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Abstract

:

Industrial symbiosis (IS) has proven to bring collective benefits to multiple stakeholders by minimising underutilised resources, sharing knowledge and improving business and technical processes. In Europe alone, over €130 million have been invested since 2006 in research projects that enable IS by developing a methodology, tool, software, platform or network that facilitates the uptake of IS by different economic actors. This paper discusses and assesses information technology (IT) developments for supporting IS in Europe, following the five-stage methodology of Grant et al. (2010). It provides guidance to the applicants and reviewers of publicly funded research projects by listing the developments and gaps in the newly developed IT tools for IS. Content analysis of publicly available information on 20 IS supporting IT tools reveals a strong focus on synergy identification but a lack of support for the implementation stage of IS. The paper indicates that a vast quantity of IT tools and knowledge is created during the IT tool development stage and newer IT tools now also include implicit information for identifying IS. It was found that successfully operational IT tools are either part of a national or local IS programme or owned by a private company. The paper ends with the recommendation that better mechanisms are needed to ensure that publicly funded IS-supporting IT tools successfully reach the market.
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1. Introduction


Optimisation of industrial sites through efficiency gains, carbon and energy savings and the use of renewable energy sources is a starting point to decouple economic growth from environmental degradation. However, the system boundaries can be widened to include other industries, process sectors and neighbouring municipalities to collectively strive for resource and energy efficiency and, ultimately, aim for a circular economy. This cooperative management of resource flows between businesses and engagement of traditionally separate entities in a collective approach to competitive advantage is termed as industrial symbiosis (IS) [1,2]. It involves physical exchanges of materials, energy, water and by-products, as well as sharing social tactics at the firm and multiorganisational level [3]. This interfirm cooperation or IS [2,4,5] enables businesses to strive for a collective economic and ecological benefit that is greater than the sum of the individual benefits each company can achieve [2,6,7]. IS is a crosscutting field that has relevance for policies relating to resource efficiency, the low carbon and circular economy, eco-innovation, green growth, regional economic development [8] and many more [9,10,11,12,13,14].



The political will to promote industrial symbiosis has grown over the last decade to the level of being fully integrated in Europe’s long-term policies and strategies. Support is provided by all levels of governance in Europe in the form of the European Resource Efficiency Platform [15], Eco-Innovation Action Plan [16], Circular Economy Roadmap France [17], National Industrial Symbiosis Programme (NISP) and West Midlands Industrial Symbiosis Programme (WISP) [18], etc. Europe invigorated its commitment to resource efficiency in 2011 by devising the “Roadmap to a Resource Efficient Europe” [19]. It is no surprise that IS was among the seven “top priority areas” outlined by the European Resource Efficiency Platform [15] in their 2012 Manifesto and Policy Recommendations. In 2015, the ambition to move away from a linear economy was endorsed with the release of the EU Circular Economy Package, revised in 2018 [9]. Industrial symbiosis is a means to support circularity and textbook examples of local industrial symbiosis cases like Kalundborg [6], Rotterdam [20], Tianjin [21] and many more [22,23,24] have repeatedly proven the potential of IS to enable progress towards the circular economy. Specifically, in Kalundborg, the symbiosis activities have resulted in reduction of CO2 emissions, water savings, biofuel production from waste, reduction of imported primary materials, etc. [25]. It stands to reason that the material benefits in Kalundborg are coupled with social and economic benefits for all the parties involved.



Despite the proven benefits of IS, only 0.1% of the 26 million European enterprises are known to be active in IS [26] based on [27]. There is still a dire need for research and innovation at all levels of social, technological and commercial fronts to reshape policies, redesign products and processes and introduce new business models to show the feasibility of the circular economy [28] and of industrial symbiosis in particular. Starting from the launch of the Energy and the Innovation Unions under Europe’s 2020 Strategy in 2011, symbiosis and circularity have become key priorities in political as well as scientific agendas [29,30]. In this regard, different funding opportunities have been announced to incentivise the move towards a low carbon, resource efficient and circular economy, the biggest of which is the H2020 research and innovation (R&I) funding scheme [31]. Cross-sectoral industrial symbiosis in process industries is a priority agenda for SPIRE cPPP (contractual Public Private Partnership on “Sustainable Process Industry through Resource and Energy Efficiency”), and several projects have received funding in this direction [32]. This paper helps to assess the effectiveness and impact of these initiatives in European countries, especially focusing on the development of information technology (IT) tools that support IS.



An interest in IT tools for IS has emerged on the research agenda in Europe, significantly supported by publicly funded R&I projects. It is evident that there is a need to avoid the pitfalls faced by earlier IT tools [33]. The literature shows that IT tools for IS have faced difficulties in remaining operational. In 2000, Chertow [2] presented a literature review of tools and approaches for industrial symbiosis which included three IT tools developed as part of the Designing Industrial Ecosystem Toolkit (DIET): DIET (Designing Industrial Ecosystems Tool), FAST (FAcility Synergy Tool) and REaLiTy (Regulatory Economic and Logistics Tool). The further development of the toolkit was cancelled due to changes in budget priorities [33]. In 2010, Grant et al. published an analysis of 13 IT tools for industrial symbiosis by applying a project lifecycle approach to identify the application of these tools in different project lifecycle stages (identification, assessment, barrier removal, implementation and follow up) of a symbiosis project [33].



Of the 13 IT tools that were discussed in the paper of Grant et al. (2010) [33], only four tools were reported to be operational, three of which were developed and implemented in Europe. Presteo, SymbioGis and CRISP were still operational in 2010 [33]. Of these three, only CRISP, succeeded by Synergie®, is still operational and constantly updated by the provider. In 2018, Benedict et al. identified four main barriers to IS and the corresponding IT support [34]. The first barrier is the lack of compatibility between the variety of required information from different sources and the underlying data-modelling framework of IT tools for IS creation. Second, technical feasibility and economic efficiency need to be accompanied by social aspects and mechanisms (willingness, trust, cooperation and reciprocity) that favour industrial symbiosis [35,36]. Third, the focus of most IT tools support IS identification (matchmaking), while the other project lifecycle stages of IS are often neglected. Fourth, the existing IT tools are difficult to access; often, there is no explicit mention of how and for whom the tool is available, and a gap is eminent in the literature about the management and development strategy of IT platforms [34].



This paper revisits the development of IT tools for IS by using the same five-stage methodology proposed by Grant et al. (2010) [33]. The aim is to objectively map the progress of IT tools for IS and conclude if the gaps in the development of IT tools for IS that have been identified in literature are being filled by newer IT tools. To reach this goal, content analysis of publicly available information on 20 IT tools was carried out and their focus on each of the five lifecycle stages of an IS project was evaluated. These five stages are, namely, synergy identification, symbiosis assessment, barrier removal, implementation and follow up [33]. To improve the robustness of the content analysis, the key performance indicators (KPIs) presented by Grant et al. (2010) for each stage were supplemented with the work of Van Eetvelde and colleagues (2005 and 2007) [5,36] and Maqbool et al. (2017) [37].



The five stages of any IS project lifecycle as outlined by Grant et al (2010) [33] are discussed below.



1.1. Synergy Identification


Synergy identification occurs through three primary means: new process discovery, resource (any underutilised materials, capacity, logistics, etc.) matching and relationship mimicking [33]. New process discovery refers to the identification of an industrial symbiosis enabled by technological development leading to value addition of a previously discarded by-product or waste through a novel transformation process [33]. Input–output resource matching refers to finding substitutes of resources among specific actors. Different models for synergy identification are deployed by public and private parties, such as IT-enabled identification by semantic matching [38,39], expert facilitated workshops [40] and integration of energy and material networks to achieve higher efficiency [41]. Relationship mimicking refers to the identification of an industrial symbiosis by making use of a documented case that resonates with the resources and industrial processes of the actors. However, relationship mimicking runs the risk of path dependence and, thus, research and innovation projects are crucial to the aim of innovative IS solutions.




1.2. Symbiosis Assessment


Symbiosis assessment evaluates the outcomes and challenges associated with IS. It is common practice to evaluate the environomic cost–benefit analysis of symbiotic activities between different partners [22]. However, other nontechnical aspects were also included in this study. This IS assessment stage was identified to be covered if the tools included:




	
an assessment of compatibility of the IS activity with the national and local regulations;



	
an evaluation of and distribution of economic gains between the IS partners;



	
an assessment of spatial proximity between IS partners;



	
a techno-environmental impact assessment of the industrial symbiosis; and



	
the impact on job retention and creation under the symbiosis activity.








Focus on any one of the five aspects was considered sufficient to qualify the IT tool for achievement of this stage.




1.3. Barrier Removal


The barriers to industrial symbiosis have been enumerated by Van Eetvelde and colleagues [5,36], Lombardi [26] and Golev et al. [42]. Summarised by Golev et al., the barriers to IS are: lack of commitment to sustainable development, lack of information, difficulty in trust and cooperation between partners, technical infeasibility, uncertainty and inconvenience in regulatory compliance, lack of community awareness and, lastly, economic infeasibility [42]. Some of these barriers need to be removed within an individual organisation, some may need to be removed between organisations and still some are outside the bounds of the organisations, in which case, involvement of third parties to provide leverage and remove barriers is a common practice [43,44,45]. The barrier removal stage was considered to be covered if the IT tools focused on:




	
removing legal barriers by providing a platform to jointly enrich legal expertise development [46];



	
simplifying access to public investment funds;



	
providing information on logistics for symbiotic transfers or the potential impact on existing material and energy networks;



	
information to bring about IS-related emissions reduction and improved energy efficiency; and



	
improving stakeholder interaction and overcoming information barriers between unrelated sectors.








It needs to be borne in mind that these barriers are interlinked and, hence, their solutions can have effects on each other.




1.4. Implementation


After barrier removal, decisions need to be made for implementing a symbiosis between industries. This entails the execution of the symbiosis activity, which cannot be decoupled from the selection of a management approach. Prior to any exchange, the decision on which approach will be useful to manage the symbiosis is to be made: either it will be self-organised by the participants of IS [7] or it will be facilitated or managed by a third party, such as a park manager or IS facilitator. In the latter case, the third party acts as an intermediary enabling cooperation [20,44]. The real-time handling of resource flows is the functionality that IT tools can provide to support the execution of the symbiosis. Regarding the selection of the management approach, IT tools can provide guidelines to businesses to support decision-making. Distribution of tasks and responsibilities between partners, which is defined by the clauses in the business contracts, also forms a part of the implementation stage. It was stressed in the work of Grant et al. (2010) that this stage is almost entirely handled by the participating organisations.




1.5. Follow Up (Review and Documentation)


There are two main functions covered in the final stage of the symbiosis cycle: thriving and propagating. Thriving is about continuous monitoring of impact and auditing to ensure stability of the activity and regular improvement of the symbiosis process. Disseminating is about publishing the results and lessons from the symbiosis activity at different levels of detail and diffusion, from own employees to the public. Documentation and dissemination within and outside the company help to replicate industrial symbiosis in the future; external outreach helps to generate value by improving the corporate image of the company and increasing the knowledge base of society. This creates the grounds for generalising symbiosis opportunities and thus generating IS mimicking by other businesses. IS tools that include a functionality to report the impact of the synergies or provide an IS case study database via publicly available online repositories cover this stage of the IS lifecycle. The five-stage IS lifecycle does not follow a linear pattern and, thus, follow up is a crucial stage for closing the loop between the implementation and synergy identification stages.



In this paper, the selected IT tools comprised existing and upcoming IT tools. These IT tools have been or are being developed as part of in-house research and development (R&D) projects by private companies or as a result of a publicly funded R&I project. To limit the scope of this study, only the IT tools developed in Europe were included in the assessment. The paper provides an answer to the following four questions: Is the combination of explicit and tacit knowledge used in identifying IS opportunities in the newer IT tools? Has the user base of newer IT tools expanded? Is the substantial focus on the IS identification stage still prevalent? Finally, what are the requisites to help IT tools for IS remain operational? The objective is to provide guidance for directing public funding and resources to projects that will help bridge the gap between IT tool development and the widespread application of IS in Europe.



The following section on methodology is added to define the data collection process and the KPIs that define the assessment criteria for each IS lifecycle stage. Then, the results and discussion section discusses the 20 IT tools with respect to their focus on the stages of the IS project lifecycle and insights are provided for future research and innovation endeavours. Finally, in the last section of the paper, conclusions are drawn.





2. Methodology


2.1. Data Collection


An inventory of 69 items was made to start the analysis by using an internet search for the terms industrial symbiosis, resource efficiency, resource and energy optimisation and circular economy. For each entry, relevant information was sourced from the publicly available online systems: websites, brochures and related academic literature. Twenty IT tools for IS were shortlisted from the set of data. These included 3 IT tools developed as part of in-house R&D projects by private companies; 16 IT tools developed or updated as part of a publicly funded project, 7 of which are still under development; and 1 IT tool that is being developed as part of independent academic endeavours.



Twelve IT tools that were privately owned and developed outside of Europe were excluded from the study. Also, 17 projects were discarded because of a lack of focus on industrial symbiosis. Twenty projects that focus on capacity building for industrial symbiosis were also excluded from the assessment because they do not deliver IT tools for IS. These 20 capacity-building projects and the 16 publicly funded projects for IT tool development received a funding of almost €137 million from the European Union (EU) since 2006.



One interview was carried out via Skype with the providers of the iNex platform. Specific information about the SymbioGis and Celero platforms was collected via email. Also, providers and researchers of the ZeroWin tool, Synergie®, Nova Light and SymbioSys were contacted via email to collect updates on their tools. Responses were received from the developers of Synergie®, Nova Light and SymbioSys. For the rest of the tools, publicly available information was obtained to carry out the assessment.




2.2. Key Performance Indicators for Content Analysis


To prepare the KPIs for the content analysis of the 20 IT tools for IS, the assessment criteria used by Grant et al. (2010) [33] was supplemented with some of the principles for park management by Van Eetvelde and colleagues (2005 and 2007) [5,36] and industrial symbiosis aspects used by Maqbool et al. (2017) [37]. The resulting assessment matrix is provided in Table 1.



Early in the analysis, it was found that the focus of the IT tools was not equally pointed at all of the five stages. Hence, a ranking with three levels was used to distinguish the level of focus of different IT tools on each of the five stages. These three levels are:




	
1 (no or low focus): minimal or no focus on the particular stage;



	
2 (moderate focus): supporting some aspects of the particular stage, but the main focus lies in another stage;



	
3 (strong focus): tools or projects with core objective and focus on this stage.








By introducing these three levels of measuring the focus on a given IS lifecycle stage, the desired flexibility for content analysis was introduced. An example of the IT tool developed in the EU funded H2020 project, EPOS (Enhanced energy and resource Efficiency and Performance in process industry Operations via onsite and cross-sectorial Symbiosis), is provided to elaborate how the three levels are used to reach a judgment about the focus of the IT tools. The EPOS IT tool optimises the generic models of industrial sectors, the so-called sector blueprints [47]. It does so by using techno-economic and environmental KPIs and identifies possible IS links between the unrelated industrial sectors, which is where the main focus of the EPOS tool lies. The EPOS User Club website also provides information on generic IS cases [48] that fall in the stage of follow up. The barrier of communication between unrelated sectors is overcome by anonymising data in the sector blueprints. Still, the stage where the main objective lies is synergy identification and thus received a score of 3. This is because the effort for anonymising data to provide techno-economic assessment and barrier removal (both stages scored as 2) are all done to achieve the identification of IS possibilities. The follow up stage received a score of 1 because, although the EPOS User Club is part of the project website, it is not an integrated part of the EPOS IT tool. Though no direct reference to the implementation stage was found in the publicly available information, this stage also received a score of 1 and not a 0 because the project is still running and this possibility cannot yet be conclusively eliminated. Hence, it was decided to include three levels of assessing the focus, which helps to avoid making unsupported harsh claims about the focus of the IT tools under study.



Once the content analysis of the IT tools was finished, the scores were aggregated to find the trends in the development of these IT tools.





3. Results and Discussion


3.1. Content Analysis of the IT Tools


Of the 20 IT tools under study, 8 of these are available on the market. Two of these eight IT tools—Synergie® (by International Synergies) and iNEX platform (by iNEX Circular)—are products of private companies that couple their IT tool with IS facilitation services for the customers. Synergie®, an information and communication technology (ICT) resource management database and platform, is a web-based tool for IS facilitators. Additionally, the software allows companies to meet quality assurance protocol and audit requirements by offering database, project management and reporting functionalities to capture and store information about resources and to easily identify commercial opportunities for reuse [49]. Additionally, the R&I project SHAREBOX is currently running to include more functionalities that enhance the IT tool Synergie®. Now, Synergie® can be used, inter alia, by plant operators and production managers to effectively monitor and trade process resource streams in real time within their own supply chains or with other companies in a symbiotic industrial system [50]. These factors allowed for a high ranking of Synergie® in all the lifecycle stages of IS, with the highest focus on synergy identification. The iNEX platform aims to solve the recycling problem and address the gap in knowledge for waste producers and waste recyclers/users. The iNex platform has been active for five years and provides synergy identification and knowledge support about methodologies to their customers. Because of the focus on matchmaking, the iNex platform scored the highest in synergy identification.



Two of the available IT tools—IS DATA repository and CIRCULATOR—are self-service tools and both are freely available platforms for knowledge sharing. The IS DATA repository provides freely available information about industrial symbiosis in a structured way [51]. The repository is being developed as part of a project organised by the Eco-Industrial Development Council Section of the International Society of Industrial Ecology [52]. The aim of the project is to allow for and enable the construction of varied end-use applications for the research and facilitation of industrial symbiosis. Hence, the IS DATA repository scored high on knowledge and communication barrier removal, as well as follow up, because of the publication of IS case studies. CIRCULATOR is a project funded by EIT RawMaterials and provides customised information to the user in the form of existing cases of business strategies for circular businesses [53]. Since it is a passive platform which provides information to users about general IS possibilities, its objective was evaluated to lie in breaking information barriers and thus scored highest in the barrier removal stage.



Two more operational IT tools (SMILE Resource Exchange and the Italian Platform for Industrial Symbiosis) are part of national programmes to enhance industrial symbiosis. SMILE Resource Exchange, part of the Irish National Program, is a free online platform for businesses to connect and identify opportunities for resource exchange [54]. The platform is coupled with a service provided by local consultants in different regions of Ireland. SMILE Platform breaks the information and communication barrier between stakeholders to provide an opportunity for synergy identification. The Italian Platform for Industrial Symbiosis, managed by the Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), provides a platform for local businesses to search for synergies between the registered companies [55]. The platform is part of the project “Eco-innovazione Sicilia Project”. The IT tool that is used by ENEA uses geo-referenced data to identify opportunities between companies and helps establish a network between companies and stakeholders. Hence, it ranked higher on synergy identification and barrier removal.



At the local level in Belgium, the initiative SYMBIOSE (BE) by the region of Flanders brings together local actors and supports IS realisation to help reduce the environmental impact of economic activities [56,57]. Symbiosis 3.0 is the web-platform of this initiative, providing a matchmaking service to the users. The initiative also helps in providing further information to interested parties about realising IS. Because of the heavy focus of the platform on the matchmaking service, it scored highest in the first stage of the IS project lifecycle. The last of the operational IT tools, SymbioSyS, incorporates tacit knowledge to identify symbiosis matches. It is a freely available tool developed for a variety of users who do not require expert knowledge to manage it [58]. The literature suggests that SymbioSyS is a freely available tool [58], however, the IT tool is only provided under agreement with the Universidad de Cantabria. The IT tool achieved the maximum score of 3 points in synergy identification because of the use of implicit knowledge to identify IS opportunities. From the literature, it was found that the SymbioSyS tool also uses geo-referenced data and, hence, scored high in the symbiosis assessment stage because it provides spatial assessment for synergy.



Six out of 20 IT tools included in this study were inaccessible, of which e-symbiosis, ZeroWin and Locimap have been developed through European funding. Presteo and SymbioGIS are a result of a national programme, and Nova Light is a product of a private company. The nonoperational tools still provide a world of knowledge for future research, for example, the eSymbiosis project, which successfully integrated tacit knowledge in the process of IS identification with the use of ontologies [38,39]. It received a score of 3 for the synergy identification stage. There are examples of new IT tools that use knowledge embedded in nonoperational IT tools. For example, Presteo, based on the work of Adoue [59], preceded the development of SymbioGis. The web-based tool for input-output (IO) matching, Presteo, was made for end users to identify symbiosis opportunities [33] and was followed by SymbioGis, a web-based GIS tool to facilitate industrial symbiosis in Geneva, Switzerland. The tool was developed as a result of a collaboration between the local government, university and the Sofies group [60]. Since the SymbioGis tool was developed to identify IO and service matches, it also provides a technical and geographical feasibility assessment and, hence, scored high on the first two stages of the IS lifecycle. Because of the functionality of the tool to provide information on locations for new facilities based on material flow in the region, it helps to remove the information barrier. Nova Light is a web-based platform developed by another private business. It was developed to provide matches between waste producers and consumers. Thus, a score of 3 was given for the synergy identification stage.



Six IT tools for IS that are under development are part of currently unfinished R&I projects. The IT tool of FISSAC scored the highest score of 3 in synergy assessment because it is planned to be able to respond to resource efficiency and environmental performance concerns (by the help of lifecycle analysis (LCA)) and scored a 2 on synergy identification because it provides matches for the users of the geo-referenced platform [61]. The set of tools developed by the Maestri project aims to enhance the overall efficiency of industrial processes [62]. The combination of Maestri front end tools (MSM and ecoPROSYS) and the Internet of Things platform focuses the most on the assessment stage (3) and also provides support for breaking barriers for information exchange between different software tools (scored 2). The BISEPS tool is being developed to bring improvement in energy efficiency for businesses in business parks by clustering individual energy needs and demands [63]. Since the focus is on match-making, the score (3) was the highest for the synergy identification stage. The synergy assessment stage of Symby-Net, the platform developed by the Symbioptima project [64], scored the highest (3) because this IT tool provides lifecycle sustainability assessments of symbiotic networks. Symby-Net was developed to be used by industry managers as well as IS facilitators or park managers [64]. The ERMAT project will provide a web tool to be used for matchmaking purposes. This IT tool will be freely available for use by the public, while more information will be provided for a fee [65]. The IT tool for ERMAT scores highest on the first stage of the IS project lifecycle. The last of the IT tools being developed as part of an R&I project is the EPOS toolbox, the content of which was discussed as an example in the methodology section.




3.2. Scoring the IT Tools against IS Project Lifecycle Stages


The results of the content analysis are summarised in Table 2. The acquired score gives the sum of the assigned scores for all IT tools for the respective lifecycle stage. The maximum score is calculated as 3 × 20, which would be the score had all the IT tools focused on the lifecycle stage with the highest emphasis.



The results show that 12 IT tools have their main objective in the stage of synergy identification, with a prevalent commitment to matchmaking (48 points out of 60). Symbiosis assessment received second priority when developing the IT tools (35 points). These results coincide with the findings of Grant et al. (2010). The reason for this trend lies in the fact that matchmaking tools and assessment methodologies hold the most promise for innovation for academia, IT tool developers and the facilitators of industrial symbiosis. Closely following the IS assessment stage was barrier removal (32 points). The focus on the follow up stage is due to the dissemination function of the IT tools. The implementation stage of the IS project lifecycle shows the least focus (21 points). This is also not an unexpected result, as once the synergies are identified and assessed and barriers are removed, then contractual details and commercialisation by the industry does not pose a major difference as compared to normal business practices [26], resulting in the lowest focus being on the implementation stage [33] by IT tools for IS.




3.3. Discrepancies Resolved by Newer IT Tools for IS


Similar to the observations made by Grant et al. (2010), the assessment of newer IS-enabling IT tools still shows a heightened focus on the identification of symbiosis opportunities. This trend raises the legitimate question of if future research should still focus on developing more tools in the same trend, or should the focus be shifted to customising the existing tools to embed a management functionality to provide specific solutions to symbiosis partners. Learning from the available IT tools, it is evident that there is a lack of IT tools that provide support to implementation and management of the symbiosis activities, and more research and development efforts are required in that area.



The nontechnical information or tacit knowledge regarding industrial processes, business interactions, regulatory compliance, etc., is crucial for successful identification and application of IS. The older IT tools had a limited focus on the inclusion of nontechnical information in the development framework of the IT. Academia and industry have understood and expressed the importance of nontechnical barriers and drivers to IS [25,26] and the inclusion of tacit knowledge in the process of opportunity identification. The newer IT tools developed under R&I projects have focused on the inclusion of tacit knowledge for symbiosis identification and assessment, be it by the use of ontologies (projects e-symbiosis and SymbioSys) or by use of a recommender which identifies opportunities based on machine learning (AI) algorithms [66] (project SHAREBOX).



The other discrepancy in the older IT tools was the limited user profile, mainly targeted at the IT developer or engineer. This paper shows that more IT tools are being developed for use by industries that are referred to as participants by Grant et al. (2010) [33]. As mentioned by Van Capelleveen et al. (2018), organisations need to justify the time and resources invested in exploration of potential opportunities, the benefits of which are not certain [66]. This becomes even more difficult when an outsider requests information that may require time and resources and a risk of breach of confidentiality. IS opportunity exploration via IT tools can help industries control the information flow outside of the organisation [47]. As more IT tools are being developed for participants (EPOS toolbox, updates in Synergie under the project SHAREBOX, Maestri IoT, e-symbiosis platform), this should enhance the application of IS in various industries. The multidisciplinary and cross-sectoral nature of IS requires the IT tools to be used by a myriad of users. The knowledge that these users have also differs based on the sector to which they belong. Currently, the existing IT tools are specialised in solving sector-specific problems, while IS-enabling IT tools should address users from different sectors to solve cross-sectoral problems, which may result in the development of complex IT tools that require a high level of expertise to use. This dichotomy is shown in Figure 1. Passive online tools for matchmaking occupy the block of “nonspecific and easy to use IT tools”; however, these tools have shown to be less effective [26]. IT developers must ensure to avoid the effort invested to build tools that fit in the lower half of Figure 1.



This figure, combined with the findings of this paper, will help researchers, industries and funding agencies to direct future endeavours in a more efficient and effective manner in order to pave Europe’s way for resource efficiency and circularity.



The last research question to answer relates to the features of the successfully operational IT tools. The operational IT tools Synergie and the iNex platform are being developed by IS facilitators whose core business is coupled with the development of such a tool. The other operational IT tools for IS are part of local or national symbiosis programmes, such as Symbiose 3.0 and the SMILE platform, respectively. In both cases, the IT tools have a clear ownership and undergo continuous improvement. These are the two main features of successfully operational IT tools for IS. Another supporting mechanism to ensure that IT tools for IS find their way to the market and effectively support the uptake of IS in industry is through a variety of R&I projects and local initiatives. These projects and programmes help to build capacity for IS in industry, small- and medium-sized enterprises, academia and local and national administrative bodies. These capacity-building efforts coupled with IT tools provide the advantage of focusing on all the stages of an IS project lifecycle that might not be fully supported by IT tools alone.



The research also showed that more IT tools are being developed with public funding. Five out of the six nonoperational IT tools included in this study were funded by some public organisation. It is crucial to use the knowledge created by these nonoperational tools and develop new and improved IT tools for IS. For example, as a follow up of SymbioGIS, since 2014, a consortium including the Sofies group has been busy developing a Celero platform to identify and facilitate industrial symbiosis and cleaner production among companies [67]. Effective mechanisms to support revitalising and improving publicly funded IT tools for IS need to be put in place in order to disseminate the benefits to the wider society.





4. Conclusions


This paper provided findings of the assessment and quantification of IS-enabling IT tools by focusing on the lifecycle stages of an IS project. The study enumerated the strengths and weaknesses of IT tools for IS; therefore, the KPIs and findings presented in this paper can be used as reference for self-assessment by applicants of R&I projects for development of new IT tools for IS. The assessment matrix followed in this paper will also prove useful for funding agents and evaluators.



From the results, it can be concluded that the gaps identified by Grant et al. (2010) are being eliminated by the newer IT tools developed in Europe. Although the focus of IT tools still mainly centres on the identification of IS opportunities, the stage of implementation and management of a symbiosis activity is overlooked by IT development and research efforts. This gap can be easily bridged by updating existing and nonoperational IT tools for IS.



It was observed that IT tools have a higher chance of remaining operational when the companies responsible for developing them can improve their core business by using it. Hence, coupling IT tools with the services of an IS facilitator or a local or national IS programme increases the chances of the tools remaining functional and economically viable. It was also observed that newer IT tools utilise tacit knowledge when identifying symbiosis opportunities and thus attempt to fill the gap in the older IS-supporting IT tools.



To conclude, the IT tools being developed in Europe are well on their way to proving effective for wider application. However, better mechanisms are still needed to ensure that IS-supporting IT tools developed with public funding reach the market and that the capacity developed from successful R&I projects is made available to peers, industry and the general public for successful application of IS in Europe.
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Figure 1. The relationship between specificity and user friendliness of IT tools for IS. 
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Table 1. Assessment criteria for content analysis of industrial symbiosis (IS)-related projects and information technology (IT) tools.






Table 1. Assessment criteria for content analysis of industrial symbiosis (IS)-related projects and information technology (IT) tools.





	IS Project Lifecycle Stage
	Assessment Criteria Presented by Grant et al. (2010)
	Assessment Criteria Based on the Work of Van Eetvelde and Colleagues (2005 and 2007) Coupled with the Work of Grant et al. (2010) and Maqbool et al. (2017)





	1. Synergy identification
	New Process Discovery/Technology Innovation

Input–Output Matching

Case Study Mimicking
	New process discovery/technology innovation

Input–output matchmaking

Relationship mimicking



	2. Symbiosis assessment
	Cost Benefit Analysis (CBA)

Lifecycle Analysis (LCA)

Economic Input–Output (EIO) Analysis and EIOLCA

Barrier Assessment
	Legal: Regulatory compliance

Economic: CBA or best available techniques not entailing excessive costs (BATNEEC), business case assessment, lifecycle cost analysis (LCCA)

Spatial: Distance between industrial symbiosis partners, land and transport availability

Technical/Environmental: Process-based LCA, expert knowledge

Social: Job retention and creation



	3. Barrier removal
	Technology Development

Regulatory Approval

Financing

Business to Business Contractual Agreements

Public Approval
	Legal: Regulatory approval, business deals

Economic/Financial: Information about public funds and unknown business opportunities

Spatial: Optimisation of the network design, regional clustering of resources

Technological: Technology/process development

Social: Stakeholder workshops, community involvement, personnel (skill) training



	4. Implementation
	Commercialisation and Adaptive Management
	Execution: real-time data handling of resource flows, contracts

Management approach: self-organised, facilitated



	5. Follow up
	Documentation, Review and Publication
	Thriving: External audits, standards, etc.

Disseminating: Documentation platforms, wiki sites, marketing, etc.
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Table 2. Results of the content analysis of the IT tools.
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	#
	Name
	Status
	Funding Body and Funding Amount

(in Million €)
	Target Users
	Available Since/From
	Synergy Identification
	Symbiosis Assessment
	Barrier Removal
	Implementation
	Follow up





	1
	SymbioGIS
	Completed, not operational
	Geneva Govt.
	Urban planners
	2007
	3
	3
	2
	1
	1



	2
	Presteo/LGCD
	Completed, not operational
	Not available
	Industry
	2010
	3
	1
	1
	1
	1



	3
	Nova light
	Completed, not operational
	Private
	Waste producers and users
	2010
	3
	1
	1
	1
	1



	4
	SMILE Resource Exchange platform
	Operational
	Public Private
	IS facilitators
	2013
	3
	1
	2
	1
	1



	5
	eSymbiosis
	Completed, not operational
	EU 0.9, Others 0.9
	Industry
	2014
	3
	1
	1
	1
	1



	6
	iNex platform
	Operational
	Private
	IS facilitators, industry
	2014
	3
	2
	1
	1
	2



	7
	IT tool by project Locimap
	Completed, not operational
	EU 1.9, Others 0.6
	Park managers
	2014
	1
	3
	2
	1
	2



	8
	Resource-eXange-Platform (project ZEROWIN)
	Completed, not operational
	EU 6.1, Others 3.3
	General public
	2015
	2
	1
	1
	1
	2



	9
	Italian Platform for Industrial Symbiosis
	Operational
	Not available
	Facilitators and industry
	2015
	2
	1
	2
	1
	1



	10
	CIRCULATOR (tool)
	Operational
	EIT RawMaterials
	all users
	2017
	1
	1
	3
	1
	1



	11
	Symby-Net (project SYMBIOPTIMA)
	In development
	EU 6, Others 1.3
	Industry, park managers
	2018
	2
	3
	1
	1
	1



	12
	SymbioSyS (tool)
	Operational
	Not available
	General public
	2018
	3
	2
	1
	1
	1



	13
	EPOS toolbox by EPOS project
	In development
	EU 5.4, Others 0.5
	Industry
	2019
	3
	2
	2
	1
	1



	14
	Synergie® (project SHAREBOX)
	Operational and continuous update
	EU 5.4, Other 0.5
	Industry
	2019
	3
	2
	2
	2
	2



	15
	Maestri (Internet of Things) platform (project Maestri)
	In development
	EU 5.7
	Industry
	2019
	1
	3
	2
	1
	1



	16
	IT tool by FISSAC project
	In development
	Not available
	Cluster managers, industry
	2020
	2
	3
	1
	1
	1



	17
	BISEPS-tool (part of BISEPS project)
	In development
	EU
	Park managers
	2020
	3
	2
	2
	1
	1



	18
	Industrial Symbiosis DATA repository
	Operational
	Not available
	Researcher, IT developers
	On going
	1
	1
	2
	1
	2



	19
	Symbiosis 3.0 (project SYMBIOSE BE)
	Operational
	Public
	General public
	2016
	3
	1
	2
	1
	1



	20
	ERMAT web tool
	In development
	EIT RawMaterials
	General public
	2018
	3
	1
	1
	1
	1



	
	Acquired score
	
	
	
	
	48
	35
	32
	21
	25



	
	Maximum score
	
	
	
	
	60
	60
	60
	60
	60
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