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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to provide a more nuanced understanding of the industrial symbiosis
Circula‘r economy networks supporting the circular economy. We do so through an evolutionary dynamics lens,
Induslmal symbiosis networks viewing these networks as adaptive complex systems. This approach allows us to address the
gi‘: ;’f}z’it limited research attention that has resulted in insufficient understanding of the underlying net-
Cyclilz alityy works in the circular economy literature, particularly regarding collaboration for waste resource
Resilience exchange. i.e. the circular economy closing of the resource loops. This paper draws on empirically

obtained data from industrial symbiosis networks in five countries: Croatia, Slovenia, Austria,
Denmark and Finland. Through network analysis, we find that the structure of these symbiosis
networks has evolved to varying extents. This evolution takes into account the complexity of
leveraging opportunities based on waste resource exchange, cyclicality with numerous feedback
loops, and resilience against disruptions and failures. Based on these findings, we propose three
types of symbiosis networks that support circularity: mature, evolving, and emerging. Concur-
rently, we further develop conceptual and empirical diagnostic tools for future research by
showcasing the utility of newly developed measures. Additionally, we outline several practical
implications for both system-level, and organization-level managers.

1. Introduction

Circular economy (CE) represents a reaction to the pressures that a developing economy and the increasing consumption pose on
the limited resources and environmental capacity (Ellen MacArthur Foundation and McKinsey, 2015; European Commission, 2020).
CE thus proposes an alternative model - systemic, restorative and regenerative by design — aimed at keeping materials and products in
use and entailing all levels, including the mezzo level (Kirchherr et al., 2017; Stahel, 2016). There are several strategies to reach
circularity goals, i.e., closing, narrowing, slowing, and regenerating (Bocken et al., 2016; Konietzko et al., 2020). We focus in this paper
on the CE’s closing strategy and connected with it, industrial symbiosis (IS), emphasising the networks of independent organisations
that exchange resources (Chertow, 2000, 2004, 2007; Deutz, 2014; Neves et al., 2020), which is in the CE literature connected to the
mezzo-level (Gonzalez-Moreno et al., 2024).

CE’s core principle is one of designing out waste whilst having a wide understanding of the concept of waste (Esposito et al., 2018),
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a strong emphasis on closing the loops (Bocken et al., 2016) and eliminating residuals within the systems. IS supports this (Domenech
etal., 2019; Wen and Meng, 2015), since it represents an important business process for transforming waste into a source in terms of
circular economy (Baldassarre et al., 2019). Concurrent derivation of ecological, economic, and social benefits through the reuse of
secondary raw materials has thus established industrial symbiosis and its resulting formation of industrial symbiosis networks as an
extremely important mechanism to contribute to circular economy goals (Dzajic Ursic 2020).

The CE literature has pointed out collaboration as one of the key enabling elements (beside innovation) of CE implementation and
development (Sudusinghe and Seuring, 2022; Berardi and de Brito, 2021, Jakobsen et al., 2021). But in terms of closed loop networks,
the focus has been more on selected issues such as closing the loops locally (Christensen et al., 2022; Vanhamaki et al., 2020; Bassi
etal., 2021). Less attention has been given to the type and maturity of these loops from a systems perspective, such as involving diverse
resources and incorporating redundancies to withstand shocks from node disappearances, thereby strengthening network resilience.
On the other hand, the IS literature focuses mainly on the emergence — either spontaneous or ad-hoc — of IS networks, measuring their
performance or on its impact (Kumar Behera et al., 2012; Boons et al., 2011; Wen and Meng, 2015). Another stream in IS literature is
related to individual elements such as resilience (Chopra and Khanna, 2014; Baldassarre et al., 2019), but less focus is given to un-
derstanding the composition of elements within developing IS systems.

We conceptualise IS as complex adaptive systems, where the actors and their relationships are constituted in diverse constellations
that are also adaptive to changes that emanate from internal (or external) conditions (Holling, 2001; Ashton, 2009). Thus, we focus on
the issues of IS development, i.e. their maturity. Interestingly, that albeit IS has looked into development of IS networks (Korhonen and
Snakin, 2005) and has also been seen as business model-oriented (Baldassarre et al., 2019), still issues that would look into more
complex understanding of business opportunities being harnessed — such as both providing resources (byproducts, etc.) to others and
taking them in, i.e. looking both at circular inputs as well as opportunities arising from own wastages and by-products — remained
unexplored.

In contrast to the above, this paper focuses in particular on the evolutionary dynamics of industrial symbiosis (IS) networks, i.e.
their maturity, simultaneously spotlighting the varying engagement of actors within the IS (their complexity), the feedback loops
(their cyclicality) as well as showcasing the potential vulnerability of CE loops’ resilience through observing redundancies in the IS
networks. We do so by engaging in a network analysis, which is an established method for studying IS (Neves et al., 2020).

Our contributions are thus threefold. Based on an original dataset of five industrial symbiosis networks, where our selection of the
cases included the diversity of cases — both related to the industry parks and not as most evidence is based on studying industry parks
networks (Atanasovska et al., 2022; Gonzalez-Moreno et al., 2024) — we are able to address selected issues permeating the circular
economy literature in terms of collaboration for waste resource exchange (i.e., exchange of waste material, water, and energy). We
showcase how IS can also inform the newer literature stream related to collaboration for CE, and vice-versa. Next, using the network
analysis we are then able to propose a taxonomy of industrial symbiosis networks supporting circularity, i.e. emerging, evolving and
mature, including specific network characteristics for each type in terms of complexity, cyclicality and resilience. Therewith we
contribute to a challenge present across many fields of categorising the objects of interest into taxonomies (mostly empirically derived,
such as ours) and typologies (derived purely conceptually) (Bailey, 1994; Sokal, 1966). At the same time, we develop both concep-
tualization and empirical diagnostic tools to support future research and policymaking.

The idea of a closed loop economy has been prevalent at least since the late 1960s with the work of Boulding (1966) and furthered
by works such as the seminar work Jobs for tomorrow: the potential for substituting manpower for energy (Stahel and Reday-Mulvey,
1981). Stahel (1984) then extended the idea in relation to a self-replenishing economy, based on a loop system that results in the
circulation of materials through sequential product-life extension activities, which he subsequently connected also to the ideas of
circular economy. “A ‘circular economy’,” he writes in his seminar article on CE in Nature, “would turn goods that are at the end of
their service life into resources for others, closing loops in industrial ecosystems and minimising waste” (Stahel, 2016: 435).

But the conceptual clarity of circular economy is still debated (Kirchherr et al., 2017, 2023; Corvellec et al., 2022; Lavtizar et al.,
2023). That notwithstanding, the recent analysis focusing on delineating the concept (Kirchherr et al., 2023), Points out an additional
element of the concept — typically seen as focused on a regenerative system, using R strategies to promote value retention and aiming at
sustainable development (Kirchherr et al., 2017) — CE being enabled by a collaboration between various actors (Kirchherr et al., 2023),
which puts focus also on industrial symbiosis networks as enablers of circularity.

A strong policy push towards CE (Tura et al., 2019; Hina et al., 2022) is present, with the recognition that waste is a source of value
for business (Perey et al., 2018) rising, and several CE strategies, i.e. CE Rs, pointed out such as reuse, remanufacture, and recycling of
materials (Reike et al., 2018; Uvarova et al., 2023). The activities supporting individual Rs were often seen as incremental and
fragmented, and not holistic. Subsequently albeit innovating the related circular business models (Urbinati et al., 2017; Geissdoerfer
et al., 2018; Liideke-Freund et al., 2018), these are criticized as not sufficiently transformative (Lavtizar et al., 2023). This is also
related to firms still struggling to view CE as a revenue-making paradigm (Cristoni and Tonelli, 2018) leading to both the uptake and
general levels of circular economy activities remaining overall low (The Circularity Gap Report, 2024). There were several potential
reasons identified thereof, with some of them derived from the fact that companies not only need to be adopting internal CE strategies
to advance circularity, but also that they are required to connect and collaborate with other stakeholders as well (Barros et al., 2021).

Collaboration in the value chains and value networks (Ricciotti, 2020), spontaneous or designed, is a key factor for CE development
(Kohler et al., 2022; Sudusinghe and Seuring, 2022; Berardi and de Brito, 2021; Genovese et al., 2017). Transitioning from linear to
circular production systems requires a wide collaborative effort with distinct stakeholders engaging in both resource exchange and
other circular economy activities, including cross-sectoral collaboration in networks (Kohler et al., 2022). This collaboration is often
plagued with coordination and orchestration issues, since CE requires simultaneous and coordinated action from multiple actors
(Aspelund et al., 2021) in smaller or larger geographical proximity.
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The literature mentions a wide range of diverse actors but often points out also the role of waste companies and recycling facilities
(Bartolacci et al., 2017; Salmenpera et al., 2021). These two types of stakeholders support seeing circular economy as a strategic focus,
which entails the reframing and re-organising of material (as well as information and energy) flows to achieve greater resource ef-
ficiency (Puntillo et al., 2021). The latter can also support the opportunities related to industry convergence, defined by Broring et al.
(2006): 488) as “the blurring of boundaries between formerly distinct industries due to converging value propositions, technologies,
and markets”. In particular, these cross-sectoral collaborations, which strengthen the circularity, can support inter-industry conver-
gence (Schmenner, 2009), whilst these can be driven by environmental policies and a drive to achieve environmental sustainability, i.
e. resulting in so-called policy-driven environmental enhancer industry convergence (Geum et al., 2016).

The circular literature in particular focuses on the benefits of closing the loops locally, using examples as diverse as the construction
industry (Christensen et al., 2022) and the cork industry (Parejo-Moruno et al., 2024-forthcoming). The latter case, for example,
showcases how new flows were created between actors once the industry was able to close the loops in-region. Establishing local
networks that enable collaboration in the value chains is often seen as essential (Christensen et al., 2022; Besednjak Valic et al., 2022,
2023). The required shift in design planning, perception and activities related to the CE takes time to implement and the results are
incremental; however, to promote this, closed loops can be harnessed using an IS approach, thus extending the lifetime of waste
resources for as long as possible (Barrau et al., 2024).

Turning now to the IS literature, which showcases a particular type of collaborative efforts in terms of waste resources, similar to
the CE literature. Industrial symbiosis, in essence, represents a flow of untapped resources, starting with stakeholders who would
otherwise have discarded the unused resources and ending with stakeholders who can use these resources as substitutes or primary
resources (Deutz, 2014). In a strict sense, industrial symbiosis (IS) is a collaborative approach among firms involving physical ex-
changes of materials, energy, and wastes, which creates economic advantages for firms and environmental benefits for society —
representing synergies between the stakeholders (Fraccascia et al., 2021). To distinguish IS from general “resource exchange,” the
criteria for IS proposed by Chertow (2007) are to incorporate a minimum of three different organisational entities and a minimum of
two different resources. Hence, the IS literature was somewhat more concerned with the topologies of the networks in question.

Although there is a recognition of the need for the constant evolution of networks (Berardi and de Brito, 2021), the CE literature has
focused less on issues related to the type and maturity of related loops. This lack of focus is evident when considering actors through the
lenses of a systemic view. CE opportunities remain far from fully exploited (Circularity Gap Report, 2024), particularly in IS as adaptive
complex systems (Ashton, 2009). Addressing the evolution of IS networks supporting circularity is therefore of key importance.

The topologies as related to evolution of the networks, i.e. what we understand as maturity, can examine issues such as more
systemic thinking in terms of both providing resources to others and taking them in (what we term as complexity); seeing how many of
these networks are really closed, i.e. cyclical (what we term as cyclicality); as well as incorporating redundancies that can withstand
shocks of a node disappearance, i.e. strengthening the resilience of these networks. This is particularly important since most industrial
symbiosis networks are spontaneous and not strategically planned (Chopra and Khanna, 2014) in spite of a very significant policy focus
on CE (Dzajic Ursic et al., 2024).

In IS networks for circularity, as complex adaptive systems, agents are able to autonomously interact with each other to increase
their performance (Goldstein, 1999). The limitations could come from the interests and planning of the central organisational entity if
existing inside the IS. The latter is especially true for those IS that are spatially bound to an industry park. Nonetheless, the complexity
of the IS interactions are especially dependent on the internal strategies related to CE Rs (Reike et al., 2018) and diverse circular
business models (CBM) applied (Urbinati et al., 2017; Geissdoerfer et al., 2018; Liideke-Freund et al., 2018). In this sense, the IS can
consist of several companies that pursue only CBMs geared towards certain opportunities, e.g. solely circular inputs, but not simul-
taneously enhancing other business model opportunities related, e.g., to end-of-life or similar. However as within the IS there is not
only flow of material resources, but also the knowledge flows, having more firms that simultaneously focus both on providing the
inputs to others and understanding how resources of waste materials of others can be harnessed, leads to diverse industrial networks
truly promoting the effect of resource utilisation (Ormazabal et al., 2018). This results most likely also having some spillover effects
with other IS network members in term of the knowledge of the CE potentials and in regard to how to engage in harnessing them.

The focus of the CE is not only on dyad relationships and paths leading from one actor to another, but also in general closed loops
(consisting of triads or more) appearing within networks (Stahel, 2016). Hand in hand with this, network science literature has been
interested in methods for finding short loops (cycles) in empirical networks. These can both address the incompleteness of short parts,
increase information spreading and sharing, provide robust information within these closed loops (Sorkhoh et al., 2012) as well as
introduce an ‘ignored’ property: the feedback (Zhou et al., 2018). Hence, we focus in this work on the evolution of more complex
constellations inside the networks than linear pathways (relationships), i.e., on what we call cyclicality. This property provides in-
sights on the potential of information sharing on new opportunities within networks of actors that are connected through resource
sharing and are thus potentially still socially proximate to one another. The latter implies an increased presence of trust or easier trust
building; since the size of the loop denotes that spread of information, e.g. on new circular business model potentials, or higher waste
valorization potentials, can be wider. Furthermore, the existence of more loops with more numerous members, has also been con-
nected to stronger robustness (Sorkhoh et al., 2012), albeit we posit in this paper that robustness is more connected to redundancies.

Furthermore, resilience represents the ability of adaptive systems, such as IS, to respond to disruptions by re-establishing a stable
state (Holling, 1973), whereas the system can bounce back to the same original state or evolve to a new stable state (Annarelli and
Nonino, 2016). This also somewhat widens the ideas related to the robustness of networks (Christopher and Peck, 2004; Zeballos, et al.,
2012). The topic of CE and resilience has however been relatively scarce and focused more on organisational level (Bag et al., 2019),
especially in connection to reducing reliance on virgin input materials (Baars et al., 2021). But on a network level Fraccascia et al.
(2020) provided indications (based on an agent-based modeling), that a high redundancy could increase the overall resilience of the
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network. However, Fraccascia et al. (2020) focus more on the individual strategy (i.e. exchange with several partners) than on the
overall IS resilience. We believe this to be an oversight, as redundancies need to be studied on the whole network level, since the match
between supply and demand quantities of byproducts and waste are not easily controllable, as they are not produced upon demand but
emerge as secondary outputs of main production activities (Yazan et al., 2016). A disturbance in the system can have a domino effect
on the whole IS supporting circularity (Chopra and Khanna, 2014). We focus on the disappearance of an actor inside IS networks
supporting circularity, the disappearance of an actor, especially if central, can be quite detrimental to the continuing valorization of
waste and byproducts.

2. Materials and methods
2.1. Dataset construction and research setting

During the data collection phase, we assembled secondary and primary data. Secondary data was gathered from relevant inter-
national collections, studies and research and included information on the geographical extent of industrial symbiosis manifestations.
The scientific journals, studies and research have been searched using keywords. The authors have combined keywords using Boolean
operators, quotation marks, order, and search strings in various combinations. The secondary sources (original and review papers)
have been evaluated using the Currency, Relevance, Authority, Accuracy, and Purpose (CRAAP) method.

Afterwards, primary data was obtained in real-life environments on four geographical levels (Domenech, 2010; Onita, 2006;
Chertow, 2007) - local, regional, national and international — which were defined according to the presence of symbiosis networks.
Data collection was done using semi-structured interviews (Saunders et al., 2009) either live or through video conference calls between
April and August 2017. Network architecture, structural-analytical characteristics of the networks, and social network analysis refer to
this period. The semi-structured interview proved to be suitable mainly due to the combination of open and closed questions, the
interviewees’ answers, which can be narrative or short, and its usefulness for the case studies included in our research. Semi-structured
interviews were conducted with relevant interviewees in the selected organisation, namely interviewees who worked as managers in
the field of environmental protection, ecology or waste management and interviewees who worked in the management of the
organisation.

Additionally, we gathered information through email, where we utilised the snowball effect (Doreian and Woodard, 1994) to
receive the contact information of relevant university researchers who helped identify industrial symbiosis networks in their countries.

Before starting the data collection, four minimum conditions were defined and pursued during the data collection phase, using a
snowball effect (Doreian and Woodard, 1994: 279-280):

1. We included at least one ’facilitator’ or coordinator of each industrial symbiosis network.

2. We determined that the relevant nodes were those between which multiple links or multiple collaborations take place — by fulfilling
this condition, we avoided nodes that would randomly become nodes in an industrial symbiosis network with the intention of
collaborating once.

3. By observing the first condition of multiple collaboration, we have treated all nodes equally according to their size, which applies to
micro, small, medium and large organisations.

4. Considering the second condition on the size of the stakeholder, we minimally included at least one stakeholder from the existing
four sizes.

The first phase of data collection involved identifying utility companies that are authorised for waste material handling in different
EU states, focusing on companies that act as a link between stakeholders depositing waste and those demanding waste. We were
looking for and selecting utilities acting as points-of-contact between providers and demanders of waste mainly because these com-
panies possessed the largest collection of information on waste material flows in their country. The questionnaires were divided into
two parts. In the first part, we asked participating organisations about their demographic data, whereas the second set of questions
contained information on the implementation of industrial symbiosis in their organisation (Table 1).

Twenty-five semi-structured interviews were conducted live, and two were conducted through video conference calls with orga-
nisations acting as nodes in the same network. Data on industrial symbiosis networks in Austria and Finland was also gathered through
email, where we utilised the snowball effect (Doreian and Woodard, 1994) to receive contact information of relevant university re-
searchers who helped identify industrial symbiosis networks in their countries. As seen from Table 1 above, we gathered the data on

Table 1
Data collection.
Case no. Country Primary data collection method(s) Respondents
1 Croatia 9 semi-structured interviews Utility company
Companies
2 Slovenia 15 semi-structured interviews Utility company Companies
3 Austria 2 semi-structured interviews Utility company Companies
4 Denmark 2 questionnaires via email correspondence Facilitator organisation
5 Finland 1 semi-structured interview Utility company
3 questionnaires via email correspondence Companies
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five networks corresponding to networks in five distinct countries. The network representing case 1 and 2 operates at international
level (the network includes one node outside the country’s borders), while the network representing case 3, 4 and 5 operates at na-
tional level.

3. Methods

Social networks offer insights into complex social systems phenomena in which many individuals or entities collaborate towards a
common goal (De Nooy et al., 2011; Estrada, 2012; Barabasi, 2016; Zweig, 2016; Newman, 2018; Menczer et al., 2020; Coscia, 2021).
Researchers in this field rely on diverse methodologies ranging from mathematics and statistics to computer science and even physics
(Doreian and Woodard, 1994; Przulj, 2007; Levnajic¢ and Pikovsky, 2011; Yaveroglu et al., 2014; Barabasi, 2016). Being a strongly
interdisciplinary endeavour, social networks are also used to model and understand phenomena in economics and sustainability, in
terms of both theoretical models and empirical insights (Easley and Kleinberg, 2010; Albizua et al., 2021). Specifically, social networks
can be used to study goal-oriented collaborations that require sharing knowledge and/or resources (Easley and Kleinberg, 2010; Modic
et al., 2023). Such collaborations are the foundation for circular economy and industrial symbiosis, where the framework of social
networks is already in use (Wang et al., 2017; Song et al., 2018; Albizua et al., 2021; Vranic et al., 2023).

Our industrial symbiosis networks represent companies (or other organisations) as nodes. Modeling the exchange of waste re-
sources among them is captured by directed links connecting these nodes. A link pointing from one stakeholder (node) towards another
stakeholder pictures the empirical fact that the first stakeholder is exporting one (or more) waste resources to the second stakeholder.
These are the networks (graphs) we are interested in here. As we show in what follows, their structures can be classified as either linear
or circular, which is indicative of linear and circular economy, respectively.

In the analysis we label the networks via countries they belong to. Each network includes only some (and not all) companies from
the country it is labelled by. Some networks include companies from more than one country (case 1 and 2). Starting with companies in
a selected country, in some cases leads to including one or more companies from the neighbouring countries since they exchange
materials. In such cases, networks were labelled by the country where the majority of companies are located.

We arranged the data and analysed it using PAJEK software (De Nooy et al., 2011). The analysis provided us with design-structural
parameters and performance characteristics of the industrial symbiosis networks. We began by computing basic network measures
such as number of nodes, number of links (edges), in-degree, out-degree, link density, statistics of (directed) shortest paths, and
diameter. These measures are very common in network analysis and are easy to interpret, also in the case of directed networks
(Estrada, 2012; Barabasi, 2016; Zweig, 2016; Newman, 2018; Menczer et al., 2020; Coscia, 2021). The latter constituted the basic
starting point for further analysis.

Next we constructed a measure we called node flow. To define it, we first note that each node can be characterised by its in-degree
and out-degree (Menczer et al., 2020; Coscia, 2021). The former denotes the number of links pointing towards a node (i.e., the number
of different waste resources imported by a company from the neighbouring companies). The latter stays for the number of links
pointing away from a node (i.e., the number of waste resources exported by a company to the neighbouring companies). So, for any
given node i, we call node flow the product of its in-degree and out-degree, and denote it as node flow (i). It measures how much waste
resources ‘flows’ through the node i. For instance, a node corresponding to a stakeholder that imports no waste material will have node
flow equal to zero, regardless of how much waste resources it exports. Node flow equal to one means that this node imports and exports
exactly one waste resource. This is readily expressed by the formula:

node flow (i) = in-degree (i) x out-degree (i)

where in-degree (i) and out-degree (i), respectively, denote in-degree and out-degree of the node i. This network measure has a clear
and simple interpretation suited for our analysis. It can also be understood in the context of centrality measures, which are routinely
used to quantify a node’s centrality is a way adequate for any specific analytical task (Estrada, 2012; Zweig, 2016; Newman, 2018;
Coscia, 2021).

Moreover, we designed another set of network measures tailored to our aims that are inspired by the literature on graphlets (Przulj,
2007; Yaveroglu et al., 2014; Sarajlic¢ et al., 2016). Namely, counting the presence of small subgraphs with few nodes (often called
graphlets or motifs) in the studied network is a novel and important avenue in network analysis. Rather than considering the full set of
small, connected, non-isomorphic, induced subgraphs (Przulj, 2007; Yaveroglu et al., 2014; Sarajlic et al., 2016), we focus only on
several such subgraphs, whose count statistics lends itself into interpretable measure for our analysis purposes. Note that in contrast to
the usual studies, our graphlets (small subgraphs) are directed (Sarajli¢ et al., 2016).

There are two groups of such subgraphs, the first of which we call cyclical subgraphs. Their presence in a symbiosis network indicates

IR R

Fig. 1. Pictorial illustrations of cyclical subgraphs and redundancy graphlets used in our analysis of symbiosis networks. From left to right: 2-cycle,
3-cycle, 4-cycle, 5-cycle, single redundancy graphlet, and double redundancy graphlet.
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cyclicality in its structure. For example, mutual bi-directional interaction between two nodes is captured by the presence of (one or
more) 2-cycle subgraph(s) in a given network. By the same token, a cyclical flow involving three nodes (flow goes from node 1 to node
2, from node 2 to node 3, and then back from node 3 to node 1) is represented by a 3-cycle subgraph. If the structure of some network
contains several such subgraphs, this suggests that cyclicality of this sort is pronounced in that network. Same logic applies to 4-cycle
and 5-cycle. Counting cyclical subgraphs in a given symbiosis network informs and quantifies the cyclicality of that network. The first
four graphs in Fig. 1 illustrate these four cyclical subgraphs.

In addition to the cyclicality, we are also interested in redundancies. They happen when there are multiple independent paths
between pairs of nodes and capture the fact that some flows are more robust than others. We capture these via two different subgraphs,
which we call redundancy graphlets. Single redundancy graphlet and double redundancy graphlet capture the intuition that there are,
respectively, one and two alternative paths between a pair of nodes, as depicted in the Fig. 1 (last two graphs on the right). Presence of
redundancy graphlets in any network is counted in the same way as for cyclical subgraphs. This measure expresses how much is the
overall flow in that network robust and resilient to interruptions or failures.

All above described values and network measures were computed for all five symbiosis networks that we study. The results are
presented in the next section.

4. Results
4.1. Descriptive results

In this section we present the results of network analysis of industrial symbiosis networks. To first get an appreciation of their
structures, we begin by providing the basic network measures for all networks, continue by visualising each of the five networks (using
PAJEK) and lastly focusing on comparative analysis of the structures of all five networks (Table 2).

Table 2 highlights the relative diversity in terms of the network sizes, measured as the number of nodes. In our sample we have set
the cases from the largest sized network (Case 1) to the smallest sized one (Case 5). In terms of number of edges (links), networks can be
roughly arranged in the same way. Next, we focus on network density, which is nothing but the number of edges divided by the number
of nodes (i.e., number of edges per node). High value of density means that nodes are more cohesive and better connected, whilst a low-
density value suggests a less connected (sparse) network. The first two networks have rather low densities, whereas the last two
networks have relatively high densities. Case 3 network has medium density close to one half, meaning that nearly half of possible
edges are present. Lastly, we measure the network diameter, which expresses how far apart (in terms of network distance) are the two
nodes in a network which are farthest apart. Small values of network diameter indicate that the network is compact, whereas large
diameters are associated with dispersed networks. We find that all networks have medium diameters values, with Case 3 being the
most compact network, and Cases 4 and 5 most dispersed ones. All the networks considered are small in terms of the number of nodes,

Table 2
Basic characteristics of the industrial symbiosis networks.
Case 1 (CRO) Case 2 (SI) Case 3 (A) Case 4 (DK) Case 5 (FI)
Number of nodes/ 23 18 11 11 9
stakeholders
Number of edges/links 54 42 26 33 22
Network density 0,21 0,27 0,47 0,60 0,61
Network diameter 4 5 3 5 5
Size of network Small Small Small Small Small
Waste resources Glass Water Wood Water Glass
Textiles Biomass Paper Steam Biomass
Metals Paper Cardboard Rubber Biomass Slaughterhouse
Paper Fly ash Fibre rejects Ethanol waste
Biomass Glass Oils Bioethanol Sludge
Rubber Wood Iron Gypsum Paper
Cardboard Rubber Sand Cardboard
Fibre rejects Ammonium
Candles sulphate
Electronic and electrical
equipment
Biomass
Metals
Mixed municipal waste
Economic sector/type of Metal industry Paper industry Metal industry Pharmaceutical Agriculture
industry Textile Wood industry Automotive industry Food industry
industry chemical industry industry Biotechnology Energy industry
Glass industry Utilities Wood industry industry Construction
Utilities Support services Paper industry Energy industry industry
Support Construction Utilities Utilities
services industry Support services Support services
Utilities

Support services
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with fewer than 100 nodes/stakeholders (Borgatti et al., 2013).

The flows that are the subject of the links are dominated by material waste resources, which are mainly exchanges of biological,
glass, paper, cardboard, and metal waste. However, given the specific nature of each stakeholder’s primary activity, some more
specific material resources (e.g., sludge, fibre rejects) are also the subject of the links. In the case of direct material flows, the
stakeholders are mainly industrial enterprises, which in principle have waste resources, and industrial enterprises, which need these
waste resources. In addition to the direct and indirect stakeholders, indirect stakeholders other than the providers or seekers of waste
resources play a key role in industrial symbiosis networks. These are the so-called intermediaries, who act as a link between the
providers and seekers of waste resources, providing information about one and the other stakeholders and seeking and presenting
solutions in industrial symbiosis.

The challenges most commonly faced by stakeholders in case 1 are outdated legislation governing waste management, logistical
challenges including inadequate stock planning strategies and lack of closer cooperation at the level of the stakeholder. In case 2,
stakeholders face the challenges of new environmental regulations and their compliance. In case 3, there are logistical challenges,
which include price volatility of indirect or support services and time-dependent availability of inputs, where price volatility is also
present. In case 4, there are no specific challenges. This is not surprising as it is the most developed network in terms of structural
characteristics (cyclicality and resilience) compared to the other four cases. However, the challenges faced by stakeholders in case 5
relate to the legal and formal reorganisations of the stakeholders involved, to the new waste management legislation and its lack of
adaptation to primary activities, and logistical challenges dealing with the spatial constraints of the raw material receiving and
dispatch units.

The industrial symbiosis network for Croatia consists of utility companies in and around Zagreb, in the so-called region of Inland
Croatia, extended to some companies from the Austrian region of Styria. The network hence operates on a local, regional and in-
ternational level. The network includes 23 companies (networks nodes) that exchange 54 waste materials (networks links) among
them (Table 2). We find a public utility company as one of most central players, together with two recycling centres connecting the
most distant nodes.

Next, the industrial symbiosis network for Slovenia includes the utility companies from Slovenian regions of Lower Sava, Savinja,
Central Slovenia, Southeast Slovenia, Drava, Upper Carniola, Gorizia, together with the Austrian region of Vienna. Similarly, as the
network in Croatia, this network hence operates on local, regional, country and international level. The network includes 18 com-
panies (nodes) that exchange 42 waste materials (links) among them (Table 2). Interestingly, beside public utility companies and
recycling centres, we also find a paper factory at the core of the network.

The industrial symbiosis network for Austria includes the utility companies from the Austrian region of Styria. Unlike the prior two,
this network operates on local and regional level only. The network includes 11 companies (nodes) that exchange 26 waste materials
(links) among them, and the shortest network diameter (Table 2). Companies from traditional sectors, such as the paper factory and a
cement plant interestingly can be seen as bridging the two parts of the network.

The industrial symbiosis network for Denmark includes the utility companies from the Danish region of Zealand. As with the case of
Austria, the network operates on local and regional level only. The network includes — same as the Austrian one — 11 companies (nodes)
that exchange 33 waste materials (links) among them (Table 2), the latter also comparable to the Austrian one. Yet the constellation is
very diverse, with a public utility playing a central role and with several two-sided flows (like the Slovenian one).

Lastly, the industrial symbiosis network for Finland includes the utility companies from the Finish region of Tavastia Proper. The
network operates on a local and regional level, with no apparent links outside the Tavastia Proper region. The network includes 9
companies (nodes) that exchange 22 waste materials (links) among them (Table 2).

4.2. Analysing the maturity of the IS networks supporting circularity
Next, we turn our attention on analysing and comparing the structures of the focal networks. One of the goals of our analysis is to

recognize the network features resembling a cyclical structure, which would indicate the circulation of waste materials in a region or in
a country. In contrast to this, our networks can also exhibit what we could moniker as ‘linear network features’ or a limited complexity.

Table 3
Node flow statistics in the industrial symbiosis networks.
Case 1 (CRO) Case 2 (SI) Case 3 (A) Case 4 (DK) Case 5 (FI)

flow= 0 13 14 7 3 3
flow=1 8 0 2 0 1
flow= 2 2 0 1 1 3
flow= 3 0 0 0 0 1
flow= 4 0 1 0 2 0
flow=6 0 0 1 1 0
flow=7 0 0 0 0 1
flow= 8 0 2 0 2 0
flow= 14 0 1 0 0 0
flow= 15 0 0 0 1 0
flow= 28 0 0 0 1 0
Total number of nodes with node flow > 0 10 4 4 8 6

Note: We do not display flows with intensity 5, 9-13 and 16-27 as we have no such cases in our sample.
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To do so, we rely on the measure we constructed, i.e., the node flow. As defined above, we are here focusing on the nodes’ in-degrees
and out-degrees, that is the number of different waste materials ‘imported’ and ‘exported’ by the given node. Strong presence of nodes
with node flow value equal to zero and one (importing or/and exporting only one material) is indicative of more linear network
structures. In contrast, higher node flows are associated with the companies that import and/or export several waste materials, and
which are concerned with both the resources that can use gained from other organisations, as well as pay attention internally as to
which residuals (byproducts etc.) they have that can be used by some other organisation. In sum, that reflects more complex networks
based on included organisations’ higher opportunity recognition regarding waste resources exchange. In Table 3, we report the sta-
tistics of node flow values for nodes in all networks.

As seen from Table 3, the network for Croatia has a strong presence of nodes with node flow 0 or a low node flow (1 or 2), which
clearly indicates that there is a lack of presence of structures indicative of actors engaging in more complex opportunities of waste and
products as a business case, both focusing on inflow and outflow. In other networks the presence of non-zero flow nodes is less
prominent, even involving nodes with flow as high as 28 (case of Denmark), which suggests that structures of such networks are more
complex. Actually, the network for Denmark appears to be structurally the most elaborate, i.e. complex, one, followed by the Finish
one.

We are also interested in the circular (closed) flow of waste materials, i.e. in the cyclical features of our networks. Therefore, we
explore the subgraphs we have determined above as cyclical subgraphs, hence in our case groups of size 2 nodes (i.e. companies) that
mutually exchange waste materials, or those that are larger than 2 nodes, but there is a cyclical path of the waste exchange (e.g. from
company 1 to company 2 and then company 3, and then back to company 1). The results are reported in the first part of Table 4, where
we show the attributes of all the cyclical subgraphs of size 2-5 nodes in our networks. The networks for Croatia, Austria and Finland
have no cyclical subgraphs of any size. In contrast the Danish and the Slovenian do. While the Slovenian network has two 2-cycles, the
Danish one is the most advanced in this regard, exhibiting cycles of all sizes, including two 5-cycles. This is again clearly indicative of
the Danish network being the most structurally elaborate one, as it also showcases the most cyclicality.

Finally, to quantify the redundancies in our networks, as a proxy for network resilience, we resort to counting single and double
redundancy graphlets, introduced in the Methods section. Presence of these two graphlets indicate characteristic synergies and
resilience among stakeholders in our symbiosis networks. The lower part of Table 4 summarises these results as well. The Croatian
network has the strongest presence of these two types of graphlets, indicating that despite its apparent linearity, this network does have
a potential for complex exchange of waste materials. The Danish network is again rich with both graphlets, suggesting that this
network is indeed the most evolved industrial symbiosis network among the studied ones. In contrast, Slovenian, Austrian and Finnish
networks have a weak presence of simple redundancies only, indicating weak resilience of these networks.

5. Discussion
5.1. General features of the focal IS networks supporting circularity: Locality and actors diversity as industrial convergence potential

We first focus on some general features of these networks, which were also already mentioned within the circular economy
literature. Our analysis has focused both on loops that are shorter, i.e., the actors involved all being embedded in the same region (or
even locality), as well as those that involve actors beyond the core region and even those that involve organisations outside the core
country (i.e. international level), such as Slovenia and Croatia. In both of these, there are also Austrian organisations included. The
need for these longer loops can be typically related to the lack of the appropriate organisations in their own regions, as well as the lack
of proper bulks of waste materials, or is a reflection of more general collaborative activities (both related to circular economy activities
and beyond).

In terms of the diverse actors involved in these IS networks supporting circularity, similarly to e.g., Kohler et al. (2022), Berardi and
de Brito (2021), Christensen et al. (2022) we also discover quite a diversity of actors. Nonetheless, some are commonly present, such as
public utility companies and recycling centres (beside waste management companies). This aligns with ideas of these types acting as
facilitators of these networks (Broring et al., 2006). Also very common are heating plants and production of energy organisations, the
first appearing at the end of loops, but the second appearing not only at the beginning, but also seeing them as those nodes with node
flow of 1, indicating they can appear as organisations that take in external resources in terms of waste, but also provide resources to
others. Next, in terms of different industries taking part in these loops, we can see a big diversity of these: e.g., glass, construction,
furniture, rubber, equipment, wood, metallurgy and chemical, plastics, and paper industry. We can thus see that these networks cover
several industries that have been seen with high potential for circularity and as problematic in terms of negative environmental

Table 4
Structural characteristics of the industrial symbiosis networks (cyclicality and resilience).
Case 1 (CRO) Case 2 (SI) Case 3 (A) Case 4 (DK) Case 5 (FI)
Number of 2-cycles 0 2 0 3 0
Number of 3-cycles 0 0 0 2 0
Number of 4-cycles 0 0 0 1 0
Number of 5-cycles 0 0 0 2 0
Number of single redundancy graphlets 3 1 2 4 2
Number of double redundancy graphlets 5 0 0 1 0
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consequences. Furthermore, having stakeholders from diverse industries in these networks increases the potential for industrial
convergence (reference from above) — potentially producing new types of industries at the cross-section. Hence, we have potential here
not only for what we call within-industry convergence — where convergence occurs among sub-industries within a specific industry
sector (Kim et al., 2015) — but also for so-called inter-industry convergence, in which two distinct industries overlap (Schmenner,
2009). This is also aligned with the policy-driven environmental enhancer type of industry convergence, which we would also expect
in this type of networks (Geum et al., 2016). We can also see that the transitions are creating opportunities for specialisation — which
we can already see integrated into our networks, such as, for example, detecting more general paper industry and recycling industries —
but also specific paper recycling facilities.

5.2. The taxonomy of IS networks supporting circularity: Addressing the complexity, cyclicality and resilience

We have observed in our networks also the issues of complexity (showcasing advanced circular economy thinking and integrating
opportunities from waste resource exchanges in (circular) business models. Whereas the two Scandinavian examples (regional in
nature) showcase relatively high percentages of nodes with higher node flows (see Table 3), thus showcasing more advanced circular
thinking in terms of the opportunities related to the exchange of waste materials, the rest of the focal networks seem to be less complex
in this sense.

Next, in terms of cyclicality, the Danish network showcases the most closed loops, followed by the Slovenian case, where the first is
an inter-regional IS network only; the other one, however, also includes stakeholders beyond Slovenia. Furthermore, combined with
the resilience scoring (presence of redundancies in the system), we can distinguish the Danish network as the most evolved one.

Based on the above from literature derived elements of complexity, cyclicality and resilience we distinguish three evolutionary
types of IS networks supporting circularity, whilst adhering to the Nickerson et al. (2013) criteria of building ‘good’ taxonomies. First
are mature IS networks, such as the Danish one, which are complex cyclical resilient networks (cf. Fig. 2 in the above right quadrant), i.e.
networks that are characterised by all three above elements. Next are the evolving IS networks supporting circularity, in which at least
one of the elements is advanced, but the others remain underdeveloped; meaning they can come in a variety of subtypes such as
complex non-cyclical non-resilient networks (Finland), or non-complex cyclical and non-resilient networks (Slovenia) or non-complex
non-cyclical, but resilient networks (Croatia). Lastly, emerging IS networks (Austria) are already more than what Chertow (2007) would
call a simple “resource exchange” but remain non-evolved (i.e., non-complex, non-cyclical, and non-resilient networks).

5.3. Network analysis as a diagnostic tool of industrial symbiosis networks

Our data on industrial symbiosis were represented as networks (graphs) and examined via social network analysis as our main
methodological framework. Rather than using standard methods such as measures of network centrality, we opted for designing our
own methods, such as node flow. In addition, we relied on counting the presence of specific subgraphs (graphlets) to create ways for
measuring circularity, complexity, and robustness in our networks. Albeit simple, these custom methods are specifically tailored to our
data and to our purposes and are easily interpretable in the context of this work. Speaking more broadly, such custom methods lend
themselves as diagnostic tools of the industrial symbiosis networks. As we discussed above, they can be employed also to quantify each
network’s maturity and evolution. In fact, further development of such methods could lead to a specialised toolkit for research and
policymaking on industrial symbiosis and circular economy. Moreover, richer data (that also include, for example, temporal dynamics
of waste transfers between nodes) will require more sophisticated methods of this kind but will yield more precise and reliable in-
formation on the status of industrial symbiosis from the available data.

5.4. Limitations of the approach

Our research is not without limitations. Other research could focus both on additional European localities as well as going beyond
the European milieu, which has been monikered as a CE policy front-runner (Modic et al., 2021; Kalmykova et al., 2018). Secondly, we
propose both a widening and a deepening strategy in terms of future research. In regards to widening, our detected three-type tax-
onomy of IS is not necessarily exhaustive — indeed, in the evolving group, we already point out several potential subtypes. This is
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Fig. 2. Taxonomy of IS networks supporting circularity. Note: in boxes = resilient networks, in circles = non-resilient networks.
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important as the strategies addressing them could be influenced by differences between them. On the other hand, in terms of deepening
the research, one should also focus on particular types of waste streams — where several factors could influence the complexity,
cyclicality as well as robustness of these IS networks. Another issue relates to the diversity of actors in these networks and their po-
tential to produce industry convergence — also considering all three measures (complexity, cyclicality, and robustness). Lastly, the
understanding on both antecedents of these resilient and circular networks potentially also via using other approaches such as a
configurational approach, e.g. using a qualitative comparative analysis (QCA), which can provide an understanding of various
pathways and diverse constellations of elements needed to be in place for nurturing more advanced IS networks supporting circularity
as well as understanding how these then contribute to the sustainability. Subsequently the process of creation of such networks and
their impacts could be better understood and instigated.

Next, our approach, while benefiting from being focused, cannot take into account other factors, such as individual cognitive
frames, manifesting themselves through personal preferences and inclinations, which have proven as relevant (Di et al., 2024) and can
impact both micro level — through decisions of decision-makers within specific network nodes — and on macro level — through in-
clinations of policy-makers shaping emergent circumstances within which networks develop. Policies in particular can indeed have a
major impact on the transformation of the economy to circular (Di et al., 2023; Dzaji¢ Ursic et al., 2024). Our approach also cannot take
into account the combined impact of strategies, economic structure and other factors such as social ones (Di et al., 2024a). This
limitation can be compensated by including results of proposed network analysis in analysis that take into account these combined
aspects, for example by building a qualitative multi-criteria decision model for evaluation of the development of IS network model
(Mileva-Boshkoska et al., 2018).

Lastly, there are limitations that regard the data and its analyses. First, our symbiosis networks might include links that we failed to
detect. Their presence could impact the number of cycles and redundancies. In fact, the number of cycles and redundancies we found is
to be understood as the minimum such number, since additional cycles and redundancies could be hidden in missing links. Second, we
have not considered the flow of materials that nodes in a network receive from outside the network. It is clear that at least some of the
nodes (stakeholders) work with materials that they obtain from somewhere else, rather than as waste products of other nodes. Third,
node flows could be studied better if we had the data on how much material is transmitted via each link and how often that exchange
occurs. Obviously, some nodes could be exporting their waste materials every day, while other nodes could be doing it on a monthly
basis. In terms of data analysis, we stress that we considered only two types of redundancy graphlets and four types of cycles. More
complicated graph structures could be hiding additional complexity, cyclicality, or robustness. However, it can be shown that many of
such complicated graph structures are combinations of the basic ones that we did consider. Plus, classical social networks teach us that,
in reality, supplementation is usually limited only to organisations that are very few network steps away.

5.5. Implications of research

The taxonomy provides several implications due to its nuanced understanding of IS network evolution, enabling policymakers to
design targeted interventions that support the development of complex, cyclical, and resilient IS networks, i.e., mature networks. In
particular, special attention should be given to emerging IS networks, providing them with the necessary support and incentives to
evolve the missing features while nurturing already developed ones. Similar insights are relevant for IS managers (for example at
industry parks). as for e.g., emerging networks might benefit from initial guidance and support to establish foundational connections,
while mature networks may require a stronger focus on optimising resource exchanges and enhancing resilience.

This study also spotlights the need for policies supporting collaborations that facilitate cyclical closure of material loops, ensuring
that waste resources are effectively reused within the network, whilst making sure those are also resilient to foster regional devel-
opment. IS managers as well as those individuals concerned with regional development and managers of individual companies, should
consider identifying (and incorporating) redundancies in IS networks to mitigate the impact of potential disruptions, ensuring the
operations remain robust. This involves creating and actively engaging in backup options for resource exchanges and having con-
tingency plans in place. This can also help finding a new stable constellation, which can bring even increased circularity results, as
solutions can often also be locked-in by legacy relationships. This can be done by collecting and analysing data on waste material flows
and exchange frequencies allowing the companies to optimise their participation in IS networks focused on waste materials exchanges,
and subsequently, to enhance their contributions to network complexity, cyclicality and resilience. Lastly, the article illustrates that
mature networks also need more holistic and complex thinking about the circular opportunities. In this line, managers should explore
both the provision and acquisition of resources within their network, i.e. the evolution of IS networks goes hand in hand with the
evolution of more complex circular economy business models of individual actors in the network.

6. Conclusions

This study examines IS networks supporting circularity by conceptualising them as complex adaptive systems. By applying social
network approaches, we theoretically underpin the elements of complexity, cyclicality, and resilience, and develop new measures
thereof. We find that these networks exhibit these traits to varying degrees. We propose a taxonomy of IS supporting CE from an
evolutionary perspective: i) mature IS networks exhibiting complexity, cyclicality, and resilience; ii) evolving networks with at least
one of these traits; and iii) emerging networks that, while more than simple waste exchanges, are still un-evolved. In practical sense,
the study points out we want to nurture complex IS networks where actors adopt a holistic view of circular opportunities, considering
both their waste and byproducts both as inputs to own activities as well as their possible value to others, and being cognizant of the
potential for building redundancies, which can be activated if a disturbance occurs.
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