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Abstract: Since the ecological protection and high-quality development of the Yellow River Basin
(YRB) in China have become a primary national strategy, the low-carbon economy is crucial. To
formulate effective emission mitigation policies for the YRB, we need to comprehensively understand
the characteristics of the spatial agglomeration of the carbon emissions intensity in the YRB and its
regional heterogeneity. Therefore, based on the relevant data from 2005 to 2017, we first scientifically
measure the carbon emissions intensity of 57 cities along the YRB. Then, we analyze the spatial
agglomeration characteristics and long-term transfer trends of carbon emission intensity using
exploratory spatial data analysis methods and Markov chains. Finally, the Dagum Gini coefficient
and the variation coefficient method are used to study the regional differences and differential
evolution convergence of the carbon emissions intensity in the YRB. The results show that the carbon
emissions intensity of the YRB has dropped significantly with the spatial distribution characteristics
“high in the west and low in the east”, and there is a significant spatial autocorrelation phenomenon.
In addition, the probability of a shift in urban carbon intensity is low, leading to a “club convergence”
and a “Matthew effect” in general and across regions. Inter-regional differences have always been
the primary source of spatial differences in carbon emissions intensity in the YRB, and the intra-
regional differences in carbon emissions intensity in the lower YRB show a significant convergence
phenomenon. The research results may provide a reference for the regional coordinated development
of a low-carbon economy in the YRB, and serve to guide the win-win development model of ecological
environment protection and economic growth in the YRB.

Keywords: Yellow River Basin (YRB); carbon emissions intensity; spatial pattern; regional difference;
Dagum Gini coefficient

1. Introduction

Since the ecological protection and high-quality development of the Yellow River Basin
(YRB) in China have become a national strategy, the Chinese Central Party Committee
has built “four beams and eight pillars” for the protection and governance of the YRB,
improved the ecological environment governance system, and made new progress in high-
quality development. However, there are still many ecological problems in the YRB, such
as ecological fragility, increasing environmental pollution, lack of freshwater resources, and
greenhouse gas emissions. In recent years, the rapid development of industrialization and
urbanization in the YRB has accelerated the evolution of the natural geographical pattern of
the basin [1]. Due to the high density, large population, and fragile ecological environment
of cities along the YRB, urbanization has a particularly significant impact on its ecological
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environment [2]. Due to the unreasonable development and utilization activities, some
areas of ecological degradation still exist in the YRB [3], and both annual soil erosion [4]
and water pollution [5] are severe. Additionally, studies have shown that meteorological
drought in the YRB has been increasing, and its distribution range is expanding [6,7]. These,
coupled with a series of economic and social problems such as a relatively low level of
economic development, low-end leading industries, and large regional disparities, have
seriously undermined the development of the YRB. Therefore, strengthening the ecological
protection and green development of the YRB has become a priority.

The ecological protection and high-quality development of the YRB have become
a primary national strategy, which is an essential manifestation of green growth and
coordinated action in the new development concept. Prior studies have found that with
the gradual warming of the global climate, precipitation events increase [8,9]. Under the
background of climate change, sudden floods caused by extreme precipitation seriously
threaten the safety of life and property of people along the YRB [10]. At the same time,
hot topics such as greenhouse gas pollution, carbon peaking, carbon neutrality, and the
increasingly severe ecological problems of the river basin highlight the necessity of low-
carbon development. In 2018, the total coal consumption in the YRB reached 20.57 billion
tons, accounting for 45.69% of the total national coal consumption. This indicated the
YRB was under enormous pressure to reduce emissions. To address climate change, China
committed to peak carbon dioxide emissions before 2030 and achieve carbon neutrality
before 2060 at the 75th session of the United Nations General Assembly in September
2020. The YRB is an essential ecological barrier, an industrial belt for energy development,
and a base for grain production in China [11]. Thus it is of great practical significance for
improving the overall layout of China’s ecological civilization construction and promoting
high-quality economic development. Meanwhile, the collaborative green and low-carbon
development of the YRB is a crucial factor in achieving ecological protection and high-
quality development. Hence, it is particularly urgent to explore the spatial and temporal
evolution law of carbon emissions intensity in the YRB, analyze the spatial distribution
pattern of its carbon emissions intensity from multiple scales, and clarify the sources of
regional differences and the convergence of their evolution. As the carrier of economic
development and ecological management and protection, cities are the core driving force
for the green and coordinated development of the YRB [12]. Therefore, we scientifically
measure the level of carbon emissions intensity in the YRB based on the perspective of cities,
and comprehensively analyze the spatial distribution pattern, transfer trends, regional
differences, and convergence characteristics of carbon emission intensity in the YRB. This
is of great theoretical and practical significance for the concerted regional promotion of
high-standard ecological protection and high-quality transformation development in the
YRB in China.

As found in the literature survey, a great many studies are exploring the path to
achieving low-carbon development, and the measurement scale includes enterprises [13],
industries [14], cities [15], and even regions [16]. Additionally, some existing studies have
focused on the influencing factors of carbon emissions [17–20], and the assessment of
carbon emission policy effects. The main research components among these policy effects
include the policy effectiveness of carbon trading [21], the impacts of the carbon tax on
carbon emissions [22,23], and the response to the low-carbon city pilot policy on urban
land use efficiency [24]. Since the ecological protection and high-quality development of
the YRB have become a national strategy, many other scholars have narrowed the research
scope to the YRB. Research on carbon emissions in the YRB mainly focuses on the following
three areas. First of these is the measurement of carbon emission efficiency. This type of
research incorporates carbon dioxide emissions as undesirable output into the evaluation
index system. The research areas include carbon emission efficiency for the cities [25],
provinces [26], and the whole basin [27] in the YRB, green total factor productivity in the
YRB [28], urban energy use efficiency in the YRB [29], water use efficiency in the YRB [30],
agricultural ecological efficiency in the YRB [31], and carbon emission performance in
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logistics in the YRB [32], etc. The data envelopment analysis (DEA) method is mainly
utilized in the above research for efficiency calculation. Second, the studies focus on
analyzing the evolution of spatial and temporal patterns of carbon emissions. For example,
Mo et al. [33] found that carbon emissions in the YRB have formed a pattern of high
carbon emissions in the east and low carbon emissions in the west since 2000, and there
was a “club convergence” phenomenon. Lv et al. [34] found that the carbon emissions
in the YRB showed a significant contiguous expansion trend, with a significant positive
spatial correlation. Gong et al. [35] found apparent spatial spillover effects and spatial
agglomeration characteristics of provincial carbon emissions in the YRB. Thirdly, the
researches focus on the influencing factors of carbon emissions. It is generally analyzed
from the aspects of economic level, urbanization, industrial structure, population size,
technological innovation, and spatial correlation. For example, Sun et al. [36] used the
extended STIRPAT model to assess the impact of various factors on Carbon Dioxide (CO2)
emissions in the YRB and diverse city levels. Gao et al. [37] found that regional economic
growth, energy structure, industrial structure, and technological level were important
factors influencing carbon emissions in the YRB. Du et al. [38] considered that economic
scale growth and urbanization construction were still the main reasons for the growth of
carbon emissions in the YRB. Li [39] believed that urban carbon dioxide emissions in the
YRB were affected not only by factors such as population size, urbanization level, and
industrialization level, but also by significant spatial correlation.

Academic studies on carbon emissions in the YRB have formed a relatively complete
system, but there is still room for expansion. First, most of the existing studies on urban
carbon emissions in the YRB are based on Defense Meteorological Satellite Program Visi-
ble Infrared Imaging Operational Linear Scanning Operational System (DMSP-OLS) and
National Polar-orbiting Partnership Satellite Visible Infrared Imaging Radiometer Suite
(NPP-VIIRS) nighttime light data, and most of the data are split at the cut-off point of
2013. Due to the apparent differences between the two sets of satellite data, although
some scholars have fused and corrected the above two sets of nighttime light data, the
fitting accuracy is still not ideal. Second, most existing studies only select a single spatial
matrix when analyzing the spatial correlation of carbon emissions in the YRB, which has
limitations in understanding the spatial agglomeration characteristics of carbon emissions
in the YRB. Third, most existing studies have examined the temporal characteristics of
carbon emission intensity in the YRB only in the form of line charts, and failed to dig into
its long-term transfer trends. Finally, although many scholars have found significant spatial
differences in carbon emissions in the YRB, few scholars have further investigated the
sources of discrepancies, the internal formation mechanism, and convergence evolution
characteristics of the differences. Our study will fill the gap in the carbon emissions in
the YRB.

In this paper, we will study the spatial correlation, long-term transfer trends, regional
differences, and convergence of carbon emissions intensity in the YRB based on the city
perspective. Firstly, based on the carbon emission data of China Emission Accounts and
Datasets (CEADs) [40], we calculate the carbon emission intensity of cities along the YRB,
and comprehensively evaluate the carbon emission intensity of the YRB at two levels:
the whole basin and the three regions of the upper, middle, and lower reaches. Secondly,
by making the adjacent weight matrix and spatial geographic weight matrix, the spatial
agglomeration characteristics of carbon emission intensity in the YRB are explored using
the exploratory spatial data analysis method. Thirdly, we use Markov chains to analyze
the long-term transfer trend. Fourthly, the Dagum Gini coefficient and its decomposition
method are applied to investigate the sources of spatial differences in carbon emission
intensity in the YRB and their contributions. Finally, using the variation coefficient method,
a comparative analysis of the convergence of carbon emission intensity in the YRB and the
upper, middle, and lower reaches is conducted, and relevant policy suggestions are given.
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2. Materials and Methods

First, the distribution of 57 prefecture-level cities in the study area is described. Next,
according to the definition of carbon emission intensity: carbon dioxide emissions per unit
Gross Domestic Product (GDP), we build carbon emission intensity calculation formula.
Furthermore, in order to explore the spatial correlation and long-term transfer trend of
carbon emission intensity in cities along the YRB, the exploratory spatial data analysis
method and Markov chain are used for analysis. Finally, the Dagum Gini coefficient and
variation coefficient method are used to explore the regional differences and convergence
of carbon emission intensity in the YRB.

2.1. Research Area

The YRB flows through 66 prefecture-level cities from nine provinces in China: Qing-
hai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong [41]
(Figure 1). Due to the incomplete data for 10 cities (prefectures) such as Sichuan Aba
Tibetan and Qiang Autonomous Prefecture, and Gansu Linxia Hui Autonomous Prefecture,
our study does not include these 10 cities. Besides, in order to maintain the consistency of
statistical caliber, we still regard Laiwu City, which is now a district of Jinan, as a separate
city. Therefore, 57 prefecture-level cities in the YRB are selected as the research objects.
Referring to existing research [42], we divide the sample of 57 cities into three regions:
upper, middle, and lower reaches (Table 1).

Land 2022, 11, x FOR PEER REVIEW  4  of  20 
 

2. Materials and Methods 

First, the distribution of 57 prefecture‐level cities in the study area is described. Next, 

according to the definition of carbon emission intensity: carbon dioxide emissions per unit 

Gross Domestic Product (GDP), we build carbon emission intensity calculation formula. 

Furthermore, in order to explore the spatial correlation and long‐term transfer trend of 
carbon emission  intensity  in cities along  the YRB,  the exploratory spatial data analysis 

method and Markov chain are used for analysis. Finally, the Dagum Gini coefficient and 

variation coefficient method are used to explore the regional differences and convergence 

of carbon emission intensity in the YRB. 

2.1. Research Area 

The YRB flows through 66 prefecture‐level cities from nine provinces in China: Qing‐

hai, Sichuan, Gansu, Ningxia,  Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong 

[41] (Figure 1). Due to the incomplete data for 10 cities (prefectures) such as Sichuan Aba 

Tibetan and Qiang Autonomous Prefecture, and Gansu Linxia Hui Autonomous Prefec‐

ture, our study does not  include  these 10 cities. Besides,  in order  to maintain  the con‐

sistency of statistical caliber, we still regard Laiwu City, which is now a district of Jinan, 

as a separate city. Therefore, 57 prefecture‐level cities in the YRB are selected as the re‐

search objects. Referring to existing research [42], we divide the sample of 57 cities into 

three regions: upper, middle, and lower reaches (Table 1). 

 

Figure 1. Overview of the distribution of cities along the YRB. 

Table 1. Distribution of cities in the upper, middle and lower reaches of the YRB. 

Regions  Number  Cities 

Upstream  1–20 

Xining, Yinchuan, Shizuishan, Wuzhong, Zhongwei, 

Guyuan, Lanzhou, Baiyin, Tianshui, Wuwei, Pingliang, 

Qingyang, Dingxi, Longnan, Hohhot, Baotou, Wuhai, 

Ordos, Bayannur and Ulanqab 

Midstream  21–41 

Xi’an, Tongchuan, Baoji, Xianyang, Weinan, Yan’an, 

Yulin, Taiyuan, Yangquan, Changzhi, Jincheng, 

Shuozhou, Jinzhong, Yuncheng, Xinzhou, Linfen, 

Lvliang, Zhengzhou, Luoyang, Jiaozuo and Sanmenxia 
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Table 1. Distribution of cities in the upper, middle and lower reaches of the YRB.

Regions Number Cities

Upstream 1–20
Xining, Yinchuan, Shizuishan, Wuzhong, Zhongwei, Guyuan, Lanzhou, Baiyin,

Tianshui, Wuwei, Pingliang, Qingyang, Dingxi, Longnan, Hohhot, Baotou,
Wuhai, Ordos, Bayannur and Ulanqab

Midstream 21–41
Xi’an, Tongchuan, Baoji, Xianyang, Weinan, Yan’an, Yulin, Taiyuan, Yangquan,
Changzhi, Jincheng, Shuozhou, Jinzhong, Yuncheng, Xinzhou, Linfen, Lvliang,

Zhengzhou, Luoyang, Jiaozuo and Sanmenxia

Downstream 42–57 Kaifeng, Anyang, Hebi, Xinxiang, Puyang, Jinan, Zibo, Dongying, Jining,
Taian, Laiwu, Linyi, Dezhou, Liaocheng, Binzhou, and Heze.
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2.2. Carbon Emission Intensity Measurement and Data Sources

CEADs use the Particle Swarm Optimization-Back Propagation (PSO-BP) algorithm to
unify the satellite image scale of the above two sets of DMSP-OLS and NPP-VIIRS nighttime
light data, which significantly improves the fitting accuracy of the two sets of nighttime
light data. Therefore, based on the CEADs carbon emissions data, here we measure the
carbon emission intensity of prefecture-level cities in the YRB, as follows:

CEIit = CO2it/GDPit (1)

where CEIit represents the carbon emissions intensity, CO2it is carbon emissions, GDPit is
the real GDP with 2005 as the base period, i = 1, 2, . . . , 57 and t = 2005, 2006, . . . , 2017 are
the cross-section and time indicators, respectively. The original data on GDP is from the
China City Statistical Yearbook [43] and statistical bulletins of some cities.

2.3. Exploratory Spatial Data Analysis

In this paper, we use the global spatial autocorrelation coefficient (Moran′s I) [44] and
the local Moran’s scatter plots to analyze the spatial agglomeration characteristics of carbon
emission intensity in the YRB. We use the global spatial autocorrelation coefficient to reflect
the degree of spatial correlation of carbon emission intensity in the YRB as a whole, and the
calculation formula is as follows:

Moran′s I =

n
n
∑

i=1

n
∑
j 6=i

wij(yi − y)(yj − y)

n
∑

i=1
(yi − y)2 n

∑
i=1

n
∑
j 6=i

wij

(2)

where n is the number of cities, wij(i, j = 1, 2, . . . , 57) is the spatial weight matrix between
city i and city j. The adjacent weight matrix and the spatial geographic weight matrix are
used in this paper. The adjacent weight matrix refers to when city i and city j are adjacent
(i 6= j), wij takes the value of 1; otherwise, it is 0. The spatial geographic weight matrix
formula wij = 1/dij, where dij is the geographical distance between city i and city j. The
carbon emission intensity of city i is yi. The average value of carbon emission intensity of
each city is y.The values of Moran′s I range between −1 and 1. If the value of Moran′s I is
positive, it indicates that the observed carbon emission intensity has a positive correlation
in spatial distribution. If the value of Moran′s I is negative, it suggests that the observed
carbon emission intensity has a negative correlation in spatial distribution. If the value
of Moran′s I is 0, it indicates that the observed carbon emission intensity has a random
spatial distribution.

After calculating the global spatial autocorrelation coefficient, we use Moran’s scatter
plots to further analyze the degree of local spatial correlation between each city and its
adjacent cities. The cities in the first (third) quadrant of Moran’s scatter plots are defined
as the high-high (low-low) agglomeration type of carbon emission intensity. While the
cities in the second (fourth) quadrant of Moran’s scatter plots are defined as the low-high
(high-low) agglomeration type of carbon emission intensity.

2.4. Markov Chain Analysis Method

Markov chain is a Markov process with discrete time and state. The Markov transfer
probability matrix is constructed to reflect the long-term transfer trend of carbon emission
intensity of cities in the YRB. Markov transition probability matrix is a stochastic process.
The transition behavior after the current period is independent of the historical state before
the current period; that is, the state probability of a random variable in t + 1 only depends
on the state of the t period. The specific calculation formula refers to Shen et al. [45].
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2.5. Analysis of Regional Differences

In this paper, we use the Dagum Gini coefficient and its decomposition method [46] to
measure the spatial difference in carbon emission intensity in the YRB. The overall Gini
coefficient can be decomposed into intra-regional variation contribution, inter-regional
variation contribution, and super-variable density contribution. The specific calculation
formula refers to Chen et al. [47].

2.6. Spatio-Temporal Convergence Analysis

In this paper, the variation coefficient method is used to test the σ convergence of
carbon emission intensity observations in the YRB. The σ convergence can be understood
as the discrete degree of carbon emission intensity observations in the upper, middle, and
lower reaches of the YRB decreases continuously over time [48]. The calculation formula is:

σtj =

√
Nj

∑
i

(
Qtij −Qij

)2/Nj

Qij
(3)

where σtj is the convergence of region j in year t, (t = 2005, 2006, . . . , 2017, j = 1, 2, 3)
represents the upper, middle and lower reaches of the YRB, respectively; Qtij represents the
carbon emission intensity of city i in region j in year t,Qtij is the average value of carbon
emission intensity of city i in region j,i = 1, 2, . . . , 57 represents the cities included in the
YRB; Nj represents the number of cities in the j region.

3. Results

First, we analyze and evaluate the carbon emission intensity of the YRB from the two
aspects of the whole basin and the three major regions. Then, the spatial agglomeration
characteristics of carbon emission intensity in the YRB are analyzed from global and local
perspectives. Next, the Markov chain is used to examine the long-term transfer trend of
carbon emission intensity. Further, in order to further explore the regional differences in
carbon emission intensity in the YRB, the overall differences, intra-regional differences,
inter-regional differences, and contribution rates are analyzed. Finally, the convergence
characteristics of carbon emission intensity are described from the overall and three regional
levels of the YRB, respectively.

3.1. Measurement and Evaluation of Carbon Emission Intensity in the YRB

In this subsection, we use the Formula (1) to measure the carbon emission intensity of
cities in the YRB from 2005 to 2017. We then comprehensively analyze the development of
carbon emission intensity in the YRB at two levels: the whole basin and the three major
regions in the upper, middle, and lower reaches. The results are shown in Figure 2.

At the global level of the YRB, as shown in Figure 2a, the carbon emission intensity
of the YRB has been slowly decreasing in a fluctuating trend, with an average annual
decrease rate of 2.54%. This indicates that with the ongoing promotion of the construction
of ecological civilization and high-quality economic development, the carbon emission
intensity has been effectively controlled. From the perspective of evolution, the carbon
emissions intensity dropped significantly from 2005 to 2010. During this period, the
“Eleventh Five-Year Plan in China” put forward the need to accelerate the transformation
of the economic growth model and make resource conservation a basic national policy,
with economic growth focusing more on quality and efficiency. From 2010 to 2011, the
carbon emission intensity rose to 4.48 tons per 10,000 yuan. The possible reason for
this is in response to the 2008 financial crisis. Cities in the YRB invested a lot of money
into infrastructure construction to stimulate the economy and pursue short-term benefits,
resulting in massive consumption of energy and resources. After 2011, the carbon emission
intensity showed a downward trend. The “Twelfth Five-Year Plan in China” made carbon
emission intensity a binding indicator, and emphasized the concept of green and low-carbon
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development. In 2016, the carbon emission intensity decreased to the minimum value of
3.64 tons per 10,000 yuan during the sample period. In this period, energy conservation
and emission reduction achieved remarkable results.
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At the level of the three regions, the carbon emission intensity of the YRB shows a
spatial distribution pattern of “high in the west and low in the east”. As shown in Figure 2b,
the carbon emission intensity in the upper reaches fluctuated between 4.86 and 6.21 during
the observation period, and its carbon emission intensity was significantly higher than
that in the middle and lower reaches. The carbon emission intensity in the middle reaches
showed a slowly decreasing trend, with an average annual decline rate of 3.12%. However,
the value of the middle reaches is generally higher than that in the lower reaches. In the
lower reaches, the carbon emission intensity decreased slowly, with an average annual
decreasing rate of 3.15%, which is basically consistent with that in the middle reaches. The
imbalance of carbon emission intensity among the upper, middle, and lower reaches has
gradually come to the fore. The average annual carbon dioxide emissions in the upper
reaches of the YRB are significantly lower than those in the middle and lower reaches.
However, due to the extensive development mode and unreasonable industrial structure,
the social and natural resource inputs have not been fully transformed into economic
benefits. This further results in carbon emission intensity higher than that in the middle
and lower reaches of the YRB. The middle reaches of the YRB are rich in coal and other
resources. However, the utilization efficiency of resources and energy is low, which has
led to high emissions of carbon dioxide, sulfur dioxide, and other pollutants in economic
development. With the implementation of the “Rise of Central China” strategy, efforts have
been made in the middle reaches of the YRB. These dedicate to developing clean energy,
reducing the proportion of coal and other energy consumption, increasing the proportion of
emerging industries such as the modern service industry and tourism, and upgrading the
industrial structure, which effectively controls carbon emission intensity. The lower reaches
of the YRB are strategically located, more open to the outside world, and technologically
advanced. Because of these advantages, the carbon emission intensity in the lower reaches
is lower than in the middle and upper reaches.

3.2. Spatial Distribution Characteristics of Carbon Emission Intensity in the YRB
3.2.1. Analysis of the Global Agglomeration Characteristics of Carbon Emission Intensity
in the YRB

Spatial agglomeration characteristics are essential for analyzing the spatial pattern
of carbon emission intensity in the YRB. Based on Stata 16 software, the global Moran′s I
coefficient of carbon emission intensity in the YRB from 2005 to 2017 was calculated using
the Formula (2), in Table 2.
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Table 2. Results of global correlation analysis.

Year
Adjacency Weight Matrix Spatial Geographic Weight Matrix

Moran’s I Z-Score p-Value Moran’s I Z-Score p-Value

2005 0.415 4.924 0.000 0.113 5.380 0.000
2006 0.443 5.246 0.000 0.130 6.077 0.000
2007 0.410 4.849 0.000 0.126 5.906 0.000
2008 0.377 4.473 0.000 0.126 5.906 0.000
2009 0.366 4.331 0.000 0.119 5.594 0.000
2010 0.387 4.585 0.000 0.133 6.177 0.000
2011 0.455 5.439 0.000 0.168 7.713 0.000
2012 0.438 5.232 0.000 0.149 6.933 0.000
2013 0.469 5.653 0.000 0.162 7.531 0.000
2014 0.481 5.766 0.000 0.158 7.369 0.000
2015 0.482 5.711 0.000 0.151 6.970 0.000
2016 0.481 5.665 0.000 0.147 6.776 0.000
2017 0.503 5.947 0.000 0.179 8.111 0.000

As shown in Table 2, from the overall perspective of the YRB, the global Moran′s I
coefficients were all positive based on the adjacency weight matrix and spatial geographic
weight matrix. The p values all passed the 1% significance level test. This indicates that the
spatial distribution of carbon emission intensity in cities along the YRB was not random,
and there was spatial autocorrelation. The cities with similar carbon emission intensity are
clustered in space. That is, cities with high carbon emission intensity are neighboring each
other, and cities with low carbon emission intensity are adjacent. From the perspective
of evolution trend, the global Moran′s I coefficients based on adjacent weight matrix and
spatial geographic weight matrix followed a basically consistent trend. To be specific,
the coefficients evolved in a “W” shape. This indicates that the level of carbon emission
intensity clustering in cities along the YRB has roughly undergone a process of “decline-
rise-decline-rise”. The global Moran′s I coefficients based on the adjacency and spatial
geographic weight matrix showed an overall fluctuating upward trend with an average
annual increase rate of 1.77% and 4.87%, respectively. This indicates that the agglomeration
level of cities with similar carbon emission intensity has improved.

3.2.2. Analysis of the Local Agglomeration Characteristics of Carbon Emission Intensity in
the YRB

In this subsection, we take 2017 as an example to further reveal the local agglomeration
characteristics of carbon emission intensity in the YRB. We use the Moran scatter plots to
analyze the local spatial correlation of carbon emission intensity in the YRB based on the
adjacent weight matrix and spatial geographic weight matrix, respectively, as shown in
Figure 3.
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In Figure 3, the horizontal axis of Moran scatter plots is the carbon emission intensity
after normalization, and the vertical axis is the spatial lag value of carbon emission intensity.
Since the global Moran′s I coefficients of carbon emission intensity in the YRB are signifi-
cantly positive, the first and third quadrants representing positive correlation are typical
observation areas. In contrast, the second and fourth quadrants representing negative
correlation are atypical observation areas [49]. As shown in Figure 3, the majority of cities
are distributed in the first and third quadrants, and the carbon emission intensity generally
shows a significant High-High (HH) and Low-Low (LL) type of spatial agglomeration.
This further indicates the stability of the positive spatial correlation of carbon emission
intensity in the YRB. Among the cities belonging to the typical observation area, the LL
agglomeration type is mainly distributed in the midstream region Henan and the down-
stream region Shandong. For such cities, not only is their carbon emission intensity low,
but so is that of the surrounding areas. The HH agglomeration type is mainly distributed
in the upper reaches such as Gansu, Qinghai, Ningxia, and the resource-rich regions at
the junction of Shanxi and Inner Mongolia. This indicates the carbon emission intensity of
these cities and their surrounding areas are both high. A few cities are distributed in the
second and fourth quadrants, with more Low-High (LH) agglomerations than High-Low
(HL) agglomerations.

3.3. Long-Term Transfer Trends of Carbon Emission Intensity in the YRB

In this subsection, we use Markov chains to explore further the long-term transfer
trends of carbon emission intensity in the YRB. Firstly, the carbon emission intensity levels
of the prefecture-level cities in the YRB are averaged into four levels, namely, low level,
medium-low level, medium-high level, and high level. Then, we calculate the transfer
probability matrix of carbon emission intensity in the YRB across a period of one year, as
shown in Table 3.

Table 3. Markov probability transfer matrix of carbon emission intensity in the YRB.

Regions t/t+1 Low Medium-Low Medium-High High

Overall areas Low 0.9286 0.0655 0.0060 0.0000
Medium-low 0.1131 0.8393 0.0476 0.0000
Medium-high 0.0000 0.1012 0.8333 0.0655

High 0.0000 0.0000 0.0556 0.9444

Upstream areas Low 0.8667 0.1167 0.0167 0.0000
Medium-low 0.1500 0.6500 0.2000 0.0000
Medium-high 0.0000 0.1000 0.7500 0.1500

High 0.0000 0.0000 0.1000 0.9000

Midstream areas Low 0.9333 0.0667 0.0000 0.0000
Medium-low 0.1667 0.7500 0.0833 0.0000
Medium-high 0.0000 0.1167 0.8167 0.0667

High 0.0000 0.0139 0.0972 0.8889

Downstream areas Low 0.8958 0.1042 0.0000 0.0000
Medium-low 0.0625 0.8958 0.0417 0.0000
Medium-high 0.0000 0.2083 0.6667 0.1250

High 0.0208 0.0000 0.1875 0.7917

The elements on the diagonal of the 4 × 4 matrix for each region represent the prob-
ability of no type of transfer in carbon intensity. This portrays the stability of the urban
carbon intensity in the area. The elements on the non-diagonal line represent the proba-
bility of a transfer in the type of carbon intensity (i.e., “upward transfer” or “downward
transfer”) for each region [50]. It can be seen from Table 3 that the probability values on the
diagonal lines of each area are significantly higher than those on the non-diagonal lines.
This indicates that the probability of carbon emission intensity of each region in the YRB is
relatively stable at each type, and there is a “conditional convergence phenomenon”. In
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addition, the maximum probability on the diagonal is 94.44%, and the minimum possibility
is 65.00%. Specifically, cities in the downstream areas at low and medium-low levels are
more likely to remain stable. Except for the downstream areas, cities at low and high levels
in other regions have a higher probability of remaining stable, indicating the existence
of the “Matthew effect” in which the strongest is getting stronger, and the weakest is
getting weaker.

Whether the YRB as a whole or each region, there are overstepping transfer phenom-
ena, but the transfer probability is small. For the entire YRB, the probability of crossing
from low to medium-high levels is 0.6%. Looking specifically at the regions, the probability
of crossing from low to medium-high levels in the upstream region is 1.67%. The proba-
bility of crossing from high to medium-low levels in the midstream region is 1.39%. The
probability of crossing from high to low levels in the downstream region is 2.08%. This
indicates that cities with higher carbon emission intensity in the middle and downstream
areas have the potential to reduce their own emissions across. Still, cities with lower levels
of carbon intensity in the upstream regions have the potential to increase their carbon
emission intensity at the same time.

3.4. Magnitude of Spatial Differences in Carbon Emission Intensity in the YRB and Its Sources

Here, we use the Dagum Gini coefficient and its decomposition method to measure
the spatial differences in carbon emission intensity and its sources in the YRB, shown in
Table 4. All abbreviations appearing in this paper are shown in Table 5.

Table 4. Regional differences in carbon emission intensity and their contribution in the YRB.

Years Overall G
Intra-Regional Differences Inter-Regional Differences Contribution Rates

Upper Middle Lower U-M U-L M-L Intra-R Inter-R S-V-D

2005 0.2775 0.2510 0.2760 0.1521 0.2709 0.3207 0.3039 30.57% 38.81% 30.61%
2006 0.2677 0.2216 0.2668 0.1502 0.2544 0.3238 0.3055 29.59% 44.99% 25.41%
2007 0.2706 0.2234 0.2627 0.1590 0.2562 0.3396 0.3022 29.30% 47.94% 22.76%
2008 0.2688 0.2175 0.2677 0.1440 0.2597 0.3380 0.2932 29.05% 49.00% 21.95%
2009 0.2660 0.2105 0.2833 0.1443 0.2607 0.3161 0.2919 29.79% 44.71% 25.51%
2010 0.2695 0.2150 0.2731 0.1424 0.2662 0.3404 0.2822 28.99% 49.76% 21.25%
2011 0.2886 0.2411 0.2529 0.1464 0.2932 0.3968 0.2687 27.72% 58.12% 14.15%
2012 0.2861 0.2435 0.2601 0.1498 0.2905 0.3807 0.2699 28.44% 55.13% 16.43%
2013 0.3126 0.2695 0.2709 0.1540 0.3154 0.4262 0.2926 28.14% 57.75% 14.11%
2014 0.3163 0.2730 0.2829 0.1497 0.3153 0.4248 0.3070 28.46% 56.04% 15.50%
2015 0.3166 0.2689 0.3023 0.1415 0.3107 0.4105 0.3274 28.95% 52.26% 18.80%
2016 0.3182 0.2648 0.3103 0.1368 0.3099 0.4087 0.3398 28.91% 50.74% 20.36%
2017 0.3355 0.2653 0.2950 0.1243 0.3487 0.4672 0.3105 26.56% 61.81% 11.62%

Average 0.2919 0.2435 0.2772 0.1457 0.2886 0.3764 0.2996 28.81% 51.31% 19.88%

Note: “U-M”, “U-L”, “M-L” indicate the inter-regional differences between the upper and middle reaches,
the upper and lower reaches, and the middle and lower reaches, respectively; “Intra-R”, “Inter-R”, “S-V-D”
indicate the contribution rates of the intra-regional differences, the inter-regional differences, and super-variable
density, respectively.

Table 5. List of abbreviations.

Abbreviations Full Name

CEADS China Emission Accounts and Datasets
CO2 Carbon Dioxide

DMSP-OLS Defense Meteorological Satellite Program Visible Infrared Imaging
Operational Linear Scanning Operational System

GDP Gross Domestic Product
HH High-High
HL High-Low
LH Low-High
LL Low-Low

NPP-VIIRS National Polar-orbiting Partnership Satellite Visible Infrared Imaging
Radiometer Suite

PSO-BP Particle Swarm Optimization-Back Propagation
YRB Yellow River Basin
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3.4.1. Overall and Intra-Regional Differences in Carbon Emission Intensity in the YRB

In Figure 4a, we present the evolution of the overall differences and intra-regional
differences in carbon emission intensity in the YRB. The mean value of the overall Gini
coefficient of carbon emission intensity in the YRB is 0.2919, indicating there is significant
spatial inequality in carbon emission intensity. The spatial difference of carbon emission
intensity in the YRB showed a fluctuating increase in the overall Gini coefficient from
0.2775 to 0.3355, with an average annual increase rate of 1.74%. This indicates that the
regional difference in carbon emission intensity in the YRB is becoming larger and larger.
In terms of dynamic evolution, the trend of the overall Gini coefficient of carbon emission
intensity is mainly shown as follows: from 2005 to 2009, the overall Gini coefficient showed
a fluctuating downward trend, reaching the bottom in the whole sample period at 0.2660 in
2009; from 2009 to 2013, it showed a fluctuating upward trend, rising to 0.3126 in 2013; the
overall Gini coefficient tended to be stable from 2013 to 2016, and rose sharply to 0.3355 in
2017, which is the maximum value in the sample period.
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From the comparison of the upper, middle, and lower reaches, the differences in carbon
emission intensity in the YRB were clearly graded. The spatial non-equilibrium in carbon
emission intensity within the middle reaches was always the largest, with the average value
of its intra-regional Gini coefficient of 0.2772. The differences in carbon emission intensity
within the upper and lower reaches decreased in order, with the average values of their
intra-regional Gini coefficients being 0.2435 and 0.1457, respectively. From the evolution
process, the Gini coefficient in the upper and middle reaches showed a gradual upward
trend, with an average annual growth rate of 0.47% and 0.57%, respectively. According to
the data, the years from 2005 to 2009 saw a drop in the number of intra-regional differences
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of upper reaches from 0.2510 to 0.2105, which was followed by a slow increase in general
over the following eight years. The Gini coefficient in the middle reaches showed a certain
“W”-shaped evolution trend. The Gini coefficient in the lower reaches showed a fluctuating
downward trend, with an average annual decreasing rate of 1.52%. This indicates that
the spatial differences in carbon emission intensity in the middle and upper reaches are
increasing, while that in the lower reaches is gradually shifting from spatial differences to a
synergistic regional pattern. The reason may be that although the regulation and control of
the overall carbon emission intensity in the YRB have achieved remarkable results, there are
still some differences in geographical location, industrial structure, and technological basis
among different regions. Moreover, cities in the lower reaches have excellent transportation
infrastructure, close cooperation between neighboring regions, and significant technology
spillover effects, so the intra-regional difference in the lower reaches is relatively tiny.

3.4.2. Inter-Regional Differences in Carbon Emission Intensity in the YRB

Figure 4b depicts the evolution trend of inter-regional differences in carbon emission
intensity in the YRB. It can be seen that the “upper-middle” inter-regional difference shows
an overall fluctuating upward trend with an average annual growth rate of 2.39%. From
2005 to 2006, there was a slight decline from 0.2709 to 0.2544, and 2006 saw the bottom
during the sample period. In the following five years, there was a gradual increase from
0.2562 to 0.2932. From 2012 to 2017, it showed a “W”-shape trend. The specific performance
was as follows: in 2012, it decreased slightly to 0.2905, followed by a sharp increase to
0.3154 in 2013. Then it yearly reduced to 0.3099 in the following three years, at last peaking
at 0.3487 in 2017. The inter-regional differences between the upper and lower reaches
generally showed a two-stage trend of “weak decline-fluctuation rise”. Specifically, from
2005 to 2009, the inter-regional differences decreased slightly and reached the lowest
point at 0.3161 during the sample period. Moreover, from 2009 to 2017, the inter-regional
differences showed a fluctuating upward trend, similar to the movement of inter-regional
differences between upper and middle reaches. During the observation period, its Gini
coefficient increased from 0.3207 in 2005 to 0.4672 in 2017, with an increase of about 45.68%
and an annual increase rate of 3.81%. The inter-regional differences between the middle
and lower reaches were generally in an “M”-shaped evolution trend, roughly divided
into four stages, that is, “slight upward movement—year by year decline—year by year
rise—sharp decline”. Its Gini coefficient value generally increased during the observation
period, from 0.3039 in 2005 to 0.3105 in 2017, growing about 2.17%, with an average annual
increase rate of 0.18%.

In terms of numerical magnitude, the “upper-lower” inter-regional difference is much
higher than those in the “upper-middle” and “middle-lower”. The “middle-lower” inter-
regional difference is slightly higher than the “upper-middle”, which is relatively close. The
possible reasons for this state are: the lower reaches not only have a superior geographical
location, but also some other favorable conditions in their development process. These
include a high level of economic development, increased investment in scientific research,
superior talent introduction system, sound development of high-tech enterprises, and great
efforts in the construction of ecological civilization. These provide an excellent development
environment for the low-carbon economy in the lower reaches. Therefore, comprehensive
support for regulating regional carbon emission intensity is also provided. Although the
inland middle and upper reaches have the advantage of resource endowment, they have
weaker infrastructures than the lower reaches. These result in failure to fully exploit and
utilize sources of clean energy such as water resources. This leads to relatively high carbon
emission intensity.

3.4.3. Contribution of Spatial Difference of Carbon Emission Intensity in the YRB

In Figure 4c, we present the contribution rate of spatial differences in carbon emission
intensity in the YRB. From the evolution process, the contribution rate of intra-regional
difference generally shows a steady downward trend. Although there was an inevitable
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upward trend in 2009, 2012, and 2014, it did not have a significant impact on the overall
downward trend. Its contribution rate dropped from 30.57% in 2005 to 26.56% in 2017,
with a decrease of about 13.12% and an average annual decline rate of 1.09% during the
observation period. The contribution rate of inter-regional difference shows a fluctuating
upward trend. Specifically, its contribution rate was 38.81% in 2005, then experienced a
fluctuation process of “slow rise—slight decline—rebound—slight decline—slight rise—
steady decline—rapid increase”. In 2017, its contribution rate was 61.81%, reaching the
maximum value in the observation period, increasing about 59.26%, with an average annual
growth rate of 4.94%. The super-variable density reflects the fact that the spatial differences
are partly due to the overlap between different regions. During the observation period,
the trend of its contribution rate was opposite to the contribution rate of inter-regional
differences. In 2005, its contribution rate was 30.61%, and decreased by about 18.99% in
2017 compared with 2005.

Regarding the magnitude of the contribution rate, the average contribution rate of
inter-regional differences was as high as 51.31%, and the average contribution rate of intra-
regional differences was 28.81%, which is slightly higher than the average contribution
rate of the super-variable density of 19.88%. The inter-regional difference has been the
primary source of spatial differences in carbon emission intensity in the YRB during the
observation period. The contribution rate of super-variable density is significantly lower
than the contribution rate of inter-regional difference. Therefore, we can conclude that the
key to solving the problem of uneven carbon emission intensity in the YRB lies in reducing
inter-regional differences.

3.5. Convergence Analysis of Carbon Emission Intensity in the YRB

There are noticeable regional differences in carbon emission intensity in the YRB.
Therefore, it is worth exploring further whether the regional differences are convergent and
whether they can converge to equilibrium. In this paper, we use the variation coefficient
method to study the σ convergence of carbon emission intensity in the YRB. Then, we
analyze the evolution trend of spatial and temporal patterns of carbon emission intensity,
and reveal its spatial convergence characteristics, as shown in Figure 5.
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Figure 5. Evolution of the coefficient of variation of carbon emission intensity in the YRB as a whole
and three regions.

Figure 5 shows the dynamic movement of the coefficients of variation of carbon
emission intensity in the YRB during the observation period. From the evolution trend, the
YRB showed a “slight decline—relatively stable—rebound up—slight decline—rebound
up—decline year by year—slight rise” change process. During the observation period, the
coefficients of variation showed a fluctuating upward trend, rising from 0.5107 in 2005 to
0.6389 in 2017, with an increase of 25.10% and an average annual growth rate of 2.09%.

Specifically, at the level of the three regions, the evolution of the coefficients of varia-
tion in the upper, middle, and lower reaches showed different trends. Among them, the
changing trend of the coefficients of variation in the upper reaches of the YRB is a consistent
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trend with that of the overall regions. During the observation period, it shows a fluctuating
upward trend. The coefficient of variation in 2017 increased by 0.0206 compared with
2005, with an increase of about 4.53% and an average annual increase rate of 0.3775%. The
data in the middle reaches of the YRB generally show the evolution process of “gentle
decline—rebound—decline year by year—rise year by year—slight decline”. Although the
coefficients of variation in the middle reaches decreased three times in different degrees
during the observation period, they were still in a general upward trend. Compared with
2005, the coefficients of variation increased by 0.0258 in 2017, increasing about 5.19%, with
an average annual growth rate of 0.43%. The figures in the lower reaches of the YRB show
an overall “M”-shaped evolution trend during the observation period. Specifically, there
was a slight decrease in 2006, a slight increase in the following year, a slow decline from
2007 to 2010, and an increasing trend from 2010 to 2013, followed by a decrease year by year.
The coefficients of variation in the lower reaches were generally decreasing. Compared
with 2005, they fell by nearly 0.0542 in 2017, with a decline of about 19.9%, and the average
annual rate of decrease is 1.66%. In conclusion, the σ convergence coefficients of the YRB
as a whole, the upper reaches, and the middle reaches all show an increasing trend yearly
during the sample period. Meanwhile, the evolution trend of regional differences in carbon
emission intensity in the lower reaches of the YRB shows a significant convergence. The
reason for this is although the whole YRB vigorously promotes regional coordinated green
and low-carbon development, there are severely different geographical advantages and
complicated geographical location. Specifically, the downstream areas have perfect trans-
portation facilities, developed information networks, and close regional cooperation. These
promote the orderly flow of advanced management experience, high technology, innovative
talents, and other advantageous resources. On the contrary, the middle and upstream areas
have relatively weak infrastructure and time lags in information transmission, which lead
to the evolution of regional differences not showing convergence characteristics.

4. Discussion and Conclusions

First, based on the results of the empirical study, we compare and discuss these with
the existing research. Then, we draw the following research conclusions and propose policy
suggestions accordingly, in order to promote the low-carbon economy and regional coordi-
nated development in the YRB, and improve the overall layout of ecological protection and
high-quality development in the YRB. Finally, the limitations and future insights of this
study are given.

4.1. Discussion

The low-carbon economy aims to pursue a win-win situation of ecological environ-
mental protection and social and economic development, which is the inherent requirement
for achieving ecological protection and high-quality development in the YRB. At the same
time, the YRB spans China’s eastern, central, and western regions, and the provinces and
cities along the route have regional differences in the economic foundation, industrial struc-
ture, geographic location, and resource endowments. The imbalance of carbon emission
intensity in the upper, middle, and lower regions has also gradually become prominent.
Therefore, the core goal of this research is to reveal the spatial distribution pattern and
regional difference evolution characteristics of carbon emission intensity in the YRB.

It was found that the carbon emission in the YRB has decreased significantly during
the calculation period, which is consistent with the existing research [51]. Prior studies
have mainly examined the spatial distribution of carbon emissions in the YRB from the
perspective of total carbon emissions. Mo et al. [33] found that carbon emissions in the
YRB showed a pattern of “high in the east and low in the west”. Zhang et al. [52] indicated
that carbon emissions in the Yellow River Delta showed a larger distribution of carbon
emissions in the “east-west” direction than in the “north-south” direction. However, it is not
enough to study only the total amount of carbon emissions without considering economic
development, and a more comprehensive understanding is needed. Therefore, considering
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the ecological environment protection and economic development, this paper constructs
the calculation formula of carbon emission intensity to analyze the spatial-temporal pattern
of carbon emission intensity in the YRB.

Prior studies have found the spatial correlation of carbon emissions in the YRB [34,37,38],
which is consistent with the findings of this paper. In contrast, this paper constructs
the adjacent weight matrix and spatial geographic weight matrix to explore the spatial
correlation of carbon emission intensity in the YRB, which gives a more comprehensive
understanding of the research findings. Promoting coordinated regional development is
one of China’s major national strategies in the new era. Although many scholars have
found spatial heterogeneity in carbon emissions in the YRB [33,52–54], they have failed to
quantify the sources of regional differences and their convergence characteristics. In this
paper, the regional differences and convergence characteristics of carbon emission intensity
in the YRB are analyzed in detail by using the Markov chain, Dagum Gini coefficient, and
variation coefficient method.

4.2. Conclusions

Based on the carbon emission data of 57 cities in the YRB from 2005 to 2017, we
calculate the carbon emission intensity of each city. Our study comprehensively depicts
the spatial pattern of carbon emission intensity from the perspective of the basin as a
whole and regional comparison. Furthermore, Moran′s I is used to investigate the spatial
agglomeration characteristics of carbon emission intensity in the YRB. The Dagum Gini
coefficient and decomposition method are used to scientifically calculate and decompose
the regional differences in carbon emission intensity in the YRB. Markov chain is used to
analyze the long-term transfer trends of carbon emission intensity. Finally, the coefficient of
variation method is used to analyze the convergence of the regional difference evolution of
carbon emission intensity observations. The main conclusions are as follows:

(1) From the specific facts, the observed values of carbon emission intensity in the whole
YRB and the upper, middle, and lower reaches show apparent changing trends and
spatial differences during the observation period. The overall trends of the carbon
emission intensity in the whole YRB and the upper reaches are approximate “W”-
shaped. In contrast, the middle and lower reaches show a decreasing trend yearly.

(2) From the results of the exploratory spatial data analysis, the spatial distribution of
carbon emission intensity in the YRB is not random, and there is spatial autocorre-
lation. The Moran scatter plots show that there are not only spatial agglomeration
characteristics but also spatial heterogeneity characteristics, with most cities showing
significant HH and LL agglomeration types.

(3) The results of the Markov chain show that the carbon emission intensity in the YRB
shows the characteristics of “conditional convergence”. The liquidity between different
types of carbon emission intensity is low, and there is a “club convergence” phenomenon.

(4) In terms of regional differences, the overall regional differences in carbon emission
intensity in the YRB are in a fluctuating upward trend during the sample period. By
region, the intra-regional differences in the upper and middle reaches show a slight
increase, while the intra-regional differences in the lower reaches show a fluctuating
decrease. From the magnitude of the values, the Gini coefficient in the middle reaches
is more significant than in the upper and lower reaches during the observation period.
Regarding the sources of variation and their contribution, the primary source of
regional differences in carbon emission intensity in the YRB is the inter-regional
difference. The intra-regional difference and the super-variable density are the second
and the third source, respectively.

(5) In terms of convergence characteristics, the convergence coefficients of the YRB as a
whole, the upper reaches, and the middle reaches show an upward fluctuation trend
during the observed period. Meanwhile, the evolution of intra-regional differences in
carbon emission intensity in the lower reaches shows significant convergence.
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4.3. Policy Suggestions

Under the guidance of the national strategy of the YRB, based on the above research
conclusions, we put forward the following policy suggestions. Note that these suggestions
aim to develop the low-carbon economy and spur regional coordinated development in
the YRB.

(1) It is necessary to clearly understand the importance and urgency of ecological pro-
tection and high-quality coordinated development in the YRB. The differences in
geographical location, resource endowment, and ecological conditions of the three
major regions in the YRB should be fully considered. Moreover, we should follow the
principle of adaptation to local needs and coordinated development, and promote
regional coordinated development. Only in this way can we improve the overall
layout of ecological civilization construction and high-quality economic growth in
the YRB.

(2) Due to the significant spatial correlation of carbon emission intensity in the YRB, most
cities show HH and LL types of spatial agglomeration. In addition, the results of the
Markov chain analysis also show that there is a significant “club convergence” of urban
carbon emission intensity. For this phenomenon, we should avoid the “Matthew effect”
that may be brought by spatial agglomeration. Specifically, we should establish a
“wise man seeking common ground” cooperation mechanism to break down regional
barriers. We should further accelerate the coordinated development of the ecological
environment, infrastructure, technology research, and other essential areas and seek
to fully play the scale economies effect brought by agglomeration.

(3) Since inter-regional differences have always been the primary source of regional
differences in carbon emission intensity in the YRB, the inter-regional differences
between the upper and lower reaches are much more significant than the “upper-
middle” and “middle-lower” inter-regional differences. Based on this phenomenon,
it is still necessary to increase investment in infrastructure and basic research in the
upper and middle reaches of the YRB. During the “Fourteenth Five-Year Plan” period,
the major national strategies in the YRB should be further implemented. Meanwhile,
necessary policy support in terms of finance and taxation should be provided. More
importantly, it is essential to strengthen the introduction and training of innovative
talents, improve the quality of education in general, and cultivate profitable industries
based on the comparative advantages of the regions. Only in this way can we radically
and progressively close the gap between regions.

(4) While promoting the coordinated development of the low-carbon economy in the
YRB, it is also necessary to pay attention to the convergence trend of carbon emission
intensity. The principle of narrowing the gap in carbon emission intensity between
regions should be taken into account. At the same time, the coordination of the speed
of carbon emission intensity regulation between regions also should be taken into
account. This is especially true for the middle and upper reaches, with relatively high
carbon emission intensity; despite policy support, technology transfer from developed
regions, and other favorable measures have positive promotion effects. However, only
fundamental support conditions are decisive factors for reducing carbon emission
intensity and promoting high-quality economic development. Therefore, the middle
and upper reaches should make efforts to promote basic research, develop high-tech
industries, and strengthen the education and training of innovative talents.

4.4. Limitations and Future Insights

The CEADs database is only updated to 2017 and the data are missing for some cities
along the YRB. However, the policy changes in green production, energy conservation and
emission reduction, and regional coordinated development have been significant in recent
years, so the regional coordinated development of the low-carbon economy in the YRB
should also be improved to a greater extent. Further comparative calculations can be made
when the data are updated.
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In addition, this paper constructs the adjacency weight matrix and spatial geographic
weight matrix to explore the spatial agglomeration characteristics of carbon emission inten-
sity in the YRB; other spatial weight matrices, such as the economical distance weight matrix
can be constructed in the future to further verify the reliability of the research findings.
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