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Introduction: To achieve higher levels of development in China, building an environmentally friendly, low-carbon economic system is crucial, and policymaking plays a key role in this. Low-carbon and innovative cities pilot were launched in 2010 and 2008, respectively, with the range of pilot cities continuing to expand to date. This study aimed to calculating carbon emission efficiency and exploration the impact of dual pilot low carbon cities and innovative cities on carbon emission efficiency.Methods: Using a multi-period DID model, this study analyses data from 284 prefecture-level cities in China between 2006 and 2020. The Super-SBM model with undesired output is applied to calculate urban carbon emission efficiency.Results: The study performs a sequence of robustness tests; it is still found that the dual-pilot policy has a positive promotion effect on urban carbon emission efficiency. Heterogeneity analysis indicates that the effect of dual-pilot is more significant in the central and western regions, with notable differences observed regardless of city size. The impact mechanism analysis finds that the dual-pilot policy boosts the rate by enhancing green innovation in general. The synergy analysis found that the efficiency improvement effect of the dual-pilot on carbon emissions would be more significant than that of the single-pilot policy, indicating that the dual-pilot policy has a synergistic effect and is still significant two years after either the single-pilot or the dual-pilot.Discussion: The findings indicate that the dual-pilot policy has a better capacity to reduce carbon emission and improve its efficiency, which can work to achieve green development. Nevertheless, the limitation is that it fails to reflect spatial differences, and the relevant research will be further strengthened.Keywords: dual pilot of low-carbon and innovative cities, carbon emission efficiency, super-SBM model, multi-period DID model, China
1 INTRODUCTION
This study focuses on China’s commitment to green innovation and modern high-quality development, prioritizing a “people-oriented” approach and actively working toward establishing a global community with a shared destiny. China has taken proactive steps to propose and implement various targets as well as initiatives aimed at reducing its emissions. The 2022 Annual Report on China’s Policies and Actions to Respond Climate Change suggests a new deployment plan that includes top-level design, medium- and long-term greenhouse gas emission strategies, and establishing a comprehensive national strategy to adapt to climate change. Simultaneously, it is recommended that the industrial structure be adjusted, the growth of “two high, one low” projects be regulated, and clean energy be applied to improve quality and energy efficiency so that pilot demonstrations are advanced. The innovative pilot project began with the development of an innovative city in Shenzhen and later expanded to include 62 cities from the initial 16. The significance of low-carbon growth in China’s socioeconomic progress is growing.
The current literature mostly discusses low-carbon city pilots in relation to economic and environmental aspects, including innovative carbon reduction policy (Song Q. et al., 2021), enhancing energy efficiency (Chen and Wang, 2022), and stimulating economic growth (Liang et al., 2023). Green efficiency is assessed using various methods to create a “siphon effect” and energy efficiency generating a positive spatial spillover effect (Fang et al., 2024). The impact of carbon reduction is analyzed in terms of production, residents, and government administration to provide recommendations for enhancing economic growth at the micro, meso, and macro levels. It aims to connect people’s ways of making a living and local governments using low-carbon pilot policies. This involves considering available resources and the unique characteristics of those in charge of implementing policies in government (Zhao and Wang, 2021), as well as the level of environmental governance (Zeng J. et al., 2023). The focus is on factors such as employment (Chen et al., 2021) and individual consumption (Wang K. L. et al., 2022) in support of development. The impact of policy implementation is affected by personal characteristics known as the “rule of man.” Improvements in the quality of labor and employment and incentives for green consumption indicate that developing primary and tertiary industries through industrial transformation can help achieve a low-carbon effect. Eventually, the literature indicates that innovation is fundamental to reducing emissions and saving efficiency by applying technological innovation in enterprise production (Yang, 2023), establishing a conducive atmosphere for fostering creativity, and disclosing environmental information in a timely manner (Pan et al., 2022). This adheres to the innovation-led approach of green development.
Current research on innovative cities focuses on three main aspects. (1) Innovative cities focus on several industries to encompass both services and manufacturing. On the one hand, social network analysis and super-efficiency DEA are utilized to assess R&D outcomes and social change and to investigate the influence of industry innovation (Zeng S. et al., 2023). Research has also examined in-depth the spatial spillover effect, focusing on the “demonstration effect” of urban innovation—the radiation impact on surrounding cities (Gao and Yuan, 2022). (2) The mechanism study of innovative city formation, joint knowledge spillover effect, and government support for innovative policy will link market externalities and government activism (He et al., 2023) from green innovation technology (Jiang et al., 2023), enhance the aggregation of city formation factors (Li and Wang, 2020) and promote industrial upgrading (Zhou et al., 2023) to explore the construction and development of innovative cities. (3) The “Indicator System for Building Innovative Cities” of 2016 establishes key indicators for evaluating innovative cities in China. It emphasizes enhancement of the economy, boosting innovation capacity, and creating a favorable innovative environment. Xu (2024) contends that urban innovation serves as a catalyst for economic growth and may be utilized to address pollution issues and enhance public awareness of environmental conservation. Zhang et al. (2023) argue that the strategy has effectively reduced the financialization of tangible firms. They suggest that a negative management outlook, unfavorable regional business conditions, and decreasing company activity have intensified the shift to being “out of touch with reality and in favor of emptiness.”
There has been extensive research on low-carbon cities and innovative cities individually, but less attention has been given to the impact of the two policies combined. Their combination has a significant impact on improving the efficiency of reducing carbon emissions (Zhang and Fan, 2023). There has been little research on integrated low-carbon city experiments with innovative city experiments. Zhang and Zheng (2023) proposed that sustainable living can be advanced by improving energy structures rather than solely relying on eco-friendly production. Further research is needed on the merging of the two types of city pilot. Initially, there has been more research on single policies compared to dual or multiple policies, with less emphasis on the interactions between policies. In addition, research on factors that affect carbon emission efficiency has concentrated mainly on industrial structure, economic growth, available resources, and innovative development, with few studies considering policy factors.
Therefore, this paper examines the impact of a dual pilot program involving low-carbon and innovative cities on urban carbon-emission efficiency using a multi-period difference-in-difference model. Urban carbon emission efficiency is assessed through the super-SBM model to solve specific problems with undesired output. In low-carbon and innovative cities, do dual pilot projects effectively reduce emissions and increase efficiency? If the answer is affirmative, how does the existence of the two pilots affect carbon emission efficiency? Is there variation in the effect? Do dual pilots enhance cities’ carbon efficiency more than single pilots? Is there a synergistic impact? Possible contributions to such questions may include the following. Initially, the research topic focuses on how a dual pilot of low-carbon and innovative cities affects the efficiency of urban carbon emissions. At present, only a limited body of research has examined the impacts of the dual-pilot strategy. This study aims to enhance and expand evaluation of the policies regarding the development of green, low-carbon, creative Chinese cities. The estimation process also employed several robustness checks to guarantee the soundness of the conclusions, including a multi-period difference-in-differences model, a super-efficient SBM model of undesirable output, a PSM-DID model, a parallel trend test, a placebo test, and quantile regression and counterfactual tests. Eventually, after considering spatio-temporal evolution as a characteristic of efficiency, this paper adopts a multi-period DID estimation framework to analyze the evolution mechanism of efficiency. In order to explore the synergies of the pilots in more depth, it also incorporates regional heterogeneity and considers the process of green innovation and industrial structure analysis on efficiency.
2 INSTITUTIONAL BACKGROUND AND RESEARCH HYPOTHESES
2.1 Institutional background
China’s economy is currently grappling with balancing carbon emissions and economic growth during a transitional phase. Developing a low-carbon economy is paramount for attaining green development by effectively utilizing ecological resources, promoting responsibility and protection in actions, and meeting energy-saving targets. China has already established the Three Rings Low Carbon City Pilot Zone, and as part of its low-carbon economy practice, it will follow the principle of policy innovation and diffusion gradually and progressively (Zhang et al., 2022). In 2009, the low-carbon initiative set the goal of minimizing greenhouse gas emissions by developing low-carbon industrial systems and consumption habits. In 2010, China selected a group of eight cities in five provinces to serve as low-carbon pilot cities with the aim of promoting the growth of low-carbon industries and urban areas while reducing reliance on fossil fuels. This initiative aimed to engage local governments in low-carbon initiatives. The second phase of the pilot program for low carbon cities began in late 2012. Currently, with the exception of Hunan, Ningxia, Tibet, and Qinghai, at least one city in every province, municipality, and autonomous region in the country is participating in the low-carbon city pilot.
Local governments respond positively to development goals, leading to the sequential pilot deployment of innovation-oriented cities. Clear criteria exist for identifying innovative cities based on factors such as innovation investment, advancements in science and technology, and dependence on external technology. In 2008, the regional innovation system was successfully established with the approval of Shenzhen as a national pilot innovative city. Immediately before 2010, 16 cities including Dalian and 20 cities (districts) including Haidian District in Beijing were chosen as pilot cities. The third batch of 61 pilot districts was released in a detailed list; in April 2018, the National Development and Reform Commission (NDRC) confirmed 17 cities, including Jilin Province, as a new type of city experimental zone. Taking the lead in creating low-carbon and innovative cities will have a significant impact on the country’s innovation strategy to promote economic growth and environmental protection.
2.2 Research hypothesis
Environmental regulation is very important to the growth of a green economy, as implementing suitable regulatory measures can provide a fresh boost to its development and enhance carbon emission efficiency. Its successful implementation depends on the establishment of a cooperative structure that links central and local governments. From the perspective of pilot-city construction, local governments promote the realization of this development through three kinds of environmental governance policy tools: command and control tools through mandatory intervention to set strict emission reduction targets and technical standards; front-loading environmental protection to transform traditional industries to promote innovation and upgrading; reducing environmental emissions to enhance emission efficiency (Xu and Cui, 2020). In contrast, market-incentivized policy tools are biased toward autonomous choice through fully mobilizing the role of the market to guide enterprises to use environmental taxes, carbon emissions trading, subsidized low-interest loans, and other forms of low-carbon technological innovation (Yang et al., 2020). When trying to achieve a city’s environmental goals, public participation policy tools primarily involve advocating for universal supervision and involvement and aggressively promoting the low-carbon ideal (Zhang et al., 2021). As the implementation of a growing set of environmental laws and regulations increases, the spread of low-carbon ideals will help reduce urban carbon emissions and ultimately achieve efficiency.
Dual-pilot cities have more significant emission reductions and efficiency gains than single-pilot cities. Low-carbon pilot cities will reduce their emissions by implementing policies that can help them become more innovative. On the one hand, in pursuit of enhanced financial returns and in accordance with the tenet of “cost effectiveness,” they will reallocate the expenses incurred in technological research and development toward managing emissions. However, this reallocation of funds has resulted in a decline in carbon emissions efficiency due to accumulated expenditure on human labor and material resources during their transitional (Guo and Liang, 2022). On the other hand, cities that are innovative serve as a catalyst for new ideas and advances. By implementing policies that foster innovation, cities can enhance their performance in reducing carbon emissions (Yu et al., 2022). Technological breakthroughs resulting from this will lead to more environmentally friendly production and reduced energy use. These two effects coupled with low carbon policies have a dampening effect on carbon emissions, indicating a synergy between the two, where dual-pilots are more effective than single pilots in increasing carbon emission efficiency. The following hypotheses are thus proposed.
Hypothesis 1. The dual-pilot construction of low carbon and innovative cities makes a significant contribution to improving urban carbon emissions efficiency.
Hypothesis 2. The dual pilot of low-carbon and innovative cities is more effective than the construction of single-pilot cities in improving urban carbon emission efficiency.
Dual-pilot low-carbon and innovative cities are designed to face the challenge of climate change and “…build a high-level science and technology innovation center to attract high-end talent and innovation resources.” In a context of political limitations, dual-pilot cities will attract more clean-energy enterprises to move in and invest while increasing incentives for local businesses to invent, adapt, and upgrade technology for use in both production and daily life (Shang et al., 2023). The level of green innovation will reduce carbon emissions by supporting more technological development (Dong and Wang, 2024). This is because reduced carbon emissions can reduce economic losses and increase efficiency through environmental supervision and management. In terms of scale and technology, direct carbon emission reductions are induced through scale effects, and technological innovations indirectly cause reductions in production costs and thus promote energy transformation, further achieving carbon reduction targets (Fang et al., 2023). Environmental control helps the technological capability of advanced innovation, where the constraints on carbon emissions considerably increase the cost of production for polluting enterprises, motivating them to further transform and upgrade. The new technology will then reduce production costs (Porter and van der Linde, 1995). In pursuit of these overarching objectives of energy conservation, economic expansion, and scientific, technological, and innovative (STI) advancement, the dual pilot program serves as a catalyst for fostering a dual development paradigm that simultaneously emphasizes low-carbon practices and innovative endeavor. This approach is designed to harmonize environmental sustainability with economic growth, leveraging technological advancements to mitigate carbon emissions while simultaneously driving economic expansion and technological innovation. Strong human capital in science and technology innovation provides favorable competitiveness for technological development, and the scientific research results and invention patents formed by its research all provide a strong impetus for urban development. Innovative technology thus inhibits urban carbon emissions from technological progress (Si et al., 2023).
Hypothesis 3. The dual pilot construction of low carbon and innovative cities improves the efficiency of urban carbon emissions by increasing levels of green innovation in cities.
The assessment of the industrial structure is the primary element that is impacting carbon emission efficiency. For the purposes of reducing emissions and boosting efficiency, the government has established a low-emissions system with macro-controlled taxes, subsidies, and other policies. However, because of many cities’ abundant natural resources and more advanced mining sectors, the accelerated use of non-renewable energy will contribute to increasingly severe urban environmental degradation (Fang et al., 2022) and pollution. In order to build a clean industrial system and develop new industries, as well as to encourage the development of conventional industrial technology and management concepts, it is necessary to create an advanced industrial structure by gradually raising the bar for research and development, expediting the practical conversion of scientific findings to realize the power-driven transformation to low carbon. Improving production efficiency and reducing the weight of high-carbon industries will help upgrade industrial infrastructure, thereby lowering carbon emissions (Zheng et al., 2021). It is secondary industries that are the principal application for energy consumption, with less demand from the primary and tertiary sectors. By comprehensively considering the double effect of policy constraints and industrial structure advancement, efficiency will be enhanced if, following the dual pilot’s implementation, the share of secondary industry in the advancement of industrial structure is optimized.
Hypothesis 4. The dual pilot construction of low carbon and innovative cities improves the efficiency of urban carbon emission by optimizing the industrial infrastructure.
3 RESEARCH DESIGN AND SAMPLE EXPLANATION
3.1 Modeling setting
This study investigates the effects of the low-carbon and innovative cities pilot program on the carbon efficiency of carbon emissions. The analysis takes into account the varied pilot times, selection criteria for pilot cities, and potential influence of unobservable characteristics on policy implementation. This study carefully addressed the complex issues surrounding endogeneity and meticulously dissected the intricate relationships that can potentially confuse the analysis. By employing meticulous empirical techniques, the research effectively distinguished the influence of policy interventions on carbon emission efficiency, revealing a noteworthy correlation between the two. The model aims to isolate the impact of the dual pilot program by comparing carbon emission efficiency before and after its implementation while controlling for factors such as the non-random selection of pilot cities and unobservable variables. Thus, this study can accurately measure the influence of the dual testing policy on efficiency. The effect of having two pilots on efficiency is further analyzed. The multi-period difference-in-difference model (1) is defined as follows:
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in which [image: image] signifies urban carbon emission efficiency, [image: image] indicates city, and [image: image] indicates year. [image: image] is designated as the core explanatory factor, signifying whether a particular city qualifies as dual-pilot. It assumes a value of 1 for the current and succeeding years if the city fulfills the criteria for both the low-carbon city and innovative city pilots. [image: image] serves as a set of control variables indicating the control variables that may change with [image: image] and [image: image] and thus influences the city’s carbon emission efficiency. [image: image] and [image: image] denote city and time fixed effects—that is, individual factors in the city layer that do not vary with time and time factors that do not vary with the city, respectively. [image: image] denotes the stochastic perturbation term, and [image: image] is the core coefficient, which denotes the net effect of the implementation of the dual-pilot city policy on the carbon emission efficiency; if [image: image] and is successful, the pilot will considerably improve efficiency, confirming the program’s effectiveness.
3.2 Measurement of urban carbon emission efficiency
The primary driver of long-term economic growth is the increase in factor inputs and the enhancement of factor productivity. Therefore, a low-carbon footprint is seen as having fewer inputs and more desired outputs while also minimizing non-desired outputs. The radial efficiency measure aims to achieve target efficiency by increasing outputs and decreasing inputs equally. However, it has limitations such as overestimating actual efficiency, the inability to distinguish the efficiency of individual factors, and primarily emphasizing the quantification of green total-factor productivity. Consequently, the research incorporates efficiency measurement while considering carbon dioxide emissions. The SBM model is used to calculate carbon emission efficiency (Yang et al., 2021). Identifying the variables in Table 1 as the SBM model can yield efficiency values greater than 1, potentially impacting study accuracy. Tone (2002) proposed the highly efficient SBM model with undesirable output, which is used in this paper to boost its relevance. The calculation formula is shown below.
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[image: image]
[image: image] is the element in the input matrix containing the variables of labor, capital, and energy, where i denotes the ith input factor and k denotes the kth decision making units (DMUs) from which the current efficiency is benchmarked. [image: image] and [image: image] are the elements in the expected output and undesirable output matrices, respectively, expressed in terms of the variables of urban GDP and urban carbon emissions, where r and p are the rth and pth elements of desired and undesired outputs. [image: image] is the weight vector, which is the weight of each decision-making unit. [image: image] and [image: image] are respectively the number of DNM and input indicators. [image: image] is the jth DMU, and [image: image] indicate the quantity of anticipated and unexpected output indications, respectively. Table 1 below displays the precise measurements.
TABLE 1 | Measurement of urban carbon emission efficiency indicators.
[image: Table 1]3.3 Variable settings
3.3.1 Variable being explained
[image: image] is measured by Table 1 above.
3.3.2 Core explanatory variables
Whether or not a city serves as a pilot for both low carbon cities and creative cities with two pilots [image: image] (hereinafter referred to as “dual pilot”) was confirmed through modeling. For data accuracy, it was necessary to remove cities with significant amounts of missing data.
3.3.3 Control variable
As seen in Table 2 below, five control variables were chosen.
TABLE 2 | Meaning of control variables and rationale for their selection.
[image: Table 2]3.3.4 Mechanism analysis
In accordance with Hypotheses 2 and 3, two mediator variables—the level of green innovation [image: image] and the industrial structure [image: image]—were employed in the influencing mechanism analysis (Wen et al., 2022). Liu et al. (2022) cites [image: image], which is measured as the aggregate count of patent applications submitted within the city, encompassing inventions, utility models, and designs. The number of patent applications for various types of inventions reflects, to some extent, the efficiency of the utilization of R&D resources and funds and can be a better measure of green innovation capacity. [image: image] is expressed by the share of secondary industry in urban GDP (Wang and Yi, 2023), which affects production efficiency.
3.4 Data
We analyzed panel data from 284 prefecture-level cities in China for 2006–2020. The sample excluded Hong Kong, Macao, and Taiwan. Additionally, cities in Tibet were excluded due to incomplete data, discrepancies in data from cities with changes in administrative levels, and difficulties in acquiring data for certain cities. Urban carbon emission figures are based on accounting by Wu and Guo (2016). The statistics were obtained from publications such as the China Urban Statistical Yearbook, China Urban Construction Statistical Yearbook, China Regional Statistical Yearbook, China Research Statistics Service Platform (CNRDS), China Energy Statistical Yearbook, and the China Economic Statistical Database. Interpolation was utilized to compensate for discrepancies in data from cities in Tibet, and to address localized missing data.
Low-carbon city pilots represented 52.15% in eastern cities1, 27.06% in western cities2, and 20.79% in central cities3. Innovative city pilots accounted for 56.35% in mid-eastern regions, 20.38% in western cities, and 23.27% in central cities. The proportion of dual-pilot cities in eastern, western, and central cities was 55.56%, 24.44%, and 20%, respectively. The proportion of low-carbon cities, innovative cities and cities in the east, west, and middle of the double pilot cities is about 2:1:1, which is flat, indicating that most of the policy implementation tends to be located in areas with better initial economic development. Although the pilot cities accounted for a small proportion, they might indirectly achieve carbon emission reduction through policy, rational resource allocation, and experienced sharing. The data’s statistical properties are presented in Table 3.
TABLE 3 | Descriptive statistics of key variables.
[image: Table 3]4 EMPIRICAL RESULTS AND ROBUSTNESS TEST
4.1 Characterizing the time-series evolution of urban carbon emission efficiency
The fundamental focus of this study is to examine the impact of urban carbon emission efficiency as an explanatory variable in the dual pilot program. Additionally, understanding the temporal development patterns of the past 15 years is crucial.
Figure 1 shows carbon emission efficiencies at both sub-regional and total levels from 2006 to 202, as calculated by the model. Over the course of 15 years, its efficiency has shown a steady pattern of development over time. Cities in the eastern, central, and western regions have carbon emission efficiencies that are in line with general national trends. Efficiency is highest in the eastern region, steadily increasing since 2006. Western cities have the lowest efficiency with more fluctuations. Central regions have efficiency similar to the national average. In 2017, there was a notable decrease in efficiency in the central area, likely caused by increased energy demand. This led to a slight recovery in efficiency, although the effect was not substantial, showing a decrease of 4.16%. The disparity in efficiency ratings among areas in China decreased notably 2008–2017 but has progressively increased since 2017. The curve’s trend may be categorized into two stages. Urban carbon efficiency averaged roughly 0.5 during the steady development stage from 2006 to 2016. Having a mean yearly expansion rate of 7.03%, efficiency grew from 0.56 to 0.65 throughout the growth and development period from 2017 to 2020. This development was quick but exhibited changing patterns. China’s economy transitioned to high-quality development by optimizing its industrial and energy structure and deepening pilot demonstrations. Generally, there is an obvious upward trend in the overall efforts of regions to reduce carbon emissions, and the effectiveness of these efforts is consistently improving. However, cities in middle and western regions of the country still need to narrow the gap with cities in the eastern part.
[image: Figure 1]FIGURE 1 | Characteristics of the time-series evolution of urban carbon emission efficiency in different regions.
4.2 Baseline regression
Table 4 displays the regression findings regarding the effect of the dual pilot strategy on efficiency. Model (1) is a double fixed-effect model without control variables, considering the impact of the year and the city. Model (2) includes control variables in a two-way fixed effect model. Models (3)–(5) are double fixed-effect models with a lag of one to three periods on the core explanatory variables. Model (6) is a regression model that assumes no dual-pilot policy implementation for dual-pilot cities starting from 2010, with the second group of pilot cities set as 2012, and it assumes no dual-pilot policy implementation for dual-pilot cities thereafter.
TABLE 4 | Baseline regression results.
[image: Table 4]As the results indicate, when the model includes the double fixed effect of year and city, irrespective of whether the control variables are included or primary explanatory variables are lag-dependent, the impact of the double-pilot policy on urban carbon emission efficiency is consistently positive. This shows that the implementation of the dual-pilot program has a noticeable impact on efficiency, which further confirms the expected role of the city’s double pilot to reduce carbon emissions, verifying Hypothesis 1. In the meantime, the significant explanatory variables are those lagged for one to three periods, signifying a delay in the impact of the program. The coefficients of the models incorporating control factors exhibit a substantial decrease, thus affirming the effectiveness and legitimacy of the control variables. In controlling for variables, the regression coefficients for population density and human capital were significantly positively correlated. An increase in population density has a scale effect on the effective use of resources and pollution emission treatment. Similarly, an increase in human capital indicates an increase in talent and labor force. Therefore, increasing population size and attracting high-skilled workers from all aspects of the city will provide a labor-force base for achieving low-carbon and innovation. The government’s macro-control level is significantly negative, indicating that there is now excessive policy intervention, resulting in the local financial expenditure ratio increasing but with smaller impact on efficiency. In this study, evaluating the effects of economic progress, FDI share, and scientific and technological development on urban carbon emissions is hard to judge. From model (6), it can be seen that dual-pilot cities were implemented from 2010 to 2020, and assumption 1 remains valid for the cities in the first two pilot batches. This means that the policy is generalizable, and the consequences are positive and meaningful for both the initial two rounds of the pilot cities and the subsequent cities that adopt the dual-pilot approach.
4.3 Parallel trend test and dynamic analysis
To assess the carbon emission efficiency trends between pilot and non-pilot cities before the program’s implementation, a parallel trend test is required for the multi-period DID model used in the dual-pilot program. Referring to the framework of McGavock (2021) and Song et al. (2019) and considering that the sample data spans 15 years and that the duration frame prior to and subsequent to the policy’s implementation is extensive, it was decided to tail process the model-related time virtual variables and construct the following model using the interaction terms of the dual-pilot policy dummy variables with 10 years, corresponding to before and after policy implementation. Within this framework, the initial 4 years following the execution of the program, along with the subsequent approximate 5 years after its enactment, were identified as critical moments for analysis.
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[image: image] denotes a series of dummy variables corresponding to the first four to the last 5 years of program execution, with the assignment rule set to [image: image] to denote the year in which the dual-pilot program was acted in the [image: image]th city. If [image: image], then [image: image]; if [image: image], then [image: image]; if [image: image], then [image: image]. The parameter [image: image] reflects the effect of the dual-pilot program on efficiency before and after implementation, and parallel trend assumption has been successfully validated if [image: image] is not significant. The remaining variables are the same as in the baseline model.
From Figure 2, the regression coefficients pertaining to the dual-pilot program, when comparing the 4 years preceding its implementation to the subsequent 2 years post-implementation, failed to achieve significance in the tests, indicating that the comparison between the pilot cities and non-pilot cities during this period was passed using the parallel trend test. The evidence demonstrates that there is no discernible distinction in the trend of efficiency change between trial and non-trial cities in each year prior to the operation of the dual pilot program. From the dynamic effect, the regression coefficients of the dual-pilot policy did not pass the significance test in the 2 years after its implementation, but there is an upward tendency in efficiency compared with before its implementation. The coefficients at 5% significance level turned out to be significantly positive after the operation of the dual-pilot program for 3 years, suggesting that the impact of the dual pilot on improving carbon efficiency was delayed until year 3, which means that the policy effects has time lags issuance, implementation until the effectiveness, and the performance of the effect It takes time to accumulate. The regression coefficients indicate that the dual-pilot program has a progressively increasing effect on the efficiency of the city, starting with the third year of policy implementation. Overall, those results prove Hypothesis 1.
[image: Figure 2]FIGURE 2 | Parallel trend test.
4.4 Robustness test
4.4.1 PSM-DID test
The PSM-DID test addressed the visible factors that influence the dual-pilot policy’s deployment using propensity score matching (PSM). Matching samples are acquired by a year-by-year comparison of pilot and non-pilot cities in order to consider individual variations. The overall impact of the dual-pilot project is then made apparent by applying the DID model to exclude the influence of time-varying and unobservable elements. The procedure involves measuring matching variables with six control variables, using a Logit model for regression, applying the caliper nearest-neighbor matching method based on propensity scores to match pilot with non-pilot cities, identifying propensity score values and cities without the policy as the control group, and then conducting regression on the matched samples using the DID method. The regression findings are displayed in Table 5 below. Regression results after fitting were compared with the results of Table 4 before matching. It was observed that the average causal influence of the dual-pilot project is positive. The distributions of Figure 3 below exhibit a high degree of similarity, as confirmed by passing the parallel trend test. This suggests that the conclusions are strong and reliable.
TABLE 5 | PSM-DID test results and other robustness test results.
[image: Table 5][image: Figure 3]FIGURE 3 | PSM-DID test.
4.4.2 Placebo test
The double difference model passes the placebo test, which examines whether the dual pilot strategy impacts carbon emission efficiency or if other variables are responsible. This study employs a randomized treatment group selection procedure due to the use of short panel data. The coefficients on the “dummy policy variables” of the interaction terms randomized to the new setup are assumed to remain significant in the dummy scenario. In this scenario, it is implied that the initial estimations could be skewed and that alterations following the creation of the dual pilot may have been impacted by other variables. Conversely, an insignificant coefficient indicates a robust result. The initial step involved removing the provided text referring to the sample data of the treatment group obtained from the original source dataset one by one. Next, participants are randomized into different treatment groups and these groups are combined with the rest of the raw data set. Thirdly, regression analysis is conducted utilizing the randomized treatment group. After doing this 1,000 times, the resulting distribution of estimated coefficients is obtained.
The “dummy policy variables” estimates are derived from 1,000 simulations. The Figure 4 displays the coefficient distributions and T-statistics. The graph shows that the estimated coefficients and p-values are mostly clustered around the horizontal axis at 0, to the left of the original values. This suggests that the coefficients of the variables are not significant, so we can consider the results of the model to be robust.
[image: Figure 4]FIGURE 4 | Placebo test.
4.4.3 Quantile regression test
This investigation employs panel quantile regression to calculate the model and analyze the influence of data distribution on the robustness of the results, in addition to the marginal effect of applying the dual-pilot strategy at distinctive quartiles (10%, 30%, 50%, 70%, and 90%) (Wen et al., 2022). The results from Table 6 suggest that as the effect of the dual-pilot strategy on efficiency steadily increases, the quantile regression coefficients of the dual-pilot strategy increases as the quantile increases. Except for the 10% quantile, which does not effectively represent the impact of the dual-pilot program on urban efficiency, the remaining quantiles show relevance. The dual-pilot strategy has a more significant effect on municipalities with high as opposed to those with low efficiency.
TABLE 6 | Quantile regression test results.
[image: Table 6]4.4.4 Additional robustness tests
Three additional robustness tests were conducted by the study based on the insights of the above tests. ① Subsample test: deleting the data processing group’s sample of first-tier cities—Beijing, Shanghai, Guangzhou, and Shenzhen—to exclude the possibility of influencing results because of various other factors, such as the economy. ② Constructing a counterfactual test like that of Qiu et al. (2021): take the cities before the construction of the dual-pilot in 2006–2009 as the research samples, set the dual-pilot time as 2007, and compare the counterfactual experiment with the baseline regression model for evaluation. ③ Excluding the influence of other policies: in the same time span, both the smart city pilot and the carbon trading pilot may have the effect of reducing carbon, so enhancing efficiency through the dual-pilot project may include the influence of other policies. To eliminate interference with other measures, the interaction terms of the smart city pilot program and the pilot time and the carbon trading pilot and the pilot time are added to the group of control variables. If the dual-pilot project remains substantial, this indicates that the policy is unaffected by other policies, and vice versa.
Table 5 displays the results. Column (2) controls for double-fixed effects after removing some of the samples and finds that the policy effect is still markedly positive, showing that whether dealing with a first-tier city or not does not have much effect on the implementation of the dual-pilot policy. Column (3) regresses DID2017 with and without control variables and finds that the coefficients are insignificant, suggesting that the disturbances do not explain the observed increase in efficiency and that the increase in efficiency is largely due to the policy itself. Column (4) after excluding the smart city and carbon trading pilot strategy—the dual-pilot program—continues to show positive, suggesting that the dual-pilot policy is not affected by other policies to improve urban carbon emission efficiency.
5 INFLUENCING MECHANISM ANALYSIS
5.1 Heterogeneity analysis
5.1.1 Location heterogeneity analysis
The overall cities are grouped, and heterogeneity is further examined by looking at the regions in which different cities are located, the sizes of different cities, and their administrative levels. This prevents the possibility of the overall analysis hiding the possible differences between the dual pilot on the carbon emission efficiency of various cities and the differences between the geographic locations, city sizes, and administrative levels of the cities.
Regarding the geographical positioning of cities, China varies in its economic development due to geographical differences across eastern, central, and western regions. This study’s findings indicate that the implementation of the dual-pilot program had a substantial impact on improving carbon emission efficiency in the central and western regions. The estimated coefficients for the eastern regions are not significant, probably due to the complexity of the factors affecting the region, such as the high degree of economic outward mobility, excellent geographic location, and the inflow of highly skilled workers, meaning that a large number of resources are already fully utilized, so that the effects of the dual-pilot policy are not yet fully apparent. The effect of the dual-pilot project has been weakened by the geographical constraints of cities in the western region, with their economic strength and industrial base weaker than cities in the central region, making innovation more difficult.
5.1.2 Analysis of urban scale heterogeneity
Larger and smaller cities differ in terms of industrial structure, scientific and technological trends, and economic development due to disparities in the extent of urban development. Referring to the city classification criteria published by the State Council, we divided cities with a permanent population of 3 million or less into one type of city and cities with over 3 million permanent inhabitants into two types. Table 7 shows that the implementation of dual-pilot cities can markedly improve their carbon emission efficiency. Type Ⅰ cities improved their carbon emission efficiency more than type Ⅱ cities, but type Ⅱ cities have greater significance. This could be because type Ⅰ cities have a smaller population than type Ⅱ cities and their economies have developed more slowly, their governments have less macro control, and their limited current scientific and technological potential. Therefore, cities with initially low carbon emission efficiency can increase their extraction rate by implementing the dual-pilot policy. This will allow them to then implement carbon reduction measures and improve innovation, resulting in an enhanced extraction rate.
TABLE 7 | Results of heterogeneity analysis.
[image: Table 7]5.2 Influencing mechanism analysis
To gain insight into dual-pilot city construction on carbon emission efficiency, two recursive models are added to the multi-period DID model (1) to establish a mediating effect model.
[image: image]
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where [image: image] is a collection of mediator variables, and the remaining variables have the identical interpretation as model (1). The estimated coefficient [image: image] obtained from the estimated model reflects the potential impact of the dual-pilot project on the mediator variables, and [image: image] illustrates the effect of the mediator variables on efficiency. If both [image: image] and [image: image] are significant, it means that there is a mediating effect—through the mediator variable, the dual-pilot program can influence efficiency. In the case that both [image: image] and [image: image] are significant: if [image: image] is not significant, the findings demonstrate that the mediator variable serves as a fully mediating agent in the relationship; if [image: image] is significant, it demonstrates that the mediator variable plays a partially mediating role. In the event that at least one of the variables [image: image] and [image: image] is not statistically significant, the Sobel test must be employed to determine whether there is a mediating effect. If the test yields a significant result, then there is a mediating effect. However, there can be no mediating influence. For the non-significant Sobel test results to further relax the assumption that the sample obeys the standard normal distribution, a bootstrap test is conducted using sampling. Hence, there is no mediating effect if the indirect effect’s confidence interval comprises zero, and vice versa. The remaining variables are the same as in the baseline model.
5.2.1 The influence mechanism of the green innovation level
This paper illustrates the influence of the level of green innovation on the direction of the project on efficiency and explores whether there is any difference in the influence mechanism in terms of the overall, city size, and geographic location.
As shown in Table 8 above, the establishment of dual-pilot cities in Columns (1) and (2) generally has a virtuous relationship with green innovation at the 1% significance level. There is a significantly positive effect of the green innovation level on the carbon emission efficiency of the city, but at this time, project construction may not have a substantial impact on efficiency. This shows that the level of green innovation has a complete mediating effect on urban carbon emission efficiency—that is, the establishment of dual pilot cities is through the green innovation level and thus has a positive impact on urban efficiency. At the same time, the Sobel test yielded a p-value of 0, the data demonstrating the existence of a mediation effect, with the fraction of this effect accounting for 92.2% of the overall impact. In terms of city size, the impact of the level of green innovation within rows (3) and (4) of category 1 cities on efficiency is less pronounced, but the Sobel and bootstrap tests are both passed, signaling the presence of an ongoing mediating influence. There is also a full mediation effect in columns (5) and (6) for Type II cities, indicating that large-scale cities are subject to a larger mediation effect than small-scale cities and further indicating that the effect of the level of green innovation level on carbon emission efficiency is also heterogeneous. Regarding geography, there is also a full mediating effect in the eastern region, some intermediation effects exist in the central region, and no intermediation effects exist in the western region. The reasoning behind the implementation of this plan in the eastern region appears to be sound. The city boasts a robust economy and innovative capabilities, and green innovation can be achieved through a mutually beneficial approach of reducing emissions, enhancing efficiency, and generating economic growth. In the central region, the strength is marginally lower than the eastern region, but there is still a good environmental and innovation foundation, and the implementation of environmental regulating policies can be efficiently executed. In the western region, the dual-pilot policy exhibits a noteworthy and favorable influence on green innovation. Nevertheless, despite the apparent boost to green innovation, its subsequent effect on enhancing efficiency remains relatively muted, and both tests show that there is no intermediary effect. The impact is not significant, while both tests were not yield passed. However, most secondary industry is concentrated in the western region with its rich resources; thus, the pollution caused by activities such as production and extraction is difficult to improve only through policy and innovation but needs the influence of the concerned parties. It is apparent that the dual-pilot program can not only directly reduce carbon emissions and improve efficiency, but it can also advance urban green development by raising the bar for urban green innovation.
TABLE 8 | Analysis results of the mechanisms influencing green innovation levels by general, city size, and geographic location.
[image: Table 8]In conclusion, this supports the effect on levels of green innovation by demonstrating the mediating role of green innovation and the differences that exist between city size in the eastern and central regions.
5.2.2 Analysis of the influence mechanism of industrial structure
From the data presented in columns (1) and (2) of Table 9 above, it can be observed that the implementation of the dual-pilot model in cities has a significantly negative impact on its industrial structure, but efficiency is not significantly influenced by the ratio from secondary industries. Meanwhile, the Sobel test p-value of 0.837 is not significant, and the bootstrap test found that the confidence interval for the indirect effect includes the value of 0. The statement may be interpreted as suggesting that there is no mediating effect. In consideration of the city scale, the influence of industrial structure on efficiency in columns (3) and (4) of type I cities is not significant, and both tests fail, indicating that there is no mediating effect. On the other hand, the coefficients in columns (5) and (6) of type II cities are all significant, and the optimization of industrial structure continues to play an intermediary role, suggesting the presence of a partial mediating effect—large-scale cities are more susceptible to the mediating effect than small-scale cities. It further indicates that secondary industry plays an indispensable role in type II cities, and the industrial scale effect on efficiency reveals heterogeneity at the city scale. With respect to geographic location, there is no mediating effect in all three regions, indicating that the mediating effect of industrial structure on efficiency does not have significant heterogeneity in terms of geography.
TABLE 9 | Analysis of the mechanism of the impact of the industrial structure by general and urban scale analysis results.
[image: Table 9]In summary, this demonstrates that the industrial structure only has a mediating influence in type II cities, which in turn validates the mechanism of industrial structure effect.
5.3 Synergistic effect of dual pilot low carbon and innovative cities
Within the body of current literature, Guo and Liang (2022) and Yang and Shi (2023) have shown that the implementation of the pilot low-carbon city and pilot innovative city initiatives can enhance carbon emission efficiency and decrease carbon intensity, respectively. Thus, to promote a reduction in carbon emissions, this paper will further ascertain whether the implementation of the dual-pilot project is expected to yield greater effectiveness than the single-pilot approach, and thus determine whether the dual-pilot project will promote synergy.
We analyzed the influence of single-pilot (low-carbon) on the efficiency of carbon emissions in urban areas. The process is as follows. We excluded the sample of innovative cities but not the sample of dual-pilot cities, and we retained the single-pilot sample of low-carbon cities and the sample of non-pilot cities. Similarly, the influence of single-pilot (innovation) on efficiency was examined. The procedure can be outlined as follows. We omit the example of cities with minimal carbon emissions as well as the sample of dual-pilot cities, and we retain the single-pilot and non-pilot samples of innovative cities. As shown in Table 10, both cities with a single pilot can maximize efficiency, but the coefficients pertaining to its predictor variables of the low-carbon pilot project progressively diminish after the implementation of the policy, and cease to be statistically significant after a two-period lag, implying a limited durability in the effectiveness of the policy. Conversely, the individual pilot coefficients of the innovative cities are significant at the 1% level of significance in one and two lags, and the coefficients display an ascending magnitude, which indicates that the innovative cities’ single pilot has a certain degree of continuity in improving the efficiency of the city’s carbon emissions and lasts for a long time. Meanwhile, since the regression coefficients of innovative pilot cities are generally larger than those of low-carbon pilot cities, the efficiency improvement ability of innovative cities is higher than that of low-carbon cities. In comparison to the baseline regression, the regression coefficients of single-pilot cities are smaller than those of double-pilot cities, confirming Hypothesis 2, as it is evident that the double-pilot policy is superior to the single-pilot policy in enhancing carbon emission efficiency.
TABLE 10 | Results of dual-pilot synergy analysis.
[image: Table 10]6 CONCLUSION AND POLICY IMPLICATIONS
This study analyzed data from 284 prefecture-level cities in China between 2006 and 2020 to study the impact of low-carbon and innovative dual-pilot cities on carbon emission efficiency. It utilized a multi-period DID model to investigate influence mechanisms and synergistic effects. (1) According to this study, the eastern region exhibits a higher level of carbon emission efficiency, and the central region exhibited parity with the national average, whereas the western region demonstrated the lowest values. (2) Additionally, implementing dual-pilot cities can effectively enhance carbon emission efficiency, with a time lag in policy effects. (3) Furthermore, dual-pilot cities show better and more enduring outcomes in enhancing carbon emission reduction than individual pilot policies. This suggests that innovation can facilitate environmentally friendly development and offer sustainable benefits, demonstrating its synergistic impact. (4) The analysis of heterogeneity demonstrates that the policy effect of the dual-pilot program is significantly more pronounced in the central and western regions, with differences in city scale. The carbon enhancement effect in eastern cities is insignificant. (5) Analysis of the impact mechanism reveals that the dual pilot policy largely improves carbon efficiency by fostering the development of green innovation. The mediating effect on large cities in the eastern and central regions is significant. Policy measures in Type II cities aim to enhance the efficiency of urban carbon emissions by optimizing industrial structure.
To encourage the development of dual-pilot cities and enhance urban carbon emission efficiency, the following policy proposals are offered.
(1) Enhance collaboration in building creative and low-carbon cities and progressively broaden the range of experimental initiatives. The combination of pilot policies creates a synergistic impact, and applying these policies together to improve carbon emission efficiency is more successful than executing a single pilot program. Promoting the dual-pilot policy tool is undeniably a beneficial step. In the future, successful experiences from western and central cities, as well as larger cities, will be collected and shared with other cities to enhance the policy impact of establishing dual-pilot cities.
(2) Adapting measures to local conditions and implementing strategies according to the situation, each with its own emphasis, strengthens the inclusiveness of policy implementation. Eastern cities have high carbon emission efficiency due to the implementation process. However, the policy effects in these cities are not as effective as in central and western cities, particularly in type I and II cities where urban transformation policies have been fully utilized. In the future, it is essential to enhance financial assistance for central and western cities while exploring low-carbon development strategies and carbon emission traits that are appropriate for the region in order to accelerate transition to a low-carbon city.
(3) Enhance funding for environmentally friendly technology development and consistently enhance innovation. Promote the recruitment of creative individuals and environmentally friendly businesses to ensure successful research and development as well as practical implementation of product technology. Local governments should boost their support for innovation and promote the active involvement of innovative entities, thereby achieving innovation-driven progress. Enhance the promotion and education of green innovation concepts to make green practices widespread and encourage individuals to adopt a green and low-carbon lifestyles. Enhance and strengthen the innovation market, enhance enthusiasm for innovation, and bolster faith in the ability to innovate.
(4) Encourage the improvement of industrial structure and leverage variations in city sizes. Develop low-carbon industries in large cities to improve energy utilization and resource efficiency. Develop complex strategies in research and technology, and build low-carbon industrial parks and clusters. Low-carbon and innovation-related policies should be applied to eliminate highly polluting and energy-intensive segments of industrial enterprises. In particular, it is recommended that government regulation be improved to optimize the production environment.
This paper has some limitations, as it only studied dual and single policies to achieve pollution reduction and efficiency improvement. It only considered policies under joint support, and whether there is still emissions reduction and efficiency improvement is not yet clear. In addition, it is still ambiguous whether the impact of relevant policies will geographically differ, and how big the difference is, which should be subject to further research.
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FOOTNOTES
1Geographically, it includes the following provinces and municipalities where the prefecture-level cities are located. Eastern province cities include Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan.
2Western province cities include Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang.
3Central province cities include Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan.
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