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Abstract: The current geopolitical map, facing challenges and disruptions to industrial-technological
relations, requires transformation the processes of interaction between economic agents and the
building of collaborative links through the implementation of ecosystem models. The aim of the
article is to assess the resilience of industrial ecosystems by determining the collaborative maturity,
resource stability and technological resilience of actors. The article presents a typology of integration
forms between industrial enterprises based on symbiotic relationships. The concept of ecosystem
symbiosis is introduced. The authors propose a methodology for assessing industrial ecosystem
sustainability, distinguished by the approach to the formation of an integral indicator consisting of
three components: stability (invulnerability), resilience (reliability) and ecosystem (coherence). The
composite index method, fuzzy sets method, preference ordering by similarity to the ideal solution,
rank sum method, fuzzy k-means clustering method, least squares method, Gaussian method, and
variance and multiple regression analyses were used in developing the methodology for stability
assessment. The approach is demonstrated by the example of three industrial ecosystems in the
Voronezh, Belgorod and Lipetsk regions of the Russian Federation. As a result of the analysis, it was
found that ecosystem’s sustainability was achieved, primarily due to the factors of resilience and
reliability, which had the maximum impact on the integrated sustainability indicator. The propositions
arising from this analysis provide information on the industrial integrations with the highest and
the lowest sustainability, to provide academics, policymakers and industrial enterprises with a more
adequate understanding of the practical mechanisms that help trigger sustainable development.

Keywords: industrial ecosystems; integration; symbiotic relationships; sustainable development

1. Introduction

The paradigm shifts in global development, leading to a more globalized and net-
worked world, are radically changing the nature of production and competitive pro-
cesses [1]. The focus of global competition is shifting to the meso level (territories, cities),
following product chains and value added. Today, national competitiveness depends not
only on the macroeconomic situation in the country, but also on the maturity of regions
and the sustainable development of territories [2,3]. Based on technological sovereignty,
the localization of production and production chains will lead to further regionalization of
industry. Accordingly, the role of microeconomic factors is increasingly prominent. New
models of sustainable development for territories, industries and industrial enterprises
are considered as key to future industrialization. The advantages of network forms of
organization of economic interactions are manifested in the mutual interest of specialized
economic units in each other (collective value creation for all parties involved, distribution
of resources and effects), combining two opposing principles—competition and coopera-
tion. The variability of inter-organizational interaction forms implies the use of various
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tools for establishing integration links. However, networking is currently the dominant
form of integration with total coverage [4,5]. At the same time, the undeniable advantages
of networks include predicting the further spread of integration. Network structures taking
various organizational forms are widely used in business practice, including clusters, indus-
trial networks, techno parks, networks of technology transfer centers, industrial symbioses,
ecosystems, etc. Each of these models has its own advantages and limitations and requires
clarification of the key concepts.

The definition of industrial networks is treated ambiguously in the scientific literature.
Korovin [6] proposes a classification of networking according to institutional, resource,
attitudinal or managerial criteria. In fact, these criteria cover all types of lateral structures
(clusters, symbioses, ecosystems, etc.). According to Anjos [7], “the primary approach to
integration is the resource criterion approach, which consists in combining companies to
create additional value”. Gulati, Lavie and Madhavan believe that “a company’s inclusion
in a network is determined by the extent to which a company can obtain or present
access to network resources by channeling them through inter-organizational channels” [4].
The value that companies’ integration creates can be both “tangible and intangible” [8,9].
However, the academic community has not sufficiently addressed the issues of integration
typology using key criteria such as the life-cycle stage of industrial integration and the
level of collaborative maturity, operationalizing the models to assess the sustainability
and maturity of integration networks, and identifying the key factors underlying the
complex interactions.

In the article, the authors propose a classification of network integration of companies
according to the degree of technological and environmental maturity. From this perspective,
industrial networks belong to the initial immature level of network integration, where the
goal is defined solely by resource benefits for the companies. More mature, but still quite
“young”, are companies whose integration is in the form of industrial parks and clusters.
Three types of integration can be distinguished for industrial enterprises:

- “young” (eco-techno parks)—a type of industrial integration where enterprises are
integrated into a single value-added chain;

- “combined” (industrial symbiosis)—a type of industrial integration of enterprises
with signs of circularity;

- “mature” (ecosystem symbiosis)—a type of industrial integration of enterprises charac-
terized by both the circularity of resources and the exchange of innovative technologies
and knowledge.

The innovative industrial ecosystem refers to an approach that integrates both in-
dustrial systems of different types and individual actors (financial, scientific, educational,
and public institutions) based on the exchange of materials, energy, resources, knowl-
edge, and technology, creating economic, technological, and environmental benefits for all
participants in the ecosystem and society.

This article proposes an approach to assess the sustainability of ecosystem symbiosis
when integrated into innovative industrial ecosystems based on the integral indicators of
stability, resilience and ecosystem (coherence). By coherence, the authors imply long-term
collaboration or collaborative maturity. “The level of collaborative maturity is expressed
in the ability to build mutually beneficial trusting relationships with partners, to resolve
conflicts, to be guided by long-term goals and to take care of one’s reputation” [10].

The article is organized as follows. Section 2 provides a theoretical overview of an
innovation industrial ecosystem, industrial symbiosis, and an ecosystem approach to
foster the implementation of ecosystem symbiosis and sustainable business models in
economic practice. Section 3 presents a new methodology for the evaluation of industrial
ecosystems’ sustainability. Assessment of an ecosystem’s sustainability is carried out based
on blocks of indicators, including stability, resilience and coherence. Section 4 focuses
on the implementation of the proposed methodological approach. The authors illustrate
their assumptions with an empirical case study of three industrial ecosystems located in
the Voronezh, Belgorod and Lipetsk regions (Russia). Finally, in Section 5, the authors
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discuss propositions arising from the conducted analysis to determine the self-organization
features of innovation industrial ecosystems and their implications in terms of sustainability.
Additionally, the authors highlight the key findings of the study and present the theoretical
contribution and practical significance of the study.

2. Literature Review

Academics have researched the network forms of cooperation between sectors and
industries and the development of inter-sectoral network relations in the following studies.
Bolshakov, Badenko and Yadykin explore the reliability of industrial integration to provide
a digital transformation strategy. The researchers” hypothesis is that “by applying a single
standardized approach to digital transformation, companies can achieve greater reliability
and sustainability” [11]. The approach is to develop common cross-industry principles
that are recommended as a practical guide for enterprises to develop their digitalization
strategies. By following such principles, organizations can create resource synergies by
benefiting from collective industry knowledge and expertise. Ma, Zhao and Yin believe
that it is necessary to improve industrial integration to develop the economy using the
“Intelligent industrial structure change prediction method and sustainable adjustment
strategy for regional policy optimization and adjustment”. When analyzing the sustain-
ability of networked industrial structures in the region, the strategy of complex linkage
adjustment based on the authors’ proposed linkage prediction algorithm leads to carbon
emission reduction and is in line with the green development philosophy [12]. An alterna-
tive hypothesis of vertical enterprise integration was presented by Nogueira, Pereira et al.
They analyzed the impact of resource synergies in the form of information on the level
of efficiency of operational integration. The hypothesis of their study was that integrated
companies are leaders in product innovation and that companies that have developed
integration capabilities (i.e., have collaborative maturity) are more robust [13].

Another alternative hypothesis relates to issues of transformational adaptation of
national economies. The authors” hypothesis is that “the degree of correlation between
the level of involvement of national economies in the transformation of global value
chains on the principles of sustainable development and the dynamics of green innovation
implementation is differentiated for different countries depending on both the level of
wealth and the sectoral structure of the national economy”. A particular feature of the study
is the identification of groups of factors that influence the implementation of innovation
not in a single company, but in a chain of interconnected companies [1].

Research Hypothesis. Networked enterprise integration based on the principles
of sustainability, collaboration and open innovation provides ecosystem-based resource
synergy, long-term stability and resilience for each actor.

The evolution of industrial enterprise integration forms is summarized in Figure 1.

Porter, who is considered the founder of the cluster theory, outlined its essence in his
work “Competitive Advantages of Nations” [14]. A major contribution to the formation of
the cluster theory was made by Marshal, who, in his work “Principles of Economics”, empir-
ically proved the relationship between productivity and geographic proximity of economic
agents. The author himself called clusters “localized industry”. The current theoretical ap-
proaches to the understanding of clusters and their role in the socio-economic development
of regions have been formed and are continuously adjusted under the influence of several
areas of scientific thought.
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Ecosystem symbiosis is the association of
enterprises for the purpose of exchanging
material and energy resources,
technologies, and knowledge.

The industrial innovation ecosystem, as
the integration of enterprises and other
actors to share innovation, technology,
knowledge and information

Industrial symbioses as the integration of
companies with different specialisations to
use waste from one as a resource for the other

Eco-industrial parks as integration of enterprises
in solving environmental and resource issues

Clusters and industrial parks as integration of
enterprises to share resources and infrastructure.
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Industrial networks as an interconnection of
enterprises in the supply and value chain

Figure 1. Types of industrial enterprise integration.

The research in [15] provides a large-scale analysis of the literature on the main research
areas of industrial clusters. Clustering implies not only resource exchange, but also the
creation of cognitive value in the form of new technologies, knowledge and materials.
The limitation of clusters according to the criterion of environmental maturity is their
pronounced production specialization; the environmental policy of the cluster member is
not a significant factor [16]. The principal rationale for establishing an industrial park is to
enable “industry to settle and develop at a specific location that is planned and improved
to that effect”. The United Nations Industrial Development Organization (UNIDO) defines
an industrial park as “a tract of land developed and subdivided into plots according
to a comprehensive plan with the provision of roads, transportation and public utilities,
sometimes also with common facilities, for use by a group of manufacturers” [17]. Industrial
parks are understood as a “networked integration of companies that combine industrial and
economic resources to create an innovative and technological environment” [18]. Festel and
Wiirmseher define an industrial park as a “specialized production area, which is provided
with necessaries for activities, from energy resources to logistics” [19]. The park is managed
by a specialized company. On the territory of the complex, activities are carried out by
several enterprises that are not legally linked but, as a rule, are integrated into a single
value-added chain.

The integration of companies in the form of eco-industrial parks (EIPs) represents a
much more advanced network, as in this case, the aim is to build up technological inter-
action between production facilities through the exchange of resources (interchange) and
recyclable materials [20,21]. That is, unlike industrial parks, eco-industrial parks (EIPs)
promote not only technological development, but also the coordination of economic devel-
opment and environmental protection [22]. The formation of eco-industrial parks is not
the initiative of the companies themselves and not a product of their self-organization, but
instead a decision of local and state authorities. Therefore, the limitations of eco-industrial
parks include social barriers such as underdeveloped cooperation in technological, logis-
tical and cognitive areas [23]. The creation of the EIP leads to the scaling and expansion
of activities aimed at the introduction of resource-efficient and environmentally friendly
industries with the prospect of going beyond eco-industrial parks to their inclusion in the
system of “sustainable cities”, in which economic and social symbiosis can be achieved in
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all aspects of sustainable urban planning [24]. Eco-industrial parks improve the integration
of industries in territories by creating a common economic environment and increasing
innovative business opportunities. Thus, eco-industrial parks provide a triple benefit:
environmental, social and economic:

- modern eco-industrial parks are designed to drastically reduce the negative environ-
mental impact of industrial operations through environmentally efficient management
and the implementation of pollution prevention systems;

- eco-industrial parks provide social benefits, including improved local living standards,
as a result of the development of common infrastructure and improved quality of
education through the introduction of new curricula, as well as the introduction of
higher standards of health and safety for employees of enterprises;

- the creation of eco-industrial parks leads to an increase in the competitiveness of
companies, a decrease in resource consumption and increasing sales through green
and segment marketing.

The limitation of eco-industrial parks in the form of lack of self-organization overcomes
the association of enterprises in the form of industrial symbioses, representing a new
business model that uses materials previously considered as waste, allowing new markets
to be formed [25].

Industrial symbiosis is a concept that came from the field of industrial ecology and is
interpreted as “a set of intercompany relations in which the waste of one enterprise becomes
a resource or energy for another enterprise” [26]. Industrial symbiosis is often described as
a model for sustainable development and a tool for the circular economy [27]. Industrial
ecology includes some specialized tools and techniques that can be used within industrial
symbiosis. The network of physical processes and relationships between companies that
transform raw materials and energy into finished products and waste is known as the
“industrial metabolism” [28-30]. The industrial metabolism, in addition to biological
systems, is based on the use of by-products to form closed cyclic systems that produce
minimal waste and consume fewer natural resources and energy.

The networking of enterprises based on the principles of the circular economy allows
companies to form joint strategies to achieve sustainability and to derive synergies from
integration. Bijon, Wassenaar, Junqua and Dechesne evaluated the nature of synergy and its
impact on sustainability [31]. From the perspective of technological and ecological maturity,
pro-industrial symbiosis has the potential to evolve into an industrial ecosystem. This
experience of a symbiotic trajectory with social and economic aspects, using the example
of Tampico-Altamira, was described by Morales, Manuel, Diemer, Arnaud and Cervantes
in [32]. The article reports that industrial symbiosis can become an ecosystem in which
interconnections lead to cooperative actions, and the biophysical and social aspects of
symbiosis can be viewed as a breakthrough in ecosystem development.

The definition of industrial and business ecosystems has been the subject of many arti-
cles in the scientific literature. Espina-Romero and Guerrero-Alcedo define the ecosystem
as “the integration of companies united around innovation to develop innovative products
and meet customer needs” [33]. The ecosystem approach to the development of economic
systems is described by the concept formed to date, which systematizes the main scientific
achievements and trends in the development, synergistic interaction and co-evolution of
ecosystems of various etymologies. The ecosystem concept allows for presenting a scientific
understanding of the problems and solutions in the practical implementation of ecosystem
development. The ecosystem concept includes ontology, conceptual apparatuses, principles,
laws, regularities, theories, algorithms, methods, technologies and levers, as used in formal
and informal models. The proponents of the first approach are Frosch and Gallopoulos [34]
who defined the industrial ecosystem as a “model of industrial activity in which individual
production processes consume raw materials and generate products to be sold and waste
to be recycled”. In traditional industrial systems, every processing operation consumes
raw materials, delivers products, and generates waste that is stored. It is necessary to
replace this simplified method with a more integrated model: the industrial ecosystem.
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An industrial ecosystem can function like a biological ecosystem. Naturally, it will never
be possible to create a perfect industrial ecosystem; however, producers and consumers
must change their habits if they want to maintain or improve living standards in the face of
from environmental degradation [35]. Localized socio-economic formations that ensure
sustainable development through the circulation of resources in the target, environmental,
technological and project subsystems were presented in [36,37]. The second approach is
described in the work by Wareham, Fox, Cano and Giner [5]. Industrial ecosystems are a
set of interacting economic entities that are not managed hierarchically and adapt to each
other using professional communication platforms created by an industrial architect [5,36].
A set of components is created by the owner of the product platform and innovations are
developed by independent actors outside the platform. Eco-platforms are created in which
resource management and business processes tend to be more environmentally friendly
and safe for humans and the environment [37,38]. The concept of ecosystems that are an
evolutionary development of industrial networks, industrial and eco-industrial parks, clus-
ters, and symbioses is substantiated in a series of publications [2,3,39—41]. The industrial
ecosystems formed on the principles of self-organization and self-regulation, partnership
and trust, sustainability and open innovation form a special innovative technological envi-
ronment, allowing implementation of ambitious projects associated with new technologies
and resource efficiency. The ecosystem can include as actors not only individual companies
or organizations, but also clusters and symbioses [33]. Thus, the essence of the industrial
ecosystem should be considered as an emergent model of industrial activity, based on a
localized evolving coherent network of multiple actors, not controlled hierarchically, acting
simultaneously using the logic of autonomy and interconnectedness, self-organization,
and homeostasis, and differing in their beliefs and decision-making principles [42,43]. The
purpose is to achieve sustainability and create additional value for each actor of the current
and future generations based on the principles of industrial symbiosis and recycling.

Ecosystem integration for companies is not limited to territory or industry, allowing
for technological and ecological maturity. The highest point of technological, ecological,
and collaborative maturity can be considered as an ecosystem symbiosis that includes
industrial ecosystems as actors, covering entire regions and industries. Although such
ecosystem symbioses may be regarded as the future, attempts to describe them have been
made in scientific articles [44].

3. Materials and Methods

According to the UN, if unsustainable patterns of traditional production and business
continue, by 2050, humanity will require three times the Earth’s resources. Under these
circumstances, the sustainable development paradigm takes on new convergent features
associated with humanity’s ever-increasing collective strain on natural resources and the
transition to new geochronological and technological patterns. These features need to be
considered when designing a sustainable development toolkit to ensure the values of both
current and future generations, as well as obtaining balanced ESG effects (environmental,
social, governance). Industrial ecosystems can make a significant contribution to overall
sustainable industrial development through eco-efficient management and production
patterns, improved local livelihoods, and reduced consumption and resource dependency.

The study applied a set of general scientific methodological approaches. The dialec-
tical approach allowed considering the philosophical aspects, factors and conditions of
the sustainable development of industrial ecosystems. Based on the critical (evaluative)
approach, the contradictions, critical aspects and paradoxes of sustainable development
were identified. The application of the systemic and synergetic approaches made it possible
to form a holistic view of the industrial ecosystem, to highlight the relationships between
the actors, levels, components and structural elements of the industrial ecosystem. A meta-
systemic approach allowed us to highlight the objects, subjects, categories and terms, goals,
objectives of research, and interdisciplinary elements, including the essence, connections,
structure, composition, characteristics (qualitative, quantitative, temporal), functions, prop-
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erties, specifics, principles, concepts, stages, forms, directions, and methods of sustainable
development of industrial ecosystems under conditions of technological transformations.

Existing studies on the assessment of the sustainability of industrial ecosystem sym-
bioses are characterized by several limitations. First, they are often limited to a system
of indicators for assessing the sustainability of ecosystems. Integral indicators describe
ecosystem symbioses from different research projections, but do not give a general idea
of the sustainability of the industrial ecosystem. This can lead to industrial ecosystems
having different resilience scores. In addition, the sustainability assessment should have a
predictive function and answer three key questions:

e  What is the degree of sustainability of industrial ecosystem symbioses?

e  Which actors in the industrial ecosystem are characterized by minimum and maxi-
mum sustainability?

e  What are the sources of sustainability?

The main objectives of this study are as follows: identification of industrial ecosystems
with the highest and lowest resilience; benchmarking of industrial ecosystems within three
groups (high, medium, low resilience); development of a predictive function to define
resilience in relation to the ecologically, socially, managerially and economically acceptable
level of ESG outcomes.

The research strategy used involves assessing the composite indicator using the com-
ponents of stability (invulnerability), resilience (reliability) and ecosystems (coherence)
rather than by type of sustainability.

The method for assessing the stability of industrial ecosystem symbioses is imple-
mented using the RS-TOPSIS (Rough Set and Technique for Order Preference by Similarity
to Ideal Solution), PyTOPS-3 software tool. Achieving the sustainability of industrial
ecosystems can be formalized as:

S=f(Sy=1,=1,R=RLE=C) )

where

S—stability of the industrial ecosystem;

Si—stability, expressed through the invulnerability index (I;) and the inverse of the vulner-
ability index (v);

R—uvitality of industrial ecosystems, expressed through the reliability index (RI);
E—ecosystem, expressed through the coherence (C) of the industrial ecosystem.

Wang D. [45] defines vulnerability as a conditional probability of loss of stability by
an industrial ecosystem under the influence of a disturbance and identifies four projections
for assessing the vulnerability of an industrial ecosystem, classified as follows:

- risk of economic fluctuations;

- sensitivity of the industrial ecosystem;
- resilience of the industrial ecosystem;
- stability of the industrial ecosystem.

The authors propose assessment of the vulnerability of an industrial ecosystem as the
probability that the final state of the ecosystem will go beyond the boundaries of a given
region of the state space of the industrial ecosystem because of an initiating impact. Then,
the stability of the industrial ecosystem can be assessed as the opposite of vulnerability. It is
recommended to select tools and indicators by evaluating their relative levels of feasibility,
reliability and usefulness in accordance with the given scale of the industrial ecosystem.
The concept of resilience is defined as “the amount of perturbation that can be absorbed
before the system changes its structure by changing the variables and processes that govern
behavior”. Vitality can be thought of as “the rate at which a system returns to equilibrium
after a disturbance” [46-50].

The methodology for assessing the sustainability of industrial ecosystems under
technological and economic fluctuations is presented in Figure 2.
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Figure 2. Methodology for assessing the sustainability of industrial ecosystems under technological
and economic fluctuations.

The composite index method, fuzzy sets method, preference ordering by similarity to
the ideal solution, rank-summing method, fuzzy k-means clustering method, least squares
method, Gaussian method, and variance and multiple regression analysis were used in
developing the resilience assessment methodology.

At the first stage of the methodology for assessing the sustainability of industrial
ecosystems under the conditions of technological and economic fluctuations, it is necessary
to form a system of indicators. The initial scorecard includes 29 indicators for assessing the
sustainability of the industrial ecosystem. All indicators of the initial assessment system
correspond to those presented in the work of Wang et al. on indicators for assessing the
vulnerability of industrial ecosystems [45,51]. The sources of initial data for the formation
of a system of indicators include Rosstat, the Higher School of Economics, the Association
of Industrial Parks of Russia, and the Ministry of Industry and Trade of the Russian
Federation [52-56]. At the second and the third stages of the assessment of the sustainability
of industrial ecosystems under conditions of technological and economic fluctuations, the
attributes are reduced, and the sustainability assessment indicators are weighted based on
the fuzzy set method. Since the 29 variables chosen to assess the sustainability of industrial
ecosystems are mostly continuous attributes, and the fuzzy set can only work with discrete
data, the clustering algorithm must be applied to discretize continuous data. For this, the
clustering method with fuzzy k-means is used. According to the theory of fuzzy sets, the
weights of indicators can be obtained by calculating the importance of an attribute, which
is determined by the amount of information contained in it. In the k-means clustering
algorithm, the number of clusters must be known in advance. In this case, we are interested
in clustering according to three components of sustainability—stability (invulnerability),
resilience (reliability) and ecosystem (coherence). So, the number of clusters is 3. Clustering
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was carried out using XLSTAT, an add-in for Excel data analysis. As a result of fuzzy
clustering by the k-means method, the following data were obtained (Table 1).

Table 1. Results of fuzzy clustering of variables by the k-means method.

Minimum Distance Maximum Distance Average Distance

Cluster Size Intraclassness to Centroid to Centroid to Centroid
Cluster 1 10 4.905 0.377 0.958 0.739
Cluster 2 15 3.590 0.142 0.919 0.629
Cluster 3 4 6.331 0.359 0.939 0.757

The final system of indicators for assessing the three components of sustainability
included 13 indicators, of which 5 indicators assessed the stability (invulnerability) com-
ponent of the industrial ecosystem, 7 assessed the resilience (reliability) component of the
industrial ecosystem, and one indicator assessed the ecosystem (coherence) component
of the industrial ecosystem (Table 2). At the fourth stage of assessing the sustainability
of industrial ecosystems, indicators were normalized. Normalization was carried out
according to the minimax criterion. For some indicators, higher values indicate a higher
level of industrial ecosystem resilience, and these indicators are considered positive (X1.1,
X1.2,X1.5,X2.4, X2.5, X2.6, X2.7, X3.1). However, for some other indicators, higher values
indicate a lower level of sustainability in the industrial ecosystem, and these indicators
are considered negative (X1.3, X1.4, X2.1, X2.2, X2.3). In the case of negative indicators,
their reciprocal values should be used during normalization. At the fifth stage, the integral
stability index is calculated for each object of assessment (for each industrial ecosystem)
based on the method of ordering preferences by similarity to the ideal solution:

— The object of assessment with the greatest stability (ideal solution) and the object of
assessment with the least stability (negative solution) are determined.

— The Euclidean distance between the object of assessment with the greatest (least)
stability and other objects of assessment is calculated.

—  The relative proximity of each assessment object to the assessment object with the
greatest stability is calculated.

Table 2. System of indicators for assessing the sustainability of industrial ecosystems in four projections.

Components

Assessment Indicators Method of Calculation Characteristic

X1.1 Industry elasticity coefficient

Relationship between
Growth rate of industrial production in the =~ development of
industrial ecosystem/GDP growth rate in industrial
the country, % ecosystems and
economic growth

X1.2 Industrial output per capita in
the region

The economic basis for the
development of industrial
ecosystems

The production output of industrial
ecosystem actors/Population in the region

1. Stability
(invulnerability)

X1.3 Standard deviation of local
commodity price growth rates

n Xi— X 2
S — ):,:1(11171 au)
where S—the standard deviation;
n—number of observation periods; x;,—the
rate of growth in the price of raw materials
in the region of presence at time 7, %;
Xgp—arithmetic mean of price growth rates
in the region of presence, %

Raw material price risk

X1.4 Standard deviation of gross
regional output (GRP) growth rate

2
B (i)
5= ! n—1

where x;,—GRP growth rate in the region of
presence at time i, %; xcj_arithmetic mean of
GRP growth rates, %

Risk of regional
economic fluctuations
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Table 2. Cont.

Components

Assessment Indicators

Method of Calculation

Characteristic

1. Stability
(invulnerability)

X1.5 Share of investment in

environmental management in GRP

Investments in environmental management
in the industrial ecosystem/GRP of
the region

The ability of the economy to
support
environmental recovery

X2.1 Share of unprofitable actors

Number of unprofitable actors in the
industrial ecosystem x 100%/Total number
of actors

The current state of the
industrial
ecosystems

X2.2 Share of
resource-oriented industrial
products in total industrial
production (%)

Production output of resource-oriented
industrial products in industrial
ecosystem /Total industrial production
output in industrial ecosystem

Dependency of the industrial
ecosystem on resources

X2.3 Foreign trade dependence

The total volume of imports and exports in
the industrial ecosystem/GRP of the region
of presence

Dependency of the industrial
ecosystem on foreign market

2. Vitality (reliability)

X2.4 Share of dominant industrial
output in total output

The production output of the dominant
industrial products in the industrial
ecosystem/Total industrial production
output in the industrial ecosystem

Diversity of the
industrial ecosystem

X2.5 Share of non-primary industrial
output in total industrial products

The production output of non-primary
industrial products in the industrial
ecosystem /Total industrial

production output

Diversity of the
industrial ecosystem

X2.6 Inventory production ratio

Productive reserves in industrial ecosystem
+ Costs in work in
progress/Finished products

Resource utilization rate

X2.7 Share of investment in
fixed assets

Investments in fixed assets in the industrial
ecosystem/Total investment in the
industrial ecosystem

Investment capacity of the
industrial ecosystem to external
change

3. Ecosystem
(coherence)

X3.1 Degree of correlation
between actors

The number of connections between actors
in an industrial ecosystem/The number
of actors

At the sixth stage, the objects of assessment are ranked based on the integral sustain-

ability indicator. The seventh stage implies a transition to rank-summation. The rank-sum
coefficient is determined for each assessment. At the eighth stage of the methodology for
assessing the sustainability of industrial ecosystems under the conditions of technological
and economic fluctuations, the regression equation is calculated. At the ninth stage, the
objects of assessment (industrial ecosystems) are grouped. The number of groupings is
selected depending on the number of ecosystems being assessed. Finally, an analysis of
variance should be performed to ensure that the grouping is statistically significant.

4. Results

The proposed methodology for assessing the stability of an industrial ecosystem
under the conditions of technological and economic fluctuations was implemented using
the example of industrial ecosystems in the Lipetsk, Belgorod and Voronezh regions.
Information databases used included statistical and analytical data of the geo-information
system “Ecoindustrial parks, techno parks, clusters”, the ISID operational platform and the
UNIDO analytical industrial platform. The time horizon was 2020. The characteristics of
the selected objects for assessing the level of stability are presented in Table 3.

The results of the normalization of indicators for assessing the stability of the objects
of assessment are presented in Table 4. The calculation of the integral sustainability index
for each object of assessment (for each industrial ecosystem) is presented in Table 5. Based
on the method of ordering preferences by similarity to the ideal solution.
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Table 3. The industrial ecosystems in the Lipetsk, Belgorod and Voronezh regions.

Industrial Actors Area, ha
Ecosystems
1. Maslovsky Industrial Park 378
Voronezh 2. Industrial Production Center 220.2
3. Industrial Park Perspectiva 146.3
4. Industrial Park Rozhdestvo 420
Lipetsk 5. Industrial Park Sozidatel 8.65
6. Industrial Production SEZ Lipetsk, site “Gryazinskaya” 1024.5
7. Industrial Production SEZ Lipetsk, site “Eletskaya” 1273.8
8. Industrial Park Volokonovsky 12.8
Belgorod 9. Industrial Park Kombinat 68
10. Industrial Park Severny 58.1
11. Industrial Park Fabrika 24.2

Table 4. Initial data for calculating the level of sustainability of industrial ecosystems.

Actor Numbers According to Table 3

Index

1 2 3 4 5 6 7 8 9 10 11
X1.1 0.9 0.8 1.1 0.89 0.56 1.1 1.1 1.08 1.12 0.87 0.92
X1.2 1 1 1 0.6 0.6 0.6 0.6 0.8 0.8 0.8 0.8
X1.3 30 30 30 32 32 32 32 29 29 29 20
X1.4 35 35 35 40 40 40 40 39 39 39 39
X1.5 5 7 10 7 14 11 11 5 5 3 11
X2.1 10 13 15 12 5 7 10 3 12 13 5
X2.2 20 15 11 8 14 14 12.7 11 8 9 16
X2.3 15 20 13 19 15 15.3 13 11 10 14 15
X2.4 0.6 0.7 0.6 0.4 0.8 0.7 0.6 0.7 0.4 0.6 0.4
X2.5 80 85 89 92 86 86 83 89 92 91 84
X2.6 0.2 0.3 0.3 0.1 0.2 0.3 0.1 0.3 0.1 0.32 0.21
X2.7 5 7 10 7 14 11 7 5 5 3 6
X3.1 43 25 32 37 45 45 45 32 36 56 23

Table 5. Sustainability indicators for the three components in the form of a heat map for the assessed

objects in 2020.
. Stability Vitality Ecosystem Integrated Stability Stability
Industrial Area (Invulnerability) (Reliability) (Coherence) Index Rank Group
Industrial Park 0.7424 0.5542 0.2727 0.6049 1 High
Perspektiva
Industrial Park 0.3925 0,7078 0.2727 0.5530 2 Medium
Volkonovsky
IP SEZ Center 0.5807 0.3857 0.0606 0.4357 3 Medium
Industrial Park 0.2811 0.5284 1.0000 0.4695 4 Medium
Severny
Indust'rlal Park 0.4067 0.4635 0.3939 0.4363 5 Medium
Kombinat
IP SEZ Lipetsk, site 0.3383 05384 0.6667 04713 6 Medium
Gryazinskaya

Inch..lstnal Park 0.2000 0.5819 0.6667 0.4416 7 Medium
Sozidatel
Industrial Park 0.5800 0.2278 0.6061 0.3924 8 Low
Maslovsky
Industrial Park
Rozhdestvo 0.1906 0.3541 0.4242 0.3382 11 Low
Industrial Park 0.6099 0.3009 0.0000 0.3966 9 Low

Fabrika
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—  the object of assessment with the greatest stability was determined (ideal solution) to
be the Industrial Park Perspektiva;

— the object of assessment with the least stability (worst solution) was determined to be
the Industrial Production SEZ Lipetsk, site “Eletskaya”.

A comparison can be made between all industrial ecosystems as a single group.
However, it should be considered that there are differences between each of these regarding
the current state of the actors, environmental variables, etc. Therefore, it is more appropriate
to compare industrial ecosystems with similar conditions.

Next, sustainability indicators were calculated by component (stability, resilience,
ecosystem) for each of the assessed objects (Table 6). An integrated stability indicator for
each assessed object was determined. Based on the integrated sustainability indicator, each
object was assigned a rank: from 1 for the maximum sustainability indicator to 11 for the
minimum sustainability indicator.

Table 6. Correlation coefficients of the three components and the integral indicators of sustainability.

Integrated Stability Vitality Ecosystem
Sustainability Index (Invulnerability) (Reliability) (Coherence)
Integrated sustainability indicator 1
Stability (invulnerability) 0.4280 1
Vitality (reliability) 0.7552 —0.2330 1
Ecosystem (coherence) —0.1095 —0.6106 0.1268 1

The data were analyzed using the StatPlus Pro 7.6.5.0 software package developed by
AnalystSoft for basic univariate and multivariate statistical analysis, as well as time series
analysis, nonparametric statistics, survival rate analysis and statistical charts, including
control charts.

Based on the stability indicators for three components in the form of a heat map
for the assessed objects, a correlation analysis was carried out (Table 6). The values of
the pair correlation coefficient indicate a weak linear relationship between X; stability
(invulnerability) and the Y integrated stability index (r = 0.428). The values of the paired
correlation coefficient indicate a strong linear relationship between X, resilience (reliability)
and the Y integrated sustainability indicator (r = 0.7552). The values of the paired correlation
coefficient indicate a low linear relationship between X3 ecosystem (coherence) and the
Y integrated indicator of sustainability (r = —0.1095). The values of the pair correlation
coefficient indicate a low linear relationship between X; resilience (reliability) and X;
stability (invulnerability) (r = —0.233). The values of the pairwise correlation coefficient
indicate a moderate linear relationship between X3 ecosystem (coherence) and X; stability
(invulnerability) (r = —0.6106). The values of the pair correlation coefficient indicate a
low linear relationship between X3 ecosystem (coherence) and X, resilience (reliability)
(r=0.1268).

The main econometric model in the developed methodology is a multiple regression
model. The multiple regression equation can be represented as:

Y=f(B,X)+e @)

where X = X (X1, Xp, ... , Xm)—vector of independent (explanatory) variables; 3—vector of
parameters (to be determined); e—random error (deviation); Y—dependent (explanatory)
variable. The theoretical linear multiple regression equation is as follows:

Y=[50+E)1X1+[52X2+... +[.))me+£

where (3 is an intercept term that determines the value of Y when all explanatory variables
X; are 0.
]
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For our example (Table 5), the regression equation (estimation of the regression equa-
tion) is as follows:

Y =85 x 107° + 0.3846X; + 0.5383X; + 0.07692X3

The interpretation of the regression coefficients is as follows. The constant estimates
the ag-regulated effect of factors other than x; on Y such that Y would be 8.5 x 107> in the
absence of x;. The coefficient b; indicates that as x; increases by 1, Y increases by 0.3846.
The coefficient b, indicates that as x; increases by 1, Y increases by 0.5383. The coefficient
bs indicates that as x3 increases by 1, Y increases by 0.07692.

4.1. Multicollinearity Analysis

A multicollinearity is a linear relationship between two or more explanatory variables;
it may appear in a functional (explicit) or stochastic (implicit) form. If the factor variables
are related by strict functional dependence, then it is complete multicollinearity. In this case,
there are linearly dependent columns among the columns of the matrix of factor variables
X, and by the property of the determinants of the matrix, det (XTX = 0).

The type of multicollinearity in which factor variables are related by some stochastic
relationship is known as partial. If there is a high degree of correlation between the factor
variables, the matrix (XTX) is close to degenerate, i.e., det (XTX Z 0) (the closer to 0 the
determinant of the inter-factor correlation matrix, the stronger the multicollinearity of the
factors and the more unreliable the results of the multiple regression).

If there is inter-factor correlation coefficient Iyjxi > 0.7 in the matrix, then there is
multicollinearity in this multiple regression model.

In our case, for all pairwise correlation coefficients |r| < 0.7, indicating the absence of
the multicollinearity of factors.

According to the results of the analysis, it can be stated that the second factor (resilience,
reliability) has the maximum impact on the integrated sustainability indicator. In second
place is the factor of stability (invulnerability). Ecosystem (coherence) has little effect on
the stability of the considered industrial zones. For each component of stability, residual
and selection plots were compiled; the component ecosystem (coherence) is presented in
Figure 3. Then, the hypothesis of overall significance was verified—the hypothesis that all
regression coefficients are simultaneously equal to zero for the explanatory variables:

H01R2=0,'[31=f32=... =[3m=0
H1:R2 #0

Index

Integrated

Stability

0.7000

0.e000

0.5000 _

0.4000

0.3000

0.2000

Predicted  Integrated
Resilience Score

5 10 15
Ecosystem (coherence)

Figure 3. Selection plot for the ecosystem (coherence) component.
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This hypothesis is tested using the Fisher distribution F-statistic (right-hand test).

If F <Fyp = Fo; n — m — 1, there is no reason to reject hypothesis HO.

F =17,344,183.815, Fy,(3;7) = 4.35

Since the actual value of F > Fy, the coefficient of determination is statistically sig-
nificant, and the regression equation is statistically robust (i.e., the bi-coefficients are
jointly significant).

4.2. Assessment of the Significance of the Additional Factor Inclusion (Partial F-Criterion)

The need for such estimation is related to the fact that not every factor included in the
model can significantly increase the share of explained variation of the result indicator. This
may be due to the consistency of input factors (as there is a correlation between the factors
themselves). A measure of the significance of the improvement in the quality of the model,
once factor ; is included, is the partial F-criterion, F,;. If the observed value of F,; is greater
than Fy;,, then the additional introduction of factor x; into the model is statistically justified.
The partial F-criterion estimates the significance of the “proper” regression coefficients
(bj). There is a relationship between the partial F-criterion, Fyj, and the t-criterion used to
estimate the significance of the regression coefficient.

F,q = 17,848,715.792.

R2(x3,xn) = ¥_Bjrj = 0.9083 x 0.7552 + 0.2645 x (—0.1095) = 0.657

Fipkl=2,k2=7)=4.74
An economic interpretation of the model parameters is as follows:

increasing the stability indicator by 1 leads to an average increase in stability of 0.385;
increasing the vitality by 1 leads to an average increase in stability of 0.538;
an increase in X3 of 1 leads to an average increase in Y of 0.0769.

Based on the maximum coefficient 3, = 0.908, it was concluded that the vitality
(invulnerability) factor has the greatest impact on stability.

The developed method of assessing the sustainability of industrial ecosystems under
conditions of technological and economic fluctuations is based on the compilation of
three methods, the fuzzy sets method, the method of ordering preferences by similarity
with the ideal solution, and the rank-summing method, and includes nine stages. The
essence of the method comes down to the assumption that the level of sustainability of
industrial ecosystems can be assessed using stability, expressed through the indicator of
invulnerability; the resilience of industrial ecosystems, expressed through the indicator of
reliability; and ecosystem, expressed through the coherence of industrial ecosystem.

5. Discussion and Conclusions

The article proposes a methodical approach to assessing the sustainability of industrial
ecosystems by determining the collaborative maturity, resource stability and technolog-
ical resilience of actors. The criteria for defining the stability of an industrial ecosystem
under conditions of technological and economic fluctuations is proposed, based on the
components of stability (invulnerability), vitality (reliability) and ecosystem (coherence).
These criteria make it possible to identify industrial ecosystems with the highest and
lowest sustainability, comparing the assessed industrial ecosystems within three groups
(high, medium, and low sustainability). The developed methodology for assessing the
sustainability of industrial ecosystems under conditions of technological and economic
fluctuations is based on the compilation of three methods, the fuzzy sets method, the
method of preference ordering by similarity with the ideal solution, and the method of
rank-summing, and includes nine stages. The methodology allows determination of the
potential for technological, environmental and collaborative maturity of enterprises. The
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proposed method has some limitations in practical use: (1) the labor-intensive approach,
(2) the high volatility of estimates, and (3) the high susceptibility to the ranking method and
parameter values. The method was illustrated using the example of industrial ecosystems
of the Belgorod, Lipetsk and Voronezh regions. Industrial Park Perspektiva had the highest
level of stability. The least stable was the Industrial Park Rozhdestvo, which had a ranking
of 10 in terms of sustainability. The highest resilience was demonstrated by the Industrial
Park Volokonovsky (ranked second in the assessment of the integrated sustainability index).
Industrial Park Maslosky was characterized by the lowest resilience, having a ranking of
eight. The Industrial Park Severny had the highest ecosystem content (coherence) and was
ranked fourth. Based on the analysis of the results of the industrial ecosystem resilience
assessment, the ecosystem integration of enterprises was predicted based on the principles
of self-organization and trust, stability, and open innovation. It is recommended to select
tools and indicators by assessing their relative levels of feasibility, reliability and usefulness
according to the given scale of the industrial ecosystem. The research hypothesis that
industrial enterprise integration based on the principles of sustainability, collaboration
and open innovation provides ecosystem-based resource synergy, long-term stability and
resilience for each actor was confirmed.

Ecosystems are widely discussed nowadays. Researchers from Taiwan assessed the
sustainability of industrial integrations in the form of industrial parks from the following
aspects: industrial structure, regional development framework, enterprise competitiveness
and public administration system. The hypothesis of their study was that a diversified
industrial structure is the main factor in increasing regional economic sustainability [57].
The authors Zhukovskiy, Koshenkova, Vorobeva, Rasputin and Pozdnyakov evaluate the
fuel and energy sector through selected properties: sustainability, affordability, efficiency,
adaptability and reliability. Their hypothesis was that an effective design of sustainable
development strategies requires an assessment of external challenges and their impact
on technological development, allowing for the identification of underdeveloped areas
with high potential [58]. The authors believe that the effectiveness of industrial enterprises
integration primarily depends on the level of collaborative maturity and trust of each actor,
the sustainability of the ecosystem stability, and the quality of the innovation environment.
The development of industrial ecosystems requires a detailed study of the processes of
interorganizational interaction, conflict theory, and synergistic and spillover effects.

In future research, the authors plan to investigate the mechanism for industrial ecosys-
tem actors to capture value through the network effect and focus on the analysis of ecosys-
tem integration, based not only on the benefits of ecosystems, but also from the position
of competition and conflict theory. The authors will also pursue development of a model
that allows a comprehensive spatial-temporal analysis of the functioning and interaction
of objects, processes and environments within an ecosystem and assessment of the impact
of external (geopolitical) factors and possible scenario analysis.
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