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Abstract The concept of Industrial Symbiosis aims at organizing industrial activity
like a living ecosystemwhere the by-product outputs of one process are used as valuable
rawmaterial input for another process.A significantmethod for the systematic planning
of Industrial Symbiosis is found in input–output matching, which is aimed at collecting
material input and output data from companies, and using the results to establish links
across industries. The collection and classification of data is crucial to the development
of synergies in Industrial Symbiosis. Public and private institutions involved in the
planning and development of Industrial Symbiosis rely however on manual interpre-
tation of information in the course of creating synergies. Yet, the evaluation and
analysis of these data sources on Industrial Symbiosis topics is a tall order. Within this
chapter a method is presented which describes value creation activities according to the
Value Creation Module (VCM). They are assessed before they are integrated in Value
Creation Networks (VCNs), where alternative uses for by-products are proposed by
means of iterative input-output matching of selected value creation factors.

Keywords Circular economy � Industrial symbiosis � Industrial ecology � Value
creation networks � Input-output matching

1 Closing Material Cycles in Manufacturing

Industrial sustainability is a topic which can be addressed from a range of angles,
including not only from the usual product and process perspective, but also on the
level of Value Creation Networks (VCNs).
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The concept of a Circular Economy, which seeks to decouple global economic
development from finite resource consumption, has attracted a lot of attention in recent
years (Ellen MacArthur Foundation 2015). Circular Economy is an umbrella term for
different material recovery techniques such as reusing, remanufacturing, and recycling
(Ellen MacArthur Foundation 2015), as well as frameworks for closed material sys-
tems, such as the Blue Economy (Pauli 2010), Industrial Ecology (IE) (Frosch and
Gallopoulos 1989), and Industrial Symbiosis (Chertow 2007). Within these frame-
works, one can distinguish whether the material has been recovered from an inten-
tionally manufactured product at the point of its end-of-life (EOL), or as a by-product
(an unintended derivative of the production process). Thewaste framework directive of
the European Commission specifies the hierarchy of waste from the least favourable
option to the most favourable option (landfilling, energy recovery, recycling,
reuse/remanufacturing, minimization, and prevention) (European Commission 2008).
Since the term ‘waste’ conveys no or little value, the authors opt for the term
‘by-product,’ with its reference to originally unintended derivatives of manufacturing
resulting separately from the desired product through industrial processes.

The term Industrial Ecology (IE) was coined by Frosch and Gallopoulos to
depict the design of manufacturing entities analogous to natural ecosystems (Frosch
1992). As a sub-discipline of IE, Industrial Symbiosis is concerned with resource
optimization among collocated companies (Jacobsen 2006). Industrial Symbiosis
brings together traditionally separate industries into a collective approach for
competitive advantage involving physical exchange of materials, energy, water,
and/or by-products (Chertow 2000). In other words, Industrial Symbiosis aims at
organizing industrial activity like that of a living ecosystem, where the by-product
outputs of one process are used as valuable raw material input for another process.
In an ideal Industrial Symbiosis, waste material (by-products) and energy are shared
or exchanged between the actors of the system, therein reducing the net con-
sumption of raw material and energy inputs, and thus the generation of waste and
emissions (Sokka 2011). The geographic co-location of production plants with
possible synergies in terms of waste streams, furthermore, serves to facilitate the
exchange of the physical flows that are involved (Duflou et al. 2012). One aspect of
the Factory of the Future, described by Herrmann et al. entails the symbiotic
integration of factories into their surroundings (Herrmann et al. 2014). Cerdas et al.
introduce the concept of a Circulation Factory, combining manufacturing with
remanufacturing and recycling into an integrated system (Cerdas et al. 2015).

The term ‘eco-industrial park’ (EIP) describes, in a general sense, an industrial or a
commercial area that is used by different companies. EIPs are networks comprising a
variety of firms with an immediate geographical proximity to one another, where
material exchange is carried out. An important precondition for an EIP is mutual trust,
which seems to be a precondition to implementing common exchange relationships
successfully (Bauer 2008; Hauff et al. 2012; Ludwig 2012). The EIP in Kalundborg,
Denmark, is considered to be a seminal example in the literature on Industrial
Symbiosis. The development of Industrial Symbiosis has been described as an evo-
lutionary process in which a number of independent by-product exchanges have
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gradually evolved into a complex web of symbiotic interactions between five collo-
cated companies and the local municipality (Ehrenfeld and Gertler 1997).

Results have shown that significant environmental savings are related to
Industrial Symbiosis in Kalundborg (Jacobsen 2006). For example, three million m3

of water could be saved through recycling and reuse. The environmental benefits of
Industrial Symbiosis have been quantified in numerous further cases (Kincaid and
Overcash 2001; Chertow and Lombardi 2005). Although Industrial Symbiosis has
developed into a notable research topic, its impact on actual industrial practice
remains very modest (Chertow 2007). Efforts by public and private institutions have
been made to improve the systematic planning and development of Industrial
Symbiosis over the past decades (Lowe 2007). Practitioners moreover consider it
crucial to finding ways of obtaining buy-ins from businesses—an essential step for
success. Many practitioners have noted the significance of company champions
(Chertow and Park 2016) as well as the importance of using the language of
business (costs, revenues, risk, etc.) to generate this buy-in (Laybourn 2015).
Duflou et al. argue that ‘the most effective way of strengthening Industrial
Symbiosis is to increase the economic motivation’ (Duflou et al. 2012).

A significant method for the systematic planning of Industrial Symbiosis is input–
output matching. It is aimed at collectingmaterial input and output data of companies,
and using the results to establish links across industries. As an outcome of themethod,
a resource input associated with one organization can bematched to a complementary
resource output of another organization (Lowe 2007). In the case of a certain prox-
imity of a match, an integrated input–output matching method can also be recom-
mended for a further conversion or treatment process (Bin et al. 2015).

Regarding the support of input–output matching, a growing trend has surfaced,
whereby the application of internet-based IT tools such as Synergie by International
Synergies, or the Resource-eXchange-Platform as part of the ZeroWIN EU project
have emerged to further promote coordination and exchanges. Additional tools
include Knowledge-Based Decision Support System (Boyle and Baetz 1998),
Dynamic Industrial Materials Exchange Tool (Shropshire et al. 2000), Match
Maker! (Chertow 1997), Industrial Ecology Planning Tool (Nobel and Allen 2000),
WasteX (Clayton et al. 2002), Industrial Ecosystem Development Project (Kincaid
and Overcash 2001), Residual Utilization Expert System (Fonseca et al. 2005),
Institute of Eco-Industrial Analysis Waste Manager (Sterr and Ott 2004), Industrie
et Synergies Inter-sectorielles (Massard and Erkmann 2007), SymbioGIS (Massard
and Erkmann 2009), and Core Resource for Industrial Symbiosis Practicioners
(Laybourn and Morrissey 2009).

The collection and classification of data is crucial to the development of syn-
ergies in Industrial Symbiosis (Cecelja 2016). Public and private institutions
involved in the planning and development of Industrial Symbiosis rely on manual
interpretation of information in the course of personal communication and
case-by-case analysis. Cecelja et al. (2014) report that in the course of their service
offer, practitioners access and interpret data collected from the industry by com-
bining it with further data stored in databases such as the following:
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• Proprietary databases built to monitor the activity of industry, e.g. industrial
sectors, industrial volumes, planning and marketing datasets, and occasional
project management technologies, such as environmental records, quality
management practices, or

• Custom-made databases that offer access to case studies, e.g. Crisp system
(Grant et al. 2010).

Bin et al. propose a big data analytics approach for developing industrial sym-
bioses in large cities. The authors suggest that data can be acquired from structured
or unstructured sources. Structured sources include company registration, waste
exchange registry databases, the national pollutant emissions inventory, geo-
graphical information systems (e.g. Google Maps), lifecycle inventory databases,
etc. Examples of unstructured data sources are financial reports, information from
company websites, online news, social media, online encyclopaedias, and journal
corpus (Bin et al. 2015).

The evaluation and analysis of these data sources regarding Industrial Symbiosis
is of course challenging to say the least. Firstly, data has to be interpreted in the
context of specific knowledge domains. Secondly, the resulting implications have to
be evaluated in combination with available data about the surrounding value cre-
ation network (e.g. materials, technologies and objectives, environmental effects,
economic and social benefits). Given increasing numbers of network participants,
their dynamic behaviour within the network (e.g. inclusion of new technologies,
inclusion of additional stages for by-product pre-processing, pre-treatment, trans-
portation, and storage) and the resulting complexity of material streams, it becomes
quite apparent that a systematic and thorough analysis through manual manipula-
tion of data is outright impossible (Desrochers 2004; Mirata and Emtairah 2005).
Furthermore, Grant et al. criticize the available datasets as outdated and incapable
of assisting innovation (Grant et al. 2010).

In order to involve businesses in Industrial Symbiosis, online platforms for
facilitating exchange of by-products have been provided. Industry organizations
such as the United States Business Council for Sustainable Development
(USBCSD), or facilitators such as National Industrial Symbiosis Programme
(NISP), allow businesses a secure and common platform for discussing potential
synergies through symbiosis (Chertow and Park 2016). In recent approaches, novel
concepts such as ontology engineering have been introduced in matching tools and
platforms for Industrial Symbiosis, since they can help to put tacit knowledge out
there—essential for the mutual, nonmarket interactions required for Industrial
Symbiosis (Cecelja et al. 2014; Cecelja 2016). Halstenberg et al. suggest employing
organisational data systems such as Product Data Management Systems (PDM),
Product Lifecycle Management (PLM), Enterprise Resource Management Systems
(ERP). Utilizing these data for Input-Output Matching tools and platforms can add
functionality to existing approaches (Halstenberg et al. 2016).
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2 Method Design for Sustainable Manufacturing
by Analysis of Value Creation Factors

A number of different approaches exist which address the issue of Match-Making
for Industrial Symbiosis. In this section, the method for designing in pursuit of
resource efficient approaches stemming from the domain of sustainable manufac-
turing is presented, involving analysis of value creation factors. The method relies
on the concept of the Value Creation Module (VCM), which will be explained in
Sect. 2.1, followed by a description of the method (Sect. 2.2).

2.1 The Value Creation Module (VCM)

Any type of value creation activity can be characterised in terms of a so-called
value creation module (VCM) (Seliger 2008). The VCM is depicted in Fig. 1.
A VCM is composed by five Value Creation Factors (VCF): product, process,
equipment, organisation and human. Networks and modules are conceivable at
different levels of aggregation (Wiendahl et al. 2009) (e.g. grinding a turbine blade,
assembling a turbine, building a power plant, and providing power for a commu-
nity), each with sustainability indicators that are identical on all aggregation levels
or relevant for the respective aggregation level. Effective and efficient VCFs must
be identified, combined into promising VCMs and promoted.

Product 
what?

Equipment 
whereby?

Organization 
where and 

when?

Process 
how?

Human who?

Fig. 1 Value Creation
Module (VCM) (Seliger
2008)
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A Product represents a desired, manufactured output according to design
requirements, specifications and standards (Laperrière and Reinhart 2014).
A process is understood as a task that depicts how desired outputs are created from
inputs. Equipment is the means to manufacture the products, e.g. machine tools,
jigs and fixtures, tools and measuring equipment. The crucial precondition for
factory operations are humans. They are the direct employees involved in value
creation, using qualifications and training to that end (Westkämper 2006). The
organisation represents the functional, spatial and temporal context in which
manufacturing tasks are carried out and managed (Spur 1994).

2.2 Description of the Method

This sub-section highlights the procedure for the method of designing for sus-
tainable manufacturing and thereby included resource efficiency by means of
analysis of value creation factors. A flowchart of the procedure can be seen in
Fig. 2. The goal of the method is to model and plan value creation networks in a
sustainable manner with a specific focus on by-product exchanges in the sense of
Industrial Symbiosis objectives.

Step Output
VCM annotation:
Annotation according to the three dimensions of 
sustainability and the five factors of the VCMs

VCN configuration:
Generation of VCN topology based on byproduct 
reuse

VCM comparison and reconfiguration:
Selection of VCF combinations to new VCMs

VCM matching:
Assimilation of VCMs based on byproduct reuse 
capability

VCM assessment:
The scores of individual indicators and indicator 
sets reveal VCMs with significant impact on 
sustainability

Described VCMs 
(to repository)

Assessed VCMs 
(to repository)

S
ki

p 
to

 n
ex

t l
oo

p

Ite
ra

tio
n 

lo
op

Ite
ra

tio
n 

lo
op

Improved VCMs 
(to repository)

Promising VCNs 
(to repository)

Paired VCMs

Fig. 2 Flowchart of the method for designing for sustainable manufacturing by means of analysis
of value creation factors
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Firstly, VCMs are annotated, assessed and improved. This part of the method
focused for that reason, on the specific processes and not on their network.
Secondly, the method focuses on the network level. Here the individual VCMs are
matched in order to form Value Creation Networks (VCNs).

The VCM (see also Sect. 2.1) provides a structured framework for the anno-
tation of value creation activities in the first step of the method. It allows the
integrating of various levels of aggregation from a single manufacturing tool and
operations via manufacturing cells and systems, whole factories with national and
international entrepreneurial conglomerates or knowledge generating communities
(Wiendahl et al. 2009). As this method prescribes, VCMs are annotated according
to the three pillars of sustainability as well as according to the five VCFs (product,
process, equipment, human and organisation).

In order to gain general knowledge on the sustainability performance of the
VCM, a VCM assessment is performed in the second step. The scores of individual
indicators and indicator sets reveal which of the VCMs have a significant impact on
sustainability. In order to reduce dependency on detailed performance data, a
qualitative approach is used. This approach enables a rapid cross-industry assess-
ment of VCMs, capable of showing concrete improvement potential. The VCM
assessment is based on the Bellagio principles and is requisite for a dynamic shift
between module and network perspective.

The third step, VCM comparison and reconfiguration of alternatives, is then
performed in order to eliminate shortcomings of VCMs which have been identified
through the VCM assessment. In this step of the method, alternative comparison
and VCM reconfiguration are conducted. Next, alternative comparison is performed
by comparing the VCM assessment scores for two or more different VCMs. All
VCMs are then described according to a VCM annotation structure, where elements
and elements instances are utilised. This is made possible through similarity
matching between these elements and elements instances. Depending on the sim-
ilarity score of the selected comparison elements, the VCM can be reconfigured and
its sustainability performance enhanced. The comparison criteria are selectable
based on the VCM annotation and a reference VCM.

Once the comparison criteria and the similarity matching threshold have been
determined, the highest scoring VCMs are presented, based on the individual
indicator sets. The indicator set score is based on the VCM assessment. The VCM
reconfiguration is a process for improving a reference VCM by VCF substitution.
VCF of higher scoring VCMs are used for the process.

Figure 3 presents a comparison between two VCMs, ‘Bamboo frame manu-
facturing at PTZ’ and ‘SUW sharing platform’. The latter offers significant
improvements in public reach, which when implemented as a ‘Help for self-help
bamboo frame manufacturing in Vietnam’ presents an improved overall sustain-
ability performance.

The method focuses on the network implementation of the previously annotated,
assessed and reconfigured VCMs. All VCMs considered are now treated as
black-boxes, and matched with the purpose of forming networks. A network can be
formed and planned according to various goals. The method presented focuses on
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the aspect of creating symbiotic relationships among companies in the sense of an
Industrial Symbiosis.

The process of VCMmatching begins with a classification of the by-product, all
the while ensuring representation in a manner that is appropriate to the various
industries. For example, a by-product can be classified as a biomaterial or a tech-
nical material (metals, ceramics, organic polymers, composites, semi-conductors
and advanced materials). In the next step, the by-product is annotated in terms of
quantitative and qualitative information. In this process, the VCM is described in a
more detailed manner through information embedded in the VCM ontology
belonging to the VCF taxonomies for product, process and equipment. The goal is
an annotation which ensures that a by-product of one manufacturing entity is
described in a suitable manner so that it can find a suitable fit with another man-
ufacturing entity. The material type classification, economic factors, environmental
considerations and known reutilisation possibilities are all required (e.g. stream
behaviour, material cost, level of toxicity, reutilization possibilities) in that pursuit.

A match of one VCM to another is performed by comparing the respective in-
and outputs. In order to establish possible usage, the by-product material stream is
classified.

Moreover, in pursuit of identifying suitable relationships between VCMs within
the considered VCN, an input-output matching approach is carried out to pair
VCMs based on their by-products. For this purpose, a similarity algorithm is uti-
lized. An important aspect of input-output matching is the range of matching since,
depending on the type of description, different ranges are possible. In the case of a
quantitative description, the pairing up can either be a 1-to-1 match or be located
within a certain range. In the case of a qualitative matching, the inputs and outputs
can be matched according to semantic descriptions.
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VCM comparison VCM after reconfiguration

Bamboo frame manufacturing at PTZ

SUW sharing platform

Bamboo frame manufacturing at PTZ
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Fig. 3 VCM comparison and reconfiguration
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According to the VCM matches identified, suitable VCNs have to be configured
in the next step. From a single VCM, pairs of VCMs are generated and a network is
formed by moving with the flow of by-products. Having the role of a broker in
place—that is, a neutral network administrator who has the responsibility of cre-
ating a VCN and identifying open interfaces for new VCMs creation—is seen as a
useful function for the arrangement of the different VCMs in a network. Three tasks
are then performed in order to establish the networks. First, a joint effort oppor-
tunity is to be detected and promoted by a broker, made through an online platform.
Then the main features best suited to describing the joint effort are to be classified.
Finally, rough planning for the network is to be conducted. Possible network
partners and their ideal locations can then be identified. A VCN topology is created
by selecting one VCM to act as an anchoring point and other VCMs arranged
accordingly.
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