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Abstract: At present, the smart city offers the most desired state of urban development, encompassing,
as it does, the concept of sustainable development. The creation of a smart city is closely associated
with upgrading the construction industry to encompass many emerging concepts and technologies,
such as Construction 4.0, with its roots in Industry 4.0, and the deployment of building information
modeling (BIM) as an essential tool for the construction industry. Therefore, this paper aims to
explore the current state of the art and development trajectory of the multidisciplinary integration
of Construction 4.0, Industry 4.0, BIM, and sustainable construction in the context of the smart city.
It is the first attempt in the literature to use both macro-quantitative analysis and micro-qualitative
analysis methods to investigate this multidisciplinary research topic. By using the visual bibliometric
tool, VOSviewer, and based on macro keyword co-occurrence, this paper is the first to reveal the
five keyword-constructed schemes, research hotspots, and development trends of the smart city,
Construction 4.0, Industry 4.0, BIM, and sustainable construction, from 2014 to 2021 (a period of
eight years). Additionally, the top 11 productive subject areas have been identified with the help of
VOSviewer software keyword-clustering analysis and application. Furthermore, the whole-building
life cycle is considered as an aid to identifying research gaps and trends, providing suggestions for
future research with the assistance of an upgraded version of BIM, namely, city information modeling
(CIM) and the future integration of Industry 5.0 and Construction 5.0, or even of Industry Metaverse
with Construction Metaverse.

Keywords: smart city; Construction 4.0; Industry 4.0; building information modeling (BIM);
sustainable building; Construction Metaverse; life cycle stage; keyword co-occurrence; visualization;
bibliometric; VOSviewer

1. Introduction

With the move toward massive urbanization across the world, the smart city is widely
studied as the next stage of urban development [1]. The concept of the “smart city” was
first introduced in 1994, when the potential was recognized of digital servers to improve
the development and management of cities [2]. Since the concept of the “smart city” was
introduced, almost all forms of innovative and sustainable urban planning, development,
operation, and management based on technology have been closely related to the concept
of the smart city [3]. The concept of the smart city has continued to evolve, but scholars
have defined it according to various aspects. Ramaprasad et al. [4] point out that most
research in the field of information technology focuses on the definition of the smart city in
terms of the electronic functions provided to citizens, wherein sustainability and quality of
life are central. A common definition is that the smart city is a well-defined geographical
area in which highly developed technologies, such as information and communications
technologies, logistics, and energy production, collectively cooperate to create benefits for
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its citizens in terms of well-being, inclusion and participation, environmental quality, and
intelligent development, which is governed by a “well-defined pool of subjects” who can
establish the rules and policies for the city government and the area’s development [5]. The
smart city is the basis for sustainable development. The modern smart city is particularly
concerned with sustainable and efficient solutions for energy management, transport,
healthcare, and governance to meet people’s needs for a good quality of life [6]. Most
smart cities have four main attributes, namely, sustainability, quality of life, urbanization,
and smartness [7]. However, studies have confirmed that the policies of a smart city are
highly technocentric, but current smart-city practices fail to incorporate a progressive and
authentic overall sustainable development goal [8].

Although the construction industry is changing its processes and working methods
to meet the requirements of sustainability in the context of a smart city (e.g., energy
saving, waste reduction, ensuring a quality building, and a smart indoor environment),
construction is still considered to be a traditional industry that is reluctant to use new
technologies and is inefficient [9]. However, recent advances in technology have enabled the
construction industry to achieve rapid growth and higher profits, resulting in a new concept,
“Construction 4.0” [10], a concept that is derived from the theoretical framework of a broader
concept, “Industry 4.0”, also known as the fourth industrial revolution. Industry 4.0,
based on concepts and technologies that include cyber-physical systems, the Internet of
Things (IoT), and the internet of services, is part of a high-tech strategy launched by
Germany in 2011 [11]. It is also based on the perpetual communication of technology and
people via the internet that allows a continuous interaction and exchange of information
between humans, humans and machines, and the machines themselves [12]. In the year
2014, Industry 4.0 was first paired with construction in an article on three-dimensional
(3D) printing prototypes [13]. Subsequently, the construction industry introduced the
concept of Construction 4.0 in 2016 [14], hailing it as a new era for the sector, in line with
Industry 4.0. In some studies [14,15], Construction 4.0 exists merely as a specific application
of Industry 4.0. As the concept of Construction 4.0 is very new, there has not been a
very clear definition and scope of application since then. Sacks et al. [16] further defined
Construction 4.0 as a framework that includes the extensive use of building information
modeling (BIM) for design and construction, the industrial production of prefabricated
components and modules, the use of cyber-physical systems where possible, including in
the field of robotics, digital monitoring of the supply chain and work on construction sites,
and data analytics such as big data, artificial intelligence, cloud computing, and blockchain.

The value of technologies such as BIM, cyber-physical systems, sensors, the IoT, ar-
tificial intelligence, and big data for the Construction 4.0 and Industry 4.0 concepts have
been studied to identify the goals of sustainable development [17-19]. BIM is the process of
developing an intelligent model that links the architecture, engineering, and construction
(AEC) industries to enable efficient data exchange throughout a project’s life cycle [20]. The
integration of BIM into processes related to building design/construction/operation is an
approach that is consistent with sustainability characteristics in the built environment [21].
Integrated approaches to assessing the life cycle of a building using BIM have been de-
veloped in Asia and Europe [22]. Currently, BIM has been employed by the construction
industry in many European countries, which facilitates the development of policies for the
digital transformation of the built environment [23,24]. However, sustainable development
practices via BIM remain relatively immature and inconsistent. The limited research pub-
lished on the subject has focused on addressing the workflow barriers to green projects,
with potential improvements using current BIM functionality [25]. Visualization-assisted
functionalities, such as management, intelligent construction, simulation, and analysis are
popular among BIM practitioners [26]. However, currently, independently functioning
technology and weak approaches to information integration and management may limit
the use of smart BIM environments [27]. The innovations of BIM mainly focus on the
functionalities of BIM from a technical perspective, while the innovative capabilities of BIM
remain under-researched and studies exhibit a scattered research focus [28].
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Currently, there is the potential for Construction 4.0, Industry 4.0, and BIM to con-
tribute to sustainable building development. However, a cross-disciplinary integration of
Construction 4.0, Industry 4.0, and BIM is still in its infancy and few studies have focused
on the impact of the integration for sustainable building in the context of the smart city.
Therefore, this paper aims to explore the relationships between Construction 4.0, Industry
4.0, and BIM in terms of sustainable building in the context of a smart city, offering a way
to move toward the goal of sustainable development. This research identifies the current
state of research and the future trends of integration of Construction 4.0, Industry 4.0, and
BIM regarding sustainable construction in the context of a smart city. In addition, this
paper signposts the potential future directions in the field of sustainable building: the
integration of sustainable construction with Industry 5.0 and Construction 5.0, and even
with the Industry Metaverse and Construction Metaverse.

2. Method

The research method used in this paper is that of bibliometric analysis, which includes
a macro-quantitative analysis and a follow-up micro-qualitative analysis of the literature
article data, in terms of the year, sources, keywords, research directions, research methods,
research themes, research contents, application areas, and future trends. Bibliometric
analysis elicits objective and straightforward results and minimizes subjective judgments
by authors [29]; it has been widely used to analyze published literature and assess research
trends in specific fields [30]. It allows general conclusions to be drawn about the specific
areas of research, thus avoiding the need for a thorough review of large volumes of literature
studies [31]. Studies have investigated Industry 4.0, Construction 4.0, BIM, and sustainable
building, using bibliometrics that contribute to the development of these areas [32,33]. Due
to the multidisciplinary integration of Construction 4.0, Industry 4.0, BIM, and sustainable
building in this study, the volume of relevant literature, and uncertainty regarding future
directions and trends in the research fields, bibliometric analysis is the best method for
our investigation.

For the macro-quantitative analysis of the literature, this paper obtained relevant arti-
cles from the Web of Science Core Collection (WoSCC) and imported them into VOSviewer
software for keyword visualization. The Web of Science (WoS) is one of the world’s most
authoritative scientific citation indexing databases [34]. The WoSCC’s rigorous indexing
procedures ensure that the database content is of high quality and capable of producing sig-
nificant scientific impact [35]. VOSviewer software is a commonly used tool in quantitative
scientific analysis [36] and is based on the visualization of a similarity algorithm to easily
visualize the relationships between data extracted from WoSCC [37]. As such, VOSviewer
software is adopted to assist in achieving a comprehensive understanding of the current
status and future emerging research hotspots regarding Construction 4.0, Industry 4.0,
BIM, sustainable building, and the smart city. In the micro-qualitative analysis, this paper
presents a review regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and
the smart city, categorized by multidisciplinary orientation and building life-stages.

The flow diagram of the research method is shown in Figure 1, and is divided into five
stages. The first is identifying the research target, searching for articles in the field of smart
city, Industry 4.0, Construction 4.0, BIM, and sustainable building research, collecting and
collating the relevant data. As the definition of Construction 4.0 is still in constant evolution
and is influenced by its parent concept, Industry 4.0 [10], Industry 4.0 is included in the
search. Since the concept of Construction 4.0 was introduced in the year 2016 [14], and the
association between the construction industry and Industry 4.0 was made in 2014 [13], the
publication-year range is from 2014 to 2021. The second stage is using bar charts and tables
to record the number of publications per year and the top ten most productive sources of
the relevant publications, while the third is performing a keyword co-occurrence analysis
of articles through VOSviewer software, including network visualization, high-frequency
keywords, overlay visualization, and hotspot research. The fourth stage is performing
multi-disciplinary research, based on the classification of “research areas” in the WoS
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database, and selecting the most productive disciplines for keyword co-occurrence analysis,
and the fifth is carrying out an analysis of building life-cycle stages and application areas in
the context of Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city.

1. In the Web of Science core collection, limited to the period

2014-2021, "Industry 4.0", "Construction 4.0", ("BIM" OR The 284 documents obtained were classified in excel, according to
"Building Information Modeling"), "Smart City", " Sustainable —————>  year, purpose, research method, research content and field of
Building" is the search theme, and the terms AND and OR are application

used flexibly to obtain literature.

!
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Figure 1. Flow diagram of the research methodology.

3. Results

The data collected for this paper is from the WoSCC database, from which this study
has obtained the most relevant literature data by using the keywords: “Smart City”, “In-
dustry 4.0”, “Construction 4.0”, “BIM”, “Building Information Modeling” and “Sustainable
Building”, as shown in Table 1. The keyword search led to a total of 284 articles within an
eight-year period, i.e., from 2014 to 2021.

Table 1. Results of the data collection process for the most relevant literature data from the WoSCC
database (generated by the authors).

Source Web of Science Core Collection

Citation SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH, CCR-EXPANDED, IC
#1 = (TS = ((“BIM” or “Building Information Modeling”) and (“Industry 4.0 “ or “Construction 4.0 “) and
(“Smart City” or “Sustainable Building”)))
#2 = (TS = (("Industry 4.0 “or “Construction 4.0 “) and (“Smart City” or “Sustainable Building”)))

Search steps #3 = (TS = ((“Industry 4.0 “or “Construction 4.0 “) and (“BIM” or “Building Information Modeling”)))
#4 = (TS = ((“Smart City” or “Sustainable Building”) and (“BIM” or “Building Information Modeling”)))
#5 =#4 OR #3 OR #2 OR #1
Timespan Year 2014-2021
Qualified Records 284
Source Web of Science Core Collection

3.1. Macro-Quantitative Analysis Regarding Construction 4.0, Industry 4.0, BIM, Sustainable
Building, and Smart City

3.1.1. General Information

The number of publications is an important indicator of scientific research trends.
As shown in Figure 2, published articles regarding Construction 4.0, Industry 4.0, BIM,
sustainable building, and the smart city have increased year by year. The earliest articles on
the subject were published in the year 2014, with only three articles. This subject entered a
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period of development in subsequent years. The number of articles published in the year
2019 had doubled compared to 2018. In the three years thereafter, the number of articles
remained above 60 per year, with 73 articles in the year 2021 setting an increasing trajectory
for the near future.

80 s,
70
60
50
40
30
20
10
0
2014 2015 2016 2017 2018 2019 2020 2021
Figure 2. Number of articles published each year on Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city from the year 2014 to 2021 in the WoSCC database (generated by
the authors).
In addition, the top 10 most productive sources for the subject are listed in Table 2.
Among the sources, Sustainability is the most productive journal with 23 articles, followed
by Automation in Construction, Buildings, IEEE Access, Applied Sciences Basel, IOP
Conference Series Materials Science and Engineering, Advanced Engineering Informatics,
the Journal of Building Engineering, the Journal of Cleaner Production, and Sensors. To
be part of the top 10 most productive sources, they require at least five articles to have
been published. The top 10 most productive sources play a leading role in establishing
the foundation for research regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city. The year-on-year growth in the published literature indicates
that academic efforts have been made to apply the concepts, technologies, and models of
Construction 4.0, Industry 4.0, and BIM to the development of sustainable construction.
Table 2. Top 10 most productive sources regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and smart city articles from the year 2014 to 2021 in the WoSCC database (generated by
the authors).
Ranking Source Titles Number of Publications
Topl Sustainability 23
Top2 Automation in Construction 13
Top3 Buildings 11
Top4 IEEE Access 7
Top5 Applied Sciences Basel 6
Top6 IOP Conference Series Materials Science and Engineering 6
Top7 Advanced Engineering Informatics 5
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Table 2. Cont.

Ranking Source Titles Number of Publications
Top8 Journal of Building Engineering 5
Top9 Journal of Cleaner Production 5
Top10 Sensors 5

3.1.2. VOSviewer Software Analysis

VOSviewer software has been used to conduct a macro-quantitative analysis for
the 284 articles obtained in the data collection, as shown in Table 1, which includes a
keyword co-occurrence network visualization, high-frequency keyword analysis, overlay
visualization, and hot research keyword analysis.

1. Network Visualization

The 284 papers identified in the search were imported to conduct keyword co-occurrence
analysis in the VOSviewer software (version 1.6.15) for network visualization, in which
the threshold is set to 3 for keyword filtering and synonym merging. The result presents
113 keywords, forming eight different color clusters, i.e., green, dark blue, orange, light
blue, purple, red, pink, and yellow, as shown in Figure 3. The size of the circular nodes
indicates the number of keyword occurrences. The larger the node is, the more frequently
that same keyword appears in different articles. The keyword “BIM” occupies the largest
node and is at the center of Figure 3. The length of the line between two keywords indicates
the similarity and relevance between the two topics, while the width of the line indicates
the strength of the connection between them.
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Figure 3. Keyword network visualization regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city from the year 2014 to 2021, created via VOSviewer software (generated
by the authors).
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Green Cluster 1, presenting 21 keywords, focuses on the application of BIM in sus-
tainability, including the framework, integration, and green building. Dark Blue Cluster
2 (15 keywords) is mainly related to the topic of geoinformatics, including geographic
information systems (GIS), CityGML, and sustainability management, including facilities
management and quality management. Cluster 3, in orange (9 keywords), is associated
with the smart city and Industry 4.0, including the technical requirements for achieving
their goals via augmented reality, interoperability, virtual reality, cyber-physical systems,
modularity, smart industry, and social networking. Cluster 4, in light blue (13 keywords),
reflects the digital transformation of the construction industry, including concepts and
technologies that are related to Construction 4.0, digital construction, digital twins (DTs),
and 3D printing, which also emphasizes the impact of such technology on the environment
and educational issues related to architecture. Purple Cluster 5 (9 keywords) concentrates
on the management of the technical aspects while covering automation and prefabrication.
Cluster 6 in red (21 keywords) focuses on building energy assessment, aiming at sustain-
able building design through life-cycle assessment (LCA) and addressing the challenge of
energy optimization. Pink Cluster 7 (14 keywords) focuses on the future smart city and the
sustainability of buildings, including artificial intelligence, along with the issues of human
health and well-being. Cluster 8 (14 keywords), in yellow, features advanced technologies
and systems, such as the IoT, blockchain, fog, and cloud, which are used to develop smart
city projects and smart manufacturing.

As shown in Figure 3, the three keywords marked by grey circles, i.e., BIM, Industry 4.0,
and the smart city, are highly associated with each other and appear frequently, occupying
the center of Figure 3. The two keywords in red ovals, i.e., Construction 4.0 and sustainable
building, are smaller nodes at the edge of the diagram without being closely related to the
three grey-circled keywords. Therefore, keyword network visualizations on the themes of
Construction 4.0 and sustainable building are worthy of attention and analysis.

Figure 4 depicts a keyword network visualization on the theme of Construction 4.0,
which mainly includes digitalization, design, and management, as applied to sustainable
development. Among these themes, links between Construction 4.0 and technologies,
such as 3D printing, big data, the IoT, and augmented reality are apparent. However,
Construction 4.0 fails to form effective links with the smart city. Figure 5 depicts keywords
for interlinking sustainable building and other areas, focusing on energy, building perfor-
mance optimization, and environmental impact. However, sustainable construction is only
linked to BIM, and the field has established no links to the smart city, Construction 4.0, and
Industry 4.0.

The clustering keywords that are most closely related to Construction 4.0, Industry
4.0, BIM, sustainable building, and the smart city are BIM, smart city, Industry 4.0, IoT,
system, management, internet, framework, design, construction, sustainability, technolo-
gies, performance, challenges, energy, and optimization. Table 3 shows the high-frequency
keywords identified from the VOSviewer software keyword co-occurrence analysis, which
specifies at least 15 keyword occurrences, also including color representation, clusters, the
frequency of occurrences, and the total link strengths to the keywords.

2. Opverlay Visualization

The temporal overlay figure can reflect popular topics in the research according to
year and can also help to reveal future research trends. Figure 6 shows the keyword
co-occurrence overlay network diagram regarding Construction 4.0, Industry 4.0, BIM,
sustainable building, and the smart city, with colors ranging from dark blue to yellow
indicating the period from the year 2014 to 2021. The emergence years for the different
keywords are associated with the color of the circle.
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Figure 4. Keyword network visualization of Construction 4.0, created via VOSviewer software
(generated by the authors).

Figure 5. Keyword network visualization of sustainable building, created via VOSviewer software
(generated by the authors).
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Table 3. High-frequency keywords regarding Construction 4.0, Industry 4.0, BIM, sustainable build-
ing, and the smart city, via the VOSviewer software (generated by the authors).

Color! Cluster Keyword Occurrences  Total Link Strength
2 BIM 128 518
7 smart city 65 244
7 Industry 4.0 64 289
4 Inter.net of 43 229
Things
4 system 34 185
8 management 30 184
4 internet 27 166
_ 2 framework 25 164
1 design 20 130
3 construction 18 104
2 sustainability 18 92
8 technologies 18 116
6 performance 17 110
6 challenges 15 109
1 energy 15 78
1 optimization 15 94
1 The colors in the table are in line with the colors from Figure 3.
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Figure 6. Keyword overlay visualization regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city from the year 2014 to 2021, created via VOSviewer software (generated
by the authors).

As shown in Figure 6, the dark blue node representing 2014 to 2015 does not appear,
indicating that the subject of Construction 4.0, Industry 4.0, BIM, sustainable building,
and the smart city is in its infancy during these two years. The first keywords, such as
“virtual 3D city modeling”, and “sustainable design”, appeared in the year 2016, indicating
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that the topic had begun to attract attention. Most of the nodes in Figure 6 are green and
yellow-green, affirming that most of the keywords emerged from 2018 to 2020, a period
of rapid development in the field. With the emergence of the smart city and the digital
transformation of the construction industry, green building and sustainability have become
hot topics in which big data, augmented reality, IoT, blockchain, cyber-physical system:s,
artificial intelligence, and other emerging technologies are widely implemented. The yellow
part of Figure 6 reveals the two latest keywords in 2021, i.e., DTs and productivity, which
indicates that the research on Construction 4.0, Industry 4.0, BIM, sustainable building, and
the smart city has adopted digital twin technologies, while productivity remains important
in the field.

As shown in Table 4, the research hotspots regarding Construction 4.0, Industry
4.0, BIM, sustainable building, and the smart city from the year 2014 to 2021, have been
summarized as the following five schemes:

(1) Cutting-edge concept: smart city, Industry 4.0, and Construction 4.0;

(2) Building sustainable development: sustainable design, sustainable building, green
building, and sustainability;

(3) Factors influencing development: technologies, performance, and productivity;

(4) Activity for building the life cycle: simulation, decision-making, design, implementa-
tion, management, and consumption;

(5) Emerging technology and an integrated model: virtual reality, cyber-physical systems,
fog, big data, augmented reality, automation, the Internet of Things, the internet,
blockchain, artificial intelligence, DTs, things, BIM, CityGML, GIS, and industrial
infrastructure classes.

Table 4. Popular research keywords regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city in the past eight years (the years 2014 to 2021) via overlay visualization
using VOSviewer software (generated by the authors).

Year Color! Keyword
2016 CityGML, sustainable design, virtual reality, social network
2017 sustainable building, simulation, cyber-physical systems,
decision-making, fog
construction, big data, augmented reality, construction industry, GIS,
2018 construction projects, green building, industry foundation classes,
automation, consumption
2019 BIM, smart city, Industry 4.0, Internet of Things, system, framework,
design, sustainability, technologies, performance
2020 management, internet, future, things, blockchain, Construction 4.0,
artificial intelligence, city, implementation
2021 DTs, productivity

1 The color range in the table is in line with the color range used in Figure 6.

3.2. A Follow-Up Micro-Qualitative Analysis Regarding Construction 4.0, Industry 4.0, BIM,
Sustainable Building, and Smart City

3.2.1. Classification and Selection of the Influential Subject Areas

The minimum number of records was set to 10, employing the WoS database classi-
fication of “research areas” to find influential research directions regarding Construction
4.0, Industry 4.0, BIM, sustainable building, and the smart city, resulting in 284 articles that
were automatically divided into 11 subject areas to form valid keyword co-occurrences,
namely, Engineering (151 articles), Computer Science (88 articles), Construction Building
Technology (63 articles), Science Technology Other Topics (54 articles), Environmental
Sciences Ecology (40 articles), Telecommunications (24 articles), Energy Fuels (21 articles),
Business Economics (19 articles), Chemistry (12 articles), Automation Control Systems
(11 articles), and Materials Science (11 articles), as shown in Figure 7. Engineering exhibits
the highest number of publications and maintains the highest trend, followed by Computer
Science, with its first article published in 2015. Chemistry is the latest area to be developed,
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starting in 2019, but this was faster than Automation Control Systems and Materials Science.
Furthermore, this research imported articles from the 11 subject areas into the VOSviewer
software, modeling the findings to reveal the current state of multidisciplinary research
and to identify the gaps and trends across disciplines.

201 NN =2

207 NN BN BN
2016 [HEEDEH
2015 IR
2014 |1
0 40 60 80 100 120 140
Color Research areas 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
M |Engineering 1 5 8 11 20 33 36 37
| [Computer Science 0 3 2 11 13 22 19 18
Construction Building Technology 1 5 3 6 8 14 14 12
W [Science Technology Other TopicsS 0 3 0 7 3 10 16 15
B |Environmental Sciences Ecology 1 0 1 2 0 5 13 18
Telecommunications 0 0 0 2 2 8 6 6
B |[Energy Fuels 0 2 1 5 1 2 6 4
B [Business Economics 0 0 0 3 1 3 4 8
W [Chemistry 0 0 0 0 0 3 5 4
B |Automation Control Systems 0 0 0 2 2 3 2 2
Materials Science 0 0 1 1 1 2 2 <

Figure 7. The number of articles published between 2014 and 2021 in different years, divided into
eleven subject areas (generated by the authors).

3.2.2. Research Overview of the 11 Subject Areas
1.  Engineering

The articles in the Engineering area regarding Construction 4.0, Industry 4.0, BIM,
sustainable building, and the smart city were imported into the VOSviewer software. a
threshold of 3 was set to generate a keyword co-occurrence map, as shown in Figure 8. BIM
occupies the center of Figure 8, with other keywords closely linked to the center, such as
smart city, technologies, health, optimization, IoT, management, and system, which are
shown mainly in yellow, light blue, red, and dark blue areas that can be summarized as
Smart City and Technology, BIM, Industry 4.0 and IoT, and Management and System.
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Figure 8. Keyword visualization of articles published between 2014 and 2021 in the field of Engineer-
ing in terms of Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, created
via VOSviewer software (generated by the authors).

As shown in Figure 8, the keywords in the yellow area that are closely related to
“Smart City and Technology” are health and safety. The smart city aims to improve
the efficiency and safety of its urban infrastructure, as well as the quality of life of its
citizens [38]. In terms of the quality of life of the city’s citizens, a focus on the health and
well-being of people who are living in buildings will lead to significant changes in the
decision-making process for sustainable building design and operation. On the one hand,
the use of wellbeing-centered LCAs for decision-making by designers and operators can
improve energy efficiency regarding human well-being and its socioeconomic aspects [39].
On the other hand, occupational safety in construction activities also needs attention, to
which end BIM has the potential to improve construction safety. However, more practical
BIM applications are needed, especially focusing on safety training and education, the use
of BIM to enhance the safety climate and resilience, and the development of quantitative
risk analysis to better support safety management [40]. In terms of smart city security, data
security is a necessary guarantee for many scenarios, such as a large number of nodes that
share data across networks [41]. Furthermore, cybersecurity is one of the future research
opportunities for digital supply chains and procurement in built environments [42].

In the light blue cluster, the connections among BIM, semantic enrichment, segmen-
tation, and recognition are still developing, which may become new research directions
in the future. A semantic 3D building model for construction solutions benefits smart city
management [43]. As data sources, algorithms, and computing power continue to increase,
BIM-based city information modeling (CIM) assists in exploring semantic enrichment [44].
On the one hand, the semantic alignment method-based multi-model optimization and
architectural design knowledge improve the effectiveness of a 3D point cloud-reconstructed
BIM [45]. This derivative-free optimization-based method automatically generates a se-
mantically rich as-built BIM from complex scenes using 3D point clouds [46]. The dynamic
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logic-based method for clustering and identifying objects in laser-scanned point clouds aids
in creating a theoretical basis for many new application algorithms and software for BIM
and smart urban environments, which addresses various problems related to the extraction
of semantically rich information from non-traditional types of digital data [47]. In addition,
a reliance on BIM, data mining, and semantic data modeling enable researchers to create a
performance-oriented design decision-supporting system, which will inform future design
decisions [48].

In the red area of “Industry 4.0 and IoT”, the keywords closely related to BIM are
optimization, DTs, and artificial intelligence. The area focuses on the development of
Industry 4.0 and its key technologies within the engineering discipline. “Smart city and
smart infrastructure” comprises one of the five pillars of Industry 4.0 [49], in which field
the IoT is widely used, and DTs and artificial intelligence are likewise emerging during its
development. In terms of IoT applications, the use of 5G-assisted industrial IoT provides
privacy protection and energy resource optimization for a smart city infrastructure [50]. IoT-
based public lighting applications can improve public lighting management and provide
big data platforms to help turn urban centers into smart cities [51]. However, the use of DTs
in the smart city is not yet as popular a topic [52]. In the area of DTs for the architecture,
engineering, construction, operations, and facilities management (AECO-FM) industries,
topics such as “virtual-physical building integration”, “building life-cycle management”,
and “information-integrated production” are widely studied, while “information-based
predictive management” and “virtual-based information utilization” need to be explored
at greater depth [53]. Interestingly, Metaverse, a virtual world that is parallel to reality,
also uses DT technology, which is an important tool for building a smart city. The DT
assists in digitally mapping the physical world and can comprehensively capture urban
data, such as people, vehicles, objects, and space, to form a visible, controllable, and
manageable DT city. It also facilitates improvement in the efficiency of resource utilization,
optimizes urban management and services, and enriches the quality of life of its citizens [54].
The most widely used artificial intelligence methods in the AEC industry are genetic
algorithms, neural networks, fuzzy logic, fuzzy sets, and machine learning [55]. An
adaptive approach to mining the textual content of a corpus from literature studies related
to the AEC and artificial intelligence industry has been developed to form an integrated
artificial intelligence platform in the AEC industry (AEC—artificial intelligence Industry
4.0) [56]. Artificial intelligence is likewise one of the supporting technologies for Industry
5.0, in which the widespread implementation of Industry 4.0 lays down the fundamentals
for the concept of Industry 5.0, which merges physical and virtual space to solve not
only production problems but also social problems. The synergy between humans and
autonomous machines means that artificial intelligence will permeate human life to enhance
human capabilities in solving social problems [57].

In the dark blue area, frameworks, blockchain, sustainability, and “Management and
System” are closely related. The keywords in this area are mentioned more often alongside
the central term, BIM, focusing on the wide range of BIM applications in sustainable con-
struction projects. In BIM applications, design optimization and the reduction of material
requirements are important issues to consider in sustainable construction [58]. The exten-
sion component of BIM, SimulEICon, is specifically designed to help in the decision-making
process during the design phase of sustainable construction projects, integrating economic
and environmental impact analysis [59]. In addition, the integration of BIM with other
methods/technologies can also support sustainable building projects. The implementation
of BIM and blockchain can support information management [60]. BIM and LCA integra-
tion is the best procedure by which to achieve sustainable development and environmental
protection [61]. In an integrated framework for mathematical optimization, BIM and LCA
facilitate decision-making for energy-efficient buildings [62]. Furthermore, BIM is one of
the most effective methods by which to determine the appropriate building orientation
and envelope [63] by which south-facing buildings can reduce energy consumption, using
double-glazing and low emissivity coated glass, while the installation of blinds is the best
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way to provide shading [64]. Interestingly, a BIM-based water conservation framework
can optimize traditional water conservation measures in sustainable building design and
construction management [65].

2. Computer Science

Figure 9 shows the keyword co-occurrence network for the Computer Science subject
area regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city.
The keyword Industry 4.0 is at the center of Figure 9, with the IoT, internet, smart city, and
cyber-physical systems surrounding it, mainly in the purple, green and red clusters. In the
purple cluster, keywords other than Industry 4.0 are located at the peripheries of Figure 9.
Industry 4.0 is more closely related to the green cluster and serves as a bridge between the
virtual reality technologies populating the red cluster and the other clusters.
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Figure 9. Keyword visualization of articles published between 2014 and 2021 in the field of computer
science on Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, created via
VOSviewer software (generated by the authors).

The green cluster where the smart city node is located has 12 keywords that include
emerging technologies, such as the IoT, big data, and DTs. The cluster is also associated
with the internet and smart manufacturing. The concept and model of the smart city are
based on the new urbanization and technologies of Industry 4.0 (e.g., IoT, cloud comput-
ing, cyber-physical systems, and big data) for planning, building, managing, integrating
industrialization, informatization, urban modernization, and sustainable development [66].
Among these, IoT, additive manufacturing, 3D printing, and big data occupy increasingly
important positions in subsequent years [67]. In sustainable building design, sensors can
be used to measure information about changes in the built environment, such as temper-
ature, energy consumption, or building utilization. The IoT can increase the number of
information sources from which data can be collected, which is a challenging task in terms
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of storing data from different sensor systems [68]. At the same time, if the continuity of
data flow and communication between IoT devices and data-driven applications is inter-
rupted or lost, this can lead to equipment or system failures or unexpected behaviors [69].
However, there is a possible method by which to fill in the values missing from the signals
sent by IoT devices and keep the process automated, which needs to utilize an IoT device
signal-processing algorithm based on the Shepard local approximation operator [70]. In
addition to sensor-based living, the main focus of the projected future society comprises
the wearable internet, big data analytics, and the implementation of a smart city [71]. Big
data-centered architecture meta-modeling tools enable the collection of specifications from
all the elements involved in the digital platform, such as data, resources, applications,
and monitoring metrics, in which the tools automatically generate the necessary informa-
tion for the configuration, deployment, and execution of applications, to be transmitted
and executed accordingly on the platform’s nodes [72]. Furthermore, the integration of
technologies related to Industry 4.0, such as IoT, big data, artificial intelligence, and edge
computing, enhances the effective planning and construction of the smart city, as well as
finding ways to get ahead in terms of smart manufacturing [73]. For example, associating
DTs with IoT data can complement financial progress, effectively manage resources, reduce
environmental impacts, and enhance the full value of residents’ lives [74].

The keywords that appear more frequently in the red cluster (15 keywords) are cyber-
physical systems, augmented reality, virtual reality, and virtual city models. Most of the
keywords in the red cluster are far from the center of the diagram, in which the smart
city connects to them through cyber-physical systems and augmented reality. There may
be more directions for the integration of the real and virtual worlds in the future. The
smart city encompasses complex cyber-physical model systems with the integration of
computational technologies that are embedded in all its domains [75]. Among all the
areas, virtual environments, particularly mixed-reality technologies, can improve spatial
awareness, increase the effectiveness of spatial conflicts, and support design collabora-
tion [76]. Additionally, augmented reality provides context-aware interaction with the
environment [77]. The Metaverse, based on a fusion of technologies (e.g., augmented reality
and virtual reality) enables multisensory interaction with virtual environments, digital
objects, and people, to integrate physical reality with digital virtualization [78]. In addition,
BIM technology assists with virtual city models, in which BIM semantics-based virtual
earth models are able to visualize more complete features in both the outdoor and indoor
environment [79].

3. Construction Building Technology

Figure 10 shows the keyword co-occurrence network for the subject area of con-
struction building technology in terms of Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city. BIM takes center stage in this network, with closely related
keywords such as construction, framework, energy, system, performance, design, and
challenges, appearing mainly in the green, red, and blue clusters.

As shown in Figure 10, BIM is at the center of the green cluster, with construction,
simulation, benefits, and sustainable building that are closely related to it. The modular con-
struction method facilitates the use of advanced technologies that support the sustainability
of construction projects [80]. In addition, BIM plays a huge role in building construction.
On the one hand, BIM helps to guarantee the safety of building construction, in which the
most feasible directions to guarantee construction safety are knowledge-based solutions,
the safety improvements of BIM solutions, the horizontal application of BIM, dynamic
visualization, and feedback [40]. On the other hand, the integration of BIM and sustain-
ability practices in construction projects help to improve the ability to simulate building
performance and energy utilization [81]. However, in practice, the non-standardization of
BIM, including authoring, simulation, and balancing tools (e.g., LCA), inadequate connec-
tivity, and a heavy time cost for data collection and the LCA process hinder the market for
BIM adoption [82]. How to promote sustainable growth in construction projects has been
explored, indicating that the most important strategies are via workshops, lectures, and
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conference events to raise public awareness, offering a better understanding of the costs
and benefits of sustainable materials, and enhancing sustainable development [83].
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Figure 10. Keyword visualization of articles published between 2014 and 2021 in the field of con-
struction building technology, depicting Construction 4.0, Industry 4.0, BIM, sustainable building,
and the smart city via VOSviewer software (generated by the authors).

Keywords with strong links in the red cluster are framework, system, energy, and
architecture, with the keyword “smart city” appearing frequently, as shown in Figure 10.
Ensuring energy security through energy diversification is an important step toward
meeting future demand and providing clean energy to the different industry sectors. Energy
management for building design with BIM in terms of the power generation and building
industry can mitigate environmental impacts and achieve the use of sustainable energy [84].
However, currently, there is a lack of consistency and coherence in the application of
technology at different levels of management and at different stages in the building project
life cycle [85]. To address the need for technical consistency, integrated systems based
on the relevant technologies and methods are receiving more attention. For example, an
urban energy planning system based on GIS-BIM carries out database creation and data
analysis through GIS, via optimal energy system design, with the assistance of BIM, and
the realignment of a smart city infrastructure beyond comprehensive analysis [86]. Starting
from different stages in the life cycle, life cycle energy assessment can be conducted using
uncertainty analysis methods to reduce the impact of uncertainty in building information
on life-cycle energy assessment in the early design phase [87].

The blue cluster contains 12 keywords, including design, performance, and challenges,
focusing on the challenges that exist in the area of construction building technology, as
shown in Figure 10. Current challenges in the application of emerging technologies in
industrialized construction include a lack of focus on specific structural systems or tech-
nologies, insufficient research on performance assessment measures, and the lack of an
effective training program [88]. Knowledge in the field of construction and infrastructure is
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fragmented and diverse, and there is a lack of approaches that can address all sustainable
issues in structural design, within which BIM has the potential to provide a platform for
problem-solving [89]. Integrating BIM with digital programming for managing design
workflows, with highly relevant information flows for sustainable building design and
construction phases, assists in bridging the knowledge gap between maintenance theory
and practical maintenance management [90]. In addition, the integration of BIM and multi-
objective particle swarm optimization can be used to improve building performance [21].
The challenge in building renovations is to understand the complexity of the level of knowl-
edge available today regarding renovation, in terms of the individual building project and
the architecture, engineering, construction, and operations (AECO) community [91]. Future
research into the AECO-FM industry should focus on the full integration of DTs and the
corresponding real objects for better performance throughout the building’s life cycle [53].

4.  Science Technology and Other Topics

Figure 11 illustrates the co-occurrence network of keywords in the area of science
technology and other topics regarding Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city. BIM is the core of the co-occurrence network, which is
surrounded by sustainability and management, Industry 4.0, and LCA, within yellow, red,
and purple clusters forming a triad around BIM.
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Figure 11. Keyword visualization of articles published between 2014 and 2021 in the field of science
technology and other topics, in terms of Construction 4.0, Industry 4.0, BIM, sustainable building,
and the smart city, created via VOSviewer software (generated by the authors).

The yellow cluster has the strongest links to centrally located BIM and performance,
which contains 8 keywords, such as sustainability, management, framework, and blockchain.
BIM can be flexibly applied in sustainable building and management. In construction
projects, critical success factors that can amplify the integration of BIM and sustainability
practices are related to human-centered data and technology-centered interventions in the
built environment [92]. Blockchain smart contracts are the latest trend in digital supply



Sustainability 2022, 14, 10028

18 of 37

chains in the sustainable built environment [42]. In the development of DTs for facilities
management and performance management, there are strong possibilities in the following
fields in the future, such as enhanced interoperability in BIM, the testing and implemen-
tation of BIM concepts in an intelligent transport infrastructure, the integrated use of 3D
analysis algorithms, and the cross-integration of BIM with GIS [93]. The inclusive frame-
work integrating BIM and GIS can be used to plan and forecast the public infrastructure
needs of emerging cities that are undergoing expansion [94].

Frequent keywords in the red cluster are Industry 4.0, smart city, and IoT. Since the
continuous reconfiguration and expansion of production systems require highly flexible
building structures, Industry 4.0 is capable of mass production and on-demand product
personalization in terms of production systems. However, most studies and tools are
currently focused exclusively on either production systems or building optimization; there
is a need to integrate these two fields [95]. In addition, a smart city needs to rely on artificial
intelligence and the IoT and must focus on all aspects of change, such as strategy, data,
people and organizations, processes, and technology, to expand its reach [96]. However, the
key driver of the IoT is sensing technology, in which the modeling of sensing information
fundamentally affects the quality of smart city systems [97].

The purple cluster contains seven keywords that are centered on LCA, energy, and
sustainable construction. The integration of BIM and the green rating system helps to
evaluate the sustainability of buildings and promote green certification. Sustainable con-
struction is important to reduce the environmental impact of buildings, and LCA and BIM
can contribute to sustainability [98]. An integrated knowledge-based building management
system has been used in one study to analyze the later life cycle of a building, to check en-
ergy efficiency, and promote the implementation of sustainable building performance [99].
Since identifying sustainable alternative materials and technologies in traditional masonry
can reduce economic, environmental, and social impacts, such as energy use and costs
during the building’s life cycle [100], BIM assists in finding a suitable masonry solution for
sustainable urban slum housing in India, using recycled paper-mill waste bricks [63]. Ad-
ditionally, automation has been improved by integrating green material databases and new
BIM technologies, such as visual programming, along with cloud-based databases [100].

5. Environmental Sciences Ecology

In the field of environmental sciences ecology, Figure 12 shows a keyword visualization
regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city. BIM
occupies the center of the keyword co-occurrence network, while other keywords closely
related to the topic include LCA, Industry 4.0, and sustainability, which are distributed in
the purple, green and red clusters.

As shown in Figure 12, the purple cluster includes seven keywords, mainly related
to BIM and the LCA of buildings. BIM and LCA have been used to assist in the design
of buildings with a lower environmental impact. Green construction-certified buildings
exhibit better performance and have greater asset value [101]. However, construction
professionals currently have a poor understanding of the process of the whole building
life cycle assessment (WBLCA) that is associated with Leadership in Energy and Envi-
ronmental Design (LEED), resulting in very low levels of adoption of WBLCA for new
construction projects [102]. The sustainability of the building life cycle is mainly reflected
in the environmental and economic aspects of using environmentally friendly materials.
Construction materials affect a building’s performance, for which reason the choice of
sustainable building materials is critical [103]. The integration of BIM and environmental
efficiency modeling enables the assessment of building life cycle costs and efficiencies,
along with the retrofitting of existing building facades for energy-efficient design [104].
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Figure 12. Keyword visualization of articles published between 2014 and 2021 in the field of environ-
mental sciences ecology, regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the
smart city, created via VOSviewer software (generated by the authors).

The green cluster contains 10 keywords, of which only Industry 4.0 and Construction
4.0 are strongly associated with the center, as shown in Figure 12. Industry 4.0 will drive
sustainable development and will have the greatest impact on productivity growth in the
construction industry. However, the construction industry is currently slow in adapting to
digital technologies and the innovative processes of Industry 4.0 [10]. The Construction 4.0
concept could be associated with intelligent automation, predictive intelligence, and real-
time data exchange. The integrated method enables driving the digitization of pavement
assessment techniques in roads for the construction industry as a future circular method of
promoting quality, efficiency, and safety [105]. Future in-depth studies need to focus on the
synergies between possible ethical issues and Construction 4.0 technologies [32].

As shown in Figure 12, the red cluster has 13 keywords, including sustainability,
which provides systematic frameworks for advancing sustainable building development
and improving building performance, in which field BIM plays an important role. For
example, BIM that is augmented with the stepwise weighted assessment ratio analysis
method helps to identify and reduce time delays caused by reworking [106]. In addition,
BIM-based approaches allow sustainable buildings to have a higher quality and comfort
level. For example, “BIM-6D” simulations assist in making design and operational deci-
sions for upgrading new and old buildings, to improve energy and lighting efficiency [107].
The framework of BIM parametric software integration improves the thermal comfort
of aging buildings [108]. Furthermore, BIM facilitates the digital transformation of large
infrastructure projects, such as electric road systems and expanded rail systems, toward
sustainability and mitigating the effects of climate change [109]. The next emerging technol-
ogy and opportunity for sustainable processes could be the digitization of the construction
supply chain and procurement for the built environment [42].

6. Telecommunications

Figure 13 illustrates the keyword co-occurrence network of telecommunications with
regard to Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city. IoT
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Figure 13. Keyword visualization of articles published between 2014 and 2021 in the field of telecom-
munications, regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city,
created via VOSviewer software (generated by the authors).

IoT, an important aspect of Industry 4.0, is widely represented in the literature on
the policy-driven smart city, business-driven smart industry, and experience-driven smart
living solutions [110]. The smart city promises to guarantee healthy living for indoor
residents by sensing, processing, and controlling all possible indoor and outdoor measures.
Formal verification and network analysis approaches enable developers to establish reliable
and secure smart-city model frameworks in construction [111]. In addition, sustainability
is also relevant to the built environment, and art therapy via BIM, in which the principles
of therapeutic design should be considered in design elements and features from people’s
health, is needed to better promote human health and well-being [112]. Smart healthcare
cyber-physical systems have the potential via BIM to monitor and control patients, medical
devices, and the exterior of the equipment, enabling continuous communication and the
information exchange of physiological data to facilitate the effective functioning of medical
processes and treatments [113]. However, rapid technological developments bring privacy
and security issues. The 5G technology uses IoT devices to connect everything at high
speeds, which means that developers need to maintain three levels of privacy i.e., data,
identity, and location [50]. The development of Industry 4.0 technologies, such as IoT,
cloud computing, and social media for sensor data, services, and smart city applications
may cause data security issues as well. Hence, distributed, intelligent, and secure data
management systems need to address the data vulnerability issues, possibly with the help
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of blockchain and IoT [114]. Furthermore, smart objects in IoT environments are facing
communication challenges, due to the mobility of IoT and limited resources in computation,
storage, and energy capacity. This type of network needs a delay-tolerant IoT environment
to improve efficiency and the delivery ratio, and to optimize resource consumption [115].

7. Energy Fuels

Figure 14 reveals the keyword clusters for energy fuels in the context of Construction
4.0, Industry 4.0, BIM, sustainable construction, and the smart city. The keywords are
centered on BIM, with the frequent occurrence of design, sustainable building, energy, and
LCA. The terms “sustainable building” and “energy” are linked to BIM through the node
“system”. Prioritizing the integration of BIM and sustainability practices in construction
projects assists in improving overall project quality and efficiency, increases the ability
to simulate building performance and energy use, and promotes better design products
and multi-design alternatives [81]. In addition, energy consumption in buildings is an
important issue regarding energy-efficient buildings in terms of achieving sustainability.
The integration of BIM and LCA aids in optimizing the generation of energy-efficient
buildings [62]. Additionally, achieving sustainable design in the field of energy-efficient
design depends largely on the accuracy of the analysis of all its components and material
details after the design is completed [116]. Using BIM in automatically /semi-automatically
integrated energy and whole-life cost analysis for building envelope components helps in
environmental and economic assessments throughout their life cycles [117].
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Figure 14. Keyword visualization of articles published between 2014 and 2021 in the field of energy
fuels, in terms of Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, created
via VOSviewer software (generated by the authors).
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8.  Business Economics

There are 13 keywords related to Construction 4.0, Industry 4.0, BIM, sustainable
building, and the smart city, forming a co-occurrence in the business economics sector, as
shown in Figure 15.
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Figure 15. Keyword visualization of articles published between 2014 and 2021 in the field of business
economics regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city,
created via VOSviewer software (generated by the authors).

The keywords, such as challenges, sustainable development, technologies, and future,
are located in the middle of Figure 15, with Industry 4.0 and BIM close to the edges. The
studies refer to the business economics aspect of sustainability in the construction industry,
exploring the new opportunities and future challenges that technology presents, in which
Industry 4.0 technologies assist in addressing issues regarding the use of resources and
energy efficiency. The development of the smart city facilitates new industrialization,
creates new conditions for living, working, and education, accumulates social and human
capital, and attracts the financial resources needed for business development [66]. Industry
4.0 technologies also aid in simplifying employment for blind and visually impaired people,
making working conditions friendly for them [118], and also driving industry digitization
through BIM [119], encouraging integrated lifecycles and sustainable building manage-
ment from design, construction, and prefabrication to operations and maintenance [120].
In addition, the development of BIM allows real estate owners to become owners of the
physical assets themselves, as well as digital assets [121]. Furthermore, the positive im-
pacts of Construction 4.0 technologies on environmental and economic sustainability far
outweigh their negative effects [122]. However, the process of digital transformation in the
construction industry is associated with high risks that have not yet been fully explored
and identified [123]. Resistance to change, unclear benefits, and the cost of implemen-
tation are the challenges that prevent construction companies from adopting Industry
4.0. Interestingly, most construction organizations have successfully addressed the lack
of standardization, legal and contractual issues, and implementation costs in driving the
adoption of Industry 4.0 [124].

9.  Chemistry
Figure 16 shows 12 keywords in the field of chemistry, with the core keyword Industry
4.0 being more strongly associated with its surroundings, i.e., BIM, management, the

smart city, and DTs. Optimizing data collection and management effectively drives the
digitization of sustainable construction, as Industry 4.0 has extended the use of sensors
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in buildings and infrastructure [125]. On the other hand, the sustainable management of
water resources is gaining more attention in terms of energy consumption, enabling smart
water management platforms for intelligent water consumption measurement and crisis
detection [126]. The integration of heterogeneously distributed information enables the
identification of object architectures in smart environments, in which information is used
for particular processes, such as reconstructing environmental maps of the smart city or for
the intelligent navigation of vehicles [127].

manaement

ind@gry 4 smafcity

w int@pnet

realgime

cyber-physigal systems digitalifwins

optiniization
system

interneg@f things

Figure 16. Keyword visualization of articles published between 2014 and 2021 in the field of chemistry,
regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, created via
VOSviewer software (generated by the authors).

10. Automation Control Systems

Figure 17 illustrates 11 co-occurring keywords for automation control systems, with
the central keywords being IoT and Industry 4.0. Industrial connectivity is a key aspect of
Industry 4.0 technologies and the construction industry, which ensures that all Industry 4.0
technologies are interconnected so that the full benefits of connectivity can be realized [128].
In addition, complex mobile control systems with sensors, machine vision, positioning
systems, and remote management clouds need to be connected to the IoT world to meet
the criteria for predictive cloud systems in the smart city in extreme environments [129].
Furthermore, in the context of Industry 4.0, in one paper, a BIM and IoT-based smart steel
bridge construction pattern enable the real-time collaborative management and closed-loop
control of activities across the whole life cycle of the bridge [130].
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Figure 17. Keyword visualization of articles published between 2014 and 2021 in the field of automa-
tion control systems regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the
smart city, created via VOSviewer software (generated by the authors).
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11. Materials Science

Figure 18 exhibits seven co-occurring keywords in the area of materials science, in
which BIM is the central keyword and the closely related keywords include Industry 4.0,
DTs, and cyber-physical systems. High-performance production processes based on DTs
and cyber-physical systems in Industry 4.0 are emerging in the construction industry for
digital automation processes, in terms of materials [131]. Information-planning in physical
systems for materials can be adapted to BIM functionality to improve the construction
lifecycle, in which collaborative and autonomously synchronized systems automate the
design and build processes and increase the network’s ability to handle large amounts of
heterogeneous data [132].

industry 4

digitghgwins

internet@f things

cyber-physiial systems

Figure 18. Keyword visualization of articles published between 2014 and 2021 in the field of materials
science, regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city,
created via VOSviewer software (generated by the authors).

3.2.3. Micro-Qualitative Analysis of Life-Cycle Stages

The building’s life-cycle stages are divided into four stages: design, construction,
operation and maintenance, and renovation and demolition.

During the design stage, as shown in Table 5, the modeling [60,65,82,103,133-135] and
literature review [21,132,136-139] are the most commonly used methods; of the remaining
articles, five used the combination of modeling and a case study [39,59,87,140,141], and two
used only the case study [107,142]. These articles are intended to investigate solutions for
solving sustainable building design problems, on the one hand, making the most of BIM by
applying it to sustainable low-income housing projects [103,136], simulating and evaluating
the effects of deep shade-type balcony designs [133], and to integrate the economic and
environmental impact analyses [59]. In addition, an information model has been developed
for smart city buildings, based on a “BP neural network model” [134]. On the other hand,
this phase also focuses on costs [21,137], LCA [82] and energy [65,87,138], such as the
integration of whole life cycle costs into the BIM process to assist decision-making [137];
the method has been used for uncertainty analysis in early life cycle energy assessment [87],
the integration of BIM with the Canadian green building certification system [141], open
BIM-based interface mapping for energy performance assessment [138], and for facilitating
designers in optimizing the design [139].
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Table 5. The design stage and application areas of the literature regarding Construction 4.0, In-
dustry 4.0, BIM, sustainable building, and the smart city, from the year 2014 to 2021 (generated by
the authors).

Source Year Research Method Topic
Ekasanti et al. 2021 Literature review BIM as a tool for assessing the quality Qf sustainable
design for low-income housing
Harter et al. 2020 Modeling and case study Uncertainty analysis of the design in early LCA
Li et al. 2020 Modeling BIM for a smart city, based OI,} a “BP neural
network model
Montiel-Santiago et al. 2020 Case study Lighting system improvements in hospitals
Tao et al. 2020 Modeling and case study Sustainable and healthy building design and operation
Zanni et al. 2019 Literature review Integrating whole life cycle costs into the BIM process
Ebertshauser et al. 2019 Modeling Connecting LCA tools with BIM
Liu et al. 2019 Modeling BIM and blockfjhain—bac.;ed sustainable building design
information management
Liu et al. 2019 Modeling BIM-based water saving framework
Maskuriy et al. 2019 Literature review Industry 4.0 for the construction industry
Mgbere et al. 2018 Case study Methods and tools to illustrate the use of BIM
Ahmad et al. 2017 Modeling Design-iterative BIM
Liu et al. 2017 Modeling Building energy simulation
Marzouk et al. 2016 Modeling Framework for sustainable low-income housing projects
Inyim et al. 2015 Modeling and case study The BIM extenskior} cF)mponfent, Sil’r}u}EICOII, helps with
uilding design decisions
Choi et al. 2015 Literature review Interface mapping approach for energy
performance assessment
Liu 2015 Literature review Optimizing building design solutions and saving costs
Jalaei et al. 2015 Modeling and case study Green building certification system and BIM
Liu et al. 2015 Literature review Building design optimization methodology
Wong et al. 2014 Modeling and case study Sustainable building assessment
As shown in Table 6, in the construction stage, the studies mainly use a literature
review [128,132,143] to investigate the current status of Construction 4.0 in the context of the
BIM 4.0 premise [143], Industry 4.0 in the construction industry [132], and the challenges
and opportunities faced during the construction phase [128], followed by modeling [60,65],
which is employed to explore the integration of BIM with other technologies and systems
for sustainable building development, such as blockchain-enhanced BIM for an information
management framework [60], BIM-based sustainable building design and a construction
management framework for water conservation [65]. One article introduces methods
and tools for BIM use by employing a case-study approach [142]. In the end, Wong et al.
used the integration of modeling and a case study [140] to put forward the BIM-Beam
Plus sustainable building assessment framework and then verified the framework using a
case study.
Table 6. The construction stage and application areas of the literature regarding Construction 4.0,
Industry 4.0, BIM, sustainable building, and the smart city from the year 2014 to 2021 (generated by
the authors).
Source Year Research Method Topic
Begic et al. 2021 Literature review BIM 4.0 for Construction 4.0
Turner et al. 2021 Literature review Industry 4.0 on construction sites
Maskuriy et al. 2019 Literature review Industry 4.0 for the construction industry
. . Sustainable building design information
Liuetal. 2019 Modeling management, based (;gn BH\/% and blockchain
Liu et al. 2019 Modeling BIM-based framework for water-saving
Mgbere et al. 2018 Case study Methods and tools for BIM use
Wong et al. 2014 Modeling and case study Sustainable building assessment
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As shown in Table 7, these articles on the operation and maintenance stages mainly
use the case study approach [39,107]; these applications include the data infrastructure for
modeling human-centered sustainable and healthy building design and operation [39], and
for the improvement of lighting systems in hospitals [107]. In addition to the main case
study approach, this phase also uses modeling [90] to design an integrated management
workflow for a structural maintenance schedule and cost planning, and also combines a
literature review with modeling [99] to create an integrated knowledge-based building
management system for energy efficiency testing.

Table 7. The operation and maintenance stages and application areas of the literature regarding
Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, from the year 2014 to
2021 (generated by the authors).

Source

Year Research Method Topic

Tao et al.
Montiel-Santiago et al.

Chen et al.

GhaffarianHoseini et al.

Data infrastructure for sustainable health in

building design and operational modeling

2020 Case study Lighting system improvements for hospitals

2019 Modeling Integration of building structure rr.laintenance
schedules and cost planning

2017 Literature review and modeling Post-construction energy efficiency testing

2020 Case study

In terms of the integration of Construction 4.0, Industry 4.0, and BIM for sustainable
building in the context of the smart city, there has been much interest in sustainable
renovation and reuse. The five articles shown in Table 8 focus on the construction renovation
and recycling aspects. Articles included in the renovation and demolition stage mainly use a
combined approach with modeling and a case study [104,144]. The remainder of the articles
were researched using a literature review [105], modeling [145], and a method of combining
a literature review with modeling [99]. The main application areas of this stage are the
reuse of building components [144], road regeneration [105], the modernization of public
buildings [145], post-construction energy efficiency testing [99], and the energy-efficiency
retrofitting of existing building facades [104].

Table 8. The renovation and demolition stages and application areas of the literature regarding
Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city, from the year 2014 to
2021 (generated by the authors).

Source Year Research Method Topic
Xing et al. 2020 Modeling and case study Reuse of building components
Widyatmoko et al. 2020 Literature review Construction of roads with recycled materials
Starynina et al. 2020 Modeling Modernization of public building
GhaffarianHoseini et al. 2017 Literature review and modeling Post-construction energy efficiency testing
Liu et al. 2014 Modeling and case study Energy—efﬁaency c.le51gn retrofit of existing
building facades

In terms of the integration of Construction 4.0, Industry 4.0, and BIM for sustainable
building in the context of the smart city, the whole-building life cycle-related articles account
for the largest number of published works (46%). As shown in Table 9, the research method-
ologies for this field are mainly literature reviews [20,23,38,53,75,98,100,101,117,120,146-152],
followed by the use of modeling method [62,85,130,153-156]. The remaining two articles
use a combination of research methods from a literature review and a case study [61,102].
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Table 9. The whole-building life cycle and application areas of the literature regarding Construction
4.0, Industry 4.0, BIM, sustainable building, and the smart city from the year 2014 to 2021 (generated
by the authors).

Source Year Research Method Topic
Ozturk et al. 2021 Literature review An overview of the AECO-FM industry’s DTs
Pai et al. 2021 Literature review and case study LEED’s approach to WBLCA compliance
Yitmen et al. 2021 Modeling A cognitive DTs model for building lifecycle management
Liu et al. 2021 Literature review Integration of blockchain and BIM in smart city
Xue et al. 2021 Literature review BIM integrated LCA and the circular economy
Liu et al. 2021 Literature review Sustainable building management
Lorenzo et al. 2020 Modeling Bamboo straw digitization for structural applications
Horn et al. 2020 Literature review Integrating LCA into master planning
Veselka et al. 2020 Literature review LCA integrated BIM in green building certification
Panteli et al. 2020 Literature review Building integration models in the smart building sector
Pucko et al. 2020 Literature review Integrated energy and whole life cycle cost analysis of
building envelope components
Teply 2020 Literature review EDSM method for addltlve technology to help with
complete lifecycle management
Chelyshkov 2019 Modeling Development and application of data exchange and
management processes
Kuzina 2019 Modeling Development of ope.ratlonal information models for smart
city control systems
Brockmann 2019 Literature review Open international data networks
. . Life cycle analysis in building planning and construction,
Figletal. 2019 Modeling with a focus on carbon dioxide neutrality
Shrivastava et al. 2019 Literature review Development of BIM. topls for green and sustainable
building design
Najjar et al. 2019 Modeling Integration and optimization of en.ergy-eff1c1ent building
power generation
Ding et al. 2018 Modeling Smart steel bridge construction
Seghier et al. 2018 Literature review BIM and green building rating system integration
Najjar et al. 2017  Literature review and case study BIM integrated with LCA
Shahrour et al. 2017 Literature review Synthesis of mlmma.I tc?ols for c1ty, infrastructure, and
building modeling
Postranecky et al. 2017 Literature review Industry 4.0 for theoretical models of smart city
Kylili et al. 2017 Literature review Policies and tren(:.ls in sustama.blh‘fy assessment of existing
building materials in Europe
Chen et al. 2017 Literature review BIM technology to enhance sustainable building goals and
performance
The use of unified information models (BIM models)
Ginzburg 2016 Literature review throughout the building life cycle in the Russian

Federation

The main research directions of the literature reviews are to explore the application and
impact of Industry 4.0 technologies, BIM and their integrated models in the smart city and
the construction industry, and their contribution to green and sustainable buildings. These
include theoretical models of a smart city under Industry 4.0 [75]; BIM helps to enhance
sustainable building goals [120,151], integrating DTs, blockchain, and BIM regarding more
sustainable buildings [53,146]. The concept of green and sustainable construction has also
been widely researched by academics and currently falls into three main sectors. Firstly,
there is an overview and trend analysis of the government policies on an existing sustain-
ability assessment of building materials [23]. Secondly, the papers study the integration
of BIM in LCA, being dedicated to controlling building costs and energy consumption
throughout the building’s life cycle [61,98,101]. Lastly, they study the integration of BIM
with green building systems and rating systems to generate green sustainable modeling
tools [100,102,150].

Articles using the modeling approach focus more on detailed aspects of the sustain-
able building sector. Articles using this research approach all propose new models and



Sustainability 2022, 14, 10028

28 of 37

frameworks for clarifying the existing problems. For example, one study focuses on the
optimization of power generation in energy-efficient buildings [62]; one focuses on carbon
dioxide neutrality in the life cycle analysis [153]; one focuses on sustainable building mate-
rials, digitizing bamboo straw materials for structural applications [154]; one focuses on
cyber-physical system data exchange and management processes [85]; one combines the
DTs model for easy building lifecycle management [155]; one proposes a framework for
smart steel bridge construction [130].

4. Discussion
4.1. Current and Future Trends

The traditional approaches of the construction industry must change to meet the new
demands from society for achieving a sustainable built environment [157]. The results
in Section 3.1.2. indicates that BIM, Industry 4.0, and the smart city are currently closely
related and have attracted extensive attention, while the investigation of Construction 4.0,
sustainable construction, and their integration is rare. The integration of BIM with LCA
and green rating systems can better address sustainable building issues.

In addition, the results in Section 3.1.2. suggest that, currently, Construction 4.0 studies
focus on digitalization, design, and management, but these studies are rarely related to
the smart city, while studies in sustainable construction are interested in energy, building
performance optimization and environmental impact, which are heavily associated with
BIM, suggesting that the integration of Construction 4.0 and a smart city is currently in
its preliminary stages; the research on sustainable construction is currently limited to a
more independent field. In the future, interdisciplinary and multidisciplinary research in
Construction 4.0, associated with Industry 4.0 for sustainable construction in the context of
the smart city, could become a new trend, in which an upgraded version of BIM can be the
bridge to integrating the two, in which study CIM is deemed to be the latest development
in BIM [158] that can meet the requirements for the design, planning, management, and
recovery of smart city systems for sustainable urban development [159], the integration
of BIM, GIS, and a complete urban database [160], employing the major decision-making
systems, such as 3D city models, DTs, and urban analysis, informatics and planning support
systems [161].

Furthermore, in terms of the above findings, as shown in Table 3, BIM is the most
frequent keyword regarding the integration of Construction 4.0, Industry 4.0, and BIM
for sustainable construction in the context of the smart city, from the year 2014 to 2021,
followed by the smart city and Industry 4.0. The IoT has been mentioned frequently as an
emerging technology, while the keywords such as construction, sustainability, performance,
energy, and optimization reveal that the construction industry is transforming itself toward
sustainability, while management, framework, design, and challenges assist in active
exploration in future challenges. In addition, the results in Section 3.1.2. suggest that
virtual reality and augmented reality became research hotspots in 2018, while artificial
intelligence and DT technologies became research hotspots after 2020, in which field
the integration of the virtual world and the real world can bring greater scope for the
sustainable development of construction. In the future, based on the application of Industry
4.0 and Construction 4.0, even the radically innovative concepts of Industry 5.0 [162],
Construction 5.0, and the Metaverse have the potential to become a future research direction
in the construction industry. The eight-year window from the year 2014 to 2021 can be
treated as an early research phase in the Industry Metaverse and Construction Metaverse.
The benefit of Industry 5.0 is that it offers greener solutions compared to the existing
Industry 4.0 transformation, in which edge computing, DTs, collaborative robotics, IoT,
blockchain, and 6G technologies are the supporting technologies for Industry 5.0 [162]. The
DT process can be applied fully in all phases of building construction. A DT framework,
based on BIM for 3D modeling, can achieve the goals of intelligent building manufacture
and improved construction efficiency, comprising physical site-entity modeling, DT virtual
body modeling, and virtual reality interaction modeling [163]. The 6G technology for
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Industry 5.0 will extend the service subjects away from people, machines, and things in the
physical world to the “environment” in the virtual world, providing a network foundation
for the Metaverse [54]. The development and maturity of augmented reality, virtual reality,
and the network have also given rise to the use of the Metaverse in its various aspects,
such as the digital architecture, engineering, and construction, which may well become one
of the major players of the future. However, Metaverse research in the AEC industry is
still at an early stage, being mostly at the conceptual level [164], and artificial intelligence
and blockchain technologies are expected to play an important role in the Construction
Metaverse [165].

4.2. The Development and Challenges of Multidisciplinary and Building Life Cycle Research

In terms of the integration of Construction 4.0, Industry 4.0, and BIM for sustainable
construction in the context of the smart city is a multidisciplinary and cross-over research
domain. The organizational environment is changing to a more multidisciplinary, open,
collaborative, and multicultural environment [166]. Sustainable development requires
contributions from major disciplines, such as civil engineering, architecture, and urban
planning, and close collaboration between these disciplines [167]. Industry upgrading is
used in a smart city and with sustainable building, and the emergence of new technologies
and their integrations into the construction industry are converging to drive digitaliza-
tion and intelligent automation within the industry. In the multidisciplinary results of
Sections 3.2.1 and 3.2.2, the greatest research achievements regarding Construction 4.0,
Industry 4.0, BIM, sustainable building, and the smart city are in engineering, computer
science, and technology and building construction technology. Most research papers on sus-
tainable construction have been related to optimizing design, saving energy and water, and
making buildings more environmentally friendly by reducing their carbon emissions [168].
In addition, emerging technologies are enhancing security, management, and privacy to
face new challenges. Smart buildings protect highly sensitive information about their
inhabitants and against new privacy threats and vulnerabilities [169]. As such, there is
always a need for smart building systems to protect sensitive information [170]. Studies
have confirmed that smart buildings with well-provisioned and managed IoT frameworks
can maintain the security and privacy of IoT data sources and contexts [171].

In addition, the results of Section 3.2.3 indicate that, in terms of the building life cycle,
the current research regarding Construction 4.0, Industry 4.0, BIM, sustainable building,
and the smart city tends to solve problems during the design stage and the whole-building
life cycle, but few studies have focused on the stages, i.e., construction, operation and
maintenance, and renovation and demolition. However, sustainable building retrofitting
is an important approach by which to address energy and environmental issues, and
retrofitting building performance, in which the model and energy efficiency represent a
hot topic [172]. Decision-support tools for building renovation are essential in the design
process, to set and achieve sustainability goals. Future research could highlight the selection
and weighting of sustainability criteria, to provide clear guidelines for screening existing
buildings and prioritizing renovation actions in the building portfolio [173]. The application
of BIM for retrofitting existing buildings is challenging, due to the multidisciplinary nature
and timeliness of information exchange, wherein a wide range of technical components
are required to ensure optimal information exchange [174]. As a result, most existing
buildings have not been properly maintained, renovated, or deconstructed using BIM [175].
Additionally, waste management is key to achieving sustainable resource management,
in which quantifying the amount of construction and demolition waste generated is a
prerequisite for implementing successful waste management [176]. Furthermore, the
complexity of products in the construction process and the lack of information on these
products hinder dismantling and sorting, thereby creating barriers to recycling [177].
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5. Conclusions

This paper adopts a bibliometric approach to explore the integration and develop-
ment of Construction 4.0, Industry 4.0, BIM, and sustainable building in the context of
the smart city. The main contributions of this study are as follows: (1) in terms of the
research methodology, this is the first attempt to use macro-quantitative analysis and micro-
qualitative analysis methods to investigate this multidisciplinary research topic. (2) In
terms of the research technique, by using the VOSviewer software’s visual bibliometric
tool, and based on the macro keyword co-occurrence, this paper is the first to reveal the five
keyword-constructed schemes, research hotspots, and development trends of the smart
city, Construction 4.0, Industry 4.0, BIM, and sustainable construction from the year 2014
to 2021. (3) In terms of results, by addressing the multidisciplinary research topic, the top
11 productive subject areas have been identified using the VOSviewer software keyword
clustering analysis status and application, in topics including engineering, computer sci-
ence, construction building technology, science technology and other topics, environmental
sciences ecology, telecommunications, energy fuels, business economics, chemistry, au-
tomation control systems, and materials science. (4) This paper uses selected articles related
to the life cycle of buildings, by discussing a building’s life cycle stages and the related
application fields to establish the gap and trend of the study, providing suggestions for
future research.

From the year 2014 to 2021, the number of articles published regarding Construction
4.0, Industry 4.0, BIM, sustainable building, and the smart city has been increasing ev-
ery year. BIM, Industry 4.0, smart city, IoT, system, management, and sustainability are
keywords that are closely related to the topic. Artificial intelligence, DTs, and other tech-
nologies have become research hotspots in 2021. Human-machine collaboration opens up
the era of Industry 5.0, and the formation of Construction 5.0 in the construction industry is
just around the corner. This paper reveals the potential future directions in the integration
of Industry 5.0 and Construction 5.0, or even the integration of the Industry Metaverse
and the Construction Metaverse, with an association with the upgraded BIM, namely, CIM.
Furthermore, the top research keywords have been visualized through the overlay of areas
regarding Construction 4.0, Industry 4.0, BIM, sustainable building, and the smart city
during the past eight years. Five schemes have been identified, i.e., cutting-edge concepts,
a building’s sustainable development, the development of influential factors, activity for
building the life cycle, and the emerging technologies and integrated model. In terms
of its multidisciplinary nature, the most frequent disciplines appearing in past studies
are engineering, computer science and technology, and building construction technology.
Meanwhile, the study of a building’s life cycle is crucial for the sustainable development
of buildings. Additionally, the renovation and demolition stage has not been paid sulffi-
cient attention, due to most of the current studies focusing on the design stage and the
whole-building life cycle. However, this paper employs only one database, i.e., the WoS,
and some relevant studies may be indexed in other databases, such as the Engineering
Index Compendex [178]. In addition, only one visual bibliometric tool, i.e., VOSviewer
software, has been used. As such, future follow-up studies may consider using data from
multi-databases such as Scopus, while using multiple visual bibliometric tools, such as
Citespace software. In addition, future research could have a multidisciplinary mindset,
especially in terms of the impact of Industry 5.0 on the construction industry and even
the formation of Construction 5.0, which could be studied in depth and could develop the
Construction Metaverse, from concept to practice.
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