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Abstract

Industrial symbiosis has gained increasing importance as a systemic approach within 
the circular economy for improving resource efficiency and reducing greenhouse gas 
emissions. The aim of this study is to develop a theoretical framework explaining how 
industrial symbiosis networks contribute to greenhouse gas emission reduction within 
an environmental economics perspective. The study is based on a theoretical analysis 
and conceptual synthesis of industrial ecology and environmental economics literature.

The results identify three core operational mechanisms – material substitution, en-
ergy cascading, and waste valorization – through which industrial symbiosis reduces 
lifecycle emissions, and structure their relationships within a framework consisting 
of four interrelated components: industrial symbiosis activities, operational mecha-
nisms, environmental performance outcomes, and environmental economic outcomes. 
Greenhouse gas emissions expressed in CO2-equivalent terms are conceptualized as 
the primary environmental performance indicator, while economic indicators such 
as cost savings, eco-efficiency, and emission abatement cost are integrated to explain 
how emission reduction aligns with economic efficiency. The framework demonstrates 
that industrial symbiosis functions as a decentralized coordination mechanism that 
reduces environmental externalities through system-level resource optimization rather 
than technological change alone.

The findings contribute to environmental economics theory by clarifying the rela-
tionship between industrial cooperation, environmental performance indicators, and 
economic efficiency, providing a structured basis for future empirical assessment and 
policy evaluation.
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INTRODUCTION

Industrial production systems remain among the largest contributors 
to global greenhouse gas emissions due to intensive energy consump-
tion, extensive material use, and the generation of significant volumes 
of industrial waste (Johansson et al., 2018). Achieving climate neu-
trality within industrial sectors therefore requires approaches that 
simultaneously improve environmental performance and maintain 
economic efficiency (Cooper & Hammond, 2018; Hernandez et al., 
2018). In this context, industrial symbiosis solutions are increasingly 
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recognized as key enablers of circular economy models, promoting both economic and environmental 
benefits through techno-economic approaches such as material flow cost accounting and cost-benefit 
analysis (Leiva et al., 2025). At the same time, recent research has emphasized the importance of system-
ic solutions that extend beyond individual technological improvements and instead focus on optimizing 
resource flows across interconnected industrial activities (Smart et al., 2017).

Despite the growing recognition of the environmental benefits, the theoretical understanding of how 
industrial symbiosis contributes to measurable emission reduction within an environmental eco-
nomics framework remains fragmented (Neves et al., 2020). Existing research has largely focused 
on descriptive case studies or methodological applications such as life-cycle assessment, while fewer 
studies have provided integrated conceptual explanations linking industrial symbiosis activities with 
environmental performance indicators and economic evaluation concepts (Daddi et al., 2017; Martin 
et al., 2015). Consequently, the relationship between industrial symbiosis, environmental perfor-
mance outcomes, and economic efficiency improvements remains insufficiently structured (Bastias et 
al., 2023). In particular, the economic implications of emission reduction achieved through resource 
flow optimization are often addressed implicitly rather than within a coherent analytical framework 
(Morales & Diemer, 2019).

This study addresses this gap by developing a theoretical framework that links industrial symbiosis 
activities with environmental performance indicators and economic outcomes relevant to environmen-
tal economics analysis. The study conceptualizes industrial symbiosis as a decentralized mechanism 
of emission reduction, in which environmental improvements emerge from coordinated resource ex-
change among firms (Mendez Alva et al., 2021). Environmental performance indicators, particularly 
greenhouse gas emissions expressed in CO

2
-equivalent terms, are used as analytical tools to explain 

how emission reductions occur at the system level (Fraccascia et al., 2021b). In addition, the study in-
corporates economic indicators such as cost savings, eco-efficiency, and emission abatement costs in 
order to strengthen the economic interpretation of industrial symbiosis within industrial decarboniza-
tion strategies. By integrating industrial ecology concepts with environmental economics reasoning, 
the study contributes to a more comprehensive theoretical understanding of how collaborative indus-
trial arrangements can simultaneously enhance economic efficiency and environmental performance 
(Fraccascia et al., 2021a).

The preceding discussion demonstrates that industrial symbiosis is widely recognized as an effective 
approach for improving resource efficiency and reducing environmental impacts within industrial sys-
tems. However, the theoretical relationship between industrial symbiosis activities, measurable envi-
ronmental performance outcomes, and economic implications remains insufficiently structured within 
environmental economics analysis. Existing research frequently emphasizes environmental benefits 
through case-based evidence or methodological approaches, while fewer contributions provide an inte-
grated conceptual explanation of how industrial symbiosis mechanisms simultaneously lead to green-
house gas emission reduction and economic efficiency improvements.

This study addresses this gap by developing a conceptual framework that explains industrial symbiosis 
as a system-level mechanism of emission reduction based on resource flow optimization.

1. THEORETICAL BASIS

Industrial symbiosis has evolved into a cen-
tral concept within industrial ecology, primar-
ily concerned with improving resource efficiency 
through the optimization of material and energy 

flows across interconnected industrial actors 
(Domenech et al., 2019). Early contributions to 
the field were grounded in empirical observa-
tions of industrial networks, where waste streams 
generated by one production process were uti-
lized as inputs in another, thereby reducing both 



37

Environmental Economics, Volume 17, Issue 3, 2026

http://dx.doi.org/10.21511/ee.17(3).2026.03

environmental impacts and production costs 
(Chertow, 2000; Daddi et al., 2017; Ehrenfeld & 
Gertler, 1997). These foundational studies es-
tablished industrial symbiosis as a mechanism 
capable of generating environmental and eco-
nomic benefits simultaneously, demonstrating 
that inter-firm cooperation can achieve efficiency 
improvements beyond those attainable through 
isolated firm-level optimization (Chertow, 2000; 
Ehrenfeld & Gertler, 1997).

Within this broader transition toward resource-
efficient and low-carbon industrial systems, in-
dustrial symbiosis has emerged as a promising 
concept capable of simultaneously supporting en-
vironmental and economic objectives. Industrial 
symbiosis refers to the mutually beneficial ex-
change of materials, energy, water, and by-prod-
ucts among traditionally separate industrial ac-
tors, transforming residual outputs into produc-
tive inputs (Domenech et al., 2019). Foundational 
studies in industrial ecology demonstrated that 
such exchanges can significantly reduce resource 
consumption and environmental impacts by clos-
ing material and energy loops within industrial 
systems (Chertow, 2000; Ehrenfeld & Gertler, 
1997). Subsequent research further emphasized 
that these environmental improvements are pri-
marily achieved through system-level optimiza-
tion rather than isolated technological innovation, 
highlighting the importance of coordination and 
cooperation among firms (Chertow, 2007).

From an environmental economics perspective, 
industrial symbiosis represents a particularly rel-
evant mechanism for addressing environmental 
externalities. Environmental degradation is fre-
quently interpreted as a consequence of market 
failures, where the environmental costs of pro-
duction are not fully reflected in market prices 
(Morales & Diemer, 2019). Traditional policy 
instruments – such as carbon pricing, environ-
mental taxation, and regulatory standards – aim 
to internalize these externalities by modifying 
economic incentives (Bahn‐Walkowiak & Wilts, 
2017). Industrial symbiosis complements these in-
struments by enabling firms to reduce emissions 
and resource consumption through economically 
motivated cooperation (Muñoz Puche et al., 2026; 
Bilyaminu et al., 2024). This approach also con-
tributes to the decarbonization of energy-inten-

sive industries and enhances economic benefits 
for network partners, while requiring appropri-
ate risk management frameworks to ensure en-
vironmental sustainability (Ventura et al., 2025). 
By transforming waste streams into economically 
valuable inputs, industrial symbiosis aligns private 
economic incentives with broader environmental 
objectives, thereby improving resource allocation 
efficiency and reducing environmental pressure 
(Liu et al., 2018).

The environmental benefits of industrial sym-
biosis are closely associated with greenhouse gas 
emission reduction, which occurs through several 
interrelated mechanisms. Material substitution 
reduces emissions associated with primary re-
source extraction and processing by replacing vir-
gin materials with secondary resources (Li et al., 
2017). Energy cascading improves overall energy 
efficiency by reusing excess energy or waste heat 
across industrial processes, thereby reducing fos-
sil fuel consumption (Savian et al., 2023), as dem-
onstrated in applications such as the co-produc-
tion of methanol and ammonia integrating green 
hydrogen within carbon capture and utilization 
systems (Magson et al., 2025). Waste valorization 
avoids emissions related to disposal and treat-
ment processes by transforming waste streams 
into productive inputs, contributing to the closure 
of material loops within industrial systems (Yu et 
al., 2018). Collectively, these mechanisms enable 
reductions in lifecycle emissions across industri-
al networks (Jacobsen, 2006; Neves et al., 2020; 
Sokka et al., 2011).

Subsequent research extended this perspective 
by shifting from case-based descriptions toward 
a more systemic and network-oriented under-
standing of industrial symbiosis (Mendez Alva et 
al., 2021). In this context, the literature emphasiz-
es that environmental benefits are not solely the 
result of technical resource exchanges but also 
depend on organizational arrangements, institu-
tional conditions, and trust-based relationships 
among firms (Chertow, 2007; Wang et al., 2016). 
Industrial symbiosis is therefore increasingly 
conceptualized as a network-based coordination 
mechanism in which environmental performance 
improvements emerge from the restructuring 
of material and energy flows at the system level 
(Bilyaminu et al., 2024).
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From an environmental economics perspec-
tive, the relevance of industrial symbiosis lies 
in its capacity to reduce environmental exter-
nalities through improved resource allocation 
and coordinated economic activity rather than 
through technological substitution alone (Hatsor 
& Jelnov, 2024; Morales & Diemer, 2019). By fa-
cilitating the circulation of materials and ener-
gy between firms, industrial symbiosis enables 
emission reductions that arise from systemic effi-
ciency improvements across industrial networks 
(Bilyaminu et al., 2024). Harmony between in-
dustry and nature through concepts like indus-
trial ecology and food web analysis provides a 
novel perspective on sustainable industrial prac-
tices (Genç, 2024).

Traditional environmental economics approach-
es address greenhouse gas emissions primarily 
through policy instruments designed to internal-
ize environmental externalities, including car-
bon pricing mechanisms, environmental taxation, 
and regulatory standards (Bahn‐Walkowiak & 
Wilts, 2017). While such instruments remain es-
sential for achieving climate objectives, the frame-
work proposed in this study suggests that indus-
trial symbiosis may complement these policies by 
providing economically motivated pathways for 
emission reduction (Liu et al., 2018; Muñoz Puche 
et al., 2026). Firms participating in symbiotic ex-
changes reduce material and energy costs while si-
multaneously decreasing emissions, thereby align-
ing private economic incentives with broader en-
vironmental goals (Yu et al., 2018). This alignment 
reduces the divergence between private and social 
costs that typically characterizes environmental 
externalities.

Cost savings and additional revenue streams de-
rived from secondary resource utilization consti-
tute direct incentives for firms to participate in 
symbiotic networks (Muñoz Puche et al., 2026). 
At the same time, transaction costs associated 
with coordination, information exchange, and in-
frastructure adaptation may limit participation 
despite positive environmental outcomes. From 
an environmental economics perspective, these 
transaction costs represent coordination barriers 
that may justify policy intervention aimed at fa-
cilitating cooperation rather than imposing addi-
tional regulatory constraints.

Emission abatement cost represents a particularly 
important indicator linking industrial symbiosis 
with climate policy evaluation (Bastias et al., 2023). 
Similarly, eco-efficiency indicators illustrate how 
industrial symbiosis improves the ratio between 
economic output and environmental impact, re-
inforcing the argument that environmental and 
economic performance improvements need not 
be mutually exclusive (Sokka et al., 2011).

Within the European policy context, industrial 
symbiosis aligns closely with circular economy 
and industrial decarbonization strategies that em-
phasize resource efficiency and waste reduction 
as drivers of sustainable growth (Domenech et 
al., 2019). Policies supporting industrial clustering, 
information-sharing platforms, and infrastruc-
ture development may reduce transaction costs 
and increase the economic attractiveness of sym-
biotic exchanges (Bahn‐Walkowiak & Wilts, 2017).

From the perspective of environmental econom-
ics, industrial symbiosis can be interpreted as 
a response to market failures associated with 
environmental externalities (Hatsor & Jelnov, 
2024). Environmental degradation is commonly 
explained by the absence of full cost internal-
ization, where environmental impacts are not 
reflected in market prices (Morales & Diemer, 
2019). Traditional policy instruments – such as 
environmental taxation, emission trading sys-
tems, and regulatory standards – seek to cor-
rect these inefficiencies by modifying econom-
ic incentives (Bahn‐Walkowiak & Wilts, 2017). 
Within this framework, industrial symbiosis rep-
resents a complementary mechanism, as firms 
voluntarily engage in resource exchanges that 
simultaneously reduce costs and environmental 
impacts (Muñoz Puche et al., 2026; Bilyaminu 
et al., 2024). This process also supports the de-
carbonization of energy-intensive industries and 
enhances economic benefits for network partici-
pants, while highlighting the importance of risk 
management in maintaining environmental sus-
tainability within industrial ecosystems (Ventura 
et al., 2025). Accordingly, industrial symbiosis 
may be understood as a decentralized coordina-
tion mechanism that partially internalizes envi-
ronmental externalities through market-based 
cooperation rather than direct regulatory inter-
vention (Liu et al., 2018).
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A substantial body of literature has examined the 
environmental performance implications of indus-
trial symbiosis, particularly in relation to resource 
efficiency and lifecycle emission reduction (Savian 
et al., 2023). The literature identifies three core op-
erational mechanisms through which these ben-
efits are realized. First, material substitution re-
duces emissions associated with primary resource 
extraction and processing by replacing virgin ma-
terials with secondary resources (Li et al., 2017). 
Second, energy cascading improves overall energy 
efficiency by reusing excess energy or waste heat 
across interconnected processes, thereby reduc-
ing fossil fuel consumption (Muñoz Puche et al., 
2026), as illustrated by applications such as the co-
production of methanol and ammonia integrating 
green hydrogen within carbon capture and utili-
zation systems (Magson et al., 2025). Third, waste 
valorization contributes to emission reduction by 
transforming waste streams into productive in-
puts, thereby avoiding disposal-related impacts 
and closing material loops within industrial sys-
tems (Yu et al., 2018). Empirical studies confirm 
that these mechanisms can generate measurable 
environmental benefits at the system level, par-
ticularly in terms of reduced energy consumption 
and greenhouse gas emissions (Jacobsen, 2006; 
Neves et al., 2020; Sokka et al., 2011).

Despite these advances, the literature reveals a 
limited integration between industrial symbiosis 
research and environmental economics analysis 
(Bastias et al., 2023). While many studies focus 
on environmental performance improvements, 
fewer contributions explicitly examine how these 
improvements translate into economic efficiency 
gains or how they interact with policy instru-
ments aimed at emission reduction (Martin et 
al., 2015). As a result, industrial symbiosis is fre-
quently treated as an environmental management 
practice rather than as an economically ground-
ed mechanism contributing to optimal resource 
allocation and emission reduction (Morales & 
Diemer, 2019).

Another critical issue identified in the literature 
concerns the measurement of environmental 
benefits generated through industrial symbiosis 
(Aissani et al., 2019). Emission reductions often 
occur indirectly through avoided production pro-
cesses or reduced demand for primary resources, 

which makes them difficult to capture using con-
ventional firm-level environmental accounting 
approaches (Ismail, 2020). This challenge has led 
to increasing emphasis on environmental per-
formance indicators capable of reflecting system-
level outcomes (Fraccascia et al., 2021b). In par-
ticular, greenhouse gas emissions expressed in 
CO

2
-equivalent terms have become a key metric 

for evaluating industrial decarbonization strate-
gies, as they enable comparison across alternative 
production configurations and facilitate align-
ment with climate policy objectives (Chertow, 
2007; Jacobsen, 2006; Neves et al., 2020). Recent 
literature further highlights the growing use of 
Life Cycle Assessment in evaluating industrial 
symbiosis within circular solid waste manage-
ment, reinforcing its relevance for assessing envi-
ronmental impacts of inter-industry collaboration 
(Vahidzadeh et al., 2025).

In addition to environmental performance, envi-
ronmental economics analysis requires the inte-
gration of economic indicators that capture the 
costs and benefits associated with resource ex-
change (Morales & Diemer, 2019). Existing studies 
indicate that cost savings from reduced material 
inputs, avoided waste management, and improved 
energy efficiency provide direct incentives for 
firms to engage in industrial symbiosis (Muñoz 
Puche et al., 2026; Genç et al., 2019). At the same 
time, broader societal benefits arise through the 
reduction of environmental externalities, high-
lighting the dual economic and environmental 
nature of industrial symbiosis. The incorporation 
of indicators such as eco-efficiency and emission 
abatement cost is therefore essential for linking 
environmental performance assessment with eco-
nomic evaluation (Bastias et al., 2023).

Overall, the reviewed literature demonstrates that 
industrial symbiosis is increasingly recognized as 
a system-level mechanism for improving resource 
efficiency and reducing environmental impacts, 
while also highlighting significant gaps in the in-
tegration of environmental performance and eco-
nomic evaluation. In particular, the relationship 
between industrial symbiosis activities, measur-
able environmental outcomes, and economic ef-
ficiency remains insufficiently structured. This 
indicates the need for a comprehensive theoreti-
cal framework that explicitly links operational 
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mechanisms, environmental performance indica-
tors, and economic outcomes in order to clarify 
the role of industrial symbiosis within industrial 
decarbonization strategies.

2. RESULTS

The framework integrates perspectives on mate-
rial and energy exchange with economic concepts 
related to efficiency improvement and externality 
reduction. In this context, industrial symbiosis is 
interpreted not only as an environmental man-
agement practice but also as an organizational 
arrangement through which environmental and 
economic outcomes are jointly produced.

The proposed framework is structured around 
four interrelated components:

1. Industrial Symbiosis Activities: These include 
exchanges of materials, energy, water, and by-
products among industrial actors. Such ex-
changes transform residual outputs into pro-
ductive inputs, reducing the demand for virgin 
resources and additional energy consumption. 

2. Operational Mechanisms: Environmental im-
provements occur through three core mecha-
nisms: material substitution, energy cascad-

ing, and waste valorization. These mecha-
nisms enable more efficient use of resources 
and energy across interconnected industrial 
processes. 

3. Environmental Performance Outcomes: These 
outcomes include reductions in resource con-
sumption, decreased energy use, and avoid-
ance of emissions associated with waste treat-
ment and primary production. Greenhouse 
gas emissions expressed in CO

2
-equivalent 

terms serve as the primary indicator for eval-
uating these improvements. 

4. Environmental Economic Outcomes: These 
include increased resource efficiency, reduced 
production costs, and mitigation of environ-
mental externalities. Through these effects, 
industrial symbiosis aligns private econom-
ic incentives with broader environmental 
objectives. 

A key implication of the framework is that emis-
sion reductions achieved through industrial sym-
biosis are primarily systemic rather than techno-
logical. Environmental improvements arise from 
reconfiguring relationships between firms and 
optimizing resource flows, rather than from in-
troducing entirely new production technologies. 
This highlights the role of organizational innova-

Source: Author’s elaboration based on Arce Bastias et al. (2023) and Vahidzadeh et al. (2025).

Figure 1. Conceptual framework for industrial symbiosis contribution to GHG emission reduction 
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tion as a driver of industrial decarburization and 
strengthens the connection between environ-
mental performance assessment and economic 
evaluation.

The framework, presented in Figure 1, illustrates 
how enabling conditions, such as resource con-
straints, economic incentives, regulatory drivers, 
and network proximity, facilitate symbiotic activi-
ties. These activities improve operational mecha-
nisms through enhanced resource efficiency, en-
ergy integration, and waste minimization, ulti-
mately leading to improved environmental perfor-
mance and economic outcomes, and contributing 
to greenhouse gas emission reduction. The frame-
work represents causal relationships rather than 
empirical quantification.

By establishing these conceptual linkages, the 
framework provides a structured basis for assess-
ing industrial symbiosis within industrial decar-
bonization strategies and supports the integra-
tion of environmental and economic evaluation 
approaches.

This study follows a theory-building approach to 
integrate existing insights into a coherent ana-
lytical structure rather than test predefined hy-
potheses empirically. Such approaches are par-
ticularly relevant in interdisciplinary fields where 
empirical evidence exists but remains analytically 
fragmented.

2.1. Framework development 
procedure

The conceptual framework was developed through 
a structured analytical process consisting of three 
stages:

• Stage 1: Literature Identification and 
Theoretical Scope Definition Relevant litera-
ture was reviewed to identify core mecha-
nisms linking industrial symbiosis with envi-
ronmental and economic outcomes. 

• Stage 2: Conceptual Categorization of 
Mechanisms and Outcomes Identified con-
cepts were grouped into four analytical cat-
egories: industrial symbiosis activities, op-
erational mechanisms, environmental per-

formance outcomes, and environmental eco-
nomic outcomes. 

• Stage 3: Indicator Integration and Analytical 
Alignment Environmental and economic in-
dicators were incorporated to operationalize 
conceptual relationships, ensuring consisten-
cy with system-level and life-cycle-based eval-
uation approaches. 

Rather than conducting empirical measurement, 
the analysis synthesizes these insights to establish 
a structured conceptual foundation for interpret-
ing industrial symbiosis as a system-level emission 
reduction mechanism.

2.2. Environmental performance 
indicators

Environmental performance indicators are cen-
tral tools for evaluating environmental outcomes 
within the proposed framework. Industrial sym-
biosis generates environmental benefits primarily 
through indirect effects such as avoided produc-
tion processes, reduced energy consumption, and 
decreased waste treatment requirements.

Greenhouse gas emissions expressed in CO
2
-

equivalent terms are adopted as the primary indi-
cator due to their relevance for climate policy and 
industrial decarbonization assessment. Emission 
reduction is conceptualized as the difference be-
tween emissions associated with conventional 
production systems and those resulting from sym-
biotic resource utilization. This approach enables 
system-level evaluation and comparison across al-
ternative production configurations.

Figure 2 illustrates the emission reduction mecha-
nisms enabled by industrial symbiosis by contrast-
ing a conventional linear industrial system, char-
acterized by high virgin resource consumption 
and waste generation, with a symbiotic industrial 
network in which waste streams and by-products 
are valorized as productive inputs for other pro-
cesses, thereby reducing virgin material demand, 
energy consumption, and overall greenhouse gas 
emissions.

In addition, complementary indicators such as en-
ergy intensity and material efficiency are incorpo-
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rated to capture broader improvements associated 
with resource flow optimization.

2.3. Economic indicators  
for environmental economics 
evaluation

Environmental economics analysis requires the 
integration of economic indicators that reflect the 
feasibility and efficiency of industrial symbiosis 
activities. Economic effects arise through reduced 
material and energy consumption, avoided waste 
management costs, and revenues from secondary 
resource exchanges.

The inclusion of economic indicators allows in-
dustrial symbiosis to be evaluated simultaneously 
in environmental and economic terms. Indicators 
such as cost savings, eco-efficiency, emission 
abatement cost, and investment-related measures 
provide a bridge between environmental perfor-
mance assessment and economic evaluation.

Table 1 presents the principal economic indica-
tors conceptually incorporated into the analytical 
framework. Indicators were selected according to 
three criteria: a) relevance for capturing system-
level environmental change, b) compatibility with 
environmental economics evaluation, and c) fre-
quency of use in industrial symbiosis and life-cy-
cle assessment literature.

These economic indicators provide a robust frame-
work for quantifying the financial viability and 
overall economic impact of industrial symbiosis 
initiatives. They bridge the gap between environ-
mental improvements and their monetary benefits, 
making the case for symbiotic relationships more 
compelling for industrial stakeholders.

2.4. Analytical logic and limitations

The analytical logic of the framework is based on 
life-cycle thinking, recognizing that environmen-
tal impacts occur across interconnected produc-
tion stages. Industrial symbiosis modifies these 
relationships by introducing alternative resource 
pathways that reduce emissions and improve re-
source productivity.

The theoretical nature of the study implies cer-
tain limitations. The framework does not quantify 
emission reductions or prescribe a universal indi-
cator set but instead provides a conceptual struc-
ture for future empirical application. The magni-
tude of benefits may vary depending on sectoral, 
technological, and regional conditions.

To sum up, the study develops a conceptual frame-
work explaining industrial symbiosis as a system-
level mechanism for greenhouse gas emission re-
duction based on resource flow optimization. The 
framework integrates four key components (ac-

Figure 2. Illustration of emission reduction mechanisms via industrial symbiosis 

Source: Prepared by the author following the methodological insights of Muñoz Puche et al. (2026) and Genç et al. (2019).
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tivities, operational mechanisms, environmental 
performance outcomes, and economic outcomes) 
and demonstrates how environmental and eco-
nomic benefits are jointly generated. These results 
provide a structured analytical foundation for 
evaluating industrial symbiosis within industrial 
decarbonization strategies and environmental 
economics analysis.

3. DISCUSSION 

The conceptual framework and methodological 
approach developed in this study provide a struc-
tured interpretation of industrial symbiosis as a 
mechanism through which environmental and 
economic objectives may converge within indus-
trial systems (Fraccascia et al., 2021a).

The environmental performance indicators dem-
onstrate that emission reductions associated with 
industrial symbiosis are frequently indirect and 
distributed across multiple stages of production 
(Aissani et al., 2019). This complexity reinforces 
the need for system-level analytical approaches 
capable of capturing interdependencies between 

industrial processes and resource flows (Pan et 
al., 2016). Material substitution reduces upstream 
emissions related to resource extraction and pro-
cessing, while energy cascading decreases energy 
demand and associated emissions in intercon-
nected processes (Li et al., 2017; Savian et al., 2023). 
Waste valorization further contributes to emission 
reduction by avoiding disposal-related impacts 
(Neves et al., 2020). These systemic effects high-
light the importance of evaluating industrial sym-
biosis at the network level rather than at the level of 
individual firms, as environmental improvements 
may not be fully observable within conventional 
firm-level accounting frameworks (Chertow, 2007; 
Jacobsen, 2006; Martin et al., 2015). At the same 
time, the indirect nature of these benefits requires 
methodological approaches capable of capturing 
avoided impacts across the lifecycle of intercon-
nected processes (Ismail, 2020).

The inclusion of economic indicators provides ad-
ditional insight into the conditions under which 
industrial symbiosis becomes economically viable 
(Morales & Diemer, 2019). In this context, the de-
velopment of robust monitoring and performance 
evaluation systems becomes essential for support-

Table 1. Economic indicators for assessing industrial symbiosis contributions to greenhouse gas 
emission reduction

No. Economic indicator Analytical purpose Unit Conceptual interpretation

1 Cost savings
Reduction in input and 

disposal costs €/year

Savings from reduced material, energy, and waste 
management costs (Chebbi et al., 2020; Magnusson et al., 
2019)

2 Additional revenue Economic value of by-
product exchange €/year

Income generated from the sale of by-products in the 
market (Hatsor & Jelnov, 2024; Herczeg et al., 2018)

3 Net economic benefit Overall private economic 
gain

€/year

The overall positive outcome from an industrial symbiosis, 
representing a favorable business case (Haq et al., 2021; 
Leiva et al., 2025)

4 Transaction costs Coordination and 
implementation costs €/year

Costs related to negotiation, acquiring knowledge, searching 
for buyers, logistics, and regulatory burdens in establishing 
exchanges (Hatsor & Jelnov, 2024; Yazdanpanah et al., 2020)

5 Payback period Investment attractiveness Years Time required to recover initial investment in symbiosis 
infrastructure (Neves et al., 2020; Yeo et al., 2019)

6 Net present value Long-term economic 
viability €

Discounted value of future net benefits (Yang et al., 2018; 
Yeo et al., 2019)

7 Internal rate of return Investment efficiency %

The discount rate that makes the net present value of a 
project equal to zero (Harding & Long, 2018; Yang et al., 
2018)

8 Emission abatement 

cost

Cost-effectiveness of 
emission reduction €/tCO₂e Cost per unit of avoided emissions (Bastias et al., 2023)

9 Eco-efficiency ratio Economic value relative 
to environmental impact €/tCO₂e

Ratio of an economic variable (e.g., production or revenue) 
to an environmental variable (e.g., consumption or 
environmental influence) (Park & Behera, 2014)

10 Avoided externality 
value

Societal benefit of 
emission reduction €/year

The economic value representing the avoided 
environmental damage to society due to reduced pollution 
(Wadström et al., 2021)
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ing decision-making and improving the effective-
ness of industrial symbiosis initiatives (Lütje & 
Wohlgemuth, 2020; Mantese & Amaral, 2016).

In many industrial contexts, emission reductions 
achieved through resource exchange may occur at 
lower cost compared to purely technological miti-
gation options. Industrial symbiosis therefore ex-
pands the portfolio of available decarbonization 
measures by introducing organizational innova-
tion as a complementary pathway to emission re-
duction (Genç et al., 2019).

Furthermore, the valuation of avoided environ-
mental externalities through indicators such as 
avoided externality value provides a conceptual 
link between industrial symbiosis and broader so-
cietal benefits associated with emission reduction.

The discussion also suggests that industrial sym-
biosis contributes to decarbonization by expand-
ing the range of emission reduction mecha-
nisms beyond traditional technological solutions 
(Johansson et al., 2018). Environmental improve-
ments emerge from the reconfiguration of produc-
tion relationships and resource flows, indicating 
that organizational innovation plays an important 
role in achieving climate objectives (Bilyaminu et 
al., 2024). This perspective reinforces the impor-
tance of integrating industrial ecology insights 
into environmental economics analysis, particu-
larly in the context of long-term transitions to-
ward climate-neutral industrial systems (Smart et 
al., 2017).

Compared with previous studies, the findings 
of this study are consistent with the established 
view that industrial symbiosis contributes to en-
vironmental improvement by enabling resource 
exchange, reducing waste, and improving the effi-
ciency of material and energy flows. Foundational 
studies by Chertow (2000) and Ehrenfeld and 
Gertler (1997) emphasized that industrial symbi-
osis generates environmental and economic ben-
efits through inter-firm cooperation and the reuse 
of residual outputs. The present study supports 
this interpretation but extends it by structuring 
these benefits within an environmental econom-
ics framework that explicitly links symbiotic ac-
tivities, operational mechanisms, environmental 
performance outcomes, and economic outcomes.

The findings also correspond with empirical evi-
dence from Jacobsen (2006), Sokka et al. (2011), 
and Daddi et al. (2017), who demonstrated that 
industrial symbiosis can generate measurable re-
ductions in resource consumption, energy use, 
and environmental impacts. Similar to these stud-
ies, the present analysis confirms that greenhouse 
gas emission reduction is not limited to direct 
emission savings within individual firms but of-
ten emerges from avoided production, reduced 
demand for primary materials, and improved use 
of secondary resources across the wider industrial 
network. However, while earlier studies mainly fo-
cused on specific cases or life-cycle assessment ap-
plications, this study provides a conceptual expla-
nation of how these mechanisms can be interpret-
ed as system-level emission reduction pathways.

The results further align with Martin et al. (2015) 
and Aissani et al. (2019), who highlighted the 
methodological difficulty of attributing environ-
mental benefits within industrial symbiosis net-
works. The present study confirms that emission 
reductions are frequently indirect and distributed 
across several stages of production, which makes 
conventional firm-level environmental account-
ing insufficient. In this respect, the study reinforc-
es the need for network-level and life-cycle-based 
evaluation approaches capable of capturing avoid-
ed impacts and interdependencies between indus-
trial actors.

In comparison with studies focusing on perfor-
mance measurement, such as Fraccascia et al. 
(2021a), Mantese and Amaral (2016), and Lütje and 
Wohlgemuth (2020), the present study similarly 
emphasizes the importance of indicators for assess-
ing industrial symbiosis outcomes. Nevertheless, 
its contribution lies in integrating environmental 
performance indicators with economic evaluation 
criteria. By including indicators such as cost sav-
ings, eco-efficiency, emission abatement cost, and 
avoided externality value, the framework devel-
oped in this study shows how environmental im-
provements can be assessed together with econom-
ic efficiency and policy relevance.

Finally, the results correspond with broader cir-
cular economy studies, including Domenech et 
al. (2019) and Neves et al. (2020), which identify 
industrial symbiosis as an important strategy for 
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supporting resource efficiency and circular in-
dustrial development. The present study confirms 
these conclusions but places stronger emphasis on 
greenhouse gas emission reduction and the eco-
nomic interpretation of environmental benefits. 
Therefore, the main contribution of this study is 
not the identification of entirely new industrial 
symbiosis mechanisms, but the development of 
an integrated conceptual framework that brings 
together previous findings on material substitu-
tion, energy cascading, waste valorization, envi-
ronmental performance indicators, and economic 
evaluation within a single analytical structure.

Overall, the analysis demonstrates that industrial 
symbiosis should be interpreted not only as an en-
vironmental management practice but also as an 
economically meaningful mechanism capable of 
supporting industrial decarbonization strategies. 
By linking environmental performance indicators 
with economic evaluation criteria, the framework 
developed in this study provides a basis for assess-
ing industrial symbiosis within both environmen-
tal and economic decision-making contexts.

4. IMPLICATIONS 

The framework developed in this study offers poli-
cy, industry, and research implications.

Industrial symbiosis should be recognized as a 
complementary mechanism within industrial 
decarbonization policy. Policy measures aimed 
at facilitating industrial coordination, informa-
tion exchange, and infrastructure development 
can enhance environmental outcomes without 
imposing additional regulatory burdens on firms. 
Clarifying regulatory classifications of secondary 
resources and by-products can further reduce un-
certainty and encourage wider implementation of 
symbiotic exchanges. The integration of environ-
mental and economic indicators highlights the 
importance of incorporating system-level perfor-
mance metrics into environmental policy evalua-

tion. Indicators such as emission abatement cost 
and eco-efficiency allow policymakers to compare 
industrial symbiosis with alternative emission re-
duction strategies on an economic basis.

For industrial actors, participation in industrial 
symbiosis networks can simultaneously improve 
environmental performance and economic effi-
ciency. Cost savings resulting from reduced ma-
terial inputs, improved energy utilization, and 
avoided waste treatment represent direct econom-
ic incentives that can enhance competitiveness 
under increasing carbon and resource constraints. 
Industrial symbiosis can be interpreted not only 
as an environmental initiative but also as a strate-
gic approach to improving operational efficiency 
and long-term economic resilience. Collaboration 
and information sharing among firms are cru-
cial enabling conditions for successful symbiotic 
exchanges. While transaction costs may initially 
limit participation, long-term economic benefits 
reflected in indicators such as net economic ben-
efit, payback period, and eco-efficiency may out-
weigh initial coordination efforts.

The study identifies several directions for future 
research aimed at strengthening the analytical in-
tegration of industrial ecology and environmental 
economics. Empirical applications of the proposed 
framework are needed to operationalize environ-
mental and economic indicators in real industrial 
symbiosis networks. An integrated optimization 
modeling framework for low-carbon and green re-
gional transitions through resource-based indus-
trial symbiosis could also offer valuable insights. 
Quantitative assessment of emission abatement 
costs and eco-efficiency across different industri-
al sectors would improve comparability between 
cases and support evidence-based policy evalua-
tion. Future research may also explore the role of 
digital technologies and data-driven monitoring 
systems in improving transparency and accuracy 
in the assessment of network-level environmental 
performance.

CONCLUSION

The aim of this study was to develop a theoretical framework explaining how industrial symbiosis net-
works contribute to greenhouse gas emission reduction and how these effects can be interpreted within 
an environmental economics perspective.
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The results demonstrate that industrial symbiosis functions as a system-level mechanism of emission 
reduction based on resource flow optimization, structured through four interrelated components: sym-
biotic activities, operational mechanisms, environmental performance outcomes, and environmental 
economic outcomes. The framework shows that emission reductions occur through material substitu-
tion, energy cascading, and waste valorization, while environmental performance indicators and eco-
nomic measures jointly explain how environmental improvements align with economic efficiency.

These findings indicate that industrial symbiosis should be interpreted not only as an environmental 
management practice but also as an economically relevant coordination mechanism capable of reduc-
ing environmental externalities and supporting industrial decarbonization. The study provides a con-
ceptual foundation for future empirical research and supports the integration of industrial symbiosis 
into environmental policy and decision-making frameworks.

AUTHOR CONTRIBUTIONS

Conceptualization: Rasa Ziliene.
Data curation: Rasa Ziliene.
Formal analysis: Rasa Ziliene.
Funding acquisition: Rasa Ziliene.
Investigation: Rasa Ziliene.
Methodology: Rasa Ziliene.
Project administration: Rasa Ziliene.
Resources: Rasa Ziliene.
Software: Rasa Ziliene.
Supervision: Rasa Ziliene.
Validation: Rasa Ziliene.
Visualization: Rasa Ziliene.
Writing – original draft: Rasa Ziliene.
Writing – review & editing: Rasa Ziliene.

REFERENCES

1. Aissani, L., Lacassagne, A., Bahers, 
J.-B., & Le Féon, S. (2019). Life 
cycle assessment of industrial 
symbiosis: A critical review of 
relevant reference scenarios. 
Journal of Industrial Ecology, 23(4), 
972-985. https://doi.org/10.1111/
jiec.12842

2. Bahn-Walkowiak, B., & Wilts, H. 
(2017). The institutional dimen-
sion of resource efficiency in a 
multi-level governance system 

– Implications for policy mix 
design. Energy Research & Social 
Science, 33, 163-172. https://doi.
org/10.1016/j.erss.2017.09.021

3. Bastias, F. A., Rodríguez, P. D., 
Arena, A. P., & Talens Peiró, L. 
(2023). Measuring the symbiotic 
performance of single entities 
within networks using an LCA 

approach. Journal of Environ-
mental Chemical Engineering, 
11(5), Article 111023. https://doi.
org/10.1016/j.jece.2023.111023

4. Bilyaminu, A. M., Rene, E. R., 
Pandey, A., Babel, S., Clement, Q. 
B., James, A., & Hernandez, H. G. 
(2024). Industrial symbiosis and 
eco-industrial transformation 
opportunities for environmental 
protection in Nigeria. Sustainable 
Production and Consumption, 49, 
219-235. https://doi.org/10.1016/j.
spc.2024.06.010

5. Chebbi, M., Roy, D., Hennequin, 
S., & Laflamme, V. (2020). Study 
of symbiotic flows with economic 
approach. In Proceedings of the 
13th International Conference 
on Modeling, Optimization and 
Simulation (MOSIM 2020): New 

Advances and Challenges for 
Sustainable and Smart Industries 
(pp. 738-746). Retrieved from 
https://hal.archives-ouvertes.fr/
hal-03190632

6. Chertow, M. R. (2000). Industrial 
symbiosis: Literature and tax-
onomy. Annual Review of Energy 
and the Environment, 25, 313-337. 
https://doi.org/10.1146/annurev.
energy.25.1.313

7. Chertow, M. R. (2007). “Un-
covering” industrial symbiosis. 
Journal of Industrial Ecology, 11(1), 
11-30. https://doi.org/10.1162/
jiec.2007.1110

8. Cooper, S. J. G., & Hammond, 
G. P. (2018). ‘Decarbonising’ UK 
industry: Towards a cleaner econ-
omy. Proceedings of the Institution 
of Civil Engineers – Energy, 171(4), 



47

Environmental Economics, Volume 17, Issue 3, 2026

http://dx.doi.org/10.21511/ee.17(3).2026.03

147-157. https://doi.org/10.1680/
jener.18.00007

9. Daddi, T., Nucci, B., & Iraldo, F. 
(2017). Using life cycle assessment 
(LCA) to measure the environ-
mental benefits of industrial 
symbiosis in an industrial cluster 
of SMEs. Journal of Cleaner Pro-
duction, 147, 157-164. https://doi.
org/10.1016/j.jclepro.2017.01.090

10. Domenech, T., Bleischwitz, R., 
Doranova, A., Panayotopoulos, 
D., & Roman, L. (2019). Mapping 
industrial symbiosis development 
in Europe: Typologies of networks, 
characteristics, performance 
and contribution to the circular 
economy. Resources, Conserva-
tion and Recycling, 141, 76-98. 
https://doi.org/10.1016/j.rescon-
rec.2018.09.016

11. Ehrenfeld, J., & Gertler, N. (1997). 
Industrial ecology in practice: The 
evolution of interdependence at 
Kalundborg. Journal of Industrial 
Ecology, 1(1), 67-79. https://doi.
org/10.1162/jiec.1997.1.1.67

12. Fraccascia, L., Giannoccaro, I., 
& Albino, V. (2021a). Ecosys-
tem indicators for measuring 
industrial symbiosis. Ecological 
Economics, 183, Article 106944. 
https://doi.org/10.1016/j.ecole-
con.2021.106944

13. Fraccascia, L., Yazdanpanah, V., 
van Capelleveen, G., & Yazan, 
D. M. (2021b). Energy-based 
industrial symbiosis: A literature 
review for circular energy transi-
tion. Environment, Development 
and Sustainability, 23, 4791-4825. 
https://doi.org/10.1007/s10668-
020-00840-9

14. Genç, O. (2024). Harmony in 
industry and nature: Exploring 
the intersection of industrial 
symbiosis and food webs. Circular 
Economy and Sustainability, 5(1), 
79-100. https://doi.org/10.1007/
s43615-024-00421-2

15. Genç, O., van Capelleveen, G., 
Erdiş, E., Yıldız, O., & Yazan, D. 
M. (2019). A socio-ecological 
approach to improve indus-
trial zones towards eco-industrial 
parks. Journal of Environmental 
Management, 250, Article 109507. 
https://doi.org/10.1016/j.jenv-
man.2019.109507

16. Haq, H., Välisuo, P., & Niemi, S. 
(2021). Modelling sustainable 
industrial symbiosis. Energies, 
14(4), Article 1172. https://doi.
org/10.3390/en14041172

17. Harding, S., & Long, T. (2018). 
Internal rate of return (IRR). In S. 
Harding (Ed.), MBA Management 
Models. Routledge. https://doi.
org/10.4324/9781351218948-6

18. Hatsor, L., & Jelnov, A. (2024). 
Industrial symbiosis: How to apply 
successfully. arXiv. Retrieved from 
https://arxiv.org/abs/2411.08483

19. Herczeg, G., Akkerman, R., & 
Hauschild, M. Z. (2018). Supply 
chain collaboration in industrial 
symbiosis networks. Journal of 
Cleaner Production, 171, 1058-
1067. https://doi.org/10.1016/j.
jclepro.2017.10.046

20. Hernandez, A. G., Cooper-Searle, 
S., Skelton, A. C. H., & Cullen, J. 
M. (2018). Leveraging material 
efficiency as an energy and climate 
instrument for heavy industries 
in the EU. Energy Policy, 120, 
533-549. https://doi.org/10.1016/j.
enpol.2018.05.055

21. Ismail, Y. (2020). Potential 
benefit of industrial sym-
biosis using life cycle assessment. 
Journal of Physics: Conference 
Series, 1625, Article 012054. 
https://doi.org/10.1088/1742-
6596/1625/1/012054

22. Jacobsen, N. B. (2006). Industrial 
symbiosis in Kalundborg, Den-
mark: A quantitative assessment 
of economic and environmental 
aspects. Journal of Industrial Ecol-
ogy, 10(1-2), 239-255. https://doi.
org/10.1162/108819806775545411

23. Johansson, B., Åhman, M., & 
Nilsson, L. J. (2018). Towards zero 
carbon emissions – Climate policy 
instruments for energy intensive 
industries, materials and products. 
In ECEEE Industrial Summer 
Study Proceedings (vol. 2018, pp. 
33-42). European Council for an 
Energy Efficient Economy. Re-
trieved from https://lup.lub.lu.se/
search/files/48849682/1_014_18_
Johansson.pdf

24. Leiva, H., Julian, I., Ventura, L., 
Wallin, E., Vendt, M., Fornell, R., 
Galindo Paniagua, F., Ascaso, S., & 

Gomez-Perez, M. (2025). Advanc-
ing sustainability through indus-
trial symbiosis: A technoeconomic 
approach using material flow cost 
accounting and cost-benefit analy-
sis. Sustainability, 17(6), Article 
2730. https://doi.org/10.3390/
su17062730

25. Li, H., Dong, L., Xie, Y. T., & Fang, 
M. (2017). Low-carbon benefit 
of industrial symbiosis from a 
scope-3 perspective: A case study 
in China. Applied Ecology and 
Environmental Research, 15(3), 
135-153. https://doi.org/10.15666/
aeer/1503_135153

26. Liu, Z., Adams, M., Côté, R. P., 
Geng, Y., Ren, J., Chen, Q., Liu, 
W., & Zhu, X. (2018). Co-benefits 
accounting for the implementa-
tion of eco-industrial development 
strategies in the scale of industrial 
park based on emergy analysis. 
Renewable and Sustainable Energy 
Reviews, 81(1), 1522-1529. https://
doi.org/10.1016/j.rser.2017.05.226

27. Lütje, A., & Wohlgemuth, V. 
(2020). Tracking sustainability 
targets with quantitative indicator 
systems for performance measure-
ment of industrial symbiosis in 
industrial parks. Administrative 
Sciences, 10(1), Article 3. https://
doi.org/10.3390/admsci10010003

28. Magnusson, T., Andersson, H., & 
Ottosson, M. (2019). Industrial 
ecology and the boundaries of the 
manufacturing firm. Journal of In-
dustrial Ecology, 23(5), 1211-1225. 
https://doi.org/10.1111/jiec.12864

29. Magson, J., Chan, T. G. L., Mo-
hammed, A., & Ward, K. (2025). 
Towards flexible large-scale, 
environmentally sustainable 
methanol and ammonia co-pro-
duction using industrial symbiosis. 
RSC Sustainability, 3(3), 1157-
1169. https://doi.org/10.1039/
d4su00647j

30. Mantese, G. C., & Amaral, D. C. 
(2016). Identification and qualita-
tive comparison of performance 
indicators of industrial sym-
biosis. Revista Produção On-
line, 16(4), 1329-1348. https://
doi.org/10.14488/1676-1901.
v16i4.2349

31. Martin, M., Svensson, N., & 
Eklund, M. (2015). Who gets the 



48

Environmental Economics, Volume 17, Issue 3, 2026

http://dx.doi.org/10.21511/ee.17(3).2026.03

benefits? An approach for assess-
ing the environmental perfor-
mance of industrial symbiosis. 
Journal of Cleaner Production, 98, 
263-271. https://doi.org/10.1016/j.
jclepro.2013.06.024

32. Mendez Alva, F., Cervo, H., Krese, 
G., & Van Eetvelde, G. (2021). 
Industrial symbiosis profiles in 
energy-intensive industries: Sec-
toral insights from open databases. 
Journal of Cleaner Production, 
314, Article 128031. https://doi.
org/10.1016/j.jclepro.2021.128031

33. Morales, M. E., & Diemer, A. 
(2019). Industrial symbiosis 
dynamics, a strategy to accom-
plish complex analysis: The 
Dunkirk case study. Sustainability, 
11(7), Article 1971. https://doi.
org/10.3390/su11071971

34. Muñoz Puche, A., Krzemiński, 
P., Erceg, A., Oral, H. V., Gun-
gormusler, M., Skoulou, V., Berk, 
I., Mashovic, A., Michopoulos, 
A., Strouhal, J., Nur Mujdeci, G., 
Lameski, P., Anastasovski, A., 
Stojanović, A., Piccinetti, L., Chra-
bak, P., Shahini, B., Atstaja, D., & 
Krivec, T. B. (2026). Employing 
industrial symbiosis to promote 
sustainable industrial activities 
as a transformational change tool. 
Environmental Sciences Europe. 
https://doi.org/10.1186/s12302-
026-01386-9

35. Neves, A., Godina, R., Azevedo, 
S. G., & Matias, J. C. O. (2020). 
A comprehensive review of 
industrial symbiosis. Journal of 
Cleaner Production, 247, Article 
119113. https://doi.org/10.1016/j.
jclepro.2019.119113

36. Pan, M., Sikorski, J., Akroyd, J., 
Mosbach, S., Lau, R., & Kraft, 
M. (2016). Design technologies 
for eco-industrial parks: From 
unit operations to processes, 
plants and industrial networks. 
Applied Energy, 175, 305-323. 
https://doi.org/10.1016/j.apen-
ergy.2016.05.019

37. Park, H.-S., & Behera, S. K. (2014). 
Methodological aspects of ap-
plying eco-efficiency indicators 
to industrial symbiosis networks. 
Journal of Cleaner Production, 64, 
478-485. https://doi.org/10.1016/j.
jclepro.2013.08.032

38. Savian, F., da Silva, L. T., Sellitto, 
M., Oliveira, H. L. S., Neri, A., & 
Butturi, M. A. (2023). Green hy-
drogen, industrial symbiosis, and 
blockchain: Enhancing sustain-
ability and resilience in supply 
chains. In Proceedings of the Eu-
ropean Council for Modelling and 
Simulation, ECMS (pp. 350-356). 
https://doi.org/10.7148/2023-0350

39. Smart, P., Hemel, S., Lettice, F., 
Adams, R., & Evans, S. (2017). Pre-
paradigmatic status of industrial 
sustainability: A systematic review. 
International Journal of Opera-
tions & Production Management, 
37(10), 1425-1450. https://doi.
org/10.1108/IJOPM-02-2016-0058

40. Sokka, L., Pakarinen, S., & 
Melanen, M. (2011). Industrial 
symbiosis contributing to more 
sustainable energy use – An 
example from the forest industry 
in Kymenlaakso, Finland. Journal 
of Cleaner Production, 19(4), 
285-293. https://doi.org/10.1016/j.
jclepro.2009.08.014

41. Vahidzadeh, R., Domini, M., & 
Bertanza, G. (2025). Life cycle 
assessment of industrial symbiosis 
for circular solid waste manage-
ment: A literature review. Clean 
Technologies, 7(4), Article 100. 
https://doi.org/10.3390/cleantech-
nol7040100

42. Ventura, L., Martín-Jimenez, I., & 
Gallego-Garcia, M. (2025). A risk 
management framework to en-
hance environmental sustainabil-
ity in industrial symbiosis ecosys-
tems. Sustainability, 17(6), Article 
2604. https://doi.org/10.3390/
su17062604

43. Wadström, C., Johansson, M., 
& Wallén, M. (2021). A frame-
work for studying outcomes in 
industrial symbiosis. Renewable 
and Sustainable Energy Reviews, 
151, Article 111526. https://doi.
org/10.1016/j.rser.2021.111526

44. Wang, Q., Deutz, P., & Chen, Y. 
(2016). Building institutional 
capacity for industrial symbiosis 
development: A case study of an 
industrial symbiosis coordina-
tion network in China. Journal of 
Cleaner Production, 142(4), 1571-
1582. https://doi.org/10.1016/j.
jclepro.2016.11.146

45. Yang, Y., Wang, J., Chong, K., 
& Bridgwater, A. V. (2018). A 
techno-economic analysis of 
energy recovery from organic 
fraction of municipal solid waste 
(MSW) by an integrated interme-
diate pyrolysis and combined heat 
and power (CHP) plant. Energy 
Conversion and Management, 174, 
406-416. https://doi.org/10.1016/j.
enconman.2018.08.033

46. Yazdanpanah, V., Yazan, D. M., & 
Zijm, W. H. M. (2020). Transac-
tion cost allocation in industrial 
symbiosis: A multiagent systems 
approach. In L. Cao, W. Kosters, & 
J. Lijffijt (Eds.), BNAIC Benelearn 
2020 Proceedings (pp. 324-338). 
Leiden University. Retrieved 
from https://eprints.soton.
ac.uk/449486/1/Vahid_Yazdanpa-
nah_bnaic2020proceedings.pdf

47. Yeo, Z., Masi, D., Low, J. S. C., 
Ng, Y. T., Tan, P. S., & Barnes, 
S. (2019). Tools for promoting 
industrial symbiosis: A systematic 
review. Journal of Industrial Ecol-
ogy, 23(5), 1087-1108. https://doi.
org/10.1111/jiec.12846

48. Yu, X., Chen, H., Wang, B., Wang, 
R., & Shan, Y. (2018). Driving 
forces of CO₂ emissions and 
mitigation strategies of China’s na-
tional low carbon pilot industrial 
parks. Applied Energy, 212, 1553-
1562. https://doi.org/10.1016/j.
apenergy.2017.12.114


	“Contribution of industrial symbiosis networks to greenhouse gas emission reduction: A quantitative assessment using environmental performance indicators”
	_Hlk172018008

