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Abstract Industrial Symbiosis can help improve the overall efficiency of the
industrial system. The positive impact of implementing symbiotic exchanges
between companies would benefit their host region through increased job
creation and reduced environmental stress, whilst the entities engaged could
benefit from a combination of additional revenue streams and reduced costs.
However, in spite of the potential benefits of 1S, there remains an
implementation gap, with practitioners failing to fully exploit the possibilities
of IS. The objective of this article is to provide a review of the current state of
IS research in order to unlock current gaps of knowledge and practice, and
identify research opportunities which will help close the implementation gap.
The final aim is to explore and understand the areas practitioners willing to
engage with IS need to consider in order to operationalize IS in their network.
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1. Introduction

Sustainability in manufacturing needs to be tackled from a holistic perspective [1].
Emerging as a construct drawn by observing and interpreting the behavior of
industrial systems, Industrial Symbiosis (IS) can bring clear improvements at
company level and also at network level. According WRAP [2] IS can help
companies to reduce raw material consumption, carbon emissions and waste disposal
costs while diverting waste from landfill and opening new business opportunities
related to potential revenue streams from residues and by-products. IS can be
considered a key element for the circular economy. Together with reuse,
remanufacturing and recycling strategies, IS contributes to the creation of value
through the exploitation of waste streams, emissions, and discarded products, in order
to feed other products or production processes [3]. It also brings benefits from a social
perspective. For example, at local and regional levels, IS can contribute to
environmental improvements and new jobs creation [4].

Despite the claimed benefits of IS, its implementation remains challenging for
practitioners implying a gap between theory and achievements in practice [5]. The



objective of this article is to review concepts and dimensions associated with IS
practice in order to unlock current gaps in knowledge and recognize research
opportunities. The final aim is to understand which areas practitioners (i.e. any party
who might be involved in the exploration or implementation of IS opportunities) need
to consider and to explore how to develop support for those practitioners willing to
engage with IS.

The next section introduces the emergence of IS as a concept, defining the scope of
the inquiry. Subsequent sections concentrate on practical aspects identified from
literature areas including IS, Industrial Ecology (IE) and Eco-Industrial Parks (EIP).
We have searched the literature on the design, planning or implementation of IS for
practitioner relevant insights. Key dimensions identified from the literature include:
IS operationalization, geographic dispersion, network development and
intermediaries. This is followed by a review of social aspects of IS. This article
concludes with some final thoughts after a discussion on gaps and research
opportunities related to the practical implementation of IS.

2. Origins and definitions

IS as an idea was inspired by the example of Kalundborg, in Denmark where a
complex network of material, water and energy exchanges between industrial actors
and the local municipality emerged over a period of around 40 years [6]. It was
identified as an example of interest in the early stages of the Industrial Ecology
movement, and became inspiration for the development of eco-industrial parks in the
USA in the 1990’s. A number of definitions are offered by the literature however
there is no definitive definition.

Ehrenfeld and Gertler [7] reflect on IS as a focus on industrial efficiency at the
system level, measured at the scale of the system as a whole, rather than at the factory
level. Thus, some of the companies, viewed independently, may appear to be
inefficient, yet environmental performance can be superior in the overall group of
companies. In 2000, Chertow positioned IS as a part of the emerging field of
Industrial Ecology which “demands resolute attention to the flow of materials and
energy through local, regional and global economies”. IS was described as
“traditionally separate entities [engaged] in a collective approach to competitive
advantage involving physical exchange of materials, energy, water”[8]. This
description emphasized collaboration and geographical proximity as key factors in
synergies, focusing, on the IE subset of flows operating at inter and intra firm levels.

Chertow later expanded on this view in 2007 [9], introducing the 3-2 heuristic! to
aid the identification of symbiotic examples in practice. Lombardi and Laybourn [10],
drawing on the experience of a UK based scheme funded by the government from
landfill tax, frame IS as a tool for innovative green growth stating that “IS engages
diverse organizations in a network to foster eco-innovation and long-term culture

1i. e. that a minimum of 3 organizations (none of which is primarily involved in recycling as an
industry) exchanging 2 resources as a minimum condition for symbiosis.



change” and explicitly diminishing the emphasis on proximity as a key determinant of
IS.

3. Operationalizing Industrial Symbiosis

What does it mean in practice? IS related exchanges can occur as a one-off material
waste exchange(s) or more continuous flows can be exchanged between different
entities with certain geographic proximity [8]. IS opportunities occur at the level of an
industrial process [10] and can therefore be realized by a single company or factory
(intra-firm IS) or in partnership with other companies (inter-firm IS).

How does it come about? IS can emerge unprompted from the interactions between

companies as serendipitous arrangements. Some attempts to plan IS include the
design of industrial estates and eco-industrial parks [11] [5]. Paquin and Howard-
Grenville [12] propose Facilitated 1S as an intermediate arrangement between self-
organized and planned IS. In facilitated IS symbiotic exchanges are enabled by a third
party intermediary such as the National Industrial Symbiosis Programme (NISP) in
UK which is the world’s largest coordinating entity for by-product use between
regional clusters [9][10]. Facilitation and coordination could also be seen as part of
the evolution of IS after its initial establishment in order to enhance the potential
opportunities for collaboration [13].

Company size. The mode of engagement with IS may strongly depend on company
size. Larger companies with multiple sites are more likely to engage in intra-firm IS
[14]. Conversely, SMEs would be more likely to need collaboration with others in
order to realize 1S opportunities. IS opportunities for SMEs could additionally come
from “mutualisation”, i.e. for sharing or creating new waste management
infrastructures, facilities and services between them [15]. This type of solution would
tackle the issue of “whether there is sufficient flow of materials to make IS
worthwhile” [8].

3.1. The geographical dispersion

Geographic proximity between entities was identified as an enabler of the
advantageous exchange of resources among different industries, however, certain
types of waste may have trading opportunities at local, regional, national or global
level [8]. Waste with high market value and relatively cheap transport cost such as
metal, electrical and electronic equipment, plastics, paper and oil are mostly collected
from and delivered to longer distances[16], thus, being candidates for IS applications
outside the local scope. Some authors argue that the adequate scale for IS is the
region [17] [18] whilst others emphasize local collaboration and partnership [19]).
Diversity and complementarity of local organizations has been highlighted as an
important factor to create high-value collaborations [20]. The local level therefore



seems to provide an appropriate scale of application for certain types of IS, especially
when considering the deployment of EIP that will bring a series of companies with
common or complementary needs together to the same geographic location.

At a regional scale, there is some evidence that EIPs look beyond their local area,
expanding the exchanges outside their own boundaries [5]. Zamorano et al. [21]
consider proximity between industrial parks in a region as a positive aspect that
enables collaboration on waste management processes and systems as reaching
economies of scale. Similar findings are reported by Ruiz Puente et al. [15], whilst
NISP first attempts to find resource matches at a regional level.

Chen et al. [16] suggest that exchanges already occurring at regional level do not
imply the need to realize the exchanges at this level for all types of waste. At national
level, evidence has been found of inter-regional exchanges facilitated by national
programs; NISP coordinates different regions to facilitate matches where local or
regional options are not available. National programs for IS applications and for the
deployment of EIP have been funded in several countries so far: UK, US, Sweden,
China, Japan, Germany, Spain, Italy, Korea [15] [20] [22] [23] [24] [25]. We have not
found any intercountry application of IS in literature or practice so far.

4. The network perspective

The scope of IS network research to date focuses mainly on IS planning and design
while coordination and management of IS networks are still little explored [13].
Cooperation is at the core of IS concept [10] [13]. IS itself implies a sense of
cooperation and networking either when the resource exchange is done at
factory/organization level or among different companies. Chertow’s 3-2 heuristic [9]
implies a network approach to IS, rather than a dyadic relationship between
exchanging companies.

Inter-firm cooperation needs to be actively supported in order to keep the IS
network running over time. An environment of trust can facilitate IS deployment, for
example, reducing some related transaction costs: (i) search costs, related to the
identification of opportunities for exchanges; (ii) negotiation costs, related to the
agreement on the terms of the exchanges; (iii) enforcement costs, related to putting in
effect the contract [13].

There are still few studies on IS network evolution and resilience over time. Some
factors, such as the establishment of mutually beneficial transactions and a joint
network vision during the planning process could assure long term commitment [26]
[27] while others, such as the closure of any involved companies, an adverse reaction
of local community or the global / national trends in particular sectors, can create
disruption in the operation of the IS network and cause radical changes or even its
decline [28]. Trade-offs regarding resilience and efficiency of IS networks have been
studied. Resilience increases with the addition of different industries and redundant
commodity exchanges [29] but decreases with interfirm dependency [30]. However,
high-interfirm dependency increases the network’s overall efficiency and reduces the
risk of eco-efficiency losses.



4.1. The role of intermediaries

Third parties have been often involved in recycling and selling the recycled
materials. IS can bring more trading opportunities for them [8]. Waste-solution
providers and specialized waste companies have played a key role during the NISP
implementation [4] and the selection of authorized waste management companies in
EIPs is seen as a means to reach economies of scale [21]. Although they can play a
key role in IS networks, the study done by Posch [27] revealed that recycling
companies tend to establish transaction-based dyadic relations and lack a shared
network identity, network culture and shared objectives.

Occasionally, by-products cannot be used directly as inputs in manufacturing
processes and require treatment by intermediaries or “middleman” [13]. These
intermediaries need to be included in the network management and coordination
processes, thus, having an impact on supply chain structures and complexity. Indeed,
waste collectors and processors are envisaged to have a critical role in supply chains
including IS exchanges [31]. Their capabilities increase the opportunities within a
given supply chain or network, to create closed loops systems. Similarly, the waste
management companies could expand their scope and develop more capabilities to
support new exchanges [4], thus, creating more potential value for the whole IS
network.

5. The social aspects of Industrial Symbiosis

While economic and environmental motives, methods and benefits are mostly
present in IS literature, the social dimension of IS has been frequently neglected,
being addressed by limited research or industrial applications [27] [32] [33].
However, attention is increasing on the social side of IS exchanges and network
development. From a stakeholder theory perspective [34], there are numerous entities
or groups that affect or are affected by the IS. Apart from the companies directly
involved in the exchanges, other relevant stakeholders include industrialists,
regulation bodies, interests groups and consumers [27] as well as local communities,
regions or countries as a whole [4] [13] [35]. Additionally, intermediaries for waste
management and treatment are also new stakeholders which will influence strongly
the value obtained out of the symbiotic exchanges. Cities, towns or residential
communities nearby industrial settings can also participate in IS exchanges. New
symbiotic exchanges can be generated by linking the management of municipal solid
waste (MSW) with local industries [16] [36].

The interactions among companies within IS networks are attracting more and
more interest in the research community. Social factors included in IS studies relate to
institutional capacity, culture change, inter-firm learning, social embeddedness and
social capital. Institutional capacity regards the “recurring interactions between a
group of actors that expands in number and range over time” [37] enabling the
development of the IS network. The long-term thinking required for IS
implementation will bring changes into companies’ culture. IS can foster long-term
culture change, environmental innovations at local scale and promote inter-firm



learning and knowledge generation [10] [20] [27]. Thus, a highly cooperative
organizational culture within the industrial area would be expected to contribute to a
successful 1S implementation [38]. In this regard, cross-sectorial innovations as well
as new research and technology development were interesting outputs of NISP,
enabled by mutual learning and firm-specific knowledge sharing among companies
[10].

The role of trust has been emphasized as an enabler of IS but there is still little
understanding on the mechanisms for building trust and cooperation [33]. This is
being addressed by studies on social embeddedness and social capital. The concept of
embeddedness has been adapted from the field of sociology to IS in order to
understand how social and cultural aspects influence decision-making during 1S
planning and implementation [33]. Within an IS context, the social capital concept
refers to network connections and relationships in the companies participating in the
exchanges [39]. The social capital of middle managers can be crucial for IS
opportunity identification and development, especially in self-organizing IS settings
[40]. The study done by Doménech and Davies [33] connects emotional ties in IS
relationships to IS project examination approach and the reciprocity in the IS
network. The presence of emotional ties would influence IS project evaluation as a
more heuristic approach and a global perspective are taken rather than narrow
economic calculations and would, moreover, improve reciprocity between companies
in the network as well as knowledge transfer and cooperation.

6. Gaps and research opportunities for Industrial Symbiosis
implementation

Companies could see in IS an opportunity to extend their resource productivity [8]
while transforming negative environmental externalities into positive environmental
benefits [13]. However, practitioners need to be cautious as IS may not be the only or
optimal mechanism to solve all energy and resource efficiency problems. IS
opportunities should be compared to other possible improvement mechanisms in
order to assess its viability and applicability and to find the most eco-efficient
solution [20] [41]. For example, if disposal of waste is just a small percentage of
operating costs or if there is not scarcity of resources in the area, IS may be less
attractive [8]. The appropriateness of the solutions will be strongly influenced by
contextual factors. These factors can be related to social, informational, technological,
economic and political aspects that will conform a potentially enabling context for IS
[42] as well as environmental factors that will influence the reliability and life span of
the IS network [43]. There is then a need for further research on tools and methods
that can support practitioners to identify, at early stages of ideation, the available
opportunities for their waste streams and for their procurement activities from an IS
viewpoint and to evaluate these opportunities against other possible strategies for
efficiency improvements.

Government policies may influence a wide range of aspects when looking at 1S
networks [5] [22]. For example, waste management is still not a common concern for



many top managers [27] and this may be inhibiting efforts devoted to 1S development.
Regulatory measures could support 1S implementation and create higher awareness
among companies’ top management. Regulations that penalize lower waste hierarchy
management levels and coordination programs to facilitate and assist companies
during the IS opportunity identification stage are examples of possible positive
government interventions [42]. Conversely, practice may be aided by the removal or
amendment of legislation and regulation which inhibits IS, e.g. removing unnecessary
bureaucracy and streamlining processes.

Thus, there is not a one-size-fits-all when planning and implementing IS as context
specific characteristics will shape the scope and opportunities for IS in each
individual case. These characteristics include but are not limited to; company size and
production processes, geographical landscape and regional industrialization as well as
country-specific trade regulations and policy. The high degree of characterization
needed for the design of IS in different contexts means practitioners would benefit
from support (e.g. tools and methods) developed specifically to address
contextualization challenges for IS design and planning.

Last but not least, for IS to flourish in practice, all actors in a potential IS system
need to derive value from the network. Understanding the benefits (both monetary
and related to other forms of value) provided to all actors in the system will help
create the levels of trust that will keep the IS system running. Especially in facilitated
IS, once the facilitator has left the system, built trust and well-understood benefits
could support the survival of the IS system. It appears therefore that reciprocity is a
key principle for practitioners wishing to design and implement IS, with the
reciprocal benefits of network participation potentially underpinning long term
success of IS implementations.

7. Concluding remarks

IS was established as a term of art within the field of IE, capturing a particular
configuration of industry, found in Kalundborg Denmark, and typified by a complex
web of resource exchanges. The definitions offered for IS vary but the broad identity
is a network of actors who exchange resources which would previously have been
wasted in some way. This recovery of latent value can occur within companies,
between companies who are often (but not always) proximate, and who may be from
previously unrelated industries. Thus, a symbiotic relationship is established between
processes (in terms of resources) and companies (in terms of value) contributing to
competitive advantage.

Implementation and active design of IS systems however has proved challenging in
practice, with numerous failed or partially successful exercises noted in the literature
and few successors or equals to the original inspirational example identified. Where
success has been achieved in practice and documented it has often emerged in
incremental fashion, developing over time and contributing to the overall business or
network goals. In a notable example (NISP), facilitation of knowledgeable experts



and a capacity for innovation has been identified as key factors in encouraging
resource based exchanges.

Drawing on the metaphor of IS, we can see that companies are already engaged in
a complex web of exchanges of resources and value which is the basis of the product
and service delivery system which we rely on. The notion of IS specifically refers to
the waste which arises as a by-product of that system. From a waste hierarchy
perspective we might choose to reduce or eliminate the wastes before recycling and
re-using them. However the latent value which is contained within the wastes should
also be considered and evaluated as part of the business proposition. Indeed when
viewed through an innovation lens, we might re-conceive the framing of IS as part of
the core business search for competitive advantage.

This suggests that IS is something which emerges from latent value associated with
surplus resources within an industrial network, which is exploited through innovation
and cooperation. The implication of this being that it is necessary to treat waste not as
a problem whose negative effects are to be minimized but as a resource from which
maximum value can be extracted.
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