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Abstract: The sustainable growth path of emerging economies has transformed from the traditional
extensive model to high-quality development. Due to the impulse force of low-carbon regulation, the
measurement of input–output efficiency changed into green total factor productivity (GTFP) which
considers environmental factors. Past research on GTFP focused on enterprise investments to promote
green innovation for their resource allocation efficiency, but green investments are often limited from
marketization that is interactively influenced by low-carbon regulation. Therefore, handing green
investment to mitigate carbon dioxide emissions for green economics recovery is a big challenge.
Then these hypotheses are tested by the main study of 170 cities in China. Results suggested that
GTFP has an inverted S-shaped curve with three inflection points and four development stages under
the influence of low-carbon regulation. It means that improving green productivity is costly toward
making green investments without the driving of green innovation. However, the inflection point of
the growth curve—when enterprise investment activities ignore the interaction between low-carbon
regulation and green investment policy—will come slowly to a period of high-quality development.
Moderating results suggested that the green productivity would be weakened and the inflection
point would be delayed by the low-carbon marketization index if the low-carbon regulation intensity
was neglected. Therefore, this research advanced an effectively co-ordinate growth curve to search
for the inflection point of green economics recovery.

Keywords: low-carbon regulation intensity; low-carbon marketization index; green innovation;
green investment; green total factor productivity

1. Introduction

Many countries advocating for green development have made great efforts on the
improvement of GTFP. It is a sensitive factor adding environmental input–output efficiency
for the strategic direction of enterprises to encourage their green innovation willingness to
reduce the carbon dioxide emission in order to match carbon mitigation targets. Generally
speaking, the carbon mitigation behavior is impacted by the effects of low-carbon regula-
tion, such as tax for the high-carbon companies and incentives to the projects that aim to
mitigate carbon emission [1]. Scholars have long recognized that the effects of low-carbon
regulation on GTFP are characterized in a multi-stage process, including positive U-shaped,
inverted U-shaped, and N-shaped curves [2–4], but this process of green performance starts
from initial economic growth and decreases due to the shock of low-carbon regulation,
then finally shifts into an inflection point through green innovation [5,6]. Thus, the positive
U-shaped or the inverted U-shaped is just one part of the growth curve of GTFP, and the
N-shaped also does not fully reveal the inflection points [7]. That is to say, each of them
ignores the whole characteristics of the growth curve. It is very useful for a new curve of
GTFP to match the theory and explain the resilience change of enterprise performance.

Theoretically, it is believed that enterprise performance will be declined if the gov-
ernment mitigates carbon dioxide emissions by environmental regulation instruments [8].
However, the Porter Hypothesis challenged this theory and argued that there would be
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an inflection point, meaning that enterprises gain a competitive advantage to mitigate the
decline to improve the resilience of enterprise performance by green innovation [9–12].
Based on this, present scholars are drawing the relevant graphics research about the growth
curve and the inflection points of GTFP. Especially in the post-epidemic era, the green
economic recovery provided new opportunities for green development [13], and the trans-
formation of green technology achievements is used to improve the green investment
quality by building a market-oriented innovative system of green technology and capi-
tal elements. However, the enterprise transformation of low-carbon management may
be subjected to a severe test [14]. Thus, the low-carbon regulation should search for a
coordinated development path of green transformation and economic rehabilitation to
create an orderly competitive environment and strengthen enterprise capabilities for green
economics recovery [4,15].

Although past research considered green innovation and low-carbon regulation as the
main factors of the allocation efficiency of green elements, little research has focused on the
integration impact between green technology and capital elements, and even less research
has fully explained the growth curve of GTFP. This paper wanted to describe the GTFP
changes under the influence of low-carbon regulation, enrich the research of low-carbon
regulation, and provide guidance for the government and enterprises. Therefore, we
tried to research the effects of low-carbon regulation by the transcendental logarithmic
production function model to analyze the mechanism of green innovation on GTFP under
the mediating role of green investment. The main contributions are as follows: 1. The
combination methods of theoretical and empirical are used to study the relationship
between low-carbon regulation and GTFP. 2. Two variables of green innovation and green
investment are introduced to explain the impact path of low-carbon regulation on GTFP.
3. We found a meaningful conclusion that the growth curve of GTFP is inverted S-shaped.

2. Literature Review and Research Hypothesis
2.1. Green Innovation and Green Total Factor Productivity

Green innovation has inherited the theoretical innovation paradigm by Joseph Schum-
peter to be described as an enterprise transformation of technologies, processes, or products
to reduce environmental pollution and energy consumption [16]. It is becoming an endoge-
nous driving force for GTFP growth [17]. In the present research, it has been proven that
green innovation is an important power for enterprises to change into green growth with
the dynamic evolutionary game between factor-resource allocation and social-economic
development. Especially after the strengthening role of low-carbon regulation, more en-
terprises try to change their carbon emission pattern from green innovation. That makes
them choose a new path to the synergistic growth of economic and environmental perfor-
mance [18].

However, the growth curve of GTFP will be different from the diversity of green inno-
vation. Qian and Li [19] found that enterprise activities of green innovation have relatively
higher performance in energy saving and consumption reduction, and the adjustment of
the energy consumption structure is more conducive to improving the performance of
carbon mitigation. Furthermore, some studies showed that the enforcement function of
environmental regulation spurs enterprises to make green innovations to improve green
productivity. According to Yuan and Chen [20], only strictly low-carbon regulation is
helpful to improve the green innovation level. It has an indirectly positive U-shaped effect
on the transformation of the manufacturing industry. In other words, green innovation has
two effects on GTFP, not just a simple positive or a negative correlation. Thus, we propose
the following hypothesis.

Hypothesis 1 (H1). Green innovation has a nonlinear effect on green total factor productivity.
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2.2. Green Innovation and Green Investment

The enterprise transformation of green technology achievements is mainly restricted
by the factors such as capital, talent, and knowledge. These factors are significantly related
to green investment. The empirical results of Lanjouw and Mody [21] show that there is a
significant positive correlation between the investment in environmental protection and
the number of green patents. In further research by Zhang and Wang [22], they found that
the intensity of government environmental regulation not only improves the enterprise
capability of green innovation but also has a positive effect on green investment.

Some scholars also believed that it needs certain conditions for the relationship be-
tween green innovation and green investment. For example, Pei et al. [23] found that,
although private investment can promote technological innovation, there is not a signifi-
cant relationship between green investment and technology innovation under the effect of
environmental regulation because it is the prerequisite of a good investment environment
for enterprises to implement green innovation, and enterprise investment will be guided
by low-carbon regulation in the process of green innovation. Therefore, we propose the
following hypothesis.

Hypothesis 2 (H2). There is a positive correlation between green innovation and green investment.

2.3. Mediating Role of Green Investment

The previous study has shown that investment efficiency is a necessary condition for
the optimal allocation of factor resources [4], but the most current green investments are
inefficient. There are two main reasons for this: on the one hand, the management model
of enterprise investments was used to ignore resource allocation efficiency, and the low-
carbon transformation of enterprise investment tends to remain at nongreen innovation,
which caused many problems such as excessive redundancy. These problems usually make
the pure technical efficiency and scale efficiency weak [4]; on the other hand, the enterprise
capabilities of green investment not only have a positive effect on the efficiency of green
technology but also have a negative effect on the scale efficiency of green performance.
Generally speaking, the growth of green performance will lead to a gradual decline in
green productivity [24].

Therefore, the green investment may cause a decrease in green productivity when
enterprises focused solely on the benefits return. They should pay more attention to
controlling environmental pollution if their willing wants to see a green productivity result.
Only in this way can they reduce the undesired output and improve the environmental
technological condition effectively. Thus, we propose the following hypothesis.

Hypothesis 3 (H3). Green investments have nonlinear effects on green total factor productivity.

Recent studies also have found that GTFP is influenced by the correlation between
green technologies and green capitals. This result is in the form of two ways: on the one
hand, the implementation of green innovation for enterprises inevitably consumes human,
financial, material, information, and other factors. These implement activities require a
large number of green funds, but most enterprises do not have sufficient funds to make
a long time and uncertain result for green innovation. Research by Guo and Zhao [25]
suggested that enterprises should take green investment and financial business as the
main direction to optimize their green investment strategy. The green bank should be
built as a public service platform to support green innovation and provide the necessary
services for the transformation of green technology achievements; on the other hand, the
impact of green investment on GTFP is characterized as periodic changes. Enterprises
should enhance the research and development of green technologies if they want to plan
and implement green investments. This will strengthen the investment effectiveness and
improve the financial services [26]. Research by Liao et al. [27] shows that there is a
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significant positive correlation between green investment and green welfare. It means that
the benefits will improve citizens’ green welfare by government tax reduction or subsidy.

Therefore, green investment can promote the transformation of green technology
achievements and the allocation efficiency of green elements. Thus, we propose the
following hypothesis.

Hypothesis 4 (H4). Green investment plays a mediating role in the relationship between green
innovation and green total factor productivity.

2.4. Moderating Role of Low-Carbon Regulation Instruments

Considering the integrated development of green technology and capital elements,
the low-carbon regulation should have “two hands”: The first one should push forward
the market-oriented reform of green elements on improving the investment level. This
is the term of low-carbon marketization index. The other one should focus on the low-
carbon regulation intensity to improve the environmental quality. This is the term of
low-carbon regulation intensity. Under the combined effect of them, more enterprises
increase investments to carry out independent innovation or introduce foreign technology
to promote green innovation. They will improve the enterprise performance to foster GTFP
growth [28,29].

Due to the uncertainty of the external environment, the mechanism of low-carbon
regulation is becoming more and more complex. It can promote the enterprise’s green inno-
vation level. The research of Berman and Bui [30] argued that the total factor productivity
increased by the environmental regulation. However, it can also promote nongreen innova-
tion to a certain extent [23]. As the research of Yuan and Xiang [31] argued, environmental
regulation would restrict productivity growth. At the same time, the low-carbon regulation
will be impacted by the market-originated interference, which makes the effect become
a deviation between actual performance and desired objectives [32,33]. For example, the
empirical evidence of Li [34] showed that low-carbon regulation has a strong effect on
green process innovation and green product innovation because of the positive regulation
of marketization. Therefore, the appropriate choice of low-carbon regulation intensity must
dynamically adapt to the local marketization process. Thus, we propose the following
hypothesis.

Hypothesis 5 (H5). The low-carbon regulation intensity can strengthen the relationship between
green innovation and green total factor productivity.

Meanwhile, the green investment impacts GTFP through market-oriented means, as
the low-carbon marketization index accelerates the free flow of green factors. Although,
market factor may be the weakening element in carbon capture and distribution technology
for the loss control [35], but the low-carbon marketization index can loosen the intensity
of the low-carbon regulation actually in the same way. It will avoid price speculation and
negative demonstration effect that is caused by inefficient competition. Both of them can
improve capital utilization efficiency [29]. As a result of these marketization activities, the
negative effects of rent-seeking behavior can be eliminated and the allocation efficiency
of green elements can be improved. Due to the simplification of the processes of environ-
mental impact assessment and environmental protection, the green investment may lack
macro-guidance. Then, the low-carbon regulation has been relaxed to a certain extent. This
will diminish the positive impact of green investments on GTFP [36]. Thus, we propose the
following hypothesis.

Hypothesis 6 (H6). The low-carbon marketization index can weaken the relationship between
green investment and green total factor productivity.

To sum up, the key to the market-oriented allocation reform of green elements is to
deal with the interaction between the low-carbon marketization index and the low-carbon
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regulation intensity. The government should take some reasonable guiding measures to
gradually eliminate the policy discrimination for enterprises, and the enterprises should
effectively promote green innovation to harmonious development between the quality of
green goals and the efficiency of green elements. Combining the above theoretical analysis
and research assumptions, we construct a theoretical model as shown in Figure 1.
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3. Materials and Methods
3.1. Econometric Models

Based on the above theoretical analysis and the research of Hulten et al. [37], the
parameter of green productivity is taken as a multivariable function combination. Firstly,
enterprises are reluctant to take the initiative in carbon mitigation without environment
regulation. Referring to the research of Tao and Zhou [38], we selected the green technology,
capital, and knowledge capital factors as the main variables to explain green performance.
Then, the undesired output of environmental factors should be considered based on
the input output of enterprises. Referring to the research of Zhang et al. [39] and Tong
et al. [40], we choose the measuring method of GTFP to test our hypotheses. Finally, take
the low-carbon regulation as the necessary external constraint for enterprises to carry out
green investment and green innovation activities. According to the characteristics of the
Cobb–Douglas production function, we set up a model of GTFP as follows:

GTFPit = Ai0eµitTµi
it Wδi

it Mρi
it (1)

where the dependent variable of GTFP represents green total factor productivity regressed
on three variables. As the independent variable T is green innovation for green technology
factors; the mediating variable W is a green investment for green capital factors; and the
moderating variable M is low-carbon regulation for green knowledge capital factors. i and
t represent the sample and the year variable respectively. Ai0 is the initial productivity.
µi, δi, and ρi are factors that affect the green allocation efficiency of green factors. Then,
drawing on the research of Wang and Yang [41], we use the transcendental logarithmic
production function to test the effects of these factors on GTFP, and extend the specified
Equation (1) to arrive at Equation (2) as follows:

ln GTFPit = α + µ1 ln Tit +
1
2 µ2(ln Tit)

2 + δ1 ln Wit +
1
2 δ2(ln Wit)

2 + ρ1 ln Mit+
1
2 ρ2(ln Mit)

2 + µ3 ln Controlsit + η1 ln Tit × ln Mit + η2 ln Wit × ln Mit + εit
(2)

where the moderating variable lnM is low-carbon regulation instruments, including low-
carbon marketization index (lnmark), low-carbon regulation intensity (lnregu), and their
interaction (lnmark × lnregu). lnControls represents a group of control variables that
are random perturbations. ε represents a random interference term. Other symbolic
expressions are consistent with Equation (1).
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3.2. Data and Variables

We use panel data of 170 cities in China from 2006 to 2017. After data modification,
we got 2040 effective samples.

(i) GTFP: the method of DEAP- Malmquist index is used to measure the enterprises’ en-
vironmental efficiency, the industrial GTFP, or agricultural GTFP [42]. Thus, we used
the DEAP- Malmquist index to measure GTFP with the input of urban employment,
fixed assets, energy consumption, and the output of regional GDP, carbon dioxide
emission, and sulfur dioxide emission.

(ii) Green innovation: drawing on the practices of Dong and Wang [43], we use the green
patent code of the World Intellectual Property Organization by a search for the patent
inquiry website of the China Intellectual Property Office. The green patent data of
each city was obtained manually by searching the IPC classification code, and the
address of the patent applicant can indicate the green innovation.

(iii) Green investment: the enterprise goal of green investment is mainly aimed at con-
trolling industrial pollution to improve environmental quality. Thus, the capital
input of industrial pollution control in various regions is measured by the amount of
completed investment of industrial pollution control in Chinese cities.

(iv) Low-carbon regulation instruments: the low-carbon marketization index took the
marketization index as the proxy variable which refers to the report of the marketiza-
tion index of China’s provinces, and we adopt the trend analysis method to revise and
convert the GDP ratio of cities compared to their provinces. Meanwhile, according
to the method of reference [43], the low-carbon regulation intensity is measured by
calculating the average of sulfur dioxide emission and dust emission composite index
of each city.

(v) Control variables: we mainly considered the green elements which affect the allocation
efficiency. 1. Industrial convergence degree. As Jia and Zhang [33] considered
that the regional green industry agglomeration is helpful to promote the overall
green innovation level. Therefore, we use the entropy index method to calculate
the industrial convergence degree to characterize the regional green agglomeration
level; 2. Environmental quality. The research by Liao et al. [27] shows that green
investment can improve environmental quality by reducing environmental pollution,
such as carbon dioxide emission and sulfur dioxide emission. Therefore, we use
sulfur dioxide emission to characterize the environmental quality. The lower the
sulfur dioxide emission, the higher the environmental quality; 3. Capital structure.
As the research of Chen and Feng [4] shows that environmental regulation has a
more significant impact on the investment efficiency of green governance in non-
state-owned enterprises. We use the method of gray relational grade to calculate
the industrial capital structure with state-owned capital as a reference; 4. Human
capital stock. The study of Zhou and Li [44] confirmed that human capital has a
significant impact on high-tech innovation output. Therefore, the human capital stock
was calculated by the number of urban workers and average years of schooling.

All the above variables were taken into logarithm as dimensionless treatment.

4. Results and Discussion
4.1. The Test Steps

Before the empirical analysis, we first took variables to dimensionless and both of their
interactive terms are decentralized. Then, the panel unit root was tested through LLC, IPS,
and ADF methods. The results confirmed that all of them are stationary. Furthermore, we
used the variance expansion factor to test the VIF value. The results showed that the mean
VIF value range from 1.75 to 2.88 and all the single VIF value are less than 10. Therefore,
we made a judgment of no serious multi-collinearity problems in the models.

Then, the empirical analysis was made to test these hypotheses. Firstly, we used the
ordinary least squares (OLS) method to study the mediating effect of green investment on
the relationship between green innovation and GTFP (Table 1); Secondly, we discussed
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the mediating effect between green innovation and GTFP under the effect of low-carbon
regulation intensity (Table 2); Finally, we further investigated the “moderated mediating
effect” of green investment on GTFP under the low-carbon marketization index (Table 3).

Table 1. The result of mediating effect test of green investment.

Green Investment GTFP

(1) (2) (3) (4) (5) (6)

Control
Variables

Industrial convergence degree −9.080 *** −6.618 *** 0.249 −0.314 −0.394 * −0.518 **
(−17.30) (−13.10) (1.14) (−1.47) (−1.73) (−2.35)

Capital structure 0.405 *** 0.162 *** 0.005 0.061 *** 0.041 *** 0.070 ***
(15.46) (6.15) (0.50) (6.08) (4.03) (6.77)

Human capital stock −0.080 *** −0.059 *** −0.002 −0.007 −0.007 −0.008
(−5.71) (−4.65) (−0.37) (−1.22) (−1.14) (−1.35)

Environmental quality 0.350 *** 0.320 *** 0.007 0.013 0.023 ** 0.016 *
(13.48) (12.51) (0.82) (1.53) (2.41) (1.79)

Independent
Variables

Green innovation
0.191 *** −0.041

*** −0.034 ***

(23.27) (−12.09) (−8.61)

Square of green innovation −0.003 ** −0.001
(−2.35) (−0.55)

Mediating
Variables

Green investment
−0.063

*** −0.029 ***

(−7.24) (−2.85)

Square of green investment
−0.020

*** −0.018 ***

(−4.52) (−4.20)

time Y Y Y Y Y Y
N 2040 2040 2040 2040 2040 2040

VIF 1.75 1.76 1.75 1.73 1.88 1.99
∆R2 0.496 0.593 0.004 0.056 0.040 0.067

F 120.609 170.795 1.580 11.363 7.372 11.326

(i) * significance at 0.05, ** significance at 0.01, *** significance at 0.001. (ii) t value in parentheses. Source(s): (Authors’ elaboration).

Table 2. The result of mediated moderating effect test.

Green Investment GTFP
(1) (2) (3) (4) (5) (6) (7) (8)

Control
Variables

Industrial convergence degree
−4.125

***
−3.983

*** 0.165 −0.116 0.014 −0.209 0.166 −0.102

(−8.07) (−7.94) (0.74) (−0.52) (0.06) (−0.93) (0.74) (−0.46)

Capital structure
−0.094

***
−0.060

** 0.002 0.005 0.013 0.016 0.005 0.007

(−3.28) (−2.04) (0.18) (0.38) (1.05) (1.25) (0.43) (0.52)

Human capital stock
−0.067

***
−0.070

*** −0.008 −0.010
* −0.009 * −0.012

** −0.008 −0.010 *

(−5.85) (−6.24) (−1.33) (−1.68) (−1.65) (−2.02) (−1.41) (−1.75)

Environmental quality 0.051 0.076 * −0.066
***

−0.058
***

−0.073
***

−0.066
***

−0.068
***

−0.060
***

(1.30) (1.86) (−4.05) (−3.59) (−4.49) (−4.05) (−4.25) (−3.77)

Moderating
Variables

Low-carbon marketization index 1.154 *** 1.243 *** 0.008 0.078 −0.004 0.059 −0.005 0.064
(12.05) (13.50) (0.17) (1.54) (−0.08) (1.16) (−0.10) (1.25)

Low-carbon marketization intensity 0.270 *** 0.238 *** 0.080
***

0.086
*** 0.078 *** 0.083 *** 0.095

*** 0.099 ***

(9.51) (8.05) (6.33) (6.42) (6.10) (6.13) (7.19) (7.03)

Interaction of low-carbon
marketization index and low-carbon

regulation intensity

−0.026 −0.120
**

−0.098
***

−0.067
*** 0.006 0.025 −0.091

***
−0.064

***
(−0.51) (−2.27) (−4.44) (−2.79) (0.26) (1.02) (−4.16) (−2.70)
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Table 2. Cont.

Green Investment GTFP
(1) (2) (3) (4) (5) (6) (7) (8)

Independent
Variables

Green innovation 0.117 *** 0.112 *** −0.050
***

−0.043
***

−0.045
***

−0.039
***

−0.043
***

−0.038
***

(12.92) (12.55) (−12.26) (−10.37) (−11.25) (−9.53) (−9.89) (−8.57)

Square of green innovation −0.008
***

−0.007
*** −0.000 0.001 −0.007

***
−0.006

***
(−5.48) (−4.89) (−0.19) (0.36) (−4.35) (−4.00)

Interaction of green innovation and
low-carbon regulation intensity

0.024 *** 0.015
***

0.017
***

0.015
*** 0.017 ***

(4.95) (5.44) (6.35) (5.56) (6.42)

Interaction of green innovation and
low-carbon marketization index

0.253 *** −0.093
***

−0.081
***

(7.71) (−5.31) (−4.68)

Interaction of square of green
innovation and low-carbon

regulation intensity

−0.003
***

−0.002
***

(−3.78) (−2.98)

Mediating
Variables

Green investment
−0.052

***
−0.044

***
−0.050

***
(−4.78) (−3.99) (−4.63)

Square of green investment −0.017
***

−0.012
**

−0.016
***

(−3.40) (−2.32) (−3.04)

time Y Y Y Y Y Y Y Y
N 2040 2040 2040 2040 2040 2040 2040 2040

VIF 2.53 2.54 2.54 2.61 2.54 2.61 2.63 2.69
∆R2 0.653 0.658 0.083 0.100 0.082 0.092 0.088 0.103

F 215.245 211.117 13.518 15.348 12.830 13.675 13.770 14.981

(i) * significance at 0.05, ** significance at 0.01, *** significance at 0.001. (ii) t value in parentheses. Source(s): (Authors’ elaboration).

Table 3. The result of mediated moderating effect test.

Green
Investment GTFP

(1) (2) (3) (4) (5) (6)

Moderating
Variables

Low-carbon marketization index 1.236 *** 0.025 0.091 * 0.030 0.007 −0.009
(12.90) (0.50) (1.75) (0.60) (0.13) (−0.17)

Low-carbon regulation intensity 0.265 *** 0.072 *** 0.078 *** 0.081 *** 0.080 *** 0.081 ***
(9.30) (5.57) (5.74) (5.92) (5.76) (5.93)

Interaction of low-carbon
marketization index and low-carbon

regulation intensity

0.077 −0.053
*** −0.024 0.041 * −0.010 0.044 *

(1.62) (−2.67) (−1.06) (1.67) (−0.28) (1.81)

Independent
Variables

Green innovation 0.114 *** −0.048
***

−0.041
***

−0.039
***

−0.041
***

−0.039
***

(12.65) (−11.94) (−10.02) (−9.36) (−9.63) (−9.29)

Square of green innovation −0.004
*** −0.002 * −0.002 * −0.004

*** −0.003 *

(−2.85) (−1.78) (−1.77) (−2.92) (−1.95)

Mediating
Variables

Green investment −0.050
***

−0.038
***

−0.043
***

−0.051
***

(−4.50) (−3.53) (−3.97) (−4.35)

Square of green investment −0.013
** 0.004 −0.018 * −0.003

(−2.52) (0.56) (−1.92) (−0.43)
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Table 3. Cont.

Green
Investment GTFP

(1) (2) (3) (4) (5) (6)

Interactive
Term

Interaction of green investment and
low-carbon marketization index

−0.198
***

−0.145
***

−0.179
***

(−4.72) (−2.80) (−4.27)
Interaction of green investment and

low-carbon regulation intensity
0.024 ***

(3.18)
Interaction of green investment,

low-carbon regulation intensity, and
low-carbon marketization index

0.041 ***

(3.11)
Interaction of square of green
investment and low-carbon

marketization index

0.043 ***
(2.85)

Controls Y Y Y Y Y Y
time Y Y Y Y Y Y

N 2040 2040 2040 2040 2040 2040
VIF 2.56 2.52 2.59 2.72 2.88 2.78
∆R2 0.649 0.071 0.084 0.093 0.102 0.096

F 218.593 12.048 13.186 13.925 15.926 14.224

(i) * significance at 0.05, ** significance at 0.01, *** significance at 0.001. (ii) t value in parentheses. Source(s): (Authors’ elaboration).

4.2. Mediating Effect Test of Green Investment

According to the research of four mediator variable equations by Baron and Kenny [45],
we examine whether a green investment has a mediating role in the relationship between
green innovation and GTFP. Model 2 in Table 1 shows that green innovation has a significant
positive effect on green investment (β = 0.191, p < 0.001). This is because the green
transformation results require a large number of green investments, and the results of
green technology with good returns can also attract more green capitals to be put on the
good performance progress. This result supports Hypothesis 2.

The regression results of model 3 show that the effect of four control variables on
GTFP is not significant. Then we put the independent variables of green innovation and
its quadratic terms into the regression equation (Model 4). The results show that both
the green innovation and its quadratic coefficient are significantly negative (β = 0.041,
p < 0.001; β = 0.003, p < 0.01). This indicates that there is an inverted U-shaped relationship
between green innovation and GTFP. That is to say, green productivity can be improved
by increasing green technology achievements, but the transformation of green technology
achievements would increase the cost of green productivity. Thus, Hypothesis 1 is valid.

Meanwhile, there is a significant inverted U-shaped relationship between green in-
vestment and GTFP (Model 5). The coefficients of green investment and its second term
are 0.063 and 0.020 respectively (p < 0.001). Therefore, the green investment also makes the
efficiency increase first and then decrease. This means Hypothesis 3 is confirmed.

Finally, we investigate the effects of green innovation and green investment on GTFP.
As the result shows in model 6, green investment and its secondary terms have significant
negative effects with the coefficients at 0.029 and 0.018 (p < 0.001). At this point, the
coefficient of green innovation is also significant (β = 0.034, p < 0.001), but the quadratic
coefficient is not significant. The above empirical results show that green investment plays
a partial mediating role in the relationship between green innovation and GTFP. This means
that the transformation of green technology achievements in the process of enhancing the
green factor allocation efficiency. That is to say, Hypothesis 4 is confirmed by the need for
green capital elements to participate, and they play an important transmission role in that
relationship.

Each control variable of human capital stock, capital structure, and industrial conver-
gence degree have a negative effect on green investment. However, the role of environ-
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mental quality is different, which is positively related to the green investment and also
negatively related to GTFP. The main reason is that enterprises may pay more attention
to the protection of environmental quality under the pressure of low-carbon regulation.
Thus, that more private capital is introduced into the field of the green industry, and more
green technology is used for clean production. Therefore, environmental quality has made
a prerequisite for the production and operation of enterprises. It can also enhance the
allocation efficiency of green elements to improve environmental quality.

4.3. Moderating Effect Test of Low-Carbon Regulation Instruments

Hypothesis 5 suggests that the great intensity of low-carbon regulation can strengthen
the impact of green innovation on GTFP. We use the method of hierarchical regulatory
regression to test the moderating effect with the interactive terms. Firstly, according to the
research method of Wen et al. [46], the moderating effect of low-carbon regulation intensity
is tested as follows: According to the empirical results of Table 1, the green innovation
has a significant inverted U-shaped effect on GTFP. In Table 2, we find that the interaction
coefficient between low-carbon regulation intensity and green innovation is significantly
positive (β = 0.024, p < 0.001, Model 1). This indicates that the increasing of low-carbon
regulation intensity can promote the green innovation level. Then, the interaction between
green innovation and low-carbon regulation intensity was added to Model 3 with GTFP as
independent variables, and the interaction coefficient is still significantly positive (β = 0.015,
p < 0.001). The empirical results show that green investment and its second term have
significant negative effects on GTFP, with coefficients of 0.052 and 0.017 respectively. Both
of them are significant at 0.001 (Model 4). Moreover, Model 6 and Model 8 also identified a
significant inverted U-shaped relationship between green investment and GTFP.

In the same way, the low-carbon marketization index was put into the model as
a moderating variable. The empirical results show that the interaction between green
investment and low-carbon marketization index has a significant positive effect on green
investment (β = 0.253, p < 0.001, Model 2), and the interaction term has a significantly
negative effect on GTFP (β = 0.093, p < 0.001, Model 5). It concludes that low-carbon
regulation intensity and low-carbon marketization index are both mediating variables; the
former significantly attenuating the negative effects of green innovation on GTFP; and the
latter significantly enhancing the negative effects. Thus, Hypothesis 5 is supported.

Hypothesis 6 suggests that the low-carbon marketization index is a “moderated
mediating effect”, which can weaken the relationship between green investment and GTFP.
According to the research method of Wen et al. [46], we made the empirical test to be
reflected in Table 3. The steps are as follows: (i) the regression of green investment on
green innovation and the low-carbon marketization index is shown in Model 1. The effect
of green innovation on green investment is significantly positive (β = 0.114, p < 0.001);
(ii) a regression of GTFP regression to green innovation and low-carbon marketization
index in Model 2. The coefficient of green innovation quadratic item is significantly
negative (β = 0.004, p < 0.001); (iii) a regression of GTFP to green innovation, low-carbon
marketization index, and green investment in Model 3. The results show that green
investment and its second term have significant negative effects on GTFP, with coefficients
of 0.050 and 0.013 respectively; (iv) a regression of GTFP to green innovation, low-carbon
marketization index, green investment, and green investment interactions in Model 4.
The results show that the interaction term coefficient is significantly negative (β = 0.198,
p < 0.001).

Therefore, it concludes that the low-carbon marketization index plays a significant role
in regulating the relationship between green investment and GTFP. Then, the interactive
term of low-carbon marketization index and low-carbon regulation intensity was put into
the regression equation (Model 5). The result shows that the coefficient of the interaction is
still significantly positive (β = 0.041, p < 0.001). That is to say, the negative effect of green
investment on GTFP is strengthened by the low-carbon marketization index, while the
negative effect is weakened by the low-carbon regulation intensity.
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The control variables are the same regression results as shown in Table 3. Referring to
the U-shaped relationship of Richard et al. [47], the interactive term between mediating
variables and green innovation quadratic term (Model 7 of Table 2) is introduced to further
determine the moderating effect of low-carbon regulation on GTFP nonlinearity. It is
found that the coefficient of interactive term between green innovation quadratic item
and low-carbon regulation intensity was significantly negative (β = 0.003, p < 0.001), and
the green investment and its quadratic item coefficient in Model 8 are also significantly
negative (β = 0.050, p < 0.001; β = 0.016, p < 0.001).

It shows that the low-carbon regulation intensity makes a steeper curve of the inverted
U-shaped relationship between green innovation and GTFP. That is to say, the higher GTFP
can be achieved with less green innovation. Continuing to put an interactive term of
green investment quadratic term and low-carbon marketization index into the equation
(Model 6 of Table 3), we found that the coefficient of the interactive term is significantly
positive (β = 0.043, p < 0.001). This shows that the low-carbon marketization index makes a
smoother curve of the inverted U-shaped relationship between green investment and GTFP.
That is to say, compared with the moderating effect of low-carbon regulation intensity, the
low-carbon marketization index has a relatively weak moderating effect on GTFP. Thus,
Hypothesis 6 also passes the test.

The main reasons for the weakening moderator effect of the low-carbon marketization
index are as follows: Firstly, enterprises have to pay additional costs to reduce pollu-
tion. The profit-seeking nature of green capital causes enterprises to consider self-interest.
Enterprises will inevitably reduce the intrinsic motivation to fulfill their environmental
responsibilities in the case of the relative reduction of the low-carbon regulation inten-
sity. Then, enterprises prefer to choose industries that will give a high return with less
investment and high-profit margin with low-risk, rather than green industries with a long
return period and a high technological capability. Thus, enterprises’ gain of the competitive
advantage of green innovation comes from the “innovation compensation effect”. It is
more profitable than the competitors without green innovation. However, this comparative
advantage will be changed by marketization. It will weaken the willingness of enterprises
to carry out independent green innovation and green investment activities. Therefore,
we should not relax the low-carbon regulation intensity but strengthen the interaction be-
tween them to maintain the balanced development of economic growth and environmental
quality.

4.4. Discussion of the Growth Curve of Green Total Factor Productivity

Based on the research of the Porter Hypothesis, there are two growth phases of GTFP
by the impact of low-carbon regulation. First is a negative phase of “cost compliance” and
then a positive phase of “innovation compensation”. Since then, scholars have developed
this hypothesis to an academic debate, such as U-shaped, N-shaped, and V-shaped, and
other contentions. The research of Chen [48] believed that China’s GTFP is in a declining
stage, which is approaching the “Porter inflection point”. This study of the preceding
article has confirmed that the inverted U-shaped pattern of GTFP is consistent with the
conclusion of Chen [48]. Either the government regulation or the enterprise innovation
expects to gain coordinated growth, which is increased by the compensation effect of green
innovation. That is to say, there must be some force that can make the “Porter inflection
point” change into a descending speed. However, the U-shaped curve (quadratic relation)
may not fully explain this problem. To further explore the relationships among green
innovation, green investment, and GTFP, we can see that the growth curve has not only an
inverted U-shaped but also positive U-shaped features. Thus, considering the theoretical
basis and function properties, this paper put three terms of green innovation and green
investment into the model. The results showed that both of the three terms are significant
under 0.001 with coefficients of 0.002 and 0.008, respectively. The empirical results mean
that GTFP is undulating by the impact of green innovation and green investment.
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First of all, we draw the growth curve of GTFP according to the empirical results of
the relationship between the three variables (Figure 2a). Then, we can obtain the growth
curve by cross-sectional treatment of GTFP (Figure 2b).

Sustainability 2021, 13, 12382 12 of 16 
 

innovation. That is to say, there must be some force that can make the “Porter inflection 

point” change into a descending speed. However, the U-shaped curve (quadratic relation) 

may not fully explain this problem. To further explore the relationships among green in-

novation, green investment, and GTFP, we can see that the growth curve has not only an 

inverted U-shaped but also positive U-shaped features. Thus, considering the theoretical 

basis and function properties, this paper put three terms of green innovation and green 

investment into the model. The results showed that both of the three terms are significant 

under 0.001 with coefficients of 0.002 and 0.008, respectively. The empirical results mean 

that GTFP is undulating by the impact of green innovation and green investment. 

First of all, we draw the growth curve of GTFP according to the empirical results of 

the relationship between the three variables (Figure 2a). Then, we can obtain the growth 

curve by cross-sectional treatment of GTFP (Figure 2b). 

  

(a) (b) 

Figure 2. (a) The three-dimension of green total factor productivity. (b) The cross-section of green total factor productivity. 

Source(s): (Authors’ elaboration). 

Secondly, as we can see from Figure 2a, GTFP is increasing first, then decreasing, and 

finally increasing again. That is an inverted S-shaped type because the green investment 

has its influence and conduction function with the gradual increase of green innovation. 

In the growth curve of inverted S-shape, the first half is like an inverted U-shape, the sec-

ond half is like a positive U-shape, and the whole curve is similar to an N-shaped type. 

However, there are more than two inflection points. Therefore, the inverted S-shaped 

growth curve is more closely related to the actual situation. 

Thirdly, as we can see from Figure 2b, there are three inflection points in the inverted 

S-shaped growth curve of GTFP. These inflection points are named G1, G2, and G3: (i) In 

the framework of low-carbon regulation analysis, G1 indicates that the enterprise perfor-

mance is hard to make up for the loss. Because of the stock from the external pressure, the 

enterprise performance may change into a decreasing phase; (ii) In the economics frame-

work, G2 is an economic inflection point because of the concave curve between G1 and 

G2 and the convex curve between the inflection point of G2 and G3; (iii) Meanwhile, G3 

is the “Porter inflection point”, which has taken a major turning to the increasing phase 

of GTFP. 

Finally, these three inflection points have divided the growth curve of GTFP into four 

stages. (i) Before the inflection point of G1, there is an extensive growth model of factor 

resources because the rule of traditional factors has been diminishing returns. GTFP 

shows a slow-growth trend, which is named as a period of extensive growth; (ii) Between 

the inflection point of G1 and G2, the environmental quality is becoming more and more 

important because the low-carbon regulation forces enterprises to reduce carbon dioxide 

Figure 2. (a) The three-dimension of green total factor productivity. (b) The cross-section of green total factor productivity.
Source(s): (Authors’ elaboration).

Secondly, as we can see from Figure 2a, GTFP is increasing first, then decreasing, and
finally increasing again. That is an inverted S-shaped type because the green investment
has its influence and conduction function with the gradual increase of green innovation.
In the growth curve of inverted S-shape, the first half is like an inverted U-shape, the
second half is like a positive U-shape, and the whole curve is similar to an N-shaped type.
However, there are more than two inflection points. Therefore, the inverted S-shaped
growth curve is more closely related to the actual situation.

Thirdly, as we can see from Figure 2b, there are three inflection points in the inverted
S-shaped growth curve of GTFP. These inflection points are named G1, G2, and G3: (i) In
the framework of low-carbon regulation analysis, G1 indicates that the enterprise perfor-
mance is hard to make up for the loss. Because of the stock from the external pressure,
the enterprise performance may change into a decreasing phase; (ii) In the economics
framework, G2 is an economic inflection point because of the concave curve between G1
and G2 and the convex curve between the inflection point of G2 and G3; (iii) Meanwhile,
G3 is the “Porter inflection point”, which has taken a major turning to the increasing phase
of GTFP.

Finally, these three inflection points have divided the growth curve of GTFP into
four stages. (i) Before the inflection point of G1, there is an extensive growth model of
factor resources because the rule of traditional factors has been diminishing returns. GTFP
shows a slow-growth trend, which is named as a period of extensive growth; (ii) Between
the inflection point of G1 and G2, the environmental quality is becoming more and more
important because the low-carbon regulation forces enterprises to reduce carbon dioxide
emissions. This external pressure may lead GTFP to a negative growth acceleration sit-
uation. The enterprise performance has been deceased with a long period of continual
shocks of the low-carbon regulation, which is named as a period of compulsory adjustment;
(iii) After the decreasing period, many companies want to find a new green road to deal
with the negative pressure of low-carbon regulation. Then, they realize that green inno-
vation can not only compensate for the green innovation cost but also enhance enterprise
competitiveness. Thus, they will stimulate the independent power of green innovation and
make the ”tail” of the inverted U-shaped curve change gradually. Therefore, the negative
growth trend of GTFP will be caused to slow down, which is named as a period of guide
transition; (iv) The growth curve of GTFP will change from a downward phase to an
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upward trend when it is crossing the inflection point G3 (“Porter inflection point”). That is
meaning the growth curve has achieved a green recovery process from the phase of “cost
compliance” to the phase of “innovation compensation”, which is named as a period of
high-quality development.

In the extensive growth period and the compulsory adjustment period before the
inflection point of G2, the growth curve of GTFP shows an inverted U-shaped pattern. It is
consistent with the results of the empirical test. After crossing the inflection point of G2,
the low-carbon regulation leads the enterprises to transform to the low-carbon pattern. It
will reverse the negative growth trend of GTFP. That also can promote the improvement of
ecological environment quality, which is closer to crossing the flection point of G3. The
empirical results show that China’s GTFP is close to G3. It is gradually crossing the “Porter
inflection point” to a high-quality development stage.

5. Conclusions

To cope with an uncertain environment after the COVID-19 epidemic, this study
proposed an integration model of green innovation and green investment by low-carbon
regulation to search for the inflection point of green economic recovery. We explored this
inflection point in a multi-stage growth curve of GTFP by using the panel data of 170 cities
in China and finally found the following: (i) There is a significant positive correlation
between green innovation and green investment, and both of them have an inverted U-
shaped effect on GTFP; (ii) The inverted U-shaped curve will be smoother if low-carbon
marketization index significantly weakened the relationship between green investment and
GTFP; (iii) The inverted U-shaped curve can be steeper when the low-carbon regulation
intensity significantly strengthened the relationship between green innovation and GTFP;
(iv) Under these influences, GTFP shows an inverted S-shaped growth curve with three
inflection points and four development stages. These results mean that the enterprise’s
motivation for green investment is boosted by the external pressure of the low-carbon
regulation, which can drive the green productivity gradually change from a downward to
an upward trend.

Therefore, the factors reform should not only highlight the decisive role of market-
oriented allocation but also pay attention to the key role of environmental protection. It
is necessary to bring environmental quality into the indicator system of the low-carbon
regulation index. GTFP will cross the flection point quickly through the green investment
increasing, which can push the environmental quality improving by the compensation
effect of green innovation. The policy interventions should be devoted both to increasing
the innovative process and to raising the diffusion of those industry branches and re-
gions [49]. Then, the important implications are as follows: First of all, we should improve
the enterprise abilities of green innovation with a clear market-oriented goal. Secondly,
we should set up a fund platform and account policy of green investment to remove the
restriction on green technology and capital flows. Last but not least, the transformation of
green technology achievements should be encouraged to produce more and more green
products, and a negative list system of nongreen industries also should be established
to restrict nongreen products. Thus, all of these implemented policies will promote a
coordination development path of green technology and capital elements to the flection
point of green economic recovery.

As the lack of disclosed carbon data of listed companies makes the research many
difficult, it is necessary to think more about the enterprise resilience represents the growth
curve of GTFP changes to face with the interaction of low-carbon regulations. In further
works, we should also pay more attention to the enterprise green innovation path to
coordinated development for carbon mitigation, and carbon decision making between
enterprises and government needs to achieve dynamic equilibrium.
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