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Abstract

:

Urbanization profoundly impacts the global carbon cycle and climate change. Many studies have shown that both urban vitality and urban carbon emissions are deeply affected by spatial planning and city structure. However, the specific relationship between urban vitality and urban carbon emissions is rarely studied. An index system of urban vitality was established from four aspects: social, economic, cultural, and environmental. After analyzing the spatial distribution characteristics of urban vitality combined with spatial syntax and the TOPSIS model, this paper further investigated the influence of urban vitality-building factors on the distribution of urban carbon emissions based on the Geodetector method. The research results show that: (1) Xuzhou shows obvious spatial differences in urban vitality, mainly decreasing from the center to the surrounding areas, with a small vitality center in the northeast. (2) The impact of different dimensions of vitality on urban carbon emissions is apparently different. (3) Facilities’ aggregation has the weakest explanatory power for urban carbon emissions, while the NDVI has the highest explanatory power. This study helps to clarify the spatial correlation and influence mechanism between urban vitality and urban carbon emissions. Finally, some suggestions are proposed to construct low-carbon and high-vitality cities.
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1. Introduction


The urbanization process has important and far-reaching significance for the transformation and development of China [1]. With the increasing scale and complexity of Chinese cities, various negative effects and “urban diseases” emerge in large numbers [2]. China’s extensive growth pattern of high consumption and high emissions not only intensifies the urban greenhouse effect but also causes an uneven quality of urbanization. Some regions attach importance to economic growth instead of the quality of development, resulting in cities lacking in necessary vitality [3]. Facing the problems of economic decline, scale contraction, and environmental protection in the process of urbanization, deepening the understanding of urban vitality, while exploring the contact between urban vitality and urban carbon emissions, is crucial to building a vibrant and sustainable city.



The concept of urban vitality that evolved from the term street life was first proposed by Jacobs, which includes human activities and urban space as well as the interactions between them [4]. To some extent, urban vitality represents the potential of a city’s internal survival, growth, and development, which is stimulated by good urban form [5]. Wu et al. demonstrated the correlation between urban form and neighborhood vitality through a series of urban form measures (circulation system, external transportation system, density, land use mix, and accessibility) [6]. Long et al. quantitatively analyzed the impact of urban design variables such as intersection density, mixed utilization rate, facilities, and transportation accessibility on economic vitality [7]. Jiang et al. constructed the evaluation system of urban vitality from five different dimensions and further analyzed the correlation between urban shrinkage and urban vitality in three provinces of Northeast China [8]. Lan et al. argued that urban form is not only the geometry of urban space, but also a complex social and economic phenomenon, and further investigated the intrinsic laws of population inflow and social infrastructure affecting urban dynamics [9]. There are two broad categories of existing research, whether from the perspective of constructing systems or influencing mechanisms: spatial and non-spatial factors. In terms of non-spatial factors, urban vitality is often influenced by population activities and economic factors, such as population inflow [9], GDP, labor force ratio [10], and consumption level [11]. Studies involving spatial factors mostly focus on urban structure and scale, such as density, diversity, mix, accessibility, urban landscape, environmental quality, and architectural form [12,13,14,15]. The influence of urban form on urban vitality has been widely recognized, with most studies focusing on the physical form of cities, such as urban scale, infrastructure, public green spaces, land use, and urban streets.



Good urban form, as a source of urban vitality, plays an equally pivotal role in reducing urban carbon emissions [5,16]. Whether the city, as the largest emission source, can achieve the sustainable development goal of low carbon is of paramount importance in order for the entire society to achieve the sustainable development goal of low carbon [17]. A full understanding of the relationship between urban carbon emissions and urban form is the basis for achieving low-carbon city construction. Current studies on urban form and urban carbon emissions broadly include land use, built environment, transportation networks, and development patterns, all of which have direct or indirect effects on urban carbon emissions [18]. Li et al. evaluated the coupling relationship between carbon emissions and land use at county and regional scales in Chongqing and explored the scale effect of urban land on carbon emissions [19]. Dan et al. assessed the effectiveness and potential of public transport energy conservation and emission reduction by comparing the carbon emissions of public transport in Shenzhen and other cities [20]. Due to the diversity of indicators, the different stages and types of urban development, and the lack of micro-analysis, the quantitative study on the mechanism between urban form and carbon emissions still requires a lot of research and specific cities should be analyzed for a targeted understanding [21].



A large number of studies have shown that urban vitality is closely related to both urban carbon emissions and urban form. For example, land, as a carrier of urban activity space, can effectively reduce carbon emissions by optimizing the land structure and strengthening land management [22], while orderly, aggregated, and abundant land use plays an equally positive role in urban vitality [23]. The connectivity, accessibility, and density of roads change the way urban residents travel by affecting a city’s transportation environment, which directly or indirectly affects carbon emissions [18], while the higher road network density only has a positive effect on the vitality of the city in the stage of urban expansion [24], which requires a specific analysis based on the development situation of specific regions. There is a qualitative link between urban vitality—as a specific quantitative representation of the physical environment and population activity [25]—and urban carbon emissions, which are also influenced by the physical environment and population activity. However, few studies directly investigate the specific relationship and impact mechanism between urban vitality and urban carbon emissions. At present, China’s urbanization has not been completed and is still in a rapid development stage. How to reduce carbon emissions, improve the urban environment, and enhance urban vitality through urban form and spatial structure planning is an urgent problem to be solved. It is necessary to directly explore the relationship between urban vitality and urban carbon emissions for specific cities.



To address the above deficiencies, this paper innovatively proposed a measurement method of the dependence between the building index of urban vitality and the spatial distribution characteristics of urban carbon emissions, aiming at studying the spatial correlation and causality between urban vitality and urban carbon emissions. It compensated for the deficiency of existing urban vitality research from the angle of carbon emission reduction. This paper analyzed the urban pattern and basic status of Xuzhou and constructed an urban vitality evaluation system from four perspectives: social, economic, cultural, and environmental. Second, to reveal the correlation between carbon emissions and vitality, we assessed the influence of different indicators on urban carbon emissions. Third, this paper provided a basis for future planning practice in Xuzhou and a research idea for urban planning in other regions.




2. Study Area and Datasets


2.1. Study Area


As the core city of the Huaihai Economic Zone, Xuzhou (33°43′–34°58′N, 116°22°–118°40′E) is an interprovincial border city of Jiangsu, Shandong, Henan, and Anhui provinces. Xuzhou is the only national-level resource-based city in Jiangsu, with a total land area of 11,765 km2 and a resident population of 902.85 million [26]. With a history of more than 130 years of coal mining, Xuzhou is an industrial city with the highest carbon emission intensity in northern Jiangsu. As a result of long-term energy exploitation, Xuzhou City faces urgent tasks such as energy conversation and emission reduction, ecological restoration and environmental protection, and is now entering a period of resource depletion. In recent years, Xuzhou has experienced rapid economic development, accompanied by the rapid expansion of urban space. Its current urbanization level is higher than that of the country but lower than that of the province. However, due to its unreasonable urban pattern, the quality of urbanization in Xuzhou is generally not high, while the development of urbanization is uneven, with large spatial differences in urbanization levels between urban areas and counties, and between individual counties and districts.



As an important coal producer and transportation hub, Xuzhou is in the stage of accelerating urbanization, which leads to the fact that it is facing the dual pressure of urban development and environmental protection at the same time. With the implementation of the central city construction strategy of the Huaihai Economic Zone, Xuzhou, as the spatial strategic fulcrum of the “One Belt, One Road” Initiative and the key development area of the National Land Plan, should coordinate the relationship between economic development and urban space, which has become a strategic issue to promote the high-quality development of Xuzhou. The municipal government is committed to achieving low-carbon development with effective spatial planning and by building a national sustainable development agenda innovation demonstration area with the theme of innovation leading the high-level development of resource-based cities. As a representative of the transformation of resource-exhausted cities, the research on Xuzhou is typical and universal [27]. This paper selects the main urban area of Xuzhou as the research area, covering Quanshan, Yunlong, Gulou, Jiawang, and Tongshan administrative districts (Figure 1), to investigate the impact of urban vitality on carbon emissions distribution, provide analysis support for urban planning and management to achieve urban emission reduction and urban vitality building through optimizing the built environment, and provide a reference for similar cities to carry out low-carbon transformation.




2.2. Datasets


2.2.1. Geographic Data


The administrative division vector in this study was obtained from LocaSpace Viewer (available from http://www.tuxingis.com/, accessed on 9 October 2022). Road data and land use data were extracted from the vector dataset of the Open Street Map (available from https://www.openstreetmap.org/, accessed on 15 September 2022). Then, primary roads, secondary roads, tertiary roads, and highways were extracted for the study. The normalized difference vegetation index (NDVI) data in 2019 (spatial resolution 500 m × 500 m, temporal resolution 16d) were downloaded from the National Earth System Science Data Center (available from http://www.geodata.cn/, accessed on 14 September 2022).




2.2.2. Point of Interest


In this research, point of interest (POI) datasets were collected from Amap (available from https://lbs.amap.com/, accessed on 30 June 2022). The obtained POI datasets included attributes such as name, address, latitude, longitude, etc. Then, the POI dataset was further reclassified into seven categories (Table 1). After cleaning and classification, 39,969 POIs were finally obtained.




2.2.3. Open-Source Data Inventory for Anthropogenic CO2


The carbon emissions data were mainly obtained from the 2019 raster data published by the Open-source Data Inventory for Anthropogenic CO2 (ODIAC, available from https://db.cger.nies.go.jp/dataset/ODIAC/, accessed on 19 June 2022) with a spatial resolution of 1 km × 1 km. ODIAC is a global high-resolution anthropogenic carbon emission dataset developed by the Greenhouse Gas Observation Satellite Project Team (GOSAT) of the National Institute for Environmental Studies (NIES). The data were estimated by combining regional power plant data and satellite observation nighttime light data, mainly based on fossil fuel consumption [28].



The ODIAC carbon emissions data, with an accuracy of more than 80%, have been widely used in international studies of carbon emission pattern exploration, carbon emission simulation, and prediction [29,30]. After processing the monthly average ODIAC data in 2019, we obtained the annual average carbon emissions spatial distribution map of Xuzhou (Figure 2), which showed a distribution pattern of a high center decreasing in all directions. Compared with the remote sensing image, it was found that the regions with abnormally high values were the locations of thermal power plants.






3. Methods


Integrating the research on the reasonable spacing of urban roads from different viewpoints at home and abroad, this paper created a 1 km × 1 km grid, eliminated the missing data values, and finally obtained 4502 research units. We selected four dimensions to evaluate the vitality of the city, namely, social, economic, cultural, and environmental (Table 2). We then quantified urban vitality based on Hill number, space syntax, entropy weight TOPSIS, and other models, and analyzed the spatial distribution characteristics of urban vitality in the main city of Xuzhou. The relationship between the spatial distribution characteristics of carbon emissions and vitality was investigated. Finally, the effects of different vitality-building elements on the carbon emissions spatial distribution characteristics were analyzed using Geodetector (Figure 3).



3.1. Evaluation Index of Urban Vitality


Although scholars have different definitions and concerns regarding the research on urban vitality, there is a consensus that cities have social, economic, cultural, and environmental attributes [8]. Therefore, high-vitality cities need to meet the requirements of being habitable, achieving sustained economic growth, providing sufficient public space for social activities, creating a rich cultural atmosphere, and providing green space for leisure [10]. Combining the existing studies [9,31], this paper selected indicators from four aspects: social, economic, cultural, and environmental.



3.1.1. Social Vitality


Social vitality is an important component of urban vitality. Since urban vitality is generated by human activities, we gave primary consideration to factors that can stimulate human activities in the process of selecting indicators. According to Jacobs and Montgomery’s theory, old buildings, small blocks, density, diversity, and accessibility can best trigger the gathering of crowds, thus stimulating the urban vitality of a region [4,32]. Influenced by these theories, a steady stream of papers adopted these metrics, especially regarding density, diversity, and accessibility to construct vitality [13], and this paper is no exception. Therefore, considering the balance of indicators and data availability, we chose to construct social vitality from two aspects: road accessibility and function mixture.



The functional mixture is usually measured as the composition of urban functions within a single study area. There are many methods to quantify functional mixtures, among which Shannon entropy is the most frequently used index to measure the degree of mixing/uniformity of POI distribution [33]; however, Shannon entropy reflects uncertainty rather than diversity. A quantitative framework model called the Hill number was proposed by ecologists in 1973 to measure diversity and has since been widely used to calculate the functional mix of cities [34]. The Hill number model can reflect the functional mixture in many aspects and dimensions, and the specific formula is as follows [34]:


   D q  =    (   ∑  i = 1  n   P i q   )    1 /  (  1 − q  )    ,  



(1)




where n represents the number of POI types.    P i    indicates the frequency of POI type i. The Hill number model incorporates the three most widely used diversity measures: richness (q = 0), Shannon entropy (q = 1), and Simpson index (q = 2) [35], which represent the richness, disorder, and aggregation of POI, respectively. In this study, the functional mixture was measured in terms of richness, disorder, and aggregation.



A good road network can strengthen the internal links of cities, reduce traffic costs, encourage people to participate in social activities, and thus promote economic development. Therefore, road accessibility is a common indicator for evaluating urban vitality [36]. Compared with other models, the space syntax provides a quantitative method for the street road network system configuration through spatial segmentation from the perspective of topology [37,38,39] and explains the impact mechanism of the spatial configuration of the road network on population mobility and economic activities [40]. In this study, integration, depth, and connection values were selected to quantify traffic accessibility (Figure 4).




3.1.2. Economic Vitality


Small catering services have better spatial flexibility and, although they cannot represent the development of a city, they can be an important indicator of urban vitality [41]. On the one hand, studies have confirmed that the clustering degree of catering facilities is highly affected by regional economy and population density. Based on the geographically weighted regression model, Wang et al. preliminarily found that the regional economic level had the most significant impact on the clustering of catering facilities [42]. On the other hand, compared with other economically relevant facilities, small catering facilities have higher turnover rates. In other words, the distribution of small catering can better reflect the urban economic pattern, as it is entirely motivated by the actions of business owners and the market (public) spontaneously [43]. Small catering services are mostly located in places with dense human flow, convenient transportation, and diversified functions, and the districts that meet these needs are mostly the centers of social and economic activities [43]. Because urban areas with thriving small catering businesses tend to be more dynamic, some studies have even taken it directly as an “indicator business” of urban vitality [43,44]. Therefore, the distribution of small catering services can be regarded as the embodiment of economic vitality. This study adopted the density of catering facilities to measure economic vitality.




3.1.3. Cultural Vitality


Cultural vitality is a complex and multi-dimensional concept, which is closely related to the social, economic, and residential life of a city, including both cultural places and cultural participation [45]. Due to the difficulty in obtaining the population flow of cultural places in the city, considering the availability of existing studies and data, the POI density of cultural facilities was adopted as the measurement index. Finally, we obtained a total of 106 pieces of data, including museums, archives, libraries, exhibition halls, martyrs’ cemeteries, memorials, and theme parks.




3.1.4. Environmental Vitality


Environmental vitality plays an important role in creating urban vitality. High environmental vitality can also promote the economic, social, and cultural vitality of urban areas [46]. As long as people live in a city, environmental quality will definitely affect people’s willingness to travel, and sufficient green space can make people feel relaxed and comfortable, thus attracting more people to participate in social activities. Therefore, there have been numerous papers using green space to represent the environmental quality of a city as a measure of environmental vitality [9,12,31]. As a common indicator to assess environmental vitality, urban green space plays an important role in improving residents’ health, providing recreational places, maintaining social relations, and improving quality of life [47]. In this paper, NDVI was used as an indicator to measure environmental vitality.





3.2. Calculation of Comprehensive Urban Vitality


Because the research on urban vitality evaluation involves multiple factors and samples, it is a typical multi-criteria decision analysis problem. Since conventional MCDM models are considered insufficient to deal with uncertainty in language, combining MCDM with fuzzy sets has been proposed to solve the problem of fuzziness in the decision-making process [48]. Therefore, the existing MCDM can be divided into two categories: conventional and fuzzy. However, since the indicators in this study are explicit gainful variables, fuzzy MCDM methods that deal with imprecise or vague information are not considered. Compared with other MCDM models, the TOPSIS method can effectively avoid subjectivity while making full use of the information from the raw data. The advantage of TOPSIS lies in that it has no strict restrictions on the number of indicators, sample size, and data distribution, and can provide reliable evaluation results through simple calculation, with minimal data loss in the process [49]. TOPSIS can provide the basic ranking of each alternative with intuitive geometric meaning and does not require independent attribute preference, allowing for a good portrayal of the combined impact of multiple metrics [50]. Experienced decision makers usually prefer a simpler and more transparent approach [51]. In this respect, TOPSIS is unique among the most cited MCDMs. Due to its intuitive features that are easy-to-implement and understand, TOPSIS [52,53] has been used abroad in business and other fields [54], transportation planning [55], and air quality [56]. It has also been frequently applied to urban vitality evaluation studies in recent years [54,57]. The disadvantage is that the model has the same weight for each index by default, so the entropy weight method is introduced in this paper. The subjective assignment method is susceptible to the researcher’s perceptions, while the entropy weighting method is dependent entirely on the information value of the original data, which can provide more correct and objective weights [54]. Therefore, the entropy weight -TOPSIS model is chosen as the comprehensive evaluation method of urban vitality.



Construct the weighted normalization matrix Y using Equation (2) [53]:


   Y  i j   =  W j   X  i j   ,  



(2)




where xij is the value of the jth indicator of the ith basic spatial unit.



Obtain optimal and inferior solutions [53]:


   Y +  =  (   Y 1 +  ,  Y 2 +  , … ,  Y 8 +   )  ,  



(3)






   Y −  =  (   Y 1 −  ,  Y 2 −  , … ,  Y 8 −   )  ,  



(4)







Calculate the distance of the evaluation object from the optimal and inferior solutions using Equations (5) and (6) [53]:


   D i +  =    ∑  j = 1  n   w j    (  Y j +  −  Y  i j   )  2    ; i = 1 , 2 , 3 … , m ,  



(5)






   D i −  =    ∑  j = 1  n   w j    (  Y j −  −  Y  i j   )  2    ; i = 1 , 2 , 3 … , m ,  



(6)




where wj represents the weight of the jth indicator.



Calculate the closeness of each study unit to the optimal solution, Ci [54]:


   C i  =    D i −     D i +  +  D i −    ; i = 1 , 2 , 3 … , m ,  



(7)







The final evaluation results are ranked according to the size of Ci.




3.3. Analyzing the Spatial Relationship between Urban Vitality and Carbon Emissions


The first law of geography states that geographical phenomena are spatially correlated. Spatial autocorrelation is often used to reflect the degree of correlation between the adjacent spatial units of the same attribute, which can be expressed by the global Moran’ I index and Local’ I index, respectively [58]. For further in-depth study, the bivariate spatial autocorrelation method was proposed to study the spatial relationship of the same variable at different times [59]. Later, the method was extended to describe the spatial correlation and dependence characteristics of two different geographical elements [60]. Therefore, this paper adopted GeoDa software to carry out bivariate local autocorrelation Moran’ I analysis to reveal the spatial distribution characteristics between different dimensions of vitality and urban carbon emissions. The formula is as follows [60]:


   I  a b  ′  =    x a i  −    x a   ¯     σ a    ×  ∑  j = 1  n   W  i j      x b j  −    x b   ¯     σ b    ,  



(8)




where    x  a    i    is the attribute value of a in cell i.    x b j    is the attribute value of b in cell j.      x a   ¯    and      x b   ¯    are the means of the attribute a and b values, respectively.    σ a    and    σ b    are the variances of the attribute a and b values, respectively.    W  i j     is the weight coefficient matrix.




3.4. Analyzing the Factors Influencing Urban Carbon Emissions


Geodetector captures the correlation between variables by studying the spatial distribution coupling between elements [61], including four types of risk detector, factor detector, ecological detector, and interaction detector. Geodetector does not require linear assumption, so it is immune to multivariate collinearity and can avoid the endogeneity of causality between independent and dependent variables [61]. Compared with other traditional models, Geodetector has the advantage of being unconstrained and is not predetermined, effectively overcoming the limitations of traditional analysis methods in dealing with categorical variables. The model has been widely used in various fields such as risk assessment, ecological evaluation, and social sciences [62,63,64]. In this paper, the urban carbon emissions value was taken as attribute Y, and the contribution of different evaluation factors to urban carbon emissions was quantitatively calculated by using Geodetector. Then, the relative importance of each element of urban vitality was analyzed. The formula is as follows [61]:


  q = 1 −    ∑  h = 1  L   N h   σ h 2    N  σ 2    = 1 −   S S W   S S T   ,  



(9)




where h is the variable stratification.    N h    and  N  are the numbers of cells in stratum h and the whole region, respectively.    σ e 2    and    σ 2    are the variances of the Y values of carbon emissions in stratum h and the whole region, respectively. The q value represents the explanatory power of the factor to the dependent variable. The Geodetector software is available for free from http://www.GeoDetector.org (accessed on 8 October 2022).





4. Results


4.1. Spatial Distribution Pattern of Multi-Dimensional Vitality


We calculated the comprehensive vitality based on the Entropy-TOPSIS method. The results show that the comprehensive vitality of Xuzhou presents a spatial differentiation characteristic decreasing from the center to the periphery, and the spatial distribution is unbalanced (Figure 5). The areas with high comprehensive vitality were mainly clustered in the intersection of Quanshan, Yunlong, and Gulou districts. The highest intensity areas were respectively in Pengcheng Square of Gulou District, Hubu Mountain of Yunlong District, and Yunlong Park of Quanshan District. Suti Road, Qingfeng Road, and Jinlong Lake Scenic Area along the east–west extension of Metro Line 1, and Xuzhou Normal University’s Yunlong Campus, Science and Technology Plaza, and China University of Mining and Technology’s Wenchang Campus along the north–south extension of Metro Lines 2 and 3 are part of a central belt with the highest vitality. In addition, there exists a developing low-vitality center in Jawang District along Quancheng Road in the direction of the Century Square and Xiaqiao Park extension. From the perspective of overall space, areas with high comprehensive vitality usually develop along main roads and around tracks, with the highest vitality value in the center of the tracks and gradually decreasing along the periphery. From the functional point of view, the areas with high value of comprehensive vitality in the city are mainly concentrated in the commercial centers or the surrounding areas of residential houses and universities. This proves the credibility of the evaluation results of this study to a certain extent.



There are two main high-value gathering centers for social vitality: (1) the junction of Yunlong District, Gulou District, and Quanshan District and (2) the area around Dalong Lake Scenic Area in Yunlong District. The road network around Dalong Lake Scenic Area is well developed, with Track Line No. 2 to the north, Hanyuan Avenue to the west, and Yingbin Expressway leading to Lianhuo Expressway to the south, which is the administrative center of Xuzhou City. The high economic vitality value is widely distributed, mainly appearing in the intersection of Quanshan District, Yunlong District, and Gulou District; Wanda Plaza, Xuzhou City Government in Yunlong District; China University of Mining and Technology, Science and Technology Park, in Quanshan District; and Jiangsu Normal University and Wanda Plaza in Tongshan District. Cultural vitality has the most uneven distribution due to limited access to data, with high values clustered mainly on the west side of Yunlong Park and Kui Shan Park, while low values are distributed in all other areas. The overall distribution of environmental vitality showed a decreasing trend from the periphery to the center, and the low-value area showed a northeast-to-southwest band, which was distributed in Yunlong District, Quanshan District, Gulou District, northeast Jiawang District, and southwest Tongshan District, while the northwest and southeast edge of the urban area showed a high vitality.



By comprehensive comparison, it can be found that the comprehensive, social, and economic vitality all show a similar spatial structure, with high values clustered in the center of Xuzhou and rapidly decreasing in the surrounding areas. All kinds of vitality values in the surrounding areas are low, far behind the urban core area, and there is a sub-vitality center in the northeast, but the environmental vitality is the opposite. Xuzhou shows a “monocentric-multi-node” pattern of comprehensive vitality distribution and the same northeast–southwest development trend as the built-up area. This is probably due to the monocentric development pattern, which concentrates economic and social resources on the development of the core land while ignoring most marginal land, and the areas outside the core are mainly agriculture, forestry, and fragmented built-up areas [65]. From the spatial equilibrium, compared with the other vitality dimensions, the distribution of economic vitality is the most even, followed by social vitality, and cultural vitality is the least evenly distributed.




4.2. Spatial Relationship of Multidimensional Vitality and Urban Carbon Emissions


	
The spatial autocorrelation analysis was used to calculate the degree of association between carbon emissions and the spatial distribution of comprehensive, social, economic, environmental, and cultural vitality, and the results are as follows (Table 3). The autocorrelation between vitality and carbon emissions was also visualized in GeoDA (Figure 6).



	
By comparing the spatial distribution and divergence characteristics between carbon emissions and different dimensions of vitality in cities, it is found that carbon emissions have the highest spatial autocorrelation with social vitality (Moran’ I = 0.5), followed by comprehensive vitality (Moran’ I = 0.44), economic vitality (Moran’ I = 0.375), and cultural vitality (Moran’ I = 0.133), with a high negative correlation with environmental vitality (Moran’ I = −0.626). Meanwhile, comprehensive, social, and economic vitality are all associated with urban carbon emissions showing high–high aggregation in the central area of Xuzhou urban area and low–low aggregation in the northwest and southeast fringe zones (Figure 6A–C). The difference is that economic activity and carbon emissions present a low–high aggregation in the edge zone of the central region, mainly because there are many residential communities and few consumption places in this region, the population agglomeration leads to relatively high carbon emissions, and the lack of economic activities leads to relatively low economic activity (Figure 6B). There is a significant negative correlation between environmental vitality and the carbon emissions intensity pattern. The center of Xuzhou is a built-up area with low-high aggregation. The northwest is far away from the built-up area and sparsely populated, while the east, especially the southeast, is mountainous and densely wooded, showing high-low aggregation (Figure 6D).



	
From the perspective of spatial correlation degree between different dimensions of vitality, the spatial correlation between comprehensive vitality and social vitality is the highest (Moran’ I = 0.491), followed by economic vitality (Moran’ I = 0.381), indicating that comprehensive vitality is mainly reflected by social vitality. The most relevant link is between economic vitality and social vitality (Moran’ I = 0.407), reflecting that high economic vitality can lead to social vitality, while good social vitality will further stimulate the development of social vitality, and the two are complementary to each other. Due to limited access to data, the correlation between cultural vitality and all other vitalities is low, and in comparison, the correlation with economic vitality is the highest, indicating that the planning layout of cultural infrastructure is influenced by economic activities. Environmental vitality has the highest negative correlation with social vitality (Moran’ I = −0.41), followed by economic vitality, indicating that the environment is most affected by human activities. According to the LISA cluster map, five categories of high–high, high–low, low–low, low–high, and non-significant are analyzed.



	
(1) As a whole, there is a remarkable spatial similarity among various types of vitality (except environmental vitality), which are significantly influenced by urban centers, with high–high types concentrated in built-up areas and low–low types clustered mainly in the northwest and southeast fringe areas of the city (Figure 6E,F,H). Social and economic vitality and environmental vitality are high–low clusters in the urban center, and low–high clusters in the northwest and southeast fringe zones of the city (Figure 6I,K). (2) There is a circular clustering distribution of insignificant values between the built-up area and the marginal area. (3) Social vitality and economic vitality show a high–high aggregation in the center of the built-up area, and a discrete high–low aggregation in the area around the center, which is because scattered villages are closely connected with the city but are relatively backward economically (Figure 6H). (4) Economic vitality and environmental vitality show a discrete low–high aggregation around the city center, which is because the surrounding area is still in the built-up area but mostly consists of residential neighborhoods that lack economic activity sites, resulting in low economic vitality (Figure 6K).







4.3. The Influence of Vitality-Building Factors on the Distribution of Carbon Emissions


The explanatory degree of each building factor of urban vitality on carbon emissions was calculated by using Geodetector. Figure 7 shows that all factors pass the hypothesis test at the 5% level except for the density of cultural facilities. The q value represents the explanatory degree of each factor to urban carbon emissions. As can be seen from the factor detection results, the explanatory power of urban vitality building factors on the spatial distribution of carbon emissions in Xuzhou is x9(NDVI) > x5(depth) > x4(integration) > x6(connection) > x1(disorder) > x2(richness) > x7(catering facilities density) > x3(aggregation) > x8(cultural facilities density). Among them, NDVI shows a strong influence with a q value as high as 0.4526. In the evaluation indexes of social vitality, the explanatory power of road accessibility indexes on carbon emissions is greater than that of POI functional mixture indexes, indicating that the influence of road patterns on carbon emissions distribution is much greater than that of facilities. Among the road accessibility indicators, road depth (q = 0.2925) has the largest explanatory value for carbon emissions, while road connection (q = 0.2119) has the smallest, indicating that road convenience has a greater impact on the spatial distribution of urban carbon emissions. Among the functional mixture indicators, disorder (q = 0.1821) is the largest, and aggregation (q = 0.1483) is the smallest, which indicates that the carbon emissions space is mainly influenced by functional disorder rather than aggregation.



The results of the factor interaction detection (Figure 8) show that any two factors’ interactions show a non-linear enhancement, where the NDVI ∩ depth interaction ranks first in influence (q = 0.5414). The interaction between depth and other factors has the most significant influence on the spatial heterogeneity of urban carbon emissions, followed by integration, which further indicates that roads to a large extent affect the distribution of carbon emissions, and coupled with other factors indirectly affect the intensity of carbon emissions.





5. Discussion


Unlike Europe and the United States, China is undergoing rapid urbanization, and a rough-and-tumble development model will not only produce ghost cities with chaotic management and low quality but will also increase unnecessary carbon emissions. This paper conducted an in-depth quantitative analysis and research on the spatial correlation and driving mechanism between urban vitality and urban carbon emissions in Xuzhou. We evaluated urban vitality by selecting indicators from four perspectives: social, economic, cultural, and environmental. Then, we compared the spatial distribution characteristics of urban vitality in Xuzhou. The relationship between urban carbon emissions and the spatial distribution characteristics of different dimensions of urban vitality was further investigated. Finally, the influence of each building’s factors of urban vitality on urban carbon emissions was analyzed by using Geodetector.



5.1. Spatial Distribution of Urban Vitality


Although previous studies have proposed a large number of urban vitality theories, these results need to be viewed dialectically in the context of different dimensions of urban development. The results show that the comprehensive vitality of Xuzhou decreases from the center to the periphery, showing a monocentric vitality pattern. It can be seen that high vitality has a significant spillover effect, stimulating the development of the surrounding vitality. The high-value areas of vitality in Xuzhou are clustered in the city center, which is compatible with the outcome of Fu et al. that higher vitality in Asian cities tends to be located in central areas [66]. Although Xuzhou’s monocentric development model is consistent with some other Asian cities already in existence [36], the construction of a polycentric structure can promote balanced city development and thus enhance urban vitality from the urban structure perspective [67]. As can be seen from Figure 5, there is a small vitality center under development on Quancheng Road in the northwest of Jiawang District, which can be included in the next key planning and construction area.



Among the three areas with the highest comprehensive vitality value, Pengcheng Square is the largest commercial square in Xuzhou, and Hubu Mountain is the commercial pedestrian street with the highest pedestrian flow, which indicates that commerce has a significant enhancement effect on the region’s vitality. This may be due to the inconsistent level of urban development, where businesses can be more effective in attracting large amounts of social and economic activity in Xuzhou compared with developed areas [66]. Therefore, future policies need to actively foster commercial activities, build large commercial centers or pedestrian streets, and provide a good consumption environment to enhance the vitality of the city. The third high-value area is Yunlong Park in Quanshan District, which has convenient transportation, excellent facilities, a beautiful landscape, and a strong cultural atmosphere. Many previous studies have concluded that urban green spaces have no significant impact on urban vitality [68], but large green spaces are also a valuable resource in cities. In other words, people will be equally attracted to high-quality green spaces, which generate a lot of social and economic behaviors [66]. Comparing the vitality values of different dimensions, we can find that social vitality is more widely distributed and economic activities are generated when a large population gathers. Areas with high cultural vitality gather in areas with high values of economic and social vitality. Convenient transportation and a unique environment promote the cultural vitality of an area, and diverse cultural and leisure activities attract a large population, thus increasing the comprehensive vitality [69], which is the reason why Yunlong Park is one of the three highest vitality areas. Similar to Liu et al.’s findings, cultural and leisure activities do have a disguised stimulating effect on enhancing urban vitality [67]. Based on the TOPSIS model combining entropy weight and CRITIC, Li identified the spatial distribution pattern of street vitality from the social, economic, and cultural dimensions [70]. Consistent with the results of this paper, he found that the distribution of social vitality is relatively even and broader than that of economic vitality. In addition, the comprehensive vitality of regions related to business functions is also higher. The difference was that he believed that a high degree of functional mixture did not lead to a high degree of street vitality. Luo used the analytic hierarchy process (AHP) to build the vitality of urban space and obtained the results that Chengdu presents as a “single-core” development pattern, with high-value areas located in the core business district [71]. Chen used AHP to build community vitality and made a comparative study with the passenger flow in the street map to explore the fundamental driving mechanism of urban vitality [72]. Compatible with the results of this paper, Chen’s study also demonstrated the strong stimulating effect of commerce on urban vitality. In addition, the center of the high value of vitality was also located at the center of the study area and radiated decreasingly outward. However, the results obtained by Chen using two methods showed different vitality levels in some areas, which may be caused by only referring to the opinions of an expert team. The one-sidedness of the weights led to slight differences in the results. In addition, unlike what was proposed in this paper, Chen found that density had the greatest influence on vitality, which may be due to the maximum weight given to density. It can be seen that although subjective weighting does not affect the overall distribution pattern of vitality, it is possible for different rankings due to different attribute preferences of indicators in each alternative.



As we can see, the results of urban vitality distribution obtained by using other methods such as CRITIC and AHP are similar to the findings of this paper in general, which can justify the method of this paper to a certain extent. However, since the research area and the construction indicators are different, it is impossible to precisely identify whether some minor differences between the results of this paper and other studies are caused by the differences in the study area, in the selection of indicators, or the different principles of the methods. In the future, it is necessary to conduct a comparative study of different methods for the same study area and the same index system and further optimize the evaluation methods while supplementing the existing deficiencies. For example, due to the lack of literature on the relative importance of indicators and the lack of expert teams, this paper adopted a more secure objective entropy weight method. However, in the process of urban planning, the measurement of risk is essential, through which one can assess the risk arising from uncertain events beyond control and the consequences that may result from the decisions [73]. Future research should positively consider adding comparative experiments of methods such as AHP methods that can add risk considerations [73] and synergistic TOPSIS that can satisfy indicator equilibrium.




5.2. Relationship between Urban Vitality and Urban Carbon Emissions


The correlation between different dimensions of vitality and urban carbon emissions varies significantly, which to some extent reflects that urban vitality is composed of multiple aspects [49]. There are many factors affecting urban vitality, but different factors have different effects. The spatial distribution of urban carbon emissions is most consistent with that of social vitality, which is consistent with the research result shown in Figure 8 that the contribution of social vitality-building factors to carbon emissions is significantly higher than that of other vitality-building factors. Among them, the contribution of the road factor to the spatial heterogeneity of carbon emission is significantly larger than the distribution of POI facilities. To some extent, the development of urban roads is conducive to carbon reduction. The increase in roads and the encouragement of public transportation can attract citizens to switch from private cars to lower-energy public transport such as buses or subways, which contributes to energy conservation and emissions reduction as well [74]. In addition, dense roads can constitute smaller blocks, which in turn help create more routes and shorter distances, thus encouraging people to choose to walk. Therefore, both the increase in road accessibility and density can reduce regional carbon emissions, but the impact of road density is relatively small [75]. Following the views of Jacobs, many researchers have further confirmed the promoting effect of density on urban vitality [67]. It is worth noting that the results from this paper indicate that the research units with the highest vitality are not all areas with the densest roads, which indicates that the positive effect of density on urban vitality is limited. Moreover, this coincides with the previous findings by Yue et al. that density is not a good indicator of urban vitality [12]; both of our findings reinforce Montgomery’s urbanization research argument that “density itself does not necessarily produce urbanization: it is a necessary but not a sufficient condition for urbanization” [32]. In contrast, the connection (density) has less influence on carbon emissions than that of depth (convenience). Therefore, the government should give priority to road convenience and appropriately increase road density in urban road planning.



For facility distribution, disorder contributes more to carbon emissions than aggregation and richness, and orderly mixed land use is conducive to enhancing urban vitality, while richness and aggregation have no significant correlation with urban vitality. In other words, high richness and randomness of land use are neither conducive to urban carbon emissions reduction nor urban vitality stimulation [67]. The low correlation between carbon emissions and economic vitality and the second-lowest contribution of economic factors are consistent with previous studies that the business level has a small or even negative impact on carbon emissions [76]. Carbon emissions intensity is highly negatively correlated with environmental vitality, and it can be seen that the contribution of NDVI values far exceeds other factors. This is because green space can effectively compensate for carbon loss; therefore, increasing ecological land and reducing construction land can greatly reduce carbon emissions. Urban managers should seriously consider the impact of a green environment when planning land use. Increasing vegetation coverage is not only for carbon emissions reduction but also for improving the living environment, thus enhancing environmental vitality [77]. The effect of cultural facilities on the distribution of carbon emissions is minimal, although it can be influenced by other factors, but the effect is limited. However, the city is an “organic life entity”, and culture is the gene and core of the city. Rich and interesting leisure and cultural activities can stimulate the vitality of the city in a disguised way. Therefore, Xuzhou should focus on enhancing the attractiveness and radiation of the city’s culture, cultivating and developing a distinctive culture.



There is a significant positive correlation between carbon emissions intensity and city scale. The expansion of city size will also result in an increase in commuting time and the use of motor vehicles, which will lead to the intensification of energy consumption and carbon emissions [76]. Therefore, the carbon emissions of cities with monocentric development modes are generally higher during expansion [78]. Although some studies have shown that there is no significant relationship between polycentric spatial patterns and carbon emissions [79], theoretically speaking, building multiple centers can help reduce regional traffic and shorten the distance between residences and offices, and leisure places. In other words, building multiple centers also has a positive effect on urban emissions reduction.




5.3. A New Living Structure for Urban Vitality


Urban vitality is a complex system. As shown in Figure 9, scaling hierarchy is an important characteristic of a complex system. The scaling hierarchy, or more correctly, a recursive structure that satisfies far more small substructures than large ones [80], is found in all natural or unnatural complex systems, such as social, biological, and information systems [81]. This was originally discovered by observing the cities of natural evolution. In his work, The Nature of Order, Alexander pointed out that beauty, or livingness, or vitality, exists in deep structures, and proposed a refined mathematical concept to capture this inherent order in all complex systems [82]. The order, or living structure as it is called, is essential to evoke the vitality or livingness of the system. The living structure conforms to two laws: all the small substructures are more numerous than the large ones (Scaling law) [83], and the size of the substructures is more or less similar (Tobler’s law) [84]. According to the principle that the more substructures, the more vital, and the higher the hierarchy of the substructures, the more vital [85], a method based on the number of substructures (S) and their inherent hierarchy (H) was used to calculate the livingness of an image (structure), that is L = S * H [86]. It provided an objective measure of how orderly or good a structure is. The goodness of a design is no longer a subjective judgment, but a fact [85]. However, this new order is not well applied in the urban vitality literature currently.



Vitality is also interchangeable with livingness, organized complexity, etc. [4]. Under this concept, urban vitality can also be described as a kind of order. Urban vitality as an organized complex system, a living structure with inherent hierarchy, can be decomposed into countless substructures according to its internal structure and organizational laws. In other words, urban vitality is a complex interlocking network with a recursive structure, rather than a flat hierarchy. However, traditional representations of urban vitality are still mechanical. Therefore, based on the concept of recursion, urban vitality in this paper was organically represented as a life structure (Figure 9). Depending on the number of substructures and the inherent hierarchy, the vitality or living structure can be expressed as L = 19 × 4 = 76.



The study of life structure provides a good enlightenment to urban vitality, which is not composed of prefabricated elements, but rather a coherent whole formed through differentiation, adaptation, and then evolution [87]. In other words, urban vitality is continuously developing and evolving; therefore, more hierarchy and substructures should be added to Figure 9 in the future. The calculation method of L = S × H [86] provides a new approach to the measurement of urban vitality. During the evaluation process, urban vitality is constantly divided and differentiated in order to continuously create new substructures and scale hierarchies. Hence, the research on urban vitality in the future should create more substructures, which can be well suited to wholeness so as to obtain higher vitality. In addition, in the scenario shown in Figure 9, we can see that urban vitality was composed of 19 recursively defined substructures, which means that urban vitality evolved recursively from 19 substructures. In this process, the principles of far more small substructures than large onesand “roughly similar” are satisfied, although the second to third hierarchy is slightly violated, which means that the dividing of the second to third hierarchy should be focused on in the subsequent work.





6. Conclusions


Urban carbon emissions reduction and vitality are inevitable themes in the current studies of urbanization, and the study of the relationship between them is of great significance for future urban development. Different from previous studies, this study integrated two perspectives of urban vitality and urban carbon emissions for analysis. We initially constructed an urban vitality evaluation system and analyzed the spatial heterogeneity of urban vitality distribution in Xuzhou. Then, we explored the spatial distribution relationship between different dimensions of vitality and carbon emissions and further clarified the influence mechanism of different vitality-building factors on the spatial distribution of carbon emissions in Xuzhou. In addition to the results consistent with previous studies, some specific conclusions with regional characteristics were also obtained to provide some suggestions for further urbanization in Xuzhou. The results show that: (1) The construction of the polycentric structure is more conducive to the construction of a low-carbon and high-vitality city. The distribution of vitality in Xuzhou shows a spatially divergent feature of decreasing from the center to the surrounding area, a common monocentric development pattern in Asian cities. In the future, the Xuzhou government can focus on supporting a developing sub-center near Quancheng Road in Gulou District. (2) High-density roads and facilities have a limited positive impact on vitality but will intensify the carbon emission intensity of a region. Cities should pay attention to the rational and orderly planning of land use, balance the supporting construction of housing and employment, and strengthen the coordination arrangement of urban spatial structure and function distribution. Furthermore, cities should plan streamlined and convenient roads and improve the public transportation system to encourage people to travel, shorten commuting distances, and reduce commuting carbon emissions. (3) Culture and environment reflect the soft power and carrying capacity of a city, respectively, which can revitalize the urban vitality of an area and contribute to carbon emissions reduction. Therefore, the dual impact of environment and cultural should be taken into consideration in future spatial planning. Yunlong Park in Xuzhou City is a good case. (4) As can be seen from the distribution of vitality, commerce has a strong stimulating effect on the urban vitality of Xuzhou and has no significant relationship with carbon emissions. The government should actively build large commercial centers or commercial pedestrian streets to provide a good consumption environment.



There are still some limitations in this paper, which will be compensated for in future research. The method that evaluates the vitality of a city from the perspectives of society, economy, environment, and culture applies to any city. However, the evaluation indicators selected in Table 2 still have some deficiencies. Non-spatial factors, such as citizens’ feelings and consumption structure, are difficult to quantify on a micro scale, but to some extent, these indicators will affect the vitality of the city. In addition, this paper considers the cultural facilities’ density to measure urban cultural vitality, which may cause errors in the evaluation results due to the limited data, and a single data source can only describe part of the vitality. In the future, the evaluation framework should be further improved and supplemented, and new indicators should be added. This study explores the relationship between urban vitality and urban carbon emissions, but the correlation between the two is not only reflected in the changes in correlation coefficients and contribution values. In the future, it is necessary to explore quantitatively the different driving mechanisms of different factors on carbon emissions and vitality and further discuss and analyze them using different tools. Finally, based on the concept of living structure, the evaluation model of urban vitality also needs to be further compared and improved.
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Figure 1. The main urban area of Xuzhou. 
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Figure 2. Spatial distribution of carbon emissions in Xuzhou. ① Xuzhou Chacheng electric Co., Ltd. ② Jiangsu Huamei Thermoelectric Co., Ltd, ③ Xuzhou Huarun Electric Power Co., Ltd. ④ Xuzhou Power Generation Co., Ltd.; Xuzhou Tianyu Gas Power Generation Co., Ltd ⑤. Xukuang Comprehensive Utilization Power Generation Co., Ltd. ⑥ Jiangsu Kanshan Power Generation Co., Ltd. 
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Figure 3. The conceptual framework. 
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Figure 4. Road accessibility distribution map in Xuzhou. 
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Figure 5. Multi-dimensional vitality in Xuzhou. 
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Figure 6. Multi-dimensional vitality in Xuzhou. (A) Comprehensive vitality and CO2; (B) economic vitality and CO2; (C) social vitality and CO2; (D) environmental vitality and CO2; (E) comprehensive vitality and economic vitality; (F) comprehensive vitality and social vitality; (G) comprehensive vitality and environmental vitality; (H) social vitality and economic vitality; (I) social vitality and environmental vitality; (J) social vitality and cultural vitality; (K) economic vitality and environmental vitality; and (L) economic vitality and cultural vitality. 
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Figure 7. The q statistic of different factors. **: Significant correlation. 
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Figure 8. Factor interaction detection results. 
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Figure 9. The living structure of urban vitality. 
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Table 1. Classification of POI.
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	Function Type
	Counts
	Proportion





	Catering
	17,279
	43.23%



	Guesthouse
	1593
	3.99%



	Education
	2853
	7.14%



	Medical
	1888
	4.72%



	Entertainment
	2811
	7.03%



	Public administration and service
	7647
	19.13%



	Commercial service
	147
	0.37%



	Transport facilities
	5751
	14.39%
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Table 2. Evaluation index system of urban vitality.






Table 2. Evaluation index system of urban vitality.





	
Dimensions

	
Indicators

	
Information Entropy

	
Weight






	
Function mixture

	
Disorder(X1)

	
0.913

	
6.495%




	
Richness(X2)

	
0.884

	
8.619%




	
Aggregation(X3)

	
1

	
0.001%




	
Road accessibility

	
Integration(X4)

	
0.851

	
11.067%




	
Depth(X5)

	
0.907

	
6.927%




	
Connection(X6)

	
0.852

	
11.049%




	
Consumption ability

	
Catering facilities density(X7)

	
0.698

	
22.475%




	
Cultural atmosphere

	
Cultural facilities density(X8)

	
0.554

	
33.159%




	
Greening level

	
NDVI(X9)

	
0.997

	
0.208%
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Table 3. Moran’ I of different dimensions of vitality and carbon emissions.
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Bivariate

	
Moran’ I






	
CO2 Emission

	
Comprehensive vitality

	
0.440




	
Social vitality

	
0.500




	
Economic vitality

	
0.375




	
Environment vitality

	
−0.626




	
Cultural vitality

	
0.133




	
Comprehensive vitality

	
Social vitality

	
0.491




	
Economic vitality

	
0.381




	
Environment vitality

	
−0.328




	
Cultural vitality

	
0.141




	
Social vitality

	
Economic vitality

	
0.407
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