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Introduction: With rapid urbanization and increasing greenhouse effect, low-carbon development is the integral factor of achieving sustainable development.
Methods: A comprehensive analysis framework is built to quantify the impact of urban scale on low-carbon development and we conduct empirical research on 265 cities during 2009–2019.
Results and Discussion: We find that: first, urban scale can significantly promote low-carbon development and this finding still holds after the robustness test. Specifically, for every 1% increase in urban scale, the low-carbon development level of the urban increases by 0.128%; second, urban scale promotes low-carbon development mainly through three paths: efficiency improvement, industrial structure upgrading, and innovation; third, there is heterogeneity in this effect among cities with different city levels, city structures, and traffic conditions. Therefore, we propose specific, targeted policy implications, including reducing restrictions on the expansion of large cities and promoting high-tech development.
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1 INTRODUCTION
Carbon emissions are considered to be the largest contributor to greenhouse effect, bringing many adverse consequences to human society, such as reduced food production and increased climate extremes (Ahmad et al., 2018; Xia et al., 2018). According to a study, global carbon emissions increased 3,285 times from 1751 to 2014. China has ranked first in the world in carbon emissions since 2007 and has a huge task to reduce emissions (Nejat et al., 2015; Nan et al., 2018; Jiang, 2022). Since 2008, 80% of the incremental carbon dioxide emissions have been emitted by China (Peters GP, et al., 2012). Regarding global warming, scientists and politicians have reached a consensus that the rising concentration of greenhouse gases, especially CO2, is the main cause of global warming (China, 2015; Huo et al., 2021).
Urban areas cover only 2% of the world’s land area, but contribute over 70% of global carbon emissions (Xu et al., 2018; Liu et al., 2019; Yu et al., 2020). Since 1978, China’s urbanization has achieved remarkable achievements, which has grown from 17.9% in 1978 to 65.2% in 2022, a change that is expected to reach 75% by 2050. As a concentration of production and consumption, cities consume most of the energy and emit huge amounts of carbon dioxide. Therefore, the main path to reduce CO2 in the future is to reduce CO2 emissions from cities and towns. China’s total urban CO2 consumption is three times higher than that of rural areas, and the per capita energy consumption is 6.8 times higher (Dhakal, 2009). Therefore, compared to rural areas, cities play a more decisive role in low-carbon development (Kennedy et al., 2010; Ahmad et al., 2018). How to balance the relationship between urbanization and carbon emission reduction will inevitably become an important issue for China to achieve sustainable development (Zhou et al., 2013a). Thus, studying the relationship between urbanization and low-carbon development can provide a reasonable basis for policy formulation.
There are usually two perspectives on research related to the topic of this paper: aggregate and efficiency perspectives. First, from an aggregate emissions perspective, most scholars believe that expanding urban scale will be detrimental to low-carbon development, that is, leading to an increase in carbon emissions. (Murtaugh and Schlax, 2009). Xia et al. (2019) empirically investigated the relationship between urban population size and total urban carbon emissions. The results showed that the increase in urban population promoted total carbon emissions. Fragkias et al. (2013), based on 1999–2008 from metropolitan areas, argue that CO2 emissions are proportional to the size of urban population. A study by Bereitschaft and Debbage, (2013) found that high sprawl metropolitan areas show a concentration of high pollution and emissions. Jia et al. (2012) used 47 representative countries and regions worldwide as research samples. They found that urbanization development is one of the important means to promote low-carbon development.
Second, with the expansion of urban scale, it may contribute to a reduction in per capita carbon emissions (Liu et al., 2021). The reason may be that increasing the size of the urban population can increase the efficiency of the use of public facilities, and ultimately reduce CO2 emissions. (Glaeser and Kahn, 2010; Zhou et al., 2019). used major metropolitan areas in the United States as a sample for their study and found that more populous cities were more energy efficient and emitted less carbon dioxide compared to less populous cities. Urban scale can reduce carbon emissions (Gottdiener et al., 2005; Martine, 2009; Satterthwaite, 2009). In the process of promoting emission reduction through urban scale, technological progress, efficiency improvement, and energy structure adjustment have played a crucial role. (Brown and Southworth, 2008; Mizobuchi, 2008; Ang, 2009). Using a sample of Guangdong Province in China, Yang et al. (2020) found that reduction of urban carbon emissions are largely dependent on improvements in energy efficiency.
It can be seen that, as an important urban characteristic, urban scale can directly affect CO2 emissions (Smil, 2008; Payne, 2010). The existing literature provides a wealth of insights into the different perspectives on carbon reduction (Zhao et al., 2018), there are still areas where improvements can be made: first, most studies have used cross-provincial scales (Li, 2021; Wei et al., 2021). Therefore, it is difficult to highlight the unique characteristics of different cities. Second, there is little research on the mechanism of the impact of urban scale carbon on low-carbon development (Wang and Huang, 2019). Third, the current urban scale studies mostly analyze large cities or urban agglomerations, with insufficient coverage of national cities and only a few papers covering small city samples, while the use of large samples to explore the general pattern of carbon emission effects of urban form and the heterogeneity in different types of cities is extremely important for the realization of the vision of carbon neutrality in Chinese cities (Sun et al., 2014; Xu and Xu, 2021).
This paper expands on the following aspects: first, the use of prefectural city-level data can better reflect the dominance of cities in national carbon emissions, bridging the gap between existing studies in revealing regional and spatial differences in carbon emissions Second, a theoretical analysis framework of urban scale affecting low-carbon development is established, and the mechanism of urban scale influencing low-carbon development is systematically explored. Third, a rich heterogeneity test is added to the analysis of this paper to explore the impact of urban scale on low-carbon development in cities with different characteristics from different dimensions, which provides appropriate support for policy formulation.
The remainder of the article is organized as follows: Section 2 describes the mechanism analysis. Section 3 provides the research design and data. The empirical analysis is presented in Section 4. Section 5 provides the discussion. The conclusions and policy recommendations are discussed in Section 6.
2 MECHANISM ANALYSIS
2.1 Direct effect
The expansion of urban scale can directly promote low-carbon development, which is mainly reflected in the following two aspects. First, the expansion of urban scale can lead to a flow of innovative factors from rural to urban areas, and the spillover and sharing of knowledge and technology within the city will be more convenient and efficient (Düben and Krause, 2020). In this process, the level of urban human capital, is enhanced, providing sufficient intellectual support for the research and ultimately promoting the low-carbon development of cities (Fan et al., 2007). At the same time, in larger cities, due to the market mechanism, the output of enterprises and workers is higher, which is beneficial to the scale and centralized production of products, improving the efficiency of urban production factors utilization, and promoting the efficiency of green economy, thus ultimately promoting low-carbon development (Payne, 2010; Wei and Yf, 2020). In conclusion, we put forward the following hypothesis1.
Hypothesis 1. Urban scale promotes low-carbon development.
2.2 Indirect effects
2.2.1 Efficiency improvement
Urban scale promotes low-carbon development through efficiency improvement. Specifically, the larger the city as an area of high concentration of economic activity, the greater the spatial externality it acquires, the larger the city, the greater its creativity and thus its ability to cope with the changing socioeconomic environment, and the more productive the city (Leo, 1975). As the urban scale expands, sharing the fixed costs of infrastructure and public services, promoting the matching of labor and enterprises, and knowledge spillover are the micro mechanisms of agglomeration economy formation (Rosenthal and Strange, 2006). Desmet and Rossi-Hansbergh, (2013) decomposes the determinants of urban scale distribution into urban efficiency, amenities and frictions, stating that higher productivity, better urban amenities will form larger cities. Kolpakov (2020) showed that efficiency improvements are decisive for the reduction of CO2 emissions. As the urban scale expands, the efficiency improvement significantly promotes low-carbon development (Melo et al., 2009; Li et al., 2015). In conclusion, we derive the following hypotheses:
Hypothesis 2. Urban scale promotes low-carbon development through efficiency improvement.
2.2.2 Industrial structure upgrading
Urban scale promotes low-carbon development through industrial structure upgrading. Specifically, in the process of continuously expanding the scale of Chinese cities, the industrial structure has also undergone tremendous upgrades and transformations; specifically, from 1978 to 2022, the tertiary industry increased from 24.6% to 52.8%. In other words, rapid urbanization is usually accompanied by industrial structure upgrading, because cities are the main host of service industries, and the proportion of tertiary industries will develop rapidly with rapid urbanization, which will in turn promote industrial structure upgrading. Studies have found that promoting industrial transformation and upgrading and changing economic development patterns are effective means to promote carbon emission reduction (Chuai and Feng, 2019; Li, 2021). Empirical studies show that industrial structure upgrading not only promotes the reduction of total carbon emissions, but also contributes to the reduction of carbon emission intensity (Cheng, 2018; Zhao et al., 2014). The impact of industrial structure upgrading on low-carbon development is not only seen in economically developed regions of China, but also in the central and western regions (Zhang et al., 2014). Therefore, we propose hypothesis 3.
Hypothesis 3. Urban scale promotes low-carbon development through industrial structure upgrading.
2.2.3 Technological innovation
Urban scale promotes low-carbon development through technological innovation. Specifically, urban expansion accelerates the accumulation of local human capital, which contributes to an increase in innovation activities and patent applications (Duncan and Vernon, 1999; Bettencourt and Lobo, 2007). Increased innovation capacity plays an important role in low-carbon development (Dong et al., 2018; Fare et al., 1994) Based on Data from Chinese Provinces. Yang et al. (2014) showed that high quality innovation can suppress carbon emission intensity and that inter-regional R&D spillover effects can significantly reduce carbon emission intensity. Cheng et al. (2017a) concluded that technological progress and innovation play a greater role in low carbon development compared to industrial structure. Therefore, we hypothesize the following hypotheses:
Hypothesis 4. Urban scale promotes low-carbon development through technological innovation.
3 METHODOLOGY AND DATA
3.1 Econometric methodology
3.1.1 Basic model
As shown in Eq. 1, an empirical model was constructed to verify the impact of urban scale on low-carbon development.
[image: image]
Where, [image: image] denotes low-carbon development; [image: image] denotes urban scale; [image: image] and [image: image] respectively characterize individual effect and time effect; [image: image] denotes the control variables involved in this article; respectively, this paper focuses on the coefficient [image: image], which indicates the effect of urban scale on low-carbon development after excluding the interference of other factors.
3.1.2 Intermediary effect model
As in the theoretical mechanism analysis above, urban scale may influence low carbon development through industrial structure upgrading, efficiency improvement and innovation. To further identify the existence of the three mechanisms of action, drawing on the test for mediating effects (Baron and Kenny, 1986), a three-step approach is used to test the model set as follows:
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Where, W is the mediating variable. According to the test of mediating effect, the baseline regression of Eq. 2 is used to verify the effect of urban scale on low carbon development; the second step regresses Eq. 3, focusing on the coefficient estimate [image: image], to examine the relationship between urban scale and mediating variables; the third step estimates Eq. 4, and if the values of λ, [image: image] and [image: image] are significant then the mediating effect exists.
3.2 Variable selection
Explained variable: low carbon development ([image: image]). Most previous studies have used total carbon emissions to measure low-carbon development (Chuan, 2019; Sueyoshi et al., 2019). However, for China, due to its large population base, changes in total carbon emissions cannot reasonably reflect carbon emission efficiency. In contrast, carbon emission intensity better reflects China’s low-carbon development. Therefore, referring to the study by Tian et al. (2019) and Zhang, (2014), we constructed Eq. 5:
[image: image]
Where, [image: image] represents the carbon emission, [image: image] is the amount of energy consumed, [image: image] is the low calorific value, [image: image] represents the carbon content supplied by Change, (2007), and [image: image] represents the carbon oxidation rate. [image: image] is set to Eq. 6:
[image: image]
Where, [image: image] is the low carbon development level, [image: image] is the carbon emission of city i in year t, and [image: image] is the regional GDP of city i in year t. We show the low carbon development level of 265 cities in China in 2009 and 2019 in the form of maps to analyze their spatial distribution characteristics more intuitively. (see Figure 1). From a dynamic perspective, compared with 2009, the vast majority of Chinese cities in 2019 have increased their low-carbon development levels; from a static perspective, first, there are large differences in low-carbon development levels between different cities in China, with the eastern region experiencing rapid development while the central and western regions lagging behind; Second, large cities have significantly higher levels of low-carbon development compared to small and medium-sized cities, mainly because of their good urban infrastructure, innovation capacity and industrial structure.
[image: Figure 1]FIGURE 1 | The low-carbon development in 2009 and 2019.
Core explanatory variable: urban scale ([image: image]). As an important urban characteristic, population size may affect energy consumption in urban areas, which in turn directly affects CO2 emissions. For this reason, this paper uses city year-end population to characterize urban scale. (Smil, 2008; Glaeser and Kahn, 2010; Payne, 2010; Fragkias et al., 2013).
Intermediate variables: based on the previous theoretical analysis, we selected efficiency (tfp), industrial structure (ind) and innovation (inno) as mediating variables in this paper, respectively. Specifically:
(1) industrial structure upgrading (ind). We refer to Cheng et al. (2017b) and use the share of tertiary sector output to GDP to portray the industrial structure upgrade upgrading.
(2) Efficiency (tfp). Total factor productivity is used to portray efficiency. Specifically, referring to the study by Kuang (2020), we used the DEA-Malmquist method to measure efficiency.
(3) Innovation (inno). For the measure of innovation level, the amount of patents granted is used to better measure the quality rather than the quantity of innovation.
Control variables: [image: image],urbanization (urb), financial development (fin) and government intervention (gov). We use ratio of urban population to total population to characterize urb, year-end stock of financial institutions to measure fin, and financial expenditure as a percentage of total expenditure to measure gov.
3.3 Data source
This study focuses on 265 prefecture-level cities in China for the period 2009–2019. The data required to calculate urban carbon emissions urban population data as well as other data were mainly obtained from statistics such as China Urban Statistical Yearbook, China Statistical Yearbook. Statistical descriptions for all variables are presented in Table 1.
TABLE 1 | Statistical description of variables.
[image: Table 1]4 EMPIRICAL RESULTS
4.1 Basic regression results
Table 2 shows the correlation coefficients between all variables and core explanatory. Table 3 lists the regression results of urban scale on low-carbon development estimated by FE models and RE models. After the Hausman test, the FE model times was chosen to explain the regression results. The results show that the regression coefficient of urban scale on low-carbon development is 0.186, indicating that urban scale significantly contributes to low-carbon development. After adding further control variables, the coefficient of urban scale on low carbon development is 0.128 and significant at the 5% level of significance.
TABLE 2 | The correlation coefficients between all variables and core explanatory.
[image: Table 2]TABLE 3 | Basic regression results.
[image: Table 3]4.2 Intermediary effects
The results of model (1) in Table 4 show that the estimated coefficient of the effect of urban scale on innovation improvement is 0.001, and that urban scale has a facilitating effect on innovation improvement. From model (2), it can be seen that urban scale can indirectly contribute to low carbon development through the positive impact of innovation. Specifically, each unit increase in urban scale directly increases low carbon development by 0.120 units and also contributes to 0.001 units increase in innovation capacity. Models (3) and (4) are the estimated results with industrial structure upgrading as the mediating variable. The estimated coefficient of urban scale on industrial structure upgrading is 0.002 and the coefficient of industrial structure upgrading on low carbon development is 0.001, indicating that urban scale enhances low carbon development through the positive mediating effect of industrial upgrading. Similarly, with models (5) and (6), we find that urban scale promotes low-carbon development by increasing efficiency and hence, low-carbon development. The mechanism hypothesis in the previous section is verified.
TABLE 4 | Regression results for the intermediate effects.
[image: Table 4]4.3 Heterogeneity
The heterogeneity in Table 5 is shown mainly in terms of city level, city structures and transportation:
TABLE 5 | Heterogeneity test.
[image: Table 5]First, in this paper, cities are divided into central cities and peripheral cities. In particular, this effect is not significant in peripheral cities. Second, the urban spatial structure is divided into polycentric structure and monocentric structure, and the results are listed in Table 5. We can find that the coefficient of the effect of urban scale on low-carbon development in polycentric cities is 1.153 and passes the 1% significance test, while this effect is not significant in monocentric cities. At last, considering the convenience of transportation, this paper divides cities into two groups according to whether or not high-speed rail is opened. We can find that the coefficient of the effect of urban scale on low-carbon development in cities with high-speed rail is 0.304, while this effect is not significant in cities without high-speed rail.
Table 6 shows the robustness tests we performed to enhance the credibility of the study. First, we replace the core explanatory variables. Unlike the previous paper that focuses on efficiency measures, we re-measure the low-carbon development indicators in terms of aggregates and run a re-regression, and find that urban scale significantly suppresses carbon emissions, suggesting that low-carbon development helps promote low-carbon development. Second, this study was re-estimated using data from 2014 to 2019. Third, we exclude the municipalities and run the regression again. All three robustness tests demonstrate that urban scale significantly contributes to regional low-carbon development, which indicates that our findings are robust.
TABLE 6 | Robustness tests.
[image: Table 6]5 DISCUSSION
5.1 Analysis of the direct effect
With the development of urbanization, a number of internationally renowned large cities are emerging in China (Jia et al., 2023). First, only when the size of the city expands to a certain extent, the increase in per capita income makes it put more energy and money into environmental protection, which ultimately contributes to the enhancement of the efficiency of carbon emission; second, the expansion of the size of the city is conducive to the transformation of the mode of economic development, accelerating the development of production and consumption in the direction of greening and coordinating, which in turn enhances the efficiency of carbon emission.
5.2 Analysis of the intermediary effect
The mechanism through which urban scale affects low carbon development is mainly manifested in the following aspects:
First, innovation plays an irreplaceable role in the impact of urban scale on low-carbon development. On the one hand, the expansion of urban scale can accommodate people with different industrial and professional backgrounds, gathering more talents, capital and policy dividends, and possessing a more inclusive and open innovation support environment; on the other hand, the expansion of urban scale leads to the spatial aggregation of perfect industrial chains, promoting the diffusion of knowledge and technology, and forming an effective knowledge Complementary. In other words, innovation is the result of the expansion of urban scale, and it is also the main factor of low-carbon development.
Second, urban scale promotes low-carbon development through efficiency improvement. The rapid development of urbanization has promoted the reconfiguration of factors such as labour among different cities. As cities expand, their ability to cope with changing socio-economic environments increases, as does their productivity. Rapid urban expansion generates high agglomeration economic benefits, which drives significant increases in urban efficiency and, ultimately, in carbon emission efficiency.
Third, the expansion of urban scale has increased the demand for labor, thus providing the possibility for urban-rural mobility of labor elements and population concentration, which is mainly manifested in the transfer of agricultural employees to the secondary and tertiary industries for employment, while high-quality labor continues to flow into the city, providing the basis for industrial upgrading. Obviously, the result of industrial upgrading is that the proportion of the tertiary industry, which has a smaller total carbon emission, is increasing, which promotes the low-carbon development of the city.
5.3 Analysis of the heterogeneity
Urban heterogeneity and diversity are important sources of promoting economic growth and carbon emissions, which are reflected in city level, city structure, and transportation conditions:
China’s urban levels have distinct heterogeneity characteristics, with different levels of cities having varying levels of authority, resource allocation capabilities, and political capital. In China’s economic development, administrative resource allocation is crucial (Luo et al., 2017). Specifically, firstly, cities with high administrative level have more autonomy in investment attraction, tax policy formulation, and are more conducive to the development of policies suitable for low-carbon development, which in turn promotes further reduction of carbon emissions in the process of urban scale expansion (Ahrend et al., 2017; Aryal et al., 2018). Second, cities with high administrative level have an advantage in fiscal decentralization within the region, in terms of both spending and freedom of finance, which leads to larger government investment in urban development and makes it easier to leverage the contribution of urban expansion to low-carbon development. (Zhou et al., 2013b; Ge et al., 2017).
Accompanied by the accelerating urbanization process and the continuous expansion of the city scale, the polycentric spatial strategy has gradually become a development concept advocated by some scholars. Spatial structure of polycentric cities can help to save transportation and commuting costs, reduce the energy consumption of urban building operations and production activities, make the flow and exchange of capital, logistics and information across regions more rapid and convenient promote local carbon emission reduction. In addition, it can also accelerate carbon emission reduction in the surrounding areas through positive demonstration effects of emission reduction, knowledge and technology spillover effects (Brezzi and Veneri, 2015; Guo et al., 2019).
By the end of 2020, 94.7% of China’s cities with a population of 1 million or more will be covered by high-speed railroads. High-speed rail breaks down obstacles caused by spatial and temporal distance (Chen and Haynes, 2017), which makes the flow and exchange of capital, logistics and information across regions more rapid and convenient promote local carbon emission reduction, thereby contributing to low-carbon development. In addition, the improvement of transportation has promoted rapid cross regional population mobility, and knowledge exchange and interaction between different entities have accelerated carbon reduction in surrounding areas (Huang and Wang, 2020).
6 CONCLUSION AND POLICY RECOMMENDATIONS
With rapid urbanization and increasing greenhouse effect, low-carbon development is the integral factor of achieving sustainable development. We constructed a comprehensive analytical framework to quantify the impact of urban scale on low-carbon development and conducted an empirical study in 265 cities in China from 2009 to 2019. The results show that: first, urban scale can significantly contribute to low-carbon development and this finding holds after robustness tests; Specifically, for every 1% increase in urban scale, the low-carbon development level of the urban increases by 0.128%; second, urban scale contributes to low-carbon development mainly through three paths: efficiency improvement, industrial structure upgrading, and innovation; Third, there is heterogeneity in this effect across cities with different city levels, city structures, and different transportation conditions. Therefore, we make the following policy recommendations.
First, play the role of city scale in low-carbon development. Actively expand the scale of urban, reduce restrictions on the expansion of large cities appropriately to ensure sustainable development, play the leading role of central cities in urban clusters and metropolitan areas. Focus on the urbanization development of small and medium-sized cities, actively encourage the migration of rural population, improve their scale level and continuously enhance the positive externalities of low-carbon development.
Second, raise the environmental access threshold for new industries and guide industries to optimize and upgrade in the advanced direction to promote low-carbon development. Fully utilize the opportunities of rapid development of digital and intelligent technologies under the background of new urbanization, promote the deep integration of digital and intelligent technologies with urban form, and maximize the carbon reduction effect of technological innovation.
Third, different cities should make policies in line with their own low-carbon development according to local conditions. Based on the city’s resource endowment, formulate preferential tax policies. Promote the diversified development of industries within the city, fully consider industry heterogeneity, and formulate differentiated industry innovation policies. Promote the clustering of high-tech enterprises, promote the perfect and efficient operation of public transportation and supporting infrastructure such as high-speed rail, reduce energy consumption caused by traffic congestion.
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