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Abstract: Since environmental problems are becoming increasingly prominent, macro policies and
social development have placed higher requirements on manufacturing enterprises to promote green
transformation and upgrading (GTU) in China. Considering that different manufacturing enterprises
choose different green technology innovation levels for GTU under environmental regulation, a
game model between manufacturing enterprises and the government is constructed. The relationship
between the green technology innovation level (GTIL) and the environmental regulation intensity is
analyzed. Through numerical examples, the influences of environmental regulation and consumer
preference on system decisions are further examined. Moreover, an econometric model is constructed
to explore the influence that the environmental regulation exerts on the GTIL using panel data from
the Chinese manufacturing industry. Our results show that the increase in environmental regulation
intensity contributes to improving GTIL and promoting the GTU of manufacturing enterprises.
Furthermore, as the environmental regulation is enhanced, the sales price decreases, benefiting
consumers. Consumers’ preference for high-GTIL products is conducive to GTU under environmental
regulation. Empirical analysis shows that there is a U-shaped relationship between environmental
regulation and the GTIL. Only when the intensity reaches a threshold can the environmental regulation
be beneficial to improve the GTIL and promote the GTU of Chinese manufacturing enterprises.

Keywords: environmental regulation; manufacturing enterprises; green transformation and upgrading;
green technology innovation level

1. Introduction

Rapid economic development has caused tremendous pressure on the environment. The 2018
Environmental Performance Index shows that as leaders in emerging economies, China and India are
ranked 120th and 177th, respectively, in terms of environmental quality. In China, the total manufacturing
energy consumption of the manufacturing industry accounted for about 54.7% of the total annual energy
consumption in 2017, according to the statistics from the National Bureau of Statistics of China. Chinese
governments promised the world and the public that they have been committed to upgrading from
a manufacturer of quantity to one of quality, so the green transformation and upgrading (hereinafter
referred to as GTU) of manufacturing enterprises are crucial. GTU refers to the fact that manufacturing
enterprises should pay attention to the upgrading of production technology, research, improve and
innovate existing production technology, and strive to ensure the efficient, clean, low-carbon, and
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sustainable development of the production process, and finally realize green manufacturing. The Chinese
government issued Made in China 2025 in 2015, which called for accelerating the GTU of manufacturing
enterprises and improving the efficiency of manufacturing resource utilization. Governments in other
countries have also introduced many policies to promote GTU.

The GTU of manufacturing enterprises is closely related to the green technology innovation [1–3].
It is generally believed that advanced green innovation technologies can help companies increase
productivity, enhance core competitiveness, and promote GTU [4–7]. However, Genc and De Giovanni [8]
pointed out that green technology innovation may have two different effects for green production,
namely compliance costs and innovation offsets. Therefore, the impact of green technology innovation on
the GTU is uncertain. When green technology innovation increases the production cost, manufacturing
enterprises pay more, resulting in lower profits, which is not conducive to the GTU, when green
technology innovation reduces the production cost, manufacturing enterprises have more disposable
profits to spend on innovation, which is beneficial for the GTU. Bi et al., [9] studied these two scenarios
in which technological innovation may increase or decrease production costs. They analyzed the impact
of technological innovation cost parameter on pricing strategy, but the technological innovation was
considered as an exogenous variable and their study lacked the internal mechanism of cost parameter
on technological innovation level. Considering government subsidies are limited by budget, they also
found that the influence coefficient of innovative technologies on costs can affect which companies the
government chooses to subsidize. In addition to the impact on production costs, GTU also generates
costs due to the purchase of production equipment, daily maintenance, staff salary, and other reasons.
These can be called the costs of GTU. Therefore, in this paper, the cost of GTU is incorporated as a
variable cost that the manufacturing enterprise needs to consider.

The cost of GTU caused by green technological innovation, such as purchasing new production
equipment and introducing talent, can increase the cost pressure of manufacturing enterprises. Therefore,
GTU has encountered great resistance, and manufacturing enterprises lack the initiative. As the main
body of supervision over the GTU of manufacturing enterprises, the government is supposed to adopt
certain incentive measures to promote the GTU. The government has developed many measures of
environmental regulation for GTU [10–12], including sewage charges, subsidies, carbon rights trading
system, pollution control deposits, and tax relief.

It is generally believed that strict environmental regulation is conducive to environmentally friendly
manufacturing [13,14]. Porter and Der Linde [15] put forward the Porter hypothesis, believing that
enterprises can be motivated to innovate and improve productivity due to pressure from environmental
regulation. Thus, enhanced productivity can offset the costs of environmental protection and contribute
to the enterprises’ profitability. Many scholars have verified the Porter hypothesis. For example,
through the study on the manufacturing industry in Taiwan, Yang et al., [16] showed that environmental
regulation can increase research and development costs, thereby improving enterprise productivity and
competitiveness. Cao et al., [17] researched the direct effect and the moderating effect of environmental
regulation on technological innovation, which turns out to be a U-shaped relationship. Krass et al., [18]
found that a certain range of taxation can promote enterprises to improve green production technology,
but excessive taxation is counterproductive. Moreover, when the government considers environmental
benefits, taxation can promote the improvement of green technology innovation. Chen et al., [19]
analyzed how two government subsidies (product subsidy or innovation technology subsidy) influence
enterprises’ profits and innovation technology levels, suggesting that the government should not use
both subsidies at the same time.

However, some researchers also point out that the Porter hypothesis is not always supported. The
strict environmental regulation is not always conducive to environmentally friendly manufacturing.
Blanco et al., [20] found out that voluntary agreements and voluntary environmental declarations for
sustainable products were more efficient than stringent legislations in papermaking. The inability
of environmental regulation to promote environmentally friendly manufacturing may be due to
the environmental awareness of consumers and enterprises [21]. Zhao and Sun [22] showed that
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environmental regulation positively affects enterprise innovation but negatively affects enterprise
competitiveness in a slight manner. As the government offsets the cost of enterprises through subsidies
or tax reduction and exemption, the Porter hypothesis cannot be supported. The experimental research
on the green economic development of South Korea and policy influence by Sonnenschein et al., [23]
indicated that carbon emissions had increased during the initial period of environmental regulation,
and the policies did not work. Yuan et al., [24] also found that environmental regulation is not enough
to improve the ecological efficiency, and the production efficiency of the industry determines how
environmental regulation influences technological innovation and ecological efficiency.

To sum up, there are extensive studies on environmental regulation, but most are empirical studies
that build econometric models to examine the impact of GTU on the manufacturing industry [16,25].
There is scant literature simultaneously using the game model to conduct theoretical analysis and
the econometric model to verify conclusions through empirical analysis. In order to analyze the
influence mechanism of government environmental regulation, the green technology innovation level
(hereinafter referred to as GTIL) is introduced to reflect the GTU of manufacturing companies. The
higher the GTIL, the better the GTU of manufacturing enterprises. The innovation of this paper lies in:

Firstly, inspired by the model established to investigate microeconomic impacts of regulation
policies in previous literature [11,26], a game model consisting of government and manufacturing
enterprises is established to analyze how environmental regulation influences GTU.

Secondly, this paper considers that environmental regulation taken by governments to supervise
GTU has different impacts on manufacturing enterprises, that is, environmental regulation rewards
the enterprise with a high GTIL, but punishes the enterprise with a low GTIL.

Thirdly, unlike the existing literature that only studies the innovation technology selection of a
single enterprise under government subsidies [18], two manufacturing enterprises with different levels
of green technology innovation are introduced in this paper.

Finally, an econometric model between environmental regulation and green total factor productivity
is established, to perfect the analysis of impacts of environmental regulation on GTU by taking multiple
influence factors into account.

This paper aims to explore the relationship between governments’ environmental regulation and
the GTU of manufacturing enterprises through a game model and an empirical model. The game model
between government and manufacturing enterprises explores the influence mechanism of environmental
regulation on the GTU of manufacturing enterprises from the micro level, and the empirical analysis
using Chinese manufacturing industry data analyzes the impact of environmental regulation on the
GTU of manufacturing enterprises from the macro level. This paper attempts to address three problems:
(1) Due to the different conditions of each enterprise, the influences of environmental regulation are
different. How is the GTU of manufacturing enterprises with different GTIL influenced? (2) Under
environmental regulation, how do the environmental regulation intensity and consumers’ preference
affect the sales price, the level of green technology innovation, and other decisions? (3) Is the conclusion
of the game model different from that of empirical analysis? Why?

The framework of this paper is as follows. Section 1 introduces the research background and
reviews related literature. Section 2 studies the influence mechanism by constructing a game model
and analyzing optimal decisions under environmental regulation. Section 3 conducts a numerical
analysis of the game model. Section 4 uses empirical analysis to explore how environmental regulation
influences GTU. Conclusions and management implications are present in Section 5.

2. The Influence Mechanism of Environmental Regulation on GTU of Manufacturing Enterprises

2.1. Model Assumptions and Explanations

Under the government’s environmental regulation, what GTIL an enterprise chooses for GTU is
affected by many factors, including its situation, competitive environment, and regulatory measures.
Assume that there are two types of manufacturing enterprises in the market, who adopt two different
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levels of green technology innovation to promote GTU. To facilitate problem analysis, the research
problem is transformed into the following model using a game theoretical approach to solve.

It is assumed that two enterprises are representing the two types of manufacturing enterprises in the
market: enterprises one and two. Enterprise one, who has low economic strength and poor innovation
ability, can only promote GTU through a lower GTIL, which is denoted by h1(h1 > 0). However,
enterprise two is just the opposite, who has strong economic strength and market competitiveness,
so a higher GTIL is denoted by h2(h2 > h1 > 0) for enterprise two. hi(i = 1, 2) denotes GTIL, and the
higher the GTIL of an enterprise, the stronger the ability of GTU.

In order to promote GTU, the government sets certain regulation conditions. Assume that there
is a lower limit of the level of green technology innovation (hereinafter referred to as lower limit) to
conduct environmental regulation, that is, the lower limit for GTU is h0(h0 > 0), and it is assumed that
h2 > h0 > h1. The intensity of environmental regulation is δ(δ > 0). Enterprise two gets rewards with
the amount of δ(h2 − h0) as the GTIL reaches h0, but enterprise one gets penalties with the amount of
δ(h0 − h1) as the GTIL does not reach h0.

For enterprises one and two, to meet the lower limit h0 under environmental regulation, it is
necessary to invest resources to improve their GTIL, including physical capital and human input.
According to Raz et al., [27], Bi et al., [9] and Yenipazarli [5], it is assumed that the GTU cost of
enterprise i(i = 1, 2) is ci = kihi

2, i = 1, 2, where, ki denotes the cost coefficient of GTU. Suppose vi
denotes the unit production cost, pi denotes the sales price of products, the market demand is qi, and
the profit of enterprise is πi.

The consumers’ preference model of Moorthy [28] is used to analyze consumers’ behavior.
Consumers’ preference for products is only affected by sales prices, without considering consumers’
environmental awareness, that is, demand for products is not affected by GTIL. Assuming that the
market size is standardized to one, the utility of consumers buying high-GTIL products is u, where
u follows a uniform distribution on [0, 1] and its distribution function is F(u) = u. The coefficient of
consumers’ preference for low-GTIL products is l(0 < l < 1), then consumers’ utility is lu.

Consumers make choices by comparing the utility surpluses of different products in the market.
Products of the two manufacturing enterprises are in a competitive relationship, and consumers choose
to buy products with high utility surpluses. When p2 > (p2 − p1)/(1− l), that is, lp2 < p1, l − p2 ≥ 0
and l− p2 > lu− p1, consumers only buy high-GTIL products, and low-GTIL products will be pushed
out of the market. When u− p2 = lu− p1, consumers can get the same utility when they buy two kinds
of products. Therefore, the utility of consumers buying low-GTIL products is

U1 =

∫ p2−p1
1−l

0
(lu− p1)dF(u) =

(p2 − p1)[lp2 − (2− l)p1]

2(1− l)2 (1)

The utility of consumers buying high-GTIL products is

U2 =

∫ 1

p2−p1
1−l

(u− p2)dF(u) =
(
1−

p2 − p1

1− l

)[1
2
+

p2 − p1

2(1− l)
− p2

]
(2)

The market demand for high-GTIL products is

q2 =

∫ 1

p2−p1
1−l

dF(u) = 1−
p2 − p1

1− l
(3)

The market demand for low-GTIL products is

q1 =

∫ p2−p1
1−l

0
dF(u) =

p2 − p1

1− l
(4)
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The profits of enterprises and social benefit are

π1 = [p1 − v1 − δ(h0 − h1)]q1 − k1h2
1 (5)

π2 = [p2 − v2 + δ(h2 − h0)]q2 − k2h2
2 (6)

π = π1 + π2 + U1 + U2 (7)

2.2. Solution and Analysis

This subsection constructs a Stackelberg game with the government as the leading player and
enterprises as the subordinate. Since the government aims to maximize social benefit, and enterprises
aim to maximize their profits, the decision sequence is: the government first determines environmental
regulation intensity δ given enterprise development and environmental protection; then based on δ,
two enterprises determine their respective levels of green technology innovation, hi, i = 1, 2; finally,
two enterprises determine the sales price of products pi based on their GTU. The solution can be
derived by backward induction.

According to ∂π1
∂p1

= 0 and ∂π2
∂p2

= 0, the response functions of p1 and p2 with respect to h1 and
h2 are

p1 =
1
3
(1− l + 3δh0 − 2δh1 − δh2 + 2v1 + v1) (8)

p2 =
1
3
(2− 2l + 3δh0 − δh1 − 2δh2 + v1 + 2v1) (9)

Substitute Equations (8) and (9) into Equations (5) and (6), functions of π1 and π2 with respect
to h1 and h2 can be derived. According to ∂π1

∂h1
= 0 and ∂π2

∂h2
= 0, response functions of h∗1 and h∗2 with

respect to δ are

h∗1 =
δ3 + 3δk2[(v1 − v2) − (1− l)]
3[δ2(k1 + k2) − 9k1k2(1− l)]

(10)

h∗2 =
δ3 + 3δk1[(v2 − v1) − 2(1− l)]
3[δ2(k1 + k2) − 9k1k2(1− l)]

(11)

Substitute Equations (10) and (11) into Equations (8) and (9), response functions of p∗1 and p∗2 with
respect to δ are

p∗1 =
−δ4+3(1−l)[δ2(k1+k2)−3k1k2(1−l+3δh0)]+3[δ2(k1v1+k2v2)+δ

3h0(k1+k2)−3k1k1(1−l)(2v1+v2)]
3[δ2(k1+k2)−9k1k2(1−l)] (12)

p∗2 =
−δ4+3(1−l)[δ2(2k1+k2)−3k1k2(2−2l+3δh0)]+3[δ2(k1v1+k2v2)+δ

3h0(k1+k2)−3k1k1(1−l)(v1+2v2)]
3[δ2(k1+k2)−9k1k2(1−l)] (13)

It can be further obtained that the market demand of the two enterprises is

q∗1 =
k1

(
δ2 + 3k2(−1 + l + v1 − v2)

)
δ2k2 + k1(δ2 + 9(−1 + l)k2)

(14)

q∗2 =
k2

(
δ2 + 3k1(−2 + 2l− v1 + v2)

)
δ2k2 + k1(δ2 + 9(−1 + l)k2)

(15)

According to the above results, π∗1 and π∗2 can be obtained as

π∗1 =
k1

[
9k1(1− l) − δ2

]{
δ2
− 3k2[(1− l) + (v2 − v1)]

}2

9[δ2(k1 + k2) − 9k1k2(1− l)]2
(16)
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π∗2 =
k2

[
9k2(1− l) − δ2

]{
δ2
− 3k2[2(1− l) + (v1 − v2)]

}2

9[δ2(k1 + k2) − 9k1k2(1− l)]2
(17)

Substitute p∗1, p∗2, h∗1, h∗2 into U1 and U2, the utility of buying products from enterprise one is U∗1
and the utility of buying products from enterprise two is U∗2. Therefore, social benefit is

π∗ = π∗1 + π∗2 + U∗1 + U∗2 (18)

It is generally believed that if the lower limit is not met, the penalties will result in a decline in
profits, if the lower limit is met, the rewards will increase profits. However, Equations (16) and (17)
show that the lower limit set by the government does not affect the profits of enterprises. This is because
the increase in the lower limit has driven the increase in sales prices, and consumers have to pay more at
a high sales price. Therefore, the government should consider consumers’ concerns about sales prices
when setting this lower limit. This shows that the lower limit of GTIL does not have a substantial impact
on enterprises’ profits, and the GTU of manufacturing enterprises cannot be effectively regulated by
setting this lower limit. The government needs to set a reasonable environmental regulation intensity
to affect the GTU of manufacturing enterprises.

When the government does not set environmental regulation (that is, δ = 0), it can be calculated
according to the profit functions of enterprises one and two (that is, Equations (5) and (6)) that the
optimal GTIL is zero when enterprises make decisions intending to maximize profits. This shows that
if the government does not take regulatory action, enterprises are reluctant to participate in GTU, and
will not actively take measures to undertake responsibility for environmental protection and pollution
control. Therefore, for environmental benefits and sustainable development, the government needs
to motivate enterprises to promote GTU and achieve sustainable development. The environmental
regulation intensity cannot be zero, and it needs to be set according to factors such as economic
development and the technological level of manufacturing enterprises.

3. Numerical Analysis

Given the complexity of expressions, the influences of environmental regulation intensity and
consumers’ preference on decisions are analyzed by numerical examples. In this paper, following
Bi et al., [9], Krass et al., [18], Gao et al., [29] and Xu et al., [30], we generalize the model and parameters’
values in the game model to meet the assumptions and explanations of Section 2.1. Assume values of
parameters are k1 = 1, k2 = 4, v1 = 1.005, v2 = 1, and h0 = 0.245. The independent variables are δ
and l, the changes in decisions with δ ∈ [3.6, 4] and l ∈ [0.3, 0.7] are shown in Figures 1–6.
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3.1. Impact of Environmental Regulation Intensity

Figure 1 shows that the GTIL increases with environmental regulation intensity. For enterprise
one, which fails to meet the lower limit, the increased environmental regulation intensity means that
the penalties are increased. In order to reduce penalties, enterprise one has to improve the GTIL to
meet the lower limit set by the government. However, for enterprise two, which meets the lower limit,
the increased intensity of environmental regulations means increased rewards, further promoting
enterprise two to improve the GTIL. Therefore, whether environmental regulation is used as a penalty
or as a reward, it can promote and incentivize enterprises’ GTU. Additionally, compared with the
changing trend of h∗2 with δ, the changing trend of h∗1 is more obvious, which indicates that it is more
effective when environmental regulation is used as a penalty than a reward.

As environmental regulation intensity increases, the sales price decreases. Enterprise two, which
adopts a higher GTIL, makes appropriate concessions to consumers by reducing the sales price to
increase market demand and enhance market competitiveness. This forces enterprise one to reduce the
sales price to attract consumers.

The profits of enterprise one and enterprise two also decrease with the increase in environmental
regulation intensity. This is because as GTIL improves, the cost of GTU increases, the profits of both
enterprises decrease. After enterprise participates in GTU, due to the long cycle of green technology
innovation, the profits are meager or maybe a loss. Therefore, participation in GTU lacks internal
motivation, and it is often a passive choice to adopt green technology innovation. In most cases, the
profit of enterprise two is higher than the profit of enterprise one. Only when consumers have a strong
preference for low-GTIL products and weak environmental regulation, can the profit of enterprise one
be higher than the profit of enterprise two. Therefore, the government needs to regulate GTU, which
also indirectly reflects the important role of environmental regulation.
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Social benefit also increases with the environmental regulation intensity: when the intensity
increases, consumers can buy high-GTIL products at lower sales prices, and consumers’ utility increases.
The increase in social benefit is mainly due to the increase in the consumers’ utility.

3.2. Impact of Consumers’ Preference for Products

As consumers’ preference for low-GTIL products decreases (preference for high-GTIL products
increases), the GTIL of enterprise one decreases but the GTIL of enterprise two increases. This is
because when consumers prefer the products with high-GTIL, enterprise two will be motivated to
promote GTU. This indicates that the consumers’ preference for high-GTIL products can help enterprise
two to actively carry out GTU. However, with the increasing consumers’ preference for high-GTIL
products, the low-GTIL products produced by enterprise one are no longer favored by consumers, and
enterprise one gradually loses market share. In this case, enterprise one tends to reduce the GTIL to
reduce the cost of GTU.

When consumers’ preference for high-GTIL products increases, the sales prices of both enterprises
increase. With the increasing preference for high-GTIL products, the GTIL of enterprise two is becoming
higher, leading to an increase in the cost of enterprise two for GTU. Therefore, enterprise two has to
improve its sales price to ensure the profit. Enterprise one is forced to raise the sales price to ensure the
profit due to the decrease in demand for low-GTIL products.

It is straightforward that as consumers’ preference for products with high-GTIL increases, the
products demand of enterprise one decreases but the products demand of enterprise two increases.
When the preference for high-GTIL increases, products of enterprise two are more popular than
products of enterprise one.

The profits of enterprise one and enterprise two increase with the enhancement of consumers’
preference for high-GTIL products, showing that consumers’ preference for high-GTIL products is
beneficial to the long-term development of enterprises. Therefore, in addition to regulating the GTU of
enterprises, the government can also increase green publicity to raise consumers’ awareness of green
consumption and promote enterprise development.

4. Empirical Analysis

In actual operation, GTU can be affected by many factors, resulting in a more complicated
relationship between environmental regulation and GTIL. Thus, empirical analysis is carried out in
this section to explore the relationship.

4.1. Model Construction and Variable Description

In the econometric model, control variables and explained variable are logarithmized to reduce
the effect of heteroscedasticity, and the quadratic term of environmental regulation is introduced to
research the non-linear function relationship. The econometric model in this paper studies the positive
and negative correlations and does not focus on the size of the correlation coefficient.

lnGTILit = α+ β1GERy−it + β2GER2
y−it + β3lnCIit + β4lnLIit + β5lnAGDPit + β6lnISLit + µi + λt + δit (19)

In Equation (19), α represents a constant term, i and t, respectively, represent region and year,
βi represents a parameter to be estimated, δit represents the random error, µi and λt, respectively,
represent individual fixed effects and time fixed effects, and y = 1 represents the one-year lag.

(1) Explanatory variable

The explanatory variables include control variables and the independent variable. This paper
selects the capital input, labor input, economic development level, and industrial structure level as the
control variables. The main inputs in the Cobb–Douglas production function are labor and capital, so
capital input and labor input are selected as control variables [31], where capital input (CI) is denoted
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by fixed assets invested in manufacturing (unit: 100 million yuan), labor input (LI) is measured by
employees of private manufacturing enterprises and individual business (unit: 10,000). The GTU can
be also affected by the economic development level and industrial structure level [30]. The economic
development level is measured by average gross domestic product (AGDP) (unit: yuan/person), and
the industrial structure level (ISL) uses the ratio between the added value of the tertiary industry and
the added value of the secondary industry.

The independent variable is the environmental regulation (GER), that is, the government’s
regulation on GTU. There are many methods to measure this indicator in the literature. With reference
to Cao et al., [17] and Liu et al., [32], the ratio of the investment completed in the treatment of
industrial pollution to the industrial added value of this year is selected to measure this variable. Since
manufacturing belongs to the category of the industry in China and considering the availability of
data, industry data are selected for calculation.

(2) Explained variable

Green total factor productivity is used to measure the level of green technology innovation (GTIL),
this measurement uses an efficiency measurement model that takes into account undesired output [33].
When calculating the green total factor productivity of manufacturing enterprises, the input variables
are fixed assets, the number of employees, and investment completed in the treatment of industrial
pollution. Affected by environmental regulation, many manufacturing enterprises have carried out
green technology innovation. Given data availability and considering that manufacturing belongs
to the category of the industry in China, the industrial added value is selected as expected output.
The undesired output is the total industrial wastewater discharge and sulfur dioxide emissions [34].
For data envelopment analysis (DEA), we used DEA-Solver Pro 5.0 to calculate the green total
factor productivity.

Based on data availability, panel data from 30 provinces and cities in China from 2004 to 2017 is
used for empirical research. The relevant data come from China Statistical Yearbook and China Industrial
Statistical Yearbook. The empirical analysis is conducted using Stata14.

4.2. Results Analysis

Before performing regression analysis, Im-Pesaran-Shin (IPS) unit-root test is conducted for
explanatory variables, and it is found that labor input and industrial structure level have unit-roots.
The test shows that the original value sequence is stable after the first-order difference. The p value
of F-test using fixed effect is 0.0000, indicating that the null hypothesis (that the pooled regression is
accepted) can be strongly rejected. Therefore, the fixed effects regression is more suitable than the pooled
regression. The Hausman test shows that the p value is 0.0000, indicating that fixed effects regression
is more suitable than the random effects regression. Therefore, the fixed effects regression model is
employed to examine the effects of environmental regulation on GTIL, controlling year fixed effects and
provinces and cities fixed effects (i.e., two-way fixed effects). The regression results are shown in Table 1.
The method of gradually adding control variables is used to perform regression to ensure the reliability
of regression results. Table 1 shows that as control variables are added (models (1)–(5)), regression
coefficients of environmental regulation are significantly negative at 1%, and regression coefficients of
the quadratic term are significantly positive at 1%. Meanwhile, considering environmental regulation’s
lagging effect [35], the regression results of the one-year lag are conducted, which is model (6) in Table 1.
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Table 1. Regression results of the econometric model.

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

GER −115.577 *** −115.047 *** −118.454 *** −112.991 *** −105.736 ***

(−10.91) (−10.75) (−11.21) (−11.74) (−11.99)

GER2 3451.456 *** 3429.727 *** 3474.165 *** 3336.962 *** 3109.288 ***

(7.42) (7.31) (7.53) (7.95) (8.10)

ln CI 0.015 0.034 −0.177 *** −0.197 *** −0.219 ***

(0.37) (0.86) (−4.12) (−5.03) (−4.58)

ln LI −0.253 *** −0.338 *** −0.382 *** −0.346 ***

(−3.72) (−5.39) (−6.65) (−5.21)

ln AGDP 1.216 *** 0.482 *** 0.506 ***

(8.90) (3.20) (2.76)

ln ISL −0.933 *** −1.043 ***

(−8.71) (−7.95)

GER1− −70.978 ***

(−6.97)

GER2
1− 2374.371 ***

(5.43)

_cons −0.241 *** −0.329 0.563 * −9.337 *** −2.266 * −2.702 *

(−4.05) (−1.36) (1.66) (−8.09) (−1.70) (−1.66)

N 420 420 420 420 420 390

Time fixed effect Yes Yes Yes Yes Yes Yes

Provinces and cities fixed effect Yes Yes Yes Yes Yes Yes

R2 0.404 0.404 0.425 0.526 0.607 0.504

Notes: t statistics in parentheses; *** p < 0.01, * p < 0.1.

The regression results show that coefficients of environmental regulation are negative, and
coefficients of the quadratic term are positive, which are all statistically significant, so does the
coefficients of one-year lag. It is indicated that there is a U-shaped relationship between environmental
regulation and GTIL. As environmental regulation intensity increases, GTIL decreases first and then
rises. This effect also exists in the analysis of the one-year lag. As control variables are added gradually,
the positive and negative coefficients of environmental regulation are stable, which also shows the
stability of the relationship and the reliability of the model.

With the addition of control variables, the coefficients of each control variable are statistically
significant in model (5). It is shown that coefficients of capital input, labor input, and industrial
structure level are negative, while the coefficient of economic development level is positive. When the
capital input and labor input are large, it means that the transformation cost of the enterprise is greater,
so the impact is negative. The increase in the economic development level will increase the quality
requirements for economic development, so the requirements for green total factor productivity will
increase and have a positive effect. The increased pressure is helpful for the improvement of the GTU
of manufacturing enterprises. The higher the industrial structure level means that the ratio of the
tertiary industry to the secondary industry is greater, and the development of the manufacturing is
limited. Therefore, the impact is negative.

The aforementioned analysis shows that when environmental regulation intensity is low, the GTIL
decreases with the increase in the intensity. However, if the environmental regulation intensity exceeds
a certain value, GTIL increases with the intensity. This is inconsistent with the analysis of the game
model, which shows that the GTIL is positively related to environmental regulation. This is because
the game model discusses the government’s environmental regulation under a single period. A single
period is considered to be the mature stage of product life cycle, so decision variables are stable [36,37].
Production resources are assumed to be sufficient under a single period, and resource constraints in the
early stage are not considered. In the early stage of environmental regulation, when the intensity is low,
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enterprises need to pay a certain cost for green technology innovation. In this case, enterprises face
constraints such as capital and human, so the environmental regulation plays a negative role, that is, as
environmental regulation intensity increases within a certain range, GTIL decreases. However, if the
intensity exceeds a threshold, the penalties faced by enterprises with lower GTIL increase sharply, and
the rewards for enterprises with higher GTIL increase dramatically. Therefore, the GTIL increases with
environmental regulation intensity to avoid penalties for low-GTIL enterprises and obtain rewards for
high-GTIL enterprises.

5. Conclusions

Given the influence of environmental regulation on GTU, this paper builds models consisting of
the government and manufacturing enterprises with different GTIL to analyze how environmental
regulation influences the GTU. From the micro-level, a game model of environmental regulation acting
on GTU is first constructed to analyze the impacts of environmental regulation on GTIL and the pricing of
different types of enterprises. Then, an econometric model investigating how environmental regulation
affects green total factor productivity is constructed macroscopically. Conclusions are as follows.

The analysis of the game model reveals that environmental regulation contributes to the GTU of
manufacturing enterprises. Through environmental regulation, the government can affect the GTIL of
enterprises. Without considering constraints such as consumer awareness and the global economic
situation, as environmental regulation intensity increases, GTIL, market demand, and social benefits
increase, while sales price decreases and enterprises’ profits decrease. The lower limit does not affect
the GTIL and enterprises’ profits but can increase the sales price, so the government needs to consider
this relationship when setting the lower limit.

Empirical analysis shows that in the actual operation of manufacturing enterprises, there is
a U-shaped relationship between environmental regulation and GTU. The difference between the
results of the empirical analysis and the conclusions of the game model analysis is mainly because the
conclusions of the game model are discussed in a single cycle, without considering the constraints of the
manufacturing enterprise during the production process. From the perspective of empirical analysis,
the impact of environmental regulation on GTU is limited by constraints from types of enterprises or
product types, such as insufficient capital and labor shortages. The GTU of manufacturing enterprises
is affected by many factors. This study shows that the impacts of capital input, labor input, and
industrial structure level are significantly negative, and the impact of the economic development level
is significantly positive.

The aforementioned conclusions have some managerial enlightenment.
For manufacturing enterprises, with the increase in environmental regulation intensity, the

improvement of the GTIL can reduce the sales price, which benefits consumers but reduces the profits
of enterprises. This is the price that must be paid for the GTU of the manufacturing industry, and
the price to undertake social responsibility. Manufacturing enterprises are supposed to consciously
undertake social responsibility and actively transform and upgrade to sustainable green development.

From the perspective of consumers, the increase in preference for high-GTIL products is conducive
to improving enterprises’ profits. In addition to regulating the GTU, the government can also promote
green publicity to raise consumers’ awareness of green consumption, thus stimulating preference for
high-GTIL products.

When setting the lower limit, the government should consider the impact on the sales price to
avoid an excessive increase in sales price, which can negatively affect product sales. The design of
environmental regulation intensity cannot only rely on theoretical model analysis. Specifically, it is
necessary to set a reasonable intensity based on practice, combined with economic development and
the specific conditions of enterprises.

Moreover, relevant government departments should also encourage small- and medium-sized
enterprises to actively promote GTU. It is necessary to improve the regulatory system for small- and
medium-sized manufacturing enterprises, formulate specific indicators, and establish reward–penalty
mechanisms to encourage GTU.
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This paper studies the impacts of government environmental regulation on the GTU of the
manufacturing industry. However, there are still limitations. For example, product demands only
considers consumers’ preference for prices, without considering consumers’ environmental awareness
and enterprises’ attitudes towards the GTU. This paper can be extended from the following two aspects
in future research. On one hand, a concrete example from the industry can be presented alongside
the study to make the research problem attractive and present a better reflection of the topic. On the
other hand, the GTU is not only affected by the environmental regulation from governments, but also
the informal environmental regulation from social groups who can negotiate with manufacturing
enterprises to affect the GTU of manufacturing enterprises [38,39]. Thus, the dual environmental
regulation also requires further research.

Author Contributions: Conceptualization, Y.W. and L.S.; methodology, Y.W. and L.S.; software, R.F. and Z.Y.;
formal analysis, R.F., L.S. and Z.Y.; writing—original draft preparation, L.S., R.F., Y.W. and Z.Y.; writing—review
and editing, Y.W., L.S. and R.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number 71,971,129
and Science and Technology Support Program for Youth Innovation of Colleges and Universities in Shandong
Province, grant number 2019RWG017.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, V.H.; Ooi, K.-B.; Chong, A.Y.-L.; Seow, C. Creating technological innovation via green supply chain
management: An empirical analysis. Expert Syst. Appl. 2014, 41, 6983–6994. [CrossRef]

2. Feng, W.; Gunasekaran, A.; Ji, G. Equilibrium of technology innovation in a three-echelon supply chain. Int.
J. Syst. Sci. Oper. Logist. 2015, 3, 1–12. [CrossRef]

3. Stentoft, J.; Rajkumar, C. Does Supply Chain Innovation Pay Off. In Managing Organizational Culture for
Effective Internal Control; Springer Science and Business Media LLC.: Berlin/Heidelberg, Germany, 2018;
pp. 237–256.

4. Albort-Morant, G.; Leal-Millán, A.; Cepeda-Carrión, G. The antecedents of green innovation performance: A
model of learning and capabilities. J. Bus. Res. 2016, 69, 4912–4917. [CrossRef]

5. Yenipazarli, A. To collaborate or not to collaborate: Prompting upstream eco-efficient innovation in a supply
chain. Eur. J. Oper. Res. 2017, 260, 571–587. [CrossRef]

6. Lim, S.S.; Sonko, L.K. Linking corporate sustainability and innovation in supply chain management—Evidence
of a Taiwan leading glass recycling company. Technol. Anal. Strat. Manag. 2019, 31, 957–971. [CrossRef]

7. Reimann, M.; Xiong, Y.; Zhou, Y. Managing a closed-loop supply chain with process innovation for
remanufacturing. Eur. J. Oper. Res. 2019, 276, 510–518. [CrossRef]

8. Genc, T.S.; De Giovanni, P. Closed-loop supply chain games with innovation-led lean programs and
sustainability. Int. J. Prod. Econ. 2020, 219, 440–456. [CrossRef]

9. Bi, G.; Jin, M.; Ling, L.; Yang, F. Environmental subsidy and the choice of green technology in the presence of
green consumers. Ann. Oper. Res. 2016, 255, 547–568. [CrossRef]

10. Palmer, K.; Walls, M. Optimal policies for solid waste disposal Taxes, subsidies, and standards. J. Public Econ.
1997, 65, 193–205. [CrossRef]

11. Özdemir, Ö.; Denizel, M.; Guide, V.D.R. Recovery decisions of a producer in a legislative disposal fee
environment. Eur. J. Oper. Res. 2012, 216, 293–300. [CrossRef]

12. Raz, G.; Ovchinnikov, A. Coordinating Pricing and Supply of Public Interest Goods Using Government
Rebates and Subsidies. IEEE Trans. Eng. Manag. 2015, 62, 65–79. [CrossRef]

13. Frondel, M.; Horbach, J.; Rennings, K. End-of-pipe or cleaner production? An empirical comparison of
environmental innovation decisions across OECD countries. Bus. Strategy Environ. 2007, 16, 571–584. [CrossRef]

14. Brunel, C. Green innovation and green Imports: Links between environmental policies, innovation, and
production. J. Environ. Manag. 2019, 248, 109290. [CrossRef] [PubMed]

15. Porter, M.E.; Van Der Linde, C. Toward a New Conception of the Environment-Competitiveness Relationship.
J. Econ. Perspect. 1995, 9, 97–118. [CrossRef]

16. Yang, C.-H.; Tseng, Y.-H.; Chen, C.-P. Environmental regulations, induced R&D, and productivity: Evidence
from Taiwan’s manufacturing industries. Resour. Energy Econ. 2012, 34, 514–532. [CrossRef]

http://dx.doi.org/10.1016/j.eswa.2014.05.022
http://dx.doi.org/10.1080/23302674.2015.1021288
http://dx.doi.org/10.1016/j.jbusres.2016.04.052
http://dx.doi.org/10.1016/j.ejor.2016.12.035
http://dx.doi.org/10.1080/09537325.2019.1575957
http://dx.doi.org/10.1016/j.ejor.2019.01.028
http://dx.doi.org/10.1016/j.ijpe.2018.05.026
http://dx.doi.org/10.1007/s10479-016-2106-7
http://dx.doi.org/10.1016/S0047-2727(97)00028-5
http://dx.doi.org/10.1016/j.ejor.2011.07.035
http://dx.doi.org/10.1109/TEM.2014.2380999
http://dx.doi.org/10.1002/bse.496
http://dx.doi.org/10.1016/j.jenvman.2019.109290
http://www.ncbi.nlm.nih.gov/pubmed/31357152
http://dx.doi.org/10.1257/jep.9.4.97
http://dx.doi.org/10.1016/j.reseneeco.2012.05.001


Int. J. Environ. Res. Public Health 2020, 17, 7680 14 of 14

17. Cao, X.; Deng, M.; Song, F.; Zhong, S.; Zhu, J. Direct and moderating effects of environmental regulation
intensity on enterprise technological innovation: The case of China. PLoS ONE 2019, 14, e0223175. [CrossRef]

18. Krass, D.; Nedorezov, T.; Ovchinnikov, A. Environmental Taxes and the Choice of Green Technology.
Prod. Oper. Manag. 2013, 22, 1035–1055. [CrossRef]

19. Chen, J.-Y.; Dimitrov, S.; Pun, H. The impact of government subsidy on supply Chains’ sustainability
innovation. Omega 2019, 86, 42–58. [CrossRef]

20. Blanco, Á.; Negro, C.; Monte, M.C.; Fuente, E.; Tijero, J. Peer Reviewed: The Challenges of Sustainable
Papermaking. Environ. Sci. Technol. 2004, 38, 414A–420A. [CrossRef]

21. Miranda, R.; Blanco, Á. Environmental awareness and paper recycling. Cell. Chem. Technol. 2010, 44, 431–449.
22. Zhao, X.; Sun, B. The influence of Chinese environmental regulation on corporation innovation and

competitiveness. J. Clean. Prod. 2016, 112, 1528–1536. [CrossRef]
23. Sonnenschein, J.; Mundaca, L. Decarbonization under green growth strategies? The case of South Korea.

J. Clean. Prod. 2016, 123, 180–193. [CrossRef]
24. Yuan, B.; Ren, S.; Chen, X. Can environmental regulation promote the coordinated development of economy

and environment in China’s manufacturing industry?—A panel data analysis of 28 sub-sectors. J. Clean. Prod.
2017, 149, 11–24. [CrossRef]

25. Ghisetti, C.; Quatraro, F. Green Technologies and Environmental Productivity: A Cross-sectoral Analysis of
Direct and Indirect Effects in Italian Regions. Ecol. Econ. 2017, 132, 1–13. [CrossRef]

26. Cohen, M.C.; Lobel, R.; Perakis, G. The Impact of Demand Uncertainty on Consumer Subsidies for Green
Technology Adoption. Manag. Sci. 2016, 62, 1235–1258. [CrossRef]

27. Raz, G.; Druehl, C.T.; Blass, V. Design for the Environment: Life-Cycle Approach Using a Newsvendor
Model. Prod. Oper. Manag. 2013, 22, 940–957. [CrossRef]

28. Moorthy, K.S. Product and Price Competition in a Duopoly. Mark. Sci. 1988, 7, 141–168. [CrossRef]
29. Gao, J.; Xiao, Z.; Wei, H.; Zhou, G. Dual-channel green supply chain management with eco-label policy: A

perspective of two types of green products. Comput. Ind. Eng. 2020, 146, 106613. [CrossRef]
30. Xu, X.; He, P.; Xu, H.; Zhang, Q. Supply chain coordination with green technology under cap-and-trade

regulation. Int. J. Prod. Econ. 2017, 183, 433–442. [CrossRef]
31. Liu, J.; Xie, J. Environmental Regulation, Technological Innovation, and Export Competitiveness: An Empirical

Study Based on China’s Manufacturing Industry. Int. J. Environ. Res. Public Health 2020, 17, 1427. [CrossRef]
32. Liu, Y.; Li, Z.; Yin, X. Environmental regulation, technological innovation and energy consumption—A

cross-region analysis in China. J. Clean. Prod. 2018, 203, 885–897. [CrossRef]
33. Tone, K.; Sahoo, B.K. Scale, indivisibilities and production function in data envelopment analysis. Int. J. Prod.

Econ. 2003, 84, 165–192. [CrossRef]
34. Hu, J.; Wang, Z.; Lian, Y.; Huang, Q. Environmental Regulation, Foreign Direct Investment and Green

Technological Progress—Evidence from Chinese Manufacturing Industries. Int. J. Environ. Res. Public Health
2018, 15, 221. [CrossRef]

35. Jaffe, A.B.; Palmer, K. Environmental Regulation and Innovation: A Panel Data Study. Rev. Econ. Stat. 1997,
79, 610–619. [CrossRef]

36. Atasu, A.; Souza, G.C. How Does Product Recovery Affect Quality Choice? Prod. Oper. Manag. 2011, 22,
991–1010. [CrossRef]

37. Jia, D.; Li, S. Optimal decisions and distribution channel choice of closed-loop supply chain when e-retailer
offers online marketplace. J. Clean. Prod. 2020, 265, 121767. [CrossRef]

38. Pargal, S.; Wheeler, D. Informal Regulation of Industrial Pollution in Developing Countries: Evidence from
Indonesia. J. Political Econ. 1996, 104, 1314–1327. [CrossRef]

39. Xu, J.; Wei, J.; Chen, H. Strategic responses of stigmatized Chinese manufacturing firms to formal and
informal environmental regulative pressures through enhanced corporate social responsibility effort. Corp. Soc.
Responsib. Environ. Manag. 2019, 26, 1235–1260. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0223175
http://dx.doi.org/10.1111/poms.12023
http://dx.doi.org/10.1016/j.omega.2018.06.012
http://dx.doi.org/10.1021/es040654y
http://dx.doi.org/10.1016/j.jclepro.2015.05.029
http://dx.doi.org/10.1016/j.jclepro.2015.08.060
http://dx.doi.org/10.1016/j.jclepro.2017.02.065
http://dx.doi.org/10.1016/j.ecolecon.2016.10.003
http://dx.doi.org/10.1287/mnsc.2015.2173
http://dx.doi.org/10.1111/poms.12011
http://dx.doi.org/10.1287/mksc.7.2.141
http://dx.doi.org/10.1016/j.cie.2020.106613
http://dx.doi.org/10.1016/j.ijpe.2016.08.029
http://dx.doi.org/10.3390/ijerph17041427
http://dx.doi.org/10.1016/j.jclepro.2018.08.277
http://dx.doi.org/10.1016/S0925-5273(02)00412-7
http://dx.doi.org/10.3390/ijerph15020221
http://dx.doi.org/10.1162/003465397557196
http://dx.doi.org/10.1111/j.1937-5956.2011.01290.x
http://dx.doi.org/10.1016/j.jclepro.2020.121767
http://dx.doi.org/10.1086/262061
http://dx.doi.org/10.1002/csr.1744
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Influence Mechanism of Environmental Regulation on GTU of Manufacturing Enterprises 
	Model Assumptions and Explanations 
	Solution and Analysis 

	Numerical Analysis 
	Impact of Environmental Regulation Intensity 
	Impact of Consumers’ Preference for Products 

	Empirical Analysis 
	Model Construction and Variable Description 
	Results Analysis 

	Conclusions 
	References

