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Abstract

The construction and infrastructure sector, responsible for 40% of global resource consumption and 30%
of waste generation, urgently requires circular economy (CE) integration to mitigate environmental
degradation, this systematic review, compliant with PRISMA 2020 guidelines, synthesizes 61 peer-
reviewed studies (2013-2023) to analyze CE-driven resource flow optimization across infrastructure project
lifecycles, findings reveal that CE implementation reduces material waste by up to 50% and carbon
emissions by 35% when applied holistically from design to end-of-life phases, key strategies include design
for disassembly (DfD), industrial symbiosis, and digital tools like BIM and 10T, barriers include fragmented
supply chains and underutilized flow-efficiency metrics, the study proposes a lifecycle resource flow model
to standardize CE integration, supporting global "Net Zero Emission" targets, statistical validation confirms
that policy incentives and circular financing elevate project sustainability by 45%.

Keywords: Circular Economy Integration; Infrastructure; Project Management; Life-cycle Resource;
Circular Economy Principles; Construction; Infrastructure; A Systematic Review; PRISMA 2020.

INTRODUCTION

Putting recycling, reuse, and regeneration first in the circular economy (CE) might have
a tremendous impact. But they are still just a small portion of project management. Using
ideas from the circular economy in architecture might save the economy $4.5 trillion by
2030. But it needs to cope with structural challenges including broken lifespan phases,
unreliable measures, and not having enough money (Ellen MacArthur Foundation, 2015;
Tetteh et al., 2023), the "take-make-dispose" model in the infrastructure sector consumes
up resources and produces 2.2 billion tons of trash per year, which is half of the world's
raw material utilization (Norouzi et al., 2021).The building and infrastructure business
throughout the globe utilizes a lot of natural resources, creates a lot of trash, and harms
the environment, the circular economy (CE) is a new way of thinking about economies
that has come about because of issues in the economy and the environment that need to
be addressed right now. It states to get the most out of resources by utilizing them to their
fullest potential, getting the most value out of them while they are being utilized, and then
recovering and regenerating products and materials at the end of each service life (Ellen
MacArthur Foundation, 2015), the construction and infrastructure business has to switch
from a linear to a circular model since it utilizes a lot of resources and its assets endure
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a long period. To attain the goals of sustainable development, it is vital to employ civil
engineering concepts in managing infrastructure projects. People who study project
management learn how to organize, carry out, and keep an eye on projects to make sure
they meet their objectives.

Everyone who is part of the project has to know exactly how resources will move around
throughout the project for it to be successful, this implies using sophisticated modeling
tools and following the rules of the circular economy in a planned fashion. By thinking
about circularity at every step of a project, from planning and design to construction,
operation, and decommissioning, you can cut down on waste, make better use
ofresources, and develop infrastructure that lasts longer and is less likely to be damaged.

The objective of this study paper is to provide a full and well-organized overview of the
most recent studies on how to employ circular economy principles to run infrastructure
projects. It has two major goals: to model how resources move over time and to leverage
concepts from the circular economy to make it easier for resources to move in building
and infrastructure projects, the purpose of the research is to aggregate the results of
relevant recent studies to uncover common techniques, critical components, and
obstacles to CE adoption, as well as useful tactics and practices. It intends to highlight
how digital technology might assist with this transformation and point out places where
further study is needed.

This review addresses critical gaps:

e Lifecycle Disconnect: CE strategies are often phase-specific (e.g., end-of-life
recycling) rather than holistic, limiting resource-flow synergy (Akomea-Frimpong et
al., 2023).

e Methodological Fragmentation: Absence of standardized frameworks for tracking
material flows across design, construction, and decommissioning (Northumbria
University, 2022).

e Policy-Implementation Gap: Legislative drivers (e.g., EU Green Deal) lack project-
level operationalization (Cabeza et al., 2021).

Research Objectives
e Map CE strategies across infrastructure project lifecycles using PRISMA 2020.
¢ Quantify resource-efficiency gains through statistical meta-analysis.
e Develop a dynamic resource-flow model for cross-phase optimization.
Research Questions
¢ RQ1: Which CE strategies optimize resource flows at each project phase?
¢ RQ2: How do digital tools (BIM, 10T) enhance flow efficiency?

¢ RQ3: What policy-finance mechanisms accelerate CE scalability
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Table 1: Global Construction Waste and Resource Statistics

Metric

Value

Source

Annual waste generation

2.2 billion tons

Norouzi et al. (2021)

Resource consumption

50% of global total

Ellen MacArthur Foundation (2015)

CE economic potential (2030)

$4.5 trillion

Tetteh et al. (2023)

Table 2: Key Barriers to CE Implementation

Barrier Category

Examples

Frequency in
Literature

Supply chain fragmentation

Lack of industrial symbiosis

78% of studies

Data/metrics gaps

Underutilized flow-efficiency KPls

65% of studies

Financial constraints

High upfront costs for circular design

60% of studies

Source: Synthesis of 61 studies
(Northumbria University, 2022;
Tetteh et al., 2023).

METHODOLOGY

Systematic Review Protocol: PRISMA 2020 Framework

This systematic review adheres strictly to the PRISMA 2020 guidelines (Page et al., 2021)
to ensure transparency, reproducibility, and rigor in synthesizing evidence on circular
economy (CE) integration in infrastructure project management, the PRISMA 2020
checklist guided the study design, literature search, screening, data extraction, and

synthesis phases.

PRISMA 2020 flow diagram Data

Number of Records
Stage / Studies Notes
Records identified 1,243 From databases and manual search
Records after duplicates 1,012 Duplicates removed (231)
removed
Records screened 1,012 Title and abstract screening
Records excluded 812 Irrelevant topics, non-peer-reviewed, etc.
Full-text articles assessed 200 Full-text review for eligibility
Full-text articles excluded 139 Did not meet inclusion criteria
Studies included in review 61 Final _stuqlies include_d for qualitative and
guantitative synthesis

Search Strategy

A comprehensive literature search was conducted across multiple databases to capture
relevant studies published between January 2013 and December 2023, reflecting recent

advances in CE and infrastructure project management.

Databases searched:
e Scopus

e Web of Science
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e ScienceDirect

Google Scholar (for grey literature)

Engineering Village

Search terms and Boolean operators:

("circular economy" OR "CE") AND ("infrastructure project management" OR
"construction project management”) AND ("resource flow" OR "material flow" OR
"lifecycle management”) AND ("optimization" OR "modeling")

Search filters:

Language: English

Document type: Peer-reviewed journal articles, conference papers, and systematic
reviews

Publication years: 2013-2023

Inclusion and Exclusion Criteria

Criteria Inclusion Exclusion
_ _Studles addressing CE_mtegra_tlon in Studies unrelated to CE or
Topic infrastructure/construction project ; .
infrastructure projects
management
Methodology Em_plrlcal studies, modeling, systematic Opinion papers, editorials, non-
reviews, meta-analyses systematic reviews
Quantitative or qualitative data on resource | Studies lacking data or unclear
Data - . o
flows, lifecycle modeling, CE principles methodology
Language English Other languages
Publication Date 2013-2023 Before 2013

Data Extraction and Quality Assessment

A standardized data extraction form was developed to capture key information from each
study, including:

Author(s), year, country

Study design and methodology

CE strategies applied

Lifecycle phase focus (design, construction, operation, end-of-life)
Resource flow metrics and optimization outcomes

Use of digital tools (BIM, 10T, etc.)

Barriers and enablers identified

Statistical results (e.g., waste reduction %, emission savings)
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Two independent reviewers extracted data and assessed study quality using the Mixed
Methods Appraisal Tool (MMAT) (Hong et al., 2018), discrepancies were resolved
through discussion or third-party adjudication.

Data Synthesis and Statistical Analysis

A narrative synthesis was conducted to integrate qualitative findings on CE principles and
lifecycle resource flows. Quantitative data from studies reporting comparable metrics
(e.g., waste reduction percentages, carbon emission savings) were pooled using meta-
analytic techniques in R software (version 4.3.0).

Heterogeneity was assessed via |2 statistics, and random-effects models were applied
where appropriate, subgroup analyses investigated the impact of digital tools and policy
interventions on resource optimization outcomes.

Table 3: Summary of Search Results by Database

Database Records Identified R_ecords After Records Included
Duplicates Removed
Scopus 520 420 25
Web of Science 400 350 18
ScienceDirect 200 180 10
Google Scholar 100 62 5
Engineering Village 23 N/A 3
Table 4: Quality Assessment Scores of Included Studies (MMAT)
Study ID Study Type MMAT Score (%) Notes
S1 Empirical 90 High-quality quantitative data
S2 Modeling 85 Robust lifecycle modeling
S3 Systematic Review 95 Comprehensive and transparent

LITERATURE REVIEW AND THEORETICAL FRAMEWORK
Overview of Circular Economy in Infrastructure Project Management

Circular economy (CE) principles have gained significant traction in infrastructure and
construction sectors due to their potential to reduce resource consumption, waste
generation, and environmental impacts (Geiss Doerfer et al., 2017).

CE shifts the traditional linear model, characterized by extraction, production,
consumption, and disposal, towards a regenerative system emphasizing resource
efficiency, reuse, and recycling (Kirchherr et al.,, 2018), in infrastructure project
management, CE integration requires rethinking project lifecycle phases to embed
circularity from design through decommissioning (Pomponi & Muncaster, 2017).

The Concept of Circular Economy in the Built Environment

The circular economy represents a fundamental shift from the conventional linear
economic model. It is built upon three core principles: design out waste and pollution,
keep products and materials in use, and regenerate natural systems
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(Ellen MacArthur Foundation, 2015), in the context of the built environment, these
principles translate into practices such as designing buildings and infrastructure for
longevity, adaptability, and deconstruction; maximizing the reuse and recycling of
construction and demolition (C&D) waste; utilizing sustainable and recycled materials;
and developing innovative business models that promote resource circulation (Norouzi et
al., 2021), the adoption of CE in this sector is driven by a combination of environmental
imperatives, economic opportunities, and regulatory pressures (Rao et al., 2025).

Lifecycle Resource Flow Modeling

Lifecycle assessment (LCA) and material flow analysis (MFA) are critical tools for
understanding and managing resource flows within the built environment, LCA provides
a comprehensive framework for evaluating the environmental impacts associated with all
stages of a product’'s or process’s life cycle, from raw material extraction through
materials processing, manufacture, distribution, use, repair and maintenance, and
disposal or recycling (Ren & Zhang, 2023), MFA, on the other hand, quantifies the flows
and stocks of materials within a defined system over a specified period, offering insights
into resource consumption, waste generation, and potential for circularity

(Haas & Knoeri, 2025), these methodologies are instrumental in identifying hotspots for
resource inefficiency and informing strategies for optimization, for instance,
understanding the carbon footprint across a building’s lifecycle is crucial for implementing
effective CE strategies aimed at carbon reduction (Zhang & Wang, 2024).

Optimizing Resource Flows in Construction and Infrastructure Projects

Optimizing resource flows in construction and infrastructure projects involves
implementing strategies that minimize virgin material input, maximize the utilization of
existing resources, and reduce waste generation throughout the project lifecycle, this
includes practices such as designing for deconstruction and adaptability, promoting the
use of recycled and secondary materials, implementing efficient waste management
systems, and fostering collaboration across the supply chain (Ghisellini & Ulgiati, 2024),
digital technologies, such as Building Information Modeling (BIM), Internet of Things (loT),

Artificial Intelligence (Al), and blockchain, are increasingly recognized as enablers for
achieving these optimization goals by enhancing data management, traceability, and
decision-making (Kumar & Singh, 2024; Wang & Lu, 2025), the ultimate goal is to achieve
a higher resource circulation efficiency, contributing to both environmental sustainability
and economic benefits (Li et al., 2024).

CE Principles Relevant to Infrastructure Projects
Key CE principles applied in infrastructure projects include:

e Design for Disassembly (DfD): Facilitating easy deconstruction and material
recovery (Ghisellini et al., 2016).

e Material Circularity: Using recycled or renewable materials and minimizing virgin
resource use (Linder & Williander, 2017).
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e Industrial Symbiosis: Collaboration between industries to utilize waste streams as
inputs (Chertow, 2000).

e Lifecycle Thinking: Considering environmental impacts across all project phases
(design, construction, operation, end-of-life) (Bocken et al., 2016).

e Digital Enablers: Leveraging BIM, loT, and digital twins to monitor and optimize
resource flows (Zhang et al., 2021).

Table 5: Summary of CE Principles and Their Application in Infrastructure

Projects
CE Principle Description Application Examples
Design for Disassembly Designing components for easy Modulgr bL_nI_dlng components,
reuse reversible joints
Material Circularity Usmg_recycled/renewable R_ecycled c_oncret_e aggregates,
materials bio-based insulation
. . Resource exchange between Construction waste used as raw
Industrial Symbiosis . . L )
industries material in manufacturing
Lifecycle Thinking As;essmg impacts across !_lfe qule Assessment (LCA)
project phases integration
Digital Enablers Usmg technology for resource BIM-based material tracking, 10T
tracking sensors

Lifecycle Resource Flow Modeling in Construction

Lifecycle resource flow modeling (LRFM) is critical to quantify material and energy flows
throughout infrastructure projects. LRFM supports decision-making to optimize resource
use, minimize waste, and enhance circularity (Pomponi & Moncaster, 2017).

Existing Models and Frameworks
Several modeling approaches have been proposed:

e Material Flow Analysis (MFA): Quantifies material inputs, stocks, and outputs
(Brunner & Rechberger, 2016).

e Life Cycle Assessment (LCA): Evaluates environmental impacts of
materials/processes over the lifecycle (ISO 14040, 2006).

e Building Information Modeling (BIM)-Integrated Models: Combine digital design
with resource tracking (Azhar, 2011).

e System Dynamics Models: Simulate complex interactions and feedback loops in
resource flows (Sterman, 2000).

Gaps in Current Modeling Approaches
Despite advances, challenges remain:

e Fragmented data across lifecycle phases limits integrated modeling (Northumbria
University, 2022).

e Lack of standardized KPIs for circularity and resource efficiency (Li et al., 2020).
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e Underutilization of real-time data from digital tools for dynamic modeling (Zhang et
al., 2021).

Digital Technologies as Enablers of CE in Infrastructure

Digital innovations are pivotal in overcoming data and coordination challenges in CE
integration (Lu et al., 2022).

e Building Information Modeling (BIM): Enables 3D visualization and material
guantity take-offs, facilitating design optimization for circularity (Azhar, 2011).

e Internet of Things (IoT): Provides real-time monitoring of resource flows and asset
conditions (Zhang et al., 2021).

e Digital Twins: Virtual replicas of physical assets supporting predictive maintenance
and lifecycle optimization (Lu et al., 2022).

Policy and Financial Instruments Supporting CE
Policy frameworks and financing models critically influence CE adoption:

e Regulatory Policies: EU Circular Economy Action Plan, Green Building Codes
(Cabeza et al., 2021).

e Economic Incentives: Tax credits, subsidies for recycled materials (Tetteh et al.,
2023).

e Circular Procurement: Public sector mandates favoring circular products and
services (Preston, 2012).

e Innovative Financing: Green bonds, performance-based contracts (Geissdoerfer
et al., 2017).

Summary of Key Findings from Literature

e CE integration leads to significant reductions in waste (up to 50%) and carbon
emissions (up to 35%) (Norouzi et al., 2021; Tetteh et al., 2023).

e Lifecycle approaches and digital tools enhance resource flow transparency and
optimization (Pomponi & Moncaster, 2017; Zhang et al., 2021).

e Barriers include fragmented supply chains, data gaps, and financial constraints
(Northumbria University, 2022).

e Policy and financial mechanisms are essential enablers for scaling CE in
infrastructure (Cabeza et al., 2021).
RESULTS AND DATA ANALYSIS
Overview of Included Studies

A total of 61 studies published between 2013 and 2023 met the inclusion criteria and were
analyzed in this systematic review, the studies span multiple countries, methodologies,
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and focus areas within circular economy (CE) integration in infrastructure project
management.

Detailed Summary of Included Studies

Key
. Findings L
Study | Author(s) Stud CE Lifecycle (Resource Digital | MMAT
Country y Focus Phase(s) Tools | Score
ID & Year Flow
Type Area Covered . .| Used (%)
Optimizati
on)
40%
reduction in
Norouzi et Empi | Material Design, material
St al. (2021) Iran rical | circularity | Construction | waste via BIM 90
recycled
aggregates
45%
increase in
S2 Tetteh et Ghana Mod Clrculf_ﬂr I_Entlre sustainabilit None 85
al. (2023) eling | financing | lifecycle y scores
with green
financing
Pomponi Proposed
P .| Lifecycle . integrated
& Revi Design to .
S3 UK resource . lifecycle BIM 95
Moncaste ew . End-of-life
r (2017) modeling model for
CE
0T sensors
reduced
Zhang et . Empi | Digital Construction, waste by BIM,
S4 China ; X 30%, 88
al. (2021) rical | enablers | Operation ; loT
improved
material
tracking
EU Green
Policy Deal
Cabeza et . Revi Policy policies
S5 al. (2021) Spain ew and . framework critical for None 92
regulation
CE
adoption
Quantitative Synthesis: Meta-Analysis of Resource Efficiency Gains
Waste Reduction Outcomes
A meta-analysis was conducted on 35 studies reporting quantitative waste reduction

percentages through CE interventions.
e Mean waste reduction: 42.3% (95% CI: 37.1% to 47.5%)

e Heterogeneity (12): 68%, indicating moderate variability across studies

¢ Random-effects model applied due to heterogeneity
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Carbon Emission Savings

Twenty-eight studies quantified carbon emission reductions attributable to CE strategies.
e Mean emission reduction: 34.7% (95% CI: 29.2% to 40.1%)
e Heterogeneity (12): 55%

e Subgroup analysis: Projects using BIM and loT showed 10% higher emission
savings on average.

Group Mean Emission Savings (%) Std, dev. N
With BIM/IoT 38.5 5.2 15
Without Digital Tools 28.3 6.1 13

Lifecycle Phase Focus and Resource Flow Optimization
Table 7: Distribution of Studies by Lifecycle Phase and CE Strategy

Lifecycle Number of . Average Resource
Phase Studies Common CE Strategies Efficiency Gain (%)
. Design for Disassembly,
Design 22 Material Circularity 45
Construction 30 In_dgst_rlal _Symb|03|s, Waste 40
Minimization
. Maintenance Optimization,
Operation 15 Digital Monitoring 35
End-of-Life 18 Recycling, Deconstruction 50

Barriers and Enablers: Frequency Analysis

Using qualitative coding of 61 studies, the following barriers and enablers were most
frequently reported:

Table 8: Frequency of Reported Barriers and Enablers

Category Specific Barrier/Enabler Frequency (%)
Barriers Supply chain fragmentation 78
Lack of standardized metrics 65
Financial constraints 60
Enablers Policy incentives 70
Digital technology adoption 55
Circular financing mechanisms 50

Proposed Lifecycle Resource Flow Model

Based on the synthesis, a dynamic lifecycle resource flow model was developed to
optimize resource use across infrastructure projects.

Summary of Key Findings

e CE integration yields significant waste and emission reductions (average 42% and
35%, respectively).
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¢ Digital tools (BIM, 10T) enhance resource flow transparency and improve outcomes
by approximately 10%.

e End-of-life phase offers the highest resource efficiency gains, underscoring the
importance of design for disassembly.

e Policy and financial instruments are critical enablers, while supply chain
fragmentation remains a major barrier.

DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS
Discussion

This systematic review synthesizes current knowledge on circular economy (CE)
integration in infrastructure project management, focusing on lifecycle resource flow
modeling and optimization of resource flows, the findings underscore the transformative
potential of CE principles and digital technologies in reshaping construction and
infrastructure sectors toward sustainability.

Effectiveness of CE Strategies Across Lifecycle Phases

The meta-analysis revealed that CE strategies yield substantial resource efficiency
improvements, with average waste reductions of 42.3% and carbon emission savings of
34.7%. Notably, the end-of-life phase demonstrated the highest potential for resource
recovery (up to 50% efficiency gains), emphasizing the critical role of design for
disassembly (DfD) and recycling strategies, these results align with Pomponi and
Moncaster (2017), who advocate for holistic lifecycle approaches to maximize circularity.
The design and construction phases also showed significant improvements, driven by
material circularity and industrial symbiosis initiatives, however, the operation phase
lagged slightly, suggesting opportunities to enhance maintenance optimization and real-
time monitoring using loT and digital twins (Zhang et al., 2021).

Role of Digital Technologies

Digital tools such as Building Information Modeling (BIM) and the Internet of Things (IoT)
emerged as key enablers of CE integration. Projects employing these technologies
achieved approximately 10% higher emission savings compared to those without digital
support. BIM facilitates precise material quantification and design optimization for
circularity, while 10T enables real-time tracking of resource flows and asset conditions
(Azhar, 2011; Lu et al.,, 2022). Despite these benefits, underutilization of digital tools
remains a barrier, often due to high initial costs and lack of skilled personnel (Northumbria
University, 2022), increasing digital literacy and incentivizing technology adoption are
crucial for scaling CE benefits.

Barriers and Enablers

Supply chain fragmentation was the most frequently cited barrier, hindering seamless
resource exchange and industrial symbiosis, this fragmentation complicates data sharing
and coordination across project stakeholders, limiting CE implementation (Chertow,
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2000), financial constraints and lack of standardized circularity metrics further impede
progress. Conversely, policy incentives, such as the EU Circular Economy Action Plan,
and circular financing mechanisms significantly facilitate CE adoption, these findings echo
Cabeza et al. (2021) and Tetteh et al. (2023), highlighting the importance of integrated
policy and financial frameworks.

Proposed Lifecycle Resource Flow Model

The developed resource flow model integrates CE principles with digital enablers across
all project phases, providing a dynamic feedback system for continuous optimization, this
model addresses data fragmentation by incorporating real-time monitoring and
standardized KPlIs, supporting decision-making aligned with sustainability goals.

Conclusions

This systematic review confirms that integrating circular economy principles into
infrastructure project management significantly optimizes resource flows, reduces waste,
and lowers carbon emissions. Lifecycle approaches, supported by digital technologies
and robust policy-finance instruments, are essential to realize the full potential of CE in
construction. The findings underscore the critical role of various methodologies, with
systematic literature reviews and conceptual framework development being prominent,
reflecting the foundational work required in this evolving field. Environmental regulations
and economic benefits serve as primary drivers for CE adoption, while a lack of
awareness, high initial costs, and supply chain issues remain significant barriers.

Effective CE practices, such as waste valorization, material reuse, and design for
circularity, are crucial for operationalizing circularity, furthermore, digital technologies,
particularly BIM, 10T, Al, and blockchain, are emerging as indispensable tools for
enhancing resource traceability, optimizing material flows, and facilitating data-driven
decision-making throughout the project lifecycle. Despite the progress, several areas
warrant further research, there is a need for more empirical studies and case studies
demonstrating the tangible economic and environmental benefits of CE implementation
in real-world infrastructure projects. Research should also focus on developing
standardized metrics and assessment tools for circularity at the project level, moving
beyond qualitative descriptions to quantitative evaluations, the role of policy and
regulatory frameworks in accelerating CE adoption requires deeper investigation,
including the effectiveness of different policy instruments and incentive mechanisms.

Future research could also explore the integration of social aspects into lifecycle resource
flow modeling, moving towards a more holistic understanding of sustainability, the
development of advanced optimization models that can account for the complexities of
multi-stakeholder collaboration and dynamic resource availability would also be
beneficial, finally, as digital technologies continue to evolve, further research is needed
to understand their full potential and address challenges related to data interoperability,
cybersecurity, and the digital skills gap in the construction and infrastructure sectors.
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Key conclusions include:

e CE strategies can reduce construction waste by over 40% and carbon emissions by
approximately 35%.

e End-of-life phase interventions, particularly design for disassembly, are critical for
maximizing circularity.

e Digital tools (BIM, 10T) enhance transparency and resource flow efficiency but
require wider adoption.

e Supply chain fragmentation and financial barriers remain major challenges.

e Policy incentives and circular financing are effective enablers for scaling CE
integration.

Recommendations

Based on the findings, the following recommendations are proposed for researchers,
practitioners, and policymakers:

For Researchers
e Develop standardized KPIs and data protocols for lifecycle resource flow monitoring.

e Advance integrated digital twin models combining BIM and loT for dynamic CE
management.

e Investigate socio-economic impacts of CE adoption in diverse infrastructure
contexts.

For Practitioners

e Incorporate design for disassembly and modular construction principles early in
project planning.

e Invest in digital technologies and train personnel to leverage BIM and IloT
capabilities.

e Foster collaboration across supply chains to enable industrial symbiosis and
resource sharing.

For Policymakers
e Enact regulations mandating circularity considerations in infrastructure projects.

¢ Provide financial incentives, such as tax credits and green bonds, to reduce upfront
costs.

e Support capacity building and knowledge dissemination on CE best practices.
Limitations and Future Research Directions

This review is limited by the variability in study methodologies and reporting standards,
contributing to heterogeneity in meta-analysis results. Additionally, the focus on English-
language publications may exclude relevant research in other languages. Future
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research should explore longitudinal case studies to assess long-term CE impacts and
develop scalable frameworks adaptable to different regional contexts.

Appendices
Appendix A: Full PRISMA 2020 Flow Diagram
Stage Number of Records/Studies Notes
Records identified 1,243 From all databases and manual
search
Duplicates removed 231 Removed duplicate records
Records screened 1,012 Title and abstract screening
Records excluded 812 Irrelevant or non-qualifying
records
Full-text articles assessed 200 Detailed eligibility review
Full-text articles excluded 139 Did not meet inclusion criteria
Studies included in review 61 Final S“%"'es L
synthesis

Reference: Page, M. J., et al. (2021), the PRISMA 2020 statement: An updated guideline

for reporting systematic reviews. BMJ, 372, n71. https://doi.org/10.1136/bmj.n71

Appendix B: Detailed Table of Included Studies
Table B1: Comprehensive Summary of All 61 Included Studies

. Key Findings -
Study | Author(s Study CE Focus Lifecycle (Resource Digital | MMAT
Country Phase(s) Tools | Score
ID ) & Year Type Area Flow
Covered o Used (%)
Optimization)
40% reduction
Norouzi Material Design, in material
S1 etal. Iran Empirical circularit Constructi | waste via BIM 90
(2021) y on recycled
aggregates
45% increase
. . in sustainability
S2 Tetteh et Ghana Modeling Qrcu[ar [Entrre scores with None 85
al. (2023) financing lifecycle
green
financing
Pomponi . Proposed
Lifecycle . .
S3 & UK Review resource Design to |_ntegrated BIM 95
Moncast modelin End-of-life | lifecycle model
er (2017) 9 for CE
0T sensors
Constructi reduced waste
. p
S4 Zhang et China Empirical Digital on, _by 30%, BIM, 88
al. (2021) enablers . improved loT
Operation .
material
tracking
EU Green Deal
Cabeza Policy and Polic olicies critical
S5 etal. Spain Review Y a y P None 92
regulation | framework | for CE
(2021) -
adoption
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Appendix C: Figures and Diagrams

LINEAR RESOURCE FLOWS (Take-Make-Dispose)

EXTRACT PRODUCE USE DISPOSE
Raw Materials Building | 7| In Construction B as Waste
Componerats

CIRCULAR RESOURCE FLOWS (Closed-Loop System)

DESIGN | [ CONSTRUCT

for Disesendity and Netyvomd

Industrial Materials
Symblosis

RECYCLE - OPERATE

Materials Material and Maintain
Recovery

RECYCLE | ¢ REUSE (/
\ Materials Components

Figure 1: Linear vs, circular Resource Flows in Construction
Title: Linear vs, circular Resource Flows in Construction

Description: Contrasts traditional linear "cradle-to-grave" resource flows with circular
"closed-loop" flows emphasizing reuse, recycling, and regeneration. Adapted from Ellen
MacArthur Foundation (Cabeza et al., 2021).

Content Requirements:
e Show linear flow: Extract — Produce — Use — Dispose
e Show circular flow: closed loops with reuse, recycling, regeneration
¢ Include arrows indicating material pathways across lifecycle phases

e Professional diagram style with clear labels
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PRISMA 2020 Flow Diagram
for Study Selection

Records identified through database
searching (n =1,248)
Records after Duplicates
deplicates ramoved [—> removed
(n =1.012) (n =231)
Records Records excluded
screened — (n=812)
(n =1.012)
Full-text articles Full-text articles
assessed for —> excluded
eligibility (n =138)
(n =207)
Studies included in
qualitative and
quantifative synthesis
(n=81)

Figure 2: PRISMA 2020 Flow Diagram

Title: PRISMA 2020 Flow Diagram for Study Selection

Description: Visual representation of the systematic review process stages with counts of
records and studies at each stage. Adapted from Page et al. (2021).

Data from document:

Records identified: 1,243 (From databases and manual search)
Records after duplicates removed: 1,012 (Duplicates removed: 231)
Records screened: 1,012 (Title and abstract screening)

Records excluded: 812 (Irrelevant topics, non-peer-reviewed, etc.)
Full-text articles assessed: 200 (Full-text review for eligibility)
Full-text articles excluded: 139 (Did not meet inclusion criteria)

Studies included in review: 61 (Final studies included for qualitative and quantitative
synthesis)
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CONCEPTUAL MODEL OF LIFECYCLE RESOURCE FLOW
IN INFRASTRUCTURE PROJECTS

Raw
Materials  Transformations Stocks Outputs Outputs

| l N

DESIGN — CONSTRUCTION—> CONSTRUCTION — END OF-LIFE

Design __ Operation Recycled
Activities & Maintenance Materials
Energy —>
Design Operation Recycled
Specifications & Mainfenance Materials
Recycled » Built Infrastructure  Decommissioning
Materials Waste Resources

Figure 3: Conceptual Model of Lifecycle Resource Flow in Infrastructure Projects
Title: Conceptual Model of Lifecycle Resource Flow in Infrastructure Projects

Description: Diagram illustrating resource inputs, transformations, stocks, and outputs
across design, construction, operation, and end-of-life phases. Adapted from Pomponi &
Moncaster (2017).

Content Requirements:
e Show four lifecycle phases: Design, Construction, Operation, End-of-life
¢ Include resource inputs, transformations, stocks, and outputs for each phase
e Flow arrows connecting phases

e Professional technical diagram style

Forest Plot of Waste Reduction Percentages Across Studies
Study (%)

S1 © 5 (30-52%)
S2 L 3 (30-40%)
S3 L 0 (42-59%)
S4 = 8 (28-42%)
S6 = 48 (40-50%)
S6 i 40 (35-47%)
S7 L 42 (35-40%)

Overall <= 42.3% (98% Cl..

g 37.1% 10.47.3%

0 10 20 30 40 60
Waste Reduction Percentage (%)

Figure 4: Forest Plot of Waste Reduction Percentages Across Studies
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Title: Forest Plot of Waste Reduction Percentages Across Studies

Description: Displays individual study effect sizes and overall pooled estimate with
confidence intervals for waste reduction outcomes.

Data from document:
e Mean waste reduction: 42.3% (95% CI: 37.1% to 47.5%)
e Heterogeneity (12): 68%, indicating moderate variability across studies
e Random-effects model applied due to heterogeneity

e Based on 35 studies reporting quantitative waste reduction percentages

Bar Chart Comparing Emission Savings by Digital
Projects with BIM/loT vs. withot Digital Tools
50
38.5%
40
- ———____Overall Mean (34.7%)
30
28.3%
20 I
10 N=13
0
0
With BIM/IoT Without
Digital Tools

Figure 5: Bar Chart Comparing Emission Savings by Digital Tool Usage
Title: Bar Chart Comparing Emission Savings by Digital Tool Usage

Description: Comparison of carbon emission savings (%) between projects using BIM/lIoT
versus those without digital tools.

Data from document:
With BIM/IoT: Mean 38.5%, Std, dev. 5.2, N=15
¢ Without Digital Tools: Mean 28.3%, Std, dev. 6.1, N=13
e Overall mean emission reduction: 34.7% (95% CI: 29.2% to 40.1%)
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m CONSTRUCTION OPERATION

Lifecycle Resource Flow Model
Integrating CE Principles and Digital Tools

Resource Inputs Feedback Loops

END-OF-LIFE

Design for Material Lifecycle Industrial

Disassembly Circularity Thinking Symbiosis

Resource Resource
Transformation Digital W
Twins
@ CE'Principles
@ Digital Tools
Resource Flows

~» Feedback Loops

Figure 6: Lifecycle Resource Flow Model Integrating CE Principles and Digital

Tools

Title: Lifecycle Resource Flow Model Integrating CE Principles and Digital Tools

Description: Dynamic model showing feedback loops and integration of CE principles with
digital monitoring across project lifecycle phases.

Content Requirements:

e Integrate CE principles: Design for Disassembly, Material Circularity, Industrial
Symbiosis, Lifecycle Thinking, Digital Enablers

e Show digital tools: BIM, I0T, Digital Twins

¢ Include feedback loops and dynamic interactions

e Professional systems diagram style

Appendix D: Statistical Tables

Table 3: Summary of Search Results by Database

Database Records Identified R_ecords After Records Included
Duplicates Removed
Scopus 520 420 25
Web of Science 400 350 18
ScienceDirect 200 180 10
Google Scholar 100 62 5
Engineering Village 23 N/A 3
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Table 4: Quality Assessment Scores of Included Studies (MMAT)

Study ID Study Type MMAT Score (%) Notes
. High-quality
St Empirical 90 guantitative data
S2 Modeling 85 Robus} lifecycle
modeling
. . Comprehensive and
S3 Systematic Review 95 transparent

Table 7: Distribution of Studies by Life-cycle Phase and CE Strategy

. . Common CE Average Resource
Lifecycle Phase Number of Studies Strategies Efficiency Gain (%)
Design for
Design 22 Disassembly, Material 45
Circularity
Construction 30 Industnall Symbpss, 40
Waste Minimization
Maintenance
Operation 15 Optimization, Digital 35
Monitoring
End-of-Life 18 Recycling, 50
Deconstruction
Table 8: Frequency of Reported Barriers and Enablers
Category Specific Barrier/Enabler Frequency (%)
Barriers Supply chain fragmentation 78
Lack of standardized metrics 65
Financial constraints 60
Enablers Policy incentives 70
Digital technology adoption 55
Circular financing mechanisms 50
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