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Jlucrox I'. II. Mogeni ta meronqu ACK tepmiunoi aectpykiii TIIB s
3a0e3MeyeHHs eKOJIOTTYHMX TTOKa3HUKIB HAa OCHOBI copTyBaHHs. — KBamidikariitna
HayKOBa Ipalls Ha MpaBax PyKOMUCY.

Jucepraiiiss Ha 3700yTTS HAYKOBOTO CTyIeHs JokTopa ¢inocodii 3a
cnemianpHicTIO 151 — ABTOMaTH3aIis Ta KOMIT IOTEPHO-IHTETPOBaH1 TEXHOJOTII. —
Hamionanpauit yaiBepcurtet «Onecbka nomitexuikay MOH Ykpainu, Oneca, 2025.

HuceprariitHa poOoTa MpUCBSIYEHA PO3POOIT Ta BIOCKOHAICHHIO MOJIETIEH 1
METO/11B aBTOMaTH30BaHuX cucteM KepyBaHHs (ACK) TeXHOJOTTYHUMU MpoLecaMu
mipoyiizy Ta cHaloBaHHA TBepAux MooyroBux BiaxoxiB (TIIB) Ha ocHOBI
aBTOMaTh30BaHoro copryBanHs TIIB 3a XiMiuHUM CKJIagoM mJig 3a0e3nedeHHs
eheKTUBHOTO  KEpyBaHHA I1X  TEPMIUYHOIO  JIECTPYKII€IO0,  IMIJABUIICHHS
eHeproe)eKTUBHOCTI TEXHOJIOT1H YTUIII3a1li]l Ta MiHIM13aIlil HETATUBHOTO BIUTMBY Ha
HABKOJIMIIHE cepenoBuile. Y poOOTI BpaxoOBYIOTbCS BHUMOIM €KOJIOTTYHHX
pEryiaMeHTiB, BKJIIOYAIOYM KOHTPOJIb YTBOPEHHS WIKIUIMBUX BUKHUIB, TaKUX SK
KHCJII Ta3u.

VY nepmiomy pozaini «Mogeni ta Meron ACK TepMiduHOIO JECTPYKIIIEIO
TIIB» onepxaHo Taki pe3yJIbTaTu:

— IlpoBeneno ananiz metoniB nepepoOku TIIB mokasaB, mo cepen ycix
3aCTOCOBYBAaHUX TEXHOJOTIA HaWBUINY €()EKTUBHICTh JEMOHCTPYE TepMiyHA
nectpykuiss. OCHOBHI TIepeBarv 1€l TEXHOJOTIl BKIIOYAIOTh €(PEKTUBHE
3HEIIKO/DKEHHSI BIAXOAIB, MOBHE 3HUIICHHS MATOT€HHOI MIKpOQJIOpH, 3HAYHE
3MEHIIIEHHSI OOCSATY BIAXOAIB 3a Macol Ta BUKOPUCTAHHS iX EHEPreTUYHOTO
noteHmiany. KpiM Toro, TepmiuHa JeCTpPYKIis BiANOBiJla€e BUMOram Oi3Hec-
TEXHOJOT1H, 3abe3neuyroun BHUPOOHUIITBO MAaKCUMAJIbHOI KIJIBKOCTI I[IHHOTO
KIHIIEBOTO MPOJIYKTY Ta MiHIMAJIbHI BUKUAM IIKIJJIMBUX PEUYOBUH Y HABKOJIUIITHE
CepeIOBHIIIE.

— IlpoBeneHo aHami3 MOJACIEH Ta METOJIIB aBTOMATH3aIlll TEXHOJOTTYHHX

nporieciB TepmiuHoi AecTpykiii TIIB mokasas, 1o jyis miaBUIEHHS €(EeKTUBHOCTI



3 000B’A3KOBUM JOTPUMAHHSIM €KOJIOTTYHUX HOPM HEOOX1TH1 JOCTIPKEHHS B Tary3i
aBromaTtu3amii coptyBaHHs TIIB 3a xiMiuHUM CcKJIamoM, 3 OOOB'SI3KOBUM
BUJIUICHHSIM TPYII, 110 YTBOPIOIOTH KUCHI1 Ta3u. BacTUBICTh 1IEGHTUYHOCTI OPYTTO
dbopMyI BUX1THOT PEUOBHUHU Ta MPOAYKTIB PEaKiii MOXKE CTaTH OCHOBOIO METOMY
BU3HAYCHHS CKJIaly BYTJIEBOJAHEBUX pe4yoBHH Ipu copTyBaHHi TIIB Ha ocHOBI
TEPMOXIMIUHOI ITepepoOKH JOCIIKYBAHOT MOPITIi CHPOBUHH.

— BcranoBneno, mo copryBanHs TIIB depe3 imentudikaiito Ta
KJacu(ikaliio CUPOBUHM 13 3aJaHUMH XapaKTEPUCTUKAMU T03BOJIUThH MPOBECTU
00poOky mpomuciioBux oocsri TIIB.

— BusBieHo HEOOXIAHICTh (POPMYIIIOBAHHS KPUTEPIIO MPUUHATTS PIILICHHS
00 BUOOPY MaKCHUMaJlbHO €(QEKTUBHOIO Ta EKOJOTIYHO YHCTOIO0 METOAY
TEPMIYHOI IECTPYKIi Ta pO3POOKHU AJI1 HBOI'O CTPYKTYPH TEXHIYHHUX 3aCO01B.

VY npyromy pozauai «Mojenb 1 MeToJl aBTOMaTU30BaHOTO COPTYBAaHHS ISt
NOJajibIIoOl NEepepoOKH METOJaMU TEPMIUHOM NeCTpyKLii» OAepkKaHO HACTYIIHI
pe3ynbTaTH:

— Po3po6rneno imirtaniitHy moxens pizaux rpyn TIIB, mpeacraBneny y
BUJISIAL TAOIUI OpyTTO-(POPMYJT MOKIIUBUX CIONIYK, 3 SIKUX YTBOPIOKOTHCS 00CSITH
TIIB, sika 703BOJMIUTH peallizyBaTH Croci0 kiacudikaiii npu ineHTrudikaiii mpoo
TBEPJUX MOOYTOBUX BIIXO/IIB 3 BUALICHHIM TPYI, IO YTBOPIOIOTH KUCIII Ta3H.

— Po3pobneno meron copryBanHs TIIB, skuit go3Bojsie 3abe3neuuTu
noAaNbIly TEPepoOKYy KOXKHOI Tpynud 3 MaKCHMMaJbHOIW e(EKTUBHICTIO Ta
JOTPUMAHHSM  €KOJIOTITYHUX TMOKa3HHWKIB. B OCHOBY MeTOAy TMOKIAJCHO:
TEXHOJIOTTYHUN CIOCIO MPOBEAEHHS COPTYBAHHS; METOJ COPTYBAHHSI CUPOBUHU, B
SKUW 1HTErpOBAHO BUMIPIOBAIbHI MPUCTPOi JUIsi  3a0e3MeueHHs  3aJaHuX
XapakTepUcTUK iAeHTU(diKamii 3a KiIacu(iKaiiHUMH O3HAKaMH IMITaIlliHOI
MOJIEJTi; TPHUHIUI 3aCTOCYBAaHHS BUMIPIOBAIBHUX MPHUCTPOIB 3aJEKHO BiJ[ THUITY
3a1a4i 11eHTUdIKalii 3a SKiCHIM a00 KiUTbKICHUM ITOKa3HUKOM.

— Po3pobneHo imiTaniiHy MOJENb MPOLIECY OYHUIIEHHS OTPUMAHUX
BYTJICIIEBO-BOHEBUX Ta3iB 13 KiacudikoBanux TIIB , mo BKIIOYarOTh KOMIIOHEHTH,

0 YTBOPIOIOTH KHCII Ta3W, 3 JOTPUMAHHSAM €KOJIOTIYHMX CTaHJapTIB.



3anponoHoBaHO (OPMYITH OIIHKH MOKa3HUKA €()EKTHBHOCTI Ta OIIHKU IMUTOMUX
BUTpAT TEPMIUHOI JECTPYKIi pi3HUX rpyn BiacoproBanux TIIB ans momansiioro
dbopMyBaHHS KpUTEpil0 BHOOpPY MK CIoco0aMHd TEPMIYHOI  JECTPYKIIII:
cnamoBadHs TIIB B moBiTpi a0o mipoiizy 3 OTpUMaHHSIM CHHTE3-Ta3y.

— CdopMyab0BaHO MTPaBUIO NPUUHATTS PINIEHHS MO BUOOPY CHOCOOY
nepepooku TIIB 3 noTpuMaHHSAM €KOJOTIYHMX CTaHAApTiB Ta BU3HAYEHHS
BIJIMOBIIHOT CTPYKTYpHM TEXHIYHUX 3acO0iB Ha OCHOBI PO3POOJIEHOTO METOMY
pO3paxyHKy BHUTpAT, L0 BPaxOBYE OILIIHKU MOKa3HUKA €(EKTHUBHOCTI Ta MTUTOMHX
BUTpAT TEPMIUHOI IECTPYKLIi pi3HUX rpyn BigcopToBanux TIIB.

— Po03po0sieHO KOMIUIEKCHY TEXHOJIOTIYHY CXEMY METOIIB TEepPMIYHOI
nectpykuii TIIB, sxa 3a0e3nedye nOTpUMaHHS €KOJOTIYHUX HOPM Ha BUKHIU JIO
HaBKOJIMIIHEOTO TPUPOJHOTO CEPEeNOBHUIA MPH BUKOPUCTAHHI BTOPHUHHHX
EeHEpreTUYHUX pecypceis, oTpumanux 3 TIIB.

VY tperromy pozaini «Metoa kepyBaHHs mpoiiecoM miponizy TIIB 3minHOTrO
CKJIaJly Ta BOJIOTOCTI Ha OCHOBI HEUITKOT1 JIOT1KM» BUKOHAHO HACTYIIHE:

— PosrnsinyTo 0co6iMBOCTI poOOTH Ta OCHOBHI 3aBIaHHS KEpyBaHHS
y3araJbHEHOIO MIPOJII3HOK YCTAHOBKOIO, SIKa BUKOPUCTOBYETHCS JUISl TEPMIYHOI
nectpykii TTIB.

— Po3po0ieHO MEeTO/l HEYITKOTO KEpyBaHHS MPOIECOM IMipoJii3y TBEPIAUX
noOyTOBUX BiIXO/1B 3MIHHOT'O CKJIaAy Ta BOJIOTOCTI, SIKUW 3a0e3reuye MpaBuiIbHE
aBTOMATHU30BaHE KEPYBAHHsS  MIPOJI3HOI  YCTAHOBKOIO 3  BU3HAYCHHSIM
ONTUMAJILHOTO CHiBBIAHOLEHHS BUTpaTH noBitTps/ TIIB, mo no3Bosnse 3ade3neuntu
e(EeKTUBHICTb MPOIIECY TEPMIYHOT JECTPYKIIil Ta BUPIIIYBATH 3aBJJaHHS CTa0LI13a1li1
TAaKUX B3a€EMOIIOB'I3aHUX KEPOBAaHMX IapaMeTpiB MpoLeCy, SK TeMIeparypa
MipoJIi3y Ta 3HAYEHHS PIBHA B ra3roibJepl B MEPEXIIHUX PEKUMAX.

— Pozpobneno crpykrypy ACK miposi3HOI yCTaHOBKOIO IS peaiizaiii
3alpOIIOHOBAHOIO METOy Ha OCHOBI HEUITKOI JIOTIKH.

— Po3pobneno HewiTky migcucreMmy Tuny Takari-CyreHo BHU3HAYeHHS
ONTUMAJIbHUX TMapaMeTpiB MPOLECy Mipoi3y, sSKa Ma€ M'STh BXIJIHUX 3MIHHHX-

B1JICOTKOBUIM BMICT THUIIIB cyMiliri, BosioricTe TIIB 1 nBi BUXiJH1 3MiHHI: TUTOMUM



koedimient K, ; remneparypa B peaktopi T. [TuTomuii koedirieHT K, BU3HAYAETHCS
TaKUM YHWHOM, 11100 3a0€3MeYNTH MaKCUMAIbHO MOXKJIMBE 3HAYEHHS TETIOTBOPHOI
3aTHOCTI OJEPXKYBAHOTO MIPOJI3HOTO Ta3y Ta Hailbumelry temmepatypy Ts B
peaxTopi A iHTeHCH]iKallii mporecy mipoi3y B pexXuMi peaJbHOro yacy.

— JlocnmipkeHo e(EeKTUBHICTh METOJy HEYITKOrO KEpyBaHHS IPOIECOM
niponizy TIIB 3minHoro ckiamy. OTpumaHi pe3ynbTaTd KOMII'FOTEPHOTO
MOJICTIIOBaHHSI MIATBEPIKYIOTh BUCOKY €(EKTHBHICTH PO3pOOJIEHOI CHUCTEMH Ta
METOAY  HEUYITKOTO  KEpyBaHHs, IO  JO3BOJISIE  BHUPIIIUTH  3aBJAHHSA
aBTOMATH30BaHOTO KEPYBaHHsI MIPOTI3HOIO YCTAHOBKOIO B YMOBAX 3MIHHOTO CKJIaIy
TIIB Tta Bonorocri.

Y ugerBepromy posnun  «CuHTe3 ACK TeroBuM HaBaHTaXKEHHSIM
OapabaHHOro KoTia npu cnanoBanHi TTIB» BUKOHAHO HACTYIIHE:

— Po3risiHyTO TEXHOJOTiI0 yTHIi3alii TBEpAUX MOOYTOBUX BIIXOMIB B
YCTaHOBKAaX, IO TEHEPYIOTb TEIUIOBY eHeprito. OOIPYHTOBAHO CTPYKTYpPY
YCTaTKyBaHHS, 110 €KCIUTyaTyeThCs MPU 3MIHHOMY CKjaajal nanuBa, a came TIIB.
[TpoBeneHo aHami3 METOAIB KEpyBaHHS HaBAaHTa)KEHHSM MApOBUX KOTJIIB IpHU
30ypennsx ckiaagom TIIB. Ilpm mpomy B sSKOCTI OO’€KTa KepyBaHHS s
MOJAJIBIIOTO JOCIHIKEHHSI 00paHO KOTeN 00JIalHaHUN TOMKOI 3 IUPKYJIIOIYIM
kurustauM 1mapom. Bukopucranns LIKI 1o3Bosisie BUpImUTH 3a7a4y peryTtoBaHHS
TeMIepaTypy Iapy 3 METOK 3MEHIIEHHS BUKHUIB IIKIIJIUBUX CHOJYK CIPKU Ta
XJIOpY.

— IlpoBeneHO MAEKOMMO3UILII0 YCTAHOBKH 3 BHUAUICHHSIM XapaKTEPHUX
ninsHok: Tonku LIKII; BuHECeHOTo Temmo00OMIHHUKY; TETNIOOOMIHHUX TOBEPXOHB,
[0 HarpiBarOTh TEIUJIOHOCIM; TMpOIEC TMOTJIMHAHHA CIIOJYK CIPKA BaIlHOM.
CHHTE30BaHO MaTEeMAaTUYHY MOJIENb, sIKa MOEAHYE OKpeM1 MaTeMaTUYH1 AUISHKH.

— Cunte3zoBano ACK ycranoBkow. [Ipu 11poMy oO3Ha4eHiI perysibOBaHi
TEXHOJIOT14H1 3MiHHI1, KEpYIOUl BIUTMBU. BUIIEHO YHOTUPU OCHOBHUX PETYJISATOPH, A
came: MOTYXKHICTb, TEMIEPATYPH IIapy, €KOHOMIYHICTh Ta BUKHIU MIKIAJIUBHUX
pedoBHH. byno mnpwuifHATE pillIeHHS BIIMOBUTUCH BiJ BBEIACHHS B PETYJISTOP

MOTYXHOCTI CUTHAITY MPO TEIUIOTBOPHY 37aTHICTh nmanuBa y Burasal TIIB, ockinbku



PI3KH 3MIHM HOTO BUTpPAT MOXYTh MPHU3BECTH 10 aBapiiHUX cUTyalii. | HaBmaku,
BBEJICHHSI CHUTHAJy TPO TEOPETUYHY KUIBKICTh MOBITPSA 03BOJMIO 30UIBIIMTH
TOYHICTh TMIATPUMAHHS TaKOTO CKJIaAy JUMOBHUX Ta3iB, SKUH BIJANOBIJIAE
MiHIMaJbHUM BTpaTaM TEIUIOTH BiJ XIMIYHOTO HEIOMaly Ta 3 Tra3aMu, IO
BIIXO/SITh. A TaKOX 32 paXyHOK 301JIbIIIEHOT KIJIBKOCTI IMOBITPSI JJO3BOJISI€ 3SMEHILIUTH
temmnepatypy ropinnas TTIB B kumissuomy mapi.

— ImiTamiiine MoOJENMIOBaHHS CHUCTEMH KEpyBaHHS II0Ka3aj0, IO BOHA
3aJI0BOJIbHSIE BUMOT'aM II0JI0 MIATPUMAaHHS 3a/IaHOTO TEIJIOBOTO HaBaHTAXKEHHSI Ta
IOJ0 MIATPUMAHHSA TEMIEpaTypu KUIUIS4oro mmapy. He3Hauyni BiAXuJICHHA
MOTYXKHOCTI Ta TEMIEPATypH MIBHIKO KOMIICHCYIOThCS, 3a0€3MeUy0un CTa0LIbHY
poboTy ycranoBku. KoHIleHTpallis OKCHAY CIpKH y JUMOBHUX Ta3axX 3aJUIIAETHCS B
MeKax JOMYCTUMUX 3HAY€Hb, 1110 CBIITYUTH MPO €KOJOTIUHY O€3MeKy MPOIIECY.

Kitouosi cnosa: TIIB, ACK, TepmiuHa AecTpyKilisi, MipoJi3, ClaltOBaHHS,
imeHTudikamis, kiacudikaiis, COPTYBaHHS, CHHTE3-ra3, METOJ HEYITKOIrOo

KepyBaHHs1, HeuiTKa mifgcucrema, LK, ekonoriuni moka3HUKH.
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ABSTRACT
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Thermal Destruction of MSW to Ensure Environmental Indicators Based on Sorting.
— Manuscript copyright.

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

The dissertation is dedicated to the development and improvement of models
and methods for automated control systems (ACS) in the technological processes of
pyrolysis and incineration of municipal solid waste (MSW) based on automated
MSW sorting by chemical composition. The goal is to ensure effective control over
their thermal destruction, enhance the energy efficiency of waste utilization
technologies, and minimize negative environmental impacts. The study takes into
account environmental regulations, including monitoring the formation of harmful
emissions such as acid gases.

In the first chapter, "Models and Methods of ACS for the Thermal Destruction
of MSW," the following results were obtained:

— An analysis of MSW processing methods showed that thermal destruction
1s the most effective among all applied technologies. Its key advantages include
effective waste neutralization, complete elimination of pathogenic microorganisms,
a significant reduction in waste volume by mass, and the utilization of its energy
potential. Additionally, thermal destruction meets business technology requirements
by maximizing the production of valuable end products and minimizing harmful
emissions into the environment.

— An analysis of models and methods for automating technological processes
of MSW thermal destruction indicated that improving efficiency while complying
with environmental standards requires research in the field of automated sorting by
chemical composition, particularly focusing on groups that generate acid gases. The
property of identity between the gross formulas of the raw material and the reaction

products can serve as the basis for determining the composition of hydrocarbon



substances during MSW sorting, based on the thermochemical processing of the
studied raw material samples.

— It was established that sorting MSW through identification and classification
of raw materials with specified characteristics allows for the processing of industrial
volumes of MSW.

— The necessity of formulating a decision-making criterion for selecting the
most efficient and environmentally friendly thermal destruction method and
developing the corresponding technical means structure was identified.

In the second chapter, "Model and Method of Automated Sorting for Further
Processing by Thermal Destruction Methods," the following results were obtained:

— A simulation model of different MSW groups was developed, presented as
a table of gross formulas for possible compounds forming MSW volumes. This
model enables classification during the identification of MSW samples, particularly
1solating groups that produce acid gases.

— A sorting method for MSW was developed, ensuring the most efficient
processing of each group while meeting environmental standards. The method is
based on a technological approach to sorting, a raw material sorting method
incorporating measuring devices to ensure specified identification characteristics
based on the classification features of the simulation model, and the application of
measuring devices depending on the identification task, whether qualitative or
quantitative.

— A simulation model of the purification process for carbon-hydrogen gases
obtained from classified MSW, which includes components forming acid gases, was
developed with compliance to environmental standards. Formulas for evaluating
efficiency indicators and specific costs of thermal destruction for various sorted
MSW groups were proposed. These formulas help develop a criterion for selecting
between thermal destruction methods: MSW incineration in atmospheric air or
pyrolysis for syngas production.

— A decision-making rule for choosing the MSW processing method while

adhering to environmental standards was formulated, along with defining the



corresponding technical means structure based on the developed cost calculation
method. This method considers efficiency indicators and specific costs of thermal
destruction for different sorted MSW groups.

— A comprehensive technological scheme for MSW thermal destruction
methods was developed, ensuring compliance with environmental regulations on
emissions into the natural environment while utilizing secondary energy resources
derived from MSW.

In the third chapter, "Method of Controlling the Pyrolysis Process of MSW
with Variable Composition and Moisture Content Based on Fuzzy Logic," the
following tasks were completed:

— The features of operation and main control tasks of a generalized pyrolysis
unit used for MSW thermal destruction were examined.

— A fuzzy control method for the pyrolysis process of MSW with variable
composition and moisture content was developed. This method enables accurate
automated control of the pyrolysis unit by determining the optimal air/MSW
consumption ratio. It ensures process efficiency and stabilizes interrelated controlled
parameters, such as pyrolysis temperature and the gas holder level in transient
modes.

— The ACS structure for the pyrolysis unit was developed to implement the
proposed fuzzy logic-based method.

— A Takagi-Sugeno type fuzzy subsystem for determining optimal pyrolysis
process parameters was designed. It includes five input variables (percentage
composition of MSW types, MSW moisture content) and two output variables:
specific coefficient and reactor temperature. The specific coefficient is determined
to maximize the calorific value of the resulting pyrolysis gas while ensuring the
highest reactor temperature to intensify the pyrolysis process in real-time.
— The effectiveness of the fuzzy control method for the pyrolysis process of MSW
with variable composition was studied. Computer modeling results confirmed the

high efficiency of the developed system and fuzzy control method, allowing for



automated control of the pyrolysis unit under changing MSW composition and
moisture content.

In the fourth chapter, "ACS Synthesis for the Thermal Load of a Drum Boiler
during MSW Incineration," the following tasks were completed:

— The technology of MSW utilization in energy-generating plants was
reviewed. The structure of equipment operating with variable fuel composition
(MSW) was justified. The analysis of steam boiler load control methods under
disturbances in MSW composition was conducted. A boiler equipped with a
circulating fluidized bed (CFB) furnace was chosen as the control object for further
study. The use of CFB technology enables the regulation of bed temperature to
reduce  emissions of harmful sulfur and chlorine compounds.
— The system was decomposed into characteristic sections: CFB furnace, external
heat exchanger, heat exchange surfaces heating the coolant, and the process of sulfur
compound absorption with lime. A mathematical model integrating these sections
was synthesized.

— An ACS for the installation was synthesized, defining regulated
technological variables and control influences. Four main regulators were identified:
power, bed temperature, efficiency, and emissions of harmful substances. It was
decided to exclude the signal on the calorific value of MSW from the power
regulator, as abrupt changes in fuel consumption could lead to emergency situations.
However, the introduction of a signal on theoretical air consumption increased the
accuracy of maintaining the flue gas composition at a level that minimizes heat
losses due to chemical underburning and exhaust gases. Additionally, an increased
air supply allows for a reduction in the combustion temperature of MSW in the
fluidized bed.

— Simulation modeling of the control system demonstrated compliance with
the required heat load and fluidized bed temperature stability. Minor deviations in
power and temperature were quickly compensated, ensuring stable operation of the
system. The concentration of sulfur oxides in the flue gases remained within

permissible limits, indicating the environmental safety of the process.
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