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Abstract: “The Gray Great Wall” formed by haze pollution is an increasingly serious issue in China,
and the resulting air pollution has brought severe challenges to human health, the socio-economy and
the world ecosystem. Based on the facts above, this paper uses China’s province-level panel data from
2009 to 2016, systematically measures the heterogeneous structure of regional ecological economic
(eco-economic) treatment efficiency through a Super Slacks-Based Measure (SBM) model and dynamic
threshold models, and analyzes the forcing mechanism of haze pollution pressure on regional
eco-economic treatment efficiency from an environmental regulation perspective. Results indicated
that China’s eco-economic treatment has been vigorously promoted, which is significantly conducive
to green growth upgrading. However, the process has a large developmental scope due to regional
heterogeneity. Interestingly, the forcing impact of haze pollution on regional eco-economic treatment
efficiency is limited by the “critical mass” of environmental regulations: a weak degree of regulation
will facilitate an increase in regional eco-economic treatment efficiency through the forcing effect of
haze pollution pressure. Once environmental regulation reaches a critical level, a stronger degree of
regulation will suppress the forcing effect of haze pollution in turn and it will decrease the regional
eco-economic treatment efficiency. This paper endeavors to clarify the differences, suitability and
dependency in the process of ecological transformation for Chinese local governments in different
regions and provide policy references for a regional ecological transformation matching system.

Keywords: haze pollution; eco-economic treatment efficiency; forcing mechanism; environmental
regulation; dynamic threshold model; China

1. Introduction

Haze pollution, which mainly comprises particulate matter ≤10 µm (PM10) and particulate matter
≤2.5 µm (PM2.5) in aerodynamic diameter [1,2], is a particularly serious issue. Haze is a type of
atmospheric phenomenon that is formed by the accumulation of dust and smoke particles in relatively
dry air, and the resulting atmospheric pollution is increasingly being highlighted in recent years [3];
it also poses a severe challenge to human health, the socio-economy and the ecosystem globally.
In China, heavy haze pollution causes 1.2–1.6 million premature deaths each year [4,5]. By the end of
2017, air quality monitoring showed that only 29.3% of 338 cities in China met the standards—that is,
the overall situation remained grim. However, due to the long-term impact of energy consumption
and sustained economic growth, haze pollution in China will continue for a certain period of time.
Facing global green and low-carbon initiative competition, as well as the severe situation of insufficient
domestic environmental carrying capacity, the performance of the Chinese government in terms of
haze pollution control has become the focus of the international community.
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Given that “The Gray Great Wall”, formed by current haze pollution, is increasingly being
highlighted, the optimization of ecological economic (eco-economic) treatment is the key link in
regional green transformation [6]. In September 2013, the State Council of China launched the National
Air Pollution Control Action Plan (NAPCAP) to clarify the goal of haze pollution control for the first
time. Then, the enactment of a series of laws and policies, including the “Air Pollution Prevention
Law”, the “Three-Year Action Plan for Winning the Blue Sky Defense War” and the “Measures for the
Administration of Special Funds for Air Pollution Prevention and Control” further highlighted the
great importance that the Chinese government attached to the issue of haze pollution. In addition, local
governments have also made important innovations in regulation policies related to haze pollution,
introduced a rapid policy update mode for eco-economic treatment, and successively implemented the
coordinated ecological treatment of haze.

Wang et al. [7] noted that the environmental pollution caused by modern social and economic
development has become increasingly serious, and regional green development relies to a large extent
on local governments’ series of reasonable environmental policies. The reason is that environmental
pollution behavior is an externality in the process of production and consumption and requires
supplementary restrictions in the form of environmental regulation [6]. However, Sinn [8] initiated the
“Green Paradox”, which caused scholars to question the necessity and effectiveness of environmental
regulation. Meanwhile, there are great differences in resource endowment, population size, economic
development, energy and industrial structure among provinces in China, and there are many factors
driving the optimization of eco-economic treatment. Under the constraints of environmental regulation,
the effect of these factors on the relationship between haze pollution and regional eco-economic
treatment may be changed both in direction and intensity. Therefore, considering the different degrees
of environmental regulation in China, what are the forcing mechanism and endogenous differences
in haze pollution as they relate to regional eco-economic treatment efficiency? Will haze pollution
pressure promote an increase in regional eco-economic treatment efficiency effectively in turn? How do
we coordinate the contradiction between environmental protection and economic growth, thus guiding
regional green development through the eco-economic treatment of haze pollution under effective
environmental regulation? Due to the global low-carbon competition and development push, it is of
theoretical value and practical significance to scientifically assess the regional eco-economic treatment
efficiency and explore the driving factors, regulatory paths and policy designs for promoting the
reduction of haze pollution.

We attempt to analyze the forcing linkages between haze pollution, environmental regulation
and regional eco-economic treatment efficiency by considering the perspective of the “threshold
effect”. First, based on China’s province-level panel data from 2009 to 2016, we systematically measure
the heterogeneous structure of regional eco-economic treatment efficiency by using a Super- Super
Slacks-Based Measure (SBM) model, which considers the undesirable output. Second, as the prominent
heterogeneity among different provinces in China, we assume that a nonlinear relationship exists
between haze pollution and regional eco-economic treatment efficiency. Under the perspective of
environmental regulation, the use of a dynamic threshold model sheds light on how different degrees
of regulation affect the relationship between haze pollution and regional eco-economic treatment
efficiency, and whether threshold values exist in this relationship. The results provide policy-making
references for a regional ecological transformation matching system.

2. Literature Review

With the acceleration of industrialization and urbanization, China’s haze pollution is an
increasingly serious issue, and the concentration of fine particulate matter is generally high, which
has posed great challenges to environmental treatment. Zhang and Li [9] found that haze pollution
has a significantly negative impact on economic development. On average, in 2015, when other
conditions remain unchanged, a 5 µg/m3 increase in the concentration of PM2.5 may result in a
reduction in per capita Gross Domestic Product (GDP) of approximately 2500 RMB. In addition,
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sustainable economic growth helps to decrease PM2.5 concentrations, which in turn contributes to
economic development. However, Yuan and Huang [3] studied the effects of urban morphology
on haze pollution in China based on a spatial regression analysis of PM2.5 remote sensing data.
The results showed that the impact of population density and centering on air quality depends
on the size of the population, and the transmission among regions is an important source of haze
pollution; thus, a joint management strategy for regional haze pollution should be developed. At the
micro level, Hao et al. [10] and Li et al. [11] further explored the market’s response to haze-related
regulatory cost expectations, emphasizing the impact of haze on corporate control and decision making,
and they concluded that haze attracts the attention of investors through their direct physical and
psychological experience, related news and government regulations, and then influences the stock
market. However, since the market is unsuccessful in determining the external economic behavior of
pollution emissions, the effective treatment of haze pollution relies to some extent on the supplementary
restrictions of relevant policies. Shen and Wang [12] discussed the regulatory mechanism of corporate
pollution behavior in China and established two types of government supervision mechanisms through
an evolutionary game. They concluded that “long-term supervision” is better than “centralized
supervision”. Furthermore, from the perspective of local governments, Yang et al. [13] proposed that
they can use environmental regulations to achieve economic goals and adopt a more comprehensive
and fair policy design to address China’s environmental equity issues. However, there are also
scholars such as Ma et al. [14] who utilized the theoretical framework between regional innovation,
environmental regulation and carbon pressure level, finding that China’s carbon pressure level
has changed from a surplus to overload, while environmental regulation has a threshold effect on
the regional environmental pollution, and the changes of carbon pressure levels between different
thresholds will have different effects on it. Therefore, differentiated environmental regulation policies
must be implemented to realize the low carbon transformation goal.

The benign eco-economic treatment model is the most effective approach for solving the
current issue of haze pollution. However, right now, there is no unified definition of effective
eco-economic treatment. One viewpoint advocates the government-leading treatment approach,
while the other advocates a market-based treatment approach. Nevertheless, in light of the actual
situation, neither of these two approaches can fundamentally solve the problems in the current Chinese
ecological environment and, according to the characteristics of ecological environment treatment,
the multi-subject participation treatment model has become an inevitable choice. First, the pursuit for an
environmentally-friendly and sustainable development model and industrial green transformation is
the essential focus for enterprises to participate in industrial upgrading and social responsibility
undertaking. Further, Hillman et al. [15] stated that as a community-driven approach, social
businesses are located in the third sector of the economy, often where there is market or government
failure in providing social welfare, and are increasingly becoming a key driver of social progress.
Second, Yuan and Guo [16] argued that the ecological treatment should be further improved by
perfecting the governments’ coordinated ecological treatment system, eliminating the barriers of public
ecological treatment participation, adhering to the concept of sustainable ecological development,
and coordinating ecological and economic support. However, Zhang and Li [9] believe that due to the
heterogeneity of governments, it is impossible for different governments to form a stable cooperation
model spontaneously. In view of this, superior governments should impose administrative punishment
on uncooperative governments and promote the formation and stability of the cotreatment model.
However, Guttman et al. [17] argued that the ability of governments to solve environmental problems
is limited, thus leading to the rise of various “nonstate parties” to supply complementary efforts or
provide alternative mechanisms for tackling environmental problems.

In terms of the topic of this paper, relevant studies on the relationship between haze pollution
and eco-economic treatment can be roughly divided into two perspectives according to mechanism:
one is the role of government eco-economic treatment in reducing haze pollution and the other is the
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forcing mechanism of haze pollution on the establishment of environmental protection mechanisms at
all levels of government.

From the former perspective, some scholars first measured the impact of environmental protection
policies on environmental pollution from the overall government level, and noted that environmental
protection measures indeed alleviate a certain degree of pollution, but the degree is not large, so further
efforts of the government are still needed [18–24]. Some scholars also studied the relationship between
the industrial structure and energy use and haze, demonstrating that the transformation of the industrial
structure and changing energy usage types are important measures to control China’s heavy haze
pollution [25]. When focusing on specific policies, Tang et al. [26], Huang et al. [27] and Chen et al. [28]
studied the impact of environmental taxes and subsidies on enterprises, and noted that it is an effective
environmental pollution control policy to impose pollution taxes on those polluting factories and utilize
the taxes to subsidize high-productivity and innovation-driven enterprises. Meanwhile, Auffhammer
and Kellogg [29], Zheng et al. [30], Willis et al. [31] and Vagnoni and Moradi [32] studied the effect of
local governments’ environmental protection policies on environmental treatment and found that the
establishment of local environmental protection mechanisms has a positive impact on the decrease in
haze pollution.

From the second perspective, however, research on the forcing mechanism of haze pollution
pressure on the ecological treatment has been neglected for a long time, which is relative to the first
perspective. Nevertheless, some scholars have begun to put forward the theoretical concept of the
“forcing effect on emission reduction”. In other words, environmental regulation will promote the
transfer and structure upgrading of polluting industries as long as pollution reaches the threshold value,
effectively forcing the industrial structure toward the direction of low carbonization [33]. The concept
of a “forcing effect on emission reduction” represents a novel perspective on the construction of the
government function model, thus introducing new ideas for China to more effectively achieve its
multi-subject ecological treatment goal.

Based on the previous studies summarized above, this paper fills in the research gaps as follows.
First, although the relevant research on green transformation has formed a certain foundation, most
research focuses on studies about positive pollution improvement, generally ignoring its forcing path
to environmental treatment. In particular, the research on heterogeneous impacts between regions
in China is very scarce, and relevant data, model tools and empirical analysis are even minimal.
In contrast, based on the definition of the haze pollution space–time path and eco-economic treatment
characteristics, we mainly explore the forcing effect of haze pollution pressure on regional eco-economic
treatment efficiency, and develop a comparative analysis about treatment optimization plans in
different regions.

Second, existing studies on China’s eco-economic treatment effectiveness are usually limited to
the calculation of government or enterprise green development efficiency in a broad sense, while there
is little among the literature on structural optimization differences in regional ecological treatment.
We fill this gap by adopting the newly developed Super-SBM model, considering undesirable output
to measure the structural differences and characteristics of regional eco-economic treatment, which
can overcome the structural distinction matter when the treatment in different regions is effective
simultaneously [34], and make this study more scientific and rational.

Third, under the circumstance of China’s regional environmental policy and resource distribution
heterogeneity, the green ecological civilization development systems in different regions have their
own characteristics [35], and different degrees of environmental regulation affect green transformation
in different ways—that is, any type of regulatory path should match the heterogeneous threshold
of regional eco-economic treatment well. However, most of the existing literature tends to focus on
the statically linear relationship between haze pollution and eco-economic treatment in isolation,
and almost never considers the heterogeneous characteristics of restricted factors in a dynamic situation.
In contrast, we construct a dynamic threshold model of haze pollution’s forcing mechanism in different
environmental regulation threshold intervals, which effectively conquers the shortcomings of the



Int. J. Environ. Res. Public Health 2019, 16, 4059 5 of 18

traditional nonlinear threshold regression model that cannot reflect the dynamic change or lag effect of
a sample object. In addition, heterogeneous thresholds of environmental regulation, haze pollution and
eco-economic treatment efficiency in different regions are placed under the same research framework
to analyze their deeply nonlinear dynamic endogenous correlations.

Overall, this paper endeavors to clarify the differences, suitability and dependency in the process
of ecological transformation for Chinese local governments in different regions and provide policy
references for a regional ecological transformation matching system.

3. Data and Methods

3.1. Measuring the Regional Eco-Economic Treatment Efficiency

The eco-economic treatment efficiency refers to the degree of utilization of various ecological
resources aimed at achieving sustainable economic development targets. It reflects to the ability to
produce more goods and services while consuming fewer natural resources and having a smaller
impact on the environment [36,37]. To explore the structural differences and path characteristics of
eco-economic treatment efficiency in different regions, we adopt the Super Slacks-Based Measure (SBM)
model considering undesirable output, which not only better solves the problems of input–output
variables’ slack and undesirable output fitting but also overcomes the structural distinction matter
when the treatment in different regions is effective simultaneously [34].

We first measure the undesirable output efficiency of a non-oriented SBM of eco-economic
treatment in different regions, which is:
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where , Yg and Yb are the input vector, desirable output vector and undesirable output vector,
respectively; s−, sgand sb are the input slack variable, desirable output slack variable and undesirable
output slack variable, respectively; φ is the weight vector; ρ∗ represents the efficiency of the
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following two conditions: when ρ∗ = 1, i.e., when s− = 0, sg = 0 and sb = 0, the DMU is valid; when
ρ∗ < 1, which means that at least one of s−, sgor sb is not zero, the DMU is invalid, and the input–output
model should be improved.

Secondly, because an undesirable output such as “three wastes” (waste gas, wastewater and
industrial solid waste) pollution exists in the process of eco-economic treatment, and the eco-economic
treatment in different regions could be effective at the same time. However, the calculation above does
not include all DMU efficiency values and cannot measure the differentiation of decision-making units
when they are effective simultaneously. In contrast, we construct the Super-SBM model, considering
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The optimal solution of the estimated DMUk in the Super-SBM model is the closest point to the
leading edge in the production possibility set constructed by other DMUs, and the efficiency of DMUk

is recalculated according to the model after substitution:

ρSE = min
1− 1
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Particularly, in terms of the regional eco-economic treatment efficiency (ETE) considering the
undesirable output of environmental pollution, which is measured in this paper: when 0 < ETE < 1,
this indicates that regional eco-economic treatment efficiency has not reached the optimal situation.
In other words, the regional green transformation treatment tends to be extensive and epitaxial, thus
leading to a relatively low level of eco-economic development; when ETE = 1, this indicates that
regional eco-economic treatment has reached an effective state; ETE > 1 means that the desirable output
of regional eco-economic treatment exceeds the capital, labor and energy inputs, which is a strongly
effective state. Furthermore, it also shows that the regional treatment is intensive and connotative,
and the regional economic development has realized the green transformation target [38,39].

The regional eco-economic treatment measured in this paper is based on environmental efficiency,
in which the desirable output is measured by the green area and the utilization rate of solid waste,
with the undesirable output being measured by the discharge amount of major industrial pollutants
(industrial wastewater, exhaust emissions and solid waste discharge amount: industrial wastewater
refers to wastewater and waste liquid produced in industrial process, which contains industrial
materials, intermediate products, by-products and pollutants produced during industrial production;
exhaust emissions is the general term for all kinds of pollutant-containing gases such as carbon
dioxide, carbon disulfide and fluoride that are emitted into the air during fuel combustion and the
production process; solid waste is defined as waste that is generated by businesses from an industrial
or manufacturing process or waste generated from non-manufacturing activities that are managed as a
separate waste stream. We collect these pollutants form the regional statistical annual reports of the
Chinese government and the EPS Global Statistics Database). In addition, the three input variables
include environmental protection investment, the annual operating cost of waste gas treatment facilities,
and the annual treatment cost of wastewater. The data are taken from the National Bureau of Statistics
of China and the National Energy Administration, which includes 30 provinces, municipalities and
autonomous regions in mainland China (considering the practical situation of data shortage, we exclude
the Special Administrative Regions of Tibet, Hong Kong and Macau). This paper mainly examines
a series of emission reduction measures, reforms and transformations implemented by the Chinese
government after the announcement of the transformation goal of a green circular economy in 2008,
and given the continuity, the inertia and hysteretic nature of the process from the beginning of policy
implementation to output results, we calculate the growth rate of each period, using 2009 data as the
initial stage, and finally select 2009–2016 as the range for the sample.

3.2. Analysis of Regional Eco-Economic Treatment Efficiency

Overall, the average value of China’s eco-economic treatment efficiency (ETE) is 0.379 (the vertical
line in Figure 1). This shows that the effectiveness of China’s eco-economic treatment is still low,
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and there is still a long way to go to achieving the goal of effective regional eco-economic treatment.
In recent years, although green sustainable development has been vigorously promoted, on the one
hand, China’s ecological treatment has relied heavily on the government’s investment in traditional
manufacturing and infrastructure, and this continuously broad investment will greatly reduce the
marginal productivity of capital; however, the serious overcapacity caused by the former extensive
development mode and the problem of resource loss cannot not be solved in a short time. In addition,
the economic base, human resource, industrial structure and investment of different regions are quite
heterogeneous, so the eco-economic treatment failed to form a unified trend, and then led to the
consequence of overall inefficiency.
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Specifically, the eco-economic treatment efficiency is relatively high in Beijing, Hainan, Qinghai,
Guangdong, Tianjin and Shanghai, etc. Among them, Beijing is China’s political and cultural center.
Since the 2008 Olympic Games, the Chinese government has vigorously promoted the construction of
the capital’s ecological civilization, constantly adjusted the industrial structure, and shut down a large
number of polluting factories. The investment intensity and degree to which environmental protection
has been highlighted in Beijing is far beyond that in other regions. In addition, the proportion of
the secondary industry is relatively small, and the resources and environmental foundations are
excellent. Under the series of measures such as promoting third-party pollution control, the efficiency
of eco-economic treatment in Beijing will inevitably maintain a relatively high level. Tianjin, Shanghai,
Guangdong and other developed coastal areas rely on strong economic bases and advanced technology
to continuously transform the economic development mode and, at the same time, stimulate market
subjects to vigorously develop cleaner production and pollution control technologies to improve the
circulation rate of wastewater, waste gas and solid waste. Therefore, the eco-economic treatment
efficiency of these areas is also relatively high. However, it should be noted that while actively
promoting technological innovation, we must also start from the pollution source and optimize the
industrial structure. The mutual cooperation of these two sides can truly effectively achieve the green
growth-upgrading target. For remote areas such as Hainan and Qinghai, although they are far less
developed than eastern areas in terms of talent introduction, science and technology investment,
and GDP, these areas have abundant natural resources, a low degree of ecological environmental
damage, and high per capita resources, so the input–output ratio of ecological treatment maintains a
relatively high level. The lower rankings of Hebei, Shanxi, Shandong, Yunnan and Neimenggu have
concentrated dense energy consumption and industrial pollution in China due to the limitations of
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the geographical environment, natural resources and their own developmental structures. A large
amount of overcapacity and pollution emissions cannot be effectively solved in the short term, and the
shortage of funds brought about by a weak economic foundation has made the eco-economic treatment
efficiency in these areas remain at a low level [40]. Although Zhejiang Province is located in the
eastern coastal areas and has a developed economy, its economic and social development is mainly
attributed to many township enterprises. However, most township enterprises have lower levels of
technological innovation and rely on a low-cost and low-efficiency traditional development mode,
which cannot meet the treatment goal of green-drive development. In addition, the thriving economy
and the innately excellent natural scenery have made the enterprises’ environmental awareness less
weak and made them reluctant to change the original production mode. Therefore, although relevant
measures have been taken to improve the ecological environment, the effect is not significant.

Further, from a trend point of view (Figure 2), as a whole, due to the large base of environmental
pollution caused by rapid economic growth, and the significant heterogeneity of regulatory bases in
different regions, the current eco-economic treatment efficiency has been at a low level and cannot
form a unified ecological treatment trend. In particular, in 2013, the nationwide problem of haze
pollution reached its peak. Under the strong impetus of a series of government regulations and policies,
the efficiency of treatment in various regions generally increased in 2014 and then fell back to a lower
level. Among them, Beijing, Qinghai and Hainan have achieved a remarkable effect in ecological
treatment due to their political status and innate environmental advantages respectively, and this
trend will have considerable continuity in the next few years. In contrast, economic development
relies mostly on traditional heavy industry in Shanxi, Hebei, Yunnan and Shandong, and although
the industrial structure optimization and green cleaner technology integration has been accelerated
since 2009, treatment efficiency will show some improvement in the long term. However, based on the
previous energy-intensive economic base, it will remain at a low level in the near term.
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3.3. Specifications of the Dynamic Threshold Model

Based on the theoretical framework of the regional eco-economic treatment mechanism, this paper
notes that due to the significant regional heterogeneity in China, ignoring the key factors of regional
environmental regulation in China will lead to deviations in the estimation of regional environmental
regulation [6]. In other words, when an economic parameter reaches a certain value, it will suddenly
shift another economic parameter to other forms of development. The critical mass of the root cause
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of this phenomenon is called the threshold value, which is also known as the problem of nonlinear
“structural change”. From a methodological point of view, it is necessary to test samples on both
sides of the critical mass of China’s environmental regulations. Hansen [41] first proposed the idea of
the panel threshold regression model, which uses threshold variables to determine structural change
points, and then forms observations to estimate the true threshold value by the bootstrapping method
(under the premise that interpreting variables and threshold values are fixed, simulating a sequence
of dependent variables, and each time a self-sampling sample is obtained, a simulated Lagrange
Multiplier (LM) statistic can be calculated. When this process is repeated N times, we believe that
the P value estimated by this “bootstrapping method” is the percentage of the number of times
the LM statistic generated by the simulation is greater than the original LM statistic to the total
number of simulation), thus more objectively and accurately addressing the structural changes in
nonlinear problems [41]. However, this threshold method applies only to nondynamic panel models;
it does not reflect the dynamic change or lag effect of sample objects, and ignores the handling of
endogenous variables. Because regional eco-economic treatment is a process of transformation, to test
the dynamic heterogeneity effect of haze pollution on regional eco-economic treatment, this paper
adopts an improved dynamic panel threshold regression method to incorporate the lagging term of the
dependent variable, which can control the continuity, inertia and model endogeneity of the ecological
treatment process itself, and incorporates dynamic factors based on the dynamic panel estimation
method. The threshold value is estimated based on the Hansen model, and different intervals are
divided according to the threshold value. Then, the systematic Generalised Method of Moments
(GMM) estimation method proposed by Blundell and Bond [42] is used to dynamically estimate the
parameters between the intervals. The systematic GMM estimation combines the differential GMM
with the horizontal GMM, which not only better handles the endogenous problem but also effectively
reflects the early dependence and dynamic change characteristics of the eco-economic treatment.

We take the regional eco-economic treatment efficiency (ETE) as the explained variable, haze
pollution (HAZ) as the core explanatory variable, environmental regulation (REG) as the threshold
variable, and incorporate the lagging term of ETE and a series of control variables such as energy
intensity (ENE), urbanization (URB), industrialization (IND), foreign direct investment (FDI) and
innovation effect (INO) to investigate the forcing effect of haze pollution on eco-economic treatment
under different thresholds of environmental regulation. We set the dynamic panel threshold model
(taking a single-threshold model as an example) as follows:

ETEit = θ+ α1ETEit−1 + α2ETEit−2 + α3URBit + α4ENEit + α5FDIit + α6INDit + α7INOit
+β1HAZitI(REGit ≤ γ) + β2HAZitI(REGit > γ) + µi + νt + εit

(4)

where I(·) is the indicator function; γ is the threshold value; µi is a specific effect of the individual;
νt is a specific effect of time; and εit is a random disturbance. It should be noted that, by stepwise
calculation, it was determined that the second-order lag equation is significant and the fitting degree is
the best, so we chose to further dynamically test the first-order lag.

3.4. Variables and Data Sources

This paper mainly measures the relationship between regional eco-economic treatment efficiency,
environmental regulation and haze pollution. Among them, the regional eco-economic treatment
efficiency (ETE) is measured by the Super-SBM model that incorporates undesirable output, which is
the calculation result above. Regarding haze pollution, on the one hand, the last component of haze,
such as nitrogen oxides, sulfur dioxide and inhalable particlea, is the main cause of increased haze
pollution [43]. On the other hand, according to the China Statistical Yearbook, the PM2.5 value of
major cities in China will be available only from 2012. Based on the above two points, this paper uses
the annual average of PM10 to represent haze pollution (HAZ). For the measurement of environmental
regulation, relevant scholars mainly use the following three approaches: the first is to measure the



Int. J. Environ. Res. Public Health 2019, 16, 4059 10 of 18

intensity of environmental regulation by pollutant discharge tax [44]; the second is to measure the
environmental regulation intensity by the ratio of comprehensive utilization output value of “three
wastes” to GDP [10]; the third is to use the Environmental Policy Strictness Index (EPS) as proxy [45,46].
Among them, the most widely used and statistically effective environmental regulation means in China
is environmental protection investment. Considering the limited provincial panel data provided by
the Chinese government, we use the ratio of regional environmental pollution control investment to
GDP as the environmental regulation (REG).

A series of control variables were also considered in this study. First, environmental problems
caused by energy consumption and pollution emissions are the primary control targets for regional
eco-economic treatment efficiency. We use the ratio of energy consumption to regional GDP in each
region to measure energy intensity (ENE). Second, we use the proportion of urban population to define
the degree of urbanization (URB). Third, the environmental pollution problems brought about by the
industrialization process make the beneficial output of environmental regulation increasingly less,
which affects the effectiveness of treatment to some extent. In view of this, we use the proportion
of the secondary industry to the regional GDP to represent the level of industrialization (IND).
Fourth, a variable for foreign direct investment (FDI) is included, which is defined by the regional
actual use of foreign direct investment. Finally, the eco-economic treatment efficiency in China
is increasingly dependent on the technological innovation, especially clean production technology
innovation. We use regional patent grants as a proxy for the innovation effect (INO).

Table 1 summarizes the descriptive statistics of all variables. The province-level panel data during
the period 2009–2016 was obtained from the National Bureau of Statistics of China and the National
Energy Administration. The nominal variables in this paper are deflated into real ones by using the
GDP deflator index and fixed asset investment price deflator index, with 2009 as the base year.

Table 1. Descriptive statistics of variables.

Variable Mean Median S.D. Min Max

ETE 0.379 0.218 0.382 0.043 1.453
REG 1.455 1.305 0.705 0.450 3.810
HAZ 0.053 0.020 0.059 0.000 0.199
URB 0.548 0.526 0.131 0.340 0.893
ENE 0.101 0.085 0.050 0.038 0.240
IND 0.467 0.487 0.081 0.213 0.577
INO 9.573 9.683 1.484 6.219 12.430
FDI 14.324 14.785 1.540 10.878 16.770

4. Empirical Results and Discussions

4.1. Results of Threshold Effect Tests

This paper first tests whether there is a significant nonlinear relationship and then further
determines the number of thresholds. The F-value and P-value obtained by the bootstrapping method
are shown in Table 2. We find that the double threshold and triple threshold are not significant,
because their P-values obtained by the bootstrapping method are 0.116 and 0.208, respectively.
However, the single threshold is significant at the 5% level. According to Hansen’s threshold model,
the relationship between haze pollution and regional eco-economic treatment efficiency has one
threshold in terms of the environmental regulation.
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Table 2. Threshold significance test.

Threshold
Critical Mass

F-value P-value Bootstrap times 1% 5% 10%

Single Threshold 6.257** 0.028 500 9.980 4.646 3.617
Double Threshold 2.261 0.116 500 9.850 4.504 2.682
Triple Threshold 2.739 0.208 500 18.860 8.456 5.961

The P-value and the critical mass are obtained by using the “self-sampling method” (bootstrap) with 500 replications.
*** p < 0.01; ** p < 0.05; * p < 0.1.

Second, with the environmental regulation as the threshold variable, the single threshold value is
0.810, for the forcing effect of haze pollution. Moreover, the threshold estimate value is in the 95%
confidence interval: 0.810[0.600, 3.010]. The specific results are shown in Table 3.

Table 3. Results of threshold estimators and confidence intervals.

Model Threshold Estimators 95% Confidence Intervals

Single Threshold 0.810 [0.600,3.010]
Double Threshold 2.955 [0.600,3.400]

0.720 [0.600,2.660]
Triple Threshold 0.600 [0.600,2.660]

4.2. Estimation Results of the Dynamic Threshold Model

Based on the estimation of the significant threshold, the sample is divided into two different
regimes: weakly regulated (REG ≤ 0.810) and strongly regulated (REG > 0.810). After that, this paper
further estimates the slope coefficient between the regimes using the systematic GMM estimation
approach proposed by Blundell and Bond [42].

Table 4 reports the forcing effect of haze pollution on regional eco-economic treatment efficiency
under different degrees of environmental regulation. In the case of weak regulation (REG ≤ 0.810), haze
pollution has a significantly positive impact on the regional eco-economic treatment efficiency at the 1%
level. That is, the deepening of the degree of haze pollution can effectively force the improvement of
regional eco-economic treatment efficiency; however, when the degree of regulation is strong (REG > 0.810),
its impact mechanism has totally changed. At this time, the effect coefficient changes from positive to
negative and is significant at the 1% level. The above results reflect the “critical mass” of environmental
regulation in China. When the degree of regulation is relatively weak, the haze pollution pressure will
force the improvement of regional eco-economic treatment efficiency. However, as the degree of regulation
is further enhanced and surpasses the critical mass, the effect of haze pollution will shift to the opposite
direction, which significantly reduces the efficiency level of regional eco-economic treatment.

Table 4. Results of dynamic threshold regression.

Coef. Std.Err. z P > |z| 95% Conf. Interval

L1. 0.214 *** 0.015 14.01 0.000 0.184 0.244
L2. 0.181 *** 0.013 13.56 0.000 0.155 0.207
URB 0.664 *** 0.095 6.95 0.000 0.477 0.851
ENE −0.845 *** 0.223 −3.79 0.000 −1.282 −0.408
IND −0.738 *** 0.092 −7.98 0.000 −0.919 −0.557
FDI −0.011 0.018 −0.62 0.537 −0.047 0.024
INO −0.090 *** 0.014 −6.36 0.000 −0.117 −0.062
HAZ(REG ≤ 0.810) 1.168 *** 0.241 4.85 0.000 0.696 1.640
HAZ(REG > 0.810) −0.105 *** 0.031 -3.39 0.001 −0.166 −0.044
_cons 1.260 *** 0.079 16.01 0.000 1.106 1.415

*** p < 0.01; ** p < 0.05; * p < 0.1.
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For the other driving forces of improving regional eco-economic treatment efficiency,
the urbanization level has a significantly positive impact on. URB reflects social development
and advancement in science and technology in one region, as well as a gradual optimization of the local
industrial structure. It is not difficult to find from the previous article that the level of eco-economic
treatment efficiency in highly urbanized areas such as the eastern coastal area is generally high; ENE
has a significantly negative relationship with regional eco-economic treatment efficiency, which can
be explained by the fact that the higher the energy intensity, the more pollution will be aggregated,
thus hindering the improvement of treatment efficiency; INO also has a significant negative impact,
which is different from the general understanding. However, for most regions that are still in the early
stage of innovative development in China, due to a relatively low level of technology, insufficient
resource transformation has led to a heavy cost of innovation and then crowded out the treatment
space to a certain extent, further decreasing the efficiency of regional eco-economic treatment; the
impact of IND on the efficiency of regional eco-economic treatment is negative and very significant.
Therefore, all regions should speed up the adjustment of the industrial structure and pay more attention
to the balanced utilization of various kinds of limited resources to achieve the green development
target; China’s FDI has also inhibited an increase in the treatment efficiency, but it is not significant.
In other words, there is not enough evidence to show that the improvement in the foreign direct
investment level plays a role in the decreasing regional eco-economic treatment.

5. Discussion

Normally, environmental regulation is necessary to improve the efficiency of regional eco-economic
treatment. However, unlike previous studies, we find that the forcing mechanism of haze pollution
pressure on regional treatment efficiency is more sensitive to environmental regulation due to the
“scarcity” of environmental elements. Moreover, when the degree of regulation surpasses the threshold
value, its impact on regional treatment efficiency will be totally the opposite. Therefore, blindly
increasing the intensity of regulation cannot effectively force the improvement of regional treatment
efficiency through the increase in haze pollution pressure. This paper argues that the “cost-saving” effect
and “innovation offset” effect produced by different regulation intensities have become the decisive
factors for adjusting the relationship between the two sides. For the Chinese context, the result of strong
regulation intensity is that the crowding-out effect is greater than the offset effect. Furthermore, in the
past development process, the Chinese economy has largely followed the extensive mode of heavy
industry dominance with high-energy consumption, high pollution emission and low efficiency. In this
condition, each region will choose to respond to environmental regulation by increasing investment
in cleaner production technologies or industrial restructuring. However, no matter what method is
adopted, it will inevitably increase the regional economic pressure, and then form a forcing mechanism
for regional green production.

When the degree of environmental regulation is relatively weak, the standards of regulatory
policies are still within the limits of enterprises. At this point, the increase in haze pollution pressure will
effectively force enterprises to re-examine existing production processes, develop green energy-saving
technologies and increase output rates under the influence of “innovation offset” effect, and ultimately
achieve the goal of reducing enterprise cost. In addition, from the perspective of environmental
regulators, a weaker regulation intensity means less supervising pressure from the government, which
is beneficial to the relevant personnel to carry out their work efficiently. Based on the above two points,
the target of improving regional eco-economic treatment efficiency will be achieved.

However, when the degree of environmental regulation is stronger, the haze pollution pressure
will be failing in forcing enterprises to actively take relevant action to improve the treatment efficiency,
because the crowding-out effect will dominate the “innovation offset effect”—that is, environmental
regulation has a negative effect on the improvement in regional eco-economic treatment efficiency,
which reflects the “green paradox” theory proposed by Sinn [8]. First, the excessively long-term
cost produced by a strong degree of regulation will reduce the willingness of enterprises to optimize
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their resource management structures. For China, whose economic development is dominated by
the polluting industry comprising heavy industries such as petroleum, steel, coal and chemical
industries, most of these enterprises have a relatively high investment in fixed assets and a relatively
high cost of technological transformation. Therefore, when the degree of regulation is gradually
increased, enterprises will give priority to the strong regulatory standards through the increase in
direct pollution control investment. Meanwhile, it has squeezed the space for innovation investment,
which further restricts the output expansion and economic growth [47]. It can be imagined that when
the regulatory standards surpass the critical mass of enterprise bearing capacity of pollution control
cost, the innovation investment income will not be able to make up for the additional cost of pollution
control. If these enterprises continue to meet policy standards, a series of negative externalities
such as “rent seeking” will follow, resulting in a reduction in the marginal utility of environmental
regulation—that is, the decrease in eco-economic treatment efficiency.

Second, we find that the law of marginal production decline in the forcing mechanism is
highlighted. In the early stage, the green output of enterprises will gradually increase with the
input of government ecological treatment [3]. However, as the primary goal of ecological treatment,
many highly polluting enterprises rely heavily on scarce resources such as metals, coal and steel.
These resources, unlike ordinary production factors, cannot release “regulatory dividends” in the short
term. In view of this, with the further increase in industrial pollution control investment, particularly
when the marginal cost of input is greater than the marginal green output of enterprises, although the
treatment effectiveness will continue to increase within a certain period of time, the ratio of treatment
effectiveness to production factor input will gradually decrease; in other words, the stronger regulation
that makes the marginal cost greater than the marginal output will result in failure in the forcing effect
of haze pollution pressure.

Third, excessive investment in industrial pollution control is not conducive to the decoupling
of environmental pollution and economic growth, because the government’s high pollution control
investment will undoubtedly form an invisible constraint on the enterprises, making them change the
original production and operation mode [48]. This will make enterprises with strong profitability bear
greater risks. Moreover, in the process of transformation, many enterprises have suffered losses due
to market uncertainty. In other words, the increase in environmental protection investment cannot
achieve an economic growth target that is not at the expense of the environment and will ultimately
lead to the development of the eco-economic treatment to an inefficient path.

Overall, the effect mechanism of haze pollution on regional eco-economic treatment efficiency is
different through the threshold effect of environmental regulation. Under a relatively weak degree of
regulation, the increase in haze pollution pressure prompts high-polluting enterprises to adjust the
production structure in time and carry out research and development of green cleaner production
technology. Meanwhile, its innovative income can effectively offset the initial investment cost, thus
forcing the improvement in regional treatment efficiency. In contrast, if current environmental
regulation intensity is further increased beyond the regional bearing capacity, it will not only increase
the pressure on policy supervision and implementers but also reduce the marginal revenue rate of
pollution control and restrict the further development of enterprises with a relatively low level of
technology and income. At this time, the haze pollution pressure has a restraining effect on the
treatment efficiency improvement, and the ideal result of win–win situation for the economy and the
environment described by the Porter hypothesis cannot be achieved.

In addition, to better achieve the upgrading of the regional eco-economic treatment efficiency,
it is also necessary to exert the synergistic effect of multiple driving factors of regional treatment
efficiency: Chinese governments at all levels should focus on the energy consumption characteristics of
the region, establish a complete monitoring mechanism for energy intensity, and issue timely targeted
treatment policies according to the energy intensity index in different periods to efficiently optimize
the eco-economic efficiency. In addition, the scientific and technological resources and economic
development brought about by the urbanization process are crucial to the improvement in regional
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eco-economic treatment efficiency. Therefore, we should pay attention to the strategic layout of regional
integration construction with provincial capital taken as the core, and fully realize the extension of
regional superior resources. However, for the regional industrialization level, it is necessary to speed up
the shutdown of high-pollution and high energy-consuming enterprises, optimize the industrial layout,
and guide the industry mode to shift from high-speed growth to high-quality growth, eventually
eliminating the obstacles to improving regional eco-economic treatment efficiency.

Finally, the lag variables are significant at the 1% level, which indicates that the dynamic panel
threshold model constructed in this paper is reasonable. The Hansen Test of Overid shows Prob > χ2 =

0.409, which does not reject the original hypothesis that the instrumental variables are reasonable at
the 10% level. The Arellano-Bond (AR) (1) and AR (2) tests (Table 5) also do not reject the original
hypothesis that the disturbance term {εit} has no autocorrelation; the model setting and the use of a
first-order difference GMM are also more reasonable.

Table 5. Arellano-Bond (AR) (1) and AR (2) tests.

Order z Prob > z

AR (1) −2.34 0.019
AR (2) 1.12 0.264

We also analyze the heterogeneity of environmental regulation across regions and time, which can
have a better understanding of the threshold effect of environmental regulations. As shown in Table 6,
the number of provinces with weaker environmental regulation (REG ≤ 0.810) showed a steady and
declining trend at first, and in 2013, as the national haze pollution reached its peak, the number of
weaker regulatory provinces was the lowest among all years included in this paper, and then it showed
a gradually rising trend. Provinces with weaker environmental regulation (REG ≤ 0.810) account
for 17.5%, while provinces with stronger environmental regulation (REG > 0.810) account for 82.5%
of the total. Therefore, local governments should attach great importance to controlling the degree
of regulation within a reasonable range, thus preventing the forcing mechanism of haze pollution
from failing. We find that most of the provinces with stronger regulation are developed or polluted
regions, such as Beijing, Tianjin, Shanxi, Hebei, Neimenggu, Zhejiang and Jiangsu. These regions
have a relatively high level of industrialization, and also suffer from serious environmental pollution
caused by excessive energy consumption in the past, which results in the need for more stringent
regulatory measures. In recent years, more and more regions have introduced various regulations
to accelerate regional green transformation. On the other hand, however, local governments should
pay more attention to the regional differences in economic development and resource endowments,
balance the utilization of all kinds of development factors, and fully release the bonus brought about
by the appropriate degree of environmental regulation.
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Table 6. Distribution of Chinese provinces with different threshold intervals for each year.

Year
REG ≤ 0.810 REG > 0.810

Province Number Province Number

2009 Fujian, Henan, Guangdong,
Sichuan, and Guizhou 5

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning, Jilin,
Heilongjiang, Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi,
Shandong, Hubei, Hunan, Guangxi, Hainan, Chongqing,
Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang

25

2010 Shanghai, Henan, Hunan,
Sichuan, and Guizhou 5

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning, Jilin,
Heilongjiang, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi,
Shandong, Hubei, Guangdong, Guangxi, Hainan, Chongqing,
Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang

25

2011 Shanghai, Zhejiang, Henan,
Hunan, Guangdong, and Sichuan 6

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning, Jilin,
Heilongjiang, Jiangsu, Anhui, Fujian, Jiangxi, Shandong, Hubei,
Guangxi, Hainan, Chongqing, Guizhou, Yunnan, Shaanxi,
Gansu, Qinghai, Ningxia, and Xinjiang

24

2012 Shanghai, Henan, Guangdong,
and Sichuan 4

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning, Jilin,
Heilongjiang, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi,
Shandong, Hubei, Hunan, Guangxi, Hainan, Chongqing,
Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia,
and Xinjiang

26

2013 Jilin and Guangdong 2

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning,
Heilongjiang, Shanghai, Jiangsu, Zhejiang, Anhui, Fujian,
Jiangxi, Shandong, Henan, Hubei, Hunan, Guangxi, Hainan,
Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,
Qinghai, Ningxia, and Xinjiang

28

2014 Jilin, Fujian, Hunan, Guangdong,
and Hainan 5

Beijing, Tianjin, Hebei, Shanxi, Neimenggu, Liaoning,
Heilongjiang, Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi,
Shandong, Henan, Hubei, Guangxi, Chongqing, Sichuan,
Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia,
and Xinjiang

25

2015 Tianjin, Jilin, Henan, Guangdong,
Hainan, and Sichuan 6

Beijing, Hebei, Shanxi, Neimenggu, Liaoning, Heilongjiang,
Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Shandong,
Hubei, Hunan, Guangxi, Chongqing, Guizhou, Yunnan,
Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang

24

2016
Tianjin, Liaoning, Jilin, Shanghai,
Fujian, Hunan, Guangdong,
Hainan, and Chongqing

9

Beijing, Hebei, Shanxi, Neimenggu, Heilongjiang, Jiangsu,
Zhejiang, Anhui, Jiangxi, Shandong, Henan, Hubei, Guangxi,
Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia,
and Xinjiang

21

6. Conclusions and Policy Implications

Improving regional eco-economic treatment efficiency and reducing haze pollution is a task with
high uncertainty and complexity. In general, the average value of China’s eco-economic treatment
efficiency is 0.379. There is still a large developmental scope for China’s eco-economic treatment
effectiveness, and its ecological treatment efficiency has not yet formed a unified trend, so there is
still a long way to go to achieve the goal of efficient regional eco-economic treatment. The regional
differentiation of China’s eco-economic treatment efficiency is significant, and not all provinces with
higher efficiency levels are concentrated in the developed coastal areas of the East. The forcing
mechanism of haze pollution pressure on regional eco-economic treatment efficiency is significantly
constrained by environmental regulation. The weak degree of environmental regulation is conducive
to the forcing effect of haze pollution on the improvement of regional eco-economic treatment efficiency.
However, once the regulatory intensity breaks through the “threshold value”, the stronger degree of
environmental regulation will instead suppress the forcing effect of haze pollution and reduce the
efficiency of regional ecological treatment.

The conclusions of this study have some policy implications. First, in the context of global
low-carbon games and low-carbon competition, improving the effectiveness of eco-economic treatment
and realizing regional green growth upgrading is the key link in the process of China’s economic
transformation from an extensive to an intensive development mode. Second, considering the
interregional differentiation characteristics of eco-economic treatment efficiency, for the eastern coastal
areas with a high overall level of treatment efficiency, they should mainly adopt the treatment method of
“two-point coordinated promotion”. On the one hand, they should continue to deepen the adjustment
of the industrial structure and maximize the power release of green industry. On the other hand, they
should coordinate scientific and technological resources to attract and motivate R&D personnel to
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participate in corporate clean technology innovation. Most regions with low efficiency in eco-economic
treatment should place the optimization and adjustment of the industrial structure at the core, gradually
change the energy consumption structure with the high energy consumption of coal and steel as well
as high pollution, and establish green corridors and clean technology industrial parks with the Chinese
“Belt and Road” initiative to cultivate and develop new energy and new materials, thus finally realizing
the development model of a circular economy. Third, in view of the fact that the crowding-out effect
of the current strong degree of environmental regulation is greater than the innovation offset effect,
in areas with strong regulation intensity, in addition to establishing an early warning mechanism for
haze pollution, environmental regulation should be maintained at a relatively stable level to prevent
the inhibition effect of haze pollution pressure on the improvement of regional treatment efficiency.
In areas with weaker regulatory intensity, they should make full use of their “innovation offset effect”
and, under the intervention of government policies, promote the regional improvement of “three
wastes” recycling efficiency and ultimately achieve the goal of efficient regional ecological treatment.
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