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Abstract: To foster the implementation of Industrial Symbiosis, several support tools have been
developed to facilitate the dissemination of Industrial Symbiosis (IS) and the engagement of
stakeholders; the establishment of exchanges between companies, the so-called synergies; and the
assessment of impacts and benefits. Despite this, it has been found that stakeholders still do not have
a clear envisioning of the required steps to the technical implementation of synergies and there are
no facilitating tools, such as methodologies, frameworks, modelling tools, and databases, among
others, that aid to technically support decision-making of synergy implementation. Thus, the goal
of this paper is to present a dedicated framework that provides a set of guidelines and defines
a technical viability analysis to support the implementation of potential synergies, which can be
used and replicated by any IS practitioner. It comprehends a methodological approach to assess
the compliance of a given synergy opportunity; its characterization concerning the definition of the
necessary intermediary steps for the technical implementation; and an assessment of the technical
feasibility of the synergy. The implementation of the framework allowed the successful technical
validation of the studied synergy opportunities, providing a final technical viability assessment that
can support decision-making of technology selection and synergy implementation.

Keywords: Industrial Symbiosis; IS framework; technical viability analysis; synergy compliance;
synergy feasibility; technology selection; synergy Implementation

1. Introduction

Industrial Symbiosis (IS), a sub-discipline of Industrial Ecology (IE), can be seen as “the use by one
company or sector of underutilised resources broadly defined (including waste, by-products, residues,
energy, water, logistics, capacity, expertise, equipment and materials) from another, with the result
of keeping resources in productive use for longer” [1]. These mutual exchanges are referred to as
symbiotic processes or synergies. IS and IE concepts have been derived from the relationships and the
interactions of material and energy cycles with organisms within the natural ecosystems where no
waste is effectively generated but rather maintained and recirculated within [2]. The implementation of
IS practices intends to achieve benefits in the three pillars of sustainability: Environmental, economic,
and social. The environmental benefits result from the potential reduction of wastes, reusing and
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recycling of resources, reduction of emissions, raw materials, and energy [3]. The economic benefits
arise from the savings due to lower costs for waste disposal, decreased energy, water and fossil fuel
consumption, and raw material substitution [4], as well as promoting the creation of value from
waste material [5]. The social dimension, although being the most difficult to quantify and the least
analysed [6,7], the associated benefits are expected from the stimulation of new jobs and creation of
new companies, as well as development of new relationships between firms [8]. It is acknowledged
that the economic benefits, in the form of raw material and waste disposal costs reduction and
potential revenues [9] may be the most decisive factor, being effectively the key driver for companies
to participate in IS activities [10]. However, the environmental benefits, when encouraged by local and
national incentives and policies [11], could also promote the implementation of resource exchanges.

Industrial Symbiosis is already recognised as a key element towards a circular economy and
low-carbon models. It contributes to ‘closing the loop” of materials through greater recycling and
reuse, as reported by the European Commission’s “Circular Economy Action Plan” [12], considered a
best practice within the European Waste Framework Directive, and for driving industries towards
sustainable growth [13].

To boost the implementation of synergies, several IS support tools have been developed. Several
Research and Innovation projects have emerged to support and foster the implementation of IS,
many of them under the H2020 Research and Innovation funding scheme and the SPIRE cPPP
(ontractual Public-Private Partnership on “Sustainable Process Industry through Resource and Energy
Efficiency”) [14]. Moreover, projects such as MAESTRI [15], FISSAC [16], EPOS [17], SHAREBOX [18],
and SCALER [19] have immensely contributed to the dissemination of IS and several supporting
tools such as methodologies, platforms, frameworks, databases, repositories, and information and
communication tools (ICT) have been developed. According to literature review studies on the available
IS supporting tools [20-22], these are mostly focused on identifying new synergies opportunities
mostly through matchmaking algorithms and online matching platforms. These tools are often
limited by the challenge of digitalising tacit knowledge [20], a component deeply connected to the
nature of IS interactions. This difficulty is being partially solved by newer recommender matching
systems, and through ontology engineering [23,24]. However, although these systems successfully link
waste-to-resource opportunities, it still leaves stakeholders without a clear envisioning of the required
steps to their technical implementation. Technical information such as use and choice of technologies,
transport and handling requirements, need for infrastructure, third-party intermediaries, and access to
quantitative and qualitative data on required investment data should be made available and effectively
used in the decision-making process of the technical implementation of synergies. There was no
defined reported framework or guideline to assess a synergy from a technical standpoint.

The goal of this paper is to introduce a dedicated framework to guide IS practitioners into the
technical implementation of synergies by presenting a step by step decision tool for the technical
viability analysis of synergies. The technical viability analysis is divided into three main stages.
The first one provides the decision support steps for the technical compliance analysis of industrial
synergies. The second one to provide the technical characterisation of a synergy including the need
for relevant technologies, regardless of the synergy identification source. The third one to provide a
dedicated approach for the assessment of the technical feasibility of a synergy based on the previous
characterisation data, supporting the decision-making for its implementation.

The framework is referred to as TVAIS, (Technical Viability Analysis of Industrial Synergies)
and has been developed to be used by any independent practitioner, IS facilitating agent, or any IS
enthusiast in general willing to implement industrial synergies.

This paper is organised as follows. The first section (Introduction) presents the overall scope, the
intended goals, and its structure. Section 2 presents a literature review on technical assessment of
synergies and motivations for the development of the framework. In Section 3, a descriptive analysis
including the development and definition of the framework as well as the associated background
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research steps and questions are presented. In Section 4, the framework is presented and validated
using existent as well as innovative synergies. The conclusions are then presented in Section 5.

2. Background to the Approach

Despite only 0.1% of the 26 million European enterprises are known to be active in IS [25],
the number of successful cases of IS implementation has been growing all over the world. One example
of these initiatives is the BE CIRCLE project, which is supported and funded by EIT Climate-KIC and
has deployed innovative services on 8 different territories to encourage the development of circular
models [26]. The Nordic Industrial Symbiosis Network is an IS platform example that brings together
industry clusters and research institutes from Finland, Sweden, Denmark, and Norway to exchange
important knowledge, resources, and help to promote IS initiatives in the Baltic Sea Region [27].
A steam network named ECLUSE, a partnership to replace fossil fuels by sharing steam at high
temperatures and pressure between chemical industries, was implemented in the Waasland Port of
Antwerp. [28]. In the Grand Port Maritime de Marseille-Fos, a research project named Carbon4PUR
is investigating how waste gas from the steel industry can be turned into chemicals for valuable
plastics. On a laboratory-scale, the Carbon4PUR project has so far shown promising results, so the
consortium has started the evaluation of the ideal conditions for industrial-scale [29]. Recently, in the
Port of Dunkirk, Indaver has built a treatment centre, which has been named IndaChlor, to develop
a sustainable solution for the Dunkirk region and implement a circular economy. IndaChlor has a
40,000-ton capacity to recycle production waste and chlorinated waste streams to recover chlorine in
the form of hydrochloric acid and also recycle the energy produced [30].

These case studies demonstrate that technology is one of the key factors that contribute to the
unlocking and scaling of IS activities. In fact, according to [12], “IS plays a critical role in introducing
innovative solutions for complex waste streams, where current recycling pathways are suboptimal”,
and insufficient knowledge and/or experience regarding the performance of specific waste streams
when used as inputs, price of technology, or technology unavailability can prevent the implementation
of IS. There is thus a need for practitioners to have knowledge of the current technical procedures
that support the implementation of synergies. This type of information is not found or accessible in
current IS databases and repositories and therefore constitute a barrier when implementing industrial
symbiosis [31]. In fact, the importance of exchanging information and knowledge has been pinpointed
by Kosmol [32], which strongly links the success of the implementation of Industrial Symbiosis
with the available knowledge and makes recommendations to greater squeeze more benefits out of
identified synergies.

There are a few examples of IS support tools that try to promote the inclusion of technologies
in IS, such as an innovative collaborative database that allows firms to identify possible valorisation
pathways for wastes [33]; a many-objective optimisation framework to identify ‘symbiotic technologies’
and provide decision-making on technology selection [34]; and the e-symbiosis tool [24], which has
considered different options for valorisation routes and modelled enabling technologies through
the use of an ontology framework in a synergy matchmaking algorithm, although it is currently
discontinued according to [21]. However, there is a lack of comprehensive support methodologies for
the analysis of synergies and their technical assessment. This fact has contributed to the development
of the presented framework.

3. The TVAIS Framework

The current TVAIS framework provides an uniformised structure to guide step by step the user
into performing the technical viability analysis of synergies. It has been theorised in conjunction with
the development of a technology database (TDB) [35]. This TDB contains around 100 potential synergies
identified by an innovative algorithm [36]. From there, the authors perceived the need of developing a
framework that could technically assess the viability of a synergy. Hence, the proposed framework
intends to be also applicable in synergies deriving from any potential source, namely industrial



Sustainability 2020, 12, 7720 4 0f 15

symbiosis databases and knowledge repositories; web search for relevant firms and data; technical
documentation such as sectorial reference documents BREFS and EPOS sectorial blueprints [37];
academic literature; industrial partnerships and stakeholder’s interaction; or through tacit knowledge.

This section is dedicated to the description of the framework firstly in a general overview and
then of each of the framework stages in the dedicated subsection. The methodology for the technical
viability analysis of synergies consists of three interconnected stages as depicted in Figure 1.

Technical Viability Analysis Framework

(l) Synergy ; (Il) Synergy ) (lll) Synergy
Compliance Characterisation Feasibility

Figure 1. Synergy technical viability analysis framework stages.

The overview of the three main stages are:

(I)  Synergy Compliance—considers the analysis on previous implementation records of an identified
synergy and a technical compliance analysis regarding the sectors and the by-product aimed
to be exchanged. This stage determines if the synergy is suitable, from a technical standpoint,
for further consideration as a real opportunity to be implemented. A flowchart logic has been
developed to aid in the decision-making process required for synergy compliance analysis.

(I) Synergy Characterisation—full technical characterisation of the synergy is performed considering
the main procedures involved, the definition of the necessary intermediary operations, and the
required technologies. A set of variables is proposed bearing in mind the complexity level of
the intermediary operations such as the use of technology, transport requirements, necessary
resource inputs, outputs, and economic data.

(IlT) Synergy Feasibility—analysis of the previous characterisation data and assessment of the overall
technical feasibility of the synergy, supporting the decision-making for its implementation by a
dedicated classification system.

Each of the stages will be described in the following subsections together with the
research procedure.

3.1. Synergy Compliance

The compliance stage intends to provide support for practitioners to analyse synergies from a
technical standpoint, to understand if the synergy is technically relevant and if it entails a real synergistic
opportunity. The need for this analysis has been observed while detecting new synergies, which are
highly interesting for scaling up Industrial Symbiosis activities, lacking therefore the technical point of
view for such implementation. New potential symbioses/synergies opportunities could derive from
tacit knowledge, industrial partnerships, stakeholders” interactions, analysis of technical documents,
and IS tools, namely IS databases and matchmaking platforms. Regarding the latter, innovative synergy
matching algorithms arise reporting theoretical synergy matches that have a high probability of being
unfeasible requiring a technical assessment.

A decision process flowchart detailing the thought process embedded in the synergy compliance
stage is presented in Figure 2.

Starting with a synergy opportunity from any of the above-mentioned sources, the practitioner
is advised to perform an analysis of previous implementation records. This consists of looking for
background information on the implementation of the synergy and references to laboratory or pilot
scale studies on the utilisation of wastes in an industrial symbiosis scenario. To facilitate the search,
guidance questions to lead the analysis are presented in Table 1.
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In case previous records are identified, it can then be assumed that the synergy has already been
tested and established representing a technical match between industries and by-products of interest.

(1) Synergy Compliance

Synergy opportunity

l

Innovaiive Identified
Synergy i Synergy
Implementation
records?
Literature review Surveying existing
data
Cross-sectorial By-product
analysis analysis
A 4
>
Technical res P

o Compliant

compliance?

‘ Mot Compliant

Figure 2. Decision flowchart for stage (I) synergy compliance.

On the other hand, if no previous records are identified it is considered an innovative synergy,
which might include both those not yet implemented or still in the implementation process. Innovative
synergies could result from novel matchmaking algorithms [36], or through industrial partnerships
and stakeholder interaction. Contrary to identified synergies, innovative ones do not have relevant
support data available regarding its industrial applicability, therefore, requiring further analysis.
These synergies are promising for scaling up Industrial Symbiosis activities, enabling a greater number
of unexploited resource types to be valorised. The analysis of these innovative synergies requires a full
understanding of the industrial processes involved as well as cross-sector knowledge to verify the
effective suitability/applicability of the resource. The cross-sectorial and by-product analysis consist
of gathering and evaluating available data concerning the inputs/outputs/wastes of a productive
process and verifying the by-product in the scope of associated operations. As a practical example,
listed in the TDB [35], a synergy considering the exchange of sand from the starch manufacturing
process to the primary aluminium production was proposed mainly to be used as a flux material.
After the cross-sectorial and by-product analysis through technical and sectorial documents, there was
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no need for the use of SiO2 sand in the primary aluminium smelting process, thus a not compliant
synergy occurred. At this point, if the cross-sectorial analysis can detect and find a relevant need for
the by-product in the receiving sector then the synergy is compliant, otherwise it is considered not
compliant from a technical point of view.

The following support table presents the fundamental research questions in each of the main
steps to aid the research procedure in the synergy identification phase. Each step involving a
decision-making process includes research questions to serve as facilitation to define the objective
scope of the synergy identification step and technical compliance analysis, which is complemented by
the creation of guidelines for keyword definition, research procedure, and information on possible

information sources.

Table 1. Stage (I) reference questions for the identification of existing synergies.

OBJECTIVE/SCOPE KEYWORDS RESEARCH INFORMATION
STAGE STEPS DEFINITION DEFINITION PROCEDURE SOURCE
QUESTIONS? (Prioritised)
Start by assessing the
Has the synergy level of information
alreat?ly been Related to the _ stven by. the
considered/ pre-identification source
implemented at by-product/element related to the synergy, Industrial Symbiosis
Implementation indf trial level? I of interest being uch as th tor: ' databa arch
pReecsrds ° there asn evfd:n.ce sof exchanged and the ’ iCnvoslveS s;;; ’ en; inseess ,BSIEEFC
these imy ylementati0n7 involved sectors, descri; tior{ of the acade%nic databa/ses
Is the s F\er alread : subsectors or even exchanpes Look for
|© synergy Y industrial processes. nges. )
being considered for potential case studies
future exchanges? databases or other case
() SYNERGY study sources.
COMPLIANCE
Characterise sender and
receiver sector;
From a technical Related to the Characterise by-product
standpoint, is the industrial processes  of interest. This involves
Synergy relevant? Is of the involved a macro understanding .
Technical there a need for the companies; Also of the subsector and the BREF, Academic
. o . databases, search
Compliance specific related to the processes involved and

by-product/element of
interest in the receiver
sector?

utilisation of the
by-product in the
receiver sector.

identification of the
by-product relationship
with the process (analyse

engine

the Inputs, Outputs and
Wastes of the process).

As most information is related to industrial sectors, sectorial reference documents are a key
resource to understand the characteristics of the sender sector and by-product and receiver quality
standards. For example, the Best Available Techniques (BAT) reference documents, the so-called BREF
documents, cover as far as possible and practicable the most relevant industrial activities/sectors listed
in Annex I of EU’s Industrial Emissions Directive, (Directive 2010/75/EU). In spite of that, some BREFs
document may be outdated and other information sources may be necessary to be consulted.

3.2. Synergy Characterisation

After verifying the synergy compliance, the next step is to characterise the technical aspects
that are inherent to the implementation process. First, the synergy procedure is defined and then
characterised. The procedure definition includes the intermediary steps to implement a synergy,
including required treatment or pre-treatment operations, technologies, and the intermediary logistic
steps such as transport. Once defined, its characterisation of different variables regarding technology
processes, transport, and economics is evaluated. Regarding the procedure definition, it is important
to remark that they can be divided into two main groups, direct and indirect synergies, depending on
the number and complexity of the intermediary processes involved.

The direct synergies are the ones in which by-products could be directly sent to the receiver
industry without major technological processes involved and no modifications to the original by-product
involved. The direct synergies are mostly driven by adjusting the original sender by-product to be
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compliant with existing quality requirements or standards of the raw material that the by-product shall
substitute or incorporate at the end-user. A clear example of a directly used by-product without any
intermediary technological involvement between facilities is the use of Blast Furnace Slags (BFS) in the
cement industry. BFS can be used as raw material for the preparation of Portland cement by quickly
quenching it in water to produce Granulated BFS. The granulated BFS is then dried and grounded to
be incorporated in the cement industry as supplementary cementitious material. In a direct synergy,
a low level of technical requirements such as grinding, crushing, and other mechanical transformation
operations are expected.

The indirect synergies are mostly based on element recovery rather than full by-product utilisation
and include higher complexity operations. An example of an indirect synergy could be the separation
of hydrogen from the Coke Oven Gas (COG) by-product, resulting from the coking process in steel
manufacturing industries. For the separation, the COG needs to undergo a purification process for the
removal of tars, ammonia, sulphur, and other impurities. After the treatment process, an adsorption
technology is then applied to the clean COG for the hydrogen separation.

It is also important to disclose that if the procedure of an indirect synergy is already contemplated
as a common practice either in the sender or in the receiving sector (i.e., the specific sector is responsible
for the treatment of the waste which is part of their production process) then it might be considered
as a direct synergy. Table 2 presents the procedure definition stage and establishes the fundamental
research questions to support the procedure and direct/indirect synergy classification.

Table 2. Stage (II) research questions.

STAGE STEPS OBJECTIVE/SCOPE KEYWORDS RESEARCH INF;) gg{g ON
DEFINITION DEFINITION PROCEDURE s
(Prioritised)
Identify the associated
processes/technology Cross the information
or set of technologies available and
necessary, and the At first related to the .
. ‘o I understand what kind
associated logistics for utilisation of the of treatments are
the technical by-product/ element needed: Look for
implementation of the of interest in a / . BREF, academic
Procedure . L keywords referring to
Definition synergy. Q: Does it receiver industry. treatments/technics databases, search
require any Later, specific (physical, chemical engine
intermediary process keywords could be physiea, -
other processes); Find
for the synergy to be related to ;
(II) SYNERGY . . the technologies
implemented? Q: If so, technologies. . .
CARACTERISATION what kind of associated with the
. . technologies/treatments.
intermediary processes
does it require?
Cross the information
Clearly identify the . -Rela(tledtto tgeth from 1t)hei sec;on?l and Synergy
type of synergy. Direct y-product and the y-produc identification
Direct or in case the by.nroduct characteristics of the  characterisation. Does tool/database
Indirect? P by-product and to the treatment require ’
= element of interest. X R BREEF, Search
. . . the receiver process  extraction of a valuable .
Indirect if otherwise. engine

raw inputs.

component? If so, then
indirect.

Once the procedure is fully defined, the second step is related to the technical characterisation of
the associated synergy. The technical variables involved in the synergy are waste streams and inputs,
quantities, modes and means of transport, use of technology, intermediary facilitators, infrastructure
needs such as warehouse space, other exchange logistics, matching waste/raw material quality
requirements, and other quality considerations. The variables used in this framework are summed in
Table 3. It provides a description of each variable as well as the research questions associated.

To obtain the information required for the synergy technical characterisation, other sources are
available besides BREFs. For example, technical documents, scientific literature including articles,
abstracts, thesis, books, patents, pilot, emerging and industrial case studies, and documented technical
developments can be complementarily used. Search engines are often a good start to find background
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information on the topic, or keywords. Other information sources include technical databases such
as life-cycle inventory databases for process inputs and outputs and technical data identification.
Consultation of sectorial associations and stakeholders is also strongly advised.

Table 3. Proposed variables for technical synergy characterisation.

Technical Variable Description

Yield corresponds to the productivity that a Procedure or Technology can obtain in a
Yield and Recovery Rate defined period, and the recovery rate the amount of by-product the element of
interest (if applicable) that can be extracted.

Related to the needs on transport and associated requirements. What are the
Transport transportation characteristics needs for a given by-product/element of interest such as
means of transport, requirements, Safety guidelines and precautions?

Identifies the needs on any material/product required for the operation of the selected
Inputs procedure/technology. E.g., Which are the material inputs for the technical processes?
(water, energy, materials, other resources ... ).

Identifies the outputs of the treatment process such as in terms of waste (gaseous,

Outputs liquid, solid emissions), or in terms of additional product(s)/by-product(s).

The required specifications refer to generic requirements associated to the
implementation of the synergy (procedure/ technology). E.g., does the by-product
require sampling and characterisation beforehand the application of the
procedure/technology? Which analysis?

Required Specifications

Costs variable is related to the economical characterisation of the
Costs procedure/technology such as operational expenditures (OPEX), capital expenditures
(CAPEX), payback period (PBP) and/or other economic variables.

3.3. Synergy Feasibility

Once the synergy is characterised, the following stage deals with the analysis of its final technical
feasibility. The objective of this analysis is to categorise if a synergy is feasible to implement at large
scale and to qualify the required procedure in terms of complexity and potential for implementation.
For this evaluation, the criteria consider its technical characterisation, including technology use,
potential for scalability, and commercial availability.

The assessment of the technical feasibility is done by a simplified feasible/not feasible classification
based on multiple criteria. For the synergies with positive technical assessment (Feasible), three major
subclassifications have been defined based on their feasibility level: Feasible with low technical
requirements; feasible with high technical requirements; and feasible with limited potential.
These represents synergies that are possible to implement, and its classification is directed to describe
the complexity levels required. In some cases, the synergy is highly dependent on further analysis on
by-products and/or specificities related to location, quality standards, and/or logistics. For the negative
technical assessment of synergies (Not Feasible), two major subclassifications have been defined:
Not Feasible with unavailable support data; and Not Feasible with underdeveloped technology.
These represents synergies that are not possible to implement due to inexistence of implementation
records, uncertainty associated with the procedure, or limitations on the implementation at large scale
given the current state of the technology. The full description of each feasibility level is presented in
Table 4.

This assessment approach has been developed to clearly define a classification scale for the
technical procedures to be quickly consulted.
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Table 4. Stage (III) Synergy feasibility analysis nomenclature.

Technical Feasibility Feasibility Level Description

Lower technical complexity procedure, comprising mechanical

Low Technical and physical treatment or only transport (usually associated to

Requirements direct synergies).
High Technical ngher te‘chnlcal complex1ty.procedure and/or pumber of
. . intermediary processes required (usually associated to
Feasible Requirements

indirect synergies).

The procedure associated to this synergy presents previous
implementation records, but constraints related to technical

Limited Potential data (waste composition, receiver quality standards, logistic
and infrastructure) limits for its final accurate analysis.
Further evaluation is advised.

No previous implementation records or technology have been

Unavailable Support found and/or lack of support data to sustain a final positive
Data technical decision. Further evaluation regarding technical
Not Feasible feasibility for implementation is needed.
Underdeveloped There are no reliable technologies available in the desired scale
Technology for waste stream valorisation.

4. Application of the TVAIS Framework

This section is dedicated to the technical viability analysis of a set of the most promising synergies
identified in the EU context by an innovative cross-sectorial synergies identification methodology
developed and presented in [34]. This framework has been applied in the technical characterisation of
synergies in the context of the development of a technology database (TDB) [33] allowing it to provide
not only a technical feasibility analysis, but also support further environmental and socio-economic
assessments with the data provided. In this paper, five of those most promising synergies are presented,
which can be seen in Table 5. It contains information regarding the by-product to be exchanged, the
sender and receiving sectors, and the references consulted during the analysis. The presented synergies
were selected bearing in mind the diversification of sectors and specific criteria, namely, the salt slag
(synergy 1) because of its value as waste in different applications and because it is a clear example of
a procedure technically well supported via BREF documents. Coal fly ash (synergy 2) was chosen,
due to it being a residue observed in coal-burning processes with a significant environmental footprint.
The synergies containing the by-product furnace slags (synergies 3 and 4) have been chosen as an
example of the potential of the same by-product that can be redirected to different sectors. For the
last, concerning synergy 5, it was chosen since it represents an innovative synergy identified by the
innovative synergy identification methodology [34].

Once a synergy opportunity has been defined, in this case with information on the sending,
receiving sector, and the by-product being exchanged, the synergy implementation records step
is carried out according to Stage 1—synergy compliance stage. Most of the synergies presented
correspond to identified synergies except for synergy ‘5’, which is an innovative synergy. In this case,
oily sludges are not currently being considered as a copper input for secondary copper smelting and
therefore require further analysis.

Once no implementation records have been found for this synergy, the hypothesis of valorising
the oily sludge as a fuel source for secondary copper smelting process by extracting the sludge’s copper
content has been analysed through literature review. The results showed that it is possible in theory,
with some restrictions, due to the oily sludge’s heavy metal content. Therefore, a technology to extract
the heavy metal contents was needed for implementing the synergy. At this point, all the presented
synergies compliance have been successfully analysed, either by identified implemented synergies or
by analysing its technical compliance as in the case of synergy ‘5.
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Table 5. Set of synergies where the Technical Viability Analysis of Industrial Synergies (TVAIS)
framework was applied.

Synergy Description
Synergy ID By-Product Sender Sector Receiver Sector References
1 Salt Slag Aluminium production Cement (Raw m aterials [38-40]
preparation)
2 Coal Fly Ash Coal Combustion Plants Ce.ramlc (Brick am.i roof [41,42]
tiles manufacturing)
3 Blast Furnace Slag Steel (Blast Fanaces Ce}ramlc (Brick am}l roof [43]
manufacturing) tiles manufacturing)
4 Blast Furnace Slag Steel (Blast Fu.rnaces Glass (Stone and §lag wool [44]
manufacturing) manufacturing)
Refining Mineral Oil and Irljcflils-tlz ie;:(zgzclfsg;l:
5 Sludge Gas (Crude Atmospheric Copper Smeltin y [45-47]
Distillation) PP 8

Pyrometallurgical Route)

Stage II—For the synergy characterisation, the research questions idealised (Table 2) helped to
identify the associated procedure, and whether it was direct or indirect. It included the possible
technologies that could be employed and its characterisation concerning transport requirements,
necessary resource inputs, its outputs, and economic investment data. The results of the characterisation
have been split to facilitate consultation and reading ability and are presented in Tables 6 and 7. Each of
the columns represents the technical variables presented above. The success of the characterisation is
dependent on the level of information gathered. Sometimes it is not possible to obtain full technical
or economic data due to lack of available information, which is represented by a “Not Found” (N.E.)
marker. For direct synergies, technical variables of the applied technology such as Yield, Recovery
Rate, and cost data are marked as ‘Non-Applicable” (N.A.) since no technology is necessary in those
cases. Economic data also contain different kinds of information related to the procedure/technology,
either quantitatively or qualitatively.

The synergy characterisation phase allowed to define the procedures associated with each of the
synergies as compiled above. Synergy 1 could be considered both direct and indirect. This is because
there is effectively a procedure associated with this synergy for the recovery of the salts from the salt
slag. However, this procedure is usually well established within the Aluminium production industry,
therefore it constitutes part of the normal operations.

With the information presented (Tables 6 and 7) and following the nomenclature in Section 3.3,
the final synergy feasibility (Stage III) was assessed. The technical feasibility analysis is highly dependent
on the available data quality and quantity associated with Stage II—Synergy Characterisation. The more
information available, and the better it is, the more relevant and accurate the final technical feasibility
analysis will be. Table 8 summarises the results of the feasibility analysis for the above referred synergies.

The analysis provided the classification of the synergies in terms of their feasibility and application
potential. Most direct synergies were assessed as Feasible: Low technical requirements due to no
need for complex technology and due to being reliable mostly on transport and logistics. However,
the implementation of synergies is context-dependent, therefore further specific contextual analysis is
always advised, especially for accurate waste composition data and determination of the practical
relevance when dealing with innovative synergies. As an example, in synergy 3, there is some extent
of previous implementation records for this synergy, however full technical analysis is dependent on
accurate data on the waste composition and the type of application the final product is designed for.
This information however would guide the interested practitioner over these technical details and to
accurately assess the feasibility related to its specific context.
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The framework provides a structure to compile technical data so that it may be easily accessible to
any practitioner and, ultimately, that this information may be embedded into existing platforms or

IS databases.

Table 6. Stage (II) Synergy characterisation: Application of the framework.

Synergy
ID

Type of
Synergy

Procedure Name

Procedure Description

Yield and
Recovery Rate

Direct/
Indirect

Full recycling of
salt slag

Salt Slag is Crushed and Sieved to recover
Aluminium granulate. Then
Leaching—Thickener (Treated gas/ammonium
sulphate). Filter (washing and dryer—to
recover aluminium oxides)—Centrifuge and
Dryer are applied before the Recycling Salt.
In the full recycling of salt slag the aluminium
oxides are recovered by Filtration, followed by
washing and drying of insoluble oxides.

Per each tone of
salt slag result
0.46-0.68 t of
aluminium oxides.
100% of the
insoluble
aluminium oxides

Direct

Fly ash valorisation
for ceramic
materials
manufacturing

There are reported cases of fly ash utilisation to
produce ceramic materials. Fly ashes could be
directly mixed with raw natural clay to
produce ceramic bricks.

N.A.

Direct

BF slag valorisation
for brick
manufacturing

Steel slags could be potentially directly used as
a raw material for the manufacture of ceramic
bricks; however, grinding and magnetic
separation are needed as a pre-treatment. The
feasibility of incorporating steel slags in clay
fired bricks was studied by Bonazza et al. [41]
which reported being successfully able to
produce good quality bricks. However,
carefully should be taken to pre-treat the slag
by means of grounding and ferromagnetic
material removal in order to ensure good
protection and management of the
manufacture equipment.

N.E

Direct

Steel slag
valorisation for
mineral wool
production

By-product could be directly used as a raw
material for mineral wool slag production.
Blast Furnace slag is allowed to slowly cool by
ambient air. The resulting product is
Air-cooled Blast Furnace Slag which is used in
the manufacturing of insulating mineral wool.

N.A.

Indirect

Solvent
extraction—Ion
Exchange

Ion exchange textile activation using diluted
sulfuric acid, distilled water, and diethyl
ether—Ion exchange extraction using acetone
as solvent. Current practices for oily sludges
treatment have been developed for the purpose
of recovery of Petroleum hydrocarbons, which
have no or limited effects on the removal of
heavy metals. The existence of heavy metals is
one of the problems preventing oily sludge
from being directly recycled as fuel because of
fouling and corrosion of catalysts [43].
Therefore, it is expected for new technologies
to be developed and implemented for heavy
metal recovery. In general, these efforts are
currently at the laboratory to small pilot plant
stages, and no dates have been set for
commercialisation. Elektorowicz and Muslat
[45], combined solvent extraction with ion
exchange textile process to remove heavy
metals in oily sludge. The proposed technology
is based on this research which describes a lab
scale procedure to recover vanadium,
cadmium, copper, nickel, zinc, and iron from
oil sludge.

Recovery Rate:
Vanadium: 100%
Cadmium: 99%
Zinc: 96%
Nickel: 94%
Iron: 92%
Copper: 89%
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Table 7. Stage (II) Synergy characterisation: Application of the framework (continued).

Syl;];rgy OUTPUT Transport INPUT Required Specifications Costs
Before loading ensure
container, respective
compartment is clean and
dry. Alumina is a very dusty
cargo and should remain
All off-gas.es perfectly dry. Other cargo 1900 M] to 3845 M]
are treated in a must also be protected
bag filter and against dust damage. Fine per ton of salt slag
5 & . 8¢ processed (FUEL + PBP in less than 2
1 the separated alumina penetrates N.A
5 . ELETRICITY). Close years
dust is sent everywhere and given the
. i . . Loop Water
directly to the possibility of high loading recirculation
dissolvers temperature (65-70 °C). ectre 0
Personal protective
equipment must be used in
all handling stages. Safety
glasses, goggles, protective
clothing is advised.
Since there are differences
between one source of fly
ash to another, no general
rules can be applied for their
COZI emissions transportation of coal use in ceramic produ.ctlon.
derived from - Physical and chemical .
combustion by-products . Costs associated to
2 transport and . . . N.A. characterisation of samples .
- requires special attention to X . transport and testing
electricity fuoiti . is necessary. Chemical and
: ugitive dust emissions. . . .
consumption mineralogical analysis to
determine the exact
composition of the
by-product. Leaching
characterisation (TCLP) test.
Costs could be
. . . associated with
- Chemical and mineralogical .
. . . Electricity: YES; . . crushing and
Derived from Slag is usually packed in analysis to determine the L .
3 . Water YES; o grinding operations
transport bags of paper or jute. ) composition of the .
Heat: YES as well as magnetic
by-product . .
separation. Electrical
consumption
. Slag is usually packed in
4 Dilrr;\:sd tf)rr(t)m bags of paper or jute. Avoid N.A. No required specifications N.A.
P wetting
Electricity: Yes;
Water: Yes;
CO; emissions The transportation Reagents: Sulfuric Technology tested at
5 are derived requirements are associated acid, distilled water, NA a lab scale. No
from electricity to each specific material diethyl ether, Solvent o economic analysis
consumption characteristics. (better results were was found
obtained using
Acetone)
Table 8. Stage (III) Synergy feasibility analysis: Application of the framework.
Synergy ID Final Comment Technical Feasibility
Processing of salt slag is already a standard in this sender process. Feasible: low technical
1 Aluminium oxides separation is already implemented and can be requirements/Feasible: high
directly sent to final users technical requirements
2 Coal fly ashes could potentially be used directly in the manufacture of Feasible: Low technical
ceramic products and substitute natural raw materials requirements
Feasibilit d thei ti t d f hich s - .
3 easibility depends on the incorporation percentage and for whic Feasibility: Limited potential
application is the brick designed to.
Mineral wool manufactu.ring already Contemplat.es the receivir}g of Feasible: Low technical
4 Blast Furnace slags for mineral slag wool production. No associated .
. . i requirements
treatment or technologies were identified.
5 Tests were carried out in lab scale with promising results. No references  Not feasible: Underdeveloped

concerning industrial scale utilisation were found.

technology
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5. Conclusions and Practical Implications

The framework presents a practical approach to the technical details of synergy implementation
that are often not available in knowledge repositories of Industrial Symbiosis. The analysis of the
current IS databases and repositories suggest that these do not provide, or lack the required focus
to, the intermediary steps and the technical details of the by-product exchanges, thus retarding the
mimicking of industrial symbiosis.

The information gathered with the application of the framework is proposed to serve as a
reference guide to the available IS databases and to support further database development associated
with Industrial Symbiosis, allowing practitioners to quickly have access to and identify technical
characteristics and the implementation potential for a given synergy.

This framework contributes to the robustness and consolidation of information and knowledge
sharing related to wastes, industries, treatment processes, industrial waste exchanges, and IS in general.
Moreover, improving existing synergy databases and knowledge repositories on quantity and quality
of technical information concerning by-products exchanges, facilitates the dissemination of IS, and,
simultaneously, supports practitioners and stakeholders in replicating and implementing synergies.

The application of this systematic approach allowed to successfully assess the compliance and
carry a technical viability analysis of synergies. The presented framework is suitable to be applied to
synergies considering different sectors, by-products, and to existing and innovative synergies.

Further improvements to the framework can be envisioned by integration with matchmaking
platforms and IS databases to support the validation of synergies and decision-making on their final
technical viability. This integration would be possible by the digitalization of the presented framework
methodology and automating the technical characterization data searches. It has been acknowledged
that the fact of being data dependent may constitute a limitation of the framework, and the automation
process with search algorithms may surpass this constraint and improve data quality.
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