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Abstract: For the last 20 years, the field of industrial symbiosis (IS) has raised interest among
academics and industries. IS consists of dissimilar entities sharing and valorising underutilised
resources such as materials, energy, information, services, or technologies in the view of increasing
the industrial system’s circularity. Despite the benefits brought by IS, though, barriers hindering the
full dissemination of IS remain. This paper presents a methodology developed in the framework of
the H2020 European project EPOS that aims at removing some of the obstacles to the implementation
of IS. The method follows a multidisciplinary approach that intents to trigger the interest of industry
decision-makers and initiate efforts to optimise the use of energy and material resources through
symbiosis. It is applied to an industrial cluster located in the Humber region of UK. The case study
shows how the approach helped to identify several IS opportunities, how one particular high-potential
symbiosis was further assessed, and how it led to the creation of a business case. It was estimated
that the identified symbiosis could bring substantial economic (+2000 k€ pa), environmental (−4000 t
of CO2 eq. pa) and social (+7 years of healthy life) gains to the region.

Keywords: industrial symbiosis; case study; industrial ecology; resource synergies; circular economy;
sustainable business model; decision-making facilitation; value assessment; blueprint

1. Introduction

1.1. European and British Context

In December 2015, at the Paris climate conference (COP21), 195 countries adopted a global climate
deal that defines a clear set of actions to limit global temperature rise below 1.5 ◦C [1]. This target
represents an opportunity to transform society and prepare for a more sustainable future. However,
it also implies a fundamental shift towards a low-carbon and resource-efficient economy and poses
a new set of challenges. Economic growth is not easily compatible with the fight against climate
change [2]. Thus, change of mind-set, new business models, and technologies have to be developed
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to ensure a smooth transition towards a more stable and healthier human society. In this context,
the circular economy model offers the possibility to combine both the opportunity of reducing the
pressure on the environment while enhancing competitiveness, growth, innovation, and job creation [3].
This economic model aims to move away from the traditional linear economic model, based on the
‘take-make-consume-throw away’ pattern [4]. It implies extending the life cycle of products by sharing,
leasing, reusing, repairing, refurbishing, and recycling existing materials [5].

Today, the circular economy concept is being widely promoted by politics. The European Union
(EU) adopted the Circular Economy Package on 2 December 2015 [6], establishing a set of 54 measures
and four legislative proposals on waste, and contributing to ‘closing the loop’ through greater recycling
and reuse of co-products. In the UK, the first impulse to shift towards a more circular economy
was given by the Ellen MacArthur Foundation reports [3,7,8]. They indicate that a circular economy
could decrease the EU emissions by 450 million tonnes by 2030 compared to 2015 levels, lower net
resource spending in the EU by €600 billion annually, and create 580,000 jobs. More specifically, a more
circular economy for the UK could be worth £9–29 billion a year, and create 10,000–175,000 jobs by 2030
depending on the initiatives adopted [9]. The Ellen MacArthur Foundation’s studies were followed by
a report from the House of Commons Environmental Audit Committee [10], calling the government to
take actions to facilitate the transition to a circular economy. In November 2014, the UK Government
responded, encouraging, and endorsing the principle of a circular economy [11] as cited by [12].

Since then, the new Department for Business, Energy and Industrial Strategy (BEIS), created in
2016, provides an opportunity to address resource challenges and integrate circular economy principles
into the new UK industrial strategy. In October 2017, BEIS released its Industrial Decarbonisation and
Energy Efficiency Roadmap Action Plans for seven key energy-intensive sectors (cement, ceramics,
chemicals, food and drink, glass, oil refining, and pulp and paper) [13]. The reports investigate the
possibilities and opportunities for enabling these key industrial sectors to decarbonise and become more
energy efficient. It builds on the potential identified during the first phase of the industrial roadmaps
project [14], and defines sets of actions that support the industry to reduce its emissions over the
longer-term while staying competitive. For several key industrial sectors [15,16], the circular economy
and the increase in clustering (e.g., industrial symbiosis) are clearly identified as key drivers to maximise
resource efficiency and cut-off industrial emissions. Finally, in 2017, the British Standard Institution,
with funding support from BEIS, launched the first circular economy standard (BS 8001:2017) [17].

The Humber region, located on the east coast of Northern England, UK, is one of the key
areas targeted by the UK Government to achieve national carbon emissions reduction targets by
implementing circular strategies [18]. Indeed, it hosts one of the largest and busiest port complexes in
the UK [19] and the region is one of England’s most diverse industrial system [20], with one of the
highest concentration of food processing, chemical, fuel and power production facilities [21]. It is also
a strategic area for the UK’s energy supply, hosting a (petro)chemicals sector worth £6bn per year [22].
As a result, it is responsible for 27% of UK’s total CO2 emissions emanating from industries subject to
Integrated Pollution, Prevention, and Control regulations [23] derived from [24]. It is thus a priority
to reduce the region’s environmental footprint while preserving industries’ competitiveness and the
prosperity of the local society. Moreover, a report from the European Horizon 2020 project EPOS
(Enhanced energy and resource Efficiency and Performance in process industry Operations via onsite
and cross-sectorial Symbiosis) has shown that the Humber area was a hot spot for the development of
industrial symbiosis, because it concentrates a large number of sites from various industrial sectors
(see Figure 1). In this case, the industrial density was calculated taking into account the following
industrial sectors: cement, petrochemicals, steel and minerals. For more information the reader should
refer to [25]. The circular economy, and more specifically industrial symbiosis, are relevant strategies
for the sustainable development of the Humber region. The favourable context of the Humber area
offers the opportunity to investigate how these circular strategies can be promoted and implemented
in the region.
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1.2. Theoretical Background

Industrial Symbiosis

The scientific domains of industrial ecology (IE) and industrial symbiosis (IS) are two areas of
action that are mobilised towards the purpose of providing innovative answers, methods, and tools to
help heavy industries, among others, transitioning to a circular economy and improving their use of
resources. To some extent, IE is even considered as the foundation of the circular economy [26,27].
Indeed, similarly to IE, the circular economy considers the industrial system as part of a larger
ecosystem where the material and energy flows need to be optimised to limit the extraction of natural
resources and reduce the impact on the environment, thus moving towards a more circular system.
It should also be noted that, today, the enthusiasm towards the circular economy makes the policy
relevance of IE very high [28].

IS is a subfield of IE that focuses on the study of industrial networks in which resources are shared
and valorised. By extension, it also describes the synergies and exchanges created in such industrial
clusters [29]. The first and most cited definition of IS [30] was given by Chertow [31], who states that it
‘engages traditionally separate industries in a collective approach to competitive advantage involving
physical exchange of materials, energy, water, and/or by-products’, and defines geographic proximity as
one of the ‘keys to industrial symbiosis’. Several IS practitioners contradicted this last point [30,32–36],
invoking the fact that IS can exist between actors quite distant from each other. Therefore, an updated
definition was proposed claiming that geographic proximity is ‘neither necessary nor sufficient’ to IS
and extending the perimeter of IS to non-physical flows such as information, knowledge, technologies,
and services [30].

As observed by Desrochers [37] and Van Eetvelde [34], IS is not a foreign concept for industries.
For decades, companies and industries have worked together, joining forces to operate more effectively
and reduce production costs. Chemical parks provide genuine examples of such industrial eco-systems,
where companies located next to each other and operating different processes are sharing their facilities,
utility networks, (co-)products as well as their services such as maintenance and logistics [38]. There are
numerous examples of IS networks demonstrating that the concept allows improvements by which
resources are utilised, offering thus economic, environmental, and social benefits [39]. The most famous
example of such networks is the Kalundborg eco-industrial park [29,34,40,41].

Barriers to Industrial Symbiosis

Despite the proven benefits brought by IS, today, only 0.1% of the 26 million EU enterprises
are known to be active in this field [42]. This phenomenon can partly be explained by the fact that,
during the past two decades, companies had access to relatively cheap and abundant resources [43].
However, given the rising societal and institutional pressure on industries to reduce their environmental
impact, as well as the possible exhaustion of some resources, there is an urgent need for solutions that
could help to remove the remaining hindrances to IS dissemination. The barriers to IS are numerous
and have been listed by many in IS literature [33,34,42,44–47]. Golev et al. grouped the barriers to IS in
seven categories [44]:

1. Lack of commitment to sustainable development. It reflects the absence of commitment of managers to
develop and participate in symbiosis projects. Several reasons can explain this situation such as
the lack of sustainability monitoring systems and targets within the organisation [46], the focus
that is only put on maximising the company’s profit rather than the system’s one, the negative
connotation about waste, the resistance to organisational changes [48], and the relative lack of
knowledge about the value of IS [49].

2. Lack of information sharing [44]. Given the confidentiality restrains of industry, sharing data
usually implies non-disclosure agreements and intellectual property rights granting protection to
a company’s background assets. These constraints hinder the exploration of new connections [47]
and limit the discovery of new potential exchanges between companies [50].
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3. Lack of cooperation and trust is also reported as one major obstacles to the development of IS [44,46].
This barrier relates to the possible fear for any company to depend on another partner [46],
especially on the longer term, and it can hamper the discovery of new symbiosis and the
development of the whole network. Furthermore, cooperation usually means more constrains
for companies because of the lack of flexibility, the emergence of new contractual clauses,
the complexification of the current internal processes, the development of new systemic risks that
are difficult to manage internally, and the difficulties of sharing the benefits of the IS [51]. An IS
facilitator can significantly help improving the trust and cooperation between the partners [44,52].

4. Technical infeasibility. The technical feasibility of the symbiosis is a prerequisite to proceed with
any symbiosis [44]. The implementation of some symbiosis sometimes requires times and efforts
to develop new technologies such as specific treatment and separation processes. The lack of
technical knowledge within the industry often becomes the bottleneck to the development of a new
project. In addition, the technical feasibility of an IS highly depends on the quantity, the quality
and the availability of the exchanged resource [53] and such requirements are sometimes difficult
to meet.

5. Uncertainty in environmental legislation [44]. This is particularly true when assessing the feasibility
of a symbiosis. Companies are often reluctant to pursue IS projects because of the inconsistency,
the inflexibility but also the volatility of the environmental regulation and its enforcement [42].
A good example of this, is the difficulty to obtain the approvals for waste reuse projects [44];

6. The lack of awareness from communities can also stop to the development of IS projects. Sometimes
communities are not conscious of the environmental and social benefits brought by IS and can be
reluctant to see an increase in nearby industrial activities [44]. On the other hand, a community
with a good knowledge about IS and its potential gains can be a driver for the implementation of
an IS project [44].

7. Economic infeasibility: the appropriate market conditions should be met in order to create IS
opportunities [42]. In some cases, even if the symbiosis proves to be technically feasible and
relevant in terms of environment and social performance, it cannot proceed because additional
transaction costs are too high [54,55] and economic gains are too insignificant for the project to
meet the cost-benefit requirements (low return on investment, high payback time).

1.3. Focus of this Paper

Methodologies and tools were developed in the course of the H2020 EPOS project [56–58] in order
to provide solutions to some of the barriers mentioned above. The methods focus on the preliminary
assessment of the local conditions and stakeholders’ needs, the engagement of the relevant stakeholders,
the identification of IS opportunities and their assessment to determine their feasibility and thus to
facilitate their implementation [59]. The EPOS methodology presented in this paper is applied to
the EPOS Hull cluster (see Figure 1) where it enabled the identification of one IS opportunity with a
high potential.

This paper documents this IS case. First, Section 2 describes the case study selection process,
as well as the EPOS methodology. Then, Section 3 details the IS case and shows how the EPOS
multidisciplinary approach, that looks at both soft and engineering aspects of IS, can be applied. In this
case, the methodology highly contributes to uncover the potential behind a specific IS opportunity for
all the stakeholders and triggers the implementation of a symbiosis in the EPOS Hull cluster. Finally,
Section 4 discusses how the proposed methodology helps removing some of the barriers to IS, how it
differs from some existing methods, and how it completes them. Finally, some of the limitations of the
proposed methodology are reviewed and research perspectives are provided.
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2. Methodology

2.1. The EPOS Context and Case Study Selection Process

The EPOS project is an EU H2020 project [60]. It brings together five global process industries, each
one representing a key industrial sector: steel, cement, chemicals, minerals, and engineering. They are
supported by five SMEs and two universities [60]. EPOS’ main objective is to enable cross-sectoral
IS by providing solutions to overcome some IS implementation barriers and especially: the lack of
commitment to sustainable development, the lack of information sharing, the lack of cooperation and trust,
the lack of awareness from communities and the economic infeasibility.

The project is organised around five clusters, each one grouping several partners of the project
(see Figure 1), and where all the methodologies developed in the course of the project can be tested.
An EPOS industrial cluster is defined as two or more industrial sites that cooperate with each other in
order to efficiently share streams and activities (energy, resources, waste, materials, water, services,
technology solutions, etc.), with the aim of enhancing economic gains, environmental quality and
social responsibility for the business as well as the local community.
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This paper details the research carried out within the Hull cluster (located in the Humber region,
UK). It has been selected due to its high IS potential and to the readiness of EPOS industrial partners to
investigate IS opportunities. Owing to long history of IS in the Humber region, actors are particularly
open-minded and attentive to such projects. In 2000, it was in that same area that the first UK IS
programme was launched: the Humber Industrial Symbiosis Programme (HISP) [39,61]. It was
initiated by a major oil and gas company operating in the region [62]. This initiative inspired the
implementation of similar programmes in other regions of the UK (National Industrial Symbiosis
Programme (NISP) [63]) and the completion of smaller initiatives in the Humber region [64].

Five main actors are identified in the EPOS Hull cluster: four companies from different industrial
sectors (cement, chemicals, minerals, and engineering) and Hull’s local community. Figure 2 highlights
the cluster’s current configuration and the distances between the industries. The reasonable distances
between the partners as well as the variety of industrial sectors explain the high IS potential of the
cluster and the reason it has been selected.
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2.2. The EPOS Methodology

The creation of a symbiosis is a multi-step process that goes from the identification of an opportunity
to its implementation and operation [65]. Yeo et al. [59] describe this IS creation process as six steps that
are interconnected and retroactive: (1) preliminary assessment, (2) engage business, (3) find synergy
opportunities, (4) determine feasibility, (5) implement transactions, and (6) documentation. Steps 3, 4
and 5 appear inherently during any IS creation process, while steps 1, 2 and 6 are more optional and
depend on the way the IS develops (self-organised, planned or facilitated).

The EPOS methodology aims at facilitating the first four stages, namely the preliminary assessment,
the engagement of stakeholders, the identification of IS opportunities, and the feasibility definition. It even
foresees the insertion of an intermediary steps (between steps 3 and 4) that provides a preliminary IS
assessment, business model and business cases to trigger the interest of each stakeholder decision-maker
and validate the interest of launching a more in-depth feasibility study. The methodology builds on
theoretical concepts and existing tools—from different fields. The methodology was systematically
tested by the industrial partners of the project, across the five EPOS clusters. The methodology was
refined based on the feedback from the companies to make it generic and operable by a variety of
actors. These actors include companies or IS facilitators (e.g., cluster managers, consulting companies,
academics, local public authorities, associations, etc).

The EPOS methodology adopts a funnel approach in terms of scope and is organised in seven
interconnected steps (Figure 3). The first six steps are adapted from [56] while the seventh goes further.
At the cluster level, the steps enable the identification of IS opportunities between the existing cluster’s
actors and the examination of the background information that might be of importance for the rest
of the analysis. At the symbiosis level, the scope is reduced to the analysis of a single symbiosis that
emerges from the list of previously identified IS opportunities. A IS business model is created after the
symbiosis is assessed while taking into account the whole set of stakeholders. The exchange is assessed
while taking into account the whole set of stakeholders. At the actors’ level, the methodology provides
decision makers with a specific business case that aims at triggering the interest of the decision-makers.
The last step (feasibility study) guides the firms that have decided to proceed with the symbiosis,
explores the technical feasibility of the exchange, and can even help to improving the organisational
aspects of the symbiosis.

The whole methodology is considered as an IS accelerator enabling a fast identification of relevant
IS opportunities and their analysis, and that could contribute to the broader dissemination of the IS
concept. The methodology and the required inputs and expected outputs of each individual steps
are detailed below. The first six steps are more likely to be carried out by IS facilitators. While, step 7
should be taken over by one of the central stakeholders of IS that finds an interest in the IS opportunity.
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Step 1—LESTS Analysis

In the EPOS methodology, LESTS (Legal, Economic, Spatial, Technical, and Social) analysis helps
to assess the under-utilised resources of an industrial cluster to identify potential IS opportunities.
Additionally, it helps understanding the context and the dynamics between the stakeholders. To do so,
the initial LESTS approach, adapted from that proposed by Van Eetvelde et al. [33] by Maqbool et al. [66],
is applied.

The method enables scanning industrial clusters, identifying relevant actors, and analysing their
relationships regarding the five LESTS aspects. Based on these aspects, surveys are prepared and sent
to the managers of each main company involved in the cluster. Their answers are gathered, aggregated,
and a preliminary list of IS opportunities is drawn. These opportunities aim to enhance the existing
level of collaboration between companies that have a wish, need, or duty to collaborate [66]. The final
list is then provided to industries that are asked to rank the identified symbioses on a scale of 1 to 5
in order of increasing interest based on two aspects: (1) technical suitability and (2) organisational
suitability (see Table A1 in Appendix A). Their answers are aggregated. Based on EPOS experience, if a
symbiosis scores above 3, it has a potential for implementation and it is selected for further investigation.

Step 2—SWOT Analysis

During this step, the most relevant pieces of contextual information from step 1 are used and are
presented using the well-known Strengths, Weaknesses, Opportunities, Threats (SWOT) framework
developed by Hill and Westbrook [67]. The main objective of the SWOT analysis is to provide a
qualitative grasp of the implementation potential of the IS opportunities. It also provides some
guidelines to draft sustainability goals of the clutser that might direct towards the implementation of
further IS [68]. In addition, SWOT analyses of each opportunity can be carried out in order to refine
the preliminary list of IS opportunities and prioritise them for furhter assessment.

Step 3—Scope Definition

After step 2, the user of the EPOS methodology should only focus on one of the most promising
opportunities. The goals of the step are to: (1) identify the system of stakeholders implied or impacted
by the symbiosis and (2) define the scope of the analysis, and especially the business as usual (BaU) and
symbiosis scenarios [56]. Scope definition is crucial as it provides a clear understanding of the potential
issues associated with the IS implementation and creates a framework for analysis of benefits and
impacts. It also identifies the stakeholders that should be further considered during the elaboration of
the business model.
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First, based on the primary data gathered about the cluster in step 1, the actors involved in
the symbiosis are identified and characterised according to their degree of engagement: central
(directly involved, e.g., sender/receiver), peripheral (indirectly involved, e.g., carrier, service provider),
and external (not involved, but can be positively or negatively impacted by the IS). All these actors,
with their own role, make up the set of stakeholders. Some relevant actors might also be identified later
while further analysing the IS, especially the ones located outside the cluster boundaries (e.g., treatment
plant with a specific process).

Second, further information is collected—using primary and secondary data—to help define
the BaU and the different IS scenarios. A technical literature review is performed to understand
the industrial processes and more precisely, the risks and parameters that would be impacted by
the IS creation and its operation. Typical information sources are BREFs (Best available techniques
REFerence documents) [69] and academic literature. Subsequently, feedback is collected from the central
stakeholders to ensure the validity of all the collected information and, if necessary, to supplement the
collected information with additional technical and organisational data. Then a BaU and multiple IS
scenarios are defined. Several IS scenarios are required to account for the remaining implementation
uncertainties (e.g., type of transport, treatment, etc.). To ensure the robustness of the scenarios,
additional economic, regulatory and technical data are used (e.g., market prices of the materials
substituted, treatment technology and service costs, landfill costs, local taxes, engineering quotes, etc.).
Some expert knowledge is often required to certify the validity of information at every step. It is thus
recommended to have a specialised third party leading this step.

Step 4—Value Mapping

The BaU and symbiosis scenarios are assessed using a multi-dimension framework. By definition,
IS creates a sophisticated conglomerate of environmental, economic, social and regional values [70–72].
The applied methodology allows a systematic identification and the qualitative and quantitative
analysis—whenever possible—of these different values, and more importantly the ones generally not
considered in a traditional decision-making process [73]. For some values, this approach adapts the
value mapping tool developed by Bocken et al. [74] to IS conditions. It also includes collaborative and
endogenous evaluation methods [75] to enable the involvement of all the stakeholders during the IS
impact assessment. The outcome of step 4 is an extensive mapping of positive and negative values that
the IS might create (or destroy) for the system of stakeholders.

Economic values are estimated using a cost-benefit analysis with data gathered in Step 3.
These values are divided into two categories.

• Value(s) created:

� New revenues are typically created by selling underutilised resources. The value of these
revenues depends on how the resources are valorised (as heat, combustible or material),
the type of substituted resource and their quality. They can be assessed by comparing
resources with their equivalents on the market;

� Costs avoided are related to public bodies (e.g., taxes) or private entities (e.g., end-of-pipe
treatment) and must be anticipated during scope definition.

• Value(s) destroyed:

� New costs depend on the type of the new symbiosis. They can be inherent to its creation (e.g.,
transport, transaction costs, etc.) or optional (e.g., new equipment or on-site operations).
They are pre-identified in scope definition and refined using technology databases [76];

� Value(s) missed are either generated upstream in the value chain of the substituted resource
(e.g., supply of raw materials) and downstream in the value chain of the exchanged resource
(e.g., waste treatment).
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Environmental values are evaluated using a tailored preliminary life cycle thinking (LCT)
methodology adapted to the IS context, using SimaPro software [77], the method Impact 2002+,
and the ecoinvent database [78] for the life cycle inventory. The assessment is cradle-to-gate, meaning
that only the life cycle steps from the resource extraction to the factory gate are taken into account.
Distribution, use, and end-of-life stages are excluded from the study as the final products are the same
in both the BaU and the IS scenario. Therefore, they do not affect the environmental performance of the
symbiosis. The results can be provided according to 15 midpoint indicators, 4 endpoints or aggregated
in a single monetary unit indicator (€) using the StepWise 2006 monetisation methodology [79].
The more aggregated the results are, the more intelligible they are for a large public, but in the
meantime the underlying assumptions are hidden. The user of the methodology can choose the
adequate level of detail for the environmental values, according to its needs.

Social values refer to values emerging from the generated social capital, i.e., an accumulation
of resources collectively built through a relational network and involving various actors [80,81].
These values are generated by the new relationships created between and within organisations thanks
to the new IS. They depend on the strength and frequency of those new inter- and intra-companies’
relationships. Typical social values include improved people/employee well-being, initiation of
innovation strategies, and improved relationships with local communities. The proposed methodology
provides 20 indicators (see Supplementary Material), selected from an extensive literature review
and categorised under five groups; namely, governance, actors, relationships, motivation, and effort.
They are designed to raise awareness on less tangible values that a symbiosis can create and should
guide the stakeholders during their own assessment.

Regional values refer to the concept of regional capital (this concept refers to the French concept of
‘territorial capital’), i.e., a system of regional goods and items that characterize a certain region (economic,
cultural, social and natural) and enable its development [82,83]. This multidimensional capital
determines the regional competitiveness of a region in comparison with others, at a global scale [84,85].
Values are created through regional externalities (e.g., ability to attract innovative actors, healthy
environment, infrastructures, etc.) that generally cannot be made private [86]. A set of 32 indicators
(see Supplementary Material) is proposed to guide the assessment of such values. Indicators are
categorised under seven groups; namely, territorial attractiveness, economy development/preservation,
societal impacts, environmental impacts, relation with regional strategies, and innovation and autonomy.
Most of these values refer to common or public goods. As public authorities are deemed responsible
for their development or preservation, it is assumed that they are the main beneficiaries of the
values created and should be included in the value assessment process. Using this set of indicators,
the stakeholders, including public authorities, can assess the regional values created by the IS.

The outcome of Step 4 is an extensive mapping of positive and negative values that the IS might
create (or destroy) for a wide range of stakeholders, including values which may not be considered in
a traditional decision-making process.

Step 5—Business Model

Step 5 is dedicated to setting up the symbiosis business model, using the IS sustainable business
model canvas proposed by Ogé et al. [56]. This framework takes Osterwalder and Pigneur’s business
model canvas as a conceptual basis [87], integrates sustainable considerations from [74,88] and adapts
it to fit IS. It not only integrates economic value proposition but also the related environmental, social
and regional aspects. The IS sustainable business model canvas provides means to bring innovative
paradigms into existing businesses and support the evolution of traditional business models towards
sustainable ones [89]. Concretely, the canvas aims at summarising all the information collected and
analysed during the previous steps and defining how and by who the values created should be captured.

Step 6—Business Case
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Based on the business model that is developed in the previous analyses, a business case is proposed
for each stakeholder. It informs and advises decision-makers by providing all arguments to justify,
or reject, the implementation of the IS. The business case is composed of the following information:

• The IS project context (economic, regulatory, environmental, local, etc.);
• Pieces of information for the stakeholders and the answer to the question ‘why the organisation

needs the IS?’;
• The comparison between the BaU and the other competing projects (advantages/disadvantages);
• How the value proposition of the IS propositions satisfies the organisational needs;
• The evaluation of the impacts on the organisation;
• The assessment of the financial risks.

Step 7—Feasibility Study

If a real interest in IS implementation is identified, a feasibility study can be initiated by a central
stakeholder to identify what are the technical barriers to the symbiosis implementation. Step 7 provides
methods and tools to initiate such a study and provides a guide to define the technical and logistic
options for the IS.

The feasibility study starts by re-assessing what could be the potential issues and opportunities
associated with the IS implementation. This evaluation is done according to the five LESTS aspects.
This way, central stakeholders can take a step back and reengage in the study. Then, technical and
logistic options are further investigated, for example by carrying industrial trials.

Finally, the concept of sector blueprint, developed in the EPOS project, can be used to investigate
further the IS (e.g., look for additional heat integration opportunities). Blueprints are at the heart of the
EPOS engineering approach. They are created for three chemical processes (a refinery, a polymerisation
reaction and the synthesis of basic organic chemicals), for three other industrial sectors (steel, calcium
carbonate production and cement), and one for district heating networks. They are available through
the EPOS user club) [90]. The goal of blueprints [57,58] is to facilitate knowledge exchange to foster IS.
Industrial sector blueprints comprise typical processes and include information on the material inputs
and outputs of the processes as well as their thermal and electrical energy profiles. The blueprints
are not intended to be exhaustive or to be an accurate description of the operations of the process
units. They are meant to provide an insight into which resources are available and needed in a given
process industry.

At the end of this step, the central stakeholders should be provided with a complete overview
about the possible configurations that the IS under consideration could adopt.

3. Case Study

This section describes how the EPOS methodology presented in Section 2 is applied to the EPOS
Hull cluster. Steps 1 to 6 were performed by members of the EPOS consortium, acting as IS facilitators.
The feasibility study (Step 7) is performed by the chemical industry involved in the EPOS Hull cluster
and taking part in the IS. For each of the steps, a short description of the studies, the used data, and the
main results is given.

3.1. Step 1—LESTS Analysis

The information that was gathered for the LESTS analysis is already provided in Sections 1.1
and 2.1 of this article. Briefly, this information describes the overall policy and legal context at the
EU and local level, as well as the history of IS in the Humber region. The section on EPOS context
and case study selection has also detailed who were the key actors that took part in the interview and
research processes and describes their spatial distribution (see Figure 2). Based on the analysis of the
LESTS survey answered by these actors and the literature review carried out by the IS facilitator, 13 IS
opportunities were identified in the Hull cluster. Table 1 summarises these opportunities with their
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associated score of interest that reflects their technical and organisational suitability. Based on the
feedback of the stakeholders three symbiosis scored higher than 2.5:

1. The substitution of a primary fuel in cement kiln by a waste resource (PLF) from the
chemical industry;

2. The substitution of the calcium carbonate extracted from the cement producer’s quarry by a chalk
already extracted by the mineral producer;

3. The safe storage of cement kiln dust (CKD) in the mineral producer’s old quarries.

According to a preliminary qualitative analysis, these three symbioses appear as the only ones
with a real potential for implementation. Other opportunities either required technologies that were not
available on site (hence high investment) or have a low return on investment. Therefore, the analysis
proceeded with the three previously mentioned IS opportunities.

Table 1. List of identified IS opportunities in the Hull cluster with their associated score of interest.

IS Opportunity Sender(s) Receiver(s) Interest Score a

Use PLF b stream as an AF c in cement kiln Chemicals Cement 3.5
Reuse calcium carbonate rich reject stream Minerals Cement 3
Cement Kiln Dust Cement Minerals 3

Capture CO2 and use it in a greenhouse Cement, Minerals Local community 2.3
Reuse spent catalyst Chemicals All industries 2.3
Install micro-turbines on the river Humber All industries Local community 2.3
Organise combined health and safety
trainings Engineering All industries 2.3

Recover heat from exhaust gas Minerals Cement 2
Recover heat from condensates Chemicals All industries 2
Valorise low temperature heat with district
heating network Cement Local community 2

Use excess cooling capacity Chemicals All industries 1.7
Recover heat from exhaust gas Cement All industries 1.6
Reuse cardboard, plastic, rubber wastes Cement All industries 1.3

a Aggregated scores using the answers from all industrial partners, b Primary Liquid Fuel, c Alternative Fuel

3.2. Step 2—SWOT Analysis

Individual SWOT analyses were carried for each of the three previously selected IS opportunities
to choose the most promising one. It showed that a prohibitive regulatory aspect (threat) prevents the
implementation of the IS involving the safe storage of cement kiln dust (CKD) in the old quarries of
the mineral producer. Indeed, the CKD contains alkaline compounds that inhibit the mineral producer
from storing it in its career, as it is located in a flood-risk area. Therefore, costly infrastructures would
be required to safely store the waste. The opportunity to reuse calcium carbonate rich reject stream also
presents some weaknesses due to the composition of the chalk. Specific equipment would be required
to sort the calcium carbonate reach stream, which would induce an additional investment that is too
high compared to the low volume of the stream.

On the other hand, the opportunity involving the Primary Liquid Fuel (PLF) has the highest score
(highlighted in blue in Table 1) and proves to have the best implementation potential. This opportunity
concerns the possibility for the chemical plant to send one of its liquid waste fuels to the cement
producer and use it as alternative fuel. The stream from the chemical process is currently sent to a third
party in exchange for steam. However, the PLF negatively affects the efficiency of the third party’s
boilers, thus the chemical company has to pay an extra price on the steam it receives. On the other
hand, the cement producer has a permit to burn 100% alternative fuel (AF) in its kilns, and currently,
due to limited supply, only 80% of the fuels burned are classified as AF. Since the PLF stream respects
the primary specifications to be burned inside a cement kiln (e.g., low heating value above 16 MJ/kg,
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and no contaminants under the form of heavy metals such as lead or mercury), it could replace a
portion of the remaining 20% that is now provided by primary fuel.

In parallel, the SWOT analysis of the Hull cluster was carried out by the EPOS IS facilitator using
the information gathered in Step 1. Results are provided in Table 2. The SWOT analysis reveals
additional contextual criteria that demonstrate the high potential of the PLF opportunity, as it could
reduce some of the cluster weaknesses and threats (highlighted in blue in Table 2). Indeed, by reusing
the stream as a secondary fuel, the whole cluster will decrease its dependence on non-renewable
energy sources and will increase the regional energy autonomy. Furthermore, both the chemical plant
and the cement producer could reinforce their competitiveness through cost reduction, new revenue
creation, and the anticipation of future stricter regulations related to CO2, particulate matter (PM)
emissions, and energy efficiency. Additionally, as the quantity of the stream to be exchanged is
low, the symbiosis does not seem to require significant changes in the main processes of the central
stakeholders. Geographic proximity is also not a barrier as the stream can easily be transported
over large distances. Finally, this opportunity builds on and reinforces some of the cluster strengths,
especially the willingness of the current actors to collaborate and the stability of their respective
markets. The last point is of high interest because it would enable a long-lasting IS. Due to its
particular attractiveness, it is therefore the PLF synergy that is further investigated.

Table 2. Hull cluster SWOT analysis.

Helpful
(to Achieve the Object)

Harmful
(to Achieve the Object)

Internal origin

• Established industries with long
history of embeddedness in the local
industry and community

• Active paticipation in the local
initiatives for policy recommendation

• Willingness to collaborate
• All partners belong to stable markets

• High dependence on
none-renewable energy

• Established industry with large
investments in frastructure, which makes
it harder to implement radical innovations

• Geographical proximity is not optimum
for some type of exchanges

• Currently the volumes of sharable streams
for industry symbioses are not high
enough to incite interest by the partners

External origin

• Local finacial incentives to install wind
turbine (2015), for which all partners
can invest collectively

• All opportunities identified in Table 1

• Stricter regulations on carbon emissions
• Stricter regulations on permissible

PM emissions
• Stricter regulations for increased

energy efficiency
• Competition in- and outside EU
• Uncertain implications of Brexit

3.3. Step 3—Scope Definition

3.3.1. Mapping of the Set of Stakeholders

Focusing on the PLF opportunity, the stakeholders are categorised as follows:

• Central: Chemical plant and cement producer;
• Peripheral: Waste handler for the cement producer, treatment facility owner, and transport provider;
• External: Primary fuel supplier of the cement producer, third party currently using the waste

stream to produce steam, and broadly the society.

The central stakeholders are identified after Step 1. Regarding peripheral actors, the waste
handler currently provides services to the cement producer and would logically be considered for
the IS implementation. A logistics company is needed to transport the stream between the actors.
The treatment facility owner was not initially foreseen within the organisation, but it has been identified
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thanks to the iterative process of information collection (see paragraph below). Finally, three external
actors are affected by the symbiosis creation and should be considered in the analysis. The primary
fuel supplier of the cement producer would have reduced sales, the third party currently using the PLF
would need to find an alternative fuel and the society, including public authorities, will be impacted by
the potential environmental, social and regional externalities.

3.3.2. Data Collection

The data are collected from literature and interviews with the central stakeholders. The literature
review has been carried out to better understand the two industrial sectors involved in the exchange
and more specifically the use of AFs in cement kiln, the production parameters of both industrial
processes, and the risks associated with such a symbiosis. Interviews were carried out to validate this
understanding and identify potential bottlenecks, constraints, and opportunities. Several key points
emerged from this data gathering activity:

• From an organisational point of view, it clearly appears to be easier to send the PLF to the waste
fuel provider of the cement producer rather than to the cement producer directly. This avoids
investments in specific on-site storage and reduces costs associated with logistics and management
(e.g., quality control). Furthermore, the waste fuel provider owns the required equipment and is
highly qualified for such a task;

• The PLF stream needs to be separated at least into two fractions (acid and organic) to avoid any
issue when blending the PLF with the current AFs mix and when burning it in the cement kiln.
If the PLF can be separated, its acid fraction could be recycled back into the chemical plant. It is
important to remind that this treatment step was not foreseen in step 1 or step 2;

• To ensure the PLF treatment and separation, one of the central actors should invest in the required
technology, or a third party should be established;

• Interviews revealed the possibility of a 40% increase in the PLF flow rate due to the de-bottlenecking
of the chemical plant (e.g., specific areas of the process limiting the flow of product have been
identified and optimised so that the overall capacity in the plant can be increased);

• The stream can be transported by truck or boat;
• The steam provider will have to replace the PLF stream by a conventional fuel. In this case, natural

gas is assumed to substitute PLF.

3.3.3. BaU and Symbiosis Scenarios

Based on the collected information, a BaU and several symbiosis scenarios are defined according
to three parameters: transportation options, configurations of the treatment process, and development
perspectives of the business. The BaU and the selected symbiosis scenario that is further assessed in
step 4 are summarised in Figure 4. In this scenario, the PLF stream is sent to an external treatment and
separation facility where it is finally split into three fractions. The acid and solvent fractions are reused
by the chemical process, whereas the organic part is added to the AF feed for the cement kiln. The PLF
flow rate is increased by 40%. All the streams are transported by truck.
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3.4. Step 4—Value Mapping

Due to confidentiality reasons, most of the quantitative values resulting from this assessment step
are aggregated.

Economic values

Table 3 summarises the economic values (positive and negative) considered in this case study and
some additional information about their significance. Primary data from the industrial partners are
mainly used for the economic assessment and supplemented with secondary data from literature and
quotes of technology providers (e.g., transport, treatment, raw material). This secondary dataset was
validated by the industrial partners. Created (benefits) and destroyed (costs) values were calculated
individually, before being aggregated.

The analysis reveals that transport and management costs are negligible (a third of the total cost,
which is insignificant). Treatment costs are the main expenses, but they are far less than the positive
values created thanks to the internal reuse of the acid and solvent fractions (about 10%). Positive values
such as avoided costs from steam procurement and the substitution of traditional fuels are noticeable,
but they are also marginal in comparison with the value created from internal reuse (about 1.5%).
By extending the stakeholders’ perimeter to the steam provider and to the conventional fuel and raw
material suppliers, some negative economic values are identified. They are mainly due to the losses of
profits of these peripheral actors. However, in this specific case they are not considered relevant as
the symbiosis creation would benefit the steam provider by improving the boiler’s performance and
because it will have little to no impact on the suppliers’ businesses.

Environmental Values

As detailed in the methodology section, environmental impacts are assessed through a preliminary
LCT, using SimaPro software [77] and the Impact 2002+ method. The life cycle inventory uses some
primary data (e.g., PLF volume and quality, low heating values of the PLF and cement producer current
fuel, etc.) and is completed with secondary data from the ecoinvent database [78]. The assessment
perimeter is cradle-to-gate and the reference and symbiosis scenarios are the one defined in Figure 4.
The functional unit considered is the provision of a certain amount of heat to the cement producer (in MJ)
equivalent to what the PLF is able to provide. The following assumptions are also made:

• The PLF stream is replaced by natural gas in the steam boilers;
• The PLF organic fraction that is sent to the cement producer’s kiln substitutes heavy fuels;
• Treatment operations are required to separate the fractions;



Sustainability 2019, 11, 6940 15 of 32

• Transport is needed between the chemical plant and the treatment facility (whole stream, acid and
solvent fractions) and between the treatment facility and the cement producer’s AFs provider
(organic fraction);

• The acid and solvent fractions substitute primary raw materials at the chemical plant.

Table 3. Economic values for the PLF business case.

Description Taken into Account Remarks

Positive values

Cost reduction for the
chemical plant related to the
steam procurement.

Yes

Noticeable but marginal in
comparison with the value
created by the internal reuse of
the acid and solvent fractions
of the PLF.

Cost reduction for the cement
producer related to the use of a
cheaper combustible (organic
fraction of the PLF) compared
to conventional fuels.

Yes

Noticeable but marginal in
comparison with the value
created by the internal reuse of
the acid and solvent fractions
of the PLF.

Additional revenues for the
chemical plant related to the
sale of the PLF organic
fraction.

Yes

They are assumed to be equal
to zero, i.e., the organic
fraction of the PLF stream is
sent for free to the cement
producer.

Cost reduction for the
chemical plant related to the
internal reuse of the acid and
solvent fractions.

Yes Highest created values.

Negative
values

Treatment cost for separating
and purifying the PLF stream. Yes

Very low compared to the
positive values created thanks
to the internal reuse of the PLF
acid and solvent fractions.

Management cost for handing
and blending the PLF organic
fraction with the cement
producer AFs mix.

Yes Negligible.

Transportation cost for first
conveying the stream to the
treatment facility and then to
the waste fuel provider of the
cement producer.

Yes Negligible.

Revenue losses by the steam
provider. No

The PLF was initially
generating issues with the
steam boiler. The steam
producer is thus satisfied by
the symbiosis creation.
Therefore, this negative value
is not taken into account.

Revenue losses by the
conventional fuel provider of
the cement producer.

No Very low business impact.
Therefore, it is neglected.

Revenue losses of the raw
materials suppliers of the
chemical plant.

No Very low business impact.
Therefore, it is neglected.

Results can be expressed in midpoints, such as human toxicity, respiratory inorganics,
land occupation, or endpoints (e.g., human health, ecosystem quality, resources, climate change).
The impact assessment reveals a net environmental benefit for every considered indicator, regardless
of the level of aggregation. Considering endpoints (see Figure 5), the symbiosis implementation would
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reduce greenhouse gas emissions by 4 kt CO2 eq. every year, mainly thanks to the internal reuse of
raw materials. It should also lower the non-renewable energy consumption related to the mineral
resource extraction by 135,000 GJ per year and decrease the human health and biodiversity impacts
by 7 DALYs (Disability-Adjusted Life Years, i.e., 7 years of equivalent ‘healthy’ life are saved) and
1,050,000 PDF.m2.yr (Potentially Disappeared Fraction of species per square meter and per year, i.e.,
the equivalent of the species living in 1,050,000 m2 are saved), respectively. These figures result from
the aggregation of a significant number of data according to normative assumptions. They do not aim
at giving an exact value, nor a specific impact in a certain area (e.g., the biodiversity impacts reduction
are not specific to the Hull region), but they synthesise what could be the environmental benefits trends
brought by the symbiosis.

Social Values

The analysis reveals that the IS creates social capital in the region due to the set-up of new
relationships between traditionally independent stakeholders (e.g., chemical company-cement producer;
chemical company-treatment utility). It might initiate new collaborations in a near future (e.g.,
valorisation of other organic wastes). It also improves the existing relationship between the chemical
company and its steam provider, as the PLF had previously caused technical problems in the steam
boiler. While no specific dialogue between these actors was initially implemented to solve this issue,
this IS reveals how thinking ‘out of the box’ and cooperative initiatives could address existing threats
or weaknesses in current production systems. Lastly, the identification and the refinement of the
opportunity required a real change of mindset at the chemical plant. If this innovation momentum is
maintained, new opportunities will probably emerge thanks to bottom-up and participatory initiatives.
Such social values are identified by the EPOS IS facilitator. They cannot be quantified at that point,
but they must be considered in the business model elaboration.

Regional Values

Based on the regional capital definition, the symbiosis creation also produces some regional
values. First, it increases the circularity rate of the industrial system, contributing to the reduction
of dependencies with other regions. It also promotes the local region under the banner of circular
economy, resulting in additional attractiveness. The symbiosis would create the equivalent of 0.5 full
time equivalent job, mainly through transportation, and it increases the level of local competencies and
expertise in resource valorisation. Finally, the positive environmental impacts of the symbiosis also
create a benefit for the local society.

3.5. Step 5—Business Model

The goal of this step is to conceptualise the emerging business relationships that are created
through the IS, between the different stakeholders. The IS sustainable business model canvas is a tool
supporting that objective (see Figure 5). The values identified and assessed in step 4 correspond to the
value propositions of the symbiosis (central part of the canvas). The top of the canvas summarises
how values are created and delivered by detailing the system of stakeholders, the key resources and
activities required for the symbiosis operation, and the partner relationships. Finally, the lower part
describes how the value propositions are captured by the system of stakeholders. Economic values are
detailed using the classical analysis of profit (revenue/cost). Environmental, social and regional values
are captured using innovative methods (e.g., assessment of the variation in the amount of subsidies
received according to expected externalities, new contract for investigating new symbioses, etc.).

Figure 5 shows the net created values of the chosen symbiosis scenario. The comparison between
costs and benefits—at system level—clarifies the economic relevance of this opportunity and should
be sufficient to trigger the continuation of the case analysis through a feasibility study. Environmental,
social and regional values are also positive. It proves the suitability of the symbiosis and shows how
it could improve the sustainability of the industrial system. As the economic value is high enough,
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no economic, social or regional value transfer mechanism is necessary to ensure the project launch
(cf. Not Relevant cells in Figure 5).
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The economic analysis highlights that even if the initial trigger of the project was a pure IS creation,
97% of the economic value is produced through the on-site optimisation of the chemical plant (material
reuse). The latter can even be considered as the economic lever unlocking the whole IS viability.
Additionally, this confirms the relevance of the assumption stating that the organic fraction of the PLF
is being sent for free to the cement producer. As the acid and solvent fractions represent the largest part
of the economic benefits, actors would act to ensure a win-win situation. Furthermore, the symbiosis
allows a gain of 7 years of healthy life, and a significant reduction of CO2 emissions (−4000 t of CO2

eq/y). As for the economic values, these results are mainly related to the internal reuse of the acid and
solvent fractions of the PLF. These results show the importance of considering the values associated to
the material reuse in the analysis.

3.6. Step 6—Business Case

The business cases created for the Hull IS cannot be shared due to confidentiality issues, as the IS
is under consideration by the partners. However, it should be highlighted that these business cases
triggered the interest of decision-makers from the chemical company, who decided to engage in an
in-depth feasibility study.

3.7. Step 7—Feasibility Study

The business case prepared is taken up further by the chemical company, which sees an
opportunity to improve the overall efficiency of its process, decrease its operating costs, and reduce its
environmental impact.

Challenges and Opportunities
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The feasibility study starts by stepping back and re-assessing what could be the potential issues
and opportunities with respect to the symbiosis implementation. The results of this assessment are
classified according to the five LESTS aspects and some general recommendations are given for each of
the challenges encountered (see Table 4). All these elements are taken into account during the rest of
the analysis.

Table 4. Opportunities and challenges observed for the PLF business case.

Opportunity/Challenge Recommendations

Legal/policies

The PLF stream waste and hazardous
status will require a modification in the
fuel burning certification of the cement
producer. This will represent an
administrative burden.

Dedicate time to follow the
administrative procedure and/or
consult leading experts.

Economical/instruments
A decision from the board is required to
validate the level of investment (payback
time is exceeding 2 years).

Look for financial incentives.

Spatial/planning Dangerous goods transported by road or
waterway require special permits.

Take the dangerous status of the
stream into account when
choosing the third party that
would be responsible for
transporting the stream.

Technical/engineering

Expert opinion suggests that it is not
possible to blend the PLF stream as it is
with the fuel mix that is currently used by
the cement producer.

Purify and separate the different
fractions composing the PLF
stream.

Problems with the cement burner are
anticipated due to the high flammability
of the PLF stream.

Consider different technology
options for the burner such as
adsorption on activated carbon.

Thanks to the symbiosis,
the environmental performance of both
parties should be improved.

Social/responsibilities

The opportunity is detected in the
framework of an H2020 EU project, which
facilitates knowledge and information
exchanges.

Put mechanisms in place to ensure
the follow-up of the symbiosis
implementation once the EPOS
project is over.

Technical and Logistic Options

To implement the symbiosis, the chemical company has studied several technological options
to separate the aqueous (acid) and the organic (solvent and others) phases of the PLF stream. First a
liquid-liquid extraction was envisioned. However, the results obtained were not satisfying enough to
pursue with this technological option.

In a second step, the possibility of distilling the PLF stream was further investigated with the
support of a third party. The results of this industrial trial validated that the PLF stream could be
distilled into three fractions: the light ends (organic fraction), the solvent fraction, and the bottoms
fraction of concentrated wet acid. Furthermore, since the distillation separates the PLF in three cuts,
the organic fraction (light ends) is now free of flammable components (solvent) that would have
created an issue for the cement kiln burner, thus removing the technical barrier previously identified
(see Table 4).

After the laboratory trial, the business case was re-evaluated. Three additional sources of costs
were identified: (1) the cost associated with the plant cleaning due to the fact that the PLF needs to be
withdrawn in batch mode (i.e., the chemical plant has to be shut down to retrieve the PFL stream),
(2) the cost for improving the cooling and instrumentation systems due to the high flammability and
volatility of the solvent, and (3) the cost associated with the additional storage capacity needed to
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enable long campaigns of operations (i.e., let the chemical plant run as long as possible before stopping
it to retrieve the PLF).

For logistic options, it is thus envisioned to have long campaigns of operation to minimise the
costs associated with transport and plant cleaning, even though it requires an increase of the PLF
storage capacity. The stream will be transported via truck to the third party facility to be distilled.
The acid and solvent fractions will be sent back to the chemical plant while the organic part could be
energetically valorised by the third party or sent to the cement producer to be burned.

Taking a Step Further

To check if the IS could be extended, the possibility of heat integration between the cement plant
and the distillation unit of a third party is investigated. To do so, the cement blueprint thermal profile
is used [91]. It results from the pinch analysis [92] of the cement blueprint and it is displayed in
Figure 6 (red curve). This curve indicates the heating and cooling supply and demand (in MW) of the
cement production process and their required temperature. The shape of the curve, shifting to the
right (around 1000 ◦C), shows that the cement process is not energetically balanced and produces an
excess of heat, the so called ‘waste heat’.

In the present case, the heat profile is generated for a cement process matching the production
capacity of the cement plant in the Humber region, e.g., 700,000 tons per year. The distillation unit
consists of a reboiler and a condenser. The heat profile of the reboiler is integrated in the analysis
assuming that the heat exchange will take place below 120 ◦C and will require a maximum load of
1.2 MW (+/−50%) (see Figure 6).

The new curve, integrating the reboiler of the distillation, (black curve in Figure 6) indicates that
the cement plant can supply enough heat to the distillation facility. This could be done through the
utilisation of steam at relatively low pressure (around 3−4 barg) produced by using the waste heat
from the cement plant. The heat integration between the cement plant and the distillation process
could be an opportunity to extend the initially detected IS case by creating new links between the
partners. It could also represent additional economic and environmental savings by avoiding the use
of natural gas to produce the steam required by the distillation unit. However, this study does not take
into account the distance separating the distillation unit from the cement plant, which might hinder the
heat integration between the two processes. Therefore, a deeper thermo-economic analysis is required
to fully assess this new possibility between the three stakeholders involved in the symbiosis.
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Following the more in-depth analysis carried by the chemical company, there are now two possible
configurations for the Hull IS case, as displayed in Figure 7. For each option, long campaigns of operation
are envisioned (i.e., let the chemical plant run as long as possible before stopping it to retrieve the
PLF). The PLF stream is sent by truck to the distillation facility at the end of each campaign to minimise
transport and plant cleaning costs. It is separated into three parts, and the chemical process reuses two
of the three, the solvent and the acid fractions. The scenarios are the following:

1. The first option involves four partners: cement producer, waste handler, chemical plant and the
third party in charge of the distillation. The organic part of the PLF is blended with the current
AFs mix, while steam is produced by using the waste heat from the cement plant and used by
the distillation unit. In this scenario, it is likely that the treatment facility will be located next to
the cement plant to limit the energy losses of transporting steam from the cement facility to the
distillation unit and reduce the transportation costs of the PLF stream;

2. The second option only involves the chemical plant and the third party in charge of the distillation.
The organic fraction is used as fuel by the third party to produce the steam needed by the
distillation unit. This scenario is more likely to happen if the treatment facility is located far away
from the cement site;

3. The third option involves four partners: the cement producer, waste handler, chemical plant and
the third party in charge of the distillation. The distillation unit is using natural gas to separate
the PLF stream into three fractions. The organic fraction is sent to the cement producer where it is
blended with the current AFs mix. This scenario is similar to the one assessed in the first steps of
the case study.
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The first part of the symbiosis (PLF distillation and recycling of raw materials) is now in the course
of being implemented. Negotiations and more detailed analyses are currently ongoing between the
stakeholders to decide how the organic fraction should be valorised.

Finally, this whole study encourages the chemical company to look at the option of investing in
a new distillation unit. Indeed, as the symbiosis clearly brings added economic and environmental
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values by increasing the overall performance of the chemical process, it could be of high interest for
the chemical plant to take care of the PLF stream treatment itself. By integrating the stream separation
in the main process, the costs of transport, storage and plant cleaning could be drastically reduced.

4. Discussion

4.1. Addressing Some of the Barriers to IS

As stated in the introduction (Section 1), the barriers to IS are numerous. The IS case study
presented in this paper shows how the EPOS multidisciplinary approach that takes into account the
business, organisational, engineering, and regulatory aspects of IS, addresses some of the limitations to
IS dissemination. Table 5 details which barriers to IS are addressed and how.

Table 5. Barriers to IS addressed by the EPOS methodology.

Barriers Solution Remarks

Lack of commitment to
sustainable
development

Framework that allows the
evaluation of the economic,
environmental, social and regional
values created or destroyed by the
IS under consideration.
Business case embedding essential
information about the IS

The value of underutilised resources is
generally poorly known by industries
[53], thus the methodology contributes
to raise awareness of decision-makers
on the relevance to consider them as a
new source of value.
Highlights the whole set of values
created by the IS (economic,
environmental, social and regional).
This business case can be drafted by
an IS facilitator thus reducing the need
for companies to dedicate specific
resources for the opportunity
identification and assessment [54,55].

Lack of information
sharing

Blueprints providing information
about the flows of materials,
energy, and services of a given
industrial sector.
Methodology that can be used by
a trustworthy IS facilitator.

It facilitates data exchange without
disclosing confidential information
[57,58,93,94].
It facilitates the sharing of confidential
data (non-disclosure agreements).

Lack of cooperation and
trust

Co-assessment of values.
Business model showing the
distribution of benefits between
stakeholders.

Opens discussion channels, creates
trust and shows the benefits of
cooperation.
Benefits, risks, changes are
highlighted in a clear and transparent
way for all the stakeholders.

Lack of awareness from
communities

Environmental, social and regional
values are assessed in
collaboration with the
stakeholders, including the
peripheral ones.

Public authorities, associations,
communities are invited to assess the
symbiosis which helps raising their
awareness about the benefits it can
create.

Economic infeasibility

Look at alternative possibilities
besides the traditional market
mechanisms.
Extend the scope from IS to
broader sustainability practices.

Other economic and non-market value
transfer mechanisms are taken into
account, which might trigger the IS
economic feasibility.
Can lead to the identification of
sources with a greater value.

The EPOS approach helps to raise the awareness of managers and decision-makers about IS,
waste or more broadly, underused resources. By following the EPOS methodology, they may change
their mindset, think ‘out of the box’, and discover a variety of opportunities that can contribute to
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the sustainable development of their company and the whole society. By assisting the managers from
the identification of IS opportunities until the development of business cases, the methodology help
triggering initial efforts towards the implementation of sustainable strategies inside the industrial
system. Additionally, Step 7 then helps to validate the technical feasibility of the opportunity.

The methodology is designed to enhance trust between the stakeholders. Blueprints provide
relevant technical information without sharing any confidential data. They help to define a common
understanding between different industrial sectors, thus enhancing the communication and the
exchange of knowledge and information between industries. They can be used by non-experts
and users from different industrial sectors, thus following one of the recommendations made by
Maqbool et al. [95] to develop tools that could be used to solve cross-sectoral problems. In particular,
an IS facilitator can use them to limit the conflict of interest and ensure that the approach stays
collaborative during the development of the symbiosis.

Finally, in the EPOS approach, the set of stakeholders is invited to collaborate, exchange and
co-assess the impacts of the IS. In that way, the evaluation of the IS can lead to the identification of new
sources of value. For example, in this case study, the methodology helped to discover unintended
values lying behind the IS concept. Indeed, most of the values generated in the case are created through
the internal optimisation of the chemical process and the improvement of the system efficiency.

4.2. Comparison with Other Methods and Tools from the Literature

Identification and Assessment of Opportunities

The number of tools facilitating the development of IS has considerably increased during the last
10 years. They rely on Information and Communication Technology (ICT), physical meetings, or a
combination of both such as the methods developed by ENEA [96] or NISP one [20]. ICT platforms can
either be ‘passive’ (e.g., marketplaces) or use elaborate matchmaking algorithm as in the e-Symbiosis
project [97,98]. They can provide solutions for both individual actors and at region level such as
Looplocal [99]. Some relevant references propose comparative analyses of these existing methods and
tools [59,65,95,100] or suggest classifications according to their type, function, and data used [101,102].
Without comparing the EPOS methodology to each individual tool, this literature review enables the
identification of its main advantages and weaknesses from an operational point of view.

The EPOS methodology is designed as a step-by-step and generic guide – independent from
any ICT tool or optimisation software – that the user can follow regardless of the symbiosis type,
the context, or even the level of information that he gets access to. Its strengths are its flexibility,
its adaptability, and its replicability. Indeed, the methodology is modular as each of the steps can be
used independently from one another. For instance, an actor who identified an opportunity using
any available software on the market can start following the methodology from Step 3. This way,
the EPOS approach can be adapted to different typologies of IS. Furthermore, the EPOS methodology
differentiate itself from other tools as it not only facilitates the identification of IS opportunities, but it
helps assessing them according to a wide range of key indicators, setting up their business model and
preliminary business case, and understanding their technical feasibility.

The main weakness of the methodology is that it depends on the user’s expertise, especially
during the steps of IS identification, data collection, and assessment of intangible values. In addition,
the EPOS’ approach requires a significant involvement of the stakeholders during the co-evaluation of
values. Additional limitations are discussed below.

Business Model

Only a few articles focus on IS business models. They detail how a company can create, deliver
and capture value through IS, to facilitate the adoption of IS by companies. Fraccassia et al. and
later Magnusson et al. [103,104] adopted a firm perspective and proposed archetypes of business
models according to who is using the resource (internal, external) and treating it (internal, external),
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and the possibility to create new products. Fraccassia et al. went a step further [105] and proposed a
categorisation at the level of the system by considering two parameters: the levels of coordination
and the centralisation of control. This systemic approach is suitable for describing IS ecosystems [106],
but it remains mainly focused on economic values and does not provide any guidance to help the
stakeholders integrating IS aspects in their current business model.

In the EPOS methodology, the business model is seen as a tool [87,107] and not as a practical reality
for businesses such as in [108,109]. It uses an inside-out approach [110–112], i.e., starting with the
analysis of the current organisation and then exploring how its business model can be improved in terms
of sustainability. Furthermore, the EPOS methodology tries to provide a systemic analytic framework
to correctly apprehend the complex relationships within and between the social stakeholders’ sphere
and the natural ecosystems. In the context of IS, such framework can improve the understanding of
stakeholders’ motivations, behaviors, conflicts of interest, the interactions within the network of actors
and with its broader context, and the values created [62]. In the proposed business model canvas,
this systemic approach appears both in terms of value propositions and stakeholders considered.
First, our IS sustainable business model includes a wide range of values, besides the economic ones.
Tailored frameworks are proposed to assess the value propositions according to each value nature and
especially for environmental, social and regional ones. While used for a different purpose, the latter has
some similarities with the framework of six geographic dimensions (location, landscape, territoriality,
scaling, spatial differentiation, spatial embeddedness) proposed by [62]. Second, the scope of the
business model is not restrained to the company level and is enlarged to the project level, involving
the entire network of stakeholders. This innovative aspect fundamentally changes the nature of the
concept of business model as it considers that the value propositions are collectively created by the set
of stakeholders, and not by a single entity. This allows capturing all the benefits generated by the IS
ecosystem, while they may have been unavailable when only considering the stakeholders on their
own [113]. Therefore, it was on purpose that the concept of ‘customer’ was removed from our business
model canvas.

Thus, the EPOS’ business model relates to the concept of sustainable business model (i.e., providing
competitive advantage through a value proposition that contributes to the sustainable development of
the companies and the society [114]), as it gives a comprehensive view on the ability of the symbiosis
to contribute to the sustainable development of the industrial system.

4.3. Limitations and Research Perspectives

Several limitations to the EPOS approach were identified. First, the methodology has been
developed in the framework of a publicly funded project (EU H2020). This context highly facilitates the
data collection process and dissipates the cost associated with it. All the analyses have been carried in
favourable conditions by a third-party, where cooperation and trust between the partners were already
established. Furthermore, it also enabled the integration of frequent feedbacks from the stakeholders
involved. Additional studies should thus be carried outside the EPOS consortium to improve and test
the robustness of the method. A key aspect of this point is the identification of the main actors in the
cluster. By definition, the EPOS clusters already have main actors willing to cooperate, so step 1 of the
methodology mainly focused on those actors. When the actors are not a priori selected, other strategies
may have to be adopted.

The EPOS methodology is mainly designed for an external IS facilitator. Its role is highly important
as it is in charge of gathering (confidential) data, creating a dialogue between the stakeholders and
mobilising them, and organising the value assessment. This can be seen as the main limitation of
the methodology as one might consider that self-organised dynamics are more favourable to trigger
the implementation of IS, compared to planned or facilitated initiatives [43,115]. On the other hand,
one could argue that the success of IS highly depends on the cultural, politic, regulatory context, as
well as on the coordination mechanisms of the market. For instance, in Europe, the intervention of
public bodies is more important than in other regions such as the United States, and the current status
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of IS dissemination shows that the facilitated approach (mainly subsidised) might be more effective
than spontaneous IS development. Additionally, a facilitated approach can prove useful for valorising
environmental, societal, and regional values that require non-market mechanisms to be internalised in
the IS business model.

Integration of non-economic values in decision-making is also a significant issue. An under-
development methodology proposes the monetarisation of environmental benefits. As seen in the
case, the positive environmental values are high and represent gains for the society, in terms of human
health, ecosystem services, future energy consumption, and global warming mitigation activities, that
would otherwise fall under taxpayer responsibilities. Based on these observations the StepWise2006
monetarisation method [79] has been used. It enables translating the LCT analysis midpoints in
economic terms and above all, aggregating environmental impacts into one unique indicator (€) to
facilitate decision-making. Its application to the case shows that 45% of the total economic value—i.e.,
the sum of economic and monetarised environmental values—is generated through environmental
values. Such information is relevant and should be better integrated in the analysis of IS initiatives
and more broadly in industrial practices. It could lead in some cases to include public authorities (at
different scale) to participate into the IS business model through subsidies and tax reduction. It would
particularly be of interest when no viable business model can be found when only considering industrial
actors. This methodology still needs refinement and the results must be carefully communicated.
Monetarisation is still controversial, it has its limitations [116], and is not always well perceived by
industries or public authorities.

The LCT analysis allows to compare the environmental impact of the symbiosis with BaU.
However, as it does not localise precisely the place where the benefits or impacts are generated,
it does not fully provide the required information to involve public authorities in the set-up of the IS
business model. These actors—at different scales—are not able to identify to what extent the symbiosis
improves the situation of the territory they are responsible for, and thus they cannot define adequate
subsidies, or even other support mechanisms. By definition, when using LCT methods, the system
under study is divided into a foreground and a background system according to the influence that the
decision-maker may exercise on them through its action [117]. The foreground system corresponds to
the processes whose production volume will be affected directly by the change, while the background
system are the processes on which no, or at best, indirect influence (e.g., only through the market) may
be exercised [118]. It is widely accepted in literature that the location of impacts on the background
system (e.g., global fuel market) cannot be identified, mainly because information used is secondary
and generic. However, further developments seem feasible to better characterise some impacts on the
foreground system (e.g., related to local transport or product transformation activities). Some pathways
should be developed to complete this global LCT study with a specific territorial LCT analysis [119],
especially by developing a collaborative approach to identify the main issues according to the local
stakeholders [120].

Finally, the blueprint methodology is of high interest to limit data collection and address
confidentiality issues. However, the blueprints are only developed for four specific industrial sectors:
cement, chemicals, steel and minerals. By extending that work to other types of industries, it could
help to uncover more IS opportunities. This seems to be a necessary condition for the perpetuation of
this approach; however, it requires important development efforts that other industries or industry
associations are not necessarily willing to engage in.

5. Conclusions

This paper details the whole process of an IS setup at the EPOS Hull cluster, leading to the
development of a concrete business case that is soon to be implemented by industrial stakeholders.
It follows a methodology developed within the EPOS project, based on a multidisciplinary and a systemic
approach that focuses on the preliminary assessment, the engagement of stakeholders, the identification of IS
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opportunities, and the feasibility definition steps, as defined by Yeo et al. [59], and enables to overcome
some of the typical issues and barriers to IS. The methodology facilitates the:

• Identification of IS opportunities as thirteen IS options were identified in the EPOS Hull cluster;
• Prioritisation of these opportunities according to stakeholders’ goals, needs, and constraints;
• Context analysis with respect to the legal, economic, social, technical, and spatial aspects that

ultimately results in the identification of strengths, weaknesses, opportunities and threats of the
cluster under consideration;

• Analysis of a wider range of values (economic, environmental, social, and territorial) than the
ones generally taken into account during the assessment of IS opportunities. In the case study,
the positive and negative impacts of the symbiosis are clearly detailed, revealing the main source of
value creation (in terms of economic and environment gains) which is due to an internal recycling.

• Creation of the symbiosis’ business model that clearly highlights what the value propositions are,
how they are delivered to the different stakeholders and how the latter can capture these values
within their own business. It gives some insights on how the values could be shared and proposes
some levers to internalise environmental, social and territorial values if the business model is not
economically viable;

• Draft of preliminary business cases devoted to trigger the interest of the industries’ decision-makers.
In the case study, the symbiosis business case helped raising the interest of the chemical company,
which then decided to start a feasibility study;

• Detailed and technical analysis of synergies without asking for confidential data from the other
stakeholders (blueprints).

The scientific contribution of this paper is first theoretical, as it proposes a multidisciplinary and a
systemic approach that aims at removing some of the obstacles to the implementation of IS. It builds
on existing methodologies, reinforced with tailored tools, in order to provide adapted solutions to
well-known barriers to IS.

Additionally, this article has an operational dimension. By detailing precisely all the steps followed
on a specific case study, it intends to foster the implementation of IS. This methodology is meant to be
used by IS practitioners and give them a clear pathway to follow in order to create symbioses in their
territory. As the methodology requires to collect information from several entities, and to spend time
on this specific activity, IS facilitators (e.g., consultancies, chamber of commerce, universities) are more
likely to use it. Depending on the cluster context, the motivations of companies, or the resource they
can dedicate to such a task, industries are alternative potential users.

Finally, the contribution of this paper is also empirical as it describes the development of a
symbiosis, from the emergence of the idea to the feasibility study. Difficulties, barriers, and interests
are detailed. It shows that symbiosis with a limited size can be particularly interesting, even for large
process industries. It also reveals the indirect benefits related to the concepts in IS and IE: while the
initial objective was to create symbiosis between companies, the innovation process initiated in the
EPOS project, and more importantly in industries, enabled to identify other sources of value creation
(internal reuse of some fractions). IS is not only a way to generate economic, environmental, social and
regional benefits through exchanges, it is also a mean to foster eco-innovation in organisations and to
set-up sustainable business models. However, further efforts remain necessary to promote such type
of business model and several lessons on how to do so can be derived based on the analysis provided
in this paper:

1. Develop innovative (non-)market-based mechanisms that could facilitate the efficient integration
of non-economic values in the business models of companies. Examples of such initiatives
can be the implementation of local or circular labels, the enactment of public procurement
targeting materials with such labels, or the unlocking of subsidies based on the expected (positive)
externalities brought to the community;
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2. Improve the traceability of products along the entire value chain to give the opportunity
to upstream actors, such as heavy industries, to differentiate from competitors in terms of
sustainability performance;

3. Finance or mandate certified ‘material audits’ (similar to energy audits) that could provide
industries with strategies to improve the use of their resources or to implement eco-design.

4. Train and educate practitioners through proactive workshops on the benefits brought by
sustainable business models. These seminars should be based on real and successful experiences
as the one introduced in this paper.

Supplementary Materials: Social value indicators and Regional value indicators are available online at http:
//www.mdpi.com/2071-1050/11/24/6940/s1.

Author Contributions: Conceptualization, visualization H.C., S.O., A.S.M. and F.M.A.; writing—original
draft preparation, H.C.; methodology, investigation, H.C., S.O. and A.S.M.; formal analysis, S.O. and L.L.;
writing—review and editing, H.C., S.O., A.S.M., F.M.A., L.L., A.B., J.-H.F. and G.V.E.; supervision, A.B., J.-H.F. and
G.V.E.

Funding: This research has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 679386, EPOS project (Enhanced energy and resource Efficiency and
Performance in process industry Operations via onsite and cross-sectorial Symbiosis). This work was supported
by the Swiss State Secretariat for Education, Research and Innovation (SERI) under contract number 15.0217.
The sole responsibility of this publication lies with the authors. The European Union is not responsible for any use
that may be made of the information contained herein. The opinions expressed and arguments employed herein
do not necessarily reflect the official views of the Swiss Government.

Acknowledgments: The present work has been carried under a CIFRE convention between the Mechanical
Modelling and Clean Process laboratory (M2P2) and INEOS.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AF Alternative Fuel
BaU Business as Usual
BEIS Department for Business, Energy and Industrial Strategy

EPOS
Enhanced energy and resource Efficiency and Performance in process industry Operations
via onsite and cross-sectorial Symbiosis

EU European Union
GCC Grand Composite Curve
HISP Humber Industrial Symbiosis Programme
ICT Information and Communication Technology
IE Industrial Ecology
IS Industrial Symbiosis
LCT Life Cycle Thinking
LESTS Legal, Economic, Spatial, Technical and Social PLF primary liquid fuel
PM Particulate Matter
SWOT Strengths, Weaknesses, Opportunities, Threats

Appendix A

Table A1 presents the scale used to rank the level of interest of each industrial partner in each IS case identified.
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Table A1. Level of interest in each IS case based on technical and organisational feasibility.

Level of
interest 1 2 3 4 5

Technical
suitability

Technically, it
does not make
sense for the
specific
production
system

Complex
changes in the
existing
infrastructure
are required
(implying
unreasonably
high costs)

Technically, it
makes sense for
this specific
production
system

Infrastructure and/or
other conditions are
fulfilled to some
extent or can be
improved without
major challenges

No major
infrastructural
challenges exist,
and other conditions
are fulfilled

Organisational
suitability

Not in line with
the
organisation’s
goals and
strategies

Organisational
resources (time,
budget, etc.)
are not
available,
and/or should
not be directed
at this measure

Partially in line
with the
organisation’s
goals and
strategies and
is considered
relatively
important

In line with the
organisation’s goals
and strategies. The
necessary
organisational
resources (time,
budget, etc.) are not
available, but this
could be changed

The measure is
considered
important by the
organisation and the
necessary
organisational
resources (time,
budget, etc.) can be
allocated to this
measure
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