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Abstract – 
The construction industry is highly energy 

intensive and causes significant environmental 
impacts and reduction in natural resources. A radical 
change in current practices is necessary for achieving 
a circular economy in the construction sector. 
Structural holes in the supply chain, coordination of 
diverse stakeholders, and resource management at 
the end of life of buildings are some of the key 
challenges for implementation. Technologies that 
spearhead the industry transition and their 
contributions to realizing a circular built 
environment are reviewed in this study. 
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1 Introduction 
Conventional construction practices in the linear 

manner that follow “take, make, use, dispose” result in a 
considerably high consumption of natural resources and 
greenhouse gas (GHG) emissions [1]. With the built 
environment currently responsible for about 35% of the 
global energy consumption and 38% of carbon dioxide-
equivalent (CO2e) emissions [2], decarbonizing the 
sector is one of the most cost-effective ways to mitigate 
the worst effects of climate breakdown [3]. If global 
warming has to be contained to less than 1.5° C increase 
by the year 2050, the built environment needs to reduce 
the CO2e emission by around 60 Gt [4]. In this context, 
there is a compelling need to adopt a regenerative and 
sustainable business model for the construction industry. 

Circular Economy (CE) emerged as one of the 
holistic solutions for addressing resource requirements, 
climate challenges and developing a sustainable built 
environment. CE is rooted in several sustainability 
concepts such as industrial ecology, cradle-to-cradle 
(C2C), regenerative design and the blue economy system 
as illustrated in Figure 1 [5]. Numerous definitions of CE 
by researchers and industrial experts over the period 

often tend to create misunderstanding and lack of 
consensus. Therefore, Kirchherr et al. [6] analysed 114 
definitions of CE for a comprehensive conceptualization. 
They have found that the definition by the Ellen 
MacArthur Foundation (EMF) is the most used among 
the 114 definitions. According to the EMF [7], CE is “an 
industrial system that is restorative or regenerative by 
intention and design. It replaces the ‘end-of-life’ concept 
with restoration, shifts towards the use of renewable 
energy, eliminates the use of toxic chemicals, which 
impair reuse, and aims for the elimination of waste 
through the superior design of materials, products, 
systems, and, within this, business models.” Introducing 
such a system in construction sector requires 
digitalization. This study presents the enabling 
technologies for CE in built environment. The role of 
each technology, their interdependencies and drawbacks 
are also evaluated. 

Figure 1 Sustainability concepts form the roots of circular 
economy [5]. (EPR: Extended Producer Responsibility, 
C2C: cradle-to-cradle) 
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The remaining parts of this paper are organised as 
follows. Section 2 describes a circular built environment 
framework. The methodology of this study is given in 
Section 3. The technologies that enable the transition of 
the built environment into a circular economy are 
provided in Section 4 and Section 5 concludes the paper.

2 A Circular Economy Framework for the 
Built Environment

Developing an integrated CE framework emphasising 
environmental sustainability is challenging due to the 
uniqueness of every construction project. A recent study 
proposed a comprehensive framework for implementing
CE as illustrated in Figure 2 [8]. Building design aided 
by Building Information Modelling (BIM) enables 
accurate estimation of material quantities and the 
selection of sustainable alternatives of materials [9]. 
Sourcing materials from disassembled buildings and 
modularising and/or prefabricating new building 
components ensure material circularity [10]. Besides, the 
new design of building components should focus on 
deconstruction and disassembly at the end of life. The 
environmental impact caused by transporting raw 
building materials can be reduced by sustainable 
sourcing [11]. 

Firstly, material circularity can be incorporated 
during the service life of the building by using recycled 
materials from other cycles for refurbishing purposes [8]. 
Towards the end of the life of a building, the emphasis of 
CE shifts towards managing Construction and 
Demolition (C&D) waste. Developing an effective CE 
business model, controlling waste materials from the 
source, adopting strategic incentive plans and 
implementing technological innovations are some of the 
strategies for managing C&D waste [12]. Since the 

concepts of deconstruction are already incorporated 
during design, the building components can be retrieved 
at the end of life of the building. These components can 
be adequately repaired or retrofitted before supplying 
back to the materials selection stage for the next cycle. 
The C&D waste materials other than building 
components, such as recycled aggregates, scrap steel and 
wood, must be handled separately. These materials are 
subject to onsite sorting and screening before being 
recycled or reused for producing appropriate secondary 
materials. In the end, these sustainably sourced materials 
are either directly utilized for the next cycle of building 
construction or to produce prefabricated elements.
Therefore, industrial ecology concepts have a direct 
influence on material circularity for the CE.

The development of a new CE business model for the 
built environment requires combined efforts from various 
stakeholders such as governments, researchers, designers, 
manufacturers, construction companies, recyclers, and 
suppliers. Each of these stakeholders contributes to 
diverse aspects from policy formulation, product design, 
and technology development to sustainable sourcing and 
construction practices. 

3 Methodology
This study applied a systematic literature review to 

identify the key technologies that enable a circular built 
environment. The Scopus database is selected for 
searching the relevant literature. The scope of this study 
is limited to literature that explicitly mentions the term 
‘circular economy’ along with the keywords for each 
technology. For example, “circular economy” AND 
(building OR construction) AND “blockchain”. After the 
initial search, the relevant articles were identified and 
analysed to assess the role of technologies in developing 

Figure 2 The framework for implementing CE in the built environment [8]



circular building strategies. 

4 Enabling Technologies for Circular 
Economy in Built Environment 

The conservative and fragmented nature of the 
construction industry is one of the significant barriers to 
CE. Several emerging technologies can accelerate the 
transformation of the industry [13]. Some of the most 
common and critical technologies identified from the 
literature are summarized in this section. 

4.1 Artificial Intelligence 
Due to the extensive applications in diverse fields of 

study, Artificial Intelligence (AI) has several definitions 
and understandings among scientific communities. In 
general, “AI leverages computers and machines to mimic 
the problem-solving and decision-making capabilities of 
the human mind” [14]. Several subdisciplines with 
diverse computing techniques constitute the continuously 
emerging discipline of AI. Machine Learning (ML) is a 
subfield of AI that trains algorithms to learn from data, 
while Deep Learning (DL) is a subfield of ML based on 
neural network algorithms [15]. Some of the existing and 
potential applications of AI in the construction industry 
include structural health monitoring, life cycle analysis, 
automated construction monitoring and material 
circularity [16], [17].  

The EMF and Google identify that designing circular 
products, operating circular business models and 
optimizing infrastructure are the ways in which AI can 
assist in transforming to CE [18]. Çetin et al. [19] 
categorize the enabling functions of AI into three: 1) 
design optimization, 2) fault detection and requirement 
identification for buildings, and 3) applications to support 
end-of-life activities. Design optimization with ML can 
identify the best solution from numerous design 
alternatives based on desired performance criteria [20]. 
Besides, ML models can predict the carbon footprint of 
building designs at the early design stage [21]. Computer 
vision techniques are widely applied to identify faults in 
buildings through DL models [22]. Researchers have 
developed methods to identify the energy demands of 
buildings [23] and predict service life through ML 
models [24]. Categorizing demolition waste [25], 
estimating building component reusability [26], and 
detecting recycled aggregate composition [27] are some 
of the various ways AI supports end-of-life activities. 
The application of AI technologies for CE has several 
barriers such as the high cost of technology 
implementation, lack of technical expertise, need for 
large amounts of good quality data, and possibility of 
biases caused by training data. 

4.2 Material Passports and Material 
Databanks 

Comprehensive information on building resources at 
the end of life is unavailable. This lack of information is 
one of the greatest challenges for recycling and reusing 
construction materials [28]–[30]. According to some 
researchers, storing and maintaining the information of 
building components and materials in a digital 
environment from the early design stage to demolition is 
a solution [29], [31]. The concept of the Material 
Passport is formulated based on this idea. Material 
passports are digital datasets of objects that contain 
details such as properties, location, and ownership of the 
object. They are created and operated at various levels 
from city to building components in BIM or another 
digital platform. This concept is demonstrated by BAMB, 
an EU-funded project, by creating a platform with more 
than 300 material passports at three levels of detail [32]. 
Material passports were used to estimate environmental 
impacts of design alternatives [31], material quantities in 
a locality [33] or building circularity level [34]. Another 
concept introduced to address the lack of building 
resource information is material databank. The “material 
and component bank” proposed by Cai and Waldmann 
[30] is a BIM-based database run by an independent
contractor. This database facilitates transferring
demolition materials from one site to another for
construction. Material passports and material databanks
are new technology and have several challenges in
adoption such as lack of standardisation, low adoption
rate, need for data security and accurate information, and
high implementation cost.

4.3 Building Information Modelling 
BIM provides a comprehensive digital representation 

of products and processes related to built assets for 
facilitating interoperability during design, construction 
and management [35]. Engineers, architects, consultants, 
and other actors in the construction industry utilize BIM 
for numerous tasks such as quantity estimation, design 
alterations, planning and facility maintenance. Several 
contributions of BIM directly foster sustainable practices. 
One such example is enabling effective communication 
and information exchange between stakeholders to 
support alignment of project tasks and outcomes. 
Reducing the wastage of building resources through 
design optimization is another major contribution [36]. 
Sustainable design solutions can be generated with the 
help of existing commercial BIM software and their 
enhanced capabilities through plugins. Incorporation of 
Life Cycle Assessment (LCA) in the design phase [37] 
and performance optimization through analysis of the 
indoor environment are some of the significant 
contributions [38]. During the service life of a building, 



BIM can be used for performance monitoring [39], 
managing and tracing resources [40], and asset 
maintenance [41]. In addition to that BIM acts as the 
source of information that enables material passports and 
databanks [19]. Implementing BIM requires high cost, 
time, and resources. Besides, the outcome of BIM is 
affected by the quality of data input. 

4.4 Digital Twins 
Digital Twins (DT) are the digital version of physical 

assets that can provide decision support and control 
feedback for monitoring and maintaining physical assets. 
According to Arup [42], “A digital twin is the 
combination of a computational model and a real-world 
system, designed to monitor, control and optimise its 
functionality. Through data and feedback, both simulated 
and real, a digital twin can develop capacities for 
autonomy and to learn from and reason about its 
environment.” This emerging technology has wide 
applications in various industries such as manufacturing, 
aerospace, consulting, and construction. However, the 
level of details, maturity and possible extent of control 
varies with the complexity of the physical systems. The 
DT can be developed for components, assets, processes, 
systems or networks of systems [42]. A construction 
process DT may differ from the DT for aircraft 
maintenance. The construction DT combines geometric 
information from BIM and data from sensor networks for 
data analysis and decision support with intelligent 
algorithms. The service life of buildings can be extended 
by predictive maintenance. Integrating material passports 
with DT enables predictive maintenance [43]. Besides, 
combining these technologies also helps in reusing 
material during deconstruction [19]. The DT also 
supports flexible space utilization in buildings. For 
example, the DT platform of the EDGE Olympic Office 
allows people to customize their working spaces [44]. 
Digital Twin technology is relatively new, and some 
drawbacks include the lack of standardisation, limited 
scalability in large projects, the complexity of DT models, 
and privacy concerns caused by cyber-attacks.  

4.5 Big Data Analytics 
Big Data Analytics (BDA) applies advanced analytic 

techniques on exceptionally large datasets that are 
diverse in composition, source, and structure to derive 
meaningful information for decision support. Big data 
refers to the datasets that cannot be processed or managed 
by conventional relational databases with low latency 
due to their size or type [45]. In addition to size, 
heterogeneity, authenticity, value, and speed of 
processing are some other distinguishing characteristics 
of big data [46]. Each stage of construction generates a 
large amount of data from various sources including BIM, 

monitoring devices and sensors. Combining other 
technologies such as BIM, AI and the Internet of Things 
(IoT), BDA can offer several solutions for material 
wastage, resource constraints and energy expenditure 
[47]. Machine Learning algorithms improve their 
performance while trained with good-quality big data. 
These algorithms can be applied for creating low-carbon 
building designs [48] and for assisting tools for 
generative designs [47]. Besides, ML algorithms fuelled 
by big data provide decision support during the design 
[49] and operational phases of a building [50]. The
decisions during the design phase may include selecting
the right parameters, while for the operation phase they
may direct towards improving the energy performance or
extending the service life by predictive maintenance.
Time-intensive analysis, limited availability of data, high
cost of implementation, and low quality of construction
data are some of the challenges for employing BDA.

4.6 Blockchain 
Blockchain technology offers secure electronic 

transactions of tangible and intangible assets without 
intermediaries. Distributed ledgers that allow access to 
all participants, immutable records that cannot be altered, 
and smart contracts with stipulated conditions which 
automate business logic are the key characteristics of 
blockchain [51]. Transparent and secure transactions 
with the consensus of all the stakeholders through 
blockchain enable good business collaborations. The 
potential of blockchain technology has been extensively 
focused on developing cryptocurrencies in the earlier 
days. This technology can be explored for various 
applications in the construction industry such as tracking 
the revisions of BIM models, managing material 
passports, keeping ownership records of assets and 
automating stakeholder transactions [52]. The 
fragmented supply chain of the construction industry can 
be improved by transparent value transactions and 
efficient information management through blockchain 
technology [53], [54]. Coupled with the IoT, blockchain 
can deliver intelligent product services for prefabricated 
construction [55]. The most significant impact of 
blockchain is enabling material passports by transparent 
information flow across supply chain networks at various 
stages of the building lifecycle [56]. Trustful and 
collaborative trading networks can be created through 
this technology by offering secure transactions. One such 
example is a user-friendly community-based energy 
trading platform called Pando [57]. The adoption of 
blockchain requires significant computing power and 
money. Additionally, it may raise regulatory challenges 
including cyber security and legal liability. 



4.7 The Internet of Things 
The IoT refers to the technology that enables 

equipment connected with sensors or identifiers to 
communicate with the user or with other equipment 
through interoperable networks [58]. These networks of 
connected devices are created through various techniques 
including cloud computing and wireless sensor networks. 
Home automation with smart devices and security 
systems is one of the ubiquitous applications of the IoT. 
Tracing the building components throughout the building 
lifecycle is one of the biggest challenges to be addressed 
for material circularity. Researchers have identified the 
potential of IoT technology combined with Radio 
Frequency Identification System (RFID) for tracing the 
building components physically and digitally [55], [59]. 
The connected devices in the IoT network produce 
numerous data that can be utilized to generate meaningful 
information through BDA. Optimizing the energy 
performance of a building through IoT enabled lighting 
system is an example [60]. Assessing the conditions of a 
building through an embedded sensor system and 
predicting the maintenance requirements can prolong the 
service life of buildings [61]. Flexible use of building 
spaces through monitoring occupancy [62] and 
improving thermal comfort through controlling HVAC 
(Heating, Ventilation, and Air Conditioning) systems are 
other applications of IoT technology [63]. In addition to 
the high implementation cost and maintenance cost, IoT 
poses challenges such as the management of large 
quantities of data, environmental impacts due to high 
power consumption and discarding of IoT devices, and 
reliability issues caused by malfunctioning devices.  

4.8 Extended Reality 
Immersive technologies have grown beyond the 

realm of entertainment and reached to complex and 
innovative applications in other industries. According to 
Unity [64], Extended Reality (XR) refers to “technology-
mediated experiences that combine virtual and real-world 
environments and realities” and stands as a generic 
terminology for Virtual Reality (VR), Augmented 
Reality (AR), and Mixed Reality (MR). Digital contents 
are overlayed in the real world to create AR. The users 
fully immerse in digitally created visuals that replace the 
real world to experience VR. The MR technology blends 
the real world and digital content to allow seamless 
interactions between these entities. The construction 
industry is yet to exploit the immense potential of XR for 
creating various sustainability solutions that involve 
visualisation and interaction. The XR technology aids 
immersive visualisation of the design alternatives and 
building models generated through BIM. This improves 
communication and consensus among stakeholders and 
allows correction in the early stages of design and avoids 

reworks during construction [65]. The contractors, 
foremen, and workers can take scheduled virtual tours of 
the construction sites to reduce mistakes in the upcoming 
construction activities and associated wastages of 
materials. Construction safety training assisted by VR 
technology teaches the labours to navigate various 
construction accidents in a way that is not possible by 
conventional training methods [66], [67]. In addition to 
productivity improvement, loss of time and wastage due 
to construction accidents or injuries can be avoided by 
these advanced training techniques.  The XR technology 
can also assist in various end-of-life activities such as 
planning deconstruction and material logistics between 
construction sites [68]. The demerits of XR technology 
include the need for specialised equipment and skillset, 
the high cost of implementation and maintenance, and 
sustainability concerns caused by the production and 
disposal of equipment.  

5 Conclusions 
Consumeristic and user-centric practices in the 

construction industry have resulted in significant 
environmental impacts and reduction in natural resources. 
A paradigm shift towards the circular economy is 
necessary for the built environment. Several studies 
propose theoretical frameworks for implementing 
circularity principles. Structural holes in the supply chain, 
coordination of diverse stakeholders, and management of 
resources at the end of life of buildings are some of the 
key challenges for implementation.  Several independent 
studies were conducted to apply various technologies in 
the construction industry. However, only a few of the 
studies have focused on identifying the technologies and 
how they facilitate the transition of the built environment 
into a circular economy. Therefore, this study provides a 
review of the state of the art technologies and how they 
enable a circular built environment. 
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