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Abstract: Humans currently face a problematic ecological dilemma regarding economic growth. It
is difficult to meet human needs by only studying economic growth created by artificial costs, and
all countries need to pay attention to the task of improving the level of human welfare under the
constraints of an ecological environment from the perspective of sustainable development. The
focus of ecological wellbeing performance (EWP) is how to achieve the maximum welfare level
output or achieve higher welfare level improvement with the fewest conversions of natural and
ecological inputs. In this paper, we use the super-efficiency SBM model to measure the EWP of
Chinese provinces and cities, traditional and spatial Markov probability transfer matrices are es-
tablished based on time series analysis and spatial correlation analysis of the global Moran’s index,
and the characteristics of the spatiotemporal variations of EWP are analyzed by comparing the
matrices. The evolution trend for a certain future period is predicted, and the influences of geo-
graphical spatial patterns on the spatiotemporal evolution of EWP are discussed. On this basis,
according to the calculation and analysis of the characteristics of China’s EWP, provinces and cities
in China need to focus on improving their own resource utilization efficiency and strengthen en-
vironmental supervision to improve EWP. Finally, policy recommendations are put forward. First,
special laws and regulations need to be introduced for resource utilization and ecological protec-
tion. The second recommendation is to promote and improve the mechanism of public participa-
tion in the rational utilization of resources and protection of the ecological environment. The third
recommendation is to establish a dynamic monitoring system for resource utilization and ecolog-
ical environmental protection. The fourth recommendation is to strengthen structural adjustment
and accomplish high-quality economic development.

Keywords: ecological wellbeing performance (EWP); super-efficiency SBM model; markov state
transferring matrix

1. Introduction

The experience of world history indicates that economic development and increased
social wealth cannot naturally achieve social harmony [1]. From the perspective of wel-
fare threshold, there is not always a positive relationship between economic growth and
social welfare, economic growth does not necessarily improve people’s quality of life, on
the contrary, it may have an inhibitory effect when economic growth reaches a certain
stage [2,3]. Human wellbeing is closely related to environmental quality [4]. Currently,
human beings have transitioned from an ‘empty world’ with relatively rich natural cap-
ital to a ‘full world’ that falls under the restrictions of the ecological environment due to
the deterioration of the ecological environment and depletion of natural resources [5,6].

Land 2021, 10, 12. https://doi.org/10.3390/1and10010012

www.mdpi.com/journal/land



Land 2021, 10, 12

2 of 17

In a ‘full world’, scarce natural capital has become the limiting factor of welfare promo-
tion [7], and ecological welfare is approaching ecosystem limitations. Therefore, re-
searching only economic growth, which is caused by man-made costs, cannot satisfy the
needs of human beings, and we need to focus on how to balance the relationship among
the consumption of natural capital, economic growth and improvement of welfare levels
under the constraints of the ecological environment from the perspective of sustainable
development [8,9]. Furthermore, it is urgent to improve the efficiency of transforming
ecological consumption into human welfare under ecological limitations [10,11].
Ecological wellbeing performance (EWP) is an evaluation tool that includes two
important dimensions that define the limits of natural capital emphasized by a green
economy and social welfare comprising ecological ‘fairness’ [12]. EWP has become an
attractive research topic since it was introduced in the 1970s, and its research is of great
significance for the sustainable development practices of various countries. EWP can be
regarded as a necessary but not sufficient condition for the sustainable development of
human beings [13]. EWP is not inherent but it forms in the process of transforming the
coordinated relationship among ecology, society, and the economy characterized by a
weak sustainable research paradigm [14] into a successively inclusive relationship
among ecology, society, and the economy under a strong sustainable research paradigm
[15]. There are other phrases that have similar concepts to EWP, such as ecological effi-
ciency, economic performance, and the happy planet index. The main idea of ecological
efficiency among these three similar phrases can be summarized as the “minimization of
environmental impact and the maximization of economic value’, that is, providing
maximum value while minimizing consumption and pollution [16]. Economic perfor-
mance can be defined as a ratio of satisfaction output and environmental input [17], and
the happy planet index is represented by the ratio of happy life years and ecological
footprint, in which the happy life years is the result of life expectancy and wellbeing
[18]. These concepts still involve the concept of a weakly sustainable research paradigm.
However, EWP includes two important indicators which is emphasized by sustainable
development: one is the input of natural resources and another is the ultimate goal of
development, namely, the continuous improvement of human welfare levels [19]. EWP
emphasizes the concept of decoupling development between the consumption of eco-
logical resources and social welfare, and establishes a development concept that empha-
sizes quality [20]. The ultimate goal is to improve the welfare level of the whole society.
Under this research paradigm, two concepts of EWP are most widely used: one is similar
to the concept of economic performance and the happy planet index, EWP is seen as a
ratio. From this perspective, EWP is defined as the ratio between the value of social wel-
fare and the physical quantity of ecological resource consumption, which can reflect the
welfare output efficiency of unit ecological consumption [12,21], the denominator is
usually expressed by ecological footprint per capita, and in the terms of numerator se-
lection, scholars have different choices include years of life happiness, index of sustaina-
ble wellbeing, and human development index [22,23]. The Human Development Index
(HDI) and Ecological Footprint (EF) data can be obtained from the Living Planet Report!
and Global Footpring Network? and we can track county data by the X-Y 2-dimensional
coordinate system, where the two indicators are on the two axes. Figure 1 can directly
reflect China’s EF and HDI value from 2003 to 2016. Both EF and HDI show an upward
trend, however, as the growth rate of EF is greater than that of HDI, the EWP is declin-
ing. Another concept is defined from the perspective of input-output, which considers
that the essence of EWP is to obtain the maximum welfare level outputs or increase wel-
fare levels with the fewest natural and ecological input [24], which refer to the efficiency

1 http://hdr.undp.org/en/indicators/1375064
2 https://data.footprintnetwork.org/#/countryTrends?cn=351&type=BCpc,EFCpc
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of transforming ecological inputs into welfare levels [25], and reflects the sustainable
development level of a country, region, or city [26].
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Figure 1. EF and HDI data of China from 2003-2016.

In fact, EWP is an extension of sustainable development [27] that in a broader sense
reflects the relative change trend of welfare levels and ecological resource consumption
[28]. Although there has not yet been established a consistent viewpoint that defines the
concept of EWP, experts and scholars have reached a consensus that it is necessary to
improve the EWP of the whole society through various efforts. On the basis of this con-
sensus, the development and understanding of its meaning can be achieved around its
essence, goal, and path. From the essence of EWP, the degree of sustainable development
of a country or region is reflected and can be used as a new research perspective or
analysis tool to study global or national sustainable development, and EWP can further
explain whether the modes of economic and social development are reasonable [26]. The
key goal of EWP is to improve the unit welfare level obtained by a certain region; the
path for accomplishing this is mainly by reducing natural or ecological consumption. In
other words, the improvement of the unit welfare level should remain within the carry-
ing capacity of the ecological environment.

In recent years, an increasing number of countries have begun to pay attention to
EWP research. The research concepts include the establishment of an evaluation index
system to measure and compare the EWP of different countries at different scales while
analyzing the growth of EWP in a certain period of time from the perspective of green
adjustments of industrial institutions [13,29-31], the influence factors of EWP were also
analyzed [32]. At present, the research on EWP is mainly limited in two aspects. First,
the measurement of EWP is mostly expressed by the ratio of HDI and EF. EWP includes
a lot of economic, social and ecological information, HDI and EF are the result value of a
serious indexes, combining the two is too much of an abstraction, which reduces the
understandability of the original indicators. Second, the existing studies mainly focus on
the measurement, the evolution of time and space and the influence factors of EWP,
whereas few studies have predicted trends in EWP. Prediction of future trends on EWP
can help realize a balance between the consumption of resource and environment, and
the growth of wellbeing. Therefore, in this study, in order to reflect the connotation of
EWP more intuitively, the construction of EWP index system is established from two
aspects of input and output. Based on the analysis of time series and spatial correlations,
this study also defines a traditional and space Markov probability transfer matrix. By
comparing transfer matrices, the spatiotemporal dynamic evolution characteristics of
EWP are analyzed, and its evolution trend is predicted to explore the influences of sur-
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rounding areas on the development of EWP and provide theoretical support for regional
sustainable development.

2. Research Methods and Sources of Data Used
2.1. Research Methods
2.1.1. Super-efficiency SBM Model

Data envelopment analysis (DEA) is often used to measure efficiency. This tech-
nique is an important and effective method for measuring relative efficiency and was
proposed by the famous American operational research scientist Charnes et al. [33]. Tra-
ditional DEA models include the CCR model and BCC model. The CCR model is pro-
posed by Charnes, Cooper, and Rhodes [33]. This model calculates the scale and tech-
nical efficiency of production on the premise of constant returns to scale, that is, the
overall efficiency. The BCC model is developed by Banker, Charnes, and Cooper with
variable returns to scale [34]. Both the CCR model and BCC model belong to the DEA
model. The difference between them is that CCR model does not separate the effect of
scale efficiency from technical efficiency, and CCR model assumes that the return to
scale is constant and calculates a comprehensive efficiency. BCC model is obtained un-
der the assumption of variable returns to scale, it decomposes the comprehensive effi-
ciency into pure technical efficiency and scale efficiency, which means that the compre-
hensive efficiency is effective only when pure technical efficiency and scale efficiency are
effective at the same time. In practical applications of DEA, there is no need to determine
the functional relationships and non-subjective weights or analyze the invalid factors of
decision-making units (DMU) in advance. As a result, DEA avoids the influence of sub-
jectively setting the functions and weights and thus causes the measurement results to
be more objective. However, its measurement method had defects caused by radial and
angle aspects [35]. The SBM model was first proposed by Tone to measure ecological ef-
ficiency [36]. This model can effectively solve the "crowding" or "slack" phenomenon of
input factors caused by traditional DEA models of radial and angle aspects. With effi-
ciency measurements, it is easy to cause multiple DMUs with complete efficiency, which
makes it impossible to evaluate and rank these decision-making units effectively. In this
regard, Tone further defined the super-efficiency SBM model on the basis of the SBM
model [37]. The super-efficiency SBM model combines super-efficiency DEA model with
the SBM model. Compared to common SBM models, the super-efficiency SBM model
can further compare and distinguish the effective DMUs at the frontier. The model can
be expressed as:
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In the above formulas, suppose that there are # DMUs. Each DMU is composed of
the input m, expected output % and unexpected output r,; x, » and )" are the ele-

ments in the corresponding input matrix, expected output matrix and unexpected out-
put matrix, respectively; and p is the relative efficiency value.

2.1.2. Analysis of Spatial Correlation Performance

EWP exhibits differences due to different basic conditions such as resource en-
dowments, ecological environment backgrounds and spatial backgrounds among dif-
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ferent regions. According to the Tobler’s First Law of Geography, all the objects and
phenomena in a spatial unit do not exist in isolation; they are related to each other. The
degree of connection between adjacent objects or phenomena is closer than that between
distant objects [38], which indicates that the utilization of resources and the ecology in
surrounding areas may interact with each other. Spatial autocorrelation can characterize
the influence of neighboring areas, while the spatial distribution differences of regions
may exhibit spatial correlations. This means that the geographical location of a region
will affect its own EWP, and its location may also affect the EWP of its surrounding areas.
As a result, it is necessary to measure the spatial autocorrelation of the regional EWP.
Spatial autocorrelation includes both the global and the local levels. This research uses
spatial autocorrelation at the global level to understand the spatial correlations and spa-
tial differences of EWP. In spatial information statistics, the most representative index of
spatial autocorrelation is the Moran's I index, which can be represented as:

n> 3, (5 =) (x, ~)
I=—2 ©)

S¥n Sl

i=1 j=1 i=1

In the above formula, 7 is the sample size, and X; and X; are the observed quan-
tities of spatial positions i and j, respectively. y,  denotes the proximity relationship
between spatial positions i and j: when i and j are adjacent, w, =]. Otherwise, it is 0. The

value of the global Moran's I index is within [-1,1]. If it is greater than 0, the index indi-
cates positive correlation; if it is less than 0, it indicates a negative correlation; if it is
equal to 0, it suggests no correlation.

2.1.3. Spatial Markov Chain

The traditional Markov probability transfer matrix, which is based on the theory of
stochastic processes, was first proposed by the Russian mathematician Markov and it can
represent a system transforming from one state to another during a concerned period
[39,40]. This matrix aims to measure the states and future trends of events by construct-
ing a state transition probability matrix. In this process, the past has no influence on
predictions of the future of given states of knowledge or information (that is, having "no
aftereffect”). The evolution processes of many phenomena also exhibit no aftereffect.
Specifically, the evolution process of EWP also has no aftereffect. Assuming that p = is

the transfer probability of EWP in a certain region from state i in year f to state j in year
t+1, the state transition probability p =p /5 can be approximately estimated by the

frequency of transition. ,, means that city numbers transform from state i in year t to

state j in year t+1 in a sample inspection period and also satisfies
Z/‘ P =Z/‘ X, =il X =i =1 If the EWP is divided into N types or N states, it can be defined

by an N x N probabilities transition matrix. In addition, the direction of transfer is de-
termined by the improvement in, invariance of and decrease in the EWP performance
types.

In the past decade, spatial econometrics has developed rapidly and has been used to
study various social spatial phenomena [41,42], and spatial Markov chains is one of the
most important methods. The spatial Markov chains evaluates how nearby locations in-
fluence each other at a given scale [43]. Research on spatial Markov chains has introduced
the concept of spatial lag into the transition probability matrix [44] which based on the
fact that regional economic growth and the evolution of other economic phenomena are
not isolated and random in geographical space but interact with and are related to
neighboring regions. Compared to traditional Markov chains, spatial Markov chains can
more effectively show the internal relationships of some economic phenomena under
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the background of space-time evolution and regional space. For the condition including
the spatial lag type of an area in the initial year, the traditional N x N-order state transi-
tion probability matrix is further decomposed into N N x N transition conditional prob-
ability matrices, which makes it possible to analyze the possibility of improving or de-
creasing the EWP of a certain place under different geographical background conditions.
Taking the Nth conditional matrix as an example, p, (N )represents the one-step spatial

transfer probability of a region from state i to state j in t+1 years under the condition of a
spatial lag type N of a region in year t. The spatial lag type of a region is obtained by
classifying the spatial lag value of its EWP value in the initial year. The spatial lag value
is the spatially weighted average of the EWP values of the region's surrounding areas,
which is calculated by the product of the regional EWP value and spatial weight matrix,
can be shown as" .y, . Y represents the EWP of a region, and i represents the ele-

ments of the spatial weight matrix W. In this article, the spatial boundary principle is
used to determine the spatial weight matrix: for the surrounding region, w, =1; other-

wise, ¥, = 0. Due to the special geographical location of Hainan Province, calculations

of the weight matrix assume that Hainan Province is adjacent to Guangdong Province.

By comparing the corresponding elements in the traditional and spatial Markov
transfer matrices, we can determine the relationship between the transfer probabilities of
improving or decreasing the EWP in a certain region and the surrounding neighborhood,
and then discuss the spatial spillover effect of different spatial backgrounds on the
transfer of EWP.

After a long transfer of a Markov process, if there is a balanced state in the system,
there is a possibility that system is in the same state that does not depend on the original
state and will not continue to change with the passage of time. The probability distribu-
tion at this time is a stationary distribution. Based on the Markov probability transfer
matrix, the stationary distribution of the stochastic process can be obtained to predict the
dynamic evolution trend of EWP in this article. Assuming that the traditional Markov
transfer matrix (X ,n=0,1,2,..}is a state space, pis the one-step transition probability,

and {7[1.,1' eS } is the probability distribution of each state. If { 7Tl ES} satisfies the equa-
tion 7, = ZTZO 7P, (i =0,1, 2’.__) , the probability distribution {ﬂl , ES} is the stationary

distribution of a traditional Markov chain. Based on the similarity principle, the spatial
stationary distribution of each spatial lag type is obtained, and the maximum transition
probability is taken as the possible evolution trend of the corresponding state.

2.2. Constructing an Index System

The essence of EWP is to obtain maximum welfare level outputs with the fewest
ecological input conversions, which can be regarded as the upgrading of ecological effi-
ciency research and meets the requirements of the input and output indicators of DEA.
This systematic study follows the principles of scientific nature and data availability to
construct an index system from two aspects of input and output.

In the process of improving people’s wellbeing, a country or region must consume
a certain amount of natural resources. On the one hand, the ecological inputs include
resource inputs, that is, the consumption of resources, including the consumption of en-
ergy, land and water. Because the population of each province is different, the average
level of each province can be better reflected by the per capita index. In this study, the
per capita consumption of standard coal, the per capita construction land resources and
the per capita water consumption of each province are measured respectively. On the
other hand, the operation of various economic activities will inevitably bring pressure on
environment, which is also the cost of human wellbeing and economic activity output,
namely environmental pressure cost. We use Reinhard’s method for reference, take the
unexpected output as the input of production [45]. This paper regards the environmental
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pollution caused by human production and living processes as a kind of reverse invest-
ment [46,47], including exhaust fumes emission, wastewater discharge and solid waste
discharge. The per capita SOz emission, per capita smoke and dust emission are the in-
dicators of exhaust fumes emission, the per capita chemical oxygen demand emission
and per capita ammonia nitrogen emission are the wastewater discharged indicators
and the production of general industrial solid waste per capita is take as the solid waste
discharge.

In terms of wellbeing used to measure output, wellbeing includes not only eco-
nomic income, but also the overall development of human beings and can be used to
measure human satisfaction of life [48], including material conditions and living condi-
tions [49]. The quantitative evaluation is based on the three-dimensional indicators
adopted by the human development index published by the United Nations Develop-
ment Program in 1990 [50]. Therefore, the welfare level is reflected by economic devel-
opment, educational development and health care. The level of economic development is
used to measure the economic welfare of national income, which is characterized by per
capita GDP. The level of education development is measured by the average years of
schooling. Taking the current educational system of China, the average years of school-
ing of illiteracy is 0 years, that of primary school is six years, that of junior high school is
nine years, that of senior high school is 12 years and college education or above is calcu-
lated by 16 years. The life expectancy is the average years that a person born in the same
period is expected to live under the assumption that the current age-specific mortality
rate remains unchanged. Although there are great differences in the length of life due to
differences physique and genetic factors, medical treatment will also limit life expectan-
cy. With the improvement of health care, the life expectancy will be longer. This article
constructs the performance index system of China's EWP shown in Table 1.

Table 1. Index system of ecological well-being performance in China.

Category Primary indicators Secondary indicators Tertiary indicators
Energy consumption Per capita consumption of standard coal
Resource consumption Land consumption Construction land resources per capita
Water consumption Water consumption per capita
' Exhaust emissions SOz emissions’pe.r capita :
Input index Smoke and dust emission per capita
Environmental pollu- Chemical oxygen demand emissions per capita

Wastewater discharge

tion Ammonia nitrogen emissions per capita

Solid waste discharge Production of general industrial solid waste per

capita
E i 1 lev-
conomic de\elle opment lev GDP Per capita
Output indica- Education devel t
Hiput indica Welfare level tication developmen Average year of education
tors level

Health care development

lovel Average life expectancy

2.3. Data Sources

Accounting for data availability, the study areas were selected from all 30 provinces
of China, which do not include Tibet, Taiwan, Hong Kong, Macau. The research period
was set from 2003 to 2016. The relevant data used in this research are from China Statis-
tical Yearbook and the statistical yearbooks of various provinces and cities; the average
life expectancy data® of individual years in some regions are from the network. Interpo-

3 https://wenku.baidu.com/view/a9de4b17tbd6195{312b3169a45177232£60e462.html
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lation methods are used to compensate for missing data caused by the difference of sta-
tistical caliber.

3. Analysis of the Results
3.1. Determination and Time Series Analysis of China’s EWP

First, by comparing the ecological input data of different provinces and cities, we
can see that in terms of resource consumption, industrial development is inseparable
from resource consumption and that the per capita consumption of standard coal is on
the rise as a whole due to the continuous promotion of the industrialization process.
Although China has been emphasizing the need to save and intensively use land re-
sources, this has caused the overall growth rate of construction land to slow down.
However, from 2003 to 2016, the per capita area of construction land in all provinces and
cities continued to increase. Due to the limited amount of land, this increase in construc-
tion land will inevitably lead to decreases in the area of lands with ecological functions.
In addition, the per capita water consumption of various provinces and cities is basically
rising. In terms of polluting the environment, the implementation of various environ-
mental protection measures has progressed well in recent years. In total, the per capita
emissions of the "three wastes”" in the eastern and central regions of China have de-
creased year by year, but there is still much room for improvement in environmental
pollution control in the western region of China. By using DEA-SOLVER Pro 5.0 soft-
ware, we adopt the super-efficiency SBM model of non-oriented and VRS to measure the
EWP of 30 provinces and cities in China from 2003 to 2016 and calculated the average
values for each year. Additionally, we use the usual 11:8:12 regional division method for
the east: middle: west, and the average EWP of each different region was compared and
analyzed. It needs to be noted that the results of DEA calculations are relative values ra-
ther than absolute values. The results are not able to show the actual ecological welfare
level of a certain region, but horizontal and vertical comparative analyses can be con-
ducted among different provinces. The calculation results show the following. (DBy ob-
serving the trend shown in Figure 2, the average EWP in each year is mostly below 1, and
the EWP of China was not at a high level in the study period.@By comparing the eco-
logical welfare performance of the three regions in the eastern, middle and western parts
of China, the EWP ranking from 2003 to 2016 was eastern > central > western, which
shows that in the face of an ecological dilemma, the eastern region depends less on re-
source consumption and environmental pollution for social and economic development
than do the central and western regions. The development of the central and western re-
gions is still highly dependent on resources, which leads to the inefficient promotion of
welfare.
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Figure 2. Evolutionary trend of ecological well-being performance in China from 2003-2016.
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3.2. Time Evolution Characteristics of EWP in China

The abovementioned time series analysis of EWP offers only a basic description of
the time variation trends and evolution differences of EWP, and it is difficult to reflect the
internal temporal and spatial evolution patterns. As a result, we construct a traditional
Markov chain transfer matrix of EWP and separate the EWP values of 30 provinces and
cities from 2003 to 2016 into different types of state spaces from high to low. Because the
various types of provincial and municipal surveys are mostly similar, we use quantiles as
boundaries and separate the EWP values into four adjacent but disjoint complete inter-
vals: (0.1024, 0.3894], (0.3894, 0.7497], (0.7497, 1.0409] and (1.0409, 2.3848]. The complete
intervals of these four state types are represented by k = 1, 2, 3, and 4. The greater the
value of k is, the higher the EWP of the region. According to the division of the above
state types, we can obtain a traditional Markov probability transition matrix.

In Table 2, the values on the diagonal represent the probabilities that the state type
of regional EWP does not transfer and can represent the stability of regional EWP evolu-
tion. Values that are not on the diagonal represent the probabilities of regional EWP
transferring among different state types, and the evolution characteristics of EWP with-
out considering geographical spatial patterns are thus obtained. DThe values on the
diagonal are much larger than those not on the diagonal. The minimum value on the
diagonal line is 0.8333, and the maximum value is 0.9556. This shows that regardless of
the period examined, the EWP of a province or city belongs to a certain type in the cur-
rent year, there is at least an 83% probability that the type will be the same in the next
year. In addition, the probability of maintaining type 1 is 0.9556, and the probability of
maintaining type 4 is 0.9010, which indicates that the probabilities of maintaining these
two state types are the largest, and the EWP has the possibility of converging to a low
level or high level. ® For the values not on the diagonal, the maximum value is 0.1471,
which indicates that the probability of a leaping transfer of the EWP is relatively small
and that, in particular, the maximum probability of a transition from a low state to a high
state of ecological welfare is only 0.0444 (i.e., from state 1 to state 2). This indicates that it
is difficult for the EWP to achieve a leaping transfer and that the EWP will be in a longer
period that maintains a relatively stable state.

Table 2. Traditional Markov probability transfer matrix of ecological well-being performance in
China.

t/t+1 n 1 2 3 4
1 90 0.9556 0.0444 0 0
2 102 0.1471 0.8333 0.0196 0
3 97 0.0103 0.1031 0.8557 0.0309
4 101 0 0 0.0990 0.9010

3.3. Spatial Evolution Characteristics of EWP in China

To more completely understand the spatial and temporal evolution differences of
ecological welfare performance in different provinces and cities, we construct spatial
Markov chain probability transfer matrices. By comparing the corresponding elements of
the two matrices, this article explores the relationship between the transfer probability of
the EWP type for a province and that for neighboring provinces and cities with or with-
out the influence of the spatial background. First, the global Moran's I index of EWP from
2003 to 2016 was calculated, and the spatial correlation test was conducted. The Moran's I
index of EWP in each year was positive (0.1978-0.3702) and passed the significance test at
a confidence level of 5%. This shows that there is a significant positive correlation in the
spatial distribution of China's EWP and that the geographical spatial pattern is also one
of the important factors that affect China's EWP. By using ArcGIS, a spatial distribution
map of the transfers of EWP types in 2003-2009 and 2010-2016 was created. Figure 3
shows the following. @ From 2003 to 2009, only Sichuan Province exhibited upward
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transfer of EWP, while the EWP remained unchanged in 16 provinces and cities, mainly
distributed in the central region of China, and the EWP decreased in 13 provinces and
cities located mainly in the eastern region of China. @ From 2010 to 2016, there were 2
provinces and cities with increasing EWP, namely, Hunan Province and Tianjin city. A
total of 17 provinces and cities maintained the same ecological welfare performance type,
and the EWP in 11 provinces and cities decreased, mainly in the central and western re-
gions. These results indicate that although there was no significant improvement of the
EWP in this period, the performance in most regions remained unchanged. Moreover,
the downward shift of EWP types in western China was curbed, which had a certain
spatial spillover effect.
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Figure 3. Spatial distribution of ecological well-being performance type transfer in China in different stages.

The traditional Markov probability transfer matrix does not consider the impact of
type transfers between adjacent areas. While transitions of EWP states are not isolated in
space, they have relationships with surrounding areas. Therefore, on the basis of the tra-
ditional Markov probability transfer matrix, the spatial Markov probability transfer ma-
trix is constructed by introducing the geographical space background factors and taking
the spatial lag type of the initial years of each province as the condition. In Table 3, the
spatial Markov probability transfer matrix is established to investigate the influence of
neighboring regions in different provinces and cities on EWP.

Table 3. Spatial Markov probability transfer matrix of ecological well-being performance in China.

Space lag t/t+1 n 1 2 3 4
1 0 0 0 0 0
1 2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
1 39 0.8974 0.1026 0 0
2 24 0.2917 0.7083 0 0
2 3 2 0 0.5000 0.5000 0
4 0 0 0 0 0
1 50 1.0000 0 0 0
3 2 39 0.1282 0.8205 0.0513 0
3 62 0.0161 0.0806 0.8710 0.0323
4 57 0 0 0.0877 0.9123
4 1 1 1.0000 0 0 0
2 39 0.0769 0.9231 0 0
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3 33 0 0.1212 0.8485 0.0303
4 44 0 0 0.1136 0.8864

By comparing the traditional Markov probability transfer matrix and spatial Markov
probability transfer matrix, we find the following. (U The geographical spatial pattern
has a certain influence on the dynamic evolution of China's EWP. For different sur-
rounding backgrounds, the type transfer probability of EWP in different provinces is
different, and it is also different from the traditional Markov probability transfer matrix.
Otherwise, the influence of spatial lag does not exist. For example, without considering
the influence of the geographical spatial patterns, P2=0.0444, while when a province is
adjacent to a type-2 province, P122=0.1026. We can see that there is a certain necessity to
analyze the evolution and transfer of EWP under the spatial background. @ Consider-
ing the influence of geographical spatial patterns, when a province is adjacent to prov-
inces with different EWP types, its own transfer probability of EWP type is also different,
for example, P232=0<P235=0.0513 and P212=0.2917>P215=0.1282>P21/+=0.0769. Generally, if a
province and its neighboring provinces are in a state of high ecological welfare, the
probability of upward transfer of the EWP state of the province will increase, and when
the neighboring provinces and cities are at low EWP levels, the probability of downward
EWP transfer of the province and city will increase.

3.4. Predicting the Spatiotemporal Evolution Trend of EWP in China

The analysis in the above section describes the evolution characteristics of China's
EWP in the set research period, but what characteristics will appear in the future fol-
lowing its long-term evolution? In the long term, the type transfer of EWP in China's
provinces and cities maintains the stability of the original state, and transformations of
state type will still continue before stability is reached. The limiting distribution of a
Markov probability transition is the probability distribution when each type of transition
reaches its equilibrium state. In practice, for the n-step probability transition matrix of
the EWP state type, when n tends to infinity, the limiting distribution of the state proba-
bility transition can be obtained, the spatial Markov probability transfer matrix with
spatial lag can be used to calculate the limiting distribution of each type of spatial lag,
and then the change trend of the performance of China's EWP in a certain period in the
future can be predicted. The limiting distribution under the two background conditions
is calculated by using the traditional and spatial Markov probability transfer matrices.
The outcomes are shown in Table 4 and are compared with the probability distribution
of the initial state.

Table 4. Evolutionary trend prediction of ecological well-being performance type transfer in China.

Spacelag 1 2 3 4

Initial state 0.0667 0.2333 0.3333 0.3667

Limit distribution w1tl};c;ut considering spatial 0.7319 0.2185 0.0379 0.0118
1 / / / /
Limit distributi deri Hal 1 2 0.7398 0.2602 O 0
imit distribution considering spatial lag 3 10000 0 0 0
4 1.0000 O 0 0

Without considering spatial lag, the comparison between the calculated limit dis-
tribution and the initial state shows that the number of provinces and cities of type 1 is
increasing and that the number of provinces and cities in types 2, 3 and 4 is decreasing.
This shows that when relying only on the consumption of resources to develop, it is dif-
ficult to improve EWP, and most provinces and cities will still be at low EWP levels.

When considering spatial lag, under the background of different geographical spa-
tial patterns, the transfer probability of China's EWP levels in a certain period in the fu-
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ture has the following characteristics. When a province is close to a province with a low
EWP level, its ecological welfare performance level may be in a low state for a long pe-
riod, and the percentage of provinces at a low level is 73.98%. When a province is close to
a province with a higher EWP level, the neighboring provinces and cities will have an
impact on the EWP of the provinces and cities. However, this is not the decisive factor for
determining the state evolution trend for a certain period in the future. According to the
current resource consumption level and welfare output level, the ecological welfare level
will still be low when a province is adjacent to either type 3 or type 4 provinces for a
certain period in the future.

4. Discussion and Policy Recommendations
4.1. Interpretation of the Results

By measuring China's EWP and by analyzing time series, we can see that from 2003
to 2016, China's average EWP declined. The main reason is because in the inputs, alt-
hough in terms of environmental pollution, pollutant discharges such as wastewater,
waste gas and waste residue are generally decreasing year by year, and the consumption
of resources is also increasing year by year. At the same time, in the output indicators that
represent the level of welfare output, the added value of average life expectancy and
average length of education in each year are limited, especially due to changes in the
statistical caliber or other reasons, and the average number of years of education in some
provinces has decreased. This causes the results of EWP calculations to show a down-
ward trend, which indicates that the degrees of resource consumption and environmen-
tal pollution are greater than the pace of welfare level improvement and further shows
that the impact of the once-extensive economic growth mode still exists, demonstrating
that the level of welfare promoted by unit resource consumption is relatively small. It
should be pointed out that the declining trend of the ecological welfare level does not
mean that China has not made progress in ecological environmental protection in recent
years. On the contrary, China has placed great importance on the protection of the eco-
logical environment and the economical and intensive utilization of resources in recent
years, taking low-carbon strategy as an important guiding ideology [51]. The results of
this study mainly analyze the efficiency of transforming resource inputs into welfare
outputs from the perspective of inputs and outputs and reflect only that the efficiency of
transforming resource inputs into welfare outputs is not high enough. In addition, from
2003 to 2016, the EWP rank was East > Central > West China. This is because the eastern
region has its own geographical advantages and original foundations, and various new
technologies have developed rapidly, so East China has taken the lead in upgrading and
transferring industry coincident with a gradual transfer of high energy consumption and
high pollution to the central and western regions; at the same time, the economic, educa-
tional and medical systems in East China have also improved continuously. The EWP in
the eastern region is higher than in the central and western regions.

The results of the time evolution characteristics of China's EWP show that the EWP
of each province has the stability of the original state. In the process of economic devel-
opment, we could obtain certain levels of output by reducing the inputs of energy con-
sumption. This transformation process cannot be completed in a short duration of time. It
relies on the research and development of new technologies and the accumulation of
management experience, gradual completion of the transformation and upgrading of
industries, and improvements of the systems of resource utilization and environmental
protection. This is also the reason why the EWP has difficulty in achieving bursts of im-
provement.

In the spatial evolution of EWP in China, because the system of natural resources
elements is not completely closed, the resource elements among regions can circulate in
space, such as China's West-to-East Gas Transmission Project and the South-to-North
Water Transfer Project, which cause the spatial connections between regional resource
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elements to become increasingly closer and can lead to the location effect of EWP be-
tween surrounding provinces and cities. That the global Moran’s index of each year's
ecological welfare performance is positive reflects the spatial dependence of the impact of
EWP between neighboring provinces and cities. The EWP of a province not only affect
other provinces but also be affected by other surrounding provinces and cities.

In predicting the spatiotemporal evolution trend of China's EWP, the long-term
evolution trend of China's EWP level is not obviously affected by geographical spatial
patterns but is strongly affected by the current state level in a certain period of time, by
the long-term increase in resource consumption, and by the increase in welfare level
outputs. This requires that in the future development process, every region should focus
on improving its own resource utilization efficiency and strengthening environmental
supervision and should rely mainly on its own endogenous power to promote EWP im-
provement. On this basis, neighboring cities should coordinate their economic develop-
ment effort [52] and further improve EWP by relying on agglomeration advantages.

4.2. Policy Recommendations

To improve EWP, China's provinces and cities need to focus on improving their own
resource utilization efficiencies and strengthening environmental supervision and rely on
their own endogenous power to promote EWP improvement. On this basis, this article
puts forward the following policy recommendations to provide a reference for China and
other countries and regions.

4.2.1. Enact Special Laws and Regulations for Resource Utilization and Ecological Pro-
tection

From the experience of environmental management strategy reform in Japan and
other countries, it can be found that through the policy and guidance of legislation, ad-
vocating the reduction of resources and energy utilization has a positive role in promot-
ing ecological efficiency [53]. Therefore, China could improve the relevant laws and reg-
ulations for resource and ecological protection to increase the internal motivations for
improving the EWP. Specific implementation measures include the following. The first
measure is to introduce special legislation at the national level. For example, ecological
protection redline should be given clear legal effects and legal responsibilities and mac-
roscopic provisions and requirements, which will optimize the legal environment for the
implementation of relevant ecological protection policies. The second measure is to in-
troduce corresponding regulations and management measures at the local level to assist
the legislation at the national level. According to the characteristics and reality of their
own resource endowments, each local government formulates regulations and man-
agement methods for resources and ecological protection with local characteristics to
promote the progress of ecological protection work and lay the foundation for improving
the EWP of the whole society.

4.2.2. Promote and Improve the Mechanism of Public Participation in the Rational Utili-
zation of Resources and Ecological Environment Protection

For the policymakers of ecology and environment, they should pay more attention
to the public participation evaluation in ecological and environmental decision-making
[54], and innovate the methods of public participation in eco-environmental assessment
[55]. An important way to improve EWP is to reduce the dependence of economic growth
on resources and ecological consumption. The consumption and utilization of resources
and ecology involve the interests of the entire public at a certain level. Therefore, we can
improve the mechanism of public participation in the rational use of resources and eco-
logical environmental protection to improve EWP. Specific measures include the fol-
lowing. First, we should comprehensively promote the information disclosure system of
resource consumption and pollution emissions so that all kinds of production and utili-
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zation behaviors that hinder EWP improvement are supervised by the whole public. The
second measure to improve the publicity mechanism for public participation in the ra-
tional utilization of resources and ecological protection is to accelerate the integration of
traditional media and new media and convey comprehensive, timely and accurate eco-
logical protection-related information to the public through the Internet, microblogs,
WeChat, and other information platforms so that the public can understand the im-
portance of rational resource utilization and ecological environmental protection. The
public can also direct their opinions and suggestions to the relevant resource manage-
ment departments through these information platforms. The third measure is to make
full use of the benefit leverage and provide certain material or spiritual rewards to
members of the public who have exhibited outstanding performance in the process of
public participation in rational resource utilization and ecological environmental protec-
tion, which will increase the enthusiasm for public participation.

4.2.3. Establish a Dynamic Monitoring System for Resource Utilization and Ecological
Environmental Protection

In recent years, China has been accelerating its development of the big data indus-
try. Therefore, we can make full use of the advantages of big data to establish a dynamic
monitoring system of resource utilization and ecological environmental protection to
help improve EWP. Scientific researchers transform professional data and information
into a form that is easy for policymakers to understand and use to formulate or adjust
relevant policies [56]. Specific measures include the following. The first is to realize the
construction of a resource utilization and ecological environment protection information
database and implement full coverage of monitoring stations. This will aid in completely
understanding the status of resource utilization and the quality of the ecological envi-
ronment to monitor all kinds of unreasonable resource utilization behaviors. The second
measure is to master regional resources, ecological environmental quality and their dy-
namic changes and formulate plans for resource utilization and ecological environmental
protection through real-time monitoring and big data analysis and calculations. The third
measure is to strengthen the data sharing of resource utilization and ecological envi-
ronmental protection among different functional departments and refuse to approve
some projects that would excessively consume resources and result in serious ecological
environmental pollution.

4.2.4. Strengthen structural adjustment, accomplish high-quality economic development

The traditional development mode has a restrictive effect on improving EWP. This
requires that we should appropriately slow down the speed of economic growth, pro-
mote economic transformation and gradually achieve high-quality economic develop-
ment by increasing structural adjustment. The specific measures include: First, each
province should take advantage of their location and resource characteristics, fully de-
velop renewable energy resources, such as wind energy and marine energy with less
environmental pollution, and increase the proportion of renewable energy consumption
in production. Second, increase investment in pollution reduction technology, develop
technology-intensive industries [57], avoid inefficient industrial clusters, and achieve the
transformation and upgrading of technology industry. Third, formulate regulations for
cleaner production and reduce the pollution caused by enterprises” production [58].

5. Conclusions

Based on panel data of China's provinces and cities from 2003 to 2016, this article
takes EWP as the research object. By constructing an index system, this article uses the
superefficient SBM model to measure the EWP of provinces and cities in China. On the
basis of time series analysis and spatial correlation analysis of the global Moran's I index,
traditional and spatial Markov probability transfer matrices are established. Through an
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analysis of the spatial and temporal characteristics of EWP, this article forecasts the evo-
lution trend for a certain period in the future and discusses the influences of geographical
spatial patterns on the spatial and temporal evolution of EWP and provides relevant
policy suggestions according to the actual situation. We present the following main con-
clusions below.

From the perspective of time series evolution, the EWP in China declined from 2003
to 2016. In general, the EWP in the east is greater than that in the central region, and the
EWP in the central region is greater than that in the west. Taking 2009 as the dividing
point, although the EWP of each province and city did not significantly improve, the
EWP of most provinces and cities remained unchanged, and the downward transfer
trend of EWP types in the western region was restrained with a certain spatial spillover
effect.

From the perspective of spatial evolution patterns, the results of the global Moran's I
index show that the EWP in China has a significant positive correlation with the spatial
distribution. The traditional Markov probability transfer matrix shows that EWP has the
possibility of converging to low and high levels. The EWP is presently difficult to achieve
large, abrupt transfers. The spatial Markov probability transfer matrix shows that under
different neighborhood backgrounds, the types of EWP transfer probability in each
province and city are different. If the provinces and cities surrounding a province are in a
state of high ecological welfare, the probability of upward transfer of the EWP state in the
province will increase; if the provinces and cities surrounding a province are at a low
EWP level, the probability of downward transfer of the EWP state in the province will
increase.

From the long-term evolution trend, most provinces and cities will still be in a low
EWP level for a certain period in the future. The long-term evolution trend of China's
EWP level is not clearly affected by the geographical spatial pattern but is affected by the
current state level over a certain period of time, the level of resource consumption
growth, and the level of welfare level output growth for a long period.

In view of the current situation of China's EWP, the following policy recommenda-
tions are put forward to improve China's EWP and provide a reference for other coun-
tries and regions. The first recommendation is to set up special laws and regulations for
resource utilization and ecological protection. The second recommendation is to promote
and improve the mechanism of public participation in the rational utilization of resources
and the protection of the ecological environment. The third recommendation is to estab-
lish a dynamic monitoring system for resource utilization and ecological environmental
protection. The fourth recommendation is to strengthen structural adjustment and ac-
complish high-quality economic development.

The EWP plays an important role in the implementation of sustainable develop-
ment agenda, the improvement of people’s wellbeing and the promotion of high-quality
economic development. However, it is necessary to realize that there is still a lot of work
to be done to the further study of EWP. This paper established the evaluation index on
the basis of quantifiable and available data. For some indicators that are difficult to ob-
tain or cannot be quantified, such as indicators reflecting the input of forest, biological
species, mineral resources, etc., have not been included in the index system of this paper.
In addition, in terms of output, indicators such as residents’ life satisfaction, which re-
flect the subjective welfare are difficult to quantify, are not included, either. Therefore,
building a more comprehensive and reliable index system is the difficulty and direction
of improving EWP study in the future. In addition, this paper uses spatial Markov chain
to study the impact of geographical location on the evolution of EWP in the process spa-
tiotemporal evolution. However, limited by the article space, it has not been deeply in-
tegrated with GIS analysis method, and has not yet analyzed the impact of spatial fac-
tors on the EWP. For further study, we can try to introduce industrial structure, urbani-
zation development and other spatial regression model to solve the problem more effec-
tively.
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