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Does environmental regulation 
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from Chinese cities
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Introduction: Atmospheric pollution is a severe problem confronting the 
world today, endangering not only natural ecosystem equilibrium but also 
human life and health. As a result, governments have enacted environmental 
regulations to minimize pollutant emissions, enhance air quality and protect 
public health. In this setting, it is critical to explore the health implications of 
environmental regulation.

Methods: Based on city panel data from 2009 to 2020, the influence of 
environmental regulatory intensity on health risks in China is examined in this 
study.

Results: It is discovered that enhanced environmental regulation significantly 
reduces health risks in cities, with each 1-unit increase in the degree of 
environmental regulation lowering the total number of local premature deaths 
from stroke, ischemic heart disease, and lung cancer by approximately 15.4%, a 
finding that remains true after multiple robustness tests. Furthermore, advances 
in science and technology are shown to boost the health benefits from 
environmental regulation. We also discover that inland cities, southern cities, 
and non-low-carbon pilot cities benefit more from environmental regulation.

Discussion: The results of this research can serve as a theoretical and 
empirical foundation for comprehending the social welfare consequences of 
environmental regulation and for guiding environmental regulation decision-
making.
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1 Introduction

China has implemented a development strategy dominated by heavy industry since 
the initiation of reform and opening. This strategy has contributed to rapid economic 
expansion but has also been accompanied by several challenges. Particularly the large 
amount of pollutants emitted by industrial activities seriously harmed air quality and 
risked people’s health and well-being (1, 2). According to the Report on the State of the 
Ecology and Environment in China 2020, 135 of China’s 337 cities had substandard air 
quality in 2020, with these numbers accounting for 40% of the total number of cities. Such 
poor environmental conditions have caused economic losses in China ranging from 8 to 
15% of GDP and have jeopardized people’s health rights and interests. Residents’ long-
term exposure to high levels of fine particulate matter (PM2.5) has been found to increase 
the incidence of stroke, ischemic heart disease, and lung cancer in epidemiological studies 
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(3–5). As a result, the conflict between air pollution and residents’ 
health is becoming increasingly visible, and it has become a practical 
concern that cannot be disregarded in China’s growth. Additionally, 
enhancing environmental governance to alleviate air pollution has 
emerged as a widely shared concern. Consequently, the Chinese 
government has introduced several regulations and practices to 
control and supervise the pollution-emitting behaviors of enterprises 
and individuals to alleviate the air pollution issue. For example, the 
Law on the Prevention and Control of Atmospheric Pollution was 
enacted by the Chinese government in 1987 to provide a legal basis 
for environmental regulation (6), followed by the Cleaner Production 
Promotion Law in 2003 to enhance the environmental friendliness of 
industrial production (7). In 2006, the Chinese government broke 
down the emission reduction targets for the provincial administrative 
regions, achieving the shift from concentration control to total 
pollutant amount control. As a result, environmental regulation 
transitioned from “soft constraints” to “hard constraints” (8), with the 
adoption of administrative orders or government 
performance assessment.

The concept of “regulation” was introduced by the American 
economist Kahn in his book The Economics of Regulation: Principles 
and Institutions (9), where he  defined it as an institutional 
arrangement that substitutes government directives for market 
competition to achieve good economic performance. With the 
growing environmental problems resulting from the crude economic 
model, environmental regulation has become a significant branch of 
regulatory economics (10). Environmental regulation refers to the 
government’s direct or indirect control and management of pollution 
sources to improve the quality of the ecological environment (11). The 
intensity of environmental regulation is often indirectly measured by 
some alternative indicators, such as industrial emissions (12), 
pollution control investment (13), and operating costs (14). These 
indicators have facilitated research on environmental regulation in the 
area of air pollution.

The function of environmental regulation in decreasing pollution 
has been well supported by evidence, and various viewpoints and 
levels have been adopted to examine the influence of environmental 
regulations and policies on pollution emissions in China. For 
example, Du and Li (15), Feng et  al. (16), and Zhang et  al. (17) 
analyzed the emissions of CO2 and PM2.5 from industrial businesses, 
cities, and regions, respectively, and discovered that environmental 
regulations can effectively lower these pollutants, especially in the 
eastern, central, and northeastern areas. Yu et al. (18) assessed the 
impact of the Air Pollution Prevention and Control Action Plan on 
the emissions of PM2.5 and SO2 from Chinese cities, and the results 
indicated that these policies can significantly improve air quality. 
Using a time-varying difference-in-difference (DID) model, Liu et al. 
(19) demonstrated that China’s low-carbon city pilot policy effectively 
reduced CO2 emissions in the pilot cities, but the effects varied across 
regions and administrative levels. Hu et  al. (20) found that 
environmental protection taxes can significantly reduce air pollutants 
such as PM2.5, SO2, NOx, and CO in areas with large economic and 
industrial sectors with high emission intensities in the short term, as 
well as offering substantial co-benefits in global climate change 
mitigation. Meanwhile, the health benefits of environmental 
regulation have attracted scholarly attention as regulatory intensity 
has increased. The majority of the researchers argue that 
environmental regulation reduces health risks and mortality rates. For 
instance, a study conducted in China revealed that the infant 

mortality rates in the “two control zones” with stringent 
environmental regulation declined by 20% compared to other zones 
(21). Similarly, a study in the United States demonstrated that the 
shutdown of coal-fired power plants significantly decreased the 
percentage of low-birth-weight and preterm infants by 15 and 28 
percent, respectively, in the downwind states (22). Employing the 
difference-in-differences (DID) model, Xu et al. (23) examined the 
impact of the Eleventh Five-Year Plan’s environmental regulations on 
human health, discovering that environmental regulations reduce the 
risk of injury or illness among adults by 9.2 percent, with this effect 
being more pronounced among males, rural residents, and 
low-income households. Zhou et al. (24) also demonstrated that more 
stringent environmental regulations for businesses benefit public 
health. Similarly, Zhang et  al. (25) examined the influence of 
atmospheric environmental policy on public health, demonstrating 
that it decreases the intensity of soot emissions and mitigates the 
detrimental health effects of air pollution. However, other research 
has implied that there is a critical value between environmental 
regulation and public health rather than a simple linear link: if the 
critical value is exceeded, environmental regulation may lead to 
negative economic and social consequences, such as lowering 
economic growth, increasing unemployment and poverty, widening 
the urban–rural income gap, and undermining economic efficiency, 
all of which have an indirect negative impact on population 
health (26).

Although, as mentioned earlier, studies have been conducted to 
examine the influence of environmental regulation on health, they are 
still limited and are still at the exploratory stage, with few studies 
probing the underlying mechanisms. Additionally, the impact of 
regional heterogeneity factors, such as geographic location and 
environmental patterns, on the health benefits of environmental 
regulation has tended to be  overlooked in previous studies. For 
example, cities in different geographical locations may suffer from 
different levels and types of air pollution problems, necessitating 
different intensities and forms of environmental regulatory policies; 
similarly, cities with diverse environmental patterns may have varying 
levels of air quality and environmental governance. These 
characteristics of regional heterogeneity may affect the applicability 
and effectiveness of environmental regulation, leading to different 
health benefits. For this reason, by utilizing data on stroke (STK), 
ischemic heart disease (IHD), and lung cancer (LC) as the health 
endpoints for PM2.5 health risk assessment, this study explores the 
effect of environmental regulation on health risk through a two-way 
fixed effects model. Next, the moderating role of technological 
innovation in the health benefits of environmental regulation is 
explored. Moreover, we  investigate the implications of city 
heterogeneity characteristics on the health advantages of 
environmental regulation by analyzing factors based on regional 
location and environmental differences. The findings of this study can 
provide useful scientific evidence and an important frame of reference 
for the formulation of more strategic and sound environmental 
regulatory policies and for the enhancement of the health benefits 
stemming from environmental regulation. This study thus has both 
theoretical and practical relevance.

The rest of this paper is structured as follows: The study area of the 
research is presented in Section 2. Section 3 discusses the data sources, 
variable selection, and model development. Section 4 reports the 
results of the benchmark regression, instrumental variable model, 
robustness, mechanism effects, and heterogeneity analyses, as well as 
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their interpretation and analysis. Section 5 summarizes the findings, 
and policy recommendations are presented therein.

2 Materials and methods

2.1 Study area

There are 279 cities in mainland China included in the study area, 
and the study duration spans the years 2009–2020. Figure 1 depicts 
the study area’s spatial distribution, with (a) the PM2.5 concentration 
levels in each Chinese city and (b) the number of premature deaths 
from the three diseases of STK, IHD, and LC estimated by the 
integrated exposure-response model.

2.2 Data and variable selections

2.2.1 Explained variable
In this paper, three common attributable deaths from circulatory 

and respiratory diseases were chosen as health endpoints, e.g., stroke 
(STK, International Classification of Diseases Revision 10 code/
ICD-10: 160–169), ischemic heart disease (IHD, ICD-10: 120–125), 
and lung cancer (LC, ICD-10: C33–C34). According to Dai et al. (27) 
and Burnett et al. (28), the relative mortality risk of these three health 
endpoints due to PM2.5 exposure was calculated using the integrated 
exposure-response (IER) model (Equations 1–3), and the 
corresponding number of premature deaths was estimated and used 
as the explanatory variables in this study. The specific algorithm is 
as follows:

Step 1: Calculation of relative mortality risk
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The relative health risk of PM2.5-producing disease i(i=1, 2, 3) at 
concentration K  is denoted by RRi K� �. K0 indicates the health effect 

threshold; when the PM2.5 concentration is below K0, there is no 
negative health effect and RRi K� �=1; however, when the 
concentration crosses the threshold, the relative risk increases with 
increasing concentration, with RR K K Ki � � � � �� �� �� � �

���1 1 0� � �
exp . The 

values of the parameters in Equation (1) are shown in Table 1 and are 
based on the research of Lee et al. (29).

Step 2: Estimation of the number of premature deaths.
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where EDidenotes the premature deaths from disease i induced 
by outdoor PM2.5 exposure, ED indicates the total number of 
premature deaths from STK, IHD, and LC, P is the number of people 
exposed to a given pollution concentration, and Di refers to the 
baseline mortality rate for each disease for the year.

The PM2.5 concentration data employed in this paper were 
obtained from the China High Air Pollutants (CHAP) database1 (30, 
31) and were collected using satellite remote sensing and machine 
learning technologies at high temporal and spatial resolutions of 1 day 
and 1 kilometer, respectively. The baseline mortality rate was derived 
from the National Bureau of Statistics of China data, with mortality 
rates for various disease categories being counted in both urban and 
rural areas. For this reason, the population-wide baseline mortality 
rates for each disease from 2009 to 2020 were calculated by employing 
the statistical ratios of the urban and rural populations to the total 
population as weights (32). The ED was logarithmized in this study to 
eliminate the disturbance of heteroskedasticity. The descriptive 
statistics for the selected variables in the model are displayed in 
Table  2. During the period 2009–2020, the average number of 
premature deaths from the three diseases that were induced by 

1 https://weijing-rs.github.io/product.html

FIGURE 1

The spatial distribution in China for PM2.5 concentrations (A) and the number of premature deaths (estimated by the integrated exposure-response 
model) from STK, IHD, and LC (B).
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outdoor PM2.5 exposure in China was 50,004, with a maximum value 
of 413,864. These numbers indicates that air pollution and related 
health risks are still quite serious in China.

2.2.2 Explanatory variable
Environmental regulation intensity (ER) is the explanatory 

variable in this research. Three indicators reflecting the level of 
environmental protection were chosen to capture the environmental 
regulation intensity of different cities (33), e.g., the comprehensive 
utilization rate of industrial solid waste, the centralized sewage 
treatment rate, and the rate of harmless treatment of domestic garbage 
(34). Specifically, the comprehensive utilization rate of industrial solid 
waste is calculated as the ratio of the comprehensively utilized 
industrial solid waste to the sum of the generated industrial solid 
waste and the comprehensively utilized storage in previous years. The 
rate of centralized sewage treatment is determined as the ratio of the 
wastewater discharged that uses centralized wastewater treatment to 
the total wastewater discharged. The rate of harmless treatment of 
domestic waste is stated as the ratio of the domestic garbage that is 
harmlessly disposed of to the domestic garbage created.

The entropy weighting technique, a method that can eliminate the 
involvement of subjective factors, was employed to identify the 
weights of each indicator. Then, the indicators were multiplied by their 
corresponding weights after normalization, and the resulting 
composite environmental regulatory intensity index was calculated. 
This composite index can reflect the degree of importance attached to 
environmental problems and the effectiveness of response measures 
in different regions. Namely, the higher the index value is, the greater 
the environmental regulation intensity and the importance attached 
to environmental protection. Data for the environmental regulation 
intensity are gathered from the China City Statistical Yearbook.

2.2.3 Control variable
In this research, control variables for both socioeconomic 

factors and natural elements are incorporated into the empirical 
analysis. Control variables for socioeconomic characteristics include 
real GDP per capita (RGDP), population density (PD), tertiary 
industry value added as a share of GDP (TIV), financial self-
sufficiency rate (FSR), and number of hospitals and health centers 
(NH) (35, 36), with these variables being based on data from the 
China Urban Statistical Yearbook (CUSY). For natural components, 
the control variables include annual radiation (AR), annual 
normalized difference vegetation index (AN), annual precipitation 
(AP), and annual temperature (AT) (37, 38), with data gathered 
from the European Center for Medium-Range Weather Forecasts 
(ECMWF) ERA5 dataset (39). The variables are addressed in light 
of previous studies as follows: Real GDP per capita is calculated with 
deflator-adjusted GDP per capita (i.e., the ratio of nominal GDP to 
real GDP), thus eliminating the effect of the inflation factor (40). 
The fiscal self-sufficiency rate is expressed in terms of the proportion 
of local budget revenues to expenditures (41). The missing data are 
filled in by interpolation. Logarithmic transformation is used for 
processing non-ratio-type data to limit heteroskedasticity and 
ensure the uniformity of variables in the order of magnitude. 
Following the aforementioned processing, this study compiles a 
robust collection of fundamental data for empirical investigation.

2.2.4 Mechanism variable
The degree of science and technology is incorporated into the study 

framework to investigate the potential factors that influence the health 
advantages of environmental regulation. Specifically, the level of 
scientific and technological development (TE), expressed as the ratio 
of fiscal expenditure for science to fiscal revenue (42), reflects a region’s 
capacity for scientific and technological innovation as well as the degree 
of scientific and technological support for environmental governance, 
with higher ratios suggesting higher investment in scientific and 
technological development and a greater contribution of science and 
technology to environmental governance. The information for this 
variable was obtained from the China Urban Statistical Yearbook.

2.3 Methodology

2.3.1 Benchmark regression model
In this research, a two-way fixed effects model is constructed to 

evaluate the health implications of environmental regulation, with the 
particular model established as follows:

 D ER Xit it it i t it� � � � � �� � � � � �  (4)

where Dit  denotes the total number of STK, IHD, and LC 
premature deaths induced by outdoor PM2.5 exposure in city i in year 
t . ERit is the environmental regulation intensity index in city i in year 
t . X it represents the set of control variables. The city-and time-fixed 
effects are denoted by ϑi  and ϕt, respectively, and the random error 
term is denoted by εit. The coefficient β  is the focus of this research, 
responding to the implications of environmental regulation on health 
risk (number of premature deaths). Additionally, the flowchart of the 
empirical exploration for this study is depicted in Figure 2.

TABLE 1 Coefficients in model [Equation (1)].

STK IHD LC

K0 (μg/m3) 8.38 6.96 7.24

α 1.01 0.843 159

γ 0.0164 0.0724 0.000119

δ 1.14 0.544 0.735

TABLE 2 The results of descriptive statistics.

Variable Unit N Mean S. D. Min Max

ED People 3,316 50,004 38,002 1,651 413,864

ER – 3,336 0.191 0.068 0.046 0.875

RGDP 104CNY 3,347 1.380 0.892 0.004 14.520

PD People/km2 3,348 444.460 344.701 4.971 3239.860

TIV % 3,348 41.058 10.083 14.360 83.870

FSR % 3,344 0.457 0.224 0.041 1.541

NH – 3,329 185.441 178.006 8.000 3052.000

AR MJ/m2 3,348 12.333 1.179 8.396 16.235

AN – 3,069 0.499 0.136 0.059 0.780

AP m 3,348 0.003 0.002 <0.001 0.008

AT k 3,348 287.7 5.327 273.9 299.1
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2.3.2 Mechanism analysis
To examine the role of science and technology as a mechanism 

variable, we  integrated the interaction term between science and 
technology level (TE) and the environmental regulation intensity index 
(ER) in the analytical model and developed Equation (5) for regression:

 D Xit i tit it it it itER TE ER� � � � � � � �� � � � � � �  (5)

where TEit  represents the mechanism variable, i.e., the level of 
science and technology, and the remaining variables are identical to 
those in Equation (4). The statistical significance of the coefficient ρ  
was examined to evaluate the influence of science and technology on 
the health outcomes of environmental regulation. As a result, the 
significance of TE as a moderating variable will be captured here.

3 Results and discussion

3.1 Results of descriptive analysis

As shown in Figure 1, areas of heavy PM2.5 pollution and areas of 
high premature deaths have a high level of spatial overlap, primarily 
in economically developed areas such as the North China Plain and 
the Yangtze River Delta. Notably, the higher the PM2.5 concentration 
is, the greater the number of premature deaths, with a clear positive 
correlation between the two.

3.2 Overall effect

Table 3 illustrates the impact of environmental regulations on 
health risk. Column (1) adjusts for city-and time-fixed effects. Column 

(2) incorporates control variables for economic and social aspects. 
Column (3) adds extra control variables for natural factors. It can 
be seen that the ER coefficients are negative and statistically significant 
(p < 0.05) in all models (Columns 1–3), demonstrating that increased 
environmental regulation intensity effectively decreases health risks. 
In particular, the coefficient of ER is-0.154 (p < 0.05) in the most 
refined model (Column 3), and there is no substantial variations in 
the size or significance level of the coefficient when this model is 
compared to the other two models, indicating that the results showing 
the adverse impact of environmental regulation on health risk are 
robust. The increased intensity of environmental regulation has raised 
the environmental awareness and behavior of enterprises and 
residents. This encourages them to adopt more energy-efficient and 
emission-reducing production methods as well as more 
environmentally friendly lifestyles, thus lowering the level of industrial 
pollutant emissions and pollution from anthropogenic activities (43, 
44); furthermore, it has also facilitated the development and 
application of green technologies, such as clean energy (45), resulting 
in lower energy consumption. All these factors contribute to lower air 
pollutants such as PM2.5, improving air quality, and reducing the risk 
of disease and death.

Moreover, there are some noticeable outcomes from the control 
variables. Population density and the number of hospitals and 
health centers are both positively associated with health risks, with 
coefficients of 0.364 (p < 0.05) and 0.041 (p < 0.01), respectively. In 
contrast, the value added for tertiary industry as a proportion of 
GDP was adversely associated with health risk, with a coefficient of 
−0.001 (p < 0.05). This is because human activities unavoidably 
degrade the environment as the population density of a city rises, 
which in turn leads to an increase in the risk of disease for residents 
(46). The number of hospitals and health centers in a city reflects 
the level of medical resources and the capacity of public health 

FIGURE 2

The overall process structure of the empirical model.
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services; however, there is a positive correlation between the 
number of hospitals and health risks, which may indicate that there 
is a high demand for medical services among the population, but 
the distribution of urban health care resources is unbalanced, 
which leads to a poorer health in some areas or populations. In 
addition, the service-led tertiary industry is less damaging to the 
environment than the secondary industry, and the higher the 
proportion of the tertiary industry’s value added in GDP, the more 
it indicates that the industrial structure has been optimized and 
industrial pollution emissions have been relatively reduced, 
resulting in a reduction in health risks. For natural factors, there is 
a promotive association between annual temperature and health 
risk with a coefficient of 4.922 (p < 0.01). Annual normalized 
difference vegetation index (NDVI), in contrast, was shown to 
be adversely connected with health risk with a coefficient of-0.722 
(p < 0.01). The reason for this is that a higher NDVI indicates 
greater vegetation cover, which can capture and immobilize 
atmospheric particles such as PM2.5 and PM10 via structures such as 
sticky substances and capillaries on the surface of leaves, reducing 
the concentration of these particles in the air and thus effectively 

lowering the human health risk caused by outdoor PM2.5 
pollution (47).

3.3 Robustness check

3.3.1 Endogenous treatment
The composite index of environmental regulation lagged by one 

period is employed as an instrumental variable for two-stage least 
squares (2SLS) estimation to address the potential endogeneity due to 
missing variables. This model has an F value of 385.88 in the first-stage 
regression, which is higher than 10 and passes the significance test at 
the 1% level, demonstrating that there is no issue of a weak 
instrumental variable (48). Additionally, the estimation results of the 
second stage are shown in Column (1) of Table 4. These results reveal 
that environmental regulation exerts a significant negative influence 
on health risk, and that the total number of premature deaths in STK, 
IHD, and LC caused by outdoor PM2.5 pollution will be reduced by 
14.7% with a 1-unit increase in the level of environmental regulation, 
suggesting that, after accounting for probable endogeneity, the 
dampening consequence of increasing the intensity of environmental 
regulation on health risks remains significant, which is aligned with 
the findings of the preceding analysis.

3.3.2 Replacement of explanatory variable 
measures

The entropy weight technique is employed in the baseline 
regression model to obtain a composite index of environmental 
regulation intensity. To confirm the validity of the estimates, the 
environmental regulation composite index (ER1) is also calculated 
using the equal-weight approach and replaces the original explanatory 
variables with it to conduct another regression analysis. The regression 
results after replacing the explanatory variable measurement method 
are available in Column (2) of Table 4. The coefficient of ER1 is-0.154 
(p < 0.05), demonstrating that the effect of the environmental 
regulation composite index on health risk, whether calculated by 
entropy or equal weighting, is negative and significant with a similar 
coefficient magnitude, thus confirming the robustness of the baseline 
regression outcomes of this study.

3.3.3 Excluding data from four municipalities
Given the large differences in administrative levels and 

socioeconomic development environments between the four 
municipalities (Beijing, Chongqing, Shanghai, and Tianjin) and other 
cities, these four municipalities are separated from the full sample in 
this study and then the regression analyses are carried out again to 
exclude the possible influence of these factors on the benchmark 
regression findings (49). Column (3) of Table 4 displays the regression 
results after removing the data from the four municipalities. Notably, 
these results are not appreciably distinct from the results of the 
baseline regression, with the coefficient of ER being-0.155 (p < 0.05), 
confirming that the core findings of the research are reliable.

3.3.4 Excluding the interference of outliers
This study winsorizes the extreme values of continuous variables 

to weaken the impact of outliers on the empirical analysis by replacing 
the values at the 1 and 99% quartiles with the corresponding truncated 
values, which preserves the majority of the distributional 

TABLE 3 The results of the baseline regression.

(1) (2) (3)

ED ED ED

ER −0.296*** −0.273*** −0.154**

(−3.18) (−3.41) (−2.34)

RGDP −0.043*** −0.005

(−4.04) (−0.65)

LnPD 0.707*** 0.364**

(3.44) (1.99)

TIV −0.003*** −0.001**

(−3.34) (−2.36)

FSR −0.075** −0.043

(−2.11) (−1.52)

LnNH 0.066*** 0.041***

(5.77) (4.46)

LnAR −0.025

(−0.37)

LnAN −0.722***

(−5.07)

LnAP 2.274

(0.69)

LnAT 4.922***

(3.73)

_cons 10.621*** 6.403*** −19.156**

(595.00) (5.41) (−2.53)

City FE Yes Yes Yes

Time FE Yes Yes Yes

N 3,316 3,313 3,035

R2 0.982 0.985 0.993

t statistics in parentheses; *p < 0.10, **p < 0.05, ***p < 0.01.
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characteristics of the data and eliminates the interference of outliers. 
The findings of the second regression analysis are provided in Column 
(4) of Table 4. The parameter estimates and significance levels do not 
change substantially from the baseline regression findings, with the 
coefficient of ER on health risk being −0.208 (p < 0.01), confirming the 
validity of the baseline regression results.

3.3.5 Excluding the interference of the COVID-19 
pandemic

The COVID-19 pandemic has posed a global public health 
emergency with far-reaching economic, social, and environmental 
impacts for all countries. During the COVID-19 outbreak, China 
adopted a sequestration strategy, which led to changes in PM2.5 
concentrations. Concurrently, respiratory infection mortality 
increased surged. These factors influenced the health risk index 
we computed and confounded the results of the general analysis for 

the health benefits of environmental regulation. Therefore, to 
eliminate the potential influence of the COVID-19 pandemic on the 
empirical findings of this study, the observations for the years 2019–
2020 were eliminated from the sample, and then a regression analysis 
was performed. As indicated in Column (5) of Table  4, with a 
coefficient of −0.123, ER is statistically significant at the 10% level, 
implying that an increase in the intensity of environmental regulation 
still significantly decreases health risks after controlling for potential 
data bias introduced by the COVID-19 pandemic.

3.4 Moderating effect of science and 
technology

According to the research findings, increasing the intensity of 
environmental regulation has a significant impact on lowering 
premature deaths due to the effect on PM2.5 and minimizing health 
risks. Based on this, with empirical evidence and theoretical modeling, 
the moderating role of science and technology in the relationship 
between environmental regulation and health risk will be examined 
in this section.

The regression results of the moderated effects model are 
displayed in Table 5. Specifically, the coefficient of the interaction term 
between the level of scientific and technological development and the 
intensity of environmental regulation is −8.723 with a statistically 
significant level of 10%, indicating that scientific and technological 
advancement enhances the health risk reduction effect of 
environmental regulation. A higher proportion of fiscal expenditure 
on scientific activities to fiscal revenue indicates that the area values 
scientific and technological innovation and is more capable of offering 
technical assistance and solutions for environmental preservation 
(50). Specifically, by promoting major technological innovations and 
transformative applications such as ecological product design, cleaner 
production processes, utilization of industrial linkages, and 
coordinated regional waste disposal and utilization, the advancement 
of science and technology facilitates the reduction of pollutants at the 
source and supports the efficient recycling and utilization of resources 
at multiple levels (51). In addition, real-time monitoring and analysis 
of air quality, pollution sources, and emissions can be achieved using 
scientific and technological means such as digital techniques, remote 
sensing techniques, and artificial intelligence, which provide data 
support for the formulation of scientific and reasonable environmental 
standards and policies and improve the accuracy and effectiveness of 
environmental regulation (52, 53). Additionally, these methods 
contribute to the early identification and punishment of unlawful 
emissions, thus strengthening environmental regulation, enforcement, 
and supervision (54). All these factors add to the mitigating effect of 
environmental regulation on health risks.

3.5 Heterogeneity analysis

3.5.1 Impacts of environmental regulation by 
region: coastal and inland cities

There are considerable disparities between coastal and inland 
cities in China in terms of economic structure, resource endowment, 
and degree of openness. These disparities potentially lead to varied 
feedback and adaptation in the face of environmental pressures (55, 

TABLE 4 The results of the robustness test.

(1) (2) (3) (4) (5)

ED ED ED ED ED

ER1 −0.154**

(−2.34)

ER −0.147** −0.155** −0.208*** −0.123*

(−2.14) (−2.36) (−2.78) (−1.92)

RGDP −0.005 −0.005 −0.005 −0.009 −0.006

(−0.68) (−0.65) (−0.61) (−1.39) (−0.98)

LnPD 0.386** 0.364** 0.363** 0.280 0.285

(2.12) (1.99) (1.99) (1.48) (1.54)

TIV −0.001** −0.001** −0.001** −0.001** −0.001

(−2.46) (−2.36) (−2.39) (−2.20) (−1.62)

FSR −0.037 −0.043 −0.044 −0.043 −0.026

(−1.31) (−1.52) (−1.54) (−1.41) (−0.95)

LnNH 0.039*** 0.041*** 0.041*** 0.048*** 0.033***

(4.38) (4.46) (4.46) (4.79) (3.77)

LnAR −0.016 −0.025 −0.029 −0.005 −0.013

(−0.23) (−0.37) (−0.43) (−0.08) (−0.20)

LnAN −0.664*** −0.722*** −0.713*** −0.732*** −0.491***

(−4.81) (−5.07) (−4.95) (−5.20) (−3.54)

LnAP 3.009 2.274 2.032 3.420 8.471***

(0.84) (0.69) (0.62) (0.99) (2.92)

LnAT 5.158*** 4.922*** 4.940*** 3.790*** 4.855***

(4.03) (3.73) (3.69) (2.87) (3.55)

_cons −19.736*** −19.156** −19.260** −12.328 −18.437**

(−2.72) (−2.53) (−2.51) (−1.63) (−2.43)

City FE Yes Yes Yes Yes Yes

Time 

FE

Yes Yes Yes Yes Yes

N 2,759 3,035 2,991 3,035 2,756

R2 0.993 0.993 0.993 0.993 0.994

t statistics in parentheses; *p < 0.10, **p < 0.05, ***p < 0.01.
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56). For this reason, the sample cities in this research are divided into 
two groups based on whether they are coastal or inland cities, with 
group regressions used for comparative analyses, thus revealing the 
disparities between coastal and inland cities in terms of environmental 
regulation and health risks. Figure  3A illustrates the spatial 
distribution features of Chinese coastal and inland cities, and it is 
evident that coastal cities are mostly found in the eastern and 
southeastern regions of China.

Columns (1) and (2) of Table 6 display the effect of environmental 
regulation on health risk in inland and coastal cities, respectively. In 
particular, environmental regulation significantly decreases health 
risks in inland cities with a coefficient of-0.181 (p < 0.05), while the 
effect for coastal cities is not pronounced (p > 0.1). This is related to 
the special geographical environment and economic structure of 
coastal cities (57). First, the industrial structure of coastal cities is 

more diversified, covering a variety of high-energy-consuming and 
high-emission industries, such as iron and steel, chemical industry, 
and paper manufacturing. Secondly, well-developed transportation in 
coastal cities has also boosted pollution sources such as vehicle 
exhaust and ship emissions. Thirdly, complex meteorological 
conditions, such as sea breeze, sea fog, typhoons, also make air 
management in coastal cities difficult. These factors can affect the 
diffusion and removal of air pollutants, thus impeding the 
improvement of air quality. At the same time, inland cities have higher 
pollutant emissions with worse fine particle contamination than 
coastal cities (58), making the effects of environmental regulation 
more pronounced in inland cities in terms of lowering pollutant 
emissions, including PM2.5, and thereby mitigating health concerns.

3.5.2 Impacts of environmental regulation by 
region: northern and southern cities

There are nonnegligible differences in climate, environment, 
and lifestyle between cities in southern and northern China. 
Northern cities, for example, burn large amounts of coal for heating 
in the winter, which produces harmful gasses in the combustion 

TABLE 5 Results of the moderating effect.

(1)

ED

TE×ER −8.723*

(−1.75)

ER −0.025

(−0.31)

TE 2.454**

(2.32)

RGDP −0.006

(−0.83)

LnPD 0.332*

(1.88)

TIV −0.001**

(−2.10)

FSR −0.057*

(−1.80)

LnNH 0.039***

(4.47)

LnAR −0.020

(−0.31)

LnAN −0.688***

(−4.92)

LnAP 2.728

(0.85)

LnAT 5.321***

(3.99)

_cons −21.287***

(−2.81)

City FE Yes

Time FE Yes

N 3,035

R2 0.993

t statistics in parentheses; *p < 0.10, **p < 0.05, ***p < 0.01.

FIGURE 3

Spatial distribution by different characteristics. Northern and 
Southern cities (A), coastal and inland cities (B), low-carbon pilot and 
non-pilot cities (C).
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process, leading to increased air pollution and smog (59), whereas 
cities in the south have warmer temperatures in the winter without 
the need for heating but still face problems such as high humidity 
and poor air quality (60). In light of this, we  investigated the 
disparities in the influence of environmental regulations on health 
risks in southern and northern cities. Figure  3B depicts the 
geographical arrangement of southern and northern cities, with the 
Qinling-Huaihe River serving as the dividing line.

Table 6 shows the influence of environmental regulation on health 
risk in southern and northern cities. Columns (3) and (4) show that 
the higher the intensity of environmental regulation is, the lower the 
health risk in southern cities, with a statistically significant coefficient 
of −0.209 (p < 0.05), although this impact is not significant (p > 0.1) in 
northern cities. The explanation for this discrepancy may lie in the 
substantial heating demand in northern cities during the winter, 
which leads to a multitude of dispersed pollution sources that are 
challenging to manage and mitigate effectively. Despite enormous 
expenditure, the government’s environmental regulatory efforts have 
failed to produce the expected environmental return on winter air 
pollution in northern cities due to factors such as over-reliance on 

government and local financial resources in the treatment process 
(38). In contrast, southern cities predominantly witness a 
concentration of pollutants within sectors such as industry and 
transportation (61), which are subject to more stringent environmental 
regulations, and as a result, these regulations have greater efficacy in 
reducing health-related risks.

3.5.3 Impacts of environmental regulation by 
environmental characteristics

An arrangement for the environmental regulation of low-carbon 
pilot cities has been introduced in China to encourage low-carbon 
urban development and social reforms. This arrangement facilitates 
the achievement of climate goals. The implementation of the 
low-carbon pilot city policy has, however, led to variations in levels of 
pollution and environmental protection between pilot and nonpilot 
cities, implying that the health implications of environmental 
regulation may vary by city. Consequently, the sample cities in this 
study are separated into two categories, low-carbon pilot cities and 
nonpilot cities, for further examination. The spatial arrangement of 
low-carbon pilot and nonpilot cities is depicted in Figure 3C. As is 

TABLE 6 Results of the heterogeneity analysis.

(1) (2) (3) (4) (5) (6)

Inland cities Costal cities Northern cities Southern cities Non-pilot cities Pilot cities

ER −0.181** −0.018 −0.064 −0.209** −0.228* −0.075

(−2.06) (−0.23) (−0.91) (−2.23) (−1.82) (−1.26)

RGDP −0.007 −0.002 0.020*** −0.026* −0.014 −0.002

(−0.22) (−0.69) (2.90) (−1.89) (−0.49) (−1.10)

LnPD 0.189 0.582*** 0.771*** −0.033 0.091 0.735***

(0.72) (4.06) (8.13) (−0.11) (0.34) (8.02)

TIV −0.001* 0.000 −0.001 −0.000 −0.002* −0.001

(−1.66) (0.00) (−1.59) (−0.10) (−1.77) (−1.59)

FSR −0.047 0.032 0.008 −0.118** −0.019 −0.042

(−1.14) (1.17) (0.24) (−2.44) (−0.41) (−1.60)

LnNH 0.047*** 0.025*** 0.021*** 0.069*** 0.051*** 0.024***

(3.77) (3.66) (4.27) (3.56) (3.81) (3.81)

LnAR −0.087 −0.063 0.051 −0.045 −0.150 0.079

(−0.67) (−0.96) (0.60) (−0.45) (−1.22) (1.03)

LnAN −0.827*** −0.429*** −0.308** −0.918*** −0.650*** −0.791***

(−4.03) (−3.12) (−2.16) (−4.96) (−3.22) (−4.70)

LnAP −3.349 1.160 −12.341* 8.558** −3.370 6.269*

(−0.50) (0.33) (−1.95) (2.37) (−0.55) (1.97)

LnAT 6.284*** 0.546 8.007*** 8.468*** 5.541*** 4.572**

(2.91) (0.35) (4.72) (2.62) (3.09) (2.61)

_cons −25.688** 4.252 −39.085*** −36.931** −20.786** −19.600**

(−2.15) (0.47) (−4.17) (−2.09) (−2.07) (−1.99)

City FE Yes Yes Yes Yes Yes Yes

Time FE Yes Yes Yes Yes Yes Yes

N 1793 1,242 1,367 1,668 1718 1,317

R2 0.992 0.997 0.997 0.990 0.991 0.997

t statistics in parentheses; *p < 0.10, **p < 0.05, ***p < 0.01.
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evident from the geographical distribution, the pioneering low-carbon 
pilot cities have been strategically selected across several diverse 
provinces, encompassing both the coastal and inland areas, as well as 
four municipalities, covering most of the geographical area of China.

In Table 6, Columns (5) and (6) present regression results for 
non-low-carbon pilot cities and pilot cities, respectively. Notably, 
environmental regulation demonstrates a robust alleviating impact on 
health risk in non-low-carbon pilot cities, indicated by a coefficient 
of-0.228 at a significant level (p < 0.1). However, in the realm of 
low-carbon cities, the influence of environmental regulation fails to 
attain statistical significance. This divergence suggests that the health 
advantages of stringent environmental regulation are less pronounced 
in low-carbon pilot cities. To understand this phenomenon, one must 
consider the transformation of air quality. Low-carbon pilot cities have 
undeniably made great strides in enhancing their air quality through 
the proactive implementation of the low-carbon pilot program (62). 
As a result, the once-pervasive air pollution concerns have been 
noticeably mitigated, gradually fading into the now cleaner skies of 
these environmentally conscious cities. In contrast, non-low-carbon 
pilot cities still wrestle with the pressing issue of air pollution, making 
increased regulatory intensity more beneficial for them.

4 Discussion

Atmospheric pollution is a serious global concern, posing threats 
to both nature and human well-being. In response, governments have 
taken active measures to curb pollutant emissions and alleviate 
environmental damage. These measures offer more than just 
environmental protection, but also yield substantial health benefits, 
such as lower disease rates, increased life expectancy, and improved 
overall life quality. Consequently, appraising the health merits of 
environmental regulation is vital for discerning its ramifications on 
social welfare, enhancing cost–benefit analysis, and informing 
environmental policy alternatives. However, previous environmental 
regulation research has predominantly focused on its impacts on air 
pollution, greenhouse gas emissions, and energy consumption, with 
limited empirical studies on the implications of environmental 
regulation for health outcomes. Therefore, using the combined 
number of premature deaths from STK, IHD, and LC induced by 
outdoor PM2.5 exposure as a proxy for health risk, this study delves 
into the effect of environmental regulations on health risk, employing 
panel data from 276 Chinese cities over a period spanning from 2009 
to 2020 to explore effective paths that reduce health risk. The results 
reveal that enhancing the intensity of environmental regulation 
significantly reduces health risks in cities, a finding that remains valid 
after multiple robustness tests, which demonstrates the health 
advantages of environmental regulation. Atmospheric pollution is a 
serious environmental issue that endangers human health by allowing 
harmful elements to enter the body through inhalation, causing 
irreversible damage. Air pollution has been proven to cause greater 
health risks than expected. Fine particulate matter (PM2.5), for 
example, with a diameter of less than 2.5 micrometers, can readily 
infiltrate the respiratory system and infect the lungs and bloodstream, 
posing a serious threat to the human body (63). Long-term exposure 
to high levels of PM2.5 can weaken people’s immunity and lead to 
chronic symptoms, such as coughing, breathlessness, migraines, and 
lung failure (3–5). Consequently, it is imperative to strengthen 

environmental regulation to reduce air pollution and protect human 
health. Compared with other studies that are merely theoretical, this 
paper quantitatively analyzes and proves the health benefits of 
environmental regulation by using high-precision long panel data and 
empirical studies, providing stronger evidence and support for 
proactive responses to air pollution and reducing health risks. 
Moreover, the policy consequences of environmental regulation are 
not static, but vary depending on factors such as regional location and 
environmental protection characteristics. This has often been 
overlooked in previous research on the health benefits of 
environmental regulation. Therefore, this paper examines not only the 
average impact of environmental regulation on health risks, but also 
the differential effect of environmental regulation on health 
consequences in terms of regional location and environmental 
protection characteristics. It also confirms the importance of scientific 
and technology levels in the process of environmental regulation 
exerting its effects, i.e., the higher the level of science and technology, 
the more significant the health influence of environmental regulation.

This paper investigates the impact of environmental regulations 
on the health risks associated with PM2.5 exposure. Nevertheless, our 
analysis is subject to several limitations. Firstly, we  disregard the 
health consequences of other air pollutants, such as O3, which is a 
major contributor of respiratory and cardiovascular diseases. 
Therefore, future studies should examine the synergistic effects of 
multiple pollutants and the heterogeneity of different regions and 
populations in an integrated manner, to assess the implications of 
environmental regulation on health risks more accurately. Secondly, 
this paper only focuses on the health impacts of outdoor air quality, 
neglecting the effects of indoor air quality, which is also a crucial 
factor affecting residents’ health (63), particularly in China during the 
winter, where indoor pollution from activities such as coal 
combustion, cooking, and smoking elevates the risk of lung cancer, 
chronic obstructive pulmonary disease, and other diseases. To 
perform more thorough and comprehensive assessments of the 
association between environmental pollution and health risks, future 
studies should incorporate more diversified and accurate data, such as 
indoor and outdoor air quality monitoring data, as well as data on 
residents’ health status and behavior.

5 Conclusions and policy 
recommendations

This study provides evidence that an increasing intensity of 
environmental regulation can be associated with a reduction in health 
risks, with a 1-unit increase in the intensity of environmental 
regulation lowering the total number of local premature deaths from 
STK, IHD, and LC diseases by approximately 15.4%, a finding that 
holds up after multiple robustness tests. Additionally, the study 
highlights the positive synergy between scientific and technological 
advancements and environmental regulation in improving public 
health. Moreover, we also underscore the variation in health benefits 
across cities, with inland, southern, and non-low-carbon pilot cities 
experiencing more pronounced health benefits from environmental 
regulation. This research illuminates a promising path toward 
healthier and more sustainable environments.

Based on the findings of this research, three policy 
recommendations are proposed here. First, the social welfare effects 
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of environmental regulation policies have been confirmed. Therefore, 
to enhance air quality and diminish health risks for residents, 
environmental regulation should be further improved by investing 
more in environmental protection and taking stricter measures 
against pollution sources. Second, the fostering of scientific and 
technological innovation and the promotion of clean technologies 
should be prioritized, along with the encouragement of enterprises 
to adopt eco-friendly production methods and equipment. Moreover, 
pollutant treatment and abatement technologies should be advanced, 
which will ultimately improve the health risk reduction effect of 
environmental policies. Third, it is crucial to tailor environmental 
regulatory policies by developing diverse and adaptable measures to 
suit the unique characteristics and needs of different cities, thereby 
improving the relevance and effectiveness of policies and leading to 
optimal health benefits for cities with varying sizes and 
environmental challenges.
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