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Abstract. The industrial sector is a significant contributor to global waste, discarding vast amounts annually, which 

results in both environmental pollution and economic losses. A promising solution is industrial symbiosis (IS), where 

companies (often from different industries) identify synergies and engage in the exchange of materials, energy, water, 

and by-products, aiming to close the loop and enhance resource efficiency. Despite growing interest and numerous 

examples, comprehensive taxonomies for categorizing IS practices in manufacturing remain scarce, as existing studies 

often focus on individual case studies. This study addresses this gap by proposing a new general taxonomy for the 

manufacturing sector. Relevant studies were analyzed and synthesized through a systematic literature review of 61 

studies, with 22 selected for in-depth analysis of existing IS taxonomies. The findings were refined and validated 

through iterative expert input, resulting in a three-level taxonomy comprising 4 primary categories, 26 secondary 

categories, and 119 tertiary categories. The proposed classification provides a holistic framework tailored to the 

manufacturing sector, enabling practitioners and researchers to gain deeper insights into IS networks and develop 

effective IS strategies. Future research should validate these categories through empirical studies and explore their 

practical applications in different manufacturing settings. 

Keywords: sustainable manufacturing, Industry 5.0, industrial growth, circular economy, taxonomy.

1 Introduction 

The industrial sector contributes significantly to global 

waste generation, producing substantial amounts annually. 

Besides the environmental impact, much of this waste 

results in the loss of valuable materials, highlighting the 

need for innovative solutions to mitigate economic losses 

while preserving the environment [1]. One promising 

approach is industrial symbiosis (IS), which facilitates the 

exchange of materials, energy, and by-products among 

different industries, thereby enhancing resource efficiency 

and reducing waste among industries [2]. Chertow [2] 

defines industrial symbiosis as a process in which 

companies, often operating in different industries, engage 

in the reciprocal exchange of materials, energy, water, and 

by-products, resulting in economic and environmental 

benefits. This concept is rooted in industrial ecology, 

which draws parallels between industrial systems and 

natural ecosystems, emphasizing the importance of 

collaboration and synergy among companies [3]. 

In this context, an industrial ecosystem functions 

analogously to a biological ecosystem [4]. Similar to the 

principles of biointelligence, industrial ecology applies 

natural processes to cultivate sustainable and symbiotic 

relationships within industrial systems. Frosch and 

Gallopoulos [5] suggested in 1989 that industries could 

learn from natural systems to create closed-loop systems 

where waste from one process becomes input for another 

to promote sustainability. 

By leveraging synergies and fostering symbiotic 

interactions, industrial symbiosis seeks to improve 

efficiency and sustainability within industrial processes. 

Consequently, the significant environmental impact of the 

manufacturing industry can be mitigated through enhanced 

collaboration and resource efficiency [6]. 

Despite the increasing interest in and potential of 

industrial symbiosis, a significant gap remains in the 

literature regarding the categorization of IS practices both 

generally and within the manufacturing sector. Most 

existing studies tend to focus on specific industrial parks, 

each with unique characteristics and operational 

requirements, which complicates efforts to develop a 

universal classification framework [3, 7]. Therefore, a 

general taxonomy for IS networks does still not exist [8]. 

Thus, this work focuses on developing a classification 

framework generally applicable to manufacturing. 
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Further, it aims to address the existing research gap by 

proposing a new taxonomy for IS in the manufacturing 

industry. A holistic categorization tailored to the 

manufacturing sector will be developed by analyzing and 

synthesizing the information from a literature review. The 

proposed categories will serve as a valuable resource and 

provide them with a framework to better understand and 

implement IS strategies, ultimately accelerating closing 

the implementation gap of IS and overcoming the 

challenges associated with identifying and leveraging 

symbioses.  

2 Literature Review 

Over the past decades, the development of IS has gained 

increasing attention in both research and industry, 

primarily due to its potential to enhance resource 

efficiency and mitigate environmental impacts. Still, a 

significant gap remains in developing a general taxonomy 

and classification framework for IS practices among the 

manufacturing sectors. However, the absence of a 

universal classification system for IS practices, especially 

within the manufacturing sector, presents a significant 

challenge. This section delves into the existing efforts to 

categorize and classify IS, highlighting its challenges. 

For the development of a taxonomy and classification, 

most studies, such as those by Chertow [9] and Lombardi 

and Laybourn [6], have focused on specific case studies 

such as the Kalundborg Eco-Industrial Park. However, the 

unique characteristics of each IS network complicate 

efforts to create a generalized framework because the 

synergies vary significantly depending on the specific 

context. The diverse nature of these synergies – spanning 

solid waste, liquids, emissions, and waste energy - adds 

complexity, as their value fluctuates depending on factors 

such as region, industry type, organizational boundaries, 

technologies, and timeframes. This variability highlights 

the necessity for comprehensively categorizing these 

interactions [10, 11]. 

As a result, much of the literature remains divided, with 

different terminologies and classifications based on 

resource types, industry sectors, or geographical proximity 

[12]. 

The absence of such a comprehensive system limits the 

broader application of IS, hindering practitioners and 

researchers from identifying best practices and drawing 

insights from successful implementations. A precise 

categorization can help address key challenges in 

identifying symbiotic opportunities and facilitate the 

implementation of industrial symbiosis [13]. Hereby, 

researchers such as Aid et al. [14] underline the need for a 

cohesive classification system to guide industries and 

policymakers. It helps companies identify potential 

symbiosis opportunities and helps policymakers design 

regulations that incentivize IS practices. 

A comprehensive classification system offers 

companies a structured approach to understanding the 

composition of industrial networks and facilitates the 

mapping of resource exchanges. For example, one 

effective method for identifying potential symbioses is the 

‘relationship mimicking’ mechanism, where organizations 

replicate successful collaborations observed in similar 

entities [7]. In this context, a classification system forms 

the foundation for identifying opportunities for replication. 

Furthermore, such a system could serve as the basis for 

developing digital tools and platforms to streamline 

identifying potential IS partners by matching available 

resources with organizational needs [1, 15]. 

Addressing this gap is particularly important in light of 

current political and economic developments, such as the 

European Union’s Green Deal, which seeks to accelerate 

the green transition and promote sustainability across 

industries. Hereby serves the EU taxonomy for sustainable 

activities as a key regulatory framework, aiming to 

standardize and promote sustainable practices across 

sectors. Developing an adequate classification system for 

IS practices is a key step in identifying and analyzing 

successful synergies, providing policymakers with 

valuable insights to design regulations that incentivize and 

support IS implementation. Furthermore, the Green Deal 

encompasses additional EU regulations that underscore the 

significance of this issue. For instance, the EU Circular 

Economy Action Plan emphasizes the necessity of 

sustainable resource efficiency. Simultaneously, the EU 

Corporate Sustainability Reporting Directive (CSRD) 

highlights the critical role of systematically collecting and 

comparing data to enhance transparency and support 

informed decision-making processes. 

The most referenced taxonomy for IS was hereby 

developed by Chertow [2], highlighting five distinct types 

of exchanges: by-product exchanges, waste exchanges, 

energy exchanges, water exchanges, and service 

exchanges [2]. This foundational framework has not been 

universally adopted or expanded upon in subsequent 

research. Nevertheless, there is a need for a more refined 

classification system that considers the varying 

characteristics of IS networks across different 

geographical and industrial contexts [3]. 

Despite advancements, developing a standardized 

taxonomy for IS faces several key challenges. One of the 

significant issues is the diverse composition of companies 

and the varying nature of collaborations, such as by-

product exchanges versus shared utilities. Regional and 

cultural differences in IS practices further enhance this 

complexity. IS networks vary significantly across different 

geographic areas, driven by variations in regulatory and 

market structures, making it challenging to apply a 

universal classification system [3]. Therefore, the 

taxonomy should be adaptable to varying contexts [16]. 

Additionally, governance structures play a crucial role 

in the classification of IS. How symbiotic exchanges are 

coordinated through centralized or decentralized systems 

affects how networks are categorized [17]. 

A comprehensive taxonomy should, therefore, address 

technical exchanges, e.g., material exchange, and the 

social and institutional dimensions that influence IS 

development [18, 19]. 

A further challenge is the lack of data transparency 

between companies, as companies often do not want to 

share information about their waste streams and resource 
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flows due to competitive concerns that limit classification 

advances [20]. This issue highlights the need for a 

taxonomy that bridges the gap between the accurate 

categorization of IS networks and the limitations imposed 

by data transparency challenges. 

The field of industrial symbiosis continues to evolve, 

with new methodologies, technologies, and case studies 

providing valuable insights into its potential. However, 

challenges remain in standardized classifying IS practices. 

There is a need for cross-disciplinary collaboration 

between researchers, policymakers, and industry 

stakeholders to develop a comprehensive and universally 

applicable taxonomy for IS. This research takes an initial 

step toward developing a coherent and comprehensive 

taxonomy to understand industrial symbiosis practices in 

manufacturing by analyzing existing frameworks. 

3 Research Methodology 

This study employs a structured research methodology, 

beginning with a literature review to establish the 

theoretical foundation, followed by expert consultations 

with iterative feedback loops to refine the findings. This 

approach ensures both a robust theoretical basis and 

practical insights relevant to the manufacturing sector. 

The initial phase involved conducting a comprehensive 

literature review to analyze and synthesize relevant 

research. In July 2024, a systematic search was performed 

using Scopus, a widely recognized database for scientific 

publications, to identify pertinent literature. 

The first phase involves conducting a literature review 

to analyze relevant research. A following search query was 

applied in July 2024 in Scopus, a database for scientific 

publications to identify the literature: “(TITLE-ABS-KEY 

(“industrial symbioses”) AND TITLE-ABS-KEY 

(“classification” OR “categorization” OR “taxonomy” OR 

“typology”))”. 

This search yielded 61 results, subsequently screened 

and evaluated for relevance, as illustrated in Figure 1. 

Only studies published in English are considered a 

valuable output of the inquiry. The search is not limited to 

any specific field since IS is mainly applied among 

different industries. 

To ensure the inclusion of only relevant literature, an 

initial screening is performed by reviewing the titles of the 

identified works. This is followed by a second round, in 

which the abstracts are analyzed for relevance. In the third 

round, the full papers are analyzed to assess their relevance 

and contribution to the research topic. 

Sources were excluded if they were overly specific or 

deemed insufficiently relevant for developing a general 

taxonomy applicable to IS in the manufacturing sector. 

 

Figure 1 – A visual representation of the literature review 

Also, papers with a narrow focus on specific case 

studies without broader applicability are removed from 

consideration. After applying the exclusion criterion and 

conducting all three stages of review, a final selection of 

22 relevant sources is identified. 

Table 1 summarizes the selected entities to provide an 

overview of the identified literature. The review reveals 

that no general framework has been proposed, with most 

studies deriving their proposed framework from specific 

ecosystems or case studies. 

Although the literature reviewed exhibits a variety of 

focus areas, all sources propose different focus of 

categorizations. As outlined in the state of the art (see 

Section 2, no general classification exists. However, these 

sources contribute valuable input for developing a new 

classification framework. The analysis and review of 

studies forms the basis for identifying clusters, which will 

be used to develop a structured approach for classification. 

Therefore, the clusters proposed in the literature are first 

collected and subsequently synthesized and restructured to 

align with the objectives of this study. This process 

involves consolidating, merging, and refining the 

identified clusters, which serve as the foundation for 

developing a first structured framework. After that, 

multiple feedback loops with experts from both industry 

and academia are conducted to further refine and 

eventually validate the proposed framework. These 

iterative feedback loops ensure that the framework is both 

scientific and practically applicable. The following 

Section presents the proposed taxonomy along with its 

defined categories. Each category is supported by 

references to existing approaches, underscoring their 

relevance and shows the existing state of research. 
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Table 1 – Overview of the selected literature 

Source Focus area 

[1] 

Introduces symbiosys, a web-based tool designed to 

identify synergies, manage resources, and facilitate 

networking. 

[2] 

Review IS literature and highlight collaboration, 

geographic proximity, input-output matching, and 

materials budgeting as key to eco-industrial parks. 

[3] 

Map IS in Europe. It highlights typical waste streams 

and discusses economic and legal aspects while 

emphasizing IS for the circular economy. 

[4] 

Emphasizes the importance of geographic proximity 

and advocates for precise land-use management in IS, 

comparing self-organized and planned models. 

[7] 

A novel IS knowledge repository approach is 

presented based on various methods, such as 

mimicking and input-output matching approaches. 

[8] 

A classification model for strategic IS networks was 

elaborated based on input-output matching, focusing 

on material and energy recovery. 

[10] 

Proposes a new regional resource synergies 

framework based on economic and environmental 

benefits. 

[11] 

Reviews the development of IS theory and 

methodology and suggests future research directions 

for improving quantitative classification and system 

monitoring. 

[17] 

Identifies a taxonomy of IS and four business models, 

focusing on system governance through coordination 

and control centralization. 

[21] 

Suggests a taxonomy for numerical indicators to 

measure IS, focusing on measuring IS systems’ 

environmental, economic, and social benefits. 

[22] 

A method for evaluating IS’s environmental and 

economic benefits and a classification based on in-

depth analysis of various symbioses is proposed. 

[23] 

Classifies IS models, analyzing bottom-up districts, 

top-down eco-industrial parks, and network-based 

approaches. 

[24] 

Discusses the application of mixed industrial parks 

with SMEs, highlighting environmental challenges 

and proposing solutions for sustainable development. 

[25] 

Reviews European eco-industrial parks highlighting 

the importance of company diversity and proposing 

an algorithm to evaluate IS potential 

[26] 

Analyzes IS in chemicals, steel, and cement sectors 

using open databases. It classifies synergies by the 

most shared resources, offering a methodology for 

circular economy projects. 

[27] 

Proposes a classification model for IS networks using 

an input-output approach to guide company strategies 

and government policies. 

[28] 
Based on case studies, develop a classification of six 

business models for IS. 

[29] 

Proposes a framework for comparative analysis of IS 

and identifies IS terminology as well as provides a 

typology of IS dynamic 

[30] 

Using a web platform could support the application of 

IS for the waste and processing technology 

classifications. 

[31] 

Examines how IS emergence, synergy governance, 

actor serendipity, and bioeconomy enhance 

sustainability. 

[32] 
Explores digital transformation in IS using the viable 

systems approach. 

4 Results 

The proposed IS categorization framework is structured 

across three levels to provide a comprehensive 

categorization and taxonomy. Four primary categories 

have been established at the first level, which are further 

subdivided into 26 secondary categories at the second 

level. These secondary categories are then expanded into 

119 specific classifications at the third level. The following 

sections offer a detailed explanation of each level and its 

corresponding categories. 

The first category, “Network Typology”, describes an 

IS network’s general structure and dynamics. The related 

description is summarized in Table 2. 

Table 2 – Typology of industrial symbiosis networks 

Emergence Internal 

Hybrid 

External 

Development approach Greenfield 

Brownfield 

Governance Self-organized/bottom-up 

Facilitated 

Planned/top down 

Coordination Centralized coordination 

Distributed coordination 

Initial coordination 

Ongoing coordination 

Policy framework 

Facilitator None 

Park manager 

External 

Internal 

Network partners Companies 

Facilitator 

Public entities 

Research facilities 

Business associations 

Technology provider 

Non-governmental 

organizations 

Financial institutions 

Communities 

Others 

Number of companies Bilateral partnership 

< 5 

5–20 

> 20 

Size of companies Micro < 9 employees 

Small < 50 employees 

Medium < 250 employees 

Large > 250 employees 

Exchange structure One to one 

One to n 

M to one 

N to m 

Level of cooperation Simple exchange 

Information sharing 

Coordinate process 

Strategic partnership 

Joint business model 
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Geographical proximity Within a facility, company,  

or organization 

Small range (< 5 km) 

Medium range (5–20 km) 

Large range (20–50 km) 

Over 50 km 

Industry Structure Among industry / sector-

specific / vertical symbiosis 

Across industries / sector-

integrated / horizontal 

symbiosis 

Investments Initial 

Operational 

Private investments 

Public funding 

Type of relationship Exploitation 

Control 

Competition 

Commensalism 

Mutualism 

Dependencies Equality-oriented parks 

Dependency-oriented parks 

Single-dependency parks 

Multiple-dependency parks 

Nested parks 

Symbiosis Context Industrial 

Urban 

Rural 

 

It integrates several key dimensions to provide a holistic 

framework for understanding the organization, 

relationships, and collaboration within the network. The 

networks can emerge through different mechanisms, e.g., 

internal when the network emerges between companies 

without external intervention. Simultaneously, external 

emergence is driven by outside forces such as regulatory 

frameworks or policymakers, as described by Doménech 

et al. [3] and Bijon et al. [31]. Hybrid emergence arises 

when both internal and external factors contribute to the 

development of the network. The emerging networks can 

hereby be developed from scratch (greenfield projects) or 

evolve from pre-existing infrastructures (brownfield) 

[4, 24, 25]. 

Alongside these emergence mechanisms, the 

governance of the network plays a central role in shaping 

its development. It can range from more self-organized to 

planned, top-down approaches, primarily stated in the 

literature. Self-organized governance allows the network 

participants to collaborate organically without centralized 

control, whereas planned, top-down governance relies on 

structured frameworks and policies imposed by authorities 

or central organizations, resulting in a more regulated 

approach [3, 4, 21, 25]. In between, facilitated governance 

involves a third party that helps guide and coordinate the 

network, providing support while allowing some 

flexibility [9]. 

For the network to function effectively, coordination 

might be needed, which can be either centralized or 

distributed and may vary between the initial and ongoing 

phases of the collaboration [17]. Coordination can be 

supported by an existing policy framework among 

companies [3]. 

Facilitators act as mediators to coordinate and manage 

diverse networks, playing a key role in engaging 

companies within the network since they can help 

overcome barriers such as a lack of trust between partners 

and foster collaborations [1, 33]. They can be internal, 

directly from the companies, or dedicated park managers. 

Facilitators may also come externally, such as government 

bodies, business associations, or research institutions [29]. 

In some cases, facilitators may not be applicable [7]. 

Facilitators are key in coordinating the diverse 

composition of IS networks, which often include 

companies, governmental bodies, and other stakeholders 

[32]. However, the network also extends to a broader range 

of stakeholders, including research institutions, NGOs, 

financial institutions, and others, all of which play key 

roles but have not been extensively covered in the 

literature. 

The number of participants, particularly companies 

involved, varies widely from a bilateral partnership 

between two entities to broader networks [3, 10]. 

Networks with up to 5, up to 20, and larger ones with more 

than 20 participants become increasingly complex, 

offering more significant collaboration potential [29].  

Among these participating companies, the size can vary 

significantly [1, 7]. To classify them, a general framework 

based on the number of employees ranging from micro-

enterprises with fewer than 9 employees to small 

(under 50), medium (under 250), and large organizations 

(over 250) is used [34]. 

The number of participants in a network significantly 

influences its structure and the complexity of interactions. 

It can range from simple one-to-one relationships with 

only two companies to more complex models like n-to-m 

configurations involving multiple partners, as described by 

Albino et al. [8]. 

These exchanges can occur at different levels of 

cooperation, ranging from simple exchanges of resources 

to information sharing for better collaboration. Further 

partners may coordinate processes to align operations or 

form strategic partnerships for long-term goals as 

proposed. At the utmost level of cooperation, companies 

move toward adopting a joint business model, fully 

integrating their operations and strategies. This dimension 

has not been extensively covered in the identified literature 

but was briefly addressed by [25]. However, through 

expert feedback, it has emerged as a significant topic. 

In industrial symbiosis, the geographical proximity of 

participants plays a key role and is widely discussed in the 

literature, as seen in studies such as [1–3, 11, 25], and 

defines the different spatial scales where exchanges occur. 

Some studies, e.g. [2], already define IS as being within a 

single company, whereas most studies relate to a broader 

range. A general classification proposed by [31] 

categorizes small ranges under 5 km, medium distances of 

5–20 km, and extensive ranges extending up to 50 km and 

beyond. 
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Some authors, such as [11], refer to smaller ranges as 

co-located eco-industrial parks and wider ranges as virtual 

eco-industrial parks. 

With several companies involved, the industry structure 

can be distinguished between sector-specific, where 

collaborations occur within the same industry, or sector-

integrated, where collaboration happens among different 

industries [1, 10, 11]. It is proposed to list and categorize 

these industries according to the NACE system, as 

described by Benedetti et al. [7]. 

New business opportunities in IS often require initial 

and/or operational investments to foster and sustain the 

synergies, with funding typically coming from private, 

public, or combined sources [3, 21]. 

The dynamics and relationships between participants 

can significantly differ based on the variety of interactions 

within the networks. Exploitative relationships may occur 

when one company benefits disproportionately, whereas 

mutualistic relationships foster equal benefits for all 

participants. Control relationships emerge when one 

company significantly influences its partners, while 

competitive relationships arise when companies compete, 

e.g., with resources within the network. Additionally, 

commensal relationships are characterized by one party 

benefiting without affecting others, either positively or 

negatively [11, 21]. 

These relationships come with dependencies where 

participants in equality-oriented relationships have equal 

roles, while dominant companies drive dependency-

oriented networks. Single-dependency networks rely on 

one key company, while multiple-dependency parks have 

two or more central companies. Nested parks hereby 

integrate both models with equal roles and dependencies 

[11]. 

To conclude the analysis of network properties, the 

symbiosis context further distinguishes whether the 

network operates exclusively in industrial areas or also 

extends to urban (e.g., with municipalities) or rural (e.g., 

involving agricultural industry) environments [21]. 

This multi-dimensional approach to categorizing the 

network typology highlights the diverse structures, 

relationships, and contexts that define industrial symbiosis 

networks, which will be further explored in the categories. 

The next cluster is described in Table 3 in the following 

paragraph, focusing on the symbiosis and resource 

exchange within the network. 

Upstream resources refer to the essential inputs needed 

for production, while Downstream resources represent the 

outputs of these processes. Most studies hereby named raw 

materials, water, and energy as key components for 

industrial symbiosis [1, 2, 10, 11, 21–23, 25, 35]. This 

study does not aim to delve deeper into defining specific 

materials. However, Álvarez et al. [1] propose to classify 

products using classifications of products classified by 

activity (CPA) for better identification. 

Focusing on the downstream side, various categories 

have been listed in the literature, such as waste, process 

waste, by-products, heat, energy, emissions, and 

wastewater [1, 2, 7, 10, 11, 21, 23, 25, 26, 28, 32]. 

Table 3 – Exchange type within industrial symbiosis networks 

Upstream resources 

(material inputs) 

Materials 

Water 

Energy 

Downstream resources 

(waste outputs) 

Waste 

Process waste 

By-products 

Heat 

Energy 

Emissions 

Wastewater 

Infrastructure, 

knowledge, and data 

sharing 

Joint provision of services 

Utilities/infrastructure 

Knowledge 

Data, information 

Resource exchange and 

processing 

Direct use/reuse 

Internally processed 

With intermediary/ processed by 

third party 

 

Studies such as [7] and [1] propose using the European 

Waste Catalogue (EWC) to standardize its identification 

for waste classification. Additionally, concerning water, 

[11] distinguishes between various types of water in the 

downstream process, such as wastewater, cooling water, or 

process water, which helps to provide a clearer 

understanding of how different resources are managed 

within these networks. 

Managing these outputs has been the central element of 

the concept of IS, where the goal is to minimize waste and 

repurpose by-products into usable inputs for other 

processes, fostering circularity and resource efficiency 

[36, 37]. It historically focused hereby on the exchange of 

materials, but the scope has since expanded to include also 

others such as the joint provision of services, e.g., 

transport, shared utilities/infrastructure such as offices, or 

the exchange of knowledge, data, and information, 

enhancing collaboration and efficiency [2, 8, 11, 23, 38]. 

Resource exchange within the network can be managed 

through different approaches. Although direct use or reuse 

is sometimes feasible, resources typically require internal 

processing by companies, intermediaries, or third parties, 

depending on the context [7, 10, 31]. 

After building on the previous focus on exchange 

structure and resource exchanges, it is equally important to 

understand the broader implications of these IS networks. 

Therefore, the next cluster (Table 4) presents an approach 

to classify their impact on social, ecological, and economic 

dimensions, following the Triple Bottom Line framework 

proposed by Elkington [39]. 

Although this aspect has not been as extensively 

analyzed in the literature as others, it is essential for 

understanding industrial symbiosis networks 

comprehensively. In the social dimension, which tends to 

be underrepresented in both sustainability discussions and 

IS research, industrial symbiosis contributes to job 

creation by generating new opportunities and supports job 

retention by maintaining existing positions [3, 21]. 
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Table 4 – Benefits of industrial symbiosis networks 

Social Job creation 

Job retention 

Ecological Emission reduction 

Resource efficiency 

Energy recovery 

Waste reduction 

Water conservation 

Biodiversity 

Land use 

Economic Cost saving 

Revenue generated 

Competitive advantage 

 

The ecological dimension, often one of the main goals 

of IS, offers significant benefits such as emission 

reduction, improved resource efficiency, energy recovery, 

waste reduction, water conservation, the protection of 

biodiversity, and the prevention of land use 

[1, 3, 4, 10, 11, 23, 27]. The economic dimension, central 

to our current economic system and a key driver for 

industrial symbiosis, can lead to tangible cost savings or 

new revenues as described by [3, 21]. Furthermore, 

industrial symbiosis can provide a competitive advantage, 

offering diverse benefits for the involved companies [28]. 

The next cluster presented in Table 5 refers to a key 

research field within IS, as there remains a significant 

implementation gap between the benefits of IS and the 

actual implementation in practice. 

Table 5 – Frameworks and tools for IS networks 

Identification of IS Software tools and platforms 

Input output matching 

Relationship mimicking 

Spontaneous/coincidence 

Engage with neighboring 

companies 

Other 

Network Analysis Material flow analysis 

Information flow 

Materials budgeting 

Stakeholder value  

Lifecycle assessment (LCA) 

Financial analysis 

Social interaction 

Other network analysis 

methodologies 

Digital Support Resource exchange platform 

IS matchmaking platform 

Waste management platform 

Big data for IS 

 

This gap is primarily due to challenges in identifying 

symbiotic opportunities, making discovery and 

identification a key area of focus for advancing IS 

networks. Various methods are proposed in the literature 

for identifying IS, including software tools and platforms, 

input-output matching, and relationship mimicking, where 

successful symbiosis models with a comparable setting are 

replicated [2, 7, 35]. IS can also emerge through 

spontaneous or coincidental interactions or engaging with 

neighboring companies [3, 7]. Other approaches may 

exist, captured under other methods. Network analysis 

helps to understand networks concerning a specific area 

better. In the context of IS, key methods include material 

flow analysis, information flow assessment, and materials 

budgeting. Techniques like stakeholder value assessment, 

life cycle analysis (LCA), and financial and social 

interaction impact evaluations are further potential 

analyses based on the network’s specific aspects. Other 

network analysis methodologies may also be applied 

depending on the specific network context [2, 21, 22]. 

Digitalization support plays an increasingly vital role in 

overcoming identification barriers, not only for the 

analyses of networks but for IS in general. Tools like 

resource exchange platforms, IS matchmaking platforms, 

and waste management platforms facilitate the 

coordination of exchanges as described in 

[1, 17, 23, 30, 32]. Moreover, applying big data for IS can 

potentially optimize networks and improve decision-

making, enhancing the overall effectiveness of formed 

symbiotic relationships [1, 23, 24]. 

The presented clusters provide a comprehensive 

framework for understanding the different dimensions 

affecting IS networks (Figure 2). 

 

Figure 2 – Taxonomy framework for industrial symbiosis 
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From the structure and governance of the network to 

resource exchanges to its broader social, ecological, and 

economic impacts, each cluster contributes to a deeper 

understanding of how industrial symbiosis functions. Key 

methods such as network analysis and digital tools are 

essential in identifying, managing, and optimizing these 

symbiotic relationships. These insights offer a holistic 

view of industrial symbiosis, highlighting both its potential 

and the complexities involved in its implementation. 

5 Discussion 

The presented work addresses the significant gap in the 

literature regarding the lack of a universal classification 

framework for IS, particularly within the manufacturing 

sector. By providing the classification, this study helps to 

overcome some of the existing challenges of IS and 

facilitate its more widespread adoption. The developed 

taxonomy offers significant implications for researchers, 

practitioners, and policymakers while presenting particular 

challenges. 

A key benefit of the structured approach is that it 

enables practitioners and research to understand better and 

analyze existing synergies and defined networks, which 

helps define new ones. It shows the different influencing 

factors, such as regional, technological, and 

organizational. 

Besides the improved analyses, the absence of such a 

categorization framework has been limiting the 

identification of best practices and, for example, the 

replication of successful implementations across 

industries. This “relationship mimicking” mechanism 

enables organizations to replicate successful symbioses 

observed in similar contexts. Combined with digital tools 

and an established database, it could play a crucial role in 

streamlining the identification of IS partners and fostering 

collaboration. 

IS presents a promising pathway to mitigate 

environmental impacts and contribute to the green 

transition of the economy. Therefore, it is highly relevant 

to policymakers. The proposed taxonomy can help create 

targeted incentives and regulations that align to support 

and facilitate the identification of IS. Improving 

understanding of IS enables more effective policy 

interventions to promote company collaboration. 

However, several limitations must be acknowledged. 

The complexity and context-specific nature of IS synergies 

makes it challenging to develop a universal classification 

that is comprehensive both in detail and among all 

industries. This taxonomy serves as a general overview 

and network understanding. For a more in-depth analysis, 

each category must be examined further, such as the EWC 

for waste classification. 

Moreover, while the taxonomy provides a helpful tool 

for understanding IS, it is not a direct means of identifying 

symbiotic opportunities. However, it helps to indirectly 

identify and replicate successful synergies observed in 

similar contexts. Furthermore, the taxonomy does not 

claim to be collectively exhaustive in specific categories, 

as additional ideas and dimensions may not be fully 

explored. The taxonomy has been developed based on 

existing literature and enriched by expert input. For 

example, social implications are currently 

underrepresented in literature; therefore, further research 

is needed in this area to capture all potential benefits. The 

other category has been added to allow for flexibility and 

the inclusion of other possibilities. 

A limitation of the proposed framework is the lack of 

industrial validation. While it was developed with input 

from industry and the literature was mainly based on case 

studies, a final validation is needed. Further, its application 

in other industries should be reviewed to ensure its 

applicability beyond manufacturing. 

By addressing these limitations, the taxonomy 

presented in this study can serve as a foundation for further 

advancements in industrial symbiosis and sustainable 

industrial practices. 

6 Conclusions 

This study proposes a structured taxonomy comprising 

4 primary categories, further divided into 26 secondary 

categories and 119 tertiary classifications, to enable a more 

comprehensive analysis of industrial symbiosis focusing 

on the manufacturing sector. 

First, a literature review was conducted to provide an 

overview of existing classification frameworks. It shows 

the research gap regarding a general taxonomy for the 

manufacturing sector. Based on the literature and the 

identified studies, the information is analyzed and 

synthesized, which results in the proposed framework. 

After the development, various feedback rounds with 

industry and research experts were conducted, and the 

framework was adapted and validated. The final taxonomy 

helps to categorize and better understand the diverse 

synergies within industrial ecosystems. 

The development taxonomy hereby offers advantages 

but also has certain limitations that can be subject to 

further research. Firstly, the taxonomy should be tested 

and validated with various case studies. Through tests 

within focus on different industries, the framework and its 

applicability can be expanded.  

It could be of interest to further explore the 

development of a database based on the proposed 

classification which would facilitate can facilitate the 

identification and expansion of new symbiotic 

opportunities. 

In conclusion, while this study provides a foundation 

for a general understanding and categorizing IS practices, 

various topics for further research remain due to the 

inherent complexity of IS systems. By addressing these 

gaps, the proposed taxonomy has the potential to play a 

pivotal role in facilitating IS and promoting sustainable 

industrial practices on a larger scale. 
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