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Abstract

Industrial symbiosis and carbon capture are increasingly recognized as critical strategies
for reducing emissions and resource consumption in industrial parks. However, existing re-
search remains fragmented across tools, methods, and case-specific applications, providing
limited guidance for effective real-world deployment of data-driven approaches. This study
addresses this gap through a PRISMA-guided scoping review of 116 publications, comple-
mented by a targeted practitioner survey conducted within the IEA IETS Task 21 initiative
to assess practical relevance and adoption challenges. The review identifies a broad land-
scape of data-driven tools, ranging from high-technology-readiness simulation and op-
timization platforms to emerging visualization and matchmaking solutions. While the
literature demonstrates substantial methodological maturity, the combined evidence re-
veals a persistent gap between tool availability and effective implementation. Key barriers
include fragmented and non-standardized data infrastructures, confidentiality constraints,
limited stakeholder coordination, and weak policy and market incentives. Based on the
integrated analysis of literature and practitioner insights, the paper proposes a conceptual
framework that links tools and methods with data infrastructure, stakeholder governance,
policy, and market enablers, and implementation contexts. The findings highlight that
improving data governance, interoperability, and collaborative implementation pathways
is as critical as advancing analytical capabilities. The study concludes by outlining fo-
cused directions for future research, including Al-enabled optimization, standardized
data-sharing frameworks, and coordinated pilot projects to support scalable low-carbon
industrial transformation.

Keywords: industrial symbiosis; carbon capture; eco-industrial parks; scoping review;
data governance; optimization tools; sustainability assessment; stakeholder engagement;
circular economy; decarbonization

1. Introduction

Global climate change remains an urgent concern that demands innovative path-
ways to reduce greenhouse gas emissions and manage finite natural resources [1]. As
populations expand and economic activities intensify, energy, water, and raw materials
become increasingly strained, driving the need for sustainable industrial solutions [2].
Recent estimates indicate that worldwide energy demand could reach 15,755 million tons
by 2030, underscoring the gravity of the resource challenge [3]. In response, industrial
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parks and eco-industrial parks have gained increasing attention as system-level inter-
vention points for coordinating industrial activities, minimizing waste, and enhancing
collective competitiveness. By aligning with the United Nations” Sustainable Develop-
ment Goals, eco-industrial parks leverage industrial symbiosis, defined as data- and
exchange-driven collaboration among co-located or networked industries, where materi-
als, energy, water, and by-products are shared to establish more resilient and low-carbon
production networks [4,5].

Despite the increasing global focus on eco-industrial parks, limited clarity remains
regarding how industrial symbiosis and carbon capture tools are operationalized, in-
tegrated, and scaled in real-world industrial settings. Industrial symbiosis has proven
effective in reducing pollution and resource dependency [6,7], yet its broader adop-
tion, particularly for carbon mitigation, depends on the availability of robust, data-
driven analytical tools and decision-support frameworks. While numerous advanced
approaches, including combined heat and power optimization, hydrogen-based multi-
energy systems [8], and integrated electricity—heat networks have been piloted in in-
dustrial zones worldwide, and guidance on tool selection, implementation pathways,
and scalability across heterogeneous industrial contexts remains fragmented [9,10]. Ac-
cording to [11], existing industrial symbiosis tools tend to focus on individual resource
streams, leaving a significant research gap in the integrated optimization of energy, water,
power, carbon, and waste flows. As a result, practitioners and planners face persistent
challenges in selecting appropriate tools that align with both technical requirements and
organizational realities.

Recent review studies have contributed valuable classifications of industrial sym-
biosis tools and conceptual frameworks for eco-industrial parks, yet they predominantly
emphasize technical feasibility, policy design, or resource-flow optimization in isolation.
Comparatively limited attention has been given to how data-driven tools are adopted,
combined, and governed across real-world industrial contexts, particularly when carbon
capture is considered alongside industrial symbiosis. Building on prior classification-
oriented reviews, such as a review by Lawal and Wan Alwi [11], this study advances the
literature by explicitly integrating practitioner perspectives and by examining adoption fea-
sibility, usability, and governance challenges associated with industrial symbiosis—carbon
capture tools.

Similarly, research on the systematic integration of carbon capture within indus-
trial symbiosis networks remains at an early stage, despite its potential to substantially
reduce greenhouse gas emissions while strengthening economic viability [12,13]. Car-
bon capture refers to technologies that reduce carbon dioxide (CO;) emissions from
stationary sources through permanent storage or conversion into valuable products, as
commonly framed within the Carbon Capture, Utilization, and Storage paradigm [14,15].
In this paper, carbon capture is understood not only as a set of process technologies,
such as post-combustion CO, removal and catalytic methanation, but also as a data-
supported system function enabled through emissions monitoring, optimization, and
heat recovery tools. This broader interpretation reflects the growing importance of
digital and data-driven infrastructures in industrial decarbonization strategies. This
broader interpretation reflects the increasing importance of digital and data-driven in-
frastructures in enabling integrated industrial decarbonization strategies rather than
isolated technology deployment.

To address these gaps, this study adopts a dual-method approach. First, a PRISMA-
guided scoping review is conducted to systematically map tools and methods that
support the integration of industrial symbiosis and carbon capture in industrial and
commercial parks. Second, the review is complemented by a targeted practitioner survey
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conducted within the International Energy Agency (IEA) Industrial Energy-Related
Technologies and Systems (IETS) Task 21 initiative, capturing empirical insights from
technology developers and users with direct experience in applying these tools. The
scoping review encompasses data-driven simulation and modeling tools, statistical and
econometric methods, optimization frameworks, data collection and management tech-
niques, and decision-support platforms, while the survey provides practical perspectives
on usability, maturity, and implementation barriers.

Specifically, this paper addresses the following research question: What data-driven
tools and methods are employed to support the integration of industrial symbiosis and car-
bon capture in industrial and commercial parks, and which technical, organizational, and
policy-related factors influence their effective deployment? By systematically synthesizing
published evidence and practitioner experiences, this study offers both a structured analyt-
ical overview and an empirically grounded assessment of enabling conditions, technology
readiness levels, persistent barriers, and real-world performance of industrial symbiosis
and carbon capture interventions.

This scoping review helps fill a critical knowledge gap, as existing studies rarely
connect tool development with adoption feasibility, despite the growing recognition of
eco-industrial parks as key instruments for emissions reduction, economic resilience, and
sustainable industrial transformation [16,17]. Moreover, prior research typically empha-
sizes either high-level policy frameworks or isolated technology case studies, without
providing an integrated mapping of tools across data requirements, decision functions, and
implementation contexts. By incorporating practitioner survey evidence, this study aligns
theoretical potential with operational constraints, thereby offering actionable insights for
policymakers, industrial park operators, and researchers seeking scalable pathways toward
low-carbon industrial development.

The contributions of this study are threefold. From a theoretical perspective, the
paper extends existing industrial symbiosis and carbon capture literature by conceptu-
alizing these domains as an integrated, data-driven ecosystem rather than as parallel
or loosely coupled strategies. From a methodological perspective, the study combines
a PRISMA-guided scoping review with practitioner survey evidence to link tool de-
velopment with adoption feasibility. From a practical perspective, the paper provides
actionable insights for policymakers, industrial park operators, and technology de-
velopers by identifying governance, data, and implementation conditions that shape
successful deployment.

The remainder of the paper is structured as follows. Section 2 describes the review
protocol and survey design, including eligibility criteria, data extraction, and analytical
procedures. Section 3 presents the results of the study, with Section 3.1 reporting the lit-
erature review results derived from the PRISMA-guided scoping review and Section 3.2
presenting the practitioner survey results. Section 4 discusses the findings, introduces
an integrated conceptual framework for industrial symbiosis and carbon capture de-
ployment, and identifies key barriers and enablers. Section 5 concludes the paper by
summarizing contributions, acknowledging limitations, and outlining directions for
future research.

Figure 1, which illustrates the overall paper structure and research flow, is provided af-
ter the methodological description to support clarity and avoid interrupting the conceptual
framing of the introduction.
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Figure 1. Paper structure and research flow.

2. Materials and Methods

This study employed a dual-methods approach consisting of (i) a structured literature
review to examine existing research on industrial symbiosis tools and methods and (ii) a
survey of technology providers and users to explore the practices, perceived effectiveness,
and challenges in using and implementing these tools. A PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews) approach
was adopted because the objective is to comprehensively map concepts, tool types, and
research characteristics across a heterogeneous literature base, rather than to estimate
intervention effects or perform evidence grading as in a full systematic review. Accord-
ingly, the review process followed elements of the PRISMA extension for scoping review
guidelines [18], while the survey design was guided by best practices in mixed-methods
research [19].

2.1. Literature Review Protocol

The scoping review aims to map the diverse methods and tools that support the
integration of industrial symbiosis and carbon capture in industrial and commercial parks.
A scoping review protocol was developed before initiating the review. Although it was
not registered in a public database, the protocol was internally reviewed and approved by
the research team. The protocol specified objectives, inclusion/exclusion criteria, search
strategy, and data synthesis procedures, ensuring methodological rigor and reproducibility
(see Table 1). Any modifications to the protocol were documented and justified.
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Table 1. Eligibility criteria.

Criteria Inclusion Exclusion
. . . Studies that do not focus on implementing
Studies on enhancing energy efficiency and . T :
Study Focus s : ) industrial symbiosis in industrial parks to
sustainability in industrial parks via IS - L
promote energy efficiency and sustainability
. EmP1r1§al studles,' including quantitative, Research lacking primary data or original
Study Design qualitative, and mixed methods, related to . ; ..
AT . research on industrial symbiosis
optimizing industrial parks
Peer-reviewed articles and conference . . I
N . . : Non-peer-reviewed articles (e.g., editorials,
Publication Type papers pertaining to industrial parks, L .
- opinion pieces), abstract-only records
energy efficiency
- . . . Publications in 1 h
Language Publications written in English ublications in languages other

than English

Table 1 summarizes the eligibility criteria used during screening and final inclu-
sion. To improve transparency of the inclusion logic, the criteria were operationalized as
three sequential decision rules applied consistently across records:

(1) Topical relevance. The study must address industrial symbiosis in industrial or com-
mercial parks and must report a tool, method, or data-driven approach that supports
analysis, design, optimization, decision making, assessment, or implementation. Stud-
ies focusing on industrial sustainability without an explicit industrial symbiosis focus
in an industrial or commercial park context were excluded.

(2) Evidence type. Empirical studies were included (quantitative, qualitative, or mixed
methods). Studies were excluded if they lacked original research content relevant
to tools or methods, including editorials, opinion pieces, non-peer-reviewed reports,
and abstract-only records.

(3) Publication constraints. Peer-reviewed journal articles and conference papers written
in English were included. Publications in other languages were excluded.

Carbon capture integration was treated as an inclusion-relevant scope element rather
than a mandatory requirement. Specifically, studies were included if they addressed in-
dustrial symbiosis in parks and either (i) explicitly examined carbon capture or Carbon
Capture, Utilization, and Storage integration, or (ii) addressed energy and carbon-related
modeling, optimization, monitoring, or assessment functions that support carbon mitiga-
tion in industrial symbiosis contexts. This interpretation aligns with the paper’s objective
of mapping data-driven tools supporting the integration of industrial symbiosis and carbon
mitigation strategies.

A systematic search was conducted in Scopus, Web of Science, and IEEE Xplore,
covering publications from database inception to January 2026. The final search was
executed in January 2026 and includes all publications indexed up to 18 January 2026.
The search string combined keywords related to industrial parks, energy/carbon, and
symbiosis. Boolean operators (AND, OR) and filters (English language, peer-reviewed
articles) were applied to refine the results. The draft search strategy was reviewed by
experts in industrial symbiosis to ensure completeness.

The search string used was as follows:

TI = (energy OR electricity OR heat* OR carbon OR CO;) AND (“industrial park”
OR “commercial park” OR “industrial area” OR “commercial park”) AND (symbiosis OR
mutual* OR “eco-industrial” OR “industrial ecology” OR synerg* OR co-* OR integration
OR sustainabl* OR ecosystem OR collaboration).
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No additional automation tools were used to exclude studies. All records were
screened manually based on the eligibility criteria.

Studies were imported into EndNote for reference management, where duplicates
were removed. The study selection followed a PRISMA-consistent process comprising
identification, screening, eligibility assessment, and inclusion. First, titles and abstracts
were screened against the eligibility criteria. Second, full texts were assessed to confirm
final inclusion. Third, reasons for exclusion at the full-text stage were documented and
summarized in the PRISMA flow diagram categories. Any disagreements were resolved
through discussion or by consulting a third reviewer.

In total, 239 records were identified across the databases. After duplicate removal
(n = 67), 172 unique records remained for title and abstract screening. Of these, 53 records
were excluded for failing to meet the eligibility criteria. The remaining 119 records were
subjected to full-text assessment, and all were confirmed as meeting the inclusion criteria.
Therefore, the final dataset comprises 119 studies (as shown in Table A1 in the Appendix A),
which form the basis of the scoping review. The identification, screening, eligibility assess-
ment, and inclusion process are summarized in the PRISMA flow diagram (Figure 2).

[ Identification of studies via databases and registers ]
)
Records removed before
§ Records identified from: screening:
= Duplicate records removed
© Databases (Scopus, Web of il
8 . o (n=45)
= Science, and IEEE Xplore) (n > R d ked as ineligibl
= =207) ecords marked as ineligible
3 Regist =0 by automation tools (n = 0)
= sgistersitn =0} Records removed for other
reasons (n = 0)
—
\ 4
Records were excluded at the
Records screened » | title and abstract screening stage
(n=162) for not meeting the predefined
eligibility criteria
(n=23)
\ 4
Reports sought for retrieval Reports not retrieved
—>
2 (n=139) (n =20)
s
)
<
3 v
Reports assessed for eligibility
(n=137) > .
Reports excluded:
Duplicate reports (n = 3)
Other reasons (n = 18)
—
\4
W Studies included in review
3 (n=116)
o Reports of included studies
i (n=116)

Figure 2. The PRISMA flow diagram.

A standardized data extraction form was piloted on a subset of studies to ensure
consistency and comprehensiveness. Two independent reviewers used this form to extract
relevant data, including study focus, methodology, key findings, and contextual details.
Discrepancies were resolved through discussion, and a third reviewer was consulted
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when necessary. Consistent with PRISMA-ScR guidance, no formal risk-of-bias or quality
assessment was conducted, as the purpose of the review was mapping and synthesis rather
than evidence grading.

The final dataset captured multiple dimensions of industrial symbiosis tools and
methods, such as simulation models, econometric analyses, optimization frameworks,
data collection instruments, decision-making approaches, and sustainability assessments.
Table 2 provides an overview of the data charted.

Table 2. Data items chart.

Category Sub-Category Details
Publication Details Author(s), year of publication, journal/conference
Study Characteristics Type of Study Classification of studies as review or primary research
Geographical Context Country or region where the study was conducted or focused
Areas of Application Types of industries or se.ttmgs.(e.g., eco-industrial parks,
energy-intensive parks)
Approaches/Strategies Proposed approachgs for addres'sm.g tl}e objectives (e.g.,
F f the Stud scenario-based optimization)
ocus of the Study . Analysis, simulation, and optimization tools
Tools/Technologies
(e.g., MATLAB, HOMER)
Relevant Stakeholders Policymakers, industries, energy providers, and
technology developers
Kev Findines Main Results Principal outcomes, conclusions, recommendations
y & Research Gaps Underexplored areas and future directions
Research Designs Case studies, experiments, or surveys

Methodological Details

Analytical Frameworks = Mathematical models, LCA, MFA, or agent-based simulations

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

A thematic analysis identified recurring patterns and trends in the literature, such
as common simulation and optimization tools (e.g., Aspen Plus, Mixed-Integer Linear
Programming), prevalent industrial settings (e.g., eco-industrial parks), and stakeholder
considerations. Contextual analysis examined how these approaches applied to specific
industrial scenarios, highlighting unique challenges (e.g., confidentiality in data sharing)
and potential benefits (e.g., cost savings, emission reductions). These synthesized results
form the basis of the literature review results reported in Section 3.1.

Furthermore, findings were mapped to the research question concerning the diversity
of methods/tools for integrating industrial symbiosis and carbon capture, as well as the key
factors influencing their success or challenges. The synthesis illuminates frequently used
strategies (e.g., simulation models, optimization tools) that can enhance the environmental
and economic performance of industrial parks.

2.2. Survey Design and Data Collection

To complement the scoping literature review, a structured practitioner survey was
conducted under the IEA IETS Task 21 initiative to investigate the practical use, perceived
effectiveness, scalability, and implementation challenges of industrial symbiosis and carbon
capture tools. The survey was explicitly designed as an exploratory instrument to contex-
tualize and validate literature-based findings, rather than as a statistically representative
study. Its purpose is to capture practitioner perspectives that are typically underreported in
academic publications, particularly regarding usability, adoption barriers, and governance-
related constraints.
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A survey-based approach was selected because industrial symbiosis and carbon
capture tools are often developed, tested, and applied by a limited number of highly
specialized actors. In such contexts, in-depth expert elicitation is more appropriate than
large-sample surveys, as it enables the collection of experience-based insights across the
full tool lifecycle, including development, application, and implementation. Therefore, the
survey serves a complementary and explanatory role alongside the scoping review.

The survey instrument was developed after completion of the literature review to
ensure alignment between the identified tool categories and the survey questions. The
full set of survey questions is provided in the Supplementary Materials, and the survey
structure closely mirrors the analytical dimensions used in the literature review, enabling
systematic triangulation between literature and practitioner evidence.

The survey was structured into six sections:

e Respondent profile, capturing affiliation, position, expertise, years of experience, and
role in relation to the tool or method.

e  Basic information on tools and methods, including functionality, scope, licensing, and
technology readiness level.

e  Functions and purpose, covering analytical, modeling, simulation, optimization, and
control capabilities.

e  Application and implementation, addressing deployment contexts, operational scale,
and managed resource types.

e  Development and evolution, focusing on adaptability, future development plans, and
stakeholder involvement.

e  Familiarity and perception of industrial sustainability practices, including perceived
benefits, barriers, and organizational priorities.

A summary of the questionnaire structure and question logic is provided in Table 3.

The survey was distributed online, targeting practitioners, researchers, and industry
stakeholders with direct experience in industrial symbiosis and carbon capture tools.
Participants were selected using purposive expert sampling, targeting individuals actively
involved in tool development, application, or evaluation within research institutions and
applied industrial projects associated with the IEA IETS Task 21 network. This sampling
strategy prioritizes depth of expertise over breadth of representation and aligns with
exploratory studies in emerging, highly specialized research domains.

A total of eight respondents completed the survey. Although numerically limited,
the participant group demonstrates a high level of domain expertise and diverse roles.
Respondents were primarily affiliated with academic and applied research institutions
and included senior researchers, PhD researchers, and research associates. Their expertise
spans software engineering, system innovation, industrial energy transformation, hydrogen
technologies, carbon capture and utilization, methanation, energy optimization, and the
facilitation of industrial symbiosis. Participants represent early-, mid-, and senior-career
researchers, with experience ranging from less than 5 years to more than 10 years. A detailed
demographic summary of respondents” affiliations, positions, expertise, and experience is
reported in Table 13 in Section 3.2.

The limited sample size is a recognized limitation of the survey and reflects the current
concentration of expertise in industrial symbiosis and in the development of carbon capture
tools. The survey is not intended to support statistical generalization; instead, it provides
qualitative and descriptive quantitative insights that complement and contextualize the
scoping review results.

Each survey required approximately 10-15 min to complete. Responses included a
combination of structured multiple-choice questions and open-ended qualitative inputs.
To enhance content validity, survey questions were derived directly from categories and
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gaps identified in the literature review, ensuring conceptual consistency between the
two methods. The survey instrument was reviewed internally by domain experts prior to
dissemination to ensure clarity, relevance, and completeness.

Table 3. Structure and thematic focus of the practitioner survey questionnaire.

Questionnaire Section Focus of the Section and Key Information Collected

Industrial symbiosis and carbon capture are pivotal for enhancing efficiency and
sustainability in industrial operations. Industrial symbiosis involves the collaborative use
of resources among industries to optimize material and energy flows, while carbon capture
focuses on technologies to capture and store CO, emissions from industrial processes. This

Introduction survey is part of the IEA IETS Task 21 initiative and aims to explore the practices and
perceived effectiveness of various tools and approaches used in industrial symbiosis and
carbon capture within industrial parks. Your insights will help us understand the current
state of these practices and inform future research and policy development. The survey is
divided into six parts.

Basic information Name, affiliation, position, email, expertise, years of experience, and how they familiarize
on respondents themselves with the tool/method.

Name of the tool/method, short description of the tool/method, weblink for the
tool/method, related publications/documentation, technology readiness level (TRL) of the
Basic information about method/tool, regions where the tool/method has been tested or used, any similar
the tool/method method/tool, advantages of the tool/method, especially compared to similar
methods/tools, shortcomings of the tool/method, especially compared to similar
methods/tools.

Main functions of the tool/method, any specific requirements or inputs needed for using
the tool/method, main results or outcomes achieved by using the tool/method, any
specific methods or theories applied in the tool/method, any data/dataset needed as input

Functions and purpose for using the tool/method, the tool/method data generation capabilities (if any), the

of the tool /method tool/method adaptability for use in different industrial sectors, any plans to further
develop the functions of the tool/method, Who benefits from the results/outcomes of the
tool/method.
Types of industrial parks the tool/method can be used in, scale the tool/method covers,
Application of the elements the tool/method covers, measurable improvements in sustainability metrics the
tool/method implementation of this tool/method led to (if any), plans to further extend the application
of the tool/method.
Development and Developers of the tool/method, users of the tool/method, information providers or the
implementation of the  need to be involved in using the tool/method, challenges (technical, economic, social,
tool/method regulatory, etc.) in developing, using, and implementing the tool/method.

Familiarity with the concept of industrial symbiosis and carbon capture, perceive belief on
what industrial symbiosis and carbon capture brings to companies, level of importance on
Familiarity and achieving industrial symbiosis and carbon capture, perceive as the main barriers to
perception of industrial —adopting industrial symbiosis practices in organization, any other tools/methods you
sustainability practices  believe should be explored for industrial symbiosis and carbon capture, future trends or
developments in the field of industrial symbiosis and carbon capture, any case studies or
examples of successful implementation of industrial symbiosis or carbon capture to share.

Given the exploratory nature of the survey and the small expert sample, formal
statistical reliability testing was not performed. However, several measures were applied
to enhance reliability and interpretive robustness. These include standardized question
wording, consistent response scales, and cross-validation of practitioner responses against
patterns identified in the literature review. Convergence between survey responses and
literature findings is explicitly examined in Section 4, thereby strengthening analytical
credibility through methodological triangulation.
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Survey responses were coded and analyzed using descriptive statistics and thematic
analysis. Quantitative responses were summarized using frequency counts and simple
association tests where appropriate, while qualitative responses were analyzed to identify
recurring themes related to tool usability, adoption barriers, data requirements, and gover-
nance challenges. The analytical focus is on pattern identification rather than hypothesis
testing, consistent with the survey’s exploratory intent.

The survey analysis focuses on the following aspects:

e Alignment between tool functionality and industrial symbiosis and carbon capture
objectives.

e  Barriers related to data availability, confidentiality, regulation, cost, and interoperability.

e  Perceived contributions to resource efficiency and carbon reduction.

e  Opportunities for tool enhancement and supporting policy mechanisms.

The survey results are presented in Section 3.2 and interpreted in conjunction with the
literature review in Section 4.

3. Results

This section presents the results of the study in two complementary parts, reflecting
the dual-method research design. Section 3.1 reports the results of the PRISMA-guided
scoping literature review, synthesizing publication trends, geographic distribution, tool
and method classifications, implementation contexts, and stakeholder roles based on the
analyzed corpus. Section 3.2 presents the practitioner survey results, providing empirical
insights into tool usage, perceived maturity, implementation challenges, and adoption
conditions in real-world industrial contexts.

3.1. Literature Review Results

Industrial symbiosis has emerged as a vital strategy for enhancing resource efficiency,
reducing emissions, and fostering circular economy goals in industrial parks. This section
synthesizes findings from a scoping review of 119 studies, capturing broad trends in
publication outputs, technological developments, and stakeholder contributions from 2006
to 2025. To improve interpretability, key descriptive patterns are reported with explicit
counts and percentages, and each table is accompanied by a short analytical interpretation
of what the mapped methods imply for tool maturity, deployment readiness, and remaining
research gaps. Emphasis is placed on the evolution of research, the geographic scope of
industrial symbiosis initiatives, and the array of tools and methods employed for resource
optimization, decision-making, and sustainability assessment.

3.1.1. Evolution of Industrial Symbiosis Research

e  Publication Trends

The scoping review indicates a generally upward trajectory in industrial symbiosis
publications from 2006 to 2025 (Figure 3). The trend is characterized by a low-volume early
phase from 2006 to 2012, followed by accelerated growth after 2013 and a peak in 2021
with 15 studies. This increase reflects the growing recognition of industrial symbiosis as a
key approach to mitigating resource scarcity and climate change, while advancing circular
economy principles [1]. Notably, the period 20212025 accounts for 55 of 119 studies, repre-
senting approximately 46.2 percent of the included literature, indicating that the evidence
base is recent and rapidly expanding. The scoping review result also shows the following
fields that have been prioritized over the years: inter-firm collaborations, waste valorization,
and integrated energy solutions that lower environmental impacts and promote economic
gains within industrial parks. However, the year-by-year pattern shows fluctuations rather
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than linear growth, implying sensitivity to policy cycles, demonstration funding, and
national decarbonization programs that tend to drive bursts of applied research.
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Year

Figure 3. Number of included studies per year, 2006-2025, based on the 119-study scoping
review dataset.

Figure 3 shows that annual publications remain low before 2013, then increase
markedly, reaching 15 studies in 2021, followed by 12 studies in 2022, 14 studies in 2023,
11 studies in 2024, and 3 studies in 2025. The lower count in 2025 reflects partial-year
coverage up to January 2026 rather than a substantive decline in research activity. This
concentration of output in recent years suggests that industrial symbiosis tool development
has shifted from conceptual framing toward implementation-oriented modeling and as-
sessment, likely influenced by national net-zero targets and eco-industrial park programs.
At the same time, the post-2021 fluctuation indicates that the evidence base is shaped by
program cycles and case-study availability rather than steady linear growth, which has
implications for the transferability of reported results across regions and sectors.

e  Geographic Distribution

Analysis of the 119 selected studies revealed that 95 reported specific locations.
Figure 4 illustrates how China leads in the number of publications. Among the location-
reported studies, China accounts for 60, indicating a highly skewed geographic evidence
base. This concentration implies that reported tool usage patterns, data availability as-
sumptions, and governance models may disproportionately reflect contexts with stronger
state-led eco-industrial park programs and more mature industrial data infrastructures. As
highlighted by [2], such systemic conditions—particularly integrated governance structures
and coordinated data management—are critical enablers for energy—water—food—carbon
nexus implementation in eco-industrial parks, and are not uniformly present across re-
gions. Consequently, evidence on tool deployment barriers in regions with weaker in-
stitutional capacity or limited data-sharing mechanisms may be underrepresented in the
current literature.

However, industrial symbiosis has also attracted considerable interest across Asia
(South Korea, Malaysia, Qatar, Singapore, the Philippines, Japan, Bangladesh, Indone-
sia, and Vietnam) and Europe (France, Russia, Turkey, Greece, Bosnia and Herzegovina,
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Countries

Australia
Japan
Belgium
Turkey
Spain
Bangladesh
Russia
Singapore
Philippines
Morocco
South Africa
Bosnia and Herzegovina
Indonesia
Greece
Vietnam
France mmm 3
Malaysia NN 5
Qatar NN 5
South Korea N 7
China e 0

Belgium, and Spain), with additional initiatives reported in Australia and Morocco. This ge-
ographic concentration suggests that the literature is shaped not only by technical need but
also by institutional capacity, availability of industrial data, and sustained public programs
that support eco-industrial park experimentation. A further implication is that evidence
on tool adoption and governance may be overrepresented in regions with mature park
programs and underrepresented in contexts where data access, investment, or institutional

coordination are weaker.

Industrial Symbiosis Studies by Country

H B B BE FE E B BB R EERE BB
e e e e e e s e e T = T = T =

0 10 20 30 40 50 60 70

Number of Studies

Figure 4. Distribution of included studies by country for the subset of studies reporting a specific
study location, n equals 95.

3.1.2. Classification of Tools and Methods Supporting Industrial Symbiosis

The reviewed literature reveals a diverse range of tools and methods aimed at facili-
tating resource sharing, optimizing energy use, managing data, and informing decision-
making in industrial symbiosis. These technologies span from simulation platforms and
econometric models to optimization frameworks, data analysis instruments, decision-
support systems, and sustainability assessment techniques. Where the included studies
explicitly report software, solvers, or named methods, frequency patterns are synthesized
qualitatively in the narrative to distinguish dominant tool families from underrepresented
capabilities, rather than treating all tools as equally prevalent. Across the mapped tool
landscape, two cross-cutting patterns are apparent. First, a substantial share of methods
emphasize planning, optimization, and performance assessment. Second, comparatively
fewer studies operationalize interoperability, semantic integration, or governance-oriented
digital mechanisms, even though these factors are repeatedly identified as barriers to real-
world implementation. This imbalance indicates that methodological maturity in analytical
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optimization has advanced more rapidly than the socio-technical mechanisms required for
large-scale deployment.

To provide a clearer conceptual overview, Figure 5 groups these methods into
three overarching clusters. Analytical and Optimization tools include simulation and
modeling platforms, optimization frameworks, and econometric approaches that help
design and optimize industrial symbiosis systems. Data and Decision Support tools encom-
pass data collection and communication techniques, decision-making frameworks, control
tools, and ontology-based approaches that ensure real-time monitoring, coordination, and
structured knowledge management. Evaluation and Visualization tools include sustain-
ability assessment and visualization techniques that quantify environmental, social, and
economic impacts while illustrating flows and synergies across actors. References to each
table (Tables 3-11) in this section offer an overview of methodologies and their industrial
applications. Across the optimization-oriented literature summarized in Tables 3-5, MILP
and related mathematical programming formulations recur across multiple case studies as
the dominant family of approaches for park-level coordination, whereas ontology-based
and semantic interoperability methods appear only sporadically, highlighting a structural
gap between analytical tool development and deployment-oriented data integration.

Data & Decision Support

Analytical / Optimization

Data Collection and Analysis Tools

Simulation and Modelliing Tools

P Data Acquisifion and Communication|
Tools

Optimization Tools

> :" Categories of Tools Supporting Industrial h .
) Symbiosis and Carbon Capture Decision-making Tools

Statistical and Econometric

Control Tools

Methods
Ontology and Semantic Tools
Evaluation / Visualization
Visualization and Data Representation Tools
Sustainability Assessment Tools
Figure 5. Classification of Data-Driven Tool Categories Supporting Industrial Symbiosis and Carbon
Capture in Industrial Parks.
Table 4. Simulation and modeling tools used to analyze energy, material, and carbon flows in
industrial symbiosis and eco-industrial park studies.
Method/Software Function Example Application Relevance to Industrial Symbiosis
Platform pie App (IS)/Carbon Capture (CC)
. . . . . Supports planning of hybrid IS systems
HOMER Energy system simulation ~ Microgrids, energy planning and emission reduction
EnergyPLAN Energy planpmg Microgrids, waste Optimizes park-level energy and
and modeling heat recovery waste-heat symbiosis
Waste heat Industrial energy Facilitates industrial energy exchanges
EMB3Rs . . N . ;
recovery simulation optimization and IS integration
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Table 4. Cont.

Method/Software
Platform

Function

Example Application

Relevance to Industrial Symbiosis
(IS)/Carbon Capture (CC)

Aspen Plus

Simulates
industrial/energy
processes

Biorefinery scenarios, ECR
optimization,
chemical processes

Models energy/material flows in IS;
potential to embed CC pathways

Aspen HYSYS

Process design
and monitoring

GTL, ammonia, mass, and
energy balances

Simulates process-level energy flows,
supporting IS resource optimization

ProSimTM

Thermal efficiency and
recovery analysis

Thermal efficiency,
heat recovery

Assesses recovery options relevant to
cross-company IS

AVEVA PRO/II

Steady-state
process simulation

ALPG system performance

Optimizes steady-state performance;
applicable to IS utilities

MATLAB

Dynamic simulation and

optimization

Power flow, GRG algorithm,
park-level microgrids

Supports IS microgrid design and
testing carbon-reduction strategies

Vensim

System dynamics
simulation

Dynamic system behavior
over time

Analyses feedback and long-term IS
development dynamics

Monte Carlo Simulation

Uncertainty modeling

Probabilistic outcomes,
system behavior

Captures variability in IS systems and
CC scenarios

RTDS Simulation Platform

Real-time grid simulation

Power system validation

Validates IS-integrated grid control
with carbon implications

Digsilent PowerFactory

Grid modeling
and analysis

Power system operation,
uncertainty handling

Models IS-integrated grid networks
and renewable flows

AnyLogic

Simulation environment

Mixed energy—production
scheduling in eco-
industrial parks

EIP eco-industrial park-level
energy-production validation

SimaPro (ReCiPe)

LCA-based
simulation tool

Pollution—carbon synergy
evaluation in an
industrial park

Environmental impact and
synergy modeling

LEAP

Scenario-based energy and

emission modeling

Zhejiang and Shandong
eco-industrial parks

Decarbonization pathways

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

Table 5. Statistical and econometric methods applied to evaluate policy impacts and performance of

industrial symbiosis and eco-industrial parks.

Method/Software
Platform

Function

Example Application

Relevance to Carbon Capture
(CCO)/Eco-Industrial Parks (EIPs)

Econometric software

Supports statistical
and econometric
analysis

Regression and model validation in

EIP studies

Supports evaluation of EIP policy
impacts on emissions

Multiple Linear
Regression (MLR)

Model relationships
between variables

Incorporating climate change data

into energy analyses

Helps quantify links between
industrial activity, climate factors,
and emissions

Welch's T-test (95% CI)

Validates models

Applied in CC-VRES validation

Confirms reliability of emission
reduction results

Linearity Tests

Assesses variable
relationships
for models

Assessing need for
nonlinear modeling

Ensures correct choice of statistical
models for emissions data

J-Tests

Verify econometric
model appropriateness

Regression models in EIP

performance studies

Identifies statistically valid links
between policies and
emission outcomes
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Table 5. Cont.

Method/Software

Platform Function

Example Application

Relevance to Carbon Capture
(CC)/Eco-Industrial Parks (EIPs)

Test’s reliability of

ignificance Test . L.
Significance Tests estimated coefficients

Regression models in EIP
performance studies

Identifies statistically valid links
between policies and
emission outcomes

Evaluates causal and

spillover effects of EIP

policies on emissions
and efficiency

Difference-in-
Differences
(multi-period, staggered,
spatial variants)

Multi-period DID: long-term CO,
reduction in EIPs; Staggered DID:
phased adoption of EIP policies;
Spatial DID: spillover effects across
cities; NDEP policy evaluation across
282 Chinese cities (DID + Spatial DID)

Provides robust evidence of EIP
policy effectiveness, spatial
spillovers, and
emission-reduction outcomes

Econometric analysis

Tobit regression (with of bounded

DDF-DEA)

Green-development efficiency;
Zero-Waste City and synergy
determinants in a chemical

efficiency scores

industrial park

Links policy/structure factors to
efficiency outcomes

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

Table 6. Optimization methods and tools used for resource allocation, energy integration, and

emission reduction in industrial symbiosis systems.

Method/Software Platform Function

Example of Applications

Relevance to Industrial Symbiosis
(IS)/Carbon Capture (CC)

Optimize energy,

Sustainable clusters, heat

Widely used in eco-industrial parks;

LP/MILP . supports emission cuts
resources, costs recovery, hybrid power . o
via symbiosis
Model nonlinear Trigeneration, heat exchangers, Reduces hot utility; relevant for
MINLP . .
energy-resource systems EWFC networks CC-energy integration
Solvers (GAMS, CPLEX, Platforms for System design, CO,, and cost Enable model implementation
BARON, AIMMS, LINGO, ) . .
, MILP/MINLP integration inIS/CC
What’sBest)
Multi-Agent EMS and Dlﬁiﬁ‘iﬁiiiﬁ BESS in microgrids, Balance industrial and CC goals in
Bi-level Optimization shared scheduling eco-industrial parks

decision-making

Heuristic and

Metaheuristic Methods Find near-
(PSO, GA, NSGA-II, optimal solutions
AMPSO, IGA)

Microgrid planning, storage,
and demand response

Flexible when exact models
not feasible

Stochastic and
Decomposition-Based
Optimization

Manage uncertainty,
improve efficiency

Stochastic prog., dual
decomp., FISTA

Strengthen IS/CC robustness
under variability

Pricing and Optimize power use

TOU tariffs, peak—valley pricing,

Cut costs and support

Scheduling Models and operations sizing energy islands low-carbon operations
Total Site Analysis (TSA) Improve park-wide Heat integration, Reduce fuel use and emissions
and Pinch Analysis efficiency waste-to-resource for CC
Park-level Integrated Coordinate energy at Svstem-wide plannin Basis for sustainable CC at
Energy Systems eco-industrial park scale Y P & park level
IBM ILOG CPLEX CP/Discrete optimization Energy—production Aligns production with onsite

for schedule-resource

Constraint P i -
(Constraint Programming) coordination

co-scheduling in an
eco-industrial park (WSC 2024)

energy — IS efficiency and
emissions cuts

Large-scale MILP for
integrated energy design
and operation

Gurobi (MILP Solver)

Electricity-heat co-optimization
with PV /wind/CO, HP and
storage (IFEEA 2024)

Designs low-carbon IES layouts in
eco-industrial parks (symbiosis
across utilities)
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Table 6. Cont.

Method/Software Platform

Function

Example of Applications

Relevance to Industrial Symbiosis
(IS)/Carbon Capture (CC)

Excel Solver

Multi-objective
optimization in

spreadsheet environment

Industrial-structure adjustment
under pollutant/CO,
constraints (JCP 2024)

Helps derive SCMPR pathways at
park level (IS + decarbonization)

ACTA (Automated

Targeting + network

CO; allocation network and
fresh-CO, minimization in a

Directly supports carbon

ite Tabl thesis f . . . . L
Cozpzili t(l?\ma) € reS(s)ifl?ce ?ﬁsoc(;:ion chemical eco-industrial park symbiosis/utilization across plants
& (PSEP 2024)
Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.
Table 7. Data collection and analysis tools supporting monitoring, modeling, and decision-making in
industrial symbiosis and carbon-related applications.
. . Rel to Industrial Symbiosi
Method/Tool Function Example of Applications elevance to Industrial Symp1os1s

(IS)/Carbon Capture (CC)

Surveys and Interviews

Capture both quantitative

and qualitative data

Collecting data on energy
consumption, environmental
performance, and operational

efficiency

Identifying resource and energy
patterns for IS

Literature Review

Collect and synthesize
existing information

Gathering knowledge on energy
and operational efficiency

Supports understanding of
industrial processes and symbiotic
opportunities

Least Squares Regression

Quantifies load-
curve impacts

Modeling energy
demand patterns

Evaluating energy flows for IS

Correlation and
Regression Analysis

Map relationships
between variables

Studying link between policies
and competitiveness

Informing policy-driven
IS strategies

Sensor-Based Monitoring

Real-time data collection

Measuring energy and
material flows

Enables continuous improvement
in eco-industrial strategies

EV Data Logging

Collect operational data
from electric vehicles

Tracking energy use in
industrial processes

Supports real-time optimization
in IS

SCADA Measurements

Automated monitoring
of processes

Real-time tracking of energy or
material flows

Facilitate continuous improvement
in eco-industrial strategies

Industrial Data Collection
and Preprocessing

Collects and harmonizes
FDLI-level data
across industries

Pollution—carbon synergy
modeling in an eco-industrial
park (SCMPR tool)

Provides empirical inputs to
support IS optimization under
dual-carbon goals

Table 8. Decision-making methods used for scenario analysis, stakeholder coordination, and planning

in industrial symbiosis

contexts.

Method/Software Platform

Function

Example of Application

Relevance to Industrial
Symbiosis (IS)/Carbon
Capture (CC)

Performance Metrics

Assess optimization
effectiveness

Energy costs, storage, emissions, and
scheduled-job ratio

Quantifies gains from IS-oriented
coordination in parks

Sensitivity Analysis

Test impact of
parameter changes

Varying heat-to-electric storage
investment ratio and tracking
capacity /NPV response

Identify critical decision factors

Scenario Analysis

Explore varying
assumptions

Load-ratio scenarios and
external-waste-heat scenarios
(park-wide); decarbonization pathway
scenarios at eco-industrial park scale

Guide eco-
industrial planning
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Table 8. Cont.

Relevance to Industrial

Method/Software Platform Function Example of Application Symbiosis (IS)/Carbon
Capture (CC)
Game Theory Model stake.holder Resource-sharing interactions Ena.ble fair, .
strategies cooperative strategies
Cooperative Game Theory =~ Determine fair cost Allocating cost savings fairly among Encourages equitable
(Maali’s Method) allocations multiple companies collaboration in IS
Assess Evaluating potential environmental
WAR GUI environmental &P Supports sustainable decisions
impact risks of processes

Inherent Safety Index (ISI)
Calculation

Measure process
safety

Industrial operation risks

Ensure safe IS frameworks

Analyze steam
generation and
recovery

Steam System
Composite Curves

Optimizing steam systems

Improves energy efficiency

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

Table 9. Visualization and data representation tools used to communicate resource flows and system
interactions in industrial symbiosis.

Example of Application

Relevance to Industrial Symbiosis
(IS)/Carbon Capture (CC)

Mapping energy potential,
eco-industrial park layouts

Optimizes eco-industrial park
design and resource allocation

Depicting carbon flow diagrams

Tllustrate resource/carbon flows
for optimization

Method/Software Function
Platform
GIS/ AreGIS miyee distribution
elSankeys Visualize resource flows
Maps/Network Maps Represent locations

and infrastructure

Showing eco-industrial park
locations, energy infrastructure

Supports planning and
management of industrial networks

Network Diagrams
& between sectors

Illustrate interconnections

Mapping sectoral
interconnections

Clarify IS linkages

Energy/exergy tracking

Identify efficiency/recovery options

Heat integration for Total Site
Analysis (TSA)

Optimize heat recovery
and integration

Grassman/Energy
Utilization Diagrams Anael)}::f enfeif)%\}llsand
(EUDs) &Y
GCCs/SSSPs Visualize heat integration
GEPHI Visualize networks

Symbiosis network mapping

Reveal network structures
and relationships

Network Allocation

Diagrams (NADs) Optimize allocation

Carbon distribution
optimization

Ensure fair, efficient allocation

Sankey/Energy-flow
diagrams

Visualize multi-energy
conversions and transfers

Park-level energy-flow
depiction for baseline vs.
optimized waste-
heat integration

Clarifies cross-process exchanges
and recovery benefits in IS

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

e  Simulation and Modeling Tools

Simulation and modeling platforms enable the design and validation of industrial
symbiosis scenarios under realistic conditions [12]. Table 4 provides a list of commonly
adopted tools, such as HOMER [20-22]. Other energy simulation and modeling tools iden-
tified in studies include EnergyPLAN [23] and EMB3Rs [24], which addresses microgrids,
energy planning, and waste-heat recovery.
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Mathematical models capture multi-energy systems, allowing users to explore con-
straints, optimize resource allocation, and simulate real-time operations [25,26]. These
models also address the interactions within energy-water—food—carbon (EWFC) systems [2]
and industrial parks, including energy generation, storage, demand, and balance [27]. They
are crucial for integrating renewable energy sources into energy systems [28], analyzing
energy consumption and savings in industrial chains [29]. Additionally, they play a key
role in evaluating resource utilization and economic benefits in industrial symbiosis [30,31].

Table 10. Ontology-based and semantic tools supporting data interoperability and knowledge

representation in industrial symbiosis systems.

Method/Software
Platform

Function

Example of Application

Relevance to Industrial Symbiosis

(IS)/Carbon Capture (CC)

Protégé

Create, visualize, and
edit ontologies

Developing domain and application
ontologies for eco-industrial parks

Enables structured representation
of processes and resource flows

Apache Jena Fuseki

Publish and store
ontologies locally

Hosting ontologies for
eco-industrial systems

Provides accessible ontology
databases for eco-industrial park
knowledge management

SPARQL/RDF
Query Language

Retrieves data efficiently
from ontology databases

Querying RDF-formatted
ontologies for energy and
resource information

Facilitates data-driven
decision-making in IS

Agent Communication
Language (ACL)

Facilitates
communication between
agents in
decentralized systems

Information exchange in
decentralized Energy Management
Systems (EnMS)

Supports coordination and
interaction among multiple
industrial agents

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

Table 11. Sustainability assessment methods used to evaluate environmental, economic, and social

performance of industrial symbiosis and carbon-related systems.

Method/Software
Platform

Function

Example of Application

Relevance to Industrial Symbiosis
(IS)/Carbon Capture (CC)

Life Cycle
Assessment (LCA)

Evaluates the impact of
supply chains and IS

Comparing IS systems to
non-symbiotic baselines;
life-cycle-based synergy evaluation
(LCA-SE) to quantify
pollution—carbon synergy in
industrial parks

Evaluates environmental benefits
and potential carbon reductions

Material Flow
Analysis (MFA)

Map material flows and
identify IS opportunities

Measuring resource savings and
waste reduction

Supports resource efficiency
and circularity

Social Impact
Assessment (SIA)

Evaluate social
consequences of
industrial decisions

Assessing job creation and
community health impacts

Ensures social sustainability in
eco-industrial park

Sustainability Metrics
(e.g., SWROIM)

Assess performance

Evaluating sustainability
performance of industrial entities

Provides integrated
sustainability assessment

Logarithmic Mean
Divisia Index (LMDI)

Decompose changes in
carbon emissions

Analyzing sources of carbon
emission changes

Supports understanding of
emission dynamics in IS networks

Data Envelopment
Analysis (DEA)

Measure efficiency

Assessing operational efficiency in
industrial parks; DDF-DEA
combined with Tobit regression to
analyze green-development
efficiency and policy determinants

Identifies performance gaps and
best practices

Ward’s Hierarchical
Clustering

Group similar
industrial parks

Analyzing eco-efficiency patterns
across parks

Supports benchmarking and
comparative analysis
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Table 11. Cont.

Method/Software

Relevance to Industrial Symbiosis

Platform Function Example of Application (IS)/Carbon Capture (CC)
Social Network Identify key nodes Mappine IS network interactions Enhances resilience and
Analysis (SNA) and vulnerabilities pping connectivity in IS networks
Remote Sensin Detect renewable Identifying wind and Supports planning for renewable

& energy potential solar resources integration and carbon reduction
Visualize steam
Steam System generation, Optimizing steam networks in Improves energy efficiency and
Composite Curves consumption, and industrial parks resource recovery
recovery
Specialized Software S . . s
: Enhance precision in LCA modeling and Enables detailed sustainability and
(SimaPro, Slack-Based
]5E A) modeling and analysis eco-efficiency analysis carbon-related assessments
DeCf) up.I ing and Track decoupling and Applied fop ark-level analysis of Monitors progress towards
Coordination Models . pollution—carbon-economy .
(Tapio, CCD) coordination status co-benefits synchronized IS and carbon goals

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

Recent studies also applied simulation environments such as AnyLogic to test
energy—production scheduling in eco-industrial parks [32], while life cycle tools such
as SimaPro (ReCiPe) were used to evaluate pollution—carbon synergies [33]. Similarly,
LEAP was employed to simulate decarbonisation pathways in Zhejiang and Shandong
eco-industrial parks [34,35].

Process simulators optimize industrial and energy systems. For example, Aspen Plus
is employed to simulate biorefinery scenarios [36], optimize energy conversion systems
(ECR) [37], analyze system performance [38], and simulate chemical processes to obtain
data on waste heat and heating demand for plants and communities [39]. Aspen HYSYS
is used to simulate various industrial processes, collect data on mass and energy flows,
contaminant concentrations, and economic parameters, and monitor water usage and
contaminants in processes like GTL and ammonia production [40]. Meanwhile, ProSimTM
analyzes the performance of thermal systems, focusing on thermal efficiency and heat
recovery [41], while AVEVA PRO/1I is a steady-state simulator used to optimize process
performance, like modeling the ALPG system [42].

Programming environments like MATLAB and Vensim support dynamic or real-time
validations [43]. MATLAB, for example, is used to simplify complex models, such as fitting
transportation costs into a simplified formulation [37], and to simulate power flow forecast-
ing and charging processes using MATLAB/Simulink [44]. Additionally, MATLAB sup-
ports optimization techniques like the Generalized Reduced Gradient (GRG) algorithm [39]
and is applied in the simulation and analysis of park-level microgrids [45]. On the other
hand, Vensim simulates and analyzes the dynamic behavior of systems over time [43].
Moreover, Monte Carlo simulation approaches [8], RTDS Simulation Platforms [12], and
Digsilent PowerFactory handle uncertainties and grid complexities [46].

Collectively, the simulation and modeling tools listed in Table 3 reflect a strong em-
phasis on engineering feasibility and performance estimation. Their value lies in enabling
scenario exploration and techno-economic assessment, but they typically assume that
high-quality process and energy flow data are available and shareable across firms. This
assumption becomes a limiting condition for adoption in industrial symbiosis settings
where data confidentiality and heterogeneous data formats are common.

Carbon capture modeling gap. Despite the prominence of process simulation tools for
emissions and material-flow modeling, relatively few studies explicitly simulate carbon
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capture technology pathways, such as absorption, adsorption, amine scrubbing, mem-
brane separation, or oxy-fuel combustion, as integrated subsystems within industrial
symbiosis networks. Catalytic methanation appears as a carbon capture-related pathway,
but other capture options are rarely modeled in industrial symbiosis contexts. This gap
suggests that future tool development and review synthesis should more systematically
connect carbon capture technology representation to industrial symbiosis toolchains and
data requirements.

e  Statistical and Econometric Methods

Statistical and econometric methods are used to evaluate initiatives like eco-industrial
parks (EIPs) and their impact on emissions and environmental outcomes (as shown in
Table 5). Studies employ econometric software to support statistical and econometric
analysis [47], while tools like Multiple Linear Regression (MLR) incorporate climate change
data for augmentation [42]. Methods such as Welch’s t-test (95% confidence interval)
validate models like CC-VRES [42], while linearity tests justify the use of nonlinear models
by assessing variable relationships [47]. J-tests ensure appropriate model specifications [47],
and Significance Tests determine the reliability of model coefficients [47].

Difference-in-Differences (DID) methods, including multi-period [48], staggered [49],
and spatial approaches, measure the causal effects of eco-industrial parks on emissions
and their spillover impacts [50]. These methods deliver statistically robust evidence on
how and whether eco-industrial park policies meet greenhouse gas reduction objectives.
Consistent with this, spatial DID and DID have been applied to assess the effect of China’s
National Demonstration Eco-Industrial Parks on urban carbon-emission efficiency across
282 cities [51], while Tobit regression has been used (with DDF-DEA) to examine green-
development efficiency and policy drivers at park and enterprise levels [34].

The econometric toolset indicates that a policy-evaluation stream has matured along-
side the development of engineering tools. Unlike simulation-based studies, which often
focus on technical feasibility, econometric studies can support causal inference into the
effects of eco-industrial park designation and related policies. However, these studies
typically operate at aggregated spatial or sectoral levels and therefore provide limited
operational guidance on tool selection, system integration design, or data governance
mechanisms required for firm-level adoption.

e  Optimization Tools

Linear Programming (LP) and Mixed-Integer Linear Programming (MILP) are op-
timization methods for solving complex problems, especially in energy systems (shown
in Table 6). Multi-period and successive MILP models address time-dependent opera-
tional and utility decisions [5]. MILP is widely used to minimize energy costs, design
sustainable clusters, optimize energy networks, and reduce GHG emissions through energy
symbiosis [52]. It also evaluates the economic benefits of energy exchanges in eco-industrial
parks and integrates renewable energy, achieving up to 97% potential emission reduc-
tion [53]. Furthermore, MILP supports the design of cost-efficient hybrid power systems
and enhances both economic and environmental performance [54]. MILP is also applied to
determine optimal solutions and operating strategies for multi-energy systems [55]. These
models are commonly solved using GAMS, IBM ILOG CPLEX, and LINGO [56]. For MINLP
problems, GAMS combined with the BARON solver is frequently employed [57]. AIMMS
provides solvers such as CONOPT for NLP and MILP optimization [58,59]. Meanwhile,
What's Best! by LINDO Systems integrates with Microsoft Excel to handle objectives such
as profit maximization, cost minimization, and energy/CO, integration in eco-industrial
parks [60].
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Mixed-Integer Nonlinear Programming (MINLP) extends optimization capabilities to
highly complex energy systems, including renewable integration in eco-industrial parks [4]
and sustainable energy—-water—food—carbon networks [2]. MINLP applications include
optimizing heat and material stream integration in a natural gas industrial park—achieving
a 30.5% reduction in hot utility consumption [53], and minimizing total annualized costs
in trigeneration and heat exchanger networks where fuel input deviations significantly
increased costs [3].

Multi-agent Energy Management Systems (EMS) and consensus-based algorithms op-
timize Battery Energy Storage Systems (BESS) in DC microgrids within industrial parks [61].
Bi-level optimization frameworks model decision-making processes involving two levels
with conflicting objectives [13], while the Bi-level Fuzzy Programming Model incorporates
flexibility and uncertainty into these objectives [10].

Heuristic and metaheuristic methods address complex energy optimization problems.
Particle Swarm Optimization (PSO) is used for energy dispatch [62], storage allocation [63],
and management strategies for large users [64]. Variants like the Improved Second-Order
Oscillating PSO [26] and Adaptive Modified PSO (AMPSO) [65] enhance microgrid opera-
tion planning. Genetic algorithms (GA), including improved GA (IGA) [66] and NSGA-II
for multi-objective problems [67], optimize operating schedules and tackle multi-objective
energy challenges. Recent 2025 evidence further illustrates the continued relevance of
multi-objective optimization for eco-industrial park restructuring. In particular, an NSGA-
II-based multi-objective optimization framework was applied in [68] to evaluate trade-
offs between economic output, carbon mitigation, and pollution reduction in a real eco-
industrial park, demonstrating how optimization supports simultaneous decarbonization
and waste-management strategies at the park scale.

Stochastic and decomposition-based methods handle uncertainty and boost efficiency:
stochastic programming manages renewable and demand variability, dual decomposition
simplifies problems, and FISTA speeds up real-time optimization [27]. Meanwhile, the
electricity pricing strategies include peak-valley and time-of-use models, which reduce
microgrid costs in industrial parks [69,70]. An optimal sizing scheme further determines
equipment parameters for new energy islands [1].

Total Site Analysis (TSA) improves park-wide systems by assessing energy use, sav-
ings, and cross-process heat integration [15]. Analysis optimizes energy efficiency, heat
exchange, and resource use, supporting carbon planning, thermal management, and waste-
to-resource strategies [71]. Additionally, park-level integrated energy systems determine
economical and environmentally sustainable energy plans for industrial parks [17].

In line with these trends, IBM ILOG CPLEX has been applied as a constraint pro-
gramming solver for mixed energy production scheduling in eco-industrial parks [32],
Gurobi has been used to optimize integrated electricity-heat systems [72], Excel Solver has
supported multi-objective structural adjustment under pollution—carbon constraints [73],
and ACTA (Automated Composite Table Algorithm) has enabled CO, allocation network
design [74]. Complementing these solver-centered approaches, [75] develops a nonlinear
programming model in Python for peer-to-peer multi-energy trading in an eco-industrial
park and implements ADMM as a decentralized coordination mechanism to clear the
thermal energy market under network and storage constraints, highlighting the role of dis-
tributed optimization in preserving privacy while improving overall system performance.

The dominance of MILP and related optimization formulations indicates that industrial
symbiosis research strongly prioritizes optimal resource allocation and cost minimization
under constraints. However, optimization models typically embed strong assumptions
about coordination, centralized decision authority, and data availability. In practice, adop-
tion depends on governance arrangements that enable data sharing and agreement on
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objective functions, which are rarely modeled explicitly. This gap implies that future work
should integrate optimization formulations with interoperability and governance mecha-
nisms, especially when carbon capture is introduced as an additional coupled subsystem.

e  Data Collection and Analysis Tools

Effective industrial symbiosis depends on rich and reliable datasets. Table 7 reveals
how surveys, interviews, and literature reviews capture both quantitative and qualita-
tive dimensions of energy consumption, environmental performance, and operational
efficiency [76]. Least squares regression quantifies load-curve impacts [69], while correla-
tion and regression analyses map the relationship between eco-industrial park policies and
enterprise competitiveness [77].

Some studies employ sensor-based monitoring, EV data logging [44], and SCADA
measurements to facilitate real-time optimization [78] thereby enabling continuous im-
provements in eco-industrial strategies. In addition, multi-source industrial and pollu-
tant datasets have been collected and preprocessed to calibrate optimization models for
pollution—carbon synergy pathways [73].

Data collection and monitoring tools highlight that industrial symbiosis tools are
conditional on data accessibility and standardization. The literature increasingly recognizes
the role of real-time monitoring and integrated datasets, yet many studies treat data as an
available input rather than as a governance and interoperability challenge. This pattern
strengthens the interpretation that data infrastructure is not a secondary implementation
detail but a central determinant of whether advanced modeling and optimization tools can
be deployed in practice.

e  Decision-Making Tools

Decision-making tools use data as input but are primarily designed for modeling
scenarios or decision-making (as shown in Table 8). For instance, performance metrics
assess key factors (e.g., energy costs, electricity exchange, storage levels, and emissions)
to determine the effectiveness of optimization approaches [8]. Eco-industrial park studies
have also applied performance metrics such as energy-utilization ratio and scheduled-job
ratio to compare scheduling strategies [32]. Sensitivity analysis is conducted to understand
how changes in parameters like electricity prices, energy storage usage, and investment
costs impact the economic performance of different scenarios [79]. Sensitivity analysis has
also been used to test the effect of storage investment ratios on integrated energy systems in
the eco-industrial parks [72]. Scenario analysis explores the effects of varying assumptions
and conditions on energy consumption, economic growth, and network design [80,81].
Furthermore, scenario analysis has also been used to evaluate different load-ratio cases,
external waste-heat utilization, and decarbonization pathways at the park scale [35,82].

Additionally, Game Theory [64] and Cooperative Game Theory (Maali’s Method) [83]
are utilized to analyze strategic decision-making among agents and determine fair cost
allocations in scenarios involving multiple stakeholders. The Shapley value calculation
is also used in cooperative game theory to allocate cost savings among participating
companies [59]. Furthermore, the WAR GUI and Inherent Safety Index (ISI) calculation
assess the environmental impact and safety of processes [36], while steam system compos-
ite curves offer insights into steam generation and recovery opportunities within utility
systems [15].

Decision-oriented methods represent a bridge between technical optimization and
stakeholder negotiation because they explicitly surface trade-offs, uncertainty, and fairness.
However, their practical impact depends on whether stakeholders accept shared metrics
and whether decision authority is sufficiently coordinated. This suggests that decision-
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support value is highest when combined with governance mechanisms that legitimize data
sharing and collective action.

e Data Acquisition and Communication Tools

Data acquisition systems gather live information from industrial assets, including PV
inverters and storage modules [25,62]. Communication networks allow real-time feedback
to optimize algorithms, yielding coordinated energy flows that minimize operational costs
and lessen ecological footprints. These systems underscore the transition toward digitalized,
interconnected industrial frameworks necessary for comprehensive symbiosis [25,62].

e Control Tools

Control solutions handle real-time dispatch, load balancing, and energy flow coor-
dination. Model Predictive Control (MPC) forecasts near-future demand to refine plant
scheduling [62], and multi-agent systems (MAS) distribute control intelligence among au-
tonomous components [84]. Such approaches to safeguard grid stability and resilience when
intermittent renewables supply a significant share of the industrial park’s energy [84,85].

e  Visualization and Data Representation Tools

GIS-based tools are widely used in the reviewed literature to map renewable en-
ergy potential [86], analyze eco-industrial park distribution [49], and link energy con-
sumption with spatial data [87]. In the reviewed studies, ArcGIS is commonly em-
ployed to identify PV-suitable roofs, analyze network data [46], assesses heat sources
and industrial-urban symbiosis configurations [88], and evaluates industrial parks” water
and solar potential [76]. GIS-based visualization is also used to illustrate supplier—customer
energy exchanges [58]. Tools such as e!Sankey are applied to depict carbon flows in in-
dustrial symbiosis systems [16]. IIn addition, spatial maps are used to show eco-industrial
park locations and energy infrastructure [89], while network diagrams illustrate sectoral
interconnections [31].

Advanced tools like Grassman and Energy Utilization Diagrams (EUDs) analyze
energy/exergy flows [38], while Grand Composite Curves (GCCs) and Site Source-Sink
Profiles (SSSPs) visualize heat integration for Total Site Analysis (TSA) [15,53]. GEPHI
visualizes IS networks [90], and Network Allocation Diagrams (NADs) optimize carbon
distribution [71]. Park-wide multi-energy flows have also been represented with Sankey-
style energy-flow diagrams to compare cases and communicate system operation [82].

Visualization tools shown in Table 9 are essential for stakeholder engagement and
early-stage opportunity identification because they make exchange relationships intelligible.
Their limitation is that visualization alone rarely resolves confidentiality constraints or
produces implementable operating strategies. This suggests a need for hybrid toolchains
that connect visualization to optimization and to secure data-sharing mechanisms.

e  Ontology and Semantic Tools

Ontology-based approaches (shown in Table 10) build a shared vocabulary and data
structure for eco-industrial systems. Protégé is used for creating, visualizing, and editing
domain and application ontologies [91,92]. Apache Jena Fuseki serves as a local host
for publishing and storing these ontologies, while the SPARQL Protocol and RDF Query
Language enable efficient data retrieval from RDF-formatted ontology databases [91]. Addi-
tionally, Agent Communication Language (ACL) supports communication and information
exchange between agents in decentralized Energy Management Systems (EnMS) [84].

Ontology and semantic tools directly address interoperability and structured data
exchange, yet they remain less prominent in the overall tool landscape than simulation
and optimization. This imbalance indicates that the literature may overinvest in analytical
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sophistication relative to the socio-technical prerequisites for tool integration, particularly
common data models and governance for shared semantics.

e  Sustainability Assessment Tools

Sustainability assessment tools/methods (shown in Table 11) cover the environmental,
social, and economic impacts of industrial symbiosis projects. Life Cycle Assessment (LCA)
quantifies the environmental impacts of supply chain stages and evaluates the benefits
of industrial symbiosis systems compared to non-symbiotic baselines [7] and has also
been extended through life-cycle-based synergy evaluation (LCA-SE) to measure joint
pollution—carbon effects at the industrial-park scale [33].

Meanwhile, Material Flow Analysis (MFA) maps material flows, identifies industrial
symbiosis opportunities, and measures resource savings and waste reduction [81]. So-
cial dimensions are addressed through Social Impact Assessments (SIA), which evaluate
the consequences of supply chain options, including job creation and community health
impacts [93]. Sustainability Metrics, including the Sustainability Weighted Return on In-
vestment Metric (SWROIM), assess economic, environmental, and social performance [40].

Advanced analysis methods include the Logarithmic Mean Divisia Index (LMDI) for
decomposing carbon emission changes [94,95], and Data Envelopment Analysis (DEA) to
measure the efficiency of industrial entities [96]. Recent applications combine DDF-DEA
with Tobit regression to evaluate green-development efficiency and to identify structural
and policy determinants, while Tapio decoupling and coupling-coordination degree (CCD)
models have been applied to assess coordination between economic growth, pollution
reduction, and carbon mitigation at the park scale [34].

Recent 2025 studies further extend sustainability assessment from retrospective eval-
uation toward implementation-relevant quantification. In particular, [97] proposes an
evaluation framework to quantify the carbon emission reduction potential of industrial
symbiosis in industrial parks by distinguishing different symbiosis modes, such as waste
reuse, energy cascade, and infrastructure sharing, and validating their approach through a
real industrial park case study. This work illustrates how sustainability assessment meth-
ods can support prioritization of industrial symbiosis pathways rather than only ex-post
performance comparison.

Moreover, Ward’s Hierarchical Clustering Method groups industrial parks with similar
industrial structures to analyze eco-efficiency patterns [98]. Social Network Analysis
(SNA) identifies key nodes and vulnerabilities in industrial symbiosis networks [90], often
supported by tools like UCINET 6 Software. Remote sensing aids in identifying renewable
energy potential, such as wind and solar resources [42]. Steam System Composite Curves
visualize steam generation, consumption, and recovery [52]. Specialized software such
as SimaPro for LCA modeling [52] and the Slack-Based DEA Model for eco-efficiency
analysis [98] enhances precision and depth in evaluating eco-industrial park systems.

Sustainability assessment methods strengthen claims of environmental and economic
value, but they often remain retrospective or evaluative rather than prescriptive. This limits
their direct utility for tool selection and operational deployment. A practical implication is
that assessment methods should be increasingly coupled with decision-support pipelines
that translate evaluation outputs into implementable investments and operating strategies
under real-world governance constraints.

e Additional Methods and Tools

Other tools and methodologies applied to industrial symbiosis studies are identi-
fied (shown in Table 12). Java-based applets, for example, provide user interfaces for
interacting with systems like J-Park Simulator (JPS), while sensor and actuator networks
collect real-time data and implement decisions [91]. Advanced programming tools, such
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as the Digsilent Programming Language (DPL), enable custom algorithm development
for simulation automation [46]. Geographic insights are obtained through GIS tools like
ArcGIS for mapping plants and communities [39]. Material analysis is enhanced by Thermo-
Gravimetric/Differential Thermal Analysis (TG/DTA) to measure CO2 content in fly ash
and X-ray Powder Diffraction (XRD) to identify mineral transformations [99]. Energy
system models, such as the gas turbine combined system and thermodynamic property
equations (Peng-Robinson, Steam Table, Redlich—-Kwong), assess efficiency and working
fluid properties [38]. Data storage and processing are facilitated by a central database for
company data management [6] and Big Cloud Moving Smart Technologies for advanced
analysis [100]. Real-time operations leverage an IoT Management Platform connected via
Power Optical Fiber and 5G networks [100]. Interfaces such as human—machine systems
allow operators to monitor and control microgrid performance [25]. Decision support
tools include Multi-Criteria Decision Making (MCDM) for evaluating trade-offs among
solutions [5], and Adversarial Autoencoders (AAE) and SHAP explanations for analyzing
energy models and reducing data dimensionality [42].

Table 12. Supporting computational and digital tools complementing core modeling and optimization

methods in industrial symbiosis research.

Method/Software Platform

Function

Example of Application

Relevance to Industrial
Symbiosis (IS)/Carbon
Capture (CC)

Java-based Applets

Provide user interfaces for
interacting with systems

Interacting with systems
like JPS

Enhance accessibility and
interaction in IS

Sensor and Actuator Networks

Collect real-time data and
implement decisions

Process monitoring
and automation

Support real-time
optimization

Digsilent Programming
Language (DPL)

Develop custom algorithms
for simulation

Automating energy or
process simulations

Enable tailored modeling

GIS Tools (ArcGIS)

Obtain geographic insights

Mapping plants
and resources

Support spatial planning and
resource allocation

Thermo-Gravimetric/Differential
Thermal Analysis (TG/DTA)

Measure material properties

Measuring CO; content in
fly ash

Assess carbon/material
changes

X-ray Powder Diffraction (XRD)

Identify mineral
transformations

By-product analysis

Support material efficiency

Energy System Models (Gas
turbine combined system:s,
Thermodynamic equations:
Peng-Robinson, Steam Table,
Redlich-Kwong)

Assess energy efficiency and
fluid properties

Energy system performance
in eco-industrial parks

Optimize energy use
and emissions

Central Database

Store and process data

Industrial park database

Facilitate coordinated data
management and analysis

Big Cloud Moving
Smart Technologies

Advanced data storage
and analysis

Processing large-scale
industrial data

Enhance data-driven
decisions in IS

IoT Management Platform (via
Power Optical Fiber and 5G)

Enable real-time monitoring
and control

Managing microgrid
operations

Improve system coordination

Human-Machine
Interfaces (HMI)

Monitor and control
system performance

Operator supervision
of microgrids

Improve operational
management and response

IoT Management Platform (via
Power Optical Fiber and 5G)

Enable real-time monitoring
and control

Managing microgrid
operations

Support operational efficiency
and energy
system coordination

Human-Machine
Interfaces (HMI)

Monitor and control
system performance

Operator supervision
of microgrids

Improve operational
management
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Table 12. Cont.

Method/Software Platform

Relevance to Industrial
Function Example of Application Symbiosis (IS)/Carbon
Capture (CC)

Multi-Criteria Decision

Evaluate trade-offs Resource allocation . . .
Guide optimal choices

Making (MCDM) among solutions decisions
Adversarial Autoencoders (AAE) Analyze and reduce Energy model Improve decision support
and SHAP explanations data dimensionality interpretability P PP

Note: Software tools are reported at the platform or method level as described in the reviewed literature. Specific
software version numbers are not consistently reported across primary studies and are therefore not specified.

3.1.3. Implementation Contexts in Industrial Symbiosis

The successful implementation of industrial symbiosis depends on diverse opera-
tional contexts, ranging from eco-industrial parks and conventional industrial parks to
specialized sectors such as petrochemicals, agriculture, and fisheries. Each of these contexts
presents unique opportunities and challenges, influencing the effectiveness, scalability, and
adaptability of industrial symbiosis frameworks.

e  FEco-Industrial Parks

Eco-industrial parks [101-103] incorporate collaborative waste management, shared
utilities, and synergy-based optimization to reduce emissions. Empirical research employs
scenario-based modeling, DID analyses, and cooperative game theory to affirm the ef-
fectiveness of eco-industrial parks in reducing CO, and SO, while fostering economic
growth [47,104]. Studies also highlight that CO, reduction incentives in algae-based eco-
industrial parks can enhance both environmental performance and cost savings through
improved cooperation and optimization [10].

e Industrial Parks

Studies in industrial parks, for instance, Refs. [105-107] are increasingly incorpo-
rating symbiosis-driven frameworks. Relevant case studies in industrial parks involve
multi-energy system optimization [5], carbon mitigation programs, and integrated energy
systems [70]. Multi-objective approaches combine renewables with energy storage to cut
costs and emissions [67]. Simulation tools like HOMER or Aspen Plus, as well as MILP-
based methods, help design feasible system architectures that align with regulatory and
financial constraints.

e  Other Industrial Sectors

Industrial symbiosis principles are adapted to other industrial areas [108,109] such as
agriculture, petrochemicals, fisheries, and beyond [26]. Tools such as Catalytic methanation,
for instance, utilize CO;-rich off-gases for green fuel production [42], while electroco-
agulation of industrial effluents demonstrates synergy potential in fish processing [110].
Such applications confirm that industrial symbiosis can be tailored to different sectoral
challenges, from specialized chemical routes to wastewater valorization.

The literature indicates that tool choice is shaped by the maturity of park infrastructure,
the availability of shared utility systems, and the feasibility of data sharing across firms,
which jointly influence whether advanced optimization and simulation can move beyond
feasibility analysis toward deployment.

3.1.4. Key Stakeholders in Industrial and Eco-Industrial Parks

The successful deployment of industrial symbiosis relies on the involvement of nu-
merous stakeholders. While not always explicitly stated in the literature, they are key
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Core Industrial Park Operators

contributors to the development and operation of sustainable, innovative industrial ecosys-
tems. Figure 6 illustrates these stakeholder groups, clustered into Core Industrial Park
Operators, Policy and Finance Enablers, Technology and Knowledge Enablers, and Over-
sight and Beneficiaries, with industries positioned at the center as the hub of exchanges.
Each group contributes distinct resources, incentives, or oversight to collective resource
management and innovation [1,15].

Policy and Finance Enablers

Government Investors / Financiers

Regulations, Incentives Funding

Technology and Knowledge Enablers
Technology, Digital

Infrastructure, Facilities, Coordination .
Park Owners / Operators ¥ Platforms, Data Sharing
Technology Partners
. Industries
Technical Staff
Researchers / Academia
Energy, Water, Wasle Services
Utilities Reszearch, Knowledge

Jobs, Growth, Benefils Sustainability Monitoring

QOwversight and Beneficiaries
¥ v

Environmental
Organizations

Local Communities

Figure 6. Key relationships among stakeholders in industrial and eco-industrial parks.

Government agencies establish environmental standards and offer incentives, while
utilities ensure the provision of consistent service. Industrial park owners and operators
provide infrastructure, facilities, and coordination, enabling industries to function and
exchange resources. Technology partners deliver digital platforms, technologies, and data-
sharing solutions, supporting innovation and monitoring. Investors and financiers advance
funding for park development, while researchers and academia contribute knowledge and
pilot new industrial symbiosis and carbon capture technologies. Environmental groups
and local communities emphasize sustainability outcomes, accountability, and shared
benefits, including job creation and economic growth. Technical staff (e.g., engineers,
technicians, energy managers, consultants) build and maintain systems to ensure efficient
park operations.

These stakeholders operate in a highly interconnected ecosystem. For example, govern-
ment bodies influence industries and park operators through environmental policies and
financial incentives, while utilities and technology developers provide essential services
and digital infrastructures for monitoring and coordination. Researchers often collaborate
with companies and park owners to test innovative symbiosis or carbon capture solutions,
while communities and environmental groups exert legitimacy and social pressure, shaping
public perception and adoption. These layered and reciprocal relationships highlight that
effective industrial symbiosis depends not only on individual stakeholder actions but also
on structured collaboration across clusters where infrastructure, finance, technology, and
societal oversight converge.
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3.2. Survey Results

To complement the findings from the literature review, a survey was conducted to
capture real-world experiences and practitioner insights on industrial symbiosis and carbon
capture tool adoption. This section presents key results from the survey, focusing on how
industry professionals perceive, use, and evaluate these tools in operational contexts.

3.2.1. Practitioner Background and Perceptions of Industrial Symbiosis
and Carbon Capture

A total of eight participants with diverse professional backgrounds participated in
the survey, providing both quantitative and qualitative input. Although the sample size is
limited, the respondents represent highly specialized expertise directly involved in tool
development, evaluation, or application, which aligns with the exploratory objective of the
survey. Respondent backgrounds are summarized in Table 13.

Of the eight respondents, three are senior researchers with more than ten years of
experience, two are mid-career researchers with five to ten years of experience, and three are
early-career researchers with less than five years of experience. This distribution indicates
that the survey captures perspectives across different career stages rather than being
dominated by a single experience group.

Regarding carbon capture, six out of eight respondents identified regulatory com-
pliance, carbon credits or carbon pricing, and market reputation as key motivations for
adoption, while four respondents also referenced financial support mechanisms such as
subsidies or grants. At the same time, three respondents expressed uncertainty about
the relevance of carbon capture to their current organizational context. This divergence
suggests that while carbon capture is recognized as strategically important, its perceived
applicability remains uneven across organizations, reflecting differences in regulatory ex-
posure, investment capacity, and technology readiness. These patterns are consistent with
prior studies highlighting the role of economic and regulatory drivers in adoption [42], as
well as the inhibiting effects of cost and technical uncertainty [49].

In addition to carbon capture, the survey explored each respondent’s perceptions of
industrial symbiosis (as shown in Table 14). Six respondents (75 percent) identified cost
savings and resource sharing as primary benefits, and four respondents (50 percent) high-
lighted new revenue from by-products. Several respondents referenced established cases
such as Kalundborg Symbiosis, indicating that concrete examples play an important role
in legitimizing industrial symbiosis practices. Conversely, five respondents (62.5 percent)
identified high initial costs and limited awareness as significant barriers. This pattern rein-
forces the literature’s emphasis on trust-building, demonstrable benefits, and supportive
policy environments as prerequisites for wider adoption [8].

These findings indicate that practitioner support for industrial symbiosis and carbon
capture is strongly conditioned by tangible economic incentives and visible success cases,
rather than by abstract sustainability goals alone. The coexistence of strong perceived
benefits and persistent uncertainty highlights a gap between conceptual attractiveness and
operational readiness, which mirrors patterns observed in the literature review.

Table 13. Professional background, expertise, and experience of practitioner survey respondents (N = 8).

Category Expertise Areas Years of Experience  Involvement with Tools
Software and Systems Software Er}gmeermg (2 respor}dents) <5 years Main developers
System Innovation for Transformative Change >10 years Heavy user
Hydrogen, CCU, Industrial .
. 5-10 years Some experience
Energy and Processes Energy Transformation
Energy Optimization, Process Integration >10 years Some experience
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Table 13. Cont.

Category Expertise Areas Years of Experience  Involvement with Tools
Carbon Capture and Carbon Capture and Storage, Energy <5 years Heavy user
Storage Systems, Economics
Methanation, CCU, Carbon Capture >10 years Main developer
Sustainability and Industrial Symbiosis, Renewables in Processes <5 years Some experience

Industrial Symbiosis

Table 14. Familiarity with and perceived benefits of industrial symbiosis and carbon capture among

survey respondents (N = 8).

Respondent  Familiarity

Importance of

Familiarity

Importance of

ID with CC cC Benefits of CC with IS IS Benefits of IS Barriers to IS Case
Somewhat Carbop . Cost savings; Lack of knowl-
1 . Unknown credits/pricing; Unsure Unknown Revenue from -
familiar X edge/awareness
Compliance by-products
Credits/pricing; Cost savings;
Compliance; By-products; .
2 Some.v\_/ hat Unknown Market reputation; High High Shared resources; Te'chx}ol(')glcal Kalunc.lbo.rg
familiar . . . . limitations Symbiosis
Tax incentives; Tax incentives;
Subsidies Subsidies
Grants; Technical Government
3 Very familiar Not relevant Sub51d1_es; Market Not relevant Not relevant assistance; . ‘rese.arch -
reputation; Grants Shared resources; institute
By-products context
Credits/pricing; (B:;_SI:;;?C%:’ Technological
- . Compliance; . . o limitations;
4 Very familiar High Grants; Technical High High Shared resources; Lack of -
/ Technical
assistance : awareness
assistance
Credits/pricing; By-products; Lack of
- . Compliance; . . Cost savings; awareness;
5 Very familiar High Market reputation; High High Shared resources; High initial B
Grants Grants costs
. . Cost savings;
Credits/pricing; - .
6 Some.v\./ hat Not relevant Compliance; Tax Not relevant Not relevant Shared resoutces; High initial ICEIS project
familiar . . Technical costs
incentives .
assistance
Credits/ pricing; Cost savings;
Compliance; ’
Operational By-products;
7 Very familiar Very high pere . Unsure Unknown Shared resources; Not specified -
efficiency; g
N Tax, Subsidies;
Reputation; Grants
Tax/Subsidies. .. o
Credits/pricing; Cost savings; High costs;
Somewhat Compliance; By-products; Lack of Conceptual
8 a1 Moderate Market reputation; High High Shared resources; awareness; cep
familiar . R . . - studies only
Tax incentives; Tax incentives; Insufficient
Subsidies Tech. assist. network

Note: CC: carbon capture; IS: industrial symbiosis (Source: survey data).

3.2.2. Tools and Methods Overview

Survey participants reported the functions, maturity levels (TRLs), and usage contexts

of tools they develop or use for industrial symbiosis and carbon capture. Among the eight

respondents, two reported using tools at TRL 9, two reported tools at TRL 6, one reported

TRL 4, one reported TRL 5, and two selected “other” or were uncertain. These results

indicate that practitioners engage with tools across a wide maturity spectrum rather than

converging on a single readiness level.

Table 15 summarizes each tool’s purpose, strengths, limitations, TRL, and tested re-

gions. Tools such as System Dynamics and Aspen Plus are well-established and widely
cited in the literature (TRL 9), while others, such as the Symbiosis Tool and Zukunftsbild
Oberosterreich, remain at pilot or demonstration stages (TRL 4-6). Only one respon-

dent (12.5 percent) described a specific carbon capture technology (catalytic methanation),

whereas the remaining respondents focused on modeling, planning, or visualization tools.
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This imbalance suggests that, in practice, methodological and planning tools are more
commonly used than dedicated carbon capture technologies at the industrial park level,
reflecting the early deployment stage of CC technologies in symbiosis contexts.

Table 15. Functions, technology readiness levels, and reported limitations of industrial symbiosis
and carbon capture tools based on practitioner input (N = 8).

Tool

Limitations TRL Usage Context/Tested

Main Purpose

Strengths

Regions
Visualize flows, Simple, web-based
Symbiosis Tool support IS ple . ’ Limited modeling 4-6 Denmark (IS projects)
. collaborative
matchmaking
Model feedback Captures .
. . . . Global (policy,
System Dynamics  loops and system complexity, Requires expertise 9 Janning)
interactions supports scenarios P &
Zuklfnftsbl.ld Reglor}al resource Integrates multiple High data needs 6 UPper Austrlla
Oberosterreich flow visualization components (regional planning)
Process S{mulatlon Detailed insights, Specialist skills Global (industry and
Aspen Plus (material and . . 9 .
widely used required academia)
energy flows)
Total Site Heat Cross—Pla.nt energy Slt.e—.w1de Data-intensive N/A Industrial
Integration optimization efficiency parks/clusters
Catalytic CO;,-to-SNG . . . . .
Methanation conversion Innovative, flexible Not yet scaled 5 Austria (pilot projects)
Document . Low detail, varied s Multiple EU sites
Fact Sheets inputs/outputs Simple, entry-level quality Not specified (early IS)

The distribution of TRLs and tool types indicates a clear usability—depth trade-off.
High-TRL tools such as Aspen Plus and System Dynamics offer analytical rigor but require
specialized expertise and extensive data, which constrains accessibility. In contrast, lower-
TRL tools such as the Symbiosis Tool and Fact Sheets lower entry barriers but provide
limited analytical depth. This trade-off explains why practitioners often combine multiple
tools rather than relying on a single integrated solution.

Several respondents noted plans to expand tool functionality, including extending
modeled flow types, enabling automated facility comparisons, and incorporating sustain-
ability metrics beyond energy balances [63]. This forward-looking orientation suggests
that practitioners recognize current tool limitations and actively seek hybrid solutions
that balance usability and analytical capability, consistent with prior findings that indus-
trial symbiosis tools must remain adaptable to heterogeneous sectoral and organizational
contexts [46]. The diversity of tools corroborates literature findings that industrial symbio-
sis implementation typically relies on a combination of detailed simulation and simpler,
entry-level instruments for early-stage data collection and matchmaking [36,90].

3.3. Application and Implementation Contexts

Most surveyed tools address multiple scales in industrial parks, from individual
processes to entire facilities, integrating external networks. Table 16 also describes the
entities that developed each tool and the typical user profiles. Many participants stated
that universities or research institutions initiate the tools” development, reflecting a strong
research-driven impetus behind these solutions [53]. However, successful adoption often
depends on collaboration between diverse stakeholders (industrial park operators, tech-
nology providers, and local authorities) who must collectively resolve technical, social,
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and economic constraints, consistent with prior findings on stakeholder coordination and

governance in industrial symbiosis systems [9].

Table 16. Overview of industrial symbiosis and carbon capture tools reported in the practitioner

survey, including developers, users, and application contexts (N = 8).

A i . e
daptation Explanation or Key Application Scale and Developers (and Development
Tool Name Across Sectors . .
Constraints Elements Covered Main Users) Challenges
(Yes/No)
E)fpandmg to Indus.trlfil parks (general, Research institutions; Difficulty in data
i multiple flow types specialized), addresses used by park . ..
Symbiosis Tool Maybe - - . 1 collection; limited
and improved electricity, heat, water; synergy operators, facility .
o . proven case studies
optimization from process to entire park owners
Generic but models Whole'—park symbiosis; synergy Tech /service Low initial interest
System with external systems; - from companies
. Yes are often 4 providers, research
Dynamics i addresses technical and L (complex system
context-specific . S . institutions 1
decision-making integration thinking)
_ . Cover.s entire park’s symbiosis Reluctance to share
Zukunftsbild Encourages diverse with external networks data: preference for
Oberosterreich Yes sectors, not tied to a (electricity /district heating); Research institutions spre
- - : . - quick fixes over
(Vision UA) single industry addresses electricity, heat, .
: systemic changes
carbon, material
Aspen Wldel}.’ used in Broad park—level'or Not clearly stated; Data quality issues,
chemical and multi-process modeling for T .
Plus/Process Yes . : . often research and specialized training
X energy-intensive electricity, heat, carbon, X
Modeling . . . park operators requirements
industries materials
Typically addresses heat flows Research institutions; therriz(—lel_fcléii)mic
Total Site Heat Sector-independent, ypieaty used by park .
. Yes at process and park scale, . modeling and
Integration general methodology - operators and facility .
synergy among multiple plants owners advanced technical
expertise
Scales from individual Research institutions
. Works with CO,-rich industrial process to synergy Uncertainties in
Catalytic . ) and technology ) .
R Yes off-gases if free of with external networks; R upscaling; pilot-level
Methanation . - providers; used by -
catalyst poisons addresses electricity, demonstration
operators
carbon, water
Technology Fact Universal format for sinITiuig;:l52;5e22 o Research institutions; I;zwame(i;l:gz
Sheet/Process Yes different pro- s'ep overages used by facility gagement;
. addresses electricity, heat, confidentiality
Fact Sheet cesses/technologies - owners, operators
carbon, water, materials concerns

(Source: survey data).

Table 17 below details the specific barriers that survey respondents face when using
or implementing the tools. Data confidentiality, limited standardization, and user accep-
tance were identified as the most frequently cited constraints, reported by at least five
respondents. In contrast, purely technical limitations were mentioned less consistently.
In some cases, tool outputs may require significant operational changes (e.g., reschedul-
ing machine operations), prompting reluctance or skepticism among facility owners [56].
Participants also noted that certain tools remain largely illustrative, lacking in actionable
detail if sufficient or reliable data are unavailable. These survey-based observations align
with earlier studies emphasizing that data-sharing frameworks, trust among stakeholders,
and practical feasibility are decisive factors in scaling industrial symbiosis beyond pilot or
demonstration stages [54].

The predominance of organizational and data-related barriers over purely technical
ones reinforces the conclusion that tool maturity alone is insufficient for successful deploy-
ment. Even high-TRL tools may remain underutilized when governance arrangements,
data-sharing agreements, and incentive structures are weak, a pattern consistently reported
in the industrial symbiosis literature. This finding underscores that industrial symbiosis
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tools operate at the intersection of technical optimization and organizational change, and
their effectiveness depends on both dimensions.

Table 17. Reported utilization and implementation challenges of industrial symbiosis and carbon
capture tools from the practitioner survey (N = 8).

Tool/Methods Utilization Challenges in Using the Tool Implementation Challenges

L Difficulty obtaining reliable data; limited Adjusting schedules; convincing
Symbiosis : ;

case studies operators of tool-derived changes
System Dynamics Complex1ty in system thinking; low Unclear

initial interest
Zukunftsbild Oberdsterreich Lack of stapdardlzatlon; not ready for Actors prefer qulck solutlons. rather
independent use than systemic transformations

Aspen Plus/Process modeling Data quality issues; results largely illustrative

Data-driven but may not yield
immediately actionable conclusions

Total Site Heat Integration

Requires thermo-economic model; advanced

technical knowledge Not indicated

Catalytic Methanation

Dependent on the reliability of

Scale-up assumptions are uncertain
model parameters

Fact Sheet/Process Sheet

Low industry engagement;

confidentiality concerns Not indicated

Sources: survey data.

The mixed-methods survey reveals that industrial symbiosis and carbon capture
tools vary in maturity, ranging from early-stage (TRL 4-6) platforms focused on visu-
alization or data gathering, to advanced simulators (TRL 9) capable of rigorous process
optimization. Despite strong practitioner interest in decarbonization and resource efficiency,
adoption remains uneven due to cost constraints, data confidentiality, and the need for cross-
organizational coordination, echoing patterns identified in earlier empirical and review-
based studies. These insights reflect a tension between the promise of industrial symbiosis,
highlighted by established examples like Kalundborg, and the real-world complexities of
adopting tools that require extensive data inputs and cross-functional collaboration.

4. Discussion

This section interprets and synthesizes the findings presented in Section 3, moving
beyond descriptive results to examine their implications for tool adoption, integration, and
governance in industrial symbiosis and carbon capture. Section 4.1 compares practitioner
survey evidence with literature-based findings, highlighting convergences, divergences,
and adoption gaps across tools and methods. Section 4.2 develops an integrated conceptual
framework that explains how tools, data infrastructure, stakeholder governance, policy
and market enablers, as well as implementation contexts interact as a socio-technical
system. Section 4.3 translates these insights into future research directions and actionable
recommendations, focusing on data governance, policy support, technological integration,
and long-term system evolution.

4.1. Comparison Between Surveyed Tools and Literature

The literature review highlights a wide spectrum of tools and methods used to advance
industrial symbiosis and carbon capture initiatives—ranging from visualization platforms
(e.g., Symbiosis Tool, Zukunftsbild Oberdsterreich) to process-level simulations (e.g., As-
pen Plus) and systemic modeling approaches (e.g., System Dynamics, Total Site Heat
Integration). Survey insights, though derived from a small sample, illuminate adoption-
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related and organizational challenges that are only weakly reflected in the predominantly
technology-oriented academic literature.

4.1.1. Tool Maturity Versus Adoption Feasibility

As shown in Table 18, tools like Aspen Plus and System Dynamics are consistently
rated at TRL 9 in both literature and practice. However, survey respondents flagged
challenges related to complexity and usability. Aspen Plus, while widely used for modeling
CO, absorption and process-level emissions, remains only weakly integrated with broader
industrial symbiosis networks, largely due to its specialization and high data requirements.
This suggests that high TRL alone is not a sufficient indicator of deployment readiness
in multi-actor industrial symbiosis contexts. Similarly, System Dynamics offers strong
capabilities for simulating long-term feedback and stakeholder behaviors but requires

conceptual expertise and user engagement, which can hinder practical uptake.

Table 18. Overview of the tools/methods.

Tool/Method Tool Type (Function)  TRL in the Literature TRL in Survey Barriers (Literature) Barriers (Survey)
. . Requires expertise and  Illustrative outputs not
Aspen Plus Process simulation ? ? detailed input data easily actionable
Symbiosis Tool Visualization/analysis Not discussed 4-6 — lelted modeling; low
industry engagement
. System-level Com_plex setup, Low initial interest;
System Dynamics . 9 9 domain expertise .
modeling hard to implement
needed
Zukunftsbild Resource flow . Data-intensive; limited Not standardized;
- - T Not available 6 . . preference for
Oberosterreich visualization uptake in studies C1e
quick fixes
Total Site Heat Pinch-based . Requires advanced
Integration optimization Mentioned (TSA) N/A technical data Not reported
Catalytic Carbon capture . . Pilot stage; stability of
Methanation technology modeling -6 > Upscaling uncertainty parameters required
Technology Fact ‘ Data ‘ Not assigned Not assigned Genferlc; lacks‘ . Conf'ldentlalltyf
Sheet logging /screening analytical capacity inconsistent quality

Adapted from [2,15,16,23,24,36,38,41,42,71,86-88,90,93,111-115].

In contrast, tools such as the Symbiosis Tool and Zukunftsbild Oberosterreich provide
early-stage visualization and resource flow analysis and are perceived as easier to use by
practitioners. However, their lower TRLs, limited standardization, and restricted analytical
depth constrain their use beyond exploratory or communicative purposes. Survey evidence
thus reveals an engagement—depth trade-off that is largely implicit in the literature but
becomes explicit in practice: tools that are easy to engage with often lack decision-grade
analytical power, while analytically rigorous tools face adoption barriers.

4.1.2. Diffusion Gaps and Accessibility Constraints

Conversely, tools like Total Site Heat Integration and Catalytic Methanation are well
represented in academic studies but were rarely cited by survey respondents. This discrep-
ancy suggests a diffusion lag between research visibility and practical uptake, likely driven
by advanced technical requirements, reliance on thermo-economic modeling, or sensitivity
to operating conditions. These characteristics may disproportionately limit accessibility for
small and medium-sized enterprises, which often lack dedicated modeling expertise and
data infrastructures.

Technology Fact Sheets, while commonly used for screening and data logging, were
noted in both sources as constrained by low automation, inconsistent quality, and confiden-
tiality concerns. This reinforces the observation that data governance and standardization,
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rather than algorithmic sophistication, often constitute the primary bottlenecks for real-
world implementation.

4.1.3. Functional Coverage and Integration Gaps Across Industrial Symbiosis
and Carbon Capture

To deepen the interpretation, this paper also assessed how each tool supports specific
integration challenges across industrial symbiosis and carbon capture domains. Aspen Plus
and ProSimTM are suited for detailed mass and energy simulation but face barriers due
to user skill requirements. System Dynamics excels in long-term planning and behavioral
modeling but depends heavily on facilitation. Visualization tools like Symbiosis Tool and
Zukunftsbild are useful for initiating industrial symbiosis opportunities, but lack opti-
mization functions. Catalytic Methanation represents a novel carbon capture pathway but
remains pilot-scale. Fact Sheets enable quick screenings but suffer from limited analytical
depth. These patterns indicate that no single tool currently supports end-to-end integration
from opportunity identification to operational decision-making.

Both literature and practice emphasize the importance of robust data systems. Most
high-fidelity tools assume access to accurate, high-resolution datasets, reinforcing the need
for data-sharing protocols and interoperable infrastructures. Stakeholder collaboration
emerges as a parallel requirement: System Dynamics relies on participatory modeling, while
visualization tools facilitate cross-actor communication. However, these socio-technical
prerequisites are rarely embedded directly within tool designs, contributing to the observed
gap between technical potential and adoption feasibility.

4.1.4. Hybrid Toolchains and Design Trade-Offs for Industrial Symbiosis
and Carbon Capture

The comparison in Table 18 also reveals growing interest in hybrid approaches. Com-
bining System Dynamics with pinch analysis or integrating Aspen Plus with Catalytic
Methanation enables multi-functional toolchains that link planning, optimization, and car-
bon utilization. While conceptually promising, such hybrid configurations introduce new
integration challenges related to data compatibility, workflow alignment, and knowledge
transfer. Addressing these challenges will require modular architectures and interoperable
design standards rather than further tool specialization.

Ultimately, high-fidelity tools such as Aspen Plus offer analytical precision but are con-
strained by cost, data intensity, and training demands. Lighter tools, such as the Symbiosis
Tool and Fact Sheets, lower entry barriers but lack decision-grade depth. This persistent
trade-off suggests that future tool development should prioritize modularity, interoperabil-
ity, and cross-domain compatibility rather than incremental analytical sophistication alone.

To illustrate these dynamics, five representative tools highlight recurring patterns.
Aspen Plus enables detailed CO, simulation but requires specialized expertise. System
Dynamics supports complex industrial symbiosis planning but depends on facilitation. The
Symbiosis Tool provides intuitive visualization but limited analytical strength. Catalytic
Methanation remains promising yet immature at scale. Fact Sheets offer accessible entry
points but limited decision support. These examples demonstrate that tool selection is fun-
damentally a socio-technical decision shaped by organizational readiness, data availability,
and coordination capacity, not merely by technical capability.

4.1.5. Synthesis of Literature-Practice Gaps

This study identifies misalignments between literature and practice across four core di-
mensions (Table 19). In terms of technology readiness and complexity, research emphasizes
advanced simulators and optimization-heavy tools, while practice reveals uneven adop-
tion driven by cost and expertise constraints. In usability and engagement, the literature
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prioritizes capabilities, whereas practitioners favor simplicity and transparency. In data
requirements and governance, the literature often assumes standardized datasets, while
practice confronts confidentiality and fragmentation. In policy and implementation drivers,
research highlights regulatory frameworks, whereas practitioners prioritize operational
feasibility. Collectively, these gaps explain why tool availability has outpaced effective
deployment in industrial symbiosis and carbon capture contexts.

Table 19. Key gaps between literature and practice across four core dimensions.

Dimension From: Literature Perspective Gap and Magnitude To: Practice Perspective
Technology Readiness .Emphas1s on advanced Large:. Research maturity outpaces Mixed TRL adoption with
. simulators, high TRL, and adoption; tools are complex, costly, k .
and Complexity o . - ) cost and expertise barriers
optimization-heavy tools and require specialized expertise
Moderate-Large: Tools stress
Usability and Engagement . C'apablhtles prioritized; advanced fe.atures, but practitioners Pref.eren.c.e for simple,
limited focus on ease-of-use need simple, transparent, intuitive tools

user-friendly solutions

Data Requirements
and Governance

Large: Literature expects open,
Assumes robust, reliable data, while practice faces Confidentiality issues;
standardized datasets confidentiality issues and inconsistent data standards
inconsistent standards

Policy and
Implementation Drivers

Moderate: Policy seen as main
enabler in research, but practice
prioritizes short-term feasibility

and cost

Strong focus on policy
frameworks and
pricing mechanisms

Policy signals weaker;
operational feasibility
dominates

Overall, the comparison indicates that bridging literature—practice gaps will require
integrated, user-centered, and governance-aware approaches rather than further expansion
of standalone analytical tools. This insight provides a direct foundation for the integrated
conceptual framework developed in the following subsection.

4.2. Conceptual Framework-Integrated Pathway for Industrial Symbiosis and Carbon Capture

Existing literature tends to focus on either industrial symbiosis or carbon capture
separately. Some focus on eco-industrial park policies, data systems, or specific technical
tools, but they do not integrate these areas into a comprehensive model. The comparative
analysis in Sections 3.1 and 3.2 demonstrates that this fragmentation contributes directly
to the observed gap between tool availability and effective deployment. Therefore, this
study presents an integrated framework that brings together industrial symbiosis and
carbon capture within a single model, connecting tools, data, stakeholders, policies, and
real-world settings.

The proposed integrated conceptual framework unifies five interdependent elements:
(i) Tools and Methods, (ii) Data Infrastructure, (iii) Stakeholder and Governance Mecha-
nisms, (iv) Policy and Market Enablers, and (v) Implementation Contexts. Rather than
treating these elements as independent layers, the framework conceptualizes industrial
symbiosis and carbon capture as a socio-technical system in which analytical capabilities,
organizational arrangements, and policy conditions co-evolve. The framework underscores
circular, iterative interactions in which technical innovations (e.g., simulation, optimization,
carbon capture) are enabled by robust data systems and guided by collaborative gover-
nance, while supportive policies and market instruments spur adoption in diverse imple-
mentation contexts. This integrative perspective directly addresses the literature—practice
misalignments identified in Section 4.1. The five core elements are outlined below.

e  Methods and Tools
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The reviewed literature identifies a broad spectrum of simulation platforms, econo-
metric models, optimization algorithms, data analysis tools, and sustainability assessments.
It encompasses a broad spectrum of technical tools from advanced simulation platforms
(e.g., Aspen Plus, HOMER) and optimization algorithms (e.g., MILP, MINLP) to statistical
methods (e.g., MLR, DID analyses) and sustainability assessments (e.g., LCA, MFA). They
form the technical backbone for designing synergy pathways, quantifying resource savings,
and predicting economic and environmental outcomes. However, the analysis in Section 4.1
shows that high analytical sophistication does not automatically translate into adoption
readiness. Tools and methods are most effective when embedded within data infrastruc-
tures and governance arrangements that support cross-organizational coordination, rather
than when deployed as standalone optimization engines.

e Data Infrastructure

Effective industrial symbiosis relies on accurate, real-time information about energy
use, waste streams, and operational parameters. Data collection methods (e.g., sensor net-
works, SCADA), communication protocols, and integrated databases facilitate continuous
monitoring and model-driven decision-making. This dimension draws on information
systems and cyber-physical systems perspectives, which link digital representations to
physical industrial processes.

Survey and literature evidence jointly indicate that data availability, confidentiality,
and interoperability constitute binding constraints on tool deployment. Fragmented data
ownership, incompatible formats, and limited data-sharing agreements frequently prevent
advanced tools from being operationalized, even when analytical capability exists. Accord-
ingly, data infrastructure is positioned in the framework not as a supporting layer, but as a
central enabling condition for industrial symbiosis and carbon capture integration.

e  Stakeholder and Governance Mechanisms

The success of eco-industrial parks and industrial symbiosis initiatives depends not
purely on technical solutions but also on effective human collaboration and group ef-
forts. Diverse stakeholders in eco-industrial parks include government bodies, utilities,
park owners, companies, investors, and communities. Their collaboration is essential for
trust-building, data-sharing agreements, and equitable cost-benefit distribution. Gover-
nance structures range from bilateral contracts to cooperative frameworks guiding joint
investments in energy or waste exchange projects.

Empirical insights from the survey highlight persistent challenges related to limited
stakeholder engagement, resistance to change, and unclear decision authority. Drawing on
institutional economics, organizational theory, and social network analysis, the framework
emphasizes governance arrangements as mechanisms to overcome fragmented incentives
and firm-level self-interest that otherwise inhibit collaboration. This explicitly links tool
effectiveness to institutional design rather than to technical performance alone.

e  Policy and Market Enablers

Industrial symbiosis advances more swiftly with supportive financial and regulatory
instruments such as carbon pricing, tax incentives, transparent permitting processes, and
environmental standards. These measures encourage facility owners to adopt advanced
tools for resource exchange and carbon capture while reducing risks associated with pio-
neering new synergy strategies. Clear environmental standards and streamlined permitting
processes also play a vital role. Survey findings confirm that the lack of financial incentives
and weak regulatory support are major barriers to implementation.

Carbon pricing mechanisms, such as carbon taxes and emissions trading schemes,
are particularly important because they internalize environmental costs and make collab-
orative resource use economically attractive. In this framework, policy instruments are
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conceptualized as dynamic drivers that shape not only adoption incentives but also the
design priorities of tools and data infrastructures. Real-world cases, such as Kalundborg
Symbiosis, illustrate how aligned policy support and municipal involvement can sustain
long-term cooperation and innovation [116].

e Implementation Contexts

Industrial symbiosis tools must be tailored to each setting, whether eco-industrial
parks, conventional industrial parks, or specialized sectors (petrochemical, agricultural,
wastewater). Factors like unique local conditions, resource availability, and market drivers
influence the feasibility and scope of carbon capture and symbiosis-based resource sharing.
This reflects contingency theory and socio-ecological systems thinking, which recognize
that technical solutions must be embedded within their environmental and institutional
settings. The framework therefore rejects a one-size-fits-all implementation logic and
instead emphasizes context-sensitive configuration of tools, governance mechanisms, and
policy instruments.

The conceptual model places these five elements in a circular, iterative relationship
(as shown in Figure 7). Tools and Methods transform raw operational data into analytical
insights through the Data Infrastructure. These insights inform stakeholder negotiation
and coordination, supported by Governance Mechanisms. Policy and Market Enablers
act as external but integral forces that shape incentives and constraints. Implementation
Contexts both condition and are reshaped by these interactions, creating feedback loops
that continuously adjust technical strategies and organizational behavior. This dynamic
structure explains why static tool assessments are insufficient and why adaptive, modu-
lar, and governance-aware approaches are required for scaling industrial symbiosis and
carbon capture.

Technical System Layer Institutional & Policy Layer
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Figure 7. Integrated framework for industrial symbiosis and carbon capture deployment. This
Figure integrated conceptual framework for industrial symbiosis and carbon capture deployment,
illustrating the iterative interactions among tools, data infrastructure, governance mechanisms, policy
enablers, and implementation contexts.
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While the framework is conceptual, it can be operationalized using measurable in-
dicators such as technology readiness levels, data accessibility metrics, and stakeholder
collaboration indices. These indicators provide practical guidance for assessing imple-
mentation feasibility, benchmarking tool maturity, and tailoring deployment strategies
across different industrial settings. Future empirical studies can use the framework to
systematically compare outcomes across contexts rather than evaluating tools in isolation.

This framework also aligns with theoretical underpinnings in socio-technical systems
thinking and institutional economics. It reflects the core principles of the multi-level
perspective in sustainability transitions, where technological innovations (e.g., simulation,
optimization tools) interact with stakeholder governance and policy environments across
niche, regime, and landscape levels. Moreover, the feedback loops in our framework
match with innovation diffusion theory, offering a lens to explore how industrial symbiosis
and carbon capture tools spread through industrial networks. By integrating technical,
organizational, and policy dimensions, the framework advances existing conceptualizations
that focus on single layers of the industrial symbiosis ecosystem.

From a scientific perspective, the framework provides a foundation for studying
interactions between technology, policy, and industrial collaboration in decarbonizing
industrial systems. It supports the development of integrated decision-support systems,
hybrid optimization pipelines, and longitudinal analyses of industrial symbiosis evolution.

From a practical perspective, the framework offers a strategic roadmap for policy-
makers, industry leaders, and technology developers. By aligning analytical tools with
governance structures and policy incentives, stakeholders can design implementation
pathways that move beyond pilot projects toward scalable, durable industrial symbiosis
and carbon capture solutions. This positioning reinforces the framework as the central
integrative contribution of the study rather than a descriptive summary of prior results.

4.3. Future Directions and Recommendations

The findings from this scoping review and survey confirm that while technological
advances in industrial symbiosis and carbon capture offer significant potential, their adop-
tion remains hindered by systemic challenges. These include fragmented data-sharing
frameworks, high initial investment and training costs, confidentiality risks, and weak
market-driven or regulatory incentives. As demonstrated in Sections 4.1 and 4.2, these
barriers are not isolated technical issues but reflect misalignments across tools, data infras-
tructures, governance arrangements, and policy environments. To overcome these barriers
and accelerate the integration of industrial symbiosis and carbon capture, a multi-faceted
strategy is required, addressing both technical and socio-economic dimensions.

e  Strengthening Data Governance and Interoperability

A fundamental barrier to industrial symbiosis adoption is the lack of standardized
data-sharing frameworks and interoperable platforms [117]. Many industries operate
with proprietary software and closed data ecosystems, making it difficult to integrate
various modeling tools, simulations, and optimization techniques. Additionally, confi-
dentiality concerns often discourage companies from sharing operational data, further
limiting collaboration.

Consistent with the conceptual framework, data infrastructure should be treated as a
strategic enabler rather than a secondary implementation issue. Establishing standardized
data-sharing protocols and encouraging the development of interoperable platforms can
enhance data accessibility and integration across industrial networks. Trusted third-party
intermediaries could facilitate secure data exchange, ensuring that companies can collabo-
rate without risking proprietary information leaks [118]. Future tool development should
prioritize modular data interfaces that allow advanced simulation and optimization tools,
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such as Aspen Plus, pinch analysis, and Al-driven simulators, to interoperate within shared
digital environments rather than functioning as isolated applications.

e  Expanding Public-Private Partnerships and Funding Mechanisms

The high upfront costs of industrial symbiosis technologies, carbon capture sys-
tems, and workforce training pose significant financial barriers, particularly for small
and medium-sized enterprises (SMEs). Many companies are hesitant to invest in industrial
symbiosis tools due to uncertain returns on investment, long payback periods, and a lack
of policy incentives supporting capital-intensive projects [118]. Additionally, the technical
expertise required to implement industrial symbiosis solutions remains a limiting factor in
widespread adoption.

To address these challenges, public—private partnerships should be designed as long-
term capability-building mechanisms rather than short-term funding instruments. To
overcome these constraints, stronger public—private partnerships (PPPs) are essential. Gov-
ernments can play a key role by introducing targeted funding mechanisms, tax incentives,
and low-interest financing to support industries adopting carbon capture and industrial
symbiosis solutions [119]. In addition, coordinated training initiatives involving industry
consortia, research institutions, and technology providers are needed to reduce skills gaps
and enable organizations to operationalize advanced tools identified in the literature.

e  Advancing Socio-Technical and Longitudinal Research

Despite the increasing emphasis on industrial symbiosis, many policy frameworks
remain reactive rather than proactive, failing to accommodate the long-term evolution
of industrial symbiosis ecosystems [117]. Furthermore, while short-term technical assess-
ments of industrial symbiosis are common, there is a lack of longitudinal research that
evaluates the economic, social, and environmental impact of industrial symbiosis networks
over time [120]. Without such insights, policymakers and industry leaders lack the data
necessary to refine and scale industrial symbiosis initiatives effectively.

Future research should therefore prioritize longitudinal and comparative studies
that explicitly examine the co-evolution of technologies, stakeholder behavior, and policy
frameworks. Tracking industrial symbiosis initiatives over extended periods can reveal
how governance arrangements, data infrastructures, and incentive structures influence
sustained adoption [116,121]. Integrating behavioral and organizational research is also
essential to understand resistance to participation and to design incentive mechanisms that
align firm-level decision-making with collective system benefits [122].

e Leveraging Al and Real-Time Data Analytics for Smart Industrial Symbiosis

The complexity of industrial symbiosis arises from the simultaneous management
of multiple resource flows, such as electricity, heat, water, and carbon capture, which are
highly dynamic and interconnected [123]. Traditional simulation tools, while effective, often
require manual intervention and extensive data processing, limiting real-time optimization
and decision-making [124,125].

Al-driven meta-optimization and machine learning approaches offer a pathway to
operationalizing the integrated framework proposed in Section 4.2. By combining real-
time IoT sensor data with predictive analytics, industrial parks can develop adaptive
decision-support systems that continuously adjust resource flows in response to operational
conditions and policy signals [126]. Such systems can enhance waste heat recovery, improve
carbon capture efficiency, and stabilize multi-energy systems, thereby translating analytical
potential into actionable operational control [127,128].

e  Strengthening Policy Support and Market Incentives
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A major challenge to the widespread adoption of industrial symbiosis is the absence
of strong regulatory frameworks and financial incentives that encourage industries to
participate in industrial symbiosis and carbon capture initiatives [118]. Without clear
economic drivers, many industries remain reluctant to invest in these technologies, limiting
their adoption [129].

Policy instruments should therefore be designed to reinforce collaborative behavior
and long-term system optimization rather than isolated compliance. Governments can
promote adoption through mandatory reporting of industrial resource exchanges, strength-
ened carbon pricing mechanisms, and direct financial incentives such as tax credits, carbon
credits, and emissions trading schemes [130,131]. In parallel, voluntary certification pro-
grams and benchmarking schemes developed by industry associations can complement
regulation by recognizing high-performing industrial symbiosis initiatives and reducing
information asymmetries among stakeholders.

5. Conclusions

Industrial symbiosis and carbon capture play a central role in enabling sustainable and
resource-efficient industrial ecosystems. This study contributes by systematically clarifying
why the growing body of data-driven tools has not yet translated into widespread, effective
deployment. Through a combined PRISMA-guided scoping review and practitioner survey,
the paper bridges academic tool development with real-world implementation experi-
ence and provides an integrated perspective on industrial decarbonization and circular
economy support.

The findings reveal a clear convergence between literature and practice around data
governance as a decisive enabling condition. Both sources consistently identify data avail-
ability, confidentiality, interoperability, and standardization as binding constraints, even in
the presence of technically mature tools. While the literature documents a rich portfolio
of high-TRL simulators, optimization frameworks, and system-level models, practitioner
evidence shows that technical sophistication alone does not ensure adoption, particularly
when tools are costly, complex, or poorly aligned with organizational workflows. In
this regard, stakeholder collaboration and transparent, visualization-supported decision
processes emerge as necessary complements to analytical rigor.

At the same time, important divergences persist. Practitioner insights emphasize
operational disruption, resistance to change, and organizational readiness as primary barri-
ers, whereas academic studies tend to prioritize policy instruments and regulatory design.
This mismatch highlights a persistent misalignment between technology-centric research
agendas and the socio-technical realities of industrial implementation. Addressing this gap
requires closer integration of organizational, behavioral, and governance considerations
into tool design and evaluation.

By integrating evidence from both literature and practice, this study develops an
integrated conceptual framework that links tools and methods with data infrastructure,
stakeholder governance, policy and market enablers, as well as implementation contexts.
The framework demonstrates that effective industrial symbiosis and carbon capture de-
pend on coordinated evolution across these dimensions rather than isolated advances in
analytical capability. It provides a structured basis for assessing implementation feasibility,
benchmarking tool maturity, and designing context-sensitive deployment strategies.

Several limitations should be acknowledged. The practitioner survey is based on a
small expert sample and is not statistically representative, and the scoping review focuses
on peer-reviewed English-language publications, which may underrepresent emerging
practices in non-English or gray literature. Nevertheless, the triangulation of methods
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strengthens the robustness of the conclusions by combining systematic literature synthesis
with direct practitioner insight.

Future research should pursue clearly defined and non-generic directions. These
include (i) the development of interoperable and modular toolchains that connect simu-
lation, optimization, and visualization through shared data standards; (ii) longitudinal
empirical studies that track adoption, learning, and performance of industrial symbiosis
initiatives over time; and (iii) Al-enabled decision-support systems that integrate real-time
data with adaptive optimization under uncertainty. Equally important is the investigation
of governance mechanisms and incentive structures that enable data sharing and sustained
collaboration across industrial actors.

In conclusion, the study shows that the main bottleneck in industrial symbiosis and
carbon capture is not the lack of tools, but the lack of integration across technical, or-
ganizational, and institutional layers. By addressing these interdependencies, future re-
search and practice can move beyond isolated pilots toward scalable, durable low-carbon
industrial transformations.
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[72] A Study of Practical Cases Regarding the Synergy of Electricity and Heat in 2024 Conference Proceedings
Industrial Parks

[68] Achieving synergy between pollution reduction and carbon mitigation in the 2025 Journal Article

eco-industrial park: a multi-objective optimization framework

https://doi.org/10.3390/en19030755


https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 48 of 54

Table Al. Cont.

Publication

Ref. Article Title Publication Type

Year

[75]

Optimisation Framework of Multi-Energy Peer-to-Peer Trading with Hybrid

Market Models in Eco-industrial Parks 2025 Journal Article

[97]

Evaluation of carbon emission reduction potential of industrial symbiosis in

industrial parks 2025 Journal Article

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kuang, H.; Zhang, Z.; Zhong, H.; Ma, Y.; Zhong, Y. System Architecture Design of Heat-Electricity Energy Internet for a High
Energy Consumption Industrial Park in Chongqing. In 2023 5th Asia Energy and Electrical Engineering Symposium (AEEES),
Chengdu, China, 23-26 March 2023; IEEE: Piscataway, NJ, USA, 2023; pp. 1330-1334.

Fouladji, J.; AlNouss, A.; Al-Ansari, T. Sustainable energy-water-food nexus integration and carbon management in eco-industrial
parks. J. Clean. Prod. 2023, 418, 138071. [CrossRef]

Gu, X,; Ji, F; Liu, L.; Du, J. Global Energy Integration for Industrial Parks Incorporating Centralized Trigeneration and Interplant
HEN. Ind. Eng. Chem. Res. 2023, 62, 17805-17823. [CrossRef]

Misrol, M.A.; Wan Alwi, S.R;; Lim, ].S.; Manan, Z.A. Optimising renewable energy at the eco-industrial park: A mathematical
modelling approach. Energy 2022, 261, 125345. [CrossRef]

Mousqué, E,; Boix, M.; Montastruc, L.; Domenech, S.; Négny, S. Optimal Design of Eco-Industrial Parks with coupled energy
networks addressing Complexity bottleneck through an Interdependence analysis. Comput. Chem. Eng. 2020, 138, 106859.
[CrossRef]

Won, J.Y.; Kim, ].H.; Lee, S.Y.; Park, H.S. Industrial Symbiosis as an Integrated Business/Environment Management Process: The
Case of Ulsan Industrial Complex. In 2006 International Forum on Strategic Technology, Ulsan, Republic of Korea, 1820 October 2006;
IEEE: Piscataway, NJ, USA, 2006; pp. 423—428.

Wang, S.S.; Lu, C.Y,; Gao, Y.; Wang, K.; Zhang, R.Q. Life cycle assessment of reduction of environmental impacts via industrial
symbiosis in an energy-intensive industrial park in China. J. Clean. Prod. 2019, 241, 118358. [CrossRef]

Liu, K.; Xu, Z.B.; Gao, E; Wu, J.; Guan, X.H. Coordination optimization of hydrogen-based multi-energy system with multiple
storages for industrial park. IET Gener. Transm. Distrib. 2023, 17, 1190-1203. [CrossRef]

Butturi, M.A.; Lolli, E; Sellitto, M.A.; Balugani, E.; Gamberini, R.; Rimini, B. Renewable energy in eco-industrial parks and
urban-industrial symbiosis: A literature review and a conceptual synthesis. Appl. Energy 2019, 255, 113825. [CrossRef]

Aguilar, K.D.T.; Ubando, A.T.; Culaba, A.B.; Aviso, K.B.; Tan, R.G.R.; Chiu, A.S.F. Carbon dioxide reduction incentive for eco-
industrial parks using bilevel fuzzy programming. In HNICEM 2017—9th International Conference on Humanoid, Nanotechnology,
Information Technology, Communication and Control, Environment and Management, Manila, Philippines, 1-3 December 2017; IEEE:
Piscataway, NJ, USA, 2017; pp. 1-6.

Lawal, M.; Wan Alwi, S.R.; Manan, Z.A.; Ho, W.S. Industrial symbiosis tools—A review. ]. Clean. Prod. 2021, 280, 124327.
[CrossRef]

He, J.; Zhou, J.; Zheng, F; Xia, Y.; Yuan, W. Application of AC/DC Hybrid System in Industrial Park Scenario. In 2020 Asia Energy
and Electrical Engineering Symposium (AEEES), Chengdu, China, 29-31 May 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 978-982.
Wei, J.; Zhang, Y.; Wang, J.; Wu, L. Distribution LMP-Based Demand Management in Industrial Park via a Bi-Level Programming
Approach. IEEE Trans. Sustain. Energy 2021, 12, 1695-1706. [CrossRef]

Al-Mohannadi, D.M.; Linke, P. On the systematic carbon integration of industrial parks for climate footprint reduction. J. Clean.
Prod. 2016, 112, 4053-4064. [CrossRef]

Hassiba, R.J.; Al-Mohannadi, D.M.; Linke, P. Carbon dioxide and heat integration of industrial parks. J. Clean. Prod. 2017, 155,
47-56. [CrossRef]

Zhang, H.; Dong, L.; Li, H.Q.; Fyjita, T.; Ohnishi, S.; Tang, Q. Analysis of low-carbon industrial symbiosis technology for carbon
mitigation in a Chinese iron/steel industrial park: A case study with carbon flow analysis. Energy Policy 2013, 61, 1400-1411.
[CrossRef]

Kaisong, D.; Dian-Gang, H.; Shaoyu, L.; Xiping, M.; Yingshuo, C. Research on Planning and Operation of Distributed Integrated
Energy System in Industrial Park. In 2021 China International Conference on Electricity Distribution (CICED), Shanghai, China, 7-9
April 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 859-862.

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

https://doi.org/10.3390/en19030755


https://doi.org/10.1016/j.jclepro.2023.138071
https://doi.org/10.1021/acs.iecr.3c01841
https://doi.org/10.1016/j.energy.2022.125345
https://doi.org/10.1016/j.compchemeng.2020.106859
https://doi.org/10.1016/j.jclepro.2019.118358
https://doi.org/10.1049/gtd2.12726
https://doi.org/10.1016/j.apenergy.2019.113825
https://doi.org/10.1016/j.jclepro.2020.124327
https://doi.org/10.1109/TSTE.2021.3062044
https://doi.org/10.1016/j.jclepro.2015.05.094
https://doi.org/10.1016/j.jclepro.2016.09.094
https://doi.org/10.1016/j.enpol.2013.05.066
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 49 of 54

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Creswell, ] W.; Creswell, ].D. Research Design: Qualitative, Quantitative, and Mixed Methods Approaches; Sage Publications:
Thousand Oaks, CA, USA, 2017.

Tran, Q.T; Roose, L.; Nguyen, N.Q.; Van, B.D.; Zizzo, G.; Sanseverino, E.R. The possibility of applying combined heat and power
microgrid model for industrial parks. A case study for Dong Nam industrial park in Vietnam. In 2023 IEEE/IAS 59th Industrial
and Commercial Power Systems Technical Conference (1&CPS), Las Vegas, NV, USA, 21-25 May 2023; IEEE: Piscataway, NJ, USA, 2023;
pp- 1-5.

Hasan, M.; Tanvir, A.A,; Siddiquee, S.M.S.; Zubair, A. Efficient hybrid renewable energy system for industrial sector with on-grid
time management. In 2015 3rd International Conference on Green Energy and Technology (ICGET), Dhaka, Bangladesh, 11 September
2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1-6.

Chen, H.; Yao, D.; Lin, Y.; Wu, G.; Ni, S;; Li, H. Power Capacity Planning on Integrated Multi-Energy System of the Industrial
Park. In 2021 IEEE 5th Conference on Energy Internet and Energy System Integration (EI2), Taiyuan, China, 22-24 October 2021; IEEE:
Piscataway, NJ, USA, 2021; pp. 1076-1081.

Huo, M.; Huang, X.; Xu, Y.; Li, W. Regional energy planning—An example of Suzhou Industrial Park. In 2017 IEEE Conference on
Energy Internet and Energy System Integration (EI2), Beijing, China, 26—28 November 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 1-5.
Faria, A.S.; Soares, T.; Goumas, G.; Abotzios, A.; Cunha, ].M.; Silva, M. Market integration analysis of heat recovery under the
EMBB3Rs platform: An industrial park case in Greece. In 2nd International Workshop on Open Source Modelling and Simulation of
Energy Systems (OSMSES), Aachen, Germany, 27-29 March 2023; IEEE: Piscataway, NJ, USA, 2023.

Qu, M,; Ding, T.; Huang, L.; Wu, X. Toward a Global Green Smart Microgrid: An Industrial Park in China. IEEE Electrif. Mag.
2020, 8, 55-69. [CrossRef]

He, H.; Chen, X;; Wang, Q.; Zhao, Y.; Wang, S. Research on Optimal Dispatching Method of Integrated Energy Network in
Agricultural Industrial Park Considering Demand Response. In 2023 IEEE 2nd International Conference on Electrical Engineering,
Big Data and Algorithms (EEBDA), Changchun, China, 24-26 February 2023; IEEE: Piscataway, NJ, USA, 2023; pp. 184-188.

Zhu, D.; Yang, B.; Wang, Z.; Ma, C.; Ma, K; Zhu, S. Fast Distributed Stochastic Scheduling for A Multi-Energy Industrial Park.
In 2021 4th IEEE International Conference on Industrial Cyber-Physical Systems (ICPS), Victoria, BC, Canada, 10-12 May 2021; IEEE:
Piscataway, NJ, USA, 2021; pp. 885-890.

Butturi, M.A; Sellitto, M.A; Lolli, F; Balugani, E.; Neri, A. A model for renewable energy symbiosis networks in eco-industrial
parks. IFAC-Pap. 2020, 53, 13137-13142. [CrossRef]

Litifu, Z. Optimal energy distribution for eco-industrial park in extreme arid areas of Xinjaing based on the statistics method. In
International Conference on Advanced Mechatronic Systems, ICAMechS, Luoyang, China, 25-27 September 2013; IEEE: Piscataway, NJ,
USA, 2013; pp. 191-196.

Lu, Y;; Chen, B.; Feng, K.S.; Hubacek, K. Ecological Network Analysis for Carbon Metabolism of Eco-industrial Parks: A Case
Study of a Typical Eco-industrial Park in Beijing. Environ. Sci. Technol. 2015, 49, 7254-7264. [CrossRef]

Litifu, Z.; Nagasaka, K. Comprehensive functions of eco-industrial park in conserving energy and improving ecology. In
International Conference on Advanced Mechatronic Systems, ICAMechS, Beijing, China, 22-24 August 2015; IEEE: Piscataway, NJ, USA,
2015; pp. 267-272.

Xie, S.; Zhang, T.; Rose, O.; Uhlig, T.; Vollack, B. Mixed Energy and Production Scheduling in an Eco-Industrial Park. In 2024
Winter Simulation Conference (WSC), Orlando, FL, USA, 15-18 December 2024; IEEE: Piscataway, NJ, USA, 2024; pp. 810-821.
Wang, Y.; Zhang, X.; Zhu, L.; Wang, X.; Zhou, L.; Yu, X. Synergetic effect evaluation of pollution and carbon emissions in an
industrial park: An environmental impact perspective. . Clean. Prod. 2024, 467, 142891. [CrossRef]

Du, W.; Shi, X,; Liu, H,; Dai, Y.; Zan, X,; Si, Z.; Cheng, J. Green development and co-benefits analysis of a typical chemical
industrial park under pollution and carbon reduction and zero-waste city policies. Sci. Total Environ. 2024, 956, 177182. [CrossRef]
Yuan, Y.; Wang, F; Sun, L.; Liu, W.; Du, C.; Wang, C.; Yao, Y. Promote the decarbonization pathways of eco-industrial parks by
considering their CO, emissions structures and characters. J. Clean. Prod. 2024, 450, 141989. [CrossRef]

Rodriguez, M.D.; Arrieta, B.; Leones-Cerpa, J.; Sdnchez-Tuirdn, E.; Ojeda, K.A. High-value Chemicals Production via Eco-
industrial Park: Heat Integration, Safety, and Environmental Analysis. . Sustain. Dev. Energy Water Environ. Syst—JSDEWES
2023, 11, 1-14. [CrossRef]

Ji, F; Dong, Y.C.; Sun, X.J.; Liu, L.L.; Du, J. Industrial park heat integration considering centralized and distributed waste heat
recovery cycle systems. Appl. Energy 2022, 318, 119207. [CrossRef]

Gao, L.; Wu, H,; Jin, H.; Yang, M. System study of combined cooling, heating and power system for eco-industrial parks. Int. ].
Energy Res. 2008, 32, 1107-1118. [CrossRef]

Zhang, C.; Zhou, L.; Chhabra, P; Garud, S.S.; Aditya, K.; Romagnoli, A.; Comodi, G.; Dal Magro, F.; Meneghetti, A.; Kraft, M. A
novel methodology for the design of waste heat recovery network in eco-industrial park using techno-economic analysis and
multi-objective optimization. Appl. Energy 2016, 184, 88-102. [CrossRef]

Fouladi, J.; AlNouss, A.; Al-Ansari, T. Sustainable energy-water-food nexus integration and optimisation in eco-industrial parks.
Comput. Chem. Eng. 2021, 146, 107229. [CrossRef]

https://doi.org/10.3390/en19030755


https://doi.org/10.1109/MELE.2020.3026440
https://doi.org/10.1016/j.ifacol.2020.12.2504
https://doi.org/10.1021/es5056758
https://doi.org/10.1016/j.jclepro.2024.142891
https://doi.org/10.1016/j.scitotenv.2024.177182
https://doi.org/10.1016/j.jclepro.2024.141989
https://doi.org/10.13044/j.sdewes.d11.0449
https://doi.org/10.1016/j.apenergy.2022.119207
https://doi.org/10.1002/er.1448
https://doi.org/10.1016/j.apenergy.2016.10.016
https://doi.org/10.1016/j.compchemeng.2021.107229
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 50 of 54

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Starfelt, E; Yan, J.Y. Case study of energy systems with gas turbine cogeneration technology for an eco-industrial park. Int. J.
Energy Res. 2008, 32, 1128-1135. [CrossRef]

Heo, S.; Byun, J.; Ifaei, P.; Ko, J.; Ha, B.; Hwangbo, S.; Yoo, C. Towards mega-scale decarbonized industrial park (Mega-DIP):
Generative Al-driven techno-economic and environmental assessment of renewable and sustainable energy utilization in
petrochemical industry. Renew. Sustain. Energy Rev. 2024, 189, 113933. [CrossRef]

Boix, M.; Montastruc, L.; Pibouleau, L.; Azzaro-Pantel, C.; Domenech, S. Eco Industrial Parks for Water and Heat Management;
Elsevier: Amsterdam, The Netherlands, 2011; Volume 29, pp. 1175-1179.

Franco, FL.; Ricco, M.; Mandrioli, R.; Paternost, R EP.; Grandi, G. State of Charge Optimization-based Smart Charging of
Aggregate Electric Vehicles from Distributed Renewable Energy Sources. In 2021 IEEE 15th International Conference on Compatibility,
Power Electronics and Power Engineering (CPE-POWERENG), Florence, Italy, 14-16 July 2021; IEEE: Piscataway, NJ, USA, 2021;
pp- 1-6.

Fuxing, Z.; Yonghua, G.; Honglei, M.; Yiqing, L.; Zhaoyu, Z.; Juan, L. Research on Economic Dispatching and Collaborative
Optimization of Industrial Park Micro-grid with Solar-Battery-Charge. In 2020 International Conference on Smart Grid and Clean
Energy Technologies (ICSGCE), Kuching, Malaysia, 4-7 October 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 10-15.

Steyn, A.F,; Rix, A.J. Modelling the technical influence of randomly distributed solar PV uptake on electrical distribution networks.
In 2019 International Conference on Clean Electrical Power (ICCEP), Otranto, Italy, 2—4 July 2019; IEEE: Piscataway, NJ, USA, 2019;
pp. 690-698.

Xu, Q.; Cao, K.; Dai, J.; Zhu, Y.; Dai, Y. Nonlinear Effects of Eco-Industrial Parks on Sulfur Dioxide and Carbon Dioxide
Emissions—Estimation Based on Nonlinear DID. Sustainability 2023, 15, 1988. [CrossRef]

Qian, L.; Xu, X.L.; Sun, Y.; Zhou, Y.J. Carbon emission reduction effects of eco-industrial park policy in China. Energy 2022,
261, 125315. [CrossRef]

Nie, X.; Wu, J.; Wang, H.; Li, W.; Huang, C.; Li, L. Contributing to carbon peak: Estimating the causal impact of eco-industrial
parks on low-carbon development in China. J. Ind. Ecol. 2022, 26, 1578-1593. [CrossRef]

Cao, K.R; Jin, L.Q.; Zhu, Y.Y.; Nie, Z.L.; Li, H. Does China’s National Demonstration Eco-Industrial Park Reduce Carbon Dioxide
and Sulfur Dioxide-A Study Based on the Upgrading and Transformation Process. Int. J. Environ. Res. Public Health 2022,19, 12957.
[CrossRef]

Ji, Y;; Shao, Z.; Wang, R. Does Industrial Symbiosis Improve Carbon Emission Efficiency? Evidence from Chinese National
Demonstration Eco-Industrial Parks. Sustainability 2024, 16, 828. [CrossRef]

Marinelli, S.; Butturi, M.A.; Rimini, B.; Gamberini, R.; Marinello, S. Evaluating the environmental benefit of energy symbiosis
networks in eco-industrial parks. IFAC-Pap. 2020, 53, 13082-13087. [CrossRef]

Zhang, B.].; Tang, Q.Q.; Zhao, Y.; Chen, Y.Q.; Chen, Q.L.; Floudas, C.A. Multi-level energy integration between units, plants and
sites for natural gas industrial parks. Renew. Sustain. Energy Rev. 2018, 88, 1-15. [CrossRef]

Chae, S.H.; Kim, S.H.; Yoon, S.G.; Park, S. Optimization of a waste heat utilization network in an eco-industrial park. Appl. Energy
2010, 87, 1978-1988. [CrossRef]

Kachacha, C.; Farhat, A.; Zoughaib, A.; Tran, C.T. Site wide heat integration in eco-industrial parks considering variable operating
conditions. Comput. Chem. Eng. 2019, 126, 304-320. [CrossRef]

Shi, P; Hua, Y.; Zhang, L.; Nan, B.; Zhu, M.; Dong, S. Distributed Demand Response of the Integrated Energy System in an
Industrial Park. In 2021 IEEE 5th Conference on Energy Internet and Energy System Integration (EI2), Taiyuan, China, 22—-24 October
2021; IEEE: Piscataway, NJ, USA, 2021; pp. 3947-3952.

Misrol, M.A.; Alwi, S.R.W.,; Lim, ].S.; Manan, Z.A. Multi-objective Optimization of an Integrated Energy-Water-Waste Nexus for
Eco-Industrial Park. Chem. Eng. Trans. 2021, 89, 349-354. [CrossRef]

Afshari, H.; Farel, R.; Peng, Q. Challenges of value creation in Eco-Industrial Parks (EIPs): A stakeholder perspective for
optimizing energy exchanges. Resour. Conserv. Recycl. 2018, 139, 315-325. [CrossRef]

Tan, KW,; Liew, P.Y,; Gan, C.L.; Woon, K.S.; Rozali, N.E.M.; Ho, W.S. Peer-to-Peer Trading for Multi-Utility Energy Systems in
Eco- Industrial Park. Chem. Eng. Trans. 2023, 103, 823-828. [CrossRef]

Abraham, E.J.; Ramadan, F.; Al-Mohannadi, D.M. Synthesis of Sustainable Carbon Negative Eco-Industrial Parks. Front. Energy
Res. 2021, 9, 689474. [CrossRef]

Zhou, K; Zhang, Z.; Lu, X. Optimal Operation Of Battery Energy Storage System In Industrial Park. In 2021 IEEE 5th Conference
on Energy Internet and Energy System Integration (EI2), Taiyuan, China, 22-24 October 2021; IEEE: Piscataway, NJ, USA, 2021;
pp. 1894-1898.

Zeng, S.; Liu, Y,; Wang, L.; Li, X.; Xu, H.; Xu, C.; Dong, S. Integrated energy coordinated control system of industrial park and its
application. In 2020 IEEE 4th Conference on Energy Internet and Energy System Integration: Connecting the Grids Towards a Low-Carbon
High-Efficiency Energy System, EI2, Wuhan, China, 30 October—1 November 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 541-546.
Fang, Y.; Fan, R.X,; Liu, Z.H. A study on the energy storage scenarios design and the business model analysis for a zero-carbon
big data industrial park from the perspective of source-grid-load-storage collaboration. Energy Rep. 2023, 9, 2054-2068. [CrossRef]

https://doi.org/10.3390/en19030755


https://doi.org/10.1002/er.1450
https://doi.org/10.1016/j.rser.2023.113933
https://doi.org/10.3390/su15031988
https://doi.org/10.1016/j.energy.2022.125315
https://doi.org/10.1111/jiec.13298
https://doi.org/10.3390/ijerph191912957
https://doi.org/10.3390/su16020828
https://doi.org/10.1016/j.ifacol.2020.12.2260
https://doi.org/10.1016/j.rser.2018.02.015
https://doi.org/10.1016/j.apenergy.2009.12.003
https://doi.org/10.1016/j.compchemeng.2019.04.013
https://doi.org/10.3303/CET2189059
https://doi.org/10.1016/j.resconrec.2018.09.002
https://doi.org/10.3303/CET23103138
https://doi.org/10.3389/fenrg.2021.689474
https://doi.org/10.1016/j.egyr.2023.05.202
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 51 of 54

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Mu, Z.; Zheng, Y.; Dai, Y. Industrial Park Energy Trading and Management Based on Game Theory. In 2018 2nd IEEE Conference
on Energy Internet and Energy System Integration (EI2), Beijing, China, 20-22 October 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 1-5.
Ge, S.; Yu, F. Research and Simulation of Dual-level Optimal Scheduling of Industrial Park Microgrid Considering Flexible Load.
In 2021 8th International Forum on Electrical Engineering and Automation (IFEEA), Xi'an, China, 3-5 September 2021; IEEE: Piscataway,
NJ, USA, 2021; pp. 193-198.

Jiajia, H.; Mengze, Y.; Hong, L.; Yiran, W. Coordinated heat and power dispatch of industrial park microgrid considering
distributed heating and indoor comfort constraint. In 2017 IEEE Conference on Energy Internet and Energy System Integration (EI2),
Beijing, China, 26-28 November 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 1-6.

Yifan, S.; Lin, W.; Cenyu, Y.; Ye, Z; Yi, J.; Weijie, D. Optimal Configuration of Hybrid Energy Storage System Catered for
Low-Carbon Smart Industrial Park. In 2022 12th International Conference on Power and Energy Systems (ICPES), Guangzhou, China,
23-25 December 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 938-943.

Du, C.; Yuan, Y,; Sun, L.; Fujii, M.; Song, W.; Yao, Y.; Ren, J. Achieving synergy between pollution reduction and carbon mitigation
in the eco-industrial park: A multi-objective optimization framework. J. Environ. Manag. 2025, 390, 126257. [CrossRef] [PubMed]
Yang, X.; Zhao, L.; Lu, S.; Zhou, F,; Zhao, Y. Energy Storage Configuration Optimization Method for Industrial Park Microgrid
Based on Demand Side Response. In 2023 3rd International Conference on Energy Engineering and Power Systems (EEPS), Dali, China,
28-30 July 2023; IEEE: Piscataway, NJ, USA, 2023; pp. 968-971.

Zhong, Y.; Ji, L. Economic optimization operation strategy for industrial park integrated energy system. In CIRED 2022 Shanghai
Workshop, Online, 21-22 September 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 48-54.

Munir, S.M.; Abdul Manan, Z.; Wan Alwi, S.R. Holistic carbon planning for industrial parks: A waste-to-resources process
integration approach. J. Clean. Prod. 2012, 33, 74-85. [CrossRef]

Zhong, Z.; Zhang, J.; Wang, J.; Li, X,; Yang, S.; Gai, Z.; Liu, B.; Zhao, Z.; Li, Z. A Study of Practical Cases Regarding the Synergy of
Electricity and Heat in Industrial Parks. In 2024 11th International Forum on Electrical Engineering and Automation (IFEEA), Shenzhen,
China 22-24 November 2024; IEEE: Piscataway, NJ, USA, 2024; pp. 641-646.

Lyu, Y,; Chen, L.; Tian, J.; Liu, R.; Zhou, Q. Realizing synergy between pollution reduction and carbon mitigation in industrial
parks: From model development to tool application. J. Clean. Prod. 2024, 446, 141197. [CrossRef]

Li, Z.; Ge, Z.; Wang, C.; Zhang, D.; Foo, D.C.Y,; Liu, G.; Shi, L. An automated approach for carbon integration in industrial park.
Process Saf. Environ. Prot. 2024, 190, 677-687. [CrossRef]

Kamarudzaman, N.S.H.; Liew, P.Y; Tan, K.W.; Woon, K.S.; Norruwaida, J. Optimisation Framework of Multi-Energy Peer-to-Peer
Trading with Hybrid Market Models in Eco-industrial Parks. Chem. Eng. Trans. 2025, 120, 193-198. [CrossRef]

Liang, S.; Han, Y.B.; Ding, L.L.; Wang, G.Q.; Zhu, H.]. Research on Regional Energy Planning Practice in Industrial Park Mode-
Taking the Civil-Military Integration Industrial Park of Mianyang as an Example. In International Symposium on Material, Energy
and Environment Engineering (ISM3E), Changsha, China, 28-29 November 2015; Atlantis Press: Paris, France, 2015; pp. 446—449.
Tikhanov, E.; Krivorotov, V.; Kalina, A.; Erypalov, S. Model of eco-industrial park development as a tool for fostering energy
efficient economy. In E3S Web of Conferences; EDP Sciences: Les Ulis, France, 2016.

Cerkez, A.; Smaka, S.; Hanjali¢, S.; Hela¢, V.; Hanjali¢, M. Power quality improvement of small hydropower plant located in the
industrial area. In 2021 Selected Issues of Electrical Engineering and Electronics (WZEE), Rzeszow, Poland, 13-15 September 2021; IEEE:
Piscataway, NJ, USA, 2021; pp. 1-6.

Yue, Y.L.; Ding, ] M.; Chen, D.; Fan, R.X,; Fang, Y.; Liu, Z.H. Research on the Scenario Design and Business Model Analysis of
Source-Grid-Load-Storage Collaboration for Zero-Carbon Big Data Industrial Park. In 12th International Conference on Power and
Energy Systems (ICPES), Guangzhou, China, 23-25 December 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 710-714.

Taskhiri, M.S.; Behera, S.K,; Tan, R.R.; Park, H.S. Fuzzy optimization of a waste-to-energy network system in an eco-industrial
park. J. Mater. Cycles Waste Manag. 2015, 17, 476-489. [CrossRef]

Li, W,; Cui, Z.; Han, F. Methods for assessing the energy-saving efficiency of industrial symbiosis in industrial parks. Environ. Sci.
Pollut. Res. 2014, 22, 275-285. [CrossRef]

Wu, W,; Du, Y,; Qian, H.; Fan, H,; Jiang, Z.; Zhang, X.; Huang, S. Enhancing the waste heat utilization of industrial park: A
heat pump-centric network integration approach for multiple heat sources and users. Energy Convers. Manag. 2024, 306, 118306.
[CrossRef]

Andiappan, V,; Tan, RR.; Ng, D.K.S. An optimization-based negotiation framework for energy systems in an eco-industrial park.
J. Clean. Prod. 2016, 129, 496-507. [CrossRef]

Deckmyn, C.; Vandoorn, T.L.; Vandevelde, L.; Desmet Lemcko, ]J.; Van Eetvelde, G.; Timmerman, J. Energy management and
dynamic optimisation of eco-industrial parks. In Universities Power Engineering Conference, Dublin, Ireland, 2-5 September 2013;
IEEE: Piscataway, NJ, USA, 2013.

Mert, B.; Aradag, U.; Uludag, S.; Unver, H.O. An architecture for a microgrid-based eco industrial park using a Multi-Agent
System. In 4th International Conference on Power Engineering, Energy and Electrical Drives, Istanbul, Turkey, 13-17 May 2013; IEEE:
Piscataway, NJ, USA, 2013; pp. 1658-1664.

https://doi.org/10.3390/en19030755


https://doi.org/10.1016/j.jenvman.2025.126257
https://www.ncbi.nlm.nih.gov/pubmed/40602182
https://doi.org/10.1016/j.jclepro.2012.05.026
https://doi.org/10.1016/j.jclepro.2024.141197
https://doi.org/10.1016/j.psep.2024.07.122
https://doi.org/10.3303/cet25120033
https://doi.org/10.1007/s10163-014-0259-5
https://doi.org/10.1007/s11356-014-3327-4
https://doi.org/10.1016/j.enconman.2024.118306
https://doi.org/10.1016/j.jclepro.2016.04.023
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 52 of 54

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Winata, E.; Novitasari, D.; Sari, W.P. Renewable Energy Potential Mapping of Industrial Area in Central Java. In 2022 International
Conference on Technology and Policy in Energy and Electric Power (ICT-PEP), Jakarta, Indonesia, 18-20 October 2022; IEEE: Piscataway,
NJ, USA, 2022; pp. 322-326.

Wang, Y.; Ren, H.; Dong, L.; Park, H.S.; Zhang, Y.; Xu, Y. Smart solutions shape for sustainable low-carbon future: A review on
smart cities and industrial parks in China. Technol. Forecast. Soc. Change 2019, 144, 103-117. [CrossRef]

Kim, HW.; Dong, L.; Choi, A.E.S; Fujii, M.; Fujita, T.; Park, H.S. Co-benefit potential of industrial and urban symbiosis using
waste heat from industrial park in Ulsan, Korea. Resour. Conserv. Recycl. 2018, 135, 225-234. [CrossRef]

Guo, Y,; Tian, J.; Chertow, M.; Chen, L. Exploring Greenhouse Gas-Mitigation Strategies in Chinese Eco-Industrial Parks by
Targeting Energy Infrastructure Stocks. J. Ind. Ecol. 2018, 22, 106-120. [CrossRef]

Xue, X.X.; Wang, S.S.; Chun, T.; Xin, H.J.; Xue, R.Y,; Tian, X.L.; Zhang, R.Q. An integrated framework for industrial symbiosis
performance evaluation in an energy-intensive industrial park in China. Environ. Sci. Pollut. Res. 2023, 30, 42056—42074. [CrossRef]
[PubMed]

Zhang, C.; Romagnoli, A.; Zhou, L.; Kraft, M. Knowledge management of eco-industrial park for efficient energy utilization
through ontology-based approach. Appl. Energy 2017, 204, 1412-1421. [CrossRef]

Zhang, C.; Zhou, L.; Pan, M.; Romagnoli, A.; Kraft, M. Towards intelligent thermal energy management of eco-industrial park
through ontology-based approach. In 8th International Conference on Applied Energy (ICAE), Beijing, China, 8-11 October 2016; IEEE:
Piscataway, NJ, USA; pp. 3295-3300.

Gribiss, H.; Aghelinejad, M.; Yalaoui, F. A New Strategy for Collective Energy Self-consumption in the Eco-Industrial Park:
Mathematical Modeling and Economic Evaluation. In 8th International Conference on Metaheuristics and Nature Inspired Computing
(META), Marrakech, Morocco, 5-8 April 2021; IEEE: Piscataway, NJ, USA; pp. 212-225.

Feng, D.; Xu, W.; Gao, X; Yang, Y.; Feng, S.; Yang, X.; Li, H. Carbon Emission Prediction and the Reduction Pathway in Industrial
Parks: A Scenario Analysis Based on the Integration of the LEAP Model with LMDI Decomposition. Energies 2023, 16, 7356.
[CrossRef]

Jung, S.; An, KJ.; Dodbiba, G.; Fujita, T. Regional energy-related carbon emission characteristics and potential mitigation in
eco-industrial parks in South Korea: Logarithmic mean Divisia index analysis based on the Kaya identity. Energy 2012, 46,
231-241. [CrossRef]

Dong, W.; Wang, T. Research on efficiency measurement of information industry chain integration based on multiple structures
and its application in carbon management industrial park. Int. J. Low-Carbon Technol. 2022, 17, 421-429. [CrossRef]

Zhang, J.; Qiao, Q.; Liu, J. Evaluation of carbon emission reduction potential of industrial symbiosis in industrial parks. Clean
Technol. Environ. Policy 2025, 27, 5287-5301. [CrossRef]

Guo, Y,; Liu, W,; Tian, J.; He, R.; Chen, L. Eco-efficiency assessment of coal-fired combined heat and power plants in Chinese
eco-industrial parks. J. Clean. Prod. 2017, 168, 963-972. [CrossRef]

Jung, S.; Wang, L.P; Dodbiba, G.; Fujita, T. Two-step accelerated mineral carbonation and decomposition analysis for the reduction
of CO2 emission in the eco-industrial parks. |. Environ. Sci. 2014, 26, 1411-1422. [CrossRef]

Su, H.; Wei, Z.; Zhao, M. Intelligent Energy Planning and Design of Industrial Park under New Power System. In 2021 11th
International Conference on Power and Energy Systems (ICPES), Shanghai, China, 18-20 December 2021; IEEE: Piscataway, NJ, USA,
2021; pp. 745-749.

Yang, W.; Wang, S.; Chen, B. Embodied carbon emission analysis of eco-industrial park based on input-output analysis and
ecological network analysis. Energy Procedia 2017, 142, 3102-3107. [CrossRef]

Andiappan, V.; Tan, R.R.; Ng, D.K.S. Systematic allocation of cost savings among energy systems in an eco-industrial park. Chem.
Eng. Trans. 2015, 45, 1657-1662. [CrossRef]

Gu, C,; Leveneur, S.; Estel, L.; Yassine, A. Modeling and optimization of material /energy flow exchanges in an eco-industrial
park. Energy Procedia 2013, 36, 243-252. [CrossRef]

Ban, Y.U,; Jeong, ].H.; Jeong, S.K. Assessing the performance of carbon dioxide emission reduction of commercialized eco-
industrial park projects in South Korea. J. Clean. Prod. 2016, 114, 124-131. [CrossRef]

Fan, Y.; Wang, H.; Mi, K,; Yang, Z.; Fang, ].; Liu, Z.; Si, W. Application of Photovoltaic Products in Carbon Reduction in Shanghai
Industrial Park. In 2022 4th International Conference on Electrical Engineering and Control Technologies (CEECT), Shanghai, China,
16-18 December 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 01-05.

Feng, H.; Jun, L, Jie, Z.; Baleynaud, ]. Feasibility of heat recovery for district heating based on Cloud Computing Industrial Park.
In 2015 International Conference on Renewable Energy Research and Applications (ICRERA), Palermo, Italy, 22-25 November 2015; IEEE:
Piscataway, NJ, USA, 2015; pp. 287-291.

Litifu, Z.; Nagasaka, K. Planning of hybrid power system for local industrial park in extreme arid and power shortage area. In
2016 IEEE Power and Energy Society General Meeting (PESGM), Boston, MA, USA, 17-21 July 2016; IEEE: Piscataway, NJ, USA, 2016;

pp- 1-5.

https:/ /doi.org/10.3390/en19030755


https://doi.org/10.1016/j.techfore.2019.04.014
https://doi.org/10.1016/j.resconrec.2017.09.027
https://doi.org/10.1111/jiec.12542
https://doi.org/10.1007/s11356-023-25232-0
https://www.ncbi.nlm.nih.gov/pubmed/36645602
https://doi.org/10.1016/j.apenergy.2017.03.130
https://doi.org/10.3390/en16217356
https://doi.org/10.1016/j.energy.2012.08.028
https://doi.org/10.1093/ijlct/ctac015
https://doi.org/10.1007/s10098-025-03154-4
https://doi.org/10.1016/j.jclepro.2017.09.059
https://doi.org/10.1016/j.jes.2014.05.006
https://doi.org/10.1016/j.egypro.2017.12.451
https://doi.org/10.3303/CET1545277
https://doi.org/10.1016/j.egypro.2013.07.028
https://doi.org/10.1016/j.jclepro.2015.09.083
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 53 of 54

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Matsuda, K.; Hirochi, Y.; Tatsumi, H.; Shire, T. Applying heat integration total site based pinch technology to a large industrial
area in Japan to further improve performance of highly efficient process plants. Energy 2009, 34, 1687-1692. [CrossRef]

Han, X.H.; Wang, E; Chen, M. Economic Evaluation of Micro-Grid System in Commercial Parks Based on Echelon Utilization
Batteries. IEEE Access 2019, 7, 65624-65634. [CrossRef]

Elaouani, H.; Jaafari, K.; Benkhouja, K.; Elbada, N.; Haffad, H. Industrial Fish Wastewater Treatment by Electrocoagulation
Processes Powered by Solar Energy. In 2018 Renewable Energies, Power Systems & Green Inclusive Economy (REPS-GIE), Casablanca,
Morocco, 23-24 April 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 1-6.

Hassiba, R.J.; Linke, P. On the simultaneous integration of heat and carbon dioxide in industrial parks. Appl. Therm. Eng. 2017,
127, 81-94. [CrossRef]

Beers, D.v.; Biswas, W.K. A regional synergy approach to energy recovery: The case of the Kwinana industrial area, Western
Australia. Energy Convers. Manag. 2008, 49, 3051-3062. [CrossRef]

Koch, C.M.; Tomasin, L.; Lolli, F; Butturi, M.A.; Sellitto, M. A. Performance Assessment of an Eco-Industrial Park: A Strategic
Tool to Help Recovering Energy and Industrial Waste. Chem. Eng. Trans. 2022, 91, 481-486. [CrossRef]

Gardstrom, H.F; Schwarz, H.; Jergensen, B.N.; Ma, Z.G. Symbiosis: A Web-Based Decision Support Tool for Achieving Symbiosis
in Industrial Parks. In Energy Informatics: 4th Energy Informatics Academy Conference, EI.A 2024, Kuta, Bali, Indonesia, 23-25 October
2024; Proceedings, Part I; Springer: Cham, Switzerland, 2024; pp. 21-36.

He, S.; Shi, S.; Li, M,; Lin, Z.; Lu, Y.; Li, H. Model of safety investment optimization in chemical industrial parks based on system
dynamics. Reliab. Eng. Syst. Saf. 2025, 256, 110761. [CrossRef]

Valentine, S.V. Kalundborg Symbiosis: Fostering progressive innovation in environmental networks. J. Clean. Prod. 2016, 118,
65-77. [CrossRef]

Krom, P; Piscicelli, L.; Frenken, K. Digital platforms for industrial symbiosis. J. Innov. Econ. Manag. 2022, 39, 215-240. [CrossRef]
Svendsen, N.L.; Kaarsberg, S.C.; Watson, D. Policies Supporting Industrial Symbiosis in The Baltic Sea Region; PlanMilje: Veksg,
Denmark, 2020.

Symbiosis Center Denmark. Guide for Industrial Symbiosis Facilitators; Symbiosis Center Denmark: Kalundborg, Denmark, 2021.
Spekkink, W. Industrial Symbiosis as a Social Process; Erasmus University Rotterdam: Rotterdam, The Netherlands, 2016.

Schot, J.; Geels, EW. Strategic niche management and sustainable innovation journeys: Theory, findings, research agenda, and
policy. Technol. Anal. Strateg. Manag. 2008, 20, 537-554. [CrossRef]

Domenech, T.; Davies, M. Structure and morphology of industrial symbiosis networks: The case of Kalundborg. Procedia-Soc.
Behav. Sci. 2011, 10, 79-89. [CrossRef]

Aparisi, T.D. Industrial symbiosis—a bottom-up business response to nexus challenges. In The SAGE Handbook of Nature: Three
Volume Set; SAGE Publications Ltd.: London, UK, 2018; pp. 1263-1286.

Grant, G.B.; Seager, T.P.; Massard, G.; Nies, L. Information and communication technology for industrial symbiosis. J. Ind. Ecol.
2010, 14, 740-753. [CrossRef]

Litje, A.; Wohlgemuth, V. Requirements Engineering for an Industrial Symbiosis Tool for Industrial Parks Covering System
Analysis, Transformation Simulation and Goal Setting. Adm. Sci. 2020, 10, 10. [CrossRef]

Pimenow, S.; Pimenowa, O.; Prus, P. Challenges of Artificial Intelligence Development in the Context of Energy Consumption
and Impact on Climate Change. Energies 2024, 17, 5965. [CrossRef]

Xie, X.; Fu, H.; Zhu, Q.; Hu, S. Integrated optimization modelling framework for low-carbon and green regional transitions
through resource-based industrial symbiosis. Nat. Commun. 2024, 15, 3842. [CrossRef]

Onyeaka, H.; Tamasiga, P.; Nwauzoma, U.M.; Miri, T.; Juliet, U.C.; Nwaiwu, O.; Akinsemolu, A.A. Using Artificial Intelligence to
Tackle Food Waste and Enhance the Circular Economy: Maximising Resource Efficiency and Minimising Environmental Impact:
A Review. Sustainability 2023, 15, 10482. [CrossRef]

International Energy Agency (IEA). Investment Tax Credit for Carbon Capture, Utilization and Storage (CCUS). Available
online: https:/ /www.iea.org/policies /13346-investment-tax-credit-for-carbon-capture-utilization-and-storage-ccus (accessed
on 24 February 2025).

Lybaek, R.; Christensen, T.B.; Thomsen, T.P. Enhancing policies for deployment of Industrial symbiosis—What are the obstacles,
drivers and future way forward? J. Clean. Prod. 2021, 280, 124351. [CrossRef]

Henriques, ].D.; Azevedo, J.; Dias, R.; Estrela, M.; Ascenco, C.; Vladimirova, D.; Miller, K. Implementing industrial symbiosis
incentives: An applied assessment framework for risk mitigation. Circ. Econ. Sustain. 2022, 2, 669-692. [CrossRef]

Tricco, A.C,; Lillie, E.; Zarin, W.; O’Brien, K.K.; Colquhoun, H.; Levac, D.; Moher, D.; Peters, M.D.].; Horsley, T.; Weeks, L.;
et al. PRISMA Extension for Scoping Reviews (PRISMAScR): Checklist and Explanation. Ann. Intern. Med. 2018, 169, 467-473.
[CrossRef]

Wang, L.M.; Ni, W.D.; Li, Z. Emergy evaluation of combined heat and power plant eco-industrial park (CHP plant EIP). Resour.
Conserv. Recycl. 2006, 48, 56-70. [CrossRef]

https:/ /doi.org/10.3390/en19030755


https://doi.org/10.1016/j.energy.2009.05.017
https://doi.org/10.1109/ACCESS.2019.2916181
https://doi.org/10.1016/j.applthermaleng.2017.07.157
https://doi.org/10.1016/j.enconman.2008.06.008
https://doi.org/10.3303/CET2291081
https://doi.org/10.1016/j.ress.2024.110761
https://doi.org/10.1016/j.jclepro.2016.01.061
https://doi.org/10.3917/e.jie.pr1.0124
https://doi.org/10.1080/09537320802292651
https://doi.org/10.1016/j.sbspro.2011.01.011
https://doi.org/10.1111/j.1530-9290.2010.00273.x
https://doi.org/10.3390/admsci10010010
https://doi.org/10.3390/en17235965
https://doi.org/10.1038/s41467-024-48249-6
https://doi.org/10.3390/su151310482
https://www.iea.org/policies/13346-investment-tax-credit-for-carbon-capture-utilization-and-storage-ccus
https://doi.org/10.1016/j.jclepro.2020.124351
https://doi.org/10.1007/s43615-021-00069-2
https://doi.org/10.7326/M18-0850
https://doi.org/10.1016/j.resconrec.2005.12.012
https://doi.org/10.3390/en19030755

Energies 2026, 19, 755 54 of 54

134.

135.

136.

137.

138.

139.

140.

Yoshino, T.; Amboh, T.; Kawakami, N. MW-rated power electronics for sustainable and low carbon industrial revolution. In 2010
IEEE International Symposium on Industrial Electronics, Bari, Italy, 4-7 July 2010; IEEE: Piscataway, NJ, USA, 2010; pp. 3811-3816.
Molina-Garcia, A.; Garcia-Egeaand, T.; Moreno, M. Integration of renewable energy sources in industrial parks: Medicool
european demonstration project. Renew. Energy Power Qual. ]. 2014, 1, 571-574. [CrossRef]

Verdier, R.G. GRID4EU-Nice Grid project: How to facilitate the integration of Distributed Energy Resources into the local grid?
In 2014 Saudi Arabia Smart Grid Conference (SASG), Jeddah, Saudi Arabia, 14-17 December 2014; IEEE: Piscataway, NJ, USA, 2014;
pp- 1-3.

Guo, Y,; Tian, J.; Chertow, M.; Chen, L. Greenhouse Gas Mitigation in Chinese Eco-Industrial Parks by Targeting Energy
Infrastructure: A Vintage Stock Model. Environ. Sci. Technol. 2016, 50, 11403-11413. [CrossRef]

Yan, X,; Lin, J.; Hu, Z.; Song, Y. P2P trading strategies in an industrial park distribution network market under regulated electricity
tariff. In 2017 IEEE Conference on Energy Internet and Energy System Integration (EI2), Beijing, China, 26-28 November 2017; IEEE:
Piscataway, NJ, USA, 2017; pp. 1-5.

Wang, L.; Li, ].; Li, S.; Wang, L.; Yin, J.; Xia, W.; Liang, P. Clean Energy Configuration and Application for Mingzhu Industrial Park.
In 2019 4th International Conference on Electromechanical Control Technology and Transportation (ICECTT), Guilin, China, 26-28 April
2019; IEEE: Piscataway, NJ, USA, 2019; pp. 365-369.

Xu, T.; Cai, S.; Wu, Y.; Meng, H.; Liu, Z.; Guo, L. Optimal Sizing of Hybrid Energy Storage in Industrial Park Integrated Energy
System. In 2021 IEEE 5th Conference on Energy Internet and Energy System Integration (EI2), Taiyuan, China, 22-24 October 2021; IEEE:
Piscataway, NJ, USA, 2021; pp. 1692-1697.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/en19030755


https://doi.org/10.24084/repqj12.412
https://doi.org/10.1021/acs.est.6b02837
https://doi.org/10.3390/en19030755

	Introduction 
	Materials and Methods 
	Literature Review Protocol 
	Survey Design and Data Collection 

	Results 
	Literature Review Results 
	Evolution of Industrial Symbiosis Research 
	Classification of Tools and Methods Supporting Industrial Symbiosis 
	Implementation Contexts in Industrial Symbiosis 
	Key Stakeholders in Industrial and Eco-Industrial Parks 

	Survey Results 
	Practitioner Background and Perceptions of Industrial Symbiosis and Carbon Capture 
	Tools and Methods Overview 

	Application and Implementation Contexts 

	Discussion 
	Comparison Between Surveyed Tools and Literature 
	Tool Maturity Versus Adoption Feasibility 
	Diffusion Gaps and Accessibility Constraints 
	Functional Coverage and Integration Gaps Across Industrial Symbiosis and Carbon Capture 
	Hybrid Toolchains and Design Trade-Offs for Industrial Symbiosis and Carbon Capture 
	Synthesis of Literature–Practice Gaps 

	Conceptual Framework-Integrated Pathway for Industrial Symbiosis and Carbon Capture 
	Future Directions and Recommendations 

	Conclusions 
	Appendix A
	References

