

  inventions-05-00054




inventions-05-00054







Inventions 2020, 5(4), 54; doi:10.3390/inventions5040054




Article



The Entropy Model for Sustainability Assessment in Industrial Ecosystems



Tatyana Tolstykh 1, Nadezhda Shmeleva 2[image: Orcid], Yulia Vertakova 3,4 and Vladimir Plotnikov 5,*[image: Orcid]





1



Industrial Management Department, National University of Science & Technology (MISIS), 119049 Moscow, Russia






2



Economics Department, National University of Science & Technology (MISIS), 119049 Moscow, Russia






3



Financial University under the Government of the Russian Federation, Kursk Branch, 305016 Kursk, Russia






4



Regional Economy and Management Department, Southwest State University, 305004 Kursk, Russia






5



General Economic Theory and History of Economic Thought Department, St. Petersburg State University of Economics, 191023 St. Petersburg, Russia









*



Correspondence: plotnikov_2000@mail.ru; Tel.: +7-911-949-1321







Received: 11 October 2020 / Accepted: 5 November 2020 / Published: 7 November 2020



Abstract

:

The aim of this paper is to address the gap in the academic literature towards the development of methodological approaches to the industrial ecosystem sustainability assessment. This study was focused on the industrial ecosystems formed based on an entropy model and implementing the principles of complex systems. This article systematizes the problem of applying the ecosystem approach to cross-industry interaction. A contribution to the literature was achieved by providing a systemic perspective on the sustainable industrial process. In this paper, we develop the methodological foundations to improve the understanding of integration processes’ influence on the industrial ecosystem potential. For a relevant analysis of industrial ecosystem potential, the existing patterns of system functioning were taken into account, including entropy equilibrium and the Harrington model. We illustrate our assumptions with an empirical case study of the National University of Science and Technology (NUST) “MISIS” ecosystem—“Green technologies for resource conservation” (Russia), with an assessment of ecosystem sustainability through the actors’ collaboration level. The propositions arising from this analysis provide information to help academics, policymakers, government, and individual enterprises with a more adequate understanding of the practical mechanisms and tools that help trigger the self-organization and sustainability of the industrial ecosystems.
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1. Introduction


Technological, digital, environmental, and political trends swiftly and universally have covered all social and economic processes. Emerging fundamental challenges change approaches to the development of socio-economic systems towards:




	(1)

	
Changing the paradigm from “human for economics” to “economics for human”.




	(2)

	
Transformation of the environment through the triad of nature, technology, and culture.




	(3)

	
Transformation of the new world order as a result of the humanitarian and technological revolution [1,2,3].









Market participants are forced not only to respond to challenges, but also to predict them. This requires a search for new behavioral models and new approaches to strategizing. This situation is especially relevant for industrial enterprises, which have a significant inertial log within their industry specifics. A fundamentally different type of resources is coming to the forefront intellectual, changing the ratio of competitive advantages in the market. It is practically impossible for enterprises not only to maintain competitive leadership, but also simply to survive in the present realities alone, which entails the need to change the models of interaction between organizations [4,5,6].



The search for organizational and managerial models that provide innovative sustainable development through synergistic symbiosis has been going on for several decades. These models include clusters, industrial networks, and industrial and eco-industrial parks. Each of these models has its own advantages and limitations. The main limiting point of network and cluster models is that horizontal synergistic interaction between participants is subject to vertical management from above. The management system can be either a state structure or a large enterprise, building network relations with other enterprises for their interests. Elements of the management vertical initially violate the principles of harmonization and balanced development of individual participants, since the interests and priorities of the governing body do not always coincide with the interests of other participants. In Antifragility: Things That Gain from Disorder, Nassim Nicholas Taleb [7] defined large vertical systems as “fragile” in terms of the risks of making managerial decisions. In contrast to such systems, the combination of companies on partnership terms without vertical administration is “anti-fragile” with respect to internal and external challenges.



One of the most relevant discussed organizational and economic models of socio-economic development are ecosystem models [8,9,10,11,12,13,14,15,16]. The ecosystem model allows for forming a special friendly environment for enterprises through a voluntary partnership for the generation and implementation of innovative projects in various fields. It allows the ecosystem participants to be open to external challenges through the integration of resources, knowledge, information, technologies, competencies, ensuring the principles of their sustainable development.



The authors consider that an ecosystem is the association of independent actors based on the principles of self-organization and self-development to achieve their internal goals, which correspond to the requirements and needs of the society. The actors are united in ecosystems according to their functional target interests, forming numerous sectoral, entrepreneurial, innovative, business, and other ecosystems [17,18,19]. This approach allows for developing the open innovation perspective through the principles of the ecosystem, when all participating companies, regardless of their size and type of activity, benefit from networking and collaboration.



Despite the increased interest of the scientific community in the problem of the formation and development of industrial ecosystems, one should admit the weak methodological elaboration of this theory, which complicates its application in practice.



This article aims to develop methodological approaches to assessing industrial ecosystems sustainability, taking into consideration the new paradigm of socio-economic development. The subject of the research is innovative industrial ecosystems. The article systematizes the problem of applying the ecosystem approach to cross-sectoral interaction. The main research question was how to operationalize the processes of self-organization in the industrial ecosystem without an external governing body and to ensure ecosystem sustainability.



The article is organized as follows. Section 2 provides a theoretical overview of the industrial ecosystem, related concepts, and approaches. In this section, we analyze the sustainability perspective of ecosystems with specific reference to the emerging perspectives on what the role and objective of sustainability assessment should be. Section 3 is devoted to the theoretical foundations of our research, introducing our conceptual assumptions and chosen approaches. Section 4 presents a new methodology for the assessment of industrial ecosystem sustainability using the theory of conflictology, entropy, and Harrington models. Section 5 further specifies how to operationalize the assessment using the described methodology. We demonstrate our methodology by the example of an empirical case study of the National University of Science and Technology (NUST) “MISIS” ecosystem. Section 6 highlights the key findings of the study and presents the theoretical contribution and practical significance of the study. In this section, we also discuss propositions arising from the conducted analysis to bring out the features of the sustainability of industrial ecosystems and their implications in terms of actor’s collaboration. Finally, in Section 7, some limitations of the research and points for further discussion are proposed, specifically regarding our concerns on the possibility of performing a more accurate sustainability assessment for different types of ecosystems.




2. Literature Review


One of the most discussed models of enterprises’ innovative development is the formation of industrial ecosystems [8,20]. Over the past decade, the concept of the ecosystem has become so popular in the discussion that we agree with the author [20], who believe this is the reason for unclear and incorrect formulations. From our point of view, sometimes there is a substitution of terms: the ecosystem is understood as a network innovation cluster or looks like a trinity of major players: University–business–state [21]. According to Bruns [22], the term “ecosystem” describes the effects of symbiosis in production, associations of firms (business ecosystems, entrepreneurial ecosystems), or other activities (services, innovations, and digital ecosystems). As a result of ambiguity in terminology, the scientific literature uses “business ecosystems” [23], “innovation ecosystems” [24], “digital ecosystems” [25], “University ecosystems” [26], or “financial ecosystems” [27]. In [28], an ecosystem is a system consisting of actors and dynamic processes in which they participate.



We believe the most comprehensive definition of the innovation industrial ecosystem is that proposed by Granstrand and Holgersson (2020). According to the authors, such an ecosystem is an evolving set of actors, activities, and artifacts, and the institutions and relations, including complementary and substitute relations, that are important for the innovative performance of an actor or a population of actors [29]. The researchers identify two conceptual approaches to the ecosystems [30]. According to the second approach, an ecosystem is a system of interconnected technologies, cooperating and competing firms offering related goods and services [31,32]. In parallel, the theory of industrial ecosystems is actively evolving. Kleiner defines industrial ecosystems as localized socioeconomic formations achieving sustainable development through the circulation of resources in objective, environmental, process, and project subsystems [33]. In [30], the industrial ecosystem is defined as a set of components made by the product platform’s owner and enhancements made by independent companies from the periphery. In turn, the ecosystem platform is defined as a network of innovations, increasing the platform’s value [34,35]. Several terms related to the industrial ecosystems that have appeared in the literature, stressing their interdisciplinary nature, including the industrial symbiosis, (eco-) industrial parks, and (eco-) industrial networks. We further specify these notions.



We agree with the position of the authors who believe that ecosystems are not a simple integration of individual participants, but the formation of an intellectual environment between actors [12,13]. In this case, the goal of collaboration ecosystem actors can be digital platforms, new technologies, materials, innovative projects, or specific research organizations that integrate actors around themselves through joint relationships based on the exchange of knowledge, competencies, and information [20,30,36]. An ecosystem is, first of all, a voluntary association of a certain number of actors to implement projects, the digital transformation of business processes, and the development of new materials or technologies [20,29].



The industrial enterprises are often integrated into the processes of initiation and implementation of various projects, which, from our point of view, can be considered as the initial stage of ecosystem formation.



We propose to use the concept of entropy as a measure of ordering and evaluation of the degree of interaction. The entropy of a system is a way of the mutual arrangement of system elements in an equilibrium state [37]. An ecosystem involves a constant and intensive exchange of energy between actors (information, knowledge, technologies, and competencies), which defines an ecosystem as “open” or “dissipative”. One of the defining principles of ecosystem formation is self-organization. In the theory of synergetics [38], self-organization is understood as the emergence of stable States of organization and manageability without external influence. Creating conditions for self-organization may by controlling the order of the system, adding useful energy to it, which leads to an increase in negative entropy (negoentropy) [38]. As a result, reducing the entropy of the system. The greater the entropy of systems, the less is it ordered. In complex systems, the information component of the process, rather than the material one, comes to the fore, considering not only the qualities of actors, but also the connections between them, as discussed in [7]. The self-organization of complex systems based on the entropy approach was studied by Kleyner [35], Haken [37], and Prangishvili [39]. However, the entropy approach is used in the analysis of physical, social, or information systems. There are few works devoted to the use of the entropy approach for evaluating large industrial complexes or symbioses, which makes the research relevant.




3. Conceptual Framework


The cooperation of ecosystem actors is based on network partnership principles and cognition as a principal mechanism for achieving strategic goals by the actors [40,41]. The ecosystem operates at a basis of “energy” exchange between business, industry, scientific community, and government. By “energy” we mean information, knowledge, technologies, or key resources. Ecosystem self-organization occurs as a response to digital challenges, ecological and industrial trends in the forms of new innovation projects, products, digital platforms, and technologies. The ecosystem model is the evolution of cluster, network, and infrastructure communication models (Table 1). It brings together best cooperation practices with ecosystem-specific features crucial in terms of new technological challenges [17,18,19].



Self-organization, lack of managerial institutions, and intellectual environment are the basic differences between the industrial ecosystem and clusters or networks. However, self-organization does not suppose chaotic and spontaneous integration. “Pacemaker” is the center of the ecosystem that coordinates and balances the actions of all other actors. An actor, technology, project, or platform may act as a “pacemaker”. Actors of the industrial ecosystem include industrial companies, techno-parks, start-ups, venture funds, engineering companies, government institutions, funds, financial structures, and other actors whose interests overlap with the strategic goals of the ecosystem, which are defined by the pacemaker. In terms of the new industrial revolution, we may highlight the following principles for industrial ecosystems establishment:




	
transboundary ecosystem processes;



	
self-organization, self-regulation, and self-development;



	
joint development and use of information, innovation, and intellectual resources;



	
continuous flow of successive projects (one project initiates the following projects’ implementation);



	
agility and flexibility to external challenges;



	
project- and client-orientation;



	
diversity of actors and network organization design;



	
collaboration based on partnership, trust, cooperation, and mutual help;



	
balance between goals and objectives of actors;



	
knowledge circulation;



	
resources conservation priority;



	
maintaining and development of each actor’s potential.








Each actor, being included in the ecosystem, is overgrown with connections with other actors. Therefore, the number and strength of connections are the basis for ecosystem sustainability. The behavior of the ecosystem depends on the behavior of many subsystems (actors), including relationships between them [36].



We consider that an industrial ecosystem is an open and self-developing system of actors network equality, self-organizing as a result of the collaboration between actors and the exchange of energy. The energy in an ecosystem is new knowledge, technology, information, or unique resources.



Industrial enterprises, ecosystems, engineering enterprises, startups, venture companies, and funds can work as actors of the industrial ecosystem [42]. At the same time, the actor can play different roles, participating in projects, for example, a customer, a provider of unique resources, a stakeholder, a developer, etc. The keyword in defining an ecosystem is self-organization, which occurs as a result of the emerging needs of market participants, shaped by digital and industrial challenges, and is implemented in the form of innovative projects, creating a new product, developing digital platforms, creating new technology, etc.



Universities that accumulate and create national and worldwide expertise and cooperate with many companies from the industry can act as integrators involving new actors and enabling collaboration, as well as knowledge and information exchange. An integrator also acts as a pacemaker and a project office. When new members are involved and knowledge is being exchanged, actors start to generate ideas and initiate projects. That provides the principle that ecosystem projects have no time limits.



The sustainability of an industrial ecosystem is associated with the entropy concept. According to Bailey (Social Entropy Theory) and Forsé (L’Ordre Improbable. Entropie et Processus Sociaux) [43], the development of systems is characterized by instability and non-equilibrium as a constant fluctuation between organization and disorganization. Ecosystems are systems that are characterized by instability and disorganization. The ecosystems are created on the principles of self-organization when there is no external management system. The idea (pacemaker) of ecosystem formation is, for example, a new project, which is the response of economic actors to technological challenges acting as chaos [17]. It is chaos for complex disorganization systems, being ecosystems, that ensures their openness, and acts as an incentive for development. Negative entropy characterizes the development of a system and its openness. The greater the entropy is, the stiffer the structure of the system is, and the more unstable the system is from the standpoint of external influences (fluctuations).



Entropy stability is present if the order and organization within the system balance the disorder and disorganization of interactions between actors. It is here when a system can be called sustainable. Each ecosystem strives for entropy equilibrium. The more complex the ecosystem structure is, the larger it is, and the less predictable its behavior is. The sustainability of the ecosystem is ensured by the diversity and complexity of the relationships of the participants included in its composition. Systems of high sustainability can perceive significant effects without substantially changing their structure, that is, without going beyond the equilibrium state. Moreover, the concept of sustainability is not equivalent to the concept of stability, since attention is paid to the invariability of the structure here. Systems of an invariable structure can be called “fragile” by analogy with technical systems. An assessment of ecosystems in terms of sustainability is determined, as a rule, by the variability of the environment: Under stable conditions, systems are prone to a higher internal organization; under variable conditions, the preference is given to disorganization.




4. Research Methodology


The methodology for assessing the effectiveness of industrial ecosystems is related to estimating stability relations level between actors. An ecosystem is a complex open system, as it interacts with the external environment by transmitting energy in the form of information, knowledge, and competencies. Complex systems are characterized by processes of self-organization, when new actors are connected to the ecosystem and new connections are formed, and processes of disorganization, when connections are destroyed for one reason or another, and the actor leaves the ecosystem. The external environment for an ecosystem is the society, territories, and industry that interact with the ecosystem in pursuit of their goals. Since the ecosystem is a combination of both actors, relationships between them, and processes, it is impossible to predict the state of the ecosystem and assess its stability by observing and studying each element of the system separately.



The behavior of an ecosystem depends on the external environment, on the behavior of actors, and their interaction with each other. Entropy is a quantitative measure of disorder in a system. The greater the entropy of the ecosystem state, the more ways it can be implemented between actors, the less ordered it is, and the more self-organized the actors of this ecosystem are. In other words, an increase in entropy means an increase in the degree of freedom of the actor from external control, and, consequently, an increase in its self-organization and, as a result, responsibility for its own sustainable development.



The authors propose using the entropy method [39] and Harrington’s desirability technique [44] to assess the strength of the connection between actors and the sustainability of the ecosystem. In accordance with the entropy theory the actors (Ai) of ecosystem E across Di—a set of goals and potentials that characterize a given participant     (  d  i r   )  1 R   , then {Di,     (  d  i r   )  1 R   } will represent the system Ai. This is described by Formula (1):


   A i  = {  D i  ,   (  d  i r   )  1 R  } , i = 1 , 2 , … , n .  



(1)







For example:



A1—one of the actors whose goal is to implement a project of the digital transformation of a business process—a set of D1 targets.



A2—another actor, whose goal is, for example, a project to develop a unique process control sensor—a set of D2 targets.



At the same time, achieving the internal goal of each actor Ai will depend on the implementation of some management trajectory and the eco-environment in which the system operates. The internal transformations’ effectiveness depends on the behavior and the connections between actors in the ecosystem. The influence of actors on ecosystem sustainability depends on



	(1)

	
the potential of the actor, that is, the availability of unique technologies, resources, and competencies;




	(2)

	
the extent of the actor’s relationships with other actors.







On the one hand, the more actors an ecosystem includes, the higher its synergistic potential and the more sustainable it is to external challenges. On the other hand, many relationships entail the risks of interest conflicts.



In order to assess the level of connections stability between actors, evaluate them by representing their interests as a numerical domain, in which for all     (  d  i r   )  1 R    the condition given by Formula (2) is satisfied:


  Σ (  d  i r   ) = 1 ,  



(2)




where p is a given function that reflects the position that some target indicator k of the Ai actor is preferable for the ecosystem than the indicator l of the Aj actor. This is given by Formula (3):


   d  i k   >  d  j l    



(3)







In other words, the p function is a normalized measure of the ecosystem targets. As a function p, you can use the probability that the Ai actor of the ecosystem implements the dik goal, i.e., p(dik). Then p = mi/N, where N—the number of ecosystem goals, and mi is the number of shared goals for actors.



Each actor has its own goal, which is preferable to the goals of other actors, but from the standpoint of the ecosystem. The priority of the projects implementation within the ecosystem is influenced by the integral indicators, reflecting the time cycle of the project (the shorter the cycle, the more preferable), the speed of implementation, the uniqueness of the project, the degree of importance of the project for other actors, etc.



However, it is not possible to describe the sustainable behavior of an ecosystem only from a quantitative approach to determining ecosystem targets. We used the concept of ecosystem entropy behavior. The entropy of ecosystem behavior E considered as a qualitative characteristic of the system, reflecting the level of balanced utility of system projects based on the analysis of the demands for these projects for all actors [38]. By the degree of balance of the usefulness of projects we mean the uniformity of the project’s importance for all actors. If one project is more important than the others, then the balance of usefulness of this project is low. For example, creating a digital project office that allows each actor to effectively interact with other actors in the implementation of their goals has a high balance level. The implementation of private actors’ projects is characterized by a lower level relative to the ecosystem.



We present the category of predictability or unpredictability of ecosystem behavior. If the targets of actors are highly organized or equivalent, then it is difficult to formulate a priori assumptions about the priority of projects, that is, which project will be initially implemented by the system, in other words, the behavior of the system is difficult to identify—the relationship between the categories: organization ~ unpredictability; disorganization ~ predictability. The concepts of organization and unpredictability or disorganization and predictability are not identical; they only correspond to each other. The entropy of ecosystem behavior, as a category of organization (or disorganization), can be viewed as a category of unpredictability with respect to the environment external to the ecosystem or its internal environment (Figure 1).



A measure of ecosystem entropy E or imprecise entropy is some combination of the quantitative characteristics of actors A, i.e., as a function of the quantitative characteristics of targets. If the measure of entropy of the behavior of the actor A1, denote E(A1), it can be represented by Formula (4):


  (  A i  ) = E (  p 1  , … ,  p n  ) ,  



(4)




where p(   d  i k    ) = pi, i = 1, 2, …, n.



Thus, we obtain a uniquely defined measure of the entropy of ecosystem behavior [3]. Entropy is quantified using Formula (5):


  E (  A i  ) = − Σ p (  d  i k   ) l o  g 2  p (  d  i k   ) .  



(5)







Entropic equilibrium or stability exists when disorder and disorganization balance order and organization, and the system becomes stable. Any deviation from the point of balance in any direction causes either excessive orderliness and organization, or excessive disorder and disorganization. Each ecosystem strives for entropic balance (Ep = E). This phenomenon is called the regularity of entropic equilibrium, or the increase and decrease of entropy, in an open system [39].



Based on the axioms, the more complex the structure of the ecosystem, the larger it is, the less predictable its behavior is, and, conversely, the less organized the set of target settings of the ecosystem, the more predictable its behavior will be. The concept of entropy of ecosystem behavior is a category that allows describing the dependencies of two actors included in its structure. According to system theory, each system is part of another system, but of a higher level.



Each actor in the ecological environment has his own environment. That is Aj may also include an actor in its environment Ai, which allows you to define the categories of the dependence of the actor on his environment or the dependence between two actors in the ecosystem. The possibility of realizing the goals of an individual actor is his internal behavior, through which the actor manifests himself in the environment of the ecosystem. This capability is a qualitative category, but it has characteristics that qualify it in relation to the environment.



We propose to consider the environment of the actor Ai is a subsystem of the actor’s environment Aj. Then, under the possibilities of implementing the target settings of the actor Ai in relation to the environment Aj, we will understand the possibilities of implementing the target indicators Ai under the assumption that the target indicators of the actor Aj are realized.



The actor dependency concept Ai from the actor Aj is a relative category that characterizes the relationship between the external environments of systems Ai and Aj (Figure 2).



If two actors can be said Aj → Ai, then the actor Aj is called dominant, and the actor Ai—addicted. Figure 2 shows that the relationship of the dependence that can be separated from the entropy of the actor dominating in the dependence Aj → Ai, and the less predictable the behavior of the dominant system, the stronger the dependence and vice versa. If the behavior of the dominant actor in the ecosystem is predictable, then the position of the dependent actor is more favorable, and the dependence is weaker than the case when the behavior of the dominant actor is unpredictable.



Under the magnitude Z(Aj → Ai) we will understand the absolute measure of dependence Aj → Ai, defined by the Formula (6):


Z(Aj → Ai) = E(Aj) − E(Ai|Aj).



(6)







The normalized measure of dependence Aj → Ai has the following properties:




	
equal to zero if the system Aj does not depend on the system Ai.



	
equal to 1 (maximum value) when the dependence is maximum, i.e., when any target indicator of the system Ai is uniquely determined by the behavior of the system Aj.



	
takes values from the interval (0, 1).








Determining the measurement of the dependence of actors, one can proceed to assess the environment of the ecosystem as a whole. We believe that ecosystem participants can perform different roles in the system, but each actor can simultaneously or alternately play several different roles, depending on different life cycles of projects being implemented or the life cycle of the ecosystem. Then we considered the role as a part of the actor’s behavior corresponding to a specific dependence. Thus, the actors of the ecosystem form subsystems. A number of these subsystems can be associated with a function for all actor’s pairs that satisfy certain conditions:




	
an actor is independent only from himself, two actors are always dependent.



	
if there is a dependency Aj → Ai, then the inverse relationship equally exists Ai → Aj.



	
an actor Am depending on Ai, then dependence Am on Ai will not decrease if “inserted” Aj in relation to the relationship between Am и Ai.



These conditions can be formalized as follows:




	
D (Aj → Ai) = 0 ⇔ Aj = Ai.



	
D (Aj → Ai) = D (Ai → Aj).



	
D (Ai → Am) ≤ D (Ai → Aj) + D (Aj → Am).













The dependence between the actors is defined as the contradiction between the needs and the possibilities for the implementation of the target settings Ai in the ecosystem environment.



Considered entropy approach assumes the different openness of actors in the ecosystem. The higher the openness level, the higher the readiness for self-organization at all levels of decision-making. This leads to the greater interest of the actor in developing their potential through the implementation and promotion of various projects. An actor’s interest in development is reflected in the interaction with other actors, which leads to the sustainability of the ecosystem.



Then the following statements are true for each actor:




	
the trajectory of the behavior of the actor Ai is determined by the difference between the need and the possibilities to achieve their goals, considering the dependence on other actors.



	
the trajectory of the behavior of the actor Ai is influenced by the tendency to continue, fulfill, or accept such roles in the ecosystem, which, on the other hand, will reduce his dependence on other actors and, increase the dependence of other actors on the actor Ai.



	
dependence, as a contradiction between the necessity and the possibilities of realizing the goals of the actor Ai, can change in the event of changes either in the actor’s capabilities, or in the event of his adjusting his target indicators.








The more actors are included in the ecosystem and the more connections it includes, the fewer management trajectories in which the dependencies of actors are minimal. Moreover, even if the actor Ai wants to choose a managerial decision that reduces his dependence on another actor Aj, it may turn out that some actor Ak forces Ai to make a completely different decision, which corresponds to the resulting even greater dependence. An attempt to transform the needs of achieving the goals of one actor into the possibility of achieving the goals of another actor will be called the conflict of the ecosystem environment.



From this point of view, conflict is the actions of actors against dependence on other actors, and conflict action is behavior determined by dependencies. The conflicting relationship between the target indicator m of the actor Ai and the target indicator n of the actor Aj is formalized can be represented as P(dim) < P(dim/djn).



Then the relationship of probabilistic cooperation is described as P(dim) > P(dim/djn). The fulfillment of the target indicator of the actor Aj decreases or increases the probability that the actor Ai will reach his indicator m. To identify and assess conflicts in an ecosystem, as a stochastic system, a quantitative approach is needed to assess conflict relationships. Since conflict is the degree of development of a contradiction arising from organization or disorganization, predictability or unpredictability, it is possible to use the concept of entropy as such a measure, which has the following properties:




	
equal to zero if one trajectory is feasible and the others are impossible.



	
maximum when all possible states are equally probable.



	
addictive.








This approach allows you to define the structural dependencies of actors Ai и Aj, namely the proportion of the relationship between conflict and cooperation. And then, by changing the set of possible target indicators of each actor by adjusting management trajectories, it is possible to achieve a change in the relative share of conflict in the overall dependence of actors, which will increase the stability of the ecosystem as a whole.



The presented methodology was tested on the example of the NUST «MISIS» ecosystem (National University of Science and Technology “MISIS” (Russia) ecosystem).




5. Case: The Sustainability Assessment in the Industrial Ecosystems “Green Technologies for Resource Conservation”


The entropy method is described in the methodological part of the article. The “Green technologies for resource conservation” ecosystem is of interest for assessing the ecosystem attractiveness and sustainability, as it is a cross-border, cross-sectoral, and dynamic ecosystem. In such an ecosystem, the actors are represented by different countries, industries, research centers, and the distribution of roles between them vary depending on the life cycle of ongoing projects and the ecosystem. The ecosystem’s pacemaker is the idea of developing fundamentally new technologies and materials in order to improve the environment.



NUST “MISIS” takes part in innovative projects through a system of interaction and partnership with enterprises of various industries, international research centers, and laboratories. One of the strategic directions of the university’s development is the formation of new competencies in the field of green technology engineering, as well as positioning NUST “MISIS” as a leader in the field of sustainable development in the raw materials and processing sectors.



As part of this direction, the University has created a multi-level ecosystem “Green technologies for resource conservation”. Subject areas of the ecosystem:




	
Waste management of mining and processing of mineral raw materials.



	
Processing of chemical products and radioactive waste.








Projects implemented by this ecosystem:



	
Project 1. Development of a new generation of flexible and high-performance catalytic reactor systems based on structured catalysts (adsorbents) for the complex processing of natural and associated gases, as well as biogas using various processes.



	
Project 2. Development of technologies for the production and use of composite binders for the construction of transport and hydraulic structures with the use of large-tonnage waste from the extraction and processing of mineral raw materials.



	
Project 3. Development of an integrated innovative technology for the extraction and processing of mineral raw materials with underground waste isolation for solving state scientific and technological problems of energy and environmental safety.






Descriptions of the actors of the ecosystem “Green technologies for resource conservation” are presented in Table 2, Table 3 and Table 4.



At the same time, the achievement of the internal goal of each actor (Ai) will depend on the behavior of many other actors in the ecosystem and the connections between them. Each actor, being included in the ecosystem, is overgrown with connections with other actors; therefore, the number and strength of connections are the basis for sustainable development of the ecosystem.



The pacemaker acts as the center of intellectual attraction for actors in the ecosystem, which can be an actor, a technology, a project, and a platform [37]. The pacemaker ensures the exchange of cognitive energy balance and the coherence of all actor’s interaction with each other (Figure 3).



The pacemaker of the first level of the ecosystem is the NUST “MISIS” Expert Council, which serves as an entry point for the formation of new ideas, competencies, technological solutions, and the initiation of projects to develop resource-saving technologies. The scientific laboratory of the University “Nano chemistry and Ecology” acts as a pacemaker at the second level of the ecosystem, providing cross-sectoral interaction and the integration of competencies within one scientific area. The laboratory serves as a single-entry point for industrial customers in the implementation of complex projects. The third level pacemaker is a large-scale interdisciplinary project, the development and implementation of which requires the involvement of specialists from different fields, therefore the project serves as an entry point for laboratories, research centers, departments, and industrial enterprises.



The concept of entropy of behavior of an ecosystem (E) is a category that allows describing the dependencies of actors included in its structure, since the entropy of connected processes converges when their connection is strengthened.



First, let us calculate the entropy indicator of the ecosystem behavior “Green technologies for resource conservation” based on the Shannon method (Formulas (5) and (6)) [45]. As a function p (the ratio of the number of common goals of actors to the number of goals of the ecosystem), we will consider the probability of achieving the goals of the ecosystem by actors (Ai). The E(Ai) value is calculated by Formula (7):


E(Ai) = −(0.5 log20.5 + 0.33 log20.33 + 0.17 log20.17) = 1.46.



(7)







That is E(Ai) > Ep, therefore, the innovation ecosystem is characterized by weak sustainability. The greater flow of knowledge and information between actors leads to a lower level of entropy in the ecosystem. Thus, the entropy of the ecosystem and the degree (strength) of the connection of actors have an inverse relationship. It should be noted that with an increase in the degree of openness of an ecosystem, entropy decreases, and order is brought about not only in general but in all parameters just in only one indicator or system parameters.



Next, we assess the level and strength of connections between actors from different groups of the ecosystem. Evaluation of qualitative indicators characterizing the relationship between the actors of the ecosystem can be realized using a specially developed scale of expert assessments, normalized in the range from 0 to 5. In the absence of reliable information on indicators, the assessment was carried out on a limited range of indicators. The reference gradation is defined as follows:




	
0 ≤ Independence of an actor of one group from an actor of another group < 1.



	
1 ≤ The relationship between actors is for informational purposes only < 2.



	
2 ≤ The dependence between the actors is partially project-based, resource balanced and intellectual < 3.



	
3 ≤ Project dependency < 4.



	
4 ≤ Complete resource and project dependence < 5.








After receiving expert assessments in points, we determined the coded values of the control points (yij) taking into account the lower and upper limits of the value (ymin = 0, ymax = 5) according to the method of the desirability of Harrington [44] (Table 5).



The bond strength of the actors is defined as the geometric mean of the coded values (yij; di). Calculate the encoded values of these breakpoints (yij) and the coded value of the parameter is the dependence between the actors in Project 1. The calculation is done using Formulas (8) and (9):


   y ′  ( 1 ) = − l n l n ( 1 / 0.37 ) = 0.00576 ;  



(8)






   y ′  ( 10 ) = − l n l n ( 1 / 0.8 ) = 1.4999 .  



(9)







The equation y′ = a × y + b acts as a translation mechanism y to y′. Values a и b can be found through a system of equations: (0.00576 = a × 1 + b) and (1.4999 = a × 10 + b). In this way, a = 0.16576 and b = −0.16025. The final equation becomes Formula (10):


y′ = 0.16576 y − 0.16025.



(10)







Similarly, the parameter was estimated for Project 2 and Project 3. The generalized Harrington desirability function (optimization criterion) of the j-th actor is defined as the geometric mean of particular desirability [44]. The results are presented in Table 6.



On the Harrington scale, Project 1 is categorized as “very good”, hence the actors have full resource and project dependence. Project 2 is categorized as “good”, which indicates that there is project dependence between the actors. In Project 3, the relationship between actors is purely informational. The integral indicator of the bond strength of the ecosystem actors was calculated using the Formula (11):


   D j  =   0.82 × 0.71 × 0.59  3  = 0.698  



(11)







When the result is closer to 1, then it is better for ecosystem sustainability. In our example, the indicator of the strength of connection was 0.698, therefore, we can talk about the sustainability of the innovative industrial ecosystem “Green technologies for resource conservation”.



This methodology for assessing the potential of projects allows making decisions on the further participation of actors in ecosystem projects.




6. Conclusions


This paper proposed a methodological framework for studying industrial ecosystems in the context of self-organization and sustainability perspective. The main research question was how to operationalize the processes of self-organization in the industrial ecosystem without an external governing body and to ensure ecosystem sustainability. To this end, the authors propose a new tool for estimating the actor’s collaboration level based on the entropy approach Harrington method. It allows for operationalizing the processes of self-organization in the ecosystem without external intervention and addresses the main implications for the sustainability of industrial ecosystems. The authors illustrated their assumptions with an empirical case study of the industrial ecosystem “Green technologies for resource conservation”, which is part of the National University of Science and Technology “MISIS” ecosystem. The propositions arising from this analysis provide information to help academics, policymakers, government, and individual enterprises with a more adequate understanding of the practical mechanisms and tools that help trigger the self-organization and sustainability of the innovation ecosystems. The proposed novel tool for assessing an actor collaboration level in the ecosystem makes a significant contribution to the industrial ecosystem theory and methodology development in terms of conceptualization of the self-organization and self-development processes and further investigation of their impact on ecosystem sustainability.




7. Limitation and Future Research Directions


We have developed a novel methodological framework for industrial ecosystem sustainability assessment with a focus on integration and collaboration effects. Meanwhile, the proposed approach has some shortcomings and limitations caused by them. The following main limitations should be mentioned: It is not applicable for scenario calculations, high volatility of estimates, problems of specification selection when choosing data sources, high susceptibility to the ranking method, and parameter values. We raise the following questions to be addressed as future lines of research. Firstly, it is necessary to develop the conceptual and methodological aspects of the correlation between the ecosystem’s maturity and sustainability. Secondly, the authors plan to propose the model of ecosystem risks for industrial ecosystems economic security Thirdly, to further develop the theory of ecosystems on three levels—macro, meso, and micro.



Finally, it will be necessary to adopt a proposed methodology for assessing sustainability for different types of ecosystems (innovation, entrepreneurial, territorial, ext.) depending on the stage of the ecosystem’s life cycle and to validate the theoretical foundations and propose an extended system of indicators for assessing the circular potential of actors in the industrial ecosystem. Currently, most authors use the same indicators to assess circularity for measuring sustainability. This makes it difficult to reveal the contribution of circular processes to the achievement of environmental/green goals.
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Figure 1. Interpretation of an ecosystem entropy behavior. 
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Figure 2. Interpretation of two systems behavior. 
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Figure 3. The structure of the ecosystem “Green technologies for resource conservation”. 
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Table 1. Comparative analysis of cluster and ecosystem approaches.






Table 1. Comparative analysis of cluster and ecosystem approaches.





	Comparison Criterion
	Industrial Clusters
	Industrial Ecosystems





	Coordination Mechanism
	Decision of federal, industry, or municipal authorities
	Self-organization



	Cooperation Target
	Increasing the competitiveness of an industry or region
	Initiation and implementation of digital innovation or unique product



	Unification boundaries
	Geographic or industry
	Cross-industry, territorial



	Matching Criteria
	Stages of the production process
	Life cycle stages of projects, products, technologies



	Relationships between participants
	Internal competition and cooperation
	Cooperation and partnership



	Possibility to include or exclude actors
	Restriction on inputs and outputs
	High level of openness



	Controllability
	government bodies at federal or regional levels
	Pacemaker
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Table 2. Characteristics of actors—researchers (National University of Science and Technology (NUST) “MISIS”).
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	Group of Actors (A1)
	Objectives
	Integral Indicators (D1)





	1. Laboratory “Nano Chemistry and Ecology”.

2. MISIS Center for Resource-Saving Technologies for Processing Mineral Raw Materials.

3. Industrial Technology Engineering Center.

Innovative Scientific and Educational Center “Romelt”.
	Development of new technologies for resource conservation and processing of industrial and man-made waste.

Commercialization of technologies.

R & D.
	Total innovation index SII.

The level of digital maturity.

The share of unique technologies in the overall structure.

Research and development costs.
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Table 3. Characteristics of actors—partners of the ecosystem.
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	Group of Actors (A2)
	Objectives
	Integral Indicators (D2)





	NRU MGSU.

BSTU V.G. Shukhov.

SNRU named after S.P. Korolev.

University of the Basque.
	Commercialization of technologies.

R & D.

Implementation of complex high-budget projects for large industrial companies.
	The level of development of cooperation between actors.

The number and cost of joint projects in which ecosystem actors are involved.










[image: Table] 





Table 4. Characteristics of actors—customers/consumers.
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	Group of Actors (A3)
	Objectives
	Integral Indicators (D3)





	Inter-RAO PJSC.

RusHydro PJSC.

Rosatom State Corporation.

Alrosa PJSC.

Novolipetsk Metallurgical Plant (Group of Companies).

Federal Agency for Special Construction of Russia (Spetsstroy of Russia).

Zabsibgazprom.
	Increasing competitiveness and profitability through the introduction of innovative technologies and processes.
	Balanced financial result of the actor.Correspondence of resources to the strategic goals of the actor.

Transfer of knowledge, technologies, results within the ecosystem.
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Table 5. Harrington desirability scale.






Table 5. Harrington desirability scale.





	(1.00–0.80)

«Very Good»
	(0.80–0.63)

«Good»
	(0.63–0.37)

«Satisfactorily»
	(0.37–0.20)

«Bad»
	(0.20–0)

«Very Bad»





	Complete resource and project dependence.
	Project dependency.
	The dependence between the actors is partially project-based, resource balanced and intellectual.
	The relationship between actors is for informational purposes only.
	Independence of an actor of one group from an actor of another group.
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Table 6. Interpretation of standard marks on the Harrington scale for ecosystem actors.
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Projects

	
A Group of Actors—Researchers

	
Group of Actors—Partners

	
Customer Actor Group

	
Harrington Generalized Desirability Function (D)




	
yij

	
D1

	
yij

	
D2

	
yij

	
D3






	
Project 1

	
1.486

	
0.797

	
1.251

	
0.751

	
1.331

	
0.768

	
0.82




	
Project 2

	
1.135

	
0.725

	
0.864

	
0.656

	
1.378

	
0.780

	
0.71




	
Project 3

	
1.123

	
0.684

	
0.756

	
0.598

	
1.154

	
0.723

	
0.59
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