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Abstract: The coordinated relationship of new-type urbanization (NU) and the eco-
environment (EE) is of great significance for high-quality and healthy development. A
multi-dimensional index system of NU and EE was established to measure and compare
the coordinated level of 30 Chinese provinces from 2009 to 2020 by the entropy method,
coupling coordination degree model, and Markov chain. Furthermore, the regional differ-
ences in and distribution dynamic evolution of the coordination level of the four east, west,
central, and northeast regions in China were analyzed using the Dagum Gini coefficient
and the kernel density estimation method. The results showed that China’s NU and EE
was in the low coordination state, and the distribution was uneven. In addition, the coordi-
nated evolution was continuous. The study also revealed that intra-regional differences in
coordination level were small and stable in China, and the overall difference in NU and EE
coordination was mainly ascribed to inter-regional difference. The national coordination
level rose, and the polarization phenomenon gradually disappeared. In the process of NU,
the environmental capacity in China should be considered to promote the coordinated
development of regions and fully reflect the sustainable development requirements of NU.

Keywords: new-type urbanization; eco-environment; coordination; dynamic evolution;
high-quality development

1. Introduction
Urbanization and eco-environment (EE) closely interact and have mutual influence.

Urbanization requires energy and resource consumption, causing certain damage to the
EE. If the process of urbanization exceeds the carrying capacity of the EE, it could lead
to the deterioration of EE, thereby restricting the urbanization. Sustainable urbanization
requires a good EE to provide support. The coordinated relationship of urbanization and
the eco-environment (EE) is of vital significance for sustainable and healthy development.
There are few studies on the regional differences and dynamic evolution of the coordi-
nation of Chinese new-type urbanization (NU) and the EE composite system in different
provinces and different regions. Since the late 1970s, China’s urbanization level has rapidly
improved. The rapid development of urbanization consumes huge energy and resources,
also damaging the EE. The deterioration of the EE has also affected urbanization quality.
New-type urbanization (NU) is a new plan put forward by China in response to economic
transformation and development. The “National New-type Urbanization Plan” points
out that NU puts more emphasis on the development layout within the resources and
environment’s carrying capacity. There is a complex relationship of mutual restriction
and interaction in the NU and eco-environment (EE) system. The EE itself contains the
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coordination and sustainability required by the NU. The healthy development of NU could
hardly do without the effective support of the EE.

In the process of China’s NU, the compatibility of the NU and EE composite system
requires attention. In addition, the dynamic evolution of the coordination between China’s
NU and EE system should be revealed to provide a basis for the sustainable development
of NU. Meanwhile, due to different development levels in different provinces and regions
of China, the situations of NU and EE are different. It is necessary to select an appropriate
evaluation index system and evaluation method to measure the coordination level of NU
and EE systems in China, so as to more comprehensively understand the development
status and regional differences in the coordinated level of NU and EE systems in China.

At present, more and more scholars are paying attention to the relationship between
urbanization and environmental pollution, energy consumption, environment [1–4], etc.
With the development of urbanization, urban sustainability is gradually being more highly
valued. The composite systems of society, resources, the economy, and the environment
were chosen to investigate urban sustainability [5,6]. As for the relationship between ur-
banization and environmental pollution, certain pollutants types, such as carbon emissions,
haze, and air pollution were studied [7–9]. The coordination level of society, economy, re-
sources, the environment, and urbanization were investigated at some province or city area
level [10–15]. With the high level of energy and resources consumption and emissions in the
process of urbanization, NU with sustainable development is proposed, which places more
emphasis on compatibility with the environment. The indicator system of urbanization
is no longer limited to the use of population urbanization or land urbanization to char-
acterize the level of urbanization, but also includes economic and social indicators [9,14].
The effect of NU on energy intensity, energy efficiency, carbon emissions, haze, and the
eco-environment were widely researched [16–20].

Furthermore, the influence mechanism and coupling coordination of NU and the eco-
environment were studied in 31 provinces of China, including western China–Guanzhong,
and the Yangtze River Delta, respectively [20–22]. However, the systematicity and complex-
ity of urbanization and EE were ignored in the analysis of the influence of urbanization
on energy consumption, environmental pollution, and the ecological environment. The
system of EE includes not only energy consumption, environmental pollution, and the
ecological environment. The NU and EE system constitutes an interactive and nonlinear
composite system.

From the existing research, it can be seen that there are few studies on the regional dif-
ferences in NU and EE composite system coupling coordination in different provinces and
different regions in China. Studies about the dynamic evolution of NU and EE composite
system coupling coordination from the perspective of time and space are relatively scarce.
Based on this, a comprehensive evaluation index system of the NU and EE composite sys-
tem was constructed in this paper. The interconnection of the NU and EE composite system
was studied by the coupling coordination degree model. Moreover, the transfer situation
of the NU and EE system coordination level was investigated using the Markov chain. The
Dagum Gini coefficient was chosen to explore the situations of regional differences and the
source differences in the coordinated development of the NU and EE composite system in
China. Furthermore, kernel density estimation was applied to investigate the distribution
dynamic evolution of the coordinated development of the NU and EE system.

This paper studied the coordinated level and evolution of the NU and EE composite
system in different provinces and four different regions in China from 2009 to 2020. Firstly,
the comprehensive evaluation index system of the NU and EE composite system was built,
and the determination of the indicators weights in the comprehensive evaluation index
system by the entropy method. Secondly, the coordinated status of the NU and EE compos-
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ite system was investigated by the coupling coordination degree model which was used
to measure the interaction between two or more systems, in which the coordination level
and the interaction strength of NU and EE system was characterized by the coordination
degree and the coupling degree, respectively. Furthermore, Markov chain was used to
describe the transition probability of coordinated states. The regional relative differences
and the differences sources of the NU and EE system coordination degree were studied
by the Dagum Gini coefficient. The kernel density estimation method was further used to
measure the evolution of the absolute difference in the NU and EE system coordination
degree. Later, the above methods were empirically analyzed in China, to provide some
references for sustainable development.

2. Materials and Methods
2.1. Evaluation Index System of the NU and EE System

(1) Index System
The evaluation index system of the NU and EE composite system is shown in Table 1.

The selection of evaluation indicators for the NU subsystem and the EE subsystem fol-
lowed the principles of scientific data and availability, and considered the results of refer-
ences [5,11,14,23,24].

Table 1. Evaluation index system of NU-EE.

Subsystem Index Layer Units Weight Index Attribute

N
U

su
bs

ys
te

m

GDP per capita CNY 10,000 0.0366 Positive

Investment in fixed assets per capita CNY 10,000 0.013 Positive

Public financial expenditure per capita CNY 10,000 0.0449 Positive

Contribution rate of scientific and
technological progress % 0.0426 Positive

Actual utilization level of foreign capital USD 10,000 0.1004 Positive

Proportion of employed persons in the
secondary industry % 0.0827 Positive

Proportion of employed persons in the
tertiary industry % 0.0303 Positive

Proportion of secondary industry % 0.0647 Positive

Proportion of tertiary industry % 0.0892 Positive

Urban population density Person/km2 0.0498 Positive

Number of college students per 100,000 people Person 0.0546 Positive

Per capita consumption of urban residents CNY 0.0834 Positive

Per capita disposable income of urban residents CNY 0.0513 Positive

Engel coefficient of urban residents 1 0.0222 Negative

Urban-rural income gap CNY 0.0133 Negative

Proportion of construction land % 0.0567 Positive

Per capita road area Square meter 0.0297 Positive

Green area per capita Square meter 0.0235 Positive

Number of privately owned cars Vehicles 0.0661 Positive

Urbanization rate of permanent population % 0.045 Positive



Sustainability 2025, 17, 1824 4 of 20

Table 1. Cont.

Subsystem Index Layer Units Weight Index Attribute

EE
su

bs
ys

te
m

Investment in industrial pollution control CNY 10,000 0.1126 Positive

Growth rate of energy consumption % 0.2026 Negative

GDP energy intensity Ton/CNY 10,000 0.0675 Negative

Per capita forest area Square
meter/person 0.052 Positive

Output of industrial solid waste 10,000 tons 0.0775 Negative

Comprehensive utilization rate of industrial
solid waste % 0.0341 Positive

Urban domestic sewage treatment rate % 0.0633 Positive

Domestic garbage harmless treatment rate % 0.1372 Positive

Gas utilization rate % 0.0998 Positive

Water penetration rate % 0.0498 Positive

Forest coverage % 0.0429 Positive

SO2 emission 10,000 tons 0.0607 Negative
Note: the indicator weights were calculated using the entropy method.

The indexes of NU subsystem consisted of the aspects of economy, population, in-
dustry, society, and space urbanization, with 20 indicators in total. The indexes of the EE
subsystem were composed of two aspects, energy resources and environmental quality,
including 12 indicators.

(2) The entropy method was applied to determine the weight of indicators in the
evaluation system. The composite system was composed of two subsystems, s = {S1, S2},
in which S1 represents the NU subsystem and S2 represents the EE subsystem. The steps
were as follows [6,25]:

1⃝ Standardization, X
′
ij was the normalized index value, Xij was the value of the ith

index of j province (i = 1, 2 . . ., m; j = 1, 2, . . ., n)

X
′
ij =


Xij−minXij

maxXij−minXij
, Positive indicator

maxXij−Xij
maxXij−minXij

, Negative indicator
(1)

2⃝ Proportion of j province in index i:

Pij =
X

′
ij

∑n
j=1 X

′
ij

(2)

3⃝ Entropy value of index i:

ei = −k∑n
j=1 Pijln Pij (3)

k = 1/ln(n) > 0 and ei ≥ 0;
4⃝ Difference coefficient of index i:

gi =
1 − ei

m − ∑m
i=1 ei

(4)
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5⃝ Weight of indicators:

wi =
gi

∑m
i=1 gi

(5)

6⃝ Comprehensive development index of z subsystem:

Sz = ∑m
i=1 wi × X

′
ij, z = 1, 2 (6)

(3) Data source. The data of 30 provinces (due to lack of data, excluding Tibet, Hong
Kong, Macao, and Taiwan in China) in China from 2009 to 2020 were from the China Urban
Statistical Yearbook, China Statistical Yearbook, Provincial Statistical Yearbooks, China
Energy Statistical Yearbook, China Environmental Statistical Yearbook, etc. For a small
number of data that could not be obtained, the missing values were filled in by the average
interpolation method.

2.2. Evaluation on Coordinated Development of the NU and EE System

To evaluate the composite system coordinated development, the coupling coordination
degree model was used. And the coupling coordination degree model includes the coupling
degree and the coordination degree. The coupling degree, C, was used to measure the
interaction between two or more systems. The calculation formula was [6]:

C = 2

√√√√ S1∗S2

( S1+S2
2 )

2 (7)

The coordination degree, D, was used to assess the coordination degree of the compos-
ite system.

T = αS1 + βS2 (8)

D =
√

C∗T (9)

T was the comprehensive development level of the composite system. α and β were
the weight of the subsystem’s importance to the coordination of the composite system. The
NU subsystem and the EE subsystem were equally important, so α = β = 1/2.

The values of C and D were both between [0–1]. The closer the values of C and D to
1, the higher the C and D are, and the higher C means the closer the connection between
the two subsystems. The higher the D means the more coordinated the composite system
would be. Referring to Wang and An et al. [12,26], the classification standards of C and D
are presented in Table 2.

Table 2. Classification standard of coupling degree and coordination degree.

C Coupling Type D Coordination Type

0–0.3 Disorder coupling 0–0.5 Incoordination
0.3–0.5 Low-level coupling 0.5–0.6 Low coordination
0.5–0.8 Moderate coupling 0.6–0.7 Moderate coordination
0.8–1 High-level coupling 0.7–1 High coordination

2.3. Markov Chain

Markov chain was applied to measure the transfer probability of composite system
coordination degree [27,28]:

Pij =
nij

ni
(10)
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Pij was used to describe the transferring probability of i coordination level to j level
the next year; nij was the sum of the number of i level provinces transferred to j level the
next year; ni was the i coordination level provinces.

2.4. Dagum Gini Coefficient

The Dagum Gini coefficient [28–30] was applied to describe the regional relative
differences and the differences sources of the composite system coordination degree.

Overall Gini coefficient:

G =
∑k

j=1 ∑k
h=1 ∑

nj
i=1 ∑nh

r=1

∣∣Yji − Yjr
∣∣

2n2Y
(11)

In the Formula (11), k was the regions amount, n was the provinces amount, Yji(Yhr)

was the coordination degree of the NU and EE system of the i(r) province in the j(h) region,
nj(nh) was the number of provinces in j(h) region, and Y was the average coordination
degree of the NU and EE system in all provinces.

Gjj =

1
2Yj

∑
nj
i=1 ∑nh

r=1

∣∣Yji − Yjr
∣∣

n2
j

(12)

Gjh =
∑

nj
i=1 ∑nh

r=1

∣∣Yji − Yhr
∣∣

njnh
(
Yj + Yh

) (13)

In Formulas (12) and (13), Gjj was the Gini coefficient of j region, Gjh was the Gini
coefficient between jh regions, Yj

(
Yh

)
was the average value of the regional coordination

degree of j(h) region.

Defined variable: Pj =
nj
n ; Sj =

njYj

nY
;

Mjh =
∫ ∞

0
dFj(Y)

∫ Y

0
(Y − x)dFh(x) (14)

Njh =
∫ ∞

0
dFh(Y)

∫ Y

0
(Y − x)dFj(x) (15)

Djh =
Mjh − Njh

Mjh + Njh
(16)

Djh was the relative impact of inter-regional coordination between j and h regions;
Fj(Fh) was the cumulative density distribution function of j(h) region; Mjh was the differ-
ence in coordination between regions, i.e., the mathematical expectation for the sum of
all Yji − Yhr > 0 in regions j and h; Njh was the first-order moment of hypervariable, all
samples with Yhr − Yji > 0 in j and h.

The Gini coefficient was decomposed into intra-regional gap Gw, inter-regional gap
Gnb, and hypervariable density Gt (representing the impact of regional sample overlap on
regional disparity), G = Gw + Gnb + Gt

Gw = ∑k
j=1 GjjPjSj (17)

Gnb = ∑k
j=2 ∑j−1

h−1 GjhDjh
(
PjSh + PhSj

)
(18)

Gt = ∑k
j=2 ∑j−1

h=1 Gjh
(
PjSh + PhSj

)(
1 − Djh

)
(19)
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2.5. Kernel Density Estimation

As a nonparametric estimation method, the kernel density estimation method used
continuous density curves to describe the distribution of random variables [28,29].

Let f(x) be the density function of the coordination degree x of the NU and EE system:

f(x) =
1

Nh∑N
i=1 K(

Xi − x
h

) (20)

N was the number of observations,Xi was independent, identically distributed obser-
vations; x was the mean of x-observations, K was kernel density function, h was bandwidth,
and the smaller h, the higher the estimation accuracy.

The Gaussian kernel density function was:

K(x) =
1√
2π

exp(−x2

2
) (21)

3. Results
3.1. Analysis on Coordinated Development Level of NU and EE System
3.1.1. Comprehensive Development Level Index

(1) Comprehensive Development Index of NU
The comprehensive evaluation index of NU was used to describe Chinese NU devel-

opment status. The comprehensive development index of Chinese NU subsystem from
2009 to 2020 is displayed in Table 3.

Table 3. Comprehensive development index of NU.

Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Mean

Beijing 0.621 0.618 0.592 0.586 0.571 0.571 0.599 0.639 0.665 0.630 0.613 0.621 0.610
Tianjin 0.478 0.480 0.513 0.510 0.529 0.531 0.528 0.485 0.467 0.417 0.442 0.402 0.482
Hebei 0.266 0.271 0.280 0.270 0.275 0.280 0.293 0.295 0.310 0.317 0.324 0.330 0.292
Shanxi 0.222 0.213 0.228 0.224 0.238 0.241 0.238 0.233 0.214 0.214 0.217 0.230 0.226

Inner Mongolia 0.274 0.279 0.297 0.299 0.316 0.330 0.305 0.304 0.302 0.269 0.265 0.253 0.291
Liaoning 0.358 0.362 0.379 0.374 0.408 0.388 0.280 0.277 0.284 0.270 0.262 0.257 0.325

Jilin 0.217 0.211 0.220 0.226 0.237 0.236 0.233 0.218 0.217 0.209 0.213 0.204 0.220
Heilongjiang 0.250 0.269 0.259 0.248 0.253 0.238 0.237 0.227 0.233 0.218 0.215 0.200 0.237

Shanghai 0.630 0.605 0.592 0.572 0.588 0.593 0.608 0.640 0.633 0.629 0.617 0.630 0.611
Jiangsu 0.522 0.515 0.549 0.546 0.567 0.560 0.558 0.554 0.571 0.570 0.567 0.567 0.554

Zhejiang 0.467 0.465 0.493 0.487 0.497 0.506 0.523 0.522 0.531 0.539 0.517 0.518 0.505
Anhui 0.219 0.237 0.251 0.260 0.264 0.277 0.288 0.301 0.322 0.331 0.340 0.341 0.286
Fujian 0.304 0.308 0.330 0.335 0.343 0.364 0.358 0.347 0.369 0.365 0.360 0.360 0.345
Jiangxi 0.268 0.275 0.265 0.263 0.261 0.271 0.306 0.285 0.310 0.326 0.328 0.331 0.291

Shandong 0.376 0.381 0.406 0.400 0.418 0.428 0.442 0.443 0.460 0.459 0.432 0.442 0.424
Henan 0.270 0.268 0.290 0.286 0.294 0.308 0.318 0.316 0.341 0.354 0.361 0.364 0.314
Hubei 0.239 0.244 0.241 0.241 0.261 0.281 0.287 0.290 0.310 0.325 0.335 0.305 0.280
Hunan 0.248 0.239 0.248 0.245 0.262 0.272 0.283 0.298 0.319 0.329 0.345 0.377 0.289

Guangdong 0.515 0.511 0.521 0.514 0.490 0.495 0.526 0.534 0.546 0.538 0.544 0.563 0.525
Guangxi 0.146 0.151 0.158 0.152 0.144 0.139 0.151 0.157 0.168 0.171 0.179 0.191 0.159
Hainan 0.158 0.191 0.201 0.184 0.188 0.185 0.187 0.191 0.206 0.199 0.197 0.217 0.192

Chongqing 0.238 0.259 0.295 0.280 0.274 0.278 0.292 0.302 0.314 0.314 0.309 0.316 0.289
Sichuan 0.238 0.247 0.255 0.248 0.247 0.251 0.240 0.265 0.277 0.289 0.304 0.298 0.263
Guizhou 0.125 0.132 0.130 0.134 0.138 0.131 0.143 0.160 0.176 0.183 0.180 0.193 0.152
Yunnan 0.179 0.185 0.194 0.191 0.155 0.176 0.180 0.188 0.193 0.200 0.203 0.214 0.188
Shaanxi 0.283 0.292 0.309 0.297 0.295 0.317 0.288 0.267 0.281 0.283 0.292 0.302 0.292
Gansu 0.170 0.167 0.161 0.176 0.173 0.181 0.186 0.234 0.191 0.174 0.179 0.194 0.182

Qinghai 0.174 0.211 0.231 0.232 0.229 0.231 0.227 0.227 0.231 0.228 0.242 0.241 0.225
Ningxia 0.220 0.226 0.221 0.215 0.233 0.244 0.243 0.247 0.253 0.246 0.265 0.253 0.239
Xinjiang 0.226 0.217 0.223 0.225 0.256 0.253 0.223 0.223 0.240 0.225 0.242 0.225 0.232

Mean 0.297 0.301 0.311 0.307 0.313 0.319 0.319 0.322 0.331 0.327 0.330 0.331 0.317
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As shown in Table 3, the average value of the comprehensive development index
of NU subsystem was 0.297–0.331, indicating that the average level of NU in China was
not high. The composite index of NU rose slightly, from 0.297 in 2009 to 0.331 in 2020,
an increase of 11.66%. Next, the region and province differences in NU comprehensive
development index were studied. Based on the National Bureau of Statistics of China,
Chinese provinces are divided into four regions: eastern, central, western, and northeastern.

The arithmetic mean value (A1) of comprehensive development index of NU sub-
system was 0.317 and standard deviation (SD1) was 0.130. A1 + 0.5SD1 = 0.382,
A1 − 0.5SD1 = 0.252. The development level of NU was divided into high urbanization
(>0.382), medium to high urbanization (0.317–0.382), medium urbanization (0.252–0.317),
and low urbanization (<0.252) [31].

The regional distribution of NU development level was shown in Table 4. There
were seven highly urbanized provinces, all in the eastern region of China. There are
two provinces with medium to high urbanization. There were 10 provinces with medium
urbanization, mainly in the central and western regions. There were 11 other provinces with
low urbanization, 7 in the west, 2 in the northeast, 1 in the east, and 1 in the central region.

Table 4. Regional distribution of Chinese NU development level.

NU Development
Level Eastern Region Northeast Region Central Region Western Region

Highly urbanized

Shanghai, Beijing,
Jiangsu, Guangdong,

Zhejiang, Tianjin,
Shandong

Medium to high
urbanization Fujian Liaoning

Medium
urbanization Hebei

Henan, Jiangxi,
Hunan, Anhui,

Hubei

Shaanxi, Chongqing,
Inner Mongolia,

Sichuan

Low urbanization Hainan Heilongjiang, Jilin Shanxi

Guangxi, Guizhou,
Yunnan, Gansu,

Qinghai, Ningxia,
Xinjiang

(2) Comprehensive Development Index of EE Subsystem
The comprehensive evaluation index of EE was used to describe the EE development

status in China. The comprehensive development index of China’s provincial EE subsystem
from 2009 to 2020, is displayed in Table 5.

According to Table 5, the average comprehensive development index of Chinese
national EE was 0.420, which indicated that the situation of EE was good. It was relatively
stable from 2009 to 2020.

The arithmetic mean A2 of average value of EE comprehensive development in-
dex was 0.420, and the standard deviation SD2 was 0.073, with a small difference.
A2 + 0.5SD2 = 0.457, A2 − 0.5SD2 = 0.384. The development level of EE was divided into
high level for those values above 0.457, medium–high level for those between 0.420 and
0.457, medium level for those between 0.384 and 0.420, and low level for those below 0.384.

Table 6 shows the Chinese regional distribution of EE levels. It could be concluded
from Table 6 that there were seven provinces with high levels of EE: six in the east and
one in the west. There were 11 provinces with medium–high levels: three in the east, one
in the northeast, four in the central, and three in the west. The remaining 11 provinces
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were at a low level: one province in the east region of China and one in the northeast
region, two in the central region and seven in the west region. The results indicate that the
development levels of regional distribution in the NU subsystem and EE subsystem are
unequal in China. It is worth exploring the coordination of the Chinese NU and EE system
and its dynamic development.

Table 5. Comprehensive development index of EE subsystem.

Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Mean

Beijing 0.603 0.503 0.512 0.500 0.496 0.467 0.475 0.446 0.305 0.443 0.419 0.354 0.460
Tianjin 0.468 0.534 0.503 0.477 0.476 0.410 0.445 0.510 0.273 0.406 0.395 0.411 0.442
Hebei 0.386 0.366 0.399 0.394 0.379 0.462 0.378 0.345 0.215 0.532 0.381 0.333 0.381
Shanxi 0.423 0.397 0.386 0.404 0.392 0.345 0.334 0.338 0.189 0.333 0.326 0.355 0.352

Inner Mongolia 0.431 0.465 0.527 0.507 0.623 0.644 0.574 0.495 0.325 0.492 0.471 0.456 0.501
Liaoning 0.357 0.390 0.398 0.403 0.403 0.432 0.357 0.447 0.200 0.317 0.321 0.316 0.362

Jilin 0.374 0.402 0.386 0.368 0.457 0.427 0.473 0.438 0.217 0.346 0.359 0.368 0.384
Heilongjiang 0.414 0.440 0.393 0.412 0.500 0.455 0.516 0.490 0.277 0.427 0.425 0.425 0.431

Shanghai 0.506 0.505 0.471 0.488 0.441 0.438 0.460 0.458 0.320 0.427 0.444 0.428 0.449
Jiangsu 0.482 0.517 0.540 0.544 0.538 0.440 0.488 0.464 0.273 0.527 0.451 0.564 0.486

Zhejiang 0.601 0.613 0.614 0.629 0.648 0.594 0.594 0.526 0.731 0.567 0.543 0.662 0.610
Anhui 0.406 0.437 0.453 0.468 0.511 0.420 0.432 0.432 0.281 0.439 0.417 0.454 0.429
Fujian 0.566 0.633 0.595 0.631 0.633 0.550 0.606 0.518 0.321 0.511 0.465 0.509 0.545
Jiangxi 0.446 0.478 0.511 0.481 0.472 0.456 0.461 0.364 0.254 0.447 0.434 0.411 0.435

Shandong 0.511 0.572 0.592 0.601 0.572 0.562 0.486 0.525 0.334 0.462 0.528 0.519 0.522
Henan 0.329 0.335 0.349 0.304 0.378 0.354 0.342 0.416 0.246 0.409 0.411 0.393 0.355
Hubei 0.463 0.524 0.463 0.468 0.493 0.437 0.456 0.405 0.274 0.442 0.440 0.469 0.444
Hunan 0.410 0.483 0.452 0.475 0.479 0.394 0.488 0.404 0.254 0.402 0.401 0.426 0.422

Guangdong 0.507 0.591 0.518 0.545 0.527 0.470 0.512 0.426 0.311 0.475 0.479 0.504 0.489
Guangxi 0.461 0.504 0.460 0.493 0.512 0.473 0.515 0.417 0.281 0.455 0.451 0.425 0.454
Hainan 0.419 0.452 0.429 0.471 0.478 0.456 0.468 0.373 0.271 0.428 0.421 0.448 0.426

Chongqing 0.439 0.472 0.442 0.412 0.473 0.401 0.477 0.384 0.265 0.426 0.369 0.398 0.413
Sichuan 0.340 0.349 0.369 0.335 0.343 0.379 0.383 0.299 0.190 0.365 0.335 0.390 0.340
Guizhou 0.289 0.328 0.324 0.323 0.333 0.352 0.394 0.318 0.194 0.330 0.360 0.426 0.331
Yunnan 0.466 0.492 0.450 0.441 0.470 0.468 0.470 0.376 0.237 0.402 0.410 0.427 0.426
Shaanxi 0.428 0.532 0.488 0.489 0.498 0.451 0.451 0.366 0.223 0.382 0.403 0.424 0.428
Gansu 0.281 0.273 0.243 0.274 0.274 0.277 0.297 0.384 0.206 0.325 0.318 0.290 0.287

Qinghai 0.456 0.426 0.451 0.449 0.389 0.394 0.391 0.432 0.260 0.413 0.432 0.347 0.403
Ningxia 0.307 0.358 0.288 0.260 0.338 0.329 0.268 0.252 0.138 0.279 0.246 0.248 0.276
Xinjiang 0.386 0.379 0.395 0.364 0.327 0.333 0.343 0.257 0.189 0.300 0.330 0.289 0.324

Mean 0.432 0.458 0.447 0.447 0.462 0.436 0.444 0.410 0.269 0.417 0.406 0.416 0.420

Table 6. Regional distribution of EE level.

EE Level Eastern Region Northeast Region Central Region Western Region

High level
Beijing, Jiangsu,

Zhejiang, Shandong,
Fujian, Guangdong

Inner Mongolia

Medium high level Shanghai, Tianjin,
Hainan Heilongjiang Hubei, Jiangxi,

Anhui, Hunan
Guangxi, Shaanxi,

Yunnan

Medium level Jilin

Low level Hebei Liaoning Henan, Shanxi

Chongqing, Sichuan,
Guizhou, Gansu,
Qinghai, Ningxia,

Xinjiang
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3.1.2. Coupling and Coordination Degree of NU and EE System

(1) Coupling Analysis
The interaction between NU and EE was evaluated by the coupling degree. The

coupling development of the NU and EE composite system in 30 provinces in China from
2009 to 2020 is displayed in Table 7.

Table 7. Coupling degree of NU and EE system.

Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Mean

Beijing 1.000 0.995 0.997 0.997 0.998 0.995 0.993 0.984 0.929 0.985 0.982 0.962 0.985
Tianjin 1.000 0.999 1.000 0.999 0.999 0.992 0.996 1.000 0.965 1.000 0.998 1.000 0.996
Hebei 0.983 0.989 0.985 0.982 0.987 0.969 0.992 0.997 0.983 0.968 0.997 1.000 0.986
Shanxi 0.950 0.953 0.966 0.958 0.970 0.984 0.986 0.983 0.998 0.976 0.980 0.977 0.973

Inner Mongolia 0.975 0.968 0.960 0.966 0.945 0.947 0.952 0.971 0.999 0.956 0.960 0.958 0.963
Liaoning 1.000 0.999 1.000 0.999 1.000 0.999 0.993 0.972 0.985 0.997 0.995 0.995 0.994

Jilin 0.964 0.951 0.962 0.971 0.948 0.958 0.940 0.942 1.000 0.969 0.967 0.958 0.961
Heilongjiang 0.969 0.970 0.979 0.969 0.945 0.950 0.929 0.930 0.996 0.946 0.945 0.933 0.955

Shanghai 0.994 0.996 0.994 0.997 0.990 0.989 0.990 0.986 0.945 0.981 0.987 0.982 0.986
Jiangsu 0.999 1.000 1.000 1.000 1.000 0.993 0.998 0.996 0.936 0.999 0.994 1.000 0.993

Zhejiang 0.992 0.991 0.994 0.992 0.991 0.997 0.998 1.000 0.987 1.000 1.000 0.993 0.995
Anhui 0.954 0.955 0.958 0.959 0.948 0.979 0.980 0.984 0.998 0.990 0.995 0.990 0.974
Fujian 0.954 0.938 0.958 0.952 0.955 0.979 0.966 0.980 0.998 0.986 0.992 0.985 0.970
Jiangxi 0.969 0.963 0.949 0.956 0.958 0.967 0.979 0.993 0.995 0.988 0.990 0.994 0.975

Shandong 0.989 0.980 0.983 0.980 0.988 0.991 0.999 0.996 0.987 1.000 0.995 0.997 0.990
Henan 0.995 0.994 0.996 1.000 0.992 0.998 0.999 0.991 0.987 0.997 0.998 0.999 0.995
Hubei 0.948 0.931 0.949 0.948 0.952 0.976 0.974 0.986 0.998 0.988 0.991 0.977 0.968
Hunan 0.970 0.941 0.957 0.947 0.956 0.983 0.964 0.988 0.993 0.995 0.997 0.998 0.974

Guangdong 1.000 0.997 1.000 1.000 0.999 1.000 1.000 0.994 0.962 0.998 0.998 0.999 0.995
Guangxi 0.855 0.843 0.872 0.849 0.827 0.838 0.837 0.892 0.968 0.891 0.902 0.925 0.875
Hainan 0.892 0.914 0.932 0.898 0.901 0.907 0.903 0.947 0.991 0.931 0.932 0.937 0.924

Chongqing 0.955 0.957 0.980 0.982 0.964 0.983 0.971 0.993 0.996 0.989 0.996 0.993 0.980
Sichuan 0.984 0.985 0.983 0.989 0.986 0.979 0.973 0.998 0.983 0.993 0.999 0.991 0.987
Guizhou 0.919 0.905 0.905 0.911 0.911 0.889 0.884 0.944 0.999 0.958 0.943 0.927 0.924
Yunnan 0.896 0.891 0.917 0.918 0.864 0.892 0.895 0.943 0.995 0.942 0.942 0.943 0.920
Shaanxi 0.979 0.957 0.975 0.970 0.967 0.985 0.975 0.988 0.993 0.989 0.987 0.986 0.979
Gansu 0.969 0.971 0.979 0.976 0.974 0.978 0.974 0.970 0.999 0.953 0.960 0.980 0.974

Qinghai 0.894 0.941 0.946 0.948 0.966 0.965 0.965 0.950 0.998 0.957 0.959 0.984 0.956
Ningxia 0.986 0.974 0.991 0.996 0.983 0.989 0.999 1.000 0.956 0.998 0.999 1.000 0.989
Xinjiang 0.966 0.962 0.961 0.972 0.993 0.991 0.977 0.998 0.993 0.990 0.988 0.992 0.982

Mean 0.963 0.960 0.968 0.966 0.962 0.968 0.966 0.977 0.984 0.977 0.979 0.979 0.971

From 2009 to 2020, the coupling degree of Chinese NU and EE composite system
gradually increased, at a high level of coupling. This meant that the interaction between
elements in the Chinese NU and EE composite system was strong. The coupling degrees of
the four regions of China, eastern, central, western and northeastern, were calculated from
the average coupling degree of the corresponding provinces in each region. The coupling
degree of NU and EE composite system in the four major regions is shown in Figure 1.

It can be seen from Figure 1 and Table 7 that the coupling degree of the NU and EE
composite system in eastern, central, western, northeastern, and the whole country of
China varied within the range of 0.94–1, at a high level of coupling. The coupling level of
the whole country of China, the northeast, central, and western regions reached the highest
value in 2017, while that of eastern region was the lowest in 2017. The coupling degree of
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the whole country of China and the eastern, central, and western regions of China showed
an upward trend, while the coupling degree in the northeast region decreased slightly,
by 1.6%.
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(2) Coordination Analysis
The coordinated relationship of NU and EE was analyzed using the coordination

degree. The coordination degree of the NU and EE composite system in China from 2009 to
2020 is displayed in Table 8.

Table 8. Coordination degree of NU and EE composite system.

Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Mean

Beijing 0.782 0.747 0.742 0.736 0.730 0.719 0.730 0.731 0.671 0.727 0.712 0.685 0.726
Tianjin 0.688 0.712 0.713 0.702 0.708 0.683 0.696 0.705 0.597 0.642 0.646 0.638 0.677
Hebei 0.566 0.561 0.578 0.571 0.568 0.599 0.577 0.565 0.508 0.641 0.593 0.576 0.575
Shanxi 0.553 0.539 0.544 0.548 0.553 0.537 0.531 0.530 0.449 0.516 0.516 0.535 0.529

Inner Mongolia 0.586 0.600 0.629 0.624 0.666 0.679 0.647 0.623 0.560 0.603 0.594 0.583 0.616
Liaoning 0.598 0.613 0.623 0.623 0.637 0.640 0.562 0.593 0.488 0.541 0.538 0.534 0.583

Jilin 0.534 0.540 0.540 0.537 0.574 0.563 0.576 0.556 0.466 0.519 0.526 0.523 0.538
Heilongjiang 0.567 0.586 0.565 0.566 0.597 0.574 0.591 0.577 0.504 0.552 0.550 0.540 0.564

Shanghai 0.752 0.744 0.727 0.727 0.714 0.714 0.727 0.736 0.671 0.720 0.723 0.721 0.723
Jiangsu 0.708 0.718 0.738 0.738 0.743 0.705 0.722 0.712 0.628 0.740 0.711 0.752 0.718

Zhejiang 0.728 0.731 0.742 0.744 0.753 0.740 0.746 0.724 0.789 0.743 0.728 0.765 0.745
Anhui 0.546 0.567 0.581 0.591 0.606 0.584 0.594 0.601 0.549 0.618 0.614 0.627 0.590
Fujian 0.644 0.665 0.666 0.678 0.682 0.669 0.682 0.651 0.587 0.657 0.639 0.654 0.656
Jiangxi 0.588 0.602 0.607 0.596 0.593 0.593 0.613 0.568 0.530 0.618 0.614 0.607 0.594

Shandong 0.662 0.683 0.700 0.700 0.699 0.700 0.681 0.694 0.626 0.678 0.691 0.692 0.684
Henan 0.546 0.547 0.564 0.543 0.577 0.575 0.574 0.602 0.538 0.617 0.620 0.615 0.576
Hubei 0.577 0.598 0.578 0.580 0.599 0.592 0.601 0.585 0.540 0.616 0.619 0.615 0.592
Hunan 0.565 0.583 0.578 0.584 0.595 0.572 0.609 0.589 0.533 0.603 0.610 0.633 0.588

Guangdong 0.715 0.741 0.721 0.728 0.713 0.695 0.720 0.691 0.642 0.711 0.714 0.730 0.710
Guangxi 0.510 0.526 0.519 0.523 0.521 0.507 0.528 0.506 0.466 0.528 0.533 0.534 0.517
Hainan 0.507 0.542 0.542 0.542 0.547 0.539 0.544 0.517 0.486 0.540 0.537 0.558 0.533

Chongqing 0.568 0.591 0.601 0.583 0.600 0.578 0.611 0.583 0.537 0.605 0.581 0.595 0.586
Sichuan 0.533 0.542 0.554 0.537 0.539 0.556 0.551 0.530 0.479 0.570 0.565 0.584 0.545
Guizhou 0.436 0.456 0.453 0.456 0.463 0.463 0.487 0.475 0.430 0.496 0.504 0.536 0.471
Yunnan 0.537 0.549 0.543 0.538 0.519 0.536 0.539 0.516 0.462 0.532 0.537 0.550 0.530
Shaanxi 0.590 0.628 0.623 0.617 0.619 0.615 0.600 0.559 0.501 0.573 0.586 0.598 0.592
Gansu 0.468 0.462 0.445 0.469 0.466 0.473 0.485 0.547 0.446 0.487 0.488 0.487 0.477

Qinghai 0.531 0.548 0.568 0.568 0.547 0.549 0.546 0.560 0.495 0.554 0.569 0.538 0.548
Ningxia 0.510 0.534 0.502 0.486 0.530 0.532 0.505 0.499 0.432 0.512 0.505 0.500 0.504
Xinjiang 0.544 0.536 0.545 0.535 0.538 0.539 0.526 0.489 0.462 0.510 0.532 0.505 0.522

Mean 0.588 0.600 0.601 0.599 0.607 0.601 0.603 0.594 0.536 0.599 0.597 0.600 0.594
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It can be seen from Table 8 that the average coordination degree of the NU and EE
composite system was 0.594, in the low-coordination state. It indicates that although
the elements of the composite system interacted strongly, the harmony between the NU
subsystem and EE subsystem in China was low.

Figure 2 and Table 9 show the NU and EE system coordination degree by region.

Sustainability 2025, 17, x FOR PEER REVIEW 12 of 20 
 

 

Figure 2. The coordination degree of NU and EE system by region. 

Figure 2 shows that the coordination degrees of the whole country of China and the 
east, northeast, central, and western regions were lowest in 2017; the decrease was not 
very significant. That might be due to the influences of environmental factors; the coor-
dination level in a certain year may not be effective, and due to the mutual influence 
between regions, caused the coordination level to decrease. Subsequently, after adjust-
ments in urbanization and environment policies, the coordination level rebounded. The 
whole country of China was between low and moderate coordination (0.594); the eastern 
region was in moderate coordination (0.675), and the central region was in low coordi-
nation (0.578) and reached moderate coordination (0.605) in 2020, The northeast was in 
low coordination (0.561), and the west was in low coordination (0.537). 

As shown in Table 9, there were five provinces with high coordination, all in the 
eastern region of China. There were four provinces with moderate coordination, three in 
the east and one in the west. A total of 19 provinces were in low coordination, including 2 
provinces in the east region, 3 in the northeast, 6 in the central region, and 8 in the west. 
Notably, two provinces, located in the west, were on the verge of imbalance. 

From the above analysis of the provincial and regional coupling degree and coor-
dination degree of the Chinese NU and EE composite system, it can be seen that there are 
significant differences between regions. 

Table 9. Regional distribution of NU and EE system coordination. 

 Eastern Region Northeast Region Central Region Western Region 

High  
coordination 

Beijing, Shanghai, 
Jiangsu, Zhejiang, 

Guangdong 
   

Moderate coor-
dination 

Tianjin, Fujian, Shan-
dong 

  Inner Mongolia 

Low  
coordination 

Hebei, Hainan 
Liaoning, Jilin, 
Heilongjiang 

Shaxi, Anhui, Jiangxi, 
Henan, Hubei, Hunan 

Guanxi, Chongqing, Sichuan, 
Yunnan, Shaanxi, Qinghai, 

Ningxia, Xinjiang 
Incoordination    Guizhou, Gansu 

3.1.3. Markov Chain 

Markov chain was applied to measure the transfer probability of NU and EE system 
coordination status. According to the coordination degree values, coordination status 

Figure 2. The coordination degree of NU and EE system by region.

Table 9. Regional distribution of NU and EE system coordination.

Eastern Region Northeast Region Central Region Western Region

High
coordination

Beijing, Shanghai,
Jiangsu, Zhejiang,

Guangdong

Moderate
coordination

Tianjin, Fujian,
Shandong Inner Mongolia

Low
coordination Hebei, Hainan Liaoning, Jilin,

Heilongjiang

Shaxi, Anhui, Jiangxi,
Henan, Hubei,

Hunan

Guanxi, Chongqing,
Sichuan, Yunnan,
Shaanxi, Qinghai,
Ningxia, Xinjiang

Incoordination Guizhou, Gansu

Figure 2 shows that the coordination degrees of the whole country of China and the
east, northeast, central, and western regions were lowest in 2017; the decrease was not very
significant. That might be due to the influences of environmental factors; the coordination
level in a certain year may not be effective, and due to the mutual influence between regions,
caused the coordination level to decrease. Subsequently, after adjustments in urbanization
and environment policies, the coordination level rebounded. The whole country of China
was between low and moderate coordination (0.594); the eastern region was in moderate
coordination (0.675), and the central region was in low coordination (0.578) and reached
moderate coordination (0.605) in 2020, The northeast was in low coordination (0.561), and
the west was in low coordination (0.537).

As shown in Table 9, there were five provinces with high coordination, all in the
eastern region of China. There were four provinces with moderate coordination, three in
the east and one in the west. A total of 19 provinces were in low coordination, including 2
provinces in the east region, 3 in the northeast, 6 in the central region, and 8 in the west.
Notably, two provinces, located in the west, were on the verge of imbalance.
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From the above analysis of the provincial and regional coupling degree and coordi-
nation degree of the Chinese NU and EE composite system, it can be seen that there are
significant differences between regions.

3.1.3. Markov Chain

Markov chain was applied to measure the transfer probability of NU and EE system
coordination status. According to the coordination degree values, coordination status could
be divided into four categories; that is, incoordination, low, moderate, and high coordi-
nation. The values of 1, 2, 3, and 4 were used to indicate the four levels: incoordination,
low, moderate, and high coordination. Table 10 displayed the state transition probability
matrix of China’s provincial NU and EE composite system coordination degree from 2009 to
2020. The probability that the coordination state remained unchanged was represented by
diagonal numerical values of transition probability matrix. The probability of coordinated
state transition was reflected by non-diagonal values. N represents the number of provinces
in corresponding coordination states, and each province was counted as one each year.

Table 10. Transition probability of system coordination degree.

n 1 2 3 4

1 33 0.6061 0.3939 0.0000 0.0000
2 170 0.0706 0.8000 0.1294 0.0000
3 70 0.0000 0.2286 0.6429 0.1286
4 57 0.0000 0.0175 0.1579 0.8246

It can be seen from Table 10 that there were non-zero numbers on non-diagonal lines,
which were located on both sides of the diagonal line. This situation indicated that the
coordinated development and evolution of NU and EE system was continuous. And the
coordination level would transfer to a lower or higher level in the adjacent years, and
it was unlikely that there would be cross level transformation. The maximum value on
the diagonal line was 0.8246, and the minimum value was 0.6061, indicating that the
minimum probability that the coordination state of composite system remained unchanged
was 60.61%. The probability that the provinces (five provinces in eastern region) with
high coordination would still maintain at a high level was 82.46%, while the probability of
transferring to a moderate level was 15.9%. The provinces in moderate coordination (three
in the eastern and one in western region) had a 64.29% probability of maintaining moderate
coordination, and 12.86% and 22.86% probabilities of moving to high and low levels,
respectively. The provinces with low coordination (two in the east, three in the northeast,
six in the central region, and nine in the west) had an 80% probability of maintaining
low coordination, and 12.86% and 22.86% probabilities of transferring to the moderate
and incoordination levels, respectively. The possibility of Gansu province maintaining
incoordination was 60.61%, and the possibility of transition to low coordination was 39.39%.

3.2. Regional Differences and Distribution Dynamic Evolution of NU and EE System Coordination
3.2.1. Regional Differences and Differences Sources

Regional differences and differences sources were described by the Dagum Gini
coefficient. The Dagum Gini coefficient of China’s NU and EE system coordination from
2009 to 2020 is displayed in Figures 3–5.
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(1) Intra-regional differences in China’s NU and EE system coordination. From
Figure 3, it can be seen that China’s NU and EE system coordination had a small intra-
regional difference, with an average Gini coefficient of 0.0740, which was relatively stable,
and only slightly increased to 0.0838 in 2017. The average values of the Gini coefficient of
different regions in China were eastern region > western region > central region > northeast
region. The gap in intra-regional differences in China’s NU and EE system coordination in
northeast region narrowed fastest. The intra-regional difference in the western region of
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China’s NU and EE system coordination gradually narrowed. The intra-regional difference
in China’s NU and EE system coordination in the central region gradually increased.

(2) Inter-regional differences.Figure 4 displays inter-regional differences in NU and EE
system coordination. The inter-regional differences were small. The average Gini coefficient
was 0.0368–0.1186. And the average Gini coefficient value east–west > east–northeast >
east–central > central–west > west–northeast > central–northeast.

The differences between east–west, east–northeast, and east–central regions were
relatively large. The regional differences between east–central and east–west displayed
downward fluctuation. The Gini coefficient between east–northeast regions presented up-
ward fluctuation, and regional difference increased by 20.61%. Relatively small differences
among Chinese regions were observed between the central–northeast, west–northeast,
and central–west regions. However, the difference in central–west regions and central–
northeast regions slightly increased. The difference in west–northeast regions had decreased
by 31.58%.

(3) Source of the difference. Figure 5 showed the source of overall difference in Chinese
NU and EE system coordination. The average contribution rate of inter-regional difference,
intra-regional difference, and hypervariable density to the overall coordination difference
was 72.04%, 18.4%, and 9.56%, respectively. Therefore, it could be concluded that inter-
regional difference was the main reason for the overall difference in system coordination.
The contribution rate of the inter-regional difference was 68.99–75.46%. The variation range
of the contribution rate of intra-regional differences was 16.77–19.15%, and the contribution
rate of hypervariable density was 6.72–11.89%. To solve the overall difference in Chinese
NU and EE system coordination, it was necessary to narrow the differences among the
eastern, western, central and northeastern regions of China.

3.2.2. Kernel Estimation Results

The kernel density estimation method was used to further study the evolution of the
absolute difference in coordinated development between regions and to show the evolution
process of the distribution dynamics of coordinated development levels in China. Figure 6
reveals the evolution of the coordinated development and distribution of the NU and EE
system in the whole nation of China and its four major regions, namely east, west, central,
and northeast, from 2009 to 2020.

As shown in Figure 6a, the main peak of the distribution curve gradually moved to the
right, which indicated that the NU and EE system-coordinated level of China nationwide
was gradually improving. Furthermore, the height of main peak decreased and width
increased. There were two main peaks with polarization; while late, there was only one
main peak, and polarization gradually disappeared. As in Figure 6b, the peak of the kernel
density curve in the eastern region is shown as “right–left–right”, and the coordinated
level in the eastern region improved. The height of the main peak displayed “rising–
falling–rising”. Later, the polarization disappeared, indicating that the coordinated level
in the eastern region rose and the absolute difference reduced. As in Figure 6c, the peak
of the density curve in the western region appeared as “right–left–right”. The height of
the peak first decreased and then rose, and the width first broadened and then narrowed.
Furthermore, there was no polarization, indicating that the coordinated level was gradually
rising, and internal differences were gradually narrowing. As displayed in Figure 6d,
the height of the main peak in the central region appeared as “decreasing–increasing–
decreasing”, and the distribution curve shown as “right–left–right”. In addition, the width
became wider, and the polarization gradually appeared, indicating that the coordinated
level of the composite system in the central region gradually improved, and the absolute
difference increased. According to Figure 6e, the height of the main peak in northeast China
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appeared as “rise–drop–rise–drop–rise–rise”, and the curve position fluctuated “right–
left”, indicating that the system-coordinated level decreased. And polarization gradually
disappeared and the width narrowed, meaning that the absolute difference in northeast
China narrowed.
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4. Discussion and Conclusions
Urbanization and EE have an interdependent and mutually influential relationship.

The coordinated development between urbanization and EE has been attracting scholars’
interest [4,14–16]. The NU pays more attention to coordinated development and EE to
achieve more sustainable urbanization development. Though the coordination of NU
and EE were studied [21–23], due to the different development levels in different parts of
China, the situation of NU and EE is different, and it is essential to measure and compare
the coordination degree of NU and EE in different regions. There are few studies on the
provincial and regional differences and the evolution of the coordination development of
the Chinese NU and EE composite system in different provinces and different regions. This
paper measured and analyzed the regional differences in the coordinated level of NU and
EE systems in China.

The average level of the Chinese NU was not high. The development level of the
Chinese national EE subsystem was good. Furthermore, the development levels of regional
distribution in the NU subsystem and EE subsystem were unequal in China. So, it is
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necessary to explore China’s NU and EE system coordination and dynamic development.
The coupling degree of the Chinese NU and EE composite system gradually increased, at a
high level of coupling. This meant that the interaction between elements in the Chinese
NU and EE composite system was strong. Although the elements of the composite system
interacted strongly, the harmony between the NU subsystem and the EE subsystem of China
was low. Moreover, there were obvious differences between regions in the coupling degree
and coordination degree of the Chinese NU and EE composite system. And the coordinated
evolution of the NU and EE system was continuous. NU and EE are interdependent,
there is systematicity and complexity between NU and EE. In the process of NU, the
capacity of resources and the environment should be considered to achieve the sustainable
development. The overall difference in NU and EE coordination was mainly ascribed to the
inter-regional difference. The differences between eastern–western, eastern–northeastern
and eastern–central regions were relatively large. To solve the overall difference in Chinese
NU and EE system coordination, it was necessary to narrow the differences among the
eastern, western, central, and northeastern regions of China.

This paper explored the coordination development level and relationship of NU and
EE of 30 provinces in China from 2009 to 2020. The paper took the provinces as the research
scale, there might also be differences between cities within each province, and it was
not possible to consider all factors of NU and EE due to factors such as data availability.
Therefore, in the future, the research scale might expand to cities, and more relevant
studies, expert opinions, and field investigations would be used to obtain more rigorous
and objective research.

An evaluation index system for China’s NU and EE system coordination level was
constructed in this paper. Furthermore, the coordinated levels of 30 provinces in China
(excluding Tibet, Hong Kong, Macao, and Taiwan) from 2009 to 2020 were measured by
the entropy method, with a coupling coordination degree model. In addition, Markov
chain was used to describe the transition probability of coordinated states. The regional
relative differences and the sources of differences in the NU and EE system coordination
degree were studied by Dagum Gini coefficients. The kernel density estimation method
was further used to measure the evolution of the absolute difference in the NU and EE
system coordination degree.

(1) The regional development levels of the NU subsystem and the EE subsystem
are unequal in China. The average comprehensive development index of China’s NU
subsystem is not high. There are seven highly urbanized provinces, which are all located in
the east. Two provinces with medium to high urbanization were in the east and northeast.
Ten medium-urbanization provinces were mainly distributed in the central and western
regions. A total of 11 other provinces were low-urbanization: 7 in the west, 2 in the
northeast, 1 in the east, and 1 in the central region. The comprehensive development index
of the Chinese EE subsystem was good. There were six provinces with high-level EE in
the east and one in the west. There were three eastern, one northeastern, four central, and
three western provinces with medium to high levels. One province with a medium level
was located in the northeast, alongside eleven provinces with a low level.

(2) The interaction of the NU and EE systems in China was strong, with a high-level
coupling state. However, the NU and EE composite system was in low coordination, the
harmony was low, and the overall coordinated level was rising. There were 5 eastern
provinces in high-level coordination: 4, 19, and 2 provinces were in moderate, low, and
incoordination levels, respectively. The eastern region had always been in moderate
coordination, the central region reached moderate coordination in 2020, and the northeast
and western regions were in low coordination.
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(3) The coordinated development evolution of the NU and EE system was continuous,
and the minimum probability of keeping the coordinated state unchanged was 60.61%. The
probability of maintaining high, moderate, low, and incoordination coordination levels
were 82.46%, 64.29%, 80%, 60.61%, respectively.

(4) China’s NU and EE composite system coordination had a small intra-regional
difference. The inter-regional difference was the main reason for the overall difference in
system coordination.

(5) Chinese national NU and EE system coordination was raising, and the polarization
gradually disappeared. The peak of kernel density curves in the eastern, western, and
central regions indicated that the coordination level improved. The absolute difference
between the eastern and western regions narrowed, while the absolute difference in the
central region increased. The coordination level in northeast China decreased, and regional
absolute difference shrunk.

There were some differences in the Chinese NU and EE system coordination state
in four major regions and provinces. The main reason for the unbalanced coordinated
development was the regional differences. In the process of NU, it was necessary to consider
the carrying capacity of resources and the environment, and the status of energy resources
in various regions and provinces, to actively promote the coordinated development among
regions, and fully reflect the high-quality development requirements of NU.
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