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Abstract: In light of the pressing concerns about worldwide warming and environmental degradation,
understanding the nexus between energy consumption and green development has become vital to
fostering a low-carbon transition in energy consumption, and promoting environmentally friendly
development. After exploring the connotations of energy consumption and green development,
this paper constructed evaluation systems for energy consumption and green development. By
leveraging quantitative methods; such as the entropy method, coupling coordination model, spatial
Markov model, and gray model GM (1, 1); we conducted an empirical study into the dynamism
and evolutionary trends in the coupling coordination degree between energy consumption and
green development in China, spanning from 2006 to 2020. Our findings delineate several key trends:
(1) overall, the levels of each system have witnessed a marked increase, with the average energy
consumption slightly exceeding that of green development; (2) the coupling coordination degree
has displayed a consistent rise over time, with spatial distribution patterns exhibiting a “higher
in the south, lower in the north” and a “center-edge” characteristic; (3) the dynamic evolution of
coupling coordination types manifests a stability, continuity, and heterogeneity, eliciting distinct
effects across different neighbourhood types; (4) within the forecast period, the coupling coordination
degree among Chinese provinces is projected to undergo further enhancement, with the majority of
provinces transitioning from a barely coordinated stage to a coordinated development stage. Above
all, to stimulate a more qualitative coupling coordination between energy consumption and green
development, this paper provides relevant policy implications.

Keywords: energy consumption; green development; coupling coordination; dynamic evolution;
trend prediction

1. Introduction

Energy serves as the cornerstone for all socio-economic activities, with its consump-
tion playing a pivotal role in the sphere of green development. According to the 2022
BP Statistical Review of World Energy, there was a significant surge of 5.8% in the global
demand for primary energy in 2021, which is the largest increase ever recorded [1]. This
spike led to a corresponding rise in carbon emissions, by 5.7% yearly. The escalating con-
centrations of greenhouse gases pose a significant threat to the world’s ecosystems. Given
these drastic alterations in climate and the international energy framework, the priority
in international green development is primarily pivoting towards strategies concerning
carbon offsetting and carbon governance [2,3]. Furthermore, efforts are being channeled
towards limiting global warming to a 1.5 ◦C increase, a notable reduction from the previ-
ous 2 ◦C target [4]. Certain countries have embraced proactive energy policies aimed at
fostering energy technology innovation and encouraging upgrades in industrial structures
to boost green development [5–7]. These initiatives primarily encompass an augmentation
in the share of non-fossil-fuel energy sources on the provision end, and an enhancement of
the energy utilization efficiency on the requisition end [8,9].
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As the preeminent energy consumer and carbon emitter globally, China has indeed
carved out noteworthy achievements in its economic progression. However, these ad-
vancements have been coupled with significant challenges concerning extensive energy
consumption and environmental pollution [10]. In China, the primary focus of energy
consumption is centred on the consumption of fossil fuels [11,12]. To share an eye-opening
statistic, it has been found that a staggering 85% of China’s carbon emissions are indeed
attributable to production activities powered by these non-renewable resources. The envi-
ronmental issues caused by such activities have become a considerable barrier in China’s
pursuit of green development. Consequently, the fostering of efficient and low-carbon
energy consumption has emerged as a paramount objective in China’s endeavor towards
implementing a green transformation in its development approach [13–15].

In contemporary research, there have been a multitude of studies conducted on
the subject of energy consumption efficiency and its correlation with economic growth.
These studies have yielded valuable insights. However, there are comparatively few stud-
ies on the coupling coordination mechanism linking energy consumption and sustainable
development. In recognition of the current literature gap, this study aims to conduct
a thorough examination of the coupling coordination mechanisms that link energy
consumption and green development across various provinces in China, leveraging a
multifaceted analysis approach. This exploration carries significant implications for
guiding energy consumption decarbonization processes and strengthening green devel-
opment initiatives.

The remaining sections of this paper are structured as follows. Section 2 deliv-
ers a succinct summary of the pertinent research. Section 3 emphasizes the research
methodologies and sources of data. Section 4 presents a four-pronged analysis of the
empirical outcomes. Lastly, Section 5 recapitulates the paper’s conclusions, offering
policy implications that foster the coupling coordination between energy consumption
and sustainable development.

2. Literature Review
2.1. Research on Energy Consumption
2.1.1. Research on the Connotations of Energy Consumption

To effectively mitigate the conflict between eco-degradation and economic growth [16,17],
a continuous advancement towards a low-carbon energy transition should strategically
incorporate four principal drivers: the market, policy, innovation, and behavior [18].
Market-driven mechanisms are at the core of this low-carbon energy transition [19–21]. A
flexible market design coupled with mature market mechanisms can act as a stimulation
for a transition and subsequent upgrade in the energy industry. Policy-driven mecha-
nisms, on the other hand, provide a vital thrust to the transition towards low-carbon
energy [22–25]. Intervention by governments, through the setting of energy consump-
tion targets and policy guidelines, is vital to steering enterprises towards a reduction
in fossil energy consumption, and to the successive incorporation of novel energy tech-
nologies. Innovation-driven mechanisms serve as the key to a low-carbon transition in
energy consumption [26–28]. Energy technology innovation plays a paramount role in
curbing carbon emissions and enhancing the efficiency of energy usage. Lastly, behavior-
driven mechanisms complement and complete the strategies for a low-carbon energy
transition [29–31]. A concerted effort to boost the public awareness of green living prin-
ciples, and to foster a healthy perspective towards green development, is an essential
component of these mechanisms.

2.1.2. Research on the Measurement of Energy Consumption Levels

Typically, energy consumption levels are evaluated using either a singular index or a
multi-index. The singular index measurement primarily encompasses aspects such as the
efficiency of energy consumption, the allocation of energy consumption, energy-related
CO2 emissions, etc., as well as other micro-perspectives [32–34]. Considering that en-
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ergy consumption is subject to influences from urbanization, industrial, and household
structures, technological advancements, and several other aspects [35–37], the multi-index
measurement approach selects a diverse array of indicators from economic, social, and
environmental dimensions, to evaluate the energy consumption level in a holistic man-
ner [38,39]. Much of the research in this field primarily uses methods such as the entropy
method, principal component analysis, slack-based measure (SBM), and data envelop-
ment analysis (DEA) to quantify and construct a comprehensive ranking for the energy
consumption system and its subsystems [40–42].

2.2. Research on Green Development
2.2.1. Research on the Connotations of Green Development

The connotations of green development embrace a range of interpretations, princi-
pally defined as follows: (1) sustainable development [43–45], a grounding notion that
aims to harmonize relationships between population, resources, and energy with the
objective of facilitating enduring economic development; (2) a green economy [46–48],
an economic development paradigm that endeavors to improve human wellbeing, en-
hance social equality, mitigate environmental risks, and alleviate ecological scarcity;
(3) a circular economy [49–51], a model that emphasizes the integrative functioning of
the economic system and the ecosystem, collectively constituting a large eco-economic
system to strike a balance between the internal and external elements; and (4) low-carbon
economy [52,53], a novel economic paradigm that incorporates low-carbon technology
and industry, with an emphasis on raising the quality of human life via an increased
resource-utilization efficiency.

2.2.2. Research on the Influence Factors and Policy Effects of Green Development

Research findings indicate that the industrial sector serves as a facilitator, while trans-
portation acts as a constraining factor, in the quest for green development [54–57]. Urban
regions adopting policies focused on energy conservation and emission reduction have
witnessed significant declines in energy consumption and carbon emissions, accompanied
by substantial improvements in air quality [58,59]. However, due to the one-way causal re-
lationship among energy consumption, income, and CO2 emissions, an exclusive emphasis
on the merits of urban energy saving and emission mitigation could potentially undermine
urban green development efforts [60]. To mitigate this causal relationship, cities might
consider implementing a range of complementary policies [61]. Studying these influenc-
ing factors and policy effects is essential to facilitating the design and implementation of
strategies for green development.

2.3. The Research on the Relationship between Energy Consumption and Green Development

The existing literature extensively explores the correlation between energy consump-
tion and a key facet of green development: economic growth. Several studies employ
decoupling models, highlighting that the decoupling index remains stable and tends to-
wards absolute decoupling in developed countries. In contrast, the decoupling index in
developing countries demonstrates a relative decoupling with marked fluctuations [62,63].
The majority of the research asserts that increasing renewable energy usage and escalating
oil prices can stimulate the decoupling of energy consumption from economic growth [64].
Building on these findings, subsequent studies have elucidated three potential relationships
between energy consumption and economic growth: unidirectional causality, bidirectional
causality, or no discernable correlation [65–67].

In the evolving landscape of socio-economics, the interlinkages between energy con-
sumption and ecological environment are intensifying. Consequently, scholars are pro-
gressively pivoting their research focus towards exploring the relationship between energy
consumption and green development [68,69]. In its current state, China’s energy supply
framework largely depends on fossil fuels, supplemented by non-fossil energy sources. The
accelerated expansion of energy-dependent industries in China has exacerbated the issue of
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energy-related pollution, thereby impeding green development [70]. Under this context, the
formulation of strategies to harmonize energy consumption with green development, and
to curtail carbon and pollutant emissions, has emerged as a pressing subject of discourse
within Chinese society [71].

To summarize, academics have carried out a multitude of studies focused on en-
ergy consumption and green development, yielding invaluable insights that underpin
the present study. However, there are still areas that can be further explored. Firstly, the
existing literature primarily examines the characteristics of the evolution of the coupling
coordination between energy consumption and green development from either a tempo-
ral or spatial perspective, and lacks a holistic analysis integrating these two dimensions.
Secondly, the existing literature typically concentrates on independent discussions of the
transition in coupling coordination types within a region, neglecting the influence exerted
by the spatially adjacent regions. Thirdly, much of the existing literature was confined to
analyzing the coupling coordination as it is, without extending into the predictive anal-
ysis of its future trajectory. In response to the above deficiencies, this paper conducted a
comprehensive analysis of the spatial and temporal evolutionary features of the coupling
coordination between energy consumption and green development. This paper also con-
trasted the transition matrix under scenarios considering and not considering neighbouring
influences, and ultimately predicted and analyzed its future trends. Figure 1 provides a
concise representation of this study’s research framework.
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3. Methods and Data
3.1. Methods
3.1.1. Construction of Evaluation System

In the current epoch, the evolution of China’s energy consumption system strate-
gically leans towards a low-carbon framework, with an emphasis on enhancing the
utilization efficiency of fossil fuels, and vigorously promoting non-fossil-fuel energy
sources. In the contemporary era, the evolution of energy consumption systems in China
has been characterized as a distinct shift towards low-carbon initiatives, featuring an
enhanced focus on optimizing fossil fuel use and promoting non-fossil energy. Con-
sequently, this study adopted a sustainability-orientated perspective in the selection
of indicators for the energy consumption system. In total, 11 indicators have been
chosen, encompassing two domains: the energy consumption structure and energy con-
sumption efficiency. This selection, to a certain extent, objectively encapsulates China’s
energy consumption status, as detailed in Table 1. The numerical values enclosed within
brackets denote the quantity of indicators incorporated within the respective systems
or sub-systems. The weighting coefficients assigned to these indicators are computed
through a sequence of equations, ranging from Equations (1)–(5), as explained in the
subsequent sections.

Green development system measurement entails a comprehensive appraisal of social,
economic, and environmental dimensions. Drawing from the “Green Development Indica-
tor System” put forth by China’s National Development and Reform Commission (NDRC),
and considering the data availability, this study constructed a green development system
through five lenses: technological innovation, economic growth, resource utilization, en-
vironmental governance, and green living. A compilation of 28 indicators represents the
green development system, broadly encapsulating the green development objectives and
tasks delineated in China’s national plan.

Table 1. The evaluation system of energy consumption and green development.

System Sub-System Indicator Type Weight Sum

Energy
consumption

(11)

Energy consumption
structure

(7)

Total energy consumption (10,000 tce) − 2.05%

86.83%

Coal consumption/total energy
consumption (%) − 4.12%

Oil consumption/total energy
consumption (%) + 6.22%

Natural gas consumption/total energy
consumption (%) + 13.69%

Electricity consumption/total energy
consumption (%) + 5.49%

New energy (wind, water, nuclear)
consumption/total energy

consumption (%)
+ 21.64%

Other energy consumption/total
energy consumption (%) + 33.62%

Energy consumption
efficiency

(4)

Decarbonization index of the energy
consumption structure + 7.56%

13.17%
Energy carbon emissions (10,000 t) − 1.98%
Carbon intensity of energy (tc/tce) − 2.67%

Elasticity coefficient of
energy consumption − 0.96%
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Table 1. Cont.

System Sub-System Indicator Type Weight Sum

Green
development

(28)

Technological
innovation

(5)

Number of R&D personnel in
industrial enterprises above

designated size (IEADS)/number of
employed personnel in urban units (%)

+ 3.56%

58.61%

The proportion of R&D expenditure in
the prime operating revenue of

IEADS (%)
+ 10.40%

The proportion of sales revenue of new
products in the prime operating

revenue of IEADS (%)
+ 17.54%

Technology market turnover
(CNY 10,000) + 15.57%

Authorized number of domestic patent
applications (pieces) + 11.54%

Economic growth
(7)

Per capita GDP (CNY) + 2.88%

21.56%

Per capita disposable income of urban
residents (CNY) + 3.27%

Per capita disposable income of rural
residents (CNY) + 3.28%

Per capita retail sales of consumer
goods (CNY) + 3.31%

Growth rate of total investment in
fixed assets (%) + 0.23%

Ratio of dependence on foreign
trade (%) + 6.37%

The proportion of tertiary industry in
GDP (%) + 2.22%

Resource utilization
(5)

Per capita water resources
(m3/person)

+ 7.32%

8.71%

Energy consumption per unit of
GDP (tce/CNY 10,000) − 0.26%

Water consumption per unit of
GDP (m3/CNY 10,000)

− 0.13%

Agricultural acreage (1000 ha) − 0.46%
Area of city construction land (1000 ha) − 0.54%

Environmental
governance

(7)

Comprehensive utilization rate of
industrial solid waste (%) + 1.55%

7.39%

Harmless disposal rate of urban
household waste (%) + 0.72%

Centralized treatment rate of urban
sewage (%) + 0.70%

The proportion of investment in
environmental protection to GDP (%) + 2.76%

Industrial wastewater
discharge (10,000 t) − 0.56%

Industrial sulphur dioxide
emission (10,000 t) − 0.73%

Industrial smoke (dust)
emissions (10,000 t) − 0.37%

Green living
(4)

Urban population density
(person/km2)

− 0.40%

3.73%

Per 10,000 people with public
transport vehicles (unit) + 1.72%

Greening coverage of built-up
areas (%) + 0.65%

Per capita park green
areas (m2/person)

+ 0.96%
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3.1.2. The Entropy Method

The entropy method was employed as an objective way to quantify the levels of
energy consumption and green development. Throughout the index evaluation procedure,
weights are assigned, commensurate with the volume of information embodied in the
variability of each index. Indices carrying a greater volume of information signify a lesser
uncertainty and reduced entropy, hence warranting a higher weight. Conversely, the
inverse relationship applies. To ensure meaningful data processing, it is crucial to eliminate
the zero values that surface in the standardized data. Consequently, this research applies a
shift of 0.0001 to the overall standardized data. The calculation steps are as follows:

Step1: Standardize the data: Positive indicator : X+
ijt =

xijt−minxj
maxxj−minxj

Negative Indicator : X−ijt =
maxxj−xijt

maxxj−minxj

(1)

Step 2: Calculate the ratio:

Pijt =
X±ijt

∑k
t=1 ∑n

i=1 X±ijt
(2)

Step 3: Calculate the information entropy of the indicator:

ej = −
1

ln(kn)

k

∑
t=1

n

∑
i=1

(
Pijt × lnPijt

)
,
(
0 ≤ ej ≤ 1

)
(3)

Step 4: Calculate the variation coefficients (gj) and weights (wj) of each indicator:

gj = 1− ej (4)

wj =
gj

∑m
j=1 gj

(5)

Step 5: Calculate a composite score (Dit):

Dit =
m

∑
j=1

Xijtwj (6)

where i shows the province (i = 1, 2, . . . , n), j shows the indicator (j = 1, 2, . . . , m), t shows
the year (t = 1, 2, . . . , k), xijt is the original value of the j indicator of the province i in the t
year, X+

ijt and X−ijt are the standardized values, and minxj and maxxj show the minimum
and maximum values of the j indicator.

3.1.3. Kernel Density Estimation

Kernel density estimation was employed to research the unbalanced distribution and
estimate the unknown density function, and is a non-parametric estimation method. This
approach perceives the distribution pattern of the study object as a probabilistic distribution,
generates a continuous density curve through smoothing techniques, and subsequently
employs this density curve to discern the trend characteristics of the study object over time.
Kernel density functions can be categorized as quartic, triangular, or Gaussian according
to their formal expression. For the purpose of this study, we elected to use the Gaussian
kernel density function to estimate the dynamic distribution of the coupling coordination
degree linking energy consumption and green development. The relevant equations are
as follows:

f (x) =
1

Nh∑N
i=1 K

(
Xi − x

h

)
K(x) =

1√
2π

e(−
x2
2 ), (7)
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where Xi, x, N, h represent the observed value, mean value, number of observations, and
bandwidth, respectively. K(x) stands for the Gaussian kernel density function. Bandwidth
h satisfies Equation (2):

lim
N→∞

h(N) = 0 lim
N→∞

Nh(N) = N → ∞ , (8)

3.1.4. Coupling Coordination Model

A coupling coordination model can be utilized to analyze the relationship between
energy consumption and green development. The formulas are as follows:

c =

 U1U2(
U1+U2

2

)2


1
2

, (9)

t = αU1 + βU2, (10)

d =
√

c× t, (11)

where c, t, and d represent the coupling degree, comprehensive development level, and
coupling coordination degree between the systems, respectively. U1, U2, and U3 corre-
spond to the comprehensive indices of each system, respectively. The parameters α and
β are the weights of the two systems, satisfying the equation α + β = 1. In this research,
both systems are considered to be of equal significance; hence, α and β are both set to
0.5. Drawing on the pertinent research [72], this study categorized the degree of coupling
coordination into 10 levels, with the detailed classification criteria displayed in Table 2.

Table 2. The classification criteria of the coupling coordination degree.

k Coordination Stage Sub-Stage Coupling
Coordination

1 Dysfunctional decline stage

Extreme disorder (0.0~0.1]
Severe disorder (0.1~0.2]

Moderate disorder (0.2~0.3]
Mild disorder (0.3~0.4]

2 Nearly dysfunctional stage Near disorder (0.4~0.5]
3 Barely coordinated stage Barely coordinated (0.5~0.6]

4
Coordinated

development stage

Primary coordination (0.6~0.7]
Middle coordination (0.7~0.8]
Good coordination (0.8~0.9]

Quality coordination (0.9~1.0]

3.1.5. The Markov Model

The Markov model characterizes a process with discrete states and time. In a tradi-
tional Markov model, the subject under study is first categorized into k types. Subsequently,
the probability distribution of each type is calculated, ultimately leading to the derivation
of a k× k transfer probability matrix M. Herein, mij represents the probability that a region
of type i at time t transitions to type j at time t + 1. The variables nij and nj denote the
number of regions transitioning from type i to type j at time t to t + 1 and the total count of
regions of type j, respectively.

mij = nij/nj, (12)

The spatial Markov model further considers the interactions between neighbours on
space. This model introduces spatial lags into the traditional Markov model, categorizing
these lags into k types as conditions, and similarly decomposes the k× k transfer probability
matrix into ‘k’ k× k transfer probability matrices. In this study, we employed an adjacency
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matrix to determine the spatial relationship among regions, designating a value of 1 to
neighbouring provinces and 0 to non-neighbouring ones. A hypothesis test is required
to verify the significance of the spatial lag effect. Assuming spatial independence for the
type transfer concerning the coupling coordination among provinces, the test equation is
presented as below:

Q = −2log

∏k
l=1 ∏k

i=1 ∏k
j=1

[
mij

mij(l)

]nij(l)
, (13)

where mij(l) represents the transfer probability under the spatial lag type l, while
nij(l)(l = 1, 2, . . . , k) represents the number of provinces being analyzed. Q adheres to
the χ2 distribution of k(k− 1)2.

3.1.6. Grey Model GM (1, 1)

The principle underpinning the gray model GM (1, 1) is based on the analysis of
developmental trends informed by historical data, which subsequently facilitates the con-
struction of a mathematical model. The resultant model is used to make scientifically
substantiated forecasts about future trends. Such predictions aid decision-makers in shap-
ing future development strategies and policies. We employed this model to forecast the
coupling coordination degree between energy consumption and green development for
the period from 2021 to 2025. The computation steps are performed as follows.

Firstly, we set the time series X0 = {x0(1), x0(2), . . . , x0(n)}, consisting of n obser-
vations. This series gets accrued to form a new series X1 = {x1(1), x1(2), . . . , x1(n)}.
Subsequently, the corresponding differential equation for the gray model GM (1, 1) is
formulated as follows:

dX1

dt
+ θX1 = µ, (14)

where θ represents the developmental gray number, while µ represents the endogenous
control gray number.

Secondly, we set θ̂ = (θ/µ), which is solved through least squares to obtain
θ̂ =

(
BT B− 1

)
BTYn. The prediction model is then derived via solving the differential

equation, which is expressed as:

xT
1 X̂1(k + 1) =

[
x0(1)−

µ

θ

]
e−θk +

µ

θ
, (k = 1, 2, . . . , n), (15)

Following the establishment of the prediction model, an accuracy assessment is in-
dispensable. The criteria to evaluate the test result level are shown in Table 3. If the
p-values and C-values fall within the pass range, then trend prediction may be performed.
Otherwise, an in-depth analysis of the residual series is needed, along with a subsequent
correction of the formula.

Table 3. Gray model GM (1, 1) accuracy grade criteria.

Model Accuracy Grade C-Value p-Value

Excellent C ≤ 0.35 p > 0.95
Good 0.35 < C ≤ 0.5 0.8 < p ≤ 0.95
Pass 0.5 < C ≤ 0.65 0.7 < p ≤ 0.8
Fail C > 0.65 p ≤ 0.7

3.2. Data

In this study, we selected 30 provinces within China (excluding Tibet, Hong Kong,
Macao, and Taiwan) as empirical samples, encompassing the time period from 2006 to 2020.
We compiled empirical data from several comprehensive resources, included but not limited
to the China Statistical Yearbook (2007–2021), China Energy Statistical Yearbook (2007–2021),
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China Environmental Statistical Yearbook (2007–2021), and the China Urban Statistical
Yearbook (2007–2021). We also integrated data from provincial statistical yearbooks and
statistical bulletins to enrich our data. Furthermore, the base map data for China were
procured from the National Geomatics Center of China, and are accessible via their official
website (http://bzdt.ch.mnr.gov.cn/, accessed on 12 January 2023). Individual missing
values were supplemented via interpolation and moving average methods.

4. Results and Discussion
4.1. The Level of Energy Consumption and Green Development in Each Province

Based on the evaluation system established in preceding sections, we assessed the
level of energy consumption and green development in each province from 2006 to 2020,
using the entropy value method. The results of this comprehensive analysis are shown in
Table 4. However, due to spatial constraints, we have opted to showcase only the results
corresponding to the years 2006, 2011, 2016, and 2020, and the same below. The main
characteristics of the temporal evolution are as follows.

Firstly, the overall trend in the energy consumption level reveals a consistent growth,
registering an increase of 44.32% in 2020, compared to 2006. The five provinces with the
highest average energy consumption index are Sichuan, Chongqing, Hainan, Qinghai,
and Hunan. Located in Southwestern China, Sichuan and Chongqing boast abundant
river resources and serve as focal areas for large-scale hydroelectric construction in the
basin. Notably, in Sichuan, hydroelectric power generation constitutes over 80% of the total
power generation, leading to elevated levels of energy consumption in both Sichuan and
Chongqing. Furthermore, Qinghai and Hainan rank highly due to their copious wind and
solar resources, making them suitable for the development of photovoltaic and windmill
power generation. The global lockdown induced by COVID-19 significantly curtailed the
demand for foreign oil and natural gas imports, while the demand for coal was marginally
affected. Consequently, a decline in the energy consumption system has been observed
among specific provinces.

Secondly, the overall trend in the green development level has exhibited a significant
increase, with a marked growth of 138.30% in 2020 compared to 2006. This substantiates
the extraordinary strides that China has made in the realm of green development under
the guidance of the Communist Party of China. The top five provinces in terms of the
average green development level are Beijing, Guangdong, Shanghai, Jiangsu, and Zhejiang,
all of which are classified as first-tier cities. This ranking primarily stems from the robust
technological innovation and accelerated economic growth that these first-tier cities have
demonstrated, which has, consequently, propelled them to higher echelons in terms of
green development.

Finally, from a comparative standpoint, the average level of the energy consumption
system marginally surpasses that of the green development system. However, the
growth rate of the green development system is conspicuously superior to that of the
energy consumption system. Furthermore, the provinces that rank highest in terms
of averages differ between these two systems. Provinces demonstrating robust green
development levels tend to exhibit comparatively lower levels of energy consumption,
suggesting that the process of green development may lead to increased energy usage.
For instance, Shanghai and Jiangsu, which are ranked 3rd and 4th, respectively, in terms
of average green development levels, instead place 14th and 23rd within the average
energy consumption levels.

http://bzdt.ch.mnr.gov.cn/
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Table 4. The level of each system and the coupling coordination degree.

Energy Consumption Green Development Coupling Coordination Degree

Province 2006 2011 2016 2020 Average 2006 2011 2016 2020 Average 2006 2011 2016 2020 Average

Beijing 0.170 0.230 0.302 0.374 0.265 0.185 0.236 0.338 0.421 0.287 0.558 0.662 0.800 0.904 0.725
Tianjin 0.150 0.171 0.246 0.271 0.205 0.152 0.180 0.219 0.242 0.195 0.499 0.553 0.659 0.700 0.597
Hebei 0.071 0.052 0.072 0.113 0.067 0.064 0.101 0.130 0.181 0.115 0.221 0.267 0.357 0.484 0.309
Shanxi 0.058 0.072 0.090 0.125 0.086 0.061 0.092 0.129 0.139 0.104 0.185 0.302 0.391 0.453 0.339

Inner Mongolia 0.105 0.107 0.126 0.140 0.135 0.072 0.108 0.141 0.157 0.119 0.295 0.385 0.459 0.494 0.424
Liaoning 0.121 0.115 0.153 0.177 0.133 0.088 0.117 0.146 0.180 0.131 0.359 0.410 0.494 0.560 0.446

Jilin 0.097 0.113 0.321 0.284 0.220 0.072 0.099 0.130 0.431 0.131 0.286 0.375 0.587 0.843 0.492
Heilongjiang 0.216 0.171 0.123 0.253 0.177 0.073 0.101 0.131 0.151 0.114 0.378 0.434 0.441 0.583 0.452

Shanghai 0.187 0.198 0.225 0.253 0.212 0.183 0.221 0.258 0.318 0.239 0.572 0.620 0.677 0.747 0.647
Jiangsu 0.120 0.141 0.170 0.206 0.158 0.131 0.209 0.245 0.361 0.223 0.437 0.549 0.613 0.730 0.575

Zhejiang 0.200 0.225 0.277 0.293 0.246 0.135 0.189 0.255 0.341 0.222 0.521 0.612 0.717 0.795 0.655
Anhui 0.096 0.102 0.138 0.176 0.123 0.074 0.114 0.162 0.216 0.135 0.294 0.388 0.497 0.594 0.435
Fujian 0.183 0.203 0.287 0.286 0.241 0.123 0.144 0.193 0.222 0.166 0.488 0.537 0.660 0.691 0.591
Jiangxi 0.123 0.123 0.181 0.204 0.162 0.074 0.110 0.146 0.188 0.124 0.321 0.409 0.521 0.593 0.461

Shandong 0.091 0.090 0.147 0.175 0.120 0.097 0.142 0.182 0.276 0.163 0.344 0.407 0.529 0.641 0.466
Henan 0.078 0.129 0.228 0.208 0.160 0.056 0.089 0.128 0.184 0.109 0.174 0.370 0.530 0.591 0.419
Hubei 0.230 0.127 0.208 0.280 0.211 0.078 0.114 0.173 0.228 0.142 0.406 0.420 0.579 0.693 0.523
Hunan 0.155 0.455 0.293 0.302 0.322 0.078 0.103 0.152 0.206 0.129 0.359 0.579 0.609 0.685 0.566

Guangdong 0.218 0.277 0.196 0.278 0.248 0.161 0.207 0.257 0.409 0.242 0.572 0.669 0.649 0.826 0.674
Guangxi 0.158 0.321 0.306 0.341 0.306 0.075 0.103 0.132 0.181 0.119 0.351 0.528 0.583 0.677 0.546
Hainan 0.459 0.324 0.353 0.345 0.338 0.094 0.131 0.147 0.157 0.134 0.555 0.590 0.633 0.646 0.599

Chongqing 0.413 0.298 0.477 0.252 0.347 0.087 0.130 0.161 0.198 0.141 0.513 0.575 0.712 0.642 0.607
Sichuan 0.210 0.521 0.447 0.425 0.347 0.073 0.103 0.143 0.203 0.127 0.376 0.601 0.669 0.749 0.577
Guizhou 0.085 0.109 0.164 0.221 0.146 0.059 0.089 0.119 0.162 0.104 0.205 0.348 0.464 0.575 0.406
Yunnan 0.191 0.213 0.329 0.385 0.279 0.077 0.099 0.127 0.152 0.112 0.380 0.458 0.586 0.657 0.522
Shaanxi 0.146 0.149 0.177 0.181 0.168 0.066 0.111 0.155 0.201 0.128 0.300 0.436 0.530 0.585 0.467
Gansu 0.249 0.190 0.213 0.274 0.229 0.059 0.080 0.109 0.136 0.094 0.301 0.389 0.482 0.572 0.440

Qinghai 0.323 0.341 0.296 0.404 0.332 0.113 0.145 0.154 0.197 0.148 0.552 0.623 0.614 0.731 0.621
Ningxia 0.203 0.164 0.163 0.154 0.177 0.076 0.103 0.129 0.148 0.114 0.385 0.434 0.480 0.499 0.454
Xinjiang 0.179 0.169 0.218 0.243 0.200 0.089 0.112 0.141 0.147 0.123 0.412 0.456 0.543 0.570 0.496
Average 0.176 0.197 0.231 0.254 0.094 0.129 0.168 0.224 0.387 0.480 0.569 0.650

4.2. Coupling Coordination Degree of Each Province

Building on the assessment of energy consumption and green development systems
in China, this study extended its exploration into the trends in temporal evolution, spatial
transitions, and dynamic distribution associated with the coupling coordination between
energy consumption and green development.

4.2.1. Temporal Evolution Trends

Upon examination of Table 4, it becomes evident that the degree of coupling coordi-
nation between energy consumption and green development has steadily risen in China.
Specifically, a 67.96% increase is observed in 2020 relative to the levels in 2006, with a
notable annual growth rate of 5.66%. This suggests that China has collectively undergone
a transition from the dysfunctional decline stage to the coordinated development stage.
However, despite this progress, the absolute level of this coupling coordination remains
an issue with considerable room for improvement. For 2006, the degree of coupling coor-
dination paints an unpromising picture. Only five provinces—Beijing, Shanghai, Zhejiang,
and Qinghai—are at the barely coordinated stage, whereas the majority of provinces are
stuck in a stage of dysfunctional decline or a stage of near dysfunction. This observa-
tion is attributable to China’s rapid phase of industrial economic expansion in 2006, a
period characterized by an elevated energy consumption and significant environmental
degradation. Consequently, fewer provinces exhibited optimal levels of coordination
during this time. In contrast, as we move to the conclusion of 2020, the trajectory of
the coupling coordination degree has undergone a significant transformation, with the
absolute level across all provinces witnessing marked improvements. Approximately
13 provinces, including Hebei, Shanxi, and Inner Mongolia, have managed to jump out
of the dysfunctional decline stage. Furthermore, over half of the provinces have now
reached the coordinated development stage, with Beijing boasting the highest level of
coupling coordination, and thereby being the leading province in the realm of coordination
development. Over the course of the past decade, China has resolutely committed to
an agenda of ecological prioritization, integrating principles of green development into
the overarching framework of its socio-economic advancement. This strategic focus has
yielded significant synergistic outcomes, particularly in the fields of pollution mitigation
and carbon reduction.
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4.2.2. Spatial Evolution Trends

To more accurately reflect the characteristics of the spatial evolution of the coupling co-
ordination degree, we employed ArcGIS 10.5 software to create spatial visualization maps
of the coupling coordination degree for the years 2006, 2011, 2016, and 2020. Each color
represents a distinct type of coupling coordination, and the results are shown in Figure 2.
The spatial distribution pattern in Figure 2 reveals that the coupling coordination degree
in China has demonstrated a marked improvement overall, indicating that the disparities
in regional development are being progressively mitigated. The salient characteristics
of this spatial distribution can be summarized as follows: firstly, the spatial distribution
exhibits a pattern of being “higher in the south, lower in the north”; secondly, the “center-
edge” distribution characteristics are distinctly noticeable, accompanied by a certain spatial
spillover effect. These two spatial characteristics demonstrate that there are significant spa-
tial differences in the coupling coordination degree between different provinces, resulting
in significant differences, mainly due to the following aspects: (1) disparities in energy
resource endowments—the Southwestern region is overwhelmingly dominant in non-fossil
energy production, accounting for about half of the total non-fossil energy production;
(2) disparities in economic levels—provinces such as Beijing, Guangdong, and Zhejiang,
which have a higher economic level, will generate a positive promotion effect on their
surrounding provinces, and this effect will steer them towards a more coordinated path of
development; and (3) disparities in industrial distribution—China’s industrial layout is
characterized as “light in the south and heavy in the north”, which stems from the greater
consumption of fossil energy and increasing ecological pollution in the northern provinces.
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4.2.3. Dynamic Distribution Trends

To explore the dynamic distribution trends in the coupling coordination degree across
30 Chinese provinces, we employed the MATLAB 2016b software to estimate the kernel
density and make a three-dimensional kernel density graph. The results are shown in
Figure 3. Figure 3 highlights the key characteristics of the dynamic distribution of this
coupling coordination, revealing three distinctive trends. Firstly, as can be discerned
from the positional distribution of the kernel density curve, the curve’s overall orientation
veers to the right, indicating a progressive, albeit fluctuating, rise in the level of coupling
coordination within China. Secondly, observations gleaned from the primary peak of
the kernel density curve suggest that, despite its fluctuations, the main peak persists
in a steady ascent. Simultaneously, the tails of the curve, both left and right, show a
tendency to converge towards the centre, with a gradual decrease in the wave width.
This reflects a shift towards a more homogeneous coupling coordination level among the
provinces, signaling an incremental mitigation of the previously unbalanced development
state. Thirdly, a character was observed in the shape of the kernel density curve in 2006;
a prominent “bulge” on the curve’s right side signaled a transition from a “single peak”
towards a “double peak” schema. This implied an escalation in the polarization of the
coupling coordination level among the provinces within this period. However, over
subsequent years, this “bulge” gradually diminished, reverting to a singular peak structure,
thus implying an effective attenuation of the polarization trend in provincial coupling
coordination levels, effectively forestalling the manifestation of a “Matthew effect”. As
China diligently advances its strategy aimed at universal common prosperity, a discernible
convergence has been observed among the provinces in key domains such as the labor
quality, total factor productivity, and technological innovation capacity. This convergence
has subsequently ameliorated the imbalances in the levels of coupling coordination.
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4.3. Dynamic Evolution Trends in Coupling Coordination Types

To delve into the characteristics of dynamic evolution in coupling coordination types
within China, we constructed both the traditional and the spatial Markov models, the out-
comes of which are presented in Tables 5–7. The coupling coordination degree is discretized
into four categories: “dysfunctional decline, nearly dysfunctional, barely coordinated, and
coordinated development”, designated by k = 1, 2, 3, and 4, respectively. A higher k value
signifies an elevated coupling coordination degree. The symbol mij/k signifies the proba-
bility of a region transitioning from type i at a given moment t to type j at the subsequent
moment t + 1, contingent upon the spatial lag type or neighbourhood type being k.
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Table 5. Traditional Markov transfer probability matrix for coupling coordination.

t\t + 1 n 1 2 3 4

1 87 0.759 0.218 0.023 0.000
2 116 0.017 0.819 0.155 0.009
3 118 0.008 0.009 0.788 0.195
4 99 0.000 0.000 0.071 0.929

Table 6. Spatial Markov transfer probability matrix for coupling coordination.

Neighbourhood Types t\t + 1 n 1 2 3 4

1

1 49 0.735 0.245 0.020 0.000
2 16 0.125 0.813 0.062 0.000
3 10 0.012 0.088 0.800 0.100
4 2 0.000 0.000 0.111 0.899

2

1 31 0.721 0.247 0.032 0.000
2 58 0.000 0.881 0.102 0.017
3 36 0.000 0.000 0.833 0.167
4 9 0.000 0.000 0.045 0.955

3

1 7 0.715 0.285 0.000 0.000
2 36 0.000 0.750 0.250 0.000
3 55 0.000 0.018 0.750 0.232
4 45 0.000 0.000 0.040 0.960

4

1 2 0.505 0.495 0.000 0.000
2 5 0.000 0.600 0.400 0.000
3 16 0.000 0.000 0.813 0.187
4 43 0.000 0.000 0.023 0.977

Table 7. Steady-state distribution of coupling coordination types.

State Type 1 2 3 4

Disregarding
spatial lag

Initial state 0.600 0.167 0.233 0.000
Ultimate state 0.011 0.025 0.256 0.708

Considering
spatial lag Ultimate state

1 0.001 0.120 0.387 0.492
2 0.000 0.000 0.400 0.600
3 0.000 0.023 0.316 0.661
4 0.000 0.000 0.110 0.890

4.3.1. Traditional Markov Transfer Probability Matrix

Table 5 reveals certain distinctive characteristics of the dynamic evolution of coupling
coordination types within China:

1. The evolution process of coupling coordination types displays stability, which is
demonstrated as the values on the diagonal exceeding those off-diagonal, with a
minimum value of 0.759 and a maximum value of 0.929;

2. The evolutionary trajectory of coupling coordination types demonstrates continuity;
that is, the probability of transitioning to different types is concentrated adjacent to
the diagonal; this suggests that transitions in coupling coordination types are typically
to neighbouring types, with leap transitions (e.g., from a nearly dysfunctional stage
directly to a coordinated development stage) proving challenging to accomplish
within a brief period;

3. The dynamic evolution of coupling coordination types is heterogeneous, specifically:
(1) provinces in the coordinated development stage exhibit a “club convergence”
phenomenon, with a probability of maintaining the current stage as high as 0.929 and
a mere 0.071 chance of transitioning downwards; (2) provinces that are at the nearly
dysfunctional stage and barely coordinated stage display positive transitions; i.e., their
likelihood of progressing to the subsequent stage is higher than that of regressing to the
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preceding stage; (3) provinces in the dysfunctional decline stage demonstrate a strong
intrinsic drive to overcome their limitations, with their probability of transitioning
to a superior stage reaching 0.218; this implication suggests that directing support
towards provinces currently mired in the dysfunctional decline stage, to enhance
their coupling coordination levels, may serve as a particularly efficacious strategy for
fostering coordinated development on a national scale.

4.3.2. Spatial Markov Transfer Probability Matrix

The evolution of coupling coordination types within each province is not entirely
spatially independent, and may be influenced by the conditions of neighbouring regions.
As k = 4, Qb = 83.358 > χ2(36) at a 1% significance level, the original hypothesis that
the type transfer of coupling coordination is spatially independent can be rejected. Thus,
spatial lag conditions should be integrated into our considerations. Upon the incorporation
of these spatial lag conditions into the traditional Markov transition probability matrix, the
results of this estimation are shown in Table 6. The comparison between Tables 5 and 6
yields the following conclusions:

1. The transition of coupling coordination types within a province is affected by
the neighbourhood, with different neighbourhood types exerting varying influ-
ences on the transition probability; for instance, m21/2 = 0.000 < m21/1 = 0.125;
m34/2 = 0.167 < m34/3 = 0.232;

2. Generally, neighbourhoods with higher type ranks exhibit stronger positive spatial spillover
effects, such as m12/1 = 0.245 < m12/2 = 0.247 < m12/3 = 0.285 < m12/4 = 0.495; con-
versely, neighbourhoods with lower type ranks manifest stronger negative spatial spillover
effects, such as m43/4 = 0.023 < m43/3 = 0.040 < m43/2 = 0.045 < m43/1 = 0.111.

4.3.3. Steady-State Distribution

The steady-state distribution of Markovian transition probabilities describes the distri-
bution of various types as they reach an equilibrium state. Table 7 presents this steady-state
distribution. When comparing the initial and final states without considering spatial lag,
we observe a decline in the proportion of types 1 and 2, a minor increase for type 3, and
a considerable increase for type 4. This trend implies a gradual shift among Chinese
provinces from lower-level to higher-level coupling coordination types over time. In-
corporating spatial lags into our considerations significantly alters the state of coupling
coordination in China. Among varying neighbourhood types, the majority of provinces
fall under types 3 and 4. The count of provinces classified as type 4 gradually increases as
the neighbourhood type escalates, peaking at 0.890. Regardless of whether spatial lags
are considered, the prospects for coordinated development between energy consumption
and green development in China are quite optimistic. There is a clear trend towards a
concentration of higher-level coupling coordination.

4.4. Trend Prediction of Coupling Coordination Degree

The coupling coordination degrees of 30 Chinese provinces from 2006 to 2020 as
simulated values were brought into the gray model GM (1, 1), and the measured results
show that the maximum C-value is 0.482 and the minimum p-value is 0.867, which are
within the qualified range. The prediction period of this study extends from 2021 to
2025, and the corresponding projections are provided in Table 8. During this prediction
period, the coupling coordination degree across Chinese provinces is expected to increase.
Excluding Hebei, Shanxi, and Inner Mongolia, alongside two other provinces which remain
in the barely coordinated stage, the remaining provinces are expected to transition from
the barely coordinated stage to the coordinated development stage. Notably, Beijing is
predicted to reach a superior level of quality coordination. Both Zhejiang and Sichuan are
set to further progress to the quality coordination stage, building upon their current good
coordination stage. Moreover, five provinces, including Tianjin, Jilin, and Shanghai, are
forecasted to leap from the middle coordination stage to the good coordination stage. In
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conclusion, each province has a responsibility to maintain their current level of coupling
coordination while breaking their limitations, so as to achieve a higher-quality coupling
coordination level.

Table 8. Trend prediction of the coupling coordination degree.

Province 2021 2022 2023 2024 2025

Beijing 0.949 0.953 0.966 0.969 0.978
Tianjin 0.739 0.760 0.781 0.803 0.826
Hebei 0.492 0.518 0.545 0.571 0.599
Shanxi 0.479 0.497 0.515 0.534 0.553

Inner Mongolia 0.518 0.530 0.542 0.554 0.566
Liaoning 0.582 0.603 0.625 0.647 0.670

Jilin 0.750 0.785 0.820 0.855 0.891
Heilongjiang 0.531 0.542 0.552 0.563 0.573

Shanghai 0.748 0.762 0.776 0.791 0.805
Jiangsu 0.736 0.760 0.785 0.810 0.837

Zhejiang 0.828 0.854 0.880 0.907 0.935

Anhui 0.640 0.674 0.709 0.746 0.786
Fujian 0.727 0.747 0.768 0.789 0.810
Jiangxi 0.603 0.622 0.641 0.660 0.679

Shandong 0.653 0.682 0.714 0.746 0.781
Henan 0.657 0.689 0.723 0.757 0.791
Hubei 0.686 0.708 0.730 0.753 0.776
Hunan 0.707 0.725 0.743 0.761 0.780

Guangdong 0.809 0.828 0.848 0.868 0.888
Guangxi 0.691 0.709 0.728 0.747 0.766
Hainan 0.667 0.676 0.686 0.695 0.705

Chongqing 0.678 0.687 0.696 0.705 0.714
Sichuan 0.808 0.839 0.872 0.904 0.937
Guizhou 0.586 0.610 0.634 0.659 0.684
Yunnan 0.690 0.715 0.742 0.769 0.797
Shaanxi 0.616 0.635 0.655 0.675 0.695
Gansu 0.584 0.603 0.623 0.642 0.662

Qinghai 0.699 0.709 0.719 0.729 0.739
Ningxia 0.502 0.507 0.513 0.519 0.525
Xinjiang 0.606 0.622 0.639 0.656 0.673

5. Conclusions and Policy Implications
5.1. Conclusions

Based on the constructed evaluation system for energy consumption and green devel-
opment, this study scientifically measured, analyzed, and predicted the degree of coupling
coordination between energy consumption and green development across 30 Chinese
provinces. The major conclusions of this study are as follows:

1. Evaluations conducted via the entropy method, applied to both energy consumption
and green development systems, disclose a predominantly ascending trajectory for
the period from 2006 to 2020. These findings substantiate that China has effectively
executed strategies related to energy consumption transformation and ecological
development. Nonetheless, both systems present significant potential for further en-
hancement at their absolute levels. Although the averages for the energy consumption
system marginally surpass those for the green development system, the growth rate
of the latter significantly outpaces that of the former. The speed of the low-carbon
transition in energy consumption needs to be further accelerated in future economic
development work.

2. The coupling coordination model’s measurements reveal three key findings. Firstly,
based on the temporal evolution, the overall coupling coordination degree across
China from 2006 to 2020 demonstrates a consistent upward trend. This alteration
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indicates that China has embarked upon a ‘new normal’ in its economic trajectory, tran-
sitioning from the dysfunctional decline stage to the coordinated development stage.
Secondly, concerning spatial evolution, the distribution of the coupling coordination
degree presents discernible “higher in the south, lower in the north” and “center-
edge” patterns. Nevertheless, as China rigorously progresses in the implementation
of its common prosperity strategy, these spatial disparities across its provinces are
exhibiting a trend of convergence. Lastly, from the perspective of dynamic distribution
trends, the level of coupling coordination among provinces increasingly concentrates.

3. The dynamic evolution of coupling coordination types is marked by four distinctive
characteristics. Firstly, this dynamic evolution presents the traits of stability, continuity,
and heterogeneity. Secondly, a province’s transfer from one stage of coupling coor-
dination to another may be influenced by neighbouring provinces, with the degree
of influence varying depending on the neighbourhood type. Thirdly, the higher the
neighbourhood stage’s grade, the stronger the positive spatial spillover effect becomes,
while the opposite is true for lower neighbourhood grades. For instance, regions such
as Beijing and Shanghai demonstrate more pronounced positive spatial spillover ef-
fects, in contrast to Hebei and Shanxi, where these effects are comparatively subdued.
Finally, in the long term, regardless of whether spatial lag is considered, there is a
tendency for the coupling coordination in all provinces to concentrate towards the
higher stages.

4. The predicted results from the grey model GM (1, 1) suggest the following: through-
out the forecast period, the coupling coordination degree across Chinese provinces
is set to further improve. With the exception of a handful of provinces—Hebei,
Shanxi, and Inner Mongolia—which remain in the barely coordinated stage, the rest
have effectively transitioned from the barely coordinated stage to the coordinated
development stage. The study revealed that there is still space for improvement in
the current development trajectory of several provinces, such as Hebei, Shanxi, and
Inner Mongolia.

5.2. Policy Implications

Based on the above conclusions, this paper argues that, to effectively improve the
degree of coupling coordination in China, the following policy implications could be con-
sidered. While these conclusions are primarily grounded in the context of China, the policy
implications are equally applicable to other countries, including developed ones, because
international energy and environmental concerns are gaining escalating prominence.

1. The ongoing advancement of technological innovation reform coupled with the per-
sistent enhancement of green endogenous growth remains imperative. The research
results obtained using the entropy method and coupling coordination model show
that China’s energy consumption level, green development level, and the coupling
coordination degree are all on the rise, but there is still great room for growth in
their absolute levels. At the current stage, it is necessary to continuously promote the
reform of technological innovation to boost the potential green endogenous growth.
Two specific aspects can be developed. Firstly, provinces are encouraged to incre-
mentally incorporate new energy sources to augment the utilization of renewable
energy and refine the structure of energy consumption; specifically, the main focus is
on increasing the use of photovoltaic, wind, and nuclear power, as well as facilitating
the accelerated development of distributed energy resources, smart grids, and energy-
saving technologies to enhance energy efficiency. Secondly, it is recommended that
each province continuously promotes the reform of the circulation of green innovation
factors, such as high-technology personnel and R&D funds, thereby leading to a more
equitable distribution of these factors and, ultimately, enhancing the overall level of
green innovation.

2. Adjusting the economic development strategy in northern China is a crucial step
towards further reducing the disparity in coupling coordination between the north
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and south. The current analysis and trend prediction of coupling coordination indicate
that the difference in the coupling coordination between southern and northern China
is progressively narrowing, but the coupling coordination of the northern provinces
still remains lower than that of the southern provinces. The northern provinces cur-
rently face problems such as heavy energy consumption and lagging environmental
management, leading to their relatively low level of coupling coordination. In the
future, the northern provinces need to accelerate the adjustment of economic growth
patterns, improve energy use efficiency, reduce energy carbon emissions, and en-
hance eco-friendly awareness. Specifically, the northern region can address this issue
through two primary approaches. The first is to concentrate on the low-carbon trans-
formation of existing industries, especially the iron and steel industry, which ought
to evolve consistently in a more technologically intensive and knowledge-intensive
direction. The second is to assiduously foster new drivers for economic development
by vigorously developing cleaner methods, such as wind power and photovoltaic
power generation, with these fresh impetuses ultimately propelling the economic
strategy towards green transformation.

3. Emphasizing the spatial linkage effect and leveraging the radiative influence of re-
gions with a high level of coupling coordination is essential. The empirical findings
elucidate that the degree of coupling coordination within China manifests a spatial
distribution characterized by a “center-edge” pattern, and exhibits pronounced spatial
linkage effects. Specifically, elevated neighbourhood levels correlate with enhanced
positive spillover impacts. In light of these observations, fostering regional coordi-
nated development in a holistic manner requires the leveraging of regional advan-
tages. To this end, it is advisable to put in place coordinated development frameworks
between contiguous regions. Examples include the integrated development mech-
anisms already in place for the Yangtze River Delta and the Beijing–Tianjin–Hebei
conurbation. Such regional integrative approaches serve to enhance inter-regional
communication, thereby catalyzing technological innovation, systemic improvements,
and industrial upgradation, particularly in regions characterized by lower degrees of
coupling coordination.

4. Drawing upon data pertaining to energy consumption and green development across
30 Chinese provinces from 2006 to 2020, we conducted a comprehensive measurement
and analysis of the energy consumption index, the green development index, and
their coupling coordination. This analysis holds considerable pragmatic significance
for expediting the low-carbon transformation in energy consumption and fostering
green development within China. Nonetheless, certain limitations persist. While we
endeavored to construct evaluative frameworks for both energy consumption and
green development, the data constraints specific to energy consumption rendered
the resulting evaluation system suboptimal. Additionally, given that green develop-
ment encompasses a broad array of economic and societal dimensions, its evaluative
framework incorporates a more extensive set of indicators compared to its energy
consumption counterpart. Consequently, future research avenues should focus on the
development of a more scientifically robust and comprehensive evaluation system
for energy consumption, as well as the streamlining of indicators within the green
development framework, to enhance the rigor and credibility of the outcomes.

Author Contributions: Conceptualization, X.X.; Methodology, X.X.; Software, X.T.; Investigation,
X.T.; Resources, X.X.; Data curation, X.T.; Writing—original draft, X.T.; Writing—review & editing,
X.X.; Visualization, X.T.; Supervision, X.X. All authors have read and agreed to the published version
of the manuscript.

Funding: This research is supported by the Fundamental Research Funds for the Central Universities
[grant numbers CSY22033].

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2023, 15, 13885 19 of 21

References
1. Bp, B.P. Statistical Review of World Energy 2022; BP: London, UK, 2023.
2. Bumpus, A.G.; Liverman, D.M. Accumulation by decarbonization and the governance of carbon offsets. Econ. Geogr. 2008, 84,

127–155. [CrossRef]
3. Masson-Delmotte, V.; Zhai, P.; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.; Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M.I.;

et al. Climate change 2021: The physical science basis. In Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021; p. 2. [CrossRef]

4. Masson-Delmotte, V.; Zhai, P.; Pörtner, H.O.; Roberts, D.; Skea, J.; Shukla, P.R.; Waterfield, T. Global Warming of 1.5 ◦C: An IPCC
Special Report on the Impacts of Global Warming of 1.5 ◦C above Pre-Industrial Levels and Related Global Greenhouse Gas Emission
Pathways, in the Contex of Strengthening the Global Response to the Thereat of Blimate Change, Sustainable Development, and Efforts to
Eradicate Poverty; Cambridge University Press: Cambridge, UK, 2018; Volume 1, pp. 43–50.

5. Pitelis, A.; Vasilakos, N.; Chalvatzis, K. Fostering innovation in renewable energy technologies: Choice of policy instruments and
effectiveness. Renew. Energy 2020, 151, 1163–1172. [CrossRef]

6. Jin, H.; Yang, J.; Chen, Y. Energy saving and emission reduction fiscal policy and corporate green technology innovation. Front.
Psychol. 2022, 13, 1056038. [CrossRef] [PubMed]

7. Stevens, K.A.; Tang, T.; Hittinger, E. Innovation in complementary energy technologies from renewable energy policies. Renew.
Energy 2023, 209, 431–441. [CrossRef]

8. Fujino, J.; Hibino, G.; Ehara, T.; Matsuoka, Y.; Masui, T.; Kainuma, M. Back-casting analysis for 70% emission reduction in Japan
by 2050. Clim. Policy 2008, 8 (Supp. S1), S108–S124. [CrossRef]

9. Shimada, K.; Tanaka, Y.; Gomi, K.; Matsuoka, Y. Developing a long-term local society design methodology towards a low-carbon
economy: An application to Shiga Prefecture in Japan. Energy Policy 2007, 35, 4688–4703. [CrossRef]

10. Rauf, A.; Zhang, J.; Li, J.; Amin, W. Structural changes, energy consumption and carbon emissions in China: Empirical evidence
from ARDL bound testing model. Struct. Chang. Econ. Dyn. 2018, 47, 194–206. [CrossRef]

11. Yu, B.; Zhao, G.; An, R. Framing the picture of energy consumption in China. Nat. Hazards 2019, 99, 1469–1490. [CrossRef]
12. Xu, G.; Schwarz, P.; Yang, H. Adjusting energy consumption structure to achieve China’s CO2 emissions peak. Renew. Sustain.

Energy Rev. 2020, 122, 109737. [CrossRef]
13. Wang, Y.Z. The targets of carbon peak and carbon neutralization and China’s new energy revolution. Frontiers 2021, 14, 88–96.

[CrossRef]
14. Yang, L.; Li, Y. Low-carbon city in China. Sustain. Cities Soc. 2013, 9, 62–66. [CrossRef]
15. Dong, K.; Jiang, Q.; Shahbaz, M.; Zhao, J. Does low-carbon energy transition mitigate energy poverty? The case of natural gas for

China. Energy Econ. 2021, 99, 105324. [CrossRef]
16. Zhang, H.; Cheng, J.; Wang, L. China’s industrialization process and balance of supply and demand of energy minerals. China

Popul. Resour. Environ. 2011, 21, 165–170.
17. Wang, N.; Guo, J.; Zhang, J.; Fan, Y. Comparing eco-civilization theory and practice: Big-data evidence from China. J. Clean. Prod.

2022, 380, 134754. [CrossRef]
18. Fan, Y.; Yi, B. Evolution, driving mechanism, and pathway of china’s energy transition. J. Manag. World 2021, 37, 95–105.

[CrossRef]
19. Hillman, J.; Axon, S.; Morrissey, J. Social enterprise as a potential niche innovation breakout for low carbon transition. Energy

Policy 2018, 117, 445–456. [CrossRef]
20. Linnenluecke, M.K.; Han, J.; Pan, Z.; Smith, T. How markets will drive the transition to a low carbon economy. Econ. Model. 2019,

77, 42–54. [CrossRef]
21. Wang, N.; Liu, Z.; Heijnen, P.; Warnier, M. A peer-to-peer market mechanism incorporating multi-energy coupling and cooperative

behaviors. Appl. Energy 2022, 311, 118572. [CrossRef]
22. Shem, C.; Simsek, Y.; Hutfilter, U.F.; Urmee, T. Potentials and opportunities for low carbon energy transition in Vietnam: A policy

analysis. Energy Policy 2019, 134, 110818. [CrossRef]
23. Sun, L.; Zhang, T.; Liu, S.; Wang, K.; Rogers, T.; Yao, L.; Zhao, P. Reducing energy consumption and pollution in the urban

transportation sector: A review of policies and regulations in Beijing. J. Clean. Prod. 2021, 285, 125339. [CrossRef]
24. Borozan, D. Asymmetric effects of policy uncertainty on renewable energy consumption in G7 countries. Renew. Energy 2022, 189,

412–420. [CrossRef]
25. Nie, Y.; Zhang, G.; Duan, H.; Su, B.; Feng, Y.; Zhang, K.; Gao, X. Trends in energy policy coordination research on supporting

low-carbon energy development. Environ. Impact Assess. Rev. 2022, 97, 106903. [CrossRef]
26. Liu, J.; Li, X.; Zhong, S. Does innovation efficiency promote energy consumption intensity? New evidence from China. Energy

Rep. 2022, 8, 426–436. [CrossRef]
27. Jiang, Z.; Lyu, P.; Ye, L.; Zhou, Y.W. Green innovation transformation, economic sustainability and energy consumption during

China’s new normal stage. J. Clean. Prod. 2020, 273, 123044. [CrossRef]
28. Hao, X.; Deng, F. The marginal and double threshold effects of regional innovation on energy consumption structure: Evidence

from resource-based regions in China. Energy Policy 2019, 131, 144–154. [CrossRef]
29. Sovacool, B.K.; Griffiths, S. The cultural barriers to a low-carbon future: A review of six mobility and energy transitions across 28

countries. Renew. Sustain. Energy Rev. 2020, 119, 109569. [CrossRef]

https://doi.org/10.1111/j.1944-8287.2008.tb00401.x
https://doi.org/10.1515/ci-2021-0407
https://doi.org/10.1016/j.renene.2019.11.100
https://doi.org/10.3389/fpsyg.2022.1056038
https://www.ncbi.nlm.nih.gov/pubmed/36562056
https://doi.org/10.1016/j.renene.2023.03.115
https://doi.org/10.3763/cpol.2007.0491
https://doi.org/10.1016/j.enpol.2007.03.025
https://doi.org/10.1016/j.strueco.2018.08.010
https://doi.org/10.1007/s11069-019-03576-6
https://doi.org/10.1016/j.rser.2020.109737
https://doi.org/10.16619/j.cnki.rmltxsqy.2021.14.010
https://doi.org/10.1016/j.scs.2013.03.001
https://doi.org/10.1016/j.eneco.2021.105324
https://doi.org/10.1016/j.jclepro.2022.134754
https://doi.org/10.19744/j.cnki.11-1235/f.2021.0109
https://doi.org/10.1016/j.enpol.2018.03.038
https://doi.org/10.1016/j.econmod.2018.07.010
https://doi.org/10.1016/j.apenergy.2022.118572
https://doi.org/10.1016/j.enpol.2019.06.026
https://doi.org/10.1016/j.jclepro.2020.125339
https://doi.org/10.1016/j.renene.2022.02.055
https://doi.org/10.1016/j.eiar.2022.106903
https://doi.org/10.1016/j.jclepro.2020.123044
https://doi.org/10.1016/j.jclepro.2020.123044
https://doi.org/10.1016/j.enpol.2019.04.034
https://doi.org/10.1016/j.rser.2019.109569


Sustainability 2023, 15, 13885 20 of 21

30. Gaspari, J.; Antonini, E.; Marchi, L.; Vodola, V. Energy transition at home: A survey on the data and practices that lead to a change
in household energy behavior. Sustainability 2021, 13, 5268. [CrossRef]

31. Nikas, A.; Lieu, J.; Sorman, A.; Gambhir, A.; Turhan, E.; Baptista, B.V.; Doukas, H. The desirability of transitions in demand:
Incorporating behavioural and societal transformations into energy modelling. Energy Res. Soc. Sci. 2020, 70, 101780. [CrossRef]

32. Li, C.; Jia, Q.; Li, G. China’s energy consumption and green economy efficiency: An empirical research based on the threshold
effect. Environ. Sci. Pollut. Res. 2020, 27, 36621–36629. [CrossRef]

33. Sun, H.; Chen, F. The impact of green finance on China’s regional energy consumption structure based on system GMM. Resour.
Policy 2022, 76, 102588. [CrossRef]

34. Qin, J.; Tao, H.; Cheng, C.; Brindha, K.; Zhan, M.; Ding, J.; Mu, G. Analysis of factors influencing carbon emissions in the energy
base, Xinjiang autonomous region, China. Sustainability 2020, 12, 1089. [CrossRef]

35. Hoffmann, C.; Thommes, K. Can digital feedback increase employee performance and energy efficiency in firms? Evidence from
a field experiment. J. Econ. Behav. Organ. 2020, 180, 49–65. [CrossRef]

36. Hassler, J.; Krusell, P.; Olovsson, C. Directed technical change as a response to natural resource scarcity. J. Political Econ. 2021, 129,
3039–3072. [CrossRef]

37. Fell, H.; Kaffine, D.T.; Novan, K. Emissions, transmission, and the environmental value of renewable energy. Am. Econ. J. Econ.
Policy 2021, 13, 241–272. [CrossRef]

38. Shen, G.; Lin, W.; Chen, Y.; Yue, D.; Liu, Z.; Yang, C. Factors influencing the adoption and sustainable use of clean fuels and
cookstoves in China—A Chinese literature review. Renew. Sustain. Energy Rev. 2015, 51, 741–750. [CrossRef]

39. Huang, J.; Du, D.; Hao, Y. The driving forces of the change in China’s energy intensity: An empirical research using DEA-
Malmquist and spatial panel estimations. Econ. Model. 2017, 65, 41–50. [CrossRef]

40. Li, S.; Deng, S.; Zhao, R.; Zhao, L.; Xu, W.; Yuan, X.; Guo, Z. Entropy analysis on energy-consumption process and improvement
method of temperature/vacuum swing adsorption (TVSA) cycle. Energy 2019, 179, 876–889. [CrossRef]

41. Parhizkar, T.; Rafieipour, E.; Parhizkar, A. Evaluation and improvement of energy consumption prediction models using principal
component analysis based feature reduction. J. Clean. Prod. 2021, 279, 123866. [CrossRef]

42. Zheng, Z. Energy efficiency evaluation model based on DEA-SBM-Malmquist index. Energy Rep. 2021, 7, 397–409. [CrossRef]
43. Brown, L.R. Building a Sustainable Society; W. W. Norton & Company, Inc.: New York, NY, USA, 1982; Volume 19, pp. 75–85.

[CrossRef]
44. Molotch, H.; Daly, H.E. Beyond growth: The economics of sustainable development. Contemp. Sociol. 1998, 27, 254. [CrossRef]
45. Rogers; Jalal, P.P.; Fboyd, K.; John, A. An introduction to sustainable development. Contemp. Rev. 2009, 36, 203.
46. Pearce, D.; Markandya, A.; Barbier, E. Blueprint 1: For a Green Economy; Routledge: Oxfordshire, UK, 2013. [CrossRef]
47. Searns, R.M. The evolution of greenways as an adaptive urban landscape form. Landsc. Urban Plan. 1995, 33, 65–80. [CrossRef]
48. Loiseau, E.; Saikku, L.; Antikainen, R.; Droste, N.; Hansjürgens, B.; Pitkänen, K.; Leskinen, P.; Kuikman, P.; Thomsen, M. Green

economy and related concepts: An overview. J. Clean. Prod. 2016, 139, 361–371. [CrossRef]
49. Boulding, K.E. The Economics of the Coming Spaceship Earth. In 6ˆ Resources for the Future Forum on Environmental Quality in a

Growing Economy; RFF Press: Washington, DC, USA, 1966. [CrossRef]
50. Pearce, D.W.; Turner, R.K. Economics of Natural Resources and the Environment; Johns Hopkins University Press: Baltimore, MD,

USA, 1989.
51. Korhonen, J.; Honkasalo, A.; Seppälä, J. Circular economy: The concept and its limitations. Ecol. Econ. 2018, 143, 37–46. [CrossRef]
52. Stern, N. Stern review: The economics of climate change. Nature 2007, 378, 433. [CrossRef]
53. Bridge, G.; Bouzarovski, S.; Bradshaw, M.; Eyre, N. Geographies of energy transition: Space, place and the low-carbon economy.

Energy Policy 2013, 53, 331–340. [CrossRef]
54. Wang, Q.; Wang, S. Decoupling economic growth from carbon emissions growth in the United States: The role of research and

development. J. Clean. Prod. 2019, 234, 702–713. [CrossRef]
55. Fei, R.; Cui, A.; Qin, K. Can technology R&D continuously improve green development level in the open economy? Empirical

evidence from China’s industrial sector. Environ. Sci. Pollut. Res. 2020, 27, 34052–34066. [CrossRef]
56. Karaeva, A.; Magaril, E.; Torretta, V.; Ragazzi, M.; Rada, E.C. Green energy development in an industrial region: A case-study of

Sverdlovsk region. Energy Rep. 2021, 7, 137–148. [CrossRef]
57. Oryani, B.; Koo, Y.; Rezania, S.; Shafiee, A.; Khan, M.K.; Mahdavian, S.M. The role of electricity mix and transportation sector in

designing a green-growth strategy in Iran. Energy 2021, 233, 121178. [CrossRef]
58. Gehrsitz, M. The effect of low emission zones on air pollution and infant health. J. Environ. Econ. Manag. 2017, 83, 121–144.

[CrossRef]
59. Zhang, S.; Worrell, E.; Crijns-Graus, W.; Krol, M.; de Bruine, M.; Geng, G.; Wagner, F.; Cofala, J. Modeling energy efficiency to

improve air quality and health effects of China’s cement industry. Appl. Energy 2016, 184, 574–593. [CrossRef]
60. Wang, S.S.; Zhou, D.Q.; Zhou, P.; Wang, Q.W. CO2 emissions, energy consumption and economic growth in China: A panel data

analysis. Energy Policy 2011, 39, 4870–4875. [CrossRef]
61. Uddin MG, S.; Bidisha, S.H.; Ozturk, I. Carbon emissions, energy consumption, and economic growth relationship in Sri Lanka.

Energy Sources Part B Econ. Plan. Policy 2016, 11, 282–287. [CrossRef]
62. Wu, Y.; Zhu, Q.; Zhu, B. Comparisons of decoupling trends of global economic growth and energy consumption between

developed and developing countries. Energy Policy 2018, 116, 30–38. [CrossRef]

https://doi.org/10.3390/su13095268
https://doi.org/10.1016/j.erss.2020.101780
https://doi.org/10.1007/s11356-020-09536-z
https://doi.org/10.1016/j.resourpol.2022.102588
https://doi.org/10.3390/su12031089
https://doi.org/10.1016/j.jebo.2020.09.034
https://doi.org/10.1086/715849
https://doi.org/10.1257/pol.20190258
https://doi.org/10.1016/j.rser.2015.06.049
https://doi.org/10.1016/j.econmod.2017.04.027
https://doi.org/10.1016/j.energy.2019.05.027
https://doi.org/10.1016/j.jclepro.2020.123866
https://doi.org/10.1016/j.egyr.2021.10.020
https://doi.org/10.1007/bf02712913
https://doi.org/10.2307/2655177
https://doi.org/10.4324/9781315070223
https://doi.org/10.1016/0169-2046(94)02014-7
https://doi.org/10.1016/j.jclepro.2016.08.024
https://doi.org/10.4324/9781315064147
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/10.1038/378433a0
https://doi.org/10.1016/j.enpol.2012.10.066
https://doi.org/10.1016/j.jclepro.2019.06.174
https://doi.org/10.1007/s11356-020-09357-0
https://doi.org/10.1016/j.egyr.2021.08.101
https://doi.org/10.1016/j.energy.2021.121178
https://doi.org/10.1016/j.jeem.2017.02.003
https://doi.org/10.1016/j.apenergy.2016.10.030
https://doi.org/10.1016/j.enpol.2011.06.032
https://doi.org/10.1080/15567249.2012.694577
https://doi.org/10.1016/j.enpol.2018.01.047


Sustainability 2023, 15, 13885 21 of 21

63. Yu, B.; Fang, D. Decoupling economic growth from energy-related PM2.5 emissions in China: A GDIM-based indicator decompo-
sition. Ecol. Indic. 2021, 127, 107795. [CrossRef]

64. Wang, Q.; Zhang, F. The effects of trade openness on decoupling carbon emissions from economic growth–evidence from 182
countries. J. Clean. Prod. 2021, 279, 123838. [CrossRef]

65. Fan, W.; Hao, Y. An empirical research on the relationship amongst renewable energy consumption, economic growth and foreign
direct investment in China. Renew. Energy 2020, 146, 598–609. [CrossRef]

66. Zhang, Q.; Liao, H.; Hao, Y. Does one path fit all? An empirical study on the relationship between energy consumption and
economic development for individual Chinese provinces. Energy 2018, 150, 527–543. [CrossRef]

67. Bildirici, M.; Çoban Kayıkçı, F. Energy consumption, energy intensity, economic growth, FDI, urbanization, PM2.5 concentrations
nexus. Environ. Dev. Sustain. 2023, 1–19. [CrossRef]

68. Safitri, D.; Fahrurrozi, F.; Marini, A.; Husen, A.; Purwanto, A.; Arum WS, A.; Nafiah, M. The role of energy consumption and
economic growth on the ecological environment in ASEAN countries. Environ. Sci. Pollut. Res. 2022, 29, 77671–77684. [CrossRef]

69. Abid, M.; Gheraia, Z.; Abdelli, H. Does renewable energy consumption affect ecological footprints in Saudi Arabia? A bootstrap
causality test. Renew. Energy 2022, 189, 813–821. [CrossRef]

70. Tian, H.Z.; Ma, L. Study on the change of China’s industrial carbon emissionintensity from the perspective of sector structure.
J. Nat. Resour. 2020, 35, 639–653. [CrossRef]

71. Xie, F.; Zhang, B.; Wang, N. Non-linear relationship between energy consumption transition and green total factor productivity:
A perspective on different technology paths. Sustain. Prod. Consum. 2021, 28, 91–104. [CrossRef]

72. Deng, M.; Chen, J.; Tao, F.; Zhu, J.; Wang, M. On the coupling and coordination development between environment and economy:
A case study in the Yangtze River Delta of China. Int. J. Environ. Res. Public Health 2022, 19, 586. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ecolind.2021.107795
https://doi.org/10.1016/j.jclepro.2020.123838
https://doi.org/10.1016/j.renene.2019.06.170
https://doi.org/10.1016/j.energy.2018.02.106
https://doi.org/10.1007/s10668-023-02923-9
https://doi.org/10.1007/s11356-022-21222-w
https://doi.org/10.1016/j.renene.2022.03.043
https://doi.org/10.1016/j.scitotenv.2022.153839
https://doi.org/10.1016/j.spc.2021.03.036
https://doi.org/10.3390/ijerph19010586

	Introduction 
	Literature Review 
	Research on Energy Consumption 
	Research on the Connotations of Energy Consumption 
	Research on the Measurement of Energy Consumption Levels 

	Research on Green Development 
	Research on the Connotations of Green Development 
	Research on the Influence Factors and Policy Effects of Green Development 

	The Research on the Relationship between Energy Consumption and Green Development 

	Methods and Data 
	Methods 
	Construction of Evaluation System 
	The Entropy Method 
	Kernel Density Estimation 
	Coupling Coordination Model 
	The Markov Model 
	Grey Model GM (1, 1) 

	Data 

	Results and Discussion 
	The Level of Energy Consumption and Green Development in Each Province 
	Coupling Coordination Degree of Each Province 
	Temporal Evolution Trends 
	Spatial Evolution Trends 
	Dynamic Distribution Trends 

	Dynamic Evolution Trends in Coupling Coordination Types 
	Traditional Markov Transfer Probability Matrix 
	Spatial Markov Transfer Probability Matrix 
	Steady-State Distribution 

	Trend Prediction of Coupling Coordination Degree 

	Conclusions and Policy Implications 
	Conclusions 
	Policy Implications 

	References

