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Actual problems of modeling of ecologic-economic systems on the example of the Republic of
Armenia (RA) are considered. Based on the methods of agent modeling and system dynamics,
the simulation model of ecological-economic system which has allowed constructing the RA
Ecological Map was created. The important purpose of the suggested approach is search of
scenarios of rational modernization of the agent-enterprises, which are the main sources of
emissions with simultaneous definition of effective strategy of the government regulation. The
bi-criterial optimization problem for the ecological-economic system of RA is formulated and
solved with the help of the developed genetic algorithm.

Keywords: ecological-economic system; simulation modeling; system dynamics; agent-based
modeling; multiobjective optimization

DOI: 10.21469/22233792.2.1.08

1 Introduction

At the present time, important direction in the field of sustainable development of ecological-
economic systems, which is known as “Ecological economics” [1], is developing significantly.

The main feature of this direction is studying of long-term dynamics of the ecological-
economic system, taking into account interaction of key economic agents: the production and
refining enterprises being the main sources of emissions; consumers (both internal, and exter-
nal), the government, which is carrying out the regulating functions, in particular, regarding
the enterprises — main sources of emissions; vehicles and green companies, which are carrying
out pure ecological products, human resources, people and environment, including minerals,
water resources, power sources, land, forest, etc.

Complexity of seeking the best scenarios of long-term development of ecological-economic
system is caused by not only the large-scale of such systems and their elements, but, firstly, an
availability of internal nonlinear multiple feedbacks which are both balanced and reinforcing
that leads to occurrence of difficult predicted multiplicative effect. For example, restriction
of mining obviously reduces the level of emissions to the atmosphere, however, also leads to
decrease in cumulative profit and tax revenues in the budget of the region. On the other hand,
improvement of the general ecological situation in the region attracts the development of green
branches of the economy, in particular, such as tourism, sectors of high technologies, green
agriculture, etc. which can substitute nonecological economy industries.
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Therefore, for seeking scenarios of long-term development of similar complex ecological-
economic systems, it is necessary to use the methods of system dynamics [2] and agent-based
modeling, allowing to investigate the multiplicative influence of internal feedbacks, dynami-
cal flows of natural resources in a complex interdependence between key economic agents (in
particular, between enterprises and the government) and possibilities of effective government
regulation.

The idea of use of methods of system dynamics and agent-based modeling for research of
ecological-economic systems is not new. In particular, possibilities of recovery of the ecological-
economic system of South Africa [3], potential of development of ecological agriculture of
China [4], and loudspeakers of stocks of water resources of China [5], loudspeakers of hunt-
ing natural resources of South America [6], etc. were investigated.

In this article, the concept of the agent-oriented model of ecological-economic system of RA
is provided. Not detailed ecological map of Armenia on which dynamics of transition of manu-
facturing agents from initial conditions of the main sources of emissions of harmful substances
to target final state — environmentally friendly productions is visualized is constructed.

The purpose of the work consists in the system analysis of the major characteristics of
ecological-economic system on the example of RA taking into account the available interrela-
tions between key economic agents and environment and forming of strategy of government
regulation for manufactures in order to motivate them to transit to environmentally friendly
production.

2 Model of ecological-economic system of the Republic of Armenia

The common simulation model of ecological-economic system of RA is developed using the
methods of system dynamics and agent-based modeling. In this model, enterprises, which
are the main sources of pollution of the atmosphere, need to be modernized for minimization
of emissions level of harmful substances, have been identified. Such approach has allowed
estimating forecast dynamics of emissions reduction of the main harmful substances at the
atmosphere, such as carbon oxides (COx), hydrocarbons (CH), sulfur dioxide (SO,), flying
organic substances (NMVOC), nitrogen oxides (NOx), and other substances. At the same
time, there is mechanism of the government regulation of activity of enterprises by means of
the penalties and subsidies directed to refusal of use of the technologies polluting environment
in favor of environmentally friendly technologies. The state chart, which is the algorithm of
behavior of manufacturing agents considering influence of the government regulation in the
form of penalties (for exceeding of limits of emissions of harmful substances) and subsidies (at
essential decrease in emissions level) is represented in Fig. 1.
In Fig. 1, it is shown that agents-enterprises can have four possible final states:

1. Not ecological manufacturing (not ecological production) — production by which the en-
terprise remains to be one of the main sources of emissions of harmful substances.

2. Closing of the company — complete elimination of the enterprise as a result of which the
source of emissions of harmful substances is eliminated.

3. Partial modernization — the enterprise is essential (in comparison with previous, the tem-
porary period) reduces emissions level of harmful substances.

4. Ecological manufacturing (environmentally friendly production) — production by which
the enterprise stops being a source of emissions of harmful substances.

Let us provide the formal description of the main part of the developed agent-oriented
model of ecological-economic system of RA relating to behavior of agents enterprises with
the mechanism of the government regulation. Let us note that the model of dynamics of
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Figure 1 Algorithm of behavior of agents-enterprises

environment taking into account characteristics of all agents occupying it demands separate
detailed consideration and is beyond this article.
Let us enter the following designations:

t € {ty,...,to + T} — time by years (t, is the initial time moment and 7" is the horizon of
strategic planning);

J(t) — set of indexes of the agents enterprises which are the sources of emissions of harmful
substances; j € J(t) — index of the agent enterprise at the time moment t;i € {1,..., 1} —
kinds of harmful substances: SO,, NOx, NMVOC, CH, etc.;

st;(t) € {1,2,3,4} — possible states of jth-agent enterprise: st;(¢f) = 1 — initial condition of
not ecological production; st;(¢) = 2 — partial modernization; st;(¢) = 3 — environmentally
friendly production; st;(t) = 4 — closing the enterprise caused by the violation of the
ecological legislation;

7v;(t) — the coefficient determining the volume of emissions of harmful substances in the
atmosphere depending on state of jth-agent enterprise:

1, if st;(t) = 1
v;(t) =< 0.5, ifst;(t) =2;
0, ifst;(t) =3 orst;(t) =4;

E;(t) — total volume of emissions of harmful substances in the atmosphere of jth-agent

enterprise:

E;(t) = Z v;(t)eis
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where ¢;; is the average volume of emissions of 7th-harmful substances in the atmosphere of
jth-agent enterprise;
C;(t) — costs of modernization or elimination of jth-agent enterprise:

) pi(0) (1 = 5(1)), if st(t) # 4;
@®_{p éumimwo:4

where p;(t) is the modernization cost of jth-agent enterprise and p;(t) is the elimination
cost of jth-agent enterprise;

V;(t) — release total volume of the jth-agent enterprise, it is calculated with the help of
well-known production function of Kobb-Douglas:

Ao g (O)(Lj (1) (K () (1)), if st (t) = 1 or st(t) = 2;
Vi(t) = Ao () (L () O (K ()5, if st;(t) = 3;

0, if st;(t) =4

where A ;(t) is the factor of scientific and technical progress for jth-agent enterprise; L;(t) is
the number of human resource of jth-agent enterprise; K;(¢) is the fixed assets of jth-agent
enterprise; /() is the minimum necessary fixed assets of jth-agent enterprise by environ-
mentally friendly production; «;(t) and ;(¢) are the parameters of production function of
Kobb-Douglas, for which «;(t) + 8;(t) =1 for all j € {1,...,J(t)};

D;(t) — grants for modernization of jth-agent enterprise from the state within the sug-
gested model are paid only to the enterprises which are already partially modernized and
on condition of deficit of own means necessary for full modernization and to transition to
environmentally friendly production:

MOC;(B), if sty(t —1) = 2 and Cy(t) = Py(t —1) > 0:
Dj(t):{ 0, if sty(t —1) £ 2 or Cy(t) = P(t —1) <0

where \;(t) is the control parameter of system of the government regulation defining share
of the costs of modernization subsidized from the government (0 < A;(¢) < 1);

D(t) — the maximum permissible volume of subsidies, which can be directed on moderniza-
tion of all agents enterprises from the government;

F;(t) — penalties of jth-agent enterprise from the government, caused by essential violation
of the ecological legislation:

_ @) Pt = 1), if Ey(?)
@_{n 0, it E,(t)

Ej(t) and st;(t — 1) # 3;

£ (1) or st(t — 1) = 3

>
! <
where 7);(t) is the the control parameter of system of the government regulation defining the
share of the profit got by the agent enterprise in the previous period directed on payment of
penalties (0 < n;(t) < 1) and E;(t) is the maximum permissible level of harmful substances
in the atmosphere for this enterprise; and
P;(t) — profit of jth-agent enterprise:

Py(t) = p;(0)V5(t) = C5(t) + D;(t) — F;(t) — Const, (1)

where p;(t) is the average prices for products of jth-agent enterprise and Const;(¢) is the
cumulative constant expenses of jth-agent enterprise (including labor costs, taxes, depreci-
ation of fixed assets, etc.).
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Let us note that within this model, two types of agents are considered. Agents enterprises
treat the first type, being the main sources of emissions of harmful substances in the atmo-
sphere, maximizing in each time moment ¢ own profit. The government aiming at minimization
of cumulative emissions level of harmful substances in the atmosphere at the expense of choice
of the optimum strategy of the government regulation (differentiated in relation to agents en-
terprises) treats the second type. As a result, it is possible to formulate bi-criterial optimization
problem for the considered ecological-economic system.

3 Problem definition

Problem 1. It is required to maximize profit of each jth-agent enterprise under minimum
possible cumulative emissions of harmful substances in the atmosphere in each time moment ¢

max P;(t
max Py() .
min FE.(t
Xj (8 (1) (1)
under restrictions:
> Di(t) <D(t), Py(t) = 0; (2)
JEJ(t)
stj(t) € {1,2,3,4}, 0 <n;(t) <1, j € J(t), (3)

and other restrictions making clear economic sense.

As a result of the solution of the problems (1)—(3), the subset of optimal decisions is uni-
formly distributed along Pareto front. In order to get such subset with required level of a time
effectivity, we applied genetic algorithms, which are similar to that described in works [7-10]
and based on the class of Strength Pareto Evolutionary Algorithms (SPEA, SPEA2, etc.). The
scheme of the developed genetic algorithm (GA) is presented in Fig. 2.

The developed GA is based on the classic evolution approach, which requires applying oper-
ators of selection, crossover, and mutation (see Fig. 2). The main feature of the developed GA
is taking into account internal restrictions, which are implemented on the agent level. In partic-
ular, transitions from the finite states “closing of the company” and “ecological manufacturing”
to other states are impossible. The transition from the state of a “partial modernization” to the
state of an “ecological manufacturing” is possible only if the current fund is enough for a full
modernization (when P;(t) > 0).

Therefore, the GA considers only those states of agents, which are dynamical coordinated.
Thus, GA touches possible trajectories of modernization of agent enterprises estimating them
impact on the ecological-economic system.

It should be noted that there are some important blocks in the developed GA (see Fig. 2):

— Forming initial population of decisions for each jth-agent. As a rule, the initial state is
defined as not ecological manufacturing (st;(to) = 1,7 € J(to)). However, over time, the
state of agents can be changed. First of all, the GA provides forming some possible values
of st;(t) in each time moment t € {to,...,to+7T}. The choice of such values can be random
under restrictions;

— Loading input data to the simulation. The simulation model of the ecological-economic sys-
tem was implemented in AnyLogic system. The simulation model deals with real datasets
having data about characteristics of agents enterprises of RA. Therefore, the developed
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Figure 2 The scheme of the developed GA

model was integrated with the database and input data are being loaded in the model
in a simulation process. Input data consist of control parameters, in particular, such as
{A;(t),m;(t)} and exogenous variables such as parameters of Kobb-Duglas production func-
tion {Ao (1), a;(t), 5;(t)}, the predictive dynamics of resources {L;(t), K;(t)}, and other
exogenous variables;

— Run of simulation (AnyLogic model) to get values of objectives. The simulation model
is intended to obtain values of objective functions {P;(t), E;(t)} under different values of
control parameters;

— FEstimation of obtained results and filling of archive of nondominated solutions. The filling
of archive of nondominated solutions is implemented with the help of SPEA2-algorithm [8].
The algorithm is based on weighting of solutions (individuals) in proportionality to amount
of its dominated solutions. Hence, individuals with smaller weights have more priority under
the selection. It should be noted that such algorithm deals with convex objective functions
only;
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— Forming population of individuals is based in iteration moving individuals towards the
Pareto-front. For this purpose, individuals having highest Pareto ranking will be assigned
larger priority to including in the population; and

— Selection of best parent individuals from the population, crossover, mutation, and forming
offsprings are the standard operators of the GA.

The choice of the final scenario of modernization of the enterprises taking into account
aspiration to maximizing their profit with simultaneous minimization of cumulative emissions
is carried out taking into account the additional preferences created based on the analysis of
possible effects of implementation of the corresponding strategy of modernization. Thus, the
structure of emissions of substances in the atmosphere (on each large enterprise) and their
contribution to dynamics of incidence of the population is estimated. Let us note that different
chemical elements have the differentiated impact on state of health of the population. For
example, excess concentration of carbon oxide (CO) leads to organism intoxication (at certain
concentration, by lethal outcome), systematic sulfur dioxide emissions lead to growth of pul-
monary diseases, and nitrogen oxide — to growth of respiratory diseases. Each type of diseases
renders different social and economic effects, which need to be considered at decision-making,
including not eco-friendly enterprises relating to closing.

4 Simulation model of ecological-economic system

Further on, based of the suggested algorithm of behavior of agents enterprises (see Fig. 1) taking
into account dynamics of environment (see Fig. 2) and bi-criteria optimization problems (1)—(3),
the simulation model of ecological-economic system implemented in AnyLogic system (Fig. 3)
has been developed. Important advantages of AnyLogic system are as follows:

— possibility of the combined use of different methods of simulation modeling, in particular,
system dynamics and agent-based modeling;
— ability to aggregate the simulation model with databases;
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— ability to aggregate the simulation model with geographic information systems (GIS), in-
cluding possibility of dynamic visualization of condition of agents on map (see Fig. 3);
and

— ability to aggregate the simulation model with the developed genetic optimization algo-
rithm, in particular, providing forming of subset of optimum decisions across Pareto for the
considered problem of ecological-economic system. This algorithm is described in [9,10].

Let us note that the developed simulation model is integrated with the subject-oriented
database containing up-to-date information about stationary sources of emissions — the RA
enterprises, created with use of statistical data of the Center for Ecological-Noosphere Studies
of the National Academy of Sciences of RA provided by the Center!.

5 Results of the simulation modeling of ecological-economic system

of the Republic of Armenia

The results of simulation modeling are unloaded in database and visualized on maps (Figs. 4—
6). Forecast dynamics of possible states is presented on the maps (till 2025), the modernized
agents enterprises being the main sources of emissions of harmful substances in RA. With
black color, the enterprises which are in condition of not eco-friendly production, dark gray
color — the partial modernized enterprises, light-gray color — the enterprises which have
become environmentally friendly owing to full modernization, white color — the enterprises
which are desirable for closing are allocated. Let us note that on the maps, not the legal but
the actual addresses of the enterprises (including multiple) which are directly relating to sources
of the corresponding emissions are visualized (for example, for the extracting enterprises, there
are the coordinates of mining fields).
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Let us note that the developed decentralized agent-oriented model of ecological-economic
systems is allowed forming the optimum plan of modernization of agent-enterprises through the
scenario control of parameters of the government regulation such as penalties and subsidies. The
final suggested scenario of modernization is chosen among subset of all received Pareto-optimal
decisions as the most preferable to social and economic system. Thus, optimum values of
parameters of the government regulation are found: A;(¢) (the share of costs of modernization
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subsidized by the government) and 7;(¢) (the share of profit of the enterprise received for
previous year, directed on penalties) for all considered agents enterprises j € J(t). Let us
note that average optimum values \;(t) ~ 50% (for the separate enterprises of rather 10%
subsidizing) and 7);(t) ~ 80% (for the separate enterprises penalties have to make up to 100%
of the got profit).

6 Concluding Remarks

The simulation model of ecological-economic system of RA considering features of system of
the government ecological regulation has been developed with the help of the methods of sys-
tem dynamics and agent-based modeling. The results of simulation modeling allow drawing
conclusion on availability of basic possibility of modernization of the majority of the RA enter-
prises which activity is followed essential to emissions of harmful substances in the atmosphere.
Thus, transition to model of ecological economy is possible at the expense of own means of
the enterprises and subsidies from the government. Unfortunately, some enterprises, in par-
ticular, which are carrying out production and processing of copper molybdenum concentrate,
cannot be given to environmentally friendly production because of the existing technology re-
strictions and, therefore, reasonably gradually to preserve them with simultaneous creation of
new environmentally friendly productions.
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enTpaibHblit SKOHOMEKO-MaTeMaTHIecKuii nacruryt PAH
Poccus, r. Mocksa, HaxumoBckuit mpocrekt, 47
2HarmoHa IbHbIH UCCIeI0BATEILCKH YHIBEPCHTET «BhICIast IIKoIa SKOHOMUKH»

Poccus, r. Mocksa, yi. Kupnunanas, 33
3]1enTp sKos0r0-HOOChEPHLIX HCCTenoBanuil Harmona pHoN akajgeMun Hayk Pecrny6imkn Apmennst
Apwmenns, 1. Epean, yi. Abossina, 68

PaccmaTpuBaiorcst akTyaJbHbBIE BOIPOCHI MOZEJIMPOBAHUSI 3KOJIOIO-3KOHOMUYIECKON crcTe-
Mbl Ha npumepe Peciy6iuku Apmennst (PA). OcHoBbIBasich Ha METOJAX areHTHOTO MOJIEJIUPO-
BaHUs U CUCTEMHON JIMHAMUKHU, CO3JaHa UMUTAIMOHHAS MOIE/b SKOJOr0-3KOHOMUYECKONH CHC-
TeMbI, IMO3BOJIMBINAS IIOCTPOUTH DKOJOTMIECKYI0 KapTy PA. BaxKHOI IesIbio mpejiaraeMoro
ITOJIXOA SBJISIETCS MTOUCK CIIEHAPHUER PAIlMOHAJIBHON MOJEPHUBAINH IIPEIIPUSITUIN, STBIISTIOIIIX-
¢l OCHOBHLIMU MCTOYHUKAMHU BBLIOPOCOB BPEIHLIX BEIIECTB C OJHOBPEMEHHBIM OLPEICICHIEM
3 HEKTUBHOI CTpaTernu rocyaapcTBeHHOTO peryanpoBanus. CpopMyInpoBaHa U perreHa Ou-
KpUTepHaIbHas 3aJada ONTHMHU3AIUN XapPAKTEPUCTUK 3KOJOIO-3KOHOMUYECKOH CHUCTEMBI Ha,
npumepe PA.
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