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Abstract
We analyze the real effects of the environmental regulation on technological innovation using an air pollution reduction
governance policy promulgated in China under the 12th Plan in 2012. We treat the Air Pollution Prevention Policy as a quasi-
natural experiment that is plausibly exogenous to the firms’ innovation policy and thus use the difference in difference (DID) as
an identification strategy in our analysis. We provide evidence that environmental regulation substantially promotes innovation
productivity. Our findings reveal that this impact is more pronounced for state-owned firms, pollution-intensive industries, and
high-tech-intensive industries. We uncover three possible underlying economic mechanisms through which the air pollution
reduction policy impacts innovation. We show that government financing, external governance from the capital market, and
R&D intensity are three underlying economic channels through which environmental regulation promotes technological inno-
vation. Collectively this study’s policy implication is that industrial policies that promote greener environments can enhance
economic performance.
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Introduction

Since 1978, the Chinese government has implemented several
policies to drive economic growth. The Chinese economy
experienced miraculous growth for three decades in response
to these policies. However, the Chinese economy’s stellar
growth also contributed to extreme pollution levels (Dong
et al. 2020a) to the extent that several Chinese cities are ranked
as the most polluted cities in the world (Su et al. 2011). In
recent years, the Chinese government committed to sustain-
able innovation-led growth and implemented several environ-
mental policies to reduce air pollution (Chen et al. 2019;

Zhang et al. 2019) and to mitigate pollution-related effects
on the society and human health (Gu et al. 2019, 2020a, b;
Elahi et al. 2020). While it is clear that environmental policies
benefit the society, researchers are still grappling with whether
environmental policies promote or inhibit growth at micro and
macro levels. Various studies have recently focused on pollu-
tion emissions and environmental policies (Chang et al. 2018;
Bu et al. 2020; Dong et al. 2019; Hu and PanX 2020;
Rexhäuser and Rammer 2014; Zhang et al. 2019). However,
there are limited studies with mixed evidence that explain the
impact of environmental regulation on technological innova-
tion using quasi-natural experiments in China. Therefore, this
study fills this void by examining how firm innovation poli-
cies respond to a mandatory environmental regulation that is
plausibly exogenous to the firm environment.

Some studies argue that environmental policies reduce neg-
ative external costs to the society but at high private costs
(Ambec et al. 2013; Shi et al. 2018; Blackman et al. 2010).
Environment regulations may impose substantial compliance
costs on firms, which could reduce the firms’ financial capac-
ities to invest in new technological products. Thus, environ-
mental policy can depress firm productivity and innovation
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activities in financially constrained firms with limited internal
resources and low access to external finance. In contrast, some
studies use the Porter hypothesis to show that environmental
regulation increases firm creativity and performance (Porter
and van der Linde 1995; Rexhäuser and Rammer 2014; Van
Leeuwen and Mohnen 2017; Hu and PanX 2020). Thus, the
implications of environmental regulation on firm performance
are not clear in the literature.

To answer this question, we analyze the real effects of
environmental regulations on technological innovation using
an air pollution reduction governance policy, which was offi-
cially promulgated in China under the 12th Five Year Plan in
October 2012 by the State Council. The Air Pollution
Prevention Policy (APPP) in the 12th Five Year Plan targeted
key regions classified as air quality control zones and set some
targets for air pollution reduction in these policy regions1. One
peculiarity of these targeted regions is that they have high
economic activity and account for China’s highest pollution
levels. The APPP policy zone covers Beijing, Tianjin, Hebei,
the Yangtze River Delta Area, the Pearl River Delta Area, and
10 urban clusters, involving 117 cities and 19 provinces in
total2. The policy outlined some specific measures to reduce
SO2, NOx, PM2.5, and other emissions like eliminating out-
dated and high pollution-intensive furnaces, installing pollu-
tion reduction equipment, using cleaner fuels, and several
control measures to mitigate pollution levels. The policy peri-
od was characterized by intensive monitoring by both local
and central leaders to enforce compliance and assist firms in
the targeted regions to meet the set targets. Thus, this kind of
policy has the potential to affect the operating strategy and
innovation ability of firms, as firms in targeted regions are
likely to switch to technology products and cleaner energy
to meet regulation requirements.

Taking advantage of the APPP regulation, we assemble a
sample of Chinese A-shares listed firms and divide it into two
groups to examine the causal impact of this environmental
policy on firms’ ability to innovate. Firms in the affected areas
are used as the treatment group and those in unaffected areas
as the control group. Since the APPP policy could have been
triggered by excessive pollution levels and targeted at air pol-
lution reduction other than technological innovation, it thus
constitutes a quasi-natural experiment that is plausibly exog-
enous to the firms’ innovation policy. Furthermore, since the
APPP policy is mandatory for some regions, it allows us to
compare the policy effects on innovation variation for firms in
targeted regions and those in non-policy areas. Also, the
APPP regulation is one of the most comprehensive and strict

environmental regulations implemented by the Chinese au-
thorities as they declared “war” against excessive pollution.
Therefore, we employ the difference in difference (DID) as an
identification strategy in our analysis. The policy setup mini-
mizes the omitted variable bias or reverses causality concerns
that emanate from unobservable firm and location
characteristics.

We isolate the causal effect of environmental regulation on
technological innovation by comparing the post-APPP inno-
vation productivity of firms in policy regions (treatment
group) and innovation output for firms in non-policy regions
(control group). We provide evidence that firms in policy
regions substantially increased their innovation productivity
after the implementation of the APPP. Our study results con-
tinue to hold after controlling for several variables, year fixed
effects, industry fixed effects, province fixed effects, and firm
fixed effects. We carry a host of tests that mitigate the concern
that our results could be explained by pre-existing trends,
reverse causality, or other confounding factors. We mitigate
confounding selection issues between the treatment and con-
trol groups using the Heckman two-stage correction and pro-
pensity score-matched samples.

We uncover three potential underlying economic channels
through which environment regulation influences firm inno-
vation policy. We identify government support, external gov-
ernance/monitoring, and R&D intensity as three plausible
mechanisms that strengthen the positive impact of environ-
mental policy on innovation. We first show that environmen-
tal regulation promotes innovation through R&D subsidies.
This evidence is consistent with the “helping hand” hypothe-
sis and the conjecture that less financially constrained firms
respond better to climatic shocks by innovating more. We also
observe that the impact of APPP on innovation is more pro-
nounced for state-owned firms.

Next, we examine our second mechanism, which we call
the external governance/monitoring channel. We provide ev-
idence that firms in policy regions are followed by more fi-
nancial analysis around the policy implementation. We also
show that external governance(monitoring) proxied by the
number of financial analysts is another plausible channel
through which environmental regulation promotes innovation
output. This evidence is consistent with the idea that increased
information disclosure and extensive pressure from financial
analysts induce firms to respond to environmental policies by
investing more in sustainable projects with social outcomes.
Additionally, we also provide evidence that the APPP regula-
tion promoted innovation through investment in R&D
projects.

Lastly, we employ a within-industry variation to examine
the real effects of environmental regulation on firm innova-
tion. We identify industries according to their pollution inten-
siveness and high tech-intensiveness. The APPP regulation’s
main target was to reduce air pollution emissions and thus had

1 http://www.cleanairchina.org/file/loadFile/9.html
2 The thirteen covered regions include the Beijing-Tianjin-Hebei area, the
Yangtze River Delta, the Pearl River Delta, central Liaoning, Shandong prov-
ince, Wuhan and its surrounding area, Changsha-Zhuzhou-Xiangtan,
Chengdu, Fujian province, north-central Shanxi, central Shaanxi, Gansu prov-
ince and Ningxia Autonomous Region, and Urumqi.
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a huge impact on pollution-intensive industries, which ac-
count for a greater proportion of emissions. Therefore, if the
policy increased the firms’ ability to innovate, we expect the
impact to be more pronounced for policy firms in pollution-
intensive industries. Since high-intensive firms invest more
resources into innovation projects, we expect to observe a
jump in innovation output for high-tech industries in policy
regions after the policy if environmental air pollution regula-
tion promotes technological innovation. We carry our analy-
ses and in consistent with our expectations, we find that firms
in high-pollution intensive industries and high-tech intensive
industries innovate more than their peers during the policy
period.

This study contributes to the green policy and innovation
literature in various ways. Our study fills the gap in this liter-
ature and provides a new research direction for studying
China’s emission reduction policies. First, we show that envi-
ronment regulation promotes innovation productivity using
novel empirical analysis. We exploit a difference in difference
analysis conditioned by a quasi-natural experiment to isolate
the direction of causality. Thus, we extend the literature by
providing causal evidence in support for the use of emissions
reduction policies that address serious environmental prob-
lems and induce firms to invest in new technologies.

Second, this study uncovers three mechanisms through
which air pollution reduction policy impacts innovation.
This paper is among the first to elucidate the real effects of
government funding in promoting compliance and technolog-
ical innovation. Unlike other papers, we present a clear path
that regulators need to take to promote a win-win outcome.
We show that government financing strengthens the positive
effect of environmental regulation on technological innova-
tion. In this context, environmental policies supported by
funding from the government can promote a cleaner environ-
ment and innovation-led economic growth.

Third, our study contributes to a set of corporate be-
havioral finance literature that examines how capital mar-
ket players encourage environmental compliance and in-
fluence a firms’ commitment to sustainable investments
(Starks et al. 2017; Kim et al. 2019; Tao et al. 2020;
Mbanyele 2021c). Our study uncovers a novel contribu-
tion to the literature on the governance effects of external
information demand and monitoring pressure. In related
studies, Johnson (2020) indicates that information revela-
tion of violators promotes compliance by other players,
while Chu et al. (2021) show that shaming and informa-
tion disclosure of violators enhance firms’ environmental
innovation abilities. In contrast to these studies that focus
on general stakeholders, this study specifically highlights
the role played by key capital market players through
external governance/monitoring from the capital market
in promoting high-impact innovation. We show that ex-
ternal monitoring/governance from the capital market is

another plausible channel through which environmental
regulation encourages innovation3.

Lastly, our study findings have policy implications to reg-
ulators that can be implemented in China and other countries
facing similar environmental problems. We show that sustain-
able policies do not inhibit growth but rather can stimulate
economic growth through technological transfer. This paper
also shows that the government and the capital market are
both essential in promoting environmental policy compliance
and firm performance.

We proceed as follows: the “Related literature and econom-
ic theory” section discusses the literature and theory, the
“Methodology” section explains the data and methodology,
the “Empirical results” section presents the results, and the
“Conclusion and policy implications” section concludes and
provides recommendations.

Related literature and economic theory

Extant literature is divided on the real effects of environmental
regulation on firm innovation productivity. According to
Porter (1991), the benefits of environmental regulations de-
pend on how they are implemented. The Porter hypothesis
reveals that environmental regulations can help firms to be-
come more competitive and innovative (Porter and van der
Linde 1995). Thus, from this perspective, environmental pol-
icies benefit society and positively influence firm innovation
performance (Ambec and Barla 2006). However, the success
of environmental policies like other economic policies has
some conditions to be met for them to be successful
(According to Porter and van der Linde 1995).

Firstly, a policy needs to be properly designed and execut-
ed for it to be successful. According to Williamson (1999),
effective public policies should be market-oriented but mod-
erated with some administrative control mechanisms. Thus,
regulators need to enforce flexible policies coupled with in-
centives to motivate regulated firms to adopt the policies
(Majumdar 2001). Flexible policies help firms to meet the
regulatory requirements using their own creative strategies.
For instance, if the regulator sets an emission cap, firms may
search for alternative ways to meet the emissions cap by
redesigning their production systems or invent new equipment
to meet the regulatory requirements. Thus, in this context, a
flexible environment regulation with clear goals can promote
firm innovation. In contrast, a rigid environmental regulation
with strict requirements may impose excessive compliance
costs on firms and results in more resources being channeled
towards pollution emissions reduction while reducing the re-
sources that could have been used for innovation (Ambec

3 We observe this effect in cross sectional analyses but the effect disappears in
a time series analysis
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et al. 2013). This caveat possibly explains mixed results in
environmental regulation research evaluating different poli-
cies in different regions.

Secondly, according to the Porter hypothesis, a policy’s
effectiveness depends on how regulatory firms respond to
the regulations. Firms may choose to be passive and continue
their business operations as usual while complying with reg-
ulations through the payment of regulatory taxes. Depending
on the nature of the policy, some firms may comply with the
regulations by buying expensive equipment to meet regulato-
ry thresholds. A passive response to the environmental policy
could increase operating costs, reduce profitability, and crowd
out limited financial resources for innovation activities. Thus,
sustainable policies are likely to harm firms with limited dy-
namic capabilities to adjust to evolving social expectations.
However, creative firms can respond to environmental regu-
lation by reconfiguring their systems to align with the dynam-
ic environment. In a flexible regulation, firms invest their re-
sources and use their innovation capabilities to comply with
regulatory requirements at little cost. Thus, proactive firms
can perform better and become more competitive after an
environmental policy regulation while meeting the regulatory
requirements towards sustainability (Wu et al. 2012;
Christmann 2000). Therefore, heterogeneous firm characteris-
tics may also influence environmental policy outcomes. For
instance, some firms may respond to air pollution reduction
regulations by innovating more while other firms may choose
to reduce the pollution levels by reducing output or just pay
taxes for producing more than required quantities.

From a policy and governance perspective, firms that are
responsible for heavy pollution emissions could be forced to
comply with the regulatory requirements to avoid receiving
negative media coverage and huge penalties for emissions
violations (Johnson 2020). Thus, these penalties and negative
information disclosure could motivate responsible firms to
change their behavior and encourage other non-violators to
change their operating systems to avoid costly negative atten-
tion and penalties. Thus, in response to strict environmental
regulations, firms could reallocate more of their valuable fi-
nancial resources to produce more green products. Therefore,
environmental pollution regulation with strict monitoring can
induce firms to innovate more, especially in green products.

Several studies have been done across the world to under-
stand the impact of environmental regulations on firm
performance and innovation. However, the empirical
literature offers mixed results, possibly due to the reasons
provided in previous sections. One strand of literature
provides evidence that environmental regulations induce
firm innovation productivity. In their study for firms in
Germany, Rexhäuser and Rammer (2014) reveal that firms
innovate more in response to policy regulations than through
voluntary environmental commitments. Additionally, using a
firm-level survey for Chinese firms, Bu, Qiao, and Liu (2020)

show that voluntary environmental regulation is positively
related to corporate innovation. They document that the effect
of voluntary environmental commitment contributes to more
innovation than mandatory regulation from the government.
In support of this positive link, Hu and PanX (2020) find that
the carbon emission trading system (CETS) pilot project in
China contributes to an increase in firm-level innovation pro-
ductivity. Additionally, Franco and Marin (2017) analyze a
sample of European countries and find that environmental
policies improve firm-level innovation productivity. Several
studies from other countries also support that environmental
regulation can induce firms to invest in technological innova-
tion (Jaffe and Palmer 1997; Lee et al. 2011; Acemoglu et al.
2012; Nesta et al. 2014; Chakraborty and Chatterjee 2017).

In contrast, another strand of literature argues that environ-
mental policies help to reduce negative external costs to soci-
ety but at high private costs (Blackman et al. 2010). For in-
stance, environmental regulation compliance costs could in-
crease firms’ cost burden and reduce firm profitability (Shi
et al. 2018). Thus, an environmental policy could harm finan-
cially constrained firms with limited internal resources and
low access to external finance (Ambec et al. 2013).
Therefore, financially constrained firms could respond nega-
tively to climatic shocks to the extent that they reduce their
innovation capabilities. Stucki et al. (2018) providence evi-
dence that environmental regulation discourages innovation
by crowding out resources for innovation investments.

In a study of Chinese firms, Li et al. (2019) reveal that com-
mand and control environmental regulations impede technolog-
ical innovation. However, in cross-sectional analyses, they show
that the command-and-control regulation promotes innovation in
the Western region and discourages innovation in the Eastern
region. In a related but different setting, Dong et al.
(2020b) find that the environmental regulatory efficiency of haze
control varies from one region to another. Thus, it can be argued
that the efficiency and success of environmental regulations vary
with regional institutional dynamics (Dong et al. 2019).

Methodology

Data

This study uses a sample of Chinese A-listed firms from 2008
to 2016. We collect all firm-level data from CSMAR and
WIND databases. Since the Air Pollution Prevention Policy
came into effect in 2012, we allow for a window period of 4
years before the policy and 4 years after the policy year so that
we can observe the policy effects. We make several restrictions
on our sample. Firstly, we drop all financial firms and utility
companies that are heavily regulated from the sample. Next, we
drop all firms that could have different factory plants in differ-
ent regions. Since the APPP policy is region-specific, our

12893Environ Sci Pollut Res  (2022) 29:12890–12910



identificationmay suffer frommeasurement errors if the sample
includes firms with multiple plants in different regions.4 We
also removed all firms with missing information. Our final
sample is an unbalanced panel with 16906 firm-year observa-
tions. To eliminate skewness bias, we follow prior literature and
winsorize all the continuous variables at 1% and 99% cut-off
(Mbanyele 2021b; Mbanyele and Wang 2021).

Data description

Innovation

Some studies use R&D expenditure as a measure of innova-
tion (Mbanyele 2021a); however, this measure only explains
the innovation intensity or input but does not reveal its success
(Aghion et al. 2013). Firstly R&D expenditures are insuffi-
cient in explaining the depth and length of innovative firms’
observable and non-observable strategies. Secondly, R&D ex-
penditure suffers from accounting treatment problems; some
firms capitalize on R&D expenses while some treat them as an
expense for strategic purposes, thus weakening the use of
R&D as a measure of corporate innovation.

Patents have been linked to firm performance, and many
studies have been using them as an innovation output follow-
ing pioneer works of Schmookler (1966), Scherer (1982), and
Griliches (1984). A major advantage of patent data is that it is
available for a universe of both public and private firms.
However, one setback for patent counts is that some compa-
nies keep their inventions as a competitive secret and do not
apply for patents (Kleinknecht et al. 2002; Arundel and Kable
1998). Patent counts have less association with the firm’s
performance; thus, citation counts per patent have been used
in literature as a complementary measure for patents as they
measure the quality of innovation like generality, originality,
and relevance (He and Tian 2013). The use of patent citations
helps to evaluate the quality of inventions and economic sig-
nificance (Hsu et al. 2014). Patent citations are an effective
measure of the firm’s productivity as they have a significant
relationship with the firm’s market value.

Although there is still debate on the best measures for firm
innovation, this study uses patents as the main measure of
innovation and uses R&D expenditure for robustness checks.
In China, patents are classified into three classes, which are
utility models, inventions, and designs. Of the three patent
classes, invention patents have higher quality than utility pat-
ents and design patents (Tan et al. 2020). Therefore, we use
two measures of innovation, the total number of patents and
the number of patent inventions, to capture the quality of firm
innovation. We normalize all our innovation measures using
natural logarithms to reduce skewness bias.

Control variables

The study controls several control variables that have been found
to influence innovation in prior studies (Tan et al. 2020;
Mbanyele 2021a; Wang et al. 2020) (Table 12 of the
Appendix). The study measures firm age as the difference be-
tween fiscal year t minus the year the firm was established and
uses it to control for the firm life cycle. The natural logarithm of
the book value of total assets is used to capture firm size.
Leverage is calculated as the book value of total debts divided
by the book value of total assets. Given that in China, the state is
a dominant player, we control for state ownership. A firm’s
profitability may influence the magnitude and depth of firm in-
novation policy; thus, we include return on assets as a control
variable. We also control for asset tangibility using the firm’s
expenditure on capital expenditure over total assets. We control
for a firm’s growth opportunities using the Tobin Q. This study
also controls for several governance variables that impact inno-
vation like board independence and institutional ownership. We
use the Herfindahl Hirschman Index (HHI) to control for product
market competition. Aghion et al. (2005) show that competition
influences a firm’s innovation abilities. We provide detailed ex-
planation of our variables in Table 12 in the Appendix

Identification strategy

Studying the real effects of environmental sustainability on
firm performance is challenging due to endogenous problems.
To deal with this challenging task, we exploit a quasi-natural
experiment to establish the direction of causality. We treat the
APPP regulation implemented in 2012 as a plausible exoge-
nous event and employ the difference in difference estimation
as the identification strategy. This helps us to observe the
patenting behavior of firms before and after the policy imple-
mentation in 2012. The APPP is a regional policy that targeted
certain key regions and thus satisfies the conditions of
implementing a difference in difference analysis comparing
the firms in the policy areas and firms not affected by the
policy. All firms in policy areas are classified as the treatment
group, and those outside the targeted regions are classified as
the control group. Since China is a big country with many
provinces and cities, our results may be confounded by differ-
ences in how different regions implement the national policies
in their jurisdictions. Thus, our study may suffer from omitted
variable bias. To mitigate this problem, we control for
province-fixed effects. In addition, we control for year fixed
effects, industry fixed effects, and firm fixed effects to capture
changes in business policies with time and changes in industry
dynamics. The following model is used in our regressions:

Innovationi;t ¼ aþ β1Post
*APPPi;t þ β2Post

þ β3APPPi;t þ θControlsi;t þ δi;t þ εi;t ð1Þ
4 Our study results are not altered if we include these firms in the sample
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where Innovation represents the natural logarithm of one
plus the number of total patents (patent) and the natural loga-
rithm of one plus the number of patent inventions (invention).
Post is the year of policy implementation-2012. APPP is a
dummy variable that equals 1 for all firms in the policy areas
and zero otherwise. Controls represents firm age, firm size,
leverage, state ownership, return on assets (ROA), Tobin Q,
Capex, board independence, Herfindahl Hirschman Index
(HHI), and institutional ownership. δ represents year fixed
effects, firm fixed effects, province fixed effects, and industry
fixed effects. All standard errors are clustered at the firm level.

Descriptive statistics

Table 1 reports descriptive statistics for the main variables
used in this study. Patenting data shows average values of
29.044 and 14.363 for total patents and invention patents,
respectively. This suggests that more than half of the inven-
tions in our sample are utility and design patents, which are
symbols of low-quality innovation. On average, firms spend
108 million RMB on R&D expenditure. About 75% of the
firms in our study sample are in the APPP targeted regions.

Validity tests

We first need to test whether the APPP regulation is a plausi-
bly exogenous shock to the firm’s innovation environment.
Our DID identification strategy has to meet certain assump-
tions for it to be valid. The treatment group and the control
group must meet the parallel trend test before the shock; that
is, they should show some similar trends in their innovation

productivity, which enable us to compare the differences for
firm innovation output after the environment policy is imple-
mented. We use graphs in Fig. 1 a and b to show the average
innovation output trends before and after the environmental
regulation for the treatment group (APPP=1) and the control
group (APPP=0).

The dashed line shows the average number of patents pro-
duced by firms in the targeted policy regions (treatment). The
solid line displays average patent output for non-policy firms
(control). The pre-trend for patent output (total patents and
invention patents) shows a clear parallel for the two groups
leading up to the APPP environmental policy; thus, the paral-
lel trend assumption of the DID identification is satisfied.
However, the gaps between the treatment and the control
groups widen after the policy year. There was a jump in patent
output (total patents and invention patents) after the policy
shock for the treatment group compared to a slow, stable rate
for the control group. Overall, Fig. 1 a and b show that after
the APPP environmental policy, firms in targeted regions in-
crease their innovation productivity more than their counter-
parts in non-targeted regions.

Empirical results

Baseline results

In this section, we analyze the impact of the policy on firm
innovation productivity. Table 2 presents baseline regression
results using the Difference in Difference models. Tabulated
results in Table 2 columns 1–2 show that our main variable

Table 1 Descriptive statistics
N Mean St.Dev P25 Median P75 Min Max

Patent (raw) 16,906 29.044 209.663 0 2 14 0 7073

Patent invention (raw) 16,906 14.363 143.028 0 0 5 0 5855

Patent (log) 16,906 1.483 1.634 0 1.099 2.708 0 8.864

Invention (log) 16,906 1.018 1.322 0 0 1.792 0 8.675

APPP 16,906 .753 .432 1 1 1 0 1

RD expenditure
(000000RMB)

16,906 108 727 0 17.9 65.8 0 73800

Institution 16,906 3.744 4.748 .594 2.011 5.025 0 53.665

Capexta 16,906 .054 .053 .016 .038 .075 0 .642

Leverage 16,906 .445 .223 .273 .441 .608 .007 6.281

Tobin Q 16,906 2.864 10.264 1.435 2.046 3.167 .219 983.491

ROA 16,906 .044 .067 .015 .039 .071 -1.375 1.09

Independence 16,906 3.234 .631 3 3 3 0 8

SOE 16,906 .425 .494 0 0 1 0 1

Age 16,906 16.53 5.281 13 16 20 1 67

Size 16,906 22.127 1.314 21.205 21.944 22.851 14.942 28.509

HHI 16,906 0.126 0.132 0.049 0.082 0.157 0 1
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Post*APPP is positive and significant at 1% levels across all
measures of innovation. The results are robust to controlling
for several firms and governance variables, industry fixed ef-
fects, province fixed effects, and year fixed effects. We also
control for firm fixed effects in Table 2 for models 3–4 to
control for time-invariant firm characteristics. Controlling
for firm fixed effects helps us to observe the changes in inno-
vation productivity following the policy change using a time
series analysis. Our study results are also economically and
statistically significant. The coefficients are slightly different
from the results displayed in Table 3, columns 1–2. The slight
variations may be possibly attributed to some variables that
may have been omitted in our model that impact innovation.
Collectively our findings support that the Chinese APPP pol-
icy launched in 2012 as part of the 12th national five-year plan
contributed to a disproportionate increase in innovation for

firms in pilot areas. Thus, the policy was successful in pro-
moting innovation-led growth with minimal environmental
externalities. Our findings are consistent with the Porter hy-
pothesis and other empirical studies that established a positive
link between environmental regulation and innovation (Bu
et al. 2020; Hu and PanX 2020).

Regarding control variables, we observed that most of
them display expected signs in line with prior studies. For
instance, models 1–2 in Table 2 show positive significant
coefficients for institutional owners, capital expenditure, re-
turn on assets (ROA), board independence, and firm size
(Aghion et al. 2013). In contrast, debt and firm age are in-
versely related to innovation productivity.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

a

b

0
1
0

2
0

3
0

4
0

-4 -3 -2 -1 0 1 2 3 4

Year

0 APPP 1 APPP

Total Patents
0

5
1
0

1
5

2
0

-4 -3 -2 -1 0 1 2 3 4

Year

0 APPP 1 APPP

Invention Patents

Fig. 1 a, b Validity test—pre-
trend. Dashed line shows the
average number of patents
produced by firms in the targeted
policy regions (treatment) and
solid line the average patent out-
put for non-policy firms (control)
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Endogeneity

We have tried to reduce endogeneity concerns in our study by
exploiting a quasi-natural experiment that is plausibly exoge-
nous to a firm’s innovation policy and using firm fixed effects
in our regressions. However, there is a possibility that our
findings are confounded with other endogenous issues. For
instance, it is possible that the environmental regulation was
evoked in response to high innovativeness in the policy re-
gions. Thus, if the authorities targeted the firms in the policy
regions due to their innovativeness, our results might be

confounded by reverse causality bias. Therefore, to improve
our analysis, we employ two econometric strategies to deal
with possible endogeneity concerns. We first use the
Heckman two-step correction method to minimize sample se-
lection bias and then use the propensity score matching
approach.

Heckman two-stage correction

The non-randomness of pilot selection of APPP cannot be
ruled out. There are certain features that may have motivated
the regulators to target certain regions, hence the room for
selection bias. The APPP policy is mainly in provinces and
cities with a representative degree of regional economic de-
velopment. Generally, the higher the degree of economic de-
velopment, the more attention will be paid to pollution emis-
sions control. The decision for a firm to be located in a specific
region may also not be random. Highly innovative firms are
more likely to choose to be located in particular regions for
economic reasons. As a result, these firms tend to be clustered
in areas with high economic activity that happen to have
heavy pollution emissions, and these areas are more likely to
be selected as part of the APPP policy zones.

We therefore employ the Heckman two-stage correction
model to mitigate endogenous problems caused by sample
self-selection bias. We first estimate the probability of a firm
being located in a policy region. However, for our tests to be
valid, we need to identify some exclusion restrictions and
include them in the first stage. The Heckman estimator re-
quires variables that are correlated with the firm’s likelihood
of being located in a policy region but not with the firm’s
innovation policy. We use the city’s wind speed and total
population density as potential exclusion restrictions in the
first stage. These variables may influence the likelihood of a
firm’s location to be in the targeted region but less likely to
significantly affect an individual firm’s innovation ability. For
instance, regions with low wind speed are likely to be in
targeted areas for emissions reduction since pollution levels
are mainly concentrated for a long time in the air when the
wind speed is low. In contrast, dispersion of pollutants is faster
in regions with high wind speed and thus these areas have
better air quality and less likely to be policy targets.
However, air flow is less likely to be correlated with an indi-
vidual firm’s innovation policy. Additionally, areas with high
population density are closely associated with high pollution
levels but less likely to be associated with an individual firm’s
innovation ability. We employ a non-linear probit model in
the first stage and tabulate the results in Table 3 column 1. The
first stage results displayed in Table 3 column 1 show that our
exclusion restrictions enter the selection regression with sig-
nificant coefficients supporting their selection as valid for
identification. Next, we calculate the Inverse Mills ratio from

Table 2 Baseline results

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

Variables Patent Invention Patent Invention

Post*APPP 0.454*** 0.388*** 0.479*** 0.372***

(0.051) (0.042) (0.102) (0.082)

Post −0.033 −0.023 0.034 0.012

(0.031) (0.026) (0.049) (0.040)

APPP 0.151* 0.188***

(0.081) (0.065)

Institution 0.022*** 0.020*** −0.002 −0.000
(0.004) (0.004) (0.002) (0.002)

Capexta 1.064*** 0.810*** 0.159 0.189

(0.326) (0.287) (0.203) (0.161)

Leverage −0.414*** −0.271*** −0.051 0.003

(0.112) (0.094) (0.077) (0.061)

Tobin Q 0.001 0.002*** −0.001 −0.000
(0.001) (0.000) (0.001) (0.001)

ROA 0.741*** 0.653*** −0.222 −0.120
(0.257) (0.218) (0.186) (0.143)

Independence 0.084** 0.091*** 0.056* 0.064***

(0.039) (0.034) (0.030) (0.024)

State −0.040 0.026 0.036 0.041

(0.052) (0.046) (0.086) (0.067)

Age −0.020*** −0.013*** −0.016 −0.001
(0.005) (0.004) (0.019) (0.016)

Size 0.294*** 0.266*** 0.060** 0.072***

(0.028) (0.025) (0.029) (0.024)

HHI 0.124 0.221** −0.156 −0.105
(0.136) (0.110) (0.102) (0.085)

Constant −5.434*** −5.470*** −0.149 −1.085**
(0.596) (0.546) (0.596) (0.490)

Observations 16,906 16,906 16,711 16,711

Firm fixed effects No No Yes Yes

Industry fixed effects Yes Yes No No

Province fixed effects Yes Yes No No

Year fixed effects Yes Yes Yes Yes

Adjusted R-squared 0.399 0.339 0.793 0.778
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the first stage estimation and use it in the second stage regres-
sion. We report the second stage results in Table 3.

Table 3 results indicate that the Inverse Mills ratio is sig-
nificant in three of the four models, suggesting that our base-
line sample has some selection issues. The coefficients for the
Inverse Mills ratio are negative, implying that unobserved

factors that influence the firm’s location to be selected as a
policy area are negatively related to firm innovation.
However, our main variable, Post*APPP, enters the second
stage regressions with positive and significant coefficients at
1% statistical significance. Our coefficients in Table 3 after
correcting for selection bias are different in magnitude from

Table 3 Heckman two-stage
(1) (2) (3) (4) (5)

Variables APPP Patent Invention Patent Invention

Windspeed −0.049***
(0.004)

Population density 1.300***

(0.040)

Post*APPP 0.448*** 0.368*** 0.704*** 0.504***

(0.061) (0.050) (0.121) (0.098)

APPP −0.056 −0.048 0.142** 0.080

(0.037) (0.032) (0.060) (0.049)

Post 0.142* 0.171***

(0.081) (0.065)

Institution 0.002 0.021*** 0.018*** −0.001 0.000

(0.004) (0.005) (0.004) (0.003) (0.002)

Capex −0.588 1.180*** 0.905*** 0.216 0.308*

(0.381) (0.368) (0.326) (0.234) (0.185)

Leverage 0.168 −0.341*** −0.197* −0.007 0.019

(0.125) (0.132) (0.107) (0.095) (0.077)

TobinQ −0.006 −0.005 0.004 −0.017*** −0.010**
(0.014) (0.006) (0.005) (0.005) (0.004)

ROA 0.216 0.958*** 0.801*** −0.176 −0.075
(0.372) (0.304) (0.259) (0.215) (0.167)

Independence 0.053 0.091* 0.089** 0.083** 0.083***

(0.034) (0.048) (0.042) (0.035) (0.029)

State 0.300*** −0.076 0.025 −0.041 −0.022
(0.051) (0.062) (0.055) (0.112) (0.088)

Age −0.022*** −0.013** −0.006 −0.047** −0.019
(0.004) (0.006) (0.005) (0.023) (0.019)

Size −0.015 0.309*** 0.285*** 0.043 0.070**

(0.025) (0.036) (0.032) (0.036) (0.030)

HHI 0.012 0.092 0.235* −0.222* −0.113
(0.338) (0.165) (0.124) (0.130) (0.102)

Inverse Mills ratio −0.298* −0.262** −0.373 −0.423**
(0.161) (0.134) (0.244) (0.198)

Constant −8.580*** −5.682*** −5.808*** 0.735 −0.635
(0.692) (0.760) (0.698) (0.765) (0.634)

Observations 13,277 13,474 13,474 13,311 13,311

Firm fixed effects No No No Yes Yes

Province fixed effects Yes Yes Yes No No

Industry fixed effects Yes Yes Yes No No

Year fixed effects Yes Yes Yes Yes Yes

Pseudo/adjusted R-squared 0.653 0.397 0.341 0.788 0.773
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those shown in Table 2, suggesting that our main results are
partially affected by selection issues. However, the coeffi-
cients remain economically significant in all our models
supporting the evidence that the APPP regulation contributed
to an increase in patenting productivity.

PSM-DID

Our study results may be biased if the differences in firm
characteristics between the treatment and control groups are
driving our main results. To minimize endogeneity concerns,
we use the propensity score matching approach (PSM) to con-
trol for the observable differences between treatment and con-
trol groups. We use the firms’ characteristics before the policy
to match the treatment firms and control firms. In addition to
our control variables, we use patent growth to match our var-
iables. We specifically use a one-to-one propensity score
matching to match each firm in a policy region (treatment)
with a peer firm in a non-policy region (control group). We
use two diagnostic tests to evaluate our matching procedure.

First, we use a visual representation to evaluate our
matching procedure using the Kernel density graphs before
matching and after matching. We present our graphs in Fig.
2. The first graph in Fig. 2 shows meaningful observable dif-
ferences between the treatment group (APPP=1) and the con-
trol group (APPP=0). In contrast, the other graph in Fig. 2
shows that the significant differences that existed before
matching between the firms in policy regions and those in
non-policy regions vanished after employing the propensity
score matching.

Next, we use covariate balance tests to check whether our
matching procedure is satisfactory. Table 4 presents covariate
balance tests before and after matching. The t-statistics and
visual observation of the covariates’ means in Table 4 show
no significant differences between the matched treatment
firms and the control firms. In addition, the results show a
substantial percentage bias reduction after matching to the
extent that the percentage bias for the mean differences
dropped to less than ten percent. This means that our matching
procedure removed all significant differences in pre-
regulation characteristics between the treatment groups and
control groups, thus meeting the parallel trend assumption.
Overall, the satisfactory matching displayed in Fig. 2 and
Table 4 increases our confidence that any observed differ-
ences in innovation productivity after the policy year between
the two groups are caused by the APPP policy.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

After matching our sample, we run our regressions using
the DID procedure and report the results in Table 5. The PSM
results in Table 5 show that the coefficient of Post*APPP is
positive and significant at 5% in column 2 and 1% in columns
3–4. Our results using a propensity score–matched are com-
paratively similar to the baseline results using an unmatched
sample and the coefficients remain economically sizeable.
The changes in the coefficients' magnitude relative to the ones
in baseline results suggest that our main results using the
whole sample are partially being driven by some differences
in firm characteristics between the treatment and control
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groups. However, the PSM-DID estimates are economically
sizeable, providing evidence that treatment firms in policy
regions experience a larger post-regulation increase in inno-
vation output than their counterparts in non-policy areas.
Collectively these results support that APPP environmental
regulation enhanced firm innovation ability.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

Underlying economic mechanisms

We identify possible economic mechanisms that possibly ex-
plain the increase in innovation after the policy implementa-
tion using mediation analyses. There are three conditions that
should be met to establish a mediation effect. First, in the first
step, the independent variable (Post*APPP) should be signif-
icantly related to the dependent variable (Patent/Invention).
Second, in the second step, the independent variable
(Post*APPP) should be significantly associated with the me-
diator variable. Lastly, in the third step, the independent var-
iable (Post*APPP) and the mediator variable are introduced
into the same model. If there is a mediation effect, the medi-
ator should be significant, and the significance of the indepen-
dent variable (Post*APPP) should be reduced after adding the

mediator variable in the model. The Sobel (1982) test is used
to check the significance of the mediation effect. In our sub-
sequent analyses, the baseline results in Table 2 serve as the
first stage of the mediation analyses.

Government funding

One of the arguments against environmental regulation is the
cost burden. The increased cost burden associated with envi-
ronmental policies can severely reduce funds to invest in cost-
ly innovative projects (Ambec et al. 2013; Shi et al. 2018;
Blackman et al. 2010). To the extent that firms with limited
funds may have no incentive to comply with environmental
regulation by investing in R&D projects. Thus, in this context,
we argue that government financial assistance can increase the
effectiveness of environmental policies in promoting innova-
tion. We examine this mechanism using direct government
funding towards innovation. The Chinese government moti-
vates firms to invest in innovation projects by providing more
productive firms with R&D subsidies. Thus, we expect firms
that receive more financial assistance to allocate more re-
sources towards innovation projects to meet the emissions
targets. External funding from the government can alleviate
financial constraints and provides sufficient funds needed to
finance expensive innovation projects (Hall 2002). We

Table 4 Propensity score
matching: covariate balance tests Unmatched

(U)
Mean %reduct

|bias|
t-test V(T)/

V(C)
Variable Matched

(M)
Treated Control %bias t-stat p>|t|

Institution U 4.855 5.5393 −11.6 93.7 −2.27 0.024 0.77*

M 4.8686 4.8255 0.7 0.21 0.837 0.89*

Capexta U 0.07524 0.07371 2.6 58.3 0.48 0.629 1.16*

M 0.07531 0.07467 1.1 −0.29 0.770 1.11

Leverage U 0.41048 0.4687 −28 93.8 −5.17 0.00 1.15*

M 0.4157 0.41517 −1.7 −0.46 0.643 1.08

Tobin Q U 2.7164 2.6317 5.2 −19.1 0.96 0.337 0.84

M 2.7209 2.8217 −6.1 −1.56 0.120 0.84*

ROA U 0.06274 0.05099 19.9 98.1 3.83 0.00 0.85*

M 0.06242 0.06264 −0.4 −0.10 0.919 0.86*

Independence U 3.2746 3.4356 −22.4 99.6 −4.43 0.00 0.70*

M 3.2772 3.2779 −0.1 −0.03 0.977 1.02

State U 0.42982 0.61588 −37.9 96.0 −7.1 0.00 .

M 0.43139 0.42391 1.5 0.41 0.682 .

Age U 13.214 13.124 2.3 −20.0 0.41 0.683 1.41*

M 13.223 13.115 2.7 0.72 0.469 1.32*

Size U 21.88 21.89 −0.9 −86.3 −0.16 0.871 1.29*

M 21.87 21.849 1.7 0.45 0.656 1.21*

HHI U 0.11883 0.11144 5.8 40.6 1.01 0.315 1.96*

M 0.11876 0.11437 3.4 0.93 0.350 2.02*
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identify the value of R&D subsidies allocated to various firms
in the sample and analyze whether environmental regulation
promotes innovation through government financing.

We first estimate the changes in R&D subsidies around the
APPP regulation and report the second stage results for the
mediation analyses in Table 6. Table 6 results in columns 1–2
show positive and significant coefficients for R&D subsidies.
The coefficients are even stronger in magnitude for both
models. These results suggest that firms in the policy areas
received more R&D subsidies after the environmental regula-
tion than their counterparts. Next, we add R&D subsidies in

our baseline model and repeat our estimations. Third step
mediation analysis results in Table 6 columns 3–6 reveal that
our DID variable (Post*APPP) remains significant at 1 %
levels. However, our coefficients in Table 6 columns 3–6
(third step) are less than the coefficients displayed in our base-
line results in Table 2 columns 1–4 (first step). The results so
far suggest that R&D subsidy is a potential channel through
which environmental regulation promotes corporate innova-
tion.We carry further analyses using the Sobel tests to validate
our interpretation. We find that all the corresponding mediat-
ing factors are significant at 1% levels. Taken together, our
results indicate that R&D subsidies mediate the relationship
between environmental regulation and technological
innovation.

Note that government financing partially mediates the re-
lationship between APPP regulation and innovation since the
coefficients of Post*APPP remain significant in the third step.
We use the cross-section analysis results to illustrate the par-
tial mediation effect on innovation. The total effect of APPP
regulation on a patent is 0.454 (Table 2 column 1), and the
direct effect is 0.390 (Table 6 column 3). The indirect effect,
which equals the difference between the total effect and direct
effect, is 0.064 (0.454–0.390). Thus, the mediation effect rep-
resents approximately 14% (0.064/0.454) of the total effect.
Therefore, our findings uncover the importance of govern-
ment funding in promoting the success of environmental reg-
ulations. We can infer from these results that environmental
regulation promotes more innovation through the government
funding channel.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

External governance

This section analyzes how external governance could
strengthen the impact of environmental regulation on firm-
level innovation. We use financial analyst coverage as a proxy
variable that reflects the degree of external governance and
monitoring. An increase in analyst coverage increases the
firm’s visibility and attention from the capital market, which
may force the firm to reduce pollution emissions by adopting
greener technological systems. Financial analysts are external
monitors that reduce information asymmetry between the
business and investors and may pressure managers to reduce
pollution emissions and increase sustainable investments.
Financial analysts collect information about firm sustainable
activities and provide this information to investors through
analyst reports. Financial analyst reports expose firms by writ-
ing negative information about non-compliant firms. Given
the increase in investor awareness on the costs of pollution
and the importance of social outcomes to investors (Starks
et al. 2017; Tao, Hui and Chen 2020; Kim et al. 2019),

Table 5 Propensity score matching: PSM_DID

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

VARIABLES Patent Invention Patent Invention

Post*APPP 0.209 0.377** 0.573*** 0.541***

(0.168) (0.168) (0.166) (0.172)

APPP 0.066 0.026 0.055 −0.046
(0.092) (0.086) (0.082) (0.081)

Post 0.146 0.261**

(0.120) (0.115)

Institution 0.034*** 0.032*** 0.006** −0.001
(0.006) (0.006) (0.003) (0.003)

Capexta −0.319 0.135 0.600*** 0.449**

(0.653) (0.568) (0.227) (0.226)

Leverage −0.216 0.099 −0.450*** −0.051
(0.211) (0.188) (0.116) (0.115)

Tobin Q 0.033 0.042** 0.005 0.024***

(0.022) (0.020) (0.009) (0.009)

ROA −0.369 −0.371 0.063 −0.105
(0.463) (0.478) (0.256) (0.243)

Independence 0.099* 0.143*** 0.062* 0.027

(0.053) (0.050) (0.033) (0.031)

State 0.157* 0.215** 0.463*** 0.507***

(0.080) (0.089) (0.078) (0.070)

Age −0.008 −0.012 0.028 0.036

(0.009) (0.009) (0.030) (0.030)

Size 0.413*** 0.401*** 0.085** 0.120***

(0.049) (0.044) (0.033) (0.031)

HHI 0.628 0.443 0.265** 0.196

(0.382) (0.379) (0.130) (0.138)

Constant −7.162*** −8.160*** −0.567 −2.334***
(1.057) (0.948) (0.717) (0.679)

Observations 9,226 9,226 8,817 8,817

Firm fixed effects No No Yes Yes

Industry fixed effects Yes Yes No No

Province fixed effects Yes Yes No No

Year fixed effects Yes Yes Yes Yes

Adjusted R-squared 0.401 0.346 0.796 0.776
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investors react to negative reports to the extent that non-
compliant firms can lose market reputation and potential in-
vestors. Thus, in view of the stringent APPP regulation with
set emissions targets, we expect financial analysts to play an
external governance role that influences firms to adopt sus-
tainable innovative approaches to meet the environmental reg-
ulation targets to the extent that firms with more analyst cov-
erage comply with government environmental policy require-
ments through technological transfer.

To examine this potential channel, we first examine
the effect of environmental regulation on financial ana-
lyst coverage. Firms in the policy regions are likely to
attract more attention from the capital market after the
regulation. We report our mediation analysis second
stage results in Table 7 columns 1–2. We find a positive
relationship between analyst coverage and environment
regulation, suggesting that firms in targeted regions re-
ceived more market attention from financial analysts

Table 6 Government funding
(1) (2) (3) (4) (5) (6)

Variables Subsidy Subsidy Patent Invention Patent Invention

Post*APPP 4.520*** 2.825*** 0.390*** 0.333*** 0.468*** 0.364***

(0.276) (0.554) (0.051) (0.042) (0.102) (0.082)

APPP 0.849*** 0.267 −0.045 −0.033 0.033 0.011

(0.159) (0.273) (0.031) (0.026) (0.049) (0.040)

Post 0.110 0.149* 0.186***

(0.374) (0.081) (0.065)

Subsidy 0.014*** 0.012*** 0.004** 0.003**

(0.003) (0.003) (0.002) (0.001)

Institution 0.058*** 0.006 0.021*** 0.019*** −0.002 −0.000
(0.017) (0.013) (0.004) (0.004) (0.002) (0.002)

Capex 2.986** −0.790 1.022*** 0.774*** 0.162 0.191

(1.457) (1.171) (0.325) (0.285) (0.204) (0.161)

Leverage −1.840*** −0.078 −0.387*** −0.249*** −0.051 0.003

(0.497) (0.460) (0.111) (0.093) (0.077) (0.061)

Tobin Q −0.018* 0.004** 0.001** 0.002*** −0.001 −0.000
(0.010) (0.002) (0.001) (0.001) (0.001) (0.001)

ROA 2.896** −0.151 0.700*** 0.618*** −0.221 −0.120
(1.331) (0.955) (0.255) (0.216) (0.186) (0.143)

Independence 0.000 −0.079 0.084** 0.091*** 0.056* 0.064***

(0.161) (0.147) (0.039) (0.034) (0.030) (0.024)

State 0.300 0.514 −0.044 0.022 0.034 0.040

(0.232) (0.410) (0.052) (0.046) (0.086) (0.067)

Age −0.057*** 0.081 −0.019*** −0.012*** −0.016 −0.001
(0.022) (0.104) (0.005) (0.004) (0.019) (0.016)

Size 0.275*** 0.651*** 0.290*** 0.263*** 0.057** 0.070***

(0.106) (0.161) (0.028) (0.026) (0.029) (0.024)

HHI 0.081 0.201 0.123 0.220** −0.157 −0.106
(0.800) (0.508) (0.134) (0.109) (0.102) (0.085)

Constant −0.331 −9.505*** −5.429*** −5.466*** −0.112 −1.058**
(2.194) (3.306) (0.599) (0.549) (0.595) (0.489)

Observations 16,906 16,711 16,906 16,906 16,711 16,711

Firm fixed effects No Yes No No Yes Yes

Province fixed effects Yes No Yes Yes No No

Industry fixed effects Yes No Yes Yes No No

Year fixed effects Yes Yes Yes Yes Yes Yes

Adjusted R-squared 0.237 0.617 0.402 0.342 0.793 0.778

Sobel tests (p-value) < 0.01 < 0.01 < 0.01 < 0.01
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following the APPP policy. These results satisfy the re-
quirements for the second stage regressions for media-
tion analysis. Next, we incorporate analyst coverage in
our baseline model and repeat our analysis. We tabulate
our third step results in Table 7, columns 3–6. Our main
variable (Post*APPP) in Table 7 columns 3–4 display
positively significant and economically sizeable coeffi-
cients. However, these coefficients in the third step

(Table 7, columns 3–4) are lower than those displayed
in the first step (Table 2). We use the Sobel tests and
find that this mediation effect is significant at 1%
(p<0.01) suggesting that financial analyst coverage me-
diates the relationship between APPP environmental pol-
icy and technological innovation. The results support our
view that external governance(monitoring) from the cap-
ital market is a plausible economic channel through

Table 7 External governance
(1) (2) (3) (4) (5) (6)

Variables Analysts Analysts Patent Invention Patent Invention

Post*APPP 0.261*** 0.848*** 0.336*** 0.293*** 0.406*** 0.324***

(0.014) (0.031) (0.055) (0.046) (0.106) (0.085)

Post −0.480*** −0.113*** 0.185*** 0.151*** 0.030 0.005

(0.013) (0.010) (0.045) (0.039) (0.050) (0.040)

APPP 0.023 0.141* 0.179***

(0.015) (0.079) (0.065)

Analysts 0.454*** 0.363*** −0.032 −0.062*
(0.075) (0.069) (0.039) (0.032)

Institution 0.031*** 0.022*** 0.008* 0.008** −0.001 0.001

(0.001) (0.001) (0.004) (0.003) (0.002) (0.002)

Capex 0.526*** 0.326*** 0.825** 0.619** 0.169 0.209

(0.083) (0.057) (0.325) (0.288) (0.203) (0.161)

Leverage −0.199*** −0.067** −0.323*** −0.199** −0.053 −0.002
(0.035) (0.027) (0.107) (0.090) (0.077) (0.061)

Tobin Q 0.002* 0.001 0.000 0.001* −0.001 −0.000
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

ROA 0.633*** 0.273*** 0.454* 0.423* −0.213 −0.104
(0.086) (0.052) (0.259) (0.221) (0.186) (0.142)

Independence 0.024*** 0.024** 0.073* 0.082** 0.057* 0.065***

(0.008) (0.010) (0.039) (0.034) (0.029) (0.024)

State −0.042*** −0.010 −0.021 0.041 0.036 0.041

(0.012) (0.023) (0.051) (0.045) (0.086) (0.067)

Age −0.003*** −0.115*** −0.018*** −0.011*** −0.020 −0.008
(0.001) (0.005) (0.005) (0.004) (0.020) (0.016)

Size 0.129*** 0.046*** 0.235*** 0.219*** 0.061** 0.075***

(0.008) (0.007) (0.027) (0.023) (0.029) (0.024)

HHI 0.132*** 0.073** 0.064 0.173 −0.154 −0.101
(0.046) (0.036) (0.136) (0.111) (0.102) (0.085)

Constant −2.783*** 0.306** −4.170*** −4.460*** −0.139 −1.066**
(0.172) (0.143) (0.563) (0.504) (0.596) (0.490)

Observations 16,906 16,711 16,906 16,906 16,711 16,711

Firm fixed effects No Yes No No Yes Yes

Province fixed effects Yes No Yes Yes No No

Industry fixed effects Yes No Yes Yes No No

Year fixed effects Yes Yes Yes Yes Yes Yes

Adjusted R-squared 0.505 0.726 0.406 0.346 0.793 0.778

Sobel tests (p-value) < 0.01 < 0.01 < 0.01 < 0.01
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which environmental regulations promote technological
innovation. However, our results using within-firm vari-
ation in Table 7 columns 3–4 show negative weak coef-
ficients for analyst coverage (Analysts) suggesting that
the mediating effect for financial analyst coverage is on-
ly present in cross-section analysis.5

R&D expenditure

So far, we have provided evidence that shows that the air
pollution environment regulation promotes firm innova-
tion productivity. Since patent productivity results from
firms’ spending on R&D investments, we conjecture that
environmental regulation promotes innovation output by
encouraging firms to invest in R&D projects. We scale
R&D expenditure by total firm assets and estimate the
real effects of environmental regulation on corporate
R&D activities. We report the second step mediation
analysis results in Table 8. Table 8 results show that
the APPP policy is positively associated with an increase
in R&D investments. These results show that the APPP
encouraged firms to engage in more R&D projects. Next,
we control for R&D expenditure in our baseline model.
Table 8 results in columns 3–6 (third step) display pos-
itive and economically significant coefficients for
Post*APPP, indicating that innovation output is increas-
ing as R&D expenditure is increasing. We find that the
coefficients for our mediating factor are significant at
1% levels, and the coefficients for Post*APPP in the
third step (Table 2) are smaller than those in the third
step (Table 8 columns 3–6). These results satisfy the
requirements for the second stage and third stage regres-
sions for mediation analysis. Using Sobel tests, we find
that the mediator is significant at p < 0.01. Taken togeth-
er, these findings indicate that R&D expenditure medi-
ates the relationship between APPP regulation and tech-
nological innovation. Thus, the evidence supports our
conjecture that environmental regulation promotes inno-
vation through R&D expenditure.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

Heterogeneity analysis

Pollution intensiveness

Since the APPP policy was mainly targeted at lowering
air pollution, it is important to examine how the policy
impacted innovation productivity in pollution-intensive
industries in the policy zones. Targeted firms in
pollution-intensive industries have been given more tar-
gets for emissions reductions and retooling their operat-
ing systems; thus, these firms are impacted more by this
policy than their counterparts. Thus, if the environment
policy promotes technological innovation, we expect to
observe a more pronounced increase in innovation pro-
ductivity for firms in pollution-intensive industries than
those in less pollution-intensive industries. To examine
this effect, we introduce a dummy variable that equals
one if an industry is classified as a heavy pollution in-
dustry using Chinese Industrial Classification and zero
otherwise (Pollution). Additionally, to compare the ef-
fects of the policy on pollution and non-pollution inten-
sive industries, we also create another dummy variable
for firms in non-pollution industries (Npollution). Next,
we interact our two dummy variables with the post-
policy year dummy variable (Post) and run our regres-
sions. Our main variables of interest are Pollution*Post
and Npollution*Post. We report the results in Table 9.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

The results in Table 9 show that the coefficients for
ou r va r i ab l e s o f i n t e r e s t , Po l lu t i on*Pos t and
NPollution*Post are positive and significant at 1 %
and 5% respectively. These results suggest that the pol-
icy promoted an increase in innovation for both pollution
and non-pollution intensive firms. However, if we com-
pare the economic significance, we can observe that the
coefficients for Pollution*Post are larger than for
Npollution*Post, suggesting that the impact of APPP
regulation on innovation is more pronounced for targeted
firms in pollution-intensive industries. This evidence
supports our conjecture that environmental regulations
induce more innovation for pollution-intensive firms
than for non-pollution-intensive firms.

High-tech intensiveness

Next, we use high-tech intensiveness as another industry
economic dimension to explain the positive relationship
between APPP and innovation. High tech-intensive in-
dustries are naturally innovative industries that invest

5 The disappearance of the mediation effect in time series analysis is possibly
explained by time-invariant firm characteristics or problems associated with
time series analysis for short sample periods.
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extensive resources in research and development expen-
diture. Since we intend to evaluate the implications of
APPP on innovation productivity, an analysis of how the
policy impacts high-tech intensive industries and low-
tech intensive industries helps us gain deeper insights
on the real effects of environmental regulation on firm
innovation policy. We expect to observe a jump in inno-
vation productivity for high-tech industries in policy re-
gions in response to the environmental air pollution reg-
ulation. We identify high-tech intensive industries using

the amount spent by firms on R&D expenditures follow-
ing prior literature (Hsu et al. 2014). All the industries
with R&D values below the industry-level median are
classified as low-tech industries, and those with values
above the industry median are classified as high-tech
industries. We create two dummy variables for high-
tech intensive industries (High-Tech) and low-tech inten-
sive industries (Low-Tech). Next, we interact our dum-
my variables with post-policy dummy variable (Post)
and carry our estimations reported in Table 10. The

Table 8 R&D expenditure
(1) (2) (3) (4) (5) (6)

Variables RD_TA RD_TA Patent Invention Patent Invention

Post*APPP 0.013*** 0.014*** 0.330*** 0.267*** 0.448*** 0.342***

(0.001) (0.003) (0.059) (0.050) (0.101) (0.082)

APPP −0.000 0.002 −0.032 −0.022 0.030 0.007

(0.001) (0.002) (0.031) (0.026) (0.049) (0.040)

Post 0.002*** 0.128 0.165**

(0.001) (0.080) (0.064)

RD_TA 9.834*** 9.599*** 2.166*** 2.157***

(2.401) (2.266) (0.840) (0.834)

Institution 0.000*** −0.000 0.020*** 0.017*** −0.002 −0.000
(0.000) (0.000) (0.004) (0.004) (0.002) (0.002)

Capex 0.013*** 0.010*** 0.934*** 0.683** 0.137 0.167

(0.004) (0.004) (0.320) (0.280) (0.203) (0.161)

Leverage −0.005*** −0.002* −0.366*** −0.225** −0.047 0.007

(0.001) (0.001) (0.108) (0.090) (0.076) (0.060)

Tobin Q −0.000 −0.000 0.001* 0.002*** −0.001 −0.000
(0.000) (0.000) (0.001) (0.000) (0.001) (0.001)

ROA 0.018*** 0.005* 0.560** 0.476** −0.232 −0.130
(0.004) (0.003) (0.253) (0.214) (0.186) (0.143)

Independence 0.001** 0.001 0.074* 0.082** 0.055* 0.063**

(0.000) (0.001) (0.038) (0.033) (0.030) (0.024)

State −0.001 0.001 −0.031 0.034 0.035 0.040

(0.001) (0.001) (0.051) (0.045) (0.086) (0.067)

Age −0.000** −0.001 −0.019*** −0.011** −0.015 0.000

(0.000) (0.001) (0.005) (0.004) (0.019) (0.016)

Size −0.001*** −0.003*** 0.306*** 0.278*** 0.065** 0.077***

(0.000) (0.000) (0.028) (0.025) (0.029) (0.024)

HHI 0.002 −0.002 0.109 0.206* −0.153 −0.102
(0.002) (0.002) (0.136) (0.110) (0.102) (0.085)

Constant 0.030*** 0.066*** −5.726*** −5.756*** −0.293 −1.228**
(0.005) (0.011) (0.586) (0.535) (0.594) (0.489)

Observations 16,906 16,711 16,906 16,906 16,711 16,711

Firm fixed effects No Yes No No Yes Yes

Province fixed effects Yes No Yes Yes No No

Industry fixed effects Yes No Yes Yes No No

Year fixed effects Yes Yes Yes Yes Yes Yes

Adjusted R-squared 0.286 0.487 0.412 0.358 0.794 0.779

Sobel tests (p-value) < 0.01 < 0.01 < 0.01 < 0.01
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interaction effect results in Table 10 show that the coef-
ficients for High-Tech*Post and Low-Tech*Post are all
positive suggesting that the environmental regulation
promoted innovation for both high-tech and low-tech firms.
However, whenwe consider the magnitude of the coefficients,
we observe that the coefficients for High-Tech*Post are eco-
nomically large in all models. The large variations in patenting
productivity for naturally innovative industries (High-Tech)
around the APPP regulation indicate that the impact of
APPP is more pronounced for high-intensive industries locat-
ed in targeted policy regions. Overall, these findings suggest
that the air pollution emissions reduction regulation induced
high-tech-intensive firms in policy zones to innovate more
than their counterparts.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

State ownership

In our previous findings, we find that firms that receive gov-
ernment financial support responded better to the air pollution
regulation by producing more innovative output. In this sec-
tion, we examine whether state-owned firms respond to envi-
ronmental regulation better than non-state-owned firms. This
caveat is very important, considering the high proportion of
state-owned firms in China. In terms of financial support, state
firms benefit more than private firms; also, state-owned

Table 9 Pollution intensive

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

Variables lnpatent lnpatent1 lnpatent lnpatent1

Pollution*Post 0.484*** 0.419*** 0.554*** 0.448***

(0.066) (0.054) (0.146) (0.118)

NPollution*Post 0.186** 0.163** 0.431** 0.250**

(0.075) (0.064) (0.145) (0.117)

Institution 0.022*** 0.020*** −0.002 −0.001
(0.004) (0.004) (0.002) (0.002)

Capex 1.059*** 0.804*** 0.189 0.238

(0.326) (0.287) (0.203) (0.161)

Leverage −0.411*** −0.268*** −0.050 0.004

(0.112) (0.094) (0.077) (0.060)

Tobin Q 0.001* 0.002*** −0.001 −0.000
(0.001) (0.000) (0.001) (0.001)

ROA 0.745*** 0.656*** −0.211 −0.102
(0.257) (0.218) (0.187) (0.144)

Independence 0.085** 0.092*** 0.058** 0.068***

(0.039) (0.034) (0.029) (0.024)

State −0.040 0.026 0.041 0.049

(0.052) (0.046) (0.086) (0.067)

Age −0.019*** −0.012*** −0.017 −0.002
(0.005) (0.004) (0.019) (0.016)

Size 0.293*** 0.266*** 0.060** 0.071***

(0.028) (0.025) (0.029) (0.024)

HHI 0.101 0.202* −0.184* −0.141*
(0.137) (0.111) (0.101) (0.083)

Constant −5.316*** −5.330*** −0.142 −1.078**
(0.588) (0.538) (0.597) (0.492)

Observations 16,906 16,906 16,710 16,710

Firm fixed effects No No Yes Yes

Industry fixed effects Yes Yes No No

Province fixed effects Yes Yes No No

Year fixed effects Yes Yes Yes Yes

Adjusted R-squared 0.401 0.340 0.794 0.779

Table 10 High-tech intensive

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

Variables lnpatent lnpatent1 lnpatent lnpatent1

High-Tech*Post 0.471*** 0.429*** 0.569*** 0.447***

(0.068) (0.057) (0.145) (0.117)

Low-Tech*Post 0.286*** 0.193*** 0.300** 0.140

(0.065) (0.053) (0.146) (0.116)

Institution 0.022*** 0.019*** −0.002 −0.001
(0.004) (0.004) (0.002) (0.002)

Capex 1.065*** 0.812*** 0.207 0.244

(0.327) (0.288) (0.203) (0.160)

Leverage −0.407*** −0.263*** −0.052 0.002

(0.112) (0.094) (0.076) (0.060)

Tobin Q 0.001 0.002*** −0.001 −0.000
(0.001) (0.000) (0.001) (0.001)

ROA 0.767*** 0.685*** −0.165 −0.055
(0.257) (0.219) (0.185) (0.143)

Independence 0.084** 0.091*** 0.061** 0.070***

(0.039) (0.034) (0.029) (0.024)

State −0.034 0.032 0.033 0.038

(0.052) (0.046) (0.086) (0.067)

Age −0.020*** −0.012*** −0.012 0.004

(0.005) (0.004) (0.019) (0.016)

Size 0.294*** 0.266*** 0.061** 0.073***

(0.028) (0.025) (0.029) (0.023)

HHI 0.181 0.294*** −0.099 −0.039
(0.136) (0.111) (0.102) (0.085)

Constant −5.343*** −5.358*** −0.257 −1.209**
(0.591) (0.541) (0.592) (0.485)

Observations 16,906 16,906 16,710 16,710

Firm fixed effects No No Yes Yes

Industry fixed effects Yes Yes No No

Province fixed effects Yes Yes No No

Year fixed effects Yes Yes Yes Yes

Adjusted R-squared 0.3990 0.3388 0.78090 0.7947
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enterprises are closely monitored in the implementation of
government economic policies. Thus, we expect the APPP
regulation to encourage more innovation in state-owned firms
than private firms.

Clustered standard errors at the firm level are shown in
parenthesis. *, **, and *** represent significance at the
10%, 5%, and 1% statistical levels respectively

We divide our sample into two sub-samples of state-
owned firms and private firms and then create two dum-
my variables. Next, we interact our dummy variables with
post-policy dummy variable and carry our cross-sectional
analysis. Our main variables of interest are SOE*Post,
and Private*Post. We report the results in Table 11.
Table 11 results show that the coefficients for our main
variables of interest are positive and significant in all
models. However, the coefficients for SOE*Post are eco-
nomically larger than for Private*Post indicating that the
impact of the policy in driving innovation is more pro-
nounced for state-owned firms. This evidence suggests
that patenting productivity increased more for state-
owned firms than for private firms in policy areas after
the APPP regulation. This caveat uncovers the importance
of government-controlled firms in driving industrial poli-
cies and sustainable economic growth. Our study findings
corroborate with Pan et al. (2021), who also find that
state-owned firms respond more positively to environ-
mental regulation.

Placebo tests

We conduct some tests to mitigate the concern that our study
results may be driven by other overlapping policies in other
years and regions. On top of the visual validity tests that we
provide in Fig. 1 a and b, which show that innovation changes
jumped after the policy year, we provide further evidence that
our results are not being driven by pre-trend or other policies
that could have launched before or after the APPP policy year.
We exploit placebo tests to do counterfactual tests. We run
500 loops that randomly set the APPP dummy variable on
each time, and we present a visual representation for our pla-
cebo tests in Fig. 3. The distribution in Fig. 3 is bell-shaped,
showing a normal distribution, which shows that none of the
counterfactuals can explain our study results. Collectively, we
find no evidence that suggests that our results are driven by
other policies in the policy period or policy regions. Thus, we
conclude that the APPP policy promoted an increase in inno-
vation in policy areas.

Conclusion and policy implications

This study contributes to the literature by analyzing the impact
of air pollution reduction regulation in China using a sample

of A-share listed firms. We exploit the Air Pollution
Prevention Policy in China’s 12th Five-Year Plan. The
difference in difference procedure, Heckman two-stage
and the propensity score matching approach are employed
to establish the direction of causality. Our findings reveal
that the air pollution regulation contributed to a substan-
tial increase in innovation for firms located in targeted
policy areas. The study results continue to hold after a
battery of tests.

Additionally, our paper contributes to the literature by
uncovering possible underlying economic mechanisms that
possibly explain the channels through which environmental
policy promotes technological innovation. We find that R&D
intensity and external governance mediate the relationship
between environmental regulation and innovation. At the

Table 11 State ownership

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

Variables lnpatent lnpatent1 lnpatent lnpatent1

SOE*Post 0.513*** 0.435*** 0.527*** 0.401***

(0.069) (0.058) (0.103) (0.084)

Private*Post 0.325*** 0.293*** 0.426*** 0.344***

(0.069) (0.057) (0.105) (0.084)

Institution 0.023*** 0.020*** −0.001 −0.000
(0.004) (0.004) (0.002) (0.002)

Capex 1.075*** 0.816*** 0.152 0.184

(0.326) (0.287) (0.203) (0.161)

Leverage −0.418*** −0.274*** −0.048 0.004

(0.111) (0.094) (0.077) (0.061)

Tobin Q 0.001* 0.002*** −0.001 −0.000
(0.001) (0.000) (0.001) (0.001)

ROA 0.726*** 0.642*** −0.233 −0.127
(0.256) (0.217) (0.186) (0.143)

Independence 0.083** 0.091*** 0.056* 0.064***

(0.039) (0.034) (0.029) (0.024)

State −0.021*** −0.013*** −0.018 −0.002
(0.005) (0.004) (0.019) (0.016)

Age 0.294*** 0.266*** 0.066** 0.075***

(0.028) (0.025) (0.029) (0.024)

Size 0.124 0.222** −0.183* −0.130
(0.137) (0.111) (0.101) (0.083)

HHI −5.401*** −5.339*** −0.229 −1.105**
(0.599) (0.550) (0.613) (0.499)

Observations 16,906 16,906 16,710 16,710

Firm fixed effects No No Yes Yes

Industry fixed effects Yes Yes No No

Province fixed effects Yes Yes No No

Year fixed effects Yes Yes Yes Yes

Adjusted R-squared 0.399 0.338 0.794 0.778
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same time, our paper highlights the critical role played by
R&D subsidies in strengthening the effect of environmental
regulation on technological innovation. Furthermore, in our
heterogeneity analysis, we find that state-owned firms, firms
in pollution-intensive industries and high-tech intensive in-
dustries, innovate more than their counterparts after the air
pollution reduction policy. In this way, this study enriches
our understanding about how environmental regulation im-
proves technological innovation.

We contribute to the literature and economic policy in
various ways. In view of our study findings, the govern-
ment should continue to fight against pollution to pro-
mote green cities since emissions reduction policies are
associated with increased economic performance. The
government can extend the emission reduction regulation
to more regions to effectively reduce pollution emissions
while also encouraging technological innovation. Since
our study results show that government financing im-
proves the firms’ responses to environmental regulation,
we recommend regulators implement complementary fi-
nancial measures that support environmental regulation.
For instance, the government can allocate some funds to
help financially constrained firms in policy regions so
that they can positively respond to government policies.
Incentives like subsidies, tax reductions, and other bene-
fits can help to promote compliance with environmental
policies. There is a need for the government, through its
affiliates, to allocate more green finance as it can help
lowering pollution emissions and encourage technologi-
cal change. It is also important for regulators to enforce
laws that reduce capital market frictions since key capital

market players like financial analysts promote the effec-
tiveness of government policies.

One limitation of this study is that we did not manage to
examine whether environmental regulations encourage invest-
ment in dirty or clean technologies, due to restrictions regard-
ing data availability. We thus encourage future studies to ex-
plore this fruitful area of research.
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