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Abstract 17 

With the rapid development of China, urbanization has become an important research topic of China's CO2 emissions. 18 

To fill the gap in considering the spatial correlation of the comprehensive urbanization that includes multi-dimensional 19 

factors on CO2 emissions from the operation phase of urban civil buildings (ubec). This study constructs a 20 

comprehensive evaluation indicator of urbanization from four aspects including population, economy, society and land 21 

urbanization by using the entropy method. The spatial spillover effect of ubec and the impact of comprehensive 22 

urbanization on ubec are also studied by using the spatial panel model in this paper. This study finds out that ubec has 23 

obvious spatial spillover effects. During the early years of the study period, the eastern coastal areas had greater carbon 24 

emissions, while in recent years they have gradually transitioned to the northwestern regions. Comprehensive urbanization 25 

has a significant promotion effect on it. And foreign direct investment and per capita energy consumption also have positive 26 

impact on ubec. This study provides a reference for measuring the effects of urbanization on sector-specific CO2 emissions 27 

and maybe useful for energy efficiency and emission abatement efforts in China. 28 
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1 Introduction 62 

With the rapid pace of economic development, terrible side effects such as severe polluting problems are caused 63 

worldwide by abusing and overusing coal and fossil fuel (Pang et al. 2021, Zhu et al. 2020). People are increasingly 64 

concerned about global warming. CO2 emissions in greenhouse gases are the main factor of climate change (Yang et al. 65 

2021). Therefore, decreasing CO2 emissions has been one of the key tasks for countries around the world. And China is 66 

one of the world's largest carbon producers (Chen et al. 2020). From an end-use of energies perspective, industry, transport, 67 

and construction are listed as the three industries with the largest energy consumption. The Intergovernmental Panel on 68 

Climate Change (IPCC) reveals that buildings are estimated to account for 31% of the world' s total energy-related CO2 69 

emissions by 2020, rising to 52% by 2050 (Hou et al. 2021). The CO2 emissions from China's construction have grown 70 

from 668 million tons to 2.04 billion tons between 2000 and 2017, which is approximately 17-21% of the China's CO2 71 

emissions (Li et al. 2021). In the lifetime of a building, CO2 emissions from the operation phase of buildings contribute to 72 

2/3 of the total CO2 emissions from building, the majority of them from urban buildings (Mengjie 2019). As the economy 73 

grows and urbanization accelerates, these numbers are on the rise. To reach China's commitment to reduce carbon emissions 74 

intensity by 60-65% by 2030 compared to 2005 (Chen et al. 2020, Wu et al. 2020), the problem of reducing carbon 75 

emissions from the operation phase of buildings needs to be resolved urgently. 76 

China is in a phase of rapid urbanization. The direct effects of urbanization are the concentration of urban population, 77 

the aggregation of land use, and the clustering of economic activities. (Huo et al. 2021). Based on the urbanization rate 78 

represented by the proportion of urban population, China's urbanization rate increases from 17.92% in 1978 to 60.6% in 79 

2019 (Lin &Zhu 2021). It can be seen that urbanization is a critical influence on CO2 emissions from buildings. Regarding 80 

urbanization research, most of the urbanization is characterized by the ratio of the urban population. But from the current 81 

point of view, urbanization is multifaceted, and if it is only studied from the perspective of the population, it may be 82 

relatively single. Most of the existing studies on the effects of urbanization on the CO2 emissions of buildings have been 83 

conducted on the entire life cycle of buildings. Due to the entire life cycle of the building, the operating phase accounts for 84 

a relatively large proportion. It is important to study the changes of CO2 emission from the operation phase of the building 85 

separately. There are relatively few studies in this field that consider spatial correlation, and most studies use non-spatial 86 

econometric models for calculation and analysis. In addition, urbanization should be considered from multiple angles to 87 

analyze its impact on building CO2 emissions comprehensively. 88 

To fill these gaps, this paper makes a focus on the operation phase of CO2 emissions from urban buildings. The 89 

contributions are listed below: first, this paper analyzes the effect of comprehensive urbanization on CO2 emissions from 90 

the operation phase of urban civil buildings, while most of the precious articles study the entire life cycle of buildings (Hou 91 

et al. 2021, Su et al. 2021, Zhang et al. 2019, Zhang et al. 2020). Second, a comprehensive urbanization indicator is 92 

constructed based on the urbanization indicators of the four aspects including population, land, economy, and society, which 93 

are used to characterize the comprehensive development level of urbanization. Third, the influence of comprehensive 94 
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urbanization on building CO2 emissions is explored by taking spatial correlation into account based on the spatial panel 95 

model. Rarely articles have studied the association between CO2 emissions and urban civil buildings using the spatial panel 96 

model (He et al. 2020, Huo et al. 2020, Huo et al. 2021, Li et al. 2021, Wang &Feng 2018). 97 

This paper is structured as follows: Section 2 gives a review of the literature review on urbanization and building 98 

carbon emissions. Section 3 introduces the calculation methods of CO2 emissions from the operation phase of urban 99 

buildings, as well as the theoretical models and data sources of various variables used in this research. Section 4 presents 100 

empirical analysis. Section 5 draws concludes. 101 

2 Literature review 102 

In the field of CO2 emissions, there are two main types of research on urbanization. One is to research the effect of 103 

urbanization on carbon emissions by taking the ratio of urban population to the total population of the region as an 104 

urbanization indicator. (Ding &Li 2017) uses the LMDI model for calculation and analysis. The study finds that the 105 

mechanism of urbanization impact on carbon emissions has significantly regionally heterogeneous. (Bai et al. 2019) uses 106 

the fixed-effect two-stage least squares model based on data from four dimensions of urbanization. And the study concludes 107 

that urbanization has increased CO2 emissions. (Han et al. 2019) analyzes the factors that influenced the intensity of CO2 108 

emission based on the extended kaya model. The study finds that urbanization and employment rate of urban population 109 

are the major influencing factors and have the effect of decreasing the intensity of CO2 emission. (Chen et al. 2019, Liu 110 

&Liu 2019, Muhammad et al. 2020, Wu et al. 2017) and others study the association between urbanization and CO2 111 

emissions regionally and in groups, while considering regional heterogeneity. 112 

The other emphasizes the harmonization of population, economy, society, and ecological environment based on the 113 

new urbanization strategy first proposed in Zhejiang Province in 2006 (Lin &Zhu 2021). The studies characterize 114 

urbanization from multiple perspectives, and then study the relationship between it and CO2 emissions. 115 

(Liu et al. 2018) uses the Tobit model to analyze the impact on 10 typical urban agglomerations from the four aspects 116 

of urbanization including population, space, industry, and economy. The study finds that the impact of urbanization in 117 

different dimensions on different urban agglomerations varies greatly. (Wang et al. 2019) also establishes a comprehensive 118 

urbanization indicator system in four aspects to constitute the quality urbanization. And based on the Geographically 119 

Weighted Regression Model (GWR), the study finds that the urbanization quality has significant temporal and spatial 120 

distribution differences among provinces. (Zhou et al. 2019) uses a spatial agglomeration function, gray correlation model, 121 

Kuznets curve model to analyze the economy, population, and spatial urbanization. The study finds that economy 122 

urbanization has the most significant impact on CO2 emissions. (Wang &Zhao 2018) establishes a comprehensive 123 

urbanization indicator system from three aspects including population, technology, and industrial institutions. The country 124 

is also divided into three zones according to the the level of urbanization transition and studied separately by using a 125 

modified STIRPAT model. The study finds that China's urbanization is uneven, and that the dominant industrial structure 126 

has different effects on CO2 emissions. 127 
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As a major sector of consumption of energy, the construction industry has attracted many scholars’ attention. The 128 

whole life cycle of a building includes the stages of material production, building construction, building operation and 129 

building abandonment. (Chang et al. 2019, Fenner et al. 2018, Wu et al. 2019, Xikai et al. 2019, Zhang et al. 2020, Zhao 130 

et al. 2019) argue that CO2 emissions from the constructions’ operation phase is the largest proportion of the building's 131 

entire life cycle. Few scholars study the association of urbanization and CO2 emissions from buildings, especially during 132 

the operation phase of buildings. 133 

(Zhang et al. 2021) establishes urbanization indicators from three aspects including population, economic, and 134 

technology. And to study the urbanization effects on building CO2 emissions, taking region-specific heterogeneity into 135 

account. (Huo et al. 2020) establishes a comprehensive indicator system of urbanization based on the quantitative and 136 

structural dimensions in three dimensions: population, economy, and space. The study uses the STIRPAT model to study 137 

the multiple effects of urbanization on CO2 emissions from the urban construction sector. Furthermore, (Huo et al. 2021) 138 

also uses a panel threshold regression model to examine the dynamic mechanisms underlying the effects of urbanization 139 

on carbon emissions from urban civil buildings. (Wang et al. 2019) uses a Geographically Weighted Regression model to 140 

examine the association of urbanization with carbon emissions in six sectors, including the construction sector. (Liu et al. 141 

2020) uses the system dynamics model to predict the long-run carbon emissions from buildings. And simulates the impact 142 

of different policies on the CO2 emissions from buildings in Beijing. The study explains in more detail the urban building 143 

stock evolution and reveals the effects of the policies. 144 

In summary, the construction operation stage is considered as the largest carbon emissions in the buildings industry 145 

by many studies. However, few studies conduct the effect of urbanization on building CO2 emissions at this stage. To fill 146 

the gaps in this research field, this paper conducts further research on it. It mainly reflects in two aspects: (1) To measure 147 

urbanization comprehensively, a comprehensive urbanization index is constructed based on the urbanization evaluation 148 

system from the four aspects including economy, population, land, and society. (2) In taking the spatial correlation and 149 

spatial spillover effects into account, a spatial panel model is applied for the exploration on the effect of urbanization to 150 

carbon emissions from the operation phase of urban buildings. 151 

3 Method and data 152 

3.1 Model specifications 153 

According to the "First Law of Geography", the variables are not independent of each other in the study of the 154 

dimensionality of China's provinces but have extensive connections. Considering this connection, the analysis of the 155 

problem can be more accurate. Therefore, this paper intends to analyze the effect of urbanization on CO2 emissions from 156 

the operation of urban civil buildings (ubec) by using a spatial panel model. 157 
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3.1.1 Spatial correlation 158 

Having spatial correlation is the prerequisite for applying spatial econometrics. The measure of spatial self-correlation 159 

is divided into global and local statistics. Global autocorrelation statistics are quantitative indicators that reflect whether 160 

there is spatial autocorrelation for all provinces, while local autocorrelation statistics are quantitative indicators that reflect 161 

whether there is spatial autocorrelation among other surrounding provinces for one province. (Tiyan &Hanchen 2010). 162 

This paper uses the global and local Moran index to test the spatial autocorrelation of ubec. The calculation method is as 163 

follows: 164 

Global Moran’s I : 165 

 
  
 2

ij i ji j

iji j ii

w x x x xn
I

w x x

 




 
  

 (1) 166 

Where n  represents 30 provinces, 
ij

w is the spatial weight matrix (for measuring the spatial distance between two 167 

regions), 
i

x  and 
j

x  are the independent variables respectively, and x  are the average values of the independent 168 

variables. 169 

The range of Moran’s I  is (-1,1). (0,1) means positive autocorrelation, while (-1,0) is the opposite. The Moran’s I  170 

is close to 0, indicating that the distribution in space is random and there is no spatial autocorrelation. 171 

Local Moran’s I : 172 
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The meaning of Local Moran’s I  is similar to Global Moran’s I . Positive 
i

I  means that the high (low) value of 174 

area i   is surrounded by surrounding high (low) areas; Negative 
i

I   means that the high (low) value of area i   is 175 

surrounded by surrounding low (high) areas(Qiang 2014). 176 

3.1.2 Spatial panel model 177 

The general form of the spatial panel model is as follows:  178 

 

'
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 (3) 179 

Among them, , 1i t
y

  is the first-order lag of the explained variable it
y ; 

'

i t
w x  is the spatial lag of the explanatory 180 

variable; 
t

  is the time effect; And 
'

i
m  is the i - th row of the disturbance term spatial weight matrix M, 

ij
w  represents 181 

an n×n spatial weight matrix, which measures the spatial distance between regions. 182 

Spatial econometric models allow for three kinds of interactions. One is the interaction of the endogenous dependent 183 

variables with each other. Another is the interaction that occurs with exogenous independent variables. And the third one 184 
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is the interaction between disturbance terms (Li &Li 2020) . Therefore, different interaction effects refer to three spatial 185 

econometric models. 186 

(1) If 0  , it is a Spatial Dubin Model (SDM); 187 

(2) If =0  and =0 , it is a Spatial Autoregressive Model (SAR); 188 

(3) If 0   and =0 , it is a Spatial Autocorrelation Model (SAC); 189 

(4) If 0    and =0 , it is a Spatial Error Model (SEM). 190 

In this study, after a series of spatial model tests, the Spatial Dubin Model is finally selected to calculate and explain 191 

the impact of urbanization on ubec.  192 

(Liu &Liu 2019) illustrate the spatial spillover effect mechanism. The Spatial Durbin Model is calculated as follows: 193 

 1

1 2 2 3 3

( )

( ) ( ) ( )

( ) ( )( )

( ) ( )
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n n
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r r l

r

r n r r

n n
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 ( 4) 194 

Because the effect of explanatory variable varies across region. The total effect means the row (column) mean of the 195 

coefficient matrix of the explanatory variable. The direct effect refers to the diagonal mean of the coefficient matrix of the 196 

explanatory variable. The indirect effect is the difference between the total and direct effect (LeSage &Pace 2014). 197 

The spatial weight matrix selected is the spatial inverse distance matrix (take the reciprocal of the distance between 198 

regions) in this paper, and records the distance between region i  and region j  as 
ij

d , which can be expressed as: 199 

 
1

ij

ij

w
d

  (5) 200 

The establishment of the Spatial Dubin Model (SDM) is as follows: 201 

 

30 30

1 1

ln ln [ , ln , ] [ , ln , ]
it ij it ij i t it

j j

ubec w ubec urb fdi puei w urb fdi puei u     
 

         (6) 202 

Where, ubec means CO2 emissions from the operation phase of urban civil buildings (ten thousand tons); urb203 

means comprehensive urbanization; fdi  means foreign direct investment (100 million yuan); puei  means energy 204 

consumption per capita (ten thousand tons of standard coal per person); it
 means disturbance term. 205 
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3.2 Data sources 206 

3.2.1 Calculation of and ubec 207 

According to the "Professional Knowledge of Housing Construction Engineering" and the "Regulations on Energy 208 

Conservation of Civil Buildings", according to the nature of using, buildings are classified into civil buildings, industrial 209 

buildings, and agricultural buildings. Civil buildings are divided into residential and public buildings (Mengjie 2019). The 210 

energy consumption of civil buildings is classified into urban, rural and northern heating energy consumption. Generalized 211 

building energy consumption is usually measured as the whole life cycle of the building, while it refers to the energy 212 

consumption from the operation phase of the building in the narrow sense. In 2000, the Ministry of Construction formally 213 

unified the definition of building energy consumption. And defined building energy consumption as energy consumption 214 

from the operation phase of building (Jia 2016). The scope of this paper is the operational phase of urban civil buildings. 215 

Energy consumption and CO2 emissions are calculated at this stage, and heating energy consumption in the north is not 216 

calculated separately. 217 

The emission factor method is used in this paper to calculate ubec. The calculation is shown in Equation (7): 218 

 ubec (e )
j j j
     (7) 219 

Where: 220 

  ubec ——Total CO2 emissions from the operation phase of urban civil buildings; 221 

  
j

e ——The energy consumption of urban civil buildings in the energy balance sheet (physical quantity); 222 

  
j

 ——The heat conversion factor; 223 

  
j

 —— The j-th energy CO2 emission coefficient of urban civil buildings. 224 

In energy statistics, there are no statistics on energy consumption from the operation phase of buildings. In terms of 225 

the energy consumption characteristics of each industry, the energy consumption of wholesale, retail and accommodation, 226 

catering, other tertiary industries, and living consumption after deducting transportation energy consumption mainly occur 227 

in the operation phase of buildings. It can be used as the energy consumption of the building (Min et al. 2012). 228 

The average low calorific value uses the data from the appendix of the "China Energy Statistical Yearbook". The CO2 229 

emission coefficient is the data given in the 2006 edition of the "IPCC National Greenhouse Gas Inventory Compilation 230 

Guidelines". As shown in Table 1: 231 

Table 1 Average lower heating value and CO2 emission coefficient 232 

Energy 

Average lower 
heating value 

（kcal/kg（m3）） 

CO2 emission 
coefficient
（kgCO2/TJ） 

Energy 

Average lower 
heating value 

（kcal/kg（m3）） 

CO2 emission 
coefficient
（kgCO2/TJ） 

Raw coal 5000 97500 Diesel oil 10200 74100 

Washed coal 6300 94600 Fuel oil 10000 77400 

Mould coal 4200 97500 LPG 12000 63100 
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Coke Oven Gas 4200 44400 Natural gas 9310 56100 

Gasoline 10300 69300    

3.2.2 Establishment of a comprehensive index system for urbanization 233 

With the rapid development of China, urbanization is no longer limited to population urbanization but is developing 234 

in a more diverse direction. Economic urbanization, social urbanization, and land urbanization have increasingly become 235 

the focus of scholars' research. This paper uses the method mentioned in (Wang et al. 2019) to combine the above four 236 

aspects of urbanization to construct a new comprehensive urbanization indicator system, which includes almost all aspects 237 

of urbanization, and analyzes the process of China's provincial urbanization comprehensively. The indicators involved are 238 

shown in 239 

 240 

Figure 1. 241 

 242 

Figure 1 Comprehensive index system of urbanization 243 

The entropy method avoids errors caused by the subjective preference of experts in the subjective weighting method. 244 

This method was introduced by Shannon in 1948 to the discipline of information management to express information or 245 

uncertainty (Shen et al. 2015). In this paper, this method is used to objectively weigh the indicators mentioned in the 246 

previous chapter to obtain a new comprehensive urbanization index to measure the development of China’s urbanization 247 

process, and then to study its impact on ubec. The main entropy method’s calculation steps are as follows: 248 

(1) Index normalization 249 

Suppose there are m samples and n indexs, then 
ij

x  is the j-th index of the i-th sample (i=1, ……, m, 250 

j=1, ……, n). Because the measurement units of each indicator are not standardized, they need to be standardized 251 

before calculating the comprehensive urbanization indicator. Processing methods for positive indicators and 252 

negative indicators are different, and the formula is as follows: 253 
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Positive indicators: 254 
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Negative indicators: 256 
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 (9) 257 

(2) Calculate the weight of the i-th sample value under the j-th index in the index: 258 

 

'

'

1

ij

ij n

ij

i

x
p

x





 (10) 259 

(3) Calculate the entropy value of the j-th index: 260 

 
1

ln( ) 1, ,
n

j ij ij

i

e k p p j m


   K，  (11) 261 

Where, 1 / ln( ) 0 0
j

k n  , e . 262 

(4) Calculate information entropy redundancy (difference): 263 

 1 , 1, ,
j j

d e j m   K  (12) 264 

(5) Calculate the weight of each indicator: 265 

 

1

, 1, ,
j

j m

j

j

d
w j m

d


 


L  (13) 266 

(6) Calculate the comprehensive score of each sample: 267 

 
'

1

, 1, ,
m

i j ij

j

s w x i n


  L  (14) 268 

For weights and a comprehensive score of the provincial indicators in the comprehensive urbanization indicator 269 

system, this paper uses Beijing in 2017 as an example. The result is shown in Table 2Table 2. 270 

Table 2 Comprehensive urbanization indicator system of Beijing in 2017 271 

 classification variables Positive / 
negative 

Weights overall 
ratings 

Comprehensive 

urbanization 

Population 
urbanization 

Proportion of urban population - 0.037 0.002 

Urban population density - 0.036 0.036 

Proportion of employed population 
in urban 

+ 0.043 0.000 

Land Pavement area per capita in urban + 0.073 0.147 
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urbanization Building area per capita + 0.080 0.027 

Construction area + 0.098 0.018 

Economy 
urbanization 

Added value of tertiary industry + 0.118 0.051 

Per capita investment in urban fixed 
assets 

+ 0.043 0.010 

The proportion of tertiary industry in 
GDP 

+ 0.128 0.128 

Society 
urbanization 

Per capita disposable income of 
urban and rural residents 

+ 0.183 0.182 

Green area per capita + 0.106 0.057 

Number of students in high schools 
per 10,000 people 

+ 0.055 0.055 

3.2.3 Other indicator data 272 

This study uses panel data from 30 provinces for 10 years from 2008 to 2017. Due to the unavailability and accuracy 273 

of the data, Tibet, Hong Kong, Macao, and Taiwan are not included. The ubec is calculated based on the data of the "China 274 

Energy Statistical Yearbook", and the data for other variables are from the "China Statistical Yearbook". To avoid errors 275 

caused by inflation and other reasons, the added value of the tertiary industry is calculated at comparable prices in 2008. 276 

4 Results and discussion 277 

4.1 Analysis of calculation results of ubec 278 

According to the calculation method, the ubec emissions can be obtained. The overall change trend of ubec is shown 279 

in Figure 2. In the past 10 years, ubec shows an overall increasing trend, and the growth rate has begun to decline after 280 

2011. Since 2014, the growth rate has been increasing again. In 2017, ubec was 104,822×104 t, an increase of 7.3% over 281 

2016. 282 

Figure 2 The trend of ubec 283 

To analyze the spatial movement of China's building carbon emissions in recent years, this study uses ArcGIS 10.2 to 284 

draw the center of gravity of ubec. When the carbon emission center shifts to a certain direction, it means that the spatial 285 
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distribution of regional carbon emission is uneven during this period (Yuewu et al. 2016). It can be seen from Figure 3 that 286 

from 2008 to 2017, the center of gravity of ubec across the country has not moved much, but it mainly concentrates in 287 

Henan Province, and the overall trend is moving from the northeast to the northwest. This shows that the ubec has obvious 288 

spatial and regional ineven characteristics, and further confirms the necessity of studying carbon emissions from a spatial 289 

perspective. 290 

 291 

Figure 3 Variations in center of gravity for CO2 concentration 292 

4.2 Spatial distribution of comprehensive urbanization 293 

The comprehensive urbanization is an indicator for comprehensively measuring the process of China’s urbanization. 294 

Figure 4 shows the development process of comprehensive urbanization in 30 provinces of China. It can be concluded that 295 

provinces with high urbanization in the early stage were mainly in the eastern coastal region, and they gradually transferred 296 

to the western region in the later stage. High urbanized provinces increase obviously. And it reflects the rapid development 297 

of China's economy, society, land, and many other aspects. 298 
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Figure 4 Spatial distribution maps of comprehensive urbanization 299 

4.3 Spatial correlation analysis 300 

Global Moran's I are listed in Table 3. The Moran's I are all positive and almost greater than 0.2, which is significant 301 

at 1% level. It suggests that ubec has positive spatial effect. 302 

Table 3 Global Moran's I 303 

Year I Z P-value 

2008 0.301 4.243 0.0001 

2009 0.282 4.005 0.0001 

2010 0.279 3.957 0.0001 

2011 0.247 3.558 0.0001 

2012 0.242 3.504 0.0001 

2013 0.236 3.415 0.0010 

2014 0.241 3.486 0.0001 

2015 0.239 3.453 0.0010 

2016 0.213 3.123 0.0020 

2017 0.195 2.907 0.0040 
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As shown in Figure 5, most provinces in China are distributed in one and three quadrants, which further proves the 304 

positive spatial effect of ubec among provinces in China. 305 

Figure 5 2008(left) and 2017(right) Moran scatter plots 306 

Since the Moran scatter plots can’t judge the statistical significance of clustering. And additional analysis using LISA 307 

is necessary (Li &Li 2020). 308 

Figure 6 shows the LISA and salience graphs used to examine the local autocorrelation of ubec in 2008. In H-H type 309 

provinces, Beijing, Shanghai, and Jilin are significant at 1% level. Jiangsu, Inner Mongolia, and Hebei are significant at 5% 310 

level and Liaoning is significant at 0.1% level. In H-L type provinces, Guangdong is significant at 5% level. In L-H 311 

provinces, Tianjin is significant at 5% level. In L-L type provinces, Sichuan, and Guizhou are significant at 1% level, while 312 

Xinjiang, Gansu, Qinghai, Chongqing, Guangxi, and Hainan are significant at 5% level. 313 

Figure 7 shows the LISA and salience graphs used to examine the local autocorrelation of ubec in 2017. In the H-H 314 

type provinces, Jilin and Hebei are significant at the level of 5%, and Liaoning is significant at the level of 0.1%. In the H-315 

L type provinces, Xinjiang is significant at 0.1% level, and Guizhou is significant at 5% level. Compared with 2008, Beijing 316 

and Shanghai are move to the L-H type provinces. In L-L type provinces, Sichuan is significant at 1% level, Hainan, 317 

Guangxi and Gansu are significant at 5% level. 318 

Through comparative analysis, we can see that high emission concentration areas mainly concentrated in highly 319 

developed areas and the northern provinces in 2008. The northern provinces, including the old industrial bases in the 320 

northeast, are mostly heavy industries and lack innovation in the treatment of carbon emission pollution. The population 321 

density in highly developed areas was relatively high. China was in the stage of high-speed economic development at that 322 

time, and people’s environmental protection consciousness was not strong. With the strengthening of China’s strength in 323 

various fields, the gradually increase in people's awareness of environmental protection, and the implementation of policies 324 

such as the great development of the western part of the country, the growth of carbon emissions has slowed down 325 

significantly by 2018. The high emission concentration area gradually shifts to the western region. 326 
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 327 

Figure 6 LISA and significance of CO2 emissions in 2008 328 

 329 

Figure 7 CO2 emissions in 2017 LISA diagrams and significance 330 

4.4 Spatial model diagnosis and Spatial Dubin Model estimation 331 

4.4.1 Spatial model diagnostics 332 

The previous article verifies that the positive spatial correlation of ubec among Chinese provinces. It shows that a 333 

spatial panel model needs to use, but some tests are required to complete the selection of which spatial panel model to use. 334 

1. Hausman test 335 

First, the Hausman test is used to choose whether to use a fixed or random effect. The statistical value is 22.95 and 336 

the p-value is 0.00001. The original hypothesis is rejected at 1% significance level, so the former should be chosen. 337 

To test which of the three effects of regional fixed effect, time, and double fixed effect is the most appropriate for the 338 

study in this paper, the effect test is carried out. From the results, regional and double fixed effects’ p-value is 0.0508, and 339 

the null hypothesis is not rejected at the 5% significance level. For the test of time double fixed effects, the p-value is 340 

0.00001, rejecting the null hypothesis at the 1% significance level. It is more appropriate to choose a regional fixed-effect 341 

model. 342 

2. LM Test, Wald Test and LR Test 343 

Based on the results in Table 4, for the LM test, the P values of LM - error and LM - lag are significant, rejecting the 344 

non-spatial hypothesis. For the Wald test, the P values of Wald - SAR and Wald - SEM are both significant at the 1% level, 345 
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rejecting the hypothesis that SDM can degenerate into SAR model or SEM model. The LR test results are consistent with 346 

the Wald test results. 347 

Table 4 shows the test results. To sum up, this study uses the Spatial Dubin Model (SDM). 348 

Table 4 Test results 349 

Tests Results 

LM - error 28.634*** 

LM - lag 3.89** 

Wald Test for SAR 32.74*** 

Wald Test for SEM 28.44*** 

LR test for SAR 31.10*** 

LR test for SEM 27.94*** 

***, **, * represent significant at 1%, 5% and 10%, respectively. 350 

4.4.2 Spatial Dubin model estimation 351 

The Spatial Dubin Model reflects the impact of comprehensive urbanization (urb), foreign direct investment (fdi) and 352 

per capita energy consumption (uei). And it also reflects the spatial spillover effect of the above indicators on ubec. 353 

After the previous analysis, this study finally selected the regional fixed-effect spatial Dubin model, and used stata15.0 354 

to complete the calculation and analysis. The estimated results are shown in Table 5. 355 

Table 5 Estimated results 356 

Variables Spatial fixed effects Variables Spatial fixed effects 

urb 
-0.890*** 

(0.275) W*puei -0.228 

(0.309) 

lnfdi 0.027* 

(0.015) W*lnubec 
0.364*** 

(0.309) 

puei 1.344*** 

(0.071) R2 0.7674 

W*urb 
4.091*** 

(0.694) 𝜹𝟐 0.0092 

W*lnfdi 0.063*** 

(0.023) Log-likelihood 275.55 

***, **, * represent significant at 1%, 5% and 10%, respectively. 357 

The spatial autoregressive coefficient is positive and significant at the 1% level. It means that the ubec has positive 358 

spatial spillover effect. That is, every increase of one unit of ubec in neighboring areas will increase the area's carbon 359 

emissions by 0.364%. 360 

Comprehensive urbanization (urb) is significant at the 1% level and effectively suppresses the increase in ubec. Based 361 

on the data, 1% increase of local comprehensive urbanization, will reduce 0.89% of the ubec. However, the increase in 362 

comprehensive urbanization in neighboring areas has contributed significantly to local carbon emissions. 1% increase in 363 
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comprehensive urbanization in neighboring areas, will increase 4.091% of the ubec. This result shows that while 364 

developing comprehensive urbanization, more attention should be paid to avoiding carbon transfer between provinces. 365 

Foreign direct investment (fdi) has a promoting effect on the ubec, and it is significant at the 10% level. 1% increase 366 

in local foreign direct investment, will increase 0.027% of the carbon emissions of local urban civil buildings. fdi in 367 

neighboring regions also promotes local carbon emissions. The results show that f fdi drives China's economic development, 368 

and it also drives the increase in ubec. 369 

Per capita energy consumption (puei) also promotes the ubec, and it is significant at the 1% level. 1% increase in local 370 

energy consumption per capita, will increase 1.344% of the CO2 emissions of local urban civil building. The puei of 371 

neighboring areas has no significant effect on local CO2 emissions, but its coefficient is positive, which also has a promoting 372 

effect to some extent. This result shows that puei plays a leading role in increasing ubec. It can be said that reducing puei 373 

is an effective way to reduce emissions. 374 

4.5 Estimation and analysis of spatial spillover effects 375 

Considering that there may exist deviations to test spillover effect by using point estimation. The direct,indirect, and 376 

total effects of ubec are estimated by using the partial differential method in this section (Li et al. 2019). The estimated 377 

results are shown in Table 6. 378 

Table 6 Test results of space spillover effect (Spatial fixed effects) 379 

Variables Total effects Direct effects Indirect effects 

urb 
5.028199*** 

(0.9635) 
-0.6985205** 

(0.2742) 
5.72672*** 

(0.9611) 

lnfdi 0.1409718*** 

(0.0373) 
0.02972** 

(0.0143) 
0.1112517*** 

(0.0331) 

puei 1.757843*** 

(0.3471) 
1.36298*** 

(0.0682) 
0.394863 

(0.3355) 
***, **, * represent significant at 1%, 5% and 10%, respectively. 380 

It can be seen from Table 6 that the estimated results of the direct, indirect, and total effects of comprehensive 381 

urbanization are -0.7, 5.73 and 5.03, respectively. For the direct effect, 1% increase in comprehensive urbanization will 382 

reduce the carbon emissions of urban civil buildings by 0.7%. It means that the level of local comprehensive urbanization 383 

will increase, because of the changes in urban population, land use structure, tertiary industry, the development of economy, 384 

the improvement of education level and the living standard of residents, which will restrain the increase of ubec. However, 385 

the indirect effects show positive impacts. 1% increase in the comprehensive urbanization of neighboring areas, will 386 

increase 5.73% of the ubec in local cities and towns. The main reason is that with the vigorous implementation of 387 

environmental protection policies, the growth of comprehensive urbanization in neighboring areas has caused the shift of 388 

some industries with high carbon emissions and increased the ubec in local cities and towns. The total effect obtained by 389 

adding the direct and indirect effects is positive. So comprehensive urbanization has a significant role in promoting ubec. 390 

The estimated results of the direct effect, indirect effect and total effect of fdi are 0.03, 0.11 and 0.14, respectively. In 391 

this article, fdi is used to express the degree of trade openness. The impact of trade openness on our country mainly has 392 

https://www.sciencedirect.com/topics/economics-econometrics-and-finance/spillover-effect
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two aspects. On the one hand, foreign investment can bring advanced technology to developing countries and make them 393 

develop rapidly in line with the trend. On the other hand, the effect is the opposite. To attract foreign investment, developing 394 

countries lower the standards of environmental regulations, which may make them become “pollution haven” for developed 395 

countries (Chen et al. 2020). Regardless of direct effect, indirect effect or total effect, foreign direct investment can promote 396 

carbon emissions from urban civil buildings. Specifically speaking from the perspective of the overall effect, 1% increase 397 

in foreign direct investment will increase the carbon emissions of urban civil buildings by 0.14%. In other words, the 398 

influence of foreign capital on my country is more inclined to the second aspect. 399 

The direct effect, indirect effect and total effect of per capita energy consumption are estimated to be 1.36, 0.39 and 400 

1.75 respectively. From the perspective of the overall effect, every 1% increase in per capita energy consumption will 401 

increase the carbon emissions of urban civil buildings by 1.75%. There are two main reasons. On the one hand, our country 402 

uses a single energy structure. For example, heating and industrial production in northern are dominated by coal. The 403 

combustion of coal will produce a large amount of CO2, which will have extremely adverse effects on the environment. On 404 

the other hand, China's energy utilization rate is low, and the rapid development of the economy is at the expense of energy 405 

use. 406 

5 Conclusion 407 

This study uses the entropy method to construct an indicator that aims to comprehensively describe China's 408 

urbanization process -- comprehensive urbanization in four dimensions including population, economy, land, and society 409 

urbanization. By combining the characteristics of geographical space distribution, and considering the spatial correlation 410 

and spatial spillover effects, this paper comprehensively analyzes the effect of comprehensive urbanization on the ubec. 411 

First, the ubec has obviously positive spillover effects in space. The increase of CO2 emissions from neighboring areas 412 

will drive the increase of local CO2 emissions. Therefore, it is essential to take spatial effects into account. 413 

Second, the areas with high comprehensive urbanization are mainly located in the eastern coastal areas. The reason is 414 

that the eastern coastal areas are rich in resources and technology advanced. However, with the accelerated development 415 

of China, the implementation of national policies, highly comprehensive urbanization is gradually transitioning to the 416 

western region. China is showing a good trend of all-round development. 417 

Third, comprehensive urbanization promotes the ubec. This indicates that the development direction of China's 418 

promotion of comprehensive urbanization and reduction of the ubec is inconsistent. Therefore, we cannot blindly pursue 419 

urbanization development. We must make practical and reasonable decisions to achieve a win-win goal. For example, 420 

planning urban construction area and population rationally, increasing urban green area, and increasing support for clean 421 

energy companies. 422 

Fourth, foreign direct investment has increased the ubec. This shows that the government must do a good job of 423 

controlling relevant policies to avoid becoming a "pollution paradise" for developed countries. Comprehensively and 424 

reasonably allocating foreign capital, to support more investment to be used in clean energy industries but less investment 425 

for high-carbon emission industries. 426 



19 

Finally, energy consumption per capita has significantly increased the ubec, which shows that China needs to 427 

vigorously develop high-tech industries and accelerate the development and utilization of clean energy. Adhere to "green 428 

development" as the core, and not forget that low-carbon is the prerequisite for all development while developing the 429 

economy and other aspects. 430 

This study takes the ubec in 30 provinces in China except for Tibet, Hong Kong, Macao, and Taiwan in the past 10 431 

years as the research object, and explores the effects of comprehensive urbanization on the ubec from the spatial effect’s 432 

perspective. It enriches the current research in this field. However, the research scope of this paper is only in the operation 433 

phase of urban civil buildings, and carbon emissions in other phases are not considered, and further research is needed. 434 

 435 
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