AHOTAIIISA

Maprxonenxo T./]. Monienb 1 MeTO 1 peryItOBaHHS TEIJIOBOT MOTY>KHOCTI KOTJIa
Ipy 3MiHI TEIJIOTBOPHOI 3AaTHOCTI BYTJICBOJHOTO TajuBa ISl TIABUIICHHS
edextuBHOCTI. — KBamiikariiitna HaykoBa mparisl Ha IpaBax PyKOIHUCY.

Hucepraiiiss Ha 3700yTTS HAyKOBOTO CTyIeHs JokTopa diutocodii 3a
cnemianpHicTIO 151 — ABTOMaTH3aIis Ta KOMIT IOTEPHO-IHTETPOBaH1 TEXHOJIOTII. —
Hamionanpauit yaiBepcuteT «Onechbka nomitexaikay, MOH Ykpainu, Ogneca, 2025.

Huceprariiiina poboTa NpPUCBSUEHA PO3B’A3aHHIO AKTYyaJbHOI HAyKOBO-
TEXHIYHOI MpoOJeMHU MIABULIEHHS €HEProe(EeKTUBHOCTI Ta €KOJOrIYHOI Oe3neKu
MPOILIECY CHAIIOBAHHS CYMIIlll BYTJIEBOJIHEBUX MaJIMB 3MIHHOTO CKJIJy B MapOBHUX
koTiax. Jlns mocArHeHHs i€l MeTH B pOOOTI 3alpPOIOHOBAHO YJIOCKOHAJIEHHS
MaTEeMaTUYHOI MOJIEJIl KePYBaHHS TEIJIOBOIO MOTY>KHICTIO 3 ypaxyBaHHSIM 3MIHHOT
TEIJIOTBOPHOT 371aTHOCTI mayiuBa. Po3po0iieHO ajanTUBHUNA METOJ peryJtoBaHHS
00’eMy Ta TemmnepaTypu JTUMOBHUX Ta3iB 13 aBTOMATUYHUM KEPYBaHHSIM CKJIaJIOM
NaJMBHOT CyMIIl BIAMOBIAHO JO TMOTOYHOTO TEIJIOBOIO HAaBaHTAXKEHHSI.
3acTocyBaHHs pO3pOOJIEHOTO MiAXOAY 3a0e3reuye cTablIbHICTh TEMIIEPATYPHOTO
pexXuMy, TiABUIIECHHS KOe(Ili€HTa KOPUCHOI il KOTJIa Ta 3MEHIIEHHS MUTOMHX
BukuaiB CO, 0e3 HeoOXITHOCTI MojepHi3amii oOJagHaHHSA, IO BIANOBIIAE
Cy4YaCHHM BUMOTaM CTaJIOTO PO3BUTKY €HepreTuku. OOrpyHTOBAHO IOLIIBHICTH
TEXHIYHHUX PIIIEeHb Ha OCHOBI YHCEIHLHOTO MOJICITIOBAHHS, SIKE€ IMATBEPAMIO iX
eHeproe(eKTUBHICTh, CTIMKICTh NpPOLIECY TOPIHHS Ta 3HUKEHHS HEraTHUBHOIO
BIUIMBY HA JIOBKUUIS. 3ampOINOHOBaHI MiAXOAU 0a3ylOThCs Ha YITKO BU3HAYCHUX
MOKa3HUKAX SIKOCTI CTAIOBAHHSA Ta KPUTEPisX €()EKTUBHOCTI aBTOMATH30BAHOTO
peryJifoBaHHS, IO J03BOJISIE 3IIMCHUTH OO0’€KTHUBHY OILIIHKY PIBHS ONTHMI3aIli
KOTEJILHOTO O0JIaJIHAHHS 32 YMOB 3MIHHOTO TAJMBHOTO CKJIAIY.

B mepmomy po3aii «AHaji3 Cy4acHOTO CTaHy aBTOMATH30BAaHUX CHCTEM
KepyBaHHS KOTJIAMH 31 3MIHHHUM CKJIaJIOM BYTJICBOJHEBOIO ITaJIUBa» 3pPOOJICHO

HACTYIIHE:
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— IlpoBemeHo orfisa CydacHUX BHU/IIB MaMB, iX Kiaacudikarliro, a TaKox
PO3TISHYTO (PI3UKO-XIMIUHI BIACTHBOCTI MPUPOIHUX Ta IITYYHUX TOPIOUUX Ta3iB;

— IIpoaHanizoBaHO OCOOJWMBOCTI 3aCTOCYBAaHHsS TAJUBHUX CyMIIIEH
3MIHHOTO CKJady, $KI YCKJIAJAHIOIOTH JOTPUMaHHS HOPMATHBIB TPOAYKTIB
3TOPSIHHSA, II0 3YMOBIIOE MOTPEeOy B yIOCKOHAJIEHHI CHUCTEM aBTOMAaTH30BaHOTO
kepyBanHs (CAK) myisa 3a0e3nedenHs cTabLIbHOCTI IPOLIECY CIATIOBAHHS 32 YMOB
BUITAJIKOBOI 3MiHHU TETUIOTBOPHOI 31aTHOCTI TTaJIUBA.

— JlocnimkeHo iCHYIOYl aBTOMAaTH4YHI CHCTEMH YIpPABIIHHA B YMOBax
3MIHHOT'O CKJIaJy TajrBa Ta IMpOoaHaji30BaHO Cy4acHI METOJM MIHIMI3aIlli BUKHU/IIB
JUMOBHX Ta3iB, 30KpeMa B KOHTEKCTI IEPEXO1Y Ha albTEPHATUBHI JIKEpEIia eHeprii.
BcranoBrneHo oOMeXeHHS eHEeproeeKTUBHOCTI KEpyBaHHS MPU  HU3BKHUX
HABAHTAKEHHSAX KOTJIA.

— OOrpyHTOBaHO HAYKOBO-IPAKTHUYHY HEOOXIJHICTh CTBOPEHHS HOBOI
MaTeMaTUIHOI MOJIEN, SKa J03BOJISE MATPUMYBATH MOCTIMHUN 00’€M IPOAYKTIB
3TOPSIHHS MPHU 3M1HI TEIUIOTBOPHOI 3AaTHOCTI MAJIMBHOT CYMIIlIi.

— CdopmynboBaHO 3aBIaHHS JOCIIKEHHSI, SIKE MOJISATaEe B pO3pOOIl METOY
PETYIIOBaHHS TEIUIOBOI MOTYKHOCTI KOTJIa 31 30€peKEeHHAM CTajoi BHUTpPATH
JUMOBUX ra3iB 1 MiHIMI3aII€I0 TX BUKHIB 34 UIS I1ABUIIEHHS €KOJIOTTYHOI O€3IIEKU.

Y npyromy posnin «Mojenb 00’€KTa KepyBaHHS TEIUIOBOiI MOTYXKHOCTI
KOTJa MPH 3MiHI TEIJIOTBOPHOI 3JaTHOCTI BYTJIEBOJAHOIO MaJIMBa» OTPUMAHO TaKi
pe3ynbTaTH:

— Po3pobneno aumHamMiyHy MaTeMaTH4HY MOJENb KOTJIA, SK 00’ €KTa
KEpyBaHHs, sIKa BPaxOBY€ 3MiHY TEIUIOTBOPHOI 3[JaTHOCTI MajuBa 1 3a0e3mnedye
craOumi3allilo BHUTpaTH JUMOBHMX Ta3iB. Mogenp omnucye TeIooOMiHY B
KOHBEKTHUBHUX IIOBEPXHSIX HArpiBy Ta peanizye 30DKHMIA I1TepariiHuil mporiec
BU3HAUCHHSI €HEPreTUYHOro OajaHCy MK CKJIaJOM Ta3oloJi0OHOrO TajauBa Ta
HEOOX1THUMU TTapaMeTpaMu TETUIOHOCIS 3a ()IKCOBAaHOI BUTPATH TUMOBHX Ta3iB. [Is
BUTpaTa BIANOBIIAE YMOBAM 3rOpsIHHS CEpTU(PIKOBAHOTO BYIJIEBOJHEBOIO MajlnBa

3a HOMIHAJILHOT'O HaBaHTaXKEHHS KOTJIA.
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— IloOGynoBaHo IMiTalIiHY MOJENB MPOIECY 3rOopsHHS MaJIMBHOI CyMilIl 3
ypaxyBaHHSAM XIMIYHOI PIBHOBAaru MpOIYKTIB 3rOpsiHHS, 10 0a3yeThcsl HA OpyTTO-
dbopmyi cymimii. Mojieas TOCTOBIPHO BIATBOPIOE MPOIECH YTBOPECHHS TUMOBUX
ra3iB B yMOBax 3MiHHOTO CKJIaJly CyMIIII.

— IIpoBeneno Bepudikailito CTBOPEHOT MOJIET1 )1 TUTIOBHX TAJIMB: METAHO-
MOBITPSHOI CyMIllll, IEPEBUHU COCHU Ta Oiora3y. OTpuMaHi pe3yJabTaTu MOPIBHSHO
3 eKCMIEPUMEHTATHPHIUMH Ta JOBIAKOBUMHU JTaHUMH, IO TIATBEPIUIIO JTOCTOBIPHICTH
MoJieNl Ta ii MpaKTUUHY NPUAATHICTD JJI MOIAJIbIIIOT0 BUKOPUCTAHHS.

— 3acTocyBaHHS PO3pO0JICHOI MOJIENl J03BOJUIIO 3AIMCHUTH JTOCTIIHKCHHS
pPEXUMIB pOOOTH KOTJIA 33 PI3HOTO CIIBBIIHOIIEHHS! KOMIIOHEHTIB MAaJUBHOI CyMIII1
(npupogHui Ta3, AOMEHHUK Ta3 Ta Oiorasz). YCTaHOBJICHO, IO 3MiHA CKJIaay
NajJbHOTO BIUIMBA€E HE JMIIE Ha O0’€M JMMOBHMX Ta3iB, a ¥ Ha ajiabaTUYHy
TEMIIepaTypy TOPIHHS Ta TEIUIOBI BTpPATH, IO € KPUTHYHO BAXIJIMBUM IS
3a0e3MeUeHHs TePMIUHO1 €()eKTUBHOCTI KOTJIA.

B Tperbomy po3aini «MeTon KepyBaHHS 00’€MOM Ta TEMIEPATYypPOIO
JMMOBHUX Ta3lB NpPU 3MIHHOMY HaBaHTa)XCHHI MApOBOTO KOTJIa» BUKOHAHO
HACTYTIHE:

— 3anponoOHOBAHO METOJI PEryJIIOBaHHSA TEIUIOBOI MOTYXHOCTI MapoOBOTrO
KOTJIa IUISIXOM 3MIHU CKJIaJly TIaJMBHOI CyMIIIl, 30KpeMa CIiBBIIHOIICHHS METaHy
Ta HU3BKOKAJIOPIMHOIO Tra3y, 3a YMOBH CTajioi 00’€MHO1 BUTpaTH MajuBa. Takui
niaxig 3ade3neuye MOCTIMHY TEIJIOTIAPABIIYHY CHUTYAIlI0 Y KOTJI, JO3BOJISIOUN
MIATPUMYBATH CTAIUNA TEMIEPATYPHUN PEKUM 1 BUCOKUMA KOE(IIIEHT KOPUCHOT it
(KK /) HaBiTh 32 yMOB 3MIHHOT'O TEIJIOBOI'O HABAHTAXKCHHS.

— Po3pobneHo momens po3paxyHKy TEIUIOTBOPHOI 3MaTHOCTI MaJMBHOL
CyMillli Ta TapamMeTpiB JAMMOBHX Ta3iB, IO J1a€ 3MOTY KOHTPOJIIOBATH 00 €M 1
TEeMITepaTypy MPOAYKTIB 3TOPSHHS, a TAKOK 3HIKYBATH TETUTOBI BTpaTH. [TokazaHo,
IO MpH CTallii 00’€MHIN BUTpaTi MAJMBHOI CyMillll MOTYXKHICTh 3MEHILIY€ETHCS 31
3pOCTaHHSAM YaCTKH HHU3BKOKAJIOPIMHOTO Tra3zy, a IapaMeTpu JIWMOBHX Ta3iB
3aJIMIIAIOTECS HE3MIHHMMH. HaToMicTh 3a yMOB CTajloi BUTpaTH AMMOBHUX Ta3iB

MOTYXHICTh 3pOCTAE, IO MOTPEOyE TEXHIYHOTO JOOMPAIFOBAHHS 00IaIHAHHSL.
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— 3anponoHOBaHA TEXHOJIOTIS Ja€ 3MOTYy BUKOPHUCTOBYBAaTH KOTEJIbHE
oOnagHaHHS 6€3 oro MoAepHI3aIlii IS CIIaTIOBaHHS 3MIIIIAHOTO TTATMBA 3 MEHIIIOIO
NUTOMOIO YacTkoro napHukoBoro CO,. lle cTBOpioe mepeayMoBu ISl ajanTarii
CHEpPreTHYHUX CHUCTEM JI0 YMOB TaJIMBHOI HEBU3HAYEHOCTI Ta 3alydeHHS
aIbTepHATUBHUX a00 HeCepTU(IKOBAaHUX BUIIB MaJIHBA.

B uwerBepromy po3aun «Criocid aBTOMaTH30BaHOTO PEryJIOBaHHS TEIIOBOI
MOTY>KHOCTI KOTJIa 3a TETJIOTBOPHOIO 37IaTHICTIO MaJIMBa 3 ypaxXyBaHHSIM KpUTEPIiB
e(peKTUBHOCTI Ta BIUIMBY Ha JOBKULIS» JOCATHYTO METH JAMCEPTAIiitHOi poOOTH, a
came:

— OOGrpyHTOBaHO, pO3pO0JIEHO Ta JOCIIKEHO HOBUM CIIOCIO perysroBaHHS
TEIUIOBOT MOTYKHOCTI ~ KOTJIa 3 ypaxyBaHHSIM TEIJIOTBOPHOI  3JIaTHOCTI
BYTJIEBOJHEBOTO TaJMBa B YMOBax 3MIHHOTO HABaHTAXXEHHS Ta BapiaTUBHOTO
CKJIa/ly MaauBa.

— 3ampornoHOBaHO HOBMM IMiIX1JT 10 CTa01Ii3a1ii BUTPATH JUMOBHUX ra3iB, 10
0a3yeTbcsl HA JUHAMIYHOMY (DOpMYyBaHHI CKJIaJy MAajJUBHOI CyMIillll 3 aJallTUBHUM
CITIBBITHOIIEHHSAM CEpTU(IKOBAHOTO Ta HECEPTU(IKOBAHOTO ra3zy.

— Po3pobneHo cTpykTypy ©OaratopiBHEBOi aBTOMATHU30BaHOi CHCTEMH
KEepyBaHHS 3 KACKAIHOIO KOOPAUHAIIIEIO PETYIISATOPIB, sIKa BKIIFOUAE MOTYJI1 OHJIalH-
BU3HAYCHHS TETJIOTBOPHOI 3JaTHOCTI, BUMIPIOBAHHS TEMIIEPATYPHUX 1 TMHAMIYHHIX
XapaKTePUCTHUK MPOAYKTIB 3TOPSHHS, a TAKOXK 3aCO0U MiATPUMAHHS ONITUMATILHOTO
CKJIaJly TAJIMBHOI CYMIIIIL.

— PesynpTaT 4uCENBHOTO MOJCIIOBAHHS MIATBEPAUIN €(PEKTUBHICTH
3aMpOIOHOBAHOTO CIIOCO0Y B IIMPOKOMY Jiana3zoHi HaBaHTaxeHs (Bi1 40 1o 100 %),
3a0e3Meyyloun CTablIbHY TEIUIOBY MOTYKHICTh Ta CTaJly BUTPATy AMMOBHUX Ta3iB
HaBITh 32 YMOB 3MiHH SIKOCTI MaJIHBa.

KittouoBi ciioBa: cymil najauB, eHEproePeKTUBHICTh, TEMIOTBOPHA 31aTHICTh
najgnBa, CIATIOBaHHS, TEMIleparypa IUMOBHUX Ta3iB, 00’€M IMMOBHUX Ta3iB,
peryJioBaHHsl MOTY>KHOCTI, aBTOMaTW4YHA CHUCTEMa YIPaBIiHHA, KiIacu]ikaiis,
CICTeMa KEepyBaHHs, MaTeMaTWYHa MOJelb, TIOKa3HUKU SIKOCTi, KpHUTEpii

e(heKTUBHOCTI, €KOJIOT1YHA Oe3MeKa, JOBKIIA.
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ABSTRACT

Markolenko, T.D. Model and Method of Regulating the Thermal Power of a
Boiler under Varying Calorific Value of Hydrocarbon Fuel to Improve Efficiency.
— Qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 151 —
Automation and Computer-Integrated Technologies. — National University "Odesa
Polytechnic", Ministry of Education and Science of Ukraine, Odesa, 2025.

The dissertation addresses the pressing scientific and technical problem of
increasing the energy efficiency and environmental safety of combustion processes
involving mixtures of hydrocarbon fuels of variable composition in steam boilers.
To achieve this goal, the study proposes an improved mathematical model for
regulating boiler thermal power, taking into account the variable calorific value of
the fuel. An adaptive method has been developed for controlling the volume and
temperature of flue gases, with automatic regulation of the fuel mixture composition
based on the current thermal load. The implementation of the proposed approach
ensures thermal regime stability, increased boiler efficiency, and reduced specific
CO; emissions without requiring equipment modernization, thus meeting the current
standards of sustainable energy development. The feasibility of the technical
solutions is substantiated through numerical modeling, which demonstrated high
energy efficiency, combustion stability, and reduced environmental impact. The
proposed approaches are based on clearly defined combustion quality indicators and
efficiency criteria for automated thermal power control, enabling an objective
assessment of boiler optimization under conditions of variable fuel composition.

Chapter 1, "Analysis of the current state of automated control systems for
boilers operating on hydrocarbon fuels of variable composition", presents the
following tasks that were completed:

— A review of current fuel types was conducted, along with their classification
and analysis of the physicochemical properties of natural and synthetic gaseous

fuels;
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— The challenges of using variable-composition fuel mixtures were examined,
which complicate compliance with emission standards and necessitate the
improvement of automated control systems (ACS) to stabilize combustion under
changing calorific values of fuel;

— Existing automatic control systems under variable fuel composition were
analyzed, as well as modern methods for minimizing flue gas emissions, especially
in the context of transitioning to alternative energy sources. Limitations in energy
efficiency at low boiler loads were identified;

— The scientific and practical necessity for a new mathematical model was
substantiated — one that enables maintaining a constant flue gas volume under
varying fuel calorific values;

— The research objectives were formulated, focusing on the development of a
method for regulating boiler thermal power while maintaining constant flue gas flow
and minimizing emissions to enhance environmental safety.

Chapter 2, “Model of the controlled object for boiler thermal power under
variable calorific value of hydrocarbon fuel” presents the following results:

— A dynamic mathematical model of the boiler as a control object was
developed, which accounts for variations in the calorific value of the fuel and ensures
the stabilization of the flue gas flow rate. The model describes heat transfer in the
convective heating surfaces and implements a convergent iterative process for
determining the energy balance between the composition of the gaseous fuel and the
required parameters of the heat carrier, under the condition of constant flue gas flow.
This flow rate corresponds to the combustion conditions of certified hydrocarbon
fuel at nominal boiler load.

— A simulation model of the combustion process of the fuel mixture was
constructed, taking into account the chemical equilibrium of the combustion
products based on the gross formula of the mixture. The model reliably reproduces
the processes of flue gas formation under variable fuel composition conditions.

— The developed model was verified using typical fuels: methane-air mixture,

pine wood, and biogas. The obtained results were compared with experimental and
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reference data, confirming the model’s accuracy and its practical suitability for
further application.

— The application of the developed model enabled the study of boiler operation
modes under various ratios of fuel mixture components (natural gas, blast furnace
gas, and biogas). It was found that changes in fuel composition affect not only the
volume of flue gases but also the adiabatic combustion temperature and heat losses,
which are critically important for ensuring the boiler’s thermal efficiency.

Chapter 3, “Method for controlling the volume and temperature of flue gases
under variable load conditions of a steam boiler,” provides the following results:

— A method for regulating the thermal power of a steam boiler was proposed
by varying the composition of the fuel mixture — specifically, the ratio of methane
to low-calorific gas — while maintaining a constant volumetric fuel flow rate. This
approach ensures a stable thermohydraulic environment within the boiler, enabling
consistent temperature conditions and a high thermal efficiency (efficiency factor),
even under variable thermal loads.

— A model was developed to calculate the calorific value of the fuel mixture
and the parameters of the flue gases, allowing for control of both the volume and
temperature of combustion products, as well as a reduction in heat losses. It was
shown that, under a constant volumetric fuel flow rate, the thermal power decreases
as the share of low-calorific gas increases, while the flue gas parameters remain
unchanged. Conversely, under constant flue gas flow conditions, the thermal power
increases, which necessitates technical adjustments to the equipment.

— The proposed technology enables the use of boiler equipment without
modernization for the combustion of mixed fuels with a lower specific share of
greenhouse CO, emissions. This creates the prerequisites for adapting energy
systems to fuel uncertainty and integrating alternative or uncertified types of fuel.

In Chapter 4, “Method for automated regulation of boiler thermal output based
on the fuel's calorific value, considering efficiency criteria and environmental

impact” the objective of the dissertation was achieved, namely:
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— A new method for regulating the thermal power of the boiler was
substantiated, developed, and investigated, taking into account the calorific value of
hydrocarbon fuel under conditions of variable load and fluctuating fuel composition.

— A novel approach to stabilizing the flue gas flow rate was proposed, based
on the dynamic formation of the fuel mixture composition with an adaptive ratio of
certified and non-certified gases.

— The structure of a multi-level automated control system was developed,
featuring cascade coordination of controllers. The system includes modules for real-
time calorific value estimation, measurement of temperature and dynamic
characteristics of combustion products, and tools for maintaining the optimal
composition of the fuel mixture.

— Numerical simulation results confirmed the effectiveness of the proposed
method across a wide load range (from 40% to 100%), ensuring stable thermal power
output and constant flue gas flow rate even under conditions of varying fuel quality.

Keywords: fuel mixture, energy efficiency, fuel calorific value, combustion,
flue gas temperature, flue gas volume, power control, automation, classification,
control system, mathematical model, quality indicators, efficiency criterion,

environmental safety, environment.
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