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A B S T R A C T

The construction industry plays a critical role in Circular Economy (CE) transition because of its significant
resource intensity. However, construction CE is limited due to its unique industrial characteristics and the
complex nature of CE. To tackle wicked CE challenges, Information & Communication Technologies (ICT)
are recognised as promising solutions since they provide potential support to CE-oriented decision-making.
However, the effectiveness and challenges of applying ICT to a broader decision-making context to implement
CE in the built environment remain unexplored. Thus, this study provides a comprehensive overview of ICT-
based decision support tools applied to implement construction CE. Through a systematic literature review,
62 papers published during 2010–2021 are selected, categorised, and analysed. First, the state-of-the-art of
these tools is described. Then, a theoretical framework is proposed to articulate the mechanism of how ICT-
based tools support circular construction/demolition practices throughout the building life-cycle. The research
and development of ICT-based decision support tools are vital to successful construction CE implementation.
However, scant attention has been devoted to integrating relevant technologies in a comprehensive information
system by considering the complex landscape of CE. Based on critical literature analysis, challenges of
applying ICT to support CE are identified from technology, business, and societal perspectives. Furthermore,
recommendations for future research directions are provided including the conceptual reference architecture
of a Circularity Information Platform that demonstrates the desirable technology integration. We encourage
more interdisciplinary research to contribute to the development of a new research paradigm: Smart Circular
Construction Ecosystems.
1. Introduction

The development of Circular Economy (CE) received increasing
attention from academics, industrial actors, and policymakers over the
last decades. Taking cleaner production and resource conservation as its
core, CE entails an integrated approach to the design of processes, prod-
ucts/services, and business models, harmonising economic growth and
environmental protection (EMF, 2015). It is not only about reducing
the negative environmental impact of the linear economy, but rather
envisages a systematic shift towards a restorative and regenerative pro-
duction system directing the circular flow of materials and reducing and
ultimately eliminating waste (Ghisellini et al., 2018). Among different
industries, the construction industry attracts the most attention in the
CE transition because of its significant resource intensity (WEF, 2015).
In the Netherlands, for example, the construction industry accounts
for around 50% of the total material consumption (Rijkswaterstaat,
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2016). Besides, the annual amount of Construction and Demolition
Waste (CDW) in the Dutch construction sector is approximately 25
million tonnes, which occupies around 46% of the total amount of
waste in the whole country (Eurostat, 2017). Since realising CE in the
construction industry is regarded as one of the top priorities for the
national economic development in many countries (McDowall et al.,
2017), there is an urgent need to explore CE implementation in this
wasteful industry (Schult et al., 2015).

Although CE challenges in the construction industry are multi-
dimensional, the areas of major challenges are generally summarised
as: design & construction strategies, supply chain management, policy
strategies for CE adoption, End-of-Life (EoL) principles, CDW manage-
ment strategies, information exchanges & analytics for CE (Antwi-Afari
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et al., 2021). These challenges are closely related to the unique char-
acteristics of the construction industry. First, the material consumption
pattern in this industry provides neither convenience nor a fair start-
ing point to tackle CE challenges. The construction materials interact
dynamically with each other in a building project spanning large
spatial and temporal differences. They are difficult to manage from
a CE perspective given the fact that the life-cycle properties of dif-
ferent materials vary significantly (Pomponi and Moncaster, 2017),
and the extensive lifespan of construction products can bring vari-
ous operational uncertainties at the EoL phase (Adams et al., 2017).
Second, the fragmented structure of this industry has been blamed
for its low efficiency for decades (Vrijhoef, 2011). Constructions are
highly heterogeneous environments, with critical information and co-
ordination needs, and spanning a relatively large business network
in which different parties only speak their own languages (Adriaanse
et al., 2010). Therefore, a massive amount of waste is generated in
the built environment due to the poor coordination among multiple
stakeholders across a supply chain that spans considerable geographic
and time frames (Deng et al., 2019). Furthermore, the scalable im-
plementation of CE is inherently difficult to achieve no matter which
industry is considered. It is well-recognised that CE transition is a
multi-dimensional challenge involving environmental, economic, tech-
nological, societal, governmental, and behavioural factors (Pomponi
and Moncaster, 2017). Therefore, innovative solutions are in demand
to address wicked CE challenges in the construction industry.

To this end, Information and Communication Technologies (ICT) are
recognised as a critical part of the path towards CE (Singh et al., 2021).
Among various enablers for CE, ICT-based solutions are prioritised for
future CE implementation (Demestichas and Daskalakis, 2020). The
marriage between ICT and CE can deliver transformative environmen-
tal, health, and societal benefits with reshaped waste management
practices (Mavropoulos and Nilsen, 2020). In a newly proposed CE
action plan, European Commission (2020) summarised multiple areas
where ICT-based decision support tools can potentially support CE: (1)
designing sustainable products by mobilising the potential of digital-
isation of production information, (2) promoting circular production
by tracking, tracing, and mapping of resource flows, (3) improving the
durability and adaptability of built assets in line with CE principles
based on robust material information management, and (4) innovating
data space and providing the architecture and governance system for
smart circular applications.

ICT have great potential to manage a product efficiently through
its entire life-cycle in a collaborative and transparent manner based on
digitised information, which makes them valuable to construction CE
transition (European Commission, 2020). The construction industry is
characterised by complex construction material flows entailing a mas-
sive amount of information to be collected, processed, and analysed.
Therefore, robust information management based on ICT is essential
to improve the traceability and accessibility of materials and facilitate
the decision-making regarding construction material recovery (Akanbi
et al., 2020). However, the effectiveness and challenges of applying ICT
to a broader operational context of decision support tools to foster CE
in the construction industry have not been systematically addressed in
the literature.

The theoretical discussions on implementing CE in the built envi-
ronment focused on different dimensions in the recent years: Pomponi
and Moncaster (2017) developed a CE research framework for the built
environment by revealing fundamental dimensions of CE. Adams et al.
(2017) provided an industrywide perspective of CE awareness, chal-
lenges, and enablers. Ghisellini et al. (2018) analysed the CE literature
and explored how 3R principles can be applied to CDW management.
To understand the recent developments of how CE can be applied to the
construction industry, Benachio et al. (2020) summarised 6 research
themes. Besides, López Ruiz et al. (2020) proposed a theoretical frame-
work integrating 14 CE strategies for CDW management, and Hossain
2

et al. (2020) developed an integrated framework for CE adoption in
the construction industry. Furthermore, Munaro et al. (2020) provided
a comprehensive overview of how the built environment approaches
CE concepts. Most recently, Antwi-Afari et al. (2021) conducted a
scientometric analysis to identify circularity gaps in the construction
industry. Regarding specifications of applying ICT to support CE, De-
mestichas and Daskalakis (2020) clarified the practical role of ICT on
the CE transition at a general level across different industries. However,
limited attention has been paid, from a theoretical point of view, to
bridge conventional CDW management to the extensive landscape of CE
by applying ICT solutions. Therefore, a theoretical guideline is missing
regarding the research and development of ICT-based decision support
tools specifically for the CE implementation in the built environment.

This study aims to fill in this research gap by presenting a sys-
tematic literature review of the state-of-the-art concerning ICT-based
decision support tools that facilitate construction CE implementation.
The objectives of this study are threefold:

• To understand the state-of-the-art of the ICT-based decision sup-
port tools regarding their CE principle indications, contribution
aspects, functional supports, technical characteristics and stake-
holder configurations;

• To propose a theoretical framework articulating how ICT are ap-
plied to support CE practices throughout the construction project
life-cycle;

• To outline the future research directions of developing ICT-based
decision support tools to enhance construction CE implementa-
tion.

This article unfolds as follows: the next section presents the lit-
erature review methodology. In Section 3, an overview of the state-
of-the-art is provided. Section 4 is dedicated to a critical analysis of
the literature review from multiple perspectives. In Section 5, current
challenges and future research directions are outlined and discussed.
Finally, conclusions are included in Section 6.

2. Methodology

To provide a comprehensive overview of the existing scientific evi-
dence concerning a research domain, a systematic literature review is
often deployed. It is a means of identifying, evaluating and interpreting
all available studies regarding the topic of interest (Kitchenham and
Charters, 2007). Also, it guides new research directions based on the
identification of knowledge gaps (Tranfield et al., 2003). The overall
workflow of this research is summarised graphically in Fig. 1.

This study is based on a systematic literature review initiated in
December 2020 (enriched in November 2021 during the revision) by
using Web of Science as a literature database. We followed systematic
literature review methodology proposed by Kitchenham and Brereton
(2013) to ensure a replicable review process and the validity of our
conclusions. For a literature analysis, the searching scope is critical.
However, it is a non-trivial task to define such a scope efficiently
and appropriately when the topic is related to CE. Simply applying a
limited number of keywords is unlikely to retrieve a comprehensive
list of articles because CE is a complex concept that covers extensive
but scattered implications on diverse scientific fields. Therefore, the
standard manual search was supported by additional citation analysis.
Specifically, the references of the selected papers were reviewed to cap-
ture missing candidate papers once the preliminary search process was
completed. This is also known as the backward snowballing technique
which is often applied to improve the comprehensiveness of the review
(Kitchenham and Charters, 2007).

The query string was developed by combining relevant keywords.
CE is an essentially contested concept and numerous definitions were
given by scholars from different perspectives. The core of CE is gener-
ally viewed as a sustainable vision of realising a circular/closed-loop

structure of materials and energy consumption in the whole economic
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Fig. 1. Outline of the study methodology.

system, based on but not limited to, waste management practices (Geng
and Doberstein, 2008). Thus, the keywords encompassing the scope of
CE implementation were determined as ‘‘Circular Economy’’, ‘‘Closed-
loop’’, and ‘‘Construction & Demolition Waste management’’. According
to the classification provided by Demestichas and Daskalakis (2020),
the term of ICT can be divided into seven branches, namely, Build-
ing Information Modelling, Big Data, Geographic Information Systems,
Internet of Things, Radio-Frequency Identification, Blockchain, and
Simulation and Modelling. By combining the aforementioned keywords
with the ones scoping the decision support tools applied in the con-
struction and demolition sector, the final keyword combination was
determined as follows:

(‘‘Circular Economy’’ OR ‘‘Circularity’’ OR ‘‘Closed-loop’’ OR Construc-
tion demolition waste management") AND (‘‘Building Information Mod-
elling’’ OR ‘‘Big data’’ OR ‘‘Geographic Information Systems’’ OR ‘‘In-
ternet of Things’’ OR ‘‘Radio-Frequency Identification’’ OR ‘‘Blockchain’’
OR ‘‘Modelling’’ OR ‘‘Simulation’’) AND ((‘‘Decision’’ AND (‘‘Support’’
OR ‘‘Tool’’ OR ‘‘Making’’)) OR (‘‘Information’’ AND (‘‘Platform’’ OR
‘‘System’’))) AND (‘‘Construction’’ OR ‘‘Demolition’’ OR ‘‘Building’’))

Only peer-reviewed journal papers and conference proceedings pub-
lished during the last decade were considered in this study because
the academic publications of CE for constructions started to gain mo-
mentum since 2010 (Munaro et al., 2020). First, 506 papers were
collected based on the enquiry strings with inclusion criteria of articles
written in English published between 2010 to 2021. Afterwards, a
preliminary filtering process was conducted to examine the literature
relevance by screen-scanning titles and keywords based on the criteria
of (1) The documents present the information about development
and/or application of ICT-based decision support tools for a circular
construction industry, (2) The full-text of the documents are available.
This process resulted in 281 candidate papers. Note that this analysis
3

included studies investigating CE-oriented decision support tools with
practical evidence but not theoretical development studies focusing
on CE conceptualisation. Then, the following criteria were applied to
further filter articles:

• The studies develop and/or apply a decision support tool that
primarily aims to facilitate actors with CE implementation in
construction and/or demolition projects;

• The decision support tool is considered as an information system
that is enabled by one or more ICT techniques;

• The studies contain information about the tool regarding its con-
ceptual prototyping and/or practical implementation.

The detailed selection processes led to a shortlist of 55 papers. To
improve the completeness of the shortlist, a first-degree backward cita-
tion analysis was conducted. Another 7 articles that met the inclusion
criteria were added to the shortlist, which brought the final result of
62 papers (Appendix: Table 2).

3. State-of-the-art

This section first summarises the state-of-the-art of how seven types
of ICT-based decision support tools would contribute to CE transition
in the construction industry. Then, the state-of-the-art is analysed from
multi-dimensional CE perspectives.

3.1. Building information modelling

Building Information Modelling (BIM), the digital representation of
the physical and functional characteristics of an asset, serves as a col-
laborative knowledge resource for life-cycle information management
and provides a reliable basis for decision support from inception on-
ward (NBIMS, 2015). It is an information technology with the primary
purpose of improving the efficiency of construction management and
has received substantial attention on the CE transition in the built
environment (Akanbi et al., 2018).

First, quantitative prediction of waste in advance is crucial for the
analytics of CDW management because limited time is allowed for
material recovery at the EoL phase (Akanbi et al., 2020). Cheng and
Ma (2013) developed a system to extract material information from
BIM and integrated the information into CDW management planning.
Another BIM-based whole-life performance estimator was proposed to
enable accurate estimation of recoverability and recyclability of CDW
(Akanbi et al., 2018). Predictive algorithms were applied to estimate
quantities of CDW for reusing/recycling in a BIM environment (Guerra
et al., 2020). Additionally, Akanbi et al. (2020) applied deep learn-
ing techniques to develop a BIM-based computational tool for CDW
prediction. More recently, Quinones et al. (2021) proposed a BIM-
based method to estimate CDW at the design stage by integrating a
quantification model in three BIM platforms, while Miatto et al. (2021)
combined BIM with material flow analysis to track brick material
cycles.

Second, BIM contributes to waste minimisation through designing.
A structural BIM model was integrated with a waste-optimisation tech-
nique to reduce rebar trim waste (Porwal and Hewage, 2012). Liu
et al. (2015) developed a BIM-based decision support framework to
improve CDW minimisation performance. Besides, a reconstructed 3D
model was combined with BIM to establish a deconstruction waste
management system (Ge et al., 2017). A disassembly and deconstruc-
tion analytic system was proposed based on BIM to assess the EoL
performance of building designs (Akanbi et al., 2019). Third, BIM en-
ables high-quality collaboration to achieve efficient CDW management.
BIM was applied to minimise waste during the manufacturing phase
by Sacks et al. (2010) in the form of a digital platform visualising
process workflows. Supported by the system dynamic simulation, BIM
was used to predict and minimise CDW generation from change orders
(Porwal et al., 2020).
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Furthermore, BIM contributes to environmental and economic per-
formance evaluation. A BIM-based CDW information management sys-
tem was constructed to facilitate the quantification of greenhouse gas
emissions emitted from CDW (Xu et al., 2019). Similarly, a BIM-based
approach was proposed to measure carbon emission reduction of a
prefabricated building project (Hao et al., 2020). Regarding economic
profits brought by waste management, a BIM model provided reliable
and accurate information required for cost–benefit analysis of waste
management alternatives (Hamidi et al., 2014). Also, Shi and Xu (2021)
established a BIM-based CDW information system to reduce CDW and
calculate the disposal costs and carbon emissions in order to achieve
environmental and economic balance.

In summary, BIM plays a central role in the technological devel-
opment for construction CE implementation because it can optimise
the design to reduce resource consumption and waste creation by (1)
storing, sharing and monitoring life-cycle information of materials, (2)
providing a virtual collaborative environment for different stakeholders
to communicate, visualise and validate project details throughout the
entire life-cycle, and (3) serving as an information repository to be in-
tegrated with various types of other techniques, which enables flexible
CE-oriented functionalities.

3.2. Geographic information systems

To assess the temporal and spatial dynamics of material transactions
at a regional level, one of the widely applied computational resources is
Geographic Information Systems (GIS) (Mastrucci et al., 2017). Beyond
its unique capabilities of revealing deeper insights into data in the
spatial form, the application of GIS on construction waste manage-
ment is innovative in terms of the systemisation, visual representation,
and quantitative analysis of CDW flows (Wu et al., 2016). To better
implement CE strategies for the construction sector, models need to
provide the detailed analysis of spatialising, quantifying and estimating
material and waste flows across temporal differences (Stephan and
Athanassiadis, 2018).

First, GIS provide a comprehensive foundation for Life Cycle As-
sessment (LCA). Blengini and Garbarino (2010) applied a GIS model
combined with LCA to analyse land use, transportation and landfill
related to the CDW recycling chain. Another study evaluated the envi-
ronmental impact of CDW and the potential for improvement of CDW
management by combining a bottom-up material stock model based
on GIS and a spatial–temporal database with LCA (Mastrucci et al.,
2017). Also, LCA was combined with geo-spatial analysis of material
transportation to quantify the transportation impacts of concrete pro-
duction (Göswein et al., 2018). Heeren and Hellweg (2019) proposed
a GIS-based building stock model to determine volumetric information
of material stocks combined with LCA and material flow analysis.

Second, GIS can realise predictive spatial quantification of CDW. Wu
et al. (2016) proposed a GIS-based approach quantifying the CDW from
generation to final disposal, which supported CDW management. To
predict the amount of recyclable materials, a GIS tool was developed by
applying change detection based on image matching (Kleemann et al.,
2017). A dynamic and stock-driven model was proposed to quantify
the material replacement flows through a detailed spatial and temporal
analysis (Stephan and Athanassiadis, 2018). Besides, a spatially explicit
analysis was conducted based on GIS to estimate the CDW flows at an
urban level (Miatto et al., 2019), and a 4D GIS model was developed
to illustrate the spatial and temporal patterns and material metabolism
evolution of buildings (Wang et al., 2019). Additionally, Arciniegas
et al. (2019) developed an open-source tool based on a geo-design
approach to promote CE strategies regarding waste management and
recycling in the urban area.

GIS-based tools primarily support the spatial analysis of CDW from
generation, sorting, collection, transportation to disposal destinations
(da Paz et al., 2018). Zooming out from an individual building project,
4

the application of GIS presents a comprehensive and predictive overview
of construction and demolition material flows at the regional level. GIS
integrated with other technologies articulate the interrelations between
different material flows, territories and groups of actors, and serve as
a mediator to translate the complex information of material flows into
applicable knowledge for stakeholders in the spatial planning process
(Arciniegas et al., 2019). Thus, GIS applications in the construction
industry open the windows of opportunities to sustain material value
and support CE transition.

3.3. Radio frequency identification

Radio Frequency Identification (RFID) is known as an identifica-
tion technology that collects indexing information of physical objects
according to different wave frequencies using mediators such as tags,
antenna and readers (Teizer et al., 2020). It provides wireless com-
munication between tags and readers, which facilitates real-time man-
agement of construction materials and components through automated
identification processes (Ruan and Hu, 2011).

Early in 2011, an RFID-based transportation tracking system was
developed and applied to manage construction waste (Ruan and Hu,
2011). Later, information life-cycle management systems based on
RFID were proposed to enhance on-site material control (Lee et al.,
2013) and material monitoring and management (Ren and Li, 2018),
which further improved productivity and resource efficiency. Zhang
and Atkins (2015) developed a smart waste management system based
on RFID to help recycling companies in tracking, scheduling and han-
dling incidents of waste movement. The application of automated RFID
integrated with BIM can improve the data accessibility and traceability
of building elements through their life-cycles (Swift et al., 2017).
Similarly, RFID-enabled BIM platforms were developed to handle the
critical schedule planning of prefabrication processes (Li et al., 2017),
and reduce unnecessary waste of labour and material resources (Ma
et al., 2019). RFID was also applied to develop a long-range wireless
data communication application in an Internet of Things network, to
enhance construction resource tracking and monitoring (Teizer et al.,
2020).

In summary, the basic function of RFID is to ensure the correctness
of materials and components placements and provide construction
managers with real-time information regarding material delivery quan-
tity and timing. It can also be applied to improve the efficiency of
material consumption from the perspectives of (1) tracking their de-
livery logistic to minimise waste generation, (2) interchanging and
adapting them to new uses during renovation, and (3) managing their
conditions and performance during the operational and end-of-life
phase. Therefore, the application of RFID-based sensor networks en-
hances the robustness of the life-cycle information management of
building materials and equipment. It further contributes to the closed-
loop material flows by enabling adaptive reuse of materials among
different project sites.

3.4. Big data analytics

Big data refers to enormous datasets that have a large, varied and
complex structure with a drastic growing pace and difficult to be stored
and analysed (Chen et al., 2014). The process of revealing hidden
patterns and potential correlations among data in order to gain richer
and deeper insights into the current situation and future development
trend is known as Big Data Analytics (BDA) (Sagiroglu and Sinanc,
2013). With the digitalisation of the construction industry, massive
datasets are generated throughout the life-cycle of an asset. The vast
and rapid accumulation of the dataset and computational complexity
bring an opportunity to implement BDA in the built environment (Bilal
et al., 2016).

To develop a BIM plug-in to predict and minimise CDW, BIM-

enabled building waste analysis was proposed based on BDA (Bilal
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et al., 2015). Then, the first BDA-based architecture for CDW analyt-
ics was developed by integrating graph-based components with BIM
to estimate the waste distribution by types, routes, time and space
(Bilal et al., 2016). This architecture is an informative reference for
developing BDA based on a BIM environment to realise design out of
waste and optimise CDW management plans. In parallel, others also
applied BDA to evaluate the sustainable performance of a building
based on larger public datasets. Lu et al. (2015) proposed perfor-
mance benchmarks of CDW management through BDA and applied data
mining to identify the reasons for poor CDW management. Similarly,
the application of BDA was deployed in the decision support tools
to evaluate the effect of green buildings on waste minimisation (Lu
et al., 2018), and to investigate the performance differences between
public and private sectors on CDW management (Lu et al., 2016).
Furthermore, the concept of big data was implemented based on a
decision tree in an analytical tool to identify illegal CDW dumping
and disposal (Lu, 2019). Besides, a cost–benefit analysis was conducted
specifically on CDW management of green buildings by mining big
datasets to support investment decision-making on sustainable building
development (Chen et al., 2018a).

In general, BDA-enabled CDW management is still at an incipient
stage but with promising growing momentum. Big data motivates
advanced CDW management of deploying data-driven solutions to min-
imise waste before it occurs by handling data storage and analysis at
scale (Bilal et al., 2016). The unique capability of investigating a large
number of projects over a long period prioritises BDA over traditional
data analysis and offers decision-making bases for precise and confident
prediction of waste flows (Li et al., 2020). Also, BDA can be integrated
with BIM seamlessly (Bilal et al., 2016). The functional flexibility
of BDA would enlarge the range of cross-disciplinary innovation and
support CDW management towards CE.

3.5. Internet of Things

Internet of Things (IoT) is defined as "a dynamic information net-
work with self-configuring capabilities based on standard and interop-
erable communication protocols where physical and virtual things have
identities, physical attributes, and virtual personalities and use intel-
ligent interfaces, and are seamlessly integrated into the information
network" (van Kranenburg, 2008). It is often built upon a variety of
communication, identification and tracking technologies, such as RFID,
Near Field Communication and Global Positioning System (Xu et al.,
2014). IoT is one of the core technologies that have been used to fa-
cilitate spatial–temporal information collection and decision-making in
the construction industry regarding supply chain management, project
and facility management, and construction process monitoring (Zhong
et al., 2017).

The development of IoT is usually based on BIM. An IoT-enabled
BIM platform was developed to enhance real-time visibility and trace-
ability in the supply chain of prefabricated construction, which has
the potential to minimise waste generation by providing production
and transportation planning services (Zhong et al., 2017). Also, the
integration of IoT and BIM supported accurate information collection,
timely information exchange, and automatic decision support through-
out the life-cycle of modular construction projects (Zhai et al., 2019).
A similar concept was adopted to develop a BIM system based on
Physical Internet that collected and communicated real-time project
information to improve energy efficiency in prefabricated construction
(Chen et al., 2018b). The resource efficiency can be improved as
the system provided the smart decision-making services for (1) the
contractor to allocate labours and machines on-site explicitly, (2) the
logistics company to make more accurate transportation plans, and (3)
the manufacturer to timely adjust production plans subject to order
changes (Chen et al., 2018b).

The long-term impact of IoT-enabled decision support tools on
5

the CE implementation for the construction industry is expected to
be substantial, though the research in this field is currently at an
embryonic phase (Arka et al., 2020). IoT can contribute to CE transition
because of its capabilities of (1) enhancing traceability and visibility of
the overall construction processes, (2) enabling dynamic decision opti-
misation, (3) supporting collaboration and coordination among various
stakeholders, and (4) facilitating demolition waste management at the
end-of-life (Zhai et al., 2019). Supported by an IoT sensing network, a
large amount of construction data could be collected. However, such
data carry rich implicit information and knowledge, which requires
advanced data management technologies such as BDA to explore and
make sense for the practical exercises (Zhong et al., 2017).

3.6. Blockchain

Blockchain (BC) technology allows digital information to be dis-
tributed through a shared database on a peer-to-peer network in
a verifiable and unhackable manner (Taylor, 2017). It is a public-
permissioned-distributed ledger system maintaining the integrity of
transaction data by providing various actors with a standard custodian
of all the information flowing through the entire project life-cycle
without the possibility of missing or manipulating any information
(Wang et al., 2017). As an industry with huge capital transactions
at stake with complicated supply chain structures, the construction
industry endemically suffers from disputes and litigation even though
contracts are formulated to ensure the payment terms and data confi-
dentiality (Taylor, 2017). To tackle the challenges above, the potential
applications of blockchain technology in the built environment are
explored.

The potential applications of the blockchain in construction engi-
neering management were classified into three application categories:
(1) notarisation-related applications, (2) transaction-related applica-
tions, and (3) provenance-related applications (Wang et al., 2017). A
blockchain-based information management framework was first pro-
posed for the precast supply chain and its functional performance was
evaluated based on a case study considering information sharing man-
agement, real-time control of scheduling, and information traceability
(Wang et al., 2020). Besides, a conceptual framework of integrating
BIM with blockchain technology was demonstrated to provide a trust-
worthy infrastructure for information management during the design,
tender, and construction phases (Di Giuda et al., 2020). Also, the
feasibility of applying both public and private blockchain technologies
in the construction industry was explored by designing blockchain-
based software system architectures (Yang et al., 2020). Moreover, She-
mov et al. (2020) showed that blockchain could be applied to ad-
dress the issues of productivity and efficiency and reduce the level of
fragmentation embedded in the construction industry, while Shojaei
et al. (2021) applied it to enhance material and energy traceability for
reusing/recycling.

In summary, blockchain is capable to minimise the risks of informa-
tion security and enhance the robustness of information flows and data
protection. It also reduces industry fragmentation and complexity and
helps to form it as a trusted unity (Di Giuda et al., 2020). Although lim-
ited empirical evidence of blockchain applications was collected in the
construction industry, it can be viewed as a promising enabler for waste
management optimisation because the integration of the blockchain
and BIM would greatly improve the traceability and transparency of
the life-cycle information and support the end-of-life practices (Shojaei
et al., 2021). This provides fundamental support for green procurement
and extends the implementing radius of CE, which contributes to a
clean, secure, high-efficient construction industry.

3.7. Modelling & simulation

The application of Modelling and Simulation (MS) refer to the

process of building, testing, and evaluating a mathematical model that
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is representative of the physical real-world system from the perspec-
tive of one or more research interests (Wilensky and Rand, 2015).
According to the research interest, different parameters can be pro-
posed and implemented in an abstract model to simulate the change
of the system’s performance under hypothetical scenarios, which then
the predictive insight into the developing trend of the system can be
obtained (Ahrweiler, 2017).

MS is applied to support CE decision-making in various forms. The
calculation rules based on European Standards for the environmen-
tal assessment of CDW flows were analysed for the EoL phase of a
building case, which served as a scientific basis for decision-making
on closed-loop strategies (Silvestre et al., 2014). The key identical
parameters in the EoL circular footprint formula were proposed in
the calculation model based on an office building case to respond
to the issue of variation in interpretation of the standards of the
European Commission on environmental footprint method (Mirzaie
et al., 2020). Sanchez and Haas (2018) developed a multi-objective
optimisation framework by integrating BIM-based phased planning
with LCA software to analyse the trade-off between the environmental
and economic dimensions among the deconstruction planning options.
To facilitate decision-making of purchasing strategic preferences on
the prefabricated construction supply chain, optimisation models were
developed to reduce costs (Arashpour et al., 2017). To manage CDW at
the EoL phase, Sobotka and Sagan (2021) developed a decision support
system based on multi-criteria simulation.

MS also plays an important role in multi-stakeholder coordina-
tion. Du et al. (2020) presented a decision support framework for a
prefabrication supply chain based on multi-agent simulation to op-
timise multi-party coordination. Another decision-making model was
developed based on network game theory in order to manage ille-
gal CDW dumping (Liu et al., 2021). Also, Yu et al. (2021) applied
agent-based simulation to coordinate circular collaborations based on
recycled concrete aggregates in the form of Industrial Symbiosis. More-
over, Material Flow Analysis (MFA) is usually embedded in MS. In order
to quantify greenhouse gas emissions of construction materials, Lausse-
let et al. (2020) developed a model to calculate the material flows and
their associated environmental impacts of building stocks over time by
combining LCA with dynamic MFA. An MFA model was also developed
to demonstrate the dynamic tensions between the supply of recycled
CDW and the demand for raw mineral materials considering the waste
hierarchy to CDW (Lieder and Rashid, 2016). A cradle to grave analysis
was carried out by applying LCA to propose a comparative evalua-
tion of the environmental impacts associated with concrete recycled
aggregates (Colangelo et al., 2020). Furthermore, Züst et al. (2021)
conducted a graph-based Monte Carlo simulation to manage CDW flows
quantitatively.

MS have been widely applied in the construction industry as a
knowledge basis to support and optimise managerial and technical
decision-making regarding CDW management. Most commonly, LCA is
integrated with MFA to present a comprehensive evaluation of envi-
ronmental and economic impact throughout the life-cycle of buildings.
Besides, the construction and demolition processes are simulated under
different scenarios to achieve predictive analysis of material flows.
Furthermore, MS also play a vital role in simulating and optimising
multi-stakeholder collaboration in order to realise CE. In summary, MS
are equipped with digital computational power to accomplish compli-
cated calculations and deliberate algorithms, which improves the level
of intelligence of CE decision-support.

4. Results

In this section, the literature is analysed by extracting critical infor-
mation from multiple aspects (Annual publication distribution & trend
and Scientometric analysis can be found in Supplementary Materials).
A conceptual framework aligning ICT-based decision support tools
with construction life-cycle phases is proposed based on the literature
6

analysis.
4.1. Critical information extraction

To understand in which way that decision support tools support
CE and how they can be applied into practices, the literature was
analysed by extracting critical information from four aspects, namely,
circular principles, contribution aspects, target users, and method com-
prehensiveness. The analysis processes consist of extensive reading,
mapping critical information, and summarising the result. The tables
that summarise the processes of critical information mapping can be
found in Supplementary Materials Tables 1–6.

First, the fundamental CE principles of Reduce, Reuse and Recycle
observed in the literature is shown in Fig. 2(a). The principle of Reduce
is usually applied in the form of minimising waste during the design
and production stages. Mostly, the tools that support waste reduction
are primarily developed to improve process efficiency. In other words,
the principle of Reduce is achieved based on a foundation where highly
efficient production is realised. Besides, GIS-based tools mainly focus
on Reuse and Recycle. Since the major functions of GIS are to provide
spatial and temporal analysis of material flows, the tools built upon GIS
are designed to deal with generated waste following the latter two prin-
ciples instead of supporting waste minimisation during the production
phase. Furthermore, IoT and BDA, two emerging technologies, have
eye-catching performance on waste minimisation following the princi-
ple of Reduce. They could generate the momentum for CE transition
by creating an intelligent virtual environment, such as International
Data Space (IDSA, 2019), to provide predictive insights into waste
reduction. Lastly, some tools are not specifically designed to implement
3R principles from a material perspective, but they contribute to CE in
other manners, such as transparent and secure communication enabled
by BC.

Second, the CE contributions made by selected studies were anal-
ysed from environmental, economic and social points of view. As shown
in Fig. 2(b), the environmental contribution (60%) received the most
attention compared to economic (30%) and social (10%) contributions.
This could result from the fact that most decision support tools were
mainly data-driven and provided a quantitative evaluation of envi-
ronmental and economic impacts brought by construction/demolition
activities. However, the social contribution did not attract much atten-
tion since the social criteria applied in our review is mainly based on
the extent to which the tools supported multi-stakeholder collaboration.
In fact, challenges related to the social aspect are mostly qualitative
and difficult to be quantified by digital tools in practices. In other
words, there is no standard approach to tackle social challenges of CE
implementation, which leaves open questions about what it takes to
develop a successful CE (Schröder et al., 2019).

Third, Fig. 3(a) shows that construction managers (24%) and ma-
terial suppliers (25%) are two largest groups of target users. This
indicates that waste reduction in the design phase is not as common as
reusing and recycling occurred in other phases. Most industrial actors
still hold a wait-and-see attitude on investing for long-term circular
designs and their priorities remain as ensuring efficient daily business
routines. Therefore, ICT-based business coordination is widely recog-
nised because it generates immediate economic conveniences. Notably,
among all types of technologies, BIM is widely used by various actors.
Besides, RFID is preferred by material suppliers and construction man-
agers to enhance the reliability and traceability of material/component
delivery, especially in the precast supply chain. GIS and BDA are often
used by governmental actors who are responsible for strategical urban
planning and policy-making. These technologies collect data from the
municipal database at a regional level and provide governmental actors
with predictive insights into CDW management in a broad context.

Finally, the comprehensiveness of the tool’s design was analysed
based on three levels of detail, namely, conceptual, experimental, and
comprehensive. The conceptual level stands for a level where the
explanation of the tool’s framework is insufficient and only contains

design information concerning one limited aspect, for instance, only
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Fig. 2. Information extraction: (a) Circular principles; (b) Contribution aspects.
Fig. 3. Information extraction: (a) Target users; (b) Method comprehensiveness.
technical details are demonstrated without considering stakeholder
aspects. The experimental level indicates more information of tool’s
design is provided regarding at least two aspects involving practical
experiences. The comprehensive level describes a source that gives
detailed information about the tool design that cover three (or more)
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perspectives, such as technical details, functional applications, potential
users, and expected business models, possibly in the form of a formal
IT architecture specification.

Fig. 3(b) shows that around 18% of the papers, particularly IoT and
RFID related studies, presented comprehensive designs with extensive
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Table 1
Heatmap of ICT’s readiness across the construction life-cycle towards CE.
details of decision support tools. Their design frameworks articulate
multi-layers information covering basic technical details, functional
mechanisms, user interfaces and business-making support. The higher
design level of these tools could result from the fact that (1) they
focused on collecting and analysing data of the entire supply chain, and
(2) a detailed reference framework was required to clarify the complex
information flows among various parties. However, the comprehensive
level here does not necessarily mean that there is no room for im-
provement for these tools. Compared to other industries, the level of
architectural sophistication of IT tools used in the construction industry
is relatively low given that more than half (28% conceptual and 18%
not specified) of the studies provide rudimentary or insufficient design
information.

4.2. Aligning ICT with construction life-cycle phases towards CE

In this section, the readiness and effectiveness of ICT-based decision
support tools are mapped with CE practices throughout the entire con-
struction life-cycle (Table 1). The background mapping processes can
be found in Supplementary Materials Table 7. The life-cycle of a con-
struction project is divided into four major phases in this study, namely,
Design, Production, Use, and End-of-Life (CEN, 2019). In each phase,
different technologies are deployed to support CE-oriented decisions.
Specifically, the cells in the heat-map (Table 1) are filled with colours if
the corresponding evidence was found in a paper. The colour intensity
and the number mentioned in each cell represents the frequency with
which a specific topic-technology combination was discussed in the
literature. Although the CE-readiness level cannot be determined solely
based on the literature frequency, the heat-map shows a representative
overview of current research hotspots, thus, gives an indication of the
technology readiness level. Note that some papers discussed multiple
technologies to support different decisions, then all the corresponding
functions were counted in the cell.

The technology readiness varies not only among different categories
but also throughout the construction life-cycle. BIM is viewed as an
information centre for construction management and has been applied
widely across different life-cycle phases. The CE-oriented functions of
BIM are highly related to circular design and on-site construction pro-
cess management based on waste minimisation solutions and predictive
assessment of the construction’s EoL performance. Equally important
8

for CDW management is the application of GIS because it focuses on
predictive spatial and temporal analysis of material flows at a regional
level. Thus, GIS solutions proactively support circular logistic planning
and environmental and economic impact assessment. As for RFID, it
plays a vital role in material information collection. Real-time informa-
tion management systems based on RFID support improve controlling
and monitoring of resource flows throughout the supply chain. On
the one hand, the dynamic resource delivery is captured automatically
without unnecessary delay. On the other hand, a decision-support
basis is established for logistic scheduling and incident handling. Thus,
production waste can be minimised at each stage of the supply chain
to implement CE.

The application of MS also varies across the life-cycle. In the initial
design phase, the design parameters are extracted from a BIM model
and imported into mathematical modelling tools, sometimes based on
artificial intelligence approaches, to provide a quantitative estimation
of the resource consumption. This provides predictive insights into the
EoL performance of a project regarding recoverability and recyclability.
Also, MS is used to simulate resource-related information exchanges
within supply chains, in the context of future scenarios, to improve
multi-stakeholders coordination performance. Furthermore, MS is often
integrated into analytic software to conduct environmental and eco-
nomic impact analysis throughout the project life-cycle. The CE-driven
applications of the remaining types of ICT in the construction industry
are still limited. BDA is merely used as an analytical solution to evaluate
CDW management performance. IoT seems to be a more sophisticated
concept based on advanced RFID solutions. Its main application focuses
on real-time supply chain management regarding waste minimisation.
Additionally, BC enables trustful and secure contract and transaction
management among stakeholders with diverse interests.

According to Table 1, the ICT-based decision support tools are
aligned with each project life-cycle phase towards CE in Fig. 4. The
design of this framework was inspired by the solar system. In this
framework, three major orbits are sketched, namely, the inner orbit
of project phases, the middle orbit of material flows, and the outer
orbit of ICT support. Based on the life-cycle phases marked in the inner
orbit, construction and demolition activities are linked by grey material
flows (in the clockwise direction) with natural resource inputs and
waste disposal outputs in the middle orbit. To facilitate these activities
towards CE transition, reviewed ICT-based solutions are depicted in the
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Fig. 4. Aligning ICT-based solutions with construction life-cycle phases towards CE in a three-orbit system covering technological support, material life-cycle, and project phase
(Legend: BIM — Building Information Modelling, GIS — Geographic Information Systems, RFID — Radio Frequency Identification, BDA — Big Data Analytic, IoT — Internet of
Things, BC — Blockchain, MS — Modelling & Simulation).
outer orbit according to Table 1. The green outer orbit is sketched in
the counter-clockwise direction to indicate the intention of sustaining
material value by technological support. In such a way, the friction
between material consumption and recovery becomes explicit. Three
sub-orbits are defined in the outer orbit. The darker the green, the
more common the technologies are likely to be used. Fig. 4 also gives
an indication of the level of integration between the different support
tools. As such, an existing form of integration between two technologies
is shown by locating the corresponding items on the same orbit with the
same colour. For example, a BIM-MS integration is the most common
type of CE-support system mentioned in the literature during the design
phase. Therefore, BIM and MS are placed on the outer dark-green orbit
and cover the most of this phase.

In summary, a comprehensive overview of ICT-based decision-
support tools (as extracted from the literature) is presented in Table 1
and Fig. 4. Many variations are observed regarding functional focuses
and technological readiness of these tools. The current ICT-based
decision-making portfolio used in the constructions sector prominently
consists of BIM, GIS, RFID and MS technologies. Compared to these
maturer technologies, IoT, BD and BC are regarded as promising
solutions but have yet to be widely adopted by industrial actors. This
could result from: (1) the construction industry is lack of robust ICT
infrastructure to accommodate emerging technologies, for instance,
compatible and reliable databases, (2) construction stakeholders tend
to be conservative as far as adoption and diffusion of ICT innovation
are concerned, and prefer to stick to the existing routines because
high-tech expertise is insufficient and the penalties for project delivery
failure is significant, and (3) the configuration of these tools in such a
way ensuring process and data interoperability for diverse stakeholders
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is challenging. Nevertheless, the momentum of interdisciplinary tech-
nology innovation for the construction CE implementation is growing
steadily.

5. Discussions

The previous section provides a ground of discussion regarding
CE principles, technological integration, decision-support purposes and
contexts, target users, and method comprehensiveness of reviewed
studies. This literature review follows the mainstream research direc-
tions of CE implementation. According to Pomponi and Moncaster
(2017), six CE dimensions were defined for a research framework
in the built environment, namely, environmental, technological, eco-
nomic, societal, governmental, and behavioural. Ghisellini et al. (2018)
summarised CE barriers from environmental, economic, political, leg-
islative, informative, and managerial perspectives. Recently, data and
digitalisation, stakeholder collaboration, social & policy acceptance,
and innovative business models were concluded as major future re-
search directions for cross-cutting CE implementation (Singh et al.,
2021). These results complemented and overlapped with each other
considerably. The following three core aspects of CE challenges are
regarded as most inclusive aspects in this study: (1) digital technology
and data management, (2) business innovation and stakeholder collab-
oration, and (3) policy, governance, and behavioural. Therefore, the
results are discussed from these perspectives.

5.1. Technology challenges

Technology challenges are witnessed in the literature from different
aspects. Although there is a growing momentum of interdisciplinary
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technology innovation for CE implementation, the CE-oriented technol-
ogy application is still limited. First, the lack of compatible database
support is fatal to comprehensive CE decision-making. Second, insuf-
ficient technology integration is also observed because most reviewed
tools are only applied to resolve a specific CDW management problem
without taking the entire life-cycle into account. Third, the lack of sys-
tem architecture design hinders the technological alignment between
technical innovation and scalable real-world implementation.

5.1.1. Lack of compatible data management support
Lack of compatible and reliable data management support is one of

the most frequently mentioned limitations in the literature. It is found
that limited CE-oriented databases are developed to track CDW flows
and there is still a significant shortage of accurate and reliable informa-
tion of buildings at the EoL phase (Stephan and Athanassiadis, 2018).
In particular, the lack of databases that are compatible with the end-
of-life modelling requirements hinders advanced CDW management
because the robustness and effectiveness of the decision support tools
highly depend on the digital information on the existing or demolished
constructions (Mirzaie et al., 2020).

Since a large number of existing buildings were neither designed
circularly nor backed up by digital material information, the rebuilt
of EoL datasets of these buildings can be time-consuming, incomplete,
and even inconsistent. Besides, stakeholders pay scant attention to EoL
information due to the lack of economic incentives. Therefore, the
current applications of BDA, IoT, and BC are still at the trial stage where
only conceptual frameworks are proposed to improve the efficiency of
basic construction processes with limited attention to CE. In particular,
IoT creates opportunities to enhance the emergence and performance
of CE models, but the research about the direct implications of IoT on
each of the 3R principles of CE is still lacking (Nasiri et al., 2017). Thus,
it is recommended that both industrial stakeholders and governmental
organisations to collaborate and put effort to develop EoL-databases.
In light of the importance of data and information management for CE
value creation, an open-access material bank needs to be developed.

A material bank acts as a data manager that organises information
exchange regarding reusable and recyclable materials and components.
Theoretically, it can enhance CDW management by realising (1) proac-
tive planning of demolition and deconstruction processes, and (2)
reasonable extraction and collection of EoL materials (Cai and Wald-
mann, 2019). In terms of the buildings designed in a BIM-based fashion,
they can be managed and maintained easier during their life-cycles.
The material information contained in existing BIM models should
be shared in a general cloud-based material bank serving as an ad-
vanced decision-making basis for CDW management at a regional level.
However, BIM models may not always be available for older con-
structions. In such cases, the requirements and procedures of on-site
waste audition need to be conducted. Meanwhile, the real-time data
generated from these EoL activities can be collected and monitored by
solutions based on RFID or IoT. Then, these data can be merged into the
aforementioned material bank with the BIM-based data. In this regard,
the concept of the material bank shares similarities with International
Data Space (IDS). IDS is the ‘‘data hinge’’ that links smart services with
advanced digitalised production and logistics processes by enabling
complex and secure data exchanges between companies that take part
in business ecosystems and supply chains (IDSA, 2019). Similarly, the
regional EoL database can be enriched and further feed ICT-based
decision support tools with compatible data to eliminate/re-use waste
‘‘by design’’, synchronise supply chains, improve asset utilisation, and
predict the future supply–demand dynamics of secondary materials.

5.1.2. Lack of technology integration
The functions of analysed tools can be divided into three categories:

(1) data collection, (2) predictive analytics, and (3) life-cycle manage-
ment. Taking BIM as an information centre, different technologies are
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integrated to different extents to facilitate CE-oriented decision-making.
However, the integration among technologies is too limited to support
multi-dimensional tasks associated with CE implementation (Delgado
et al., 2020). Hampered by the issue of interoperability, different tech-
nologies are yet organically integrated into a holistic decision support
system to enable circular CDW management.

To enhance technology integration, extended applications of BIM
should be realised in a broader digital environment overcoming the
barrier of interoperability. As pointed out by Sanchez et al. (2020), BIM
alone is not sufficient to provide a reliable representation of complex
reuse flows of materials and components through a circular value chain.
It delivers powerful solutions to pre-construction planning and moni-
toring schedules but can fall short for daily production management
(Sacks et al., 2010). Regarding real-time supply chain management
with numerous participants and massive information, the conventional
BIM platform cannot always ensure reliability, traceability, origin, and
ownership of the information (Di Giuda et al., 2020). The current
BIM is not yet prepared to ensure robust interoperability between
technical systems that are critical for the CE implementation (Delgado
et al., 2020). Therefore, for future technology integration, a BIM model
should not be merely viewed as a terminal for storing or extracting
material information, but rather a common data interface that links the
current information of material consumption with future opportunities
for material recovery.

Different technologies need to be further integrated with BIM hori-
zontally and vertically. The horizontal BIM integration with GIS, RFID
and MS can be improved to support fine-grained collaboration tasks
beyond initial design, such as supply chain coordination, business
negotiation between stakeholders, customised resource planning for
on-site construction crews, and sustainable business activities across
different projects. Besides, the horizontal integration can provide a
multi-dimensional dataset for the vertical BIM integration with IoT,
BDA, and BC. The vertical BIM integration here means BIM can in-
tegrate with intelligent data technologies to realise advanced analytic
functions. Based on horizontal and vertical BIM integration, more
added-value of digital data can be explored on the way towards a
circular building sector.

5.1.3. Lack of system architecture design
Decision support tools can be regarded as a special type of infor-

mation systems. They are primarily developed for the collection and
analysis of data, and extraction of knowledge that can be regarded ei-
ther as a basis for a better understanding of the current situation, or as a
source of predictive insights into future development trends, in order to
support decision-making at a managerial level (Chae, 2014). However,
the design processes of these tools are not always explicitly documented
in the literature. This could be fatal for large-scale applications because
these tools are merely the result of technical innovation without being
aligned with the complex nature of practical challenges in a real-world
organisational context. Therefore, they could fail to be absorbed into
the reality. To avoid this, designing such systems using an enterprise
reference architecture approach is seen as a valuable solution (Iacob
et al., 2014).

Enterprise architecture design is an enterprise engineering discipline
that covers enterprise analysis, design, planning, and implementation
activities (Lankhorst et al., 2009). The term ‘Architecture’ in this section,
does not refer to the architecture term used in civil engineering, but an
analogy with the latter is intentional. Enterprise architecture focuses
(among others) on the formal modelling of all the components that
make up a complex enterprise system, and on their inter-dependencies.
Notably, these components go beyond the mere modelling of an en-
terprise’s information systems and ICT infrastructure. In its broad-
est sense, enterprise architecture also covers products and services,
business process specifications, and even physical resources (such as
materials and devices) (Lankhorst et al., 2009). The comprehensive
nature of enterprise architecture models makes it possible to ensure

the coherent strategic alignment (also from managerial and business
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perspectives), and the integration of decision support tools (Iacob et al.,
2014). Furthermore, it can be used to provide a holistic view of the
business ecosystem, balance the requirements from multi-stakeholders,
and facilitate the translation from managerial strategies to operational
routines (Drews and Schirmer, 2014).

This approach also creates a common ground where different stake-
holders can participate in the design process of decision support tools.
Architecture models describing different viewpoints can be used as
formal presentation artefacts in the communication between designers
and other industrial stakeholders (Lankhorst et al., 2009). Clients and
design teams are often the stakeholders in the entire supply chain with
the highest impact on the resource specifics. This privilege gradually
reduces as the resources flow further through the supply chain. In other
words, there is a reduction of information along the value chain with a
discontinuity of communication (Casas-Arredondo et al., 2018). Thus,
ensuring actor participation and consideration of requirements from
all actors are crucial in the development of an integrated life-cycle
information management system. Particularly, material suppliers and
manufacturers should share equal importance as designers because they
are eco-joints between projects collecting, converting, and distributing
materials and components, which, in turn, are vital to circular design.
In summary, rigorous and comprehensive enterprise architecture de-
sign has great potential to support the development of an integrated
information system resolving construction CE challenges.

5.2. Business challenges

Although various ICT-based decision support tools are developed,
only a few of them focus on the CE business-making aspect. It is
difficult to convince stakeholders about the feasibility of CE without
delivering a holistic approach to tackle business challenges. This section
provides the discussion of challenges of applying ICT solutions to
support CE from the perspectives of forming a closed-loop supply chain
and managing CE business uncertainties.

5.2.1. Lack of overarching approach forming closed-loop supply chain
Although emerging ICT solutions are adopted by actors to differ-

ent extents, their primary functional focuses remain at the individual
project level to improve productivity and economic efficiency. Most
supply chain actors have their priorities of ensuring efficient daily
business routines because economic advantages are the focal reason
why they innovate and collaborate for circular business models (Adams
et al., 2017). This is essentially a business challenge of lacking an over-
arching approach that facilitates actors to form a closed-loop supply
chain.

To address this challenge, first, 3R principles should be imple-
mented systematically across the entire supply chain (Demestichas and
Daskalakis, 2020). ‘Reduce’ is often prioritised among 3R principles
of CE and there is an urgent need to find CDW reduction methods at
its source rather than managing waste after it occurs (Porwal et al.,
2020). However, current CDW management practices mostly focus on
Reuse and Recycle. To date, limited empirical evidence is found on
design for waste reduction spanning the entire supply chain because the
effects of waste reduction strategies on the entire life-cycle of a newly
initiated circular project are yet revealed. However, considering the
uncertainties embodied in the extensive life span of building products,
such as changes of ownership and radical urban planning, CE is not
likely to be successfully implemented by only focusing on reducing.
Therefore, the importance of narrowing and slowing material flows
through the whole life-cycle of products by reusing and recycling
should not be underestimated. 3R principles need to be incorporated
into decision support tools as a whole to address CE challenges at
different levels.

Second, little study investigated the application of ICT-based deci-
sion support tools to manage circular business models among buildings
that are not only designed for deconstruction but also constructed with
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reused or recycled materials (Akbarieh et al., 2020). In such cases,
the closed-loop material flows should be established and monitored
from demolition to construction sites backed up by life-cycle infor-
mation flows through the central database of a material bank. It is
recommended to innovate circular business models based on closed-
loop material flows among construction and demolition sites (Akbarieh
et al., 2020). Instead of limiting CE implementation within one par-
ticular project, a broader implementation context can be considered
to consolidate the development of circular business ecosystems where
more mutual economic and social benefits can be generated among
multiple projects.

Furthermore, CE implementation is not only about improving inter-
nal alignment within the sector but also about enlarging possibilities of
resource recovery and intensify inter-sectoral collaborations (Korhonen
et al., 2018). The ICT integration is expected to broaden the scope of
circular collaborative ecosystems by identifying and investigating the
processing potential of waste streams for the built environment from
other industries.

5.2.2. Lack of coordination strategies managing uncertainties of CE busi-
nesses

Most current tools are still at an experimental stage without consid-
ering the supply–demand dynamics of secondary materials in border
economic ecosystems. However, disruptive events, such as the COVID-
19 pandemic, have stressed the importance of supply chain resilience
and the demand for managing business uncertainties in the dynamic
economic market (IDSA, 2019). Therefore, the lack of business support
tools to manage uncertainties of circular collaborations is another busi-
ness challenge. The coordination of circular businesses is a non-trivial
task because waste is not produced upon demand, thus, the equilibrium
of supply–demand relationships established in such a business model
based on secondary materials can be vulnerable (Yazan and Fraccascia,
2020).

Confronting this challenge, the dormant secondary material market
needs to be awakened. More in-depth investigations are encouraged to
understand how secondary materials coming from the EoL phase would
enter the material market and merge into or even compete with primary
natural resources. Currently, EoL materials are taken for granted and
simplified as a percentage number of product ingredients in the newly
initiated projects overlooking the supply–demand dynamics rooted in
the temporal and spatial complexity of construction projects. Besides,
there is a significant shortage of enterprise decision support systems
that can realise fast waste match-makings when circular opportunities
emerge and dissolve dynamically in business ecosystems. Therefore,
the development of an integrated decision support system is critical to
managing the uncertainties of circular businesses.

Furthermore, another aspect of developing an active secondary ma-
terial market is to create an ontology for EoL constructions (Akbarieh
et al., 2020). Different demolition scenarios are expected to occur
in the near future. The anticipation and categorisation of demolition
scenarios based on a comprehensive ontology study can substantially
contribute to the standardisation of the secondary material market
and enhance circular business collaborations. In such a way, collected
material information can be shared and analysed in a standard manner
efficiently based on agreed EoL specifications. However, this can be
closely related to CE policy-making from the societal perspective.

5.3. Societal challenges

Beyond technology and business aspects, limited interdisciplinary
research underpins the complexity of CE transition. Most studies only
focus on one particular aspect and fails to generate knowledge linking
technological and societal dimensions of CE. Sometimes, undervaluing
and even excluding societal impacts in existing decision support tools
may lead to a purely economic-oriented design. Thus, more inter-
disciplinary research is needed to design decision support tools and
resolve multi-dimensional challenges on the way towards CE. In this
section, the societal challenges are discussed from policy, governance,

and behavioural aspects.
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5.3.1. Lack of interdisciplinary research investigating CE policy and gover-
nance

First, the literature indicates that uneven attentions have been paid
to CE transition in different countries and the role that governmental
policies play in CE implementation requires further research (Supple-
mentary Materials Figure 2). Voices have been heard from the industry
urging governmental support on the way towards CE (Pomponi and
Moncaster, 2017). Industrial actors need to strive for circular inno-
vation together with governmental bodies who consciously formulate
strategies and policies as external forces towards CE transition (Mu-
naro et al., 2020). However, the role that public actors play in CE
implementation in the construction industry is unclear.

To make the policy interventions more effective, streamlined and
consistent, the adoption of innovative ICT techniques is often known
as a valuable solution (Bekkers, 2003). However, the underlying mech-
anism of how ICT contribute to CE policy interventions (e.g., quality
standards, procurement criteria, taxes, and subsidies, reforming con-
struction and demolition practices) remains unrevealed. Exploring such
a mechanism is of great importance for governmental actors because
it is the vital process that translates high-level policies and strategies
into tangible industry-specific metrics leading the way towards CE. This
is a challenging topic and more knowledge is required to understand
this process in order to ensure CE policy implementation. Relevant
research has identified ICT solutions as a possible shortcut to increase
policy-making efficiency, and profoundly support political reforms and
organisational changes (Cordella and Bonina, 2012). However, public
policy-making is a rather complex process that cannot be studied
solely by referring to technological innovations. Deeper integration and
coordination between public and private sectors need to be achieved in
order to scale up CE transition.

5.3.2. Lack of interdisciplinary research analysing CE behaviours
Only technological viability is insufficient to motivate the collab-

orative behaviours of participants in CE ecosystems (Adams et al.,
2017). It takes more efforts from industrial actors and common citizens
to convert the competitive self-oriented mindset to a collaborative
one that aims for mutual benefits. In practice, more research is re-
quired to improve actors’ confidence and willingness of participating
in circular businesses, such as developing privacy protocols to ensure
secure data-sharing (Yang et al., 2020), and innovating new business
models (e.g., of the type ‘‘product as a service’’) that stimulate circular
behaviour and care for resource utilisation/sustainability by design
(Munaro et al., 2020).

The mindset and behavioural changes of actors are critical to con-
struction CE transition. Some actors are reluctant to invest on long-term
circular strategies because of the unpredictable economic conveniences
brought by CE (Yu et al., 2021). Although various ICT-based decision
support tools are developed to facilitate CE implementation, it is chal-
lenging to shift the conventional linear mindset of actors to a circular
one and convince them that innovating CE business models is neces-
sary to survive in the future resource-intensive market. The advanced
technology development would bring little impact on CE transition if
there is no active stakeholder participation and collaboration (Singh
et al., 2021). To summarise, more interdisciplinary research is needed
to propel the construction industry towards a more circular future
by considering challenges from policy, governance, and behavioural
aspects.

5.4. Research agenda towards smart circular construction ecosystems

In this section, the future research directions are proposed based on
aforementioned challenges. The results of literature review underline a
fundamental research gap, namely, most tools are developed primarily
for efficient CDW management at the EoL phase without considering
the interconnections among different life-cycle phases. The literature
12

demonstrates a fragmented technological landscape partly supports
the CE transition overlooking the complex CE nature. Therefore, the
current tools may have difficulties to fulfil the demanding CE-oriented
tasks in the long term. To advance the application of ICT-based decision
support tools on CE implementation, we consider that the key is to
improve technology integration and expand the functional context
throughout the entire construction life-cycle considering technology,
business, and societal factors. Fig. 5 depicts an interdisciplinary frame-
work connecting the current challenges, future research directions, and
the value propositions of future research. Specifically, seven major
directions are identified as follows:

• Provide compatible data management support to enrich regional
data sources of CDW and enable accurate data-driven decision
supports;

• Improve technology integration by taking BIM as an information
centre integrating data collection technologies horizontally and
data analytic technologies vertically;

• Deliver a comprehensive architecture design of an integrated
decision support system articulating the complex interrelation-
ships among technologies, business processes, stakeholders, and
applications;

• Propose an overarching approach to form a closed-loop supply
chain by integrating 3R principles into circular business models
linking construction and demolition projects in broader business
ecosystems;

• Develop coordination strategies for secondary material markets
considering supply–demand dynamics and the temporal and spa-
tial complexity of CDW flows;

• Innovate ICT-based solutions to enhance public–private collabo-
rations and improve the effectiveness and efficiency of CE policy-
making for the built environment;

• Analyse user behavioural and societal factors from a
multi-disciplinary perspective to enhance ICT development.

By considering above research directions, we argue that a Circu-
larity Information Platform (CIP) needs to be developed to provide an
ICT-based collaboration environment where public and private actors
meet to implement CE in the construction sector. CIP is envisaged
as a comprehensive information platform that collects, processes, and
presents data based on ICT solutions in order to identify, coordi-
nate, and evaluate the cross-disciplinary collaborations in circular con-
struction ecosystems. Fig. 6 shows a conceptual architecture design
of this platform, which responds to the aforementioned needs and
challenges. To design this conceptual CIP architecture, a fundamental
methodological framework for enterprise architecture, The Open Group
Architecture Framework (TOGAF) is applied (TOGAF, 2006). TOGAF is
a high-level design approach consisting of four typical modelling layers,
namely, business processes, applications, data objects, and technologies
(Draheim and Weber, 2007). It is a valuable framework that can be
used to articulate complex relationships of system components and
conceptualise potential design alternatives. By referring to the results
of ICT’s readiness and current challenges, a potential CIP architecture
is developed based on TOGAF to demonstrate the desirable technol-
ogy integration. The main elements of this architecture are explained
regarding in which way they are integrated to support CE transition.

The CIP consists of three application layers, namely, Circularity
Data Space, Analytics, and Business and Policy-making Support. Cir-
cularity Data Space is essentially a repository of shareable information
contributed by public and private actors involved in circular construc-
tion ecosystems. It supports the other two layers by providing accurate
real-time data collected from IoT, BIM, RFID, and GIS. The platform
also contains a workflow engine responsible for the identification,
coordination, and evaluation of complex CE business and policy tasks.
In the Analytics functional layer, BDA and MS are applied to process
data and provide smart decision-making support. For instance, a com-

prehensive overview of the environmental and economic performance
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Fig. 5. Framework of current challenges and future research directions.
of construction supply chains at a regional level can be obtained by
simulating supply–demand dynamics or analysing big datasets. These
analytic results can be regarded as the feedback for adaptive policy
adjustment and the knowledge basis for dynamic business coordina-
tion. The platform eventually creates a transparent and streamlined
information-sharing environment between public and private sectors,
thus, fosters the co-creation of added CE value from business and policy
perspectives on the way towards CE.

The proposed architectural design is expected to form an integrated
approach to stimulate the formation of a new research paradigm of
Smart Circular Construction Ecosystems. This paradigm is envisaged to
have four fundamental pillars, namely, (1) high resource efficiency,
(2) robust information management system, (3) smart CE business
collaboration, and (4) smart CE policy-making. The CIP can become a
medium to support the emergence of pubic–private circular ecosystems
where multi-level mutual benefits are created based on interdisci-
plinary collaborations enabled by reliable, streamlined, and intelligent
information management. Specifically, a central circularity data space
can be viewed as a strategic knowledge resource for mutual value
creation, such as realising efficient waste match-making (for indus-
trial actors) and regional CDW flow monitoring (for policymakers) by
sharing information among public and private actors. It would deliver
a holistic CE approach incorporating functions of sensing, actuation,
and control in order to facilitate smart decision-making based on
the circularity data space in a predictive or adaptive manner. This
visionary paradigm originates from Industrial Symbiosis, a collabora-
tive approach among firms involving physical exchanges of materials,
energy, and wastes, which creates economic advantages for firms and
environmental benefits for the society (Ehrenfeld and Gertler, 1997).
The adoption and evolvement of Industrial Symbiosis in the construc-
tion industry can substantially contribute to CE (Yu et al., 2021), which
can be regarded as the theoretical foundation of this interdisciplinary
research paradigm.

6. Conclusions

The ICT-based decision support tools are vital to successful CE im-
plementation in the construction industry because they provide robust
13
information management facilitating circular construction & demoli-
tion practices. The role of seven ICT solutions in construction CE
transition, namely, BIM, GIS, RFID, BDA, IoT, BC, and MS, were iden-
tified and discussed based on literature analysis. Besides, a theoretical
framework that aligns these ICT solutions with the construction life-
cycle phases towards CE was proposed. Many variations were observed
regarding functional focuses and technological readiness of reviewed
solutions. The current ICT-based decision-making portfolio used in the
constructions sector prominently consists of BIM, GIS, RFID and MS.
Compared to these maturer technologies, IoT, BD and BC are regarded
as promising solutions but have yet to be widely adopted by industrial
actors.

This is an interdisciplinary review study as it explored the research
nexus of ICT-based decision support tools, Circular Economy, and
construction supply chain management, while limited effort has been
devoted to this research niche. The challenges of applying ICT-based
solutions to support CE transition in the construction industry were
identified from technology, business, and societal perspectives. It is
found that there is a significant mismatch among technology applica-
tions, business processes, and the co-creation of the societal value of
CE. Most reviewed tools were developed primarily for efficient CDW
management at the EoL phase without considering the interconnections
among the entire life-cycle. In other words, the extant literature demon-
strates a fragmented ICT-based decision-making landscape towards CE
overlooking the complex CE nature, which can be difficult to fulfil the
demanding CE-oriented tasks in the long term.

In this regard, the directions for future research were outlined as
follows: (1) Provide compatible data management support to enrich
regional data sources of CDW and enable accurate data-driven decision
supports; (2) Improve technology integration by taking BIM as an infor-
mation centre integrating data collection technologies horizontally and
data analytic technologies vertically; (3) Deliver a comprehensive ar-
chitecture design of an integrated decision support system articulating
the complex interrelationships among technologies, business processes,
stakeholders, and applications; (4) Propose an overarching approach
to form a closed-loop supply chain by integrating 3R principles into
circular business models linking construction and demolition projects
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Fig. 6. Conceptual reference architecture design of Circularity Information Platform: Desirable ICT integration supporting CE business and policy-making based on data-driven
analytics and circularity data space.
in broader business ecosystems; (5) Develop coordination strategies
for secondary material markets considering supply–demand dynamics
and the temporal and spatial complexity of CDW flows; (6) Innovate
ICT-based solutions to enhance public–private collaborations and im-
prove the effectiveness and efficiency of CE policy-making for the
built environment; (7) Analyse user behavioural and societal factors
from a multi-disciplinary perspective to enhance ICT development. Fur-
thermore, a Circularity Information Platform (CIP) was conceptualised
based on desirable technology integration in the form of an enterprise
architecture design. It provides a high-level overview of integrating
ICT into a broader operational context of a comprehensive information
system in order to implement construction CE.

In conclusion, ICT-based decision support tools have great potential
to generate added value beyond conventional CDW management and
foster the creation of CE public and private services in the built environ-
ment. This study presents a research trend of investigating construction
CE by conducting multi-disciplinary studies breaking the boundaries
among technological, business, and social dimensions. Scientifically, it
serves as a basis for future research by providing an overview of the
given topic to extend the understanding of its current status, existing
challenges, and knowledge gaps. Practically, it provides public and
private stakeholders with guidelines about fitting ICT-based solutions
into their CE-oriented research and development agendas. We argue
14
that the CIP will be a prominent stepping stone to shape a circular
future in the built environment by enhancing data-driven collabora-
tions among public and private stakeholders. The upcoming research
related to such an information platform is expected to contribute to a
new interdisciplinary research paradigm of Smart Circular Construction
Ecosystems.
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Table 2
An overview of the selected literature.

No. Descriptions References

Quantitative prediction of CDW flows based on BIM
1 Information extraction from a BIM model for waste management planning Cheng and Ma (2013)
2 BIM-based whole-life performance estimator for recoverability and recyclability of CDW Akanbi et al. (2018)
3 Predictive algorithms integrated with BIM for proactive CDW management Guerra et al. (2020)
4 Deep learning techniques integrated with BIM for waste quantity estimation Akanbi et al. (2020)
5 Estimation of CDW during design by integrating three BIM platforms Quinones et al. (2021)
6 Combining BIM with material flow analysis to track brick material cycle Miatto et al. (2021)

Waste minimisation realised by BIM
7 BIM model integrated with waste-optimisation techniques to reduce rebar trim waste Porwal and Hewage (2012)
8 BIM-based decision support framework for improving waste minimisation performance Liu et al. (2015)
9 Reconstructed 3D model combined with BIM for CDW management system Ge et al. (2017)
10 BIM-based disassembly and deconstruction analytic system assessing EoL performance Akanbi et al. (2019)

BIM-based collaborative environment
11 Visualise construction workflows and reduce waste through an interactive BIM platform Sacks et al. (2010)
12 BIM simulation to predict and minimise waste generation from change orders Porwal et al. (2020)

Environmental & economic assessment based on BIM
13 Cost–benefit analysis supported by BIM evaluating CDW management alternatives Hamidi et al. (2014)
14 BIM-based CDW information system quantifying and estimating CDW carbon emission Xu et al. (2019)
15 BIM-based approach measuring carbon emission reduction of prefabricated supply chains Hao et al. (2020)
16 BIM-based CDW information system evaluating EoL performance Shi and Xu (2021)

GIS integrated with LCA for CDW quantification
17 GIS-based LCA monitoring CDW recycling chains Blengini and Garbarino (2010)
18 GIS-based material stock model improving CDW management based on LCA datasets Mastrucci et al. (2017)
19 GIS-based LCA analysing the importance of transportation for concrete production Göswein et al. (2018)
20 GIS-based LCA combined with a material-stock model quantifying CDW Heeren and Hellweg (2019)

GIS-based predictive spatial quantification of CDW
21 GIS-based strategies supporting CDW quantification Wu et al. (2016)
22 GIS-based management system validating CDW quantities and predicting recyclable waste Kleemann et al. (2017)
23 Stock-driven GIS model quantifying and mapping material replacement flows Stephan and Athanassiadis (2018)
24 Material inventory database estimating CDW flows based on GIS Miatto et al. (2019)
25 4D-GIS model illustrating spatial and temporal patterns of material metabolism evolution Wang et al. (2019)
26 Open source GIS tool promoting circular economy strategies regarding waste management Arciniegas et al. (2019)

RFID-based resource information management
27 RFID-based transportation system supporting CDW management Ruan and Hu (2011)
28 Information life-cycle management system based on RFID for material control Lee et al. (2013)
29 Smart waste management system based on RFID tracking, scheduling and handling waste Zhang and Atkins (2015)
30 RFID integrated with BIM improving material data accessibility and traceability Swift et al. (2017)
31 RFID-enabled BIM platform managing closed-loop prefabrication supply chains Li et al. (2017)
32 RFID-based information management system for material monitoring and control Ren and Li (2018)
33 RFID-enabled BIM system improving traceability of prefabricated components Ma et al. (2019)
34 Long range RFID combined with IoT enhancing construction resource tracking Teizer et al. (2020)

BDA-based decision support for CDW management
35 BDA-enabled BIM plug-in for predicting and minimising CDW Bilal et al. (2015)
36 BDA-performance benchmarks of CDW management referring waste disposal records Lu et al. (2015)
37 BDA-based reference architecture for CDW analytics Bilal et al. (2016)
38 BDA-based evaluation of public and private sectors regarding CDW management Lu et al. (2016)
37 Investigating the effect of green buildings on waste reduction base on BDA Lu et al. (2018)
40 Cost–benefit analysis on CDW management by mining big datasets Chen et al. (2018a)
41 BDA-based decision support tool identifying illegal CDW dumping and disposal Lu (2019)

IoT project data collection, communication and management
42 IoT-enabled BIM platform enhancing real-time traceability of prefabricated components Zhong et al. (2017)
43 BIM system based on physical internet collecting and communicating real-time data Chen et al. (2018b)
44 IoT integrated with BIM realising accurate life-cycle information management Zhai et al. (2019)

BC-based solutions for trustful construction management
45 Three categories of potential applications of BC in construction management Wang et al. (2017)
46 BC-based information management framework for precast construction supply chains Wang et al. (2020)
47 BC integrated with BIM for trustworthy life-cycle information management Di Giuda et al. (2020)
48 BC-based system architecture exploring BC feasibility in public–private sectors Yang et al. (2020)
49 BC-based solution improving productivity and efficiency and integrating supply chains Shemov et al. (2020)
50 Applying BC to enhance material and energy traceability for reusing/recycling Shojaei et al. (2021)

Decision-making for circular strategies based on MS
51 Environmental assessment of CDW flows for closed-loop strategies Silvestre et al. (2014)
52 Development of parameters in circular footprint formula for environmental assessment Mirzaie et al. (2020)
53 Multi-objective optimisation framework analysing deconstruction plans Sanchez and Haas (2018)
54 Optimisation models saving costs of purchasing strategies on prefabricated supply chains Arashpour et al. (2017)
55 Decision support system in management of demolition concrete waste Sobotka and Sagan (2021)

Multi-stakeholder coordination based on MS
56 Agent-based simulation optimising multi-party coordination on supply chains Du et al. (2020)
57 Network game theory decision-making model for managing illegal CDW dumping Liu et al. (2021)
58 Agent-based simulation supporting Industrial Symbiosis based on recycled concrete Yu et al. (2021)

(continued on next page)
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Table 2 (continued).
No. Descriptions References

Material flow analysis based on MS
59 Dynamic material flow analysis based on LCA quantifying carbon emission of CDW Lausselet et al. (2020)
60 Material flow analysis showing dynamic tensions between recycled and raw materials Lederer et al. (2020)
61 Cradle to grave comparative evaluation of environmental impact of recycled concrete Colangelo et al. (2020)
62 Graph-based Monte Carlo simulation quantifying and managing CDW flows Züst et al. (2021)
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