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Rasa Ziliene (Lithuania)

CONTRIBUTION OF INDUSTRIAL
SYMBIOSIS NETWORKS

TO GREENHOUSE GAS EMISSION
REDUCTION: A QUANTITATIVE
ASSESSMENT USING
ENVIRONMENTAL
PERFORMANCE INDICATORS

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.

Keywords industrial symbiosis, greenhouse gas emissions,
environmental performance indicators, environmental
economics, circular economy, eco-efficiency,
decarburization, resource efficiency

JEL Classification Q54, Q56, Q58, D62, 123

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,-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

flows across interconnected industrial actors
(Domenech et al., 2019). Early contributions to
Industrial symbiosis has evolved into a cen- the field were grounded in empirical observa-
tral concept within industrial ecology, primar- tions of industrial networks, where waste streams
ily concerned with improving resource efficiency generated by one production process were uti-
through the optimization of material and energy lized as inputs in another, thereby reducing both
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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 (Munoz Puche et al., 2026;
Bilyaminu et al., 2024). This approach also con-
tributes to the decarbonization of energy-inten-
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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 (Geng, 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; Mufioz 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 (Mufioz 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.
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Emission abatement cost represents a particularly
important indicator linking industrial symbiosis
with climate policy evaluation (Bastias etal., 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 (Mufnoz 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 (Mufoz 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,
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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,-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 (Mufoz
Puche et al.,, 2026; Geng 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,-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).
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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:

o 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.

o 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-

http://dx.doi.org/10.21511/ee.17(3).2026.03
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formance outcomes, and environmental eco-
nomic outcomes.

o 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,-
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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Source: Prepared by the author following the methodological insights of Mufioz Puche et al. (2026) and Geng et al. (2019).
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Figure 2. lllustration of emission reduction mechanisms via industrial symbiosis

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 efliciency 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-eﬂiciency, 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.

42

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

emission reduction

Economic indicator ;| Analytical purpose Unit : Conceptual interpretation
; Reduction in inout and i Savings from reduced material, energy, and waste
Cost savings . P €/year i management costs (Chebbi et al., 2020; Magnusson et al.,
disposal costs H
..... R 2019) o
Additional revenue Economic value of by- Income generated from the sale of by-products in the

[....Productexchange  : .

¢ Overall private economic

Net economic benefit )
gain

Coordination and

Transaction costs ) )
implementation costs

Payback period nvestment attractiveness

Long-term economic

€/year

€/year

Years

E.m‘g.r‘!ggt“(ljgPsgrﬂ&ﬁJﬁg!pov, 2024; Herczeg et al., 2018)

The overall positive outcome from an industrial symbiosis,
i representing a favorable business case (Hagq et al., 2021;
H:.‘Leiva etal., 2025)
Costs related to negotiation, acquiring knowledge, searching
i for buyers, logistics, and regulatory burdens in establishing
i exchanges (Hatsor & Jelnov, 2024; Yazdanpanah et al., 2020)

Time required to recover initial investment in symbiosis
infrastructure (Neves et al., 2020; Yeo et al., 2019)

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

Net present value N €
P viability
i The discount rate that makes the net present value of a
7 Internal rate of return Investment efficiency % i project equal to zero (Harding & Long, 2018; Yang et al.,
2018)
Emission abatement Cost-effectiveness of
8 L R £/tCOze
cost emission reduction H
) ) i Ratio of an economic variable (e.g., production or revenue)
- ) Economic value relative : ) ) .
9 Eco-efficiency ratio to environmental impact | €/tCOe i toanenvironmental variable (e.g., consumption or
P : environmental influence) (Park & Behera, 2014)
) ) i The economic value representing the avoided
Avoided externality Societal benefit of : ) lcvau P . & vo! .
€/year i environmental damage to society due to reduced pollution

10

value emission reduction

(Wadstrom et al., 2021)

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

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

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-
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ing decision-making and improving the effective-
ness of industrial symbiosis initiatives (Liitje &
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 (Geng 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.
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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 Liitje 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-
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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.

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