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The implementation of the new ambient air quality standards (NAAQS) in 2012 is a milestone in China’s environmental information disclosure process. The fully automated collection and publication of pollution information provides a convenient way to measure the environmental protection process around the country. This paper investigates the association between NAAQS and green total factor energy efficiency (GTFEE) enhancement in Chinese resource-based cities, using the generalized multiperiod DID method and 2004–2019 panel data from 282 prefecture-level cities. We find that the implementation of this NAAQS significantly promotes GTFEE’s improvement in China’s resource-based cities. Furthermore, we discover that both the type of industrial base and the initial public monitoring motivation influence the improvement effect of the NAAQS on GTFEE. In further studies, NAAQS enhances GTFEE through industrial structure optimization, and the magnitude of the local NAAQS effect is influenced by the level of green innovation. Finally, we make recommendations including implementing targeted environmental regulations and enhancing environmental information regulation.
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1 INTRODUCTION
As the world’s fastest-growing economy, China has made amazing economic achievements in development since the reform and opening up. In the previous period, abundant natural resources fueled China’s rapid economic development, and reliance on fossil energy and heavy industry was highly problematic in resource-endowed regions (i.e., the resource-based cities). The heavy dependence on fossil fuels, brought a large amount of environmental pollution, which has a series of negative impacts, such contributing to global warming, harming the health of the population, and jeopardizing national energy security (Bashir et al., 2020; Huang and Zou, 2020; Jiang et al., 2021). The sustainable development of Chinese society is being hampered by this predicament, and the resource-based cities are facing a particularly serious situation. China must adopt a more structural, quality-focused, and environmentally friendly development strategy that takes energy conservation into account while sustaining economic growth. Given the high cost of widespread usage of renewable energy sources, improving energy efficiency is a critical step that must be taken to assist energy conservation and emission reduction in order to address the existing challenges (Linares and Labandeira, 2010; Allcott and Greenstone, 2012; Yang et al., 2016; Boomhower and Davis, 2020; Zhang et al., 2020). According to the International Energy Agency’s Energy Efficiency 2020 report (IEA, 2020), improvements in energy efficiency may cut greenhouse gas emissions associated with energy usage by more than 40% worldwide.
Energy efficiency is generally classified as single factor energy efficiency and total factor energy efficiency. For the single factor energy efficiency, measurement bias results from having too few indicators, which implies that it ignores the complex production relations in reality. Regarding the traditional total factor energy efficiency, although it adds more production factor indicators at the input side, it ignores the pollution emissions from manufacturing operations, making energy efficiency overestimated. In contrast to the previous two types of energy efficiency, green total factor energy efficiency (GTFEE) considers both the complex production mix and the detrimental effects of pollution emissions during actual production (Li and Hu, 2012), allowing for a more accurate estimation of energy efficiency and assisting individuals in analyzing more precisely whether the usage of energy is efficient and reasonable. Therefore, the primary research object for this paper is GTFEE.
One of the key steps to increase energy efficiency is environmental regulation, and as a kind of informal environmental regulation, environmental information disclosure (EID) is playing an increasingly important role in environmental governance system. The Chinese Ministry of Environmental Protection issued the Ambient Air Quality Standard GB3095-2012 (i.e., new ambient air quality standards, NAAQS) in 2012 and released batch-related implementation plans in 2012, 2013, and 2014. As an unconventional environmental regulation, environmental information disclosure (EID) differs from market-incentive-based environmental regulations and command-and-control environmental regulations in that it provides local environmental pollution information to all sectors through information transparency, thereby promoting economic agents’ choices. The implementation of the NAAQS involves all-weather, automated, and real-time environmental information monitoring and distributes the data on authorized platforms by gradually establishing state-controlled air quality monitoring stations in cities. Prior to the implementation of automatic monitoring, the task of collecting pollution information in China’s prefecture-level cities was executed by local governments, and it was difficult for the central government to verify the environmental information provided by localities, making it easier for local governments to manipulate real pollution data in pursuit of high economic growth rates. NAAQS have significantly increased the scope and accuracy of environmental information available to all sectors of society, and they have improved environmental supervision greatly, made it simpler for local governments and businesses to be penalized for inaction in environmental management. The process of environmental information disclosure will inevitably be sped up due to the growing concern for environmental information brought on by the increased awareness of environmental preservation. Consequently, some related activities, like increasing energy efficiency, may be impacted by the disclosure of environmental information. Local governments and enterprises will focus more on greening manufacturing operations as a result of increased environmental scrutiny, with increased energy efficiency being one of the key components.
Based on the context above, this study uses NAAQS as a quasi-natural experiment to examine the improvement effect on GTFEE at the city level, and the contributions of this paper are mainly as follows. Firstly, since there is a lack of research on the NAAQS as an EID policy in the literature examining the impact of environmental regulations on urban energy efficiency, and less attention paid to the resource-based city level, this paper provides a valuable addition to the field. Secondly, in addition to the overall effect, the mechanism of NAAQS and GTFEE was deeply explored from the perspective of industrial structure upgrading and green technology innovation, this further extends the depth of this study and optimizes the related mechanistic studies. Thirdly, by further differentiating the enhancement effects of NAAQS on GTFEE heterogeneously in terms of old industrial base and public monitoring enthusiasm, this paper fills the related gap in the existing literature on heterogeneity study.
The remainder of the paper is structured as follows: Part II is the literature review, Part III is the policy background and theoretical hypotheses, Part IV is the model construction and variable selection, Part V is the empirical analysis, Part VI is the moderating effect analysis, and Part VII is the main conclusions and policy recommendations.
2 LITERATURE REVIEW
The literature related to this paper can mainly divided into the energy efficiency and environmental information disclosure. Energy efficiency is an expanded form of technical efficiency, which can be understood as the maximization of output for a given energy input or a reduction in energy consumption for a given output (Farrell, 1957; Lovell, 1993; Bosseboeuf et al., 1997). In the existing literature, energy efficiency is generally classified as single factor energy efficiency and total factor energy efficiency: single factor energy efficiency refers to the ratio between a certain amount of energy input and the GDP of the output (Patterson, 1996; Gillingham et al., 2009). But, single-factor energy efficiency cannot accurately measure the true efficiency of energy use in production and has limitations since economic production is often multi-input and complex. Total factor energy efficiency takes into account factors such as capital and labor in addition to energy inputs, and it is a more comprehensive measure (Hu and Wang, 2006). However, total factor energy efficiency considers only one output, GDP, and ignores undesirable outputs such as pollutant emissions, resulting in measurement bias and causing energy efficiency to be overestimated (Farrell, 1957; Yörük and Zaim, 2005; Lin and Tan, 2016). Some researchers include pollutant emissions as an undesirable output in the total factor energy efficiency framework and propose the concept of GTFEE, which solves the problem of overestimating energy efficiency when using total factor energy efficiency measurement and makes the measurement of energy efficiency more accurate (Li and Hu, 2012). Thus, this paper also uses GTFEE to evaluate the energy efficiency.
How to improve energy efficiency, especially GTFEE at province, cities and firm level, is currently a hot topic of great interest to academia, and there are extensive works in the literature on what factors affect and how to influence GTFEE (Yang et al., 2022). Some literatures calculated and evaluated how heterogeneity policies and factors affect GTFEE from the micro-firm level (Haider et al., 2019; Bu et al., 2022), macro-province (Wu et al., 2021) and regional level (Tang and He, 2021). In relation to GTFEE of cities, many scholars in China and elsewhere have explored the factors influencing energy efficiency from various aspects. Among them, technological innovation (Wang and Wang, 2020; Wu et al., 2022), industrial structure upgrading (Yu, 2020), energy structure improvement (Tao et al., 2018), openness to the outside world (Wu et al., 2020; Gao et al., 2022a), and digitalization progress (Wu et al., 2021; Gao et al., 2022b; Zhao et al., 2022b; Hao et al., 2022), and infrastructure construction (Wen et al., 2022) all contribute to GTFEE improvement, while factor price distortion (Lin and Du, 2013; Lin and Chen, 2018), government corruption (Hao et al., 2020), market segmentation (Wei and Zheng, 2017; Guo and Liu, 2022) and other factors can reduce GTFEE.
As a policy tool, environmental regulation is widely used in emission reduction efforts and can also have a significant impact on energy efficiency (Chen et al., 2021; Feng et al., 2021; Hong et al., 2022). On one hand, some scholars agree that environmental regulation has a positive impact on improving energy efficiency (Mandal, 2010; Bi et al., 2014; Hancevic, 2016; Pan et al., 2019; Galeotti et al., 2020; Shi and Li, 2020); on the other hand, other scholars believe that there is a non-linear effect of environmental regulation on energy efficiency improvement (Tao et al., 2018).
Another series of literature explored the effect of environmental information disclosure, which is an important measure for the government, enterprises and the public to jointly promote environmental governance. In addition to government-oriented and market-based incentive environmental regulation, EID has received increasing attention as an unconventional means of environmental regulation. Some recent studies focus on the positively impact of environmental information disclosure on enterprise productivity, innovation and financial performance (Ahmad et al., 2019; Wang et al., 2020), and other studies showed that EID has negative or uncertain effect on firm (Lu and Zhang, 2022; Meng and Zhang, 2022). In the research towards the effect of EID at the urban level, we found that most of the existing studies focus on the policy effects of the industrial structure (Liu et al., 2021b), pollution-control (Tian et al., 2016; Feng and He, 2020), green technology innovation (Li et al., 2022). The similar studies to this paper focused on the effect of EID on environment and energy. EID can promote green innovation behavior and emission reduction by influencing corporate executives’ motivation, improving the energy mix, increasing environmental regulatory pressure, and increasing social concern (Liu et al., 2010; Ahmad et al., 2019; Barwick et al., 2019; Tu et al., 2019; Shi et al., 2021; Wang and Wang, 2021; Zhang et al., 2022a). Furthermore, it is demonstrated that EID can enhance the energy efficiency of firms by improving the efficiency of investment utilization and the energy mix (Bu et al., 2022).
Current literature towards new ambient air quality standards (NAAQS), which is a typical EID policy, mainly focus on the standard formulation system, comparative analysis of the specific contents of different ambient air quality standards (Wang et al., 2023), and evaluation of the benefits of ambient air quality standards on pollution reduction (Wang et al., 2019; Liu et al., 2021a; Bai et al., 2021), public health (Zhang et al., 2022b) and businesses’ desire for investing in environmental preservation (Zhang et al., 2019). The most related literature to this paper offers concrete evidence that NAAQS significantly alleviated the principal-agent problem between central and local governments in the environmental governance process, thereby reducing environmental information asymmetry (Greenstone et al., 2022).
Based on the literature above, we found that most of the existing studies focus on the policy effects of the industrial structure, resource allocation, and other factors as well as environmental regulation policies on GTFEE, and the research on the policy effects of EID and NAAQS mainly focuses on innovation, environment, industrial structure, etc., However, the existing literature still suffers from several deficiencies, and this study contributes to the literature on the following three grounds. First, we find that existing studies on the impact of energy efficiency mainly focus on the traditional method, using the energy consumption per unit of GDP to measure, the research on GTFEE are lacked (Hong et al., 2022). This study uses super-epsilon-based method including expected output and unexpected output with global Malmquist-Luenberger index to measure GTFEE, it is a useful addition to existing literature on energy efficiency. Second, the existing literature mainly focused on conventional market-incentive-based environmental regulations and command-and-control environmental regulations, with less attention to unconventional environmental regulations such as EID, especially the NAAQS in China, which is a key policy to improve the environment and quality of life (Wang et al., 2019). Therefore, it is still necessary to evaluate the effects of NAAQS policy on energy efficiency. Thirdly, there is less unified research framework for the impact of EID on energy efficiency, and the main influence channels and policy roles are unclear (Feng et al., 2021). Moreover, there are not many papers that consider the heterogeneous type of cities, especially in terms of resource and industrial base, the initial public monitoring motivation, this study fills the gap in the existing literature on channels, mechanism analysis, and heterogeneity.
3 POLICY BACKGROUND AND RATIONALE THEORY HYPOTHESIS
3.1 Policy background
China’s Ministry of Environmental Protection issued the Ambient Air Quality Standard (GB3095-2012) in 2012. It was implemented nationwide in 2016 and allowed to be implemented earlier in each region based on the situation. The NAAQS, which were implemented in 2013 and 2014, provide automated monitoring of pollutant emissions in each region by dividing air functional areas, setting pollutant limit values, and developing monitoring methods. The NAAQS are used to evaluate air quality and to gradually carry out air quality monitoring in three phases, 2013, 2014, and 2015, when automatic air quality monitoring points were built nationwide by each region. Through the three-stage implementation program, all regions across the country completed the installation of equipment at all air quality monitoring sites in 2016 and began automatic air quality monitoring in accordance with the NAAQS. Through the government websites of environmental protection authorities, the websites of environmental monitoring agencies and various social media, air quality information was released in real time for the whole society in all places, providing open and transparent access to environmental information for subjects from all walks of life.
3.2 Theoretical hypothesis
3.2.1 EID and energy efficiency improvement
Energy efficiency can be significantly impacted by environmental regulation, which is a common policy tool for reducing emissions and protecting the environment (Chen et al., 2021; Feng et al., 2021; Hong et al., 2022). Regarding traditional market-incentive-based and command-and-control environmental regulations, on the one hand, some scholars agree that environmental regulations have a positive impact on improving energy efficiency (Mandal, 2010; Hancevic, 2016; Pan et al., 2019); on the other hand, other scholars believe that there is a non-linear effect of environmental regulation on energy efficiency improvement (Tao et al., 2018). As an EID regulation, the NAAQS are different from conventional environmental regulation. Compared to using administrative orders and market mechanisms to achieve environmental goals, the NAAQS provide communities with judgment criteria by making environmental information transparent, which in turn influences individual behaviors. From the government perspective, EID offers criteria for evaluating environmental governance behaviors, making it simpler for higher-level governments to assess the environmental performance of lower-level governments. At the same time, the data monitored by state-controlled automatic monitoring equipment exclude the possibility of administrative intervention in air quality data by local governments, reducing the information asymmetry between the central and local levels (Greenstone et al., 2022). From the firms’ perspective, environmental information disclosure makes them bear a heavier environmental responsibility, the community can utilize information about air quality to influence behavior, such as raising emission penalties and decreasing capital investment, to driving up the cost of emissions. As a result, environmental stakeholders, from regional governments to enterprises, need to control emissions in various ways to meet social expectations for environmental protection, and improving energy efficiency is one of the key aspects of promoting energy conservation and emission reduction. Thus, under the pressure exerted by the implementation of the NAAQS, local economic entities will put more effort into increasing energy efficiency.
Resource-based cities are cities whose main industries are the exploitation and processing of natural resources such as minerals and forests in the region. They have a superior natural resource endowment, but at the same time, the long-term exploitation, and processing of resources make resource-based cities face the situation of resource depletion. The depletion of natural resources, including fossil energy, will increase the cost of energy use in resource-based cities. In addition, the “resource curse” concept contends that because of long-term resource dependency, industrial modernization in resource-based cities is insufficient, and environmental degradation is worse in these places (Jiang and Li, 2013; Li and Zou, 2018). As a result, the pollution and energy problems of resource-based cities will be more clearly publicized under the implementation of the NAAQS nationwide. The need to increase energy efficiency to address the issues of resource depletion and excessive emissions will become more pressing in resource-based cities, as the task of energy conservation and emission reduction will become increasingly difficult and time consuming. Therefore, the hypothesis 1 (H1) is proposed as follows.
H1: After the implementation of the NAAQS, energy efficiency improvement is more prominent in resource-based cities than in non-resource-based cities.
3.2.2 Old industrial bases, public monitoring enthusiasm, and energy efficiency improvement
The promotion effect of NAAQS on GTFEE is influenced by local characteristics in different regions and shows heterogeneity. Firstly, Industrial structure characteristics have an impact on the ecological and environmental conditions of cities (Yin et al., 2020). Heavy industry is typically the main industry in old industrial bases, and these cities have qualities such as an enormous asset stock, a large industrial scale, and an important industrial status. However, they also have traits such as a low industrial modernization level and a high pollution intensity. Distinguished from resource-based cities, the heavy industry and government-led characteristics of old industrial bases are more significant. The primary problem is that state-owned enterprise reform is somewhat behind schedule due to a number of historical legacy issues and high reform costs, both of which severely limit industrial transformation and the development of old industrial bases. Correspondingly, the difficulty of structural changes makes it more challenging to increase energy efficiency. In contrast, the industrial structure in other cities is more reasonable, and industrial structure upgrading is easier, while the regional market mechanism is more complete. The government and businesses are therefore more likely to be pressured by societal oversight to take action on energy conservation and emission reduction.
Secondly, the Coase theorem states that with sufficient information and zero transaction costs, negotiations between the parties to an externality will lead to efficient outcomes, and increased disclosure will reduce unnecessary losses to society (Coase, 1960; Acemoglu et al., 2012). As an EID regulation, the implementation of the NAAQS influences local environmental governance behavior by increasing information transparency and improving the public’s right to know environmental information (Barwick et al., 2019; Wang and Wang, 2021). According to (Mastromonaco, 2015), the public’s usage of information affects how effective EID is in reducing emissions, and the associated emission reduction effect occurs only when locals are aware of and make use of publicly available environmental information. In addition, air pollution itself can lead to a significant increase in migration (Qin and Zhu, 2018; Chen et al., 2022), which can also cause a decrease in surrounding housing prices (Currie et al., 2015). Furthermore, the dissemination of environmental information at the media level promotes the public’s willingness to pay for improved environmental quality (Tu et al., 2020). In conclusion, the public monitoring situation will also have an impact on the enhancement effect of the NAAQS on GTFEE. For areas with low initial public monitoring motivation, the increased information disclosure after NAAQS implementation will cause a greater increase in local public monitoring motivation, and thus, the energy efficiency improvement effect of the policy will be more apparent. Based on the analysis above, the hypothesis 2 (H2) is proposed as follows.
H2: The enhancement effect of the NAAQS on GTFEE is higher in two types of resource-based cities: the city beyond old industrial bases, the city with lower initial public monitoring motivation.
3.2.3 Industrial structure optimization and energy efficiency improvement
The peculiarities of industrial structure influence energy consumption and pollution emissions to some extent. During the implementation of the NAAQS, the Chinese central government has instructed localities to increase industrial restructuring and accelerate the elimination of lagging production capacity, this order can support industrial structure optimization, which is crucial for raising GTFEE. In comparison to capital- and energy-intensive industries, the knowledge-intensive industries consume less energy and emits less pollution, which means this type of industries are more efficient in energy utilization (Cao et al., 2021). An increase in the proportion of energy-efficient individuals in a region can result in an improvement in local energy efficiency as a whole (Ma and Stern, 2008; Elliott et al., 2017; Dong et al., 2021). Modern service sectors are mostly knowledge-intensive industries, and the larger their share is, the stronger their role in promoting local GTFEE. Conversely, the traditional secondary industry, which mostly relies on energy-intensive production methods, will hinder the improvement of GTFEE. Therefore, the green and low-carbon qualities of local production activities will become more apparent from the standpoint of industrial structure optimization, when a region’s industrial structure moves from a mostly secondary industry to a predominantly tertiary industry (Minihan and Wu, 2012). Hence, it can be assumed that the enhancement effect of the NAAQS on the GTFEE of resource-based cities will be effective through industrial structure optimization, and the hypothesis 3 (H3) is presented as follows.
H3: The NAAQS can improve GTFEE through industrial structure optimization.
3.2.4 Green innovation level and energy efficiency improvement
Green innovation has been an important tool for mitigating the conflict between high economic growth and severe environmental pollution (Tang et al., 2021). According to the Porter hypothesis, innovation can provide a competitive advantage by eliminating the constraints of reality (Porter and van der Linde, 1995). Under resource and environmental constraints, government regulations also tend to encourage green innovation more than traditional technological innovation to enhance energy efficiency while raising business productivity (Acemoglu et al., 2012; Li et al., 2020). To considerably increase energy efficiency, major green, low-carbon technological research and application must be bolstered, according to the Chinese government. For the enterprises themselves, innovation relies on long-term capacity accumulation and substantial upfront R&D investment, which is difficult to achieve overnight (Bu et al., 2022). Faced with the monitoring pressure brought about by sudden information disclosure, enterprises with a low level of innovation themselves are unlikely to immediately improve energy efficiency through innovation. Companies that engage in greater innovation frequently utilize advanced energy-saving technologies and improve their manufacturing techniques to raise GTFEE (Sun et al., 2019). Therefore, it can be assumed that in regions with a higher level of green innovation, firms are more likely to improve energy efficiency through technological innovation, which suggests that, in the face of pressure from NAAQS, they are better equipped to increase local energy efficiency, and the hypothesis 4 (H4) is proposed as follows.
H4: The level of green innovation impact he effectiveness of the NAAQS in improving the GTFEE in resource-based cities.
Consequently, the following graphic Supplementary Figure S1 can be used to show the channels and heterogeneity between NAAQS and GTFEE mentioned above.
4 MODEL CONSTRUCTION AND VARIABLE DESCRIPTION
4.1 Identification strategy and model setting
To assess whether the NAAQS are effective in enhancing GTFEE, this study constructs a generalized multiperiod difference-in-differences (DID) model. The fundamental tenet of the DID method is to produce difference-in-differences statistics that indicate the impact of the policy by comparing the difference between the control group and the treatment group before and after the adoption of the policy (Yang et al., 2021). Since policies are often exogenous in relation to microeconomic entities, the problem of endogenous problems can be avoided to a significant extent (Zhao et al., 2022a; Yang et al., 2023). The traditional DID model presupposes that all individuals of the experimental group experience the effects of a policy at the same time (Abadie, 2005). However, when the policy implementation nodes are inconsistent, a generalized multiperiod DID model should be used (Beck et al., 2010; Wing and Marier, 2014). In this study, the NAAQS are considered a quasi-natural experiment, and 282 prefecture-level Chinese cities are chosen as the research’s target due to the data’s availability. Of these cities, 109 resource-based cities are set as the treatment group, and the remaining 173 cities are set as the control group. The DID method simultaneously controls the two differences and more exactly identifies the net effect of NAAQS policy on GTFEE. The baseline regression model is set as follows.
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In the equation, [image: image] represents the city and year, respectively. The dependent variable [image: image] is the measure of GTFEE in city i in year t. [image: image], which is the core independent variable, is a dummy variable for whether resource-based city i implemented the NAAQS in year t. [image: image] and [image: image] represent city and year fixed effects, respectively. [image: image] is a series of covariates. [image: image] is an error term.
4.2 Dependent variable (GTFEE)
The core explanatory variable in this paper is green total factor energy efficiency (GTFEE), studies closely related to this paper using the Data envelopment analysis (DEA) method to estimate GTFEE, which can avoid the structural bias caused by traditional accounting methods and stochastic Frontier approach, and is mostly employed in efficiency evaluation (Shi and Li, 2020; Wu et al., 2021; Gao et al., 2022b). DEA, as a non-parametric technical efficiency analysis method based on a relative comparison among evaluated objects, is used to analyze the relative efficiency of observed individuals (i e., decision making units, DMUs) with multiple inputs and outputs, which is more accurate than previous efficiency assessment methods.
However, traditional DEA methods do not measure the efficiency losses caused by undesirable outputs such as pollution generated during the actual production process, to avoid this overestimation of efficiency, scholars proposed that the SBM model (Slacks-based measure), which includes undesirable outputs, and is widely used to measure eco-efficiency and energy efficiency in academia (Tone, 2001; Cao et al., 2021). Yet, the SBM model still has the issue of possible proportionality losses with the original inputs or outputs as the inputs are closely linked to the undesired outputs in a radial relationship, thus underestimating efficiency. Therefore, researchers further refined the SBM model to a non-oriented, non-desired output-based EBM model (epsilon-based measure model), which is compatible with radially and non-radially related input and output variables (Tone and Tsutsui, 2010). Whereas, the EBM still has a major drawback as the efficiency value of DMUs is at most 1, if multiple DMUs all have an efficiency value of 1, the model would not be able to effectively differentiate the efficiencies of DMUs, to address this issue, the Super EBM allows the efficiency value to exceed 1 (Andersen and Petersen, 1993).
Furthermore, while productivity and production technology level rely on long-term continuous production processes, both SBM and EBM models are just focus at a certain period. Therefore, on one hand, it is necessary to apply the directional distance function to the Malmquist index model, and obtain the Malmquist-Luenberger index (ML index), which can be used to measure the intertemporal changes of DMUs (Färe et al., 2001). On the other hand, to overcome the discontinuity in the ML index’s measurement of technological advancement, scholars combine the ML index with the global directional distance function to construct the global Malmquist-Luenberger index (GML index) (Oh, 2010).
Given this, to estimate GTFEE, the study incorporates measurements from the Super EBM model along with the GML index, based on considering undesirable outputs. The specific measurement indices of GTFEE are shown in Supplementary Table S1. We select labor, fixed asset investment, and energy consumption as inputs, choose regional gross domestic product (GDP) as the desirable output, consider industrial SO2, industrial wastewater, industrial soot and dust, and carbon dioxide emissions to be undesirable outputs (Tao et al., 2018; Shi and Li, 2020). Among the energy consumption calculations, a linear model without intercepts is adopted to decompose the provincial energy data into prefecture-level cities by nighttime-light data (Shi and Li, 2020; Engstrom et al., 2021). Since the Malmquist method cannot calculate GTFEE for the base period, the main econometric analysis in this paper is measured using data from 2005 to 2019.
4.3 Independent variables
[image: image] is the dummy variable for the NAAQS, representing the implementation status of resource-based city i in year t. The dummy variable [image: image] takes the value of one if the city is a resource-based city and the NAAQS were implemented and 0 otherwise. Based on the phasing scheme of the NAAQS, 2013, 2014, and 2015 are set as the phased implementation points, and [image: image] takes the value of one in the current and subsequent years of the corresponding implementation cities in these 3 years and 0 otherwise.
4.4 Covariates and other variables
For reference, the following covariates at the prefecture city level are selected in this paper: 1) the regional population (pop), measured using the year-end household population; 2) education expenditure (edu), measured using the education expenditure in the general public budget expenditure of local governments; 3) science and technology expenditure (tec), measured using the science and technology expenditure in the general public budget expenditure of local governments; 4) the degree of digitalization (internet), measured in this paper using the number of households with internet broadband access; 5) the level of economic development (lnpgdp), measured using real GDP per capita (Feng et al., 2021); 6) the level of financial development (lnfinance), measured using the year-end financial institution deposit and loan balances as a share of GDP (Dong et al., 2022); 7) the level of government intervention (fiscal), measured in this paper using the ratio of local general public budget revenue to local general public budget expenditure (Gao et al., 2022b); 8) the level of foreign openness (fdi), measured using the actual utilization of foreign capital in the current year. Supplementary Table S2 shows the descriptive statistics (observations, means, standard deviations, and minimum and maximum values) for the main variables used in this paper.
4.5 Data sources
This paper selects a total of 282 cities in China from 2004 to 2019. Raw data for the statistical variables were obtained from the China Statistical Yearbook (National Bureau of Statistics of China, 2022), China City Statistical Yearbook, and China Environmental Statistical Yearbook (CNKI, 2022). Provincial energy data were obtained from the China Energy Statistical Yearbook (CNKI, 2022). Nighttime-light data were obtained from the raster data provided by the National Tibetan Plateau Data Center (CAS) (Zhang et al., 2021). The data on the green innovation of listed enterprises were obtained from the China National Intellectual Property Agency (CNIPA), and the few missing values were filled in by interpolation.
5 EMPIRICAL ANALYSIS
5.1 The GTFEE enhancement effect of the NAAQS
Supplementary Table S3 reports the results of the baseline regression using the DID method. The result in Column 1) shows that the estimation coefficient of the DID term is significantly positive at the 5% level when no covariates are included. This result verifies the correlation between the implementation of the NAAQS and the GTFEE in resource-based cities. Columns 2), 3), and 4) add covariates based on Column 1), and the estimation coefficients remain significantly positive at the 5% level when adding city fixed effects and omitting covariates. Column 5) adds year fixed effects, city fixed effects and covariates at the same time, making the regression results more plausible, and the estimated result is significantly positive at the 1% level, which means that the NAAQS significantly contribute to improving the GTFEE in resource-based cities. These results are consistent with existing studies, H1 is verified, and the remaining covariates are basically consistent with expectations.
5.2 Parallel trend test
An important prerequisite for assessing policy effects using the DID approach is that the explanatory variables need to satisfy the parallel trend assumption between the treatment and control groups, i e., in the absence of a policy shock, the trends in the dependent variables should be the same for both groups. The test uses the year prior to NAAQS implementation as a baseline. We construct cross-multiplication terms between the year dummy variables and the corresponding policy dummy variables for a 12-year window, spanning from 6 years before implementation until 6 years after implementation (Beck et al., 2010; McGavock, 2021). The specific model is set as follows.
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[image: image] represent the cross-multiplication terms of the year dummy variables and the corresponding policy dummy variables before, in the year of, and after the start of the NAAQS implementation program, respectively, and [image: image] are the corresponding coefficient. The results are shown in Supplementary Figure S2. The time-varying trend of GTFEE before NAAQS implementation is not significantly different and non-significant, satisfying the parallel trend hypothesis. In addition, the subsequent regressions of the dynamic test show that the NAAQS significantly improve the GTFEE of pilot cities from the year after the implementation of the policy.
5.3 Robustness tests
5.3.1 Placebo test
This paper conducts unduplicated random sampling for all pilot cities and policy times (Cao et al., 2021). Each time, 109 cities are selected as the virtual treatment group, the corresponding policy implementation time is randomly selected, and the remaining cities are used as the virtual control group. This process is repeated 1,000 times, and 1,000 virtual DID regression estimations are obtained. The test results are shown in Supplementary Figure S3. The dark line is the probability density distribution of DID coefficients corresponding to the placebo test, and the light line is the normal density distribution. The vertical solid line on the right side indicates the DID estimation coefficients in Column 5) of the baseline regression, which are located in the low tail of the coefficient distribution in the placebo test. Thus, the baseline regression results of this paper pass the placebo test.
5.3.2 PSM-DID
The DID approach used for policy effect assessment always experiences self-selection bias since real-life policies are essentially non-randomized experiments. The propensity score matching (PSM) method can be used to approximate randomization in the quasi-natural experiment by matching samples from each treatment group to a specific control group. In order to avoid the self-selection bias, making the treatment group and the control group have the similar individual characteristics, the cross-sectional PSM method was conducted for the whole sample. Through Supplementary Figure S4, the vast majority of samples in the treatment and control groups were within the common range of values, while the propensity score values for samples outside the common range of values were more extreme, which indicates that most of the treatment groups and control groups have been successfully matched.
The balance test is used to test whether there are significant differences among values of the covariates taken after matching between two groups, and it is more reasonable to employ a matched sample for DID regression if the differences are not statistically significant, which indicates that the matching effect of PSM is adequate. From Supplementary Figure S5, it can be seen that the vast majority of covariates had %bias values less than 10%, and the absolute value of %bias decreased significantly from the pre-matching, that means individual disparities have decreased between the treatment group and control group after matching. Furthermore, as shown in Supplementary Figure S6, Supplementary Figure S7, by comparing the kernel density estimates of the propensity scores before and after matching, the mean distance of the kernel density curves between the treatment and control groups was shortened after matching, and the overlap of the propensity scores of the two groups was significantly increased, which is consistent with the results of balance test, indicating that the matching was effective.
Subsequently, DID regressions were conducted using the samples with non-null weights (indicates that the sample is involved in matching) and the samples satisfying the common support hypothesis (indicates that the sample is in the range of common values) after PSM. The results are shown in Supplementary Table S4, Columns 1) and 2), and the baseline regression results remain robust when the selection bias problem is taken into account, indicating that the NAAQS has a considerable beneficial impact on resource-based cities’ GTFEE. In addition, considering that the NAAQS underwent their first phase of implementation in 2013 and the policy effect has emerged, the policy may change regionally relevant economic variables. Thus, the study proceeds to match year-to-year propensity scores only for the sample before the policy impact (i e., from 2005 to 2012). In this section, the regression uses samples within the range of common values. As shown in Column 3) of Supplementary Table S4, the results indicate that the DID coefficients remain positive and significant at the 1% level.
5.3.3 Adding other control variables
When researching environment-related issues, researchers frequently use weather variables as covariates as climate has a significant impact on such factors. Weather conditions like rainfall and wind speed can alter pollutant concentrations, affect regional pollution, and ultimately have an influence on decisions relating to the environment, such as energy efficiency (Filippini and Zhang, 2016; Zhang, 2017). Therefore, to test the accuracy of the baseline regression results, we repeat the DID regression by adding average rainfall (AR), average air pressure (AP), average wind speed (AW) and average air temperature (AT) to the control variables of the model based on the baseline regression. The result is shown in Supplementary Table S5, the did coefficient remains significantly positive at the 1% level when the weather factor is taken into account, which means resource-based cities receive a 10.07% increment in GTFEE when the NAAQS is implemented, as it is consistent with the baseline regression results, the latter’s authenticity has been established.
5.4 Endogeneity processing
This paper further adopts the instrumental variable method to overcome the influence of endogenous factors as much as possible. To satisfy the correlation and exogeneity conditions of instrumental variables, this study refers to the approach of (Hering and Poncet, 2014; Cai et al., 2016), choosing the air ventilation coefficient ([image: image]) as an instrumental variable for whether to select a city for NAAQS implementation. First, the air ventilation coefficient affects the pollutant concentration, which further influences local environmental regulation behavior, i e., places with higher pollutant concentrations have stricter environmental regulations and greater environmental protection efforts and are more likely to be selected as cities to carry out NAAQS monitoring layout work earlier than other areas. Therefore, as an instrumental variable, the air ventilation coefficient meets the relevance condition. Second, the air ventilation coefficient is determined by natural geographical conditions, which is consistent with the exogeneity premise.
Regression uses two-stage least squares (2SLS) for the instrumental variable. The results are presented in Supplementary Table S6. In the first-stage regression, the coefficients of the interaction terms of the instrumental variables and the time variables are all significant, indicating that the instrumental variables satisfy the correlation condition. The DID term is still significant in the second-stage regression, and the direction of the effect on the explanatory variables is the same as in the baseline regression, showing that the NAAQS can still significantly improve GTFEE even after the endogeneity issue in the city selection of the experimental group has been resolved and that the bias in sample selection is not the cause of the regression results of the DID model.
5.5 Heterogeneity analysis
5.5.1 Industrial base types
In 2013, China’s National Development and Reform Commission released the National Plan for the Adjustment and Transformation of Old Industrial Bases (2013–2022). This plan lists 120 old industrial bases, including prefecture-level cities and the municipal districts of provincial capital cities. The high energy consumption problem of old industrial base cities, which are an important national industrial base and energy base, is more serious. A series of historical legacy problems make it difficult for old industrial base cities to transform and reduce emissions, imposing constraints on improving their energy efficiency. Studying whether the implementation of the NAAQS can promote an improvement in the GTFEE of old industrial base cities can provide a reference for future environmental policy formulation.
In this study, among resource-based cities, the old industrial base cities located in NAAQS implementation sites are used as the experimental group, and the remaining old industrial base cities are used as the control group. The same control grouping was carried out for the rest of resource-based cities to compare the effects of NAAQS implementation on the GTFEE of the two types of resource-based cities.
The results in Supplementary Table S7 show that the NAAQS have a more significant effect on the GTFEE improvement of resource-based cities out of the old industrial bases. This result is positive and significant at the 1% level, and as shown by the DID coefficient, the improvement in cities out of old industrial bases is stronger than the integral level. In contrast, the energy efficiency improvement effect on resource-based cities in old industrial bases is not significant, and the coefficient is negative, which means that the NAAQS do not improve the GTFEE of these areas. The possible reasons are that old industrial bases have a high energy consumption intensity, high pollution characteristics, heavy industry and government-led characteristics. Green transformation is difficult because of the many historical problems and the high cost of internal reform. Therefore, it is more difficult to promote technological change and industrial upgrading to improve energy efficiency by means of external monitoring, such as EID. In contrast, younger industrial bases are more market-oriented and have weaker heavy-duty features of the industrial structure. The modernization and upgrading of industries in younger industrial bases are significantly easier because there are not as many hindrances due to historical legacy issues, and a higher degree of marketization will enable EID to better direct capital flows, thereby promoting green upgrading and energy efficiency in local industries (Bu et al., 2022).
5.5.2 Public monitoring
In this study, the Baidu indices of 25 environment-related terms are summed to obtain the public monitoring motivation index. Additionally, the dummy variable [image: image] is further set, using the total mean values of 2011 and 2012 as the basis for classification, with [image: image] taking the value of one when the index is greater than the mean value and 0 otherwise. On this basis, we distinguish the initial situation into high public monitoring motivation and low public monitoring motivation to explore the difference in the effectiveness of the NAAQS in improving the GTFEE in resource-based cities under different levels of initial public monitoring motivation.
As shown by the test results in Supplementary Table S8, the effect of the NAAQS on GTFEE enhancement in resource-based cities is more significant with low initial public monitoring motivation. This result is positive and significant at the 1% level. Comparatively, the effect in cities with high initial public monitoring motivation is significant at only the 10% level. One possible reason is that cities with low initial public monitoring motivation have a lower level of EID, fewer channels for the public to obtain environmental information, and poor promotion of environmental protection concepts, which results in low public attention to local environmental information. The NAAQS have made it easier and more effective for the public to access environmental information. Local governments will be forced to focus more on promoting environmental protection as a result of the assessment pressure brought by EID from higher levels of government, which will increase public support for environmental conservation. Increased local public scrutiny will prompt companies and governments to increase their GTFEE to maintain their public image (Wang and Wang, 2021). In contrast, cities with a high level of initial public monitoring motivation pay more attention to environmental protection, and the level of EID is higher. Because local public monitoring already has a greater impact on GTFEE improvement from the start, the impact of the NAAQS on GTFEE improvement is limited.
H2 was verified according to the empirical evidence above.
6 FURTHER ANALYSIS
6.1 Mediating effect
The results of the baseline regression and robustness tests demonstrate that the NAAQS can significantly promote GTFEE improvement in resource-based cities, and the influence channel needs to be further investigated. This study assumes that the enhancement effect of NAAQS works through the industrial structure optimization. Therefore, we construct the model as the equation below, regressing the mediating variable on the policy dummy variable didit.
[image: image]
Mediatorit is the mediating variable, representing the share of value added of the secondary sector in GDP (Ind2), and the level of industrial structure optimization is greater when the indicator is lower. The rest of the variables are the same as in Formula (1). The regression results are shown in Supplementary Table S9, it can be seen that NAAQS has successfully improved industrial structure optimization which can promote GTFEE of resource-based cities, since the share of secondary sector is negatively affected by the policy at a 5% significant level, H3 was verified. Not only do local governments need to accelerate the elimination of high-polluting industries in response to the central government’s call, but firms themselves need to seek environmentally friendly and energy-efficient transformation paths in the face of increasing social pressure. Under the policy requirements and stimulation, the high-emission industrial sector is gradually withdrawing from the stage to make room for the development of modern service industries and other energy-efficient industries. Consequently, NAAQS has promoted the regional GTFEE improvement from the industrial distribution.
6.2 Moderating effect
The results of the baseline regression and robustness tests demonstrate that the NAAQS can significantly promote GTFEE improvement in resource-based cities, and the influence mechanism needs to be further investigated. This study assumes that both the level of the industrial structure and green innovation may affect the enhancement effect of the NAAQS on the GTFEE in resource-based cities. Therefore, drawing on previous research, the mechanism is tested by introducing moderating variables (Beck et al., 2010), and the formula is expressed as follows.
[image: image]
[image: image] is the moderating variable, representing the number of green invention patents granted to Chinese A-share listed companies from 2005 to 2019. The rest of the variables are the same as in Formula (1). In the mechanism test analysis, we focus on the coefficients of the interaction term between the moderating variables and the core independent variables, i e., the coefficients of [image: image]. Then, the influencing mechanisms are analyzed as follows.
The regression results are shown in Supplementary Table S10. The results indicate that the level of green innovation significantly enhances the improvement effect of the NAAQS on GTFEE, H4 was verified. The transition to green technologies is considered one of the key solutions for addressing climate change and energy intensity (Acemoglu et al., 2012), and it is also a key determinant in improving energy efficiency (Wurlod and Noailly, 2018). However, although green innovation can leads to GTFEE closer to the cutting edge, and strengthen the beneficial effects of NAAQS on it, this positive impact is limited by the existing level of local green innovation. The NAAQS present chance for cities to increase GTFEE through innovation, but regions with weaker green innovation capacity are less likely to take advantage of this opportunity. What’s more, local companies seeking alternatives to reduce pollution emissions by seeking cleaner energy will further crowd out R&D investment (Bu et al., 2022).
7 CONCLUSIONS AND POLICY RECOMMENDATIONS
7.1 Key findings
This paper constructs city-level green total factor energy efficiency (GTFEE) indicators using the DEA method, and using panel data for 282 cities in China from 2004–2019, and regards the New Ambient Air Quality Standards (NAAQS) as a quasi-natural experiment, which has significantly reduced the asymmetry of pollution information between China’s central and local governments as well as between the government and the public. The impact of the policy on GTFEE and its mechanism are assessed using a generalized multi-period DID method. The results of the benchmark regression indicate that the implementation of the NAAQS can significantly improve the GTFEE of resource-based cities, it remains reliable after a series of robustness tests instrumental variables method to solve endogeneity problems. Additionally, the heterogeneity analysis shows that the promotion effect of NAAQS is more significant in relatively non-old industrial base and cities with lower initial public monitoring motivation cities. Further, the industrial structure optimization and level of green innovation are vital for helping the NAAQS improve GTFEE, as shown by the mediating and moderating effects. In conclusion, this study adds to the existing empirical studies on the causal relationship between environmental information disclosure policy and energy efficiency, and it proposes several unique ideas for heterogeneity, mediating and moderating effect.
7.2 Policy implications
Based on the findings above, this paper makes the following recommendations. Firstly, since NAAQS can better enhance GTFEE in resource-based cities, targeted environmental regulations should be implemented. For resource-based cities and non-resource-based cities, the government should consider using different policy mixes to promote energy conservation, emission reduction and energy efficiency improvement. Secondly, the structural solidification and historical legacy problems of old industrial bases need further attention due to the fact that these problems provide serious obstacles to the promotion of local GTFEE. On the one hand, the energy efficiency of traditional industries can be improved through their internal transformation. On the other hand, the ability of traditional industries to improve energy efficiency can be increased through the externalities of the economic activities of local high-tech industries and green industries, such as technology spillovers. Therefore, the government should pay attention to the role of industrial structure adjustment on GTFEE, accelerate structural transformation and upgrading, and fully stimulate the innovation ability of firms. Thirdly, public supervision plays a positive role in promoting the impact of NAAQS on GTFEE, therefore, the government should improve environmental information regulation and the environmental quality assessment system, and the promotion of environmental protection concepts should be strengthened.
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