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Abstract: Since the Porter hypothesis was proposed, environmental regulation has been recognized as a
critical factor influencing technology innovation. However, there is no unified conclusion on whether
the relationship between the two is linear or non-linear, and environmental regulation is always examined
from single angles. Therefore, according to the difference of environmental regulation implementation
subjects, this paper divides environmental regulation into formal regulation and informal regulation.
Utilizing the panel data of 281 prefecture-level and above cities in China from 2011-2019, the non-linear
effects of heterogeneous environmental regulations on green energy technology innovation are analyzed
based on the panel threshold model, and the non-linear relationship between the two under the difference
in urban economic development level is further considered. The results indicate that: (1) The threshold
effect of the environmental regulations on China’s green energy technology innovation is significant, and
there is heterogeneity in the effects of different environmental regulations. (2) At present, positive
relationship are observed between the informal environmental regulation and green energy technology
innovation in China, while the formal environmental regulation exerts a significant inhibitory effect on
green energy technology innovation. (3) The level of regional economic development plays a
significantly positive role in moderating the relationship between environmental regulation and green
energy innovation. However, there exists a certain heterogeneity in the moderating role between the
formal regulation-innovation link and informal regulation-innovation relationship. This study provides a
reference for further clarifying the relationship between heterogeneous environmental regulations and
green energy technology innovation.
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1. Introduction

To address the global climate change challenge, in 2015, the Paris Climate Agreement proposed
that “holding the increase in the global average temperature to well below 2 °C above pre-industrial
levels, so as to achieve a balance between anthropogenic emissions by sources and removals by sinks
of greenhouse gases in the second half of this century”. By November 2020, the UN Secretary-General
noted that “despite pledges by many governments to be carbon neutral by 2050, the world is still far
from achieving this goal™. According to the report entitled “Net Zero by 2050, A Roadmap for the
Global Energy Sector”? released by the International Energy Agency in 2021, energy consumption
accounts for three-quarters of all greenhouse gas emissions. Therefore, it is particularly important to
accelerate the energy transformation and promote the development of green energy. As the best
solution to accelerate the development of green energy, technology innovation deserves our attention
(Vona et al., 2012). Since the Porter hypothesis was proposed, environmental regulation has been
considered the key factor affecting technology innovation (Johnstone et al., 2010; Nesta et al., 2014;
Kim et al., 2017). Due to the spillover of knowledge, technological innovation has “positive externality”
characteristics (Glaeser et al., 1992), while the public nature of the environmental issues gives it
characteristics of “negative externality”. Green energy technology innovation incorporates both
“environmental protection” and “technology innovation”, so it has the characteristics of “dual
externalities” (Long et al., 2017). In this sense, it is of great importance to identify the impact of
environmental regulation on green energy innovation (Yan et al., 2020).

According to the difference of implementation subjects, environmental regulation can be divided into
formal regulation and informal regulation. Formal environmental regulations are formulated by the
government and guaranteed by public power (Zhou & Wang, 2016). Meanwhile, with the continuous
improvement of social informatization, the public attention to environmental problems has gradually
formed a public opinion pressure, which has evolved into a kind of “informal environmental regulation”
different from the mandatory government and participated by the public. Moreover, informal
environmental regulation is generally considered as a solid supplement for formal environmental regulation,
especially in developing countries where formal environmental regulation is generally weak (Blackman,
2010). As the world’s largest developing country as well as the world’s largest energy producer and
consumer, China has actively responded to the UN deployment and issued a series of related environmental
policies and measures to reduce environmental pollution and improve environmental quality. At the same
time, the public in China has also actively participated in environmental governance through various ways
and achieved good results. In this context, what role do formal and informal environmental regulations play
in China’s green energy technology innovation? Is there any heterogeneity in the effects of the two
environmental regulations? These are the two main issues concerned in this paper.

thittps://mews.un.org/en/story/2020/11/1077202
%https://www.iea.org/reports/net-zero-by-2050
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In theory, there are mainly two mechanisms for environmental regulation to affect technology
innovation. The approach of “compliance cost” of environmental regulation will increase the cost of
enterprises, reduce the research and development (R&D) investments, and inhibit technology
innovation. By taking the “innovation compensation” approach, enterprises will increase their income
and promote technology innovation. The effects of these two approaches are pretty opposite, and the
intensity of action depends on the intensity of environmental regulation. Therefore, the effect of
environmental regulation on technology innovation may not be linear but vary with the change of
environmental regulation intensity. Further, as the role that the government and public played in
environmental issues may differ, the non-linear effect of formal and informal environmental regulation
on green energy technology should also be different.

In terms of empirical research, the relationship between environmental regulation and technology
innovation has always been a hot research topic in academia. Most of the existing studies have focused
on the linear role of formal environmental regulation on green technology innovation, and the research
conclusions can be roughly divided into “positive” (Pelin et al., 2011, Lin et al., 2014), “negative”
(Wagner, 2007), and unrelated (Walz et al., 2011). With the deepening understanding of the concept of
environmental regulation, the reseaech focus of environmental regulation is not only limited to the
single aspect of the government as the implementation subject, but gradually includes the public and
non-governmental environmental organizations. However, there is no unified research conclusion on
the effect of different types of environmental regulations on green technology innovation (Zhou &
Wang, 2016; Feng & Chen, 2018, Luo et al., 2021). Some studies also explore the non-linear
relationship between the two by introducing the square term of environmental regulation in the linear
econometric model or using the panel threshold model (Zhang et al., 2016; Liu et al., 2018; Guo et al.,
2018; Liu & Gong, 2018; Yi et al., 2019), but obtaining different conclusions. To the best of our
knowledge, it is rare to study the non-linear relationship between heterogeneous environmental
regulations and green energy technology innovation in the existing literature, and most of the relevant
studies are based on the data of national or industrial level, lacking targeted research at the urban level.

There are huge differences in economic development levels among Chinese cities (Song et al.,
2019), which often leads to the heterogeneity of the effect of environmental regulation on green energy
technology innovation. Existing research generally focuses on exploring the similarities and
differences of the impact of environmental regulation on technology innovation under different
economic conditions by grouping the research objects according to their economic development levels.
Although this method can reflect the impact of economic level on the relationship between green
energy innovation and environmental regulation to a certain extent, it can not accurately investigate
the role of economic level in moderating the environmental regulation-green energy innovation
relationship. This issue can be addressed by panel threshold model which automatically identifies
endogenous characteristics of the data to effectively identify the accurate relationship intervals (Zheng
et al., 2020). Therefore, we further consider studying the moderating role of economic development
level through the panel threshold model and explore whether there exists heterogeneity under the
formal and informal environmental regulations.

Based on the above analysis, this paper uses the panel data of prefecture-level and above cities in
China from 2011 to 2019 to investigate the threshold effect of heterogeneous environmental
regulations on green energy technology innovation and further explore the impact of economic
differences on the relationship between the two. The main contributions of this research are twofold.
First, this paper examines the non-linear relationship between environmental regulation and China’s
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urban green energy innovation, incorporating both formal and informal environmental regulations,
which provides a new perspective of exploring the green energy technology innovation effect of
heterogeneous environmental regulations. Second, this paper takes the level of economic development
as a threshold variable and explores the moderating role of economic development in the impact of
heterogeneous environmental regulations on green energy technology innovation, and it is conducive
to a better understanding of the dynamic relationship between regional economic development level,
environmental regulation, and green energy technology innovation.

The rest of this paper is arranged as follows. Section 2 puts forward research hypotheses. Section 3
introduces the econometric models, variables and data. Section 4 presents the empirical results and analysis
of the threshold effects of formal and informal environmental regulations on green energy technology
innovation. Section 5 focuses on the empirical results and analysis of the moderating effect of economic
development level in the impacts of formal and informal environmental regulations on green energy
technology innovation. Section 6 draws the conclusions and puts forward some policy implications.

2. Relevant literature and research hypotheses
2.1. Formal and informal environmental regulation and green energy technology innovation

As mentioned above, there are two main impact mechanisms of environmental regulation on green
energy technology innovation, namely “compliance cost” effect and “innovation compensation” effect.

On the one hand, the “compliance cost” effect can be subdivided into “capital crowding out effect”,
“investment crowding out effect”, and “resource allocation distortion effect”, all of which have inhibitory
effects on green energy technology innovation. When enterprises face the pressure of environmental
regulations, they have to spend money dealing with environmental pollution issues such as pollutant
discharge, which will increase production costs. Firstly, in order to reduce costs, enterprises often respond
by reducing R&D investment, which drains part of the funds that should be used for green technological
innovation, which is called the “capital crowding out effect” of environmental regulations. Secondly,
according to the theory of new classical economics, the increase in production cost will weaken the
enterprises’ competitiveness in the market, forcing part of polluting enterprises to transfer their
businesses to other regions with weak environmental regulations, reducing the share of innovation
investment in the original areas. This is called the “investment crowding out effect” of environmental
regulation, which is also not conducive to local technological innovation. Finally, due to the existence of
the “distortion effect of resource allocation”, enterprises gain economic output by increasing the input of
production factors to offset the rise of production costs, which eventually leads to the increase of
pollution emissions, resulting in a vicious circle of pollution-treatment-re-pollution, making it difficult
for enterprises to truly improve their technological innovation capacity.

On the other hand, according to Porter’s innovation compensation theory, the pressure brought by
the increase of production cost can provide a direct driving force for enterprise innovation (Porter &
Linde, 1995). By conducting green technology innovation activities, enterprises can optimize resource
allocation, further improve production efficiency, save production costs, and bring innovation benefits,
which will gradually offset the cost of enterprises caused by the rise of environmental regulation,
resulting in an “innovation compensation effect”. That is to say, the “innovation compensation effect” of
environmental regulation lags behind the negative effect of “compliance cost”. Only when environmental
regulation reaches a certain intensity, its positive “compensation effect” on technological innovation of
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enterprises will play a major role. Therefore, the impact of environmental regulation on innovation
should be non-linear, depending on the intensity of environmental regulation itself.

As noted already, formal and informal environmental regulation have different characteristics. In
theory, the implementation subject of formal environmental regulation is the government, so it should be
mandatory, sustainable, and holistic. In contrast, informal environmental regulation is less mandatory and
sustainable, and usually not holistic. This means that although informal environmental regulation has less
impact on environmental pollution control than formal environmental regulation, enterprises must
implement corresponding measures quickly to deal with the environmental issue when they face the
informal environmental regulation. Otherwise they will face serious problems of social reputation and
image damage, affecting their survival and development. Therefore, in some areas, the positive contribution
of informal environmental regulation to the environment protection is more significant. Although there
exists differences between formal and informal environmental regulation, their effects on green energy
technology innovation also follow the above-mentioned “compliance cost *“ and “innovation compensation”
mechanisms. Whereas, the overall effect of formal and informal environmental regulation on green energy
innovation may be different due to their different characteristics.

Based on the above analysis, this paper proposes the following hypothesis:

HI. There is a non-linear relationship between environmental regulation and green energy
technology innovation, and the effect of formal and informal environmental regulations on green
energy technology innovation is different.

2.2. Formal and informal environmental regulation and green energy technology innovation under
different levels of economic development

Economic development level plays a moderating role in the relationship between environmental
regulation and green energy innovation. Generally speaking, regions with higher levels of economic
development have favorable technological innovation environment and abundant innovation resources,
and their market mechanism is more sound, and intellectual property protection system is more
sophisticated, which is more conducive to the incentive effect of environmental regulation on green
energy technology innovation (Hudson & Minea, 2013; Wang et al., 2016). However, in areas with
low economic development levels, technological innovation environment and resources are relatively
poor, the enterprises are always hard to cope with the rising costs caused by environmental regulations,
and the “crowding out effect” is noticeable, which is often not conducive to green energy technology
innovation. At the same time, in areas with low economic development levels, government officials
generally face the pressure of GDP assessment. Considering their own career promotion, they often
implement loose policies in environmental law enforcement to achieve the purpose of rapid economic
development (Li et al., 2021; Zhang, 2014). In this case, the relatively loose environmental regulation
policy can not play its “reverse forcing mechanism” to green energy technology innovation, so the
promotion effect of environmental regulation on green energy technology innovation should be smaller
in the regions with low level of economic development.

From the perspective of two kinds of environmental regulation, the moderating role of economic
development level in the impacts of formal and informal environmental regulations on green energy
innovation may be different. First, as mentioned above, formal environmental regulations are
mandatory, normative, and unified environmental policies formulated by government functional
departments. However, differences in economic development levels will lead to different intensities of
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formal environmental regulations in different regions. Second, when faced with formal environmental
regulations, the enterprises in the areas with higher levels of economic development can easily cope
with corresponding issues, compared with areas with low levels of economic development. Therefore,
in the areas with low economic development levels, strengthening formal environmental regulation
often trigger the “compliance cost” mechanism of environmental regulation on green energy
technology innovation, which is not conducive to technological innovation. However, the informal
environmental regulation level in a region is often directly linked to its economic development level;
that is, in areas with a low level of economic development, the public’s awareness of environmental
protection is generally relatively weak, leading to a weak intensity of informal environmental
regulation and a small promotion effect on green energy technology innovation.

Based on the above analysis, this paper puts forward the following hypothesis:

H2. The level of economic development plays a positive role in moderating the impact of
environmental regulation on green energy technology innovation, and the moderating effects on formal
and informal environmental regulations are different.

3. Empirical Research
3.1. Model specification

This paper aims to study the non-linear relationship between environmental regulation and green
energy technology innovation by using the panel data from 281 the prefecture-level and above cities
in China from 2011 to 2019. For studying a non-linear relationship between the two, standard
processing methods include adding square or higher terms of environmental regulation in the linear
econometric model, or directly selecting the threshold effect model. In order to avoid possible
colinearity problems by introducing the square terms in the linear econometric model, this paper refers
to Hansen (1999), Lian & Cheng (2006), selects the panel threshold effect model for the empirical
study, and sets the benchmark measurement model in Equation (1) as follows:

INGEP;; = a + B1InER; I(thry; < 11) + BoInER; I(ry < thryy < 1y)

+L3IMER; I(thryy > 13) + v Xie + € (1)

where GEP is the number of green energy patents of each city to measure the region green energy
innovation capacity; ER represents environmental regulation intensity, including formal environmental
regulation (OER) and informal environmental regulation (IER); vector X includes a series of control
variables: human resources level (REL), openness (DO), economic development level (RGDP), and
government support (GS); i=1,..., 281 represents 281 prefecture-level and above cities in China;
t=2003,..., 2016 represents the year; € is the random error term.

In addition, this paper provides a new perspective on the relationship among environmental
regulation, economic development level, and green energy technology innovation. Taking the urban
economic development level as the threshold variable, this paper studies the moderating role of
economic development level in the relationship between environmental regulation and green energy
technology innovation. The econometric model is set as shown in Equation (2):

InGEP;; = a + B1InER;;:I(RGDP;; < 1) + 2lnER;I(ry < RGDP;; < 1y)

+,83lTlERitI(RGDPit > T'3) + yl'tXl't + € (2)
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3.2. Variable selection and data source
3.2.1. Variable selection

Explained variable

The explained variable in this study is the Green Energy Technology Innovation level (GEP).
Existing research has used the following three indicators to measure regional general innovation ability:
the first is R&D input, which is measured by the amount of R&D investment; the second is innovation
output, which is measured by the quantitative index of patent application or grant; the third is to
combine R&D input with innovation output and measure it by DEA and other methods. However,
because it is difficult to obtain the investment information in the technological field of R&D
expenditure, and patents have detailed classification numbers in the technological field, the
measurement of green energy innovation in this paper is basically based on patent indicators. Referring
to Ardito et al. (2016) and Liu et al. (2020), according to the International Patent Classification (IPC)
number in the “IPC Green Inventory” issued by the World Intellectual Property Organization (WIPO),
the categories of “alternative energy production” and “energy conservation” patents are combined into
energy green patents, and the urban green energy innovation capacity is measured by the sum of the
number of patents of the two categories. In addition, due to the differences between Chinese patent
classification number and IPC number, this paper follows Liu et al. (2020) and obtains the application
numbers of green energy patents in various cities in China by connecting the IPC number and the
China patent classification number of green energy patents according to the Patent Star website of
China National Intellectual Property Administration®. Both patent applications and patent grants are
widely used to measure regional innovation capabilities (Guo et al., 2019; Li et al., 2019; Yi et al.,
2019; Liet al., 2020). However, given that patent applications contain information about patent grants,
and it takes a certain period of time from patent application to authorization (Pan et al., 2019; Liu et
al., 2020), this paper holds that green energy patent applications can better reflect the current green
energy innovation level of a city.

Explanatory variables

The first explanatory variable in this study is formal environmental regulation intensity (OER). At
present, the academic measurement of formal environmental regulation can be roughly divided into the
following three types. The first is the investment in environmental pollution control, such as investment
in environmental pollution control and sewage charges. The second is the pollutant removal rate, and the
third is the number of environmental administrative regulations or environmental punishment cases. In
order to overcome the possible bias of a single index in measuring environmental regulation, combined
with the availability of prefecture-level and above data in China, based on the research of Chao & Lian
(2020) and L1 & Du (2021), this paper selects four indicators, including comprehensive utilization rate
of industrial solid waste, treatment rate of domestic sewage, the green coverage rate of built-up area, and
harmless treatment rate of garbage, to synthesize a comprehensive index using the entropy method to
investigate the intensity of environmental regulation in prefecture-level and above cities
comprehensively. This paper refers to Wang et al. (2013) and constructs the index by following three
steps: first, the original data of 4 indicators are standardized; second, the entropy weight is calculated

3https://cprs.patentstar.com.cn/.
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using the entropy method; finally, the environmental regulation intensity index of each city is calculated
based on the standardized indexes and weights.

The second explanatory variable is informal environmental regulation intensity (IER). Similarly,
the academic measures on informal environmental regulation can be roughly divided into two types.
One is the degree of public participation, which is usually measured by media exposure of pollution
events and environmental pollution concern value of search engines; the other is the comprehensive
index, which usually selects indicators such as income level, education level, population density, and
age structure to build a comprehensive index as an alternative index. This paper holds that informal
environmental regulation refers to the degree of public participation in environmental protection,
which is a kind of environmental pressure derived from public opinion. Indicators such as income level,
population density, and age structure can not directly reflect the public environmental awareness, while
Baidu and Google index websites scientifically analyze and calculate the weighted sum of search
frequency of each keyword in a network search based on the search volume of their network users and
taking keywords as the statistical object, so the relevant indicators can well reflect the public attention
(Zheng et al., 2012; Du et al., 2019). Therefore, referring to Xu (2014) and Peng et al. (2021), this
paper selects the public attention to environmental issues on the Internet to measure the informal
environmental regulation. The specific steps are: first, choose Baidu index website to search with
“environmental pollution” as the keyword, and regional classification is carried out to get the average
daily search volume of “environmental pollution” in each city; second, in order to make it comparable,
the intensity of informal environmental regulation in 281 cities is obtained by comparing with the
average daily search volume of “environmental pollution” in Beijing.

Control variables

By referring to some existing relevant studies (Li and Du, 2021; Vona et al., 2012; Luo et al., 2021;
Guo et al., 2018; Feng et al., 2019), this paper selects the degree of opening up (DO), level of economic
development (RGDP), human resources level (REL), and government support (GS) as the control variables.

The variables involved in the empirical analysis and their definitions are shown in Table 1.

Table 1. Variable definitions.

Variable type Variable symbol Variable descriptions
explained variable GEP Green energy patent applications
OER Formal environmental regulation: synthesis of four indicators by
i the entropy method
explanatory variable ) . .
IER Informal environmental regulation: Baidu Index search volume of
“Environmental Pollution” (based on Beijing City data)
DO Degree of openness: total imports and exports/GDP
RGDP GDP per capita (taking 2011 as the base year)
control variable REL Number of college students per ten thousand
Gs Government science and technology investment

expenditure/government expenditure
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3.2.2.  Sample selection and data source

Considering the consistency and comparability of indicators data, this paper determines the time
interval as 2011-2019. Tongren and Bijie were newly established prefecture-level cities in Guizhou
Province in 2011, Sansha was newly established in Hainan Province in 2012, and Haidong area of
Qinghai Province was changed to Haidong city in 2013, while data of Laiwu, Longnan, Zhongwei,
Pu’er, and Lhasa are seriously missing, the number of sample cities is reduced from 290 to 281.

The data of green energy patents are from the Patent Star Website of China National Intellectual
Property Administration. The data of informal environmental regulation are from the Baidu Index
website, and the data of other variables are from China Urban Statistical Yearbook, China Statistical
Yearbook, and the CSMAR database.

Table 2 shows the descriptive statistical analysis results of each variable.

Table 2. Descriptive statistics of variables.

VarName Obs Mean SD Min Median Max

InGEP 2529 3.91 1.651 0 3.73767 8.907071
InOER 2529 —0.34 0.242 —1.892756 —0.258203 —0.0544024
InI[ER 2529 -2.30 1.107 —5.099866 —2.271333 0

DO 2529 0.27 1.023 0 0.0830938 28.23327
InRGDP 2529 10.74 0.582 8.841593 10.71086 12.54422
REL 2529 217.78 260.978 0.9315925 130.6097 1597.56

GS 2529 0.02 0.017 0.0005981 0.0115497 0.2068348

4. Threshold effects of formal and informal environmental regulation on green energy
technology innovation

4.1. Formal environmental regulation

This subsection uses the panel data of 281 cities in China from 2011 to 2019 to investigate the
threshold effect of formal environmental regulation on green energy technology innovation with the
help of the panel threshold model. First, we test whether there exits a significant threshold effect of the
formal environmental regulation on green energy innovation, and the results are reported in Table 3.

Table 3. Threshold effect test of formal environmental regulation on green energy

innovation
Threshold  No. of threshold 95% confidence
. 1% 5% 10% F value P value .
variable thresholds value interval
Single 9.178 5.769 4.280 5.277* 0.062 -0.224 (—0.847, —0.094)
InOER —0.247 (—0.671, —0.247)

Double 9.177  6.581 4742 11.109%**  0.002
~0.224 (~0.224, —0.220)

Triple -0.185 -2.385 —4.654 —6.511 0.158
Note: (1) p-Values and critical values are the result of bootstrap simulations 500 times; (2) ***, ** and * are significant at
the level of 1%, 5%, and 10%, respectively.
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It can be seen from Table 3, first, the P value of single threshold effect was 0.062, thus rejecting
the null hypothesis that the single threshold effect did not exist, and the threshold value y = —0.224.
Then, we test the second threshold effect on the basis of determining the existence of a single threshold
effect. According to the P value (0.002), we find that the double threshold effect exists with threshold
values of —0.224 and —0.247, and the corresponding 95% confidence interval is (—0.224, —0.220) and
(—0.671, —0.247), respectively. Finally, the P value of triple threshold effect (0.158) indicates that the
null hypothesis that the triple threshold effect did not exist can not be rejected, i.e., there is no triple
threshold effect. Therefore, the impact of formal environmental regulation on green energy technology
innovation will be analyzed below based on the panel threshold model with double thresholds.

Second, to better understand the above threshold estimation results, the likelihood ratio function
diagrams of the double threshold value are drawn in Figure 1. The estimated value of the threshold
parameter refers to the value of y when the likelihood ratio (LR) test statistic is 0, which are —0.247
(see the left of Figure 1) and —0.224 (see the right of Figure 1) in the panel threshold model with double
thresholds. The 95% confidence interval of each threshold estimate is the interval composed of the
critical value y when all LR values are below the 5% significance level (corresponding to the dotted
line in the figure). It can be seen that the threshold estimates of —0.247 and —0.224 for the double
threshold are statistically significant.

15

f t t f f t
-8 -6 -4 -2 0 -8 -6 -
first threshold second threshold

Figure 1. Estimates and confidence intervals for the first threshold and the second
threshold (from left to right).

Table 4 further presents the results of the threshold effect of formal environmental regulation on
green energy technology innovation under the panel threshold model with double thresholds. Clearly,
in the first interval, when the intensity of formal environmental regulation is less than —0.247, its
impact on green energy technology innovation is not statistically significant. When the intensity of
formal environmental regulation is between —0.247 and —0.224, which is in the second interval, the
negative impact on green energy technology innovation increases with the increase of the intensity of
formal environmental regulation, and it is significant at the level of 1%, with a coefficient of —1.297.
When the intensity of formal environmental regulation is greater than —0.224, the coefficient of
environmental regulation is 0.138, but this positive effect is insignificant. It can be seen that the
negative effect of the formal environmental regulation on green energy technology innovation is
apparent, whereas the positive effect is implicit.
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Table 4. Panel threshold estimation result of formal environmental regulation on green

energy innovation.

InGEP InOER double
InOER<-0.247 —0.0595
(-0.63)
Threshold variable —0.247<InOER<-0.224 —1.297***
(-3.10)
InOER>-0.224 0.138
(0.39)
DO 0.156%**
(7.28)
InRGDP 0.962%**
(19.89)
Control variable
REL 0.002%**
(19.00)
GS 23.462%**
(15.04)
cons —7.357***
(—14.54)
N 2529
R? 0.479

Note: *** ** and * indicates significance at the 1%, 5%, and 10% level, respectively.

The above empirical results may be explained as follows. First, when the formal environmental
regulation is in the first interval, its effect on green energy technology innovation is not significant.
For this kind of environmental regulation intensity, enterprises tend to choose an “end treatment”
approach, that is, simply increasing the cost of sewage treatment, which will squeeze out part of the
funds originally used for R&D investment but will not have a significant impact on their innovation,
indicating that the formal environmental regulation intensity is not enough to trigger technological
innovation of enterprises. Moreover, the crowding-out effect is not enough to significantly inhibit
technological innovation. Second, when the intensity of formal environmental regulation is further
improved, which is within the interval of (—0.247, —0.224), enterprises face increasing formal
environmental regulation pressure. They raise the investment of environmental pollution control, thus
enhancing the crowding-out effect on technological innovation, further suppressing the improvement
of green energy technology innovation capacity. At this time, only relying on “end treatment” is not
enough to cope with the improvement of environmental regulation intensity, and enterprises begin to
seek the source of environmental pollution control. Third, when the formal environmental regulation
intensity is greater than —0.224, the “end treatment” approach for enterprises to deal with
environmental regulation fails, and they have to carry out green energy technology innovation to
reduce the emission of pollutants from the source. At this time, formal environmental rules have
generated sufficient innovation power for enterprises, and the “reverse forcing mechanism” of
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environmental regulation has initially taken shape, but the output of innovation results takes a certain
time, so it has a positive but insignificant impact on green energy technology innovation.

As for the control variables, they all have significant and positive impacts on green energy
technology innovation. Among them, the impact coefficient of government support is the largest,
reaching 23.46. This means that the government support increases by one unit, the green energy
technology innovation capacity increases by 23.46 units. It is not difficult to understand that government
support, as a direct financial subsidy, can reduce enterprises’ R&D cost, reduce the innovation risk of
enterprises, and provide a strong driving force for enterprises to carry out green energy technology
innovation. In addition, the impact coefficient of economic development level on green energy
technology innovation is 0.962, which is significant at the level of 1%; that is, the higher the regional
economic development level, the stronger the green energy technology innovation ability. This will be
analyzed in detail in the subsequent sections. In addition, the degree of opening to the outside world and
the level of human resources also have positive impacts on green energy technology innovation.

4.2. Informal environmental regulation

For the informal environmental regulation, the existence of the threshold effect is firstly tested in
this subsection. As can be seen from Table 5, similarly, according to the P value of single threshold
effect (0.002) and double threshold effect (0.004), we can find that the double threshold effect exists
with threshold values of —0.995 and —2.797, and the corresponding 95% confidence interval is (—2.094,
—0.738) and (—2.964, —0.418), respectively. Finally, the P value of triple threshold effect is 1, indicating
that there is no triple threshold effect.

Table 5. Threshold effect test of informal environmental regulation on green energy

innovation.
Threshold  No. of Threshold  95% confidence
. 1% 5% 10% F value P value .
variable thresholds value interval
Single 14.185 7.444  6.018 18.692%** 0.002 -0.995 (—=1.030, —0.962)
—2.797 (—2.964, -0.418)
InIER Double 7.679 4329 3.270 9.807%*** 0.004
—0.995 (—2.094, —0.738)
Triple 0 0 0 0 1

Note: (1) p-Values and critical values are the result of bootstrap simulations 500 times; (2) ***, ** and * are significant at
the level of 1%, 5%, and 10%, respectively.

Based on the above results, the LR function diagrams are shown in Figure 2. When the estimated
value of the threshold parameter is —2.797 (the left of Figure 2) or —0.995 (the right of Figure 2), the
value of LR statistic is 0, confirming the existence of double threshold effect. Therefore, the impact of
informal environmental regulation on green energy technology innovation will be analyzed based on
the panel threshold model with double thresholds.
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Figure 2. Estimates and confidence intervals for the first threshold and the second
threshold (from left to right).

Table 6 presents the the results of the threshold effect of informal environmental regulation on green
energy technology innovation. Clearly, in the first interval, that is, when the intensity of informal
environmental regulation is less than —2.797, it has a significant positive impact on green energy
technology innovation, and the coefficient is 0.374. With the increase of informal environmental regulation
intensity, when the intensity is between —2.797 and —0.995, it still has a significant positive impact on green
energy technology innovation, and the impact coefficient increases to 0.438. When the intensity of informal
environmental regulation is greater than —0.995, its impact on green energy technology innovation changes
from significant to insignificant. From the above analysis, it can be seen that the impact of informal
environmental regulation on green energy technology innovation is non-linear, but the effect is different
from that of formal environmental regulation. Therefore, Hypothesis 1 is proved.

Compared with formal environmental regulation, informal environmental regulation has the
opposite effect on green energy technology innovation. This paper believes that there are two main
reasons. First of all, the implementation subject of informal environmental regulation is the public,
which is less inclusive of environmental pollution. For this kind of environmental regulation, it is not
enough for enterprises to carry out “end treatment” only to deal with it. The environmental pressure
from the society is gradually increasing, forcing enterprises to trace back to the source of
environmental pollution, update and upgrade their original production technology, and fundamentally
solve the problem of environmental pollution. Therefore, when the threshold value is less than —0.995,
informal environmental regulation plays a prominent role in promoting green energy technology
innovation, and the promotion effect increases with the increase of its intensity. Secondly, since
informal environmental regulation originates from the public and is a voluntary behavior of the public,
it lacks organization and strategy, resulting in its intensity can not be well controlled, which often
brings too much environmental pressure to enterprises. In particular, for some small and medium-sized
enterprises, when facing strong pressure of informal environmental regulation, they lack sufficient
resources to respond flexibly, and they cannot bear the risks that may be brought by technological
innovation, and they may even fall into business difficulties, at this time, informal environmental
regulation is not conducive to the innovation of green energy technology. In view of the situation that
the threshold value of informal environmental regulation intensity is greater than —0.995, the negative
effect of informal environmental regulation on green energy technology innovation appears initially,
but because it is not mandatory, the inhibitory effect is not significant. From the above analysis, it can
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be seen that due to the differences in the characteristics of informal environmental regulation and
formal environmental regulation, they have different or even completely opposite effects on green
energy technology innovation in specific intensity intervals.

Table 6. Panel threshold estimation result of informal environmental regulation on green
energy innovation.

LnGEP InlER double
InIER < —2.797 0.374**
(13.37)
Threshold variable —2.797 < InIER<-0.995 0.438%**
(10.31)
InIER > —0.995 —-0.159
(-1.14)
DO 0.143%**
(7.10)
InRGDP 0.933%**
(20.44)
Control variable
REL 0.002%**
(13.26)
GS 18.5971 ***
(12.46)
_cons —5.922%%*
(—11.96)
N 2529
R? 0.539

Note: *** ** and * indicates significance at the 1%, 5%, and 10% level, respectively.

5. Threshold effects of formal and informal environmental regulation on green energy
technology innovation under the differences of economic development level

In order to further explore whether the effect of environmental regulation on green energy
technology innovation is related to the regional economic development level, this paper continues to
estimate the panel threshold model shown in Equation (2) based on the data of China’s 281 cities.

5.1. Formal environmental regulation

Firstly, we treat the level of economic development as the threshold variables and examine
whether there is a significant threshold effect of formal environmental regulation on green energy
innovation. As shown in Table 7 and Figure 3, the P value of triple threshold eftect (0.28) is larger than
10%, while the P values of single and double threshold effect are both 0.00. This means that the double
threshold effect exists. Meanwhile, the threshold values are 11.153 and 11.886, with the corresponding
95% confidence intervals being (9.649,11.278) and (11.807,11.989), respectively. Therefore, the
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impact of formal environmental regulation on green energy technology innovation under economic
differences will be analyzed using the panel threshold model with double thresholds.

Table 7. Threshold effect test of formal environmental regulation on green energy
innovation under the differences of economic development level.

Threshold No. of Threshold 95% confidence
. 1% 5% 10% F value P value )
variable thresholds value interval
Single 8.910 6.205 4342  34.736%** 0.000 11.125 (11.005, 11.260)
InRGDP 11.886 (11.807, 11.989)
Double 12.761  6.534 4322  28.733%** 0.000
11.153 (9.649, 11.278)
Triple 0 0 0 0.00 0.280

Note: (1) p-Values and critical values are the result of bootstrap simulations 500 times; (2) ***, ** and * are significant at

the level of 1%, 5%, and 10%, respectively.
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Figure 3. Estimates and confidence intervals for the first threshold and the second
threshold (from left to right).

The estimation results in Table 8 show that, when the economic development level (InRGDP) is
under 11.153, the formal environmental regulation has an significant inhibitory effect on green energy
innovation, with a coefficient of —0.25. When the level of economic development increases and
InRGDP rises to the range of (11.153, 11.886), the effect of formal environmental regulation on green
energy technology innovation is changed to be significantly positive, with a coefficient of 0.199. When
InRGDP is greater than 11.886, the effect of formal environmental regulation on green energy
technology innovation is significantly positive, with an impact coefficient of 1.700. This means that
when per capita GDP increases by 1 percentage, formal environmental regulation will promote the
green energy technology innovation level to increase by 1.7 percentage. In general, with the
improvement of economic development level, the impact of formal environmental regulation on green
energy innovation presents a U-shaped effect of “inhibition first and then promotion”.

The regional innovation ability are always closely related to regional economic development level.
Generally speaking, cities with a higher level of economic development have a good technological
innovation environment, rich innovation resources, a more sound market mechanism, and a more
sophisticated intellectual property protection system. Therefore, in the face of strict formal
environmental regulations, enterprises in developed regions can enjoy more abundant innovation funds
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and innovative talents, and are more willing to conduct technological innovation to achieve the lowest
marginal pollution cost; On the contrary, cities with low economic development levels are lack of
innovation resources, having relatively poor market mechanism and imperfect intellectual property
protection system. In the face of the improvement of formal environmental regulation, enterprises tend
to conserve costs, choose fast and effective “end treatment” approaches and increase investment in
environmental pollution control, which leads to tighter R&D funds, thus inhibiting the improvement
of the level of green energy technology innovation.

Table 8. Panel threshold estimation result of formal environmental regulation on green
energy innovation under the differences of economic development level.

LnGEP InOER double
InRGDP < 11.153 —0.250%**
(—2.98)
Threshold variable 11.153 < InRGDP < 11.886 0.199*
(1.69)
InRGDP > 11.886 1.700%**
(5.72)
DO 0.146%**
(6.82)
InRGDP 1.093%**
Control variable (20.77)
REL 0.002%**
(18.65)
GS 23.945%**
(15.43)
_cons —8.777***
(—15.86)
N 2529
R 0.486

Note: *** ** and * indicates significance at the 1%, 5%, and 10% level, respectively.
5.2. Informal environmental regulation

We further treat the level of economic development as the threshold variables and examine whether
there is a significant threshold effect of informal environmental regulation on green energy innovation.
According to the results shown in Table 9 and Figure 4, the existence of both the single threshold effect
and double threshold effect can be verified at the significance level of 10%. The threshold values are 11.278
and 11.501, with the corresponding 95% confidence intervals being (10.948,11.706) and (11.268,11.706),
respectively. However, according to the P value of triple threshold effect (0.302), we can find that there is
no triple threshold effect. Therefore, the impact of informal environmental regulation on green energy
technology innovation under the different economic development level will be analyzed below based on
the panel threshold model with double thresholds.
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Table 9. Threshold effect test of informal environmental regulation on green energy
innovation under the differences of economic development level.

Threshold No. of Threshold 95% confidence
. 1% 5% 10% F value P value ]
variable thresholds value interval
Single 12.277 6.977 4.782 48.647***  0.000 10.156 (10.145, 10.241)
InRGDP 11.501 (11.268, 11.706)
Double -16.466 -26.701 -31.971 45.485***  (.000
11.278 (10.948, 11.706)
Triple 0 0 0 0.00 0.302

Note: (1) p-Values and critical values are the result of bootstrap simulations 500 times; (2) ***, ** and * are significant at
the level of 1%, 5%, and 10%, respectively.
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Figure 4. Estimates and confidence intervals for the first threshold and the second
threshold (from left to right).

As can be seen from Table 10, the higher the level of economic development, the stronger the
promotion effect of informal environmental regulation on the level of green energy technology innovation.
Specifically, when the InRGDP is less than 11.278, the effect of informal environmental regulation on green
energy technology innovation is significantly positive, with a coefficient of 0.341. When the level of
economic development increases and InRGDP rises to the range of (11.278, 11.501), the effect of informal
environmental regulation on green energy technology innovation is still significantly positive, and the
coefficient increases to 0.451. When InRGDP is greater than 11.501, the effect of informal environmental
regulation on green energy technology innovation continues to improve, with an impact coefficient of 0.645,
which remains significant at the 1% level. In conclusion, the moderating effect of economic development
level on the relationship between informal environmental regulation and green energy technology
innovation is non-linear. Meanwhile, when economic development level is selected as the threshold
variable, the impact of informal environmental on green innovation shows a trend of gradually increasing,
which is different from the “U” shaped relationship between formal environmental regulation and green
energy innovation. Therefore, hypothesis 2 is proved.

Specifically, when InRGDP is less than 11.153, formal environmental regulation inhibits green
energy technology innovation, while informal environmental regulation promotes green energy
innovation. Due to the fact that the enterprises in the regions with low economic development levels
always lack capital, technology, and equipment, they often choose simple “end treatment” means to
meet the requirements of environmental regulations stipulated by the government. In addition, the local
governments of these regions will even sacrifice the environment and attract polluting industries to
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stimulate economic growth. At this point, formal environmental regulation fails to promote green
energy technology innovation. The informal environmental regulation with the public as the main
subjective can just fill this gap. The public’s favor for environmental protection products will gradually
drive the polluting products out of the market, and enterprises have to make technological
improvement for their own interests, thus promoting the regional green energy innovation capacity.

Table 10. Panel threshold estimation result of informal environmental regulation on green
energy innovation under the differences of economic development level.

LnGEP InIER double
InRGDP<11.278 0.341%%%*
(14.17)
Threshold variable 11.278<InRGDP<11.501 0.451%**
(12.25)
InRGDP>11.501 0.645% %%
(14.58)
DO 0.143%x
(7.08)
InRGDP 1.112%**
Control variable (20.91)
REL 0.002%**
(16.03)
Gs 17.883%#
(11.95)
_cons —7.92]%%*
(—13.92)
N 2529
R 0.540

Note: *** ** and * indicates significance at the 1%, 5%, and 10% level, respectively.
6. Conclusions and policy implications

Using the panel data of 281 prefecture-level and above cities in China from 2011 to 2019, this
paper first investigates the non-linear impact of heterogeneous environmental regulations on green
energy technology innovation through the panel threshold model, and then compares the moderating
effect of economic development level in the relationship between heterogeneous environmental
regulations and green energy technology innovation. The conclusions are summarized as follows.

Overall, the threshold effect of the environmental regulations on green energy technology
innovation is significant, and there is heterogeneity in the effects of different environmental regulations.
Specifically, the formal environmental regulation exerts a significant inhibitory effect on green energy
technology innovation when the formal environmental regulation intensity is between —0.247 and
—0.224. The informal environmental regulation significantly promotes green energy technology
innovation when the informal environmental regulation intensity does not exceed —2.797. The informal
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environmental regulation exerts a significant but bigger promotional effect on green energy technology
innovation when the informal environmental regulation intensity is between —2.797 and —0.995.
Therefore, (—2.797,—0.995) is the optimal interval in terms of the impact of the informal environmental
regulation on green energy technology innovation.

The level of economic development has a significant positive moderating effect in the relationship
between environmental regulation and green energy technology innovation, that is, the higher the level
of economic development, the stronger the promotion effect of environmental regulation on green energy
technology innovation. However, there is a certain heterogeneity in the moderating role between the
formal regulation-innovation link and informal regulation-innovation relationship. Specifically, for the
formal environmental regulation, the improvement of economic development level can weaken its
inhibition effect on green energy technology innovation, and the promotion effect of formal
environmental regulation on green energy technology innovation can be significantly enhanced after
crossing the threshold value. As for informal environmental regulation, the improvement of economic
development level can significantly enhance its promotion effect on green energy technology innovation,
and can offset its inhibition effect on green energy technology innovation due to its excessive intensity.

These results not only provide new insights into the relationship between heterogeneous
environmental regulations and green energy innovation in China but also have obvious policy
implications. On the one hand, the sample median of formal environmental regulation in this paper is
—0.258, while the first threshold value is —0.247. The empirical results show that the formal
environmental regulation in most regions of China does not cross the first threshold and does not
significantly promote green energy technology innovation. Therefore, the local government in these
regions needs to adjust the existing environmental regulations to stimulate green energy technology
innovation. The median sample of informal environmental regulation is —2.271, which is far less than
the second threshold of —0.995, indicating that informal environmental regulation in most regions has
played a significant role in promoting green energy innovation at the current stage, but the government
should strengthen the guidance of informal environmental regulation to avoid the inhibitory effect of
green energy technology innovation caused by too strong informal environmental regulation. On the
other hand, the level of economic development can well enhance the stimulating effect of
environmental regulation on green energy technology innovation. Therefore, the local governments
should actively promote economic transformation and upgrading, give consideration to environmental
governance, and timely adjust environmental policies according to the local economic development
level, so as to alleviate the negative economic effects brought by environmental regulation and realize
the joint development and progress of economy, environment, and green energy innovation.
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