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Abstract
Pursuing innovation effect or efficiency is an important trade-off that Chinese local governments need to face in the process of
developing economy and protecting the environment. From the perspective of the policy portfolio, we employ the industrial panel
data of 30 provinces in China during 2000–2015 to analyze the impacts of effectiveness-based innovation and efficiency-based
innovation on ecological total-factor energy efficiency (ETFEE), and further analyze the effects of command-and-control,
market-based and voluntary environmental regulations on innovation. The findings reveal that (1) both effectiveness-based
innovation and efficiency-based innovation have significant promoting effects on ETFEE. (2) Three types of environmental
regulations have significantly inhibitory effects on effectiveness-based innovation and efficiency-based innovation. (3) The
interaction term of command-and-control and market-based regulations plays a significant role in promoting effectiveness-
based innovation and efficiency-based innovation, whereas the interaction term of market-based and voluntary regulations
merely promotes efficiency-based innovation. The interaction term of three types of regulation only has a synergetic and positive
effect on the efficiency-based innovation. Finally, this paper gives specific policy recommendations.
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Introduction

Since the twenty-first century, the process of China’s industri-
alization has been accelerated. Industrial energy consumption

is also at a relatively high level, the percentage of which over
total energy consumption has remained above 70%.
According to World Bank statistics,1 in China, energy con-
sumption per unit of GDP rose from $1.99/kg oil equivalent
in 1990 to $5.7/kg oil equivalent in 2014, an increase of
186%. CO2 emissions per capita rose from 2.15 tons in 1990
to 7.54 tons in 2014, an increase of 251%. China’s CO2 emis-
sions and energy consumption reached the top in the world in
2008 and 2010, respectively (British Petroleum (BP), 2014).
As the data from the environmental protection agency’s con-
tinuous monitoring of 118 cities nationwide shows, about
64% of the city’s groundwater is heavily polluted and basic
clean city’s groundwater only accounts for 3%.2 In the process
of China’s rapid industrialization and urbanization, the imbal-
ance between supply and demand of energy and environmen-
tal pollution has intensified, which encumbers the sustainable
development of the industry (Li et al. 2007). Therefore, the
improvement of ecological total-factor energy efficiency

1 https://data.worldbank.org.cn/country/china?view=chart
2 http://news.ifeng.com/mainland/detail_2013_02/17/22182632_0.shtml
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(ETFEE) is a pivotal approach to combating the three chal-
lenges, i.e., climate change, energy security, and sustainable
development of economy (Bukarica and Tomšić 2017).

As one of the largest emerging economies, China is accel-
erating its transformation to innovation, and its innovation
capacity and performance have attracted the attention of
scholars and policy makers from all over the world (Dang
and Motohashi 2015). In 2017, China’s R&D intensity
reached 2.12%, ranking second in the world after the USA.
However, there has always been a debate between effect and
efficiency in the process of transforming R&D input into out-
put (Sheng et al. 2013). Effectiveness-based innovation strat-
egies emphasize the degree of innovation of products or tech-
nologies in the market (Sethi et al. 2001). The innovation
strategy focusing on efficiency focuses on the speed and cost
of product or technology to market, namely, the first-mover
advantage and cost advantage ahead of competitors (Griffin
1997). Due to the limited resources, industrial enterprises need
to carefully balance the relationship between them.

Institutional theory provides a good foundation to study the
selection of regional innovation strategies under the frame-
work of environmental regulations (Pérez-Nordtvedt et al.
2015). This theory emphasizes that the development of enter-
prises depends on their ability of complying with social norms
to obtain legitimacy (Sirmon et al. 2007). From the perspec-
tive of institutional theory, industrial enterprises play up to
social norms abiding by environmental policies. Therefore,
the choice of regional innovation strategy depends on the gov-
ernment’s pressure of environmental regulation. So, how do
regional weigh the efficiency and effect of innovation under
the pressure of environmental regulation? And what impact
will this choice have on regional industrial ETFEE? This is a
topic well worth studying.

Porter hypothesis argues that well-designed environmental
regulation can stimulate enterprises to conduct innovation,
and thus enhance their competitiveness (Porter and van der
Linde 1995). Confronted with excessive consumption of re-
sources and environmental damage caused by economic de-
velopment, Chinese government has enacted a range of poli-
cies on energy conservation and emission reduction (Ren et al.
2018). Since 2000, laws to protect environment such as Law
on the Prevention and Control of Environmental Pollution by
Solid Waste (2004), Law on Conserving Energy (2007),
Circular Economy Promotion Law (2008), Atmospheric
Pollution Prevention and Control (2015 Revision), etc. have
been issued. Additionally, Ministry of Industry and
Information released entry conditions for industries like ce-
ment, printing and dyeing, casting, etc. These energy-
conservation and emission-reduction policies stipulate the
technology standards of production and discharge standards
of pollutant in a legal or mandatory manner. Meanwhile, to
overcome environmental externalities by taking advantage of
such instruments as fines, taxes, subsidies, emissions trading,

etc., Chinese Ministry of Environmental Protection issued
market-based policies like Administrative Regulations on
Levy and Use of Pollutant Discharge Fee (2003), Measures
for Environmental Administrative Punishment (2010), Notice
on the adjustment of the subsidies for energy-efficient vehicles
(2011), Guiding opinions on further promoting compensable
use and pilot tests of emissions trading (2014), etc. Moreover,
this ministry has also released voluntary polices to encourage
the enterprises and public to participate in energy conservation
and emission reduction, such as Measures on Open
Environmental Information (Trial) (2007), Administrative
Measures for the use of China Environmental Labeling
(2008), Measures for the Public Participation in
Environmental Protection (2015), etc. Overall, energy-
saving and emission-reduction policy system that integrates
command-and-control, market-based, and voluntary regula-
tion has basically formed in China. Then can China’s environ-
mental regulation promote regional industrial innovation?
Can good synergy be formed between environmental poli-
cies? These questions have not been thoroughly studied.

Based on the above problems, this paper employs 2000–
2015 industrial panel data of 30 provinces in China to test the
influence of effectiveness-based innovation and efficiency-
based innovation on ETFEE, and further analyzes the impact
of command-and-control, market-oriented, and voluntary en-
vironmental regulation on innovation. This study effectively
responds to and resolves the dispute on innovation efficiency
and effect existing in previous studies, and is of great signif-
icance to the scientific evaluation of the effectiveness of dif-
ferent environmental policies, the promotion of industrial in-
novation of provinces, and the green transformation of
Chinese industries.

This paper has made the following contributions to knowl-
edge. First, we discussed the difference effects of environmen-
tal regulation on effectiveness-based innovation and
efficiency-based innovation, and the influence of two kinds
of innovation strategy on regional ETFEE in system within
the framework of the institutional theory. Existing literatures
mainly discuss the impact of environmental regulation on
product innovation, process innovation, and service innova-
tion based on the differences in innovation contents
(Kammerer 2009; Ford et al. 2014; Miguel and Pazó 2017).
There is little analysis on the difference in innovation strategy
choice of industrial enterprises in response to government en-
vironmental policies. This paper effectively responds to and
resolves the innovation effect and efficiency existing in previ-
ous research, and help for the government to make more ef-
fective environmental protection policies and innovation
policies.

Second, following the versions of Porter hypothesis, we
analyze the factors affecting effectiveness-based innovation
and efficiency-based innovation of China’s provincial indus-
tries. Given that the mechanism of different environmental
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regulation is not same, this paper divides environmental reg-
ulation into three types, namely, command-and-control, mar-
ket-based, and voluntary environmental regulation. We under-
take an in-depth analysis of the impacts of different environ-
mental regulation tools on industrial innovation of Chinese
provinces.

Third, we further analyze the synergy effect of three envi-
ronmental regulation tools on effectiveness-based innovation
and efficiency-based innovation. The extant literature mainly
measures the level of environmental regulation with a single
indicator (Mandal 2010; Yuan and Xiang 2018; Wang and
Yuan 2018). Even though multiple indicators are used to clas-
sify and study environmental regulation, the synergy effect of
environmental regulation tools has been overlooked. This pa-
per not only enriches the Porter hypothesis, but also provides
evidence for formulating the environmental protection policy
portfolio.

The remainder of the paper is structured as follows. The
BLiterature review^ section is a literature review. In the
BMethods and materials^ section, we describe the methods
and materials. Results are presented in the BResults^ section.
The BDiscussion^ section is the discussion. Conclusions are
presented in the BConclusions^ section.

Literature review

Ecological total-factor energy efficiency

The research on total factor energy efficiency (TFEE) mainly
includes two aspects. First, the expected output is the only
indicator of output, regardless of the environmental impact
of energy consumption. For example, at the regional level,
Zhang et al. (2011) investigated 23 developing countries and
found that the total factor energy efficiency in developing
countries is relatively low during the period of 1980–2005.
Özkara and Atak (2015) studied total factor energy efficiency
scores of the manufacturing industry in 26 regions of Turkey
and proposed that Istanbul region is the best performer. Zhang
et al. (2018) indicated that the total factor energy efficiency
and carbon emission performance of CDM host countries
appear much lower than those of investment countries.
Chang and Hu (2010) and Heshmati and Kumbhakar (2011)
found that China’s regional total factor energy efficiency in-
creases progressively, but at a relatively low level. At the
industry level, the total factor energy efficiency of the thermal
power industry, the industry, the agriculture, and the iron and
steel industry in China experiences an increasing trend, but at
a relatively low level (Bi et al. 2014; Zhao et al. 2014; He et al.
2018; Chen et al. 2008; Sheng and Song 2013).

Second, considering the environmental impact of energy
consumption, undesirable outputs like CO2 are subsumed into
the outputs. The general conclusion is that ETFEE is lower than

TFEE, and there exist distinct region heterogeneity and industry
heterogeneity. At the nation level, Camioto et al. (2016) found
that ETFEE in the G7 countries is higher than that in the BRICS
countries. At the region level, although China’s regional ETFEE
is increasing during the sample period, it is still weakly effective
as a whole, and the ETFEE in the eastern region is higher than
the central and western regions (Li and Hu 2012; Zhang et al.
2015; Li et al. 2007; Feng et al. 2018; Zhang and Ye 2015; Yue
et al. 2017; Tao et al. 2016).

At the industry level, Lin and Tan (2016) and Guo et al.
(2018) asserted that the ETFEE in China’s energy-intensive
industries is relatively low. Mandal (2010), Chen and Golley
(2014), Tian and Lin (2017), Li and Lin (2018), Yang et al.
(2017), Li et al. (2018a), Shao et al. (2016), Wang et al.
(2017), Zhang and Wei (2015), Li and Lin (2016), Lin and
Zhang (2018), and Zhu et al. (2018) studied the cement indus-
try, industry, non-ferrous metal industry, transportation indus-
try, manufacturing industry, service industry, and mining
industry respectively and found that ETFEE is relatively low
when considering the environmental impact. Moreover,
Zhang et al. (2017) compared Chinese and American airlines
and revealed that the ETFEE of Chinese airlines lags far be-
hind that of American airlines, and the gap of ETFEE between
those two countries’ airlines is enlarging. In general, the fact
that China’s industrial ETFEE is relatively low is indisputable.
Therefore, further exploration of how to improve industrial
ETFEE through environmental regulation and innovation is
an urgent task for current and future research.

Innovation type and innovation performance

The existing literature is mainly based on different content of
innovation and focuses on product innovation, process
innovation, organizational innovation, etc. For instance,
Choi et al. (2016) demonstrated that in the long term, invest-
ments in product innovation are more influential in increasing
a firm’s profit than investments in process innovation.
Rajapathirana and Hui (2018) found that organizational inno-
vation, process innovation, product innovation, and marketing
innovation are capable of promoting a firm’s innovation.
Geldes et al. (2017) chose Chile as an emerging market
context and their results show that only product innovation
affects innovation performance. Lee et al. (2017) revealed that
both product and process innovation can propel firm
performance. Fu et al. (2018) analyzed the manufacturing
firms in Ghana and found that technological innovation
positively impacts the labor productivity of firms more than
managerial innovation. Liao (2018) contended that eco-
organization innovation, eco-process innovation, and eco-
product innovation can build up firm’s reputation.

However, innovation can also effectively promote regional
or industrial green development and improve environmental
quality. For instance, Balsalobre et al. (2015) suggested that
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energy innovations help reduce CO2 emission andmitigate the
negative impact of energy intensity on environmental quality.
Álvarez-Herránz et al. (2017a, 2017b) found that energy in-
novation measures have a positive effect that enables coun-
tries to enhance their environmental quality. Wakeford et al.
(2017) studied Ethiopia’s cement, leather, and textile sectors
and found that product and process innovation are important
drivers of green industrialization. Li et al. (2018b) considered
that technological innovation is the major factor in promoting
China’s industrial total factor carbon productivity.

Environmental regulation and innovation

There are three strands of the literature on the relationship
between environmental regulation and innovation (the
Bweak^ Porter hypothesis). First, based on the different con-
tent of innovation, most of studies mainly examine the effects
of environmental regulation on product innovation, process
innovation, service innovation, environmental innovation,
eco-innovation, etc. For example, Kammerer (2009), Ford
et al. (2014), and Miguel and Pazó (2017) found that environ-
mental regulation has significantly positive effects on product
innovation, service innovation, and process innovation. Yabar
et al. (2013) concluded that environmental regulation can sig-
nificantly promote environmental innovation by studying the
case of household appliances recycling industry in Japan.
Chen et al. (2017), and Aloise and Macke (2017) discovered
that environmental regulation has a significant and positive
impact on regional eco-innovation.

Second, in terms of innovation intensity, several studies use
R&D investment as a proxy of innovation intensity and analyze
the impact of environmental regulation on innovation. For
instance, Kneller and Manderson (2012) found that environ-
mental regulation can increase environmental R&D investment,
but it can not increase total R&D investment. Environmental
R&D has a crowding-out effect on non-environmental R&D.
Using the industrial panel data of Taiwan, Yang et al. (2012)
detected that environmental regulation can augment R&D ex-
penditures. Sen (2015) proved that environmental taxes can
increase R&D investment of enterprises.

Third, from the perspective of environmental regulation,
voluminous literature is based on the classification of environ-
mental regulation tools. For example, Kemp and Pontoglio
(2011) found that market-based regulation tools such as envi-
ronmental taxes and emissions trading play a limited role in
promoting innovation. Bergek et al. (2014) studied the case of
the energy and automobile industries in Sweden and found
that such regulatory tools as economic incentives and
environmental standards can stimulate innovation. Zhao
et al. (2015) found that market-based environmental regula-
tion has a limited effect on firm’s innovation. Cheng et al.
(2017) discovered that command-and-control regulation has
an insignificant impact on technological progress but it can
reduce carbon emissions. Moreover, market-based regulation
can facilitate technological progress but its effectiveness of
emissions reduction is weak. Liao (2018) revealed that
market-based instrument and information-based instrument
can propel firm’s environmental innovation while command-
and-control instrument merely promotes eco-organization
innovation.

Methods and materials

Econometric regression model

We construct the econometric regression models as below.
Equation (1) is used to test the effects of effectiveness-

based innovation and efficiency-based innovation on provin-
cial industry ETFEE.

lnetfeei;t ¼ α0 þ α1lneffe innoi;t þ α2lneffi innoi;t

þ α3controli;t þ υi;t ð1Þ

Equation (2) examines the influence of different types of
environmental regulations on effectiveness-based innovation
and efficiency-based innovation.

lneffe innoi;t ¼ β0 þ β1lnceri;t þ β2lnmeri;t þ β3lnveri;t þ β4ln cerit � meri;t
� �þ β5ln ceri;t � veri;t

� �þ
β6ln meri;t � veri;t

� �þ β7ln ceri;t � meri;t � veri;t
� �þ β8controli;t þ εi;t

lneffi innoi;t ¼ β0 þ β1lnceri;t þ β2lnmeri;t þ β3lnveri;t þ β4ln cerit � meri;t
� �þ β5ln ceri;t � veri;t

� �þ
β6ln meri;t � veri;t

� �þ β7ln ceri;t � meri;t � veri;t
� �þ β8controli;t þ εi;t

8>><
>>:

ð2Þ

In Eqs. (1) and (2), effectiveness-based innovation
(effe_inno) and efficiency-based innovation (effi_inno) de-
note effectiveness-based innovation and efficiency-based in-
novation respectively. etfee represent ecological total-factor
energy efficiency. cer, mer, and ver indicate command-and-

control, market-based and voluntary regulation, respective-
ly. The interaction term stands for the synergy effect of
environmental regulation policies. control means the control
variable group. υ and ε denote residual terms. i is the
province. t is the year.
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Variable selection and definition

Ecological total-factor energy efficiencyWe employ the super-
efficiency slack-based measure model (SE-SBM-DEA) with
undesirable outputs to evaluate the industrial ETFEE in 30
provinces of China. The model is shown in Appendix.
Given the availability of data, the input indicators for measur-
ing ETFEE are overall energy consumption, labor input, and
capital input in industrial enterprises of each province. The
desirable output indicator is gross industrial output of the re-
gion, and undesirable output indicators are industrial waste
water, waste gas, solid waste, and CO2 (Li and Hu 2012;
Chen and Golley 2014; Lin and Zhang 2018).

Effectiveness-based innovation and efficiency-based innova-
tion The effectiveness-based innovation strategy emphasizes
the innovation degree of the product or technology in the
market (Sethi et al. 2001), while the efficiency-based innova-
tion strategy focuses on the speed and cost of the product or
technology to the market, that is, the first-mover advantage
and cost advantage ahead of competitors (Griffin 1997).
According to Li et al. (2007), invention patents are the most
high-tech, high-cost, and difficult patents, and they belong to
high-level technological innovation projects; however, utility
model and design patents are relatively low-tech, low-cost,
and less difficult inventions. Hence, we measure the industrial
effectiveness-based innovation of each province by the num-
ber of invention patent applications, and efficiency-based in-
novation is measured by the total number of utility model
patent and design patent applications.

Environmental regulation According to the Porter hypothesis
(Porter and van der Linde1995),wedivide environmental regula-
tion into three types, i.e., command-and-control (cer), market-
based (mer), and voluntary regulation (ver) to examine the effects
ofdifferentenvironmentalregulationtoolsonindustrialinnovation
and ETFEE of provinces. Command-and-control regulation is
measured by industrial construction project Bthree simultaneous^
environmental protection investment of provinces. Market-based
regulation is measured by the levy amount of pollutant discharge
feesinindustrialenterprisesofeachprovince.Voluntaryregulation
is measured by the number of environmental letters and calls of
each province (Liao 2018; Xie et al. 2017).

Control variables We select control variables from three di-
mensions: demand side (market pull), supply side (technology
push), and industry characteristics. Market-pull factor is mar-
ket competition (mc) (Kneller and Manderson 2012; Tabacco
2015). Technology-push factor is foreign direct investment
(fdi) (Zakaria and Bibi 2019; Huang et al. 2019). Industry
characteristics include capital intensity (ci) (Yuan et al.
2017), profitability (pr) (Long et al. 2015), and regional in-
dustry concentration (lq) (Jang et al. 2017). Moreover, we add

R&D intensity (r&d), R&D personnel (rdp) (Song and Oh
2015), and industry size (gdp) (Kneller and Manderson
2012) in Eq. (2). Variables are defined in Table 1.

Data sources and processing

We use the industrial panel data from 30 provinces in China in
2000–2015 as the sample. Due to the lack of data in Tibet,
Hong Kong, Macao, and Taiwan, those regions are excluded
from the research scope of this paper. To further analyze the
regional heterogeneity effects of environmental regulation and
innovation on industrial ETFEE of provinces, we categorize
30 provinces into the eastern, central, and western regions
(Chang and Hu 2010; Li and Hu 2012).3

The number of patents, the number of invention patent appli-
cations, R&D investment, and R&D personnel of the industry in
each province are from China Statistical Yearbook on Science
and Technology. The data, energy consumption of the industry in
each province, is derived from China Energy Statistical
Yearbook. The data on industrial waste water discharged, the
volume of waste gas emission of the industry, and the industrial
solid wastes generated in each province come from China
Statistical Yearbook on Environment. CO2 emission is calculated
according to the method mentioned in IPCC (Intergovernmental
Panel on Climate Change) Guidelines for National Greenhouse
Gas Inventories (Intergovernmental Panel on Climate Change
(IPCC) 2007). The data, including fixed assets, total assets, labor
input, total output value of the industry, FDI, the number of
enterprises, and profits of industrial enterprises in each province,
is obtained from China Statistical Yearbook. To rule out the
impact of inflation, we use current price/PPI (Producer’s Price
Index for Manufactured Products) to transform current year’s
prices (current data) into constant price of 2000. Investment in
fixed assets of each industry is computed with Perpetual
Inventory Method (Zhang et al. 2011). Table 2 displays the de-
scriptive statistics of all variables in the econometric models.

Results

Unit root test and cointegration test

We carry out stationary test on the data before the econo-
metric regression analysis. In this paper, the LLC (Levin-
Lin-Chu), ADF-Fisher, and PP-Fisher test are used for unit
root test. The results show that all variables are stationary
sequences (see Table 3).

3 The eastern region includes Beijing, Tianjin, Liaoning, Shanghai, Jiangsu,
Zhejiang, Shandong, Fujian, Guangdong, Hainan andHebei; the central region
covers Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hunan and Hubei;
Inner Mongolia, Guangxi, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,
Qinghai, Xinjiang, Ningxia, and Chongqing are encompassed in the western
region.
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Table 3 The results of unit root test

Variable LLC test ADF-Fisher test PP-Fisher test Conclusion

lnetfee − 15.729*** 197.460*** 225.869*** Stationary

lneffe_
inno

− 44.334*** 381.456*** 533.125*** Stationary

lneffi_inno − 38.941*** 340.613*** 517.408*** Stationary

lncer − 19.884*** 107.99*** 187.600*** Stationary

lnmer − 4.078*** 24.526*** 23.468*** Stationary

lnver − 3.703*** 24.689*** 87.101*** Stationary

lnmc − 3.613*** 116.169*** 179.965*** Stationary

lnfdi − 34.039*** 273.276*** 513.487*** Stationary

lnci − 15.815*** 203.810*** 338.947*** Stationary

lngdp − 22.614*** 190.341*** 500.331*** Stationary

lnpr − 38.430*** 299.440*** 443.715*** Stationary

lnlq − 29.377*** 238.108*** 299.424*** Stationary

lnr&d − 5.915*** 144.567*** 144.334*** Stationary

lnrdp − 28.639*** 354.042*** 385.406*** Stationary

***, **, and * indicate significance at the 1, 5, and 10% levels,
respectively

Table 2 Descriptive statistics of variables

Variable Mean SD Min Max

lnetfee − 0.896 0.505 − 2.364 0.195

lneffe_
inno

6.169 2.025 0.693 10.926

lneffi_inno 6.912 1.897 0.000 11.267

lncer 3.247 1.311 − 2.296 7.840

lnmer 10.304 1.074 6.648 12.531

lnver 8.708 1.399 3.912 11.656

lnmc − 0.165 0.394 − 1.207 0.794

lnfdi 6.090 1.739 0.854 9.836

lnci − 0.585 0.203 − 1.399 − 0.060

lngdp 7.890 1.233 4.186 10.318

lnpr 5.957 2.461 − 23.026 9.179

lnlq − 0.091 0.238 − 1.164 0.231

lnr&d − 4.193 0.643 − 6.387 − 2.715

lnrdp 9.304 1.627 4.277 12.997

Table 1 The definitions of
variables in the econometric
model

Variable name Definition Unit

Ecological total-factor energy
efficiency (etfee)

Calculated by the SE-SBM-DEA model –

Effectiveness-based innovation
(effe_inno)

The number of invention patent applications
of the industry in each province

Piece

Efficiency-based innovation
(effi_inno)

The number of non-invention (utility model
and design) patent applications of the
industry in each province

Piece

Command-and-control
environmental regulation (cer)

As measured by construction project Bthree
simultaneous^ environmental protection
investment of each province

100 million yuan

Market-based environmental
regulation (mer)

The levy amount of pollutant discharge
fees of each province

10,000 yuan

Voluntary environmental
regulation (ver)

The number of environmental letters and
calls of each province

Piece

Market competition (mc) Ratio of the number of enterprises with i
unit output value in each province to that
in the whole nation

–

Foreign direct investment (fdi) Investments from large- and medium-sized
foreign-funded enterprises, or Hong Kong,
Macao, and Taiwan of the industry in
each province

100 million yuan

Capital intensity (ci) Fixed assets/total assets of the industry in
each province

–

Industry size (gdp) Total output value of the industry in each
province

100 million yuan

Profitability (pr) Total profits of industrial enterprises in each
province

100 million yuan

Industry concentration (lq) The industrial location entropy of each province
(the ratio between the proportion of the
industrial output value to GDP in each province
and that in the whole nation)

–

R&D intensity (r&d) Industrial per capita R&D investment in each
province

Yuan/Person

R&D personnel (rdp) Full-time equivalent of R&D personnel in
industrial enterprises above designated size of
each province

Man-year
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To avoid the spurious regression, it is necessary to examine
the cointegration relationship between environmental regula-
tion, innovation, and ETFEE prior to estimating the parame-
ters of panel data. We use the Pedroni cointegration test
(Pedroni 2004). The results (see Table 4) show that the panel
cointegration relationships reside between innovation and
ETFEE, environmental regulation, and innovation.

The impacts of provincial industrial innovation
on ETFEE

Table 5 reports the estimated results on the effects of
effectiveness-based innovation and efficiency-based innova-
tion on ETFEE (M1-M4). SYS-GMM is used for regression in
the national sample and the fixed effect model or random
effect model is adopted to estimate the regional sample.

AR test and Sargan test are required in order to investigate
the effectiveness of the SYS-GMM estimated results. AR(1)
and AR(2) are used to test the autocorrelation of the residual
terms. The null hypothesis is Bno autocorrelation in the resid-
ual terms.^ The residuals after difference transformation must
have a first-order serial correlation, but if there is no second-
order serial correlation, the null hypothesis can be accepted
(Arellano and Bond 1991). Fortunately, all the models passed
the AR(2) tests and the null hypothesis was accepted, as indi-
cated by p value showing that the serial correlation in the
residual terms is not second order.

Then, we conducted over-identifying test (Sargan test) on
the models to verify whether the instrumental variables used
in the regression process were effective. Sargan test is subject
to the chi-square distribution of (n-k) degrees of freedom, n is
the rank of the instrumental variables, and k is the number of
estimated coefficients. The null hypothesis is Bover-identify-
ing restrictions are valid.^ On the whole, the validity of over-
identifying restrictions of instrumental variables used as a ne-
cessity for SYS-GMM is confirmed, as indicated by the p-
values of the Sargan test. Accordingly, considering all test
statistics of these models, we can conclude that the estimated
models are adequately specified.

From a national perspective, effectiveness-based innova-
tion and efficiency-based innovation have significant and pos-
itive effects on industrial ETFEE (α = 0.092, p < 0.01; α =
0.133, p < 0.01), and the elasticity of efficiency-based inno-
vation on ETFEE is 0.041 units higher than that of
effectiveness-based innovation, indicating that no matter
which innovation strategy industrial enterprises choose, it
can promote the growth of ETFEE. Moreover, efficiency-
based innovation is the main way to promote ETFEE (Fig. 1).

From a regional perspective, effectiveness-based innova-
tion and efficiency-based innovation in the eastern region
can significantly promote ETFEE (α = 0.092, p < 0.1; α =
0.260, p < 0.01) (Fig. 2). In the central region, only
effectiveness-based innovation can facilitate ETFEE (α = Ta
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0.150, p < 0.05) (Fig. 3). As for the western region, both
effectiveness-based innovation and efficiency-based innova-
tion have no significant effects on ETFEE (Fig. 4). The pri-
mary reason is that the eastern and central regions are in the
leading position in the field of innovation on low-carbon and
energy-conservation technologies and energy-saving and en-
vironmental invention patents can significantly promote
ETFEE. The innovation foundation of the western region is
relatively weak, and the pressure of economic development is
greater. The local governments in the western region pay more
attention to the economic performance of innovation while
they overlook the environmental benefits of patent innovation,
leading to the fact that the coordinated development of energy
and environment has not been achieved.

The impact of environmental regulation
on effectiveness-based innovation

Table 6 presents the estimated results on the effects of different
types of environmental regulation on effectiveness-based in-
novation of the provincial industry. From a national perspec-
tive, command-and-control, market-based, and voluntary reg-
ulations have significantly inhibitory effects on effectiveness-
based innovation (β = − 0.131, p < 0.01; β = − 0.108, p < 0.1;
β = − 0.029, p < 0.05) without considering the synergy of
environmental regulation (M1) (Fig. 1). The reason lies in that
innovation infrastructure of China’s provincial industry is rel-
atively weak. Effectiveness-based innovation requires a large
amount of R&D funds and human capital investment.

effectiveness-based 
innovation (effe_inno)

efficiency-based 
innovation (effi_inno)

ecological total-factor 
energy efficiency (etfee)

command-and-control
regulation (cer)

market-based 
regulation (mer)

voluntary regulation 
(ver)

cer×mer×ver

+

+
cer×mer

mer×ver

cer×ver

-

-

-

-

-

+

-

-

-

-

+

-

+

+

Fig. 1 Causal diagram scheme
(Nation). The solid lines indicate
that the estimated coefficient is
significant at least at the 10%
level, and the dotted lines indicate
that the estimated coefficient is
not significant. Source: prepared
by the author

Table 5 The results on the effects
of industrial innovation on
ETFEE

Variables Nation Eastern Central Western
M1 M2 M3 M4
SYS-GMM FE FE FE

lnetfeet−1 0.263***(9.96)

lnmc − 0.159**(− 2.15) − 0.451***(− 4.31) 0.046(0.47) − 0.105(− 1.05)

lnfdi − 0.232***(− 8.25) − 0.464***(− 3.61) − 0.257***(− 4.07) 0.019(0.37)

lnci − 0.566***(− 20.28) − 0.678***(− 4.91) − 0.657***(− 5.72) − 0.404***(− 2.86)

lnpr − 0.002*(− 1.79) − 0.048(− 0.47) − 0.002(− 0.24) − 0.001(− 0.13)

lnlq 0.456**(2.04) 0.921***(3.44) 0.688***(3.38) 0.798***(2.86)

lneffe_inno 0.092***(6.46) 0.092*(1.83) 0.150**(2.27) 0.023(0.61)

lneffi_inno 0.133***(12.31) 0.260***(3.79) 0.062(0.88) 0.030(0.69)

_cons − 1.893***(− 21.51) − 0.319(− 0.76) − 0.895***(− 4.15) − 1.320***(− 6.32)

AR(1) − 3.21[0.00]

AR(2) 1.35[0.18]

Sargan χ2 27.43[1.00]

Wald χ2 5669.26[0.00]

F-statistic 16.29[0.00] 18.98[0.00] 10.94[0.00]

Hausman statistic 14.19[0.07] 79.51[0.00] 35.14[0.00]

Observations 390 176 128 176

The t-statistic and z-statistic are in parentheses and the p value is in square brackets. ***, **, and * indicate
significance at the 1, 5, and 10% levels, respectively
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However, not only the construction project Bthree
simultaneous^ environmental protection investment but also
pollutant discharge fees or frequent environmental letters and
calls have a strong cost-effect on effectiveness-based innova-
tion, thus crowding out innovation investment.

Furthermore, we investigate the synergy between two types
of environmental regulation (M2). The interaction term of
command-and-control and market-based regulations plays a
significant role in promoting effectiveness-based innovation
(β = 0.047, p < 0.01). The main reason is that command-and-
control and market-based regulations are complementary. To
be more specific, the introduction of market-based regulation
enables industrial enterprises to flexibly choose regulatory
methods at lower cost, thereby effectively reducing the
squeeze on the effectiveness-based innovation investment
and stimulating enterprises to undertake innovation.
Nonetheless, the effects of the interaction terms of
command-and-control and voluntary regulations and market-
based and voluntary regulations on effectiveness-based inno-
vation are not significant, which shows that the synergy effect
between voluntary regulation and other two types of environ-
mental regulation is not good. It can be attributed to the fact
that the system of China’s environmental letters and calls is
relatively imperfect. Additionally, environmental supervision
intensity has been weak for a long time. Thus, it is difficult for
voluntary environmental regulation to take effect (Fig. 1).

Finally, the synergistic effect of three types of environmen-
tal regulation is examined (M3). The interaction term of com-
mand-and-control, market-based, and voluntary regulations
has a significantly negative impact on effectiveness-based in-
novation (β = − 0.021, p < 0.01), demonstrating that three
types of environmental regulation collectively suppress
effectiveness-based innovation (Fig. 1). The primary reason
is that Chinese environmental protection authorities have not
considered the synergy between policies when formulating
environmental protection policies. The incoherence of various
environmental protection policies has generated an inhibitory
effect on the development and diffusion of environmentally
friendly patents and technologies (Costantini and Crespi
2013). As mentioned in the Bthe General Planning for the
Development of Environmental Protection Legislation and
Environmental Economic Policies in China during the 12th
Five-Year Plan Period,^ BMore than 20 environmental admin-
istrative systems are established in China’s environmental
laws and regulations, but the content of many regulations
overlaps or even conflicts. It has not only wasted limited leg-
islative resources and led to the conflicts between laws but
also increased the difficulties of amendment work and law
enforcement.^ Lacking a range of environmental protection
measures such as systematic end-of-pipe treatment technolo-
gies and process innovation results in the partial success of the
government’s environmental administration (Jänicke 1992).
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Fig. 2 Causal diagram scheme
(Eastern). The solid lines indicate
that the estimated coefficient is
significant at least at the 10%
level, and the dotted lines indicate
that the estimated coefficient is
not significant. Source: prepared
by the author
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Fig. 3 Causal diagram scheme
(Central). The solid lines indicate
that the estimated coefficient is
significant at least at the 10%
level, and the dotted lines indicate
that the estimated coefficient is
not significant. Source: prepared
by the author
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From a regional perspective, in the eastern region,
command-and-control and market-based regulations have sig-
nificantly inhibitory effects on effectiveness-based innovation
(β = − 0.128, p < 0.01; β = − 0.285, p < 0.01) without con-
sidering the synergy of environmental regulation (M4).
However, the inhibitory effect of voluntary regulation on
effectiveness-based innovation is not significant, indicating
that environmental policies in the eastern region are unquali-
fied, and the government has not coordinated a single envi-
ronmental policy with other policies (Fig. 2). Furthermore, we
explore the synergy of two types of environmental regulation
and that of three types of environmental regulation (M5 and
M6). The results show that only the interaction term of
command-and-control and market-based regulations has the
inclination to promote innovation while other policy portfolio
has an insignificantly inhibitory effect. It means that for the
eastern region, any type of environmental regulation imposes
a significant burden on the innovation of invention patents in
provincial industries (Fig. 2).

In the central region, not considering the synergy of environ-
mental regulation (M7), the effects of command-and-control,
market-based, and voluntary regulations on effectiveness-based
innovation are not significant, whereas market-based and volun-
tary regulations have the potential to promote effectiveness-
based innovation (Fig. 3). Moreover, we explore the synergy
of two types of environmental regulation and that of three types
of environmental regulation (M8 andM9). The results reveal that
the interaction term of command-and-control and market-based
regulations has a significant and positive impact on
effectiveness-based innovation (β = 0.228, p < 0.01), which
manifests that there is good synergy between these two types
of environmental regulation. On the contrary, the interaction term
of command-and-control and voluntary regulations has a signif-
icant and negative impact on effectiveness-based innovation (β =
− 0.088, p < 0.1), indicating that these two types of environmen-
tal regulation are not compatible. Despite of the insignificant
impact of the interaction term of market-based and voluntary
regulations on effectiveness-based innovation, the impact is pos-
itive (Fig. 3). The impact of the interaction term of three types of

environmental regulation on effectiveness-based innovation is
positive but not significant, which shows that the synergy of
environmental regulation has not been fully developed (Fig. 3).

In the western region, without considering the synergy of
environmental regulation (M10), command-and-control, mar-
ket-based, and voluntary regulations have significant and neg-
ative effects on effectiveness-based innovation (β = − 0.102, p
< 0.01; β = − 0.276, p < 0.01; β = − 0.079, p < 0.05), dem-
onstrating that there is a problem of quality loss in the envi-
ronmental policy of the western region, that is, the environ-
mental policy itself has quality problems that lead to a sharp
decline in policy effectiveness (Fig. 4). Furthermore, we ex-
plore the synergy of two types of environmental regulation
and that of three types of environmental regulation (M11
and M12). The results turn out that three regulation tools do
not breed the synergy, which indicates that there are technical
losses between environmental policies and the lack of balance
in the design and configuration of environmental policies in
the western region, thus incurring policy failures (Fig. 4).

The t-statistic and z-statistic are in parentheses and the p
value is in square brackets. ***, **, and * indicate signifi-
cance at the 1, 5, and 10% levels, respectively

The impact of environmental regulation
on efficiency-based innovation

Table 7 reports the estimated results on the effects of different
types of environmental regulation on efficiency-based inno-
vation. From a national perspective, not considering the syn-
ergy of environmental regulation (M1), command-and-con-
trol, market-based, and voluntary regulations have significant
and inhibitory effects efficiency-based innovation (β = −
0.087, p < 0.01; β = − 0.452, p < 0.01; β = − 0.078, p <
0.01) because a quality loss problem exists in a single policy
(Fig. 1). Another explanation is that China’s industry is char-
acterized by high consumption and high pollution so that
abundant funds for technological transformation are required,
thus affecting innovation investment and non-invention patent
outputs.
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energy efficiency (etfee)
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voluntary regulation 
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Fig. 4 Causal diagram scheme
(Western). The solid lines indicate
that the estimated coefficient is
significant at least at the 10%
level, and the dotted lines indicate
that the estimated coefficient is
not significant. Source: prepared
by the author
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Furthermore, the synergy effect of two types of environ-
mental regulation is examined (M2). The interaction term of
command-and-control and market-based regulations can sig-
nificantly promote efficiency-based innovation (β = 0.030, p <
0.01), showing that these two types of environmental regula-
tion can synergistically propel efficiency-based innovation.
The reason is that command-and-control and market-based
regulations are complementary, and industrial enterprises can
flexibly choose regulatory methods at lower cost, thus effec-
tively reducing the squeeze on the investment of efficiency-
based innovation. However, the interaction term of command-
and-control and voluntary regulations has a significantly in-
hibitory impact on efficiency-based innovation (β = − 0.049, p
< 0.01). Conversely, the interaction term of market-based and
voluntary regulations has a significantly positive impact on
efficiency-based innovation (β = 0.029, p < 0.05). The major
reason is that environmental letters and calls can complement
administrative supervision and management, making the levy
of pollution discharge fees and environmental letters and calls
coordinated. The more environmental letters and calls, the
more the pollution discharge fees paid by the industrial enter-
prises. Under this forcing mechanism, enterprises are encour-
aged to strengthen efficiency-based innovation (Fig. 1).

Finally, we study the synergy effect of three types of envi-
ronmental regulation (M3). The interaction term of command-
and-control, market-based, and voluntary regulations has a sig-
nificant and positive impact on efficiency-based innovation (β
= 0.013, p < 0.1). The reason lies in that the difficulty and cost
of efficiency-based innovation such as utility model patents and
design patents are relatively low. When three types of environ-
mental regulation jointly constrain corporate behaviors, even if
there is a policy conflict, through efficiency-based innovation,
industrial enterprises can not only mitigate regulatory pressure
but also prevent themselves from slashing capital investment in
the production and operation process (Fig. 1).

From a regional perspective, in the eastern region, not con-
sidering the synergy of environmental regulation (M4), both
command-and-control and voluntary regulations have signifi-
cantly inhibitory impacts on efficiency-based innovation (β =
− 0.057, p < 0.1; β = − 0.108, p < 0.01) while the inhibitory
effect of market-based regulation on efficiency-based innova-
tion is not significant (Fig. 2). Furthermore, the synergy of two
types of environmental regulation is examined (M5). The re-
sults show that the interaction term of command-and-control
and market-based regulations plays a significant role in pro-
moting efficiency-based innovation (β = 0.039, p < 0.1). In
contrast, the interaction term of command-and-control and
voluntary regulations has a significant and negative impact
on efficiency-based innovation (β = − 0.058, p < 0.01).
Besides, the interaction term of market-based and voluntary
regulations is not significant (Fig. 2). Finally, the synergy of
three types of environmental regulation is examined (M6) and
the results turn out that the interaction term of three types ofT
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environmental regulation can not synergistically enhance
efficiency-based innovation (Fig. 2).

In the central region, without considering the synergy of
environmental regulation (M7), command-and-control regula-
tion has a significant and inhibitory impact on efficiency-
based innovation (β = − 0.184, p < 0.01), but the effects of
market-based and voluntary regulations on efficiency-based
innovation are not significant (Fig. 3). Further analysis (M8)
finds that the interaction term of command-and-control and
market-based regulations has a significant and positive impact
on efficiency-based innovation (β = 0.325, p < 0.01), whereas
the interaction terms of command-and-control and voluntary
regulations as well as market-based and voluntary regulations
have insignificant impacts on efficiency-based innovation
(Fig. 3). The synergy of three types of environmental regula-
tion does not play a synergistic role in promoting efficiency-
based innovation (M9) (Fig. 3).

In the western region, without considering the synergy of
environmental regulation (M10), command-and-control and
market-based regulations have significant and inhibitory ef-
fects on efficiency-based innovation (β = − 0.119, p < 0.01; β
= − 0.510, p < 0.01) while the impact of voluntary regulation
on efficiency-based innovation is not significant (Fig. 4).
Further analysis of the interaction effect of two types of envi-
ronmental regulation (M11) uncovers that the interaction term
of command-and-control and market-based regulations has a
significant and positive impact on efficiency-based innovation
(β = 0.117, p < 0.01). On the contrary, the interaction term of
command-and-control and voluntary regulations has a signif-
icant and negative impact on efficiency-based innovation (β =
− 0.064, p < 0.05). Moreover, the interaction term of market-
based and voluntary regulations is not significant (Fig. 4).
Lastly, the interaction term of three types of environmental
regulation does not play a synergistic role in promoting
efficiency-based innovation (M12) (Fig. 4).

Discussion

Theoretical implication

This paper draws the following theoretical implication:

(1) Whether to pursue efficiency or effect has always been
an important trade-off for regional innovation. How to
use the limited resources to balance the innovation effi-
ciency and effect effectively determines the regional in-
novation performance to a great extent. Under the frame-
work of institutional theory, this paper discusses the dif-
ference in the impact of effectiveness-based innovation
and efficiency-based innovation on ETFEE, as well as
the difference environmental regulations on the two in-
novation strategies and ETFEE, which effectivelyT
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responds to and resolves the dispute on innovation effi-
ciency and effect existing in previous studies (Sheng
et al. 2013; Sethi et al. 2001; Griffin 1997).

(2) This paper divides environmental policies into three types:
command-and-control, market-based, and voluntary. It ex-
amines the impact of three different types of environmental
regulations on innovation, and reveals the heterogeneity of
environmental regulation policies. This is the first exten-
sion of the BPorter hypothesis^ theory. At the same time,
the relevant literature on institutional theory has also been
expanded (Pérez-Nordtvedt et al. 2015). And in this paper,
we found that command-and-control, market-based, and
voluntary environmental regulation have significant inhib-
itory effect on the effectiveness-based innovation and
efficiency-based innovation, and shows that single
market-based and voluntary environmental policy is of
low quality, which causes the policy failure. Therefore,
policymakers should focus on improving the quality of
environmental policies.

(3) This paper further tested the synergistic effect of envi-
ronmental policies, and revealed whether there was syn-
ergistic promotion effect between environmental poli-
cies, which was not considered by previous studies
(Ren et al. 2018; Xie et al. 2017), and it was also the
second extension of the BPorter hypothesis^ theory. We
found that the interaction between command-and-control
and market-based regulations can significantly promote
innovation, while the interaction between market-based
and voluntary regulations only promotes efficiency-
based innovation. The interaction terms of command-
and-control, market-based, and voluntary regulations
can synergistically promote efficiency-based innovation,
but have a significant negative impact on effectiveness-
based innovation. Therefore, whether the Porter hypoth-
esis can be established in China depends not only on the
quality of individual policies, but also on the coordina-
tion between policies.

Policy implication

This paper provides policy implications below:

(1) Innovation has become an important driving force for
energy efficiency and the coordinated development of
energy and environment of China’s provincial industries,
given that effectiveness-based innovation and efficiency-
based innovation have significant and positive impacts
on industrial ETFEE. The government should underpin
major R&D programs for energy conservation and emis-
sion reduction by means of proactive fiscal policies and
preferential tax policies to encourage enterprises to con-
tinuously increase R&D investment. At the same time,

the government should maintain the market competition
environment and utilize the market mechanism to guide
enterprises to improve energy efficiency via innovation.

(2) The policymakers should improve the quality of the sin-
gle policy since the single policy has an inhibitory impact
on both industrial innovations. When formulating the
policies on energy conservation and emission reduction,
the investigation and verification of stakeholder appeals
ought to be emphasized so that policies and programs are
capable of meeting the demands of energy conservation
and environmental protection for provincial industrial
enterprises. Moreover, environmental regulation tools
should be optimized to prompt environmental regulation
to be transformed from the cost effect to the compensa-
tion effect.

(3) The systematicness of environmental regulation policies is
supposed to be optimized. With the establishment of
Ministry of Ecology and Environment of China, we should
speed up summarizing and analyzing previous environ-
mental polices so as to weed out or amend conflicting
regulation policies. In line with the realistic needs of
China’s provincial industrial enterprises for energy conser-
vation and emission reduction, the intensity and focus of
current policies ought to be adjusted as quickly as possible,
thus reinforcing the synergy effect of command-and-con-
trol, market-based, and voluntary regulations.

(4) Regional heterogeneity should be fully considered when
formulating the policies on energy conservation and
emission reduction. The eastern, central, and western re-
gions may as well flexibly choose the policy portfolio
that combines command-and-control, market-based, and
voluntary regulations according to their own economic
development level, energy, and environmental carrying
capacity and industrial structure characteristics.

Limitations and suggestions for future studies

This paper has limitations worthy of further investigation.
First, given the availability of data, we merely use a single
indicator to measure each environmental regulation, and we
have not taken into account environmental taxes, environmen-
tal subsidies, and other policies. With the promotion of
China’s environmental tax, carbon tax, and other policies,
scholars can consider using multiple indicators to measure
each environmental regulation tool in the future. Second, the
impacts of environmental regulation on industrial innovation
may be influenced by external factors such as enforcement of
environmental law and regional marketization degree. Future
research can consider the institutional boundaries of the im-
pacts of different environmental regulation on industrial inno-
vation and further explore the institutional environment for the
effective implementation of environmental regulation.
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Conclusions

This paper draws the following conclusions:

(1) Both effectiveness-based innovation and efficiency-
based innovation can significantly promote ETFEE of
provincial industries. Furthermore, the elasticity of
efficiency-based innovation on ETFEE is greater than
that of effectiveness-based innovation, indicating that
innovation based on process transformation and design
is the main driving factor for ETFEE. Additionally, the
impact of different innovation on ETFEE has obvious
regional heterogeneity. Specifically, effectiveness-based
innovation and efficiency-based innovation in the east-
ern region can significantly propel ETFEE. The im-
provement of ETFEE in the central region can be real-
ized only by effectiveness-based innovation. In the west-
ern region, neither effectiveness-based nor efficiency-
based innovation has a significant impact on ETFEE.

(2) Without considering the synergy of environmental regu-
lation, command-and-control, market-based, and volun-
tary regulations have significant and inhibitory impacts
on effectiveness-based innovation and efficiency-based
innovation of provincial industries.

(3) The interaction term of command-and-control and
market-based regulations has a significant and positive
impact on effectiveness-based innovation and
efficiency-based innovation, indicating that with the im-
provement of market-based regulation, command-and-
control regulation can be transformed from an inhibitor
to an impetus. However, the interaction term of
command-and-control and voluntary regulations has a
significant and inhibitory impact on efficiency-based in-
novation while the interaction term of market-based and
voluntary regulations can promote efficiency-based
innovation.

(4) The interaction term of three environmental regulation tools
has a significant and negative impact on effectiveness-
based innovation, which demonstrates that these regulation
tools generate a jointly inhibitory impact on effectiveness-
based innovation. Conversely, three environmental regula-
tion tools can synergistically promote efficiency-based in-
novation. It manifests that the industrial enterprises in
Chinese provinces have acted in response to the govern-
ment’s environmental policies with efficiency-based
innovation.
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Appendix

In this study, suppose that there were n DMUs with m input
indicators, s1 desirable output indicators, and s2 undesirable
output indicators, the inputs, desirable outputs, and undesir-

able outputs were respectively expressed as x ∈ Rm, yg∈RS1 ,

and yb∈RS2 . The input vector was X = (xij) ∈ Rm × n. The desir-

able output vector was Yg ¼ yrj
� �

∈Rs1�n. The undesirable

output vector was Yb ¼ yrj
� �

∈Rs2�n. The SBM model with

undesirable outputs was expressed as follows.

minρ* ¼
1−

1

m
∑
m

i¼1
s−i =xi0
� �

1þ 1

s1 þ s2
∑
r¼1

s1

sgr =y
g
r0

� �þ ∑
r¼1

s2

sbr=y
b
r0

� �� �

s:t:

x0 ¼ Xλþ s−

yg0 ¼ Ygλ−sg

yb0 ¼ Ybλþ sb

λ; s−; sg; sb≥0

8>><
>>:

ð3Þ

where s−, sg, and sb refer to slack variables of input, desirable
output, and undesirable output, respectively. λis weight vector.
When ρ∗ = 1, namely, s− = 0, sg = 0, sb = 0, theDMU is effective.

The super efficiency SBM model was expressed as fol-
lows.

minδ* ¼
1

m
∑
m

i¼1
x=xi0

� �

1

s
∑
s

r¼1
yr=y

g
r0

� �

s:t:

x≥Xλ
y≤Yλ
x≥x0; y≤y0
λ≥0; y≥0

8>>><
>>>:

ð4Þ

According to the models (3) and (4), the super efficiency
SBM model with undesirable outputs was expressed as fol-
lows (Yang et al. 2018).

minα* ¼
1

m
∑
m

i¼1
x=xio

� �

1þ 1

s1 þ s2
∑
r¼1

s1

sgr =y
g
r0

� �þ ∑
r¼1

s2

sbr=y
b
r0

� �� �

s:t:

x0≥Xλ
yg ≤Ygλ

yb≥Ybλ

x≥xo; yg ≤yg0; y
b≤yb0;λ > 0

8>>>><
>>>>:

ð5Þ
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