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Abstract

:

Based on the carbon emission database of the China Urban Greenhouse Gas Working Group, this paper analyzed the spatiotemporal evolution characteristics and main influencing factors of urban carbon dioxide emissions in China using ArcGIS spatial analysis and SPSS statistical analysis methods, in order to provide a reference for the formulation of the national “double-carbon” strategy and the construction of low-carbon urbanization. The results showed that (1) the urban carbon dioxide emissions in China exhibit a “point-line-area” spreading spatial grid. Carbon dioxide emissions form a planar emission pattern surrounded by the Beijing–Tianjin–Hebei urban agglomeration, Yangtze River Delta urban agglomeration, and Central Plains urban agglomeration. A high per capita and high-intensity emission belt from Xinjiang to Inner Mongolia has been formed. (2) The proportion of industrial emissions continues to decrease, and the range of high industrial emissions has gradually crossed the “Hu Huan-yong Line”, spreading from eastern China to the whole country. The emissions from transportation, the service industry, and households have become new growth points, and high-value emissions from households have also shown a nationwide spreading trend. (3) The main factors influencing the spatial distribution of carbon dioxide emissions are urbanization, the economy, industry, investment, and household energy consumption.
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1. Introduction


Responding to climate change is one of the most important issues globally at present. Recent 50-year studies have shown that greenhouse gases, mainly carbon dioxide, emitted by human activities, are the main causes of global climate change. Global carbon dioxide emissions have increased by 40% from 2000 to 2020. With the continuous development of globalization, urbanization, and industrialization, China’s GDP has soared from 9.9 trillion to 100.9 trillion, an increase of 10.2 times, with an annual growth rate of 13%. The urbanization rate has increased from 36.09% to 63.89%. Rapid urbanization and economic growth have always been accompanied by increased energy consumption. The energy, industry, transport, construction, agriculture, and land-use sectors consume the most energy, resulting in high greenhouse gas emissions [1]. Around 2007, China became the world’s largest carbon dioxide emitter, with carbon dioxide emissions in 2020 reaching 9.894 billion tons, which is 23% of global emissions [2]. In response to the global mission of low-carbon sustainable development, the Chinese government put forward the dual-carbon development goal of “reaching carbon peak by 2030 and carbon neutrality by 2060” in the government report of 2021 [3]. At the seventy-fifth session of the United Nations General Assembly, China clearly promised to achieve carbon neutrality in total carbon dioxide emissions by 2060. To achieve the dual-carbon goal, it will be necessary to master the spatial distribution characteristics of CO2 emissions in Chinese cities. Based on this, this paper reveals the distribution characteristics of CO2 emissions in Chinese cities, the impact mechanism of urbanization on CO2 emissions, and their regional differences. It will be helpful for cities with different regions and different urbanization levels to formulate differentiated carbon control paths, which will be of great practical significance for China to achieve carbon neutrality by 2060 [4].



In the early stage, due to limitations in carbon dioxide emissions data, the main idea behind the spatial exploration of carbon dioxide emissions from macro- to meso–micro-scale conversion was to decompose and indirectly calculate the total carbon emissions from top to bottom [5]. As early as 1983, Rotty measured the distribution of carbon dioxide emissions in the geopolitical context and determined a simple spatial distribution of carbon emissions in different countries [6]. Marland used UN fuel-use data to indirectly calculate the spatial distribution of carbon dioxide in various regions according to the population density of states and provinces in Canada and the United States [7]. As the main factor related to carbon dioxide emissions, the population density distribution can be used to calculate their spatial distribution, which has explanatory power. However, there is a gap in the total energy consumption caused by differences in people’s consumption capacity and consumption habits. For this reason, it is not convincing to calculate the distribution of carbon dioxide based on the population density distribution [8]. These two scholars undertook pioneering research on the spatial quantification of carbon dioxide emissions and carbon dioxide measurement, which provided a new perspective for subsequent researchers.



In addition to the research field of carbon dioxide measurement, carbon emission research has also considered the fields of industry, influencing factors, and emission reduction countermeasures [9,10]. The research on carbon emissions by industry has mainly focused on industry, agriculture, transportation, and household consumption. Industry consumes the most energy, and its carbon emissions are 2.5 to 5 times that of the agriculture and service industries [11]. Agriculture produces carbon emissions in the production process, but most of the carbon is absorbed and reused by crops in the growth process. Therefore, carbon emissions and carbon absorption in agriculture have become a focus of research [12]. The transport sector is also being highlighted, mainly because of the rapid growth in energy consumption and carbon emissions occurring in this area [13]. The overall energy consumption growth rate of China’s transportation industry is higher than that of society as a whole, and it is also one of the industries with the fastest growth rate of energy consumption. Compared with developed countries, the low carbon level of China’s transportation industry has much room for improvement [14]. Finally, the energy consumption of residents in developed countries also accounts for a large proportion of total emissions and can be considered a new growth point [15]. For example, Australia is home to only 0.3 per cent of the world’s population yet emits 1.5 per cent of the world’s greenhouse gases [16]. U.S. household consumption accounts for 41% of CO2 emissions [17]. Based on the rapid change in CO2 emissions in the above industries, scholars have found that economic growth, population increase, industrial structure optimization, energy structure and efficiency, international trade, and foreign investment have a profound impact on the rapid growth of total carbon emissions [18,19]. For different regions, different industries, and different factors, scholars have also put forward corresponding carbon emission reduction measures, mainly via the low-carbon development of the legal system, the development of clean energy, low-carbon development technology, and low-carbon development policies and financial support, to reduce carbon emissions [20,21].



Due to limitations in the availability of spatial data on CO2 emissions, research on the spatiotemporal characteristics of CO2 emissions in China has mostly taken provinces, cities, counties, and other administrative divisions as the research objects [22,23]. From the provincial perspective, scholars have mainly revealed the total amount and temporal evolution characteristics of CO2 emissions at the provincial level in China [24]. They have also explored the impact of land use, agricultural production, and other production activities on carbon emissions [25]. Some scholars have also studied the spatial distribution characteristics of provincial carbon dioxide emissions from the perspective of fossil energy consumption [26]. On the other hand, there have been few studies taking the national city region as the basic unit. Some scholars have used EDGAR data to analyze the spatiotemporal dynamic characteristics and differences in carbon emissions in Guangdong province [27]. Some scholars have also revealed the spatial distribution characteristics of carbon emissions in 14 prefecture-level cities in Hunan Province from the perspective of the energy consumption of industrial enterprises above a designated size [28]. The spatiotemporal dynamic patterns of total CO2 emissions and per capita carbon emissions in Hunan Province were discussed [29]. At the county level, the distribution characteristics of CO2 emissions in each county in China were estimated from the perspectives of night lighting data and energy consumption, and a comparative study was carried out at the provincial, municipal, and county levels [30]. However, the carbon emission calculation model was still obtained based on provincial carbon emission data experiments, and the calculation accuracy needs to be further improved [31]. There are many research results on the carbon emission characteristics of single provincial-, municipal-, and county-level cities. This research has mainly focused on the Yangtze River Delta, Beijing–Tianjin–Hebei, and the central regions, etc., and has analyzed the regional carbon emission characteristics, formulating corresponding carbon reduction and control strategies in consideration of the specific geographical location and development level of each city [32,33].



To sum up, the basic units for the study of urban CO2 emissions in China are provinces, cities, and counties [34]. Most national studies have focused on the provincial level, and few studies have considered the spatiotemporal dynamic characteristics of carbon dioxide emissions at the city level [35]. As one of the main carbon dioxide emitters in China, the research on the carbon emission characteristics of municipal cities is of great significance to the formulation of a carbon control strategy in China [36,37]. In addition, most studies have independently discussed the influencing factors of carbon dioxide emissions from the perspectives of population, economy, industry, and energy, and there are fewer research results on the comprehensive analysis of influencing factors of carbon dioxide emissions from the perspective of urbanization [38,39]. China has carried out the 200-year urbanization process of Western countries in just a few decades, and urbanization construction has become an important incentive for carbon dioxide emissions [40,41]. This paper has revealed the characteristics and pattern of carbon dioxide emissions at the city scale and clarified the impact of urbanization on carbon emissions at the municipal level. It will provide a basis for carbon reduction decision-making for the new urban development strategy under the guidance of the “dual-carbon” strategic goal. Based on this, this paper firstly combined the carbon emission database of the China City Greenhouse Gas Working Group (CCG), before using ArcGIS 10.2 spatial analysis to explore the spatial evolution characteristics of CO2 emissions in Chinese cities. Secondly, the SPSS regression analysis method and geo-detector method were used to measure the impact of urban development and construction on total CO2 emissions in China. This study aimed to provide a reference for carbon dioxide reduction and carbon control in Chinese cities.



This study has significant implications for carbon dioxide control. Firstly, we analyzed the spatial dynamic evolution characteristics of China’s CO2 emissions. This paper summarizes the variation law of carbon dioxide emissions in large countries and provides a reference for other developing countries to respond to the problem of excessive carbon dioxide emissions. Secondly, considering the actual situation of carbon dioxide emissions in China, this paper analyzed the main influencing factors of carbon dioxide emissions. We found that changes in urban built-up areas, population, economy, industry, and other factors are closely related to carbon dioxide emissions. China will be able to formulate policies and strategies adapted to local conditions, according to carbon dioxide emission trends and the main influencing factors, to alleviate the problem of excessive carbon dioxide emissions.




2. Methods and Materials


2.1. Research Methods


	
Measurement indicators of the carbon dioxide emission level






The measurement index of the carbon dioxide emission level includes total emissions, per capita emissions, and emission intensity [42,43]. The total carbon dioxide emissions value is the total carbon dioxide emissions of the city in a certain period of time [44]. Per capita emissions are a city’s total carbon dioxide emissions divided by its population [45]. Emission intensity refers to the amount of CO2 emissions generated per unit of total GDP [46]. Carbon intensity is also often used to reflect the low carbon production efficiency of a region; the lower the CO2 emissions per unit of total GDP in a city, the higher the energy efficiency of the city.



	2.

	
Kernel Density







The kernel density was used to calculate the density of CO2 emissions in the surrounding cities of each grid cell [47,48]. Urban carbon dioxide emissions point element data were used to calculate the national urban carbon dioxide emissions density distribution. The results were then plotted as a continuous kernel density surface to quantitatively express the spatial distribution characteristics of the total CO2 emissions in Chinese cities. The higher the nuclear density of the total carbon dioxide emissions, the higher the degree of agglomeration, and vice versa. The nuclear density [48] was calculated as:


      λ  ^    r     P   =   ∑  n = 1   m      3   π   r   4           1 −       P −   P   n       2       m   2         2    



(1)




where P is the point where the density is measured.       λ  ^    r     P     is the density around the calculation point. P is the center of the circle, r as the radius.     P   n     is the position of the nth emission point falling within the circular range.



	3.

	
Standard Deviation Ellipse







The standard deviation ellipse is often used to analyze the spatial distribution direction of a set of data [49]. In order to describe the changing track of carbon dioxide emissions, this study calculates the ellipse azimuth, center of gravity, area, and major and minor axes of carbon dioxide emissions in Chinese cities, and analyzes the evolution trend, dispersion, and direction trend of carbon dioxide emissions through ellipse data changes [50]. The azimuth angle of the ellipse can be used to analyze the change in the direction of carbon dioxide emissions. The center of the ellipse represents the center of carbon dioxide emissions. The area of the ellipse can represent the concentration of carbon dioxide emissions. The minor and major axes of the ellipse can represent the direction of the increase and decrease in carbon dioxide emissions. The formulas [50,51,52] are as follows:


  X =     ∑  i = 1   m      w   i   ×   x   i         ∑  i = 1   m      w   i       , Y =     ∑  i = 1   m      w   i   ×   y   i         ∑  i = 1   m      y   i        



(2)







In the formula, the coordinates of element i are     x   i     and     y   i    , the weight of element i is     w   i    , the center of gravity coordinates of the normalized ellipse are X and Y, and the total number of elements is m.


    S D E   x   =      ∑  i = 1   m        x   i   −     x  ~    ′         m    ,   S D E   y   =      ∑  i = 1   m        y   i   −     y  ~    ′         m     



(3)






  S =       x     S D E   x         2   +       y     S D E   y         2    



(4)







In the formula,       x  ~    ′     is the arithmetic mean centers of     x   i    ;       y  ~    ′     is the arithmetic mean centers of     y   n    . The major axis of the normalized ellipse is     S D E   x    . The minor axis of the normalized ellipse is     S D E   y    . S is the area of the standard deviation ellipse.


    tan  ⁡  θ   =       ∑  i = 1   m            x   k    ~    ′     2     −   ∑  i = 1   m            y   k    ~    ′     2       +        ∑  i = 1   m            x   k    ~    ′     2     −   ∑  i = 1   m            y   k    ~    ′     2         2   + 4       ∑  i = 1   m          x   k    ~    ′         y   k    ~    ′         2      2     ∑  i = 1   m          x   k    ~    ,         y   k    ~    ,          



(5)






    σ   x   =  2     ∑  i = 1   m            x   k    ~    cos  ⁡  θ −       y   k    ~    sin  ⁡  θ       2       m    ,     σ   y   =  2     ∑  i = 1   m            x   k    ~    sin  ⁡  θ   +     y   k    ~    cos  ⁡  θ       2       m     



(6)







In the formula, the azimuth of the ellipse is θ;         x   k    ~    ′     is the difference between     x   i     and     y   i    ; the difference between       x  ~    ′     and       y  ~    ′     is         y   k    ~    ′    . The standard deviation of the x-axis is     σ   x    ; the standard deviation of the y-axis is     σ   y    .



	4.

	
Multiple Linear Regression Model







To further explore the internal factors affecting the distribution of urban carbon dioxide emissions in China, we selected relevant explanatory variables from the aspects of urban population, economy, industry, energy, investment, and built-up area [16,18,20,21,30,32]. Correlation analysis and multiple linear regression analysis were used in the SPSS19.0 software. Potential factors that could influence the change in urban carbon dioxide emissions were screened out from the statistical yearbook of urban construction in China. A multiple linear regression model (Table 1) was constructed for the spatial distribution of CO2 emissions in China, and the relevant influencing variables, such as the urban built-up area, population distribution, industrial layout, economic level, energy consumption, and investment level, were added. Then, we tested the fitness and robustness of the model after controlling the related factors and used a multiple linear regression model to discuss the evolution path and influence degree of the dynamic evolution distribution of CO2 emissions. This will provide a basis for carbon dioxide reduction and low-carbon development policy formulation in different regions. This study referred to the sensitivity analysis by P Yapıcıoğlu and other scholars to validate the developed model [51], and constructed a multiple linear regression model expression:


    Y   q   =   α   q   +   ∑  k = 1   m      β   q k     X   q k      



(7)




where     Y   q     is the carbon dioxide emissions of q cities. The constant term is α. β is the coefficient of each influencing variable. X is the chosen explanatory variable [52].




2.2. Data Collection


The main data included urban carbon dioxide emissions and urban development and construction data. CO2 emission data for Chinese cities were downloaded from the website of China City Greenhouse Gas Working Group (CCG) (http://www.cityghg.com/), accessed on 1 May 2023 [53]. The China City Greenhouse Gas Working Group (CCG) is a research and cooperation platform on urban greenhouse gases which was initiated and organized by the Climate Change and Environmental Policy Research Center of the Environmental Planning Institute of the Ministry of Ecology and Environment, established in June 2017. The China Urban Greenhouse Gas Working Group is committed to building a long time series, full-caliber, and full-coverage greenhouse gas emission dataset for Chinese cities [54]. Developing an accurate inventory of carbon dioxide emissions to provide an accurate dataset will support realizing the “double-carbon” strategy. CCG members will collect, collate, and analyze data on the level of urban CO2 emission activities at the enterprise, industry, sector, and city levels, and combine them with China’s high spatial resolution emissions grid data (CHRED 3.0) to establish a Chinese urban CO2 emissions dataset. The dataset will mainly cover the total carbon dioxide emissions of Chinese cities in 2005, 2010, 2015, and 2020, as well as the total carbon dioxide emissions of Chinese cities in the fields of industry, service industry, agriculture, urban life, transportation, and energy. To ensure that the research data are adjusted with the adjustment of administrative divisions, this study was based on the adjustment data of urban administrative divisions in the Administrative Division of the People’s Republic of China, and the carbon dioxide emission data of each city were fused and proofread. The data were sorted out according to the urban administrative divisions in 2020, so as to conduct a cross-year comparative study of carbon dioxide emissions among cities. Another type of data collection comes from the 2020 China Urban Statistical Yearbook [55]. They mainly include statistical data on China’s urban industry, population, GDP, built-up area, etc.





3. Spatial Distribution Characteristics of Carbon Dioxide Emissions in Chinese Cities


3.1. Spatial Distribution Characteristics of Total Emissions


As the economy is developing rapidly, China’s carbon dioxide emissions are also increasing. In 2005, China’s total carbon dioxide emissions were about 5.913 billion tons, and by 2007, China had become the world’s largest carbon dioxide emitter. Total carbon dioxide emissions in 2020 had doubled to 12.731 billion tons (Figure 1). Carbon dioxide emissions in China are mainly from agriculture, industry, the service industry, residents’ lives, transportation, and indirect emissions. From 2005 to 2020, industry nearly doubled its total emissions. However, its share of annual emissions is shrinking year by year, which shows that China’s energy-saving and emission reduction policies in recent years have achieved positive results. Emissions from the transportation sector increased by 2.5 times over the same period, and its share of total emissions has continued to grow. With the rise in car ownership in China in recent years, the transportation industry may become a new growth point for carbon dioxide emissions in the future. The energy-conservation and emission reduction policies of the transportation industry need to be further strengthened, and low-carbon travel policies also need to be established. Emissions from services also increased by a factor of 3.2 over this time, although the share of total emissions did not increase significantly. With the continuous growth of the national economy, the consumption level of residents is increasing. The service sector has huge room for growth in carbon dioxide emissions and will be an important carbon reduction industry in the coming decades. Finally, indirect emissions have become a major source of new CO2 emissions. To meet carbon reduction targets, more cities are buying electricity from other cities, which leads to the indirect emission of carbon dioxide in those other cities. This off-site carbon emission behavior also requires strengthened control; otherwise, it will increase the carbon emission burden of energy-exporting cities. Compared with other industries, agricultural carbon dioxide emissions growth has been small, within a relatively stable range.



The total carbon dioxide emissions in China’s cities show an increasing trend of “point-line-area”, and the spatial evolution patterns of point agglomeration, linear extension, and plane enclosure. The total emissions show a spatial growth pattern of “high-speed growth of core cities, continuous growth of peripheral cities, and low-speed growth of general cities” (Figure 2). In 2005, high-emission cities were mainly concentrated in provincial capitals. With the passage of time, the core density value of provincial capital city emissions has continued to increase, crossing the new policy boundary and forming a new core density center. The core city gradually leads to an increase in emissions in peripheral cities, and the emissions from peripheral cities also increase with the growth of core cities. Since 2010, the emissions from peripheral cities have continued to grow, gradually connecting the surrounding cities and rapidly expanding to major cities across the country. The spatial evolution pattern of “Beijing-Jinan-Shanghai” and “Jinan-Zhengzhou” has been preliminarily formed. As the process of industrialization and urbanization in the country matures, the core cities ease the industry to the surrounding cities, eliminate the secondary industry, and introduce the tertiary industry. The surrounding cities develop secondary industries, resulting in the rapid growth of carbon dioxide emissions in the surrounding cities. In 2020, a planar emission pattern surrounded by the Beijing–Tianjin–Hebei urban agglomeration, Yangtze River Delta urban agglomeration, and Central Plains urban agglomeration was formed. It also formed a planar pattern headed by the Pearl River Delta urban agglomeration and the Chengdu–Chongqing urban agglomeration.




3.2. Spatial Distribution Characteristics of per Capita Emissions


Carbon dioxide is the most important anthropogenic greenhouse gas, and the spatial distribution characteristics of per capita emissions are also important. We selected the ratio of total urban carbon dioxide emissions to the total resident population as a quantitative indicator of per capita emissions (Figure 3). In 2005, the national per capita emissions were 5.3 tons, and in 2020, the national per capita emissions were 9.07 tons, with an obvious overall increase. Per capita emissions have formed a stable high-value cluster along the northern border. Provinces such as Inner Mongolia and Xinjiang have been hardest hit by per capita emissions. The provinces with the most obvious increase in per capita emissions include Xinjiang and Inner Mongolia, and the carbon reduction efforts of Xinjiang, Inner Mongolia, Ningxia, and Qinghai provinces need to be strengthened. The per capita carbon emissions of most cities in the Central Plains and Northeast China have also increased significantly. The central and western regions show low-value agglomeration, and the per capita emission growth there has been relatively slow. However, the per capita emissions have formed an obvious zonal growth trend along the middle and lower reaches of the Yangtze River, and the carbon reduction measures of the cities in the middle and lower reaches of the Yangtze River need to be strengthened.




3.3. Spatial Distribution Characteristics of Emission Intensity


Carbon intensity is the amount of CO2 emitted per unit of GDP. In 2005, every 10,000 yuan of GDP generated in the country emitted 3.4 tons of carbon dioxide. In 2010, every 10,000 yuan of GDP generated in the country emitted 2.2 tons of carbon dioxide. In 2015, for every 10,000 yuan of GDP created, the country emitted 1.56 tons of carbon dioxide. The carbon dioxide emission intensity in 2020 was 1.45, which was 57.35% lower than that in 2005. Since 2009, China has developed a carbon intensity reduction plan to reduce CO2 emissions by reducing the number of cars and the size of coal-fired power plants. The overall carbon emission intensity has since decreased significantly. China has also fulfilled its emission reduction target commitment to the Kyoto Protocol, and the carbon dioxide emission per unit of GDP (CO2 intensity) in 2020 was reduced by 40~45% compared with 2005. Most cities in China have formed a low-carbon development model, and the number of cities with a high carbon emission intensity decreased significantly from 2005 to 2020. The number of cities with a carbon intensity above 4 decreased from 143 to 47, distributed in a band along the northern border (Figure 4). This also showed that some cities in Xinjiang and Inner Mongolia have not reduced their carbon dioxide emissions per unit of GDP while developing their economies. The low-carbon development model of cities in these regions needs to be further strengthened.




3.4. Emission Trend Analysis


It is not difficult to find that the changes in CO2 emissions from industry, transportation, and residential life have been the largest. To further explore the impact path and trends of industry, transportation, and residential life for carbon dioxide emissions from 2005 to 2020, we used the standard deviation ellipse tool of GIS 10.2 software to calculate and draw the dynamic track of carbon dioxide emissions, so as to depict the dynamic trend of the spatial difference distribution of CO2 emissions in Chinese cities.



Firstly, the center of gravity of industrial CO2 emissions from 2005 to 2020 moved from Suzhou City, Anhui Province, to the east of Henan Province, and finally, to Zhengzhou City, Hebei Province (Figure 5). The industrial carbon dioxide emission center shows a trend of expanding westward and gradually crossing the “Hu Huan-yong Line”. The intensity of industrial carbon dioxide emissions in central, northern, and northwestern China has been increasing. The changing trend of the ellipse corner shows the trend of northeast–southwest as a whole. Around 2005, industrial carbon dioxide emissions were mainly concentrated in East China. From 2005 to 2010, national strategies such as the development of the western region, and the industrial carbon dioxide emissions of the Chengdu–Chongqing urban agglomeration and the Central Plains urban agglomeration increased significantly, while the elliptical angle clearly moves toward the southwest direction. From 2005 to 2010, the overall industrial carbon dioxide emissions in China increased rapidly, and the growth in the western and northern regions was stronger than that in the eastern and southern regions, resulting in significant growth in the major and minor axes of the ellipse. The axial length of the X-axis increased the most, showing that the industrial carbon dioxide emissions had a significant diffusion phenomenon in the X-axis direction. In addition, the length of the Y-axis has also been increasing slowly, with the main growth direction to the northwest, indicating that the industrial carbon dioxide emissions in the northwest direction have increased significantly, while the growth in the southeast direction has been weaker. In the future, the industrial carbon dioxide emissions from Xinjiang, Qinghai, Ningxia, and Inner Mongolia in the northwest of China will continue to increase. The elliptical coverage of the Central Plains urban agglomeration and the western urban agglomeration also shows a growing trend. These local governments need to strengthen industrial carbon reduction in these areas.



Secondly, the center of gravity of CO2 emissions from transportation showed a trend of moving westward firstly and then southward, and the major axis and minor axis of the ellipse showed a significant contraction trend. With the promotion and application of new energy vehicles in China in recent years, the market share of new energy vehicles in core cities in China has increased significantly. This has led to a large-scale contraction in transportation carbon dioxide emissions. However, the main reason for the reduction in CO2 emissions from transport is that it consumes a lot of electricity. If the electricity comes from clean energy, this is bound to reduce the carbon dioxide emissions from transportation. If the electricity comes from thermal power generation, transportation electricity is equivalent to indirect emissions, and there is also a risk of indirectly increasing carbon dioxide emissions.



Finally, the center of gravity of household carbon dioxide emissions showed a southward shift. With the obvious increase in the national economic income, the consumption level of residents has also continued to grow, along with the popularity of various types of intelligent electrical equipment. The CO2 emissions from households have increased, with the long axis and short axis of the ellipse showing an increasing trend, the Y-axis showing an obvious increasing trend to the south, and the coverage area increasing year by year. In the future, the carbon dioxide generated by households will continue to increase and may become a new growth point of carbon dioxide emissions. Local governments need to formulate corresponding carbon reduction policies for household appliances to prevent excessive growth of household carbon dioxide emissions.





4. Influencing Factors of Carbon Dioxide Emissions


Since 2020, China has had the goal of achieving carbon neutrality by 2060. Achieving the “two-carbon” goal will require analysis of the main factors affecting the spatial distribution of carbon dioxide emissions [56]. Different cities are affected by factors such as the urban population, economy, industry, and construction scale in different ways, leading to different distribution characteristics of carbon dioxide emissions. Many scholars have discussed the logic of the spatial distribution of carbon dioxide emissions based on these factors [57]. Changes in carbon dioxide emissions are generally caused by more than one influencing factor, and there has been little comprehensive analysis of the population, economy, industry, and energy consumption. Based on this, we used the statistical analysis function of SPSS19.0 software and comprehensive statistics of the urban population, economy, industry, and built-up area related to carbon dioxide emissions, and constructed an explanatory model for the uneven distribution of carbon dioxide emissions. Firstly, we used SPSS to analyze the factors that may affect CO2 emissions and select the variables that are significantly related to the distribution of carbon dioxide emissions. Secondly, we adopted the forced entry (enter) model to carry out multiple linear regression analysis on the eligible influencing factors, and gradually eliminated the influencing variables with insignificant correlations and weak collinearity, such as the urban administrative area and urban residents’ consumption level. Finally, we obtained the primary variables with significant correlations and high fitness (Table 2).



The absolute values of the regression model’s T-values were all greater than 1.96, which indicated that the related variables had a significant influence on the regression models. The collinearity VIF values of all the related variables were below 7.5, proving that there was no collinearity between the variables. In addition, the Sig. values of all the variables were also less than 0.05, which again showed that the explanatory variables had a significant impact on the regression model. The Sig. value of the regression model was found to be 0.000a through a variance test, indicating that the regression model had statistical significance. The R2 values of the regression models were all greater than 0.5, which further indicated that the regression model had a high fitting degree, good robustness, and high quality. The histogram of the residuals of the regression model was also normally distributed (Figure 6), again demonstrating the strong statistical significance of the regression model. The results explain the main reasons for the different distribution of carbon dioxide emissions in Chinese cities. The explanatory model is:


Y = −1061.164 + 4.648X1 + 5.923X2 + 0.043X3 − 0.003X4 − 0.002X5 − 2.085X6 + 5.458X7 + 0.109X8,



(8)




where X1 represents the area of urban construction land (square kilometers). X2 represents the average annual population of the city. X3 represents the per capita GDP of the city (yuan). X4 represents the number of employed personnel in the secondary industry of the city at the end of the year. X5 represents the number of employed personnel in the tertiary industry of the city at the end of the year. X6 represents the residential sales area of the whole city (10,000 square meters). X7 represents the number of foreign-invested enterprises in the city. X8 represents the number of employment units in the electricity, heat, gas, and water production and supply industries at the end of the year.



The regression model showed that the urban construction area, population size, economic level, foreign investment, residential energy consumption, and urban carbon dioxide emissions were significantly positively correlated. The urban population size had the most significant impact on carbon dioxide emissions. An increase of 10,000 people in a city will lead to an increase of 5.923 tons of carbon dioxide. Appropriate control of the population size in cities will help cities to control carbon dioxide emissions. Urban foreign investment also has a significant impact on carbon dioxide emissions. Adding a foreign-funded enterprise to a city will cause the city’s carbon dioxide emissions to increase by 5.458 tons. Foreign-invested Chinese enterprises are mainly concentrated in areas with high carbon dioxide emissions. Thus, reducing dependence on foreign investment can help to reduce CO2 emissions. Secondly, the urban construction land area also has a significant impact on urban carbon dioxide emissions. An increase of 1 square kilometer in urban construction area leads to an increase of 4.648 tons of carbon dioxide. Appropriate reduction of the urban construction land area and intensive, economical, and efficient use of urban land will also contribute to low-carbon urban development. The urban economy and the scale of urban energy supply also had a positive impact on carbon dioxide emissions. In addition, the employment of urban units in the secondary and tertiary industries at the end of the year was negatively correlated with CO2 emissions. The coefficient of explanatory variables showed that the decrease in urban secondary and tertiary industry employment led to an increase in urban carbon dioxide emissions. Simple optimization and upgrading of industry cannot achieve the goal of carbon reduction. As operations are optimized, it will also increase CO2 emissions as increased operations consume more energy. Simple layoffs and equipment automation are not the best strategies for carbon reduction in the secondary and tertiary industries. Finally, a city’s residential sales area and urban carbon dioxide emissions have a significantly negative correlation. The more residential sales, the lower the city’s CO2 emissions. The residential sales area is also closely related to the urban environment; the fewer urban greenhouse gases, the better the urban living environment, and the greater the residential sales area. The two complement each other.




5. Discussion


5.1. Urban Industry and CO2 Emissions


When a country embarks on industrialization, the leading industries will change from primary industry to secondary industry, which consumes a lot of fossil energy in daily production. In the past 20 years, China has continuously promoted urbanization, which has brought about 20 years of prosperity and development of real estate. The boom in the construction industry has promoted the development of industries such as steel and cement, so the construction industry has exacerbated carbon dioxide emissions both directly and indirectly. This has led to a large increase in carbon dioxide emissions as the secondary industry has become dominant. After national industrialization and the accumulation of social wealth, the center of gravity of the market economy shifts from a secondary industry to a technology-intensive and knowledge-intensive tertiary industry. This mainly includes the financial service industry, electronic information industry, and traditional service industry. These industries all have low energy consumption and low emissions. Moreover, the electronic information industry and financial service industry are high-tech and high-value-added industries, and their carbon dioxide emissions are insignificant compared with traditional heavy industry. When China’s industrial structure completes the change from being energy-intensive heavy-industry-based to service-oriented transformation, and from material production to knowledge production and services, the inflection point of China’s carbon dioxide emission will also be reached.




5.2. Urbanization and CO2 Emissions


The improvement in the urbanization level is often accompanied by a continuous improvement in the industrialization level. Under the superposition of urbanization and industrialization, industrial agglomeration and population agglomeration deepen the dependence on energy, leading to higher emissions of carbon dioxide and more serious industrial pollution. With the migration of the rural population to cities, changes have taken place in the population size of cities, consumption concepts, and lifestyles of people moving from rural areas to cities, leading to higher requirements for material resources, increasing the demand for resources and energy consumption and waste, and producing a large amount of pollution. Urbanization will inevitably promote the rapid development of the construction industry, and this article has discussed the impact of the urban construction area on carbon dioxide emissions. The construction industry contributes to carbon dioxide emissions, both directly and indirectly. The improvement in the urbanization level is the inevitable result of social development. Scholars have begun to pay increasing attention to the impact of urbanization on carbon dioxide emissions, but there is no consensus on whether urbanization promotes or reduces carbon emissions. Therefore, urbanization is one of the key factors in system design.




5.3. Foreign Direct Investment and Carbon Dioxide Emissions


The expansion of foreign direct investment consumes a large amount of energy, such as coal, oil, etc., especially pollution-intensive industries, which directly consume a large amount of energy and contribute to high carbon emissions. In addition, to attract more foreign capital inflow and achieve rapid local economic development, China often relaxes environmental control standards without strict environmental review, accelerating the development and utilization of natural resources. Therefore, high-energy-consumption and high-pollution industries are transferred from capital export countries into capital inflow countries. Moreover, competition among developing countries to attract more FDI often results in adopting lower environmental control standards than other countries. In this way, FDI further exacerbates environmental pollution in the host country.




5.4. Household Energy Consumption and Carbon Dioxide Emissions


China is rich in a large amount of coal mines and has a significant shortage of oil and natural gas. Therefore, China’s energy consumption structure is mainly coal, and it is also one of the few countries in the world that uses coal as its main energy source. Among the three traditional fossil energy sources, natural gas, coal, and oil, coal is the most inefficient and has a high carbon dioxide emission factor. Coal produces about 1.5 times as much carbon emissions as oil and 2.2 times as much as natural gas for the same amount of energy, so the carbon dioxide produced by the large-scale use of coal as the main energy source is much higher than that of other energy sources, such as oil and natural gas. Moreover, Chinese residents use coal unreasonably and excessively in production processes, resulting in insufficient coal combustion and low production efficiency, and therefore more carbon dioxide emissions. To realize the low carbonization of economic development, we must increase the proportion of renewable energy generation, and reduce the energy use intensity and carbon emission intensity of enterprises. In the short-term, reducing the use of inferior coal and improving the use of clean coal technology will be effective ways to improve coal utilization efficiency. In the long run, optimizing the energy mix and reducing the proportion of fossil fuels used will be key to reducing carbon dioxide emissions.



Urbanization, industry, investment, the economy, and household energy consumption are the main factors impacting the spatial distribution of carbon dioxide emissions in Chinese cities. The relationship can change when any one of the influencing factors changes, bringing about an increase or decrease in carbon dioxide emissions. According to the influencing factors of the regression model, each city could formulate a carbon reduction strategy according to local conditions.





6. Conclusions and Suggestions


6.1. Conclusions


Since the Industrial Revolution, global warming, caused by the continuous rise in the global carbon dioxide concentration, has attracted increasing attention from the international community [58]. As the largest emitter of carbon dioxide in the world, China has been facing enormous pressure to reduce carbon dioxide emissions [59]. As industrialization matures and progresses, industrial carbon dioxide will continue to decrease. However, the improvement in living standards has led to the consumption of residents gradually becoming the key area of carbon dioxide emissions. Promoting low-carbon consumption by residents will also become important for carbon dioxide emission reduction. Based on the carbon emission database of the China Urban Greenhouse Gas Working Group, we used GIS spatial analysis and SPSS multiple regression analysis to explore the spatial distribution characteristics of CO2 emissions in Chinese cities and constructed a multiple regression model to explain the evolution characteristics of urban CO2 emissions in China. The main conclusions are as follows:




	
The urban CO2 emissions in China show a “point-line-area” spatial pattern. In the early stage, the provincial capital city was the core point of agglomeration, gradually forming a linear extension to the surrounding cities. After 2015, carbon dioxide emissions formed a planar emission pattern surrounded by the Beijing–Tianjin–Hebei urban agglomeration, Yangtze River Delta urban agglomeration, and Central Plains urban agglomeration.



	
A high per capita and high-intensity emission belt from Xinjiang to Inner Mongolia has been formed. In terms of total emissions, the proportion of industrial emissions continues to decrease, and the range of high industrial emissions has gradually crossed the “Hu Huan-yong Line” and spread from eastern China to the whole country. The emissions from transportation, the service industry, and households have become new growth points, and the high-value emissions from households also show a trend of spreading nationwide. China’s carbon dioxide emissions are growing fast, deep, and large in scale.



	
The spatial distribution of carbon dioxide emissions is significantly correlated with the factors of urbanization, the economy, industry, investment, and household energy consumption. The regression coefficients of the related variables may be either positive or negative, indicating that different factors promote or inhibit the spatial distribution of urban carbon dioxide emissions. According to the regression model, local governments should formulate policies to regulate carbon dioxide emissions according to local conditions and complete their regional carbon dioxide reduction development strategy.









6.2. Suggestions


Increasing the pace of carbon dioxide emission reduction in Chinese cities is an important task in the post-Xinguan pneumonia epidemic period [60]. The rapid growth of urban carbon dioxide emissions will lead to environmental problems such as increased climate change, ocean acidification, melting glaciers, and loss of biodiversity [61]. The uncertainty of the spatial dynamic law of urban carbon dioxide emissions can lead to errors in regional carbon dioxide emission reduction policy formulation [62]. Based on this, we propose the following differentiated carbon control suggestions:



Xinjiang, Inner Mongolia, Qinghai, Ningxia, and other provinces are the main governance areas in the western region, and these regions have high total emissions, per capita emissions, and carbon intensity. These regions are in the stage of rapid urbanization, and they should avoid the disorderly spread of high-carbon industries such as oil, coal, and natural gas. Local governments should formulate industrial development plans to optimize the industrial structure and energy efficiency. In the process of high-speed urbanization, the breakthrough of clean energy utilization and carbon dioxide control technology is important. Hubei, Henan, Shanxi, and other provinces are the key governance areas in the central region. These regions are also China’s energy and raw material industrial bases and need to strengthen breakthroughs in low-carbon processing technologies for energy and raw materials. Local governments should formulate policies and systems for carbon emission incentives and penalties to encourage enterprises to improve their energy and raw material processing techniques. The eastern region needs to focus on controlling indirect emissions caused by traffic energy consumption. Governments need to develop carbon-neutral subsidies and provide financial assistance to energy-supplying cities to help such areas ease the pressure on carbon reduction funds. Finally, with the improvement in residents’ living standards, a significant increase in residents’ carbon emissions has become a national phenomenon. All regions should consciously advocate a low-carbon life, strengthen energy-saving awareness education, and reduce the energy consumption of household appliances to achieve the overall goal of low-carbon development.



The energy sector needs to significantly reduce the overall use of fossil fuels, use low-emission energy sources, shift to alternative energy carriers, and improve energy efficiency and conservation. Reducing emissions in the industrial sector will require coordinated action across the value chain, including demand management, energy and material efficiency, recycled material flows, and emission-reducing technologies and transformational changes in production processes. The adoption of new energy sources, such as electricity and hydrogen fuel, will push industry to achieve net zero emissions of greenhouse gases. Cities and urban areas can significantly reduce emissions by reducing energy consumption, investing in the electrification of transport alongside low-emission energy, and harnessing nature to enhance carbon absorption and storage. For the buildings sector, good design and effective carbon reduction interventions will help buildings adapt to the future climate, achieve zero emissions, and contribute to sustainable development goals. In transport, electric vehicles powered by low-emission electricity offer the greatest decarburization potential for land transport. Sustainable biofuels can provide additional carbon reduction benefits for land transport. Sustainable biofuels and low-emission hydrogen and derivatives can also support the mitigation of CO2 emissions from sea, air, and heavy road transport. Finally, the sustainable implementation of carbon reduction programs in agriculture, forestry, and other land-use industries can lead to large-scale emission reductions and enhanced greenhouse gas removal.



Finally, this study only analyzed the spatial evolution characteristics and influencing factors of carbon dioxide emissions in China. There are still shortcomings in analyzing the influencing factors. This study did not consider the impact of geographical environmental factors such as the urban terrain, altitude, and vegetation on carbon emissions, which will be a new direction for future carbon emission research.
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Figure 1. Composition of carbon dioxide emissions from various industries in China from 2005 to 2020. 
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Figure 2. Nuclear density distribution of total carbon dioxide emissions in (A) 2005, (B) 2010, (C) 2015, and (D) 2020. 
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Figure 3. Spatial distribution of per capita carbon dioxide emissions in (A) 2005, (B) 2010, (C) 2015, and (D) 2020. 
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Figure 4. Distribution of the carbon emission intensity in (A) 2005, (B) 2010, (C) 2015, and (D) 2020. 
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Figure 5. Distribution of carbon dioxide emission trends in various industries in China from 2005 to 2020. 
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Figure 6. Standardized residual histogram. 






Figure 6. Standardized residual histogram.



[image: Sustainability 15 14849 g006]







 





Table 1. Assumption of basic parameters affecting variables.






Table 1. Assumption of basic parameters affecting variables.





	
Influence Factor Hypothesis

	
Index Selection

	
Symbol

	
Unit

	
Average

	
Standard Deviation






	

	
Urban CO2 emissions

	
Y

	
10,000 tons

	
4035.72

	
3859.377




	
Urbanization

	
Urban construction land area/km2 (X1)

	
X1

	
km2

	
149.02

	
212.422




	
Average annual population of the city/104 people (X2)

	
X2

	
104 people

	
436.54

	
329.712




	
Urban economic

	
Per capita GDP of the city/yuan (X3)

	
X3

	
Yuan

	
60,679.49

	
35,109.878




	
Urban industrial

	
Employed personnel in the secondary industry of the city at the end of the year (X4)

	
X4

	

	
263,534.17

	
373,060.163




	
Employed personnel in the tertiary industry of the city at the end of the year (X5)

	
X5

	

	
316,588.21

	
591,375.155




	
Urban residential

	
Urban residential sales area/km2 (X6)

	
X6

	
10,000 m2

	
465.34

	
538.152




	
Foreign investment

	
Foreign-invested enterprises in the city (X7)

	
X7

	

	
82.03

	
265.532




	
Household energy consumption

	
Employment of units in the electricity, heat, gas, and water production and supply industries at the end of the year (X8)

	
X8

	

	
10,010.24

	
11,942.134











 





Table 2. Multiple linear regression analysis of carbon dioxide emissions and influencing variables.
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Model

	
Classification of Indicators

	
Variable

	
B

	
T

	
Sig.

	
VIF






	
Model 1:

(Dependent variable: urban CO2 emissions)

	

	
(constant)

	
−1061.164

	
−2.234

	
0.026

	




	
Urbanization

	
Urban construction land area/km2 (X1)

	
4.648

	
2.956

	
0.003

	
4.395




	
Average annual population of the city/104 people (X2)

	
5.923

	
7.018

	
0.000

	
3.051




	
Urban economic

	
Per capita GDP of the city/yuan (X3)

	
0.043

	
6.553

	
0.000

	
2.108




	
Urban industrial

	
Employed personnel in the secondary industry of the city at the end of the year (X4)

	
−0.003

	
−2.955

	
0.003

	
4.487




	
Employed personnel in the tertiary industry of the city at the end of the year (X5)

	
−0.002

	
−3.693

	
0.000

	
4.431




	
Urban residential

	
Urban residential sales area/10000 m2 (X6)

	
−2.085

	
−3.874

	
0.000

	
3.304




	
Foreign investment

	
Foreign-invested enterprises in the city (X7)

	
5.458

	
6.049

	
0.000

	
2.262




	
Household energy consumption

	
Employment of units in the electricity, heat, gas, and water production and supply industries at the end of the year (X8)

	
0.109

	
5.149

	
0.000

	
2.507
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