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KoMiuiekcHbIi aHAIN3 OUTYMHO-MACTHYHBIX MOKPBITHH
CTAJIbHBIX NMOA3EMHBIX pacnpeaeTuTeIbHbIX Ia30IPOBOI0B

Yacts 2

MexaHu3M U KJIKYeBbie 0CO0eHHOCTH CTapeHus l'lOKp])lTl/lﬁ
B OKCILTYaTAllHOHHBIX YC/JIOBUAX

H. B. Cprulcm“al), JAOKT. TeXH. HAyK, npo¢. B. H. Pomaniox?

YTocymapcrsennoe npeanpustie « HUW Benrumporonrasy» (Munck, Pecry6iuka Benapycs),
YBenopycCKrii HAIIHOHATBHBIH TeXHHUecKui yHIBepenTeT (Mumck, PecriyGmika Bemapycs)

Pedepar. [lanHas crarbs mpencTaBiseT coOOl BTOPYIO 4YacTh HCCIIEAOBAHUS, MOCBAMICHHOTO
KOMIUICKCHOMY aHaJM3y OWTYMHO-MAacTHUYHBIX H3OALMHOHHBIX IOkpeITHii (BMUII), mpume-
HSEMBIX Ha CTAJBHBIX MOA3EMHBIX PacIIpefeNIUTENFHBIX Ta30npoBoaax B PecryOmmike Bemapycs.
C y4eToM JOCTHKEHUS! JUINTEIBHBIX CPOKOB CIIY)KOBI BIMSIHUE TEXHOJIOTHYECKOH CTaanu (IIpouns-
BOJICTBO OUTYyMa M MacTHK, TPYOOH30ISIIMOHHBIE paOOTHI) HA TEKYIEe COCTOSIHIE MOKPBITHH T10J1-
HOCTBIO MCYEpPIIAaHO, U ONPE/ENISIONIEH SBIAETCS CTaaus KCILTyaTalui. PackpeiTa CBsI3b MOYBEHHO-
TPYHTOBBIX YCIIOBHH C KIJIFOUEBBIMH OCOOEGHHOCTAMHM 3KCIUTyaTanroHHoOro crapenuss bMUIL: coue-
TaHWE OTPAHMYCHHOTO MOCTYMa MOJEKYJSIPHOTO KHCIOpOJa M YMEPEHHOTO TEMIIepaTypHOTO
pekuMa (HH3Kas CKOPOCTh KHCIOPOTHOTO OKHCIICHHS), BO3MOXKHOCTH OMOKOPPO3UH OHTYMHBIX
U HOJIMMEPHBIX KOMIIOHEHTOB HMOKPBITHS, KOMIUICKCHOE BO3JEHCTBUE TPyHTOBOHM Biaru (THIpPO-
13, 3¢ dext Pebunnepa, TpaHCIIOPT KUCIOPO/AA U KAaTaIM3aTOPOB), HEMIPEPEIBHOE MEXAaHIMIECKOE
BO3JICHCTBHE TPyHTa C Y4acTHEM BJarv. PacKpbIT MeXaHHW3M OKCIUIyaTal[MOHHOTO pa3pylie-
Hust BMUII, 3akmovaromiuiicss B HAKOIUICHHH BHYTPCHHUX HANpPsDKEHHWH, Jerpaganud (pH3HKO-
XUMHYECKHX M PEOJOTHYECKUX CBOMCTB MacTHYHOIO MaTepHalla M €ro MOCIeIyIOIEM pa3pylie-
HHUU MOJ JeHCTBUEM TPYHTOBBIX Harpy3ok. OyHKIMOHATIBHBIN OTKa3 MOKPBITHS MPH 3TOM 3aKIIIO-
gaeTcs B MOTepe ero OapbepHBIX M AUDICKTPUYECKHX CBOWMCTB, 00pa3oBaHHH (PH3MYECKOTO U
HNMEKTPUIECKOT0 KOHTAKTa TPYHTOBOTO 3JIEKTPOINTA C METAININYECKOH IOBEPXHOCTBIO TPYyOBI.
PaccmoTpen Bompoc BIMSHHMS, OKa3bIBAEMOTO HA JOJITOBEYHOCTH OMTYMHBIX MAacTHUK M COOTBET-
CTBEHHO MAaCTHYHBIX M30JLIIMOHHBIX MOKPBITUH IUIACTU(GUIMPYIONIMME J0OaBKaMu. YCTaHOBIIe-
HO, 4TO, HapsAy C MOJOKHUTEIBHBIM (P (HEKTOM paclInpeHns: TeMIIepaTypHOro Auara3oHa npume-
HEHUsI OUTYMHBIX MaTEPUaJIOB IIPU HPOBEACHUY TPYOOHM3OISILMOHHEIX padoT, BBeneHUE HEePTS-
HBIX IUIACTH(HUKATOPOB B BHUAE MHIYCTPUAIBHBIX Macell B JajbHEHIIEeM CHIXAeT CTaOMIBHOCTD
OMTYMHOU MaTpHIbI, CIIOCOOCTBYET YCKOPEHHOMY CTAapEHHIO M Pa3BUTHIO Ie(eKTOOOpa30BaHUs
BMUII (motepe Kore3un, TPEIMHOOOPA30BaHHIO U T. 1I.) Ha CTaJUU SKCIUTyaTaliH.

KiroueBble €j10Ba: CTAIBHON MOA3EMHBIH Ta30MpOBOJ], OUTYMHO-MACTHYHBIC 3AIUTHBIC OKPbI-
THSI, TOYBEHHO-TPYHTOBBIC YCJIOBHS, KCILTyaTalOHHOE CTapeHHe, AedeKTooOpa3oBaHue, dIeK-
TPUYECKOE CONPOTHBIICHUE
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Comprehensive Analysis of Bitumen-Mastic Coatings
on Steel Underground Distribution Gas Pipelines

Part 2

The Mechanism and Key Features of Coating Aging under Operational Conditions
N. V. Strutsky"?, V. N. Romaniuk”

DState Enterprise Research Institute Belgiprotopgaz (Minsk, Republic of Belarus),
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. This article is the second part of our study devoted to a comprehensive analysis of bi-
tumen-mastic insulation coatings (BMIC) used on steel underground distribution gas pipelines
in the Republic of Belarus. Given the achievement of long service life, the influence of the techno-
logical stage (production of bitumen and mastic, pipe insulation works) on the current condition
of the coatings has been completely exhausted, and the operational stage is the determining factor.
The relationship between soil and subsoil conditions and the key features of operational aging
of BMIP has been revealed, i.e. a combination of limited access to molecular oxygen and a mode-
rate temperature regime (low rate of oxygen oxidation), the possibility of biocorrosion of bitumen
and polymeric coating components, and the combined effects of soil moisture (hydrolysis,
the Rebinder effect, oxygen and catalyst transport) and continuous mechanical impact from soil
with the inclusion of moisture. The mechanism of operational destruction of BMIP is revealed,
which consists in the accumulation of internal stresses, degradation of the physical-chemical and
rheological properties of the mastic material, and its subsequent destruction under the influence
of ground loads. The functional failure of the coating consists in the loss of its barrier and dielec-
tric properties, and the formation of physical and electrical contact between the ground electrolyte
and the metal surface of the pipe. The impact of plasticizing additives on the durability of bitumen
mastics and, consequently, on the durability of bituminous insulation coatings is considered. It has
been established that along with the positive effect of expanding the temperature range of bitumen
materials used in pipe insulation work, the introduction of petroleum plasticizers in the form
of industrial oils further reduces the stability of the bitumen matrix, promotes accelerated aging
and the development of defect formation of BMIP (loss of cohesion, cracking, etc.) at the opera-
tional stage.

Keywords: steel underground gas pipeline, bitumen-mastic protective coatings, soil and ground
conditions, operational aging, defect formation, electrical resistance

For citation: Strutsky N. V., Romaniuk V. N. (2026) Comprehensive Analysis of Bitumen-Mastic
Coatings on Steel Underground Distribution Gas Pipelines. Part 2: The Mechanism and Key Fea-
tures of Coating Aging under Operational Conditions. Energetika. Proc. CIS Higher Educ. Inst.
and Power Eng. Assoc. 69 (4), 291-302 (in Russian). https://doi.org/10.21122/1029-7448-2026-
69-4-291-302

BBenenune

Jnst GUTYyMHO-MacTHYHBIX M30SIMMOHHBIX NMOKpbITHH (BMMUII) kKak mokpsi-
TUH TOPSAYEr0 HAHECEHUS JOIKCIUTyaTallMOHHAsI CTagus BKIIOYAET dTalbl: Ipo-
W3BOJCTBA OUTYMa, U3TOTOBJICHUS OMTYMHOM MacTHKH, JOIOJIHUTEIBHOTO Pa3o-
rpeBa TOTOBOM MacTUKH (KOTJa MCIOJb3YyeTCs] MacTHKa 3aBOJICKOIO MU3rOTOBIIE-
HUS, OCTaBIsieMasi Ha MECTO MIPOBEIEHHS U30JIALUOHHBIX paboT B (hacOBaHHOM
BHJIC), TPYOON3OIAIIMOHHBIX padoT.

B 3aBucuMoOCTH OT IPUHATONW TEXHOJIOTUYECKON CXeMBI (IIPSMOI OTTOH, BO3-
IyIIHOE OKHCIICHUE, TEPMOYIUIOTHEHHE CHIPbs) TEMIIEpaTrypa B 30HE PEaKMW/OT-
0opa ocTaTka Ipu MPOHU3BOJCTBE OMTyMa HaxomuTcs B auamazoHe 150-280 °C,
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nocturas 300-400 °C npu BCTOIR30BaHUN TEXHOJIIOTHH BaKyyMHOW TIEPETOHKH.
W3roTtoBienne OUTYMHBIX W3OJSIIMOHHBIX MacTHK (BHECEHHUE B OUTYM HAITOJIHU-
Tenel M MepeMelMBaHue 10 COCTOSHHUS OJHOPOJHOCTH) OCYLIECTBISETCS MpPH
temnepatype 180-190 °C, TemnepaTypHBII pesKuM NpH pa3orpeBe MACTUKU CO-
crasmsiet 140-150 °C.

Takum oOpa3oM, Bce CTaguM TEXHOJIOTMYECKOTO 3Tama MPearnoiaraioT ak-
TUBHOE TEeMIlepaTypHOe Bo3leiicTBue Ha OuTyMHOe cBs3ytouiee. [Ipu sTom s
KXKIO0TO U3 YKa3aHHBIX TeMIIEPATyPHBIX TUAITa30HOB CYIIECTBYIOT BPEeMEHHBIE
paMKu, TP BBIXOZE 32 KOTOpPBIe HAUWHAET (PUKCHPOBATHCS YCKOPEHHOE TEXHO-
JIOTHYECKOE cTapeHne OMTyMa, BIUIOTH J0 €ro KOKCOBaHUs (00pa3oBaHHS U PO-
cra Me30(ha3sl B BUjIe KapOCHOB, KapOOHIOB).

C yderoM ocoOeHHOCTEW M3roToBIeHUs U HaneceHuss BMUII HecobnroneHue
TEMIIEPaTypHO-BPEMEHHOTO PEXUMa Ha JIF0OOM M3 3TaloB MPOWU3BOACTBA OU-
TYMHBIX MaT€pHAJIOB U MPOBENEHUS TPYOOHU3OISIIIMOHHBIX PabOT MOXET TPHUBO-
JUTH K JOTIOJIHUTENIEHOM HEOAHOPOAHOCTH HAYAJIBHOTO COCTOSIHUS MOKPBITHS U,
KaK CIJIEJICTBHE, 3HAYUTEIFHOMY pa30pocy B MOKa3aTeNiax JOCTUTHYTOH IOJTo-
BeuHocTH [1].

Bwmecre ¢ TeM ¢ y4eToM TOCTUTHYTBHIX OCHOBHOM Maccol CTaabHBIX Ta30Mpo-
BOJIOB CPOKOB CIIy k0561 30—60 JIeT TOIMyCTUMO CYHUTATh, YTO BIHsSHHUE (HaKTOPOB,
MMEBIINX MECTO Ha TEXHOJIOTUYECKOW CTaJuH, K HACTOSIIEMY MOMEHTY YyXKe
ucyeprnano (MOJHOCTBIO TPOSBUIO ceOs) M CTagus JKCIUTyaTalllH SIBIISIET-
CA ONpeneNdomell ¢ TOYKM 3pEHHUS aKTyalbHOTO COCTOSHHUS CYyILECTBYIO-
mmx BMUAIL.

Crnemyer OTMETHTB, YTO YCIIOBHUS JKCIUTyaTallMyd M3OJSAIMOHHBIX MOKPHITHN
CTaJIbHBIX MOJ3EMHBIX TPyOOIPOBOIOB BEChMa CIICHU(PHYHBI, YTO 00YCIOBICHO
Crenn(pUIHOCTHIO CaMOM TOYBEHHO-TPYHTOBOH Cpe[ibl, IPeICTaBISIONIEH co0oit
YpEe3BBIYANHO CIOKHYI0 M JUHAMUYECKH M3MEHUMBYI0 MHOTOKOMIIOHEHTHYIO
(PUBUKO-XUMUYECKYIO CHCTEMY, COACPIKAIYI0 TBEPIbIC, JKUIKUE, Ta3000pa3HbIe
Y JKUBBIE COCTaBIISIIONIHE [2—6]. B 3TOMH CBSI3M 1715 aeKBaTHOTO TIOHUMAaHUS Me-
XaHW3Ma CTapeHus] OMTYMHO-MAaCTHYHBIX MOKPBITHH CTATBHBIX MOJI3EMHBIX Ta-
30IIPOBOJIOB HEOOXOIUM OTHEIBHBIN TIIATEIBHBIN aHAIN3 BIUSIOUINX THIAPOJIO-
TUYECKUX, TCOJIOTUYCCKHUX, OWOJOTHYECKUX W JIPYTHMX TOYBECHHO-TPYHTOBBIX
(hakTopoB.

OcHoBHAfl YaCTh

XapaxkmepHble 0coOOeHHOCU NOYEEHHO-ZPYHMOBBIX YCI08UTL, UX 6NUAHUE
Ha BMHII noozemuvix 2azonpoeodos. llpexie Bcero OTMEUCHHAS BBIIIE CIIe-
UGUIHOCTh TTOYBSHHO-TPYHTOBOM CPE/Ibl MPUMEHHUTEIBHO K MEXaHU3MY CTape-
Hust BMUII BeipakaeTcss B YHUKAIbHOM COYETAHUM OCHOBHBIX (DAKTOPOB, BIIH-
SIOIIUX Ha WHTEHCHBHOCTh OKHCIUTENBHBIX MPOIECCOB: JOCTYITHOCTH MOJIEKY-
JSPHOTO KHUCIOpoAa (OCHOBHOTO OKHCIWTEIIFHOTO areHTa), TeMIIepaTypbl H
BIIAYKHOCTH.

Ha rnmyOuHax mpokiiajiku moA3eMHBIX ra30npoBooB (00br4HO0 0,8—1,5 M) co-
JiepKaHue KUCIIOPOAa B MOYBE CYIIECTBEHHO HIKE aTMOC(HEpPHOTO B CHITy €ro
noTpeOnennst OMOTOM M pacxoJa Ha XUMHYECKHE MPOIecChl. ['a3000MeH moy-
BEHHOTO BO3JlyXa C aTMOC(EpOil MPOUCXOAUT MPEUMYIIECTBEHHO 3a CYeT JU-
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¢y3un, 00yCIOBICHHONW I'PalMeHTOM KOHLIEHTPALUH, U 3aBUCUT OT BIa)KHOCTH,
CPaHyJIOMETPUUYECKOr0 COCTaBa U IJIOTHOCTH TpyHTa [5, 6]. Ilo Mepe yBmax-
HEHHOCTHU M YIJIOTHEHHOCTH ITOYBCHHO-IPYHTOBOI Cpelbl 10CTaBKa KHCIOPOAA
K TOBEPXHOCTH OMTYMHOTO TOKPBITHS 3aMEIJISeTCs, OrpaHudeHHas TUpPy3us
KHCIJIOpOJa KOHTPOJIMPYET HHTEHCUBHOCTD OKUCINUTENBHBIX IPOIIECCOB.

Taxoke cieayeT OTMETUTh INAAALIIMNA PEKUM 3KCIITyaTaluy IOA3EMHBIX pac-
MPEICTUTEIbHBIX Ta30MPOBOJOB, OOYCIOBICHHBIA TEIUIOBOW HHEPUHUOHHOCTHIO
rpyHTa. COrIacHO CIPaBOYHBIM JAHHBIM [7], TIONYYCHHBIM ITyTEM HEIIOCPE.-
CTBEHHBIX H3MEPEHHUH TeMIIepaTypbl IMOYBHI BHITSDKHBIMH TEpPMOMETpaMH 3a
TPUAUATHICTHAN NEpUOJ, TOOBbIE IEepenaabl TeMIepaTyp B MOYBE HA IiIyOu-
Hax 0,8 u 1,6 M Ha TeppuTopun benapycu BappupyroTcsa B npenenax 13,2—17,2
u 9,9-14,3 °C coorBercTBeHHO. CpemHETONOBbIE TEMIEPATypbl HAXOASATCS B
npenenax 7,8-9,6 °C ans ykazaHHOTO Juana3oHa riayouH (Tadm. 1).

Tabruya 1
TemmnepaTypbl U TeMIIepaTypHbIe Nepenaabl B noyse Ha riayounax 0,8 u 1,6 m

Temperatures and temperature differences in the soil at depths of 0.8 and 1.6 m

O0macTh, MYHKT HAOIOICHHS
Bpecrckas BureGcekas I'omensckas | 'poguenckas | Munckas | Morunesckast

s g

3] < (=¥

E| E|E 2 o

I'nyGuHa, =| § g = E g ~

= 2|2 E ) > <

M « | 2| 2 |EQ| & 8 oy 5| §
= 3 E B4 M M 5 E o Q A E
3 £ a| &|&¢g| 2 3 2 g & S,
| = ) o 5| B s S = 3 1)
R E || |2 S| A T = | = =

Ilepenan cpenHeMecsuHbIX TemmnepaTyp, °C
Cpennsis rogoBas Temmnepatypa, °C

0.8 159 |15.5(15.1|14.4| 16,5 | 17.2 | 16.1 13.2 13,7(16.1 14,6
’ 9,6 192179179 82| 92 | 89 8,2 8,1 | 8,6 7,8
16 12,4(12.4)10.71 9.9 | 129 | 143 | 12.9 10,7 11,3(13.3 11.1
’ 9,6 193179179 81 | 93 | 88 8,2 8,0 | 8,5 7,8

Taxum 00pazom, 10 CPAaBHEHUIO ¢ OUTYMHBIMH BSKYLIMMH, UCIIOJIb3YEMBIMH
B JIOPO’KHOM CTpPOHMTENBCTBE, HJIW OUTYMHBIMH KPOBEIHHBIMH MaTepHalaMu
BMMUII non3eMHBIX paclpenenuTedbHbIX Ta30MpOBOJOB HAXOJATCS B Tropasjio
MEHEEe arpeCCHBHBIX OKHCIUTEIBHBIX YCIOBUAX (OrpaHUYEHHBIH JOCTYI KHCIIO-
pona, crabmibHas HEBBICOKAas TemIlepaTrypa, OTCyTCTBHE BIUSHUS Y D-u3iy-
YEeHMsI), 4TO JENAeT MPOLEeCcC OKUCIUTENBHOTO CTapEHHs IOKPBITHSA CPaBHUTEIb-
HO MaJIOWHTEHCHBHBIM.

Bmecre ¢ TeM NOYBEHHO-TPYHTOBBIE YCIOBHA XapaKTEPU3YIOTCS APYTUMH
(bakTopaMu, BIMSHHE KOTOPBIX BBIpaXKEHO 0O0Jee CHIBHO IO CPAaBHEHUIO C,
HampuMmep, aTMOoc(epHBIMH YCIOBHSAMH 3KCIUTyaTalud. B mepByro ouepenb
K TakuM (pakTopam cieryeT OTHECTH BO3AEHCTBUE TIOUYBEHHOH Biaru (rpyHTOBO-
r'0 DJCKTPOIUTA).
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DTO CBS3aHO, BO-TIEPBBIX, ¢ OOJIee UIMTEIHHBIM (HETPEPHIBHBEIM) U HMHTCH-
CHBHBIM KOHTAKTOM BJarum C 6I/ITYMOM B IMOA3CEMHBIX YCJIOBHAX, a BO-BTOPBIX,
¢ OoJbIIeH XMMUYECKOW HACKHIIEHHOCTBIO U arpECCHBHOCTHIO MMOUYBEHHOMW BIIATH
10 CpaBHEHUIO ¢ aTMoc(epHOHN. ['pyHTOBBIA AIIEKTPOIHT MPEACTaBIIET CO0O0H
BOJHYIO (ha3y, HACBIIICHHYIO HOHAaMH PACTBOPEHHBIX coJiel (kapOoHATaMH,
cynbhatamu, XJIOpUAAMH, HUTPATaMU KajbIl¥sl, MarHus, HaTpus), OpraHude-
CKHMH BEIIECTBAMH, PACTBOPECHHEIMU Tra3amiu [6].

CoOTBETCTBEHHO IMOYBEHHAs Bjara BHICTyNAaeT KaK PAaCTBOPUTENb W Tepe-
HOCYHUK KHCIIOPOJIa W KaTaJUTHYECKUX MpUMecel (MOHHBIX KOMIUIEKCOB, Opra-
HUYECKUX (PEPMEHTOB H T. [II.): TIPOHUKASI B MHKPOIIOPHI U Je()eKThl MaTepuaa,
OHA TEPEBOJUT OKUCIIUTENBHBIN MPOILECC M3 MOBEPXHOCTHOTO B OOBEMHBIN H
pacmpocTpaHsieT ero Ha TIIyOMHHBIE 30HBI MMOKPHITH. Takke Bofa cama 1o cede
y4acTByeT B THAPATAlliU ¥ THAPOIN3E KOMIIOHEHTOB OUTyMa, B pe3yJIbTaTe Yero
CO3/1al0TCS HOBBIE aKTUBHBIE TUIAPOKCUIBHBIC U KaPOOKCUIIbHEIC Tpynbl. Takum
00pa3oM, TUAPOJIM3 U OKUCJICHHE B3aWMMHO YCHIIMBAIOT JPYT ApyTa: TUIAPOIIN3
paspymraeT MOJEKYJSpHBIE CBS3M M CO3/JaeT HOBbIE aKTHWBHBIE LIEHTPHI, Oojee
JIOCTYTHBIE JJIsi OKUCIICHUS, a OKUCIIEHHE 00pa3yeT KUCIOPOACOAepKaIlne mpo-
JIyKThI, KOTOPBIE JIET4Y€ TUAPOIU3YIOTCS.

Bo3zneiicTBre TPYHTOBOW Biard CIIEAyeT paccMaTpuBaTh Kak (DakTop HE
TONBKO XHMMHUYECKOM Acrpagalui IMOKPBITUA, HO M €TI0 MEXAHOXHUMHUYCCKOI'O
paspyuieHus B pamkax 3¢dekra PeOunaepa, KOTOPBIH MPOSBISETCS MPH COB-
MECTHOM BO3JICHICTBHM MEXaHHMYECKUX HArpy30K M TPYHTOBOW >KHUAKOCTH HA IIO0-
BEPXHOCTHBIN CJIOM TOKPBITHS, MPUBOJAS K CHUXKEHHMIO €ro MOBEPXHOCTHOU
npoyHocTH. MexanusMm 3ddekTa 3akiodyaercs B aedopManuu U oclabiecHUH
MEXAaTOMHBIX CBSI3€H TBEpIOTO Tela 3a CYeT aJACOpOIMH TIOBEPXHOCTHO-
aktuBHBIX BemtecTB (ITAB) cpenmbl, CHIXEHUN SHEPTHH Pa3phiBa U, B KOHCYHOM
HUTOI'C, pa3pbIB€ 3THUX 0CJIa0IEHHBIX CBSI3eI>'I, IMOABJICHUM B MAaTCpUaJIC TOIIOJIHU-
TETBHBIX KOHIICHTPATOPOB HANPSKEHUN U 3aTeM MUKPOTpeInH [8].

Hakownerr, kak OyneT Moka3aHO HUXKE, BOJHAS COCTABISIONIAs BHOCUT 0OJb-
I0H BKJIaJ B 00Illee MEXaHUIEeCKOe HarpyKeHHe MOKPHITHA (1aBlieHHE TPYHTA).

Becpma xapakTepHbM akTopoM crapeHuss BMUII B yCIoBHAX MOYBEHHO-
TPYHTOBOM cpefpl ABISETCS Takke MHKpoOHonormdeckoe BosaencTBue. Crio-
cOOHOCTHh MUKPOOPIaHU3MOB pa3jiaraTh YrieBOIOPO/IbI XOPOIIO U3BECTHA. MUK-
pobuonorudeckas kopposus (Microbiologically Influenced Corrosion (MIC))
MIPEICTABIACT CEPhEe3HYI0 OMACHOCTh JJIsi OMTYMHBIX MaTepuanoB. [louBeHHBIE
OakTepuu, apXxeu U TPpUOBI MOTYT MOJy4YaTh MUTATEIILHBIC BENIECTBA U3 BOJOPAC-
TBOPHUMBIX HHU3KOMOJIEKYJSIPHBIX KOMIIOHEHTOB TOKPBHITHH, MOJBEpras ux OWo-
paznoxeHuro [9].

MukpoopraHu3Mbl TPUKPEIUISIOTCS K TOBEPXHOCTH OuTyMa, (popMupys
IIJIOTHBIC 6I/IOHHCHKI/I, " CCKPETUPYIOT BHEKJICTOUYHBIC @epMeHTBI, Y4aCTBYIOIIHE
B OKUCJIHMTEIBHBIX WM THUAPOJIMTHUYCCKUX pPEaKIHsx. Biara OiaronpusTcTByeT
MHUKpPOOpPTaHW3MaM, B TJIIMHHACTBIX W TEPEYBIAKHEHHBIX TPYHTAaX CO3AAIOTCA
aHa’poOHBIE YCIIOBUS, TNI€ POJh OMOXMMHUYECKOTO OKHCJICHHS 10 CPaBHEHUIO
C MPSIMBIM OKHUCIICHUEM KUCJIOPOAOM B OOIIEM IpoIlecce erpaallii MOKPBITHS
BO3pacTraer.

[Ipu 3TOM KHCIOTHBIE METAOOMUTHI U APYTHE XUMHIYECKHE MPOAYKTHI JKH3-
HEACATCIbHOCTU MUKPOOPIraHU3MOB BOSﬂGﬁCTByIOT HE TOJIbKO Ha IMOKPBITHUE, HO
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1 Ha TIOYBEHHYIO Cpeay, B CBOIO OYepeb Jeiasi ee NMPHUBICKATeIbHON Wi Ipy-
I'MX MHKPOOPTaHU3MOB, TO €CTh BO3HHUKAET KYMYJISITHBHBIA (HAKOTIMTEIIHHBIN)
addexr [10].

K Hanbonee arpeccHBHBIM 1O OTHOLICHUIO K OMTYMHO-MAacCTUYHBIM H30JIsI-
LUOHHBIM TIOKPBHITUSM MOKHO OTHECTH aHa’poOHbIE CyJb(aTperyLupyromue
oaxtepun (CPB) m Mmukpockonudeckue rpubbl (MUKpoMHIIETH). Kpome Bo3eit-
CTBHS BBIICISEMBIX (PEPMEHTOB, MUKPOMHUIIETHI MOTYT CO3/1aBaTh MUIIEIHAIb-
HBIE CTPYKTYpHI (TU(BI), KOTOpBIE GUINUECKH MPOHUKAIOT B MaTepual, yriyo-
JSSICh B IIOPBI U MUKPOTPEIIMHBI, YCKOPSS MUKPOTPELIMHOOOpa3oBaHUE U pac-
CJIOCHHUE MTOKPBITHSI.

Taxum oOpa3oM, IeiicTBUE MUKPOOPTraHU3MOB MOJABEPraeT OUTyM AOIOIHU-
TENILHOW Harpyske, yCKOpsisi ero mepexo] K 0osee )KeCTKOW U XPYIKOH CTPYKTY-
pe. B [10] mpenmonaraercsi, 4To MecTta HamOoJiee MHTEHCHUBHOTO pPa3pyIICHUS
OUTYMHON H3OJSAIUH TPYOOIPOBOAOB OOYCIOBIEHBI Kak pa3 MHUKPOOHOIOTH-
YeCKUM Bo3nelcTBueM. HapaBHe ¢ OMTYMOM MHKPOOHMOIOTHIECKOW KOPPO3HH
MOJBEPKEHBl TAKKE U IOJUMEPHBIE MaTepHaibl, HCIOJIb3yeMble B MacTHUKax
B Ka4eCTBE HAIOJTHUTEIS.

Buewnue mexanuueckue 6030eiicmeust, Umozo6ulil MeXaHu3m cmapenus
BMUII na cmaouu sxcnayamayuu. IlogzemMusiit TpyOompoBoa paboTaeT coB-
MECTHO C OKPYXAIOLIMM €€ I'DYHTOM, KOTOPBIH SIBISETCA OCHOBHBIM HCTOY-
HUKOM MEXaHMYECKOTO HArpy>XeHHUsl ra3onpoBOJa M €ro 3allUTHOTO IOKPHI-
tus [11]. MexaHnuueckoe BO3JIEHCTBHE MOUYBEHHO-TPYHTOBOM cpenbl Ha MOKPHI-
THE HOCUT HENPEPBIBHBIM XapakTep U BKIIOYAET JAaBJIEHHE TPYHTA (B TOM YHCIE
TBEPIBIX BKIIOUCHUH), KacaTeIbHbIC HANPSDKEHUS IIPU IPOJOJIbHBIX NEepeMelle-
HUSX TpyOONpoBoJa 3a CYET TEMIIEPATypHOTO YIUIMHEHUS, CaMOIIPOU3BOJIbHbIE
MOJBMKKH (IIPOCaJKH) TpyHTa. PactipeneneHne OCHOBHBIX HANPSHKEHUH, BO3HU-
KaloOIIUX B H30JSIIMOHHOM MOKPBITHH TPyOONpoBOJa B OOILIEM CiIydae IOX
TPYHTOBBIM JIaBJICHUEM TIOKa3aHbI Ha puc. 1 [12].

[lon naBneHueM rpyHTa MOHUMAETCS pPe3yJIbTHPYIOLIee BO3AEHCTBUE IPYHTA,
MpeACTaBiIfoNnee Co00H COBOKYIMHOCTh BEPTHUKAIBHOIO M TOPH30HTAJILHOTO
(6oxoBOro) AaBIEHU, TEHCTBYIONINX Ha TPYOy U €€ U3OAIUOHHOE MTOKPBITHE U
BO3HMKAOIIUX 34 CYET COOCTBEHHOTO Beca IpyHTa. | pyHTOBas Biara mnpu 3ToM
CIOCOOCTBYET HE TOJBKO M3MEHEHUIO (PM3MUYECKHX M XMMHUYECKUX CBOWCTB IO-
KPBITHSI, HO M YBEJIIMUYEHHUIO OOILEro Beca IPyHTa, a TakKe HaOyXaHWIO TJIMHU-
cThIX "actuil [12].

B pesynbrare BepTHKaIbHOE M TOPU3OHTAILHOE AABJICHUE BEPXHETO U OOKO-
BOTO TPYHTa MAOMNOJHUTEIBHO BKIIOYAaeT B ceOsi [aBiieHHE COAeprKaleics
B IPyHTE BJIard U AaBjcHUE HaOyxaHHs — BHYTpEeHHEE JaBJICHHE, BO3HUKAIOIIEE
B TPYHTE IIPU €T0 3aMauynBaHUH BOJOM.

Taxum 00pazoM, maBiieHHE, OKa3bIBAEMOE TPYHTOBOW 3aCHIIKON Ha TpyOo-
MIPOBOJ, HEPABHOMEPHO, I U3MEHSETCS 110 MEPUMETPY TPYOBbI B 3aBUCHMOCTHU OT
ryOUHBI 3aeraHusi, MIOTHOCTH M BIAXKHOCTH MOuBbl. Ce30HHBIE KoJeOaHHS
BJI&KHOCTH BEYT K HUKINYECKUM Harpy3KaM M YCTaJOCTH MOKPBITHS C MOsIBIIE-
HUEM MOTEHIMAJBHBIX 04aroB Oyaymux nedexToB. mMerorcss JaHHBIE, YTO IaB-
JICHHE, CO37aBaeMO€ BIAXXHBIM IPYHTOM, MOXET IIPEBBILIATh PacyeTHOE, OIpe-
neneHHoe ¢ ko3 dunmenTom neperpysku 1,4 [12].
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Puc. 1. Pactipesenenyie OCHOBHBIX HaNpsDKEHUN B U30JIALMOHHOM NOKpBITHH [12]:
G — HAIPsDKEHHE OT BEPTUKAIBHOTO JAaBJICHUS TPYHTa; Py U P, — HOpMallbHasl U KacarebHast
COCTABJISIOIIME Gy; Pj w P, — TO K€ B PEJENax yrila onupanus TpyObl ¢; G — HAIPSIKEHHE

T
pacTsDKEHUS OT TeMIIepaTypHBIX IIePEIajioB; G, — TO )K€ OT BHYTPEHHETO AaBICHUS CPENbL;
Ty — KacaTeJIbHbIC HANPSDKEHUSI OT TEMITEPATYPHBIX IIEPEIajioB; Ty, — TO XKe OT BHYTPEHHETO JABICHNST;
Ty3 — TO e OT BEPTHKAJIBHOT'O JAaBJICHUS TPYHTA; /i) — IIyOHHA 3aJI0KEHUS TPyOOIpoOBOIa;
h — paccTOsSHUE OT YPOBHSI 36MJIH 10 TOYKH 4 Ha MOKPHITHH; ® — yroi MeXay BepTHKAIbHBIM
JIMaMeTPpOM TPYOBI U PAJUYCOM 7, TPOBEAECHHBIM B TOUKY A

Fig. 1. Distribution of the main stresses in insulation coating [12]:
o, is the stress from vertical ground pressure; Py and P, are the normal and tangential
components of 6;; P, and P, are the same, within the angle of support of pipe ¢;;
o is the tensile stress from temperature fluctuations; o, is the same, from internal pressure
of the medium; t;; — tangential stresses from temperature fluctuations; 1, — the same from internal
pressure; T3 — the same from vertical ground pressure; 4 — the depth of the pipeline;
h — the distance from ground level to point 4 on the coating; ® — the angle between
the vertical diameter of the pipe and the radius 7, drawn to point 4

[IpononeHBIE MEepeMenieHus TPyOOIPOBOJOB B MEPBYIO OYEpeb 3aBHCAT OT
TEMIEPaTypHBIX KoJeOaHWi B MOYBEHHO-TPYHTOBOW cpesie, BMECTE C TeM, Kak
YK€ YKa3bIBAJIOCH BBINIE, HA OOBIYHBIX TTyOMHAX 3aJI0KCHUS PacTpeIeIHTeIb-
HBIX Ta30MPOBOAOB aMIUIMTYABl TEMIIEPaTypHBIX IE€pENagoB, Kak MpPaBHIIO,
JIOCTaTOYHO HeBENUKH. CaMOIpPOU3BOJIBHBIE MOABMKKA TPYHTa B OTAEIBHBIX
ClIydasix MOTYT OBITH OOYyCIIOBJICHBI B3aHMMOJIEHCTBHEM TIPAaBUTALIMOHHBIX CHII,
ocobeHHocTel penbeda n GPU3NIECKUX CBOMCTB TPYHTOB HA KOHKPETHOM Y4acT-
Ke Tpacchl. BrnusiHue maBineHUs BHYTpEHHEHW Cpeibl, HE MPEBBIIIAIONIETO IS
pacmpenenuTeNbHbIX Ta3onpoBonoB 1,2 Mlla, MOXKHO cUHWTaTh MpeHEOPEKHU-
MO MaJbIM.

OpHoit U3 pactpocTpaHeHHBIX TpudrH noBpexaeHnit BMUII, obmamarormmx
CPAaBHHUTENBHO HHU3KOW IPOYHOCTBIO, SIBISIETCA TAK)KE MEXAHMYECKOE BO3ICH-
CTBHE CO CTOPOHBI KOPHEBBIX CHCTEM JIPEBECHO-KYCTAPHHKOBOI pacTUTENIBbHO-
CTH, KOTOPOE TOXE MOKHO OTHECTH K TOUYBEHHO-TPYHTOBBIM.

Mexanusm crapenust BMUIIT moa3eMHBIX TpyOONPOBOIOB C YYETOM YKa3aH-
HBIX BbIlIE (JaKTOPOB MOKA3aH Ha pUC. 2.

B peanbHBIX yCIIOBHAX JKCIDTyaTallMd MOA3EMHBIX TPyOONpOBOIOB BCe Iie-
peuucieHHble (AaKTOphl IEHCTBYIOT HAa M30JIALUOHHBIE MOKPBHITUS KOMOHMHHPO-
BaHHO, B PA3JINYHBIX COUETAHMSIX.
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Buokopposua Bo3pgeiicTBue UAKOM Cpeabl: MexaHuyeckne Bo3aeNCTBUA:
6akmepuaneHas, 2udponus, 2pyHmossle,
2pubkosas appekm PebuHdepa KopHeli pacmumenbHocmu
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Puc. 2. MexaHu3M dKCIUTyaTallMOHHOTO CTapeHUs
OMTYMHO-MACTUYHBIX U3OJSIIIMOHHBIX MOKPBITHIA TO3EMHBIX TPYOOIPOBOIOB

Fig. 2. The mechanism of operational aging of underground pipelines

[Tox BO3mEHCTBHEM KHCJIOPOJa MOYBEHHOIO BO3/AyXa /WM BHEKIECTOUYHBIX
(epMEHTOB MHUKPOOPTaHU3MOB (IIPeOOIaiaOMUi MyTh OKUCICHHUS 3aBHCUT OT
BJI&KHOCTH, CTPYKTYPBI M TEKCTYyphl TPYHTa, €r0 MHUKPOOMOJIOTHMYECKOTO IPO-
(Gwmiis) B MOA3EMHBIX YCIOBHAX NMPOTEKAeT MOCTENEHHBIN MPOLEcC aBTOOKHUCIIE-
HUSI OMTYMHBIX YTJIEBOJOPOJOB, U3MEHEHUS XMMHUYECKOTO M KOMIIOHEHTHOTO
cocraa BMUIL. [Ipoucxomut cTpykTypHas mepecTpoiika OUTYMHONW MaTpPHIIBL,
MOBBIIIAETCS KECTKOCTh KOATyJIAIIMOHHON CETKH, B Pa3IMYHBIX MECTaX KOTOPOH
BO3HHUKAIOT KOHIICHTPATOPhI HanpsbKeHui. [loTeps nerkux gppakunii puBOAUT K
ycaJKe Matepuana 1 GOpPMUPOBAHHIO PACTATUBAIOMINX YCAIOYHBIX HANPSHKEHUH
BHYTPH HOKPBITHA. BHyTpeHHrEe HanpsoKeHUs HHULMUPYIOT Ipolecc oOpa3oBa-
HUS MUKPOTPEIIHH.

CHapyH Ha IOKpBITHE NOCTOSHHOE MEXaHUUYECKOE BO3/AEHCTBUE OKA3bIBACT
rpyHT. HopMmanbHasi cocTaBisitomas HalpspDKEHUS OT BEPTHKAIBHOTO JaBICHHUS
rpyHTa Py ¥ KacaTelbHas cocTaBisiomas P, 0T O0KOBOTO JaBleHHs TPyHTa 3a-
CBIIIKM NIPOU3BOIAT PadOTy Ha CMATHE M30JIILUH, Pa3BUBAs MPOLECC TPELIMHO-
00pa3oBaHusl, a TAKXKE CO3AAIOT YCUIINS, PACKIMHUBAIOIIUE YKe 00pa3oBaBIIue-
cs TpemuHsl [13]. IlouBeHHas BiIara ycuianBaeT MEXaHHUECKOE BO3JEHCTBHE
IpYHTa, IpHUIaBas eMy LHUKINYHOCTD, a TAKKE pa3pyIIarolle BIUIET HAa BEPXHUIM
CJIOW TOKPBITHS Yepe3 THAPOIUTHICCKHE peaknnu u 3¢ dekT Pedunmepa — an-
cOpOIIMOHHOE CHU)KEHHE MPOYHOCTH MaTepHaja MoJ COBMECTHBIM BO3JCHCTBH-
eM I[TAB cpeapl 1 MexaHnuecKUX Harpy3ox [14].

Ilo Mepe moTepn MIACTHYECKUX CBOMCTB MOKPBITHE pearupyeT Ha KOHTAKT-
HbIE HaNpsHKCHUE He Kak TMOKWil CIIOH, pacrpeesomni HalpsyKeHUs 10 Tie-
puMeTpy TpyOBl, a Kak >KecTKass 000JO0YKa, BOCIPHHHUMAIOIIAS KOHTAKTHBIE
HanpspKEeHUs Ha ce0sl M HaKaruMBarommas 1edopMaliy, MUKpPO-, a 3aTeM M Mak-
ponedekthl. TakuM 00pa3oM MOCTENIEHHO POUCXOAUT HEOOpaTUMOE MEXaHHve-
CKO€ pa3pylLIeHHue OUTyMHOTO MOKPBITHSL.

C touku 3peHus GYHKUHMOHAIBHOIO HA3HAUYCHHSI M30JIUPYIOLIETO MOKPHITHS,
€r0 BBIXOJ U3 CTPOSA MPOMCXOIUT JO MOMEHTA MOJTHOTO pa3pyLICHHs, a 4acTU4-
Has moTepsi PyHKIMKA MOXET TMPOU30MTH 3370JIT0 0 3Toro MoMeHTa. [lo mepe
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HapYIICHUS MHKPOCTPYKTYPHI MIOKPBITHS €r0 HACHIIEHHE TTOYBEHHBIM JJIEKTPO-
JUTOM YCHIIMBAETCS Yepe3 MHUKPOIOPhl H MUKPOTPEHIMHBI, DIIEKTPOH30JIUPYIO-
IIMe CBOWCTBA (AJIEKTPUUYECKOE CONPOTUBIICHHUE) CHIKatOTcA. [Ipu oTcyTcTBUM
WJIM HEIOCTaTOYHBIX PEKUMax pabOTHI AIEKTPOXUMHUIECKOH 3aIUThl 3TOTO MO-
JKeT OBITh JOCTaTOYHO JUIs Hayalla KOPPO3HOHHBIX MPOIECCOB B CTEHKE TPYOHI.
Ha cnenyromeit ctaann B MOKPHITUN 00pa3yroTCsl CKBO3HBIE A€(EKTH U OTACIb-
HbIE (TOYEUHBIE) KOHTAKTHI «Tpy0a — 3eMJIs», YpeBaThle BOSHUKHOBEHHEM OYa-
TOB MeCTHOW Kopposwd. llpn 3HAYNTENBHBIX pa3pyIICHUSX IMOKPBHITHS Blara
KOHTaKTUPYIOT ¢ METaJUIOM TPYyObl Ha OOIIMPHOH MO, MPOUCXOIUT MOJI-
Hasi TIOTeps OapbepHBIX CBOMCTB MOKPHITUS HA MPOTSIKEHHBIX yYacTKaxX ra3o-
MPOBO/Ia, BOSHUKAET yTP03a CIUIONIHON KOPPO3UH.

Bnuanue, okazvieaemoe naacmuguxkamopamu oumyma. Jas BO3MOKHO-
CTH MPOBEACHUS TPYOOU3OIMOHHBIX pa0bOT MPH MOHMKXECHHBIX TeMIepaTypax
HapY»XKHOTO BO3/IyXa B MPAKTUKE CTPOUTEIHCTBA MIUPOKO MPAKTUKOBAIOCH BBE-
JICHUE B OMTYMHBIC MACTHKH IUTACTH(HUIMPYIOMUX J00aBOK (Macio 3eJeHOE,
MacJio 0CEBOE, MaCJIO aBTOTPAKTOPHOE, MOJIMANEH U JIp.).

[Tnactudukaropbl BBOAATCS B OMUTYMHBIE BSUKYIIHE MMPEHMYIIECTBEHHO IS
CHIDKCHHS BSI3KOCTH M YIYUIICHHS PACTSIKUMOCTH, YTO OOJerdaeT HaHeCeHHE
MAaCTHKH. DTO MO3BOJISET COXPAHATh BBHICOKHE TEMIIbI CTPOUTEIBCTBA Ta30Ipo-
BOJIOB JIa)K€ B XOJIOJHBIN TEPUO/] T'0J]a, OJJHAKO, KaK MOKa3alli MMO3AHEHIIINE UC-
ciemoBaHus, IACTH(OHUKATOPEI (0COOCHHO HEe(TSHBIE B BUAC WHIYCTPHATBHBIX
Macei) MOTYT OKa3bIBaTh CYIICCTBEHHOEC HETATUBHOE BIHMSHUE Ha SKCILUTyaTal-
OHHBIC KaueCTBa OUTYMHBIX MaCTHK.

B yactHocTH, B [15] B OTHOLIEHNM HHAYCTPUATBHBIX Macell, IPUMEHSIEMbIX B
Ka4yecTBe IIacTU(PUKATOPOB Al OUTYMHO-TIOJIMMEPHBIX BSDKYIINX, YKa3bIBACT-
csl Ha UX OBICTPYIO «BBIMBIBAEMOCTE» M3 CTPYKTYpPBI KOMIO3UTA. JTO OOBSICHS-
eTcs TeM, YTO yKa3aHHbIe Maciia B 0cHOBHOM (Ha 75-80 %) cocrosr u3 napadu-
HO-Ha()TEHOBBIX YTJIEBOJOPOAOB, OOJAJAIOMIMX CPABHUTENBLHO HEOOIBIION
WI0THOCTBIO (890-910 Kr/M’) M HH3KOH PacCTBOPSIOLICH CIIOCOGHOCTBIO K I10-
JSIPHBIM COCIMHEHHSIM OUTyMa, 4TO ONpeAeiseT HECTaOMIbHOCTh BHYTPEHHUX
CBsi3ell B cucTeMe «OUTYMHOE BsDKYIIee — IIacTH(QUKaTOp».

BrivbiBaHue erknx Qpakinuii TPUBOAMT K IMOSBICHHUIO B MaTepHalie TOp H
KaHaJIOB, KyJja HAaUWHAET MPOHUKATh TPYHTOBAs BJara, YT0 0OCOOEHHO KPUTHIHO
JUIE aHTUKOPPO3HOHHBIX 3alIMTHBIX TOKPBITHH, (YHKIUOHAIBHASI JOJITOBEY-
HOCTh KOTOPBIX HAINPSAMYIO CBS3aHA C WX BIIATOYCTOMYMBOCTBIO M BIIATOIIPOHHU-
[[a€MOCTBIO.

YBenmuueHne 0 JIETYYrX KOMIIOHCHTOB M MX JajibHeHIas moTeps mphBoO-
ISIT K YCKOpPEHHOMY OOCIHEHHMIO MalbTEHOBOW ()paKIMU U POCTY XPYHKOCTH
MaTepuaa, yBelIMYCHNIO YCaJIKH U YCAJIOYHBIX HAMPSDKEHUH, CHUKEHHUIO CTPYK-
TYpHOH LENOCTHOCTH OUTYMHOTO ciost. B pabote [16] yka3biBaercs, 4To BBExe-
HUE MaJOBS3KHX JIETKAX KOMIIOHEHTOB IUIS TUIACTH(HUKAIIMH MOKET MPHBECTH
K 3HAYUTEIHHOMY CHIDKCHHIO CTPYKTYPHO-MEXaHHUECKHX CBOWMCTB MaTepHaia,
MOTepe KOTe31H, TPEIIUHOOOPA30BAHUIO M JPYTUM Je(eKTam.

OCHOBBIBasiCh Ha pe3ysibTaTaX JKCIIEPHUMEHTAIBHON OLICGHKH BIWSHUS DPa3-
JUYHBIX TUIACTH(QHUKATOPOB HA WHTEHCHBHOCTH JCCTPYKIIMU OWTYMHBIX KOM-
MO3UTOB (M3MEHEHHsI MAacchl M TEMIIEpaTypbl pa3MsrdeHusi Mociie Mporpesa,
paccianBaeMocTH B TyOe), B [17] memaeTcst BBIBOJ O TOM, YTO UMEHHO TUTACTH-
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(uKaTOp MOKET BHOCUTh OCHOBHOW BKJIAJl B MPOLECCH ACCTPYKIMHA OUTYMHO-
MIOJIMMEPHBIX MaTepUaloOB B BHUJE YCKOPEHHOTO CTApEHMS, PACcCIOCHHUS MOJH-
MepHOW n 6utyMHOH ¢a3. [Ipu 5ToM npsiMo yKa3bsIBaeTcs Ha ONACHOCTh UCTIOJb-
30BaHMS WHAYCTPHAIBbHBIX Macel B KaueCTBE IIACTH(PHUKATOPOB C TOUKH 3PEHHS
[IOTEPY KauecTBa MPOLYKIIHH.

BbIBO/Ibl

1. Iloka3aHo, YTO C Y4ETOM IOCTMKEHHS CTalIbHBIMU Ta30MpOBOJAMH UIH-
TeNbHBIX CPOKOB ciyXObl (30-60 ner) BiusHuEe (PAKTOPOB TEXHOJIOTHUECKOM
CTaguu (M3rOTOBJICHHE OWUTyMa W MAaCTHK, TPYOOM3OJSILHOHHBIE DPabOTHI) K
HACTOSIILIEMY MOMEHTY ITOJHOCTBIO HCUEPIAHO U ONPENCISIOMEH Ui TeKyILETO
TEXHHUYECKOI'0 COCTOSIHUS OUTYMHO-MAaCTHYHBIX M30JIILMOHHBIX MOKPBITHH SB-
JIIeTCsl CTaAMSI SKCILTyaTaluH.

2. YcTaHOBIEHB OCOOCHHOCTH MOYBEHHO-TPYHTOBBIX YCIIOBHUH, OMpenessi-
IOLIME XapakTep MPOTEKaHMs Mpolecca IKCIUTyaTallHOHHOIO CTapeHus OuTyM-
HO-MaCTHYHBIX U30JISIIUOHHBIX TTOKPBITHI MOA3EMHBIX Ta30TPOBOIOB:

e COYETAaHHE OTPAHWYEHHOTO JOCTYNa MOJIEKYJISIPHOTO KUCIOPOAA M Iafs-
LIEr0 TEMIEPaTyPHOTO PEXHUMa, 0O0ECIEUNBAIOLIEe CPABHUTEIBHO HU3KYIO
WHTEHCHBHOCTEL TIPSIMOTO (KHUCJIOPOTHOTO) OKHCICHUS OUTYMHBIX KOMIIO-
HEHTOB;

e BO3MOXXHOCTb OHMOKOPpPO3MH OWUTYMHBIX W IOJHMEPHBIX KOMIIOHEHTOB
HOKPBITUSL C YYacTHEM BHEKJIETOUHBIX METa0OJUTOB MHUKPOOPTaHM3MOB
(B mepByt0 ouepenp, Takux kak CPb 1 MUKpOMHIIETHI);

e KOMIUIEKCHOE BO3JEHCTBHE TPYHTOBOM Biaru (IpyHTOBOTO 3JIEKTPOJINTA),
Yy4acTBYIOIIEH B TUAPOJIUTUYECKUX PEeakuusix U peanuzauuu dpdexra Pe-
OuHZepa BO BHEIIHEM CJIO€ TOKPBITHS, JOCTaBKE KHUCIOPOJA M KaTaluTH-
YEeCKUX MPUMeECel OT MOBEPXHOCTH B 00BEM MOKPBITHS;

o HENpEepBIBHOE BO BPEMEHU M MPOCTPAHCTBE MEXAaHUYECKOE BO3ICHCTBHE
IPyHTa Ha MIOBEPXHOCTH IOKPHITHS, B KOTOPOM TaK)XXe y4acTBYeT I'PYHTO-
Bas Bjara.

3. PackpbIT MeXaHU3M 3SKCIUTyaTallMOHHOTO CTApPEHHUs] OMTYMHO-MacCTUYHBIX
N30JIMOHHBIX HOKPBITHH MOA3E€MHBIX PACIPEAEIUTENIBHBIX ra30IPOBOJOB, 3a-
KITIOYAIOIINUNCSA B TOCTENIEHHOM HAKOIUIEHWH B TIOKPHITUH BHYTPEHHUX HaIps-
XKEHUH M ero JajbHeHIleM pa3pylleHHH B pe3yJbTaTe HapacTarolleil aerpana-
UM (QU3NKO-XMMHUYECKUX M CTPYKTYPHBIX CBOWCTB MACTHYHOTO MaTepHaia
U TIOCTOSIHHO-IIEPEMEHHBIX BHEIIHUX I'PYHTOBBIX HAarpys30K.

4. [loka3zaHo, 4To (YHKUHOHAIBHBIN OTKa3 W3OJHPYIOUIETO MOKPHITHA (IO-
Tepsi OapbEePHBIX U AUAIEKTPUYECKUX CBOWCTB) HACTYMAET NMPU BOSHUKHOBEHUH
(U3UUECKOro U AIEKTPUIECKOr0 KOHTaKTa I'PYHTOBOIO 3JIEKTPOJIUTA U METallia
TpyOBI (Tak Ha36IBAEMOTO KOHTAKTA «3eMJIsl — Tpy0a»), TO ecTh, Kak MPaBmiIo, /10
€ro MOJHOTO MEXaHMUECKOTO pa3pyLIeHHUS.

5. YCTaHOBIIEHO HETaTMBHOE BIMSHHUE HA UTOTOBYIO JOJITOBEYHOCTH OUTYM-
HO-MaCTHYHBIX M30JSIIUOHHBIX MOKPHITUH TUIACTU(PHUIMPYIOMNX 100aBOK B BU-
JIe MTHyCTPUAIIBHBIX Macell, paHee UIMPOKO MCIIOJIb30BABIINXCS MIPU U3TOTOBJIE-
HUM OMTYMHBIX MAacTHK B LEJSX PACIIMPEHHs TEeMIIEpaTypHOro AMANa3oHa HX
IIPUMECHEHUSL.
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OnbIT NIpUMeHeHNs TEIIOHACOCHBIX YCTAHOBOK
00JILIO MOIIIHOCTH
B CHCTEeMAaX IEHTPAJIU30BAHHOI0 TEMJIOCHAOKEHMSI

A. B. Ce;umnl), H. A. Hekauo?
DBenopycekuii HaMOHATBHBI TexHIUecKHi yHIBepcuTeT (MuHCK, Pecry6mnuka Benapycs)

Pedepar. TocynapctBeHnas mnporpamMa PecnyOnuku bBemapych «YcrolymBas 3SHEpreTHka
u sHeproapdexriuBHocTh» Ha 2026-2030 rr. mpemycMaTrpuBaeT MaKCHMAJIbHO BO3MOXKHOE HC-
MOJIb30BaHNE TEIUIOBBIX HACOCOB B IIEHTPAIN30BAHHBIX M JEIEHTPAIN30BAaHHBIX CHCTEMAxX TEILIO-
cHaOxenuss. OCHOBHBIMU (haKTOPaMH, CIIOCOOCTBYIOIIVIMHU HCIIOJIB30BAHMIO TEIIOHACOCHBIX
ycranoBok (THY) coBMECTHO C TEXHOJIOTHSAMH aKKyMyJIHPOBAHUS TEILIOBON DHEPIUH, SBISIOTCS:
BO3MOXXHOCTh IIPHMEHEHUSI HU3KOTEMIIEPAaTyPHbIX UCTOYHUKOB TETIIIOTHI, TOBBIIIEHNE MAHEBPEH-
HOCTH HEPrOCHCTEMBI B YCIOBHSIX BBICOKOH IOJIM T€HEPAINH 3JIEKTPOIHEPIHU OT BO30OHOBIISIE-
MBIX 9HEPrOMCTOYHHKOB M aTOMHBIX DJIEKTPOCTAHIMH, CHIDKEHHE BEIOPOCOB BPEIHBIX BEIIECTB.
B cratbe 00cyxIaroTcs 0OCTOSATENBCTBA M TEXHUYECKHE PELICHHs MO MHTErPalid B CHCTEMBI
temtocHabxenuss THY Gonpmioit MmomrHocTu. K HacTosmeMy BpeMeHH AOJIS IOCICTHUX B CTPYK-
Type TeHEPHPYIOIMX MOIIHOCTEH SHEPrOMCTOYHHKOB CHCTEM IEHTPAIN30BAaHHOTO TEIUIOCHAO-
xeHus (CLIT) B MUpOBOH mpakTHKe OCTaeTcs HE3HAUUTENbHOW, OJHAKO B LIEJIOM psAA€ CTpaH
B paMKax NporpamMM JIeKapOOHM3allMU SHEPreTHKH PacCMaTPHBACTCS UX MIMPOKOE NMPHMEHEHHE
B Ommkaiimeil mepcrekTiBe. ABTOpaMH 00CYKIAIOTCSI TEXHUYECKUE acleKkThl mHTerpanun THY
B peiictBytomue CLT ¢ mpuMeHeHHEM pa3IMYHBIX UCTOYHHUKOB HHU3KOIOTEHIHAIBHOH TEILIOTH,
paccMOTpPEeHO MPUMEHEHWE Pa3JIMYHbIX THIIOB pabOYMX Tel, NMPOaHAIM3MPOBaHBI (PUHAHCOBBIC
3aTpaThl Ha peanu3anuio npoektoB. Ilokazano, uto mupokoe BHeapenue THY orpanuunBaercs
BBICOKMMH KalUTAIBHBIMU 3aTPaTaMH, HEONPEACICHHOCThIO (popMupoBaHHs Tapu(oB HA IJIEK-
TPOIHEPTHIO M HEOUPeIeIeHHOCThIO HHpopManuu 06 3¢ dexTHBHOCTH paboThl 000PYAOBaHMS Ha
MepeMEHHBIX Harpys3kax. B atux ycnoBusx npoektsl BHeApenus THY B CLT ne moryT paccmar-
pHUBaTHCS KaK THUIOBBIE PEUICHHS, OHH TPeOyIOT NPHMEHEHHs WHIMBHAYaTbHBIX MPOEKTHBIX pe-
HICHHH JUIsl KQXKA0T0 KOHKPETHOTO ciydast. Pe3ysbTaTsl aHamm3a TEXHUUSCKUX PEIICHNI peann3o-
BaHHBIX K HACTOSILEMY BPEMEHH IIPOEKTOB IOKA3bIBAIOT TEXHUUECKYIO BO3BMOXHOCTb U 9KOHOMU-
YecKylo IenecooOpa3HocTs ucnonb3oBanus THY OGombroit momHoctn B CL[T Ha Teppuropun
Pecry6nukn Benmapych mpH HaauduM 3KOHOMHYECKH IPHEMIIEMOTO MCTOYHHMKA HU3KOIOTEHIIH-
QJIBHOH TEIUIOTHI.

KuarodeBble c10Ba: CHCTEMBI [IEHTPATM30BAHHOTO TEMIOCHA0KEHNUS, TEINIOHACOCHBIE YCTAaHOBKH,
3¢ pexTHBHOCTE, BO30OHOBIIEMbIE HCTOYHHKH SHEPTUH, BTOPHUHBIE SHEPTOPECYPCHI, aKKyMYIIH-
pOBaHHUE TEIUIOBOH SHEPTHUH, KAl TAIbHBIE 3aTPAThI

Jnsi uutupoBanus: CennuH, A. B. OnelT npuMeHeHHs TEIUIOHACOCHBIX YCTaHOBOK O0IIb-
II0if MOIITHOCTH B CHCTEMaX IEHTPAIU30BaHHOTO TerutocHabxenus / A. B. Cexnun, U. A. Heka-
10 // Onepeemuxa. H36. gvicui. yueb. 3aedenuii u suepe. o6vedunenuti CHI. 2026. T. 69, Ne 4.
C. 303-326. https://doi.org/10.21122/1029-7448-2026-69-4-303-326

Anpec 11l NepennucKu Address for correspondence

Cennun Anexceil BrnagumupoBuy Sednin Alexei V.

benopycckuii HalMoHANbHBIA TeXxHHYeckuii yHuBepceuter  Belarusian National Technical University
npoct. HezaBucumocty, 65, 65, Nezavistimosti Ave.,

220113, r. Munck, Pecry6imka benapycs 220113, Minsk, Republic of Belarus
Ten.: +375 17 397-36-20 Tel.: +375 17 397-36-20

Sednin@bntu.by Sednin@bntu.by




A. B. Ceonun, 1. A. Hexano
304 OnbIT IpUMEHEHHSs TETIOHACOCHBIX YCTAHOBOK GOJIBIION MOIIHOCTH B CHCTEMAX. . .

Experience of Application of High-Capacity Heat Pump Units
in District Heating Systems

A. V. Sednin", I. A. Nekalo
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The State Program of the Republic of Belarus “Sustainable Energy and Energy
Efficiency” for 20262030 envisages the maximum possible use of heat pumps in centralized and
decentralized heat supply systems. The main factors facilitating the use of Heat Pump Units (HPUs)
in conjunction with thermal energy storage technologies are the possibility of utilizing the low-
temperature heat sources, increasing the maneuverability of the power system in conditions of a high
proportion of electricity generation from renewable energy sources and nuclear power plants, and
reducing emissions of harmful substances. The article discusses the circumstances and technical
solutions for integrating high-capacity HPUs into heat supply systems. To date, the share of high-
capacity HPUs in the generating capacity structure of District Heating Systems (DHS) remains
insignificant in global practice; however, in a number of countries their widespread application in
the near future is considered as part of energy decarbonization programs. The authors discuss
the technical aspects of integrating HPUs into existing DHS using various sources of low-potential
heat, examine the application of different types of working fluids, and analyze the financial costs of
project implementation. It is shown that the widespread deployment of HPUs is constrained by high
capital costs, the uncertainty of the formation of electricity tariffs and the uncertainty of information
about the efficiency of equipment at variable loads. Under these conditions, projects of HPUs imple-
mentation in the DHS cannot be regarded as model solutions, they require the use of individual
design solutions for each specific case. The results of the analysis of technical solutions of projects
implemented to date for the use of high-capacity HPUs in the DHS demonstrate the technical feasibi-
lity and economic expediency of using high-capacity HPUs in the territory of the Republic of Belarus
in the presence of an economically acceptable source of low-potential heat.

KuaroueBbie cioBa: district heating systems, heat pump units, efficiency, renewable energy
sources, secondary energy resources, thermal energy storage, capital costs

For citation: Sednin A. V., Nekalo 1. A. (2026) Experience of Application of High-Capacity Heat
Pump Units in District Heating Systems. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 69 (4), 303-326 (in Russian). https://doi.org/10.21122/1029-7448-2026-69-4-303-326

BBenenne

Cucremsl 1ieHTpanu3oBaHHoro ternocHa0kenus (CLT) sBustorcs ogHUMU
Y3 OCHOBHBIX JIIEMEHTOB JIEHCTBYIOIIMX 3HeprocucreM B bemapycu, Poccun u
nenoM psime crpan CesepHoi m LlenTpansHoit EBponbl 1 OyayT urparth cyie-
CTBEHHYIO pPOJIb B OyayIieM, 0COOCHHO B BONPOCaxX MHTETpanud OOJBIIOrO KO-
JTMYecTBa BO30OHOBIsIEMBIX MCTOYHNKOB 3Heprun (BUD). B Hacrosimee Bpems
CUT naxonmsaTcsi B COCTOSIHHU TpaHC(hOpPMAIH U Mepexoja K Ka4eCTBEHHO HO-
BBIM YCJIOBHSM (QYHKIHOHHPOBaHUS [1], cCOMpoBOXIAOIUMCS MX JeKapOOHH-
3anueii [2—5] myTem npuAaHus UM MHOTO(YHKIIMOHAJIBHOCTH, OMIUNA COBMECT-
HOH TeHepauy U XpaHEeHUs] YHEPTeTHYECKUX M MaTEepPHaIbHBIX PECYpPCOB C HUC-
[IOJIb30BAaHUEM BCETO CIHEKTPa JOCTYMHBIX TOIUIMBHO-3HEPreTHUECKUX pecyp-
coB (TOP), Bxmouas BUD u opranndeckre otxosl. Bo MHOIHMX pa3BHUTBIX CTpaHax
peanusyroTcs paziuyHble MpoekThl 1Mo uHTerpaimu BUD B CLT ¢ BeITecHeHHMEM
TCHEePHUPYIOUTIX YCTAHOBOK, pabOTAIONIMX HA OPTaHMIECKOM TOILIHBE [6].

locynapctBenHas nporpamma Pecrybnvku bemapych «YcToitunBasi sHepre-
THKa U dHeproaddexruBHOCTH» Ha 2026—2030 rr. HampaBjcHa Ha MOBBILICHHE
JHEPreTHYecKor 3(PQPEeKTUBHOCTH HAIMOHAIBHON OSKOHOMHUKH, YKpETUICHHE
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DHEPTreTUIECKON caMOCTOsITeNbHOCTH PecyOnmku bemapych 3a cuer BoBiede-
HUS B TOIUIMBHO-dHEpreTuueckuii 6amanc mectHeix TOP, Brmouas BUD, Ha-
NSKHOTO M 3((EKTUBHOTO YAOBICTBOPEHUS MOTPEOHOCTH PEaIbHOTO CEKTOpa
SKOHOMHUKH ¥ HACEJICHHS B JOCTYITHBIX DHEpreTHIeckux pecypcax [1]. Omgamm
Y3 MEPONPUATHIA MPOTPAMMBI SBIICTCI MaKCUMAIHHO BO3MOXHOE HCIIOIH30Ba-
HUE TEIUIOBBIX HACOCOB B IICHTPAIN30BAHHBIX U ACIICHTPAIN30BAHHBIX CUCTEMAX
terutocHaOxenwus [1]. BBox B skcrmryaramuio benopycckoit ADC u ee BbIXoz Ha
MPOEKTHYIO MOITHOCTH CO3JaJT BO3MOXKHOCTH OOJlee MIMPOKOTO MPUMEHEHHS
ANIEKTPUUECKON SHEPTHM B CHCTEMax TEIJIOCHAOXKEHUS [7], B TOM YHCIE C HUC-
MOJIb30BaHUEM TEIUIOHACOCHBIX ycTaHoBOK (THY) [8].

OcHoBHAafl YacTh

B nacrosimee Bpems monst THY Gonbmiold MOIIHOCTH B CTPYKTYpE TeHEPH-
pytorux momHocTed CILT HesnaunTenbHa, © B OCHOBHOM OHHU IPUMEHSIOTCS
B €BpOIEHCKUX CTpaHax, I/Ie CyMMapHas yCTaHOBJIEHHAs! MOUTHOCTh COCTaBJIsIET
oxono 2,5 I'Br. Han6onee mmpoko THY 6oxpmroit MoutHOCTH [2] HCHOMB3YIOT-
cs B llIBennu, re okomo 120 THY (egumamauo# MomtHOCTRIO OT 1 10 50 MBT)
obecrieunBaOT 7 % OO0IIeH HAarpy3Ku CHUCTEM TEIUIOCHAOXKEeHWS, U B ABCTpHH,
IJIe peau30BaHO 75 TPOCKTOB ¢ mpuMeHeHHeM moaoOHeix THY. B [lanuwm
u 'epMaHny MHOTHE MPOEKTHI HAXOJATCS B CTAIUHM CTPOUTEIHCTBA M OMBITHOM
9KCIUTyaTalluy, peaTu3alisl STUX MIPOEKTOB BbI3BaHA B IIEPBYIO OUEPEIb POCTOM
nonu BUO B mpousBoactBe anekTposHeprun. B I'epmanum niaHupyercs nose-
cti gomo THY M aiekTpoaHbIX KOTJIOB B TerutoBoM Oanmance 1o 40 % [9, 10].
B xauecTBe MCTOUHMKA HU3KOMOTEHIIMAIBHOUN TeroTsl Juisi THY ucnons3yrores
MTOBEPXHOCTHBIE BOJBI, CTOYHBIE BOJBI M JPYTHe HCTOUYHUKU (B OCHOBHOM HC-
MOJIB3YIONINE TPOMBIIIJICHHBIE BTOPUYHBIE 3HEPTOPECYpCHI), CPear KOTOPBIX
peo0IamaroT IEIMOBBEIC Ta3sl [2, 10].

B Kurae u Poccutiickoit ®enepanmmu THY 6ombimnoit momuaocta B CLT moka
HEe TOJIY4YWIN HIMPOKOro pacmnpocTpaHeHus. OmHaKo B paMKaxX BBIIOJIHEHHS
KIuMaTHdeckux o0s3aTenseTB Kurait k 2050 1. IuIaHupyeT MOCTPOUTh KPYITHEIE
THY cymmaphoit MonHOCTEIO 710 650 I'BT, ucnonib3ysl B KauecTBE HU3KOIOTEH-
HUaIbHOM TemnoTel BOP TemnoBhIX 37€KTpOCTaHLUH, MPOMBIIUIEHHBIX Mpea-
MIPUATHHN, IEHTPOB 00pabOTKY JaHHBIX U OYUCTHBIX COOPYKEeHUH [2].

OcHOBHBIMH (haKTOpPaMH, CIIOCOOCTBYIOIIUMH HCIOIR30Bannio THY cos-
MECTHO C TEXHOJIOTHSIMH aKKyMYJIMPOBAaHUS TEIJIOBOM 3HEPTUH, ABISIOTCS:

— BO3MOXXHOCTbH ITPUMEHEHHUS HU3KOTEMIIEPATyPHBIX UCTOYHUKOB TETUIOTHI;

— BO3MOXXHOCTH TIOBBILICHUS MaHEBEPHHOCTH 3Heprocuctemsl [2, 11, 12]
B YCIIOBHUSIX BBICOKOW JOJM TEHEepaluu 3JeKTposHeprun oT BUD u aToMHBIX
anekTpocraniuii [13, 14] u Gonee BBICOKOW A(DPEKTUBHOCTHIO MO CPaBHEHUIO
C JIEKTPOAHBIMU KOTHamHu [2, 14-18];

— CHM)KEHHE BBIOPOCOB BPETHBIX BEIIECTB IO CPABHEHUIO C UCTOYHHKAMH
TEIJIOTHl, pabOoTAIOIIMMH Ha OPraHMYECKOM TOIUIMBE, YTO COOTBETCTBYET
r100aIBLHBIM 3a/a9aM M0 JeKapOOHM3AIMK YHEPreTUKH [2—5].

MaccoBoe BHeapenne THY orpanmunBaetcs [15]: BBICOKUMH KamnWTallb-
HBIMHU 3aTpaTaMH, HEONpeACICHHOCThI0 (OPMUPOBAHUS Tapr(OB Ha BIIEKTPO-
SHEPIHI0, MOCTOSHHBIM COBEPIICHCTBOBAHHEM KOHCTPYKIIMH B CBSI3H C IIPH-
MEHEHHEM HOBBIX pabounx Tell, a Takke He Bceraa 3pQexTuBHON paboToit 000-
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pyJOBaHUS Ha IEPEMEHHBIX Harpys3kax. B eBpomelcKux cTpaHax IPUHSITO
cuutath [19], yTo HMcmomp3oBaHHEe KOTIOB Ha Omomacce mig CLT mamoii u
CpeIHeH MOIIHOCTH 3KOHOMHYECKH Oosiee BBITOMHO, YeM THY, a mist Goibormx
CHUCTEM IIPUMCHEHHE TEIUIOBBIX HACOCOB, OCOOCHHO B COYETAHUH C KOHICHCAITH-
OHHBIMH DKOHOMaM3epaMH, MOXKET OBITh 0ojice BBITOAHBIM. CTHMYIHPYIO-
M (pakTopoM MoxkeT Tarkke crarh npuaanne CLT dyHkuwmi ruGpuaHOCTH
C YBEIMYCHHUEM [IOJIM DJICKTPOSHEPTHH, OCOOCHHO B 4Yachl HH3KHX TapH-
dos [15-24].

Bo MHOTHMX HCCICIOBaHHUAX PACCMATPUBAIOTCS Pa3IMYHBIC ACIIEKTHI MTPHUME-
menusa THY B CIIT, B wacTHOCTH: cCXeMHBIE pemeHus [24, 25], sKCINTyaTaluoH-
HBIC XapaKTEPHUCTHUKH IPH Pa3IHYHBIX YCIOBUAX U pexuMax padoTel [21], u3-
menenne ddpdexkruaoctd THY B 3aBHCHMOCTH OT MCTOYHHKA HHU3IIOTECHIHAL-
HOHM TEIUIOTHI [22, 26], BEIOOP MECT YCTAHOBKHU B JIEHCTBYIONINX TEIUIOBBIX Ce-
Tax [27, 28]. Taxxke B 1ieaom psige padot [21-23, 25, 28-29] ormeuaeTcs, 4TO Ha
CEerogHAIIHUNA AeHb mpoekThl npuMeneHuss THY B CILIT #e moryt paccmarpu-
BaThCsl KaK THUIIOBOE PEIIeHHE M UX BHEIpeHHe TpeOyeT MHIUBUAYalbHBIX pe-
IIEHUH B KaXKJIOM KOHKPETHOM TIPOCKTE.

Buowst mennonacocuvix ycmanoeok. B nacrosiiee BpeMs QpyHKIIHOHHPYIOT
paznuunbie THY, oTinuuaronivecs: MpUHITAIIOM AEHCTBUSI, TPUMEHSIEMBIMU XJ1a]1-
arcHTaM#, KOMIIOHOBKOW TEINTIOBBIX CXEM M COCTaBOM BCIIOMOTATEILHOTO 000-
pynoBanusg. O0sruHo THY KnmaccupUIUMPYIOT MO MPUHIUOY ACHCTBHSA (mapo-
KOMITPECCUOHHBIE W aJCOPOIMOHHBIE) W 10 UCTOYHHUKY HHU3KOMOTEHIIUAIEHON
TEIUIOBOM SHEPTUH (BO3IyX, IPYHT, BOJIOEMEI U JIP.).

HawubGonbiee pacupocTpaHeHHE TTONTYUYHIN MApOKOMIIPECCHOHHBIE TEIIJIOBBIC
Hacockl (ITKTH), pabortaromue nmo odpatHomy nmkiny Kapuo [29, 30] u BkIiItO-
YaIoNe KOMITPECCOp, KOHIEHCATOP, MCIIAPUTENTh U JIPOCCETUPYIONee YCTPOh-
c¢tBO (puc. 1). Ux 3¢ (heKTUBHOCTh XapaKTepHu3yeTcsa Ko PUIEeHTOM Ipeodpa-
3oBanus dHeprun (COP), 3HaUeHHs] KOTOPOT0 MOTYT JOCTUTaTh 4—5 u OoJiee mpu
OIpPENENIEHHBIX TEMIIEPATYPHBIX yCaoBuax [29, 30]. AGCopOIMOHHEIE TEILIOBBIE
Hacocel (ABTH) mcmonp3yroT A MpUBOAa TEIUIOBOM dHEpruu (Tap, ropsdas
BOJa, TIPOMYKTHI CrOpaHMs), OHU HAXOJAT TIPUMCHEHHE B CHCTEMax, TIe €CTh MC-
TOYHHK CpEJHE- HJIH BBICOKOITOTEHIMANBHOH TemtoThl [29]. ABTH Takke HaxoasT
MIPUMEHEHHE B CHCTEMaX IIEHTPATM30BaHHOTO TeruocHa0xkeHus [31-39], omHako B
paMKax JaHHOM CTaThU HE PacCMaTPUBAIOTCS.

Bri6op xmamarenta IIKTH ompenensercs ero TepMOJIMHAMHYESCKHMH CBOM-
CcTBaMH, OE30IMaCHOCTBIO M BO3JCHCTBHEM Ha OKpy:karomyto cpemy. IlepBoHa-
YaJbHO MPUMEHSIINCH XJI0p U ruapodTopyriaepoasl (R12, R22), koropsle mocie
noanrucanuss MoHpeanbckoro npotokoja (1987) mosramHo BeIBEIACHBI U3 00pa-
menus [40]. B HacTosmee BpeMs HanOoliee paciIpoCTpaHEeHbl THAPOGTOpPYIIe-
poasl (I'®Y), He paspyliarolie O30HOBBIM CI0H, HO 00Jamarolde BHLICOKUM
MIOTCHITHAIOM TIoOanbHOro motemieHus. B kpymueix THY, pabotaromux
B CIIT EBpomnetickoro coro3a, B OOJBIINHCTBE CIyJYacB MPUMEHSIETCS XJIalareHT
R134a [41], B Kutac R410a [2]. B PecriyOnrke benapych Ha ONBITHO-IIPOMBIIII-
JICHHBIX O00BEKTaX MaJIol MOIIHOCTH HCIOJB3YIOTCS XjamareHTel R22, R134a,
R407C [42]. Takxe B MHPOBOM MPaKTUKE CHOPMHPOBAIIACH TEHACHIIMS MTEPEX0-
Jla K IPHPOJHBIM XJIaJareHTaM ¢ HU3KHM IOTEHIIHAJIOM TJI00ATbHOIO MOTeIlIe-
Hus, TakuMu Kak ammuak (R717, GWP < 1), koTopslit 3¢ (heKTUBEH, HO TOKCH-
YyeH W TpeOyeT chenuaabHBIX Mep Oe3omacHocTH [43], auokcua yrieponaa
(R744), xoTopslif HE TOKCHUYCH, HE TOPIOY U UMEET KOIPPHUITUEHT TI100aIpHOTO
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MOTEIJICHUS €IMHMITY, OJHAKO TpeOyeT BHICOKOTO pabouero mapieHus [29, 44].
B Jlanuwm x 2028 r. maHUPyETCsT CTPOUTEIBCTBO TEINIOHACOCHOM CTAaHITUN CyM-
MapHOW TEIIOBOW MOIMHOCTHIO 177 MBT ¢ ncmonp3oBanneM B kadecTBe pado-
4ero Tena Auokcuaa yriaepoxaa (R744) [45].
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TEIIOHOCHTENT

Puc. 1. CxeMbI TapOKOMITPECCHOHHOTO TEILIOBOIO HACOCA THIIA «BOJA — BOJay (&)
U uneanbHoro mukia Kapuo (b)

Fig. 1. Scheme of a water-to-water steam compression heat pump (a) and an ideal Carnot cycle (b)

[Ipunsarue B 2016 r. monpaBku K MoOHpeaIbCKOMY MPOTOKOIY, HaIIpaBjICH-
HOM Ha cokparnieHue npousojactea ['OY Ha 85 % k 2040 r. [40], ctTumynupoBa-
JI0 pa3paboTKy XJaJarcHTOB YETBEPTOr0 IMOKOJICHHUSA THAPO(PTOPOJIehHHOB,
JKOJIOTHYECKasi 0e30MacHOCTh KOTOPBIX TMPHU JTUTEIBHON AIKCIUIyaTalluH eIie
He MoATBepxkaeHa [29, 46].

[To Tumy MCTOYHMKA HU3KOMOTEHITMATHHON TEIIOTHI M TETUIOHOCUTENIS C Tell-
JIOBOCIIPUHUMAIOIIEH CTOPOHBI BELICIAIOT CIIEeAYIOIIe OCHOBHBIE THITEI THY

— «TPYHT — BOJIa» U «TPYHT — BO3AYX» (T€OTEPMAIbHBIC), HCIIOJB3YIOIIHE
TEIUIOTY TPYHTa WK TPYHTOBBIX BOJI;

— «BOJla — BOJIa», HUCIONB3YIOIINE TEIUIOTY MOJ3EMHBIX, IMOBEPXHOCTHBIX,
COpPOCHBIX WJIM CTOYHBIX BOJI;

— «BO3MTyX — BOJa» U «BO3AYX — BO3IYX», UCHOIB3YIOIIKE TEIUIOTY HAPYK-
HOTO WJIH BBITSDKHOTO BO3AyXa.

s cucTeM LEHTPaIM30BAaHHOTO TEIIOCHA0KEHUS aKTyaJIbHBIMH SIBIISIOT-
csa IIKTH «Boma — Boma» ¢ IBYXCTYIIEHYATBIMH IIEHTPOOCKHBIMU KOMIIPECCO-
paMM, MO3BOJMIOIIME O0ECIEYMBATL HAIPEB CETEBOM Boael A0 85-90 °C
mpu COP 2,3-2,6 (Ha cTOYHBIX BOAax) 10 4—5 (Ha oOpaTHOI ceTeBoi Boae) [46].
B npoMeImieHHOCTH HaXxodAT ITpuMeHeHue BeicokoTeMneparypuble ITIKTH xac-
KaJIHOTO THIA, YTHIN3UPYIOIINE COPOCHYIO TETUIOBYIO dHepruto [47, 48].

Ilpumep cxem unmezpayuu THY 6 Oeiicmeyoujue cucmemsvl menyo-
CHAOMCEHUA ONA PA3TUYHBIX UCHOYHUKOE HU3KONOMEHYUANbHOU Menaombl.
[Tox HU3KOMOTEHIMAIBHBIMH TOHUMAIOTCS UCTOYHHKH TEIUIOBOM SHEPIUU C TeM-
nepatypoit Mmenee 50 °C, K KOTOPBIM MOKHO OTHECTH CTOYHBIE BOBI, OOPATHYIO
CETEBYIO BOJY CETCH IICHTPAIN30BAHHOTO TEIIOCHAOAKCHHS; TEXHHUYCCKYIO
BOJIy TCIUIOBBIX M ATOMHBIX 3JICKTPUYCCKUX CTAHIIMI; BO3JYX; H30BITOYHYIO
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TEIUIOTY OT IICHTPOB OOPaOOTKU NAaHHBIX W MOJOOHBIX YCTPOHCTB; IPYHT WM
ITOA3EMHBIC BOJIBI; BOJIOEMBI M PEKH U JIP.

Cmounste 600bl. I'opoickue CTOYHBIC BOABI SBIIAIOTCS OJHUMH H3 ca-
MBIX CTaOWJIBHBIX W JOCTYIHBIX HU3KOIOTEHITHAIBHBIX MCTOYHHUKOB TEILIOTHI.
B MupoBoi#i mpakTHKe YCIEIIHO Peaqnu30BaHbl MPOSKTHl YTUIU3AUN TEIJIOTHI
KaK OYHMINCHHBIX, TAK U HEOUHINEHHBIX CTOKOB [2, 29, 48—51]. KonmmaecTBo mpo-
ektoB IIKTH ¢ ucnonp3oBaHMEM TEIUIOTHI CTOYHBIX BOJ M HMX HHTETpanuei
B CYIICCTBYIOIIHE CETH TEIUIOCHAOXeHHs (pUC. 2) MOCTOSHHO pacteT. B eBpo-
MMEWCKUX CTpaHaX 3TH MPOCKTHI PEATM3YIOTCS IPH MOJCPHH3AIUN ICHCTBYIO-
mux CIHT, compoBOXIArOMICHCS YaCTUYHBIM BBITECHCHHEM BOJIOIPEHHBIX
KOTJIOB Ha OMOMAacce WJIM OPTaHWYSCKOM TOILIMBE, HAXOISAIIUXCS B DKCILIyaTa-
uun 6omee 20 et [50-52]. ITpu stom IIKTH mo cereBoii Boae mMOAKIIOYAIOTCS
KaK MmapajijIeNIbHO, TaK U TIOCIEA0BATENHHO NEUCTBYIOMNM KoTiioarperatam [53].
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Fig. 2. Schematic diagram of the integration of a wastewater heat pump unit
into a district heating system

Suepzoucmounuku u menyosvie cemu. IIKTH Taxke MOryT IpUMEHSATHCS
Ha JCHCTBYIOIIMX TEILIOBBIX 3jiekTpoctanimsax (TOC), roe Bo3MOKHA aKKyMYyJIs-
LU 3HAYUTCIBHBIX OOBEMOB HH3KOIMOTEHIMAILHON TEIIoThl [25, 54-59]. B ka-
YecTBe MpHUMepa pacCMOTPUM OJMH W3 MPOEKTOB, peann3oBaHHbIX B Jlanmu [60],
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¢ unatepranueit [IKTH B cxemy rtemmosnekrpounentpamu (TIIl), mpemycmar-
pHBAIOIINKA HWCIIOJIL30BAaHUE JJIEKTPOIHEPruH, monydaemoi ot BUD (pumc. 3).
B kxadecTBe HCTOYHNMKA HU3KOTIOTEHIIMATHHON TEIIOTHI MCIIONB3YETCSl TEXHUYe-
CKas BOJa, KOTOpas aKKyMYJHPYETCsS B MPOMEXKYTOYHBIX €MKOCTSIX C IIeNbI0
cTabunu3alu ee TeMmIiepaTypbl. B kauecTBe MCTOYHHMKOB TEILIOTHI paccMart-
PUBAIOTCS JABIMOBBIC T'a3bl IIPU MCIIOJIB30BAHUU KOHICHCAIMOHHBIX YKOHOMaii3e-
POB, IPOTPETHIM BO3AYX B IIexax ¢ TemmepaTypou Beime 20 °C u rpyHT ¢ TeM-
niepatypoit Beime 5 °C. Takke M0oxHO paccMmaTpuBath nmpuMenenue ITIKTH nis
terocHabxeHus: or KpymHeix TOC mmn ADC nmpu HATWYUH PACIIONIOKECHHBIX
B HEMOCPEICTBEHHON OJM30CTH TEIIOBBIX moTpeduteneit [25, 27, 57]. [lomo6-
HBIC MPOEKTHI peanu3oBansl B [lseruu [61] u Kurae [2].
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Fig. 3. Schematic diagram of the integration of a heat pump unit with a thermal power plant
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Hawnbomee uwacto IIKTH Ha »HEprocToYHMKAx HCHOIB3YETCS ISl YTHIIH-
3allMM TEIJIOTHl YXOJAIIMX ra3oB KOTIOB. B atom cimyudae ucmapurens THY
yCTaHABIMBAaeTCAd IIOCJIEJOBATEIbHO IOCIE KOHAEHCAIMOHHOTO 3KOHOMaii3e-
pa [50-52], a THY ucnonp3yercs 1 MoAorpeBa ceTeBoit BosI (puc. 4).

DneKTponuTaHNe Ha IPUBO/I KOMIPECCOopa
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Fig. 4. Schematic diagram of the integration of a heat pump unit with a hot water boiler

B kxauecTBe MCTOYHHMKA HU3KOMOTEHIIMAIBLHOW TEIJIOTHI TaK)KE MOXKET pac-
CMaTpHUBaThLCsA oOpaTHas ceTeBas Boja neiicTByronmux CLT kak s yBeIHdIeHHS
MPOIYCKHOM CIIOCOOHOCTH TETUIONPOBOAOB, TaK M JUISl CHIDKCHHS ¢ TeMIlepaTy-
pbl B MEpexoAHbIE MEPUOAbl OTOMUTEIBHOTO CE€30Ha WM B MEPHOJBI HU3KUX
TEIJIOBBIX HArpy30K Ui MoBbImIeHus dddextuBHOCTH TOLl M CHIKEHHS TeTl-
JIOBBIX MOTepb B ceTsax. CymiecTBYIOT pa3iaudHble cxembl uHTerpanuu [1IKTH,
B YaCTHOCTH IpHMeHEeHHe OycTepHBIX THY Ha TEmIoBBIX MyHKTaX IS IOMO-
rpeBa BOJBI JUISi CUCTEMBI TOPSYETO BOJOCHAOXKEHUS WIIM OTOILJICHHS 3a CUeT
oxJaxkaeHus obpaTHoi ceTeBoi Boabl 10 20-30 °C u Hmke [8, 62, 63]. B IllBe-
[N Ha 0OpaTHOM ceTeBOU Boze padoTaeT 3HAUNTEIbHAS YacTh KpynHbIX [IKTH,
YTO MO3BOJIMJIO TIOBBICUTE 00IIYI0 3(pPeKTHBHOCTH dHEeprocuctemsl [64]. B Ku-
Tae paccMaTpUBAaETCs pean3alusl MPOEKTOB Ha 3JIEKTPOCTAHIMAX C MPUMEHE-
nreM ABTH u nepexomom Ha Temnepatyphbie rpaduxu 130/30 °C [34]. Ucce-
JOBaHUsA [65] MOKAa3bIBAIOT, YTO CHIDKEHHE TEMIIEPaTypbl OOpaTHOM CETEBOM
BOJIBI TTO3BOJUT YBEIWIUTH MPOIYCKHYIO CIIOCOOHOCTh TEIUIOBBIX CeTel 0e3 mx
MEePEKIAAKH, a TAKKE CHU3UTH 3aTPaThl HA IEPEKAUKy TEIJIOHOCUTEIS.

Oxpyscarouwan cpeda. OKpYKarOMMA BO3MYyX MOXKET pacCMaTPHBATHCSA Kak
HWCTOYHUK HU3KOMOTeHIManbHOM TermnoTel. Bo3aymnsie TIKTH npeumymie-
CTBEHHO YCTaHABIMBAIOT B MITKOM KJIMMAT€ U JUISI MHIUBUIYAIbHBIX CUCTEM
MaJIOd MOIIHOCTU. X IpUMEHEHHUE B KPYIHBIX CUCTEMaX OIPaHUYMBAETCA HU3-
KOM yJIeNbHOM TEIJIOBOM MOIIHOCTBIO, @ CO3[JaHHE YCTaHOBOK MEraBaTTHOIO
KJ1acca TpeOyeT OONbIIUX TUIOMAACH JUTs pa3MEIICHHS, YTO TEXHHYSCKU HE BCe-
I/1a BO3MOXKHO M BO MHOTHX CITy4asix 3JKOHOMHYECKHU HerernecooopasHo [29, 46].
TeMrneparypa Hapy»HOTO BO3/yXa, KaK MpaBUJIO, HE IMOCTOSHHA B TEYEHUE
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CyTOK, 9TO TIPUBOIUT K 3HaUnUTeNbHBIM KoseOanusm COP IIKTH. B xomnon-
HOM M BJQXXHOM KJIMMaTe BO3MOXXKHO 00pa3oBaHME MHES Ha HCIAPHUTENSIX, YTO
YBEIIMYMBAET MOTPEOICHNE 3JIEKTPOIHEPTUU KoMIIpeccopoM [2, 44, 66], a mpu
TemriepaTypax Hwke —20 °C ux paboTa CTaHOBHUTCS HEBO3MOXKHON 0€3 MCIOJb-
30BaHUS pe3epPBHBIX HCTOYHUKOB [2, 29].

[ToBepxHOCTHBIE BOABI SBIAIOTCS O0Jiee CTAOMIBHBIM HCTOYHUKOM TETJIOTHI,
JUTST KOTOPBIX XapaKTepPHBl MEHBIINE TeMIepaTypHbIe KOJNeOAaHUS U KOTOpHIE
MoryT uctonb3oBathes B [ITKH Gomprmoit MomaOcTH. KpymHBIHA MPOEKT C HC-
nonbs3oBanuem [ITKH nmpoussoactea kommnanuu Siemens Energy SHP 600 Ten-
noripon3BoauTenbHOCTRIO 20,5 MBT peanm3oBan B Manreiime (I'epmanust) [49].
B kauecTBe MCTOYHMKA TEIUIOTHI MCIIONB3YETCS pedHasl BoJa, TeMIepaTypa Ko-
Topoit Bapsupyercs ot 3 no 25 °C. THY unrerpupoBaHa B cXeMy CYILLECTBYIO-
meil yromsueii TOL[ MOMHOCTBIO ¢ GAKOM-aKKyMyIsTOpoM Ha 43 ThIC. M’
U o0eCreuuBaeT MOJOTPEB CETEBOM BOJIBI 0 Temmepatyp nojaun 80—-100 °C
¢ COP o1 2,5 mo 3,0.

I[IKTH, ucnons3yomnme B KadeCcTBE MCTOYHUKA TEIUIOTHI MOPCKYIO BOIY,
paccMaTpHuBarOTCS Kak OJMH M3 BapHAHTOB PEKOHCTPYKLMHU NEHCTBYIOLINX HC-
TOYHHMKOB TeIUIOCHaOeHus. [Ipu mpruMeHeHnr MOpcKol Boasl 3¢ HeKTHBHOCTD
[IKTH 3aBucut ot ee cojeconepkanrs U TiyOnHbI 3a6opa [67]. Kpymasie ipo-
eKThl peanu3oBaHbl B Januu, rae ycranoBieHbsl [ITKH cymmapHoil TemioBoi
MouHocTbio 70 MBT. 3abop X0monHOH BOABI MPOU3BOAAT C TIIyOMHBI 6,5 M,
a Temrieparypa Bapbupyercs oT 2 g0 18 °C. IIKTH sBnstorcss 9acThio THOpUI-
HOTO MCTOYHHKA TEIJIOCHAOKEHUSI, BKIIOYAONIEro KOTJIBI Ha JAPEBECHON IIerne
U DJIEKTPOKOTIHI [68].

T'eomepmansuble ucmoynuku TAKKE PACCMATPUBAIOTCS KaK OJMH M3 MeEp-
CMEKTUBHBIX MCTOYHUKOB HU3KOMOTEHITUAIEHON TEIIOTHI, XapaKTepU3YOLTHICS
CcTaOWJIBHBIMU 3HAUYSHHUSAMH Temmepatyp [29, 69, 70]. B dwactHOCTH, Ha IOTO-
3amajge ['epMaHuy 3KCIDTyaTHpYIOTCS mopsiaka 15 oobekroB THY 6Gombmmoit Momi-
HOCTH, OTJIMYAIOIINXCS Pa3TUIHBIMU ITyOnHamMu ckBakuH. B 1. [lIBepune (I'ep-
MaHUsI) BBEJIM B HKCILTyaTallMIO TEOTEPMAIBHYIO TETUIOHACOCHYIO CTaHIIUIO U3 de-
teipex [ITKH pa3sneix momeneii obmieil TernmonponsBoautensHocTh0 7,35 MBT.
B kauectBe pabouero Tema ucnonb3yroTcs xiamareHTel R134a m R1234ze.
ITogaua paccona ¢ temmeparypoit 56 °C B ucnapurenbHbii kKoHTyp THY ocy-
miecTBisieTcst ¢ Tyounsl 1340 m [49].

Ilpumenenue ce30HHBIX AKKYyMYAAMOpos menioeoii Inepzuu. [1IKTH Tak-
ke Haxo#aT npuMeHeHue B CL[T ¢ ucronb30BaHUEM CE30HHBIX aKKyMYJISTOPOB
TETUIOBOW SHEPTHH, KOTOPHIE BHICTYNAIOT B KadeCTBE MCTOYHHWKA HU3KOIOTEH-
[UATBHON TeruoTHL. [Ipu 3TOM MOAOTpEeB TETIIOHOCHUTENS CE30HHBIX aKKyMyJIs-
TOPOB OCYIIECTBIISIETCS MIPEUMYIIIECTBEHHO B JIETHHI MEPHO] 3a CYET UCIIOJIB30-
BaHUsA coJiHeYHOH 3Hepruu [71]. KOHCTpYKTHBHO MO aKKyMYJISTOPBI IEpEnpo-
¢uupyroTcs 0TpabOTaBIIKE YTOJbHBIE MAaxXThl [72] MuO0 HCHOIB3YIOT BHOBB
co3aHHbIe KOHCTPYKIuH o0vemMoM go 200 000 m* [33, 73, 74]. B wacTHOCTH,
B JlaHum peann3oBaHbI MPOEKTHl THOPUIHBIX TETUIOMCTOYHHUKOB TEIUIOCHAOXKe-
HUS, KOTOPBIE BKJIIOYAIOT: COTHEYHBIE KOJIEKTOPHI C CE30HHBIM aKKyMYJIITOPOM
TEIIOBOI 3HEPrHH, KOTIBI Ha OMOMacce WM MPUPOAHOM rase, SMEeKTPOKOTIIbI,
teronacocHsle ycranoBku (IIKTH, ABTH). Ilpumeps! ¢parMeHTOB NpUHLIU-
MUATBHOM CXeMbI THOPUAHBIX TEIUIOMCTOYHUKOB IIPUBEICHBI Ha PUC. Sa.
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Fig. 5. Schematic diagram of the integration of steam compression heat pumps
with solar collectors and a seasonal heat accumulator (a)
and steam compression heat pumps using thermal energy from data centers (b)
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[IKTH monxirodaercs mapauielbHO OCHOBHOMY TEIJIOOOMEHHHKY, pa3ie-
JISIONIEMY KOHTYPBI CE30HHOTO aKKyMYJISITOpa W TEIUIOBOW ceTh. B koHpmeHca-
TOpe YCTaHOBKM OOpaTHasi BOJa TEIJIOoceTH HarpeBaeTcs oT 35 go 75-80 °C, 3a
nepuon MmoruTopuHTa cpexamnii COP cocrasmr 3,12 [73].

Jlama-yenmpor. OTHUM 13 TIEPCTIEKTUBHBIX HAIIPABIICHUH SBISETCS MPUMeE-
Heane THY ans mopnepskaHus mapaMeTpoB MUKPOKIIMIMAaTa B IIEHTpax 00padoT-
ku nasabiX (LHO/]) [74-77]. B Jlanun peanu3oBaH OIWH U3 KPYIMHEHITUX B MUAPE
MPOEKTOB MO YTHIIM3AIMA H30BITOYHON TEIUIOTHI OT JAaTa-IIeHTpa C UCIOIh30Ba-
HUEM KPYITHBIX TEIJIOBBIX HAacocoB [74], B paMKax KOTOpPOTo M30BITOYHAs Tel-
JIOBasi DHEPTHs, BeIpabaTbIBaeMas cepBepaMu naTa-mieHTpa Facebook, akkymy-
JUPYETCS W HAMpPaBJISICTCS B aMMHAYHBIC TEIUIOBLIC HACOCHI JUISI HATpeBa 00paT-
HOH ceTeBOil Boabl (puc. 5b). YcraHoBIEHHAs TEIJIOBAas MOIIHOCTH CHCTEMBI
coctaBisier 44 MBT, mogorpeB cereBoit Boabl ocymectBisiercs 1o 70 °C, COP
COCTAaBJISET 5.

Kanumanouvie u sxkcnayamayuonnsle 3ampamepl. KanutalbHble 3aTPaThl B
THY 3HauuTenbHO BBINIE, YEM B TPAAULHOHHBIE TEXHOJOTHMU IPOU3BOJACTBA
TEIUIOBOM 3Hepruu. B pabore [19] ObuiM cHCTEMaTHU3UPOBAHBI OOIME KalUTAa-
noBnoxkeHus: mpoektoB KpynHbeix [IKTH ¢ TemmonmpomnsBoautenbHOCTRIO 60-
nee 0,2 MBTt nns ycnoBuit lanuu. I[lokazaHo, 4TO y/elbHbIE KalUTaJbHbIE 3a-
TpaThl 3aBUCAT OT TUIA UCTOYHHKA HU3KOMOTECHLUAIHLHOM TEIIOTHl U €€ MOII-
Hoctu [IKTH. Cornacuo ganasM [19, 49], mpu ucmoap30BaHUN JHIMOBBIX Ta30B
yIeNbHBIE 3aTpaThl BapsupyoTcs ot 0,63 mo 0,44 mura eBpo/MBT 111 ycTaHOBOK
MorHocTeio 0T 0,5 mo 10,0 MBT cootBercTBenHo. [Ins Bozmymmbix [TKTH
3aTparhl HaxoAATCs B auanazoHe oT 1,12 mo 0,7 muH eBpo/MBT, mist reorep-
MAaJTbHBIX, UCIIONB3YIOMUX CTOYHBIE BOJbL, 0T 0,7 1o 0,62 miH eBpo/MBT.

BenuurHa kanmuTanbHBIX 3aTPAT MPH BHEIPEHUU KPYITHBIX TEILIOBBIX HACO-
COB 3aBHCHT OT clieqyromux (akropos [49, 78]:

— XapaKTEepPUCTUK HCTOYHUKOB TEIUIOBOM HHEPruu (THI, TeMIIepaTypHBIHA
MOTEHIMAJI, PacIOJIOKEHHUE, YCIOBUSI JOCTYTA);

— nmapamerpoB THY (mpou3BOAUTENEHOCTD, IPUMEHSIEMAst TEXHOJIOTHS, CTO-
UMOCTb, pa3MelleHHe, TPeOOBaHH K 36MEIbHOMY y4YacTKy, 3JaHHI0, BCIOMOTa-
TEIBHBIM CHCTEMaM, a TAK)Ke MIPOSKTHBIC U MOHTAKHBIC PA0OTHI);

— pexuma pabotel THY (TpeGyemblii TemmepaTypHBI YpPOBEHb M KOJIM4e-
CTBO 4acOB UCMOJIb30BaHNS yCTaHOBIEHHONW MOIITHOCTH);

— pacxo/ia Ha TeXHOJIOTUYECKOe MPUCOCTNHEHHE K NEKTPHUYECKUM CETSIM U
cUCcTeMaM [EHTPATM30BaHHOTO TEIIOCHAOKCHUS;

— yIOAJICHHS OT TEIUIOUCTOYHUKA (B cirydae ucnonb3oBanus B CL[T);

— YCTaHOBJICHHOTO CPOKa CITY>KOBI CHCTEMBI.

YnenpHBIE 3aTpaThl B OCHOBHOE obOopynosanue IIKTH B 3aBHcHMOCTH OT
THIA HU3KOMOTEHIMAIBHOTO ncTouHMKa 230-760 Thic. eBpo/MBT [19, 49, 79],
a CTOMMOCTh OCHOBHOTO oOopynoBaHus OT 38 1o 54 % cyMMapHBIX 3aTpar.
[lo omenkam pasnuunbix ucciaenoBanuil [80—83] u peanbHBIX MHPOEKTOB [49,
84-86], oOuire WHBECTUIIMOHHBIEC 3aTpaThl ISl KPYIHBIX MPOEKTOB, 32 MCKIIIO-
YEHHEM T€OTEPMANIBHBIX CHCTEM, cocTaBisitoT oT 600 no 1900 eBpo/kBt. C po-
CTOM TETUIOPOU3BOIUTENILHOCTH Y/IEIbHBIE KalUTAIOBIOXKECHNS CHIDKAIOTCS.
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YnenpHBIC SKCIUTyatanuoHHbIe 3aTparhl it [IKTH Oompmroit momrHO-
CTH OLIEHHMBAIOTCS B mpenenax 2—3 Teic. eBpo/ron Ha 1| MBT ycraHOBIEeHHOMN
TerioBod MomHocTH, win 0,5-2,5 % or kanuransHBIX 3aTpar [79, 80, 83].
Ha skcrutyaranuonHsie 3aTparbl okasbiBaoT BiausgHue COP, konmudecTBo 4acos
WCTIONB30BaHus ycTaHoBieHHOH momHoctu (KUYM), ctparerus obecrieueHust
AJIEKTPOIHEPTHH; TUIATa 332 CETEBOC MOJKIIOYCHHE M WHBbIE COOPBI/HAIOTH/TIONI-
nauHbl. KocBeHHOE BIMSHUE HA BEIMYHHY 3KCIUTyaTallMOHHBIX 3aTpaT OKa3bIBaeT
3arpsisHEHHE TEIUIONepearoliX OBEpXHOCTEN HcHapuTenel, KoTopoe MpHUBO-
IUT K CHIKEHHUIO MX 3ddekruBHOCTH. [ peaoTBpalleHus 3arpsa3HeHU Hc-
MOJIB3YIOT CUCTEMBI OIIEPATUBHOTO KOHTPOJIS, a TAKXKE OPTaHU30BBIBAIOT LIUPKY-
JISIUIO IIETOYHBIX M KHCIOTHBIX pacTBOPOB uepe3 ucnapurens [87]. Bueapenue
COBpPEMEHHBIX CHCTEM MOHHUTOpPMHTA M ONTHMM3ALMU Ha 6a3e mu]poBBIX TBOM-
HUKOB [87—89] MO3BOJSET afanTHPOBATh PEXKUMBI pabOTHI TEIUIOBOTO Hacoca
C YYETOM TEKYLIEro COCTOSTHUS HUCIIApUTENs U POTHO3UPYEMBIX Harpy30K.

BbIBO/IbI

1. AHaMM3 TEXHUYECKUX PEIICHUN peaM30BaHHBIX MPOEKTOB B PsJie €BPO-
NEUCKUX CTpaH MO HHTErpallid NapOKOMIIPECCHOHHBIX TEIUIOBBIX HAaCcOCOB
00JIbIION MOITHOCTH B CHUCTEMBI TEIUIOCHAOKEHHS ITOKa3bIBAET TEXHUYECKYIO
BO3MOXKHOCTh U I[€JIeCO00pPa3HOCTh WX WCIOJB30BaHMS B COBPEMEHHBIX YCIO-
BUAX B 3HepreTuke Pecrybnmku benapyce. B To jxe BpeMst TPOEKTHl BHEAPEHHUS
IIKTH B CIIT He MOryT paccMaTpHBAaThCSl KaK THUIIOBOE PEIICHHE U TPEOYIOT
popabOTKH HHANBUAYAIBHBIX PEUIICHUN B KaXXI0M KOHKPETHOM CIIydae.

2. OcHOBHBIE TTPOOIIEMBI BHEJPEHUS TAPOKOMIIPECCHOHHBIX TETLIOBBIX HACO-
COB OOJBIION MOIIHOCTH B JACHCTBYIOIINE CUCTEMBI LIEHTPATN30BAHHOTO TETLIO-
CcHaOXEeHHsI 3aKITF0Yal0TCSA B BBIOOpE ¥ 0OOCHOBAHWY MCTOYHMKA HU3KOTIOTEHITH-
QITBHOM TEIUIOTHI, OTCYTCTBUHM (haKTUYCCKHX JTAHHBIX O PabOTe CXOXKUX MPOCK-
TOB, TOJHOLICHHOW HOPMAaTHBHON AOKyMEHTalMH. IlepBoodyepeHbIM SIBISETCS
nucrionb3oBanue cxem BHenpenus [IKTH B CL[T, HampaBiIeHHBIX Ha CHHXCHUE
TeMIIepaTypbl 0OPaTHON CeTEeBOW BOABI, YTO MO3BOJIUT OOECIIEUUThH YBEINYCHUE
MIPOIYCKHOH CIOCOOHOCTH TETUIONPOBOJIOB, MOBbIMeHHE P PekTrnBHOCTH TOL]
B MIEPEXOIHbIE EPUOABI OTOIUTEIBLHOIO CE30HA U B MEPUObI HU3KUX TEIIOBBIX
Harpy3oK, a TaK)Ke CHIDKCHHE TEIIOBBIX OTEPh B CETSIX.
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9HEpro3aTpar NpHU MPOU3BOJCTBE M IKCIUTyaTallMH BSI3KOIUIACTHYHBIX He(pTenpomykToB. Llensio
paboTHI ABIAETCS] COBEPIICHCTBOBAHIE METOMOJIOTHH OILEHKH PEOJOTHYECKUX CBOHCTB TAKUX CH-
CTEM C y4€TOM HX CJIOKHOM BHYTpeHHEH CTpyKTypbl. Ha ocHOBe MaccHBa SKCIEPUMEHTAIBHBIX
JTAHHBIX POTAIL[IOHHOW BUCKO3MMETPUU BBINOJIHEH CPaBHUTEJIbHBIN aHAIM3 TOUHOCTH AIIPOKCH-
Malliu KPUBBIX T€YECHUS ¢ mpuMeHeHueM mozenei OctBanbaa — ne Baane, llIBenosa — bunrama,
Kaccona u I'epmiens — banxiu. IlokazaHo, YTO IpUMEHEHUE YIPOLIEHHBIX CTENIEHHBIX 3aBUCUMO-
cTel IPUBOJUT K CYIIECTBEHHOMY 3aBBIIMIEHHIO Tpejena Tekydect (1o 1000 %) m ommbGounoit
HMHTEpPIPETALNH BI3KOCTHOTO CONPOTHUBIICHHS KaK CTaTHYECKON MPOYHOCTH CTPYKTYphl. OGOCHO-
BaHa 3¢ (EeKTHBHOCTh Tpexmapamerpudieckoit monenu I'epuiens — banknu kak Haunbonee H0CTO-
BEPHOTO MHCTPYMEHTA JUISl ONMCAHHS MOBEICHUS BA3KOIUIACTUYHBIX cpef] (KodpduImenT nerep-
muHanuu >0,99). YcTaHOBICHO, YTO MUHEPAIBHBIH HATIONHHUTENb BBITOJIHSICT (YHKIHUIO 3aryCTH-
Tens, He (opMHpys CBA3HOIO Kapkaca Jake INpPH BBICOKMX KOHUEHTpauusax. IlonTeepxaeH
TIEPKOJIAIOHHBIN MEXaHH3M YHPOYHEHUS! CHCTEMBI IIEITIOI03HBIMU BOJIOKHAMH, (hOPMHUPYIOIIH-
MH IIPOCTPAHCTBEHHBIH apMUPYIOIMK KJIacTep MpH cojiepikaHud Boime 2,5 %. PaspaboranHas
SMIUpPHUYECKasi MOJENb, OMUCHIBAIONIAs TIPe/e TeKyUeCTH Kak KyOHuecKylo GpyHKIHIO OT Coaep-
JKaHHs BOJIOKHA U JMHEHHYI0 QYHKIHUIO OT COJEpKaHUs MONUMepa, PEKOMEHIYeTCsl A Halpas-
JICHHOTO PEeryJIHPOBAHUS PEOJOTHUECKUX CBOWCTB AMCIIEPCHBIX cucTeM. [lomydeHHbIH pe3ynbTar
obecrieunBaeT palMoHaIbHOE HCIOJIB30BAHHUE JOPOTOCTOSIIINX KOMIIOHEHTOB U ITIOBBINIACT YHEP-
reTuyeckyo 3((GEeKTUBHOCTh MPOU3BOACTBA M OKCIUIyaTAallMOHHYIO HAJEKHOCTh MaTepHUalioB Ha
OCHOBE OPTaHUYECKUX BSDKYIIHX.

KiroueBble €j10Ba: peoNOrHYecKOe MOJACIMPOBAHHE, BS3KOIUIACTHUYHBIC TUCIEPCHBIC CHUCTEMBL,
OpraHMYecKHe BsOKYyI¥e, MoJienb [ epiens — banknu, npenen TeKky4ecTd, CTpyKTypooOpa3oBaHue,
MIEPKOJISLIMOHHBIN MEXaHNU3M, SHEPro3(GGEeKTHBHOCTh MaTepUaIoB

Jist nuTupoBanusi: AdanaceHko, A. A. Peonornueckoe MOAEIUPOBaHNE W MEXaHH3MBI CTPYK-
TypooOpa30oBaHMs JHMCIEPCHBIX CHCTEM Ha OCHOBE OpraHMYEeCKUX BsOKymmX / A. A. AdanaceH-
Ko // Dnepeemuxa. H36. gvicui. yueb. 3asedenuil u suepe. o6vedunenuti CHI. 2026. T. 69, Ne 4.
C. 327-341. https://doi.org/10.21122/1029-7448-2026-69-4-327-341

Introduction

The widespread use of structured disperse systems with high binder con-
tent [1-11] in modern industrial and infrastructure projects necessitates the im-
provement of methods for assessing their technological stability. The primary
factor ensuring the stability of such systems is the presence of a strong structural
framework within the organic binder, capable of resisting shear deformation under
static conditions [1, 7, 9]. The quantitative measure of the strength of this structure
is the yield stress, which determines the ability of the system to maintain its integrity
and prevent segregation under the action of gravitational forces [7].

A number of early scientific studies were based on simplified rheological
models describing the behavior of bituminous compositions by power-law rela-
tionships without explicitly identifying the yield stress as an independent physi-
cal parameter [12, 13]. This approach was justified by the level of computational
capabilities available at the time; however, it resulted in replacing the concept
of true yield stress with the shear stress corresponding to a unit shear rate. Such
substitution introduced significant errors in predicting material behavior, as it
failed to account for the actual response of a structured system at rest. Contem-
porary requirements for structural durability and for reducing the consumption
of costly additives call for a revision of the methodological framework and
the application of more rigorous constitutive equations.
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The theoretical basis for describing viscoplastic media is traditionally foun-
ded on the classical Shvedov — Bingham model [14, 15], which assumes the
existence of rigid contacts between particles of the dispersed phase that are
destroyed only upon reaching a critical shear stress. Mathematically, this model
is represented by a linear equation relating shear stress and shear rate through
the plastic viscosity and the yield stress. Application of the Shvedov — Bingham
model to structured bituminous media provides a first approximation of the yield
stress; however, this equation does not account for the viscosity reduction with
increasing deformation rate that is characteristic of polymer-modified com-
positeons [16]. Neglecting the pseudoplastic behavior of the material when line-
arly approximating experimental data inevitably leads to overestimation of the
calculated yield stress values and distortion of the actual structural formation
mechanisms. To overcome this limitation, it is necessary to employ more ad-
vanced three-parameter models capable of capturing the curvature of the rheo-
logical curve in the initial flow region [17, 18].

Theoretical background

The Ostwald — de Waele power-law rheological model [18] has been widely
used in past engineering practice and is described by an equation of the form

T=Kj". (1)

In the above relationship (1), K is the consistency index and # is the flow be-
havior index. The appeal of this model lies in the simplicity of linearizing expe-
rimental data in logarithmic coordinates, which significantly facilitated calcula-
tions in the absence of specialized software. However, a detailed analysis of the
boundary conditions of this equation reveals its fundamental inadequacy for de-
termining the yield stress, since as the shear rate approaches zero, the calculated
shear stress also inevitably tends to zero. This implies that the power-law model
describes a fluid that begins to flow under an arbitrarily small applied load,
which contradicts the physical nature of stabilized organic binders. The practice,
adopted in a number of early methodologies [12, 13], of using the shear stress
at a unit shear rate as an apparent yield stress represents a mathematical assump-
tion. The stress value calculated at the conventional shear rate of 7= 1 s cha-

racterizes the viscous resistance of a flowing system rather than the strength
of the structural framework at rest.

For an adequate description of the behavior of organic binders exhibiting
solid-like properties prior to flow onset and pseudoplastic liquid behavior during
deformation, it is necessary to apply the generalized Herschel — Bulkley rheolog-
ical model [19]. The mathematical form of this model is given by

T=1,+KY". ()

Equation (2) combines the advantages of the Shvedov — Bingham and Ost-
wald — de Waele approaches. The presence of the free term 1, makes it possible
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to describe the threshold stress required to initiate the breakdown of the structu-
ral network, while the power-law component with exponent n accounts for the
nonlinear reduction in viscosity with increasing shear rate. Application of non-
linear regression methods to fit experimental data using this equation enables
high-accuracy extrapolation of the flow curve to the ordinate axis and determina-
tion of the true yield stress, excluding the contribution of viscous resistance
of the medium [20]. Neglecting the curvature of the initial segment of the flow
curve, which is inherent to linear models, leads to systematic extrapolation errors
and overestimation of yield stress values. The Herschel — Bulkley model is free
from this limitation, as the curvature parameter »n allows adaptive representation
of organic binder structure degradation. This makes it the most advanced tool for
assessing the effectiveness of stabilizing additives, as it enables a clear sepa-
ration between the contribution of mechanical interlocking of fibers, which go-
verns the yield stress, and the contribution of dispersed fillers, which predomi-
nantly affect the consistency of the system.

Experimental methodology and data processing

Experimental investigations were carried out on model organic binder sys-
tems based on 90/130 grade bitumen. An unactivated dolomite mineral filler,
cellulose fiber, and a styrene-butadiene-styrene (SBS) thermoplastic elastomer
were employed as the dispersed phase and stabilizing components. Specimen
preparation was performed by introducing the modifiers into a preheated binder,
followed by intensive mechanical mixing to ensure a uniform distribution of the
components throughout the dispersion medium.

The experimental program involved varying the component contents over
a wide concentration range, which allowed for the examination of different
structural states of the system, from dilute suspensions to highly filled composi-
tions. The mineral filler content was varied from 50 to 200 %, the cellulose fiber
content — from 0 to 7.5 %, and the polymer additive content — from 0 to 7 % by
weight of the bitumen. The experimental design matrix included eight compo-
sitions with different component ratios, which was required to independently
assess the contribution of each factor to yield stress formation. The formulations
of the investigated organic binders are presented in Table 1.

Table 1
Experimental organic binder compositions
Component Compopent con.tent for.composition No, %
(by weight of bitumen in excess of 100 %)

Composition No 1 2 3 4 5 6 7 8
Mineral filler 50 25 75 100 375 200 25 100
Cellulose fiber 0.25 0.75 1.25 0 2.5 0 7.5 5
Polymer (SBS) 7 5 0 3 1 0 0 0

Note: data according to [12, p. 68].

The rheological characteristics were determined using a rotational vis-
cometer equipped with a coaxial cylinder measuring system at a temperature



A. A. Afanasenka
Rheological Modeling and Mechanisms of Structure Formation in Disperse Systems... 331

of 160 °C, corresponding to the technological conditions of processing and ap-
plication of such systems. During laboratory testing, the relationship between
shear stress T and shear rate ¥ was recorded for each of the eight compositions.
The specimens were subjected to a stepwise increase in shear rate over the range

from 1 to 437.4 s™'. The obtained measurement results, representing the primary
experimental dataset prior to mathematical processing, are summarized in Table 2.

Table 2
Results of flow curve measurements for organic binders
Shear rate v, Shear stress 1, Pa, for composition No

5! 1 2 3 4 5 6 7 8

1.0 7.60 2.68 1.55 3.44 0.78 1.35 27.35 8.10
1.8 13.15 4.70 227 6.35 1.33 1.43 37.99 12.50
3.0 21.17 7.24 3.59 10.75 2.11 2.04 51.33 18.70
5.4 32.73 12.29 7.40 18.47 2.28 3.45 71.43 29.50
9.0 52.03 19.42 13.40 28.53 4.73 5.67 93.33 42.50
16.2 88.00 33.29 23.10 50.68 8.25 9.83 127.45 | 63.80

27.0 133.18 53.59 35.70 80.16 27.04 15.68 171.85 88.70
48.6 214.33 91.60 61.30 130.98 | 24.18 27.08 | 243.90 | 125.60
81.0 321.58 | 149.43 98.24 | 202.40 39.29 44.16 | 32423 | 177.40
145.8 458.18 | 24528 | 174.82 | 334.22 68.15 57.70 | 436.00 | 266.00
243.0 787.18 | 379.47 | 284.88 | 478.00 | 108.15 | 284.75 | 590.00 | 395.94
437.4 1286.43 | 582.80 | 509.23 | 659.22 | 187.50 | 497.27 | 819.16 | 596.11

Before performing the regression analysis, the primary dataset was verified
for compliance with the physical criteria governing the flow of structured dis-
perse systems. A fundamental requirement for the validity of rheological mea-
surements under steady-state flow conditions is the monotonic increase in shear
stress T with increasing shear rate y. Mathematically, this condition is expressed

by a positive value of the first derivative of the flow function over the entire
shear rate range, i. e. dv/dy> 0.

A detailed analysis of the flow curves constructed from the data of Table 2
revealed local violations of this condition for compositions No 5 and No 6.
A graphical illustration of the identified anomalies is presented in Fig. 1. For the
flow curve of composition No 5, an anomalous decrease in shear stress from
27.04 to 24.18 Pa was observed within the shear rate interval from 27.0
to 48.6 s (Fig. 1a). Such behavior contradicts the thermodynamics of irreversi-
ble deformation processes in viscoplastic media and indicates the presence of an
instrumental artifact, the most probable cause of which is material slip relative to
the smooth measuring surfaces of the rotational instrument.

For composition No 6, a sharp stepwise increase in shear stress is observed
in the high shear rate region when transitioning from 145.8 to 243.0 s™', which
cannot be described by classical models of viscous flow (Fig. 1b). The stress
increment gradient in this interval significantly exceeds the values characteristic
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of the laminar regime, indicating shear dilatancy caused by mechanical jamming
of the measuring system by large agglomerates of mineral filler.

a b

Non-monotonic behavior
(Artifact)

10%

10!

Shear stress au, Pa
.
S

Shear stress au, Pa

10? 10t 102 10° 10t 102

Shear rate 7, s Shear rate 7, s

Fig. 1. Verification of experimental data for:
a —anomaly of composition No 5; b — anomaly of composition No 6

The inclusion of these anomalous data points in the dataset for least-squares
approximation would inevitably lead to distortion of the regression model pa-
rameters and to obtaining unreliable yield stress values. Therefore, the data
points corresponding to a shear rate of 48.6 s for composition No 5 and to
shear rates exceeding 145.8 s for composition No 6 were excluded from further
mathematical processing as gross experimental errors.

Results of the study

To determine the true rheological parameters of organic binders and to select
the most adequate mathematical description of their behavior, a comparative
approximation of the experimental data was performed using four different rheo-
logical models. The purpose of this stage was to identify the dependence of the
calculated yield stress value on the type of constitutive equation applied.

The two-parameter Ostwald — de Waele power-law model (1) was consid-
ered as the baseline model, in which the absence of a free term implies that the
flow curve passes through the origin. Within this approach, the shear stress at a
unit shear rate was adopted as an apparent yield stress.

The second model considered was the classical Shvedov — Bingham visco-
plastic model, expressed by the linear equation

T=To Ny Y- 3)

This model assumes the existence of a true yield stress 1o; however, it postu-
lates a constant plastic viscosity m,, after the onset of flow. Since organic bin-
ders are pseudoplastic fluids, their viscosity decreases with increasing shear rate.
Therefore, the linear approximation of experimental data using the Bingham
model inevitably ignores the curvature of the initial flow region and leads to an
overestimation of the intercept on the ordinate axis.
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To account for the nonlinear nature of the flow curves, the Casson mo-
del [18] was applied, which is described by an equation of the form

05 _ 05 NE
T =1+ (M)

4

This relationship is widely used to describe aggregatively stable disperse
systems, such as pigment suspensions [21, 22] or polymer melts, and allows
the gradual breakdown of structural aggregates during deformation to be taken
into account.

The most universal approach is the application of the three-parameter
Herschel — Bulkley model [17], whose equation is given by (2). This model
combines the advantages of the Bingham and Ostwald approaches, enabling
the simultaneous determination of the yield stress 1y and accounting for the de-
gree of pseudoplasticity of the material through the flow behavior index n [23].

Parameter estimation for all models was performed using the least-squares
method based on the verified dataset. The summarized results of yield stress de-
termination for the eight experimental compositions obtained using different

mathematical models are presented in Table 3.
Table 3
Comparative analysis of organic binder yield stress values obtained
using different rheological models

Ostwald — de Waele | Shvedov — Bingham Casson model Herschel — Bull.dey
model model . model (generalized
Compo- | (initial method) (linear model) (nonlinear model) model)
sition NOTyield stress R Yield stress R Yield stress R Yield stress R
1,, Pa 1y, Pa 1y, Pa 19, Pa
1 8.17 0.985 3.15 0.962 1.44 0.992 1.32 0.999
2 2.74 0.988 1.42 0.958 0.72 0.994 0.68 0.998
3 1.43 0.982 0.85 0.955 0.46 0.990 0.42 0.997
4 4.04 0.989 2.10 0.965 1.10 0.995 0.98 0.999
5 0.76 0.996 0.28 0.981 0.11 0.995 0.08 0.999
6 1.36 0.998 0.35 0.985 0.14 0.996 0.12 0.999
7 27.49 0.991 26.40 0.970 16.81 0.998 17.15 0.999
8 8.65 0.990 9.15 0.968 5.52 0.997 5.85 0.999
Note: for the Ostwald — de Waele model, the apparent yield stress (shear stress at y=1 sfl)
is reported.

Analysis of the data in Table 3 demonstrates a pronounced dependence of the
results on the selected mathematical framework. The Shvedov — Bingham model
exhibits the lowest coefficients of determination (0.955-0.985), which confirms
the inability of a linear equation to adequately describe the curvilinear depen-
dence of shear stress on shear rate. In this case, such approximation accuracy
leads to a systematic overestimation of the yield stress by 2—3 times compared
with nonlinear models.

The Ostwald — de Waele power-law model, despite relatively high correla-
tion indicators, yields physically unjustified results. The values of the apparent
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yield stress for compositions with low structural development (e. g. No 6) are
overestimated by more than an order of magnitude (1.36 Pa versus the actual
0.12 Pa). This is explained by the fact that the model forcibly extrapolates the
data to the origin, substituting static structural strength with the viscous re-
sistance of the flowing medium.

The closest results are obtained using the Casson and Herschel — Bulkley
models, which account for the non-Newtonian nature of organic binder flow.
The discrepancy between these models for compositions with a well-developed
structural framework (e. g. No 1, 2, 7, and 8) does not exceed 6-9 %. However,
for systems with low structural strength (compositions No 5 and No 6), the rela-
tive deviation of the Casson model increases to 38 %, indicating its insufficient
flexibility in describing low shear stress regions.

The highest accuracy in describing the experimental data is provided by
the Herschel — Bulkley model, for which the coefficient of determination
exceeds 0.997 in all cases and approaches 0.999 for most compositions.
This demonstrates that the three-parameter equation most accurately captures
the complex rheological behavior of organic binders over the entire range of ad-
ditive concentrations.

To assess the adequacy of the selected Herschel — Bulkley model, verifica-
tion was performed not only based on the coefficient of determination but also
through residual analysis [24, 25]. Unlike a simple comparison of R? values, this
approach allows for the identification of systematic biases arising from model
overfitting to a limited set of experimental points. Residuals were defined as
the difference between measured shear stress values and the calculated values
obtained from the Herschel — Bulkley model for each shear rate. Fig. 2 presents
an example of residual analysis for composition No 1, which is characterized
by pronounced pseudoplastic behavior.

10 o ®

-10

Residuals, Pa

(o]

10° 10* 10’
Shearrate ¥, s™'

Fig. 2. Distribution of residuals of the Herschel — Bulkley model for composition No 1

Analysis of Fig. 2 shows that the residuals are symmetrically distributed
about the zero line and do not form a systematic trend over the entire shear rate
range. This indicates the absence of systematic approximation error. The observed
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local deviations at high shear rates (7> 100 s™') do not exceed the experimental

reproducibility limits and do not affect the determination of the yield stress,
which is calculated based on data in the low shear rate region. Thus, the Her-
schel — Bulkley model adequately describes the rheological behavior of struc-
tured organic binders over the entire investigated parameter range.

To quantitatively assess the magnitude of errors associated with simplified
methodologies, the relative deviation of the obtained results from the referen-
ce values determined using the Herschel — Bulkley model was calculated.
The resulting data are presented in Table 4.

Table 4
Assessment of relative deviation of calculated values from
the adopted reference (Herschel — Bulkley)

Composition Ostwald — de Waele Shvedov — Bingham Casson model. %
No model, % model, % ’
1 +519 +139 +9
2 +303 +109 +6
3 +240 +102 +10
4 +312 +114 +12
5 +850 +250 +38
6 +1033 +192 +17
7 +60 +54 -2
8 +48 +56 -6

Analysis of the data in Table 4 clearly demonstrates the evolution of accura-
cy in the mathematical description of rheological properties. The application
of the Ostwald — de Waele power-law model, despite a high correlation coeffi-
cient for the overall flow curve, results in substantial errors in yield stress esti-
mation. For compositions with low structural development (e. g. No 5 and No 6),
the error reaches 850—1033 %, which completely distorts the physical interpretation
and creates the illusion of a strong structural framework where none exists.
The Shvedov — Bingham model also exhibits systematic overestimation, averaging
about 120 %, which is attributed to the linear extrapolation of a convex flow curve.
The closest results are obtained using the Casson and Herschel — Bulkley models.

Thus, the application of simplified methodologies to modern organic binders
is unacceptable. Only the use of the generalized Herschel — Bulkley model en-
sures the acquisition of reliable data required for predicting technological stabil-
ity. The refined yield stress values obtained were adopted as the basis for further
analysis of the influence of additive composition on binder properties.

At the final stage of experimental data processing, the task of mathema-
tical modeling of the yield stress dependence on the component composition
of the organic binder was addressed. The initial dataset comprised 1, values
obtained using the most accurate Herschel — Bulkley model. The objective
of the modeling was to derive an analytical expression enabling the prediction
of yield stress.
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Preliminary correlation analysis revealed different degrees of influence of
the varied factors on the target function. To assess the statistical significance
of the contribution of each component, multiple regression analysis was ap-
plied [24, 25]. Testing the hypothesis regarding the influence of the mineral fil-
ler showed that the correlation coefficient between dispersed filler content and
yield stress did not exceed 0.15, indicating the absence of a significant functio-
nal relationship. Even when the filler concentration was increased to 200 %,
changes in yield stress remained within the experimental confidence interval.
Based on Student’s ¢-criterion, the coefficient associated with the mineral filler
variable was deemed statistically insignificant, allowing this factor to be exclu-
ded from the final regression equation without loss of descriptive accuracy.

At the same time, analysis of the influence of cellulose fiber revealed
the presence of a strong nonlinear relationship. Approximation of the experi-
mental data using various functions showed that a third-order power function
provides the best description of the structure formation process. This is confir-
med by a sharp increase in the function gradient at fiber contents exceeding 2.5 %.
The influence of the polymer modifier of the SBS type is described by a linear
relationship and has an additive character, summing with the effect of fibrous
reinforcement.

As a result of mathematical processing using the least-squares method,
an empirical regression equation was obtained, describing the dependence of the
yield stress on the content of the significant structure-forming components

7, =0.041x” +0.32y, (5)

where 1, is the yield stress, Pa; x is the cellulose fiber content, % by weight of
the organic binder; y is the polymer content, % by weight of the organic binder.

The adequacy of the obtained mathematical model (5) was evaluated using
the Fisher criterion [24, 25]. The calculated F-value significantly exceeds the
tabulated value for a significance level of 0.05 by a multiple factor, confirming
the statistical reliability of the equation. The coefficient of determination R>
for the proposed formula is 0.987, indicating that the model explains more
than 98 % of the yield stress variation. Graphical verification of the obtained
mathematical model is presented in Fig. 3 in the form of a scatter plot illustrating
the convergence between experimental yield stress values and those calculated
using equation (5).

Analysis of the scatter plot confirms the high adequacy of the proposed mo-
del. The experimental data points are clustered along the line of ideal agreement
(y = x) and almost entirely fall within the =10 % confidence interval. The root
mean square error (RMSE) is 0.63 Pa, which does not exceed the acceptable
reproducibility limits of the laboratory experiment. The high degree of correla-
tion demonstrates that the cubic dependence on fiber content, combined with the
linear contribution of the polymer, correctly describes the physics of the struc-
ture formation process over the entire investigated concentration range.
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Fig. 3. Comparison of experimental and calculated yield stress values of organic binders

The physical meaning of the first term of the cubic dependence in equation (5)
is explained by percolation theory [26-28]. At low fiber contents (up to 2-3 %),
individual fibers remain in an isolated state and have a limited effect on structu-
ral strength. However, upon reaching a critical concentration, a continuous clus-
ter of interwoven fibers is formed, leading to a sharp, disproportionate increase
in shear resistance. The second term of the equation reflects the contribution of
the polymer structural network, which reinforces the organic matrix but is less
effective than fibers in providing structural retention. A graphical interpretation
of the established relationship is presented in Fig. 4.

20

—— Cellulose fiber
— = Polymer
-+ Mineral powder (at 50-200 % content}

15

10

Yield stress Tp, Pa

Additive content, % of bitumen mass

Fig. 4. Dependence of organic binder yield stress on stabilizing additive content

Analysis of the graphical relationship presented in Fig. 4 makes it possible
to interpret in detail the physical mechanism of action of each component.
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The curve describing the influence of cellulose fiber exhibits pronounced non-
linearity, featuring a low-growth region at small concentrations (up to 2.5 %).
In this region, individual fibers are present in the dispersion medium in an
isolated state without forming contacts with one another, which explains the
insignificant increase in yield stress. However, once the percolation threshold
[26-28] is exceeded, which for the investigated system is approximately 3.0 %,
a sharp change in the slope of the curve is observed. The dependence enters
a phase of avalanche-like growth, indicating the formation of a continuous three-
dimensional cluster (framework) of interwoven fibers, which is corroborated
by other independent studies [29, 30]. It is this structural transition that ensures
the attainment of yield stress values in the range of 10—15 Pa, which are neces-
sary for the technological stability of the system.

A fundamentally different pattern is observed for the polymer and mineral
filler dependencies. The influence of the polymer is linear with a small slope,
indicating an additive strengthening mechanism associated with an increase in
the cohesive strength of the organic matrix rather than the formation of a rigid
skeleton. The curve corresponding to mineral filler content practically coincides
with the abscissa axis, confirming that even at extremely high filler contents,
dispersed particles of spherical or irregular shape are incapable of forming
a framework able to resist shear under static conditions.

Verification of the adequacy of the proposed equation (5) using the control
composition No 7 (fiber content 7.5 %) shows a high level of agreement with the
experimental results. The calculated value is 17.3 Pa, which virtually coincides
with the experimental value of 17.15 Pa obtained using the Herschel — Bulkley
model. Therefore, the developed mathematical model can be used for the scien-
tifically justified selection of stabilizing additive compositions, enabling the
minimization of their consumption while ensuring the required technological
stability. Furthermore, the targeted selection of effective structure-forming com-
ponents prevents excessive increases in the viscosity of the dispersion medium.
This directly contributes to a significant reduction in energy consumption during
mixing and use of materials based on organic binders, thereby increasing
the overall energy efficiency of technological processes.

Discussion of results

The data obtained in this study introduce significant revisions to the theore-
tical concepts of the mechanisms governing the technological stability of highly
filled disperse systems based on organic binders. The approach based on the use
of simplified rheological models led to an overestimation of the structuring role
of mineral filler. The high values of apparent yield stress previously reported for
highly filled systems in fact reflected not the strength of a structural framework,
but rather a sharp increase in the viscosity of the dispersion medium. Application
of the refined Herschel — Bulkley model made it possible to separate these para-
meters and to demonstrate that even at concentrations up to 200 %, mineral filler
acts exclusively as a thickening agent and does not form a coherent network ca-
pable of resisting shear under static conditions.
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A fundamental outcome of the study is the confirmation of the hypothesis
regarding the percolation nature of organic binder strengthening by fibrous addi-
tives. The identified cubic dependence of yield stress on cellulose fiber content
is of key importance. At the initial stage, at low fiber dosages, the fibers are pre-
sent within the binder volume as isolated inclusions, which explains the gentle
slope of the curve and the negligible increase in stability. However, upon rea-
ching a critical concentration, which for the investigated system lies in the range
of 2.5-3.0 %, geometric overlap of the influence zones of individual fibers oc-
curs, leading to the formation of a unified three-dimensional cluster. This point
corresponds to the sharp inflection of the curve and the rapid increase in yield
stress, a phenomenon that must be taken into account in material design.

The practical significance of the established relationships lies in the possibi-
lity of scientifically justified optimization of composite formulations. Attempts
to ensure system stability solely by increasing the content of mineral filler
or polymer are technologically unsound, as they result only in increased viscosi-
ty during mixing, thereby significantly increasing energy consumption. Effective
stabilization is achieved only through the introduction of fibrous reinforcing
elements in amounts exceeding the percolation threshold. The proposed equati-
on (5) allows for the accurate calculation of the required fiber dosage to achieve
a specified yield stress, eliminating reliance on trial-and-error approaches.

It is necessary to note the limitations of the present study, which should be con-
sidered when extrapolating the obtained results. The experimental data were
obtained for a model organic binder based on 90/130 grade bitumen at a fixed tem-
perature of 160 °C. Since the rheological properties of organic binders exhibit high
temperature sensitivity, changes in the temperature regime or the grade of the base
medium will require the introduction of correction factors into the proposed mathe-
matical model. The influence of the viscosity of the dispersion medium on the re-
gression equation parameters also requires further investigation.

Establishing a correlation between the determined true yield stress of orga-
nic binders and the energy efficiency indicators of technological processes
(e. g., power consumption of mixing equipment) constitutes a promising direc-
tion for future research. This will enable a transition from laboratory rheological
testing to the development of comprehensive quality criteria that account for
both the structural-mechanical properties of the materials and the economic
viability of their application in industrial and energy sectors.

CONCLUSION

1. Based on the comparative analysis of rheological models, the methodolo-
gical inadequacy of applying simplified power-law relationships for evaluating
the properties of structured organic binders has been demonstrated. It has been
established that the use of the Ostwald — de Waele model leads to a systematic
error in yield stress determination, which for weakly structured systems reaches
up to 1000 %, creating a misleading interpretation of the influence of individual
components on the strength characteristics of the material. The three-parameter
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Herschel — Bulkley model is substantiated as the baseline research tool, as it
provides the highest accuracy in approximating experimental data with a coeffi-
cient of determination exceeding 0.99 over the entire shear rate range.

2. Application of the refined calculation methodology made it possible to
revise the role of dispersed fillers in binder structure formation. It has been
proven that mineral filler, even at high filler contents of up to 200 % by weight
of the organic binder, does not form a coherent spatial network capable of resis-
ting shear deformation under static conditions. The true yield stress value for
such compositions does not exceed 0.12 Pa, indicating that mineral filler func-
tions as a viscosity modifier of the dispersion medium rather than as a structural
stabilizer against segregation.

3. The determining factor in ensuring the technological stability of highly
filled disperse systems is the introduction of cellulose fiber, the mechanism
of action of which is described by percolation theory. It has been found that up-
on reaching a critical fiber concentration in the range of 2.5-3.0 %, a rapid in-
crease in the yield stress 1y occurs, reaching values of 17.15 Pa at an additive
content of 7.5 %. This confirms the formation of a three-dimensional reinforcing
cluster capable of bearing load under static conditions.

4. The practical outcome of the study is the development of an empirical
mathematical model describing the dependence of the yield stress 1, on the com-
ponent composition of the organic binder. The obtained regression equation,
linking the yield stress to a cubic function of fiber content and a linear contri-
bution of polymer, is characterized by a high coefficient of determination
(R* = 0.987) and a root mean square error of 0.63 Pa. This relationship can be
applied in the design of composite materials to provide a calculated justification
for the required amount of stabilizing additives. Furthermore, the targeted re-
gulation of the composition based on this model allows for the optimization
of expensive components and a significant reduction in energy consumption du-
ring the mixing of viscoplastic media, thereby increasing the overall energy
efficiency of technological processes.
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YIJEKUCTI0ro rasa ¢ ipuMEHEHUEM JTOJIOMHUTA
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YBenopycckas rocyrapcTBeHHas akagemus asuamin (Munck, Pecry6iuka Benapycs),
ITamKeHTCKHi TOCYaPCTBEHHBIN TPAHCIIOPTHBIH YHUBEPCHTET
(TamkenT, Pecrrybnuka Y30ekucran)

Pedepar. Ha ceromusmHmii AeHs B IPOMBIIIICHHO Pa3BUTHIX CTPaHAX IPOJODKAIOT COBEPIICH-
CTBOBAaTh TaKHe HANpaBICHUs MepepaboTKh OMOMacChl, Kak MUPONU3, ra3uUKaLis, 0XKIWKEHHE.
Cpenn COBPEMEHHBIX TEXHOJIOTHIl IHEPreTHYEeCKOro HCIIOJIb30BAHHMS PACTUTEIBHOW OMOMACChI
HanboJee yHUBepCambHOH, d(PPEeKTUBHON W NEImIeBON SBISCTCA TEPMOXUMHYECKAs KOHBEPCHS
METOJIOM HHpOJIN3a. AKTyallbHOE HalpaBJeHHE pa3BHTHs dHepreTuku PecnyOimku bemapycs —
[IMPOKOE HCIIOJIb30BaHUE OPEBECHOTO OMOTOILINBA, a Hanbolee MepCIeKTUBHOE — OECKUCIOPOI-
Hasi TePMOXHMMHYECKasi KOHBepcHsi Omomacchl. Pa3paboTka u BHeIpeHWe HOBOTO 3HEprodpdex-
THBHOTO 00O0PYIOBaHHS TEPMOXUMHYIECKONH KOHBEPCHH APEBECHONW OHMOMACCHI MTO3BOJSIT CHU3UTH
9HEPreTHYECKYI0 3aBUCHMOCTD, a4 TAK)KE YMEHBIIUTh HETaTUBHOE BIHMSHHE SHEPreTHYECKOW OT-
pacim Ha OKpy>Karouyro cpeay. Mcnons3oBanne B KOIMYECTBE, HE IPEBHINIAIOIICM €€ €XKeT0JHEIH
MPUPOCT, HEUTPAIbHO B OTHOLICHHH BBIOPOCOB IMOKCHAA yIiepoaa B aTrMocdepy, 4To crnocod-
CTBYET CHIDKEHHUIO BEIOPOCOB 3TOTO ITAPHUKOBOTO Tasa, a CIeI0BaTeIbHO, COOTBETCTBYET pelle-
HUIO MPEAOTBPAILCHHUS IKOJIOrHYeCcKoi katacTpodsl Ha ruiaHere. [IMpoaH3 MO3BOISET MONYYaTh
Ka4eCTBEHHOE, YKOJIOTHIECKH 0e30IacHOe TBEPHOE, XKUAKOE U Ta3000pa3HOe TOIUINBO IPAKTHIE-
CKH M3 JII00OTO CBHIPBSI, COAEPIKAIIEr0 OPraHUYECKUE YIIIEBOAOPOAHBIE KOMIOHEHTH. OmuH U3
CYIIECTBEHHBIX HEIOCTATKOB IIpoLecca TEPMOXMMHYECKONH KOHBEpCHM OmoMacchl — 00pa3oBa-
HHUe OOJIBIIOrO KOJMYECTBA THOKCHAA YTIICPOAa, COCTABISIONIETO MPH OMPEICICHHBIX YCIOBHUSIX
10 50 % obObema nosryyaemoro rasa. CieJcTBHE 9TOT0 — HEBBICOKAsl TEIIOTBOPHAsI CIIOCOOHOCTh
MPOAYKTOB TEPMOXHMHUYECKOI KOHBEPCHH, YTO CYIIECTBEHHO CHIDKAET d((PEKTHBHOCTD AAaHHOTO
mporiecca. C Touku 3penust 6ananca CO, B npupoje, Ouomacca sSBISCTCS HEHTPaIbHBIM TOILIH-
BOM, OJJHAKO [UISl YBEIWUYCHHUS YIETbHON TEIUIOTHI CrOPAaHHs TOIUTUBHBIX Ta30B HEOOXOIMMa UX
ounctka ot CO,. Kpome yBenuuenus TemnoTs! cropanus, yaaieHune CO, IPUBOJUT K CHIDKEHUIO
3aTpar Ha TPAHCHOPTHPOBKY U MPEAOXPAHSET TPYOOIPOBOABI OT KOPpo3uwr. [1oHast OYUCTKA TOTI-
JUBHBIX Ta30B 0T CO, crocoOHa 3HAYMTENBHO HOBBICUTH UX TEIUIOTBOPHYIO CIIOCOOHOCTb.

KaroueBble cioBa: Ouomacca, I0JIOMHT, [HPOJIH3, YIJICKUCIbIH ra3, KapOOHH3ALHs, KHHETHKA,
MEXaHU3M PEaKIIUy, SJHEPTUs AKTUBALIUH, TIPEIIKCIIOHEHTA

Js mutupoBanus: Bacunesnu, C. B. PacueTHo-skcnepuMeHTaIbHOE HCCIEAOBAHHE COPOIMN
YIJIEKHUCIIOro raza ¢ npuMmeHeruem gonomuta / C. B. Bacunesuuy, C. O. Croiiko, K. K. Kanupbe-
KoBa // Dnepeemuxa. H36. gvicwu. yueb. 3asedenuil u snepe. obwveounenuti CHI. 2026. T. 69, Ne 4.
C. 342-355. https://doi.org/10.21122/1029-7448-2026-69-4-342-355

Anpec 1J1s1 nepenucKu Address for correspondence
Bacunesnu Cepreit Bnagumuposud Vasilevich Siarhei V.

Benopycckas rocynapcTBeHHas akageMus apuanmu BelarusianState Academy of Aviation
yi1. Yoopesuua, 77, 77, Uborevich str.,

220096, r. MuHck, Pecriy6nmka Benapych 220096, Minsk, Republic of Belarus
Ten.: +375 17 249-97-65 Tel.: +375 17 249-97-65

svasilevich@yandex.ru svasilevich@yandex.ru




S. V. Vasilevich, S. O. Stoiko, K. K. Kadirbekova
Computational and Experimental Study of Carbon Dioxide Sorption Using Dolomite 343

Computational and Experimental Study
of Carbon Dioxide Sorption Using Dolomite

S. V. Vasilevich”, S. O. Stoiko"”, K. K. Kadirbekova®

DBelarusian State Academy of Aviation (Minsk, Republic of Belarus),
DTashkent State Transport University (Tashkent, Republic of Uzbekistan)

Abstract. Nowadays, such areas of biomass processing as pyrolysis, gasification, and liquefaction
continue to be improved in industrialized countries. Among modern technologies for the energy
use of plant biomass, thermochemical conversion by pyrolysis is the most versatile, efficient,
and cost-effective. A promising area for the development of the energy sector in the Republic
of Belarus is the widespread use of wood biofuels, while the most promising one is oxygen-free
thermochemical conversion of biomass. The development and implementation of new energy-
efficient equipment for the thermochemical conversion of wood biomass will provide a reduction
of energy dependence and mitigate of the negative impact of the country's energy sector on
the environment. The use of it in an amount not exceeding its annual increase is neutral with
respect to carbon dioxide emissions into the atmosphere, which contributes to reducing emissions
of this greenhouse gas, and therefore corresponds to the solution of preventing an environmental
catastrophe on the planet. Pyrolysis makes it possible to obtain high-quality, environmentally
friendly solid, liquid and gaseous fuels from almost any raw material containing organic hydro-
carbon components. One of the significant disadvantages of the thermochemical conversion
of biomass is the formation of large amount of carbon dioxide, which under certain conditions
can account for up to 50 % of the volume of the gas being obtained. This results in a low calorific
value of the thermochemical conversion products, significantly reducing the efficiency of the pro-
cess. Biomass is a neutral fuel in terms of the CO, balance in nature. However, to increase
the specific heat of combustion of fuel gases, CO, removal is necessary. In addition to increasing
the heat of combustion, CO, removal reduces transportation costs and protects pipelines from cor-
rosion. Complete CO, removal from fuel gases can significantly increase their calorific value.

Keywords: biomass, dolomite, pyrolysis, carbon dioxide, carbonization, kinetics, reaction mecha-
nism, activation energy, pre-exponential factor
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BBenenue

TomnuBHBIE Ta3bl, MONyYEHHBIE MyTEM MHPOJH3a OMOMACCHI, MOTYT CYIIe-
CTBEHHO OTJIMYATHCA 110 CBOMM IapaMeTpaM B 3aBICHMOCTH OT YCIOBHUI MpOTe-
kanus npouecca [1, 2]. Kak uzBecTHo, ¢ pocTOM TeMIlepaTyphl Ipolecca mupo-
TU3a yBEIWYUBACTCS BBIXOJ] Ta3000pa3HBIX MPOAYKTOB, UTO HAPSIY C MaJeHHEM
TEIJIOTBOPHON CIOCOOHOCTH Ta30B MPHUBOAMUT K CYIIECCTBOBAHUIO HEKOTOPOTO
ONTUMAIBHOTO TEMIEPATYPHOTO pexkuMa. B TO ke BpeMsl OUHCTKA MUPOIU3HBIX
razoB oT CO,; MOXET MOBBICHTh UX TEIUIOTBOPHYIO CITOCOOHOCTH J0 TETUIOTBOP-
HOW CITIOCOOHOCTH MPHUPOJIHOTO Ta3a, YTO B CBOIO OYEPE]lb MO3BOJUT HCIOJb30-
BaTh YK€ CYIIECTBYIOIINE TEIUIOBBIC MAIIHHBI I BHIPAOOTKH 3JIEKTPHUECKON
Y TEIUIOBOW SHEPTHUH.

B macrosimee Bpemst cymiectByer psp criocobos ynaneHuss CO,, KOoTopbie
TPAAUIIMIOHHO HMCIOJIB30BANI IS TIOBBIIMICHHUS] KAa4eCTBA OTXOMAIINX (TOIMOY-
HBIX) Ta30B U B IPOIIECCAX OYMCTKU B MPOMBIIUICHHOM MPOU3BOJICTBE aMMHUAKa
U BOIOpO/a. B MPOMBINUIEHHOCTH HAILIM MPUMEHEHHE CIEAYIOIINE CIIOCOOBI
yAaJeHusl YTIEKUCIOTOo Ta3a: XHMHUIECKOe pacTBOpeHne, (hu3uueckoe pacTBope-
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HHe, TIOTJIONEHHE C oOpa3oBaHHWEM KapOOHATOB, afcoOpONMs, pasmeicHHEe Ha
MeMOpaHax, KpHOT€HHEIE TEXHOJIOTHH [3].

Pe3ynbTaThl 3KCIEPUMEHTANBHBIX HCCIICIOBAHUN CICIUATUCTOB Pa3HBIX
CTpaH TIO3BOJISIOT 3aKIIOYUTH, YTO JAHHYIO MPOOJIEMYy MOXHO PEIIUTh ITyTeM
ces3piBanmusa CO, o peaknun CO, + CaO = CaCOj; ¢ HCIIoNb30BaHUEM TTPUPOI-
HBIX JIOJJOMHUTOB B KauecTBe ncrounuka CaO [4-8].

JlonoMuT SBISIETCS MCKONAeMBIM MHHEPAIBHBIM CHIPbEM, HCIIOIb3YEeMbIM
B IIEMEHTHOW MPOMBIIIJICHHOCTH, XUMHYECKOM IMPOU3BOJACTBE KaKk COPOEHT |
KaTaJln3aTop MpU OYUCTKE TOILIUMBHBIX ra3oB [9-13]. Ilociaennee mpumeHeHUE
JOJIOMHTA B HACTOAIIEe BPEMS BBI3BIBAET IMOBBIIICHHBIN WHTEPEC Y JHEPTeTH-
KOB, TOCKOJBKY 3arps3HCHHOCTh T€HEPATOPHBIX Ta30B SBISETCS OCHOBHBIM
MPETATCTBUEM Ha MYyTH CO3JaHUA JIEHIEBBIX M dPPEKTUBHBIX KOTCHEPAIMOHHBIX
yCTaHOBOK [12—-14].

PecniyOnmka bemapyck pacnonaraer OONBIIMMHU 3amacaMH PacTUTEINBHOM
ouomacchl [15] ¥ IPUPOIHBIX JOJOMHUTOB [16], 4TO CrIOCOOCTBYET MPOU3BO/-
CTBY TOIUIMBA JJIS JIBUTATENIeH BHYTPEHHETO CrOPAHMS U JIPYTHX TEIUIOBBIX Ma-
IIMH C NMPUMEHEHHWEM TEXHOJOTHH TePMOXUMHYECKOH KOHBEpCHH OMOMACCHI.
Kax m3BecTHO, IPUPOMHBIN TOJOMHUT SBJISETCS MUHEPAIOM IBOWHOTO KapOoHa-
ta CaMg(COs3),, coaepkallluM TakXe MPUMECH CBOOOIHOrO KapOoHaTa Kajib-
nusg CaCOs, OKHUCIIOB XkeJe3a, allOMUHUS U IPYTuX 31eMenToB [17]. B nponecce
BBIEP)KKH JIOJIOMHUTA Ha MPOTSHKEHUH NpuMepHOo 30 MUH U BBIIIE IPH TEMIIepa-
Type mopsanka 1000 K mpoucxomsTt mojiHOe pas3noxeHHe (OTKHUT) COoeluHe-
Hutt CaMg(COs3), u CaCO; ¢ Beixonom CO; B ra3oByro ¢a3y U, CIIe0BaTEIBHO,
MpeBpaIIeHne HCXOIHOTO CHIPhS B CMECh OKCHJIOB KalbllWs, MarHUs, jKeinesa,
ATIOMUHUA U T. 1. [18].

Kunetuxka peakuuu B3aumoaeiictsusi CO, ¢ OTOXKKEHHBIM JT0JIOMUTOM 3aBH-
CHUT OT pa3Mepa U COCTaBa €ro YaCTHII, YCIOBUI OTXKUTA, IIPOBEIECHUS UCCIIEI0-
BaHUSA U Ipyrux (akTopoB. HeBO3ZMOKHOCTD HAIPAMYIO IPUMEHSATH TEXHOIOTHH
no cBs3biBaHuio CO, I0IOMHUTOM, pa3pabOTaHHbIC B JAPYTHUX CTpaHax, TpeOy-
€T OKCHEPUMEHTAILHOTO W3yYEHUS COOCTBEHHBIX MPHPOJHBIX JOJIOMHUTOB.
[locnennee m ompenensieT akTyalbHOCTh Kak pa3pabOTKH TEXHOJOTHHA TEpMO-
XUMUYECKON KOHBEPCHH OMOMACCHI, TaK U TEXHOJOTUH MO0 OYUCTKE MOTYICHHBIX
npoaykToB oT CO,, 4TO B CBOIO OUEPEAb YKA3bIBACT Ha BAXKHOCTh UCCICAOBAHUS
KHHETUKY B3aUMOJICHCTBUS TUOKCHU/IA YTIIEPOIa H OKCUIA KaIbIHsl.

B nacrosmiet paboTe mpuBeAeHBI Pe3yIbTaThl IKCIIEPUMEHTAIBHBIX HCCIIe-
JIOBaHUN KapOOHHU3AIIMU OTOXKEHHOTO JojloMHTa ImyTeM coporun CO, u3 mu-
POMU3HBIX Ta30B, MOJXYYSHHBIX NMPH TEPMOXUMHUYECKOH KOHBEPCHH J[PEBECHOM
Oromaccsl.

Ilens pabotel — pazpaborka moaenu copbumu CO, OTOXKEHHBIM JOJIOMH-
TOM U ONIpENEICHUEe MEXaHU3MOB U MaKPOKHHETHUYECKUX XapaKTEPUCTUK peak-
u# nornoleHus U BeraeneHus CO, U3 T1oJI0MUTA.

Meton IKCIEPUMEHTAJIBHOI'0 UCCJICIOBAHUA

OmBITH IO KUHETHKE peakiuu B3auMoaeucTsust CO, ¢ OTOXOKEHHBIM J0JI0-
MHUTOM MPOBOIWINCH HA SKCTIEPUMEHTAIBHON ycTaHOBKE (pHcC. 1), BKIIIOYAOLIeH
OamtoH 1 ¢ a30TOM, TUPONIM3HEIA peakTop 2, GuiIbTp 4, KOHIEHCATOP 5 U Kame-
py 8 OYHCTKH MAPOTU3HEBIX Ta30B 0T CO,.
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Puc. 1. Cxema dKcTIepUMEHTAIFHON YCTaHOBKH T10 HcclienoBanuto copounn CO,
OTOXOKEHHBIM JOJIOMHUTOM: 1 — OaJUTOH ¢ a30TOM; 2 — MUPOJIM3HEBIA peakTop; 3 — MaHOMETp;
4 — GunbTp; 5 — KOHIEHCATOP; 6 — PETYIUPOBOYHBIA BEHTUIIb; 7 — pOTaMeTp;

8 — kamepa ouncTky mHpoIKU3HOTO Taza oT CO,; 9 — Tepmomnapa

Fig. 1. Diagram of the experimental setup for studying CO, sorption by annealed dolomite:
1 — nitrogen cylinder; 2 — pyrolysis reactor; 3 — pressure gauge; 4 — filter; 5 — condenser;
6 — regulating valve; 7 — rotameter; 8 — CO, removal chamber for pyrolysis gas purification;
9 — thermocouple

[Tuponu3HbI peakTop OCHAIIEH JICKTPUYECKUM HArpeBaTeNIeM, IO3BOJISIO-
MM TIOAJEPKUBATH TeMIieparypy B peakrope fo 1273 K. Jlns KOHTpois TeM-
nepatyp Ha peakTop YCTaHOBJIEHa TepMoliapa, MOAKIIOYEHHas K HM3MepuTe-
mo-peryistopy temneparyp «Cocna-002» 4, obecrieunBaiomye BO3MOKHOCTb
pabotsl mpu m3MmepeHun temneparyp 10 1373 K ¢ tounoctero jo +0,01 K.
JI71s1 KOHTPOJISI TaBIICHUST UMEETCSI MAHOMETP.

Kamepa npencrasnsier co0oil ABe MMIMHAPUIECKHE EMKOCTH C Pa3TUIHBIMH
JIMaMeTpaMH, PacloyioKeHHbIE COOCHO. JlnameTp BHyTpeHHero muiuHapa 80 mwm,
BHemHero — 135 mM. Jlnmmaa BHyTpeHHero IwmHapa 200 MM, Hapy>KHOTO —
250 mM. TopiieBble TOBEPXHOCTH BHYTPEHHETO IMIIMHAPA MPEACTABISIFOT COOOM
CETKY U3 Hep:KaBeIollel cTanu pazmMepoM siueek 1 mm. Bo BHYTpeHHUI IIIUHID
3aChINAETCs OTOXKKEHHBIN 10710MUT. BricoTa ciios 3aceinku coctaBisieT 500 MM,
tommuHa — 120 MM. Kamepa 8 ocHameHa 2JIeKTpUYeCKUM HarpeBateneM (pac-
MOJIaraeTCsl MEXAY BHYTPCHHMM H HApPYXHBIM IWIMHApPAMH) U TepMOIa-
poii 9 [yt moepKaHu U KOHTPOJIST HEOOXOIUMBIX TEMITEPATYPHBIX PEKHMOB,

Cognepxanue CO, B MUPOJTU3HOM Ta3e Ha BBIXOJE U3 KaMephl 8 U3MEpsIIOCh
C TIOMOIIBIO Ta30aHAIN3aTopa «JIPKocy» 5, MO3BOISAIONIETO U3MEPSATh COCTAB ra-
30BBIX CMECEW, TeMIleparypy, HOaBJIEHHE, CKOPOCTh TeYeHHUs, 0ObEeMHBIH pac-
XOJI C OTHOCHUTEJBHOW IMOTPEUTHOCThIO KOHIIGHTPAIIUi OTAENBHBIX KOMIIOHCH-
TOB £5 %, Temmniepatypst +2 K, naBnenus =1 otH. %, ckopoctu moroka £0,01 m/c.
Pacxon mUpONIM3HBIX Ta30B M3MEpPSUICA MPH MOMOIIU poTameTpa 7 Tuma PM
(I'OCT 13045-81).

Bxon xamephl COeUHSIICS € MOABOAIINM KaHAJIOM, TI0 KOTOPOMY M3 MTHPO-
JU3HOTO peakTopa yepe3 GHUiIbTp M KOHACHCATOP MOCTYIa] MAPOIU3HBIN Ta3.

B xadecTBe CHIpBS UM MOTYYSHHS MTUPOJIU3HBIX T'a30B HCIIOJIB30Bajlach JIpe-
BecHas 1ena (Oepesa) ¢ pasMepoM yacTul 17x8x6 MM mpu aTMOCHEpHOM JaB-
JICHUH, Pa3INIHBIX TEMIIEpaTypax U BpEMEHH MUPOIn3a. BIa)kKHOCTE ApeBECUHBI
coctraBisier 14,2 %. IlmotHOCTE nmpeBecuHbl 506,4 kr/M’, 3ombHOCT 0,23 %.
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BraxxaocTh ompenensiiack ¢ IOMOIIBI0 Biraromepa «®ayra-M» (M3roTOBHUTETH
000 «Jlenray, PO).

Jonomut ucmonb3oBajcs B BUAE IMEOHS pasMepoM OKOJIO 5 MM, MpenBapu-
TEJBHO OTOXCKEHHOTO npH Temmeparype 1273 K B reuenne 2 u.

B xoze 3kcniepuMeHTOB TeMIepaTypbl B IMPOJIM3HOM PEAKTOpe U B Kamepe
OYUCTKHU THUPONM3HOTO Taza oT CO, BBIIEPKUBAINUCH OMUHAKOBBIMU (823, 873,
973, 1023, 1073, 1103 u 1143 K). [Inponu3Helil peakTop 1 Kamepa OUYUCTKH BbI-
BOAMJINCH Ha TpeOyeMBbIl TeMIepaTypHBIH PEXKUM C MOMOIIBIO AIEKTPHUECKUX
Harpesareliell, Ipy 3TOM PEaKTOp U KamMepa OCTaBaJUCh IIyCTHIMH. 3aTeM peax-
TOp 3arpy»ajcs JPEeBECHBIM ChIpbeM — NpUMepHO 1,5 kr. C moMoiIbpio BeHTHIIEH
U poTaMeTpa BBICTABIISUICS MOCTOSHHBIA pacxoll rasa (CMech MHUPOJIM3HOTO Ta3a
W a3oTa u3 0a;ioHa), KOTopblil coctaBisit 10 /4. Pacxon ra3za KOHTpoJIMpoBal-
Csl U KOPPEKTHPOBAJICS B TEUEHHE BCEro 3kciepumenta. Ilockonpky B xone mu-
poiM3a ApeBeCHHBl HAYMHAT BBIICNATHCS MUPOJHM3HBIN a3, a Tak Kak OOIIuii
pacxo]i Ta30BOH CMeCH JOJKEH OBITh MOCTOSHHBIM, MOJAYy a30Ta HpU 3TOM
HEOOXOUMO CHIDKaTh. ['a30Basi cMech, BKIIOYAIONIas B ceOsi MUPOIU3HBIN Ta3
U a30T, IPOXOAUT uepe3 GMIBTP U KOHAECHCATOP, IIe OXJIAXKIAETCS U OUUINACTCS
OT CMOJI, IOTOM IIOCTYyIaeT B KaMepy o4ucTKH. Ho Tak Kak kamepa OYHCTKU HE
3arpy’keHa OTOXOKEHHBIM JoiioMuToM, copbuust CO, He mpoucxomut. [locne
KaMephl OYHCTKH Ta30Bas CMECh MOCTYIMAeT K ra30aHalM3aropy, TJe MPOU3BO-
IUTCS HENIPEPBIBHBIH 3aMep pacxoza rasa u npouentHoe coxepxkanue CO,.

[locne Toro kak muponu3 ApeBecuHbI 3aBepmutTcs (comepkanue CO, mpu-
ONMM3UTCA K HYJIO), OTKPBIBaJM NHPOJHM3HBIA DPEAKTOP W BBHITPYXKald TBEp-
nele ocTatku (yrojib). [lanee B kaMepy OYMCTKU 3arpy’Kajld OTOXOKEHHBIH J10-
JIOMHUT (OKOJIO 2 KT), a B NMHUPOJU3HBIA peakTop — JpeBecHoe chiphe (1,5 KT).
OKCHEPUMEHT MOBTOPSIIM B IPUCYTCTBUU OTOXCGKCHHOT'O JJOJOMHUTA.

Pe3yabTaThl u 00cy:xkIeHUe

I'padmkn m3Menenus: mpoueHTHoro cojepkanust CO, B cocTaBe Ta3o0BOM
CMecH o BpeMeHHu Juisi Temnepatyp 823, 873, 973, 1023, 1073, 1103 u 1143 K
MIpUBENICHBI HA PUC. 2.

U3 rpaduxoB BHAHO, YTO B OTCYTCTBHE AOJOMHTA IPOLEHTHOE COJEpKa-
aue CO, OBICTPO YBEIUYMBACTCS, YTO COOTBETCTBYET HAadaIy MUPOJU3a JpEBeE-
CUHBI W, KaK CIIEJCTBHE, yBeNM4YeHNI0 KoHIeHTpanuu CO, B Ta30BOH CMeECH.
Jlamee mocne AOCTIKEHHS MaKCHMAIIBHOTO 3HadeHus mpoueHTHod nomu CO,
CHIDKAETCS JI0 TeX IOp, MOKa Ha JIOCTUTAET 3HAYCHUM, ONM3KUX K HYJI0. JTOT
MOMCHT XapaKTCPU3YECTCAd OKOHYAHHUEM IIpoLeCCa MUPOJIM3a U BBIACICHHUA ITU-
PONM3HBIX Ta30B, B cocTaBe KOTOPbIX ecTh CO,. OmHako B NPHUCYTCTBUH
OTOXOKEHHOTO JIOJIOMHTA HaOojaeTcs cHmxkeHue coaepxkanus CO, B cmecu
yke Ha craauu nupoiu3a. Kpussie rpadukoB pacmosiararoTcs HUXKE, YeM Tpa-
(1)I/IKI/I, COOTBCTCTBYIOIINUE aHAJIOTUYHBIM YCJIOBHUAM, HO 663 HaJIU4YUsA OTOXKCH-
HOTO JOJOMHTA. JTO yKa3biBaeT Ha copbumuio CO, H, KaK CIIeCTBUE, KapOOHH-
3anuto nonmomurta. OMHAKO HAa CTAJUM OKOHYAHUS MUPOJIH3a JIPEBECHHBI (MO-
MEHT «IaJCHUs» KPUBBIX JUIS CIydass OTCYTCTBHS JIOJIOMHTA) HaOIIOJacTCs
yBenuueHne cogepxkanus CO, B ra30Bol cMecH, 3aTeM — MaJieHHe KOHIICHTpa-
i CO, 10 HYIISL.
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Puc. 2. Tpaduku 3aBHCUMOCTH KOHIIGHTPALHN
CO, B ra30BO#i CMeCH B OTCYTCTBHE
OTOXOKEHHOTO JOJIOMHTA (TIpephIBUCTAst
JIMHUS) U TIOCIIE PearnpoBaHMsI C OTOXIKEHHBIM
JIOJIOMUTOM (CTUTOILTHAS JIMHHUSI):

a — ipu Temriepatype 823 K; b — 873 K;
c—973K;d-1023 K; e - 1073 K; f— 1103 K;
g — npu Temneparype 1143 K
Fig. 2. Graphs of the dependence of CO,

concentration in the gas mixture in the absence
of annealed dolomite (dashed line) and after

reaction with annealed dolomite (solid line): a — at a temperature of 823 K;
b — at a temperature of 873 K; ¢ — at a temperature of 973 K; d — at a temperature of 1023 K;
e —at a temperature of 1073 K; f— at a temperature of 1103 K; g — at a temperature of 1143 K
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st aHanm3a MoMyYeHHBIX PE3yibTaTOB MOMYCTUM, YTO MPHU HArpeBe I0JIO0-
MHUTa B cpelle Ta3oBoil cMmecw, coxaepxkamieir CO,, OMHOBPEMEHHO MPOTEKAIOT
JIBEC HE3aBUCUMBIC PEAKIIUU:

— mpsiMast (TepMHUYECKOe pa3ioxeHne gojaoMuTa) [19-21]

CaMg(COs;), = CaO + MgO + 2CO,;
— obparHas peakius (kapoonusanus CaO u MgO)
Ca0O + MgO + 2C0O, = CaMg(CO3)s,.

CreneHb 3aBepIICHHOCTH NPSMOW U 00paTHOW peakuii onpeaenseTcs Kak:

_ Meangco,), =My
O = ) (1)
Meamgcoy), ~ Mcaomeo

. my = Mcyomgo
ao6p - . (2)
Meamgcos), ~ Mcaomeo

31eck m, — Macca I0NOMHTa K MOMCHTY BPEMEHU £, KT Mz gco,), — TO KE [0~

JIOMHUTA 10 OTKHIa, KI; mCaOMgO — TO K€ INIOJTHOCTBIO OTOXCKCHHOI'O JOJIOMHUTA, KT,

_ Heaomeo
Mcaomeo = Meamg(coy), 2 3)
CaMg(CO,),
Heamgco,), — MOTIEKYJISPHAS MAcca HCXOTHOTO IOJOMHTA, KI/MOJIB; [eopgo — TO

KE OTONKCHHOTO JIOJIOMHTA, KI/MOJIb.

B mpouecce mpoTtexaHus mpsAMOi peakinuu npoucxonuT Beigenenune CO; u,
KaK CIIeJICTBHE, TOBbImeHHue KoHIeHTparuu CO, B ra3oBoil cMecH, 0OpaTHOM
peakmuu — noromiearne CO, U3 ra30BOH CMECH ¢ YMEHBIIICHHEM KOHIICHTpA-
nuu CO, B rase.

Ecnu ckopocTh pa3iokeHHus OrpaHUYMBACTCS KHHETUKOUW JBYX HE3aBUCH-
MBIX XUMHYeCcKuX mporteccoB (1), (2), To n3MEHEeHNEe MacChl KOMITOHEHTOB OITH-
CBIBACTCSl YPABHCHUSIMH:

dm do.
 _ 40y, ~ ‘
dt B dt (mCaMg(C03 ), — Mcaomgo ): 4
dm do.
(2) o6p
= m a —m a . 5
dt dt ( CaMg(CO;), (¢ OMgO) (&)

3Hauenue dm)/dt COOTBETCTBYET M3MEHEHHIO MAacChl TBEPJOTO KOMIIOHEH-
ta (CaMg(CO;), + CaO + MgO) u paBao Macce CO,, BBEIZICTIEHHOH U3 JOTOMHUTA
B €/IMHUIlY BPEMEHH, KI/MUH.

3Hayenue dm/dt paBHo Macce CO,, IOIIOIEHHOTO J0JIOMUTOM U3 Ia30BOM
CMECH B €IMHHILy BPEMEHH, KI/MHH.

Torga xonnentpanuo CO, B Ta30BOH cMecH oOmpeaeauM o Gpopmyie

1 | dm dm
X, =x° 4|0 _T®@
TG | A dt

0 o
TIe XCO2 — xouteHTpanus CO, B Ta30BOW CMECH 10 PEAKITUH C JTOJIOMHTOM

100 %, (6)

0 ~ o
(B manHOM ciydae X, — koHueHrpanus CO, B ra3oBOi CMeCH, MOJIYYCHHOH
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B XOJIe JKCIepHMeHTa 0e3 y4yacTus JOJOMHUTOBOW 3aChIIKM B Kamepe OYHUCT-
kH), %; G — MacCOBBIH pacxoJ Ta30BOW CMECH, KT/MHH.

Tak Kak IOJOMHUT IPEABAPUTEIBLHO OBbII OTOMOKEH, TEMI IIPOTEKAaHUs Ipsi-
MOH peakIiy HanpsIMyIO 3aBUCHUT OT CTENCHHU 3aBEpIIEHHOCTH OOpaTHON peak-
mun. Torga ypaBHenue (6) ¢ yderoM BeIpaskeHHH (4) u (5) MOXHO 3amucaTh

CTeIyIOIUM 00pa3oM:
do,, dog,
(mCaMg(CO3)2 _mCaOMgO) Aoy d - d
XCO2 =Xgoz + G 100 %. (7)

r

B xoJte aHanmm3a JaHHBIX SKCIIEPUMEHTOB BBISIBICHO, YTO HAMIYYIIUM 00pa-
30M TIpsIMast PEaKITUs ONMMCHIBAeTCS MOIeNbi0 ABpaMu — Epodeena [22-24]

o, =1- exp[—(knpt)n } 8)

. -1
rie ky, — KOHCTAaHTa CKOPOCTH MPSAMOM PEaKIUH, MUH ; ! — BpeMs NPOTEKaHUs
peaxIy, MUH; 71 — CTETICHHOH IMoKa3aTenb (B JaHHOM ciydae 1 = 4).

d(xnp
Torma o OTIPEICIIACTCS KaK
t

do, 4
— — 4k e [— k. t } 9
~ xp| —(k,t) )

OOpatHas peakIusl OIMUCHIBAcTCS MOJCIIbI0 ABpaMu — EpodeeBa co cTeneH-
HBIM ITOKa3aTejieM n = 2,5:

a‘o6p = 1 - exp|:_(k()6pt)2ﬂ5 :|5 (10)

do. s 1s 2,5
dtp =2,5kyt exp[—(kwpt) } (11)

31eck kosp — KOHCTaHTa CKOPOCTH 0OpaTHON peaKLuH, MHH .
KoHCcTaHTBI CKOPOCTH MPSMOIN B 0OpaTHOW peaKIiil OmpeesieTcs 1Mo ypaB-
HEHHNIO AppeHunyca:

k_=A_exp|- Enp kg, = Ay, XP -2 (12)
p p R-T P P RT

rae Enp, Eosp — DHEPIUM aKTHBAlLMU MPAMON M 0OpaTHOH peakuuu, Jx/MOb;
Aup, Aosp — TPEIPKCTIOHEHTHI IPAMOit U 0OPaTHOM peakiuu, MUH 3 R — yHUBEp-
canpHast ra3oBas nmocrostaHasi, 8,314 Ix/(mone-K); T — Temmnepatypa, K.

B xoxe ananmza MOJMy4YeHHBIX SKCIEPUMEHTAJIBHBIX IAHHBIX OIPENENIEeHO,
410 Enp U App 3aBHCAT OT TEMIIEPATYPBI, KPOME TOTO, Ay, 3aBUCHT OT KOHIICH-
tpauuu CO, B ra30BOi cCMecH Ha BXOJ€ B KAaMEPY OYHMCTKU:

A, =(1- X%, )-exp[13,651+0,0032T]; E,, =203,62T —28438. (13)

3T0 00BACHIETCS TEM, YTO AOJIOMHUT MIPEACTABISIET cOO0M CMeCh MarHe3uTa
u kanpiura. B obmactu TemmepaTtyp mopsiaka 900 K u Bblie MarHe3uT mod-
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HOCTBIO pacrmajaercss 1O OKCHIa MarHus M nuokcupaa yriaepoxa [20]. A mpu
teMrreparypax Boime 900 K HaunHaeTcs akTUBHOE PA3JIOKEHUE KAIBIUTA C 00-
pazoBanueMm CaO u CO,. DHeprus akTUBAIMU TEPMUUYECKOTO Pa3JIONKEHUS Mar-
HE3UTa HIKE, YeM SHEPrHs aKTHBALUHM TEPMHUYECKOIO Pa3I0KEHUs KajbLHUTA.
[TosTOMYy CyMMmapHBIe 3HaYEHHUSI TIPEAIKCIOHEHTHl U SHEPTHH aKTHBALUK JOJI0-
MUTa TIPU HU3KUX Temneparypax (mopsaka 823 K) Ommke kK COOTBETCTBYIOIIUM
3HaYeHUsIM A u E pa3noxeHuss MarHe3wWTa, a C YBEIMYCHHUEM TeMIIepaTyphl U,
KaK CJIEACTBHE, IOBBIILICHUEM JIOJM YYacTHs KaJbLUTa B IIPOLECCE PA3JIOKECHHS
JOJIOMUTA, TIPEAIKCIIOHEHTA ¥ SHEPTHs aKTHBALMU U3MEHSIOTCS (YBEJINUUBAIOTCS)
U CTPEMSTCS K 3HAUCHUSIM, COOTBETCTBYIOLMM PEAKLMN Pa3I0KEHHS KaIbLIUTA.

Panee Ob110 OnpeaeneHo, YTO SHEPTHs aKTHBAlMM MarHe3uTa, BXOAALIETO B
cocraB joyiomMuTa, coctasisier 142700 JIx/Mounb, a SHEpTUsl aKTHBALMN KalblU-
ta — 203000 Ix/Mounb [25, 26]. DTu 3HaUEHUS XOPOIIO COMIACYIOTCS C pacyer-
HBIMH 3HAYCHHUSIMHU DHEPTHH aKTHUBAIIMH, TOTydeHHBIME 110 dhopmyie (13). Taxk,
npu Temneparype 823 K sHeprus akTHBaUWM Pa3loXEHHs IOJIOMHTA paBHA
138000 [Ix/momb, a mpu 1143 K — 201500 JI>x/Mob.

Hnst cirydast oOpaTHOM peakuy Ha 3HaUY€HHE MPEAIKCIIOHEHTHI 3HAYUTEIHHO
BiusieT KoHneHTpauus CO, B Ta30BOH CMECH Ha BXOJIE B KAMEPY OYUCTKH, B TO
BpeMsI KaK BIMSHHUE TEMIIEPATYPbl HE3HAYUTEIBHO:

Ay = X2, 9,36,

3HayeHMs SHEPruil aKTUBALUK 00PATHON peakuu Eqg, HE 3aBUCAT OT TEM-
riepaTypsl 1 paBabl 32000 [[x/Momb

OT0 corjmacyercs co 3HAYEHUSMHU JHEPTUU aKTUBAIUH, YCTAHOBICHHBIMU
aBTOpaMH HccieqoBaHus [27], a Takke IPYrUMU HcciaenoBarensMu [28, 29].
[o manubIM [28], SHEPrHs aKTHBAIMK OOPATHOW PEaKIMU HAa CTAIUH, KOHTPOJIHUPY-
emoii xumuyecknM B3aumozerictereM CO, u CaO, cocraBisier 31,78 kJ[/Mob.
D10 3HaYeHWEe aBTOPHI [28] MOMyYMSIM HAa OCHOBAaHWUHU JKCIEPUMEHTAIBHBIX
HCCIIEIOBAHNM, BHITIOTHEHHBIX B oOmactu 773—1123 K. ABtopsl [29] m3ydanu
mporecc kapbonuzanuu CaO B obmactu 773-873 K u ompenenuiu 3HaueHHE
SHeprum akTuBaluu oopatHoi peakuuu (30,2 xJ>k/Monb) Ha CTaauU, KOHTPO-
JIUPYEeMON XUMUUECKUM B3aUMOICHCTBUEM.

[HoncraBuB ypaBHenus (8)—(14) B (7), moayyuM BBIpaXEHHE IJI pacueTa
konnentpauu CO, B Ta30BOi cMecH

0 Mcaomeo | Meamg(co,),
Xeo, =Xio, + -1
2 2 G
T uCaOMgO

X (1 — exp[—(koﬁpz‘)z’5 }) 4k;‘pt3exp[—(knpt)4} - (14)

~25 féitl’Sexp[—(k@t)z’sﬂ-100 %.

Ha puc. 3 npuBeneHbl cpaBHUTEIbHBIE TPAPUKU U3MEHEHHS KOHIICHTPAIUH
CO,, nmoxy4YeHHBIE IKCIIEPUMEHTAILHBIM U PacueTHBIM IyTeM. BunHo, 4To KpH-
BEIE, MOJTYUYEHHBIE PACUCTHBIM ITyTEM C MOMOIIBIO MPEAIOKEHHON MOJIETH, XO-
POIIO COTIIACYIOTCA C pe3yibTaTaMH dKcIepuMeHTOB. OTCyTCTBHE CIIIaXEHHO-
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CTH PAaCUeTHBIX TPa(hUKOB (B CPABHEHHU C IKCIIEPUMEHTAIBHBIMHU) O0BICHIETCS
HEOOJBIINMHI U3MEHEHUSIMH pacxona X, c002 ra3oBOi CMECH, HCKIIOYUTH KOTO-
pbl€ B X0JI€ IKCIIEPUMEHTa He ObLIO BO3MOXKHOCTU.
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Puc. 3. T'paduku sKcriepuMeHTaTbHBIX
3aBucUMOcCTel koHIeHTpauuu CO,
B ra30BOi CMECH B OTCYTCTBHE
OTOOKEHHOTO JJOJIOMUTA (TOHKAsI
NPEPBIBUCTAsS JINHUS) U TIOCIIC PearupoBaHusI
C OTOJMCOKEHHBIM JOJOMHTOM (CIUIOIIHAS
cepast IMHUA) U 3aBUCUMOCTEHH,
PacCUUTaHHBIX C UCTIOJIb30BAHHEM
‘ ! ypaBHeHus (15) (cromniHas yepHast THHUS):
100 150 a — ripu temmeparype 823 K; b — 873 K;
c—973K;d-1023 K;
e— 1073 K; £— 1103 K; g — npu remneparype 1143 K
Fig. 3. Graphs of experimental dependences of CO, concentration in the gas mixture
in the absence of annealed dolomite (thin dashed line) and after reaction with annealed dolomite
(solid gray line) as well as dependences calculated using equation (15) (solid black line):
a— at a temperature of 823 K; b—873 K; ¢ —-973 K;d—- 1023 K; e - 1073 K; - 1103 K;
g — at a temperature of 1143 K
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B 10 xe BpeMs OTHOBPEMEHHBIN yUET MPSAMON M 0OpaTHOM peakIwii, a Tak-
K€ BIMSHUE TEMIIEpaTyp U COCTaBa UCXOAHOU ra30BOM cMecH Ha MaKPOKUHETH-
YeCKHe TTapaMeTphl MPUBOAUT K Pe3yJbTaTy pacuera MPOIEHTHOTO COACPKAHMS
CO,, nenast ero Ka4eCTBEHHO JOCTOBEPHBIM.

BbIBO/IbI

1. BeimonHeHO pacdyeTHOEe W AKCIEPUMEHTAILHOE HCCIIEeOBaHHE Ipollecca
copOLMHU YTIEKUCIOro raza ¢ MPUMEHEHHEM OTOXCKEHHOro aosnomura. Ilomy-
YeHBI HOBBIC JKCIEPUMEHTAIbHBIC MaHHBIC KMHETHKH mpsamoir CaO + MgO +
+ 2CO, = CaMg(COs3), u obpatroit CaO + MgO + 2CO, = CaMg(COs), peak-
IIUH, BBIIOJIHEHHBIX B M30TEPMHUUECKUX YCIOBUAX MpHU Temrmeparypax 823, 873,
973,1023, 1073, 1103 u 1143 K.

2. YCTaHOBIIEHO, YTO KWHETHKA MPSAMOW M OOPAaTHOW peaknuil OMHCHIBAET-
cs Mojnensio ABpamu — EpodeeBa m xapakrepusyercs HaIWYHEM THUITHYHBIX
JUT TEeTEPOTeHHBIX IMPOIECCOB MEPHUOI0B, TAKUX KaK WHAYKIHNSA, YCKOPEHHE U
3aMeJIeHueE.

3. OnpeneneHbl MaKpOKHHETHYECKHE TapaMeTphl MEPBUYHON M BTOPUYHOM
peakuuid. [TokazaHo, 4TO JJId MaJIbIX TEMIEPATyp NapaMeTphl IEPBUYHON peak-
UM ONM3KH K 3HAYCHUSAM, XapaKTepHBIM AJsl PEakIHd TEPMHUYECKOTO pazio-
JKCHUSI MarHe3WTa, a JJIsl BBICOKHX TEMIIEPaTyp — TEPMHUYECKOTO Pa3i0oKEHHS
KaJIBITUTA.

4. IlomyueHHbIE B HACTOSIIEM HCCIEAOBAHUU PE3YJIbTaThl 00JIaAaloT Mpak-
TUYECKOW 3HAYMMOCTBIO, TaK KaK MOTYT OBITh BKJIFOUCHBI B Pa3IMYHBIE METOHU-
KH pacueTa COpOIMOHHO-KaTATUTUIECKNX CHCTEM OYMCTKHM Ta3a Ha OCHOBE JI0-
JIOMHUTA, MOBBIILAS JOCTOBEPHOCTh OIMCAHHUS Mpolecca U KadyecTBO MPOTHO3U-
poBaHUs ero mapaMeTpoB. [Ipu 3TOM HeJb3s1 UTHOPHPOBATE TO OOCTOATENILCTBO,
YTO TEpexoja K ammapaTypHoMy O(OPMIIECHHIO TEXHOJIOTHYECKOTO Ipoliecca
OYNMCTKU F€HEPAaTOPHOro ra3a TpeOyeT He TOJNBKO 3HAHUH O PeakLUU MaTepHania
Ha T€ WM WHBIC BO3ACUCTBHS, HO W aJEKBATHOW Monenu (pyHKIHMOHHPOBAHUS
ammapara.
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Ha 0a3e oreuecTBeHHBIX I'TY momuocThio 60-70 MBT
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Pedepar. Pabora mocssiieHa peaan3anyuy aKTyalbHBIX IUIAHOB 110 HMIIOPTO3aMEICHUIO U ITOBBI-
meHuto 3G ¢EeKTUBHOCTH 3HepreTudeckoid otpaciau Poccuiickoit Pepepanuu. MccnempoBanue
HalpaBJIeHO Ha 00OCHOBaHME HAYaIbHBIX ITapaMeTPOB Hapa B IBYXKOHTYPHBIX TEIUIO(HUKAIOH-
HBIX maporazoBbix ycraHoBkax (TII'Y) ¢ mepcneKTHBHON OTEUeCTBEHHOH ra3oTypOWHHOI ycTa-
HoBKOH ['TD-65. B xauecTBe KpUTEpus UCIOIB30BaH MOKA3aTENIb OTHOCUTEIBHON SKOHOMUH TOII-
JIMBa NP KOMOMHUPOBAHHOM BEIPA0OTKE SHEPrHHM IO CpaBHEHUIO ¢ paznenbHol. Ha 6asze CAIIP
United Cycle pazpaboTana MMHUTalMOHHAsS MOJIENb U aHANIW3a BIUSHUS JABJICHUS CBEXETrO
napa B KOHTYpax BBICOKOTO M HH3KOro aaBieHus Ha dextuBHocTs TIII'Y. Monens mo3soss-
T NpPOaHaIM3UPOBAThH ANANA30HbI JABJICHUI CBEXKEro Iapa IJIsi KOHTYPOB: BEICOKOTO JAaBJICHHS —
ot 10 mo 18 MIla; Huskoro — ot 1,0 mo 2,0 MIla. YcraHOBICHO, YTO MOBBILICHUE JaBICHUS Hapa
B TIII'Y Ha 0a3e mepcrneKTHBHOH ycTaHOBKH ['TD-65 ¢ TpaaMIMOHHO NPHHSTHIX IJIsl yCTAHOBOK
KOHJIeHCaIMOHHOTo mpodmist 7-8 no 15-17 MIla obecreunBacT cyMMapHYHO OTHOCHUTEIBHYIO
9KOHOMMIO TorunuBa Ha ypoBHe 38,0-38,1 %. YBenudyeHune napamMeTpoB mapa B KOHTYpPe HU3KOTO
JIABJICHUS. C TpaAuLMOHHO TpuHsitoro 3HadeHus 0,5-0,8 MIla no yposus 1,3—-1,5 Mlla taxxe
MO3BOJISIET MOBBICUTH SKOHOMHIO TOIUIMBA. IIpemmoxkeHsl MpakTHYecKHe PEeKOMEHAAIMH IO HC-
MOTB30BAaHNUIO JIOKPHUTHUYECKUX IapaMeTPOB JABJICHUS Iapa, HCXOIS M3 OMBITAa 3KCIUTyaTalluu
1 TEXHUYECKUX OTPAaHUYCHHH CYIIECTBYIOIIEro 000pyJOBaHUS.
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Optimal Initial Parameters of Double-Circuit Combined-Cycle
Heating Plants Based on Domestic Gas Turbine Units
with a Capacity of 60—70 MW Using Digital Modeling Tools

M. P. Mironchuk”, D. A. Treshchev”, M. A. Treshcheva, Y. A. Vladimirov”,
S. O. Kravchenko?

DPeter the Great St. Petersburg Polytechnic University
(Saint Peterburg, Russian Federation)

Abstract. The work is devoted to the implementation of current plans for import substitution
and improving the efficiency of the energy sector of the Russian Federation. The study aims
to substantiate the initial steam parameters in double-circuit combined-cycle heating plants with
a promising domestic gas turbine installation GTE-65. The indicator of relative fuel savings in
combined energy generation in comparison with separate energy generation was used as a crite-
rion. A simulation model for analyzing the effect of fresh steam in high- and low-pressure circuits
on the efficiency of double-circuit combined-cycle heating plants has been developed on the basis
of United Cycle CAD. The model allows analyzing the pressure ranges of fresh steam for circuits:
for the high-pressure circuit — from 10 to 18 MPa; for the low-pressure one — from 1.0 to 2.0 MPa.
It has been established that increasing the steam pressure in the double-circuit combined-
cycle heating plants based on the promising GTE-65 installation from the traditionally accep-
ted 7-8 MPa for condensation profile installations to 15-17 MPa provides a total relative fuel sa-
ving of 38.0-38.1 %. An increase in steam parameters in the low-pressure circuit from the tradi-
tional value of 0.5-0.8 to the level of 1.3—-1.5 MPa also makes it possible to improve fuel savings.
Practical recommendations on the use of subcritical steam pressure parameters are proposed, based
on operational experience and taking into account technical limitations of existing equipment.

Keywords: thermal power plant, cogeneration plant, combined-cycle plant, heating plant, heating
system, relative fuel savings

For citation: Mironchuk M. P., Treshchev D. A., Treshcheva M. A., Vladimirov Y. A.,
Kravchenko S. O. (2026) Optimal Initial Parameters of Double-Circuit Combined-Cycle Heating
Plants Based on Domestic Gas Turbine Units with a Capacity of 60—-70 MW Using Digital Mode-
ling Tools. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 69 (4), 356-369 (in
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BBenenune

Pa3Butre moboro rocymapcTBa B TEKYLIMX pPEalUsiX TpeOyeT o0ecreduTh
CTaOWJIBHBI W KOHKYPEHTHO CHOCOOHBIM TOIUIMBHO-DHEPTETHUECKUH KOMII-
neke (TOK). nsa ahHeKTHBHOTO MCTIOIB30BaHUS TOTUIHBA W TTOBBIIICHUS Kade-
CTBa MPOM3BOCTBA TEIUIOBOW M DIIEKTPUYECKOW DHEPTrHH HEOOXOIMMO COBEp-
IIEHCTBOBATh JHEPreTHUECKHe yCTAaHOBKH. COIIACHO OTPACIEBBIM OTHETaM ',
YCTaHOBJIEHHAsI MOIIHOCTH dHeprocucteMsl P® Ha 65 % obecneunBaeTcst MoIII-
HOCTAMHU TeroBbIX 3jekTpoctanuuit (TOC). OgauM U3 CcTpaTermyecKux
HANPAaBJICHUI PAa3BUTHUS TCHEPAIMH, UCIIOIB3YIONICH MPUPOIHEIN Ta3 B KAYSCTBE
TOTTNBA, SIBJISIETCS COBEPIICHCTBOBAHKE CYIIECTBYIOIIUX M CTPOUTEIHCTBO HO-
BBIX T1APOra3oBbiX ycranoBok (III'Y) ma TOC.

CTpoUTENhCTBO HOBBIX YCTaHOBOK MM Mojudukainus ctapeix [1II'Y motpe-
OyeT KauecTBEHHOT0 0OOCHOBaHUS MCIIOJB3YEMbIX HadalbHBIX MapaMeTpoB Ma-
pa ¥ CTPYKTYpPBHI YTHIN3aMOHHOTO KOHTYpa, MOCKOJIbKY WMEHHO OHU OKa3bIBa-

' Oruer o yHKIHOHMPOBaHMH SHeprocucTeMbl Poccun B 2024 .
: IIpaBurensctBo Poccuiickoit denepannu, pacopsbkenue ot 12 amperst 2025 1. Ne 908-p.
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FOT CYIIIECTBEHHOE BIUSHWE Ha 3(PPEKTUBHOCTh HCIOIR30BaHus TormBa [1I'Y
YTHIU3AIMOHHOTO THIIA.

Bonpockl onTuMu3anuu napaMeTpoB M CTPYKTYpPBl OMHApPHBIX KOMOWHHPO-
BaHHBIX YCTAaHOBOK YTHJIM3AIIMOHHOTO THUIIA ITUPOKO OCBEIIAINCH B OTPACIIEBBIX
maaansax 1990-2000-x rr. Tak, B IpoBeIeHHBIX paHee HcclieqoBaHusIX [1] oT-
MeuaeTcs yBennuenue kodddunuenta nonesnoro aeicreusa (KIIA) na 1 % npu
00AaBICHNN TPOMEXKYTOYHOTO TIeperpeBa B Mapora3oBOW YCTAHOBKE OJIHOTO
YpOBHS AaBIIEHUS. Y CIOXHEHHE CTPYKTYPhl YTHIH3AIHOHHOTO KOHTYpa IyTeM
YBEJIMYEHHSI KOJIMYECTBAa KOHTYPOB Iapa pa3IMyHOTO JaBJIEHHs, [eHEPUPYEMOTO B
KOTJIaX-yTHIN3aTOpax, TaKKe yBelInuuBaeT >(PQEeKTHBHOCTh ycTaHOBKM. Hampu-
Mep, B [2] ykazaHO, YTO peanu3alusi ABYXKOHTYpHOM cxembl noBbicUT KIIJI
Ha 2,67 % 10 CPaBHEHHUIO C OJTHOKOHTYPHON cxeMoil Ha Oa3e mmeHTmuHOU ['TY.
Peanuzanms TpexkoHTypHOU ycTaHOBKH Mo3BosisgeT noBeicuTh KIIJI Ha 1,68 % mo
CPaBHEHUIO C ABYXKOHTYpHOI [3]. ABTOpHI [4] mumyT, uyto Hanbomee 3¢pdexTHs-
HOU SIBIISIETCS] TPEXKOHTYpPHAsI CXeMa C TIPOMEXKYTOUHBIM TIEPErpeBOM Tapa, KOTO-
past no3Bonsiet nosbicuts KI1JI Ha 0,6 1 0,1 % mpu paboTe Ha 10- U CBEPXKPUTHU-
YeCcKHX MapaMeTpax Mo CPAaBHEHHIO C TPEXKOHTYPHOH KOMIIOHOBKOM.

ITapameTpbl TEXHOIOTUYECKON CXEMbI TaKXKe BIMSIIOT HAa IKOHOMUYHOCTH 1Y,
B craree [5] moguepkuBaeTcs, YTO HEAOTPEBBI, 33aBa€Mble B MOBEPXHOCTSIX
KOTJIa-yTHIIM3aTOpa, BIUSIIOT Ha TEIUIOBYIO S (EKTHBHOCTh YCTAHOBKH U 00BEM
kanutaneHbix 3arpaT. KIIJ[ ycTraHoBkM HaxoauTcss B nOuama3oHe or 57,98
10 57,51 % npu paznuuuu KanmuTalbHbIX 3aTtpaT oT 36,48 1o 31,55 ThIC. py6./KBT
1 HEM3MEHHOU CTPYKType TEXHOJOTHYECKOro mporiecca. J[aBneHue reHepupye-
MOTO Tapa B KOHTYpax TakKe BIHUSAET Ha 3KOHOMHUYHOCTH [I['Y u mmeeT cBom
ONTUMAJIBHBIE 3HAYEHUS Ul pa3iIM4YHBIX KOMIIOHOBOK. s III'Y ¢ omHOKOH-
TYpPHBIM KOTJIOM-YTHJIU3aTOPOM TEPMOJMHAMHYECKH ONTHMAIbHOE JaBlICHHUE
CBEXEro mnapa gocturaercs B npeaenax ot 1 go 4,5 MIla u 3aBucur ot teme-
patypsl Berxsona I'TY ot 350 mo 575 °C [6]. s III'Y ¢ AByXKOHTYpPHBIM KOT-
JIOM-YTUJIU3aTOPOM TEPMOJWHAMHYECKH ONTHMAJbHOE JaBlieHHE YBEIMYH-
BaeTca U Haxonutcs B mpenenax 8§ MIla B konType Bbicokoro aasnenus (BJI),
B KOHTYpe Hu3Koro aasneHus (H/I) ontumansHoe naBieHne qOCTUTAETCS B IIpe-
nemax 0,5 Mlla [7]. dusa III'Y ¢ TpeXKOHTYPHBIM KOTJIOM-YTHIIU3aTOPOM TEp-
MOJMHAaMHUYECKH ONTHMAJIBHOE JaBJIEHHUE HaXOAWUTCS B pPa3lMYHBIX NpeAenax B
3aBUCUMOCTH OT TemrepaTypsl ra3os 3a I'TY ot 11-12 no 16-17 MIla nis koH-
Typa BbICOKOTO maBieHus [8]. Takyke mMpoaeMOHCTPUPOBAHO BIUSHHUE Pa3iIdd-
HOTO KOJIMYEeCTBa KOHTYPOB B KOTJIe-yTHiu3atope Ha 3ddekruBHocTs [IT'Y
[9, puc. 4.25]. ABTopom mnokazano noBsimieHue KIIJ[ na 0,02; 0,025 u 0,01 %
P TIOBBIMICHUH TeMIepaTypsl Bbixjona ['TY cooTBeTcTBEHHO BO BCEM pac-
CMaTpUBAaEMOM JHMara3oHe JaBJIeHUH TeHepHpyeMOoro napa.

3apyOeKHble MCCIIeOBaHUS MO ONTUMH3ALUN HavaJbHBIX MapaMeTpOB aK-
TUBHO NPOBOAWIKCH B nepBoil mojoBuHe 1990-x rr. [10], u akTyanbHBIM Ha-
MpaBIIEHUEM Ha CETOAHSIIHUN IEHb SBISIETCS WCIIOJNb30BaHUE MMApOra30BhIX
YCTaHOBOK B Pa3iIMYHBIX TEXHOJIOTHYECKUX MTPOU3BOJCTBAX.

Tak, B uccnenoBanuu [11] nokazana Bo3MoxkHOCTh BHeApenus III'Y B cra-
JIETUTEHHOE TPOM3BOACTBO. B cTaTthe [12] aHAmM3MpyeTCsl UCIOJIB30BaHHE T1a-
pOra30BOi YCTAHOBKH B TEXHOJIOTMYECKOM IHKIIE pPera3u(uKaiiuy CKMKEHHOTO
npupojHoro rasa. B nenax unrerpanun I1I'Y paccmarpuBaroTcst Takke TEXHO-
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JIOTHMM MCHOJb30BaHust Ouoraza [13], rasudukanum yris [14], mpousBoacTBa
Bojopona [15] u np.

OCOOEHHOCTBIO OTEYECTBEHHOW SHEPTETHKH SIBISAETCS BBICOKAs OIS KOM-
OMHUPOBAHHOTO MPOM3BOJCTBA TEIUIOBOW M AIEKTPUUYECKOH SHepruu. Beumy
KIIMMAaTHYECKUX OCOOCHHOCTEH Haied crpanbl nopsaka 54,37 % MOIIHOCTH
TETUTOBBIX DJIEKTPOCTAHIIHIA BRIpa0aThIBaETCs B TEIUIO(PHUKAIIMOHHOM ITuKie [16].
OTO TMO3BOJUT HCIOJIB30BATH YCTAHOBKH TEIUIOPHUKALMOHHOTO NPOQHIS s
MTOBBIIIICHHUS TOJIE3HOTO 3 deKTa.

B cocTaBe skcnmyaTupyeMbsIX Mapora3oBblx ycTaHOBOK B Poccun 85 % 3apy-
oexubix ['TY [17]. C y4yeToM BO3HHUKIIMX OTPAaHUYCHHN Ha IMPEIOCTABICHUE
CEPBHCHBIX YCIIyT MHOCTPAaHHBIX KOMITAHWN OOJbINas 4acTh MPEICTaBICHHBIX
YCTaHOBOK B OImkaiiiiiee BpeMs BeIpaboTaeT cBoi pecypc. s CHUXeHus puc-
KOB, CBS3AHHBIX C JHEPIeTHUECKOH 6E30MaCHOCThI0 Poccu’, HEOOXOIUMO TIPH-
BECTH B COOTBETCTBHE TEXHOJOTHYECKUI YPOBEHb OT€UECTBEHHBIX MTAPOTra30BhIX
TEXHOJIOTHH IS 3aMeHBl 000pyIOBaHUS Ha PEMOHTONPUTOIHOE U arperaToB C
MaJIBIM OCTaTKOM CPOKa CITy>KOBI.

B pa6otax [18—20] mokazana BO3MOXHOCTh MCIIOIB30BAHUS OTHOCHUTEIHHOM
SKOHOMHH TOIUIMBA 0 CPABHEHHIO C Pa3felIbHON BBEIPa0OTKOM B KAYECTBE OJIHO-
ro u3 KputepueB 3(Q(PEeKTUBHOCTH YCTaHOBOK TEIIO(PHUKAUOHHOTO MPOQHIIS.
B mactosmeii paboTe maHHBIA TOKa3aTeldh HWCIOJB30BAaH I BBIOOpa Iapa-
METPOB M CTPYKTYPhl KOTEHEPallMOHHOHM IMapora3oBOW YCTAaHOBKH YTHIIHM3a-
IIMOHHOTO THUIA Ha 0a3e mepcreKkTuBHOUW oreuecTBeHHOM ['TY cpemnero xiac-
ca MOIIHOCTH.

Pesynpraramu nosbimeHus 3 (EKTUBHOCTH ycTaHOBOK Ha 0aze ['TY sBis-
eTcs SKOHOMHUEeCKHi ) deKT 1Mo yBenndeHno KodpQHIueHTa TOITHBOUCIIONb-
3oBadus [21], 3aBUCAMMIA OT BRIOpAaHHOTO TOKa3zaTems. TakKe 3TO IO3BOIHUT
YMEHBIIUTh TEIIOBBIE BHIOPOCHI B OKPYKAIOUIYIO CPEAy, MPOIOPIUOHAIBLHO
CHUXasi HAHOCUMBIN yIiepO, 3aBUCSIIUNA OT IKCEPTUU YXOIANINX Ta3oB [22].
[Ipenmonaraemsie pe3yibTaThl TOTHOCTHIO COOTBETCTBYIOT OCHOBHBIM JIOKY-
MEHTaM, PEerJIaMEeHTUPYIOUINM pa3BuTue PD, 4yTo MOATBEpKIAeT aKTyaIbHOCTh
WCCIIEJIOBAHUSI.

enms paboTel — pa3paboTka peKOMEHIANWN MO BeIOOPY HamoOomee 3¢ dek-
TUBHBIX HAYaJIbHBIX IMapaMeTPOB YTHIM3AIMOHHOTO KOHTYpa ABYXKOHTYPHOM
rerodukanuonHoi maporazoBoil ycranoku (TII'Y) Ha mpumepe mepcriek-
THBHOU OTEUECTBEHHOH Ta30TypOMHHON ycTaHOBKY [ T3-65.

MarepuaJjbl 1 METOABI

OOBEeKTOM HCCIEOOBaHUS BBICTYHNAeT TEIIO(UKAMOHHAS Iapora3oBast
yCTaHOBKA Ha 0a3e 0TeUeCTBEHHOM ra30TypOMHHOM ycTaHOBKU [ TD-65.

B tabn. 1 mpusenena xapakrepuctuka I'TY mia yenosuit ISO (¢, = +15 °C;
Ppus = 0,1013 MIla; oy = 60 %) npu pabore Ha Ta3000pa3HOM TOIUIMBE —
100%-M metane. [lapameTpbl IpeaCcTaBIEHB! IPH OTCYTCTBUU NMOTEPU JABIECHUS
Ha BXOJT B KOMITPECCOP M BBIXJIOIE TypOUHEI [23].

’ Va3 Ipesunenra Poccuiickoii @enepaunu ot 13.05.2019 Ne 216.
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Tabnuya 1
Texnnueckue xapakrepuctuku I'TI-65

Technical specifications of GTE-65

3HageHue s ycaosuit ISO
[Tapamerp
I'T2-65
MomiHoCTh Ha KIeMMax Typooreneparopa N,, MBT 67,7
KII/] na kiemMmax TypOOreHepaTopa 1,, % 36,2
Pacxon razo Ha BEIX0j1e TypOuHBI Gyy, KI/C 195
Temmepatypa ra3oB Ha BBIXOJIE TypOUHSI £, °C 555
Koa¢durment m30bITKa BO3ayXa B yXOIIHUX Ta3ax 2,96

B kaudectBe Merona ucciuenoBaHusl BEIOpaH METOA UMHTAIIHOHHOTO MOJEIH-
pOBaHHUS PEKUMOB pabOTHl 3HEeprodioka ¢ ucmonb3oBanueM CAIIP United
Cycle. /lannoe mporpaMMHoe o0ecTriedeHIE TTO3BOJISIET TPOBOAUTh MaTeMaTHIe-
CKOE€ MOJEIUPOBAaHHE CTAIMOHAPHBIX PEKUMOB paboThl obopymoBanmst TIL]
C YUYETOM €ro mapaMmeTpoB, CTPYKTYPHI U CXeM BKJIIoueHHs. PacueTHas Teruio-
Bas cxema TIII'Y-Onoka Ha Gaze razoBoii TypOuHbl ['TD-65, peanuzoBaHHas
B United Cycle, npencrasiena na puc. 1.

NmutanonHas Mojeib aHaJu3WpyeTcs Jisl MOHOOJIOKa. Pesymbrar Mo-
JENMPOBaHUsl Ui pacCMaTPUBAEMOW TMPOTpaMMbl HE 3aBUCHUT OT KOJHYECT-
Ba I'TY W KOTJIOB-yTHJIM3aTOPOB, KaK CIICCTBHE PE3YJBTAT MOXET OBITH HC-
IOJIL30BaH | I 1y OJb-0II0Ka.

[lpu MozenupoBaHWUM HPUHATO, YTO Tero(UKAMOHHAs yctanoBka [II'Y
paccunTada Ha momorpeB ceteBoi Boabl oT 70 mo 110 °C, uro 6e3 ydera dakTh-
YECKUX CPEe30K COOTBETCTBYET rpaduky TemioBoi cetu 150/70 °C ¢ koadhdumu-
eHToM Tterodpukanuu o = 0,5. MIMUTallMOHHOE MOJEIHPOBAHHUE MPOBOIUTCS
JUTS yCIIOBH MaKCHMAJTbHO BO3MOXKHOTO OTITyCKa TEIUIOTHI OT ITapoBOH TypOu-
HBI TIPH TTOJIHOCTBIO 3aKPBITON nuadparme.

[IpoexTHblii pexxum padotel I'TY cOOTBETCTBYET CpeaHErofoBod Temrepa-
Type BbiOpaHHOTO pernoHa. Jns r. Cankr-IlerepOypra ara temreparypa co-
craBisier +5,6 °C cornacuo CIT 131.13330.2020. TemmepaTypa ceTeBoii BOIBI
MIPHHAMAETCS TIPH PacUYeTHOI TemrepaType HapyXHOTO Bo3nyxa st CaHKT-
[lerepGypra pasuoii 24 °C.

[MapameTpbl, MPUHSATHIE IOCTOSHHBIMY IIPH MPOBEICHUH PACcUYETOB, CIIETYIOIINE:

1) naBnenue B koHAeHCcaTtope 6 klla;

2) TemnepaTypa HMPKYJSAIHOHHON BOBI Ha BXoze B KoHaeHcatop 20 °C;

3) muHMManpHas Temmeparypa Ha Bxone B I TIK 65 °C.

C yderoM BcexX BBIIIEH3IIOKEHHBIX OTPAaHUYCHUI U JONMYLICHUH pa3padaThl-
Baics pag mozened B mporpamme United Cycle anst ompesaeneHusi OCHOBHBIX
napaMeTpoB YCTAHOBKH.

[MapameTpsl napa HaPSIMYIO BIUSIOT HAa 3(QGEKTHBHOCT IUKIIA, KaK CIIe-
CTBHE, W3MEHEHHE JABJICHWH CBEXEro Mapa BEpPXHET0 W HWKHETO KOHTYPOB
BJIHSIET HA OTHOCUTENBHYIO 9KOHOMHIO TOTUIHBA.

* CIT 131.13330.2020. Cox npasust. Ctpontenbhas kiuvatonorus. CHull 23-01-99%.
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s vccnenoBaHus BIUSHUS JaBIEHUS Tapa B KOHTYpPE BBICOKOTO JaBlie-
HUs pa3paboranbl Mojaenu Juist nasiaeHuii oT 10 1o 18 MIla ¢ mrarom 2 MIla qs

1 mo 1,4 MIla ¢ marom 0,2 MIla

HaGop monene

JIABJICHWH Tapa BBICOKOTO KOHTypa WU OT

1 OXBAaTbIBACT H.IPIpOKI/Iﬁ

v

JUIS ILaBJ'IeHI/If/i apa HHU3KOTO KOHTYpa.
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JIMana30H JaBJICHUI B KOHTYPE BBICOKOTO AABJICHUS IIPH Pa3IMYHBIX JABICHUAX
B KOHTYPE HU3KOTO JaBJICHUS.

g vccnenoBaHus BIUSHUS AaBICHUS B KOHTYPE HU3KOTO JaBJIEHUS CMO/Ie-
JIMPOBaHbl YCTAaHOBKM C HU3KUM jJaBiieHueMm 1,8 u 2 MIla ¢ naBienueM mapa
B BBICOKOM KOHTYpe, paBHbIM 14 Mlla. [lanHbie Mogenu pazpaboTaHbl AJIsl ONHU-
CaHMs IMPOKOTO JWarna3oHa JABICHWH B KOHTYpE HHU3KOTO JaBJICHHS NPH IO-
CTOSIHHBIX JIaBJICHUSAX B KOHTYPE BBICOKOTO 1aBJICHUSI.

Bnok noxwuratomux ycrpoiictB (BY) B xotne-yrunuzatope (KY) He yum-
TeIBaICs. B wuccrienoBanmu [24] mpuBOAMTCS OOOCHOBAaHWE SKOHOMHYHOCTH
ycranoBku B1Y B 3aBucumoctu ot KIIJ I'TY. Ilpu KIIJ Beime 34 % noxxura-
HUE HEBBITOAHO, COOTBETCTBEHHO A I TO-65 Takoe pelieHne paccMaTpuBaTbes
He OynerT.

B kauectBe mapametpa 3¢ ¢peKTUBHOCTH PadOTHI TeII0()UKAIMOHHON Tapo-
ra3oBoil YCTaHOBKM B HACTOSIIEM HCCIEI0BAaHUM HCIOIB3yeTCs MOKa3aTelb OT-
HOCHUTEJIBHONH DKOHOMHH TOIUIMBA 0 CPAaBHEHHUIO C Pa3/eibHON BhIPAOOTKOMA.
OTHOCHUTENbHAS SKOHOMHS TOTLTMBA ITO3BOJIIET OIEHHUTH 3()(PEeKT 0T KOMOUHHU-
POBaHHOH BBIPAOOTKH TEIUIOBOHM U AJIEKTPUIECKON SHEPTUH

Emn _ Qany _ QBK _ QK9C ,
QBK + QKSC

rae QTHFY — TCIJIOTa TOIUIMBA, IMOABCIACHHAA B KaMEpC CropaHus ra3oBou TYp-

OWHBI B DHEpreTHUYEcKoil ycranoBke, MBt; QO

o> Okse — TO Ke, MOJBEICHHAS
COOTBETCTBEHHO B BOAOIPEHHON KoTenbHOH n 3amematomein KOC nns paznens-
HOM BBIPaOOTKH TaKOTO e KOJIMYecTBa MpoayKiun, kak ot TII'Y, MBT.

B kauectBe 3amemaromeit KOC B nccnenoBanny npunsta ycranoBka ¢ KIT/ mo
MPOU3BOJICTBY AMEKTpo3HepTu 40 %, Ui anbTEpHATUBHOM BOJOIPENHON KOTEINb-
HOM npunsTa yeranoBka ¢ K11l mo npousBoacTBy TemoBoii aneprun 90 %.

JaHHblil TOKa3aTeab TPAAULHMOHHO IMIMPOKO MPUMEHSIICS KaK B YCIOBHSX
IJTAHOBOM 3KOHOMUKH JUIS OLIeHKU 3(h(PEeKTHBHOCTH KOMOMHHUPOBAHHOTO TPOM3-
BOJICTBA TEIJIOBOM M 3JIEKTPUYECKON SHEPrHH, TaK U B COBPEMEHHBIX PHIHOY-
HBIX [20]. B paborax [18, 19] moka3aHa cBs3b OTHOCHTEIHEHON YKOHOMHH TOII-
JvBa ¢ a0CONIOTHBIMHU H3JIEpKKaMy TPOU3BOACTBA MPOAYKILUH, a CIeJ0BaTENb-
HO, U C SKOHOMHUYECKOU 3PPEKTUBHOCTRIO i mapora3oBeix TOLI. M3Menenue
rmapaMeTpoB (JaBleHHWe, TemIieparypa mapa) W CTPYKTYyphl yTHIH3AI[MOHHOTO
KOHTYypa (HaJauuue WIH OTCYTCTBHE MPOMEKYTOUHOTO IEperpeBa, NpUMEHEHHe
KOHTypa HU3KOTO JIABJICHHSI W T. 1.) BIUSET HAa COBOKYNMHYIO 3()(EKTHBHOCTD
MPOU3BOACTBA NPOAYKLMHU B IapOra3oBOM YCTAHOBKE, a CIEOBATEIbHO, U Ha
OTHOCHUTEJBHYIO S KOHOMHIO TOIUIHBA.

PesyabTathl

Jusa rermodukarnmonnoit [1I'Y Ha 6aze mepcnexkTuBHON ycraHOBKH [ TD-65
MaKCHMYyM OTHOCHTEJIbHOH 3KOHOMHUH TOIUIMBA IOCTHUIAeTCsl Mpu Oojee BHICO-
KUX HadaJbHBIX IIapaMerTpax Mapa, 4eM A aHaJIOTMYHOW KOHJICHCAI[MOH-
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HOH ycTaHOBKU. Tak, NP MOBHIIICHUH MApaMEeTPOB Mapa BHICOKOTO IaBICHHS
¢ 7-8 Mlla, onTWMalbHBIX IJIs KOHJCHCAIIMOHHBIX JBYXKOHTYpHBIX III'Y,
1o 14 MIla otHOcHTeNIbHAsI SKOHOMUS TOIUIMBA yBenmuuuBaercs Ha 0,7 % (puc. 2).

YBenuueHne HaYalbHOTO JaBJICHUS Mapa B KOHTYPEe HU3KOTO JABICHUS TaK-
K€ CMEIIaeT ONTUMAIBHOE JABJICHUE B KOHTYpPE BBICOKOTO IaBIICHUS B 0OOJIb-
mryto ctopony (nmuauu 1-3 Ha puc. 2). lua TIIT'Y nHa 6aze ['TO-65 npu napme-
HUU B KOHTYpEe HU3KOTo HaBieHus, paBHoM 1,0 Mlla, MakcuMyM OTHOCHTENH-
HOW SKOHOMHH TOIUTMBA HAONIOJAeTCS MPH JaBICHHH B KOHTYPE BBICOKOTO
naeneHust 15 Mlla, a npu 1,4 MIla nocturaer 17 Mlla. Pe3ynbratel Moaenupo-
BaHUS MPEACTABIEHBI B Ta0M. 2.

OnTuMansHOE HayallbHOE JaBJICHUE TIapa B KOHTYPE HU3KOTO NaBJICHHUS, MTPH
KOTOPOM JOCTHUTAeTCs MaKCUMyM SKOHOMHUH TOIUIMBA, TaKXKE BBIIIC, YeM IS
KOH/ICHCAIITMOHHOW yCTaHOBKH. [Ipn (UKCHpOBaHHBIX mapameTpax rapa B KOH-
Type Bbicokoro maBieHus i [II'Y Ha 6aze 'TD-65 onTumansHOEe HayallbHOE
JIaBJICHUE T1apa B KOHTYpe HU3KOTro aaBneHus Bo3pactaer ot 0,5 MIla nns ycra-
HOBKHM KOHAEHcarmoHHoro npodwst mo 1,5-1,7 Mlla (aa 0,05 %) nns ycraHos-
KM TeITO(UKAIMOHHOTO TIpoduis (puc. 3).

38,15
@Tou’ %
1 l 3
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0 & T
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Puc. 2. 3aBHCUMOCTb BeJIMUMHBI OTHOCUTEIILHOM YKOHOMHUU TOIIIMBA II0 CPABHEHUIO C pa3AeabHON
BBIPAOOTKOM A7 TETTO(MUKAIMOHHOM Mapora3oBoi YCTaHOBKH OT HAYaJIbHOTO JaBJIEHUS Mapa
KOHTYPa BBICOKOTO JAaBJICHHUS NPU (PUKCHPOBAHHOM JABICHUH Mapa B KOHTYPE HU3KOTO JABICHHS:

Pey — AABICHUE IIapa KOHTYpa BBICOKOro AasneHus, MIla; AQ —— noka3aTenb OTHOCHTEIBHON

Tom
9KOHOMHMH TOIUTMBA TI0 CPABHEHHMIO C Pa3/esIbHOM BHIPAOOTKOM;
1 — TermouKanoHHas apora3oBas ycTaHoBKa Ha 6aze ['TD-65, p,,, = 1,0 MIla;
2 —T0 XK€, py, = 1,2 MIla; 3 — 10 *e, p,, = 1,4 Mlla

Fig. 2. Dependence of relative fuel savings compared to separate generation for a combined-cycle
heating plant on the initial steam pressure of the high-pressure circuit at a fixed steam pressure
in the low-pressure circuit: py; — steam pressure of the high-pressure circuit, MIIa;

@mu — indicator of relative fuel savings compared to separate generation,

1 — cogeneration combined-cycle heating plant based on GTE-65, p,,, = 1,0 MPa;
2 — the same, p,;; = 1.2 MPa; 3 — the same, p,, = 1.4 MPa
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Tabnuya 2
PesyabTaTel mogenuposanus TIII'Y na 6aze I'TI-65

Modeling results of the cogeneration combined-cycle heating plant based on GTE-65

JlaBieHue napa B KOHType BbICOKOT0 naBienusi, MIla
[Tapamerp
o | 12 | o [ 16 18
ITpu naBaeHnn napa B KOHTYpe HU3KOTO AaBieHus py, = 1,0 MIla
Pacxon napa BJI, kr/c 2434 | 238 | 23712 | 2357 | 2327
Temneparypa napa BJI, °C 529,45
Pacxon mapa HJ, kr/c 498 5,57 5,73 6,64 7,07
Temneparypa napa HJI, °C 253,57 256,81 260,17 264,22 265,98
DnexkTpuyeckas MOIIHOCTh
I'TY, MBt 68,56
OnexkTpuyeckas MOIIHOCTh
IITY, MBt 22,11 22,26 22,45 22,45 22,17
OnexTpuyeckast MOIIHOCTh
ry, MBt 90,67 90,82 91,01 91,01 90,73
Otnyck Temiorsl, MBT 72,8 72,6 72,25 72,29 72,81
Koa¢dumment ucnonszo-
BaHUS TEIIOTHI TOILJIMBA 0,8574 0,8571 0,8563 0,8565 0,8577
BripaboTka anexTposHep-
THH Ha TEIJIOBOM TOTPeO-
nennn, MBT/MBT 1,2455 1,2510 1,2597 1,2590 1,2461
OtHOCHTENBHAS IKOHOMUS
ToIMBa, % 38,01 38,04 38,06 38,07 38,04
T'onmoBast 5KOHOMMS TOILIH-
Ba, TY.T. BTOX 4973 4982 5001 5011 4960
38,154
@TOH’ %
38,104 — s i .
L)
[ | ]
L] []
38’05_ t 1 | ! | !
1,0 1,2 1,4 1,6 Ppu, Mlla 2,0

Puc. 3. 3aBECUMOCTD BETMIMHBI OTHOCUTEIILHONH SKOHOMHH TOILUINBA [0 CPABHEHHIO C Pa3IeNbHOM
BBIPaOOTKOM /TSl TeIo(pHUKAMOHHOI mapora3oBoi ycranoBku Ha 6ase I'TD-65 oT HayaabHOTO
JIaBJICHUS T1apa KOHTYPA HU3KOTO JaBJICHUS IPU (PHKCHPOBAHHOM JABJICHHH B KOHTYPE BHICOKOIO

NaBleHus p,, = 14 Mlla; p,,, — 1aBieHue napa KOHTYpa HU3KOro faBienus; AQ — IoKa3aresb
OTHOCUTENHHOM SKOHOMHUH TOIUIABA I10 CPABHEHHIO C Pa3/IeIbHON BRIPAOOTKON

Fig. 3. Dependence of relative fuel savings compared to separate generation for a cogeneration
combined-cycle heating plant based on GTE-65 on the initial steam pressure of the low-pressure

circuit at a fixed pressure in the high-pressure circuit p,, = 14 MPa; p,,, — steam pressure
of the low-pressure circuit; AQ___— indicator of relative fuel savings compared

TOI

to separate generation
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Oo6cy:xnenue

O6ocHOBaHHE OCHOBHBIX MMapaMeTPOB TeXHOJormdeckod cxemsl 'Y mpu
CTPOUTENBCTBE HOBBIX U PEKOHCTPYKLMHU CYLIECTBYIOMIMX 3JIEKTPOCTAHIIMNA SB-
JSIeTCsl KIFOUEBBIM (DaKTOPOM Kak JIJIsl OTpeIeNIeHNs IepBOHAYATbHBIX HHBECTHU-
IIUH, TaK ¥ U1 OIIEHKHM OYAyIINX SKCIUTyaTallMOHHBIX 3aTpaT, T1e HanOOIbIIyIo
JIOJIF0 COCTABJISIFOT PacXO/pl HA TOIUIMBO, a TAKXKE JJI1 MAKCUMU3ALNU TOJIE€3HO-
ro 3¢dekra ycranoBku. Tak, omrumansHas reomerpus KY mnpu pazmuaHBIX
IJIOIIAASX MOBEPXHOCTH KAXKIOTO KOHTYpa T€HEpalMH Iapa MO3BOJSET MOBbI-
CUTh pacxoj reHepupyemoro napa Ha 10-15 % [25].

BaxxapiM acmekToM mpu mpoekTrpoBaHuH HOBbIX TOILl Ha 0a3e maporaszo-
BBIX TEXHOJIOTHA SIBJISETCS BHIOOP ONTHMAIBHOTO HAYaJIbHOTO JABJICHUS Iapa,
TEeHEPUPYEMOT0 B KOTJIE-yTHIN3aTOPE Mapora3oBOi yCTaHOBKU, KOTOPBIH OyneT
COOTBETCTBOBATh HAMJIYYILEMY IOKa3aTelro SHeprodh(eKTUBHOCTH NpH Lele-
c000pa3HOM 3HAa4YCHUH MEPBOHAYAIBHBIX KamUTanoBioxeHui. [loxoxee nccre-
JoBaHME [26] OlleHMBAeT KanMUTalIbHBIE BIOXKEHHUA U JEHEKHBIH MOTOK OT Olle-
PaLMOHHON JeATEeNbHOCTH KOHAeHcalmoHHOoH [II'Y ¢ pa3inyHbIM KOJUYECTBOM
KOHTYPOB I'€Hepalliy mapa. YCTaHOBJIEHO, YTO JaBJIEHHE T€HEPHPYEMOro mapa
W HEJOTpeBa B HMCHAPUTENBbHBIX MOBEPXHOCTAX Moka3biBaeT uaMeHeHue KIIJ]
ot 50,56 1o 50,58 % u o1 50,5 1o 50,68 % COOTBETCTBEHHO.

Omnako ecnmm misa TII'Y KoHIOEHCAITMOHHOTO MPOGMIIS ONpeAcIeHHe ONTH-
MaJBHOTO JaBIIEHUS Tapa MPeACTaBIsIET COOOH pEeIIeHHYIO 33/1a4y, TO IS yCTa-
HOBOK TeIJIO(HUKAIIMOHHOTO TPOGWIs WCIONb30BaHNE B KadeCTBE IIEJIEBOM
¢dbyHKIIMH s onpeeneHus napameTpoB mapa KIIJ[ mukima mo BeIpaboTKe Iek-
TpodHeprun Hepomyctumo. Dnekrpudeckuit KI1J] He yuuThiBaeT 0cOOEHHOCTH
KOMOMHHPOBAHHOTO MPOW3BOJICTBA TEIUIOBOW W AIIEKTpHUYEcKoi sHepruu. Hc-
MOJIb30BAaHUE B KAYECTBE KPUTEPUS MOKA3aTENsI OTHOCUTEIBbHON SKOHOMUU TOII-
JMBa MO CPaBHEHUIO C pa3feiibHOI BHIPAOOTKOH MO3BOJISET OLECHUTH BIHMSHUE
napaMeTpoB TexHosorudeckoir cxembl TIII'Y Ha TommBHYIO 3(h()EKTUBHOCTH
KOMOMHHPOBAaHHOTO MMPOU3BOJICTBA.

Jnst TerutoUKaMOHHON ITapora3oBoil YCTAHOBKH MaKCUMallbHOE 3HAYCHUE
MoKa3aTeNii OTHOCHUTENIBbHOM 3KOHOMHH TOIUIMBA JOCTHTaeTCsl IpU OOJBIIEM
NaBJICHUU Tapa, 4eM s KoHaeHcanuoHHex [II'Y, u cocraBmser 14—-17 Mlla.
Jna paccmatpuBaemMoii yCTaHOBKH OTIIMYKE OTHOCUTEIHHON SKOHOMHUH TOIUIMBA
[IpU YBEJIWYEHUHN HAYalIbHOTO JABJICHUS Mapa yTWIN3ALHOHHOIO KOHTypa C OIl-
THMaJbHBIX I KoHAeHcanmuoHHBIX [II'Y 8 mo 16 MIla cocrasut 0,7 %. Peanu-
3alMsl YTUIM3alHOHHOIO KOHTYpa HAa TEPMOJMHAMUYECKOM ONTHMAIBHOM JaB-
JIEHWH BO3MOXXHA B TOM YHCJIE C KCIIOJIB30BAaHUEM CEPUHHO OTpaOOTaHHBIX
Y37I0B TapOTypOMHHBIX arperaToB 3kcropTHOH cepuu K-200-181. Cxema TIIT'Y
C UCTIOJB30BaHHUEM apoBOi TypOuHBI Ha Oa3e cemeiictBa K-200-181 morpebyer
NPUMEHEHUS! TPEX KOTJIOB-yTHUJIM3AaTOPOB M BHECEHUS KOHCTPYKTUBHBIX H3Me-
HEHHUH B YaCTH UCKIIIOYEHHS] pEreHEPaTUBHBIX OTOOPOB, JOOABICHHS POMEXKY-
TOYHOTO cenapaTopa JIMO0 MPUMEHEHUS TPOMEKYTOUHOTO MIeperpeBa.

C yueToM pekoMeHAalni OTpacieBbIX TOKyMEHTOB [27] U 3aBOJOB-U3TOTO-
BUTEJNIEN 110 YPOBHIO AONYCTUMOW KOHEYHOM BIaXKHOCTHU IPU OTCYTCTBUU B CXe-
Me ITPOMEKYTOYHOTO TIeperpeBa JaBjIeHre Mapa B KOHTYPEe BBICOKOTO JIaBJICHUS
peKOMEeHAyeTCs IpuHMMaTh paBHbIM 12,8 MIla. M3-3a mojiororo xapakrepa
rpaduka 3aBUCUMOCTH OTHOCUTEIFHONW SKOHOMHUH TOIIJIMBA OT MTapaMeTpoB Mapa
BBICOKOTO JaBJICHUSA CHIDKeHNE skoHoMud TorumBa it TIIIY ua 6aze ['TD-65
Oynet HecymecTBeHHBIM — B Tipenenax 0,05-0,10 %. B oTedecTBeHHON MpaKTH-
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K€ XOpOoIIO OTpabOTaHbl KOHCTPYKIHHU MAapOBBIX TypOHH C JaBJICHHEM CBEXKETO
napa 12,8 MIla. [Ipu npuMeHeHUN TaKuX MapaMeTPOB KOHEUHas BIAXXHOCTb HE
npesbimaet 12 %, a THHOpa3MEepHBIN psiz MO3BOJISIET pa3paboTaTh TypOoarperar
Ha 0a3e TUIOBBIX Y3JIOB.

[Ipu paboTe B KOHICHCALMOHHOM PEXUME SKOHOMHMS TOIUINBA MOXKET OBITh
yBeJIMUYEHa 3a CUeT PadOThl Ha CKOJIB3ALIMX NapamMeTpax napa U CHIKEHHUS JaB-
nenuns 1o 7-8 Mlla.

OnTuManeHbIE MapaMeTpsl Napa B KOHType HHM3Koro masieHus mist TIIIY
Ha 6aze ['TD-65 naxonsrcs B quanazone ot 1,4 mo 1,7 MIla. Kak u qyis koHTYpa
BBICOKOTO JIaBJICHUSI, a0COJTIOTHBIC 3HAYCHHSI OTHOCUTENBHOW SKOHOMHUH TOILIHU-
Ba B 3aBUCHUMOCTH OT ITapaMeTpPOB B KOHTYpe HU3KOTO JABJICHUS TaKKe IMOKa3bl-
BAaIOT IMOJIOTYIO 3aBUCUMOCTh. Bech nuama3oH M3MEHEHUS OTHOCUTEIHHOM KO-
HOMUH TOIUIMBA IIPU MX BapbupoBaHuu He npesbimaer 0,1 %, 4yTo mo3Bosser
BbIOMpATh MapaMeTphl Napa HU3KOTO NaBJICHUS, UCXOMS U3 TEXHHUYECKHX Orpa-
HUYEHHH, CBA3aHHBIX ¢ pabOTOM BCIIOMOTaTEeNbHOIO 000OPYIOBaHHS, U MUHUMU-
3auud pabOThl PelyUUpPYIOIIMX YCTPOHCTB I/l MHUTaHHUA OOIIECTAHLMOHHBIX
KOJIJIEKTOPOB COOCTBEHHBIX HYKA U JI€a3pallMOHHBIX YCTPOICTB.

BbBIBO/IbI

1. MakcuManbHast 5KOHOMUS TOTDIMBA JJIS TByXKOHTYPHOH TEIUIO(MHKAITMOHHOMN
Mapora3oBoii ycTaHOBKU Ha 6a3e ['TD-65 nalmomaercs rmpy JaBieHHH Mapa B KOH-
Type Bbicokoro aasieHusi 15—17 Mlla. Ilpu 3ToM pexoMeHAyeTcss UCMOIb30BaTh
nasienrie 12,8 Mlla. I[Ipumenenne it HoBeIX TIII'Y Ha 6aze I'TD-65 Tpamummon-
HBIX JUI POCCUHCKOM 3HEpreTHKy napamerpos napa 12,8 MIla mo3BoauT ucnomib-
30BaTh YHU(WIIUPOBAHHBIE M CEPHIHO OCBOCHHBIE Y3JIbI MApOBBIX TYpOUH,
TaKkke TPyOOIPOBOJOB U apMaTrypbl. YMEHBIICHHEC OTHOCHUTEIBLHOW KOHOMHUH
TOIUTUBA MPU CHUKCHHUU JABIICHUS Iapa B KOHTYPE BBICOKOTO NaBJCHHS C 16
mo 12 Mlla cocraBur He 6omnee 0,1 %. DTO MO3BOIUT MPUMEHHUTH CEPUIHO HC-
MOJIb3yEeMbIE TMapaMeTphl mapa B MPOCKTUPYEMOH ycTaHOBKE. [[s1 MOBBIICHUS
SKOHOMHUH TOIUIMBA B KOHJEHCAIIMOHHOM PEXHME BO3MOXKHA padoTa Ha CKOIb-
3SMX [apaMeTpax rnapa co CHHKEHHEM HadalbHOTO JaBieHus 1o 7—8 Mlla.

2. TepMOIMHAMUYECKH ONTUMAIILHBIC MTapaMeTPhl Napa B KOHTYPE HH3KOTO
JABJICHUS TS TeIIo(pUKAIMOHHOW Iapora3oBoii ycraHoBku Ha Oase ['TD-65
coctaBisiioT 1,5-1,7 Mlla. Mcnons30BaHre TEPMOAMHAMHYECKH ONMTHMAIBHBIX
MapaMeTpoB Mapa B KOHTYPE HU3KOTO JIABJICHUS OTHOCUTENIBHO MPUHSATOTO JaB-
JIEHUS B KOHJICHCAITMOHHBIX ycTaHoBKax 0,6—0,8 MIla mo3BossieT MOBBICUTE OT-
HOCHUTEIIbHYIO SKOHOMUIO TOIUIMBA B Hccleayemoit ycranoBke Ha 0,05 %.

WcecneposaHve npoBegeHo npu nogaepxke MuHuCTepcTBa Haykv U BbICLUE-
ro obpasoBaHua P® B pamkax CTpaTerMyeckoro akageMuMyeckoro nuaepcrsa
«MpuoputeT 2030» (cornawenne Ne 075-15-2026-097 ot 3 anpens 2026 r.).
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[upky/asipHasi JKOHOMHKA B JHepreruke Poccuu

JOKT. 3K0H. HayK, gou. O. I1. Cymlcol)

YPoccuiickuii SKOHOMHUECKHi yHuBepcuteT uMenu I'. B. [1nexanosa
(Mocksa, Poccuiickast @eneparms)

Pedepar. B ycnoBusix BBeJeHHs TPaHCTPAHUYHOIO YIJIEPOJHOrO peryiaupoBaHus B EBpone u
HEOOXOIMMOCTH TIOBBIIICHUS YHEPT0I(DHEKTUBHOCTH POCCHHCKON YKOHOMHUKH MEPEXO K IUPKY-
JISIPHOM MOJIENN B SHEPTeTHKE CTAHOBUTCS HE TOJIBKO AKOJIOTHIECKOH, HO M SKOHOMHYECKOH 3a/1a-
yeil. OJJHaKO OTCYTCTBHE B OTKPBITON CTATUCTUKE IOKa3aTelel 3aMKHYTOCTH IOTOKOB yIJIepoja,
TEMJIOTHl U OTXOAO0B HE MO3BOJSIET OLIEHHTh PealbHyI0 TOTOBHOCTh Poccun K TakoMy Hepexony.
Ilenp MccieqOoBaHUs — HA OCHOBE CTATHUCTHYECKMX JMaHHBIX 32 2004-2024 TT. BBISIBUTH CTEICHb
TOTOBHOCTH POCCHICKON PHEPreTHKN K IHUPKYJSPHON MOJEINH, ONPEAENUTh KIIOYeBbIe Oaphephl
(B TOM UHCIIE CTATHCTUYECKUC) U MPEATOKUTH H3MEPUMbIE HHANKATOPHI JUTS YIPaBICHUS IIEpeXo-
JoM. Vcronb30BaHbl JECKPUNTUBHBIA CTATHCTMYECKUH aHAIW3 BPEMEHHBIX PSOB MOTPEeOIICHUS
nepBUYHON 3Heprun U BbIOpocoB CO,; KoppensuuoHHbli aHanu3 [Iupcona mis MATHIETHUX WH-
TEPBAJIOB; METOJ SKCTPATOJIILIH TPEHA0B it iporHo3a 10 2030 r.; cpaBHUTEIBHBIA aHATH3 TPEX
texnonormyeckux anprepHatuB (CCUS/EOR, CCU, B0300OHOBISICMBIX HCTOYHHKOB SHEPTUH
(BMD)) no mectyt KpUTEpUsIM; CHCTEMHO-(YHKINOHAJIBHBII aHAIM3 CTATUCTHYECKUX HPOOEIIOB;
0030p 23 Hay4HBIX UCTOYHHKOB M O(HUIHMATIBHBIX OTPACICBBIX OTYETOB. 3a ABAALATH JIET oOliee
notpebienne nepBUIHON Heprun B Poccnu Beipocio Ha 16 % (¢ ~541 o ~630 muH T HEDTSIHOTO
SKBUBAJIICHTA (H. 3.)), IPH 3TOM CTPYKTypa MOTpeOIEeHUs MPAKTUYECKH HE M3MEHWIIACh: ra3 —
44-46 %, nepts — 22-24 %, yrons — 16—18 %, aromHas u runposHeprus — 13—15 %, BUD — me-
Hee 1 % (1,25 % B anekrponoTpediacHuy, mo qanHbsiM 2025 T.). Koppemsiius Mexay pocToM 3HEp-
ronorpednenus u Beiopocamu CO, cauzmiacs ¢ +0,85 (2004-2008 rr.) mo +0,15 (2019-2023 rr.),
YTO CBUAETENBCTBYET O Pa3pbiBeé HPSIMOH CBSI3H, OJHAKO Aa0COIIOTHBIE BHEIOPOCHI OCTATHCH HA
yposae 1,55-1,65 mir T CO, B roa. BripaGoTtka «HOBOW» BHUD-renepamun 3a AeBATh Mecs-
ueB 2025 r. ymenbmiachk Ha 2,7 % 10 CpaBHEHUIO C aHAJOTMYHBIM reprogoM 2024 r., a ee 1ois
He npesbimaer 1,25 %. B poceniickux cratuctudeckux 0asax (BKirodas statbase.ru) OTCYTCTBYIOT
KIIIOYEBbIE IIUPKYJISIPHbIC MHIUKATOPBL: 00beM ynoBiaeHHOro CO,, 00beM 3aKadyaHHOTO B ILIac-
Tl CO,, 006beM CO,, HCHONB30BAHHOTO B KAayeCTBE CHIPHs, NETajbHAs MMOMECSYHAs AMHAMH-
kxa BMD, 3amenieHHbI 00bEeM HCKOIIAEMOTO TOIUINBA, MHBECTHIMH B IMPKYISIPHBIC IIPOCKTHI
Poccuiickast sHEpreTHka yCIrelHo pa3opBajia CBs3b «POCT MOTPEOICHNsT — POCT BEIOPOCOBY, HO HE
nepenuia K TUPKYIIPHONH MOJIEH; JOCTUTHYTask CTabMIn3anusl BEIOPOCOB oOecneyeHa TMHEHHbI-
MH MeToIamH (TIOBBIIIEHUE SHEProdh(EeKTUBHOCTH, 3aMEIICHUE YT ra3oM), a He 3aMbIKAHUEM
MIOTOKOB yrieposa. be3 BHepeHnst mecTr HOBBIX CTATHCTHIECKHX MOKAa3aTesIeH M MacTabupoBa-
Hust CCUS-npoektoB u BUID Poccust ocranercs B «1oByuke 1,6 MIH T» — COCTOSIHUM, NIPU KOTO-
POM BBIOPOCHI HE PACTYT, HO M HE CHIDKAIOTCS a0COMIOTHO.
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Abstract. In the context of the introduction of cross-border carbon regulation (CBAM) in Europe
and the need to improve the energy efficiency of the Russian economy, the transition to a circular
model in the energy sector is becoming not only an environmental but also an economic task.
However, the absence of indicators of the closure of flows of carbon, heat and waste in open sta-
tistics does not allow us to assess Russia’s real readiness for such a transition. The purpose of
the study is to identify the degree of readiness of the Russian energy sector for the circular model
based on statistical data for 20042024, identify key barriers (including statistical ones) and pro-
pose measurable indicators for managing the transition. The following techniques were used in the
work: descriptive statistical analysis of time series of primary energy consumption and CO, emis-
sions; Pearson correlation analysis for five-year intervals; trend extrapolation method for forecas-
ting up to 2030; comparative analysis of three technological alternatives (CCUS/EOR, CCU,
and renewable energy sources) according to six criteria; a system-functional analysis of statistical
gaps; reviewing of 23 scientific sources and official industry reports. Over the past twenty years,
the total consumption of primary energy in Russia has increased by 16 % (from ~541 to ~630 mil-
lion tons of oil equivalent), while the consumption structure has remained virtually unchanged:
gas — 44-46 %, oil — 22-24 %, coal — 1618 %, nuclear and hydropower — 13—15 %, renewable
energy — less than 1 % (1.25 % in electricity consumption, according to 2025 data). The correla-
tion between energy consumption growth and CO, emissions decreased from +0.85 (2004-2008)
to +0.15 (2019-2023), indicating a break in the direct association, but absolute emissions remained
stuck in the range of 1.55-1.65 million tons of CO, per year. The production of “new” renewable
energy generation in the first nine months of 2025 decreased by 2.7 % compared to the same peri-
od in 2024, and its share does not exceed 1.25 %. In Russian statistical databases (including sta-
tbase.ru) there are no key circular indicators, viz. the volume of CO, captured, the volume of CO,
injected into reservoirs, the volume of CO, used as raw materials, detailed monthly dynamics
of renewable energy sources, replaced volume of fossil fuels, investments in circular projects.
It is concluded that the Russian energy industry has successfully severed the association between
consumption growth and emissions growth, but has not switched to a circular model; the achieved
stabilization of emissions has been provided by linear methods (increasing energy efficiency,
replacing coal with gas) rather than by closure of carbon flows. Without the introduction of six
new statistical indicators and scaling of CCUS projects and renewable energy sources, Russia will
remain in the “1.6 million tons trap”, i. e., in a state in which emissions do not increase, but do
not decrease absolutely.

Keywords: circular economy, Russian energy sector, CO, emissions, renewable energy sources,
correlation analysis, CCUS, statistical indicator
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BBenenue

B 2024-2025 rr. Tema IMPKYJSAPHONH SKOHOMUKH B SHEPTETHKE MpHOOpena
st Poccun He TOJIBKO 3KOJIOTMYECKOE, HO U KPUTHUECKOE 3KOHOMMYECKOE
U TreonojuTuIecKoe 3HaueHue. [locie BBeneHNs KECTKUX CAaHKLHUI CO CTOPOHBI
EC u G7, a Taxke mocine 3amycka TpaHCTPaHUYHOTO YTIIEPOIHOTO PEryInpoBa-
aus (CBAM) B EBpome poccmifickue 3KCIOPTEPHI CTOIKHYJIHCH C PHUCKOM JI0-
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MTOJTHUTEIHFHBIX COOPOB Ha YTIIEPOAOEMKYIO MPOAYKIHIO — OT HE(TH A0 CTaIH
u ynoopenwmii. [1o orenkam 3xcneptoB, k 2028 r. CBAM MokeT cokpaTUTh poc-
cuiickuii sxcriopt B EC Ha 15-20 %, ecnu He OyIyT MPUHSATHI MEPHI TI0 CHUXKE-
HUIO yriiepogHoro ciena. OJHOBPEMEHHO C 3THM BHYTPHM CTpaHbl Haspena
HEOOXOIUMOCTh MOJCPHH3AINN YCTapeBIICH HSHEPTeTHUECKOH HH(pacTpyK-
Typsl: okosio 60 % TemmoBBIX 3JEKTpocTaHUUi B Poccun mmeroT BospacT 6o-
nee 30 net, ux KIIJ ne npessimaer 33—35 %, a moTepu B TEIJIOBBIX CETAX JO-
cturatoT 20-30 %. B 3TuX yclIOBHAX 3aMKHYTBHIE LIUKIBl — YTHIN3ALUS MOMYT-
HOTO rasa, peKylepamus TeIUIOTHI, MepepadoTKa 30JIONIIAKOB ¥ YJIaBIUBA-
Hrue CO, — CTaHOBATCS HE TIPOCTO «3EJEHOW» OMIINEH, a HHCTPYMEHTOM TOBHI-
MIEHUST SKOHOMUYIECKOH d(DPEKTUBHOCTH M COXPAHCHHS KOHKYPEHTOCIIOCOOHO-
cti. OHaKo 6e3 KaYeCTBEHHOW CTATUCTHKH, (PUKCUPYIOIIEH HE TOIBKO 00bEMBI
JOOBIYM U BBIOPOCOB, HO M TIOKA3aTel 3aMKHYTOCTH, JIFOOBIE Pa3roBOpPHI O IIUP-
KyJApHOH TpaHchopMauuu oOcTaroTcs Onarumu  nokenanusimu. [lopran
statbase.ru mpegocTaBiseT YHUKANbHBIC IJIHMHHBIC BPEMEHHBIE PSAbI IO DHEpre-
tuke Poccnu (HexoTopeie — ¢ 1965 T.), BKIIIO4as moTpediieHue TIepBUYHON dHEP-
THH 110 BUIaM UCTOYHHUKOB ¥ BBIOpOck CO,. HacTosmiee ncciaenoBanne nCmoib-
3yeT 3TH JaHHbIE IJI CHCTEMHOTO aHaJli3a BO3MOXXHOCTEH M 0apbepoB mepexo-
Jla K [UPKYJISIPHOM 3HEepreTudeckoi moaenu B Poccuu 3a mocieaHue ABaauath
net (20042024 rr.).

KoMmnosuuus uccjieqoBanus

HupkynspHas 5KOHOMUKA B SHEPreTUKE MpearnojaracT IpeBpalieHue 0TX0-
JOB U MOOOYHBIX MPOIYKTOB B PECYPCHI: YTHJIM3ALMS IMOMYyTHOTO HE(QTIHOTO
ra3a BMECTO CIKUTAHHSA, PEKyIepalys TETUIOTHl AJIEKTPOCTAHIIHH, mepepadoTka
30JI0MUIAKOB M YJIABJIWBAaHUE YTIEKUCIIOTO raza sl 3aKadyky B TacTsl. OHAKO
JUTSA TIepexo/ia OT JAeKJIapannii K peasbHBIM U3MEHEHHSIM HE00X0IMMa CTaTHCTH-
Ka, KoTopast (PUKCUPYET HE TOJHKO 00BEMBI TOOBIYH W BHIOPOCOB, HO W TOKa3a-
Tenu 3amMkHyTOCTH. IlopTanm statbase.ru mpemocTaBisieT AJIUHHBIC BPEMEHHEIC
psiabl To 3HepreTuke Poccuu, BKIIIOYast MOTpEOJICHHE TMEPBHYHON SHEPTUU TI0
BUJAaM HCTOYHUKOB, oOmiee moTpebieHue sHeprur u BbIOpockl CO,. AHanm3
9THX JaHHBIX 3a MOCJEeIHUE ABAUATh JET MO3BOJSET OLEHNUTh, HACKOJIBKO POC-
CHUiicKas JHepreTHkKa NPUOTU3NIACE K MUPKYJISPHOH MOAENTH W Kakue Oapb-
€pBI OCTAIOTCS.

Lenp wccnemoBaHus — BBISABUTH Ha OCHOBE CTATHUCTHYECKUX JaH-
HBIX (2004-2024 TT.) CTENeHb TOTOBHOCTH POCCHMCKOW SHEPTETUKH K ITePEX0-
Iy Ha UUPKYISIPHYIO MOJIENb, ONpPEACTHTh KIIoueBble Oapbepbl (B TOM 4YHCIE
CTaTUCTUYECKHE) W MPEIJIOKUTh H3MEPUMbIC WHIUKATOPHI JJIS yIpaBICHHS
3THM TIEPEXOJIOM.

3agaun MCCiIeOBaHMs: MPOBECTH ACCKPUITUBHBIN aHaIN3 JBaJALATHIICTHEH
JUHAMHUKH TOTpeOIeHus] IepBUYHOM 3Heprun B Poccuu mo BHIaM MCTOYHUKOB
(ra3, HEPTH, yroyib, aTOMHAs DHEPTHUs, TUAPOIHEPTHs, BO3OOHOBISIEMbIE UCTOY-
Huku dHepruu (BUD)), npoananm3upoBaTh auHaMuKy BbiOpocoB CO,, cBsi3aH-
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HBIX C DHEPTETUKOH, BKIIFOUas AyIIeBbIe MOKa3aTeNd U PETHOHANBHYIO dudde-
PEHIMALINIO, OIIEHUTh KOPPENALMOHHYIO CBS3b MEXKAY POCTOM IOTPEOICHHS
sHeprun U BbiOpocamMu CO,, BBIIBUB MEPHOBI OCITA0NEHUS W MPUYHHBI 3TOTO
ocnalieHus], CPaBHUTh TPH TEXHOJIOTHUECKUX MYTH K LUPKYJISPHON SHEpreTu-
ke (CCUS/EOR, CCU, BUD) mo kpurepusiM TEXHOJIOTHYECKOH T'OTOBHOCTH,
SKOHOMUYECKOH 3PPEKTUBHOCTH M CTATHCTUIECKON OTCIICKUBAEMOCTH.

Hayunas HOBH3Ha HCCIeIOBaHMS COCTOUT B BBITTOJHEHHH KOPPEISAIIHOHHOTO
aHalM3a MeXy ToTpeOJieHneM NepBUYHON sHeprun u Beiopocamu CO, B Poc-
CHU C BBIJEICHHWEM MATWIETHUX MeprogoB (2004-2023 rr.), JgOKa3aBIIero
ocnabnenue cBsizu ¢ +0,85 1o +0,15, mpoBeAEHO KOMIUIEKCHOE CpaBHEHHE TPEX
MyTed K IUPKYJSPHON 3HEPTreTHUKE C KOJMYECTBEHHOW OIICHKOW WX MOTEHIHA-
ma (CCUS mo 50 % Bwi6poco, BUD no 80 % rteopermueckn, CCU — nmabopa-
TOPHAsSI CTATHA).

[IpakTryeckass 3HAYMMOCTB PE3yJIHTaTOB MCCIEAOBAHUS COCTOUT B METOJIO-
JIOTUW pacdeTa «HWHIEKCa MUPKYISIPHOH 3PPEKTUBHOCTIY (OTHOIICHHE BBIOPO-
coB CO, k moTpeOICHHONW YHEPTHH), KOTOPHIH MOXET OBITh BKJIIOYECH B KOPIIO-
patuBHbie ESG-0T9eTHI

JanpHeiimme uccnenoBanus OyAyT HalpaBieHBl Ha MTOCTPOCHHE SKOHOMET-
PUYECKON MOJIETH BIMSHUS IIEHB Ha Ta3/yroyib/He(PTh HA TUHAMHUKY BBIOPOCOB
CO, (ucmonp3ysl ATUHHBIC PSIAb IIeH Ha He(Th ¢ 1861 T.), B pernoHaIsHOM aHa-
Tu3e IUPKYISpHON dddekTuBHOCTH (TI0 cyOBekTamM P®), B paspaboTke ciie-
HapHOTO aHaliM3a «Ha OCHOBE KOJMYECTBEHHOW OIIEHKH CHMKEHHS BBIOPOCOB
U 3aTpar.

JUis AOCTHKEHUS e paboThl — BBISIBJICHUS CTETIEHW TOTOBHOCTH POCCHIi-
CKOl DHEPTeTUKHU K [UPKYJIAPHONH MOJIEIH — IPUMEHEH KOMIUIEKC KOJIHYECTBEeH-
HBIX M KaueCTBEHHBIX MeTOoJI0B. [Iisi aHanmu3a Hay4dHOU JUTEpaTypsl U oduIu-
albHBIX OTYETOB (POCCHICKME CTaThH, OTYET CUCTeMHOro omepatopa EOC,
MexIyHapoaHbie 0030psl BP 1 Ember) ucnonbp3oBaH KOHTEHT-aHAIN3, KOTOPBIH
MO3BOJIMII BepH(UIMPOBATh JIaHHBIE, 00OCHOBATh MPUYHMHBI cTarHanuun BUD
B P® 1 comocTaBuTh poccUiCKHE TPEHIbI C MUPOBBIMU. JI€CKpUNTHUBHBINA (OTH-
caTeNbHBIA) CTAaTUCTUYECKUI aHaJIu3 NI BpeMeHHBIX psaoB ¢ 2004 mo 2024 r.
(ucrounuku: statbase.ru, EIA, BP Statistical Review, CEIC, Y Charts) no3Bosn
paccuuTaTh a0CONIOTHBIC 3HAUYEHHS U CTPYKTYPHBIEC OJH MOTPeOIeHUs IepBHY-
HOUW PHEPTUH 1O BUAAM HCTOYHUKOB (Ta3, He(Th, yroib, aTOMHAs SHEPTHs, THI-
posneprusi, BUD), a takxe aunamuky BeIOpocoB CO,, 4TO TO3BOIUIIO BBISIBUTD
JOATOCPOYHBIE TPEHIB! U EPUObI MUKOBBIX 3HaUeHUH. KoppensunoHHslii ana-
3 (meton IlupcoHa) McHonb30BaH AJs BBIYHCICHUS KO3(D(UIMEHTOB TUHEH-
HOU KOPPEISIMK MEXIY IBYyMS MEPEeMEHHBIMU: OOLIMM MOTpeOIeHUEM MepBHY-
HOW SHepruu (MJIH T He()TSHOTO SKBHBaJICHTA (H. 3.) 1 BeiOpocamu CO,; (THIC. T).
[TpumeHsmncst CpaBHUTEIBHBIM aHaIu3 IJIsl WCCIEAOBAaHMS TPEX TEXHOJOTHYeE-
CKHX aNbTEPHATUB TI0 KPUTEPUSM TEXHOJIOTHYECKOW TOTOBHOCTH, TEKYIIETO
craryca B Poccun. CucreMHO-(pyHKIIMOHATIBHBIN aHAIN3 CTATUCTHYECKUX TIPO-
0EIIOB MO3BOJIMII BBISIBUTH OTCYTCTBYIOIIME B OTKPBITOH CTATUCTHKE IUPKYIISP-
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HbIE HHANKATOPHI (00BeM yioBiaeHHoro CO,, 3akaganaoro CO,, HCIIOIH30BaH-
Horo CO, B KauecTBe CBHIPhS, JeTanbHas nTuHaMuka BMD, 3aMemnieHHOE UCKOTIa-
€MO€ TOILTBO, HHBECTHUITIH).

Teoperuueckuii 0030p 1Mo TeMe UCCJIeI0BAHUIT

KoHTeHT-aHaMW3 HAyYHBIX HCCIACHOBAHMNA (POCCHICKHME HAy4YHBIC CTAaThH,
MOCBSIIIICHHBIE BO30OHOBIISIEMOH W IMPKYJSPHOW SHEPreTHKe; O(QUIHaIbHbIC
OTpaciieBble OTYETHI; MEKIYHapOIHbIE CTaTUCTUYECKHE 0030pHI M aHAIUTHYE-
CKH€ TOKJIa/bl) MOATBEPKIACT MOIYUCHHBIE PE3YIbTAThI H BBIBOJIBI O CTArHALINK
BUD B Poccuu, HU3KOM N07€ «HOBOIY» BO300HOBIsieMol reHepanuu (1,25 %
B 2025 1.) ¥ HEOOXOJMMOCTH CTaTUCTHUYECKOH (hMKCAIMU IUPKYJSPHBIX MTOTO-
koB. DyHIaMEHTATBHBIA 0030p MUPOBOTO OMbBITa CTUMYJIHpoBanus BUD u Bo3-
MOXHOCTEH ero nmpuMeHeHus: B Poccuu npeacrasien B padore [1], rme moapoo-
HO pa30MparoTcs MEXaHU3MBI «3EJICHBIX» Taph(OB, AYKITHOHOB U CEPTH(PUKATOB.
[IpobnemaTrKa SHEPreTHUECKOTO MCIIONB30BaHUsI OMOMACCHI (IpEBECHBIE OTXO-
IIbI, CBAJIOUHEIN Ta3, HABO3) C aKIIEHTOM Ha pecypcHyro 0azy Poccum packpeita
B cTarbe [2], 9YTO Ba)KHO AJIs1 TIOHUMAaHUS OAHOTO M3 HEMHOTHX pealbHO pado-
taronux B Poccuu nupkynspHeIx HanpaeieHui. KonnenryansHo Oinska pabo-
Ta [3], B KOTOpO# 000CHOBEIBaeTCS HEOOXOJUMOCTh MH(POPMAIIMOHHON CUCTEMBI
JUTS Pa3BUTHS OMOIHEPTETHKHU KaK AJIEMEHTa 3aMKHYTOTO PECYpPCHOTO IHKIA, —
9TOT TE3WC MEePEKIUKAETCS C HAIINM MPEIOKEHUEM O BBEJICHUU HOBBIX CTaTH-
CTHYECKUX WHINKATOPOB.

Bompocsr moBeimeHus 3HEproddHEeKTUBHOCTH U CPABHEHHE BO3MOXHOCTEH
TPaJANIIMOHHON W BO30OHOBISIEMOM DHEPTETHKH PaccCMOTpeHHI B [4]. Bomopon-
Has DHEpPreTHKa Kak IMEpCIeKTHBHOE HampaBlieHHe OyayIero ’HeprodanaHca
aHaJIM3UpYyeTCsl B KpaTKoM o030pe [5], oHaKo aBTOpHI KOHCTAaTHPYIOT, YTO
B Poccun ona moka He Bbiwia w3 craauu HUOKP — ananoruuno cutyaruu
¢ xummdeckoil kouBepcueit CO,. KirroueBble paboThl 110 3¢ GHEKTHBHOCTH TO-
cynapctBeHHoi mogmepxku BUO B Poccum mpunamnexar aBtopam [6, 7).
B cratee [7] Ha mpuMepe CONHEYHOM PHEPreTUKU IMOKa3aHO, YTO Iporpamma
«/loroBop Ha mpenocTaBICHWE MOIIHOCTH JUII BO30OHOBISEMBIX HNCTOYHHUKOB
sHeprun» (JIIIM BHD) mpusena K pocTy yCTAHOBJIEHHOH MOIIHOCTH, HO HE
K TEXHOJIOTHYECKOMY MPOPBIBY W HE K 3HAYNMOMY CHHKEHHIO YTIIEPOIO0EMKO-
ctu. B Gonee panneil pabote Te ke aBTOPHI aHATM3UPYIOT Pa3BUTHE albTepPHA-
TUBHOW 3HEPTeTUKH B KOHTEKCT€ HU3KOYTJIEPOJHOW 3KOHOMHKH U TPUXOMAST
K BbIBONY, 4TO Joii1 BUD B Poccuu Hagoaro octaHeTcs HEBBICOKOM — 3TOT Ipo-
T'HO3 TOJIHOCTRI0 moaTBepamics k 2025 r. (1,25 % B anexTponoTpelieHnn).

ABTOpHEI [8] paccMaTpUBaIOT MEPCIICKTHBEI COJIHEYHOH HEpPreTHKu B Poc-
CHH, OTMeYasl BBICOKUU TOTCHIIMAN FOKHBIX peruoHoB (CraBpomonbe, PocToB-
ckas obnactb, KpbIM), HO yka3biBas Ha HEJOCTAaTOK CETEBON HMH(PACTPYKTYPHI
Y JIOKAIM3allMOHHBIE Oaphephbl. Bompockl 3HEproyTwim3anmud OMOMAacChl Kak
TpaiiBepa JTOKAIBLHOW SHEPTETUKHN 00CYKIaroTes B [9], TIe TakKe 3aTparmBacTcs
tema ynaBnuBaHusi CO, — oHA W3 TEXHOJOTHYECKHUX abTEPHATHB, PACCMOT-
PEHHBIX B HallleH CTAThE.
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Bonee obuuie sxonornueckre mpodIeMbl SHEPTETUKH U aKTYaIbHBIE BHI3OBBI
BO300HOBIIIEMOI SHEPreTHKU MOAHUMArOTCA B crathe [10]. PaboTa [11] umeer
0c00yI0 IEHHOCTb, TaK KaK B HeW aHaJIM3UPYETCs JOCTIKUMOCTD Leneit [Tapmx-
CKOro cornauieHust ansi Poccum; aBTopel MPUXOJAT K BBIBOAY, UYTO 0e3 Kapau-
HAJILHOTO CHIXKEHUS yrieponoemkoctd BBII nienu He OyayT BHIMOIHEHBI — 3TOT
BBIBOJ] CHHXPOHHU3UPYETCSI C HAIIUM TIPOTHO30M <JIOBYIIKHU 1,6 MJTH T».

B [12, 13] nmerasbHO ONHUCHIBAIOTCS (DUHAHCOBBIC MHCTPYMEHTHI IOCYyaap-
ctBeHHOW monaep:xkku BUD B Poccun (JAIIM BUD, «3eneHbie» cepTUhUKATEHI,
HAJIOTOBBIC JILIOTHI) M OLIEHUBAETCS UX 3P PEKTUBHOCTH, YTO TMO3BOJISET TOHSThH
MIPUYHMHBI CTarHanuu Beipadbotkn BUD B 2025 .

Hexoropsie pabotsl (Hanpumep, [14—16]) uMeroT JIUITE KOCBEHHOE OTHOIIIC-
HUE K TeM€ W He ObUIM HENOCPEICTBEHHO 3aJeHCTBOBAHBI B CTATUCTHYECKOM
aHajn3e, HO YIOMSHYTHI ISl TIOJTHOTHI OMOIHorpadudeckoil kapTuabl. Kiode-
BEIM BepU(UIIUPOBAHHBIM UCTOYHHKOM JAaHHBIX MO (PYHKIIMOHUPOBAHUIO AJIEK-
TposHepreTuku sBisieTcst Otyer CucremHoro omnepartopa ExwHo# sHepreTmue-
ckoit cucrembl Poccuu [17], B KOTOpOM IyOIUKYIOTCS €XKErOJHbIE ITaHHBIE O
BBIpa0OTKE SJIEKTPO’HEPTHH MO THIIAM CTAaHIMH, B TOM uHcie o goie BUD.
HiMeHHO Ha OCHOBE 3THX OTYETOB (BKJIIOYasl ONepaTUBHBIE JaHHBIE 3a 2025 T.,
OIyOJIMKOBaHHBIE B OTKPBITHIX Mpecc-penu3ax) noiydeHa mudpa 1,25 % gonu
«HOBOW» BUD-renepanuu B 35eKTpOnoTpeOIeHuH 1 3aUKCUPOBAHO CHUKEHHE
BBIpaboTKHY Ha 2,7 % 3a neBsaTh MmecsieB 2025 .

JInist IpPOBEPKHU M JIOTIOJTHEHUS] POCCUICKHUX JaHHBIX MCIONb30BaH Statistical
Review of World Energy komnanuu BP [18] — oqun 13 Hanbosiee aBTOpPUTET-
HBIX TJ00aTbHBIX MCTOYHHKOB IT0 TEPBUIHOMY SHEPTOMOTPEOIICHHUIO, BEIOPO-
caM CO, ¥ TOJISIM pa3IMYHBIX HCTOYHUKOB. DTOT 0030p IMO3BOJIUIT BEPUPHUITHPO-
BaTh POCCHICKHE PSIIBI ¥ COTIOCTABUTh UX C MUPOBBIMHU TPEHIAMHU.

Anamutnaeckuit moknman Ember “Global Electricity Review 2023 [19]
MPEeI0CTaBUII JIaHHBIE 0O MUPOBBIX TeMmnax pocta BUD, ¢ koTopbiMu cpaBHUBa-
Jlack poccuiickas muHamuka (B mupe B 2022-2023 rr. poct BUD cocraBmir oko-
10 10 % B rox, B Poccun — otpunarensHas nuaamuka B 2025 1.). Hakoner, Teo-
peTHUYECKHEe OCHOBBI MHBECTHUIIMOHHON MoTwBammu B BUD B KoHTEKcTe rocy-
JIApCTBEHHO-YaCTHOTO MAapTHEPCTBA 3aJI0KEHbI B padote [20], a sMIupuyecKoe
WCCIIeJIOBaHNE PEaKIMU MHJIEKCOB BO30OHOBIISIEMOW YHEPTETUKH HA TTaHIEMHIi-
HYIO HEOINpPEIeICHHOCTh BhIMONHEHO B [21]. PabGora [22], mocBsiieHHas Kiiac-
cu(UKAIUN SKOCHCTEMHBIX yCIYT, MIPUBEJEHA B CIIHCKE, HO HEMOCPEICTBEHHO
B QHAJIM3 HE BKJIIOYAJIACh.

3HauYUMBIE WCCIIEOBAHUS IO WCIOJIH30BAHHUIO PAa3HBIX BHJIOB TOILIUBA IS
MPOM3BOJCTBA YHEPTHM MPOBOAITCA B bermopycckom HalMOHATbHOM TEXHHUYe-
ckoM yHHBepcuTere [22, 23]. AxTyanapHYyI0 HHQOPMAIHI0O U aHATHTUYECKHE
M3BICKaHUS MyOMUKyeT Beaylii MexayHapoIHbIi HayYHO-TEXHUYECKUN XKyp-
Han «DHepretuka. M3BecTrs BHICIINX yYeOHBIX 3aBEIACHUN M HYHEPreTUYECKUX
oowenuuenuit CHI'» [24, 25].
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Pe3y.m>TaT1>1 HCCJIeJOBAHUA

Oowee nompeodnenue Inepeuu. llorpebienne MepBUYHON PHEPTHH — ITO
KOJIMYECTBO SHEPIHH, W3BJICUCHHON M3 MPUPOAHBIX PECypcoB (ra3, HeTh, Yrodb,
ypaH, Boza, BeTep, COJHIIE, OmoMacca) 0 Jr00bIX mpeodpazoBanuii (puc. 1). O6mee
notpebyieHre sHeprun Beipocio ¢ 541 mo 705 muH T H. 3. (+30 %), HO CTPYKTY-
pa mpakThyecku He u3MeHuiack. Jlons raza (¢ ~46 mo ~46 %) ¢dakTHuecKu
Ta xe, nonst BUD — ¢ 0,2 go 1 %. OT1o o3Hauaer, uro sHepromnepexoa B Poccun
[IOKa HE HMEET CTAaTUCTUYECKOrO0 MOATBEPXKICHUSA. OKOHOMHUKA OCTAeTCS
CBEPX3aBHCUMON OT MCKOIIAeMOTO TOIUIMBA, & LIUPKYJIIPHBIC IPAKTUKH (peKyIie-
pauusi Teruotsl, yrunmzanus [THI, nepepaboTka 0TX0/M0B) HE OKa3bIBAIOT 3a-
METHOTO BJIMSIHUSI HA MaKpOYpPOBHE.
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Puc. 1. Tlorpebnenue nepBruyHoii 3Hepruu B Poccuu o Bugam uctoarnkos (2004-2024 1T.), MITH T H. 5.
(cocraeneno apropom 1o ganubiM CEIC Data / U.S. Energy Information Administration, Y Charts)

Fig. 1. Primary energy consumption in Russia by type of sources (2004-2024), mtoe
(compiled by the author according to CEIC Data / U.S. Energy Information
Administration, Y Charts)

KitoueBoii mokazaTens A aHamu3a HUPKYISPHOCTH — CTPYKTypa HOTped-
JICHHS! TIEPBUYHOM 3HEPruM MO BHUIAM MCTOYHHMKOB: YEM BBIIIE JOJsI HEBO300-
HOBJISIEMbIX HCTOYHHUKOB, TEM OOJIbILIE OTXOJOB M BHIOPOCOB CO3[AE€TCSl HA KaXK-
JIOM 3Tare oT A00BIYH [0 CKUTAHUSL.

[Ipupoasslii ra3 paccunTaH Kak CyMMa BHYTPEHHEro NOTpeOseHHs rasa
UIEKTPOCTAHIMAMH, IPOMBILIUIEHHOCTHIO M HaceneHueM. [lokazarens BKIrOUaeT
KaK TOBapHBIU Ta3, TaKk U NMOMYTHBIA He(TSIHOU ra3, KOTOPBIH YaCTHYHO UCIIOJb-
3yeTcsl Ha MecTe.

Hedtp 1 HedrenpomykTsl — 3T0 moTpebieHue chlpoil HeTH, Ma3yTa, IH-
3eJIbHOTO TOIUIMBA, OCH3MHA, KEPOCHHA W JPYTUX HPOLYKTOB MepepadoT-
Kd. Bximrouaer kak 3HepreTnieckoe, TaK U HEIHEPTETHUECKOE HCIIOJIb30BaHUE
(mammpumep, HepTEXUMHUSL, OUTYMBI, CMa304YHBIE MATEPHAIIBI).

YToib BKIIFOYAET BCE BUIBI: KAMEHHBIN, OYPBIA, KOKCYIOITUNCS U aHTPAITUT.
VYureno kak npsimoe cxkuranue Ha TOC, Tak M UCIOJIB30BaHUE B IPOMBIILICH-
HOCTH (METaJTypTHsi, IPOU3BOJCTBO IIEMEHTA).
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ATOMHAas1 SHEprus IepecurTaHa U3 BRIPAOOTKH 3jekTpodHeprun ADC B mep-
BUYHYIO SHEPIHIO 0 CTaHAAPTHON METOIMKE «TETUIOBOM SKBUBaseHT» (N = 33 % —
cpenuuii KIIJ[ TemmoBeIX anekTpocTaHiwmii), T. e. 1 MBT'u snexkrtposHeprun
oT ADC cootBercTBYeT ~3 MBT 4 nepBUYHOI 3HEPTHUN.

I'mnoposHeprus onpeneneHa aHajgornyHo: Beipabotka ['DC nepecuntsiBaeTcs
B nepBuuHyIo 3Hepruto ¢ Tem ke KIIJI 33 %, xots daktuuecku ['OC He TepstoT
TEIIOTY. DTO MUPOBas CTAaHAAPTHAsi METOAUKA Ul COIIOCTABUMOCTH C TOILINB-
HOM reHepaluen.

BUD3 — cymma BeTpoOBOM, COTHEUHOH, T€OTEPMATEHON 1 OHO’HEPTUH (BKITIO-
yasg Ouoras, TBEpAyl Omomaccy W OMOTOIUIMBO). s BeTpa M CONHIA TakkKe
npumMensiercs nepecuet uepe3 KI1J 33 %.

IIpuponHelii ra3 — HauMMeHee YIVIEPOJOEMKHHM Cpeay HMCKOMAEMBIX BUIOB
torumBa (Beiaensier ~56 kr CO, na 1 I'/Ix npotus ~94 xr y yris). OnHako ero
noist B Poccun aHoManbHO BBICOKA IO MHUPOBBIM MepKaM (B CpelHEM IO MH-
Py ~24 %). C uupKyJsipHOH TOYKH 3peHHUs, TpobieMa ra3a He CTOJIBKO B BEIOPO-
cax, CKOJIKO B MOTEpsX: MpU 100bIYe MOMYTHOTO rasa cxuraercs ~15 mupa m?
B rox — 310 ~30—40 miH T CO,, KOTOPHIE MOXKHO OBLIO OBl YTHIM3HUPOBATH.
IIpu TpaHCcHOPTHPOBKE MO TPYOONPOBOAAM IMPOUCXOISIT yTEUKH MeTaHa (map-
HUKOBBIH dQdekt B 84 pasza cunbree CO, 3a 20 net). [Toreruienne kiuMaTa ot
yTE€YEeK CHMUIKACT IKOJOTHUYECKUI BBIUTPHINI ra3a nepen yriem. Ha TOC copachl-
BaeTcs 10 50 % TemIoTsl B BUAE ropsiueil BOAbI M IIMOBBIX ra30B. Eciu Obl 9Ta
TEIJIOTa peKyNeprupoBaiach (Hampumep, Ijisi 000rpeBa ropofoB HIIM TEIUIHII),
TO NIPU TOM e 00BEME CHKUTaHUSI MOXKHO ObUTO Obl momyuuts B 1,5-2 pasa
OosblIe NOJIE3HOM SHEPTUH.

['maBHAs mpobnema HePTH TSI MUPKYIIPHOCTH — HETTyOoKas mepepadoTka.
Cpennsas riryouna nepepadotku B PO cocraBmser okoino 83—-84 % (mpotus 95 %
B EC u CIIIA). D10 03HaudaeT, 4To M3 KaKI0¥ TOHHBI HePTH ~16 % mpeBpara-
eTcs B Ma3yT, TYJPOH M JPyTHe€ OCTATKH, KOTOpBIC JHOO CKUTAIOTCS C HH3-
kuM KT, mu6o unyt B orBansl. Eciu Obl riryOuHa mepepa®oTku Oblia 1oBese-
Ha 710 95 %, KOIMYeCTBO MOJE3HBIX MPOAYKTOB (OCH3MH, TU3€Ib, CHIPhE IS
HedTexuMuu) BbIpociio Okl Ha 10-12 % 0e3 MOMOTHHUTENBHON MOOBIYM — 3TO
MPSIMOH [IUPKYIAPHBIN 3P PEKT.

YTome — caMblif «TPSA3HBINY) BUA TOIUTHBA. [Ipy cxxuranmm yriist oOpasyercs
1o 10-15 % oT Macchl COXKEHHOTO YIS 3o0jomnuiakoB. x B Poccun exeromHo
HakarumBaetrcs ~30 MIH T, U3 KOTOPBIX TepepadarpiBaeTcs menee 10 % (uc-
MOJB3YIOT JJIsI MPOU3BOJCTBA IIEMEHTA, CTPOUTEIBHBIX OJIOKOB, PEKYJIbTHBA-
un). OcTanbHOE JIEKHUT B 30JI00TBajax, 3arps3Hss MOYBY M IPYHTOBBIC BOJBI.
LupkynsipHoe pemieHne — nepepadoTka 3076l B LeMeHT (3amemtaet a0 30 %
KJIMHKEpa) U M3BJICUCHUE LIEHHBIX METAUIOB (IIOMHUHMH, JKEJe30, pelrKo3e-
MelnbHBIe). JInokcua cepbl M OKCHIBI a30Ta TpeOyloT ynaBiuBanua. B Poccun
CEPOOYNCTKA YCTAHOBJICHA JIMILb Ha HECKOJIBKUX HOBBIX TOC.

ATomHas 3HEpPrus (opMaIbHO MOUTH Oe3yTIepoaHas, HO HEe NUPKYISIpHAS
M3-32 OTXO0JIOB (OTpaboTaBIlee TOIMJIMBO, PaJMOAKTHBHBIE OTXOAbI). OJHAKO B
Poccun paboTaer 3aMKHYTBIN SIZICPHBIN TOTUTUBHBIN MK Ha peakTopax bH-600
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n bH-800: oTpaboTaBmiee TOITHBO TepepabdaThIBacTCs, U IUTyTOHUN ¢ ypaHOM
BO3BPAIIAIOTCSA B PEAKTOPBL. DTO OJUH W3 HEMHOTHX PEANbHBIX MPUMEPOB IHP-
KYJISIpHO# SHepreTuku B PD, HO ero MacmiTad moka mai.

T'uaposneprus — BO30OHOBISIEMBIH (HO HE BCETAa) MUPKYJISIPHBIA HCTOYHUK.
I'DC napymaioT peyHble 3KOCUCTEMBI, U TJIaBHBIN pecypc, KOTOPBIH MOXKHO 3a-
MKHYTh, — BoJia. McmapuTensHas BoJia U3 BOJOXPaHWIHI MOTJIa ObI cOOUpaThes
Y MTOBTOPHO UCTOIB30BATHCA, HO IMOKA STOTO HET.

BUD — 10 Menee 1 %, wim ~7 MiuH T H. 9. [lomaBnsromas dacte (~5
¥3 7 MITH T H. 3.) — 9To Onomacca u Ouoras, 4acTo U3 OTXOZOB (JpeBECHBIC Tejl-
JIETHI, CBaJIOYHBIN Ta3, HABO3). DTO yKe IMPKYJSIPHAs MPAKTHKA, TaK KaK OTXObI
TpeBpararTcs B dHepruio. OaHako MacmTad HuuToXKeH. CoTHeUHass W BETPOBas
sueprus B PO maror ~0,1-0,2 % ot obmiero morpednenus, uro B 50-100 paz
MeHble, yeM B ['epmannu unu Mcnanumu.

OO0mee moTpebiieHUe SHEpruu (BKIKOYAas BCE BUJBI MEPBUYHON SHEPIHH)
TaKke JEeMOHCTPHPYET YCTOMYMBBIA Bocxonsdmuii TpeHn (puc. 2). Ilo man-
HeIM Y Charts u Our World in Data, 3a mociaeanne asaanath JIET 3TOT MOKa3a-
TeNb BBIpOC MpuUMepHO Ha 20 %.
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Puc. 2. Obuiee notpebnenne nepsudanoii sHepruu B Poccun (2004-2024 rr.)
(coctaBieno aBropom no gaHHbM Y Charts, CEIC / Our World in Data)

Fig. 2. Total primary energy consumption in Russia (2004-2024)
(compiled by the author according to YCharts, CEIC / Our World in Data)

O6miee moTpebIeHEe YHEPTHHA JOCTUTIIO JIOKaTbHOTO TTika B 2018-2019 .
(607 mutH T H. 3.), 3aTem nocaeaoan cran B 2020 r. uz-3a nagaemud, a Kk 2023—
2024 rr. 0OHO BOCCTaHOBWJIOCH /10 HOBBIX MakcUMyMoB (630 muH T H. 3.). [Ipn
9TOM Ba)XHO OTMETHTBH, YTO POCT DHEpromorpediieHus onepexaer poct BBII
B OTJEJIbHBIE TO/bI, YTO TOBOPUT O COXPAHEHHU BBICOKOI 3HEPrOeMKOCTH POC-
cuiickoil s3koHoMukH. 1o ganHbIM MunskoHoMpaszButus, B 2022 r. sHEproem-
koctb BBII cocraBuna 11,15 T y. T./MiH py06., uTo numb Ha 2 % HIKE Mpembl-
nyuiero roga. i LUpKyJIIpHON MOAEIH 3TO CUI'HAJ: IHOTEHLMal 3Heprocoepe-
KEHUSl JalleK0 HE MCYEpIaH, W €ro peaju3aunus He TpeOyeT KalMTaJlbHBIX
BJIOYKEHUI B HOBYIO F€HEpaLHUIO.
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Amnanus evtopocoe CO,. I'maBHBIN WHINKATOP HEIUPKYISIPHOCTH — BEIOPOCHI
MapHUKOBBIX Ta30B, CBA3aHHBIX C DHEPreTHKOM. Statbase.ru m cMeXHBIE HCTOY-
HUKH TPUBOIAT psabl ¢ 1965 mo 2024 1., 9TO MO3BOJSET YBUACTH JOJITOCPOUHEIE
TpeHabl. JlaHHbIe IS aHanM3a arperupoBaHbl U3 HECKOIBKUX NCTOUYHHKOB, Mpe-
umymectBenHo Statistical Review of World Energy (BP) u Ynpasnenust sHep-
rernuyeckoit nHpopmanuu CLIA (EIA). Meronuka pacdyera CTaHAapTH3UPOBaHA
MexTyHapoqHBIM 3HEpreTHYecknuM areHTcTBoM (MDA) m PamouyHOW KOHBEH-
et OOH 06 mmenennn kimMara (PKMK OOH): Beibpocsr CO, = X (O0peM
coxxokeHHOTO TotumBa X Koaddumuent BeiopocoB x Jloms okucienus). Koag-
¢unmentsl BeiOpocoB (kr CO, Ha I'Jx): mpupoansrii ra3 — 56,1 kr CO,/T Ix
(cambIil HU3KUI cpeqy NCKOTIaeMBbIX, Tak Kak MoJiekyna merana CH, conepxut ma-
JIO yIJIepoJia Ha €MHUILY 3Hepruu), HedTh U HedrenpoaykTsl — 73,3 kr CO,/T [k,
yronb — 94,6 kr CO»/I'’/Ix (caMblii BEICOKMIT — H3-32 OOJIBILIOTO CONEPKAHUS yT-
Jepoia M MaJloro KosMdecTBa Bojopona). Jlons okucieHust A BCEX BHJOB
TorMBa npuHuMaetcs pasHoi 0,99 (99 %) — 310 03HavaeT, YTO MOYTH BECH yT-
nepox nipu cxuranuu npespamaetcs B CO,; mmmb 1 % ocraercs B BUIE CaxH,
HECTOPEBIINX YaCTHUI] HITH 30JIBL.

Oo6mme BeIOpoCH (ThIC. T CO,) mensaTcs Ha YHCISHHOCTh HacelaeHus Poccnn
Ha COOTBETCTBYIOLIMI rox (manHele PoccTara), 4To MO3BOJISET CpaBHUBATH YT-
JIEPOIHYI0 MHTEHCUBHOCTB Pa3HBIX CTPaH HE3aBUCHMO OT UX pa3Mepa.

3a BauaTh JieT BEIOPOCH! KOyieOamch B tuamnasone 1,55-1,70 MiH T, He JeMOH-
CTpUpys ycToiurnBoro cHmxkenus. [luk mpumrencs Ha 2019 r. (1 703 589 ThIC. T),
YTO COBHAJO C XOJOIHOM 3UMON M BBICOKOH AKCIIOPTHOM aKTUBHOCTHIO. [lanne-
Muiinbii 2020 1. nan nagenue Ha 5 %, HO yxe k 2021-2022 rr., 10 OLEHOYHBIM
TIAaHHBIM, BBIOPOCHI BEPHYIHCH K YPOBHIO 0K0JI0 1620 ThIC. T (pHC. 3).
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Puc. 3. Beiopocsr CO,, cBsizanHble ¢ suepretukoit (2003-2022 rr.)
(coctaBieHo aBTopoM 10 1aHHEIM Macrotrends / World Bank)

Fig. 3. Energy-related CO, emissions (2003-2022)
(compiled by the author according to data from Macrotrends / World Bank)

JlymieBrie BHIOPOCH! YIJIEKUCIIOTO Ta3a paBHAIOTCS 11-12 T Ha dermoBeka —
9TO OJIMH W3 CaMBIX BBICOKMX ITOKa3aTelei B MHUpPE, CONMOCTABUMBIA C YPOBHEM
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CIIA wu 3HaYnATEIHHO TPEBHIMIAIONINN cpemHeeBponeiickuii (6—7 T). Kimumaru-
YeCKHe YCIOBUSA U CTPYKTYypa SKOHOMHUKH OOBSACHSIOT JIMIIH YaCTh 3TOTO pa3phl-
Ba; OCTAJIbHOE — CIIEICTBHME HU3KOW SHEprod((EeKTHBHOCTH M YyTEYEK B CHCTE-
Max TPaHCIOPTa W paclpeeneHus YHeprun. IMeHHo 3/1ech IUPKYJISPHBIN MO
X0A Mor Obl nath ObICTpbIA 3(deKT: KakAbI TPOLEHT CHIKEHHUS IOTEPh
TETJIOTHI B CETSAX COKpAIIaeT BRIOPOCHI Oe3 TOMOTHUTENbHON JOOBIYH.

Oo6mwme nudpsl BEIOPOCOB YITIEKUCIOTO ra3a TakKe CKPBHIBAIOT BaXKHYIO Jie-
TaJb — BEIOPOCHI pacTpeieNTIOTCs HEPaBHOMEPHO MEXIY T'a30M, HE(PThIO U yTI-
nem. CoriacHO naHHBIM Statista Ha OCHOBe 0T4eToB MDA M POCCHIICKUM Hayd-
HBIM HcclenoBaHusM, B 2022 T. cTpyKTypa ObLIa CICHYIOMmEH: 0T BRIOPOCOB
OT MPUPOAHOTO Ta3a cocraBmia 50 %, ot yrua u Heptn — B pegenax 23-25 %.
Haubonbime BHIOPOCH 110 00beMY, HECMOTPSI Ha HU3KUH yTiiepoaHbiid kK03ddu-
LUEHT OT TPUPOJHOIO ra3a BhIIIE, IOTOMY YTO ra3a ckuraercs B Poccuu 60iib-
e Bcero — okoso 45 % Bcero mepBUYHOTO 3HEpromnorpedieHus. laxe ¢ HU3-
KHM KO3 (UITMEHTOM OOJIBIIONH 00hEeM JaeT BEICOKUN aOCONIIOTHBIN BKIIA],

Hpyroil BaKHBIM BBIBOA ISl LUPKYJISIPHONH 3KOHOMUKH — JOJS YIJIA B BbI-
Opocax (26 %) BbllIe, 4eM ero 1o B 3Hepronorpednenuu (~17 %). Oto moa-
TBEP)KJAET, YTO YTOJb — «CaMbIi T'PSI3HBINY» BHJ TOIUIMBA UMEHHO B IIepecyeTe
Ha enuHUIY SHeprun. CremnoBaTenbHO, 3aMeIeHIe YT ra3oM (maxe 0e3 yias-
muBanust CO,) maeT HeMemIeHHbIH 3(PEKT CHUKEHHS BHIOPOCOB — 3TO OCHOB-
HOM paiiBep ocinabieHus: KOpPesul, O KOTOPOI MbI TOBOPUIIH paHee.

Koppenayusa nompebdnenusn snepzuu u eviopocos. Kiouepoil Bompoc ais
MOHUMAaHUS LUPKYJSPHBIX CABHIOB: CYIIECTBYET JIM MpsMas CBS3b MEKAY PO-
CTOM TIOTpeOJIeHNs PHEPTHH U yBelnndeHueM BoiOpocoB CO,? Ecnm sxoHOMHUKa
CTaHOBUTCS OoJiee 3aMKHYTOH, 3Ta CBs3b JOJDKHA oclabeBaTh — MoTpeOieHue
MOJXKET PacTd, a BEIOPOCHI OCTAaBaTHCS HAa MECTE WM Ja)Ke CHUKATHCA 32 CUET
0o0JIee YUCTHIX HCTOYHUKOB U YTUJIM3AINH OTX0A0B. Eciii mocMOTpeTs Ha TpeH
3a 20 jeT, CTAaHOBUTCS OYEBHJHBIM, 4TO BRIOpOCHl CO, KOJIEOIIOTCS, HO HE
HUMEIOT YCTOMYMBOTO CHIKEHUs (Tadu. 1).

Tabnuya 1
Koppensinusi moTpedJeHus SHeprau u Beiopocos CO,”"

Correlation of energy consumption and CO, emissions

TFoner Cpenz{;;;(;?ej?mne Cpemz:;;x:;()ﬁpocm Koapdumment xoppemnsinun
2004-2008 555 1625 +0,85 (cunbHas mpsmMas)
2009-2013 585 1640 +0,70 (ymepeHHas mpsiMasi)
2014-2018 595 1635 +0,50 (cnabast mpsimast)
2019-2023 600 1620 +0,15 (oueHn cnabast)

* PaccuuTaHO aBTOPOM.

CBs3b MEXKAY POCTOM SHEPromoTpediIeHus] U BBIOpOCaMH 3a JBaalaTh JIET
npakTrdecky ucuesna. B cepeaunae 2000-X KOAQOUIHEHT KOPPESAIIUU COCTaB-
7511 +0,85 — KaKIbIid TOTOTHUTEIHHBIA MIJITHOH TOHH HE(TSHOTO KBHUBAJICHTA
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MOYTH TIPSIMO TIPOMOPITMOHANIBHO yBennunBai BeiOpockl. K 2019-2023 rr. kop-
penmsiuus ynana go +0,15, 4TO cTaTUCTHYECKM O3HAyaeT OTCYTCTBHE 3HAYH-
MoOH cBsi3U. 3a 3TH To1bl Poccust 3HAaUNTENFHO NOBBICKIIA SHEPT03()(HEKTUBHOCTD
B MPOMBIIIUIEHHOCTH, 3aMECTHJIAa YacTh YTOJBHON TeHEepaluu ra3om (ra3 gaer
Ha 40-50 % wmenbie CO, HA €UHUILY DHEPTUH) U MOJECPHU3UPOBAlIa HEKOTO-
peie TOC. DTO nOCTHKEHHE, HO OHO HE MMEET IPSIMOTO0 OTHOLICHMSI K LIUPKY-
JISIPHOM 9KOHOMHKE, IIOCKOJIBKY JTOCTHTHYTO <JIMHEHHBIMID METOAAMH, T. €. 3a-
MEHOW OJIHOTO BHJIa MCKOIIAE€MOTO TOIUIMBA JPYTHUM, a HE 3aMBIKaHHEM TIOTOKOB.
Crnenyromuii mar, TpeOyomuil yKe IMUPKYISIPHBIX PEIIeHuH, — 3TO He MPOCTO
CHIDKEHHE KOPPEISIINY, a aDCOTIOTHOE COKpallleHHe BEIOPOCOB PU COXpaHEHUH
WM pocte 3HepronorpednaeHus. [loka 3Toro He MPOU30LLIO: BEIOPOCH! CTarHu-
pytot Ha ypoBHe 1,55—1,65 MiH T.

Poct obmrero motpebieHuss SHEPTUH «CHEACT» BCE JOCTHIKEHUS B CHUXKE-
HUHM YTJIEPONHOW WHTEHCHUBHOCTH. JTO TaK Ha3bIBaeMbIi d3pdexT JKeBoH-
ca (wu rebound-addext), Koraa pecype ucnonbdyercs 3h(heKTuBHEE, OH CTa-
HOBHUTCSI JICILIEBJIC, U €r0 HAYMHAIOT HMCIIONb30BaTh Ooubiie. s mepexoma K
LUPKYJIIPHOM MOAEIH HEOOXOAUMO Pa3opBaTh 3TY CBA3b: HE MPOCTO MOBHILIATH
3¢ (EeKTUBHOCTD, a 3aMbIKaTh MOTOKK yriepoaa. B atom ciyuae CO, nepecraer
OBITH BEIOPOCOM U CTAHOBUTCS CHIpheM (BO30OHOBJISIEMbIE HCTOYHHKH), HO €T0
nons B Poccun menee 2 %. Ha ceroansmnuil nens B Poccun n mupe ectb Tpu
OCHOBHBIX TEXHOJOTHYECKUX ITyTH K TaKO# Tparchopmanuu (Tad. 2).

Tabnuya 2
CpaBHUTEBLHBIN aHAJN3 TPeX NMyTell K HMPKYJIsipHOii sHepreTuke B Poccun®

Comparative analysis of three paths to circular energy in Russia

o CCUS/EOR CCU
Kpurepuit BUD
(ynaBiuBaHue + (XuMHuUecKast
CpaBHEHHUS 1 HU3KOYTJIEPOIHAs
3aKayvKa) KOHBEPCHs)
Texnonoruueckas | Beicokas (kommepue- | Cpennsist (;raboparopun, Bricokas (MupoBble
FOTOBHOCTb CKHE IIPOEKTBI C MUJIOTBI; KPYITHOTOH- mnepsl: Kutaii, CILIA,
B MHPE 1970-x rr., CIIIA, |HaXHbIH METaHON TOJIBKO I'epmanus — necarku

Hopserns)

HAYHUHACT MACILTa-
OHpoBaTHCS)

I'BT exeronHo)

Texymuii cratyc

EauHu4aHbBIA THI0T-

JlaGopartopHsle sxcHepu-

~1,25 % B snekTponoTpeo-

B Poccun HBIH TIPOEKT MEHTHI, IPOMBIIICHHBIX | JieHuH (6e3 yuera [DC),
(«Oko-T'az» YCTaHOBOK HET crarHanus, BeIpaboTKa
B CapaToBCKoOii 0011., 10,7 mapa kBt-u
~1 MutH T/TO1) 3a 9 mecsmes 2025 r.
Tpebyembre OueHb BBICOKHE Bricokue (3nexTponnse- Cpennue (COTHEUHbIE
WHBECTUIINHI (YCTaHOBKH yJaBiU- |pbl IJIsl BOJOPOJA + peak- MIaHEJIN U BETPSIKH:
Banus ~$50-100 TOpHI + Katanu3atopel) | B PD kamsarpars! okyna-
3a TouHy CO, + Tpy- 10TCsl 3a 5—7 JeT, SHeprus
6GOMpPOBOABI + KOM- JIeIIIeBIIe HOBOM Ta30BOM)
TIPECCOPHI)
[Torenuman OrpoMHbIit Cpenuuii (MUpOBBIE Bosnpmoii (TeopeTnuecku
CHIDKEHUS (mo 50 % ot 3Hepre- o6osembr CCU noka 10 80 % BBIOpOCOB
BBIOpPOCOB B P® | THueckux BEIOPOCOB HHYTOXXHBI, CIPOC IIPH TIOJTHOM 3aMEICHUN

HPH TIOKPBITHU BCEX
kpynHbx TOC)

Ha «3eJICHbI» METaHOI
OTpaHUueH)

HMCKOIIaeMOM TeHepaluy,
HO TPaKTUYECKH —
JIECATHIICTHSI)
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Oxonuanue mabn. 2
End of table 2
. CCUS/EOR CcCu
Kpurepuit BUD
(ynaBinuBanue + (xumuyeckas
CpaBHEHHMS U HU3KOYTJIEpOAHAs
3aKayKa) KOHBEpCHSA)
DxoHOMHUYecKast | JlomomHUTENBHBII Tpebyer memreBoro Vike 5KOHOMUUYECKU
OKYyIIaeMOCTh noxon ot EOR (mo- Bozopoza (1-2/xr), BBITOIHEE HOBOI
BBIIICHHE HEPTEOT- B P® moka 3-5/kr ra3oBoi reHepanuu
JladM) MOXKET OKY- B Psifie pETHOHOB
IIUTH 3aTPaThl IPU (Hamsanii BocTok)
LeHax Ha HeTh
>$60/6app.
Bpemennoit 10-15 ner 15-20 net 15-20 net
TOPU30HT (mpu yciaoBumn (IpopbIB B KaTtaynu3e | (ZalIbHOCPOYHBIM IPOTHO3:
JI0 MacIITabHOTO TOCTIOJICPIKKU 1 2JIEKTPOIIN3EpPax) HPU COXPaHEHUH
sddexra U yTIIEPOJHOTO HBIHEIIHIX TEMIOB POCTa
HaJIora) 10 5-7 %k 2030r.,
o oueHkam APBDJ)
Oxonoruueckue | Bo3moxkHsl yreuku | OtHocurensHO HU3KHME | Huskue (3aHATHE 3eMeb,
pucKn CO, u3 Iacros, (IpOILyKTHI BJIMSTHHE Ha MTHI]
celicMuYecKast YTUIU3UPYIOTCS JUISL BETPSIKOB,;
AKTHBHOCTh B XO3IHCTBE) YTHIN3anus MaHeei)
Crarucruyeckas OtcyTcTBYyeT Ortcyrctyet (HeT rpadsr | IlpucyTcTByeT (TaHHBIE
OTCIISKMBAEMOCTb | (HET mokaszaTeeii mo «CO, KaK chIpbe») APBD3 u CucreMHoro
B PO yinosiaenHomy CO, onepatopa: 1,25 %
B statbase.ru) OT OTpeOIICHNUS)
* CoCTaBJIEHO aBTOPOM.

VYnasmuBanue CO, u 3akauka B miactel (CCUS/EOR): Ha wmcrouHmkax

KPYITHBIX BBIOPOCOB — TEIJIOBBIX 3JIEKTPOCTAHLUX, [IEMEHTHBIX 3aBOAAX, Hed-
TernepepabaTHIBAIOIIMX 3aBOJAX — YCTAHABIMBAIOTCS CHCTEMbI YJIABIMBAHUS
CO,. lasiee yTIEeKHUCIBIN Ta3 CKIKACTCS U 3aKaYUBACTCS B UCTOICHHBIC HEPTS-
HBIE WJIM Ta30BbI€ IUIACTBl. DTO HE TOJIBKO YTHIM3MPYET HMapHHUKOBBIM ra3, HO
U 1mo3BoJisieT NoBeIcuTh HedTeornauy (Enhanced Oil Recovery, EOR) — BrITec-
HUTHh OCTAaTOYHYI0 He(dTh W3 Tuiacta. JluaepoM B 3TOH 001acTH SIBIISIIOT-
ca CIIA, rne geiictBytoT aecatku KpynHbelx CCUS-npoextoB. Kpynneimmii
u3 Hux — kommiekc Petra Nova B Texace (ymasnuBanue 1,6 miaa T CO, B rog
¢ yromeHoit TOC ¢ 3akaukoii Ha MecTtopoxaeHrne West Ranch). B EBpore ak-
THUBHO pa3BuBaeTcs HopBexckuil nmpoekt Northern Lights — mepBoe B mumpe
TpancrpannyHoe xpanunume CO, Ha menbde. B Poccuu kpymHEUITUM THIIOT-
HBIM TIPOEKTOM SIBIISIETCSI KOMIUIEKC «Ko-I"a3» B CapaToBcKkoii 06acTu, peanu-
3yeMblil koMmnanuen «benyrpo JlesenonMeHnT». IIpoekT npenycmaTpuBaer yias-
nuBanne okojo 1 maH T CO, B TOJ ¢ BBHIOPOCOB HE(YTEXMMHUUECKOTO 3aBOJA
U 3aKayKy ero B IJIacThl JUIS TOBBILICHUS HE(PTEOTHAYd HA MECTOPOKICHU-
sx. OZHAKO 3TO €JUHUYHBIA MPOEKT; €ro MacmTad HUYTOXKEH 10 CPaBHEHHIO
¢ 1,6 Mipa T 00IIEPOCCHICKUX BEIOPOCOB.
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Xumuueckas koaBepcus CO, B mone3able MpoayKThl (CCU): yraeKucbIi
ra3 He MPOCTO 3aKambIBACTCS, a MPEBPAIIACTCI B TOBAPHBIC MPOAYKTHL. OCHOB-
HBIC HAMPABICHUS:

e cuHTe3 Metanona: CO, + 3H, — CH30H + H,0, koTopslii ucnonszyercs
KaK TOIUTUBO, PACTBOPUTENIb WM ChIphE I MPOU3BOJACTBA (opMallbIeruia,
YKCYCHOH KHUCIIOTHI;

e IIPOM3BOJICTBO yAOOpeHwMit: kKapObaMuy (MOUEBHHA) CUHTE3UPYETCS U3 aM-
muaka u CO,; 3T0 ye KpyITHOTOHHAKHOE IMPOU3BOACTBO, HO moka CO, 1 He-
ro OepeTcst W3 MPUPOITHOTO Ta3a, a He U3 BEIOPOCOB;

o mosiumMepbl: CO, UCTONB3yeTCsl KaK ChIpbe JJIS MPOU3BOJCTBA MOJUKAPOO-
HATOB U TOJHYPETAaHOB, HampuMep HeMenkas kommanus Covestro mpou3BOIUT
TIEHBI U TOKPBITUA ¢ coaepxkanrem CO, o 20 %;

e CHHTETHUYECKOE TOILIMBO: Yepe3 peakuuio Ouiepa—Tporiia MOKHO MOIyY-
4aTh «@nekrpoTorumBo» (e-fuels) m3 CO, um Bogopoda, KoTopoe cropaer 6e3
«HOBOTO» YTJIEpoJia — OHO YTIIEPOAHO-HEUTPAIBHO.

Bce ynomsiHyTBIE TeXHOIIOTMU HaxoaaTcs B Poccuu Ha cramuum abopatop-
HBIX AKCIIEPUMEHTOB WM HAYYHBIX HCCIeN0BaHUN. [[pOMBIITUIEHHBIX YCTaHOBOK
o kouBepcur CO, U3 TPIMOBBIX Ta30B B MPOAYKTHI HeT. [IpranHa — oTcyTCTBHE
SKOHOMHYECKUX CTUMYJIOB (YTIIEPOTHOTO HAJOTa, KBOT HA BEIOPOCKH) M JJOPOTO-
BU3HA BOJIOPO/a, KOTOPBIH HEOOXO0IUM JIJIsi OOJIBIIIMHCTBA PEAKIIUH.

Tperuit myts — nepexox Ha BUD u Hu3KOyIIIepoaHble HCTOUHUKUA. BMecTo
Toro 4troObl ymaBnuBaTh CO, MOCIe CXKHUraHUs, MOXXKHO TPOCTO HE CIKH-
raTh UCKOTIAEMOE TOILIMBO. DIIEKTPOIHEPTHs BbIpadaThIBaeTCS M3 BO3OOHOBIIS-
€MBIX HCTOYHUKOB (BETep, COJHIIE, BOJa, OMOMacca) Wik U3 aTOMHOUW SHEPTHH.
[TockombKy B 3THX Ipolieccax HET OKHCICHHUS yrieponaa, BEIOpockl CO, oTcyT-
CTBYIOT (32 MCKJTFOUCHHEM JKH3HEHHOTO ITHKJIa o0opynoBanwms). CoriacHo maH-
HBIM AcCOoIUaIy pa3BUTUs BO300HOBIsIeMOH sHEpreTHKU (APBJ) 1 coobmre-
HusiMm TACC, cutyanus ¢ BUD B Poccun ocTaeTcst CTarHUPYIOIICH:

e BEIpaboTKa 3nekTposHeprun BUD 3a suBapb—cenTsiOps 2025 r. cocra-
Buna 10,7 mupa kBt-u, yto Ha2,7 % MeHbIIEe, YeM 3a aHAJOTHYHBIA Iie-
puon 2024 r. (11 mupx kBT-u);

e osit BUD B o0meM moTpeOieHuH 3IIEKTPOIHEPTHH [0 DHEProcUcTeMe
Poccun coctaBmna Beero 1,25 % mpaktudeckn 6e3 U3MEHEHHH K MPOIUIOMY TO-
ny (66110 1,26 %);

e CCJIM YUUTHIBATh KPYIHBIC THAPOIICKTPOCTAHIINH (KOTOPBIC IO MEXKTyHa-
ponHoit kinaccudukanuu Toxxe oTHocsATes Kk BUD), To nons Bozpacraer nmpumep-
HO 71020 % (B 2024 r. va ['DC mpuxomunoce 17,3 % Beipabotku). OmgHAKO
UMEHHO «HOBass» BUD-renepanus (connie, Berep, mansie ['DC, Omomacca)
0CTaeTCs Ha yPOBHE CTATIOTPEIITHOCTH.

Hakomnennas momHocte BUD-renepaunu B Poccun k koniy 2024 r. cocra-
Bria 6,5 I'Bt (okomo 2,5 % OT MOIIHOCTH BCeX JJIEKTPOCTAHIMKA CTPaHbl),
a x xkoHIy 2025 1. oxumaercsa poct a0 7,5 I'Bt. 310 odueHp MemIeHHBIN TIpO-
rpecc no cpaBHeHuto ¢ Kuraem, CIIA wm EC, tne exxeromnsie BBoasl BUD
M3MEPSIOTCS AecsaTkaMu ruraBaTT. Hambomnsmiee passutue BUD B Poccuu moy-
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g B PocToBckoit o6macti, CTaBpormonscKkoM Kpae W Bonrorpaackoit ob6ima-
CTU. AKTHUBHO pa3BHUBarOTCs NpoekThl Ha [lampHem Bocroke, rie rotroBuTCA
KOHKYPCHBIH 0TOOp Ha 1450 MBT HOBBIX MOIITHOCTEH.

BbIBO/IbI

1. IIpoBenennniit anamu3 gaHHbBIX 3a 2004-2024 rr., omuparomuiics Ha
JUIMHHBIC BPEMEHHBIC PsIbl TAHHBIX, a TaKkKe Ha BEpUHUIMPOBAHHBIC JaHHbBIE
MEXITyHAPOIHBIX YHEPIeTHYECKUX areHTCTB U POCCUICKOW OTpacieBOW CTaTH-
CTHKH, TO3BOJISIET CJeNIaTh OOOCHOBAHHBIM BBIBOJI: POCCHICKAs DHEpPreThKa 3a
IIBa JECATUJICTHS YCIEIIHO pa3opBajia MPsIMyIO CBSI3b «POCT MOTPeOIeHNS YHEP-
ruu — pocT BeIOpocoB CO,». Koaddurment xoppemsimun [Iupcona Mexmy 3Th-
MH JByMs Mokazatensmu camsmwics ¢ +0,85 B mepuon 2004-2008 rr. mo +0,15
B uHTepBane 2019-2023 rr., 9TO CTATUCTUICCKH O3HAUYACT MEPEX0]] OT CUILHOM
MpsIMON 3aBUCUMOCTH K NMPAKTUYECKHU TOJTHOMY OTCYTCTBHUIO JIMHEHHOHN CBA3M.
OpfHako 3TOT 3HAYMMBIA Pe3yJibTaT JAOCTUTHYT HE 3a CUET BHEAPEHUS LHPKY-
JSPHBIX TPUHIUIOB (3aMBIKaHHWE TOTOKOB YTIIEpOJa, PEKyIlepamus TeTUIOTHI,
repepaboTKka OTXOJIOB COKUTAHWSA), a MCKIIOYUTEIFHO JIMHEHHBIMU METOIAMH:
MTOBBINICHHEM 2HEprodpPeKkTuBHOCTH (CHIKEHHE »HeproemkocTd BBII mpu-
MepHO Ha 1,5 % B TOx), 3aMEIIeHNEeM YTIIsI MPUPOJIHBIM Ta30M B AJIEKTPOTeHepa-
uuu (ra3 umeer Ha 40-50 % menbmuil ynenaspHblil BeiOpoc CO, Ha eTUHUILY BbI-
paboTaHHOIN SHEPTUH), a TakXkKe CTPYKTYpHBIMU CIBUTaMH B TPOMBIIIICHHO-
CTH TOCJIe CAaHKIMOHHBIX 0KOB 2014 u 2022 rr. U3 storo cnenyet ¢pyHaaMeH-
TaJIbHOE 3aKJIIOUEHHE: POCCUICKasl SHEepreTHKa CTaOMIM3HpOBana BHIOPOCHI,
HO HE Mepenuia K HACTOSIIeH UPKYISpHOW Monaenn. AOCOIIOTHBIE BBIOPO-
cel CO,, cBsI3aHHBIE C SHEPTETHKOM, 32 JBA/ALATH JIET TaK U HE TIOKUHYIIU KOPH-
mop 1,55-1,65 mitH T B TOJ, KOIEOIACH BOKPYT cpemHero 3HaueHus 1620 TrIC. T.
JlymieBbie BEIOPOCHI OCTaroTcs Ha ypoBHe 11-12 T Ha yemoBeka, 4To B 2—3 pasa
BEIIIE CPEAHECBPOIEHCKOro MmokazaTens (4—6 T) W COMOCTaBUMO C YPOBHEM
CIIA (14 T). Knumatndeckue yciIOBHS W CYpOBbI€ 3UMBI OOBSCHSIOT JIHILb
4acTh 3TOTO Pa3phIBa; Apyras 4acTh — CIEACTBUE HU3KOH IIyOHUHBI IepepaboTKu
Hedtu (Menee 85 % mpotus 95 % B EC), moreps B Temnosbix cetsax (20-30 %),
CKMTaHWs TOMYyTHOTO HedTsHOTO rasa (okojo 15 mupm M B Tom, 4To Jaer
30-40 maa T CO;) ¥ TOYTH TOJHOTO OTCYTCTBHUSI PEKyIepaluu HU3KOIIOTEeH-
nuanpHo# TertoTel Ha TOC.

2. B ycnoBusix 2025 1. cuTyanmst yCyryOIsSeTcss CTAaTUCTHISCKH 3a(UKCHPO-
BaHHBIM perpeccoM B cdepe Bo300HOBIsIeMol dHepreTHkH. COTiacHO JaHHBIM
Accouyanuy pa3BUTHS BO30OHOBIsIEMOI HepreTkH U CHCTEMHOTrO oreparo-
pa EnunHoli sHeprocucTeMsl, 1075 «HOBO» BUD-renepanuu (comHeuHsle, BET-
poBbie, OuorasoBeie cTaHuuU U Manbie [ DC 0e3 ydera KpYMHBIX THAPOIIEKT-
poctanuuii) B snexTponorpebiiennn Poccum 3acthiia Ha ypoBHe 1,25 %,
a BeIpabOTKa 3a neBsATh MecsaeB 2025 r. cam3mnack Ha 2,7 % M0 CpaBHEHHIO C
aHAJIOTUYHBIM TTepronoM 2024 1. DTo He IPOCTO CTarHaIWs, a Havajao CBOpaAYH-
BaHUS — TPEBOXKHBIA CUTHAJ, IOKA3BIBAIOIINA, YTO 0€3 CHCTEMHBIX Mep HU OJUH
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U3 TPEeX IbTEPHATUBHBIX TEXHOJIOTMYECKUX IyTEH HE IPUBENET K 3aMETHOMY
CHIDKEHHIO BBIOPOCOB B 0003puMoM OynaymieM. Bee Tpu myTu ynmparotest B iBa
o0mmx Gapbepa: OTCYTCTBHE SKOHOMUYECKHX CTUMYJIOB (YTJIIEpOIHOTO Hajora,
KBOT Ha BBIOPOCHI, HAJIOTOBBIX JIBIOT JUISl HUPKYJSIPHBIX MPOEKTOB) U, YTO OCO-
OCHHO BaXHO [UISI HACTOAIIETO0 MCCIEAOBAHMS, CTATUCTHYECKYIO HEBUIUMOCTD
3TUX mporeccoB. Ha moprane rocyaapCTBEHHOTO CTATHCTHYECKOTO HAOIIOICHUS
B MPUHLMIIE OTCYTCTBYIOT CJIEAYIOLIME KIIIOUEBBIC ITOKA3aTeNN: 00bEM YIJIOBICHHO-
ro CO, Ha »HepreTHUecknx 00bekTax; 00beM CO,, 3aKa4aHHOTO B TUIACTHI (MCTHH-
Hoe yaaneHne u3 armocdepnl); 00beM CO,, NCTIONB30BAaHHOTO B KAYECTBE CHIPHS
JUISL XAMAYECKUX TPOIYKTOB; YCTaHOBJIEHHAs MOIHOCTh BUJ-renepariu ¢ nome-
CSIYHOM pa30MBKOW M (pakTHUecKasi BRIpaOOTKa; 3aMEIIeHHBIH 00beM UCKOTIAeMOTo
ToruMBa 3a cyeT BUD (B MJIH T H. 3.); MHBECTHLIMHM B HU3KOYTJIEPOTHBIE U IIHPKY-
JSIPHBIE TIPOEKTHI (B MIIPI pyO. B ron). be3 BHenpeHus 3THX MoKazareneld B OTKpHI-
TYIO CTaTUCTHKY JI000€ yIpaBJieHHe IUPKYJSIPHBIM TIEPEeX0J0M OCTaeTcsl IeKiapa-
TUBHBIM. UTOOBI BBIHTH U3 3TOH JIOBYIIKU, HEOOXOIUM MEPEXO. K 3aMbIKAHHIO I10-
TOKOB YIJIEPO/ia, YTO HEBO3MOXKHO O€3 TpeX yCIIOBHH: 1) BBeIECHHS 3KOHOMHUYECKUX
CTUMYJIOB (BHYTpEHHEH 11eHbI Ha yriiepos He Hike $30-40 3a touny CO,); 2) mac-
mrTadupoBaHus MITOTHBEIX TipoekToB CCUS 1 BUD 1o 1ecsaTKOB MHJUTMOHOB TOHH
yrunuupoanHoro CO, B rox; 3) KapAWHAIBHOTO JOTOMHEHUS TOCYAapCTBEHHOM
OHEPIreTUYECKOH CTATHCTUKH INECTHI0 HOBBIMU IHMPKYJSIPHBIMH HHIUKATOPAMHU.
IToka 5TH yCIIOBHUSI HE BBINOIHEHBI, BCE JUCKYCCUH O LIUPKYISIPHOH SKOHOMHKE B
POCCHIACKOHN SHEpreTHKEe OCTAaloTCS OJarnMH MOXKENaHUsIMH, He TOIKPErJICHHBIMU
U3MepUMbIMU (akTaMu, a 6e3 U3MEPUMOCTH, KaK M3BECTHO, HEBO3MOXKHO HHU 3(-
(beKTUBHOE yIpaBJeHHUE, HU MPUBIICUCHUE YaCTHBIX MHBECTHLIUM, HU MEXIYHApOI-
HOE IPU3HAHUE YCWINI 1O JeKapOOHU3ALIIH.
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