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Abstract: Since the 21st century, the concept of green building has been gradually popularized and
implemented in more countries, which has become a popular direction in the area of sustainability in
the building industry. Over the past few decades, many scholars and experts have done extensive
research on green building. The purpose of this paper is to systematically analyze and visualize the
status quo of green building. Therefore, based on Web of Science (WoS), this paper analyzed the
existing knowledge system of green building using CiteSpace, identified keywords related to green
building and their frequency of occurrence using the function of keyword co-occurrence analysis,
recognized five clusters using the function of cluster analysis, and explored the knowledge evolution
pattern of green building using citation bursts analysis in order to reveal how research related to
green building has evolved over time. On the basis of aforementioned keywords, clusters, and
citation bursts analysis, this paper has built a knowledge graph for green building. This paper can
help readers to better understand the status quo and development trend of green building and to
easier recognize the shortcomings in the development of green building, so as to provide a promising
direction for future research.
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1. Introduction

With the rapid development of the economy and society, the shortage of energy and the
deterioration of environment have become two major problems faced by human beings in today’s
society. At present, the building industry is the leading source of consumption of world energy sources
and various kinds of resources like ores, wood, and so on, as well as the major source of environmental
pollution [1]. According to the United Nations Environment Programme (UNEP), energy consumption
in the building industry accounts for about 30—40% of the world’s energy consumption [2]. China’s
energy consumption is among the highest in the whole world, and the consumption of the building
industry accounts for 38% of the total social energy consumption [3]. Faced with a grim situation,
the transformation and upgrading of the building industry is imminent. However, it is difficult for
the industry to figure out a green, environmentally friendly, and sustainable road for development.
Therefore, there is a crying need for exploring and establishing the sustainable development mode of
the building industry in order to transform the current situation of high resource consumption and
high environmental pollution.

The report of Our Common Future, issued by the World Commission on Environment and
Development (WCED) in 1987 [4], formally put forward sustainable development strategies. The
United Nations Conference on Environment and Development (UNCED), held in Rio de Janeiro in
1992, proposed the Rio Declaration on Environment and Development and Agenda 21 [5]. The agenda
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provides a separate section on promoting sustainable human settlement development in Chapter 7,
focusing on improving settlement planning and management, providing integrated environmental
infrastructure, and achieving sustainable settlement development for energy and transport systems.
This is the embodiment of the concept of sustainable development in the field of buildings, as well as the
concrete realization of green building [6]. Henceforth, green building has been gradually popularized
and implemented in an increasing number of countries, and has become the main direction of the
development of the building industry in the world. Owing to different conditions in every country
such as economic development level, geographical location, and per capita resources, the concept of
green building has not reached a consensus yet in the international community. The United States
Environmental Protection Agency (USEPA) defines green building as environmentally responsible
and resource-efficient building throughout its life-cycle from siting to design, construction, operation,
maintenance, and deconstruction [7]. Building Services Research and Information Association (BSRIA)
considers that the creation and management of a healthy building environment should be based on the
principles of high-efficient resource utilization and ecological benefits [8]. The Building Energy Efficient
Research, University of Hong Kong defines that the environmental design of green building is the overall
design of buildings; all resources should be taken into consideration for sustainable buildings, including
materials, fuels, or users themselves; green building involves many problems and contradictions that
need to be solved and every part of design will have an impact on the environment [9]. According to
the national conditions of China and the concept of sustainable development, the Ministry of Housing
and Urban-Rural Development issued Assessment Standard for Green Building on 1 June 2006, and made
a definition as follows: Green building refers to maximizing the resources conservation including
energy, land, water, materials, and so on; protecting the environment and reduce pollution; providing
healthy, applicable, and efficient living room for people; and coexisting harmoniously with nature in
the life-cycle of the building [10]. Although different countries have different interpretations for green
building, they all agree with the three themes of green building, namely, the effective utilization of
resources, the creation of a healthy and comfortable living environment, and harmonious living with
the environment. These themes also provide a standard for the development of green building all over
the world.

Over the past few decades, scholars have increasingly focused on the research on green
building [11], and have issued an increasing number of papers [12]. This may make it tough to
grasp the research focus and status quo from thousands of papers, posing a major risk of neglecting
essential questions and areas for research and practice improvement [13]. In order to solve this problem,
it is necessary to analyze this field by utilizing scientometric software [14]. A literature review is
considered to be an effective way to deeply understand the field of research [15]. By systematically
combing the existing research, we can figure out the current research situation and development
trend of the field, thus providing a direction for future research [15]. It should be pointed out that
the development of knowledge is a dynamic process. As scientific literature is constantly updated,
we may not have enough time or effort to track it only by relying on non-visualization technology.
With the development of science and technology, many visualization tools have emerged in recent
years, such as VOSviewer, CoPalRed, Bibexcel, Sci2, VantagePoint, and CiteSpace. All of these
tools support document co-citation analysis and keyword co-occurrence analysis, which can help us
conduct quantitative and objective analysis of the relevant fields, and reveal the quantitative relations
among various studies. For example, Li et al. carried out document co-citation analysis and cluster
analysis on the relevant literature from 2004 to 2015 via CiteSpace, and quantitatively proposed the
building information modeling (BIM) knowledge graph [16]. On the basis of the Web of Science (WoS)
databases, Jiang et al. figured out the research emphasis and development trend of urban planning for
climate change from 1990 to 2016 through cluster analysis and knowledge evolution analysis using
CiteSpace [17]. Zhao et al. analyzed the characteristics and trends of the new energy vehicle reliability
based on literature from 1998 to 2017 using CiteSpace [18]. Chen et al. analyzed 3875 articles related to
regenerative medicine from 2000 to 2011 using CiteSpace, finding emerging trends in this area [19].
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With the rapid development of computing technology and information visualization technology;,
scholars can discover the hidden relations and trends in the relevant literature. For example, document
co-citation analysis, which searches for relations among documents, has been used by many scholars to
draw and create research knowledge structures. The combination of quantification and visualization
can help us to further understand the knowledge in the specific area.

CiteSpace is a diverse, time-sharing, and dynamic analysis software for visualizing citations with
the development of scientometrics, as well as data and information visualization technologies, aiming
at analyzing the underlying knowledge contained in scientific literature [14]. Visualized analysis can
promote analytical reasoning by setting visual interaction. As the structure, rules, and distribution
of scientific knowledge are presented by means of visualization, the generated visualized graphics
are also referred to as “mapping knowledge domains” [20]. CiteSpace effectively helps readers to
better understand the areas of research in which they are engaged. It can not only show the whole
situation of a certain research field, but also highlight some important documents in the development
of the field [21]. It has been launched tens of thousands of times in at least 60 countries, and has
been continuously upgraded and updated with high reliability, making it a new tool widely used in
scientometrics [22].

2. Research Method

This paper summarizes the existing research on green building based on the literature from
2002 to 2018 in WoS using CiteSpace. This paper can help readers to systematically understand the
co-citation documents, key clusters, and keywords, as well as the knowledge evolution pattern of green
building from the related literature. Although there is no detailed analysis of all literature related to
green building, this paper quantitatively summarizes the status quo and development trend of green
building in view of its high reference value of the sample literature.

The contents of this study include the following;:

(1) Using the functions of document co-citation analysis, cluster analysis, and keyword
co-occurrence analysis of CiteSpace, this paper analyzes the literature of green building from 2002 to
2018, to obtain the knowledge base and knowledge domain of green building;

(2) Identifying the knowledge evolution pattern of green building using citation burst detection;

(3) On the basis of the knowledge base (which consists of keywords related to the research topic),
knowledge domain (which is related to key research fields of the research topic), and knowledge
evolution (which is an evolutionary process reflected by references with citation bursts), a knowledge
graph for green building is built.

2.1. Data Collection

Two keywords, green building and sustainable building, are used for retrieval in different
databases, and the number of collected documents is shown as follows: 15,800 in Google Scholar, 7962
in Scopus, 7201 in Springer, 6759 in EI, and 3758 in WoS. The data analyzed by CiteSpace are based on
WoS data, and the data collected by other databases must be converted into the data format of WoS
before being analyzed. Some data may be incompatible in the conversion process and have an impact
on the following analysis [14]. Besides, each record for a document in the CiteSpace has a fixed format,
while the document data fields of other databases may be incomplete, increasing the noise of the source
data. However, WoS fully covers the most important and influential academic research achievements
in the world, and has been widely applied in the past review research [23], with great reference value.
In this paper, WoS is selected as the data collection platform under overall consideration, according to
the data source needed by CiteSpace.

In this paper, these two keywords, green building and sustainable building, are selected using
subject search. The core database and the extended database of bibliographic records are retrieved
from WoS. Studies of Hou et al. [24] and Chen et al. [25] show that the knowledge base and knowledge
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domain of green building can be identified based on the core database, and the knowledge evolution
pattern of green building can be identified based on the extended database.

Each bibliographic record of WoS contains the basic information of the article, including the author,
title, abstract, keywords, and references, among others. Likewise, each retrieved reference includes the
name of the first author, year of publication, source type, issue number, volume number, and DOL.

As the literature related to green building included in the WoS started from 2002, the search time
of this article is set from 2002 to 2018. It is shown that there are 3147 documents in the WoS core
database and 3758 documents in the extended database. The number of documents of each year is
shown in Figure 1.
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Figure 1. The number of documents from 2002 to 2018.

Figure 1 shows that the number of documents increased year by year from 2002 to 2018, and the
trends of core database and extended database are almost the same. Specifically speaking, the number
of documents has maintained a rapid increase before 2013, while the number of those that published in
the past five years has stabilized at more than 300. It can be seen that research on green building has
entered a steady-growth stage, and people’s attention to green building also remains at a relatively
stable level.

2.2. Data Analysis

The bibliographic map of green building can be illustrated by various kinds of networks such as
co-authors, co-cited documents, co-occurrence keywords, and so on, which can be built by CiteSpace. In
this paper, we mainly analyze the following aspects including document co-citation network, clustering
network, keyword co-occurrence network, and knowledge evolution pattern of green building.

Highly cited documents can be obtained by document co-citation analysis. They refer to the
relatively frequent-cited documents in the field of research, which are generally considered to be
fundamentally important references to the research. If there are two documents often being co-cited,
they may relate to a similar concept. By clusters of statistics, a group of closely related documents
can be identified and then aggregated into clusters according to their interconnectivities. Each cluster
represents a different knowledge domain, and the same cluster represents the same research domain.
Furthermore, the interactions of clusters can reflect their correlation [14]. Keyword co-occurrence
network is used to detect keywords that appear in at least two different documents within a time
period [19]. As pivotal hotspots in corresponding time periods, these high-frequency keywords and
central keywords can be regarded as part of the knowledge base of green building. At present, the
knowledge base and knowledge domain of green building are of great importance in conducting
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research. It is also helpful to recognize references with strong citation bursts using CiteSpace [26].
If one article is frequently cited in a certain time period, the article will be recognized as a reference
with strong citation bursts, as well as a milestone paper in the development of the green building
discipline. The nodes of strong bursts signify that these documents have received special attention
in the corresponding time periods, which can show the frontiers and hotspots of the discipline to a
certain extent [19].

3. Results of Citation Analysis
3.1. Knowledge Domain in the Core Database

3.1.1. Document Co-Citation Analysis

On the basis of the visualized analysis of 3147 documents in the core database with CiteSpace, we
can obtain a co-citation network of 1693 nodes and 62,565 links. In the network, nodes represent the
cited situation of documents in the core database, and links represent the co-citation relations between
one node and another [27]. The larger the node, the higher frequency of citation of the document,
indicating that the document is of great importance in the green building discipline. The timeline from
2002 to 2018 will be sliced into a series of time periods by CiteSpace, with every two years in each
slice. The top 50 documents with the highest frequency of citation in each time period are selected
for co-citation analysis, and then a co-citation network is generated. The top 10 frequent co-cited
documents from the network are chosen for the further analysis.

Figure 2 shows the top 10 frequent co-cited documents from 2002 to 2018, and the details are
shown in Table 1.
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Figure 2. Document co-citation network of green building.

Table 1. Top 10 frequent co-cited documents in the green building discipline.

Author Title Year Freq. Source
Zuo,J.; Green Building Research—Current Status 2014 79 Renewable and Sustainable
Zhao, Z.-Y. and Future Agenda: A Review [15] Energy Reviews
Newsham, G. R.; Mancini, S.; Do LEED-Certified Buildings Save 1.
Birt, B. ]. Energy? Yes, But... [28] 2009 61 Energy and Buildings
Ali H.H. Developing a Green Building Assessment
b R Tool for Developing Countries—Case of 2009 57 Building and Environment
Al Nsairat, S. F.
Jordan [29]
. Sustainable Construction—The Role of Journal of Environmental
Ding, G. K. Environmental Assessment Tools [30] 2008 52 Management

A Critical Review of Building 2008 43 Environmental Impact

Haapio, A.; Viitaniemi, Environmental Assessment Tools [31] Assessment Review
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Author Title Year Freq. Source
Robichaud, L. B; Greening Project Management Practices 2011 43 Journal of Management in
Anantatmula, V. S. for Sustainable Construction [32] Engineering
Ortiz, O.; Sustainability in t}}e Construction Construction and Building
Castells. F.: Sonnemann. G Industry: A Review of Recent 2009 40 Materials
s T Developments Based on LCA [33]
Hwane. B. G.: Green Building Project Management:
& B Obstacles and Solutions for Sustainable 2012 40 Sustainable Development
Tan, J. S. .
Development [34]
Zhang, X.; Green Property Development Practice in o .
Platten, A.; Shen, L. China: Costs and Barriers [35] 2011 3 Building and Environment
Scofield, J. H. Do LEED-Certified Buildings Save 2009 36 Energy and Buildings

Energy? Not Really [36]

Zuo and Zhao summarized the existing knowledge system of green building and figured out that
the existing research mainly focuses on the environmental aspect of green buildings; however, the
other dimensions of sustainability such as social sustainability and cultural sustainability are neglected
to a large extent [15]. Newsham et al. analyzed the energy data of 100 LEED-certified buildings
provided by the New Buildings Institute (NBI) and the United States Green Building Council (USGBC).
LEED-certified buildings use 18%-39% less energy (per floor) than that of buildings of the same type in
average, whereas 28%-35% of LEED-certified buildings consume more energy than that of buildings of
the same type, indicating that there is no correlation between the energy performance and the level of
certification of the LEED-certified buildings [28]. On the basis of the study of Newsham et al., Scofield
made a further analysis of energy conservation of LEED-certified buildings and found that these
buildings can have better performance in saving energy when considering the source of energy [36].

With the development of green building, the assessment tools for green buildings have become
increasing essential. Ali and Al Nsairat analyzed the international assessment tools for green buildings
such as LEED (Leadership in Energy and Environmental Design), BREEAM (Building Research
Establishment Environmental Assessment Method), and GB Tool (Green Building Tool), and created a
green building assessment tool for developing countries in the case study of Jordan [29]. Ding [30] and
Haapio and Viitaniemi [31] conducted critical reviews of existing environmental assessment tools, and
discussed the differences and analyzed the current status, validity, and availability of these tools. Ortiz
et al. summarized the recent developments of life-cycle assessment (LCA) in the construction industry
from 2000 to 2007, and concluded that LCA is critical to the sustainability of buildings [33].

The popularization of green building also faces certain challenges. Robichaud and Anantatmula
analyzed green building from two aspects of construction cost and development trend, and figured
out the existing difficulties (e.g., the ability of a contractor to handover greening projects under
acceptable cost constraints) in the constantly expanding green building market, and proposed detailed
modifications to greening project management practices [32]. Hwang and Tan summarized the research
progress in the field of green building in recent years, analyzed the energy consumption of green
building projects and its impact on the natural environment, called on the whole society to take
necessary measures, and promoted the sustainable development of green building [34]. Zhang et al.
discussed the costs and barriers of applying green technology to green property development practice
in China. By analyzing the additional cost of green buildings, it was concluded that the main barrier to
promoting green technology in China is the high cost [35].

3.1.2. Cluster Identification and Analysis (Knowledge Domain)

Identifying highly cited documents by document co-citation analysis is the first step in building a
knowledge domain, and the second step is to analyze documents so as to figure out the key research
domain. A cluster label is selected from the noun phrases of each cluster. The noun phrases are
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extracted from the title, keywords, and abstract of documents, and the top-ranked phrases will be
likely to be chosen as cluster labels.

CiteSpace provides three different types of cluster labeling extraction algorithms, including
log-likelihood ratio (LLR) test, term frequency-inverse document frequency (TF IDF) and mutual
information (MI) test. In this paper, LLR test, the default algorithm of CiteSpace, was used to extract
the cluster labels. In statistics, a likelihood ratio test is a statistical test used for comparing the goodness
of fit of two statistical models—a null model against an alternative model. The test is based on the
likelihood ratio, which expresses how many times more likely the data are under one model than the
other. This likelihood ratio, or equivalently its logarithm, can then be used to compute a p-value, or
compared to a critical value to decide whether or not to reject the null model [37].

Figure 3 illustrates the clusters generated by CiteSpace. The number of the largest cluster is No.
0, and the number of the smallest one is No. 4. The size of a cluster depends on the total number of
published papers that the cluster contains.

#4 green building assessment system

#1 materials selection

#0 green building technologies adoption
#3 greer’building project management
o ! T

#2 panzLddt ap,p""““,h#s vbuilding assessment tool

Figure 3. Clusters of knowledge domain within green building.

The analysis results of the clusters are derived from CiteSpace and the largest five clusters are
listed. As shown specifically in Table 2, the silhouette value of each cluster is more than 0.65, indicating
that the results are robust and meaningful.

Table 2. Top-ranked clusters and the terms within the clusters. LLR—log-likelihood ratio.

No. Size Silhouette ( Ci?:dea\zear) Label(LLR)(p-value)
0 32 0.872 2013 Green building technologies adoption (405.88, 1.0 x 10 ~#)
1 24 0.665 2008 Materials selection (287.96, 1.0 x 10 ~4)
2 20 0.796 2010 Panel data approach (359.76, 1.0 x 10 —4
3 14 0.806 2008 Green building project management (301.88, 1.0 x 10 ~%)
12 0.976 2005 Green building assessment system (272.98, 1.0 x 10 ~%)
4 7 0.981 2004 Building assessment tool (51.81, 1.0 x 10 ~*)

The largest cluster is the green building technologies adoption, including 32 articles. Green
building technologies have three types of goals, namely environmental goal, economic goal, and
social goal [38]. In accordance with those goals of green building, China divides the green
building technologies into following categories: land conservation and outdoor environment quality
management, energy conservation and utilization, material conservation and utilization, water
conservation and utilization, indoor environment quality, operation management, and construction
management of green buildings [39]. The adoption of green building technologies should take
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into consideration many factors including construction climate, resources, technical maturity, and
economic and social sustainability. Thus, it is necessary to adopt green building technologies with high
cost-effectiveness and technical maturity, as well as a great adaption to local resources, environment,
and culture. At present, the most prevalent and popular green technologies include thermal bridge
blocking technology, green roofing technology, residential ecological ventilation technology, and
efficient door and window systems and construction techniques, among others.

The second largest cluster is related to materials selection of green building, including 24 articles.
For a long time, the high energy consumption, heavy pollution, and low efficiency of traditional
building materials have brought severe problems to the construction market, environmental protection,
and healthy life of human beings. Nowadays, green and environmentally friendly materials have
taken a leading place in the construction market. It is an inevitable trend to promote and apply green
building materials. At the 1st International Conference on Materials Science in 1988, the concept
of “green building materials” was first proposed [40]. Green building materials refer to healthy;,
environmentally friendly, and secure building materials, which are also called “healthy building
materials” or “environmentally friendly building materials” in the international community. It is
not only the materials that should be green and safe, but also a comprehensive evaluation of health,
environmental protection, and safety of building materials in the five procedures of raw materials,
production, construction, utilization, and waste disposal. Meanwhile, green building materials are
also closely related to architectural design, structure, resources, and policies. Therefore, green building
materials are a comprehensive and systematic concept [41]. At present, a series of building systems
themed in green building materials has been carried out all over the world, for example, green
buildings, ecological buildings, and energy saving buildings, which can be spread to all aspects of the
construction industry. The new building materials widely used in the construction process mainly
include ecological cement; green glass with functions of high thermal insulation, sound insulation, and
heat preservation; and green wall materials made from fly ash, slag ash, and concrete hollow blocks.

The third largest cluster is the panel data approach, including 20 articles. Panel data refer to the
sample data formed by selecting sample observed values simultaneously from multiple cross sections
in time series [42]. The time series data selected in this way contain three-dimensional information of
cross-sectional, time, and index information [43]. The generated model can construct and test green
buildings in a more realistic way with better performance simulation and application; therefore, it is
widely used in the process of certifying and assessing green buildings. By applying panel data to the
analysis of energy consumption characteristics of various resources in the construction industry, some
scholars also found that the consumption tendency of different resources and the change of resource
consumption caused by other factors can be obtained [44].

The fourth largest cluster is the green building project management, including 14 articles. The
main purpose of green building project management is to promote the sustainable development of
green building through a systematic management process and reasonable resource allocation [45]. In
terms of management, green building project management holds both regional and global horizons. As
for the object of management, it has many stakeholders such as landholders, property developers, and
urban planners. At present, there are many difficulties in green building project management, such as
the imbalance between functions and economical efficiencies, unmixed interdisciplinary technologies,
long construction periods, and separated construction processes. It is necessary to take the green
construction concepts of energy saving, land saving, water saving, material saving, and environmental
protection as the main starting points, and use the virtual partnering mode in project management (On
the basis of the common interests, partnering mode refers to establish a mode with shared relations,
shared objectives, shared benefits, and shared risks in the construction process to achieve the goal of
maximizing the interests of all parties [46]). In a word, green building project management follows the
rules of green economy and promotes the development of green building by means of resource saving
and environmental protection [47]. It is found that green building project management based on BIM
technology still needs further research.
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Other major clusters are the green building assessment system and the building assessment tool,
including 12 articles and 7 articles, respectively. These two clusters deal with the same aspects of green
building assessment of green buildings, just considering the differences in expression by different
scholars. Therefore, they should be within one cluster. At present, the international assessment systems
of green buildings mainly include LEED [48], BREEAM [49], CASBEE (Comprehensive Assessment
System for Built Environment Efficiency) [26], HQE (High Quality Environmental) [50], GB Tool [51],
and Assessment Standard for Green Building [52]. The structure of these assessment systems is quite
similar to a large extent, covering all aspects of sustainable development. It is worth noting that
the green building assessment system in each country is constructed according to the local climatic
conditions and local needs, so that the assessment criteria are not the same. There are also some
scholars managing to develop new assessment tools for green buildings to better adapt to local climate
and geographical conditions. For example, borrowed from the mature assessment systems for green
buildings such as LEED, BREEAM, and GB Tool, Ali and Al Nsairat developed the green building
rating system for Jordan with greater emphasis on social and economic sustainability according to
the specific conditions of the country [29]. At the same time, the constant updates of green building
assessment systems reflect that the direction of green building assessment is changing according to the
social and cultural aspects of sustainable development.

3.1.3. Keyword Co-Occurrence Network (Knowledge Base)

Because of the close relation between the keywords and the cores of documents, the analysis
of similar keywords can help to identify the cores of green building research. The terms are being
grouped hereinafter, for example, green building, sustainable building, and sustainable construction
can be divided into one category. Figure 4 is a keyword co-occurrence network of 309 nodes and 1469
links generated from the core database, where nodes represent the keywords. It can be seen that the
font size of keywords is proportional to the co-occurrence frequency of the keywords [20].

energy saving
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concrete thermal comfort

Figure 4. Keywords co-occurrence network.

Table 3 lists the top 60 keywords in green building according to the co-occurrence frequency,
with a cumulative co-occurrence frequency of 5348, accounting for more than 88% of total frequencies
(5348/6040).
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Table 3. Top keywords with their frequencies in green building. BIM—building information modeling.

No. Keywords Freq. No. Keywords Freq.
1 green building/sustainable building/sustainable 1050 31 technology 35
construction
2 de\f:lit;imnzgi}gl}je/ Zifstzisr::gzble 445 32 construction industry 35
3 construction/building 310 33 perspective 34
4 performance/energy performance 256 34 life cycle 32
5 energy/renewable energy/solar energy 222 35 health 30
6 LEED/BREEAM/rating system/assessment tool 198 36 BIM (Buli\l/ﬁj Sghlrrlxé())rmation 30
7 model/simulation 197 37 framework 28
8 design/sustainable design 175 38 strategy 27
9 system 160 38 natural ventilation 24
10 China/USA/Hong Kong 76/51/33 40 innovation 23
11 life cycle assessment (LCA) 156 41 industry 22
12 residential building/office building 149 42 genetic algorithm 20
13 energy efficiency 137 43 selection 20
14 impact/environmental impact 115 44 driver 17
15 management 108 45 quality 17
16 energy consumption 106 46 fly ash 16
17 environment/built environment 104 47 environmental assessment method 15
18 thermal comfort/comfort 99 48 risk 14
19 optimization 85 49 Indoor environmental quality 13
20 barrier/challenge 60 50 mechanical property 13
21 energy saving/energy conservation 60 51 education 12
22 concrete/cement 59 52 architecture 12
23 (green) building material 55 53 green building design 11
24 climate change/climate 52 54 embodied energy 11
25 emission 46 55 cost 11
26 project 46 56 environmental performance 11
27 consumption 46 57 waste 10
28 efficiency/productivity 45 58 recycling 10
29 behavior 40 59 green building project 9
30 policy 36 60 thermal performance 9

As seen from the co-occurrence frequency in Table 3, the most frequently used keywords
are the following: green building/sustainable building/sustainable construction (1050 times),
sustainability/sustainable development/green/sustainable (445 times), construction/building (310 times);
performance/energy performance (256 times), energy/renewable energy/solar energy (222 times), and
LEED/BREEAM/rating system/assessment tool (198 times). Therefore, it can be considered that energy
performance, energy type, and green building assessment tools are the basic components of the green
building knowledge system.

Modeling and simulation are important research key points with a co-occurrence frequency of
197 times. Green building has considerable connotations and should be managed with the help of
modern information technology. Building information modeling (BIM) technology can replace the
traditional two-dimensional drawings with the three-dimensional visualized model, improves the
design efficiency and the quality of drawing review, and can find errors in the construction drawings
more quickly and correctly in time. At the same time, it can simulate every construction process in
advance through the three-dimensional model, which will optimize the construction procedures and
facilitate communication with all parties of the project [53]. Modeling and simulation are needed
throughout the life-cycle of the building from design to construction, and operation [54]. As a new
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method in the construction industry, the continuous improvements and perfections of BIM technology
bring unprecedented opportunities and challenges to the development of the construction industry in
China. At present, the technology is widely used in some western developed countries, but not too
much in China. Although some studies have already carried this out, the application of BIM to every
stage of the life-cycle still requires a great deal of analysis and argumentation. China still has a long
way to go to make achievements.

Design (sustainable design) is also an important research focus of green building with a
co-occurrence frequency of 175 times. Ensuring the health of residents is the priority of green
building design. It should be aware of reducing impacts on the natural environment and designing
energy conservation buildings that meet the principles of system synergy, territoriality, high efficiency,
nature protection, health, economy, and evolution [55]. Some scholars argue that both economic and
environmental benefits should be taken into consideration in designing green buildings. Now, the
construction industry vigorously promotes the optimization design of green buildings; emphasizes
on obeying the laws of nature and maintains ecological balance; integrates the social, cultural, and
psychological needs of people into the building design; and constructs harmonious and healthy green
buildings [56].

China, the United States, and Hong Kong are hot spots with a cumulative co-occurrence frequency
of 160 times. Data show that China has been the largest LEED-certified market outside the United
States since 2010, accounting for 9% of the global LEED-certified area, and 32% of the certified area
outside the United States. By August 2017, China had a total LEED-certified area of 48 million square
meters, covering 54 cities [57]. Hong Kong set up its first green building certification system of HK
BEAM (Hong Kong Building Environment Assessment Method) in 1996. According to the statistics of
Hong Kong Green Building Council (HKGBC), there are 1236 projects in Hong Kong that have passed
the green building certification [58] Since 1 April 2011, the green building environment assessment
certification has become a reward incentive. According to data released by the China Real Estate
Association, there were 10,927 green building projects nationwide by the end of December 2017, with
an increase of more than 3000 from the previous year, and a green buildings’ area of more than 1 billion
square meters [59]. Figure 5 shows the results of 3147 documents retrieved from the WoS core database,
ranked by countries and regions. It can be found that scholars from China, the United States, and
Hong Kong pay more attention and conduct more research on green building.
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Figure 5. Major study areas of green building.
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Life cycle assessment, or LCA, with a co-occurrence frequency of 156 times, quantifies the
material flows and energy consumption flows of every stage of the life-cycle (from raw material
acquisition to design, manufacture, utilization, recycling, and final disposal, among others), gives
quantitative assessment to the life-cycle of building system and the regional environment, and figures
out methods of improvement to provide the basis of analysis and decision-making for all stakeholders
in the construction industry [60]. With the development of green building, accelerating the green
transformation of industry including the construction industry has become an important mission for
China’s “green development”. As a tool to comprehensively assess the green level of products, LCA
has been recognized worldwide and has become an important support for the development of green
building in various countries [61]. In addition, the life cycle sustainability assessment (LCSA) will be
another promising and integrated approach that encompasses three aspects of environment, economy;,
and society, which represent the three pillars of sustainable development, namely, environmental
life cycle assessment (E-LCA), cost life cycle assessment (C-LCA), and social life cycle assessment
(S-LCA) [62].

The assessment standards are not the same for different types of buildings. Therefore, the type of
building is also a research focus that cannot be neglected. The co-occurrence frequency of residential
building/office building is 149. It is helpful to solve the existing problems in the construction industry
by fully considering the types of building. At present, there are only two kinds of objects in the
Assessment Standard for Green Building in China, namely, residential building and public building [63].
If all buildings are assessed according to the two green building assessment standards, it is impossible
to carry out a scientific and comprehensive analysis of the building. Therefore, during the process
of perfecting the green building assessment standards in China, it is necessary to further refine the
types of buildings and divide them into different categories according to the actual developments of
the construction industry and the national conditions of China, in order to carry out a scientific and
comprehensive analysis on the buildings.

Data show that the co-occurrence frequency of energy efficiency, energy consumption, and energy
saving is 137, 106, and 60, respectively. With the rapid development of the construction industry,
energy consumption has become an increasingly severe problem and energy shortage has become a
bottleneck for the development of economic sustainability [64]. Therefore, the high efficiency of energy
utilization is increasingly a concern of governments and enterprises, showing the great significance
of energy saving technologies for green building [65]. For example, Sadineni et al. conducted a
detailed technical review of building envelope components and their improvements in terms of energy
efficiency; discussed different types of energy-saving walls, such as Trombe wall, ventilation wall,
and glass wall; and made an introduction to the achievements of energy saving rooftops such as
modern green roof, photovoltaic roof, radiation transmission barrier, and cooling system of evaporative
roof [66].

The environmental impact and climate change produced in the construction process are also
worth noticing. The new-built constructions, reconstructions, and demolition of buildings will result
in the waste of resources and energy consumption, as well as a large amount of solid waste, and
finally pollute the environment [67]. The construction industry has been a leading carbon emitter for
a long time. The simultaneous growth of building size, volume, and energy consumption intensity
will inevitably bring tremendous carbon emission, which will be the focus of the further studies of
energy conservation and emission reduction work in China [68]. Therefore, green buildings fully
incorporate the green concept into the construction process, and adopt various kinds of low-carbon and
environmentally friendly materials to reduce the energy consumption and improve the construction
technical level of the project, which can effectively alleviate the current situation.

After meeting the basic residential needs for shelters from wind and rain, people start to pay
increasing attention to the needs for living comfortably and healthily. Thermal comfort is a complex
process of dynamic adjustment of temperature and humidity [69,70]. The satisfaction of building users
is closely related to thermal comfort; meanwhile, the other factors of psychology, physiology, culture,
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or behavior of people may also react to thermal comfort. Green buildings in the future should take into
full consideration the climate, indoor environmental quality, and natural ventilation to create a healthy
and comfortable residential environment [71]. It is found that the health status and productivity level
of people will be improved when they are working and living in green buildings [72]. The study shows
the impacts of green buildings on productivity and absenteeism cannot be ignored [73].

The development of green building also comes with many challenges. Although green building
seems to be more attractive from an environmental point of view, the costs are far higher than those
of traditional building. In addition, some scholars have questioned the overwhelming superiority of
green building in thermal comfort. For example, Paul and Taylor discovered that there is no significant
difference in terms of thermal comfort between green buildings and traditional buildings equipped
with heating, ventilation, and air conditioning systems [74].

The co-occurrence frequency of material selection is 55 times. Generally speaking, the existing
green building materials have the problems of high production cost, complicated manufacturing
process, and exclusive material selection, and they cannot be used repeatedly. In the future, the green
building materials should focus on the research and development of composite materials for using the
advantages of various materials to make up for the defects of single material, as well as new materials
and technologies to promote development. Traditional cement and concrete are indispensable materials
for building, but they waste a lot of mineral resources and will cause pollution to the environment in the
production process. With the development of science and technology, eco-cement has been successfully
developed, which can be degraded in the environment without solid waste [75]. Compared with the
traditional cement, eco-cement can reduce the emission of carbon dioxide by 30% to 40%, and can save
more than 25% of energy, with equivalent performance to that of ordinary cement. Moreover, as a
green building material, recycled concrete can not only solve the disposal problem of waste concrete,
but also save resources to alleviate the imbalance between supply and demand, with remarkable
social, economic, and environmental benefits [76]. Cao et al. introduced the performance of concrete
bar-type plank, a new type of building material, and suggested that it should be used as an external
wall structure rather than a decorative part in practical application [77].

Besides, the co-occurrence frequency of emission, project, consumption, efficiency/productivity,
behavior, and policy is 46, 46, 46, 45, 40, and 36, respectively. Some studies have questioned the energy
efficiency of green buildings, which also arouse the attention of other scholars on the certified green
building projects. Menassa et al. analyzed the energy performance of 11 LEED-certified United States
Navy buildings. It showed that most of these buildings failed to reach the specified energy-saving and
water-saving targets [78]. As a matter of fact, most of these buildings consumed more energy than that
of the national average. Darko et al. made a systematic review of green building, finding that the most
mentioned words in the references are inadequate information, imperfect incentives, and absence of
interests [79].

Utilizing renewable energy sources such as solar energy, wind energy, hydropower, and geothermal
energy are the key to achieve the development of green building [80]. At the same time, it is necessary
to integrate the concepts of modern information technology, services, and management to provide a
more convenient, safe, and energy-saving living environment for people [81]; adhere to local conditions;
improve the standard system and legal system of green building; strengthen incentives; supervise the
whole process of construction; attach great importance to the education of green building; strive to
improve the awareness of participants; and introduce some educational-related indicators into the
existing green building assessment tools [82].

In addition to the abovementioned keywords, consideration should also be given to the problems
involved in the following keywords, including structural frames of buildings, mechanical properties
of building materials, embodied energies, and thermal performances of buildings, among others. At
the same time, it is needed to reduce waste, lay emphasis on recycling, and improve the efficiency
of resource utilization, so as to meet the requirements of the green building certification and realize
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sustainable development. In a word, it is complicated to promote the healthy development of green
building and maintain the balance of all parties, which still has a long way to go.

3.2. Knowledge Evolution of Green Building in the Extended Database

A citation burst indicates that the scientific community has paid or is paying particular attention
to these articles [22]. In this paper, CiteSpace is used to conduct a visualized analysis of 3758 articles in
the extended database, which can identify the references with strong citation bursts. Figure 6 shows the
top 25 references with the strongest citation bursts. According to the existing functions of CiteSpace,
there are two ways to sort references with citation burst: by the starting time of the burst and by the
strength of the burst; the way of sorting by starting time is selected in this article.

Top 25 References with the Strongest Citation Bursts

References Year Strength Begin End 2004 - 2018
KATS G, 2003, COSTS FINANCIAL BENE. V0. PO 2003 77327 2005 2011 o o e e e e
WANG WM., 2005, BUILD ENVIRON, V40, P1512, DOL 2005 6.9415 2006 2013 R——
KIBERT C. 2005, SUSTAINABLE CONSTRUC. V0, PO 2005 3.0387 2007 2012 —
TODD JA, 2001, BUILD RES INF, V29, P324. DOL 2001 3.1366 2008 2009 ——
OLGYAY V, 2004, SOL ENERGY. V77, P389, DOL 2004 4.7092 2008 2010 fa—
SOEBARTO VI, 2001, BUILD ENVIRON, V36, P681, DOL 2001 3.7653 2008 2009 f—
KAATZ E, 2006, BUILD RES INF, V34, P308, DOL 2006  3.0206 2008 2011 ———
COLE RJ. 2005, BUILD RES INF, V33, P455, DOL 2005 3.4933 2008 2013 o o
PULSELLI RM. 2007, ENERG BUILDINGS, V39, P620, DOI 2007 4.5644 2000 2012 fr—
MATTHIESSEN LF, 2007, COST GREEN REVISITED, V0, PO 2007 3.0511 2009 2013 ——————
YUDELSON 7, 2008, GREEN BUILDING REVOL, V0, PO 2008 2.8751 2000 2012 ————
LUTZKENDORF T, 2005, BUILD RES INF, V33, P212, DOL 2005 3.4328 2010 2011 —
HOANG CP. 2009, BUILD ENVIRON, V44, P1627, DOIL 2009 2.7802 2011 2013 fa—
SARTORI I, 2007. ENERG BUILDINGS. V39, P249, DOIL 2007 34774 2011 2015 fr—
FORSBERG A, 2004, BUILD ENVIRON, V30, P223, DOL 2004 3.0392 2011 2012 —
HERNANDEZ P. 2010, ENERG BUILDINGS, V42, P§15. DOL 2010 3.5773 2011 2013 ———
WANG WM., 2006, ADV ENG INFORM. V20, P363, DOL 2006  2.8818 2012 2013 f—
CASTLETON HF, 2010, ENERG BUILDINGS, V42, P1582, DOI 2010  3.1829 2012 2014 =
DU PC, 2011, BUILD RES INF, V390, P436, DOL 2011 2784 2012 2014 ——
EICHOLTZ P. 2010, AM ECON REV. V100, P2494 2010 3.1829 2012 2014 ———
KIBERT C. 2008, SUSTAINABLE CONSTRUC. V0, PO 2008 4.1751 2012 2016 fr———
LAPINSKI AR, 2006, J CONSTR ENG M ASCE, V132, P1083, DOI 2006 3.519 2013 2014 f—
KOK N, 2011, AM ECON REV, V101, P77, DOL 2011 3.519 2013 2014 —
SCOFIELD JH, 2009, ENERG BUILDINGS, V41, P1386, DOL 2009 2.8506 2013 2016 fr—
SCHLUETER A, 2009. AUTOMAT CONSTR, V18, P153, DOL 2009 3.6472 2013 2015 fa—

Figure 6. Top 25 references with the strongest citation bursts.

As you can see from Figure 6, all of the citation bursts started since 2005. The strongest citation
burst is related to a report by Kats, focusing on the cost-effectiveness of green buildings [83]. The report
points out that the earlier you incorporate the features of green building into the design process, the
lower the cost will be. Despite the limited data and the need to validate in all types of buildings, green
building still has an overall cost advantage. Especially for early green building projects, the overall
economic benefits are ten times more than the initial investment required by design and construction
procedures [68].

The second strongest citation burst, started from 2006, is related to the studies of Wang et
al., focusing on optimization for green building design. The authors proposed a multi-objective
optimization model and adopted the life cycle assessment method to evaluate the economic and
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environmental conditions of the design scheme. Through empirical research, it was proven that the
method is very useful in the optimization for green building design [84]. In addition, issued in 2006,
an article from Wang et al. about the floor shape optimization for green building design has attracted
the attention of scholars since 2012. According to the article, the optimal design of floor shape has
an important impact on energy performance and construction cost; therefore, a genetic algorithm is
proposed to optimize the shape of building [85].

The book Sustainable Construction: Green Building Design and Delivery by Kibert caused two citation
bursts. In the first edition (2005), the author used the LEED standard to assess green buildings to
achieve the ecological and economic benefits [86]. In the revision of 2008, Kibert added Green Globes
and other building assessment systems in various countries and focused on the design and construction
procedures of high-performance green buildings [87].

The citation bursts that began in 2008 are related to green building assessment tools. Todd
et al. introduced the Green Building Challenge (GBC), one of the earliest assessment frameworks;
compared the similarities and differences between GBC and other assessment tools; and concluded
that the role of GBC is to promote the development of the building performance assessment system
by exploiting, testing, and discussing assessment criteria and tools according to their characteristics
and advantages [88]. Olgyay and Herdt integrated the concept of ecological carrying capacity into the
construction environment, and regarded the carrying capacity as a time- and region-related tool to
assess the impact of the building on the environment [89]. Soebarto and Williamson proposed a method
to promote the performance design of the building based on the multi-objective decision-making
method [90]. Kaatz et al. pondered the potential measures to promote sustainable construction;
redefined the methods and objectives of building assessment; and put forward three important results
of sustainable building assessment, namely, integration, transparency, and collaborative learning [91].
Cole made a comparative analysis of different assessment methods, which provides a reference for the
further development of assessment methods [92].

The citation bursts that began in 2009 are related to Pulselli et al. [93], Matthiessen et al. [94],
and Yudelson [95], focusing on the environmental issues of the building. To be specific, Pulselli et al.
used energy consumption analyses in the process of construction, maintenance, and utilization of the
building, and adopted comprehensive environmental accounting approaches and global sustainability
indicators to assess the environmental performance of the building [93]. Matthiessen et al. reviewed
the feasibility of sustainable design and its costs under the circumstances of increasing attention to
sustainability, and integrated sustainable design into the project costs [94]. Yudelson, author of the
book The Green Building Revolution, argued that the environmental issues have attracted worldwide
attention, and a “revolution” is penetrating into every aspect of the construction industry [95].

The citation bursts that began in 2011 are related to Hoang et al. [96], Sartori et al. [97],
Hernandez et al. [98], and Forsberg et al. [99]. With the development of the green building market,
various kinds of green building materials have emerged. Some of the green materials may have
a significant oxidation reaction and reduce the indoor ozone. Hoang et al. quantified the ozone
removal rate according to the deposition rate and the reaction probability. It was found that the
ozone removal rate is inversely proportional to the removal time after the initial exposure [96]. The
energy consumption of 60 buildings in 9 countries was analyzed by Sartori et al., indicating that the
low energy consumption building will bring net benefits in the life cycle [97]. In addition, the zero
energy consumption building has also attracted people’s attention. Hernandez et al. applied the
concept of net energy into the building environment analysis, proposed the definition of life cycle zero
energy consumption building (LC-ZEB), and took the net energy ratio (NER) as a factor to help the
design for buildings from the perspective of life-cycle [98]. In the past few decades, the construction
industry has imposed a load on the environment. Therefore, we need some qualitative and quantitative
tools for environmental assessment. Forsberg et al. described and compared five different tools for
building environmental assessment, the purpose of which is to help us understand their advantages
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and disadvantages through the analysis of different tools, so as to provide references for decision
makers [99].

The citation bursts that began in 2012 and 2013 are related to energy efficiency, energy conservation
and emission reduction, and environmental sustainability, and focus on the way to promote the
development of green building with modern information technology. For example, Castleton et
al. described the potential benefits of green rooftops in terms of building energy consumption,
highlighting the circumstances in which energy conservation can be maximized [100]. Du Plessis and
Cole questioned the concept of “stakeholders” and the traditional model of sustainable development,
and proposed a new sustainable development model that can promote the transformation of the
construction industry [101]. Eichholtz et al. systematically analyzed the impact of environmentally
sustainable buildings on the market economy for the first time, proving that the economic value
of green building comes from objective market transactions rather than engineering cost estimates.
The research also showed that there is an important relationship between the change of a green
office building premium and its energy-saving characteristics [102]. At present, most of the delivery
methods have energy waste. However, lean production principles have been shown to reduce waste
and improve performance in a highly complicated production environment. Lapinski et al. drew the
capital facility delivery process of Toyota, showing the way to deliver sustainable projects successfully
and economically [103]. Kok et al. analyzed the distribution of energy efficiency certified buildings in
the real estate market of the United States. The results showed that about 30% of the commercial office
space in the 48 largest cities had been certified as “Energy Star” and about 11% of the office space was
LEED-certified as sustainable by 2010 [104]. Scofield demonstrated that most of the LEED-certified offices
use less energy than comparable non-LEED-certified offices, but he did not distinguish between the energy
source of LEED-certified buildings and traditional buildings [36]. Schlueter and Thesseling emphasized
the establishment of energy performance assessment based on BIM at the early design stage [53].

4. Knowledge Graph for Green Building

The knowledge base, knowledge domain, and knowledge evolution of green building are clearly
visualized and analyzed using the method of bibliometrics, and are integrated to build a green building
knowledge graph, as shown in Figure 7.

As can be seen from Figure 7, the knowledge graph for green building is composed of the
knowledge base, knowledge domain, and knowledge evolution. The green building knowledge base
includes keywords identified by the co-occurrence network. The green building knowledge domain is
identified by cluster analysis, which can help us better understand the main research fields of green
building, including technology adoption, material selection, panel data method, green building project
management, and green building assessment system (building assessment tools). These clusters are
further divided into the technical system, the management system, and the assessment system. Among
them, the technical system refers to the relevant technical means adopted in the life-cycle of building
in order to meet the requirements of green building; the assessment system refers to a set of objective,
fair, and local index system and assessment methods that can be quantitatively evaluated in order to
promote real green building [105]; and green building project management includes scope management,
time management, cost management, quality management, schedule management, human resources
management, communication management, risk management, procurement management, integrated
management and so on [106]. These three systems are effective pillars for the smooth implementation
of green building. The knowledge evolution of green building is briefly shown as follows. In the
early stages of green building development, most of the attention is focused on cost and benefits
(2005-2011) and environmental quality (2006-2013); with the development of the construction industry,
material selection (2011-2013), energy efficiency (2011-2015), lean production (2013-2014), energy
saving (2013-2016), optimal design (2012-2016), and information technology (2013-2016) have become
the research focuses. It is worth noting that the assessment system for green buildings received
extensive attention in both time periods of 2012-2016 and 2008-2015.
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Figure 7. Knowledge graph of green building.

Through analyzing the knowledge base, knowledge domain, and knowledge evolution of green
building, the knowledge frame and development process of the green building discipline can be
understood. Green building is a rapidly developing domain, thus the knowledge base, knowledge
domain, and knowledge evolution model may change in the future. The relevant technologies and
assessment tools for green buildings should be changed accordingly. For example, the establishment
of BIM for green building via advanced modern information technology will play an important role in
the development of green building. By reading a large number of documents, it is found that BIM
technology has not been fully applied in the project operational stage, and the integrated optimization
of BIM is still imperfectly applicable to the green building certification system. Therefore, realizing the
collaborative management of BIM in each stage is the key of future research. In addition, it will be
the main development trend in the future to incorporate modern information technology, services,
and management as a whole, and to provide a more convenient, safer, and energy-saving living
environment for people in terms of building construction [107].

5. Conclusions

On the basis of 3147 articles in the core database and 3758 articles in the extended database
related to green building, this paper analyzed the existing knowledge system of green building using
CiteSpace, and obtained the following results.
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(1) As shown in Table 3, this paper identified the keywords of the green building knowledge
base using the function of keyword co-occurrence analysis, among which green building, sustainable
development, construction, performance, energy, assessment tools, and other 60 keywords are
relatively important.

(2) As shown in Figure 3, five major clusters including the green building technologies adoption,
materials selection, panel data approach, green building project management, and green building
assessment system were recognized and can be further divided into the technical system, the
management system, and the assessment system using cluster analysis, which can be regarded
as the knowledge domain of green building.

(3) As shown in Figure 6, the knowledge evolution of green building was analyzed by using
citation bursts, revealing how research related to green building has evolved over time.

The unique value of this paper is to build a knowledge graph for green building based on
keywords, clusters, and citation bursts using the function of quantitative analysis of CiteSpace. In the
future, the data can be updated regularly to carry out relevant research, so that we can further improve
the green building knowledge graph provided by this study.
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