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Abstract: The logistics industry plays a crucial role in the global economy, but also poses significant
challenges to the economy, society, and environment due to increasing carbon emissions. There-
fore, coordinated development between the logistics industry and regional economy has become a
strategic choice for achieving sustainable development. Taking the Yangtze River Economic Belt as
an example, this study constructs an evaluation index system of “low-carbon logistics—industrial
agglomeration—regional economy” to explore the coupling coordination relationship and spatiotem-
poral distribution characteristics of the three systems from 2006 to 2020. Furthermore, it analyzes
the spatial correlation features and evolutionary trends of the coordinated development among the
three systems. The results indicate that during the study period, the coupling coordination degree
among the three systems in the Yangtze River Economic Belt showed a fluctuating upward trend but
with a relatively low level of coordination. There were significant regional differences, presenting a
stepped distribution pattern of “high in the east and low in the west.” The coordinated development
among the three systems exhibited a significant positive spatial correlation, with “H-H” and “L-L”
agglomerations being dominant. The spatial distribution of coupling coordination degree remained
relatively stable, with the overall center of gravity located in the southeast of Hubei Province. The
spatial evolution pattern showed a distinct “northeast—southwest” direction. Finally, suggestions for
the coordinated and sustainable development of the three systems are put forward.

Keywords: Yangtze River Economic Belt; low-carbon logistics; industrial agglomeration; regional
economy; coupling coordination degree

1. Introduction

Coordinating economic growth with environmental protection is a universal challenge
faced by countries around the world. In recent years, the rapid surge in carbon emissions
has resulted in substantial global climate warming, imposing significant pressure on the
global ecological environment. This phenomenon has concurrently posed severe challenges
to the survival and development of humankind [1]. According to data disclosed by the
International Energy Agency, China is the world’s largest emitter of carbon dioxide, and
its continuously growing economic trend has consistently exerted significant pressure
on carbon emissions reduction [2]. In this context, China formally proposed the “dual
carbon” goals during the 75th Session of the United Nations General Assembly, aiming
to achieve carbon peaking by 2030 and carbon neutrality by 2060. The “dual carbon”
goals are conducive to promoting the operation of a green, low-carbon, and sustainable
development model, and they represent a crucial aspect of achieving high-quality economic
development in China. As an “accelerator” and “third-party source of profits” in the
modern economy, the logistics industry has become a fundamental and strategic sector
that supports the development of the national economy. The concentrated development
of the logistics industry is conducive to enhancing the competitive strength of regional
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economic development. However, as a composite industry, the main energy consumed
by the logistics industry is coal and oil products with high carbon emission factors, which
makes it a priority industry for carbon emission management. Scholars argue that a
significant portion of global energy consumption, including fossil fuels, and the emission
of greenhouse gases, such as carbon dioxide, can be attributed to the development of the
logistics system [3]. According to the fifth assessment report of the Intergovernmental
Panel on Climate Change (IPCC), if the logistics industry does not change its high energy
consumption development pattern, its energy consumption is projected to increase by
an additional 80% by 2030. Focusing on the Chinese context, according to statistics from
the “China Energy Statistical Yearbook,” the carbon emissions of the logistics industry
increased from 70,465.2 million tons in 2010 to 114,231 million tons in 2021. The proportion
of the total national carbon emissions attributed to the logistics industry rose from 7.5% to
8.4% during this period. Compared to China’s five major industries, the logistics industry
is the only sector that has continuously increased its carbon intensity since 2003 and has
demonstrated a stable growth trend [4]. Therefore, the comprehensive energy-saving
and emission reduction work plan for the 14th Five-Year Plan period issued by China
specifically emphasizes the need to promote energy-saving and emission reduction projects
in transportation and logistics, and accelerate the construction of a low-carbon circular
economy system.

The capability of the logistics industry to achieve low-carbon development serves as
a crucial indicator for assessing the potential of industrial agglomeration and economic
growth to embark on a sustainable and healthy development path. Industrial agglomera-
tion injects vigorous impetus into regional economic development by optimizing spatial
arrangements of production factors and promoting coordinated and interconnected re-
gional economic growth. However, industrial agglomeration also exerts complex and
multidimensional impacts on the low-carbon development of the logistics industry. The
robust logistics demand resulting from regional economic development drives the ag-
glomeration of the logistics industry, while the fundamental inputs and material support
required for low-carbon logistics development need to be provided by the regional economy.
There exists a dialectical unity relationship characterized by mutual constraints and mutual
promotion among these three factors. The harmonious integration of these three factors
mutually promotes their development, whereas their lack of coordination may constrain
them. Therefore, this study selects the Yangtze River Economic Belt as the research area,
with the following primary objectives: (1) To measure the coupling coordination status
and spatiotemporal distribution pattern among low-carbon logistics, industrial agglomera-
tion, and regional economy. (2) To analyze the spatial correlation pattern of the coupling
coordination degree among low-carbon logistics, industrial agglomeration, and regional
economy. (3) To investigate the spatiotemporal evolution and differentiation characteristics
of the synergy among low-carbon logistics, industrial agglomeration, and regional econ-
omy. Through an exploration of the aforementioned issues, this study aims to enhance the
understanding of the synergistic relationship between regional logistics decarbonization
and economic development. It aims to provide a scientific basis for relevant authorities to
formulate policies on low-carbon logistics, industrial agglomeration, and regional econ-
omy, promoting the coupled and coordinated development of these three systems. This
endeavor contributes to providing a framework for achieving comprehensive, coordinated,
and sustainable high-quality development of economies and societies worldwide, thereby
offering a Chinese solution for the world.

The structure of the remaining sections is as follows. Section 2 provides a literature
review. Section 3 describes the research methods and data. Section 4 analyzes the re-
search findings. Section 5 presents the discussion, while Section 6 delineates the research
conclusions and policy recommendations of this study.
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2. Literature Review
2.1. The Relationship between Low-Carbon Logistics and Regional Economy

Derived from the concept of low-carbon economy, low-carbon logistics represents a
novel theoretical framework. Although there is no standardized definition of low-carbon
logistics in domestic and international contexts, a comprehensive review of existing re-
search [5-8] reveals that it embodies the characteristics of “three lows and one high”,
namely, low emissions, low pollution, low energy consumption, and high efficiency, align-
ing with the principles of a low-carbon economy. The ultimate objective of low-carbon
logistics is to achieve a low-carbon economy and facilitate circular, benign, and sustainable
economic development. Previous studies have predominantly examined the relationship
between logistics and regional economy from a macro-level perspective, indicating a mutu-
ally reinforcing dynamic between the two. The logistics industry has made increasingly
significant contributions to economic development, while rapid economic growth has also
propelled the advancement of the logistics sector. Nguyen et al. analyze the positive impact
of logistics factors on the Vietnamese economy, and propose that Vietnam could accelerate
the development of its logistics industry through measures such as the development of
new warehousing facilities and the establishment of regional logistics centers [9]. Mu
et al.’s study indicates that economic development exerts a substantial demand-driven
influence on national logistics, whereby regional economic development guides the growth
of the corresponding regional logistics industry [10]. However, few studies have explored
the relationship between low-carbon logistics and regional economic development at the
micro-level of green development. Naderi et al. argue that supply chain managers should
prioritize achieving low-carbon development. Otherwise, the high energy consumption and
high carbon emissions characteristics of the logistics industry will constrain the sustainable
development of the economy [11]. Fei et al. highlight the benefits of introducing circular
economic operational models to facilitate the establishment of a green logistics system and
promote the sustainable development of the logistics industry [12]. Additionally, Su et al.
analyze the interactive effects between rural low-carbon logistics development and rural
economic construction in China from 2019 to 2022, uncovering a long-term sustainable
relationship between rural low-carbon logistics and economic growth [13].

2.2. The Relationship between Industrial Agglomeration and Regional Economy

The study of industrial agglomeration and regional economic development has at-
tracted significant attention in academia, providing a theoretical foundation for examining
the relationship between logistics industry agglomeration and regional economic devel-
opment. Industrial agglomeration in the logistics sector refers to the concentration of
logistics enterprises and related institutions that are interconnected in business activities,
forming a group within a specific region. By leveraging geographical and regional eco-
nomic advantages, these entities integrate various logistics functions to enhance logistics
operational efficiency [14]. On one hand, the agglomeration of the logistics industry has
an impact on regional economic growth. As early as 2014, the State Council of China
pointed out in the Medium and Long-Term Development Plan for the Logistics Indus-
try (2014-2020) that the scaled, concentrated, and intensive development of the logistics
industry would promote economic growth and drive regional integration. The impact
mechanism of logistics industry agglomeration on regional economic growth is mainly
reflected in three aspects: scale effect, spillover effect, and radiation effect. In terms of scale
effect, due to the presence of individual “rational actors” and the pursuit of profit maxi-
mization by enterprises, related logistics industries can achieve economies of scale through
agglomeration. They can share information and infrastructure within the agglomeration
area, reduce logistics production costs, and consequently increase the output value of the
logistics industry in the region, thereby improving economic benefits [15]. In terms of the
radiation effect, the external economies of scale generated by agglomeration attract more
new external logistics enterprises to establish their presence, thereby creating a “cumulative
circular effect” and radiating to the surrounding areas, strengthening connections and
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interactions with neighboring regions, and driving the overall economic growth of the
entire region [16]. Regarding the spillover effect, firms within the cluster generally exhibit
higher development potential and can promote regional economic growth through the
spillover effects of capital, knowledge, and technology [17]. On the other hand, regional
economies also influence the industrial agglomeration of the logistics industry. Within a
certain economic space, logistics serves as a medium for the transportation of production
and living materials to achieve the objectives of input and output. Thus, the development
of regional economies stimulates the growth of logistics demand. Particularly, during
periods of rapid economic development, the phenomenon of “logistics shortage” arises,
and the agglomeration of the logistics industry can better address this scarcity [18]. The
development of economic globalization has facilitated a substantial reduction in tariffs
and transportation costs, leading to an increase in the volume of goods flow. This further
necessitates the agglomeration of the logistics industry to meet the continuously growing
demand for logistics services [19].

2.3. The Relationship between Industrial Agglomeration and Low-Carbon Logistics

Due to the limited availability of literature directly studying the agglomeration of the
logistics industry and low-carbon logistics, this paper indirectly explores the relationship
between logistics industry agglomeration and carbon emissions. Existing studies on the
impact of logistics industry agglomeration on carbon emissions can be categorized into
three viewpoints. Firstly, some argue that the agglomeration of the logistics industry can
reduce carbon emissions. Logistics industry agglomeration facilitates the shared utilization
of advanced low-carbon technology infrastructure, thereby achieving economies of scale,
reducing energy consumption, carbon emission costs, and enhancing energy utilization
efficiency [20]. Secondly, others contend that industrial agglomeration in the logistics sector
may exacerbate carbon emissions. The congestion effects resulting from industry agglom-
eration can intensify carbon emissions and lead to diseconomies of scale [21]. Thirdly,
some argue that the relationship between logistics industry agglomeration and carbon
emissions is difficult to determine. With the continuous agglomeration of the logistics
industry, there is an inverted U-shaped relationship between logistics carbon emissions
and agglomeration. This reflects that the influence of industrial agglomeration on carbon
emissions is mainly determined by factors. Only when the degree of factor agglomeration
is appropriate can carbon emissions be effectively reduced [22]. Regarding the impact of
low-carbon development in the logistics industry on carbon emissions, the introduction of
relevant policies and institutions favorable to low-carbon development encourages enter-
prises to accelerate technological innovation, improve production cleanliness, and promote
industrial agglomeration through the “cost sharing effect” and “innovation compensation
effect” generated by pollution control expenditures. This collectively enhances industrial
efficiency [23]. However, policies and regulations should be appropriately balanced in
governing the development of low-carbon logistics. Otherwise, cost factors may lead to the
outward relocation of enterprises with significant carbon emissions, thereby affecting the
level of agglomeration in the regional logistics industry [24].

The aforementioned studies have, respectively, unveiled the intrinsic mechanisms
within the “low-carbon logistics—regional economy,” “industrial agglomeration-regional
economy,” and “low-carbon logistics-regional economy” subsystems. These findings
provide a theoretical foundation for enhancing logistics efficiency and fostering regional
economic development. Building upon this research foundation, this study considers
“low-carbon logistics-industrial agglomeration-regional economy” as an integrated whole
and constructs a corresponding evaluation indicator system. Utilizing panel data from the
period 20062020, a measurement of the comprehensive development levels of low-carbon
logistics, industrial agglomeration, and regional economy is conducted to understand
the development status of each system. On this basis, the study first employs a coupling
coordination model to analyze the coupling coordination levels of the three systems, with
the aim of investigating the current state of coordinated development among these three
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systems within the Yangtze River Economic Belt. Secondly, a spatial autocorrelation
model is used to further analyze whether there are spatial correlation characteristics in
the coupling coordination of the three systems from a static perspective, aiming for a
more comprehensive and multidimensional exploration of the spatial relationships in
the coordinated development of the three systems within the Yangtze River Economic
Belt. Finally, a standard deviation ellipse model is utilized to analyze the spatiotemporal
evolution characteristics of the coupling coordination of the three systems from a dynamic
perspective. This is conducted with the intention of elucidating the development pattern of
the coordinated development among the three systems within the Yangtze River Economic
Belt during the research period. These findings will contribute to providing relevant
insights for policy recommendations.

3. Materials and Methods
3.1. Study Area

The Yangtze River Economic Belt spans across the eastern, central, and western re-
gions of China, covering nine provinces and two municipalities (Figure 1). It is the longest
and widest economic belt in China, exerting the most significant influence, making it a
key component of the spatial economic strategy. The central leadership has repeatedly
emphasized the strategic positioning of ecological priority and green development for the
Yangtze River Economic Belt. As a leading demonstration zone for national ecological
civilization construction, the Yangtze River Economic Belt bears the significant mission of
achieving carbon peaking and carbon neutrality, as well as the important task of economic
and social green transformation. With the support of the Yangtze River as a crucial water-
way and the coordinated development of the regional economy, the logistics industry has
become an advantageous industry in the Yangtze River Economic Belt, making substantial
contributions to the regional economy [25]. Furthermore, this region, accounting for 21.35%
of the national land area, generates approximately 40% of the country’s logistics industry
value added, indicating a prominent logistics agglomeration effect in the Yangtze River
Economic Belt, with strong radiation capabilities [26]. This plays a crucial role in promoting
interconnectivity among regions and serves as a catalyst for spatial economic development
in the Yangtze River Economic Belt. However, the logistics sector in the Yangtze River
Economic Belt has not fully achieved a transformation in its development model, as energy
consumption and carbon emissions remain at relatively high levels [27], resulting in a series
of environmental issues that contradict the strategic positioning of ecological priority and
green development in the region. Therefore, exploring the coupling coordination relation-
ship among low-carbon logistics, industrial agglomeration, and the regional economy in
the Yangtze River Economic Belt is of paramount importance in determining the future
development direction and formulating relevant development strategies for the region.

3.2. Indicators Selection

The evaluation indicator system for low-carbon logistics is presented in Table 1. Con-
sidering the availability of data and the fact that transportation, warehousing, and postal
services account for over 85% of the value added in the logistics industry, alternative data
from these sectors can be used. Based on Western economic theories, input indicators are
selected from four aspects: labor, material, capital, and energy. The labor force is the main
driver of value creation in the logistics industry, and the number of employed personnel in
the logistics sector is chosen as the measure of labor input [28]. Fixed asset investment is
an essential resource for the industry’s operations and is considered as a factor of capital
input [29]. Taking into account the impact of price factors, the study uses the 2006 base
year and adjusts the fixed asset investment using the Consumer Price Index to account for
inflation. Transportation route mileage reflects the scale of regional logistics networks and
serves as crucial infrastructure for logistics transportation [30]. Since railways, highways,
and waterways account for 98% of China’s freight transport volume, the study selects
the total length of railway, highway, and waterway routes as the overall transport route
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length for each region. Finally, considering the quality of logistics industry development,
energy consumption is included as an input indicator. Referring to the studies by Cao et al.
and Li et al., six types of energy sources with significant consumption proportions in the
Yangtze River Economic Belt are selected (raw coal, gasoline, kerosene, diesel, fuel oil, and
natural gas), and their consumption is converted into standard coal consumption using
the respective standard coal conversion coefficients [31,32]. Output indicators are divided
into expected and unexpected outputs. In the expected outputs, logistics industry value
added is considered as an economic output, and freight turnover is regarded as a scale
output [33,34]. The logistics industry value added is also adjusted using the 2006 base year.
Regarding unexpected output, the carbon emissions of the logistics industry, calculated
based on the IPCC carbon emission coefficient method, are considered as the unexpected
output [7,35]. The calculation formula is as follows:
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Figure 1. Map of the Yangtze River Economic Belt.

In this context, Q represents the CO, emissions of the logistics industry, i denotes the
energy category, A; stands for the total consumption of the 7y, energy source, B; corresponds
to the standard coal conversion coefficient for the iy, energy source, and D; represents the
carbon emission coefficient for the i;;, energy source. The corresponding coefficients were
referenced from the 2006 IPCC Guidelines for National Greenhouse Gas Inventories and
the annual China Energy Statistical Yearbook.
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Table 1. Low carbon logistics evaluation indicator system.

Indicator Category Indicator Name Indicator Description
Labor input Logistics industry employment (10,000 persons)
a1 Logistics industry fixed asset investment
Capital input a1
Input pralinpu (CNY 100 million)
Infrastructure input Transportation route mileage (10,000 km)
. Energy consumption
Energy consumption (10,000 tons of standard coal)
. Logistics industry value added
Economic output (CNY 100 million)
Output Scale output Freight turnover (100 billion tons/km)
Undesired output Carbon dioxide emissions (10,000 tons)

Regarding the measurement of industrial agglomeration, different scholars employ
various methods. Generally, the methods used to measure industrial agglomeration include
location entropy, the spatial Gini coefficient, E-G index, Herfindahl coefficient, etc. [36].
To eliminate the differences in scale among logistics industries in different provinces
and cities, objectively analyze the level of agglomeration, and consider data availability,
this study draws on relevant research on the measurement methods of logistics industry
agglomeration [37,38] and adopts the location entropy method to measure the degree of
agglomeration in the logistics industry. The calculation formula is as follows:

it , €t
Lta Eit / E; (2)

In the equation, LQ;; represents the agglomeration level of the logistics industry in
region i during time period t. e;; and Ej;, respectively, represent the employment in the
logistics industry in region i and nationwide during time period ¢, while e; and E; represent
the total employment in all industries in region i and nationwide during time period . The
employment in the logistics industry is represented using relevant data from transportation,
warehousing, and postal services.

Regional economy is a comprehensive concept, and the sustainable development
of a regional economy is not only reflected in the quantity of economic growth but also
in the improvement of economic efficiency and the optimization of economic structure.
Therefore, this study refers to the research findings of relevant scholars [39—41] and selects
11 indicators in terms of economic scale, economic efficiency, and economic structure to
measure the development status of regional economy, and utilizes the entropy evaluation
method to assess its overall development level. The evaluation index system of the regional
economy and the weights of the indicators calculated using the entropy evaluation method
are presented in Table 2.

3.3. Data Source

This study utilizes panel data from 11 provinces and cities in the Yangtze River
Economic Belt for the years 2006-2020. The data sources include the relevant year’s China
Statistical Yearbook, China Energy Statistical Yearbook, China Population and Employment
Statistical Yearbook, China Tertiary Industry Statistical Yearbook, statistical yearbooks of
the 11 provinces and cities in the Yangtze River Economic Belt, statistical bulletins of the
national economic and social development, and the China Economic and Social Big Data
Research Platform.
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Table 2. Evaluation indicator system of regional economy.

Primary Indicator Secondary Indicator Tertiary Indicator Indicator Indicator
ry ry ry Attribute Weight
GDP (CNY 100 million) Positive 0.0551
. Retail sales of social consumer goods (CNY 100 million) Positive 0.0569

Economic scale
Local financial revenue (CNY 100 million) Positive 0.0576
Fixed asset investment (CNY 100 million) Positive 0.0873
Per capita GDP (CNY) Positive 0.0390
Regional economy PP Per capita retail sales of social consumer goods (CNY) Positive 0.0510
Economic efficiency

Per capita local financial revenue (CNY) Positive 0.0732
Per capita fixed asset investment (CNY) Positive 0.0598
Proportion of secondary industry output to GDP (%) Positive 0.2822
Economic structure Proportion of tertiary industry output to GDP (%) Positive 0.2262
Urban-rural resident disposable income ratio (%) Negative 0.0116

3.4. Research Methods
3.4.1. Super-Efficiency SBM Model Considering Undesired Output

The SBM model, proposed by Tone in 2001, is a non-radial and non-angular efficiency
measurement method based on slack variables [42]. It overcomes the limitation of tradi-
tional DEA models in neglecting the slack variables in input-output analysis. Furthermore,
Tone (2002) developed the super-efficiency SBM model to address the issue of distinguish-
ing and ranking decision making units with efficiency values of 1 [43]. However, this model
does not consider undesired outputs. To address this, Tone further proposed an SBM model
that incorporates undesired outputs [44]. Therefore, this study refers to existing research
and selects the super-efficiency SBM model based on undesired outputs to measure the
efficiency of low-carbon logistics [45,46]. The model is as follows:

1+ % ﬁ s V&
minp =

q1+q2 < r Sr /%o+ Z St /bt0>
n
Y xjAj—s" <xg (i=1,---,m)
=1
n
21 yiAi+st >y (r=1,---,q1) 3)
]:

st j b]-/\j—sb_ < by (t:1,~~,q2)

j=1

q1+q2<25 /yro-i-ZSt /th)
Aj,si LS >0 (]_1 SN, # jo)

In this instance, n represents the number of decision making units; j represents the
individual decision making units; m, g1, and g, represent the number of inputs, desirable
outputs, and undesired outputs, respectively; and s;, 5,5, and s?* represent the slack
variables of inputs, desirable outputs, and undesired outputs, respectively.

3.4.2. Coupling Coordination Degree Model

Coupling refers to the phenomenon in which two or more systems interact and
mutually influence each other to achieve synergy [47]. Coupling degree measures the
strength of such synergistic relationships, and coupling coordination degree further reflects
the level of coordinated development between systems. It has been widely applied to
measure the coordinated development of different systems, such as economic development,
industrial structure, ecological environment, and technological innovation [48]. In this
study, a coupling coordination model is employed to measure the coupling coordination
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relationship among low-carbon logistics, industrial agglomeration, and regional economy.
The calculation method is as follows:

1/3
C— U; x Up X u; (4)
(U1+UQ+U3)
3
T = aly + BUy + AU &)

D=+VTxC (6)

In the equation, C represents the coupling degree among low-carbon logistics, in-
dustrial agglomeration, and regional economy. U, Uy, and U3, respectively, denote the
low-carbon logistics efficiency, industrial agglomeration level, and regional economic de-
velopment level. T represents the comprehensive evaluation index of the three systems as
a whole. &, 8, and A are undetermined coefficients for the low-carbon logistics, industrial
agglomeration, and regional economic systems. Following the study by Chen et al. [49],
they are setas w = f = A = 1/3. D represents the coupling coordination degree among the
three systems. Referring to the classification of coupling coordination degree levels by Lu
et al. [50], this study divides the coupling coordination degree into 10 levels, as detailed in
Table 3.

Table 3. Classification criteria for the level of coupling coordination degree.

Coupling Coupling
Coordination Coordination Level Coordination Coordination Level
Degree Degree
0.000~0.099 Extreme disorder 0.500~0.599 Barely coordination
0.100~0.199 Severe disorder 0.600~0.699 Primary coordination
0.200~0.299 Moderate disorder 0.700~0.799 Intermediate
coordination
0.300~0.399 Mild disorder 0.800~0.899 Good coordination
0.400~0.499 On the verge of 0.900~1.000 High-quality
disorder coordination
0.100~0.199 Severe disorder 0.600~0.699 Primary coordination

3.4.3. Spatial Autocorrelation

Spatial autocorrelation, as a spatial statistical method, takes into account the spatial
dependence within geographic data. It intuitively reflects the distribution of coupling
coordination degrees in space and assesses their spatial clustering characteristics [51].
Spatial autocorrelation analysis is divided into global and local spatial autocorrelation.
Global spatial autocorrelation is typically used to examine whether a certain attribute value
of the research subject exhibits spatial clustering in the overall space, and it is calculated
using Equation (7). When I > 0, it indicates the presence of spatial clustering and positive
correlation. When I < 0, it indicates spatial dispersion and negative correlation. When
I = 0, it indicates the absence of spatial correlation. The global Moran’s I reflects the
overall spatial association of attribute values in the study area. However, to further explore
the heterogeneity characteristics of local regions, local spatial autocorrelation analysis is
required, and it is calculated using Equation (8).

[ =LA _ )
S2Y. ¥ wjj
i=1j=1
I = xls;zfz [wij(x; —%)] ®)
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In the equation, n represents the number of provincial regions, x; and x; are the
observed values of the spatial units, ¥ is the sample mean, S? is the sample variance, and
wj; denotes the spatial weights.

3.4.4. Standard Deviation Ellipse Model

The standard deviation ellipse model is a classic spatial statistical method that ac-
curately captures the distribution characteristics and movement trajectories of elements
within a certain spatial domain. It utilizes the distribution features of the long and short
axes of an ellipse, as well as the center of gravity, to describe the overall spatial characteris-
tics of the region. The long and short axes represent the degree of dispersion, while the
center of gravity indicates the relative position. The calculation equation is provided below:

n n
B ;1 wixi 2 Wil
XW = an /YW = lin (9)
Y wi Y. wj
i=1 i=1
n n n n 2 n 2
(- t) o (£ £ i) a(fotsm) )|
— — — — — (10)
n
2‘21 wW?Xy;
1=
n 2
Y (w;Xjcos 0 — w;yj sin0)
n= = T (11)
Y w
i-1 !
" 2
'gl(wik} sin @ — w;¥; cos 0)
o= | = T (12)
Y w
i-1 !

In the equation, x;, y; represents the spatial coordinates of the research subject. w;
denotes the weight at spatial element i. X}y and Y}y refer to the center point coordinates of
the standard deviation ellipse. X; and ¥; represent the deviation of the study object’s spatial
coordinates from the average center. 8 is the azimuth of the ellipse. oy and oy signify the
standard deviations of the long and short axes of the ellipse, respectively.

4. Results

The research findings of this study are as follows. Section 4.1 and Section 4.2 present
the temporal and spatial distribution characteristics of the coupling and coordination status
of the three systems based on the coupling coordination model. Section 4.3 provides the
spatial correlation results of the coupling and coordination status of the three systems
based on spatial autocorrelation analysis. Section 4.4 outlines the spatiotemporal evolution
characteristics of the coupling and coordination status of the three systems based on the
standard deviation ellipse model.

4.1. Coupling Coordination Temporal Analysis

After calculating the comprehensive evaluation values of low-carbon logistics, indus-
trial agglomeration, and regional economy using the panel data from 11 provinces and
cities in the Yangtze River Economic Belt for the years 2006-2020, the study further com-
puted the coupling coordination among the three systems using a coupling coordination
model. As shown in Figure 2, the overall coupling coordination among the three systems
exhibits a fluctuating upward trend. According to the data in Table 4, the average coupling
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coordination among the three systems in the Yangtze River Economic Belt increased from
0.296 to 0.417 during the period 2006-2020, transitioning from the moderate disorder stage
to the verge of disorder stage. This indicates that although the overall trend of coupling
coordination is increasing, the degree of coordination is still not high, suggesting that there
is still significant potential for system optimization. From the perspective of temporal
evolution, the development of coupling coordination can be divided into the following five
stages.
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Figure 2. Coupling coordination and comprehensive evaluation index.

Table 4. Coupling coordination degree of Yangtze River Economic Belt from 2006 to 2020.

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Shanghai  0.657 0.671 0.664 0727 0.668 0.689 0.694 0.642 0.665 0.68 0.689 0.707 0.408 0.719 0.715
Jiangsu 0334 0347 0358 0465 0423 0555 0536 0447 0456 0451 0454 047 0359 0472 0.589
Zhejiang 0329 0341 0.347 0358 0382 0399 042 0409 0421 0427 0434 0439 0329 0472 0495
Anhui 0329 0342 0362 0395 0376 0374 0399 0349 0357 035 0358 0367 0275 0374 0.513
Jiangxi 0236 0251 0307 0325 0317 0329 0371 0294 0302 0305 0312 0325 0282 0321 0.341
Hubei 0235 024 0261 0268 029 0305 0326 031 0323 0329 0334 0341 029 0345 0.351
Hunan 0339 0301 0392 029 0338 0317 0355 0302 0309 0311 0327 0343 0309 0312 0.355
Chongging 0.236 0.248 0.179 0281 0301 0316 0355 0331 0353 0356 0362 0371 029 0358 0.374
Sichuan 0217 0229 0246 0255 0275 0299 0309 0305 0292 0299 028 0294 0261 0299 0.309
Guizhou 0.172 0.188 0.215 0.223 0234 0255 0.345 0.232 0.238 0241 0247 0469 0242 0263 0.28
Yunnan 0176 0.184 0.192 0199 0207 0204 0224 0319 0232 0238 0243 0253 0237 0254 0265

The first stage, from 2006 to 2012, witnessed a steady increase in the coupling coordina-

tion among the three systems, indicating a relatively harmonious development between the
logistics industry and ecological environmental protection in the Yangtze River Economic
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Belt during the study period. The interconnections among subsystems gradually strength-
ened, enabling synergistic effects within the system. Particularly in 2011, as the starting
year of the 12th Five-Year Plan, the concept of green and low-carbon development was
emphasized, making energy conservation and emission reduction a regional development
priority. Guided by this concept, on the one hand, strict energy management is imple-
mented, with clearly defined total control objectives and an implementation mechanism.
On the other hand, afforestation projects are promoted, and the development and appli-
cation of low-carbon technologies are accelerated, thereby significantly reducing carbon
emissions intensity, enhancing the operational efficiency of regional logistics, and meeting
the requirements of sustainable development. Between 2011 and 2012, the development of
low-carbon logistics was robust, achieving a record growth rate, which led to the coupling
coordination among the three systems reaching its first peak in 2012.

The second stage, from 2012 to 2013, witnessed a significant decline in the coupling
coordination data. Generally, the development level of subsystems is related to the overall
level of coupling coordination within the system. During this stage, regional economic
development surged, with a noticeable increase in the growth rate, while industrial agglom-
eration achieved growth after nearly six years of stagnation. In contrast, the development
of green logistics was lagging, reaching its lowest point since 2006 in 2013. This indicates
that rapid economic expansion resulted in a significant increase in logistics output and the
rapid concentration of the logistics industry in the short term, leading to increased energy
demand and a sharp rise in carbon dioxide emissions. As a result, the three systems were
in a disordered state, and the level of coordinated development was reduced.

The third stage, from 2014 to 2017, witnessed a steady improvement in the coupling
coordination among the three systems, thanks to the medium- and long-term development
plan proposed for the logistics industry in 2014. The plan explicitly called for the establish-
ment of a well-structured, environmentally friendly modern logistics service system. It
emphasized both the optimization of transportation structures and the application of envi-
ronmentally friendly technologies to promote green logistics. Furthermore, it stressed the
development of advanced logistics organization models such as multimodal transportation
and shared delivery to further illustrate the benefits of logistics agglomeration develop-
ment. This played a crucial role in enhancing the overall operational efficiency of logistics,
strengthening the close connection between low-carbon logistics, industrial agglomeration,
and regional economy. It harnessed synergies between these systems, thereby promoting
the sustainable development of the regional economy and society.

The fourth stage, from 2017 to 2018, witnessed a moderate disorder among the systems.
This was influenced by the international situation at the time. According to the Interna-
tional Energy Agency’s Global Energy and CO, Status Report, from 2014 to 2016, despite
continued global economic expansion, global CO; emissions did not increase. However, in
2017 and 2018, the situation changed, as energy production efficiency could no longer meet
the demands of sustained economic growth, and the development of low-carbon energy
was insufficient to meet the growing energy needs. As a result, there was a significant
increase in carbon dioxide emissions. By 2018, global CO, emissions from energy consump-
tion reached the highest historical level, exceeding the average growth rate since 2010 by
70%. Moreover, 85% of the carbon emissions increment came from China, India, and the
United States, leading to lower coupling coordination among the three systems in 2018.

The fifth stage, from 2018 to 2020, witnessed a substantial increase in the coupling
coordination among the three systems, which was closely related to the convening of the
Yangtze River Economic Belt Development Symposium in 2018. During the symposium,
Chinese leaders emphasized the need for “promoting well-coordinated environmental
conservation and avoiding excessive development” in the Yangtze River Economic Belt,
and emphasized the importance of “five relationships”, including ecological environmen-
tal protection and economic development. This represents a strategic guide specifically
addressing the sustainable development of the Yangtze River Economic Belt, as the eco-
logical environment in this region has been deteriorating. The importance of ecological
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conservation in the Yangtze River basin has reached unprecedented levels. Government
departments, businesses of logistics industry, and individual citizens have all reevaluated
the relationship between economic development and environmental protection. This is a
key factor in achieving a significant leap in the coordination of the three systems after 2018.

4.2. Spatial Analysis of Coupling Coordination

In order to explore the spatial differentiation characteristics of the coupling coordina-
tion among the “low-carbon logistics-industrial agglomeration-regional economy” system
in the Yangtze River Economic Belt, this study utilizes the calculation results and classifica-
tion standards to create spatial distribution maps of coupling coordination for the years
2006, 2011, 2016, and 2020 (Figure 3). By doing so, an analysis of the spatial distribution
patterns of coupling coordination among the three major systems can be conducted.
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Figure 3. Spatial distribution trend of the coupling coordination of the three systems in the Yangtze
River Economic Belt from 2006 to 2020. (a) Spatial distribution trend of the coupling coordination of
the three systems in the Yangtze River Economic Belt in 2006; (b) Spatial distribution trend of the
coupling coordination of the three systems in the Yangtze River Economic Belt in 2011; (c) Spatial
distribution trend of the coupling coordination of the three systems in the Yangtze River Economic
Belt in 2016; (d) Spatial distribution trend of the coupling coordination of the three systems in the
Yangtze River Economic Belt in 2020.

In terms of the distribution of coupling coordination levels, the proportions of moder-
ate and mild disorder combined in 2006, 2011, 2016, and 2020 were 72.7%, 81.8%, 72.7%,
and 63.6%, respectively. In addition, in 2006, there were two provinces with a severe disor-
der in coupling coordination. By 2020, only Shanghai, Anhui, and Jiangsu had achieved
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a coordinated level, while the rest of the provinces and cities remained in a dislocated
state. This indicates that the coupling coordination of the three major systems in most
provinces and cities in the Yangtze River Economic Belt is at a mild or moderate disorder
level. The state of industrial agglomeration has not reached the desired level, and the
development of the logistics industry has not completely moved away from an extensive
development model. The pressure of carbon emissions remains high, and the coordination
of development among systems needs further improvement.

In terms of the spatial distribution pattern of coupling coordination, there are sig-
nificant regional differences in the development of the low-carbon logistics—industrial
agglomeration-regional economy coupling coordination in the Yangtze River Economic
Belt. Except for Anhui, during the period of 2006-2020, the coupling coordination values of
the downstream provinces and cities in the Yangtze River Economic Belt (Shanghai, Jiangsu,
Zhejiang) were higher than the average value for the same period. However, the coupling
coordination values of the middle and upper reaches of provinces and cities of the Yangtze
River were generally lower than the average value for the same period in most years,
indicating a noticeable gap compared to the downstream region. This pattern is similar to
the spatial characteristics of regional economic development, indicating a certain correla-
tion between the development status of subsystems and the coupling coordination of the
composite system. Taking Shanghai as an example, it has relied on its favorable economic
development and locational advantages, with prominent technological advancements, to
drive the rational development of industrial layout and orderly low-carbon governance. It
has transitioned from initial primary coordination to intermediate coordination, leading to
upgraded development of coupling coordination in neighboring provinces such as Jiangsu
and Zhejiang through economic radiation and technology spillover. Additionally, the
standard deviation of the coupling coordination index among the 11 provinces and cities in
the Yangtze River Economic Belt was 0.129 in 2006 and increased to 0.136 in 2020, indicating
a slight widening of interprovincial differences in coupling coordination.

4.3. Spatial Autocorrelation Analysis of Coupling Coordination
4.3.1. Global Spatial Autocorrelation Analysis

Using the GeoDA 1.16 software, the global Moran’s I values of coupling coordination
for the low-carbon logistics-industrial agglomeration-regional economy in the 11 provinces
and cities of the Yangtze River Economic Belt were calculated. The results are presented
in Table 5. The results show that the global Moran’s I values for the period 2006-2020
are all positive, with Z-values greater than 2 and p-values less than 0.05, indicating sig-
nificance through the significance test. This indicates that there is a positive correlation
among the coupling coordination of low-carbon logistics, industrial agglomeration, and
regional economy within the Yangtze River Economic Belt during the study period, demon-
strating significant spatial agglomeration effects. Moreover, the global Moran’s I value
increased from 0.262 in 2006 to 0.636 in 2020, indicating an enhanced spatial agglomeration
characteristic during the study period.

Table 5. Global Moran’s I of coupling coordination from 2006 to 2020.

Year Moran’sI  p-Value Z-Value Year Moran’sI  p-Value Z-Value
2006 0.262 0.010 2.617 2014 0.477 0.001 3.677
2007 0.303 0.001 3.081 2015 0.451 0.001 3.637
2008 0.258 0.023 2.293 2016 0.453 0.001 3.638
2009 0.421 0.001 3.445 2017 0.228 0.032 2.159
2010 0.408 0.001 3.390 2018 0.527 0.001 3.392
2011 0.532 0.001 3.695 2019 0.496 0.001 3.829
2012 0.461 0.001 3.380 2020 0.636 0.001 3.874

4.3.2. Local Spatial Autocorrelation Analysis

The global Moran’s I only indicates the presence of significant spatial agglomeration
within the Yangtze River Economic Belt. To clarify the agglomeration types of each province
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and city, it is necessary to examine the specific spatial relationship characteristics among
them using the local Moran’s I. Therefore, this study employs the local Moran’s I to
draw Moran scatterplots and LISA cluster maps for coupling coordination in 2006 and
2020. In the Moran scatterplot, the four quadrants represent four spatial agglomeration
types: High-High (H-H), Low-High (L-H), Low—-Low (L-L), and High-Low (H-L). H-H
indicates high values for both the focal unit and its neighboring observations, L-H indicates
low values for the focal unit but high values for neighboring areas, L-L indicates low values
for both the focal unit and its neighboring observations, and H-L indicates high values for
the focal unit but low values for neighboring areas. As shown in Figure 4, most provinces
and cities are located in the first and third quadrants, indicating a positive spatial correlation
in the coupling coordination level among the three systems within the 11 provinces and
cities of the Yangtze River Economic Belt. Both high-value agglomeration areas and low-
value agglomeration areas exhibit strong spatial association. During the study period, the
“H-H" agglomeration shifted from Zhejiang to Zhejiang, Shanghai, and Jiangsu (Figure 5).
These regions, located downstream of the Yangtze River, are at the center of the Yangtze
River Economic Belt and even China’s economic development. Their advantageous coastal
and along-river transportation, as well as increasing economic connections, have fostered
a high degree of regional integration. The “L-L” agglomeration shifted from Sichuan
and Yunnan to Sichuan, Yunnan, and Guizhou. These regions are concentrated upstream
of the Yangtze River and have lower levels of economic development compared to the
downstream regions. The closed transportation conditions hinder the low-carbon and
positive development of the logistics industry, and the development of surrounding areas
is also weak, resulting in the formation of low-value agglomeration areas. Compared
to the positive spatial radiation effect generated by high-value agglomeration, attention
should be paid to the “low lock” phenomenon caused by the low-value agglomeration in
the upstream of the Yangtze River, which hinders the coupling coordination development
among the three systems. Based on the discussions above regarding high-value and
low-value agglomeration areas, it can be observed that the spatial correlation pattern
based on local spatial autocorrelation is generally consistent with the spatial distribution
characteristics of coupling coordination levels. In addition, the number of regions with
non-significant local Moran’s I has reduced from 8 to 5, indicating an enhancement of the
spatial correlation pattern in the Yangtze River Economic Belt.
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Figure 4. Local Moran'’s I scatterplots of the coupling coordination in 2006 and 2020. (a) Local
Moran’s I scatterplots of the coupling coordination in 2006; (b) Local Moran’s I scatterplots of the
coupling coordination in 2020.
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Figure 5. LISA agglomeration maps for the Yangtze River Economic Belt in 2006 and 2020. (a) LISA
agglomeration maps for the Yangtze River Economic Belt in 2006; (b) LISA agglomeration maps for
the Yangtze River Economic Belt in 2020.

4.4. Analysis of Standard Deviation Ellipses for Coupling Coordination

To accurately reveal the spatial evolution trend of coupling coordination in the Yangtze
River Economic Belt in terms of low-carbon logistics, industrial agglomeration, and regional
economy, the study utilized ArcGIS 10.8 software to analyze the changes in the center of
gravity and standard deviation ellipses of coupling coordination from 2006 to 2020, as
shown in Figure 6.
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Figure 6. Standard deviation ellipses and center of gravity migration of coupling coordination.

The figure reveals that the center of gravity of the coupling coordination in the Yangtze
River Economic Belt during 20062020 is predominantly located in the southeast of Hubei
Province, migrating among Wuhan, Xianning, and Jingzhou. This indicates that the spatial
distribution of coupling coordination among the three systems remained relatively stable
over the study period, exhibiting an “east strong, west weak” spatial pattern. In terms of
specific time periods, the center of gravity coordinates of the ellipse initially shifted in the
northeast direction by 10.34 km from (114.43 E, 30.09 N) in 2006. Subsequently, it continued
to migrate in the southwest direction by 50.44 km from (114.48 E, 30.17 N) in 2009. From 2012



Sustainability 2023, 15, 15739

17 of 23

to 2015, the coordinates shifted by a smaller distance of 3.84 km in the northwest direction
from (113.97 E, 30.05 N). Between 2015 and 2018, the coupling coordination coordinates
further migrated by 76.27 km in the southwest direction from (113.96 E, 30.08 N). The eastern
region of the Yangtze River Economic Belt, including Shanghai, Hangzhou, and Jiangsu,
benefits from favorable location conditions and strong economic capabilities. As a result, it
exhibits higher levels of logistics industry agglomeration and green development, leading
to stronger coordination with the regional economy. Consequently, after a certain period of
development, the level of coupling coordination has reached a high point, and the impetus
for further synergistic growth may gradually diminish. In contrast, the western provinces
and cities have relatively weak economic foundations and industrial structures in the early
stages of development, and they have a lack of awareness regarding ecological protection.
After the initial phase of extensive development, the western provinces and cities have made
efforts in building a green and low-carbon production and lifestyle, establishing ecological
barriers, and achieving sustainable development. As a result, the coupling coordination
situation among the three systems has been continuously optimized, leading to a more
significant enhancement effect and a great development potential. Between 2018 and 2020,
the coordinates shifted from (113.22, 29.86) to (114.19, 30.15), with a migration distance of
98.15 km. This is related to the development of regional integration in the Yangtze River
Delta region, which includes Shanghai, Jiangsu, Zhejiang, and Anhui. In 2018, Chinese
leaders announced the elevation of the regional integration of the Yangtze River Delta
as a national strategy during the China International Import Expo. This development is
of great significance in promoting the connectivity of major transportation corridors and
fostering the formation of a coordinated and collaborative logistics system along the coastal
and river areas. It contributes to the enhancement of regional economic agglomeration
and competitiveness, thereby achieving sustainable development of the regional economy
and society.

From the parameters of the standard deviation ellipses, the coupling coordination in
the Yangtze River Economic Belt exhibits an overall “northeast-southwest” spatial pattern.
Between 2006 and 2018, the long axis of the ellipses notably increased from 901.35 km to
921.00 km. Similarly, the short axis also showed a gradual increase from 274.27 km in 2006
to0 289.88 km in 2018. This indicates that the spatial clustering of the coupling coordination
among low-carbon logistics, industrial clustering, and regional economy weakened in the
“northeast-southwest” direction and exhibited a dispersed trend during this time period.
The development trend gradually shifted from the eastern part to the western part of
the Yangtze River Economic Belt. Between 2018 and 2020, both the long and short axes
of the ellipses showed a significant reduction. The long axis decreased from 921.00 km
to 904.43 km, and the short axis decreased from 289.88 km to 279.50 km. This suggests
that during this period, there was a clustering trend in the coordinated development
among the three systems of the Yangtze River Economic Belt, with contraction observed in
both the east-west and north—south directions. Overall, from 2006 to 2020, the coupling
coordination among low-carbon logistics, industrial clustering, and regional economy
in the Yangtze River Economic Belt has shifted towards the middle and upper reaches,
indicating significant improvement in the degree of coupling coordination in the central
and upstream regions. Compared to the downstream provinces and cities, these regions
have experienced increased momentum in achieving coordinated development.

5. Discussion

We note that there are limitations in the existing research on low-carbon logistics,
industrial agglomeration, and regional economy in the following areas. From a research
perspective, the evaluation of low-carbon logistics often adopts fuzzy comprehensive eval-
uation and fuzzy matter element analysis methods. These evaluation methods require
high completeness of the indicator system and accuracy in determining indicator weights,
making the evaluation results prone to inaccuracies due to issues such as linear overlap
among indicators or subjectivity in weight allocation. In terms of research content, most
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existing studies are limited to analyzing the one-way or two-way relationships between
low-carbon logistics, industrial agglomeration, and the regional economy, with few system-
atic studies on the coupling coordination among the three. Considering the real situation,
regional integration and industrial agglomeration have become characteristics of economic
development, and rational industrial agglomeration will become a new growth point for
the regional economy. However, this process inevitably impacts the environment, making
the management of the relationships among the three an important issue for achieving sus-
tainable development. From a research methods perspective, although some studies have
explored the coupling coordination relationship between logistics industry agglomeration
or low-carbon development and the regional economy, they only consider the research
objects as independent entities, with limited research on the spatial correlation among the
research objects at the spatial level. This neglects the significant role of spatial spillover
in regional coordinated development. In terms of regional research, most scholars focus
on specific provinces or the national level, with few studies investigating the relationship
between specific regional logistics industries and economic development.

In response to the limitations of existing research, this study introduces the following
innovations: (1) It will evaluate the development of low-carbon logistics from an efficiency
perspective by considering the production relationship ratio that achieves the maximum
economic output and minimum carbon dioxide emissions under unchanged input factors
for the research object. This evaluation method aligns with the characteristics of low-
carbon logistics, and is of great significance for achieving sustainable economic growth
in resource-scarce China [52]. Additionally, this study employs the super-efficiency SBM
model to measure the efficiency of low-carbon logistics, which differs from traditional
DEA models that do not consider the existence of slack variables, resulting in a more
comprehensive and accurate evaluation. (2) It breaks away from unidirectional and linear
thinking by considering low-carbon logistics, industrial agglomeration, and the regional
economy as a whole. This study inherits and expands upon regional balance theory and
sustainable development theory, providing a valuable analytical framework for improving
the overall coordination of regional development. (3) It utilizes spatial econometric methods
to analyze the spatial correlation characteristics of the coupling coordination among low-
carbon logistics, industrial agglomeration, and the regional economy, enriching the research
in a multidimensional manner and providing new insights for regional development
planning and design. (4) Distinguished from previous studies conducted at the national
or provincial levels, this research focuses on the Yangtze River Economic Belt, which is
characterized by vibrant economic development, significant agglomeration features, and
a strong emphasis on green development. By capturing the regional and contemporary
hotspots, the research becomes more representative, thus providing valuable insights for
the sustainable development of regional economies worldwide.

This study provides an extended and supplementary analysis of the synergistic rela-
tionships between the low-carbon logistics, industrial agglomeration, and regional economy
systems, complementing existing related research. It further utilizes GeoDA and ArcGIS
software to analyze the spatial correlation features and spatiotemporal evolution trends
of coupling coordination. Building upon this analysis, the study objectively examines the
underlying reasons for development disparities among different regions. This analysis
serves as a basis for policy recommendations aimed at constructing a modern logistics
system, expediting the rational agglomeration of the logistics industry, and promoting high-
quality regional economic development. Ultimately, it fosters the coordinated and orderly
development of the three systems. However, this research has certain limitations. Firstly, it
is confined to the provincial administrative regions within the Yangtze River Economic Belt.
Future research could narrow down its focus to city-level or county-level areas to provide
more accurate and targeted policy recommendations for specific regions. Secondly, the
study primarily explores the coupling coordination relationships among the three systems,
their spatial correlation features, spatiotemporal evolution trends, and does not delve
deeply into specific influencing factors and their mechanisms due to space constraints.
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Future research may systematically identify relevant influencing factors and further explore
their impact on the collaborative development status among the three systems.

6. Conclusions and Policy Recommendations
6.1. Conclusions

This study focuses on the 11 provinces and cities in the Yangtze River Economic Belt
from 2006 to 2020. It establishes an evaluation index system for the low-carbon logistics—
industry agglomeration—regional economy and analyzes the coupling coordination level
and spatiotemporal distribution characteristics among the three systems. Furthermore, it
utilizes spatial autocorrelation analysis and a standard deviation ellipse model to examine
the agglomeration characteristics and spatiotemporal evolution trends of the coupling
coordination degree of the low-carbon logistics-industry agglomeration-regional economy
in the Yangtze River Economic Belt. The main conclusions are as follows:

(1) By analyzing the spatiotemporal variations of the coupling coordination degree of
the low-carbon logistics—industry agglomeration-regional economy in the Yangtze River
Economic Belt, it is observed that over the study period, there is a fluctuating upward
trend in the coupling coordination degree among the three systems, transitioning from the
moderate disorder stage to the verge of disorder stage. However, the degree of coupling
coordination remains low, indicating the presence of significant potential for synergistic
development among the systems. Spatially, there are significant regional differences in the
coupling coordination of the 11 provinces and cities in the Yangtze River Economic Belt,
exhibiting a step-like distribution pattern of “higher in the east and lower in the west.”
This distribution pattern aligns with the economic development levels of the provinces and
cities in the Yangtze River Economic Belt. Additionally, there has been a slight expansion
of interprovincial differences in the coupling coordination degree within the Yangtze River
Economic Belt during the observed period.

(2) By analyzing the spatial agglomeration characteristics of the coupling coordination
degree, it was found that the global Moran’s I is positive, indicating a significant spatial
positive correlation in the coupling coordination among the three systems in the Yangtze
River Economic Belt, and this spatial correlation shows a fluctuating upward trend. When
examining the local Moran’s I, the spatial agglomeration characteristics of the provinces
and cities in the Yangtze River Economic Belt mainly exhibit “H-H” and “L-L” states.
The “H-H” agglomeration mainly occurs in Zhejiang, Shanghai, and Jiangsu, where there
are evident spatial spillover effects in terms of closely connected economy, continuously
optimized industrial agglomeration levels, and the low-carbon development of regional
logistics. The “L-L” agglomeration in Sichuan, Guizhou, and Yunnan is attributed to their
geographical disadvantages, low economic levels, and poor transportation conditions,
resulting in a relative lack of development resources. Areas where the spatial effect is
insignificant mainly include provinces and cities such as Hubei, Chongging, and Hunan,
indicating that these provinces exhibit a random distribution pattern in terms of spatial
effects and have not formed significant spatial agglomeration effects.

(3) Through the analysis of the standard deviation ellipse and center of gravity migra-
tion, it is determined that the overall center of gravity of the coupling coordination degree
of the 11 provinces and cities in the Yangtze River Economic Belt during the research period
is located in the southeast of Hubei Province and migrates among Wuhan, Xianning, and
Jingzhou. This indicates a relatively stable spatial distribution of the coupling coordination
degree among the three systems. The spatial evolution pattern demonstrates a distinct
“northeast-southwest” directional distribution, and the trajectory of center of gravity mi-
gration roughly follows the path of “northeast-southwest—northeast”. With 2018 as the
dividing line, the agglomeration of the coupling coordination degree among the three sys-
tems in the Yangtze River Economic Belt presents a trend of initial weakening followed by
a subsequent increase in the “northeast-southwest” direction. Furthermore, there has been
an improvement in the coupling coordination level of the low-carbon logistics—industry
agglomeration—regional economy in the upstream and middle reaches of the Yangtze River
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Economic Belt during the research period, indicating an enhancement in the driving force
for coordinated development.

6.2. Policy Recommendations

Based on the current status of the low-carbon logistics-industry agglomeration—
regional economy in the Yangtze River Economic Belt and the research findings mentioned
above, the following policy recommendations are proposed:

(1) Uphold the green and low-carbon development of the logistics industry and
steadily promote the sustainable high-level synergy among the three systems. Taking the
downstream regions with strong scientific and technological innovation capabilities and
high demand for logistics infrastructure as regional demonstration centers, efforts should
be made to reduce carbon emissions resulting from energy consumption by applying
new energy sources at the source, while improving energy efficiency and resilience in
the logistics industry through low-carbon logistics technological innovations. Based on
this foundation, efforts should be made towards fully leveraging the downstream regions’
unique advantages and leading role, further expanding the application scope of low-carbon
logistics technology, and harnessing cluster effects, in order to drive neighboring areas and
even the middle and upper reaches of the Yangtze River region’s provinces and cities to ac-
tively adopt low-carbon logistics development models. Moreover, under the government’s
impetus, a targeted assistance mechanism for promoting low-carbon technology should be
established, thereby creating a larger low-carbon economic entity, and effectively achieving
the transformation of the Yangtze River Economic Belt’s logistics industry towards low-
carbon development and high-quality economic advancement. Additionally, significant
attention should be given to the important role of logistics enterprises in the development
of the logistics industry. Strengthening support for innovation in logistics enterprises and
enhancing their capabilities in digital logistics development would promote the widespread
adoption of emerging technologies such as smart warehousing, cargo tracking, and shared
transportation in the logistics industry, thereby reducing carbon emissions and effectively
driving the coordinated and interconnected development of the logistics industry and
regional economy.

(2) Strengthen transportation infrastructure construction to facilitate interconnectivity
between regions. Provinces and cities should seize the significant development oppor-
tunities presented by the Yangtze River Economic Belt, Yangtze River Delta Regional
Integration Development, and the accelerated progress of the national supply-side reform.
Efforts should be made to accelerate the improvement of comprehensive transportation net-
works and establish well-structured, unimpeded, and economically efficient cross-regional
corridors. In this process, provincial and municipal governments should enhance communi-
cation and coordination, coordinate overall transportation planning, allocate transportation
resources rationally, and elevate the level of scale and coordination in the development
of the logistics industry in the Yangtze River Economic Belt. Particularly in the upstream
and middle reaches, expanding the coverage of transportation infrastructure would fa-
cilitate the concentrated development and agglomeration of logistics enterprises, further
enhancing the scale and external benefits of the logistics industry agglomeration. The
application of new transportation network technologies such as the Internet of Things (IoT)
and information monitoring is equally important. These technologies, based on the increas-
ing density of transportation networks, can further promote the smoothness of regional
transportation networks. By improving the transportation conditions, driving cities with
international competitiveness such as Shanghai, Wuhan, and the Chengdu-Chongging
region to play a “polarizing” role, and building logistics industry corridors from these
poles, further aggregating high-quality resources from across the country and even globally,
aligns with the discourse in the mid- to long-term development plans for the logistics
industry. This transforms the Yangtze River Economic Belt into an inland economic belt
actively participating in international competition and cooperation.
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(3) Address regional development imbalances and promote positive spatial connec-
tions between provinces. The Yangtze River Economic Belt should rely on the natural
golden waterway of the Yangtze River to promote the construction of an integrated mar-
ket along the Yangtze River, implement a large-scale logistics strategy, and leverage the
synergistic effects of various production factors, such as technology, finance, talents, and
data, to avoid the phenomenon of “agglomerations without cohesion” in industrial ag-
glomeration. Governments of the upstream, middle, and downstream regions should
strengthen communication and collaboration in order to clear regional regulations and
market barriers that hinder the agglomeration of the logistics industry and the spillover
of low-carbon technologies. This would remove the “administrative barriers” caused by
local protectionism and the “poverty trap” in the upstream regions. Specifically, the down-
stream regions can accelerate the integration of their logistics industry with the upstream
and middle reaches, play a driving and demonstration role, and guide the transfer of
cost-advantaged logistics industries from the east to the west. The central and upstream
regions should rely on concentrated areas of industrial transfer to foster new economic
growth points centered around industrial upgrading and low-carbon development. This
will attract capital, technology, and talent, effectively promoting the flow and integration of
logistics resources and factors within the region.

(4) Tailor strategies to local conditions and implement differentiated development
strategies. Considering the apparent differences among the upstream, middle, and down-
stream regions of the Yangtze River, each province and city should fully leverage its own
advantages, overcome shortcomings, and promote differentiated development. The down-
stream regions, relying on favorable location conditions and economic advantages, should
actively cultivate high-tech industries such as artificial intelligence and clean energy to pro-
vide robust technical support for low-carbon logistics. Efforts should be made to accelerate
technological innovation and the transformation of low-carbon logistics innovation achieve-
ments. The middle reaches, serving as the economic hinterland of the downstream regions,
should capitalize on their spatial advantages in economic radiation, promote collaboration
between the two regions’ logistics industries, and accelerate industrial agglomeration and
the development of low-carbon capabilities in the logistics industry. The upstream regions
can employ clean energy for daily production in logistics enterprises, taking advantage
of local strengths. Additionally, they can make use of national assistance policies and the
driving force of the downstream regions to continuously improve the backward material
capital, human capital, and technological level within the region, creating favorable inter-
nal and external conditions for the agglomeration of the logistics industry and green and
low-carbon development.
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