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Under the constraints of resources and the environment, exploring the channels to improve the quality of China’s economy is very
important for China’s current sustainable development. +erefore, this paper studies whether innovation can improve the quality
of China’s economy and explore the path of sustainable development from the perspective of the city. Based on the Malm-
quist–Luenberger index and DEA-Malmquist index, this paper, respectively, measures the green total factor productivity (GTFP)
and total factor productivity (TFP) of 193 cities in China. On the basis of obtaining the GTFP, TFP, and various pollutant
emissions of 193 cities, this paper selects environmental regulations as the threshold variable and the number of urban patents as
the explanatory variable to measure the level of urban innovation. On this basis, we examine the impact of innovation quality on
economic quality and environmental pollution under different environmental regulatory intensities. +e research results show
that the impact of innovation on GTFP and TFP under different environmental regulations is always positive, but the impact
coefficient and significance level vary. In addition, the impact of innovation on SO2 emissions under different environmental
regulations has also changed. With the increase of environmental regulations, the effect of reducing emissions is gradually
significant.+e conclusion of this paper better interprets the development of TFP and GTFP under the innovation-driven strategy,
provides a decision-making basis for departments at all levels to formulate innovation support policies, and explores the path of
sustainable development.

1. Introduction

With the rapid development of China’s economy, envi-
ronmental problems have begun to become prominent [1].
In order to improve the environmental problems, the
Chinese government has made a lot of efforts, mainly in the
following two aspects. On the one hand, in order to deal with
negative externalities, the government has strengthened the
implementation of environmental regulatory policies. On
the other hand, in order to seek the coordinated develop-
ment of the economy and resources and environment, the
government’s requirements for enterprise technological
innovation are constantly increasing.

Under the constraints of resources and the environment,
exploring the channels to improve the quality of China’s
economy is very important for China’s current sustainable
development. However, traditional total factor productivity
(TFP) does not consider environmental pollution and
cannot accurately measure the level of China’s economic
quality. In this situation, green total factor productivity
(GTFP) has become the main driving force and quantitative
standard for driving China’s economic development [2]. In
practice, scholars have conducted a series of discussions on
the improvement paths of GTFP, focusing on government
systems [3], technological development [4], foreign trade
[5], and financial development [6]. Among them, the role of
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environmental regulation in the improvement of GTFP has
aroused heated discussion in academic circles. Existing re-
search shows that the “compliance cost effect” [7] and the
“innovation compensation effect” [8] exerted by environ-
mental regulations would directly affect the investment of
urban enterprises in innovation. Furthermore, technological
innovation results would have an impact on GTFP. In this
context, exploring the impact of environmental regulations
and innovation quality on the improvement of GTFP has
become an inevitable trend of current social sustainable
development. Some scholars believe that strict environ-
mental regulations can increase production costs and have
adverse effects on productivity, which is the “pollution
refuge hypothesis” [9]. However, more scholars believe that
strict environmental regulations would prompt domestic
industries to take the lead in developing innovative tech-
nologies that are more compatible with the environment
[10, 11] to improve GTFP, which is the “Porter Hypothesis”
[12–14]. +erefore, environmental regulation can affect the
mechanism of innovation on GTFP. In this context, ex-
ploring the impact of environmental regulation and inno-
vation quality on GTFP has become an inevitable trend of
current social sustainable development.

As technological innovation plays an important role in
the increase of productivity under environmental regulation,
some scholars have made some useful explorations. How-
ever, there are still few documents in this area, and there are
certain research flaws. (1) +e literature focuses more on the
research on the impact of innovation on TFP and seldom
focuses on GTFP, and there is no comparison of the impact
of innovation on the two types of productivity. (2) Whether
the intensity of environmental regulation has a negative
impact on innovation cannot be determined, and this di-
rectly affects the impact of innovation on GTFP.+e existing
literature does not carry out research on the innovation of
GTFP under different environmental regulatory intensities.
(3) Does innovation under different environmental regu-
latory intensities have a direct effect on energy conservation
and emission reduction, and is this effect different from
GTFP? Existing research rarely pays attention to this.
+erefore, based on the GTFP, TFP, and pollutant emissions
of 193 cities, this paper selects environmental regulation as
the threshold variable and the number of urban patents as
the core explanatory variable and analyzes the impact of
innovation quality on economic quality and environmental
pollution under different environmental regulation
intensities.

+e innovations of this article are as follows. (1) On the
basis of previous research, this study takes innovation and
productivity as the research object to reveal the relationship
between the two and can better interpret the development of
TFP and GTFP under the innovation-driven strategy. (2)
+is study takes into account the possible nonlinear rela-
tionship between innovation quality and productivity, draws
on previous research methods to make environmental
regulations as a threshold variable, and uses a panel
threshold model to investigate the relationship between
innovation quality and productivity under different envi-
ronmental regulatory levels. (3)+emain difference between

TFP and GTFP is whether to consider pollutant emissions.
+erefore, in addition to GTFP and TFP, the explained
variables also include pollutant emission indicators to more
intuitively analyze the impact of innovation and improve-
ment on economic quality and environmental pollution
under different environmental regulations.

2. Theoretical Basis

Innovation has always been one of the important factors
affecting the increase of GTFP [15, 16]. For example, Huergo
and Jaumandreu [17] believed that the innovation would
lead to the 1.5% increase in TFP of Spanish manufacturing
companies based on the data of 2,300 Spanish companies
from 1990 to 1998. Duguet [18] found that radical inno-
vation by companies led to the 2.2% increase in TFP taking
French manufacturing companies from 1986 to 1990 as a
sample. Although scholars have achieved fruitful results
about the impact of innovation on TFP, previous studies
have not incorporated factors such as environmental pol-
lution into the TFP measurement framework. +erefore,
incorporating environmental factors into the TFP mea-
surement framework to obtain GTFP is a progress in
evaluating the development economy. In terms of GTFP
calculations, beginners started calculations by substituting
pollution emissions into the extended C-D production
function. After that, academia improved the calculation
methods of GTFP. Fare et al. [19] regarded environmental
pollution as an undesired output and constructed a direc-
tional distance function. However, this method is based on
the fact that the input or output is unchanged, and the other
is changed to calculate the input-output efficiency. +e
calculation model, therefore, has angular and radial defects.
Aiming at the shortcomings of the directional distance
function to measure GTFP, Fukuyama and Weber [20] used
the Luenberger productivity index to calculate GTFP. Re-
garding the empirical aspects of GTFP, most scholars be-
lieved that innovation would be conducive to the
improvement of GTFP under environmental regulations
[21].

Environmental regulation can further affect GTFP by
changing the level of innovation.+e first one is based on the
“following cost effect.” Environmental regulation inhibits
innovation and has a negative impact on GTFP. In regions or
countries with high intensity of environmental regulation,
producers have to introduce new environmental protection
technology to produce products that meet the requirements
of environmental regulation, so there is not enough money
to invest in patent research and development, which inhibits
the output of innovation, and makes the GTFP unable to
improve in the long run [22, 23]. For example, Wagner [24]
used the data of the German manufacturing industry to find
that the number of German manufacturing patents was
inversely proportional to the intensity of environmental
regulation, and there was a significant negative correlation
between them. Preston and Jrgen et al. [25], based on the
short-term carbon pricing policy implemented in Australia,
found that environmental regulation could inhibit inno-
vation. +e second is the “compensation effect of
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innovation.” Strict environmental regulation would not
inhibit innovation. On the contrary, it could promote in-
novation to a certain extent and help enterprises improve
GTFP. For example, Hamamoto [26] found that with the
increase of R&D (Research and Development) investment,
technological innovation capacity would also be enhanced.
Yang [27] found that environmental regulation could
promote innovation through empirical research on Taiwan’s
manufacturing data. +is would have a positive impact on
the improvement of GTFP.

+e general TFP does not take into account the loss of
environmental resources caused by economic growth, which
distorts the evaluation of social welfare changes and eco-
nomic performance. GTFP adds variables reflecting envi-
ronmental changes in TFP calculation, which makes up for
this.+erefore, this paper selects GTFP and TFP as the index
of economic quality and analyzes the impact of innovation
on economic development. Based on the results of 193 cities,
the paper chooses environmental regulation as a threshold
variable and the number of urban patents as the core ex-
planatory variable to measure the level of urban innovation.
On this basis, this paper analyzes the impact of innovation
quality on GTFP and TFP under different environmental

regulation intensities. +e difference between TFP and
GTFP is whether pollutant emission is considered. +ere-
fore, in addition to GTFP and traditional TFP, the explained
variables also add pollutant emission indicators to analyze
the impact of innovation and improvement on environ-
mental pollution under different environmental regulations.
+e framework of this paper is shown in Figure 1.

3. Methodology

3.1. Research Data

3.1.1. Measurement of Total Factor Productivity. At present,
the measurement methods of TFP mainly include the
production function method, DEA-Malmquist index
method, and SF stochastic frontier method. Compared with
other methods, the DEA-Malmquist index is widely used by
scholars due to its nonparameterization and the fact that it
does not consider variable price information and the elas-
ticity coefficient of each input element. Based on research
needs, this article will also use the DEA-Malmquist index
method to measure the city’s total factor productivity [28].
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Among them, x and y, respectively, represent the input
and output vectors. D represents the production distance
function. +e DEA-Malmquist index can be further
decomposed into technical progress index (TC) and tech-
nical efficiency index (EC).

+e DEA-Malmquist index is the TFP growth rate,
which is a dynamic indicator that reflects the chain im-
provement. We need to convert the DEA-Malmquist index
to TFP. +at is, we set 2005 as the base period. Specifically,
the TFP in 2005 is 1, and the TFP from 2006 to 2016 is
obtained in turn. +erefore, this paper selects 2006–2016
TFP data for the following threshold empirical research.

3.1.2. Measurement of Green Total Factor Productivity.
+e TFP does not consider the depletion of environmental
resources caused by economic growth, which would distort the
evaluation of changes in economic performance and mislead
policy recommendations. Chung et al. [29] proposed a direc-
tional distance functionwhich can regard pollution emissions as
undesired output to measure GTFP considering environmental
factors. Since then, this method has been widely used. Kumar
[30] used the Malmquist–Luenberger (ML) index to measure

the GTFP of 41 countries. By comparing with the traditional
TFP, it was found that GTFP was not significantly different
from the traditional TFP. +e difference between the Malm-
quist–Luenberger (ML) index is quite significant. Oh and
Heshmati [31] also used theML index when studying the GTFP
of 26 OECD countries.+e research results show that there was
a significant difference between traditional TFP and GTFP in
terms of index decomposition. Based on previous studies, this
paper defines GTFP as follows: in the traditional TFP analysis
framework, energy consumption is used as an input indicator,
and pollutant emissions are taken as undesired output and
included in the input-output efficiency analysis. +e TFP ob-
tained is the GTFP, which not only considers traditional labor,
capital, and other factor inputs and output indicators such as
added value but also considers energy consumption (oil, natural
gas, electricity consumption, etc.) and pollution emissions
(industrial wastewater, waste gas, solids) and other elements, so
that the results obtained more reflect the actual economic
activities.

+e GTFP has gradually become the main driving force
for the transformation of economic development mode [32].
Referring to the production possibility set including ex-
pected output and unexpected output constructed by Fare
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et al., this paper uses Malmquist–Luenberger (ML) index of
nonradial SBM directional distance to measure the dynamic

change of GTFP. +e ML index used in this paper is shown
as follows.
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In the formula, xt, yt, and bt, respectively, represent
input indicators, expected output, and undesired output.
GTC is the technological progress index and GTEC is the
technological efficiency change index. Similar to the cal-
culation of TFP, ML is the growth rate of GTFP. We need to
convert the ML index to GTFP. +at is, we set 2005 as the
base period. Specifically, the GTFP in 2005 is 1, and the
GTFP from 2006 to 2016 is obtained in turn.

+e selection of specific input-output indicators is
shown in Table 1. +is paper selects 193 cities to calculate
GTFP and TFP. +e research data comes from the
2006–2016 “City Statistical Yearbook.” +e input indi-
cators of TFP include only human input and capital
input, and output only includes expected output; while
the input indicators of GTFP include human input,

capital input, and energy consumption; the output in-
dicators include expected output and undesired output.

3.2. Construction of the Measurement Model. In order to
explore the nonlinear relationship between environmental
regulations and GTFP due to differences in urban economic
development levels, this paper uses the panel threshold
regression method developed by Hansen [37] to estimate the
parameters. In order to analyze the nonlinear effects of
innovation quality on GTFP, TFP, and pollutant emissions
under different environmental regulation intensities, we take
environmental regulation (REGU) as a threshold variable
and construct its relationship with GTFP and TFP. +e
threshold panel model between and pollutant discharge
(CON) and the specific form is as follows:
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Figure 1: +eoretical framework.
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GTFPi,t � c + β1RDi,tI REGUi,t ≤ c1  + β2RDi,tI c1 <REGUi,t < c2  + · · · + βnRDi,tI REGUi,t > cn  + θXi,t + ui + ei,t,

TFPi,t � c + β1RDi,tI REGUi,t ≤ c1  + β2RDi,tI c1 <REGUi,t < c2  + · · · + βnRDi,tI REGUi,t > cn  + θXi,t + ui + ei,t,

CONi,t � c + β1RDi,tI REGUi,t ≤ c1  + β2RDi,tI c1 <REGUi,t < c2  + · · · + βnRDi,tI REGUi,t > cn  + θXi,t + ui + ei,t,

(3)

where GTFPi,t, TFPi,t, and CONi,t are explained variables.
Among them,CONi,t represents the pollutant emission, and
four indicators are selected here (industrial wastewater
emissions, industrial sulfur dioxide emissions, industrial
smoke, and dust emissions). RDi,t is the quality of urban
innovation; this article chooses the number of patents to
express; REGUi,t expresses the intensity of environmental
regulation, which is a threshold variable; Xi,t is a set of
control variables, including industrial structure (IS), gov-
ernment behavior (GOV), local openness (FDI), and in-
frastructure (ROD). ei,t is a random disturbance item; ui is an
individual effect. I(·) is an indicative function. c is the
threshold value.

3.3.Variable Selection. Explained variables are as follows. (1)
Urban green total factor productivity: GTFP is measured by
nonradial SBM directional distance function and ML index
method [38, 39]. (2) +e total factor productivity: TFP
adopts a data envelopment analysis method using two inputs
(capital and labor inputs) and one output (expected output)
[28]. (3) Four indicators are used to measure pollutant
emissions: industrial wastewater discharge (IWD) emissions
[40, 41], industrial sulfur dioxide discharge (SO2) emissions
[42], industrial smoke and dust discharge (ISD) emissions
[43, 44].

+e core explanatory variable of this article is the
number of patents (INV, ten thousand yuan/piece). +e
number of patents� the number of invention patents + the
number of utility patents + the number of appearance pat-
ents. With reference to the usual practice of such research
and considering the availability of data, this article uses the
number of patents granted to measure regional innovation
capabilities. Generally speaking, the process of innovation
activities can be divided into three main links: innovation
input, innovation organization, and innovation output.
Patent data, as the output of innovation, reflects the final
effect of innovation activities and has the characteristics of
comparability and easy access.

+e threshold variable of this article is the intensity of
environmental regulation (REGU).+is article quantifies the
intensity of urban environmental regulation by obtaining
the entropy value of the pollutant emission reduction effect
after standardization.

In addition, referring to existing research, this paper
selects industrial structure (IS), government behavior
(GOV), local openness (FDI), and infrastructure (ROD) as
control variables. Specific variable definitions are shown in
Table 2.

Based on the previous research methods, this paper
selects relevant data from 193 cities in China from 2006 to
2016 and eliminates cities with more data missing. +e
relevant data used in this section comes from the China

Statistical Yearbook, China Labor Statistical Yearbook,
China Energy Statistical Yearbook, China Environment
Statistical Yearbook, China City Statistical Yearbook, and
statistical yearbooks of various provinces and cities.

4. Empirical Analysis

4.1. /reshold Model. +e results of the threshold effect test
using environmental regulations as the threshold variable
are shown in Table 3. In order to better test the impact of
innovation quality on GTFP under different environmental
regulatory intensities, this paper uses bootstrap sampling
300 times to obtain the corresponding P value and confi-
dence interval [37]. It can be seen from Table 3 that in the
model with GTFP and TFP as the explained variables, the
threshold test results rejected the single threshold and three
thresholds, while the double threshold passed the threshold
effect test, indicating that the twomodels should choose dual
thresholds. When explaining the impact of innovation
quality on GTFP under different environmental regulatory
intensities; the two thresholds divide the environmental
regulatory intensity into three intervals, which are low level
(REGU≤ 0.8591) and medium level
(0.8591<REGU≤ 0.8633) and high level (REGU> 0.8633).
When the explained variable is TFP, the three intervals are
low level (REGU≤ 0.5955), medium level
(0.5955<REGU≤ 0.6073), and high level (REGU> 0.6073).
Among the models in which pollutant emissions are
interpreted as variables, only SO2 emissions have a threshold
effect, and it is a dual-threshold model. +e threshold values
are 0.5444 and 0.7136, respectively. +e three environmental
regulatory intensity intervals are low level (REGU≤ 0.5444),
medium level (0.5444<REGU≤ 0.7136), and high level
(REGU> 0.7136), and none of the others have thresholds
effect.

4.2. RegressionResults. If the threshold effect of the intensity
of environmental regulation is not taken into account, the
effect of innovation quality on GTFP, TFP, and pollutant
emissions is shown in Table 4; that is, the panel regression
results are as follows. First of all, the models in this article
have passed the Hausmann test. +e test results show that
when the explained variables are GTFP, TFP, SO2, and IWD,
the null hypothesis is rejected. +at is, the fixed-effects
model is selected and explained. When the variable is ISD,
the null hypothesis is accepted and the random-effects
model is selected.

It can be seen from the test results that the level of
innovation has a positive impact on GTFP and TFP at the 1%
and 10% significance levels, respectively, and the impact
coefficients are 0.054 and 0.012, respectively. +e GTFP and
TFP will increase by 0.054 and 0.012 units, respectively,
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when the innovation level increases by 1 unit. +erefore, the
coefficient and significance of the impact of innovation on
GTFP are greater than those of TFP. As the level of inno-
vation increases, both GTFP and TFP will increase. On the
other hand, the level of innovation has a significant negative
impact on SO2 and IWD, and the coefficient and significance
of the impact on SO2 are relatively large. +at is to say, when
the innovation level increases by one unit, the SO2 emission
and wastewater emission will decrease by 1.2 units and 1.47
units, respectively. Innovation plays a more significant role
in SO2 emission reduction.

In the random-effects model, the increase in inno-
vation level has no significant impact on ISD. It can be
seen from the results that, regardless of the intensity of
environmental regulations, innovation has a significant
effect on GTFP, the improvement of TFP, and the re-
duction of pollutant emissions, which is conducive to
improving environmental and economic quality.

In order to verify the threshold effect of environmental
regulation, this article first examines the relationship between
innovation quality and GTFP at different stages of environ-
mental regulation intensity. +e results are shown in the first
column of Table 5.+e intensity of environmental regulations is
divided into three intervals by the threshold value: low level
(REGU≤ 0.8591), medium level (0.8591<REGU≤ 0.8633), and
high level (REGU>0.8633). When the intensity of environ-
mental regulation is at a low level (REGU≤ 0.8591) and a
medium intensity level of 0.8591<REGU≤ 0.8633), the quality
of innovation has a positive impact on GTFP, but it is not
significant.When the intensity of environmental regulation is at
a high level (REGU>0.8633), the quality of innovation has a
significant positive impact on the GTFP at the level of 5%, with
an impact coefficient of 0.06, indicating that under a higher level
of environmental regulation, the innovation has a significant
positive effect onGTFP. For every unit of innovation, GTFPwill
increase by 0.06 units.

Table 1: Meaning and measurement of GTFP and TFP.

First-level index Secondary indicators +ree-level indicators References

Investment index

Manpower input Number of employees in each city

[33–35]Capital investment

Perpetual inventory method is used to calculate capital stock to measure
capital investment; the formula is Ki,t � Ki,t−1(1 − δi,t) + Ii,t, where Ki,t

and Ki,t−1 represent the depreciation rate of the city i in year t and Ii,t is
the total fixed-asset investment of city i in t

Energy consumption (special
for GTFP) City annual electricity consumption

Expected output
indicator Economic output GDP calculated at constant prices in 2000 [20]

Unexpected output
indicators

Environmental pollution
index (special for GTFP)

Industrial wastewater emissions, industrial sulfur dioxide emissions,
and industrial smoke and dust emissions; we use the entropy method to

determine the weight of undesired output to calculate the
comprehensive index of undesired output

[36]

Table 2: Variable definition.

Variable
classification Variable name Variable interpretation Symbol References

Explained
variable

Green total factor
productivity

Malmquist–Luenberger index based on nonradial SBM directional
distance GTFP [38, 39]

Total factor
productivity DEA-Malmquist index TFP [28]

Emissions Industrial wastewater discharge (IWD), industrial sulfur dioxide
discharge (SO2), industrial smoke and dust discharge (ISD) CON [40–44]

Explanatory
variables

Number of patents (ten
thousand)

Number of patents� number of invention patents + number of utility
patents + number of appearance patents INV [45, 46]

+reshold
variable

Environmental
regulation

Entropy weight method based on five indicators: industrial SO2 removal
rate, smoke removal rate, the comprehensive utilization rate of

industrial solid waste, domestic sewage treatment rate, and domestic
garbage innocuous treatment rate

REGU [47, 48]

Control variable

Industrial structure +e ratio of the added value of the tertiary industry to the added value of
the secondary industry IS [49, 50]

Open to the outside
world

+e proportion of the output value of foreign-invested enterprises in the
regional GDP FDI [51, 52]

Government action Government expenditure on teaching and research as a percentage of
the regional GDP GOV [53]

Infrastructure Urban road area per capita ROD [54]
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+e results of the impact of innovation quality on TFP at
different stages of environmental regulation intensity are shown
in the second column of Table 5. +e threshold value of en-
vironmental regulation intensity is divided into three intervals:
low level (REGU≤ 0.5955), medium level (0.5955)
<REGU≤ 0.6073), and high level (REGU>0.6073). When the
intensity of environmental regulation is at a low level (REG-
U≤ 0.5955), the quality of innovation has a positive impact on
TFP, but the impact coefficient is only 0.002 and is not sig-
nificant; when the intensity of environmental regulation reaches
the second interval level (0.5955<REGU≤ 0.6073), the influ-
ence coefficient of innovation quality on TFP reaches 0.768 and
is significantly positively correlated at the 1% level, indicating
that under the medium intensity of environmental regulations,

the TFP increases by 0.768 units for every unit of urban in-
novation level. When the intensity of environmental regulation
reaches a high level (REGU>0.6073), although the impact of
innovation quality on TFP is still positive, it is not significant,
and the impact coefficient is only 0.012.+e results show that as
the intensity of environmental regulation increases, the positive
impact of innovation on TFP first rises and then declines.

+e results of the impact of innovation quality on SO2
emissions at different stages of environmental regulation in-
tensity are shown in the third column of Table 5. +e threshold
value of environmental regulation intensity is divided into three
intervals: low level (REGU≤ 0.5444), medium level
(0.5444<REGU≤ 0.7136), and high level (REGU>0.7136). At
a low level of environmental regulation intensity

Table 3: +e threshold effect test of environmental regulation.

Explained variable Model +reshold F value P value BS times

GTFP

Single threshold 0.8498 12.83 0.357 300
Double threshold 0.8591 20.15∗ 0.09 300

0.8631
+ree thresholds 0.8967 4.2 0.6 300

TFP

Single threshold 0.6173 19.01 0.12 300
Double threshold 0.5955 84.6∗∗ 0.33 300

0.6073
+ree thresholds 0.7241 13.57 0.42 300

Industrial sulfur dioxide emissions

Single threshold 0.5444 84.89∗∗∗ 0 300
Double threshold 0.5444 25.62∗∗∗ 0 300

0.7136
+ree thresholds 0.4864 22.02 0.433 300

Industrial smoke and dust emissions

Single threshold 0.5007 1.19 0.7367 300
Double threshold 0.5293 1.22 0.7311 300

0.5373
+ree thresholds 0.4011 0.57 0.81 300

Industrial wastewater discharge

Single threshold 0.9116 6.78 0.433 300
Double threshold 0.8692 9.13 0.21 300

0.8591
+ree thresholds 0.8498 6.81 0.353 300

Note: ∗, ∗∗, and ∗∗∗ represent that the estimated coefficients are significant at the 10%, 5%, and 1% confidence levels, respectively.

Table 4: Panel regression results of innovation capability on GTFP, TFP, and pollutant emissions.

Fixed-effect model Random-effect model
GTFP TFP SO2 IWD ISD

RD 0.054∗∗∗ 0.012∗ −1.200∗∗∗ −1.47∗∗∗ 0.061
(0.012) (0.007) (0.164) (0.244) (0.382)

IS 0.101∗∗∗ 0.046∗∗∗ −1.625∗∗∗ −0.31 −0.344
(0.022) (0.012) (0.286) (0.426) (0.564)

FDI −0.042 −0.041 2.024∗∗ −0.54 −1.11
(0.064) (0.035) (0.839) (1.25) (1.12)

ROD 0.001 0.002∗∗∗ −0.064∗∗∗ −0.07∗∗∗ 0.0192
(0.001) (0.001) (0.016) (0.024) (0.036)

GOV 0.011∗∗∗ −0.0003 −0.137∗∗∗ −0.141∗∗∗ 0.0497
(0.002) (0.001) (0.026) (0.039) (0.039)

Constant 0.821∗∗∗ 0.854∗∗∗ 9.343∗∗∗ 10.935∗∗∗ 3.41∗∗∗
(0.028) (0.016) (0.373) (0.555) (0.713)

Observations 2123 2123 2123 2123 2123
Numbers 193 193 193 193 193
R-squared 0.09 0.012 0.1757 0.1985 0.01
Note: ∗, ∗∗, and ∗∗∗ represent that the estimated coefficients are significant at the 10%, 5%, and 1% confidence levels, respectively.
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(REGU≤ 0.5444), the quality of innovation has a significant
positive impact on SO2 emissions at the 1% level, indicating that
under this environmental regulation interval, the improvement
of innovation quality not only does not reduce the emission of
SO2 but also increases the emission of SO2; when the intensity of
environmental regulations reaches the second interval level
(0.5444<REGU≤ 0.7136), the innovation quality’s effect on
SO2 emissions is significantly negative at the 10% level, with a
coefficient of 0.448. It shows that the intensity of environmental
regulation is at the middle-income level, and as the city’s in-
novation level increases, SO2 emissions begin to decline. When
the intensity of environmental regulation reaches a high level
(REGU>0.7136), the impact of innovation quality on TFP is
significantly negative at the 1% level, with a coefficient of 1.45.
+e impact coefficient and significance in the high range of
environmental regulations are better than those in the medium
range, indicating that with the improvement of environmental
regulations, the impact of innovation on SO2 emission re-
duction is gradually increasing.

In addition, among the control variables, the proportion
of tertiary industry has a significant positive impact on the
improvement of GTFP and TFP, and a significant negative
impact on SO2 emissions. In other words, the increase in the
tertiary industry can help cities take the path of sustainable
development. Infrastructure (ROD) has a significant role in
promoting the improvement of TFP and also has a signif-
icant negative effect on SO2 emissions, indicating that
strengthening infrastructure construction can help cities to
save energy and reduce emissions while promoting the
increase in TFP. +e government’s policy preference for
technology and education (GOV) has a significant positive
impact on the improvement of GTFP and a significant

negative impact on SO2 emissions. It shows that the gov-
ernment’s policy preference can enable cities to promote the
improvement of economic quality while ensuring envi-
ronmental quality.

It can be seen from this that the positive effect of in-
novation on GTFP requires a higher intensity of environ-
mental regulation to cooperate. When the intensity of
environmental regulation is at a high level (REGU> 0.8633),
the quality of innovation has a significant positive impact on
the 5% level of GTFP, with an impact coefficient of 0.06. A
lower level of environmental regulation can stimulate the
positive effect of innovation on TFP. With a moderate level
of environmental regulation (0.5955<REGU≤ 0.6073), the
increase in the level of urban innovation will result in a
significant increase in TFP. During this period, innovation
also has a significant positive impact on the SO2 emission
reduction effect.

4.3.HysteresisTest. In order to test the stability of the model,
this paper conducts a lag test on the model.+e test results of
the threshold effect under the first period of lagging inno-
vation quality are shown in Table 6. +is paper uses boot-
strap sampling 300 times to obtain the corresponding P
value and confidence interval [37]. It can be seen from
Table 6 that in the model with GTFP as the explained
variable, environmental regulation no longer has a double
threshold effect. In the model with TFP as the explained
variable, the threshold test results still rejected the single
threshold and three thresholds, while the double threshold
passed the threshold effect test, indicating that the double
threshold should be chosen. +e three levels of environ-
mental regulation intensity are divided into a low level
(REGU≤ 0.5985), medium level (0.5985<REGU≤ 0.6103),
and high level (REGU> 0.6103).

When the explained variable is pollutant emissions, the
lagging effect of innovation quality on SO2 emissions still has
a double threshold effect, and the threshold values are 0.6258
and 0.8206, respectively. +e three levels of environmental
regulation intensity are divided into a low level (REG-
U≤ 0.6258), medium level (0.6258<REGU≤ 0.8206), and
high level (REGU> 0.8206). In addition, the lagging effect of
innovation quality on industrial wastewater discharge has a
double threshold effect, with threshold values of 0.8048 and
0.8112. +e three levels of environmental regulation in-
tensity are divided into a low level (REGU≤ 0.8048), me-
dium level (0.8048<REGU≤ 0.8112), and high level
(REGU> 0.8112).

+is article first examines the lagging relationship be-
tween innovation quality and TFP at different stages of
environmental regulation intensity. +e results are shown in
the first column of Table 7. When the explained variable is
TFP, the three intervals of environmental regulation in-
tensity are divided into a low level (REGU≤ 0.5985), me-
dium level (0.5985<REGU≤ 0.6103), and high level
(REGU> 0.6103). Although the impact of innovation on
TFP is always positive, its significance will vary with the
intensity of environmental regulations. When the intensity
of environmental regulation is at a low level

Table 5: +e impact of innovation on productivity and pollutants
under environmental regulation.

+reshold effect model
GTFP TFP SO2

REGU-1 0.047 0.0002 4.64∗∗∗
(0.031) (0.049) (1.59)

REGU-2 0.194 0.768∗∗∗ −0.448∗
(0.122) (0.106) (0.237)

REGU-3 0.06∗∗ 0.012 −1.45∗∗∗
(0.004) (0.011) (0.385)

IS 0.097∗ 0.047∗∗ −1.504∗∗∗
(0.053) (0.021) (0.424)

FDI −0.018 −0.05 1.045
(0.119) (0.039) (1.20)

ROD 0.0004 0.002∗∗ −0.061∗∗
(0.0017) (0.01) (0.025)

GOV 0.011∗∗∗ −0.001 −0.118∗∗
(0.004) (0.002) (0.052)

Constant 0.822∗∗∗ 0.854∗∗∗ 9.07∗∗∗
(0.0611) (0.024) (0.615)

Observations 2123 2123 2123
Numbers 193 193 193
R-squared 0.1162 0.0700 0.2501
Note: ∗, ∗∗, and ∗∗∗ represent that the estimated coefficients are significant
at the 10%, 5%, and 1% confidence levels, respectively. +e standard errors
of the coefficients are marked in parentheses.

8 Discrete Dynamics in Nature and Society



(REGU≤ 0.5985) and a high level (REGU> 0.6103), the
lagging effect of innovation quality on TFP is not significant.
When the intensity of environmental regulation is at a
medium level (0.5985<REGU≤ 0.6103), the quality of in-
novation has a significant lagging effect on TFP at the 1%
level, with an impact coefficient of 1.5. For every unit of
innovation increased, TFP increased by 1.5 units. +is is
basically consistent with the model test result without lag.

+e lagging influence of innovation quality on SO2
emissions is shown in the second column of Table 7. For
SO2, under the lower level (REGU ≤ 0.6258) of envi-
ronmental regulations, the quality of innovation has a
positive lagging effect on SO2 emissions; that is, in the
case of a period of lag, the improvement of the level of
innovation not only does not help reduce SO2 emissions
but has also increased SO2 emissions. When the intensity
of environmental regulations is at a medium level
(0.6258 < REGU ≤ 0.8206) and a high level (REG-
U > 0.8206), the innovation level has a negative impact on
SO2 emissions, which are significant at the 10% and 1%
levels, respectively. And the influence coefficient in the
high-intensity interval is greater than that in the medium
intensity interval. +is changing trend is basically con-
sistent with the result that there is no lagging term.

+e lagging effect of innovation quality on industrial
wastewater discharge (IWD) is shown in the third column
of Table 7. +e innovation level will always have a neg-
ative impact on IWD under the lag period, but the sig-
nificance has changed. When the intensity of
environmental regulation is at a low level (REG-
U ≤ 0.8048), the lagging effect of innovation is not sig-
nificant; when the intensity of environmental regulation
is at a medium level (0.8048 < REGU ≤ 0.8112) and a high
level (REGU > 0.8112), innovation has a significant
negative impact on IWD at 1% and 10%, and the impact
coefficients are −4.07 and −1.499, respectively. +at is to
say, for every unit of innovation increased, wastewater
discharge will be reduced by 4.07 and 1.499 units, re-
spectively. Although innovation will always reduce
wastewater discharge, the effect of emission reduction is
more effective under medium environmental regulation.

Table 6: +reshold effect test of the lag term.

Explained variable Model +reshold valve F value P value BS times

GTFP

Single threshold 0.8512 15.44 0.3167 300
Double threshold 0.8595 12.22 0.22 300

0.8631
+ree thresholds 0.8924 3.82 0.5633 300

TFP

Single threshold 0.6144 25.48∗∗ 0.003 300
Double threshold 0.5985 76.32∗∗∗ 0.33 300

0.6103
+ree thresholds 0.8595 10.63 0.92 300

Industrial sulfur dioxide emissions

Single threshold 0.6258 140.16∗∗∗ 0 300
Double threshold 0.6258 75.57∗∗ 0.02 300

0.8206
+ree thresholds 0.4864 42.09 0.7833 300

Industrial smoke and dust emissions

Single threshold 0.5009 1.2 0.7067 300
Double threshold 0.4014 −0.27 1 300

0.5432
+ree thresholds 0.8370 0.56 0.79 300

Industrial wastewater discharge

Single threshold 0.8112 5.31 0.4767 300
Double threshold 0.8048 16.56∗ 0.0067 300

0.8112
+ree thresholds 0.831 16.21 0.3233 300

Note: ∗, ∗∗, and ∗∗∗ represent that the estimated coefficients are significant at the 10%, 5%, and 1% confidence levels, respectively.

Table 7:+e results of the lagging regression of the threshold effect.

+reshold effect model
TFP SO2 IWD

REGU-1 0.011 5.83∗∗∗ −1.75
(0.037) (1.60) (1.12)

REGU-2 1.5∗∗∗ −0.363∗ −4.07∗∗∗
(0.9) (0.193) (1.023)

REGU-3 0.012 −1.55∗∗∗ −1.499∗
(0.008) (0.38) (0.768)

IS 0.059∗∗∗ −1.79∗∗∗ −0.617
(0.021) (0.434) (0.282)

FDI −0.079∗∗ 1.14 −0.451
(0.039) (1.25) (0.826)

ROD 0.003∗∗ −0.054∗∗ −0.064
(0.001) (0.025) (0.163)

GOV 0.004∗∗ −0.109∗ −0.144
(0.002) (0.057) (0.262)

Constant 0.83∗∗∗ 9.077∗∗∗ 11.15∗∗∗∗
(0.025) (0.666) (1.17)

Observations 1930 1930 1930
Numbers 193 193 193
R-squared 0.0825 0.2437 0.1997
Note: ∗, ∗∗, and ∗∗∗ represent that the estimated coefficients are significant
at the 10%, 5%, and 1% confidence levels, respectively. +e standard errors
of the coefficients are marked in parentheses.
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5. Discussion

Regardless of the intensity of environmental regulations,
innovation has a significant effect on GTFP, the improve-
ment of TFP, and the reduction of pollutant emissions,
which is conducive to improving environmental and eco-
nomic quality. However, considering the threshold effect of
environmental regulation, the regression model of inno-
vation on these three types of explanatory variables has
changed. Specifically, although innovation has always had a
positive impact on GTFP and TFP under different envi-
ronmental regulatory intensities, they are not always sig-
nificant. When the impact of innovation on GTFP is
positively significant, the range of environmental regulation
intensity is high (REGU> 0.8633), with a coefficient of 0.06.
+at is to say, for every unit of innovation level increase,
GTFP would significantly increase by 0.06 units. When the
impact of innovation on TFP has positive significance, the
difference of environmental regulation intensity is in the
medium range (0.5955<REGU≤ 0.6073), and the coeffi-
cient is 0.768.+at is to say, for every unit of innovation level
increase, TFP would significantly increase by 0.768 units.
Regardless of the intensity of environmental regulations, the
coefficients of influence of innovation on GTFP and TFP are
0.054 and 0.012, respectively. +at is to say, GTFP and TFP
increase by 0.054 and 0.012 units, respectively, for each unit
of innovation level. It can be seen from this that, considering
the threshold effect of environmental regulations, the co-
efficients of influence of innovation on GTFP and TFP in
their respective significant intervals are greater than before.
In addition, the changes in the impact of innovation on SO2
emissions taking into account environmental regulations are
also very significant. At different stages of the intensity of
environmental regulations, the impact of innovation quality
on SO2 emissions will go through a process from positive to
negative. +at is, as the intensity of environmental regula-
tions increases, the positive effect of innovation quality on
SO2 emission reduction becomes more and more obvious.

Since GTFP is a comprehensive indicator that integrates
expected output (traditional TFP) and undesired output
(environmental pollution), it is of great significance to an-
alyze the mechanism of innovation under environmental
regulations for GTFP. It can be seen from the results that
environmental regulation will induce innovation to influ-
ence GTFP only at a higher intensity. Compared with tra-
ditional TFP, GTFP has higher requirements for the
intensity of environmental regulation. +e reason for this
status is mainly from “following cost effect” and “innovation
compensation effect.”

On the one hand, environmental regulations will hinder
the improvement of GTFP by inhibiting innovation and
R&D, that is, the effect of “following costs.” +is view be-
lieves that strict environmental regulations will increase the
pollution control costs of enterprises in the region and
inhibit their R&D and innovation activities, thereby
inhibiting GTFP [55–59]. On the other hand, environmental
regulation will promote the increase of GTFP by increasing
research and development, that is, the “innovation com-
pensation” effect. For example, Naso et al. [60] believe that

the increase in the intensity of environmental regulations in
cities will “force” enterprises to increase R&D and inno-
vation in terms of factor input, energy consumption, energy
conservation, and emission reduction, so as to improve their
competitiveness to compensate. +e negative impact is
caused by the increase in environmental governance costs,
which in turn promotes the improvement of urban GTFP
[61, 62]. When the intensity of environmental regulation is
in the high range (REGU> 0.8633), the effect of “innovation
compensation” is greater than the effect of “compliance with
cost.” +erefore, in this range, environmental regulation
stimulates the impact of innovation on GTFP.

6. Conclusion

Based on the Malmquist–Luenberger index and DEA-
Malmquist index, this paper, respectively, measures the
green total factor productivity (GTFP) and total factor
productivity (TFP) of 193 cities in China. On the basis of
obtaining the GTFP, TFP, and various pollutant emissions of
193 cities, this paper selects environmental regulations as the
threshold variable and the number of urban patents as the
explanatory variable to measure the level of urban inno-
vation. On this basis, we analyze the impact of innovation
quality on economic quality and environmental pollution
under different environmental regulatory intensities. +e
research results show that the impact of innovation on GTFP
and TFP under different environmental regulations is always
positive, but the impact coefficient and significance level
vary. In addition, the impact of innovation on SO2 emissions
under different environmental regulations has also changed.
With the increase in the intensity of environmental regu-
lations, it has undergone a process from positive to negative;
that is, the effect of reducing emissions is gradually
significant.

Specifically, although innovation has always had a
positive impact on GTFP and TFP under different envi-
ronmental regulatory intensities, they are not always sig-
nificant. When the impact of innovation on GTFP is
significant, the interval of environmental regulation inten-
sity is REGU> 0.8633, and when innovation is significant on
TFP, the difference of environmental regulation intensity is
0.5955<REGU≤ 0.6073.+ere is no interaction between the
intensity ranges of environmental regulations in these two
types of situations.

In the model in which pollutant emissions are the
explained variables, only SO2 emissions have a dual-
threshold effect, and none of the others have a threshold
effect. When innovation has a significant negative impact on
SO2 emissions, the interval is at a medium level
(0.5444<REGU≤ 0.7136) and a high level (REGU> 0.7136).
And the significance and influence coefficient of the high-
level interval (REGU> 0.7136) are much better than those of
the middle level (0.5444<REGU≤ 0.7136). It can be seen
from this that the positive effect of innovation on GTFP
requires a higher intensity of environmental regulation to
cooperate. When the intensity of environmental regulation
is at a high level (REGU> 0.8633), the quality of innovation
has a significant positive impact on the 5% level of GTFP,
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with an impact coefficient of 0.06. A lower level of envi-
ronmental regulation can stimulate the positive effect of
innovation on TFP. With a moderate level of environmental
regulation (0.5955<REGU≤ 0.6073), the increase in the
level of urban innovation will result in a significant increase
in TFP. In these two intervals, innovation also has a sig-
nificant positive impact on the SO2 emission reduction ef-
fect. Specifically, when the environmental regulation interval
where innovation quality has a significant positive impact on
GTFP is at a high level (REGU> 0.8633), within this interval,
the coefficient of influence of innovation quality on SO2
emissions is −1.45 and is insignificant at the 1% level. When
the quality of innovation has a significant positive impact on
TFP, the environmental regulation interval is at a medium
level (0.5955<REGU≤ 0.6073). In this interval, the coeffi-
cient of influence of innovation quality on SO2 emissions is
−0.448 and is significant at the 10% level. It can be seen that,
induced by environmental regulations, the impact of in-
novation on GTFP is closer to the impact on pollutant
emission reduction.+e reason for this is that the calculation
process of GTFP takes into account the undesired output,
that is, environmental pollution, and can better reflect the
current two-way level of economic quality and environ-
mental pollution.

Based on this, this article puts forward the following
suggestions.

+e implementation of strict environmental regulations is
conducive to promoting China’s construction of a resource and
environment-friendly society and pushing China to embark on
a path of sustainable low-carbon economic development. +is
means that China should increase investment in environmental
protection, improve the treatment of industrial “three wastes,”
especially “exhaust gas” and “solid waste,” implement a “green
GDP” assessment mechanism, and earnestly implement energy
saving and emission reduction strategies. To this end, the
government should appropriately increase the intensity of
environmental regulation and make good use of the two major
environmental regulation tools, command-and-control, and
market-incentive. For example, the implementation of a series
of regulations and standards aimed at comprehensive protec-
tion and governance of resources and the environment, while
encouraging and promoting enterprises to participate in the
research and development of environmental-related technolo-
gies, such as preferential fiscal and tax policies, so as to mobilize
enterprises’ enthusiasm for technological innovation and form
core competitiveness.

Innovation is the main source of promoting the increase
of total factor productivity. However, China’s current en-
vironmental protection efforts are not enough. It does not
pay attention to the way that environmental regulations lead
to technological innovation and promote total factor pro-
ductivity. It does not fully realize that low-carbon techno-
logical innovation is the key to the practice of low-carbon
economic development. To this end, China should build and
improve a low-carbon technology innovation system, up-
grade carbon reduction technology, carbon-free technology,
and decarbonization technology, and ultimately achieve the
goal of energy saving, emission reduction, and efficiency
increase.

Based on panel data of 193 cities in China from 2006 to
2016, this paper analyzes the impact of innovation on GTFP
and TFP under the circumstance of environmental regu-
lation and draws some enlightening conclusions, which
enriches theoretical and empirical research in relevant fields
to some extent. However, due to the limitation of our re-
search ability, some unresolved problems and imperfect
parts need further research. Firstly, there is a lack of het-
erogeneity analysis. +ere is a gap in the economic level
between cities; that is, there is regional heterogeneity. +e
urban economic foundation determines the innovation
ability. +is paper is not deep enough to study the regional
heterogeneity, and in the future, we hope to make up for the
shortage, enrich the theoretical expansion of innovation, and
deepen the understanding of urban innovation. Secondly,
due to the difficulties and shortcomings of data collection,
this paper only selects urban data from 2006 to 2016. In the
follow-up study, the calculation method of indicators needs
to be further optimized, hoping to collect more data and
further improve the accuracy of the conclusion.
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