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Abstract. The report provides the application of biogas technologies at livestock enterprises as a com-
plex solution of alternative energy supply of heat sources on natural gas. The organization of biogas
complexes is a high-cost event and requires the selection of the optimal location variant, which con-
sists in minimizing the total costs associated with the production of biogas and its delivery to consum-
ers. Optimization is based on the construction of mathematical models for the location of elements of
a distributed production structure. The method of solving this problem is based on the use of a genetic
algorithm with real coding and the use of parallel computations. In this paper, an example of the solv-
ing the problem of the optimal location of biogas complexes in the territory of the Udmurt Republic of
Russian Federation is presented. The estimation of the economic effect of substitution of natural gas
with biogas is given, the optimal volume of its production is determined taking into account the solu-
tion of the ecological problem of processing livestock wastes and the possibility of selling by-products
from biogas production. The results of the calculations are presented in graphical and tabular form.

Keywords: biogas complex, facility location, intermediate production, final product, genetic algo-
rithm.

INTRODUCTION

The distributed industrial structure is typical for many branches of industry and
agriculture associated with the production and recycling of various types of raw materials and
minerals [1]. This industry also includes the production of biogas from animal wastes [2, 3].
The construction of mathematical models and tools for calculating the optimal production
structure and facility location for processing raw materials into products allows the most
rational use of available resources and, accordingly, to achieve the best values of the
placement performance index, which consists in minimizing costs or maximizing profits [4].

Problems of mathematical modeling of facility location at the modern level are devoted to
the works of M. Daskin, Z. Drezner, S. Hakimi, R. Churche and others [5]. They describe
various location models taking into account the multilevel and multiproduct nature of produc-
tion, time and probabilistic parameters, restrictions on the output. Methods for solving the
problems of facility location are described in M. Fisher, R. Galvao, S. Revile, B. Bockaya, J.
Zhang, E. Erkut, J. Bramell, E. Rolland, K. Rosing [6, 7].

The meaningful formulation of the problem of allocating elements of a distributed
production structure is as follows (see Figure 1).
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Figure 1. Scheme of interrelation of raw materials storage points,
intermediate product production points and final product production points

There are a number of K production points for the final product. To produce it, M
interchangeable types of intermediate products are used. For its production, raw materials are
used, prepared in raw material storage points, the total number of which is equal to 7. It is
required to find the volumes of output of intermediate products in each of J potential points of
its production. Possible positions of intermediate products manufactured points are
determined in advance, and they may or may not coincide with the location of the storage
points of raw materials and points of the final product production [8].

MATHEMATICAL MODEL

The mathematical model of considered problem is based on the methodology for calculat-
ing the cost of intermediate production and the final product, given in [9, 10].

The objective function of the problem is to minimize the total costs for the final product,
taking into account the costs of production and delivery of intermediate products:

C=C"+C"™ - min, (1)
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where C are total costs for production of intermediate and final products, rub./year; C” are
costs for transportation of raw materials, production of intermediate products and its delivery

to the final product production points, rub./year; C™" are costs for processing intermediate
products into the final product at production points, rub./year; V" is the output of m-th type

of intermediate products at the j-th production point, un.i.p./year; D, is the output of the final
product at the k-th production point, un.f.p./year; D;" is the output of the final product at the
k-th production point on the m-th type of intermediate products, un.f.p./year; F/" (Vj'”) are

costs of processing raw materials into the m-th type of intermediate products at the j-th pro-
duction point, rub./year; E; (D,:”) are costs for processing m-th type of intermediate produc-
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tion into the final product at the 4-th production point, rub./year; g;' are costs of transporting
a unit of raw materials used to produce the m-th type of intermediate production, between the
i-th raw materials storage point and j-th point of its production, rub./un.r.m.; g% are costs of
transporting a unit of m-th type of intermediate production between the j-th point of its pro-
duction and the &-th point of final product production, rub./un.i.p.; x;; are managed variables
that determine a share of the final product from the k-th point of its production, produced in
the m-th type of intermediate production from the j-th point of its production with the con-
sumption of the raw materials from the i-th storage point.

The costs of processing of raw materials into the intermediate production F}" (Vj’”) are

determined on the basis of technical and economic calculation:

where a;' are the conditional-constant costs per unit of the m-th type of intermediate produc-

tion output at the j-th point of its production, rub./un.i.p.; b7 are the conditional-constant
costs for the entire output of the m-th type of intermediate production at the j-th point of its
production, rub./year; ©(y) is Heaviside function.

The costs of processing of intermediate production into the final product are

E!(D}")=a;D; +b'® (D), k=1K, m=1M, (5)

where g, are the conditional-constant costs per unit of the final product at the k-th point of its

production on the m-th type of intermediate production, rub./un.f.p.; 5,{’” are the conditional-

constant costs for the entire output of the final product at the k-th point of its production on
the m-th type of intermediate production, rub./year.
The following relationships are accepted as the restrictions:

I K _ -
ij:TmZ x;};{Dka ,]:17 am:L 7 (6)
i=l k=1
1 J - -
D =D, % % k=LK, m=1,M; (7
i=1 j=1
J K - -
"t Y D xn D <Wi=11, m=1,M; (8)
j=1 k=1
I J M -
D> =L k=LK, %)
i=1 j=1 m=1
xne[01], i=L1, j=1J, k=LK, m=1M. (10)

where " is the volume of raw materials at the i-th point of accumulation, used to produce

the m-th type of intermediate production, un.r.m./year.

Relations (6), (7) establish a balance between the output of intermediate production at its
production points and demand for it at the final product production points. Expression (8) de-
termines the balance between the required volume of raw materials and the potential of the
raw materials base at the points of its accumulation. The constraint (9) reflects the condition
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for the satisfaction all the final product production point with the intermediate production.
The restriction (10) shows the domain of the desired solution.

NUMERICAL SOLUTION ALGORITHM

The presented mathematical model belongs to the class of problems of nonlinear optimi-
zation [11]. In this case, the search for the optimal solution is complicated by the large dimen-
sion of the vector of the desired solutions. The specificity of the problem (1)—(10) is the in-
ability to differentiate the objective function. Therefore, the main problem is the choice of the
method for the numerical solution of the optimization problem.

The method for solving this problem is based on a genetic algorithm with real coding.
A block diagram of this algorithm using parallel computations is presented in Figure 2.

Initial population of individuals
(variants of location the elements of distributed production structure)

v v v

Thread 1 Thread 2 Thread P

l

yes

S.mp. Stop -« Stop -
criteria criteria criteria
l no
Genetic operators Genetic operators Genetic operators

of selection, of selection, of selection,
crossover and crossover and crossover and

mutation mutation mutation

| | }
Migration of Migration of Migration of
individuals < individuals < > individuals
v v

L 5 Finding the optimal solution

Figure 2. Block diagram of genetic algorithm using parallel computations

Search for solution of the problem involves several stages:

1.
2.
3.

Formation of the initial population of individuals.

Assessment of fitness of individuals.

Application of genetic operators. Over individuals within each flow, the action of ge-
netic operators is carried out: selection, crossover and mutation.

Migration of individuals. At this stage, there is a movement of individuals from one
thread to another — migration is carried out.

Finding the optimal solution of the problem. The best individual of a given thread is
compared to the best individuals of the remaining threads, and the winner becomes the
solution of the problem.
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The partitioning of the population into several threads and the execution of intra-thread
operations by individual processors of the computing device leads to a significant increase in
the overall speed of searching for the optimal solution.

OPTIMAL LOCATION SCHEME FOR THE BIOGAS COMPLEXES
ON THE TERRITORY OF UDMURT REPUBLIC

In Udmurt Republic in 2015, more than 50 % of the animal wastes were provided by
the 60 livestock farms [12, 13]. They are chosen as potential locations for biogas com-
plexes. 383 heat sources have been chosen as potential biogas consumption points [14]. The
organization of biogas complexes is a high-cost event, and the cost of biogas and heat energy
on biogas is reduced due to large volume of production that can be achieved by using the raw
materials from large livestock enterprises. Further increase in production is achieved at the
expense of smaller enterprises. This leads to a parametric problem of determining the largest
economically feasible volume of biogas production, in which the total cost of heat energy on
biogas, including the cost of its production, does not exceed the cost of heat energy on natural
gas, including the cost of its purchase. To solve the problem, the above mathematical model is
used, in which the optimization criterion is minimization of the cost of heat energy on biogas
subject to a given volume of production. Figure 3 shows the optimal values of objective func-
tion C — the cost of heat energy — for each of the given volumes of biogas production V*. In
the same figure, for comparison, an analogous dependence is given for the cost of heat energy
on natural gas. The increase in biogas production due to smaller livestock enterprises leads to
an outpacing increase in the cost of biogas as compared to the fixed cost of natural gas, which
also affects the cost of heat energy.
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===Cost of heat energy on biogas
600 4 =o=Cost of heat energy on natural gas Vi

== Cost of biogas

Natural gas purchase
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Figure 3. Dependence of the cost of heat energy production on biogas and natural gas
from total biogas production
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The presented results show that with ¥ > 70 million m® / year the use of biogas to re-
place them natural gas under the conditions of the Udmurt Republic is economically unprofit-
able. The optimal scheme of facility location corresponding to the volume of 70 million m® of

biogas per year includes 16 biogas complexes located near the largest livestock enterprises
supplying 62 heat sources (see Figure 4).

(O] Poultry farm @ Cattle farm

@ Pig farm A Biogas complex o Heat source

Figure 4. Optimal location of biogas complexes

Volumes of biogas production on biogas complexes are given in Table 1. As calculations
have shown, in this case the total costs for the production of heat energy including fuel costs
will be 215 million rubles per year. The average cost of production of heat energy on biogas
for selected heat sources will be equal to 701 rubles / Geal.
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Table 1. Biogas complexes in Udmurt Republic

No .Location Volume qf !)iogas3 production, Number of h(fat sources
of biogas complex million m”/year supplied

1 Italmas 21.53 12
2 Varaksino 11.20 6
3 Glazov 8.21 5
4 Oktyabrskiy 5.77 4
5 Kigbaevo 5.07 3
6 Votkinsk 2.66 5
7 Pychas 2.65 5
8 Dizmino 2.29 3
9 Alnashi 2.08 2
10 Uva 1.82 3
11 Balaki 1.67 2
12 Bagrash-Bigra 1.38 2
13 Palniki 1.17 1
14 Shevyryalovo 0.97 3
15 Starye Bygi 0.85 3
16 Staraya Mon’ya 0.73 3
Total 70.05 62

Figure 5 shows the dependence of the annual economic effect £ obtained by the substitu-
tion of natural gas with biogas on heat sources, on the volume of biogas production. Its value
is determined by the difference between the total costs for the heat energy production on natu-
ral gas and biogas.
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Figure 5. Dependence of the annual effect on substitution of natural gas with biogas
of the total volume of its production
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The biogas production yields the ecologically clean organic fertilizers. In addition, the
waste of livestock enterprises, according to the classification of the Ministry of Natural Re-
sources and Ecology of the Russian Federation, is a hazard class III substance, the utilization
of which in the production of biogas allows the elimination of environmental fines. Taking
into account the income from the sale of solid biofertilizers at a cost of 500 rubles per ton and
exclusion of environmental fines equal to 100 rubles per ton of dry matter, economically prof-
itable biogas production in Udmurt Republic increases from 70 to 100 million m® per year,
and the maximum economic effect increases from 20 to 55 million rubles per year.

CONCLUSION

As a result of solving the problem of optimizing the location of biogas complexes in the
territory of the Udmurt Republic it is determined that the maximum amount of biogas produc-
tion, at which it is economically feasible to replace natural gas, is 70 million m® per year. For
this volume, the optimal number and location of biogas complexes supplying 62 heat sources
is given. Taking into account the income from the sale of biofertilizers and the exclusion of
environmental fines, economically profitable output of biogas increases to 100 million m® per
year.
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