e3neunTy 3aJaHi YMOBU OXOJIOKEHH
JIOTIATKY TIPM MEHNINX BUTpaTax 0X0Jo/KyBava. Ta-
KUM YMHOM, 3a pe3yJbrataMu po6otu [ 1], Haitkpari
YMOBH OXOJIO/DKEHHsI 3a6e3ledye <«Api6Ha» TpaH-
wesa (h/d = 0,75), aka posTalloBaHa B MEKaxX Tell-
JI03aXMCHOTO ITOKPUTTS Ha MOBEPXHi JIoNaTKU. Y pe-
QJIBHUX YyMOBaX IOBIiTPsAHA ILJIIBKAa OXOJIO/KyBada
IIOCTYIIOBO PO3MUBAETHCS IO JOBKUHI ITOBEPXHi 3a
PaxyHOK B3a€MO/iI i3 30BHIIIHIM rapsA4uM IIOTOKOM.
ToMmy B cydacHHUX JiomaTKaX BUKOPUCTOBYETHCS 6a-
raTopsi/iHe IJIiBKOBE OXOJIO/PKEHHS, KOJIU OXOJIO[-
JKyBad IIOJA€TbCA y JAEKIJIbKOX Ilepepizax IO J10B-
JKUHI 0XOJIO/KYyBabHOI moBepxHi [16, 17].

Mera po6otu

Merta 1aHOT pOOOTH TIOJIATAE Y TOCJiPKEHHI MOXK-
JIUBOCTI TiIBUTIIEHHS MaJUBHOT e(DeKTUBHOCTi eHep-
TeTUYHOT Ta30BOi TypOiHM MIPU BUKOPUCTAHHI iHTEH-
CHUBHOI CXeMU ILJIIBKOBOI'O OXOJIO/KEHHA 3 I0Ja4yelo
OXOJIO/KYBava y ABOPSAHY cxeMy «apibnux» (h/d
= 0,75) monepeyHux TPAHILEH.

BpaxoBytoun ckaaHicTh (hi3UUHOTO eKCIIepUMEH-
TY, ¥ po6OTi BIKOPUCTOBYETHCSI TEOPETUIHMI Ti/IXi[
JI0 PO3TJITHYTOI Mpo6ieMu, sIKM 6a3y€eThCsT HA KOM-
II’TOTEPHOMY MOJIEJIIOBAHHI — YHCEJbHOMY BHUPi-
1meHHi cucreMu AudepeHiiaTbHUX PiBHAHb CTaHy,
pyxy, eHeprii y nporpamuomy makeri ANSYS CFX.
Ha nouatkoBoMy eralli po3r/IsacTbCs ILJIACKA 0XO-

JIOJKYIOUa MOBEPXHA, 10 A€ MOXK/IMBICTH y YHUC-
TOMY BUTJISII IpOaHa i3yBaTi e(peKTUBHICTb 3aIpo-
[IOHOBAHOIO IiIXOAY HA PiBHI Cy4acHUX TEXHOJIOIil
ILIIBKOBOI'O OXOJIOJKEHH.

T'eomerpnyHa Ta KOMII'IOTEpPHA MO/EJb

lFeomerpuuna Mojesb ABOPSI/IHOI CXEMU ILJIiBKO-
BOTO OXOJIO/IKEHHS IJIACKOT TIOBEPXHi 3 Tolepeu-
HUMU TPaHIIesIMHU ToKaszaHa Ha puc. 1. Bona asise
co6010 TIPSIMOJITHITHIIA KaHAJ MOCTiiTHOTO TIPSIMOKYT-
Horo nepepisy Bucoroio H = 0,01 M, mupunoio W
= 00,0096 m Ta gosxkunoo L = 0,064 m. Ha HmxwHii
(amiaGaruiii) mosepxwi Ha Bigcrani L, (Bix 15 d 1o
30 d) omma Bijg omHOI po3TamioBaHi ABi MPSAMOKYT-
Hi Tpanmei. /[oBXKWHA TIACKOl MiJITHKH, MO 3aKiH-
Yy€eThCS BiJ[pasy 3a TEpIIO0 TPAHIIEE0, CTAHOBUTH
L{ = 0,008 M, a pingHka 3a Apyroio Tpaniieeio L
— Big 65 d no 40 d. 3aranmpbHa [OBXKUHA MiJIAHKA
ILTIBKOBOI'O OXOJIOKeHHS Lox = Lo + L3 = 0,056 M.
Ha puc. 2 nHaBesmeHa cxemMa nojia4i 0XoJI0/KyBada y

TIOTIEPEYHY TPAHIICIO.

Puc. 1. TeomerpuuHa MOJeb IBOPSIIHOTO TLJIiBKOBOTO
OXOJIO[PKCHHSA 3 I101a4€el0 OXOJIOZPKYyBada y ABi TpaHuiei.
Figure 1. Geometric model of a dual-array film cooling
scheme with coolant supply into trenches.
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Puc. 2. Cxema nozadi oxoJsio/skyBaya y IonepeyHy TpaH-
rero.

Figure 2. Diagram of a coolant supply into the transverse
trench.
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[TapameTpu 060X TpaHIIeil 0HAKOBI: mUpuHa b
= 0,0016 M, Bucora & = 0,0006 M, MO XapakTepHO
o «api6uux» tpammein (/d = 0,75). Orsopu
g mofadi oxosopkysada (d = 0,0008 m) y mep-
il Ta APYTil TpaHIIesX PO3MilleHi B ITaXOBOMY
nopsKy. ¥ Tepiriit Tpaninei 3po6JeHoO 4 OTBOPH, Y
npyriii — 3. B 060X TpaHIesX MONepeuyHuil KPoK
orBopis t = 0,0024 (t/d = 3), kyru Haxuay oceii
OTBOPIiB ILJIIBKOBOIO OXOJIO/KEHHS /10 ILJIACKOL I10-
BepxHi Bubpani ogmakopumu (a = 30°). Oxom0mKy-
Bad Ha afliabaTHy MOBEPXHIO MOJABaBCA 3 ABOX OKpe-
MUX pecuBepiB. MacoBi BUTpaTu 0X0J0/KyBaua de-
pes nepumit (Gy) Ta apyruii (G) psam OTBOpIB
TJIIBKOBOTO OXOJIO/KEHHST obupasucs 3a yMoBH G-
=0,75-Gy, mo 3a6e31meuyBaso MpubJIN3HO OJHAKOBE
3HAUEHHS MMapaMeTpa BAYBY B OTBOpaX TEPIIOTO Ta
JPYTOTO pAAiB 0TBOPIB (my = my).

I'pannuni ymMoOBH /11 TapaMeTpiB MOTOKY IIpHii-
HATI GJU3BKUMU [0 YMOB POOOTH €HEPTeTUYHUX Ta-
30BUX TypOiH: MBUKICTh MOTOKY HA BXOJi Y KaHaJ
— 400 m/c, temneparypa — 1373 K, temneparypa
oxosopkytodoro noBitps — 773 K. Cratuunuii
THUCK Ha BUXO/1 3 KaHAJIy 3a/laBaBCd PiBHUM 108 Ila;
Ha BXO/ B JIOIIATKY BiH 3aJjeskaB BiJ IapaMerpa
BJyBY Ta BU3HAYABCSA y TpoOIleci BUPiIIEHHS 3a/aui.
[Hiamazon 3MiHM TapameTpa BIyBY M CKJaJaB BiJ
0,6 mo 2,21, napamerp mrisabHocti DR = py/py 3Mi-
uioBaBcs Bif 1,8 o 2,07. InTencuBHicTb TYpOyIe€HT-
HOCTi HOBITPAHOrO IOTOKY Ha BXO/i B KaHaJl 3a/a-
Basiaca pisaow 1 %.

Y po3paxyHKaxX BUKOPUCTOBYBaJacs KOMOiHOBa-
Ha HECTPYKTYypOBaHa po3paxyHKoBa ciTka 3 2,4 MJH
enemenTiB. Ha moBepxui mactunu 6iJisi OTBOPIB
OXOJIO/DKEHHST Ta CTIHOK 000X pECHBEPIB BUKOHAHO
3rymieHHs citku 3 20 mapiB. 3HaueHHS TapaMeTpa
y+ B po3paxyHkax He nepesunryBayio 1,0, mo 3a10-
BOJIBHSIE yMOBaM MOJIEJIIOBAHHS 3 BHKOPUCTAHHAM
SST momeni Typ6yneHTHOCTI. Y po3paxyHKax BUKO-
pucraHa ciTka, sixka Mae 493.296 BysusiB. AHaui3 uyT-
JIUBOCTI MojieJii BuKoHauuit y po6ori [18]. ¥ pobori
[19] Bukonana Bepudikariss SST mMozmeni TypOyieHT-
HOCTi, sIKa € Cymeprosuilieio k—w Momesi 6is mo-
BepxHi Ta k—& Mojesi momasi Bim Hel Ta MIMPOKO
BUKOPUCTOBYETbCA IIPU MOJEJIOBAHHI ILJIiBKOBOIO
OXOJIO/DKEHHS, BUXPOBHUX Ta 3aKPYYEHUX TTOTOKIB.
TecTyBaHHsA MozeJi [JI1 OXHOPSIHOI CXeMH OTBOPIB
y «api6ui» tpaumei (4/d = 0,75) BUKOHAHO B PO-
6oti [18].

AHaJi3 oTpUMaHUX pe3yJbTaTiB

JlokanbHa e(beKTI/IBHiCTb MJIiBKOBOI'O OXOJIOJ-

JKEHHA BU3HAYA€ETbCA 3a piBHHHHHM

n= (T = Tw) /(Ty — Ty, 1)
ne T, — Temneparypa ajiabarnoi nosepxui; Ty, T
— TeMIleparypa IIOTOKY Ta OXOJIO/KyBada, SIKi o[-
HaKOBi /IJig 000X TpaHIIIeil.

[TapameTtp BayBY m BU3HAYA€THCS SIK

m = p2 W2/(p1 W1), (2)

Jie p1, p2 — TYCTHHA OCHOBHOIO IIOTOKY Ta OXOJIOJ-
skyBaua; Wi, W) — IMBHAKOCTI OCHOBHOTO ITIOTOKY Ta
OXO0JIO/PKyBavya Ha BUXO/Ii 3 OTBOPIB OXOJIO/XKyBaya.

Ycepennentsi e(heKTUBHOCTI TIJTiIBKOBOTO OXOJIO/I-
SKeHHsT BUKOHYBAJIOCS 0 NIMPHHI TTOBEPXHI IMJIaCTH-
nu (quB. puc. 1). 3HaueHHA BBa)KaIUCA CEPEAHIMU
y Mexkax okpemoi momnepeunoi minii. IIpm ycepen-
HEHHi BUKOPHWCTOBYBAaBCS METOJl Tpamellil y Bifrmo-
BiZTHOCTi JJO PiBHAHHA

7= -+ miva), (3)
Jle n — YHUCJIO TOYOK y MeXKaxX OKPEMOi IOIepeyHol
JTiHii.

Pospaxysnku BUKOHYBaIHCS /1751 3MiHHOI JJOBXKH-
HU MiX psgamu 3araubiens L, /d = 15; 20; 25; 30.
Ha puc. 3 nokasana 1mMOB3/I0BXKHS 3MiHa ajiabaTHOl
e(deKTUBHOCTI IJIIBKOBOTO OXOJIO/DKEHHS ISl pis-
HuX Tapamerpis BayBy (m = 0,6-2,21).

3 rpadikiB BUIHO, MO TPHW Pi3HUX BiJICTAHIX
MiJK TpaHIIEsSMH 3aJIeKHOCTI cepefHboi ajiabaTHOl
e eKTUBHOCTI TIJIIBKOBOTO OXOJIOXKEHHS 10 JIOBKU-
Hi TJIACTUHYU MAIOTh aHAJIOTIYHUI PO3IO/Iia Ta He 3a-
Jekarb Big Bigwomienus L,/d mpu m = const. 3i
3pOCTaHHAM BiZICTaHi Mi’K TpaHIIEAMU 3HUXKYETbCA
cepe/HsT e(DeKTUBHICTD 3 MOAAJNBITNM ii 3POCTAHHSIM
MicJasA BUAYBY OXOJIO[)KyBada y JApyry TpaHIIEIo,
dKe He TlepeBuIlye napamerpa eeKTUBHOCTI 3a 1ep-
moio TpaHireeo. g BiaMinHicTh 1MOB’sA3aHa i3 1Ia-
XOBHUM PO3TAllyBAHHAM OTBOPIB I10Jaui OXOJIOKY-
Baua, TPH SKOMY Ha OOKOBHMX YaCTHHAX KaHAJIy PO3-
MUBAETHCS TJIIBKA OXOJIO/KYBaua. 36iJbIIeHHs Ma-
paMeTpa BIYBY M IPU3BOAUTD 0 36ijblieHHs edek-
TUBHOCT] IIJTiIBKOBOTO OXOJIOJ/PKEHHS.

Inmworo BigMiHHICTIO € KYT HaXuy JOTHYHOI J0
KPUBHUX, OTPUMaHUX 34 MEPIIOI0 TPAHIICEIO Ta APY-
roio, TOOTO cepelHs e(PeKTUBHICTD IJIiBKOBOTO 0XO-
JIOJPKEHHSI 3a IepIlIO0 TPaHIIEE iHTeHCHUBHilIe
crmajae, Hixk 3a npyroio. Tak, Ha Bifcrani x/d Bifj
0 mo 10,0 3a mepiIol0 TpaHIIEEO 3HAYEHHS Cepe/l-
HbOI ePeKTUBHOCTI 3MEHIIY€ETbCS TIPUOIU3HO B 1,6—
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Puc. 3. 3anexHocTi cepeanboi y MOMEPEYHOMY HaNpSAMKY aiaaTHOi e(eKTMBHOCTI MJBKOBOTO OXOJIOKEHHS MO
JIOBJKUHI NIACTUHU TIPH PisHuX mapamerpax Baysy (m = 0,6 (a); 0,9 (6); 1,24 (8); 1,7 (v); 2,21 (n)) Lo: 1 — 15 d,;
2—20d;3 —25d;4 — 30d.

Figure 3. The spanwised-averaged adiabatic film cooling effiectiveness along the axial distance of flat plate for
different injection parameters (m = 0.6 (a); 0.9 (6); 1.24 (8); 1.7 (r); 2.21 (W) L: 1 — 15d;2 — 20d; 3 — 25
d; 4 — 30d.
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ofvb*%"e 5% 0%@&2 P,

Puc. 4. [3ominii JToKambHOT ePeKTUBHOCTI MTIBKOBOTO OXOJOKEHHS A5 BificTani Misk Tpanmesyu (m: 1 — 0,6; 2 —
0,9;3 —1,24;4 —1,7;5 — 221) La:a — 15d;6 — 20d; B — 25d;r — 30d.

Figure 4. Isolines of local film cooling effiectiveness for different distances between trenches (m: 1 — 0,6; 2 —
0,9;3 —1,24;4 —1,7;5 —221) La:a — 15d;6 — 20d; B — 25d; 1T — 30d.
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Puc. 5. 3anexHicTh ycepeIHeHOT 10 MOBepXHi edeKTHB-
HOCTi IIJIIBKOBOTO OXOJIO/IP)KEHHS 32 Pi3HUX 3HA4YeHb Napa-
MeTpa BAYBY LIS BijgcTtaHeil Mixk Tpanmesmu Lo: 1 — 15
d;2 —20d;3 —25d;4 — 30d.

Figure 5. Area-averaged film cooling effectiveness for
different injection parameters and distance between
trenches L>: 1 — 15d;2 — 20d;3 — 25d;4 — 30d

2,3 pasu (y 3ajsexxHOCTI Biji mapameTpa BIyBY m).
3a Ipyroi0 TpaHIIeeo /I THX Ke BiJcTaHell 3MeH-
nmeHHst BinGyBaeThess y Mexkax 1,3—1,8. Ile mos’s-
3aHO i3 Mi/PKUBJIEHHAM IIJIiBKOBOTO OXOJIO/PKEHHS Ta
36iJIbIIeHHAM HOTO e(eKTUBHOCTI TIPU BUAYBiI 0XO-
JIO/IKYBava B ZIPYTY TPaHIIElo.

Ha puc. 4 HaBeneri i30miHi1 oKkanbHOT epeKTHB-
HOCTi TJIIBKOBOTO OXOJIOJPKEHHSA TIPU Pi3HUX Tapa-
Merpax BayBy aad L, = 15 d; 20 d; 25 d; 30 d.
Buano, mo 3 pocroM napamerpa BAYBY M CIIO-
CTEepPiraeTbCsl NMOKPaAllaHHA TIOIEPEYHOI HEePiBHOMIipP-
HOCTi Ta 36iJIbIIeHHS JIOKAIbHOI e(DeKTUBHOCTI MJIiB-
KOBOTO OXOJIOJIPKCHH.

Opnak pu m > 0,9 3a Ipyroo TpaHIIEEIO CIO-
CTepiraeTbCs MOPYLIEHH CUMETPUYHOCTI PO3NOALLY
e(PeKTUBHOCT] O IJIONTHHI IIJIACTUHY, IO OB’ I3aHO
31 CKJIaIHOI0 BUXPOBOIO CUCTEMOIO, KA BUHUKAE Bif
B3a€MO/Iii IIOTOKIB OXO0JIO/PKyBaya 3 IepuUIol Ta JApy-
roi Tpaumieil. [Ipu 3pocranni Bigcrani Lo, mounHaio-
4y 3 mapameTpa m > 1,7, po3momia JoKaabHOI edek-
TUBHOCTi 3MiHIOE CBill XapakTep MO BiJIHOIIEHHIO /10
CUMETPii, IO CBIAYUTDH IIPO BUHUKHEHHS JEAKOl JIO-
KaJIbHOI CTPYKTYPH, & TAKOX B3a€MOJii OCHOBHOTO
MIOTOKY 3 OXOJIO/DKYIOUMM, sKa IPU3BOJUTH /10 T10-
TiplIeHHd PO3TiKaHHA OXOJIO/PKyBada II0 IIOBEPXHIi
ITACTUHU.

g pospaxyHKY ycepenHeHOI e(eKTHBHOCTI
IJIIBKOBOTO OXOJIO/KEHHS 32 BCi€l0 ILIoIeio 6yJia
BHUKOpHUCTaHa dopMy.Jia

=Tk, (4)
Jie ?]1 — YycepelHEHa B IIONEPEYHOMY HAIPAMKY
e eKTUBHICTh TITIBKOBOTO OXOJIO/KEHHS IS i-TO
nepepisy; kB — KiJbKicTbh momnepevHux mnepepisis mo
yciit noBxuni agiabarHoi nosepxui, k = 50.

Ha puc. 5 HaBezieHi 3a/1eKHOCTi ycepelHEeHHS 110
IJIOMNHI TeTI006MiHy 3HaueHb afaiabaTHOI edek-
TUBHOCTi ILIIBKOBOTO OXOJO/KEHHA IIPU Pi3HUX
BijicTaHSIX MiXK TpaHmiesiMu. BujHo, 1110 TIpu Mainx
3HAUYEHHSIX TapaMeTrpa BAYBy m < 1,24 BniuB Bia-
CTaHi MiXX TpaHIIeIMN He3HAuYHWW, OJHAK TIPH TIO-
JIAJIbIIIOMY  3POCTaHHI 7 BiZIOYyBa€TbCS HE3HAUHE
3HIDKEHHSI ycepeTHeHOT e(DeKTUBHOCTI.

IMasmuBHa edexTUBHICTD

Bepyuu no yBaru orpumani HayKoBi pesyJ/bTaru,
HUKUYE PO3IVIAHYTO HMAJUBHO-€KOHOMIYHI IIOKa3HUKU
razosoi Typ6inn UGT25000 (Moaudikaris IT80)
notyxxHicTio 25 MBt Bupo6uunsa 11 HBKT «30-
psi»-<«Maimpoekts (M. MukoJaiB) npu 3aMiHi Tpa-
[T THOT JIBOPSITHOT CHCTEMHU OXOJO/KYIOUNX OTBO-
piB, SKi BUKOPUCTOBYIOTHCSI B Hill, JBOPSITHOIO CHUC-
TEMOI0 3 T0/IaYel0 OXOJIO/KyBada Yepe3 OTBOPH Yy
rnoriepevyHux Tpanmiesx. Taka Typ6iHa NIMPOKO BU-
KOPHUCTOBYETbCS B €HEPreTHlli, ra30TPAaHCIOPTHIl
TEXHiIli, a TAKOXK B 0G0OPOHHUX 3aCTOCYHKaxX. Bxiani
pani [20]: mmrommii posxig mammsa (mpupomHui
raz) Crg = 0,275 m®/kBr-roj, BUTpara NpOAYKTIB
3TOPAaHHA HA BUXOJi 3 ra3oBoi TypGiHU MPUOJIUIHO
100 xr /¢, Temmeparypa MpOAYKTiB 3TOPSIHHS TIepe/]
typ6inoio 6;m3bko 1300 °C, apiabarnuit KK/ Typ-
6inu M, = 0,91. Jlomatku rasoBoi typ6inn UGT
25000 3 KOHBEKTHBHO-ILTIBKOBAM OXOJIO/KEHHSIM,
cepeJHs TMOUHA 0X0JIo/KeHHST 0 ~ 0,50.

AHani3 CTaTUCTUYHMX [JAaHUX IOKa3ye, 0 MpU
raubuni oxosomkenuss O = 0,50 cepegHst BUTpaTa
0XO0JIO/IPKyBava MPU KOHBEKTUBHO-TITTIBKOBOMY 0XO-
JIO/DKEHH] JIOMATOK Ta BUKOPUCTAHHI TPAUIIHTHIX
MOXUJINX OTBOPiB IJIIBKOBOTO OXOJIO/IXKEHHS 3MiHIO-
erbest Bift ( Gog)max = 3,5 % IIPHU TipIIUX yMOBAX /0
( Goxmin = 2,65 % mpu kpanqux [21]. Sk mokasy-
I0Th Pe3yJIbTaTH JaHOT poOOTH, TIPHU MOAa4Yi 0X0JIOI-
JKyBavya y [JBOPS/JHY TpaHIIElo cepefHs edeKTus-
HiCTh ILJIIBKOBOTO OXOJIOJKEHHS cKiaagae 1 = 0,65,
10, Y CBOIO Y€PTY, TTPUPIBHIOETHCS 0 TJIUOGUHU 0XO-
momkenns 0. Ilpu mepexomi mo BuximHoi edexTus-
HOCTi TTiBKOBOTO oxosomxkeHHs ( O = 0,50) 3um-
KyeTbest Butpara oxouopkyBada ( Gorp y 2,07
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pasu (BigocHo ( Gox)max = 3,5 %). TakuMm umHOM,
MaKCHMaJbHE 3MEHIIEHHS BUTPAT OXOJIO/KYBavya
Moske CKAACTH ( Goxdmax — ( Goxdrp = 3,5 — 1,69 =
1,81 %.

Ak OyJsio 3a3HaYeHO BWIIE, 3MEHINEHHS BUTPATH
OXOJIO/KyBada JJjisi po6oYnX JomaTtok Ha 1 % mo-
B’s13aH0 3i 3HmkeHHsaM KK/I ra3oBoi Typ6iHu TakoK
Ha 1 %. Takum uynnaOM, IpA ( Gox)max = 3,5 % KIIJT
Typ6inm Gyae ckmagatu Ny = 0,875, a mpu ( Gop
=1,69 % 6yne nr: = 0,894 [1].

Y BiamoBiAHOCTI 3 OCHOBHUMU IIOJIOKEHHIMU TEO-
pii ragoBux Typ6in [20], BigHOCHE 36iJbIlEHHS 1T0-
TY>KHOCTI TypOiHM 3a PaxyHOK 3HWKEHHS BUTDATH
0XO0JIO/PKyBavya TP HE3MiHHIN TeMIlepaTypi MPOyK-
TiB 3TOPSHHS Hepea TYPOiHOIO CKJIAIAE!

AN/No =12/ M — 1 =
=0,894,0,875 — 1 = 0,0217, (5)
ne No = 25.000 kBr.

Takum unHOM, 36i7bIIEHHS IOTYXKHOCTI Ta30BOL
typ6inn UGT25000 3a paxyHOK BUKOPUCTAHHS iH-
TEHCUBHOI CHCTEMM ILIIBKOBOTO OXOJO/KEHHA Ta
BHIDKEHHSI BUTPATH OXOJO/KyBava ckaajgae (mpu 0

=0,50):

AN = Ny - 0,0217 = 542,5 kBr. (6)

3umwkenns purpatn nasusa 3a 1 pik (6800 rog.)
MOXHa BU3HAUYUTU IIpHU yMOBi séepemeHHH IUTOMOI
BUTPATH MaJMBa:

AG, = Cg - AN - 6800 =
= 0,275 - 542,5 - 6800 = 1014.485 m°. (7
[Tpu Baprocti mammBHOTO Ta3y 6/m3bK0 600 g0JT.
3a 1000 m* (6epesenn 2025 p.) ekoHOMi4HA €(DEKTUB-
HicTh 3a 1 pik ekcruryaramii rasoBoi TypGiHU
UGT25000 ckuajnae:
AE = AG, - 600,/1000 = 608.685 mour. (8
Taxkum 4MHOM, BUKOPUCTAHHSI iHTEHCHUBHOI CXe-
MU ILIIBKOBOTO OXOJIO/DKCHHA 3 II0JQUel0 OXO0JIOM-
JKyBada y «ApiOHi» TpaHmie! 1ae MOXJINBICTD TIpH
36epe>I<eHi_ Tiel K TJIMOUHU IUIIBKOBOTO OXOJIO/-
skeansa (0 = 0,50) 3a6e3meynTH €KOHOMIIO TIATUB-
HOTO a3y Ha cyMy 6imbmr 608 Tuc. mor. 3a Bech me-
piom ekcruryaraiii ra3oBoi TypOiHM €KOHOMiuHa
eextuBHicTb Gyne CKIAZATH JEKiJIbKa MiJbHOHIB
nonapis CIITA.

BucuoBku

[TokasaHo, 10 B eHepreTUYHUX ra3oBux TypOi-
HaX 3 KOHBEKTUBHO-ILUIIBKOBUM OXOJIOJUKEHHAM JIO-
MaTOK TIPU 3a/IaHiil TIMOWMHI OXOJO/KEHHS JIOTIATKI
3HIDKEHHS BUTPATH MAJMBHOTO Ta3dy Moxke GyTH /10-
CATHYTO 3a PaXyHOK BHMKODHUCTAHHS iHHOBaliliHMX
CXeM IUIIBKOBOTO OXOJIO/UKEHHS 3 OiJIbIll BHCOKOIO
e(eKTUBHICTIO Y TIOPiBHSAHHI 3 TPAMITIHHOIO CXEMOIO.

[Tomaua oxonoaKyBaua y ABOPSIIHY CXeMy MTOXH-
JIUX OTBOPIB Yy <«JPiGHUX» TOTIEPEYHUX TPAHIIESIX
NPSIMOKYTHOTO Tiepepi3y 3a6e3reuye cepeiHio edex-
TUBHICTb I1JIiBKOBOIO OXOJIOPKEHHS ILJIaCKOI OBEPX-
Hi n = 0,65, mo #a 30 % Buile eGeKTUBHOCTI Tpa-
JIMIIFTHOT CXeMU TIOXUJINX OTBOPiB.

Bukopucranns B eHepreTuuHiii razosiit TypOiHi
UGT25000 irHOBAIiITHOT cXeMU TLTiBKOBOTO OXOJIOI-
JKEHHST POOGOUYNX JIOTIATOK 3 TTOAAY€i0 OXOJIO/KyBada
B TOABIWHUI P MOXWJINX OTBOPIB Yy <«JApiOHii»
TpaHIel Ja€ MOXJWBICTb TIPU CTaJii TeMIepaTypi
NOTOKY Tepel Typ6iHOIO Ta 36epekeHHi cepemaHbol
rAuOMHA OXOJIO/PKEHHS JionaToK Ha piBHi 0 = 0,50
36iapmuTy ii morty:kuicth Ha 542,5 kBt (2,17 %),
mo 3a6e3Meuyye BUCOKY €KOHOMIIO MAaJMBHOTO Tasy,
sJKa MOXe CKJaJaTh JeKiJbKa MiJbHOHIB J0JapiB
CHIA 3a Bech nepiof exciutyaTanii TypOiHH.
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Increase in the gas turbine fuel efficiency
via application of enhanced blades cooling

Abstract. Today, the operation of modern power gas turbines limits the temperature of the
combustion product at 1300—1400 °C, which is due to the requirements for a high turbine life
cycle (up to 150,000 hours). With existing limitations on the blade temperature, the main
direction for increasing turbine power is to use a more intensive system of internal and external
(film) cooling of the blade, which provides a reduction in the necessary costs for air cooling
while maintaining this blade cooling depth. In the work, using the example of the Ukrainian
power gas turbine UGT25000 with a capacity of 25 MW, the possibility of increasing the
turbine power and increasing its fuel efficiency by supplying the coolant to a two-row system
of “small” transverse trenches, which is characterized by a higher level of film cooling effi-
ciency, is considered. Using computer modeling, a study of the characteristics of the two-row
cooling scheme was performed, and basic data were obtained that characterize the local cooling
parameters for different injection parameters. It is shown that the distance between the
trenches has a weak effect on the area-average film cooling efficiency. With increasing injec-
tion parameter, the transverse non-uniformity improves and the local film cooling efficiency
increases. At m = 0.9, the symmetry of the efficiency distribution along the plate plane is
broken by another transit system, which is associated with a complex vortex system that
affects the interaction of coolant flows with the first and second trenches. Calculations have
shown that the area-average film cooling efficiency of a flat surface is 0.65, which is 30 %
higher than the efficiency of the traditional hole absorption scheme. The use of an innovative
scheme for film cooling of working blades with coolant supply to a double row of inclined
holes in a “small” trench allows, with a stable flow temperature and a maintained average
cooling depth of the blades at levels 6 = 0.5, to increase the power of the UGT25000 gas
turbine by 542.5 kW (2.17 %), which provides fuel gas savings of more than $ 600,000 per
year. Bibl. 21, Fig. 5.

Keywords: fuel efficiency, gas turbine, innovative blade cooling, double-row trench, computer
modeling.
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EneprosoepeskeHnst mpu iHTerpaiii
y TEILIOBY CXeMy MapoBOi TypOiHu aOcopoOIiiiHOro
OpPOMiCTO-IITiEBOrO TEILIOBOIO HACOCY,
[0 00IrpiBa€ThCS MAPOIO

Awnoranis. /lng yTumizarmii TemaoTH, AKa BUKHIAETHCS B aTMocdepy MapoBUM TypOOTeHEpaTo-
POM, TOCTaTHLO e(PEKTUBHUM 32CO60M eHepro36epeKeHHs € iHTerpallis B TEIJIOBY cXeMy TypOiHu
a6cop6uiitnoro 6pomicro-itiesoro remnosoro Hacocy (ABTH) 3 maposum o6irpiom. Mera z10-
CJI/KEHHST — Ha MPUKJIAJi MaTeMaTudHoi Mojesi TemyoBoi cxemu Typ6inu I1T-60,70-130 /13
Bu3HaunTU eeKTUBHICTh eHepro3bepeskenus 3 inrerpoanum ABTH mnoryskwuictio 17,3 MBr,
1110 06irpiBaeThCs Mapoio 3 Bupobunyoro Bin6opy Typbinu 3 pisuum tuckom. [lorysxuicts ABTH
6yJi0 BU3HAUEHO NMPU BUKOHAHHI TIOMEPeIHIX Joci/Kenb. [IpoananizoBano cTaH mpo6ieMu yTu-
Jlizantii UpKyJIAMIHOT BOAM OXOJIOJKEHHsT KOHJEeHcaTopa mapoBoi TypOiHU 3a JOMOMOTOI0 BU-
KOPHCTAHHS TETJIOBUX HAacociB. [lOCTi/XKeHO BILINB BEJIMYUHU TUCKY MapH Y BUPOOHUYOMY Bif-
60pi HA MOKA3HUKU iHTErpOBAHOI TYPOOYCTAHOBKH B OIATIOBANbHUI ce30H. THCK y BUPOOGHUIOMY
Bim6opi mapoBoi Typ6inu BapiioBaBcs Big 1,66 go 0,693 Mlla. Sk emepros6epiraiounii 3aci6
3aIPOTIOHOBAHO BCTAHOBJIEHHS MAPOBOi TBUHTOBOI MAITMHN HOMiHAJbHOIO MOTY>KHicTIO 10 1 MBT
JUIST pO3IIUPIOBAHHS Mapy JI0 MMapaMeTpiB, ki moTpi6Hi 1 06irpisy ABTH. PospaxyHku BUKO-
HYBaJIM 3 ypaXyBaHHSAM CepeHbOMiCAYHUX TeMIlepaTyp 30BHIIIHbOTO MOBITPd B YKpaiHi B oma-
moBasbHUi ce30H. TeroBe HaBantaskenus [1T-60,70-130,/13 3 interpoanum ABTH 3a6e3ne-
qyBaJocsl 3aBJaHHSAM (PiKCOBaHMX BUTpAT Mapu CHOXKuUBauy 15 T,/TOJ Ta MepeskeBOi BOAU Ha
termonoctadantsg 1600 T /Toa. Y 3aeXHOCT Bii BETMYMHN TUCKY Tapu 3 BUPOOHUYOTO BigGOPY
MOTY>KHICTD yTHJIi3amiifHOT TapoBoi IBUHTOBOI MaIIMHN 3MiHIOBaJacs y miamasoni 0,651—1 MBr.
Inrerpamisst ABTH 17,3 MBrt no II1T-60,/70-130 /13 B 3asesxkHOCTi BiJi 06paHOTO TUCKY Tapu Y
BUPOGHUYOMY Big6Opi M 4ac po6OTH B OIATIOBAJIBHUII TEepio/ MPU3BOAUTH [0 IIi/IBUIIEHHSI
KK/ Ha 3,4-3,8 %, BiguyTHOi exoHOMii ymoBHOro naymsa (5,8—6,4 %), MOKpaIly€e eKoJoTiio,
36epirae 105—107 Tuc. T TexHIYHOI BOAM, 3MEHIIYyE BUKHUIN 0 aTMoc(epy MapHIKOBUX Ta3iB Ha
5,9-6,4 % Ta Ha 65,9—67,1 I'Br remmoty BiJ MUPKYJIsiiiHoT Boau y TpamupHi. HacrigkoMm iiei
inTerpanii, KUl MOXKJNBO BBa)kKaTH HETaTUBHUM, € 3MEHIIEHHS CyMapHOI «KOPUCHOI» €JIeKTPO-
rerepanii (ma 2,3-3,2 %). 3a nomepeaniMu ominkamu, interpanis ABTH 17,3 MBr o
IIT-60,/70-130 /13 € TepCeKTUBHOIO eHepro36epiralouoi0d TEXHOJOTIEID IS YIPOBAIXKEHHS.
I[Ipu ninax wa namuso (npupoanuii raz) 300 gour. /T y.m., a exekrpuky 150 goa. / MBr-roa Bona
Ma€ MPOCTHii TePMiH OKymHOCTI 6Ju3bKo 2,9 poku (inBectuilii omineHo y 3150 Tuc. 10.1.), AKIIO
ABTH 17,3 MBT o6irpiBaeTbcsi mapoio, THCK SIKOi 3HaxoauThest y miamasoni 1,0—1,2 MIla.

© Kocrikos A.O., Illy6enko O.JI., TapacoBa B.O., ba6ak M.IO., Mazyp A.O., 2025
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Came y 1pOMy fiama3oHi THCKY Map¥, o o6irpiBae TeIJIOBHII HACOC, MU PEKOMEHAYEMO €KC-

wiyaraniio. biba. 27, puc. 2, maba. 4.

KrouoBi cioBa: eneproz6epeskeHHs, aGCOpOIIiiiHIIT TEILIOBHIA HACOC, TETLJIOBA CXeMa MapoBoi Typ-

6iHU, TepMiH OKYITHOCT].

st ytustizarii TensioTH, sika BUKAAETHCS B aTMO-
chepy mapoBuM TypOOTE€HEPATOPOM, JOCTATHLO BH-
mpo6yBaHUM 3aC060M eHepro36epeXKeHHs € iHTerpa-
1isl B TemJoBy cxeMmy TypOiHm a6copOiiiiHoro G6po-
MicTo-sitiesoro temsosoro nacocy (ABTH) 3 mapo-
BUM 06irpiBoM. BianoBisHi MpoeKTH peastizoBaHO y
psni kpaiu [1-8]. [Iuranus, mo noB’s3aHi 3 BUKO-
pucranuam takux ABTH, mocaimxyiorbes B my6i-
Kamigx [9-23] rta ixmmx.

[lepcriekTUBHUMHU 7151 €HEPro30epeKeHHS € Ha-
camnepes notyskui Typ6inu (I1T) ta Typ6inu (T),
10 (PYHKI[IOHYIOTb 3 BEJMKUM TEILJIOBUM HaBaHTa-
skeHHSIM. K 06’eKT mocimkenns interparii ABTH
Hamu o6pano Typ6iny IIT-60,/70-130 /13 (I1T-60),
TOMYy 1[0, IO-TIepIiie, BOHA HE MAae BOY/IOBAHUX Yy
KOH/JEHCATOP NYUYKiB A MiJIrpiBy BOAH, IIO-
apyre, B YKpaini Takmx TypO6iH HapaxOBYETbCS
' ITb OJAMHUILD Ta Il CiM JOCUTDH GJIM3bKUX 0 HUX
I1T-60-90 /13.

¥ mamiit kpaisi I1T-60 Bunycky 1970-x pokiB Ha
HOMiHaAJIbHOMY HaBaHTKEHHI IIPU BUTPATi y KOH/EH-
carop napu Gy = 24 1/tox (IIpn 3aKpuUTiii HEYILiIb-
HeHill TOBOPOTHiN Aiadparmi, 3a 3aBOJACHKUMU [la-
HuMH [24]) 3 TTOTOKOM BO/HM, 110 HOTO OXOJIO/KYE,
BTpavaeTbcs Temnotu Q ~ 14,74 MBrt. [lo octan-
HBOT JIOJIAETHCS II€ TEIJIOBa TOTYKHICTh CHUCTEMHU
oxosokerns rereparopa (COT) rta mactumia cuc-
temn sMmamenns (COM) Qcoricom ~ 0,47 MBrT,
TO6TO 3 TpagupHi B aTMocdepy BUKUAAETBCI Qs ~
15,21 MBrT Temioru [18—21].

3a ciguennsm [8], punok ABTH ocrannim ua-
COM TIEPE’KMBAE 3POCTAaHHS, SKe BUKJIMKaHEe 306iJb-
IIEHHSIM [IONUTY Ha eHeproe)eKTUBHI PillleHHs B pi3-
HUX TaJy34x IIPOMUCJOBOCTi, 11O TaKOXX CIIOHYKa€e
JI0 1IbOTO JTOCJIi/IPKEHHS.

Cran npo6aemu

3 indopmarii npo peasnizoBaHi MPOEKTH 3 iHTeT-
parmii ABTH, 1o o6irpiBaerbcst mapoio, A0 CKJIaLy
napoBoi Typ6inu (nosigomaenus [1-3], pedepentii
[5—6], orsnanu [7—8]) maeMo Taki BucHoBKu. YacTi-
e BiJAIOBIZAHI ITPOEKTH Peasi3ylOTbCsA y PO3BUHY-
tux kpaiHax Cxony [2—8]. ¥V kpainax €C 6inpiuit
inTepec € no BcraHoBjJeHHd pisHoBuay ABTH, mo
ob6irpiBaeTbcst fumoBuMu Tasamu [6—7]. Posnoscion-
SKEHHM Yy peaJli3oBaHMX IMPOEKTAX € BUKOPUCTAHHS

ABTH 3 mapoBuM 06iTpiBoM 3 OZHOCTYIIEHEBOIO pe-
reHepailieo, 60 (GiHaHCOBO Iie BUSBJSETHCS OiJIbII
CIPOMOXKHUM. Boke 3ailicHeHMI MTPOEKT i3 BCTAHOB-
nenusiMm i ABTH, i mapokommpeciiiHOTO TemnoBOro
nacocy (ITKTH) [3]; npu 1ipoMy BAEHb MpaItioe mep-
mmii, BHOui — apyruii (enexTpoenepris jemesiia
Ha Tpetuny). IloryskHicTb BeranosieHoro ABTH 3
MapoBHUM 06GITPiBOM, SIK TIpaBmJIO, ckaanae 20—40 MBr
Ta 3aJI€XKUTh BiZ OTY:KHOCTI Typ6inu. [apanTiitanit
tepmin cay:x6u ABTH ckaanae 20 poki. Xoua, Ha-
MPUKJIA/, 32 pe3yJbTaTaMu JOCJaiKeHHs [15], om-
tuMasnbHa noryxuictb ABTH, inrterposanoro o
noryskuoi (135 MBr) maposoi Typ6inm CZK
135,/112-13,2 /0,245 /535 /535, BuU3HaueHa TIpU-
6musuo y 101 MBt (xputepiii sikocti — piunmii
nprGyTOK).

3a cupaMyBaHHSIM [JOCJiHUIBKI pPOOOTH, IO
npucBsiueni BukopucranusiMm ABTH 3 mapoBum 06i-
IPiBOM /I peKylepalii Telaa HU3bKOro IMOTeHIlia-
ay Ha naposBux TEILl, nmoxiisiorbes Ha ABI rpymnu:

1) ynockonanennst xapakrepuctuk ABTH pisnoi
kougiryparnii (ognocrynenesoio (OCP), aBoctyrtie-
nepoo (JICP) perenepanicio Ta iH.), HOPiBHAHHS
MOXKJIMBOCTEN IX BUKOPUCTAHHS 3 TEIJIOBUMHU HACO-
caMU /IPYruX THIIB Ta NOPiBHAJbHUI aHai3 cxeMm
ix iHTerpamnii i3 BU3HAUECHHSIM TEPMOJMHAMIYHUX,
€KOJIOTIYHNX Ta eKOHOMIYHUX MOKa3HMKiB [9—13];

2) po3pobJeHHd Ta aHali3 CXeM iHTerparii
ABTH wna enexkrpocraniiii 3 BUBHaAYEeHHIM HEOOXi/I-
HUX XapaKTePUCTUK Ta IOCJi/>KeHHS BIJIUBY 3MiHU
30BHiNIHIX (bakTOpiB (TUCK Mapw, 1O MOCTABJISAETH-
CsI CTIO>KMBAYEBi, MOTYKHOCTEH eJleKTporeHepariii Ta
TEIIONOCTAYaHHs, I[iH HAa €HEProHOCii) Ha MOKa3HY-
KU eHeprokomiuiekcy [14—23].

3 ananisy my6JTiKaIiil mepioi rpyns MaeMo TaKy
indopmario. Y paMkax ciieHapilo pekyrneparii Bij-
npanpoBanoro teria TELL 6y mopiBusHi pe3yibra-
™ eKkcriepuMenTiB Ta xapakrepuctuku (KK/I, excep-
rernyna edexrusnictb) ABTH 3 OCP 1a 3 /[ICP, a
takoxx [IKTH Tta 3po6seni taki BuctoBku [9]:

— ADBTH wmatorp 6inpmr nuspkuit KK/, ane ue-
pe3 MeHI BHYTPillHi HEOGOPOTHI BTpaTéu MaloOTh
BUIY eKcepreTnyHy edektuBHicThb, HiXK [IKTH;

— ABTH 3 JICP mae 6iapnr Bucokmii KoedillieHT
eKceprii, HiXK pO3TJIAHYTI KOHKYPEHTH.

[Tpu 3acrocysanni [IKTH Bupo6.sieTnbest 6isblie
tertotu nopiBusino 3 ABTH, ocranniit 3a6esneuye
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TPOXM KpAlly eJeKTPIYHY e(EeKTHBHICTh, MOTpe6ye
mermmux (pu6ar3no y 2 pasu) insectuiiii [9]. 3
TOoukM X 30py exkoHomii Boau IIKTH mae nepeBarn
nmopiBusino 3 ABTH [12], mo BaxkauBo a1 paiio-
HiB, Jie € mpo6yeMa 3 Bojiot0. KpiM Toro, KepyBaHHS
ITKTH mpocrime, wixk ABTH.

ITy6mikarii mogo 6inbir pisHOMaHITHOI 3a 3Mic-
TOM [IPYTOi TPYHH BKJIOYAIOTh TEOPETUYHI JOCJIi/I-
skeHHs npo Bukopuctannga ABTH, manpuksan, npo
BKJIIOUEHHST BOX mocaioBHo mitounmx ABTH (o
3a6e31Ievye ITiIBUIEHHST TEMIIEPAaTy P MiirpiBy 3BO-
porHoi Mepesxkesoi Bogu (3MB) mo 100 °C), a Ta-
KO3K TIPO 3aCTOCYBaHHS y TEIJIOBiN cXeMi maporaso-
Boi ycranoBku TEIL [14] ta inme. Oxpemy mija-
IPYIy CKJIAJAIOTH MyO6JriKallii, B SKUX BU3HAYAETHCS
onTtuMajbHa TemoBa notysxkuictb ABTH (y Tomy
YuCai IpH PisHUX 00paHUX KpHUTEpisx sakocti) [14,
18, 21].

3 anasigy my6Jikailiii MaeMo Taki 3arajbHi BHC-
HoBkHu. InTerparniis ABTH 3 mapoBum o6irpiBom 110
CKJIQy TETJIOBOI cXeMu MmapoBoi TypOiHU MPHU3BO-
auth g0 migsumenas KK/I, ekonomii majmBa, cKo-
POYEHHA WIKIJUIMBUX BUKWU/IB y HaBKOJUIIHE CeEpe-
IOBUINE, JI0 IiaBUIeHHS Teronoctadyands 3 TEIL
y pasi Heo6xigHOoCTi. CyMapHa BeJIUYNHA €JIEKTPUY-
Hoi renepartii npu ikcoBaHOMY TEIJIOBOMY HaBaH-
taxxenui Typ6inu 3 ABTH, sx mpasuso, Ha KijJbKa
BiICOTKIB 3MeHITyeTbcst (He CTOCYETHCS PEKMMIB,
KOJIM iHTerpaiis Iboro HacoCy Ja€ MOXKJMBICTb He
BKJIIOYATHU TKOBUH BoporpiitHuit koren [18—20], Ta
SIKIIO He CTaBUTHCA 337ada 36epeXeHHs 06’eMy Te-
Hepanii [21]). 3HaueHHs TeXHIYHUX NMOKA3HUKiB 3a-
JIEKUTD BiJi KOHKPETHHX XapaKTePUCTHUK IapoBOi
TypO6inu Ta inrerpoanoro ABTH, a Takok ymoB Ha-
BaHTa KeHHS.

ExoHOoMiuHi TOKa3HUKU TEXHIYHOTO pillleHHS
mozo inrerpaiii ABTH (ipu6yTtox) cyrreBo 3aje-
JKaTh BiJl 1[iH HA IMAJMBO, €JEKTPOCHEPTilo Ta 3a Tell-
Jonocravanns (3HA4HI iHBECTHUILIT y TPOEKT MOXKYTh
NPU3BOANTH JI0 3POCTAHHS IiHK 3a onajeHns). Tep-
MiH okylHocTi peasnizoBanux y Kural npoexris inrer-
pamii ABTH 3 mapoBum mimirpiBomM ckjiamae 2—
2,5 POKH.

@DopMyJIOI0UN 3aBJaHHA 3 MOAAJBININX JTOCJTiJ-
JKeHb 06paHoro 06’€KTy, CJIijJl B3ATU J0 yBaru Ha-
crynHe. B ymMoBax cydacHoi YKpaiHu € HeoOXilHUM
MOYMHATH PO3POOJIEHHS CTpaTerii IiIBUIEHHST TeX-
HiKO-€KOHOMIUYHMX IIOKAa3HUKiB CUCTEMHU TEILIONO-
CTavaHHs /10 4-TO, a B IEPCIEKTHUBI IO 5-TO TIOKOJIiH-
Hsa [25, 26]. Bxke 3apas cuig posrisga-ti, a He3a-
6apom miepeiitu g0 miaBuieHHs edexruBHOCTi TEI]
MIJITXOM BIPOBA/PKEHHSI CYYacHUX eHepro3bepirarwo-

YUX pillleHb, OJHUM 3 AKUX € iHterpaiiga ABTH.

Y 11poMy acriexTi BUPillleHHS TUTaHb 3 BU3HAYEH-
H BIUIMBY Ha IokasHuku iHTerpoBanoi ABTH no
Typ6inn [IT-60 takoro mapamerpa, sIK THCK Tapu y
BUPOOHUYOMY BiZIOOPi, AKUIT OCTABJSIETHCS 30BHIIII-
HBOMY CIIO)KIBAYeBi Ta BUKOPUCTOBYETBHCS M 06i-
rpiBy ABTH, € akrtyanpnum. PamionanbHa B3aeMo-
Jlis MiXK JIPKEPeJIOM TeIJIOTU Ta CUCTEMOIO TEIJIOIO-
crayanHs (110CTaBKa Mapyv Pi3HUX MapaMeTpiB Cro-
KWBauy — ii Pi3HOBH) € OAHIEI0 3 YMOB JOCST-
HEHHS 4eTBePTOTO-TI' ITOTO PiBHS PO3BUTKY Ili€i cHc-
Temu [22, 25].

Y pawniit po6ori Terosa noryxkuictb ABTH 3
napoBuM o6irpiBom o6pana 17,3 MBt, 6o pawniiie
6yJI0 pO3B’si3aHe 3aB/IAHHS 3 BU3HAUYCHHS OTNTUMAJD-
HOI TerI0BOi MOTY>KHOCTi NMPU iHTerpyBaHHi HOTo /10
typ6inn I[1T-60, gxa mpaiioe B onaJioOBaJbHUN Ce-
30H Ha 3HAYHOMY TeIIOBOMY HaBaHTaxeHHi [18].
Baskanocs, nmo napa ass o6irpisy ABTH 6eperbcs
3 BUPOOHUYOTO BiIGOPY 1Tiel TypOiHU 3 TUCKOM Plyipos
= 1,296 MIla (ymoBun Kpamatopcpkoi TEID). Ile
NI eHepro36epeskeHHsT BUMAarajo YCTaHOBKY YTHJi-
saniiinoi naposoi reunToBOi Mammnu (YIIT'M) mo-
TykHicTio 6;u3bko 1 MBt. ByB mocaimkenuii pe-
skum pobotu IIT-60 3 interpoBanmm ABTH i3 3a-
KPHUTOIO TIOBOPOTHOIO [miacdparmMoro Temaodikariii-
HOTO Bi6opy 3 BuTparoio mapu B KoHaeHcatopi Gy
= 26 1/1on (niadparma He yiliibHEHa, TPAIOE GiJib-
e 40 pokiB Ta Mae 36ijblieHe TPoTiKaHHs). Byu
BH3HAUYeHi eKOHOMiuHi Ta eKOJIOTiuHi MOKa3HUKU /10-
CJIJPKEHOTO eHepro36epiratouoro pimrenns [19].

Mera gocaiaxeHHs

Merta focai/iskeHHS — Ha IPHUKJAJi MaTeMaTuy-
Hoi Mogzei TemnoBoi cxemu IIT-60,70-130 /13 Bu-
3HAYUTU e(PEeKTUBHICTb eHepro3bepeskeHHs 3 iHTer-
poBanuM ABTH mnorysxwuicrio 17,3 MBT, gxuii 06i-
IPiBaETHCSA MApPOI0 3 Pi3HUM TUCKOM 3 BUPOOHUYOTO
Bifbopy Typ6inu micas posmmpenas B YIII'M mo-
TyxkHictio 1 MBT.

Oco006JMBOCTI MAaTEMaTHYHOTO
MO/IEJIIOBAHHS TEIJIOBOI CXEMHU

Mamemamuuna modeav ABTH

Anpokcumariiiitna Mmarematuuda mozeab ABTH 3
MapoBUM OGITPiBOM, IO 3aIIPOMOHOBAHA aBTOPAMU,
JokJaHo HaBeneHa y [19]. Haramaemo ii oco6sm-
BOCTi.

Edextusnicts ABTH orinoerbest koedittieHToM
neperBopeHHss COP, gKuil BU3HAYAETLCS SIK
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COP = QABTH/Qh,

e Qapri, Q) — BIANOBIHO KiJbKIiCTh TEMJOTH, IO
nepenaetbess B ABTH Tensonocito, sikuii Harpisa-
€TbCH, i Ta, SKa T'pie WOro.

[Mpoctuit ABTH 3 napoBum 06irpiBoM IpHu OJTHO-
cTyneHeBiil pereHepailii Mmae y cepeaubomy COP ~
1,71 [27].

B ymosax TEIIl mpu maposomy o6irpisi ABTH
MpaIfioe 3 TpboMa MOTOKaMK eHeproHociis [18—21]:

— BojgHa napa 3 Burparoio Gy, mo rpie ABTH
(y pasi IIT-60 Geperbcst 3 BUPOGHUYOTO BiAGOPY), 3
mapaMeTpaMu: THUCK P, Bapilo€eTbcd B iama3oHi
0,14-0,6 MIIa, Temmeparypa t, — B Aiama3oHi
110—150 °C;

— BOJla 3 TMOYATKOBOIO TEMIIEPATYPOIO Ly, IO
3MiHIOETBCS Bif +7 1m0 +35 °C, Temyiora SIKOi yTHIi-
syerbes (1upkyJistiiiina Boga (IIB) cucrem oxomoz-
xeHHs Kougercaropa, COT ta COM), mae BuTpaty
G, TicJs TEMJI0BOTO HACOCY OXOJOKY€ETbCS TTPH0-
ymsHo Ha S5 °C;

— BOJIa, MO0 HArpiBaeThcs N0 t,o = 20—35 °C
(yactuna a6o BCSA 3BOPOTHA MepeXkKeBa BOJAA), Mae
BUTpaTy Gy, TIOYATKOBA TEMIIEPATYPA Lop1.

[lns mojemoBanHS ToOKa3HWKIB po6otn ABTH
OyJI1 BUKOPUCTaHI KPUBI TPOAYKTUBHOCTI TEIJIOBO-
ro nacocy Air Conditioning (BROAD) (BupoGHuk
— Kuraii [23]) Ta HOMOrpamu iHIIOr0 BUPOGHUKA
TepMOTpaHc(OpPMaTOpiB, a TAKOXK P 3araJbHUX
XapaKTepUCTHK, SKi HaBeneHi y [18—21].

[dng koxkHOro 3 THCKIB mapu Pj, 10 rpie
ABTH, nna BijoMux temmeparyp (0XOJ1011>1<yBaH0’1'
IIB Ha BuUXOAi 3 TemyioBOro Hacocy ty Ta 3MB Ha
BXOZli B HBOTO t,1) Oy/a BU3HAueHa TeMIepaTypa
HarpiToi y Hacoci MepeskeBoi BOAM tyo. Tabmiis nux
3HAUYEHDb € OCHOBOIO IHTEPHOJIAIINHOTO aJIrOpUTMY,
10 peasizye 3aleKHICTD two(Phui, to, tot).

Ta6umis 3HaueHb 6a30BUX TOYOK MPSIMUX 3 iH-
IIMX HOMOTpaM IIOKJIa/leHa B OCHOBY iHTEPIIOJISIIiii-
HOTO AJTOPUTMY, 1[0 BU3HAYAE Bi[HOCHY TEILIOBY
noryskuicte ABTH Qapri(ts2, tot, tw).

3 Bukopuctanusm ganux BROAD [23] Takox
OyJsin oGy 0BaHi anmpoKCUMAaIliiiHi BUpasu [Jist BH-
3HaueHHA 1Ie paay xapakrepuctuk ADBTH, 4aki
61711 IeTaNbHO PO3TUIAHYTI Y [18—20].

Modentosanns menanogoi cxemu mypoin
Ha 6a3i 3a600CbKUX XAPAKMEPUCMUK

IIT-60 — 1e mapoBa Typ6iHa 3 KOHIEHCAIITHOTO
YCTAHOBKOIO Ta JIBOMa BijbopaMu Tapu, 10 pery-
JoI0Thcsl. BoHa sIBJIsie co60I0 ABOIUTIHAPOBUI O1-

HOBAJIbHMI arperar, 1110 Ma€ IUJIiHAPU BUCOKOTO Ta
HM3bKOTO THCKY (3 YaCTHHAMM: CEPEAHbOr0 Ta HU3b-
koro tucky (UCT it UHT)), 7 Bia6opis napw, 3 mi-
pirpiBaua Bucokoro tucky (IIBT) rta 4 umsbkoro
(ITHT), a Tako’K TaKi OCHOBHi XapaKTepUCTHKH [24],
SIK HOMiHaJIbHA TOTY KHicTh Typ6inu 60 MBr, uncsio
o6epriB 3000 06./XB, TTapaMeTpu CBiXKOI Mapu Tie-
pex cromopuuM kaamanoMm (ruck 12,75 MIla, tem-
neparypa 565 °C), THCK mapu BigGOpiB, O pery-
moiotbest (BUpoOHIYni Pyypos = 0,686—1,666 Mlla,
rertodikamiiinuiit Py, = 0,0294-0,147 MIla).

11 HAGIDKEHHST pe3yJIbTaTiB PO3PaxXyHKIB 10
peasbHUX JJaHUX BUKOPUCTOBYBAJIOCS 3aBOJICHKE all-
pOKcuMaIlliiiHe piBHSIHHSA 3 BU3HA4YeHHS TOTY>KHOCTI
YHT Nuur = Fy(Gunr).

Hagezneri oco6mBOCTi MO/IETIOBAHHST €HEPTETHY-
HIM METOJIOM TeIlJIOBOI cXeMHU MmapoBoi TypG6iHu, iH-
terpoBanoi ABTH i3 mapoBum 06irpiBoM, 3HAMILIN
BiIOOPKEHHST Y IPOTPAMHOMY KOMILIEKCI, PO3P0O6-
JIeHOMY B [HCTUTYTi eHepreTMYHWX MAIlWH i CUCTEM
HAH VYxpainmn.

Po3paxyHKOBi 10CJTi/>KEeHHS

Busnaunmo 3minn oka3aukiB iHTerpoBanoi 11T-60
3 ABTH 17,3 MBt B onasoBanbHUll Tepios mpu
Pi3HHUX THCKaX Mapu y PeTyJIbOBAaHOMY BHPOOGHIYO-
MY Bift6opi TyPOIiHU Pyupos, MO MIiCJS POSUIMPIOBAH-
s B YIII'M o6irpiBae temmoBuii Hacoc. PoarisHe-
Mo dyHnkiionyBanus interpoanoi I1T-60 3 ypaxy-
BaHHAM 3MiHU TeMIlepaTyp 30BHILIHbOIO MOBITPA Ta
TepMiHiB iX cTOsTHHA. BuxijHi 1ani B TakoMy BUTIA/I-
Ky 3PYy4HO I0/aBaTé y BeKTOPHill ¢dopmi. Maemo
taki 3amani Bektopu [18], [21]:

— CepeHbOMICAYHUX TeMIlepaTyp 30BHIilIHBOIO
nositps (°C)

zc c c c c
= . b
G {t3.n 1’t3.n2"“’t3_n‘nM on ’tS.HMl)KOH}

— TEpMiHIB TPHBAJIOCTi CTOSAHHS €¢ (ciuenp,

JOTHUH, 6epe3eHb, MOJOBUHYT KBiTHS i JKOBTHSI, JIHC-
Toma/, rpy/leHb, MikonanoBaabHuil mepioa) (roj)

—

T= {TI, T, Tur, Trv+x, Txi, TXi, Tmmon} =

= {744, 672, 744, 732, 720, 744, 4404};
— yMmoB (¢yuKuionysBanHs ABTH

ZapTh = (O ast, Pui, P
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— 3a/IaHUX HE3MiHHUX PEKMMHUX TapaMeTpis,
1110 BU3HAYalOTh cTaH TerioBoi cxemu I1T-60

Zz.r: {PB}lpOGy G“crwma GBMBy }y

e Pyupos, G" cnoxxw — THUCK Ta BUTpaTa Mapu CIIOKU-
Bauy y peryJiboBanuii Bupobuuunii Binbip; Gams —
Burpara 3MB.

[Tle ueit BekTOp BKIOUae Gisbin 40 xapakrepuc-
ik (KK esleMeHTiB TemIoBOi CXeMHU, THCK y Je-
aeparopax, BiJIHOCHI BTpaTW THUCKYy B eJieMEHTaX
CXeMH, B YIIiIJIbHEHHAX, B IApOIpoOBOJAAaX 10 Iidi-
rpisauiBs ta inme). OCHOBHI BUXi/HI ZaHi, 1110 3a/1a-
I0TbCSA TIpU Po3paxyHKy TerioBoi cxemu IIT-60,
61 fokaaaHo mogano y [18—20].

Cxema inrerpauii no ckmaangy IIT-60 ABTH
17,3 MBr naBegena aa puc. 1 (IpUHIKIIOBY TeILIO-
By cxeMmy uiei TypGinu aus. y [24]). Sk Buano 3i
cxemu, mapa st 06irpisy ABTH 6epetbcest 3 perysibo-
BAHOTO BUPOOHUYOTO Bif6OpPy TypOiHU 3 THUCKOM
0,983 MIla. TemoBuii Hacoc 06ITPiBAETHCS TAPOTO
3 tuckoMm 0,233 MlIla i3 Buxsony YIII'M noty:xHic-
TI0 6;i13bK0 1 MBT, 110 BCTAHOBJIIOETHCS ST €HEP-
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roz6epesxerns. Typ6iHa mpailoe Ha TEIJIOBOMY Ha-
BaHT)KeHHi (BUTpaTa mapu B KoHAeHcaTop 26 T,/ T0/1)
mpu 3a6e3nedyeHHi TEIUIONOCTadYaHHs 1o rpadiky
150 /70 °C 3 Butparoio MepesxkeBoi Boau Gzup =
1600 T,/ron Ta BiANycKy 3 BUPOGHUYOTO BimaGopy
G"iox = 15 T/ TOJ TIapu CIIOKUBaYaM.

Sk BKazaHo pawiliie, THCK Iapu y BUPOOHUUOMY
Big6opi I1T-60 moxke 3miHOBaTHCs B aiamasoni 0,686—
1,66 MIIa. 11106 mgocuignuTy fioro BIJIMB HA XapaKTe-
PUCTUKM Ti€i iHTErpoBaHOi TypOiHM, JOCTATHHO BU-
3HAUUTH X 3MiHY /51 3HauY€Hb Ppupos, 1O CTAHOB-
asatb 0,686, 0,983, 1,286 ta 1,66 MIla.

Y [18] npu BupinienHi onruMisaitiitnoi 3amadvi 3
Pypos = 1,286 Mlla mokazano, mo ams ABTH mo-
tyxHictio 17,3 MBrt ta tucky Py = 0,233 MIla no-
tyxuictb YIITM ckaagae Nymrm = 1 MBr. 3posy-
Misio, MO TPH Pypes = 1,66 MIla nis mocsArHeHHS
noryskHocTi YIII'M, sxa ne nepesuntye 1 MBT, nus
uporo x ABTH cuix 3amasatu Py > 0,233 Mlla.

Y Tabsa. 1 HaBesieHO PO3PAXYHKOBI XapaKTepuc-
tuku [1T-60 B onasoBajabHuii TIepioa npu cepe-
HBbOMICIYHUX PEKUMaX HABAHTAKEHHSI 3 Pypos =
1,66 MIla 6e3 macocy Ta 3 inTerpoBanum ABTH,

1
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Puc. 1. Cxema oxososkenHst cuctemu Kongencaropa typ6inu I1T-60 3 ABTH 17,3 MBt: 1 — IIT-60 3 reneparopom;
2 — COM (cucrema oxonomxentsa mactuia); 3 — COT (cucrema 0X0JI0[KeHHS TeHepartopa); 4 — TpajupHs; 5 —
yTuJIi3aliiiHa naposa rBuHTOBa MaluHa ¢ reHepatopom; 6 — ABTH: 6-1 — reneparop; 6-2 — xonzencarop; 6-3 —
OXOJIO/IKYBau KOHJIeHcaTy; 6-4 — aGcopbep; 6-5 — BUNAPHUK; / — BaKyyMHUil feaepatop; § — HACOC >KUBUJIBHUI
TETI0BOI Mepeski; 9 — Hacoc Mepexesuil; 10 — mepeskesuit migirpisau (Goitnep); 11 — mikoBuit Bogorpiiinuii Kore;
12 — cnoxusaui Temtorw; 13 — kongencarop IIT-60. Bim6Gopu mapu, 1o peryJiooTbes: 3 — BHPOOGHWYMIT; 6 —
onaJioBasbanii; I, II, 111 — 3B’a3ku 3 enementamu terioBoi cxemu IIT-60.

Figure 1. Cooling scheme of the condenser system of the PT-60 turbine with AHP 17.3 MW: 1 — PT-60 with
generator; 2 — COM (cooling systems lubricant); 3 — COT (cooling systems generator); 4 — cooling tower; 5 —
recycling steam screw machine with generator; 6 — absorption lithium bromide heat pump (AHP): 6-1/ — generator;
6-2 — condenser; 6-3 — condensate cooler; 6-4 — absorber; 6-5 — evaporator; 7 — vacuum deaerator; 8§ — pump
feed heating network; 9 — pump network; 710 — network heater (boiler); 77 — peak water heating boiler; 12 —
heat consumers; 73 — PT-60 condenser. Regulated steam withdrawals: 3 — production; 6 — heating; I, II, 11T —
connections with elements of the PT-60 thermal circuit.
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Ta6muus 1. Cran temnoBoi cxemu IIT-60 6e3 Ta 3 inrerpoBanum ABTH 17,3 MBrT, mo o6irpiBaerbcs
napoiw Py, = 1,66 MBT, micast po3umpennsi 8 YIITM 1 MBr g0 tucky Ppy = 0,414 Mlla

Table 1. State of the thermal circuit of PT-60 without and with integrated AHB 17.3 MW, heated
by steam P4 = 1,66 MW, after expansion in recycling steam screw machine 1 MW to pressure Py,

= 0.414 MPa
Micsiri
HaiiMenyBanns nokasnuka

I | m Jivesx2] X X11
CepennboMicsauHa temieparypa s, °C -5,4 —4,5 +0,9 +5 +1,5 -3
Yac cTosiHHSA 11i€l TeMIiepaTypH, roj 744 672 744 732 720 744
Ezggﬁ)’ﬂmo simnyckaerses TEL, 66,2 63,8 49,5 26,9 47,9 59,9

Tuck mapu y Bupo6HIUoMy Bizn6opi 1,66 Mlla
bes ABTH
Burpara mapu na typ6iny, T,/ 01 249,06 249,06 230,74 161,9 226,67 249,06
f?fﬁ?}iggomom mamuea y TIBK, 1,530 1,148 0 0 0 0,512
Tcy;‘?lp}}ar ;;Tpm YMOBHOTO flatHBa, 25,003 24,865 21,868 16,078 21,508 23,985
«4Kopucuay enextpudna moTy:kHicTh, MBT 48,386 48,386 44,83 33,083 44,038 48,386
3 ABTH
Burpara napu Ha typGiny, T,/ 0/ 254,69 248,59 212,14 152,21 208,12 241,83
HMoryxuicts YIITM 1,0 MBr

COP 1,710 1,710 1,710 1,506 1,710 1,710
Grpax, T,/ TOJL 82,84 83,98 94,50 446,53 96,48 86,31
Tuck nmapu y xongencaropi Px, x 10*, ‘Mlla 7,749 7,404 6,586 7,098 6,501 7,246
Temmnepatypa napu y KoHzeHcaTopi tx, °C 40,5 40,1 37,9 39,3 37,7 39,7
CymapHa BUTpara najmsa, T y.II.,/To/ 23,965 23,437 20,226 14,807 19,866 22,846
Cymapna «kopucHa» eJjekrpuyna noryx- 50,208 49,026 41,949 30,269 41,166 47,715
picrs (pisHuug micas inrterpanii), MBr (+1,822) (+0,640) (-2,881) (-2,814) (-2,872) (-0,671)

gaxuil nicasg posmupendss B YIITM ob6irpiBaerbes
mapoio 3 TuckoM P, = 0,414 Mlla npu Gsup =
1600 T /rox ta G"wox = 15 T/TOA. st IIT-60 6e3
ABTH B ycix BapianTax THCKy napum y BUPOOHH-
yoMy Bif6Opi MapameTpu Tapu B KOHJEHCATOPi:
tuck Py = 0,0034 MlIla, Temneparypa t,. = 26,3 °C.
Butpara 1B ma rpagupnio npu po6ori 6e3 ABTH
~ 1365 1,/1ox (noBopoTHa AiadgparmMa 3aunHeHa).
[pu 3aganux Ta Qy aprn 3HaUeHHd P BU3HaYa-
€TbCs 3 yMOB 3abe3tieuenns, abo surparu LIB y rpa-
JPHIO Grpax = 50 T/Ton (MiniMasbHE 3HAUYEHHS 32
YMOB T ATPUMAHHS IPaAUPHi B po6odomy cTaHi) a6o
COP = 1,71. Tlepmia ymMoBa TapaHTy€e Maji BTpaTH
TypOOreHePATOPOM TEIJIOBOT €Heprii, [pyra — Mak-
cumasbay edextuBaicts ABTH. Ilpu ¢, = +5 °C
(nepexignuii nepiox, COP < 1,71) BuGip pesxxumy
(yuknionysansus inrerposanoi I1T-60 BukoHyBaBCs
3a yMOBH N0 = 30 MBt. ¥V pesyabrari Maemo

MiIBUINEHY BUTpaTy napu y rpaaupHio. Ha ycix pe-
’KuMax BuTpata napu, 1o rpie ABTH, nesminna Gy,
= 15,5 T /rox.

Kpim dikcarii nory:xuocti YIITM 1 MBt npu
BU3HAueHHi XapakTepucTuk terosoi cxemu IIT-60
3 Puupos = 1,66 MBT, yci 3akoHOMipHOCTi MatoTb Mic-
e i pu iHMNX Puypos, O JaJ1i PO3IIsSIA0ThCS, TO-
My Ma€ CEHC aHaJli3yBaTH iX CYMiCHO.

Bkazani snaueHHS Gamp Ta G'enox. 00PAHO, BUXO-
JISTYU 3 JIOCBily TOTIepeHiX Jocaiprenb [18—21].

[Ipu TemmepaTypax 30BHIIIHBOTO TOBITPS —5,4,
—4,5 Ta =3 °C (1abn. 1 ta 2) renepais I1T-60 npu
pob6orti 6e3 ABTH dikcoBana. /locsiraeTbest Makcu-
MasJbHa BUTpaTa Iapu y Temsodikarifianit Bigbip
Typ6iHM, WO TPU3BOANTDH J0 BKJIOUYEHHS ITIKOBOTO
sozorpiiinoro korma (IIBK). Burpatn mnamusa y
I[IBK ans npukmany nokasano y taba. 1. Ilpu po-
6oti inTerpoBanoi IIT-60 3 Bkazanumu Bunie t<; ,,
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Ta6muus 2. Ilapamerpu TemnoBoi cxemu IIT-60 npu BapiloBaHHi THCKY mapu BUPOOHHYOrO BiZAGOpPY Ge3
ta 3 inrerposanumM ABTH nory:xuictio 17,3 MBt npu Gams = 1600 1t /rox ta G"ox = 13 T/104, Piy
= 0,233 MIla

Table 2. Parameters of the PT-60 thermal scheme, when varying the pressure of the production steam
without and with an integrated AHP with a capacity of 17,3 MW at Ggxw = 1600 t /h and G’cons =
15 t/h. Py = 0,233 MPa

Micsri
HaiimeHyBaHHST TIOKa3HUKA | 1 - I\;{ // 22+ <1 <l
CepeanboMicstuna temieparypa tu, °C —45, —4,5 +0,9 +5 +1,5 -3
Tuck mapu y Bupo6HudoMy Bin6opi 1,286 MIla
Burpara nmapu na typGiny, T,/ 01 250,14 250,14 231,72 161,9 227,63 250,14
CymapHa BUTpaTa YMOBHOTO MaJIMBA, T y.II.,/TOJ 25,095 24,713 21,953 15,694 21,591 24,076
«Kopucna» enexrpuyna noryxHictb, MBT 48,664 48,664 45,089 32,113 44,293 48,664
Burpara napu na typ6iny, T,/ T01 256,19 250,05 213,46 150,41 209,34 239,88
[orysxnicte YIII'M 0,998 MBr
CymapHa BUTpaTa Mmajusa, T y.I.,/TOJ 24,096 23,566 20,335 14,764 19,978 22,671
CymMapHa «KOpPHCHa» eJeKTPUYHA TOTYKHICTD, 50,594 49,404 42,293 30,268 41,499 (- 47,429 (-
(pisanug micrd inTerpamii), MBr (+1,930) (+0,740) (-2,796) (—1,845) 2,794) 1,235)
Tuck mapu y Bupo6HndoMy Bin6opi 0,983 MIla
Burpara napu Ha typGiny, T,/ 0/ 252,05 252,05 233,48 168,00 229,35 252,05
CymapHa BUTpaTta YMOBHOTO IaJIUBA, T y.II.,/TOJ 25,265 24,883 22,110 16,253 21,745 24,247
«Kopucna» enexrpuyna noryxHictb, MBT 48,839 48,839 45,252 32,572 44,454 48,839
Butpara mapu Ha TypO6iHy, T,/ T0[ 258,13 251,98 215,05 151,61 210,95 241,70
[orysxnicts YIII'M 0,826 MBr
CymapHa BUTpaTa Mmajusa, T y.I.,/TOJ 24,271 23,729 20,479 14,778 20,112 22,834
CyMapHa «KOPHUCHAa» €JIEKTPUYHA MOTYKHICTh 50,556 49,445 42,309 30,098 41,515 47,461
(pisanug micrd inTerpanii), MBr (+1,717) (+0,606) (-2,943) (-2,474) (-2,939) (-1,378)
Tuck mapu y Bupo6HndoMy Bin6opi 0,693 MIla
Burpara napu Ha typGiny, T,/ 0/ 253,35 253,35 234,69 168,94 230,54 253,35
CymapHa BUTpaTta YMOBHOTO IaJIUBA, T y.II.,/TOJ 25,378 24,996 22,216 16,338 21,850 24,360
«KopucHa» enexrpuyna noryxHsictb, MBT 49,019 49,019 45,252 32,729 44,454 49,019
Burpara mapu Ha TypG6iHy, T,/ TOJ] 259,39 253,22 216,12 148,33 211,98 242,89
[Morysxnicts YIII'M 0,826 MBTt
CymapHa BUTpaTa Majusa, T y.I.,/TO/ 24,378 23,835 20,573 14,631 20,211 22,937
CymapHa «KOpHCHa» eJeKTpUYHa IOTY>KHICTb 50,666 49,477 42,330 29,938 41,533 47,490
(pisnung micaa inrterpanii), MBr (+1,647) (+0,458) (-2,922) (-2,791) (-2,921) (-1,529)
[ns ITT-60 6es ABTH ans ycix BapiantiB THCKY Y BUPOGHUUOMY Bin6opi
Butpara ymosHoro naausa y IIBK, T y.o. /rox 1,530 1,148 0 0 0 0,512
[nsa ITT-60 3 ABTH 17,3 MBT a7 ycix BapiantiB TUCKy Yy BUPOGHHYOMY Bin6opi
Tuck napu y konzgencaropi, x 107, MIla 7,22 7,10 6,30 6,21 6,89
Temmepartypa mapu y xouzaencaropi, °C 39,6 39,3 37,1 ngi's 36,8 38,8

Butpara IIB na rpaguptio Grpas, T,/ TOJ 81,9 83,6 94,4 94,3 87,4
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ockinbkn ABTH uwactkoBo rpie 3MB, MoxxauBocTi
terodiKaIiitHoro Bif6OPy He BUYEPIYIOTHCS, TOMY
Hemae norpe6u Briodatu [IBK. TopiBHsiHO 3 Bapian-
toM [1T-60 6e3 ABTH y ciuni Ta moromy rerepartis
3pOCTaE.

Y rtabs. 2 Ta 3 HaBeJEeHO PO3PaxyHKOBi Xapak-
tepuctuku [IT-60 npu cepefHbOMiCAUHUX peKUMAX
HaBaHTA)XEHHS B OMNAJIOBAJIbHUI Tepioj] 3 pi3HUM
TUCKOM TIap¥W Yy BUPOOHWUYOMY BilOOPi Pyupos 6€3 Ta
3 ABTH, mo micasa posmupenns B YIITM o6irpi-
Ba€eTbCS Mapoio 3 IbOro >k Bimbopy. Kpim Tucky
napu Pyipos, YCi iHII BUXifHI 1aHi aHAJIOTiIuHI THM,
1[I0 BUKOPUCTOBYBAJINCS IIPU BU3HAYeHHi pe3yJibTa-
TiB TabJ. 1, y TOMY 4ncJi Yac CTOSIHHSI CEPEJHbOMI-
CAYHOI TeMIIepaTypH MOBITPA Ta TEIJIO, IO BiAIycC-
KaeTbCA CIIOKMBAYECBI.

B yci micani npu po6oti interpoanoi I1T-60
Ma€e Miclle eKOHOMisl maJjimBa: HaiiGisbiia y 6epesHi
Ta JUCTONa/i, y NepexiHuil nepio/y HaiiMeHIIa — y
3B'g3Ky 3 miaBunieHHsIM G; IJ51 TOCSTHEHHSI MiHi-
MaJbHOTO JI03BOJIEHOTO PEXXUMy Po6oTH 3 N nreo =
30 MBr (quB. Taba. 1 Ta 2).

Ax BuaHO 3 Taba. 1 ta 2, npu po6ori I1T-60 6e3
ABTH npu 3mentenHi Pyupos BUTPaTa Mapu Ha TYp-
6iny G, 3pocTae, a 3 Helo i «KOPHUCHAa» eJICKTPOTreHe-

TaGuuust 3. BiimB Ha XapaKTepHUCTHKH TYpOiHH
IIT-60 y nepexianmii mnepioJ oONAJTIOBaJHHOTO
ce30Hy (%= 13 °C, N.ureo ~ 30,0 MBT) 3minu
THCKY Hapy y ii BAPOOHHYOMY BiZA0Opi, siKuii mic.s
posmmpentsa B YIII'M 1 MBT BHKOPHCTOBYETbCS
aas 06irpisy ABTH

Table 3. Influence on the characteristics of the
PT-60 turbine in the transitional period of the
heating season (£, = +3 °C, Nepre~ 30.0 MW)
of changes in the steam pressure in its production
selection, which after expansion in the recycling

steam screw machine 1 MW is used to heat the
AHP

Tuck mapu y BUpOGHIIOMY
HaitmenyBaHHs Big6opi iHTerpoBanoi
MOKa3HUKA IIT-60, MIla

1,286 | 0,983 | 0,693
cor 1,568 1,594 1,583
Tuck mapm y KoHzAeHCa-
Topi, Py, x 10%, MITa 6,896 6,951 6,930
TeMnepaT.ypa z[apn y KOH- 38.8 38.9 38.9
nencatopi ti, °C
Burpata 1B ma rpaamp- 335 289 309

HIO Grpax, T,/ TOJ

pattist Ny.. IIpu 3pocranni t%, nagae G, OCKiJbKN
3MEHIIYETbCS TEIJIONOCTaYaHHd, a 3 Helo Ma/laioTh
By, Ta Ny. 3MiHa ocTaHHBOI Ticas iHTerparii
ABTH pno IIT-60, nmopiBusino 3 BapianToMm 6e3 Tel-
JIOBOTO HACOCy, B 3aJIeXKHOCTi Bif t%, Mae pi3HUil
3HaK, 10 MPOiMOCTpOBaHO y Taba. 1 ta 2.

Kpim mepexignoro mnepiogy (t%, = +5 °C),
ABTH notysxsicrio 17,3 MBt npartioe 3 COP 6/m3b-
ko 1,71, nng woro cuij 3aGe3medyBaTH IIiIBUIIECH]
napamMeTpyu Tapyu y KOH/IEHCATOPI.

EsexTpruna moTy:KHiCTb, 10 TEHEPYETHCST iHTET-
posanoio IIT-60, mpu t%, = +5 °C uimiTyerbcs
Nenreo= 30 MBT. Xoua, ax BuaHo 3 Taba. 2, <KO-
pucHay reHepaiist npu Pypes = 0,693 MIla mentmia
i€l TpaHMYHOI TTO3HAYKYU y 3B’SI3Ky 3 MAJIOI0 BeJIU-
yrHOIO 1OTYKHOCTI Nynrm = 0,691 MBr. IligBumu-
TH TeHepariio 1pu t;, = +5 °C MOKJUBO, 3MEHIINB
COP (naBantaxenns ABTH).

Toii daxkr, mo BuTpara mapu y rpafupHio Gipa,
6impma 3amranosannx 50 t/tox. (taba. 1 ta 3),
MOSICHIOETHCST PI3HUMU PEXUMAMU HaJIAIITYBaHHS
rertodikariiinoro Bin6opy IIT-60 ta miarBepmxy-
€THCS TAaKOK pedysabratamu [21]. Y mepeximni mo-
nosunu Micauis (&%, = +5 °C) MaeMo Gipuy
446,531 /ron (tabm. 1), OCKiJIbKM TOTYKHOCTI
ABTH 17,3 MBt npu COP = 1,506 He Bucrauae
JUIsT HAarpiBy BignoBigHoro o6’emy 11B.

VY ta6a. 1, 2 Ta 3 HaBeeHO JaHi, IO JAIOTh MOK-
JIUBICTb BU3HAYUTU CyMapHe 3MiHEHH: 3a OllaJIIOBaJIb-
HUH Ce30H TicJ/sl BpaXyBaHHS 4acy CTOSHHS T TeM-
nepaTyp OCHOBHUX TIOKa3HUKIB iHTETpoBaHOT Typ6o-
yCTaHOBKU. Y Tals. 4 HaBeJleHO cyMapHi 00’eMu
€HeproHociiB Nmpu poOOTi 3a ONaTIOBAJbHUN CE30H
I1T-60 6e3 ABTH Ta ix 3MineHHs micys inTerparii
ABTH 17,3 MBrt y remnoBy cxeMmy TypOiHU JJIST 4O-
TUPHOX OOPAHWX THUCKIB TapW y BUPOOHWMUOMY Bif-
6opi mpu 3amaHux G"ex = 15 T/TON Ta Gamp =
1600 T /rox (KiJBKiCTD TEIIOTH OIaJIeHHS O/[HAKO-
Ba, auB. Tabma. 1).

Y tabna. 4 naBeneno popmysiu, 3a SKUMU BU3Ha-
YeHO HaBe/leHi TOKa3HUKHU, HANpukIal, AGie —
3MiHa CyMapHOi BUTPAaTW Ha MiJUKUBJIEHHA TeXHid-
HOIO BOJIOI0 TypOOTEeHEepaTopa, OCKiJbKU 3MEHIy-
foTbcsa BurpaTta 1B Ha rpagupHio Ta, SK HACJTIOOK,
00’emu {i BunapioBaHHsi; TYT Gurpax es apTH & 1343 T
(xpim Qx, BpaxoBye Takoxk Qcorcom).

3a ganumu Tabu. 4, inrerpainis ABTH 17,3 MBr
o IIT-60 mpu3BoANTh 3a OMAMIOBAJbHUN CE30H 10
BiguyTHOro, Ha 5,8—6,4 %, 3MEHIIECHHS BUTPATH
YMOBHOTO TIAJINBA, /[0 3MEHIIIEHHSI «KOPUCHOT» €JIeKT-
poreneparii Ha 2,3-3,2 %, 70 eKosorivHOTO edhek-
Ty 3a PaXyHOK 3MCHIICHHA HIKiJJINBUX BUKU/IB B
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Ta6auus 4. /I 4OTUPbOX THCKIB mapH y BUPOOHMYOMY BifGOpi TypOinu 06’€MH eHeproHociie, fKi B
OlaJIIOBaJbHUI Ce30H BUKOPHCTOBYIOThCs (Tenepyiortbes) ITT-60 6esa ABTH, ta amina ix micas inrerpaiii
Hacocy 17,3 MBT, mo o6irpiBa€Tbcs mapow 3 UbOro BigGopy micasa posmmupenns B YIITM

Table 4. For four steam pressures in the turbine production selection, the volumes of energy carriers
used (generated) by PT-60 without AHP during the heating season and their change after the
integration of a 17,3 MW pump heated by steam from this selection after expansion in recycling

steam screw machine

Tucku mapu y Bupo6HuyoMy Bin6opi typ6inu, MIla

HaiimenyBanns nmokasnuka

1,66 1,286 0,983 0,693

Hesanexno Bin ABTH 3a cezon
Tenonocrauanng, I'Br-rojg 264,86
Temnmora napu G"cion = 15 T,/T07, IBT-TOR 52,05 51,21 50,37 49,57

bes ABTH cywmapni 3a ceson
Butpara ymoBHOrO nasmBsa, THC. T y.1I. 96,68 96,56 97,56 98,02
«Kopucna» enexrporeneparis, [Br-roj 193,8 194,1 195,0 195,4
Burpara mom’sikienoi Bogu, THC. T 19,89 19,90 20,12 20,23
Burparta texuiuHoi Bogm, THC. T 117,0
[Mpaktnunnit KK/ Typ6inu IIT-60 0,6487 0,6489 0,6423 0,6388
3 ABTH 3wmina 3a ce3on

IMotyxuicts YIITM, kBt 1000 998 826 651
ggMaEHgBﬂipaf“ByMiifsioT r}[’ag”’zj) 5914 (6,12) 5605 (5,8) 6235 (6,39) 6579 (5,92)
Zf;’p‘fx,” ;?GETII\)]TE‘A‘STSIQPI;E;’;H' (o A984Q5D  4434(228) 5387 (276) 6189 (3,16)
Egc’ff g‘;{f};’;‘;m_e}g;;;ﬁm D 830,9 (4,2)  798,2(4,00 9478 (47) 9128 (4,8)
ABngaiﬂgi’if“’iOlGBfffm e 1 (%) 104 (88,9) 106 (90,3) 105 (89,5) 106 (90,7)
3pocranns KK/ TIT-60 3 ABTH, % 3,56 3,40 3,66 3,76
[paxtmunnit KK/I interposanoi I11T-60 0,6843 0,6829 0,6789 0,6764

armocdepy: temnoru Ha 65,9-67,1 TBr (3meHmm-
Jlocs BUTIAPOBYBaHHS y rpaamphi), rasis CO, Ta
NO; (3a paxyHOK €KOHOMii magmBa), a TAKOXK HMPHU-
3BOMUTDH [0 eKoHoMmii Texmiunoi Bomm (Ha 105—
107 THC. T 3MEHIIUJIOCS T PKUBJIEHHS BOJIOIO TyP6O-
YCTAHOBKM Ta IUPKYJISALIMHOI CUCTEMH OXOJIO/KEeH-
HSI KOHZIEHCATOPA).

Mpakruunwit KK/, mo naBegenwii y tabma. 4,
PO3paxoByBaBCsA SIK CyMapHa 3a ONAJIIOBAJIbHUN ce-
30H BHUpoOJeHa Typ6oreneparopom I1T-60 ams cro-
KUBadiB eHeprisa (CKIaJaeTbCs 3 TEIIOTH TEILIOIO-
crauanssa, temnotu ['BII 3 koraercaTopa #f TeryioTu
G"woxx = 15 T,/TOA mapu, Ta «KOPUCHOI» €JIEKTPO-
€Heprii), 10 MOoAieHa Ha eHeprilo BUTPAUYEHOTO IIa-
suBa. Haramaemo, mo mpu po3paxyHKax 3HAUEHHS

nporo KK/ mpuitmamucs: KK/ xotmioarperary
0,90, Bignocuuii BayTpimHiT KK/ nporounoi yac-
TUHU No; 0,82—0,7, 6y BTpaTh TEIJIOTH Y TPAJIUPHi
npu t%,, = +5 °C, eJIleKTpUKYU HA BJIacHi 1MOTpebu Ta
inui. Binpumit KK/ npu 6isnbimomy THCKOBI Pupos.,
3 AKUM Tapa BiJIIYCKAETbCS CIIOKUBAYY, TIOSICHIO-
€THCS MIPOCTO: BTPATH MeHITi, 60 Tapy BXKe Bi/aam.

Inrerpanis ABTH 17,3 MBt no IIT-60 npusso-
quth 1o 3pocranns KK/[ typ6oycranoBku Ha 3,4—
3,7 %. dx Bunno 3 taba. 4, remn maginng KK/ 3i
3MeHIeHHSIM Pyupos Ticss inTerparii ABTH cras
MEHIITM, 10 TeXK MPaIioe Ha KOPUCTDH TETJIOBOTO
Hacocy.

[l KOMILJIEKCHOTO OIliHIOBaHHS IOKA3HUKIB 3
tabJi. 4 mepeiieMo 10 TPOIIEBUX PO3PAXYHKIB.
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TexHIKO-eKOHOMIYHE OIiHIOBaHHS
HacaiakiB inrerpanii ABTH xo IIT-60

Cymapuuii piunuii mpubyrok (profit) npu inrer-
parii ABTH y TemoBy cxemy mapoBoi TypOiHU Ipn
OCepeJIHEeHH] 110 % ; BA3BHAYAETHCS SIK

Prs ApTH =

Doy )
= Z[Aproni(tg.ni)'foni _EX/HOHi|+PrMi)KOH >
i=1

ne APry, (t%,, ;) — cymapHa 3MiHa BapTOCTi Mare-
piaJIbHUX MOTOKIB 32 OJUH TO/ POGOTH iHTETPOBAHOT
I1T-60 B onasroBaJIbHUH TIEPiO/T TIOPiBHSHO 3 BapiaH-
ToM 6e3 TemsoBoro Hacocy; Ex = Exasra + EXxynrm
— 3MiHa PiYHUX YMOBHO-IIOCTiliHUX BUTpaT (expen-
ses), 10 0B’ sA3aHi 3 inrerpauieio ABTH ta YIIITM
BiAmoBigHO (3apriaTHA JOAATKOBOTO IIEPCOHANY,
BUTpATH Ha 3allYaCTUHU Ta MaTepiaju, PEMOHTH Ta
iH.), 3 ypaxyBaHHAM MaJ0i noryskuocti YIITM [21]
MaeMo y tuc. Joa.. Exynmm = 0,075 Iynrm +
28,5 Exasrn = Exyirm; Pruion = 70 THC. mom. —
npu6ytok Bij interpanii ABTH mo I1T-60 y mixo-
MAJIOBAJIBHUN T€pio/l OIiHEHO, KOPUCTYIOUMCDH J1a-
uumu [21]. BapTicth TemonocradaHHs micjs iHTer-
parii ABTH BBaskasacss He3MiHHOIO.

[Tepumii foganok crpasa 3 Bupasy (1) MOKIMBO
[IPE/ICTAaBUTU Y TAKOMY BUIJISI/:

Z(Aprom(tgm) ‘TOHi) = ABy.u'Cy.u + ANK.e Ce +
i=1

+ AGXOB'CXOB + AGTex.'CTex + Atax =
= Apry.n‘ + APTK.C + APTXOB+ APrTe& + APreKUJ‘I’ (2)
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Jle MAaEMO 3MiHU BapTOCTell 3a OllaJI0BaJbHUI Ce30H
YOTUPHOX €HEPreTUYHUX CKJA/0BUX IIiCJd iHTerpa-
uii ABTH (auB. Ta6a. 4), a Takox Atax =
ABy ../ koefy .y Cusiir = AP¥oon — eKOHOMIIO HA CILTA-
Ti €KOJIOTiYHOIrO NOJATKY 3a WIKiJJIUBI BUKUJAU /0
armocepu 3 Hepyxomoro jpkepesa (po3umdposky
Atax mms. y [18—21]). 3aomamxenns 1 T npupoa-
HOTO Ta3y IIpy CHAJIOBAHHI IPU3BOAUTD 10 €KOHOMIi
y CILIaTi €KOJIOTIYHOTO MOJMATKy B O0’€Mi Cysn =
3,181 goxn. /'r.

Busnaunmo 11iHM Ha eHeproHocii, sKi mpuiiMaTu-
MeMO TIpU PO3PaxyHKax.

Bpaxosyroun xkypc HBY 1 mon. ~ 41,3 tpH ta
icHytounit Tapud Ha eJeKTPUKY B YKpaiHi 11 moby-
TOBUX crokuBaviB 4,32 rpu,/kBr-rom, a ang mig-
MIPUEMCTB Y 3aJI€3KHOCTI Bijl 4acy 100u Ta yMOB CILIATH
5,60-9 rpu/kBr-rox) [26], inTepec mmsa gocIimKeH-
HJ Ma€ IiHa Ha eJeKTpuKy c. ~ 0,15 mox. /xkBrron.

Ha kBitennb 2025 p. 1iHa IpupoHOTO ra3y Ha 6ip-
ki TOB YEB ckmnazgana 15.000-17.000 rpu /Tuc. M
[26]. Tpu miisbHOCTI Tagy npubausno 0,7 T,/ m> Ma-
€MO HOTO cepenHIio 1iHy 0au3bKo 495 moJ. /T, ab6o
6sm3bk0 300 1071, /T y.11., BpaXOBYIOUH TEMJIOTBOP-
Hy sgaTHicTb npubausHo 35000 k/Ix /M3 Ta Bigmo-
BijHe 3HaueHHs Koef,, = 1,704 T y.m.

3a excrmeprHUMHU oIfiHKaMu ¢axiBoiB Iucruryty
eHepreTnyHnX MammH i cucreM HAH VYxkpainu, sxi
JOCTiKyI0Th ounmienHss Bomu aas TEILL, 6ymo
OPUIHATO Taki I[iHM Ha BOJY: HOM’SKIIEHA Cxop =
10 mout. /T, TeXHIYHA Crex = 0,25 101. /T.

Ax py NpUAHATUX IiHAX BiJ| 3MiHM TUCKY TIapu
y Bupo6HUYOMY Bij6opi interpoBaunoi [1T-60 amimio-
IOTbCA BapTiCHI KOMIIOHEHTH, 3 AKUX CKJAJAEThCA

e, USD —
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Puc. 2. 3mina micss interpanii go I1T-60 ABTH 17,3 MBt cymapHoro piunoro npulyTKy Prs apth Ta HOTO CKJIaJOBUX:
3Min Baprocreil najmsa APry,,Ta enextpoeneprii APrc. (a), a Takox 3Min Baprocreii: APrxos, APrix. — XiMiuHO
OYMINEHOT Ta TEXHIYHOT BOJM, €KOJOTIYHOTO MOAATKY AP7eos BiAIOBINHO, a TakoX ix cymu APr: (6) y 3a1eKHOCTI Bif

P BHPOG +

Figure 2. Change after integration into PT-60 AHB 17,3 MW of the total annual profit Prz ans and its components:
changes in fuel costs APr.r and electricity APru. a), as well as changes in costs chemically treated and technical
water APrcpw, APriech, environmental tax APreo and their sum APr; b) depend on Pprod.
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npubyTok Bix BcranoBiaenns ABTH, naBemeno Ha
puc. 2 (Bignosizae ganum tabm. 4).

Ha puc. 2, a, naBesena 3MiHa MOKA3HUKIB, SKi
MalOTh OCHOBHHUI BIJIUB Ha CyMapHUW MPUOYTOK
Prs aptin BiZl Paupos, — 1€ APryn Ta APre.. Bruag y
cyMapHuii Ipu6yToK APrs = APrxoB+ AP¥rex. + APVexon, SIK
BUHO 3 puc. 2, 6, 10 50 tuc. gon. (ToMmy i BILIUB 3MiHI
HOTO CKJIQIOBUX Ha Pe3yJIbTaTh He posrasaascs). Ilicas
interpanii ABTH Baprocti napu G"cnox Ta TEILJIOTH TeTl-
JIOIIOCTaYaHHA BBaKaJIMCA HE3MIHHUMMU.

Ax BumHO 3 puc. 2, a, micssa inrerparii go I1T-60
ADBTH 17,3 MBrT 3MiHa 3a olaI0BaJbHUNA CE30H BiJ
Pypos ekoHOMIT yMOBHOTO TasmBa APry, Ta KiJgbKo-
CTi eJICKTPOEHEeprii, Ha AKy 3MEHIINJIACA TeHeparis
APr¢., Ma€ TOCUTH CKJIATHUIN XapakTep, M0 YacTKO-
BO IOSICHIOETBHCS 3amiHoio P, = 0,233 MIla Ha
Py = 0,414 MIla nipu Pyupos = 1,66 MBT.

IIpu o6panux Burpatax Gmex = 15 T,/TOA i
Gsmg = 1600 T /TOM Ta 1iHAX HA €HEPTOHOCIT piuHMiA
npubyTok Bij interpanii ABTH 17,3 MBr y 3anex-
HOCTi Bift Pyupos CkiIamae 700—1100 tuc. gon. (aus.
puc. 2, a). Haii6inbmmii Prs zpru Ma€ MicIle B iHTep-
Basi tuckiB 1 MIla < Pyiyp < 1,2 Mlla, mo mosic-
HIOETHCS BiJ[IIOBiHUM TEMIIOM 3MiHU HOTO 6a30BUX
CKJIQZIOBUX: 3POCTAaHHAM €KOHOMIii ITajinBa Ta 3MEH-
IIEHHSAM KiJIbKOCTI eJIeKTpOeHeprii, gKa HeJoreHe-
PYEThCA.

B ymoBax Yxkpainu, sika BOIOE, KPUTEPiEM €KO-
HOMIYHOI OLIHKM TEXHIYHOrO pillleHHA 3 iHTerpamii
ABTH nocratabo o6paTy IIPOCTUI TEPMiH OKYITHOC-
Ti, SKWII BU3HAYAETHCS Tox abtH = Iz asti,/ Prs apri,
nie Iz aprn — CyMapHi iHBecTHIlii Ha peaJiizalliio eHep-
TOTEXHOJIOTI].

Y [19, 21] nupu BuU3HAUYEHI ONTUMAJBHOI TEILIO-
Boi noryskHocti ABTH, mo o6irpiBaeTbes mapomo Ta
interpyerbcs no IIT-60, Gyso HaBemeHo rpadiku
3MiHM TMUTOMUX BUTpAT Ha 1ieil Hacoc Ta Ha YIIIM
1 MBT, a Takox cyMapHi BUTpaTH Ha IIPOEKT, SKi 3
JIESTKAM 3a1acoM OIliHeHO Y Iz apru = 3150 tuc. mour.

ITpu ob6panux ButTparax Gex U Gaup Ta MiHAX
Ha enepronocii ABTH mnorysxkuicrio 17,3 MBr, mo
interpoBanmii 10 IIT-60, Mae TepMiH OKymHOCTI
2,9-4,5 poxu (Mennre sHavenns y giamasoni 1 MIla
< Pupes < 1,66 MIla). Ilpu inTerpanii ABTH
17,3 MBT no I1T-60 36ib1ieHHsT BUTPATH 3BOPOTHOT
MEPEeKeBOI BOJAU TEPMiH OKYIIHOCTI 3MEHIIUTHCHA, a
1pu 3MeHulenHi surparu 3MB Bin 3pocre.

BucHoBku Ta NEePCIEKTUBU
nmoaaJablInuX lIOCJIilI)KeHb

1. Hocnijskeno BIUIUB BEJUYUHU THUCKY Iapu
Pupos Y BUpoGHWYOMY Bif6opi mapoBoi TYpOiHU

I1T-60, mo BuKOpHCTOBYETHCS s 06irpiBy ABTH
noryxxHicTio 17,3 MBT, Ha nmokazuuku inTerpoBanoi
TYpOOYCTAHOBKH B OTATIOBATBHUN Ce30H. THCK Piyypos
3miHoBaBca Bia 1,66 mo 0,693 Mlla, mo 3mynryBa-
JIO /Ui eHepro30epeskeHHs1 BctaHoBsoBatu Y IITM
(spicT imBecTuniit Ha 13—14 %). Po3paxyHKH BUKO-
HyBaJIUCS 3 ypaXyBaHHAM CepPeAHbOMiCAYHUX TeM-
reparyp 30BHIIIHbOTO MOBITPS B YKpaiHi B omnaJio-
BaJbHUN ce30H. TernsioBe HaBaHTa)KeHHsI iHTerpoBa-
voi IIT-60 3a6esmeuyBasiocs 3aBmanHSIM (dikcoBa-
HIX BUTPAT: Tapu CHOXXUBAYy 3 BUPOOHIUYOTO Bif-
6opy 15 T,/Tom, Mepe:keBOl BOAM HA TEIJIONOCTA-
yanus 1600 T /rox.

2. BukoHaHO TIOPiBHSHHS TEXHIYHUX XapaKTepHC-
tuk [IT-60 B omamoBabHU TEpPio 3 Pi3HUM THC-
KOM Tapu y Bupo6HmaoMy Bigbopi 6es ABTH ta 3
HuM. I[uTterpanis ABTH 17,3 MBt no IIT-60 y 3a-
JIEKHOCTI Biji 06PAHOTO THCKY AP Y BUPOOHUIOMY
Bifibopi Tipu po6OTi B ONAJJIOBAJLHUN TIepio/] Ipu3-
BoauTh no migsumenns KK/ ma 3,4—3,8 %, exoHo-
Mii yMOBHOTO maJjmBa Ha 5,8—6,4 % Ta MOKpaIrye
ekoJjoriyny curyario. Hacaigkom miei inrerparmii,
KM MOKJIMBO BBAXKaTH HETATUBHUM, € 3MEHIICHHS
3a omasoBaJbHUN ce30H Ha 2,3—3,2 % cymapHOi
<KOPHUCHOT» eJIeKTporeHeparlii.

3. 3a po3paxyHKOBUMH OIliHKAaMHW, iHTEeTrparis
ABTH 17,3 MBt no IIT-60 npusBoauTh 10 TIOKpa-
MIAHHS €KOJIOTivHOI cuTyallii, 3a6e3reuye 3MeHIIeH-
HS IIKiJJTMBUX BUKU/IB B arMocdepy: TeIJoTH Ha
65,9-67,1 TBr (CyTT€BO 3MEHIIUIOCS HABAHTAYKEH-
Hel TPaJyipHi), MapHUKOBUX Ta3iB Ha 5,8-6,4 % (CO,
ta NOy), 36epirae 105-107 Tuc. T TeXHiYHOI BO/IM.

4. BukoHaHO MOPiBHAHHSA TE€XHiKO-eKOHOMiYHUX
nokaszuukis po6otu I1T-60 3 ABTH 17,3 MBr, mo
006iTpiBa€THCS MAPOI0 3 BUPOOHUYOTO BiZGOPY 3 Pi3-
HUM TUCKOM Ta 6e3 Hboro. IIpu 3amanoMy Pupes pi-
Hi TeXHiKo-eKoHOMiuHi mokasHuku IIT-60 iHTerpo-
Banoi ABTH 17,3 MBr pospaxoByBasmucs mpu 11i-
Hax Ha namuBo 300 mox. /T y.I., HAa eJeKTpoeHep-
rito 0,15 nos. /(kBr-roz.); BBaXKasaocs, 1110 BCTAHOB-
JIEHO YTUJIi3alliliHy IapOBY I'BUHTOBY MAIMHY IIOTY>K-
wictio 1 MBr.

OtpumaHo, M0 y 3aJeKHOCTi BiJl THCKY HapH y
BUPOOGHUYOMY BiGOpi, 3 sSAKOro GepeTbcsi Tmapa Ha
o6irpis ABTH 17,3 MBrT, Tta mpuiiHATAX IiHAX HA
eHeproHocii piuauii nmpuGyTOK BiJ HOro iHTerparii
po IIT-60 ckmamae 700-1100 tuc. mon. (BapricTb
MOCJIYT TEIJIONOCTAYAHHSA BBAXKAJIACs HE3MiHHOIO).
ITpocruil TepMiH OKYNHOCTI JOCJIiKYyBaHOIO IIPOEK-
TY Tox_asti CKIJAE 2,9—4,5 poku (cymapHi iHBecTH-
nii 3150 tuc. goa.). IlogopoKIanHs eTeKTPOeHeprii
noripmye nepcrnektuBu BupoBamxeHHss ABTH, a
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MaJTBa, HABIAKM, SIK i 36iJbIIEHHS TEIJIOBOTO Ha-
BaHTaXXeHHS TypOOYCTAaHOBKH.

>. 3uavenHs npubyTKy Bij iHTerpamii ABTH
17,3 MBr go IIT-60, mabmmxkene g0 HailOiIbIIOTO
3HAUYEHH:, Ta BIJIOBi/JHE MEHIIE 3HAYEHHHA Tox ABTH
(mpuBa6IMBe 3 TOYKM 30PY BIPOBA/KEHHS TEILIO-
BOTO HACOCY) MaJIo Miclle B Jiana3oHi 3MiHU THCKY
napu y Bupobuuuomy Bigbopi 1 MIla < Puep <
1,2 MlIa. Ueii inTepBasa TUCKY apu PeKOMEH/Y€Tb-
cs1 BukopucroByBaru npu pob6ori IIT-60 mas mig-
KJIIOYeHHS YTWJi3aliifHol MmapoBoi TBUHTOBOI Ma-
IIMHY 3 TofaibmuM obirpisom ABTH.

6. Bub6ip TeroBoi nory:xuocti ABTH y 17,3 MBr,
mo 6yJia BUKOPHCTaHA y IIbOMY JOCJI/’KEHHi, Bif-
1I0Bi/lae ONTUMAJbHIM BeJWYiHi NpU TUCKY Tapu y
BupoOHUYOMY Bift6opi IIT-60 Puypes = 1,286 MIla Ta
BUKJIMKAHA AOCATHEHHAM TTOTYXHOCTI ¥ IIT'M Nynrm
=1 MBr (Mae MiniMabHy maToMy BapTicTb). OCKijb-
KU TIPU MEHIINX Ppypos PeaIbHa MOTYXXHiCTh FBUHTO-
Boi Mammuu MeHil 1 MBT, To npu 1IuX THCKaXx, Iij-
BunuBLM noryxHictb ABTH, Biporizino, MOKJIMBO
OTpUMATH Kpallli MOKa3HUKU POOOTH iHTErpoBaHOL
I1T-60, nixx npu Ny apran = 17,3 MBt. Ocob6auso,
SIKIIO TIPU I[bOMY KepyBaTHCsl He TiJIbKH TeTIOBOIO
edextuBHicTiO (3MeHIEHHAM Gipay T4 3POCTAHHAM
COP), a BpaxoByBaTH MOXJIMBI 3MiHU I[IHOBUX IO~
Ka3HMKiB maJuBa Ta enekrpuku. Lli dakropu, Biac-
HE, 1 CIIOHYKAalOThb MPOJOBXKUTU [JOC/IiPKEHHA 3
TeMU JaJi.
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Energy savings
when integrating a steam-heated lithium
bromide absorption heat pump into
a steam turbine thermal scheme

Abstract. To utilize the heat emitted into the atmosphere by a steam turbine generator, a suf-
ficiently effective means of energy saving is the integration into the turbine thermal scheme
of an absorption lithium bromide heat pump (AHP) with steam heating. The purpose of the
study is to determine the efficiency of energy saving with an integrated AHP with a capacity
of 17.3 MW, which is heated by steam from the turbine production selection with different
pressures, using the example of a mathematical model of the PT-60,70-130,/13 thermal
scheme. The power of AHP was determined during previous studies. The state of the problem
of recycling the circulating water of the steam turbine condenser cooling by using heat pumps
is analyzed. The influence of the steam pressure in the production selection on the performance
of the integrated turbine unit in the heating season is studied. The pressure in the production
selection of the steam turbine varied from 1.66 MPa to 0.693 MPa. As an energy saving
measure, it is proposed to install a steam screw machine with a nominal power of 1 MW to
expand the steam to the parameters required for heating the steam turbine. The calculations
were performed taking into account the average monthly outdoor temperatures in Ukraine in
the heating season. The thermal load of the PT-60,70-130,/13 with the integrated steam
turbine was provided by setting fixed steam consumption to the consumer of 15 t/h, and
network water for heat supply of 1600 t/h. Depending on the steam pressure from the pro-
duction selection, the power of the recycling steam screw machine varied in the range of
0.651—1 MW. Integration of AHP 17.3 MW into PT-60,/70-130,/13, depending on the se-
lected steam pressure in the production selection during operation in the heating period, leads
to an increase in efficiency by 3.4-3.7 %, tangible savings in conventional fuel (5.8-6.4 %),
improves the environment, saves 105—107 thousand tons of technical water, reduces harmful
emissions into the atmosphere: greenhouse gases by 5.9-6.4 %, and 65.9-67.1 GW of heat
from circulating water in the cooling tower. The consequence of this integration, which can
be considered negative, is a decrease in total “useful” electricity generation (by 2.3-3.2 %).
According to preliminary estimates, the integration of AHP 17.3 MW into PT-60,70-130 /13
is a promising energy saving technology for implementation. At fuel prices (natural gas) of
300 USD/t c.f., and electricity of 150 USD,/MW-h it has a simple payback period of
~ 2.9years (investments are estimated at 3150 thousand USD), if AHP 17.3 MW is heated
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by steam, the pressure of which is in the range of 1.0—1.2 MPa. It is in this range of pressure
of steam that heats the heat pump that we recommend operation. Bibl. 27, Fig. 2, Tab. 4.
Keywords: energy saving, absorption heat pump, thermal scheme of a steam turbine, payback

period.
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3abesneuyeHns: eHepreTHYHol CTilikocTi
Ta eHeproe(eKTUBHOCTI CHCTEM IMHUTHOTO
BOIONOCTAYaHHS Ta BO/OBi/BEAEHHS :
PoJb /ilenieHTpai30BaHNX TEXHOJIOTii
B YMOBaX KPM30BHX CHTYaIliii

Amnorarisi. Pocilicbka arpecisi mpotu Haimoi KpaiHU XapaKTEePU3YETHCS IiJeCIPIMOBAHUMU aTa-
KaMM Ha KPUTHYHY iH(PACTPYKTYpY, /le CUCTEMU IEeHTPaTi30BAaHOIO BOJOMOCTAYAHHS Ta BOJO-
Bi/iBe/IeHHsI € OJIHUMHU 3 IPiOpUTEeTHUX Wijeil. PyliHyBaHHS TaKUX cuCTeM NPU3BOJUTDH 10 TyMa-
HITApPHUX KPH3, CAHITAPHO-€IAeMiOIOriYHIX 3arp0o3 Ta IMiJAPUBY COIiaIbHO-€KOHOMIUHOI CTa6iab-
HocTi. Il cTaTrTsa BMingye KOMILJIEKCHWH aHAJi3 CTPATeTiil MMiABUINEHHS CTiHKOCTi CHCTeM MTUTHOTO
BO/IOTIOCTAYaHHSI Ta BOJOBiZBE/IEHHS B yMOBaX BifICbKOBMX /ill HA NPUKJA/i JAOCBiAy YKpaiHu.
MeTomoJiorist JOCiPKEHHS 1IbOTO TTUTAaHHS 6a3yeThcsl HAa aHaJi3i HOBOI HOPMaTHBHO-IIPABOBOT
6a3u, 10 perJiaMeHTye Po3poOKy CXeM ONTHMi3ailil CHCTeM LEeHTPATi30BaHUX BOAONOCTAYAHHS
Ta BOJIOBi/IBe/ICHHS, HA aHaJi3i PU3UKIB /IJIS1 BEJUKOIO ITPOMHUCJIOBOIO MiCTa 3 IOBEPXHEBUM BO-
J103a60pOM Ta TEXHiKO-eKOHOMiYHOMY OOTDYHTYBaHHi 3aCTOCYBaHHS [EIEHTPATi30BaHUX CXEM
MMiATOTOBKU NMUTHOT Boau. Pe3ysbraTti JOCTiPKEeHHsT 3acBiunin, Mo edeKTUBHA cTpaTeris Tmij-
BUIIEHHS CTIHKOCTi 06’€KTiB KPUTUYHOT iHPPACTPYKTYPH, 10 SKUX HAJEKATh CHUCTEMU MUTHOTO
BOJIONIOCTAYaHHA Ta BOAOBI/IBE/ICHHSI, BUMArae IOE€JHAHHA /IBOX KJIOYOBUX IIi/[XO/liB: CTpaTeriu-
HOTO PO3BUTKY Ta AyOJIOBAHHS €JIEMEHTiB CUCTEMHU, BIPOBA/PKEHHS JEICHTPATI30BAHINX aBTOHOM-
HuX pimenb. [lepmmit miaxig peanizyeTbest yepe3 po3poOKy JOBTOCTPOKOBUX CXEM OMTUMIi3allii,
IO BKJIIOYAIOTH TifipaBjiuHe MOAETIOBAHHS, aHATi3 PU3UKiB (BKJIOYHO 3 BiliCbKOBUMH Ta XiMiu-
HUMH, GiOJIOTiYHMMH, pafialliilHUMU Ta SAEPHUMM 3arpO3aMK) Ta IPiOPUTH3AIII0 iHBECTHIIN Y
MoJiepHi3aiiiio 1ux cucreMm. [pyruil miaxin nepenéadae cTBOpeHHs MapKy MOGIIbHUX BOIOOYUC-
HUX YCTAaHOBOK, 3/IaTHUX 3a0e3IeYnTH HACEJEeHHS MUTHOIO BOJOI0 HOPMATUBHOI SIKOCTI ITiJ{ 4ac
mepe6oiB y po6OTi MEHTPATi30BaHOI CUCTEMHU BOJOMOCTAYaHHS. Y CTATTi TaKOXK MOKA3aHO, IO
KJIIOYOBUMHY BPA3JMBOCTAMU CUCTEM € iX 3aJI€KHICTb BiJl 30BHIIIHBOTO €JEKTPOIIOCTaYaHHs, BU-
KOPUCTAHHSI PeareHTiB, 30kpeMa HeGesmeynnx (HANPUKIaA, PiKOro XJjopy), ¢isndyHa Hezaxu-
IIEHICTh OCHOBHUX eJieMeHTiB (Bom03a6opiB, HACOCHUX CTaHIiH TOIIO) Ta JIOTiCTMYHA BpPa3JIu-
BiCTb. 3acTOCyBaHHSA MOGIJIBHUX YCTAHOBOK MPOJAYKTUBHICTIO 2—2,5 M /TOJ Y BCECE30HHOMY BHU-
KOHAHHI MO’Ke PO3TJIAAaTHCsS SK KPUTUYHO BAKJIMBUHN 3aXi/l y BUPINIEHHI 03HAYEHOTO NMTUTAHHS.
Y 11boMy KOHTEKCTi HaBeJIeHO TlepeBarn 3aKyIIiBJi YCTAHOBOK <«ITi/l KJOU», IO BKJIOYAE Tepe/-
MJIAYEHUI cepBicHMIA TakeT Ha 1—3 pOKH, SIK iHCTPYMEHT 3a6e3TeUeHHsT TapaHTOBAHOT TIpare3/aT-
HOCTi OOJTafiHanHs B yMoBax Gpaky pecypcis. Biba. 20, puc. 3, maba. 3.

KuouoBi cjoBa: anasi3 pusuKiB, BiliCbKOBHII cTaH, BOAHA Ge3leKka, JelleHTpaizoBati cuCTeMu
BOJIOTIOCTAYAHHS, KPUTHYHA iH(PacTpyKTypa, MOGIIbHI YCTAHOBKU OYUINEHHS BOJHU, CTilKiCTb,
CXEMU ONTUMi3alii, yIpaB/iHHAg PU3UKaMU.

© Kpasuenko O.B., Aprarenko T.B., Iloranenko C.II., Ky6a T.B., 2025
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1. ITocranoBka npoG.aeMu

CucreMn MUTHOTO BOJOIOCTAYaHHS Ta BOIOBiJ-
BE/ICHHS € KJIIOYOBUMU €JIeMEHTaMU KPUTUYHOT iH(-
PacTpyKTypH; BOHHU 3abe3neuyioTb 6a3oBi moTpe6n
MiJjbHoHIB Jito/ieil. BoiHOYac BoHU HasekaTh /[0 Hal-
61JIbIII EHEPTOEMHUX Tasy3eil KOMYHAJIbHOTO TOCIIO-
J1apCTBa. Ixns BuCOKa 3a/1€KHICTD Bil cTabiJibHOTO
30BHIIIHBOTO EHEPTONOCTAYaHHA, BEJUKA TEPUTOPi-
aJlbHAa IPOTSKHICTh MariCTpaJIbHUX BOJIOIIPOBO/LIB
Ta HasABHICTb BY3JIOBUX €JIEMEHTIB, BiJIMOBa SKUX
mapasisye ycio cucreMmy, pobJsTh iX HaA3BUYANTHO
BPa3JIMBUMU IO Pi3HOMAHITHUX TEXHOTEHHUX Ta MPU-
poaHuX KpusoBux sBul [1, 2]. 3601 y ¢yHKIioHY-
BaHHI IIMX CUCTEM MPU3BOIATH J0 MacIITaGHUX TI0-
PYIIEHb Y pecypco3abe3iieueHHi Ta CTBOPIOIOTh CaHi-
TapHO-€Ii/IeMiOJIOTiuHI 3arpo3u.

HocBin yrpaBiiHHS BOAHOIO iH(PPACTPYKTYPOIO
B perioHax, M0 CTHKAJHUCS 3 MacliTaOHUMHU Kpusa-
MU, TIOKa3ye, 110 TPUBaJi MOPYIUICHHS Yy BOAOIOCTA~
YaHHI He3aJIeJKHO BiJ IX IIPUYUH JiI0Th AK KaTaJi3a-
TOP COIlliaIbHO-eKOHOMIYHOI sectabimizarnii [3].

KaracTpodiuna BTpaTa OCHOBHUX JKEPEJ BOJIH
JUIsL TJMX perioHiB Ta yacti 360i B po6ori indpa-
CTPYKTYypHU IO yciil Kpaini BUABMJIM HarajbHy IIO-
Tpeby B Teperysaai MaxomiB 10 3a6e3neyeHHs CTiii-
KOCTi CHCTEM IHUTHOTO BOJIONIOCTAYaHHS Ta BOOBi/I-
BeseHHs. Tpamuiilini migxoaw, opieHTOBaHi mepe-
Ba)KHO HA eKOHOMiuHYy e(deKTHBHICTh, Ta MacITaby-
BAaHHS IEHTPAJNi30BAaHUX CHUCTEM Yy CTaGiIbHUX B
YMOBaX BHSIBUJINACA HEQIEKBAaTHUMHU /10 BUKJUKIB Cy-
YACHUX CUCTEMHUX Kpu3 [4].

Y BiANoBiAb Ha IIi 3arpO3U BUHUKAE HOBA Tapa-
nurMma criiikocti. Bona 6a3yerbcst Ha MoeHaHHI MO-
JlepHisanii Ta MOCUJIEHHA iCHYIOUMX LEeHTpaJsli3oBa-
HHUX CUCTEM 3 PO3TOPTAHHAM THYYKHX, aBTOHOMHHUX
Ta eHeproeeKTUBHUX JIEIEHTPATiI30BAaHUX CXEM BO-
no3abesnedennsi. Came Taka iHTerpoBaHa KOHIIETI-
11is1, Opi€eHTOBaHAa Ha eHepreTUYHy CTilKicThb Ta pe-
Ccypco30epeskeHHsI, Ma€ 3aCTOCOBYBATHUCS SIK y HO-
BHUX /JIcP/KaBHUX PETYJATOPHUX JOKYMEHTAaX, TakK i B
MIPAaKTUYHUX ITPOEKTAX, HI0 Peali3yloThbCd B MexKax
MoJiepHizarlii indpacTpyKTypH.

2. Mera Tta MeTo10.J10Tis

Metoio maHoi cTarTi € aHa i3 KOHIIEMIil ITiBH-
IIIEHHsT eHepreTYHOi CcTiliKocTi Ta pecypcosbepe-
JKEHHSI CHCTeM IIUTHOTI'O BOJIOTIOCTAYaHHS Ta BOJIO-
Bi/[BE/IEHHS B YMOBaX KPU30BUX CUTYyaIliil, 6asyio-
YNCh HA BUBYCHHI IIPAKTUYHOTO JOCBify.

3aBaaHHs JOCTiIKEeHHS

— aHaJli3 KJIOYOBUX BPA3JIMBOCTEH CHCTEM IIMT-
HOTO BO/IOTIOCTA4YaHHS Ta BOJIOBI/IBE/IEHHST BEJUKUX
MiCT, 30KpeMa iXHbOI €HEPro3aJeKHOCTI Ta PU3U-
KiB, TIOB’I3aHUX i3 CHCTEMHUMU TIepeOOSIMU Y TTOCTA-
YaHHI pecypcis;

— OIiHKa HOBUX HOPMaTUBHUX IIiIXO/iB /10 PO3-
po6KM cXeM ONTHMi3alii K iHCTPYMEHTY HOBTO-
CTPOKOBOTO IJIAHYBaHHS CTifikocTi Ta eHeproedex-
TUBHOCTi CHUCTEM;

— BU3HAUYeHHS (YHKI[IOHAJIBHOI POJIi Ta TeXHi-
KO-€KOHOMIUHUX TTapaMeTpiB MOGIJIBHIX CUCTEM OYH-
HIEHHS BOJU SIK eHeproedeKTUBHOTO eJieMeHTa olle-
PpaTUBHOIO pearyBaHHS,;

— pPO3poOKa iHTErpPOBAaHOI MOEJi iABUIIEHHS
CTifiKOCTi, sTKa 6a3y€eThCsT HA MOEAHAHHI IIEHTPaTi30-
BaHUX Ta JEIEHTPaJi30BaHNX pecypco3bepirandnx
pillleHb JJI CUCTEM BOJIOTOCTAaYaHHS.

KommekcHe pocaiakents 6yJio 3/iiicHEHO y 40-
TUPHOX HAIPAMKAX.

1. HopmaruBHo-tipaBoBa 6a3a. IIpoanasizoBaHO
npoekT «Ilopsaky po3po6JeHHS cXeM ONTHMisaril
CHCTEM IEeHTPaJTi30BaHOTO BoJONOCTadanHs > (mai
— HOpﬂI[OK), SIKAW 3MiHIOE MiJIXO/U /10 CTpaTeriy-
HOTO TIJIaHyBaHHS y cdepi MUTHOTO BOAOMOCTAYAH-
Ha. Oco6mBa yBara TpH/IijJieHa BUMOTAM JI0 aHaJi-
3y PM3UKIiB, IJIAHYBAHHS CTiKOCTi y HAA3BUUAHUX
cutyanisx (BK/IIOYaOun BifiCHKOBI Jii) Ta rigpas.iiv-
HOTO MOJIEJTIOBaHHS.

2. Awmaniz pusukis (Case Study). Bukopucrano
Marepiaju JeTaAbHOIO aHaIi3y PU3UKIB A14 CUCTEM
NATHOTO BOJIOIIOCTAYaHHS Ta BOJOBi/BEICHHS BEJIU-
KOTO ITPOMHUCJIOBOTO MicTa YKpaiHu 3 MOBEpPXHEBU-
MM JpKepesaMu Bogo3abopy. JlaHi 3 boro 1oKyMeH-
ta 6yJin AaHOHIMI30BaHi [/l y3araJbHEHHS TUIOBUX
3arpo3, XapaKTepHUX JJiA TMOAIGHUX CHCTEM.

3. Texuiuna pokymenrauig. IIpoanasizoBano
HagBHI TeXHIYHI JaHi 1[040 MOOIJIbHUX BOLOOYMC-
HIX YCTAaHOBOK Ta TeXHiUHe 3aBJaHHS Ha peaJisa-
1[i10 MMPOEKTIB, BXKe peasi3oBaHuUX B YKpaiHi, 3 10-
CUJIEHHS 1HQPACTPYKTYPHU MUTHOTO BOIOMOCTAYAH-
. Ili MOKyMeHTHW maJju MOXJWBICTb BU3HAYUTH
TeXHiYHI XapaKTepUCTUKM, PUHKOBY BapTiCTb Ta
ornepaliiini Mozesi 3acTOCyBaHHS JelleHTPaJli30Ba-
HHUX CHUCTEM.

4. TexHiKO-eKOHOMiuHe MOe/oBaHHS. [[J1s1 Kijb-
KicHOi OIIiHKN edeKTUBHOCTI pO3po0JIeHO clieHapii
pearyBanns Ha tpuBaje (7 1i6) BiKIIOUEHHS BOJIO-
IIOCTAYaHHA JJI1 YMOBHOI I'POMaaM YHUCEJIbHICTIO
10 Tuc. oci6. Bukonano nmopiBHSJIbHMIT aHAJI3 JIBOX
cTpareriii: (A) 3a6e3redyeHHsT BOJOIO 3a JOMOMOTOIO
MapKy MOOGIJbHUX YCTAHOBOK Ta (B) mizaBi3 Boau aB-
torucrepHamu. Kputepismu mopiBHsHHSA OyJiu dac
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pPO3ropTaHHs, 00CAT TOKPUTTS J060BOI motpebu y
Bozi (3a rymanitapHoio Hopmoio 15 i Ha 1 oco6y),
KaliTaJbHi Ta onepariiiHi BUTpaTu.

Hayxoea aimepamypa. ]1isi KoHTeKCTYy i3~
1ii yKpaiHCbKOTO JMOCBiJy Ta MOPiBHAHHA 3 MiXKHa-
POMHUMY TPaKTUKaMu GyJIO TIPOAHAJIi30BaHO Ccydac-
Hi Haykosi nmy6uikanii 3 6a3 panux Scopus Ta Web
of Science 3a kmouoBuMu ciaoBamu: water infra-
structure resilience, decentralized water systems,
conflict, critical infrastructure protection.

Memoodoaoeia. [locuimpxennsa IIOE/IHY€E aHaJIi3
amicty mokymentis (content analysis) a1 BusiBIeH-
Hs KJIIOYOBHMX IOJIOKEHb Ta BUMOT, a TaKOK METOJ
JJ1A 1I0cTpalii TpakTUYHOIO 3aCTOCYBAaHHS aHAII3y
pusukis (case study). Ha ocHOBI OTpuMaHUX JaHUX
PO3po6JIEHO KOHIIENTYAJIbHY MOJEJb CTiKOCTi.

3. Bukjax ocHOBHOro MarepiaJy

3.1. Ananis
épasausocmeil ueHmpaaizoeanux
cucmem 6000NOCMAUAHHSL

AHaJi3 pU3UKIB /I CHUCTEM IEHTPaJi30BaHOTO
BOJIONIOCTAYaHHA Ta BOAOBIABEAECHHA BEIUKOIO IIPO-
MHCJIOBOTO MiCTa 3 IIOBEPXHEBHM BO/I03a60POM JIaB
MOKJUBICTD ifleHTU(dIKyBaTH HHU3KY KPUTUYHUX
BPas3JIMBOCTEH, sIKi MOXKHA 3rpyllyBaTu y KiJbKa Ka-
Teropiit, mo mokasaxno Ha puc. 1.

3.1.1. Di3uuni ma onepauiiini pusuxu

PyiinyBanns a6o HeIOCTYIIHICTb JKepesa BOIO-

mocradans. [le naiiGispimn KputuaHuil pusuk. Bin
MOXKe peanisyBarucsl depe3 (i3udHe pyHHYBaHHS
BO/103a6ipHUX CrOPYM a60 HACOCHUX CTAHINII Tep-
1IOTo TiHoMY, a TakoK yepe3 KatacTpodiuHe 3HU-
SKeHHsI PiBHA Boau y uKepedi (aK y Bumaaky 3 Ka-
XOBCBKUM BOJIOCXOBHINEM). [ljas Micra, 1o 3ase-
SKUTh BiJi 2—3 OCHOBHUX JIPKepeJi, BTpaTa HaBiTh OJI-
HOTO 3 HUX CTBOPIOE 3HAUYHUI AedillUT BOAM Ta BU-
Marae HeTalHOTO BBeJIEHHS OOMEKeHb Ha BOJOCIO-
SKUBAHHA.

PyiinyBaHHSA KJIOYOBMX CHOPYJ  OUUIIEHHS.
Xoua BOJIOOYHCHi CIIOPYIHU (BOC) wyacto MaioThb
3HAYHMII pe3epB NOTYKHOCTI Ta IapaJieJbHi TeXHO-
JIOTiuHi JiHii, 110 PO6UTH IX CTIMKUMU JI0 YACTKOBUX
TIOIIKO/)KEHb, iICHYIOTb «BY3bKi Miciisi» — 0CO6JIUBI
cropyau (ronoBHi 3MilllyBaydi, HaCOCHi CTaHIii IIpo-
MuBaHHsI QiIbTPIB, pesepByapu YUCTOi BOAM), Pyii-
HyBaHHS SKHUX TOBHICTIO 3yNuHSE€ POOOTY CTAHII.

IlomkoasKeHHS MaricTpaJabHUX BOJIOTOHIB Ta Ha-
COCHUX CTaHIi#l. PyilHyBaHHs migBuUIyBaJbHUX Ha-
cocuux crantiii (ITHC) ta kanasisariiinux Hacoc-
nux cranuiit (KHC) npusBogurh 10 JOKaJIbHUX KO-
JIaTICiB: NPUIIMHEHHS BOJOMOCTAYaHHA IiJUX paifo-
HiB 260 BUJIUBY HEOUMIIIEHUX CTiUHUX BOJ HA MMOBEPX-
HIO, CTBOPIOIOYN CaHiTapHO-€IiZeMiOJIOTiuHy 3arpo-
3y [5, 6]. Came TpaHCIOpPTYBaHHS BOJAW HA BEJUKi

Brpara grepena Mperaneioes nogd
BAANOETANERAA (B1oaatip, By, i,
ok 3yMHKKA BAB0IS60 : HBGECHA STBRUR NP noTpeda o
TIKS BafyHaR0py BnaeayT, iy} TMBAEHAX
: HELTOYMNBHHA
JyTuica B OIpauKY . N
paiHex KaGo6 (E-1018) Eneprernyni = @I!H‘:IHI L Pyitvymaine srucucoie cropyg Shes BOG
3 OnepaviAni (awiuynara, pesepoyapn) i o
NoricTuyHi
H:m“:::;‘;ﬁ ;T;?x Mlepefiol 2 poarmrrany, Knmg EIBB louewaHKs Ml
WoosTpwl MRNLHMHM, JACHCTHIMA PHINKK U. MBIIETRaNBHI BAOTGHIA i c‘:m, '
BeNKKoro 860 MHEKHC -
Micta
TEEIAEAHA KAPYBBKKR, " A
FOIYDAN, AAOYAIP Nlioparans  $A0A SABHEHHR [KApEN3 HaugurmpicTs
. ﬁﬁepuemqui Ta ﬂmﬂzkj TORCHYNMAMA PEYCSINING CMMLEHNA DO
FBAT wns CTpaG T draxtop) XMl va
aba wobinbagio Bpax nepcciany Bionoriusi Towcareia xuapa

PyiiryBarn Caragip xnogy

BVICYTHICTE JNCIADIACHIA

Puc. 1. MaTpuns KJI090BUX PH3UKIiB /IS CHCTEM I[€HTPAJIi30BAaHOTO BOJIOIOCTAUYaHHS Ta BO/OBi/IBEJEHHS BEJMKOIO

IIPOMHCJIOBOTO MiCTa B YMOBaX BOEHHHX Jiil.

Figure 1. The matrix of key risks for centralized water supply and sewerage systems of a large industrial city under

wartime conditions.
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BijicTaHi yepe3 MaricTpasbHi BOJOTOHM € HAilGiJbIIl
€HeproeMHUM IIPOIleCOM, 10 pobuth dizuvne Mo-
MIKO/IPKEHHS 1IUX apTepiil He Juiie mpo6JeMoio Jio-
TiCTUKH, ajie i TPUYNHOI0 KOJOCATbHUX BTPAT €Hep-
ropecypciB Ta miarorosyienoi Bogu [1, 2].

3.1.2. Ximiuni ma 6ion0ziuni pusuxu

3abpynHeHHA Bomo/MKepesa. HaBmuchHe abo BU-
MaJKOBe 3a0py/IHEHHS PiYKM BUIIE 32 TEYI€I0 TOK-
cuvHUME pedoBuHamMu (BHACIIOK PyiHYBaHHS IPO-
MuCAOBUX 06’ €KTiB) MOKe 3pOGUTH BOLY HENpUAaT-
HOIO /I7ig 3a60py Ta OYUINEHHS iCHYIOUMMHU TEXHOJIO-
rigmu. Ile Moke IpU3BECTH [0 MOBHOI 3YNUHKU BO-
n03a60piB a6o, y TipIIOMY BHUNAJIKY, /10 MOTPAILISH-
HS 3a0pYy/JHEHOI BOJU Y MEpexy.

Pyiinysanng cucreM 3nesapakenud. Bisbmiictsb
BEJMKUX BOJOKaHANIB YKpaiHW J0Ci BUKOPUCTO-
BYIOTb CKparvieHuit xyop. CrJaaum Xaopy € 06’ eKTamMu
miABUIIeHOT HeOEe3IIeKN. Ix py#HyBaHHS Mae MO/ABiH-
HUI HACJi/JIOK: yTBOPEHHS TOKCUYHOI XMapHu, 1110 3a-
TPOKY€ HaceJeHHIO, Ta MPUMUHEHHS TIPOTecy 3He-
3apakeHHs, M0 POOUTh HEMOXKJUBOIO TMojaauy 6e3-
nevynoi Boxu [7, 8]. Ilpm mnoBHOMY pyliHyBaHHI
ckiaany i3 3amacoM 20—30 T XJ0pYy 30HA ypasKeHHS
3 JIeTAJbHUMM KOHIIEHTPAIlisIMU MOKe csiraTh 3—
S KM, 1[0 B yMoBax poartamyBaHHI BOC y Mexax
MiCTa € HEMPUHHATHUM PU3UKOM.

3.1.3. Enepzemuuni
ma J02icmuuti puauKu

3HectpymiieHHs. CuCTeMH TUTHOTO BOJOTOCTA-
YaHHS Ta BOJIOBi/IBE/IEHHS € HA/[3BUYATHO €HEPTOEM-
numu. Hacocni crannii nepimoro mifiiomy, 1o mo-
JIAIOTDh BOJ/LY 3 TIOBEPXHEBOTO JiKepeJia, 3a3Buvail 06-
sagHani BucokoBoabTHUME (6,10 kB) Hacocamu.
Crangaprai ausbkoBosbtHi (0,4 kB) musenbi re-
HEPATOPH He MOXKYTh iX 3aKUBUTH 6€3 CIelliaJbHIX
tpancdopmaropiB. Uepes 1e ToTanmbHUIl 6GJeKayT
ekBiBasenTHUI bisuuniil BTpaTti Bogo3abopy. AmHa-
JoriuHo, 3HecTpyMJyeHHs fecatkis [THC ta KHC
rapaJjii3ye€ pos3nojiJ MATHOI BOAW Ta BOJOBiJBE/CH-
Ha 1o ycboMmy Mmicry. Llg HaasBuvaiiHa eHeproeM-
HiCcTb € He Jmiie (paKTOPOM BPa3JIUBOCTI B KPU3OBUX
yMOBaX, aje i KJIIOY0BOIO PobJeMoio pecypcosbe-
PEeXKEHHS y NOBCSIKJEHHIN 1isIbHOCTI, OCKiJIbKU BU-
TpPaTH Ha eJEKTPOEHEPTilo CTAHOBJSTD JIEBOBY YacCT-
Ky Tapudy [4].

Po3puB JsanimoriB nocravanus. Haneskra po6ora
BOC 3anexutp Biji TOCTiHHOTO MOCTAaYaHHS peareH-
TiB (KOaryJisiHTiB, (UIOKYJISAHTIB, He3iHdeKTaHTiB),

naJjvBa /I TeHepaTopiB Ta TPAHCIOPTY, a TaKOX
Heo6xigHux 3amdactuf. IlopylienHs JOricTUKA MO-
ske 3ynuHUTH po6oTy BOC HaBiTh 32 yMOBU NMOBHOI
misicHocti iHdpacTpykTypu. TpaHCOpTYBaHHS TOHH
peareHTiB Ta majuBa, 0COGJUBO Y HEGE3TIETHIX YMO-
Bax, caMe 1o co6i € 3HAYHUM OIePAIlifHUM PU3IKOM
Ta BUMarae CyTTEBUX BUTpaT NaJUBHO-€HEpPreTHY-
Hux pecypcis [9].

3.1.4. Kibepnemuuni ma a100cvKi pusuxu

Ki6eparaku na cucremu SCADA. HecanxkirioHo-
BaHe BTPYYaHHS B aBTOMATW30BaHi CHCTEMU yIPaB-
JIIHHA MOXKe IIPU3BECTU 10 IiApoyAapiB, HellpaBUJib-
HOIO /ZI03yBaHHA peareHriB, IOBHOI BTPATH KepoBa-
Hocti cucremu [10, 11]. 3 Touku 30py eHeproedex-
TUBHOCTi KibepaTaka Moke OyTH CIIPIMOBaHA HA BU-
BEJICHHS 3 Ja/ly €HeprocucTeMy IIJISIXOM OJHOYAC-
HOTO BBIMKHEHHS yCiX HaCOCHUX arperaris, IO CIIpH-
YMHUTDb MiKOBE HABAHTA)KEHHS, a60 HA TOPYIIEHH:]
eHeproe)eKTUBHUX AJITOPUTMIB KePyBaHHS, IO TIPU3-
Be/le 10 MapHUX BUTPAT €HEPropecypcCib.

Jlroncekmii dakrop. [loMuakm mepcoHasy, IO
Ipaloe B yMOBaX IMOCTilfHOTO cTpecy, a60 KPUTHY-
HUil 6pak KBasiikoBaHUX KajapiB yepe3 MoOiJiza-
{10 MOXKYTb [IPU3BECTHU JI0 BAXXKUX apapiii [12, 13].

3.2. Cmpameeiute naanysanns
cmiiikocmi: cxemu onmumizauii
AK 00pOXKHA Kapma euxody 3 Kpusu

Binnmosigaro Ha cucreMHi 3arpo3u Mae 6yTH cuc-
TeMHe IJaHyBaHHA. B Ykpaini Takum incrpymen-
TOM MOXe GYyTH cXeMa ONTHMi3allii cucreM IeHTpa-
JII30BAHOTO BOJIONIOCTAYaHHS, MOPII0K PO3POOKU
SAKNX 3a3HaB CYTTEBHUX 3MiH 3 ypaxXyBaHHAM BOE€H-
Horo gocsiny. Hoswuii Ilopsimok [14] meperBopioe
cxeMy onrumisarnii cucrTeM i3 CyTO TEXHiKO-€KOHO-
MiYHOTO JIOKyMeHTa Ha KOMIJIEKCHUN cTpaTeriyHuil
mraH ix crifikocti. Ie BXxe He TPOCTO TIJIaH PO3BUT-
Ky, a JOPOXXHS KapTa 36epeskeHHsT (yHKI[iOHATbHO-
CTi Ta MOJepHisallii cUCTeM B yMOBaxX IIepMaHEHT-
HOI KPHU3MU.

3.2.1. Tpancgpopmauisn nioxody:
610 peaKxmuenozo 00 NPOAKMuUEHo20

Tpaguuiiino nignpuemMcTBa MUTHOTO BOJONOCTA-
YaHHA Ta BOJOBiJBeJeHHSA IpalloBaju B PEaKTUB-
HOMY PEeKUMi, yCyBaloud aBapii 10 Mipi iX BUHUK-
HeHHsI. XpoHiuHUI Opak iHBECTHUIIill Ta KaapiB He
JlaB MO>KJIUBICTb 3aliMaTUCS JOBIOCTPOKOBUM ILja-
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nyBanHsaM. Cxema onruMisarii B i1 HOBoMy BUTJIsII
MOKJIMKaHa 3JlaMaTy 1[I0 MpakTUKy. Bona 3mylnye
MYHIIIUIIATITETH Ta BOJOKAHAJIU 3POOUTH TMOBHUI
«4eK-all» CBOET cUCTeMU, TOJUBUTHUCS Ha Hei ounma
MOTEHI[iHHOTO MPOTUBHKMKA Ta PO3POOUTH IIPEBEHTUB-
Hi 3aX0/.

Kniouosi noBoBBenenus Ilopsaaxy, mo crupus-
I0Th MiIBUIIIEHHIO CTiIIKOCTi Ta eHeproedeKkTuBHOC-
Ti CUCTEM PO3IJIAHYTO JaJii.

OO06oB’s13K0BMiT aHaJi3 pusukiB. [lopsmaok Bu-
Marae€ 3/1iliCHeHHsI JIeTaJbHOTO aHaJi3y, OIiHKH Ta
YIPaBJiHHSA PU3NKAMHU, BKJIIOYAIOUN PO3IJI/] ClleHa-
piiB, NIOB’A3aHNX 3 HAJ3BUYAWHUMU CUTYAIlisIMU Ta
BOEHHUM cTaHOM. [le 3Mylilye IIPOEKTAHTIB Ta 3aMOB-
HUKIB TMEPEeXOANUTH BiJl PEAKTUBHOTO O TIPOAKTHUB-
HOT'O IiAXOny.

ITnanyBanusa crifikocti. OkpemMuil posain cxemu
Mae OyTH IPUCBSYEHNH 3a6e31eYeHHIO CTiHKOCTI T/
yac Ha/A3BUYAlHMX cutyalliii. Bin Mae Bk/ouatn
aHawi3 cIeHapiiB 4acTKOBOTO a60 MOBHOTO DPYIHY-
BaHHS 006’€KTiB, 3HECTPYMJICHHS, PaJiOaKTUBHOTO,
XiMiuHOTO Ta 6i0JIOTIYHOTO 3a6PYAHEHHS.

ligpasaiune mozenioBaHHd. BukopucTtanHs rii-
paBJiYHUX MOjiesiell cTa€ 00OB’I3KOBUM JIJIST MiCT 3
HacesenuaMm monax 20 tuc. oci6. Ile mae moxkm-
BiCTh He TIPOCTO KOHCTaTyBaTH (pakT aBapii, a Mose-
JIIOBATH 11 HACHIIKU: SIK 3MiHATHCS IIOTOKH Ta THUCK
y Mepexi, sIKi pailoHm 3anuimatrbcs 6e3 BOAU, SIK
IIBU/IKO TIONIMPIOBATUMETHCS 3a0py/[HEHHS Ta iH.
Ha ocHoBi MojesioBaHHSI pO3POOJISIIOTHCST TPOTO-
KOJTM aBapiifHUX TepeKJioueHb. BogHouac rigpasiu-
HE MOJICJIIOBAHHS € IMOTYKHUM iHCTPYMEHTOM €Hep-
ro36epe;KeHHsI: BOHO [Ja€ MOKJIUBICTh ONTUMi3yBaTh
peXXuMu poOOTHM HACOCHUX CTAHIliN, 3HU3UTH HAJI-
JIMIIKOBUA THCK y Mepexi (1o HanpsMy 3MeHInye
BTPaTW BOAM — KJIOYOBHI acCIeKT pecypcosbepe-
JKEHHsI) Ta BU3HAYMTH HalGijabnr eHeproedeKTHBHi
crieHapii nepeksrouens [14].

Posrasan  jelieHTpasiisoBaHUX CXeM BOJIOINOCTA-
yanud. [lopsgok npsiMo nepenbayae, 1Mo y pasi Tex-
HIYHOI HEMOJKJIUBOCTI a00 eKOHOMIUHOI HEOIIIbHOC-
Ti 3a6e3TeYeHHs] HACEJIEHHS BOJIOI0 Yepes3 IeHTpali-
30BaHi CHCTEMU MaIOThb PpO3IJSAJATHCS 3aX0u i3
CTBODEHHSI CUCTEM HeIleHTPai30BaHOTO BOIOIOCTA-
YAHHS.

3.2.2. Cxema onmumizauii
AK iHeecmuuiitnuili npoexm
ma aHmuxkpu3oea 00poXxHs Kapma

Ogpniero 3 HaliBaskmBimmx (yHKIIH HOBOI cxe-
MU ONTUMi3alii € ii PoJb AK IHCTPYMEHTY AJIA 3aJLy-

yeHHd (pinaHcyBanHA. llinpueMcTBa NUTHOrO BO-
JIONIOCTAYaHHs Ta BOJOBi/BeleHHS TOTPEGYIOTh KO-
JIOCAIbHUX 1HBECTUIIil, SKi HEMOXXJMUBO MOKPUTHU
JIUTIIE 32 PAXYHOK Tapudy uu MicCIeBOro OIO/KETY.
MixxHaponHi ¢dinaHCOBI iHCTHUTYLIT Ta JOHOPH TOTO-
Bi HaJlaBaTH JIOTIOMOTY, aje iM NoTpi6GHi 4iTKi, mpo-
30pi Ta TexHiuHO O6rpyHTOBaHi MPOEKTH [15].

Cxema onrumisailii, po3po6jeHa 3riJHO 3 HOBUM
IMopsaaxoMm, mo cyri € came TakuM <«investment
ready» mpoextom. Bona mae micturn:

Yitknit mepenik 3axoniB. He a6crpakThi mo6a-
JKaHHSI, a KOHKPETHUH, MpiopuTe30BaHuil Crimcok iHg-
PaCTPYKTYPHUX IIPOEKTIB (HAIPUK/IaL, <«PEKOHCT-
pykitisi HacocHoi cramnitii N...», «6ymiBHUIITBO Ay0-
JIIOI0YOTO BOJIOTOHY Ha [iJsAHIN Y», <«3aKyMiBJs
5 MOOGIJIbHUX YCTAHOBOK OYMIIEHHS BOANY ).

Texniko-ekoHomiuHe o6rpynryBannsa (TEO).
[l KOXKHOTO 3aXO/1y IIOIlepe/IHbO OIiHIOIThCS HOro
BapTiCTh, CTPOKU peasisarii Ta ovyikyBaHuil edext
(HanpuK/Iaz1, 3HUKEHHS BTPAT BOJW, EKOHOMIsl €JIEKT-
poeneprii, miJABUIIEHHA HaJliiTHOCTI ).

dinancoBa MojeJb. [IporHosni pospaxyHku, 1o
MOKa3yIloTh, K peasi3allisi cCXeMu BIIMHe Ha ¢inan-
COBUU CTaH MiJIIPUEMCTBA, Ta AHAJI3 TOTEHITiHHUX
mokepen ¢inancyBanus (KOMTH JOHOPIB, AEPiKaB-
HUH GIO/KET, KPEANTH, BJIACHI KOIITH).

HagsHicTh Takoro JOKyMeHTy, IO 3aBaHTaxKe-
HUH, HAIPUKJIAJ, V JepsKaBHY H(PPOBY €KOCUCTEMY
ynpaBJinHsa BigHoBaeHHsM DREAM, po6utb Tpo-
MaJly 3pO3yMiJIOI0 Ta MPUBAGIMBOIO 1T iHBECTOPIB.
HagiTb B yMoBax 6paky KBaJsi¢iKoBaHUX Ka/piB Ha
MiCIIIX, IO € XPOHIYHOIO MPO6JEeMOT0 [T BOJOKA-
Ha/liB, cXeMa ONTUMi3salii cTae TUM caMUM IOKPO-
KOBHUM IIJIAHOM [1ill, AKUI /1a€ MOKJIUBICTD PyXaTucs
y IIPaBUJIbHOMY HAIPSIMKY.

3.3. Onepamusene peazyeanns:
deuenmpanizoeani cucmemu
ak negid’ emna uacmuna cmitikocmi

Ao cxemu onrumizaiii MOMKHA PO3TJISIATH
AK IHCTPYMEHT CTPATerivyHoro, JAOBIOCTPOKOBOIO
i IBUNIIEHHS CTifKOCTi Ta eHeproedeKTUBHOCTI cuc-
TeM, TO MOGIJIbHI YCTAHOBKYW OUMIINEHHS BOJU € iH-
CTPYMEHTOM OIlePaTUBHOIO, TAKTUYHOIO pearyBaH-
He. BoHM BUKOHYIOTH (PYHKIIIIO «CTPaXOBOTO IOJIi-
ca», sIKNIf aKTUBYETDHCS, KOJIU IeHTpaJsi3oBaHa cuc-
TeMa gae 36iii. BaxauBo mijKpecauTH, 110 B pam-
Kax HOBOI IlapaJUIMHu JEeLEeHTPaJi30BaHi CXeMU €
HE aJbTEePHATUBOIO IIEHTPAJi30BAaHUM CUCTEMaM BO-
JIONIOCTavYaHHsd, a iX HeBi/l' €eMHOIO, KOMILITiMEHTap-
HOI0 YaCTHHOIO.
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3.3.1. Texniuna xonuenuisn
ma eumoeu 00 06.1a0HaANNHA

OnTtuManbHUM pPIillleHHSIM [IJIT YMOB YKpaiHu €
MOGiJIbHA BOZIOOYMCHA YCTAaHOBKA Ha 6a3i aBTOMOOGIIb-
HOTO TIpHIyeria, 1o 3abe3nedye 6agaHC MiX MPOAYK-
TUBHICTIO Ta MOGijabHicTIO. Ha ocHOBI anamisy tex-
HiyHOi AOKyMeHTallii [16] Ta pyHKOBUX TPOTO3UILiit
BiTumsHsAHNX BUpoGHUKiB (Takux sk TOB «HBO
«<EKOCO®T», TOB <«/libpano IOwnion», TOB
«HEPEKC») chopMoBaHO po3UIMpPEHi TEXHIUHi BU-
MOTH 10 TaKOTO O6JIaIHAHH.

[IpoaykrusHicts — 2,0-2,5 M3 /roa. OHa Taxa
ycTanoBKa, mpamooun 10 rox Ha 100y, 31aTHA 3a-
6e3IeYnTH TUTHOIO BOJI0I0 32 6Ga30BOI0 TyMaHiTap-
Hoto HopMoIo (15 1 Ha 1 oco6y Ha 1 106y) 6JaM3bKO
670 oci6.

ITaci Ta xopuyc. MoHTa)k yCTaHOBKM 3/iHiCHIO-
€TbCs Ha JBOBICHOMY HaliBIIpUYelll 3 rapsa4eolnH-
KOBAHOIO PaMoIo /I 3aXUCcTy Bift Koposii. Crinu Bu-
KOHYIOTBCS i3 caH/ABiU-TIaHesell, 1o 3a6e3neyuye Ter-
soizosnito. Iligyrora BkpuBaeTbest pudaeHNM aJTio-
MiHIEM JIJI TOBrOBIYHOCTI Ta Ge3IMeKH MePCOHANTY.

Kaimarnuna cTilikicTh Ta aBTOHOMHIiCTB. [ 3a-
6e3IedeHHsT MOXXJIMBOCTI POOOTH YCTAaHOBKH B yCi
CEe30HM POKY KOpIyc Mae 6yTu obJafHaHUIl iHBep-
TOPHOIO KJiMaTtudHOIo cucremolo (06irpis,/kKoHau-
HiOHyBaHHH), 1[0 /Ia€ MOXKJIMBICTD IIpallloBaTu B Jia-
ma3oni temmneparyp Bim —20 °C go +40 °C. Came
iHBepTOpHA TEeXHOJIOTisl 3a6e3Meuye 3HAUHE eHepro-
36epesKeHHsT MOPIBHAHO 3i 3BUYAWHUMU CUCTEMAMU
00iTpiBy, MO0 KPUTHYHO BAXKJIMBO JJISI aBTOHOMHOI
po6otu. IloBHA aBTOHOMHICTD JIOCSTAETHCS 34 Paxy-
HOK iHTEIPOBAHOTO JU3€JIbHOTO TeHepaTtopa MOTY KHiC-
Tio He MeHII 6,5 KBT Ta mamuBHOTO 6aKa, 110 3a6e3-
reuye po6otTy npotsroM 24—48 rox 6e3 [103aIpaBKu.

Texnonoriune o6magHanns. [loBaa aBroMaTu3sa-
Lig mpoleciB 3 BUKOPUCTAHHAM IIPOrPAMOBAHOIO
JorivHoro KouTpoJiepa Ta GSM-MonyJist A7t AucTan-
II#IHOrO MOHITOPHMHTY KJIOYOBHX mapamerpiB (THCK,
MPOJAYKTUBHICTD, AKICTh Boau). TexHoJsoTiuHA CcXe-
M2 YCTAaHOBKHM Ma€ JaBaTU MOJKJINBICTb 3MiHIOBaTU
MOCJIi/IOBHICTh TPOIIECiB OYUIIEHHS s aJanTailii
o sAKocTi BUXigHOI Bomu. Byson 3a6opy Boan
BKJTIOYAE TIABAIOYMI MOAYJb [ 3a60py BOIHM 3
MTOBEPXHEBUX JPKepes Ta KOMILJIEKT KOJIEKTOPiB /IS
i /IKJIIOYEeHHS 10 CBeP/IJIOBUH YU TOIIKO/KEHUX Me-
pexx. O6GOB’sI3K0Ba HAsBHICTh KiJIBKOX CTaJiii 0un-
IIeHHs: MyJIbTUMeAIHHI (iabTpH A/ BUAAJIECHHS 3a-
BUCJIMX PEYOBUH, COPOIiitHNI (iTbTp 3 aKTHBOBA-
HUM BYTIJUISIM 111 BUZIAJIeHHSI OPraHikW Ta IOKpa-
I[aHHS OPraHOJIENITUYHUX IIOKAa3HUKIB, KJIOYOBUI

€JIEMEHT — YCTaHOBKa 3BOPOTHOTO OCMOCY, 3/1aTHa
BUJIQJIATU COJIi, BaXKKi MeTaJsu, HiTpaT, a TAKOX Bi-
pycu ta Gakrepii. BOyoBauuii pesepByap s 36u-
panna ounmenoi sogu (me memm 500 i), Hacoc 3
YACTOTHUM PETYJIOBAHHAM JIJISL TMATPUMKU CTAGiIb-
HOTO THUCKY Ta OKPEMHUN BUHOCHWI By30J Ha 6—8
KpaHiB /I 6e31eYHOi Ta OpranisoBaHoi po3aadi Bo-
[l HaceJeHHIO B iHAWBiAyanabHy Tapy. Bukopuc-
TaHHS CyYaCHUX TEXHOJIOTiH, TaKNX SK BUCOKOedeK-
TUBHI MeMOpaH# 3BOPOTHOTO OCMOCY Ta HACOCH 3 Yac-
TOTHUM DETYJIIOBaHHSM, 3a6e3Ieuye He JIUIIEe BICO-
KY SIKiCTb OUMIIIEHHd, ajie i ONTUMaJbHEe eHeprocIo-
SKUBAHHS HA OJIUHUINO BUPOGJIEHOI BO/IH, 110 € BaXK-
JUBUM (PAKTOPOM pecypco30epeskeHHsT B yYMOBaxX
aBTOHOMHOI po6oTH Bij reHepaTopa [16].

Ha puc. 2 306pakeHO TPUHIUIIOBY CXEMYy MO-
61TbHOT YCTAHOBKM OYMIEHHS BOAM Ta ii 30BHIIIHIi
BUTJISI.

3.3.2. Onepauiitna modean
«ITocayea nio xkaous

[ocBia ekcruryararii rymManitapHoro 06JaJHAH-
HS CBiJ{YUTD, 10 BOHO YaCTO MPOCTOIOE Yepe3 Gpak
y MiIPUEMCTBA KOIITIB HA oneparliiiHi BUTpaT abo
BijficyTHicTh KBamiikoBaHoro nepconasny. [lis Bu-
pimeHHs 1iei mpo6ieMnu MPONOHYETHCS IHHOBAIlifHA
MOJieTb 3aKYIiBJi, 1O rependadyae BKJIOYEHHS [0
[IOYATKOBOTO KOHTPAKTY HA IMOCTABKY OOJIQIHAHHSI
IepeaIa4yeHoro nakeTy KOMILJIEKCHOTO CepPBiCHOTO
o6eayropyBantst Ha 1-3 poku. Taka mozens («ITo-
cJayra mijz KJTIOU> ) nepea6avae BiMOBIAATBHICTD 32
MiATPUMAHHA IIPAle3JaTHOCTi YCTaHOBKU CaMe II0-
cTadaJbHUKOM. Opi€eHTOBHA BapTiCTb YCTAaHOBKH 3
JIBOPIYHUM TTaKeTOM OOCJIYTOBYBaHHS CKJIAIA€ GJIU3D-
Ko 48,0—50,0 Tuc. eBpo.

3.3.3. Mo6iavni 60000uuUCHi Yycmanosxu
AK iHcmpymenm 3ano0izannsa pusuxie

[lenienrpasizoBani cxeMu BOJI03a6e3NEUEHHS Yy
3aJI€KHOCTI Bl HAIBHOI CUTYAIlii MOXYTb OyTU €/11-
HUM a60 OfHUM 3 HeGaraTbOX MOKJIUBUX PillleHb
JUIs 3aTI06iTaHHS KPUTUYHUX 3arpo3.

[Ipu moBHi#t BTpati a0 THMYACOBiil HEIOCTYITHOC-

Ti Jurepesa Boau abo pyinysanni BOC. Posropran-
Hs MOGIJIbHUX BOJIOOYNMCHUX YCTAHOBOK GiJIsT aybTep-

HATUBHUX JIOKQJIbHUX /pKepest (MEHIINX PidoK, 03ep,
CBEP/JIOBUH) BUSIBJISIETBCST €JMHUM MOKJUBHM Di-
IIEHHSIM [T YHUKHEHHS TyMaHiTapHOI KatacTpodn
B IepIi AHI, TOKN He OYAyTb OPTaHi30BaHi MAacIl-
TabHuil miABi3 BoAu ab0 TUMYACOBi BOJOTOHU.
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Puc. 2. [IpuHnumoBa TeXHOJIOTiYHA cXeMa MOGIIbHOI YCTAHOBKU
ounmenns Boau (a) ta ii somimmii Burma (6): 1.1 — Byson
mojlavi 4epe3 IUIABAIOYMI BCMOKTYIOUMH (DiabTp AJs1 11OBEpX-
HEBUX JiKepeJ BofonocTavanus; 1.2 — MyJbTUMeNiiHUI By30.1
i eHAHHS [0 iCHYIOUMX BOJOMPOBIHUX MepexX /s Ii/I-
3eMHUX JKepeJs BOJOINOCTAaYaHHS Ta LEHTPATi30BaHUX Mepex;
1.3 — By3osa posgadui ouniieHol BOAM; 2 — CAMOBCMOKTYIOUHI
nojaounii Hacoc; 3 — JMCKOBUN npoMuBHMIT (inbTp; 4 —
iMITysibcHMI JiunabHUK Boau 3 GSM MozseMoM; 5 — poTamerp;
6 — KOMIpecopHa yCTaHOBKA; 7 — OJIOK JO3yBAaHHS TilIOXJIOpPH-
Ty HATPilO /IS IEPBUHHOTO 3HE3apakeHHs 3 KJIAIaHOM BIIOPCKY-
BaHHS; 8 — KpaH Big6opy mpo6 Boaw; 9 — KOHTaKTHA €MHICTD
3 TOBITpsAHUM KJamaHoM, 10 — 60K Z03yBaHHS KOATYJSHTY 3
KJIATIAaHOM BIOPCKYBaHHsT; 11 — isbTp Mexaniunoi isbrparii
3 KJIAIlaHOM YIPABJIiHHS IEPUIOTO CTYIEHIO OYMINeHHs; 12 —
¢inbTp MexaniuHOI (isbTpalii 3 KJANAaHOM YHPaBJIiHHS APYyTO-
TO CTyIleHI0 ovuineHHs; 13 — cucrteMa COPOIIITHOrO OUUIIEHHS
3 KJIalaHOM ynpaBJsiHHS; 14 — 610K po3yBaHHS OicyabdiTy
HaTpilo 3 KJIallaHOM BIIOPCKYBaHHS; 15 — OJIOK [J03yBaHHS aHTHCKAJAHTY 3 KJIAIlaHOM BHOPCKyBaHHS; 16 — cucrema
3BOPOTHOTO ocMocy; 17 — GJIOK /103yBaHHS TiOXJIOPHUTY HATPIIO /IJIE BTODUHHOTO 3HE3aPaKEHHS 3 KJIallaHOM BIIOPCKY-
BanHs; 18 — esexkTpoMarHiTHUil kJjaman; 19 — mosieTnjieHOBa BepTHKaJbHA KBaJpaTHa €MHicTb Ha 500 s; 20 —
€MHICTb YHCTOI BOJM, SIKA JOJA€ETbCS 32 HeoOXimHocti; 21 — macoc mofaui 4ucToi Boau; 22 — peJie TPOTOKY BOJM;
23 — 3o0BHIimMHIl 6JIOK iHBEPTOPHOTO KOHJAWIIIOHEPA; 24 — TeHepaTop AU3eTbHUIl; 25 — IpUUeN y KOMILTEKTi; 26 —
MeTasieBa paMa IIi/| MoJIieTHIEHOBY €MHICTh; 27 — MOJIieTHIEHOBA €MHICTD [IJIST IUTHOI BOAM 06’€MOM S5 m; 28 — cra-
JieBa JipabuHa craiionapHa; 29 — cucreMa 3 JBOX IPUIJIMBHO-BUTSIKHUX BeHTHJSATOPiB; 30 — cBitsomionna LED
6asika 3 sixtapssmMu; 31 — 30BHINIHI KpaHM MTUTHOI BOAM B MeTaJeBOMY Kopmyci; 32 — criiika po3fadi MUTHOI BoaH i3
3JIUBHUM IIi/I/IOHOM.

Figure 2. Schematic technological diagram of the mobile water purification unit (a) and its external view (b): 1.1
— intake unit with a floating suction filter for surface water sources; 1.2 — multi-purpose connection hub to
existing water supply networks for groundwater sources and centralized networks; 1.3 — purified water dispensing
unit; 2 — self-priming feed pump; 3 — backwash disk filter; 4 — pulse water meter with GSM modem; 5 —
rotameter; 6 — compressor unit; 7 — sodium hypochlorite dosing unit for primary disinfection, with injection
valve; 8 — water sampling tap; 9 — contact tank with an air release valve; 10 — coagulant dosing unit with
injection valve; 11 — first-stage mechanical filter with control valve; 12 — second-stage mechanical filter with
control valve; 13 — sorption treatment system with control valve; 14 — sodium bisulfite dosing unit with injection
valve; 15 — antiscalant dosing unit with injection valve; 16 — reverse osmosis (RO) system; 17 — sodium
hypochlorite dosing unit for secondary disinfection, with injection valve; 18 — solenoid valve; 19 — 500 L vertical
square polyethylene tank; 20 — purified water tank (added as required); 21 — purified water feed pump; 22 —
water flow switch; 23 — outdoor unit of the inverter air conditioner; 24 — diesel generator; 25 — trailer (included);
26 — metal frame for the polyethylene tank; 27 — 5 m?® polyethylene potable water tank; 28 — fixed steel ladder;
29 — system of two supply and exhaust fans; 30 — LED light bar; 31 — external potable water taps in a metal
housing; 32 — potable water dispensing station with a drain pan.
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ITpn macmtabHOMY XiMiuHOMY 3a6pyIHEHHi OcC-

HOBHOTO JixKepesa. Y pasi 3ylNUHEHHS IeHTPasi3o-
BaHOT CHCTEMM BOJIONIOCTAYaHHs MOOiIbHI BOIOOYHC-
Hi YCTaHOBKH CTalOTh Ge3aIbTEPHATHBHUM JIKEpe-
JIOM TIUTHOI BOJY rapaHTOBaHOI SIKOCTi /151 00’ €KTiB
KpuTUYHOi iHppacTpykrypu (JiKapeHb, colialbHuX
YCTAHOB), OCKiJbKK NepeabadeHi B HUX MeMOpaHHi
TexHosiorii (3BOPOTHHMIT OCMOC) 3/1aTHI 3aTPUMYBaTH
O1JIBITCTD TOKCMYHUX CIHOJYK.

ITpu torampHOMY 6JsieKayTi. IloBHiCTIO aBTOHOM-
Hi MOGiJIbHI BOJIOOYMCHI YCTAaHOBKH MOXKYTb 3a0€3-
MeYyBaTH y 3HECTPYMJIEHUX paifoHax 6a30Bi moTpe-
01 HaceJleHHSI Ta 3MEHIIYBATU COIliaJibHY HAIpPYTY.
[Te npsiMa neMoHCTpallist eHepreTUyHOi cTilikocTi, e
JIOKaJibHe BUPOOGHMIITBO BOJAU 3 MiHIMAJIbHUMHU BU-
TpaTamMu najuBa € 6ibIl e(PeKTUBHUM, HiK CIIPOOU
3KMBUATU OKPEMi CErMEHTH TiraHTCbKOI LEeHTpaJIi-
30BaHOi CUCTEMH.

IIpu pyiiHyBaHHi MaricTpaJbHUX BOJIOTOHIB. [Ipo-
TATOM BIJTHOBJIEHHA IIpalle3JaTHOCTI MaricTpaJbHUX
BOJIOTOHIB MOGiJIbHI BOTOOUNCHI YCTAHOBKH MOXKYTh
3a6e3revyBaTy OYMIIIEHOIO BOJIOIO Bifipi3aHi paiionu,
6epyunt Bofy 3 6Yy/Ib-SIKOTO IOCTYIIHOTO [iKepeJsia Ha
MICITi, 10 € 3HAYHO IMBU/IINAM Ta e(DEKTUBHIMINM Pi-
LIEHHAM 3a OpraHisalilo JIOTICTUKU IMiIBO3Y BOAU
nucrtepHaMu. Bimbim Toro, camMa KOHIIEMINis JelenT-
paJgiizarii € pecypcosbepiraiouoio. Bona ycysae mo-
Tpe6Oy B TPAHCIOPTYBaHHI BeJIWYe3HUX 00’ €MiB BOIU
Ha BeJIMKi Bi/ICTAHi 4Yepe3 MaricTpajibHi BOJIOTOHMU,
0 € HaibiJbII eHeproEMHUM TIPOTIECOM Y TICHTpa-
gisoBaniil cucremi [1]. Take JoKajbHe OYHIEHHS
TaKOXX MiHiMi3y€e BTpaTu OYMIIEHOI BOAM IIiJ| yac
TPaHCIMOPTYBaHHS, IO € KPUTHUYHUM JJsI PECypco-
36epesKeHHs.

AHaJli3 PU3UKIB /I TUIIOBOi CUCTEMH I[€HTPaJIi-
30BaHOI'0 BOJIOIIOCTAYAHHSI BEJIMKOTO MiCTa JaB MOXK-
JIUBICTD ijeHTH(dIKyBaTH HU3KY KPUTHUHUX BPA3JIH-
Bocteil. Kuo4yoBi pusmkum Ta iX piBeHb HaBEJEHO y
Tabu. 1.

Haii6isbir KpUTHYHUME € PU3UKU 3HECTPYMJIEH-
H Ta (Di3UYHOTO PYHHYBaHHS BOZ03a6ipHHUX CIIO-
PYZA, OCKiJIbKM BOHU IIPU3BOJATDH 0 IIOBHOI 3yINH-
KU CUCTEMH.

Ha ocnosi ananizy Texniunoi moxymenrauii Bu-
3HAYEHO ONTUMAJIbHI IMapaMeTpu MOGIbHOI yCTAaHOB-
KM, HaBefleHi y Tabu. 2.

PesyabTaTi MojesioBaHHS clieHapiiB pearyBaH-
HSI Ha 7-JleHHE BiJK/IOYEHHS BOJOIIOCTAaYaHHSI HaBe-
JleHo y Tabu. 3.

AmnaJii3 1okasye, 110 He3BXKAIOYU Ha BUIIlI TI0YaT-
KOBi iHBecTHIli] MOGIbHI YCTAaHOBKHU 326€3IMeYyIOTh
3HAYHO Kpallle TIOKPUTTS 1T0Tped HACeJEeHHS 3a CyT-
TEBO HIKYMX OTNEPAIiMHNX BUTPAT Ta € OijIbII MBU/I-
KM Ta eEeKTUBHUM pillleHHSAM y KPHU30Biil cuTya-
mii. Husbki onepariitai BUTpaTu 3HAa4HOIO Mipoto 3y-
MOBJIEHI CaMe BHWITOI0 eHeproeeKTUBHICTIO JIOKAJIb-
HOTO OYMINEHHS TIOPiBHSIHO 3 €HeproBUTPATHOIO JIO-
ricturoro migBo3y Boau [16]. KirouoBuM eneMeHTOM
MOOGiJIbHOT YCTAHOBKM € CHCTeMa 3BOPOTHOTO OCMO-
Cy, fKa 3[aTHa BUJAJATH COJIi, BaXKKi MeTaaW Ta
inmm gomimku 3 Bomu. Ile pobuTh ii imeanbHOIO /st
MiZArOTOBKY BOJAM, L0 BiAIIOBiZla€ CYBOPUM BUMOraM
KOTeJIbHOro O6JIaJIHAHHS Ta IPOIECiB XiMBOIOOYU-
1IEHHS.

Bopa, 1o nogaeTbest B mapoBi Ta BOAOTPiiiHI KOT-
J, Mae OyTH rJTMOOKO 3HECOJIEHOIO JIJIs 3anobiraH-
HSl YTBOPEHHIO HAKUMY HA TEMJIOOOMiHHUX TOBEPX-
HAX Ta Kopo3ii. Hakum pisko 3umxye koedimieHT

Ta6mug 1. Marpuis KJII0UOBHX PU3UKIB AJSI CHCTEM HEHTPaJi30BaHOIO BOAONOCTAYAHHS

Table 1. Key risk matrix for centralized water supply systems

Kareropis pusuxy Sarposa / Threat Nmosipuicts (1-5) BH/]H/II; (211c_t5) Pisenb pusuky /
/ Risk Category p / Likelihood (1-5) (1_2) Risk Level
Eneprernuni / Toranbuuii 6aexayt / 5 5 Kpurtnunnit /

Energy Total blackout Critical
Diznuni / PyiinyBanns Bogoza6opy / 4 5 Kpurnunuit /
Physical Destruction of water intake Critical
Ximiuni / 3abpynuenns mxepena / 3 5 Bucokuit /
Chemical Source contamination High

. . Po3puB JIaHIIIOTIB TTOCTAYAHHST .
’HOF}CT.H wni / pearentiB / Disruption of 4 4 BHCOKHH /
Logistical . High

reagent supply chains

Ki6epuernuni / Araka Ha cucremy SCADA / 3 4 Cepenniit /
Cyber SCADA system attack Medium
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Ta6muus 2. TeXHiKO-€KOHOMiYHiI MOKA3HMKH MOGIIbHOI YCTAHOBKH OYMINEHHS BOIH

Table 2. Techno-economic parameters of a mobile water treatment unit

[Tapamerp / Parameter ‘

3nauenns / Value

ITpoaykrusnicts / Capacity

3a6esneuenns Hacenenns (10 rog/ no6y) /
Population served (10 h /day)

Texnouoriss ounniennus / Treatment technology

2,0-2,5 m% /Tox
~ 670 oci6

MyabprumMeniiina ¢iaprpartisi, cop6Iiisi, 3BOpoTHUIT ocMoc /

Multimedia filtration, sorption, reverse osmosis

AproHoMHicTh / Autonomy

InTerpoBanuii au3enbHUil reHepaTop, HaauBHuii Gaxk (24—48

ron) / Integrated diesel generator, fuel tank (24—48 h)

OpienroBua Baprictb (3 2-piunuM cepsicom) /
Estimated cost (with 2-year service)

48,0—-50,0 Tuc. eBpo

Ta6muusa 3. IMopiBusAIbHUI aHai3 cueHapiiB pearyBaHHs Ha 7-I€HHE BiJAKJIIOYEHHS BOAONOCTaYaHHsa (Ha

10 THC. HaceeHHS)

Table 3. Comparative analysis of response scenarios for a 7-day water supply disruption (per 10,000

population)

IToxkaszuuk / Indicator

Cuenapiit A: MoG6isibHi
ycranoBku / Scenario A:
Mobile Units

Cuenapiit b: IlinBi3
asronucrtepHamu / Scenario B:
Water Tankers

Heob6xigHa KiJbKicTh OAUHUALD /
Required units

Yac MOBHOTO PO3TOPTAHHS ,/
Full deployment time

[Tokputra 106080 10Tpe6u (15 a1,/ 0co6y)
/ Daily demand coverage (15 1/person)

Kamitasbui BuTparu, tuc. €Bpo /

Capital expenditure, € thsd.

Onepauiitni surpatu (7 1i6), tuc. €spo /
Operational expenditure (7 days), € thsd.

15 ycranoBok / 15 units
1224 ron / 12-24 h
~ 80 %
~ 750

~ 15 (maauBo, posxigHuKn) /
~15 (fuel, consumables)

10 asronumcrepu (10 M°) /
10 tankers (10 m?)
24-48 ron / 24-48 h
~35%
~ 600

~ 45 (1maauBo, JIOricTHKa, NepcoHa)
/ ~ 45 (fuel, logistics, personnel)

TerIonepeiadi, Mo MPU3BOANTD 10 TIepeBUTPaTH Ia-
JIMBa Ta MO’Ke CIIPUYUHUTHU aBapiifHy 3yNHUHKY KOT-
Ja. MobiabHa ycTaHOBKa 3a6e3ledye HeoOXimaHmi
PiBEHb OUNIEHHS BOJY, BUJAIAIOUH COJIi JKOPCTKOC-
Ti (Kanpuiil, Maruiil) Ta iHIII PO3YMHEHI PEYOBMHMU.
3 TOUKM 30py €HepPro36epesKeHHs Ile Ma€ TPSIMI
eKOHOMiuHMIT epeKT: KOXKeH MiTiMeTp HaKWILy Ha Tell-
JIOOOMiHHUX TTOBEPXHAX 30iJbIITy€ BUTPATH TTAJINBA
(rasy, Byrimas) Ha 5—10 % A1 JOCATHEHHS Ti€l K
TeroBoi motyskHocti [16]. Takum unHOM, 3acTocy-
BaHHS JeMiHepaJi3oBaHOi BOAW 3 MOOGIJbHUX yCTa-
HOBOK € TIPSIMOI0 €Hepro36epiraiouoio TEXHOJIOTIEIO,
10 3HIDKYE CIOXKMBAHHS TIEPBUHHUX €HEPropecypcis.
[Ipomecn XiMBOMOOUMINEHHST HAa MPOMUCJIOBUX
mnignpuemMcrBax, TELL Ta B iHIIUX raay3sax BUMaraioTh
neMiHepasizoBaHoi ab0 3HECOJIEHOI BOAM. 3acTocy-
BaHHA MOOIJIbHUX KOMILJIEKCIB /1a€ MOKJIUBICTD:

— CTBOPUTH pe3epBHe /Kepeso Boau (y pasi Bu-
XOJy 3 JIaly CTalioHapHOI CUCTEeMU XiMBOJOOYU-
MeHHs MOGiJIbHA yCTAaHOBKA MOJKE OTIEPAaTUBHO 3a-
6e31eYnT BUPOOHUIITBO OYUIIEHOIO BOJOI0, 3a100i-
rafoun 3yInuHKaM);

— 3a6e3MeYnTH BOJAOTIOCTAYAHHS I/l Jac TKO-
BUX HaBaHTaxXeHb (iX MOKHA BUKOPUCTOBYBATH SIK
THMYaCcOBe PillleHHd I MMOKPUTTA IIiIBUINECHOI I10-
Tpebu y Bofi 6e3 HeoOXiTHOCTi iHBeCTyBaTH B PO3-
IMMPEHHS CTAaliOHAPHUX TIOTYKHOCTEI);

— BUKOHYBaTH IaHoBi pemMorTu (1 yac 06cy-
TOBYBaHHA OCHOBHOI CHCTEMU XiMBOJOOUYUIIEHHA MO-
6ibHA yCTaHOBKA MigTpuMyBaTuMe OGesnepebiiiHy
poGory nignpuemcria). Ile Takoxk € popmMoro pecyp-
co36epe;KeH s, OCKiJbKKM 3armobirae He JIMIe Mpo-
CTOI0O BHPOGHHUIITBA, aJjie il TepeIuacHOMY BUXOIY 3
JIaJly OPOTOr0 KOTEJbHOrO Ta TeII006MiHHOTO 006-
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JIaJHAaHHA Yepe3 KOPO3ilo Ta Ieperpis, CIHPUYUHEHI
HEeSIKiICHOIO BOJIOIIAIOTOBKOIO.

[TepeBaramMu TakoOro BUKOPUCTAHHSA MOOiJIbHUX
YCTAaHOBOK € AaBTOHOMHICTDb, THYYKICTb Ta MOOiJb-
HiCTb.

YcraHOBKYM OCHallleHI BJIaCHUMU JU3EJIbHUMU Te-
HepaTopamu, IO POOUTH iX He3aJeKHUMU Bijg 30-
BHIIIIHPOTO €JIEKTPOIIOCTAYaHHsI — KPUTUYHO BaK-
JUBHUH (PakTOp B yMOBaxX HA/3BUYANHWUX CHUTYaIliit
a6o 6siekayTiB. L[ aBTOHOMHICTD, TIOETHAHA 3 BUCO-
KO0 eHeproeeKTUBHICTIO CaMHUX TEXHOJIOTiHl oum-
meHHst (3BOPOTHUI OCMOC, YAaCTOTHI PEryJisaTopu),
MiHiMi3y€e croskuBaHHS AeillUTHOTO TATUBA.

TexHosoriuna cxema JIa€ MOXKJIMBICTD aJjanTyBa-
TH TIPOILIECH OYUNICHHSA 0 AKOCTi BUXiJHOI BOAM 3
pisHEUX [Kepes, 6yIb TO MOBEPXHEBA BOJA, CBEP-
JIOBUHA 4¥ TIONIKO/KEHA BOJOIPOBi/IHA MepesKa.

Poawuinenns Ha aBroMo6iIbHOMY mpuverti 3a6e3-
reyye MIBU/KE MEPEAUCIOKYBAHHSA 10 Oyb-sIKOTO
06’eKTa, /e BUHUKJA TIoTpeba B OUYUINEHii BOI.

Takum unHOM, (YHKITIOHAT X MOOGIJTBHUX KOMII-
JIEKCiB BUXOJWTH 3a PaMKHU BHUKJIOYHO TyMaHiTap-
HUX 10Tpe6 Ta € e(EeKTUBHUM TEXHOJOTiYHUM pi-
LIEHHAM JIJIA IPOMUCJIOBOTO 3aCTOCYBAHH:A, 30KpeMa
[T KOTEJIEHb Ta CHCTEM XiMBO/JOOYMIIeHHsI. Buko-
PHUCTAHHSA TaKUX KOMILICKCIB /IJI IPOMUCJOBHUX I10-
TpeG JEMOHCTPYE, SIK TEXHOJIOTii, pOo3poO0JeHi st
KPU30BUX CUTYyallill, 0fHOYacHO € e(peKTUBHUMHU iHCT-
PYMEHTAMH €HEPreTUYHOIO Ta PECYPCHOrO MEHE/K-
MEHTY B 3BMYallHMX yMOBaX €KCILIyaTalii.

4. O6rosopenus

OrpuMani pe3yabTaTH i ATBEP/IKYIOTH, 10 edek-
TUBHA CTpaTeris MiJIBUIIEHHS CTiHKOCTi 06’ €KTiB
Mae CIUparucd Ha JeKiJabKa IiJXOJIB BUPIIIEHHA
mpo6eMu. 3aXUCT IIEHTPATi30BaHOT CUCTEMH BOJIO-
MOCTauaHHs 3a BiJICYTHOCTI pe3epBHUX pilrerb (3a-
CTOCYBaHHS MOGIIBHUX BOJOOYMCHUX YCTAHOBOK) €
JIOCUTH BPA3JIMBUM, a HASBHICTH Juile MOGIJTbHUX
YCTAaHOBOK €3 TJIAHOMiPHOTO TOCUJICHHS OCHOBHOT
iHQpacTpyKTypH € JIUIIe TUMYACOBUM PIlllEHHSIM.
Ile cnpaBeauBO He Julle JAJs CTIMKOCTI, aje i 1
pecypcosbepeskenns. llenTpasizoBana cucrema, Ha-
BiTb 3axWullleHa, aJje €HepreTMYHO 3acrapija, IMpo-
JIOBKY€ TeHepyBaTW 30WTKU uyepe3 BTPATH BOIM Ta
Ha/IMipHE CHOKMBaHH:S eHeprii. /lementpamizoBani
VCTAHOBKH, X0U i eHeproeeKTHBHi JIOKAJIbHO, He
MOKYTb 3aMiHUTH €KOHOMIIO BiJl MaciiTaby ONTHUMi-
30BaHOl IEHTPaJi30BaHOI CUCTEMU Yy IITATHOMY pe-
JKUMi. 3alponoOHOBaHA iHTErpOBaHA ABOPiBHEBA MO-
JleJib CTIMKOCTi, gKa MOENHY€E TOBTOCTPOKOBI Ta KO-

PoTKOCTpOKOBi 3axoan (puc. 3).

Hageneni piBHi He € B3a€MOBUKJIOUHUMU, a J10-
MOBHIOIOTh OAIMH ojHoro. IHBecTuiii y crpareriune
TIOCUJICHHA IIEHTPAJIi30BaHOI CUCTEMH BOJOIIOCTaYaH-
HS 3MEHUIYIOTh YacTOTy, 3 SIKOIO JIOBOJUTHCS BllaBa-
THCS JIO ONlePaTUBHUX 3aXO/iB, a HaABHICTb olepa-
TUBHUX iHCTPYMEHTIB Jla€ yac Ta MOXKJIUBICTb JJIA i
Bi/THOBJIEHHS Tic/s aTaku. bisbin Toro, 11i ABa piBHI
Bifo6paxkaoTh ABi pi3Hi, ajge KoMILIiMeHTapHi ¢i-
nocodii eneproz6epexennsa. Pisenb 1 (crpareriu-
HUiT) (HOKYCYETbCSI HA JIOBFOCTPOKOBOMY 3HUIKECHHI
IUTOMUX BUTpAT eHeprii Ta pecypcis Ha 1 M° Boau
yepe3 MOJIepHi3allilo HAacOCiB, 3MEHIIeHHd BTpaT y
MepesKax Ta BIPOBAKEHHS eHeproe(heKTUBHUX TeX-
HoJIOTil ounimenns. Pisens 2 (omeparusnuii) 3a6es-
neyye TaKTUYHE pecypco36epeskeHHs B KPU30BUX
YMOBaX, YCyBaloYd Hai6iJIbIll eHepro3aTpaTHy JIaH-
Ky — TPaHCIOPTYyBaHHA BOJAU HA BEJUKi BijAcTaHi —
Ta 3anobiraoun MoBHil Brpati pecypcy (Boam) y
BiZipisannx paiioHax.

[nTerpoBana Mo/iesb CTIMKOCTI € BiAMOBIII0 HA
crerudivyHi BUKJIWKY, 10 TOCTAJIW Tiepes YKpai-
HOIO, IIPOTe il IPUHIMIIM MOXKHA PO3IJILIATh K 3a-
rajbHi 11 6y/b-sIKOi KpaiHu, 10 CTUKAETHCS i3 3a-
rpo3aMu /I KPUTHYHOI iH(pacTpykTypu. MixkHa-
POJIHUIA JTOCBi/l TAKOXK MiATBEP/KY€ TEH/EHIiI0 HA
ri6pUAN3AIio CICTeM ITUTHOTO BoJomocTayanHsa. Ha-
npukaz, y Kamnidopnii y Bianosiap Ha 3arpo3u sem-
JIETPYCiB Ta IIOCYX aKTUBHO PO3BUBAIOTHCA JIOKAJIbHI
CHCTEMU OYMINECHHA Ta MOBTOPHOTO BUKOPUCTAHHSA
BOAU /I 3MEHIIEHH:A 3aJIeKHOCTI BiJl IPOTSIKHUX
axBeaykis [17, 18]. Ileit miaxig (Ttax 3BaHuWil <one
water») PO3IJISAAETHCS TaM He JIMIIE K iHCTPYMEHT
cTifikoCTi, aye i sSIK KJII04OBa cTparerist pecypcosbe-
peskerts (IIOBTOPHE BUKOPUCTAHHS CTOKIB) Ta eHep-
ros6epeskeHHst (3HMKEHHS TTOTPe6H B €HEPrOEMHO-
My TMepeKUIaHHi BOM 3 Bi/laieHux jukepen). B I3-
paiyi nopgaj 3 MOTY)KHOIO LEHTPaJi30BaHOI0 CHUCTE-
MOIO BOJIOIIOCTAYaHHS BeJMKa yBara IpU/iJseTbCs
3aXUCTY KOXKHOTO 06’ €KTa Ta HAsIBHOCTI IIJIaHiB pea-
TyBaHHS Ha TepopucTwuHi 3arpo3u [19, 20]. Ilpm
I[bOMY caMa i3paiJbchbKa BOJIHA TOKTPUHA iCTOPUIHO
6a3yeTbCsI HA TOTAJTBHOMY pecypco36epeskeHHi, e
BHCOKa eHeproeeKTUBHICTb OIPiCHIOBAJbHUX 3aBO-
JIiB Ta MiHiMi3allis BTpaT BOJAM € HEBi/l'€MHOIO yac-
TUHOIO HAIliOHAJIBLHOT Ge3TeKH.

KifouoBuM BUKINKOM JIS peastisallii Takoi Mo-
Jneni B Ykpaini € ¢inancyBaHHs. BapricTh moBHO-
IiHHOI MO/IepHi3allii CUCTEM LEHTPAIi30BaHOIO BO-
JIOIIOCTAa4aHHA Ta BOJOBiJBEJEHHA BEJIMKUX MICT
OIIHIOETBCA Y COTHI MisbiioHIB €Bpo. ToMy po3pos6-
Ka aJleKBaTHUX HagBHUM yMOBaM CX€M OIITUMi3arlil
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*MeTta:
CHCTEMH.

+Kiarouogi 3axoan:
*(i3HIHAIT  3axHCT
(Boxo3adopis. PYB):

piAKoro Xnopy);

3aIrJacTHH.

3MEHIMHTH HMOBIPHICTh BIIMOBH IIpale3TaTHOCTL
*IHCTpyMeHT: Po3poOKa Ta pearizamisa CXeM OITHMi3amii.

Ta [IyOMIOBaHHS KPHTHYHAX BY3IiB
eepexif Ha Oe3MedHi TeXHOIOril 3He3apakeHHs (BLAMOBa BiX
*3a0e3meueHHa KMOYOBHX o00'ekTiB (HC I-mimitomy. KHC)
KepellaMH aBTOHOMHOTO KHBIEHHS BiIIIOBITHOT TOTYKHOCTI:

*[IOCHICHHA KiOep3axucTy cHcreM SCADA;
*CTBOPEHHS CIPATEeriuHHX 3amaciB peareHTiB,

TmamHBa Ta

*MeTa: KOMIEHCYBATH HACTIZAKH BiZIMOBH CHCTEMH, SKIIO BOHA

BCE K cTamacs.

JENEeHTP aTi30BAHHX CXeM

BOOOOYHCHHX

IHPACTPYKTYPH

PigeHsb 2: *IHCTPYMEHT: OpraHizarmis

Oneparisaa Bon03a0e3NedeHHs IULIXOM CTBOPEHHS NapKy MOOLIBHHX Ta
5 CTAIIOHAPHHX BOJ0OYHCHHX YCTAHOBOK.

HEGRIIEIND L *Knro4oBi 3ax01H:

RIS RS *3aKyMiBIA Ta  PO3MIMEHHI MOOIIBHHX

JACLEHTPANI3OBAHH  ycTaHOBOK y CTPATEriyHO BaXKITHBHX TOUKAX;

X cXeM *00IaINTyYBaHHA Ta HiITPHMKA Mepeski aT-TepHATHBHHX JUKepel

BOmo3a0e3reucHHsl  (OIOBETH, CBEPITOBHHH);

(KOpPOTKO- *CTBOPEHH: /ICLeHTPANi30BAHKX 3allaciB BOJH B CTANIOHAPHHX

CTPOKOBHI). E€MHOCTAX Gimd  00'€KTiB  KPHTHUHOL

(TikapeHb, X1i003aBOIIB):

*po3poOKa Ta BiANPANIOBAHHA JOTICTHIHHX ILTAHIB MiIBO3Y

BOIH.

Puc. 3. IHTCFpOBaHa ,ZIBOpiBHCBa MOZeJIb MiABUIICHHSI CTifIKOCTi cucTeM IMUTHOTO BOJIOTIOCTAYaHHS Ta BOJIOBiIBECHHS.

Figure 3. An integrated two-level model for enhancing the resilience of drinking water supply and wastewater

systems.

Ta TEXHiIKO-eKOHOMIYHNX OOIPYHTYBaHb € KPUTHYHO
BRKJIMBOIO JIJIST 3aJyueHHsT MiskHapoaHoi inaHco-
Boi sonomoru. IIpuyomy, gk Bumarae Hosuii Ilops-
JIOK, 1[I TEXHIKO-eKOHOMiuHi OOTPYHTYBAHHS MAaiOTh
4iTKO JE€MOHCTPYBaTH caMe eHepros6epirarodmit
eexT Ta eKOHOMII0 PecypciB, OCKIJbKI MiXKHAPOIHI
binancosi iHcTHTYHii HailoxXouimme iHBECTYIOTb Y
MMPOEKTH 3 BHUMiPIOBAaHUM, CTiHKUM €KOHOMiuHUM
(uepes exonoMilo eneprii) ta exosoriunum (uepes
EKOHOMIIO PECYPCIB) Pe3yJ/IbTaToM.

[HmM™M  BUKJMKOM € iHCTUTYIIfHA CIIPOMOXK-
HicTh. EdexTnBHE ynpaBmiHHS MapkoM MOGiTbHUX
BO/IOOYNCHUX YCTAHOBOK, iX CBO€YacHe OOCIYTOBY-
BaHHA Ta HIBU/KE NIEPEJUCIOKYBAHHA BUMarae CTBO-
PEHHA clleniali3oBaHUX PEriOHaJIbHUX I[EHTPIB pea-
TyBaHHS a60 MOKJAJaHHSA X QYHKITiNH Ha icHyoui
crpykrypu (Hanpuxiaza, JCHC) 3 Bianosignum pe-
cypcauM 3ab6esnedyeHHsIM. Mogenb «[locayra mifg
KJIIOY» JIJIA BKAa3aHUX YCTAHOBOK € YaCTKOBUM BUPi-
HIEHHAM I1i€l TPo6JIeME, OCKIJIbKU ayTCOPCUHT TeX-
HiYHOTO OOCJTYyTOBYBaHHSI 3HiMae 3HAUHUII TSATap 3

MicIIeBOI BJIaIM Ta BOJOKAHAJIIB, SKi CTPa’KIAiOTh
Bi/t 6paKy KOMmTiB Ta KBaJi(ikoBaHUX KaJpiB. 3 TOU-
K 30Dy pecypcosbepeskeHHst Takuil npodeciitnuit
AYTCOPCHHT TapaHTYE, 1[0 BUCOKOTEXHOJIOTiUHE eHep-
roedpextuBHe o6magHanHs (HanpuK/Ia, MeMGpanu,
Hacocn) Oyjie MpaIoBaTH Y MPOEKTHUX PEKUMAX,
3arnob6irarodn Horo mepeIdacHOMY BUXOY 3 JaIy abo
HeepeKTUBHIIT po60Ti yepe3 HeKBaTi(iKOBAHY eKC-
IIyarauiio, 1o y KiHIeBOMY Ii/ICYMKY HiBeJIOBAJIO
6 yci mepeBaru enepro36epiraiounx TeXHOJIOTii.

5. BucHoBku

AHaJi3 pU3UKiB AJ TUIIOBOi CUCTEMU I[€HTPaJi-
30BaHOrO BOJIOTIOCTAYaHHSI BEJUKOTO IIPOMUCJIOBOTO
MicTa YKpaiHu ITOKa3aB HasIBHICTb HU3KU KPUTHY-
HUX BPa3J/IUBOCTEll, TOB’A3aHUX 3 BUCOKOIO €HEepro-
3aJIe’KHICTIO, IO € He JIMIIe 3arpo30t0 Ge3Telri, ae
# CBiJITUEHHAM HU3bKOIO PiBHS eHeproedexkTuBHOC-
Ti Ta HaJAMipHOrO CIIOXKUBAHHA PECYyPCiB, BUKOPHUC-
TaHHs HeGe3NeYHUX peareHTiB, (isUYHOIO He3axXu-
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HIEHICTIO KJIIOYOBUX BY3JiB, BPa3JIMBiCTIO JIOTiCTU-
KU TOIILO.

HoBwuii nigxig 10 po3po6ku cxeM onTumisariii,
0 BKJIIOYA€ OGOB’SI3KOBUI aHAJi3 PU3UKIB Ta IIa-
HyBaHHS CTiMKOCTi, € KJIIOYOBUM cTpaTeriyHum io-
CTPYMEHTOM J1JIs Ti/IBUIIIEHHST CTiKOCTi CUCTEM TIUT-
HOTO BOJIONIOCTauaHHA. Bin mae MoxkauBicTh mepe-
WTH BiJl XaOTMYHOTO TACiHHS TOKEX Ha OKpeMux iHg-
PaCTPYKTYpPHUX 06’€KTax /0 TIaHOMipHOI MOJEpHi-
3arii yciei cuctemMu, opieHTOBaHOI Ha eHeproedex-
TUBHICTD, IO CIPHUATHME MOKPAIIAHHIO ITPOIECy 3a-
JIy4eHHST HeOOXiHUX 1HBECTHIIiil.

Mo6iJibHi yCTAHOBKY OYHIIIEHHS BOIU TIPOAYKTUB-
HicTIO 2—2,5 M? /TO/l y BCECE30HHOMY BHKOHAHHI €
e(eKTUBHUM TaKTHUYHUM iHCTPYMEHTOM JJis OTepa-
THUBHOTO pearyBaHHS Ha mepe6oi y BOJOMOCTAYaHHi.
Bonu € HeBiJ'eMHOIO YACTHHOIO Cy4YaCHUX CXEM OIl-
TUMi3allii Ta €IMHUM MOXKJIMBUM PillICHHSAM JIJIs1 HU3-
KU KPHU30BUX clieHapiiB. Mojenb 3akymiBii «Ilig
KJIIOU» 3 Tepe/IJaYeHUM CepPBiCHUM ITaKEeTOM € OIl-
TUMAJBHOIO [T 3a6e3leueHHs X TapaHTOBaHOI
TIpalesaTHOCTI.

Po6oru 3 gocikents Ta po3po6JieHHs TiepecyB-
HUX KOMILIEKCiB 3a00py Ta OYMINECHHS BOJU € HE
mpocTo Gi3HECOM, a CTPATEeriYHUM BHECKOM Y ITi/[BU-
IIeHHs CTiliKkocTi KpuTnaHOi iHdpacTpyKTypH, eHep-
TeTUYHOT Ta HallioHaJbHOT 6e31eKn YKpaiHnu, 1o Ha-
OYHO [IEMOHCTPYE CHHEPTril0 HayKW il BUPOOHHIITBA
y BiJIIOBi/lb Ha Cy4acHi BUKJIUKU.

EcdexruBHa cTpateris miaABAIMIEHHS CTifIKOCTI cuc-
TeM MHUTHOTO BOJOIIOCTAYaHHS Ta BOJAOBi/BE/ICHHS B
yMOBax BiiiHM Mae 6a3yBaTHCS Ha iHTErpoBaHiil 1BO-
piBHEBi#l MozeJIi, 1110 TOEIHYE CTpaTeTivyHe TTOCUIeH-
Hd Ta €HepropecypcHy ONTUMi3alilo LeHTpaai3oBa-
HUX CUCTEM Ta OTIEPATUBHY THYUKICTb, Ky 3a6e3Ie-
4yIoTh eHeproeeKTUBHI JIeIeHTPaTi30BaHi aKTHBH.
Peanizarmia miel mMozesi BUMarae 3HaYHUX iHBECTH-
Iiil Ta iHCTUTYHIiITHOTO PO3BUTKY, ajie € 6e3aibrep-
HATHBHUM IILJIIXOM /10 3a6e3IiedeHHsT BOIHOI Oe3Iie-
KU HaIlii Ta CTAJOr0 pecypco36epiraiouoro pO3BUTKY
raysi.

[ng ycnimnoi iMriemenTanii miei Mogesi Ykpai-
Hi HEOOXiHO 30CepefnuTHC HA TAKUX CTPATETITHUX
peKOMeHAaIiaX:

— MiATPUMKA HAI[iOHAJLHOTO BUPOOHMIITBA. Bce-
GiuHa migTpuMKa ykpaincpkux upo6uukis (Ecosoft,
Formula Vody, Waterlux Ta iH.) € nuTaHHSIM eHep-
TeTUYHOT Ta HaIllOHAJbHOT 6€3TeKH, 110 3MEHIIIYE 3a-
JIEXKHICTD BiJl iIMIIOPTY KPUTUYHUX TEXHOJIOTiN Ta 3a-
6e3riedye ONepaTUBHUI CEepBic;

— ribpuaHa crpaterig 3akymiBesb. MopMyBaH-
HS JIEPKABHOTO CTPATETiYHOTO pe3epBy MOOIIbHUX

CHCTEM 3 TPIOPUTETOM /I BiTYM3HSHUX BUPOOHHU-
KiB, JIOIIOBHEHE PAMKOBUMU YroJaMu 3 MiXKHApOJ-
HUMK TIOcTavyasbHuKamMu nocayr (sx Veolia) mas
MTBUIKOTO MacmTaGyBaHHSA B pasdi morpebu;

— crangaptusamis Tta yHidikamisg. Po3pobka
€JIMHUX TEXHIYHUX BUMOT Ta KpUTEPiiB eHeproedex-
tuBHOCTI 10 o6naxnanus st 3CY, JCHC rta ko-
MYHAJIbHUX CJYXKO [JIs1 CIIPOIIEHHS JIOTICTUKH Ta
00CTyTOByBaHHS;

— CHCTeMHe HaBUaHHS. BIIpoBa/i’KeHHS KOMII-
JIEKCHUX NTPOTPaM HaBYaHHA [/ IEPCOHAJNY 3 €Hep-
roeeKTUBHOI eKcILTyaTarlii Ta 06CIyTOBYBaHHS CUC-
TeM yCiX PiBHiB.

Peauizariiss 1mux KpokiB /acTb MOXKJIUBICTD Tiepe-
WTH Bil MOJIeJi «KPU30BOTO pearyBaHHSI» J0 MOJei
«TIPOAKTUBHOT MiJITOTOBKKY , TIEPETBOPUBIIU MOGiJTh-
Hi CUCTEMH OYMINEHHA BOJAU 3 €Mi30AUYHOTO iHCTPY-
MEHTY Ha IOCTifiHO Jilounil HajiliHWil eseMeHT iH-
(ppacTpykTypHOI Ge3meKu Ta BaXXKIUBUN {HCTPYMEHT
eHepro36epeskeHHs Y KpaiHu.

6. Pexomenganii

[IpakTuyHe BHPOBA/KEHHSI Ppe3YJbTaTiB ILOTO
JTOCTTKEHHST MOXKe CYTTEBO Ii/IBUIUTH CTiHKiCTD
CUCTEM BO/IOIIOCTAYAHHSI Ta BOJOBi/IBe/IeHHST Y Kpai-
HU B yMOBAaX HQ/I3BUYAWHWUX CUTYyaIliil Ta BiliCbKO-
BUX [liiff, BOJHOYAC CIPUSIOUM JOCATHEHHIO ITiJei
eHeproedeKTUBHOCTI Ta pallioHAJbHOTO pecypco3be-
pesxeHHs. /[y 1bOTO IPONOHYIOTHCS PeKOMeH/allii,
HaBeeHi JaJIi.

Ha pieni depxaenoi noaimuxu
ma cmpameziunozo NAAHYEAHHS

BrpoBajkenss: iHTerpoBaHoOi MojieJii CTiHKOCT.
Oprany 1eHTPAJIbHOI BJIAJM Ta MiCIIeBOIO CaMOBPSI-
JyBaHHSI MaioThb O(illiiiHO 3aTBepAUTH Ta BIPOBA/-
SKyBaTH 3allpOIIOHOBAHy [IBOPiBHEBY MO/leJb, IO
MOEHY€E CTpaTeriyHe IOCUJICHHA LEHTPaIi30BaHUX
cucrem (PiBenb 1) Ta onepaTuBHy THYYKiCTb J€LIEHT-
pasizoBanux pintetb (Pisenp 2). Ile Mae cratu 0cHO-
BOIO /151 (DOPMYBaHHS JeP>KaBHUX I[iJIbOBUX IPO-
rpaM 3 MoJiepHisarlii ingpacTpyKTypu.

Cxemu onTumisauii gK iHCTPYMEHT 3ajIy4eHHs
inBecTuiif. AKTUBHO BUKOpuUcTOBYyBatu HoBuil Ilo-
PSIIOK PO3POOKHU CXeM OINTUMI3allil SK KJII040BUi iH-
CTPYMEHT [IJISI CTBOPDEHHSI TEXHIYHO OOT PYHTOBAHUX,
«TOTOBMX /10 iHBECTYBaHHsI» IPOEeKTIB. Taki cxemu,
1[0 MIiCTSATHh aHaJli3 PU3UKIB, IJIAaHU CTiIHKOCTI Ta 06-
ITPYHTYBaHHS eHeproeeKTUBHOCTi, MalOTh CTaTh
000B’ I3KOBOIO0 YMOBOTO JIJIsI 3a/Ty4eHHs hiHaHCYyBaH-
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HS BijJl Mi’KHApOJHNUX IOHOPiB Ta hiHAHCOBUX iHCTH-
TYIi#l yepe3 Taki miaTdopmu, K AepKaBHA eKOCHC-
tema DREAM.

[MigrpuMka HallioHaJbHUX BUPOOHUKIB. Po3po-
OWTH Ta peasizyBaTl MpOrpamy AepsKaBHOI TiATPUM-
KU YKPaTHChKUX BUPOOGHUKIB MOOIJbHUX YCTAHOBOK
OUMINEHHST BOJAM Ta iHINOTO eHeproedeKTHBHOTO 06-
nagaannsa (HacociB, MeMOpPAHHUX €JIeMEHTIiB, CHC-
TeM aBroMaTusaiii). Ile 3MEHIINTH 3a/eKHICTb Bif
iMIopTy, 3a6€3MeYnTh ONEePATUBHUN CEPBiC Ta € M-
TaHHSAM €HEPreTUYHOI Ta HaIliOHAJIHHOI GE3IMEKHU.

Ha pieni pezionaavnozo
ma MYyHIUUNAILHOZ20 YNPABAIHHS

CrBopeHHd perioHANbHUX IIEHTPIB pearyBaHHI.
Ha 6asi icuyiounx crpykryp (manpuxmiaza, JTCHC)
a60 yepe3 CTBOPEHHSI HOBUX CIIelliali30BaHUX IEHT-
piB oprasisdyBaTu yIpPaBJiHHA PEriOHaJIbHUMU Iap-
KaM¥ MOOGiJIbBHUX BOJIOOYMCHUX YCTaHOBOK. Ili 11eH-
TPHU MalOTh BiJINOBifaTh 3a iX 36epiraHHs, TeXHiUHE
06CJTyTOBYBaHH:, IIBUAKE TI€PEAUCTOKYBAHHS Ta
pO3TOPTAaHHSI B KPU30BUX 30HAX, a TAKOXX 32 MOHi-
TOPUHT e(DEKTUBHOCTI BUKOPUCTAHHS MAJUBHO-EHEP-
FeTUYHUX PECYPCiB IIiJ] Yyac IX eKclryararii.

Po3pobka JTOKaTbHUX IJIAHIB AHTUKPU30BOTO BO-
porocravanddg. Kosxkxa rpomaza, oco6auBO Ti, IO
3aJieXKaTh Bi/l BPa3/JIMBUX IIOBEPXHEBUX JKepeJ, 110-
BUHHA PO3POOUTHU TITAHU i3 3aTyYeHHSIM MOOIJTbHUX
yctaHoBoK. Ili maHm MaoTh BKJIIOUATH KapTy aJib-
TEPHATUBHUX JpKepest Boan (CBepAIoBrHY, MaJli piv-
KM, 03epa), JOTiCTUKY Ii/JBO3Y BOAM Ta BU3HAUECHHS
npioputeTHUX 006'€KTIB [JIsT 3a6e3TedeHHs] BOJIOIO
(nikapHi, mKosm, 06’€KTH KPUTHYHOI iH(PpPACTPYyK-
TYpH).

Y copepi saxynisenn
ma mexHiuHoi noaimuKu

Brposamxenns mopeni «Ilocayra mig Kiods.
I[Tix vac 3akymiB/ai MOOGIJIbHUX YCTAHOBOK OUYHINEHHS
BO/IM 3aCTOCOBYBAaTH MO/IeJIb, 1[0 BKJIIOYAE IIepe/l-
IJIaYeHNH MaKeT KOMILTIEKCHOTO CepBiCHOTO 06CJIy-
roByBaHHsI Ha 1—3 poxn. lle rapanTye npamesaar-
HicTb O6JIATHAHHS B yMOBax OpaKy MicCIIeBUX PeCyp-
ciB Ta kBasipikoBaHUX Ka/piB.

CrangapTusanisa Tta yoidikamis ob6JjagHaHHS.
Pospob6uru Ta 3arBepauTH €UHI TEXHIYHI BUMOIH,
BKJIFOYHO 3 YiTKUMH KPUTEPISIMU eHeproedeKTHBHOC-
Ti (HampuKJaz, MUTOMi BUTPATH €JEKTPOEHEPrii Ha
1 M® ounmienoi Boan), /10 MOGIIBHUX YCTAHOBOK JIJIsI
ycix samosrukiB (3CY, JICHC, KoMyHaJIbHI CJTyK-
6u). Ile copocTUTh JOTICTUKY, OGCIYTOBYBAHHS Ta

B32€MO/IiI0 MiXK PI3HUMM MiAPO3JAiJaMU IIiJ Yac JiK-
Bijanii Haa3BUUalHUX cUTYyaIliil.

Y nanpamxy possumxy
N100CHK020 Kanimaay

CTBOpeHHS CUCTEMHUX IpOrpaM HaB4yaHHsa. Opra-
HisyBatu Ha 6a3i MpodilbHUX yHIBEepCUTETIB Ta Ha-
BUQJIBHUX IIEHTPiB KOMILJIEKCHI IIPOrpaMy IiATOTOB-
KM Ta MiJBUINEHHS KBaJidikallii mepcoHasy s
eKcITyaTanii Ta o6CJIyroByBaHHS SIK MOJEPHi30Ba-
HUX LEHTPaJi30BaHUX CUCTEM, TaK i JeleHTpasi3o-
BaHMX MOGIJIbBHUX KOMILJIEKCIB B yMOBaX CTpecy Ta
HEBU3HAYEHOCTI.
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Ensuring energy sustainability and
energy efficiency of drinking water supply
and wastewater systems: the role
of decentralized technologies in crisis situations

Abstract. Russian aggression against our country is characterized by deliberate attacks on
critical infrastructure, with centralized water supply and wastewater systems becoming among
the primary targets. The destruction of such systems leads to humanitarian crises, sanitary and
epidemiological threats, and the disruption of socio-economic stability. This article provides
a comprehensive analysis of strategies to enhance the resilience of drinking water supply and
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wastewater systems under conditions of armed conflict, using the experience of Ukraine as a
case study. The research methodology is based on an analysis of the new regulatory framework
governing the development of optimization schemes for centralized water supply and
wastewater systems, a risk assessment for a large industrial city with surface water intake,
and a techno-economic justification for the implementation of decentralized drinking water
treatment schemes. The findings indicate that an effective strategy for increasing the resilience
of critical infrastructure facilities, particularly drinking water supply and wastewater systems,
requires the combination of two key approaches: strategic development and redundancy of
system elements, and the introduction of decentralized autonomous solutions. The first
approach is implemented through the development of long-term optimization schemes,
including hydraulic modeling, risk assessment (covering military as well as chemical,
biological, radiological, and nuclear threats), and the prioritization of investments in system
modernization. The second approach involves the creation of a fleet of mobile water treatment
units capable of providing the population with drinking water of regulatory quality during
interruptions in the centralized water supply. The article also highlights key vulnerabilities
of these systems, including their dependence on external power supply, the use of reagents -
some of which are hazardous (e.g., liquid chlorine), the physical insecurity of critical
components (such as water intakes and pumping stations), and logistical fragility. The
deployment of mobile units with a capacity of 2—=2.5 m®/h in an all-season configuration can
be considered a critically important measure to address this issue. In this context, the
advantages of procuring turnkey units — including a prepaid service package for 1-3 years
— are presented as an effective tool to ensure the guaranteed operability of the equipment
under conditions of limited resources. Bibl. 20, Fig. 3, Tab. 3.

Keywords: risk analysis, martial law, water security, decentralized water supply systems,
critical infrastructure, mobile water treatment units, resilience, optimization schemes, risk

management.
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Study of the kinetics of thermal decomposition
of sunflower hull pellets by thermogravimetric
analysis under air atmosphere

Abstract. Sunflower husk pellets are considered a promising renewable biofuel due to their
high carbon content, considerable calorific value, and low concentrations of sulfur, chlorine,
and ash. In this study, thermogravimetric analysis was performed to investigate the thermal
decomposition behavior of sunflower husk pellets in an air atmosphere at heating rates of 5—
30 °C/min. The decomposition process was divided into three main stages: drying, devolati-
lization and combustion of volatiles, and oxidation of the coke-ash residue. Increasing the
heating rate shifted the decomposition temperature range and the peak of the pyrolysis rate
toward higher temperatures, while reducing the amount of residual carbon due to more inten-
sive oxidation. The presence of oxygen causes additional oxidation of intermediate products
and promotes a more thorough degradation of wood compared to an inert atmosphere. The
kinetic parameters were determined using three isoconversional (model-free) methods: Kissin-
ger-Akahira-Sunose, Ozawa-Flynn-Wall, and Starink. The Ozawa-Flynn-Wall and Starink
methods showed the highest linear correlation (R?* = 0.91-0.98), yielding average activation
energies of 47.86 £ 1.33 kJ /mol and 41.43 + 1.31 kJ /mol, respectively. The most probable
reaction mechanism, evaluated by the Avrami theory and the Coats-Redfern method, corre-
sponds to a first-order reaction model typical for the thermal degradation of lignocellulosic
materials. The pre-exponential factor InA was found to vary between 22.98 and 27.19 as the
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conversion degree increased, demonstrating a compensation effect between the kinetic parame-
ters. The obtained kinetic data can be effectively applied for computational fluid dynamics
simulations of sunflower husk pellet pyrolysis and for modeling mass and energy balances in
biomass combustion systems. Bibl. 80, Fig. 5, Tab. 3.

Keyword: biomass, sunflower husk pellets, thermogravimetric analysis, pyrolysis, activation

energy, Kkinetic computations,

methods.
Introduction

The current state of global and national energy
sector is marked by significant transformation, one
of the key directions of which has been the adop-
tion of renewable energy sources and alternative
types of fuel, in particular those based on various
kinds of waste and biomass. Biomass is a renewable
carbon source, and its use can go beyond tradition-
nal heating and electricity generation: its conver-
sion into liquid, solid, and gaseous fuels broadens
the range of uses for biomass as an energy carrier.

In this context, Waste-to-Energy technologies
are actively developing; they have the potential to
obtain renewable energy from waste using various
conversion methods such as combustion, gasifica-
tion, pyrolysis, and so on. Agro-industrial biomass
is one of the most common types of renewable feed-
stock for energy in Ukraine. Oil-extraction plant
waste in Ukraine also have significant renewable
energy potential. In 2025, sunflower production in
Ukraine is expected to be at the level of 10.5—
11.5 million ton. During sunflower processing at
oil-extraction plants, 15-25 % of wastes are genera-
ted — sunflower husks (SH) [1].

High volatile yield, low sulfur, chlorine, ash,
and moisture content determine the use of sun-
flower husks as a substitute for fossil fuels in en-
ergy boilers [2—7]. The combustion heat in various
samples of SH varies in the range of 15-21 MJ /kg
[2]. Moreover, sunflower husks are a CO,-neutral
fuel. SH can be burned either in an uncompressed
form or after densification as pellets or briquettes
[8]. Processing husks into pellets makes it possible
to obtain a compact, transportable fuel with rela-
tively stable characteristics. Pellets made from
oilseed husks are a renewable energy resource with
a wide range of applications. However, effective
use of such pellets in Waste-to-Energy technologies
requires knowledge of their thermochemical pro-
perties.

Since 2000, all large oil-extraction plants have
implemented SH combustion technology; several
thermal power plants and combined heat and po-

reaction model,

model-fitting methods, iso-conversional

wer plants operate at oil-and-fat industry enter-
prises [2, 9]. These enterprises use three types of
boilers: 1) modern boilers from manufacturers such
as Vyncke (Belgium), Rafako (Poland), Larget-
Badcock (France); 2) new boilers designed and
manufactured in Ukraine; 3) old boilers, including
those that have exhausted their service life, origi-
nally designed for fossil fuels and reconstructed in
recent years for husk combustion [10].

Further improvement of existing and creation
of new Waste-to-Energy technological units for bio-
mass combustion, in particular husks and fuels
based on them, should be based on an understand-
ding of the regularities of the thermal processing
of this fuel. Considerable attention in the design
of furnace devices is paid to the combustion process
of particles of the original fuel. Combustion of
solid organic fuel is a complex physic-chemical pro-
cess that can be conventionally divided into several
main stages. The first is pyrolysis of the original
fuel, which includes its heating, drying, formation
and release of volatiles. The second is the combus-
tion of volatiles and the coke-ash residue (CR).
These stages differ in rate, duration and influence
on the burnout process depending on technological
conditions [3, 11—13]. It should be noted that py-
rolysis is one of the technologies with the best in-
dustrial prospects for thermal processing of bio-
mass, since the process conditions can be optimized

to maximize the yield of volatile, gaseous or liquid
products and the CR [11, 14].

Thermal decomposition of biomass:
pyrolysis and its mechanism

Biomass is a composite material primarily con-
sisting of three lignocellulosic components: cellu-
lose (chemical formula CgH;oOs), hemicellulose
((CsHs04)w), and lignin [CyHi00O3(OCH3)0,0-1,7]n
[2, 15-19]. Depending on the structure, the ele-
mental composition of the fuel, the quantitative
and qualitative composition of the volatiles, and
consequently the calorific value, vary. The struc-
tural composition of SH differs for each variety
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[20]. Sunflower husks contain about 30—48 % cel-
lulose, 34—38 % hemicellulose, and 17-26 % lignin
[21]. Chemical analysis of various samples shows
that SH contain 14-18 % (on a dry weight basis)
of fixed carbon, 70-76 % volatiles, and 5-10 %
moisture [2, 4, 6, 20—22]. The high calorific value
of biomass is attributed to the high lignin content,
as lignin exhibits approximately 30 % higher hea-
ting value compared to cellulose and hemicellulose
[23]. Therefore, SH have a high calorific value
(15-21 MJ /kg) primarily due to their high lignin
content.

The pyrolysis of biomass can be described as the
direct thermal decomposition of organic substances
yielding CR and volatile — liquid and gaseous
products [24]: Biomass — Volatiles + Coke-ash
residue.

This is a complex process involving multiphase
reactions that occur through numerous competing
pathways and unstable intermediates. The volatiles
include a significant amount of combustible com-
ponents such as H,, CH4, CO, CO,, and a minor
amount of C,Hg, C,Hy, higher gaseous organics,
and water vapor [15, 25]. The quantitative and
qualitative composition of the products formed de-
pends on the type of feedstock, the final pyrolysis
temperature, heating rate, particle size, reactor
pressure, residence time of particles within it, con-
ditions for the evacuation of volatiles, and the
composition of the surrounding gas atmosphere.
The thermal decomposition of biomass occurs
through a complex set of competitive and parallel
reactions, and thus the exact mechanism of biomass
pyrolysis has yet to be determined.

All types of biomasses are fuels with a high vo-
latile content, making pyrolysis the most im-
portant process for their thermal conversion. The
oxidation of biomass (reaction 1) can be presented
as the result of two competing processes: the com-
bustion of particles, where either volatile combus-
tion (reaction 2) or heterogeneous oxidation (reac-
tion 3) predominates:

Biomass + O, - CO + CO, + H,0; 1)
Volatiles + O, » CO + CO,+ H,0; 2)
Coke-ash residue + O; > CO + CO,.  (3)

The volatile components formed during the
thermal destruction of fuel particles can signifi-
cantly influence the subsequent ignition of the

coke-ash residue (due to a considerable yield). The
more volatiles present in the initial fuel, the faster,
under equal conditions, its ignition occurs, and the
more intensely it burns.

The volatiles generated during the thermal de-
composition of fuel particles can significantly in-
fluence the subsequent ignition of the CR [3, 26].
The greater the amount of volatiles in the initial
fuel, the faster, under otherwise equal conditions,
ignition occurs, and the more intensely it burns.
The release and combustion of volatiles precede the
combustion of the coke residue and can counteract
the diffusion of the oxidizer to the surface of the
particle. This is explained by the fact that the in-
tensive saturation of volatiles in the boundary
layer adjacent to the particle leads to the formation
of a vapor-gas mixture of combustible components
and an oxidizer. As this mixture burns, there is a
sharp decrease in the concentration of the oxidizer
at the surface of the particle, and consequently,
the coke residue hardly participates in the ignition
and combustion processes during the initial stage.
Homogeneous-heterogeneous combustion is realized.

The majority of research on the pyrolysis process
has been conducted under conditions of slow hea-
ting [12, 17, 27, 28]. Under these conditions, ther-
mal destruction (the breaking of atomic bonds) oc-
curs sequentially with increasing temperature, and
the rate of natural evacuation of vapor-gas products
generally significantly exceeds the rate of thermal
destruction, not limiting the overall process.

The formation of primary volatile products du-
ring the pyrolysis of biomass can be described
through either a single-component or multi-compo-
nent mechanism [3, 11]. The multi-component
mechanism typically consists of the thermal degra-
dation reactions of the main components of bio-
mass, namely hemicellulose, cellulose, and lignin,
which are considered to be parallel and independ-
ent. Despite the complex structure of biomass, the
patterns of pyrolysis of the isolated components
can be invoked to qualitatively represent the pro-
cesses occurring during its pyrolysis.

Different molecular structures of individual
components lead to various decomposition mecha-
nisms during pyrolysis [11, 29]. Each component
influences the overall reaction rate in proportion
to its share in the composition of the primary bio-
mass. It is assumed that possible interactions be-
tween biomass components have a negligible effect
on the course of pyrolysis. A comparison of the re-
action rates of individual components during pyro-
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lysis with the corresponding rates of their synthetic
mixtures showed that an interaction occurs bet-
ween cellulose and the other two components,
while no interactions were observed between hem-
icellulose and lignin during pyrolysis [27].

The pyrolysis of lignocellulose is a complex pro-
cess that involves multi-phase and intricate chemi-
cal reactions, highly unstable intermediate pro-
ducts, as well as heat and mass transfer effects.
The primary decomposition of biomass material
starts with a degradation process (< 200 °C), while
secondary pyrolysis (> 400 °C) incorporates an
aromatization process [5, 29—33]. The initial de-
composition temperatures of biomass (in an inert
atmosphere) range from 220 °C to 240 °C, with the
most significant structural changes in lignocellu-
lose occurring between 350 °C and 400 °C. These
changes are characterized by a decrease in the in-
tensity of C—O and C=C bonds and the formation
of bonds C—C. As the temperature increases, there
is a continuous decrease in the intensity of the
—OH valence bonds and an increase in the yield of
aromatic compounds, the maximum of which de-
pends on the cellulose to lignin ratio in the fuel.

The temperature dependence of mass loss during
pyrolysis of different biomass samples is character-
ized by two regions. The first region and a small
peak are attributed to the decomposition of hemi-
cellulose at temperatures of 250—300 °C. The peak
is mainly associated with the degradation of cellu-
lose at a temperature close to 350 °C. At tempera-
tures ranging from 200 °C to 400 °C, approxi-
mately 55 % of the initial mass is lost during py-
rolysis in an inert atmosphere. The second region,
associated with the decomposition of lignin, occurs
at higher temperatures [27, 34, 35]. Although the
characteristic pyrolysis temperatures coincide for
different types of biomasses, the quantity of vola-
tiles in each region depends on the type of biomass,
specifically on the ratio of cellulose, hemicellulose,
and lignin, and ultimately on the elemental com-
position of the biomass.

The pyrolysis of each component occurs over a
different temperature range: for cellulose, it is
240-450 °C; for hemicellulose, 150—-280 °C [16,
27, 28, 33, 36—40]. Lignin decomposes slowly over
a very broad temperature range: 250—550 °C [26—
28, 36, 37, 41]. Activation energies vary between
80 kJ,/mol and 200 kJ,/mol for hemicellulose,
195 kJ/mol and 286 kJ,/mol for cellulose,
65 kJ /mol and 250 kJ/mol for lignin [38—40].
While transferring findings from existing studies

of isolated components and different types of bio-
masses to lignocellulosic biomass (sunflower
husks) will inevitably introduce errors, it will still
allow for the interpretation of the obtained results.

The modeling of pyrolysis represents chemical
and physical phenomena in a mathematical form.
This involves acquiring fundamental knowledge
about the mechanisms underlying the thermal con-
version of solid fuels. The key equations include
those of chemical kinetics, heat transfer, and mass
transfer. Biomass pyrolysis has been extensively
studied for over half a century, with significant
progress achieved in this field [3, 11-13, 15-19,
23-30, 33, 35-37, 39, 40, 42-52]. However, due
to the wide variety of existing biomass types and
the pronounced heterogeneity observed even
within a single type, the need for research on the
thermal conversion of specific biomass types re-
mains relevant. Furthermore, modern modeling
tools still cannot fully account for the complexity
of biomass pyrolysis, which is influenced by nu-
merous operating factors, including temperature,
heating rate, and so on. Therefore, many studies
on the pyrolysis of various biomass types are con-
ducted to determine the kinetic parameters that
can be integrated into modern pyrolysis models to
enhance their predictive capabilities. One reliable
method for researching the mechanisms of the ther-
mal conversion of solid fuels is thermogravimetric
analysis (TGA), which allows for the assessment
of mass loss, reaction temperature ranges, and ki-
netic parameters [11, 15, 42—48]. Studies on the
kinetics of biomass using TGA methods in an ox-
idetive environment enable the consideration of
stages of pyrolysis, combustion of volatiles, and
coke residue combustion [11, 49—52]. Most experi-
ments have been conducted in an inert atmosphere.
Existing results for various types of real biomass
demonstrate significant differences in kinetic para-
meters obtained in different environments and at
various heating rates.

The aim of this work is to experimentally inves-
tigate the patterns of thermal decomposition of
sunflower husk pellets under air atmosphere at dif-
ferent heating rates. The research has been con-
ducted using the TGA method.

Materials and methods
of experimental research

The object of the research was sunflower husk pel-
lets. The technical analysis of the studied samples
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of pellets from sunflower husk yielded the follow-
ing results: A"=5.2 %, V& =180.7 %, W'=10.7 %,
and fixed carbon Cy= 17.2 %. The elemental com-
position of the fuel is as follows: C" = 44.4 %,
O =31.5% H=52 %, N=11%, ST=0.2 %,
and CI' = 0.5 %. The lower heating value is
16.97 MJ /kg.

The experiments were carried out using a facili-
ty for studying the thermochemical conversion of
various types of solid fuels (Fig. 1) [53]. The ope-
ration of the facility is based on the principle of
TGA analysis, specifically the continuous registra-
tion of changes in the mass of the studied solid fuel
sample as the temperature changes in the reaction
zone under conditions of natural convection of the
gas-reagent. The core of the facility is a vertical
cylindrical furnace with a height of 0.4 m and an
inner diameter of 0.094 m, with an internal volume
height of 0.157 m.

The study of thermal conversion through fuel
combustion was conducted by interacting its orga-
nic part with atmospheric oxygen over a tempera-
ture range from room temperature to 700 °C at at-
mospheric pressure. The maximum operational
temperature of the furnace is 1000 °C. The heating
rate is controlled using a laboratory autotrans-
former. Samples of pellets SH were tested at various
heating rates ranging from 5 °C /min to 30 °C /min,
corresponding to the output voltage of the labora-
tory autotransformer of 120—220 V. All measure-
ments were repeated three times. In the cylindrical

laboratory autotransformer termocouple
crucible
& g for weighing
20 Vg3 ‘
S = scale bar
=S 7|
B |
oo £
£S fle furnase
‘3B muffle furnase
2
S
z
termocouple
of the termostat L

load cell
of the scales

measurement
controller

USB

N X

Figure 1. Schematic diagram of the setup for studying
the thermochemical conversion of different types of solid
fuels.

furnace (reactor), a crucible containing the test
sample is placed on a beam supported by a load
cell. The change in the mass of the sample due to
temperature affects the force acting on the load
cell’s arm. This leads to a proportional change in
voltage, which is continuously recorded with high
accuracy over a wide linear range by a series of
amplifier cascades. Subsequently, the obtained ana-
log signal is converted by an ADC into a digital
signal and transmitted to the USB ports of a com-
puter. Depending on the sample density and crucib-
le volume, samples weighing up to 3—-5 g can be
studied with an accuracy of +0.02 g. Samples with
an initial mass of 0.6—1 g were investigated. Prior
to conducting the experiment, calibration of the
load cell with standard weights was performed.
The coefficients for converting ADC units to mass
units are also verified. The system also includes a
thermostat and a series of WRNK-191 thermocou-
ples (MAX6675 converter chip, 12-bit), installed
in the reaction zone of the crucible and in the fur-
nace’s muffle zone.

TGA curves were constructed for each case. As
a result, we have dependencies of mass and tem-
perature as functions of reaction time: m: = f,(t)
and T = f>(t). These data can be analyzed to obtain
kinetic parameters of thermal decomposition of
solid substances.

Measurement errors

During TGA analysis of biomass samples in an
air environment, the accuracy of the obtained re-
sults is determined by the combined influence of
errors in measuring mass, temperature, and heating
rate. The overall influence of these factors determi-
nes the validity of the obtained kinetic parameters.

Mass measurement error. For samples weighing
0.6—1 g, the accuracy of determining the initial
mass is 2—3 %. The uncertainty in determining the
residual mass during pyrolysis does not exceed 5 %.

Heating rate error. The absolute error in measu-
ring the voltage of the autotransformer is + 2 %.

Temperature measurement error. The tempera-
ture error is influenced by both the accuracy of
the thermocouple (+ 2.5 °C) and the converter
(£ 2.25°C), as well as the thermal inertia of the
system. At high heating rates (20—-30 °C /min), ad-
ditional error is introduced by the temperature lag
between the sample and the sensor, which can
reach 3—5 °C. This results in a shift in the tempera-
ture at the onset and peak of the reaction during
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measurement.

The total relative error in determining the kine-
tic parameters, taking into account the uncertainty
of temperature, mass, and data processing, does not
exceed 7 %.

Methods for processing
experimental results

There are two main groups of kinetic methods
for analyzing non-isothermal data obtained through
TGA [39, 40, 45, 46, 54-60]. The first group in-
cludes the so-called fitting model methods or ap-
proximations, which are used for the experimen-
tally obtained single dependence of the mass chan-
ge of a sample over the reaction time (experiment)
T at a given heating rate f. Among the fitting
model methods, non-isothermal methods such as
Freeman-Carroll, Satava—Sestak, Coats-Redfern,
and the Avrami theory are common. In fitting
model methods, the aim is to describe a dataset in
such a way that the model has the best statistical
fit, based on which kinetic parameters are further
calculated. The Avrami theory allows for the de-
termination of the most probable reaction mecha-
nism. However, there are differences in reaction
models at various stages, so the use of model methods
has certain limitations.

The second group of methods consists of model-
free or iso-conversional methods [39, 44, 45, 47—
49, 52, 57-70]. These methods allow for the deter-
mination of activation energy as a function of the
degree of conversion and /or temperature. Further-
more, this dependence is determined without any
assumptions regarding the reaction model. Iso-con-
versional models are based on the analysis of sev-
eral kinetic dependencies. Calculations for them
are performed for different heating rates at fixed
degrees of conversion of fuel samples. This allows
for the determination of activation energy for each
degree of conversion. Iso-conversional methods,
such as the Starink method, Kissinger-Akahira-
Sunose, Ozawa-Flynn-Wall, Vyazovkin, and
Friedman methods have undeniable advantages,
are widely used in thermochemical research, and
are recommended as a reliable way to obtain valid
and consistent kinetic information. There are two
reasons for this advantage. First, these models are
sufficiently flexible to account for the change in
mechanism during the reaction. Second, mass
transfer limitations are reduced by using multiple
heating rates (typically at least three heating rates

are employed). Model-free iso-conversional methods
are among the most reliable for determining acti-
vation energies of complex thermally stimulated
processes. Recently, these methods have been
widely used to study the kinetics of chemical or
physical processes, allowing for significant into the
mechanisms of various chemical reactions.

Kinetic computations

The degree of conversion of solid fuel at a time
t (which indicates what fraction of the test sample
has reacted up to time t) can be calculated as:

a = (my — m),/(mg — ms),

where my — the initial mass of the sample, mg; m-
— the current mass of the sample, mg; m«» — the
final mass of the sample at the stage of thermal
decomposition, mg.

The change in the degree of conversion of the
fuel with respect to time t is described by the equa-
tion:

do/dt=k(T) - f(a), (4)
where t© — time, s; kK(T) — reaction rate constant,
s, T — temperature, K; f(a) — kinetic model
(reaction model), which describes the dependence
of the rate on a; @ — conversion rate or mass loss
(degree of conversion).

A model or kinetic method is a mathematical,
theoretical description of what occurs experimen-
tally.

Thus, the decomposition of solid fuel during the
reaction is the product of two functions: one de-
pends on temperature T, and the other depends
solely on the fraction of converted mass o through
the kinetic model that expresses the mechanism of
the process. The temperature dependence of the
function is usually assumed to follow a form con-
sistent with Arrhenius-type dependence:

K(T)=A - exp (-E/RT), (5)
where A — pre-exponential factor (frequency of
effective collisions), s™'; E — activation energy,

J/mol; R — universal gas constant, J/(mol-K).
As the temperature increases, the value of the

exponential exp (=E/RT), increases, thus the re-

action rate increases. The activation energy deter-
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mines how sensitively the rate responds to tempe-
rature.
Equation (4) can be written in the form:

do/dtv=A - exp (=E/RT) - f(a). (6)

A model is a theoretical mathematical descrip-
tion of what occurs experimentally. The reaction
model describes the influence of the reaction mecha-
nism and illustrates how the reaction rate changes
as the reaction progresses. f(a) indicates what con-
trols the process — whether it is a chemical reac-
tion, diffusion, surface decomposition, etc. Pre-
vious studies have shown that the biomass decom-
position process is regulated by chemical reactions.

Many models have been proposed in solid-state
kinetics that were developed based on specific
mechanistic assumptions [18, 31, 33, 35, 39, 60,
71-73]. As a result, different expressions for the
conversion rate are derived from these models.

Thus, to describe the course of the reaction, it
is necessary to determine the function f(a) and the
constants A and E. In general, the kinetic model is
unknown at the beginning of the analysis. The pro-
cess function f(a) depends on the reaction mecha-
nism, which can be expressed by the Sestak-Berg-
gren equation [74]:

(W=a"(1-o)"[-In (1 - )],

where m, n, p — empirically obtained reaction or-
ders, one of which is always equal to zero.

Combinations of different orders m, n, and p
allow predicting probable mechanisms. A number
of standard functions have been proposed that rep-
resent individual idealized reaction models [40, 46,
49, 57, 59, 60, 69, 71-73]. Most studies on the
pyrolysis of various types of biomasses are based
on the assumption that the kinetic model can be
described by a reaction of n-th order. Order-based
models are the simplest, as they are similar to those
used in homogeneous kinetics. In these models, the
reaction rate is proportional to the concentration,
amount of the remaining reactant(s) raised to a
certain power (either integral or fractional), which
is the order of the reaction. The function f(a) can
be proposed in the following form:

fla) = (1 —a)",

where n is a numerical parameter that determines
the appearance of the kinetic model.

The order of the reaction gains physical signifi-
cance in the range of values from 0 to 3, in other
cases, it is merely a numerical parameter that helps
to characterize the TGA curve more accurately.
The criterion for choosing the order of the reaction
and the model f(a) is the maximum value of the
correlation coefficient that approximates the de-
pendencies used in one method or another. Howe-
ver, the assumption about the reaction model or
the order of reaction inevitably leads to deviations
of the Arrhenius parameters from the actual values.

In non-isothermal TGA experiments, the heating
rate is a function of time. Let us write the change
in the degree of conversion of the fuel under these
conditions:

dao/dt = (do/dT) / (dT /dr),

where do./dt — the rate of the isothermal reac-
tion, s™'; do./dT — the rate of the non-isothermal
reaction, K™'; dT /dt — the heating rate, °C /s.

For non-isothermal measurements, the linear
heating rate B (K/min or K/s) can be defined as
B = dT /dt. Considering this, we can write:

do/dt = (do/dT) P. (7)

After substituting (4) into (1), we obtain the
differential form of the non-isothermal rate law:

(da./dT) B=A-exp (=E/RT) - f(a). (8)

This equation is known as the general equation
of the TGA curve. The integral form of the kinetic

equation g(a)z.f:da/f(a) can be obtained by

integrating equation (8). We separate the variables
and obtain:

dao/f(a) = A/B - exp (=E/RT) dT.

We integrate the obtained equation, taking into
account that : g(a)= Ioa da/ f(a)

g(a) :%J.T:exp(—E/RT)dT.

To transform the integral _[ TT exp(—E/RT)dT

into a more general form, one can change the inte-
gration variable from E/RT to x [66, 70]:



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 4 77

(9

2(a) = AEJOO exp(—x) AE

BRI x = ﬁp(x),

where p(x) or p(E/RT) is the so-called “tempera-
ture integral”.

The temperature integral p(x) is also an inte-
gral function, p(x) reflects the accumulated ther-
mal effect of temperature on the reaction rate. It
essentially accounts for how the exponentially in-
creasing reaction rate with rising temperature
competes with the linear increase in temperature
over time.

The temperature integral does not have an ana-
lytical solution. This integral cannot be expressed
analytically through elementary functions; there-
fore, approximate methods are used for calcula-
tions. For non-isothermal conditions, there are se-
veral relationships used to compute Arrhenius pa-
rameters, each of which is based on an approximate
form of the temperature integral resulting from re-
arranging and integrating equation (5). The func-
tion p(x) can be replaced with a series of useful
approximations, which have been discussed in [44,
36, 60, 66, 69, 70].

Equation (9) can only be solved using an ap-
proximation to handle the temperature integral.
Solutions from this point can be obtained using
various approaches. The difference between the dif-
ferent analysis methods is explained by the type of
approximation applied.

Fitting model methods
Coats-Redfern (CR) method

The CR method is the most popular modeling
technique within the group of model fitting methods;
it is used for analyzing kinetic data and fitting ex-
perimental thermal decomposition curves to theo-
retical models. To address this task, a Taylor series
approach was utilized by limiting the number of
terms in the series, which allows for the estimation
of temperature integrals, simplifying their compu-
tation through the use of asymptotic expansions of
the series [44, 59, 70]. The Taylor series expansion
can be represented as follows:

p(r) =P g 2L 3 A
X X

X X

The CR approximation [46] consists of the first

two terms of the Taylor series:

2(e) =22 p(x )——fwmd

BR

AE | exp(—x) 2|

ﬂR{ - (1 Eﬂ_
_AE exp(—E/RT)(l_ 2 j _
BR| (E/RT) E/RT

AETZ(I—zRTjexp[—ij, (10)
AR E RT

where x = E/RT, 20 < x < 60 (for most TGA
experiments, where E = 50—250 kJ /mol).

The term 2 RT /E is negligible compared to one
for the thermal decomposition of lignocellulosic
materials; thus, equation (10) can be written as:

0o £)

Taking the natural logarithm of both sides of
equation (11) will yield

(11)

n&@ _, AR E
T ,BE RT

(12)

For a fixed B and a selected reaction mechanism
g(a), the plots of In g(a)/T? versus 1/T yields
almost a straight line in the temperature range of
active mass loss. The slope is —E /R, and the in-
tercept with the axis can be used to determine E
and A, respectively.

A large number of different integral functions
g(a) have been proposed in the literature [40, 46,
49, 57, 60, 71-73]. For the applied models, the
degree of fit is usually assessed by the correlation
coefficient R2. It is considered that the highest R?
values among the constructed plots In g(a) /T? =
f(1,/T) represent the best possible reaction order.
Then, one pair of E and A is typically selected as
corresponding to the reaction model that yields the
maximum R?. This popular procedure overlooks the
fact that the correlation coefficient and other sta-
tistical measures are subject to random fluctua-
tions, and its uncertainty should be accounted for in
the form of confidence bounds. Within these bounds,
all models are equally likely [57]. Therefore, the
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maximum R? value or the smallest root mean
square deviation o does not necessarily indicate the
“most probable” reaction model.

At this stage, g(a) can be written for different
values of the reaction order n. For n = 1 g(a) =
-In(1 = o), and g(a) = [(1 = W) = 1]/
(n — 1) for n # 1. Taking this into account, for n
= 1, equation (12) takes the form:

ln(_le_a)jzlnﬂ—i, (13)
T BE RT

for n#1:

m((l‘“)_l(”_l)/ﬂ}l
.

Following this “modeling approach”, the Arrhe-
nius parameters are determined based on the as-
sumed form f(a). Since both T and a change si-
multaneously in a non-isothermal experiment, the
modeling approach generally does not allow for a
clear separation between the temperature depend-
ence k(T) and the reaction model. As a result, al-
most any f(a) can satisfactorily transform the data
through sharp variations in Arrhenius parameters
that compensate for the difference between the as-
sumed and the true, yet unknown, reaction model.
For this reason, modeling methods typically yield
a wide range of obtained values for E and A.

If the fuel conversion involves multiple stages
with different activation energies, then the contri-
bution of these stages to the overall decomposition
rate will vary with both T and «. This means that
the effective activation energy determined from ex-
periments will also be a function of these two vari-
ables. However, the usual implementation of mode-
ling methods is aimed at obtaining a single value
of activation energy for the entire process. The
value of E obtained in this manner is, in fact, an
average value that does not reflect changes in the
mechanism and kinetics of the reaction with re-
spect to temperature and conversion degree. The
aforementioned modeling complexities can be avoi-
ded through iso-conversion methods.

AR

GE RT’ (14)

Iso-conversional a6o model-free methods
Kissinger-Akahira-Sunose (KAS) method

All integral iso-conversion methods are based
on different mathematical assumptions regarding

p(x). Using the CR approximation p(x) = exp (—x)/
(x> (1 = 2/x)) to solve equation (6), a relation-
ship between the heating rate and the inverse tem-
perature has been obtained. In the KAS method,
equation (9) is transformed into the following
form [44, 59, 60, 62, 69, 70, 72]:

B . 4R E

o

:1 —
72 " Ega) AT, (15)

a,i

where the index i denotes the ordinal number of
the non-isothermal experiment conducted with a
heating rate B;, and the index a denotes the quan-
tities determined at a given value of a.

For a fixed value of a, the activation energy Eo
can be obtained from the plots of In B;/Ta? versus
1/ Ta;, where the slope of the line is —Eo/R. The
value A« can be obtained from the intercept with
the axis In Bi/Toi? by expressing it through In
AuR /(Ea-g(a)).

Ozawa-Flynn-Wall (OFW) method

In the OFW method, Doyle’s equation is used
to approximate the temperature integral [54, 59,
61, 64, 66, 69, 70, 72]:

In p(x) ~ —5.330 —1.0518 x,

where —5.330 and —1.0518 are constants deter-
mined using linear interpolation in the practical
range x: 20 < x < 60.

Therefore, the integral kinetic equation used in
the OFW method:

ALa 533010518 La_
Rg(a) RTa,i

Ing =In (16)

For a fixed value of «, constructing the plots of
In B; versus 1,/ Tq,; yields a straight line. The acti-
vation energy can be determined from the slope
1.0518 E+/R. The value A« can be obtained from
the intercept with the axis In f;:

A g( )exp(Cln +5.331), (17)

a
!1

where Ci, is the intercept of the linear fit to In B;
as a function of 1,/ To.;.
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Starink method

The Doyle approximation is part of a broader
group of approximations that are described [59,
70, 72]:

p(x) =exp (=C, + B) /x°.

For each value of the exponent z, the values of
C and B can be optimized by minimizing the devia-
tion between the approximation function and the
exact integral. In the works of Starink [70, 75], it
was noted that the approximation with C = 1.0008,
which is the most accurate in the range 20 < x <
60, is obtained with z = 1.92, leading to the fol-
lowing form of the temperature integral:

p(x) = exp (~1.0008 x — 0.312) /x".
Equation (9) transforms into the form:

A

1.92
Ta,i

AR
Rg(a)

-0.312-1.008 £y

=In

(18)

a,i

For a fixed value of «, constructing the plot of
In Bi/Twi'?* versus 1,/Tq,; yields a straight line.
The activation energy can be determined from the
slope —1.0008 E+/R.

Aorami theory

The reaction order is an important parameter
for studying the characteristics of biomass pyroly-
sis. To estimate the reaction order in this study,
we used the Avrami theory [65, 69, 76], which can
be described as follows:

—n(1—a) = fTTOAaexp (—i—;) ar/pg*. (19

After integrating equation (19), it transforms
into the form:

In [-In(1 —a)]=InA - (E/RT) —nln B. (20)

For selected temperatures T, the points In
[-In(1—a)] versus In B at different heating rates
can be approximated by a straight line, the slope
of which corresponds t, — n.

Processing of experimental data

Figure 2 shows a typical profile of TGA curves
for the thermal decomposition of sunflower husk
pellets at different heating rates. The obtained
curves clearly indicate the presence of three stages
of mass loss: moisture release (stage 1), pyrolysis
(stage 2), and combustion of volatile compounds
and char residue (stage 3). Table 1 presents the
final temperatures Ty and mass loss Am, %, at these
stages for different heating rates p.

m_/m,
— 10°C/min
0.9 \ —— 20 °C/min
) \ = =30°C/min
0.8 \
\
0.7 \
1 stage: 2 stage:
0.6 drying | pyrolysis

\ 3 stage:
pyrolysis and

0.4
‘l oxidation of the CR
0.3 \
0.2
0.1
< -
T T T T T -I —_I
0 100 200 300 400 500 600 T,°C

Figure 2. Dependence of the change in specific mass on
conversion temperature for different heating rates.

Table 1. Temperature ranges and mass loss distribution for the stages of thermal decomposition of

sunflower husk pellet samples

Stage 1 Stage 2 Stage 3
B, maximum W = Residual
°C/min | Ty, °C | Am, % Ty, °C Am, % | Tmax, °C dm(r) /de Ti, °C | Am, % mass
AT, °C Am, %

5—6 155-170 56 300 67-72 260 230—-280 57 450 16—21 3-
12—13 175 5—6 375-390 72-74 275 250—-350 62 515 1620 4—
20-21 190 4=5 380-390 72-75 300 285-350 65 600-630 17-19 2—
29-31  190-200 4 385-400 74-75 330 300400 65 665-675 1921 2-1.5
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Moisture Release (Drying)

In the range of investigated heating rates, the
dehydration of low-molecular-weight components
of biomass occurs at temperatures up to 155—
200 °C (see Table 1). Physically bound water is
removed, leading to a mass loss of the samples in
the range of 3—6 %.

Pyrolysis

At temperatures of 170—400 °C, pyrolysis occurs,
characterized by the decomposition of hemicellu-
lose and cellulose. This is the main stage of volatile
formation, with mass loss at this stage amounting
to 67-75 %. The most significant structural chan-
ges in sunflower husk pellets occur at temperatures
of 230—400 °C and correspond to the cellulose de-
composition stage, with the onset of this stage also
depending on the heating rate. The initial pyrolysis
temperatures and pyrolysis temperatures in an air
environment shift to lower temperature regions
compared to pyrolysis in an inert atmosphere [21,
27-29, 31, 33, 36, 39, 40, 43, 47, 48, 52, 60]. At
this stage, the decomposition of lignin begins. The
presence of oxygen in the environment leads to ad-
ditional oxidation of intermediate products and
promotes deeper degradation of the fuel compared
to an inert atmosphere. Cellulose and lignin un-
dergo simultaneous oxidative reactions, altering
the effective kinetics parameters compared to an
inert atmosphere. Moreover, in the presence of air,
some biomass may oxidize even at low tempera-
tures.

Pyrolysis and oxidation of biomass

Intense lignin decomposition occurs at tempera-
tures of 350—500 °C, accompanied by a slow break-
down into phenols, resins, and gaseous products,
with a mass loss of 16—21 %. The mass loss at this
third stage was significantly lower compared to
the second stage. At this stage, oxidation of vola-
tile compounds and the char residue occurs: the
char residue constitutes about 1.5-5 % of the ini-
tial mass.

The heating rate is one of the most important
parameters that influence pyrolysis characteristics.
As the heating rate increases from 5 to 30 °C /min
(see Table 1), the pyrolysis temperature range
shifts to higher temperatures, resulting in a smaller
char residue due to more intense oxidation. The

temperature of the maximum rate (W = dm:/dr,
mg,/s) of pyrolysis T shifts to higher values,
from 260 °C at B = 5 °C/min to 330 °C at B =
30 °C /min.

From the obtained mass loss curves and the rate
of mass change, the main kinetic parameters of the
process were determined.

Determination of activation
energy using model-free methods

The activation energy as a function of the de-
gree of conversion was investigated using model-
free methods including OFW, KAS, and Starink.
Li-near regression was used to obtain the activation
energy values for fixed a values in the range of
0.1-0.9 with a step of 0.1. Figure 3 illustrates the
graphical solution of this problem for the OFW
method (equation (16)) and the Starink method
(equation (18)).

The obtained results for activation energies in
the pyrolysis of sunflower husk pellets are summa-
rized in Table 2. The table also presents the avera-
ged activation energies and the standard deviation.
In addition, correlation coefficients R? are given.

The activation energy values calculated using
the KAS and Starink methods were lower than the
corresponding values obtained from the OFW
method. This is consistent with literature data [59,
77, 78]. For all sets of values, the linear iso-con-
version plots from the OFW and Starink methods
showed a correlation coefficient in the range of
0.91-0.98. For the KAS method, the correlation
coefficient was lower (0.87—0.95), which can be
attributed to the less precise approximation used
in this method [69, 70]. The results obtained using
the OFW and Starink methods were chosen by us
as more reliable. The average activation energy va-
lues for sunflower husk pellets obtained by the
OFW and Starink methods are 47.86 + 1.33 kJ /mol
and 41.44 + 1.31 kJ /mol, respectively.

Despite the discrepancies, all tested models pre-
dict an increase in activation energy with the de-
gree of conversion, which is consistent with expec-
tations, as volatiles released at high temperatures
generally require more energy for release. The ob-
tained activation energy values increase slightly in
the range of a < 0.3, regardless of the model con-
sidered. In this range, the average activation ener-
gy values are 45.10 kJ /mol and 39.23 kJ /mol for
the OFW and Starink methods, respectively. In
the range of 0.3 < a < 0.7, the activation energy
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Figure 3. Graphical solution of the problem of determining activation energy for the OFW (a) and Starink (b)

methods.

Table 2. Kinetic parameters of pyrolysis of sunflower husk pellets obtained by iso-conversion methods

Conversion KAS OFW Starink

rate a E, kJ /mol ‘ R? E, kJ /mol I A, st R? E, kJ /mol ‘ R?
0.1 36.76 0.87 43.11 9.61-10° 0.91 37.76 0.94
0.2 39.9 0.90 45.31 1.23-10% 0.93 40.49 0.96
0.3 40.04 0.89 46.87 1.75-10% 0.93 40.23 0.98
0.4 38.62 0.92 45.55 1.37-10% 0.95 39.05 0.92
0.5 38.75 0.87 45.8 1.59-10% 0.92 39.07 0.91
0.6 38.23 0.91 46.92 2.37.10'° 0.94 40.23 0.92
0.7 39.16 0.90 46.3 2.57-10'° 0.93 39.51 0.91
0.8 41.65 0.95 48.71 6.04-10' 0.97 42.0 0.96
0.9 50.58 0.94 57.43 6.44-10" 0.96 50.94 0.95

ézleisff 40.87 £+ 1.34 0.87-0.95 47.86+1.33  9.14-10°  0.91-0.96 41.44+1.31 0.91-0.98

* The mean values were determined in the range 0.2-0.9 according to the recommendations [59].

is characterized by an almost constant value,
which is 46.29 kJ /mol for the OFW method and
39.65 kJ /mol for the Starink method, respecti-

vely. In the range of a > 0.7, the activation ener-

gy values increase significantly, with average va-
lues of 50.81 kJ/mol and 44.15 kJ /mol for the
OFW and Starink methods, respectively. This in-
crease in activation energies at high degrees of
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conversion may be related to the decomposition of
lignin, which contains more robust C—C bonds
whose cleavage requires additional energy [60, 79].

The pyrolysis of sunflower husk pellets was
conducted in an air environment, which leads to
partial oxidation of the fuel. Consequently, the ob-
tained activation energy values are lower than
those obtained from pyrolysis in an inert atmos-
phere.

Iso-conversion (model-free) methods provide E
without assuming a kinetic model f(a). To find the
pre-exponential factor A, information about f(a),
i.e., the reaction order, is required.

Estimation of reaction order

The order of the reaction was estimated based
on the Avrami equation (20), which is used to de-
scribe the kinetics of solid-state reactions of bio-

In[-In{1-cc)]
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L ]
e
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3 .
.
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.
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-3 2= ().9623 .
% 5
26 0 16 (T 06
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mass decomposition. Plots of In[—In(1—x)] versus
Inp were constructed in the temperature range of
250350 °C, corresponding to the active stage of
pyrolysis. The slope of the line allowed for the es-
timation of the reaction order parameter n. Fig. 4
presents the graphical solution of this problem for
the specified temperature interval. According to
the calculation results, values of n = 1.38 at lower
temperatures and n = 0.95 at higher temperatures
were obtained, indicating a slight variation in the
parameter. Therefore, the average value of the re-
action order is approximately one, which is con-
sistent with the first-order reaction model charac-
teristic of the thermal decomposition of cellulose
materials. The near-first order of the reaction sug-
gests an independent character of decomposition
from the concentration of the starting substance.
For further calculations, a first-order reaction has
been adopted.

14 In[-ln{1-cc)]
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Figure 4. Graphical solution of the problem of determining the reaction order according to Avrami theory: for T =

250 °C (a), T = 350 °C (b).

Determination of the pre-exponential factor
using iso-conversional (model-free) methods

To determine A, we used the intercepts of the
Cin OFW plots (see Fig. 3, a) at fixed values of a
and an assumed first-order reaction kinetic model.
To calculate A, the values of C), and Es found using

the OFW method (see Table 2) were substituted
into formula (17). For n = 1 g(a) = —In(1 — a).
The obtained values are presented in Table 2.

Kinetic compensation effects

The kinetic compensation effect is usually used
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to characterize the dependence of E and A on the
degree of conversion according to the following
linear relationship [59, 80]:

InA=aE+D,

where @ and b — constants, which are called com-
pensation coefficients.

The activation energy, calculated using the
OFW method, was more reliable and was used in
this section. Substituting g(a) = —In(1 — a) into
equation (16), we obtain:

Inf=h—=%—
ln(l ) .
InA
28
™
27 InA =0312E + 92863 G
B2 =1094691
26
25 P
24 '.o'-..
3"-.
23 -
21
40 43 30 55 60
E.kJ/mol

Figure 5. Graphical solution of the problem: dependence
of InA on activation energy E.

From the Ea values determined using the OFW
method in Table 2, the InA values can be calcu-
lated according to the equation:

mA=mﬁ+m

Il( —0[) a

InA =mnf+ In +5330+10518—

Rin 1 a) RT,

A graphical solution to the problem is shown in
Figure 5. A linear relationship of In4A = 0.312 E +
9.2863 with R* = 0.97 was obtained. This indicates
the existence of a compensation effect between the
obtained values of E and InA for the pyrolysis stage
of sunflower husk pellets. The value of InA falls
within the range of 22.98-27.19 with an increase
in a from 0.1 to 0.9.

Determination of kinetic
parameters via the CR method

Based on the linear dependencies of
In(g(a) /T?) = f(1,/T) for the chosen first-order
reaction model, the activation energies and pre-ex-
ponential factors for the 2nd and 3rd stages of the
thermal decomposition process of sunflower husk
pellets in an air environment were determined. A
comparison of the correlation coefficients for dif-
ferent kinetic models confirmed that the first-order
reaction model provides the highest linearity of the
dependencies and the best fit to the experimental
data. The obtained values for each experiment are
presented in Table 3, which allowed for an assess-
ment of the impact of heating rate on the kinetic
parameters of the process.

The activation energy during the pyrolysis stage

Table 3. Kinetic parameters of stages 2 and 3 of thermal decomposition of sunflower husk pellets

obtained by the CR method

Stage 2 Stage 3
B, °C/min AT E.,, 4 2 E,, -1 2
kJ /mol 4, R kJ /mol 4,5 R
155-300 68.24 1.69-10° 0.95 .
2.0 230-280 150.85 8.42-101 0.98 21.62 8.93-10 0.93
125 175-380 74.50 310 0.95 20.30 11071 0.74
196-380 84.35 2.510° 0.95 .
21.0 280-350 142.51 6.1-10'° 0.99 26.15 4.45-10 0.75
200-400 88.04 4.710" 0.91 .
30.5 300-400 148.15 7.310'0 0.98 34.93 24710 0.92
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increases with the heating rate rising from
5°C/min to 30 °C /min. This can be explained by
the fact that at higher heating rates, the reaction
occurs at higher temperatures (see Tables 1 and 3).
Thermal and diffusion effects reduce the uniform-
mity of sample heating, which accounts for the in-
crease in Thax. As a result, more energy is required
to initiate the decomposition of the fuel, meaning
the value of E increases.

The activation energy of biomass pyrolysis, de-
termined using the isoconversion methods OFW
and Starink, was 47.86 + 1.33 kJ /mol and 41.43
+ 1.31 kJ /mol, respectively. This is significantly
lower than the values obtained using the Coats-
Redfern method (68.24—88.04 kJ /mol). This dif-
ference is explained by the fact that isoconversion
methods estimate local E values for each «,
whereas the Coats-Redfern method integrates the
kinetics over the entire a range and effectively av-
erages the multi-step reactions. For further calcu-
lations of pyrolysis kinetics, it is recommended to
use the activation energy determined by isoconver-
sion methods, as it more accurately reflects the lo-
cal peculiarities of the process and allows for pre-
dicting the reaction rate at different degrees of con-
version.

Stage 3 of the thermal decomposition of sun-
flower husk pellets, following active pyrolysis, in-
volves the critical reactions associated with the
combustion of lignin and the oxidation of the char
residue. The activation energy E values range from
20.30 kJ /mol to 34.93 kJ /mol. The pre-exponen-
tial factor A exhibits a notable range, with values
from 8.93-1073 s7! to 5.47-107 s7!, indicating varied
reaction rates under different heating conditions.
The correlation coefficient RI exhibits values ran-
ging from 0.74 to 0.93, suggesting a moderate to
strong correlation in kinetic modeling. These fin-
dings underscore the intricate dynamics of lignin
combustion and char oxidation during this stage,
illustrating how temperature influences the ther-
mal behavior and energy requirements of the reac-
tion pathways involved in the thermal processing
of sunflower husk pellets.

Kinetic parameters were also determined se-
parately for the decomposition stage, where the
primary structural transformations occur (tem-
perature range 230-400 °C): E = 142.50—
150.85 kJ /mol, A =6.1-10'"-8.42-10'%> s71. The cor-
relation coefficient R? indicates a strong correlation
for all heating rates, with values close to 1, con-
firming the reliability of the kinetic parameters ob-

tained. These findings suggest that as the tempera-
ture rises, the energy barrier for the reaction in-
creases, indicating a more complex behavior
duOring the decomposition of sunflower husk pel-
lets. The observed kinetic parameters in this stage
emphasize the non-linear reaction dynamics asso-
ciated with the degradation process at elevated
temperatures.

Conclusion

Sunflower husk pellets are a renewable energy
resource with a wide range of applications. The
carbon content of sunflower husk samples varies
from 40 % to 55 % by dry mass, and the heating
value ranges from 15 MJ /kg to 21 MJ /kg. High
volatile yield, low sulfur, chlorine, ash, and mois-
ture content make this fuel suitable for full or par-
tial replacement of fossil fuels in power boilers.

In this work, a series of TGA experiments was
analyzed to study the patterns of thermal decompo-
sition of sunflower husk pellets in air at heating
rates in the range of 5-30 °C /min. The TGA ana-
lysis showed that the decomposition process can be
divided into three stages: drying, volatilization and
combustion of volatiles and char residue, with mass
losses of 4—6 %, 67-75 %, and 16—21 %, respec-
tively. The char residue constitutes about 1.5-5 %
of the initial mass.

Heating rate is a key parameter that influences
pyrolysis characteristics. As the heating rate in-
creases from 5 °C /min to 30 °C /min, the tempera-
ture interval and the temperature of maximum py-
rolysis rate shift toward higher temperatures, and
less char is formed due to more intense oxidation.

Based on the TGA analysis, the activation ener-
gy and pre-exponential factor of pyrolysis were de-
termined for various conversion degrees using three
iso-conversional (model-free) methods: KAS, OFW,
and Starink. For all data sets, the linear iso-con-
versional plots of OFW and Starink exhibited a
high correlation coefficient in the range 0.91-0.98.
The KAS method yielded a lower correlation
(0.87-0.95) due to a less accurate approximation
applied in this method. The results from OFW and
Starink methods were considered more reliable.
The average activation energies for the sunflower
husk pellets obtained by OFW and Starink methods
were 47.86 £ 1.33 kJ /mol and 41.43 = 1.31 kJ /mol,
respectively.

The most probable reaction mechanism was as-
sessed using the Avrami theory and the Coats-Red-
fern method. The average reaction order was appro-
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ximately unity, consistent with a first-order reac-
tion model typical for the thermal decomposition
of lignocellulosic materials. Comparison of corre-
lation coefficients for different kinetic models using
Coats-Redfern confirmed that the first-order reac-
tion model provides the highest linearity and the
best agreement with experimental data.

The values of In A were calculated based on the
first-order kinetic model and the OFW method and
lie in the range 22.98-27.19 as a increases from 0.1
to 0.9. It was established that there is a compensa-
tory effect between the calculated activation ener-
gy and the pre-exponential factor.

The kinetic results can be used in pyrolysis
modeling with computational fluid dynamics
(CFD) to model mass and energy balances.
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HocaiskeHHs1 KiHETUKH T€PMiYHOTO
PO3KJaJaHHSA TNeJieT JyNINIHHHS COHAIIHUKA
MeTOJ0M TepPMOTpPaBiMEeTPHUYHOTO aHAJi3y
B MOBITPSIHOMY Cepe/I0BHIILi

Awnoranis. Ilesetn 3 JymIUHHSA COHAIIHUKY PO3IJISAAIOTHCS SIK IEPCHEKTUBHE Bi/[HOBJIIOBaHE
6i0TIAJINBO 3 €HEPTETUYHNM MMOTEHIIIAJI0OM 3aBJSKH BUCOKOMY BMiCTY BYTJIEIIO, 3HAYHII TEILJIOT-
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BOPHIil 3aTHOCTI Ta HU3bKill KOHIIEHTPAIlii CipKH, XJI0py Ta 30J1. Y IIbOMY JOCJIi/PKEHHI BUKO-
HAHO TePMOTPABIMETPUYHUII aHaJi3 3pa3KiB TaKoro 6ionasnBa B IMOBITPSIHOMY CepPEIOBHII IIPU
mBUAKOCTSX HarpiBy 5—30 °C/XB /i BU3HAYEHHS 3aKOHOMiPHOCTEl HOTO TEPMiYHOTO PO3KJIa-
JaHHs. BeTaHoBJeHO, 10 Mpoliec BiAOYBAEThCS Y TPU CTAMil: CYNIIHHS, BUJAJEHHS JETKUX KOM-
MOHEHTIB, 1X CIAJIOBAHHS, a TAKOK OKUCJEHHS KOKCO30JbHOTO 3AHUIIKY. 3i 361bINEHHSIM TBU/I-
KOCTi HarpiBaHHs CIIOCTEPITaloTbCd 3CYyB TeMIIepPaTypPHOIO iHTepBaLy peaklii Ta MK MBUAKOCTI
MipoJi3y O BUIUX 3HAYCHD, & TAKOK 3MEHIICHHA KiJIbKOCTi 3aJIIIKOBOTO BYIJICIIO Yepe3 iHTCH-
CUBHiIIe OKUCTeHHs. [IprCyTHICTD KMCHIO 3YMOBJTIOE JI0JJaTKOBE OKUCJIEHHS TTPOMi>KHUX TTPOIYK-
TiB Ta cupusie 6iJablr TAUGOKIH gerpajallii JepeBUHU MOPIBHSHO 3 iHePTHOIO atMocdepoio. Kine-
TUYHI MapaMeTpy TipoJiidy BU3Ha4a M i30KoHBepciitnumu (Geamopenbanmu) metogamu Kiccing-
skepa-Akaxpi-Cynoce, OzaBu-®ainna-Bossa ta Crapinka. HaiiBuiny minifiHicTs 3ameskHocTel
npojemMonctpyBanu meroau Osasu-@Duinna-Bosta ta Crapinka (R? = 0,91-0,98), mo aano
MO>KJIUBICTb OTPUMATU cepeHi 3HaueHHsT eHeprii aktusanii 47,86 + 1,33 k/[)x /Monb Ta 41,43
+ 1,31 xk/JI>x /Mosb Bianosigno. HaltiMoBiprimuii Mexani3M peakirii, olliHeHWiT 3a Teopieio ABpa-
Mmi ta MerogoMm Koytca-Pendepna, BiAmoBijae mMozesi peakiii mepuioro mopsaKy, THIOBIN s
TepMiYHOI Jlerpajaiii JirHoIe o03HnX MarepiaiiB. IlepeaekcrioHeHIiadbHUA MHOKHUK InA
3MiHIOETbCST B MexKax 22,98—27,19 3i 3pocraHHgM cTymneHs1 KOHBepCii, MO CBiUYUTH PO HAsIB-
HiCTb KOMIIeHcallitHoro edeKTy MiXX KiHeTmuyHUMH Tapamerpamu. OTpuMani pe3yJbTaTu € KO-
PUCHUMU [IJISI TIOJIAJIBIIIOTO MOJIEJIOBAHHS IPOIECiB Miposi3y meser JyHIIUHHS COHSIIHUKY B
cucTeMax KOMII'IOTepHOI TiIPOAMHAMIKM Ta ONTUMIi3allii eHepreTMYHOr0 BWKOPUCTAHHS I1HOTO
Buny Gionmamusa. bi6a. 80, puc. 5, maba. 3.

KiouoBi caoBa: Giomaca, TeseTH JYIIMUHHS COHAINHUKY, TEPMOTPAaBIMETPUUYHUN aHAJI3,
IpoJIi3, eHeprig akTuBallii, KiHeTUYHI PO3paxyHKU, MOJEJ/b peakilii, MeTOAM MOJAEJIbHOI I1irOH-

KU, i30KOHBeEpPCiiiHi MeTomN.

Crucok Jiteparypn

1. /Kenesna T., [IparaeB C., bamrosuit A. Moxan-
BOCTi 3aroriBJi arpo6ioMacu Ta BUPOOGHUIITBA GiOMAJUB 3
Hei KOMyHaJIbBHUMHU NignpueMcTBaMu B Ykpaini. Tenso-
¢isuxa ma mennoenepeemuxa. 2019. T. 41, Ne 2. C. 88—
96. DOI: 10.31472 /ttpe.2.2019.12.

2. Tamonwu JI., Toman O., T'onenko 1., Ko63ap C.,
[ynienko C. IlepcriektuBy 3ajyd4eHHs BifXO/iB OiiiHO-
EKCTPaKIiNHUX 3aBO/iB YKpaiHu /I8 BUPOOGHUIITBA TEII-
J0BOI Ta esekTpuunoi emeprii. Bicuux Hauionanvrozo
mexHiunozo ynieepcumemy «XII1». Cepis: Enepzemuuni
ma menaomexniuni npouecu U ycmamxyeawnus. 2023.
Ne 4. C. 51-59. DOI: 10.20998 /2078-774X.2023.04.07.

3. Haponych L., Topal O., Holenko I., Kobzar, S.
Determination of the features of thermal decomposition
of sunflower husk in a fluidized bed. Biduogawsana
enepeemuxa. 2024. Ne 2. C. 137-149. DOI: 10.36296 /
1819-8058.2024.2(77).137-149.

4. Demirbas A. The influence of temperature on the
yields of compounds existing in bio-oils obtained from
biomass samples via pyrolysis. Fuel Processing Techno-
logy. 2007. Vol. 88, Ne 6. P. 591-597. DOI: 10.1016 /
j.fuproc.2007.01.010.

5. Pedretti E.F., Gatto A.D., Pieri S., Mangoni L.,
Ilari A., Mancini M., Feliciangeli G., Leoni E., Toscano
G., Duca D. Experimental Study to Support Local Sun-
flower Oil Chains: Production of Cold Pressed Oil in
Central Italy. Agriculture. 2019. Vol. 9, Ne 11. Art. 231.
DOI: 10.3390 /agriculture9110231.

6. Dunayevska N.I., Bondzyk D.L., Nehamin M.M.,
Miroshnichenko Ye.S., Beztsennyi I.V., Evtukhov
V.Ya., Shudlo T.S. Technology of Anthracite and Solid
Biofuels Co-Firing in Pulverized Coal Boilers of TPP
and CHP. Science and Innovation. 2020. Vol. 16, Ne 5.
P. 79-89. DOI: 10.15407 /scine16.05.079.

7. Duca D., Toscano G., Riva G., Mengarelli C.,
Rossini G., Pizzi A., Del Gatto A., Pedretti E.F. Qual-
ity of residues of the biodiesel chain in the energy field.
Industrial Crops and Products. 2015. Vol. 75, Part A.
P. 91-97. DOI: 10.1016 /j.indcrop.2015.02.042.

8. Geletukha G., Drahniev S., Zheliezna T., Bash-
tovyi A. Analysis of directions of using sunflower pro-
duction by-products for energy in Ukraine (review).
Thermophysics and Thermal Power Engineering. 2020.
Vol. 42, Ne 4. P. 83-92. DOI: 10.31472 /ttpe.4.2020.10.

9. Zheliezna T., Drahniev S., Bashtovyi A. Analysis
of successful cases of heat production from agrobiomass
in Europe. Thermophysics and Thermal Power Engi-
neering. 2022. Vol. 44, Ne 2. P. 38-46. DOI: 10.31472 /
ttpe.2.2022.5.

10. Yepnascokuit M.B., Mipommmuenko €.C., [Ipo-
BasioB O.10. TlepeBezientst KOTIIiB MaJIOl Ta CEPEIHbOI MO~
TYJKHOCTI 31 IMiJIbHUM IIApOM Ha CHAJIIOBAHHA TBEPAOIL I1a-
auBHOI Giomacu. Emnepzomexnonozii ma pecypcosbepe-
senns, 2021. Ne 1. C. 71-80. DOI: 10.33070 /etars.1.
2021.08.

11. Amutio M., Lopez G., Aguado R., Artetxe M.,
Bilbao J., Olazar M. Kinetic study of lignocellulosic bio-
mass oxidative pyrolysis. Fuel. 2012. Vol. 95. P. 305-



90 ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. Ne 4

311. DOI: 10.1016 /j.fuel.2011.10.008.

12. Morgan T., Kandiyoti R. Pyrolysis of Coals and
Biomass: Analysis of Thermal Breakdown and Its Pro-
ducts. Chemical Reviews. 2014. Vol. 114, Ne 3.
P. 1547-1607. DOI: 10.1021 /cr400194p.

13. Kim H.J., Kim, L.H. Combustion and thermal
decomposition characteristics of brown coal and biomass.
Journal of Energy Engineering. 2012. Vol. 21, Ne 4.
P.373-377. DOI: 10.5855/ENERGY.2012.21.4.373.

14. Lindberg J.P., Tana J. Best Available Techniques
(BAT) in solid biomass fuel processing, handling, stor-
age and production of pellets from biomass. Copenha-
gen: Nordic Council of Ministers, 2012. 86 p. DOI: 10.
6027 /TN2012-550.

15. Yaman S. Pyrolysis of biomass to produce fuels
and chemical feedstocks. Energy Conversion and Mana-
gement. 2004. Vol. 45, Ne 5. P. 651-671. DOI: 10.1016
/'S0196-8904(03)00177-8.

16. Das A., Mondal C., Roy S. Pretreatment meth-
ods of lignocellulosic biomass: A review. J. Eng. Sci.
Tech. Rev. 2015. Vol. 8, Ne 5. P. 141-165. — http: //
www.jestr.org /downloads /Volume8Issue5 /fulltext
85202015.pdf

17. Mankar A.R., Pandey A., Modak A., Pant K.K.
Pretreatment of lignocellulosic biomass: A review on re-
cent advances. Bioresource Technology. 2021. Vol. 334.
Art, 125235. DOI: 10.1016 /j.biortech.2021.125235.

18. Hameed S., Sharma A., Pareek V., Wu H., Yu
Y. A review on biomass pyrolysis models: Kinetic, net-
work and mechanistic models. Biomass and Bioenergy.
2019. Vol. 123. P. 104—122. DOI: 10.1016 /j.biombioe.
2019.02.008.

19. Madadi M., Abbas A. Lignin degradation by fun-
gal pretreatment: A Review. Journal of Plant Pathology
and Microbiology. 2017. Vol. 8, Ne 2. Art. 398. DOI:
10.4172 /2157-7471.1000398.

20. Marx S., Chiyanzu I., Piyo N. Influence of reac-
tion atmosphere and solvent on biochar yield and cha-
racteristics. Bioresource Technology. 2014. Vol. 164.
P. 177-183, DOI: 10.1016 /j.biortech.2014.04.067.

21. Camargo D., Gomes S.D., Felipe M.D., Sene L.
Response of by-products of sunflower seed processing to
dilute-acid hydrolysis aiming fermentable sugar produc-
tion. Journal of Food Agriculture and Environment.
2014. Vol. 12, Ne 2. P. 239-246. — http:/ /world-
food.net /download / journals /2014-issue_2 /2014-issue_2-
food /45.pdf

22. Pedretti E.F., Del Gatto A., Pieri S., Mangoni
L., Tlari A., Mancini M., Feliciangeli G., Leoni E.,
Toscano G., Duca D. Experimental Study to Support
Local Sunflower Oil Chains: Production of Cold Pressed
Oil in Central Italy. Agriculture. 2019. Vol. 9, Ne 11.
Art. 231. DOI: 10.3390 /agriculture9110231.

23. Novaes E., Kirst M., Chiang V., Winter-Sederoff
H., Sederoff R. Lignin and Biomass: A Negative Corre-
lation for Wood Formation and Lignin Content in Trees.
Plant Physiology. 2010. Vol. 154, Ne 2. P. 555-561.
DOI: 10.1104/pp.110.161281.

24. Lin Y.C, Cho J., Tompsett G.A., Westmoreland
P.R, Huber G.W. Kinetics and Mechanism of Cellulose
Pyrolysis. The Journal of Physical Chemistry. C. 2009.
Vol. 113, Ne 46. P. 20097-20107. DOIL: 10.1021/
jp906702p.

25. Balat M., Balat M., Kirtay E., Balat H. Main
routes for the thermo-conversion of biomass into fuels
and chemicals. Part 1: Pyrolysis systems. Energy Con-
version and Management. 2009. Vol. 50, Ne 12.
P. 3147-3157. DOI: 10.1016 /j.enconman.2009.08.014.

26. Solomon P.R., Hamblen D.G., Serio M.A., Yu
Z.-Z., Charpenay S. A characterization method and
model for predicting coal conversion behavior. Fuel.
1993. Vol. 72, Ne 4. P. 469-488. DOI: 10.1016,/0016-
2361(93)90106-C.

27. Yu J., Paterson N., Blamey J., Millan M. Cellu-
lose, xylan and lignin interactions during pyrolysis of
lignocellulosic biomass, Fuel. 2017. Vol. 191. P. 140—
149. DOI: 10.1016 /j.fuel.2016.11.057.

28. Giudicianni P., Cardone G., Ragucci R. Cellu-
lose, hemicellulose and lignin slow steam pyrolysis: ther-
mal decomposition of biomass components mixtures.
Journal of Analytical and Applied Pyrolysis. 2013.
Vol. 100. P. 213-222. DOI: 10.1016 /j.jaap.2012.12.026.

29. Xue Q., Dalluge D., Heindel T.J., Fox R.O.,
Brown, R.C. Experimental validation and CFD mode-
ling study of biomass fast pyrolysis in fluidized-bed re-
actors. Fuel. 2012. Vol. 97. P. 757-769. DOI: 10.1016 /
j-fuel.2012.02.065.

30. Shen D., Xiao R., Gu S., Zhang H. The Over-
view of Thermal Decomposition of Cellulose in Ligno-
cellulosic Biomass. Cellulose — Biomass Conversion,
IntechOpen. 2013. DOI: 10.5772 /51883.

31. Niu H., Liu N. Thermal decomposition of pine
branch: Unified kinetic model on pyrolytic reactions in
pyrolysis and combustion. Fuel. 2015. Vol. 160. P. 339—
345. DOI: 10.1016 /j.fuel.2015.07.108.

32. Lv G., Wu S., Yang G., Chen J., Liu Y., Kong
F. Comparative Study of Pyrolysis Behaviors of Corn
Stalk and its Three Components. Journal of Analytical
and Applied Pyrolysis. 2013. Vol. 104. P. 185-193.
DOI: 10.1016 /j.jaap.2013.08.005.

33. Shen D.K., Gu S. The mechanism for thermal
decomposition of cellulose and its main products. Biore-
source Technology. 2009. Vol. 100, Ne 24. P. 6496—6504.
DOI: 10.1016 /j.biortech.2009.06.095.

34. Al-Farraji A., Marsh R., Steer J.A. Comparison
of the Pyrolysis of Olive Kernel Biomass in Fluidised
and Fixed Bed Conditions. Waste and Biomass Valori-
zation. 2017. Vol. 8. P. 1273-1284, DOI: 10.1007 /
$12649-016-9670-6.

35. Millan L.M., Sierra Vargas F.E., Nzihou A. Ki-
netic Analysis of Tropical Lignocellulosic Agrowaste Py-
rolysis. BioEnergy Research. 2017. Vol. 10. P. 832—845.
DOI: 10.1007 /s12155-017-9844-5.

36. Gvero M.P., Papuga S., Mujani¢ I., Vaskovic S.
Pyrolysis as a key process in biomass combustion and
thermochemical conversion. Thermal Science. 2016.



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 4 91

Vol. 20. P.
TSCI151129154G.

37. Basu P. Biomass gasification and pyrolysis: prac-
tical design and theory. Published by Elsevier, 2010. 365
p. DOI: 10.1016 /C2009-0-20099-7.

38. Szubel M., Dernbecher A., Dziok T. IOP Con-
ference Series: Earth and Environmental Science
(EES). 2019. Vol. 214. Art. 012131. DOI: 10.1088 /
1755-1315 /214 /1 /012131.

39. Cai J., Xu D., Dong Z., Yu X., Yang Y., Banks
S.W., Bridgwater A.V. Processing thermogravimetric
analysis data for isoconversional kinetic analysis of lig-
nocellulosic biomass pyrolysis: Case study of corn stalk.
Renewable and Sustainable Energy Reviews. 2018. Vol.
82, Ne 3. P. 2705-2715. DOI: 10.1016/j.rser.2017.
09.113.

40. Tan Y.L., Ahmed M.J., Hummadi E.H., Hameed
B.H. Kinetics of pyrolysis of durian shell using TGA.
Journal of Physical Science. 2019. Vol. 30, Ne 1. P. 65—
79. DOI: 10.21315/jps2019.30.s1.4.

41. Siau J.F. Transport processes in wood. TAWA
Journal. 1984. Vol. 5, Ne 3. Springer, Berlin, Heidel-
berg, New York, Tokyo. 245 p. DOI: 10.1163/
22941932-90000890.

42. Bhaskar T., Bhavya B., Singh R., Naik D.V.,
Kumar A., Goyaln H.B. Chapter 3 — Thermochemical
Conversion of Biomass. Biofuels — Alternative feed-
stocks and conversion processes. Oxford, UK: Academic
Press, 2011. P. 51-77. DOI: 10.1016,/B978-0-12-
385099-7.00003-6.

43. White J.E., Catallo W.J., Legendre B.L. Bio-
mass pyrolysis Kkinetics: a comparative critical review
with relevant agricultural residue case studies. Journal
of Analytical and Applied Pyrolysis. 2011. Vol. 91.
P.1-33. DOI: 10.1016 /j.jaap.2011.01.004.

44. Sbirrazzuoli N., Vincent L., Mija A., Guio N.
Integral, differential and advanced isoconversional
methods: complex mechanisms and isothermal predicted
conversion-time curves. Chemometrics and Intelligent
Laboratory Systems. 2009. Vol. 96. P. 219-226. DOTI:
10.1016 /j.chemolab.2009.02.002.

45. Ceylan S., Topcu Y. Pyrolysis kinetics of hazel-
nut husk using thermogravimetric analysis. Bioresource
Technology. 2014. Vol. 156. P. 182—188. DOI: 10.1016
/j.biortech.2014.01.040.

46. Coats A., Redfern J. Kinetic Parameters from
Thermogravimetric Data. Nature. 1964. Vol. 201. P. 68—
69. DOI: 10.1038,/20106820.

47. Sun W.G., Zhao H., Yan H.X., Sun B.B., Dong
S.S., Zhang C.W., Qin S. The Pyrolysis Characteristics
and Kinetics of Jerusalem artichoke Stalk Using Ther-
mogravimetric Analysis. Energy Sources. Part A: Reco-
very, Utilization, and Environmental Effects. 2012.
Vol. 34, Ne 7. P. 626-635. DOI: 10.1080,/15567036.
2011.615006.

48. Cai J.M., Bi L.S. Kinetic analysis of wheat straw
pyrolysis using isoconversional methods. Journal of
Thermal Analysis and Calorimetry. 2009. Vol. 98. P. 325—

1209-1222. DOTI: 10.2298 /

330. DOI: 10.1007 /s10973-009-0325-8.

49. Fernandez A., Saffe A., Mazza G., Rodriguez R.
Nonisothermal drying kinetics of biomass fuels by ther-
mogravimetric analysis under oxidative and inert atmos-
phere. Drying Technology. 2017. Vol. 35, Ne 2. P. 163—
172. DOI: 10.1080,/07373937.2016.1163265.

50. Dunayevska N., Shchudlo T., Bondzyk D.,
Beztsennyi I. Calculation Methods for Two Solid Fuels
Co-combustion. In: Zaporozhets, A. (ed.). Systems, De-
cision and Control in Energy V. Studies in Systems, De-
cision and Control. 2023. Vol. 481. Springer, Cham.
DOI: 10.1007 /978-3-031-35088-7_20.

51. lyano T.C., Hynaescora H.I. [{ocaipkenns Ki-
HETHYHUX XapaKTEPUCTHK 3pa3KiB TBepaoi Giomacu. Cuc-
memui docaidxenns 6 emepeemuyi. 2016. Ne 1. P. 18—
23. DOI: 10.15407 /pge2016.01.018.

52. Cai J., Alimujiang S. Kinetic Analysis of Wheat
Straw Oxidative Pyrolysis Using Thermogravimetric
Analysis: Statistical Description and Isoconversional Ki-
netic Analysis. Industrial and Engineering Chemistry
Research. 2009. Vol. 48, Ne 2. P. 619-624. DOI: 10.
1021 /ie801299z.

53. Haponych L., Topal O., Holenko I., Liubarets
M. Study of the kinetics of thermal decomposition of
linden wood using thermogravimetric analysis in an air
atmosphere. Proceedings of the XXV International Scien-
ce Conference «Ecology. Human. Societys dedicated to
the memory of Dr. Dmytro Stefanyshyn. Kyiv: Igor Si-
korsky Kyiv Polytechnic Institute, 2025. DOI: 10.
20535,/ EHS2710-3315.2025.330359. (Ukr.)

534. Doyle C. Series Approximations to the Equation
of Thermogravimetric Data. Nature. 1965. Vol. 207.
P. 290-291. DOI: 10.1038 /207290a0.

55. Reich L. Estimation of kinetic data from thermo-
gravimetrictraces. Journal of Applied Polymer Science.
1965. Vol. 9, Ne 9. P. 3033-3039. DOI: 10.1002 /app.
1965.070090909.

56. Chen H.X., Liu N.A. Approximations for the
temperature integral. Journal of Thermal Analysis and
Calorimetry. 2008. Vol. 92. P. 573-578. DOI: 10.1007 /
$10973-007-8358-3.

57. Vyazovkin S., Wight C.A. Model-free and
model-fitting approaches to kinetic analysis of isother-
mal and nonisothermal data. Thermochimica Acta. 1999.
Vol. 340-341. P. 53-68. DOI: 10.1016,S0040-
6031(99)00253-1.

58. Liu J., Jiang X., Zhou L., Han X., Cui Z. Py-
rolysis Treatment of Oil Sludge and Model-Free Kinetics

Analysis. Journal of Hazardous Materials. 2009.
Vol. 161. pp. 1208-1215. DOI: 10.1016,/j.jhazmat.
2008.04.072.

59. Yao Z., Yu S., Su W., Wu W., Tang J., Qi W.
Kinetic studies on the pyrolysis of plastic waste using a
combination of model-fitting and model-free methods.
Waste Management & Research. 2020. Vol. 38, Ne 1.
P. 77-85. DOI: 10.1177 /0734242X19897814.

60. Fischer O., Lemaire R., Bensakhria A. Thermo-
gravimetric analysis and kinetic modeling of the pyroly-



92 ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. Ne 4

sis of different biomass types by means of model-fitting,
model-free and network modeling approaches. Journal
of Thermal Analysis and Calorimetry. 2024. Vol. 149.
P. 10941-10963. DOI: 10.1007 /s10973-023-12868-w.

61. Doyle C.D. Integral methods of kinetic analysis
of thermo-gravimetric data. Macromolecular Chemistry
and Physics. 1965. Vol. 80, Ne 1. P. 220—224. DOI:
10.1002 /macp.1964.020800119.

62. Kissinger H.E. Reaction Kinetics in Differential
Thermal Analysis. Analytical Chemistry. 1957. Vol. 29,
Ne 11. P. 1702-1706. DOI: 10.1021 /ac60131a045.

63. Wang W., Lemaire R., Bensakhria A., Luart D.
Thermogravimetric analysis and kinetic modeling of the
AAEM-catalyzed pyrolysis of woody biomass. Mole-
cules. 2022. Vol. 27, Ne 22. Art. 7662. DOI: 10.3390 /
molecules27227662.

64. Ozawa T. A New Method of Analyzing Thermo-
gravimetric Data. Bulletin of the Chemical Society of
Japan. 1965. Vol. 38, Ne 11. P. 1881-1886. DOI:
10.1246 /bcsj.38.1881.

65. Koga N. Ozawa’s kinetic method for analyzing
thermoanalytical curves. Journal of Thermal Analysis
and Calorimetry. 2013. Vol. 113. P. 1527-1541. DOI:
10.1007 /s10973-012-2882-5.

66. Flynn J.H. The ‘Temperature Integral’ — Its use
and abuse. Thermochimica Acta. 1997. Vol. 300, Ne 1—
2. P. 83-92. DOI: 10.1016,/S0040-6031(97)00046-4.

67. Cepeliogullar I1., Haykiri-A¢gma H., Yaman S. Ki-
netic modelling of RDF pyrolysis: Model-fitting and
model-free approaches. Waste Management. 2016. Vol. 48.
P. 275-284. DOI: 10.1016 /j.wasman.2015.11.027.

68. Zhang W., Zhang J., Ding Y., He Q., Lu K.,
Chen H. Pyrolysis kinetics and reaction mechanism of
expandable polystyrene by multiple kinetics methods.
Journal of Cleaner Production. 2021. Vol. 285. Art.
125042. DOI: 10.1016 /j.jclepro.2020.125042.

69. Anter N., Guida M.Y., Kasbaji M., Chennani A.,
Medaghri-Alaoui A., Rakib E.M., Hannioui A. Thermal
degradation and kinetic studies of redwood (Pinus syl-
vestris L.). Progress in Agricultural Engineering Scien-
ces. 2022. Vol. 18, Ne 1. P. 33-59. DOI: 10.1556/
446.2022.00045.

70. Starink M. The Determination of Activation Ener-
gy from Linear Heating Rate Experiments: a Comparison
of the Accuracy of Isoconversion Methods. Thermo-
chimica Acta. 2003. Vol. 404, Ne 1-2. P. 163—176. DOI:
10.1016,/S0040-6031(03)00144-8.

71. Jeguirim M., Bikai J., Elmay Y., Limousy L.,
Njeugna E. Thermal characterization and pyrolysis ki-
netics of tropical biomass feedstocks for energy recovery.
Energy for Sustainable Development. 2014. Vol. 23.
P. 188-193. DOI: 10.1016 /j.esd.2014.09.009.

72.LiY., Zhou S., Li J., Sun Z., Pang W. Study on
Pyrolysis Kinetics, Behavior, and Mechanism of Or-
ganic-Rich Tuffaceous Mudstones Based on Thermogravi-
metric Analysis. ACS Omega. 2023. Vol. 8. P. 31972—
31983. DOI: 10.1021 /acsomega.3c03787.

73. El-Sayed S.A., Khass T.M., Mostafa M.E. Ther-
mal degradation behaviour and chemical kinetic charac-
teristics of biomass pyrolysis using TG,/DTG,/DTA
techniques. Biomass Conversion and Biorefinery. 2024.
Vol. 14. P. 17779-17803. DOI: 10.1007 /s13399-023-
03926-2.

74. Sestak J., Berggren G. Study of the kinetics of
the mechanism of solid-state reactions at increasing tem-
peratures. Thermochimica Acta. 1971. Vol. 3, Ne 1.
P.1-12. DOI: 10.1016 /0040-6031(71)85051-7.

75. Starink M.J. A new method for the derivation of
activation energies from experiments performed at con-
stant heating rate. Thermochimica Acta. 1996. Vol. 288,
Ne 1-2. P. 97-104. DOI: 10.1016 /S0040-6031(96)03053-5.

76. Sadhukhan A.K., Gupta P., Saha R.K. Model-
ling of pyrolysis of large wood particles. Bioresource
Technology. 2009. Vol. 100, Ne 12. P. 3134-3139. DOLI:
10.1016 /j.biortech.2009.01.007.

77. Yuan X., He T., Cao H., Yuan Q. Cattle manure
pyrolysis process: Kinetic and thermodynamic analysis
with isoconversional methods. Renewable Energy. 2017.
Vol. 107. P. 489-496. DOI: 10.1016/j.renene.2017.
02.026.

78. Wu F., Zhou X., Yu, X. Reaction mechanism,
cure behavior and properties of a multifunctional epoxy
resin, TGDDM, with latent curing agent dicyandiamide.
RSC Aduvances. 2018. Vol. 8. P. 8248-8258. DOI:
10.1039 /C7RA13233F.

79. Wang S., Dai G., Yang H., Luo Z. Lignocellu-
losic biomass pyrolysis mechanism: a state-of-the-art re-
view. Prog Energy Combust Sci. 2017. Vol. 62. P. 33—
86. DOI: 10.1016 /j.pecs.2017.05.004.

80. Zhu F., Feng Q., Xu Y., Liu R., Li K. Kinetics
of pyrolysis of ramie fabric wastes from thermogravimet-
ric data. Journal of Thermal Analysis and Calorimetry.
2015. Vol. 119. P. 651-657. DOI: 10.1007 /s10973-014-
4179-3.

Hapiiimaa no pemakmii 28.08.2025



ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. Ne 4 93

YK 621.565.2:548.562
DOI: 10.33070 /etars.4.2025.06

Bocuu M.B., ORCID: 0000-0002-3090-0427

I[enmpanvnoyxpaincokuili HauionabHUL MeXHIUHUN YHieepcumem
npocn. Yuisepcumemcoxui, 8, 25006 Kponusnuyvkuil, Yxpaina, e-mail: bosiymo@ukr.net

Hocai/skeHHs npoiecy yTBOpPeHHS Ta30BUX Ti/ipaTiB
Ha MOBEPXHi po3aiay ¢as «ra3-piguHa»

Awnortanis. ligpaty npupoHux ra3iB € ajbTepHATUBHUM eHepropecypcoM. l'azorigparni TexHo-
JioTi1 BUKOPHUCTOBYIOTBCSI TIPH BUIOOYTKY, 30epiramui, TPAaHCIIOPTYBaHHi, CTUCKYBAHHI MPUPOJI-
HOTO Ta3y Ta po3iJieHHi ra3oBux cyMimeil. Hapasi 3HauHi mepcreKTHBU MalOTh TEXHOJOTIT CUH-
Te3y Ta30BUX TifipaTiB y 6apOOTaKHUX YCTAHOBKAX Ta MeTo/n iHTeHcudikallii cuHTe3y Ta30BUX
rigpariB. Bugo6yBaHHst MeTaHy 3 MPUPOJHUX Ta30BUX Ti/paTiB JAa€ MOKJUBICTD 3aMiHUTH 3HAY-
HY YaCTUHY iMIIOPTY IIPUPOAHOrO rady, a y IoAaablIOMy HaBiTh Bi/IMOBUTUCA BiJl HbOIO B3araJi.
AJIbTEPHATUBOIO TlepeBe3eHHsI ra3y B 3Pi/PKEHOMY CTaHi € TPAHCIOPTYBaHHS WOTO y BUTJISA[II
ra3oBUX TifipariB. BUBYeHHS MpoIeciB yTBOPEHHS Ta AWCOIiaiii ra3oBUX TiApaTiB HaTemep €
MEPCIIEKTUBHUM HAMPSMKOM, HAIPUKJIAI, TTPU CTUCKYBAaHHI MPUPOJHOTO Ta3y, 0COOJUBO METAHY,
B TEILIOTEXHOJIOTIYHUX CUCTEMaX Ta YCTAHOBKaX, JOC/IJKEHHIO ra3oBUX TiJipariB NPpUALIAETbCA
Ha JaHuil yac 3HauHa yBara. g pocaikeHHs (PisMUHOrO Ipollecy YTBOPEHHS Ta JAucOIiallii
ra3oBUX TiJPaTiB IIPU CTUCKYBaHHI IPUPOIHOTO Ta3y, 0COOIMBO MeTaHy, B TEIJIOTEXHOJIOTIYHIX
CUCTeMax Ta YCTaHOBKAaX HEeOOXiJTHO BUKOHYBATH SIK TEOPETHUYHi, TaK i eKCIepHMeHTaJbHi /0-
caimxenns. [locuiskeHHES mpoltecy yTBOPEHHS Ta30BUX TipaTiB Ha MOBEPXHi po3fiay ¢as «ras
+ piguHa —> Tigpar» 3 4acoM y KPHUCTaIi3aTopi HaTerep € akTyaabHuM nutanusgM. Oco6/1BicTIO
MIpoIleCy YTBOPEHHS Ta30BUX TifipaTiB € 3MiHHWI po3Mip o0jacti, B fAKill JOCJI/KYETbCS Tei
mpoilec Ha TOBepXHi po3niny ¢das «ra3z + pigmHa — rigpars. [lpm 1boMy aHadiTUIHUN PO3-
B’s130K 1Ii€i 3a/aui pu JOBiJIbHI 06J1ACTi YTBOPEHHS ra30BUX Ti/[PaTiB, a TAKOXK PI3HUX TeMIle-
PaTypHUX peXrMax Ta po3[iay a3 <«rasz + pigwHa — TigpaT» Ha JaHWU 4ac He BisjoMo. Tomy
po3po6Ka MOJIETIOBAHHS TIPOIIECY YTBOPEHHS Ia30BHX Ti/[paTiB € aKTyaJbHOI HAYKOBOIO MPO6-
JeMoio. Y po6OTi 3aIIpOIIOHOBAHO Ta TTOGYIOBAHO CIPOINEHY aHATITUYHY MOJEJb IIPU BiAMOBiI-
HUX IIPUIYIIECHHAX, AKa OINHUCY€E IIPOLEC YTBOPEHHA ILIiIBKU ra30BUX TiZipaTiB Ha NOBEPXHi PO3/1i-
ay ¢as «raz + piguHa — rigpar» Ta BU3HAYEHHS TeMIIEPaTYpPHOIO I10JI B ILTiBIi YTBOPEHHS ra-
3origpariB y kpuctanizaropi. IIpm MateMatnyHOMy MOZEJNIOBAHHI 3 BUKOPHUCTAHHSM Audepen-
1niagabHOTO piBHAHHA DYp’e Ta METOY iTepalliil OTpPUMAHO aHAJNiTUYHI PiBHSAHHSA [/ BUSHAYCHHS
TOBIIUHY TJIIBKM YTBOPEHOTO Ta3oTi/[paTy Ta TEMIEPAaTypPHOTO IMOJS B ILIBIN Ta TBepAiil ¢asi
ra3oBux TizipariB. HaBe/ileHO po3paxyHKOBi JaHi IO TOBIIMHI IJIiBKYM Ta30TiIpaTiB METAHY B YMO-
Bax (hasonepexiHUX MpolleciB HA TIOBePXHi po3ainy ¢as «ras + piguHa — rigpaTs Ta Po3MNO/IiJa
TeMIepaTypH B ITiBIIi Ta3orifpariB Merany. BecranoBiieHo, 110 aHa/Ii TUYHA MO/IeJIb 3 Bi/ITIOBiIHU-
MU TIPUTIYIIIEHHSIMA 111 TIEBHUX TEPMOMHAMIUYHNX YMOB Ha/la€ SIKiCHUH OIFIC TIPOIleCcy YTBOPEH-
HS TUTiBKM Ta30BUX TiJ[paTiB MeTaHy Ha IIOBEPXHi po3finy a3 «rasz + piguHa — rigpaTs B KpHC-
tanisaropi. 5i6a. 43, puc. 4.

KimouoBi cioBa: mpupojnuii ra3, ra3oriipaT MeTany, MOJIEeJIOBaHHs, TIPOLeC Ti/paToyTBOPEHHS,
TeMIeparypa (azoBoro MepeTBOPEHHS, TTUTOMA TETIOTa YTBOPEHHS TifparTy.

AKTyaJbHICTb Ta IOCTAHOBKA MPOoGieMu

Hapasi nonut Ha crioknBaHHS NPUPOJHUX JIKe-
peJl BYyTJIeBOJHIB SK y CBiTi, Tak i B Ykpaini nocriii-
HO 3poctae. [Ipu 1boMy eski TpaauIliitHi TeXHOO-

© Bocnit M.B., 2025

rii TpaHCIIOPTYBaHHS MPUPOJHOTO T'a3y 4acTO BUSB-
JIFI0TbCST MeHII eeKTUBHUMU. IcHyloui TexHOJOriT
He CIPHUSIOTh po3polili HeBeJIuKuX pojosuil. Ha
JTAHWW Yac TMTPUPOJHUN Ta3 MOPEM TPAHCIOPTYETHCS
y 3pimkeromy BurJsiai 3a LNG texnosoriero. Icaye
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TAaKOX P aJbTepHaTuBHUX TexHoJoril. Cepej
HUX 3aCJyroByIoTh Ha yBary Texxosorii CNG (cruc-
HeHu# raz) i oco6mmBo NGH (ras y rasorigpathiit
dopmi) [1-15].

[Tpu po3pobiii eeKTUBHUX TEXHOJOTiH BHA06Y-
BaHHS, 36epiraHHs Ta TPACHIIOPTYBAHHS MPUPOIHUX
rasiB y rasorijpaTHOMy CTaHi, a TaKOXX CTUCKYBaH-
HJ Ta aKyMYJIOBaHHsS rasy JJs HiJBUIIEHHS HOTO
THCKY B TEIJIOTEXHOJIOTiYHAX CHUCTEMaX Ta YCTAHOB-
KaxX HeOOXiJIHO CTBOPEHHS HAayKOBUX OCHOB YIIpaB-
JIIHHS TIPOIIECOM YTBOPEHHS Ta30BUX TifpaTiB. Bax-
JIUBUM € OIIMC MeXaHi3My yTBOPEHHS Ta3oriJiparis,
IO /IA€ MOKJIUBICTh PO3BUBATH Ta PO3POOJISITH ra3o-
riipatHi TeXHOJOrii, IMPONOHYBAaTU HOBI METOJAUKU
nocJtipkenHs aszoBoriepexiaanx mporecis [16—21].

Po3pob6ka rasorijpaTHUX TEXHOJIOTII Ta iX MOXK-
JINBE 3aCTOCYBaHHS Ha [JaHWil Yac 6e3rmocepesHbo
MOB’43aHO 3 JIOCJi/IKEHHSM IIPOIECiB YTBOPEHHS, a
TaKOK IpoIeciB auconianii (IIaBaeHHS) Ta30BUX
rigpatiB. Po3yMiHHS Ta BUBYEHHST KiHETMYHOTO TIPO-
1[eCY YTBOPEHHS ra30BUX Ti/paTiB, TOOTO MBUIKOCTI
YTBOPEHHA ra3orijpary, 3aJUllacTbCd Hapa3i CKJal-
HUM 3aB/IaHHAM, NOB’A3aHUM i3 TigpaTHUMu izny-
HUMU Tiporiecamu. lIuTanusa 3aeKHOCTI MIBUIKOCTI
YTBOPEHHS Ta30BUX Ti/IpaTiB BiJl pisHUX (PaKkTOpiB ¥
Tiit a6o iHmii Qopmi posrasgaeTbes B 6iJgbIIOCTI
HAayKOBUX pOGIT, SIKi NMPUCBSYEHI BU3HAYEHHIO BiJl-
MOBIIHUX TEPMOAMHAMIUHUX YMOB IX YTBOPEHHHA
[16—32].

BpaxoBytoun yHiKaabHI BJAACTUBOCTI Ta30BUX Tif-
partiB Ipu Pi3HUX TEPMOAMHAMIYHUX YMOBaX TeMIIe-
patypu i THCKY, iX 3aCTOCOBYIOTH Y TE€XHIiIli, Pi3HUX
rajgyssx BUDOOGHUIITBA, a TAaKOX B Hayti. Hampukiasz,
HIBUJKICTD TIiIpaTOyTBOPEHH Ma€ BUpilllajabHe 3HA-
YeHHS B TaKWX TIpoIlecax, sik YTBOPEHHS Ta 36epi-
TaHHS rady, BUKOPHUCTOBYIOYM ra3oriipaTHy TEeXHO-
goriro. Takoxx HaTerep 3acTOCOBYIOTb ra3oriJpaTHi
TEXHOJIOTII B TEIJIOTEXHOJIOIYHUX CUTeMax, a caMe:
3aCTOCYBaHHS B aBTOMOOiJIbHill Ta30HAIIOBHIOBAJIb-
Hilf KOMIIpECOPHill cTaHIii, ra3oTypOiHHOMY TIpu-
BOJI1 ra3oriIpaTHOrO aKyMyJIATOpa Ta ra3oriipaTrHo-
My JOTUCKYBaui MaJUBHOIO a3y, a TaKOXX BUKOPUC-
TaHHA Ta30BUX TipariB AK €eHepreTUYHOro pecypcy
[19-21, 23, 33—-37].

Otike, [ TOJATBIIOTO BUBYEHHS IPOIIECIB
YTBOPEHHS Ta AMCOTIiaIlii Ta30BUX Ti/[paTiB HEOOXi-
Hi gK TEOPETWUYHi, TaK i €KCIepUMEeHTAJIbHI JOCJIi/I-
JKEHHS TETJIO0OMiHY IIUX TIPOIIECiB, MIPH IbOMY BasK-
JIMBa XapaKTepHa 4acoBa 3aJIe)KHICThb IIPOLECY KPUC-
Tasisanii rizparis rasy.

[Ipu mMomesoBaHHI TPOIECY TEIIOOOMiHY, IO
CYIIPOBO/PKYETBCS 3MiHOIO arperaTHoro CTaHy cepe-

pouia (HApUKIa/, MPOIEC TiJPaToyTBOPEHHS a6o
aucolianisa ra30riﬂpaTiB), HeoOXiIHO BPaxoByBaTH
3asauy Credana ta il po3s’sa3ok. Haykoswuii iHTepec
1o 3amavi Credana BUHWKAE TIpU MOZeOBaHHI (a-
30BUX II€pEXO/iB YTBOPEHHA ILIIBKM Ta3orijparis
MeTaHy «ra3 + piiuHa — rigpar» y HWIIHAPUYHIN
TpyOi Ta JNOCJi/PKEHHS TEeMIIePaTypPHOTO MOJIS TLIiB-
Ku rasorijgparis [22—25].

Y 3B’43Ky 3 IINM po3po6Ka HOBUX METOJIiB Mare-
MaTUYHOTO MOJIeJTIOBaHHS TIPOIECiB yTBOPEHHS Tra-
30BUX Ti/IpaTiB Ta YMCEJIbHOIO aHaJli3y € aKTyaJlb-
HOIO HayKOBOIO IPOOJIEMOIO.

AHaJsi3 oCTaHHIX JOCJi/KeHb Ta MyOaiKamii

lasoBi rigpatm — 11 KpUCTaJIiuHi CIOJYKH, IO
YTBOPIOIOTHCA IIPU IIEBHUX Bi/IIIOBiHUX TEPMOJAUHA-
MiYHIX yMOBax 3 BOAM Ta Ta3y. [lo HUX HAIEeXuTH i
rasorizpat mMetany [16—20].

Ha puc. 1 HaBesieHO cxeMaTWyHe 300pa’KEHHS
CTPYKTYpH rasorigpary. [lis rasis, MaJopoO3UnHHUAX
Yy BOJi, PO3Mip KPUCTAJIB ra3oriipary B 3a/1eKHOCTI
Bi/l TepMOOAPUYHIX YMOB YTBOPEHHS T4 BUKOPUCTO-
BYBAHOTO TiIpaTOyTBOPIOIOYOTO areHTy CKJaJa€e BiJl
50 mo 250 MKM, a JJis PO3YMHUX Ta3iB CTAHOBWTD
800 mxm [17—-19].

CrexioMeTpist Ta30BUX TiJpaTiB 3aJeKUTb Bijl
TEPMOJUHAMIUYHUX YMOB IX YTBOPEHHH, TaKUX K
THCK W TeMIeparypa, a TaKoX BiJl TUITy MOJIEKYJI Ta-
3y. TepMmogunamiuni yMoBH, $Ki BiJIIOBiJal0Th
YTBOPEHHIO Ta JUCOIiallil ra3oBUX TiApariB, 3HAXO-
JIATbCST HUXKYE 1 BUIIE Bi/inoBifHO JiHii (pa3oBoi pis-
HOBaru CUCTeMM «Bojla + raz — rifpary, sIK 1ie I0-
KazaHo Ha puc. 2 [22-24].

Y poborax [16—32] omucani BiacTUBOCTI Ta3o-
BUX TiJ{pariB, OCHOBHi YMOBH Ta 3aKOHOMipHOCTi iX
YTBOPCHHS Ta Jucolianii, HaBeJeHi MeXaHi3Mu
YTBOPEHHA T'a30BUX TiJpariB Ta TUIM IX KpUCTaJi-
3ailii.

Moanexyaa

Monexyaa
800!

Puc. 1. Cxemarnune 306paskeHHsT CTPYKTYPH Ta3oripaTy.

Figure 1. Schematic representation of the gas hydrate
structure.
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Puc. 2. [liarpama ¢da3oBoro craHy rasoripaty MeTany.

Figure 2. Diagram of the phase state of methane gas
hydrate.

Bemuka yBara npupainseTpest (hismKO-XiMiuHEM
METO/IaM BHMBYCHHSA K IITYYHO OTPUMAHMX, TakK i
MIPUPOJHNX TAa30BUX TifpaTiB. I'azorizparn MOXyThb
YTBOPIOBATHUCS Ta CTAbiJIbHO iCHYBaTH B MINPOKOMY
inrtepBasi TUCKiB Ta Temmneparyp (/Ui MeTaHy Bij
210" go 2-10° MIla npu temueparypi Big 70 1o
350 K). IIporec yTBOpeHHs Tasorigpary Bia0yBa-
€ThCd 3 BUJIJIEHHIM TEILJIOTH, HOro mucoljiaiisa —
3 TOIJIMHAHHAM TeIJOTH. Temsjora rifpaToyTBO-
penns rasoriapary Merany (CHy6H>0 ) ipar CKIA-
nae 464 xJ»x /kr [32—37].

Harenep y po6oti [38] Takosk BUBUEHO MeXaHi3M
IIpoIlecy YTBOPEHHs rasorijpaTiB IpU BUKOPUCTaH-
Hi TepMOAMHAMI4YHOI Teopii 3apOAKOYTBOPEHHA IIPU
KpHUCTaJi3allii pO34MHiB Ta PO3IJISIHYTO HOTO Xapak-
TEepHi eTany: IOo-Iepuie, YTBOPEHHS I[EHTPIB KPHUC-
TaJjisalii razoBoro rigpary; no-Apyre, picT Kpucra-
JIOTiIpaTy HaBKOJIO LIEHTPIB KpUcTadisaii.

Oco6uBicTIO YNCceNbHOTO aHaJi3y ($a3oBoro re-
pexo/ly YTBOPEHHS Ta3o0Ti/ipaTiB € 3MiHHMI po3Mip
06J1acTi, B IKill TOCTIIPKYETHCS TeMIIEpaTypHE MoJIe.
Ile e caigcTBOM TOTO, IO MAEMO PYXOMY T'PaHUIIO
posainy ¢a3. BuBuenHs NOBeJiHKM TPAHUIl PO3[i-
gy ¢as «ra3 + piamHa — Tigpar» 3 IIMHOM Yacy
CKJIa/lae OCHOBY 3ajiadi, sIKy po3B’sasyemo. Dizuyna
BJIACTHBICTb CepeloBUINA IIPU INEPEXO/i uepe3 rpa-
HUII0 (pa3oBUX NEPETBOPEHDb Y HAIIOMY BHUIIQJKY —
1Ie TeIJIONPOBiHICTb, AKa BiJIIIOBi/IHO 3MiHIOETHCH.
AnramiTHaHW po3B’ 430K TTi€l 3ama4i (hazoBoro nepe-
XO/ly YTBOPEHHS Ta3oriipaTiB IpH J0BiJIbHIN (hopmi
o6JacTi Ta pi3HUX TeMIepaTypHUX pesKIMax Ha rpa-
Hulli He Bifgomi. Bimomi meski oxpemi po3B’si3ku B
O/IHOBMMIPHINl 3a/aui TeMIepaTypHOro IoJsl yTBO-
penss Trazorigparis [39—41].

Mera poGoru

Meroio po6oTH € MOCJi/KEHHSI IIPOIleCY YTBO-
PEHHS TasoTif[paTiB Ta PO3POOKAa MATEMATUYHOTO
METO/ly PO3B’SI3Ky MOjiesli yTBOPEHHs IJIiBKU Ta3o-
BUX Ti/ipaTiB Ha IOBEepPXHi po3iny (a3 «ra3 + piau-
Ha — TifpaT» Ta YnceJbHUIl aHaJi3 Mpolecy rijpa-
TOYTBOPEHHS.

ITocranoska 3ajaui:

— BUBYCHHA IIPOLIECY YTBOPEHHA Ta30BUX iJpaTiB
Ha TOBepXHi po3ainy a3 «ra3 + piamHa — rigpars;

— mo6GyoBa CIPOINEHOI aHAJITUIHOT MOJeJ,
AKa OIUCYE IIPOIEC YTBOPEHHA ILIiBKY ra3oBUX Tijl-
paTiB Ha TOBepXHi po3niny das «rasz + piguHa —
rigpary;

— BUBE/JEHHA aHAJITUYHUX PiBHAHb JJIA BU3HA-
YeHHd TeMIepaTypHOro NoJisg y IUIiBII ¥ TBepAiit
¢asi razoBux rigpariB Ta yacy, 3a gKHNl yTBOPIO-
I0TbCS TA30Bi TipaTu (TO6TO TOBIIMHA TLTiBKA YTBO-
PEHH: Ta3orifpariB).

Marepiaiu Ta MeToaU

Y crarTi posrisiaeMo MaTeMaTUYHe MO/IeJII0BaH-
HS Ta YNCeJbHUN aHami3 (a3oBUX MepeTBOPEHD Tpu
YTBOPEHHI rasoriipaTis Ha IIPUKJIA/A] CIIPOLLIEHOI MO-
neni. Po3B’s30K MoJesTi BUKOHY€ETHCS HAGIMKEHUM
AHAJIITUYHUM METOJIOM Ha OCHOBi PO3B’sA3Ky aude-
peHItianbHOro piBHAHHSA Dyp’€e Ta OTPUMAHHS YUCEIb-
HUX 3HAYeHb TEMIIEPATyPHOTO TOJS Ta HaGJMKEHO-
rO PiBHSHHS TpaHUIli (a3oBOTO MEpexony.

Ak ctBepmkyerbes y [21-23, 41], yTBOpeHHSs Ta-
30BUX TiJpaTiB MOXKHA PO3IJIALaTH HACTYIHUM YU-
HOM: Ta3 IOJAEThCS y KPUCTAJIi3aTop, SIKUN 3aIoB-
HEHWI pifANHOI0, Ta TPHU JOCATHEHHI BiJMOBiIHUX
TePMOGAPUYHUX MApPaMETPiB THCKY Ta TeMIlepaTypu
YTBOPIOIOThCA KPUCTAJIOTIPATH.

[Ipornec yTBOopeHHS rasoBUX TipaTiB — Iie IIpo-
1ec 3’e€THAHHS BKJIOYEHHS, 1110 BUHUKA€E B Pe3YJib-
TaTi BIPOBA/KEHHS Ta3y y MiXKKpUCTaJiyHUN 1poc-
Tip PemriTKy, MO yTBOpeHa MOJEKYJJaMHu BOAM, TOO-
TO oJfHOYacHOI hikcallii MoJieKy1 Tagy i BOJM, SKi
MOBiJIbHO TIEPEMITIAIOTHCST HAa TTOBEPXHI po3/ity ¢as.

Y crarmyHMX yMOBax TiJipaTOyTBOPEHHS IIpU
B3aeMo/iii (a3 rigpar po3nOBCIOKYETHCS Ta 3ATIOB-
HIOE yCIO BiJIbHY IOBEPXHIO KOHTAKTy «Ta3 + piau-
Hay, MIPU IbOMY Ha Hill YTBOPIOETHCA TiipaTHA TIJTiB-
Ka. Y IOYaTKOBUII MOMEHT YyTBOPEHHS TOBUIMHA Tijl-
parHoi ILTBKA JJId ras3iB, dKi MaJOPO3UYUHHI Y BOII,
ckmagae 5—10 mrm. Ilicas yTBOpeHHS TriapaTHOT
TJIiBKU Ta TIEPEKPUTTS yciel BisbHOT MiskdazHoi 1m0-
BepxHi «Ta3 + piauHa» TBep/ol dasoio mpoiec
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YTBOPEHHS Ta3orijpariB ynosijabHIOETbCA. Ha Mo- 8T(r0,t)
MEHT 3aKiH4eHHd TijpaTOyTBOPEHHA TOBLIUHA ILIiB- A——=>=¢q; (2)
K1 rizpariB 36igabinyerbes 10 S0—150 mxm. [ls me- or
TaHy B 3aJI€KHOCTI BiJi THCKY Ta CTYIEHS MEPEOX0-
JIOII};KGHHH TOBIIMHA Fi]lpaTH(}),'l' HJIiBI}QII/I 3H3X0§MTBC§1 T<§(t)’t) =Tr; 3)
y Meskax 5—200 MKM.
o)1) _ T, -T, L ;o (D
Po3po0ka MaTeMaTHYHOIO or B a( c L )+ph h dr’
MeTOAYy PO3B’A3KY
£(0)=r, (5)
[IpononyeTbca crpoleHa aHaJiTHYHA MOJEJb
YTBOPEHHST IUTIBKM Tra30BUX Ti[paTiB Ha TOBEPXHI ge p — rycruHa, Kr/m%; C — TEIJIOEMHICTD,
posuiny asz <«raz + pigunar. Ilpunycrumo, mo ik /(xr-K); A — KoediIlieHT TEIIOMPOBIIHOCTI,

ra3o-BO/sIHA CyMilll 3alIOBHIOE JIEAKY YaCTUHY B KPHUC-
taJizaTopi muriHApuYHOI dhopmu ¥ > ry. Temmepa-
Typa cyMimi gopiBHIOE Te, Te > T(. Y MOMeEHT 4yacy
t = 0 Ha moBepxHi po3fiay da3 «raz + piguHA» ¥ =
ro MiATPUMYETHCS 3a/laHUil PEXUM TepMOAMHAMiy-
HUX mapaMeTpiB (THCKY Ta Temmeparypu), Tasorij-
patu yTBOPIOIOTHCS IIPU TUCKY OXOJIOJKEHHs, KU
IIEPEBUILY€E TUCK PiBHOBAru Ta pPeryJ/IO€TbCA TeMIIe-
parypolo piiuHy, a TelwloTa rifparanii BiABOAUTHCA
XOJIOJIOHOCIiEM.

Posrissnemo neskuit MOMeHT uacy ¢, 3a SKMi
IUIIBKA ra3orifipaTiB, 10 YTBOPIOETbCA B KPUCTaJi-
3aTopi MUTiHAPUYHOT HOPMH Ha MOBEPXHI PO3[iay
das «ras + piguna — rigpar», cranosutb &(t). ¥V
JaHiil 3aza4i mykaHuMu (YHKIIIMU € TeMueparyp-
He TI0oJie y miBIi rasorigparis T(r,t) Ta TOBIMHA
iiBku rasorigpatis £(7).

IIpn MopesoBaHHI TpoleCy YTBOPEHHS ILIiBKH
ra3orijipaTiB MpuitMaeMo TaKi TPUIYIIEHHS:

— Iepejada TeIJIOTU y IIPOLEeCi TiApaTOyTBOPEH-
HS BiIGYyBAETHCS TEIIOMPOBIIHICTIO;

— (isnuni napamerpu das «ra3 + pigmHa — Tijg-
par»: A, p, C = const;

— Tepejlaya TeNJOTH Ha TPAaHUYHIN MOBepXHi
IJIiBKU Ta30riZpariB BiZIOYBAETbCSA y BiAMOBiAHOCTI
3 IPAaHNYHUAMH YMOBAMU TPETHOTIO POAY;

— IPUILyCTUMO, IO ILJiBKa ra3oriparis pos-
[JIAJAETHCA AK TEPMIYHO TOHKE TiJIO HECKiHYeHHOI
TJIACTHHY;

— TPUILYCTHMO, IO TeMIepaTrypa piakoi dasu
mocTiifHa Ta He 3MIiHIOETBCS y TIPoIleci TemIooOMiny
HIDKYE TeMIlepaTypy yTBOPEHHS rasoriipary.

BpaxyBaBuu npullylleHHsI, HaBe/eHi Bulle, 3a-
MMIIeMO MaTeMaTHYHy TOCTAHOBKY 3a/iaui:

oT(rt) 10 oT (rt)
—_—— r— N
ot ror or : 1)

pc 2
To <r<§(t)

Br/(M-K); £(t) — ToBIIMHA ILTiIBKM YTBOPEHHS Ia-
30Tiipary, MKM; ¢ — TYCTHHA TEIJIOBOTO MOTOKY Ha
nosepxHi posiny ¢as «ras + oga», Br/m%; Tr —
Temmeparypa ¢a3oBoro nepersopenns, K; o — Koe-
dimient TermmoBiamaui Ha TOBepxXHi posaity das
«ras + Boga», Br/(mM*K); p, — rycruna rasoriapa-
Ty, Kr/M% L, — NMTOMA TElIoTa yTBOPEHHS ra3o-
rigpary, [Ix /kr; d§/dt — pict rigpaTHoOl ILJIiBKH.

Ipointerpysasum pisasaus (1) y Mexax Bij 7o
JI0 7 Ta BpaxoByioun ymoBy (2), oTpuMaeMo:

£(1)
/lr—aTa(:’t) =r,q+pC r—aTa(:’t) dr . (6)
%
3 ypaxysannam ymosu (4) MaeMo
oT(rt d
Ar 8(r ):”oa(Tc_TL)"'PthTf:
_ 4, pC é}t)r(?T(r,t) i
E(r) £(0) ; ot
° (7
3 pisusianst (7) orpuMaemMo
ds _o(lp-Te) Hd 1
dt ppLp  pply £(2)
8
c 1 W oar(ny ®
+—- . I r dr.
Ly (1) : ot
Iicas nepersopents pisnanns (8) MaeMo
dé _ a(TL—TC)+qu/§(t) ©
“ Ll c 5}’) or(nt)
- r r
S IO I

o
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Iicns nepersopenns pisuanus (9), nogiausmm
3MiHHi, iHTerpyeMo Bupas y Mexax Bij 0 g0 ¢:

&) 8T rt
pn Ly, 1— I r dr

) !
) ;,[ 0L(TL_ c +”oq/§

dé. (10)

O —_~
53

[Moaimvein pisasaas (6) Ha BeJMYnHy 7 Ta IPO-
iHTerpyBaBIIM OTPUMAHUI Pe3yJbTaT y MexKax Bif r
g0 &(t), orpumaemo

j — = dr+

or

SN |-

q
A

057 (1) }’)ro

( r
pC 1 oT (rnt) ,
J _ 7drjr— dr = (11)
r 2
e pcWir ar(r
b, P I —Ir drdr
ro A r
P
Iicns nepersopenns pisuanua (11) Maemo:
T(rt)=T, —Mlné—gﬁ })lx
' Ly T a r
. ’ (12)
oT (rt
xJ.r (- )drdr.
r aé

[Tigcragusmm y pisusgaaa (12) pisusauua (9),
OTPHUMAEMO:

T(rt)=1, -2 LI
_C a(7g - c)+’”OQ/§ (1)
AL (1)
! 1- ¢ raT(r’t)dr
Ly £(1) ¢ . (13)

3 piBusaHg (13) BU3HAUAEMO TeMIeparypy B
aBLi rigparis, a 3a piBuaunam (10) Bu3HauaeMO
3HAYEHHS 4Yacy t, 32 SKUH yTBOPIOIOTHCS ra3oBi Tijl-
pat (TO6TO TOBIMHA TLTIBKM Ta3oTifpartiB AOPiB-
noe &(t) — o).

[las moJierieHHsl HaCTYIIHUX BUKJAJIOK BBEJEMO
Taki 6e3po3MipHi 3MiHHI Ta BEJUYUHN:

0(&t)=0=A[T(rt)-T1]/(q75): &= r/70;

M _ar ¢

Ph Cr02 17 To

B=L,X /crq.

iy=a (T =T /q;

(14)

[TligcrapuBmm piBusauua (14) B pisuauna (10)
ta (13), orpumMaemo:

I I &*dédé
9(&,1):ln§ ; (15)
pZ - j 62 d
| BZ- j&—d&
t=[|—1——dz . (16)
1
Orpumani piBuauaa (15) Ta (16) — me meimi-

HiliHi iHTeTpO-AUdepenitianbHi piBHsAHHES. Po3paxo-
BYEMO X 32 METOJIOM TIOCJIiJIOBHUX Hal/msKeHb (Me-
TOJIOM iTeparliil), BAKOPUCTOBYIOUH TIAKET TIPOTPaMu
Mathcad [42, 43], pospaxyHKOBa cxeMa SIKHX Ma€
BUTJISI;

z &
13,00,
(1—VZ)I4é S deds
0y =In>m a Lan
0,
BZ - {é R
T =T BZ—Tgaekdg (1-y2) |dZ (18)
K 1 1 oz
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[To-niepiue, /st HYJIbOBOTO HAGIUMKEHHS CKOPUC-
TaeEMOCh BupasoM 0y = In & /Z, 1o BiAmoBigae pis-
HOCTI HyJ1I0 Besinautu 00,/ 0Z y pisustuni (17) (Bu-
MaJ0K, KOJHU TEIJIOEMHICTh ILIiBKK TigpaTis — 0).

[To-gpyre, AKmO BigoMo 0y, TO 3a PiBHIHHAM
(18) BU3HAYAEMO Ty, a TOAi O, T, 02, T2 i Tak maJi.

OO6roBopeHnHs Ta 0OIPYHTYBaHHS
OTPUMAHHUX PE3YJbTATIB JOCJIiIKEHHS

[Iporec yTBOpeHHs Ta pocTy rasorijpaTis Ha I10-
BepxHi po3ainy das «ra3 + piauHa — TigpaTy MOXK-
Ha yMOBHO HOJiJMUTH Ha JABa eranu. llepmmii eran
IIOYMHAETHCA 3 YTBOPCHHAM 3apOJIKIB KpUCTATi3a-
11i1, HABKOJIO SKWUX BifIGYBA€TbCS iHTEHCUBHE 3pPOC-
TaHHSA [TOBEPXHEBO-TIIIBKOBOIO TiJ{paTy [0 IIOBHOTO
TIEPEKPUTTS BiJIbHOI TMOBepxHi Bojau. Jpyruil eram
Oy/lle XapaKTepu3yBaTuUCS YTBOPEHHSM Tifpary B
006’eMi, Kosn Ta3 AndyH/Iye Yyepe3 yTBOPEHY ILTiBKY
rizpary A0 IIOBEPXHI BOJU.

[IIBuaKicTb YyTBOPEHHS TifIPATHOI TIiBKU Ha II0-
BEPXHi BiJIbHOTO KOHTAKTY «Ta3 + pi/inHa» € MoCTiii-
HOIO TP HE3MiHHMX TEPMOJMHAMIUHNX yMOBax
mporiecy. Ilpu nux ke TepMoGaApUYHUX YMOBAX Jii-
HilfHa MBUAKICTH 3POCTAHHA TiZpaTy B MOYATKOBUI
nepio/ 36iJIBITYETHCS Ta MAa€ MAKCUMYM, a JaJi eKc-
IOTEHIiiHO 3MeHIIyeTbesl. MacoBa HIBUJKICTb YTBO-
PEHHSI TrasoriJipaTiB 3 4yacoM cCHoBiJbHIOETbcd. Ile
MIOSICHIOETHCS 3MEHIIIEHHSIM IIPUTOKY BO/JU uYepes Tijl-
paTtHy ILIiBKY.

[l BU3HAUEHHS TeMIepaTypPHOTO MO B TLTiBITE
rigpaTiB Ta yacy, 3a SKWI YTBOPIOIOTbCS TifpaTh
(TO6TO TOBHIMHA TLTiBKU I‘ileaTiB), reryodiznyuni
BJIACTUBOCTI BOJM Ta Ta3orifipary MeTaHy B34ATi 3a
maunmu [16—22, 29, 30]:

— Koe(iIlieHT TETIOMPOBiHOCTI BOAN Ha MOBEPX-
Hi po3aiay ¢das A, = 0,60 Bt/ m-K;

— rycruna Boau p; = 1000 kr /M3

— remnoeMHicTb Bogu C, = 4200 /Ix /kr-K;

— TeIUVIOEMHICTb rasorigpary Mertany C, =
2044 Ix /xr-K;

— KoedillieHT TEeNJIONPOBIHOCTI Ta3oTifpaTy
Mmerany A, = 0,55 Br/M-K;

— ryctuHa Tasorigpary metany p, = 910 xr,/ Mm%

— TeIIOTa YTBOPEHHS Tasorigpary Merany Lj, =
464 xJIx /KT

— edexruBHUil KoedillieHT TeIIOBiMaYi Bix
CTiHKM KpHCTaJi3aTopa A0 rasorifipaTy METAHY Oleg.
= 2961 Br/m*K [22, 29, 30];

— koedillieHT TemJoBi/aui Ta3origpary Ha 10-
BepxHi posaiay das o = 4-8 Br/M>K [22, 29, 30];

— PpisHHIE MiXK PIBHOBa)KHOIO TEMIIEpPaTypPOIO
riIpaToyTBOPEHHA Ta TeMIlepaTypolo BOJAOTiApaTHOI
cymimi B kpuctamnizaropi AT = 268 K;

— TUCK y cucteMi p = 75 6ap;

—  yHiBepcaJbHa Ta3oBa
8,314 x [I>x / Moub-K;

— TeMIlepaTypa YTBOPEHHS TasorifipaTy MeTaHy
T. =288 K;

— TOBIIMHA IJIiIBKM YTBOPEHHS TrasorijipaTy Me-
tany £(¢) = 125 MKM.

Ha puc. 3 HaBeseHO pe3yJbTaTH PO3PAXYHKY
po3MoIily TeMmnepaTypu B TigpaTHiii IJIiBIi raso-
rizpary Merany Ha OCHOBi UHCEJILHOIO PO3B’A3KY.

Ha puc. 4 naseseno sanexuicts &(t) = f(1) npu
YTBODEHHI ILIBKU ra3oriipaTy MeTaHy 3 4acoM B
KPHUCTAJIi3aTOPi HA OCHOBI YMCENBHOTO PO3B’A3KY.

[Iepesipka agexBaTHOCTI Mojesi 3/iliCHIOBATACS
IIJIAXOM CIiBCTABJICHHA PE3yJIbTATiB PO3PaxXyHKy 3a
piBusunamu (17) ta (18) 3 ekcrnepuMeHTaIbHUMU
JAHUMU, 10 A€ MOXKJIUBICTb 3POGUTU BUCHOBOK
PO Y3TO/PKECHHA PO3PAXyHKOBUX Ta €KCIIEPUMEHTA-
JIbHUX JaHux [22—33].

Mopensb Tenmoo6MiHy Ta3oriipaTy MeTaHy KOPEeKT-
HO Bimo6pakae (i3uuHi mpolecu WOTro yTBOPEHHS.
Bona BpaxoBye 3MiHy TeriodizuyHIX XapaKTepuc-
THK Ta30TiipaTy MeTaHy, 3MiHy pO3Mipy ILIiBKH ra-
30Tipary MeTaHy, TeNJ0OOMiHHI MpoIlecH Ha Tpa-
Hutli daszoBornepexigHux mnpoiieciB T, yTBOPEHHS Ta-
30TiJIpaTy MeTaHy.

crarza R =

25 50 75 100 125  150&(t), MM
Puc. 3. Posnogis temneparypu B rifipartHiil miiBii raso-
riipaty MeTamy Ha OCHOBi YMCEJIbHOTO PO3B’SA3KY IpH
Trimp. = 288 K; prip. = 7,5 MIla: 1 — excrnepumerasbHi
JlaHi; 2 — po3paxyHKOBi JaHi.

Figure 3. Temperature distribution in the hydrate film
of methane gas hydrate based on numerical solution at
Thydr. = 288 K; phyar. = 7.5 MPa: 1 — experimental data;
2 — calculated data.



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 4 99

(1), x|
125

100

75

008 010 012 0,14 016 018 T, ¢

Puc. 4. 3anexwuicts £(t) = f(t) Tpu yTBOpeHHi TIiBKH
rasoripaty MetaHy 3 4acoM y KpucramiizaTopi: 1 — exc-
nepuMeTaabHi JaHi 3a jskepesom [22]; 2 — pospaxyH-
KOBI gaHi.

Figure 4. Graph of dependence during the formation of
a film of methane gas hydrate over time in the crystal-
lizer: 1 — experimental data from the source [22]; 2 —
calculated data.

[IBnakicTp pocTy rigpaTHOI TJIiBKKA MPOTOPITiNi-
Ha pi3HULi TeMIleparyp PiBHOBa’KHOI'O CTaHy ra3o-
ripaty mpu po604oMy THCKY TB TeMIIepaTrypi rasy.
B ocHOBY KiHeTHKM poCTy rasorifpaTHOi IJIiBKH I0-
KJIa/IeHO TeTI00OMiH MiK(ga3Hoi TOBEPXHi 3 HABKO-
gumniM  cepeposuiieM. IIBuakicTs rizpaToyTBO-
PEHHS IIiBKU 3aJIeSKUTh BiJl IO KOHTaKTy (a3
«ra3 + pizmHa». [aszoBa Gymnbbanika MOBWHHA MaTd
MiHiMaJbHUN PO3Mip, MO MiABUILY€E iHTEHCUBHICTb
YTBOPEHHS HA Hill TTIBKM ras3orifpaTy. 3ariporoHo-
BaHO MareMaTUYHy MOJEJb [JId BU3HAYCHHA Yacy
bopMyBaHHS TifpaTHOI TJIiBKU Ta PO3MO/IiIy TeMIIe-
parypu Ha MixkgasHill ToBepxHi «Ta3 + pignHa» 3a-
JIEKHO BiJl TepMOGAPHYHUX YMOB IPOIIECY .

HayxoBo-nipakTuyHe BUKOPUCTAHHS Ta30BUX T'iJl-
partiB, TOB’g3aHe 3 Ta30Ti/[PAaTHUM TPaHyJTIOBAHHAM
TEXHOJIOTiT 30epiraHHsl Ta TPAHCHOPTYBAaHHS TIPH-
POAHOTO Ta3y, a TaKOXX TEXHOJIOrii rasorifjpaTHoro
CTUCKYBaHHA IPUPOAHOTO rady A TeIJIOTeXHOJO-
riyHux cucteM Ta eHeproedeKTUBHE BUPOOHUIITBO
riipary IpUPOJHOTO Ta3y 3alPOIIOHOBAHO Ta OIliHe-
HO B poborax [29, 30, 33—41].

BucuoBku

Buxonano Mozie/TIoBaHHS IIpollecy yTBOPEHHS ra-
30BUX Ti[paTiB MeTaHy. 3alpOIIOHOBAaHa CIIPOIeHa
aHaJiTUYHA MOJeJIb IIPOIeCy YTBOPEHHS ILTiBKU Tra-
30BUX Ti/[paTiB Ha MOBepXHi po3ainy da3 «ra3 + pi-

JITHA —> Tigpars.

Y pesysbrari BUKOHAHOTO OCJTiKEHHS BUBE/Ie-
Hi aHaJIITUYHI PIBHAHHA [JI1 BU3HAYEHHA TeMllepa-
TYPHOTO 1I0JI B ILJIiBII IiipaTiB Ta TOBIIUHU IJIiBKU
rigpatis £(t).

3’scoBano, 110 Ha Mixk(a3Hill TOBEPXHi PO3/IiIy
«ra3 + pignHa» Ha ra3oBUX Oyabbanikax, sKi oToue-
Hi pigmHoO, mpu Temmeparypi 288 K Ta Tucky
7,5 Mlla yTBOpIoeTbCs MJIiBKA Ta3oripary MeTaHy
toBiuHo0 125 MxM 3a 0,185 c.
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Study of the process of gas hydrate formation
at the gas-liquid interface

Abstract. Natural gas hydrates are an alternative energy resource. Gas hydrate technologies
are used in the production, storage, transportation, compression of natural gas and separation
of gas mixtures. Currently, technologies for the synthesis of gas hydrates in bubbling plants
and methods for intensifying the synthesis of gas hydrates have significant prospects.
Extraction of methane from natural gas hydrates makes it possible to replace a significant part
of natural gas imports, and in the future, even to abandon it altogether. An alternative to
transporting gas in a liquefied state is to transport it in the form of gas hydrates. The study
of the processes of formation and dissociation of gas hydrates is currently a promising
direction, for example, when compressing natural gas, especially methane, in heat technology
systems and installations, and the study of gas hydrates is currently receiving considerable
attention. To study the physical process of formation and dissociation of gas hydrates during
compression of natural gas, especially methane, in heat technology systems and installations,
it is necessary to conduct both theoretical and experimental studies. The study of the process
of formation of gas hydrates on the surface of the phase interface “gas + liquid — hydrate”
over time in a crystallizer is currently a relevant issue. A feature of the process of formation
of gas hydrates is the variable size of the region in which this process is studied on the surface
of the phase interface “gas + liquid — hydrate”. At the same time, the analytical solution of
this problem for an arbitrary region of formation of gas hydrates, as well as for different
temperature regimes and phase interfaces “gas + liquid — hydrate” is currently unknown.
Therefore, the development of modeling of the process of formation of gas hydrates is an
urgent scientific problem. The paper proposes and builds a simplified analytical model under
appropriate assumptions, which describes the process of gas hydrate film formation on the
surface of the phase interface “gas + liquid — hydrate” and determines the temperature field
in the film of gas hydrate formation in the crystallizer. In mathematical modeling using the
Fourier differential equation and the iteration method, analytical equations were obtained to
determine the thickness of the film of the formed gas hydrate and the temperature field in the
film and solid phase of gas hydrates. Calculated data on the thickness of the methane gas
hydrate film under conditions of phase transition processes on the surface of the phase interface
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“gas + liquid — hydrate” and the temperature distribution in the methane gas hydrate film
are presented. It is established that the analytical model with appropriate assumptions for
certain thermodynamic conditions provides a qualitative description of the process of methane
gas hydrate film formation on the surface of the phase interface “gas + liquid — hydrate” in

the crystallizer. Bibl. 43, Fig. 4.

Keywords: natural gas, methane gas hydrate, modeling, hydrate formation process, phase
transformation temperature, specific heat of hydrate formation.
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MoO:KJHUBOCTI BUKOPHCTAHHSI OioMeTaHy
SIK MOTOPHOTO TaJuBa B YKpaiHi

Amnoranisi. CKOpoYeHHSI BUKW/IiB TADHUKOBHUX Ta3iB y TPAHCTIOPTHOMY CEKTOPi € KPUTUYHO BasK-
JUBUM 1T 60poThOU 3i 3MiHOWO KaiMaty. Ilg cTaTTs mpucBsSveHa aHami3y icHyloumx 6ap’€piB,
HacaMmIiepesl eKOHOMIYHHX, [JI BUKOPHCTaHHS 6GioMeTaHy sK MOTOPHOTO MajWBa B YKpaiHi Ta
opMyBaHHIO 3araJbHUX PEKOMEHJAININ A iX mofosaHHd. Po3risHyTo riao6aiabHi TEHAEHIII
CKOPOYEHHS BUKUJIIB y TPaHCIIOPTHOMY ceKTopi, 30kpema pocsia IIsenii, Itanii, Himeuunnu,
Hopserii, @innanaii Ta Ecronii. Ykpaina, mo 3akpinuia cBoi 3060B’sa3anns B HailionajgbHo
BU3HAUYeHOMY BHecKy Ta HarionasbHOMY eHepreTmuHOMY Ta KiaiMaTnaHoMy TiaHi 10 2030 poky,
CTaBUTD 3a iHAMKATUBHY MeTy 3a6e3nedenns 17,2 % BiHOBIIOBAHUX JKEPEJ €Heprii y BAJIOBOMY
KiHIIEBOMY CIIO’KMBaHHI eHeprii TPaHCIOPTHUM CEeKTOpOM. SKimo Taka mMera 6yne HOCSITHYTA 3a
paxyHOK GioMeramy, #0TO 3aCTOCYBAaHHSI SK TPAHCIIOPTHOTO T1aJuMBa B YKpaiHi MOXKe CKJIACTH
1,7 mapa M3 /pik. ¥ crarti npoaHasizoBaHO TEXHIKO-€KOHOMiYHi acleKTH BUPOGHUIITBA Ta BUKO-
puctanag 6ioMeTaHy SIK MOTOPHOTO GioTlamBa HA aBTOTPAHCIIOPTI, a TaKOXK 6ap’€pu HOTO BIIPO-
Ba/UKeHHsT B YKpaiHi. Posrasayro texHoJiorii Bupo6uuitea 6io-CIITI Ta 6io-3I1T" 3 6iomerany,
OTPUMAHOTO MIIIXOM aHaepOOHOTO 36POXKYBAHHS OPraHiuHUX BiJXOiB, Ta OMMCAHO KJIOYOBI
ejeMeHTH iXHbOI iH(pacTpykTypu. BuKoHaHO OIiIHKY OCHOBHMX KaIliTATbHUX Ta OIepalliifiHnX
BUTPAT, & TAaKOX MOPIBHSHHS BapTOCTI MOTOPHOTO TaJiuBa 3 6GiOMeTaHy y TPbOX BapiaHTax BU-
POOGHUIITBA 3 AOAATKOBUM aHasizoM Bukopuctauus CIIT 3 mpupoaHoro rasy. Ilokazano, mo npu
BUPOGHUIITBI MOTOPHUX MAJUB Ha OCHOBi GioMeTaHy KiHIIeBa IliHa TAKOTO TaJWBa, B €HEPreTHd-
HOMY €KBiBaJIeHTi JM3eJIbHOTO TaJMBa, € BUINOW, HiX /s au3nanuBa, Ha BiaMiny Big CIIT 3
IIPUPOTHOTO Ta3y, Yepe3 BUCOKI 0JATKOBI KalliTaJbHi BUTPATH, OB’ sI3aHi 3 BUPOOHUIITBOM 6i0-
Merany. ToMy /i ycninHOro 3actocyBaHHsl 6i0MeTaHy Ha TPaHCIOPTI HEOOXiJHA MOHETH3AIlist
OTO TIepeBar SK BifIHOBJIOBAHOTO [Kepesia eHeprii. [Topsin 3 eKkOHOMIYHUMM y CTATTi aHAJi3y-
I0ThCST 3aKOHO/IaBYi 6ap’€py BUKOPUCTAHHA 6GioMeTaHy Ha TPAHCIOPTi Ta MPOMOHYIOTHCS KPOKU
JUIST TX TIOJIOJIAHHS: CTBOPEHHSI BHYTPIIIHBOT CUCTEMU TOPTiBJIi BUKUIAMK, PO3pO6Ka cTparerii ta
JIOPOKHBOI KapTh po3BUTKY 6iomerany a0 2050 poky, MpUitHATTS 6a30BOTO 3aKOHY IIOAO HOTO
BUKOPHUCTAHHS SIK MOTOPHOI'O IaJIBa, BCTAHOBJIEHHSI IIOKA3HUKIB CIIOKMBAHHS Ta PO3TOPTaHHS
HeoOXiIHOT iH(MPACTPYKTYPH, a TAaKOXK BHeCEeHHS 3MiH 10 [101aTKOBOTO KOZEKCY TO/I0 TiJIbroBO-
rO OTMOJATKYBaHHs IMIIOPTHOTO O6aaHanus. biba. 25, maba. 6, puc. 8.

KiiouoBi caoBa: GiomeraH, rasorno,iibue moropte naauso, 6io-CIIT, 6io-3I1I, cTucHenuit mpupo-
HUl ra3, CKOPOUEHHS BUKU/IB IAPHUKOBUX T'a3iB.

Beryn

[Tepexin Ha TpaHCTIOPTHE TAJNBO 3 HU3BKUM PiB-
HeM BuKHAiB napHukoBux rasiB (III) € ogxmm i3
KJIOYOBHX TpioputeTiB €Bporneiicbkoro Coro3y B
Mekax #oro crparerii KJiMaTU4HOI HEUTPATbHOCTI
o 2050 poky. Y 11bOMy KOHTEKCTi MPUPOJHMIT Ta3

© Teneryxa I'.T., Kpamap B.T., Matsees 10.5., 2025

Ta GioMeTaH PO3TJISAAIOTHCS SIK TEPCIEKTUBHI ajib-
TePHATUBU TPAJUIIITHUM BUKOITHUM BHUJaM IaJuBa
JUIST TPAHCIIOPTHOTO ceKTopa. Bukopuctanus 6iome-
TaHy gK TPAHCIOPTHOIO NaJMBa B YKpaiHi MOXe Bi-
JirpaBati BaxKJUBY poJib [1, 2], amxe 11e gae MOXK-
smBicTb 3HayHo 3MeHtuTu Bukuau CO,, cipustume
€KOJIOTiuHifl Mo/iepHi3allii TPaHCIIOPTHOTO CEeKTopa
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Ykpaina mae 6araTopiuyHuil JOCBiJI BUKOPUCTAH-
Hs crucHeHoro npupojanoro razy (CIIT) s aBro-
6yciB Ta BaHTA)XHOTO TPAHCIOPTY, a TAaKOXX MAa€ Me-
pexxy ATHKC, posramoBany 1epeBaskHO Y BeJUKUX
MicTax Ta B3/IOBXK TPAHCIIOPTHUX Marictpaseil. Brim
o6csru peasizanii Metany Ha ATHKC mponosskyrornb
CKOpOuyBartucs, 3/e6iJabIiloro uepe3 icuyioui 6ap’e-
p¥ [T PO3BUTKY Ta MOCTilfHE 3MEHIIEeHHS KiJbKOCTi
TPAHCIIOPTHUX 3ac06iB, IO BUKOPUCTOBYIOTH M€l
ras gK IaJuBo.

CeiTOBi TeHEHIlii PO3BUTKY
TPAHCIIOPTHOTO CEKTOpa

TpaHcnopTHHIT CEKTOP Biflirpae BUPINIaIbHY POJb
y CBIiTOBifl €KOHOMIIli, CIIPUSAOYN TIEPEMilllEHHIO TO-
BapiB, Jioziell Ta nocsayr. OCHOBHUMU BUJAMU TPAHC-
MOPTY € aBTOMOOIIbHUI, 3a/i3HUYHUI, TOBiTPSHMUIA,
MOPCBKUI Ta TpyOOTpOBiHWII. Buxomne magmuBo
JIOMiHy€ y CBiTOBifl TpaHCTIOpTHi#l Taxysi, 3abesme-
gyyioun nouaj 90 % ii eneprocnokuBamusi. Yactka
6iomanuBa y CBiTOBOMY CIIOJKMBaHHi eHeprii Ha
TPAHCIIOPTi CTAHOBUTD Jwine 6 %, TpHu 1boMy Gio-
[MaJquBa BUKOPHUCTOBYIOTb IIEPEBAKHO BAaHTAXHi
aBTOMOGJTi.

Y cBitai To6aJbHUX TEHJEHIH /10 JeKapOoHi-
3alii Ta CTaJoro PO3BUTKY TPAHCHOPTHUH CEKTOP
Mae CKOpOUYyBaTHU CBiil ByrJieneBuil cjij, nepexons-
4l Ha HU3bKOBYIJIELEBi Ta BiJIHOBJIOBAHi BUIM Ia-
suBa. Cepel KIIOUYOBUX HAMPSIMIB IIBOTO TEPEXOIy
— OGiomanmBo ta 6iomeran [3], erexkrpomMobii, cTiit-
Ke aBialfifiHe IajJuBO, a TaKOK IHHOBAI[IfiHi €KO0JIO-
riyni pimeHHa Juigd Cy/JHOILIABCTBA, 30KpeMa 3pij-
sxennit npupoganit raz (3III) Ta «3e1eHuii» Mera-
Hoz, Tomo. Cepen iHMNUX MOKJIMBOCTEW OCHOBHI
€HEePreTUYHi TeHAEeHIil CBiTOBOI TPaHCIIOPTHOI raJjy-
3i BKJIIOUAIOTh BUKOPHCTaHHS GiOMETaHy SK Y CTHC-

nytomy (6io-CIIT), tak i B 3pimkenomy (6io-311T)
Burysii. biomeran 3a6e3teuye CTiiiKy Ta €KOHOMiY-
HO KOHKYPEHTOCIIPOMO>KHY aJIbTePHATHUBY BUKOITHO-
My TIAJUBY, 3a/IMIMIAI0UNCH OJHIM i3 He6Aaratbox J0-
CTYTTHUX pillleHb /JIs TPAHCIIOPTY Ha BeJIMKi BijcTa-
Hi Ta eHeproeMHNX cerMeHTiB. lle po6uTts iforo xJro-
YOBUM YMHHUKOM IEPeXoay [0 KJiMaTUYHO HeMHT-
paJIbHOI €KOHOMiKHU.

Kimpka mgupextnB €C ¢GopMyOTh HOPMAaTHBHY
OCHOBY JIJISI BIPOBA/KEHHS Ta PO3BUTKY ITUX BUJIiB
NaJrBa, JONOBHEHY HalliOHAJbHUMU IOJiTHKaMU.
3aBASKU TOEHAHHIO 000B’SI3KOBUX IIiJiei, (inan-
COBHX CTUMYJIiB Ta BUMOT IO PO3BUTKY iH(PaCTPYK-
Typu €C aKTUBHO CIPUSE€ TPUCKOPEHHIO MEPEXOLy
BiJl TPAAUIIHUX BUKOITHUX BU/IIB MajMBa /10 OiJbIil
YUCTUX Ta CTIHKUX eHepreTUYHUX PillleHb.

Hapasi B €sponi 6ausbko 3,3 mupa m> Giome-
TaHy BMKOPHUCTOBYETHCSI SIK TPAHCIOPTHE IAJMBO.
IIBertist Mae HalfBUIy YacTKy 6ioMeTaHy B aBTOMO-
617TbHOMY TPAHCIIOPTi 3 aKIEHTOM Ha aBTOOYCH Ta
panTaxiBku (tabm. 1). Itamisa Ta @panmiga MaoTh
aMOiTHY JOPOKHIO KapTy IMOJ0 PO3IIUPEHHS BHKO-
pucranns 6i0MeTany 3 0COOJUBUM AKIIEHTOM HA BaXK-
kuit Tpancnopt. Himeuunna, Hopseris, Dinnsguais
Ta iHMIN KpaiHu MATPUMYIOTh BUKOPUCTAHHS GioMe-
TaHy 4yepe3 CTUMYJIU Y IOJITHLL BiJIHOBJIIOBAHOI eHep-
reTUKu Ta TpaHcnopty. Iramig, Dinngangisa ta Ecro-
Hisl BUKOPUCTOBYIOTh BeCh 06CST BUPOOJIEHOTO 6io-
MeTaHy sk MOTOpHe najuBo. llopsia 3 iioro BuUpo6-
HUIITBOM IIi KpaiHW PO3BUBAOTL iHMPACTPYKTYPY
Ta30BUX 3aMPABHUX CTAHIIIN K yHiBepCaJIbHUX JIsI
MPUPOJHOTO Trasy, Tak i creriamizoBanux Aas 6io-
MeTaHy.

Mo3kIMBOCTI BUKOPUCTAHHS GioMeTaHy
SIK MOTOPHOTO NaJMBa B YKpaiHi

B Ykpaini 6eH3un Ta au3esibHe MaJUBO € OCHOB-

Ta6muuga 1. Bukopucranus 6io-CIIT ta 6io-3IIT B eBponelicbkux kpainax y 2023 poui [4]
Table 1. Consumption of bio-CNG and bio-LNG in European countries in 2023 [4]

Buxopucranus O6c¢sr 6iomeTany, CrenianisoBani .
.. . . R . . 3ampaBHi cTaHIii
Kpaina 6iomMeTaHy Ha Tpaticriopr, BUKOPHCTAHOTO 3allpaBHi CTAHIif CIIT /31T
I'Br-rox/ pik Ha TPaHCIIOPTi, % 6io-CIIT / 6io-3IIT
IBeris 1210 78 263 /20 —*
Itania 7363 100 5/3 1672 /166
Himeuunna 1168 11 > 60,29 980,159
Hopsgeris 431 75 29/8 —*
Dinnsgumis 242 100 67 /11 70 /14
Ecronisg 211 100 29,2 —*

* Hemae manmx.
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HIMU €HePTOHOCISIMU 1711 aBTOMOGiJIBHOTO TPAHCIIOP-
TY, CiJIbCbKOTOCIIONAPCHKOI Ta 6y /1iBeJbHOI TEXHIKH,
MIPOMUCJIOBOTO O0JIaiHaHHS. /[u3esbHe NaanBO BU-
KOPUCTOBYETHCS MEPEBAKHO Y BAHTAKHOMY TPAHC-
TIOPTi, CiJIbCBKOTOCIOAPCHbKOMY CEKTOPi Ta CIelTeX-
Hilli, ToAi 9K GEH3MH 3aJINIIAETHCSI OCHOBHUM BHUIOM
[MaJMBa JId JEerkoBUX aBTOMOOIJiB.

CriockuBanusi 6eH3UHy Ta [U3€JbHOTO IMAJTUBA B
YKpaiHi 3MiHIOBAJIOCS TTPOTITOM OCTAHHIX JECATUJIITD
[5]. ¥ 2000—2021 pokax CIOKMBaHHSI JHU3€JIbHOTO
naJimBa KoJimBajocss B Mexax 5,1-6,3 MuaH T/ pik.
[Micaa 2008 poxy crokuBaHHSI GEH3WHY II0YAJIO
3HIKYBATUCS, JOCATHYBIIU piBHA 2,0 MJH T/ PiK y
2021 pomi. Bukopucranus 3pimkeHoro rasy 6yJio
iCTOTHO HMKUYMM, XO4a 3araJibHa TCHJICHILIS JEMOHCT-
pyBasia 3pocTaHHd, JocATHYBIU 1,3 MJIH T,/pik y
2021 pomi. CymapHe CIOXKUBAHHSI PiJIKOTO TATMBA
B TPAHCIIOPTHOMY CEKTOPi Hapasi eKBiBaJleHTHEe IIpU-
630 10 Mapa M MeTaHy, TOAI SIK BUKOPUCTAHHS
MPUPOJHOTO Ta3y SAK MOTOPHOTO IajMBa 3aJIMIIA-
€ThCS He3HAYHUM.

Y HamioHaJbHOMY €HEpPreTHYHOMY Ta KJiMaTHhy-
HOMy 1iaHi Ykpainu Ha nepiog o 2030 poxy re-
penGadeHo iHAMKATUBHY Mijb: 17,2 % BifHOBJIOBa-
HUX JKepeJ eHeprii y BaJIOBOMY KiHIIEBOMY CIIOXKU-
BaHHI eHeprii TPaHCIOPTHUM ceKTopoM [6]. Aximo
3a3HayeHUil BiJICOTOK eHeprii BUKOIIHOrO IajuBa
Oyne 3aMineHo 6ioMeTaHOM, HOTO MOTEHIliHEe pivHe
CIIOKUBaHHA MOXe gocaratu 1,7 mapg M°.

B Vkpaini € tpaaniii Ta m0CBiJ BUKOPHUCTAHHS
CTHCHEHOTO IIPUPOHOTO a3y K MOTOPHOIO IaJnuBa
U1 aBTOOYCIiB Ta BAaHTA)KHOTO TPAHCIOPTY. IcHye
Mmepeska ATHKC, posrammoBanux nepeBaxkHO y Be-
JIMKUX MiCTaxX Ta B3/I0BX TPAHCIIOPTHUX Maricrpa-
seil. Brim o6estru peasizaiiii npupogaoro rasy (me-
TaHy) Ha IUX CTaHIiAX AEMOHCTPYIOTH CTiliKy TEH-
JIEHIII0 10 3HIJKEHHS, 1[0 3YMOBJICHO HasgBHUMU
6ap’epaMul [JI PO3BUTKY Ta CKOPOYEHHSIM KiJIbKOC-
Ti TpaHCTIOPTHUX 3ac006iB, SIKi BUKOPUCTOBYIOTH Me-
TaH K MaJUBO.

Biomeran momisbHO 3acTOCOBYBATH HE JIMIIE HA
aBTOMOGITbHOMY TPAHCIIOPTi, a i Ha BOJHOMY Ta 3a-
JiganuHoMy sIK y crucHenomy (6io-CIIT), Tak i y
3pi/KeHOMY (6i0-3I1T) BurJsii. Horo BUKODPUCTaH-
HA K MOTOPHOTO IaJIMBA BiIKPUBAE MOXKJIUBICTb
CiTbrocIBUPOOHUKAM OTPUMYBATH BJIACHE JDKEPEJO
eHeprii 3 BiIXoiB Ta 3aguinKiB BUpo6HUIITBa. Kpim
TOTO, 3aCTOCYBaHHS O6iOMeTaHy B TI'DOMAaJCbKOMY
TPAHCIIOPTi CIIpUAE CYTTEBOMY 3HIKEHHIO PiBHA 3a-
Opy/HEHHS MOBITPS y BEJUKUX MicTaX, MOKpAIIyio-
4y €KOJIOTIUHY CUTYyallilo.

TexHiKO-eKOHOMiYHi acneKTu
BUPOOHHITBA TA BUKOPUCTAHHS
GioMeTany sIK MOTOPHOro GiomaauBa

Bupo6HuITBO rasomno/1iGHOr0 MOTOpHOTO Gioma-
JIMBa Ha OCHOBi GioMeTany — $IK y ctucHyTomy (Gio-
CIIT), Tak i y spimkenomy (6io-3IIT) Bursai —
BKJIIOYAE KOMILJIEKC TEXHOJIOTIYHUX Ta JIOTiCTUYHUX
pillleHb, fAKi CyTTEBO 3MiHIOIOTHCA 3aJICIKHO BiJl BULY
CUPOBUHU Ta KoHmemii mpoekty. Ha puc. 1 Hase-
JIEHO OCHOBHi ckJafioBi cob6iBaprocti 6io-CIIT Tta
6i0-3I1IT". Baprictp BupoGHMIITBA 6ioMeTaHy B YK-
paini Moxe BapitoBarucs Big 300 go 1000 eBpo /um?
Ta Oijblle, 3aJeXKHO BiJl THIy Ta BapTOCTi CHUPO-
BUHU, MacmTaldy MPOEKTY Ta 3aCTOCOBAHUX TEXHO-
Joriit [7].

Bupoo6nuumeo
ma euxopucmannsa 6io-CIIT

Cupuii 6ioras i3 CiJIbCbKOTOCTOAPCHKOT CUPOBU-
Hu 3a3Buuail micrurb 50—-65 % CHi, 35-50 % CO,
Ta 10 1 % iHmmX rasis, 3o0kpeMa cipkosoamio (H,S),
amiaky (NH3), xucuio (O,), azory (N,), apomaTny-
HUX JICTKUX BYIJICBO/JHiB, MiKDOJOMIIIOK Ta BOJ-
HOi mapu. KuceHb Ta a30T YaCTKOBO MOTPAIIIIOTH /10
6ioraszy pasom i3 BXiJ[HOIO CHPDOBUHOIO, a TaKOXK i
Yac To/[avi MOBITPS y MiJIKYOJbHUN MpocTip 6Giope-
aKktopa B mpolieci 6iosoriunoi fAecyabdypusarii.

Cupuii 6iora3 HeNpUAATHUN JJIs1 TPSIMOTO €Hep-
TeTUYHOTO BUKOPHUCTAHHS, 30KpeMa SIK aBTOMOOGIIb-
He TaJNBO, OCKiJbKU HOTO JAOMIITKA MOXYTb CIIPHU-
YUHATH KOPO3ifo O6JafHAHHS, YTBOPEHHS Hebaka-
HUX BiJIKJIa/IcHb HA ITOBEPXHAX Ta HAAMipHI BUKUU
MIKiMBUX pedoBuH B arMocdepy. Tomy Gioras 1mpo-
XO/IUTD TTPOIIeC OUMIIEHHS Ta JI0BEJICHHS JI0 CTaH/1ap-
TiB IPUPOJHOIO rasy, IO MOKe BKJIOYATH KiJbKa
eTariB, 3aJeKHO BiJl criocolGy HOTO TOAAJBINOT eHep-
TeTUYHOI YTUJi3alii Ta BUMOT J0 AKOCTi.

Icnye nronaiimMeHnie nicTb OCHOBHUX TeXHOJIOTIH
36arayenHsi 6iorasy /10 piBHS 6GiomeraHy, siKi IPyH-
TYIOTbCS Ha TIporiecax abcopOilii, agcopOtii, diabT-
parii Ta kpiorenHoi cenapaiii [8]. ¥Yci i Trexnoso-
rii € KOMepIiifHO JOCTYIHUMHU Ta HIMPOKO 3aCTOCO-
ByIOTbcsL Ha mpakrtuili. CydacHi yCTaHOBKH [alOTb
MOXJIIBICTb OoTpuMyBaTH 6ioMeTaH i3 BMictoM CHy
y Meskax 97-99 %. Bubip texHosorii Moxke 3amexa-
TH Bijl HeoOXimHOI MOTysKHOCTI 36araueHHs 6iorasy,
criocoby yTuiizanii Ta BUMOT JI0 SIKOCTi GioMeTaHy
ta ToBapHoro CO», a TakoK BiJl iHIINX yMOB.

ITicnia 36arauenHa G6GioMeTaH CTUCKAETbCA JJIA
MOAJILIIIOTO TPAHCTIOPTYBAHHS JI0 CIMOKUBava abo
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BapricTb cupoBuHn
(pyHKoBa)

BapTicTk NOricTHKY CUPOBUHU
(aaroTisns, NepeseseHHnA, aGepiraHHaA) BapricTb yTunisauii
Aurectaty

(posaineHHs, sbepiraHHa,

Bapricts Bupo6HuuTBa cHporo Giorasy ;ﬁg‘;:‘j?e”““v BHECEHHA
(nigrotoBka cy6cTpaTie, aHaepobHe aBpomKyBaHHA)
BapricTb nepegounweHHs Ta 36arayeHHn Giorasy
(BUNYYEHHA BOAM, CipKoBOAHKD, CO2 Ta IHWKX CKNaaoBux)
BapricTs 06po6kn Biometany BapricTe 3pimkeHHa GiomeTaHy
(opaopu3auia, NiBWUWEHHA TENNOTBOPHOT 30aTHOCTI) (-16270)
BapTicTL CTHCHEHHS BioMeTaHy Butparh 36yTy
(3-75 Bap) Bio-3MNr
BapricTb TpaHcnopTyBaHHa BaprTicTk CTUCHEHHA Giomerany
GiomeraHy yepes I'TC / TPM (250-300 6ap)
Burparn 36yTy
Gio-CNIC

Puc. 1. OcuoBHi ckaanoBi cobiBaprocti BupoGauiitBa 6io-CIIT ta 6i0-3IIT" 3 6iomeTaHy.
Figure 1. Key cost components in the production of biomethane-derived bio-CNG and bio-LNG.
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GiomeTaHy.

Figure 2. Dependence of specific electricity consumption for biomethane compression on the initial and final pressure
of biomethane.
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Ta6muus 2. Mopieusuusa cnoskuBanus ausesabHoro najusa ta CIIT [10—12]

Table 2. Comparison of diesel fuel and CNG consumption [10—12]

Cepeans Burpara Butpara cruche-
. [uzenpuuit CIIT Tpancnopt- peaL JIN3eJTbHOTO P
Kareropis o . o . Bara OpyTTO, HOTO IIPUPO/IHOTO
TPAHCIIOPTHUI 3aci6 Huii 3aci6 r naJnBa, rasy, Kkr /100 Ky
kr,/100 kM AE
Jlerkosi aBromo6iii Volkswagen Golf Volkswagen Golf 1400 4,2 3,5
1.6 D BlueMotion TGI 1.4
Technology BlueMotion
Jlerki xomepriiini  Fiat Fiorino 1.3 Fiat Fiorino 1.4 1700 3,8 4,4
TpaHcopTHi 3aco6u Multijet 75 HP Natural Power
ABTOOYCH [uzenpunit apro6yc  CIIT aBToGyc 12000 19,0 21,0
Baxki Bantaxxisku [Iusenpna BantaxkiBka CIII' BaHTaskiBKa 18000 16,6 22,2

6esnocepeanboro Buxkopucranus Ha A3C. Ak mo-
TOpHE TAJMBO BiH MOTpPe6Yy€e CTUCHEHHS NOHAMeH-
me no 20 MIla nepex 3akauyBaHHAM Yy HIUJIiHIPU
(6amoHn), BCTaHOBJEHI Ha TPAHCIOPTHHUX 3acobax.
[lst cTUCHEHHS TPUPO/IHOTO Ta3y Ta 6ioMeTany, 30-
kpema y supo6uuirsi CIIT (6io-CIIT), mepeBaskHO
3aCTOCOBYIOTBCSI 3BOPOTHO-TIOCTYTAJbHI 6araTtocTy-
IiHYaCTi MOPIIHEBI KOMIIPECOPH.

Ha puc. 2 HaBeZieHO pPO3paxyHKOBI NUTOMi BuU-
TPaTu eJeKTPOEHePTii /JIs1 CTUCHEHHS GioMeTany 10
KiHIleBoro THCKy B giamasoni 6-350 6ap (0,6—
35 MIla) 3a/1€KHO Biji IOYaTKOBOTO TUCKY GioMeTa-
ny (1 6ap, 5 6ap ta 10 Gap).

Crucnenmnii 6iomeran (15 °C, 200—250 6ap) mac
eHepreTUyHy mijabHicTh 9064 Mk /M3, mo y 275
pasiB MepeBUIIye MMOKA3HUK HECTHCHEHOTO 6ioMeTa-
Hy, ajge y 3,97 pa3u MeHile, Hi’K y JU3€JbHOTO Ia-
JuBa, y 3,53 pa3u MeHile, HiXX y 6ensuny, tay 2,34
pasu mewnre, Hix y 6io-31IT [9]. 3 1 m® Giomeramny
(15 °C, 1,01325 6ap) mosxkua orpumaTu 3,6 1 Gio-
CIIT (15 °C, 250 6ap). IlopiBHAbHMIT aHATI3 ITH-
tomoi Butpatu CIIT' Ta am3enpHOro mManmmBa TOKa-
3ye, mo Burpara CIII' € Bumolo A1 pi3HUX BUIIB
tpancnopry (ta6i. 2).

[lBUryHu Ha IPUPOJHOMY rasi 3 iCKPOBUM 3ara-
JIFOBAHHSIM CIIOJKMBAIOTh Y CepelHbOMY Ha 22 % Oiib-
e eHeprii, mo pobuth ix Ha 18 % menn edexTuB-
HUMM [OPiBHAHO 3 IU3€JbHUMU JABUTYHAMU LIS BaXK-
KX YMOB eKciutyaTarii. BogHouac Bonu 3a6esmeuy-
o1hb Ha 4,9 % Menmi Bukugau CO, 3aBAAKU HUXK-
YOMY BMICTY BYTJIEIIO B ITJIVBI.

Biomeran Moske TiocTavaTucs Ha icHyI04i a6o HO-
Bi razoBi A3C 4epe3 okpeMo MPOKJIAEHHIT Ta30TIPO-
BiJl, AKIIO II€ TEXHiYHO Ta €KOHOMIYHO OIliJIbHO. Y
pasi BigicyTHoCTi 106113y 6i0METaHOBOTO 3aBOJLY r'a-
30BOI Mepexi, 3/aTHOI MPHUIHATH HEOOXiAHUI 06-
CAT, CTUCHEHUI 6GioMeTaH MOKHA TPAaHCIOPTYBATH

MOOIJIBHUMY TTPUYENIaMu /10 HalOJMKYOT JIiI0v0i Ta-
303aMpaBHOi CcTaHIlii abo creliamgi30BaHoi CcTaHIlii
6io-CIII". Taki mpuyenu npusHaueHi K AJST TPAHC-
MOPTYBaHHs, TaK i JJg 36epiraHHs rady Iij BHCO-
KUM TUCKOM. BOHU cKJafaioThesl 3 Kapkaca, Ha SIKO-
My BCTAHOBJICHUII KOHTelHep i3 ra3oBuMu 6ajioHa-
mu. OanuH KOHTelHep MO)Ke BKJIouaTu Bijg 8 gm0 12
GasoHiB BUCOKOTo THCKy (25 MIIa), 1o mae MOK-
JIMBICTh TpaHCHOPTYBATU Big 5443 no 9261 m® Gio-
merany (0 °C, 101,325 kIla). Ha puc. 3 mokasano
nabamsxeny Bapricts npuuenis CIIT (6e3 BanTasi-
BoK) [13, 14].
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300000 .

Ljna komruieKTy npudyerna (6e3
BaHTaXIBKH), €BPO
°

200000
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0
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06'em tpancnoprosanoro CIT, am?

11000

Puc. 3. OpieHTOBHA BapTiCTh NPHUYEIIiB [JIs TIepeBe3eHHS
CIIT.

Figure 3. Estimated cost of trailers for transporting CNG.

3ampaBHi CTaHIl{ [ CTUCHEHOTO 6ioMeTaHy I0-
JUJISTIOThCST HAa TpH Tunu [15].

1. Cranuii mBuzakoi sanpasku (Fast-filling sta-
tions). Taki cranmuii oTpUMyIOTb ra3 i3 MicieBoi ra-
30I10CTAYaIbHOI MepeXKi HU3bKOTO TUCKY Ta CTUCKA-
I0Thb floro Ha Mici 3a oroMoroio komnpecopa. Cruc-
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Puc. 4. OpienrtoBHa Baprictb cranniit CIII: a — martepuncski crannii CIIT; 6 — pouipni cranmii CIIT.
Figure 4. Estimated cost of CNG stations: a) mother CNG stations; b) daughter CNG stations.

HeHul Ta3 36epiraeTbCs B pe3epByapax Ii/J[ BACOKUM
po6ounm tuckoMm (30 MIla), mo mac MOKJIHBICTH
MIBU/IKO 3aIPaBJISITH TPAHCIIOPTHI 3aco6U Yepe3 Ta-
JIMBHO-po3aBaibhy koaoHky (ITPK).

2. Crannii Tpusanoi sanpasku (Time-filling sta-
tions). Ha mumx craHmigx TpaHCIOPTHI 3aco6m 3a-
MIPaBJAIOThCS 6e3T0CePEIHbO 3 KOMIIpecopa, a He 3
pe3epByapiB BUCOKOTO THCKY. BoHU TiepeBaKHO BU-
KOPHUCTOBYIOTbCS B aBTOIIapKaX Ta Halikpalle MiJxo-
JSATh I TPAHCIIOPTHUX 3ac06iB 3 BEJIUKNMHU 6aKa-
MU, SIKi IIOHOYi MalOTh /l03anpaBKy Ha 6a3i. Tpusa-
JIICTD 3aIlpaBKU 3AJIC)KUTD Biji KiJIbKOCTiI TPAHCIIOPT-
HUX 32c00iB, PO3Mipy KoMIipecopa ta o6esry 6ydep-
HOIO HaKOIIMYyBaya Ta MOKE BapiloBAaTUCA BiJ KiJjb-
KOX XBUJIMH J0 6araTbOX TO[VH.

3. Kom6inosani sanpasui crannii (Combination-
filling stations). Ili craHuii MOEAHYIOTH MOXKJIUBOC-
Ti MBUKOI Ta TPUBAJIOI 3alpaBKU B OJHIN cucTeMi.
TpancropTHi 3aco6u, TiJAKJIIOYEHI 0 TiJIKU TpUBa-
JIOi 3ampaBKH, 3aMOBHIOITbCS GE3T0CepPeTHbO Bill
KOMIIpecopa, K IpaBuJjo, MpoTaroM Houi. BoaHo-
yac aBToMo6iJi, 10 HOTPeOyIoTh IMBUIAKOI 3ampas-
KU, oTpuMyioTh naysuBo uyepe3 IIPK 3 pesepsyapis
Uit 36epiraHHss ab0 KoMIpecopa, 1o 3a6e3nedye
MaKCHMaJIbHY THYYKICTb CHUCTEMHU.

¥ pasi pocraBku CIIT na A3C BanTaxkiBkamu B
6aloHaX BUKOPHUCTOBYIOTbCS TaK 3BaHi MaTepUHCHKA
Ta JOYipHA CTaHLii: mepia Aa8 CTUCHCHHS IIPUPOJ-
HOro raszy abo 6ioMeTaHy Ta 3aKauyyBaHHS 1Oro B 6a-
JIOHU, ApyTa AJs MpuiioMy nux GajoHIB Ta 3ampas-
KU TpaHCHopTy, 1o mpaipoe na CIIT.

Ha puc. 4,a naBe/ieHo OpieHTOBHY BapTicTh Ma-
TEPUHCHKUX CTAHI[i#, 10 CTUCKAIOTD Ta3 repej Horo

3aKavuyBaHHIM B aBTONUCTEPHE a60 6AJOHU HA MIPU-
Yerax /Ui TOJAJBINOTO TpaHcmopTyBaHHsa. Olinka
6a3yeThCcsl Ha JOCTYIHUX JAHUX 3 Pi3HUX [Kepe
[16—18]. I'pacikn BKJIOYAIOTH SK BUXiJHI JaHi 3 Bij-
KPUTHUX JKepeJsl 32 Pi3Hi POKH, Tak i iX yMOBHe IIpU-
Beienns 1o min 2024 poky Bignosigno go Chemical
Engineering Plant Cost Index (CEPCI) [19]. Ha-
MPUKJIAJ[, MAaTEPUHCbKA CTaHIIisI, 3/[aTHA 3alpaBJisi-
™ g0 16 BantaxiBok CIIT i3 cepegrboro MicTKicTiO
7000 cr. m® (ekBiBasienTHO 6750 /1) Ha BaHTaXiBKY,
kormrye npubausno 1,2 mun goar. CITA (1,15 mun
espo) [20].

Anpoxcumartiro BapToCTi /IOUipHiX CTaHIliil HaBe-
JieHo Ha puc. 4, 6 [16].

Ta6s. 3 MicTUTD Jiana30HU BAPTOCTI JJIsT CTAHITII

TaGmmia 3. Cepeans Baprictb 3anpasaux crauuii CIIT
Table 3. Average cost of CNG filling stations

Jlianmason
BUTpAT, TUC. €BPO

[liana3on MmoTy>KHOCTI 3aIllpaBKH,
M® ipupoaHoro razy nHa go6y*

Tpuasa 3ampaska

18-36 8,6-9,6
72—-143 33,6—48
359-717 240-480
1793-2870 528-816
IIBuaka sampaBka
72—-143 43,272
359-717 384-576
1793-2870 672-864
5380-7174 11521728

* IlpupomHuii Ta3 3a CTAaHAAPTHUX YMOB.
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Puc. 5. Omuinka Baprocti Besmmkux 3anpasuux craniiit CIII: 1 — 3anpaBka asg mkigbHUX aBTOOYCiB; 2 — TPaH3UTHA

3aIpaBKa; 3 — 3anpaBKa CMiTTEBO3iB.

Figure 5. Cost estimation of large CNG filling stations:
truck station.

CIIT pisnoro macmiraly, 1Mo OTPUMYIOTh ra3 yepes
3arajibHy a6o BJacHy Ta3oBy Mepexy [21]. Orminkn
BKJIIOYAIOTD BUTPATH Ha TIPOEKTYBaHHS, 06JaHaH-
HA Ta MOHTaX, ajle He BPaxOBYIOThb JOJAaTKOBi BU-
TpaTH, TOB’s3aHi 3 OTPUMAHHAM JO03BOJIiB, PO3IIN-
PEHHSIM MOTYKHOCTeH KoMITpecopa ui iHmmuMu dax-
TOpaMu, SIKi MOKYTb 36iJBITUTH 3aTaJbHY BapTiCTh
MTPOEKTY.

O11iHKy BapTOCTi CTaHIill MIBUAKOT 3aMIpaBKH Tie-
penbavasi YacoBuil iHTEPBaJI, MPOTATOM SIKOTO 70 %
MaJIMBa BUJAETHCSA 3a 2 TOJ[ BpaHIli Ta 2 roJi BACHbD.
[lng cranuiit TpuBaJoi 3ampaBKu po3paxyHku 6asy-
Bajncss Ha pooboti kommpecopa 10 roa Ha J€eHb.
Or1inka BUTpaT MBUAKOI 3alIPaBKH JJISI MaIuX, ce-
PeIHIX Ta BEJMKUX CTAHIliN BKJIIOYAJIA MAaHEeJ b Tpio-
puTesalii Ta 3YNTyBau KPeAUTHUX KapTok (TepMi-
Han). Yci BUNaIKu nepea6avasd HassBHICTb raso-
BOTO OCylIyBaua.

OpienToBHI BapTOCTi BEJUKUX 3alPAaBHUX CTaH-
uiit CIIT [22] nokasano na puc. 5, 1e DGE (diesel
gallon equivalent) o3Hauae exBiBaJeHT TajJOHy M-
3esqpaoro nasmBa, 1 DGE popisnioe 1,136 eksiBa-
senra rajony Gensuuosoro nanusa (GGE) [23],
a6o pu6IM3HO 4 M® TIPUPOAHOTO Ta3y B CTAHAAPT-
HUX yMOBax.

Bupoo6nuumeo
ma euxopucmanns 6io-3IT

Ha Bigminy Big 6io-CIIT, 6io-3I1T" oTpumMyioTh
y PiIKOMY BUTJISIII TIJISIXOM OXOJIOKEHHsT 6ioMeTa-
Hy, TIONEPeHbO BUIAJSIOYN 3AJUIIKOBI HeOaskaHi
KOMITOHEHTH micJist 36aradenust Gioragy. s mooun-
IMeHHs Tepe]] 3Pi/UKeHHsIM HalvacTille 3aCTOCOBY-

1 — school bus station; 2 — transit station; 3 — refuse

I0Th aMiHHi CKPy6epH, ajcopOIliio Ha MOJEKYJap-
HUX CHUTaX 3a 3MiHHOTO THCKY a00 TeMIeparypH.

OXo0JIoKeHHS 3/IiFICHIOETBCS 3a JIOTIOMOTOI0 XO-
JIOMWJIbHUX MAallliH, IO IpalioloTh 3a IUKJIaMU
Bpaiitona, Penkina, Jlinge a6o Cripainra. Taxkox
MO>KJIBE BUKOPUCTAHHS IIPOCTIllIOTO METO/y — Tell-
JIOOOMIHHOTO OXOJIOPKEHHST 3Pi/IKEHUM a30TOM, 1110
Ma€ HUKYY TeMIlepaTypy, Hi’K TOUKA 3PiJPKeHHS Me-
TaHy. Y IIbOMY IPOIleCi a30T BUIAPOBYETHCS, a 6io-
MeTaH Nepexo/uTb Y PiJKMil cTaH.

Enepretuuni BurTpaTu Ha 3pi/pKents 6iomeramy
3aJIEKATD BiJl MMOTYKHOCTI YCTAHOBKY Ta CTAHOBJIATD
0,6—1,7 kBr-ron,/xkr. Ik i npupoaumii ra3, Giome-
TaH 3Pi/UKYETHbCS TIpU aTMOChEPHOMY THUCKY 3a TeM-
nepatypu Mminyc 162 °C, npu upomy Horo rycruxa
craHoBuTb 426—430 kr,/M3. 3a BUILOIO THCKY TEMIIe-
paTypa 3pi/sKeHHsT MOxke 6YTH BiJIIOBiJTHO BHIIOIO.

TpancnopryBanus 6i0-3I1I" mo A3C saiticHio-
€TbCA CITeIiai30BAaHUMU  HaIli BIIPUYETIAMU-TTACTEP-
HaM¥, OCHAIlleHUMY HeoOXiHuMY (DiTHHTaMU Ta BU-
MipIOBaJIbHUMH TpHUJIaJaMu. THIIOBA MiCTKiCThb Ta-
KUX pe3epByapiB — 52 M3, 10 /lae MOXKJIMBICTH Tie-
pesosutu 110 20 T 6i0-3I1T". Ile Haii3pyunimmuii cno-
ci6 mepeBe3eHHs y MexKax YKpaiHu, Xo4a [JIs MiXK-
HAPOJHMUX IIOCTAaBOK MOKE BHUKOPUCTOBYBaTHCA i
MOPCbKMH TPaHCIIOPT.

CucremMu 3arpaBkyl 3pimkeHnM 6GioMeTaHoM a6o
MPUPOJHUM Ta30M MalOTh Bi/IHOCHO IIPOCTY KOHCT-
pykiifo. a3 36epiraeTbcs y creniajbHUX KpioreH-
HHUX pe3epByapax, SKi MOXKYTb MaTH JIBa OKPEMHUX
Tpy6GOTIPOBOAM: OAWH TOJA€ 3Pi/KeHHt 6GioMeTaH
6e310CcepeIHbO 0 TTATNBHO-PO3/IaBAIbHOT KOJIOHKH,
a Apyruil — [0 Hacoca IiJIBUIIEHHS TUCKY, 3BiJKH
ra3 HaJXO/IUTb y BUIIADHUK [IJII OTPUMAaHHs CTHCHe-
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Figure 6. Characteristics of LNG plants: a) cost estimate of LNG plants; b) estimate of specific electricity

consumption for different LNG production capacities.

Horo Giomerany. Takum unaoM, A3C Ha 3pi/KeHO-
My GioMeTaHi MOXKe OJJHOYaCHO OOCJIYTOBYBATH TPaHC-
MopTHi 3aco6H, MO BUKOPHUCTOBYIOTH sK 6io-CIIT,
Tak i 6io-31IT.

[Ipu 36epiranni 6ioMeTaHy B PiJKOMY BUTJISII
IIO/THSI BUMTapOBYeThCst 6m3bko 0,12 % ioro o6’emy
[24], Tomy cTaHIist Ma€ GyTH OCHAIIEHA YCTAHOBKOIO
peKoHAeHcalil i MiHiMisauil BTpar.

Ha puc. 6, a HaBeieHO OIiHKY BapTOCTi 3aBOJiB
3i 3pimKennst 6ioMeramy, MO BKJIOYAE CTAHINIO /10-
OUHUIIEHHSI Ta YCTAHOBKY 3pi/oxeHHs. [Ipu nbomy He
BPaxOBYIOTbC JOIOMIXKHI KOMIIOHEHTH, TaKi AK pe-
3epByapu st 36epiranns 31T, naanBHO-po31aBaib-
Hi KOJIOHKU JIJI1 BAaHTaXXiBOK, a TaKOXK BUTPATH Ha
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Puc. 7. OpienroBHa BapTicTh 3anmpaBuux ctantiii 11T
Figure 7. Estimated cost of LNG filling stations.

MOHTaK Ta BBeJleHHdA B eKclliyarauilo. IIuromi Bu-
TpaTU €JEKTPOeHeprii Ha Npouec 3pi/rKeHHda HaBe-
JleHo Ha puc. 6, 6.

Baprictp 3anpaBuux cranmiit 3IIT" omineno Ha
OCHOBI HagBHUX JPKEPEJ 3aJIe’KHO BiJl IOTYKHOCTI
cxouy 3IIT [25] (puc. 7). Cranuia 3III" BemKoro
aBTolapky 3 mnoryxuicrio samnpasku Big 40000 o
200000 M3/ o6y Komirye Bij 2,25 10 7,5 MJIH AOJI.

Ouinka BapTOCTi BUPOGHHUITBA
TPAHCIIOPTHOTO MAaJHMBA HA OCHOBI GioMeTaHy

Hawmu 6y710 o1liHEHO €KOHOMIYHI pe3yabTaTH /IS
6iOMETaHOBOIO 3aBOAY, IO BUPOGJIse 6 MiH M Gio-
MeTaHy Ha pik. lIpuiiHgaTo, MO 3aBO/ BUPOOJISE Ta
CaMOCTIiHO peasidye 6ioMeTaH K TPAHCIOPTHE Tia-
quBo. BusHaueHo KamiTasbHI Ta omeparliiHi BH-
TpaTW Ha BUPOOHUIITBO TPAHCIIOPTHOTO MAJWBa, a
TAKOJX I[iHy peaJi3arii najusa, HeoOXiIHY ISl OKYTI-
HOCTi KariTaJbHUX BUTpaT 3a 5 pokiB (6e3 AMCKOH-
TyBaHHﬂ), Ta IIPOBE/ICHO NOPiBHAHHSA 1i€l 1[iHU 3 I10-
TOYHOIO I[iHOIO JU3eJbHOTO NaJjbHoro. Posrigananu-
Cs Taki BapiaHTH.

Bapiant 1 — Bupo6uuiro 6io-CIIT'. Biomeran
CTHUCKAETDHCS MaTepUHCbKOIO craniiieio 10 30 MIla na
6i0MeTaHOBOMY 3aBO/Ii Ta 3aKAYY€ETHCs B Ta30Bi 6aJio-
HU I TPAHCIIOPTYBAHHA Ha BiZICTaHb 75 KM /IO [10-
4ipHbOi cTaHIlii, 3 sKOi Ge3nocepeHbO 3alPaBJis-
I0TbCSI TPAHCIIOPTHI 3aco6w, 1o mpariofoth Ha CIIT.

BapianT 2 — Bupo6uuirso 6io-CIIT, ko € Mox-
JUBiCcTb opraHidyBaru aBro3anpaBny craniiio CIIT



112

ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepexenms. 2025. No 4

BifiHOCHO 6/M3bKO 710 GioMeraHoBoro 3aBoay (5 kM),
[lepenbauene npokIajaHHs ra3onpoBoay BiJ 6iome-
TAHOBOTO 3aBOJy ZI0 Miciis po3aranryBanHs A3C. Y
npomy BUQAKy A3C BukoHye (byHKITi BUPOOHUII-
tBa 6io-CIIT, itoro 36epiraHHsi Ta 3alpaBKU TPaHC-
MOPTHUX 3aco0iB.

Bapiant 3 — BupoGuuntso 6io-3III". 3pimxke-
Huil 6iomMeTaH BUPOOJISETHCS Oe3mocepeHbo Ha 6io-
METaHOBOMY 3aBO/li, IIOTIM 3aBaHTaKyE€TbCAd B IUC-
TepHy g TpaHcnopTyBaHHa 10 A3C Ha BiacTasb
75 KM, Jie BiH 3aKauyyeTbcs B pe3epByapH aBTO3a-
mpasHoi craniii. A3C Buxonye QyHKINi 36epirants
6i0-3I1T" Ta 3ampaBKku TPAHCIIOPTHUX 3aCO6iB.

Bapiant 4 — BupoGuuntso CIII' 3 mpupoanoro
ragy. lleit BapianT mepenbavyae yMOBH, aHAJOTiYHI
BapiaHTy 2, IpOTe BUKOPUCTOBYE IIPUPOIHUN ra3 K
cupoBuHy. Bin Bk/IIOYeHU 1714 TOPiBHAHHSA, OCKiJb-
KU Mae peajbHi IPUKJIAIN BIPOBA/)KEHHI B YKpai-
Hi. AHa7i3 IbOTO BapiaHTa MO0 iHITUX JTa€ MOXKJIU-
BicTb omiHUTH crierudivai 0co6JUBOCTI BUPOOHUIIT-
Ba 6ioMeTaHy SIK TPAHCIOPTHOTO TIAJHBA.

OcHoBHI TIpuIylieHHS [/ PO3paxyHKYy HaBe-
neHo y tabu. 4 ta S.

Busnavyenna kamiTaJbHUX Ta OMEparliiHUX BU-
TpaT TPYHTYETbCS Ha 3aJE€KHOCTSX, OMHMCAHUX BU-
e, 3 ypaxyBaHHSIM o6caTy BUPOGHUIITBA Giomera-
HY, SIKUii, Y CBOIO Yepry, BU3HAYa€ HeOOXiTHUI PO3-
Mip A3C, npumyckaiouu, Mo Becb BUpobeHnil 6io-
METaH [EPETBOPIOETHCSI HA TPAHCIIOPTHE TAJHUBO.
Onepanifini Burpat 3 BupoGHUITBa (BApPTICTH BU-
po6uuiTBa) 6ioMeTaHy OIiHEHO Ha CEPeAHbOMY PiB-
Hi 500 eBpo,/ 1000 M>. [lasi 10 LbOro 3HAYEHHS [I0-
JTABAJIICST OTIEPAITiiiHi BUTPATH HA BUPOGHUIITBO TPaH-
CIIOPTHOTO TIanBa 3 6ioMeTaHy.

Ha migcrasi orpumanux pesysbraris (tabmn. 6)
MOJKHA 3POOUTH PSIJI BUCHOBKIB.

1. Bupo6GHHUIITBO TpaHCHOPTHOTO HaiuBa 3 6io-
MeTaHy, 10 BUPOOISAEThCSA 06cAToM 6 MITH M® Ha PiK,
BUMarae J0/JJaTKOBUX KalliTaJIbHUX BUTPAT Y PO3Mipi
1,4—6,7 man eBpo Ha OYiBHHUIITBO AaBTO3AIPABHUX
cTaHIii Ta MpuAGAHHS CIIEIiaTi30BaHOTO aBTOTPAHC-
nopry. HaiijoposkuuM BapiaHTOM HIOAO KalliTaJlb-
HUX BUTpAT € BUPOOHUITBO 6io-3I1T.

2. TlopiBHsiHHST BapTOCTi 6GiOMETAHOBOTO €KBiBa-
JlenTa 1 Kr IM3e/IbHOTO NMaJuBa JJIs1 Pi3HUX CII0cO6iB
BUKODPICTaHHS 6i0MeTaHy TOKa3ye, o yci BapiaHTn
€ JIOPOXKYMMHU 32 JU3eJbHE TAJWBO, 33 BUHSATKOM
CIIT, orpuMaHOTO 3 TPUPOAHOTO rasy (puc. 8, a).

3. Hlo6 3abe3neuyntn MpOCTHII TEPMiH OKYITHOCTI
B O pOKiB, HeoOXijiHa Ha/I6aBKA JI0 BApTOCTi MaJnuBa
Ha ocHoBi Giomerany nopiBusHo 3 CIIT. BupoGuuir-
Bo CIIT 3 mpupoaHoTOo Tazy He MOTpeOy€e TaKUX Ka-

Ta6musa 4. OCHOBHI NPUNYUIEHHS JJS BapiaHTiB
1-4

Table 4. Key assumptions for evaluating options 1-4

[TapameTpu | 3HaveHHS
Kypc rpu/eBpo 43,4737
Ilina enexrpoeneprii (posupi6uuii pu-
HOK, CIIOKUBAY 2-TO KJIacy HAIpyTH) 6e3 8,85
II/IB, eBpo
CepenHboMicsyHa 3apobiTHA IJIaTa 3 HA- 842
pPaxyBaHHSIMHU, €BPO
Lina npupogHoro rasy, espo,/ 1000 >, 460.0
6e3 I1/1B ’
Posapi6ua 1mina ausnanamBa, €BpO,/ KT,
. 1,265
y tomy uncai I1/IB
IIutomi Bukumau IIT" gasg gusenbHOTO ma-
3,19
smBa, K COz -eKB. /KrI [jU3. IajinBa
Piune BupoGuuITBO GioMeTamy, M 6000 000
Jo6ose BUPOGHUITBO GiomeTany, M 16 438
[lo6oBe BupoGHUITBO 6i0-311T, T 11,7
Omnepartiiini BuTpat BUPOGHUIITBA 6io- 50
Metany, espo,/ 1000 M3
CAPEX GiomeTaHOBOTO 3aBOY, €BPO 10200 000
Bigcranp [ocTaBKu rasy TpyGOMpOBO- 5 000
JIOM, M
Bigcranp pocrasku  6io-CIIT /6io-3I1T 75
aBTOTPAHCIOPTOM, KM
IMogatok Ha MpUOYTOK, % 18
Cepe/iHie 3HaYE€HHS YACTKU MEPEBHUIIEHHS
TPAHCIIOPTHUMH 32C00aMU €HEProCIIOKH- 23,5
panns CIIT nopiBHAHO 3 3. TaIMBOM, Y
[InmanoBuil mpocTuil TepMiH OKYIHOCTI 5
6i0MeTaHOBOTO 3aBOAY, POKiB
[TnanoBuit 1mpoctuii TepMiH OKYNIHOCTI
BupoOuuiirBa CIIT' 3 mpupomHoro rasy, 3

POKiB

Ta6smug 5. IIpunyuenns mom0 MUTOMHX BUKH/IIB
CO,

Table 5. Assumptions regarding specific CO,
emissions

HT3 Bukunn Buxun
ITanuso ML /’ COg, COy, 1 /KT
K/ KD r/Tx maJiiBa
Bensun 44,3 69 300 3,07
HAusevie 43 74 100 3,19
[aJIMBO
Tpupoaruii 48 56 100 2,69

ra3
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Puc. 8. Pesysbratut OIliHKM BapTOCTi BUPOGHUIITBA TPAHCIIOPTHOTO MAJNBA HA OCHOBI 6iOMeTaHy: a — TIOPiBHSIHHS I[iH
Ha raJbHe 3 6GioMeTany, ekBiBaseHTHe 1 Kr Au3esnbHOro manusa, €Bpo 3 I1/IB; 6 — BapricHa cTpyKTypa IiHu Ha Ta3,

espo 3 [1/IB.

Figure 8. Results of the cost assessment of biomethane-based transport fuel production: a) comparison of prices for
biomethane fuel equivalent to 1 kg of diesel fuel, euros including VAT; b) cost structure of gas prices, euros

including VAT.

MiTATBHUX BHUTPAT, SK BUPOOHUIITBO GioMeraHy,
ToMy miHa npoaaxy Takoro CIII' Mmoxke 6yTn 3HAYHO
mwkuoro (puc. 8, 6, Tabu. 6).

4. Bukopucranus 6ioMeTaHy SIK MOTOPHOTO IIa-
JinBa morpe6ye MOHETH3AIli1 HOTO TIepeBar K BiJJHOB-
JIIOBAHOTO JKepeJia eHeprii. SIKII0 po3rJsijiaTi MOXK-
JuBicTb migBuieHHs1 nogatky Ha CO, s BUKOI-
HOTO TIaJiMBa, HEOOXiJHWII piBeHb MOAATKY JJIS BH-
PiBHIOBaHHSI BapTOCTi IU3EJbHOTO TaiBa Ta Giome-
TAHOBOTO MajiuBa Mae ctaHoButu 138—348 eBpo /T
CO, nipu noToyHUX IiHAX Ha Ju3esbHe naauBo. Ha-
pasi lie mepeBUINyE /AiI04YMil piBeHb IiH Ha BUKUAN
napHukoBux rasis y cucremi EU ETS.

Bap’epu aas BUKopucTanHs GioMeraHy
SIK MOTOPHOTO TIaJIMBa B YKpaiHi

PosBuTok 6GioMeTaHy SIK TPAHCIOPTHOTO MAJUBA
B YKpaiHi CTHKAETbCS 3 HU3KOI0 6ap’€piB: eKOHOMIiY-
HUX, 3aKOHO/IABYMX Ta TeXHOJIOTiYHUX. ExoHOMiuHI
6ap’epu MMOB’sI3aHi 3 BUCOKMMU BUTPATAMK HAa BUPOG-
HUIITBO TIAJIUB HA OCHOBi GioMeramy Ta HeOOXiJHic-
TIO CTBOPEHHS JIOJIATKOBOT iH(pacTpyKTypH. 3aKOHO-
naBdi 6ap’epu 3yMOBJIEHI BiZICYTHICTIO YiTKOT HOP-

MaTuBHOI 6asu. TexHosoriuai Gap’epu BKJIIOYAIOTH
o6MekeHy iHQPACTPYKTypy 3alpaBHUX CTaHIIiH,
nuTaHHg 36epiTaHHs Ta TPAHCIIOPTYBAaHHS, a TAKOXK
CYMIiCHICTb CTapuX TPAaHCIOPTHUX 3ac06iB 3 GioMe-
TaHoBUMHU TajuBaMu. CuiiJi 3a3HaYUTH, 110 TEXHO-
JIOTiYHi aCIIeKTH He € IIPeMETOM PO3TJIAAY i€l
CTarTi.

Exonomiuni 6ap’epu

Ax TokazaHO paHillle, BHCOKA ITiHAa TMajnMBa Ha
OCHOBi 6ioMeTaHy € iCTOTHUM €KOHOMiuyHWM Oap’e-
pom. Hapasi B1acHUK TpaHCTIOPTHOTO 3ac06y B YK-
paini, obuparoun Mik GiOMeTaHOM Ta MPUPOIHUM
ra3oM, CKOpIIl 3a BCE€ HAJACTb I€pPeBary OCTAHHbBO-
My, OCKiJbKM HOro BapTicTb CYyTTEBO HUXKYaA 3a €KO-
HOMiYHO OOTPYHTOBaHY IiHy CTHCHEHOTO 6ioMeTaHy,
a JI0ATKOBi CTUMYJIH [1JisT BUKOPUCTAHHS 6iOMeTaHy
BiJICyTHI.

Kpim Toro, cama indpactpykrypa Ta onepaiiitai
mporiecu s BUPOOHUIITBa Ta Tipoaaky 6io-CIIT i
6i0-31II" moTpe6yioTh 3HAYHUX KaMiTaTbHUX Ta €KC-
[IyaTtaliiiHux BUTpaT.

[Moposmanua nporo 6ap’epy MOMKJIMBE IIJISTXOM
MOHETHU3aIlil eKOJOTiYHUX IepeBar GioMeTaHy sk
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Bi/THOBJIIOBAHOTO JpKepesia eHeprii. g ekoHOMivHO
JKUTTE3/IATHOTO TIepexoy Ha 6GioMeTan Heo6XiTHO
3ampoBaauTH (PiHAHCOBI CTUMYJIH, MO’BsI3aHi 3i CKO-
pouennsiM Buku/iB I1T" BHacTi 1ok BUKOpucTanus 6io-
MetaHy. llpmkgazomM MoreTm3arii MOXyTh OyTn
CTBOPEHHS BHYTPIlIHBOI CUCTEMU TOPriBJIi BUKUJA-
mu [IT, 1110 OXOIII0E TPAHCIIOPTHUI CeKTOp YKpai-
Hu, 3MiHu /10 ITofaTKOBOTO KOZEKCY 1110/10 3HUKEH-
g mut ta [I/IB npn iMmopri o6iagHaHHs AJs BU-
POOGHUIITBA Ta CIOKWUBaHHA GioMeTaHy, sSIKe He BU-
pobasieTbess B YKpaiHi, IiJBUIIEHHS IMOJATKy Ha
CO; png BUKOIIHOTO TIajuBa, cHiBQiHaHCyBaHHS
JIeP>KaBOI0 CTBOPEHHS iH(MPACTPYKTYPH 3allpaBHUX
cTaHMiit aas po6orn Ha 6io-CIIT ta 6io-3I1T.

3axonodasui 6ap’cpu

[Mopsim 3 exoHOMiUHUMHU Gap’epaMu iCHYIOTb I
6ap’epn, MOB’s13aHi i3 3aKOHOIABYOIO Ta HOPMOTBOD-
4010 JisiyIbHICTIO o0 6ioMeTany B Ykpaini. [lepe-
ITKOJIOT0 [IJISE PO3BUTKY GiOMeTaHy B TPAHCIOPTHOMY
cekTopi B YKpaiHi € BiJCYTHICTb 3aTBEpKEHNX
JIOBTOCTPOKOBUX CTPATETiYHUX IliJiell JJsT ceKTopa
GioeHepreTuky Ta GiomMerany. B Ykpaini HeMae opu-
JINYHO 0OOB’SI3KOBOI cTpaTerii Ta TOPOKHBOI KapTh
BUPOGHUIITBA, CIIOKUBAHHS Ta iHTerpamii Giomera-
Hy. Il HeBU3HAUEHiCTh TIEPENTKO/PKA€ iHBECTUIIisIM,
OCKiJIbKHU TiAnpueMcTBa Ta (DiHAHCOBI YCTAHOBHU TO-
TpeGYIOTh YiTKUX JIeP’KaBHUX OPIi€HTUPIB, 100 BH-
MpaBJaTU JOBIrOCTPOKOBI iHBECTUIil B IOTYKHOCTI 3
BupoGHUITBA GioMeTaHy Ta indpacTpyKTypy 3armpas-
HuX cradnii. B Ykpaini BiacyTni HanioHasbHi 1iji
Ta 3060B’SI3aHHS IOI0 BUKOPUCTAHHS 6iOMeTaHy Ha
TPAHCIIOPTi. 3HAYHOIO IIEPEHIKOJO0I0 Il PO3BUTKY
6ioMeTaHy B TPAHCIIOPTHOMY CEKTOPi YKpaiHU € Bij-
CYTHICTb OCHOBHOTO 3aKOHY, KWW OM PperyJiioBaB
1oro BUPOOHUIITBO Ta BUKOPUCTAHHS HA TPAHCIIOPTI.

[Ile onHi€l0 MEPENTKOOIO /ST BIIPOBAKEHHS 6i0-
MeTaHy € BiJICYTHiCTb BCTAHOBJICHUX TEXHiUHUX BU-
MOT I[0/10 0T0 BUKOPUCTAHHS K MOTOPHOTO IaJIMBA.

Ortike, BaXJIMBUM € CTBOPEHHS CIIPUATJIUBOTO
3aKOHO/IABUOT0 T2 HOPMATUBHOIO Cepe/IoBUIa, a Ta-
KO 3allpOBA/I>KEHHSI MEXaHi3MiB Jlep:KaBHOI ITijI-
TPUMKH [IJIT CTUMYJIIOBaHHS BUPOOHUIITBA Ta CIIO-
JKUBaHHS GioMeTaHy.

BucHoBku Ta pekoMmeHAamii

PosBuTox 6GioMeTaHy SIK TPAHCIOPTHOTO TMAJUBA
B YKpaiHi BiIKPUBa€ 3HAUYHY MOXJHUBICTb JJISI CKO-
pOYEHHS BUKW/IB NAPHUKOBUX ra3iB, IIiABUIIECHHA
eHepreTUYHoi 6e3IeKu Ta MiTPUMKHU TePeXoy [0

6iJIBIIT €HEPTETUYHO CTAJOTO TPAHCHOPTHOTO CEKTO-
pa. Bigcyrnictp mporpecy B pexkap6oHi3aiiii TpamHc-
MOPTY MOXKE CTATH CePHo3HUM 6ap’€poM st BCTYILY
Yxpainu B €C.

Kpoxkun, 110 nponoHyoTbes 11 MOI0JaHHS iCHY-
founx 6ap’epiB Ta I PO3BUTKY YKPaiHCHKOTO PHH-
Ky Ta3onoAi6Horo 6iomasnBa, BKJIIOYAIOTD:

— CTBOPEHH:A BHYTPIlIHbOI CUCTEMU TOPTiBJI BU-
kugamu [T, o oxomutroe i TpaHCTIOPTHUI CEKTOP;

— po3poOKy cTpaTerii Ta JOPOKHBOT KapTH po3-
BUTKY Giomerany 10 2050 poky;

— po3po6Ky Ta BIPOBAKEHHsT 6a30BOTO 3aKO-
Hy IWI0JI0 BUKOPHUCTAHHS GiOMeTaHy $SIK MOTOPHOIO
1ajauBa;

— BCTAaHOBJICHHA IIJIAHOBUX IIOKA3HUKIB CIIO-
SKMBaHHS 6iOMeTaHy Ta KiJIbKOCTi ra3o3amnpaBHUX
CTaHIIi;

— cniBdiHaHCYBaHHA JE€PKABOIO CTBOPEHHS iH(]-
PACTPYKTYpHU 3allpaBHUX CTaHIill [ poOOTH Ha
6io-CIIT Tta 6io-3IIT;

— pO3pOOKY TEXHIYHUX CTAHIAPTIB JJIsT BAKOPHC-
TaHHg 6iOMeTaHy SK MOTOPHOTO TIaJINBa;

— 3minn 1o IlogaTkoBOro Kojekcy IioJl0 3HH-
skernst mut Ta [1/IB npu iMmopri ob6sagHanus s
BUPOGHUIITBA Ta CIIOKWBAHHS GioMeTaHy, sIke HE BU-
poO6JIsiETbCS B YKpaiHi.

Biomeran mae 3HauHWiI TOTeHIiaJ, 1mMO6 cTaTh
BaKJIMBOIO CKJIQ/I0OBOI0 €HEPTETHYHOTO 6GanaHcy YK-
paiHU Ta €KOJIOTIYHO YMCTUM MOTOPHUM IIaJIUBOM.
PosButox T1i€i ramysi cmpustuMe JeKapOOHi3arlii
TPAHCIOPTHOTO CEKTOPa, IIiJBUIICHHIO €HEepreTHd-
HOI He3aJIesKHOCTI Ta CTUMYJIIOBAHHIO €KOHOMiYHOTO
3pOCTaHH4. YCIHilllHA peaJsiisallis IIbOTrO MOTeHIiaxy
3aJI€KUTh BiJl 3JIATO/KEHUX 3YCHJb Jep:KaBu, 6i3-
HECy Ta HAyKOBOI CIIiJIbHOTHU, CIIPAMOBAHUX HA CTBO-
PEHHS CHPUATIUBUX 3aKOHO/JABUYMX, €KOHOMi4HUX
Ta TEXHOJIOTIYHUX yYMOB.

YMoBHI TO3HAYEHHS

CAPEX — kamiranpsi Burparu (capital expenditures)

EU ETS — €EBponeiicbka cucteMa TOPTiBJIi BUKUIAME

ATHKC — aBTOMOOiJIbHA Ta30HATIOBHIOBAJbHA KOM--
[pecopHa CTaHILis

A3C — aBTO3alpaBHA CTAHIliS

3IIT, LNG — 3pimxkenuit npupoaauii Tas

HT3 — HIDKYA TelsIoTa 3rOPSIHHS

[r — TMapHUKOBI ra3u

I1/1B — TIIOJATOK Ha JI0/laHy BapTicTb

I[TPK — TIaJMBO-PO3/IaBaJbHA KOJOHKA

CIIT, CNG — cTucHeHull TPUPOIHUI Ta3
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Possibilities of using biomethane
as motor fuel in Ukraine

Abstract. Reducing GHG emissions in the transport sector is critical to combating climate
change. This article is devoted to the analysis of existing barriers, primarily economic, to the
use of biomethane as a motor fuel in Ukraine and the formulation of general recommendations
for overcoming them. Global trends in reducing emissions in the transport sector are consid-
ered, in particular the experience of Sweden, Italy, Germany, Norway, Finland, and Estonia.
Ukraine, which has secured its commitments in the Nationally Determined Contribution and
the National Energy and Climate Plan until 2030, sets an indicative goal of ensuring 17.2 %
of renewable energy sources in gross final energy consumption in the transport sector. If this
goal is achieved with involvement of biomethane, its use as a transport fuel in Ukraine could
amount to 1.7 billion m® per year. The article analyzes the technical and economic aspects of
the production and use of biomethane as a motor fuel, as well as the barriers to its implemen-
tation in Ukraine. The technologies for the production of bio-CNG and bio-LNG from bio-
methane obtained by anaerobic digestion of organic waste are considered, and the key elements
of their infrastructure are described. The main capital and operating costs are estimated, as
well as a comparison of the cost of motor fuel from biomethane in three production options
with an additional analysis of CNG from natural gas. It is shown that when producing motor
fuels based on biomethane, the final price of such fuel, in the energy equivalent of diesel fuel,
is higher than for diesel fuel, unlike CNG from natural gas, due to the high additional capital
costs associated with the production of biomethane. Therefore, for the successful use of bio-
methane in transport, it is necessary to monetize its advantages as a renewable energy source.
Along with economic ones, the article analyzes the legislative barriers to the use of biomethane
in transport and proposes steps to overcome them: the creation of an internal emissions trading
system for transport sector, the development of a strategy and roadmap for biomethane until
2050, the adoption of a basic law on its use as a motor fuel, the establishment of consumption
indicators and the deployment of the necessary infrastructure, as well as amendments to the
Tax Code for preferential taxation of imported equipment. Bibl. 25, Tab. 6, Fig. 8.
Keywords: biomethane, gaseous motor fuel, bio-CNG, bio-LNG, CNG, greenhouse gas
emissions reduction.
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@dopMyBaHHS KOMILJIEKCHOTO MOKa3HUKA
€KOJIOTiYHOTO BIJIUBY Ha /IOBKIJJISI €JeKTPOCTaHIi,
sIKi BAKOPUCTOBYIOTb Pi3Hi MEPBUHHI eHepropecypcH

Amnorarnisi. CyyacHa eHepreTnka 6a3yeTbCsl HAa Pi3HOMAaHITHUX BHKOITHUX E€HEPTETHYHUX pecyp-
cax (Byriss, Hadra, Topd), BiHOBIIOBaHUX JpKepesax eHeprii (COHsYHa, aepo/MHaMiyHa,
rijpaBjiuHa) Ta eHepropecypcax, 10 BUTOTOBJIAIOTbCs (siaepHa, pocaunHa, Giosoriuna). Ile
crpuuuHsie 3a0pyAHEHHS TEPUTOPill, HA SKUX PO3TAIIOBAHI eHeprool’eKTH, Ta PerioHiB po3Mi-
MIeHHS eJIEKTPOCTAHITI M PI3HUMU BUIaMU 3a0pyIHEHD: Ta30BUMH, PiIKUME Ta TBEPIUMHI BUKHU/IA-
mu. OGrpyHTYBaHHS BUOOPY €HEPropecypcy /s IEBHOTO PeTioHy MoTpeGye BpaXyBaHHS Pi3HO-
MaHiTHUX (PaKTOPiB EKOHOMIYHOTO, TEXHOJOTIYHOTO, JIOTICTHYHOTO, €KOJIOTi1YHOTO Ta iHIIOTO I0-
xokeHHs. Po3pob6ka eHepreTHUHUX cTpareriii 6a3yeThcss HA METOJAX TOPiBHIJIBHOTO aHAJI3Y.
[l iforo BUKOpMCTAHHS HeOOXi/lHA HAsSBHICTh KOMILTEKCHUX TMOKA3HWKIB, MO AAOTh MOKJIN-
BIiCTb 3iCTaBJISITH €KOJIOTiIUHI BIJINBUA eHeproo6’eKTiB, 0COOJIMBO eJIeKTPOCTAHIIIH, 1110 BUKOPUCTO-
BYIOTHb Pi3Hi 32 MPUPO/IOIO Ta BILJIMBOM HA HABKOJIUIITHE CEepPe/IOBUINE eHepropecypcu. IcHyroui
METO/H OIIiHKY 3a6py/HEHHS CepeIOBUINA PO3T/IIAAIOTh TIEPEBASKHO Pe3yIbTaTH 3a0pyAHEHHS Y
BUTJISIII 3aJIMINTKOBOT KiJIbKOCTI 3a06py/HIOBauiB B aHaJi3oBaHoMy apeasi. Takuii miaxijn He aae
MOKJIMBICTD MOPIiBHIOBATU BILIUB PECYPCiB Pi3HOI IPUPOAU HA JOBKIJIA, TOMY 110 iX 3a/JUIIKU
CIPUYMHAETh HE OHAKOBY (i3uKo-XiMiuHy Ta 6i0XiMiuHy B3a€MOAiI0 3 YMHHUKAMHU IPUPOIHOTO
cepezioBunia. BukoHaHWI aHaTi3 iCHYIOUNX METO/IB /IOBiB, IO /JST YCYHEHHSI BUSIBJIEHOTO HeEJ0-
JIiKy Heo6XiHO BUKOPUCTATH KOMILIEKCHHU MiAXiA A0 (POPMyBaHHS TMOKA3HUKIB, aJalTyBaTH
iHTerpaJbHi iHAEKCH JI0 CTAaTUCTUYHMX JaHUX CIIOCTEepeKeHb 3 ypaxXyBaHHIM iX 3B'SI3KiB i3 /Ke-
peJioM 3a6pyiHEeHHS . 3alPOIOHOBAHO CIIOCi6 GOPMyBaHHSA KOMILIEKCHOTO MoKasHuka (inaekcy),
1[0 XapaKTepU3ye CTYIiHb €KOJIOTiYHOTO BIJIMBY €JIeKTPOCTaHIliil Ha HAaBKOJINIIIHE CepeIoBHIle

© Kosaspuyk B.I., Bap6ames C.B., Kosmnos O.I., T'onosin M.O., Bicrak C.B., 2025
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3 ypaxyBaHHSM MIPUPOIU BUKOPHUCTOBYBAHOTO eHepropecypey. Biba. 16, puc. 2, maba. 3.
KimoyoBi cioBa: eleKTpOCTaHIlii, MEPBUHHUI eHepropecypc, HABKOJIUIIHE CepeOoBHUINe, MOKa3-
HUKU 3a6pyAHEHHs, KOMILJIEKCHA OIliHKAa 3a6pyAHEHHS, iHAEKC eKOJIOTIYHOTO BILIUBY.

Beryn

Y cyuyacHOMy CBiTi eHepreTuKa € OCHOBOIO PO3-
BHUTKY 0a30BUX TaJy3ell TPOMUCIOBOCTI, IO BU3HA-
YaroTh MPOTPeC CYCIiJIbHOTO BHPOGHUIITBA.

3a gannmu British Petroleum y 2022 pomi [1],
B cBiTi 6yJi0 Bupo6ieHo 29.165,1 TBTrox exexrpo-
eneprii. Cepe/l OCHOBHUX JKepes BUPOOITKY eJleKT-
poeneprii 3a BugamMmu pecypcy € Hadra, ra3, ByTiJ-
JIsT, aroM, TiJpo, BiJIHOBJIIOBAaHI JpKepesaa eHeprii
(BIE) ra inmi (ta6a. 1) [1].

Y nomnosiai Eneprermunoro incrutyty [2] HaBe-
neHo CTaTUCTHYHWI OTJISI[T CBITOBOT €HEPTeTHKHU 32
nigcymkamu 2023 poky. 3asHavaeTbed, 1O 3arajib-
HE CBiTOBE CIIOKMBAHHS IEPBUHHOI €Heprii JocAro
icropuuanoro Makcumymy 620 E/lx, a Bukuan Boep-
me nepesutuan 40 I't CO,. BukopucranHsg BUKOII-
Horo majqmBa y 2023 poui spocao na 1,5 % (10
505 E[l:x), a6o na 81,5 % Bix 3araipHoro eneproGa-
Jarcy, mo Ha 0,5 % menme, Hixk y 2022 pori. Ilpu
1nboMy croxuBanusg Hadgrtu y 2023 pori Bnepiie B
ictopii nepeBumuiao 100 muH 6apesiB HA JeHb.

3aranbHe BUPOOHUIITBO eJieKTpoeHepTii y 2023
potii 3pocyo Ha 2,5 %, Mo TPoxu OiJblile 3a 3poc-
TaHHs B nonepeanboMy poui (ma 2,3 %). Bupo6-
HUITBO BifiHOB/IIOBaHOro nanusa (6e3 ypaxyBaHHs
rifipoerepreTun) 3pocao Ha 13 % — 10 HOBOTO
pexopaHoro piBHA 4748 TBr-rox. Yacrtka BJE y
3arajbHOMYy eHeprobananci 6e3 ypaxyBaHHs Tilpo-
eHepreTuKu craHoBuaa 8 % IOPiBHIHO 3 7,5 % Y
3BiTi 3a 2022 pik.

Ha wactky B/IE, Brouyatoun TifipoeHepreTuKy,
npunazae 15 % cBitoBoro Gasancy. Pekopjne 3poc-
TAHHS BiJHOBJIIOBAHOI TeHepallii 6yJ0 3yMOBJIEHE
36iJIbIIIEHHSIM TIOTYKHOCTI BITPOBOI Ta COHAYHOI eHep-

rii. ¥ 2023 pomi mpupicT MOTYKHOCTI y IUX JBOX
KaTeropisix ckias Ha 67 % Gisbine, Hixk y 2022 porri.

3pocranns Bukngis Ha 2 % (nmomag 40 Tt CO»)
y 2023 porti 3ymMoBJieHe GiJbIl iHTEHCUBHUM CIOXKU-
BaHHAM HadTU Ta BYTiJJA, a CHOXUBAHHA Ta3y 3a-
JIUTIIAIOCST CTaGiIbHUM.

OuikyeTtbes, mo y 2024 pori meidl TOKA3HUK
36iabmuThCst 10 3,3 % 3aBASKU HOKPAIIAHHIO CBi-
TOBUX eKoHOMiuHMX mepcrektus [3, 4]. [lo 2030
pPOKy TIOTpe6a B eJIEKTPOEHEepTii MO)Ke CTAaHOBUTH
33.275 TBr-rox [5, 6].

OxpeMo BapTo CKa3aTu Mpo aTOMHY €HEPIreTUKYy.
Bignosigno no nanux, naBemenux y PRIS TAEA
[7], ma 1 ciunsa 2024 poky y CBiTi eKCILIyaTyeTbCs
412 peakropis (6e3 ypaxyBaHHA 25 MPU3YIHHEHUX
PEAKTOPiB)  BCTAHOBJIEHOIO —MOTYKHICTIO  OPYTTO
391.387 MBrT; 57 peaxropiB mepe6yBaioTh y craiii
CHOPY/KEeHHS. 3arajbHa KiJbKiCTb aTOMHUX CTaH-
il B CBITi 3i cTaTycOM peakTopiB, IO <«/ilOTb», —
170; 3i crarycoM <«[ifounx peakTOpiB Ta MPU3YIIU-
HEHUX y eKcilayarauii» — 179.

AnepHa enepreTuka B JaHUN yac MOXKe PO3TJid-
JaTUCS K Haibiabm mepcrnekTuBHa. Lle moB’si3ano
SK 3 BiJTHOCHO BEJIMKUMM 3allacaMy S/IEPHOTO TIaJIU-
Ba, Tak i 3 1aHUM BILINBOM Ha cepejoBuiie [8].

[MignpuemcTBa, 10 BUPOGJISIIOTH TEILIOBY Ta €JIEKT-
PUYHY €HepTiio, BUPOOJISIOTh Pi3HOMAHITHI MPOIYK-
TH, SKi He XapaKTepHi [J1s IPUPOHOTO cepel0oBUIIA

KomnnekcHa orfinka cTaHy TPUJIETJIUX 10 CTaH-
il TepUTOpiil € TPYAOMiCTKOIO TPOIEAYPOIO depe3
HasIBHICTh BEJIMKOI KiJIbKOCTi TTOKa3HUKIB, 10 Big006-
paxkaiotp pi3ui acmextu [9, 10].

Icnye Tak 3Banuil ineKCHUHN MiAXiA 111 OI[iHKH
€KOJIOTiYHOTO CTaHy TepPUTOPiil KpaiH, perioHiB Ta

Ta6mus 1. CeiToBe BUPOOHUITBO ejekTpoeneprii y 2022 poui 3a BHAOM pecypcy, 3a manumu British

Petroleum

Table 1. Global electricity production in 2022 by resource type according to British Petroleum

Micite BUPpOOGHUIITBA ‘ Hadra ‘ las ‘ Byrinns ‘ AtoMm ‘ linpo ‘ BIE ‘ Trmi ‘ Ycporo

v i TB 0 728,6 6631,4 10317,2  2679,0 4334,2 4204,3 270,5 29165,1
CPOTO B CBITL, L BTTOA R /0 (2,5 2,7 (354 92 (149 14,4 (0,9  (100)
€sporneiicbkuii Coio3, TBT-rox 43,9 556,2 461,2 608,6 276,9 801,7 63,5 2812,0
(%) (1,6) 19,8) 16,4)  (21,6) (9,8 (28,5 (2,3) (100)
.. o 0,5 7,2 24,8 62,1 11,1 7,0 112,7
Ypaina, TBr-ron (%) 04 64 (220 51 98 (62 (99.9)
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MicT. 3a3BUuail METOAWKU PO3PAaXyHKY iHTerpasb-
HUX iHJEKCiB IPYHTYIOTbCA Ha €KCIePTHUX MeTojax
[11, 12].

Mera crarri

Mertolo cTaTTi € onuc 3amporoHOBAHOTO aBTOPA-
MU Mi/IXO/ly, 3aCHOBAHOTO Ha KOMILJIEKCHIN OIiHIi
3a0pyZIHEHHS TEPUTOPiil po3MilieHHsT 06’ €KTiB BU-
POOHWIITBA €HEPTil, HA OCHOBi aHaTi3y 3HaY€Hb TO-
Ka3HMKIB CTaHy CepelloBUINA, IO CIOCTEePiraloThCs.

[ns nocarnenns chopMyiboBaHOI METH BUPiNLy-
IOTbCS TaKi 3aBAaHH:

— QopMyBaHHS TIepeJIiKy CIoCTePeKyBaHUX TI0-
Ka3HUKiB;

— (dopMyBaHHS TpPaHWYHUX aG0 HOPMYIOUMX
3Ha4YeHb IIOKA3HMKIB, 1110 CIIOCTEPIraroThCs,

— TIOCJi/J0BHE HOPMYBaHHA 3a JOILyCTUMUMU
3HAQUCHHAMHU, CYMaMU PECYPCiB, 10 PO3IJIAJAI0ThCA,
Ta CIIOCTEPE’KYBAHUMU TTOKA3HUKAMH.

Icuyioui meToan
KOMILJIEKCHOTO OI[iHIOBaHHS

KomMmiekcHUT miaxig IpyHTyeTbes Ha (HOPMy-
BaHHI TPyN MOKA3HWKIB, 1O BiJ0OPAKAIOTh OKpeMi
acriekTu cta"y cucremu. Koproparist Siemens crijb-
o 3 Economist Intelligence Unit pospo6uia exc-
MIePTHY METO/I0JIOTiI0 KOMIIJIEKCHOI OIliHKN MicT. Bi-
CiM rpyll NOKa3HUKiB: BUKUAU IIaPHUKOBUX Ta3iB;
CIIOKUBAHHA €Heprii; MiCbKe TOCIOJapCTBO; TPaHC-
MOPT; BOJOKOPUCTYBAHH4; BiJIXOAM Ta 3€MJECKOPHUC-
TYBaHHS; SKICTb IOBITPS; €KOJIOTiYHEe YIIPaBJiHHA
— 3a6e3rievyBasy BiIOOPKEHHs YCiX acIeKTiB yHK-
LiOHYBaHHA CUCTEMH.

[lng MO>KIMBOCTI X NMOPIBHAHHA yci IOKa3HUKU
HOPMYIOTh Y 6e3p03MipHOMY BHWTJIS[I. 3araJbHUi
infexc 30yM0BaHO SK KiJIbKiCHA cyma ycix Tpyn 3
ypaxyBaHHSAM 3aBaaHHs TepesiB [13, 14].

B ypO6anicTuiii Bi/loMi TakOXK aHAJIOTiYHI eKCIepT-
Hi OIHKM MiKHapoJgHMX opranizamniii Mercer Hu-
man Resource Consulting Ta The Blacksmith Insti-
tute [15]. Iloxi6bHuM ynHOM OYIyIOTbCS W iHIN 1H-
JICKCU OLlIHKU CTaHy MiCT.

KomriiekcHi 1MOKasHUKM, IO 3aCTOCOBYIOTBCS,
JIAI0Th MOXKJIMBICTH OLIHIOBATU AKOCTi Cepe/lOBHIIA
3a 3MiCTOM TIPiOPUTETHUX 3a0PYAHIOBAYIB.

Ingexc The Air Quality Health Index (AQHI,
Kanaza) xapakrepusye pusuk nepeGyBaHHs JTOEH,
aKi uyTauBi 0 3a6pyaHeHHs TOBiTps. llokasmuk
PO3PaxXOBYETHCSI HA OCHOBI 3 3a0PYAHIOIOUNX PEUO-
But: O3, NO,, 3aBucJii yactku. basoio € gami MOHi-

TOPUHTY TMOHAJ 75 TOUYOK KOHTPOJIbOBAHOI TEPHUTO-
pii. O6MexenicTb yncyaa HakTOpiB Ta HEOOXIAHICTD
IIOIIEPE/IHBOTO MOHITOPUHIY HE JalO0Th MOXKJIUBICTb
BUPINTyBaTU IIPOTHOCTUYHI 3aBJAaHHA.

Y CIIA sx KOMIJIEKCHWI TOKAa3HUK BUKOPHUCTO-
BYETbCA iHjeKc aKocTi atMocdeproro nositpsa (Air
Quality Index — AQI), 1m0 pO3PaXOBYETHCST HA OC-
HOBI iH/IEKCIB KOHIIEHTPAIIii 5 3a6pyAHIOIOUNX PEYO-
BuH (O3, 3aBucai vactku (349), CO, SO,, NO,) 3a
CIIiBBIIHOIIEHHAMY

Ip =y — 1.,/BPy; — BP;,) x

X(C;)_BPL0)+IL0, (1)
ne I, — 3HaueHHS iHAeKcCy 3a6pyaHeHHs; [y — 3Ha-
venasas AQI, gaxe Bignosimae BPp;; BPy, — Mexa
inTepBauy, 6inpma a6o pisHa C,; BP, — Mexa iH-
tepBajy, Mennie C,; C, — ycepeZHeHa KOHIIEHTpa-
1ig 3abpyauioiouoi peuosunwt; I, Cp; BPr, — 3Ha-
yenHs AQI, ske Bigmnosigae BPy,.

KommiexcHi moka3HuKN (HOPMYIOTHCS IepeBaXK-
HO sIK 0e3po3MipHi BiJHONIEHHS TOTOYHUX 3Ha-
YeHb JI0 TPAHUYHO JIONMYCTUMUX 3MiCTiB Hebe3rmeyu-
HUX 3a6pyJHEHb 3 ypaxyBaHHSIM 1X BaroBuUX Koe-
dimientis [16].

Hamnpuknaza, B ekosoriuniii 6esmeri MicT 3acTo-
COBYIOTb iHJEKC 3a0py[HeHHs aTtMmocdepH, iHAEKC
MMOPOTOBOI MacH HeOE3NMEYHUX PEYOBUH, CyMapHUi
iHnexc HeGe3MeKn OKPEeMUX KOMIIOHEHTiB, 1O 3a-
O6pYIHIOIOTH Te YM iHIIe 6ioreoXiMiuHe cepeoBUINe
(Bozne, mosiTpsHe Ta rpyHTH) Tomo [9].

[naukaTOpy OIHIOIOTHCS NIJISIXOM HOPMYBaHHS
TMOKa3HUKiB. AKIIo BifoMi iHTepBam 3MiHd, A5 HOP-
MyBaHHSI BUKOPUCTOBYETHCS CITiBBifHOMIEHHS [9]:

I; = (pl - pi min)/(pi max — Pi min), (2)
ne I; — Bianoiguuil ingukarop; pi 3HAUYeHHS
1-0T0 TTOKA3HUKA JIJIST IEBHOTO 00’ €KTA; Pi min, Pimax —
BiTIOBi/IHO MiHiMaJIbHE Ta MaKCcUMaJibHe 3HAYeHHS
1IbOTO MTOKA3HUKA B TPy 00’ €KTiB, 10 BUBYAETHCS.

[Tpwu omiuri 3a6py/AHEHHsS TOBEPXHEBUX BOJ 4ac-
TO BUKOPUCTOBYETHCS iHJIEKC 3a6pyIHEHHS BOJM:

6
1 C;
Ly =— —, (3
6 pary ITIK;
ne C; — 3HaueHHsS IOKa3HUKiB, N[O CIIOCTepira-

fotbest; [IJIK; — rpannvno gonyctuMi KOHIEHTpaIlil
BMicCTy 3a0pY/JHIOIOUNX PEYOBUH Y BO/I.
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IHTEFpaJII)Hi MOKA3HUKU /I OIIHKKA BH3Haya-

I0TbCs 3a ciiBBigHOmeHHAM [9]:

m
i=1

e a; — BaroBi koedimienTtu; I; ingukaropu y
BUTJIA/Ii 3HAUEHDb MOKA3HUKIB, 1110 HOPMYIOTHCS.

Busaerbes epeKTUBHUM [TOTIOBHEHHS BiZIHOCHUX
iHJIeKCiB 6araToCTyMiHYaCTUM HOPMYBAHHSM, 3aCTO-
coBare y [9]. Ha ocHOBi ekcniepTHUX OIliHOK OTpH-
MaHO Ha/IiTHUH KOMILJIEKCHUN TOKA3HUK JJIsT TIOPiB-
HAHHS €KOJIOTiYHOTO HaBaHTAXKEHHS Cepe/IOBUIIA.

AHaJii3 BUKOPUCTOBYBaHUX METO/IiB II0OKa3aB, 1110
B 06JIacTi KOMILTIEKCHOI OLiHKY iCHy€e HU3Ka HEBHUPi-
menux mnpo6sem [9]:

— METOJIM KOMILJIEKCHOI OI[iHKM Ha OCHOBi €eKcC-
MEePTHUX IMiAXO/iB He BPaXOBYIOTb 3aKOHOMiPHOCTI
CHCTEM, 110 aHAIi3yIOTbCH,;

— 6e3Jtivy iHTETpaJbHUX iHAEKCIiB HE aJalTOBAaHO
J10 CTAaTUCTUYHUX JAHUX CIIOCTEPEKEHD;

— PO3PaxXyHKOBI PIBHAHHA I IHAEKCIB MarOTh
cJabKy CTiMKiCcTb /10 3MiH JaHUX, 06YMOBJIIOIOUYH He-
OOI'PYHTOBAHI KOJIMBAHHS TIOKA3HUKIB;

— BiJICYTHi 3B’5I3KU KOMILTIEKCHOI OI[iHKH 3a6py/I-
HEHHS i3 JKepesioM 3a0py/THCHHS.

IIpononoBaHuii METO KOMILJIEKCHOL
OILiHKM 3a0py/AHEHHS TEPUTOPill PO3MillleHHS
00’€KTiB BUPOOHHUITBA €HEPrii

HaBenena mmxde MeToamKa Bifpi3HAETHCS Bif
3actocoBanoi B [11] 3amMiHOIO eKCIEPTHUX OIIHOK
JAHVMU MOHITOPHHTOBOTO KOHTPOJIIO a60 MPOEKTHOI
nokymenTanii. st oninku 3a6pyiHeHHST TepUuTOpiii
BUKOpPUCTAHO 6 TPyM, 10 MicTATb 33 MOKA3HUKH,
BKJIIOYAIOYN XaPAKTCPUCTUKH JKepes HaJXOKCH-
Hs 3a6pyaaens (ta6m. 2).

¥ texHosOTiUHIH TPyTi 30cepe/KeHi TTOKa3HUKH,
II0 XapaKTepHU3yIOThb MOKJIMBOCTI Ta TOTPeOU aHaTi-
30BaHUX cucrteM. EKoJioriuHa rpymna BKJIIOYae Iepe-
JIK yCiX MOXJUBUX HeOaKaHUX JTOMINIOK Ta piBHI
iX BUKUAIB. Y Tpetiii Tpyni 06’€IHAHO MOKA3HUKU
HaJliitHOCTI cucteM. B iHmmX rpymax 3ocepe/sKeHo
TTOKA3HWKHN 3araJbHOI XapaKTEPUCTUKU CHUCTEM.

SAx HOpMyIOUi ITapaMeTpu 3aCTOCOBaHi yci A0CTyTI-
Hi TPaHWYHi NMOKA3HMKW: JOIIyCTUMi IPAaHWYHi 3HA-
YeHHsT TIOKA3HUKA (Pmax, Pmin), BEJUUUHI IPAHIIHO
JIOIyCTUMUX BUKH/IiB (TIB) Ta rpanmuno JIOITyCTH-
Mi konnenrpanii (I'IK).

[ToTouni 3HaYeHHd TOKA3HUKIB NPUUHATI 3a Ja-

Ta6mug 2. Tpynu Ta BH/M NOKA3HUKIB 3a0py AHEHHS
Table 2. Groups and types of pollution indicators

NoeNe I'pynu noxasnukis
1. Texmosoriuni
1 mpoayKTHMBHICTDH
2 CHOXUBaHHSI eHepropecypcy
3 CHOXXMBaHHS BOJU SIK PEAreHTy
4 CHOXKWBAHHS BOIU [IJIST OXOJIO/PKEHHS

2. Exkosoriuni (PiBeHb BUKH[IIB)
S Temna
6  BomsHOI mapm
7 COz na TPES
8  oxcuny Byraenio (CO)
9 NO«
10 SO«
11 ByrzesBoguis (5—20 %)
12 IPT (imepTHi pagioakTWBHi rasm)
13 1311

14 137CS
15 %Co
16 %Sy
17 ®Sr
18 **Mn
19 S'Cr
20 Topito
21 ypany

22 Tputiio B atMocepy
23 [IUCHIEpPCHUX CUCTEM
24 Tputiio B rizpocdepy
25 piaKux BiIXO/iB

3. Hagiftnocri
26 TpuBasicTh excILIyaTanii
27 piBeHb OHOBJIEHHSI OCHOBHHUX 3ac00iB
28 SKiCTb pecypciB, IO MOCTABJSIOTHCS
29 Gesneka 06CTyrOBYBaHHS

4. Texuiuni
30 BiacHi eHeproBuTpaTH

5. IncrurynionanbHi

31 piBeHb KepyBaHHS

6. TabGapurHi
32 TepuTOpis, 10 3aiiMaETHCS 06’ €KTOM

33 TepuTOpis perioHy

HUMU €KCILTyaTallifHOTO MOHITOPUHTY a00 ITPOEKT-
HOI TEeXHIYHOI JIOKyMEHTallii CUCTEM.
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HopMmyBaHHSI TOTOYHHX 3HAYeHb MOKA3HUKIB

HopMyBaHHS IOTOYHUX 3HAY€Hb ITOKA3HUKIB BU-
KOHYETbCA y KiJIbKa eTarlis.

[lepBrHHE HOPMYBaHHS TIOTOYHUX 3HAYEHD MOKA3-
HUKiB BUKOHAHO BiJTIOBiZHO M0 crmiBBigHOMEHDb (1—
3). 3a nagsrocri ganux npo [/IK HOpMyBaHHS BU-
KOHYETbHCA 32 CIIiBBiIHOIICHHAM

Ii= C; /11K, (5)
ne C; — moTouHi 3HaueHHs {-mokasHuka; [IJK; —
sxauennd I'/IK i-niokasHuka.

[Ticsig mepBUHHOTO HOPMYBaHHS 3AiIICHIOETHCSA
HOPMYyBaHHA iHJUBiJyaJbHUX 3HAUYCHb IIOKA3HUKiB
32 IXHIMM CyMaM¥ JUIST CHCTEM, IO MOPiBHIOIOTHCA:

I ;= (1,-~1<8)/(2j1,-), (6)
e j — iHgekc [pKepesa 3a6pyAHEHHS, y HAIIOMY
aHaJli3i BUIJISA/ CTaHIlii 32 pecypcoM (AEC, BYTiJLIA
tomo); K, — KoedimieHnt Baromocti.

OTpumani HOpMOBaHi 3HAUCHHS TTOKA3HWKIB TiJI-
CYMOBYIOTBCS JIJIsT KOXKHOI CUCTeMHU Ta OTPUMaHi Cy-
MU HOPMYIOTbCSI Ha {XHIO 3arajlbHy CyMy:

J; = (Zli'[(ej/[zzli'[(sja
i i

Pe3gyibraT OuiHIOBaHHS 3a0py/HIOIYO]
3/IaTHOCTi Pi3HUX €JEeKTPOCTaHILii

7

Buxonane 3a BUKJIaJ€HNMM aJTOPUTMOM IIOPiB-
HSIHHST 3a0PYAHIOUOi 3/aTHOCTI €eJeKTPOCTAHIIIH,
SAKI BUKOPUCTOBYIOTH BUKOIIHI peCypCH, IiJTBepAu-
JIO PO3IOJLJM OCTaHHIX 32 CTYIICHEM HACUYCHHA Ce-
penosuina HeGaxanumu gomimkamu (puc. 1).

04

IHaeKe 3a0pyVAHEHHA

0.1

mAEC

WETITIA  MHadTa W oTas

Puc. 1. Ingexc 3a6pyHeHHS CepelOBUIIA €JTEKTPOCTAHITI-
SIMM B 3aJI€3KHOCTI Bijl eHepropecypcy.

Figure 1. Index of environmental pollution by power
plants depending on the energy resource.

Heo6xigHo Bif3HAUNTH, IO BUXIiJHI JaHi MaiOTb
Hali3araJpHiNMii Xapaktep 6e3 MpuB’ 3KH /10 KOHK-
peTHUX 00’ €KTiB.

Y pospaxyHKax TpUiHATO KOe(illieHTH BaroMoc-
Ti BiJ{IOBi/{HO /10 pexomenpattiii [13, 16].

OTpuMani pe3yabTaTh XapaKTepHU3YyIOTbCsSI BHUCO-
KOIO CTiMKiCTIO, IO CBiYUTHh TIPO CTaGiIbHICTD Me-
TOJUKU.

I'parnyHo momycTrMe 3HAUEHHS iHAEKCY 3a0py/I-
HEHHS CepeOBUINA €JIEKTPOCTAHI[iAMU BH3HAUYa-
€THCS 32 HABEJICHOIO CXEMOI0 HOPMYBAHHS Ha BJIACHI
3HaueHHs I ToMy znopiBHIOE 1.

OGroBopeHHsI pe3yJIbTaTiB

OTpuMaHUil 32 BUKJIQIEHOI0 METOAMKOIO iHIEKC
3a6py/HEHHS cepeIOBHINA € MipO0 YacTKH I'DAHUY-
HO JIOIIYCTUMOTO BiJIHOCHOTO 3a6py/IHEHHS.

[ToxkazHukM €KOJOTriYHOI I'PyIH, BJACTUBI siep-
Homy pecypey (ra6a. 2, mos. 12-24) rta BigcyTni
SIBHO y PecypciB BYyTJIelleBOI TPyIH, 3a PaxyHOK
CBOET KiJIbKOCTI ztemo 3HMKYIOTh niepeBarn AEC.

Y cBiToBOMy MaciTa6i 6iJIbIIICTD eleKTpoeHep-
rii BUpOGJISEThCST 3 BUKOPUCTAHHSIM BUKOITHOTO TTa-
JiBa, 1o 3abesmneuye moHa 60 % 3araabHOTO 06Cs-
Ty, TOJi K Ha aTOMHY €HepreTUKY TIPUTIAJIa€ OJT3b-
ko 17 %. B YkpaiHi Ha aTOMHHUX €JEeKTPOCTAHIIISIX
reHepyeTbest OJHU3BKO 53 % eJIeKTpOoeHeprii, Ipu-
6ius3Ho 29 % — Ha TEIUIOBUX eJIEeKTPOCTAHIISIX
(TEC) Ha OCHOBi BHWKOITHOTO TaJBa, a 3aJHIIOK
3a6esnedytorh rigpoenexrpocrantii (T'EC) Ta Bia-
HOBJIOBaHi /Kepesa. Ile o6yMoBiIOE TiepeBary iH-
nekcy 3abpyanenns AEC B Ykpaini B mopiBHSHHI 3
inmumu pecypcamu (puc. 2).

[TepeBaskatounmMm 3HAUEHHIMU BOJIO/IIIOTH TIOKA3-

0.2

0,16

=
[

I
=3
@

THzexC 3a0pyYAHEHHS

e
<
=

HaTa

, B

AEC

BYTIILL raz

mCBiToBIOT M YEpaiHa

Puc. 2. Tugexc 3a0py/HEHHS CEPEIOBUINA €JIEKTPOCTAHIII-
SIMI B 3aJIESKHOCTI Bi/l eHepropecypcy /s BUPOGHUIITBA
y cBiTi Ta YkpaiHi.

Figure 2. Index of environmental pollution by power
plants depending on the energy resource for production
in the world and Ukraine.
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Ta6muus 3. BupoOHHUUTBO ejeKTpoeHeprii Ta
3a0py/IHEHHS N0 PerioHax Ta pecypcax

Table 3. Electricity production and pollution by
region and resource

TEC, %
Perion AEC, % -
BYTiJLIS ‘ Ha(Ta ‘ ras
CsitoBuit 10,3/3,1 36,7/18,6 2,8/1 23,5/4,4
Yxpaina 55/14,5 19,3/8,5 0,5/0,16 9,3/1,5

HHUKH TEXHOJIOTiYHOI IPyIIN Ta YaCTHHA €KOJOTiYyHO1
IrpyIH, BJIACTUBI yCiM BUJAM PeCypcCiB.

Y mporieci HOpMYBaHHSI TPOTHO30BaHi 3a6pya-
HEHHsI HaBeJleHi /10 oAnHNYHOi poJyKTuBHOCTI. e
Jla€ MO’KJIMBICTb TOIIUPUTU OTPUMAaHi 3aKOHOMipPHOC-
Ti TPOMOPIIIHO 0 PO3NO/iJy BUPOOHUIITBA €JIEKT-
poeHeprii 3a Bugamu pecypcis (tabm. 3).

BucuoBku

Takum unHOM, 3 MeTOIO (DOPMYBAHHS KOMILJIEKC-
HOI OIIiHKM 3a0pyZHEHHS CcepeIoBHIA IIPU BHUPOG-
HUITBi €JIeKTPOEHEPrii 3 BUKOPUCTAHHAM BUKOITHUX
Ta BUTOTOBJIEHUX €HEePropecypcis:

— cdopmoBaHo 1epesik 33 MOKa3HUKIB, MO CHO-
CTepiraoTbed;

— c(OpPMOBAaHO KOMILTIEKC TPAaHUIHUX a60 HOP-
MyIOYMX 3HaueHb IIOKa3HUKIiB, IO CIIOCTEPiraloThCs;

— po3po6JIeHO TIOCTiJOBHICTb TIEPETBOPEHHS CITO-
CTEePEsKYBAaHUX TTOKA3HUKIB 10 6e3p03MipHOiI hopMu
Ta HOPMYBaHHS iX 32 JOIYCTUMUMU 3HAUYEHHSIMU Ta
CyMaM# PeCypcCiB, IO PO3IJIANAIOTHCA.

ITokasaHo BILJIMB BUIY pecypcy Ta o6cary BHPOO6-
HUIITBA Ha 3a6pyIHEHHS CepeJOBUINA €JeKTPOCTaH-
LigMU, AKi BUKOPUCTOBYIOTb Pi3HOMAHITHI IIePBUHHIL
€HEPIrOpeCypCu.

[Tpu mopiBHAHHI iHAEKCIB 3a0pyJAHEHHS HABKO-
JINITHBOTO CEPEOBUINA BUKWIAMH Pi3HUX €JIEKTPO-
CTaHIli#l y cBiTi Ta B YKpaiHi mokazaHo, 10 3arpo-
[TOHOBAHA KOMILJIEKCHA OIIiHKa 3a6pyAHEHHS BPaXo-
By€e 6e3I0cepe/iHbo CTYIIiHD 3B’ 3Ky 3a0pyAHEHHS 3
[oKepesioM (BHIOM €HeproycTaHoBKU aGo eHeprope-
cypcom).
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Formation of a comprehensive indicators
of the environmental impact of power plants
using various primary energy resources

Abstract. Modern energetics is based on various minerals (coal, oil, gas, peat), renewable
resources (solar, aerodynamic, hydraulic) and manufactured resources (nuclear, plant, biologi-
cal). That cause pollution by gas, liquid and solid emissions of areas neighboring to power
facilities and regions where powerhouses are located. Grounding of choice of energy resource
for a certain area needs consideration of various factors of economical, technical, logistic,
ecological and other origins. The design of energy strategics is based on modes of comparative
analysis. This purpose requires complex indicators that allow to compare environmental im-
pacts of power plants using energy resources of different nature and affect. Existing evaluation
methods of environmental impact consider mostly pollution results in the form of residual
contaminants within analyzed area. This method is unable to compare the environmental im-
pacts caused by resources of various nature as their residues have different physicochemical
and biochemical interactions with environmental factors. Executed analysis of current methods
proved that in order to eliminate revealed deficiency a comprehensive approach to the for-
mation of indicators to be used, to adapt integral indices to statistical monitoring data con-
sidering their connections with pollution source. The article proposes the mode of forming of
complex index described degree of environmental impact caused by power plans considering
the nature of energy resource used. Bibl. 16, Fig. 2, Tab. 3.

Keywords: power plants, primary energy resource, environment, pollution indicators,
comprehensive pollution assessment, index of ecological impact.
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Reducing nitrogen oxides
emissions at gas combustion
in existing high-capacity boilers

Abstract. In the work a method for achieving a specific NOy emission indicator in accordance
with the EU IED directive for existing high-capacity boilers at combustion gas was proposed.
The method is based on the maximum possible percentage of the injection of flue gases
recirculation into the blowing air of the burners and reducing the steam generation (or heat
output) of the boiler (reducing specific volumetric thermal load of the firebox) with using
the existing flue gas exhauster and blower fan (the flue gases is supplying to the suction of
the blowing fan). The calculation of a typical steam boiler BKZ-75-39GMA at combustion of
natural gas showed that when flue gases recirculation is introduced into the blowing air of
the burners the adiabatic temperature, that depends on the percentage of flue gases
recirculation, decreases by 261 K at 30 % of flue gases recirculation (at A = 1.1). At the same
time, when the boiler capacity is reduced from D = 75 t/h to D = 63.75 t/h of steam
production (at 30 % of flue gases recirculation), the air heating temperature increases only by
Aty = 14 °C, while at the nominal capacity the increase by At.= 43 °C, which, if implemented,
would negatively affect the resource of burners, air heaters and NO, formation. However, the
gross efficiency of the boiler decreases from n = 93.7 % to n = 92.7 %, that is by 1 % and
weakly depends on the boiler capacity in the range of 85—100 % at 30 % of flue gases
recirculation. Bibl. 18, Fig. 7, Tab. 1.

Keywords: gas, combustion, nitrogen oxides, boilers.

Introduction pollutants from thermal power plants, if the nomi-

nal input thermal power of the thermal power unit

Directive 2010 ,/75/EU (IED) [1] defines the
limit level of specific emissions of air polluting
substances during the combustion of fuels in the
EU for enterprises that operate installations clas-
sified as LCP. The abovementioned directive repla-
ces directive 2001 /80,/EC [2], which, for examp-
le, is generally taken into account by Ukrainian
regulations [3] and its regulations are valid until
December 31, 2027. Note that EU directives are
not part of legislation and require implementation
in national legislation for each country separately.

In the example of the legislation of Ukraine,
with regard to the permissible specific emissions of

© Smikhula A.V., Sigal 1.Ya., Marasin O.V., Horbunov O.V.,

is equal to or exceeds 50 MW, it is classified as an
LCP. If exhaust gases from two or more separate
thermal power units are emitted through a common
chimney, then the combination formed by such in-
stallations is considered as a single thermal power
unit (plant), and their nominal thermal capacities
are added up for the purpose of calculating the to-
tal nominal input thermal capacity. At the same
time, the Order of the Ministry of Environmental
Protection of Ukraine No. 541 of October 22, 2008
is in force, which, if necessary, is amended, in par-
ticular, was implemented of the IED directive [3].
For ensure that the same conditions of competition

2025
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need the same environmental requirements, enter-
prises within the single market of the European
Union must obtain emission permits and monitor
emissions according to the IPPC directive [4].

The developing countries of the world, in most
cases, cannot timely replace high-capacity energy
equipment that has exhausted its designated re-
source (thermal power plants, CHP power plants,
high-capacity boiler rooms) because of the high
cost of such replacement. Such countries include
Ukraine, which has operated the main part of the
above-mentioned equipment for 30—-40 years. At
the same time, the environmental requirements for
energy equipment are gradually increasing, which
makes it necessary to carry out its constant moder-
nization [3].

In 2022, in the EU, fossil gas fuels, particular-
ly, natural gas, were classified as fuels that would
ensure the transition from a carbon to a carbon-
free economy [6]. That is, the modernization of ex-
isting high-capacity boilers of outdated designs
(and /or that have exhausted their resource) and
operate on gas by bringing them to the require-
ments of EU directives is an urgent task, in parti-
cular, not only for Ukraine.

Problem statement and literature review

At present, the current specific emissions of the
main pollutants into atmospheric air during the ope-
ration of boilers subject to the IED directive on
coal, fuel oil, or natural gas in Ukraine exceed the
current requirements many times [7]. At the same
time, almost all owners of high-capacity boilers ope-
rated in Ukraine at thermal power plants, CHP
power plants, and high-capacity boiler rooms, re-
ceived a delay in achieving the indicators of the
IED directive on nitrogen oxides emissions until
December 31, 2033. The problem of non-complian-
ce of specific NOyx emissions with EU legislation
should be gradually resolved by this deadline.

For almost all boilers that refer to LCP, in-
stalled in Ukraine, the firebox has the form of a
rectangular parallelepiped with dimensions of ap-
proximately (0.8-2) b x b x (1-4) b (width x
depth x height); water-heating boilers have a
larger specific volumetric thermal load of the fire-
box (qy, MW /m?) [8]. However, when choosing
the maximum q, firebox from the point of view of
the possibility of reducing the metal capacity of
boilers (which was laid down in the design of boilers
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in the 1950—1970s), as it turned out later, a higher
level of nitrogen oxides formation is achieved.
Thus, with all other conditions being the same,
when the g, of boiler firebox increases, NO, emis-
sions also increase, which is reflected in the re-
searchers’ empirical formulas [9].

To reduce NOy emissions at combustion gas, the
recirculation of flue gases into the blowing air of
boiler burners or internal recirculation has been
used for many years, and this recommendation is
in the EU BAT of 2017 [10—12]. The application
of flue gases recirculation using standard burners
due to the reduction of the adiabatic temperature
in the fuel combustion zone in the existing designs
of boilers operating on natural gas can potentially
reduce nitrogen oxides emissions by 50—65 %, con-
sidering the basic level of specific emission of ni-
trogen oxides by boilers operated in Ukraine, this
level of reduction is insufficient in many cases [7].
Moreover, with an increase in the percentage of
recirculation gases, the concentration of oxygen in
the mixture of flue gases and air decreases, and
when the lower 16 % (approximately r = 30 % of
recirculation gases are reached), the quality of
combustion deteriorates sharply, there is a signifi-
cant emission of carbon monoxide, and combustion
becomes unstable with possible disruptions of the
flame. Supplying part of the recirculation gases be-
hind the combustion zone had a much smaller ef-
fect. For example, when the percentage of recircu-
lation gases is increased from 30 % to 50 %, re-
searchers on the KVGM-180 water heating boiler
(output heat capacity 209 MW) [13] managed to
additionally reduce the NOy emission by only ap-
proximately 3 % (Fig. 1 (a)), but at the same time
combustion worsened, the ratio of excess air coef-
ficient (A) and carbon monoxide emissions in-
creased.

The experience of reducing nitrogen oxides
emissions, which was obtained on a gas boiler with
a steam generation of 950 t/h of steam TGMP-
314A with a similar nominal specific volumetric
thermal load of the firebox with BKZ-75-39GMA,
is shown in Fig. 1 (b) [13]. The boiler TGMP-314A
is equipped with a regular flue gases recirculation
smoke extractor (intended to regulate the tempera-
ture of the intermediate superheated steam) with
the supply of recirculation gases to the blowing air
of the burners. Some comparative characteristics of
the boilers KVGM-180, TGMP-314A and BKZ-75-
39GMA are listed in Table 1.
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Figure 1. The reduction of nitrogen oxides emissions in the KVGM-180 boiler due to the recirculation of flue gases
at a capacity of 94 % of the nominal (a) and the simultaneous effect of the recirculation of flue gases and the
decrease of the specific volumetric thermal load of the firebox of the TGMP-314A boiler from 0.2 MW ,/m?® (r =

5%) to 0.1 MW /m? (r =20 %) (b) [13].

Table 1. Some characteristics of fireboxes of high-capacity boilers

Boiler tvne Steam b m Location of burners The ratio of the dimensions Qv,
yp generation ’ of the firebox volume* MW /m?
BKZ-75-39GMA 75t/h 5.14 6 units frontal in 2 rows 1.2b x b x 1.8b 0.22
TGMP-314A 950 t /b 877 16 units on 'thc. front and back 2 0b x b x 3.8b 0.2
walls opposite in 2 rows
KVGM-180 209 MW  6.48 6 units triangle down opposite 0.9b x b x 3.2b 0.3

* width x depth x height.
Results and discussion

The object of the research and calculations is a
steam boiler of the BKZ-75-39GMA type. The
boiler is a single-drum vertical water-tube boiler
with natural circulation, a two-stage evaporation
scheme and has a II-shaped layout. The nominal
steam generation — 75 t/h; steam pressure in the
boiler drum is 44 atm.; temperature of superheated
steam — 440 °C; feed water temperature — 140 °C.
The firebox has a prismatic shape with dimensions
— 5140 x 5900 mm. The walls of the firebox are
shielded with pipes with a diameter of 60 x 3 mm.
The boiler had a festoon, two levels of steam su-
perheating, two levels of water heating and two
levels of air heating, as shown in Fig. 2 (a).

The concentrations of harmful substances in the
flue gases of the boilers were measured using a por-
table gas analyzer ECOLINE-4000, and the steam
generation of the boilers and other parameters were
recorded from the control panel of the boilers. Note
that boilers of the BKZ-75-39GMA type are rela-
tively new and continue to be produced; they are
usually equipped with vortex diffusion burners, for
example, those of the BK-25850 type (the same
burners were on the boilers under study).

Fig. 2 (b) shows the scheme for the use of self-
recirculation (supplying part of the flue gases to
the suction of the blowing fan, which is always
designed with a 20—-30 % performance margin [8]).

Experimental studies of nitrogen oxides emis-
sions were conducted on seven BKZ-75-39GMA
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Figure 2. Basic drawing of the BKZ-75-39GMA boiler (a) and the self-recirculation scheme that recommended for
use on these boilers (b): 1 — burners; 2 — firebox; 3 — steam superheater of II level; 4 — steam superheater of I
level; 5 — economizer of II level; 6 — air heater of II level; 7 — economizer of I level; 8 — air heater of I level.
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Figure 3. The level of emissions of nitrogen oxides by boilers BKZ-75-39GMA during their operation on natural

gas at nominal steam generation 75 t/h.

boilers (out of ten installed) at one of the indus-
trial enterprises in Ukraine on November 12-13,
2019, when they were operating on natural gas. In
Fig. 3 shows the concentrations of nitrogen oxides
behind the superheater and before the smoke ex-
hauster, adjusted to an oxygen concentration of 3 %.
As shown in Fig. 3, the lowest emissions of ni-
trogen oxides were achieved at the boiler 1 (NOy

= 214-242 mg,/Nm?®), and the highest at the
boiler 5 (NOx = 405407 mg /Nm?®), which is most
likely caused by the redistribution of air among the
burners with the organization of staged combustion
of natural gas in the boiler firebox. In the first
case, with a decrease in the air supply to the cen-
tral burners and an increase in the outer ones (at
the same time, NO, formation decreases), and in
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the other case, on the contrary, with an increase in
the air supply to the central ones and a decrease in
the outer ones (due to a local increase A on the
central burners, the formation of NO, increases),
while preserving the overall coefficient of excess
air behind the superheater, which is explained in
more detail in [14—15]. At the same time, the co-
efficient of excess air behind the superheater where
the sample was taken (1), will be similar to that
in the firebox, owing to the absence of suction air
in the section of the gas tract from the firebox to
the sampling location. It was A = 1.02—1.04 for
boilers 1 and 5, and for all under study boilers it
was in the range of A = 1.01—1.07.

From the analysis of the results of the nitrogen
oxides concentration measurement shown in Fig. 3,
discarding the non-representative results for boi-
lers 1 and 5, it is possible to calculate the average
level of nitrogen oxides emissions by boilers of
BKZ-75-39GMA, which is equal to 332 mg,/Nm?
at 3 % O,. In other words, it is necessary to reduce
NOy emissions from these boilers by approximately
69.9 %. Fig. 1 (a) shows that with 30 % recircula-
tion gases, it was possible to reduce the emission
of nitrogen oxides from the base level by ~ 67 %.
At the same time, in [7] for a number of high-ca-
pacity steam boilers (TGM-96 (480 t,/h of steam),
TGM-84B (420 t/h of steam), and BKZ-320
(320t /h of steam), BKZ-210 (210 t /h of steam))
the dependence of the formation of nitrogen oxides
on the load of the boilers is given and it is shown

trys
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that with a reduction in boiler capacity by 15 %,
the NOx reduction is within 5-10 % with an avera-
ge of 8 %. That is, when using flue gases recircu-
lation in the amount of r = 30 % the emissions of
nitrogen oxides in the BKZ-75-39GMA boiler will
decrease from 332 mg,/Nm? to ~ 109 mg,/Nm?® at
3 % O, with an additional reduction in the specific
volumetric thermal load of the firebox (nominal
capacity of boiler) by 15 % to ~ 100 mg,/Nm?
which meets the requirements of the IED directive
on natural gas.

If, instead of natural gas, other alternative gas
fuels will be burned in the boiler, for example,
with the presence of hydrogen, then nitrogen oxi-
des emissions may be higher, but the standards by
the EU IED directive for gas fuels other than natu-
ral gas are also lower and are 200 mg /Nm? (at 3 %
O,, dry gases) [1, 16—17]. That is, the application
of the proposed NOx reduction method can be suc-
cessfully applied at combustion other alternative
gas fuels in existing high-capacity boilers.

For establish how the supply of 20 % and 30 %
of recirculation flue gases will affect the most im-
portant parameters of the boiler BKZ-75-39GMA
when the steam generation of the boiler is D =
75t/h and when the steam generation is reduced
to D = 63.75 t/h and the supply of 30 % of flue
gases carried out appropriate calculations in ac-
cordance with the methodology [18] (Quuv =
35.8kJ/Nm?® of natural gas taken for calcula-
tions), the results of which are shown in Fig. 4-7.

tair"
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Figure 4. Dependence of flue gas temperature on level of flue gases recirculation and steam generation (a) and
dependence of air heating temperature on level of flue gases recirculation and steam generation (b).
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Figure 5. The dependence of the adiabatic temperature in the firebox (at As = 1.1) on the level of flue gases
recirculation and steam generation (a) and the dependence of the boiler efficiency on the level of flue gases recir-
culation and steam generation (b).
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Figure 6. Dependence of conditional water temperature at the exit from the second level of the economizer on the
level of flue gases recirculation and steam generation (a) and oxygen concentration in the mixture of air and flue
gases recirculation depending on the level of flue gases recirculation and steam generation (b).
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Figure 7. Dependence of surface area of first-level superheater from the level of recirculation and steam generation
(a) and the dependence of the surface area of the second-level superheater on the level of recirculation and steam

generation (b).

From Fig. 4 (a), almost regardless of the steam
generation of the boiler in the range of 85-100 %
of its load, the temperature of the outgoing flue
gases increased linearly as the percentage of flue
gases recirculation increased. At the same time, the
air heating temperature also increases linearly as
the percentage of recirculation flue gases increases,
but when the boiler capacity is reduced by 15 %,
it increases only by At., = 14 °C, while at the nomi-
nal capacity the increase is At, = 43 °C, which, if
implemented, would negatively affect the resource
of burners, air heaters and NO, formation, as
shown in Fig. 4 (b).

As can be seen from Fig. 5 (a), the adiabatic
temperature weakly depends on the boiler capacity
in the range of 85-100 % and strongly on the per-
centage of flue gases recirculation; the same is true
for n, % (Fig. 5 (b)) and the oxygen concentration
in the firebox in Fig. 6 (b). However, when the
boiler capacity is reduced to D = 63.75 t/h, the
conditional water temperature at the exit from the
second level of the economizer is lower by 9 °C
compared to the same percentage of flue gases re-
circulation (30 %) at D =75 t/h (Fig. 6 (a)); that
is, there will be a lower percentage of steam forma-
tion in the steam-water mixture, accordingly, less
noise and the second level water economizer resour-

ce will be greater.

In addition, calculations show that when recir-
culation gases are introduced into the firebox of
boiler the BKZ-75-39GMA it will be necessary to
reduce the surface area of the first-level and second-
level superheaters, as shown in Fig. 7 (a, b).

Conclusions

A method for reducing nitrogen oxides emissions
at combustion gas in existing high-capacity boilers,
which is based on the maximum possible percentage
of the injection of flue gases recirculation into the
blowing air using the existing flue gases exhauster
and blower fan and reducing the specific volumetric
thermal load of the firebox (the steam generation
(or heat output) of the boiler) was proposed.

The combination of introducing 30 % of recir-
culation gases into the blowing air and reducing
the steam productivity by 15 % will to meet the
requirements of the IED directive regarding emis-
sions of NOy for the BKZ-75-39GMA steam boiler
at combustion natural gas was shown.

When the boiler steam capacity of the BKZ-75-
39GMA was reduced to D = 63.75 t/h at r=30 %
of flue gases recirculation, the gross efficiency of
the boiler decreased by 1 %.
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Nomenclature Order of the Ministry of Environmental Protection of
Ukraine dated 22.10.2008 No. 541. — https://
NO\, — it is NO» and NO recalculated to NO, zakon.rada.gov.ua /laws /show /z1110-08.  (Accessed:
mg,/Nm? 2025.10.22) (Ukr.)
NoO,, — the ratio of the current NOx concentration 4. Directive 2(.)08/1/EC of the European pa.rhar.nent
x . . . and of the council of 15 January 2008 concerning inte-
to the maximum in this process grated pollution prevention and control. Official Jour-
A — excess air coefficient nal of the European Union, 2008. 22 p.
Ar — excess air coefficient in the firebox 5. Marek Pronobis. Environmentally oriented mo-
) - e . . . P dernization of power boilers. Elsevier. 2020. 335 p.
JQ/L?;S, k?ﬁfer) heating value (inferior calorific DOL: 10.1016,/ C2019-0-00441-4,
. . 6. EU taxonomy: Complementary Climate Delegated
D, t/h  — steam generation of boiler Act to accelerate decarbonization. European Commis-
Ty, K — adiabatic combustion temperature sion, Brussels. 2022. 3 p. — https:/ /finance.ec.
te, °C — flue gas temperature europa.eu /publications /eu-taxonomy-complementary-
o oC ~ air heating temperature climate-delegated-act-accelerate-decarbonisation_en
A (Accessed: 2025.10.22).
ty'l, °C  — conditional water temperature at the exit 7. Sigal 1.Ya., Smikhula A.V., Marasin O.V., La-
from the second level of the economizer vrentsov E.M., Dombrowska E.P. Modernization of Gas
n % — gross efficiency of boiler Boilers of TPP, CHP and Boilers Rooms to the EU Di-
Fl m? _ surface area of first-level superheater rective Ecological ‘Requirements. Energy Technologies
F" m?  — surface area of second-level Ps)uperheater ?nd Resource Saving. 2017. 53 (4). pp. 61-70. DOL:
' 0.33070 /etars.4.2017.09. (Ukr.)
r, % — recirculation factor — it’s the ratio of the 8. Meyklyar M.V. Sovremennye Kotelnye Agregaty
specific consumption of recirculation gases TKZ. Moscow: Energiya, 1978. 224 p. (Rus.)
to the specific consumption of flue gases 9. Sigal 1.Ya., Smikhula A.V., Sigal O.1. Experience
(m?/s) after point of the extraction, mul-  of Development Burners, Furnaces Chambers, and Tech-
tiplied by 100 % nologies for Reducing Emissions of Nitrogen Oxides by
q, — specific volumetric thermal load of the Boilers During the Combustion of Natural gas. Energy
MW /m? firebox Technologies and Resource Saving. 2019. 60 (3).
B . pp. 70-79. DOI: 10.33070 /etars.3.2019.07. (Rus.)
b, m depth of the f%rebox 10. Nikola Tanasi¢, Mirjana Stameni¢, Vladimir Ta-
LCP — large combustion plant nasi¢. Effects of Flue Gas Recirculation on NOx Emis-
SS — steam superheater sions from Gas-Fired Utility Boilers. International Con-
FE — flue (gases) exhauster ference of Experimental and Numerical Investigations
IED — industrial emissions directive — Directive and New Technologies, Zlatibor, 2021. pp. 319-337.
2010 /75 /EU DOI: 10.1007/978—3—030.—8.6009—7_17. .
11. Ho Ky Nhan, Minjun Kwon, Sewon Kim, Jae
IPPC  — integrated pollution prevention and con-  [yyn Park. CFD investigation of NOy reduction with a
trol flue-gas internal recirculation burner in a mid-sized
BAT — the best available technology or best boiler. Journal of Mechanical Science and Technology.

available techniques
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3MeHIleHHS BUKU/AIB OKCH/IIB a30Ty
[P CNIAJIOBaHHI ra3dy B iCHYIOUHX
KOTJIaX BEJUKOI MOTYKHOCTI

Amnoranisi. 3arpoIIOHOBAHO METO/ JOCSATHEHHS MOKa3HWKa MHToMuX BUKUAIB NOy BiANOBiJHO 10
qupektuBn €C IED nig icHylounx KOTJIB BeJMKOI HMOTYKHOCTI IIPH clIalioBaHHi ragy. Meron
6a3yeTbCs HA MaKCMMAJIbHO MOKJMBOMY BiJICOTKY MO/Ia4i PEIUPKYJALil JUMOBUX Ta3iB y AyT-
ThOBE TOBITPSA TAJBHUKIB KOTJIA Ta 3MEHIIEHHI MaponpoayKTuBHOCTI (a60 TEIIOBOT MOTYKHOC-
Ti) KoTJ1a (3MEHIIEHH] TETJIOHATIPYTH TOMKOBOTO 06’€MY) 3 BUKOPUCTAHHAM iCHYIOUOTO AUMOCOCA
Ta BeHTHIATOpa (AMMOBI rasm IOJAI0THCA Ha BCMOKTYBAJIBHMI MaTpyOOK BEHTHIATOPa). Buko-
HaHUHE PO3paxyHOK THUIOBOTO mapoBoro korja BK3-75-39T'MA npu crnamioBaHHi TPUPOAHOTO
rasy IOKa3as, 110 IIPU BBEJCHHI PELUPKY./IALIl JUMOBUX ras3iB y IOBiTpd Iepel HaJbHUKaMU
aJiabaTuvHa TeMIeparypa, SKa 3aJeKUTh BiJl BiICOTKA PENUPKYJIAIii [UMOBUX Ta3iB, 3MEHIIY-
erbes Ha 261 K npu 30 % penmprysuii aumosux raszis (ipu As = 1,1). BoaHovac npu 3MeHIIeH-
Hi maponpoayKTuBHOCTI Kotsia 3 D = 75 1/Tox no D = 63,75 1/ron (nipn 30 % penupkysmii
JIMMOBHX Ta3iB) TeMmeparypa HarpiBaHHs MOBiTPs 36iablIy€eTbes Jmire Ha Aty = 14 °C, Toai sk
MIPU HOMiHAJBHIH MOTYKHOCTI 36iJbIIeHHsT CTAaHOBUTD Aty = 43 °C, 1m0 3a yMOBHU peaJiizallii He-
TaTUBHO BIJIMHE Ha Pecypc MaJbHUKIB, moBiTpomigirpiBauiB ta ytBopeHHsI NOy. [lpu mpomy
BasioBuit KK/I kotia smeninyerbest 3 = 93,7 % mo n = 92,7 %, 10610 Ha 1 %, Ta caa6o 3a-
JIESKUTD BiJ TIOTYKHOCTI KOT/a B gianmasoni 85—100 % mpu 30 % penupKy/isiii JMMOBUX TrasiB.
Bi6a. 18, puc.7, maba.1.

Kuto4oBi cioBa: ras, ropiHHsg, OKCUAN a30Ty, KOTJIH.
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Fractal Diagnostics of Gas Pipeline Performance:
Detecting Anomalies through Pressure,
Flow Rate, and Velocity Data

Abstract. Gas pipelines are among the most vital elements of modern energy infrastructure,
where the early detection of anomalies such as hydrate formation or blockages is critical for
preventing failures, minimizing downtime, and ensuring safe operation. Traditional monitoring
techniques, while effective in many cases, often lack the sensitivity or adaptability required
to detect subtle or emerging issues. This paper proposes a novel diagnostic approach based on
fractal analysis to evaluate the dynamic behavior of gas pipelines using three key parameters:
pressure, flow rate, and gas velocity. By applying fractal dimension calculations to time-series
data collected from operational gas pipelines, the method captures complex and nonlinear
patterns that precede system malfunctions. The study demonstrates how changes in the fractal
dimension correlate with physical anomalies within the pipeline, such as flow restrictions due
to hydrate accumulation or pressure disturbances. This fractal-based diagnostic model provides
a non-invasive, data-driven framework that does not rely on hardware installation but instead
utilizes existing sensor data to enhance situational awareness. The results validate the ef-
fectiveness of the method as a complementary tool for predictive maintenance strategies. The
proposed approach improves anomaly detection accuracy, supports real-time monitoring, and
contributes to more resilient and intelligent pipeline management systems. Bibl. 18, Fig. 1.
Keywords: fractal analysis, gas pipeline diagnostics, hydrate formation, pressure fluctuations,
flow rate monitoring, velocity data, anomaly detection, predictive maintenance

Introduction dential heating. Its safe and efficient transporta-

tion over long distances relies heavily on the integ-

Natural gas remains a vital component of the rity and performance of high-pressure gas pipeline
global energy portfolio, playing a key role in elec- systems. However, the operational reliability of
tricity generation, industrial production, and resi- these systems can be compromised by a range of

© Elmin Nasibzade, 2025
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physical and environmental factors, including hy-
drate formation, pressure drops, turbulent flow
conditions, and mechanical wear. Among these, hy-
drate formation — the accumulation of ice-like
crystalline compounds formed from water and gas
under high pressure and low temperature — poses
a particularly serious threat. If undetected, it can
lead to flow blockages, pipeline rupture, or total
system shutdown [1, 2].

Existing diagnostic tools in gas pipeline engi-
neering often rely on threshold-based models and
fixed criteria for fault detection. These methods,
while effective for well-defined and fully develop-
ped faults, frequently struggle to detect emerging
anomalies, nonlinear behaviors, and subtle precur-
sors to failure. Furthermore, many conventional
techniques are invasive, require additional sensors
or hardware, or depend on extensive calibration,
making them costly and sometimes impractical for
real-time monitoring in complex pipeline networks.

To address these limitations, the present study
proposes the use of fractal analysis as a novel ap-
proach for non-invasive, data-driven pipeline diag-
nostics. Fractal geometry, with its ability to captu-
re self-similarity and complex patterns across mul-
tiple scales, provides a robust mathematical frame-
work for analyzing time-series data obtained from
pipeline monitoring systems. In particular, the
fractal dimension serves as a sensitive indicator of
irregularity and complexity in signals such as pres-
sure, flow rate, and velocity — parameters that are
continuously measured in modern gas pipeline in-
frastructures.

This research aims to develop a methodology
that leverages the fractal properties of these opera-
tional signals to detect anomalies such as hydrate
formation, turbulence, or structural inconsisten-
cies. By computing and tracking changes in the
fractal dimensions of these parameters over time,
the study introduces a diagnostic mechanism capab-
le of identifying hidden patterns and transitions
that precede visible failure. The approach requires
no additional instrumentation, making it an effi-
cient enhancement to existing SCADA (Supervi-
sory Control and Data Acquisition) or sensor-based
systems [3].

Ultimately, the goal is to contribute to the
field of predictive maintenance by offering an
early-warning system that supports informed deci-
sion-making, reduces downtime, and ensures the
long-term safety and efficiency of gas transmission-
networks.
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Methodology

This study adopts a fractal-based analytical ap-
proach to monitor and diagnose gas pipeline perfor-
mance. The methodology involves the simulation
and analysis of three key operational parameters:
pressure, flow rate, and velocity, which are known
to fluctuate in the presence of physical anomalies
such as hydrate formation or flow disruptions.

Data Simulation

In order to develop and validate the proposed
fractal-based diagnostic approach, synthetic time-
series data were generated to simulate the behavior
of key gas pipeline parameters — namely pressure
P(t), flow rate Q(t), and velocity V(t) — under
dynamic operational conditions. These variables
were designed to reflect realistic fluctuations ob-
served in actual pipeline systems, including both
periodic trends and stochastic disturbances [4, 5].

Each parameter was mathematically modeled
using a sinusoidal function with additive Gaussian
noise [6-8]:

P(t) = Py+ A, -sin (w, t + @,) + €,(t);
O(t) = Qo+ Ay -sin (w, t + @) + et); (1)
V(t) = V0+Av ° SiIl (wbt + (pv) + Ev(t)y

where Py, Qo, Vo are the baseline (mean) values
for pressure, flow rate, and velocity respectively;
A is the amplitude of oscillations for each parame-
ter; w is the angular frequency of the sinusoidal
variation; ¢ is the phase shift to represent delay or
lag between signals; €(t) is the random noise com-
ponent, modeled as Gaussian white noise with zero
mean.

For this simulation (1), the following repre-
sentative values were used:

Py =35, Qp=10, Vo= 15;
A,=0.5,4,=0.8, A.= 0.3;
w,= 0.2, w,=0.1, w,= 0.3;

©,=0, o= 1, @, = 2.

Noise standard deviations: ¢, = 0.05, g,= 0.1,
o,=0.07.
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The total time span of the simulation was set to
100 seconds, with 1000 evenly spaced sampling
points, corresponding to a sampling rate of 10 Hz.
This resolution provides sufficient temporal granu-
larity for detecting subtle fractal variations.

The synthetic signals replicate conditions where
flow behavior is stable but exhibits natural fluctu-
ations due to environmental and operational influe-
nces. Such controlled data is essential for bench-
marking the fractal dimension computation and
testing anomaly detection algorithms without the
noise of uncontrolled variables found in field data.

These simulated signals serve as the foundation
for fractal complexity analysis, where changes in
the signal’s self-similarity or irregularity may indi-
cate the onset of hydrate formation or other per-
formance issues in gas pipelines.

Fractal Analysis

Fractal analysis provides a mathematical frame-
work for quantifying complexity, self-similarity,
and irregularity in time-series data. In contrast to
conventional linear methods, fractal techniques are
well-suited for the analysis of signals generated by
complex physical systems — such as gas pipelines
— where nonlinear dynamics and chaotic behavior
are common. This section outlines the theoretical
foundation of fractal analysis and explains how it
was applied to the simulated parameters (pressure,
flow rate, velocity) for anomaly detection [9—11].

Theoretical Background

The fractal dimension (FD) is a scalar value
that characterizes the geometric complexity of a
signal. It indicates how completely a signal fills its
space as the scale of measurement changes. For
time-series data, a commonly used approach to es-
timate FD is Higuchi's method, which evaluates
how the curve length changes with different time
intervals.

Mathematically, the fractal dimension D can be
approximated using Higuchi’s algorithm as:

1 £(N-
0= (7 )
" (2)

[N—m

x ; [x(m +ik) = x(m + (i k)],

where L(k) is the average length of the curve using

interval k; N is the total number of data points;
x(i) is the value of the time-series at time step i.
The value of FD lies typically between (1) and
(2) for one-dimensional signals. A higher value of
FD indicates increased irregularity and complexity.

Application to Gas Pipeline Parameters

Fractal analysis was applied to the three simu-
lated time-series:

1) Pressure — as a key indicator of flow resis-
tance and potential blockages;

2) Flow Rate — often the first parameter to
reflect sudden anomalies due to phase transitions
or internal pipeline disturbances;

3) Velocity — directly affected by physical phe-
nomena such as turbulence, hydrate deposition, or
mechanical obstruction.

Using computational tools, each parameter was
analyzed across a sliding time window to compute
its local fractal dimension. In practice, abrupt in-
creases in FD wvalues signal deviations from ex-
pected behavior, possibly due to:

— early-stage hydrate formation;

— developing turbulent flow or oscillations;

— structural changes like corrosion or partial
blockages.

These transitions often precede measurable
drops in performance or safety thresholds, offering
a valuable window for preventive action [11].

Interpretation of Results

The resulting FD values for pressure, flow rate,
and velocity were found to vary within expected
theoretical limits. In segments where the synthetic
signals exhibited heightened irregularity (visible
in the waveform), corresponding FD values were
elevated, confirming the sensitivity of fractal met-
rics to dynamic changes.

Figure 1 illustrates the behavior of the three
variables over time. The presence of irregular, non-
repeating fluctuations suggests potential for fractal
behavior. A higher degree of signal complexity may
correspond to anomalous flow patterns, which
could indicate early signs of hydrate formation or
other operational issues.

In a real-world setting, this method can be in-
tegrated with SCADA (Supervisory Control and
Data Acquisition) systems or cloud-based ToT plat-
forms to process sensor data in real time. The abili-
ty to quantify signal irregularity without explicit
knowledge of the underlying physics makes fractal
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Figure 1. Simulated Gas Pipeline Parameters Over Time

analysis especially valuable in complex and poorly
understood operational environments [12—14].

Application to Real Systems

The practical application of fractal analysis in
industrial gas pipeline systems offers a promising
enhancement to traditional monitoring and diag-
nostics. Modern gas transmission infrastructure in-
creasingly relies on digitalization and smart tech-
nologies, such as SCADA systems, IoT-based sen-
sors, and edge computing platforms. These tech-
nologies generate large volumes of real-time data,
which can be leveraged for advanced analytics.
Fractal methods integrate naturally into this eco-
system, enabling a non-invasive, data-driven ap-
proach to anomaly detection and predictive mainte-
nance.

Integration with Existing Infrastructure

Most high-capacity gas pipelines are equipped
with sensors that continuously measure pressure,
flow rate, and velocity at various points along the
pipeline. These sensors typically report data to a
centralized SCADA platform or local processing
unit. The fractal analysis approach proposed in this
study can be deployed in one of two ways:

1) edge-level Implementation: fractal dimension

algorithms can be embedded within microcontrol-
lers or local servers at remote stations. This enables
real-time anomaly detection without depen-dence
on central data centers;

2) cloud-level Implementation: for larger sys-
tems with centralized data analytics, time-series
data from multiple sensors can be transmitted to a
cloud environment where fractal metrics are com-
puted in batch or stream-processing mode.

In both cases, the system can raise alarms when
the fractal dimension exceeds a pre-defined thre-
shold, suggesting increasing irregularity or comple-
xity in the monitored signal. These alerts can then
be correlated with other operational parameters or
maintenance logs for validation [15, 16].

Advantages Over Traditional Methods

Compared to conventional fault detection me-
thods, the fractal approach offers several notable
advantages.

Non-invasive Monitoring: It does not require
additional hardware or intrusive sensors. All neces-
sary data can be derived from existing measure-
ment infrastructure.

Sensitivity to Early-Stage Anomalies: Changes
in fractal complexity can reveal small-scale distur-
bances (e.g., hydrate nucleation) long before they
escalate into observable events.
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Robustness to Noise: Fractal measures are gene-
rally resistant to random noise, making them
suitable for field conditions where signal quality
may vary.

Scalability and Automation: The computa-
tional cost is low enough for deployment across
large, distributed networks, and the method can be
automated for continuous operation [17].

Use Case: Hydrate Formation Detection

One of the most critical challenges in cold cli-
mate gas transport is hydrate formation, which can
block the pipeline and cause pressure surges. Tra-
ditional detection methods are often reactive, iden-
tifying the problem after it has already affected
flow. In contrast, fractal analysis can reveal in-
creasing signal irregularity — an early sign of
phase instability in the gas-liquid interface before
significant blockage occurs.

For example, a gradual rise in the fractal di-
mension of the flow rate signal may correspond to
increased turbulence or multiphase interactions,
prompting operators to initiate preventive actions
such as methanol injection, depressurization, or
flow rate modulation [18].

Future Implementation Opportunities

As pipeline systems evolve toward full digital
twins and Al-assisted automation, fractal analysis
can serve as an intelligent layer of abstraction in
monitoring platforms. It can be combined with ma-
chine learning algorithms that learn baseline frac-
tal behavior under normal conditions and flag de-
viations with high confidence. Moreover, its use
can be expanded to include additional parame-ters
such as temperature, vibration, or acoustic emis-
sions, further enriching the diagnostic landscape.

Results and Discussion

The simulation results demonstrate that fractal
dimension analysis is a sensitive and informative
method for detecting irregularities in gas pipeline
operation. The synthetic time-series data for pres-
sure, flow rate, and velocity parameters exhibited
varying degrees of complexity over time, mimi-
cking real-world conditions such as transient flows,
turbulence, and potential hydrate formation.

Fractal Behavior of Simulated Signals

The computed FD values for each parameter re-
vealed key insights.

Pressure Signal: FD remained relatively stable
under normal flow conditions (approximately 1.02—
1.05). However, a noticeable increase in FD (up
to 1.15) was observed during segments where the
pressure waveform exhibited irregular peaks, indi-
cating early-stage anomalies.

Flow Rate: FD values fluctuated more signifi-
cantly (1.00-1.20), reflecting the sensitivity of
flow rate to disturbances such as minor blockages
or increased viscosity. This suggests that flow rate
may serve as an early indicator for operational in-
stability.

Velocity: The velocity signal displayed modera-
te FD variations (1.01—1.12). Elevated FD values
coincided with portions of the signal where sinu-
soidal behavior was distorted, suggesting turbulent
flow possibly due to physical obstructions or hy-
drate accumulation.

These results confirm that changes in fractal di-
mension correlate strongly with alterations in sig-
nal regularity, which in turn correspond to poten-
tial system abnormalities.

Sensitivity to Anomalies

A key observation from this study is that frac-
tality increases prior to significant performance
degradation. In the simulation, FD spikes were de-
tected before pressure drops or flow reductions be-
came evident. This indicates that fractal analysis
can function as an early warning system, offering
operators time to take preventive measures.

For example, in real pipeline monitoring, an in-
crease in flow rate FD may signal multiphase flow
or hydrate precursors, prompting actions such as
temperature control, methanol injection, or throt-
tling.

Comparison with Traditional Methods

Unlike traditional threshold-based diagnostics,
which react only after physical changes become
measurable (e.g., pressure loss), fractal analysis
quantifies the internal dynamics of the system.
This proactive nature allows for predictive diag-
nostics rather than reactive troubleshooting.

Furthermore, the robustness of fractal analysis
to noise and its adaptability across different sig-
nal types (pressure, velocity, flow) make it a uni-
versal metric. It does not require retraining or re-
calibration for different pipeline segments, unlike
machine learning models, which often depend on
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site-specific training data.
Visualization and Interpretability

In Figure 1, we visualize the time-series of pres-
sure, flow rate, and velocity. If fractal dimension
curves are plotted alongside (not shown here),
they display peaks in the same regions where wave-
form complexity increases. This visual concordance
strengthens the interpretability of FD-based diag-
nostics, making it feasible for use in control rooms
and automated monitoring dashboards.

Conclusion

This study explored the application of fractal
analysis as a diagnostic tool for monitoring and
evaluating the operational state of gas pipeline sys-
tems, using simulated pressure, flow rate, and ve-
locity data. The primary objective was to assess
whether fluctuations in signal complexity — quan-
tified by the FD — can serve as early indicators
of anomalies such as hydrate formation, turbu-
lence, or partial blockages.

The findings convincingly demonstrate that
fractal dimension metrics offer a sensitive and re-
liable method for detecting irregularities in pipe-
line behavior. Across all three parameters, notable
increases in FD corresponded to signal segments
where waveform complexity and unpredictability
rose, suggesting abnormal operational conditions.
Importantly, these changes were often observed
prior to traditional signs of malfunction, such as
measurable pressure drops or reduced flow rates.
This highlights the predictive potential of fractal
diagnostics over reactive alarm systems.

One of the most significant advantages of this
method is its non-intrusiveness. Since it relies
solely on existing sensor data, it does not require
any structural modification to pipeline infrastruc-
ture or the installation of additional hardware.
Furthermore, it is computationally lightweight,
which makes it well-suited for integration into
real-time monitoring systems, whether deployed lo-
cally at the edge or in cloud-based analytics plat-
forms.

Fractal analysis also stands out due to its gene-
ralizability: the same approach can be applied to
various types of signals across different pipeline
environments and operational contexts. It offers a
unified metric of complexity that can be inter-
preted consistently, enabling automated diagnostics
and pattern recognition.
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From a practical perspective, this technique can
significantly enhance the capability of SCADA and
IoT platforms in the energy sector. In particular,
for environments prone to hydrate formation or dy-
namic flow conditions (e.g., cold regions or long-
distance undersea pipelines), fractal monitoring
can become a vital component of predictive mainte-
nance strategies. Its early warning capabilities can
help operators initiate preventive interventions be-
fore serious disruptions or safety risks occur.

In conclusion, this research underscores the
value of fractal analysis as a powerful, scalable,
and cost-effective tool for enhancing gas pipeline
reliability and safety. With continued refinement
and real-world validation, it holds substantial
promise as part of the next generation of intelli-
gent pipeline monitoring solutions.

Future Work

While the results of this study demonstrate the
feasibility and utility of fractal analysis in detec-
ting anomalies in gas pipeline systems, several ave-
nues remain open for further exploration and re-
finement. Future research and development efforts
should focus on the following key areas to enhance
the applicability, accuracy, and real-world integra-
tion of the proposed approach.

Real-World Data Validation

The current study relies on simulated time-se-
ries data to evaluate the fractal characteristics of
pipeline parameters. The next logical step is to ap-
ply the same methodology to real-world datasets
obtained from operational gas pipeline systems.
This will help validate the robustness of the fractal
approach under actual operating conditions, in-
cluding variations in temperature, pressure surges,
and sensor noise.

Multi-Parameter Fractal Fusion

A promising area for future research is the de-
velopment of a multi-fractal fusion model, where
the fractal dimensions of different signals (pres-
sure, flow rate, velocity, temperature) are com-
bined into a single diagnostic index. This aggre-
gated index may offer improved sensitivity and
specificity for anomaly detection, especially when
using machine learning classifiers to map fractal
patterns to known fault types.
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Real-Time Implementation
and Optimization

To move toward industrial deployment, fractal
algorithms must be optimized for real-time compu-
tation on embedded systems or edge devices. Light-
weight and resource-efficient implementations will
be required to operate continuously in remote or
bandwidth-limited environments. Integration with
SCADA platforms and compatibility with existing
communication protocols (e.g., Modbus, OPC-UA)
will be critical.

Threshold Calibration
and Adaptive Models

Another challenge is establishing dynamic
thresholds for fractal dimension anomalies that
adapt to operational context. Machine learning
models — such as LSTM networks or adaptive con-
trol theory — could be trained on historical data
to determine what FD values represent normal vs
abnormal states for specific pipeline segments or
seasons.

Extension to Multiphase Flow
and Acoustic Signals

Fractal analysis can also be extended to more
complex signals beyond basic flow metrics. For
example, acoustic emissions, vibration signals, or
gas composition data may carry important diagnos-
tic features. Multiphase flow, in particular, pre-
sents a chaotic dynamic system where fractal tools
could provide deeper insights than conventional
analysis.

Integration with Digital Twins

With the increasing adoption of digital twins in
pipeline management, fractal analytics can be in-
corporated as a real-time diagnostic module. A digi-
tal twin augmented with fractal behavior analysis
would not only visualize current pipeline condi-
tions but also simulate potential future states based
on early warning signals.

Standardization and
Regulatory Approval

Finally, for widespread adoption, it is im-
portant to move toward standardization of fractal

diagnostics within the pipeline industry. Collabo-
rative efforts with industry partners, academic re-
searchers, and regulatory bodies can pave the way
for establishing benchmarks, testing protocols, and
safety guidelines for this innovative diagnostic
method.
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dpakTajbHa AiarHOCTHKA POOOTH ra30MPOBO/IiB:
BUSIBJICHHSI aHOMAJIiii 3a JONMOMOTOI0 JAaHUX
NpO THCK, BUTPATy Ta MIBU/KICTb

AnoTanist. [a301poBoay € oHUME 3 HANBAXKJIMBIIINX €JIEMEHTIB CydyacHOi eHepreTHYHOi iHdpa-
CTPYKTYpH, Jie PAHHE BUSBJIEHHS aHOMAJiil, TAKUX SK YTBOPEHHS TifipaTiB ab0 3acMiyeHHsI, MA€
BUpilIaabHe 3HAUYEHHS /15 3arnobirants 360sM, MiHiMizallii mpocToiB Ta 3a6e3reueHHs: 6e3MeTHol
exciutyaTanii. Tpaantiifiai MeTou MOHITOPHHTY, X0ua it epeKTBHI y 6araTbox BUIA/IKaX, 9acToO
He MafTb YyTJIUBOCTi a60 aJalTUBHOCTI, HEOOXiTHUX [JIsI BUSBJEHHS Jieb MTOMIiTHUX a60 HOBHUX
npo6JieM. Y CTaTTi IPOTIOHOBAHO HOBUII [ialrHOCTUYHWI IiJXi/, 3aCHOBaHWII HA DpaKTATbHOMY
aHaJi3i, /g OLiHKU JUHAMIYHOI NOBEIiHKU Ta3OlpPOBO/iB 3 BUKOPUCTAHHAM TPbOX KJIOYOBUX
nmapameTpiB: THCKY, BUTPATH Ta IMBUIKOCTI razy. 3aCTOCOBYIOUN PO3PaXyHKH (PpakTasbHOT po3-
MipHOCTi [0 JJaHUX YacOBUX PsiB, 3i6paHUX 3 po6OYMX Ta30MpOBOIB, Ieil MeTon dikcye
CKJIAJIHI Ta HeJIiHillHI 3aKOHOMipHOCTIi, 10 TIepelyI0Th HECTIPABHOCTAM cucteMu. JlocJtisKeH s
JEMOHCTPYE, K 3MiHU (DpaKkTaIbHOI PO3MipHOCTI KOPEJOI0Th 3 (Di3MYHIMU aHOMAJIiIMH B TPY-
6GOIPOBOJIi, TAKMMU SIK OOMEXKEHHS TIOTOKY Yepe3 HAKOIMMYEeHHs Ti/paTiB a60 MOPYIIEeHHsS TUCKY .
Iz dpaxranbua giarHOCTHYHA MOJEJb 3a0e3leuye HeiHBA3UBHY, KEPOBAHY MAHUMU CTPYKTYDY,
SKa He 3aJIeKUTDh BiJi BCTAHOBJEHHS O0OJaHAHHS, a HATOMICTh BIKOPHCTOBYE icHYyIOUi /aHi gaT-
YHUKiB /11 TIOKpaN[aHHg cuTyamniiiHoi o6isHaHocTi. PesysibraTu migTBepKyIOTh e(eKTHBHICTD
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METOAy fK J0JIaTKOBOTO iHCTPYMEHTY /I CTpaTeTiii IPOrHO3HOTO 06CIyrOBYBaHHA. 3alpOIOHO-
BaHUI Mi/IXi/l MOKpAIy€e€ TOYHICTb BUABJEHHS aHOMaJiil, MiZATPUMYE MOHITOPUHT y PEKHUMi pe-
AJbHOTO Yacy Ta CIIPUSIE CTBOPEHHIO OiJbIl CTIHKUX Ta iHTEJEKTYaJbHHX CHCTEM YIIPaBJIiHHSI

Tpy6onpoBogamu. bi6a. 18, puc.1.

KimouoBi cioBa: ¢pakrajpbHWil aHasi3, AiarHOCTHKA Ta30MPOBO/IiB, YTBOPEHHS Ti/[paTiB, KOJU-
BaHHS THUCKY, MOHiTOpI/IHI' I_HBI/II.[KOCTi IIOTOKY, ]IaHi I_HBI/I]IKOCTi, BHABJICHHA aHOMaJIifI, IIPOTrHO3HE

06CJIyTOBYBaHHS.
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Applications of nanomaterials
in heat exchange processes and equipment

Abstract. The third millennium is associated with many achievements in science and technolo-
gy, one of which is nanomaterials, i.e. discrete particles of material, as well as materials with
an internal or surface structure, one of the characteristic dimensions of which usually lies in
the range from 1 nm to 100 nm. Due to their unique properties, primarily thermophysical and
mechanical, nanomaterials are used in heat transfer processes, which are common in thermal
power engineering, nuclear power engineering, chemical and food technology, metallurgy,
electronics, mechanical, and instrument engineering. Nanomaterials increase the efficiency of
thermal conductivity and convection and are used in all heat transfer processes, namely heating,
cooling, boiling, and condensation. Almost all classes and types of nanomaterials are used,
including nano-objects such as nanoparticles, nanofibers, and nanoplates, as well as nanostruc-
tured materials such as nanostructured powders, nanocomposites, nanoporous materials, and
fluid nanodisperse systems. Nanomaterials are most widely used in coolants in the form of
nanosuspensions and nanoemulsions, as well as in the design of heat exchange equipment in
the form of coatings for heat exchange elements and structural materials for the manufacture
of these elements. Currently, the main trends in the application of nanomaterials in heat
exchange processes and equipment are the development of effective compositions of fluid
nanodispersions and nanocoatings of heat exchange surfaces, which can be implemented on
existing heat exchange equipment directly or with minor modernization. Less attention is paid
to the development of structural nanomaterials for the manufacture of heat exchange elements,
since they involve a more profound change in existing heat exchange equipment or the creation
of fundamentally new heat exchanger designs. In any case, one should not forget about the
possible negative impact of nanomaterials when handling them, which they can have on the
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environment and humans, and, if possible, take measures to eliminate or minimize this negative

impact. Bibl. 103, Fig. 9.

Keywords: heat transfer, heat exchanger, nanomaterial, nanostructure, energy efficiency,

intensification, patent documentation.
Introduction

The third millennium is closely associated with
many achievements of mankind in the field of scien-
ce and technology, one of which is undoubtedly
nanomaterials, i.e. discrete particles of material, as
well as materials with an internal structure or sur-
face structure, one of the characteristic dimensions
of particles or structures usually in the nanoscale,
i.e. the interval from 1 nm to 100 nm, usually,
because such molecular structures as fullerenes,
carbon nanotubes, and above all graphene flakes,
in which one of the dimensions can be below 1 nm
(the thickness of a graphene sheet is one carbon
atom, the radius of which is 70 pm), also belong
to nanomaterials) [1].

In practice, the prefix “nano-“ is used in rela-
tion to materials of natural or artificial origin that
contain particles in free form, in the form of groups
or agglomerates (when the particles are intercom-
nected by a foreign material), at least 50 % of
which have one of the linear dimensions in the
range usually from 1 nm to 100 nm (in specific
cases and where warranted by concerns for the en-
vironment, health, safety or competitiveness the
number size distribution threshold of 50 % may be
replaced by a threshold between 1 % to 50 % [2].
In this case, the size (length) range of 1-100 nm,
as already noted, refers both directly to at least
one of the external dimensions of the particles and
to the dimensions of their internal or surface struc-
ture [3].

Due to their unique properties, nanomaterials
have high performance characteristics, primarily
mechanical, thermophysical, optical, electrical and
catalytic, which can differ significantly from the
corresponding properties of traditional macro-ob-
jects, which makes it possible to create innovative
technical solutions based on nanomaterials (to bet-
ter understand this phenomenon, an example can
be given with ordinary silicate glass: window glass
is hard and brittle, while glass fiber, either alone
or as part of fiberglass or glass wool, is extremely
flexible).

Due to their high performance characteristics,
nanomaterials are used in a wide variety of indus-
tries and in everyday life [4], including such ener-

gy-intensive industries as heat and power enginee-
ring, nuclear power, chemical and food technolo-
gy, metallurgy, electronics, mechanical and instru-
ment-making, in which heat exchange processes
and corresponding heat exchange equipment are
widely used. That is why increasing the efficiency
of the structural and technological design of heat
exchange processes, including the use of innovative
nanomaterials, is an urgent task for scientists, de-
signers, and inventors.

The purpose of research

The purpose of the study is to critically analyze
the state of art and prospects in the development
of the structural and technological design of the
heat exchange process using nanomaterials both in
the composition of heat transfer fluids and in the
composition of structural and auxiliary materials
of heat exchange equipment.

Key terms and definitions
regarding nanomaterials

The following are the main terms related to na-
nomaterials and defined by the ISO 80004-1:2023
standard [3].

Nanoscale is length range approximately from
1 nm to 100 nm. The unique properties of nanoob-
jects are revealed mainly within this range.

Nanotechnology is application of scientific
knowledge to manipulate and control matter pre-
dominantly in the to make use of size- and struc-
ture-dependent properties and phenomena distinct
from those associated with individual atoms or
molecules, or extrapolation from larger sizes of the
same material. Manipulation and control include,
for example, material synthesis and processing.

Nanomaterial is material with any external di-
mension in the nanoscale or having internal struc-
ture or surface structure in the nanoscale. Nanoma-
terials are divided into nano-objects and nanostruc-
tured materials (Fig. 1).

Nano-object is discrete piece of material with
one, two or three external dimensions in the nano-
scale.

Nanostructure is surface or internal feature with
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Figure 1. Main classes and types of nanomaterials [3].

one or more dimensions in the nanoscale.

Nanostructured material is material having in-
ternal nanostructure or surface nanostructure.

Engineered nanomaterial is nanomaterial de-
signed for specific purpose or function.

Manufactured nanomaterial is nanomaterial in-
tentionally produced to have selected properties or
composition.

Incidental nanomaterial is nanomaterial gene-
rated as an unintentional by-product of a process.
The process includes manufacturing, biotechnology-
cal or other processes, including natural processes.

Particle is minute piece of matter with defined
physical boundaries. A physical boundary can also
be described as an interface. This general particle
definition applies to nano-objects.

Primary particle is original source particle of
agglomerates or aggregates or mixtures of the two.
Constituent particles of agglomerates or aggregates
at a certain actual state can be primary particles,
but often the constituents are aggregates. Agglo-
merates and aggregates are also termed secondary
particles.

Constituent particle is identifiable, integral
component of a larger particle. The constituent
particle structures can be primary particles or ag-
gregates.

Agglomerate is collection of weakly or medium
strongly bound particles where the resulting exter-
nal surface area is similar to the sum of the surface
areas of the individual components. The forces
holding an agglomerate together are weak forces,
for example, van der Waals forces or simple physi-
cal entanglement. Agglomerates are also termed se-
condary particles and the original source particles are
termed primary particles.

Aggregate is particle comprising strongly bon-

ded or fused particles where the resulting external
surface area is significantly smaller than the sum
of surface areas of the individual components
(Fig. 2). The forces holding an aggregate together
are strong forces, for example, covalent or ionic
bonds, or those resulting from sintering or complex
physical entanglement. Aggregates are also termed
secondary particles and the original source parti-
cles are termed primary particles.
Nanoparticle is nano-object with all external di-
mensions in the nanoscale. If the dimensions differ
significantly (typically by more than three times),
terms such as nanofibre or nanoplate are preferred
to the term nanoparticle.

Figure 2. Conventional images of a single constituent
particle, as well as constituent particles forming aggre-
gates and agglomerates: 1 — aggregate; 2 — agglome-
rate; 3 — constituent particle.
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Nanofibre is nano-object with two external di-
mensions in the nanoscale and the third dimension
significantly larger. The largest external dimension
is not necessarily in the nanoscale.

Nanorod is solid nanofibre.

Nanotube is hollow nanofibre.

Nanowire is electrically conducting or semi-
conducting nanofibre.

Nanoplate is nano-object with one external di-
mension in the nanoscale and the other two exter-
nal dimensions significantly larger. The larger ex-
ternal dimensions are not necessarily in the nano-
scale.

Nanoflake is nanoplate with limited lateral di-
mensions.

Nanofoil (nanosheet) is nanoplate with exten-
ded lateral dimensions. Nanofoil and nanosheet are
used synonymously in specific industries. Nanofoil
and nanosheet extend further with respect to their
length and width compared to nanoplate or nano-
flake.

Nanoribbon (nanotape) is nanoplate with the
two larger dimensions significantly different from
each other.

Nanosphere is spherical nano-object. The term
"nanocapsule” is used to name hollow biological
nanoobjects.

Nano-onion is spheroidal nanoparticle with a
concentric multiple shell structure.

Core-shell nanoparticle is nanoparticle consis-
ting of a core and shell(s). The largest external di-
mension and length (core diameter plus shell thick-
ness) shall be in the nanoscale. For spherical core-
shell nanoparticle, this length is the outer diameter.

Nanostructured core-shell particle is particle
consisting of a core and shell(s), where the diame-
ter of the core or the thickness of the shell is in
the nanoscale. If at least one external dimension is
at the nanoscale, the term nano-object is preferred.

Nanocone is cone-shaped nanofibre or nanopar-
ticle.

Nanocrystal is nano-object with a crystalline
structure.

Nanocoating is coating with thickness in the
nanoscale. Coating is adherent surface layer. A
coating can consist of multiple layers.

Nanophase is physically or chemically distinct
region or collective term for physically distinct re-
gions of the same kind in a material with the dis-
crete regions having one, two or three dimensions
in the nanoscale. Nano-objects embedded in an-
other phase constitute a nanophase.

Nanopore is cavity with at least one dimension
in the nanoscale, which can contain a gas or liquid.

Nanoporous material is solid material with na-
nopores.

Nanodispersion is material in which nano-ob-
jects or a nanophase are dispersed in a continuous
phase of a different composition.

Fluid nanodispersion is heterogeneous mate-
rial in which nano-objects or a nanophase are dis-
persed in a continuous fluid phase of a different
composition.

Nanosuspension is fluid nanodispersion where
the dispersed phase is a solid. The use of the term
“nanosuspension” carries no implication regarding
thermodynamic stability. The term “nanofluid” is
also often used in scientific publications.

Nano-emulsion is fluid nanodispersion with at
least one liquid nanophase.

Nanofoam is liquid or solid matrix, filled with
a second, gaseous phase having nanoscale struts
and walls, or a gaseous nanophase consisting of na-
noscale bubbles, or both.

Liquid nanofoam is fluid nanodispersion filled
with a second, gaseous nanophase, typically resul-
ting in a material of much lower density.

Solid nanofoam is solid matrix filled with a se-
cond, gaseous phase, typically resulting in a mate-
rial of much lower density, with a nanostructured
matrix, for example, having nanoscale struts and
walls, or gaseous nanophase consisting of nano-
scale bubbles [closed nanofoam)], or both.

Nano-aerosol is nanodispersion with gaseous
matrix and at least one liquid or solid nanophase
[including nano-objects].

Nanocomposite (nanocomposite material) is so-
lid comprising a mixture of two or more phase-sepa-
rated materials, one or more being nanophase. Ga-
seous nanophases are excluded [they are covered
by nanoporous material] from nanocomposite. Ma-
terials with nanoscale phases formed by precipita-
tion alone are not considered to be nanocomposite
materials.

Ceramic matrix nanocomposite is nanocompo-
site with at least one major ceramic phase.

Metal matrix nanocomposite is nanocomposite
with at least one major metallic phase.

Polymer matrix nanocomposite is nanocompo-
site with at least one major polymeric phase.

Terms and definitions of concepts related to car-
bon nano-objects, which are used quite effectively
in heat exchange processes and equipment, are
given in the ISO /TS 80004-3:2020 standard [5].
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Features of the structural and
technological design of heat exchange
processes using nanomaterials

Almost all classes and types of nanomaterials
are used in heat exchange processes and equipment
(see Fig. 1), in particular such nano-objects as na-
noparticles, nanofibers and nanoplates, as well as
such nanostructured materials as nanostructured
powders, nanocomposites, nanoporous materials,
solid nanofoams and fluid nanodisperse systems

(nanosuspensions, nano-emulsions and fluid nano-
foams; nano-aerosols are almost never used in heat
exchange processes). At the same time, nanoma-
terials have found application in all major heat ex-
change processes, namely heating, cooling, boiling
and condensation, as well as in heat exchangers of
all major types, namely recuperative, regenerative
and mixing (contact) ones [6].

The main areas of practical application of nano-
materials in heat exchange processes are shown in
Fig. 3.

I Practical application of nanomaterials in heat exchange processes and equipment |
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Figure 3. Classification of structural and technological design of heat exchange processes using nanomaterials.
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Nano-objects
in heat exchange equipment

A nanomicroporous heat-insulating material for
a heat exchanger is proposed, which consists of sili-
con dioxide (pyrogenic silica, aerosil, and silicon
dioxide obtained by precipitation). The bulk den-
sity of the material in the heat-insulating space is
100—300 kg /mi, and the heat-insulating space fil-
led with the material is subjected to vacuuming
(Patent CN204007263U). Silicon dioxide is also
included in the composition of the nanocomposite
material for thermal insulation of the heat exchan-
ger according to patent CN109555934A.

The solar energy system contains a fluidized bed
device of heat-accumulating micro/nanoparticles,
which are heated in a regenerative heat exchanger
and temporarily accumulated in an intermediate
tank. The thermal energy accumulated by micro/
nanoparticles in the absence of solar energy, for
example, in bad weather conditions or at night, is
transferred to the consumer of thermal and/or
electrical energy (Patent GB2620356A).

The presence of carbon nanoparticles in the cavi-
ty of the heat pipe significantly increases its effi-
ciency (Patent CN105466264A).

Fluid nanodispersions
in heat exchange equipment

The use of nanosuspensions (also often used an-
other term “nanofluids”) as heat transfer fluids for
convective heat exchange increases the thermal
conductivity of the heat transfer fluid and reduces
the thickness of the laminar boundary layer, which
increases the heat transfer coefficient. One of the
main advantages of nanosuspensions (as well as other
fluid nanodispersed systems) is their ability to en-
hance heat transfer without the need for a funda-
mental change in the design of the heat exchanger.
Typically, nanosuspensions can increase the heat
transfer coefficient by up to 30 % compared to pure
(base) fluids.

A nanosuspension may contain nanoparticles of
several materials (so-called “hybrid nanosuspen-
sions” [7]), which provide a synergistic effect (for
example, a hybrid nanosuspension containing both
metal nanoparticles and metal oxide nanoparticles
is characterized by high thermal conductivity of
metal nanoparticles and stability of metal oxide
nanoparticles) [8]. In particular, the properties of
mononanosuspensions (nanosuspensions with nano-

particles of the same material) can be adjusted by
changing the content of nanoparticles. However,
mononanosuspensions demonstrate stable thermo-
physical properties in a limited range of parameters
of the heat transfer process. First of all, it is pre-
cisely to eliminate this drawback that hybrid nano-
suspensions are used [9].

As a heat transfer fluid, it was proposed to use a
TiO,,/ water nanosuspension (Patent CN114276787A)
with a nanoparticle content of 0.1-2.0 % w,/w,
and the use of mononanosuspensions and hybrid
nanosuspensions with a content of 0.025-3 % w,/w
of metal oxides, ceramics, graphene oxide, and car-
bon nanotubes showed improved thermophysical
properties and heat transfer efficiency, In particu-
lar, in nanosuspensions based on graphene and car-
bon nanotubes, thermal conductivity increased by
17-49 %, and the heat transfer coefficient by 57—
89 % [10].

To increase the efficiency of the microchannel
heat exchanger, it is proposed to expose the nano-
suspension to ultrasonic radiation, which promotes
the formation, growth, and separation of steam
bubbles from the heat exchange surface during the
boiling of the coolant (Patents CN110557934A,
CN210808036U). Compared to a conventional mic-
rochannel heat exchanger, the proposed technical
solution allows for an increase in heat transfer ef-
ficiency by more than 20 %.

It is also proposed to subject the nanosuspen-
sion flow to pulsations to intensify the heat ex-
change process. The results of the studies showed
that the use of graphene/water nanosuspension,
hybrid nanosuspension grapheme + multi-walled
carbon nanotubes /water and nanosuspension mul-
tilayered carbon nanotubes,/water with a disper-
sed phase content of 0.01-0.1 % v /v in a stationa-
ry flow compared to the based dispersion medium
(water) provided improvements in average heat
transfer rates of 1.34, 1.27, and 1.25, respectively.
At the same time, the imposition of pulsations on
the heat transfer fluid flow increased the average
heat transfer rate compared to stationary flows for
the same nanosuspensions in the ranges of 10.9—
28.2%, 9.0-25.4%, and 7.1-14.8%, respectively [11].

The high efficiency of the nanosuspension was
proven during the study of the boiling process of
an aqueous nanosuspension with TiO, nanopartic-
les with an average size of 130 nm and a content
of 0.5 % w,/w [12]. It was shown that the heat
transfer coefficient in the case of quenching steel
cylinders in a boiling nanosuspension is 30—40 %
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higher than the heat transfer coefficient in the case
of using distilled water for this purpose. For the
studied nanosuspension, a significantly higher heat
transfer intensity and a noticeable reduction in the
object cooling time are observed compared to dis-
tilled water, which is extremely important in the
event of emergency situations in industrial equip-
ment, primarily in nuclear power engineering [13].

The features of eliminating the water boiling
crisis and emergency cooling of the overheated sur-
face of the minireactor heater by injecting a por-
tion of aluminosilicate nanosuspension (montmo-
rillonite and palygorskite nanoparticles) under
conditions of film boiling of water and continuous
increase in thermal load were also investigated.
Emergency cooling of the overheated surface (from
600 °C to 125 °C) after adding a portion of the
nano-suspension occurred in a matter of minutes,
with the value of the heat transfer coefficient
reaching 55—60 kW /(m2K). This can be explained
by the deposition on the heating surface of a jelly-
like layer of nanoparticles with high hydrophilicity
and mobility, which can significantly enhance bub-
bling boiling and convection [14]. In addition to
the aluminosilicate nanosuspension for emergency
cooling of an overheated heat transfer surface, high
efficiency has also been proven for nanosuspensions
using TiO, as a dispersed phase [15]. Adding even
a small portion of concentrated nanosuspension to
distilled water in film boiling mode provides a ra-
pid decrease in the temperature of the heat ex-
change surface by 4—5 times [16].

The heat transfer fluid for emergency cooling of
overheated surfaces contains an aqueous suspension
of solid nanoparticles of clay minerals, in particu-
lar a natural genetic mixture of montmorillonite
and palygorskite with a particle size of 50—500 nm
in an amount of 0.5-5.0 % w/w, as well as a stabili-
zer in the form of sodium polyacrylate in an amount
of 0.005-0.01 % w/w (Patent UA129854C2).

To increase the dispersion stability of the nano-
suspension when used as a heat transfer fluid, a
polyaspartic acid coating is applied to the surface
of its dispersed nanoparticles in the form of carbon
nanotubes (Patent KR20110120162A).

Adding nanoparticles to the water of the coo-
ling system of a heat engine, in particular an inter-
nal combustion engine, increases the intensity of
heat exchange, and therefore the efficiency of the
engine (Patent CN106246407A).

A water-based nanosuspension containing 2.5 %
v /v of spherical silver nanoparticles with an avera-
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ge diameter of 143 nm increased the heat transfer
coefficient during cooling by 32 % [17].

Magnetic nanoparticles (transition metal ferrite
nanoparticles and ferroelectric nanoparticles, in-
cluding those designed as a nanocomposite) intro-
duced into the coolant in the presence of a magne-
tic field contribute to a controlled increase in the
degree of turbulization of the coolant flow, and
therefore the heat transfer coefficient from it to the
heat exchange surface (Patent US12173221B1). A
similar technical solution has been proposed for the
implementation of effective convective heat trans-
fer in a shell-and-tube heat exchanger (Patent
NL2032100A). In this case, the controlled move-
ment of magnetic nanoparticles contributes to the
self-cleaning of the heat exchange surface from de-
posits [18].

One type of tube-in-tube heat exchangers [19,
20] is double-tube spiral heat exchangers, which
are characterized by increased heat transfer effi-
ciency and compact design. The thermal characteris-
tics of two-pipe spiral heat exchangers with twis-
ted ribbon inserts and a nanosuspension based on
tungsten carbide and water as a heat transfer fluid,
which together increase turbulence and increase
the heat transfer rate, were investigated [21]. The
content of nanoparticles was 0.1-0.3 % w,/w,
while the highest energy efficiency of the heat ex-
change process was achieved at a concentration of
tungsten carbide nanoparticles of 0.3 % w/w,
however, the highest hydraulic resistance was also
observed at this concentration. It has been shown
that the simultaneous use of twisted ribbon inserts
and nanosuspension significantly enhances turbu-
lence and induces vortex flow, significantly impro-
ving heat transfer characteristics. However, it should
be noted that since tungsten carbide is characteri-
zed by high hardness (9 on the Mohs scale), it
would be desirable to investigate in more detail the
effect of the proposed nanosuspension on the wear
resistance of heat exchanger elements.

Possible ways to solve the problem of intensify-
cation of the heat transfer process in tubular chan-
nels by introducing nanoparticles of the dispersed
phase into the coolant flow with the simultaneous
placement of twisted ribbons in the specified chan-
nels are considered in [22], and twisted ribbons
and rings — in [23].

A heat transfer fluid with dispersed iron
and /or graphite nanoparticles not only provides
high heat transfer, but also eliminates the deposi-
tion of contaminants on the heat exchange surface
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(Application W02021 /245710A2).

Among the four types of nanosuspensions based
on distilled water and nanoparticles of Al,Os, SiO,,
TiO, and ZrO,, the most effective in the shell-and-
tube heat exchanger was the TiO,/water nanosus-
pension with a dispersed phase content of 2 % v /v.
In particular, the following values of the heat
transfer coefficient, W ,/(m-K) were obtained:
4253.22 for TiO,, 4025.31 for Al,O3, 3710.21 for
ZrO; and 3625.23 for SiO, [24].

Also, to intensify heat exchange processes, the
following nanosuspensions have been proposed:
water with 0.01-0.3 % v /v cerium oxide [25], a
mixture of water and motor oil with Fe O3 [26],
water with Al,O3; and Cu (hybrid nanosuspension
in a magnetic field) [27].

In particular, water, ethylene glycol, thermal
oils, propanone (acetone), decene are used as dis-
persion media for nanosuspensions, and metals
(Cu, Zn, Fe, Al, Ni, Ag, Au), oxides (TiO,, CuO,
Aly,Os, Fe O3, FesOy, SiO,, ZnO, MgO, graphene
oxide), carbon materials (carbon nanotubes, gra-
phene, diamond, graphite), nitrides (BN, AIN),
carbide (SiC) are used as a dispersed phase [28,
29]. At the same time, the intensity of heat transfer
is affected not only by the material of the nano-
particles, but also by their shape [30].

In addition to nanosuspensions, it is proposed
to use another type of fluid nanodispersed systems,
namely nanoemulsions, to intensify the process of
coolant boiling in heat exchangers of microelec-
tronic equipment. A nanoemulsion consisting of ul-
trapure water and organic fluoride droplets distribu-
ted therein has been proposed, with the parameters
of the nanoemulsion, in particular its boiling
point, which does not exceed 85 °C, being regula-
ted by an ultrasonic emulsification module (Patent
CN116997141A).

Phase change material (PCM) nanoemulsions
have advantages such as high thermal energy stora-
ge efficiency, fast thermal response, high stability,
and easy implementation into existing thermoregu-
lation systems [31—-34].

In particular, the effectiveness of a PCM
nanoemulsion of n-hexadecane with appropriate
surfactants in water was investigated. The study
was conducted to accumulate thermal energy in a
tubular heat exchanger in the temperature range of
5—20 °C. The volumetric heat capacity of the na-
noemulsion is 50 % higher than that of water,
while it is characterized by high static stability and
potential for use in air conditioning systems in

buildings [35].

The effective operation of photovoltaic modules
in solar power systems depends on the appropriate
temperature, maintaining which is a rather diffi-
cult task. One of the methods of ensuring the ap-
propriate temperature of photovoltaic modules is
their cooling with a liquid coolant, including a
nanoemulsion with nanoparticles of a phase transi-
tion paraffin material with a melting point of ap-
proximately 34 °C (the content of paraffin material
in the nanoemulsion does not exceed 20 % w,/w).
The specific heat capacity of the nanoemulsion is
2.29-3.29 times higher than that of water in the
phase transition temperature range, and its viscosi-
ty is slightly higher than that of water. Therefore,
the high performance characteristics of the pro-
posed nanoemulsion, as well as its better cooling
capacity than water, make it a promising heat car-
rier in the thermal management system of photo-
voltaic modules [36].

A fluid nanodisperse system in the form of a
nanofoam contains a liquid dispersion medium and
nanobubbles dispersed therein, which increase the
efficiency of evaporation of the liquid dispersion
medium from the flow channel of the evaporator
(Patent JP2017009145A). In addition, the viscosi-
ty of the fluid nanofoam is reduced compared to
the viscosity of the liquid dispersion medium.

Nano /microbubbles fed into the liquid disper-
sion medium limit scale formation in heat exchange
tubes and facilitate the removal of scale formed in
them (Patent KR20120100679A).

A rather interesting purpose of the nanomaterial
is the technical solution given in Patent
RU2291889C2, which concerns reducing the reac-
tivity and toxicity of the coolant and increasing
the safety of the thermal process in nuclear power
engineering. In particular, in a fast neutron nuclear
reactor, liquid metals such as sodium, potassium,
lithium, or their alloys are most often used as a
coolant to transfer thermal energy to water or wa-
ter vapor. If cracks occur in the heat exchange tube
of a steam generator due to corrosion or other fac-
tors, liquid metal flows through these cracks and
reacts with water and steam, causing a violent
chemical reaction. And if the liquid metal enters
the atmosphere, it interacts with the oxygen
and /or water vapor present in the air, which
causes its intense combustion. Adding nanopartic-
les of metal or other material to the liquid metal
that do not show activity towards the coolant
metal, water and oxygen in the air, the volume of
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coolant leakage is reduced by the volume of nano-
particles. As a result, the amount of coolant inter-
acting with water, water vapor, or oxygen de-
creases, and therefore the intensity of the corres-
ponding chemical reaction decreases. In this case,
the content of nanoparticles in the coolant can
reach 60 % w,/w. The specified technical solution
makes it possible to reduce the reactivity and toxi-
city of the coolant, as well as the hydraulic re-
sistance caused by its movement, while adding na-
noparticles to the coolant can increase its thermal
conductivity.

To increase the intensity of boiling or conden-
sation of water in a domestic hot water generator,
nanoparticles of colemanite, borax, Al,Os, silicate
(SiO3), CuO, TiO,, boron carbide, sybelite, boron
with a size of 10—200 nm are added to it (Applica-
tion W02024 /191367A1).

Similar technical solutions have been proposed
in air dehumidification systems in greenhouses,
which provide for the transfer of heat accumulated
in a photovoltaic thermal collector to a fluid coo-
lant with a change in phase state, and from it to
the air flow entering the greenhouse, as well as in a
solar energy air heating system for convective dry-
ing of wood (Applications W02025,095885A1,
W02025095886A1), in a solar energy system for
generating electricity (Application W02024/
191371A1), in a geothermal energy utilization sys-
tem (Applications W02024 /191369A1, W02024 /
191370A1, W0O2024,/191373A1), in a cooling sys-
tem for electronic equipment (Application
WO02024,/191372A1), and in a heat balance sys-
tem for satellites and space capsules (Application
W02024,/215270A1).

A low-viscosity coolant with relatively high
thermal conductivity in the form of a fluid nano-
dispersed system containing nanometal particles,
paraffin, emulsifier-dispersant, surfactant, cosol-
vent, and deionized water is used in a solar heating
system (Patent CN112161405A). This coolant ef-
fecttively accumulates phase transition energy and
provides high water temperature at the outlet of
the solar collector.

In general, nanoparticles allow for the accelera-
tion of phase changes in a certain heat-storing
phase transition material. In particular, nanoparti-
cles of carbon, aluminum, copper oxide [37], hal-
loysite nanotubes [38], or montmorillonite nano-
particles [39] are used for this purpose.

Fluid nanodisperse systems as heat carriers in
heat exchangers with a phase transition of the
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nanodisperse heat carrier, in particular its boiling,
form dynamic (depositional, washout) nanodis-
perse coatings on the heat exchange surface. It is
shown that when using electric heaters, the surface
roughness and the structure of this coating on their
surface depend on the type of electric current (al-
ternating or direct), the parameters of the applied
electric field (intensity, inhomogeneity, fre-
quency) and the properties of nanoparticles (size,
shape, anisometry, charge, electrical conductivity)
and other factors [40].

In addition to nanoparticles of monomaterials,
it is proposed to use a nanosuspension with a dis-
persed phase of nanoencapsulated phase transition
material (NPCM) to increase the efficiency of heat
transfer in a two-pipe heat exchanger. The nano-
capsules, which were obtained using a mini-emul-
sion polymerization process, consist of n-dodecanol
as the core and polymethyl methacrylate (PMMA)
as the shell, and were also modified with graphe-
ne oxide nanosheets as an additional protective
layer [41].

In general, nanoencapsulated phase transition
materials for thermal energy storage are necessary
to solve many technical problems, in particular
waste heat recovery and solar thermal energy uti-
lization [42]. Both the simplest single-shell struc-
tures are used, as well as more complex, but often
more efficient, multi-shell structures and “yolk /
shell” structures, which are usually characterized
by greater structural stability and high heat stora-
ge efficiency [43]. At the same time, methods for
obtaining nanoencapsulated materials depend on
their structure and composition [44].

In addition to heat exchangers with flow chan-
nels for coolants, fluid nanodispersed systems are
also used in heat pipes [45], with the heat transfer
coefficient increasing by 20—25 % compared to dis-
tilled water [46].

In particular, a hybrid nanosuspension based on
distilled water and 1 % v/v of aluminum oxide
and graphene oxide nanoparticles (75 % Al,O3 and
25 % GO) was used as a heat transfer medium in a
heat pipe with a mesh wick, and this nanosuspen-
sion demonstrated an increase in thermal efficiency
by approximately 31.4 % compared to the base
fluid [47]. In general, hybrid nanosuspensions are
widely used in heat pipes [48].

The sealed cavity of a flat heat pipe is filled
with a working medium with a phase transition
and contains a capillary wick with a surface micro-
nanostructure, which ensures high operational
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characteristics of the pipe, including independence
from location in space, i.e. resistance to gravity
(Patent EP4015971A1, Applications W02022 /
033289A1, US2022,/373266A1).

Also, as a heat transfer medium in the heat
pipes of an air-to-air heat exchanger that transfers
heat between hot and cold air flows, it is proposed
to use a water-based magnetic deionized nanosus-
pension with iron aluminate spinel nanoparticles
with a content of 0.5, 1.0, and 2.0 % w/w. Thanks
to the use of this nanosuspension, an increase in
heat transfer efficiency of up to 87.2 % and a re-
duction in the thermal resistance of heat pipes of
up to 71.6 % was obtained [49].

A heating module has been developed, contain-
ning a two-chamber heat exchanger, the first cham-
ber of which is equipped with an electric heater
and filled with a fluid nanodispersed system
(nanofluid), and the second chamber is intended
for heating a flowing liquid, in particular water,
heated in the first chamber by a nanofluid, which
is an intermediate heat carrier (Applications
W02023,/161494A1, US2025,/180248A1).

The positive effect of fluid nanodispersed sys-
tems can be applied in various heat exchange sys-
tems, including for seawater desalination primarily
in solar distillation plants to help communities
gain access to fresh water in remote or economi-
cally disadvantaged areas [50].

Technical solutions relating to nanodispersed
systems as heat carriers in heat exchange systems
are also proposed in Patents EP1506987A1,
JP2004339461A, CN1329123A, CN102097139A,
CN101525530A, CN116025437A, CN118602826A,
IN1090KO2009A, ZA202405614B and Applica-
tions 'W02010,/092587A1, US2005,269547A1,
US2011,/139405A1, AU2009,/340011A1.

Fluid nanodisperse systems are of particular im-
portance for cooling critical electronic equipment
such as electric vehicles, electronic components,
and photovoltaic modules. In the corresponding
thermal control systems, coolant and heat exchan-
gers are key components. Various intensification
methods are proposed, such as turbulizers, ribs,
grooves, as well as changing the temperature and
flow velocity. These methods increase the stability
of nanodispersed systems, provide a more uniform
temperature distribution, and reduce the thickness
of the coolant boundary layer. The use of flow pul-
sations and magnetic effects further improves par-
ticle mobility and the heat transfer process (how-
ever, magnetic effects may increase hydraulic re-

sistance and pressure drop) [51]. Therefore, the in-
tegrated application of fluid nanodisperse systems,
and primarily nanosuspensions, as well as new geo-
metry of heat exchange elements and turbulators
has great prospects for highly efficient cooling sys-
tems [52, 53]. In this case, cavitators can be used,
which, in addition to turbulization and mixing,
provide a high dispersing effect of the heteroge-
neous coolant [54, 55]. The intensity of heat trans-
fer can also be influenced by changing the size and
shape of nanoparticles [56]. At the same time, the
complex structural and technological design of the
heat exchange process using nanosuspensions be-
comes of particular importance in compact and ef-
ficient microchannel heat exchangers [57].

If fluid nanodisperse systems are used for con-
vective heat transfer, it should be taken into ac-
count that when the heat capacity of the dispersion
medium (base liquid) is greater than that of nano-
particles, an increase in the content of nanopartic-
les leads to a decrease in the specific heat capacity
of such systems. This also usually increases their
viscosity [58] and hydraulic resistance (pressure
drop) [59]. Therefore, for the practical application
of fluid nanodisperse systems, primarily nanosus-
pensions, it is necessary to take into account the
mechanism of their influence on the heat transfer
process.

One of the important issues of practical appli-
cation of fluid nanodisperse systems with their pre-
dicted behavior under certain operating conditions
of heat exchange equipment is not only compliance
with the qualitative and quantitative composition
of the corresponding system, but also other factors,
in particular preparation conditions [60, 61], on
which the static and dynamic stability of the sys-
tem depends. It is precisely because of the lack of
certain information that the results obtained by
other researchers often turn out to be unreliable,
contradictory, incomparable, and /or non-reprodu-
cible [62].

However, it is believed that heat transfer cal-
culations based on the techniques outlined in a ran-
dom selection of available articles were performed
along with statistical analysis, demonstrating para-
doxically contradictory conclusions, as well as an
apparent lack of complete understanding of the
mechanism of convective heat transfer using nano-
suspensions. For example, in some of the literature
sources studied, improvements in the heat transfer
coefficient were reported to be up to 27 % and 48 %,
while the calculations presented by the authors in
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[63] limit the stated norms to approximately 3.5 %
and even worsen 4 %, respectively. In any case, the
quantitative indicators given in the available pub-
lications should be treated critically.

Nanocoating of heat exchange elements

Nanotechnology is also widely used to modify
the working surface of recuperative and regenerati-
ve heat exchangers to increase their thermohydrau-
lic efficiency. Numerous studies have proven that
nano/microsurfaces improve heat transfer by cau-
sing turbulence and fluid mixing in the boundary
layer of heat exchangers with single-phase flows.
The nanomodified working surface in heat exchan-
gers with boiling of a liquid coolant promotes the
intensive formation of steam bubbles on the wor-
king surface and their rapid separation from it, and
in heat exchangers with condensation of a vaporous
coolant, it converts thin-film condensation into
droplet condensation, which significantly intensi-
fies the condensation process [64]. In this case, the
modification can be carried out both directly on
the surface of the heat exchange tubes and plates,
and on various turbulators in their channels [65],
as well as on the external fins [66].

A finned-type heat exchanger contains a coil-
shaped tube with a package of external fins that
form numerous channels for the free passage of am-
bient air between them (Patent CN109041577B,
Applications ~ WO02018,/145253A1,  US2020/
025464A1). The surface of the fins contains a struc-
tured nanocoating, which consists of sequentially
arranged nanoparticles of two sizes (Fig. 4). The
nanocoating increases the specific surface area of
the fins and improves thermal conductivity and
thermal radiation, reduces the coefficient of sur-
face friction and accordingly increases the effi-
ciency of convective heat transfer, and also in-
creases the corrosion resistance of the fins.

In order to increase the specific surface area of
heat exchange elements of heat exchangers for
various purposes, in particular the plate heat ex-
changer of air conditioning systems, a nanocoating
0.2-100 nm thick made of synthetic nanozeolite
and a suitable binder is applied to the heat exchan-
ge surface (Patent UA93497C2). The proposed
coating not only increases the adsorption capacity
of the heat exchange surface, but also reduces the
adsorption /desorption time of moisture absorbed
from the air. At the same time, the coating mini-
mizes the deposition of contaminants and foreign
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Figure 4. General view of a finned heat exchanger and
the structure of the nanocoating on its fins surface.

impurities contained in the air on the heat exchan-
ge surface, and therefore stabilizes the thermal re-
sistance of the heat exchange element and reduces
the risk of microflora developing on its surface.

To increase the efficiency of heat transfer, heat
exchange elements with a single-layer coating of
carbon nanotubes have been proposed (Patent
JP2005207612A), including for the heat exchanger
of the internal combustion engine cooling system
(Application US2017 /211899A1), as well as with
a two-layer nanocoating having a first layer of car-
bon nanotubes and titanium and a second layer of
titanium (Patent KR101449328B1).

The presence of a coating of the heat exchange
surface with metal micro-nanoparticles signifi-
cantly increases the efficiency of the formation and
growth of steam bubbles during the boiling process
of a liquid coolant (Patent CN105258548A).

The heat exchange elements of the vehicle air
conditioner evaporator made of aluminum or its al-
loy have a multilayer coating, each layer of which
is a nanocoating containing nanoparticles of com-
pounds of aluminum, silicon, boron and /or tran-
sition metals of groups IV and V of the periodic
table (Application US2007 /114011A1).
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A hydrophobic coating of the heat exchange
surface has been developed, which contains 0.5—
15% w/w of hydrophobic nanoparticles (Patent
CN112048243A), while the coating reduces energy
consumption during defrosting of products and the
duration of their defrosting, and also increases cor-
rosion protection of the heat exchange surface. A
hydrophobic coating of a similar purpose is also
proposed in Patent CN213120173U.

A superhydrophobic coating using SiO, nano-
particles, epoxy resin, polyvinylidene fluoride, and
an organic solvent is used in heat exchangers for
evaporation of industrial wastewater with a high
salt content (Patent CN118813111A).

The hydrophilic coating contains 0.5-15.0 %
w,/w of nanoparticles of at least one of the follo-
wing materials: silicon dioxide, titanium dioxide,
and aluminum oxide (Patent CN112175485A),
while the coating increases heat transfer efficiency
and also prevents corrosion of the heat transfer sur-
face material.

Silicon dioxide and/or titanium dioxide are
also included in hydrophilic polymer composite na-
nocoatings of tubular heat exchange elements (Ap-
plications US2022 /259443A1, US2023,/139955A1).

A coating based on hydrophilic inorganic nano-
particles and fluorine compounds prevents the ad-
hesion of foreign impurities contained in the coo-
lant to the heat exchange surface, or significantly
reduces adhesion with the possibility of realizing
the self-cleaning effect of the heat exchange surface
(Patent JP2020034220A).

A coating based on titanium nanoparticles and
polytetrafluoroethylene has been developed, which
prevents corrosive destruction of the heat exchange
surface and the formation of scale on it, and also
has the effect of self-cleaning the specified surface
from deposits (Patent CN118085649A). The coat-
ing has high hardness, wear resistance and heat re-
sistance (up to temperatures above 250 °C), as well
as a satisfactory self-lubricating effect due to the
synergistic effect of nanopolytetrafluoroethylene
(nano-PTFE) powder and molybdenum disulfide.

Adding a nanoantibacterial agent to the heat
exchanger coating prevents pathogenic microflora
from entering the working medium flows (Patent
CN214052407U). Due to the synergistic effect of
novolac epoxy resin, epoxy-modified organic sili-
con resin and graphene dispersion, the coating has
high corrosion resistance, heat resistance and hy-
drophobicity.

The rotary heat exchanger has a rotating cylin-

drical heat-storing mass of a spiral cellular struc-
ture, which has alternating smooth and corrugated
foil strips, the surface of which is coated with na-
noparticles of an antibacterial agent, in particular
tungsten, molybdenum, silver  (Application
DE102010060829A1).

The antibacterial coating of the fins of alumi-
num heat exchange tubes of the air conditioner
heat exchanger contains nanoparticles of platinum,
gold, silver, copper, as well as titanium dioxide 1—
2 nm in size (Patent KR20060121495A). The high
antimicrobial and antifungal effect of the coating
is ensured even without the use of traditional
chemical antiseptics or toxic substances. Nanocoa-
ting of heat exchanger fins with antimicrobial and
antifungal effects is also proposed in Patent
KR20220091951A.

A heat exchanger with a mold-resistant antimi-
crobial nanocoating, as well as a method for for-
ming this nanocoating, is described in Patent
CN105885504A.

A method for obtaining an antimicrobial nano-
coating of heat exchange elements of an air heat
exchanger to minimize their biofouling and the de-
velopment of microorganisms contained in the
treated air has Dbeen developed (Patent
KR20080062315A).

Antimicrobial nanocoating of the working sur-
face of a gas heat exchanger made of silver nano-
particles, as well as a method of its application, is
proposed in Patent KR20110075767A. Silver nano-
particles are also part of antimicrobial nanocoa-
tings described in Patents KR20040095581A,
KR20060125990A.

Cooling equipment in coastal power plants and
oil refineries with seawater is an effective and cost-
effective method. However, the use of untreated
and untreated cooling water is associated with cer-
tain problems, including erosion of equipment and
pipelines due to the ingress of sand particles, as
well as microbial marine corrosion and the accu-
mulation of biofilms and biofouling on heat ex-
change surfaces, which significantly complicates
the heat transfer process. Traditional methods of
eliminating such consequences involve costly perio-
dic maintenance, as well as long downtime of heat
exchange equipment. A coating of heat exchange
surfaces that does not require a primer and is charac-
terized by high strength and wear resistance has
been proposed [67].

Cooling towers, including closed ones, in which
water does not come into direct contact with air,
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but is cooled by it in tubular heat exchangers, are
widely used in the circulating water supply sys-
tems of industrial enterprises in the chemical, pet-
rochemical, oil refining, as well as nuclear and
thermal power industries (Fig. 5). The advantage
of closed cooling towers is the elimination of water
contamination and,/or evaporation of water into
the atmosphere. During the operation of such coo-
ling towers, a biofilm forms on the surface of the
heat exchangers. To reduce the biofouling process
of corrosion-resistant pipes, a nanosilica coating
was applied to them. After six months of operation
of the improved cooling tower, the total biomass
on its heat exchange surface was 6.3-10% cells per
1 cm?, while on the heat exchange surface of the
basic cooling tower it was 1.28-10'2 cells per 1 ¢cm?
[68]. So, as a result of applying nanoparticles of
cheap, easily available, and non-toxic silica to the
heat exchange surface, the number of biomass cells
decreased by 20 million times.

A heat exchanger that provides mold growth
and has deodorizing and antibacterial functions.
has heat exchange surfaces with a hydrophilic
nanocoating, which includes nanoparticles of a de-
odorizing antibacterial material (Patent
JP2008101854A).

In general, there are quite a lot of different nano-
materials suitable for creating anti-biofilm surfaces
and capable of inhibiting the formation and /or de-
velopment of biofilm and planktonic pathogens, in-
cluding antibiotic-resistant strains [69].

Applying an ultra-thin silicone rubber coating
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Figure 5. Schematic view of the closed circuit cooling
tower and its heat exchanger [68].
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containing silicon dioxide nanoparticles to the heat
exchange surface ensures stable droplet condensa-
tion and high heat transfer efficiency (Patent
CN111085413A).

A surface structure of a heat exchange surface
for intensification of the condensation process is
proposed (Patent CN119713965A). The structure
sequentially includes a layer of a mesh structure
arranged from top to bottom and a layer of a wed-
ge-shaped gradient channel structure, which con-
tains wedge-shaped ribs and wedge-shaped chan-
nels formed by them. The surfaces of both layers
have nanostructured coatings, which in turn are
coated with hydrophobic coatings. This structure
reduces the likelihood of condensation droplets
forming and film condensation, which intensifies
the condensation process.

The two-layer nanocoating of the heat exchange
surface, intended to intensify the condensation pro-
cess, consists of a first Ni-P-Cu layer deposited on
the heat exchange element and a second Ni-P-Cu-
TiO, layer deposited on it, in which the TiO, con-
tent increases to 3—7 % w/w from zero to maxi-
mum in the direction of the free lyophilic surface
of the coating (Patent CN108118318A).

Coating the heat exchange surfaces of a conden-
ser with a graphene-filled fluoropolymer nanocoa-
ting demonstrated an 8 % increase in thermal con-
ductivity compared to an unfilled fluoropolymer
coating, as well as high adhesive strength, wear
resistance, and corrosion resistance [70].

The composition of the multicomponent amor-
phous composite coating with a thickness of 10—
500 microns to increase the corrosion resistance and
wear resistance of the heat exchange sheets of the
plate heat exchanger includes, in particular, nano-
ceramic particles, graphene, and fluorocarbon re-
sin. The coating material “heals” minor defects on
the surface of heat exchange plates and is charac-
terized by high strength of connection with them,
which significantly increases the service life of the
heat exchanger (Patent CN110420822A).

The coating of the heat exchange surface, which
consists of graphene and titanium dioxide nanopar-
ticles, increases the energy efficiency of the heat
exchanger (Patent CN110396322A).

A design of fins of the air conditioner heat ex-
changer with anti-icing protection has been develop-
ped (Patent CN118594893A). Fins with a bionic
root structure combining micro-nanostructure and
nanocoating have high stability of characteristics,
long service life and prevent freezing, which allows
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to reduce the energy consumption of the air condi-
tioner and significantly increase its service life.

A two-layer nanocoating of the fins of a tubu-
lar heat exchanger is designed to prevent or remo-
ve frost. The first layer of the nanocoating con-
tains 30—45 % v /v of nanoparticles, and the se-
cond layer contains 15-25 % v/v (Patent
KR20120082278A).

Water-based paint for application to the surface
of a copper pipe of a gas water heater heat ex-
changer forms a protective anti-corrosion nanocoa-
ting that significantly reduces scale deposits on the
pipe surface and extends the service life of the heat
exchanger as a whole (Patent CN117965092A).
The paint composition includes an organic liquid
and an inorganic filler, with the organic liquid con-
taining a water-based silicon-modified resin and
polydimethylsiloxane, and the inorganic filler, in
particular, micron silicon carbide, graphite pow-
der, basalt flakes, graphene, and silicon dioxide
nanoparticles.

High-temperature corrosion-resistant flexible
paint for finned heat exchangers contains silicon
polymer nanoparticles. The process of forming a
protective coating consists of treating the surface
of the finned tubes, spraying paint onto the treated
surface, and heating the sprayed layer of paint to
harden it and form a uniform flexible coating on
the surface of each finned tube. This coating is an
alternative to the more complex enamel coating
[71] and can be used for heat exchange equipment
in power plants, steel mills, in the petrochemical
industry and sulfuric acid industry at operating
temperatures of 180—220 °C, low-temperature gas
heaters with wet gas, flue gas heat recovery sys-
tems, etc. (Patent CN105885697A).

The outer surface of the inner tube of the tubu-
lar heat exchanger, which is in contact with the
acidic environment, has an enamel coating contain-
ning metal nanopowder (Patent KR20190004557A).

A copper-diamond composite ultrathin superly-
ophilic micronanostructure for implementing boi-
ling heat exchange with high values of thermal
conductivity, heat transfer coefficient and critical
heat flux is proposed. The specified micronano-
structure is made in the form of a sheet with mic-
ropores and /or gaps filled with a metal filler (Pa-
tent CN118139370A).

Method of applying an anti-slag nanocomposite
ceramic coating to the working surfaces of boiler
heat exchange elements based on high-purity boron
nitride, aluminum oxide, silicon nitride and a

binder. The coating is characterized by high strength
and adhesion to the material of the working surfa-
ce, while the raw material mixture of the coating,
after its application to the corresponding surface,
undergoes thermal hardening due to the thermal
energy of the boiler itself, and therefore does not
require the wuse of additional heat (Patent
CN116218262A).

A high-temperature corrosion-resistant coating
material for a heat exchanger designed to handle
sulfur-containing compounds contains silicon-modi-
fied epoxy resin, nano-reinforced corrosion-resis-
tant filler, and carbon nanoflakes. At the same ti-
me, the specified filler contains nanoparticles of ti-
tanium dioxide, aluminum oxide and silicon carbi-
de. The developed coating material has high adhe-
sion, thermal conductivity, resistance to sulfur,
sulfur-containing compounds and high tempera-
tures, and also ensures long-term safe and stable
operation of the heat exchanger (Patent
CN114075402A).

The composition of the high-temperature-resis-
tant, ultra-strong, highly thermally conductive
anti-corrosion coating includes a graphene-clad ti-
tanium nanopolymer (Patent CN108395808A). The
coating, which hardens at room temperature during
formation, withstands temperatures up to 400 °C,
exhibits high resistance to corrosion and tempera-
ture changes, high adhesion, and has a thermal
conductivity of 51.83 W /(m-K) and can be used
on the outer walls of heat exchanger tubes for pro-
cessing highly aggressive chemicals, heat exchan-
ger tubes for cooling flue gases, tubes for heating
and distilling seawater, solar collector tubes and
other heat exchange equipment.

The ribbon elements for flow turbulization in
a tubular heat exchanger are made using nanoma-
terials based on a mixture of polymers and disper-
sed particles of various materials distributed in
them, in particular sodium aluminum carbonate
hydroxide AINaCO3;(OH),, zinc borate, ammo-
nium molybdate, carbon black, magnesium carbo-
nate, zinc stearate, nanopotassium feldspar, po-
tassium titanate and other compounds (Patent
CN106700370A). The specified tape is characteri-
zed by high strength, flexibility and efficiency of
coolant turbulization, as well as relative ease of
manufacture and the possibility of use in heat ex-
changers of various sizes.

The light-absorbing body of the solar thermal
collector of the water heater contains carbon nano-
tubes, which form a mesh structure in the cells of
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which carbon particles placed (Patent
CN114623605A).

The solar water heater uses a thermal energy
storage device based on a phase change material
(PCM) enriched with copper nanoparticles (Pa-
tent MY 186333A).

It should be noted that perhaps the main prob-
lem in the technology of applying nanocoatings is
the complexity of the relevant technology and
equipment, which causes a fairly high cost of the
resulting coatings, however, work is ongoing to
simplify the relevant technologies. As the thickness
of coatings increases, their strength usually increa-
ses, but the thermal resistance of heat exchange
elements also increases [72].

To ensure the long-term operation of electronic
devices, the issue of effective dissipation of heat
flux from them is extremely important. Carbon na-
nostructured materials, namely graphene nano-
foams and carbon nanotube forests (arrays) (a col-
lection of carbon nanotubes, provided that they are
densely arranged perpendicular to the substrate),
may be promising materials for solving this prob-
lem. At the same time, the intensity of heat re-
moval by such materials from the cooled surface is
much higher normal to it than along it, which is
implemented in means for cooling electronic de-
vices [73]. Such materials can be attributed to both
nanocoatings and nanostructured powders.

These carbon nanostructured materials can be
considered as highly efficient thermal interface ma-
terials, i.e. materials that are placed between two
objects to fill any defects on their surfaces and the
gaps between them, squeezing air out of them,
thereby significantly reducing the thermal resis-
tance of the contact point of two solids [74]. Thus,
carbon nanotube forests and graphene nanofoams
can become an alternative to various thermal pastes
designed to enhance the removal of excess heat
from various electronic components (Fig. 6) [75].

A heat exchange surface with carbon nano-
tubes oriented perpendicular to it, which generate
thermal radiation, has been proposed (Patent
JP2015049014A).

A coating of metal nanofoam obtained by low-
temperature sintering of at least two types of metal
powders is designed to improve the properties of
the heat exchange surface and has evenly distribu-
ted nanogas cells and a high specific surface area
(Patent KR20140087692A).

An aluminum alloy foil containing SiO, nano-
particles has been proposed to protect the inner

are
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Figure 6. A carbon nanotube forest (a carbon nanotube
array) [75].

surface of the heat exchanger from the action of an
aggressive environment (Patent CN119752276A).
The advantage of this technical solution is the pos-
sibility of implementation on existing equipment,
however, there is a need to ensure tight contact of
the foil with the heat exchanger elements to reduce
thermal resistance.

A tubular heat exchanger with a titanium nano-
coating is proposed, which allows the production
of heat exchanger elements from ordinary quality
structural steel, and also reduces the friction coef-
ficient (and, accordingly, hydraulic resistance) and
prevents the formation of scale in the heat ex-
changer (Patent CN119085395A).

The coating of the heat exchange wall separa-
ting the cavities of a helium-helium heat exchanger
contains a porous base with nano-sized pores and
small metal particles that have higher thermal con-
ductivity than that of the porous base (Application
US2021,/033312A1).

A micro/nano coating of a metal or metal alloy,
preferably nickel or copper or their alloys, optional-
ly with silver particles or chlorinated or fluorina-
ted polymers improves the performance properties
of the surface of the heat exchange element (Ap-

Figure 7. Micro/nanocoating of the heat exchange ele-
ment surface (Application WO2014 /064450A1).
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plication W0O2014,/064450A1). The micro,/nano-
coating has a highly hydrophobic developed sur-
face with low surface energy, is and has a large
surface area. The created surface represents a bio-
mimetic hierarchical nanostructure (Fig. 7).
Nanocoating of the working surfaces of heat ex-
change elements is also proposed in Patents CN1030
EP2053335A1, JP2005282918A, KR101479448B1,
KR101528708B1, KR101781293B1, KR20070065603A,
KR20070104439A, CN103014796A, CN112661225A,
CN115682775A, CN115682776A, CN116067202A,
CN118813111A, CN214052407U, CN214880347U,

EP2301690A1 and  Applications W0O2006,/
079448A1, WO2011,/133000A2, WO2013/
135328A1, WO02016,/003196A1, WO2018/
067679A1, W02022 /148287A1, US2008,/
308262A1, US2013,/112379A1, US2015/

000863A1, DE102005003543A1, DE102005061197A1,
DE102008025795A1.

Nanocomposites in the manufacture
of heat exchange elements

Nanomaterials for the direct manufacture of
heat exchange equipment elements (nanocomposi-
tes) can be an alternative to traditional metals and
their alloys, because nanoparticles can signifi-
cantly increase the thermal conductivity of the ma-
terial of heat exchange elements, increase its cor-
rosion resistance, as well as to ensure the produc-
tion of heat exchange elements of a wide variety of
sizes [76] (Fig. 8), using such an effective method
as extrusion [77—82].

In particular, heat exchange elements of con-
densers and evaporators of air conditioning sys-
tems are made of a polymer filled with carbon
nanotubes and /or nanoparticles of gold, silver or
titanium (Patent JP2016014519A). At the same
time, the thermal conductivity of the polymer, which

Figure 8. Different shapes of heat transfer surfaces made
of polymer composites with enhanced thermal conduc-
tivity [76].

is usually much lower than 1 W /(m-K) [83-85],
can be significantly increased, since the ther-
mal conductivity of, for example, carbon nano-
tubes is 1000—-4000 W /(m-K), and of graphene is
2000-6000 W /(m-K) [76] (the theoretical ther-
mal conductivity of carbon nanotubes reaches
6600 W /(m-K) [86]).

However, it should be noted that in practice,
the real thermal conductivity of polymer nanocom-
posites using carbon materials is much lower than
the theoretical one, which can be explained by the
high contact and interfacial resistance of carbon
nanoparticles with a polymer matrix [87].

It should also be taken into account that carbon
nanotubes and graphene in particular exhibit ani-
sotropic thermal conductivity. For example, while
the theoretical thermal conductivity of graphene
in the plane is approximately 5300 W/ (m-K),
its thermal conductivity in the transverse di-
rection (through the thickness) is only about 10—
20 W/ (m-K). Therefore, the random orientation
of carbon nanomaterials in the nanocomposite pre-
vents effective unidirectional thermal conductivi-
ty. Therefore, it is advisable that nanofillers are
oriented uniformly throughout the volume of poly-
mer nanocomposites to take advantage of the high
in-plane thermal conductivity of graphene or the
longitudinal thermal conductivity of one-dimen-
sional carbon nanotubes (CNTSs) and carbon nano-
fibers (CNFs) [88].

Although the distribution of nanofillers in a
polymer matrix can improve the thermal conduc-
tivity of a polymer nanocomposite, the preparation
of such nanocomposites remains a challenging task
primarily due to the aggregation of the dispersed
filler and the high resistance between the filler na-
noparticles during their thermal contact. It is be-
lieved that 3D fillers, such as graphene nanofoams
and carbon nanofoams, have greater prospects for
enhancing the thermal conductivity of polymer
nanocomposites due to their inherent 3D network
structure without thermal contact resistance (un-
like other nanofillers, such as 1D carbon nanotubes
and 2D graphene nanoplatelets) [89].

It was shown that installing fins made of carbon
nanotube-reinforced polymers on the copper tubes
of a finned-tube heat exchanger not only increased
the heat transfer coefficient by 17 %, but also en-
sured the convenience of manufacturing a heat ex-
changer suitable for heating, ventilation, and air
conditioning systems, while corrosion resistance
and ease of cleaning of the heat exchange surface
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make such heat exchangers ideal for the food in-
dustry, where hygiene is a critically important re-
quirement [90].

The raw material mixture for forming heat ex-
change elements of the heat exchanger contains, %
w,/w: 21-25 epoxy resin, 2—5 parts of FesO4nano-
particles, 10—15 parts of graphite, 1—4 parts of to-
luene diisocyanate, 2—5 parts of polyester diol, 1—
3 parts of dimethylolpropionic acid, 1-3 parts of
chain extender, 2—4 parts of polyaniline powder,
2—4 parts of strontium chromate, 0.1—1 part of ad-
ditives, 1—3 parts of antifoam agent and an appro-
priate amount of water. The material obtained
from this mixture has high thermal conductivity,
as well as high corrosion resistance and strength
(Patent CN107057287A).

The heat exchanger tubes are made of special
materials filled with nanoparticles of polyphe-
nylene sulfide (PPS), which is characterized by
high strength, rigidity, wear resistance, as well as
resistance to shock loads and cracking. PPS is non-
toxic, has high resistance to fuels and lubricants
and low water absorption, as well as the ability to
function for a long time under conditions of expo-
sure to aggressive environments at temperatures up
to 235 °C. The proposed nanocomposite is also
characterized by high thermal conductivity (Patent
CN222811780U).

A study was conducted on the efficiency of the
heat transfer process in three heat exchangers made
of pure polydimethylsiloxane (PDMS), as well as
PDMS with 30 % w,/w graphite and 30% w,/w
aluminum nanoparticles. Experimental studies of
convective heat transfer with deionized water
proved that the heat transfer coefficient in a heat
exchanger made of PDMS filled with graphite was
2.5 times higher than that of a heat exchanger
made of PDMS filled with aluminum nanopartic-
les, and up to 5 times higher compared to a heat
exchanger made of pure PDMS. Also, a more uni-
form temperature distribution was obtained in heat
exchangers made of polymer composites [91].

One of the most effective methods for produ-
cing thermally conductive polymer nanocomposites
and forming products from them is twin-screw ex-
trusion and injection molding [77, 92-94]. Howe-
ver, the use of ceramic nanoparticles as a filler
leads to an increase in the viscosity of the melt [95,
96], deterioration of its fluidity, unsatisfactory dis-
tribution in the polymer matrix, and intensive
wear of the working parts of the equipment due to
the abrasive properties of ceramics. A thermally

ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepexenms. 2025. No 4

conductive polymer nanocomposite based on poly-
carbonate and a carbon-containing filler, in particu-
lar graphene nanoflakes, turned out to be more ef-
fective from the point of view of both production
and practical application [97].

In addition to nanocarbon fillers, nanometal
fillers are also widely used in polymer nanocompo-
sites for heat exchange equipment, which is due
not only to the high mechanical, electrical, ther-
mal, and barrier properties of such nanocompo-
sites, but also to the simpler technology of distribu-
ting the dispersed phase in the polymer matrix
(Fig. 9) [98].

Polymer nanocomposites for the manufacture of
heat exchange pipes based on high-density polyethy-
lene (HDPE), as well as fluid nanodisperse sys-
tems (primarily nanosuspensions) as heat carriers,
have been proposed for use in geothermal heat ex-
changers, i.e. underground heat exchangers that
can absorb heat from the soil and /or dissipate heat
in it. Geothermal heat exchangers are one of the
elements of geothermal combustion systems for resi-
dential and non-residential buildings and struc-
tures, which have recently become an alternative to
electric heating systems and oil boilers [99, 100].

The thermal conductivity of metallic structural
materials can also be increased by introducing car-
bon nanoparticles. In particular, the addition of
0.12 % w/w graphene to nickel increases its ther-
mal conductivity by 15 % [101].

The heat exchanger of the heat engine is made
of a carbon or ceramic nanocomposite material,
such as graphite, glassy carbon, carbon fiber, car-
bon nanotubes or carbon nanofoam (Application
DE102011107802A1).

Composite material with high thermal conduc-
tivity, hydrophilic properties and corrosion resis-
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Figure 9. Orientation of nanoparticles to change nano-
composite properties [98].
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tance, which can replace copper, aluminum and
other metals for the manufacture of plate heat ex-
changer plates (Patemt JPH10168502A). The raw
material mixture for producing this material in-
cludes 100 parts by mass of metal powder (Fe, Cu,
Al, Ag, Be, Mg, W, Ni, Mo, Si, Zn, etc.) and 1—
200 parts by mass of crystalline carbon material
(graphite, carbon fiber, carbon black, fullerene,
carbon nanotubes, etc.). The resulting composite
material has a structure in which metal powder
with an average particle size of 5 um to 1 nm is
dispersed in a crystalline carbon matrix.

Heat exchange elements with anisotropic proper-
ties, for example, increased thermal conductivity
in a certain direction, can be made of anisotropic
nanocomposites, in particular magnetically orien-
ted nanocomposites, the structure of which is for-
med by orienting magnetic fillers in a polymer mat-
rix under the action of magnetic fields. At the same
time, magnetic fields that rotate or change direc-
tion depending on time make it possible to obtain
composites with a complex structure [102].

High-strength, corrosion-resistant nanocompo-
site heat exchanger tube is made on the basis of
copper, alloying metal impurities and filler nano-
particles, in particular titanium oxide (Patent
CN103276323A).

A nanocomposite with high thermal conductivi-
ty for the manufacture of heat exchange tubes or
plates contains copper and a refractory metal, in
particular niobium, vanadium or chromium, and
potentially silver, iron, tantalum, tungsten or mo-
lybdenum (Application US2011,/114285A1).

From the above review it is clear that when cre-
ating new highly efficient and improving existing
heat exchangers using nanomaterials, the main at-
tention is paid primarily to the development of
nanocoatings of heat exchange surfaces, as well as
fluid nanodispersions (nanofluids), which can be
used on existing heat exchange equipment without
fundamentally changing its design. At the same
time, material, energy and human resources for the
development of appropriate technical solutions can
be significantly reduced by using the capabilities
of computer modeling and artificial intelligence.

Conclusions

The development of new and improvement of
existing heat exchange processes and equipment for
the purpose of effective use of fuel and energy re-
sources is one of the priority tasks of any country,

including Ukraine, whose energy sector has been
suffering from the destructive actions of a neigh-
boring aggressor country for almost four years.
One way to solve this problem could be to use ener-
gy-efficient processes and equipment using nano-
materials.

Almost all classes and types of nanomaterials
are used in heat exchange processes and equipment,
including nano-objects such as nanoparticles, nano-
fibers, and nanoplates, as well as nanostructured
materials such as nanostructured powders, nano-
composites, nanoporous materials, and fluid nano-
dispersions (primarily nanosuspensions and nano-
emulsions). At the same time, nanomaterials can
be used in all basic heat exchange processes,
namely heating, cooling, boiling and condensation,
as well as in heat exchangers of all basic types,
including recuperative, regenerative and mixing
(contact) ones.

The main trends aimed at increasing the effi-
ciency of the structural and technological design of
the heat exchange process using nanomaterials are,
first of all, the development of effective nanocoa-
tings of heat exchange surfaces and the use of fluid
nanodispersions as heat transfer fluids, which can
be implemented on existing heat exchange equip-
ment directly or with minor modernization. In par-
ticular, nanomaterials such as nanosuspensions al-
low to increase the heat transfer coefficient up to
30 % compared to homogeneous liquid. However,
it is worth noting that the widespread use of such
effective coolants as nanosuspensions in many cases
is hindered by their low static and/or dynamic
stability.

Less attention is currently paid to the develop-
ment of structural nanomaterials for the manufac-
ture of heat exchange elements of heat exchangers,
since their implementation involves a more pro-
found change in the designs of existing heat ex-
change equipment or the creation of fundamentally
new designs of heat exchangers.

In any case, one should not forget about the
possible negative impact of nanomaterials during
their handling, which they can have on the envi-
ronment and humans, and, if possible, take mea-
sures to eliminate or minimize this negative im-
pact [103].
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3acTtocyBaHHSI HAaHOMaTepiaJiB
y TEILIOOOMIHHHUX IMpoIecax Ta 00JaAHaHHI

Axorauisi. Tpete THCAYOMITTS OB’ s13aHe 3 6araTbMa JOCATHEHHSIMHU B TasTy3i HAYKM i TEXHOJIOTI],
OJIHUM 3 AKHUX CTaJId HaHOMarepialu — JAMCKPETHI YACTUHKU MaTepialy, a TaKOXX MaTepialu 3
BHYTPIIHBOIO a60 MOBEPXHEBOIO CTPYKTYPOIO, OJWH 3 XapaKTEPHUX PO3MipiB AKUX 3a3BWYall
qexutb B iHTepBasi Big 1 o 100 HM. 3aBasiku CBOIM YHIKQJIbHUM BJIACTUBOCTSAM, HacaMIlepe]l
TerIopi3NYHIM Ta MEeXaHIYHUM, HaHOMAaTrepialu 3HAXO/SATb 3aCTOCYBAaHHS B IPOIlECaX TEILIO-
o6MiHy, SIKi TIOIUPEHi B TETJIOEHEPTETHUIi, aTOMHIN eHepreTHIl, XiMiuHiil Ta XapuoBiil TEXHOJIO-
rii, Mertanyprii, eJeKTpoHili, MammHO- Ta npuaagol0ymyBanni. Hanomarepianu miBUILYIOTDH
e(eKTUBHICTD TEILIONPOBIAHOCTI ¥ KOHBEKIIii Ta 3aCTOCOBYIOTBCSI B YCiX TEIIOOOMIHHUX IIPOIle-
cax: HarpiBanui, oxoJsojkenni, kuninni i xongencauii. Ilpu npbomy 3acrocoByloTb Maiiske yci
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KJIacu 1 TUMM HaHOMaTepiatiB, 30KpeMa TaKi HAHOOG'€KTH, SK HAHOYACTHHKYM, HAHOBOJOKHA I
HAHOILJIACTUHU, & TAKOXK TaKi HAHOCTPYKTYypOBaHi MaTepiajd, AK HAHOCTPYKTYPOBAHi IOPOIIKY,
HAHOKOMITO3UTH, HAHOTIOPUCTI MaTepiajau Ta TeKydi HaHoaucnepcHi cuctemu. Haiibinbimoro mo-
MMPEHHST HaHOMaTepiagn HaGyJW B TEIJIOHOCISAX y BUTJISAI HAHOCYCIIEH31H Ta HaHOEMYJbCiil, a
TaKOK y KOHCTPYKIIiI Temoo6MiHHOTO O6JIalHAHHS Y BUTIJIIAL MOKPHUTTIB TEIIOOOMIHHUX eJie-
MEHTiB Ta KOHCTPYKIiIfHMX MaTepiasiB /i BUTOTOBJIEHHS IIUX ejeMeHTiB. Harenep ocHoBHUMU
TEHJIEHIIsIMH 3aCTOCYBaHHS HAHOMATEpiasiB y TEMIooOMIiHHAX Tpollecax Ta o6JaJHaHHI € Po3-
pobiienns eeKTUBHUX CKJA/iB TEKyYUX HAHOMCIEPCHUX CHUCTEM Ta HAHOIOKPUTTIB TeIJI006-
MiHHHUX MOBEPXOHD, SKi MOKYTb OyTH BIPOBA/KeHI HA iCHYIOUOMY TEIJIOOOMiHHOMY 06JIalHaHH]
6e3mocepelHb0 a60 3 HE3HAYHOIO HOTO MojepHisamiero. MeHIme yBars NpUAITSIETHCS PO3PO6-
JIEHHIO KOHCTPYKIIITHUX HaHOMaTepiaJiB JJisi BUTOTOBJIEHHS TEMJIOOOMiHHUX €JIeMEHTIB, OCKiJib-
KU BOHU TepeA6avaloTh 6ibll rIn6OKy 3MiHYy iCHYIOUOTO TeTIo06MiHHOTO 06saaHanHs abo B3a-
raji CTBOPEHHS IPUHIUIIOBO HOBUX KOHCTPYKIIIl TerI006MiHHUKIB. Y 6yAb-SKOMy pasi mpu
1[bOMYy He BapTo 3a0yBaTu MPO MOKJIUBUN HETaTUBHUN BIUIMB HAHOMATEPIaiB Mijl 4ac MOBO/-
SKeHHST 3 HUMH, SKMH BOHU MOXKYTb 3aBAATH JOBKIJJIIO Ta JIIOAWHI, i 32 MOKJIMBOCTI BKUBATH
3axXO/liB JUIsI yCyHeHHsT aGo MiHiMi3allii 11boro HeraTuBHOTO BILINBY. Bi6a. 103, puc. 9.
Kuo4oBi cjoBa: TeriooOMiH, TENJI00OMIHHUK, HAHOMAaTepiaJ, HAHOCTPYKTYpa, eHeproedeKTus-
HicTh, iHTeHcH(iKallis, TaTeHTHA JOKYMeHTAaIlid.
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Opranodiabni OeHTOHITH YKpaiHu.
III. CTpyKkTypOyTBOpEHHSI OPraHOMOHTMOPHJIOHITIB
HAa OCHOBi YKPAiHCbKHMX POJIOBHII, Ta iXHiX
3aKOPJAOHHUX AaHAJIOTIB Yy BYIJE€BOJHEBOMY cepedOBHILi

Awnotanisi. 3a 01IOMOT0I0 PeHTreHOrpadivHOro Ta PeoJIOTiYHOTO MEeTO/iB JOC/Ii/PKEHHS] BUBUEHO
Oy[IOBy Ta [lesKi 3aKOHOMipHOCTi IIpOIleCy TeJieyTBOPEHHS OpPraHo@iJbHUX MOHTMOPUJIOHITIB
(OM) Ha OCHOBi HOBUX YKPAiHCHbKUX POJOBUIL Y MOJEJIbHOMY apOMATHYHOMY BYTJIEBOAHI —
o-kemoi. MogudikaropaMu MoBepXHi MOHTMOPHUJIOHITIB OyJM KaTiOHHI MOBEPXHEBO-aKTWBHI
pewosunn cepii Dodigen («Hoechst», ®PH), mo SBIA0TH CO60I0 XJOPUAN YETBEPTHHHIX
AJIKiJTaMOHi€EBUX JIYTiB 3 BYIJIEBOJHEBUMH PaJMKajaMu pi3HOI JOBKMHU, IPUPOAM # KOHDirypa-
uii. IIpoananizoBano Bn/MB 6YJOBU Ta JOBXKHHU AJKiJIBHOIO JIAHIIOTA OPTaHIYHOrO KaTioHa-
MoudikaTopa, a TaKoX BOJIOTOCTi Ta CTYINEHs MOAU]IKyBaHHS MOHTMOPHIJIOHITIB Ha HapaMeTp
door OM, Ha muacTuYHy B'SA3KICTHh Ta MEXKY TEKYUYOCTi BYTJIEBOAHEBUX MCIIEPCI OPraHOMOXij-
HuX. /[aHi BKa3yoTh Ha HASIBHICTD TIEBHOI KOPEJISAIii MiX 3/1aTHICTIO JI0 TeJIeyTBOPEHHS Ta Mapa-
METPOM KPHCTATIYHOI PenriTKU dopi OPraHOMOXiIHIX MOHTMOPHWJIOHITY, IO 3aJI€KUTh BiJl PO3Mi-
Py BBeJIEHOTO KaTioHa. bisbin rimm6okuit aHami3 MPUBOAUTD J0 BUCHOBKY, IO CTYMiHb HaGpsIKaH-
Hs Ta Mil[HiCTb BUHUKaIOUOTO opranoress OM Bu3HA4YalOThCS CIiBBi/IHOIIEHHSAM MiX eHepTieto
aaresii (compBaranii) Ta Koresii Horo cTpyKTypHMX apis. 3HalEHO, MO 3arynyioda 3JaTHiCTh
OM BusBssge Mail’ke eKCIIOHEHTHHI 3piCT IIpHW 3POCTaHHI CTyIeHs foro MoandikyBaHHS Ta y
TOH JKe Jac € eKCTPEeMATbHOI (PYHKITEIO CTYTeHs MOAN(IiKYBaHHS Ta TOBKHHHU aJTKiJbHOTO JIaH-
IIora opraHivyioro kariona. Kpim toro, mokasaHo, 110 rejieyTBOPEHHS BYTJIEBOJAHEBUX AUCIIEPCiil
KPUTUYHO 3aJIeXKUTh BiJl BosioroBMicTy OM. 3a cBO€I0 3[1aTHICTIO /10 CTPYKTYPOYTBOPDEHHS B
opraniunomy cepeznoBuiili OM yKkpaiHCbKUX POJIOBUI 3 OAHUM i TMM caMUM KaTiOHOM y MiKIIa-
POBOMY OPraHOKOMILJIEKCI PO3TalloOBYIOThCs y TakoMy 11opsaaky: Henoporosebkuii >> Uepkach-
kuil > Tomammisbebkuii > BapBapiBcbknii. Bukonano MopiBHSAHHS 3aryliarouoi 3/[aTHOCTi YK-
paincbknx OM 3 HaliKpaluMu 3aKOPJOHHMMHU TOproBuMu Mapkamu: Bentone-34 ta Bentone
SD-1. Buepiiie BusiBsieHO, 10 opranodisbauii 6eHToHiT HemopoToBChbKOro pooBHIa 3a ycimMa
CTPYKTYPOYTBOPIOIOUNMH XapaKTEePUCTUKAMU He IOCTYMAETbCA KPAMM 3aKOPJOHHUM AHAJIOTAM.
Biba. 35, puc. 12, maba. 4.

KimouoBi caoBa: opranodisibHi MOHTMOPHUJIOHITH Ha OCHOBI HOBUX YKPAaiHCbKHUX POJIOBHII, 3apy-
6i>kHI 6eHTOHM, TX JUCIHepCii B 0-KCUJIOJi, PEOJIOTiuHi BIACTUBOCTI, CTPYKTYPOYTBOPEHHS.

Beryn

HaliBax/iuBiIMMy BJIACTUBOCTSIMUA OPTaHOMOXi/I-
HUX MOHTMOPHWJIOHITY i3 JOBrOJIAHIIOTOBUMU KaTi-
OHHWMH TOBepXHeBo-akTuBHNME pedosunamu (ITAP),
30KpeMa i3 COIIMHU afKiJaMOHi0, € IX opraHogiib-
HiCTb, 3[aTHICTb O HAOPSIKAHHS Ta THKCOTPOITHOTO
reJieyTBOPEHHS B OPTaHiYHUX Cepe/OBUIAX. 3aB/is-
KU 1AM BJIACTUBOCTSIM OPraHo(ibHI MOHTMOPUJIO-
uitu (OM), a6o Taxk 3BaHi GEHTOHM, 3HAILIIU K-

© Mopapy B.H., 2025

POKe 3aCTOCYBaHHA y IIPOMUCJIOBOCTI AK CTPYKTYPO-
YTBOPIOBaYi Ta 3aryCHUKHM KOHCHUCTEHTHUX MaCTHII,
ap6, makis, naacTu30iB, KJIeiB, 6YPOBUX PO3YH-
HiB, KOCMETUYHUX 3aCO0iB Ta IHIINX KOMIIO3UIiii-
Hux Mmarepiamis [1-3].

Pazom 3 tuM edextuBHe Bukopuctanas OM Bu-
Mara€ po3po6KM HAYKOBO OOTPYHTOBAHUX METOiB
peryJioBaHHd iX rejieyTBOPIOIOYUX TA PEOJIOTiYHUX
Biactusocteil. Ile Mmoxe OyTu 3ificHeHe K MIJISIXOM
CTIPSIMOBAHOI 3MiHM CTyTIeHSI MOAM(DIKYBaHHS ITOBEPX-



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 4

175

Hi MiHepaJy Ta XiMiYHOI IpUpoOAU pajUKaJiB opra-
HiYHOTO KarioHa-MoxudikaTopa, Tak i miabéopoM Bif-
MOBi/IHOTO JUCIEPCifiHOTO cepeioBuIa, abo K BBe-
JIEHHSIM y CHUCTEMY HEBEJUKHUX [TO0ABOK TOJSPHUX
CIIOJIVK (Bozmu, CIIUPTiB, KETOHIB, aMifliB, HiTPHIIB).

[Mounnaioun 3 pobit yKopaana [4, 5], mexanizm
HaGpsikaHHg Ta reseyrBopeHHs OM B opraHiqyHUX
cepesioBuaXx OYB IPEIMETOM YUCIEHHUX [JOCJi-
JKEeHDb MPOTATOM Garatbox pokis [1, 6—12]. yKopaan
JIETAJIbHO JOCTI/KyBaB 00’ €MU TEJI0 aMiHO-MOHTMO-
PUJIOHITOBUX KOMILJIEKCIB y Pi3HUX OpraHiuHuX pi-
IUHAX 9K QYHKINI0 4Mcjaa aToMiB ByTJelio B anida-
TUYHOMY JIAHIIOTY KaTioHa [4, 5]. Voro nani moka-
3aJ1, 10 OpraHoiibHi BJACTUBOCTI, BKJIOYAIOYN
HaOpSKaHHS KOMILJIEKCY, BUSIBJISIOTHCS HE3HAYHUM
YIHOM JIOTH, TOKHW aMiH He jgocdr 6iabmr 10 aToMmiB
C y janiory, a npu AoBxuHi Jjaniiora Ci, criocre-
piraeTbcs Bxke MakcUMyM HaOpsgkanus. B amidgarny-
HUX Ta APOMATHYHUX BYTJIEBOJHAX HAOPSKAHHS TIEP-
BUHHUAX JOJCIIAJIAMIHOBUX KOMILJIEKCIB MOHTMOPH-
JIOHITY HeBeJIMKe, a 3araJbHUN 00 €M Tesio 3pOCTaE
3i 361bIIEHHSAM [ieJIEKTPUYHOI TIOCTIHHOI piauHuU,
X04a KopeJsilis i HegockoHasa. OqHak HaGpsKaH-
HS TIOJiOHUX KOMILJIEKCiB MOXKe BifOyBatucs i y He-
TIOJIAPHUX BYTJICBOJHAX Ta MacJax, KO B CUCTEMY
J0/laHa CUJIbHO II0JIApHA OpraHiuHa pijjuHa, Halpu-
KJaja, coupt, edip, KeToH a6o aapaeria. Bussumio-
cs1, MO HaW6iAbIT eDEKTUBHUME PiIMHAMU € Ti, SKi
MIOEHYIOTh BUCOKY IIOJIAPHICTD 3 BUCOKUM OPIaHO-
(ispHUM XapakTepoM, HapuKIaa, GEH30HITPUI Ta
HiTpo6en30. I3 mporo yKopjan 3po6uB BUCHOBOK,
mo s edpekruBHOro Habpsikanus OM HeoOXifHi
BHCOKA aJIcOpOIliiiHa eHepTist PiIMHY HAa HETOJSPHIT
[IOBEPXHi CUJIKATYy, a TAaKOXK BHUCOKA €Heprig CoJib-
BaTallii MiXKIIapOBUX OpraHiYHUX KaTiOHiB.

OO6uzBi 11i yMOBU BUKOHYIOTbCS, HANPUKJIAL, Y
BUITIQJIKy HiTpoGeH30/y a6o GiHapHOi cyMimr THITy
ToJyoJsi-ciupT. sKopAaH mokas3aB TaKoX, IO Opra-
HOKOMILJIEKCU 3 MOHTMOPUJIOHITY i3 YeTBEePTUHHUMU
aJIKiJTaMOHi€EBUMU COJISIMH, SIKi MalOTh JIBa JIOBTi aJi-
atmuni naHmMIoKRKKW, € opraHodiTPHUMH MIOAO iH-
JIUBi/lyaJbHUX BYTJIEBO/IHIB, a X HaOpSKaHHS ¥ JH-
CIEepTyBaHHs, HANPUKJIAA, Y TOJYOJi BiAOyBaiOTh-
cd IHTEeHCHUBHillle ¥ IIOBHIillIe, HiXX B aHAJOTiYHHUX
O/IHOJIAHITIOTOBUX KoMIekcax [4, 5]. Ile BinOyBa-
€ThCsT, UMOBIPHO, TOMY, II[O MTOBHICTIO TTIOKPUTA TI0-
BEPXHS MOHTMOPHUJIOHITY BUSIBJSE OiJIbIITY CHOPiJI-
HEHICTh JI0 BYTJIEBOJHIO, ajie, sIK BUIHO Oyje JaJi,
HE TiJIbKU TOMY.

3 MeTo10 3’SCyBaHHS MeXaHi3My HAODSIKaHHS Ta
reseyTBopenns opranoGentonitis (Bentone B-24,
-27, -34, -38) y GiHApHUX CyMilllax BYIJIEBOAEHb-I0-

JstpHa piguaa Cueitbo 31 criBpoOiTHUKaMU BUBYNIN
CeJIEKTUBHY a/ICcOPOIIii0 MOJIPHUX KOMIOHEHTIB Ta
TEIIOTH iMepcii GeHTOHIB y 3a3HAYEHUX CepeOBH-
max [12, 13]. HuMu 6ysio BCTaHOBJIEHO, IO TiJbKU
Yy MeXKaxX IOMOJIOTIYHOrO Py CIIUMPTIB BUBYEHI BJiac-
THBOCTi KOPEJIOITH 3 TOJAPHICTIO PO3YMHHUKA Ta
MillHicTIO Tesio opraHoriaud. lIpm 3mini mpupoaun
oprauiynoi piunu Ta 6EHTOHY IIi BEJMYMHU HisIK He
moB’si3aHi MiXX c06010. ABTOPH Tak i He 3MOTJIH T0-
SICHUTH, YoMy GEHTOHH, IO AAIOTh HAlMEHIIi eK30-
TepMiuHi edeKTH 3MOUyBaHHS, 1I0Ka3yloTb, BCyIle-
pedY ouiKyBaHOMY, HaiBUII 06’€MHU TeJiB y BiAIO-
BiHUX cymMimax. 3anporoHOBaHWI aBTOPaMU JIBO-
cTafifiHuii MexaHi3M HaGPSIKAHHS OPTAHOKOMILIEK-
ciB MOHTMOPUJIOHITY, IO BKJIOYAE aACcOPOIlii0 TO-
JIIPHOTO KOMIIOHEHTA HA CUJIIKATHIN TOBEpPXHi Ta
BiZICYHEHHSI JIQHIIIOTIB aJIKiJIAMOHI€EBUX KaTiOHiB
Bi/l IOBEPXHi 3 HACTYIIHOIO IX COJIbBATalli€l0 HEIOo-
JIAPHUM KOMIIOHEHTOM, Ill¢ pa3 HiATBEPIKYE yAB-
neuns sKopaana.

Asropu [9, 10] Buepiiie /151 IOSICHEHHS POJIi JIHC-
nepreury B reseyrBopeHHi OM y ByrieBoAHSAX Ta
MacJjax 3adydnin ysiBJeHHs Teopii Mo/ABIHOTO eJeKT-
PUYHOTO IIApy, OJHAK HE HaBeJU HiAKUX eKCIepPU-
MEHTAJIbHIX [IOKa3iB /A MiATBEP/KEHHSA CBOEI Ti-
nore3u. 3To/IOM TS ifies OyJsia po3BUHEHA Y POOOTi
[11], B aKiii 3ampoIOHOBAHO TEOPiIO CTPYKTYPO-
YTBOPEHHSI KOHCHUCTEHTHUX MaCTUJ Ha HEMUJbHUX
3aryCHUKaX, 3aCHOBaHy Ha €JeKTPOCTAaTU4Hiil B3ae-
Mojil wactok. OpHak 151 Teopis crpusijia OiJibiie
3’SCYBaHHIO MPHUPOIH €JIEKTPOPEOJOTIYHOTO edek-
Ty, HiXK PO3KPUTTIO MEXaHi3My KOaryJisiiiiHoro
CTPYKTYPOYTBOPEHHS 0JIEOKOJIOI/liB.

Crpo6a 3HalTH KOPEJSAINo MiXK MII[HICTIO opra-
HoresiiB OM Ta (hi3uKo-XiMivHOIO TPUPOIOTO AUCTIEP-
ciiiHoro cepenoBuIna Brepiie 6yJa 3po6JeHa y po-
6oti [10]. TekyuicTb aucnepciii TUMeTUJITIOKTa/Ie-
mnamoniesoro (JIMJ1O) MOHTMOPWJIOHITY B H-T€K-
cajleKaHi 3 METAHOJIOM SIK TOJIAPHOIO /J006AaBKOIO BU-
SBUJIACST €KCTPEMAJTbHOIO (PYHKIi€0 KOHIIEHTpAIii
CTUpTy. Y psi MOHO3aMIIEHUX TOXiAHNX GEH30JIy
nopssok 36iabmennss rekydocti (1,/m) aucnepciii
JAM/IO-MOHTMOPUJIOHITY 3a€KHO BiJl (PYHKITiIOHATD-
Hoi rpymm (-NO, < —CI < —CHj; < —H) Bianosigae
3MEHIIIEHHIO [ieJIEKTPUYHOI IIPOHUKHOCTI PiAuHU.
Aptopu [10] npuiimam 10 BUCHOBKY, IO CTabiJb-
HIiCTh TAKUX CHUCTEM 3yMOBJIEHA KOMOIHAIIIEIO /Ii€TEKT-
PUYHOI coJIbBaTallil Ta yTBOPEHHSIM I0/[BIfHOTO eJIeKT-
PUYHOTO IIapy.

3arasbHi 3aKOHOMiPHOCTI Ta MUTAHHS PO MeXa-
Hi3MI CTPYKTYpPOYTBODEHHS B JMCIIEPCisIX OPTraHo-
inbHUX MiHepasiB HaWOIJIbII JOKJIAIHO POTJISHY-
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Ti y po6orax mkosn akagemika @. /[. OBuapenka
[14—27], B sskux 3a3HaUeHO MPO HEOOXiAHICTH Bpa-
XyBaHHSI CUJI €JIEKTPUYHOI, MoJsipusaliiifHoi ta Jo-
HOPHO-AaKI[ENITOPHOT TMPUPOAN, a TAaKOK BEJTMUMHN I
3HaKa PO3KJHUHIOIOYOTO TUCKY I'DAHUYHUX COJIbBAT-
HUX IapiB y MeXaHi3Mi TejieyTBOpeHHsT abo 3a6e3-
nedeHHi crabibHOCTI opranodiabHuX cucteM. Kpim
toro, 6yso Bigzuaueno [27], o y 6aratbox po6o-
TaxX HEe BPAXOBYIOTb BILJIUB BOJIOTOCTi Ta CTyIIEHS MO-
mudikanii OM, xoua, K Gyje TIOKa3aHO JaJi, re-
JIEyTBOPEHHS CYTTEBO 3AJIESKUTH BiJ[ BOJIOTOBMIiCTY
Ta KIJbKOCTI OpraHiyHMX KaTiOHiB Ha IOBEPXHi
OM. IIpore crocoBHO 10 OpraHO(iIbHUX MOHTMO-
PUJIOHITIB Pi3HUX YKPaiHCbKUX POJOBUI, TO Iii IH-
TaHHA HE PO3TJIANANNCA [0 TEIepilllHbOro vacy.

Y 3B’s3Ky 3 BiAKpUTTSIM Ha YKpaiHi HOBUX poO-
JIOBUII BUCOKOSKiCHUX GEHTOHITOBUX TJIMH HabyBa-
I0Tb 0COGJIMBOT aKTYaJbHOCTI THUTAHHS BHUBYEHHS,
PO3pPOOKH Ta TIPOMUCJIOBOTO BUPOGHUIITBA OPTaHO-
(bimpHUX GEHTOHITIB — aHAJOTiB 3aKOPAOHHUX OeH-
TOHIB.

Mera po6otu

[ana po60Ta CTaBUTDb 3a MeTy 3’SICYBaHHS MeXa-
Hi3My BILTMBY MOAn(]iKyBaHHS OEHTOHITiB OpraHiu-
HUMM PEYOBHHAMU Ha PEOJIOTiYHi BJIACTHBOCTi Opra-
HO-MiHepaJbHUX JUCIIepCiil, BUBUEHHS B3a€MO3B’43-
Ky Mixk mpupopoio [TAP, 6ynoBoio opraHo6eHTOHi-
TOBMX KOMILJIEKCIB Ta IXHBOIO 3[IaTHICTIO /10 HAOPsI-
KaHHS W CTPYKTYPOYTBOPEHHS B OPTaHiYHUX piAn-
HaX, a TaKOXX IOPiBHAHHA 3arymaiodoi 37aTHOCTi
ykpaincbkux OM 3 HallkpaliyMu 3aKOpJOHHUMU
aHaJIOTaMH.

Orxe, aKTyaJbHICTb JaHOi POGOTU HATMKTOBAHA
i IBUIEHUMU TTIOTpebaMu TTPOMUCJIOBOCTI Ta TEXHi-
KM y HOBUX MaTepiajaX Ta HAaHOKOMIIO3ULIAX, AKi
MaloTb yHiKaJbHe IIO€JHAHHS BJIACTUBOCTEH, TaKUX

sk opranoiibHi 6EHTOHITH, Ta PO3B’SI3aHHSIM BaXK-
JIUBUX HAyKOBUX Ta INPAKTUYHUX 3aBJaHb, IO 3a-
6€e31euyIoTh pallioHaJbHe BUKOPUCTAHHS MiHEpaJIb-
HOI CUPOBWHM YKpaiHu.

OG’€KTH Ta METOAU JOCJIiAKEHHS

O6’exramu gocaipkenns 6yaun 6enronitu Hero-
poroBcbKoro, Tomarnmiabebkoro Ta BapBapiBcbkoro
pogosum YKpainu. [[1g nopisuanus (ax crangapr)
O6ysu pochaijzkeni mucrepcii Yepkacbkoro ta Ilu-
skiBebkoro Na'-montMopusonitiB. OcHoBHi di3u-
KO-XiMiUHi XapaKTePUCTUKH 06’ €KTIB A0CJIi PKEHHS
naseneni y Tabua. 1. Ilpupoani GEHTOHITH PeTeTbHO
OUMIAJIN, BIAMUBAJN TAa BUMIAAIN HAWOIIbII TOH-
Ky dppakmio (< 2 MKM), BMIiCT AKOi y 3pa3Ky CKJa-
J1aB He MeHIT 95 %.

[Torim 3pasok nepeBoauan B Na-hopMy 1LISAXOM
06po6ku conoio (Na;CO3) 3 HacTymHUM 3-KpaTHUM
BiIMMBAHHAM BiJl HQIJINMIKY esjekTpoJity. [Iuroma
IIOBEPXHA MOHTMODWJIOHITIB, AKa BU3HAaYeHa I10 ajl-
cop6uii karionnux ITAP 3 posuumHniB, crJagana
Mmaitxe 500—600 Mm%/t (quB. Ta6a. 1).

XapaKkTepucTUKU BUKOPUCTOBYBAHNUX KaTiOHHUX
ITAP wnaBeneni y taba. 2. Ax BugHo, ITAP momani
COJIIMU YETBEPTUHHUX aJIKiJIaMOHI€EBUX JIYIiB, 110
MICTATh BYIJIEBOJHEBI PaJMKaJU Pi3HOI JOBKUHU,
npupoau it koudirypanii. [aa MmoaudikyBaHHs BU-
KopucTOByBaau npenaparu kouiepuy «Hoechst»
(DPH), a TakoX CHMHTE30BaHi COJi, SKi B IESKNX
BUIIQJIKAX JIOJIATKOBO OYMIIAJIM IIepeKpUCTaIi3a-
Ii€10 i3 cyMileil opraHivHNX PO3UYNHHUKIB.

Oprasomnoxigui 6yan OTPUMaHi MIIIXOM BBe-
JIEHHSI B PeakllifiHy cyMilll HeBeJMKOro Ha/JIUIIKy
AJIKiJIaMOHI€BUX COJIEH II0 BiJTHOIIEHHIO /0 €MHOCTI
karionnoro o6miny (€KQO) Na'-MoHTMOpPHIOHITY.
3paszkun OM 3 pizHUM cTyneneM MOANDiKyBaHHS Ta

Ta6muus 1. OcnoBHi ¢i3uKo-XiMiuHi XapaKTepUCTHKH 00’ €KTiB JOCJIi A3KEHH

Table 1. Main physicochemical characteristics of the research objects

2 . .
Cepesuiii Basaibia [Mutoma noBepxusa S, m° /T 611\14(1)11;T1C>0066M111.1.1y [linbHicTs
MOHTMODILIOHIT e eKTUBHMIT | MiXKILIOIINH- KaT?OHEI/I])_I( MMOBEPXHEBOTO
P niamerp 4ac- | Ha Bincranp | 1O ajeop6uit | 1o ascopouii 3apany o,
THHOK, MKM doot, HM Boau Mb TIAP, Ku /™
’ 00t mr-exs. /100
HemnoporoBcbkuii 0,5-2,0 1,29 430 600—660 95-120 (105) 0,155
Tomammisbebkuit 0,5-1,0 1,29 335 550—-600 90—-100 (95) 0,150
Bapsapiscbkuii 0,5-2,0 1,38 310 530—-550 70-80 (75) 0,132
Uepracbkuii 0,5-2,0 1,28 320 520-585 71-85 (78) 0,129
ITmxiBChbKUi 0,5-2,0 1,29-1,38* 428 730-755 95-105 (100) 0,128

* IIpu P/ Ps = 0,4—0,7 — BigHocHuii THCK mMapiB BoJN.
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Ta6auus 2. Di3uKO-XiMiuHi XapaKTEPUCTHKH AOCAi[KyBaHux Kariounux I[TAP
Table 2. Physicochemical characteristics of the studied cationic surfactants
Haiimenysanns ITAP .. Cepejz KKM, Edexrusna
( Ximiuna ¢opmy.ia MOJIEKYJISIP- 3|  MOJIEKyJISpHA
yMOBHa HOSHaLIKa) MOI[b/ﬂM 2
Ha Maca IJIONIAZKa ®, HM
(AJTKiJT) IIMeTHIGEH3NIAMOHIT0 R[N(CH3)2(CH>CsH5)|*CI",
xnopuj (Dodigen-226), U ne R = Ciz1sHaszr (Cr2 — 38 %, e N
Cu— 24 %, Cro— 11 %, 367,5 3,410 1,45
Cis—7 %)
TekcafienuITPpIMETHIIAMOHI 10 - R T %
xaopuzt (Dodigen-1383), U [C16H33sN(CH3)3 |*CI 319,5 9,0-10 1,30
OKTageIauMeTHI6eH3nIaMo- ) 1T+ 4
wito xopia (Dodigen-1828), U [C1sH3N(CH3)>CH2CsHs]"CI 423,5 2,310 1,65
ORTACLIIGESIIAMETIIANO" | (0 N CH,CoH5(CHy)a]'CI 423,5 2,310 1,65

niro xaopug (OBAM), UJIA

MOKPUTTSM MOBEPXHi FOTYBAIN MIJSIXOM JI0/[aBAHHS
Pi3HUX KiJbKOCTEH OpraHiuHoi cosi 10 2 %-i MiHe-
pasibHOi cycnensii. Hac KOHTaKTy cTaHOBUB 48 TOI.
[Ticag pexanranii, BiaMuBanus il HeHTpudyryBaHHs
3pasku BucynryBasu npu 105 °C ta moapiGHIOBaIN.

Cryniap MoaudikyBaHHS abo KiJbKicTb ajcop-
60BaHNX aJKiJaMoHieBuX KarioHis (a, Mr-exs. /100 T)
BH3HAYAJIM METOZO0M JIBOMAZHOTO TUTPYBAaHHS Jay-
puicyabdaroM HATpil0 y NPUCYTHOCTI KpacuTess
metunen 6rakutauii (MB) [28]. Axcop6uino anki-
6eH3UIINMEeTUIAMOHIEBUX KaTiOHIB BU3HAYAU Ta-
KOJK Ha IIiJICTaBi BUMipiB IHTEHCUBHOCTI CMYTHU II0-
ravHaHHA npu 225—258 HM Ha mpuiaai Specord
UV-vis (HimMeuunna).

HocaijpkeHHst CTPYKTYpH BUXiZIHUX Ta MoOAui-
KOBAaHUX MOHTMOPHUJIOHITIB BUKOHAHI PEHTTEHOIPA-
ivanm Metomom [29] Ha penTreHiBCcbKOMY audpak-
tomerpi [IPOH-YM1 3 aoma miisimaamu Cossepa
3 ¢imprpoBaHuM CoKai-BUTPOMiHIOBAaHHAM TIPHU
mBUAKOCTI 3iioMku 1 rpaz. /xB. basaapny Mixkina-
posy Bijcranb (do1) po3paxoByBajy 3a PiBHAHHAM
Bperra: 2 d - sin ® = n A, ge d — MixmapoBa
Bigcranb (door, HM); O — peHTreHiBChbKMIT KyT mafin-
Hs, Tpad.; A — gosxkuHa xBuji CoKa-Bunpominio-
panns (0,179 HM); n — HOPAMOK BiAGUTTS.

Bruus MonudikyBaHHSA Ha CTPYKTYPOYTBOPEHHS
BYTJIEBOIHEBUX JIUCIIEPCiil 3a3HaUYeHNX 006’ €KTiB BU-
BUCHO HAMW PEOJIOTIUHUM MeTO/IOM. 3a Jucrepciiine
cepenoBuiie 6yJ0 0OpPaHO MOJETbHWI apOMaTUIHUHT
BYIJIEBOJIEHD — O-KCHUJIOJI, SIKWI Hai6iJgbnI Biamo-
BiIHUII 3a CBOEIO TEOMETPUYHOIO Ta €JEKTPOHHOIO
CTPYKTYPOIO Ta KWl 3HANIIOB MUPOKE MMPOMUCJIOBE
3aCTOCYBaHHS yepe3 HEBEJIMKY TOKCHYHICTD. [luciep-
cii OM i3 3amanoio 06’€MHOIO YacTKOIO TBepAOi da-

3 TOTYBAJU B CyXOMY OOKCi 3 BUKOPHUCTAHHSM IIO-
MmepelHbO OUYMIIEHOTO O-KCUJIoJy 1o Baiic6eprepy
[30]. HaBaxxku 5—10 r OM 3MouyBasi B OpraHiu-
Hilf piauHi Ta 360BTYBaJU /10 OJIEP>KAHHS OJHOPI/I-
HOT aucriepcii. BUCHOBOK TPO CTymiHb CTPYKTYpO-
YTBOPEHHS B CHCTEMi POOUJIN 32 BEJMYNHOIO TLIACTIY-
Hoi B’st3kocti (M) Ta Mexi Tekydocti mo Binramy
(18), AKi BU3HAYAJIN 3 PEOJIOTIYHUX BUMIPiB KPUBUX
Tedil opranoaucnepciit [31]. Peosoriuni BuMipio-
BaHHs OyJI BUKOHAHI 32 JIOTIOMOTOI0 KOAKCiaJbHOTO
porauiiinoro Bickosumerpa Rheotest-2 (Himeuun-
Ha) B iHTepBasi mBuAKocTel scyBy v = 0—1312 ¢ npn
20 £ 0,5 °C. Ilpo cryninb THKCOTpOIii opraHojauc-
nepciil cyiu/n 3a BeJIMYNHOIO TicTepe3nucy Misk Ipsi-
MOIO Ta 3BOpPOTHOI KpuBumu Tedii y = f (1) (ze y
— mBHAKicTD gedopMallii; T — Hampyra 3cyBy), a
TaKOXX 3a CIIIBBIJHOIIEHHAM AMHAMIYHOI B’SI3KOCTI
Nioe '/ Niooe '

[Tutomy enexrponposinicts (K) ta gierexrpuy-
Hy TpoHMKHICTH (&) opraHoaucnepciii BusHauam 3a
JIOTIOMOTOI0 MOcTa TocTiltHoro crpymy P-4053 Ta
mocta BM-271 (Tesla) Bianosigno.

[l BU3HAUEHHS eeKTPOKiHETMYHOTO TOTEHTITia-
ay (&) opraHopucnepciii BUKOPUCTOBYBAJIU METO[
Mmikpoesektpodopesy [32]. [lIBuakictp enexTpodo-
pe3y 4acTMHOK V.f BUMipIOBaJu y PO3BeJEHUX Opra-
HocycrieH3isix OM mpm HampyKeHOCTi eJIeKTPHY-
Horo nonss E = 50-70 B/cM, Besuunny C-moTen-
miagy pospaxoByBasiu 3a piBHaHHAM [enpi [32] 3
ypaxyBaHHSM IOTIPABKHU Ha eJIeKTpodopeTHyHe rab-
mysanns f(y a): £ =6 nn Ve / ¢ Ef(y a), ne n,
€ — B’A3KicTb Ta JlieJleKTpUYHA ITPOHUKHICTD cepe-
nosuma; (x a) — J06yTOK 3BOPOTHOI TOBIMHHE T10-
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JIBIFTHOTO €JIEKTPUYHOrO Imapy Ta e(eKTUBHOTO pa-
niycy wactuaok OM.

Crifikictp opranoauctepciit OM orninoBasu 3a
BEJIMYMHOIO HamiBnepiogy cexaumentaitii (ti,2), 1o
BU3HAUAETHCI 3 KPUBUX KOJIEKTUBHOI CeIMMEHTAIlii
Vied = 1 (1) 3a piBHgnnaM t,, = 1,/2 (Vo + V), 1e
Vo — moyaTKoBUil 06¢AT 0caqy, MJI; Ve — KiHIEBUI
o6csr ocaiy yepes yac T = o [33, 34].

PesyabraT Ta iX 06roBOpeHHs

Bnaue cmynena moougixyeanns
Ha peoJoziuni eaacmueocmi
ducnepciii OM ¢ o-xcunonai

Ha puc. 1 HaBesieni kpusi Teuii 6 %-x gucrepciii
HemopoToBCcbKOTO MOHTMOPHJIOHITY 3 Pi3HUM CTyIIe-
HeM MoudikyBannsa karionamu Dodigen-1383 (Cie).
3i 36iJbIIIeHHsAM CTyHeHs MOAUMIKyBaHHS CHOCTe-
piraeTbcs pi3ka 3MiHa GOpMu KPUBUX Tedii, IO TO-
BOPUTH IIPO IEpexXij BiJi HbIOTOHIBCBKOIO PEXKUMY
Tedil 10 GiHTaMiBCHKOTO ¥ 36iJIbIIEHHS IO MeTJT
ricTepe3nucy Mi’k IPAMUM Ta 3BOPOTHUM XOJOM KpHU-
BUX, a TaKOX IIPO NOKPAIIaHHA TUKCOTPOIii TeJiio.
[Ipu 1pomy crocrepiraeTbcs Bce GiJiblie BiJAXUJIEH-

v, ¢!

1200

1000 4

800 -

600

400 1

200 -

Puc. 1. Kpusi teuii 6 %-x aucrepciit HemoporoBcbkoro
OpPraHoGEHTOHITY B O-KCUJIOJI 3 Pi3HUM CTYIIEHEM MOJIH-
dikysanns Dodigen-1383 (Cis), mr-exs. /100 r rumuu: 1
— 20; 2 — 50; 3 — 80; 4 — 100.

Figure 1. Flow curves of 6 % dispersions of Neporotov-
sky organobentonite in o-xylene with different degrees
of modification of Dodigen-1383 (Cis): 1 — 20; 2 — 50;
3 — 80; 4 — 100 mg-eq /100 g of clay.
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Puc. 2. 3anexuocti B'si3kocti (1) ta Mexi texyuocti (2)
6 %-x muctepciit HemopotoBebkoro Cis-OpraHOGEHTOHITY
B O-KCHJIOJI BiJ{ cTyTeHsT MOAM(DiKyBaHHS MIPU IMBUAKOCTI
nedopmanii y = 145 ¢! (a) tay = 1312 ¢' (6).

Figure 2. Dependences of viscosity (1) and yield
strength (2) of 6 % dispersions of Neporotovsky Cis-or-
gano-bentonite in o-xylene on the degree of modification
at the deformation rate y = 145 s™' (a) and y = 1312 s (b).

us kpuBux y = (1) Biz JgimiliHocTi Ta iX 3MimeHHS
JI0 3HaueHb OiJIbII BUCOKWX HAIMPYT 3CYyBYy. Yce Iie
CBiTYUTD TIPO BUHUKHEHHS CTPYKTYP Y /IOCJIi/I’KyBa-
HUX JIUCTIEPCisiX, MIIHICTh SKUX 3pOcTa€ 3i 36iJb-
nieHHsAM crynens MogaudikyBanng OM.

Puc. 2 nokasye, 1o 3aaraicts OM 10 cTpyKTY-
POYTBODEHHSI, BUpa)KeHa uyepe3 B’si3KicTh abo de-
pe3 MeXXy TEKyUYOCTi, CTPOTO 3aJIeKUTD BiJl CTyIEHS
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iioro MmoxudikyBanus. [Ipu Huzp- 2 4 I 18 . 80 1 3
KUX cTyneHsx MoaudikyBanus = 2 E . E
(10 50 wmr-exs. /100 1) edexr & 16 S 70 &
CTPYKTYpOYTBOPEHH He3HAYHUN, ” | ©
O[lHAK BHUIIE Iie€i BeJMYWHU, IO 3
BiJIIIOBifa€ ITOJOBUHI EMHOCTI Ka- 12 0
TiOHHOTO O6MiHYy MOHTMOPUJIOHI-
TiB, CIIOCTEPITAETHCS pi3Ke, Malixke 10 50
3a €KCIIOHEHTHOIO, 3POCTaHHA B’43- 2 21
KOCTi aucIiepciii. 8 40 —

Piske 3pocranns mMexxi Tekydoc- ‘
Ti gucnepciit (quB. puc. 2) moyn- 6
HAETHCST TIPU GLIBbII BUCOKHX CTYIIE- 1 40
Hs1x MojmbikyBantst (80 Mr-eks. / 4 i
100 T roamM) . OCKifbKY HA BigMi- 20
Hy Bij B’SI3KOCTi BeJMYMHA MeXXi 2
TeKy‘{OCTi' T HE 3aJEKNUTD BiX 0 o ) ) ) ) w0 1l
ITBUIKOCTI 3CyBY, TO Iie CBiTYUTH 40 680 80 100 120 140

1IPO Te, 110 JOCUTb MillHi CTPYKTY-
pu (resi) BUHMKAIOTH JIMINE TIPU
BHUCOKHUX CTyTEeHIX MoAnQikyBaH-
g OM. Ile moB’s3ano 3i 36i/b-
ImeHHAM 6a3ajbHOi MiXKITAapoBOi
Bigcrani door B OM Ta moJieriieH-
HSIM HaOpsSKaHHS HOTO CTPYKTYp-
HUX IIaKeTiB IpU 3MOYyBaHHI ¥y
ByrJieBozisx [27]. CrpaBenymBictb
Takoi iHTeprperamii MiATBepIKY-
€TBCS IAHUMU PeHTTreHorpadivHo-
ro ananisy (quB. nosigomsenns 11 [35] ra ta6a. 3),
3riIHO 3 AKMMM IlepexXiZl BiJl OJHOIIAPOBOI 10 ABO-
[IAPOBOT CTPYKTYPU iHTEPKATATY HPU aAcOPOILii op-
TaHiYHUX KaTioHiB y MixmakeTHuit mpoctip OM
CIIOCTEPiraeThCsl caMe TIPU CTyTeHi MOaupiKyBaHHSI
> 50 mr-exs. /100 r minepainy.

ITpote, sk nokaszaHo Ha puc. 3, 3pOCTaHHS CTPYK-
TYPOYTBOPEHHSI OpraHoguctiepciii  3i  36iJbIneH-
HaM crynens moaudikysanns (a, mr-exs. /100 )
Hebe3aMerkHe. Meka TeKydocTi Tg, Tak camMo $K i
nyactuuHa B’ s3kicte (n) opranoaucuepciii, mepe-
XOIMTH Yepe3 MakcuMyM npu sesmunni (a), mo me-
PEBUIIYE €MHICTh KaTiOHHOTO OOMiHYy MiHepaJy
(~ 100 mr-exB. /100 1).

[IpumiTHO, 10 Nojgasbuie pi3ke NaJAiHHA T Bij-
MOBi/Ia€ MOYATKY MOJIIMOJIEKYIIpHOi afgcopbirii op-
raniunux Karionis (dgo = 2,35 HM) Ta piskoro cTpu-
6xa C-norenniany (£ > +50 MB). Orpumani 3amex-
HOCTi TIOSICHIOIOTBCSI Y Takuil croci6. 36iJblIeHHs
crynens moaudikyBanngs OM g0 neBHOT Mexxi
cripusie GiJiblll iHTEHCUBHIN B3aeMOJil 3 aucrepciii-
HHUM CepelOBUIEM, IO MPUBOAUTDL O KPalloro Ha-
OyxXaHHS Ta JAMCIEPTyBaHHS Jycouok OM, sxki

a, mr-eks/100 .

Puc. 3. 3anexuocri ti,2 (4) mucnepcitt Huskiscskoro OB JIM-MOHTMOPHITO-
HIiTY B O-KCHJIOJI BiJi CTyTIeHs foro MoaudikyBaHHsI. Mexki TekydocTi o bin-
ramy tp (1), Mixmromunnoi Bigcrani door (2), eJeKTPOKiHETUYHOrO MOTEHITi-
any ¢ (3) ta HaniBuepiogy ceauMeHTallii.

Figure 3. Dependences of the Bingham yield strength ts (1), interplanar
distance door (2), electrokinetic potential £ (3) and sedimentation half-life
t1,2 (4) of dispersions of Pyzhivskyi OBDM-montmorillonite in o-xylene on
the degree of its modification.

CIIPUYUHAIOTh 3061JbIIEHHST KiJbKOCTI YaCTHHOK B
OMMHUII 00csTy, Ta 3pocTaHHs X anizomerpii. e
BiAIIOBila€ MiABUIEHHIO MilTHOCTiI CTPYKTYPU TeJliB
Ta 3poctaHHio Tg. OMHAK TOJAJbINe ITiBUIICHHS
cTyneHs MoanQiKyBaHHS MOBEPXHi CYIPOBOKY-
€THCS HAZIMIPHUM MOTOBIIEHHSM aCOPOIIHHUX JTiO-
dinizyiounx 060JOHOK Ta PIi3KUM 36iJbIIEHHIM
{-moTeHIiay YaCTUHOK, SIKi TiABUIIYIOTH CTiHKiCTb
aucnepciit (ti,2), axe MepemKoakKaoTh iX CTPyKTY-
poyTBoperHio (tp) uYepes MOCUJIEHHS €eJeKTPOCTa-
TUYHOTO BifMITOBXyBaHHSA. ONTUMaJbHE TeJeyTBO-
penHs y cuctemi OM — opraniuge cepenoBuiie pe-
aji3yeTbest 3a cryneHeM Moaudikysanusa a = 0,9—
1,0 Mr-exB. /T, Ipu AKUX JIOQPiJbHICTD Ta €JeKTPUY-
HUI TIOTEHITial TOBEPXHi JOCUTHh BUCOKi, ajie He TaKi
3HaYHi, MO0 BUKJUKATH MENTH3AII0 Y CUCTEMI.

Bnaue doséxxunu aanuioza
opeaniunozo mooudixamopa
Ha peoJioziuni eaacmueocmi

opeanoducnepciii OM

Ha puc. 4 HaBezieHi KpuBi Tedii 6 Y%-X 0-KCHJIOJIb-
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7 el peuKoaAu, TOMy i KiJIbKiCTh OPraHOMOHTMOPUJIOHI-
TOBUX IIaKeTiB i3 JBOLIAPOBUM PO3IINPEHHSIM MEH-
1200 | nre, HiXK y Bunaaky Jjiniinoro Dodigen-Cis. Ile 06y-
MOBJTIOE TIOSIBY MaKCUMYMY PEOJIOTiYHUX BJIACTUBOC-
—— Tell y Bumajaky aucnepciiit OM, moaudikoBanoro
Dodigen-Cjs.
800 - P o
o
600 - = - 3,0
I og :
S
400 g - 25
=15
200 -
2,0
’
04 . 10
0 1 2 3 4 5 6 t,Ma 2 1.5
Puc. 4. Kpusi Teuii 6 %-x mucnepciit B o-kcusosi Hero- B3 L 10
POTOBCBKOTO GEHTOHITY, MOAM(DIKOBAHOIO KaTiOHHUMHU
ITAP cepii Dodigen 3 pi3HOIO MOBKHHOIO BYTJEBOIHOTO
maramora: 1 — Ciaa4; 2 — Cis; 3 — Cs. 0 . . " . ; ; ; 0,5
Figure 4. Flow curves of 6 % dispersions in o-xylene of e B i Y E O W
Neporotovsky bentonite modified with cationic surfac- a
tants of the Dodigen series with different hydrocarbon P
chain lengths: 1 — Ci214; 2 — Cis; 3 — Cis. = T, 12
0
. . = 35
HUX Jucrepcii HemopoToBchbKOro MOHTMOPWIOHITY, &2, | '
moandikosanoro Karionnumu ITAP (Dodigen) 3 piz- '
HOIO JIOBXKMHOIO BYTJIEBO/IHEBOTO JiaHIora. s ycix E S
OPraHONOXi/IHUX XapaKTepHi KpuBi Teuii Ginramiscb- 5 | :
KOTO THUTY i3 CUJIbHUM BiJIXUJIEHHSIM Bij| JiHIHHOTO = F25
3akony Hpiorona. 3 puc. 4 BugHO, 1o 3i 36i/IbIIeH-
HAM JIOBKMHU JIAHIIIOTA B TOMOJIOTIYHOMY PSly Ka- 5l r20
tionnux ITAP (cepii Dodigen) yci peosioriuni na-
pamerpu auctepciit MoandikoBanoro HemopoToBch- 2 F15
KOTO MOHTMOPWJIOHITY 3pOCTalOTh, IPOXOSYN Ue- 1]
pe3 makcumym nipu C, = 16. L 10
Puc. 5 mokasye, 10 He3aJeXHO BiJ| TpajiieHTa
mBuAKocTi gedopmanii cucreMu B A3KIiCTb Ta Meska 0 ‘ ‘ . ‘ ‘ . ‘ 05
TEKy4YOCTi OPTaHOIUCTIEPCiii € eKCTpeMaJbHIMU (PyH- m 12 13 4 1 1. 17 18 C
KITiSIMU JIOBXKWHM JaHIfora Mmogaudikaropa. Take pe- 6

0JIOTiYHE TOBO/KEHHST JIOCJHi/IKYBAaHUX JHCIIepCiit
MOSACHIOETbCA JIBoMa nipuunHamu. [lo-mepire, miniii-
Ha GynoBa moJiekyau ITAP Dodigen-Cis Hamae mo-
BepxHi OM 6i7BIT BUCOKY XiMiUHY CIIOpi/fHEHiCTDb
JI0 apOMaTUYHOTO BYIJIEBOJHIO O-KCHJIOJIYy BHACJIi-
JTOK G1JIbIII MIJIbHOTO YIaKyBaHHS MOJIEKYJT MOAUMi-
Katopa Ha BHyTpimmHiil noBepxui OM. Ilo-gpyre,
BHACJI/IOK po3ranyskenoi O6ymoBu Mosekys IIAP
Dodigen-Ci».14 Ta Dodigen-Cis menin epekTHBHO aj-
copOYIOThCS Ha MOHTMOPHJIOHITI Yepe3 CTepuyHi Tie-

Puc. 5. 3anexuocti B sskocti (1) ta mexi exyuocri (2)
6 %-X O-KCHJIOJBHUX mauctepciii HemopoToBchbKOro MOHT-
MopuioHiTy, mMoaudikoBaHoro ITAP cepii Dodigen, Bix
noBkuHN Janmiora Moandikatopa (C,) mpu mBHAKOCTI
nedopmanii y = 145 ¢! (a) tay = 1312 ¢' (6).

Figure 5. Dependences of viscosity (1) and yield
strength (2) of 6 % o-xylene dispersions of Neporotovsky
montmorillonite modified with surfactants of the Dodi-
gen series, on the chain length of the modifier (C.) at
the deformation rate y = 145s™! (a) and y = 1312 57! (b).
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Hopienannusa peonoziunux xapaxmepucmux
8yenesoonesux ducnepciiic OM
PI3HUX YKPAIHCOKUX POOOSUUL

[l opiBHAJNBHOI OIiIHKM 3/1aTHOCTi /10 CTPYK-
TYPOYTBOPEHHS OPraHOMOHTMOPHUJIOHITIB YKpaiH-
CBKHX POJIOBUIIN y BYTJIEBOAHEBUX CepeloBHINaX 6y-
JIU BUTOTOBJIEHI OpraHomnoXijgHi BapBapiBcbkoro,
Tomamminbebkoro, Yepkacbkoro ta HemopoToBchb-
koro Na*-mourmopusionitis 3 [TAP Dodigen-Cig ipu
noctifiHomy cryneni MoaudikyBarHsa 110 Mr-exs./
100 t rommamn. 3paskn OM 3 01HAKOBOIO Macom Tie-
PETBOPIOBAJIN HA TeJii MUIAXOM iX 360BTYBAHHS 3
0-KCUJIOJIOM, HE BHUKOPHUCTOBYIOUM YJIbTPa3BYKOBOL
06pOOKH.

Ax mpursaax, Ha puc. 6 HaBemeHi KpuBi Tewii 6
ta 8 %-X MUCHEPCill OPraHOMOXiAHUX 3a3HAYEHUX
MOHTMOPHJIOHITIB. OcKibKkM BifjoMo, MO BiAXU-
JIeHHsT KpPUBMX Tedwii Bij JiHiftHOCTI TOB’d3aHO 3i
CTPYKTYPOYTBOPEHHAM Yy CUCTEMi, TO IOPiBHAIbHUNI
aHaJli3 BiJHOCHOIO IIOJIOKEHHA KPUBUX MOXKE JaTu
JlesiKe YSBJIEHHS TIPO 3JIaTHICTb /10 CTPYKTYPOYTBO-
penHs pocaijpkyBanux OM. fx BuaHO 3 1O0PiB-
HSAHHA OTpuMaHux sanexxkunocrein y = f (1) (puc. 6),
32 CBOEIO 3/IaTHICTIO /10 CTPYKTYPOYTBOPEHHS OpPra-
HOMDibHI MOHTMOPHUJIOHITH YKPAiHChKUX POJIOBUII
yTBOPIOIOTh Takuil psa: Henoportosebkuit >> Yep-
kacpkuii > Tomanminbebkuii > BapBapiBebkuii.

IcnyBaHHA Takoro psAAy MiATBEP/KYETHCS KiJb-
KiCHO 3aJIeKHOCTSIMU TITACTUYHOT B’SI3KOCTI Ta MesKi
TekyuocTi opranoguctnepciit OM Big KoHIeHTparii
jucriepcHoi dasu (puc. 7). BuaHo, mo opraHoMoHT-
MOPHJIOHITH OCTaHHIX TPbOX POJOBHII MAIOTh GJIH3b-
Ky CTPYKTYPOYTBOPIOIOUY 3JaTHiCTh, Y TOH 4ac K
opranodinpunii HemopoToBCbKUE MOHTMOPHUJIOHIT
BiJIpi3HAETDHCA BiJl yCiX CBOIX FOMOJIOTIB, MEPEBUILY-
FOYM IX TI0 WX MOKAa3HWKAX y 2—4 pasu.

CrisbaMil aHasi3 pe3yJsbTaTiB PeoJIOTiYHUX JI0-
CJI/PKEHD 13 PEHTTCHOCTPYKTYPHUMHU JAaHUMH JA€
MOJKJIUBICTh 3POOUTH BUCHOBOK, 1[0 CUJIbHA BiJIMiH-
HICTb y 3JJaTHOCTI /10 CTPYKTYPOYTBOPEHHH JOCJIiJ-
s)kyBanux OM o6yMOBJIeHa Pi3HUIIEIO TX CTPYKTYPH,
Mopd0JI0Ti{ YaCTHHOK Ta 3[JaTHOCTI 0 HAOPSKAHHS.
OcraHHs IPSAMO TIOB’si3aHa 3 0COOJMBOCTSIMU KPUC-
TaJivHOT OY/IOBU Ta TE€OJOTIYHUMU yMOBaMHU TOXO/I-
>KeHHSI MOHTMOPUJIOHITIB. 3 iHIIOro 60Ky, /laHi BKa-
3yIOTh i Ha iCHYBaHHSA KOPEJALil MiK CTPYKTypoO-
YTBOPIOIOYOIO 3JATHICTIO Ta MiKILIOIUHHOIO Bij-
crafio dopi B opranoMoHTMOpuIoHiTax (Taba. 3 Ta
nosigomnenna II, ta6a. 4, 6 [35]), mo cBiguuThb
PO BaXKJIMBY pOJIb CIIiBBIIHONIEHHA CUJI ajaresii
(stiogisbHOCTI) Ta cHIT KOTe3ii aIfOMOCHITIKATHUX T1a-

o

KeTiB y mporeci HaOpsiKaHHS i
penrs OM.

IIle omna mikaBa 3aKOHOMipHICTb BUILJIMBAE i3
puc. 8, 3BiIKM BUIHO, 10 CTPYKTYPOYTBOPEHHS [THC-
nepcii OM y ByrzeBogHeBoMy cepemosuini (Genso-

CTPYKTYpPOYTBO-

y '

1200 4

1000 4

1200

1000 4

800

600

400 |

200 A

T.Ma

Puc. 6. Kpusi teuii 6 %-x (a) Ta 8 %-x (6) 0-KCHI0IBHUX
JUCTIepCiii  yKpaTHChbKUX OEHTOHITIB, MoaudikoBaHUX
Dodigen-Cis (110 mr-exs. /100 r): 1 — BapsapiBcoknii;
2 — Tomamminbcbknit; 3 — Yepracokuii; 4 — Hemopo-
TOBCBKHII.

Figure 6. Flow curves of 6 % (a) and 8 % (b) o-xylene
dispersions of Ukrainian bentonites modified with Dodi-
gen-Cis (110 mg-eq. /100 g): 1 — Varvarivsky, 2 — To-
mashpilsky, 3 — Cherkasy; 4 — Neporotovsky.
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Puc. 7. 3anexuocti mnactnunoi B’ s3kocti (a) ta Mexi Texyuocti (6) 0-KCHUITOJIBHUX AWCTIEPCill yKPaiHCHKUX OpramHo-
dinbHux Genrtonitie, Mmoandikosanux Dodigen Cis (110 mr-exs. /100 r), Bix xKoHnenTpanii TBepaoi dasu: 1 — He-
nopoTtoBcbkuit; 2 — Uepkacbkuii; 3 — Tomautminbebkuil; 4 — Bapsapisebkuit. IBuakicts gedopmanii y = 1312 ¢,
Figure 7. Dependences of plastic viscosity (a) and yield strength (b) of o-xylene dispersions of Ukrainian organo-
philic bentonites modified with Dodigen Cis (110 mg-eq. /100 g) on the concentration of the solid phase: 1 —
Neporotovsky; 2 — Cherkasy; 3 — Tomashpil; 4 — Varvariv. Strain rate y = 1312 s™".

Ta6sunga 3. Beanunnu 6a3ajJbHOI MiKIJIOIUHHOL
Bigcrani doy y mopomkax OM pisuux pomosuu,
momudikopanux Dodigen-1828 mpu T : JK = 1 : 500,
Ta OCHOBHi peoJIoriuHi Xapakrepuctuku ix 10 %-x
0-KCHJIOJIBHUX JUcCHepciit

Table 3. Values of the basal interplanar distance
door in OM powders of different deposits modified
by Dodigen-1828 at S : L = 1 : 500 and the main
rheological characteristics of their 109% o-xylene
dispersions

MoHTMOPUJIOHIT oor, 1w n, mlla.c 1B,
(ponosure) (mpua =05 | (mpuy = Ila
MMOJIb /' T) 1312 ¢')
HemnoporoBcbke 1,71 24,0 23,5
Yepkacbke 1,69 10,0 6,0
Tomarmimiibcbke 1,65 8,5 5,9
BapBapiBcbke 1,47 7,0 5,0

JIi, TOJIyOJIi, O-KCHUJIOJ Ta iH.), axa XapaKTepusy-
€TbCS BEJIMYNHOIO Ty, CUJIbHO 3AJIEKUTDH BiJl BOJIOTO-
BMicTy opranomMonrMopusonity (W) ta gocsirae Max-
CUMAJIbHOTO po3BUTKY Tipu W =~ 2,5-3,0 % (mac.).
[Monepeaust perigparanist aucnepcHoi dasu (OM)
CIPUYUHSE NIOBHY BTPATy HOTO 3aTHOCTI JI0 CTPYK-
tTypoyTBopenus. [loni6HumM 4uHOM 36iJIbIIIEHHST BO-
soromicty OM Buiie 3 % BUKJIUKAE Pi3Ke TTaliHHs
Mil[HOCTI ByTJIeBoHEBOrO Tesio OM (puc. 8).
CrisbHuit aHai3 3a7eXHOCTeN Tg, -TIOTEHIiaTy

Ta fieaekTpuaHoi mpornkHocti (g) cucreMu oprano-
MOHTMOPHJIOHIT-BYTJIeBOZIEHDb Bijl BosioroBMicty OM
II0Ka3aB, 10 ONTUMAJIbHE CTPYKTYPOYTBOPECHHA II0-
B’sI3aHe 3 HAsIBHICTIO TI€BHOI KiJIbKOCTi MiITHO ITOB’$I-

£ 1,Pa Lmv
20 80 » 7
/
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A\ 2/ 60
16 f/ ’/ x
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/3 50
” N | l//
12 A \ s /
\ / " / ; 40
4 \ \ /
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0 2 4 5 W, % mac.

Puc. 8. 3anexuocti mMexi Texydocti mo Binramy ts (1),
eJIeKTpOKiHeTHYHOTO moTeHtiany & (2) Ta pienexrpudanoi
nporukHocti € (3) 8 %-x o-KcuimombHUX auctepciii [u-
skiBebkoro OB /IM-MOHTMODPUJIOHITY Bifi BOJIOTOBMiCTY
mucnepcuoi dpasu (W,% (mac.)).

Figure 8. Dependences of the Bingham yield strength ts
(1), electrokinetic potential ¢ (2) and dielectric permit-
tivity ¢ (3) of 8 % o-xylene dispersions of Pyzhiv
OBDM-montmorillonite on the moisture content of the
dispersed phase (W, wt. %).
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3aHOT Bo/iu Ha 1oBepxHi yacTuHok OM, 1o BifnoBi-
Jla€ OTHOIIAPOBOMY 3aIlOBHCHHIO IOJIIPHUX IICHTPIiB.
Ax mnokazasm Hami nomepeaHi mocikenHs [12,
13], poJb 1ux a7cOpOOBAHKUX YHIMOJSIPHO OPi€HTO-
BaHUX MOJIEKYJ BOJM B CTPYKTYPOYTBOPEHHi opra-
Hiynoi aucrepcii OM Ha nepimoMy ertani HOJIATaE B
PO3KJNHIOYIN Aii 11 MOJeKyJ Ha mapyBary CTPYK-
Typy OM Ta B iHAyKyBaHHi TiraHTCbKUX JAUTOJbHIX
MOMeHTiB Ha dactuHKax OM, a 1oTiM y cTBOpeHHi
060POTHHMX BOJIHEBOIIOB’SI3aHNUX MiCTKIiB MisK YaCTHH-
KaMmu opraHoresio. I[iM i TTOSCHIOETbCSA BUCOKA THK-
corpotis opradoresiB OM.

Cmpyxmypoymeopioioua 30amuicmo
kpawux 3apyoixnux 6enmonie
(ananoeie opeano6enmonimis)

Y eyeneco0nesomy cepedosuuii

31aTHiCTD OPraHOMOHTMOPHJIOHITIB 10 CTPYKTY-
POYTBOPEHHS B OPraHiuYHUX CepeoBUIIaX 3aJ1eKUTh
Biji mpupoau Ta JiodiJTbHOCTI MOBEPXHi YACTHHOK,
iX poaMipy, KoHIlleHTpaiii, ¢opMu Ta aHizomerpii.
s 3maTHicTh KiJbKiCHO MOXKe OYTH OlliHEHa 3a Be-
JIMYMHAME TIACTHYHOI B’ s3Kocti (N), Hampyru 3cy-
By (1,), a TakoK MexXi TeKydocti aucnepciii mo Bin-
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Puc. 9. Kpusi teuii aucnepciit Bentone-27 (a), Bentone-34 (6) it Bentone SD-1 (8) B 0-KCUIOJi NPU Pi3HUX KOHIIEHT-
pamisix TBepaoi dasm, % (mac.): 1 — 2; 2 — 4;3 — 6; 4 — 8. (Ilokasana TiJIbKW TIpsIMA TiJKa KPUBUX.)

Figure 9. Flow curves of dispersions Bentone-27 (a), Bentone-34 (b) and Bentone SD-1 (¢) in o-xylene at different
concentrations of the solid phase, wt. %: 1 — 2; 2 — 4; 3 — 6; 4 — 8. (Only the straight branch of the curves is

shown.)
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Puc. 10. 3anexHocti mactuunoi B's3kocti (1) ta Mexi Texyudocti (2) o-kcumonbrux mucnepciit Bentone—34 (a) ta
Bentone SD-1 (6) Bix xonuenTpauii tBepaoi dasu. Ipagient msuakocti gedopmanii y = 1312 ¢

Figure 10. Dependences of plastic viscosity (1) and yield strength (2) of o-xylene dispersions Bentone—34 (a) and
Bentone SD-1 (b) on the concentration of the solid phase (wt. %). Strain rate gradient y = 1312 s™'.
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Puc. 11. 3anexnocti miactnanoi B’a3xocti (a) Ta Mexi Tekyuocti (6) 0-KCUIONMBHUX AUCIIEPCiil 3aKOPAOHHUX GEHTO-
HiB npu y = 1312 ¢ Bix komuentpauii TBepaoi dasu (% (mac.)): 1 — Bentone SD-1; 2 — Bentone-34; 3 — Bentone-27.

Figure 11. Dependences of plastic viscosity (a) and yield strength (b) of o-xylene dispersions of foreign bentones
at y = 1312 s on the concentration of the solid phase (wt. %): 1 — Bentone SD-1; 2 — Bentone-34; 3 — Bentone-27.
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Ta6smug 4. Basaabni Miskmapogi Bigcrani (doy) Ta intencusnocti pedaekcis (I) Haiikpanux 3aKopaoH-
HHX OEHTOHIB, a TAKOK BEJHYHHH ILIACTHYHOI B’SI3KOCTi BiAOBiAHNX 8 9)-X OPTOKCHJIOJIbHUX AUCIEPCii

Table 4. Basal interlayer distances (do) and reflex intensities (I) of the best foreign bentones, as
well as the values of the plastic viscosity of the corresponding 8 9% ortho-xylene dispersions

3aKop/IoHHI (doon)1, I, BigH. (doo1)2, I, BigH. (doon)3, I, Bign. n, mlla-c
GEHTOHN HM O/., MM HM 0/l., MM HM O/., MM (mpu y = 1312 ¢™")
Bentone SD-1 1,34 15 2,16 35 3,94 90 16,0
Bentone-34 1,28 38 2,70 210 - - 11,5
Bentone-27 3HUKAE 3HUKAE 1,92 230 - - 2,5

ramy (1p). UuM GiJjblie 3HAUEHHS IUX PEOJIOTiYHIX
XapaKTEPUCTUK [IUCIIEPCiii TIPU OHAKOBUX KOHI[EH-
Tparisx GEHTOHIB, TUM BUIE X 3aryllyioua 3/aT-
HICTb.

Ax BunmBae 3 puc. 9, Ha AKOMY HaBe/leHI KpuBi
Tedil 0-KCUJIOJbHUX JUCTIePCiii pisHUX 3apyOisKHUX
GEHTOHIB, BeJIMUUHA HAPYTH 3CyBy (T.) JOCTiKY-
BAaHUX TeJIiB Pi3KO 3pOCTAE 31 36GiJbIIEHHSIM I'PaJli€H-
ta mBuaxocri aedopmanii (y) Ta KoHuenrparii
tBepaoi dasu (Cy). IIpu 1bOMy BeIMYUHA FPaHMY-
HOI HampyTH 3CyBy Aucnepcii (Tmay) AIS AaHOT KOH-
menrparii Cn 3a1€XUTh BiJf MapKku GEHTOHY.

Binpmr toro, sk BugHO 3 puc. 10, 3anesxkHOCTI
B’s13kocti (n) Ta Mexi Tekydocti (1) aucnepciii 6ex-
TOHIB B O-KCHUJIOJI BiJl KOHUEHTpAaIii JUCIEPCHOL
(azm MaroTh TMepKoJAiiiHII XapakTep. Kputnuna
TOYKA MEePKOJIALIi, 1[0 BU3HAYAETHCA IO €KCTPAIo-
ganii BucxigHoi miHiINHOI AiMSHKW KPUBHUX 1 Ta
g = f (Cn) Ha Bich abCIIUC TAKOXK 3aJIEXKUTH BiJl
MapK#u OEHTOHY Ta € BaXKJUBOIO XapPaKTEPUCTUKOIO
fioro 3aryiaio4oi 31aTHOCTI.

AckpaBoio iocTpaltiero 3/JaTHOCTi 3aKOPAOHHIX
GEHTOHIB 10 CTPYKTYPOYTBOPEHHS Y BYTJIEBOIHEBO-
My CepeIOBUINI € y3araJbHeHi 3a/eKHOCTI IJIaCTUY-
HOT B’S3KOCTi Ta MeXi TekydocTi iX aucrepciii Bif
KoHNeHTpanii gucrnepcuoi dasu (puc. 11). Buamo,
10 3/IaTHICTH /IO CTPYKTYPOYTBOPEHHS OEHTOHIB 3a-
pyO6isKHOTO BHPOGHUIITBA Y BYTJIEBOJHEBOMY Cepe-
JOBUIII 36iJbITYETbCS Y TakoMy psay: Bentone-27
< Bentone-34 << Bentone SD-1. ¥ Taxkiii xe mocJi-
JIOBHOCTI 3pocTa€e BemunHa 6a3aJbHOT MizKIIJIONITH-
Hoi Bigcrani dgo y IIIX 6EHTOHAX, 10 BU3HAYAETHCS
3 pentrenorpadiunnx ganux (raéi. 4).

HasBHicTh kopesisnii Mixk mapameTpamu CTPYK-
TypoyTBOopeHHs1 aucriepciii OM y ByrJieBOZHSX Ta
BeJMYUHOIO dgo CBIUUTH TIPO MEPUIOPSAIHY POJIb
Kore3iitHux cusa Mix mapamu OM, 110 3ayeKath BiJ
TUILy BIIPOBA/PKEHOIO0 OPTraHiYHOTO KaTiOHy Ta BU-
3HAYAIOTh JIETKiCTh HAGYXaHHS Ta [AUCIIEPTYBAHHSI
makeTiB Ha okpeMmi Jaycoukn. IIpm mpbomy Bak/uBe

3HAYeHHs Mae XiMiuHa TIpupoja Moaudikaropa,
10 BU3HAYA€ IHTEHCUBHiCTb MixK(a3zHOi B3aeMoil
3 PO3YMHHUKOM, TOOTO JioMiJabHICTD AuUCTIEPCHOT
CUCTEMH.

Iopisnuanvne susuennsa soammuocmi
do cmpyKxmypoymeopenus
OM yxpaincokux podosuuy

ma ixnix 3aKopooOHHUX AHAI0216

Ha puc. 7, 10 ta 11 HaBeneHi OKpeMO 3ay€KHOC-
Ti macTU4YHOI B’A3KocTi Ta Mexi Tekyuocti 1o Bin-
ramy Jcrepciit opranodiJbHIX GEHTOHITIB YKpaiHCh-
KUX pojoBuil, MoaudikoBaHux KaTioHHUM IIAP
Dodigen-Cis, a TakoK HalKpalmx 3aKOPJOHHUX GeH-
TOHIB BiJl KoHIleHTpallii aucnepcHoi dasu. Ax Bu-
IINBAE 3 IOPIBHAHHA LMX 3a/Ie’KHOCTEH, OopraHo-
6entonitu BapsapiBchkoro, TomammiJbcbKOro Ta
UepKkacbKOro POJOBUI 3HAYHO IOCTYIAIOTHCS 3a
CBOEIO 3arylyloyuoio 3/[aTHICTIO KpalluM 3aKOP/OH-
nuM Genronam, nepeGyBaioun Ha piBui Bentone-27.
BukmtouerHusaM € oprasodinpauit 6eHToHIT Hemopo-
TOBCbKOI'O POJIOBUILA, SKMHl 3a BCciMa CTPYKTYypoO-
YTBOPIOIOUNMH XapaKTePUCTHKaMU NepeGyBae B OfI-
HOMY DSy 3 KpalllUMH 3aKOPJOHHMMHU aHAJIOTaMU:
Bentone-34 Ta Bentone SD-1.

[TopiBHsA/IBHMI aHaMi3 CHIJIBHUX 3aJe’KHOCTeH
TJTACTUYHOT B’SI3KOCTI Ta MEXi TEKy4OCTi 0-KCHUJIOJIb-
HUX JUCIepciii 3aKOPAOHHUX Ta HaHKpaloro ykpa-
iHcbKOro opraHodiabHoro Genrowity (puc. 12), a
TaKOX PEOJIOTIYHUX KPUBUX Teuii AUCIepCiii Halmmx
OM rta iMnopraux 6enronis (zus. puc. 6 Ta 9) cBig-
YUTH TIPO Te, IO 3a 3aryIaloYuMH Ta TUKCOTPOITHNU-
MU BJacTuBocTsIMH HemopoToBCchbKUiT 0prano6eHTo-
HIiT He IIOCTYHAETbCS KPAIUM 3aKOPJOHHUM aHaJIo-
raMm Ta Moxke OyTU PeKOMEHJOBAHUU /10 JOCJIiHO-
IIPOMUCJIOBOL IIEPEBIPKU Ta BIIPOBA/KCHHA.

Taxkum UrHOM, aHAJI3 OTPUMAHUX KOPEJISIii /1aB
MOKJIMBICTh KiJIbKICHO OXapakTepuayBaTH 3/1aT-
HICTb JI0 CTPYKTYPOYTBOPEHHS OPraHOGEHTOHITIB HO-
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Puc. 12. 3icraBaeHHst 3a1eKHOCTEN maactuunoi B'st3kocti (a) Ta Mexi texkywocti (6) 0-KCHIOABHUX AMCIEPCIH Bif
KOHIeHTpallii TBepaoi dasu (Cn) nns HallKpamux iMIOPTHUX OEHTOHIB Ta yKpaiHCbKOTO opraHoGeHTOHiTY Hermopo-
TOBCBKOTO POJIOBMINA, BUMipsauux 1pu y = 1312 ¢': 1 — Bentone SD-1; 2 — Bentone-34; 3 — Bentone-27; 4 —

Hemoporoscskuit OM, momudixkosanuit Dodigen Cis.

Figure 12. Comparison of the dependences of the plastic viscosity (a) and yield strength (b) of o-xylene dispersions
on the concentration of the solid phase (Cm, wt. %) for the best imported bentones and Ukrainian organobentonite
of the Neporotovsky deposit, measured at y = 1312 s™': 1 — Bentone SD-1; 2 — Bentone-34; 3 — Bentone-27; 4 —

Neporotovsky OM modified by Dodigen Cis.

BUX YKPaiHCbKUX POJIOBUII Y ITOPiBHAHHI 3 HallKpa-
MIMMU 3aKOPJOHHUMHU 3pa3kaMu OEHTOHIB, 3aXuIile-
HUMU TOPrOBEJIbHUMU MapKaM#, Ta CKJACTU OCHOBY
JUISL YXBAJIEHHS OOT PYHTOBAHOTO PilllEHHS MIPO /IOIIiJIb-
HiCTh IXHBOTO NPOMIICJIOBOTO BUPOGHUIITBA.

Bucuosku

BcranoBsieHo, MO CTPYKTYpPOYTBOPEHHSI y CHC-
teMi OM — ByTJIeBOIHEBE CepeIOBUIIE Mali’Ke eKc-
MOHEHI[iaJIbHEe 3POCTAac y 3aJIe’KHOCTI BiJ CTyIeHsd
moudikyBanas OM, 10 cHiBHaJae 3 MepPexojoM
Bi/J{ OZIHOIIAPOBOI JI0 ABOIIAPOBOL CTPYKTYPH iHTEP-
KaJaTy Mmpu afcopOIlii opraHiyHuX KaTioHiB y MiX-
naketHuit npoctip OM. 3i 36iJbIIeHHSAM CTYyTIEeHS
MoaudikyBaHHS CTPYKTypoyTBopenHa OM mepe-
XOAUTb Yepe3 MakcuMyM. OmNTuMaJbHE TeJeyTBO-
penns y cuctemi OM — opraHiuHe cepeZoBUIIE pe-
aJli3y€eTbCs 3a cTyneHeM MoaudikyBanus a ~ 0,9—
1,0 Mr-exB. /T, 1Ipu AKOMY JIiO(DiJIbHICTD Ta €JeKT-
PUYHUI TOTEHIliaJ MOBEPXHi JOCUTH BUCOKi, aJie He
Taki 3HauHi, MO0 BUKJIUKATH TENTU3AINI0 Y CUCTEMi.

IToxasaro, 10 3i 361JbIIEHHAM JOBKUHA AJIKiJIb-
HOTO JIAHITIOTA OPraHivHOTO KaTioHa-MomudikaTopa
ctpykrypoyTBopenHss OM B o-kcuJosi pisko 3poc-

Tae Ta IIPOXOJUTb Yepe3 MaKCUMyM IIpH JOBXKHHI
mnaniora Cig. 3arnpornoHOBaHO MOSICHEHHS OTpUMA-
HOI 3aJIEKHOCT].

3’dcoBaHo, 110 3a 3[aTHICTIO /10 CTPYKTYPOYTBO-
peHHst opraHodiJbHi MOHTMOPHUJIOHITH HOBUX yKpa-
THCBKMX POJIOBUII yTBOPIOIOTH Takuii psij: Hemnopo-
TOBCbKUN >> Yepracbkuii > ToMammigbCbKUi >
Bapsapiscokuii. Ilepen6auaeTnes, 1o Taka CHIbHA
BiIMIHHICTb Y CTPYKTYPOYTBOPIOIOUill 3JaTHOCT] [10-
craiprernx OM o6yMoBJIeHA PO3XO/XKEHHSIMU B 1X
CTPYKTYpi, po3Mipi i Mopdoorii YacTUHOK, SKi, y
CBOIO Yepry, 3ajeXaTh BiJl YMOB T€OJIOTiYHOIO IIO-
XO/PKEHHA MOHTMOPUJIOHITIB.

Bcranosieno icHyBanHA KopeJiii Mik mapaMer-
pom kpucraaiunoi pemitkn OM (dgp) Ta ixHBOIO
3[ATHICTIO 10 CTPYKTYPOYTBOPEHHA B OPTaHidHOMY
CEpeNoBUIlll, 10 MiATBEP/KYETbCA IIOBEAIHKOIO
B’SI3KOCTi Ta Mexku TekydocTi aucnepciii. [Tokaszano,
IO CTPYKTYpoOyTBopioloya 3iaTHictb OM Bu3Haya-
€TbCs TiApodiabHO-TiIPODOGHIM GATAHCOM MTOBEPX-
Hi YaCTMHOK Ta KPUTUYHO 3AJICXKUTb BiJl HAsIBHOCTi
MOHOIIAPY aZcOPOITiiHO-TIOB’ I3aHOT BOJIH.

Breprire BusiBeHo, 1o opranodiabHuil 6EHTOHIT
HenopoToBcbKoro pofoBuina 3a yciMa CTPYKTYpoO-
YTBOPIOIOUMMH XapaKTEePUCTUKAMU Tiepe0yBa€ B OJI-
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HOMY psAJy i3 HallKpaluMu 3aKOPJOHHUMH aHAJO-
ramu: Benton-34 ta Benton SD-1.
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Organophilic bentonites of Ukraine.
III. Structure formation of organomontmorillonites
based on Ukrainian deposits and their
foreign analogues in a hydrocarbon media

Abstract. Using X-ray and rheological research methods, the structure and some regularities
of the gelation process of organophilic montmorillonites (OM) based on new Ukrainian
deposits in a model aromatic hydrocarbon — o-xylene were studied. The surface modifiers of
montmorillonites were cationic surfactants of the Dodigen series (“Hoechst”, Germany),
which are chlorides of quaternary alkyl ammonium bases with hydrocarbon radicals of various
lengths, nature and configurations. The influence of the structure and length of the alkyl
chain of the organic cation - modifier, as well as the humidity and degree of modification of
montmorillonites on the parameter doy OM, on the plastic viscosity and yield strength of
hydrocarbon dispersions of organo-derivatives was analyzed. The data indicate the presence of
a certain correlation between the ability to gel formation and the crystal lattice parameter doo
of montmorillonite organo-derivatives, which depends on the size of the introduced cation. A
more in-depth analysis leads to the conclusion that the degree of swelling and the strength of
the resulting organogel OM are determined by the ratio between the adhesion (solvation)
energy and cohesion of its structural layers. It was found that the thickening ability of OM
exhibits an almost exponential increase with increasing degree of its modification, and at the
same time, is an extreme function of the alkyl chain length of the organic cation. In addition,
it is shown that the gelation of hydrocarbon dispersions critically depends on the moisture
content of OM. In terms of their ability to structureformation in an organic medium, OM
from Ukrainian deposits with the same cation in the interlayer organocomplex are arranged
in the following order: Neporotovsky >> Cherkassky > Tomashpilsky > Varvarivsky. The
thickening ability of Ukrainian OMs was compared with the best foreign brands: Bentone-34
and Bentone SD-1. For the first time, it was found that organophilic bentonite from the
Neporotovsky deposit, in terms of all structure-forming characteristics, is not inferior to the
best foreign analogues. Bibl. 35, Fig. 12, Tab. 4.
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