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ABSTRACT

The emergence and uncontrolled development of environmental hazards in the processes
of life in the absence of appropriate response measures in many cases leads to the
emergence of man-made emergencies with dangerous consequences for public health and
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level of environmental safety of life support of territories based on the theory of fuzzy sets.
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protection. Protection of the population and territories from environmental threats and
possible man-made emergencies. Within the framework of the purpose of the study, a fuzzy
scale of threshold levels of environmental safety of territories and economic objects has
been developed based on the theory of fuzzy sets and the mathematical apparatus of soft
computing. The practical significance of the developments is confirmed by the successful
application of the proposed scale of indicators and indicators in assessing the environmental
hazard of life support systems of settlements and industrial enterprises affecting the
environment.

INTRODUCTION

placement of life results in solid toxic waste, the experience
of the Southeast Asian countries should be highlighted. For
a long time, such waste has served as a dangerous socio-
ecological problem for the environment and the health of the
population of these countries (Liu et al. 2000, Bredel 1995).

The analysis of information on emergencies (emergencies)
with dangerous environmental consequences has shown that
natural disasters, as well as dangerous technogenic processes
and accidents, are the main causes of emergencies and pose
a significant threat to the environmental safety of the world
community, the population, socio-economic development
(Oltyan et al. 2020). In this regard, achieving Sustainable
Development Goals determines the relevance of scientific
and methodological tasks to substantiate mechanisms for
improving the forecasting of environmental threats and
emergencies for timely prevention. The most important
task is the development of effective environmental safety
systems that ensure the protection of the natural environment,
population, and territories from the negative impact of
technosphere objects, the main ones being toxic waste,
emissions, and discharges into the natural environment

To gradually solve the current urgent problem, in
2010, the States of the Pacific zone (China, Indonesia, and
Australia) created the Asian Coal Ash Association (Asian
Coal Ash Association), which was then joined by other
countries. As a result, through joint efforts, a well-structured
strategy, an effective legal framework, and management
models for achieving the task were formed. The legislation
of India and other countries provides for a dynamically
changing value, depending on economic conditions, for
the mandatory use of fuel slag as the main material for the
construction of embankments, in road works, the production
of wall materials, block structures at facilities located within
aradius of 25-100 km from thermal power plants and CHP.

(Tshovrebov et al. 2018a).

As a positive example of preventing environmentally
hazardous situations associated with the formation and

A similar legal norm regulates the use of waste in other
areas. As a result of environmentally and economically
justified actions over the past decade in India, China, and
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the countries of Southeast Asia, the level of ash and slag
processing from the total volume of such waste generation
has reached over 75-80%.

In 2014-2019 India successfully implemented a
nationwide program to clean the country of garbage, “Swah
Bharat”, to popularize a resource-saving and environmentally
friendly lifestyle. In Panaji and Alappuzha, facilities have
been liquidated, and the territories of former waste disposal
have been recultivated. Effective implementation of systems
for the selective collection of municipal waste is underway,
considering that their composition contains over 60% organic
matter. New and innovative biocomposting technologies are
being introduced as part of this initiative. Similar decisions
are being made in the world regarding the disposal and
recycling of waste from electronic and household equipment
(Baldé et al. 2017, Zeng et al. 2018), solid municipal and
construction waste (Sereda & Kostarev 2021, Sereda et
al. 2022), and a number of other hazardous technosphere
objects from products used in the life process. Such solutions
serve as the basis for the prevention of natural hazards,
hydrometeorological and other processes: smog, dust storms,
landslides, subsidence of soils, loss of forests, shortage of
drinking water as a result of water poisoning, and destruction
of biological resources irretrievably lost for water supply of
underground aquifers (Hertwich et al. 2020, Liu et al. 2016,
Omar et al. 2019, Varughese 2017).

The adoption of scientifically sound system management,
organizational, technical, and technological solutions to
reduce technosphere hazards contributes to the comprehensive
solution of social problems, ensuring environmental,
economic, and food security, availability of necessary
drinking water supplies, and groundwater purification
(Bhagawati et al. 2017, He et al. 2017, Rosalia & Hakim
2021), the implementation of a closed-cycle economy,
the return of safe, natural resources to the environment
(Domenech et al. 2019, Hart & Adam 2019, Kirchherr et
al. 2017).

In 2015, the Prime Minister of India and the Head of
the Ministry of Emergency Situations of Russia reached
agreements on cooperation in the field of emergency
prevention and response, exchange of information on hazards
and threats, including environmental ones, obtained using
space monitoring methods. The main threats to natural and
man-made nature include the death of forests, desertification
of territories, smog, reduction of biodiversity, dangerous
effects of agrochemicals, and toxic waste on soils and water
bodies.

In the given context of the pressing issue, the utilization
of advanced forecasting techniques for environmental
threats and emergencies is of paramount importance. This
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approach aims to assess the likelihood of emergencies’
emergence, occurrence, and progression by systematically
analyzing potential causes and conditions that could lead to
an uncontrolled escalation of environmental hazards, thereby
reaching hazardous levels.

However, at present, the formation of a forecast can be
based only on a limited set of incomplete data that make
up information in the field of protection of the population
and territories from emergencies, the composition of which
is determined by the framework of information exchange
between the Ministry of Emergency Situations of Russia,
other agencies, and at the international level - with other
countries. At the same time, the effectiveness of emergency
forecasting largely depends on the accuracy of related
forecasts of the state, dynamics of changes in natural and
man-made factors, and sources of environmental hazards,
which are not always and not fully provided. The revealed
contradiction formed the need to develop a new approach to
forecasting environmental hazards based on the application
of fuzzy set theory and fuzzy logic.

The issues of using artificial intelligence in forecasting
environmental threats and assessing the state of technosphere
security of territories based on a systematic analysis of
monitoring data are relevant in solving global problems of
socio-economic development that do not have state borders.

MATERIALS AND METHODS

The research methods are based on the application of system
analysis, the theory of fuzzy sets, realizing the possibilities of
soft computing when calculating the levels of environmental
safety of the population and territories, thereby providing an
opportunity for a comprehensive assessment and analysis of
trends and interrelated processes of the state of protection
of the natural environment and vital human interests from
the dangerous impacts of technosphere objects, taking into
account various factors, conditions, and restrictions.

The strategy of this study correlates with the concepts
accepted in the world community: “Zero waste” (Elgizawy
et al. 2016, Murray 2002), “Circular economy” based on
the materials of many years of research, the results of the
author’s own research in the field of environmental safety,
environmental protection, prevention of environmentally
hazardous situations at life support facilities technosphere
territories (Tshovrebov et al. 2018b, 2021).

RESULTS AND DISCUSSION

In the course of the study, the authors took into account
the materials of generalization, analysis of the scientific
and practical results achieved in the world in the subject
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area under study (Anisimov et al. 2017, Oltyan et al. 2020,
Saurenko et al. 2018), indicating the following features and
trends.

Firstly, the existing methods of assessing the state
of technosphere danger of an object or territory and
forecasting possible adverse consequences are insufficiently
interconnected in a single system, which, in turn, reduces
the effectiveness, validity, and reliability of the forecast, as
well as the completeness, timeliness, and effectiveness of
management decisions to prevent man-made emergencies
based on the establishment of causal investigative links.

Secondly, the starting point of the vector of the
development of an emergency situation from an unfavorable
one has not been established and characterized.

Thirdly, the totality of various factors, limitations,
conditions, and causes of the origin, course, and development
of environmentally hazardous processes is not sufficiently
taken into account, and consequently, the ability to
make a reliable forecast of the assessment of hazardous
environmental consequences is limited.

The presence of not fully researched aspects of the subject
area that do not allow the effective use of accurate forecasting
methods in solving state tasks of preventing man-made
emergencies required the development of a fundamentally
new approach to the methodology of forecasting the
occurrence and development of environmental hazards.

Taking into account that in the formation of environmental
forecasts, there are no strict approaches that allow for
obtaining an unambiguous result for the optimal time in
vaguely expressed conditions for the preparation of project,
organizational, technical, and managerial decisions, the
research methodology is based on the theory of soft
computing using inaccurate and mathematically not strictly
conditioned methods, algorithms that implement the
achievement of goals and research tasks.

The use of the theory of fuzzy sets and the method
of soft computing provides an analytical platform for the
presence of a threshold for estimating changes in the studied
indicators in the interval {0;1}. In other words, the formed
threshold model of environmental forecasting (EF) assumes
the presence of a threshold (level) below or above which the
factor studied in the course of forecasting does not function:

EF =F (P/P,), (D)

P, - is a safe limiting threshold level of exposure
(permissible, background or temporarily agreed concentration,
the volume of allocated pollution during the operation of an
object, process in normal mode, or the amount of discharge,

emission as a function of these indicators;
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Py - actual impact taking into account changing factors
and conditions;

F is the Heaviside function (F(P;—P,) =0 at (P;~P,) <
0 and F(Ps~P,) = 1 at (P;-P,) > 0).

An acceptable information and analytical basis for the
proposed approach can serve as a restrictive system of
maximum permissible concentrations (MPC) of pollutants in
the components of the natural environment: waters, soils, and
atmospheric air. Firstly, compliance with the level of safety
in relation to public health and the natural environment is
guaranteed when using this system. Secondly, the threshold
principle is fully implemented, which applies to all factors
of a negative impact, and thirdly, the level of danger of the
pollutant, the effects of summation, and the joint presence
of various substances are taken into account. Taking into
account the limiting indicators of the harmfulness of various
groups of pollutants.

Taking into account that the MPC of pollutants has been
approved to assess the safety of three groups of components
of the natural environment, we present a classification of the
potentially possible threshold impact of various technosphere
emergencies on these natural components (Table 1).

According to the criteria adopted in Russia, an emergency
is characterized by a ratio (R¢R ) = 5 or 50 when exposed to
chemicals on soils and atmospheric air or water resources.
Such gradation does not fully reflect the level of both danger
and toxicity of specific pollutants, the effects of summation,
the conditions and intensity of pollution, and the types and
severity of the consequences.

For a more complete and accurate justification of the
processes and phenomena under consideration, within
the framework of a conditionally deterministic approach,
modeling of the predictive state of changing stepwise
processes characterizing the dynamics of environmental
hazard of the technosphere objects under study can be
characterized by a function of the form:

P(N= Y5 1. Xi=1 Aij n(T — Tij) (2

P(T) —forecast of the hazard level of the object (territory)
by time T;

Aij — the predicted magnitude of the negative impact on
the i-th component of the natural environment (a. water, b.
soil, c¢. atmospheric air), which determines the threshold
of the j-th event or situation (a. regular (normative, safe);
b. unfavorable (potentially dangerous); c. emergency
(extreme));

Tij — the predicted (expected) moment of occurrence of
the j-th event due to the time-continuing impact on the i-th
component of the natural environment;
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Table 1: Threshold impact of technospheric emergencies on natural components.

Technosphere emergencies

Threshold effect on natural components

into the environment

Water (ks) Soil quality (ke) Atmospheric air (ko)

Accidents of freight and passenger trains with the release, spillage, scattering, and 1 1 1
dumping of hazardous chemicals

Accidents of cargo and passenger ships 1 1 0
Aviation disasters 0 1 1
Major car accidents 0 1 0
Accidents on oil pipelines 1 1 1
Accidents on main gas pipelines 0 0 1
Accidents on electric power systems 0 1 0
Accidents on utility systems 1 1 1
Accidents on heating networks 0 0 1
Hydrodynamic accidents 1 0 0
Accidents with the release (threat of release) of chemically hazardous substances 0 0 1
Accidents at agricultural facilities 1 1 0
Explosions in buildings in populated areas 0 1 1
Explosions at industrial facilities 0 1 1
Explosions on communications 1 1 1
Sudden collapse of buildings 0 1 1
Sudden collapse of rocks, dumps, embankments 0 1 1
Poisoning and pollution of water bodies 1 0 0
Forest fires and forest arson 0 0 1
Fires in landfills 0 0 1

Infiltration is the translocation of toxicants from the body of landfills and landfills

—
—_

n(T-Tij) — fuzzy view function:

1, if (T-Tij) > 0
n(T-Tij) = I=1{1;3}, j=1{1;3}

0, if (T-Tij) < 0
...(3)

Depending on (2), a relationship is achieved between the
specific forms of manifestation of environmental hazards,
their quantitative expression, and the intensity of propagation
in time and space.

The process of the origin, formation, accumulation,
and impact of dangerous factors and their development
in dangerous situations has certain stages (stages). The
accumulation of dangerous environmental and related factors
to a certain level precedes the emergence of a dangerous
environmental situation, which, in turn, if proper preventive
measures are not taken, precedes the occurrence of all
these types of accidents, catastrophes, and emergencies.
The accumulation of dangerous factors, their development
into dangerous situations and further into environmental
emergencies can be schematically represented as follows:

Vol. 22, No. 4, 2023 ® Nature Environment and Pollution Technology

Dangerous factor (+ Dangerous Factor) + Conditions
that create (generate) danger — Danger — Unfavorable
(environmentally dangerous, threatening) situation —
Environmental emergency

Taking into account this causal relationship scheme, a
model of a composite criterion for the environmentally safe
(ES) condition of the territories of enterprises and regions
in relation to potential sources of ecologic impact has been
formed (Fig. 1).

The formation of these indicators into a composite
criterion is carried out through a system of sequential
transformations:
ke’ ko’ ke’ = ke ko' ke’ = ke' ko’ ke’ = ke’ ko’ ke’ =
ke? ko ke’
ke’ ko’ ke’ = ke' ko’ ke’ = ke’ ko’ ke' = ke’ ko’ ke’ =
ke’ ko’ ke’
ke’ ko’ ke’ = ke ko' ke’ = ke’ ko’ ke' = ke’ ko’ ke’ =
ke’ ko’ ke’

As a result, the composite ES criterion is defined as
follows:
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Fig. 1: Scale of composite criteria for assessing the level of environmental hazard.

ES" | ES' | ES’
ke’ ko’ ke’ = ke’ ko' ke’ | = ke' ko’ ke’ = ke’ ko’ ke’ =
ke’ ko® ke’ | = ké? ko ke” = ke” ko’ ké®

Each of the criteria is determined by a set of characteristics
determined by a set of parameters or a specific parameter.
The initial set of alternatives is described by three indicators
(Pf, Pp, Pt) and weight features (ke, ko, k6) having ordered
threshold scales of discrete estimates: Pf ={0,1,2}; Pp
={0,1,2}; P, ={0,1,2} and their products as resultant
indicators expressing both factors (ZO K 7! K ZZ).

Many alternatives are grouped into three ordered classes:
ES,, ES,, ES, - “Environmental safety” with assessments of
levels: O — (safe); 1 —unfavorable; 2 - extreme (dangerous),
corresponding to the gradations of the scale of the composite
criterion of the upper-level Z = {ZO s Z! R 7 }. The indicators
of the fuzzy assessment scale correspond to the above
three composite criteria for predictive assessment of the
possible escalation of a standard (regular situation) through
an unfavorable one into an emergency and form a fuzzy
scale of the level of environmental safety of territories.
For the quantitative interpretation of the fuzzy assessment

@ @ This publication is licensed under a Creative
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of the level of environmental safety, a point assessment of
the weight of indicators is proposed, followed by a ranking
of threshold levels by the sum of the assigned points as a
result of an expert assessment based on an analysis of the
environmental situation (Fig. 2).

The factors determining the “critical” indicator are
assigned a numerical value of “-0.2”, “unacceptable —
“-0.04”, “normative” - “0”, comfortable — “0.2”, taking into
account the transition from one threshold level to another
within the boundaries of the fuzzy rating scale [-1;1] with
the designations: a — lower the boundary of the critical level
(-1); b — unfavorable (-0.2); ¢ - normative (0); d — safe (1).
The permissible zero level determines the starting point of
the safe state of the life support system. It is assumed that the
total balance of indicators determining the minimum level
of environmentally safe condition of the territory, the object
should have a positive value, satisfactory - exceed the value
of “0.2”, average — “0.5”, high — “0.7”, the highest - one. In
this case, the environmentally safe level will correspond to
finding an indicator of the state of the territory in the range of
fuzzy estimates [0;1] according to the proposed fuzzy scale.
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Fig. 2: Graphical interpretation of the membership function of assessments of environmental safety indicators of a fuzzy point scale.

Operational, medium- and long-term forecasts of the state
of protection of the natural environment from the effects of
technosphere objects are proposed to be carried out based
on the use of mathematical logic methods to assess groups
of environmental conditions: safe, unfavorable, dangerous,
catastrophic (emergency) in accordance with the developed
indicators.

CONCLUSION

A fuzzy scale of indicators is presented, which makes it
possible to apply the numerical apparatus of soft computing.
It displays in a formalized form the current state, development
scenarios, and forecast of environmentally safe life support
of territories based on a fuzzy scale of levels reflecting the
quantitative interpretation of the weight of the established
indicators using a point assessment.

The scientific and applied significance of the developed
fuzzy scale of environmental safety indicators is confirmed
by a wide range of practical implementation possibilities:
when assessing the safety of facilities; within the framework
of updating legal acts in the field of forecasting and

Vol. 22, No. 4, 2023 ® Nature Environment and Pollution Technology

prevention of emergencies; as criteria for both technospheric
emergencies and environmental assessment of territories;
analyzing the effectiveness of government agencies and
business by introducing a fuzzy indicator, reflecting the
situation and the measures taken in the field of environmental
safety and emergency prevention.

Forecasting of the five emergency levels adopted in
many countries of the world (federal, interregional, regional,
municipal, facility), in the format of the proposed fuzzy
system for assessing environmental safety indicators in
scientific and methodological terms should be based on the
possibilities of the use of integrated monitoring databases that
allow you to monitor the development of the situation at all
territorial levels at once; work with large data sets, detailing
the numerical values of factors of natural and man-made
sources of emergencies, as well as with the maximum number
of characteristics of protected objects of the economys;
construction of mathematically calculated digital models
of the prospects and visualization of the development of
emergencies in relation to state information systems and
emergency warning systems.
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