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Abstract: The construction sector has undergone several transformations to address adverse environ-
mental, economic, and social impacts. The concept of the circular economy (CE) has transcended into
this domain to solve the needs of construction amid resource constraints. Furthermore, advanced
digital tools are being implemented across industries owing to the boost given by the fourth industrial
revolution. This paper aims to develop a framework that investigates the effect of digital tools on CE
implementation in the construction sector. The study is based on a three-step approach, where first,
an initial framework design based on a systematic literature review was conducted. This is followed
by framework optimization using semistructured interviews with experts and validation through a
case study. This study resulted in the development of a new framework, which aims to investigate
how advanced digital tools can be used in the construction sector to enhance CE implementation.
The contribution of the present study is two-fold: (1) the integration (addressing existing research
gap) of CE and digitalization concepts in the construction sector; (2) an investigation into the critical
barriers, offering insights for construction practitioners.
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1. Introduction

Despite the key role (e.g., provision of basic infrastructure, employment generation,
etc.) of the construction industry in the economic development of a nation [1], it is known
for being one of the most resource-intensive industries [2]. The sector is responsible
for generating one-quarter of the waste produced and 39% of energy and gas emissions
worldwide [3-5]. Additionally, 50% of all materials consumed in continental Europe only
are used by the construction sector [6]. Those materials are sent to the landfill (after the end
of life) as a result of a linear economic model, which dictates the “take, make, dispose of”
approach [3,4]. Given the sector’s negative impacts, it has become of strategic importance
to take action to change the current paradigm and make the sector truly sustainable
by effectively implementing the resources through another approach called the circular
economy (CE) [7].

The CE concept has been getting wider attention due to its restorative or regenerative
nature by design and intention. It eliminates the “end of life” stage in the life cycle and
substitutes it with restoration, recycling, or reuse [8]. Although the basics of the CE concept
have been widely implemented in various sectors, the adoption of the concept in the
construction sector has yet to be sufficiently achieved [4]. With the widening scope of the
“Industry 4.0” concept, advanced technologies have been reported to be the main tool to
unlock new value from the CE, making strategies cost-effective [9]. Thus, digitalization, as
a part of the Industry 4.0 concept, can foster the wider adoption of the CE concept in the
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construction sector by facilitating the interaction between products, processes, and humans
in the lifecycle through cyber—physical technologies [10-12].

The digitalization-led CE has attracted a significant amount of attention from both
industry and academia. For example, some authors discussed the potential of digitalization
and Industry 4.0 to improve the adoption of the CE [13,14] and their combined influence
to foster sustainability goals [15]. This idea of incorporating circularity and digitalization
was further developed to find a practical implementation: Liu, Yang [16] developed an
emerging framework correlating the digital functions of Industry 4.0 and CE strategies,
while Cetin, De Wolf [17] focused on the digital tools as a whole as CE enablers. Kovacic,
Honic [18], focused on a digital platform incorporating data exchange opportunities among
stakeholders in a digitalization-led CE-built environment. A robust literature review
suggests that the studies on digitalization-led CE focus more on how digital technologies
can facilitate CE adoption. However, the topic of how different digital technologies can
enhance diverse CE strategies in the construction sector is still undiscovered. Therefore, the
present study addresses this gap and frames how different digitization tools can support
the implementation of different CE strategies in the construction sector. It is hoped that
the developed framework guides industry stakeholders and decision-makers toward the
efficient digitization of each CE strategy; consequently, it drives its industry-wide adoption
more efficiently and cost-effectively.

In order to achieve this aim, the paper is outlined as follows. The following section pro-
vides background information on the CE and a brief review of the construction industry’s
digitalization. Afterward, the methodological approach is presented, which is followed by
a discussion of the framework development. The framework is then validated through a
case study of the largest construction company in Kazakhstan.

2. Literature Review
2.1. Circular Economy: Background

The concept of the “Circular Economy” has seen an increasing trend since the end of
the 1970s [19] and continues to expand in its application across multiple sectors, including
the construction sector. Geissdoerfer et al. [20] defines it as a regenerative process whereby
input resources, wastage, emission, and energy leakage are reduced by closing, slowing, or
narrowing the material and energy cycles. Cetin, De Wolf [17] elaborated on these, where
“Closing the loop” is the reuse of materials and components or postconsumer material
recycling; “Slowing the loop” is reducing the use and consumption, increasing the product
lifetime of materials and the extension of the useful life of products, and “Narrowing the
loop” is efficiency improvements in production and design to minimize resource waste.

The CE represents a new approach that opposes the traditional linear consumption
model and promotes a resource-based approach that dissociates from the extraction of
raw materials [19]. CE has its roots in response to the proliferation of environmental catas-
trophes globally, including ozone depletion, biodiversity loss, climate change, and global
warming [20]. In its modern sense, the practical applications of the CE within economic
and industrial frameworks have advanced to include a range of concepts pertaining to
closed loops. Despite being one of the top three high-potential sectors, evidence shows
that the built environment lags in the implementation of CE strategies compared to other
sectors, such as electrical equipment, furniture, and textiles [21]. The construction sector
consumes the largest amount of material globally [22], while the level of consumption is
only expected to increase further to meet future demand [23]. Although waste generation
occurs throughout the building lifecycle, including the design and planning stages [11],
most building materials are disposed of at the end of life [24]. Practical experiences on
a country level can be presented in the case of China, which is known as an early-bird
adoptee of the CE strategy. Since 2002, a series of legislative decisions have been made to
enhance and promote the wider adoption of CE implementation and reach more sustainable
practices in various sectors. In turn, Yuan, Bi [12], stated that the initial role model for
CE application was taken from the experiences of developed countries, such as Sweden
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and Germany. In terms of household waste management and landfill reduction, Denmark
has taken the lead among other European countries [25]. Therefore, the obvious gap in
CE development in developed and developing countries can be seen, urging developing
countries to concentrate on that area.

2.2. Digitization in the Construction Industry

The construction industry has been facing cost, time, and quality challenges while
meeting the increasing demand for population growth in urbanized areas [26]. Additionally,
complicated work processes and tiresome managerial activities result in the inefficient
administration of construction management processes [27,28]. The digital transformation
of the management of the construction process has been offered as a solution to overcome
these challenges [29,30]. The prevalence of big data and digital platforms has increased
significantly over the last decade and is disrupting every industry. A study carried out
by the Association of German Chambers of Commerce and Industry [31] showed that
93% of the participants agreed that digitization would affect their construction processes.
Digitalization requires businesses to utilize connected systems at every link of their value
chain. It requires the development and transformation of its business model through the
adoption of digital technology, allowing it to generate more revenue and provide higher
value to all players involved in the supply chain. Through the digitalization of a business
model, the benefits included increased communication, higher management efficiency over
the construction process, higher levels of sustainability, better communication between
plants and increased safety, enhanced customer satisfaction, the simulation and digital
modeling of various scenarios, accurate forecasting, and enhanced document management
systems [30,32,33]. Digitalization also offers new opportunities, such as new partnership
models, high-level performance tracking, and enhanced project deliverables [34]. Thus, the
construction context is reviewed (refer to Table 1) to identify the digital technology utilized
by the construction industry.

Despite its potential benefits, digitization presents a complex cyberspace network
making companies susceptible to cyber attacks [35]. This complexity has led to an increase
in the level of cyber threats. As a result, the infrastructure for cyber security has become a
necessity across companies. The lack of attention to security issues has created considerable
cybersecurity threats at the system and system-of-system levels [36]. Different models
have been proposed based on the nature of the supply chain and industry. According to
Boyes [37], a model utilizing the Parkerian hexad is particularly relevant to supply chains in
the construction industry, which are cyber-physical, complex, and time-sensitive [37]. The
Parkerian hexad consists of confidentiality, integrity, possession, authenticity, availability,
and utility [38].

Digitization also faces other challenges in its adoption in the construction industry.
Aside from merely technical limitations, such as applicability, usability, interoperability,
cost, and time, digital tools often receive a negative response from potential end-users [39].
Technology acceptance and ease of use are factors that influence people’s perception
of digital technologies early in their adoption. Furthermore, the digitization process is
characterized by high levels of initial investments, mainly for hardware, software, licensing
costs, training, and running operational costs [39].
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Table 1. Review of digital tools in the construction sector.

Industry 4.0 Tools

Definition

Examples

Internet of Things (IoT)

The network of connected devices interacting
and exchanging information with each other
through wireless means [40]

IoT sensors, controllers, and actuators:
NFC/RFID tags, Auto-ID tags, barcodes, and
satellite nodes. Electronic devices &
machinery: computers, smartphones, drones,
robots, and laser scanners

Big Data

It includes data mining, classification, and
storage [41]

On-cloud database, embedded machine
learning algorithms, and artificial technology

Additive Manufacturing(or
3D printing)

The process of extracting the CAD model and
building a complex physical entity, usually a 3D
object [42]

3D printers and 3D scanners

It is the digital footprint of the products. It Building Information Modeling (BIM): e.g.,

Digital Twin creat.es t.he V1rtua.1 m.odel of a physical entity to Revit, Naviswork, SAP, and Vertex.
predict its behavior in the real world [43]
Tgchnology provides a pool of share.d dev1ce§ Computer software and mobile applications.
with on-demand network access to information Web interface: .o application proerammin
Cloud Computing and services stored on powerful internet servers, " &8 aPP Prog &

interface (API) and human-machine interface

and they can be easily retrieved remotely (HIMI)

through wireless communication [44]

Augmented & Virtual
Reality (AR/VR)

AR is an interactive environment that allows
users to (1) view the info in the offline mode; (2)
actively interact with the material; (3) actively
interact with people remotely but in real-time.
VR is a step ahead of the virtuality aspect. It
allows users to completely dive into 3D
experiences [42]

Augmented Reality (AR) and Virtual Reality
(VR) platforms

Theoretical
Framework

3. Methodology

A three-step approach was adopted to achieve the aim of the present study, which is
also illustrated in Figure 1: (i) the initial framework design based on a systematic literature
review (SLR); (ii) framework optimization through semistructured interviews with experts;
(iii) validation of the framework by conducting a case study.

Validation and
Implementation

Framework
Optimization

Figure 1. An overview of the methodology steps.

Step 1: Theoretical framework design. The theoretical framework (FW) design step
aimed to map the construction-specific CE strategies and construction digital tools. The FW
was designed based on the systematic literature review recommended by [45,46]. The search
strings were composed of dual combinations: ‘Circular Economy’, and ‘sustainability’,
AND ‘construction industry’, ‘strategies’, ‘digital technologies” and ‘assessment model’. The
search procedure was performed within the Google Scholar and Web of Science databases,
including the journals, conference articles, and industrial reports of all related stakeholders.
The initial search resulted in 249 documents. During the screening process, 115 papers were
excluded due to the following exclusion criteria: articles in languages other than English,
nonindexed journals, and published before the year 2000. Thus, 134 articles were screened
to identify the CE strategies and the construction digital tools that have been reported to in
the industry.
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The construction lifecycle stages (LCSs) were considered following the practices
in the current construction sector: design, planning/scheduling, construction, opera-
tion/maintenance, and end-of-life. Various CE strategies and their significance to the
market were elaborated. This resulted in the mapping of the following strategies (with
meaning) against LCS (Figure 2): (1) material flow—an assessment of the value of the con-
struction products and materials and its impact on the development of the circular practices;
(2) resource utilization—the state of reuse and the reintroduction of different resources back
into the value chain of the construction project, and (3) reversibility—the concept of trans-
forming or dismantling the parts of the building for future use. Additionally, the current
state of advancement of digital tools in the construction industry was evaluated, and the
following technologies were located in the framework formation: building information
modeling (BIM), big data, internet of things (IoT), cloud applications, and others.

End-of-Life

Material Design

Monofunctionality

Utilization

Multifunctional
Material Flow
Material Analysis
and Reuse
Resource Productivity
Reuse Potential
ReToTCe Resource Assessment

and Plannin
. Centralized Planning of Capital-Intensive Materials

Material Waste Management

Reversibility

Spatial Reversibility Multifunctional

Monofunctional

Transfunctional

Technical Reversibility

Figure 2. Theoretical framework design.

Step 2: Framework optimization. Once the initial FW was developed, it was then
optimized through semistructured interviews with industry experts, as recommended
by [22]. The purpose of the interview sessions is threefold: (1) to evaluate the awareness
and practices of CE principles in the construction industry; (2) to understand the application
of different digital tools during the construction value chain, and (3) to determine whether
the initial framework model fully reflects the current market situation in the construction
sector. The list of possible interviewees, which consisted of 14 experts from academia
and 10 from industry, all with the relevant area of expertise (e.g., CE, digital construction,
lean, etc.), was created, and the experts were invited to interview sessions. After receiving
the replies (15 out of 24 or 63% response rate), the list of experts was narrowed down to
6 experts in total, eliminating the others based on their availability. Detailed information
about the participants and their demographic background can be found in Table 2. The
common characteristics of people interviewed are (a) at least 7 years of experience in
the construction sector, (b) relevant academic degrees within civil and environmental
engineering, construction management, and architecture, and (c) confidence in using the
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English language. Prior to the interviews, the respondents were provided with information
regarding the brief project description, goals, and the initial framework. The sessions were
organized via online video conferencing platforms, taking from 60 to 90 min each, and
were recorded by the research team.

Table 2. Information on expert session participants.

Years of

No. Background Experience Field of Expertise
1 Academia 11 Construction Management & Sustainability
2 Industry 9 Technology Management in Construction
3 Industry 8 Kaizen and Lean Practices in Construction
4 Industry 5 Optimization of Construction Processes
5 Industry 7 Project Design and Architecture
6 Industry 7 Production of Construction Materials

The format of the questions asked in the interview was open-ended, giving the inter-
viewees space to elaborate on their answers while still framing them by the definitions and
goals of the project outlined at the beginning of the sessions. The sample question devoted
to identifying one of the circular economy strategies is stated as follows:

Resource Utilization—Does your company consider resource utilization in its pro-
cesses? If yes

1.  In which stage of the construction process is resource planning introduced?

a.  How and when is the building’s potential for being reused considered?
b.  Isitoptimal to carry out planning for high-cost materials? In which level should
this be carried out? What are the tools used for it?

2. What tools have been used in your company in order to measure and improve the
utilization of resources?

a. At what stages can lean operations be introduced in the construction process?
b.  What measures of efficiency are used in your domain? When are they used?

The interview and meeting minutes were recorded as per the consent given by the
interviewees, and the information was reflected on top of the theoretical framework. In
places where synthesis was impossible, the strategies were adapted/optimized to the current
market situation in terms of circularity and digitalization. The optimized framework includes
(i) resource management, (ii) building management, and (iii) social involvement with related
digital technologies that were determined and validated via semistructured interviews.

Step 3: Framework Validation: A case study. The final step of the methodology section
is the validation of the optimized framework. The procedure was performed with an
initial aim to validate the optimized framework in the scope of a company and assess
the enterprise in terms of circularity progress. The analyzed company is a well-known
construction developer with an operational history of more than 25 years, a USD 2 billion
market capitalization, and around 5000 employees. It operates in different regions and
has more than 80 ongoing administrative, residential, and industrial construction projects.
An executive-level expert (15+ years of experience in the field) and middle managers
(5+ years of experience in the field) from the case study company were involved in the
model validation and the assessment of the enterprise’s construction projects through an
initial online survey followed by an in-person interview to discuss the results. The same
questions (as in workshops) were used to reduce the gap and bias between the circularity
and digitalization performances of those companies (in which the previous interviewees
had worked).
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Scanning

Connected

4. Results and Discussions
4.1. Theoretical Framework

Figure 2 shows a simplified schematic of the initial framework design, and it maps the
identified CE strategies in three main areas (with 14 substrategies in total) against LCS. The
entire building lifecycle is considered when categorizing the stages of implementation for
the identified substrategies. The presence and absence of digital tools are planned to be
filled in each cell of the substrategy or strategy at a certain LCS. The corresponding cells in
the building lifecycle were intended to be marked to gain an insight into which stages of
construction are digitally intensive.

As for the technologies, the primary goal of the theoretical framework was to differenti-
ate those technologies from each other by understanding their interactions and purpose for
the construction sector. The route typically starts with embedding IoT devices into physical
assets in the building to collect information. Those IoT devices could consist of operational
infrastructures, like HVAC, signaling systems, auto ID sensors, scanning devices, robotics,
and drones. After the data are collected, they are optimized through artificial intelligence
(Al) and stored in the cloud, while the dynamic data are directly embedded into the BIM
Model. The BIM Model and big data act as input data to the digital twin, where the digital
twin reflects the information to update the BIM. The interaction of those technologies in
the environment is presented in Figure 3, as recommended by [42,47-49].

l»Automatizatitomatization _l
Drones

Sensors

AR & VR

Connected cloud
Connected Computing

Connected H

Connected Updates

Input Data

I—> Big Input Data Input Data
Connected Data \
Auto Connected T L.
Twin
Integrated
3D Printing § Input Model

Figure 3. The interaction map of Construction 4.0 tools.

Updates

4.2. Optimized Framework

Based on practical application, the theoretical framework was optimized to consider
the relevant areas of CE application in the building sector. While the theoretical framework
considers the “ideal case” scenario, it should be noted that the implementation level of the
CE concept and its strategies in Kazakhstan is at the infancy stage of development and
utilization [24]. This has been attributed to various technological and social barriers. The
technological barriers include a lack of proper infrastructure for recycling and the lack of a
reuse and resale market for durable, certified materials [50]. Additionally, digitization tools
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Planning

are either scarce or unavailable on the initially designed framework based on the current
state of the CE in the research domain [51].

Meanwhile, social issues account for two main factors [52]. The first one is the lack
of stakeholders’ awareness of the impact of a sustainable design, and the second one is
the shortage of green financing and regulations both at the country level (imposed by
the government) and at the company level. Cost is identified as the primary factor in
purchasing construction materials. Virgin materials are preferred due to the high cost
associated with recovering and maintaining the residual value of the materials at their end
of life. Since such barriers exist, the initial framework was inapplicable to the responder’s
experience. Moreover, the transition to the CE is impossible without different parties
involved in the construction sector, such as the government, manufacturers, building
owners, project managers, material engineers, and in situ labor [53].

The optimized framework, which was developed based on the expert’s opinions on
the theoretical framework and local construction industry facts and needs, is summarized
in Figure 4. The new framework adopts three main strategies: resource management,
construction management, and social involvement. They are further subdivided into
planning and utilization stages.

. Planning/ .
End-of-Lif¢
Design e nd-of-Life

Scheduling the resource route with
corresponding amount (material,
equipment, people)

Big Data

BIM
Cloud Computing
ToT

rial
Resource

Health Assessment of a Building Mate-

Management| Utilization

Add. Manufacturing

Cloud Computing
IoT

lifespan

Use of durable materials with long BIM A RCEITInE

Material reuse through the markelp]ace]
like material banks

Big Data

Cloud (‘um)utinﬂ

Big Data

Restoring the residual value of waste
Add. Manufacturing BIM BIM

Planning

Big Data

Assessment for Construction Need

Involvement

Building Assessment of occupancy need, urban-
Management ization rate
Utilization
Spatial Reversibility g
Corporate |
Awareness of Stakeholders (Clients, = VATl icISofi
Managers; Operating Bodies); anua LB LS
Big Data
Corporate Acton Plas Miesioes C—
Social Cloud Computin

Professional Development Courses,
Workshops

AR/VR

Governmental

Green policies adopted by government Manual Analytical Softwares
Increasing incentives by setting control
(taxes), or investing in eco-producis
production

Manual Analytical Softwares

Figure 4. Optimized Framework Diagram.

Resource Management includes the evaluation of construction industry performance
in the advancement of economic transformation towards circular approaches through a
reduction in resource demands, which increases the security of the resource and lowers
the environmental impact [54]. This strategy allows for avoiding the depletion of material
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sources resulting in the further application of resources such that they could provide
benefits for future needs, increasing sustainability and circularity [55]. The effect could be
measured by examining the initial design of the material, i.e., whether its characteristics
provide opportunities for future reuse and reapplication in building structures. Moreover,
other measurement metrics could include the availability and awareness of sustainable
resource management practices in the existing market.

Planning requires scheduling the resource route with the corresponding amount of
material, equipment, and people. Material flow analysis can help to avoid waste ending
up in landfills. It optimizes the utilization of the material, equipment, and workers by
reducing downtime, unnecessary logistics, and, consequently, the material or everything
considered waste and increasing job site safety [56]. For scheduling purposes, the real-time
location sensing (RTLS) system could be used to (a) track the location (or coordinates)
of construction resources (i.e., concrete mixer track to reduce CO,) and to (b) track the
potential hazards and near misses through the RTLS coordinates. Meanwhile, Autodesk
Navisworks’s plug-in, called CPSPlugin, extracts the coordinate of each tagged part and
updates the status property of the model of the tagged part. It updates the 3D model
and stores the change in a database when the design is changed [18]. Alternatively, the
i-Share software uses coordinate information to compute the relative proximity of the
tags. These are subsequently communicated to a web interface from which the database
is regularly updated [48]. The data on inventory, logistics, modular digital solutions for
document-based cooperation, and documentation across the construction value chain are
collected and procured using web or cloud-based team management resources. AR is used
throughout the lifecycle to optimize production planning and enable the remote expert
system to deal with faults directly [42].

Planning is also linked to a better health assessment of a building by providing efficient
material performance monitoring throughout the building lifecycle, creating opportunities
for circularity [57]. The health assessment starts at the construction site. Smart bins and
smart vehicles collect and detect waste streams, sort them, and provide quality assurance
and human-machine interaction (HMI). Scanning sensors or sensors embedded or attached
to bridges, dams, and buildings are used for the health assessment of structural components
by detecting corrosion and identifying cracks. Some of the contemporary solutions for this
purpose are piezoelectric ceramic (PZT) sensors and optical fiber sensors. Another digital
solution is a standardized BIM-based material passport. It allows for the assessment of
ecoindicators, such as primary energy intensity (PEI), global warming potential (GWP), and
acidification potential (AP), and their use [58]. Moreover, it displays recycling potential,
environmental impact, and temporary structure monitoring (TSM) through Autodesk
Navisworks [58]. Smart metering devices could also be applied for energy assessment and
its effective utilization.

The utilization of durable materials with a long lifespan is key to achieving circularity
in resource management. For example, designing for longevity and reuse opportunities
could be seen as costly, but in the long-term, they have several potentials for the industry,
such as reducing the cost of maintenance and prolonging the economic value of the material.
Moreover, durable materials reduce waste [19]. The digital material marketplace (Airfaas),
the open-source flow data from the value chain, and the internal data from sourcing could
be used to design durable materials or buy them from manufacturers with the appropriate
certifications. In order to design a durable material, several additive manufacturing tech-
niques could be used. For example, fused-filament fabrication can be used to customize
building facades or construct a zero environmental impact house module [47]. A standard-
ized BIM-based material passport can help to monitor the durability of those materials
or products, while the field personnel can read and update the contents of the RTLS tag
using a client application running on a mobile device (e.g., BIM 360) to have up-to-date
information on hand [48].

Material reuse through the marketplace, such as with material banks (BAMB), and
creating a digital platform for users to reuse and resale the products are vital for circularity.
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For example, several car manufacturing companies are selling parts for cars [59]. Likewise,
a building could be used as a material bank for second-hand stores, where durable materials
are sold for the optimal price. Along with the digital marketplaces discussed above, waste-
based printed materials could be used for various fields of application in construction, i.e.,
thermoplastics, for both existing and new projects [47].

Restoring the residual value of waste plays a key role in circularity by regenerating
resources and returning them to the biosphere. Additionally, saving energy, recovering
biochemicals from the product, and using byproducts to keep the revenue stream and the
nutrients in the cycle [60] are all desirable. The Reuse Potential tool (RP) embedded in BIM
could be used as an evaluation tool through the decision-making cycles of the definitive
design phase and can be further used for the preparation of the construction phase to verify
the final reuse potential index, while the BIM-based Whole-life Performance Estimator
(BWPE) could be used for material value recovery [24]. Some examples of resources with
restored value are concrete with recycled plastic fibers, which are mixed and set to be
cast in 3D-printed molds to create marine habitat walls, the facades and roofs made from
3D-printed tiles using ceramic waste, and houses that are 3D printed from industrial rice
scraps [47].

Construction Management includes activities toward the changes and optimizations of
existing building models following CE principles by focusing on the whole lifecycle of the
construction value chain, including business aspects starting from the initiation of the need
for construction [61]. The effect could be measured by evaluating existing construction
needs in terms of the preliminary designs for buildings. These include the technical and en-
vironmental characteristics of the applied resources. Construction needs should be assessed
in the planning stage based on any deviation in tenant requirements and urbanization
rate. For example, building facilities and occupations may change dramatically after new
tenant types, where the urbanization rate grows every year, and commercial buildings are
required to provide spaces for multiple users [62]. Thus, the need for construction changes.
Understanding and adapting to such new realities when considering the differences in
work conditions, digitalization, and other external factors help to reduce the demand for
the construction of high-rise, multistory buildings. The needs assessment will be required
to incorporate advanced analytics because the occupational pattern will differ, i.e., hot-
desking, utilizing the full capacity of a space, and renting workspace and not floorspace,
where drones can deal with collecting the data and scanning the site.

Comparatively small-sized facilities using the modular construction principle would
facilitate space management [63]. Spatial reversibility (renting, leasing, and renovating)
could be a challenging but highly circular strategy in construction management utilization.
Renovating a whole building for a similar purpose or reutilizing the building area through
a shared, flexible workspace, coliving, or renting the space are identified as widely imple-
mentable circular practices due to the growing demand for land [63]. Image recognition
and purity /quantity analysis, Blockchain, and 3D scanning technologies can be used for
effective space allocation at the design and planning stage, while travel/property renting
apps like Airbnb will be helpful after the building starts being used.

Social involvement includes evaluating employers, employees, and general sharehold-
ers’ engagement, participation, and general awareness of the development of CE principles
in the construction sector. The strategy reflects the importance of shareholder behavior
changes and the established social norms for circular economy transition [64]. The effect
could be measured by the industry’s attitude towards existing substrategies, i.e., whether
there is an awareness of product consumption, material reuse (different attitudes towards
repair and refurbishment), and resource disposal (waste remanufacturing and recycling
rates). The substrategies for social involvement include corporate and governmental per-
spectives. Clients, managers, and other operating bodies are fundamental actors in any
transformation. Their awareness can be achieved by organizing professional development
courses and workshops. Those actors involved in ordering and managing resources (e.g.,
owners, project managers, and field labor) should have priority in acquiring awareness
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and participating in a “circular movement” by changing their cost-driven mindset and
position towards disposal [65]. For instance, VR can be operated to provide workers with
a platform to train in a safe environment, where they can sense, analyze, and prevent
potential hazards [42].

Setting corporate action plans and measurable goals would navigate the progress
better while changing the business models to adapt to circular economy strategies [66]. The
government’s green policies increase incentives by setting controls (taxes) or investing in
ecoproduct production. For the transition to occur, they could change the taxation policies
around consumption, set the rules for industrial strategies, consider environmental issues,
and alter the building codes [66]. In order to track the changes and all the analytics of
the Kemira Smart Process Management Transformation Capacity tool (TC), the evaluation
tool is used when starting the preliminary design right through to the final design stage
for the purpose of verifying the transformation capacity index [49]. Alternatively, deep
learning tools, such as factor analysis algorithms and self-optimized recycling algorithms,
are needed for the impact measuring and analysis of recycling activities.

4.3. Framework Validation: Preliminary Case Study

After the development of the final framework, it was tested on a construction company
that operates in six different cities with more than 80 ongoing construction projects. Due to
the COVID-19 restrictions, the validation of the final framework was carried out through an
online survey among the project management decision-makers of the case study company.
Next, the survey results were analyzed to form the existing observations and any possible
recommendations. Further, an online workshop (1.5 h) was conducted where the results
and the case study format and recommendations were discussed. A summary of the actual
advancement in CE strategies and the existing limitations within the company is presented
in Table 3.

The case study selection process is reflective of the nature of the construction industry
in this particular context. The chosen company is the largest construction developer in
Central Asia, with operations spanning the whole region at a high level of BIM integration
(LOD-450). As one of the major regional players, this selection provides a comprehensive
overview of the nexus of the digitization of the Circular Economy in Central Asia. The cho-
sen company was also considered due to the availability of data pertaining to digitization,
which is missing among other construction developers.

Since the materials and resources are one of the major expenditures in construction costs,
three different digital instruments are being applied within the company in order to plan,
monitor, route, and use different resources, which are summarized as (i) Building Information
Modeling (BIM), (ii) web platforms for the planning and procurement of materials, and
(iii) BIM instruments—the web platform for benchmarking and internal analysis.

Use of BIM. In 2018, the government of the Republic of Kazakhstan issued a gov-
ernmental program named ‘Digital Kazakhstan’, which aimed to focus on three strategic
directions: the digitization of different industries in the economy, the transition to a digital
state, and the creation of an innovation ecosystem. This initiative created an opportunity to
develop further digital instruments and motivated key construction market stakeholders to
adapt their current strategies. As a result, the BIM department of the company was estab-
lished with key responsibilities to (i) introduce the software to the line managers and project
teams by conducting training and educational programs, (ii) analyze the existing project
documentation and evaluate the project organizations work, and (iii) provide technical
support for BIM models of the construction projects of the company. Recently, the company
introduced BIM Cost, which mainly focuses on material planning, scheduling, routing,
and organizing on the construction site. The tool helps to keep track of the construction
materials, including technical specifications within one project documentation, through a
centralized database during the design stage. Additionally, BIM Cost estimates the project’s
construction cost, calculating the key metrics and boundaries of material usage, which are
further established as a threshold. As a result, the company reduced its overconsumption.
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This tool significantly improves resource management and planning as it allows users to
control the material contribution and apply the respective measurement if needed. More-
over, there is also a sustainability advantage as the company tends to minimize its resource
usage and produce the buildings in the most effective ways.

Table 3. Circular Economy readiness of the company.

CE Strategy Digital Technologies Utilized

The company utilizes the Opera Built software, which connects the
project team with the procurement service such that all the materials
and resources can be planned and routed during the construction

Resource Management planning stage. The material or resource could be tracked, modified,
and updated during the lock-up period time. This digital tool allows
the user to effectively schedule the resource route and plan the use of
durable materials with a long lifespan.

The company utilizes Building Information Modeling (BIM)
technologies for the project design. The tool is connected to a planning
system such that all the construction value chain stages can be modeled
in the software. The materials assessment (i.e., passports, technical
characteristics, and features) is presented in BIM under each unique
resource. The tool allows for the assessment of the current construction
needs during the design stage by correlating the project with other
demographic metrics.

Building Management

Currently, no significant digital technologies are utilized during the
social involvement stage for both corporate and governmental entities.
The regulations and actions regarding circularity are not digitized, but
some initiatives stimulate future progress in the area.

Social Involvement

Opverall, the company is actively utilizing digital tools during its
operation in terms of the following stages: (i) project design (both
Digitization structural and architectural); (ii) material management; (iii) project
planning; (iv) internal communications; (v) corporate database on
standards; (vi) operation of the building, and (vii) customer service.

Existing limitations and strengths of the company

Lack of a general understanding of CE principles and the
Limitations implementation strategy.

Relatively low and no measurable support from the executive staff.

Strong and distinctive organizational culture.

Strengths High technological progress compared to existing competitors.

Distinctive strategic long-term goals that include
technological advancement.

Web platforms for planning and procurement. The company has a unique platform
that operates as a guide and helpful tool, connecting the project managers and the specialists
from headquarters. The digital instrument operates as a centralized database that allows
for the planning, ordering, and tracking of the site’s construction materials and resources
(resource management strategy). It allows users to track weekly reports on the initialization
and construction stages of the project (building management strategy), evaluating the key
indicators, such as the number of people on the site, the real-time costs of the project, and a
rating of the subcontractors. According to the interviewees, this digital platform creates
strong communication between operations and headquarters, significantly reducing losses
in construction processes.

A web platform for benchmarking and internal analysis—BIM Instruments. Another
significant tool mentioned during the case study session is the company’s benchmarking
platform, which allows for the evaluation of building management and material consump-
tion during the project’s construction stage. Typically, all the ongoing construction projects
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are regularly uploaded to the database, and the algorithm estimates the critical indicators
for construction, following project documentation parameters. For example, the filter al-
lows one to examine the current ratio of structural reinforcement to concrete ratio [kg/ m3],
structural reinforcement to the total area ratio [kg/m?], the variables on each project of the
company (finished and ongoing), etc. Moreover, there is a specific matrix of the maximum
consumption rates for each capital-intensive material during the different stages of the
construction lifecycle, which allows for determining which projects make losses in terms
of the materials. Once this happens, the headquarters organizes the project committee to
create a plan for solving the current issues. The same approach is applied to construction
time and the number of people on the construction site.

In terms of the social involvement of the related stakeholders, there is no particular
digital instrument utilized within the company. Currently, the local government does not
provide a reliable infrastructure to involve all market participants through digital platforms.

5. Conclusions

The construction sector is a capital-intensive sector responsible for a high amount of
CO, emissions due to different activities in the building lifecycle, including, but not limited
to, cement-associated activities and logistics. Considering the amount of waste generated by
the construction sector alone, which poses risks to human health and contributes to climate
change and the rising competition in the market, construction companies have started to
reconsider their approaches. The new business models oriented around sustainability were
developed to satisfy this demand. The CE promotes resource longevity and durability by
keeping them in the loop for as long as possible. Materials with a long lifespan are selected
for further implementation and potential reuse for another purpose or another project,
while building spaces are served for multiple purposes.

This study develops a framework to facilitate the need for the transition to the CE
and identifies the most appropriate strategies. During the development, several interviews
were conducted to shape and validate the framework with academic and industry experts,
while emerging technologies and Industry 4.0 tools, as enablers, were discussed. After the
framework was developed and validated, a case study analysis on large-scale construction
companies in Kazakhstan was conducted. The study revealed many potentials for implement-
ing Industry 4.0 tools to enable circular practices. Particularly, the use of BIM instruments
at the design and planning/scheduling stages for resource management, the use of big data
with web platforms during the whole building life cycle, and the use of IoT devices at the
construction and operation/maintenance stages for resource management were prominent.
Meanwhile, manual analytical software was prominent in creating social awareness.

The framework offers practical insights for construction industry practitioners and
helps to investigate several critical barriers. The first one is the lack of awareness among
stakeholders, customers, and the public. The strategies to improve this issue involve man-
aging media in creating awareness regarding environmental issues and the importance
of the circularity model in construction, conducting local seminars and workshops to
raise awareness of the CE, and increasing the level of public education among the popula-
tion. The second issue identified is the lack of government involvement in terms of laws,
regulations, and initiatives. Possible mitigation methods would include increasing the
participation of governmental structures in the development of circular economy awareness
through digital technologies, amending and revising the existing building rules and codes,
and introducing new regulations in compliance with circular economy regulations. The
third one is insufficient financial resources. The improvement strategies include activating
proper and adequate budget distribution at the governmental level, introducing subsidies
for sustainable/environmentally friendly projects, creating circular economy investment
platforms, and stimulating the participation of international organizations. The last is-
sue identified is the poor digital progress of existing companies. It would be possible to
improve this by supporting digital infrastructure within existing companies, stimulating
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digitization among different organizational levels, and increasing communication within
the organizations.

This study examined the framework using six industry and academia experts and
validated it with a case study in a large-scale construction company. Increasing the sample
and validating the framework using other variables, such as developed countries and
medium- and small-sized enterprises, is recommended. The developed framework can be
validated further by considering other stakeholders in the construction process. However,
with construction companies being the major participants in this process, they will make a
significant contribution to the development and application of a digital framework.

Author Contributions: Conceptualization, A.T., EK. and S.D.; methodology, A.T., S.D., EK. and
D.D.; validation, EK. and R.S.; formal analysis, K.M.J. and D.D.; investigation, D.D.; resources, R.S.
and FK.; data curation, R.S. and K.M.J.; writing—original draft preparation, KM.].,, M.K. and R.S.;
writing—review and editing, D.D., A.T., EK. and S.D.; visualization, M.K. and K.M.].; supervision,
D.D., S.D., EK. and A.T; funding acquisition, EX. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the ethics
protocol approved by the Nazarbayev University Institutional Ethics Committee (#471/04112021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the privacy concerns of interviewees.

Acknowledgments: The project was done in collaboration with two research projects supported by
the Nazarbayev University Faculty Development Competitive Research Grant Program (Grant No.:
240919FD3919 and 280720FD1904).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Durdyeyv, S.; Ismail, S. On-site construction productivity in Malaysian infrastructure projects. Struct. Surv. 2016, 34, 446-462.
[CrossRef]

2. Tokbolat, S.; Karaca, F.; Durdyev, S.; Calay, R.K. Construction professionals’ perspectives on drivers and barriers of sustainable
construction. Environ. Dev. Sustain. 2019, 22, 4361-4378. [CrossRef]

3. Benachio, G.L.F; Freitas, M.D.C.D.; Tavares, S.F. Circular economy in the construction industry: A systematic literature review.
J. Clean. Prod. 2020, 260, 121046. [CrossRef]

4. Norouzi, M.; Chafer, M.; Cabeza, L.E; Jiménez, L.; Boer, D. Circular economy in the building and construction sector: A scientific
evolution analysis. J. Build. Eng. 2021, 44, 102704. [CrossRef]

5. Durdyev, S.; Ismail, S.; Ihtiyar, A.; Abu Bakar, N.ES.; Darko, A. A partial least squares structural equation modeling (PLS-SEM) of
barriers to sustainable construction in Malaysia. J. Clean. Prod. 2018, 204, 564-572. [CrossRef]

6.  European Commission. European Construction Sector Observatory: Digitalisation in the Construction Sector; European Commission:
Brussels, Brussels, 2021.

7. Tokazhanov, G.; Galiyev, O.; Lukyanenko, A.; Nauyryzbay, A.; Ismagulov, R.; Durdyev, S.; Turkyilmaz, A.; Karaca, F. Circularity
assessment tool development for construction projects in emerging economies. J. Clean. Prod. 2022, 362, 132293. [CrossRef]

8. Rathinamoorthy, R. Circular Fashion. In Circular Economy in Textiles and Apparel; Elsevier: Amsterdam, The Netherlands, 2019;
pp- 13-48.

9.  Chauhan, C,; Parida, V.; Dhir, A. Linking circular economy and digitalisation technologies: A systematic literature review of past
achievements and future promises. Technol. Forecast. Soc. Chang. 2022, 177, 121508. [CrossRef]

10. Muscio, A.; Ciffolilli, A. What drives the capacity to integrate Industry 4.0 technologies? Evidence from European R&D projects.
Econ. Innov. New Technol. 2020, 29, 169-183.

11.  Mrugalska, B.; Wyrwicka, M.K. Towards Lean Production in Industry 4.0. Proc. Eng. 2017, 182, 466—473. [CrossRef]

12.  Antikainen, M.; Uusitalo, T.; Kivikyt6-Reponen, P. Digitalisation as an Enabler of Circular Economy. Procedia CIRP 2018, 73, 45-49.
[CrossRef]

13. Bag, S.; Yadav, G.; Dhamija, P.; Kataria, K.K. Key resources for industry 4.0 adoption and its effect on sustainable production and
circular economy: An empirical study. J. Clean. Prod. 2020, 281, 125233. [CrossRef]

14. Venkatachalam, A.; Fukunari, K. Empowering ASEAN for the Circular Economy; Economic Research Institute for ASEAN and East

Asia (ERIA): Jakarta, Indonesia, 2018.


http://doi.org/10.1108/SS-12-2015-0058
http://doi.org/10.1007/s10668-019-00388-3
http://doi.org/10.1016/j.jclepro.2020.121046
http://doi.org/10.1016/j.jobe.2021.102704
http://doi.org/10.1016/j.jclepro.2018.08.304
http://doi.org/10.1016/j.jclepro.2022.132293
http://doi.org/10.1016/j.techfore.2022.121508
http://doi.org/10.1016/j.proeng.2017.03.135
http://doi.org/10.1016/j.procir.2018.04.027
http://doi.org/10.1016/j.jclepro.2020.125233

Sustainability 2023, 15, 877 15 of 16

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

Dantas, T.; De-Souza, E.; Destro, I.; Hammes, G.; Rodriguez, C.; Soares, S. How the combination of Circular Economy and
Industry 4.0 can contribute towards achieving the Sustainable Development Goals. Sustain. Prod. Consum. 2021, 26, 213-227.
[CrossRef]

Liu, Y;; Yang, Y.; Li, H.; Zhong, K. Digital economy development, industrial structure upgrading and green total factor productivity:
Empirical evidence from China’s cities. Int. J. Environ. Res. Public Health 2022, 19, 2414. [CrossRef]

Cetin, S.; de Wolf, C.; Bocken, N. Circular digital built environment: An emerging framework. Sustainability 2021, 13, 6348.
[CrossRef]

Kovacic, I.; Honic, M.; Sreckovic, M. Digital Platform for Circular Economy in AEC Industry. Eng. Proj. Organ. J. 2020, 9, 1-16.
[CrossRef]

MacArthur, E. Towards the circular economy. J. Ind. Ecol. 2013, 2, 23—44.

Geissdoerfer, M.; Savaget, P.; Bocken, N.M.; Hultink, E.]. The Circular Economy—A new sustainability paradigm? J. Clean. Prod.
2017, 143, 757-768. [CrossRef]

Chan, W.P,; de Wolf, C.; Koutamanis, A. The Digital Potential in Creating a Circular Construction Economy; Technische Universiteit
Delft: Delft, The Netherlands, 2020.

Schandl, H.; Hatfield-Dodds, S.; Wiedmann, T.; Geschke, A.; Cai, Y.; West, J.; Newth, D.; Baynes, T.; Lenzen, M.; Owen, A.
Decoupling global environmental pressure and economic growth: Scenarios for energy use, materials use and carbon emissions.
J. Clean. Prod. 2016, 132, 45-56. [CrossRef]

Hamilton, I.; Rapf, O.; Kockat, D.J.; Zuhaib, D.S.; Abergel, T.; Oppermann, M.; Otto, M.; Loran, S.; Fagotto, L.; Steurer, N.; et al.
2020 Global Status Report for Buildings and Construction; United Nations Environmental Programme: Nairobi, Kenya, 2020.
Akanbi, L.A.; Oyedele, L.O.; Akinade, O.0.; Ajayi, A.O.; Davila Delgado, M.; Bilal, M.; Bello, S.A. Salvaging building materials in
a circular economy: A BIM-based whole-life performance estimator. Resour. Conserv. Recycl. 2018, 129, 175-186. [CrossRef]
Marino, A.; Pariso, P. Comparing European countries’ performances in the transition towards the Circular Economy. Sci. Total.
Environ. 2020, 729, 138142. [CrossRef]

Durdyev, S. Review of construction journals on causes of project cost overruns. Eng. Constr. Arch. Manag. 2020, 28, 1241-1260.
[CrossRef]

Sillars, D.N.; Ng, E.; Calvo-Amodio, J.; Capalbo, S.; Martin, M.; Jahanger, Q.K.; Zimmerman, G.; Hadziomerspahic, A.; Wang, S.;
Elatlasi, R. Advanced technology: Return on investment at the Oregon Department of Transportation. Investig. Rep. 2017.
Durdyev, S.; Ashour, M.; Connelly, S.; Mahdiyar, A. Barriers to the implementation of Building Information Modelling (BIM) for
facility management. J. Build. Eng. 2022, 46, 103736. [CrossRef]

Jahanger, Q.K.; Louis, J.; Pestana, C.; Trejo, D. Potential positive impacts of digitalization of construction-phase information
management for project owners. J. Inf. Technol. Constr. 2021, 26, 1-22. [CrossRef]

Durdyev, S.; Mbachu, J.; Thurnell, D.; Zhao, L.; Hosseini, M. BIM Adoption in the Cambodian Construction Industry: Key Drivers
and Barriers. ISPRS Int. |. Geo-Inf. 2021, 10, 215. [CrossRef]

Schober, S.K.; Hoff, P.; Sold, K. Digitization in the Construction Industry: Building Europe’s Road to ‘Construction 4.0’; Roland Berger
GMBH: Munich, Germany, 2016; pp. 1-16.

Van Tam, N.; Toan, N.Q.; Van Phong, V.; Durdyev, S. Impact of BIM-related factors affecting construction project performance.
Int. ]. Build. Pathol. Adapt. 2021; ahead of print. [CrossRef]

Berlak, J.; Hafner, S.; Kuppelwieser, V.G. Digitalization’s impacts on productivity: A model-based approach and evaluation in
Germany’s building construction industry. Prod. Plan. Control 2021, 32, 335-345. [CrossRef]

Stoyanova, M. Good practices and recommendations for success in construction digitalization. TEM J. 2020, 9, 42-47.

Kaplan, J.; Ritcher, W.; Ware, D. Cybersecurity: Linchpin of the Digital Enterprise | McKinsey; McKinsey Co.: Atlanta, GA, USA, 2019.
Annarelli, A.; Palombi, G. Digitalization capabilities for sustainable cyber resilience: A conceptual framework. Sustainability 2021,
13, 13065. [CrossRef]

Boyes, H.; Cybersecurity and Cyber-Resilient Supply Chains. Cyber-Resilience in Supply Chains Technology Innovation
Management Review. 2015. Available online: www.timreview.ca (accessed on 20 July 2022).

Parker, D.B. Towards a New Framework for Information Security. In Computer Security Handbook, 4th ed.; Bosworth, S.,
Kabay, M.E., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2002.

Shojaei, R.S.; Burgess, G. Non-technical inhibitors: Exploring the adoption of digital innovation in the UK construction industry.
Technol. Forecast. Soc. Chang. 2022, 185, 122036. [CrossRef]

Tabaa, M.; Monteiro, F.; Bensag, H.; Dandache, A. Green Industrial Internet of Things from a smart industry perspectives. Energy
Rep. 2020, 6, 430-446. [CrossRef]

Lu, Y. Industry 4.0: A survey on technologies, applications and open research issues. J. Ind. Inf. Integr. 2017, 6, 1-10. [CrossRef]
Jazzar, EM.; Piskernik, M.; Nassereddine, H. Digital twin in construction: An empirical analysis. In Proceedings of the EG-ICE
2020 Workshop on Intelligent Computing in Engineering, Online, 1-4 July 2020.

Tao, E; Qi, Q.; Wang, L.; Nee, A.Y.C. Digital twins and cyber-physical systems toward smart manufacturing and industry 4.0:
Correlation and comparison. Engineering 2019, 5, 653—-661.

Frank, A.G.; Mendes, G.H.S.; Ayala, N.E; Ghezzi, A. Servitization and Industry 4.0 convergence in the digital transformation of
product firms: A business model innovation perspective. Technol. Forecast. Soc. Chang. 2019, 141, 341-351. [CrossRef]


http://doi.org/10.1016/j.spc.2020.10.005
http://doi.org/10.3390/ijerph19042414
http://doi.org/10.3390/su13116348
http://doi.org/10.25219/epoj.2020.00107
http://doi.org/10.1016/j.jclepro.2016.12.048
http://doi.org/10.1016/j.jclepro.2015.06.100
http://doi.org/10.1016/j.resconrec.2017.10.026
http://doi.org/10.1016/j.scitotenv.2020.138142
http://doi.org/10.1108/ECAM-02-2020-0137
http://doi.org/10.1016/j.jobe.2021.103736
http://doi.org/10.36680/j.itcon.2021.001
http://doi.org/10.3390/ijgi10040215
http://doi.org/10.1108/IJBPA-05-2021-0068
http://doi.org/10.1080/09537287.2020.1740815
http://doi.org/10.3390/su132313065
www.timreview.ca
http://doi.org/10.1016/j.techfore.2022.122036
http://doi.org/10.1016/j.egyr.2020.09.022
http://doi.org/10.1016/j.jii.2017.04.005
http://doi.org/10.1016/j.techfore.2019.01.014

Sustainability 2023, 15, 877 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.
63.
64.
65.

66.

Kraus, S.; Breier, M.; Dasi-Rodriguez, S. The art of crafting a systematic literature review in entrepreneurship research. Int. Entrep.
Manag. |. 2020, 16, 1023-1042. [CrossRef]

Durdyev, S.; Hosseini, M.R. Causes of delays on construction projects: A comprehensive list. Int. . Manag. Proj. Bus. 2019, 13,
20-46. [CrossRef]

Romani, A.; Rognoli, V.; Levi, M. Design, Materials, and Extrusion-Based Additive Manufacturing in Circular Economy Contexts:
From Waste to New Products. Sustainability 2021, 13, 7269. [CrossRef]

Forcael, E.; Ferrari, I.; Opazo-Vega, A.; Pulido-Arcas, ]J.A. Construction 4.0: A literature review. Sustainability 2020, 12, 9755.
[CrossRef]

Okorie, O.; Salonitis, K.; Charnley, F.; Moreno, M.; Turner, C.; Tiwari, A. Digitisation and the Circular Economy: A Review of
Current Research and Future Trends. Energies 2018, 11, 3009. [CrossRef]

Torgautov, B.; Zhanabayev, A.; Tleuken, A.; Turkyilmaz, A.; Mustafa, M.; Karaca, F. Circular Economy: Challenges and
Opportunities in the Construction Sector of Kazakhstan. Buildings 2021, 11, 501. [CrossRef]

Dikhanbayeva, D.; Tokbergenova, A.; Lukhmanov, Y.; Shehab, E.; Pastuszak, Z.; Turkyilmaz, A. Critical Factors of Industry 4.0
Implementation in an Emerging Country: Empirical Study. Futur. Internet 2021, 13, 137. [CrossRef]

Tleppayev, A.M.; Zeinolla, S.Z. Assessment of Indicators of the Circular Economy on the Example of the Countries of the
European Union and the Possibility of Application in the Conditions of Kazakhstan. Econ. Strategy Pract. 2021, 16, 128-141.
[CrossRef]

Kokoulina, L.; Gavrilova, T. Concept Map of the Circular Economy Theoretical Origins. In Proceedings of the GSOM Emerging
Markets Conference 2015: Business and Government Perspectives, St. Petersburg, Russia, 13-14 October 2015.

Sparrevik, M.; de Boer, L.; Michelsen, O.; Skaar, C.; Knudson, H.; Fet, A.M. Circular economy in the construction sector: Advancing
environmental performance through systemic and holistic thinking. Environ. Syst. Decis. 2021, 41, 392—400. [CrossRef]
Blomsma, E. Collective ‘action recipes’ in a circular economy—On waste and resource management frameworks and their role in
collective change. J. Clean. Prod. 2018, 199, 969-982. [CrossRef]

Mayer, A.; Haas, W.; Wiedenhofer, D.; Krausmann, F.; Nuss, P,; Blengini, G.A. Measuring Progress towards a Circular Economy: A
Monitoring Framework for Economy-wide Material Loop Closing in the EU28. . Ind. Ecol. 2019, 23, 62-76. [CrossRef] [PubMed]
Fott, J.; Cerny, R. Transition to circular economy in the construction industry: Environmental aspects of waste brick recycling
scenarios. Waste Manag. 2020, 118, 510-520. [CrossRef] [PubMed]

Honic, M.; Kovacic, I.; Rechberger, H. Improving the recycling potential of buildings through Material Passports (MP): An
Austrian case study. |. Clean. Prod. 2019, 217, 787-797. [CrossRef]

Drahokoupil, J. The Challenge of Digital Transformation in the Automotive Industry: Jobs, Upgrading and the Prospects for Development;
ETUI: Brussels, Belgium, 2020.

Carra, G.; Magdani, N.; Circular Business Models for the Built Environment. Arup BAM 2017, 1-44. Available online:
https:/ /www.arup.com/perspectives/publications /research/section/ circular-business-models-for-the-built-environment
(accessed on 16 August 2022).

Chen, Q.; Feng, H.; de Soto, B.G. Revamping construction supply chain processes with circular economy strategies: A systematic
literature review. J. Clean. Prod. 2021, 335, 130240. [CrossRef]

Unesco. Culture Urban Future: Global Report on Culture for Sustainable Urban Development; Massgraficc & Dhita: Quito, Ecuador,
2016.

Hong, W.-K. Hybrid Composite Precast Systems: Numerical Investigation to Construction; Woodhead Publishing: Sawston, UK, 2019.
Mies, A.; Gold, S. Mapping the social dimension of the circular economy. . Clean. Prod. 2021, 321, 128960. [CrossRef]

Adams, K.T.; Osmani, M.; Thorpe, T.; Thornback, J. Circular economy in construction: Current awareness, challenges and enablers.
Proc. Inst. Civ. Eng.-Waste Resour. Manag. 2017, 170, 15-24. [CrossRef]

Hartley, K.; van Santen, R.; Kirchherr, ]. Policies for transitioning towards a circular economy: Expectations from the European
Union (EU). Resour. Conserv. Recycl. 2020, 155, 104634. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s11365-020-00635-4
http://doi.org/10.1108/IJMPB-09-2018-0178
http://doi.org/10.3390/su13137269
http://doi.org/10.3390/su12229755
http://doi.org/10.3390/en11113009
http://doi.org/10.3390/buildings11110501
http://doi.org/10.3390/fi13060137
http://doi.org/10.51176/1997-9967-2021-3-128-141
http://doi.org/10.1007/s10669-021-09803-5
http://doi.org/10.1016/j.jclepro.2018.07.145
http://doi.org/10.1111/jiec.12809
http://www.ncbi.nlm.nih.gov/pubmed/31007502
http://doi.org/10.1016/j.wasman.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/32980730
http://doi.org/10.1016/j.jclepro.2019.01.212
https://www.arup.com/perspectives/publications/research/section/circular-business-models-for-the-built-environment
http://doi.org/10.1016/j.jclepro.2021.130240
http://doi.org/10.1016/j.jclepro.2021.128960
http://doi.org/10.1680/jwarm.16.00011
http://doi.org/10.1016/j.resconrec.2019.104634

	Introduction 
	Literature Review 
	Circular Economy: Background 
	Digitization in the Construction Industry 

	Methodology 
	Results and Discussions 
	Theoretical Framework 
	Optimized Framework 
	Framework Validation: Preliminary Case Study 

	Conclusions 
	References

