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Abstract: The construction industry, as one of the three major carbon emission (CE) industries, ac-
counts for about 39% of the global CE. Thus, approaches for energy saving and emission reduction
(ES/ER) cannot be delayed. With the advent of the Industry 4.0 era, information technology (IT) is
used to investigate CE in the construction industry, which provides great convenience for measuring
and calculating building carbon emissions (BCE) and proposing effective ES/ER measures. However,
limited studies have provided a holistic overview of the application of IT in BCE. To fill this gap,
this study searched related articles and screened 170 relevant papers. Based on the characteristics
of the literature, building carbon flow (BCF) was defined. Based on scientometric analysis and
network mapping analysis, combined with quantitative and qualitative analysis methods, the func-
tions, advantages, and limitations of IT in each stage of BCF research were reviewed. Finally, the
research trends and future research directions of IT in the BCF were discussed. Specifically, the
building information model technology penetrates the whole process of BCF research, deep learning
and artificial intelligence have great potential in BCF research, and multi-information technology
integration will become the focus of subsequent research in the construction industry.

Keywords: building carbon emissions; building carbon flow; information technology; literature

review

1. Introduction

According to the latest data, the average temperature of the Earth has increased by
about 1.7 °C compared with the pre-industrial revolution [1]. The main contributor to global
warming is greenhouse gas emissions; CO,, as the main component of greenhouse gases, is
of great concern [2], and reducing carbon emission (CE) has become one of the effective
ways to curb global warming. According to research, CE mainly comes from transportation,
industry, and construction [3]; CE from the construction industry accounts for nearly 40%
of the world’s energy and process-related CE [4] and the construction industry, as a major
contributor to CE, should not delay energy saving and emission reduction (ES/ER).

With the advent of Industry 4.0, digital technologies, smart machines, sensor systems,
and smart materials are entering the construction industry with their undeniable advan-
tages [5]. Additional information technology (IT) is used to study building carbon flow
(BCF), which provides great convenience for measuring and calculating building carbon
emission (BCE) and proposing effective ES/ER measures. For example, the building infor-
mation modeling (BIM) is an intelligent parametric digital representation of facilities that
contains a large amount of project information and is object-oriented [6], through which
users can obtain a large amount of building-related data to quantify embodied carbon
emissions (ECE) from building materials [7,8]. Combined with building analysis software
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(BAS), it can also quantify operational carbon emissions (OCE) [9,10]. Radiofrequency
identification (RFID) technology is being used in the construction sector because of its high
efficiency and low-cost advantages in identifying and tracking assets. In previous studies,
RFID has been used to track assets in building construction [11,12] and has long been
used to study CE [13], which provides a technical basis for quantifying CE in buildings.
Existing research has already tracked the CE of building construction based on RFID [14].
Digital twin (DT) provides an integrated, effective way to manage, plan, forecast [15], and
present a building or asset that can simultaneously analyze various data provided by the
Internet of Things (IoT) world and the real world, and existing research has combined it
with building energy consumption to test and compare multiple scenarios for building
energy and carbon efficiency to achieve building ES/ER [16]. In addition, IoT provides
data on building energy consumption and indoor conditions [17]. The global positioning
system (GPS) is used for outdoor asset location tracking [18] and provides transportation
carbon data, and additional IT serves to quantify BCE and ES/ER.

An effective way to understand current CE trends and predict future CE is to analyze
and study past trends in CE [19]. Therefore, a review is particularly important to understand
the application of IT in BCF. In the existing reviews, most scholars only focus on the
impact of a single IT on BCE. Eleftheriadis et al. (2017) provide an overview of how
BIM can improve energy efficiency throughout the building lifecycle [20], and Sepasgozar
(2021) outlined the current development of DT, which enables digital transformation to
improve productivity and reduce energy consumption through DT technology [21]. Few,
if any, scholars have conducted a comprehensive overview of IT applications in BCF. To
fill this gap, this study retrieved relevant articles from mainstream journals based on
scientometrics and network mapping analysis, combined with quantitative and qualitative
analysis methods, comprehensively summarized and analyzed the application of IT in BCF,
discussed the functions, advantages, and limitations of IT in BCF, and identified the future
research directions to facilitate the further research of related scholars.

This study summarizes and analyzes the management and application of IT in BCE.
BCF is a new concept proposed in this paper in conjunction with steps to study BCE. The
full definition of BCF refers to the study of the whole process of BCE, starting from the
identification of carbon sources, to the quantification of BCE, and, finally, to the proposal of
building ES/ER measures. This study is divided into four main parts. First, the literature
collection and screening methods are briefly introduced. Second, scientometrics and
network mapping analysis of the selected literature are presented to capture the current
research trends and identify the IT applied to BCF research in existing studies. Third, the
functions, advantages, and limitations of these ITs in BCF are discussed. Finally, based on
the above analysis, potential future research directions are identified.

2. Methodologies

This study achieves its objectives based on scientometric analysis and network map-
ping analysis, combining quantitative and qualitative analysis methods; that is, to under-
stand the current research trends, to comb through and analyze the functions, advantages,
and limitations of IT in BCFE, and to propose future research directions. Scientology analysis
is an “intellectual structure that attempts to quantify and resolve the field of research,
beginning with a mathematical and statistical analysis of patterns emerging from the use of
publications and literature” [22]. This study analyzes a large body of literature on the use
of IT in BCF based on scientometrics, as shown in Figure 1.
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Figure 1. Research design summary.

2.1. Data Processing
2.1.1. Data Collection

(1) Science Database Selection

Selecting a suitable scientific database is a prerequisite for performing scientometric
analysis. Three commonly used databases are available, ISI Web of Science (WoS), Google
Scholar, and Scopus. Most of the publications in WoS and Scopus overlap, and Google
Scholar has a broader scope. However, Google Scholar has problems in terms of accuracy
compared with the first two. In this study, based on previous studies [22,23], searches were
conducted with the three databases, and WoS covered mainstream journals; therefore, this
study decides to use WoS as a database.

(2) Literature Search

Reviews related to BCE were investigated, and the keywords related to BCE in the

o

current research field including “building carbon emissions”, “building carbon footprint”,

/A7

“building implied carbon”, “building operational carbon”, and “building energy efficiency”
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were selected and searched in the WoS core collection database. The 4362 retrieved docu-
ments were analyzed by keywords, and the IT serving the BCF in the existing studies were
mainly BIM, DT, IoT, and RFID. In the advanced search query builder, the Boolean opera-
tion “TS = ((building*) AND (energy* OR carbon emissions*) AND (BIM OR digital twin
OR radio frequency identification OR IoT))” was used to search for article titles, keywords
plus, and author keywords, and 870 papers were obtained.

2.1.2. Data Filtering

Among the 870 documents, conference papers and books with low recognition as well
as journal documents and relevant industry standards that did not match the research
topic were included, and further filtering of the documents was required. First, conference
papers and books were quickly filtered out using the toolbar search tool, leaving 769 journal
articles. “*” indicates a fuzzy search, so the obtained journal articles contained articles
and standards that did not match the topic, and the 769 remaining articles needed to be
refined according to the general topic of the article. By artificially screening the abstracts
and keywords of 769 papers, the remaining 170 journal articles were finally used as the
sample for this study.

After keyword checking, this sample of 170 papers contains most of the keywords
identified at the beginning, and only the size of the keyword nodes in focus changed, which
resulted from the removal of some articles of low relevance, and thus this study considers
these 170 papers to be representative of the entire literature on the use of IT in BCF studies
in existing research.

2.2. Result Analysis
2.2.1. Scientific Mapping Tool Selection

Choosing the right scientific mapping tool is essential to analyze research trends and
patterns in the scientific field [24]. Among the available tools, CiteSpace and VOSviewer
are the two most used software, and can analyze and visualize bibliometric data, but some
differences are observed in the analysis results [25]. Studies have shown the analysis results
of VOSviewer are closer to those of WoS data. Therefore, VOSviewer was selected as the
scientific mapping tool for processing and visualizing bibliometric data in this article.

2.2.2. Multi-Perspective Analysis

The articles retrieved and extracted from the WoS database were analyzed from
multiple perspectives. First, the year of publication of the articles was examined, and the
main reasons for the change in the rising trend of publications were explained. Then, the
bibliometric data were visualized using VOSviewer, mainly including mainstream journal
analysis and keyword co-occurrence analysis. Based on the analysis results, the significance
and the problems reflected were discussed.

2.3. Qualitative Analysis

Based on the scientometrics, this study provides a more in-depth and comprehensive
qualitative analysis of the application of IT in BCF. The functions, advantages, and limi-
tations of IT in each stage of BCF in the existing studies are mainly explored. Among the
three stages of BCF, only the carbon quantification and ES/ER stages involve the use of
IT, and the carbon source identification stage does not. This section digs deeply into the
relevant information and makes a summary, filling the gaps in the current research field.

2.4. Discussions

Finally, this study discusses the problems that emerged from the scientometric and
qualitative analyses. On the one hand, it identifies the existing research gaps in the whole
research area. On the other hand, based on the limitations of current research, poten-
tial future research directions are proposed, which will provide a reference for scholars’
subsequent research.
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3. Multi-Perspective Analysis of Data
3.1. Related Research Trends

By comparing the number of publications in the literature in recent years, trends in
IT in BCF research can be visualized. Figure 2 presents a chronological analysis of the
170 selected sample literatures, counts the number of publications of the literature in each
year, and visualizes them. The earliest publication in the sample literature was in 2010, and
the number of publications in the literature showed a rapid growth trend between 2010
and 2022. Of these, two time periods saw significant growth, one from 2015 to 2016 and
the other from 2018 to 2019. A review of the information shows that such changes in these
two time periods relied on policy drivers. In 2015, the Paris Climate Change Conference
adopted the Paris Agreement, where the parties pledged to limit global temperature rise
to 2 °C, and people gradually realized the importance of controlling CE. Research output
powerhouse China also issued the “Made in China 2025” in 2015, the deployment of
comprehensive promotion of the implementation of the manufacturing power strategy.
Germany’s “Industry 4.0” cooperation docking clearly stated the goal of “Industry 4.0” is
to achieve industrial production, and this has laid a solid platform for IT growth in the
construction industry. The two-party policy drive led to the highly efficient use of IT in BCF
research, resulting in twice as many literature publications in 2016 compared with 2015.
The number of articles published from 2016 to 2018 was relatively flat, and checking the
articles published during that period reveals that research on IT in BCF entered a plateau.
Since the concept of Industry 4.0 was introduced in 2013, it has been growing rapidly in
various industries, and the most important opportunity is the application of Industry 4.0 to
a smart, environmentally friendly world that can adapt to climate change, making Industry
4.0 a key theme throughout Sustainability Week 2018. Additional researchers are joining
the field of this research, resulting in 1.64 times the number of literatures published in 2019
compared with 2018.

Yearly Publications From 2010 to 2022

32

31

1.09  1.24 1.03

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

—— Number of Publications = —@— Growth Rate

Figure 2. Yearly publications from 2010 to 2022.

3.2. Related Research Fields
3.2.1. Analysis of Mainstream Journals

Journals facilitate the sharing and transferring of knowledge, criticism, and innovation
among scholars [26], and scientometrics helps researchers assess the value and effect of
academic journals, provides readers with quick access to valuable information, and is a
common method for research reviews [27]. In VOSviewer, set the minimum number of
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files to threer and the minimum number of references to 33. Out of 53 journals, 12 journals
reached the set threshold, as shown in Figure 3.
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Figure 3. Visualization of mainstream journals.

Figure 3 illustrates the relationship between the mainstream journals. Nodes become
larger with more relevant articles. Automation in Construction published the most articles,
the application of IT in BCF research is an emerging field, and early related articles are
published in journals with high impact factors, which can guide more research scholars to
new directions. The next most published journals are Energy and Buildings and Journal of
Building Engineering. The lines between the nodes represent the citation frequency of these
journals. The increasing number of citations among Automation in Construction, Energy and
Buildings, Journals of Building Engineering, and Energies may be due to their high impact
factor and the preference of research scholars to submit to these journals. Consequently,
the number of relevant publications in these journals is increasing, entering a virtuous
circle. Among them, Automation in Construction is most closely connected with Energy and
Buildings.

In addition, Documents, Citations, Avg.pub.year, and Avg.norm.citations can be used
to characterize the impact of journals. The 12 most influential journals are listed in Table 1.
Automation in Construction is the most influential from all perspectives, followed by Energy
and Buildings. However, Applied Energy has the highest number of Avg.norm.citations
among journals with the same number of publications and, together with Building and
Environment and Buildings, has been more active in the last two years.

3.2.2. Analysis of Co-Occurrence of Keywords

Keywords respond to appropriate research priorities and help scholars understand
relevant related research fields and the correlation of each subject [27]. VOSviewer can
perform keyword co-occurrence analysis, as shown in Figure 4. Since this research area
is an emerging field with a small literature sample, the minimum number of keyword
occurrences was set to two in this study, and 181 keywords were selected from 817 author
keywords and keywords plus. Among these 181 keywords, a variety of IT and its related
meaningful keywords, “design”, “system”, “performance”, and “construction”, were
selected, and other normal but meaningless keywords were removed; keywords with the
same meaning such as “BIM” and “Building Information Model”, “RFID” and “Radio-
Frequency Identification”, and “Digital Twin” and “Digital Twins” were integrated. Finally,
32 keywords were obtained.
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Table 1. Quantitative analysis of mainstream journals.

Journals Documents Citations Avg.pub.year Avg.norm.citations
Advances in Civil Engineering 5 61 2020 0.49
Applied Energy 3 74 2021 1.17
Applied Sciences-Basel 6 97 2020 0.55
Automation in Construction 24 2068 2017 1.76
Building and Environment 4 34 2022 1.24
Buildings 11 128 2021 0.81
Energies 13 146 2020 0.54
Energy and Buildings 20 847 2018 1.18
Journal of Building Engineering 9 347 2019 1.29
Journal of Cleaner Production 14 535 2020 1.25
Sensors 3 44 2018 0.62
Sustainable Cities and Society 3 86 2017 0.88

demolitien waste parametric analysis

prefabgication

h iz occupant behavior

interopgrability Z ~

artificial neusal networks .. . .
artificial intelligence

W _residential buildings machineslearning

Optiwtion

laser seanning b' digiWwin ot
1s bim .
T : blockehairf¥
pem  €NVvironmental impacts — N <
operational energy ik ri‘:d

embodied energy
geneticalgorithm
simulation @
passive solar design

thermal performance

digitabtwins

a . uncertainty analysis
%, VOSviewer

Figure 4. Analysis of co-occurrence of keywords.

The size of the node is related to the number of keyword occurrences, and the larger
the node, the more keyword occurrences there will be. Figure 4 shows “BIM” (104 times)
appears most frequently, and “Optimization” (29 times), “LCA” (27 times), and “Simula-
tion” (24 times) follow closely behind. The IT used in the study of BCF are BIM (104 times),
DT (20 times), IoT (11 times), deep learning (DL, 2 times), sensor (6 times), RFID (3 times),
BEM (3 times), laser scanning (3 times), artificial intelligence (Al, 2 times), and genetic
algorithm (5 times). The current research area mainly uses them to solve the problems of
building simulation [28,29] (24 times), optimization [30,31] (29 times), and interoperabil-
ity [32,33] (12 times) among building-related software, thus reducing the use of embodied
energy [34,35] (19 times) and operational energy [31] (4 times). In this process, many
scholars discussed the impact of occupant behavior [36] (6 times) on ES/ER as well as on
environmental effects [37] (11 times). ES/ER and thermal comfort [38] (8 times) have also
become a key concern for scholars.

Table 2 lists the keywords involving IT among the 32 keywords. Based on the number
of occurrences, BIM (104 times) has been widely cited in the study of BCF, and IT such
as Al (2 times), artificial neural networks (2 times), DL (2 times), DT (20 times), and
genetic algorithms (5 times) have only started to be used in the study of BCF in the last
two years. Although the Avg.pub.year of DL (2 times) and Al (2 times) are very close to
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the present, their Avg.norm.citations are ranked first or second, indicating the existence of
good prospects for DL (2 times) and AI (2 times) in the research of BCFE.

Table 2. Quantitative analysis of keywords related to IT.

Keywords Occurrences Avg.Pub.Year Avg.Citations Avg.Norm.Citations
Artificial Intelligence 2 2022 22.50 2.44
Artificial Neural Networks 3 2021 6.00 0.22
BEM 3 2020 20.33 0.77
BIM 104 2019 41.94 1.07
Deep Learning 2 2022 33.00 2.69
Digital Twin 20 2021 27.50 1.63
Genetic Algorithm 5 2021 28.00 1.45
ToT 11 2020 54.00 2.12
Laser Scanning 3 2015 64.67 1.10
RFID 3 2012 73.33 0.64
Sensor 6 2019 58.50 242
Simulation 24 2019 37.92 0.75

4. Analysis of the Current Status and Limitations

This section focuses on the functions, advantages, and limitations of IT in BCF in
existing studies. The main IT applied to BCF research were identified based on scientometric
analysis: BIM, DT, RFID, and IoT. Based on this, a more in-depth qualitative analysis of the
sample literature was conducted, as shown in Figure 5.
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Figure 5. Application of IT in the whole process of BCF.

4.1. Carbon Source Identification

Carbon source identification refers to the documentation of all possible sources of CE
throughout the lifecycle of a building, and the delineation of carbon sources helps provide a
source basis for building carbon quantification. Different scholars divide the carbon source
into several phases [39], and most of them classify the phases into materialization, operation,
and demolition [40]. On this basis, some scholars refine the classification, dividing it into
design, production, transportation, construction, operation, maintenance, and demolition
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phases according to the formation of the product [41]. Compared with the two divisions,
the materialization phase refers to the whole process of building implementation on the
ground, including design, production, transportation, and construction phases [42], and the
latter division breaks down each step of the building after completion. This paper aims to
comb through the use of IT in each phase of BCF. The materialization phase is too broad in
scope, while the design phase involves too minute CE, and the operation and maintenance
phases involve mostly the same use of IT. Thus, this study integrates the two divisions and
divides the carbon source phases into production, transportation, construction, operation,
and end-of-life phases.

According to the EN15978 standard, BCF contains two parts: ECE and OCE. ECE
refers to the CE related to the materials and construction during the whole lifecycle of the
building, not the direct CE [43,44]. OCE refers to the emissions from the use of energy in
the operation of the building [45], mainly the CE directly generated by the consumption
of energy such as HVAC, lighting, elevators, and gas. According to the definition of ECE
and OCE, the CE generated in the whole cycle of the building from design and planning to
abandonment and demolition is a quantifiable value, which can provide a reference for the
measurement and evaluation of green buildings.

Carbon source identification does not involve the use of IT. Analyzing the whole con-
struction industry chain and inclusively identifying the basic carbon sources at each stage
ensures the comprehensiveness of IT in the subsequent combing of carbon quantification
and ES/ER sections.

4.2. Carbon Quantification

The first step in achieving ES/ER in buildings requires the accurate quantification of
BCE [46]. However, no clear method of CE has been given yet. Three methods can be used
in carbon quantification in the construction industry:

(1) Emission factor method.
(2) Mass balance method.
(3) Actual measurement method.

The emission factor method has been widely used in existing studies.

The quantification of CE by different scholars starts from dissimilar periods. The
literature review revealed the quantification of CE in existing studies is divided into three
main periods:

(1) CE estimation when building CE does not occur.

(2) CE tracking when the building is under construction or operation stage.
(3) CE accounting after the building is completed.

This section discusses the application of IT when quantifying CE in each of these three
periods.

4.2.1. Carbon Emission Estimation

CE estimation is the approximation of CE that will occur in the future based on existing
data. Most of the CE estimation is carried out at the time of building design planning,
that is, before the construction of the building starts. Table 3 provides a summary of the
functions, benefits, and limitations of IT in carbon quantification during this period, and is
analyzed in the following subsections.
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Table 3. Summary of IT used in CE estimation.
Application Time IT Functions Benefits Limitations
A;tgn}ahct;lly Efficient, accurate Information is
gf batiriﬁzlnii ;elxltsei{igae}s dynamic statistics still limited [34]
47 J of various data Particularly high
BIM E% 1 . [17] demand for
utomation Self-renewing model accuracy
compilation bill of design [49] [10]
quantities [48] &
Needs
Capturing building Improve BIM improvement in
Scanning Laser information [50] model accuracy accuracy,
[50,51] applicability, and
automation [52]
: Simulate buildin; Third-party
Design Phase Energy Plus operations & modeling .
program required
Simulate building Thir d-Party
DOE-2 operations modeling .
program required
Building energy -
BAS DesignBuilder analysis No thlrd-ParfY Single-use model
software required
eQuest No third-party Single-use model
software required
) Time consuming
GreenBuildingStudio Model universal and error prone
[53]
Estimating the CE of Dependence on
each Reduce the prediction
Digital Twin energy-consuming unnecessary CE method and the
machine tomorrow [52] choice of
Operation Phase [53] variables [54]
Energy consumption oh
. forecasting for High accuracy Hieh cost [56
Deep Learning individual [56] g [56]

households [55]

@

Building Information Modeling

e Provide Embodied Carbon Data

BIM technology creates comprehensive, reliable, easily accessible, and changeable
building information for stakeholders [47], and the automated compilation of a bill of
quantities (BoQ) is one of the most critical capabilities of BIM [48]. Studies integrated
BIM with life cycle assessment (LCA) to automatically capture the amount of building
materials used, and the acquired BoQ can be used to calculate the ECE of a building using
the emission factor method.

e Dynamically Replace and Count Data

The advantage of BIM technology in measuring the ECE of buildings is that it can
dynamically, efficiently, and accurately count various data in the design stage, and it has the
function of updating the design independently, which saves the time and cost of manual
counting.

e Limited Information Availability and High Model Accuracy Requirements

However, the application of BIM to the calculation of ECE has limitations: the BIM
model does not contain the full set of information of the construction project, BIM model
still carries a limited amount of information, and the calculation of ECE based on the
BIM model requires particularly high accuracy of the model. To solve these problems,
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scholars have proposed an application-oriented scan-to-BIM framework [51], in which
laser scanning is used to capture building information and build BIM models as a way to
improve the accuracy of BIM models.

(2) Building Analysis Software

e Quantifying Operational Carbon Emissions

For OCE, BAS has been shown in earlier studies to simulate building operations and
quantify building OCE using the CE factor method [57,58]. Three approaches to quantifying
building operational carbon using BAS have emerged from existing research.

3D modeling software (e.g., Auto CAD 2014) is used to construct a 3D geometric model,
which then consists of simple lines only, lacking information for building performance
analysis. Importing the 3D geometry into a BAS, such as Energy Plus or DOE-2, which
requires user input of information on the envelope, as well as the HVAC system and
occupant behavior, ultimately generates simulation results.

On this basis, integrated simulation software such as DesignBuilder and eQuest
emerged, which can be used to directly construct building geometry, set space and element
information, and directly perform simulation.

With the development of BIM technology, BIM tools, such as Revit, can be used to
create building geometries containing information related to maintenance structures, HVAC
systems, and other building loads, export them as gbXML files, recognize them directly
with BAS such as GreenBuildingStudio, make simple modifications, and then perform
efficient simulations.

e Forming Efficient Workflows

BAS provides technical support for estimating the OCE, and the estimated OCE
obtained becomes a criterion for determining whether the OCE is out of the normal value
when tracking CE. The addition of BIM technology establishes a platform for multiparty
collaboration, allowing the BIM model to integrate the building design and simulation and
carry a large amount of building data, creating an efficient workflow and improving the
efficiency of the BAS.

e High Time Costs and Poor Interoperability

In the first method, the model and building information are not combined, and the
input information is only for building simulation services. In the second method, the model
needs to be rebuilt in the simulation software, as the model built in the early stage for other
needs cannot be used directly; the model costs time to build, and the rebuilt model can
only be used for simulation of specific software. The third approach is more efficient than
the first two.

However, using the third method for building simulation and obtaining calculated
operational carbon data has limitations. BIM is error-prone, non-intuitive, and very time
consuming when generating energy simulation models. Not all information in BIM needs
to be converted into building energy models (BEM); inconsistent information in BIM and
BEM needs to be converted manually, and manual checking is time consuming when
examining models of complex building structures [59].

(3) Other Information Technology

In addition to the use of IT such as BIM and BAS, DT and DL are used in CE estimation.
Unlike the first two, which are used in the building design phase, DT and DL estimate CE
in the operation phase.

e Digital Twin

Using the concrete data of the building DT model, the energy consumption and CE of
the next day are predicted according to the CE factor method [55]. The advantage of this
method is that it can estimate the CE of each energy-consuming machine for the next day
and remind users to control the energy of the next day in time to reduce unnecessary CE
behaviors. However, the accuracy of such a method depends on the prediction method and
the choice of variables, in addition to the need to use an accurate data set.

e Deep Learning
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DL is a neural network that solves complex problems by learning from raw data [60].
It has had great success in areas as diverse as computer vision [56] and self-driving cars [61].
DL neural networks, which allow energy consumption prediction for individual house-
holds [62], enable CE estimation. One of the DL models, convolutional neural networks,
was developed to predict building energy consumption using dilated convolutions, en-
abling capture of the time of dependence of the sequence. DL has a high accuracy in
predicting building energy, but it has a high cost.

4.2.2. Carbon Emission Monitoring

CE monitoring refers to the real-time tracking and measurement of BCE, and then
analyzing and controlling BCE. CE estimation is a simulation to predict the possible values
of BCE from different stages, while CE monitoring is onsite real-time monitoring to visualize
the real-time CE at a specific life cycle stage. Efficiency and visualization of CE monitoring
have been improving due to IT RFID, IoT, and DT, which have become the mainstream
IT for BCE monitoring in existing studies. The specific applications are summarized in
Table 4.

Table 4. Summary of IT used in CE monitoring.

Categories IT Function Advantages Limitations
. No line of sight, close Performance degrades when
Construction asset o . o
RFID tracking [13,14] proximity, personal reading, close to metals and liquids
g Lo and direct contact [63] [63]
GPS Road tracking [64] Automatic collection of BCE Cannot be used indoors
data [64] properly [14]
Mainstream IoT Successful a.ppl'%cation in Provic.le .real-time status data Theoretical not practical [67]
carbon monitoring [65] on buildings [66]
BIM Provide construction Integration with other IT [33] Information conversion
information [68] problems [69]
DT Bridging the virtual and Real-time tracking [71] Long creation time [72]
real [70] Assessment of BCE [71]
CPS ° Real-time monitoring

and visualization [65]

Scanning laser

Others

Collect geometric and

spatial data for BIM [51] . Jated studi
. ew related studies

GIS

. Monitor and analyze
BCE [73]

Sensors

. Collecting real-time
carbon information [74]

(1) Information Technology for Collecting Real-time Carbon Data

e Radiofrequency Identification

In the early days of BCE monitoring, monitoring data needed to be collected manually
for CE calculation, which is not only time consuming and labor intensive, but the quality of
the data collected and extracted manually may also be low [64]. RFID has been applied to
the tracking of construction assets to achieve automatic collection of building construction
data [13], which solves this problem well.

RFID tags do not require line-of-sight, close distance, direct contact, and personal
reading; active RFID can read a wider range and also has the capacity to store carbon data
directly [63].

When RFID is in close proximity to metals and liquids, its performance degrades,
especially when in high-frequency environments [63]. Although RFID enables accurate,
efficient data collection, it requires frequent inspection and maintenance [8].
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e Global Positioning System

In addition to RFID, GPS can collect building carbon data automatically [64]. It
serves as a location tracking tool to collect transportation carbon data corresponding to the
transportation phase, but it cannot be used properly indoors, limiting the scope of BCE
monitoring.

e 3D Laser Scanning

Laser scanning technology enables the original geometry of existing installations to be
restored. This function is achieved by transmitting a laser and detecting the laser signal
to measure the distance to the target. Compared to conventional measurement tools, 3D
laser scanning offers millimeter-level accuracy and a measurement speed of 100,000 points
per second, which can be used to solve the problems of inaccurate, outdated, and missing
information in the construction industry, and to collect geometric and spatial data for BIM
for better construction [74].

e Sensors

Smart sensors are used to capture, analyze, and store data, and are the bases for IoT
technology to enable real-time carbon data tracking. Temperature, force, and positioning
sensors also contribute significantly in collecting real-time carbon information [74].

(2) Information Technology for Analysis and Control of Carbon Emission

e Internet of Things

IoT technology can collect energy consumption data in real time through sensors
and devices such as smart meters, enabling real-time carbon tracking. It has long been
successfully applied to carbon monitoring in transportation, industry, manufacturing, and
many other systems. Currently, IoT technology has also been explored to achieve building
carbon monitoring. Compared with BIM models that can carry physical and functional
characteristics of a building such as material features and geometry, IoT technology can
provide real-time status data about the building [66], thus tracking CE in real time. In the
existing research, some scholars have integrated BIM and IOT technology for CE tracking
in the operation phase of buildings, but the related research is still in its infancy, and all the
possibilities are proposed from the theoretical point of view [67].

e Digital Twin

DT uses digital virtual models to simulate physical entities in the real environment
through interactive feedback between the virtual world and the real world, data integration
and analysis, and iterative optimization for decision making [65] and serves as a bridge to
connect physical and information models for real-time tracking and evaluation of building
carbon data. Some studies have shown that the carbon tracking framework built based on
the IoT-supported sensor network to build DT supports the monitoring of CE throughout
the building life cycle and facilitates sustainability decisions [71]. However, the construction
of DT requires the installation of many sensors on the building to collect real-time data,
which is not possible in existing buildings, and creating DT takes a long time [72]. The
possibility of building DT to achieve carbon tracking has been demonstrated in existing
studies, but few cases use this concept.

e Cyber-Physical Systems

The physical information system is an effective bidirectional integration of the comput-
ing resources supported [75] by the network implementation of the CPS with the physical
processes. It can provide real services in the face of real-time limitations [76], and based on
continuous tracking, can automatically control a physical system that integrates several
different communication systems and devices [77]. Some studies have shown the feasibility
of CPS for real-time monitoring and visualization of CE data at construction sites [70,78].

e Geographic Information Systems

Geographic information systems (GIS) can collect, compute, manage, analyze, and
describe geospatial data information to support decision making; they can also digitize and
visualize abstract information [79]. Integrating data from other heterogeneous data sources
such as GIS, BIM, or IoT enables real-time monitoring and simulation to predict a building’s
energy consumption [73,80]. Some scholars have proposed visualization methods based on
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GIS and computer-aided design to visualize GIS-based design and construction data, and
to enhance spatial reality simulation for advanced analytical capabilities that can be used
to monitor and analyze BCE [81].

(3) Data Transmission Method

The development of IT has not only extended the way of CE monitoring but also
changed the way of transmission of data obtained from BCE monitoring. Traditional
building energy consumption monitoring systems generally use wired data transmission
methods, but with the development of IoT technology, wireless communication methods
have been widely used, effectively solving the problem of complicated wiring for mon-
itoring systems. At present, the commonly used wireless communication technologies
for IoT mainly include ZigBee, long-range radio (LoRa), Wi-Fi, infrared communication,
Bluetooth low energy (BLE), and ultra-wideband (UWB). The specific advantages and dis-
advantages are summarized in Table 5. Among them, ZigBee provides a low-cost, reliable,
and easy-to-deploy wireless sensor network solution [82], but it has the disadvantages of
slow transmission rate and poor penetration. The Wi-Fi communication method can extend
the communication distance, but its power consumption is large. Compared with other
communication methods, BLE has the advantages of low cost, low power consumption,
and high reliability, but it has a shortage of communication distance.

Table 5. Summary of wireless communication technologies.

Types

ZigBee

LoRa
Wi-Fi

Infrared Communication

BLE

UWB

Advantages Limitations
LOW cost e  Slow transmission rate
Reliable e  Poor penetration
Easy to deploy
e  Extended communication distance e Insufficient precision
e  Extended communication distance e  High power consumption

Short distance

i e Improve efficiency
Poor penetration

Low cost

Low power consumption e  Short communication distance
High reliability

High accuracy e  High price

Good energy efficiency e  High power consumption

4.2.3. Carbon Emission Accounting

CE accounting refers to the verification of the actual CE generated by a building after
its completion. The significance of CE accounting for buildings in existing studies is to
identify a more energy-efficient building design by comparing the actual values of CE
of different types of buildings. The use of IT enables comparing the CE of traditional
cast-in-place buildings with those of assembled buildings at all stages of their full lifecycle.

e  Building Information Modeling

Similar to CE estimation, BIM technology plays a significant role in CE accounting.
CE accounting can use site construction records and settlement documents to obtain data
to build BIM models, export the BoQ from various related software, such as Chenxi
software V18.5.1.7 to obtain mechanical engineering quantities [83], analyze real building
information through digital information simulation, and, finally, obtain accounting CE
according to the CE factor method. The data used for building a BIM model for CE
estimation are theoretical data, and the resulting CE is an estimated value, while the data
used for building a BIM model for CE accounting are real data, and the resulting CE is the
actual value. However, due to the complexity of construction projects, the real data used
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for CE accounting are limited, so this actual value is only close to the real value, but not the
real value.

e 3D Laser Scanning

Laser scanning can also be used to build a BIM model using real building data to
calculate the actual BCE value after the building is completed. It can compare the CE
values of the completed buildings with different design solutions to determine the reasons
for the variances and optimize the building design, thus achieving sustainable building
development.

The purpose of CE accounting in existing studies is only to select better architectural
design solutions; the types of advanced IT used are not many, the integration between IT is
not enough, and more IT use needs to be explored at this stage.

4.3. Energy Saving and Emission Reduction

The accurate quantification of CE lays a solid foundation for building energy efficiency
and emission reduction, which is the key to mitigate global warming. According to the
carbon source identification section, BCE is divided into ECE and OCE. This section focuses
on combing the use of IT in ES/ER from these two types.

4.3.1. Embodied Carbon Emissions

Numerous studies have shown that among ECE in buildings, building materials
produce a high proportion of CE, followed by CE related to the building process, so an
obvious way to achieve ES/ER objectives is to select green building materials with low CE.

(1) Mainstream Information Technology

e Building Information Modeling

Numerous studies have shown that building materials produce a high proportion of
CE. Therefore, to achieve the purpose of ES/ER, green building materials with low CE
should be selected. BIM technology is extensively used in the early design stage due to
its advantages of improving the reliability of design decisions and optimizing design [84],
and BIM plays a vital role in material selection. The BIM model constructed by the Revit
platform based on BIM technology contains various information such as composition of
components and material types, so that building materials can be selected according to
the needs. Through the secondary development of BIM, relevant standard values can be
embedded in the system to automatically count and evaluate the input building material
information to achieve the effect of ES/ER. BIM can also be used to reduce construction
waste [53,85] and optimize the built environment [86]. BIM has an important role in all
phases of the building lifecycle, but its use in waste management has yet to be developed.

o Artificial Intelligence

Al also known as machine intelligence, is defined as the ability of a computer to
perform tasks related to humans [87]. It can use algorithms to tune models and propose
multi-objective optimal designs that address “net zero carbon.” Based on Al, building
materials with low CEs can be designed directly, and scholars have already obtained the
optimal concrete mix ratio based on Al [88], which greatly reduces the ECE of buildings.
The application of Al in building ES/ER is still in its infancy, but it has great potential.
Existing studies to achieve ES/ER based on Al have limitations, and few have considered
the design output index of CE when conducting multi-objective optimization design.

e Geographic Information System

Many studies have demonstrated the great potential of GIS-based visualization for
spatial and nonspatial data management, data modeling, terrain visualization, site layout,
and construction planning [81]. Information from GIS can facilitate the use of BIM for
site selection and layout of material sites. Combined with BIM technology, GIS can be
applied to reduce emissions in building construction operations. Early scholars used BIM
and GIS technology integration to optimize concrete truck mixing routes to reduce CE
during construction [85]. In contrast to BIM, which focuses on the building itself, GIS
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provides geospatial information that focuses on the exterior of the building. They focus
on their respective fields according to their characteristics. The integration of these two
technologies means they can provide comprehensive data on the building itself and its
surrounding environment [89], which is beneficial to scholars’ research on ES/ER in the
building industry, but they have the problem of insufficient integration.

(2) Other Information Technology

In addition to the above mainstream IT, many ITs are significant in reducing ECE. An
example is creating a real-time CE recording system based on RFID and ZigBee, which can
be used to track building assets throughout their life cycle, facilitate the management of
building materials and their replacement at a later stage, and reduce CE in the process [82].
Web-based DT can build a framework for evaluating ECE [14], enabling monitoring of the
entire building process, reacting to future scenarios, and reducing unnecessary CE. The
use of IT above all suffers from the same problem—how to handle the explosive growth of
data—because the project progress is yet to be studied.

4.3.2. Operational Carbon Emissions

Studies have shown that artificial lighting in buildings consumes 18% of the world’s
total energy [90], and HVAC systems consume 48% of a building’s energy. Reducing OEC
is a major way to achieve ES/ER in the building industry.

(1) Mainstream Information Technology

e Building Information Modeling

BIM tools allow users to see the path of the sun and the shadows on the building,
select the optimal orientation of the building, and use daylight efficiently to reduce the
need for electricity. BIM software such as GBS V5.1.0 can calculate the yield of renewable
energy sources such as solar and wind power and assess their feasibility [30,91]. Through
the multi-objective optimization model, BIM technology can help users choose an optimal
solution that balances CE, energy, and cost. BIM also has ES/ER purposes such as rainwater
collection and water recycling [86].

e Digital Twin

As mentioned in the previous article on CE estimation, the use of BIM and BAS can
simulate the operation of the building at the design stage, and make it a benchmark to build
a DT framework to compare the actual carbon data of building operation with the simulated
carbon data [16], analyze the reasons for the gap in CE, and make timely adjustments,
which can reduce the consumption of energy.

e Radiofrequency Identification

Achieving ES/ER in HVAC systems is a priority to reduce the carbon footprint of
building operations. RFID-based occupancy monitoring systems can be built to support
demand-driven HVAC operations by simultaneously detecting and tracking multiple
fixed and mobile occupants in multiple spaces, thereby reducing HVAC system energy
consumption [91].

(2) Other Information Technology

In addition to the use of the above advanced IT, systems built on IT such as IoT and
CPS have proven to be of great advantage in CE monitoring and carbon data management,
but gaps still exist in research on systems based on this technology to collect and analyze
CE data in real time, reducing energy consumption.

5. Future Research Directions

The analysis of the functions, advantages, and limitations of the application of IT in
BCF identifies research gaps throughout the research area and points to future research
directions, as shown in Figure 6.
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Figure 6. Framework that combines the current state of research with future research directions.

5.1. Future Research Directions Based on Building Information Modeling
5.1.1. Achieve Interoperability among Building Information Modeling Software

Components and information are lost in the process of interoperability between BIM
and BIM-based software, such as the conversion between BIM and BEM, which requires
a large amount of manual time and experience to check and correct. By achieving inter-
operability between BIM software, the effectiveness of activities such as the calculation of
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quantity tables and energy simulation can be guaranteed, and research on building ES/ER
can be carried out efficiently.

5.1.2. Information Technology Assists in Improving the Accuracy of Building
Information Modeling

The accuracy of BIM models is particularly important as the information base for
researchers to analyze BCE, and the rapid development of IT has brought new opportunities
to improve the accuracy of BIM models. In existing research, laser scanning technology
has been used to capture building information with improved accuracy, but improvement
is still needed in terms of accuracy, applicability, and automation. How to use IT to help
improve the accuracy of BIM models will become a mainstream direction in future research.

5.1.3. Development of Building Information Modeling for Waste Management

BIM has been implemented in all phases of the building life cycle. In addition to
providing basic project-related information, the use of BIM can reduce energy consumption
and construction waste to a greater extent, and improve the quality of the project [92].
Additional construction activities are noticing the impact of construction waste, which, in
addition to causing damage to the built environment, has its own value for recycling, and
the use of BIM in waste management is yet to be developed. Efforts by researchers have
been devoted to this end, proposing to create BIM-based tools to estimate the waste caused
by building demolition [24].

5.2. Deep Learning Improves the Accuracy of Existing Building Models

Based on scientometric analysis, DL has good advantages for future research. Ac-
counting for CE from existing buildings requires sensors to collect carbon data, and supple-
menting the installation of sensors is time consuming and uneconomical. Using DL to train
models and improve the accuracy of models, replacing sensors, can be a good solution to
the CE accounting problem.

5.3. Multitechnology Integration

Each IT has its own advantages. While continuously improving and optimizing each
IT, multiple ITs can be integrated to complement one another’s strengths and improve
the efficiency of comprehensive energy saving in buildings. For example, DT enables
monitoring, understanding, and optimizing physical entities by seamlessly bridging data
from the real physical world and the virtual world. This process relies on IoT technology to
realize the extraction of data from the real physical world and BIM technology to link the
virtual world before it can transition from the physical room to the conceptual framework
of the DT. The combination of various network technologies such as Wi-Fi and ZigBee can
reduce costs and extend the communication distance, enabling remote data collection and
information exchange, and providing data support for building energy optimization.

5.4. Information Technology Options for Explosive Carbon Information

The information about BCE has exploded from the design phase to the demolition
phase of a project, and the quality of it varies. How to select high-quality carbon information
to optimize the operation of buildings has become the key for IT to promote ES/ER. The
development of advanced statistical methods such as Al and DL optimizes the selection
of carbon data by IT, and the combination of statistical methods and IT will become an
emerging field of BCE research.

5.5. Research on the Whole Life Cycle Building Carbon Emission Based on Internet of Things and
Cyber—Physical System

In current research, IoT technology has been successfully used in carbon research
in manufacturing, industry, transportation, medical, and many other systems. In the
construction sector, it has been used for safety management, facilities management, supply
chain management, and activity monitoring. CPS technology is well suited for the process
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of real-time data collection, computing, storage, and visual display, and its concept is
similar to IoT, which also emphasizes control [93]. CPS has been used for monitoring and
control in the smart grid, in transport and healthcare industries, and in manufacturing.
In the construction industry, CPS has been used in temporary structure monitoring and
project delivery, and the application involves the acquisition, transmission, storage, and
processing of large amounts of data and information [94]. Existing research shows IoT
technology and CPS technology have great advantages in real-time monitoring, and their
application in other fields can be borrowed from BCE monitoring because the real-time
monitoring of BCE is also realized through the collection and processing of onsite data
information. Therefore, in future research, IoT and CPS will be the key technology to realize
the whole life cycle carbon research of buildings.

6. Conclusions

This study combined the use of IT in BCF based on scientometric analysis, combined
with network mapping analysis and quantitative qualitative analysis methods. This study
first retrieved and screened 170 articles, and based on these 170 articles, quantitatively
analyzed the current status of the application of IT in BCF by combining scientometric
analysis and network mapping analysis methods. The following conclusions were drawn:

e  Between 2010 and 2022, the number of publications on the use of IT in BCF research
rapidly grew, with an increasing number of scholars taking the plunge. The two time
periods with a fast growth in the number of publications due to policy drivers are 2015
to 2016 and 2018 to 2019.

e  The most influential journals are Automation in Construction and Energy and Buildings,
and in recent years, additional high impact factor journals are more active in this
research direction.

e Keyword co-occurrence analysis showed the most widely used IT in this research
direction is BIM, and DL and Al have good prospects in the study of BCFE.

Based on the qualitative analysis, this study composed the functions, advantages, and
limitations of IT in BCFE. Based on deep excavation and analysis, the research gaps in this
field were summarized, and future research directions were indicated.

e  BIM is the most popular IT in this research field, but some functions still need to be
improved and optimized. For example, the interoperability between BIM software
still has problems, the accuracy of the BIM model still needs to be improved, and the
functions of BIM in construction waste management still need to be developed.

e DL can be used to train existing building models instead of sensors to improve model
accuracy and solve CE accounting problems.

e  Various ITs have been introduced into the study of BCF, and further attention may
be paid to the integration of multiple technologies in the future to complement one
another’s strengths and improve the overall energy efficiency of buildings.

e DL and Al have good prospects in BCF research, and they will be used in future
research to select the exploding carbon information.

e IoT and CPS technologies have been used for whole life cycle carbon research in
buildings, but gaps exist in the related research. In future research, IoT and CPS will
be key technologies to achieve whole life cycle carbon research in buildings.

This study is only a review of the application of IT in BCF research based on a sample
of 170 English literatures. Different categorization of the 170 literatures may have richer
research results and solutions, which is also a follow-up upcoming work, but it is certain
that IT has great potential in BCF research and will become a research hotspot for scholars
in the future.
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