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Abstract: This article is devoted to the study of decision-making problems of hydrotreating process
control in the production of high-quality gasoline under conditions of scarcity and fuzziness of
the initial information, ultimately developing an approach to solve them. A systematic method
is proposed that makes it possible to develop a package of mathematical models of a complex of
interconnected units of chemical-technological systems based on available information of various
types. Using the proposed system method, a package of models of the main interconnected units
in which the hydrotreating process took place was developed. A decision-making problem was
formulated to control the hydrotreating process in a fuzzy environment based on the developed
system of models. By modifying the Pareto principle of optimality for fuzzy conditions, a heuristic
method for solving the given decision-making problem was developed to control the hydrotreating
process in a fuzzy environment. The novelty of the proposed heuristic method lies in the full use of the
collected fuzzy information, which represents the knowledge, intuition and experience of the decision
makers and experts. Accordingly, the proposed heuristic decision-making method makes it possible
to achieve a high adequacy and efficiency of decisions made when solving production problems in a
fuzzy environment. The results obtained were applied in practice to solve decision-making problems
for hydrotreating process control at the Atyrau refinery. The results obtained show the advantages
of the proposed heuristic method for solving decision-making problems of hydrotreating process
control over known methods.

Keywords: decision making; fuzzy information; heuristic method; hydrotreating process; Pareto
optimality principle

1. Introduction

High-quality motor gasoline is produced at refineries worldwide using hydrotreating
processes in the presence of catalysts [1–4]. Currently, due to the growing demand for
high-quality motor fuels that meet stringent environmental requirements, the effective
management of hydrotreating processes of gasoline fractions and the production of high-
quality motor gasoline have become urgent tasks for refineries. All Kazakhstani refineries
use process catalytic reforming and cracking installations for thermocatalytic processes,
which were studied in [5].
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Catalytic reforming installations are designed to reform straight-run gasoline fractions
from primary oil-refining units with the purpose of producing high-quality gasoline and
aromatic hydrocarbons in the presence of hydrogen and a catalyst [6,7]. Catalytic cracking
installations are designed to decompose heavy low-value petroleum products (fuel oil, tar
sands, solar oil, etc.) into more valuable products (petrol, gasoline, raw materials for petro-
chemicals, etc.) in the presence of a catalyst. In these installations, at high temperatures, the
heavy hydrocarbon molecules are split and broken down into light molecules as they pass
through the catalyst. Catalytic cracking processes, in which the destructive transformation
of various petroleum fractions into motor fuels and raw materials for petrochemicals takes
place, have been studied in [8,9].

In the processes of refining oil and petroleum products, which contain sulfur-, oxygen-
and nitrogen-containing compounds that negatively affect the further stages of processing,
hydrotreating processes designed to purify raw materials from sulfur and other harmful
organic compounds in the presence of a catalyst play an important role. Gasoline fractions
are hydrotreated to remove hetero-organic compounds of sulfur, nitrogen, oxygen, arsenic,
halogens, metals and hydrogenations of alkenes, which allows for improvement in the
performance and quality of motor fuels. Thus, the hydrotreating process allows for a reduc-
tion in the corrosiveness of motor fuels and their tendency to form sediments, ensuring
compliance with environmental requirements for fuels by reducing the amount of toxic gas
emissions into the environment.

The chemistry and technology of fuel hydrotreatment are investigated in [10]. The
authors of [11] are devoted to the study of hydrotreating processes of straight-run gasoline
fractions with alumino–nickel–molybdenum ball catalysts. Since the hydrotreating process
is one of the most important and widespread processes in refineries, special attention is
paid to the issue of controlling the operating modes of hydrotreatment units based on
their models. Such problems are often efficiently and promptly solved in practice on the
basis of decision-making methods that search for and determine the optimal parameters of
the hydrotreating process. Optimal parameters, in turn, ensure effective operating modes
of units in which hydrotreating processes take place when maximum volumes of target
products are obtained and the quality thereof is improved.

A large number of research works are devoted to the problems of chemical techno-
logical process (CTP) and system (CTS) control. Various approaches to the control of
technological processes and objects under deterministic conditions on the basis of tradi-
tional control methods have been proposed [12–17]. An effective hydraulic and thermal
model of a complex system was proposed by the authors of [18]. But, regarding the prob-
lems of decision making and CTS operating mode control under conditions of multi-criteria,
the inconsistency and fuzziness of CTS models have not been thoroughly considered yet in
research works. Under these conditions, there are known approaches based on transform-
ing the original fuzzy problem to a set of crisp problems by means of the α level set [19–21].
However, in this case, all fuzzy information is lost, which is the knowledge, experience and
intuition of the decision makers (DMs) and experts that are not in the α slices. In fact, this
approach considers fuzzy information only on some points obtained by α slices, whereas
the rest of the information is not considered, which, in turn, reduces the adequacy of
the solution.

To effectively solve and obtain a more adequate solution to fuzzy decision-making
problems of technological process control, a systematic approach based on the mathematical
apparatus of fuzzy mathematics should be applied [22–24]. The systematic approach using
fuzzy information allows for the development of a package of interrelated CTS models, on
the basis of which it is possible to make an adequate decision on the control of technological
processes occurring in fuzzy-described CTSs. Such decision-making methods for fuzzy
control allow one to take into account experience, knowledge and intuitions, i.e., intelligence
of DMs, subject matter experts, which is expressed in verbal form (judgments, conclusions
in natural language).
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When formalizing and solving the problems of the fuzzy control of technological pro-
cesses, it is necessary to use the collected and available fuzzy information to the maximum
extent possible, i.e., it is necessary to apply a heuristic approach based on the creative
ability of DM experts. In this regard, the proposed work dedicated to the development of a
package of models of hydrotreating blocks and an effective decision-making method for
hydrotreating process control in a fuzzy environment is an urgent scientific and practical
task of oil-refining production.

The purpose of the research work is to develop models of a hydrotreating block
combined into a single package and a heuristic decision-making method for fuzzy control
of the hydrotreating process in conditions of scarcity and fuzziness of the initial information.

The novelty of this work, in contrast to already published works, lies in the fact that,
based on a modification of the Pareto principle of optimality, a heuristic method is devel-
oped that allows us to formalize fuzziness and effectively solve a fuzzy decision-making
problem. At the same time, the efficiency of solving the decision-making problem in a
fuzzy environment for hydrotreating process control is achieved by using the capabilities
and advantages of both the computer and the human—the DM. In addition, in the pro-
posed approach to solving a fuzzy problem, unlike other approaches, fuzzy information
(knowledge, experience, intuition of the DM) is used entirely due to its formalization and
the participation of the DM in solving the fuzzy problem.

In order to achieve the formulated goal the following research objectives are set
and solved:

- To investigate the influence of the main technological parameters of the hydrotreating
block on the hydrotreating process;

- To develop a package, i.e., a system of interconnected models of units of the hydrotreat-
ing block of the LG-35-11/300-95 installation at the Atyrau refinery based on available
information of various types;

- To formulate a mathematical formulation of the fuzzy decision-making problem for
hydrotreating process control based on the developed hydrotreating unit and develop
a heuristic method for solving it.

2. Materials and Methods
2.1. Object and Materials of the Research

The object under study is a hydrotreating block in which the hydrotreating process of
gasoline fractions takes place. The technological diagram of the research object is presented
in Figure 1.
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The raw material of the hydrotreating unit is gasoline directly distilled from a primary
oil-refining process unit. The hydrotreating process takes place in the hydrogen-containing
gas (HCG) environment and is referred to catalytic processes. In the process of hydrotreat-
ing, the organic compounds of sulfur, oxygen and nitrogen, which are poison for the
catalyst, are removed from the composition of straight-run gasoline.

Raw materials from the tank are supplied for mixing by the pump A16 along with
the HCG. The mixture of raw materials and HCG is fed to HE-1/1-3 heat exchangers
connected in series, where it is heated up to 260 ◦C. The heated raw materials from these
heat exchangers are then fed into the F-101 hydrotreating tube furnace. Next, from the
hydrotreating furnace, a mixture of raw materials and gas, heated to 300–343 ◦C, enters the
R-1 reactor, where the hydrotreating process takes place in the presence of an S-12T catalyst.
The heat of the mixture of unstable hydrogenate at the outlet of R-1, circulating gas and the
reforming reaction with a temperature of 340–420 ◦C are used to heat the mixture of raw
materials and gas, first in the heat exchanger N-3 of the stripping column C-1, then in the
heat exchangers HE-1/1-3 [25].

The product in the form of gas after cooling to the temperature of 35 ◦C in the RR-101
and RF-1 refrigerators enters the S-1 separator. In S-1, the HCG is separated from the liquid
and is fed to the C-2 absorber for purification from hydrogen. Gas from the outlet of the
C-2 absorber and after passing through the separator S-4 is separated into two streams:

(1) Circulating gas, after compression in compressors, is fed back to the feedstock hy-
drotreating system;

(2) Excess HCG from the plant outlet, as the liquid phase of the S-1 separator passes
through the H-2 heat exchanger; here, it is heated up to the temperature of 150 ◦C and
floats on 7, 9, 23 plates of the C-1 evaporating column, where sulfur, hydrogen and
water are evaporated from hydrogenate at a temperature up to 270 ◦C and pressure
up to 1,519,875 Pa; in addition, light hydrocarbons are removed from the top of the
column.

After C-1, the total composition of sulfur compounds in the hydrogenate should not
exceed 0.0005% wt. Gases in the vapor state from the top of the column C-1 leave with
the temperature of 135 ◦C, pass through the condensers RR-101 and RF-1 and with the
temperature 35–40 ◦C are fed to the separator S-2. From S-2, the liquid phase is returned to
the column C-1. The precipitated water in the separator S-2 is discharged into the sewer.
Hydrocarbon gas from the separator S-2 for hydrogen sulfide purification goes to the
absorber C-3.

2.2. Formulation of the Decision-Making Problem in the Fuzzy Environment and Heuristic Method
for Solution Thereof

Let µC(x) =
(
µ1

C(x), . . . , µm
C (x)

)
—a vector of normalized local criteria whose values

vary in [0, 1] or their membership functions that evaluate the quality of the object’s perfor-
mance; x ∈ Ω, x = (x1, . . . , xn)—a vector of input, mode parameters, by means of which the
modes of operation of CTS are controlled; φr(x)≥̃br, r = 1, R—fuzzy constraints in the form
of fuzzy instructions, with membership functions. µ1(x), . . . , µR(x). The dependence of
criteria and constraints on x = (x1, . . . , xn) is described by means of the CTS model system.
Let us assume that vectors of weight coefficients γ = (γ1, . . . , γm) и β = (β1, . . . , βR) are
defined reflecting the weights of criteria and constraints.

Then, the formalized decision-making problem for CTS operating mode control with
fuzzy constraints based on the modification of the Pareto optimality (PO) principle [26] to
fuzzy constraints can be written in the following form:

max
x∈X

µC(x), µC(x) =
m

∑
i=1

γiµ
i
C(x), i = 1, m, (1)

X =

{
x : x ∈ Ω ∧ arg max

x∈Ω

R

∑
r=1

βrµr(x) ∧
R

∑
r=1

βr = 1 ∧ βr ≥ 0, r = 1, R

}
, (2)
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where ∧—logical “and”, which requires the truth of all expressions related through
them; βr, r = 1, R—weight coefficients reflecting the mutual importance of fuzzy con-
straints. Other notations are described above in the formalization of the problem. The block
diagram of the proposed heuristic method for solving the decision-making problem in the
fuzzy environment (1)–(2) is shown in Figure 2.
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Let us consider the description of the main blocks of the proposed heuristic method.
In Block 2, the input data are entered: x = (x1, . . . , xn)—vector of input, mode param-

eters; γ = (γ1, . . . , γm)—vector of weight coefficients for local criteria.
In Blocks 3, 4 and 5, depending on the fuzziness of the criteria and their weight

coefficients (Block 3), the term-multiplicity and their membership functions are deter-
mined (Block 4) and/or the term set and membership functions of the fuzzy constraints
are constructed (Block 4) as µr(x), r = 1, R (fuzzification). Whereas, based on the ex-
perience of constructing the membership functions, the following analytical formula is

recommended: µt
r(x) = exp

(
Qt

r

∣∣∣∣∣∣xi − xmd
i

∣∣∣∣∣∣Nt
r
)

, where Qt
r и Nt

r are coefficients of fast and

slow adjustment of the membership function to its graph constructed with the help of
experts; t is the term number; and xi, xmd

i are the values of the fuzzy parameter and the
maximum corresponding numerical values.

In Blocks 6 and 7, the DM specifies a vector of β = (β1, . . . , βR) of weight coefficients
for the fuzzy constraints. Then, based on the developed CTS models, the problem of
maximizing the vector of criteria µC(x(γ,β)) (1) is solved on the permissible set X, defined
by Expression (2). The current solutions are determined: x(γ,β), which provides current
values of the criteria µi

C(x(γ,β)), i = 1, m and the degrees of fulfillment of the fuzzy
constraints µr(x(γ,β)), r = 1, R (Block 7).

The obtained current solutions are provided to the DM for analyzing and selecting
the final solution. If the obtained current solutions satisfy the DM (Block 8), he selects the
best solutions and moves to Block 10. Otherwise, i.e., if the DM is not satisfied with the
current results, then in order to improve the solution he corrects γ = (γ1, . . . , γm) and/or
β = (β1, . . . , βR) and the cycle of solution improvement is repeated starting from Block 7.

Block 10 outputs the best solutions selected by the DM: x∗(γ, β)—values of the
vector of input, mode parameters of the CTS, which provide the best values of the crite-
ria µC(x∗(γ, β)) =

(
µ1

C(x
∗(γ, β), . . . , µm

C (x
∗(γ, β)

)
and the maximum degrees of fulfill-

ment of the fuzzy constraints µ1(x∗(γ, β)),. . ., µR(x∗(γ, β)).
This work also uses the following:

- Methods of system analysis for recognizing situations that have developed in systems
described in [27];

- Methods of modeling, optimization and decision-making for technological objects’
control, including in a fuzzy environment, studied in the works of [19–24,28];

- Methods of expert assessments for collecting expert, fuzzy information about the
operating modes of the hydrotreating unit described in the work of [29];

- Methods of fuzzy set theories for formalization and the use of fuzzy information [21–25,30,31];
- Hybrid modeling and optimization methods for constructing models and optimization

based on various initial information and methods [22,32],
- Methods for planning experiments and processing their results as described in the

works of [33,34] used to collect the necessary information about the operating modes
of the hydrotreating unit.

3. Results
3.1. Influence of Main Process Parameters of Hydrotreating Unit on Hydrotreating Process

The main parameters of the hydrotreating block which affect the hydrotreating pro-
cess of gasoline fractions, in addition to the volume of raw material, include temper-
ature; pressure; volumetric rate of raw material supply; and HCG circulation rate; as
well as the catalytic properties of catalysts used in the hydrotreating process. Let us
consider the results of the study to assess the influence of the above parameters on the
hydrotreating process.

(1) The hydrotreating process temperature affects the depth of gasoline fractions’
purification from sulfur compounds and from other harmful impurities. Increasing the
temperature of the hydrotreating process allows us to increase the intensity of hydrotreating
reactions and enhance the hydrogenation of unsaturated hydrocarbons. However, the
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temperature increase also negatively affects the hydrotreating process by accelerating the
hydrocracking reactions of hydrocarbons and coke formation, which lead to a decrease in
the yield of liquid petroleum products and an increase in the deposit of coke on the catalyst.
This, in turn, reduces the interregeneration period of catalyst operation. In this regard, the
determination of the optimum value of the process temperature is one of the relevant tasks
of hydrotreating process optimization.

Selection and determination of the optimum value of the hydrotreating process tem-
perature is made depending on the composition of petroleum products. More optimal
values of temperature in the hydrotreating of gasoline fractions are usually within the range
of 300–360 ◦C. To select more optimal values of the hydrotreating process temperature, it is
recommended to set the minimum temperature in the initial stage of the operating cycle,
which provides for the necessary depth of gasoline fraction purification. Further, if the
reduction in catalyst activity does not lead to the achievement of the specified depth of pu-
rification, then it is necessary to increase the temperature values. At the same time, it should
be taken into account that a strong increase in the temperature of the hydrotreating process
leads to acceleration of the process of catalyst coking, and the depth of hydrotreating is not
particularly increased.

(2) System pressure. Increasing the system pressure value increases the depth of hy-
drotreating and also increases the interregeneration period of the catalyst, which increases
its service life. Increasing the pressure value leads to an increase in the concentration of
reactants in a volume unit, which increases the number of effective collisions of molecules,
i.e., the rate of hydrotreating process increases. Increasing the value of the total pressure of
the hydrotreating process leads to an increase in the partial pressure of hydrogen, which
increases the depth of hydrotreating. The optimum pressure value, depending on the
mode of operation of the hydrotreating unit, should be determined within the range of
1,961,330–3,922,660 Pa.

(3) Volumetric feed rate of hydrotreating feedstock, i.e., the ratio of feedstock volume
fed to the hydrotreating reactor per hour to the catalyst volume. Increasing the volumetric
feed rate of gasoline fractions leads to a decrease in their abidance time in the hydrotreating
reactor. This means that a high volumetric rate reduces the contact time of feedstock with
the catalyst, respectively, reducing the depth of hydrotreating of gasoline fractions. If
you reduce the volumetric feed rate, the depth of hydrotreating increases, but at the same
time it leads to a decrease in the productivity of the hydrotreating unit. Selection of more
optimal values of the raw material supply rate is recommended depending on the chemical
composition and fraction of hydrotreated gasoline within the range of 2–7 h−1 [35].

(4) HCG circulation ratio. Straight-run gasoline from primary oil-refining units is
subjected to the hydrotreating process using hydrogen under a pressure less than the
pressure of 20 MPa. In this case, the amount of hydrogen used should be expressed by the
molar ratio of hydrogen and straight-run gasoline at the inlet to the hydrotreating reactor.
If the molar ratio is greater than 5/1, the hydrotreating depth increases insignificantly. This
is due to the fact that in this case, the contact time between the vapors of the raw material
and the hydrotreating catalyst decreases due to the significant volumes of gas that pass
through the reactor.

If the hydrogen/raw material molar ratio is lower than 5/1, the degree of hydrotreating
of gasoline fractions may deteriorate. In the hydrotreating of gasoline fractions, the desired
hydrotreating depth is usually provided in the case of 230 nm3 of HCG per 1 m3 of gasoline.
In this case, the hydrogen concentration should not exceed 65% of the volume.

(5) Influence of catalyst properties on hydrotreating process. In practice, alumo–cobalt–
molybdenum (ACM) and alumo–nickel–molybdenum (ANM) catalysts produced in oxide
form are mainly used for hydrotreating processes [11,36]. Nickel-phosphide-based catalysts
can also be used in oil refining [37].

The ACM catalyst is characterized by a very high selectivity, and reactions of saturation
of aromatic rings, i.e., carbon–sulfur bond breaking C-C, almost do not occur when using
it. This catalyst is characterized by a high activity in the reactions of carbon–sulfur bond
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breaking C-S and it has a good thermal stability, which provides for a long catalyst lifetime.
The ACM catalyst is also characterized by sufficient activity in reactions of saturation of
unsaturated compounds, at bond breaking C–N2 and C–O2.

The ANM catalyst is less active in saturation reactions of unsaturated compounds but
has a high activity, more up to 50% compared to ACM in saturation reactions of aromatic
hydrocarbons. In the hydrogenation of nitrogenous compounds, the activity of ANM is
10–18% higher than that of the ACM catalyst. But the ANM catalyst is characterized by a
rapid loss of its initial high activity.

3.2. Development of a Package of Models of the Main Units of the Hydrotreating Unit of the
Catalytic Reforming Unit LG-35-11/300-95

To control the hydrotreating process, it is necessary to develop mathematical models
of the main interrelated units (reactor R-1, columns C-1,C-2,C-3 and furnace F-101) of the
hydrotreating block and combine them into a single package [38]. When developing math-
ematical models of the listed main units of the hydrotreating block, there were problems
associated with the probability and fuzziness of the initial information. In these cases, it
is necessary to apply the system approach, the hybrid method [32], which allows us to
develop mathematical models of objects on the basis of available information of a probable
and fuzzy nature.

Let
{...

x i, i = 1, l и x̃i, i = l + 1, m
}

be a set of available input and mode parameters of

the object, which are random
...
x i and fuzzy x̃i. The values

...
x i, i = 1, l are determined by

instruments but are characterized by randomness. The values x̃i, i = l + 1, m are assessed
by the DM experts on the basis of their knowledge, experience and intuitions in natural
language and are fuzzy.

On the basis of such initial information of different natures, it is necessary to identify
the structure and parameters of the models of the main units of the hydrotreating block.
For this purpose, it is necessary to use methods of probability theory, statistical methods
of model development and modified for work in a fuzzy environment, the method of
sequential inclusion of regressors (MSIR) [39] and the least squares method (MLS) [40], as
well as a hybrid method of model development [22,32].

Experimental-statistical data characterized by probability and expert information of a
fuzzy nature are used for the development of mathematical models of the hydrotreating
reactor R-1, allowing us to determine the volume of hydrogenate from its output. For
structural identification of R-1 hydrotreating reactor models, the idea of MSIR is used and
the identification of model parameters is carried out on the basis of modified MLS.

As a result of the conducted research, it was found that to determine the volume
of hydrogenate y1 from the reactor R-1 on the basis of experimental, statistical data, a
statistical model must be developed in the form of a nonlinear regression equation, which
allows us to estimate the values of y1 of the input regime parameters xi, i = 1, 5 :

y1 = a0 +
5

∑
i=1

aixi +
5

∑
i=1

5

∑
k=i

aikxixk, (3)

where a0, ai, aik—model parameters to be identified; xi, xk—input, mode parameters of the
hydrotreating reactor R-1, respectively, x1—feedstock volume, i.e., straight-run gasoline
(45–80 m3 /hour); x2, x3—pressure (20–35 kg/cm2) and R-1 temperature (300–343 °C);
x4—volumetric feed rate (0.5–5 h−1 ); x5—HCG circulation rate (200–500 nm3).

After identifying the unknown parameters’ regression coefficients a0, ai, aik,
i = 1, 5, k = i of Model (3), based on experimental and statistical data using the least
squares method, the model y1, which determines the volume of hydrogenation product
from the output R-1, is presented in Column 2 below Table 1.
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Table 1. Matrices of regression coefficients of the developed models of the Atyrau refinery hydrotreat-
ing block.

Surface
yj, j=1,9 y1 y2 y3 y4 y5 y6 y7 y8 y9

1 2 3 4 5 6 7 8 9 10
a0 7.0 0.084 0.004 0.00025 −3.65 84.9999 83.4998 3.7500 17.0000
a1 0.233 0.00325 −0.00016 0.0023 0.2433 0.2982 0.2973 0.2922 −0.2207
a2 0.13 0.00593 −0.00029 0.00039 0.0365 2.8333 2.7833 2.0208 0.7555
a3 0.011 0.00075 0.00004 −0.00005 1.8250 −2.4285 −7.5909 −7.0893 0.4047
a4 2.333 −0.05333 0.00053 0.00668 −1.3272 0 0 0 0
a5 −0.0175 0.00063 −0.000003 0.000004 0 0 0 0 0
a6 0.0031 0.000045 −0.000002 0 0.00009 0.0001 0.0927 0.0025 −0.0028
a7 0.0048 0.00023 0.00002 0.000012 −0.1141 0.0944 0.6901 0.0001 0.0016
a8 0.00003 0.00024 0 0 −0.0603 −0.0694 0 −0.0021 −0.0096
a9 0.0031 −0.01718 0.00018 0.000225 0 0 0 0 0
a10 −0.000 0.00002 0 0 0 0 0 0 0
a11 0.0017 −0.00043 0.000043 0.000014 0.00041 −0.0066 −0.0065 0.0011 0.0037
a12 0.00015 0.000003 0.000011 0 0.02027 −0.0028 −0.0090 0.0023 0.0157
a13 0.0311 −0.00074 −0.00018 0.00002 0 0 0 0 0
a14 −0.00023 0.000027 0 0 0 0 0 0 0
a15 0 0 −0.00012 0 0.00456 0.2428 −0.7591 0.0045 0.0038
a16 0.08642 −0.00098 −0.00051 0.000006 0 0 0 0 0
a17 −0.0007 0.000007 0 0 0 0 0 0 0
a18 0.0073 0 0.0000045 −0.0000013 0 0 0 0 0
a19 0 −0.00013 0 0 0 0 0 0 0
a20 0 0 0 0.0000014 0 0 0 0 0

Note: coefficients of regressors that do not affect the values yj, j = 1, 9 or have a very slight effect are neglected
and are designated by 0.

For the convenience of the results of parametric identification and reduction in records
of this and other models of the hydrotreating unit, they are presented in a general form as a
second-order polynomial with interactions (4):

yj = a0 + a1x1 + a2x2 + a3x3 + a4x4 − a5x5 + a6x2
1 + a7x2

2 + a8x2
3 + a9x2

4 + a10x2
5 + a11x1x2 + a12x1x3+

+a13x1x4 + a14x1x5 + a15x2x3 + a16x2x4 + a17x2x5 + a18x3x4 + a19x3x5 + a20x4x5, j = 1, 9.
(4)

where a0 and ai, i = 1, 20—intercept term and regression coefficients of the identified
models in the form of a second-order polynomial with interactions; yj, j = 1, 9—output
parameters of the main units of the hydrotreating block, volumes and quality indicators of
the products produced in them.

Table 1 below shows the coefficients of the developed models of the main units of the
hydrotreating block.

Identification of the regression coefficients a0, ai, aik, i = 1, 5, k = i of Model (3),
based on experimental and statistical data, was carried out using MLS. As a result, models
were obtained that evaluate the quality of the hydrogenated product: y2—the proportion
of unsaturated hydrocarbons, and y3—sulfur, as well as y4—water-soluble acids and
alkalis in the composition of the hydrogenated product, depending on the input operating
parameters xi, i = 1, 5. The regression coefficients of the resulting models y2, y3 and y4 are
given in Columns 3–5 of Table 1 above.

Based on the processing of statistical data, expert information and the method of
building fuzzy models [5,41], the structural identification of models describing the quality
of hydrogenate depending on the input, mode parameters was carried out xi, i = 1, 5 in the
form of the following fuzzy multiple regression equations:

ỹj = ã0j +
5

∑
i=1

ãijxij +
5

∑
i=1

5

∑
k=i

ãikjxijxkj, j = 2, 4 (5)

where ỹ2—unsaturated hydrocarbons in the composition of hydrogenate, should be less
than ≤̃1%, i.e., characterized by fuzziness; ỹ3—sulfur content in the composition of the
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hydrogenate, ≤̃0.00005%; ỹ4—water-soluble acids and alkalis in the products, approxi-
mately ∼= 0%; xi, i = 1, 5—input, mode parameters of the hydrotreating reactor described
above; ã0j, ãij, ãikj, j = 2, 4, i = 1, 5, k = i, 5—fuzzy parameters to be identified (regression
coefficients).

To identify the values of fuzzy regression coefficients of Model (5), the ã0j, ãij,
ãikj—membership functions describing the qualities of the hydrogenate are represented on
an α level set, where α = 0.5; 0.85; 1. Since in our case, we use a Gaussian-type membership
function, which has a bell-shaped form, the values of fuzzy parameters at 5 points are
obtained 0.5; 0.85 (left points); 1 and 0.85; 0.5 (right points).

Further, on the basis of experiments and the assessment the values of the input, the
mode xi, i = 1, 5 and output ỹ2, ỹ3, ỹ4 parameters are determined for each selected level.
Then, we obtain a set of models describing the qualities of the hydrogenate with R-1 in the
form of multiple regression for the selected α levels:

y
αq
j = a

αq
0j +

5

∑
i=1

a
αq
ij xij +

5

∑
i=1

5

∑
k=i

a
αq
ijkxijxkj, j = 2, 4, q = 1, 3. (6)

The problem of the identification of unknown coefficients a
αq
0j , a

αq
ij , a

αq
ijk, i = 1, 5,

j = 2, 4, q = 1, 3 was approached by successive application of MLS for each α level
using the REGRESS program package [42]. This package of programs based on modi-
fied MLS allows us to identify regression coefficients of nonlinear models with a random
number of input, mode parameters xi, i = 1, n.

Then, for computer modeling and control of the hydrotreating process, the set of
identified parameters a

αq
0j , a

αq
ij , a

αq
ijk are combined according to the following formula, known

in the theory of fuzzy sets [31]:

ãij = ∪
α∈[0,5÷1]

a
αq
ij , i = 1, 5, j = 2, 4, q = 1, 3, (7)

After combining the values of the regression coefficients of the set of models in (6)
using Formula (7), models for assessing the quality of the hydrogenated product are
obtained, which are used to control the hydrotreating process using a computer control
system, taking into account the quality of the hydrogenated product.

Regression coefficients of the parametrically identified models, estimating the content
of unsaturated hydrocarbons (y2), the proportion of sulfur (y3) and water-soluble acids
and alkalis in the composition of the hydrogenate depending on the input, operating
parameters xi, i = 1, 5 are given above in Table 1.

Mathematical models of Columns C-1, C-2 and C-3 of the hydrotreating block. As a
result of research of the operating modes of the C-1, C-2, C-3 columns and data analysis,
as well as taking into account additional fuzzy information received from experts for
the development of mathematical models of these columns, a hybrid method of model
development is used, which allows us to develop models based on information of different
natures through the integrated application of different methods.

The following input, mode parameters were selected as the main parameters describ-
ing the operating modes of the columns C-1, C-2 and C-3: x1—volume of raw materials
supplied to the input of the columns; x2—column temperature; x3—column pressure;
x4—irrigation flow rate in evaporation column C-1; y5—volume of hydrogenate from the
evaporator column C-1. The output parameters of columns are parameters characterizing
the volume and quality of products: y6—volume of HCG from the outlet of the absorber
column C-2; y7—volume of hydrocarbon containing gas from the absorber column C-3;
ỹ8—fraction of sulfur compounds of products from the column C-1; ỹ9—composition
of HCG from the column C-2; ỹ10—fraction of hydrocarbon containing gas from the
column C-3.
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The column input, mode parameters xi, i = 1, 4 and column output parameters yj,
j = 5, 7 are determined by instruments, i.e., they are crisp. And quality parameters of
products produced in the columns C-1, C-2 and C-3: ỹj, j = 8, 10 are not measured, they are
characterized by fuzziness. Therefore, these fuzzy quality indicators are evaluated by DM
experts, formalized and processed on the basis of methods of fuzzy set theories.

The structures of mathematical models of the evaporator column C-1 and absorbers
C-2, C-3 of the hydrotreating block are identified on the basis of the hybrid method and
modifying MSIR in the form of the following crisp (8) and fuzzy (9) regression models:

yj = a0j +
4

∑
i=1

aijxij +
4

∑
i=1

4

∑
k=i

aikjxijxkj, j = 5, 7 (8)

ỹj = ã0j +
4

∑
i=1

ãijxij +
4

∑
i=1

4

∑
k=i

ãikjxijxkj, j = 8, 10 (9)

The identification of unknown parameters a0j, aij,, aikj, i = 6, 9, k = i, 9, j = 5, 7 of
regression models (8) was carried out on the basis of the least squares method using
the REGRESS program package with the use of statistical data on the operation of the
corresponding columns. As a result, parametrically identified models were obtained that
determine the volumes of products from the C-1 column (y5); hydrogen-containing gas
from the C-2 outlet (y6); hydrocarbon-containing gas obtained in C-3 (y7). The regression
coefficients of these models y5, y6 and y7 are given in Columns 6–8 of Table 1 above.

To identify the fuzzy regression coefficients of ã0j, ãij, ãikj, i = 1, 4, k = i, 4, j = 5, 7 of
the fuzzy regression models in (12) on the α slices, the fuzzy equations are represented as
equivalent fuzzy models. Then, similarly to the procedure of identification of the fuzzy R-1
models in (5) based on the REGRESS V.3 software package, the coefficients for different
levels of α set are identified. After that, by combining the set of coefficients at α levels by
Formula (7), the models convenient for computer modeling are obtained.

Models of hydrotreating furnace F-101. According to the results of the study for
synthesizing the models of the hydrotreating furnace F-101, the following input, mode
parameters that affect its operation and hydrotreating process were selected: x1—volume of
feedstock fed into the furnace, m3/hour; x2—temperature at the furnace inlet F-101, °C; and
x3—pressure in F-101, Pa.

As a result of system analysis and research of the F-101 furnace operating modes, the
experimental-statistical method was chosen to develop its models [34]. The optimal furnace
operating mode can be determined on the basis of a mathematical model describing the
influence of input variables on output parameters, i.e., allowing us to obtain information
about the thermal operation of the furnace.

To calculate the output parameters of the F-101 hydrotreating furnace on the basis
of experimental and statistical data, the regression models of the following structure
are identified:

yj = a0j + a1jx1 + a2jx2 + a3jx3 + a4jx2
1 + a5jx2

2 + a6jx2
3+

+a7jx1x2 + a8jx1x3 + a9jx2x3, j = 8, 9,
(10)

where y8 and y9—the volume of the gas and raw material flow and the temperature of the
outlet flow from the furnace, respectively; xj, j = 1, 3—described above, the input, mode
parameters of the furnace; a0j, aij, i = 1, 4, j = 8, 9—identifiable parameters.

As a result of parametric identification of models (10), i.e., y8 and y9 based on statistical
data and the REGRESS program, regression coefficients were determined, entered in
Columns 9, 10 of the above matrix of regression coefficients (Table 1).

The above-developed models of the main units of the hydrotreating block (reactor
R-1, furnace F-101, columns C-1, C-2, C-3) for system modeling of the block operation
and hydrotreating process control are combined into a single package in accordance with
the flow of the technological process according to the scheme shown in Figure 3, whereas
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known models built by means of analytical and statistical methods [2,3,34,42,43] were used
as models of secondary units of the hydrotreating block (heat exchanger H-3 and separators
S-1, S-2).
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As it can be seen from the given scheme (Figure 3), the results of modeling of one unit,
for example, R-1, in the modeling package are the initial data for models of other ones (H-3,
S-1). And the results of calculation of these models are the input data for models of the
hydrotreating furnace F-101 and columns C-1, C-2, etc.

If the values of both input and output parameters of a hydrotreating block are de-
scribed by linguistic variables, then its linguistic models are synthesized using logical rules
of conditional inference [44].

3.3. Solving the Problem of Fuzzy Decision Making to Control the Hydrotreating Process Based on
the Proposed Heuristic Method

Based on the decision-making problem for CTS operating mode control with fuzzy
constraints (1)–(2), obtained in Section 2, the control problem of the hydrotreating process
in R-1 on the basis of its models developed above is as follows:

max
x∈X

µ1
C(x) (11)

X =

{
x : x ∈ Ω ∧ arg max

x∈Ω

3

∑
r=1

βrµr(x) ∧
3

∑
r=1

βr = 1 ∧ βr ≥ 0, r = 1, 3

}
, (12)

where µ1
C(x)—the normalized criterion that determines the volume of target production

(hydrogenate) with R-1; x = (x1, x2, x3, x4, x5)—input, mode parameters of the hydrotreat-
ing reactor R-1 described in 3.2 above; βr, r = 1, 3—weight coefficients reflecting the
mutual importance of fuzzy constraints. Other notations are described above in Section 2.2
when formulating the general decision making problem: xi ∈ Ω ⊇ X, X =

(
xmin

i , xmax
i

)
,

i = 1, 5, where xmin
i , xmax

i —lower and upper limits of parameters variation xi, i = 1, 5. The
qualitative parameters of the hydrogenate are described by fuzzy instructions of the
type “not more than”, “about” the threshold value given by the standard: φr(x)≤̃ br,
r = 1, 3, which are described by membership functions µr(x), r = 1, 3.

The solution of the obtained problem (11)–(12) is a vector of input, mode parame-
ters x∗ =

(
x∗1 , x∗2 , x∗3 , x∗4 , x∗5

)
, providing the maximum volume of hydrogenate µ1

C(x) at
maximum values of the membership function µr(x), r = 1, 3, estimating the degrees of
fulfillment of fuzzy constraints on the qualitative parameters of hydrogenate taking into
account the DM preferences.

The following are the main steps and results of application of the heuristic method
proposed in Section 2 based on the modification of the Pareto optimality principle for
fuzzy constraints of the hydrotreating process control problem (11)–(12) based on the R-1
reforming reactor models (y1, (y2, y3, y4) developed above.
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1. The solvable control problem of hydrotreating process (11)–(12) is reduced to a single-
criterion problem, to maximize of hydrogenate volume. Therefore, the weight coeffi-
cient of the criterion is taken as 1 (Block 2);

2. Since the normalized criterion for estimation of the hydrogenate volume µ1
C(x) in the

solved fuzzy control problem is crisp and is determined on the basis of Model (4) and
term-multiplicity and membership function are not constructed (Blocks 3, 4) for it;

3. DM experts have defined the terms of the term set that describe the fuzzy constraints.
The fuzzy constraints on the quality parameters of the hydrogenate with consideration
of the requirements of the standards are described by the fuzzy terms: “not more
than, ≤̃»; «about, ∼=». For example, the content of unsaturated hydrocarbons in the
hydrogenate ≤̃1.0%, sulfur in the hydrogenate —≤̃0.00005%, water-soluble acids
and alkalies in the hydrogenate composition ∼=0. For these fuzzy instructions, the
membership functions were constructed (Block 5) with participation of DM experts:

µ1(y) = exp
(

0.8||y2 − 0.7||0.7
)

; µ2(y) = exp
(

0.003||y3 − 0.000045||0.5
)

; µ3(y)

= exp
(

0.001||y4 − 0.000001||0.6
)

,

where the meanings of numerical values of coefficients and parameters are explained
in Section 2, when describing Blocks 3, 4 and 5; y2, y3, y4—values of hydrogenate
quality indicators, which are obtained on the basis of models (y1, (y2, y3, y4).

4. The DM determined the following values of the weight coefficients of the vector
β = (0.2, 0.5, 0.2), which reflect the mutual importance of fuzzy constraints, i.e.,
β1 = 0, 3; β2 = 0, 5; β3 = 0, 2 (Block 6).

5. Based on the developed models of the hydrotreating reactor (y1) (y2, y3, y4), the
problem of maximizing the criterion µ1

C(x), estimating the volume of hydrogenation
product on the admissible set X, determined by the Pareto optimality principle (12)
was solved [45]. The solutions were found, which depend on β : x(β), provid-
ing current values of the criterion µ1

C(x(β)) and the degree of fulfillment of fuzzy
constraints µ1(x(β)), µ2(x(β)), µ3(x(β)) (Block 7).

6. The obtained results are presented to DM for analysis and final decision making. If the
obtained current solutions do not satisfy the DM (Block 8), he corrects the values of the
vector β = (β1, β2, β3) (Block 9) to improve the solution and the cycle of searching for
the best solution is repeated starting from Point 5 (Block 7). In the first four solution
cycles, the current solutions were not satisfactory to the DM, to the requirements of
the standards for quality indicators and the DM adjusted the values of the weight
vector β = (β1, β2, β3) and searched for the best solution starting from Point 5. After
the fifth solution cycle with the values of β = (0.25, 0.65, 0.10), results satisfying the
DM and standards requirements were obtained, and control was transferred to the
next point (Block 10).

7. The best solutions selected by the DM are derived: the vector of input, mode parame-
ters x∗(β), which provides the maximum value of the criterion µ1

C(x
∗(β)), (volume of

hydrogenate) and the maximum degrees of fulfillment of fuzzy constraints to its qual-
itative parameters µ1(x∗(β)), µ2(x∗(β)), µ3(x∗(β)), where x∗ =

(
x∗1 , x∗2 , x∗3 , x∗4 , x∗5

)
=

(80, 28, 337, 3, 400), β = (0.25, 0.65, 0.10). The obtained best solutions are recorded
into Table 2.
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Table 2. Results of solving decision-making problems related to hydrotreating process control on the
basis of known deterministic models, proposed fuzzy approach and production-experimental data.

Values of Criterion and Membership Function of
Fuzzy Constraints

Deterministic
Method

[46]

The Proposed
Heuristic Method

Experimental and
Production Data

Hydrogenate volume, criterion y1, m3 /h 76.5 78.0 77.5

Membership function of fuzzy constraint fulfillment y2,
µ1(x∗(β))

- 1.0 -

Membership function of fuzzy constraint fulfillment y3,
µ2(x∗(β))

- 1.0 -

Membership function of fuzzy constraint fulfillment y4,
µ3(x∗(β))

- 0.98 -

Optimal values of input, mode parameters
x∗ =

(
x∗1 , x∗2 , x∗3 , x∗4 , x∗5

)
x∗1—volume of raw material, at the inlet R-1, m3 /hour 82 80 80

x∗2—pressure in the reactor R-1, Pa 3,040,061.5 2,745,862 2,941,995

x∗3—temperature in the reactor R-1, ◦C 345 337 338

x∗4—volumetric feed rate of raw materials’ feed,
hour−1 3 3 3

x∗5—circulating HCG, nm3 403 400 401

Note: (-) means that these indicators are not calculated or measured in a production environment.

4. Discussion of Results

Since the initial information for assessing the quality of the produced hydrogenation
product is characterized by model fuzziness, estimating the quality of the hydrogenation
product has been developed using fuzzy information based on the application of a sys-
tematic approach, expert assessments and fuzzy set theories. For this purpose, an expert
assessment of the influence of input, mode parameters x1, x2, x3, x4x5 on the qualitative
indicators of hydrogenate ỹ2, ỹ3 and ỹ4 was performed. Then, the processed expert informa-
tion was applied with the help of fuzzy set theory apparatus for the identification of fuzzy
models describing hydrogenate quality in the form of fuzzy multiple regression in Equation
(5). Parametrically identified models of the hydrotreating reactor R-1 (y1) and (y2, y3, y4) on
the basis of the proposed heuristic algorithm allow the DM to make decisions on effective
hydrotreating process control in a fuzzy environment. The developed models of the main
units of the hydrotreating block (R-1, F-101, C-1, C-2 and C-3), which are combined into
a single package according to the scheme shown in Figure 3, allow us to optimize their
operating modes based on system modeling of their operation.

The identification of hydrotreating block models was carried out using modified
MPVR and MLS and had the structure of nonlinear regression equations. At the same time,
models that determine production volumes from units depending on input and operating
parameters are identified in the form of multiple regression in Equation (3). And the
structure of models that evaluate the quality indicators of manufactured target products is
identified in the form of (5), which are fuzzy multiple regression equations.

The mathematical formulation of the decision-making problem for fuzzy control of the
hydrotreating process based on the models of the hydrotreating reactor R-1 and the heuristic
method of solving it are based on the modification of the Pareto optimality principle to
fuzzy constraints. Known methods for solving a fuzzy problem are based on transforming
the original fuzzy problem α slices into a set of clear problems, which will lead to the loss
of a significant part of the original fuzzy information and a decrease in the adequacy of the
solution [7,19]. The proposed fuzzy approach in contrast to the known methods of solving
fuzzy problems allows us to set and solve the problem in a fuzzy environment without
transforming it to crisp problems. This allows us to maximize the use of collected fuzzy
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information (experience, knowledge, intuition of the DM) and to increase the adequacy of
the decision in a fuzzy environment.

Analysis of the results of comparison given in Table 1 of the proposed fuzzy approach
to solving a decision-making problem and the well-known deterministic approach allows
us to draw a conclusion about the advantages of the proposed heuristic method.

On the basis of analyzing and comparing the data in Table 1, the following can
be noted:

- The proposed heuristic method of solving the decision-making problem of hydrotreat-
ing process control is more effective than the deterministic method because its results
are more consistent with real data;

- The results of solving decision-making problems of hydrotreating process control
in a fuzzy environment using the proposed heuristic method allow us to improve
the adequacy of the decision. Improving the adequacy of the resulting solution is
ensured by taking into account the experience, knowledge and considerations of
experts, DMs, which allows a more complete and meaningful description of the real
situation without idealizing it;

- The proposed fuzzy approach to the decision-making problem of hydrotreating pro-
cess control in a fuzzy environment allows us to determine the degree of fulfillment of
fuzzy constraints, which are not determined in known methods.

5. Conclusions

This work investigated and solved decision-making problems for hydrotreating pro-
cess control in a fuzzy environment in oil refineries. A systematic approach to the devel-
opment of models is proposed, which makes it possible to develop a package of models
of interconnected units of the hydrotreating block, making maximum use of available
information of various types. The developed heuristic method for solving decision-making
problems based on the developed package of models makes it possible to effectively control
the hydrotreating process in a fuzzy environment.

The main results obtained in the research process include the following:

- The influence of the main technological parameters of the hydrotreating block on
the hydrotreating process was determined. These results were taken into account in
the development of a package of hydrotreating block models used in optimizing the
hydrotreating process;

- A package of models of the main units of the hydrotreating block (reactor R-1 and
furnace F-101 of hydrotreating, columns C-1, C-2, C-3) of the catalytic reforming unit
LG-35-11/300-95 of the Atyrau refinery has been developed. The structure of models
for determining the production volume is identified as nonlinear regression models.
The structure of fuzzy models that evaluate the quality indicators of the hydrogenation
product is identified as fuzzy regression equations;

- A mathematical formulation of the decision-making problem for hydrotreating process
control in a fuzzy environment on the basis of hydrotreating reactor models and a
heuristic method of its solution were formulated. The formulation of the decision-
making problem for hydrotreating process control in a fuzzy environment and the
heuristic method of solving thereof are based on the modification of the Pareto opti-
mality principle with application of the mathematical apparatus of fuzzy set theories.

The novelty of the results obtained lies in the development of a package of intercon-
nected mathematical models of the main units of the hydrotreating block with fuzziness of
some parameters, which makes it possible to systematically model and effectively control
the hydrotreating process. To effectively control the hydrotreating process based on the
developed package of models by modifying the Pareto principle of optimality, a heuristic
method has been developed. The novelty of the proposed method is that it allows us to for-
malize fuzziness and effectively solve the fuzzy decision-making problem of hydrotreating
process control through the maximum use of experience, knowledge and intuition of DMs
and expert specialists.
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