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Summary

Industrial symbiosis (IS), one of the founding notions within the field of industrial ecology, has
diffused throughout significant parts of the world as a practice that can reduce the ecological
impact of the industrial processes of groups of firms. In this article, we propose a fresh look
at this research topic, building on the considerable advances that have been made in the last
15 years in understanding how IS comes about. We propose a conceptual and theoretical
framework for taking on the challenge of comparative analysis at a global level. This requires
developing an approach to address a solution to the problem of equivalence: the difficulty of
comparing instances of IS across different institutional contexts. The proposed framework
emphasizes IS as a process and attempts to address the obstacles to comparative study by
(1) identifying terminology to examine IS variants, (2) providing a typology of IS dynamics,
and (3) formulating key research questions to illuminate a way forward. In developing our
argument, we build on the collective experiences of collaborative research efforts in North
America, Europe, and Asia as evidenced in recent overviews of the literature.
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Introduction

Industrial symbiosis (IS), one of the founding notions within
the field of industrial ecology, has diffused throughout signifi-
cant parts of the world as a practice that can reduce the eco-
logical impact of industrial processes (figure 1). As such, it has
left its mark in the realms of policy makers, businesses, non-
governmental organizations (NGOs), and knowledge institutes
as well as in physical reality through its actual implementation
in regional industrial systems. It also has resulted in a wealth
of individual case studies, conceptual and methodological ad-
vances, and normative frameworks, as evidenced in several re-
cent review articles of the IS literature: Boons and colleagues
(2011) presented a theoretical framework of dynamics; Yu and
colleagues (2014b) quantitatively assessed the evolution of re-
cent research; Zhang and colleagues (2015) documented the
development of IS from both theoretical and methodological
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perspectives; Walls and Paquin (2015) examined 121 IS arti-
cles specifically about organizational and institutional issues;
and Chertow and Park (2016) provided a review of both schol-
arship and practice over the last 25 years including a bibliomet-
ric analysis of 391 peer-reviewed IS articles published between
1995 and 2014 (list available upon request). Such interest holds
a large promise of advance through comparative analysis.

Importantly, however, any attempt to advance comparative
analysis must address what has been called the problem of equiv-
alence in national comparative studies (Teune 1990; Hantrais
1999): that is, the difficulty of finding concepts that identify
equivalent empirical phenomena in different countries. This
problem has emerged at events where IS researchers have sought
to develop a common understanding. One example is the 8th
Annual Industrial Symbiosis Research Symposium (held in San
Francisco in 2011) that required entry by team and brought to-
gether close to 50 participants, including three teams from Asia,
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Figure 1 Top ten countries studied for industrial symbiosis in 286 academic papers published between 1995 and 2014 (adjusted from
Chertow and Park 2016).

two from Europe, one from North America, and one mixed in-
ternational team (table 1). The meeting sought a means of
generalizing IS findings from projects across the world by dis-
cussing core definitional questions and the processes through
which IS emerges (see the Supporting Information available
on the Journal’s website). Along with considerable agreement
about the concept and practice of IS, a specific gap was identi-
fied during the meeting: the need for a framework to capture the
complexity and differences across the various examples of IS.

This result matched the experience of a European network
of researchers who have been working on a comparative project
since 2010 (Boons et al. 2015). It seems that as the amount
of empirical data on IS increases, it becomes more and more
difficult for the research community to distill the findings in
such a way that this material can be included in a comparative
assessment. We specifically address this issue here. Our aim is
to provide an integrative conceptual foundation, framework,
and research agenda to facilitate the comparative study of IS,
adequately dealing with the problem of equivalence.

We begin by disentangling two dimensions of conceptual
development in the field of IS: (1) the evolution of concepts

as our knowledge base evolves and (2) the differentiation of
concepts that results from studying similar phenomena in dif-
ferent institutional contexts. This leads us to propose a con-
ceptual foundation for the comparative analysis of instances of
IS based on our developing insight that IS is best conceived
as a process, that is, as a sequence of events rather than a
certain state of affairs (Boons et al. 2011, 2014; Chertow and
Ehrenfeld 2012; Schwarz and Steininger 1997; Baas and Boons
2004; Chertow 2009; Yu et al. 2014a; Spekkink 2013). We offer
some screening terminology to aid in the selection of explicit
choices that any researcher must make in addressing the prob-
lem of equivalence; but we do not prescribe any one specific
way of dealing with these issues, leaving them open for contin-
ual reflection and development from the scholarly community.
We illustrate our comparative framework with cases from the
literature.

We conclude the article with three overarching research
questions that, in our view, are among the key questions that
should be addressed in future studies. This serves the ultimate
aim of comparative analysis, which, after all, implies recognizing
differences as well as similarities.
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Table 1 Attendees at the 8th Annual Industrial Symbiosis Research
Symposium

Team Team members

Tsinghua
China+

Lei Shi, Jinping Tian, Lvjun Chen, Zhen
Wang, Weiqiang Chen

KSIE Korea + Hung-Suck Park, Shishir Kumar Behera,
Kyeong Ho Kim, Man Jae Han, Yong Un
Ban, Junghoon Kim, Junmo Kim

NIES Japan + Tsuyoshi Fujita, Xudong Chen, Minoru
Fujii, Son Le

EU Consortium Frank Boons and Leo Baas, Wouter
Spekkink, Ralf Isenmann, Graham Aid,
Ankit Agarwal, Guillaume Massard

Kalundborg IS+ Jorgen Christensen, Martin Anderson, Inez
Costa, Robin Branson, Anthony Chiu

International
Practitioners

Peter Lowitt, Rachel Lombardi, Tim Nolan,
Katelyn Harris, Andreas Koenig

Yale USA + Marian Chertow, Weslynne Ashton,
Jooyoung Park, Zhouwei Diao, Megha
Shenoy, Suzanna Russel, Han Shi,
Andrew Zingale

Note: The PLUS sign indicates the name of the core organization and that
others from the same region or category also participated on the named
team, as appropriate. Names of team leaders appear in bold.

Scientific Concepts Evolving

IS is not an immutable concept. The specific interpreta-
tion of the concept that individual (teams of collaborating)
researchers adopt in their research depends on the fit of the
concept with the research question(s) that the researchers seek
to answer, and on the fit of the concept with the empirical
data of the researchers. Concepts are building blocks of the-
ory (Stinchcombe 1968; Bacharach 1989), which means that
as our knowledge of a phenomenon increases, it may involve
modifications in our conceptual language.

In the field of IS, after a period of exploratory research, a
definition emerged that has been influential in terms of it being
cited (Chertow 2000). However, as our understanding grows,
discussion about the definition continues. This has led Deutz
(2014) to examine a plethora of definitions and propose a new
one, which, in her view, presents the “essence” of IS.

In this article, we take a different route: In pursuing a com-
parative framework, we have chosen to offer neither an old
nor a new definition of IS. We concluded that rather than a
single definition made to fit every occasion, our goal would be
better informed by the willingness to freely examine a variety
of cultural and institutional contexts to see how different con-
cepts and insights became embedded in discussions of IS over
time.

There are two phenomena that come into play in our re-
search. First, there is the evolutionary process of scientific
knowledge production (Toulmin 1972; Hull 1988).1 In the
confrontation between theory and empirical evidence that oc-
curs in every research project, concepts may be modified. Some
variations of concepts are selected, others discarded, and new

concepts are put forward. As a whole, the conceptual toolkit
used by researchers in any new area thus evolves over time.
This view differs fundamentally from the Kuhnian storyline,
which depicts conceptual change in terms of revolution, with
little possibility of interparadigmatic comparison (Kuhn 1962).
Instead, this view examines conceptual evolution with explicit
acknowledgment that these concepts are created, contested,
shared, and discarded in the interaction among the researchers
that constitute an academic field.

A second process is dealing with the problem of equiva-
lence. This issue arises whenever a phenomenon of interest
is found to be fundamentally shaped by the cultural and in-
stitutional context in which it occurs. This context may be
nationally delimited, but institutional context may also differ
across regions and within a nation state. In comparative stud-
ies in the social sciences, this has led to a range of approaches
that can be ordered on a continuum bounded by the following
extremes. Universalism assumes that in developing knowledge
we are looking for universal truth, which implies concepts that
are easily applicable in any social context. Culturalism, on the
other hand, assumes that any phenomenon is shaped by its par-
ticular context to such an extent that comparison across social
contexts becomes deeply problematic. For IS, where the phe-
nomenon under study is influenced by its social context, this
issue needs to be addressed, given that it complicates the evo-
lutionary process of knowledge production: Researchers are, in
part, proposing different concepts because they build on an in-
stance of the phenomenon that is specific for a particular social
context.

Such a complication of conceptual development definitively
occurs in the realm of IS. We seek to advance beyond the point
where researchers interested in IS, coming together, find that
there is conceptual divergence. The way forward is to explicitly
deal with the problem of equivalence. We propose to do so in
the following two ways:

(1) By developing a conceptual framing with accompanying
terminology that allows an informed discussion of various
instances of IS in different social contexts. Researchers
can use this terminology to make clear on what grounds
they are looking for comparison in their research.

(2) By calling for the need to explicitly study the way in
which the concept of IS acquires a different meaning in
various social contexts.

Terminology Supporting Conceptual
Framing

Any systematic approach to the study of a phenomenon re-
quires a careful framing of the focus of research. Based on the
research thus far, we find that there is considerable diversity
in defining and understanding the concept of IS: from how
to interpret “proximity” to what is meant by “exchanges” or
“network,” and what types of resources (e.g., industrial and/or
municipal solid waste, by-product, or nonmaterial resources)
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need to be considered. We assume that this is, to a great
extent, a result of differences in empirical manifestations in
different regions of the world that result from many underly-
ing factors: from how the economy is financed to legal systems
to cultural norms and many others. Indeed, the problem of
equivalence appears to be quite serious for IS. Rather than get
“stuck” with so much divergence, we seek a means of moving
forward.

One idea we put forward to underlie the discussion of dy-
namics is to adopt terminology to facilitate comparison across
empirical phenomena in different regions. We add this termi-
nology to our conceptual framework to signify a set of inclusive
statements about the phenomenon we study. The set of such
statements presented below has a far different mission than a
definition of IS, given that it is intended to help us identify
commonalities and differences, up to the point where we can
discuss on what grounds an empirical case should be considered
under the label of IS. We use the terminology in the paragraph
below as a filtering tool to establish a more concrete proposal
concerning the dynamic nature of IS, to set the stage for the
introduction of specific dynamic types and to foster ongoing
discussion as new cases are added by researchers.

For these purposes, we recognize IS as a process of connecting
flows among industrial actors through (1) use of secondary ma-
terial, water, and energy resources and/or (2) utility and service
sharing, such as collective use of infrastructure or environmen-
tally related services across a network. The associated process
of change entails, to varying degrees, the development and mo-
bilization of intangible resources, such as intellectual capital
and social capital by public and/or private actors. A key to IS
that differentiates it from other forms of multiactor economic
development is the recognition of net environmental benefits
associated with the connecting of flows.

This statement uses a process of connecting flows as its central
characteristic to make clear that IS can be, and often is, built
upon a set of industrial actors that are already related with or
without being connected by material flows. It is not a static
phenomenon, but a series of events through which connections
are built up, maintained, and eventually dissolve. We seek to
identify typical ways in which this process unfolds, and we
term these industrial symbiosis dynamics (see the section on The
Dynamics of Industrial Symbiosis).

Broadly, secondary resources points us to materials that are
put to circular use instead of being discarded or discharged, after
being generated from a process of production or previous use.
Materials in this case can differ from resources such as steam
and other types of energy and also water where previous use
cannot always be determined.

One change that we propose for IS is to instill the idea that
IS involves a network of at least three actors. This presents a
difference from symbiosis in biology, where exchange between
two organisms can be classified as symbiotic. Not surprisingly,
early industrial ecologists, borrowing from environmental sci-
ence, picked up on the notion of at least two organisms (Côté
and Cohen-Rosenthal 1998). Describing IS as a network that
involves at least three actors implies a certain level of com-

plexity that transcends a flow that is only between two actors,
with the latter considered a precursor to IS at the time that
a network is still emerging (Chertow 2007), or as a compo-
nent of IS once the network has materialized. When a bilateral
flow is embedded in a network, any changes that occur in that
flow may ripple through the network (Choi and Wu 2009).
Therefore, our terminology urges researchers to look beyond
the level of bilateral exchanges to also consider wider net-
work effects that will be overlooked if the focus is restricted to
that level. The network of IS actors need not be established
all at once, but may instead spring from a series of bilateral
flows, which reconciles the pairing of twos with the evolving
network of three or more and the network benefits that result
from it (Jacobsen and Anderberg 2004; Laybourn and Morrissey
2009).

Industrial actors are the economically and organizationally
discernible units (with some discretionary decision-making
power) that undertake activities that transform inputs into out-
puts intended for further transformation or consumption.

Connecting flows involves coordinated activities by indus-
trial actors. A wide variety of coordinated activities has been
observed in empirical work on IS, including (but not limited
to) contract negotiation, joint visioning, facilitation, and the
formulation, implementation, monitoring, and evaluation of
policy programs. Engaging in coordinated activities requires the
industrial actors to mobilize intangible resources, such as social
capital (i.e., resources that industrial actors derive from their
position in social networks) and intellectual capital (i.e., tacit
and explicit knowledge to which industrial actors have access)
(Healey et al. 2003; Boons and Spekkink 2012; Spekkink 2013,
2015).

Connecting flows by using secondary resources generated
from one industrial actor can begin for any reason, but ulti-
mately, whether intentionally or unintentionally, carries with
it different consequences for environmental impact. Even envi-
ronmental benefits can be unobserved for short or long periods
of time, but it is only after these benefits are recognized, and/or
enter the public consciousness, and result in further steps to
ensure their continuation that a process of connecting flows is
seen as IS (Chertow and Ehrenfeld 2012).

Each of the underlined terms constitutes terminology of the
new comparative framework. Each is potentially subject to the
problem of equivalence. We have described the italicized items
carefully with some precision as a first attempt to validate them
as a workable basis of comparison.

The Dynamics of Industrial Symbiosis

In our proposal, we refer to IS dynamics as the typical path-
ways through which the process of IS unfolds. In our view, the
existing empirical evidence provides us with enough insight to
specify a number of such dynamics and we expect that this num-
ber will expand over time. This is a step in theory building: Path-
ways specify sequences of events that we find regularly in empiri-
cal material.2 These can be viewed as social mechanisms, which
Elster (2007, 36) defines as “frequently occurring and easily

Boons et al., Industrial Symbiosis Dynamics 941



R E S E A R C H A N D A N A LYS I S

Table 2 Seven types of industrial symbiosis dynamics, characterized by initial actors, their motivation, overall storyline, and typical outcomes
(as indicated in literature)

Dynamics

Typology Initial actor(s)
Motivation of the initial

actor(s) Following actions/overall storyline Typical outcomes
Self-organization Industrial actor See economic and/or

environmental benefits
from IS

Industrial actors expect benefits in
developing symbiotic linkages → industrial
actors search for suitable partners (existing
partners in vicinity or new partners attracted
from further away) → after finding a suitable
partner, contracts are negotiated → linkage
becomes operative → [repeat].

Agglomeration
Hub-and-spoke network
Decentralized network

Organizational
boundary change

Industrial actor Eco-efficiency and business
strategy

An industrial actor expands its activities
through vertical integration and develops
internal exchanges → the industrial actor
changes its strategy from vertical integration
into outsourcing → the linkages remain and
the system evolves into an
interorganizational network.

Facilitation-
brokerage

A public or private
third-party
organization

Establish/increase
transparency of market for
firms to develop IS

A third-party organization sets up a brokerage
system → the broker establishes a market for
industrial symbiosis development →
industrial actors engage and develop
symbiotic exchanges through the market
system.

One-off network of
symbiotic exchanges

Facilitation—
collective
learning

A public or private
third-party
organization

Enable firms to develop
tacit knowledge and
exchange experiences

A facilitator picks up the concept of
industrial symbiosis from existing examples
→ the concept is translated into specific
regional context → industrial actor and
facilitator engage in collaborative learning to
develop symbiotic network.

Pilot facilitation
and dissemination

A public or private
third-party
organization

Learn from nonlocal
existing IS cases and
experiment in a local
context

A facilitator picks up the concept of
industrial symbiosis from existing examples
→ the concept is translated into specific
national/regional context → groups of
colocated industrial actors are selected to
serve as exemplary cases → further
refinement of the concept occurs through
learning in pilot projects → the experiences
from pilot projects are transmitted by the
facilitator to other groups of colocated
industrial actors.

Diffusion of IS concept
among clusters

Government
planning

Governmental actor(s) Learn from existing IS
cases and implement

A governmental actor picks up the concept
of industrial symbiosis from existing examples
→ the concept is included in policies and
translated to the specific national/regional
context → the governmental actor develops
a plan for the development of linkages
through stimulating and/or enforcing policy
instruments → the progress of
implementation is monitored → the results
of evaluations are fed back into the policy to
realize continuation/renewal/closure.

Eco-cluster
development

Governmental and/or
industrial actors

Innovation, economic
development

Local governments and/or industrial actors
develop a strategy for the development of an
eco-cluster → symbiotic linkages are
developed through participatory process
among multiple stakeholders as part of the
broader eco-innovative strategies.

Redevelopment
Brownfield development
Greenfield development
Innovation cluster

Note: IS = industrial symbiosis.

recognizable causal patterns that are triggered under generally
unknown conditions or with indeterminate consequences.” The
task for a researcher, then, is to specify the conditions and con-
sequences for the occurrence of a specific dynamic. Table 2
provides an overview of the proposed dynamics. Each dynamic
is identified by initial actor(s), actor motivations, and the ac-
tions that follow, which provides an overall storyline revealing

how each dynamic is composed and sequenced. Together, these
descriptors allow for a variety of analytical approaches, ranging
from regression analysis to narrative analysis.

In order to emphasize the process focus of our conceptu-
alization, we have used a mode of representation in figure 2
indicating that the evolution of IS can be seen as a sequence of
events. Identifying patterns in these sequences consists of two

942 Journal of Industrial Ecology



R E S E A R C H A N D A N A LYS I S

Figure 2 Diagram visualizing sequences of events for dynamics as listed in table 2.

steps: (1) finding building blocks, that is, events that make up
the sequences and (2) constructing common sequences out of
these building blocks. The visualization makes clear that the
seven different dynamics that we identify contain the same
building blocks. Events are numbered to make it easy to detect
where the same events occur in different sequences.

These seven dynamics are, at this moment, a result of our
knowledge of the literature and collective experience. They are
thus propositions in the sense that we put them forward for
empirical testing. In its strongest form, the sequences can be
taken as combinations of conditions that have to be fulfilled to
produce a symbiotic network. Each dynamic (i.e., the sequence
of events as a whole) is a sufficient condition for producing a
symbiotic network; how the individual events relate to one an-
other (e.g., whether each event is a necessary condition for the
event that follows it) is a matter for empirical testing. Another
way of looking at these is as “ideal types” in the sense that this
term is used in the social sciences: They specify recurring pat-
terns of action that serve a heuristic function in comparative
analysis; actual empirical patterns can be compared to them
(and through the ideal type, with others) to see how the case
under scrutiny is similar or dissimilar (Kalberg 2012).3

After having developed our typology of IS dynamics, we
studied existing case descriptions of IS for the occurrence of
the events that we include as building blocks of our dynamics.
This enabled us to determine which dynamics are manifested
in which cases, and we used this information to pick our ex-
amples of the dynamics. From the outset, we want to stress
that these dynamics are not intended to cover complete em-
pirical cases of IS throughout their evolution. As we will make
clear throughout our examples, the same case (i.e., an industrial
park in a specific geographical location) may display a certain
dynamic for some period of time and then shift into another
dynamic.

Self-Organization

The dynamic of self-organization describes the development
of symbiotic activities as a result of the self-motivated strategies
of industrial actors. Self-organized IS does not start with the
ambition to develop a network of symbiotic exchanges. Most
often, the linkages that constitute the network have developed
more or less autonomously and are driven by various motiva-
tions and incentives from the individual industrial actors. These
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autonomous actions of individual industrial actors occur within
a certain underlying context that is, in turn, shaped and influ-
enced by institutional factors such as the level of trust, social
norms, regulatory programs, and policy. This context provides
the boundary conditions,4 which are necessary for the process
of self-organization to occur (Boons 2008). Kalundborg is an
iconic example of this dynamic, given that its symbiotic net-
work has developed over four decades through the close inter-
actions among industrial actors (which, in this case, includes
firms as well as a facility owned by the municipality) with-
out any grand plan for network development (Ehrenfeld and
Gertler 1997). Similar cases of self-organization include Styria
in Austria (Schwarz and Steininger 1997), Guayama in Puerto
Rico (Chertow and Lombardi 2005), Kwinana in Australia
(Van Beers et al. 2007), and Nanjangud in India (Bain et al.
2010).

Because of the nature of autonomous development, actors
in one part of a symbiotic network may have no or only par-
tial knowledge about actors participating in another part of
the network. This was the case in Hawaii, according to inter-
views conducted with facility managers (Chertow 2011). When
the spontaneously developed symbiotic linkages have been un-
covered, the development of IS becomes a conscious strategy
(Chertow 2007), and thus it is likely that the dynamic would
gradually shift into another one.

A special case of the self-organization dynamic occurs when
a core industrial actor (anchor) attracts other actors (tenants) to
develop a symbiotic network (Korhonen 2001; Chertow 1999),
primarily for the benefit of the core actor. One example of this
dynamic is the Campbell Industrial Park in Hawaii, where the
core firm AES (developer of a modern coal-fired power plant)
attracted satellite firms that can provide input substitutes for
coal to AES from their outputs and also use by-products from
AES for production (Chertow and Miyata 2011). This anchor
tenant strategy has been widely adopted in the development of
eco-industrial parks (EIPs) in China. A representative example
is a fine-chemical industrial park called Zhejiang Hangzhou
Bay Shangyu Industrial Area (Tian et al. 2012a, 2012b). Two
world-leading dyestuff manufacturers have served as the anchors
of an increasingly expanded industrial symbiotic network. The
growing IS network built along the value chain of the two
dye groups has played a significant role in improving the sulfur
utilization efficiency and reducing the greenhouse gas emissions
(Tian et al. 2012a).

Organizational Boundary Change

The dynamic of organizational boundary change describes
cases where symbiotic networks form and evolve when firms
make changes in their organizational boundaries, such as
through outsourcing or insourcing, vertical (des)integration,
or divesting a subsidiary. When the boundary becomes less in-
clusive, internal exchanges within a vertically integrated firm
turn into interfirm exchanges, creating the core of a symbiotic
network that may continue to grow. Examples of this dynamic
can be found in the Scandinavian forest industry, where some

symbiotic linkages evolved from exchanges that used to take
place within the organizational boundaries of one company
(Wolf and Petersson 2007; Pakarinen et al. 2010). Another ex-
ample is the case of the Guitang Group (Zhu et al. 2007), first
established as a state-owned enterprise in China. The Guitang
Group was designed to focus primarily on sugar refining and
molasses production, but early on it expanded its business to
include paper production from its own fibrous sugar cane by-
product, bagasse. Outside companies subsequently joined the
system to contribute input material, making it a case of IS.
A similar dynamic is seen in the case of British Sugar, which
evolved through boundary expansion to create trade for numer-
ous by-products including excess energy and carbon dioxide,
which helped the company become not only the largest sugar
manufacturer in the country, but also the largest tomato grower
as well (Short et al. 2014).

Several cases of IS are characterized by the activities of an
actor seeking to enable the development of symbiotic linkages
among industrial actors. We distinguish two forms, depend-
ing on the nature of the activities, knowing there is no bright
line between them: facilitation-brokerage and facilitation–
collective learning.

Facilitation (a): Brokerage
Brokerage is a dynamic where a third-party organization steps

in to make the potential market for secondary resources more
transparent, to help it emerge or increase in terms of the quan-
tity of exchange. The exemplary model of this dynamic was
the National Industrial Symbiosis Programme (NISP) in the
United Kingdom in its initial phase (Mirata 2004; Paquin and
Howard-Grenville 2012). Regional coordinators of NISP or-
ganized forums to facilitate communication and networking
among industrial actors and thus facilitated identification of
symbiotic opportunities. They also stayed involved by provid-
ing assistance for implementation and follow-up monitoring
activities.

The United States Business Council for Sustainable Devel-
opment (USBCSD), a nonprofit business association, plays a
similar role in facilitating IS, what they call by-product syn-
ergy (Mangan and Olivetti 2010). The USBCSD provided
many case examples preceding the creation of NISP through
its earlier incarnation as the Business Council for Sustain-
able Development-Gulf of Mexico (BCSD-GM) (BCSD-GM
1997). The USBCSD particularly acts as an information broker
by compiling information related to IS and using it to explore
synergistic opportunities. Most recently, the organization has
developed software, to establish an online market for secondary
resource transactions (USBCSD 2016).

Facilitation (b): Collective Learning
Third parties may adopt a more intensive stance beyond

seeking to make the market for secondary resources trans-
parent. They may seek to initiate and maintain a process of
collaborative learning, which they deem necessary to arrive at
more structural and more advanced symbiotic linkages. The
learning process may lead to the development of advanced
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levels of trust, which enables firms to engage in transactions of
higher asset specificity. Facilitators focus on the development
and exchange of experiential knowledge, which distinguishes
it from the role of an information broker. An example of this
dynamic concerns the first phases of the Indicators of Educa-
tion Systems (INES) Mainport programme (1994–2002), where
the business association, Deltalinqs, facilitated a wide range of
projects in several phases to learn about the implementation
of IS in the Rotterdam Harbor and Industry Complex (Baas
and Boons 2007). According to Paquin and Howard-Grenville
(2012), over time the NISP program also evolved into this type
of dynamic. NISP initially focused on creating interaction space
for industrial actors. But as learning occurs, the actors began to
engage in more strategic and goal-directed processes, for exam-
ple, by introducing available symbiosis projects to relevant firms
and selectively developing high-value linkages. As illustrated
here, these two types of facilitation, brokerage and collective
learning, can also shift back and forth.

Pilot Facilitation and Dissemination
The dynamic of pilot facilitation describes instances of IS

in which a facilitator picks up the concept of IS from existing
examples, and develops a conceptual model that is adapted to
a specific national or regional context. This model is then the
source of experiments in existing or planned industrial parks.
The facilitator may play a wide range of roles from collecting
technical data to organizing workshops or meetings, conduct-
ing feasibility studies, being involved in negotiation, decision
making, and follow-up activities for operation of symbiosis. Fa-
cilitators can come from a variety of organizations, including
government bodies, business associations, or research institutes;
in each case, their aim is to foster the uptake of IS in the se-
lected industrial park by demonstrating its viability in the local
context in which it operates.

The EIP Development Program in South Korea explicitly
took the approach of pilot experimentation and facilitation
(Park et al. 2008; Behera et al. 2012; Park et al. 2016). In the first
phase (2005–2010) of the 15-year, three-phase program, pilot
projects were carried out in five selected industrial complexes,
facilitated by organizations such as the Korea National Cleaner
Production Center, a research institute, and later the Korea
Industrial Complex Corporation, a quasi-governmental body.
The program has completed its second phase, where knowledge
and experiences gained in the pilot projects are disseminated to
other sites and is now in its third phase that aims to establish
an IS network at a national level and Korea’s own model to IS
development.

Another example of this dynamic is a national policy pro-
gram in the Netherlands that seeks to stimulate the diffusion
of sustainable industrial parks (Boons and Janssen 2004; Boons
and Spekkink 2012; Pellenbarg 2002). The program was carried
out by an agency of the Ministry of Economic Affairs, which
acted as a facilitator of a large number of local projects on indus-
trial parks. The program led to the development of descriptions
of best practices, dissemination of useful contract and plan-
ning forms, and manuals for planning agencies, park managers,

and firms. The subsidy program, however, did not get contin-
uing support as a result of changing priorities of the national
government.

Government Planning

In this dynamic, governmental actors consciously plan place-
based eco-industrial development. To implement it in the spe-
cific regional or national context, governmental actors formu-
late strategies and develop and implement plans of action using
incentives and enforcement. Usually, the implementation of
the action plans is monitored for its results. Based on an eval-
uation of the results the governmental actor may decide to
continue, renew, or end its policies on IS or EIPs. EIPs that are
granted approval from the Chinese Ministry of Environmental
Protection or the National Development and Reform Commis-
sion are examples of this dynamic (Zhang et al. 2010). The de-
velopment of symbiotic linkages was initiated and driven by the
national policy for EIPs and circular economy, which has gone
through several evolutions in the past 10 to 15 years (Shi et al.
2012a, 2012b; Geng et al. 2012). Examples of well-developed
EIPs in China include Tianjin Economic-Technological Devel-
opment Area and Suzhou Industrial Park (Shi et al. 2010; Yu
et al. 2014a). The EIP Development Program in South Korea
also has the aspect of this dynamic in that the national govern-
ment established a law specifically targeting the development
of EIPs and the mechanisms for financial support. Within this
larger institutional support, regional EIP centers are actively
involved in the process of exploration, feasibility testing, and
implementation of IS as illustrated by the first phase of the Ko-
rean national program described above under the dynamic of
“Pilot Facilitation.”

Eco-Cluster Development

The dynamic of eco-cluster development describes cases
where different local actors (e.g., local governments, firms,
and interest organizations) come together around the goal of
achieving economic development and/or technological inno-
vation, and IS is implemented as part of that developmental
strategy. One example of this dynamic can be seen in the adap-
tive reuse of the decommissioned Fort Devens Army Base in
Massachusetts (Veleva et al. 2015). The planned objective of
the redevelopment was to attract jobs and investment into the
region with IS as one of the component strategies (Deutz and
Gibbs 2004; Lowitt 2008). ReVenture Park, a former textile
dye manufacturing facility in Charlotte, North Carolina, is an-
other example of this dynamic, albeit in an earlier stage of
development. Several innovative projects regarding renewable
energy, alternative fuel, and recycling are being planned or im-
plemented by taking advantage of dormant industrial facilities
on site, including wastewater and energy infrastructure (Re-
Venture Park 2016)

In Östergötland, Sweden, local firms, governments, and
knowledge institutes work together to integrate the local
transport system and energy system through IS based on a
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complex network of exchanges within the biofuel industries
(Martin and Eklund 2011). To integrate these two systems that
used to be separate, a participatory process was essential to re-
solve any barriers among actors from the two different systems
(Vernay and Boons 2015). A similar example is the Biopark
Terneuzen initiative in Zeeland, the Netherlands (Spekkink
2013). Here, firms, governmental organizations, knowledge in-
stitutes, and interest groups engaged in a participatory process
to develop a cluster of companies active in the bio-based econ-
omy. It emerged out of separate projects that developed in-
dividual symbiotic linkages and moved toward a process that
was driven by an explicit vision about a bio-based cluster.
The Japanese Eco-Town program may also be understood as
an example of this dynamic because of the attempt to inte-
grate urban systems with industrial systems (Van Berkel et al.
2009b).

Generative Research Questions

In order to advance the comparative analysis of IS, we pro-
pose a structured research agenda in this section. The agenda is
based on the material presented above and, in that sense, repre-
sents a distinctive approach to the study of IS, in which the con-
cept of IS dynamics is key, and identifying the conditions and
consequences of these dynamics provides a starting point. At
the same time, the agenda is open, considering that answering
these questions requires further theoretical and methodological
choices, which are up to each individual research team. In do-
ing so, a researcher may want to develop propositions. Given
that there is already a wealth of empirical material built up in
the last 15 years, it is possible to formulate generalized expecta-
tions about how key variables relate to one another. But, given
that these propositions build on specific theoretical positions,
we abstain from formulating a complete set; we will only give
some indicative examples.

Figure 3 summarizes the structure of our research agenda.
Propositions under research question 1 (R1) address causal rela-
tionships between IS dynamics and underlying conditions that
trigger a certain dynamic to occur, whereas propositions un-
der research question 2 (R2) link IS dynamics to its outcomes.
Propositions under research question 3 (R3) explore any link-
ages among dynamics typologies that build to multistage phase
models. Each typology is represented as an arrow with differ-
ent shades of gray. Each phase model is represented by a single
arrow (i.e., typology A) or a group of connected arrows (i.e.,
typology B and C, typology D, E, and F). Below, we present
what we believe to be three key research questions and related
propositions. We stress the importance of making clear what
theories are used as a basis for developing ideas about relation-
ships among variables, and in our examples will mention these
explicitly. This does not mean that these are the only possible
theories to be used; as stated above, this is left to the discretion
of each researcher that works with these questions. Further, we
reiterate the points made earlier in relation to the problem of
equivalence, calling for: (1) an explicit formulation of IS termi-
nology to address both (the commonalities across all cases and

the dimensions researchers are examining for variation) and (2)
an explicit analysis of the way in which the specific instance of
IS in the contexts studied came about.

R1. Are different dynamics triggered under specific condi-
tions?

Although many of the conditions that trigger the different
types of dynamics are not yet fully known (Elster 2007), we
argue that based on previous research, it is possible to identify
conditions that are generally more or less favorable to certain
dynamics. In order to do so, we can distinguish technical, eco-
nomic, geospatial, as well as social and institutional conditions
(Gibbs 2003; Mirata 2004; BCSD-GM 1997).

Technical conditions relate to physical resources and the
set of production processes available in a region of colocated
industrial actors. These conditions include the availability
of secondary resources for appropriate input-output matching
(Trokanas et al. 2014) and technologies that enable transfor-
mations and processing of resources (Geng and Côté 2002;
Liwarska-Bizukojc et al. 2009).

Economic conditions are important in that industrial actors
are sensitive to net benefits of IS. High price of input resources
or high disposal costs, for example, incentivize industrial actors
to search for alternatives, which may sometimes be found in
the form of secondary resources of colocated industrial actors.
Several previous studies estimated net cost savings through IS,
either for potential networks (Karlsson and Wolf 2008; Martin
et al. 1998) or for existing networks (Jacobsen 2006; Van Berkel
et al. 2009a).

Geospatial conditions, such as the distance among industrial
actors, influence the feasibility of implementing certain symbi-
otic relationships. Proximity has been known as a key facilitator
of IS (Chertow 2000), which influences not only the transporta-
tion cost, but also social dynamics among industrial actors (Sterr
and Ott 2004). The scale of IS and its underlying factors began
to be the focus of empirical testing (Lyons 2007; Jensen et al.
2011; Chen et al. 2012). Recently, the spatial concentration
and agglomeration of symbiosis activities became the subject of
analysis (Gregson et al. 2012; Cerceau et al. 2014).

IS operates on interactions and collaborations of various
types of actors and therefore hinges on social and institutional
conditions. Social and institutional conditions have been stud-
ied from various aspects, such as trust among actors (Gibbs
2003; Ashton 2008; Jacobsen 2007), role of champions (Hewes
and Lyons 2008) or facilitators (von Malmborg 2004; Paquin
and Howard-Grenville 2013), organizational capacities (Boons
and Spekkink 2012; Liu et al. 2012; Spekkink 2015), and pol-
icy interventions (Yu et al. 2015; Jiao and Boons 2014). To
integrate these factors conceptually, the framework of “social
embeddedness” was developed (Boons and Howard-Grenville
2009) and applied to analyze IS cases (Baas and Huisingh 2008;
Domenech and Davies 2011).

Building onto previous research, as presented above, the
framework of a dynamics typology can help to advance our
understanding of the link between conditions and dynamics
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Figure 3 Diagram that shows relationship among theoretical concepts to construct propositions. Research question 1 (R1) addresses the
causal relationship between IS dynamics and underlying conditions, R2 links IS dynamics to its outcome, and R3 explores any linkages among
dynamic typologies. Each typology is represented as an arrow and each phase model is either represented by a single arrow or by a group
of connected arrows. IS = industrial symbiosis.

of IS. For example, according to one of the central theses of
the Varieties of Capitalism approach in political economy (Hall
and Soskice 2001), which says that economic actors base their
strategies for interaction on opportunities generated by the in-
stitutional structure in which they are embedded, we can es-
tablish a similar proposition for IS to examine the relation-
ship between institutional structure (in terms of levels of trust,
relationships with communities, and levels/types of state in-
volvement) and dynamics of industrial symbiosis. An example
hypothesis would be: The self-organizing dynamic tends to corre-
late more often with communities that have greater social capital.
Testing of this hypothesis can be built on previous studies, such
as Ashton (2008).

Propositions may address the relative importance of differ-
ent types of conditions. Given that much of the literature has
focused on institutional conditions, the implicit idea has been
that these conditions are the main factor that accounts for the
successful establishment of symbiotic linkages. Using the in-
sights of the ecological analogy developed by Geng and Côté
(2002) and Liwarska-Bizukojc and colleagues (2009), we can
develop an argument that certain constellations of industrial
processes are unlikely to develop symbiotic linkages, no matter
what institutional conditions are present. In this line of think-
ing, another hypothesis we can develop and test is: Without
sufficient variety of industrial actors in terms of producers, con-
sumers and decomposers, institutional conditions will not affect the
establishment of symbiotic linkages.

R2. What outcomes are linked to different types of dynamics?

The generic underpinning of the second research question
may come from process theories that claim that the explanation
of certain phenomena requires the analysis of the sequence
of events that precedes them, for instance, when we speak of
path dependency (Mahoney 2000). Each of the IS dynamics

specifies a sequence of events that leads to certain outcomes.
Such outcomes may be defined in terms of the reduction of
environmental impact (compared with the baseline impact of
the set of firms before additional connections were made) (Geng
et al. 2014; Dong et al. 2014; Mattila et al. 2010; Sokka et al.
2011), or in terms of the characteristics of the network (e.g.,
connectance, structure, resilience, and stability) that emerges
among firms (Chopra and Khanna 2014; Wang et al. 2013a;
Wright et al. 2009; Zhu and Ruth 2013; Hardy and Graedel
2002). Whereas previous research focuses more on developing
a methodology and measuring actual outcomes of IS, a whole
line of research can be developed to see whether a dynamic
constitutes a pathway to a specific outcome, and whether it is a
necessary and/or sufficient condition for bringing about a certain
outcome. Note that this builds on the assumption that the
dynamics are an intermediating variable between conditions
and outcomes.

In certain cases, outcomes may be directly related to starting
conditions, or alternatively, a dynamic may have certain char-
acteristics that are seen as explaining an outcome. For example,
we can postulate that the involvement of state agencies will
lead to a certain type of company commitment that produces
different results than when firms are self-motivated. Here, neo-
institutional theory may provide a possible basis by specifying
the mechanisms under which a concept like IS spreads through
an organizational field, based on the core assumption that in-
dustrial actors may adopt such concepts for reasons of legitimacy
(DiMaggio and Powell 1983; Boons et al. 2011). When state
agencies are involved, firms may adopt the language and rituals
(Meyer and Rowan 1977) of IS without actually producing new
linkages and environmental benefits.

A question that is of great interest to the field is whether
different dynamics of IS development lead to different magni-
tudes of environmental benefits. Who initiated and developed
the IS network with what motivations, as well as the subsequent
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events that unfold, may influence the quantity and the type of
physical resources exchanged, which, in turn, determines the
magnitude of environmental benefits. For example, direct pub-
lic intervention may involve strategies to promote the most
public good and so would foster the types of resource exchanges
that lead to the highest environmental benefits.

We also posit that structural characteristics of the IS net-
works depend on the dynamics that brought them about. For
example, in certain cases, the dynamic of shifting organizational
boundaries and the dynamic of self-organization can both be
expected to lead to a relatively centralized IS network where a
core firm is surrounded by several satellite firms. One empiri-
cal study already examined the relationship between different
IS development dynamics and the resulting network structures.
Based on 15 IS networks, Zhu and Ruth (2014) showed that
self-organization and planning lead to different network growth
patterns.

Another expectation is that a particular dynamic will have
consequences for the type of exchanges that will result. When
a third-party actor takes on the role of broker, exchanges may
resemble arms-length transactions, such as with online trans-
fers, whereas the facilitation of learning can be expected to
lead to longer lasting exchanges based on a higher level of
trust.

R3. How do dynamics add up into phase models?

If we apply the dynamics to known IS cases, then, in several
instances, we see that a case is characterized by several dynamics
that follow one another in time. This leads into the question
of typical sequences of dynamics. The phase models that have
been proposed to analyze the evolution of IS postulate that
there is a specific order in which symbiotic networks build on
one another. For example, one phase model may start with self-
organization and shift toward facilitated collective learning.
Such learning may have a better chance of success if it builds
on existing symbiotic exchanges that have already achieved a
certain level of maturation.

We propose that a basic distinction can be made between
(1) self-reinforcing dynamics that tend to “extend their own du-
ration” through positive feedback mechanisms (Sterman 2000)
and (2) unstable dynamics that tend to shift relatively easily
into another type of dynamic. For example, the dynamic of
facilitation–collective learning may include a positive feedback
mechanism suggesting that the establishment of one symbi-
otic exchange leads to the establishment of additional symbi-
otic exchanges. This could be the reason why this dynamic
is persistent in several cases. A dynamic that shifts relatively
easily into another dynamic is that of self-organization, be-
cause once the potential of industrial symbiosis is “uncovered”
(Chertow 2007), the involved actors are likely to gravitate to-
ward intentional strategies favoring the further development
of the network. In the Chinese context, several leading EIPs,
including the Tianjin Economic-Technological Development
Area (Shi et al. 2010; Yu et al. 2014a) and Sino-Singapore
Suzhou Industrial Park (Wang et al. 2013b) have manifested a

similar transition from the government planning dynamic to the
facilitation–collective learning dynamic. The common features
of the transition include a higher level of interfirm exchange,
which are often sustained self-initiated symbiotic exchanges.

Conclusion

In this article, we have sought to bring more unity and clar-
ity to understanding the diverse instances of IS clusters and the
pathways through which they emerge and evolve. Identifying
the need for a means of comparing across disparate IS devel-
opments in consultation with research teams across the world
(table 1) has enabled our research community not only to ac-
knowledge the complexity of IS, but also to search more deeply
for a way to look for common driving forces and evolutionary
pathways/trajectories and find a way to address the problem of
equivalence

Our first decision for this article was to explicitly conceptu-
alize IS as a process. Our second was not to offer a standardized
definition of IS, but rather to establish sensitizing terminology
that enables researchers to make explicit, for their specific re-
search project, the dimensions for which they look for common-
alities and differences in the cases they are comparing. Build-
ing on these insights, we identified seven pathways through
which the process unfolds, identifying these as dynamics of IS
and illustrating them in narrative and visual form (table 2 and
figure 2) based on detailed discussion of dozens of case studies.
Eliciting these dynamics then allowed us to set a foundation
for our own generalized expectations, in the form of research
questions about the relationships among starting conditions, IS
dynamics, and outcomes.

We consider this article to be a fruitful starting point for com-
parative studies that seek to deepen our understanding of IS in
its vastly differing manifestations as observed by researchers over
at least the last two decades. Of great need now is empirical test-
ing of the dynamics, reaching out to examine research questions
we have suggested, and requesting and dissecting many more.
In this way, our article is a call for increased discussion and en-
gagement with one another, through contributions to theory,
through finding limitations and improvements to the method
proposed here, and, most of all, through informing practice so
that disparate instances of IS can be commonly understood and
their trajectories assessed and assisted according to the find-
ings of our research community. In this sense, our article is an
invitation to all interested researchers to join the process and
constructively engage development of the framework initiated
here.

Having been deeply engaged in questions of environment
and development for most of our careers, we have a further
hope, which is that others beyond the IS community also
find something useful in this work. We have observed debates
about sustainability, how to define it, when sustainable devel-
opment is differentiated from sustainability, and so forth. We
offer the framework of terminology, dynamics, and propositions
to others who find great variation in their own areas of study
across empirical instances, involving, for example, different
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geographies, economic development projects, or comparisons
across industries. Colleagues studying economic business clus-
ters might see promise here (Porter 1998; Martin and Sunley
2003), as well as those seeking to understand other types of
innovation projects that emerge spontaneously across many re-
gions. Those thinking deeply about business model innovation
and sustainable business models where great variation has al-
ready been seen (Stubbs and Cocklin 2008) might also benefit
in adopting the type of framework we have proposed for IS.
For, after all, we have a common quest to improve the linkage
of economic and environmental performance in a broad array
of circumstances and gain from recognizing that diversity can
provide a means of common understanding.

Notes

1. Our position thus reflects an evolutionary perspective on science.
Especially in small fields of research, such evolution is more complex
than the blind operation of mechanisms of variation, selection, and
transmission. For a developed perspective on evolution in social
systems, see the work of Boyd and Richerson (1985).

2. Note that this is an inductive approach to theory building from
empirically derived typologies. See Doty and Glick (1994) for back-
ground. Seeing theory as a set of social mechanisms is the core
idea of analytical sociology (Hedström and Bearman 2009); it can
be easily extended to include socioecological mechanisms (Boons
2013).

3. The reason we provide alternative ways of looking at dynamics (as
ideal types and sets of conditions) is that we seek to accommo-
date both positivistic and interpretive approaches to comparative
analysis.

4. It is important to distinguish the role of government in providing
boundary conditions and that of the government controlling the
activities of industrial actors. In the latter case, specific rules are set,
monitored, and, when necessary, sanctioned, and the only choice
open to an industrial actor is to comply or not. If the government
sets boundary conditions, it alters the opportunity set of industrial
actors, for instance, through taxes or subsidies. In these cases, an
industrial actor still has autonomy of choice.
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