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Based on the panel data of 30 provinces (autonomous regions and
municipalities) in China from 2004 to 2017, this paper used the three-stage
super-efficiency SBM-DEA model to calculate the ecological well-being
performance (EWP) of provincial capital cities and analyzed its temporal and
spatial evolution. The results show that: (D) the improvement of China’s
technological level and opening-up level can promote the improvement of
ecological well-being performance, while the improvement of environmental
regulation, urbanization level, and economic development level can inhibit the
improvement of ecological well-being performance (®@). After excluding the
influence of external environment and random interference, the ecological
health performance of the whole country and the eastern, central and western
regions has been improved, with the eastern region having the greatest
improvement and the central region having the smallest improvement. The
performance level of national ecological well-being presents a spatial pattern of
“strong in the eastern region, secondary in the central region and weak in the
western region” (®). The ecological well-being performance levels of Beijing,
Hainan, and Shanghai had always been at the forefront of the country, while
those of Ningxia, Inner Mongolia, and Liaoning had been in the bottom three for
a long time. The gap between provinces is obvious, but the gap between
provinces within the same region is smaller.

KEYWORDS

ecological well-being performance, level measurement, spatiotemporal evolution,
three-stage super-efficiency SBM-DEA model, Chinese provinces

1 Introduction

In the past 40 years of reform and opening up, China’s urbanization rate has increased
from 17.92% in 1978 to 63.89% in 2020 (National, 2021), and it has become the second
largest economy in the world. Although people’s living standard has been greatly
improved, by 2020, China’s human development index ranked only 85th among
189 countries. At the same time, China has also paid a heavy ecological price, and
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problems such as resource shortage and environmental pollution
have become increasingly apparent (Ameen et al.,, 2015; Bian
et al., 2020).

To alleviate these problems, the Chinese government has taken
various measures to protect the environment and improve the well-
being of urban residents. For example, as early as 2003, the Chinese
government put forward the concept of “people-oriented,
comprehensive, coordinated and sustainable development.” In
2006, it
environment-friendly society. At the 18th National Congress of
the Communist Party of China in 2012, “ecological civilization”
was put in a more prominent position. In 2019, the fourth Plenary
Session of the 19th CPC National Congress called for “upholding and
improving the system of ecological civilization and promoting

proposed  building a resource-conserving and

harmonious coexistence between man and nature” as a higher
requirement for sustainable development.

At present, exploring the minimum ecological input to obtain
the maximum social well-being output, that is, to improve the
performance level of ecological well-being, has become an urgent
task for China to achieve high-quality economic development.
However, China has a vast territory, and the environment for
economic and social development is quite different. The natural
capital stocks and service functions of different provinces are
different. How do they perform in ecological well-being
What affect of
ecological well-being? And how is the impact measured?

performance? factors the performance
What are the evolvement rules of ecological well-being
performance in time and space? This paper will study the
above issues, aiming to explore the current status and basic
characteristics of ecological well-being performance in China and
capture the evolution trend of the spatial distribution of

ecological well-being performance.

2 Literature review

Ecological well-being performance (EWP) was first proposed by
Daly (1974), Daly (1990) to measure the level of sustainable
development in various countries. It has been stated that urban
sustainability can be evaluated by measuring the social well-being
level generated by the unit consumption of natural resources. Some
research states that human society has already transferred from the
“empty world” with relatively rich natural capital to the “full world”
with increasingly tight ecological environment constraints (Daly,
2005). In a “full world,” artificial capital has become relatively
rich, and natural capital has become the main factor restricting
the improvement of human well-being level. Whether the
improvement of human well-being can be realized with its
constraints has become the fundamental challenge of sustainable
development (Zhu, 2008). In recent years, the research on ecological
environment mainly focuses on the methods of ecological
assessment and  the

environment selection of ecological

environment indicators.
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There are two main methods to measure the EWP. One is the
single ratio index method, which uses the ratio of well-being level
to ecological consumption for measuring the EWP (Ng, 2007;
Jorgenson et al., 2014). For example, Common (2007) measured
ecological well-being performance by establishing a formula of
the ratio of well-being output to environmental input. Using
resident satisfaction as a proxy for well-being, the paper finds that
richer countries are less good at translating environmental
impact into satisfaction; Zhu et al. (2014) defined ecological
well-being performance as the efficiency of transforming
ecological resource consumption into social well-being level,
quantified it by the ratio of human development index (HDI)
to ecological footprint, and obtained the inverted U-shaped
relationship between ecological well-being performance and
economic growth by using data from 124 countries and
regions in 2007. Similarly, Dietz et al. (2012) evaluated the
EWP of 58 countries and proposed that the relationship
between PER capita GDP and environmental intensity of
human well-being presents a U-shaped opposite to the
With  the the
application of the single ratio method has gradually decreased

Kuznets curve. deepening of research,
because of the small number of indicators.

The other method is composite index methods, such as the
Data Envelopment Analysis model (DEA) and the Stochastic
Frontier Production model. In terms of the evaluation of
environmental pollution by the DEA method, the following
two methods are generally adopted: one is to treat
environmental pollution as an input variable. For example,
Long and Wang (2017) used the Super-SBM model to make
an overall assessment of the EWP in Shanghai from 2006 to 2014;
Xiao and Zhang (2019) also analyzed the spatial evolution
pattern of ecological well-being performance during the
2004-2016 period based on the super-SBM model and took
30 provinces of China as the research area. The second is to
treat environmental pollution as an undesirable output. For
example, Fang and Xiao (2019) utilized the super-SBM model
to measure the level of ecological well-being and then studied the
spatial effect. On the other hand, Dietz et al. (2009) assessed
effective well-being in 135 countries using a Stochastic Frontier
Production model. Xiao and Zhang (2019) estimated the EWP of
30 Provinces in China from 2004 to 2015 using an improved
Stochastic Frontier Production model. Compared with SFA
method, DEA method does not need to set the function form,
and can bring the unexpected output into the analysis
framework. It has been gradually adopted by many scholars,
and has become an ideal method to measure EWP.

A key issue during indicator selection is the measurement of
well-being indicators. Some studies (Bjornskov, 2010) stated that
the evaluation of subjective well-being was superior to that of
objective well-being indicators. The reason is that the objective
well-being evaluation is only an input indicator for people to
achieve high well-being or quality of life, while the subjective
well-being evaluation better reflects people’s real well-being
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feelings. In terms of the relationship between ecological well-
being performance and economic growth, Rice (2008) adopted
Pearson correlation analysis and found that the marginal well-
being effect of natural consumption decreased successively in
backward countries, middle-income countries, and high-income
countries. Jorgenson et al. (2014) studied the data of
106 countries in the past 40 years and found that economic
growth does not necessarily lead to a decrease in Ecological well-
being performance. In Asia and Central and South America, the
impact of economic development on ecological well-being
performance is positive and increasing. In North America,
Europe, and Oceania, the impact of economic development on
ecological well-being performance is relatively stable.

The above literature has laid the foundation for the
research of this study. Through the literature review found
that the more academic literature to measure ecological
benefits performance level with traditional Super—SBM
model, this model does not eliminate the provincial (city,
area) the external environment factors and the influence of
random disturbance on the ecological benefits performance
level, so the measured result cannot objectively reflect the
actual status of the ecological benefits performance level. Fried
et al. (2002) proposed the three-stage DEA method based on
the traditional DEA model, which can effectively exclude the
effects of external environmental factors and random
interference on the efficiency of production units and place
all production units in a fair external environment, making
the efficiency level more objective and real. At the same time,
the three-stage DEA method can compare the Ecological well-
being performance indexes at the provincial level from
horizontal and vertical dimensions, and accurately measure
the level of ecological consumption at the provincial level
from the input end and output end.

This study combines the three-stage DEA model with the
super-SBM model, namely, the three-stage super-efficiency
SBM-DEA model. This method was used to measure the level
of ecological well-being performance of 30 provinces
(municipalities and autonomous regions) in China from
2004 to 2017 and analyze its spatio-temporal evolution. This
study aims to enrich the measurement methods of ecological
well-being performance through this research on the one hand;
On the other hand, it can clarify the evolution characteristics of
China’s ecological well-being performance level and provide a
reference for relevant policymaking.

3 Model and data

3.1 Three-stage super-efficiency
SBM-DEA model

Considering the overall data characteristics, random errors,
and environmental factors, this paper combines the DEA model
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with the super-efficiency SBM model to establish a three-stage
super-efficiency SBM-DEA model for efficiency evaluation. In
this way, the dimension problem can be avoided to a greater
extent, and the efficiency value is more consistent with the fact
and close to the reality. The construction of the model includes
the following three stages:

3.1.1 Stage 1: Super-SBM measure model

In the traditional three-stage DEA model, the first stage is
based on the radial measurement method, such as the CCR or
BCC model, which does not take into account the relaxation of
input-output, and the measurement results are not completely
consistent with the actual situation. The advantage of the non-
radial SBM model proposed by Tone (2001) is that the efficiency
value changes strictly with the change of the slack degree of input
and output. However, the efficiency value obtained by the SBM
model will be one at the same time, leading to the problem that
decision-making units cannot be sorted. Therefore, Tone (2002)
further proposed the super-SBM model and solved the relaxation
problem of input-output variables and the ordering problem of
decision-making units at the same time. Therefore, this study
uses the input-oriented super-SBM model to measure the
performance level of ecological well-being. The model is as

follows:
1Zm =
. = iz X Xik
Min é = nZin®/ (1)
1 st d d sty v
L+ s1+82 (Zr:ly /yrk+Zz:1y /yzk>
n n _ n
= . d d . v v
Z xij/\ij, Z erA]Sy , Z yZJAJSy
j=Lj#k j=Lj#k j=Lj#k
n
z x,-j/\j+si_=xik,i=1,2,“~,m
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n
L. d d_ .d _
st 1 Z yrjAj_Sr_yrk’r_l’z""’S
j=lij#k
n
z Yidi—S, =i 2=12,n
j=Lij#k
7> A<l TV v
X2Xks Y —J:lk’y Z Yk
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Where § is the DEA super-efficiency value, A; is the weight vector,
n represents the number of undesirable outputs; M represents the
number of input variables and S represents the number of
expected output variables. s7,s¢, and s, respectively represent
the slack variables of input, expected output, and unexpected
output. When the § > 1, DMU is relatively efficient, and when §
< 1, DMU is relatively invalid, and the larger the § value is, the
higher the ecological well-being performance level is.

3.1.2 Stage 2: SFA model

In the first stage, the performance level of ecological well-
being based on the super-SBM model is affected by

environmental factors, random interference, and management
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efficiency. To further distinguish the influence degree of each
factor, the SFA model is needed in the second stage to eliminate
environmental factors and random interference factors, so that
the input redundancy of DMU is only caused by management
inefficiency. The stochastic frontier regression formula is as
follows:

Su=f(Zi; B)+vu+,5i=1,2,-Tn=1,2-N (2

Where S,;; is the i relaxation variable of the n input variable of the
first decision unit in the first stage; Z; is the environment variable,
B, is the coefficient of the environment variable; v,,; + ,,; is the
mixed error term, vyrepresents random interference, and
v~ N(0,02) represents the influence of random interference
factors on input relaxation variables; y,; represents management
inefficiency, assuming that it obeys a normal distribution
truncated at zero, i.e., y ~ N* (0, oz)., indicates the impact of
management inefficiency on the input relaxation variable.

y= ai/ (62 + O’ﬁ) is the proportion of variance of
management inefficiency in the total variance. When the y
value tends to 1, it indicates that management inefficiency
factors are dominant. When the y value tends to 0, it
indicates that the random error factor is dominant.

The purpose of SFA regression is to eliminate the influence of
environmental factors and random interference on performance
measurement so that all decision-making units can be adjusted to
the same external environment. The adjustment formula is as

follows:
X;‘;i =X, + [max<f<Z,,ﬁn>> —f<Z,-;ﬁAn>] + [max (v,;)
_Vni]
i=1,2, ,Ihn=1,2,..., N.

(©)

Where X4 is the adjusted input; X,,; is the pre-adjustment input;
[max(f(Z,»;ﬁn)) - f(Zi;[{l)] is to adjust the external
environmental factors; [max (vy;) — v,;] is to bring all decision
units to the same level of luck.

3.1.3 Stage 3: Adjustment super-SBM model

Based on the super-SBM model of the first stage, the adjusted
input and output variables are used to measure the Ecological
well-being performance of each province again. At this time, the
performance value has eliminated the influence of environmental
factors and random interference, which is a more real and
accurate result obtained by placing all provinces under the
same external environment and luck level.

3.2 Index and data

The efficiency evaluation index system constructed in this
study consists of input variables, output variables, and external

Frontiers in Environmental Science

04

10.3389/fenvs.2022.1007231

environment variables. Refer to the Long’s findings (Long and
Wang, 2017) , specific input and output indicators are shown in
Table 1. Environmental variables refer to the variables that can
affect the ecological well-being performance and cannot be
subjectively changed or controlled within a short period.
According to the existing research results (Fang and Xiao,
2019), the corresponding indicators in Table 2 are selected for
measurement.

Due to data acquisition reasons, this paper selected
30 provinces (autonomous regions and municipalities) in
China as research objects, excluding Hong Kong, Macao,
Taiwan, and Tibet, which are different from the statistical
caliber of mainland China that will lead to biased results, with
a period from 2004 to 2017. Tibet is not within the research area
of this study due to a lack of data. The original data of various
indicators for measuring the performance level of ecological well-
being and environmental variables come from China Statistical
Yearbook, China Environmental Statistical Yearbook, China
Education Statistical Yearbook, and China Energy Statistical
Yearbook. The per capita index of resource consumption and
environmental pollution is calculated by the permanent
population at the end of the year. The data of per capita GDP
were subtracted based on 2004; The average life expectancy of
each province only has the data of 1990, 2000, and 2010. The
missing data of each province are supplemented by referring to
the method of Xu et al. (2017). The calculation of the average
length of schooling for students (ALS) is shown in formula (Daly,
1974), P represents the population of each educational level.

ALS = 6 x Pprimuryschool +9 X Pjuniorschool +12 x Pseniorhighschool
+ X College degree or above

Pprimuryschool + Pjuniorschoal + Pseniorhighschoal + PCollegedegreeorabove

4

4 Empirical analysis
4.1 Stage one results

At this stage, based on the obtained data, the input-oriented
super-efficiency SBM model can be used to calculate the
ecological well-being performance level of 30 provinces (cities
and districts) in China from 2004 to 2017, without excluding with
the influence of environmental factors and random disturbances.
The results are shown in Table 3.

At the national level, the average ecological well-being
performance in China from 2004 to 2017 was 0.895, which
did not reach the production frontier, indicating that there is
still a large room for improvement.

China’s ecological well-being performance dropped from
0.947 in 2004 to 0.823 in 2017, with a drop of 13.1% and an
annual decline rate of about 1.1%, indicating that China’s
growth has not been

economic accompanied by a
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TABLE 1 The input and output indexes.

Dimension Criteria

Input indicators Resource consumption

Output indicators

Desirable outputs

Undesirable outputs

Two-level index

Energy consumption
Water consumption
Land consumption
Health care level
Education development
Economic development

Wastewater

10.3389/fenvs.2022.1007231

Waste gas

Waste residue

TABLE 2 Environment variables and descriptions.

The environmental variables

Environmental regulation

The industrial structure

Degree of opening to the outside world
The technical level

The urbanization ratio

Regional economic development level

corresponding  improvement in  ecological  well-being
performance. This is consistent with the theoretical hypothesis
of Manfred (2005) on the “well-being threshold.” They believe
that the relationship between economic growth and social well-
being level is not always positive, and when the economic
development crosses a certain threshold, continued economic
growth will inhibit the quality improvement of human life.

China’s
performance has always been the highest in the eastern

At the regional level, ecological well-being
region, followed by the central region, and the lowest in the
western region. This is consistent with the spatial pattern of
“east-central-west” decreasing in China’s economic development
level. In terms of the changing trend, the ecological well-being
level in the eastern, central, and western regions all showed a
downward trend, with an average annual decline of 1.1%, 0.4%,
and 1.5%, respectively. It can be seen that the eastern and western
regions showed the most obvious decline.

From the provincial level, Figure 1 visually shows the ecological
well-being performance level of 30 provinces (autonomous regions
and municipalities) in China from 2004 to 2017. Hainan, Beijing, and
Henan ranked the top three in terms of ecological well-being
performance, but their causes were different. Hainan benefits
from the unique “natural endowment” and has a comparative
advantage in developing tourism, so its economic growth is less
dependent on resources, energy, and other factors input. Beijing is

Frontiers in Environmental Science

Indicators Unit
Per capita energy consumption (standard coal) Kwh
Per capita water consumption (standard coal) Ton
Per capita build-up area consumption (standard coal) m’
Life expectancy Year
The average length of schooling for students Year
Per capita GDP Yuan
Per capita wastewater Ton
Per capita SO, kg
Per capita soot/dust kg

Indicators

The proportion of investment in environmental governance in gross regional product

The proportion of the secondary industry

The ratio of total import and export trade to regional GDP

The proportion of technology market turnover in gross regional product

The proportion of permanent urban residents in the total population

The per capita GDP (gross domestic product)

05

China’s most developed city, but the ecological benefits performance
levels are not affected by the “threshold,” thanks to Beijing’s “city
status,” in the vicinity of the capital, technology, and talent with
strong “siphon effect,” while polluting enterprises affected by
“depression effect” to spread to the surrounding area. Henan
province is located in the central region of China. Its economic
development level is not outstanding, but it is in the dynamic balance
between factor input and social well-being output. From 2004 to
2017, Inner Mongolia, Xinjiang, and Ningxia ranked the bottom
three in ecological well-being performance. The ecological
environment of the above three places is relatively fragile, and the
development model of exchanging natural resource consumption for
economic growth has not changed fundamentally, resulting in a low
level of ecological well-being performance. From the above analysis, it
can be seen that the provinces affected by the “well-being threshold”
are concentrated in the eastern regions, such as Guangdong, Jiangsu,
Shandong, and Zhejiang, which are experiencing rapid economic
growth in China, but their ecological well-being performance
continues to decline.

4.2 Second stage results

The second stage is stochastic frontier analysis. Based on
Stage 1 results, slack of energy inputs, water resource inputs and
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TABLE 3 Stage 1 results of ecological well-being performance of 30 provinces (autonomous regions and municipalities) in China from 2004 to 2017.

Province/city 2004 2005 2006 2007 2008 2009
Beijing 1.335 1.671 1.692 1.807 1.862 1.878
Tianjin 1.083 1.029 1.044 1.030 1.040 1.037
Hebei 0.679 0.744 0.758 0.743 0.764 0.764
Shanxi 1.039 1.046 1.046 1.042 1.055 1.054
Inner Mongolia 0.422 0.439 0.442 0.437 0.447 0.441
Liaoning 0.605 0.567 0.564 0.550 0.550 0.546
Jilin 0.710 0.712 0.715 0.717 0.696 0.649
Heilongjiang 0.619 0.567 0.565 0.563 0.557 0.528
Shanghai 1.332 1.117 1.115 1.126 1.109 1.132
Jiangsu 0.817 0.818 0.804 0.804 0.786 0.748
Zhejiang 1.023 1.042 1.029 1.019 1.012 1.006
Anhui 1.114 1.103 1.082 1.091 1.068 1.063
Fujian 1.050 1.045 1.022 1.022 1.014 1.003
Jiangxi 1.032 1.044 1.021 1.036 1.047 1.054
Shandong 1.002 1.010 1.011 1.003 1.003 0.866
Henan 1.188 1.174 1.127 1.132 1.123 1.102
Hubei 0.765 0.744 0.801 0.843 0.771 0.745
Hunan 1.009 1.019 1.028 1.026 1.021 1.019
Guangdong 1.060 1.065 1.082 1.025 1.002 0.850
Guangxi 1.047 1.028 1.035 1.030 1.028 1.029
Hainan 1.956 2.083 2.025 1.957 1.975 1.934
Chongqing 1.004 0.832 1.036 1.017 1.009 0.861
Sichuan 0.823 0.925 1.030 1.027 1.041 1.021
Guizhou 1.104 1.074 1.071 1.091 1.090 1.067
Yunnan 1.077 1.118 1.070 1.070 1.072 1.066
Shannxi 1.022 1.030 1.047 1.043 1.044 1.047
Gansu 1.010 0.777 0.835 0.847 0.798 0.806
Qinghai 0.666 0.596 0.570 0.572 0.545 0.562
Ningxia 0.377 0.306 0.311 0.317 0.319 0.325
Xinjiang 0.433 0.453 0.435 0.430 0.419 0.390
Eastern 1.086 1.108 1.104 1.099 1.101 1.069
Central 0.935 0.926 0.923 0.931 0917 0.902
Western 0.817 0.780 0.807 0.807 0.801 0.783
National average 0.947 0.939 0.947 0.947 0.942 0.920

land resource inputs are used as the explained variables of the
regression model. Environmental regulation, industrial structure,
level of opening up, technological level, urbanization level and
economic development level are taken as environmental
variables. In this paper, Frontier 4.1 software is used to
conduct SFA regression, and the results are shown in Table 4.

As can be seen from Table 4,y values are above 0.90,
indicating that management inefficiency has a much greater
impact on input redundancy than random interference in the
mixed error term, and plays a dominant role. LR test of the
one-sided error values are significant at a 1% level, indicating
that the SFA regression model is reasonable. The regression
coefficients of environmental variables showed different
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2010 2011 2012 2013 2014 2015 2016 2017
1.921 1.843 1.835 1911 1.764 2.156 1.960 1.773
1.053 1.050 1.065 1.067 1.073 1.035 1.001 1.005
0.801 0.765 0.769 0.779 0.790 1.001 0.699 1.001
1.032 1.018 1.018 1.020 1.025 1.036 1.026 1.040
0.420 0.369 0.359 0.357 0.358 0.346 0.392 0.393
0.530 0.478 0.469 0.463 0.462 0.453 0.494 0.496
0.602 0.576 0.580 0.575 0.582 0.575 0.627 0.609
0.524 0.487 0.487 0.502 0.519 0.513 0.552 0.563
1.069 1.069 1.062 1.063 1.075 1.057 1.090 1.032
0.750 0.692 0.675 0.649 0.630 0.607 0.523 0.539
1.009 1.001 0.905 0.879 0.858 0.830 0.757 0.772
1.045 1.032 1.027 1.027 1.038 1.020 1.009 1.007
1.002 1.002 0.896 0.817 0.823 1.003 0.747 1.016
1.041 1.040 1.056 1.046 1.024 1.019 1.018 1.017
0.817 0.728 0.727 0.723 0.701 0.676 0.667 0.689
1.131 1.042 1.037 1.040 1.083 1.072 1.138 1.175
0.695 0.757 0.764 0.776 0.774 0.771 0.705 0.656
1.022 1.022 1.031 1.043 1.053 1.069 1.067 1.029
0.812 0.825 0.821 0.807 0.829 0.793 0.728 0.736
1.008 1.028 1.025 1.027 1.020 1.031 1.014 1.001
1.753 1.381 1.326 1.239 1212 1.158 1.165 1.184
0.822 0.860 1.003 1.002 0.870 0.834 0.788 1.037
1.000 1.033 1.029 1.030 1.017 1.026 0.821 0.785
1.063 1.129 1.108 1.084 1.085 1.078 1.010 0.656
1.067 1.062 1.054 1.040 1.041 1.058 1.002 1.008
1.047 1.036 1.046 1.039 1.019 1.020 1.008 0.758
0.778 0.739 0.743 0.739 0.712 0.705 0.679 0.691
0.556 0.550 0.571 0.514 0.496 0.468 0.396 0.400
0.307 0.314 0.318 0.300 0.295 0.283 0.270 0.272
0.378 0.380 0.354 0.342 0.350 0.350 0.346 0.352
1.047 0.985 0.959 0.945 0.929 0.979 0.894 0.931
0.887 0.872 0.875 0.879 0.887 0.884 0.893 0.887
0.768 0.773 0.783 0.770 0.751 0.745 0.702 0.669
0.902 0.877 0.872 0.863 0.853 0.868 0.823 0.823

degrees of significance after the f-test, indicating that the
external environment had a significant effect on the input
redundancy of corresponding factors. Therefore, to keep
provinces in a fair external environment, it is necessary to
use the SFA method to eliminate the
environmental factors and random interference, to readjust

influence of

the input.

The estimated coefficients of environmental variables
indicate that they have different effects on corresponding
input redundancy. When the regression coefficient is
positive, there is a positive correlation between
environmental variables and input slacks, that is, the

increase of environmental variables will lead to the
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FIGURE 1

The average EWP values of provincial capital cities in China from 2004 to 2017.

TABLE 4 Results of SFA regression in the second stage.

Variable Slack of energy inputs

Coefficient T value
Environmental regulation 12.050* 3.32
Industrial structure 1.770%% 5.34
Level of opening up -0.06 -0.74
Technological level —5.184% -3.14
Urbanization level -0.69 -1.16
Economic development level 0.02 0.15
Constant term -1.18 -1.09
Sigma-squared 5.23%%* 3.69
Gamma 0.98*** 221.16
LR test of the one-sided error —151.61%%*
Log likelihood 900.45

Note: Significance: *p < 0.1, **p < 0.05, **p < 0.01.

increase of input redundancy, which will adversely affect the
level of ecological well-being performance. When the
the of
environmental variables is conducive to the reduction of

regression coefficient is negative, increase
input redundancy, and promotes the level of ecological

well-being performance. The specific analysis is as follows:
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Slack of water resources Slack of land resource

input input

Coefficient T value Coefficient T value
20619.26%* 163.71 125.44%¢ 2.36
—1024.37%* -8.88 2.94 0.42
—27.58* ~1.74 —8.720 —4.47
—5594.88*%* —409.96 -35.33 -1.26
504.05** 2.38 16.10* 1.84
40610+ 12.25 -3.50 ~1.40
—4415.69%¢ -28.26 8.60 0.43
198857.44*%¢ 185328.11 276.79%* 3.17
0.94*%¢ 281.80 0.93*%¢ 38.30
—2640.69*** —1289.34*%*

689.66 326.92

(1) The regression coefficients of energy, water, and land

resource slack inputs redundancy of environmental
regulation are significantly positive, indicating that the
enhancement of environmental regulation aggravates is
correlated to the waste of energy, water, and land resource

utilization. A possible reason is that the Chinese government
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has a strong willingness to change the present situation of the
environmental pollution, resource waste, but the existing
environmental ~ governance  “passive  governance”
phenomenon, namely when pollution is aggravating,
shortage of resources to strengthen governance, although
relieves the problem such as environmental pollution, that
did not fundamentally improve the utilization efficiency of
inputs.
(2) The regression coefficient of industrial structure to slack of
energy inputs is significantly positive, and the regression
coefficient to water resource input redundancy is
significantly negative. This shows that at the present stage,
the increase of the proportion of the secondary industry
causes the most obvious waste of energy input, because the
development model of China’s secondary industry is still
relatively extensive, and the energy efficiency needs to be
improved. However, with the promotion of China’s
ecological civilization construction and innovation-driven
development strategy, the development of the secondary
industry has played a certain role in promoting the
conservation and utilization of water resources.
(3) The regression coefficients of the level of opening-up on the
input of energy, water resources, and land resources are all
negative, and the redundancy of the input of water resources
and land resources passes the significance test at the level of
10% and 1%. This shows that the improvement of the level of
opening to the outside world will produce a saving
phenomenon on the utilization of water resources and
land resources. The reason lies in that trade is an effective
way to spread knowledge and spillover technology, and the
increase of opening-up is conducive to China’s introduction
of foreign advanced technology and learning from the
development model, thus promoting intensive development.
(4) The regression coefficients of technology level on energy and
water resource input redundancy are significantly negative.
This shows that the improvement of technological level will
produce a saving phenomenon on the utilization of energy
and water resources. This is consistent with the reality that
the application of new technologies can significantly reduce
the waste of energy and water by eliminating outdated
production facilities and processes. The redundancy of
technology level to land resource input is negative, but
not significant. This is because the utilization of land
resources is affected by policies, population, and other
factors at the same time, and the promotion effect of
technology is relatively limited.
(5) The regression coefficients of urbanization level on water
resources and land resources input redundancy are positive.
This shows that the improvement of urbanization level
increases the waste of water and land resources. The
reason is that China’s urbanization has a certain degree of
“spread out” blind expansion. The regression coefficient of

urbanization level to energy input redundancy is negative,
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but not significant. The possible reason is that the
improvement of urbanization level drives the development
of tertiary industry, improves energy utilization efficiency,
and saves energy utilization, but this effect is still
relatively weak.
(6) The regression coefficient of economic development level to
water resources input redundancy is significantly positive.
This shows that the higher the level of economic
development, the more serious the phenomenon of water
resources waste, which is mainly affected by the “well-being
threshold,” that is, when the level of economic development
exceeds a certain threshold, continued economic growth
does not necessarily bring a higher level of social well-
being. However, the continued economic growth still
requires the input of water resources, so the water
resources that have not been converted into the level of
social well-being will be converted into input redundancy.
However, the economic development level has no significant
impact on energy and land resource input redundancy,
which is similar to Guo’s findings (Guo et al., 2018).

4.3 Stage three results

Based on the regression results of the second stage, the
original input variables were adjusted, and the provinces
(cities and districts) were adjusted to the same external
environment. The super-efficiency SBM model was used to
obtain the of
30 provinces (cities and districts) in China from 2004 to 2017,
and the results were compared with those of the first stage, as

Ecological well-being performance levels

shown in Table 5.

As shown in Table 5, the performance level of ecological well-
being at the national, regional, or provincial level are all
significantly different from that of the first stage.

At the national level, the ecological well-being performance
level after adjustment was 0.949, which is 0.054 higher than
0.895 before the adjustment; After adjustment, the average
annual decline rate was —0.53%, 0.54% lower than -1.07%
the
performance level was improved after adjustment, and the

before adjustment, namely, ecological ~ well-being
decline rate was reduced. This indicates that environmental
factors and random disturbances have a restraining effect on
the improvement of ecological well-being performance in the
whole country, which leads to the underestimation of ecological
well-being performance in the first stage. Therefore, changing the
external environment of ecological well-being performance level,
such as rational use of environmental regulation tools, the
of
of

implementation of human-centered urbanization, etc., are

transformation economic  development  mode,

implementation innovation-driven development,

feasible ways to improve the performance level of ecological
well-being.
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TABLE 5 Comparison of the results of the first stage and the third stage.

Province Pre-adjustment stage
or city

Average Ranking  Annual Average

performance growth performance

Rate

Beijing 1.815 1 2.21% 1.527
Tianjin 1.044 8 -0.57% 1.077
Hebei 0.790 20 3.03% 1.015
Shanxi 1.035 9 0.01% 1.017
Inner 0.402 28 —-0.56% 0.547
Mongolia
Liaoning 0.516 27 -1.51% 0.673
Jilin 0.637 24 -1.18% 0.734
Heilongjiang ~ 0.539 25 -0.72% 0.657
Shanghai 1.103 4 -1.95% 1.072
Jiangsu 0.703 23 -3.15% 0.944
Zhejiang 0.939 16 -2.15% 1.060
Anhui 1.052 6 -0.77% 1.067
Fujian 0.962 15 -0.25% 1.022
Jiangxi 1.035 10 —-0.11% 1.031
Shandong 0.830 19 -2.85% 0.973
Henan 1.112 3 -0.09% 1.048
Hubei 0.755 22 -1.17% 0.866
Hunan 1.033 11 0.15% 1.053
Guangdong 0.888 18 -2.77% 1.046
Guangxi 1.025 12 -0.35% 1.031
Hainan 1.596 2 -3.79% 1517
Chonggqing 0.927 17 0.25% 1.017
Sichuan 0.972 14 —-0.36% 0.971
Guizhou 1.051 7 -3.92% 1.044
Yunnan 1.058 5 -0.51% 1.024
Shannxi 1.015 13 =2.27% 1.033
Gansu 0.776 21 —2.88% 0.859
Qinghai 0.533 26 -3.84% 0.653
Ningxia 0.308 30 -2.47% 0.421
Xinjiang 0.387 29 -1.58% 0.485
Eastern 1.017 1 -1.17% 1.084
Central 0.900 2 —-0.40% 0.934
Western 0.768 3 -1.53% 0.826
National 0.895 — -1.07% 0.949
average

At the regional level, the mean value of Ecological well-being
performance in the eastern region increased from 1.017 to 1.084, in
the central region from 0.900 to 0.934, and in the western region from
0.768 to 0.826. The pattern of “decreasing from East to West” of
Ecological well-being performance did not change. In terms of the
range of change, the eastern region has the largest increase, followed

Frontiers in Environmental Science 09

Post-adjustment stage

10.3389/fenvs.2022.1007231

Comparison before and after

adjustment
Ranking Annual  Mean Ranking  Variation
growth charge  change of annual
Rate growth

rate
1 1.05% -0.288 0 ~1.16%
3 ~0.46% 0.033 +5 0.11%
18 0.17% 0225 +2 ~2.86%
17 3.90% -0.018 -8 3.89%
28 0.09% 0.145 0 0.65%
25 ~2.50% 0.157 +2 -0.99%
24 -0.27% 0.097 0 0.91%
26 -0.61% 0.118 -1 0.11%
4 ~1.17% -0.031 0 0.78%
21 0.00% 0241 +2 3.15%
6 -0.53% 0.121 +10 1.62%
5 ~0.47% 0.015 +1 0.30%
15 -0.38% 0.060 0 -0.13%
12 -0.12% -0.004 -2 -0.01%
19 -0.19% 0.143 0 2.66%
8 0.33% -0.064 -5 0.42%
22 ~0.40% 0.111 0 0.77%
7 0.40% 0.020 +4 0.25%
9 -0.47% 0.158 +9 2.30%
13 ~0.19% 0.006 -1 0.16%
2 ~3.73% -0.079 0 0.06%
16 -0.21% 0.090 +1 ~0.46%
20 -2.26% -0.001 -6 ~1.90%
10 ~2.20% -0.007 -3 1.72%
14 -0.22% -0.034 -9 0.29%
11 -0.12% 0.018 +2 2.15%
23 -0.07% 0.083 +2 2.81%
27 -3.11% 0.120 -1 0.73%
30 -1.72% 0.113 0 0.75%
29 -0.87% 0.098 0 0.71%
1 ~0.79% 0.067 0 0.38%
2 0.34% 0.034 0 0.74%
3 -0.89% 0.058 0 0.64%
— -0.53% 0.054 — 0.54%

by the western region and the central region. This shows that
compared with the eastern and western regions, excluding
environmental factors and random interference has the least
impact on the central region, that is, the external development
environment itself in the central region is relatively good. In
addition, an increasing gap between the eastern and central,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1007231

Deng et al.

o~

o

_ .

® ol L

E"-— l——l——l\\

1= u ™

£ s

o S ~
E [ LS -
aQ T _ -
| _A Foow
S A_A//?*“__.

[ S “_;l(-._B R AL
2 —a- e ‘
ﬁ o ~X - :l
e -7 — A —A—
D

o
q

O
i

©

T T T T T T T T T T T T T T
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
year

— 4 — China overall
— = — Central region

——® —- Eastern region
—&—— Western region

FIGURE 2
The evolution of the average value of Ecological well-being
performance in China and the three major regions.

western and eastern, central and east-west ecological benefits
performance level by adjusting the average gap before rose to
0.150, 0.258, 0.117, 0.249, suggesting that the East high and is not
dependent on the performance of a good external environment and
the good results of random disturbance, but the eastern region for
energy and do have higher utilization of resources and management
level.

At the provincial level, after removing the influence of
the
ecological well-being performance of most provinces

environmental factors and random disturbance,
increased, but only Beijing, Shanxi, Shanghai, Jiangxi,
Henan, Hainan, Sichuan, and Yunnan showed a decline.
As stated earlier, Beijing, Shanghai, “city level” make them
enjoy more policy tilt, Hainan has advantaged advantage
“endowment,” Shanxi, Jiangxi, Henan, Sichuan, and Yunnan
are due to its “development stage,” eliminating
environmental factors lead to the area lack of good
external environment, thus there is an obvious ecological
benefits performance decline. After adjusting the ecological
benefits of performance levels ranking among the top three,
Zhejiang, Guangdong, and Tianjin, respectively up nine and
five, ten, the above areas are in the eastern region, influenced
by “well-being threshold” is stronger, thus eliminating
the
the

actual management of energy, resources and utilization level.

environmental factors and random disturbance,

resulting ecological benefits performance reflects

5 Temporal and spatial evolution
To explore the evolution of the ecological well-being

performance of 30 provinces (municipalities and autonomous
regions) in China from 2004 to 2017, this study uses the super-
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FIGURE 3
Kernel nuclear density estimation of China’s Ecological well-
being performance.

SBM model to conduct in-depth analysis from temporal and spatial
perspectives.

5.1 Temporal evolution of ecological well-
being performance

Based on the results of the third-stage Super-SBM model, the
average evolution trend of ecological well-being performance
levels in China and the three regions of eastern, central, and
western China was drawn (Figure 2).

(1) Nationally, the average performance level of ecological well-
being in each year is above 0.90, indicating that there is still
room for improvement after excluding the influence of
environmental factors and random interference. From
2004 to 2017, the
performance showed a trend of decline in fluctuation, and

national ecological well-being
maintained a stable state from 2004 to 2011, with a large
decline from 2012 to 2017.
(2) By region, the eastern region has always had the highest level
of Ecological well-being performance, while the western
region has always had the lowest level, and the central
region is closest to the national average. From 2004 to
2014, the eastern region maintained a declining state in
fluctuations and recovered from 2015 to 2017. The
possible reason is that the eastern region was the first to
be affected by the “well-being threshold” and at the same
time took the first regulatory measures, so the Ecological
well-being performance level recovered first among the three
regions. The central region keeps rising in fluctuation, which
indicates that the central region is in a dynamic balance
between the consumption of natural resources and the
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Spatial differences in China’s Ecological well-being performance levels from 2004 to 2017.

generation of social well-being. Western region ecological estimation, and the distribution conditions at different time
benefits performance levels held steady from 2004 to 2011, points were obtained (see Figure 3). As can be seen from the
the basic state, there is an obvious decline in 2012-2017, the figure, the center of the distribution curve of the overall Ecological
possible reason is accepted in the east part of the “high well-being performance level in China remained around 1.1,
pollution, high energy consumption and high emissions” indicating that most provinces reached a relatively effective state
enterprise after the transfer, the western region for energy in the observed years. Main peak height over time down after rising
and resource management efficiency is not high seriously first, and the curve width increasing, especially the curve on the left
affected the ecological benefits performance levels, then side of the widening trend obviously, this shows that the whole
lower the average national ecological benefits performance. observation period, the national ecological well-being performance
levels showed a trend of decline, the absolute difference between

To more clearly display the temporal evolution of Ecological provincial exists a certain degree of increase, part of the province’s
well-being performance of provinces (cities and districts), the non- performance obvious downward trend. At the same time, it is not
parametric Kernel density function with Gaussian normal difficult to see that the distribution curve of the national overall
distribution was adopted. The years 2004, 2008, 2013, and ecological well-being performance level has an obvious right trailing
2017 were selected as observation points for Kernel density phenomenon during the observation period, and its distribution
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TABLE 6 Global spatial autocorrelation test results of China’s Ecological well-being performance levels from 2004 to 2017.

Year 0-1 Adjacency weight matrix
I Z-value

2004 0.270%* 2.703
2005 0313+ 3.101
2006 0.274%% 2.690
2007 0.302°%* 2.887
2008 0.296*** 2.832
2009 0.346*% 3231
2010 0.405*% 3.664
2011 0.534+% 4.656
2012 0375+ 3.428
2013 0.509** 4477
2014 0.494+% 4317
2015 0.474%% 4.193
2016 0.370** 3376
2017 0.335% 3.016

ductility shows a shrinking trend, indicating that provinces with
high ecological performance level have decreased during the
observation period. In terms of the number of peaks, the level
curve of ecological well-being performance presented a bimodal
distribution of “low left and high right.” The bimodal distribution
was not obvious in 2004, but gradually became obvious and the
side peak height kept rising. This is because, over time, provinces
have different management levels of energy and resources,
leading to the “polarization” trend of ecological well-being
performance.

5.2 Spatial evolution of ecological well-
being performance

5.2.1 Spatial correlation of ecological well-being
performance

To analyze the spatial correlation of ecological well-being
performance level, Moran’s I index of each year can be calculated
according to the ecological well-being performance level of
30 provincial cities in China from 2004 to 2017 by using a
0-1 adjacency weight matrix and geographical distance weight
matrix respectively, as shown in Table 6.

As can be seen from Table 6, both in 0-1 adjacency weight
matrix and geographical distance weight matrix, the Moran’s i index
of China’s ecological well-being performance from 2004 to 2017 was
positive, and both passed the significance test at the level of 10%. This
shows that there is a significant positive correlation between China’s
ecological well-being performance. In other words, the distribution of
ecological well-being performance value in China is not random
distribution, but spatial distribution has a certain agglomeration

Frontiers in Environmental Science

Geographic distance weight matrix

I Z-value
0.143** 2.036
0.166** 2.034
0.099* 1.751
0.138* 1.906
0.143* 1.957
0.190* 2456
0.214%* 2.665
0.297%* 3.505
0.161** 2.113
0.268*** 3212
0.259%** 3.085
0.245%+ 2.972
0.181 2.324
0.142** 1.855
phenomenon. Provinces with higher ecological ~well-being

performance value tend to cluster together, and vice versa. From
the perspective of spatial correlation intensity, China’s ecological
well-being  performance experienced a “weak-strong-weak”
fluctuation state, and the Moran’s i index in both spatial weight
matrices reached the highest value in 2011. The possible reason is that
with the closer communication among regions, the spatial correlation
of ecological well-being performance level gradually increased from
2004 to 2011. From 2012 to 2017, China’s industrial transformation
accelerated, gradually shifting from factor and investment-driven
development to innovation-driven development, and there was a
certain differentiation of ecological well-being performance among

provinces, resulting in a certain decline in spatial correlation.

5.2.2 Spatial difference of ecological well-being
performance

ArcGIS software was used to analyze the spatial differences of
ecological well-being performance of 30 provinces (cities and
districts) in China from 2004 to 2017, and the natural breakpoint
method was used to classify ecological well-being performance
into five levels from high to low. We selected 2004, 2008, 2013,
and 2017 as observation points at intervals of 4 or 5 years, which
clearly showed the changing trend of the spatial distribution
pattern of EWP (Figure 4). As can be seen from Figure 4, there
are significant spatial differences in China’s ecological well-being

performance:

(1) In 2004, EWP in Xinjiang, Inner Mongolia, Gansu, and
Shanxi provinces was at a low level. EWP in Heilongjiang,
Jilin, Liaoning, Qinghai, and Hubei was in the middle and
low level. The EWP of Beijing, Shanghai, Anhui, Zhejiang,
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Fujian, Guangdong, and Guizhou were in the middle and
high level, and these provinces mainly concentrated in the
southeast coastal area. Finally, only Hainan province has a
high level of EWP.
(2) In 2008, EWP decreased significantly in almost all provinces.
Heilongjiang, Liaoning, Qinghai, Gansu, Jiangsu, Fujian,
Guangdong, and Guizhou all dropped by one level.
However, only Beijing jumped from medium to high
level, while Henan jumped from medium to high level.
In 2013, EWP in Jilin, Henan, Zhejiang, and Hainan
provinces dropped by one level. On the other hand, EWP

(©)

in Jiangsu, Tianjin, Hunan, and Guizhou rose by one level
each. In this year, a total of seven provincial capital cities
were at low level, distributed in the northeast and western
regions, and the eastern coastal areas, except Liaoning, were
at medium or medium-high level, with the gap between them
decreasing.

(4) In 2017, Sichuan, Guizhou, Hunan, Tianjin, and Anhui

experienced a decline in  ecological well-being
performance. However, the level of ecological well-being
performance in Heilongjiang, Jilin, Gansu, and Henan has
risen. The declining regions are generally medium or high
level provinces, while the rising regions are mostly low level
or medium and low level provinces, which reflects the
“catch-up” phenomenon of backward regions, indicating
that there is a certain convergence trend of ecological

well-being performance.

In general, the leading provinces of ecological well-being
performance in 2004 were mainly concentrated in the southeast
coastal areas, and then gradually moved to the central region,
leading to the gradual “convex” distribution characteristics, that
is, the number of leading provinces of Ecological well-being
performance in the central region was more than that in the
East and West regions. From the region, it can be seen that the
gap within the western region is the largest, followed by the
eastern region, and the smallest gap within the central region.

6 Conclusion

This study measures the ecological well-being performance
of 30 provinces (municipalities and autonomous regions) in
China from 2004 to 2017 by using the three stage super-
efficient SBM-DEA model and analyzes the temporal and
spatial evolution of the ecological well-being performance.
Our results draw the following thoughts/conclusions on EWP.

First, the overall ecological well-being performance in China has
a downward trend from 2004 to 2017; The distribution pattern was
highest in the East, second in the middle, and lowest in the West.
EWP is the latest index to measure the level of economic and social
development. It can further bring the level of social welfare into the
analysis framework on the basis of production efficiency and
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ecological efficiency. The downward trend of EWP means that
policy makers should pay attention to the relationship among
economic growth, ecological protection and improvement of
people’s livelihood and well-being.

Secondly, the improvement of environmental regulation,
urbanization level, and economic development level has a
positive effect on factor input redundancy, and then hurts the
improvement of Ecological well-being performance; The level
of openness to the outside world and the level of technology
hurt factor input redundancy, which is conducive to the
improvement of Ecological well-being performance. The
industrial structure has different effects on the redundancy
of different factor inputs.

Third, after excluding the influence of environmental
factors and random interference, the overall performance
level of ecological well-being in China has been improved,
and the gap between East-central and East-West regions has
been widened. Few provinces have seen a decline in the
performance level of ecological well-being, while the most
obvious increase is concentrated in the eastern region.

Fourthly, from the perspective of time series, the Ecological
well-being performance of the three regions showed a downward
trend from 2004 to 2017, especially after 2012, the regional
differentiation became more obvious and the “bipolar”
differentiation trend of the provincial Ecological well-being
performance was strengthened.

Fifth, the level of ecological well-being performance has an
obvious positive spatial correlation, showing a “weak-strong-
weak” fluctuation state in intensity; At the same time, the
provinces with higher ecological well-being performance
shifted from the southeast coast to the inland, resulting in a
certain “convex” spatial layout.
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