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The result obtained in the course of solving optimization problems is relevant for use in industrial and
laboratory processes. Multi-criteria optimization involves optimizing two or more conflicting objective
functions.

Materials and methods. On the basis of the kinetic model of the catalytic reaction of the synthesis of
benzylalkyl esters, the task of multi-criteria optimization is set taking into account the variable parameters:
temperature, molar ratio of reagents and the time of carrying out, which have limitations. The use of the
methods of «ideal» point and lexicographic ordering is justified.

Results. An algorithm for solving the multi-criteria optimization problem has been developed. Using the kinetic
model of the synthesis of benzylalky! esters, the problem of MKO of the conditions of conducting was solved
and optimal values of the variable parameters of the system were obtained, at which the output of the target
product was maximized and the by-products of the chemical process were minimized.

Discussion and conclusions. Multi-criteria optimization of this process will make it possible to give
technological recommendations for the industrial implementation of the process with maximum output of
target products and minimum content of by-products. The paper presents two methods for solving the problem,
since in order to apply the results obtained in practice, the recommendations of the decision-maker must be
taken into account.

Keywords: multi-criteria optimization, nonlinear programming problem, Pareto front, kinetic model, molar
ratios of initial reagents, «ideal» point method, lexicographic ordering.

Introduction. Real optimization tasks include several target criteria that conflict with each
other. When researching chemical production, problems arise with maximizing the output of the
target product, minimizing the output of the by-product and increasing productivity or profit. The
mathematical formulation of such a problem defines the task of multi-criteria optimization (MCO).

To solve the problem of multi-criteria optimization, it is necessary to determine the parameters
according to which the optimal value of the variable parameters of the reaction will be found. It is
necessary to understand that the final result of process optimization depends on the choice of the
method of solving the MCO problem and the importance of the objective functions that are
maximized (minimized) during the process.

* The work was carried out within the framework of the state task of the Institute of Petrochemistry and Catalysis, Ural
Federal Research Center, Russian Academy of Sciences (subject no. FMRS-2022-0078).
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The object of the study is the catalytic reaction of the synthesis of benzylalkyl esters, namely
benzylbutyl ether. The catalytic reaction of the synthesis of benzylalkyl esters occurs by
intermolecular dehydration of benzyl and n-butyl alcohols with the formation of three esters: target
benzylbutyl and side dibenzyl, dibutyl. The kinetic model of the catalytic reaction of the synthesis of
benzylalkyl esters is presented in [1]. The model represents a system of differential equations. The
initial conditions are determined, as well as the permissible range of changes in the optimal values of
temperature, reaction time and molar ratio of reagents. These data do not allow for a strong change
in the values of the optimality criteria. For the MKO problem, the methods of solution are selected
and justified, and the analysis of the results obtained is carried out.

2. Materials and methods. The result of solving optimization problems is the search for the
extremum (minimum or maximum) of the objective function. The objective function is a real and
integer function of several variables characterizing certain parameters (price, weight, efficiency,
profit, etc.) under certain constraints.

Let the continuous function f(x) be the objective function, h; (x) ... h,, (x) define constraints
in the form of equalities, and g,,,+1(x) ... g, (x) are constraints in the form of inequalities, where x =

[x1, ..., x,]T is a column vector of components x;, ..., x,, N n-dimensional Euclidean space.
Based on this, the formulation of the nonlinear programming problem looks like this [2-5]:

Minimize f(x),
x € E™, (D
for m linear or nonlinear constraints in the form of equalities
hi(x)=0,j=1,..,m (2)
and (p — m) linear or nonlinear constraints in the form of inequalities
gix)=0,j=m+1,..,p 3)

The general problem of nonlinear programming can be reduced to solving particular problems of
linear and quadratic programming. If both the function (1), the equations (2), and the constraints (3)
are linear, then we have a linear programming problem. If the objective function (1) is quadratic and
the constraints are linear, this is the task of quadratic programming:

to minimize
f(x)=ayg+cTx+xTQx (4)
under restrictions
aTx>b (5)
x =0, (6)

where Q is a positive definite or non—negative definite quadratic symmetric matrix, and a and b are
coefficient matrices.

3. Multi-criteria optimization in the form of Pareto dominance. If the vector of variable
parameters X = (xq, Xy, ..., x,) IS defined in the domain Dx, and the target vector is the function
F(x) = (i(X), f2(X), ..., fmn(X)). Then the multi-criteria optimization problem in the form of Pareto
dominance has the form [6-8]:

max F(X) = F(X*)F* (7)
X € Dx (8)
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where X* is the set of unimproved solutions in the field of variable parameters — the Pareto set (the

desired solution in the field of variable parameters), F*is the set of unimproved solutions in the field

of objective functions — the Pareto front (the desired solution in the field of objective functions).
The kinetic model of the catalytic reaction of the synthesis of benzylalkyl esters is as follows

] I

dy; 0 Ej i

de Z”ijkj exp (_ﬁ> ] 1| yiloili=1,..,1 )
i=

J=1

[1]:

With initial conditions t = 0,y;(0) = y?,t € [0, t*].
Here y; is the concentration of substances involved in the reaction, mol/l; t is the time, min; J is the
number of stages; I is the number of reagents; v;; are coefficients of the stoichiometric matrix; k}’ are
preexponential multipliers of the constants of the stages, 1/min; a;; are negative elements of the
matrix k]!); E; are activation energies of the stages, kcal/mol; R is the gas constant, 2 kal/(mol-K); T
is the temperature, K.

Optimality criteria for the multi-criteria optimization problem:

f1X) = YpncuyoBury) (t, T, N) > max (10)
f2(X) = YpncHyocH,Prery) (t5, T, N) = min (11)
f3(X) = Yuosu(r,,) (" T, N) = min (12)

4. The «ideal» point method. The ideal point method consists of two stages. At the first stage,
n problems of the following type are solved [9, 10]:
u) = maxuy;(x),x €X (13)
Thus, there is an «ideal» point in all parameters. In a real problem with constraints, this point
is not included in the definition area, so at the second stage, the point closest to the ideal is searched:
R(u(x),u®) » min,x €X, (14)
where R is the distance metric, the distance from u(x) to u°.
As R we can take the Minkowski distance:

1
L —w () (15)

The Minkowski distance is a metric in a normalized vector space, which makes it possible to
maintain the induced norm metric-homogeneous and translational [4].

5. Lexicographic ordering method. The use of the lexicographic ordering method is due to
the fact that when optimizing the process of benzylalkyl esters, it is important to take into account the
opinion of the decision maker (DM). The essence of this method lies in the fact that according to the
DM survey, the criteria are ranked by importance, then an alternative is selected with the maximum
score according to the most important criterion, if there is one such alternative, then it is declared
optimal. At the last stage, alternatives are selected with the maximum score according to the second
criterion of importance, and so on, depending on the number of optimized criteria [11-15].

6. Results of optimization application. The solution of the MCO problem was carried out
using the Python programming language.

At the first stage, the solution of a system of differential equations was implemented, a set of
solutions satisfying the constraints of the system and the Paretto front were visualized:
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Fig. 1. Visualization of the set of SDE solutions and the Paretto front

During the application of the «ideal» point method and the lexicographic ordering method,
the following results were obtained.

Y6 = 1.5482192182653352

Y9 = 0.06131423890663392

Y12 = 1.3505019474538902e-06
0.008590254845065589

Fig. 2. The «ideal» point according to all criteria

Y_ 1 1.5482192182653352
Y_ 2 @ 0.2951130855534961
Y_ 3 0.008590254845065589

Fig. 3. Results of using the «ideal» point method

Xx_ 1 0.18469145110089547
X_ 2 : 0.06131423890663392
X_ 3 4.995994381727574e-06

Fig. 4. Results of using the lexicographic ordering method
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When applying the lexicographic ordering method, the criteria were ranked in importance as
follows: the output of the target benzylbutyl ether is maximized first, and then the output of the side

dibenzyl and dibutyl esters is minimized.

Fig. 5. Visualization of the results

As expected, the results turned out to be different from each other due to the difference in
methods. When using the «ideal» point method, the result is a variant of the reaction that is close to
the ideal outcome. In the case of lexicographic ordering, there is the possibility of choosing which
should be optimized first — the output of the target product or reduce the output of by-products.

Conclusion. The result obtained in the course of solving the problem of optimizing the
synthesis reaction of benzylalkyl esters is relevant for use in industrial and laboratory processes for
the selection of optimal parameters of the chemical process. It is important to understand that the
choice of the method used directly depends on the intended result of the reaction.
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PEIIEHUE 3AJAYY MHOT OKPUTEPUAJIbBHOM ONITUMU3AIINU
PEAKIIMU CUHTE3A BEH3UJIAJIKMJIOBBIX D®UPOB
METOJI0OM «MJIEAJIBHON» TOYKHA
U JEKCUKOI'PA®UYECKOI'O YIIOPSIJOUYUBAHUA *

K.®. Kosnenunal, A. A. Anekcanaposa’

'Mucruryr Hedrexumun u katammza YOUI] PAH, r. Va, Poccniickas denepanus
2y puMCKuii rocy1apCTBEHHBINH HEYTAHON TeXHUUECKHI yHUBEpCHTET, I. Y a, Poccuiickas
®enepanus
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Pesynbrat, momyyaeMslii B X0/1€ peIICHHS 3a1a4 ONTUMU3ALMH aKTyalleH AJIsl IPUMEHEHUS B IPOMBIIIICHHBIX
1 1a00paTOPHBIX MpoIeccax. MHOTOKpUTEpHAIbHAS ONITUMU3AIUS M10Ipa3yMeBaeT ONTUMHU3ALIMIO IBYX WU
0oee KOHQIUKTYIOIIUX 1IETIEBBIX (PYHKIIUH.

Mamepuanvt u memodsi. Ha oCHOBE KHHETHYECKOH MOJENH KAaTaJUTHYECKOW pEaKIMu CHHTE3a
OCH3MIANKWIOBBIX 3()UPOB MOCTABJICHA 3a/la4a MHOTOKPUTEPHUAIBHON ONTHMHU3AIMU C YIETOM U3MEHIEMBIX
mapaMeTpoB: TEMIIEPATYpPbl, MOJIBHOT'O COOTHOIICHUA PCarCHTOB MW BPEMCHHU IIPOBCACHUSA, HMCIOIINX
orpanuueHus. OOOCHOBAaHO MCIIOJNB30BAHUE METOAOB «HICAIBHON» TOYKM M JIEKCUKOTpadu4ecKoro
YIOPAOOYMBAHUSL.

Pesynemamul. Pa3paGoTaH alropuTM pelIeHUs 3aJaud MHOTOKPUTEpHANIbHOM onTtummsaiuu. Mcnomb3ys
KUHETHYECKYIO0 MOJIEIb CHHTE3a OCH3WIANKHIIOBHIX 3(UpoB, pemieHa 3aagada MKO ycnoBuii mpoBefieHUs: U
NOJYYEHbl ONTHUMAaJIbHbIE 3HAYCHUS HM3MEHSEMBIX MapaMEeTPOB CHCTEMBI, INPH KOTOPBIX JOCTUTAETCS
MaKCHUMHM3aLUsl BBIXOJIA LIEIEBOr0 MPOAYKTa U MUHUMH3ALUs TOOOYHBIX MPOIYKTOB XUMUYECKOT'O Ipoliecca.
Obcyocoenue u 3axniouenus. MHOTOKpUTEpHAlIbHAs ONTHMHU3ALUS JAHHOTO IIPOIecca MO3BOJMT JaTb
TEXHOJIOTHYECKHE PEKOMEHAALMH 10 MPOMBIIUIEHHON peanu3alyy Mpolecca ¢ MaKCUMalbHBIM BBIXOAOM
LEJIEBBIX NPOAYKTOB M MUHHMAaJbHBIM CcOJepkKaHHeM NoOOo4HbIX. B pabore mpencraBieHo n1Ba MeTona
peUI€HuA 3aaa4u, TaK KaK I IPUMCEHCHUA IMOJTYYCHHBIX PE3YJIbTATOB HA NPAKTHUKE JOJIKHBI YUUTBIBATHCH
PEKOMEHAAIIMH JIMLA, IPUHHUMAIOIICTO PEIICHUA.

KaroueBblie cjioBa: MHOTOKpUTEpUAIbHAST ONITUMH3ALINS, 33/1a4a HETMHEWHOTO MPOTrpaMMHUpPOBaHus, GpOHT
ITapeto, kuHETHYECKAs MOAEIb, MOJIBHBIE COOTHOIIEHHUSI UCXOAHBIX PEAareHTOB, METOJ, «HCAIBHO» TOUKH,
JIEKCHKOTpaQuuecKoe yHIOopsJ0UHBaHUE.
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