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An in-depth understanding of environmental regulation and its action mechanisms on the regional economy helps the regional
government make correct and reasonable decisions on environmental and industrial policy. So far, relatively few scholars have
analyzed the infuence of diferent intensities of environmental regulation on the spatial evolution of regional economies. Drawing
on the existing results, this paper carries out a mathematical analysis of the action mechanism of diferent intensities of en-
vironmental regulation on the regional economy. Te action paths of environmental regulation on the regional economy were
identifed, and the basic assumptions were provided for the action mechanism. Furthermore, the authors discussed the energy
conservation and emission reduction (ECER) cost and economic beneft under the efect of environmental regulation. Finally, the
empirical results were obtained through the experiments. It is concluded that the ecological efciencies of the regional economy in
the study area demonstrated heterogeneous spatial correlations.

1. Introduction

Since the reform and opening-up, China’s economy has
developed rapidly under the motivation of industriali-
zation [1–6]. However, industrialization leads to more and
more intense environmental pollution, making it difcult
for China to improve the ecological efciency of regional
industry [7–12]. To devise economic development strat-
egies under diferent intensities of environmental regu-
lation, the following question must be answered: whether
the regional environmental regulation, which intends to
eliminate and prevent environmental pollution, can ef-
fectively constrain pollution discharge by enterprises,
positively afect the ecological efciency of industry, and
push up the production and operation costs of enterprises
[13–17]. An in-depth understanding of environmental
regulation and its action mechanisms on the regional
economy helps the regional government make correct and
reasonable decisions on environmental and industrial
policy.

Meng and Shao [18] constructed a regression model
based on the panel data of 100 prefectures in 9 provinces and
autonomous regions in the Yellow River Basin from 2006 to
2017 and adopted fxed efect estimation to examine how
environmental regulation and industrial structure upgrad-
ing and rationalization afect the green economic growth
efciency of the Yellow River Basin. With the aid of a super
slack-based measure (Super-SBM), Bi and Liu [19] measured
the green economic efciency of 29 provinces considering
unexpected output. Te results show that environmental
regulation afects the green economic efciency of diferent
provinces diferently. Te efect is positive in the eastern
region and unobvious in other regions. To verify the Porter
hypothesis, panel models were employed to analyze the
infuence of environmental regulation on green economic
efciency. Improving manufacturing ecological efciency
helps to break the environmental and resource constraints
on industrial development and further promotes the co-
ordinated development of the economy and the environ-
ment. Yuan et al. [20] collected the panel data of 28
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subsectors of China’s manufacturing industry from 2003 to
2013 and divided these subsectors into high, medium, and
low categories, according to the level of ecological efciency.
After that, they investigated the impact of environmental
regulation on technological innovation (weak Porter hy-
pothesis) and ecological efciency (strong Porter hypothe-
sis). Green development is fundamental to the high-quality
development of the marine economy. Te realization of the
green development goal of the marine economy depends on
the decision-making preferences of local governments and
reasonable environmental regulation instruments related to
the marine economy. Based on the panel data of China’s
coastal provinces from 2007 to 2016, Ye et al. [21] used a
diferential Gaussian mixture model (GMM) to empirically
analyze the impact of government preferences and envi-
ronmental regulation on green development of the marine
economy. Although more and more people call for stricter
environmental regulation, some express the concern that
environmental regulation may hinder the rapid growth of
China’s foreign trade. Wang et al. [22] employed feasible
generalized least squares (FGLS) and seemingly unrelated
regression (SUR) to characterize the diferent categories of
products in international trade, in the light of the Standard
International Trade Classifcation (SITC).

To sum up, domestic and foreign scholars have per-
formed detailed analysis on environmental regulation and
the factors afecting regional economic development. Te
infuence of environmental regulation on regional economic
development has been expounded theoretically, quantifed
thoroughly, and empirically researched. However, there is
little report on the infuence of the spatial pattern on the
evolution of regional economies at diferent intensities of
environmental regulation. Drawing on the previous results,
this paper innovatively carries out a mathematical analysis
on the action mechanism of diferent intensities of envi-
ronmental regulation on regional economy and presents the
empirical results.

Combined with empirical analysis, this study tests the
relationship of environmental regulation with the regional
economy and industrial layout. Te research fndings pro-
vide a realistic reference for the government to adopt more
suitable environmental regulation instruments, prepare
more practical development policies for the regional
economy, better solve environmental pollution, and further
realize the green development of the regional economy.

2. Basic Hypotheses

As a core content of social regulation, environmental reg-
ulation refers to the government’s regulation of the eco-
nomic activities of manufacturers and other entities by
formulating relevant policies and measures (industrial
pollution control and urban environmental protection) to
coordinate the environment with economic development in
the face of the external uneconomic properties of envi-
ronmental pollution.

During the pursuit of the green development of the
regional economy, the government often implements en-
vironmental regulation with the aim to restrain the

production behavior of enterprises, reduce the emission of
harmful pollutants in the production process, and maintain
the coordinated development of the regional environment
and the economy. Figure 1 shows the action paths of en-
vironmental regulation on the regional economy. It can be
learned that environmental regulation mainly constrains the
behavior of producers and consumers. Te producer be-
havior constraints include green consumption technology,
pollution prevention, and waste reduction technology. Te
consumer behavior constraints include the green con-
sumption concept, green consumption credit, and green
consumption points.

Figure 2 shows the action paths of environmental reg-
ulation on production enterprises. Tis paper holds that
environmental regulation afects the development decisions
of production enterprises by afecting the capital fow and
investment direction, new technologies and new processes,
and the selection of product price and sales market.

Te spatial heterogeneity of regional economic devel-
opment under diferent environmental regulation intensities
not only comes from the unifed economic policies of the
state but also stems from the regional diference in economic
development efciency, which originates from the regula-
tion of local governments and the active pursuit of benefts
of enterprises. Tis study does not intend to focus on spatial
heterogeneity. Under diferent environmental regulation
intensities, there may be diferences in the economic de-
velopment efciency between regions. Terefore, this paper
intends to focus on the spatial heterogeneity of economic
development efciency driven by regional industrial de-
velopment under diferent environmental regulation in-
tensities. Specifcally, the spatial heterogeneity is refected by
the efects and benefts of regional economic development
under diferent environmental regulation intensities. Te
spatial disequilibrium is related to the action mechanism of
environmental regulation intensities. Terefore, this paper
analyzes the mathematical mechanism and action paths of
diferent environmental regulation intensities on regional
economic development, laying the basis for further calcu-
lation and spatial heterogeneity analysis of regional eco-
nomic development efciency.

Te government’s measures and means for environ-
mental protection introduce economic attributes to the
environmental pollution caused by industrial development.
Some industrial production strategies may generate pol-
lutants. If these strategies are not changed, the economic
benefts of industrial production will be greatly afected. Te
amount of pollutants being emitted directly hinges on the
production strategy. To clarify the action mechanism of
environmental regulation on regional economic develop-
ment, this section mathematically models the action
mechanism of environmental regulation on regional eco-
nomic development and studies the basic action mechanism
of regional economic development in the production pro-
cess of enterprises.

Suppose the study area has two industrial producers X
and Y. Te former implements relatively relaxed environ-
mental regulation, while the latter implements relatively
intense environmental regulation. Te expected output and
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pollution emissions ofX are denoted by x and v, respectively.
Te expected output of Y is denoted by y. No pollutants are
generated by Y. Let k and o be the prices of y and x, re-
spectively. Both X and Y input capital and labor, denoted by
L and E, respectively. Te beneft and factor endowment of L
are denoted by s and l0, respectively; the beneft and factor
endowment of E are denoted by q and e0, respectively.

Te production output of X includes the expected output
(product) x and pollutant v. When the environmental
regulation on the pollution in the production process is
relaxed, the x − v ratio remains constant. Ten, the pro-
duction function of X can be expressed as

G lx, ex( 􏼁 � l
ξ
xl

1− ξ
x ,

v � x � G lx, ex( 􏼁.
(1)

Te production function of product y of Y can be
expressed as

G ly, ey􏼐 􏼑 � l
α
yl

1− α
y . (2)

Under diferent intensities of environmental regulation,
an enterprise would add diferent degrees of energy con-
servation and emission reduction (ECER) activities to the
production process. Let ω be the proportion of ECER input
of X in production process; ψ(ω) be the actual efect of ECER
activities. Te two parameters satisfy zψ/zω< 0, ψ(ω)� 1,
and ψ(1)� 0. Ten, the production functions of x and vcan
be respectively expressed as

a lx, ex( 􏼁 � G (1 − ω)lx, (1 − ω)ex􏼂 􏼃

� (1 − ω)G lx, ex( 􏼁 � (1 − ω)l
ξ
xl

1− ξ
x ,

v � ψ(ω)G lx, ex( 􏼁.

(3)

To simplify the mathematical calculation, the above
formulas can be simplifed as
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ψ(ω) � (1 − ω)
(1/β)

, (4)

where x belongs to the range of (0, 1). Te production
function of pollutant output vcan be expressed as

v � ψ(ω)G lβ, eβ􏼐 􏼑 � (1 − ω)
(1/β)

G lβ, eβ􏼐 􏼑 � (1 − ω)
(1/β)

l
ξ
βl
1− ξ
β .

(5)

Furthermore, the output of the expected product x can
be obtained as

x � v
β
G
1− β

� v
β

l
ξ
βl
1− ξ
β􏼒 􏼓

1− β
. (6)

3. ECER Cost under Environmental Regulation

Te ECER cost should be minimized to maintain a high
output proft. For this purpose, an objective function that
minimizes the ECER cost was established. Te cost dy(q,s)
per unit output of Y can be expressed as

d
y
(q, s) � min

ly,ky

sly + qky: F ly, ey􏼐 􏼑 � l
α
yl

1− α
y � 1.􏽮 (7)

Based on the frst-order condition, dy(q,s) can be
transformed as

d
y
(q, s) � ly(q, s) × s + ey(q, s) × e,

�
(1 − α)

α− 1

αα
s
α
q
1− α

� Ns
α
q
1− α

,

(8)

where N� (1− α)α− 1/ααsαq1− α is greater than zero. Te con-
stant returns to scale are satisfed under the efect of envi-
ronmental regulations of the same intensity. Tus, the total
production cost can be regarded as the product of the total
output of y and the unit cost. Ten, we have

D
y
(q, s) � d

y
(q, s) × y. (9)

For X, the emission of pollutant output vwill not con-
sider any economic cost if it does not adopt relatively few
ECER measures to cope with environmental regulation. To
maximize the output proft and minimize the cost per unit
output, the enterprise will reduce the intensity of ECER
activities to the lowest possible level, and even to zero. Ten,
the minimization of the cost per unit output of X can be
expressed as

d
G

(q, s) � min
lx,kx

slx + qex: F lx, exx( 􏼁 � l
ξ
xl

1− ξ
x � 1􏽯.􏽮 (10)

Similarly, the cost per unit output can be expressed as

d
G

(q, s) � lx(q, s) × s + ex(q, s) × e,

�
(1 − ξ)

ξ− 1

ξξ
s
ξ
q
1− ξ

� Ms
ξ
q
1− ξ

,

(11)

where M�(1− ξ)ξ− 1/ξξsξq1− ξ is greater than zero. Of course,
the government’s environmental regulations have strict
requirements on the actual industrial production and limit
the pollutants emitted by the production process from

multiple angles. Te main instrument is collecting the
pollution charge. During the production activities, X will
face a cost arising from ECER activities. When pollution
charge is the only regulation measure, the charge per unit of
pollutant emissions is denoted by ρ. Ten, the minimization
of the cost per unit output of X can be expressed as

d
x
(q, s, ρ) � min

c,G
ρv + d

G
(q, s): v

β
G
1− β

� 1􏽮 􏽯. (12)

Based on the frst-order condition, we have

v

G
�
1 − β
β

�
d

G

ρ
. (13)

To ensure that the output products can enter and exit
freely during market transactions, then the following
equation exists under the condition of zero proft:

ox � d
G

G + ρv. (14)

Let φ be the pollution density. Combining formulas (13)
and (14), the pollutant emissions per unit output of X can be
calculated by

ϕ �
v

x
�
βo

ρ
≤ 1. (15)

Te above analysis suggests that the higher the price o of
product x, X can obtain more profts by emitting more
pollutants. When the environmental regulation is relaxed, the
enterprise will not autonomously conduct ECER activities,
but pursue higher profts by emittingmore pollutants through
reducing activity intensity and increasing pollution density.

4. Economic Benefit under
Environmental Regulation

Facing intense environmental regulation, Y does not pro-
duce pollutants. Te proft of Y can be calculated by

πy
� F ly, ey􏼐 􏼑 − sly − qey. (16)

Considering the ECER cost, the proft of X can be cal-
culated by

πx
� ox lx, ex( 􏼁 − slx − qex − ρv,

� (o − ρϕ)x lx, ex( 􏼁 − slx − qex,

� o(1 − β)x lx, ex( 􏼁 − slx − qex,

� o(1 − β)(1 − ω)G lx, ex( 􏼁 − slx − qex.

(17)

Suppose oG� o(1− x) (1− ω). Te following equilibrium
conditions need to be satisfed to maximize the output proft.
Firstly, the market can be entered and exited freely, when the
proft of any enterprise is zero:

d
G

(q, s) � o
G

,

d
y
(q, s) � 1.

(18)
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Tus,

s o
G

􏼐 􏼑 � M
((α− 1)/(ξ− α))

M
((1− ξ)/(ξ− α))

o
G

􏼐 􏼑
((1− α)/(ξ− α))

� RU o
G

􏼐 􏼑
((1− α)/(ξ− α))

,

q o
G

􏼐 􏼑 � M
(− α/(α− ξ))

N
(ξ/(α− ξ))

o
G

􏼐 􏼑
(α/(α− ξ))

� W o
G

􏼐 􏼑
(α/(α− ξ))

,

(19)

where RU�Mα− 1/ξ− αN1− ξ/ξ− α>0; W�M− α/α− ξNξ/α− ξ>0.
Secondly, the various production factors should be fully

utilized, i.e., the supply of these factors should be balanced
with the demand.

According to Shephard’s lemma, the demand for a
production factor can be obtained by solving the partial
derivative of the factor price in the cost function. Te
production factors required to output each unit of products
can be expressed as

ly(q, s) �
zd

y
(q, s)

zs
� Nαs

α− 1
q
1− α

,

ey(q, s) �
zd

y
(q, s)

zq
� N(1 − α)s

α
q

− α
,

lG(q, s) �
zd

G
(q, s)

zs
� Mξs

ξ− 1
q
1− ξ

,

ey(q, s) �
zd

G
(q, s)

zq
� M(1 − ξ)s

ξ
q

− ξ
.

(20)

During industrial production, the total demand for
production factors equals the product between the pro-
duction factors required for each unit of product and the
yield of the products. Te full utilization of a single pro-
duction factor can be expressed as

ly(q, s)y + lG(q, s)G � l,

ky(q, s)y + kG(q, s)G � k.
(21)
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Figure 3: Trend of regional economic outputs. (a) region A, (b) region B, (c) region C, and (d) entire study area.
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Trough the above analysis, the following equation can
be derived from the above formulas:

y o
G

, l, k􏼐 􏼑 �
ξW o

G
􏼐 􏼑

(α/(α− ξ))
k − (1 − ξ)RU o

G
􏼐 􏼑

((1− α)/(ξ− α))
l

ξ − α
,

x o
G

, l, k􏼐 􏼑 � (1 − ω)G o
G

, l, k􏼐 􏼑 �
(1 − α)RU o

G
􏼐 􏼑

((1− α)/ξ− α)
l − αW o

G
􏼐 􏼑

(ξ/(α− ξ))
k

o(1 − β)(ξ − α)
.

(22)

Tis paper mainly discusses the infuence of the intensity
of environmental regulation on regional economic

development; that is, how the equilibrium output of regional
enterprises changes with the intensity of environmental
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Figure 4: Migration trajectory of the center of gravity of environmental regulation intensity in the study area during the research period.

Table 1: Spatial autocorrelations in the research period.

MI/DF Value Prob

Phase I

Moran’s I (error) 0.2613 2.1547 0.0263
LM (lag) 2 0.4163 0.1485
R-LM (lag) 2 0.0481 0.7963
LM-(error) 2 3.1526 0.0472
R-LM-(error) 2 1.4194 0.0269

Phase II

Moran’s I (error) 0.2958 2.0512 0.0369
LM (lag) 2 0.9154 0.0375
R-LM (lag) 2 0.3481 0.5139
LM-(error) 2 3.6485 0.0147
R-LM-(error) 2 1.4852 0.0293

Phase III

Moran’s I (error) 0.1384 1.4285 0.1629
LM (lag) 2 0.5137 0.1748
R-LM (lag) 2 0.1392 0.5125
LM-(error) 2 3.6885 0.0341
R-LM-(error) 2 2.4189 0.0685

Note: MI/DF, Value, Prob, LM, and R-LM are short for Moran’s I/degree of freedom, value, probability, Lagrange multiplier, and robust Lagrange multiplier,
respectively.
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regulation. Taking the core measure of pollution charge as an
example, the partial derivative of this core measure can be
obtained as

zy

zρ
�

zy

zo
G

·
zo

G

zρ
�
ξαW o

G
􏼐 􏼑

(ξ/(ξ− α))
k − (1 − ξ)(1 − α)RU o

G
􏼐 􏼑

(1− α/ξ− α)
l

(ξ − α)
2 ·

zo
G

zρ
> 0,

zx

zρ
�

zx

zo
G

·
zo

G

zρ
�

(1 − α)
2
RU o

G
􏼐 􏼑

((1− ξ)/(α− ξ))
l − α2W o

G
􏼐 􏼑

(ξ/(α− ξ))
l

(ξ − α)
2 ·

zo
G

zρ
< 0.

(23)

Te above analysis indicates that, if the intensity of
environmental regulation decreases, the output of product x
that generates additional pollutants will increase, and the
output of product y that does not generate additional pol-
lutants will decrease. Te two changed in opposite direc-
tions. In this case, the total emissions of environmental
pollutants from industrial production will increase. If the
intensity of environmental regulation increases, the output
of product x will decrease, while the output of product y will
increase. In this case, the total emissions will decline. Te
intensity of environmental regulation can afect both
product yield and the emissions of additional pollutants.

5. Experiments and Results Analysis

Figures 3(a)–3(d)3(b)3(c) present the trend of economic
output for Region A, Region B, Region C, and the entire
study area, respectively. Overall, the emissions of industrial
waste gas declined with fuctuations in 2006–2020, partic-
ularly in the most recent period of 2015–2020. It can be seen
that the regional environmental regulations efectively
constrain industrial production in the study area. Te
emissions of industrial residue changed stably, with no
obvious variation in the research period. Te emissions of
industrial wastewater exhibited a complex trend: the
emissions were originally stable, then soared, and fnally
dropped year by year.Te trends in Regions A, B, and Cwere
similar to the trends in the entire study area.

To verify the action mechanism of environmental reg-
ulation on regional economies, this paper carries out spatial
econometric measurement and ordinary least squares (OLS)
estimation of the spatial correlation between regional
economies under diferent intensities of environmental
regulation. Table 1 lists the spatial autocorrelation in the
research period. According to the spatial autocorrelations in
phases I–III at diferent intensities of environmental regu-
lation, the ecological efciencies of the regional economy in
the study area demonstrated heterogeneous spatial
correlations.

Figure 4 shows the migration trajectory of the center of
gravity of environmental regulation intensity in the region
during the research period. From phase I to phase III, the
center of gravity of environmental regulation intensity
changed between 159°–160°E and 257°–259°N, i.e., the
overlap between the heavy industry area and the economic

development area. In general, the center of gravity frst
moved to the east and then moved to the west. Specifcally,
from 2000 to 2005, the center of gravity appeared in the most
southeast direction, mainly in the center of a region. In that
region, industrial production emitted lots of industrial waste
gas, industrial wastewater, and industrial waste residue, and
the environmental regulation was intense. From 2005 to
2016, the center of gravity migrated to the northeast. From
2016 to 2018, the center started to shift towards the
southeast. From 2018 to 2020, the center moved to the
southwest. Te main reason for the migration of the center
of gravity is that regional enterprises are motivated by the
numerous environmental regulations released by the gov-
ernment to carry out ECER, resulting in a continuous de-
cline in the emissions of industrial waste gas, industrial
wastewater, and industrial waste residue in each region. Te
heavy industry area, which originally emitted lots of in-
dustrial waste gas, industrial wastewater, and industrial
waste residue, saw an efective improvement in environ-
mental pollution. Te center of gravity for environmental
regulation intensity quickly moved to the regions with slow
improvement in environmental pollution. In each region,
the emissions of industrial waste gas, industrial wastewater,
and industrial waste residue tended to be stable. In the late
phase, the migration speed of the center of gravity would
gradually slow down.

6. Conclusions

Drawing on the literature, this study mathematically ana-
lyzes the action mechanism of diferent intensities of en-
vironmental regulation on the regional economy, displays
the action paths of environmental regulation on the regional
economy, and provides the basic assumptions for the action
mechanism. In addition, the ECER cost and economic
beneft were analyzed under the efect of environmental
regulation. Trough experiments, the authors conducted
spatial econometric measurement and OLS estimation of the
spatial correlation between regional economies under dif-
ferent intensities of environmental regulation and per-
formed the spatial autocorrelation measurement in the
research period, aiming to verify the action mechanism of
environmental regulation on regional economies. Finally,
the authors provided themigration trajectory of the center of
gravity of environmental regulation intensity in the region
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during the research period and analyzed the reasons for the
migration. It is concluded that the ecological efciencies of
the regional economy in the study area demonstrated het-
erogeneous spatial correlations.
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available from the corresponding author upon request.
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