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Although large numbers of studies have examined the Porter hypothesis, one important issue
that remains to be addressed is that why past studies give rise to mixed results. By filling this
knowledge gap, our research aimed to provide a fuller picture of the Porter hypothesis. By
using the method of meta-analysis, including a total of 58 papers across the world, the
findings showed that (1) the overall Porter hypothesis was confirmed—that, in general,
environmental regulation had a positive effect on green innovation; (2) by decomposing
environmental regulatory types and measures of green innovation, it validated the ‘narrow’
version of the Porter hypothesis—that flexible environmental regulation could foster inno-
vation. Especially, we found the command and control regulation had shown its highest
consistency and effectiveness in driving green innovation, whereas voluntary regulation had
the highest level of flexibility among all regulatory measures; (3) we also found that het-
erogeneities of the results were attributed to country type and level of analysis. Overall, by
integrating studies with large sample sizes and identifying variations among studies, we
offered a comprehensive understanding of the mixed results of the Porter hypothesis and
generated more precise and generalizable conclusions than the past studies.
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Introduction

ince the early 1990s, researchers and policy makers have

provided increasing insights into the Porter hypothesis,

suggesting that environmental regulations can actually sti-
mulate firms’ innovation and competitiveness, rather than hinder
their sustainable development. The value of this topic is partly
attributed to both concepts of environmental regulation and
innovation having received great attention in the current society.
Specifically, the urgency of environmental regulation to ensure
environmental protection has been widely recognized (Li et al.,
2022; Ren et al, 2023; Wang et al, 2023), and innovation has
been proven to play a crucial role in the success of an organi-
zation (Ren et al, 2023; Tang et al., 2020; Wang et al, 2021),
where “there is greater competition and enhanced pressure for
innovation” (Parker and Collins, 2010, p. 633). It is also attributed
to the Porter hypothesis opposing to the conventional wisdom
that environmental regulations may hinder innovation that is
costly to firms (Palmer et al., 1995; Petitjean, 2019). The Porter
hypothesis states that regulations stimulate firms to enhance
competitiveness through ‘innovation offset’ (Takalo et al., 2021).
That is to say, the benefits of innovations triggered by properly
designed environmental regulations “may partially or more than
fully offset the cost of complying with them” (Porter and van der
Linde, 1995, p. 98).

However, it reaches no consensus in terms of the association
between environmental regulation and innovation. In the past
quantitative reviews, Ambec and Lanoie (2008) reported no clear
relationship between environmental regulation and innovation on
the basis of papers published between 1983 and 2007. Cohen and
Tubb (2017) found varying relationships over 2000 estimated ‘effect
sizes’ within 103 published studies, but the relationships were still
broadly insignificant. However, Dechezleprétre and Sato (2017)
found evidence to support the weak version of the Porter hypoth-
esis, finding a strong and positive relationship between environ-
mental regulation and innovation in relation to cleaner technology.

Thus, considering the lack of clarity over the validity of the
Porter hypothesis (Li et al., 2022), this paper aims to test the
‘overall’ and ‘narrow’ versions of the Porter hypothesis' (other
versions have not been tested due to data availability). In parti-
cular, we used the approach of meta-analysis to address the mixed
results of the environmental regulation—green innovation rela-
tionship, and heterogeneities across contexts were also assessed.
The main findings showed that: (1) the “overall” version of the
Porter hypothesis was confirmed; (2) we supported the “narrow”
version of the Porter hypothesis. Particularly, command and
control regulation had shown its highest consistency and effec-
tiveness in driving green innovation, whereas voluntary regula-
tion had the highest level of flexibility among all regulatory
measures; and (3) country type (i.e. developing or developed
country) and level of analysis (i.e. firm-level, city-level, province-
level or country-level) moderated the relationship between
environmental regulation and green innovation.

We have made marginal contributions in the field of the Porter
hypothesis assessment that are different from the previous stu-
dies. First, unlike past quantitative reviews considering the rela-
tionship between types of regulation and general innovation or
overall competitiveness (e.g. Cohen and Tubb, 2017), our focal
point is green innovation, which is directly driven by environ-
mental regulation. One potential problem with past quantitative
reviews is that some of the innovations or competitiveness
advantages included in these reviews might not be induced by
environmental regulations, thereby distorting their effects. For
example, Popp (2019) noted that while patent data is an excellent
indicator of innovation, some irrelevant patents should be filtered
out since they are not driven by environmental regulations.
Therefore, the usage of the term ‘green innovation” should be
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more closely evaluated to give a more precise understanding of its
relationship with environmental regulations. Furthermore, we
distinguished the measures of green innovation, therefore largely
minimizing the bias caused by varying measures.

Second, despite the interest in the Porter hypothesis, no
quantitative synthesis is found to address the relationship
between environmental regulation and green innovation, a gap
filled by our study. Existing research has shown mixed results,
with some studies suggesting positive effects (Liao and Liu, 2022;
Zhao et al,, 2022), some reporting negative effects (Feng et al,,
2018; Guo et al, 2017), and some finding insignificant effects
(Arimura et al., 2007; Long and Wan, 2017). The number of
observations, measurements, and environmental interventions
may be the causes of conflicting findings (Creswell and Creswell,
2017). For example, Ambec et al. (2012) have called for light to be
shed on the comparison between different types and measure-
ments of regulation and innovation, and for factors moderating
the relationship to be examined due to the result inconsistencies.
These aims can be accomplished by using meta-analysis, which is
a useful approach for integrating results that can lead to more
accurate and generalizable conclusions than those shown in any
single study (Ryan et al., 2022).

Third, this paper chose the level of analysis and country type as
moderations in the environmental regulation-green innovation
relationship with high heterogeneities. Since past studies only
empirically assessed this relationship at a given level such as
individual-, firm-, industry- or regional-level, no study has shown
whether the level of analysis has a moderating effect. Given that
each level of study provides a different perspective and under-
standing of phenomena, contributing to broader insights and
knowledge in their respective domains, it is valuable to examine
whether this variable has a moderating effect. In terms of country
type, as countries differ in various aspects such as available
resources, maturity of the market, and public environmental
awareness, all of which may affect the validity of the Porter
hypothesis, we, therefore, included the country as the second
moderator, the moderator of which has been suggested, but sur-
prisingly, yet to be examined. In fact, the majority of past research
focuses on one country and lacks comparisons between countries
(Cui et al., 2022; Wang et al, 2022). In this case, we divided
countries into two groups: developed countries and developing
countries (which are representative), in order to determine whe-
ther disparities in these areas impact the relationship.

Fourth, our research also provides significant practical values.
In comparison with previous research, we provide a more
nuanced and comprehensive view of the issue of the Porter
hypothesis by distinguishing types and measures of environ-
mental regulation and green innovation, as well as heterogeneity
analysis between studies, which provides a theoretical basis for
relevant authorities to formulate a more targeted strategy of the
execution of green innovation. In addition, since our research
exploits a large sample size over the world, the generalization and
representation of this study may strengthen the confidence of
governments from different countries to enact appropriate reg-
ulatory policies to enhance green innovations while some studies
hold the opposite position.

In sum, we addressed four research questions in this paper: (1)
What is the overall relationship between environmental regula-
tion and green innovation? (2) What is the relationship between
different types of environmental regulation and green innovation?
(3) Does the relationship between different types of environ-
mental regulation and green innovation vary across measures of
green innovation? (4) Do the level of analysis and country type
moderate the relationship between environmental regulation and
green innovation?
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Theoretical background

Concepts of Porter hypothesis

Porter hypothesis. The Porter hypothesis is defined as “regulation
could potentially enhance productivity and/or competitiveness by
generating substantial innovation offsets” (Cohen and Tubb,
2017, p.3), indicating that environmental regulation could sti-
mulate firms’ innovation, which in turn promotes their pro-
ductivity and/or competitiveness. It can be seen as the “overall”
version of the Porter hypothesis.

Specifically, Porter’s hypothesis can be divided into three forms
including “narrow”, “weak” and “strong” versions, and in line
with most studies, we used Jaffe and Palmer’s (1997) definitions:
the “narrow” version refers to flexible regulation increasing firms’
incentives for innovation; the “weak” version indicates that
environmental regulations will trigger certain kinds of innova-
tion; the ‘strong’ version describes that the benefits of innovation
driven by conforming to environmental regulations will exceed
the costs of regulatory compliance.

Environmental regulation. Environmental regulation is con-
ceptualized as environmental policies implemented by public
agencies in order to solve environmental problems through
changing the behaviors of individuals and organizations (Lin and
Wu, 2020; Sanni, 2018). Current literature identifies three key sub-
dimensions: command and control regulation, market-incentive
regulation, and voluntary regulation (Huang et al., 2014; Ren et al.,
2018). Command and control regulation uses laws and regulations
to control pollution—for example, sewerage and drainage reg-
ulations and carbon dioxide emission standards (Ouyang et al.,
2020). Market-incentive regulation uses market-based approaches
to reduce pollution, such as pollution charges, emission taxes, and
emission subsidies (Wang et al., 2022). Voluntary regulation refers
to organizations’ and individuals’ voluntary commitments—rather
than mandatory requirements—to control pollution, and includes
using environmental labeling and certificates, and signing volun-
tary agreements (Bu et al., 2020).

The underlying logic behind adopting environmental regula-
tions is to help address ‘market failures’, such as pollution
externalities, specific investments with contractual incomplete-
ness, asymmetric information within firms, and spillovers in
knowledge. For example, it is difficult to force polluters to
consider the costs to those harmed by their pollution without
proper environmental regulations. Previous research suggests that
environmental regulation is a crucial predictor of innovation (e.g.,
Ahmed et al., 2023; Fang et al., 2020; Jaffe and Palmer, 1997).

Green innovation. Green innovation is defined as innovations in
processes, technologies, practices, systems, or products intended
to minimize energy consumption or pollution emissions (Ashford
and Hall, 2011; Bai et al,, 2021). Green innovation takes two
forms: either firms optimize pollution handling after it happens—
e.g. reducing emissions of wastewater and toxic gas—or they
address “environmental impacts while simultaneously improving
the affected product itself and/or related processes” (Porter and
van der Linde, 1995, p. 101). Referring to Sanni’s categorization
(2018), the determinants of green innovation are regulation
(Adelegan et al, 2010; del Rio Gonzalez, 2005), demand-pull
factors (Horbach, 2008), technology-push factors (Sdez-Martinez
et al, 2014; Triguero et al, 2013) and firm-specific factors
(Chassagnon and Haned, 2015; Frenz and Ietto-Gillies, 2007).

The environmental regulation-green innovation relationship:
Mixed results. Similar to the results of the relationship between
environment regulation and general innovation or overall com-
petitiveness, previous empirical research on the environmental

regulation-green innovation relationship also shows mixed
results, including positive (e.g. Popp, 2002; Xiang et al., 2020; Zhu
et al,, 2019; Wang et al,, 2022), insignificant (e.g. Brunel, 2019;
Tian et al., 2021; Zhu et al., 2021) and negative associations (e.g.
Cerin, 2006; Desrochers, 2008; Li and Zeng, 2020).

Studies supporting a positive relationship between environ-
mental regulation and green innovation include Dangelico (2016),
Doran and Ryan (2012, 2016), Li and Hamblin (2016), Liao and
Liu (2022), and Zhao et al. (2022). For example, from 24 studies,
with a total sample size of 47,704, Liao and Liu (2022) reported a
significant and positive relationship (8 =0.354, p <0.001).

Insignificant associations between environmental regulation
and green innovation have also been found by studies other than
those mentioned above. Long and Wan (2017) reported an
insignificant association between environmental regulation and
firms’ innovation. Arimura et al. (2007) found environmental
standards and taxation have no significant relationship with
environmental innovation, based on a survey of 4000 facilities in
seven OECD countries. Brunnermeier and Cohen (2003) used a
panel of 146 USA manufacturing companies between 1983 and
1992 and reported that water pollution control inspections have
no impact on a number of environment-related patents.

Negative relationships between environmental regulation and
green innovation are also found in several other studies (Feng
et al, 2018; Guo et al, 2017). Based on panel data from 27
Chinese manufacturing companies between 2009 and 2015, Feng
et al. (2018) found environmental regulations have significant
negative effects on green innovation.

The inconsistent relationships should be attributed to three
potential reasons. First, previous studies do not distinguish
between different types of environmental regulation, therefore
offering a rather vague picture. Indeed, past researchers have
stressed that differentiating between types of regulation is
important in exploring the relationship (Fu et al, 2018; Zhao
et al, 2023). Zhao et al. (2023) noted that specific forms of
environmental regulations including formal (e.g. command and
control regulation) and informal (e.g. voluntary regulation) ones
should be further studied, which are potential to cause more
significant results. Fu et al. (2018) found, in the USA, that while
renewable portfolio standards (a requirement to produce a
specified proportion of energy from renewable sources) induce
innovation, financial incentives such as tax breaks and subsidies
have no impact at the national level, indicating the necessity of
decomposing kinds of regulatory types.

Second, the diversity of innovation measures also influences
the consistency of results (Lankoski, 2010). Wang et al. (2022)
noted that in order to induce a more accurate result, they used the
measure of the application number of green invention patents
rather than the measure of authorized green patents which is
widely applied in innovation research. They criticized the
measure of authorized green patents for their vulnerability to
human factors and having a time of lagging issue, therefore
leading to imprecise results. Cui et al. (2022) mentioned one of
their research limitations is that they only counted the number of
patents but neglected other measures of innovations. Therefore,
the generalization of their study should be considered with
caution. Jaffe and Palmer (1997) estimated the relationship
between total research and development (R&D) expenditure and
the number of successful patent applications and pollution
abatement costs (R&D expenditure and successful patent
applications are two popular indicators of green innovation,
and pollution abatement cost is a proxy for the stringency of
environmental regulation). They found a positive link between
R&D expenditure and pollution abatement cost (an increase of
0.15% in R&D for a cost increase of 1%), but no statistically
significant link to the number of patents.
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Third, the inconsistent results may be attributed to issues such
as location, ownership, and areas of technology (Chen et al., 2021;
Wang et al., 2022). Through categorizing the sample enterprises
into different groups, Wang et al. (2022) found that the impact of
environmental regulation on green technology innovation is more
prominent in the eastern region of China than the other areas,
and they also found that command and control regulation is
positively associated with green technology innovation among
state-owned enterprises but no impact on non-state-owned
enterprises. By using panel data relating to patent numbers for
seven different renewable energy technologies in Germany,
Bohringer et al. (2017) explored how technology areas moderate
the association between environmental regulation and green
innovation. They found that, among seven renewable energy
technologies, the area where feed-in tariffs result in the greatest
increase in innovation was wind power. Conversely, the impact of
the tariffs on innovation in the area of biomass technology is
insignificant. Nicolli and Vona (2016), and Johnstone et al. (2010)
also showed that the type of technology plays a crucial role in
moderating ~ the  environmental  regulation-innovation
relationship.

Research method

We followed the meta-analysis procedure to address research
questions. The advantage of this method lies in that since some
primary studies lack sufficient sample sizes to induce statistically
significant findings and most studies are unable to generate a
precise estimate of effect size (Geyskens et al., 2009), meta-ana-
lysis, which integrates regression coefficients and recognizes
heterogeneities of multiple independent studies that bear on the
same relationship, can lead to more accurate conclusions than
those shown in any single study. In this section, we first explained
the search strategy including the applied search engine, search
field, and search terms. Then we provided criteria for studies that
should be included or excluded in the meta-analysis. Next, the
study-selection process was described which was followed by
measurements of environmental regulation and green innovation.
In the last part, estimation techniques were explained in detail.

Search strategy. We used the electronic search engine Scopus to
perform the search, using the search field ‘Title, Keywords and
Abstract’. Scopus was selected due to its interdisciplinary cover-
age and popularity among literature reviews relating to envir-
onmental research in recent years (Bourcet, 2020; Menegaki et al.,
2021). The search terms used were: (“environmental regulation™“
OR “environmental polic*“ OR “environmental governance” OR
“environmental legislation”) AND (“green innovation*“ OR
“green technological innovation*“ OR “green production inno-
vation*“ OR  “environmental innovation** OR  “eco-
innovation*“).

Inclusion and exclusion criteria. First, we included only quan-
titative studies that have reported the relationship between
environmental regulation and green innovation, because these
studies have produced relevant coefficients such as Pearson cor-
relations, f-statistics, and regression coefficients. Second, all
papers should be published, full-length and peer-reviewed—
incomplete or unpublished articles, or those where only an
abstract was available, were not considered. Third, we only
reviewed journal articles written in English, or translated into
English. Fourth, to guarantee the quality of selected articles, we
only used papers falling into the top two quartiles (Q1 or Q2) in
journal citation reports (JCR), which aimed to identify journals of
high quality in a particular subject area. Three authors decided
which papers should be included, and only those papers meeting
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the inclusion criteria were selected. Last, we only included papers
published since 2016, as we wanted to verify whether the findings
were in accordance with Ambec et al.’s (2012) and Cohen and
Tubb’s (2017) suggestion that calls for studies if recent studies
tend to elicit more positive results than those from longer ago,
which remains to be evaluated. Also, the Paris Agreement came
into force in 2016—the first binding agreement that brings all
nations together in a common cause to fight against climate
change. Under such pressure, we believe all nations will formulate
more intensive regulatory policies to promote green innovation,
an issue that has not received much attention.

Study-selection procedure. Our research followed Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) to demonstrate the study-selection process, with the
purpose of improving the transparency and accuracy of literature
selection. It consists of a checklist and a flow diagram that pro-
vide a standard framework for reporting systematic reviews and
meta-analyses. The checklist covers multiple aspects of the review
process, such as the title, abstract, introduction, methods, results,
discussion, and funding. The flow diagram outlines the study
selection process, including the number of studies identified,
screened, included, and excluded, along with the reasons for
exclusion.

Using the search strategy and inclusion/exclusion criteria
already defined, 594 papers were identified from Scopus. Of these,
292 were discarded after examining titles and abstracts because
the contents were not relevant, and 78 were removed as they were
published before 2015 and therefore predated the Paris Agree-
ment (adopted 2015, entered into force 2016). Of the remaining
224 papers, 75 did not fall into Q1 or Q2 in JCR, and 91 did not
include the necessary data for effect size calculation. This left
58 studies that assessed the relationship between environmental
regulation and green innovation and met our criteria. The
PRISMA flow diagram is shown in Fig. 1 to demonstrate the
study-selection process.

Measurements of environmental regulation and green inno-
vation. After reviewing the included studies, we grouped envir-
onmental regulations into five categories: overall regulation
(OVR), command and control regulation (CACR), market
incentive regulation (MIR), voluntary regulation (VR), and other
regulations (ORS). Overall regulation indicates a measurement
that includes two or more dimensions of environmental regula-
tion. Command and control regulation, market incentive reg-
ulation, and voluntary regulation have previously been explained.
Other regulations are the environmental regulations that do not
fall into the other categories, comprising environmental dis-
closure (Xiang et al., 2020), information-based instruments (Liao,
2018), and formal and informal regulation pressure (Wu et al,,
2022).

We categorized green innovation measures into eight groups:
number of patents (NOPS), frequency of terms mentioned in the
annual report (FOT), new-product sales revenue (NPSR), R&D
expenditure/revenue (RDER), questionnaire measures regarding
green innovation (QGI), energy-based indices (EBI), pollution-
based indices (PBI) and other measures (OMS). Number of
patents indicates the number of green patent authorizations;
frequency of terms mentioned in the annual report refers to the
frequency with which terms relating to green innovation are used
in companies’ annual reports; new-product sales revenue gives
sales revenue generated new products or services driven by green
innovation; R&D expenditure/revenue shows the amount spent
by a company on green research and development; questionnaire
measures regarding green innovation relate to questionnaire
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Fig. 1 The PRISMA flow diagram. The figure describes the process of paper selection, following the guidelines of PRISMA used for reporting meta-

analyses.

Table 1 Variables in the study.

Variable Definition

OVR Overall regulation

CACR Command and control regulation
MIR Market incentive regulation

VR Voluntary regulation

ORS Other regulations

NOPS Number of patents

FOT Frequency of terms mentioned in the annual report
NPSR New product sales revenue

RDER R&D expenditure/revenue

QGlI Questionnaire measures regarding green innovation
EBI Energy-based indices

PBI Pollution-based indices

OMS Other measures

items on green innovation—for example, ‘Our company often
places emphasis on developing new eco-products through new
technologies to simplify their package’ (Liao, 2018); energy-based
indices are measures of energy consumption, such as reduced
energy use and changes in plants’ energy intensity; pollution-
based indices consider wastewater treatment capacity, discharge
of wastewater, sulfur dioxide emissions and fixed waste emissions;
other measures consist of passing ISO 14001 certification (Li
et al,, 2017) and changes in efficiency and progress relating to
green technology (Peng, 2020). A summary of mentioned
variables is shown in Table 1.

Estimation techniques. First, we calculated quantitative effect
sizes using Fisher’s Z as our effect size metric. Because most of the
included studies used regression analysis, we followed Ringquist’s
(2013) recommendation by first converting each paper’s para-
meter estimate into a correlation coefficient, r. The approach for

converting from regression coefficients to correlation coefficients
r is referred to by Ringquist (2013). Once the correlation coeffi-
cient r is estimated for study i, Fisher’s Z for each study is cal-
culated (y;). To convert r to Fisher’s Z, we used the following
equation:

1+,
Yi= 0.51n1+r’

M

The second step is to count the weight of each study (w;). We
used a random effects model by maximum likelihood (ML)
method, rather than a fixed effects model because there are
factors that might change the relationship between environmental
regulation and green innovation between studies, such as country
type, type of regulation, measure of innovation, and level of
regulation. Results are therefore likely to be heterogeneous
between studies, meaning a random effects model was suitable.
Based on the marginal distribution y; ~ N (4, v; + 72) The estimate
w; is calculated by the following equations:

i

InL(u, 7 _ ke _121 2_12()’1;'“)2 )
u, ) = 2n(n) 5 n(v,+7°) g

zw; ((J’i — Urg (?I%AL) )Z_Vi)

T2 = max{ 0, S 3)
! 4
W, = —"=<—
Loyt T @
The last step is to aggregate effect sizes by
2wy
V= @)

Results
Characteristics of included studies. Our analysis of the char-
acteristics of the included studies provides an overview of their
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Fig. 3 Country of source data for included studies. The figure illustrates the country distributions of the papers included.

nature and considers publication year, journal, and the country
from which source data was taken. Figure 2 shows the studies by
year of publication, and reveals that the highest number of papers
was published in 2020 (19), with 2021 second (17). Few papers
from 2022, were included, but this is due to our search period,
which ended in January 2022. These figures suggest the popularity
of research into the environmental regulation-green innovation
relationship is growing. Figure 3 shows the country from which
data is used for each study, and shows that China is the most
popular country to be analyzed (42), followed by OECD (Orga-
nization for Economic Co-operation and Development) countries
(5). This indicates that the topic receives considerable attention
among Chinese scholars, possibly due to severe environmental
problems in China which the Chinese government has committed
to addressing. Table 2 shows the studies distributed by publication
journal and year of publication. 26 journals published papers on
the issue during the study period; notably, the Journal of Cleaner
Production published 9 relevant papers, between 2017 and 2021.

Co-occurrence network analysis. A co-occurrence network ana-
lysis of keywords for the included studies, executed in VOSviewer,
is shown in Fig. 4. This suggests that the terms ‘China’, ‘envir-
onmental policy’, ‘government regulation’, and ‘green innovation’

6

are strongly correlated. They are clustered into separate groups. In
particular, ‘China’ emerges as the most frequently used keyword,
emphasizing the attention the topic has attracted in China, as it
strives to implement government regulations promoting green
innovation in order to address its environmental problems.

Relationships between environmental regulation and green
innovation

Overall relationship between environmental regulation and green
innovation (the Porter hypothesis taken as a whole). The meta-
analysis results for each paper’s effect size, and the aggregate
effect size for all studies, are presented graphically as a forest plot
in Fig. 5. A total of 70 effect sizes were calculated for the 58
included studies because 9 studies included two or more effect
sizes. The results show that although most effect sizes are positive
(39), insignificant and negative effect sizes are not uncommon (24
and 7, respectively). The aggregate effect size of the overall rela-
tionship is positive (0.10; p <0.001, 95% CI =[0.08, 0.13]), sug-
gesting that the Porter hypothesis as a whole is confirmed.
However, the variations in effect sizes between studies show that
the relationship varies depending on the specific types of envir-
onmental regulation and measures of green innovation
considered.
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Table 2 Publication journal and year.

2016

2017 2018 2019 2020 2021 2022

Clean Technologies and Environmental Policy
Complexity

Corporate Social Responsibility and Environmental Management
Economic Analysis and Policy

Economic Modeling

Economic Systems

Emerging Markets Review

Empirical Economics

Energy Economics

Environmental Science and Pollution Research
Expert Systems

International Journal of Environmental Research and Public Health
Journal of Business Research

Journal of Cleaner Production

Journal of Corporate Finance

Journal of Environmental Management

Natural Hazards

Research Policy

Science of the Total Environment
Sustainability

Sustainable Production and Consumption
Technological Forecasting and Social Change
Technovation

The World Economy

Industry and Innovation 1

Journal of Environmental Planning and Management 1

1 1
1

1 1 1
1
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Fig. 4 Co-occurrence network analysis of keywords in included studies. The figure shows a graphic visualization of potential relationships between

keywords in the included papers.

Relationships between each type of environmental regulation and
green innovation (the ‘narrow’ version of the Porter hypothesis).
The analysis is performed for each different dimension of
environmental regulation identified, to assess how they foster
green innovation individually. The results are presented in Table
3 and show that, while green innovation is positively associated
with overall regulation (0.10, p<0.05, 95% CI=[[0.02, 0.19]),
command and control regulation (0.12, p<0.001, 95% CI=
[[0.09, 0.16]) and other regulations (0.24, p<0.01, 95% CI=
[[0.08, 0.40]), it has no significant relationship with market

incentive regulation (0.12, p>0.05, 95% CI = [[—0.01, 0.25]) or
voluntary regulation (0.02, p>0.05, 95% CI=[[—0.08, 0.13]),
suggesting that only certain types of environmental regulation
stimulate green innovation, and supporting the ‘narrow’ version
of the Porter hypothesis.

Relationships between each type of environmental regulation and
each measure of green innovation. Effect sizes for the relationships
between the different dimensions of environmental regulation and
the identified measures of green innovation are presented in Table 4.
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Study TD ES (95%CT) Weight (%)
Ahmed (2020) ! 0.51 (0.03, 0.98) 0.25
Bai et al. (2020) j:—:' 0.05 (-0.05,0.14) 1.84
Bai et al. (2021) I -0.02 (-0.11,0.07) 1.92
Brunel (2019) : _— 1.21 (0.84, 1.58) 0.39
Buetal. (2020) - 0.09 (0.03,0.15) 2.19
Cai & Xu (2021) o : -0.13 (-0.19, -0.06) 2,13
Cainelli et al. (2020) (U] 0.02 (0.01, 0.03) 2,51
Cecere & Corrocher (2016) : 0.73 (0.33, 1.13) 0.34
Chen & Wu (2021) T 0.20 (0.08, 0.32) 1.58
Cui etal. (2022) 1 : 0.02 (0.00, 0.04) 248
Feng et al. (2018) —— 1 -0.22 (-0.36, -0.07) 1.37
Greco et al. (2020) o 0.12(0.07,0.16) 2.34
Guoetal. (2018) : —e s 0.57(0.19,0.94) 0.37
Han & Chen (2021) —-1 0.00 (-0.07, 0.07) 2.11
Hou et al. (2017) EE—— : -0.08 (-0.47,0.31) 035
Hu & Liu (2019) —_—— -0.07 (-0.45, 0.30) 0.37
Jiménez-Parra et al.(2018) 7'—:— 0.02 (-0.35,0.39) 0.39
Jinetal. (2019) | — 0.31(0.13, 0.48) 113
Keshminder & Rio (2019) : —_—— 0.41(0.20, 0.61) 0.95
Kim etal. (2021) 1 —_—— 0.96 (0.58, 1.35) 0.36
Li & Du (2020) —— : -1.36 (-1.47,-1.24) 1.62
Li & Zeng (2020) 1 -1.10 (-1.56, -0.64) 0.26
Lietal. (2017) —a1— -0.07 (-0.23,0.10) 1.20
Lietal. (2017) -—:—l— 0.14 (-0.02, 0.31) 1.20
Li et al. (2020) —_— -0.06 (-0.26, 0.14) 0.97
Li et al. (2020) '—:—l— 0.23 (0.04,0.43) 0.97
Lietal. (2021) S [, PR 0.28 (-0.10, 0.65) 0.37
Liao (2018) —+ 0.08 (-0.04, 0.19) 1.67
Liao (2018) | — & 0.27 (0.16, 0.38) 1.67
Liao (2018) : —— 0.26 (0.15,0.37) 167
Liu et al. (2020) = 1 -0.07 (-0.11, -0.04) 241
Liuetal. (2021) e 0.14(0.01, 0.26) 1.54
Lv etal. (2020) : —_— 0.33(0.13,0.54) 0.94
Lvetal. (2021) I -0.36 (-0.74, 0.02) 0.37
Ma et al. (2021) : —_— 0.49 (0.30, 0.69) 0.98
Maasoumi et al. (2020) 1 _— 1.20 (0.80, 1.60) 0.34
Marin & Zanfei (2019) T : 0.01 (0.00, 0.02) 2.50
Mulaessa & Lin (2021) | —&— 0.24(0.13, 0.36) 1.65
Orsatti et al. (2020) L : 0.04 (0.04, 0.04) 2.51
Pan et al. (2020) 1 ——————————— 0.68 (0.30, 1.05) 0.37
Pan etal. (2021) —I: 0.06 (0.01,0.10) 233
Peng (2020) — 0.05 (-0.07,0.17) 1.60
Peng et al. (2018) e 0.12 (-0.02, 0.25) 1.46
Rave & Goetzke (2016) —--:— 0.05 (-0.04, 0.14) 191
Ren et al. (2020) —t— 0.16 (0.03, 0.29) 1.49
Ren etal. (2022) -h- 0.13 (0.07, 0.18) 223
Tian et al. (2021) = 1 -0.01 (-0.05, 0.03) 237
Wang et al. (2020) : —— 0.24(0.14,0.34) 1.80
Wang et al. (2020) 4+ 0.17(0.07,0.27) 1.80
Wang et al. (2020) : : 0.00 (-0.03, 0.03) 241
Wang et al. (2020) 0.00 (-0.10, 0.10) 1.80
Wang et al. (2021) : —— 0.66 (0.27, 1.04) 0.36
Weiss & Anisimova (2018) —— 1 -0.11 (-0.19, -0.03) 2.00
Weiss & Anisimova (2018) —- | -0.08 (-0.16, 0.00) 2.00
Wuetal. (2018) _=—.7 0.37(-0.01, 0.75) 0.37
Wu et al. (2018) —_—t 0.15(-0.22, 0.53) 0.37
Wu et al. (2022) : = 0.28 (0.25, 0.30) 244
Wu etal. (2022) 1 0.24(0.21,0.27) 244
Xiang et al. (2020) : —— 0.47(0.38,0.57) 1.88
Yang et al. (2021) |—&— 0.23 (011, 0.35) 1.61
Yang et al. (2021) :+ 0.23(0.12,0.35) 1.62
Yi etal. (2020) 1 -0.48 (-1.17,0.22) 0.12
You et al. (2018) : = 0.29(0.25,0.33) 233
Yu & Cheng (2021) T—T%— 0.16 (-0.03, 0.35) 1.03
Zhang et al. (2018) :—.— 0.21(0.10, 0.33) 1.65
Zhang et al. (2018) 1 —— 0.32(0.21,0.44) 1.65
Zhao et al. (2022) = 0.34 (-0.03,0.72) 0.37
Zhu etal. (2021) —i:— 0.06 (-0.03, 0.14) 1.98
Zhu et al. (2021) —_— 0.13(0.04,0.21) 1.98
Zhuetal. (2021) + 0.09 (0.01,0.17) 1.98
Overall L 4 0.10(0.08, 0.13) 100,00

1
-l.I60 0 0.’[0 I.‘60

Fig. 5 The forest plot of all included studies. The figure summarizes the effect sizes with the 95% confidence intervals of the relationship between
environmental regulation and green innovation in the included studies.

Relationships are assessed for all combinations of regulation type measures regarding green innovation (0.35, p <0.001, 95% CI =
and innovation measures for which sufficient data is available to do  [[0.22, 0.48]) and energy-based indices (0.12, p <0.001, 95% CI =
so. Overall regulation is positively associated with new-product sales  [[0.07, 0.16]); command and control regulation is positively related
revenue (0.66, p<0.001, 95% CI=[[0.27, 1.04]), questionnaire to number of patents (0.16, p <0.001, 95% CI = [[0.10, 0.22]) and

8 | (2024)11:232 | https://doi.org/10.1057/s41599-024-02671-9



ARTICLE

Table 3 Effects of each type of environmental regulation on green innovation.

Type of regulation Number of studies Sample Effect size 95% CI

size
p-value
Overall regulation 25 717,500 0.10* [0.02, 0.19]
0.02
Command and control regulation 28 124,193 0.12*** [0.09, 0.16]
<0.001
Market incentive regulation 7 5762 0.12 [-0.01, 0.25]
>0.05
Voluntary regulation 6 2298 0.02 [-0.08, 0.13]
>0.05
Other regulations 4 6463 0.24** [0.08, 0.40]
0.003

*p<0.05, **p<0.01, ***p < 0.001 (significance levels based on two-tailed tests).

Table 4 Effects of different dimensions of environmental regulation on each identified measure of green innovation.

innovation

Type of regulation Measures of green innovation No. of studies Sample size Effect size 95% CI p-value
Overall regulation Number of patents 15 711,134 0.13 [—0.02, 0.29] >0.05
New-product sales revenue 1 29 0.66*** [0.27,1.04] 0.001
R&D expenditure/revenue 1 3557 0.00 [-0.03, 0.03] >0.05
Questionnaire measures regarding green 2 227 0.35%* [0.22, 0.48] <0.001
innovation
Energy-based indices 1 2053 0.12*** [0.07, 0.16] <0.001
Pollution-based indices 2 51 -0.26 [-1.90, 1.37] >0.05
Other measures 3 449 0.01 [-0.17, 0.20] >0.05
Command and control Number of patents 21 58,816 0.16*** [0.10, 0.22] <0.001
regulation
Frequency of terms mentioned in the annual 2 3947 0.17 [-0.05, 0.40] >0.05
report
Questionnaire measures regarding green 3 822 0.14*** [0.05, 0.22] 0.001
innovation
Energy-based indices 2 60,608 —-0.04 [-0.17, 0.09] >0.05
Market incentive regulation Number of patents 4 4550 0.08 [-0.08, 0.24] >0.05
Questionnaire measures regarding green 2 604 0.30***  [0.22, 0.38] <0.001
innovation
Energy-based indices 1 608 —0.08* [-0.16, —0.00] 0.04
Voluntary regulation Number of patents 5 2109 0.08* [0.00, 0.15] 0.04
New-product sales revenue 1 189 —0.22** [-0.36, —0.07] 0.003
Other regulations Number of patents 1 464 0.47***  [0.38, 0.57] <0.001
Questionnaire measures regarding green 3 5999 0.17 [—0.00, 0.33] >0.05

*p <0.05, *p <0.01, **p < 0.001 (significance levels based on two-tailed tests).

questionnaire measures regarding green innovation (0.14, p < 0.001,
95% CI=[[0.05, 0.22]); market incentive regulation is positively
related to questionnaire measures regarding green innovation (0.30,
p<0.001, 95% CI=[[0.22, 0.38]), but has a negative relationship
with energy-based indices (—0.08, p<0.05, 95% CI=[[—0.16,
—0.00]); voluntary regulation has positive and negative relationships
respectively with number of patents (0.08, p < 0.05, 95% CI = [[0.00,
0.15]) and new-product sales revenue (—0.22, p<0.01, 95% CI=
[[—0.36, —0.07]); and other regulations have a strong and positive
relationship with number of patents (0.47, p<0.001, 95% CI=
[[0.38, 0.57]). All other relationships assessed are insignificant (see
Table 4). These results suggest that distinctions between measures of
green innovation have a significant impact on the apparent validity
of the Porter hypothesis.

Publication bias. One important test of a meta-analysis is to assess
whether the results are subject to publication bias, where the

outcome of a study plays a part in deciding whether or not it is
published—something which has been revealed in past research
(Franco et al., 2014; Rothstein et al., 2005). Visual inspection of
the funnel plot in Fig. 6 shows that the selected publications can
largely be considered unbiased. Statistically, the result of the fail-
safe N test further suggests there is no publication bias (8989 more
unpublished studies are required to make the results insignificant).

Moderator analyses. Table 5 reveals the result of a heterogeneity
test on effect sizes. It shows that the effect-size heterogeneity of
the relationships between certain types of environmental regula-
tion and certain measures of green innovation is caused by
moderations, including the relationships between overall regula-
tion and the number of patents (I2: 97.84, p <0.001), between
overall regulation and pollution-based indices (I>: 96.67,
p <0.001), between command and control regulation and number
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Fig. 6 Funnel plot. The figure is used as a visual aid for detecting bias in the relationship between environmental regulation and green innovation.

Table 5 Results of heterogeneity test on effect sizes.

Group Number of studies Heterogeneity

Q-value P-value I-squared
OVR to NOPS 15 647.02  0.000 97.84***
OVR to NPSR 1 0.00 1.000 0.00
OVR to RDER 1 0.00 1.000 0.00
OVR to QG 2 0.53 0.470 0.00
OVR to EBI 1 0.00 1.000 0.00
OVR to PBI 2 30.02 0.000 96.67***
OVR to OMS 3 5.73 0.057 65.07
CACR to NOPS 21 462.41 0.000 95.68***
CACR to FOT 2 53.07 0.000 98.12***
CACR to QGI 3 2.96 0.228 32.42
CACR to EBI 2 10.90 0.001 90.83***
MIR to NOPS 4 36.50 0.000 91.78***
MIR to QGlI 2 0.46 0.499 0.00
MIR to EBI 1 0.00 1.000 0.00
VR to NOPS 5 7.63 0.106 47.60
VR to NPSR 1 0.00 1.000 0.00
ORS to NOPS 1 0.00 1.000 0.00
ORS to QGlI 3 39.45 0.000 94,93***

***p < 0.001 (significance levels based on two-tailed tests).

of patents (I2: 95.68, p <0.001), between command and control
regulation and frequency of terms mentioned in the annual report
(1% 98.12, p<0.001), between command and control regulation
and energy-based indices (I%: 90.83, p <0.001), between market
incentive regulation and number of patents (I2: 91.78, p < 0.001)
and between other regulations and questionnaires regarding
green innovation (I?: 94.93, p <0.001).

Based on these results, we tested our identified potential
moderators—country type and level of analysis—on the relation-
ships with significant heterogeneities. The results of this analysis
are presented in Table 6. We did not examine the moderating
effects of country type and level of analysis on the relationships
between other regulations and questionnaire measures regarding

green innovation, and between command and control regulation
and frequency of terms mentioned in the annual report, because
the data for both relationships is only available for a single
country type and level of analysis.

The results show that command and control regulation is
significantly correlated with number of patents in both develop-
ing countries (0.14, 95% CI={[[0.06, 0.22]) and developed
countries (0.39, 95% CI = [[0.16, 0.58]), while the heterogeneity
test reveals that the result differs between the two types of country
(p =0.04)—hence country type acts as a moderator in the
relationship between command and control regulation and
number of patents. However, country type does not moderate
the relationship between overall regulation and number of patents
(p>0.05). Country type was not used to moderate the relation-
ship between overall regulation and pollution-based indices, or
between market incentive regulation and number of patents
because these two relationships were only investigated using data
from developing countries.

All the relationships listed in Table 6 are significantly
moderated by the level of analysis. The relationship between
overall regulation and number of patents only becomes positive at
the country level (0.68, 95% CI = [[0.40, 0.85]). Relationships at
the level of firm (0.09, 95% CI = [[—0.00, 0.19]), city (—0.36, 95%
CI=[[—0.83, 0.41]) and province (0.29, 95% CI = [[—0.13, 0.62])
are all insignificant. The heterogeneity test shows that the
relationship varies by level of analysis (p = 0.003). The association
between overall regulation and pollution-based indices is positive
at the province level (0.51, 95% CI = [[0.19, 0.74]) but negative at
the firm level (—0.80, 95% CI=[[—0.92, —0.56]). The hetero-
geneity test again indicates that the relationship is significantly
different between levels of analysis (p =0.000). Although effect
sizes at all levels of analysis for the relationship between
command and control regulation and number of patents are
positive, the level of analysis still moderates the relationship—the
P-value of the heterogeneity test is significant (p = 0.02), and the
correlations become increasingly strong from firm to city level
(0.10-0.62). Finally, the relationship between market incentive
regulation and the number of patents is negative at the city level
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Table 6 Results of the test of potential moderators.

Group Effect size and 95% confidence interval Heterogeneity
Number of studies Point estimate Sample size 95% CI Q-value p-value

Overall regulation and number of patents

Country type

Developing country 12 0.10 4144 [-0.8, 0.37] 0.98 0.32

Developed country 3 0.37 706,990 [-0.10, 0.71]

Level of analysis

Firm 6 0.09 707,931 [—0.00, 0.19] 13.96 0.003**

City 3 —0.36 3035 [—-0.83, 0.41]

Province 3 0.29 90 [-0.13, 0.62]

Country 3 0.68 78 [0.40, 0.85]

Overall regulation and pollution-based indices

Level of analysis

Firm 1 —0.80 21 [-0.92, —0.56] 30.02 0.000***

Province 1 0.51 30 [0.19, 0.74]

Command and control regulation and number of patents

Country type

Developing country 17 0.14 20,369 [0.06, 0.22] 4.08 0.04*

Developed country 4 0.39 38,447 [0.16, 0.58]

Level of analysis

Firm 14 0.10 58,013 [0.04, 0.16] 10.18 0.02*

City 1 0.20 266 [0.08, 0.31]

Province 3 0.25 450 [0.16, 0.33]

Country 3 0.62 87 [0.01, 0.89]

Market incentive regulation and number of patents

Level of analysis

Firm 1 013 573 [0.04, 0.21] 36.49 0.000***

City 1 -0.07 3557 [-0.11, —0.04]

Province 2 0.17 420 [0.07, 0.26]

*p <0.05, *p <0.01, ***p < 0.001 (significance levels based on two-tailed tests).

(—0.07, 95% CI=[[—0.11, —0.04]), but positive at the firm and
province levels. Again, the relationship between market incentive
regulation and number of patents is heterogeneous by level of
analysis (p = 0.000).

Discussion

Our results largely add support to the overall Porter hypothesis,
as well as its ‘narrow’ version. By distinguishing between different
types of environmental regulation and measures of green inno-
vation, and by assessing country type and level of analysis as
moderators, our study extends our understanding of the Porter
hypothesis and resolves the ambiguity issue raised previously
(Ambec et al., 2012; Zhao et al., 2022).

The overall Porter hypothesis. The positive aggregate effect size
(0.10; p < 0.001) for the overall Porter hypothesis adds support to
its conclusions. In line with Jaffe and Palmer’s (1997) view, it is
possible that environmental regulations remind firms of available
or potential technology improvements and likely resource inef-
ficiencies, as well as encouraging investment in green innovation.
Environmental regulations may also pressure firms to foster eco-
innovations, and raise their awareness of environmental promo-
tion. All these factors help to explain the positive effect of
environmental regulation on green innovation. Nonetheless, the
result differs from a previous meta-analysis testing the Porter
hypothesis, where aggregate effect size turned out to be insig-
nificant (Cohen and Tubb, 2017). The divergent results may be
due to the wider time span of Cohen and Trubb’s analysis (1990-
2015, rather than 2016-2022), and the broader outcomes on
which they focused (competitiveness and financial and economic
performance as well as all types of innovation).

One potential reason that a different timespan produces different
results may be that enactments of environmental regulations have
lagged effects. Regulatory compliance often leads to short-term
costs, but it takes time for firms to adjust their procedures and
culture to embrace long-term innovation and experience its
benefits. Through years—even decades—of such adjustments, firms
tend to shift from a position of denial to one of voluntary
innovation and become more capable of taking advantage of
regulatory policies to become more competitive. The Paris
Agreement provides further opportunities for them to take greater
steps to enhance their competitiveness through green innovation.
Indeed, previous research has found that studies using lagged
variables are more likely to demonstrate a positive relationship
(Brunnermeier and Cohen, 2003). The broader focus of Cohen and
Tubb’s (2017) study may also lead to a discrepancy in results due to
the inclusion of types of competitiveness, performance, and
innovation which are unaffected by environmental regulation.

The ‘narrow’ version of the Porter hypothesis. Our results give
support to the ‘narrow’ version of the Porter hypothesis—that
only certain types of environmental regulation will foster green
innovation. There are a number of reasons for this. First, com-
mand and control regulation, a traditional regulatory approach, is
an ‘end-of-pipe’ regulation. It provides a clear-cut incentive for
eco-innovations. It is therefore not surprising to see the positive
effect of command and control regulation on green innovation.
We believe this approach is particularly useful among developing
countries in comparison with other regulatory types. Firms in
developing countries rely more on information gathered by
government and are often inexperienced in dealing with potential
negative environmental impacts. Additionally, organizational
inertia can be overcome through pressure from environmental
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regulation. Parsad and Mittal (2022) demonstrated that the reg-
ulatory mechanism dominates firms’ environmental activities in
developing nations, while market and institutional forces are
expected to be stronger among developed countries. Second, the
insignificant relationship between market incentive regulation
and green innovation may be attributable to the sample char-
acteristic that only one study explored this relationship in
developed countries (Weiss and Anisimova, 2018). We expect
that this relationship would become positive if more samples
could be acquired from developed countries, as they have a more
complete market mechanism. Third, voluntary regulation is the
type of regulation with the highest level of flexibility among all
regulatory measures (Christmann and Taylor, 2006). While there
is an insignificant association with green innovation in general,
the relationship varies after dividing the measures of green
innovation. Specifically, we found a positive relationship between
voluntary regulation and number of patents, but a negative
relationship between voluntary regulation and new-product sales
revenue. This distinction confirms that it is significant to assess
the Porter hypothesis by measures of green innovation or con-
fusion is likely to be raised. Fourth, the significant and positive
relationship between other regulations and green innovation
indicates that a variety of regulations other than the three com-
mon types considered can also be used to achieve the objective of
green innovation. Further analysis of the results, by distinguishing
between measures of green innovation within each type of
environmental regulation, indicates that the specific measure of
green innovation does indeed influence the apparent validity of
the Porter hypothesis, consistent with Lankoski (2010) and
Ambec et al.’s (2012) contention. Table 4 shows that the number
of patents is the most frequently used measure, possibly because it
is easy to access, but also because it is indeed a good indicator of
green innovation.

Moderating effects. Table 6 demonstrates that there is con-
siderable variation in the moderating effects of country type and
level of analysis on the Porter hypothesis. While we found no
difference in the relationship between overall regulation and the
number of patents between developed and developing countries,
the association between command and control regulation and the
number of patents does show a distinction based on country type.
Given that firms in developed countries have better research and
development capabilities than those in developing countries, they
are more capable of dealing with mandatory regulations by
finding new solutions and therefore increasing the number of
patents. This makes the positive relationship between command
and control regulation and the number of patents stronger in
developed countries than in developing ones. The results are also
heterogeneous by level of analysis. In general, a higher level of
study (for example considering countries as opposed to firms)
shows a stronger association between environmental regulation
and green innovation. One explanation for this may be that when
a relationship is investigated from a more global perspective,
micro-level differences, such as different attitudes towards
environmental regulation and limitations on firms’ actions that
are designed to enhance innovation, are minimized, leading to a
more consistent outcome at lower levels of analysis.

Conclusions and policy implications

The mixed results shown by studies of the Porter hypothesis have
raised considerable debate in the past three decades. Our study,
based on the relevant literature published between 2016 and 2022,
is the first meta-analysis exploring the association between
environmental regulation and green innovation. We found that
environmental regulation has a positive association with green

12

innovation, providing support for the overall version of the Porter
hypothesis. Additionally, our results provided evidence support-
ing the ‘narrow’ version of the Porter hypothesis by distin-
guishing between different types of regulation. More importantly,
we have provided reasons why divergent results are shown in past
studies, not only including the failure to consider different
environmental regulation types, green innovation measures,
country types, or levels of analysis, but also the lagged effects of
regulations and the scopes of innovation considered. All these
factors, which have not previously been fully tested, have influ-
enced the relationship, causing results to be inconclusive.

Our study also has important practical implications. First, since
the overall Porter hypothesis is supported, governments should
insist on using environmental regulation to foster green innova-
tion, therefore improving their countries” overall competitiveness.
In developing countries, where markets are less complete and
firms have lower research and development capabilities than
those in developed nations, command and control regulation
should be used as the main type of regulation. In developed
countries, while market-based instruments are often seen as a
stronger incentive for innovation than mandatory regulations,
our results suggested that command and control regulation
increased the number of patents to a greater extent than in
developing ones, indicating that this traditional form of regula-
tion still has an important part to play. This finding is in line with
that of Popp (2002) and Taylor (2012) that command and control
regulation still has a crucial role to play in developed countries.

Second, a variety of environmental regulations should be
combined to improve green innovation, since most types of reg-
ulation have positive impacts in some forms. Our results show that
environmental regulation exerts varying effects at the firm, city,
province, and national levels, and policymakers should determine
the best combinations of regulations to use in each circumstance,
thus engendering the highest possible level of innovation.

Finally, although our meta-analysis extends our understanding
of the Porter hypothesis by addressing the issue of mixed results in
relation to it, some limitations and further opportunities remain.
First, since the data comes largely from China, it is likely to give
rise to a generalization issue. One possible reason is that China has
faced significant environmental challenges due to its rapid
industrialization and economic growth. The Chinese government
has recognized the importance of addressing these challenges and
has implemented stringent environmental regulations in the last
several years. This emphasis on environmental policy has led to a
growing interest among Chinese scholars in studying the potential
economic benefits of these regulations, as proposed by the Porter
Hypothesis. To address the potential bias issue, more studies
deriving data from other nations are required to further investi-
gate the nature of Porter’s hypothesis. Second, although we cate-
gorize measures of green innovation into eight groups, we do not
know the underlying mechanisms behind the relationships
between each regulatory type and the various measures of green
innovation. Future research in this field would be beneficial in
improving the effectiveness of environmental regulation in
increasing green innovation. Third, due to data limitations, we are
unable to test the ‘weak’ and ‘strong’ versions of the Porter
hypothesis. More evidence is required so that these versions of
Porter’s hypothesis can be fully tested, providing a fuller picture of
the environmental regulation-green innovation relationship.

Data availability

The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable
request.
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Note

1 The definitions of ‘overall’ and ‘narrow’ versions of the Porter hypothesis are provided
in the section “Porter hypothesis”.
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