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Abstract: Industrial symbiosis (IS) is presented as an inter-firm organizational strategy with the aim of
social innovation that targets material and energy flow optimization but also structural sustainability.
In this paper, we present geographical proximity as the theoretical framework used to analyse
industrial symbiosis through a methodology based on System Dynamics and the underpinning use of
Causal Loop Diagrams, aiming to identify the main drivers and hindrances that reinforce or regulate
the industrial symbiosis’s sustainability. The understanding of industrial symbiosis is embedded in
a theoretical framework that conceptualizes industry as a complex ecosystem in which proximity
analysis and stakeholder theory are determinant, giving this methodology a comparative advantage
over descriptive statistical forecasting, because it is able to integrate social causal rationality when
forecasting attractiveness in a region or individual firm’s potential. A successful industrial symbiosis
lasts only if it is able to address collective action problems. The stakeholders’ influence then becomes
essential to the complex understanding of this institution, because by shaping individual behaviour
in a social context, industrial symbiosis provides a degree of coordination and cooperation in order
to overcome social dilemmas for actors who cannot achieve their own goals alone. The proposed
narrative encourages us to draw up scenarios, integrating variables from different motivational value
dimensions: efficiency, resilience, cooperation and proximity in the industrial symbiosis. We use
the Dunkirk case study to explain the role of geographical systems analysis, identifying loops that
reinforce or regulate the sustainability of industrial symbiosis and identifying three leverage points:
“Training, workshop and education programs for managers and directors,” “Industrial symbiosis
governance” and “Agreements in waste regulation conflicts.” The social dynamics aims for the
consolidation of the network, through stakeholder interaction and explains the local success and
failure of every industrial symbiosis through a system dynamics analysis.

Keywords: causal loop diagrams; Dunkirk; industrial symbiosis; complex network analysis;
system dynamics

1. Introduction

In ecology, the concept of symbiosis describes a closed and often long-term interaction
between two or more different biological species. This long-term association may, but does not
necessarily, benefit both participants. Symbiotic relationships take place naturally in an ecosystem
(different communities of living organisms in association with inorganic environmental components).
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Since 1989, academic literature has shed light on the fact that industry bears a resemblance to
natural ecosystems [1], thus closing loops in the industrial socio-ecosystem means the integration
of cascading uses, by-product synergies, pooling services and consolidated waste management in
an effort of reconciliation with natural ecosystems, even though there are obvious differences from
natural ecosystems [2—4]. In recent years, there has been a small but compelling set of studies into
the role of Industrial symbiosis stakeholders, such as corporations, SMEs, business associations,
anchor tenants and governmental agencies, which has provided enough evidence to recognize the
advantages of industrial symbiosis integration in a social ecological dimension [5-9]. Although many
studies have focused on industrial symbiosis (IS), most of them focus only on eco-efficiency [10],
performance assessments [11] and technical exchange potential using chemical engineering [12].
From the best of our knowledge no significant study has been made into the spatial proximity analysis
in the industrial ecosystems. Therefore, the authors accept the challenge to operationalize a systemic
approach of social ecological dimension in the industrial symbiosis, through the engagement of
applied, social and business management sciences to cope with the spatial proximity analysis of an
industrial ecosystem [13,14]. Thus, industrial symbiosis is built towards a common understanding
of system dynamics governance in the industrial network, analysed from a broader geographical
perspective [15-17].

In this paper, we define industrial symbiosis (IS) as an organizational strategy, which is a sub-field
of industrial ecology, considering firms as organized organisms. This metaphor proposes a social
innovation where industry entails a semi-closed ecosystem in which material and energy flows should
be reincorporated in the system by a circular logic. However, it does not mean that inter-firm actions
do not concern individual firms. On the contrary, individual firms must integrate IE in the individual
project of their company to allow communication and interdependency as members of the system.
Thus, we think of industrial symbiosis as a social innovation strategy, based on the ability to transform
global society into one that makes better use of materials. In doing this, we are assuming that social
innovations in industry could be triggered by metaphors, which make us think out of the box. In that
sense, we are going beyond the definition proposed by Chertow [18], who highlights the technical and
biophysical aspects. We are convinced that the human dimension is essential for the understanding
of industrial symbiosis as a social process, based on ecological, political, cultural and economic
aspects. Although Industrial ecology already claims that the social dimension integration improves
the theoretical conceptualization of industrial ecosystems dynamics as evidenced by the French school
studies on Territorial industrial ecology [19] then simply Territorial ecology [20]. Indeed, this paper
aims to contribute with the discussion about the advantages of using geographical systems dynamic
approach to embed complexity in the social analysis of industrial symbiosis, [21], enabling a vision
beyond firms’ individual actions in the search for eco-efficiency.

1.1. Industrial Symbiosis

Inspired by the previous iconic studies of industrial symbiosis, we identify two main drivers in
the analytical process of industrial symbiosis, as mechanisms that steer the sustainable transition of
industry. First, the internal firms’ production assessment looking for the economic viability window in
the intersection between costs reduction coming from efficiency [22] and the valorisation of by-product
improving the technical and economic productivity resulting from the cooperative synergies. Where
any disruption or reduction in economic benefits may be sufficient to interrupt the symbiotic flow or,
in the worst case, force the departure of a firm from the network [8]. The second driver concerns
the broader social sphere aiming to understand and develop the stakeholder coordination within the
industrial symbiosis. It is within this second mechanism that we can take advantage of a comparative
analysis of the geographical proximity issue [16] in industrial symbiosis.

The current debate highlights the circular economy (CE) addressed in our conceptual framework,
which proposes to derive strategies for a shift from a linear to a circular industrial structure [14,15,23].
The circular economy is understood in this paper as the extension of value and utility of product,
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therefore production and consumption wastes are used as secondary resources, providing solutions
and co-benefits to a range of economic and environmental issues [4,23]. There are four sources of
value creation for the circular economy identified in the literature: 1. The power of the inner circles
(the long-lasting durability of products and services), 2. The power of circling longer (the available
options of refurbishing, remanufacturing, repairing and reuse of a product or material), 3. The power
of cascade use (to diversify reuse along the value chain), 4. The power of pure inputs (biodegradability,
uncontaminated materials and the efficiency of collection and redistribution). Looking at industrial
symbiosis as an organizational strategy in the quest of social innovation, we take it to be embedded
in the Industrial Ecology field, because it is interested in inter-firm relationships, mainly based on
cooperation, highlighting the relationship with the biosphere and using ecological ecosystem dynamics
as a metaphor. When evoking industrial symbiosis in the paper, we consider it as one of the axes of
circular economy, an axe that focus their efforts in the inter-firm relationship strategies, therefore we can
assume that industrial symbiosis puts into practice some circular economy principles. However, despite
the growing interest in the industrial symbiosis examples the question of how these circular principles
work in practice remains unanswered. More discussion about the biophysical and social influence of
stakeholders in the industrial ecosystem is required. Which stakeholders? Which motivations? Which
values govern the system’s structure?

1.2. Dunkirk, Industrial Ecosystem Analysis

The aim of this study, based on results obtained in Dunkirk, is to test the territorial embeddedness
of the industrial symbiosis, considered as a social innovative strategy, looking deeper into the systemic
proximity understanding of this socio ecological dynamic. To measure geographical proximity, defined
as space and relationship distance [24], it seems to be essential to assume that conditions other than
the by-product exchange define the geographical location, because by definition, the by-product
production firms are multifunctional. Multifunctional firms have functions other than by-product
exchange, which usually plays an ancillary role. Therefore, the by-product exchange perspective
does not influence a priori their location in the territory, establishing a geographical proximity
between production and consumption, which is different from monofunctional production [24]. In the
multifunctional firms the by-product synergies depend on primary production processes, leading to a
direct relationship in which the greater the final production, the more by-products are generated. Thus,
a feedback loop is identified in the production side, since the higher the efficiency in reducing waste,
the lower the number of by-products available to be shared. The stakeholder relationship network
has already been considered in the literature [3,25] but not through a geographical systems dynamic
perspective, which would allow us to better understand the mechanisms, motivations and values in
the industrial symbiosis for the sake of sustainability, understood in this study simply as the time
endurance of this institutional cooperation mechanism.

The Dunkirk case study provides an excellent base for investigation in a developed country,
with an existing and available academic literature about the territorial embeddedness of this industrial
symbiosis [12,15-17,24,26-29]. Dunkirk encompasses some features that also seem to facilitate the
connections between stakeholders and the collaboration in the network, such as the seaport location
and the facilitator role played by the local public authority.

The method for evaluating territorial embeddedness in the industrial symbiosis, underlines
the key drivers for each stakeholder’s behavioural patterns [30], triggering the systems dynamic
approach through a Causal Loop Diagram (CLD), with a coherent narrative string to demonstrate if
in the Dunkirk industrial symbiosis territories influence and are influenced by, the industrial system.
We analyse the interactive behaviour, cooperation, institutional productive capacity, organizational
strategies and by-product flow exchanges, which allow us to understand the qualitative nature of
such interdependences. Through this study, we provide relevant insights to answer, what are the
key drivers that we need to influence to guarantee the essential functions in the industrial symbiosis?
The geographical proximity methodology utilized contributes to the complex understanding of social
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industrial ecosystems, disentangling human motivational causality. In this study, we frame the
Dunkirk IS’s motivational causality, identified as the economic/political drivers related to the industrial
ecosystem structure, the conflicts of interest, game theory, learning process; institutional pathways and
idiosyncrasy belong to this social process.

Figure 1, illustrates how the geographical system dynamics approach takes place in the industrial
symbiosis, utilizing a common theoretical ground that encompass complexity theory, stakeholders
and ecosystems theory, including analytical tools that allow the internalization of complexity in the
business and public policies decision-making process. In trying to get a better understanding of the
industrial system, an over-simplification of structure would miss some of the properties of the system,
because the system’s complexity cannot be ignored. In addition, when the ecosystem metaphor
is applied to industrial systems, we demonstrate the analytical benefits for the understanding of
industrial symbiosis. The industrial ecosystem theory gives room to incorporate complexity into
the diversity of industrial stakeholders, supplying them with tools to manage the conflict between
different and sometimes contradictory values and interests [24,26,27].
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Figure 1. Steps in the geographic system dynamics analysis for industrial symbiosis.

This paper has five sections: In Section 2 we define the theoretical framework for our analysis.
Industrial symbiosis is embedded in complexity theory, economic geography theory and ecosystems
theory. In Section 3, we introduce system dynamics as a methodology to identify the drivers and
leverage points of the industrial symbiosis. The results of the study are analysed using Causal Loop
Diagrams (CLD). In Section 4, we discuss the geographical proximity of the Dunkirk industrial
symbiosis analysis. Finally, we end the paper with concluding remarks.

2. Theoretical Framework

We set the industrial symbiosis understanding on the geographic system dynamics approach for
three reasons. First, the approach allows the identification of complex dependence relationships along
with the biophysical exchanges accountancy in the industrial network. Based on the recognition of
complexity in social industrial ecosystems this paper proposes system dynamics methodology, as a
tool to cope with complex adaptive changes [31] in the system, with the ability to produce better
long-term scenarios. Second, we argue that geographic economy has explanatory mechanisms for
social qualitative analysis, thus industrial symbiosis as the most evolved experience of territorial
cooperation between stakeholders, encompasses a profitable arena to get a better understanding of
social industrial ecosystems. Last but not least, we use ecosystem theory as a mechanism to approach
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the system’s complexity through the analysis of positive and negative behavioural patterns, a structural
analysis that provides a systemic answer to the way actors influence the ecosystem’s dynamic.

2.1. Complexity Theory as an Approach to Study the Industrial Symbiosis

Edgar Morin [32,33] has contributed to the construction of the theory of complexity, even if he
does not give a definition; he provides food for thoughts regarding the internalization of complexity.
Complexity entails a network of concurrent heterogeneous components, which raises the paradox
of unity and diversity, encompassing a chain of events, actions, interactions, feedback, decisions
and dangers, shaping our biophysical world. Indeed, we need mechanisms to govern complexity
in the research for control over entropic phenomena, to reduce uncertainty and to provide certainty
to the unforeseen [34]. Complexity seeks to articulate disciplines that were previously disconnected,
not because it seeks to gather all knowledge but because complexity implies the recognition of
uncertainty, coping with the tension between the aspiration for unified knowledge and the recognition
of knowledge gaps.

Complex thinking [34] highlights two characteristics: 1. the whole cannot be reduced to the sum
of its parts, 2. the system is an ambiguous concept with blurred boundaries. Complexity introduces
the idea of balance/instability dualism, which suggests that there is an imbalance in the flows from
the environment and without these flows, an organizational disturbance could trigger the degradation
of the system. The idea of an open system, out of equilibrium, moving towards a stabilized dynamism
could shed light into the environmental context, engaging complexity in ecosystem theory.

From the beginning of the 21st century, the complex adaptive theory has gained interest in the
socio-ecological dimension [3,35], because it has helped to improve the understanding of complex
socioeconomic systems, which can be defined as a heterogeneous set of actors that interact with
the objective of creating new knowledge, as well as changing the organizational structure. System
dynamics appears to be a suitable methodology with the required structure to deal with complexity
through the ability to identify causality in processes and track the feedback within the structures.
System dynamics is able to identify potential radical changes in complex systems coming as small
individual changes, whereas linear or statistical models have a tendency to underestimate or miss this
information, because the complex system loses reliability when disaggregated.

2.2. Economic Geography Theory as an Approach to Study Industrial Symbiosis

Economic geography, defined as the coordinated effort to optimize territorial, economic and
political resources, is fundamental to the understanding of a functional industrial symbiosis structure;
therefore, geographic proximity becomes a relevant variable to steer social ecosystem analysis in
industry. The dynamic evolution of the industrial network, evolving in a complex environment,
does not allow the firms involved in by-product exchanges to calculate their optimal geographical
localization for suppliers and consumers by traditional linear methods. New methodologies need to
be tried in the field of geographical economy, analytical tools hanging on complexity in geographic
proximity decision making between producers, consumers and institutions. The dynamic geographical
approach encompasses two different complementary dimensions of proximity: geographical proximity
defined by distance and relationship proximity, an organizational/institutional proximity, which refers
to the interwoven network of relationships beyond the physical space [24].

The geographic economy literature has influenced industrial symbiosis analysis [7], offering
possibilities for thinking about complexity. Some examples of this contribution are found in the
industrial symbiosis academic literature: by-product synergies, waste management and recycling and
the geographically oriented stakeholder analyses embedded in socio-material structures.

A relevant critique of geographic economy considers that geographical proximity between
actors is not enough to explain the exchanges and the benefit obtained from industrial symbiosis.
The theoretical framework of proximity proposes two different visions: organizational proximity and
institutional proximity [24]. Organizational proximity “links actors involved, depending on their



Sustainability 2019, 11, 1971 6 of 18

individual ability to interact and to coordinate activities” whereas institutional proximity “relies on
the stakeholders’ commitment to a common space of representations, guidelines and rules of collective
behaviour.” This paper provides an available mechanism to conciliate plurality in the governance
of industrial symbiosis [17]. Local governance lays down three main principles to steer industrial
symbiosis: 1. Contradictory interests in explaining the dynamics of governance structures, 2. The role
of geographic dimension to build up coordination mechanisms, 3. The recognition of contradictory
trade-offs values: competition/coordination, global/local, efficiency/resilience, autonomy/authority,
which results in processes of hybridization of institutional representations [36]

We operationalize the geographic proximity framework using the method developed by G. Bridge
et al., in References [15,37] who provide a detailed conceptualization of six different socio-geographical
dimensions of industrial ecosystems: (i) location, (ii) landscape, (iii) territoriality, (iv) scaling, (v) spatial
differentiation and uneven development, (vi) spatial embeddedness and path dependency. These are
shown in Table 1. The six geographical dimensions help in the analysis of different territorial strategies,
assessing the impact of different variable compositions (location, landscape, territoriality, scale, etc.) in

the structures.

Table 1. Geographical proximity grid to operationalize industrial symbiosis (IS).

Dimension Concept Example
Refers to the absolute and relative Fossil energies in transport systems in the 19th
proximity. Due to their transformative century, increased relative proximity between cities
Location character, socio-technical innovations with access to railway but on the other hand,
change the location of social and material ~reduced the relative proximity between cities and
system entities. rural without access to the railway.
. . Wind turbines and solar panel constructions; need
Refers how the analyses of socio-technical . .
Landscape . . to emphasize that they bring place-attached
innovations affect and transform land. . - .
emotions and social representations.
Contiguity describes geographical density. that is,
Socio-technical systems are spatially transnational energy grids have low contiguity,
determined, encompassing the exertion of ~whereas industrial symbiosis entails high
power through place-, space- and contiguity. Connectivity refers to the points of
Territoriality scale-related governance structures. Three  connection within a system. Centralization refers to
dimensions of territoriality can be the socio-spatial governance distribution degree,
identified: contiguity, connectivity that is, a gas pipeline has few connection points
and centralization. (low connectivity), together with few decision
points (high centralization).
Instrumen.tal varlable She.d ding light on According to their interests, some actors aim to
the reconfiguration capacity of - .
. . s L7 foster local resource cycles through industrial
Scaling socio-technical innovations in terms of

who is affected by and who benefits from,
a given strategy.

symbiosis, while others might seek to implement
(supra-)national recycling systems.

Spatial differentiation and
uneven development

Refers to the differences between places,
defining how the location and landscape
produce intra- and inter-systemic spatial
structures and so winners and losers and
facilitate or hamper fundamental
socio-technical change.

Socio-technical innovations based on common
regulations and standards might promote regional
convergence, although they might lead to spatial
differentiation resulting in uneven

regional development.

Spatial embeddedness and
path dependency

Refers to capital and institutions such as
standards and social practices, not just
affecting the systems” exchange potential
but also inducing path dependency.

The investment that public authorities make in
non-renewable fuels infrastructure determines the
paths of future energy investments, locking into
some alternatives based on decisions made in

the past.

Source: Developed by the authors with insights from [37].

2.3. Ecosystem Theory as an Approach to Study Industrial Symbiosis

Ecosystem theory is showing increasing relevance in the academic community and providing
evidence of its benefits [2,4,38], through five main contributions to the scientific literature: 1. it analyses
organic networks, presenting not only their positive properties but also the negative ones: trophic
competition, depredation, parasitism and destruction of the ecosystem. 2. It recognizes the actors’
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diversity with their own attributes, motivations and objectives, which determine the rationality of
the decisions they make. 3. It frames the rational boundaries of the ecosystem on product/service
supply chains, 4. The dynamic evolution of ecosystems is required across time. 5. The identification of
behavioural and decisional patterns, which have an influence on the sustainability or decline of the
ecosystem itself.

Ecology defines an ecosystem as “a community of living organisms whose vital processes are
related to each other and are developed according to the physical factors of their environment.” In a
broad sense, we use ecosystem as a metaphor in the social sciences referring to system complexity [2].
Since the beginning of the conceptualization of IE as a scientific discipline [1,21,39,40], the concept of a
systemic relationship with the biosphere, has established a metaphor with the ecological ecosystem
dynamics in which firms are considered as organisms exchanging material and energy between
themselves and the environment. In this metaphor, the industry is seen as a semi-closed ecosystem
where material and energy flows should be reincorporated in the system by a circular logic. However,
it does not mean that inter-firm actions do not concern individual firms. On the contrary, individual
firms must integrate IE in the individual project of each company to allow the embeddedness of
the members of the system. Some examples of actions to integrate IE in the firm’s project are the
identification of resource flows (input/output) accountancy, the identification of synergy opportunities
and the adoption of the system understanding. We can assume that the industrial ecosystem is not
only a concept but also a project of social complexity integration with the aim to achieve sustainability.

Ecosystems can also be conceptualized from a business perspective, highlighting certain
tensions present in industrial symbiosis, such as authority/autonomy, efficiency/resilience,
cooperation/competition, global/local, among others [25]. Stakeholders cannot be conceived in
a static way, since the network of interactions changes permanently and the purpose of ecosystem
conceptualization is to demonstrate the mechanisms of dynamic change [25]. When the ecosystem
is handled strategically [4], stakeholders are able to trade off the imbalances with their environment
towards a stabilized dynamism, therefore a systematic analysis must be incorporated into the diagnosis,
encompassing cause and effect relationships (cost reduction, productivity, efficiency, etc.).

3. Methodology

System dynamics is a methodology developed for the study of complex non-linear problems
emanating from systems behaviour, able to incorporate, remove or change the structural mechanisms
between actors and their idle periods. The publication of books like Industrial Dynamics [41], Urban
Dynamics [42] and Limits to growth [43] gave birth to a tradition in the use of system dynamics to
study complex issues, incorporating concepts such as retroactive flows and stock variables to the
academic research on social systems within an evolutionary framework approach [41]. According to
Forrester, J. [42] four features characterize system dynamics when modelling behaviour: 1. a boundary
is drawn around the system, 2. retroaction generates ties of structural elements within the boundaries,
3. level variables represent accumulations within the feedback, 4. velocity variables (flow) represent
the activity within flows streams.

The Causal Loop Diagram (CLD) developed in this paper for the Dunkirk industrial symbiosis,
introduces the concept of feedback loops for key social drivers. A geographical proximity perspective
needs to be integrated into the system dynamics approach to cope with behaviour patterns,
stakeholder’s causal relationships, resources allocation decisions and environmental thresholds which
influence future decisions, shaping the social industrial system depicted in the CLD. The system
dynamics method addresses complex issues depicting the consequences of stakeholder’s behaviours
and agreements that may seem counterintuitive in the model. For example, the disruption of one
loop like “private resources for innovation” can result in a reinforcing effect (positive polarity) in the
“Emerging technology variable” or a balancing effect (negative polarity) in “Eco-efficiency technology”
which counteracts or resists the direction of the original flow. The data used in this paper comes
from primary and secondary sources. The secondary sources of information include the entire set of
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scientific papers and reports published in English and French regarding the industrial symbiosis from
1990 to now, gathering different perspectives and addressing different research questions. Besides,
as primary sources engaged in this study, we include a set of interviews conducted with expert analysts
and researchers that are involved in the organizational process and know in detail the local industry to
corroborate the information obtained in the literature.

CLD'’s are an intermediary step between system conceptualization and the development of a
quantitative simulation model. CLD ‘s may be used as an analytical tool in their own right. In this
respect, this study does not extend to a numerical assessment of geographical industrial ecosystems,
thereby excluding the model test and simulation of scenarios in qualitative terms; instead, it focuses on
problem identification, identification of behavioural patterns and policy design and testing. Once the
model is developed and the necessary data gathered, the next rational step in the analysis would be
the integration of quantitative assessments to test the validity of the models through simulations.

For the case study, we used data from publicly available sources, interviews, site visits and
collaborations with local organizations. Publicly available sources consist of 17 academic papers and
reports in English and in French about the Dunkirk industrial symbiosis experience, encompassing
different perspectives and addressing different questions. We then cross-validated the publicly
available data obtained from the literature analysis presented in the Annex 1 Materials by interviewing
some consultants who have repeatedly met with stakeholder of the industrial symbiosis.

The geographical system dynamics approach composed by three previously mentioned theoretical
sources: complexity theory, stakeholder theory and ecosystems theory. It is important to provide
theoretical foundations for a methodology which, from the best of our knowledge, has never been used
in previous research studies, in order to give clarity to the arguments supporting this methodological
choice. The geographical system dynamics method tries to integrate the differences while identifying
the common features, to ensure their ability to represent territorial mental models, thus one of the
main contributions of CLDs is the identification of key drivers able to cause large-scale changes in
the system from small adjustments, a kind of multiplier effect. Even when parallel visions coexist
in the understanding of the industrial ecosystem in Dunkirk, the coincidences’ identification could
contribute to draw up agreements and collective trajectories; therefore, system analysis gives access to
structural and long-term simulations of the public policy interventions. The causal variables showed in
the CLD offer two categories: 1. The industrial by-product valorisation, and, 2. The pooling of services
as innovative strategy in the industrial symbiosis. The previous differentiation follows purposes,
seeking to provide clarity to the loops but interlinkages are present in the full diagram depicted in
Section 4.1. We designate variable titles by quotation marks in the text. In CLDs, the arrows indicate
the causal relationships between the variables. These relationships can have a positive or negative sign.
A positive sign implies that variable X connects with variable Y and they move in the same direction
(an increase in X leads to an increase in Y and a decrease in X leads to a decrease in Y). A negative
relationship implies that the variables move in opposite directions (an increase in X leads to a reduction
in Y and a reduction in X leads to an increase in Y. The feedback can both reinforce and balance (marked
as R and B in the diagram).

4. Results

4.1. The Dynamics Governing Industrial Symbiosis at Dunkirk

Dunkirk is located in the north of France. With 88,000 inhabitants in 2016, it is the fifth most
populated town in the “Hauts-de-France” region. The Dunkirk urban area has grown in a context of
rapid territorial industrialization starting in the early 1990s, spurring port activity and the iron and
steel industry through bilateral relations between firms which established the core for some early
synergies related to waste recycling and energy flows. Since the 1960s, the industrialization of Dunkirk
has had environmental consequences, especially atmospheric pollution, which in addition to the
economic crisis in the 1990s lead to compelling requests to improve quality of life and environmental
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regulation. To meet this request, a shared territorial action plan emerged, paving the way for industrial
symbiosis implementation, motivated mainly by industrial environment awareness [24].

Increasing conflicts between firms, local residents and environmental protection organizations
persuaded local authorities to take part in conflict management and to seek agreements based on the
recognition of diverse values regarding the environment [24]. The association of Economy and Ecology
Partners in Local Action (ECOPAL in French), was created in 2001 as the local institution in charge of
industrial ecology promotion in the territory and encouraging industrial symbiosis in Dunkirk through
pooling services assistance. By-product synergies in Dunkirk industrial symbiosis also play a relevant
role as depicted in Figure 2, which shows the by-product synergy network in 2018, composed by 14
firms that exchange by-products like scrap, steel slag, refractory bricks, steel mill dust, acid waste,
tires, solvents, animal feed and used oil.

Central Heat Cement Grinding center Cement Factory
s | h i m [ )
Power Plant i Brick Manufacturer
E i
e, Steel Industry _Refractory bricks™

Construction Crude still
company Serap mill production

Agricultural Market

Dust Recycling company

Figure 2. Dunkirk industrial symbiosis network schema. Source: Modified from [27] and translated to
English by authors.

4.2. Drivers for Industrial By-Product Valorization in Dunkirk

We have identified “Industrial by-product valorisation” and “Pooling services” as key drivers in
the emergence and endurance of industrial symbiosis, thereby influencing territorial embeddedness.
The shift from the traditional individual firm logic into a system dynamics analysis implies structural
changes in several areas, such as managerial practices, innovation strategies, local policies and the
understanding of what used to be economic and political externalities. We start our analysis based
on the assumption, derived from the chosen theoretical framework, which establish that the larger
the “shift to an industrial symbiosis structure,” the higher the “network resilience,” encompassing
political, economic, cultural and production values. We also identify three reinforcing feedbacks
helping the “Industrial by-product valorisation”: 1. The less the amount of “Raw materials, energy,
transport and landfill expenses,” the less “Production costs,” reflecting the integration of a by-product
integration process through synergetic energy/material exchanges in the industrial ecosystem.
Different underlying factors explain this proposed relationship, for instance social cohesion (political
support increases when social cohesion increases) and environmental benefits (political support
increases with environmental benefits). Savings from industrial by-product valorisation and income
from the by-product sales improve the industrial performance in the symbiotic network. 2. Similarly,
more “Network resilience” and “Cooperation proximity,” spur cooperation within the organizational
and institutional structures which has a positive impact on “Trustworthiness.” The higher the



Sustainability 2019, 11, 1971 10 of 18

professional and business confidence in the network, the higher the potential “Collaboration in
contracts,” thereby supporting the “Industrial by-product valorisation” (reinforcing feedback, R1-R2,
Figure 3). 3. The higher the “Industrial by-product valorisation” the higher the “Network resilience,”
providing diversity in the resource supply and origin, including a local inter-connected exchange
network to provide resilience through a diversity of by-product producers and users and accessibility
to by-product producers and users in the industrial network (reinforcing feedback R3, Figure 3).
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Figure 3. Causal Loop Diagram (CLD) depicting feedback processes in Dunkirk industrial symbiosis.
Variables in capital letters represent key drivers in the emergence and endurance of the industrial
symbiosis. Variables in italics denote proposed interventions.

4.3. Hindrances to a Systemic Understanding of the Dunkirk Industrial Symbiosis

We have identified two reinforcing feedbacks that counteract the move to industrial by-product
valorisation: 1. When “Trustworthiness” is low in the network, the “Cooperation contracts” are
also low, which hampers the development of industrial by-product valorisation in the industrial
symbiosis (reinforcing feedback, R4, Figure 3), 2. Security of employment conditions and prosperity are
fundamental for the territorial legitimacy of the industrial symbiosis. The higher the “Job conditions,”
the higher “The perceived legitimacy of the industrial symbiosis,” obtaining legitimacy from political
leaders results in the involvement of local and national authorities in order to supply more “Resources
for innovation from public sources,” which leads to an increase in the allocation of resources for
“Innovation in emerging technologies.” The more innovation in emerging technologies for by-product
valorisation in the industry, the bigger the reduction in “Production costs,” influencing “Industrial
by-product valorisation” and in consequence fostering “Development of new specialized activities.”
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The development of new work activities and needs from the network synergies has a positive effect on
jobs in the territory (reinforcing feedback, R5, Figure 3).

In addition, there are two lock-in effects created by feedbacks linked to industrial symbiosis’
current structure, which have an impact on the likelihood of a change in the industrial by-product
valorisation: 1. Currently “Job creation” has a high impact on “Labour and law constraints.” The labour
regulations influence “Local authorities meddling” which increases the stringency of local and
national authorities about the labour regulatory interventions, discouraging “Firms self-motivation
and confidence.” The less firms are self-motivated and confident in the industrial symbiosis, the less
propensity to “Job creation” (balancing feedback, B1, Figure 3). 2. As “Recycling” increases, the waste
sent to “Landfills” decreases, so encouraging recycling in the industrial symbiosis weakens the
network’s capability to transform waste into further by-products for exchange in the symbiosis
(balancing feedback, B2, Figure 3). According to the reviewed literature [12,15-17,24,26-29], because
symbioses are highly dependent on “Trustworthiness” in the relationship between directors and
managers, a misunderstanding between them could mean a rupture in the “Cooperation proximity”
influencing the synergy exchange between firms (reinforcing feedback, R6, Figure 3) due to the ancillary
status of this by-product activity.

4.4. Drivers of Pooling Services Innovation in the Dunkirk Industrial Symbiosis

We have identified two relevant change processes regarding the Pooling Services potential in the
industrial symbiosis: 1. The transport and logistics expenses are a key part of the final production cost,
2. The potential agreements on pooled services in the industrial network spur production throughput.
The encouragement of pooling services in the industrial symbiosis depends on the “Ability to make
pool purchases,” which leads to higher “Transport and logistics” benefits. An additional factor
identified as important in this respect is the “Ability to allocate consolidated by-product offers.”
The more consolidated by-product stocks, the higher the production throughput even if it is outside
the industrial symbiosis structure, joining the by-product market rationality (reinforcing feedbacks,
R7-RS8, Figure 3).

The “Territorial attractiveness” shapes the emergence of industrial symbiosis strategies, which is
highly dependent on “Firms self-motivation and confidence.” The more confidence and stability in the
economic structure, the larger the “Job creation,” in turn leading to a higher “Perceived legitimacy
of the industrial symbiosis.” The more “Resources for innovation from public sources” based on a
better social perception of the legitimacy of the industrial symbiosis, the more “Innovation in emerging
technologies,” which leads to a higher public resource allocation, spurring “Production cost” reduction
(reinforcing feedback, R9, Figure 3).

There is a struggle between allocating resources to existing “End of pipe resource use
efficiency” technology or investing in “Innovation in emerging technologies.” “Innovation in emerging
technologies” means a new form of technology which influences the supply chain in a broader way,
not just in the internal production of firms (e.g., raw materials, inputs and energy supplies, transport
and logistics and landfill expenses). The higher “End of pipe resources use efficiency,” the higher
“Production throughput” of already existing eco-efficiency technology in the Dunkirk industries
(reinforcing feedback, R10, Figure 3). The balancing feedbacks B3 and B4 (Figure 3) represent the fact
that resources are limited and that the more resources are allocated either to innovation in emerging
technologies or to strengthening current end of pipe eco-efficiency innovation, the less remains to spend
elsewhere. The higher “End of pipe resource use efficiency” the lower the available inputs for “Waste
management,” which in turn means less available inflows for “Industrial by-product valorisation.”
A decrease in the industrial by-product valorisation entails a decrease in “Income from the individual
by-products sale,” so a negative influence on “production throughput” occurs. The choice of allocating
resources to emerging technologies depends on “Organizational ability,” which means the ability
of the industrial network and external stakeholders to innovate when facing pressure. The higher
“Organizational ability,” the bigger the tendency to allocate resources towards new innovation areas.
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Counteracting such development is a reinforcing feedback which works through the “Raw materials,
energy, transport and landfill expenses” (reinforcing feedback, R11, Figure 3).

“Firms self-motivation and confidence” depends on “Social cohesion,” as well as “Political
support” and “Environmental benefits.” Three feedbacks reinforce the increase in “Firms
self-motivation and confidence” in the industrial symbiosis at Dunkirk. First, “Income from individual
by-product sales” facilitates “Innovation in emerging technologies,” which paves the way for cost
production optimization beyond the limits of internal productive processes by reducing “Raw material,
energy, transport and landfills expenses,” which in turn generates a reduction in “Production costs.”
Cost reduction strengthens the occurrence of “Industrial by-products valorisation” strategies. It also
allows “Network resilience” through interactive and learning effects of production processes. Thus,
“Cooperation proximity” helps the increase in “Pooling services,” further supporting Environmental
benefits” (reinforcing feedback, R12, Figure 3).

Another reinforcing feedback is the job creation loop. As “Firms self-motivation and confidence”
happens in the industrial system, the stability in the social system boosts economic activity, which in
turn creates more job opportunities in the territory, for example through the need to hire specialists in
industrial ecology related activities. With higher “Job creation,” “Social cohesion” gives attractiveness,
encouraging higher “Firms self-motivation and confidence” (reinforcing feedback, R13, Figure 3).
We have identified a conflict in waste regulation which is one of the main hindrances in the emergence
and sustainability of the industrial symbiosis at Dunkirk. When “Firms self-motivation and confidence”
occurs in the industrial symbiosis, it has the potential to increase “Job creation” which in turn
generates “Public engagement,” facilitating “Political support” and further supporting stakeholder
self-motivation and confidence in the cooperation structure (reinforcing feedback, R14, Figure 3).

High “Production costs” in substitution synergies and pooling services are hindering factors in the
industrial symbiosis evolution. Lastly, the larger “Industrial by-product valorisation,” the higher the
“Income from individual by-products sales,” driving the industrial ecosystem towards an increase in
“Production throughput.” The higher the throughput derived from by-product valorisation, the higher
the “Private resources available for innovation,” leading to “Innovation in emerging technologies,”
which provides further benefits for the firms by the reduction of “Raw material, energy, transport and
landfill expenses.”

4.5. Proposed Leverage Points and Interventions

The proposed interventions in the symbiosis (Figure 3—variables in italics) target three different
leverage points: “Training, workshop and education programs for managers and directors,” “Industrial
symbiosis Governance,” “Perceived conflicts in waste regulations.” The intervention proposed to
increase “Firms self-motivation and confidence” is to implement “Training, workshop and education
programs for managers and directors.” This would increase the ability to undertake industrial
symbiosis strategies in the industrial ecosystem, directly strengthening the reinforcing feedbacks
R1, R2 and R3 (Figure 1). The “Perceived conflicts in waste regulations” weakens the overall ability to
cope with uncertainty in the industrial network and is expected to weaken the reinforcing feedback R5
(Figure 1). Taken together, these developments could support the evolution of industrial symbiosis
strategies. An intervention is proposed to increase the “Resources for innovation from public sources”
to ensure “Innovation in emerging technologies,” thereby creating “Raw material, energy, transport
and landfilling expenses” reduction in the industrial symbiosis, as well as a higher potential for the
emergence of “Pool services.” The proposal to increase levels of “Industrial by-products valorisation”
as a value-added step before thinking about “Recycling” aims to improve “Waste management.”
The proposal to facilitate “Development of new specialized activities” is targeting the fourth driver,
“Job creation.” By these means, spurring the local industrial ecosystem could gain social legitimacy for
industry and address social challenges such as inequality, unemployment and health problems caused
by pollution and so contribute to increase “Public support” and political support for the industrial
symbiosis strategy.
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Political support, in turn, is partly dependent on public perception. “Perceived legitimacy of
industrial symbiosis” increases “Public support” but this depends on the ability of the industrial
ecosystem to provide environmental benefits (including air and water quality enhancement and
reducing the amount of solid wastes send to landfills) and improving labour conditions and providing
new job opportunities.

5. Discussion

The explanatory pathways leading to industrial symbiosis in Dunkirk can be explored through
a geographical proximity analysis, using the six geographical dimensions [37] shaped by the CLD
analysis (Table 2). In the Dunkirk industrial ecosystem, proposed interventions rank relatively high
according to the literature reviewed and the experts interviewed. Some of the recurrent obstacles that
the Dunkirk industrial symbiosis needs to tackle to achieve sustainability include technical, economic,
informational, organizational, infrastructural and legislative problems [44,45].

Table 2. Geographical proximity analysis of the Dunkirk Industrial symbiosis systemic structure.

Geographic Dimension Dunkirk Industrial Symbiosis

Absolute: Short distances in most synergy exchanges

L i . - . .
ocation Relative: Increase of proximity between the industrial park and the town

Landscape Potential problems regarding public acceptance

High decentralization of actors during by-product valorisation and consumption
Territoriality High contiguity of by-product consumers and pooling services industries (local
industrial ecosystem)

Scaling Local/regional by-product valorisation and recycling

Spatial differentiation and

uneven development Re-working of local and regional core/periphery patterns

Lock-in of waste regulations and standards.
Path dependencies due to an existing eco-efficiency expertise and networks
between industrial managers and local authorities.

Spatial embeddedness and
path dependency

Industrial ecology analyses social relationships, characterized by irreversible and dissipative
flows in time and space, this circular understanding of systems is consistent with our understanding
of industrial symbiosis, open dynamic systems [42], stakeholder theory [46] and complex adaptive
theory [47]. Therefore, industrial symbiosis as a social innovative strategy embedded in Industrial
ecology should be able to inspire the sustainability paradigm shift in industry at the local scale [48].
In this study, we frame the socio-economic approach with the theoretical assumption that position
dialectic logic at the heart of industrial symbiosis’s sustainability [36]: cooperation/competition,
efficiency /resilience, local/global and autonomy/authority, coming from a coherent theoretical
framework. In addition, other relevant insights stress the centralized /de-centralized governance
in the symbiosis dynamic: anchor-tenant relationship or scavengers’ symbiosis dynamic [7,18].

Location: the territorial scale produces institutions’ representations referring to social structures
according to our models. At the local level (microsocial), the governance mechanisms are decided
and applied by social actors, who at the same time are regulated by those same mechanisms [49].
This analysis shows that lack of communication within stakeholders represents one of the main
hindrances to the industrial symbiosis, even when the Absolute geographical location that separates the
actors is short. The symbiosis takes place within a perimeter of 17km around the industrial zone,
along the coast boarder, starting from the town of Saint Georges sur I’Aa to the port of Dunkirk [50],
with an average distance of 2-3 km between collaborative firms. From the Relative location perspective,
the collaboration principle acts on the inter-firm relationships (network members) encouraging them
to extend their boundaries thanks to the communication and transport investment in the search
for external partner integration (suppliers, customers, municipality, etc.). Industrial symbiosis
implementation is determined by several factors, such as the nature of the activities, the history,
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location, coordination willingness and the existing organizational structure of industrial symbiosis
stakeholders [51].

Landscape: The Dunkirk industrial symbiosis is based on electricity, steelmaking slag, heat,
scrap, acid waste, refractory brick exchanges and pooling services coordinated by ECOPAL. Electricity
production through a residual steam and public heating network have public acceptance, however
the increase in steelmaking slag and scrap and increases in wastewater and sewage sludge could
face legitimacy problems with regard to the environmental impacts of these activities in the territory.
Large-scale infrastructure interventions are likely to cause protests, because of the negative public
image of disposal problems. In the industrial symbiosis, the potential scale-up of the public urban
heating network might result in landscape changes in the town, due to the industrial strip that
surrounds the city, triggering competition with other forms of land use.

Territoriality: The territory of the Dunkirk IS has a decentralized structure (low centralization),
as the valorisation of by-product is individually handled by the firms, which produce each by-product
independently. The industrial by-product valorisation entails relatively low connectivity and high
contiguity, because firms exchange by-products locally. The municipality of Dunkirk is involved in
the public heating network and the sewage treatment project, which increases connectivity while
decreasing contiguity. Contiguity is high when the raw materials and inputs used in the production
process come from the Dunkirk area and low when they are transported over long distances to be
integrated into the production process. Industrial symbiosis is an organizational strategy, which
fosters contiguity in the geographical dimension of the supply chain. Since the steel and construction
industries are essential in the Dunkirk industrial ecosystem, both sectors have a big potential to be
strategically embedded in the territory, closing supply and demand loops, supported by emerging
technologies and investments as shown in the CLD (balancing feedback B3, Figure 3). The governance
structure in Dunkirk encompasses very few stakeholders and is therefore dependent on a small
and centralized set of by-products, triggering some structural problems because of the low ubiquity
(understood as the number of firms that produce and consume each waste exchanged within the IS)
and low diversity of by-products and the small number of firms that produce and consume.

Scaling: Industrial symbiosis is a multi-scale phenomenon—from the microscale of individual
firms to the mesoscale of industrial ecosystems. When we talk about industrial ecosystems, we do not
ignore the role played by the individual firms, on the contrary we attempt to stress the role of concepts
like industrial symbiosis, that provide socially warranted meaning to individual actions, therefore
defining how individual firms perceive problems and link them to the potential solutions. Some of
the problems that need to be addressed collectively, if firms want to tackle them, are for example
water source allocations, by-products synergies, environmental problems, employee qualifications and
energy alternatives. At the same time, firms are also involved in global market dynamics, because
their final products are usually sold in international markets. Thus, industrial symbiosis should be
able to integrate global (large-scale cycles) and local (small-scale cycles), which in the long term is an
attempt to balance geographic imbalances by closing global raw materials cycles imported at Dunkirk.
This means that the Dunkirk IS seeks to reduce its outside dependence on raw materials and energy
through the by-product valorisation and the by-product reincorporation in the industrial ecosystem
cycles. From the perspective of the geographical system dynamics approach, we assume that the
transitional de-globalization process, usually takes place in the Dunkirk IS case study, without causing
shortage related problems (i.e., the transport of low economic value materials is unfeasible due to
costs and carbon emissions) but providing an opportunity to supply inflow demand through locally
produced by-products. These results cannot be generalized to other industrial symbiosis experiences
with different geographical and social environments but it sheds light on an interesting topic that is
rarely discussed in the academic Industrial ecology literature.

Spatial differentiation and uneven development: The spatial differentiation of the Dunkirk
industrial symbiosis is closely related to location and scaling, since processes of convergence and
differentiation find expression in proximities and economies of scale. Spatial differentiation [37]
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reveals the rework of established patterns, that is, Housing concentration is defined by industrial
ecosystems, which provides job opportunities. Regarding uneven development, the current supply
sources of the Dunkirk IS are geographically disparate, according to Dunkirk trade balance [52].
With big deficits in carbon oil, waste oil and other raw materials, while at the same time being a global
provider of steel, construction, energy, agriculture machinery and inputs for the car and pharmaceutical
manufacturing industries.

Spatial embeddedness and path dependency: The current eco-efficiency technology, which has a
functional infrastructure to develop “end-of-pipe” solutions, influences and paves the way for the
future political and institutional pathways to follow. The highly centralized technological investments
and the few opportunities for emerging technologies, hinder the industrial by-product valorisation and
the pooling services in the industrial symbiosis strategy. Implementing eco-efficiency strategies based
on centralized systems therefore reproduces the lock-ins concerning the socio-ecological industrial
ecosystem. Infrastructural decisions for the future induce the path dependencies in Dunkirk, including
the political choices of new mono-incineration plants that influence the expected scenarios of the
industrial ecosystem for stakeholders and decision-makers.

6. Conclusions

The conceptualization of governance in IS is not simple to understand and internalize because of
the complexity involved in the ecosystem and the stakeholders” conflicts of interest. The success of the
IS is mainly related to the governance quest which is the balance between the autonomy/authority;,
cooperation/competition strategies engaged through local/global scales. The governance [53]
encompasses ecological, cultural, political and economic embeddedness of actors and the means
of governance become crucial to enhance the self-organization. The territorial approach of industrial
symbiosis encourage its emergence and sustainability, thus assuring redundancy for key functions.
In this study, the functional understanding gains relevance in the Dunkirk industrial symbiosis,
when analysing the causal loops through a complex adaptive method for social industrial ecosystems.

Systems analysis is a methodology which aims to improve the understanding of human
motivational causality and the network interactions, including the economic and political contextual
drivers in the industrial ecosystem, inquiring into stakeholders’ behavioural patterns, conflicts of
interests, values and motivations. In the literature review, academics define industrial symbiosis
as a social innovation which goes beyond the positive scientific approach, we attempt to recognize
its standardized dimension, referring to human intentionality and the aim of improving industry.
If well steered, industrial symbiosis has the potential to improve innovation and resilience in industry,
encouraging industrial ecosystem development, providing a scientific structure to deal with the
social intentionality in a systemic way, based on the multiplicity of values, diversity of interests
and stakeholder preferences. Looking to make a geographical analysis of industrial symbiosis
with a theoretical framework, we draw up six geographical dimensions to improve the systemic
understanding able to drive this approach towards a dynamic science [49].

There have been many structurally complex studies of industrial symbiosis at the micro-level but
few equivalent studies at the micro- or meso-level looking at the behaviour of actors and its institutions,
determined by the social private/public structure.

This study is not exempt from criticisms related to the research method in terms of robustness
and validity; the ideas expressed by the experts during the interviews and gathered from the literature
review are not directly transferable to industrial symbiosis. The comparability of results with other
studies and the generalization of conclusions is debatable; however, the originality of this method
can contribute to the understanding of the role of territory in the industrial symbiosis strategy in the
search for sustainability. The originality of the geographic system dynamics is based on the richness of
references and qualitative information collected, structured in a systemic and reproducible method.
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