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Abstract: Sustainable development, which has become the priority study of architectural design, is
receiving increasing attention with global climate change. At the same time, the building industry is
urgently changing towards intelligent and digitalized tendencies. As a result, Building Information
Modeling (BIM) and the Internet of Things (IoT) make crucial contributions to the transforming process.
However, there is little knowledge of the integration of BIM–IoT in sustainable building from a macro
perspective. Moreover, most existing research adopts a literature review method and lacks objective
quantitative analysis. Few papers use bibliometric analysis to study the respective BIM and IoT research
fields. Furthermore, few studies use Citespace software tools to analyze the integrated application of
BIM–IoT. Therefore, this paper aims to investigate the research frontiers and knowledge structure in
BIM–IoT integration and the relationship between BIM-IoT and sustainable building and explore the
research hotspots, trends, and future research directions. A quick and objective method was proposed
to understand the research status of these new and rapidly developing fields. This paper uses topic
search in the web of science core collection to obtain relevant literature and then uses Citespace for
bibliometric analysis based on the literature review. Controlled terms and subject terms statistics
from the Engineering Index core database search results are also used to briefly examine the fields’
research frontiers and hotspots as obtained from Citespace. The results show that: (1) The research on
BIM–IoT integration focuses on building intelligence with BIM as the basis of application, and research
on BIM–IoT integration within the field of sustainable building is currently focused on the first three
phases of the life cycle. (2) The development of sustainable buildings needs to be considered on its
human and social dimensions. BIM provides a platform for sharing information and communication
among stakeholders involved in the building’s entire life cycle. At the same time, IoT allows occupants
to better participate in buildings’ sustainable design and decision making. (3) In the future, more
emerging technologies such as cloud computing and big data are required to better promote sustainable
buildings and thus realize the construction of sustainable smart cities. At the same time, researchers
should also pay attention to the sustainable transformation of existing buildings.

Keywords: Building Information Modeling (BIM); Internet of Things (IoT); sustainable building;
smart cities; information management; building metaverse; life cycle; bibliometric

1. Introduction

Sustainability is an essential pillar of smart city development [1]. As one of the main
elements of the built environment of smart cities [2], smart buildings should implement
sustainability throughout their life cycle [3]. Trends and concepts in building design and
construction are similar to those in smart cities [2], from intelligent to digital to the sustain-
able intelligence that has been receiving huge attention recently. Smart buildings emphasize
the need for automation [4] but in many cases incorporate sustainable features [2]. The
pursuit of sustainability in building aims to meet the sustainable development of smart
cities [5], which requires the promotion of technology [6]. Hence, the sustainable building
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defined in this paper is a smart building which considers sustainability. Most of the current
studies on sustainable buildings have focused on energy, water, and carbon efficiency.
However, the next giant leap in sustainable building design could come from integrating
smart structural technologies [7].

Building Information Modeling (BIM) is a platform for keeping accurate and interop-
erable records of building information to enhance pre-planning, design construction, and
maintenance throughout the life cycles of facilities [8,9]; it is also used for the delivery of
integrated projects in buildings and infrastructure [10]. Research on BIM is still in a rapid
growth phase. BIM is derived from the Building Description System (BDS) proposed by
Charles Eastman et al. [11], which stores and manipulates building information consistently
to prevent design changes. The United States National BIM Standard [12] defines BIM as
“a digital representation of physical and functional characteristics of a facility; a shared
knowledge resource for information about a facility forming a reliable basis for decisions
during its life-cycle; defined as existing from earliest conception to demolition”. BIM is
vital to facilitate the application of other technologies in the construction industry [13].

One potential use of BIM is to improve the current data capture technology for BIM
model construction [14]. The Internet of Things (IoT) is capable of capturing massive
numbers of data on facilities in real-time [15]. As an emerging technology, the definition
of IoT is still unclear, with multiple interpretations. The term “Internet of Things” first
appeared at the MIT Center for Automatic Identification Technology in 1999, and it was not
until 2005 that the International Telecommunication Union (ITU) officially introduced it [16].
IoT in intelligent industrial IoT can be applied to production process control, production
environment monitoring, manufacturing supply chain tracking, product whole life cycle
monitoring, promoting safe production and energy saving, and emission reduction [17], in
which the generated data are of a large volume, variety, speed, and accuracy [18]. However,
BIM has also revealed shortcomings, such as only constructing the static models [19]
without achieving dynamic detection, as well as insufficient interactivity [20]. Building
digitization requires the optimization of data collection and management; therefore, the
integration of BIM–IoT, which are two main pillars of building digitization, has gained in
importance [19]. However, the current study is still pre-mature, and most of the work is at
the conceptual stage. BIM and IoT technologies are emerging technologies that help the
development of smart buildings. Although sustainable building emphasizes sustainability
in every aspect of the building’s life cycle [21] more so compared to smart building, it
also needs the support and promotion of technology. Existing studies have used BIM and
IoT devices in many areas such as energy management [22,23], construction monitoring,
health and safety management, and building management [24]. The IoT has brought
innovation in digital-based solutions in various industries, and the BIM approach allows
for shareable, traceable data between stakeholders and integrated management of the
building or infrastructure life cycle through virtual models of 3D information [25].

However, BIM–IoT integration is still in its early development, and the development
of BIM–IoT integration for sustainable building, which is crucial for the development of
current emerging technology for smart cities towards sustainability, is unclear. Additionally,
the most recent studies in sustainable building and construction adopt the literature review
method, which lacks the quantitative method to show a big picture objectively. Few studies
use bibliometric analysis to explore BIM and the IoT. Therefore, this paper aims to explore
the research frontiers and knowledge structure in BIM–IoT integration and the relationship
between BIM–IoT and sustainable building with revealing the research hotspots, trends,
and future directions of BIM–IoT integration for sustainable building.

2. Methods

This paper adopts mixed a research method, which comprised the use of the biblio-
metric method to quantitatively analyze the research frontiers in BIM–IoT integration and
the research hotspots and trends of BIM–IoT for sustainable construction, and a follow-
up qualitative review to reveal the research content of BIM–IoT integration on different
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topics in sustainable construction. Bibliometric analysis is widely used to analyze written
publications [26]. Unlike traditional systematic reviews, visual analysis of the literature pro-
vides researchers with a timely, flexible, and repeatable method to track the development
of emerging trends and identify key findings [27]. Therefore, in order to provide objec-
tive quantitative analysis, this paper proposes to use Citespace software for bibliometric
analysis. Citesapce is a citation visualization and analysis software designed by professor
Chaomei Chen.

Analyzing highly cited journals helps to understand the general background of the
field [28]. It also prepares researchers for the subsequent analysis via Citespace software
visualization. The method of bibliometric analysis does not require a complete review of
all the literature but derives general findings quantitatively [29]. Co-citation and co-word
analysis are the two main bibliometric methods for analyzing the development of topics in
research areas [30]. Co-citation analysis is a typical research frontier detection method [31]
to build and detect the knowledge structure of a scientific field over time [32]. The co-
word analysis method is based on word frequency analysis, mainly through the use of
co-keywords and subject terms, to explore the main knowledge structures and research
hotspots in the subject area [33]. Each bibliometric technique has its theoretical basis, units
of analysis, and limitations; the mixture of research methods is better when conducting a
scientometric review [34]. This paper collects data from the Web of Science core collection
(WoSc) [35] and imports it into Citespace software for co-citation, co-word, and cluster
analysis, and then compares the Citespace results with the controlled terms frequency
analysis included in the Engineering Index (EI) Compendex database [36] search results.
However, the interpretation of the visualization results is a constructive exercise that still
varies from person to person and is not entirely objective [37], which is one of its limitations.
As such, it would be beneficial for the results from Citespace software to be reviewed by
experts or verified in other ways. Hence, this paper also uses the statistics of controlled
terms and subject terms in the search results of the EI core database to briefly compare
the frontiers of field research and research hotspots obtained by Citespace. The WoSc
contains high-quality literature from multiple disciplines in the search sciences, natural
sciences, social sciences, humanities, and arts, which is an essential tool for academic
analysis and evaluation. Furthermore, the WoS is one of Citespace’s primary sources
of analytical data. EI Compendex, the core database of EI, is the most comprehensive
worldwide database of secondary literature in engineering, covering all engineering and
applied sciences disciplines. Search results contain professionally organized controlled
terms and subject terms that precisely summarize the content of the literature with word
frequency statistics for controlled words, which can simply reflect the research hotspots
and compare them side by side with the field research hotspots indicated by Citespace to
illustrate the predictability of the reference results.

This paper uses co-citation and co-word analysis in co-occurrence analysis via Cites-
pace, a knowledge visualization software known for its co-citation analysis feature. Its
features include the multiple, temporal, and dynamic presentation of knowledge graphs.
Citespace also automatically identifies the research frontiers characterized by the citation
node literature and co-citation clustering as on the graph; these features have led to the
software’s broad and rapid adoption, especially in the management field [38]. However,
in recent years, Citespace has also proliferated and been used rapidly in engineering [38].
The network of cited reference nodes can be utilized to explore domain research fron-
tiers, knowledge bases, hotspots, trends, and knowledge structures [37]. In addition,
Prof. Chaomei Chen suggests communicating the clustering results of Citespace with
experts for verification [39]. This paper also used cluster analysis and burst detection as
extended analysis.

Since the lack of clarity of terminology within the construction industry will cause
confusion rather than direction [4], it is necessary to clarify the key concepts in the subject of
discussion. Building smart cities is a vast concept and interdisciplinary product containing
many new development and research areas, in which there is the problem of the unclear
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definition of “smart building”, “intelligent building”, and “sustainable building”. While
some current studies have updated the concept of smart buildings to include “sustainabil-
ity”, earlier studies have not focused as much on sustainability in smart buildings as on
adaptability [4]. Therefore, in the bibliometric analysis data preparation stage, only the
term “sustainable building” has been used as a search term for this study to clarify the
direction of the discussion and focus on the relationship between sustainable building
as a crucial part of creating a sustainable environment within smart cities, and BIM–IoT
integration in smart cities.

The research flow with method is shown in Figure 1 and encompasses five quantitative
and qualitative data analysis steps: (1) Relevant publications in WoSc and EI Compen-
dex database were collected by topic search with the topics “BIM–IoT” and “BIM–IoT
and sustainable building”. Only articles, reviews, and proceedings papers were selected.
(2) A line graph was chosen to analyze the annual number of BIM–IoT-related articles issued
to figure out the research trend. (3) Co-citation analysis, cluster analysis, and burst detection
in Citespace were chosen for analysis of “BIM–IoT” to explore the frontiers of research
in the field of BIM–IoT integration; keyword co-occurrence analysis, cluster analysis, and
burst detection in Citespace were chosen for the analysis of “BIM–IoT-sustainable building”
to explore the research hotspots and trends of BIM–IoT in the field of sustainable building
for the subsequent micro-analysis. (4) Frequency analysis was performed on controlled
words of papers in the fields of BIM–IoT integration and BIM-IoT and sustainable building
obtained from EI Compendex database to examine the clustering results of Citespace.
(5) Qualitative analysis of nine clusters of BIM–IoT and sustainable building obtained by
co-word analysis was performed to obtain detailed information.
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3. Results

This section shows the macro results of data analysis and the micro results of literature
analysis. Firstly, the research status and knowledge base of BIM–IoT were obtained via
Citespace analysis; the research direction of BIM–IoT in the field of sustainable building
was also obtained through Citespace. Then, the word frequency analysis of EI controlled
words was used to test the reliability of Citespace results. On the basis of Citespace
analysis, the research direction of BIM–IoT in the field of sustainable building was analyzed
microcosmically to reveal which life cycle stage the current research focuses on, and to
outline the research direction.

3.1. Results of the Macro Quantitative Analysis of Bibliometrics

The results of the macro quantitative analysis of bibliometrics presented the trend
and co-citation analysis of BIM–IoT integration and the co-word analysis of BIM–IoT
sustainable building.

3.1.1. Trend Analysis and Co-Citation Analysis of Published Papers in WoSc Related to
BIM–IoT Integration

• General Information

Figure 2 shows the number of published papers (the blue line) related to BIM–IoT
integration in the WoS core database from the years 2015 to 2022, during which the field
has gone through three periods: the first period of 2015 to 2017 is the early stage of
development, with only six papers growth in the three years, which indicates that the field
has not received much attention and the number of paper increases slowly; in the second
period of the year 2017 to 2019, the growth rate of the number of papers has increased, and
in particular the number of papers in 2018 is doubled compared to 2017; in the period of
2019 to 2022, the number of papers exceeds 50, entering a period of relatively rapid growth
from 2019 onwards.
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Figure 2. Number and trend of Building Information Modeling (BIM) and Internet of Things (IoT)
related papers published from year 2015 to 2022 in the Web of Science core collection (WoSc) database
(generated by the authors).

In general, BIM–IoT integration is a new field with a small number of publications,
meaning that it is still in the early stage of development. However, the number of related
paper publications is on the rise, in the past three years particularly rising sharply and
approaching exponential growth in the red line in the Figure 2, indicating that the field is
receiving more attention and has specific development prospects.
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There are few studies that directly analyze the development of BIM and IoT integration,
instead mostly discussing construction 4.0 [40,41], digital structure [14,18,42], and off-
site construction [43], which are based on the application of BIM and IoT as emerging
technologies [21]. Tang et al. explore common application areas and design patterns for
BIM–IoT integration and predict future research directions; this is also the most cited
paper, with 130 citations. Emerging technologies are mentioned separately [6,14,42], and
the building life cycle receives much attention [6,14,42–44]. The years of publication
of the highly cited literature are in the period 2019 to 2020, indicating the recent rapid
development of the field.

• Co-citation analysis

Co-citation analysis revealed the research frontiers within the knowledge domain [38],
in which the research frontiers refer to emerging theoretical trends and new topics that
arise and can be represented in Citespace software by the cluster names of co-cited lit-
erature. First, 321 papers in the BIM–IoT obtained from the WoS core dataset were im-
ported into Citespace software for co-citation analysis and cluster analysis, from which
results are shown in Figure 3 and Table 1. Figure 3 identifies the seven main clusters, i.e.,
#0 ‘rfid-based computer system’, #1 ‘devices integration’, #2 ‘virtual reality’, #3 ‘digital
technology adoption’, #4 ‘smart construction’, #5 ‘construction management ’, and #6 ‘sens-
ing information’ in the BIM-IoT domain, using the headline terms and the log-likelihood
ratio (LLR) weighting algorithm to label the clusters. The top left corner of the Figure 3
reveals the cluster structure information, in which the Q value (modularity) = 0.875 > 0.3
and S = 0.9483 > 0.7, convincingly indicating that the clustering structure is significant and
efficient, since a Q value (modularity) > 0.3 for cluster mapping means that the cluster
structure is significant, while an S value (silhouette) > 0.7 indicates that the clusters are con-
vincing [39]. Modularity is a metric proposed by M.E.J. Newman to evaluate the equality
of association recognition; Silhouette is another parameter, proposed by L Ksufmsnhe and
Peter J. Rousseeuw, to evaluate the equality of clustering. The colors of the clusters reflect
the old and new changes in the field of study, and the color block in the lower right corner
of Figure 3 indicates the different years, with yellow representing the most recent year. As
shown in Figure 3, #4 ‘smart construction’ and #5 ‘construction management’ are two of
the newer research sub-topics in the field in recent years, while #6 ‘sensing information’ is
a relatively old research topic. A smaller number of labels suggests that the cluster is more
massive and contains more literature; the nodes in the graph represent the cited literature;
and the node size indicates the citation frequency. The more frequently cited, the larger the
node. The most cited papers are often milestones due to their seminal contributions [24].
These literature nodes are larger and are among the more cited literature including open
standards BIM–IoT integration framework [45], the current status and future trends of
BIM–IoT integration [24], BIM–IoT integration and prefabricated construction [46], the
current status and future needs of BIM [8], BIM–IoT enhanced digital twins [44], BIM for
facility management [47], the status and future of big data technology in the construction
industry [48], multidimensional BIM–IoT platform [49], the importance of information
synchronization between BIM and buildings [50], and integration of BIM and GIS [51]. In
addition, Figure 3 shows that the clusters #0 ‘rfid-based computer system’, #1 ‘devices
integration’, #2 ‘virtual reality’, and #3 ‘digital technology adoption’ are more connected to
each other and more closely linked. The link between the #2 ‘virtual reality’ and #3 ‘digital
technology adoption’ is closer and thicker, which implies a stronger degree of co-citation in
the literature in these two clusters [38].
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Table 1. Major clusters of co-cited literatures of BIM–IoT integration in the WoSc database via
Citespace (generated by the authors).

Cluster Size Silhouette Mean (Cited Year) Label (LSI) Label (LLR) Label (MI)

0 33 0.951 2016 building information
modeling

rfid-based computer
system facility management

1 23 0.969 2015 future trends devices integration sustainable
environment

2 27 0.918 2017 virtual reality virtual reality airport project
delivery

3 22 0.944 2017 Internet digital technology
adoption

wearable sensing
device

4 19 0.967 2019 smart construction smart construction construction
information flow

5 15 0.922 2018 Integration construction
management

advanced project
management

6 14 0.94 2013 sensing information sensing information semantic
construction

In this paper, LLR naming is chosen for the cluster names.

Figure 4 is the timeline diagram to the Figure 3 clustering, in which BIM–IoT integra-
tion is closely related to digital technology and smart buildings. Figure 4 shows that the two
research topics #0 ‘rfid-based computer system’ and #1 ‘devices integration’ have received
significant attention since year 2012, indicating that the connection and control of various
devices is a research topic that has been continuously concerned with the development
of BIM–IoT integration technology. Additionally, the timelines of #2 ‘virtual reality’and
#3 ‘digital technology adoption’ show that the integration of other digital technologies
also attract attention. #4 ‘smart construction’ and #5 ‘construction management’ show that
the application of BIM–IoT integration in the whole intelligent building attracts attention
from 2016 onwards. The topic #6 ‘sensing information’ gained attention back in 2009 with
heat-cooling off since 2016. The red dots are burst references, the appearance of which
often indicates changes in the subject of the study [38,39]. The more burst nodes a cluster
contains, the more active the domain, indicating an emerging trend [38]. There are five burst
references in Figure 4, ‘Becerik-Gerber B, 2012’ [47], ‘Irizarry J, 2013’ [51] and ‘Motamedi A,
2014’ (exploring the use of BIM visualization function for failure root cause detection in
facilities management) [52] in cluster #0 ‘rfid-based computer system’, ‘Bottaccioli L, 2017’
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(presenting a model based on BIM and IoT integration for management and simulation of
energy behaviours in buildings) [53] in the clsuter #1 ‘devices integration’, and ‘Woodhead
R, 2018’ (exploring the impact of an IoT-based ecosystem on the construction industry) [54]
in cluster #4 ‘smart construction’.

1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Timelines of co-citation clusters in Figure 3 (generated by the authors).

Table 1 lists the details of clusters #0 ‘rfid-based computer system’, #1 ‘devices in-
tegration’, #2 ‘virtual reality’, #3 ‘digital technology adoption’, #4 ‘smart construction’,
#5 ‘construction management ’, and #6 ‘sensing information’ by cluster size. The higher the
silhouette, the more similar the content of the literature within the cluster, the higher the
quality of the cluster, and the more focused the research interest in the issue. As shown
in Table 1, the silhouette of all the clusters is greater than 0.9. The average publication
years of the clusters are relatively close, concentrated in the years 2015 to 2017, illustrating
that BIM–IoT integration is a rapidly growing and emerging field. Citespace provides
three algorithms for tag word extraction, with different algorithms having different focuses,
and researchers can choose a form of tag presentation at their discretion [38]. This paper
adopts the tag words extracted by the Log-likelihood rate (LLR) algorithm that extracts tags
focusing on the study characteristics [38], in which the principle is to assume that for the
category Cj words Wi, the frequency (α), concentration (β), and dispersion (γ) metrics form
the vector Vij (α,β,γ), and the selection of the clustering label is based on Vij to determine
whether Wi can be used as a feature word of category Cj [55].

Citation burst can find emergent citations, i.e., papers with sudden changes in the
number of citations, which to some extent reflect the research frontiers of the corresponding
emergent time interval [39]. Figure 5 states the ten citations with the strongest citation
burst, i.e., ‘Chen K, 2015’ [50], ‘Gubbi J, 2013’ [56], ‘Azhar S, 2011’ [57], ‘Azhar S, 2012’ [58],
‘Riaz Z, 2014’ [59], ‘Becerik-Gerber B, 2012’ [47], ‘Bottaccioli L, 2017’ [53], ‘Motamedi A,
2014’ [52], ‘Irizarry, 2013’ [51], and ‘Woodhead R, 2018’ [54]. The earliest emergent citation
is ‘Chen K, 2015’ [50], which started in 2016. This study is about the use of BIM to address
the information synchronization problem. From 2017 to 2022, with the exception of ‘Gubbi
J, 2013’ (research about the future direction and architectural elements of IoT) [56] attracting
attention, the focus of early studies has been skewed toward BIM and gradually became the
integration of BIM with other technologies, such as the concept of BIM and the development
trend, possible risks, and future challenges of BIM [57,58], BIM-wireless sensors for solving
the problem of worker safety in confined spaces [59], potential application areas for BIM
in facilities management practices [47,52,53], integrating GIS–BIM models to improve
construction supply chain management [51], and the impact of an ecosystem built on IoT
for the transformation process of the construction industry [54]. Although ‘Riaz Z, 2014’ [59]
does not use the concept of IoT, the idea of wireless sensor applications mentioned is similar
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to IoT. ‘Bottaccioli L, 2017’ [53], ‘Motamedi A, 2014’ [52], ‘Becerik-Gerber B, 2012’ [47] and
‘Woodhead R, 2018’ [54] are the relatively new burst papers, which indicates that the
integration of BIM and FM and the integration of BIM and IoT are receiving more attention
and are two major research hot topics.

1 

 

 

 

 

Figure 5. The highest burst literatures of BIM–IoT integration in the WoSc database via Citespace
(generated by the authors).

3.1.2. Co-Word Analysis of Published Papers in WoSc Related to BIM–IoT for
Sustainable Building

The 151 papers in the field of BIM–IoT for sustainable building obtained from the WoS
core database were imported into Citespace software for keyword analysis, cluster analysis,
and burst detection. Table 2 shows the 10 keywords with intermediary centrality greater
than 0.1, sorted by the size of intermediary centrality that measures the ability of nodes
to exchange information in a network [60]. These keywords are considered influential
in shifting the research direction and represent research topics and directions that have
received more attention in the field [37]. As shown in Table 2, in different periods, basic
construction, framework, and optimization of buildings issues attracted more attention in
BIM-IoT for sustainable building. And building metaverse may be a new research hotspot
in 2022.

Table 2. Keywords with structural significance in the field of BIM–IoT-sustainable building via
Citespace, whose centrality is greater than 0.1 (generated by the authors).

Centrality Count Year Keywords

0.20 25 2012 Construction
0.19 16 2015 Framework
0.18 11 2012 Optimization
0.15 4 2015 Construction project
0.12 1 2022 Building Metaverse
0.11 2 2015 Decision Making
0.11 4 2015 Construction Industry
0.10 3 2019 Building Design
0.10 5 2019 Benefit
0.10 21 2013 Design

The life cycle of a building can be divided into four stages [43,61–64]: (i) Preparation
Stage (design, decision-making, manufacturing, procurement); (ii) Construction Stage
(construction, transport); (iii) Usage Stage (operation, maintenance, refurbishment); and
(iv) End stage (deconstruction, disposal, reuse, or recycling). As shown in Table 2, the
keywords are related to the first three phases of the building life cycle stages:

(1) Preparation Stage: optimization, framework, decision making, design, building design
(2) Construction Stage: construction, construction project
(3) Usage Stage: building metaverse, benefit
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The keyword burst detection is performed to obtain burst words that reflect the hotspots
and trends of research in a specific time interval [38]. As shown in Figure 6, there are
12 words whose burst period occurs in year 2017 to 2021 (in red color), indicating how fast
the research development changed during this period. The burst period of management, IoT,
sustainability, and challenge is 2021 to 2022, indicating that they are the four latest research
hotspots. The sustainable design, simulation, and leed bursts last for more than three years,
indicating that there are a relatively high number of studies on these three issues.
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Figure 6. Top 20 emergent words in the field of BIM–IoT-sustainable building via Citespace (generated
by the authors).

Cluster analysis was performed based on keyword co-occurrence to obtain cluster
mapping (Figure 7) and a timeline diagram (Figure 8) was created for mapping further
the research hotspots and trend changes in integrating BIM–IoT and sustainable building.
Because the data in year 2022 cannot form effective clustering, the data up to 2021 are
selected for clustering information. The research hotspots and trends in 2022 are analyzed
according to the above mentioned emergent words in Figure 6 and high centrality words
in Table 2. The cluster profile as shown in Figure 7, Q = 0.7519 > 0.3 and S = 0.8783 > 0.7,
indicates that the clustering structure is convincingly significant and efficient. As shown in
Figure 7, the largest cluster is #0 ‘building information’, which is associated with cluster
#6 ‘knowledge-based building management system’, cluster #7 ‘modern challenge’, and
cluster #1 ‘sustainable building design’. The most recent cluster is cluster #7 ‘modern chal-
lenge’, which is not overly related to the other clusters. Cluster #2 ‘digital twin technology’
is closely related to cluster #4 ‘integrated life-cycle analysis’ and cluster #1 ‘sustainable
building design’. Cluster #1 ‘sustainable building design’ is also associated with Cluster
#8 ‘decision support’ and Cluster #5 ‘conceptual framework’. Moreover, Figure 8 shows
that cluster #0 ‘building information’ from 2012 to date and cluster #4 ‘integrated life-cycle
analysis’ from 2014 to date have demonstrated good trends. Cluster #1 ‘sustainable building
design’, cluster #2 ‘digital twin technology’, and cluster #5 ‘conceptual framework research
fever’ have decreased since year 2018. Additionally, Cluster #6 ‘knowledge-based building
management system’, cluster #7 ‘modern challenge’, cluster #8 ‘decision support’, and
cluster #13 ‘green building information modeling lifecycle’ are small in scale. The clusters
are small in size, “fleeting” in the years 2017, 2019, and 2015, have little connection with
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other groups, and have not formed an inevitable development trend, which could be of
future potential research value.
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Figure 7. The network visualization on keyword co-word analysis of BIM–IoT sustainable building
literatures in the WoSc database via Citespace (generated by the authors). 

3 

 

 
Figure 8. Keyword co-occurrence timeline of co-citation clusters in Figure 7 (generated by
the authors).

3.2. Frequency Analysis of Controlled Words in Engineering Index (EI) Core Database

Word frequency analysis explores the research hotspots and trends in the research
field, in which keywords or subject terms are the condensation of the core content of the
literature [65]. It is necessary to process the data before starting word frequency analysis,
but the natural frequency of normalized subject words’ occurrences can be directly used as
the basis and foundation of the study [66].

One of the advantages of the EI database is that the search results provide controlled
term frequency statistics directly, and each document in the EI core database is tagged
with a specific controlled term that is a word in professionals’ standard for expressing
the content of documents. In order to keep in line with the process in WoSc database,
this paper selects “subject/title/abstract” in the EI Compendex core database, uses the
same search formula, selects only conference articles and journal articles, and obtains the
corresponding statistical ranking of controlled terms as shown in Table 3. Table 3 lists the
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top 20 controlled terms in BIM–IoT studies and the top 20 controlled terms in BIM–IoT for
sustainable building studies. The top 20 controlled terms summarize the research hotspots
and directions and illustrate the credibility of the primary descriptive results obtained by
Citespace software.

Table 3. Top 20 controlled terms under the topic BIM–IoT (left) and BIM–IoT-sustainable building
(right) in the Engineering Index (EI) Compendex core database (generated by the authors).

BIM-IoT BIM-IoT-Sustainable Building

Controlled Vocabulary Count Controlled Vocabulary Count

Architectural Design 312 Architectural Design 162
Internet of Things 271 Intelligent Buildings 135

Information Management 128 Sustainable Development 134
Information Theory 97 Information Theory 65

Construction Industry 78 Life Cycle 49
Project Management 69 Energy Efficiency 43

Life Cycle 68 Construction Industry 40
Construction 57 Eco-design 38

Intelligent Buildings 54 Decision Making 34
Office Buildings 43 Construction 28
Decision Making 41 Energy Utilization 24

Smart City 28 Office Buildings 22
Data Visualization 23 Project Management 20
Data Integration 22 Environmental Impact 16

Visualization 21 Structural Design 16
Semantics 20 Environmental Design 13

Digital Storage 19 Information Management 13
Energy Utilization 19 Energy Conservation 12

Human Resource Management 19 Environmental Management 12
Three Dimensional Computer Graphics 19 Apartment Houses 8

In Section 3.1.1, the BIM–IoT research frontiers derived from the results of co-citation
analysis of 321 papers in WoSc via Citespace software are cluster #0 ‘rfid-based computer
system’, cluster #1 ‘devices integration’, cluster #2 ‘virtual reality’, cluster #3 ‘digital tech-
nology adoption ’, cluster #4 ‘smart construction’, cluster #5 ‘construction management’
and cluster #6 ‘sensing information’; additionally, the 20 controlled terms obtained from
the EI search reflect scattered research hotspots, which can be further summarized into
four categories of frontier research directions. If the inductively classified topics are close
to the results obtained by citespace, the results of citespace can be proved to be credible
and referable. The four categories are:

(1) Life Cycle: Life Cycle, Project Management, Decision Making, Energy Utilization, and
Human Resource Management.

(2) Smart City and Architecture: Architectural Design, Construction Industry (Construc-
tion), Office Buildings, Intelligent Buildings, and Smart City.

(3) Internet of Things and other digital technologies: Internet of Things, Data Visualiza-
tion(Visualization), Data Integration, Digital Storage, Semantics, and Three Dimen-
sional Computer Graphics.

(4) Information Management: Information Management and Information Theory.

The categories indicate that the main focus is on digital technologies in relation to IoT,
smart building life cycle, data visualization, and construction management. This grouping
result is similar to the grouping result obtained by Citespace, which proves the credibility
and referenceability of results from Citespace.

Moreover, in Section 3.1.2, the research hotspots of BIM–IoT for sustainable building
derived from the results of co-word analysis of 151 papers in WoSc via Citespace soft-
ware are cluster #0 ‘building information’, cluster #1 ‘sustainable building design’, cluster
#2 ‘digital twin technology’, cluster #4 ‘integrated life-cycle analysis’, cluster #5 ‘con-
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ceptual framework’, cluster #6 ‘knowledge-based management system’, cluster #7 ‘mod-
ern challenge’, cluster #8 ‘decision support’, and cluster #13 ‘green building information
modeling lifecycle’.

Furthermore, the controlled terms of BIM–IoT for sustainable building from Table 3
have been sorted and classified into four hot research directions:

(1) Construction industry and building types: Construction Industry, Construction, Intel-
ligent Buildings, Apartment Houses, and Office Buildings.

(2) Design Related: Architectural Design, Structural Design, Eco-design, and Environmen-
tal Design.

(3) Building Information Management and Decision Making: Decision Making, Informa-
tion Theory, and Information Management.

(4) Life Cycle and Sustainability: Life Cycle, Energy Efficiency, Environmental Impact,
Sustainable Development, Project Management, Energy Utilization, Environmental
Management, and Energy Conservation.

The categories indicate that the main focus is on architectural design, information
management and decision making, and life cycle. Their closeness to the categories of
conclusions drawn by Citespace software verifies the credibility of the results obtained
by Citespace.

3.3. Results of the Micro Qualitative Analysis

The micro qualitative analysis results reveal the topics of BIM–IoT and sustainability,
including the lifecycle involved and the overview of the nine clusters.

3.3.1. The Lifecycle Involved in The Nine Clusters in BIM–IoT-Sustainable Building

The results in Section 3.1.2 indicate that the keywords have been obtained from
WoSc on BIM–IoT for sustainable building filed into nine clusters via Citespace software,
representing nine research hotspots, which provides further insight into each research
hotspot and the life cycle stages, as shown in Table 4, which includes:

(1) Preparation Stage (design and decision making): cluster #0 ‘building information’,
cluster #1 ‘sustainable building design’, cluster #2 ‘digital twin technology’, cluster #4
‘integrated life-cycle analysis’, cluster #5 ‘conceptual framework’, cluster #8 ‘decision
support’, and cluster #13 ‘green building information modeling lifecycle’;

(2) Construction Stage (construction): cluster #0 ‘building information’, cluster #2 ‘digital
twin technology’, cluster #4 ‘integrated life-cycle analysis’, and cluster #13 ‘green
building information modeling lifecycle’;

(3) Usage Stage (operation, maintenance and refurbishment): cluster #1 ‘sustainable
building design’, cluster #2 ‘digital twin technology’, cluster #4 ‘integrated life-cycle
analysis’, cluster #6 ‘knowledge-based management system’, cluster #7 ‘modern chal-
lenge’, cluster #8 ‘decision support’, and cluster #13 ‘green building information
modeling lifecycle’;

(4) End Stage (deconstruction): cluster #2 ‘digital twin technology’, and cluster #13 ‘green
building information modeling lifecycle’; and

(5) Complete life cycle: cluster #2 ‘digital twin technology’, and cluster #13 ‘green building
information modeling lifecycle’.
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Table 4. Life cycle stages involved in each clustering study (generated by the authors).
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Life Cycle Stages

Preparation Stage Construction Stage Usage Stage End Stage
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#0 building
information 1 1

#1 sustainable
building design 1 1

#2 digital twin
technology 1 1 1 1 1 1

#4 integrated
life-cycle analysis 1 1 1 1 1

#5 conceptual
framework 1 1

#6 knowledge-based
management system 1 1 1

#7 modern challenge 1
#8 decision support 1 1
#13 green building

information modeling
lifecycle

1 1 1 1 1

The collated results show that the current research focuses on the design and decision-
making aspects of the preparation stage and the operation and maintenance aspects
of the usage stage. The construction stage and the end stage have not been receiving
much attention.

3.3.2. Research Overview of the Nine Clusters of BIM–IoT in Sustainable Building

• Cluster 0 building information

As shown in Table 4, this cluster involves the preparation stage (design and decision
making) and construction stage (construction). Building information is one of the largest
clusters, indicating that it has received much research attention. As shown in Figure 8, the
research fervor of this cluster has remained unabated from year 2012 to the present. In
addition, three high centrality keywords are included, arranged chronologically as follows:
cost, life cycle, and management, of which high centrality indicates that they are more
associated with other keywords and dominate the studies on the cluster. In the current
rapid development of the construction industry toward digitalization, building information
is essential to building a digital building model. The BIM technology bears the closest
relationship with building information. The most important use of BIM technology in
construction projects is to obtain reliable information and make the right decisions during
the implementation phase of any construction project [67]. Studies mainly consider collect-
ing and using building-related information for sustainability and improving the different
life cycle stages. For example, Lorenzo and Mimendi [68] introduce a non-destructive
3D scanning and modeling workflow to capture and process relevant digital information
describing the geometric properties of bamboo poles, allowing a new material, bamboo
poles, to be effectively digitized and integrated into the architectural structure. Addi-
tionally, Khalesi et al. [69] proposed to integrate the Stepwise Weight Assessment Ratio
Analysis method with BIM technology to identify and reduce time delays caused by rework
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in construction projects from a time perspective to enhance the delivery of sustainable
construction projects. Furthermore, Borja et al. [70] used a cost database in the construction
sector facilitated with environmental information to generate environmental indicators
to aid decision making. The emergence of BIM has turned the architecture, engineering,
and construction (AEC) industry into an information management industry, managing
buildings through information [71,72].

• Cluster 1 sustainable building design

As shown in Table 4, this cluster involves the preparation stage (decision making) and
usage stage (operation). The construction industry is increasingly interested in sustainable
buildings with low environmental impact, high performance, and high cost savings. Impor-
tant decisions affecting building life cycle energy needs must be made in the early stages of
building design [73]. Using BIM and other technologies to assist decision making can help
achieve true building sustainability [74,75]. The integration of BIM and parametric mod-
eling is a new trend in building modeling that can significantly contribute to sustainable
building design [76]. J. Starynina and L. Ustinovichius [77] proposed a sustainable building
modernization model that estimates the energy demand and the relevant parameters for
reconstructing old public buildings. The development of prefabricated building elements,
the integration of Life Cycle Assessment (LCA) and BIM, and multi-objective optimization
methods can also be used to help achieve sustainability in the built environment [78].
Liu et al. [79] proposed an improved particle swarm optimization algorithm for finding a
balance between the life-cycle cost of building design and life-cycle carbon emissions to
improve the sustainability of buildings. In general, this cluster focuses on using BIM with
other technologies such as IoT and LCA in the design phase to select sustainable building
design solutions for reliable building sustainability.

• Cluster 2 digital twin technology

As shown in Table 4, this cluster involves the preparation stage (design and decision
making), construction stage (construction), usage stage (operation and maintenance) and
end stage (deconstruction). The digital twin is not a brand-new concept, having been
published first in the aerospace sector, then in product manufacturing, and in recent years
in the smart city sector [44]. It is a powerful example of an integrated application of
BIM and IoT [80], which maps physical assets in the physical world to the virtual world,
enabling real-time recording and analysis of the physical assets’ real-time structural and
environmental parameters from which existing buildings can benefit [81,82]. In addition,
the digital twin can predict a building’s future state [83], reduce maintenance costs, improve
tenant comfort, and reduce the building’s overall management and operating costs [84].
There has been research on building sensor networks on facades to create digital twin
models of buildings [84]. However, how to build sensor networks inside buildings to better
utilize the Internet of Things remains to be researched.

• Cluster 4 integrated life-cycle analysis

As shown in Table 4, this cluster involves the preparation stage (design and decision
making), construction stage (construction) and usage stage (operation and maintenance).
Life Cycle Assessment (LCA) introduces an explicit temporal dimension and metabolic
links to social quality and energy flow and is now more commonly used in the design of
new buildings [85]. However, to improve the design process and effectively build a sus-
tainable future, data on the diversity of the existing building stock needs to be transformed
to discover new knowledge and inform future design decisions in an evidence-based
manner [86]. Angeles et al. [87] proposed an integrated life cycle assessment (iLCA) to
achieve a comprehensive, in-depth review of the environmental impact of a building, in-
cluding a full accounting of its operation and contained energy, as well as of the effect of
damage and maintenance due to hazards. Marzouk et al. [88] propose a framework that
facilitates the implementation of stochastic whole life cycle cost (LCC) models to select
optimal building material alternatives and discover the most effective building systems in
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each cost element from initial cost to complete life cost. Focusing on the well-being of a
building’s occupants during the building’s life cycle may also impact sustainable building
design and operational decision-making processes. IoT technology enables a connected
and interactive platform that helps occupants express their feelings more efficiently and
participate in the design and construction of sustainable buildings. Tao et al. [89] proposes
a framework to define the types of data that can be measured or obtained that will enable
building designers and operators to use a well-being-centered life-cycle assessment for
decision making and help improve the energy efficiency of buildings related to human
well-being and socio-economic aspects.

• Cluster 5 conceptual framework

As shown in Table 4, this cluster involves the preparation stage (design and decision
making). The three papers [74,79,88] involved in this cluster all propose a conceptual frame-
work for the BIM-based optimization of building design solutions for building sustainability,
verifying the feasibility of this with examples and discussions. Liu et al. [79] proposes a
BIM-based building design optimization method that can help designers optimize the de-
sign from economic and environmental perspectives and improve the sustainability of the
building. Ahmad et al. [74] investigated a conceptual framework for a BIM-based design
iteration (BIM-DIT) tool for selecting sustainable PSTM (processes, systems, technologies,
and materials) combinations during the design process to support the decision-making
process in the residential building design phase. Marzouk et al. [88] presents a framework
that integrates building information modeling (BIM), genetic algorithm optimization, and
Monte Carlo simulation to select the best building solution from the perspective of sus-
tainability. Although the conceptual models have all been validated in a specific instance,
there are still technical or cost issues to be overcome for large-scale replication. In addition
to the continuous innovation of conceptual frameworks in the future, the feasibility of
landing existing conceptual frameworks can be studied from the perspective of practical
applications. These conceptual frameworks all have data collection needs, and the IoT
sensor network can generate a large number of real-time data, which again reflects the
necessity of BIM–IoT integration.

• Cluster 6 knowledge-based management system

As shown in Table 4, this cluster involves the usage stage (operation, maintenance and
refurbishment). The cluster is concerned with achieving energy savings in the operation
and maintenance phase of the building through efficient methods. A knowledge-based
management system is critical for sustainable post-construction performance [90]. Building
maintenance decisions involve the collaboration of multiple departments and require the
support of various types of knowledge and information; therefore, ineffective decisions
will likely result in significant cost losses and energy consumption. Knowledge-based
management is an artificial intelligence (AI) approach to reasoning and learning from
experience [91]. A knowledge-based management system can provide good collection
experience, history, and operations, making it easy for maintenance teams to take practical
action in certain situations [92]. The advent of knowledge-based management systems,
with an emphasis on automation, compensates for the inaccuracy of manual inspections
and the lack of real-time dynamic factor input, ensuring the continued comfort of occupants
through efficient building maintenance and reducing energy consumption by providing
adequate controls [90]. However, the advantages of this aspect currently remain in the
theoretical stage, and in future it needs to be verified in practical applications to improve
cost barriers and automation weaknesses. BIM–IoT integration can build a data-based
platform to meet the above automation and efficiency needs, and more landing attempts
can be made in the future to promote buildings’ sustainable and digital transformation.

• Cluster 7 modern challenge

As shown in Table 4, this cluster involves the usage stage (refurbishment). The cluster
is concerned with the renovation and maintenance of historic buildings, i.e., the use phase
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of the life cycle. One of the current challenges is the sustainable renovation of existing
buildings, especially the renovation of historic buildings. Each historic building has a
certain uniqueness, and finding a suitable reference is difficult, making the renovation task
more difficult. However, Diara and Rinaudo [93] pointed out that the sheer number of
Heritage assets makes it difficult to achieve a unique solution for each asset, thus requiring
a relational database. Historic Building Information Modeling (HBIM) was proposed to
address the abovementioned problem. Finding commonalities in historic buildings and
creating a database that can be shared to record information gives a referable solution for
the future renovation of other landmark buildings and helps rapidly expand expertise,
allowing people from various disciplines to acquire knowledge of the building as a whole
quickly. HBIM is a quest to bridge the knowledge gap through the potential commonality of
historic buildings, thus achieving some degree of efficiency [94]. Essentially, the problem is
similar to that mentioned in Cluster 6, i.e., the rational use of building information to assist
in renovation decisions to reduce energy consumption during renovation and maintenance.
As in Cluster 6, these needs are precisely what can be solved using BIM–IoT integration.

• Cluster 8 decision support

As shown in Table 4, this cluster involves the preparation stage (decision making)
and usage stage (operation). Cluster 8 still revolves around how building information
obtained during the operations phase can be used in the future. Current design decisions
still rely heavily on experience [95], but the diversity of data from the existing building
stock can effectively build a sustainable future and reduce knowledge evaporation and
uncertainty [86]. Researchers are no longer concerned with acquiring building information
but are instead concerned with how to transform it into new knowledge to further aid
design decisions. The research on this issue can be seen as exploring the development of
BIM platform applications. It also faces the same challenge as Cluster 2, i.e., how to build
a sensor network inside the building to better utilize the data collected by the IoT, which
remains to be researched in the future.

• Cluster 13 green building information modeling lifecycle

As shown in Table 4, this cluster involves the preparation stage (design), construc-
tion stage (construction), usage stage (operation and maintenance), and end stage (de-
construction). In today’s building industry, which is moving towards digitalization and
sustainability, ensuring the sustainability of buildings requires a focus not only on digital in-
formation model or green building itself but also on the entire life cycles of buildings [96,97].
Muller [96] found that interoperability and sustainability are intrinsically linked. The effi-
cient interoperability throughout the life cycle by BIM allows for better overall management
and improved project sustainability. Garcia et al. [97] proposed that data mining can effec-
tively help handle the large amount of data generated throughout the building lifecycle
process to be applied to support the refinement of future projects. Therefore, BIM–IoT
integration is not a finished state and still needs to be considered in conjunction with more
new technologies to further contribute to building sustainability and digital transformation.

4. Discussion

This section further explores the necessity of a clear definition and scope of sustainable
building, the change and the future development directions in the BIM–IoT integration
field, and the impact brought by emerging information technology and the research gap in
sustainable building.

4.1. The Necessity of Clarifying the Scope of the Definition of Sustainable Building

In this paper, “sustainable building” was chosen as one of the the search
keywords for the topic “BIM–IoT and sustainable building”. According to the results
of Sections 3.1.2 and 3.3, the development of BIM–IoT integration in the field of sustainable
building includes both humanity and technology. In conducting the search and starting
the discussion, it is necessary and helpful to clarify the concept of sustainable building
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so that only focusing on a single aspect of the research problem can be avoided. The lack
of clarity of terminology within the construction industry will cause confusion [4]. At
present, the concepts of smart, intelligent, sustainable, and green buildings are confused.
Few of the retrieved papers use the label “sustainable building” directly only to study the
sustainability of smart building. The definition of sustainable building is indeed uncertain
and subject to constant change as society evolves. However, it is still necessary to clarify
the definition and scope of the subject when discussing the description. Green building is
more narrowly defined, focusing on the building itself. Sustainable building considers the
impact on the physical and psychological health of the occupants and the social-economic
aspects [20]. Intelligent building emphasizes buildings’ responsiveness to the environment
and automation. Smart building integrates and exemplifies intelligence, entrepreneurship,
control, materials, and construction as a whole system with adaptability at its core [4].
Today, the definitions of smart and sustainable building overlap significantly, especially
as climate change and sustainability receive more attention. However, it is recommended
to explicitly include the sustainable building label in the discussion. It is important to
pay attention to the changes in concept definitions during the research process in order
to prevent confusion caused by the split of the research topic and to be clear about the
definition of the concept under discussion.

4.2. Change of Research Topics in the BIM-IoT Integration Field in the Timeline

According to the results in Section 3.1.1, the field of BIM–IoT integration is in a period
of rapid development, with some connection to the construction industry and building
intelligence. The research frontiers in order of attention are as follows: rfid-based computer
system, devices integration, virtual reality, digital technology adoption, smart construction,
construction management, and sensing information. Regarding the timeline, “sensing
information” was the first topic that attracted attention. However, while this is the case,
research on that topic has slowed down in recent years. Sensing technology is a key
enabler of IoT [98]. The sensor network is one of the end networks for data collection,
which can only realize signal collection and transmission in a small local area [99]. IoT
is seen as a ubiquitous global computing network that can automatically organize and
share information, data, and resources [100]. IoT uses sensors and connected devices to
monitor real-time parameters and provide visualizations of information using information
collected through technologies such as big data analysis and data mining [80]; additionally,
the IoT infrastructure of smart buildings can be integrated into the BIM model through
IFC technology [101]. The emergence of the IoT has made smart cities more attainable and
attracted more researchers’ attention.

The results in Table 1 and Figures 2 and 5 indicate that the field of BIM–IoT inte-
gration entered a period of rapid development in the period 2017–2021, with research
topics starting to be focused on and targeted. This shift in the research frontier can
be seen from the ten most cited literature with the greatest burst of citations shown in
Figure 5: In the period 2017–2019, the focus of researchers was still on exploring the con-
cepts, trends, and applications of BIM itself. Furthermore, after 2019, discussions started
focusing on the feasibility of combining BIM with other technologies to manage buildings.
‘Motamedi A, 2014’ [52], ‘Bottaccioli L, 2017’ [53], ‘Becerik-Gerber B, 2012’ [47], and
‘Woodhead R, 2018’ [54] burst in recently from 2018 to 2020, introducing the applica-
tion of BIM in facilities management practices and the impact of IoT on the transformation
of the construction industry. It can be seen that the research on BIM–IoT integration is
based on BIM as an application. As Wang et al. [13] said, BIM is central to connecting other
new technologies emerging from Industry 4.0. Therefore, this change in trend is related
to the development of BIM itself. Wen et al. [10] showed that the development process
of BIM is away from data collection and information integration and towards knowledge
management. One of the changes in the development trend is to pay more attention to the
harmonious coexistence of building and environment, sustainability, green building, and
prefabrication. In researching and applying BIM, new challenges will be faced continually.
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As such, the role of IoT in “BIM–IoT integration” is to join the platform of BIM as an
“auxiliary plug-in” bringing new solutions to address the need to collect, synchronize,
and manage the massive number of data needed to build smart, sustainable buildings.
In general, the analysis results in Sections 3.1.1 and 3.2 indicate that BIM will combine
with not only IoT but more digital technologies to promote the digital development of the
construction industry in the future.

4.3. Impact of Emerging Information Technology on Sustainable Building

Based on the results in Section 3.1.2, basic construction issues are of more interest,
followed by framework and optimization issues in the field of BIM–IoT-sustainable build-
ing. In addition, management, IoT, sustainability, challenge, building metaverse is the new
research hotspot in 2022, and building metaverse is also one of the emergent words in
2022, indicating that BIM–IoT integration for meta-cosmic architecture has begun to receive
attention. This could be a turning point in the digital process of sustainable building. The
nine clusters obtained after applying Citespace show the research hotspots in the field of
BIM–IoT-sustainable building, and the cluster sizes are all relatively small, indicating that
the field of BIM–IoT-sustainable building is comparatively new and has not yet been able
to form a specific scale. The development trend of clusters #0 building information and
#4 integrated life-cycle analysis are good. Clusters #6 knowledge-based building manage-
ment system, #7 modern challenge, #8 decision support, and #13 green building information
modeling lifecycle are small in scale and not well connected to other clusters. They do not
form a particular development trend. However, the core of these clusters is how to explore
the valuable knowledge behind building information and better use this knowledge to man-
age buildings, which has potential research value and development space. According to the
results of 3.3.1, the research focus of BIM–IoT within sustainable construction involves all
phases of the building life cycle. However, it concentrates on the first three phases, i.e., the
preparation stage (design, decision-making, manufacturing, procurement), the construction
stage (construction, transport), and the usage stage (operation, maintenance, refurbish-
ment). Yet few studies have addressed the end-stage (deconstruction, disposal, reuse, or
recycling). BIM can reduce construction waste throughout the life cycle of building design
projects and better contribute to SDG 11 from the perspective of waste management for
urban environmental impact [102]. In the future, IoT can be added to supervise the building
components using sensor networks to facilitate the disposal of construction waste and
recycling. This is also in line with the requirements of the new ten principles of sustainable
building proposed by the International Council for Sustainable Building (CIB) [21], namely
managing waste to reduce environmental impact.

Sustainable architecture involves social, economic, and human elements. Still, the
results in Section 3.3.2 reveal that the current research content is not sufficient in focusing
on the social and human aspects and should focus more on technical development and
economic impact. Furthermore, as also understood from the content of the discussion
of cluster #4 integrated life-cycle analysis in Section 3.3.1, user involvement is critical for
sustainable buildings, but few studies have collected real-time data involving asset users
in building use and management. Participatory sensing emphasizes the involvement of
citizens and community groups in sensing and recording the processes by which they
live, work, and play [98], and IoT [103] and mobile devices enhance the ability of people
to engage in participatory sensing to gather information about their environment [104].
Nevertheless, simultaneously, how to couple dynamic real-time data to the model database
is also one of the main challenges of BIM–IoT integration [19]. There are already studies
on building facades with sensor networks to create digital twin models of buildings [84].
However, how to build a sensor network inside the building to utilize the IoT better is
still to be researched. This also points to a future research direction for researchers on how
to make BIM–IoT integrated technology to achieve the social and human sustainability
of buildings.
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In addition, from the analysis of clusters #6 knowledge-based building management
system, #7 modern challenge, #8 decision support, and #13 green building information
modeling lifecycle, the importance of analyzing and mining the deep information behind
the huge amount of data can be recognized. The actual implementation of smart cities faces
challenges such as design and operational costs, heterogeneity among devices, massive
data collection and analysis, information security, and sustainability [105]. IoT technology
enables the collection, tracking, and transmission of multiple data, greatly expanding
the information sources of BIM and solving the problems of authority and timeliness of
BIM information [106,107]. BIM enables easy data exchange and real-time collaboration
among stakeholders [108]. This is important for the development of smart cities. BIM–IoT
integration facilitates not only the realization of sustainable buildings but also that of smart
cities. However, these two technologies alone are not enough to cope with the demand of
smart cities for mining and applying data. Other emerging technologies are still needed
to support them—for example, cloud computing, big data, and AI technologies. Cloud
computing is used in all levels of IoT; it is one of the fundamental technologies of IoT and
has a strong capability of carrying this data; big data can mine and analyze massive data,
turning data into information; artificial intelligence can learn and understand data, turning
data into knowledge [109].

In addition, the content of cluster #7 modern challenge illustrates that people are
starting to realize that retrofitting existing buildings is also a research point that cannot only
focus on building new structures. How to transform existing buildings into sustainable
buildings through IoT sensors will also be a popular research direction in the future,
because, as Carl Elefante says [110], the most environmentally friendly building is the one
that already exists, and any new construction will, to a greater or lesser extent, result in a
waste of new resources. Pavon et al. [111] have proved through a case that BIM combined
with IoT and FM can transform existing buildings to be more intelligent and sustainable at
a low cost, so how to make existing buildings more sustainable deserves more attention.
In general, the analysis results in Sections 3.1.2 and 3.3 indicate that BIM–IoT integration
still has a relatively large research gap in the field of sustainable buildings, especially in the
humanities and data processing. At the same time, BIM–IoT integration is growing rapidly
in the field of sustainable buildings, with research on multiple building types and different
building life cycles.

5. Conclusions

This paper aims to understand the research frontiers and knowledge base structure
in the field of BIM–IoT integration and the relationship between BIM–IoT and sustainable
building and to explore the research hotspots, trends, and future research directions of
BIM–IoT integration technology for sustainable building. This paper has three main
contributions: (1) In terms of research content, this paper explores the current research
status and research frontiers of BIM–IoT integration through macro-quantitative and micro-
qualitative analysis via bibliometrics, as well as the research hotspots and future research
directions of BIM–IoT integration in sustainable building. Future sustainable building
needs to consider the user’s feelings, in which the IoT enables the user to participate in
sustainable design and decision making. Additionally, sustainable building involves social,
economic, and human dimensions. However, current research in the field has paid less
attention to the social and human aspects than to the technical and economic impacts of
development. For instance, the aging population is currently facing the issue of community
aging and retrofitting the existing built environment to meet the needs of the elderly for a
healthy, safe, and comfortable living environment requires much cost. It may even generate
much waste. Perhaps the BIM–IoT integration model may solve this problem. Another
issue is how to focus on the psychological health and comfort of people in isolation while
ensuring sustainability in the current COVID-19 context, which is also an issue worth
studying. In addition, it would be better to explicitly bring the “sustainable buildings”
label into the discussion to prevent confusion caused by splitting the research topic. (2) The
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research value aspect illustrates the necessity of IoT as an “auxiliary plug-in” to join the
platform of BIM and the importance of analyzing and mining the deep information behind
the massive data. BIM–IoT integration can facilitate the development of digital sustainable
buildings, making full use of building information. BIM–IoT integration is meant not only
to promote the sustainable transformation of buildings but also to help the construction
of smart cities. In the future, more emerging technologies, such as cloud computing and
big data, can be integrated with BIM-IoT integration to address the demand for mining
and environmental data in smart cities, thus realizing the construction of sustainable smart
cities. (3) In terms of research method, this paper provides a quick and objective method of
understanding the research status of new and rapidly developing fields. The data from
the EI core database were introduced for word frequency analysis to corroborate further
the results obtained by Citespace. Knowledge mapping interpretation is a constructive
task. Although expert interpretation can improve the science of interpretation, the rapid
development of emerging fields means that experts do not have a good grasp on the whole
or individual parts of the field. Using the controlled word statistics that come with the
search results of the EI core database to perform word frequency analysis provides a more
objective and quantitative method to assist in interpreting the mapping. The study only
selected WoS as the primary database and EI as the control auxiliary reference database,
and future studies may consider using other databases to increase the research paradigm.
Thus, BIM–IoT integration currently contributes to the intelligence and digitization of
buildings, while its impact on sustainable building is an emerging field. Implementing
BIM–IoT integration in sustainable building seems complicated, but it results from a wide
range of detailed directions for several specific issues. The lack of research has not yet
established a set of standard paradigms, an early problem in the emerging field. In addition,
the combined application of BIM–IoT needs the assistance of other technologies, such as
big data and cloud computing, to tap and utilize the information carried by the massive
amount of data to achieve intelligent and sustainable future city construction. Future
research can also: (1) focus more on the application of BIM-IoT integration technology in
the construction stage and end stage of the building life cycle; (2) explore the application of
BIM-IoT integration in building metaverse or the integration of other digital technology.
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18. Štefanič, M.; Stankovski, V. A Review of Technologies and Applications for Smart Construction. Proc. Inst. Civ. Eng.-Civ. Eng.

2019, 172, 83–87. [CrossRef]
19. Mannino, A.; Dejaco, M.C.; Re Cecconi, F. Building Information Modelling and Internet of Things Integration for Facility

Management—Literature Review and Future Needs. Appl. Sci. 2021, 11, 3062. [CrossRef]
20. Cao, Y.; Kamaruzzaman, S.N.; Aziz, N.M. Green Building Construction: A Systematic Review of BIM Utilization. Buildings

2022, 12, 1205. [CrossRef]
21. Berardi, U. Clarifying the New Interpretations of the Concept of Sustainable Building. Sustain. Cities Soc. 2013, 8, 72–78. [CrossRef]
22. Iqbal, N.; Kim, D.H. Iot task management mechanism based on predictive optimization for efficient energy consumption in smart

residential buildings. Energy Build. 2022, 257, 111762.
23. Karthick Raghunath, K.M.; Koti, M.S.; Sivakami, R.; Vinoth Kumar, V.; NagaJyothi, G.; Muthukumaran, V. Utilization of IoT-

assisted computational strategies in wireless sensor networks for smart infrastructure management. Int. J. Syst. Assur. Eng.
Manag. 2022, 1–7. [CrossRef]

24. Tang, S.; Shelden, D.R.; Eastman, C.M.; Pishdad-Bozorgi, P.; Gao, X. A Review of Building Information Modeling (BIM) and the
Internet of Things (IoT) Devices Integration: Present Status and Future Trends. Autom. Constr. 2019, 101, 127–139. [CrossRef]

25. Malagnino, A.; Montanaro, T.; Lazoi, M.; Sergi, I.; Corallo, A.; Patrono, L. Building Information Modeling and Internet of Things
Integration for Smart and Sustainable Environments: A Review. J. Clean. Prod. 2021, 312, 127716. [CrossRef]

26. Zhong, L.; Zhang, L.; Li, Y.; Liang, X.; Kong, L.; Shen, X.; Wu, T. Assessment of the Toxicity of Quantum Dots through Biliometric
Analysis. Int J Env. Res Public Health 2021, 18, 5768. [CrossRef]

27. Chen, C.; Hu, Z.; Liu, S.; Tseng, H. Emerging Trends in Regenerative Medicine: A Scientometric Analysis in CiteSpace.
Expert Opin. Biol. Ther. 2012, 12, 593–608. [CrossRef]

28. Snyder, H. Literature Review as a Research Methodology: An Overview and Guidelines. J. Bus. Res. 2019, 104, 333–339. [CrossRef]
29. Dias, G.P. Smart Cities Research in Portugal and Spain: An Exploratory Biliometric Analysis. In Proceedings of the 2018 13th

Iberian Conference on Information Systems and Technologies (CISTI), Caceres, Spain, 13–16 June 2018; pp. 1–6.
30. Jiang, X.; Wang, D.; Ma, H. Exploring the Evolution of Scientific Data Research Themes in China from the Perspective of Keywords

Frequency Change. J. Mod. Inf. 2018, 38, 141–146, 161.
31. Huang, F.; Hou, H.; Ren, P.; Hu, Z. Selection of Research Front Detection Methods Based on Bibliographic Coupling and

Co-citation. J. Intell. 2018, 37, 13–19.
32. Small, H. Co-Citation in the Scientific Literature: A New Measure of the Relationship between Two Documents. J. Am. Soc. Inf.

Sci. 1973, 24, 265–269. [CrossRef]
33. Zhang, Q.; Ma, F. On paradigm of research knowledge management:A bibliometric analysis. J. Manag. Sci. China 2007, 10, 65–75.
34. Zheng, C.; Yuan, J.; Zhu, L.; Zhang, Y.; Shao, Q. From Digital to Sustainable: A Scientometric Review of Smart City Literature

between 1990 and 2019. J. Clean. Prod. 2020, 258, 120689. [CrossRef]
35. Web of Science. Available online: https://www.webofscience.com/wos/alldb/basic-search (accessed on 23 November 2022).

http://doi.org/10.3390/su13042090
http://doi.org/10.1108/SASBE-01-2014-0003
http://doi.org/10.1016/j.jobe.2019.100832
http://doi.org/10.1016/j.jii.2020.100125
http://doi.org/10.3846/13923730.2013.871330
http://doi.org/10.1016/j.autcon.2013.10.023
http://doi.org/10.1016/j.autcon.2010.06.007
http://doi.org/10.1016/j.autcon.2021.103558
https://www.nationalbimstandard.org/faqs#faq1
http://doi.org/10.3390/buildings10110204
http://doi.org/10.1016/j.autcon.2018.04.006
http://doi.org/10.1680/jcien.17.00050
http://doi.org/10.3390/app11073062
http://doi.org/10.3390/buildings12081205
http://doi.org/10.1016/j.scs.2013.01.008
http://doi.org/10.1007/s13198-021-01585-y
http://doi.org/10.1016/j.autcon.2019.01.020
http://doi.org/10.1016/j.jclepro.2021.127716
http://doi.org/10.3390/ijerph18115768
http://doi.org/10.1517/14712598.2012.674507
http://doi.org/10.1016/j.jbusres.2019.07.039
http://doi.org/10.1002/asi.4630240406
http://doi.org/10.1016/j.jclepro.2020.120689
https://www.webofscience.com/wos/alldb/basic-search


Buildings 2023, 13, 288 23 of 25

36. Engineering Village—Quick Search. Available online: https://www.engineeringvillage.com/search/quick.url (accessed on
23 November 2022).

37. Li, J.; Chen, C. Citespace: Text Mining and Visualization in Scientific Literature, 2nd ed.; Capital University of Economics & Business
Press: Beijing, China, 2017.

38. Chen, Y.; Chen, C.; Liu, Z.; Hu, Z.; Wang, X. The methodology function of Cite Space mapping knowledge domains. Stud. Sci. Sci.
2015, 33, 242–253.

39. Chen, Y.; Chen, C.; Liu, Z.; Hu, Z. Principle and Application of Analyzing a Citation Space; Science Press: Beijing, China, 2014.
40. Forcael, E.; Ferrari, I.; Opazo-Vega, A.; Pulido-Arcas, J.A. Construction 4.0: A Literature Review. Sustainability 2020, 12, 9755.

[CrossRef]
41. Boton, C.; Rivest, L.; Ghnaya, O.; Chouchen, M. What Is at the Root of Construction 4.0: A Systematic Review of the Recent

Research Effort. Arch. Comput. Methods Eng. 2021, 28, 2331–2350. [CrossRef]
42. Bello, S.A.; Oyedele, L.O.; Akinade, O.O.; Bilal, M.; Davila Delgado, J.M.; Akanbi, L.A.; Ajayi, A.O.; Owolabi, H.A. Cloud

Computing in Construction Industry: Use Cases, Benefits and Challenges. Autom. Constr. 2021, 122, 103441. [CrossRef]
43. Panteli, C.; Kylili, A.; Fokaides, P.A. Building Information Modelling Applications in Smart Buildings: From Design to Commis-

sioning and beyond A Critical Review. J. Clean. Prod. 2020, 265, 121766. [CrossRef]
44. Boje, C.; Guerriero, A.; Kubicki, S.; Rezgui, Y. Towards a Semantic Construction Digital Twin: Directions for Future Research.

Autom. Constr. 2020, 114, 103179. [CrossRef]
45. Dave, B.; Buda, A.; Nurminen, A.; Främling, K. A Framework for Integrating BIM and IoT through Open Standards.

Autom. Constr. 2018, 95, 35–45. [CrossRef]
46. Li, C.Z.; Xue, F.; Li, X.; Hong, J.; Shen, G.Q. An Internet of Things-Enabled BIM Platform for on-Site Assembly Services in

Prefabricated Construction. Autom. Constr. 2018, 89, 146–161. [CrossRef]
47. Becerik-Gerber, B.; Jazizadeh, F.; Li, N.; Calis, G. Application Areas and Data Requirements for BIM-Enabled Facilities Manage-

ment. J. Constr. Eng. Manage. 2012, 138, 431–442. [CrossRef]
48. Bilal, M.; Oyedele, L.O.; Qadir, J.; Munir, K.; Ajayi, S.O.; Akinade, O.O.; Owolabi, H.A.; Alaka, H.A.; Pasha, M. Big Data in

the Construction Industry: A Review of Present Status, Opportunities, and Future Trends. Adv. Eng. Inform. 2016, 30, 500–521.
[CrossRef]

49. Zhong, R.Y.; Peng, Y.; Xue, F.; Fang, J.; Zou, W.; Luo, H.; Thomas Ng, S.; Lu, W.; Shen, G.Q.P.; Huang, G.Q. Prefabricated
Construction Enabled by the Internet-of-Things. Autom. Constr. 2017, 76, 59–70. [CrossRef]

50. Chen, K.; Lu, W.; Peng, Y.; Rowlinson, S.; Huang, G.Q. Bridging BIM and Building: From a Literature Review to an Integrated
Conceptual Framework. Int. J. Proj. Manag. 2015, 33, 1405–1416. [CrossRef]

51. Irizarry, J.; Karan, E.P.; Jalaei, F. Integrating BIM and GIS to Improve the Visual Monitoring of Construction Supply Chain
Management. Autom. Constr. 2013, 31, 241–254. [CrossRef]

52. Motamedi, A.; Hammad, A.; Asen, Y. Knowledge-assisted BIM-based visual analytics for failure root cause detection in facilities
management. Autom. Constr. 2014, 43, 73–83. [CrossRef]

53. Bottaccioli, L.; Aliberti, A.; Ugliotti, F.; Patti, E.; Osello, A.; Macii, E.; Acquaviva, A. Building Energy Modelling and Monitoring
by Integration of IoT Devices and Building Information Models. In Proceedings of the 2017 IEEE 41st Annual Computer Software
and Applications Conference (COMPSAC), Turin, Italy, 4–8 July 2017. [CrossRef]

54. Woodhead, R.; Stephenson, P.; Morrey, D. Digital Construction: From Point Solutions to IoT Ecosystem. Autom. Constr.
2018, 93, 35–46. [CrossRef]

55. Su, F.; Ke, P. The Research on Hotspots and Foreground of International Library &Information Science (2014–2015): Full Sample
Analysis of 27 SSCI Core Journals. J. Acad. Libr. 2017, 35, 11–19.

56. Gubbi, J.; Buyya, R.; Marusic, S.; Palaniswami, M. Internet of Things (IoT): A vision, architectural elements, and future directions.
Future Gener. Comput. Syst. 2013, 39, 1645–1660. [CrossRef]

57. Azhar, S. Building Information Modeling (BIM): Trends, Benefits, Risks, and Challenges for the AEC Industry. Leadersh. Manag.
Eng. 2011, 11, 241–252. [CrossRef]

58. Azhar, S.; Khalfan, M.; Maqsood, T. Building Information Modeling (BIM): Now and Beyond. Australas. J. Constr. Econ. Build.
2015, 12, 15–28. [CrossRef]

59. Riaz, Z.; Arslan, M.; Kiani, A.K.; Azhar, S. CoSMoS: A BIM and Wireless Sensor Based Integrated Solution for Worker Safety in
Confined Spaces. Autom. Constr. 2014, 45, 96–106. [CrossRef]

60. Wang, S.; Yang, T.; Hu, K. Visualization Analysis on Knowledge Graph of Traditional Chinese Medicine in Treating Lung Cancer
Based on Cite Space. Mod. Tradit. Chin. Med. Mater. Med.-World Sci. Technol. 2020, 22, 3549–3557.

61. Zabalza Bribián, I.; Aranda Usón, A.; Scarpellini, S. Life Cycle Assessment in Buildings: State-of-the-Art and Simplified LCA
Methodology as a Complement for Building Certification. Build. Environ. 2009, 44, 2510–2520. [CrossRef]

62. Liu, Z.; Liu, J.; Osmani, M. Integration of Digital Economy and Circular Economy: Current Status and Future Directions.
Sustainability 2021, 13, 7217. [CrossRef]

63. Ngwepe, L.; Aigbavboa, C. A Theoretical Review of Building Life Cycle Stages and Their Related Environmental Impacts.
J. Civ. Eng. Environ. Technol. 2015, 2, 7–15.

64. Wong, J.K.W.; Zhou, J. Enhancing Environmental Sustainability over Building Life Cycles through Green BIM: A Review.
Autom. Constr. 2015, 57, 156–165. [CrossRef]

https://www.engineeringvillage.com/search/quick.url
http://doi.org/10.3390/su12229755
http://doi.org/10.1007/s11831-020-09457-7
http://doi.org/10.1016/j.autcon.2020.103441
http://doi.org/10.1016/j.jclepro.2020.121766
http://doi.org/10.1016/j.autcon.2020.103179
http://doi.org/10.1016/j.autcon.2018.07.022
http://doi.org/10.1016/j.autcon.2018.01.001
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000433
http://doi.org/10.1016/j.aei.2016.07.001
http://doi.org/10.1016/j.autcon.2017.01.006
http://doi.org/10.1016/j.ijproman.2015.03.006
http://doi.org/10.1016/j.autcon.2012.12.005
http://doi.org/10.1016/j.autcon.2014.03.012
http://doi.org/10.1109/COMPSAC.2017.75
http://doi.org/10.1016/j.autcon.2018.05.004
http://doi.org/10.1016/j.future.2013.01.010
http://doi.org/10.1061/(ASCE)LM.1943-5630.0000127
http://doi.org/10.3316/informit.013120167780649
http://doi.org/10.1016/j.autcon.2014.05.010
http://doi.org/10.1016/j.buildenv.2009.05.001
http://doi.org/10.3390/su13137217
http://doi.org/10.1016/j.autcon.2015.06.003


Buildings 2023, 13, 288 24 of 25

65. Hong-Chao, S.; Ying-Jing, T.U.N.; Jian-Sha, L.U. State-of-the-Art of Research on Manufacturing Execution System Based on
Bibliometrics. China Mech. Eng. 2011, 22, 1605.

66. Zhang, Q. Review on the Word Frequency Analysis Employed to Discover the Development of Science Research in China.
Doc. Inf. Knowl. 2011, 2, 95–98.

67. Pavlovskis, M.; Antucheviciene, J.; Migilinskas, D. Assessment of Buildings Redevelopment Possibilities Using MCDM and BIM
Techniques. Procedia Eng. 2017, 172, 846–850. [CrossRef]

68. Lorenzo, R.; Mimendi, L. Digitisation of Bamboo Culms for Structural Applications. J. Build. Eng. 2020, 29, 101193. [CrossRef]
69. Khalesi, H.; Balali, A.; Valipour, A.; Antucheviciene, J.; Migilinskas, D.; Zigmund, V. Application of Hybrid SWARA–BIM in

Reducing Reworks of Building Construction Projects from the Perspective of Time. Sustainability 2020, 12, 8927. [CrossRef]
70. Borja, L.C.A.; César, S.F.; Cunha, R.D.A.; Kiperstok, A. Getting Environmental Information from Construction Cost Databases:

Applications in Brazilian Courses and Environmental Assessment. Sustainability 2019, 11, 187. [CrossRef]
71. Vanlande, R.; Nicolle, C.; Cruz, C. IFC and Building Lifecycle Management. Autom. Constr. 2008, 18, 70–78. [CrossRef]
72. Eadie, R.; Browne, M.; Odeyinka, H.; McKeown, C.; McNiff, S. BIM Implementation throughout the UK Construction Project

Lifecycle: An Analysis. Autom. Constr. 2013, 36, 145–151. [CrossRef]
73. Harter, H.; Singh, M.M.; Schneider-Marin, P.; Lang, W.; Geyer, P. Uncertainty Analysis of Life Cycle Energy Assessment in Early

Stages of Design. Energy Build. 2020, 208, 109635. [CrossRef]
74. Ahmad, T.; Aibinu, A.; Thaheem, M.J. BIM-Based Iterative Tool for Sustainable Building Design: A Conceptual Framework.

Procedia Eng. 2017, 180, 782–792. [CrossRef]
75. Jrade, A.; Jalaei, F. Integrating Building Information Modelling with Sustainability to Design Building Projects at the Conceptual

Stage. Build. Simul. 2013, 6, 429–444. [CrossRef]
76. Rahmani Asl, M.; Zarrinmehr, S.; Yan, W. Towards BIM-Based Parametric Building Energy Performance Optimization.

In Proceedings of the Association for Computer Aided Design in Architecture (ACADIA), Cambridge, ON, Canada, 24–27
October 2013; pp. 101–108.

77. Starynina, J.; Ustinovichius, L. A Multi-Criteria Decision-Making Synthesis Method to Determine the Most Effective Option for
Modernising a Public Building. Technol. Econ. Dev. Econ. 2020, 26, 1237–1262. [CrossRef]

78. Kylili, A.; Fokaides, P.A. Policy Trends for the Sustainability Assessment of Construction Materials: A Review. Sustain. Cities Soc.
2017, 35, 280–288. [CrossRef]

79. Liu, S.; Meng, X.; Tam, C. Building Information Modeling Based Building Design Optimization for Sustainability. Energy Build.
2015, 105, 139–153. [CrossRef]

80. Ghosh, A.; Edwards, D.J.; Hosseini, M.R. Patterns and Trends in Internet of Things (IoT) Research: Future Applications in the
Construction Industry. ECAM 2020, 28, 457–481. [CrossRef]

81. Qi, Q.; Tao, F. Digital Twin and Big Data Towards Smart Manufacturing and Industry 4.0: 360 Degree Comparison. IEEE Access
2018, 6, 3585–3593. [CrossRef]

82. Han, T.; Ma, T.; Fang, Z.; Zhang, Y.; Han, C. A BIM-IoT and intelligent compaction integrated framework for advanced road
compaction quality monitoring and management. Comput. Electr. Eng. 2022, 100, 107981. [CrossRef]

83. Eneyew, D.D.; Capretz, M.A.; Bitsuamlak, G.T. Towards Smart Building Digital Twins: BIM and IoT Data Integration. IEEE Access
2022, 10, 130487–130506. [CrossRef]

84. Khajavi, S.H.; Motlagh, N.H.; Jaribion, A.; Werner, L.C.; Holmstrom, J. Digital Twin: Vision, Benefits, Boundaries, and Creation
for Buildings. IEEE Access 2019, 7, 147406–147419. [CrossRef]

85. Kohler, N. From the Design of Green Buildings to Resilience Management of Building Stocks. Build. Res. Inf. 2018, 46, 578–593.
[CrossRef]

86. Petrova, E.; Pauwels, P.; Svidt, K.; Jensen, R.L. Towards Data-Driven Sustainable Design: Decision Support Based on Knowledge
Discovery in Disparate Building Data. Archit. Eng. Des. Manag. 2019, 15, 334–356. [CrossRef]

87. Angeles, K.; Patsialis, D.; Taflanidis, A.A.; Kijewski-Correa, T.L.; Buccellato, A.; Vardeman, C. Advancing the Design of Resilient
and Sustainable Buildings: An Integrated Life-Cycle Analysis. J. Struct. Eng. 2021, 147, 04020341. [CrossRef]

88. Marzouk, M.; Azab, S.; Metawie, M. BIM-Based Approach for Optimizing Life Cycle Costs of Sustainable Buildings. J. Clean.
Prod. 2018, 188, 217–226. [CrossRef]

89. Tao, Y.X.; Zhu, Y.; Passe, U. Modeling and Data Infrastructure for Human-Centric Design and Operation of Sustainable, Healthy
Buildings through a Case Study. Build. Environ. 2020, 170, 106518. [CrossRef]

90. GhaffarianHoseini, A.; Zhang, T.; Nwadigo, O.; GhaffarianHoseini, A.; Naismith, N.; Tookey, J.; Raahemifar, K. Application of
ND BIM Integrated Knowledge-Based Building Management System (BIM-IKBMS) for Inspecting Post-Construction Energy
Efficiency. Renew. Sustain. Energy Rev. 2017, 72, 935–949. [CrossRef]

91. Aamodt, A.; Plaza, E. Case-Based Reasoning: Foundational Issues, Methodological Variations, and System Approaches.
AI Commun. 1994, 7, 39–59. [CrossRef]

92. Motawa, I.; Almarshad, A. A Knowledge-Based BIM System for Building Maintenance. Autom. Constr. 2013, 29, 173–182.
[CrossRef]

93. Diara, F.; Rinaudo, F. Open source hbim for cultural heritage: A project proposal. Int. Arch. Photogramm. Remote Sens. Spat. Inf.
Sci. 2018, XLII–2, 303–309. [CrossRef]

http://doi.org/10.1016/j.proeng.2017.02.083
http://doi.org/10.1016/j.jobe.2020.101193
http://doi.org/10.3390/su12218927
http://doi.org/10.3390/su11010187
http://doi.org/10.1016/j.autcon.2008.05.001
http://doi.org/10.1016/j.autcon.2013.09.001
http://doi.org/10.1016/j.enbuild.2019.109635
http://doi.org/10.1016/j.proeng.2017.04.239
http://doi.org/10.1007/s12273-013-0120-0
http://doi.org/10.3846/tede.2020.13398
http://doi.org/10.1016/j.scs.2017.08.013
http://doi.org/10.1016/j.enbuild.2015.06.037
http://doi.org/10.1108/ECAM-04-2020-0271
http://doi.org/10.1109/ACCESS.2018.2793265
http://doi.org/10.1016/j.compeleceng.2022.107981
http://doi.org/10.1109/ACCESS.2022.3229370
http://doi.org/10.1109/ACCESS.2019.2946515
http://doi.org/10.1080/09613218.2017.1356122
http://doi.org/10.1080/17452007.2018.1530092
http://doi.org/10.1061/(ASCE)ST.1943-541X.0002910
http://doi.org/10.1016/j.jclepro.2018.03.280
http://doi.org/10.1016/j.buildenv.2019.106518
http://doi.org/10.1016/j.rser.2016.12.061
http://doi.org/10.3233/AIC-1994-7104
http://doi.org/10.1016/j.autcon.2012.09.008
http://doi.org/10.5194/isprs-archives-XLII-2-303-2018


Buildings 2023, 13, 288 25 of 25

94. Prizeman, O.; Pezzica, C.; Taher, A.; Boughanmi, M. Networking Historic Environmental Standards to Address Modern
Challenges for Sustainable Conservation in HBIM. Appl. Sci. 2020, 10, 1283. [CrossRef]

95. Heylighen, A.; Martin, W.M.; Cavallin, H. Building Stories Revisited: Unlocking the Knowledge Capital of Architectural Practice.
Archit. Eng. Des. Manag. 2007, 3, 65–74. [CrossRef]

96. Muller, M.F.; Esmanioto, F.; Huber, N.; Loures, E.R.; Canciglieri, O. A Systematic Literature Review of Interoperability in the
Green Building Information Modeling Lifecycle. J. Clean. Prod. 2019, 223, 397–412. [CrossRef]

97. Garcia, L.C.; Kamsu-Foguem, B. BIM-Oriented Data Mining for Thermal Performance of Prefabricated Buildings. Ecol. Inform.
2019, 51, 61–72. [CrossRef]

98. Wang, H. Sensing Information Modelling for Smart City. In Proceedings of the 2015 IEEE International Conference on Smart
City/SocialCom/SustainCom (SmartCity), Chengdu, China, 19–21 December 2015; pp. 40–45.

99. Sun, Q.-B.; Liu, J.; Li, S.; Fan, C.-X.; Sun, J.-J. Internet of Things: Summarize on Concepts, Architecture and Key Technology
Problem. J. Beijing Univ. Posts Telecommun. 2010, 33, 1–9.

100. Madakam, S.; Lake, V.; Lake, V.; Lake, V. Internet of Things (IoT): A Literature Review. J. Comput. Commun. 2015, 3, 164. [CrossRef]
101. Ruíz-Zafra, Á.; Benghazi, K.; Noguera, M. IFC+: Towards the integration of IoT into early stages of building design.

Autom. Constr. 2022, 136, 104129. [CrossRef]
102. Liu, Z.; Yang, Z.; Osmani, M. The Relationship between Sustainable Built Environment, Art Therapy and Therapeutic Design in

Promoting Health and Well-Being. Int. J. Environ. Res. Public Health 2021, 18, 10906. [CrossRef]
103. Švajlenka, J. Aspects of the Internal Environment Buildings in the Context of IoT. In Integrating IoT and AI for Indoor Air Quality

Assessment; Springer: Cham, Switzerland, 2022; pp. 55–72.
104. Zeiger, F.; Huber, M.F. Demonstration Abstract: Participatory Sensing Enabled Environmental Monitoring in Smart Cities. In

Proceedings of the IPSN-14 Proceedings of the 13th International Symposium on Information Processing in Sensor Networks,
Berlin, Germany, 15–17 April 2014; pp. 337–338.

105. Silva, B.N.; Khan, M.; Han, K. Towards Sustainable Smart Cities: A Review of Trends, Architectures, Components, and Open
Challenges in Smart Cities. Sustain. Cities Soc. 2018, 38, 697–713. [CrossRef]

106. Baracho, R.; Junior, M.P.C.; Almeida, M.B. Ontologia, Internet Das Coisas e Modelagem Da Informação Da Construção (BIM):
Estudo Exploratório e a Inter-Relação Entre as Tecnologias(Ontology, Internet of Things, and Building Information Modeling
(BIM): An Exploratory Study and the Interrelations Between Technologies). In Proceedings of the ONTOBRAS, Brasília, Brazil,
28–30 August 2017.

107. Zhang, Z.; Wen, F.; Sun, Z.; Guo, X.; He, T.; Lee, C. Artificial Intelligence-Enabled Sensing Technologies in the 5G/Internet of
Things Era: From Virtual Reality/Augmented Reality to the Digital Twin. Adv. Intell. Syst. 2022, 4, 2100228. [CrossRef]

108. Onungwa, I.; Olugu-Uduma, N.; Shelden, D.R. Cloud BIM Technology as a Means of Collaboration and Project Integration in
Smart Cities. SAGE Open 2021, 11, 21582440211033250. [CrossRef]

109. Xu, Y.; Xiong, W. Internet of Things Technology and Application, 2nd ed.; China Machine Press: Beijing, China, 2020; pp. 1–20.
110. Elefante, C. The Greenest Building Is... One That Is Already Built. Forum J. 2012, 27, 62–72.
111. Pavón, R.M.; Alberti, M.G.; Álvarez, A.A.A.; del Rosario Chiyón Carrasco, I. Use of BIM-FM to Transform Large Conventional

Public Buildings into Efficient and Smart Sustainable Buildings. Energies 2021, 14, 3127. [CrossRef]

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

http://doi.org/10.3390/app10041283
http://doi.org/10.1080/17452007.2007.9684630
http://doi.org/10.1016/j.jclepro.2019.03.114
http://doi.org/10.1016/j.ecoinf.2019.02.012
http://doi.org/10.4236/jcc.2015.35021
http://doi.org/10.1016/j.autcon.2022.104129
http://doi.org/10.3390/ijerph182010906
http://doi.org/10.1016/j.scs.2018.01.053
http://doi.org/10.1002/aisy.202100228
http://doi.org/10.1177/21582440211033250
http://doi.org/10.3390/en14113127

	Introduction 
	Methods 
	Results 
	Results of the Macro Quantitative Analysis of Bibliometrics 
	Trend Analysis and Co-Citation Analysis of Published Papers in WoSc Related to BIM–IoT Integration 
	Co-Word Analysis of Published Papers in WoSc Related to BIM–IoT for Sustainable Building 

	Frequency Analysis of Controlled Words in Engineering Index (EI) Core Database 
	Results of the Micro Qualitative Analysis 
	The Lifecycle Involved in The Nine Clusters in BIM–IoT-Sustainable Building 
	Research Overview of the Nine Clusters of BIM–IoT in Sustainable Building 


	Discussion 
	The Necessity of Clarifying the Scope of the Definition of Sustainable Building 
	Change of Research Topics in the BIM-IoT Integration Field in the Timeline 
	Impact of Emerging Information Technology on Sustainable Building 

	Conclusions 
	References

