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Environmental regulations have been intensified across the country under the pressure
of the national “double carbon” strategy, the constraints of energy-saving and emission-
reduction targets by enterprises, and public opinion. The tightening of environmental
regulations is bound to impact the innovation behavior of heavily polluting enterprises;
however, it remains uncertain whether the impact is positive or negative. Using a
differences-in-differences approach of data from listed companies in China’s heavily-
polluting industries between 2010 and 2016, this paper examines the changes in their
innovation behavior under the tightening environmental regulations after the “smog
explosion” event as a “quasi-natural experiment” at the end of 2011. The study found
that the “smog event” had a significant net negative effect on the innovation behavior
of heavily polluting firms, with a significant decrease in their innovation inputs. The
quantile regression results show that the R&D intensity of enterprises is related to the
haze treatment effect in a U-shaped curve. Further research found that the decline
in innovation investment was more significant for state-owned heavily-polluting firms
compared to private heavy polluting firms. Robustness tests indicate that the empirical
results of this paper are somewhat robust. This paper aims to identify the contradictory
roots of the “Porter hypothesis” debate by analyzing the differences in innovation
behavior of enterprises with different R&D intensity and different property rights.

Keywords: smog, environmental regulations, heavily-polluting enterprises, innovative behaviors, differences-in-
differences
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INTRODUCTION

Since the political reform and opening-up of trade, the Chinese
economy developed rapidly to become the second-largest
economy in the world. However, with this rapid economic
development, industrial pollution, especially air pollution, has
become increasingly prominent. Given that the traditional
soot pollution has not been effectively controlled, the regional
complex air pollution characterized by ozone, smog (PM2.5),
and acid rain has grown in prominence. At the end of October
2011, a “PM2.5 explosion”1 incident resulted in a rise in smog,
showcased as a new type of air pollution source to the public.
On September 22, 2020, during the general debate of the 75th
session of the United Nations General Assembly, President Xi
Jinping declared to the world that carbon emissions would peak
by 2030 and carbon neutrality would be achieved by 2060.
The state increased its environmental regulation and therefore
increased the risk of environmental liability for heavy polluters.
Reducing PM2.5 and carbon sequestration are now included
in government reports, and the government has strengthened
environmental controls on heavily-polluting industries and
introduced several legal policies, resulting in a change in the
policy environment for heavily-polluting industries. This has
led to a strong ‘stress response’ from companies in the heavily
polluting industries, attracting the attention of many scholars.
Liu Yanguo and Liu Mengning examined the impact of political
costs on the surplus management of heavy polluters using
the “PM2.5 explosion” and found that heavy polluters engaged
in downward surplus management after the smog (Liu and
Liu, 2015). Sheng et al. (2017) examined the impact of the
“smog event” on the financing ability of heavily polluting firms
and explored the mechanism of this impact. Firms reacted
differently to environmental degradation (Sheng et al., 2017).
There is no conclusive evidence on the impact of environmental
regulation on firm innovation, and neither the “Pollution
Paradise Hypothesis” nor the “Porter Hypothesis” has been able
to clarify the matter via empirical study. In this study, using
the exogenous impact of the “PM2.5 explosion,” the net effect
of the “smog event” on the innovation behavior of heavily-
polluting enterprises is analyzed by the differences-in-differences
(DID) method. Moreover, using a “quasi-natural experiment,”
endogenous problems can be avoided, which increases the
credibility of our research conclusion. Concurrently, it also
enriches the research perspective of the impact of environmental
regulation on enterprise innovation behavior.

LITERATURE REVIEW AND RESEARCH
HYPOTHESIS

The influence of environmental regulation on enterprise
innovation capability has always been a controversial topic.

1In 2011, the United States Embassy’s self-testing PM2.5 index broke through the
threshold of the monitoring instruments. The monitoring threshold of the general
instrument was 500, and the PM2.5 index initially exceeded 300 to be classified as
serious pollution. Then, on the same day, the PM2.5 index exceeded 500, which
caused great repercussions; hence this day became known as the “PM2.5 burst the
watch” event.

Environmental regulation has both a positive compensation
effect and a negative offset effect on enterprise innovation.
However, the culminating effect of both can be drenched in
uncertainty; hence, research on this issue remains controversial.
The traditional view holds that the offset effect of environmental
regulation is greater than its compensation effect. Although
environmental protection has good positive externalities,
environmental regulation will increase the cost of enterprises
and reduce the innovation expenditure of enterprises (Barbera
and Mcconnell, 1990; Jorgenson and Wilcoxen, 1990; Brännlund
et al., 1998; de Miguel and Pazo, 2017). On the contrary,
Porter’s hypothesis holds that the compensation effect of
environmental regulation is greater than the offset effect.
Moderate environmental regulation can encourage enterprises
to perform technological innovation, improve the production
efficiency of enterprises, and reduce the production cost, thus
offsetting the increased cost of environmental regulation.
Many scholars have verified these two opposing views from an
empirical point of view. Amongst others, Gray and Shadbegian
(1995); Arduini and Cesaroni (2001), Wagner (2007); Wang et al.
(2017) maintain that environmental regulation has a significant
offset effect on technological innovation. In response, Berman
and Bui (2001); Hamamoto (2006), Lambertini (2017); Fabrizi
et al. (2018) and other scholars have verified Porter’s hypothesis
through empirical tests. Therefore, there is merit to suggest that
environmental regulation has a significant compensation effect
on technological innovation. On the other hand, Eiadat et al.
(2008); Frondel et al. (2008), Lanoie et al. (2008); Stoever and
Weche (2018) and other scholars have found that the relationship
between environmental regulation and enterprise innovation is
uncertain in related industries in Europe and America.

With the increasing strength of environmental protection
legislation, Chinese scholars have also started to study the
existence and applicability of Porter’s Hypothesis in China.
Some scholars have made an empirical analysis of the
relationship between environmental regulation and productivity
in China’s manufacturing industry and indirectly proved that
environmental regulation can promote technological innovation
(Zhao, 2008; Li and Nie, 2010). Multiple theories have been
reported as to the exact relationship between environmental
regulation and technological innovation in China. For instance,
Neng and Feng-chao (2012) found that the “Porter’s Hypothesis”
only existed in the eastern part of China when they investigated
the influence of environmental regulation on technological
innovation in different regions. In addition, some scholars have
found that the relationship between environmental regulation
and technological innovation is not purely linear, but there is
a U-shaped relationship or an inverted U-shaped relationship
between them. On the other hand, Jiang et al. (2013) and
Wang and Liu (2014) found that the relationship between
environmental regulation and technological innovation is a
polygonal shape, and the influence coefficients between them vary
in different stages. However, scholars such as Bing et al. (2008)
and Xie (2008) have found an unclear relationship between
environmental regulation and technological innovation.

The above-mentioned local and global research examined the
relationship between environmental regulation and technological
innovation as a whole and did not distinguish the heterogeneity of
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industries. Factors such as resource endowment, factor structure,
and pollution level will cause different relationships between
environmental regulation and technological innovation in
various industries. Yu and Hu (2016) found that environmental
regulation has always had a negative impact on the technological
innovation of heavily-polluting industries, whereas it had a
significant promoting effect in moderately-polluting industries
and a U-shaped relationship in lightly-polluting industries. Liu
et al. (2017) also found a U-shaped relationship between the
impact of environmental regulation and industrial technological
innovation. At present, the intensity of environmental regulation
in China is on the left side of the inflection point, and
the U-shaped inflection point of pollution-intensive industries
appears later than that of clean industries. However, literature
analysis reveals that environmental regulation should have a
negative effect on the technological innovation of China’s heavily-
polluting industries. Compared with other industries, heavily-
polluting industries produce a lot of pollutants in production,
and environmental regulation seriously hinders the normal
development of the industry, greatly reduces the profits of
the industry, and repurposes investment in the enterprises
toward technological innovation. This dilemma is the reality
of heavily-polluting industries after the “smog event.” Public
opinion greatly affects the reputations of enterprises which can
intensify the financing constraints of enterprises. Concomitantly,
the government has stepped up the control of heavily-polluting
industries, and successively introduced a series of targeted control
policies. In 2012, the Ambient Air Quality Standard and the
Twelfth Five-Year Plan for the Prevention and Control of
Air Pollution in Key Areas were issued, and “smog control”
was written into the Environmental Protection Law of the
People’s Republic of China on April 24, 2014. The deterioration
of financing constraints, the strengthening of legislation, and
the restriction of the nature of industries further weaken the
innovation power of heavily-polluting industries which severely
handicaps their productivity. Therefore, this paper puts forward
the following assumption.

Hypothesis 1: After the “smog event”, the innovation
investment of heavily-polluting enterprises will decrease
significantly compared with non-polluting enterprises.

In addition, although both state-owned enterprises and private
enterprises are the products of the market-oriented reform in
China, there remain huge differences between them (Wu and
Qian, 2011). State-owned enterprises, as the embodiment of
national interests, consider both economic and social goals,
while private enterprises take survival and profit as their main
goals. Different strategic objectives of enterprises will also lead
to different innovative behaviors in enterprises. Xiao-Qing et al.
(2014) and other studies have found that the innovation efficiency
of state-owned enterprises is generally lower than that of private
enterprises. Zhao et al. (2014) and other studies have found that
there is a big difference in the innovative spirit between state-
owned enterprises and private enterprises—with the innovative
power of private enterprises stronger than that of state-owned
enterprises. Given these differences, it is worth asking how

will environmental regulation affect enterprise innovation?
Under the pressure of environmental protection, some large
heavily-polluting state-owned enterprises often need higher
investment in environmental protection, and environmental
regulation weakens the scale and capital advantages of state-
owned enterprises, thus affecting the innovation of enterprises
(Jiang et al., 2013). In addition, compared with private
enterprises, state-owned enterprises often bear huge social
responsibilities because of their unique political status. Under
strict environmental regulation, state-owned enterprises tend to
follow end-of-pipe pollution treatment to create the perception
of “environmentally friendly” practices. As a result, pollution
control costs increase, corporate profits decrease, and some
R&D investments are suspended. As for private enterprises that
strive to maximize profit, when faced with strict environmental
regulations they tend to improve their production technology
and production efficiency to offset the increased environmental
costs. After the “smog event”, it can be expected that both
state-owned and private heavily-polluting enterprises faced more
severe environmental pressure. Under the strong pressure of
environmental protection, the innovative behavior of state-
owned and private heavily-polluting enterprises will inevitably
form a great contrast. Based on this, this study puts forward the
following assumption:

Hypothesis 2: After the “smog event,” compared with private
heavily-polluting enterprises, the innovation investment
of state-owned heavily-polluting enterprises decreased
more significantly.

MODEL CONSTRUCTION AND
DESCRIPTIVE STATISTICS

Sample Selection and Variable Definition
The initial sampling period for this study is between 2009 and
2016. The initial samples include A-share companies in Shanghai
and Shenzhen Stock Exchanges as of December 31, 2008. The
key point of this paper is to choose the appropriate control
group and experimental group, i.e., to reasonably distinguish
the heavily-polluting listed companies from the non-heavily-
polluting listed companies. According to official documents, such
as the “Twelfth Five-Year Plan” on Air Pollution Prevention
and Control in Key Regions and the Announcement on the
Implementation of Special Emission Limits for Air Pollutants,
we manually selected companies belonging to heavily-polluting
industries (as defined in the documents) as the experimental
group of this study2. As for the control group, referring to
the matching strategy used by Liu and Liu (2015) and Sheng
et al. (2017): Guidelines for the Industry Classification of Listed
Companies (2012 Revision), and defined other listed companies

2Official documents point out that in key control areas, it is necessary to strictly
limit high-pollution projects in coal power, steel, building materials, coking,
non-ferrous metals, petrochemicals, chemicals, as well as other industries, and
implement special emission limits for atmospheric pollutants for these projects.
This article defines listed companies belonging to the above industries as heavily-
polluting enterprises.
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in the same category of heavily-polluting enterprises as non-
heavily-polluting enterprises, i.e., the control group of this study3.
Then, the sample data were screened as follows: (1) companies
with multiple missing values were removed; (2) listed companies
in the ST, ∗ST, and S∗ST categories during the sample period
with abnormal financial conditions were removed. Among them,
there were many missing data concerning the R&D investment
of the listed companies. The main reason is that on February
15th, 2006, the Ministry of Finance issued the Accounting
Standards for Business Enterprises No. 6-Intangible Assets,
which greatly revised the accounting treatment of the original
standard stating that the R&D expenses of enterprises should
be included in reporting current profits and losses. However,
many companies did not disclose R&D investment data in their
financial statements from 2008 to 2009. Therefore, the final
sample interval of this study was from 2010 to 2016, and the
final sample observation value was 3,066. The enterprise R&D
data of this study were retrieved from the CCER database, and
the financial and property rights data were obtained from the
CSMAR and RESSET databases.

As for the measurement of the innovation capability of an
enterprise, the research of Wen and Feng (2012) was used as the
reference, and the R&D investment intensity of enterprises was
used to measure their innovation capability. Among them, R&D
investment intensity is equal to the ratio of total R&D expenditure
to business income. To improve the accuracy of the model, this
study builds on previous studies and adds company characteristic
variables that may affect the innovation investment of enterprises
(Huihua et al., 2008; Wu, 2012; Wu and Tang, 2016). The control
variables of company characteristics include: the asset-liability
ratio (lev), the growth rate of main business income, the net profit

3The Guidelines for the Industry Classification of Listed Companies (2012
Revision) refers to the Classification of National Economic Industries (GBT4754-
2011), which divides the economic activities of listed companies into two levels:
category and main class. Correspondingly, the category code is represented by a
Latin letter, i.e., A, B, C, etc., which represents the different categories; the main
class codes are represented by two Arabic numerals, starting from 01 and encoded
sequentially.

rate of total assets (roa), intangible asset rate (int), company
size, and company age. The specific definitions are shown in
Table 1.

Model Construction
The main purpose of this study is to investigate the net
effect of the exogenous impact of the “smog event” on the
innovation behavior of heavily-polluting enterprises. Therefore,
we constructed the following DID estimation model:

yit = α1treati + α2aftert + β(treat × after)it + χcontrol+ εit
(1)

Among them, i represents the enterprise, t represents the
observation year, treati represents whether the sample belongs
to the dummy variable of the experimental group, and aftert
represents whether the sample is in the period after the “smog
event”; yit is the proxy variable of the innovation behavior of
the enterprise, which is expressed by the R&D intensity of the
enterprise in this study; control represents the control variable
that affects enterprise innovation; εit represents the random
interference term. The object of concern is the coefficient of
interaction β between treati and aftert . The net effect of the
“smog event” on the innovation behavior of heavily-polluting
enterprises is measured by β. If its value is negative, the
hypothesis of this study is proved, i.e., the innovation investment
of heavily-polluting enterprises dropped more obviously than
that of non-heavily-polluting enterprises.

Descriptive Statistics
Before DID estimation, the distribution of the experimental
group and the control group are first assessed to determine the
rationality of sample selection. Table 2 lists the industrial
distribution of 105 heavily-polluting enterprises in the
experimental group. As shown in Table 2, there was uneven
industrial distribution in the experimental group, which closely
resembled the actual distribution of listed companies in the
heavily-polluting industries of China and could depict the
whole to a certain extent. In addition, the sample companies

TABLE 1 | Variable definition.

Variables Variable description

Explained variable

R&D R&D intensity: the ratio of total R&D expenditure to operating income. R&D expenditure includes expensed expenditure and
capitalized expenditure.

DID variables

treat If the sample belongs to a heavily-polluting enterprise, its value is 1, otherwise, it is 0.

after If the sample is after 2011, its value is 1, otherwise, it is 0.

treat × after The product of the above treat and after.

Control variables

lev Asset-liability ratio: the ratio of total liabilities to total assets at the end of the period.

growth The growth rate of main business income: the ratio of the difference between the main business income of this year and the
previous year compared to the main business income of the previous period.

roa A net profit margin of total assets: the ratio of net profit to total assets.

int Intangible assets ratio: the ratio of net intangible assets to total assets.

size Company size: the natural logarithm of the total assets of the company at the end of the year.

age Company age: the establishment period of the company +1 takes the natural logarithm.
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TABLE 2 | Sample industry distribution of experimental group.

Industry code B09 C25 C26 C28 C29 C30 C31 C32 C44

Frequency 4 3 34 5 6 19 12 18 4

Proportion 3.81 2.86 32.38 4.76 5.71 18.10 11.43 17.14 3.81

of the experimental group included nine major industries,
accounting for 10% of the 90 major industries classified by
the China Securities Regulatory Commission, indicating good
representation by the samples.

Table 3 lists the descriptive statistics of the sample data in this
study. For financial data, outliers were extremely easy to occur.
To prevent the influence of outliers on model estimation, this
study truncated all sample data at the 1% level. As seen in Table 3,
the standard deviation of R&D of the explained variable was the
largest, indicating great differences in R&D for each sample, with
some of the differences potentially caused by the impact of the
“smog event.” This also reflects the rationality of the inference
drawn in this study.

The common trend assumption is the most critical assumption
of the DID method, which requires the experimental group
and the control group to have the same change trend before
the external impact. The common trend hypothesis sometimes
becomes a constant bias hypothesis, i.e., the experimental group
and the control group may be dissimilar, allowing them to
have certain differences. These differences are mainly caused
by unobserved confounding factors that do not change with
time. If there is no external impact, the differences between the
experimental group and the control group before and after the
impact point should be constant. Based on the above analysis,
Table 4 compares and analyzes the differences in innovative
behaviors between the experimental group and the control
group before and after smog. As seen in Table 4, before the
“smog event,” there was a significant difference in R&D intensity
between the experimental group and the control group, whether
using the mean or median tests, and the difference was mainly
caused by the different nature of the industries. After the
“smog event,” the difference in the R&D intensity between the
experimental group and the control group further widened. This
shows that the “smog event” had a certain impact on enterprise
innovation, but the specific impact still needs to be follow-up with
an empirical test.

TABLE 3 | Descriptive statistics of variables.

Variables N Mean Std. dev Min Max

R&D 3,066 3.034 2.523 0.040 12.520

lev 3,066 0.475 0.185 0.085 0.927

growth 3,066 0.154 0.369 −0.445 2.330

roa 3,066 0.042 0.059 −0.149 0.232

int 3,066 0.050 0.043 0.000 0.232

size 3,066 22.184 1.107 20.070 25.213

age 3,066 2.817 0.269 2.079 3.497

EMPIRICAL RESULTS AND ANALYSIS

The Overall Regression of the Impact of
“Smog” on Enterprise Innovation
Table 5 lists the full sample DID estimation results of the
influence of the “smog event” on enterprise innovation. This
study used R&D intensity as the proxy variable of enterprise
innovation, and mainly investigated the changes in enterprise
innovation behavior before and after the “smog event,” i.e.,
the coefficient of treat × after. If its coefficient is significantly
negative, it means that the “smog event” had a significant negative
effect on the innovation behavior of heavily-polluting enterprises,
and the expected hypothesis of this study is proved. Models (1)
and (2) represent benchmark regression, and only examined the
relationship between the DID variable and the explained variable.
Among them, model (2) controls the influence of the year and
industry. To improve the reliability of model estimation, model
(3) and model (4) added enterprise characteristic variables at the
company level as control variables of the model.

In both models (1) and (2), the coefficient of treat × after
was significantly negative at the 1% level. However, the goodness
of fit of model (2) was improved after controlling for the year
and industry characteristics. After adding the control variables
that reflect the characteristics of the enterprise, the treat × after
coefficients in models (3) and (4) were still significantly negative
at the 1% level. The goodness of fit of models (3) and (4) was
further improved, and the overall explanatory power of the model
was stronger. The regression results of models (1)–(4) show that
the “smog event” does have an impact on the innovation behavior
of heavily-polluting enterprises. After the “smog event,” the
innovation investment of heavily-polluting enterprises dropped
significantly, which verifies the previous deduction noted in this
study. Therefore, hypothesis 1 was proven in this study.

As for other coefficients, the treat variable depicts the
differences between the experimental group and the control
group, and its coefficients are significant in the four models,
indicating that there are significant differences in innovation
behaviors between heavily-polluting enterprises and non-heavily-
polluting enterprises, which is consistent with the results of the
mean and median tests mentioned above. After capturing the
variables responsible for the possible impact of other events on
the innovation behavior of enterprises in the same period after
the “smog event”, the most likely one was found to be the impact
of time. In the model, the coefficient of after was significantly
positive, indicating that with the passage of events, enterprises
are constantly strengthening their R&D investment, which was
consistent with the development law of enterprises. In addition,
the coefficient symbols of control variables at the enterprise level
are also in good agreement with previous literature.
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TABLE 4 | Group difference test of enterprise innovation variables.

Variable Control group Experimental group Mean diff. Median diff.

N Mean Median N Mean Median Chi2

Before the smog event

R&D 666 2.250 1.695 210 1.353 0.815 0.897 16.936

After the smog event

R&D 1,665 3.827 3.360 525 2.24 2.200 1.587 80.274

Quantile Regression of the Impact of the
“Smog” on Enterprise Innovation
The results of full sample regression proved that the “smog event”
had a negative impact on the innovation behavior of heavily-
polluting enterprises. However, for enterprises with different
R&D intensities, the impact of the “smog event” on innovation
behavior may have varied. Therefore, the difference in the smog
treatment effect under different R&D intensities was further
estimated by quantile regression.

A total of four quantiles (0.2, 0.4, 0.6, and 0.8) were selected for
estimation. Table 6 lists the estimation results of the treatment
effect in each quantile. To improve the explanatory ability
of the model, the year and industry characteristics were still
controlled in the model, and the control variable reflecting
the enterprise characteristics was added. The explained variable
of the model remained the R&D intensity. The results of the
quantile regression showed that for each quantile, the coefficient

TABLE 5 | Full sample DID regression results.

Variables (1) (2) (3) (4)

treat −0.913***
(0.125)

−0.911***
(0.128)

−0.678***
(0.115)

−0.657***
(0.117)

after 1.539***
(0.106)

1.799***
(0.173)

1.869***
(0.104)

2.481***
(0.173)

treat × after −0.659***
(0.161)

−0.667***
(0.163)

−0.675***
(0.151)

−0.691***
(0.153)

lev −2.473***
(0.283)

−2.155***
(0.286)

growth 0.190*
(0.112)

0.131
(0.113)

roa −3.208***
(0.946)

−2.564***
(0.948)

int −6.398***
(0.882)

−6.310***
(0.890)

size −0.230***
(0.039)

−0.281***
(0.040)

age −1.156***
(0.167)

−1.447***
(0.170)

constant 2.266***
(0.083)

2.216***
(0.315)

11.938***
(0.908)

13.535***
(0.963)

year and ind Uncontrolled Controlled Uncontrolled Controlled

N 3,066 3,066 3,066 3,066

R2 0.119 0.127 0.203 0.218

The numbers in parentheses are standard errors. The superscripted symbols * and
*** represent significant levels of 10 and 1%, respectively. The R2 values represent
adjusted R2 values when mixed regression was used.

of treat × after was significantly negative at the 1% level, i.e.,
the “smog event” had a negative effect on the R&D investment
of heavily-polluting enterprises. Further analysis showed that
the processing effect of the “smog event” was different in each
quantile. The treatment effects in the four quartiles were 6.3, 5.9,
5.32, and 11.07%, respectively. As the R&D intensity increased,
the treatment effects first decreased and then increased. This
indicates that the R&D intensity of the enterprise had a U-shaped
curve relationship with the “smog event.”

The Return of Sub-Property Rights of the
“Smog” on Enterprise Innovation
The unique institutional environment of China determines
the environmental differences between state-owned enterprises
and private enterprises. For these, the political pressure and
environmental pressure caused by the “smog event” were quite
different. After the “smog event,” the awareness of environmental

TABLE 6 | Quantile estimates results of corporate R&D intensity.

Variables Q = 0.2 Q = 0.4 Q = 0.6 Q = 0.8

treat −0.153
(0.099)

−0.334**
(0.135)

−0.509***
(0.158)

−0.622***
(0.201)

after 1.559***
(0.176)

2.133***
(0.190)

2.515***
(0.188)

3.144***
(0.307)

treat × after −0.630***
(0.132)

−0.590***
(0.128)

−0.532***
(0.194)

−1.107***
(0.253)

lev −0.997***
(0.245)

−1.514***
(0.303)

−1.939***
(0.307)

−2.844***
(0.453)

growth 0.185
(0.101)

0.211
(0.119)

0.006
(0.142)

0.208
(0.151)

roa 0.549
(0.773)

−0.058
(0.851)

−0.921
(1.082)

−4.241***
(1.262)

int −3.355***
(0.591)

−5.418***
(0.863)

−7.139***
(0.904)

−8.707***
(1.186)

size −0.176***
(0.035)

−0.308***
(0.044)

−0.270***
(0.047)

−0.329***
(0.070)

age −6.654***
(0.138)

−1.018***
(0.148)

−1.218***
(0.187)

−1.527***
(0.228)

constant 6.807***
(0.932)

11.927***
(0.938)

12.336***
(1.063)

16.490***
(0.151)

year and ind Controlled Controlled Controlled Controlled

N 3,066 3,066 3,066 3,066

R2 0.099 0.136 0.131 0.157

The numbers in parentheses are the standard errors. The superscripted symbols
** and *** represent significant levels of 5 and 1%, respectively. The R2 values
represent adjusted R2 values when mixed regression was used.
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TABLE 7 | Sub-property rights DID regression results.

Variables (1)
State-owned

group

(2)
Private group

(3)
State-owned

group

(4)
Private group

treat 0.484*
(0.279)

1.155***
(0.235)

0.760**
(0.310)

1.356***
(0.293)

after 2.122***
(0.192)

1.413***
(0.240)

2.727***
(0.198)

1.862***
(0.258)

treat × after −1.054***
(0.191)

−0.129
(0.235)

−1.122***
(0.178)

−0.099
(0.232)

Control
variables

Uncontrolled Uncontrolled Controlled Controlled

tear and ind Controlled Controlled Controlled Controlled

N 1,736 1,330 1,736 1,330

R2 0.369 0.304 0.411 0.378

The numbers in parentheses are the standard errors. The superscripted symbols *,
**, and *** represent significant levels of 10, 5, and 1%, respectively. The R2 values
represent adjusted R2 values when mixed regression was used.

TABLE 8 | Robustness test of smog and enterprise innovation.

Variables (1) (2) (3) (4)

treat −0.243***
(0.082)

−0.508***
(0.104)

−0.660**
(0.292)

−0.450
(0.279)

after 1.397***
(0.150)

0.614***
(0.124)

1.966***
(0.202)

2.800***
(0.209)

treat × after −0.348***
(0.129)

−0.225*
(0.135)

−0.658**
(0.309)

−0.592**
(0.295)

Control
variables

Uncontrolled Controlled Uncontrolled Controlled

year and ind Controlled Controlled Controlled Controlled

N 3,066 3,066 2,696 2,696

R2 0.055 0.392 0.110 0.215

The numbers in parentheses are the standard errors. The superscripted symbols *,
**, and *** represent significant levels of 10, 5, and 1%, respectively. The R2 values
represent adjusted R2 values when mixed regression was used.

protection returned to the people, and the heavily-polluting
state-owned enterprises became the “culprits” of pollution.
Under the strong pressure of environmental protection, the
heavily-polluting state-owned enterprises could only adopt short
and quick end-off-pipe treatment methods to reflect so that
the government and the public can see their “environmental
performance.” Private enterprises, after the “smog event” faced
stricter environmental regulations. To survive and develop,
they had to increase R&D investment to meet the national
environmental protection requirements.

Therefore, this study expects that, under the “smog event” and
a consequential series of environmental pressures, the innovation
behaviors of state-owned and private heavily-polluting
enterprises would be different. State-owned enterprises had
weak innovation motivation to fulfill their social responsibilities,
while private enterprises had strong innovation motivation due
to survival pressure. Table 7 lists the results of the regression
of property rights DID grouping. As discussed above, this
part is still concerned with the coefficient of treat × after.
For conciseness, the estimation results of control variables are

not listed in this study. Models (1) and (2) are the results of
property right grouping regression without introducing control
variables. The model results show that the coefficient of the
state-owned group treat × after was significantly negative
at the 1% level, while the coefficient of the private group
treat × after was not significant. Models (3) and (4) grouped
regression results after introducing control variables. The
sign and significance of the two groups of the treat × after
coefficients did not change but the values did. The results of
sub-property rights DID regression show that after the “smog
event,” compared with private heavily-polluting enterprises,
the innovation investment of the state-owned heavily-polluting
enterprises decreased more significantly, whereas the negative
effect of the “smog event” on the private heavily-polluting
enterprises was not significant. Therefore, hypothesis two is
proven from these results. Among them, a possible explanation
for the non-significant negative effect of the “smog event”
on the heavily-polluting private enterprises is that under the
greater pressure of environmental protection, although private
enterprises tend to increase R&D investment, the “smog event”
caused greater financing constraints (Sheng et al., 2017).
The interaction between innovation tendency and financial
constraints means the impact of the “smog event” on the
technological innovation of heavily-polluting private enterprises
is full of uncertainty.

Robustness Test of the Impact of the
“Smog” on Enterprise Innovation
The empirical results of this study have verified that the research
logic of this study is reasonable to some extent. However, to
ensure the robustness of the empirical results, the robustness test
of the empirical results is needed. The logic of the robustness
test is as follows: First, the explained variable was changed. In
our previous article, R&D investment intensity was used as the
proxy variable of enterprise innovation. Here, the total R&D
expenditure of enterprises was used as the explained variable
to test whether the “smog event” had a negative processing
effect on enterprise innovation. Second, using the research
method of Hou et al. (2015), this study used the method of
the placebo test to set a pseudo-smog event as the placebo
before the smog event to test the robustness of the model.
Theoretically speaking, if there is a causal relationship between
the “smog event” and the innovative behavior of heavily-polluting
enterprises, then the processing effect of the “smog event” should
not be significant if the event does not happen. The specific
design of the placebo test was as follows: 2010 was set as
the occurrence point of the “smog event,” and the research
samples were taken from 2009 to 2016. In 2009–2010, the
value of the after variable was 0, and after 2010, the after
variable was 1. The treat variable was the same as above,
with 1 for heavily-polluting enterprises and 0 for non-heavily-
polluting enterprises.

Table 8 lists the results of the robustness test. Models (1)
and (2) represent the test results of replacing the explained
variables, and models (3) and (4) the results of the placebo
test. The empirical results of models (1) and (2) showed
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that after changing the explained variables, the “smog event”
still had a negative impact on the innovation behavior of
heavily-polluting enterprises. Furthermore, whether the control
variables are introduced or not, the treat × after coefficient
remained significantly negative. The conclusion of changing the
explanatory variables was consistent with that in Table 5. The
empirical results of models (3) and (4) showed that whether
control variables were introduced or not, the pseudo “smog
event” had a negative impact on the innovation behavior of
heavily-polluting enterprises. This result was contrary to our
expectation of a placebo test and almost overturned the previous
research conclusion. However, further analysis showed that the
placebo test needed multiple periods of historical data for
support. Nevertheless, due to the data limitation, this study could
only advance the placebo time by one period, which caused the
virtual “smog event” time to be too close to the actual “smog
event” time, failing the criteria of the placebo test. The results
of the placebo test showed that, although the pseudo “smog
event” had a negative impact on the innovation behavior of the
enterprises, the significance of the treatment effect was lower
and the degree smaller compared with the actual “smog event.”
This result proved the robustness of this conclusion from the
side, because with approaching authenticity, the possibility of a
significant treat × after coefficient is greater, which reveals that
the concept of “green development” is a deeply rooted sentiment
for people. In this regard, the influence of environmental
regulation on enterprise behavior cannot be achieved overnight
but requires a process of continuous evolution.

CONCLUSION AND IMPLICATION

In this paper, under the national “double carbon” strategy, using
the exogenous shock of “PM2.5 explosion” in many regions of
China at the end of 2011 as well as the DID method, it was found
that the R&D intensity of heavily-polluting enterprises decreased
significantly compared to non-heavily polluting enterprises after
the “smog event.” The effect of the “smog event” on firms with
variable R&D intensities differed significantly, with a U-shaped
curve relationship between the two. The regression results of the
property grouping showed that the negative effect of the “smog

event” on private heavy polluters was not significant, while the
decrease in innovation investment of state-owned heavy polluters
was more significant. After the variable test and placebo test, the
model results were still robust.

This study only discussed the innovation behavior of
enterprises from the aspect of R&D investment without
discussing the influence of the “smog event” on the innovation
output of enterprises. In addition, the innovation behavior of
enterprises is only one aspect of many behaviors of enterprises.
In this regard, the influence of environmental regulation
on enterprise behavior should be discussed from multiple
angles concerning the exogenous impact of the “smog event”.
Mechanisms to enhance the innovation ability of heavily-
polluting enterprises via advances in science and technology
should also be elucidated to consolidate energy saving and
emission reduction. Lastly, the existence and applicability of
Porter’s Hypothesis in China should be discussed from the micro-
enterprise level.
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