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Abstract

Introduction. Over the past decades, the issue of household and industrial waste management in Russia and worldwide
has gained increased importance due to growing urbanization, increased consumption, and limited landfill space. The
traditional disposal model — landfilling — is associated with environmental and public health risks and low levels of
resource recovery. Alternative strategies are being developed, among which the key ones are separate collection and
mechanical-biological treatment (MBT), as well as thermal disposal methods. A literature review shows that
international studies (Europe, Japan) demonstrate the positive effects of a combination of separate collection and MBT,
while Russian studies emphasize the barriers: insufficient infrastructure for separate collection, low public participation,
and municipal financial constraints. The analysis highlights the importance of an integrated approach, where
technological solutions are accompanied by organizational measures and economic incentives. Currently, there is a lack
of comprehensive assessments of the MTB implementation, taking into account various separate collection and local
logistics scenarios. Existing studies are often limited to technical and technological aspects or present calculations at the
level of individual pilot sites, without assessing the systemic economic impacts or providing a detailed sensitivity
analysis of key parameters. Therefore, the aim of this study is to identify optimal MSW sorting options for subsequent
incineration, based on combustion heat and pollutant emissions.

Materials and Methods. The author collected and analyzed statistical data on the functioning of the MSW management
system at the regional level using publicly available information from the Federal State Statistics Service and the
Federal Service for Supervision of Natural Resources (Form 2-TP (waste))! as sources. Data and reports from IFC
(International Finance Corporation)? and the public legal company Russian Environmental Operator (REO)3 were
studied and analyzed. To achieve the set goals, the author has developed a research algorithm, including the use of
regression analysis, the construction of a ranked series of the specific heat of MSW combustion by morphological
composition with subsequent division into groups I and II, the formation of alternative waste sorting options by
changing the proportion of MSW groups (I and II) in the conditionally accepted scenarios, followed by solving a multi-
criteria problem of choosing the optimal option for MSW sorting for the purposes of further incineration. The research
was conducted in MS Excel and Statistica software.

Results. An analysis of statistical data on the solid municipal waste management system and composition revealed that
the morphological composition for the purposes of further incineration remained relatively stable over the past 5 years
with minor seasonal fluctuations. A clear correlation was observed between population size and waste accumulation
volume, as well as between waste volume and the level of waste sorting. Simulation modeling of a feasible set of
alternative MSW sorting options made it possible to determine the optimal balance between the economic efficiency of
incineration and environmental pollution. In this setting, batches were simulated for subsequent incineration with
different ratios of solid municipal waste from groups I and II in the ratio of 10/90, 30/70, 50/50, 70/30, 90/10,

! Open data. Rosprirodnadzor. (In Russ.) URL: https:/rpn.gov.ru/opendata/ (accessed: 05.03.2026)

2 THE WORLD BANK GROUP ANNUAL REPORT 2025. URL: https://www.worldbank.org/en/about/annual-report/world-bank-group-downloads
(accessed:05.03.2026)

3 Russian Environmental Operator. (In Russ.) URL: https://reo.ru/about#docs (accessed:05.03.2026)

Technosphere Safety

107


https://doi.org/10.23947/2541-9129-2026-10-2-107-118
mailto:ciop@misis.ru
https://rpn.gov.ru/opendata/
https://www.worldbank.org/en/about/annual-report/world-bank-group-downloads
https://reo.ru/about#docs
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2026-10-2-107-118&domain=pdf&date_stamp=2026-05-30
https://orcid.org/0009-0007-2141-755X

https://bps-journal.ru

108

Fatimah Dakhil Saihood Alkinani. Justification and Selection of Optimal Options for the Operation ...

respectively. Optimal options for MSW sorting for further incineration were determined by calculating a function that
determined the degree of approximation of each of the sorting alternatives under consideration to the ideal value (ideal
point), which was based on the values of minimum emissions (fly ash, sulfur oxide, nitrogen oxide, carbon monoxide)
and the maximum value of the calorific value (the energy value of MSW based on the morphological composition). The
sensitivity coefficients to changes in the basic values of the sorting parameters and the gross emission of pollutants were
calculated. Optimal options for MSW sorting from the perspective of further incineration were obtained based on the
calculation of combustion heat and pollutant emissions (including carbon footprint indicators).

Discussion. The main result of the study is a developed approach to the efficient sorting of municipal solid waste for
subsequent thermal recycling. The solution to this problem was based on principles that allowed for a classical solution
to the direct and dual problem of achieving maximum efficiency from the municipal solid waste incineration process
while minimizing the negative impact on the environment. The obtained results will enable the effective separation and
sorting of municipal solid waste despite the production constraints of incineration plants at municipal solid waste
landfills. The analysis of the morphological composition of municipal solid waste for subsequent sorting and thermal
recycling made it possible to identify waste separation options with the highest energy value based on heat of
combustion of individual components and characterized by a minimum amount of pollutant emissions.

Conclusion. The analysis of statistical data from the municipal solid waste management system revealed the prevalence
of landfill disposal and the ineffectiveness of the sorting process. Regression models revealed increasing trends in the
volume of waste removed and sorted, necessitating further targeted and effective sorting for recycling purposes.
Simulation modeling of alternative MSW sorting options and the solution of an optimization problem made it possible
to identify effective MSW sorting options for further thermal disposal, with minimal pollutant emissions and maximum
combustion heat values. In conclusion, during the research, optimal options for municipal solid waste sorting were
obtained based on the morphological composition of batches for maximum efficiency of thermal disposal and minimum
emissions of pollutants into the atmosphere.

Keywords: municipal solid waste, waste sorting, incineration, morphological composition, combustion heat, pollutant
emissions, mechanical and biological treatment, thermal utilization, optimization, regression analysis
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AHHOTANUA

Beedenue. 3a nocnenHue NecATUICTUS MpodieMa oOpaleHus ¢ OBITOBBIME U MPOMBIIIIICHHBIME OTX0IaMH B Poccuu u
Mupe mprodpesia MOBHIIICHHYIO 3HAYMMOCTH BCIICICTBHE POCTa YpOaHU3AIMH, YBETHUCHHS TOTPEOICHUS M OTPaHUICH-
HOCTH MOJMTOHHBIX IJIOMazei. TpaauroHHas MOeNb yTHIN3aluH — 3aXOPOHEHHE Ha TIOIMTOHAX — COIPOBOXKIACT-
Cs PUCKaMH ISl OKPY)KAIOMICH Cpelbl U OOIIESCTBCHHOTO 3/IOPOBBS, a TAKKE XapaKTEPHU3YyeTCs HU3KUM YPOBHEM BOC-
CTaHOBJICHUS pecypcoB. Pa3BUBarOTCS adbTepHATHBHBIC CTPATETHH, CPEIN KOTOPBIX KITFOUEBBIMH SBIIAIOTCS Pa3aeNbHBIN
cOop u MexaHuKo-Omonormdeckas oopadborka (MBO) 0TX0mOB, a TaKke TEPMUIECKHUE METOIBI yThiam3auu. O030p u-
TepaTypbl TOKa3bIBaeT, 4TO 3apyOeskHbie nuccienoBanus (EBpoma, SINoOHUS) NEMOHCTPUPYIOT MOJIOKUTEIBHBINA 3 deKT
0T KoMOuHanmu pasaensHoro cobopa u MBO, a poccuiickue McClieIOBaHUS aKIICHTUPYIOT BHUMaHUE Ha Oapbepax: He-
JIOCTAaTOYHOW WHMPACTPYKType UIsl pasfesibHOTO cOOpa, HU3KOM YPOBHE OOIIECTBEHHOTO ydYacTHS W (DMHAHCOBBIX
OTPaHMYCHUSIX MYHUIIMIIAJIUTETOB. AHAJIN3 YKa3bIBAaCT Ha BAXKHOCTh MHTEIPUPOBAHHOTO ITOIXOJA, TNE TEXHOJOTHYC-
CKHE PEUICHUS COTPOBOKIAIOTCSA OPraHU3AIMOHHBIMU MEpaMHU M 3KOHOMHYCCKUMH CTUMYJIaMu. B Hacrosmiee Bpems
OTCYTCTBYIOT KOMITJIEKCHBIE OIIeHKH BHeApeHuss MBO ¢ yuéToM pasHBIX CIieHapueB pasebHOTO cOopa M JOKAIBHOM
JIOTUCTUKH. CyH_IeCTByIOH_H/Ie HCCICAOBAHUA Y9aCTO OrpaHUYCHBI TEXHUKO-TCXHOJIOTHUYCCKUMH ACHEKTAMU WA IIPEI-
CTaBIISIOT PACYETHI HA YPOBHE OTJENBHBIX MUIIOTHBIX 00BEKTOB, O3 OIIEHKH CUCTEMHBIX IKOHOMHYECCKUX ITOCICACTBUN
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1 JETaJbHOTO aHAIN3a YyBCTBUTEIHFHOCTH KITIOYEBHIX MapaMeTpoB. I1osToMy 1ensio qanHOM paboTHl SBISETCS Onpesae-
JICHWE ONTHUMAaNBHBIX BapuaHTOB copTupoBku TKO ¢ mo3mmmy mampHEWIed WHCHHEepAlnd Ha OCHOBE y4eTa TETUIOTHI
CropaHusi U BBIOPOCOB 3arpsI3HSIOIINX BEIIECTB.

Mamepuanvt u memoost. OCymecTBIeH cOOp M aHAIN3 CTATUCTHYECKUX ITAHHBIX O (YHKIMOHHUPOBAHHSA CHCTEMEBI
obpamenns TKO Ha pernmonanpHOM ypoBHe. B KkauecTBe HMCTOYHHMKOB HCIIONB30BANacCh OTKPHITass WHPOPMALUS
OenepanbHOl  CITy)KOBI  TOCymapcTBeHHON cratuctuku U DenmepanbHoi  cimy)Obl 1O Hag3opy B cdepe
npuponomnoib3oBanus (Popma 2-TII (orxonsl)). Bpum m3ydeHsl W NpoaHaJM3UpoOBaHBI JaHHBIE M oTdeThl [FC
(International Finance Corporation) n myOnudHON TpaBOBOM KOMMaHWH «POCCHMCKHII 3KOJOTHYECKUI orepaTopy
(P20). [dnst peuieHus: mocTaBlIeHHBIX 3a7ad ObLT pa3paboTaH IrOPUTM NPOBEICHUS HCCIIEIOBAHHMN, BKIIIOYAIOIINI
MIPUMEHEHHUE PErPECCUOHHOTO aHalln3a, MOCTPOCHHE PAHKMPOBAHHOIO psiAa yaedbHOM TemnoTsl cropanus TKO mo
MOpP(hOJIOTHUECKOMY COCTaBy C TOCIEAyIOmMM pasfeneHrneM Ha rpymmsl [ u 1, ¢opmupoBanme ampTepHaTHBHBIX
BapUaHTOB COPTHUPOBKH OTX0A0B 3a cueT m3MeHeHUs noym rpynn TKO (I u II) B yclmoBHO NMPUHATHIX CIEHAPHIX C
MOCTICIYIONUM PEIICHHEM MHOTOKPHTEPHUANBLHOW 3aJadydl BBHIOOpa ONTHMAJIbHOTO Bapuanta coptupoBku TKO mms
Lenei panpHelneld nHcuHepanuu. ViceinenoBanus npoBoauirch B mporpammax MS Excel n Statistica.

Pe3ynomamet uccnedosanusa. AHaNA3 CTATUCTUYECKUX JTAHHBIX CHCTEMBI OOpAIIeHU M COCTaBa TBEPIBIX KOMMYHAIIb-
HBIX OTXOJIOB ITO3BOJIWII BEIIBUTB, YTO MOP(HOIOTHUCCKUI COCTAB IS el JambHEHIeH HHCUHEPAIUY 33 ITOCIICIHUC
5 JNet ocTaBajcs OTHOCHUTEIHHO CTAOWJIBHBIM C HE3HAYHTEIBHBIMH CE30HHBIMH KoyicOaHusmu. HaOiromanace deTkas
KOPPEJAIHS MEX/Ty YICICHHOCTBIO HAaCETIeHNU M 00beMaMH HaKOIIJICHNS OTXOO0B, a TAK)XKe MEXIY 00bEMOM OTXOJIOB U
YPOBHEM HX COPTHPOBKH. B pe3ynbpTare HMHUTaIIMOHHOTO MOJEIHMPOBAHHS JOMYCTUMOTO MHOKECTBA aJIbTEPHATHBHBIX
BapuaHTOB copTupoBkr TKO OBLI Ompe/esieH ONTUMAaNBHBIN 0allaHC MEXTy IKOHOMHYECKON 3()()EeKTUBHOCTHIO OT HH-
CHHEpaINH U SKOJIOTHYECKUM 3arpsA3HEHHEM OKpYy)Karollel cpeabl. B Takoit moctaHoBKe OBUIM MMUTAIIMOHHO CHOPMH-
POBaHBI MAPTHH JJIST MOCIEAYIOIIETO CKUTAHUS C PA3IMIHBIM COOTHOIICHUEM B HUX TBEPABIX KOMMYHAIBHBIX OTXOJIOB
u3 rpynn [ u II B cootrHomenuun 10/90, 30/70, 50/50, 70/30, 90/10, coorBeTcTBeHHO. OIpe/iesieHbl ONTUMAIILHBIC BapH-
anThl coptupoBkr TKO s nenelt nanbHeimeli HHCHHEpAIMKA TOCPEICTBOM pacueTa (pyHKIMH, ONMPEIeIIsIoNei cTe-
MeHb MPUONIHKEHNS KaXIOH M3 paccMaTpHUBAeMbIX albTEpHATHB COPTUPOBKH K HJICAIFHOMY 3HAYCHHUIO (MICaIbHOMN
TOYKE), B Ka4eCTBE KOTOPOH OBLIM MCIOJB30BaHBl 3HAUYCHUS MHUHHMAJIBHBIX BHIOPOCOB (JeTydas 30Ja, OKCHI CEpHI,
OKCHJI 230Ta, OKCHJ YTIepoJia) U MAaKCUMAaIIbHOE 3HAUCHHE TEIUIOTHI CropaHus (dHepreTndeckas neHHocTh TKO ucxons
13 MOP(HOJIOTHYECKOTO COCTaBa), a TAKXKE PACCUUTAHBI KOA(PPHUINEHTH YyBCTBUTEIBHOCTH K N3MEHEHHIO 0a30BBIX 3HA-
YeHHH MapaMeTpOB COPTHPOBKH M BAJIOBOTO BEIOpOCA 3arpsA3HAOMIMX BemecTB. I1oaydeHbl onTHMaabHBIE BapHAHTHI
coptupoBkr TKO ¢ mo3unuu majapHEHIICH HHCHHEpPAIIMH HA OCHOBE Y4eTa TEIUIOTH CTOPAHUS M BEIOPOCOB 3arps3Hs-
IOIUX BEIIECTB (B T.4. MOKa3aTeseil yriaepoaHoro ciena).

Oécysacoenue pezynomamos. OCHOBHBIM PE3yJIBTATOM HCCIICIOBAHUS SBISIETCSA pa3pabOTaHHBIA 1moaxox K 3¢dexTus-
HOW COPTHUPOBKE TBEPABIX KOMMYHAIBHBIX 0TX010B (TKO) st mened ux mocieayromeid TepMUIecKoi yTum3anui. B
OCHOBY PELICHHUS TOCTABICHHOW 3aa49H MOJIOKEHBI IPUHIIHITEL, 00CCIICYHBAONIIE MTOMYYCHHAES KITACCUIESCKOTO PEIICHUS
MPSMON W JTBOWCTBEHHOMW 3a/1a4 ONTHMHU3AIINH, HANPABICHHBIX HAa JOCTHKECHHE MAKCHUMAIbHOW 3(PPEeKTUBHOCTH TPO-
necca uHcuHepanud TKO mpu ycmoBHM MUHAMU3AIMHA HETATHBHOTO BO3ICHCTBUS Ha OKpyXaromryro cpexdy. [lomyden-
HBIC PE3YJBTaThl MO3BOJIIOT OCYIIECTBHUTH dPdekTuBHOE pasmeneHue TKO ¢ ydeToM OTrpaHHYMBAIONIMX IPOM3BOJ-
CTBEHHBIX (PaKTOPOB MYCOPOCKHIaTeNbHBIX 3aBOJOB Ha MOJUroHax. AHaimu3 mopdonorndeckoro cocraBa TKO mms
esieit uX MocieAyIomeil COPTUPOBKY U TEPMUYECKON YTHIU3AIMH ITO3BOJIIII BEISIBUTH BAPHAHTHI Pa3/ieIeHUs OTXO/I0B,
oOmagarornie HanOOJBIIECH YHEPTETHUCCKOM IIECHHOCTHIO UCXOMS M3 TETUIOTHI CTOPAHUS OTICIBHBIX KOMIIOHCHTOB U Xa-
paKTepU3yIOIHeCcsS MUHIMAIbHBIM KOJHMYECTBOM BBIOPOCOB 3aTPSA3HSIONINX BEIICCTB.

3axnrouenue. [IpoBeleHHBIA aHATN3 CTATUCTUYECKUX JaHHBIX cucTeMbl oOparienns TKO mo3Bonwil BBISIBUTE MPE0O-
JaJlaHue TIOJIMTOHHOTO 3aXOPOHCHHS M HU3KYIO PEe3yNIBTaTUBHOCTH IMpoIlecca COPTUPOBKHU. PerpeccnonHsie Monenu 00-
HapPYXXUIIN BO3PACTAONINE TCHACHIINA 00BEMOB BRIBOUMBIX M OTCOPTHPOBAaHHBIX OTXOIOB, YTO MPEAOIPEACITHIIO HEOO0-
XOJMMOCTH LIEJICHAIPABICHHOTO W PALMOHANBHOTO pa3fefeHus IS neiel yrunuzauuu. VIMUTannoHHOe MOIETHpOBa-
HHUE aJbTePHATHBHBIX BapHaHTOB copTHpoBkH TKO U perieHne ONTHUMH3ALMOHHOW 3aJaudl TO3BOJMIN OINPENCIUTh
HAWITYYIIAe CXEMBI PaclpeeNieHIs OTXOA0B UIS IMOCIEAYIOMICH TepMUIECKON IepepaboTKy, XapaKTepH3YIOIIHeCs MH-
HUMAaJIbHBIMU BBIOPOCAMH 3arps3HSIONIMX BEHMIECTB U MaKCHUMaJbHBIMHU 3HAYEHUSMH TEIUIOTHI cropaHusi. Takum obpa-
30M, B XOJI¢ UCCIIEIOBAHUH TOITYYCHBI ONTUMAJIbHBIE BAPUAHTHl COPTUPOBKH TBEPIBIX KOMMYHAIBHBIX OTXOJOB Ha OC-
HOBE ydeTa MOP(OJIOTHICCKOTO COCTaBa MapTHil, 00eCIeUYNBAIOIIHEe HANOOMBIIYIO 3()(HEKTUBHOCTh TEPMHUUICCKON yTH-
JU3aIMA ¥ MHHUMH3AIHIO0 BEIOPOCOB 3arpsI3HSIONINX BEIIECTB B aTMOcdepy.

KaroueBnle ciioBa: TBEPABIC KOMMYHAJIbHBIC OTXO/Ibl, COPTUPOBKA OTXOAO0B, MHCUHEpAIU, MOp(l)OJ'IOFI/ILIeCKI/Iﬁ COCTas,
TCIJIOTa CropaHusd, BBI6pOCLI 3arpA3HAOINX  BCUICCTB, MEXaHUKO-OHOI0rn4yecKas 06pa60T1<a, TCPMHUUICCKAL
yruiun3anus, OnTuMu3anus, perpeCCHOHHBIﬁ aHaJIn3
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BaarogapHocTH. ABTOp CcTaThy OnarojapHa 3aBeayromeMy kadpenpoil «be30macHOCTh U AKOJIOTHS TOPHOTO MPOU3BOICTBA»
HUTY «MHUCUC» KomukoBy Koncrantuny CepreeBuuy 3a HEOLEHUMYHO IIOMOIIb, BCECTOPOHHIOIO MOJIEPXKKY H
TUTOZOTBOPHOE COTPYAHMYECTBO NP HAITMCAHNH OCHOBHBIX IOJIOXKEHHH JaHHON paboTHI, a Takoke PelaKIMOHHON KOJUITETHUH
XKypHaJla ¥ PELICH3EHTY 3a MPo(eCcCHOHABHBIN aHaIN3 U PEKOMEHAIMH 0 PEIaKTUPOBAHHIO CTAThH.

Jnst uutupoBanus. AnkvHaan @arrmva axun Canmxyn. O60cHOBaHHE 1 BEIOOP ONTHMAIBHBIX BAPHAHTOB (ByHKIIMOHUPOBA-
HHSl CHCTeMBl OOpaIlleHHs] TBEPIBbIX KOMMYHAJbHBIX OTXOOB Il Lieieil a(QeKTHBHONW HHCHHepalmH. besonacHocmy
mexHozeHHbIX U npupoonvix cucmem. 2026;10(2):107-118. https://doi.org/10.23947/2541-9129-2026-10-2-107-118

Introduction. In the modern world, the process of urbanization of the population is taking place at a high rate.
According to the United Nations, in 2024, the level of urbanization in Europe was 75.8%, in North America (USA and
Canada) — 83.4%, and in Russia — 75%®*. The increase in the urban population in Russia, according to Rosstat, for the
period 2000-2024 amounted to 25%, clearly indicating a shift in lifestyle towards urban agglomerations®. Modern
conditions of urbanization, providing comfort for living and shaping increasing needs of urban population, require
adherence to the principles of rational management of municipal solid waste generated during human activities. Its
significant accumulation and inadequate disposal contribute to rapid deterioration of the environmental situation.

Municipal solid waste (MSW) is the waste generated by individuals and households during consumption of goods. It
includes waste that has lost its consumer properties due to use in residential areas to meet personal and household
needs®. In the EU and the USA, the proportion of waste disposed of through burial does not exceed 40%. Recycling
rates reach 60%, with the leading countries in Europe being Scandinavia, the Netherlands, Germany, and Belgium,
where utilization rates reach 50-68% and burial rates are only 1%’.

The choice of a specific method of MSW disposal in different countries is determined by the specifics of economic
development, state policy in the field of separate waste collection, as well as the area of the state's territory and the
density of its population. The main generally accepted types of MSW disposal are: landfill disposal, biological disposal
and incineration.

According to data from the Federal State Statistics Service® and the Federal Service for Supervision of Natural
Resource Usage in Russia®, approximately 82% of all MSW is currently sent to landfills. Over the past five years, the
proportion of sorted waste has increased to a record high of 53%, but it should be noted that most of this waste is still
going to landfills. These figures clearly show that Russia's MSW disposal process lags behind the world's leading
practices. Consequently, the development of an effective MSW management system is an important task at the federal
level. This is confirmed by the “Industrial Development Strategy for the Treatment, Disposal and Neutralization of
Industrial and Consumer Waste in Russia until 2030”'°, which aims to create an efficient waste recycling industry.

To date, theoretical and practical issues related to effective MSW management have been addressed in the open
literature and are developing in several main areas. One of these areas is the construction of a technical and economic
management system for MSW [1], as well as the creation of an organizational and logistic chain — from waste
collection and initial sorting in urban agglomerations, through transportation and secondary sorting at specialized
sorting complexes, to subsequent disposal [2]. These studies focus on initial sorting and timely garbage removal. For
densely populated areas, the development of this field remains a pressing practical challenge. Despite the measures
taken to sort waste, they have had little effect on reducing legal and illegal landfills [3].

Another direction is aimed at the development and implementation of technologies for MSW processing in order to
obtain secondary raw materials (fabrics, building materials, etc.) and secondary energy — an alternative fuel with a
high heat of combustion [4], considered as an energy carrier [S5]. The most common and technically proven method of
industrial MSW processing for secondary energy is combustion [6]. The main advantage of thermal waste treatment is a
relatively low impact on land and water resources. However, it also has some disadvantages, such as atmospheric
pollution with large amounts of exhaust gases and ash, and the negative impact on biodiversity [7]. In the context of the

4 Ranking of countries in the world by the level of urbanization. United National. URL: http://www.un.org/en/desa (accessed: 25.01.2026)

5The share of the urban population in the total population as of January 1. EMISS State Statistics. (In Russ.) URL:
https://www.fedstat.ru/indicator/36057 (accessed: 28.01.2026).

¢ Federal Law “On Production and Consumption Waste” dated June 24, 1998 No. 89-FZ. (In Russ.) URL: https://docs.cntd.ru/document/901711591
(accessed: 01.10.2025).

7 Sustainable waste management: what the EU is doing. URL: http://www.curoparl.curopa.cu/news/en/headlines/society/20180328STO00751/eu-
waste-management-infographic-with-facts-and-figures (accessed: 29.09.2025).

8 Municipal waste. EMISS State Statistics. (In Russ.) URL: https:/www.fedstat.rw/indicators/search?search Text=koMmmyHasbHbIe+oTX0/bI (accessed: 11.09.2025).

® Information on the formation, treatment, disposal, neutralization, and disposal of industrial and consumer waste. Federal Service for Supervision of Natural Re-
source Usage. (In Russ.) URL: https:/rpn.gov.ru/open-service/analytic-data/statistic-reports/production-consumption-waste/ (accessed: 17.09.2025).

"“Decree of the Government of the Russian Federation dated January 25, 2018 No.84-R. (In Russ.)) URL:
https://www.garant.ru/products/ipo/prime/doc/71767672/ (accessed: 21.01.2026).
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problem of garbage incineration [8], the construction of incinerators is mainly considered in the literature [9]. Only a
few authors take into account the specifics of the effectiveness of incineration with the morphological composition
of MSW [10]. At the same time, the variability in the morphological composition of MSW and the relationship between
efficient sorting and subsequent treatment options, including thermal treatment, has not been fully explored.

The aim of this work is to identify the optimal options for MSW sorting from the perspective of its subsequent
incineration, taking into account heat of combustion and emissions of pollutants.

To achieve this goal, the following objectives have been formulated:

— collection and analysis of statistical data on the MSW treatment system and composition;

— modeling of regression relationships between exported and sorted waste volumes and population size;

— simulation modeling of an acceptable set of alternative MSW sorting options;

— determination of optimal MSW sorting options for incineration.

Materials and Methods. As part of the assigned tasks, statistical data and information on the functioning of the
MSW management system at the regional level were collected and analyzed. The open data from the Federal State
Statistics Service and the Federal Service for Supervision of Natural Resource Usage was used as sources. Additionally,
the data and reports from the IFC (International Finance Corporation) and the public legal company Russian Ecological
Operator (REO), as well as materials obtained by other authors during research in the southern [11] and central [12]
regions of Russia, were studied and analyzed.

Within the framework of the objectives of this study, the following procedures were implemented:

— the dependencies of the volume of exported and sorted waste on the total amount of collected waste and the
population were determined,

— an initial set of alternative MSW sorting options was formed based on their morphological composition. The
volumes of pollutant emissions, including the carbon footprint, were calculated for different incineration plant
capacities;

— using the ideal point method, the search for the optimal MSW sorting alternative was carried out according to a set
of evaluation criteria that included energy value and pollutant emissions during incineration.

The main sequence of the research was as follows:

1. Based on the regression analysis of the values from the generated statistical sample, we obtained regression
dependencies between the volume of waste and the population, as well as between the volume of sorted waste and the
total volume of collected waste. These models were then tested for adequacy and statistical significance using
correlation coefficients (R*>0.75), the Student's t-test, and Fisher's F-test (p>0.95).

2. Based on the reference information [12, 13], we formed a ranked range of specific heat values for MSW
combustion based on the morphological composition, which was determined as part of collecting statistical data. These
ranked values were then divided into two main groups: I — heat of combustion 22-45x10° kJ/kg; Il — heat of
combustion 17-21x10° kJ/kg (Fig. 1).
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Fig. 1. Specific heat of combustion during MSW incineration (by morphological composition), kJ/kg

In this context, incinerating the entire volume of collected waste is often not practical or efficient, as there is not
only a concern about the economic benefits of energy production, but also a serious issue with environmental pollution
from combustion products [13].
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3. In order to assess the preference of a multi-alternative choice of MSW sorting options, an initial set of criteria for
assessing emissions/discharges of pollutants was formed, based on the idea of identifying the preference structure for
municipal solid waste sorting [14]. The alternative sorting options in the selection task were a sequential change in the
proportion of MSW groups (groups I and II), respectively, in conditionally accepted ratios (10/90, 30/70, 50/50, 70/30, 90/10).

4. The multi-criteria problem of choosing the optimal MSW sorting option for further incineration has been solved.
One of the approaches to solve this problem was the method of constructing value functions [15], and the search for the
best alternative was carried out on the basis of the “ideal” point method. The value function determined the degree of
approximation of the obtained solution to the ideal point, as the coordinates of which the maximum (minimum) values
of individual criteria could be used, i.e. the best values. As a rule, the obtained criteria values were normalized to one
according to the following formula (1):

Zinorm :(Zi_Zimin)/(zimax_zimin)’ (1)
where Ziom — normalized value of criterion Zj; Zimin, Zimax — maximum and minimum values of the i-th criterion,
respectively.

The modeling was conducted for a specific morphological composition of municipal solid waste. For this waste,
sorting and disposal (incineration) options were developed. These options were characterized by the maximum energy
value (electricity generation) based on the heat of combustion of individual components, and the minimal emissions of
pollutants (including carbon footprint (greenhouse gases)) (Table 1).

Table 1
Formation of the initial set of alternatives for sorting and evaluation criteria for pollutant emissions (including carbon
footprint) and MSW incineration (base plant capacity 0.5 tons/hour)

Criteria for estimating pollutant emissions (including carbon footprint (greenhouse gases))
and the effectiveness of incineration

Heat of combustion Gross emissions of pollutants
MSW sorting (energy value of MSW (kg/h) / (t/year)
options (group I/ (according to the
1), % hological . . . .
group 1), % H::ipg::ﬁ;? Flv ash Sulfur oxide Nitrogen oxide | Carbon oxide
y as
. SO N>O CO
of the sorting)) (502) (N:0) (CO2)
(kJ/kg)
Opt. 1 (10/90) 4033 0.05/0.30 0.07/0.36 0.18/1.03 0.40/2.23
Opt. 2 (30/70) 5782 0.14/0.76 0.11/0.59 0.41/2.42 0.79/4.43
Opt. 3 (50/50) 8532 0.22/1.22 0.15/0.82 0.64/3.60 1.18/6.63
Opt. 4 (70/30) 11282 0.30/1.68 0.19/1.05 0.87/4.88 1.57/8.83
Opt. 5 (90/10) 14031 0.39/2.14 0.23/1.28 1.10/6.17 1.96/11.03

Note: " The calculation was based on the elemental composition of the components in the municipal solid waste
(MSW) working mass, the yield of volatile substances, the percentage of each component, and the lowest calorific value
of each component.

The research was conducted in the MS Excel and Statistica programs (data analysis and regression analysis modules).
Results. According to statistical data, it was revealed that the morphological composition of MSW over the past 5
years remained relatively stable with minor seasonal fluctuations and included (the data of the average and standard
deviation): organic waste — 49.3+£5.4%; secondary waste (plastic —10.2+2.1%, paper — 10.2+£5.3%, metals —
10.243.1%, glass — 8.1£2.2%, other waste — 12+4%). At the same time, there was a clear correlation between the
population size (PS) and the volume of waste accumulation (WV). Based on the least squares method, using the data of
the collected statistics, a dependence was obtained (WV = 442/n(PS) — 5585.5, R*> = 0.67) followed by the calculation
of the pairwise correlation coefficient (Fig. 2).
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Fig. 2. Dependence of the volume of waste disposed of (WV, million tons/year) on the population size (PS, people)

In addition, another problem related to the waste sorting process was identified at MSW landfills. The analysis
showed that when the volume of collected waste (CW) exceeded 600 thousand tons, the amount of sorted waste (SW)
practically did not change ((SW) = 37484(CW)*'2°%2; Rz = (0.79), which, in turn, affected the efficiency of further
recycling (Fig. 3). This conclusion confirmed the expediency and relevance of the applied research related to the
analysis of the MSW management system, structural sorting by morphological composition and adaptive formation of
waste streams.

As noted above, one of the most common methods of industrial waste processing is incineration, and the basic
indicator of its effectiveness is the amount of energy produced by incineration, characterized by the specific heat of
incineration of a particular type of MSW [16].
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Fig. 3. Dependence of the volume of sorted waste (SW, t) on the total amount of waste collected (CW, t))

In the course of the research, a function was calculated that determined the degree of approximation of each sorting
alternative to an ideal value (ideal point). The minimum emission values (fly ash, sulfur oxide, nitrogen oxide, and
carbon oxide), as well as the maximum value of the heat of incineration (MSW energy value, determined based on the
morphological composition) were used as such values. When calculating the distance to the ideal point, the weight
(significance) of each of the evaluation criteria was assumed to be equivalent. If necessary, the model could be
supplemented with expert modeling procedures that established weighting coefficients for specific sorting and
incineration tasks. The optimal alternatives for this method included options 3—5 (Fig. 4). Due to the presence of
different sizes, the normalization procedure and calculation of the sensitivity coefficients of the multiple linear
regression model, the function of MSW incineration heat, were carried out (Table 2).
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Table 2
Functions of sensitivity coefficients of the incineration efficiency model (energy value (EV)) of MSW to the change of
the values of sorting parameters and gross emission of pollutants

Parameter Ratio sensitivity coefficient TCr/ X

X Opt.1 Opt.2 Opt. 3* Opt.4* Opt.5*

(10/90) (30/70) (50/50) (70/30) (90/10)

Fly ash 1681.31 2141.82 2981.76 3167.61 3998.43

Sulfur oxide (SO.) 2619.16 4314.19 5514.26 6412.13 7571.51
Nitrogen oxide (N>0O) 8314.19 9368.14 11365.91 13591.21 15910.12
Carbon oxide (COy) 1323.12 1436.84 1509.43 1609.19 1943.18
Consolidated member 1423.12 1556.81 1919.35 2193.45 3005.45

Correlation coefficient 0.79 0.89 0.82 0.76 0.81

Note: * Optimal MSW sorting options (according to Table 1).
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Fig. 4. Determination of the degree of approximation of the obtained solutions for MSW sorting options to the ideal point

Thus, in the course of our research, we have identified optimal options for sorting MSW from the perspective of
incineration, taking into account heat of combustion and emissions of pollutants, including carbon footprint indicators.

In order to create a set of parameters for the incineration efficiency model, which, according to the initial
formulation, were subject to variation based on the results of the proposed sorting, taking into account the
morphological composition of MSW, in addition to sensitivity coefficients, statistical characteristics of variation and
correlation are determined. Based on the analysis of the obtained sensitivity coefficients of the MSW incineration
efficiency model, the maximum possible absolute values of these coefficients were established and conclusions were
formulated on the need to consider those structural elements of morphological composition, the combustion of which
would ensure the lowest emissions of pollutants into the atmosphere.

Discussion. The results of the study have allowed us to develop a number of significant recommendations regarding
the optimization of the MSW sorting process for incineration.

The revealed logarithmic relationship between the population and the volume of waste removed (R? = 0.67) was
consistent with the research results of other authors in the southern [11] and central [12] regions of Russia, where a
nonlinear nature of MSW accumulation in urbanized territories was also noted. The obtained correlation coefficient
indicated the presence of stable relationship, however, the value of R* < 0.7 indicated the influence of additional factors
(consumption level, seasonality, economic activity) that were not taken into account in the model. This limitation
required further research to expand the set of variables to improve the accuracy of predicting the volume of MSW

formation.
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Of particular interest was the discovered power-law dependence of the volume of sorted waste on the total amount
collected waste (R?> = 0.79), demonstrating the saturation effect when exceeding the threshold of 600 thousand tons.
This result was explained by the limited capacity of existing sorting facilities and the insufficient development of
recycling infrastructure in regions with high levels of waste generation. Similar conclusions were drawn in a research
paper [17], where the authors pointed out the technological and organizational barriers to scaling sorting processes. The
revealed limitation underlined the need not only to increase the capacity of sorting stations, but also to introduce a
separate collection system at the level of primary sources of MSW formation.

The relative stability of MSW morphological composition over a five-year period, with organic waste accounting for
49.3+5.4% and recycled materials — approximately 50%, corresponded to global trends in countries with developing
waste management systems [5]. The predominance of the organic fraction was typical of regions with low levels of
separate collection and distinguished Russian practice from that of Scandinavian countries and Western Europe, where
the proportion of organic material had been reduced to 20-30% through active composting and biological
treatment [11]. These differences explained the lower average calorific value of Russian MSW compared to that of its
European counterparts.

The application of the ideal point method for the multi-criteria selection of optimal sorting options was an
adaptation of the classical decision theory approach to the specific task of waste management. The obtained optimal
options (group I/II ratios: 50/50, 70/30, 90/10) demonstrated a compromise between maximizing energy value (heat of
combustion from 8532 to 14031 kJ/kg) and minimizing environmental damage from emissions. It was important to note
that an increase in the proportion of high-calorie fractions (group I) led to a proportional increase in gross emissions of
pollutants — fly ash ranging from 0.22 to 0.39 kg/h; SO: ranging from 0.15 to 0.23 kg/h; N2O ranging from 0.64 to
1.10 kg/h, and CO: ranging from 1.18 to 1.96 kg/h. This was consistent with the fundamental laws of thermal
processing, as described in the works of Khantimirov [6], Konovalov [7], Vaitikunene [13] and other authors, where it
was shown that materials with high heat of combustion (plastic, rubber) generated more toxic combustion products.

The calculated sensitivity coefficients for the model (Table 2) allowed us to quantify the impact of different types of
emissions on the energy efficiency of incineration. Heat of incineration demonstrated the greatest sensitivity to changes
in nitrogen oxide emissions (coefficients ranging from 8314.19 to 15910.12), which was explained by the specifics of
oxidative processes during high-temperature combustion of nitrogenous components of MSW. The obtained values of
correlation coefficients of the models (0.76-0.89) indicated sufficient reliability of the regression relationships, although
option 4 showed a relatively lower value (0.76), which could indicate nonlinear effects with this ratio of components.

The assumption made in the research that all evaluation criteria had equivalent weighting coefficients was a
simplification that could be justified at the initial stage of analysis. However, it required clarification for specific
practical tasks, depending on regional environmental priorities and air quality standards. Different types of emissions
could require a differentiated approach. For example, in urban agglomerations with tense environmental situation, CO2
emissions criterion (carbon footprint) could have more weight due to Russia's climate commitments.

The limitation of the presented model was the basic capacity of the incinerator (0.5 t/h), which was typical for small
and medium-sized incinerators. When scaling up to large plants with a productivity of 10-50 t/h, it was necessary to
adjust emission parameters by taking into account scale and using modern gas purification systems. Additionally, the
model did not consider the economic aspects of sorting and incineration — capital and operating costs, the cost of
electricity, which limited the possibility of practical application of the results without additional feasibility studies.

Practical significance of the results lies in the possibility of their use in planning and optimizing the MSW
management system at the regional level. Certain optimal sorting options can serve as targets for waste management
operators when forming technical specifications for sorting complexes and coordinating waste flows between sorting
stations and incinerators. The calculated sensitivity coefficients make it possible to quickly assess changes in

environmental and energy indicators when adjusting the morphological composition of the sorted MSW.
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A comparison of the results obtained with international practices showed that the proposed approach was in line
with the trends of incorporating environmental criteria into waste management [8]. However, in order to reach the
indicators of leading European countries (utilization rates of 50-68%, burial rate of 1%), a comprehensive
transformation of the entire MSW management system is necessary, including not only optimizing sorting for
incineration but also developing alternative processing methods such as organic composting, recycling of recyclable
materials, and production of RDF fuels.

It is advisable to focus further research on the development of dynamic models that take into account seasonal
variability of MSW morphological composition, as well as on the integration of expert assessments to determine the
weighting coefficients of criteria depending on regional specifics. A promising direction is the creation of digital
platforms for monitoring and managing garbage flows in real time using the obtained regression dependencies and
optimization models.

Conclusion. In the course of the work, the main goal was achieved — optimal sorting options for municipal solid
waste were determined for incineration based on the heat of combustion and emissions of pollutants.

The following tasks have been solved:

1. Statistical data of the MSW management system were collected and analyzed; relative stability of the
morphological composition of waste over a five-year period was established (organic — 49.3+5.4%, recycled
materials — approximately 50%).

2. Regression dependencies of the volume of waste collected on the population (logarithmic, R* = 0.67) and the
volume of sorted waste on the total amount collected (power-law, R? = 0.79) were obtained; the effect of saturation of
sorting capacities at volumes over 600 thousand tons was revealed.

3. A set of five alternative MSW sorting options has been formed according to the ratio of groups with different
energy values (group I: 22-45x10° kJ/kg; group II: 17-21x10? kJ/kg), the volumes of pollutant emissions (fly ash, SO,
N:0, CO») for each option at the plant base capacity of 0.5 t/h have been calculated.

4. Using the ideal point method, three optimal MSW sorting options have been identified (ratios of groups I/II: 50/50,
70/30, 90/10), providing a compromise between maximizing energy value (heat of combustion 8,532-14,031 kJ/kg) and
minimizing environmental impact.

The sensitivity coefficients of the incineration efficiency model have been calculated, showing the greatest effect of
nitrogen oxide emissions on the energy characteristics of the process. The regression models obtained have sufficient
statistical significance (correlation coefficients of 0.76—0.89).

The research results can be used by regional waste management operators when planning the operation of sorting
complexes and incinerators, as well as when forming strategies for the development of MSW processing infrastructure
in accordance with the goals of the “Industrial Development Strategy for the Treatment, Disposal and Neutralization of
Industrial and Consumer Waste in Russia until 2030”!!.

Prospects for future research include the development of dynamic models that take into account seasonal variability
in the composition of MSW, the implementation of expert procedures to determine the weighting coefficients of criteria,

and a feasibility analysis of the sorting options obtained for different production scales.
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