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ARTICLE INFO ABSTRACT
Editor: Dr Kuishuang Feng Integrating Construction 4.0 technologies—the construction-specific application of Industry 4.0—with circular
economy (CE) principles presents a transformative opportunity for the construction sector to enhance sustain-
Keywords: ability, improve resource efficiency, and build long-term resilience. Construction 4.0 refers to the digitalisation
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Things (IoT), blockchain, digital twins, robotics, and artificial intelligence (AI). Given the construction industry’s
significant environmental footprint and contribution to global waste, aligning Construction 4.0 with CE prin-
ciples is essential for shifting from traditional linear practices towards regenerative, closed-loop systems. While
sectors such as transport and manufacturing have already demonstrated the benefits of Industry 4.0 technologies
in reducing waste and optimising resources, construction has been comparatively slow to embed these in-
novations across buildings and infrastructure. In addition, despite growing scholarly and industry interest, there
remains no comprehensive framework that systematically integrates Construction 4.0 technologies with CE
principles across all stages of the construction lifecycle.

This study addresses this gap through a systematic literature review of 58 peer-reviewed articles published
between 2015 and 2024, following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. The review focused on English-language publications directly examining the intersection
of Construction 4.0 and CE in the construction sector, while excluding non-peer-reviewed studies from unrelated
industries. Thematic and co-occurrence analyses were applied to map the alignment of CE principles with
Construction 4.0 technologies across seven phases of construction: Planning, Design, Tendering, Manufacturing,
Construction, Operation, and End-of-Life. The study contributes a conceptual framework that visualises these
alignments and highlights key opportunities and barriers for advancing circularity through digital transformation
within the construction industry.

The findings highlight that BIM and IoT play pivotal roles in lifecycle planning, operational efficiency, and
resource optimisation, while Al and digital twins support predictive maintenance, material recovery, and closed-
loop optimisation. In contrast, robotics and blockchain remain underutilised in manufacturing and deconstruc-
tion, representing significant untapped potential to advance circularity. Persistent challenges, including frag-
mented stakeholder collaboration, siloed practices, and slow technological adoption, continue to impede the
sector’s ability to fully realise CE ambitions.

Future research should focus on fostering early stakeholder engagement and promoting cross-phase integra-
tion of Construction 4.0 technologies to enhance circular outcomes. Further studies are also needed to empiri-
cally validate the proposed framework across diverse project contexts and geographical settings. In addition,
future research should examine the evolving role of emerging technologies, particularly Al in accelerating the
transition towards circular construction and scaling sustainable innovation across the sector.
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1. Introduction

The global construction industry is facing growing pressure to move
away from traditional linear models that rely on intensive resource
extraction and waste generation. In response, Circular Economy (CE)
principles have gained traction as a transformative approach that seeks
to close material loops, reduce environmental impact, and promote
long-term sustainability through strategies such as reuse, recycling,
repair, and regeneration across the asset lifecycle (Ramakrishna et al.,
2020).

Complementing this shift, Construction 4.0, a subset of Industry 4.0,
introduces advanced digital technologies that support the transition to
circular construction (Nascimento et al., 2019). Technologies such as
Building Information Modelling (BIM), the Internet of Things (IoT),
Artificial Intelligence (AI), robotics, and blockchain, enhance trace-
ability, automation, data-driven decision-making, and stakeholder
collaboration throughout the project lifecycle (Elghaish et al., 2022;
Huynh-Xuan et al., 2024; Siriwardhana and Moehler, 2023). These
technologies collectively form a digital ecosystem capable of enabling
circular construction practices in a more integrated and scalable manner
(Talla and Mcllwaine, 2024).

Despite increasing interest, a major gap remains; there is currently
no comprehensive framework that maps how Construction 4.0 tech-
nologies can support CE principles across all phases of the construction
lifecycle. This lack of structured guidance limits both theoretical insight
and practical application for stakeholders. This study addresses that gap
by proposing a structured, lifecycle-oriented framework that links CE
principles to Construction 4.0 technologies—highlighting their indi-
vidual and synergistic potential to promote circularity in construction.

The study is guided by the following research questions:

1) How are the phases of the construction lifecycle examined in the
context of circular economy principles within the existing literature?

2) What phase-specific strategies for circular economy implementation
are identified in construction research, and how do these strategies
support the core principles of circularity?

3) How do Construction 4.0 technologies correspond with circular
economy principles throughout the construction lifecycle as re-
flected in the scholarly discourse?

The remainder of this article is structured as follows: Section 2 re-
views the relevant literature, highlighting gaps in existing CE frame-
works and Construction 4.0 integration. Section 3 describes the
methodology used in the system review. Section 4 presents and discusses
the findings, starting with an analysis of research trends and progressing
to the core principles of the circular economy and their integration into
distinct phases of construction. It further explores actionable circular
economy strategies and examines the transformative role of Construc-
tion 4.0 technologies in enhancing circularity through efficiency,
transparency, and sustainability. Section 5 concludes the paper by
summarising the key contributions and outlining directions for future
research.

2. Literature review

Circular economy in the construction context refers to a regenerative
model that aims to eliminate waste, extend the lifecycle of building
components, and maximise resource efficiency by applying strategies
such as reuse, repair, recycling, and recovery across all stages of the built
environment (Akomea-Frimpong et al., 2024; Minunno et al., 2018).
Unlike linear models, CE promotes closed material loops and systemic
design thinking to minimise environmental impact and preserve
embodied value. Over the past decade, CE has been increasingly
explored in the built environment, focusing on strategies such as
modular construction, design for disassembly, material recovery, and
sustainable procurement (Charef and Emmitt, 2021; Qazi and Appolloni,
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2022; Sadeghi et al., 2023; Shashi et al., 2023; Spisakova et al., 2022).
Studies by Minunno et al. (2018) and She et al. (2024) have catalogued a
range of actionable CE strategies, including reuse of by-products, pre-
fabrication, digital tracking, and early-stage design optimisation for
adaptability and longevity.

Although the literature has made notable contributions to both CE
and Construction 4.0, existing studies tend to focus on general CE
principles or isolated practices, such as waste minimisation or end-of-life
strategies, without examining how these principles interact across the
full construction process (Benachio et al., 2020; Shooshtarian et al.,
2022). Similarly, research on Construction 4.0 often explores individual
technologies like BIM or Al applied to specific project phases such as
design or demolition (Akanbi et al., 2019; Charef and Emmitt, 2021;
Shojaei et al., 2021), offering limited insight into how digital tools can
collectively support circularity across the entire lifecycle.

While frameworks have been proposed to address circularity in
construction (e.g., Charef, 2024; Hosseini et al., 2023), these are often
limited in scope—focusing either on CE principles in general or on the
application of a single technology within specific phases. They do not
provide a phase-by-phase mapping of how multiple Construction 4.0
technologies can enable a full spectrum of CE strategies across the life-
cycle (Sajid et al., 2024). The identified gap not only restricts theoretical
advancement but also hinders practical adoption, as stakeholders lack a
structured model that connects CE principles with Construction 4.0 ca-
pabilities across planning, design, manufacturing, construction, opera-
tion, and end-of-life stages (Chen et al., 2022; Illankoon and Vithanage,
2023; Yu et al., 2022). This study addresses this gap by offering a more
integrated approach: a structured, lifecycle-oriented framework that
defines distinct phases of circular construction and systematically links
them with enabling technologies such as BIM, IoT, Al, blockchain, Al-
enabled BIM and digital twins. In this context, the term “framework”
refers to a model that connects CE principles with Construction 4.0
technologies across all construction phases, highlighting their combined
and synergistic potential in practice.

Moreover, existing studies highlight significant barriers to CE
adoption, including limited technological access, fragmented stake-
holder collaboration, and a general lack of awareness or skills related to
digital tools in the industry (Fig. 1).

By bridging the gap between CE theory and Construction 4.0 appli-
cation, the framework offers both strategic guidance and practical in-
sights for industry stakeholders aiming to implement circular practices
effectively.

3. Methods

The methodology for this study follows a Systematic Literature Re-
view (SLR) approach, using both thematic and descriptive analysis to
synthesise and interpret the findings. Systematic literature reviews are
an established method for comprehensively identifying, selecting, syn-
thesising, and appraising high-quality evidence related to a specific
research question, ensuring transparency and minimising bias through a
structured and systematic process (Hossain et al., 2024; Regona et al.,
2022; Zoleykani et al., 2024). To begin the review, the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
framework was employed, ensuring a transparent and replicable process
(David et al., 2023; Moher et al, 2009). Four-stage proc-
ess—identification, screening, eligibility, and inclusion—guided the
selection of relevant studies (Khan et al., 2021). The literature search
was conducted across three major databases: Scopus, Web of Science
(WOS), and Google Scholar. Scopus was prioritised due to its extensive
coverage of academic publications, followed by cross-checking with
WOS and Google Scholar to ensure comprehensive coverage of all
relevant sources.

The search was conducted using a combination of keywords related
to Construction 4.0, technology, and the circular economy in construc-
tion. The search used for this systematic review was: “Construction 4.0”
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Fig. 1. Key challenges in implementing CE principles in the construction industry, identified from existing literature.

or “Digital Construction” or “Smart Construction” or “Building Infor-
mation Modelling” or “BIM” or ((“Internet of Things” or “IoT” or
“Artificial Intelligence” or “AI” “Robotics” or “Cobots” or “Automation”
“Digital Twin” or “Extended Reality” or “XR” or “3D” or “Additive
Manufacturing” or “Big Data” or “Machine Learning” or “Cloud
Computing” or “Blockchain”) and “Construction”) and (“Circular
Economy” or “Material Reuse” or “Waste Reduction” or “Green Build-
ing” or “Eco-Friendly Construction” or “Zero-Waste” or “Zero Waste” or
“SDG” or “Sustainable Construction” or “Sustainability in Construc-
tion”). The keywords relevant to Construction 4.0 and circular economy
were extracted from the literature and several review papers (Alcalde-
Calonge et al., 2022; van der Heijden, 2023). The initial search identi-
fied 2135 articles (Scopus = 1276; Web of Science = 859). The search
criteria used to gather these records included a combination of article
titles, abstracts, and keywords relevant to the subject matter, with an
open-ended publication date range up to 30 September 2024. First, ti-
tles, abstracts, and keywords were reviewed using primary inclusion
criteria: (i) peer-reviewed journal articles, (ii) available in full-text in
English, and (iii) directly relevant to Construction 4.0 or CE in con-
struction. This process reduced the list to 1136 articles. Duplicate entries
were identified and removed using manual review, resulting in 748
unique articles.

These articles were subjected to a secondary screening, which eval-
uated relevance based on alignment with the research aim and guiding
questions of this study. Studies were excluded if they: (i) focused solely
on general sustainability without reference to CE or Construction 4.0;
(ii) targeted sectors outside construction (e.g., manufacturing, agricul-
ture); or (iii) were conceptual pieces without methodological or
empirical insights. After this step, 192 articles remained for further
evaluation.

During the eligibility stage, the full texts of 192 articles were
reviewed using tertiary exclusion criteria, including those with insuffi-
cient methodological detail. This process reduced the pool to 91 articles.
In accordance with the PRISMA protocol, a further refinement was then
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conducted to assess the depth and relevance of each study. Articles were
excluded if they provided only broad discussion without analytical
depth, and/or addressed circularity as a peripheral rather than inte-
grated concern. This rigorous screening yielded 58 articles that were
retained for in-depth review. The process of selecting articles, as out-
lined in the PRISMA protocol, is illustrated in Fig. 2.

Following the identification and selection of relevant data and
publications, a thematic analysis was undertaken. This method is widely
acknowledged as a robust and reputable qualitative data analysis tech-
nique that enhances the methodological rigour of research (Rashidian
et al.,, 2023). This approach was particularly suited to identifying
recurring patterns and synthesising diverse findings, allowing for a
deeper understanding of how Construction 4.0 technologies align with
CE principles.

4. Results and discussion

This section presents the key findings from the systematic literature
review and provides an integrated discussion of emerging patterns,
thematic insights, and conceptual developments. The analysis is struc-
tured around several core dimensions, including research trends,
keyword associations, foundational principles of the circular economy,
construction phases, strategic CE approaches, and the role of Con-
struction 4.0 technologies. Each subsection highlights critical aspects
identified through thematic and co-occurrence analysis to support a
comprehensive understanding of how CE and Construction 4.0 intersect
in the built environment.

4.1. Trends and insights in circular economy research within construction
4.0

The first part of this section explores the evolving research landscape
at the intersection of circular economy and Construction 4.0. It begins by
analysing publication trends to demonstrate the increasing academic



S. Rashidian et al. Sustainable Production and Consumption 60 (2025) 245-259

s N
— N
Records identified through the database searches
Article titles, Abstract, keywords contains: "construction 4.0" or "digital construction" or "smart construction" or "building information
5 modelling" or "bim" or ( ( "internet of things" or "iot" or "artificial intelligence" or "ai" "robotics" or "cobots" or "automation" "digital twin" or
= "extended reality" or "xr" or "3d" or "additive manufacturing" or "big data" or "machine learning" or "cloud computing" or "blockchain" ) and
h‘;’ "construction") and ("circular economy” or "material reuse" or "waste reduction” or "green building" or "eco-friendly construction” or "zero-
] waste" or "zero waste" or "sdgs" or "sustainable construction” or "sustainability in construction®)
§ Publication date range: 2015 to 2024
(Databases: Scopus and Web of Science)
n = 2135 (Scopus = 1276, Web of Science = 859)
- \_ o
= i ]
~
Records excluded
(books, chapters, conference proceedings, editorials,
reports, articles not in English language or not peer-
reviewed, articles before 2015)
Primary inclusion Records screened by title, abstract and keywords n =999 (Scopus =727, Web of Science = 272)
and exclusion (articles, peer-reviewed, full-text, available online) J
criteria n = 1136 (Scopus = 549, Web of Science = 587)
g ) |
= ( )
§ Records excluded (duplicates are removed)
e l (n=388)
\ J/
. Secqndary Records screened after deleting duplicates
inclusion and _ J i
; iy (n=748)
exclusion criteria 4 A
Records excluded
(irrelevant to the research aim at the first full-text
screening) (n =556)
\ P,
—
Y
~
2 Full-text articles re-screened and assessed forJ L
= eligibility (n =192)
2 Full-text articles excluded
i (irrelevant to the research aim at the second full-text
L screening) (n = 101)
| S l
Bl
Full-text articles included in this study l
(n=91)
Full-text articles excluded
(irrelevant to the research findings and discussion
L at the third full-text screening) (n = 33)
Full-text articles included in this study
(n =58)
9 J

Fig. 2. Article selection process using the PRISMA method.
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interest in this area over the past decade. This is followed by a keyword
co-occurrence analysis, offering insights into the main themes, termi-
nologies, and emerging research directions within the selected
literature.

4.1.1. Research landscape

This systematic review encompassed a total of 58 articles focusing on
the intersection of Construction 4.0 technologies, CE, in the construction
industry. The publication timeline of these articles is shown in Fig. 3,
revealing a notable growing research interest and output trend over the
past seven years. The number of publications increased significantly in
subsequent years, with 10 articles published in 2021, 12 in 2022, 9 in
2023, and 20 articles published by October 2024. The low number of
publications during 2018-2020 may indicate that this research area was
still in its early stages, as the concepts of circular economy and digital
transformation in construction were just beginning to gain attention and
develop momentum (Ferdosi et al., 2023; Ullah et al., 2024; Yevu et al.,
2021). The sharp rise in publications from 2021 onward likely corre-
sponds to an increasing global focus on sustainability and resource ef-
ficiency in construction (Hentges et al., 2022; Shashi et al., 2023). In
recent years, and particularly in the first ten months of 2024, 20 articles
were published, indicating a growing awareness among stakeholders of

Sustainable Production and Consumption 60 (2025) 245-259
the potential for digital technologies to integrate CE principles.

4.1.2. Keywords co-occurrence analysis

To identify the main trending topics in the selected articles, a
keyword co-occurrence analysis was performed using VOSviewer
(Zoleykani et al., 2024), with the resulting network displayed in Fig. 4.
The minimum threshold for keyword occurrences was set to three,
allowing the identification of significant keywords while filtering out
generic terms and those with interchangeable meanings (Siriwardhana
and Moehler, 2023). Interchangeable keywords were standardised into a
single common keyword to enhance clarity and minimise redundancy,
as presented in Table 1. For example, keywords such as BIM, building
information model-BIM, building information modelling, even though
structured differently, all represent building information modelling.
Similarly, the term life cycle assessment was treated as a keyword for life
cycle, life cycle analysis, and life cycle assessment (LCA), as they all
referred to the same concept.

After standardisation, 421 keywords remained, of which 32 key-
words that appeared at least three times were selected for analysis. The
connections between these keywords are illustrated in Fig. 4, where the
size of each node represents the frequency of keyword occurrence, and
the lines indicate co-occurrences between terms. The proximity of
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Fig. 4. Keyword co-occurrence in the reviewed articles.
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Table 1
List of emerging keywords from co-occurrence analysis.

Standardised term used
for analysis

Actual keywords from articles

BIM, building information model — BIM, modelling,
building information modelling, building
information modelling (BIM), building information
modelling, building information modelling (BIM)

construction, construction industry, construction
projects, building construction building industry

construction and demolition, demolition

digital technologies, technology adoption

economics, industrial economics,

end of lives, end-of-life

environmental impact, environmental technology

gas emissions, greenhouse gases

life cycle, life cycle analysis, life cycle assessment, life
cycle assessment (LCA)

sustainability, sustainable construction, sustainable
development

Building Information
Modelling

construction industry

demolition
technology adoption
industrial economics
end-of-life
environmental impact
greenhouse gases

Life Cycle Assessment

sustainable construction

keywords indicates their relative co-occurrence: closely positioned
keywords frequently appear together in publications, while those posi-
tioned further apart are less cited together. Centrally located keywords
such as building information modelling, circular economy, and con-
struction industry indicated strong connections, suggesting these terms
were focal points in the literature, often central to discussions. Other
central terms, such as sustainable construction and architectural design,
also highlight core aspects of research related to circular economy
integration in the built environment. Keywords with high occurrences
and strong link strength reflect the primary areas of interest in the field.

Keywords like Industry 4.0, Internet of Things, technology adoption,
and automation form a distinct cluster, linking the adoption of advanced
digital technologies to the transition towards Construction 4.0. The
relative distance of these keywords from circular economy suggests less
frequent co-occurrence highlighting potential gaps in research con-
necting circular economy with emerging technologies. Operational as-
pects such as supply chains and project management appear at the
periphery indicating these areas are relevant to automation and circular
economy yet are not investigated in the literature presenting further
research opportunities in terms of the role of stakeholders in circular
economy transition through Construction 4.0

The colour gradient in the map (from blue to yellow) represents a
temporal trend, where blue signifies older research (closer to 2020) and
yellow represents newer research (closer to 2023). Established topics
such as BIM and circular economy appear in the blue and green range,
suggesting they have been consistently discussed over recent years. In
contrast, keywords with a yellow tint, like technology adoption, Con-
struction 4.0, and automation, reflect emerging areas of interest, indi-
cating a shift towards digitalisation in newer publications. The
emergence of keywords such as Al, digital twin, and big data alongside
circular economy signals a growing research interest in the combined
use of these technologies to support lifecycle thinking and CE strat-
egies—indicating a clear trajectory towards more integrated, intelligent
systems. While these specific terms are not directly visible in Fig. 4, they
are conceptually embedded within broader clusters such as technology
adoption, industry 4.0, construction 4.0, and internet of things. In
addition, their influence can also be traced through adjacent themes of
automation, supply chains, project management, and building infor-
mation modelling, all of which represent the digital transformation
pathways through which Al-driven and data-intensive approaches enter
circular construction research. Thus, even though the terminology may
not appear explicitly in the keyword network, the underlying techno-
logical shift they represent is clearly captured in the thematic structure
of the field.

It is worth noting that Life Cycle Assessment (LCA) appeared as a
recurring keyword in the co-occurrence analysis, even though it was not
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part of the initial search string. However, only a few reviewed studies
applied LCA in depth, highlighting a gap in assessing the environmental
trade-offs of CE principles. LCA is widely recognised as the established
tool for measuring CE capacities in the built environment and is
increasingly linked to Building 4.0 technologies through BIM and plug-
in analysis software such as OneClick. Future research should explore
both the barriers and enablers to adopting LCA within Building 4.0 tools
and examine its effectiveness in advancing CE outcomes in construction
practices and operations, using methods such as case studies and
stakeholder interviews.

4.2. Core principles of circular economy in construction

The construction sector is progressively acknowledging the signifi-
cance of implementing CE principles to optimise resource utilisation
(Dongez et al., 2021; Saradara et al., 2024; Torgautov et al., 2021).
Despite increasing interest, this SLR revealed that an industry-specific
framework detailing the core principles of circularity was lacking,
which reveals a significant research gap. While numerous studies dis-
cussed various principles of CE for construction, each typically focused
on a few principles, often determined by the particular research
perspective or context (Akanbi et al., 2019; Elghaish et al., 2023;
Hentges et al., 2022; Qazi and Appolloni, 2022; Sadeghi et al., 2023).
For instance, Dongez et al. (2021) examined the overarching context of
the circular economy and its transition from a linear model, highlighting
the principles of reduction, reuse, and recycling. In their investigation of
CE strategies to minimise construction and demolition waste, She et al.
(2024) also highlighted reducing consumption and promoting the reuse
and recycling of materials. Furthermore, they have recognised the re-
covery of materials as a core principle. Shashi et al. (2023) explored the
learnings and benefits of circular construction in their research,
emphasizing the importance of extending the lifespan of buildings
through sustainable design, maintenance, and repair. In their research
on the application of BIM and blockchain in circular construction supply
chains, Elghaish et al. (2023) emphasised principles including design for
disassembly and deconstruction, waste and consumption reduction, and
maximisation of resource efficiency.

The existing literature exhibits a fragmented approach, frequently
discussing relevant CE principles specific to a research aim, rather than
forming a cohesive, standard framework. The consolidation of these
principles is important for a consistent and sector-wide implementation
of the circular economy in construction. This study identified the seven
core principles of the circular economy in construction: design, effi-
ciency, reduce, repair, reuse, recycle, and recovery, illustrated in Fig. 5.
The development of a consolidated framework in this study provides a
structured basis for advancing circular economy practices in construc-
tion, offering a unified reference that can facilitate more systematic and
holistic implementation and encourage consistency across the industry.

The foundation of circular construction lies in planned and
thoughtful design. This principle includes considerations for adapt-
ability (Banihashemi et al., 2024; Minunno et al., 2018), disassembly
(Akanbi et al.,, 2019; Balasubramanian et al., 2024), durability
(Minunno et al., 2018; Saradara et al., 2024; She et al., 2024), and end-
of-life planning (Ganiyu et al., 2020; Sadeghi et al., 2023; Zandee et al.,
2024). Researchers have heavily emphasised the importance of incor-
porating these elements from the initial stages of any construction
project, from bridges and roads to buildings and utilities. Maximising
resource efficiency is a core principle of implementing circularity in
construction (Balasubramanian et al., 2024; Saradara et al., 2024; Tor-
gautov et al., 2021). Resource efficiency refers to achieving more output
or function with fewer inputs (Wagqar et al., 2023; Yevu et al., 2021). It
advocates for precise targets in resource consumption and the optimi-
sation of materials, energy, and water across all phases of infrastructure,
effectively minimising waste, conserving resources, and reducing envi-
ronmental impact throughout development, operation, and mainte-
nance (Oke et al., 2024; Saradara et al., 2024).
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Fig. 5. Circular economy principles for the construction industry.

Reduction emphasises minimising the volume and intensity of
resource inputs and reducing all forms of waste generation across all
types and phases of construction (Elghaish et al., 2022; Minunno et al.,
2018). This principle aligns closely with design-stage inter-
ventions—strategies that are embedded during the planning and design
phase to influence downstream construction practices. These include
approaches such as Lean Construction, which eliminates non-value-
adding activities and streamlines workflows; prefabrication, which
shifts production to controlled environments to reduce material waste
and inefficiencies; and modular design, which enables standardised
components to be assembled with minimal waste and greater potential
for reuse (Ganiyu et al., 2020; Minunno et al., 2018). Prioritising repair
and maintenance has also been addressed as a key concept in different
studies (Akomea-Frimpong et al., 2024; Sajid et al., 2024; Torgautov
et al., 2021). Routine repair and maintenance delay degradation and
prevent premature failure, allowing infrastructure to function efficiently
over extended periods while conserving energy and materials embedded
in replacement (Saradara et al., 2024).

Reuse involves direct or indirect salvaging of materials and com-
ponents, or entire building systems for use in the same or new applica-
tions (Elghaish et al., 2022; Sajid et al., 2024; Xu et al., 2022). However,
the environmental benefit of reuse is not guaranteed—it depends
heavily on the energy, emissions, and transport involved in recovering,
processing, and reapplying materials (Benachio et al., 2020; Ganiyu
et al., 2020; Spisakova et al., 2022). Studies indicate that when reuse
processes are inefficient or demand extensive reprocessing, they can
generate greater environmental impacts than producing new materials
(Minunno et al., 2018). Consequently, validating reuse strategies
through robust Life Cycle Assessment (LCA) is essential to confirm that
they deliver genuine net environmental benefits.

Recycling refers to the reprocessing of waste materials into raw
materials for new products, aiming to reduce landfill use and close
material loops (Qazi and Appolloni, 2022; Sajid et al., 2024; Xu et al.,
2022). Similar to reuse, recycling must be carefully evaluated—partic-
ularly regarding energy use, emissions, and downcycling risks. LCA is
commonly employed to compare recycling outcomes against virgin
material use and disposal options, and to assess trade-offs such as energy
intensity or transport emissions (Mesa et al., 2021; Zubair et al., 2024).

Recovery focuses on extracting valuable materials or energy from
waste streams or end-of-life structures, enabling resources to re-enter
the supply chain (Charef and Emmitt, 2021; Saradara et al., 2024).
Charef and Emmitt (2021) and She et al. (2024) argue that recovery
plays a crucial role in material circularity—particularly in urban mining
and selective demolition—yet its sustainability outcomes must be
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measured through methods like LCA or Material Flow Analysis to guide
decision-making and policy.

4.3. Different phases of construction through a circular economy lens

The transition from linear to CE models in the construction industry
necessitates a comprehensive, lifecycle-focused approach that confronts
traditional linear techniques and adopts cyclical strategies across
various construction phases (Banihashemi et al., 2024). The construc-
tion lifecycle, when viewed through the lens of CE, encompasses a series
of interconnected phases, each offering opportunities for circular prac-
tices. Despite growing research examining the circular economy and
construction, existing literature lacks clarity on specific phases tailored
to the CE principles. Researchers have classified construction phases in
various ways: Hentges et al. (2022) identified phases such as design,
planning, construction, use, and demolition; Charef (2024) outlined
eight phases: programming, design, tendering, construction, handover,
operation, refurbishment, and deconstruction; Hoeft et al. (2021) rec-
ognised design, construction, operation, and maintenance. The varied
classification of construction phases illustrates distinct research view-
points but presents difficulties in systematically implementing CE
principles across projects. Therefore, a unified, yet flexible catego-
risation of construction phases is essential to ensure a consistent
approach and accommodate the nuances of different project types,
scales, and regional contexts while maintaining a core commitment to
circular principles. This study established a unified framework (Fig. 6)
by categorising construction into seven primary phases—planning,
design, tendering, manufacturing, construction, operation, and end-of-
life—to systematically incorporate CE principles and facilitate a cohe-
sive, lifecycle approach to circularity across all construction projects.

The planning phase establishes the foundation for CE practices
throughout the construction project (Al Rashid and Koc, 2023; Nilimaa,
2023). It involves identifying project-specific goals that align with CE
principles such as minimising resource consumption, reducing envi-
ronmental impact, and enhancing long-term asset value (Akanbi et al.,
2019; She et al., 2024; Singh and Kumar, 2024). The design phase is
closely linked to the CE principle of ‘design’, which focuses on creating
adaptable, durable building systems designed for disassembly and made
with low-impact materials (Allam and Nik-Bakht, 2024; Guerriero et al.,
2024). This early-stage intervention is instrumental for embedding
circularity into the project from inception. Tendering in CE-oriented
construction expands the traditional procurement focus—beyond just
cost and timeline—to incorporate sustainability credentials such as
supplier commitment to material reuse, waste minimisation, and
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Planning

Establishes the project’s circular economy goals,
setting a foundation for sustainable practices in
resource use, waste reduction, and design strategy.

Design

Focuses on creating adaptable,
durable, and resource-efficient -
building designs that facilitate
disassembly, material recovery, and
long-term sustainability

Tendering

Involves selecting contractors and
suppliers who align with circular
economy principles, prioritizing
sustainable procurement and lifecycle
value over cost alone.

-

Different Phases
of Construction

Manufacturing
Produces building components with circularity in mind, favoring
modular, recyclable, and low-impact materials that support easy
assembly and future recovery.

Sustainable Production and Consumption 60 (2025) 245-259
End-of-Life

Focuses on deconstructing rather than
demolishing the building to maximise material
recovery, recycling, and reuse.

Operation

Manages the building’s daily

operations for energy, water, and

Y resource efficiency while conducting
regular maintenance to prolong
component life and prevent waste.

Construction

Implements efficient, waste-minimizing
building practices, incorporating
reused or recycled materials and on-
site sorting for optimal resource
management.

v

Fig. 6. Different phases of construction through the lens of the circular economy.

lifecycle considerations (Honic et al., 2021; Qazi and Appolloni, 2022;
Yevu et al., 2021). The manufacturing phase plays a pivotal role in
circularity by producing components that are recyclable, modular, and
efficient in material use (Ganiyu et al., 2020; Rose et al., 2025). Off-site
and prefabricated construction methods, often supported by digital
tools, are increasingly promoted for their ability to reduce waste and
improve quality control (Teisserenc and Sepasgozar, 2021; Hentges
et al., 2022).

The construction phase is where CE strategies are executed on-site,
using resource-efficient techniques, low-waste workflows, and real-
time material tracking through digital tools (Moshood et al., 2024;
Saradara et al., 2024; Talla and Mcllwaine, 2024). Moshood et al. (2024)
underscore the significance of digital technologies during the con-
struction phase for monitoring materials and enhancing resource uti-
lisation. The operation phase is concerned with efficient building
performance, maintenance, and energy management—extending
building lifespan and reducing operational impacts (Singh and Kumar,
2024; Zandee et al., 2024). Finally, the end-of-life phase emphasises
deconstruction over demolition to optimise material recovery, with a
focus on material recovery, selective disassembly, and closed-loop
recycling (Banihashemi et al., 2024; Zandee et al., 2024). It is essen-
tial to acknowledge that although these phases appear in a seemingly
linear order, they are interconnected and non-linear under CE princi-
ples. Feedback loops between phases—such as insights from operation
guiding future design, or data from end-of-life informing material
choices—are essential for continuous improvement. The interconnected
nature of the construction lifecycle under CE requires integrated
thinking and collaboration across all stages (Allam and Nik-Bakht, 2024;
Ganiyu et al., 2020).

By viewing the construction lifecycle through a circular economy
lens, we establish a foundation for targeted strategies. The next section
builds on this outline by detailing phase-specific strategies that oper-
ationalise circular principles in practice.
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4.4. Phase-specific strategies for circular economy

Existing studies have explored diverse strategies for implementing
circular economy in construction; however, each study generally ex-
amines strategies from specific research perspectives, often concen-
trating on particular aspects such as material reuse (Allam and Nik-
Bakht, 2024; Dervishaj and Gudmundsson, 2024; Guerriero et al.,
2024), lifecycle thinking (Sajid et al., 2024; Yuan et al., 2024), modular
construction (Langston and Zhang, 2021; Nilimaa, 2023; van der Heij-
den, 2023), or sustainable material selection (Masyhur et al., 2024;
Shashi et al., 2023). Minunno et al. (2018) identified seven strategies:
incorporating prefabricated structures, reusing by-products, reusing
replacement parts and components, designing for adaptability and
reusability, designing for disassembly, prioritising recyclability of ma-
terials, employing tracking technologies for subsequent use post-
deconstruction, and utilising prefabrication to achieve material con-
servation and waste minimisation. She et al. (2024) proposed strategies
to minimise the generation of construction and demolition waste,
particularly within the Australian context. They emphasised strategies
such as early stakeholder engagement and sustainability considerations,
designing for adaptation, longevity, resilience, redundancy, disas-
sembly, dematerialisation, deconstruction, and modularity, utilising
technology for waste prediction and avoidance, onsite recycling meth-
odologies, and the reuse of building materials, components, and prod-
ucts. Shi and Xu (2021) emphasised the digital cataloguing system,
building material tracking systems such as Digital Product Passports
(DPPs), and reverse logistics systems in their research concerning the
end-of-life disposal of construction and demolition waste.

In addition, real-world projects have demonstrated how Construc-
tion 4.0 technologies are being applied to support circular economy
strategies in practice. For example, Akanbi et al. (2018) applied BIM-
integrated material passports to catalogue and visualise reusable com-
ponents from existing buildings, enabling selective disassembly and
reuse planning. Leising et al. (2018) conducted an in-depth examination
of three Dutch case studies encompassing a new build, a renovation, and
a demolition project. Collaborative digital platforms and shared



S. Rashidian et al.

material databases were used to improve lifecycle traceability and in-
formation transparency across stakeholders. In addition, the study
highlighted the importance of extended supply chain responsibilities
and innovative ownership models to enable material recovery, reuse,
and long-term value retention throughout the project lifecycle.

Recent empirical studies have demonstrated the practical viability of
circular economy principles across various construction contexts. For
instance, Balletto et al. (2021) presented a strategic housing develop-
ment in Sardinia, Italy, that emphasised modular construction, reuse of
regional materials, and early-stage stakeholder collaboration to drive CE
outcomes. In a comparative supply chain study, Nasir et al. (2017)
analyzed the environmental implications of linear and circular supply
chains within the insulation sector of the construction industry. Their
life cycle assessment showed that recycled materials in circular supply
chains significantly reduced carbon emissions, emphasizing the value of
reverse logistics and secondary material flows. Kanagaraj et al. (2022)
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developed a roadmap for integrating CE in Indian infrastructure pro-
jects, identifying institutional, policy, and industry-level drivers needed
to foster adoption. Together, these case studies complement the theo-
retical strategies outlined in this review and underscore the contextual,
institutional, and technological factors necessary for successful CE
implementation in the built environment.

Although these studies offer valuable insights into strategies for
implementing the circular economy in construction from various per-
spectives, none have presented a comprehensive overview of all relevant
circular economy strategies throughout the entire construction process,
irrespective of construction type or scale. To address this gap, the cur-
rent systematic review identified 37 strategies from existing literature
and classified them based on the specific construction phases in which
they are most effectively implemented, as shown in Fig. 7. Furthermore,
this research extends beyond mere classification and compilation. In this
paper, how these strategies contribute to the core principles of the

( A
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Set Circular Economy Goals  De Ef Rd Re Rs Re Rv De Efficiency De Reuse De Recovery
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e Circular Procurement Plan Ef Rd Re Rs Re
° Design . . End-of-Life °
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Fig. 7. Phase-specific circular economy strategies in construction and their contribution to core principles.
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circular economy in construction has been identified, with clear links
established between practical implementation strategies and over-
arching CE objectives. Through this approach, a more nuanced under-
standing is provided of how actions across various construction phases
can collectively drive the transition towards a circular built
environment.

To guide the classification of strategies presented in Fig. 7, this study
draws on the R-imperatives framework proposed by Potting et al.
(2017), which outlines a hierarchy of circular actions ranging from high-
impact strategies like refuse, reduce, and reuse to those focused on
material recovery, such as recycle and recover. These imperatives served
as analytical criteria to assess how each strategy contributes to core CE
principles across construction phases. Additionally, insights from the
EMF (2015) ReSOLVE framework were consulted to ensure consistency
with broader CE discourse. This dual referencing allowed for a
comprehensive and robust mapping of strategies to circular objectives.

4.5. Construction 4.0 technologies

Construction 4.0 technologies not only address longstanding chal-
lenges in the industry, such as productivity gaps and safety concerns, but
also open new avenues for adopting CE principles in construction pha-
ses. By enabling data-driven and efficient processes, these technologies
significantly advance circular economy practices. Construction 4.0 of-
fers an array of interconnected technologies, including data-driven
platforms such as BIM and Geographic Information Systems (GIS),
automation systems, and IoT devices, that collectively improve pro-
ductivity, precision, and sustainability throughout every phase of con-
struction (Balasubramanian et al., 2024; Deng et al., 2019). This review
revealed a wide range of technologies that contribute to these goals,
each with unique applications and benefits. The technologies were
grouped according to their primary functions and applications, as shown
in Table 2.

4.6. Mapping the roles of construction 4.0 technologies across
construction phases for circular economy integration

The role of Construction 4.0 technologies in advancing CE practices
has gained attention; existing studies often focus narrowly on a single
technology—most notably, BIM—and its potential to drive circularity in
the construction industry (Rosayuru et al., 2022; Waqar et al., 2023).
Although the significance of BIM is indisputable, this narrow focus has
frequently resulted in the insufficient examination of other equally
promising technologies and their potential roles in fostering circularity
in construction. The focus on BIM in isolation limits opportunities to
analyse and discuss the application of technology by onsite workers in
construction, deconstruction and reuse, who are critical enablers of CE
in the built environment. Furthermore, research frequently examines the
influence of a singular technology on a specific aspect or principle of
circularity, typically within a specific phase. For example, some research
has explored the use of blockchain for enhancing supply chain trans-
parency in the procurement phase (Singh et al., 2023), while others
discuss the use of IoT for monitoring and managing resource use during
the operational phase (Dosumu and Uwayo, 2023; Kazmi and Sodangi,
2022). This fragmented view overlooks the interconnected and syner-
gistic nature of these technologies in enabling CE across the full con-
struction lifecycle.

To address this gap, a novel integrative framework (Fig. 8) was
developed, mapping 17 Construction 4.0 technologies across the con-
struction lifecycle and linking them to specific circular economy (CE)
principles. The framework aligns each technology with CE strat-
egies—such as design for adaptability, efficient resource use, modular
manufacturing, and material recovery—highlighting both strategic and
operational pathways for circularity. Colour-coded CE principles pro-
vide a clear visual reference for practitioners and researchers to see how
technologies directly support circular objectives in practice.
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Table 2
Construction 4.0 technologies, derived from existing literature.
Group Technology References
Data Integration and Building (Abruzzini and Abrishami, 2022;
Analytics Information Charef and Emmitt, 2021; Kamari
Technologies Modelling et al., 2022; Shi and Xu, 2021;
Sudarsan and Gavali, 2024;
Wagqar et al., 2023; Zubair et al.,
2024)
Geographic (Shashi et al., 2023; Yevu et al.,

Information Systems
Digital Twins

2021; Zubair et al., 2024)
(Dervishaj and Gudmundsson,
2024; Turk et al., 2022; Wang
and Ma, 2024)

(Charef, 2024; Kazmi and
Sodangi, 2022; Masyhur et al.,
2024; Ullah et al., 2024; Yevu

et al., 2021)

(Huynh-Xuan et al., 2024; Kazmi
and Sodangi, 2022; Siriwardhana
and Moehler, 2023; Ullah et al.,
2024; Xu et al., 2022)
(Balasubramanian et al., 2024;

Cloud Computing

Big Data Analytics

Automation and Robotics and

Robotics Automation Hoeft et al., 2021; Huynh-Xuan
Technologies et al., 2024; Magbool et al., 2023;
Oke et al., 2024; Sudarsan and
Gavali, 2024)
Robotic (Allam and Nik-Bakht, 2024;
Deconstruction Banihashemi et al., 2024;

Elghaish et al., 2022; Sudarsan
and Gavali, 2024)

(Batikha et al., 2022; do Carmo
and Sotelino, 2022; Elghaish

et al., 2022; Masyhur et al., 2024;
Najjar et al., 2022)

(Abruzzini and Abrishami, 2022;
Dosumu and Uwayo, 2023;
Kazmi and Sodangi, 2022; Ullah
et al., 2024; Yevu et al., 2021)
(Balasubramanian et al., 2024;
Dosumu and Uwayo, 2023;
Huynh-Xuan et al., 2024;
Moshood et al., 2024;
Siriwardhana and Moehler, 2023)
(Li et al., 2022; Oke et al., 2024;
Ullah et al., 2024)

(Allam and Nik-Bakht, 2024;

3D Printing
(Additive
Manufacturing)

Sensing and
Monitoring
Technologies

Internet of Things

Drones

Wearable
Technology

Visualisation and Virtual Reality and

Simulation Augmented Reality Dosumu and Uwayo, 2023;
Technologies Ganiyu et al., 2020; Liu et al.,
2024; Magbool et al., 2023; Oke
et al., 2023; Yevu et al., 2021)
Generative Design (Dervishaj and Gudmundsson,
2024; do Carmo and Sotelino,
2022; Yevu et al., 2021)

Supply Chain and Blockchain (Elghaish et al., 2022; Singh and
Lifecycle Technology Kumar, 2024; Singh et al., 2023;
Management Voorter and Koolen, 2021)
Technologies Digital Supply Chain  (Oke et al., 2024; Yevu et al.,

Management 2021)

Smart Energy Grids (Liu et al., 2024; Singh et al.,
2023; Teisserenc and Sepasgozar,

2021)

The framework shows that BIM demonstrates versatility through its
application across various construction phases, each facilitating distinct
CE principles. During the planning phase, BIM is essential for lifecycle
planning via simulation and modelling, enabling project teams to eval-
uate resource requirements, design alternatives, and environmental ef-
fects at an early stage (Charef and Emmitt, 2021; Oke et al., 2024). This
capability significantly supports the Design and Reduce principles of the
circular economy by fostering optimised design solutions that minimise
material usage, energy consumption, and environmental impact from
the outset. In the operational phase, BIM can be employed to assess
building performance for maintenance requirements, thereby directly
supporting the Efficiency and Repair principles of the circular economy
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Fig. 8. Roles of Construction 4.0 technologies across construction phases and their alignment with CE principles.
(Abruzzini and Abrishami, 2022). Researchers have examined the infrastructure, analysing data from IoT devices to forecast maintenance

application of BIM during the tendering phase of construction, specif-
ically concerning material specifications and cost estimation. The 5D
capabilities of BIM, which integrate cost data into the model, yield more
precise and comprehensive cost estimates, facilitating more informed
decisions regarding material selection and procurement (Bynum et al.,
2013; Sebastian, 2011).

Al and Machine Learning (ML) are powerful Construction 4.0 tech-
nologies capable of transforming circularity throughout all seven stages
of construction (Omotayo et al., 2025; Banihashemi et al., 2024; Honic
et al., 2021). During the Manufacturing phase, Al and ML can be utilised
to enhance production workflows by analysing real-time data to detect
bottlenecks, modify processes, and allocate resources effectively
(Balasubramanian et al., 2024; Hoeft et al., 2021). This directly aligns
with the Efficiency and Reduction principles of the circular economy by
minimising resource waste, optimising energy consumption, and facili-
tating seamless, resource-efficient production. In the Operation phase,
Al and ML can be employed to monitor system performance in
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requirements, optimise energy usage, and identify anomalies in in-
frastructures (Abruzzini and Abrishami, 2022). Al and ML facilitate
predictive maintenance and performance optimisation, thereby
enhancing the Efficiency and Repair principles of CE, prolonging the
lifespan of building components and minimising resource consumption
(Elghaish et al., 2022). During the End-of-life phase, Al and ML tech-
nologies can identify components suitable for reuse, recycling, or re-
covery, thereby effectively endorsing the principles of Reuse, Recycle,
and Recovery within the circular economy (Akanbi et al., 2019; Charef
and Emmitt, 2021). Al and ML also learn from past projects to improve
decision-making—for example, identifying recyclable assemblies or
selecting materials with lower embodied carbon (Omotayo et al., 2025).

Digital Twins provide adaptable applications throughout various
phases, including the Design phase, where they simulate building per-
formance under diverse scenarios, thereby enhancing both Design and
Efficiency principles through resource-efficient planning (Moshood
et al., 2024; Oke et al., 2024). In the End-of-Life phase, digital twins can
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map materials and systems to guide efficient disassembly and recovery,
contributing to the Recycle and Recovery principles. Combining AI and
Digital Twins will allow predictive, closed-loop systems that adapt
building operation and material decisions in real-time to achieve net-
zero material flows. Researchers have recognised the IoT as an essen-
tial Construction 4.0 technology that exhibits considerable potential in
enhancing circularity throughout multiple construction phases (Ullah
et al., 2024). During the Construction Phase, IoT can be employed to
oversee material and equipment utilisation, ensuring optimal resource
allocation and waste reduction (Balasubramanian et al., 2024). This
directly promotes the principles of Efficiency and Reduction. During the
Manufacturing phase, IoT’s real-time data monitoring facilitates modi-
fications to enhance production workflows, thereby further aligning
with these principles (Yevu et al., 2021). Blockchain technology presents
advantageous applications in the Manufacturing Phase for tracing ma-
terial origins, thereby enhancing Efficiency and Recycling principles
(Singh et al., 2023; Voorter and Koolen, 2021). During the End-of-Life
Phase, blockchain can be utilised to authenticate the origins of mate-
rials for precise recovery, thereby directly supporting the Recovery
principle (Oke et al., 2024; Siriwardhana and Moehler, 2023). This
corresponds with the increasing interest in utilising blockchain to
improve transparency and traceability in construction processes. Future
applications may involve smart contracts for dynamic CE compliance or
carbon credit tracking.

Other emerging technologies—including 3D printing, VR/AR,
drones, and wearables—also contribute to circularity across multiple
phases of construction. 3D printing enables localised, material-efficient
production and the use of recycled inputs, advancing the CE principles of
Reduce and Recycle. VR and AR enhance design precision and provide
real-time on-site guidance, minimising errors and material waste,
thereby supporting Design and Efficiency. Drones contribute signifi-
cantly during the planning phase by conducting aerial site surveys to
inform optimal design decisions (Design, Reduce), and in the construc-
tion phase by enabling real-time monitoring and reducing the need for
resource-intensive manual inspections (Efficiency, Reduce). Also,
wearables enhance worker safety and productivity, indirectly strength-
ening Efficiency by reducing downtime and improving workflow
continuity.

The integration of these technologies across the construction life-
cycle signifies a fundamental transformation in the industry’s approach
to sustainability and resource management. These technologies are
frequently used together, producing integrated solutions that enhance
their respective advantages (Balasubramanian et al., 2024; Huynh-Xuan
et al., 2024; Zhang et al., 2024). For instance, combining BIM with IoT
enables real-time monitoring and data-driven insights across all project
phases (Elghaish et al., 2023; Elghaish et al., 2022). Similarly, digital
twins and VR/AR enhance both design accuracy and on-site perfor-
mance monitoring, ensuring optimal resource allocation and aligning
closely with CE principles (Dervishaj and Gudmundsson, 2024; Teis-
serenc and Sepasgozar, 2021).

Several pioneering projects exemplify how these technologies are
being combined in practice. For instance, Elghaish et al. (2022) docu-
mented how blockchain and BIM were integrated in a supply chain
context to support material traceability and CE compliance. In a UK-
based design optimisation case, Al-enabled BIM tools were used to
forecast environmental performance and automate material selection,
aligning with CE goals such as reduction and adaptability (Elghaish
et al., 2023). Similarly, a pilot project in the Netherlands deployed IoT
sensors on-site to monitor energy use and construction waste, enabling
real-time adjustments and promoting resource efficiency (Yevu et al.,
2021). These applied cases illustrate that Construction 4.0 is not merely
a conceptual toolset but a practical ecosystem enabling the imple-
mentation of circular economy principles in real-world projects.

However, the implementation of Construction 4.0 may necessitate
significant upfront financial expenditures and the engagement of qual-
ified professionals (Balasubramanian et al., 2024; Huynh-Xuan et al.,
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2024). Nonetheless, continuing advantages regarding resource effi-
ciency, waste minimisation, and enhanced lifecycle management are
expected to surpass these initial expenditures (Balasubramanian et al.,
2024; Elghaish et al., 2022). Moreover, realising the full potential of
these technologies in supporting CE requires active involvement and
collaboration from various stakeholders, including contractors, sup-
pliers, designers, and policymakers (Abdelaal and Guo, 2022; Dongez
et al., 2021; Honic et al., 2021; Sadeghi et al., 2023).

Beyond identifying current applications, the review of existing
studies reveals several visionary pathways that represent fertile ground
for innovation within Construction 4.0-enabled circular construction. A
particularly promising area is the deeper integration of Al into BIM
environments to support predictive design optimisation, scenario
simulation, and lifecycle-based material selection (Ganiyu et al., 2020;
Elghaish et al., 2022). Al-driven BIM supports the circular economy by
integrating intelligent data management, automation, and predictive
analytics into the building lifecycle (Omotayo et al., 2025). Al enhances
BIM’s ability to track materials, assess their condition, and optimise
reuse or recycling at the end of a building’s life (Akanbi et al., 2019;
Talla and Mcllwaine, 2024). This data-rich, model-based approach en-
ables designers and contractors to choose materials with higher recy-
clability, plan for disassembly, and reduce waste during construction
(Omotayo et al., 2025).

Another key direction lies in coupling digital twins with IoT-enabled
real-time sensing to enable dynamic, closed-loop decision-making,
especially during the operation and end-of-life phases (Teisserenc and
Sepasgozar, 2021; Moshood et al., 2024). These digital ecosystems can
support continuous monitoring of performance, degradation, and reuse
potential, facilitating responsive circular strategies. Blockchain-based
circular supply chains offer new opportunities for traceability, mate-
rial provenance, and dynamic pricing mechanisms that incentivise re-
covery and reuse (Elghaish et al., 2022; Singh and Kumar, 2024).
Integrating blockchain with procurement and inventory platforms could
further ensure transparency and accountability in material flows (Ara
et al., 2021; Kim and Kim, 2024).

Advanced robotics, particularly in combination with Al, can auto-
mate complex CE tasks such as selective deconstruction, on-site material
sorting, and recovery in urban mining contexts—areas where manual
intervention is currently resource-intensive and inefficient (Elghaish
et al., 2022; Rodrigo et al., 2023). Emerging robotic workflows for
construction and demolition (waste selective deconstruction and sort-
ing) indicate potential to raise recovery rates and quality while
improving safety (Lee and Brell-Cokcan, 2023). Early case-based dem-
onstrations further showcase mobile robotic systems for earth-based
additive manufacturing and on-site sorting, which align with CE ob-
jectives when integrated with digital material inventories and passports
(Kokkalis et al., 2025).

5. Future research directions

Drawing on insights from the reviewed literature that has begun to
articulate visionary pathways for integrating Construction 4.0 and CE
principles, this section delineates key avenues for future research aimed
at deepening and operationalising this integration. Future research
should explore novel and interdisciplinary domains that can advance
circularity in construction beyond current approaches. Emerging inter-
disciplinary areas present promising avenues for advancing CE practices
throughout the construction lifecycle. For instance, Al-driven generative
design tools, already discussed in relation to resource-efficient layouts,
hold potential for the automated development of disassemble and low-
impact buildings. Similarly, blockchain-based logistics system-
s—examined here in the context of supply chain traceability—can sup-
port closed-loop material flows and enhance accountability. There is
also considerable scope to explore how digital twins might be leveraged
for real-time collaboration among project stakeholders, enabling more
responsive and integrated circular decision-making. Collectively, these
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developments signal a shift from conceptual models towards more dy-
namic, data-informed CE practices.

In this context, Al-driven BIM emerges as a particularly urgent
research frontier. Although applications are beginning to appear, they
remain scarce and limited in scope, creating a critical gap that must be
addressed as a strategic priority. Building on this, future research should
also explore how combinations of Construction 4.0 tech-
nologies—particularly Al-driven BIM, IoT-enhanced digital twins, and
blockchain-enabled supply chain platforms—can work in synergy to
accelerate the transition towards circularity. Addressing practical chal-
lenges, such as interoperability, data governance, and lifecycle inte-
gration, will be critical to unlocking their transformative potential.
Seamless communication across platforms, devices, and stakeholders is
essential to achieving system-wide circularity. These integrations mark a
shift from isolated technological applications to systemic, interoperable
solutions that holistically advance circularity in the built environment.
Moreover, the role of specific technologies, such as robotics and digital
twins, in less-explored phases like manufacturing and end-of-life, war-
rants further investigation.

To advance each identified research area, future studies should go
beyond conceptual discussions and focus on practical implementation
pathways. For example, research on Construction 4.0 technologies could
explore integrated platforms (such as combining AI, BIM, and IoT) to
optimise material flows and enable predictive maintenance. Likewise,
the circular economy strategies introduced in this study can be
strengthened through empirical validation in real-world projects across
different regions and construction types.

Furthermore, future research should build on the introduced
framework by examining how Construction 4.0 technologies can
enhance stakeholder collaboration and address the industry’s persistent
fragmentation. Embedding stakeholders within construction and CE
phases alongside digital tools would create a more comprehensive
framework for identifying both opportunities and barriers to circular
practices. A major research priority is understanding how these tech-
nologies can help shift the industry from a linear to a circular model,
which will require not only individual adoption but also coordinated
uptake across the network of stakeholders. CE will ultimately require a
fragmented industry to function in an ongoing cyclical fashion, which
will require a deep understanding of technology adoption by, and
importantly between, various stakeholders.

6. Conclusions

This systematic literature review developed a novel tech-
nology-phase framework explaining how Construction 4.0 technologies
can operationalise Circular Economy (CE) principles across the con-
struction lifecycle. Drawing on thematic and co-occurrence analyses of
58 peer-reviewed studies, the research identified how digital innovation
supports circular practices across seven key phases—Planning, Design,
Tendering, Manufacturing, Construction, Operation, and End-of-Life.

The synthesis demonstrates that digitalisation is reshaping the con-
struction industry’s pathway towards circularity. Technologies such as
BIM, IoT, digital twins, Al, robotics, and blockchain collectively enhance
resource efficiency, traceability, and lifecycle performance, helping to
close material and information loops. However, the analysis also reveals
uneven technological maturity, fragmented collaboration, high upfront
financial costs, and institutional barriers that limit widespread adoption.

Building on these insights, several key takeaways emerge from the
synthesis, highlighting both the current state of knowledge and the
pathways for advancing circularity through digital transformation:

e Early integration of digital tools during the planning and design
stages yields stronger downstream circular outcomes.

e BIM and IoT remain the most established technologies, offering real-
time visibility, material tracking, and lifecycle optimisation.
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e Al and digital twins enable predictive circularity through fore-
casting, maintenance, and end-of-life resource recovery.

Robotics and blockchain are still in the early stages of application
within the construction industry. Yet, they hold substantial potential
to advance circularity by improving automation, traceability, and
material flow transparency across project phases.

Collaboration across disciplines and governance mechanisms is
critical for translating digital potential into measurable circular
outcomes.

Persistent policy and capacity gaps continue to restrict the uptake of
Construction 4.0, particularly in developing economies.

While this review provides a significant synthesis, it is limited by its
focus on English-language publications, which may omit insights from
non-English studies. Future research should therefore expand the lin-
guistic and geographical scope while validating and operationalising the
proposed framework to guide the global transition towards circular and
digitally enabled construction.
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