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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. Optimization tasks in many technological processes are inherently
multidimensional and often characterized by uncertainty and fuzziness. This study
focuses on the development and application of a method for solving multi-criteria
optimization problems under such fuzzy conditions, using the delayed coking
process as a case study. Main Results: A heuristic method has been developed by
combining and modifying the principles of the main criterion and ideal points to
address multi-criteria optimization in a fuzzy environment. Traditional methods
for solving fuzzy optimization problems typically involve converting the initial
fuzzy problem into a series of crisp (deterministic) problems using level sets.
Scientific Novelty: The novelty of the proposed heuristic approach lies in its ability
to formalize fuzziness and solve the original problem directly in the fuzzy domain,
without transforming it into a set of crisp sub-problems. This leads to more accurate
and practically applicable solutions in fuzzy environments. Practical Value: The
proposed method can be effectively applied to optimize the operational parameters
of complex industrial processes where uncertainty is a significant factor. Results:
The optimization results for the delayed coking process demonstrate the advantages
of the proposed fuzzy approach compared to traditional methods. This multi-criteria
fuzzy optimization method enables more effective decision-making by leveraging
available fuzzy information to its fullest extent.
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AHHOTanmus. OHAIPICTE KONTETeH TEXHOJOTHSUIBIK IMPOIECTEPiH OMTHCMHU-
3aIUsIay eCenTepi MpaKTHKaa KOrl eeM Il 00bIn Tadbuiaabl. Byl sKYMBICTBIH
MakcaThl KeHOip TEXHOIOTHSITBIK ITapaMeTpIIep liH aifKbIH eMECTITiHeH OenTici3IiK
KarJgaipiHaa Oasy KOKCTey TIPOIECIHIH MBICANBIHAA, OHIIPICTIK KypAeli
TEXHOJIOTUSIIBIK MPOIIECTEPl KOMKPUTEPHUILTI ONTHMH3AIIUIAY ECENTEePiH 3ePTTEY
YKOHE IIeTITy OOJIBIN TaObLTa bl Heri3ri HoTHIKenep: HeTi3ri KpUTepHil MeH Ueal bl
HYKTeJep MPUHIUNTEPiH Moar(HUKaNusay )KoHe OipiKTipy Heri3iHae aliKbIH eMec
opTajga KONMKPUTEPHUIIIK ONTHMH3ALMUSIIAY €CENTEPiH IMICIIYIiH 3BPUCTHKAIBIK
TOCLT KYPBULIBI. AWKBIHCBI3BIKTa ONTHMHU3ANMSIIAY €CEeTTEPiH MEITyaiH Oenrimi
Tocinmepi OacTamkpl alKbIH €MeC €CelTi KONTEeTeH o JeHreiiepre Heri3IeNreH
afKpIH ecenTep JKUBIHTBIFbIHA TYPJICHAIPYTre Heri3nenreH. FhulbIMU JKaHATBIFbL.
KenkpuTepHiini onTuMHU3anusIIay ecenTepit MEeHIyAiH YChHBUTFAH dBPUCTUKAIBIK
TOCIUTIHIH FBUIBIMHA KAHAJIBIFBl OACTANKbl alKbIH €MeC ecell alKbIH ecenTep
JKUBIHTBIFBIHA AfHAJIBIPMAaH, aHBIK €MEC OpTaaa TYXKBIPHIMIAIBII, MICHIICTIH

180



ISSN 2224-5278 3.2025

Oonanpl. IlpakTukanblk KyHABUIBIK. HoTmkenepaiH NpakTUKANbIK KYHABUIBIFHI,
aJBIHFaH HOTIDKENEp CUNATTANAThIH KYPHAETl OHIIPICTIK OOBEKTIIepAiH JKYMBIC
PSKUMIIEPIH ONTUMH3AIMIIAY €CeNTepiH IIemy VIIH ic JKy3iHae Typii
OH/IIPICHUTIK cananapblHAa KoJIaHblIa anansl. Hotmkenepi. basy kokcrey mporecin
ONITUMU3AIUSITIAY HOTHKEIIEPi OSNTiTl TOCUTIepAIH HOTHKEIIEPiIMEH CallbICThIPFaH/Ia
YCBIHBUIFaH aHKBIH €MEC TOCUIIIH apTHIKIIBUIBIKTAPBIH pacTaiibl. ¥ CHIHBUIFAH
ABPUCTUKAJIBIK TOCLT JKOHE OENTiNi JeTePMUHUPICITEH TOCIIEp HETI3iH/e aHbBIK
eMec opraja Oasy KOKCTEY IPOIECiH KOMKPUTEPHUILT ONTHUMH3AIMIIAY eceOiH
eIy HOTIIKECIHAE IBPUCTUKAIBIK TOCUT calla KOPCETKIMTepl KaKeTTi JeHTrei e
KOKC KOJIeMiH caraThlHa 2,06 TOHHara apTThIPyFa MYMKIHJIIK O€peTiHI aHBIKTaJJIbI.
By KOKCTHI carymaH adTapibIKTall SKOHOMHUKAIBIK THIMAUTIK ajdyFa MYMKIHIIK
Oepeni. CoHbIMEH KaTap, YCHIHBUIFaH 3BPHCTHKAJBIK TACLI OENTii TocimaepMeH
eCKepiIMereH alKbIH eMec IIeKTEYJIEpIiH TaJanTapblH €CKepyre A€ MYMKIHIIK
Oeperi.

Tyiiin ce3nep: Oasy KOKCTey Mporieci, alKbIH HEMeC aKapar, ONTHMH3AIHSIIAY
MPUHIIMATITEP], TIENTiM KaObUIIAyIIbl TYJIFa, dBPUCTUKAJIBIK TICLI, 0asy KOKCTEY
KOHJIBIPFBICHI.
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AHHOTaIII/IH. 33[[3.‘11/1 ONTUMHU3AIUU MHOI'MX TEXHOJOTHMYCCKUX IIPOHECCOB
MMPOU3BOACTB HaA IMPAKTUKE ABJIAIOTCS MHOTOMEPHBIMH M YaCTO XapPaKTCPU3YIOTCA
HCYCTKOCTHIO HEKOTOPBIX BAXKHBIX IMAPAMETPOB, OMUCHIBAKOIUX Ka4YCCTBa pa6OTI:I
MMPOU3BOACTBCHHBIX 0OBEKTOB. L[CJ'H:}O ,Z[aHHOfI pa6OTLI SABJIIACTCA UCCIICAOBAHUEC U

181



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

pelIeHue 3aj1a4 MHOTOKPUTEPHATEHOW ONTHMH3AIMH CJIOXKHBIX TEXHOJIOTHYECKUX
MPOIIECCOB TIPOM3BOJCTBA Ha MpHMEpe TMporecca 3aMeIJICHHOTO KOKCOBaHUS
B YCJIOBHUSX HEOIPEISICHHOCTH W3-32 HEUETKOCTH HEKOTOPHIX TapaMeTpoB
mporiecca. K OCHOBHBIM pe3yibTaraM HCCIIEIOBaHUS OTHOCSTCS: pa3padOTaHHBIN
ABPUCTUYECKUI METO]| PEIICHUs MHOTOKPUTEPUAIBHON 3a/Ja4d ONTHMHU3AINU B
HEYETKOW cpelie Ha OCHOBE MOTU(UKAIMKM U COYETAHUS TPUHITUIIOB OCHOBHOTO
KpUTEpHs U UIealTbHBIX ToueK. Hay4yHast HOBU3HA MPENTI0KEHHOTO SBPUCTHYECKOTO
METOAa pEIICHHs 3a/laddl MHOTOKPHTEPHAIHLHONW ONTUMHU3AIMM B HEYETKOU
cpele 3akiodaeTcss B (hOpMaNM3aliyd HEYETKOCTH, ITOCTAHOBKE W PEIICHUS
WCXOJHOW 3a/laud B HEYETKOW cpeie, He MpeoOpasyst K HabOpy UYETKUX 3a/ad.
[IpakTryeckas EHHOCTh PE3YNIETAaTOB B TOM, YTO ITOJYYEHHBIC PE3YIBTaThl MOTYT
ObITh (h(hEeKTUBHO MTPUMEHEHBI Ha MPAKTHUKE JUISl PEIICHUS 3a1a9d OTITUMU3AIIUU
PEXKUMOB pabOTHI CIIOKHBIX MTPOU3BOICTBEHHBIX 00BEKTOB Pa3IUYHBIX OTpaciei,
KOTOpBIE XapaKTePHU3YIOTCS HEYETKOCTHIO. Pe3ynbTaThl ONTHMH3alWM Ipoliecca
3aMEJUIEHHOTO KOKCOBAaHHS TOATBEPXKIAIOT TNPEUMYIIECTBA MPEIOKEHHOTO
HEYETKOTO TIOAXOAa IO CPAaBHEHHWIO C pe3yiIbTaTaMH W3BECTHBIX ITOXOJIOB.
[IpemmaraempIii MHOTOKpUTEPUATBHBIN METO/I HEYETKOW ONMTHMH3AIMH TTO3BOJISIET
MpUHUMATh Oosee A(PQPEKTHBHBIE PEIICHUS B HEYETKOW cpeje, MaKCHMalIbHO
WCTIOJB3Ysl OCTYIHYIO HEYeTKyI0 MH(popMalmi. B pesynbrare pernieHus 3anad
MHOTOKPUTEPUATHHON ONTHUMH3AIMKA TIpoIlecca 3aMeNIEHHOTO KOKCOBAaHHUS B
HEYETKOM Cpejie Ha OCHOBE MPEIIOKEHHOTO ABPUCTUIESCKOTO METO/Ia U M3BECTHBIMU
JNETEPMUHUPOBAHHBIMA METOJ]AMH YCTAaHOBIIEHO, YTO HBPHUCTUYECKHH METOI
MTO3BOJISIET YBEITUIHUTh O0BEM KOKCa C TPeOyeMbIMHU KaueCTBEHHBIMHU ITOKA3aTEISIMU
Ha 2.6 TOHHa Yac.

KaroueBsbie ciioBa: mpoiiecc 3aMe/IJICHHOTO KOKCOBaHUS, HeYeTKass HHPopMa-
IUs1, IPUHIIATIBEI OTITUMATBHOCTH, JIUIIO, IPUHUMATOIIEe PEIICHHUs, SBPUCTHYECKUAN
METOJI, yCTAaHOBKA 3aMEIJICHHOTO KOKCOBaHUSI.

Introduction. Currently, a more promising direction for the development of
oil refineries in Kazakhstan is to increase the depth of oil refining through deep
oil refining processes, including the processing of fuel oils and tar sands and the
production of petroleum coke and additional petroleum products. Technological
processes of delayed coking take place at Delayed Coking Unit (DCU) of refineries.
These processes are intended for the production of high quality petroleum
petroleum coke and additional petrol, light and heavy gasoil by deep processing of
heavy oil refining residues (tar, fuel oil). The DCU delayed coking process is the
most efficient technology for the production of high-quality petroleum coke and
additional petroleum products, for which there is a great demand in the market.

The main products of DCU are petroleum coke obtained from coke reactors, as
well as gas, petrol, light and heavy gas oils produced in the main rectification column.
The delayed coking process takes place in coking reactors at high temperatures and
pressures for more than two dozen hours. From the coking reactors, in addition to
petroleum coke, which is the target product, petroleum product vapours are released
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and sent to the main DCU rectification column, where petrol, light and heavy gasoil
are produced.

The problem of solving these optimisation problems in addition to multicriteria
is complicated by the fact that they are also characterised by fuzziness, since some
elements of the problem are described fuzzily. In these cases, it is necessary to
develop and apply heuristic methods based on the use of fuzzy information from
the decision maker (DM), subject matter experts and their creativity to solve such
multi-criteria optimisation problems in a fuzzy environment. Fuzzy information
in this case represents the knowledge, experience and intuitions of the DMs and
experts expressed in natural language. Let us present the results of the analysis of
the research devoted to the issues of modelling and multi-criteria optimization of
DCU operation modes and other facilities Ahmadlouydarab and others in the article
(Ahmadlouydarab, et al., 2023) carried out an accurate mathematical correlation for
estimation of coke yield at DCU. The authors of the works (Assanova, et al., 2023;
Borges, et al., 2015) investigated the issues of mathematical modeling of DCU
operation. These works develop deterministic models that are based on fundamental
laws and are universal. But in practice very often problems of uncertainty arise
due to the probabilistic and/or fuzzy nature of the input data required to develop
such models. Even though it is theoretically possible to measure them indirectly,
the procedure for measuring them in practice is often not economically feasible.
Therefore, such production parameters and metrics are usually estimated fuzzily, in
the natural language of DMs and subject matter experts.

In the monograph, Statnikov (Statnikov, et al., 2005) and others identified
mathematical models of complex objects characterized by stochastic data. Shakeri
Z, Douglas, Wen and other authors in (Shakeri, et al., 2021; Wen, et al., 2018) have
explored and proposed approaches to developing models of complex objects based
on available statistical data based on probabilistic methods. These approaches are
more applicable to the development of models and optimisation of real production
objects in practice, but they are not applicable under conditions of uncertainty due
to the fuzziness of the initial data, when the axioms of probability theory are not
fulfilled. In this regard, this work uses the methods of developing fuzzy models
proposed by us in research (Orazbayeyv, et al., 2023; Orazbayeyv, et al., 2022) based
on the fuzzy modeling studied in the works of the authors (Aliev, et al., 2018; Ali,
etal., 2001).

Many works have been devoted to methods of multi-criteria optimization of
parameters and operating modes of various objects based on their models, for example.
In the research of Brans, Saber and others, a review and analysis of multicriteria
optimization methods for solving various problems was carried out. The authors
of investigated the issues of multicriteria optimisation of dynamic systems using
predictor-corrector methods and dynamic object model. Multi-criteria optimization
based on the method of studying the parameter space in engineering is proposed in
the work of Statnikov and Matusov. Interactive methods of multicriteria optimization
have been investigated and compared based on empirical experiments in.
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In an approach to to multi-criteria optimization based on evolutionary methods
and genetic algorithms has been investigated. In particular, in the studies of
Coello, He and others, Evolutionary multi-objective optimization was analyzed
and a method of evolutionary multi-purpose optimization based on Generative
Adversarial Networks was proposed. A new multiobjective evolutionary algorithm
based on the Pareto principle and an approach to evolutionary multicriteria
optimization based on metamodels and methods of multicriteria decision-making
are proposed respectively in.

Genetic algorithms and their application issues for solving multi-criteria
optimisation problem are discussed in, and Lu and Yen proposed a multi-criteria
genetic algorithm based on rank density in. Deb and others in proposed a fast and
elitist multiobjective genetic algorithm using a non-dominant multi-criteria sorting-
based expert Advisor, which allows to increase the speed of searching for optimal
solutions. Features of the formulation and generalization of heretic algorithms for
multicriteria optimization: discussed in. Although all the main issues of multi-
criteria optimisation based on mathematical models and search optimisation have
been investigated in the above analysed papers, but the issues of multi-criteria
optimisation in fuzzy environment have not been considered.

In the works of Aliev, Zaichenko, Dymova and others, methods of multicriteria
fuzzy optimization based on fuzzy/stochastic approaches and sets of level o of
fuzzy set theory are investigated. And in, the issues of using the fuzzy optimization
method in decision-making are considered. In these works, the effectiveness of
the solutions obtained based on the methods of the proposed methods in a fuzzy
environment is demonstrated. But since the outlined multi-criteria optimisation
methods are based on a set of level o, some of the original fuzzy information
representing the experience, the knowledge and intuitions of the DMs and experts,
is lost when converting the fuzzy problem to a set of crisp problems. This will lead
to reduced decision adequacy when solving manufacturing problems in a fuzzy
environment. Such a situation motivated this study, which aims to develop a fuzzy
approach to solve a multi-criteria fuzzy problem without converting the original
fuzzy problem to crisp problems. The purpose of this study is to develop a heuristic
approach to solving multi-criteria fuzzy optimisation problems, allowing maximum
use of experience, knowledge and intuition of the DMs and experts, providing high
adequacy of the obtained solutions in a fuzzy environment. In addition, based on the
developed heuristic method, the problem of multi-criteria optimisation of delayed
coking process in DCU Atyrau refinery in fuzzy environment will be solved. To
achieve the stated goal, the following research tasks are set and solved:

— Formalisation and formulation of multi-criteria optimisation problem in fuzzy
environment on the basis of modification of various optimality principles to work
in fuzzy environment;

— development of an approach and a specific heuristic method for solving the set
multi-criteria optimisation problem in a fuzzy environment;

— solution of the set problem of multi-criteria optimisation of the delayed coking
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process on the basis of the developed heuristic method and models developed taking
into account the fuzziness of initial data.

The developed heuristic method for solving a multi-criteria optimisation
problem in a fuzzy environment makes it possible to use DMs’ and computational
capabilities to iteratively improve and identify efficient solutions taking into
account DMs’ preference.

Materials and methods. The object of research is DCU model 21-10/6 of
Atyrau refinery, designed for production of high quality petroleum coke and other
petroleum products from tar and the quality of its work is evaluated by many
criteria. Some important parameters, indicators characterising the qualities of
manufactured products in production conditions are not directly measured, but are
estimated by DMs and specialists in a fuzzy way in natural language. Therefore, the
development of models of the main units and solving the problems of multi-criteria
optimisation of the operating modes of the object have to be implemented taking
into account the fuzziness of some part of the initial information, representing the
experience, knowledge and intuition of DMs and expert specialists.

The flow diagram of the DCU 21-10/6 operated at Atyrau refinery is shown in
Figure 1.
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16 16 6 - Y 1o o
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The main units of the DCU are as follows: 1—coking reactors; 2—secondary raw material heating
furnaces; 3—primary raw material heating stoves; 4—the main rectification column.
Figure 1. Technological scheme of the DCU 21-10/6 of Atyrau refinery.

The main units of DCU 21-10/6 include coke reactors R-1, R-1 u R-3, R-4
operating in parallel, main rectification column C-1, primary F-1, F-4 and
secondary F-2, F-3 heating furnaces. The delayed coking process on the DCU 21-
10/6 proceeds as follows. The tar, which is the feedstock, is heated in primary
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feedstock furnaces (F-1, F-4) to the required temperature and is fed to the lower
part of the main distillation column C-1. In C-1 the distillation process takes place
and tar together with vapours of oil products from coking reactors, depending on
boiling point, are divided into: gases; petrol; light and heavy gas oils and residues.
The residues from the bottom of the column are heated in secondary feedstocks (F-
2, F-3) and fed into coking reactors (R-1-R-4), where the delayed coking process
takes place and petroleum coke is produced. In addition to coke, R-1-R-4 releases
vapors of petroleum products sent to the C-1 rectification column.

The quantity and quality of coke and other commercial products of DCU depend
on the conditions of the processes, on the operating modes, i.e. on the values of
input and operating parameters of the main units of the plant. The problem of
optimisation of delayed coking process at DCU is multi-criteria and fuzzy, since the
quality of coke reactor operation is evaluated by several criteria, such as coke and
oil vapour volumes and coke quality parameters. This problem also has a vector
of constraints on the values of the regime parameters and on the quality indicators
of coke, which are not directly measured, in production are estimated fuzzily
according to the standard and with the participation of specialists.

In order to optimise the process of delayed coking in DCU coking reactors to
obtain the maximum volume of coke with the required quality parameters, it is
necessary to develop mathematical models of these reactors. The developed models
should describe dependences of volume and quality indicators of produced coke on
input and mode parameters of coking reactors. Since the quality indicators of coke
(ash content and volatility of coke) are estimated in a fuzzy way with the participation
of DMs and specialists will have to develop fuzzy models that take into account
the influence of input, mode parameters of the coking process on coke quality. To
optimise the coking process we use fuzzy models of ash content and coke fugacity
estimation from the volume of raw material, temperature and pressure of coking
reactors, coking index of raw material and recirculation coefficient developed by us
in. These models are developed by us on the basis of the system method proposed
in the above paper, which allows us to synthesise fuzzy and other types of models
of interconnected units of the technological system on the basis of available fuzzy
and other data.

A multi-criteria optimisation problem in a fuzzy environment shall be
considered as an optimisation problem under conditions of a vector of criteria and
several constraints in which all or some elements (criterion, constraints, weight
coefficients) are fuzzy. In a general form, the problem of multi-criteria otimisation
of the delayed coking process in a fuzzy environment for the solution in a fuzzy
environment can be written in the following form:

i T
maxpc(x), i =1,m, (1)
X = {xaromgru (.0 =11} @
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where #c(x),i =1,m _normalised local criteria’ that take values in the interval
[0,1] (coke and oil vapour yield), the values of which are determined on the basis
of models; x = (xy, ..., x,) — vector of input, mode parameters of coke reactors,
influencing the process of delayed coking; X - admissible area of the solution;

maxiq (x),q=1L _ membership functions evaluating the degrees of fulfilment
of fuzzy constraints on coke quality indicators .

The solution to this multi-criteria optimisation problem with fuzzy constraints
is the values of input, mode parameters x = (xy, ..., X,) maximising the criteria
uc(x),i = 1,m under the condition of fuzzy constraints and satisfying DMs.

The obtained general formulation of the multi-criteria optimisation problem
(1)—(2) is incorrect because it requires to maximise m criteria at a single point and
when solving production optimisation problems it is impossible to find solutions
in which several conflicting criteria will be optimal at a single point. Therefore, to
ensure the correctness of multi-criteria optimisation problem statements in fuzzy
environment, we propose an approach based on the modification of various trade-
off schemes, optimality principles for fuzziness. For example, by modifying the
principles of principal criterion and Pareto optimality for fuzziness, the above
general formulation of problem (1)—(2) can be written in the following form:

1

L), ®
=), i i

X ={x:arg (r)rczgﬂxuc(x) > ,uR) A argmax

L L @)
Zﬁq#q(x)AZﬁq =1ABq >0,i=2mq=11L¢
a=1 a=1

In the above formulation: 2 — the domain of determining the possible values
of x; — logical “and”, requiring the truth of all expressions called through them; the
u&(x) - main criterion; ué (x) — the remaining local criteria taken into account as
part of the constraints; pik — boundary values for local criteria set by DMs, experts;
Uq(x),q = 1,L — membership functions evaluating the degree of fulfillment
of fuzzy constraints; X — the area of acceptable solutions, i.e. x = (xq, ..., Xp),
specified by the technological regulations of the facility.

By changing the values ug and/or vectors of the weighting coefficients of
constraints, itis f =(fy, ..., B) possible to obtain a family of solutions to problem
3)—(4): x(llfe, ‘3) In the process of solving a multi-criteria problem in a fuzzy
environment, the DMs, based on its preference, taking into account the current
situation in production, market demand, iteratively selects the best of the family
of solutions. To solve the above problem (3)—(4), based on the adaptation of the
principal criterion and ideal point methods for fuzziness, a heuristic method can
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be developed that works with DMs’ participation and allows iteratively improving
the solutions. This method will be effective if it is possible and appropriate data
are available to apply the principles of principal criterion (for criteria) and Pareto
optimality (for constraints). In other situations, other optimality principles need to
be modified and combined. For example, if the necessary conditions and data are
available to apply the principles of relative concession (for criteria) and equality
(for constraints), the multi-criteria optimisation problem in a fuzzy environment
can be formulated as follows:

max YLy v logug (%), (5)
X= {X: arg(ﬁﬂh(x) = Pata(x) = -+ = .BL#L(x))}. (6)

In statement (3)—(4): ¥ = V1, «» Ym) B = (B1, -, BL) — vectors of weight
coefficients, respectively, criteria and fuzzy constraints, and the remaining
designations are described in the statement of the problem (1)—(2). Then, by
changing the values of the weighting coefficients of the criteria and/or constraints,
it is possible to obtain a family of solutions to problem (3)—(4): x(y,B). And
the optimal solution among these solutions is chosen by the DMs based on his
preference, depending on the current situation .

Now let us state the formulation of a multi-criteria optimisation problem with
fuzzy constraints based on the combination and modification of the main criterion
and ideal point principles:

maxug (x) (7

X = {x: arg (r)rcl&)xyic(x) > Il;'g) arg (uq (x) =

> min||ug (x) — MQPHD),i =2mq = 1,'L} )

where |||l is the metric that determines the distances between the membership
functions of fuzzy constraints and their ideal values. The coordinates of ideal
points should be the maximum values of the degrees of fulfillment of fuzzy
constraints; pg = maxpg(x),q = 1,L. If the membership functions of fulfillment
of constraints are normal, then M(I;P =(1,..,1),g =1L

Thus, depending on the type of available information and the possibility of
applying different principles of optimality, combining and modifying them, it is
possible to formulate different statements of multi-criteria optimisation problems
in a fuzzy environment and develop heuristic methods for their solution. This gives
DMs an opportunity to choose a more effective method of solving the problem
of multi-criteria optimisation in a fuzzy environment depending on the type of
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available information and the current situation at the production site and is the
novelty of the proposed approach .

We propose a developed heuristic method for solving multi-criteria optimisation
in fuzzy environment under the setting (7)—(8) based on the modification of the
principal criterion (MC) and ideal point (IP) principles. The block diagram of the
proposed MC+IP heuristic method is shown in Figure 2.

Here is a description of the main blocks of the developed heuristic method.

Inblock 2, the values of the vector of input, mode parameters, the x = (x4, ..., x,,),
priority range of Ic=1{1,..,m} local criteria are entered and the main criterion
with priority u¢(x) having priority 1 is determined.

In blocks 3 and 4 DMs define the term set describing the fuzzy constraints
and for each term construct the membership functions that evaluate the degrees
of fulfilment of the fuzzy constraints Hq (x),q = 1, L and determine the boundary
values for the local criteria yk,i = 2,'m.

1 .

Entering the vector of input. mode parameters of the x = (x,, ... X, ).
prionity range of I = {L.....m} local criteria, determine the main
criterion with priority (%)
[

Define the ferm set for fuzzy constraints and construct the belonging
functions of their fulfilment with DMs' involvement p,(x),q = L L.

¥
4
DMs to define boundary values for local criteria p. i = 2. mwith priorities
I ={2....m}.
+

Determine the coordinates of ideal points
i = max(y (%), ... 4 (%))-

v

Determine the type of metric used ||uy (x) — pif HD

|
v

Solve the problem (7)—(8) and determine the current solutions that
x(pt. |||l p). provide the maximum pi(x). when performing maxy (x) = uk
and ) 2 mi g0 — 21,

Do the current solutions x{uL, ||-[lp)
satisfy the DMs?

Changes DMs' change
g and for [I|p

: !

10 No
the values of the vector x‘(}z;‘;, H'”n).pm\'id.mg the maximum
the main criterion ¢4 (x* (k. |]p) ) . the local valves
criteria at pk (x‘ (k. \I-IID)) least their boundary values
and the maximum values of the degrees of execution of fuzzy
constraints s ( x"(pth. [1p)). .. i ( %" (1t 1lln))-

11

Figure 2. Block diagram of a heuristic method of multicriteria optimization in a fuzzy
environment based on a combination and modification of the principles of optimality MC and IP.
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The coordinates of ideal points are determined in blocks 5 and 6 according
to the formula ,u,’IP = max(ul (), ey, (x)) If the membership functions and
fuzzy constraints are normal, then the coordinates of ideal points will be unity, i.e.
plf =(1,..,1),9 =1,L.

In block 7, the problem is solved when setting (7)—(8) and the current solutions
are determined depending on the selected one st AMIllp. The current solutions
are the values of the vector of input, mode parameters x(u,i;, Illp), providing the
maximum of the main criterio u¢ (x), the values of other criteria not less than their
specified boundary values yi(x) > ub and the maximum degrees of fulfilment of
fuzzy constraints. The maximum degrees of fulfilment of the fuzzy constraints are
determined by minimising the distance between them and their ideal values, i.e.
Hq () 2 min||ug (¥) — ||,

In block 8, the condition is checked whether the obtained current solutions
satisfy the DMs in the previous block. If the current solutions do not satisfy the
DM, they are corrected with boundary values pk,i = 2,'m and/or a different kind
of metric is chosen ||*||p (block 9), and the next iteration starts back from block 6
to improve the solution.

If solutions satisfying the DMs are obtained, the transition is made to the next
block 10 to derive efficient solutions. Effective solutions are those satisfying the
DMs and the solutions chosen by him [Wen and Wang Hui 2018]:

— vector values x (#;:g, [1-1] D), providing the maximum of the main criterion
it (x (ke Il0) )

— the local criteria Valu'es s (x (H}ip -1l D)):i = 2,'m not less than their
specified boundary values ukg;

— maximum values of the belonging function evaluating the degrees of fulfilment
of fuzzy constraints Hq (X (#fe. ||'||D)), Ny s (x (#11;2» ||'||D))- The degrees
of fulfilment of fuzzy constraints are defined as the minimum distances of their
belonging function fromtheirideal values: Hq (x) = min“,uq (x) — .UQP” 4= 1L

Results. The problem of multicriteria optimization of the delayed coking
process with fuzzy constraints is solved based on a system of models of coke
reactors developed in and given in appendices A-D.

We concretize the general formulation of the multicriteria optimization problem
with fuzzy constraints (7)—(8) for the optimization of the delayed coking process
occurring in coke reactors of DCU Atyrau refinery:

1
maxuc(x), 9)

X = {x: arg (r;zgﬂxu%(x) > u;zz) arg (uq (x) =

> min||p, (x) — quP”D),q = 1,2}, (10)
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where ut(x) — is the main criterion: the volume of coke from coking reactors;
1¢(x) — the local criterion: the volume of petroleum vapor from coking reactors;
p% — the boundary value of the local criterion; tq(x),q = 1,2 — membership
functions evaluating the degrees of fulfillment of fuzzy restrictions on coke quality
indicators: volatility (41 (x)) and ash content (i2(x)); x = (x4, ..., Xs) — the vector
of input, operating parameters of coke reactors: x,— volume of raw materials; x,
and x, — temperature and pressure of coking reactors; x,— coking capacity of raw
materials; x; — recirculation coefficient.

The optimal solution of the above two-criteria optimisation problem with
two fuzzy constraints is such a value of the vector of input mode parameters
x = (x1 ,Xg , X3 ,X4 , X5 ), in which the following is achieved:

— the maximum of the main criterion ug(x );

— the second criterion will be no less than the specified boundary value
uz (x ) > u%; the maximum values of the function are provided to fulfill two fuzzy
constraints.

We present the results of solving the problem of optimizing the delayed coking
process (9)—(10) based on the MC+IP heuristic method proposed in Section 2 of the
DCU 21-10/6 of Atyrau refinery coking reactor model system.

1. With the involvement of DMs (senior operators of the coke reactor unit),
experts, the vector of input, operating parameters affecting the coking process
were determined: x = (xy, ..., x5), Ta€ X, — volume of raw materials, x, and x, —
temperature and pressure of coking reactors; x, — coking of raw materials; x; —
recirculation coefficient. They also introduced a number of priorities, I, = {1,2},
where 1 is priority of the main criterion u¢(x) (the volume of coke from reactors),
2 is priority of the second criterion uZ(x) (the volume of vapors of petroleum
products from reactors).

2. The following term-sets 7(Y) = {low, medium, high} are defined with
DMs involvement for two fuzzy constraints on coke quality parameters: “coke
volatility should be no more than < 129”; “coke ash content should be no more
than < 0.7%. Then, for each term, membership functions are constructed that
evaluate the degrees of fulfillment of fuzzy constraints according to the exponential
formula proposed by us in [17]: ui(x) = exp, where ¢ is the number of fuzzy
constraints, ¢ is the number of the term; Q; u N, — are the coefficients of coarse
and fine tuning identified when approximating the graph of the function; % u y;"
— is the fuzzy parameter and the maximum numerical value corresponding to it
(where the membership function takes the maximum value). Thus, the membership
functions for the volatility uf(x),t = 1,3 and ash content of coke are u5(x),t =
1,3 constructed in the form:

ui(x) = exp
pi(x) = exp
13 (x) = ex
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where Q; =0.5), =0.3); N¢=0550.50;0.45 (for pt(x)¢t=1,23);
N; = 0.20;0.15;0.10); (for w30t =1,2,3); y"=7;11;14); (for  pt(x),
t =1,2,3); y'=3:5;7 (for u; L(x),t =1,2,3). The fuzzy values of the volatility
3 and ash content of %4 coke are determined by fuzzy models that evaluate the
quality of coke depending on the operating parameters of coke reactors developed
by us in [34]. These models are given in Appendix C and D.

3. DMs defined the boundary values for the local criterion with priority 2 —
uE(0): ui = 8.

4. The coordinates of ideal points are determined by the formula ,uflp =
max(/.t1 (%), Uy (x)) since in our case the membership function is normal, units are
defined as the coordinates of ideal points, i.e.: ,uIP =(1,1).

5. The type of metric used is determined, and the || pg(x) — uf || Euclidean
metric is selected:

g GO) = i | J&mmM@u).
q

where Bq 4 = 1.2 — are the welght coefficients of fuzzy constraints. Initially,
they are chosen by the DMs to be equal, i.e.: f; = 0.5; 5, = 0.5.

6. The problem has been solved (7)—(8), i.e. maximizing the main criterion
(coke volume) (7) on the set of solvable solutions X, defined by expression (8).
In this case, the values of the main and local criterion are determined on the
basis of the models developed in [36], determining the volumes of coke and oil
vapours depending on the x = (x4, ..., xg). Since the modified on the basis of
the selected principles of optimality problem of multi-criteria optimization in a
fuzzy environment is reduced to a single-criteria optimization problem with three
constraints, the obtained problem is solved on the basis of the penalty function
method using the Manager software package. The problem is solved iteratively, and
current solutions are defined in each iteration:

— the value of the vector of input and mode parameters depending on the value
of the boundary value of the local criterion u and the type of the selected metric
I-llp: xCu, I-113);

— the value of the main criterion gl (x(ﬂl%, ||-||,25)) achieved when (U, |I*[I3);

—thevalue ofthe focal criterion satisfying the condition: ué (x s, 1l E)) > uz;
— maximum values of the accessory function, evaluating the fulfillment

of fuzzy constraints g (x(u,zg, ||-||,25)) and satisfying the condition

Mwhmm%mw%m e

7. The current solutions x(u3, ||-||%) obtained at the previous point are presented
to the DMs to analyse and make a final decision based on his preference, which are
the best given the current production situation and market demand for the products
produced. Since the current solutions obtained in the first 4 iterations did not satisfy
the DMs, in order to improve the solution, he adjusted the values H;Z;, and/or vector
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of weight confidants in the metric § = (f;, 82) and the transition was carried out
back to point 6. At 5-titeration, the best results satisfying the DMs are obtained and
the transition is made to the next point 8.

8. The best solutions are derived, chosen by DMs (uZ, ||-||4),: which provide

. . 1 2 1112 o .
the maximum value of the main criterion #c (¥ (g, II*llE) ), satisfying the given
boundary values of the second criterion: e (X (uz, 112 ) = p# and the maximum

degrees of fulfilment of the fuzzy constraints Hq (x (77 ||'||;Zs)) »q = 1,2, which
are determined from the minimisation condition of the chosen metric. The final
results are listed in table 1.

Table 1. The results of optimization of the process of delayed coking of DCU 21-10/6 of Atyrau
refinery by the well-known deterministic method and the proposed heuristic method MC+IP and their
comparison with real data obtained by DMs on DCU 21-10/6 of Atyrau refinery.

Awell- | MC+IP
Criteria and fuzzy constraints known | heuristic
method | method

21,3 23,9 23,2

Real
data

1 2 q.112
Coke volume, t/h, 1 is the main criterion Hc (x (ur Il )),
The volume of vapors of petroleum products, t/h, 2-local criterion

u? (x W 1112)). 8,5 85 | 85

Membership functions that evaluate the extent to which fuzzy
constraints are fulfilled:

"Coke volatility £ 12%" —py (x (R, ||'||fw));
"The ash content of coke is = 0.7% by weight.": —
e (x g IMID);

Optimal parameters of coking rectors:

- 1.0[11] | (12)*

— | 1.0710.651] (0.7)

x, — the volume of raw materials (tar); t; 105 105 105
x,— temperature of coking reactors, °C; 489 487 488
x,—pressure of coking reactors, kg/cm?; 5,0 5,0 5,0
x,—coking properties of raw materials, %; 7 7 7
x —recirculation coefficient. 11 11 11

Note: — means that these parameters are not determined by this method; ()" — these parameters are
not directly measured, evaluated in a laboratory with human participation; the final values u2 = 8.5;
and 8 = (0.70,0.30).

Discussions. The formulation of the problem of optimisation of delayed coking
process in fuzzy environment (9)—(10) is a two-criteria problem and with two fuzzy
constraints. Coke volume is considered as the first, i.e. the main criterion, and the
second — is the volume of petroleum product vapours from coke reactors. When
solving the formulated problem, the main criterion is #¢(X) maximized, and the
second, local criterion is taken into account as part of the constraints, taking into
account the boundary value imposed on it 4. At the same time, the conditions of
fuzzy constraints shall be met. The fuzzy constraints in the problem to be solved
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are the requirements to the qualitative indicators of coke, i.e. its volatility and
ash content, which are set as fuzzy instructions ‘not more than’ according to the
standard. The values of criteria and constraints depend on the vector of input, mode
parameters of coke reactors. These independent values are defined in the form of
coke reactor models developed by us in, which are used in this paper to optimise
the delayed coking process occurring in coke reactors.

The two-criteria optimisation problem with fuzzy constraints is solved by the
proposed heuristic method using DM’s experience, knowledge and intuition. When
solving the problem sequentially from iteration to iteration, the results are improved
until satisfying DMs, the best solutions are obtained. Comparing and discussing
the obtained optimisation results of the proposed MC+IP heuristic method and
the known deterministic method given in Table 1, the following advantages of the
proposed heuristic method can be pointed out:

1. Unlike the known approaches to solving fuzzy problems, the proposed
heuristic MC+IP method allows solving the problem of multi-criteria optimization
in a fuzzy environment without converting it to a set of clear problems. Since the
transformation of a fuzzy problem to a set of crisp problems loses some of the
collected fuzzy information, the adequacy of the obtained solutions is reduced.
The proposed heuristic method due to the maximum use of the collected fuzzy
information allows to obtain highly adequate solutions of the optimisation problem
in a fuzzy environment. This is confirmed by the data in Table 1, showing a more
accurate match of the results obtained by the heuristic method to real, experimental
data, compared to the deterministic method.

2. The developed heuristic method based on the MC and IP optimality principles
in contrast to the known methods allows to determine the values of the belonging
function of fuzzy constraints, i.e. the degrees of their fulfilment. This allows us to
efficiently solve the optimisation problem with fuzzy constraints by considering the
degrees of their fulfilment.

3. The proposed approach to the development of a heuristic method for
solving multicriteria optimisation problems in a fuzzy environment allows us to
develop other heuristic methods based on the modification and combination of
other optimality principles, such as maximin, equality, relative concession and
others. This allows DMs to choose a more effective method for solving multi-
criteria optimisation problems in a fuzzy environment depending on the type of
available information and the current situation in production and on the market of
manufactured products.

The results of the two-criteria optimisation with fuzzy constraints presented in
Table 1 show that the proposed heuristic method provides better results compared
to the known deterministic method. As can be seen from the comparison results
in Table 1, the proposed heuristic method MC+IP allows to improve the values
of criteria: the volume of whole product, i.e. coke by 2.6 tonnes per 1 hour or
12.21%, compared to the known method. At the same time, the proposed heuristic
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method allows to estimate the degree of fulfilment of the requirements of fuzzy
constraints i (x (Ui, ||-||fp)),,u2 (x (U, ||-||f,)), which is not determined by
known methods.

Conclusion. A heuristic approach to solving multi-criteria fuzzy optimisation
is proposed to make maximum use of the experience, knowledge and intuition
of DMs and experts. A heuristic method of multi-criteria optimisation with fuzzy
constraints is developed by combining and modifying the principles of optimality
of the main criterion and ideal point. The proposed method is implemented in
solving the two-criteria optimisation problem of delayed coking process of DCU
Atyrau refinery with two fuzzy constraints.

The main results obtained in the research process and conclusions are:

1) The formulation of a multi-criteria fuzzy optimisation problem based on the
combination and modification of various optimality principles to work in a fuzzy
environment is formalised and presented;

1) A heuristic method based on the combination and modification of the principal
criterion and ideal point principles is developed to work in fuzzy environment;

3) On the basis of coking reactor models and the proposed heuristic method
MCHIP the problem of two-criteria optimisation of delayed coking process with
fuzzy constraints is solved.

The developed heuristic method for solving a multi-criteria optimisation
problem in a fuzzy environment makes it possible to use DMs’ and computational
capabilities to iteratively improve and identify efficient solutions taking into
account DMs’ preference.

The novelty of the proposed heuristic approach to solving a multi-criteria
optimisation problem in a fuzzy environment is to solve such a problem in a fuzzy
environment maximally using fuzzy information, i.e. knowledge, experience and
intuition of the DMs. This approach allows to obtain more effective and adequate
solutions to the problem of optimisation of operating modes of production facilities
characterised by fuzziness.

Data availability statement

The data that support the findings of this study are available upon reasonable
request from the corresponding author.
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