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Solution of the Problem of Searching for an
Energy-efficient Functioning Mode of a
Continuous Production Using Simulation and
Artificial Intelligence Methods

Matalva M. Zaytseva

Innovative University of Eurasia, Pavlodar, Kazakstan

Abstraer. The article examines the problem of searchimg for am
energy-efficient functioning mode for a power-consuming
continuons production characterized by nonlinearity, inertmess and
closed-circuit operation. It sugzests a method to constroct a multi-
criterion target function om the basiz of techmelogical production
process simulation. A gepetic algorithm was wsed te solve an
optimization problem, which made it possible to receive values of
controlling techmological productionm parameters that emsured
decrease in emergy consumphion.

Eeywords energy efficiency, modeling, genetic algorithm.
alumina production, energy saving technological decisions

1. INTRODUCTION

ODEEN economic condiions demand that industrial
enterprises mprove thewr energy efficiency[l,2,3]. This
task 1z particularly important for energy-intensive enterprises
with continuous merhial process production, such as enterpnses
in nonferrous metallurgy and chemical mdustry. A complex of
measures helping to achieve this goal includes searching for a
strategy to control producton technology and minimize its
energy consumpton.
Solution of this optimization problem requires development of
3 mmulti-criterion target function which should be based on
sumulation[4,5,6] of the
production in question. It 15 obvious that such function cannot

of basic technological processes

have analytical expression, and, consequently, 15 it impossible to

define 1tz properties. This circumstance makes 1t difi
apply classical optmmzation methods, becanse most of £
based on applying a pnon information to the behavior p
the target fanction.

Therefore, solution of such optmmzation problem sh
made on the basis of one of arnficial mtellizence me
genetic algonthm[7 8 9], and to obtan values of techn
production parameters ensurmng improvement of its

efficiency.

II. SIMULATION

Solutton of this problem was made on the exar
hydrochemical production of techmical aluminmm oxids .
raw material for electrolytic aluminum production.
resources used in the production are electnic energy and =

In order to solve the optimizaton problem we deve
model deseribing this technological production process
input parameters. The model is built on the basis of
balance equations imitating basic technelogical transfor
in production[10,11]. Fig. 1 shows the structure of the n
alumina production using the Bayer method, azpplied
majortty of aluminz plants m the world.

Fig 1. The stmacrore of the snzgested model of aluminons preduction using the Bayer method.
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The model consists of seven blocks deseribing the Bayer
process (fizg. 1). Block I — bauxite leaching, block I — bauxite
pulp dilution with alkaline water from sludge washing, 11T block
— pulp mixing with seed alumina, block IV — sludge washing for
alkali extraction, block V — pulp decomposition and obtaiming
alwmina, block VI — separation into alkaline solution, production
and seed hydrate, VII - evaporaton of circulating alkaline
soluhon with steam to the required concentration.

The diagram shows that the process being modeled has four
control ewrewts (KUL-EU4), existing in the producton Those
control cirewits help to support the concentration mode of the
process umts. Input and outpuf matenial flows of seven blocks-
production umts are shown on the scheme with numbered
ATOWS.

Energy
transformation and movement of matenal flows. It 15 connected
to volumes of those flows by proportional dependences
determined a prion: and 15 calculated by the formmla:

consumption 1n this production accounts for

13
W=K- 3 Ke-F. o
=l

Here Eie 135 specific costs of electne energy of the 1-th matenal
flow m the production (KWh'unit F), Ee 15 a comrecton factor
reflecting the share of unaccounted costs of electic energy.

Consumphion of steam used for evaporation of the circulating
solution with a reagent in block VII 15 determined by the amount
of material flow F (m® -howr).

The sunulation of 3-th of blocks—process umits (=L II..., VII) 15
based on nonlinear algebraic matenal balance equations wrnitten
down for all 1-th flows (i=1,2... 16), passmg through the modeled
block:

Y1,-4,G-E=0 ¥HE-G=0 YK, B-G -F=0
| -l o]
. B

n | ]
’ _E=0 LE-D. =0 i=10645-—
wh%lr-l:ule flows of sol 'alu'rlsl: ]ji is density ulf solutionsl H:.j
15 2 welght raho between lhigmd and sohd, A‘i and Bia.re
concentrations of a lhiguid phase of Al(: and NayOy
respectrvely, (5 1= a concentration of the solid phase of ALO::
Ii'Ki' L’i*Hjj are nonlinear funections of the i-th, having =
positive value for the mput flow, negative one for the output flowr
and wvalue equal to 0 if the flow does not pass through the
maodeled block.
Simulation of block IV i1s camed out using the Montnid
formmla: Cn =L§{:]l__ whera CB =M__
(B -Cgi =1 E,-H_
where Hm,Rnar\e technological parameters, N is 2 oumber
of sludge washng steps.
Simulation of block V (aluminum oxide transition from the
solution nto a solid phase) 15 based on a kinetic equation of the

Ind order: %=—Ra'Ka'{A—%}: where A i the
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aluminum oxide concentration im the solution, AP is 1ifs

equilibrium concentration, 1 is duration of the decomposition
process, Kd is its spead.
Kd‘LE].LIE 15 descmbed by a complex dependence on

temperature, reagent concenttation and other parameters, ths 15
why 1ts value m this work was determined using a theory of
furzy sets.

The present medel has sigmficant nonhneanty, and due to the
interconnection between the parameters of the production mn
question, all equations of the model, meluding differential ones,
should be solved i a single meration cycle. As the result we
performed analyvtical ransformation of the systems of nonlmear
equations into a form enabling convergence of the iteration
process in three vanants depending on the desired values of the
wvariable found in the iteration process. We developed am
algorithm according to which search for the solution was

performed using one of three vanants ensuring convergence.

II. CONSTRUCTION OF THE TARGET FUNCTION

The following criteria were specified for the solution of thas
optimiration problem: mimmization of energy consumphon and
steam consumption without ncreasing cost price of the finished
goods. The followng study was made to develop the mmlh-
cnterion target function.
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Fig. 2. Change of specific consumprion of elecimic power (), stzam ({3), and
raw material (B, QF) from the conirolled parameters a) B3 in the range
0.11...0.13 and b) XZ in the ange 1 ...2
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Using a static model we plotted the funchons of electnic energy
(Qe), steam ((Jz) and raw material (QB, QF) consumption per
ton of the fimshed gzoods from the controlled parameters
X={B2B5 X7 M3}  Graphical representation of the
dependences for these two parameters 15 grven in fizure 2.

Analysis of the obtamed dependences allowed us to make the
following conclusions: all dependences are nonlinear, the global
minmmum 15 observed for parameters B and MNZ m thewr
warlation range, but there are also local mmima (fig. 2a, 2b), cost
reduction for one parameter could lead to increase m the
consumphon of other parameters.

Therefore, 1t was decided to nchide m the cniterion the costs of
all kinds of consumphon to make 1t possible to find a strategy to
choose between conflicting tendencies. The following target
function was developed as a result:

5=C-Qi(X)/F; — min, 2)
where

QX)=(K;- W(X). K;-Qs(X). K;-R(X). K -F3(X).
W is enerey consumption caleulated by formmla (13,

Qs iz steam consumption, Q.= KSFIZEKS — coafficient of
steam consumption per lm® of evaporated water (MJ/m™),

F1 and F13 are =w material consumption with values of
operating parameters determined by vector X,

F1iis output of the finished goods,
C are prices for eleciric power. steam and raw materials

respectively, CL1 — CL4 are coefficients determining the share
of unaccounted costs.

Thus, we obtamed a entenon desernbed by ome analytical
expression and taking into account the required consumpton and
pnces for energy and raw matenals. Therefore it could be used as
unified cnfenion in this mult-criterion problem.

IV. SOLUTION OF THE OPTIMIZATION PROBLEM

It 15 obvious that for this 4-parameter optimization problem 1t
15 mnpossible to provide an analytical desenphon of the target
function and to determine 1ts properties, because Q(X) 1s
determined using 2 model of the whole producton with
operational parameters value X. This circumstance complicates
application of classical optimization methods because most of
them are based on use of a prion information on the target
function behavior pattern.

Fecently such problems started being solved using artificial
intellizence methods based on the mechamsm of evelitionary
development of the Natare, or so-called evoluhonary search
methods. From the pomt of view of mformation transformation
evolutionary search 1z a consecutive transformation of one finite
furzy set of intermediate selutions into another. In this statement
differantiability, continmty and other conditions imposed on the
target function i classical mathematical methods are not an
obligatory property for the elass of problems m question.

One of arbficial mtelhgence metheds — a classical genehe
algorithm[7.8,9] was chosen for the solution of this optimization
problem. This classical genetic algonthm locks as followrs:

1. Imtal population 1s created.

2. Fitmess of each individual in the population is evaluated.

3. Indrviduals with high fitness are selected for cross-breeding.

4. Cross-breeding of the chosen individuals and obtaming
descendants.

5. Mutation.

6. Formation of a new generation.

7. Check - if the population did not converge, than transition to
point 2, otherwise the end of searching.

Since a genetic algonthm does not work with the parameters of
our problem, but with a coded set of parameters, onginally in 1=
application we need to solve the problem of coding all
parameters of the optimization problem, that 153 mapping of the
solution domain onto a genetic code.

Coding of the mital population elements for this was
performed in a binary code for the whole domain of acceptable
values for 4 controllng parameters. Each paramester was coded
by 5 binary symbols with values from 00000 to 11111, Ths code
reflected the values of technological parameters constituting the
domain of thew acceptable values. 5o, for example, coding of the
value of BS parameter was performed m the range from 0.111 to
0.1265 with a step of 0.0005, and the value of M3 was coded 1n
the range from 1 60 to 1.735 with a step of 0.005.

4 inifial populations of "parental” chromosomes were created
using random selection ("shotzun") from the whele solution
domam for the problem mm gueshon. Left most column of
markers in the form of small squares for parameter BS 1o Fig. 3
and tnangles for M3 parameter shows our random selection of
imifial populations on the solutions domamn 0.111...0.1265 and
1.6...1.755 respectively.
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Fiz. 3. Graphical represenfation of chromosome gemsmfions durmg the
problem solition provided that the genetic alzorithm is completed by restricting
the oumber of generations (if is equal fo 28).

The next step of the genetic algorithm 15 evaluation of each
chromosome of the population by the fitness function. The
higher 15 the value of this function for the selected individual, the
higher 15 1ts quality. The fitness fanction depends on the problem

bemng solved; thiz 13 why 1t was developed on the basmis of
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cnterion (2). We also took into account basic requirements to the
fitness function: 1t has to have non-negative values and to tend to
a maximum. Moreover, as it was found dunng adjustment of the
genetic algorithm for the solution of the given optimization
problem, the fitness function for neighboring chromosomes (ch
— 15 2 symbel of a chromeosome) has to take values that are
considerably different from each other to snsure correct selechon
of the chromosome: forming the optimal seluhen of our
problem.

As a result the filness funchon for the optumzation problem

being solved got the following form:

Gich) = MAX(S) - C-Q(X)/F, = max (3
where MAX (5) 15 the greatest possible value of expression (2)
for this problem

Probability Psicli} equal to the relation of its fimess function
te the total filness of the wheole pepulation was calenlated to

form parental chromosomes for each individual of the
populaton:
Gich,
P,(ch,) = o B) @

>, G{ch,)

Then N chromosomes were selected (with replacement) mnto a
so-called parental pool for further genetic processing according
to the value of Ps (chi) on the basis of the simplest proporhonal
selection — "roulette”.

An operator called "cross-breeding” (crossover) in genetic
algorthms 15 responsible for the transfer of parental properties to
the descendants. In the solubion of the given ophmizabon
problem each pawr of parents had a single-pomt crossover, and
crossover pomts were determined randomlv. A couple of
descendants was formed as a result. The crossing operation was
carried out for the whole population of each generation, and the
mutation operation was camed out with the probability of 0.01.
In a chromosome subject to mutation one of randomly choszen
bits was changed to the oppesite one.

A program was developed and debugged for realization of this
algonthm. The result of the solution by 2 parameters 15 shown 1n
Fiz. 3. It 15 clear from the figure that from populaton to
population individuals closest to the optimal solution survive
from the originally selected population of mdividuals-selutions:
B5=0.126, M3=1.61.

After completion of the search process using a2 genefic
alzonthm the average value of the filmess funchon of
chromosome population grew from 341.17 to 546.17, and values
of technological parameters became B5=0.126, M3=1.61, Z=1.1
B2=0.18. The obtaned values of technological parameters make
it possible to reduce electric energy consumption by 10 % and
steam consumphion by 14 % in companson with the mode when

et

the controlled parameters were kept at a level of thewr average
acceptable value.

V. CONCLUSIONS.

Analysis of the results of the solution of the optmmzation
problem showed, that a genetic alzonthm helped to find values
of technological parameters allowing to reduce energy
consumphon for production of lton of the fimished goods
without increasing its cost price.

Solution of the optimization problem using classical methods
of gradient descent and random search strongly depends on
imitial approximation and does not always brnng the expected
results because of the absence of functional dependence between
output and input parameters.
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