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As an important means to promote regional low-carbon development,
environmental regulation has great theoretical and practical significance for
achieving the goal of carbon-neutral development in China. Based on the panel
data of 30 provinces and cities in China from 2005 to 2019, this paper first uses
the intermediary effect model to analyze the impact of the implementation of
environmental regulation policies on regional carbon emissions, discusses the
relationship between environmental regulation, green technology innovation
and carbon emissions, and further uses the threshold effect model to discuss
the nonlinear relationship between environmental regulation and regional
carbon emissions. The results show that: the improvement of formal and
informal environmental regulation can play a role in “forced emission
reduction”; Green technology innovation plays a complete intermediary role
in the impact of environmental regulation on regional carbon emissions; At the
same time, the impact of formal and informal environmental regulation on
regional carbon emissions has a threshold effect. Among them, formal
environmental regulation has a double threshold effect, the threshold values
are 0.429 and 0.502 respectively, while informal environmental regulation has a
single threshold effect, the threshold value is 1.803. The results of heterogeneity
analysis show that there are obvious differences in the implementation effects
of environmental regulation policies under different economic development
levels and industrialization development stages. Therefore, we should pay
attention to the mutual promotion effect of different types of environmental
regulation, strengthen the collaborative emission reduction of environmental
regulation and green technology innovation, and improve the level of regional
green technology innovation, so as to better promote the realization of regional
carbon neutrality goals.
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1 Introduction

The conflict between economic growth and environmental
conservation has grown more severe as a result of China’s
resource-dependent rapid economic development during the
last 40 years, which has also resulted in massive use of natural
resources (Yu et al,, 2016; Bai et al, 2021; Zhang et al., 2022).
Because of the impact of reckless development to the world’s
climate challenges, China has proposed that peak CO, emissions
occur around 2030 and that carbon neutrality be achieved by 2060.
The country’s carbon neutrality objective reflects China’s desire to
address climate change and the importance it placed on low-
carbon development (Khan et al., 2021; Z.-Z. Li et al., 2021; Xu
etal, 2021; Zhou et al., 2022). Since the Kyoto Protocol’s passage,
China has progressively assumed worldwide responsibility for
reducing emissions (Cheng et al,, 2022; G. Liu & Zhang, 2022;
Qin et al,, 2019). The Paris Agreement has defined China’s crucial
position in the international arena, and environmental regulatory
policies have begun to play a larger role.

To achieve the development goals of “carbon peaking” and
“carbon neutrality”, it is important to highlight the importance of
promoting “green development” to promote high-quality
regional economic development (A. Wang et al., 2021). Thus,
the  Chinese has

environmental regulation policies to

government implemented  various

improve regional
environmental governance and give full play to the role of
green technology innovation in reducing emissions (X. Liu
et al., 2022; Pan et al, 2017). The implementation of policies
and measures related to environmental regulation can reduce the
damage to the environment by limiting the production capacity
of high pollution and high emission enterprises (Shi et al., 2021;
Yirong, 2022). At the same time, it can also improve the level of
green technology innovation of enterprises by optimizing the
energy structure and increasing R&D investment, so as to achieve
emission reduction (W. Cai & Ye, 2020; Xie et al, 2022). In
addition, improving the level of green technology innovation
plays an important role in giving better play to the emission
reduction effect brought about by the implementation of
environmental regulation policies (Gu et al., 2022).

When supporting high-quality economic growth, the role of
environmental policy in fostering regional green and low-carbon
development should be considered. There are two schools of
thinking on how environmental regulation affects regional
carbon development: the “cost compliance theory” and the
“Porter hypothesis” (H. Wu et al, 2020). On the one hand,
environmental legislation raises the cost of local environmental
management, squeezing out resources for production and R&D,
and has a negative impact on the low-carbon expansion of
relevant enterprises (Fernando and Wah, 2017; Martin-de
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Castro et al,, 2017). Strong environmental restrictions, on the
other hand, may encourage corporations to accelerate innovation
and R&D, thereby supporting the development of green
technologies (Hu et al., 2020). Environmental regulation can
assist firms in incorporating environmental considerations into
production decisions and successfully directing corporate
technological innovation (Khalfaoui et al, 2022; Khanh Chi,
2022). This will result in a win-win situation for regional
economic growth and reduced CO, emissions. In this context,
clarifying  the
regulation, green technological innovation, and local carbon

internal linkages between environmental
emissions might benefit in the investigation of more rational
forms of environmental regulation and the formulation of more
scholarly ecological preservation plans.

In comparison to earlier studies, this paper’s potential
contributions to existing research include the following: First, it
examines the impact of official and informal environmental
legislation on regional carbon emissions in the context of achieving
carbon neutrality goals. Second, it discusses green technology
innovation’s mediating role and analyzes the critical significance of
green technology innovation in regional carbon emissions under the
effect of environmental legislation. Third, a threshold regression
model is incorporated to investigate the impact of formal and
informal contexts on thresholds. Fourth, the impact of various
forms of environmental legislation on regional carbon emissions is
explored in terms of both regional economic development level and
heterogeneity of industrialisation development stages.

2 Literature review

Carbon dioxide emissions reduction is an urgent issue, and
research on carbon emissions has focused on calculating and
estimating various types of carbon emissions, their regional
characteristics and influencing factors (T.-H. Wu et al, 2018),
their effectiveness (B. Cai et al., 2018), and prospective future
carbon reduction pathways (S. Wang et al., 2016). Environmental
regulation is recognized as a useful instrument for decreasing
environmental difficulties among them. Environmental regulation
primarily refers to governments developing proper public policies
and processes to control and limit the economic and production
practices of relevant enterprises (Fowlie et al., 2012). Public goods
and adverse externalities are also distinguishing features of
environmental control. The present environmental regulatory
tools are classified as formal and informal, with both having a
substantial impact on the environmental performance of company
operations (Clo et al., 2017).

The researchers are now focusing their study on how
environmental laws affect local carbon emissions on the
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following topics (Sinn, 2008; Quentin Grafton et al., 2012; Werf and
Maria, 2012). The first researcher to propose a “green paradox”
argued that implementing environmental control policies would
increase fossil fuel consumption and summarized three major
reasons for the “green paradox,” namely incorrectly set carbon
taxes, policy instruments to reduce fossil fuel demand, and lagging
policy implementation (Brunnermeier & Cohen, 2003; Smulders
et al,, 2012; Reynaert, 2014). Second, environmental legislation has
the potential to “force emission reductions.” The reversal force of
environmental legislation encourages businesses to engage in
technological innovation and deploy resources more prudently
(Porter & wvan der Linde, 1995 Popp, 2006). Strengthening
environmental regulation can realize the transfer of local high-
emission industries and promote the reduction of carbon emissions
in the region (Yin et al., 2015). Third, environmental regulation and
carbon emissions have a non-linear relationship (Wenbo & Yan,
2018). Environmental regulation converts external pressure into
incentives for enterprises to innovate by imposing external pressure
on firms to overcome inertia (Ambec & Barla, 2002; Fischer et al.,
2003). The scope, cost, and marginal environmental benefits of
innovation all have an impact on environmental regulatory quality.

According to the research findings, earlier studies frequently
focused on the relationship between environmental regulation and
carbon emissions, with few studies analyzing the relationship
between the three from the standpoint of green technology
innovation. There were numerous studies that looked at the
relationship between technological innovation and carbon
emissions. An in-depth study on the function of environmental
regulation in supporting regional carbon emission reductions, on the
other hand, has substantial theoretical and practical implications for
the implementation of low-carbon regional economic development.
Therefore, from the standpoint of green technology innovation, this
article examines the impact and mechanism of formal and informal
environmental regulation on regional carbon emissions in order to
propose some ideas and references for better fostering the regional
economy’s low-carbon development.

3 Theoretical analysis and research
hypotheses

To optimize the impact of regional carbon emission
reductions, carbon emissions produced during production and
daily living must be reduced (Z. Li et al., 2020; Q. Wu, 2022). This
is one of the objectives of both formal and informal
the
implementation concerns and regulatory strategies have very

environmental regulations. However, various
varied implications for carbon emission reduction (Ke et al.,
2022). Formal environmental regulation, which emphasizes
mandatory restriction through laws, systems, and other ways,
has an impact on the entire industrial process (Chen et al., 2022;
Cui et al, 2022). The fundamental goals of informal

environmental control are to use soft limitations to monitor,
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manage, and penalize pollution discharge. Therefore, Regional
carbon emissions have historically been suppressed more by
government-led formal environmental regulation than by
informal environmental regulation (Arimura et al, 2019).
Furthermore, due to the impact of policy execution, formal
environmental management has the features of long-term
sustainability in terms of temporal and spatial variation (Kong
et al,, 2021; Muratoglu et al., 2022). The public’s natural interest
for environmental protection is the primary focus of informal
environmental control. Changes in environmental quality are
more likely to affect efforts taken consciously to improve one’s
living environment (Genc & De Giovanni, 2021). Furthermore,
the effects of various types of environmental regulation on the
reduction of carbon emissions vary by location due to disparities
in regional economic development levels and resource
endowments. As a result, the following principles are established:

Hypothesis 1: improving the intensity of environmental
regulation can promote the level of regional carbon emission
reduction, and there are differences between the role of formal
and informal environmental regulation.

In order to achieve low-carbon development in the area, it is
critical to enhance source control in addition to environmental
legislation. It is possible to ensure that regional carbon emissions are
consistently reduced by mandating firms to improve production
and emission technology (Cong et al., 2020; Clora & Yu, 2022;
Geroe, 2022; Yang & Lee, 2022). Thus, increasing the level of green
technology innovation within businesses can not only hasten the
transformation of high-carbon businesses and improve their core
competitiveness, but it can also benefit from the synergistic
emission reduction effect of environmental regulation and
stimulate regional emission reduction potential (Sovacool et al.,
2019; Pulicherla et al,, 2022). Increasing R&D spending can pave
the way for a new development path for local carbon emissions by
increasing the region’s level of innovation in green technologies.
Therefore, this paper proposes the following assumptions:

Hypothesis 2: in the process of promoting regional carbon

emission reduction by environmental regulation, green
technology innovation plays an intermediary role.

Adoption and execution of environmental control legislation
can help reduce regional carbon emissions by increasing enterprises’
capacity to develop green technologies (Lukman et al., 2018; Ribeiro
etal, 2018; Al Baroudi et al,, 2021). It is probable that this method of
promotion is linear. Formal environmental regulation cannot totally
prevent the change in carbon emissions and carbon intensity during
the early phases of adoption due to the consequences of rapid
economic expansion (Hensher, 2020). The relationship between
informal environmental regulation and the growth in living quality,
which has an impact on the quality of the ecological environment,
causes a decline in the impact of non-environmental regulation’s
ability to reduce carbon emissions (Ge et al., 2020; Dogan et al., 2022;

Xia et al,, 2022). Hence, only when environmental regulation reaches
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a particular level will it be able to better stimulate the potential for
regional carbon emission reduction and contribute to regional green
development. Based on the preceding study, the following
assumptions are advanced in this paper:

Hypothesis 3. the impact of environmental regulation on
regional carbon emissions may have a nonlinear threshold effect.

4 Research design
4.1 Model specification

4.1.1 Mediating effect model

This paper focuses on the links between official and informal
environmental legislation, green technology innovation, and carbon
emissions. However, it is still necessary to investigate how diverse
environmental legislation affect local carbon emissions through
green technologies. As a result, environmental control is divided
into formal and informal categories, which serve as the primary
explanatory elements. As control variables, the benchmark
measurement model includes the six indicators of GDP per
capita, urbanisation rate, industrial structure upgrading, energy
consumption level, government expenditure, and foreign capital
dependency. The intermediary variable is green technology
innovation. The exact model settings are as follows:

InCar;y = a9 + oy InCar;y_y + 0 ER;yy + 03 FER;;

6
+ zk_loczcontroli,t_l +w; + Y+ &

(1)

In addition, in order to further test the relevant hypotheses
put forward above, the intermediary effect of green technology
innovation is analyzed, and the following three dynamic panel
regression models are established:

InCar;; = B, + B, InCari;_y + B,ER;;_y + B;FER;;

+ ZZZI B,controli,_; + w; + v, + & (2)
InCar;; = 0y + 0, InCar;y_, + ,ER;,_, + O:FER;;_,
+ 22:194controli,,,1 + W+ v+ ey (3)
InCar;; =y, +y, InCar;;_, + y,ERisy + y,FER;,; +y,InGTI;,_,
+ Z;lyg,control,-,t,] + Wi+ v+ & (4)

Where i represents provinces, ¢ represents time, Car represents
regional carbon emissions, GTI represents green technology
innovation, ER refers to the formal environmental regulation
level, FER refers to the informal environmental regulation level,
control refers to the control variable, and the control variable is
treated with a lag period to reduce the endogenous interference to
the model. w, v and ¢ represent individuals, time and random
effects respectively. Models (2), (3) and (4) represent the three
steps of mediating effect test. Model (2) is used to test the
regression impact of environmental regulation on carbon
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emission change, If the coefficients 3, and f, are significantly
positive, the mediating effect test continues. Model (3) is used to
test the regression impact of environmental regulation on green
technology innovation and analyze the significance level of the
coefficients 6, and 5. Model (4) is used to test the joint impact of
environmental regulation and green technology innovation on
regional carbon emissions. If the coefficients y,, y; and y, are
significant and the coefficients 6, and 05 are not significant, it
indicates that green technology innovation has a complete
intermediary effect between environmental regulation and
carbon emission reduction; if 6 two and 0 If the coefficients 6,
and 0; are significant, it indicates that green technology innovation
plays a part of the intermediary role. Otherwise, the existence of the
intermediary role needs to be verified by the Sobel test.

4.1.2 Threshold regression model

Considering the differences in economic development level
and resource endowments in different regions, there is also
obvious heterogeneity in the effect and potential of regional
carbon emission reduction. The technology spillover from the
implementation of environmental regulations also has a certain
impact on regional carbon emission reduction. So, what are the
differences in the impacts of green technology innovation on
carbon emissions in different regions? Does the promotion of
environmental regulation to the realization of regional carbon
emission reduction targets depend on green technology
innovation? This paper adopts the Hansen threshold model
(Hansen 1999) to deeply describe this nonlinear effect. The
construction form of the single threshold model is as follows:

®)
(6)

Yi=pBxi+eaqi<y
Yi=Bxi+&q >y
Where S Is the regression parameter, g is the threshold variable,
and r is the threshold value. When there are two or more
thresholds, the model structure needs to be further extended.
Therefore, this paper adopts the double threshold model for

analysis, with environmental regulation as the threshold variable.
The specific model form is as follows:

In Car;; = pi+ B, I(In ER;<y,)+B,I(y,{In ER;<y,)
+B,I(In ERyy,) + B, In FER; + ﬁnzzzlcontroli,nk
+ €
%
In Car;, = pi+ B,I(In FER,<y,)+f,I(y,{In FER;<y,)
+B,I(In FERyy,) +f,In ER; + ﬁnZZ:lcontrol,-,t,k
+ €
®)
Where i and t represent the region and time, u; represents the
characteristic value of the observed value, I (.) is the indicative

function, &,iidN (0,8%) is the random error term, and other
variables have the same meaning as above.
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TABLE 1 Selection and measuring methods of variables.

Variable Symbol
Explained variable Carbon emissions Car
Core explanatory Formal environmental ER
variables regulation
Informal environmental FER
regulation
Mediator Green technology innovation GTI
2022)
GDP per capita agdp
Urbanization rate ur
Industrial structure
Control variable upgrading ins
Energy consumption ec
level
government expenditure gov
2020)
foreign capital fdi
dependence
TABLE 2 Benchmark regression analysis results.
Variable 1 2 3
InCar InGTI InCar
InGTI —0.163***
(-3.24)
InER —-0.023** 0.061** —0.081***
—(2.19) (2.32) (-2.65)
InFER —-0.350)** 0.418)* -0.372)*
(-2.23) (1.86) (-1.94)
Inagdp —0.173** 0.209*** 0.059**
(-2.18) (3.75) (2.10)
Inur 0.170* -0.216** 0.342*
(1.85) 223 (1.76)
Inins —0.024** 0.062** —0.036**
(=2.07) (2.14 (-2.35)
Inec 0.070* —0.269*** 0.169***
(1.79) (-3.65) (4.06)
Ingov —-0.169 0.214** —0.193**
(-1.20) (2.28) (-2.16)
Infdi 0.029* 0.034** 0.026**
(1.75) (2.35) (2.19)
Constant 2.0190* 1.229** 4.74200¢
(4.60 (2.27) (3.58)
N 450 450 450
R 0.862 0.715 0.801

*, **, % % % respectively represent the significant level of 10, 5, and 1%, and the values in
brackets are t values.
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Calculation method

Energy consumption * Carbon emission factor (100 million tons) (Mynko et al., 2022)

Ratio of investment in industrial pollution treatment to GDP (Guo et al., 2022)
Composite index based on per capita income, population density and human capital (Hao and
Peng, 2017)

Number of green invention patents and utility model patents authorized by 1000 people (Lu et al.,

GDP/Resident population at the end of the year10000 yuan per person
Urban population/Resident population at the end of the year (Ding et al., 2022)

Third industry/Second industry

Coal consumption/Total energy consumption

Proportion of general public budget expenditure of local governments in regional GDP (Pan et al.,

Proportion of actually utilized foreign direct investment in regional GDP (Pan et al., 2020)

Table 1 shows the description of variables, mainly including
the selection and measurement methods of variables. Make
preparations for the following empirical analysis. Explained
variable: (1) Carbon emissions (Car): Energy consumption *
Carbon emission factor (100 million tons) (Mynko et al., 2022).
The increase of greenhouse gases such as carbon dioxide, comes
more from the combustion of fossil energy in addition to the
natural production. Core explanatory variables: (1) Formal
environmental regulation (ER): Ratio of
industrial pollution treatment to GDP (Guo et al.,, 2022); (2)
(FER):
environmental regulation mainly refers to the restriction of

investment in

Informal  environmental  regulation Informal
the media, public participation and public opinion on
environmental governance. Composite index based on per
capita income, population density and human capital (Hao
and Peng, 2017). Intermediate variables: (1) Green technology
innovation (GTI): Number of green invention patents and utility
model patents authorized by 1000 people (Lu et al.,2022). Green
technology innovation is mainly through increasing the R & D
investment of enterprises and improving the production level of
green technology to achieve the goal of low-carbon development
of the regional economy; (2) GDP per capital(agdp): The ratio of
the total regional GDP to the resident population at the end of the
year; (3) Urbanization rate(ur): Urban population/Resident
population at the end of the year (Ding et al., 2022). Control
variables: In order to reduce the bias of omitted explanatory
variables on the regression estimation results and to make the
model more representative, the following control variables are
included in the model:(1) Industrial structure upgrading(ins):
The ratio of the third industry to the second industry in the
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TABLE 3 Robust test results.

Variable InCar InGTI InCar
InGTI ~0.082%*
(-3.12)
InER ~0.103** 0.056% ~0.089%*
(-2.01) (2.23) (-3.82)
InFER ~0.270** 0.049* ~0.701*
(-2.16) (2.04) (-2.15)
Inagdp -0.037** 0138+ ~0.454**
(-2.37) (3.35) (-2.07)
Inur 0.185* ~0.129** 0.605*
(1.71) (-2.30) (1.84)
Inins —0.324% 0.248* ~0.156**
(~3.60) (2.33) (~2.08)
Inec 0.039* ~0.142%* 0.076**
(1.82) (-2.10) (2.12)
Ingov -0.047 0.059* -0.247*
(-1.32 (2.06) (-2.24)
Infdi 0.047* 0.087+ 0.240*
(1.90) (2.04) (2.13)
Con_ 1.724* 0.486** 31620
(2.48) (2.35) (3.29)
N 450 450 450
R 0.840 0.726 0.879

*, ¥, X4 X respectively represent the significant level of 10, 5 and 1%, and the values in
brackets are t values.

region is used to measure; (2) Energy consumption level(ec): the
proportion of coal consumption in total energy consumption; (3)
Government expenditure(gov):the proportion of the general
public budget expenditure of local governments in the
GDP. budget
expenditure of local governments in regional GDP (Pan et al,,

regional Proportion of general public
2020); (4) Foreign capital dependence(fdi): the proportion of
local foreign direct investment in the regional GDP. Proportion
of actually utilized foreign direct investment in regional GDP

(Pan et al., 2020).

4.2 Variable selection and description

4.2.1 Explained variable

1) Carbon emissions (Car). The increase of greenhouse gases such as
carbon dioxide, comes more from the combustion of fossil energy
in addition to the natural production. Therefore, this paper selects
eight kinds of energy consumption such as coal, coke, crude oil
and gasoline, and determines the carbon emission coefficients of
corresponding varieties by consulting the data to calculate the
carbon emissions. The calculation formula of carbon emissions is:

8
Car;; = zjzlE"fﬁ x 0 9)
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Where Car;, represents the carbon emission of the ith province,
Enjj, represents the physical quantity of the jth kind of energy
consumption of the ith province in the ¢ year, 0; represents the
carbon emission coefficient of the jth energy.

4.2.2 Core explanatory variables

1) Formal environmental regulation (ER). Environmental
regulation refers to the environmental behavior norms
and standards formulated by the government, which are
mainly used to solve the external diseconomies of the
environment. It is a relatively effective means to correct
the system failure and the most discussed factor in the
carbon emission research. As for the measurement of
environmental regulation, academic circles have not
formed a consistent standard. Based on the availability
of data, this paper uses the ratio of investment in
industrial pollution treatment to GDP to measure the
value of formal environmental regulation. The specific
calculation formula is as follows:

(10)

Where ER;, represents the intensity of formal environmental
regulation in the tyear of ith Province, POL; represents the
investment in industrial pollution treatment in the ¢ year of ith
province, and GDP;; represents the regional GDP in the ¢ year of
ith province.

Informal

environmental (FER).

environmental regulation mainly refers to the restriction of

2) Informal regulation
the media, public participation and public opinion on
that  the
of environmental

environmental ~ governance.  Considering

improvement of public awareness
protection can effectively promote the level of regional
environmental governance, this paper uses the previous
methods for reference (Zhao and Sun 2016), and uses the
entropy weight method to objectively measure the intensity of
informal .nvironmental regulation.

3) Green technology innovation (GTI). Green technology
innovation is mainly through increasing the R and D
investment of enterprises and improving the production
level of green technology to achieve the goal of low-carbon
development of the regional economy. Therefore, this
paper the

corresponding to the international patent classification

uses environmental technology field
as the selection standard, and selects the total number
of regional green invention patents and utility model
patents to measure the level of green technology

innovation.

4.2.3 Control variable
1) GDP per capita. It is measured by the ratio of the total
regional GDP to the resident population at the end of the year

frontiersin.org
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TABLE 4 Regression results of the impact of different levels of economic development.

10.3389/fenvs.2022.993833

Variable Eastern Central Western
InCar InCar InCar InCar InCar InCar
InER —0.158*** —0.032%%* (-3.02) —-0.186** (-2.32) —0.251** (-2.18) —0.092% (-1.91)> -0.214* (-1.88)
(-2.76)
InFER —0.362** —0.532%* (-2.25)< —0.201** (-2.06) -0.124* (-1.89) —0.083* (-1.86) -0.159* (-1.75)
(-2.14)
Inagdp —0.038** —0.024** —-0.106**
(-2.36) (-2.25) (-2.04)
Inur 0.196* 0.240* 0.186
(1.86) (1.80) (1.50)
Inins —0.310*** —0.249*** —0.148**
(-3.52) (-2.84) (-2.36)
Inec 0.057** 0.034* 0.025*
(2.28) (1.85) (1.75)
Ingov —0.083** —-0.056** —0.081**
(-2.05) (-2.20) (-2.33
Infdi 0.149** 0.056** 0.241*
(2.35) (2.22) (1.74)
Individual fixed Yes Yes Yes Yes Yes Yes
Time fixed Yes Yes Yes Yes Yes Yes
Constant 0.274*** 2.236%%* 1.626%* 3.010%* 2.128%** 1.129**
(3.27) (4.12) (2.24) (4.65) (3.15) (2.89)
R? 0.756 0.731 0.782 0.693 0.680 0.656
N 180 180 135 135 135 135

*, #%, % % X respectively represent the significant level of 10, 5 and 1%, and the values in brackets are t values.

2) Urbanization rate. The ratio of the total urban population in
the region to the resident population at the end of the year is
used to measure

3) Industrial structure upgrading. The ratio of the third industry
to the second industry in the region is used to measure

4) Energy consumption level. It is measured by the proportion of
coal consumption in total energy consumption

5) Government expenditure. It is measured by the proportion of
the general public budget expenditure of local governments in
the regional GDP

6) Foreign capital dependence. It is measured by the proportion
of local foreign direct investment in the regional GDP.

4.3 Data sources

Considering the availability of the original data, this
paper selects the panel data of 30 provinces and cities in
China (excluding Tibet, Hong Kong, Macao and Taiwan)
from 2005 to 2019. The data comes from the China Statistical
Yearbook, China Energy Statistical yearbook, China
Environmental Statistical Yearbook, regional yearbooks
and the database of Chinese Economic Information
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Network. The selection and measuring methods of
variables are shown in Table 1.

5 Analysis of empirical results
5.1 Benchmark regression results

In order to more accurately test the impact of formal and
informal environments on regional carbon emissions, and
analyze the intermediary role of green technology innovation,
this paper uses the intermediary effect model to test, and the
regression results are shown in Table 2.

Based on the regression results in Table 2, Model (1) shows
the regression results of formal environmental regulation and
informal environmental regulation on regional carbon
emissions, and the coefficients of both are significantly negative
at the level of 5%, indicating that improving the level of formal and
informal environmental regulation helps to play the role of
“forcing emission reduction”. This may be because, in the short
term, although the implementation of formal environmental
regulation policies will increase the cost of pollution control for
enterprises, it will also force high carbon emission enterprises to
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TABLE 5 Regression results of the impact of industrialization development stage.

Variable Post industrialization Late industrialization (second Late industrialization (first half)
half)
InCar InCar InCar InCar InCar InCar
InER ~0.306%* ~0.816%(-2.82) ~1.013** —0.082%* -0.792* ~0.513*
(-2.66) (-2.29) (-2.78) (-1.90) (-1.99)
InFER ~0.152%¢ —1.024%* (-3.23) ~0.186"* (~2.30) —0.242%* (-2.20) -0.086* (~1.93)< -0.215* (~1.89)
(-2.06)
Inagdp ~0.085** —0.203** 0.124*
(-2.16) (-2.32) (1.87)
Inur 0.176* 0.150* 0.206*
(1.72) (1.75) (1.83)
Inins —0.036** —0.082%* -0.124*
(-2.53) (-2.30) (-1.70)
Inec 0.042* 0.053** 0.060**
(1.86) (2.12) (2.18)
Ingov —0.152%¢ —0.045** ~0.126*
(-2.02) (-2.17) (-2.320
Infdi 0.069* 0.082 0.147**
(1.66) (1.25) (1.99)
Individual fixed Yes Yes Yes Yes Yes Yes
Time fixed Yes Yes Yes Yes Yes Yes
Constant 0.562** (2.45) 1.036*** (2.82) 1.628*** (3.28) 2.126"* (3.10) 0.617°* (4.15) 0.824** (2.37)
R 0.642 0.623 0.601 0.592 0.702 0.692
N 135 135 105 105 210 210

*, %%, % % % respectively represent the significant level of 10, 5 and 1%, and the values in brackets are t values.

improve their technological innovation level and increase their R
and D investment, so as to ensure the green development of
products in the production of the whole life cycle. In addition, the
government will accelerate the elimination of enterprises with
backward production capacity by increasing the support for green
technology innovation of enterprises, so as to improve the
pollution control capacity of high pollution and high energy
consumption industries. Informal environmental regulation
emphasizes the role of public awareness of environmental
protection in improving the potential of regional carbon
emission reduction. With the continuous enhancement of
public awareness of low-carbon and environmental protection,
more attention will be paid to the requirements for environmental
quality in the process of daily life and consumption, which can
indirectly affect the change in regional carbon emission level.
According to the estimation results of comprehensive Models
2) and (3), both formal and informal environmental regulation can
promote green technology innovation. After adding green
Model (3), formal
environmental regulation still has a significant inhibitory effect

technology innovation variables to
on regional carbon emissions. At the same time, the improvement
of the green technology innovation level is also conducive to the

realization of regional carbon emission reduction targets. This
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further shows that the improvement of green technology
innovation is one of the effective ways for enterprises to
achieve emission reduction through environmental regulation.
Although  the of formal
regulations will increase the cost of pollution control for

implementation environmental
enterprises, in the long run, enterprise technological innovation
can promote the upgrading of enterprise industrial structure,
optimize production processes, and achieve low-carbon
development in the long run. The coefficient of informal
environmental regulation is positive, but the significance level is
not high. The main reason is that the public does not have a deep
understanding that improving green technology innovation can
boost regional carbon emission reduction. The public’s response to
environmental issues may be limited to traditional government
constraints and a lack of understanding of improving the level of
enterprise technology innovation.

Among the control variables, GDP per capita, urbanization rate,
energy consumption level and foreign capital dependence have a
positive impact on regional carbon emissions, while the industrial
structure upgrading and government expenditure significantly
inhibit the increase of regional carbon emissions, which shows
the importance of optimizing industrial structure for improving

the potential of regional carbon emission reduction.
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TABLE 6 Significance test results of threshold variables.

Model F p

Formal environmental regulation Single threshold 14.258 0.005
Double threshold 15412 0.032
Triple threshold 5.428 0.139
Informal environmental regulation Single threshold 10.425 0.001
Double threshold 2.169 0.324
Triple threshold 4212 0.189

5.2 Robust test

After the benchmark regression analysis, it is necessary to
further ensure the accuracy of the empirical results. Therefore,
this paper adopts the method of robustness test to analyze,
mainly replacing the indicators of the explained variables, and
using the average number of years of education in the region to
measure the level of informal environmental regulation. The
regression results are shown in Table 3. Comparing Table 2 and
Table 3, it can be found that the regression results of the model
are basically consistent, and the fitting degree of the model results
is high. At the same time, the significance and promotion of
formal and informal environmental regulation and green
technology innovation are basically the same, which shows
that the research results are reliable. This further shows that
green technology innovation is an important way for the
implementation of environmental regulation policies to affect
regional carbon emissions. There is a complete intermediary
effect between environmental regulation and green technology
innovation, and green technology innovation plays a partial
intermediary effect in the promotion of regional carbon
by The
regression results of the robust test are shown in Table 3.

emission  reduction environmental regulation.

5.3 Heterogeneity analysis

5.3.1 Based on the difference in economic
development level

Considering that the difference in economic development level in
different regions may affect the regression results, this paper further
divides the samples into eastern, central and western regions for
regression analysis. The specific estimation results are shown in
Table 4.

From the regression results in Table 4, it can be found that there
are obvious differences in the impact of formal and informal
environmental regulations on carbon emissions in different
regions. For the eastern region, with better factor resources and
technological innovation, the implementation of environmental
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BS Threshold estimate Critical value
10% 5% 1%

500 0.429 4923 9.841 15.120
500 0.502 5724 10.225 20.105
500 0.609 8.029 12.272 26.642
500 1.803 3.642 6.045 15.482
500 2.093 5,625 6.827 16.649
500 3.148 2217 6.729 15.024

regulation policies can more effectively promote the regional low-
carbon transformation and development, so as to improve the
overall level of carbon emission reduction. Due to the low level
of geographical location and attraction to foreign investment, the
central and western regions still need to strengthen the
implementation effect of environmental regulation policies in the
short term to ensure that they can play a greater positive role in
promoting the reduction of regional carbon emissions, although
they have good resource endowment conditions.

5.3.2 Based on the difference in the
industrialization development stage

The effect of environmental regulation policy may also have
an important connection with the promotion of industrialization
in different regions. Therefore, based on Chenery’s industrial
phasing theory, this paper divides the research samples into three
periods and estimates the regional panel data at different stages of
industrialization development. The regression results are shown
in Table 5.

From the regression results in Table 5, it can be seen that in
the post-industrialization stage, the regression coefficients of
formal and informal environmental regulation are significantly
negative at the levels of 1 and 5%, which shows that in the region
at this stage, due to the relatively strong level of factor resource
allocation and technological innovation, the implementation role
of environmental regulation is more obvious. In the regions in
the late industrialization (second half) and late industrialization
(first half), the level of scientific and technological innovation still
needs to be improved, and the impact of informal environmental
regulation still needs to be strengthened.

5.4 Threshold model regression results

In the process of environmental regulation affecting the
regional carbon emission level, there may be a threshold
effect. Only when the intensity of regional environmental
regulation reaches a certain scale can it promote regional
carbon emissions. Therefore, this paper further sets formal
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TABLE 7 Estimation results of the threshold model.

Variable Variable interval

ECR < 0.429
0.429 < ECR < 0.502

Formal environmental regulation

ECR > 0.609
Informal environmental regulation FECR < 1.803

FECR > 1.803
environmental regulation and informal environmental

regulation as threshold variables, and uses the threshold
the threshold effect of
environmental regulation on regional carbon emissions. As
shown in Table 6, the threshold value and threshold number
of threshold variables are determined. The results show that the
single threshold effect of formal environmental regulation is
significant at the level of 1%, the double threshold effect is
significant at the level of 5%, and the triple threshold fails to
pass the significance test, indicating that the threshold number is

regression model to

study

two, and the threshold values are 0.429 and 0.502 respectively.
The single threshold effect of informal environmental regulation
is significant at the level of 1%, but the double threshold effect
and the three threshold effect have not passed the significance
test, indicating that the number of thresholds is one, and the
threshold is only 1.803. Therefore, this paper studies the double
threshold model of formal environmental regulation and the
single threshold model of informal environmental regulation.
The threshold model regression results in Table 7 show that
for formal environmental regulation, when the formal
environmental regulation is less than the first threshold value
of 0.429, the formal environmental regulation has an inhibitory
effect on regional carbon emissions, but it is not significant.
When the intensity of formal environmental regulation is
between the first threshold of 0.429 and the second threshold
of 0.502, it has a significant inhibitory effect on the increase of
regional carbon emissions. When the intensity level of formal
environmental regulation is greater than the second threshold
value of 0.502, its negative impact on carbon emissions increases.
The impact of formal environmental regulation on regional
carbon emissions will exist in three stages. At the initial stage
of the implementation of formal environmental regulation, due
to the lag of policy effect and the region’s ability to absorb the
implementation of the policy, all regions actively adopt
environmental protection policies and eliminate backward
production capacity. Although the effect of restraining
regional carbon emissions is not significant, with the gradual
maturity of the implementation of regional environmental
regulation policies and the formation of scale effects, It has a
strong role in promoting the level of regional carbon emission
reduction. Therefore, with the increasing strength of formal
environmental regulation, its positive impact is increasing.
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Coefficient t p

-0.026 ~1.091 0.629
-0.032 -3.016 0.001
~0.063 -5.128 0.000
~0.020 -1.237 0.248
~0.143 -2.283 0.026

The possible reasons are as follows: first, the implementation
of China’s formal environmental regulation is still in the stage of
continuous improvement; Second, the impact of formal
environmental regulations on regional carbon emissions is
gradually rising. When the informal environmental regulation
is less than the threshold value of 1.803, its inhibitory effect on
regional carbon emissions is not significant. When the informal
environment is greater than the threshold value of 1.803, it has a
significant inhibitory effect on regional carbon emissions. This
shows that with the development of economy and society, people
pay more attention to environmental protection, which can form
a supervisory role, thus effectively promoting the low-carbon
development of the region.

6 Conclusions and policy
recommendations

6.1 Research conclusion

Giving full play to the potential of regional carbon emission
reduction and promoting low-carbon development in different
regions has important theoretical and practical significance for
achieving China’s carbon neutrality goal. Based on the panel data
of 30 provinces and cities in China from 2005 to 2019, this paper first
confirms the intermediary role of green technology innovation by
using the intermediary effect model, and focuses on the internal
relationship among environmental regulation, green technology
innovation and regional carbon emissions. At the same time, the
threshold effect model is further used to study the threshold effect
produced by environmental regulation, and the heterogeneous
impact of the difference between economic development level
and industrialization development stage is analyzed. The main
conclusions are as follows:

First, lowering local carbon emissions is significantly aided by
environmental control. The reduction of carbon emissions is
specifically positively impacted by formal environmental
regulation at the significance level of 1%, whereas informal
environmental regulation has no major effect in encouraging
regional carbon emission reduction.

Second, formal environmental legislation has a double-
threshold impact on local carbon emissions. Regional carbon
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emission reduction can be greatly promoted when formal
environmental regulation is higher than the threshold value of
0.429; when it is higher than the threshold value of 0.502, the
promotion effect is increased. Regional carbon emissions are
subject to a single threshold effect from informal environmental
regulation. Regional carbon emissions will be reduced when
informal environmental than the
threshold value of 1.803.

Third, the impact of environmental policy regulation is

regulation is higher

notably diverse due to variations in economic development
levels and industrialization phases. Among them, the impact
of environmental regulation is greater for the eastern region and
regions in the post-industrialization period, while the central and
western regions and regions in the late industrialization period
still need to strengthen the impact of environmental regulation
policy implementation.

Finally, green technological innovation can act as a bridge to
advance and enhance the degree of environmental legislation to
support carbon emission reduction.

6.2 Policy recommendations

Based on the above research conclusions, this paper puts
forward the following relevant suggestions:

First, utilize the advantages of formal and informal
environmental regulation, as appropriate. To maximize the
inherent potential of environmental regulation and compel
emission reduction, the government should build a long-term
regulatory framework that includes both formal environmental
non-environmental  control.  Formal

regulation  and

environmental regulation implements equivalent control
mechanisms for large, medium, and small businesses and
focuses on reducing the overall volume and severity of
knowledge

protection and offering a more practical means for the public

pollution. Raising public of environmental
to monitor the emissions behavior of businesses are crucial at the
level of informal environmental control. The effectiveness of
environmental regulation on energy conservation and emission
reduction can be improved by enhancing the synergy between
official and informal environmental control.

Second, the regional low-carbon development target is tightly
coupled with the objective of carbon neutral development,
strengthening the interplay between environmental legislation
and green technical innovation. In order to achieve a win-win
development of regional carbon emission reduction and green
technological innovation, both formal environmental regulation
and informal environmental limitations can raise the level of
enterprise technological innovation. In addition, we should boost
business investment in R&D and innovation, enhance the rate at
which scientific and technical advances are applied, and assure
the long-term growth of their potential for green technology
innovation.
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Third, consideration should be given to the creation of
distinct environmental governance policies and the disparities
in development between various geographic areas. To ensure
the complementary growth of environmental regulation and
green technology innovation, differences in resource
endowment and economic power of various regions should
be taken into consideration. In addition, it is critical to
optimize the energy structure and assure the sensible
allocation of industrial structure components. To better
utilize  technology’s role in decreasing emissions,
investments in research and development of environmental
technology as well as the fraction of clean energy use should be
enhanced.

Fourth, to internalize the externalities of regional economic
development, the eastern region should pursue emissions
trading aggressively. The central area, on the other hand,
should

mechanisms in a planned and methodical manner, modestly

expand market-based environmental regulatory

increase environmental criteria, strengthen sewage charge

collection, and increase investment in environmental
subsidies. Environmental rules and carbon emission
requirements should be improved to prevent the

overconcentration of highly polluting industries in order to
promote the integration and synergistic use of various
This
between various

production aspects. will result in environmental

governance regions due to diverse

environmental governance policies.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author.
Author contributions

XD: Conceptualization, methodology, software,

writing—original draft preparation; YZ: validation, formal

analysis, investigation, resources, supervision, funding

acquisition, supervision; ML: data curation, writing—review
draft
preparation, data collection; CQ, date collection, resources,

and editing; visualization. WX, writing—original
analysis. All authors have read and agreed to the published

version of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.993833

Dong et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Al Baroudi, H., Awoyomi, A., Patchigolla, K., Jonnalagadda, K., and Anthony, E.
J. (2021). A review of large-scale CO2 shipping and marine emissions management
for carbon capture, utilisation and storage. Appl. Energy 287, 116510. doi:10.1016/j.
apenergy.2021.116510

Ambec, S., and Barla, P. (2002). A theoretical foundation of the Porter hypothesis.
Econ. Lett. 75 (3), 355-360. doi:10.1016/S0165-1765(02)00005-8

Arimura, T. H., Kaneko, S., Managi, S., Shinkuma, T., Yamamoto, M., and
Yoshida, Y. (2019). Political economy of voluntary approaches: A lesson from
environmental policies in Japan. Econ. Analysis Policy 64, 41-53. doi:10.1016/j.eap.
2019.07.003

Bai, Y., Dai, J., Huang, W., Tan, T., and Zhang, Y. (2021). Water conservation
policy and agricultural economic growth: Evidence of grain to green project in
China. Urban Clim. 40, 100994. doi:10.1016/j.uclim.2021.100994

Brunnermeier, S. B., and Cohen, M. A. (2003). Determinants of environmental
innovation in US manufacturing industries. J. Environ. Econ. Manag. 45 (2),
278-293. doi:10.1016/S0095-0696(02)00058-X

Cai, B, Guo, H,, Cao, L., Guan, D., and Bai, H. (2018). Local strategies for China’s
carbon mitigation: An investigation of Chinese city-level CO2 emissions. J. Clean.
Prod. 178, 890-902. doi:10.1016/j.jclepro.2018.01.054

Cai, W, and Ye, P. (2020). How does environmental regulation influence
enterprises’ total factor productivity? A quasi-natural experiment based on
China’s new environmental protection law. J. Clean. Prod. 276, 124105. doi:10.
1016/j.jclepro.2020.124105

Chen, X, He, J., and Qiao, L. (2022). Does environmental regulation affect the
export competitiveness of Chinese firms? J. Environ. Manag. 317, 115199. doi:10.
1016/j.jenvman.2022.115199

Cheng, Y., Gu, B,, Tan, X,, Yan, H., and Sheng, Y. (2022). Allocation of provincial
carbon emission allowances under China’s 2030 carbon peak target: A dynamic
multi-criteria decision analysis method. Sci. Total Environ. 837, 155798. doi:10.
1016/j.scitotenv.2022.155798

Clo, S., Ferraris, M., and Florio, M. (2017). Ownership and environmental
regulation: Evidence from the European electricity industry. Energy Econ. 61,
298-312. doi:10.1016/j.eneco.2016.12.001

Clora, F., and Yu, W. (2022). GHG emissions, trade balance, and carbon leakage:
Insights from modeling thirty-one European decarbonization pathways towards
2050. Energy Econ. 113, 106240. doi:10.1016/j.eneco.2022.106240

Cong, Y., Freedman, M., and Park, J. D. (2020). Mandated greenhouse gas
emissions and required SEC climate change disclosures. J. Clean. Prod. 247, 119111.
doi:10.1016/j.jclepro.2019.119111

Cui, S, Wang, Y, Zhu, Z, Zhu, Z, and Yu, C. (2022). The impact of
heterogeneous environmental regulation on the energy eco-efficiency of China’s
energy-mineral cities. J. Clean. Prod. 350, 131553. doi:10.1016/j.jclepro.2022.131553

Ding, J., Liu, B, and Shao, X. (2022). Spatial effects of industrial synergistic
agglomeration and regional green development efficiency: Evidence from China.
Energy Econ. 112, 106156. doi:10.1016/j.enec0420224106156

Dogan, E., Majeed, M. T., and Luni, T. (2022). Revisiting the nexus of ecological
footprint, unemployment, and renewable and non-renewable energy for South
Asian economies: Evidence from novel research methods. Renew. Energy 194,
1060-1070. doi:10.1016/j.renene.2022.05.165

Fernando, Y., and Wah, W. X. (2017). The impact of eco-innovation drivers on
environmental performance: Empirical results from the green technology sector in
Malaysia. Sustain. Prod. Consum. 12, 27-43. doi:10.1016/j.spc.2017.05.002

Fischer, C., Parry, I. W. H., and Pizer, W. A. (2003). Instrument choice for
environmental protection when technological innovation is endogenous. J. Environ.
Econ. Manag. 45 (3), 523-545. d0i:10.1016/50095-0696(03)00002-0

Fowlie, M., Holland, S. P., and Mansur, E. T. (2012). What do emissions markets
deliver and to whom? Evidence from southern California’s NOx trading program.
Am. Econ. Rev. 102 (2), 965-993. doi:10.1257/aer.102.2.965

Ge, T., Li, ], Sha, R,, and Hao, X. (2020). Environmental regulations, financial
constraints and export green-sophistication: Evidence from China’s enterprises.
J. Clean. Prod. 251, 119671. doi:10.1016/j.jclepro.2019.119671

Frontiers in Environmental Science

10.3389/fenvs.2022.993833

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Geng, T. S., and De Giovanni, P. (2021). Dynamic pricing and green investments
under conscious, emotional, and rational consumers. Clean. Responsible Consum. 2,
100007. doi:10.1016/j.clrc.2021.100007

Geroe, S. (2022). Technology not taxes A viable Australian path to net zero
emissions? Energy Policy 165, 112945. doi:10.1016/j.enpol.2022.112945

Gu, G., Zheng, H.,, Tong, L., and Dai, Y. (2022). Does carbon financial market as
an environmental regulation policy tool promote regional energy conservation and
emission reduction? Empirical evidence from China. Energy Policy 163, 112826.
doi:10.1016/j.enpol.2022.112826

Guo, K., Cao, Y., Wang, Z., and Li, Z. (2022). Urban and industrial environmental
pollution control in China: An analysis of capital input, efficiency and influencing
factors. J. Environ. Manag. 316, 115198. doi:10.1016/j.jenvman.2022.115198

Hansen, B. E. (1999). Threshold effects in non-dynamic panels: Estimation,
testing, and inference. J. Econ. 93 (2), 345-368. doi:10.1016/S0304-4076(99)00025-1

Hao, Y., and Peng, H. (2017). On the convergence in China’s provincial per capita
energy consumption: New evidence from a spatial econometric analysis. Energy
Econ. 68, 31-43. doi:10.1016/j.eneco.2017.09.008

Hensher, M. (2020). Incorporating environmental impacts into the
economic evaluation of health care systems: Perspectives from ecological
economics. Resour. Conservation Recycl. 154, 104623. doi:10.1016/j.
resconrec.2019.104623

Hu, J., Pan, X,, and Huang, Q. (2020). Quantity or quality? The impacts of
environmental regulation on firms’ innovation-Quasi-natural experiment based on
China’s carbon emissions trading pilot. Technol. Forecast. Soc. Change 158, 120122.
doi:10.1016/j.techfore.2020.120122

Ke, Y., Xia, L., Huang, Y., Li, S., Zhang, Y., Liang, S., et al. (2022). The carbon
emissions related to the land-use changes from 2000 to 2015 in Shenzhen, China:
Implication for exploring low-carbon development in megacities. J. Environ.
Manag. 319, 115660. doi:10.1016/j.jenvman.2022.115660

Khalfaoui, R., Stef, N., Wissal, B. A., and Sami, B. J. (2022). Dynamic spillover
effects and connectedness among climate change, technological innovation, and
uncertainty: Evidence from a quantile VAR network and wavelet coherence.
Technol. Forecast. Soc. Change 181, 121743. doi:10.1016/j.techfore.2022.121743

Khan, Z., Ali, S, Dong, K, and Li, R. Y. M. (2021). How does fiscal
decentralization affect CO2 emissions? The roles of institutions and human
capital. Energy Econ. 94, 105060. doi:10.1016/j.enec0.2020.105060

Khanh Chi, N. T. (2022). Driving factors for green innovation in agricultural
production: An empirical study in an emerging economy. J. Clean. Prod. 368,
132965. doi:10.1016/j.jclepro.2022.132965

Kong, F., Cui, W., and Xi, H. (2021). Spatial-temporal variation, decoupling
effects and prediction of marine fishery based on modified ecological footprint
model: Case study of 11 coastal provinces in China. Ecol. Indic. 132, 108271. doi:10.
1016/j.ecolind.2021.108271

Li, Z.-Z., Li, R. Y. M., Malik, M. Y., Murshed, M., Khan, Z., and Umar, M. (2021).
Determinants of carbon emission in China: How good is green investment? Sustain.
Prod. Consum. 27, 392-401. doi:10.1016/j.spc.2020.11.008

Li, Z., Zhang, H., Meng, J., Long, Y., Yan, Y., Li, M., et al. (2020). Reducing carbon
footprint of deep-sea oil and gas field exploitation by optimization for Floating
Production Storage and Offloading. Appl. Energy 261, 114398. doi:10.1016/j.
apenergy.2019.114398

Liu, G, and Zhang, F. (2022). China’s carbon inequality of households:
Perspectives of the aging society and urban-rural gaps. Resour. Conservation
Recycl. 185, 106449. doi:10.1016/j.resconrec.2022.106449

Liu, X, Ren, T., Ge, ], Liao, S., and Pang, L. (2022). Heterogeneous and synergistic
effects of environmental regulations: Theoretical and empirical research on the
collaborative governance of China’s haze pollution. J. Clean. Prod. 350, 131473.
doi:10.1016/j.jclepro.2022.131473

Lu, Y., Gao, Y., Zhang, Y., and Wang, J. (2022). Can the green finance policy force
the green transformation of high-polluting enterprises? A quasi-natural experiment
based on “Green Credit Guidelines”. Energy Econ. 106265. doi:10.1016/j.eneco.
2022.106265

frontiersin.org


https://doi.org/10.1016/j.apenergy.2021.116510
https://doi.org/10.1016/j.apenergy.2021.116510
https://doi.org/10.1016/S0165-1765(02)00005-8
https://doi.org/10.1016/j.eap.2019.07.003
https://doi.org/10.1016/j.eap.2019.07.003
https://doi.org/10.1016/j.uclim.2021.100994
https://doi.org/10.1016/S0095-0696(02)00058-X
https://doi.org/10.1016/j.jclepro.2018.01.054
https://doi.org/10.1016/j.jclepro.2020.124105
https://doi.org/10.1016/j.jclepro.2020.124105
https://doi.org/10.1016/j.jenvman.2022.115199
https://doi.org/10.1016/j.jenvman.2022.115199
https://doi.org/10.1016/j.scitotenv.2022.155798
https://doi.org/10.1016/j.scitotenv.2022.155798
https://doi.org/10.1016/j.eneco.2016.12.001
https://doi.org/10.1016/j.eneco.2022.106240
https://doi.org/10.1016/j.jclepro.2019.119111
https://doi.org/10.1016/j.jclepro.2022.131553
https://doi.org/10.1016/j.eneco.2022.106156
https://doi.org/10.1016/j.renene.2022.05.165
https://doi.org/10.1016/j.spc.2017.05.002
https://doi.org/10.1016/S0095-0696(03)00002-0
https://doi.org/10.1257/aer.102.2.965
https://doi.org/10.1016/j.jclepro.2019.119671
https://doi.org/10.1016/j.clrc.2021.100007
https://doi.org/10.1016/j.enpol.2022.112945
https://doi.org/10.1016/j.enpol.2022.112826
https://doi.org/10.1016/j.jenvman.2022.115198
https://doi.org/10.1016/S0304-4076(99)00025-1
https://doi.org/10.1016/j.eneco.2017.09.008
https://doi.org/10.1016/j.resconrec.2019.104623
https://doi.org/10.1016/j.resconrec.2019.104623
https://doi.org/10.1016/j.techfore.2020.120122
https://doi.org/10.1016/j.jenvman.2022.115660
https://doi.org/10.1016/j.techfore.2022.121743
https://doi.org/10.1016/j.eneco.2020.105060
https://doi.org/10.1016/j.jclepro.2022.132965
https://doi.org/10.1016/j.ecolind.2021.108271
https://doi.org/10.1016/j.ecolind.2021.108271
https://doi.org/10.1016/j.spc.2020.11.008
https://doi.org/10.1016/j.apenergy.2019.114398
https://doi.org/10.1016/j.apenergy.2019.114398
https://doi.org/10.1016/j.resconrec.2022.106449
https://doi.org/10.1016/j.jclepro.2022.131473
https://doi.org/10.1016/j.eneco.2022.106265
https://doi.org/10.1016/j.eneco.2022.106265
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.993833

Dong et al.

Lukman, R. K., Ceringek, M., Virti¢, P., and Horvat, B. (2018). Improving efficient
resource usage and reducing carbon dioxide emissions by optimizing fleet management
for winter services. J. Clean. Prod. 177, 1-11. doi:10.1016/j.jclepro.2017.12.142

Martin-de Castro, G., Amores-Salvado, J., Navas-Lopez, J. E., and Balarezo-
Nuifiez, R. M. (2017). Exploring the nature, antecedents and consequences of
symbolic corporate environmental certification. J. Clean. Prod. 164, 664-675.
doi:10.1016/j.jclepro.2017.06.238

Muratoglu, A., Iraz, E., and Ercin, E. (2022). Water resources management of
large hydrological basins in semi-arid regions: Spatial and temporal variability of
water footprint of the Upper Euphrates River basin. Sci. Total Environ. 846, 157396.
doi:10.1016/j.scitotenv.2022.157396

Mynko, O., Amghizar, I, Brown, D. J., Chen, C., Marin, G. B., de Alvarenga, R. F.,
et al. (2022). Reducing CO, emissions of existing ethylene plants: Evaluation of
different revamp strategies to reduce global CO, emission by 100 million tonnes. J.
Clean. Prod. 362, 132127. doi:10.1016/j.jclepro.2022.132127

Pan, X, Elzen, M. d., Héhne, N., Teng, F., and Wang, L. (2017). Exploring fair and
ambitious mitigation contributions under the Paris Agreement goals. Environ. Sci.
Policy 74, 49-56. d0i:10.1016/j.envsci.2017.04.020

Pan, X,, Li, M., Guo, S., and Pu, C. (2020). Research on the competitive effect of
local government’s environmental expenditure in China. Sci. Total Environ. 718,
137238. doi:10.1016/j.scitotenv.2020.137238

Popp, D. (2006). International innovation and diffusion of air pollution control
technologies: The effects of NOX and SO2 regulation in the US, Japan, and
Germany. J. Environ. Econ. Manag. 51 (1), 46-71. doi:10.1016/j.jeem.2005.04.006

Porter, M. E., and van der Linde, C. (1995). Toward a new conception of the
environment-competitiveness relationship. J. Econ. Perspect. 9 (4), 97-118. doi:10.
1257/jep.9.4.97

Pulicherla, K. K., Adapa, V., Ghosh, M., and Ingle, P. (2022). Current efforts on
sustainable green growth in the manufacturing sector to complement “make in
India” for making “self-reliant India”. Environ. Res. 206, 112263. doi:10.1016/j.
envres.2021.112263

Qin, Y., Harrison, J., and Chen, L. (2019). A framework for the practice of
corporate environmental responsibility in China. J. Clean. Prod. 235, 426-452.
doi:10.1016/j.jclepro.2019.06.245

Quentin Grafton, R., Kompas, T., and Van Long, N. (2012). Substitution between
biofuels and fossil fuels: Is there a green paradox? J. Environ. Econ. Manag. 64 (3),
328-341. doi:10.1016/j.jeem.2012.07.008

Reynaert, M. (2014). Abatement strategies and the cost of environmental
regulation: Emission standards on the European car market. (SSRN Sch. 88,
454-488. doi:10.2139/ssrn.2523841

Ribeiro, J. M. P., Bocasanta, S. L., Avila, B. O., Magtoto, M., Jonck, A. V., Gabriel,
G. M, et al. (2018). The adoption of strategies for sustainable cities: A comparative
study between seattle and florianopolis legislation for energy and water efficiency in
buildings. J. Clean. Prod. 197, 366-378. doi:10.1016/j.jclepro.2018.06.176

Shi, J., Huang, W., Han, H., and Xu, C. (2021). Pollution control of wastewater
from the coal chemical industry in China: Environmental management policy and
technical standards. Renew. Sustain. Energy Rev. 143, 110883. doi:10.1016/j.rser.
2021.110883

Sinn, H.-W. (2008). Public policies against global warming: A supply side approach.
Int. Tax. Public Financ. 15 (4), 360-394. doi:10.1007/s10797-008-9082-z

Smulders, S., Tsur, Y., and Zemel, A. (2012). Announcing climate policy: Can a
green paradox arise without scarcity? J. Environ. Econ. Manag. 64 (3), 364-376.
doi:10.1016/j.jeem. 2012.02.007

Sovacool, B. K., Kester, J., Noel, L., and de Rubens, G. Z. (2019). Contested visions
and sociotechnical expectations of electric mobility and vehicle-to-grid innovation
in five Nordic countries. Environ. Innovation Soc. Transitions 31, 170-183. doi:10.
1016/j.ist.2018.11.006

Frontiers in Environmental Science

13

10.3389/fenvs.2022.993833

Wang, A, Hu, S, and Lin, B. (2021). Can environmental regulation solve
pollution problems? Theoretical model and empirical research based on the skill
premium. Energy Econ. 94, 105068. doi:10.1016/j.eneco.2020.105068

Wang, S., Fang, C., and Wang, Y. (2016). Spatiotemporal variations of energy-
related CO2 emissions in China and its influencing factors: An empirical analysis
based on provincial panel data. Renew. Sustain. Energy Rev. 55, 505-515. doi:10.
1016/j.rser.2015.10.140

Wenbo, G., and Yan, C. (2018). Assessing the efficiency of China’s environmental
regulation on carbon emissions based on Tapio decoupling models and GMM
models. Energy Rep. 4, 713-723. doi:10.1016/j.egyr.2018.10.007

Werf, E. van der, and Maria, C. D. (2012). Imperfect environmental policy and
polluting emissions: The green paradox and beyond. Int. Rev. Environ. Resour.
Econ. 6 (2), 153-194. doi:10.1561/101.00000050

Wu, H, Xu, L, Ren, S., Hao, Y., and Yan, G. (2020). How do energy consumption
and environmental regulation affect carbon emissions in China? New evidence
from a dynamic threshold panel model. Resour. Policy 67, 101678. doi:10.1016/j.
resourpol.2020.101678

Wu, Q. (2022). Price and scale effects of China’s carbon emission trading system
pilots on emission reduction. J. Environ. Manag. 314, 115054. doi:10.1016/j.
jenvman.2022.115054

Wu, T.-H., Chen, Y.-S., Shang, W., and Wu, J.-T. (2018). Measuring energy use
and CO2 emission performances for APEC economies. J. Clean. Prod. 183, 590-601.
doi:10.1016/j.jclepro.2018.02.028

Xia, Q., Quan, M, Li, H., and Hao, X. (2022). Is environmental regulation works
on improving industrial resilience of China? Learning from a provincial perspective.
Energy Rep. 8, 4695-4705. doi:10.1016/j.egyr.2022.03.168

Xie, L., Zhou, Z., and Hui, S. (2022). Does environmental regulation improve the
structure of power generation technology? Evidence from China’s pilot policy on
the carbon emissions trading market(CETM). Technol. Forecast. Soc. Change 176,
121428. doi:10.1016/j.techfore.2021.121428

Xu, W, Xie, Y, Xia, D, Ji, L, and Huang, G. (2021). A multi-sectoral
decomposition and decoupling analysis of carbon emissions in Guangdong
province, China. J. Environ. Manag. 298, 113485. doi:10.1016/j.jenvman.2021.
113485

Yang, F., and Lee, H. (2022). An innovative provincial CO2 emission quota
allocation scheme for Chinese low-carbon transition. Technol. Forecast. Soc. Change
182, 121823. doi:10.1016/j.techfore.2022.121823

Yin, J., Zheng, M., and Chen, J. (2015). The effects of environmental regulation
and technical progress on CO2 Kuznets curve: An evidence from China. Energy
Policy 77, 97-108. doi:10.1016/j.enpol.2014.11.008

Yirong, Q. (2022). Does environmental policy stringency reduce CO2 emissions?
Evidence from high-polluted economies. J. Clean. Prod. 341, 130648. doi:10.1016/j.
jclepro.2022.130648

Yu, C,, de Jong, M., and Cheng, B. (2016). Getting depleted resource-based cities
back on their feet again — The example of yichun in China. J. Clean. Prod. 134,
42-50. doi:10.1016/j.jclepro.2015.09.101

Zhang, H., Shao, Y., Han, X,, and Chang, H.-L. (2022). A road towards ecological
development in China: The nexus between green investment, natural resources,
green technology innovation, and economic growth. Resour. Policy 77, 102746.
doi:10.1016/j.resourpol.2022.102746

Zhao, X, and Sun, B. (2016). The influence of Chinese environmental regulation
on corporation innovation and competitiveness. J. Clean. Prod. 112, 1528-1536.
doi:10.1016/j.jclepro.2015.05.029

Zhou, W., Moncaster, A., O’Neill, E., Reiner, D. M., Wang, X., and Guthrie, P.
(2022). Modelling future trends of annual embodied energy of urban
residential building stock in China. Energy Policy 165, 112932. doi:10.1016/
j.enpol.2022.112932

frontiersin.org


https://doi.org/10.1016/j.jclepro.2017.12.142
https://doi.org/10.1016/j.jclepro.2017.06.238
https://doi.org/10.1016/j.scitotenv.2022.157396
https://doi.org/10.1016/j.jclepro.2022.132127
https://doi.org/10.1016/j.envsci.2017.04.020
https://doi.org/10.1016/j.scitotenv.2020.137238
https://doi.org/10.1016/j.jeem.2005.04.006
https://doi.org/10.1257/jep.9.4.97
https://doi.org/10.1257/jep.9.4.97
https://doi.org/10.1016/j.envres.2021.112263
https://doi.org/10.1016/j.envres.2021.112263
https://doi.org/10.1016/j.jclepro.2019.06.245
https://doi.org/10.1016/j.jeem.2012.07.008
https://doi.org/10.2139/ssrn.2523841
https://doi.org/10.1016/j.jclepro.2018.06.176
https://doi.org/10.1016/j.rser.2021.110883
https://doi.org/10.1016/j.rser.2021.110883
https://doi.org/10.1007/s10797-008-9082-z
https://doi.org/10.1016/j.jeem.2012.02.007
https://doi.org/10.1016/j.eist.2018.11.006
https://doi.org/10.1016/j.eist.2018.11.006
https://doi.org/10.1016/j.eneco.2020.105068
https://doi.org/10.1016/j.rser.2015.10.140
https://doi.org/10.1016/j.rser.2015.10.140
https://doi.org/10.1016/j.egyr.2018.10.007
https://doi.org/10.1561/101.00000050
https://doi.org/10.1016/j.resourpol.2020.101678
https://doi.org/10.1016/j.resourpol.2020.101678
https://doi.org/10.1016/j.jenvman.2022.115054
https://doi.org/10.1016/j.jenvman.2022.115054
https://doi.org/10.1016/j.jclepro.2018.02.028
https://doi.org/10.1016/j.egyr.2022.03.168
https://doi.org/10.1016/j.techfore.2021.121428
https://doi.org/10.1016/j.jenvman.2021.113485
https://doi.org/10.1016/j.jenvman.2021.113485
https://doi.org/10.1016/j.techfore.2022.121823
https://doi.org/10.1016/j.enpol.2014.11.008
https://doi.org/10.1016/j.jclepro.2022.130648
https://doi.org/10.1016/j.jclepro.2022.130648
https://doi.org/10.1016/j.jclepro.2015.09.101
https://doi.org/10.1016/j.resourpol.2022.102746
https://doi.org/10.1016/j.jclepro.2015.05.029
https://doi.org/10.1016/j.enpol.2022.112932
https://doi.org/10.1016/j.enpol.2022.112932
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.993833

	Research on the impacts of dual environmental regulation on regional carbon emissions under the goal of carbon neutrality-t ...
	1 Introduction
	2 Literature review
	3 Theoretical analysis and research hypotheses
	4 Research design
	4.1 Model specification
	4.1.1 Mediating effect model
	4.1.2 Threshold regression model

	4.2 Variable selection and description
	4.2.1 Explained variable
	4.2.2 Core explanatory variables
	4.2.3 Control variable

	4.3 Data sources

	5 Analysis of empirical results
	5.1 Benchmark regression results
	5.2 Robust test
	5.3 Heterogeneity analysis
	5.3.1 Based on the difference in economic development level
	5.3.2 Based on the difference in the industrialization development stage

	5.4 Threshold model regression results

	6 Conclusions and policy recommendations
	6.1 Research conclusion
	6.2 Policy recommendations

	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	References


