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A B S T R A C T

Industrial symbiosis (IS) is a collaborative approach where industries share and reallocate resources, such as 
materials, energy, water, and by-products, create mutual benefits and contribute to a circular economy. This 
concept is limited due to the complexity of implementation and challenges with understanding the roadmap for 
their establishment. This study aims to bridge the gap between theory and practice by developing a compre
hensive, methodologically grounded roadmap for implementing industrial symbiosis. The research combines a 
review of existing literature with the analysis of real-world case studies to identify and systematize the essential 
phases, tools, and success factors involved in the industrial symbiosis implementation process.

A detailed roadmap comprised key phases: mapping the current situation, identifying potential synergies, 
assessing feasibility, selecting the most appropriate opportunities, and implementing initiatives. The paper an
alyzes the relevant methods, tools and criteria for each phase. Particular attention is paid to key success factors, 
including resource and technology compatibility, geographical aspects, environmental impact, economic 
viability, and regulatory compliance. The importance of collaboration between different stakeholders and the 
role of intermediaries in the industrial symbiosis implementation process are highlighted. Based on the realized 
industrial symbiosis case studies, a few recommendations are given to support adopting industrial symbiosis 
strategies. The proposed roadmap emphasizes the importance of detailed resource flow mapping, multi-criteria 
assessment, and stakeholder collaboration with key success factors laying in evaluating technical, economic, 
environmental, and regulatory dimensions using appropriate tools.

Based on the research findings, the proposed roadmap consolidates fragmented approaches, supports strategic 
planning and provides practical guidance for companies and practitioners looking to integrate industrial 

* Corresponding author.
E-mail addresses: pawel.krzeminski@niva.no (P. Krzeminski), a.anastasovski@ibu.edu.mk (A. Anastasovski), aleksandar.erceg@efos.hr (A. Erceg), biljana. 
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symbiosis into their business. It contributes to a better understanding of the complexity of industrial symbiosis 
implementation and provides a framework for the wider adoption of these practices in the industry. This research 
contributes to the operationalization of industrial symbiosis by offering a replicable and adaptable roadmap. 
Further research should explore digital tools for synergy identification and assess policy mechanisms that can 
incentivize industrial symbiosis implementation at regional and national levels.

1. Introduction

Building on the principles of Industrial Ecology (IE), the Circular 
Economy (CE) concept has emerged as a transformative approach and 
alternative to traditional linear economy to promote long-term sus
tainability and economic resilience. CE aims to create closed-loop sys
tems where products, materials, and resources are reused, repaired, 
refurbished, and recycled, thereby reducing waste and conserving nat
ural resources. Within IE and CE, industrial symbiosis (IS) stands out as a 
practical and targeted strategy (Domenech et al., 2019).

IS is a collaborative process involving the sharing, repurposing, and 
joint utilization of underutilized resources, including wastes, by- 
products, residues, materials, energy, water, logistics, capacity, exper
tise and equipment, between industries to create mutual benefits 
(Chertow, 2007; CENELEC, 2018).

While both CE and IS concepts aim for sustainability, CE emphasizes 
materials and products of all kinds, whereas IS specifically focuses on 
industrial waste and by-products. IS is a more targeted action and a tool 
to implement CE concept in industries, aiming at downstream actions for 
better use of resources. Still, it does not necessarily have to be 
completely circular. This is because actions focused on waste minimi
zation and resource efficiency increase, e.g., by extending a lifetime of a 
resource, does not necessarily imply circularity. CE has a broader scope 
than IS, and it is a more complex approach that includes upstream ac
tions and prevention, closing the loops, and acting as a philosophy we 
want to follow as a sustainable society. IS, built on sustainability prin
ciples, has emerged as a promising strategy for enhancing resource ef
ficiency, reducing waste, and contributing to the transition toward a CE 
(Albino et al., 2016).

The goal is to minimize resource consumption, improve 

sustainability, and lower environmental impact while maximizing eco
nomic and environmental benefits, creating a CE (Fallahi et al., 2024). 
Similar to natural ecosystems, where organisms share and recycle re
sources, IS works on the principle of shared value and collaboration 
among various industries. This maximizes the utility of available re
sources across different sectors by rethinking how materials, energy, 
water, waste, and/or expertise can be reused or shared (Lawal et al., 
2021; Uusikartano et al., 2022). This collaboration benefits the envi
ronment and the economy, helping industries lower costs, reduce 
environmental impact, and create a more sustainable future (Chen et al., 
2022b; Wadström et al., 2021). Nevertheless, the benefits of IS extend 
beyond the involved companies (Neves et al., 2019a; Lombardi and 
Laybourn, 2012). It promotes overall environmental sustainability 
within the industrial sector and local communities (Taddeo et al., 2017; 
Fraccascia et al., 2016). By enabling the reuse of resources such as 
materials and energy, IS plays a key role in driving more sustainable 
industrial practices (Costa and Ferrão, 2010; de Abreu and Ceglia, 2018; 
De Gobbi, 2022; Fan et al., 2021).

With the concept of IS, it is possible to divert waste from landfills and 
reduce the negative impact on the environment. From an environmental 
point of view, the benefits of IS are the reduction of consumption of 
natural resources and waste disposal, as well as the reduction of emis
sions to air, water and soil resulting from the production of saved raw 
materials (Chertow, 2007). As such, it offers a significant opportunity to 
lower the environmental footprint. From a business perspective, IS can 
reduce the need for raw materials and waste disposal costs (Chen et al., 
2022a).

However, despite its benefits and growing recognition, the world
wide spread of IS adoption remains restricted (Neves et al., 2020). 
Although the amount of waste produced is large, circular material usage 
is still low. In 2022, the EU's circular material use rate was 11.5% 
(Eurostat, 2023a). Moreover, around 40% of waste in the EU still ends 
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up in landfills (Fig. 1). Within the circularity ladder and waste hierarchy, 
and after waste prevention and reuse, recycling is the most desirable 
strategy, as it conserves resource value and enables repeated use. 
Backfilling and energy recovery provide lower levels of circularity, since 
they replace other resources or recovery energy but usually at a reduced 
value. Landfilling is the least favorable option, as it recovers no resource 
and entails environmental burdens.

Implementing IS requires intricate systems, various industries, and 
multiple stakeholders, making it challenging to scale up its adoption. 
Although examples of successful IS initiatives exist (Valentine, 2016; 
Oughton et al., 2021), their implementation often remains fragmented, 
with very limited guidance on best practices for overcoming the inherent 
challenges (Lybæk et al., 2021).

Several reviews and studies have examined IS, particularly its ben
efits, challenges, and case studies (Golev et al., 2014; Henriques et al., 
2021a; Fraccascia et al., 2021; Erceg et al., 2024). These reviews 
consistently highlight IS's positive impact on resource efficiency, cost 
reduction, and environmental sustainability, while also identifying key 
barriers, such as limited institutional support, economic disincentives, 
and technological constraints (Fraccascia et al., 2021; Neves et al., 
2019b). Nonetheless, most studies stop short of providing actionable 
steps or clear guidance for organizations that wish to integrate IS into 
their operations (Kosmol and Otto, 2020; Rahman et al., 2016; Krze
minski et al., 2025). Although several recent studies have advanced 
understanding through strategic frameworks and conceptual models 
(Azevedo et al., 2021a; Dias et al., 2020; Iver et al., 2024) these 
frameworks exhibit persistent limitations and unresolved issues. They 
often lack clear operational pathways, making it difficult for practi
tioners to translate conceptual models into practice; they provide 
insufficient consideration of contextual variability across industries and 
organizational scales; and they rarely incorporate integration of IS with 
existing management or digital transformation processes. Consequently, 
current IS frameworks remain difficult to scale and adapt across diverse 
industrial and policy settings. Despite multiple conceptual syntheses, no 
study yet consolidates a unified implementation logic that links decision 
points, stakeholder roles, and evaluation criteria throughout the IS 
project lifecycle (Azevedo et al., 2021b; Henriques et al., 2021b; Afshari 
et al., 2020). Addressing these deficiencies requires a structured, 
evidence-based roadmap that connects theory to practice and supports 
decision-making under real-world constraints.

Therefore, a well-defined roadmap is needed to provide clear, 
actionable strategies for implementing IS. As such, the roadmap can be 
pivotal in implementing IS and thus accelerating the transition to more 

sustainable, resource-efficient industrial ecosystems.
The novelty of this article lies in translating existing conceptual 

frameworks into a structured, operational roadmap that delineates key 
decision stages, stakeholder responsibilities, and assessment criteria for 
implementation. The scope of this roadmap is directed at industrial 
sectors characterized by resource-intensive operations—particularly 
manufacturing and process industries in the European context—while 
acknowledging that its methodological logic can be adapted to other 
geographies and scales. The roadmap is developed under the assumption 
of multi-stakeholder engagement and data accessibility as preconditions 
for IS planning and evaluation.

This article aims to develop a comprehensive roadmap for imple
menting IS practices, supporting industries in realizing the environ
mental and economic benefits of this type of relationship. It addresses 
the need for a structured framework to guide stakeholders — from 
companies and industry leaders, transition mediators to policymakers 
and government — in the effective implementation of IS practices. The 
article's objective is to contribute to the body of knowledge by bridging 
the gap between theory and practice. To this end, the roadmap is derived 
through conceptual synthesis of prior frameworks, systematic review of 
IS literature, and comparative analysis of real-world case studies that 
inform the evaluation logic adopted in later sections. This bridge be
tween conceptual and empirical evidence ensures methodological 
transparency and cohesion leading into the Methods section.

The article is organized into three main parts. Section 2 describes the 
methodology adopted. Sections 3 to 7 presents the roadmap for the 
effective implementation of IS, structured around five key stages of the 
roadmap (Fig. 2). The key stages include mapping the current state to 
identify opportunities for symbiotic transactions (section 3), establish
ing IS synergies and associated methodologies (section 4), evaluating 
potential/feasibility and outlines the evaluation criteria as well as se
lection process of the most promising IS opportunities (section 5), 
realizing IS initiatives and presenting case studies of successful IS ini
tiatives worldwide (section 6). Sections 7 and 8 concludes the paper 
with overall reflections, research findings, provides recommendations, 
and proposes directions for further studies.

2. Methodology

In order to develop a comprehensive roadmap for the implementa
tion and evolution of IS practices, an extensive and in-depth literature 
review was conducted. The objective of this review was to create an 
overview of the different phases of industrial symbiosis implementation, 

Fig. 1. Waste treatment by type of recovery and disposal in Europe. Source: Eurostat (2023b).
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from mapping to realization, in order to support companies, industrial 
leaders, and even policy makers and government in its strategic 
implementation.

The review of the literature was conducted in three main stages: in- 
depth collection of literature, screening of relevant articles, and content 
analysis of selected publications. The literature was collected using the 
two scientific databases Scopus and Web of Science. Scientific articles, 
conference papers, and book chapters were included, with no time re
strictions to maximize completeness of the literature search.

During a more detailed analysis of the selected publications, and 
through interpretation, it was possible to identify five key steps for the 
effective implementation of IS: Mapping the current state; Methods for 
establishing IS synergies; Assessment and selection of potential IS op
portunities; Realization of IS; and Recommendations. These constitute 
the phases of the roadmap, which are detailed in the following sections.

To make the proposed roadmap as comprehensive and feasible as 
possible, all this information resulting from the literature review was 
supplemented with real case studies in different industrial and 
geographical contexts. These case studies were identified through a 
literature review and by surveying members of the LIAISE COST Action 
network. Cases covering the implementation phases of IS, and most 
frequently mentioned, were selected for detailed analysis. The selected 
case studies provided qualitative evidence illustrating different ways of 
identifying, evaluating, and selecting potential synergies, thereby sup
porting and validating the proposed roadmap. They also serve as ex
amples of good practice and facilitate implementing and disseminating 

IS. The aim was to create a better understanding of the implementation 
and realization phase of IS by providing a model that is as general as 
possible.

3. Mapping the current state

The mapping of current situations is a first step when exploring IS 
opportunities. It sets the basis by identifying relevant stakeholders and 
providing information about available resources and the type of syn
ergies possible. Through data collection, it allows for the identification 
and quantification of resource flows (Fig. 3).

3.1. Identification of symbiosis/resources available

For any IS to be realized, opportunities for symbiosis need to be 
identified. This process starts with understanding available resources 
and the types of synergies possible.

The resources that could be involved in IS can be grouped into 
various categories (Table 1). The core group consists of material re
sources, energy resources, water resources, waste and by-products 
(Chertow, 2000), knowledge and expertise (Fraccascia and Yazan, 
2018; Katana et al., 2024), infrastructure (Molinier & da Costa, 2019), 
economics and financial resources (Neves et al., 2020; Wadström et al., 
2021), social and organizational resources (Doménech and Davies, 
2009), and environmental and regulatory resources (Paquin et al., 
2015).

Fig. 2. A practical roadmap for exploring and implementing industrial symbiosis (IS).

Fig. 3. Approach for the mapping of current situations as the first step of guiding potential IS.
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By categorizing resources into the above-stated categories, com
panies can identify areas where they can collaborate to improve their 
environmental and economic outcomes (Neves et al., 2019b; Azevedo 
et al., 2021a) and move to the resource mapping stage.

3.2. Resources mapping process

A crucial step in identifying opportunities for resource exchange/ 
sharing and understanding processes and local conditions is mapping 
resource flows at a site (Fig. 4). This involves spotting surplus resources, 
such as materials or energy, within one company that another can 

repurpose, creating a mutually beneficial relationship (Azevedo et al., 
2021a). Resource mapping involves documenting how resources are 
used, where waste is generated, and where surplus materials can be 
reused (Anastasovski, 2020). This step is vital for uncovering opportu
nities for collaboration between companies and optimizing available 
resources.

The resource mapping, being an integral part of the mapping of 
current situations process, typically involves four key steps (Erceg et al., 
2024):

Mapping Operational Processes: This step entails breaking down 
each company's operations to understand what resources are consumed, 
what waste is generated, and where inefficiencies exist (Domenech 
et al., 2019). It helps identify areas where resources (e.g., material or 
energy) flow and can be optimized and reused (Branca et al., 2022).

Quantifying Available Resources: After identifying resource flows, 
it is essential to quantify the amount of each resource (e.g., energy, 
materials, and water) consumed or wasted (Benedict et al., 2018; 
Fraccascia, 2019). This step helps to understand the scale of the avail
able resources for potential exchanges.

Identifying Synergy Opportunities: The next step is to explore how 
another company can use one company's surplus resources (Yu et al., 
2023). Synergy opportunities are identified by analyzing proximity, 
material compatibility, and resource requirements (Fig. 5).

Prioritize Synergy Opportunities: The process of prioritizing iden
tified synergies based on selected criteria and selecting the synergies for 
realization (Walls and Paquin, 2015; Lybæk et al., 2021).

3.3. Data collection for identifying available resources and services

A crucial step in implementing IS is identifying the resources, such as 
those defined in Table 1, that can be exchanged between companies. To 
facilitate these synergies efficiently, a robust data collection system is 
essential, one that ensures secure and reliable information (i.e., for 
identifying and matching potential synergistic opportunities) sharing 
among companies, stakeholders, and all parties involved in IS realiza
tion processes (Akrivou et al., 2021; Zhang et al., 2023). This system 
should help identify potential synergies by analyzing available re
sources' quantitative and qualitative aspects.

At a more advanced stage of IS implementation, additional data is 
needed to characterize resources in greater detail, including their 
quantity, quality, and fluctuations over time (Yeo et al., 2019). This 
enables companies to identify synergies that are viable, technically 
feasible, and economically beneficial. Companies can employ a range of 
methods for data collection. They may utilize publicly available envi
ronmental data sources, conduct on-site visits to companies and key 
stakeholders for direct data gathering, and encourage voluntary sub
missions of resource information to central platforms or databases 
(Akrivou et al., 2021). Moreover, some IS initiatives may incorporate 
workshops, interviews, and collaborative efforts to uncover resource 
exchange opportunities that automated systems might overlook. Addi
tionally, digital platforms that facilitate data entry, modeling, and the 
identification of synergies can be leveraged (Iyer and Sangwan, 2023; 
Krom et al., 2022).

Table 1 
Different resource types in Industrial Symbiosis. Adopted from Chertow (2000); 
Fraccascia and Yazan (2018); Katana et al. (2024); Molinier & da Costa (2019); 
Neves et al. (2020); Wadström et al. (2021); Doménech and Davies, 2009; 
Paquin et al. (2015).

Type of resource What is exchanged Examples

Material resources Raw materials, by-products Another industry may use fly 
ash, sludge, and scrap metals 
as raw materials or inputs.

Energy resources Thermal, electrical, or 
mechanical energy

Waste heat from a power 
plant or manufacturing 
process can be harnessed to 
generate steam or heat for 
nearby industries through 
district heating.

Water resources Water in industrial 
processes

Process and/or wastewater 
from one facility may be used 
by another industry for 
purposes such as cooling, 
cleaning, or irrigation after 
appropriate treatment.

Waste and by- 
products

Inputs from other industries 
help reduce waste 
production and optimize 
resource utilization.

CO2 emissions or organic 
waste can serve as feedstock 
for bioenergy production or 
chemical manufacturing

Knowledge and 
expertise, skills

Intellectual capital, 
technologies, and know- 
how

Shared research and 
development efforts can 
explore CE practices, waste- 
to-resource technologies, or 
eco-friendly designs.

Utilities and 
infrastructure

Physical and organizational 
structures

Shared warehouses, 
transportation networks, and 
distribution systems;

Economic and 
financial resource

Investments, financial 
incentives, and economic 
mechanisms

cost-sharing or revenue 
generation from resource 
sharing. Investment in green 
technologies or resource- 
sharing systems

Social and 
organizational 
resources

Relationships, networks, 
and organizational 
structures

industry clusters or 
networks, such as eco- 
industrial parks, 
collaboration agreements, 
shared governance structures

Environmental and 
regulatory 
resource

Environmental regulations, 
policies, and guidelines

sustainability incentives, 
enforce pollution penalties 
and promote recycling, waste 
reduction, and sustainable 
resource usage

Fig. 4. Steps of the resource mapping process for IS.
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Integrating technological platforms that leverage data digitization, 
security measures, and modeling tools (including artificial intelligence) 
can significantly enhance the identification and analysis of potential 
resource exchanges (Lawal et al., 2021). These systems can assist com
panies in discovering symbiotic opportunities by analyzing resource 
flows and identifying areas where another can reuse waste or surplus 
materials from one company (Benedict et al., 2018). However, devel
oping such platforms requires substantial effort and input from multiple 
stakeholders to ensure data security, reliability, and scalability 
(Eurostat, 2023a). Therefore, these are typically paid platforms like 
SYNERGie®, Syner or Excess Materials Exchange. Several platforms 
have been developed for Research and Development (R&D) projects, but 
most are not functional shortly after the project is completed.

Data-sharing constraints, such as confidentiality agreements and 
intellectual property concerns, pose significant challenges to the avail
ability of information. Companies are often reluctant to share pro
prietary data, limiting the identification of new symbiotic opportunities 
(Krom et al., 2022; Tseng et al., 2018). Therefore, IS tools must be 

designed to respect intellectual property rights, enabling companies to 
share only the information they feel comfortable disclosing. The overall 
effectiveness of these platforms relies on a critical mass of registered 
users and a comprehensive resource database (Fraccascia and Yazan, 
2018; Halstenberg et al., 2017). In the early stages, the focus should be 
collecting easily available data, as little data is better than no data, and 
attempting to identify opportunities. At the later stage of IS realization, 
more detailed and/or restricted data can be sought to be included.

Despite these challenges, the lack of comprehensive and reliable data 
across many industrial sectors highlights the need for improved data 
collection methods (Song et al., 2017). Open access to datasets, such as 
those compiled by Eurostat, UNIDO, and other research organizations, 
can be a foundation for effective IS platforms (Lawal et al., 2021). These 
datasets can also provide valuable case studies for IE and sustainability 
research.

Patricio et al. (2022) propose a methodology for mapping industrial 
material flows using a standardized system to classify industries, mate
rials, and waste streams. This classification framework is based on 

Fig. 5. Examples of IS are where wastes are used as raw materials in production processes. Source: adapted from Pi-Cheng and Hwong-Wen (2015).
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nomenclatures such as NACE (Statistical Classification of Economic 
Activities in the European Community), Standard Industrial Classifica
tion (SIC), and the European List of Wastes (LoW) or European Waste 
Catalogue (EWC), which should ease the matching process. By applying 
this methodology, potential matches between waste generators and 
material receivers are identified, enabling companies to recognize op
portunities for material reuse and energy recovery. For example, their 
approach identified over 96,000 potential matches between waste pro
ducers and material receivers across various European industries. 
Standardized classification systems like SIC and LoW/EWC are often 
used in paid platforms.

3.4. Roles of different stakeholders in IS implementation

The successful implementation of IS requires the involvement of 
several stakeholders with varying roles during the identification, eval
uation, selection, and realization stages of symbiosis opportunities. 
Research conducted in the field of IS emphasizes the importance of 
having a favorable context, i.e., social, economic, technical, political, 
and geographical conditions, that allows collaborations to emerge and 
develop (Costa and Ferrão, 2010; Fraccascia, 2018; Van Berkel et al., 
2009). However, the role of other stakeholders should not be ignored. 
Stakeholders are any group or individual who can affect or is affected by 
creating, maintaining, or extending a symbiosis (Hein et al., 2017).

Harfeldt-Berg et al. (2022) identified relevant stakeholders as public 
authorities, state-owned enterprises, private companies, and various 
associations, with IS networks often comprising a mix of these entities. 
They describe symbiosis collaborations as involving multiple indepen
dent and potentially diverse stakeholders working together to utilize 
underused or leftover resources. Costa and Ferrão (2010) suggest that a 
conducive environment for fostering IS can be created through an 
interactive process in which the government, industries, and other in
stitutions work together to align their strategies to support collaborative 
business approaches in resource management. Their study analyses key 
stakeholders such as the government, public institutions, private asso
ciations, universities, and businesses. Fraccascia (2018) refers to “mul
tiple stakeholders” such as citizenships, companies producing and using 
waste, governments, and waste collection firms. Drawing from existing 
literature, Hein et al. (2017) highlight stakeholders like industry asso
ciations, regional and local governments, and national symbiosis pro
grams as stakeholders who facilitate the development of IS. Similarly, 
Dai et al. (2022) identify government authorities, research organizations 
(including universities, technology consulting firms, or in-house 
research departments), boundary spanners (agents like IS champions, 
central management organizations, or third-party coordination 
agencies), companies, and communities as key stakeholders in 
eco-industrial parks.

Therefore, stakeholders are important to the mapping process and 
exploring IS opportunities, as well as later IS phases, including gov
ernments, businesses (companies), research institutions, and specialized 
facilitators or transition brokers (Henriques et al., 2021a). Each actor 
brings specific expertise and capabilities to the table, helping to create a 
conducive environment for resource transaction. The different groups of 
stakeholders have different, sometimes overlapping, roles in the IS 
implementation.

Governments play a central role in supporting IS by creating policies, 
incentives, and regulations that encourage adopting resource-efficient 
practices. For example, providing tax breaks, subsidies, or other finan
cial incentives (Costa and Ferrão, 2010) for companies adopting IS 
strategies can help lower the initial implementation costs. Additionally, 
governments can establish regulations that mandate waste reduction 
and promote resource sharing among companies. Usually, it is stressed 
that the government is essential in overseeing and supporting IS while 
promoting collaboration among businesses. Its involvement strengthens 
the network's sustainability and resilience (Escandon-Barbosa et al., 
2024). Regulatory bodies should create a legislative framework that 

enables or encourages IS, such as legislation that facilitates using waste 
as raw material.

As part of a government group, local authorities play a key role in 
creating the appropriate spatial plans, infrastructure, and framework to 
encourage business collaboration and developing local policies that 
encourage sustainable industrial practices (Södergren and Palm, 2021). 
However, they also benefit from IS, as it reduces pollution, improves 
quality of life and creates new jobs in sustainable production and waste 
management sectors (Neves et al., 2019b). Local governments also act as 
“information brokers” intermediaries who gather, process and share 
critical information between key stakeholders. They facilitate commu
nication, collaboration, and decision-making by connecting different 
parties, such as businesses, government agencies, and other organiza
tions (Costa and Ferrão, 2010). Doing so ensures that relevant infor
mation is exchanged and everyone involved has access to the data and 
insights needed to move the project forward effectively. Local and 
regional governments have a significant role, also given their overview 
and knowledge about the characteristics of local industry, as they can 
promote, support and drive programs and initiatives aimed at connect
ing various industries and businesses in their regions (Velenturf, 2016; 
Södergren and Palm, 2021). In short, local governments, in this case, 
help bridge gaps between stakeholders, ensuring the smooth flow of 
information and helping in the overall success of transformation projects 
(Dai et al., 2022).

Companies are the main actors in IS, as they are responsible for 
identifying and implementing symbiosis opportunities. Through inno
vative approaches, industries can maximize the use of raw materials and 
reduce the negative impact on the environment (Velenturf, 2016). They 
play a key role in exchanging materials, energy, water or by-products 
with each other (Rentería Núñez and Perez-Castillo, 2023). They must 
actively participate in resource mapping, data sharing, and collabora
tion with other industrial parks or cluster businesses. Companies can 
create dedicated departments to oversee the adoption of IS practices, 
manage resource inventories, and track performance over time. Unfor
tunately, companies are often unaware of opportunities provided by 
introducing the IS concepts into their business (Fraccascia et al., 2021). 
Lybæk et al. (2021) emphasize the need for stronger cooperation be
tween companies. In this sense, they propose accessibility to platforms 
that allow them to meet and collaborate. Such platforms would 
encourage more self-organizing initiatives between companies, drive 
further progress (Lybæk et al., 2021), and support companies to visu
alize waste-to-resource conversion pathways and promote synergies 
(Abreu and Ceglia, 2018). Municipalities or other local stakeholders 
should be involved in these platforms to help maintain and develop 
them.

Research and educational institutions provide support by offering 
expertise on resource efficiency, designing IS models and conducting 
feasibility studies to evaluate the viability of potential synergies. 
Research and educational institutions are vital to initiate IS in partici
patory and collaborative processes. They act as transition brokers or 
coordinators by providing reliable information (Mortensen and Kørnøv, 
2019). Additionally, these institutions help identify the best practices 
and technologies for waste management, energy recovery, and water 
reuse, enabling businesses to make informed decisions and implement 
effective IS strategies. They also organize educational programs and 
workshops for businesses, local authorities, and other stakeholders to 
enhance awareness and understanding of IS and sustainable practices. 
Furthermore, their experience and knowledge of IS and technology can 
help formulate government policies and goals, create interest among 
firms, disseminate knowledge of IS, and lead experimental projects (Dai 
et al., 2022).

Facilitators or transition brokers — governmental, non-governmental, 
or business entities — play an essential role in identifying IS opportu
nities, mapping resources, and building partnerships between com
panies. “Facilitation refers to helping a group of actors to achieve a 
common goal and assisting them in obtaining desired results and 
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outcomes through mediating frameworks and dialogue” (Schlüter et al., 
2022). Therefore, their role is crucial in the emergence process by 
supporting knowledge sharing and information dissemination among IS 
network actors through structured activities and interactions (Katana 
et al., 2024). They act as intermediaries, bridging gaps between in
dustries, municipalities, and research institutions to create business 
opportunities and ensure the smooth implementation of IS. A detailed 
characterization of the IS facilitators/transition brokers role identifies 
different actions performed by facilitators of the IS study (Schlüter et al., 
2022). The actions can be categorized into five key tasks: building 
connections, coordination, managing knowledge and capacity, assessing 
and distributing value, and fostering favorable conditions for scaling up. 
In addition, the research highlights five essential skills relevant to the 
role of a leader: social skills, approach to work, motivation and interest, 
ethics and responsibility, and knowledge. These findings suggest that the 
role of the IS transition brokers is intensive and context-dependent, 
requiring an implicit and adaptive skill set.

Networks and Associations act as intermediaries between different 
groups, departments, organizations or sectors, facilitating the sharing of 
information, knowledge and resources (Williams, 2002). Regarding IS, 
networks and associations play a significant role in connecting com
panies that may use waste resources from other companies and 
increasing sustainability and CE (Velter et al., 2020).

Community and citizens’ roles are often forgotten in traditional IS 
models that focus mainly on collaboration between companies 
(Chertow, 2007). However, community and citizens have a significant 
role in allowing and sustaining IS (Uusikartano et al., 2022). Their 
involvement can significantly improve IS sustainability and success 
through education, behavior changes, supporting sustainable policies, 
boycotting dangerous policies, activities or products, and local eco
nomic development (Svendsen et al., 2019).

All these stakeholders' roles are becoming extremely significant 
within the framework of European environmental policy. A diagram of 
actions between key stakeholders in transformation projects is shown in 
Fig. 6. IS gained significant attention after the European Commission 
established sustainable development as a priority for the European 
Union. IS is widely viewed as a central strategy for advancing the CE and 
achieving sustainable development goals (Borbon-Galvez et al., 2021; 
Doménech and Davies, 2011). Although it has excellent potential, IS is 
not sufficiently represented in practice as a model for achieving greater 
circularity. However, there is a lack of an appropriate legal framework 

for IS. Namely, the IS legal regulation is not separated into special reg
ulations and is rarely mentioned directly. IS systems are shaped by 
policies in complex ways, often influenced by frameworks created for 
other purposes (Lybæk et al., 2021). In this regard, developing appro
priate legislation for IS is necessary, so the role of government, regula
tors, and other stakeholders is crucial.

Five groups of key stakeholders - governments, companies, research 
and education institutions, communities, networks and associations 
have different roles and activities in implementing transformation pro
jects (Dai et al., 2022). Their collaboration is needed for the successful 
implementation of IS.

4. Methods for establishing IS synergies

Mapping, as analysis, matching, planning, design and realization of 
IS, can be done using different tools and methods. Many use technical 
parameters in systems, but some are linked to the environment, supply 
chain, geographic distances and cost analysis. The methods related to 
establishing IS found in the literature include: 

1. Material Flow Analysis (MFA) analyses and quantifies the flow 
of materials within a defined system over a specified period 
(Bringezu and Moriguchi, 2018; Graedel, 2019). MFA is an 
invaluable tool for designing and optimizing resource efficiency 
among different industrial processes (Demartini et al., 2021). 
This involves systematically mapping material inputs, outputs, 
and internal flows to pinpoint inefficiencies, uncover opportu
nities for waste reduction, and identify potential areas for recy
cling or reuse (Sendra et al., 2007). Primarily, it assesses macro 
entities at national and regional levels. However, it lacks a life 
cycle perspective and fails to reflect impacts on the ecosystem 
adequately. 

The data collected from MFA can be shown visually to under
stand the points of sources and sinks better. That kind of visual 
tool is the Sankey diagram (Fig. 7). It visualizes resource flows 
(streams) (Lupton and Allwood, 2017). These diagrams help trace 
materials, energy, and waste flows and identify inefficiencies and 
opportunities for resource optimization (Valero et al., 2021). 
Sankey diagrams can also visualize the potential for reducing 
waste and emissions and progress toward sustainability goals.

Fig. 6. Actions between key stakeholders. Source: adapted from Dai et al. (2022).
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2. Life Cycle Assessment (LCA) - LCA assesses the environmental 
impacts of products, processes, or systems throughout their life 
cycle (Mattila et al., 2010). LCA can be used for IS to evaluate the 
potential for waste reduction and resource optimization, thereby 
assisting businesses in identifying areas for improved resource 
efficiency (Niederl-Schmidinger and Narodoslawsky, 2008; 
Daddi et al., 2017; Su et al., 2017). Uncertainty and risks are 
associated with data unavailability, attributable to the extensive 
and heterogeneous nature of the required data. Moreover, a novel 
approach named M3-IS-LCA was created to design the Industrial 
Symbiosis Network (ISN) (Kerdlap et al., 2020a,b).

3. Input-output analysis (IOA) or input-output model (IOM) 
examines the interdependencies between economic sectors and 
quantified goods and services flows between industries (Mattila 
et al., 2010). IOA in IS is employed to quantify and map the re
sources of various entities, enabling the identification of potential 
symbiotic relationships and optimization of resource flows (Chen 
et al., 2022b; Demartini et al., 2021). Fraccascia et al. (2016)
used an IO approach at the enterprise level to model symbiotic 
flows within ISNs and develop a measure of technical exchange 
efficiency. This approach aids in driving the development of 
existing ISNs and designing new industrial systems that exploit 
the IS approach (Fraccascia et al., 2016).

4. Process Integration (PI) - PI and Pinch technology, as its inte
gral part, are powerful tools for designing ISNs that offer sys
tematic approaches to optimize resource utilization and enhance 
sustainability in industrial settings (Tan et al., 2016). Pinch 
Analysis has been extended to Total Site Process Integration 
(TSPI) and Total EcoSite Integration for urban and IS (Fan and 
Fang, 2020). This approach showed promising results for 
increasing energy and mass recovery (Branca et al., 2021a). Heat 
pinch analysis has also been developed to account for piping 
distances, fluctuations, and limited availability of energy flows in 
ISNs (Yong et al., 2021). Pinch technology utilizes material and 
energy flows in the system to match the potential exchange of 
materials, heat, and supply chain items and optimize the foot
print. Various solutions can be found for continuous and batch 
processes, especially for repeatable and non-repeatable batch 
processes (Anastasovski, 2014, 2020).

5. Mixed integer linear programming (MILP) – This approach 
employs a multi-objective methodology, providing an exact res
olution to study various resource flows simultaneously (Kantor 

et al., 2020). However, it does not investigate the nature of the 
relationships between nodes, nor does it capture dynamic be
haviors and heterogeneity among companies. MILP models for IS 
design typically aim to optimize multiple objectives simulta
neously, encompassing environmental, economic, and social as
pects (Yu et al., 2023).

6. DEMATEL - The DEMATEL model can be exceptionally valuable 
in examining intricate problems involving multiple inter
connected criteria (Bacudio et al., 2016). Simplifying and visu
alizing relationships among various factors enhances the 
decision-maker's ability to prioritize actions and formulate 
effective strategies (Hsu, 2012; Manoharan et al., 2021). In the 
context of IS, DEMATEL can determine crucial obstacles, such as 
inadequate communication, confidentiality concerns, and insuf
ficient support services, potentially obstructing sustainable ISNs 
(Bacudio et al., 2016; Che et al., 2022; Hsu, 2012).

7. Social Network Analysis (SNA) - Social network analysis has 
been predominantly employed to quantify the structural char
acteristics of ISNs. In this context, organizations within the 
network are represented as nodes, and a link between two nodes 
signifies a waste flow between the respective entities 
(Vahidzadeh et al., 2021). SNA is employed as a primary meth
odology to evaluate the positioning of organizations in ISNs and 
their interconnections. It facilitates network connections visual
isations (Zhang et al., 2022) and understanding of collaboration 
aspects (Herczeg et al., 2018), quantifies patterns in various re
lationships among firms and managers (Ashton, 2009) and 
identifies anchor firms with diminished influence on IS (Song 
et al., 2018)

8. The Stakeholder Value Network (SVN) approach models the 
value flows among companies within ISNs (Hein et al., 2017). A 
value flow represents a transfer of utility between two entities. 
Based on the utility flows, the relative power can be calculated for 
each company, and the most significant wastes for the ISN can be 
identified (Yazıcı et al., 2023). It facilitates implementation of 
symbiotic exchanges (Teng et al., 2017) and continuously assess 
the power dynamics and resource dependencies within the 
network (Song et al., 2018)

9. Ecological network analysis (ENA) is focused on the integrated 
evaluation of possible benefits from waste exchange among 
companies within ISN (Dong et al., 2022). This analysis reveals 
the ecological connections between ISN members, such as 

Fig. 7. Example of Sankey diagram used for tracing carbon footprint in the industrial ecosystem for paper and cardboard in Zaragoza, Spain. (values are expressed in 
equivalent tons of CO2 emission) Source: adapted from Valero et al. (2021).
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exploitation, control, competition, and mutualism. It facilitates 
evaluation of potential environmental enhancements (Genc et al., 
2019) and conducts a more comprehensive IS internal attribute 
analysis (Zhang et al., 2015). However, it does not explore the 
nature of connections between nodes or account for the dynamic 
behaviors and diversity among companies.

10. Agent-based model (AB) - The primary function of agent-based 
models is to generate macroscopic patterns from the bottom-up, 
incorporating assumptions at the microscopic level regarding 
agent attributes and behavior with minimal top-down macro
scopic constraints (Raimbault et al., 2020). Throughout the 
simulation, every company selects partners to establish symbiotic 
connections. This modeling can investigate transportation cost's 
influence, optimize total cost and waste, or examine the impact of 
spatial correlations (Fraccascia, 2020; Yazan and Fraccascia, 
2020).

11. System Dynamics (SD) - It is an approach that integrates 
quantitative and qualitative analysis, drawing from feedback 
control theory and computer simulation. This method has appli
cations across various domains (Rodrigues and Bowers, 1996; 
Sterman, 2001). Recognized as an effective tool for addressing 
non-linear and dynamic complexity issues (Geng et al., 2017; 
Morales and Diemer, 2019; Saysel et al., 2002), SD aims to 
comprehend the mechanisms behind dynamic changes and 
identify policies to enhance system performance (Vlachos et al., 
2007). The study about Hai Hua IS employed SD to construct a 
model of IS evolution. The SD model enables the quantification of 
IS evolutionary pathways and characteristics. This modeling can 
be applied to create models of IS evolution (Cui et al., 2018). It 
effectively and intuitively reveals trends and system-level 
behavior (Cao et al., 2020a; Huang et al., 2020), but it lacks 
flexibility.

12. AB - SD hybrid method - Several scholars propose that inte
grating AB modeling with SD offers a convenient approach for 
designing and analyzing IS. This combined methodology can 
effectively capture the intricate interactions among stakeholders 
and the evolving nature of IS networks, yielding a more thorough 
understanding of the system (Demartini et al., 2021).

13. Discrete Event Simulation (DES) -SD hybrid method – This 
combined approach utilizes SD to offer a feedback-oriented 
perspective, enabling the observation of how DES components 
influence the overall system. It captures the connections and 
temporal delays between DES elements by employing feedback 
loops. Furthermore, it identifies cause-and-effect relationships 
among components by examining the system's dynamic and 
evolving behaviors. This method represents a top-down strategy 
(Demartini et al., 2021).

14. AB – DES hybrid method – AB modeling exhibits high flexibility 
and autonomy encapsulation. It possesses the capability to model 
and capture autonomous behaviors of DES entities. Furthermore, 
events modeled with DES enable AB to provide a high level of 
flexibility in modeling various agent behaviors, cognition, and 
decisions (Demartini et al., 2021).

15. AB - DES – SD hybrid method – AB utilizes self-organizing 
characteristics to comprehend complex adaptive systems, 
enabling it to simulate emergent and learning behaviors. In 
contrast, DES represents the actions of specific agents through a 
chronological series of events, considering resources, capacities, 
and interaction protocols. Meanwhile, SD investigates the pat
terns of behavior and interactions within the network, employing 
aggregate variables in its analysis (Demartini et al., 2021).

These methodologies enable companies to determine and prioritize 
prospective synergies involving exchanging materials, energy, water or 
other goods. The expected contributions and deliverables of these 
methods to different phases of establishing IS synergies are detailed in 
Table 2.

Depending on the needs of the company establishing and/realizing IS 
synergies different methods may be used. Considering that several of the 
methods can be used for the same goal, Table 3 presents an overview of 
company goals in establishing and/or realizing IS synergies, along with 
the methods that can be utilized to address them.

5. Assessment and selection of potential IS opportunities

Assessment and selection of potential IS opportunities represent the 
second phase of IS implementation. The assessment and subsequent 
selection process uses key assessment considerations and criteria to 
decide if the IS has potential, with all potential stakeholders in mind. 
Companies and other stakeholders can also use one or more available 
methods, frameworks or tools (Section 4) to assess IS opportunities 
(Fig. 8).

5.1. Key assessment criteria

A robust and resilient implementation of IS requires considering key 
factors as criteria. Regarding the need for best practices, a three-stage 
assessment involving 12 key criteria is proposed as the best practice 
for determining the potential of future IS projects. As shown in Fig. 2, the 
1st stage is to understand the current situation in the industrial area of 
interest by mapping the current economic activity(ies), corresponding 
material and energy flows, supply chain components, relevant stake
holders, limitations set by the current legislation and potential synergies 
with defining potential IS projects. The 2nd stage proposes a further 
assessment of the potential IS projects based on the mapping study 
conducted in the first stage. This assessment involves three aspects: 
economic, technological and environmental. The social aspect is 
referred to as the last dimension in a robust IS implementation in the 3rd 
step. Potential IS projects regarding stakeholder engagement in the 
proposed actions, company-level capacity assessment, and regional 
development opportunities are analyzed.

Even though the ideal implementation requires all three steps in 
Fig. 2, real scenarios require an optimal solution to start with the IS 
implementation. Thus, a subset of key factors is considered to propose 
optimal guidance. These factors are 1) resource and technological 
compatibility, 2) geographical considerations, 3) environmental im
pacts, 4) economic viability, and 5) regulatory compliance.

Resource and technological compatibility is a key consideration 
when establishing industrial symbiosis collaborations. Companies must 
assess whether their resources and technologies are compatible to 
ensure efficient material and energy exchanges with minimal modifi
cations, often making this the first factor evaluated before collaboration. 
(Yeo et al., 2019). A significant challenge however, is the reluctance of 
companies to share information (Chen et al., 2022b). Tools have been 
developed to address this, including database-based tools to predict 
material flow and waste and multi-criteria tools that automate part
nership selection based on user-defined criteria (Yeo et al., 2019).

Technological advancements further drive companies to innovate 
and improve material processing, fostering new partnerships. Larger 
enterprises with greater resources often lead these efforts (Atanasovska 
et al., 2022; Patricio et al., 2018; Ramin et al., 2024). For example, 
construction waste such as limestone, furnace slag, and fly ash is now 
reused to create alkali-activated cement (Xie et al., 2023). Similarly, 
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combining organic waste with chlorine-depleted pyrolyzate in energy 
production enhances combustibility, mainly benefiting developing 
countries where organic matter constitutes 60% of waste (Kyriakopoulos 
et al., 2019). These innovations show that compatibility challenges 
should not hinder IS adoption, as alternative solutions can unlock its 
significant benefits.

Geographical considerations are also crucial for companies to 
consider during IS collaboration and should be analyzed early in the 
process (Yeo et al., 2019). Proximity is significant, as companies oper
ating nearby can transport materials more easily, reducing both 

logistical costs and transportation emissions. This is even more pro
nounced regarding the excess energy use, particularly thermal energy. 
Industrial parks are often concentrated in single areas (Faria et al., 
2022), such as the Kalundborg eco-industrial park in Denmark, which 
hosts 13 public and private companies within a 4 km radius, enabling 
efficient material, water and energy exchange (Kalundborg Symbiosis, 
2024). However, while proximity is important it is not a determining 
factor; often, the individual resource value under local conditions de
termines the feasibility of establishing IS synergies. For instance, syn
ergies based on sharing high-value, low-volume resources such as 
aluminum can economically justify transportation over longer distances, 
whereas low-value, high-volume resources like water typically require 
short transport distances to remain viable.

Other regional factors also play a role, such as waste disposal and 
processing methods, which vary widely. In less developed regions, 
limited information on material flow can hinder IS adoption (Zhang 
et al., 2021, 2023). Conversely, in China, industrialization has driven 
significant technological and financial incentives, making resource 
sharing easier. A comprehensive review by Neves et al. (2020) found 
that 34% of IS case studies originated from China, highlighting its ad
vancements in this area. For perspective, studies covering Europe 
accounted for 39% of the total. These examples underscore the impor
tance of tailoring IS approaches to regional characteristics and 
leveraging local advantages to facilitate IS collaboration.

Table 3 
Overview of methods for establishing Industrial Symbiosis synergies aligned 
with company goals.

Company Goal Suggested Methods

Identify resource flows and 
opportunities

MFA, LCA, IOA, SNA

Assess environmental/economic 
impacts

LCA, MFA, MILP, SD

Implement IS exchanges or optimize 
networks

Process Integration, MILP, AB, ENA, 
Hybrid Models

Understand stakeholders and barriers DEMATEL, SVN, SNA
Simulate dynamic IS behavior over 

time
AB, SD, AB–SD, AB–DES–SD

Table 2 
Possible methods and their expected suitability for establishing and/or realization of IS. Legend: green – high suit
ability; yellow – moderate suitability; gray – low suitability of a tool.
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Mitigating environmental impacts is one of the primary objectives 
driving the development of the IS concept. IS seeks to reduce negative 
environmental effects, such as global warming, by minimising waste 
generation, improving resource efficiency, and reducing emissions to 
align with broader sustainability goals (Nyakudya et al., 2022). This has 
proved successful, especially in China, with one example being the 
Suzhou Industrial Park. In fact, through various material loops, savings 
of 2.1% in energy consumption per unit GDP and a 91% industrial 
water-reuse rate were claimed in 2017 (Zhao and Kai, 2021). Indeed, by 
realizing that China's industrial sector contributed to copious amounts of 
greenhouse emissions, with 2019 figures showing that China contrib
uted to 43% of the global emissions from this sector, resource sharing 
was heavily promoted (Sandalow et al., 2022). In fact, through 
energy-based IS synergies, including the reuse of excess heat, the energy 
consumption from the iron and steel sector is on track to reduce by 6% 
from 2017 levels, which directly results in emission reductions 
(Fraccascia et al., 2021).

Despite this, multiple studies claim that the main objective for 
companies to consider IS relates to financial reasons, including gov
ernment incentives and less money spent on resources, with environ
mental savings being considered as a by-product (Barona et al., 2023; 
Walls and Paquin, 2015; Yang et al., 2022). This highlights that further 
work is required to shift company culture towards prioritizing envi
ronmental sustainability.

Economic viability is the primary motivation for companies to 
adopt resource-sharing practices, transitioning from costly 
manufacturing to income-generating production (Ramin et al., 2024). 
Benefits include reduced material and energy costs, while by-products, 
often seen as disposal burdens, can serve as valuable inputs for other 
companies, creating new revenue streams (Kyriakopoulos et al., 2019). 
For instance, material exchange in Singapore's construction sector, using 
recycled materials, increased productivity by 50% through faster 
sourcing (Kerdlap et al., 2019). Environmental awareness drives con
sumer demand for eco-friendly products, enabling companies to incor
porate resource sharing into green marketing strategies and boost sales 
(Patricio et al., 2018).

However, implementing IS practices faces challenges, particularly 
technological barriers. Governments have introduced incentives like tax 

breaks and grants to promote adoption (Xie et al., 2023; Yang et al., 
2022). China excels in IS adoption due to such incentives, which are 
critical for small and medium enterprises with limited resources (Neves 
et al., 2020; Patricio et al., 2018). Despite these incentives, improve
ments are still required. Barona et al. (2023) noted issues like double 
taxation on upcycled products discouraging circular models. Additional 
tax incentives to lower labor costs are also essential, as virgin materials 
remain cheaper. Limited incentives and inadequate information hinder 
IS adoption in developing countries (Zhang et al., 2021). Addressing 
these gaps is crucial to expand resource-sharing practices.

Finally, regulatory compliance also plays a crucial role in facili
tating the implementation of IS, as several challenges persist, including 
organisational and cultural barriers such as risk-averse company cul
tures, and a lack of systems thinking, which continue to hinder its 
practical adoption (Kristensen and Mosgaard, 2020). In this regard, 
policies such as the European Green Deal, targeting net-zero emissions 
in Europe by 2050, aim to address these issues (European Commission, 
2020). Over the past decade, global efforts to accelerate IS adoption 
have increased, with Walls and Paquin (2015) emphasizing the critical 
role of directives in resource-sharing practices and noting limited policy 
literature before 2015. However, challenges remain, such as the lack of 
standardized processes for recycled materials (Kyriakopoulos et al., 
2019). In the Netherlands, insurance companies hesitate to cover 
structures using recycled construction materials due to quality concerns 
(Chen et al., 2022b). The petroleum industry also lacks resource ex
change regulations (Fraccascia et al., 2021), and inadequate disas
sembly standards hinder IS implementation (Cappelletti et al., 2022).

Consumer social responsibility further drives IS adoption, supported 
by policies like the EU Energy Labelling regulation, which guides con
sumers toward energy-efficient products (European Commission, 2024). 
A similar approach could promote IS in developing countries where 
information is scarce (Ghisellini et al., 2016; Merli et al., 2018). Tailored 
regulations are crucial, as a one-size-fits-all approach is ineffective 
(Xavier et al., 2023; Zhang et al., 2023). For example, the UK's 
low-carbon plan balances emission reductions with regional economic 
needs, easing regulations in steel-dependent areas like Redcar (Xie et al., 
2023).

In summary, the five evaluation criteria should be thoroughly 

Fig. 8. The second step activities - assessment and selection of potential IS opportunities.
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assessed to develop a well-executed IS, ensuring seamless integration, 
strategic placement, minimal ecological impact, financial sustainability, 
and legal adherence for long-term success.

5.2. Evaluation of techno-feasibility and viability of IS

A practical concern for evaluating IS outcomes is the hierarchy of 
scales involved in the synergistic activities, ranging from single unit- 
processes to multi-unit-process plants, through to the interconnected 
network of plants and utilities systems and sub-systems, creating a high 
degree of complexity. The most successful and prominent cases of IS 
comprise energy-intensive industries within eco-industrial parks or 
clusters. These industries produce the largest amount of waste. How
ever, they also have the highest capacity to absorb available waste and 
by-products, sharing infrastructure and utilities and have the highest 
potential for introducing measures to reduce energy consumption as 
well as perform efficient solid waste and wastewater treatment 
(Fraccascia and Giannoccaro, 2020; Neves et al., 2020; Noori, 2022). A 
summary of the different scenarios for techno-feasibility assessment of 
IS is presented in Fig. 9.

Simplified models combining heuristic methods, thermodynamic 
principles, and mass and energy balances at the plant level and the entire 
complex may facilitate the IO metrics. Numerous methods, analyses and 
indicators are used to evaluate the IS concerning sustainability, devel
opment, performance, relations between companies and suitability for 
stakeholders, followed by economic impact and investment profitability, 
and environmental and social outcomes, among others. Although 
several have a comprehensive application, others have been explicitly 
created for IS (Krom et al., 2022; Shi, 2019). Quantitative tools, meth
odologies, platforms, frameworks, databases, repositories, and infor
mation and communication tools reported in many reviews and case 
studies publications are summarized in Table 4 for detailed information.

Several numeric indexes that help evaluate the techno-economical, 
environmental and social impact of IS and industrial sustainability 
have been formulated (see Table 4). Some examples are detailed below. 
An industrial sustainability index (ISI) and four sub-indices (inputs, firm 
activities, outputs and resource efficiency outcomes) have been devel
oped to evaluate industrial performance and its outcomes with respect to 
IS, sustainability and CE (Arbolino et al., 2022). An industrial 
eco-efficiency index was defined for urban-IS correlating industrial waste 
consumption and energy with gross industrial production output as a 
function of time, emphasizing the trade-offs between environmental and 
economic aspects (Shah et al., 2020). A simplified version of ISI relates 

in a simple arithmetic equation on an annual basis the resource value 
addition (economic value of materials and energy: outputs-inputs) with 
the total number of employees and the total CO2 emitted during pro
duction (Briassoulis et al., 2023; Latif et al., 2017; Pandey and Prakash, 
2019).

Environmental savings, part of the intrinsic sustainability of IS, is an 
important family of assessment-metrics often assessed by classical en
ergy and solid waste flow analysis during manufacturing processes and 
diversion from landfills or incineration. Due to the importance of 
climate change and stringent regulations, Green House Gas (GHG) 
emissions using metrics such as carbon dioxide equivalent has become a 
gold standard, especially in the long run (Di Pasquale et al., 2024; Gast 
et al., 2022; Mendez-Alva et al., 2021). The quantitative impact of IS on 
efficient energy utilization and GHG reduction has been widely docu
mented over the years, especially in the case of industries characterized 
by high energy consumption, such as chemical, plastic, cement, metal 
and paper, which have the highest potential for introducing measures to 
reduce raw fuel consumption (Ohnishi et al., 2017; Zhang et al., 2017). 
Small manufacturing businesses and the agro-industrial sector are more 
critical and less quantified fields, which are generally associated with IS 
at a regional scale. Co-integration of urban and industrial clusters is 
envisioned to reduce carbon fingerprint and GHG emissions and 
improve energy recovery from solid waste management in both sites 
(Fan et al., 2021; Zhang et al., 2022). A more theoretical understanding 
of environmental savings based on fundamental thermodynamics can be 
achieved through energy-related metrics such as Pinch and emer
gy/exergy analyses (Cao et al., 2020b; Fan et al., 2021; Geng et al., 2014; 
Shi, 2019) (see Table 4 for details). While the feasibility criteria and 
viability examples seem clear regarding the exchange of materials, re
sources and by-products, they are less straightforward regarding energy 
generation and transformation (with exception of waste-to-energy con
version or share of common energy generation plants). EU regulations 
and policies are focused on reducing emissions, improving energy effi
ciency and encouraging renewable energy to improve sustainability and 
economic competitiveness (Branca et al., 2021b; Fraccascia et al., 2021). 
Private companies prioritize value-added processes over energy-related 
projects, especially those requiring specific expertise, which is often 
unavailable individually. Cooperation within the framework of indus
trial parks is a suitable model for promoting the integration of renewable 
energies and low-carbon technologies, reducing maintenance and 
management costs, and investing in infrastructure (Butturi et al., 2019). 
Cooperation within different industrial sectors can overcome the lack of 
technical knowledge on low carbon and renewable technologies, reduce 

Fig. 9. Different scenarios for techno-feasibility assessment of IS.
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emissions, and increase cost savings. Technological development, 
closely linked to process optimization and improved energy efficiency of 
the symbiotic network, is expected to affect all areas of industrial pro
duction further, but especially energy-intensive industries, while 
increasing productivity and reducing emissions (Branca et al., 2021b; 
Dias et al., 2020; Zhang et al., 2024).

Though economic benefits, both in the form of reduced raw material 
costs and waste disposal and potential revenues, are amenable to 
effective quantification and environmental benefits and encouraged by 
local and national incentives and policies, the social dimension is the 
most difficult to quantify and the least analyzed. The associated benefits 
are expected from stimulating new jobs, creating new companies, and 
developing new relationships between firms. IS, either at confined 
geographical interaction or regional activities, tends to encourage 
employment and has a positive effect on job development and job 
retention (Branca et al., 2022; De Gobbi, 2022; Di Pasquale et al., 2024; 
Pandey and Prakash, 2019). The success or failure of a synergistic 
relationship depends on multiple factors and a combination of variables 
that generate a positive or negative influence on part or all the symbiotic 
interaction. Good training and efficient networking among participants 
can be critical to the long-term success of IS. Assessing the synergies and 
dynamics of networked industrial cooperation to achieve business ad
vantages must be understood beyond possible valorization pathways, 
paying more attention to the role of trust and leadership (Kusch-Brandt, 
2020).

A critical issue in IS assessment is the network's vulnerability to 
disruptive events that reduce the willingness of companies to cooperate 
on IS synergies. Most, if not all, tools for predicting IS feasibility/ 
viability have disregarded IS vulnerability. In contrast, vulnerability is 
mainly discussed concerning ongoing IS synergies. Disruptions affecting 
a given IS relationship may be responsible for creating a technical and 
economic impact on the overall supply chain performance, incorpo
rating waste or by-products through remanufacturing IS (Di Pasquale 
et al., 2024; Fussone et al., 2024). IS between companies creates specific 
supply chains triggered by resource use (Fraccascia, 2019). A resilience 
indicator of material flow that can be adapted or extended for heat and 
energy transfer within the network has been developed and verified 
based on the data of two well-established eco-parks, Kalundborg in 
Denmark and Ulsan in South Korea (Valenzuela-Venegas et al., 2018). 
Models predicting disruption of the supply chain and disturbance of IS 
on either material or energy flow could facilitate the design of appro
priate countermeasures of partners and policymaker's policy actions and 
help towards the development of IS relationships resilient to perturba
tions (Fraccascia et al., 2021).

A challenging sector for implementing industrial networking is the 
agroindustry system - both plant crops and animal breeding - in general 
and agri-food. IS is being applied in aquaculture and animal husbandry 
despite its complexity. Water reclamation for irrigation in agriculture, 
which is by far the most significant water volume reused worldwide, is a 
kind of symbiotic activity indirectly connected to the agri-food industry 

Table 4 
Summary of tools, platforms and models for quantitative and qualitative eval
uation of techno-feasibility of IS.

Tool/Platform/ 
Framework

Case Study Methodology Source

Industrial 
Sustainability 
Index

Various, OECD Principal 
component 
analysis, 
Sustainability 
disparity i ndex

Arbolino et al. (2022)

Skills Alliance 
for IS: A 
Cross-Sectoral 
Blueprint for a 
Sustainable 
Process 
Industry 
(SPIRE-SAIS

European 
energy-intensive 
sectors

Data analysis/ 
CO2 emission, 
Skills demand, 
energy efficiency

Branca et al., 2021a; 
Branca et al., 2021b; 
Branca et al., 2022

Lifecycle 
sustainability 
(LCS)

Biopolymers 
industry

s-LCA, TEA, Life 
cycle cost (LCC), 
End of life

Briassoulis et al. 
(2023)

Energy 
conservation 
and emission 
reduction 
framework

Iron and steel 
industry, cement 
and thermal 
power industries 
and social sector 
(Nationwide 
China)

Bottom-up 
modeling, 
material 
metabolism LCA, 
simulation & 
validation

Cao et al., 2020b

Technical 
Viability 
Analysis of 
Industrial 
Synergies 
(TVAIS)

Large-scale 
European 
industries/ 
SCALER project

Data analysis/ 
Synergy

Azevedo et al., 2019; 
Dias et al., 2020; Ogé 
et al., 2019

Total EcoSite 
Integration 
for Urban and 
IS

Generic SWM-Pinch 
Analysis, 
mathematical 
programming, 
TSPI

Fan et al., 2021; Liew 
et al., 2017

Thermo- 
economic 
assessment & 
optimization

Kawerau 
Industrial 
Cluster, New 
Zealand

Monte-Carlo 
analysis, utility 
demand model, 
TEA

Fahmy et al. (2021)

Techno- 
economic 
disruptions

Generic IS within 
eco-industrial 
parks/industrial 
clusters

Enterprise input- 
output numerical 
model

Fraccascia (2019)

Symbiotic 
supply chain 
(SSC) model

Generic IS/ 
resilience of SSCs 
to disruptions

DES, Bullwhip 
Effect

Fussone et al. (2024)

Emergy-based 
Indicators of 
IS

Shenyang 
Economic & 
Technological 
Development 
Zone (China)

IO data analysis, 
emergy analysis, 
performance 
indicators 
formulation

Geng et al. (2014)

Integrated LCA Generic waste- 
to-resource

Multi-level data 
IO analysis, LCA/ 
LCC

Kerdlap et al., 2020a

Sustainability 
index (SI)

Generic 
manufacturing 
industry

IO data analysis, 
Pairwise 
comparison, 
Numerical 
modeling

Latif et al., 2017

ISI Synergy between 
pulp & paper 
(CHP) and soda 
ash (chemicals) 
industries

Material and 
energy IO data 
analysis, 
numerical 
modeling

Pandey and Prakash 
(2019)

Eco-efficiency 
improvement 
approach

Industrial and 
agricultural 
complexes, Ulsan 
(Korea)

Eco-efficiency 
approach, 
decomposition 
analysis, Data 
envelopment 
analysis

Shah et al. (2020)

Resilience 
indicator (RI)

Kalundborg 
(Denmark); 

Mathematical 
Programming 
Computation/ 

Valenzuela-Venegas 
et al. (2018)

Table 4 (continued )

Tool/Platform/ 
Framework 

Case Study Methodology Source

Ulsan (South 
Korea)

Optimization, 
Nnetwork 
connectivity 
Index, Flows 
adaptability 
Index

IS outcomes 
framework

Generic IS Bibliometric 
analysis, 
computational 
Qualitative 
content analysis/ 
Inductive- 
deductive coding

Wadström et al. 
(2021)
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and food security and directly linked to climate change/water scarcity/ 
water saving (Dosoretz, 2019; Ramin et al., 2024). However, unlike high 
throughput industries, in which IS is of a local nature, i.e., industrial 
parks, the agricultural sector, both plant crops and animal breeding, has 
the potential for symbiotic interaction at the regional and transregional 
level. Therefore, IS in the agricultural sector is often harmed by the cost 
of transporting materials. The distance between the waste producer and 
the potential consumer is, in fact, one of the most important economic 
factors that must be considered when evaluating the viability of 
symbiosis.

Nevertheless, the greater the variety of industries in a given region or 
adjacent regions, the greater the potential for creating synergies 
(Hamam et al., 2023). Research and innovative initiatives on this 
constriction may advance IS in the agro-industrial sector. The proximity 
of eco-parks to agri-food clusters may help push forward CE and sus
tainability, so rethinking and redesigning this aspect is also required.

While these IS parks often feature large corporations focused on 
sharing physical resources and utilities, clusters can also comprise small 
and medium-sized enterprises (SMEs). These SME clusters evolve 
through knowledge exchange and innovation (Daddi et al., 2017). Their 
smaller size makes them more agile and adaptable than larger com
panies, allowing ideas to spread rapidly throughout the network. 
However, including recycling companies in business networks is crucial, 
particularly since more than half of SMEs dispose of their waste in 
landfills rather than recycling it (King et al., 2020). These characteristics 
are particularly valuable when planning for alternative future scenarios, 
especially when those futures envision significant changes to the in
dustrial landscape (Giurco et al., 2011). When companies work together 
in a cluster, their managers can create a shared strategy to enhance their 
market position by developing more environmentally friendly products, 
using LCA data to support their claims (Daddi et al., 2017). For SMEs 
within the IS parks, managers can leverage IS opportunities to gain a 

competitive edge by reducing their environmental impact and seizing 
the opportunities of the IS to stimulate their product design and R&D.

Currently, existing tools are insufficient to identify an IS imple
mentation's initial requirements and synergies. Therefore, it is necessary 
to establish a methodology that helps companies assess their maturity 
level, i.e., symbiotic readiness, and identify priority areas for carrying 
out actions to promote circular production. This level of maturity 
(symbiotic readiness) implies that the company is willing and able to 
implement IS.

The European Commission proposed using the Symbiosis Readiness 
Level (SRL) to identify and define the level of maturity of symbiotic 
interactions and to measure the progress of implementing IS (Sommer, 
2020). Inspired by the Technology Readiness Level, which alone is not 
sufficient to assess the implementation of IS as it is necessary to consider 
readiness across technology, business, ecology, and management di
mensions. The nine-level framework of SRL is proposed as a practical 
tool to guide and aims at fostering gradual progress from conceptuali
zation to full implementation (Skjodt, 2021). The nine levels of SRL can 
be grouped into emergent, revelation, and embedding phases. These 
levels evolve from a good idea to more advanced stages of development 
to the final phase of full implementation, resulting in a permanent 
partnership.

However, SRLs are still in the early stages of development and 
require significant development to reach the desired maturity, so a 
consensus can be reached on moving from a specific SRL to the next 
level. Although SRLs simplify the process of IS with a step-by-step 
approach, no generic model works for all companies and symbiosis re
lationships exist. However, these practices serve as a guide and facilitate 
the implementation of IS.

Fig. 10. The third step activities for realization of IS.

P. Krzeminski et al.                                                                                                                                                                                                                             Cleaner Engineering and Technology 31 (2026) 101159 

15 



Table 5 
Overview of the selected case studies, structured according to the roadmap phases applied.

Roadmap phases 
implemented

Tools/Methods used Region (Country) No. involved 
companies

Economic Activities Driving force Existing or new IS Ref.

1. Mapping - Collection of information on the 
activity and location of 
companies through industrial 
guides, statistical and 
commercial databases, and 
geographical visualizers 
- Gathering information on 
companies' environmental data 
through information provided by 
the Environment Department of 
the Government of Cantabria 
- Questionnaires to collect 
information on companies 
- Programmed visits to 
companies to inform them about 
the project and to collect 
information

Besaya (Spain) 80 Manufacture of food products, beverages 
and tobacco products; manufacture of 
wood and products of wood and cork; 
manufacture of paper and paper 
products; printing and reproduction of 
recorded media; manufacture of 
chemicals and chemical products; 
manufacture of rubber and plastic 
products; manufacture of other non- 
metallic mineral products; manufacture 
of essential metals and fabricated metal 
products; manufacture of machinery and 
equipment; manufacture of transport 
equipment; other manufacture activities; 
construction; commerce, repair of motor 
vehicles and motorcycles; and 
transportation and storage

Torrelavega Local 
Administration, through its 
Local Development Agency

Several companies 
already have IS 
relationships, but there is 
no concrete information 
on the companies and the 
synergies.

Ruiz Puente et al. 
(2015)

1. Mapping 
2. Assessment 
(economic and 
environmental 
dimensions)

- Collection of data on the annual 
fuels and electricity consumption 
of energy-consuming companies 
in Ulsan 
- Interview with the manager of 
each company and the results of 
the questionnaire survey carried 
out by Korea Energy 
Management Corporation Busan/ 
Ulsan branch office 
- Consultation of the district 
office record book for each 
building, documentation for the 
integrated energy proposal, the 
KyungDong City Gas report, and 
2006 IPCC guidelines 
- Application of the ‘heat load 
analysis procedure’ 
- Determining the reduction in 
fuel costs and CO2 emissions 
- Pinch analysis and energy 
balance

Ulsan (South 
Korea)

N/A Industrial areas (companies, factories, 
and industries) and/or urban areas 
(residential and non-residential 
buildings such as office buildings, 
department stores, hypermarkets, and 
hospitals)

N/A Existing IS relationships, 
extension to industrial 
and urban symbiosis

Kim et al. (2018)

1. Mapping 
2. Assessment 
(economic, 
environmental and 
technical 
dimensions)

- Workshop followed the “Quick 
Wins Workshops” 
- Focus group session 
- Affinity diagrams 
- Hierarchical cluster analysis 
- k-means cluster analysis

Valencia, Sagunto, 
and Gandía 
(Spain)

18 Waste Management; Multipurpose Port 
Terminal, Container Terminal; Oil 
Terminal; RoPax Terminal; RoRo 
Terminal; Vessels Stowage & 
Warehousing; Temperature-controlled 
Warehouse and Logistic; LNG 
Management & Distribution; Towage; 
Yacht Club; Port Authority; Port 
Research Centre; and Environmental 
Knowledge and Innovation Community

Does staff form a team from the 
Port Authority of Valencia and 
experts from the Universitat 
Politècnica de València and the 
Instituto de Tecnología 
Cerámica

IS already exists, but in 
very small numbers. Aim 
to extend to the 
Valenciaport industrial 
cluster.

Artacho-Ramírez 
et al. (2020)

1. Mapping 
2. Assessment 
(economic 
dimension)

- Twenty years of hourly climate 
data and data on import 
quantities of greenhouse crops 
- Greenhouse visits 
- Proposed optimization model 

N/A (Switzerland) N/A Agricultural greenhouses, municipal 
solid waste incinerators, cement 
production plants, biogas plants, and 
biomethane production plants

N/A There is no reference to 
the existence of IS

Rezaei et al. 
(2024)

(continued on next page)
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Table 5 (continued )

Roadmap phases 
implemented 

Tools/Methods used Region (Country) No. involved 
companies 

Economic Activities Driving force Existing or new IS Ref.

(minimization of the total cost, 
considering the operating cost, 
the investment cost, and the 
potential return on the 
realization of IS)

1. Mapping 
2. Assessment 
(economic and 
technical 
dimensions)

- AB model 
- Python 
- Libraries: Pulp and CoolProp 
- Objective function of the 
optimization problem: 
maximization of the economic 
benefit of symbiosis under 
environmental, economic, and 
physical constraints

Tehran (Iran) 5 Cow farm, chicken farm, edible oil plant, 
dairy, and CHP plant

Network intermediary There is no reference to 
the existence of IS

Saghafi and 
Roshandel (2024)

1. Mapping 
2. Assessment 
(economic 
dimension)

-LCC: economic, environmental 
and societal LCC 
- Net present value

Sodankylä 
(Finland)

6 Power plant, biogas reactor, CHP plant, 
fish farm, greenhouse farm, and insect 
farm

Municipality of Sodankylä There is no reference to 
the existence of IS

Haq et al. (2020)

1. Mapping 
2. Assessment 
(economic, 
environmental, and 
social dimensions)

- Data obtained through 
telephone interviews, field 
research and regional averages 
- Multi-objectiveMILP model 
developed to optimize total 
operating costs, environmental 
impacts, and job creation 
- Augmented ε-constraint method 
- General algebraic modeling 
system 
- Lexicographic optimization 
method

Alxa Left Banner, 
Inner Mongolia 
Autonomous 
Region (China)

19 Cow breeding sector, grape growing and 
wine processing chain, concentrated 
feed processing sector, organic fertilizer 
processing sector, roughage processing 
sector, and herbal medicine planting and 
processing industry

N/A There is no reference to 
the existence of IS

Yu et al. (2023)

1. Mapping 
2. Assessment (social 
and technical 
dimensions)

- Data collection: GRASS GIS, 
SLU forest map, national 
databases provided by the 
Swedish Board of Agriculture, 
and National Bureau of Statistics 
- Workshops and informant 
interviews 
- Software Mural 
- Pick chart method 
- Material flow inventory

Härnösand 
(Sweden)

7 Aquaponic production of vegetables and 
fish; craft gin producer; electricity grids, 
district heating, water supply, waste 
recycling municipality-owned company; 
microalgae company; digital resource 
matchmaking and optimization of 
logistics company; timber, pulp and 
paper manufacturer; and insect-based 
products company

N/A There is no reference to 
the existence of IS

Haller et al. (2022)

1. Mapping 
2. Assessment 
(technical 
dimension)

- Data obtained from the 
databases provided by the 
National Statistics Institute and 
the ISPRA Technical Report on 
Special Waste and per waste 
category 
- Methodology to support the 
design of regional IS 
relationships

Apulia region 
(Italy)

39 (Bari); 25 
(Foggia); 11 
(Barletta-Andria- 
Trani); 7 
(Brindisi); 23 
(Taranto); 25 
(Lecce)

Agricultural cultivation and production 
of animal products, hunting and related 
services; aquaculture in seawater, 
brackish or lagoon and related services; 
dairy industry, sanitation, milk storage; 
production of olive oil; distillation, 
rectification and mixing of alcohol; beer 
production; manufacture of paper and 
cardboard; manufacturing fertilizers and 
nitrogen compounds; manufacture of 
plastic materials; manufacture of soaps 
and detergents, cleaning and polishing 
products; manufacture of other chemical 
products; manufacture of glass and glass 
products; manufacture of medicines and 

N/A Few IS relationships in 
the region.

Giannoccaro et al. 
(2023)

(continued on next page)
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6. Realization of IS: examples and case studies

The realization of IS involves several steps described in the previous 
sections and corresponds to a continuous effort and commitment from 
the various stakeholders involved. Fig. 10 illustrates the most important 
aspects involved in realizing IS.

The robustness of the proposed roadmap is validated through the 
analysis of the presented case studies (Table 5), which exemplify its 
practical applicability in real-world IS contexts. By showcasing diverse 
methods of identifying, assessing, and selecting potential synergies, 
these cases demonstrate the roadmap's relevance, methodical sound
ness, and adaptability. Furthermore, they serve as examples of good 
practice that can facilitate the implementation and wider dissemination 
of IS initiatives.

Table 5 illustrates some examples in the literature grouped according 
to the roadmap phases. The main aim was not to show all the case 
studies found exhaustively or to choose only those that applied all the 
phases but rather to illustrate the viability of the proposed roadmap and 
the diversity of tools and methods that can be used to implement IS 
relationships efficiently.

From a comprehensive analysis of the presented case studies, an 
apparent geographical diversity emerges, with implementations span
ning across Europe (Spain, Finland, Sweden, Switzerland), Asia (South 
Korea, Iran, China), and multiple distinct regions within these countries. 
By observing Tables 5 and it can be seen that the case studies vary in 
scale and scope – from concentrated urban-industrial zones like Valen
cia's port area (Artacho-Ramírez et al., 2020) to rural agricultural re
gions like Härnösand in Sweden (Haller et al., 2022). This geographical 
spread demonstrates the adaptability of IS methodologies across 
different socio-economic, governmental structures and industrial 
contexts.

The maturity level of IS initiatives shows a distinct pattern. Well- 
established initiatives are primarily found in regions like Ulsan, South 
Korea (Kim et al., 2018) and Besaya, Spain (Ruiz Puente et al., 2015), 
where existing IS relationships are documented and formal driving 
forces (such as local administrations or development agencies) are 
present. In contrast, newer initiatives are emerging in areas like Tehran, 
Iran (Saghafi and Roshandel, 2024) and the Alxa Left Banner, Inner 
Mongolia, China (Yu et al., 2023), where the focus is primarily on po
tential IS project identification and optimization modeling. This contrast 
between established and emerging initiatives is reflected in the meth
odological approaches – mature regions tend to employ more sophisti
cated analytical tools and have more comprehensive data collection 
processes. In contrast, newer initiatives rely on preliminary assessment 
tools and theoretical optimization models.

The evolution from simple data collection and mapping exercises to 
complex multi-objective optimization approaches stands out from a 
methodological perspective. The tools range from basic questionnaires 
and workshops (seen in the Besaya case) to sophisticated AB models and 
LCAs (as demonstrated in the Tehran and Sodankylä cases). This pro
gression suggests that the implementation of IS follows a maturity curve, 
where regions start with fundamental assessment tools and gradually 
adopt more complex methodologies as their IS networks develop. 
Notably, the number of participating entities (NCI) varies significantly 
across cases, from 5 to 7 participants in newer initiatives to 80+ in more 
established ones. This indicates that successful IS networks grow 
through demonstrated success and participant trust-building.

As mentioned above, several case studies in scientific literature 
illustrate the proposed roadmap's applicability. Although Table 5 con
tains only a few examples, the variety of locations, tools and network 
sizes is apparent. Fig. 11 illustrates the cases covered from the 
perspective of the proposed roadmap.

7. Recommendations

For a robust and resilient implementation of IS, thorough and Ta
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systematic guidance is needed. Several authors defined the evolution of 
IS through already realized systems and theoretical approaches. Jelinski 
et al. (1992) determined that the evolution process of industrial eco
systems can be divided into three stages: type I (pre-network develop
ment), type II (earlier network development) and type III (later network 
development). This process was tested by Korhonen and Snäkin (2005; 
2003), who approved these evolutionary stages. Moreover, the three 
evolutionary steps are sprouting, uncovering, embeddedness, and 
institutionalization (Chertow and Ehrenfeld, 2012). Another classifica
tion gives the following steps: linear material and energy flows, 

expansion of the system with increased diversity of actors who form few 
connections and increasing the complexity of the created system. Ac
cording to Doménech and Davies (2011), IS can be designed to include 
emergence, probation, development and expansion. As evolution steps, 
Paquin and Howard-Grenville (2012) identified the potential and 
pre-existing companies, deepening the cooperation among companies, 
expanding symbiotic exchanges and goal-directed progress (Cui et al., 
2018b). Besides, Azevedo et al. (2021a) proposed a step-by-step 
guideline as a systematic approach to promote IS applications.

This work proposes practical, actionable steps to effectively 

Fig. 11. Examples of implemented IS - a roadmap approach.

Fig. 12. The three-step approach proposed by the study in guiding the implementation of potential IS initiatives.
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implement and realize IS initiatives (Fig. 12). For the successful imple
mentation of IS, it is necessary to conduct a detailed mapping of the 
resource flows in companies and relevant stakeholders and, on this 
basis, to identify potential underutilized streams that could represent 
valuable resources for other companies. However, before companies 
start implementing an IS initiative, they need to assess, among other 
criteria, the technical feasibility and economic viability. All factors must 
be considered, from transportation costs and processing to regulatory 
requirements and potential benefits for all stakeholders. Tools such as 
LCA, TEA and SRL are used for this purpose. The main areas needing 
improvement are identified using these tools, and efforts are focused on 
building the capacity required to implement IS successfully. In the 
realization stage, after identifying synergies within individual com
panies, the scope of IS is often extended to include other businesses 
located nearby within the industrial park or region. This expansion of 
synergies to multiple companies helps create more extensive, more 
efficient ISNs.

The main limitation of this work lies in the fact that most companies' 
primary motivation for implementing IS is economic. At the same time, 
ecological reasons are only a by-product. Therefore, the overall mapping 
and assessment of the potential of IS adoption is influenced by economic 
benefits and may significantly affect the results. In addition, the lack of 
standardized processes for recycled materials also affects the proposed 
roadmap for IS. Most of the proposed tools for predicting the application 
of IS ignore the vulnerability of supply chains to disruptive events, 
which can also act as a limiting factor. IS is not presented as a model for 
achieving a more excellent CE in practice, which only points to the need 
for an appropriate legal framework and support from governments and 
regulators. A final limitation of the work is the social dimension of IS, as 
it is the least measured and analyzed. However, it involves incentives 
such as new jobs and the development of relationships between com
panies. These limitations highlight the need to continue researching IS 
to develop strategies to overcome barriers and maximize its potential.

8. Conclusions

This paper provides a comprehensive overview and analysis of the 
key steps for the effective implementation of IS. It contributes to a better 
understanding of the complexity of implementing IS and provides a 
practical framework for companies and practitioners wishing to use this 
approach.

Through a synthesis of existing literature and case studies, a detailed 
roadmap has been developed to provide practical guidance to organi
zations looking to integrate IS into their operations. The research has 
shown that an inventory of the current situation is essential to identify 
the potential of IS. This includes a detailed mapping of resources, ma
terial and energy flows and identifying relevant stakeholders. The 
assessment of potential IS projects should be based on five key criteria: 
resource and technology compatibility, geography, environmental 
impact, economic viability and regulatory compliance. Selecting the 
most suitable IS opportunities requires a multi-dimensional approach 
considering technical, economic, environmental, and social factors. The 
successful implementation of IS projects depends on stakeholders' active 
involvement and cooperation, including businesses, public authorities, 
research institutions and intermediaries. While the proposed roadmap 
offers a practical guide based on literature and real-world experiences, 
certain limitations should be acknowledged. The study relies primarily 
on qualitative analysis and the generalizability of the roadmap may vary 
depending on regional, sectoral, and organizational contexts. Further
more, the availability of detailed data from case studies posed some 
constraints on cross-case comparison.

The research contributes to knowledge by offering a structured 
methodological framework that consolidates fragmented approaches to 
IS implementation. It advances the understanding of how specific fac
tors—such as technological compatibility, regulatory context and eco
nomic evaluation—interact in practice to shape IS outcomes.

From a practical perspective, the roadmap serves as a hands-on guide 
for companies, facilitators/transition brokers and policymakers aiming 
to integrate IS into industrial operations. It provides a basis for strategic 
planning, stakeholder engagement and policy alignment, supporting the 
transition toward a more circular and resource-efficient economy.

Future research should focus on continuous improvements and de
velopments in area of IS, in particular the following: (i) developing 
standardized methodologies to quantify and value the intangible bene
fits of IS; (ii) developing strategies for overcoming technical and non- 
technical barriers for implementation of IS; (iii) exploring the role of 
digital technologies and platforms in facilitating the identification and 
implementation of IS opportunities; (iv) analyzing the long-term sus
tainability of IS networks and the factors that influence their resilience; 
(v) exploring the potential for scaling up IS approaches beyond tradi
tional industrial sectors; and (vi) exploring effective policies and in
centives to encourage wider adoption of IS practices.
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aitienė: Writing – review & editing. Cansu Özcan Kılcan: Writing – 
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Almudena Muñoz Puche: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This publication is based upon work from COST Action CA22110 – 
“Cooperation, development and cross-border transfer of IS among In
dustry and Stakeholders (LIAISE)”, supported by COST (European 
Cooperation in Science and Technology.

Data availability

Data will be made available on request.

References

Afshari, H., Tosarkani, B.M., Jaber, M.Y., Searcy, C., 2020. The effect of environmental 
and social value objectives on optimal design in industrial energy symbiosis: a multi- 
objective approach. Resour. Conserv. Recycl. 158, 104825. https://doi.org/ 
10.1016/J.RESCONREC.2020.104825.
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2021b. Industrial symbiosis and energy efficiency in European process industries: a 
review. Sustainability 13, 9159. https://doi.org/10.3390/su13169159.

Branca, T.A., Fornai, B., Colla, V., Pistelli, M.I., Faraci, E.L., Cirilli, F., Schröder, A.J., 
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remanufacturing through industrial symbiosis on supply chain performance. In: 
Fera, M., Caterino, M., Macchiaroli, R., Pham, D.T. (Eds.), Advances in 
Remanufacturing. Springer, Nature Switzerland, Cham, pp. 329–339. https://doi. 
org/10.1007/978-3-031-52649-7_26.

Gast, L., Cabrera Serrenho, A., Allwood, J.M., 2022. What contribution could industrial 
symbiosis make to mitigating industrial greenhouse gas (GHG) emissions in bulk 
material production? Environ. Sci. Technol. 56, 10269–10278. https://doi.org/ 
10.1021/acs.est.2c01753.

Genc, O., van Capelleveen, G., Erdis, E., Yildiz, O., Yazan, D.M., 2019. A socio-ecological 
approach to improve industrial zones towards eco-industrial parks. J. Environ. 
Manag. 250, 109507.

Geng, X., Wen, Y., Zhou, C., Xiao, C., 2017. Establishment of the sustainable ecosystem 
for the regional shipping industry based on system dynamics. Sustainability 9, 742. 
https://doi.org/10.3390/SU9050742.

Geng, Y., Liu, Z., Xue, B., Dong, H., Fujita, T., Chiu, A., 2014. Emergy-based assessment 
on industrial symbiosis: a case of Shenyang economic and technological 
development zone. Environ. Sci. Pollut. Control Ser. 21, 13572–13587. https://doi. 
org/10.1007/s11356-014-3287-8.

Ghisellini, P., Cialani, C., Ulgiati, S., 2016. A review on circular economy: the expected 
transition to a balanced interplay of environmental and economic systems. J. Clean. 
Prod. 114, 11–32. https://doi.org/10.1016/j.jclepro.2015.09.007.

Giannoccaro, I., Zaza, V., Fraccascia, L., 2023. Designing regional industrial symbiosis 
networks: the case of Apulia region. Sustain. Dev. 31, 1475–1514. https://doi.org/ 
10.1002/sd.2462.

Giurco, D., Cohen, B., Langham, E., Warnken, M., 2011. Backcasting energy futures using 
industrial ecology. Technol. Forecast. Soc. Change 78 (5), 797–818. https://doi.org/ 
10.1016/j.techfore.2010.09.004.

Golev, A., Corder, G.D., Giurco, D.P., 2014. Barriers to industrial symbiosis: insights from 
the use of a maturity grid. J. Ind. Ecol. 19 (1), 141–153. https://doi.org/10.1111/ 
jiec.12159.

Graedel, T.E., 2019. Material flow analysis from origin to evolution. Environ. Sci. 
Technol. 53, 12188–12196. https://doi.org/10.1021/acs.est.9b03413.

Haller, H., Fagerholm, A.-S., Carlsson, P., Skoglund, W., Van Den Brink, P., Danielski, I., 
Brink, K., Mirata, M., Englund, O., 2022. Towards a resilient and resource-efficient 
local food system based on industrial symbiosis in härnösand: a Swedish case study. 
Sustainability 14, 2197. https://doi.org/10.3390/su14042197.

Halstenberg, F.A., Lindow, K., Stark, R., 2017. Utilization of product lifecycle data from 
PLM systems in platforms for industrial symbiosis. Procedia Manuf. 8, 369–376. 
https://doi.org/10.1016/j.promfg.2017.02.047.

Hamam, M., Spina, D., Raimondo, M., Di Vita, G., Zanchini, R., Chinnici, G., Tóth, J., 
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