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Abstract: With the development of the world economy and the rapid increase in population, the
carbon dioxide produced by large energy consumption has made environmental issues increasingly
prominent, which has brought severe challenges to the survival and development of human society.
The construction industry, as a major energy consumer and emitter, must change. Green buildings
are an important way to promote the concept of sustainable development in the construction
industry. In order to deepen the understanding of the spatial-temporal distribution and evolution
characteristics of China’s green building development, this study collected statistical data of China’s
green building label projects from 2008 to 2018, and studied the development status of China’s green
buildings in three aspects: equilibrium, spatial distribution characteristics and spatial correlation.
In addition, the driving factors of green buildings development were analyzed by using geological
detectors. The results show that: (1) China’s green building development level has a high spatial
imbalance and obvious agglomeration situation, but there is a large diffusion effect; (2) the spatial
distribution characteristics, such as the distribution center, distribution range, distribution direction,
and distribution shape of green buildings are constantly changing, and the changes have regularity;
(3) in the early stage of green building development, there was a significant positive correlation, but
most provinces were in low—low clusters; (4) economic level, technical level, and education level are
the main factors influencing the development of green buildings.

Keywords: green buildings; spatial-temporal pattern; evolution characteristics; driving factors

1. Introduction

With the emergence of energy crises and environmental issues worldwide, issues such as
population explosion, resource depletion, environmental pollution, and climate warming have become
the focus of attention. Many countries have begun to focus on low energy consumption industries.
In order to find new energy sources and also take into account environmental pollution issues, many
countries have begun to reduce the use of non-renewable energy sources and reduce carbon dioxide
emissions as much as possible. Considering the problem of environmental pollution, many countries
have begun to reduce the use of non-renewable energy and reduce carbon dioxide emissions as much
as possible. The United Nations released the “United Nations Framework Convention on Climate Change”
in 1992. “The Paris Agreement” was officially adopted in 2016, and countries around the world have
joined the protection of the environment. According to the IPCC’s (Intergovernmental Panel on
Climate Change) fourth assessment report, the construction industry is the industry with the largest
energy consumption in the world, and the amount of carbon dioxide emitted by construction activities
accounts for about 36% of worldwide emissions [1]. It can be found from this data that the construction
industry has become one of the industries with the largest carbon emissions and energy consumption
in the world, and the promotion of green buildings should be put on the agenda. Sangtae No et al. [2]
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compared the energy consumption of non-certified general buildings with certified buildings, and
the results showed that Green Standard for Energy and Environmental Design (G-SEED)-certified
buildings use at least 35.5-48.9% less energy than non-certified buildings. According to the prediction
of the World Bank, half of the new buildings in the world will be produced in China between 2005-2020,
which shows that it is of great significance to carry out green building construction in China.

Green buildings are defined as buildings that maximize resource conservation (energy saving,
land saving, water saving, material saving), protect the environment, reduce pollution, provide people
with healthy, applicable, and efficient spaces and coexist in harmony with nature during their entire
life [3]. Developing green buildings is an important part of China’s sustainable development strategy,
and it is an important way for the construction industry to save resources, reduce pollution, reduce
energy consumption, and achieve sustainable development. By the end of 2018, China’s urban green
buildings area has totaled more than 2.5 billion square meters, and green buildings accounted for
more than 40% of new urban civil buildings. As a new type of technological innovation product,
green building should show a certain spatial-temporal distribution and evolution law during its
large-scale development process [4]. By studying the spatial distribution characteristics and temporal
development law of green buildings in China, the results can guide the formulation of green building
planning policies and promote the innovative management model of green buildings. In addition, it
is of great significance to improve the theory of eco-city development, spatial planning, and urban
green innovation.

Globally, the research on green buildings mainly focuses on the green building evaluation
system [5], policies and regulations [6], incentive measures [7], technology research and development [§],
and risk management [9]. Kats et al. [10] analyzed the input costs of 33 green buildings in California,
and started the trend of cost analysis of green buildings. Fuerst et al. [11] conducted a cost-benefit
study of 24,479 office buildings in the United States, and concluded that green buildings can achieve
higher rent levels and lower vacancy rates than traditional buildings. Tollin [12] examined the design,
construction, ownership, and operational risks of green buildings and provided some solutions
to the problems. Zou et al. [13] believed that green buildings bring new business development
opportunities and significant risks to the construction supply chain, and education and training, supply
chain cooperation, knowledge and information sharing, experience accumulation, and technology
application can improve the performance of green buildings. Madew et al. [14] described the process
of using green building assessment tools to evaluate green buildings in Australia. Svajlenka did some
research on the sustainability of building materials. He analyzed industrial buildings in the V4 countries
(Czech Republic, Slovak Republic, Poland, and Hungary—Central Europe), and pointed to the benefits
of modern wood-based construction systems compared to traditional materials (concrete and steel) [15].
He also presented an evaluation method of the efficiency and sustainability of timber-based buildings,
based on analyses of socio-economic research and theoretical assumptions [16].

Recently, research on the spatial-temporal characteristics of green buildings has attracted attention
globally. Most of these studies have found that the geographical distribution of green building presents
certain differences and clustering characteristics [17,18]. Kaza et al. [19] used the local Moran’s I,
trends in the nearest neighbor distances (NND) and nearest neighbor indices (NNI), and scanned
statistics to analyze the spatiotemporal agglomeration characteristics of green buildings in the United
States. Cidell [20] collected data on LEED (Leadership in Energy and Environmental Design) certified
buildings and professionals in the United States and studied their geographic distribution and spread.
Fuers et al. [21] and Kahn et al. [22] also studied the spatial distribution of green buildings in the
United States and California, respectively.

However, the current research results on the distribution and evolution characteristics of green
buildings in China are very limited. Some studies used non-spatial time-series statistical methods that
lacked a spatial perspective [23], and the data used were section data or panel data with a small time
span [24]. Those studies are difficult to use for revealing the spatial-temporal pattern and evolution of
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green buildings in China, and the quantitative research using geographic information technology and
spatial statistical methods is insufficient.

In terms of driving factors for green building development, scholars from Germany [25],
Singapore [26], Malaysia [27], Canada [28], Greece [29], and other countries have studied the driving
factors of green buildings in their country. In addition, some scholars used structural equation models
and evolutionary game models to study the driving mechanism of green buildings from the demand
side, the supply side, and the government side. On the demand side, Zhang analyzed the influencing
factors of Chinese youth’s willingness to purchase green housing through questionnaires and structural
equation models, and concluded that government incentives are the most important determinants [30].
Maichum interviewed Thai employees with a high school education or higher, and used structural
equation models to study the influencing factors of willingness to consume green products. It was
found that consumer attitudes, subjective norms, and perceived behavior control had significant
positive effects [31]. On the supply side, Yang et al. [32] used questionnaire surveys and structural
equation models to analyze developers’ willingness to develop green buildings based on the planned
behavior theory. The research results showed that subjective norms and perceived behavior control
factors had significant effects. Delmas et al. [33] proposed that external pressure from stakeholders
(government, consumers, competitors, social environmental groups, etc.) on enterprises would cause
companies to comply with green management strategies, and empirically concluded that external
mandatory policies would cause companies to comply with green management. Sarkis et al. [34]
also reached the same conclusion through an empirical study of the Spanish construction industry.
Henriques et al. [35] believed that attitudes towards the environment, environmental pressure,
enterprise size, and industry rules are the most likely influencing factors for companies to develop their
development plans. On the government side, Diana et al. [36] believed that the driving factors that
promote the development of the green building market were divided into four aspects: macro-control
mechanisms, micro-market instruments, government financial incentives, and information disclosure.
Karkanias et al. [37] researched the green building market in Greece and found that insufficient policy
incentives, insufficient basic information, and unstable policy environment were important reasons
affecting the implementation of government incentive policies, and insufficient policy implementation
had also hindered the promotion of green buildings. Jim [38] pointed out that in terms of promoting
policies, policy makers should communicate effectively with policy managers and implementers, and
focus on transforming theory into practice. GeoDetector is widely used in the natural and social fields
to detect the driving factors of various spatial differentiation phenomena and their interactions, and
has achieved good results, such as urban structure, health risks, house prices, employment, crime
areas, etc. It has two obvious advantages: on the one hand, it can analyze both quantitative and
qualitative data, and on the other hand, it can explore the interaction of influencing factors. Therefore,
this study used the GeoDetector model to detect the effect intensity and regional differences of the
factors affecting the development of green buildings in China.

This study collected data on green building label projects in 31 provinces in China from 2008
to 2018 (based on the availability of data, Hong Kong, Macao, and Taiwan did not do research).
With the technical support of ArcGIS and Stata software, the regional difference indexes, standard
deviation ellipse method, and spatial autocorrelation method were used to study the spatial-temporal
evolution of China’s green building development from three aspects: spatial equilibrium, spatial
distribution, and spatial correlation. Moreover, this study established an index system of driving
factors for green building development from three aspects: government regulation measures, public
purchasing attitudes, and economic and technological environment; it then used GeoDetector to
analyze the driving factors of green building development. The study can provide an empirical basis
for the country and provinces to make scientific decisions, and it is of reference value for formulating
green building policies and innovative management models.

Based on the above analysis and the state of green buildings in China, the following hypotheses
are proposed:
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Hypothesis 1 (H1). The spatial equilibrium of China’s green building development is gradually increasing.

With the popularization of the concept of green sustainable development, all provinces of China
have paid more and more attention to green buildings and adopted a series of measures to promote
the development of the green building industry. The development gaps between provinces should
continue to decrease.

Hypothesis 2 (H2). The spatial distribution characteristics of green buildings in China are constantly changing,
and the changes are regular.

With the development of China’s green buildings, affected by factors such as economic level,
technical conditions, and government control measures, the spatial distribution characteristics of green
buildings, including the distribution center, distribution range, distribution direction, and distribution
shape should be constantly changing. In addition, the changes should be stable and regular, rather
than random.

Hypothesis 3 (H3). China’s green building development has a positive spatial correlation.

Because green building is a new technology product, its expansion depends on the support of
economic and technological conditions, rather than random distribution. Regional green building
levels will be affected by neighboring areas or areas with similar economic levels. The spatial correlation
may be due to knowledge spillovers between regions, human capital flows, transportation, etc.

Hypothesis 4 (H4). The development of green buildings is affected by government regulation measures, public
purchasing attitude, and the economic and technological environment, and there are interactions between factors.

Based on the theory of planned behavior, real estate developers building green buildings
are affected by economic and technological conditions, government mandatory policies, economic
incentives, and consumer purchase intention. Each factor does not work alone; they may interact
through mutual cooperation.

2. Indexes and Methods

2.1. Indexes

(1) Green Building Development Indicator

The research on green buildings has become a hot topic in the world. Europe, the United States,
Japan, and other regions and countries have proposed concepts such as green buildings, sustainable
buildings, and ecological buildings. Subsequently, green building assessment systems adapted to the
national conditions of various countries have been formulated, including BREEAM (Building Research
Establishment Environmental Assessment Method) in the United Kingdom, LEED in the United States,
GBTOOL (Green Building Tool) in Canada, CASBEE (Comprehensive Assessment System for Building
Environmental Efficiency) in Japan, etc. [39]. China promulgated the “Assessment standard for green
building” in 2006, and the following year issued the “Evaluation technical details for green building (for
Trial Implementation)” and “Measures for the administration of green building evaluation marks”, gradually
improving the green building evaluation system suitable for China’s national conditions. Green
building label projects are green buildings that receive a certain score in the green building evaluation,
and the evaluation system includes six categories: land saving and outdoor environment, energy
saving and energy use, water conservation and water use, material saving and material resource
utilization, indoor environmental quality and operational management (residential building), and
comprehensive life cycle performance (public buildings).
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Since 2008, the Ministry of Housing and Urban-Rural Development of China has organized the
evaluation of green building label projects. By the end of 2018, 10,139 projects had obtained green
building evaluation labels. This study takes the projects that have been awarded the green building
label in China (excluding the Hong Kong, Macao, and Taiwan regions) from 2008 to 2018 as the research
objects. Some quantitative research on green buildings selected the number of green buildings as the
statistical analysis object [40,41], but it cannot rule out the impact of the scale of the local construction
industry on green buildings. Therefore, the study calculated the ratio of the area of green building
label projects in each province to the area of new construction to represent the level of green building
development each year. The next step was to obtain the area of green building label projects from
the announcements issued by the Ministry of Housing and Urban-Rural Development and statistical
reports of the Department of Building Energy Efficiency and Technology. Then, the statistics of new
construction areas were taken from China Statistical Yearbook (2009-2019).

(2) Indicator System of Driving Factors for Green Building Development

In recent years, scholars have done some analysis and research on the factors affecting the
development of green buildings. Based on a theoretical analysis and a literature summary, this
paper constructs a system of driving factors for the development of green buildings from three
aspects: government regulation measures, public purchasing attitude, and economic and technological
environment (Table 1).

(1) Government Regulation Measures

The economic externalities of green buildings lead to market failures; thus the government’s
macro-control has an important role in the development of green buildings. The “carrot + stick” type
of regulation is the basic means for the government to regulate the market. Therefore, this paper
studies the impact of government regulation on green buildings from two aspects: regulations (RE)
and incentives (INC) [42]. Further, the regulations select green building-related regulations formulated
by each province, including local laws and rules, government regulations, normative documents,
working papers, etc., and incentives are measured by whether to implement financial subsidies and
plot ratio rewards for green buildings in each province [43].

(2) Public Purchasing Attitude

The enthusiasm of real estate companies for developing green buildings relies heavily on consumer
demand for green buildings, and the demand for green buildings depends on consumers’ environmental
awareness, social values, social responsibility, awareness and acceptance of green buildings, etc. [44].
Therefore, this paper selects the Baidu index (BD) and education level (EDU) to measure public
purchasing attitude. Among them, the Baidu index is the proportion of users paying attention to
green buildings to commercial housing, and the education level was calculated using the formula of
education level per capita of Yijun, Y. [45].

(3) Economic and Technological Environment

Economic level (GDP) is an important factor affecting the development of green buildings.
Economic growth will drive the development of the construction industry, which will bring market
opportunities for green buildings. This paper uses the GDP per capita to represent the regional economic
level. Technology (TEC) is an important support for the development of green buildings. The maturity
of green building technology, the development of green building materials, the improvement of green
design and construction technology, and the improvement of the assessment and certification system
have changed green buildings from ideas to entities [46]. This article selects the ratio of R&D internal
expenditure to GDP to measure the regional technology level, and whether to formulate green building
design standards to measure the green building technology level, and then adds the two indicators
after standardization.
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Table 1. Indicator system of driving factors for green building development.

Drivers Factors Definition Data Sources
Regulations (RE) Numbgr of green building-related Peking umversﬁylmagm
. regulations weapon website
Government Regulation : L .
M. Whether to implement green Provincial housing and
easures Incentives (INC) building financial subsidies and plot construction bureau
ratio incentive policies website
The proportion of users paying
Baidu Index (BD) attention to green buildings to Baidu index website
commercial housing
Public Purchasing EDU; =Pjy X6 +Pjp X9 + Pz x 12 +
Attitude Piy x16, Piy, Py, Pj3, Pig represent

Education Level (EDU)

the proportion of the employees
whose education background is
elementary, junior high, high,

tertiary, and above, respectively.

China statistical
yearbook

Economic and Technical Level (TEC)

R&D internal expenditure/GDP;
Whether to set green building

China statistical
yearbook; Provincial
housing and construction

Technological design standards -
Environment bureau website
. 1 China statistical
Economic Level (GDP)  GDP per capita indicator
yearbook
2.2. Methods

2.2.1. Spatial Equilibrium
(1) Overall Spatial Equilibrium

(1) The coefficient of variation (CV) of green building development is the ratio of the standard

deviation and the average value of green building development in each province. The smaller the
coefficient of variation, the higher the spatial equilibrium of green building development in China.
The calculation formula is the following;:

N
v = Z (xi—%)*/N/* 1)

i=1

where N is the number of samples; x; is the level of green building development in province i, which is
represented by the ratio of the area of green building label projects to the area of new construction; and
X is the sample average.

(2) The green building concentration (CR,) measures the concentration of green building
development, which is the share of the top n provinces with a high level of green building development
in the total value. A high CR;, value indicates a high concentration of green building development in
China. It is calculated by the expression as follows:

CR, = =11 @)

(3) The green building spatial Gini coefficient (G) compares the scale of green building construction
with the scale of housing construction, which measures the aggregation degree of green building across
the country. The larger the Gini coefficient, the higher the aggregation degree of green buildings;
otherwise, the aggregation degree is lower. The formula is as follows:

®)
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Here, S; represents the proportion of province 7 in the national green building label projects area,
and X; represents the proportion of province i in the national new construction area.

(2) Local Spatial Equilibrium

The local spatial equilibrium of green building development is measured by the location entropy
(Q). Q; > 1 indicates that the green building development in province i is higher than the national
average and has agglomeration; Q; < 1 means lower than the national average. The location entropy
(Q) is defined as follows:

Qi =Si/X; 4)

2.2.2. Spatial Distribution Characteristics

The standard deviation ellipse method (SDE) is a classic method for analyzing spatial distribution
characteristics. With the help of ArcGIS software, we calculated parameters such as ellipse center
coordinates, ellipse area, rotation angles, and major and minor axes standard deviation, which can be
used to explain the centrality, distribution range, directionality, and spatial shape of green building
development. The parameters’ calculation formulas are as follows:

N N N -
Certer of gravity : M(a,b) — [(2 a)iﬂi/Z Cl)i]/ [Z a)ibi/Z wi” (5)
i1 i=1 =1 =

Noogmpy Ny N oo N7, T
Y. witais = Y, wi°bi” |+ 4| L wifai? = Y b | +4 ), wita;?b;
=1 i—1 i—1 i=1 i—1

Rotation angles : tan 6 = (6)

N o~
2 Z a)izaiZbiZ
i=1

N, . ~ 2
‘Z (cul-ai cos 0 — w;b; sin 6)
Major Axes Standard Deviation : oy = =1 N (7)
\ T wi?
i=1
N, ~ 2
Z (a)iai sin 6 — w;b; cos 9)
Minor Axes Standard Deviation : o, = = N (8)
\ T w?
i=1

where a;, b; are the center coordinates of province i, w; is the weight of green building development

level in province i, and a;, b; is the coordinate deviation from the center coordinate of province i to the
ellipse’s.

2.2.3. Spatial Correlation

(1) Global Spatial Correlation
This paper analyzes the global spatial correlation of green buildings by calculating the global
Moran’s index, which is defined as follows:
N N

Y Y Wi]'(w,'—a)(a)]-—a)

_i=1j=1

N
2y E‘ Wij )
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where W;; represents the spatial weight matrix; this paper uses an adjacency matrix and an economic
distance matrix to study the spatial effects of neighboring provinces and regions with similar economic
development levels. The adjacency weight is represented by a binary matrix, and economic distance
weights use the average GDP per capita from 2008 to 2018.

(2) Local Spatial Correlation

The global Moran’s index reflects the spatial correlation of green buildings across the country,
while the local Moran’s index reflects the spatial correlation between each province and other regions
according to the weight matrix:

)

Il' = ((‘)15—_2 le(cu] —E) (10)

— N
=1

2.2.4. Driving Factors

GeoDetector is used to analyze the laws of geospatial differentiation and to detect internal and
external factors. It contains four detectors, including a factor detector, which detects the explanatory
power of the independent variable to the dependent variable; an interaction detector, which identifies
the interactions between different factors; a risk detector, which is used to determine whether there are
significant differences in feature attributes between two regions; and an ecological detector, which
is used to compare the effects of the two independent variables on the spatial distribution of the
dependent variable. The calculation formula is the following:

L
1 2
no =

In the formula, g is the interpretation degree of detection factors to the spatial differentiation of
dependent variables, and a larger q indicates a greater influence of the factor on the spatial differentiation
of green buildings; # is the total number of samples; 0 is the discrete variance of the study sample; L is
the number of samples in the secondary region; and 7; and ¢, are the number of samples and discrete
variance of region i, respectively.

GeoDetector requires variables to be hierarchical and discrete, and researchers discretize
continuous data based on experience that is subjective and random [47]. To overcome this shortcoming,
the natural breaks method is used to discretize continuous variables. The natural breaks method is
the best break method under a given number of classifications, which minimize differences within
intervals or maximize differences between intervals.

2.2.5. Geospatial Analysis Software

ArcGIS is a GIS spatial analysis tool developed by the Environmental Systems Research Institute
(ESRI) in the United States. ArcGIS is a comprehensive system that collects, organizes, manages,
analyzes, communicates, and classifies geographic information, and is a basic tool for making maps.
It also has powerful spatial processing functions and can help users complete higher-level spatial
analysis. There are eight main geoprocessing functions, including analysis tools, data management,
conversion tools, spatial analyst tools, 3D analyst tools, geocoding tools, linear referencing, and
coverage tools. This paper uses spatial analysis tools such as center of gravity and standard deviation
ellipse to analyze the spatial distribution characteristics of green buildings in China. And through the
spatial analysis of different time sections, it can dynamically reflect the time evolution law of green
building development.

Stata is a statistical software that provides data analysis, data management, and professional
charting. Its statistical analysis functions include parameter estimation, multivariate linear correlation
analysis, curve fitting, residual analysis, diagnostic test evaluation, kappa, etc. This paper uses the
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Stata software to analyze the spatial correlation of green building development in China, including
global correlation and local correlation, and draw Moran scatter plots.

3. Spatial-Temporal Pattern Evolution of Green Buildings
3.1. Spatial Equilibrium of Green Building Development

3.1.1. Overall Spatial Equilibrium

By observing the variation trends of coefficient of variation (CV), development concentration
(CRy), and spatial Gini coefficient (G) in Table 2 over the past 11 years, it can be found that: (1) The
variation coefficient (CV) of China’s green building development generally shows a downward trend
in fluctuation. From 2008 to 2012, it decreased from 2.28 to 1.13, with a rapid decline; from 2013 to 2018,
the decline was slow, and it increased slightly in 2015 and 2018, but the overall trend was downward.
(2) The concentration of green building development in China is high, but the decline is obvious.
From 2008 to 2018, CR, decreased from 83.83% to 33.74%, and CRg decreased from 100% to 69.28%.
(3) The space Gini coefficient (G) was greater than 0.08 in 2008-2018, indicating that China’s green
building development was highly concentrated. But it dropped from 0.35 to 0.16 from 2008 to 2018,
showing a downward trend in fluctuation. This is because with the improvement of China’s concept
of green sustainable development, more and more provinces encouraged green buildings through
formulating regulations, policies, and incentives, and the green building development gap gradually
narrowed. As Ei-Sharif et al. [48] have verified, government control measures can positively promote
green building promotion.

It can be seen that the spatial imbalance of green buildings in China is relatively high and the
clustering is obvious, but there is a large diffusion effect, and the spatial imbalance is gradually
decreasing. On the whole, China’s green buildings are spreading while they are in an aggregated state.

Table 2. Overall spatial equilibrium indicators of green building development in China (2008-2018).

cv CR4 CRg G
Years (Coefficient of (Concentration (Concentration (Spatial Gini
Variation) Ratio of Top 4) Ratio of Top 8) Coefficient)
2008 2.280213 0.838284 1.000000 0.350510
2009 2.573852 0.860018 0.997210 0.398468
2010 1.679797 0.583869 0.807012 0.304874
2011 1.324509 0.512246 0.692776 0.244545
2012 1.132941 0.442163 0.673106 0.199705
2013 0.865042 0.365547 0.564079 0.175363
2014 0.820792 0.354632 0.551861 0.122449
2015 0.959384 0.426735 0.591439 0.144222
2016 0.808787 0.318777 0.544913 0.171737
2017 0.723756 0.292637 0.521377 0.158440
2018 0.777502 0.337425 0.542185 0.158314

3.1.2. Local Spatial Equilibrium

By calculating the location entropy (Q) of green building development in each province from 2008
to 2018, the local spatial equilibrium of green buildings in China was analyzed. The larger the Q is, the
higher the concentration of green building in the region. The study found that the regional entropy
varies greatly among provinces. There are nine provinces with an average entropy greater than 1
(that is, above average), including Shanghai, Tianjin, Jiangsu, Beijing, Guangdong, Jiangxi, Shaanxi,
Hubei, and Zhejiang (Figure 1). Among them, Shanghai (4.51), Tianjin (2.65), Jiangsu (2.49), and Beijing
(2.25) are greater than 2, which means that their green building development level is much higher than
other provinces. However, from the perspective of temporal evolution in 2008-2018 (Figure 2), the
difference among provinces decreased significantly, that is, the spatial equilibrium of green building
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development is gradually increasing. The spatial agglomeration of green buildings also occurs in
other countries and regions. For example, Cidell [20] counted the geographic distribution of 941 LEED
certification projects in the United States, and found that green buildings are concentrated in the Pacific
Northwest, the Rocky Mountains, the Upper Midwest, and the East Coast, while areas with relatively
few green buildings include Southern California, the Great Plains, the Ohio River Valley, and the South.
Kahn et al. [22] analyzed the geospatial distribution of green buildings in California, and found that
the addresses of green building owners are concentrated, and they are all concentrated in the urban

areas or coastal areas of California.
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Figure 1. Average location entropy of green buildings in China between 2008 and 2018.
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Figure 2. Standard deviation of location entropy of green buildings in China (2008-2018).

In order to improve the spatial equilibrium of the development of green buildings in China, the
exchanges of green building policies, technology, and culture among regions should be strengthened.
A green building cluster has formed in the central and eastern part of China, and it should play the role
of a green building leader, actively innovate green building technology, and explore green building
development models. These regions should help promote green building development in other regions
and reduce imbalances. The development of green buildings in the western and northeastern regions
of China is relatively backward, and they should actively learn from other regions about green building
innovative technologies and management models. These areas should improve the green building
regulation system and evaluation standards, adopt financial subsidies, tax reductions, and other
incentives for developers and consumers, and increase public acceptance of green buildings through

publicity and other methods.

3.2. Spatial-Temporal Distribution Characteristics of Green Buildings

The green building development level is measured by the ratio of green building label projects area
to new construction area in each province, and the green building distribution map is shown in Figure 3.
With the help of ArcGIS software, this paper used the standard deviation ellipse method to analyze
the spatial-temporal pattern evolution of China’s green buildings. The center of gravity and standard
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deviation ellipse of green buildings in 2011-2018 are shown in Figure 4, and the parameters data are
shown in Table 3. During 2008-2010, most provinces had low levels of green building development,
and the data are poorly analyzable, so data from 2008 to 2010 are excluded.
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Figure 4. Centers of gravity and standard deviation ellipses of green buildings in China (2011-2018).
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Table 3. Parameters data of standard deviation ellipses from 2011 to 2018.

v Ellipse Centef of Major Axes Minor Axes Rotation

o Area/10,000 km? COC;:;;’;Z% Desvtizrtli((l)i:./cll(m Desvtii::i((l)?/(ll(m Angles
2011 1741071 13?512;1921\1; 1472.8020 579.1046 37.0358°
2012 159.7028 13 126753169001\]2’ 639.7082 866.3833 20.9925°
2013 242.3666 13;142595;;01\}2’ 592.1388 858.5509 75.5887°
2014 233.3927 13f4411 8382;01\113: 942.8528 818.2798 74.8857°
2015 287.9023 13 f 5512 266;01\]15’ 936.7298 793.1339 66.4003°
2016 231.9770 13 12492266295001\]2’ 1115.3453 821.6950 44.7617°
2017 246.6239 512445336;1\]2’ 718.4983 1027.7707 44.5859°
2018 235.3773 f 1242535;01\]2’ 777.2204 1010.1036 48.9784°

3.2.1. Center of Gravity of Green Buildings

The centers of gravity of ellipses are distributed on the border between Henan and Anhui provinces.
The center of gravity was in Anhui province before 2013, and in Henan province in 2013 and after.
In terms of the trajectory of the center of gravity, there is a law of moving northwest and then south in
the whole.

From 2011 to 2013, the center of gravity first moved southeast and then northwest, with a
displacement of 189.377 km. It is possible to compare the distribution of green buildings in Figure 3.
It can be found that in 2011, China’s green building was in the primary stage, and most provinces had
a poor green building development, with Tianjin, Shanghai, and Jiangsu taking the lead. In 2012, with
the development of green buildings in the southeast coastal provinces, the center of gravity moved to
the southeast. In 2013, there was a significant development in green building in northern provinces
(including Hebei, Beijing, Heilongjiang, Neimenggu, etc.) and Midwestern provinces (including
Qinghai, Shanxi, Shanxi, Shaanxi, Henan, etc.), shifting the center of gravity to the northwest.

From 2013 to 2018, the center of gravity moved gradually from north to south, with a displacement
of 222.579 km. It is possible to compare the distribution of green buildings in Figure 3. It can be found
that in 2013-2018, the development speed of green buildings in the southern provinces was faster than
that in the north, and the overall level was higher than in the north, which made the center of green
buildings move southward year by year. Among them, there was a trend of eastward movement in
2014-2015, which was due to the obvious development of green buildings in the eastern coastal areas
in 2015.

3.2.2. Distribution Range of Green Buildings

The area of the standard deviation ellipse showed a volatile growth trend, which increased from
17.411 million km? in 2011 to 23.538 million km? in 2018. The trend of spatial expansion is obvious.
Among them, 2013 and 2015 had the largest increases, of 826,600 km? and 545,100 km?2, respectively.
However, there were slight downward trends in 2014, 2016, and 2018, indicating that the range of
green buildings was unstable and fluctuating.

The ellipse covers the eastern coastal areas of the Yangtze River Delta, Beijing—Tianjin—Hebei,
Shandong, Fujian, and central regions such as Hubei, Hunan, Anhui, Jiangxi, and Henan. These
provinces dominate the development of green buildings in China. From 2011 to 2012, the coverage of
the ellipse was mainly in the eastern provinces. In 2013, it moved significantly to the west, covering the
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central and western regions of Shaanxi, Sichuan, Guizhou, and Ningxia. This is due to the vigorous
development of green buildings in central and northern provinces of China in 2013. From 2013 to 2018,
the coverage range of ellipse changed little and rose in a fluctuating manner.

3.2.3. Distribution Direction of Green Buildings

This paper studied the distribution direction of green buildings based on the rotation angle
of the standard deviation ellipse. From 2011 to 2018, the ellipse showed a spatial pattern of a
northeast—southwest direction, and the rotation angle first increased and then decreased.

In 20112013, the rotation angle changed greatly. From 2011 to 2012, it decreased from 37.04° to
20.99°. This is mainly due to the development of green buildings in Beijing—Tianjin—-Hebei and the
Pearl River Delta in 2012, which caused the ellipse to rotate counterclockwise. From 2012 to 2013, the
rotation angle increased from 20.99° to 75.59°. This is due to the development of green buildings in the
central and western regions of China in 2013. The ellipse expanded in the east-west direction, and the
directionality of the ellipse was not obvious.

In 2013-2018, the rotation angle decreased from 75.59° to 48.98°. In recent years, the corner has
stabilized, and the spatial pattern of northeast-southwest has been strengthened. China has formed a
green building cluster in northeast-southwest direction, with Beijing-Tianjin—Hebei, the Yangtze River
Delta and the Pearl River Delta regions as the core.

3.2.4. Distribution Shape of Green Buildings

By observing the changes of major and minor axes standard deviation from 2011 to 2018 in Table 3,
we analyzed the distribution shape of green buildings in China. The minor axes standard deviation
increased from 639.71 km in 2010 to 954.29 km in 2018, indicating that the east-west direction of the
ellipse is expanding. Among them, the minor axes standard deviation increased by 475.64 km in
2011-2015, decreased by 396.85 km in 2015-2016, and increased by 235.80 km in 2016-2018. The major
axes standard deviation decreased from 866.38 km in 2011 to 785.16 km in 2018, indicating that the
ellipse contracted in the north-south direction, but the change trend was not obvious. Among them,
the major axes’ standard deviation was reduced by 73.25 km from 2011-2014, increased by 234.64 km
from 2014-2016, and decreased by 242.62 km from 2016-2018.

Generally speaking, the ellipse of green buildings has shortened the long axis and increased the
short axis from 2011 to 2018. It shows that the distribution of green buildings in China has an expansion
trend in the east—west direction and a contraction trend in the north-south direction. However, the
east—west expansion trend is obvious, the north-south contraction trend is small, and the ellipse tends
to be round. It can be seen that the directionality of the distribution of green buildings in China has
weakened, and the distribution range has gradually increased.

3.3. Spatial Correlation of Green Buildings

In order to explore the spatial correlation of green buildings in China, this paper uses an adjacent
matrix and an economic distance matrix to calculate the global Moran’s indexes of green buildings
from 2008 to 2018, and draws local Moran scatter plots. The results are shown in Table 4 and Figure 5,
and it can be concluded that:

(1) The global Moran’s indexes calculated using adjacent weights and economic distance weights
are all greater than 0, indicating that the development of green buildings in China has a positive space
spillover effect. From the perspective of adjacent weights, neighboring provinces learn from each
other’s green building knowledge and technology, policies and regulations, and economic incentives,
and disseminate the concept of green consumption among residents, which makes green buildings have
spatial agglomeration characteristics and space spillover effects on neighboring relationships. Based
on the calculation results of economic distance weights, provinces with similar economic levels have
formed close relations in terms of green building technology sharing, policy standards penetration,
and construction production factors flow, so that the development of green buildings has spillover
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effects through economic ties. According to the local Moran scatter plots, it can be found that most
provinces are in the third quadrant (low—low clusters), and in the first quadrant (high-high clusters)
are the Beijing-Tianjin—Hebei region and the Yangtze River Delta region. It can be seen that in the early
stages of green building development, the two economic circles formed good spatial agglomeration
effects, and were the leading forces in the development of green buildings in China.

(2) The Moran’s indexes calculated using the economic matrix are generally higher than the
adjacency matrix, indicating that green buildings development in provinces with similar economic
levels in our country has a stronger spatial correlation than geographically adjacent provinces, and
the spillover effect of green buildings through economic ties is higher than that through geographical
adjacency. Regions with similar economic levels can better learn green building knowledge and
technology, policies and regulations, and incentive measures from each other, and can better spread
green building consumption concepts.

(3) From the perspective of evolution, the Moran indexes calculated with two spatial weights both
show a trend of reducing fluctuations, and the spatial positive correlation changed from significant
to insignificant. These results can be discussed in three stages: (1) from 2008 to 2009, China’s green
buildings were in their infancy, and only a few provinces had green building label projects. There was
no obvious spatial clustering pattern, and the spatial correlation was small and insignificant; (2) from
2010 to 2014, the Moran’s indexes with two weights both first increased and then decreased and met
the significance of 1%. The Moran’s index with adjacency weight increased from 0.268 in 2010 to
0.322 in 2012 and then decreased to 0.259 in 2014. The Moran’s index with economic distance weight
increased from 0.448 in 2010 to 0.630 in 2011 and then decreased to 0.346 in 2014. This shows that
there is an obvious positive spatial correlation in the early stage of green building development in
China, and this correlation is the most obvious in 2011-2012. By observing the local Moran scatter plots
shown in Figure 5, it can be found that most provinces are in the third quadrant, that is, in a low—low
aggregation spatial pattern. The Beijing-Tianjin-Hebei region and the Yangtze River Delta region have
formed high—high cluster patterns, and are the leading regions for the development of green buildings
in China; 3) from 2015 to 2018, the Moran’s indexes with two weights were both less than 0.2 and not
significant. Green building had weak autocorrelation, and its spatial clustering characteristics were not
obvious. As provinces attach more and more importance to green sustainable development, a large
number of green building policies and regulations, evaluation standards, and incentives (including
tax benefits, plot ratio rewards, financial subsidies, etc.) were introduced in 2014-2015, which led
to the development of green buildings in most provinces. This broke the spatial pattern of low-low
aggregation, causing the Moran’s index to decrease significantly and lose significance.

Table 4. Global Moran’s index of green building development in China (2008-2018)

Adjacency Matrix Economic Distance Matrix
Year Year
Moran’s I V4 P-Value Moran’s I V4 P-Value

2008 0.079 1.023 0.153 2008 0.057 0.838 0.201
2009 0.056 0.962 0.168 2009 0.550 6.417 0.000
2010 0.268 3.104 0.001 2010 0.448 5.008 0.000
2011 0.272 2.859 0.002 2011 0.630 6.381 0.000
2012 0.322 3.084 0.001 2012 0.405 3.908 0.000
2013 0.278 2.777 0.003 2013 0.291 2.966 0.002
2014 0.259 2.590 0.005 2014 0.346 3.451 0.000
2015 0.123 1.372 0.085 2015 0.058 0.820 0.206
2016 0.013 0.020 0.492 2016 0.077 0.952 0.171
2017 0.165 1.655 0.049 2017 0.052 0.731 0.232

2018 0.080 0.973 0.165 2018 0.035 0.600 0.274
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Figure 5. Local Moran scatter plots of green buildings development in China based on two spatial
weight matrices in 2011 and 2013: (a,b) adjacency matrix; (c,d) economic distance matrix.

4. Driving Factors of Green Building Development

This paper used the natural breaks method to classify continuous detection factors into five
categories. It then used factor detectors to calculate the explanatory power (g) of factors for the
development of green buildings, and use interactive detectors to measure the interaction between
factors in 2012, 2014, 2016, and 2018. In order to study the factors’ effects on areas with different
levels of green building development, this paper divided China’s 31 provinces into three stages: green
building high-level, mid-level, and low-level areas, which was based on the green building data in
2018, and used the natural breaks method. The detection results are shown in Table 5:
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Table 5. Detection results of driving factors for green building development in China.

Detection Factors 2012 2014 2016 2018 High-Level Mid-Level Low-Level
Area Area Area
Government Regulation Regulations (RE) 0.25 0.28 0.16 0.21 0.19 0.37 0.19
Measures Incentives (INC) 0.04 0.09 0.14 0.17 0.36 0.19 0.06
. . . Baidu Index (BD) 0.24 0.23 0.25 0.26 0.30 0.38 0.61
Public Purchasing Attitude Education Level (EDU) 0.34 0.51 0.24 0.18 0.61 0.25 0.27
Economic and Technological Technical Level (TEC) 0.32 0.26 0.22 0.24 0.35 0.51 0.07
Environment Economic Level (GDP) 0.59 0.56 0.34 0.34 0.18 0.44 0.09

Domi ¢ Int tion Fact RE N GDP RE N TEC RE N EDU RE N EDU EDU N TEC RE N BD RE N EDU
ominant fnteraction ractor 0.83 0.89 0.76 0.77 0.87 0.85 0.93




Sustainability 2020, 12, 2773 17 of 21

(1) Observe the g-value of each detection factor in 2012, 2014, 2016, and 2018. From the perspective
of the main influencing factors, economic level (GDP), technical level (TEC), and education level
(EDU) have a high explanatory power for the development level of green buildings. In addition,
the influence of the economic and technological environment and public purchasing attitude on the
development of green buildings is higher than the government regulation measures. It can be seen
that the government’s regulatory role in green buildings is limited, and the development of green
buildings mainly depends on the local economic and technological environment and the public quality
level. Kats et al. [10] pointed out that buildings that achieve LEED certification cost 1.84% more than
conventional buildings on average, and the additional cost of achieving LEED gold certification is
about 2-5%. The development of the economy and technology can reduce the development cost of
green buildings and increase the enthusiasm of real estate developers.

This conclusion is also applicable in other countries and regions. Al-Thani et al. [49] thought that
the development of smart technology can contribute significantly to a neighborhood’s sustainability
and livability. Tokbolat et al. [50] suggested paying attention to introducing and improving the
green building certification and technical support level. In terms of specific technology applications,
Liu et al. [51] explored how to fully integrate BIM (Building Information Modeling) technology with
Singapore’s Green Mark standard evaluation. Fuerstetal. [21] believed that there is a positive correlation
between the number of green building projects and the level of urban economic development.

From the perspective of evolution, the explanatory power of regulations (RE), education level
(EDU), and economic level (GDP) has declined, while the explanatory power of incentives (INC) has
significantly improved. It shows that with the development of green buildings and the strengthening
of government regulation, the dependence of green buildings on the level of economy and public
education has decreased, and the role of government regulation, especially incentives, has gradually
increased. In studies in other countries, government regulation was also an important driving factor
for green buildings. Amstalden et al. [29] researched the Swiss green building market and found that
the government’s incentives can positively promote the number of green building investments and
transactions. Dongping et al. [52] studied the policy system of green buildings in the United States, and
believed that the successful promotion of green buildings in the United States depended on feasible
regulations and policies and the support of incentive measures.

(2) Zuo et al. [53] confirmed that the critical success factors to achieve green building are usually
interactive; therefore a comprehensive consideration of them is required. In the results of the interaction
of the factors in this study, there are mutually reinforcing interactions among factors, indicating that
each driving factor does not play a separate role in the development of green buildings, but interacts
with other factors. Among them, the explanatory power of regulations (RE), education level (EDU),
and technology level (TEC) interacting with other factors are mostly stronger than the sum of single
factor g-values, that is, showing nonlinear enhancement. In particular, although regulations (RE) are
inferior to the public purchasing attitude and economic and technological environment in terms of
single-factor influence, they have become the dominant interaction factor when combined with other
factors. That is, the government’s green building regulations and policies need to coordinate with
the economy, technology, and resident quality to promote the development of green buildings. In a
similar study, Monfared et al. [54] studied the interactions between factors from the perspective of the
occupants. They believed that there are interactive relationships between occupants” attitudes towards
green buildings, building performance, and occupants’ satisfaction with buildings.

(3) From a market perspective, Kahn et al. [22] revealed that consumers” acceptance of green
buildings is different in different geographical locations, hence it is necessary to explore the driving
factors of green buildings by region. Observe the g-value of detection factors in the green building
high-level, mid-level, and low-level area. We found that low-level and high-level areas are mainly
affected by public purchasing attitudes, while in the mid-level area the economic and technological
environment has a greater influence. In a similar study, Ming et al. [55] divided green buildings into
three stages: an initial stage, a development stage, and a mature stage. They believed that in the initial
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stage, green building development costs are high, and consumers are concerned about the house price;
in the development stage, development costs are reduced, and consumers are concerned about product
quality; and in the mature stage, green buildings replace traditional buildings and the market can
effectively allocate resources.

The influencing factors have different effects on regions with different levels of green building
development. Therefore, specific suggestions are proposed for different levels of regions. In the green
building low-level area, local governments should actively develop and introduce green building
innovative technologies, improve the green building regulations system and evaluation standards,
adopt financial subsidies, tax reductions, and other incentives for developers and consumers, and adjust
the failure of the green building market. In the green building mid-level area, local governments should
further improve government regulation measures and vigorously promote green building technologies
to provide policy support and a technical foundation for green building development. In the green
building high-level area, local governments should increase public awareness and acceptance of green
buildings through propaganda and policy subsidy support, reduce the government’s control over
the market, establish an effective green building supervision system, and gradually bring the market
into play.

5. Conclusions

In the 21st century, when resources are excessively consumed and environmental pollution
is severe, sustainable development is the goal pursued by all mankind. Green buildings use the
principles of efficient resource utilization, ecological harmonious development, and health and comfort
throughout the life cycle of the building. It is the embodiment of sustainable development in the
construction field, and is the focus of global development today.

This paper collected the spatial panel data of China’s green building label projects from 2008
to 2018 to study the spatial pattern and evolution of green buildings in China. By using regional
difference indexes, the standard deviation ellipse method, and the spatial autocorrelation method,
the spatial equilibrium, spatial distribution, and spatial correlation of green buildings in China were
studied, respectively. Further, we established a driving factors system of green building, and used the
GeoDetector to measure and analyze the explanatory power and interaction of factors.

The mastery and research on the spatiotemporal evolution characteristics and driving factors
of green building development is an important basis for guiding the innovative practice of green
building development and the formulation of planning policies. Globally, some scholars have done
research in this area; Kaza [19], Cidell [20], Fuerst [21], and Kahn [22] studied the spatial distribution
characteristics of green buildings in the United States. Most of these studies have found that the
geographical distribution of green buildings presents certain differences and clustering characteristics.
However, there are few studies on the spatial-temporal evolution of green buildings in China. In the
early days, scholars such as Zuda [40] and Baoxing [23] did some research. But their researches
collected little data, and the results have limited reference value for current research on green buildings.
This paper enriches the research on the distribution of green buildings and its driving factors in China,
and can provide a basis and reference for other related research.

The use and promotion of green buildings is the fundamental way to improve the human living
environment, reduce building energy consumption, and solve energy problems. Provinces should
formulate targeted and adaptive measures to promote the development of green buildings according
to their own conditions (such as green building development status, economic level, population size,
residents’ quality, and technical level), and adjust the failure of the green building market through
government intervention. Meanwhile, the government should vigorously promote green building
technology and provide technical support for green buildings. Additionally, through the publicity
of green buildings, policy subsidies and other methods should be implemented to improve public
awareness and acceptance of green buildings.



Sustainability 2020, 12, 2773 19 of 21

There are still many limits to this research, which are also the directions for further study. Limited
by the availability of data, it may not be accurate enough to select only the green building label projects
to measure the development status of green buildings in China. In addition, in theory, the development
of green buildings should be affected by more factors, and the indicator system of driving factors
established in this study based on available data and existing research results may be incomplete. It is
recommended that subsequent studies be analyzed with more complete variable data. The large-scale
development of green buildings will inevitably lead to the industrialization of green buildings. Future
research can take the green building industry as a research object, explore its development process and
agglomeration phenomena, and analyze its development bottlenecks and obstacles.
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