Pol. J. Environ. Stud. Vol. 33, No. 6 (2024), 6097-6108
DOLI: 10.15244/pjoes/185535 ONLINE PUBLICATION DATE: 2024-06-28

Original Research

Measurement and Evaluation of Carbon Emission
Efficiency in Logistics Industry
— Taking Anhui Province as an Example

Heping Ding"2, Yu Wang', Wenjing Sheng', Yanting Li', Conghu Liu**

'School of Business, Suzhou University, Suzhou 234000, China
2School of Transportation, Southeast University, Nanjing 210000, China
3School of Mechanical and Electronic Engineering, Suzhou University, Suzhou 234000, China
“Antai School of Economics and Management, Shanghai Jiaotong University, Shanghai 200000, China

Received: 7 January 2024
Accepted: 29 February 2024

Abstract

Reducing carbon emissions from the logistics industry is beneficial for controlling environmental
pollution and achieving sustainable development. To improve the carbon emission efficiency
of the logistics industry (LCEY) for sustainable development, we propose social network analysis for
LCEY evaluation and improvement. We established an evaluation index system for LCEY, measured
it with the Super-SBM model considering unexpected output, created its spatial correlation matrix
using a modified gravity model, and analyzed its spatial network characteristics with social network
analysis. Taking 16 cities in Anhui Province as examples, this study demonstrates the implementation
process of the method in detail. The results show that the average value of LCEY in 16 cities
in Anhui Province increased from 0.3851 in 2012 to 0.7371 in 2021, showing a steady upward trend.
The network efficiency decreased from 0.7619 in 2012 to 0.6857, indicating that the spatial spillover
effect is significant, the spatial network relationship is gradually enhanced, and the network tightness
must be improved. The characteristics of the spatial network are unbalanced; therefore, improving
the structure of the benefit-spillover relationship is crucial. Hence, we propose countermeasures and
suggestions to improve the LCEY to provide theoretical and methodological support for the research

and management of the LCEY.
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Introduction warming, there has been a worldwide focus on

controlling greenhouse gas emissions [1]. A crucial

In recent decades, amid rapid economic growth, metric for assessing a region’s overall strength is
global environmental deterioration, and climate the logistics industry (LN), which is a fundamental,

strategic, and leading sector that supports the growth
of the national economy [2]. However, although
LN encourages economic growth, its energy use,
*e-mail: liuconghu@ahszu.edu.cn, environmental pollution, and social impacts are also
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increasing annually [3]. China, with the second-largest
economy globally, has placed a high value on LN in
recent times. Its GDP has tripled in the past decade,
while the carbon emissions from the petrochemical
energy consumed by LN have become increasingly
serious [3].

To achieve global sustainable development (SP),
it is critical to understand how to enhance the carbon
emission efficiency of the logistics industry (LCEY)
from the standpoints of environmental protection, social
advancement, and economic development. Currently,
the following research issues require immediate
attention: (1) how to thoroughly measure and assess
LCEY in light of SP; (2) how to analyze the complex
relationship structure of LCEY and comprehensively
investigate its spatial network characteristics; and (3)
how to propose targeted suggestions for the government
and employees. China’s LN must consider economic
development, environmental protection, and social
impact and minimize the emission of environmental
pollutants while promoting economic development, that
is, achieving higher carbon emission efficiency.

Numerous scholars believe that, with rapid economic
development, enhancing carbon emission -efficiency
(CEY) will advance the development of a low-carbon
economy. In this study, we combined the literature into
the following three aspects:

The first is the measurement and evaluation of the
LCEY. The input and output perspectives are primarily
used to construct an evaluation index system (EIS).
Input indicators include human, financial, and material
factors, while output indicators include economic
output and carbon emissions [4]. The methods used to
measure the CEY mainly include the life cycle method,
energy analysis [5], stochastic frontier method, and
data envelopment analysis [6]. Among them, for its
advantages, data envelopment analysis (DEA) is widely
used by scholars [7]. However, the traditional DEA
models (CCR and BBC models) are radial models, have
a certain bias in dealing with non-desired outputs, and
are prone to inaccurate evaluation results in the actual
measurement [8]; therefore, a more scientific model
must be used to measure LCEY.

The second is the evolution mechanism of the LCEY.
Based on measurements, scholars have mostly evaluated
the LCEY in terms of time and space dimensions.

In the time dimension, DEA, Malmquist index,
and kernel density estimation are combined to analyze
the law and trend of the evolution of LCEY with time
[9, 10], where the spatial autocorrelation model and
synthetic control method are often used to analyze the
spatial evolution properties of LCEY [11, 12]. However,
most studies used “attribute data” to examine the spatial
pattern properties of LCEY. Although some studies are
based on geographical or economic proximity, analyzing
the spatial network relationships of the LCEY among
distant municipalities is impossible [13]. Therefore,
this study focuses on the comprehensive and objective
construction of the EIS of the LCEY and a more

scientific method for analyzing its evolution mechanism.

The third consists of countermeasures to improve
the LCEY. Specific countermeasures and suggestions
include developing economies, optimizing the layout
of LN, strengthening the training of logistics talent,
improving the level of logistics informatization,
strengthening government investment, and optimizing
the energy structure [14]. These recommendations and
countermeasures are mostly used by linked businesses,
sectors, governments, and other domains and have
achieved certain results in practice. However, there
are few countermeasures and suggestions from the
perspective of spatial networks in existing research;
consequently, it is necessary to formulate corresponding
countermeasures to improve the spatial network
characteristics of the LCEY.

Scholars have made considerable progress and
valuable achievements in research on LCEY, but the
following research gaps remain:

(1) Increasingly close inter-regional logistics
activities gradually present complex spatial network
characteristics, and it has become a new trend to
reexamine logistics activities from the perspective of
complex networks. Almost all the studies of LCEY are
based on “attribute data” and described by a spatial
econometric model. However, “attribute data” cannot
accurately reflect the spatial network characteristics of
LCEY. The social network analysis (SNA) approach
is an effective tool for analyzing the overall state of
“relational data.” It has been in use for a long time but
has rarely been applied to the study of LCEY.

(2) Most existing studies promote countermeasures
and suggestions based on the influencing factors, and the
LCEY presents different spatial network characteristics
in different periods. Thus, the SP of the regional LD
must be advanced, as must the global SP goals.

This study builds the LCEY’s EIS, measures the
LCEY using the Super-SBM model, creates a spatial
network matrix using the updated gravity model,
examines the LCEY’s spatial network properties using
the SNA technique. The contributions of this study are
as follows:

(1) This study constructs LCEY’s EIS based on the
sustainability perspective, establishes the Super-SBM
model of LCEY, and achieves scientific assessment and
measurement of the efficiency level.

(2) The LCEY study employs the SNA method.
A modified gravity model is used to build the spatial
network matrix of the LCEY. The “attribute data” of
LCEY is converted into “relational data,” and both
the overall and individual network characteristics are
examined. The study also provides a new perspective on
the study of LCEY.

(3) Based on analyzing the spatial network
characteristics of LCEY, this study proposes more
scientific and targeted countermeasures to improve
LCEY. This will guide the government in the effective
direction of the development of LN. It will also help the
government direct pertinent practitioners.
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Material and Methods
Materials
Study Area

Anhui Province is the docking zone for numerous
significant domestic economic plates and is the key
center of China’s economic development. China’s three
major strategies — the integrated development of the
Yangtze River Delta, the development of the Yangtze
River Economic Belt, and the high-quality development
of the central region — are superimposed in this province.
By 2021, the total output value of Anhui Province was
4,295.918 billion yuan, of which the output value of LN
was 205.695 billion yuan, representing 4.8% of the total
output value of Anhui. Anhui Province, a major energy-
consuming province in central China, has experienced
rapid growth in LN energy consumption in recent
years. Anhui’s overall energy consumption climbed
from 105.7023 million tons of standard coal in 2011 to
153.4263 million tons in 2021. Currently, the logistics
industry in Anhui Province is in the stage of expansion
and development; specialization is low, socialization
is low, and energy consumption is large, followed by
a significant increase in LCEY [13]. In light of this, this
study measures the LCEY, examines the spatial network
characteristics of the LCEY in 16 Anhui Province cities,
and proposes countermeasures and recommendations to
enhance the LCEY.

Data and Variables

The EIS of the LCEY is indicated in Table 1, based
on available data, scientific and quantitative index
construction principles, and information from prior
research [14, 15]. The input indicators of this evaluation
index system consider human, financial, and material
inputs, as well as energy consumption in the logistics
industry, including the desired and undesired outputs,
which can comprehensively and objectively evaluate
LCEY.

The data source and calculation are explained as
follows:

As a new industry in China, LN is not included
in China’s industrial classification system. Through

Table 1. LCEY’s EIS.

a study of the relevant literature, since over 85% of
the added value of LN is derived from the transportation,
warchousing, and postal sectors, it is defined as
LN [16]. This study selected 16 cities in Anhui
Province as research objects, and the data span was
2012-2021. The primary sources of statistical data were
the China Energy Statistical Yearbook, Anhui Statistical
Yearbook, and the statistical yearbooks between 2013
and 2022. Because of the lack of LCEY in various cities
in Anhui Province, it was estimated by multiplying the
total LCEY in Anhui Province by the proportion of the
city’s GDP to the GDP of Anhui Province. The value-
added of LN, fixed asset investment, and price-related
factors were transformed into real values based on 2012
data to remove the impact of price changes.

Methods
Unexpected Super-SBM Model

Tone (2001) proposed the SBM model, which
compensates for neglecting slack variables in the
efficiency assessment of radial models. In addition,
the SBM model is characterized as non-radial, non-
angular, and non-dimensional. It can avoid assessment
bias caused by differences in the selection of indicator
dimensions and angles [8]. Therefore, this study builds
on the Super-SBM model by considering unexpected
outputs based on non-oriented and continuous returns to
scale. This is the formula:

(
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where 6 is the LCEY value. When the efficiency value
reaches one, it indicates the efficiency has reached
the optimal frontier. Compared to the traditional data
envelopment analysis model, the super-efficiency model
can distinguish effective decision-making units, and the
efficiency value can be greater than one. The efficiency

Indicator Name Unit
Number of employees 10* people
Investment in fixed assets 108 yuan
Input
Quantity of trucks 10* vehicles
Energy consumption 10* tons of standard coal

Expected output Value added of LN 10® yuan
Unexpected output CO, emissions from LN 10* tons
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increases with the value of 6; K = 1.. n, where n
represents the total number of decision units; m, ¢, and
g, represent the numbers of input, expected output, and
unexpected output elements present in each decision-
making unit. x,_, y ¢, and y ’ represent the input vector,
expected output vector, and unexpected output vector
of the decision-making unit; X, Y%, and Y* represent the
input, expected output, and unexpected output matrices,
respectively; 4 is a column vector; s, s%, and s’ are
relaxation variables for the input, expected output, and
unexpected output, respectively.

Modified Gravitational Model

The spatial network matrix is a prerequisite for
SNA, and the gravity model and VAR Granger causality
test are commonly used to determine the association
matrix. Based on the law of gravity, the gravity model
can not only comprehensively consider economic
and geographical distance factors but also reveal the
evolutionary characteristics of spatial correlations,
which have been widely used in sociology, behavioral
science, engineering, and other fields [17, 18]. Combined
with the data characteristics of this study, this study
revises the typical gravity formula, assuming that there
are two different places 7, j, and the gravity formula of
the LCEY between them is as follows:

EiEj E:

Yl.. =Kjj————=, ii =t
/ ]Dizj/(gi_gj) ] E+Ej

JUF
2

where, Y, is the correlation intensity of the LCEY
between regions i, j, K, is the gravitational coefficient;
E, E are the values of the LCEY in regions i, j
respectively; D, is the spherical distance between i, j; g,
g is the GDP per capita; and (g, — gj) are the economic
distances between 7, j. The correlation strength between
i and j is calculated according to Equation (2), the
correlation strength between i, j is calculated, and a
correlation strength matrix is constructed. The threshold
is determined by calculating the mean value of each
row of the matrix. Each row’s gravitational value is
recorded as 1 if it exceeds this threshold, showing that
the LCEY has a correlation between i, j, and vice versa;
it is recorded as 0.

SNA

SNA can effectively overcome the limitations of
“attribute data” and globally analyze “relational data”
[19], based on “relational data,” using mathematical
statistics, graph theory, and other techniques to describe
the relationship between samples. The overall network
properties, individual network characteristics, and
geographical clustering structural characteristics of the
LCEY were analyzed using the SNA approach. See [19]
for specific formulas and methods.

(1) Overall network characteristics

Commonly used indicators to depict overall network
structure characteristics include network density,
network correlation degree, network grade degree, and
network efficiency. This study used these four indicators
to depict the overall network structure characteristics of
the LCEY.

Assuming that the number of members in the spatial
network is N and the number of relations is R, and the
theoretical maximurél number is N(N — 1), the network

density is: D= N(N-1)
Assuming that the number of unreachable points is
14 U
U, the network correlation is: W= N(N-1)/2

Assuming the number of symmetrically reachable
pairs of points is /" and the maximum number is Max(V),
14

the network hierarchy degree is: 1 = Max(V)
Assuming Z is the number of redundant lines and

Max(Z) is the maximum possible number, the network
A

efficiency is: # = 1~ Max(Z)

(2) Individual network characteristics

Three indicators are frequently employed to
characterize the features of each network structure:
intermediate, proximity, and point centrality. These
three indicators were used to characterize the different
aspects of the LCEY network structure. The detailed
formula and interpretation of each indicator are as
follows [19]:

Degree centrality represents how a node is
connected to other nodes in a connected network.
The absolute point centrality C (o) of a node o, is:

Cr(0;) = Xi1ijdij, the relative point centrality
n

o dis
. _ 1=1,1#] 1] . )
of nodes o, is: Ca(oi) = N1 > which dl./, is the
node’s connection edge with other nodes. '
Betweenness  centrality reflects the control

effect of one node on other nodes in an associated

network. Assuming that there are gy shortcuts

between points j, £ and the ability of point i to

control the interaction of j, k is j, bjk(i) = gjk(i)/gjk.

The absolute betweenness centrality of point i is
on N .

Cagi- Capi = Xj i bjx (D) ,] # k # L' and i<k

The relative mediating centrality of point i is C,,,
_ _2CaBi
Crpi = n2_3n+2> Which ranges between 0 and 1 and

can be compared with the betweenness centrality of
points in different network graphs.

Closeness centrality reflects the autonomy and
independence of nodes in an associated network. The
absolute centrality of a point is: CA_Pli = Z;-lzl dij ,
and the relative proximity centrality of a point is

Crpi = Capi/ (N = 1).

(3) Structural characteristics of spatial clustering

Block model analysis was first proposed by White
in 1976 [20]. It can explore the internal structural state
of the network, specifically investigate the ways of
sending and receiving information between each plate,
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Table 2. Spatial Association Network Plate Division Basis.

Internal relations External reception and spillover
proportion in relationship proportion of plate
plate ~0 >0
Bidirectional
>(b - -
>(b-D)/(D-1) overflow plate Net benefit plate
<(b-D/(b-1) Net overflow plate Broker plate

and conduct descriptive analysis. The plate division is
shown in Table 2, where b_is the number of provinces
within a certain plate, and b is the number of all
provinces in the entire association network [21, 22].

The first is the role of net benefits. The participants
who played this role had more internal than external
relationships on the plate. In extreme cases, they only
send relationships to internal members and accept
spillover relationships from other plate subjects, but do
not send spillover relationships to other plate subjects.
The second is the net spillover role, in which members
who play this role send more relationships to other
plate members and receive fewer external relationships.
The third factor was the two-way spillover effect.
Members who play this role can not only send out
more relationships but also produce more relationships
within the plate; however, they receive fewer external
relationships. The fourth is the broker role: the members
who play this role not only send and receive external
relations but also have a small proportion of internal

relations in the plate and play an “intermediary” role in
the spatial spillover effect [23].

Results and Discussion
Results
LCEY Measurement Results

Using MaxDEA9Ultra software, the LCEY was
calculated, considering unexpected output (Table 3).

Table 3 shows that the average value of the LCEY
in Anhui Province grew from 0.3851 in 2012 to 0.7371
in 2021, exhibiting a fluctuation trend of first lowering
and then increasing. The Anhui Province’s LCEY has
significantly improved in 2018, which may be connected
to the promotion of the transportation ecological
civilization’s construction in 2017 and the complete
implementation of the logistics industry’s green
development in 2018.

At the city level, the LCEY in various cities showed
an upward trend to different degrees; however, there
were notable variations among the cities. Among them,
Hefei, Wuhu, Tongling, Xuancheng, Huangshan, and
Huaibei had higher efficiency values, and the efficiency
values have almost exceeded 1 in the last three years,
which is at the forefront. Fuyang, Bengbu, and Suzhou
have low efficiency values, which indicates that these
cities still have arduous tasks on the road of logistics

Table 3. Calculation results of LCEY in Anhui Province from 2012 to 2021.

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Mean
Hefei 0.3767 | 0.3459 | 1.5020 | 0.3150 | 0.2962 | 0.2937 | 0.3147 | 0.7811 | 0.8560 | 0.7916 | 0.5873
Huaibei 0.3277 | 0.3723 | 0.3266 | 0.3066 | 0.2190 | 0.1998 | 0.2113 | 0.6694 | 0.8618 | 1.0677 | 0.4562
Bozhou 1.2085 | 0.5715 | 0.2963 | 0.2744 | 0.1525 | 0.1538 | 0.1734 | 0.3329 | 0.3359 | 0.4257 | 0.3925
Suzhou 0.3541 | 03109 | 0.2366 | 0.1490 | 0.1650 | 0.1713 | 0.1536 | 0.4401 | 0.4773 | 0.5078 | 0.2966
Bengbu 0.1781 | 0.2034 | 0.2214 | 0.1997 | 0.1908 | 0.1735 | 0.1749 | 0.4174 | 0.4147 | 0.4893 | 0.2663
Fuyang 0.1905 | 0.1903 | 0.1714 | 0.1446 | 0.1147 | 0.1094 | 0.1033 | 0.3907 | 0.4519 | 0.4521 | 0.2319
Huainan | 0.3495 | 0.2501 | 0.2571 | 0.2276 | 0.2284 | 0.2641 | 0.2840 | 0.6812 | 0.8459 | 0.7764 | 0.4164
Chuzhou | 0.4538 | 0.4586 | 0.2649 | 0.2314 | 0.2314 | 0.2366 | 0.2260 | 0.6194 | 0.5596 | 0.5541 | 0.3836
Luan 0.4703 | 0.2750 | 0.2607 | 0.2092 | 0.2134 | 0.2139 | 0.2524 | 0.5554 | 0.5859 | 0.5213 | 0.3557
Maanshan | 0.3670 | 0.2894 | 0.2945 | 0.2899 | 0.3125 | 0.3639 | 0.3608 | 0.5410 | 0.5569 | 0.5524 | 0.3928
Wuhu 0.4046 | 0.3860 | 0.3644 | 0.3730 | 0.3968 | 0.3545 | 0.3921 1.0033 1.0245 | 1.0357 | 0.5735
Xuancheng | 0.3289 | 0.3259 | 0.3230 | 0.2729 | 0.2980 | 0.2879 | 0.2992 | 1.0175 | 0.8991 1.0158 | 0.5068
Tongling | 0.3542 | 0.3318 | 0.3397 | 0.3317 | 0.3743 | 0.3898 | 0.4683 1.0626 | 0.8947 | 1.0450 | 0.5592
Chizhou | 0.2913 | 0.2771 | 0.3037 | 0.2539 | 0.2674 | 0.2909 | 0.3056 | 0.6041 | 0.5929 | 0.5945 | 0.3781
Anqing 0.2001 | 0.1644 | 0.1821 | 0.1889 | 0.1966 | 0.2020 | 0.2214 | 0.8422 | 1.0365 | 0.9417 | 0.4176
Huangshan | 0.3059 | 0.2634 | 0.2928 | 0.3224 | 0.3523 | 0.3825 | 0.4153 | 0.5607 | 0.6278 | 1.0227 | 0.4546
Mean 0.3851 | 0.3135 | 0.3523 | 0.2556 | 0.2506 | 0.2555 | 0.2723 | 0.6574 | 0.6888 | 0.7371
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transformation and upgrading, and they are areas that
Anhui Province should focus on and develop.

Overall Network Characteristics

Ucinet 6.0 software was used to calculate the overall
network structure characteristic indices from 2012
to 2021, namely No. for ties, density, connectedness,
hierarchy, and efficiency (Table 4).

Table 4 shows that, (1) from 2012 to 2021, the number
of ties showed a fluctuating upward trend, and the total
number increased from 58 in 2012 to 69 in 2021. The
density value also showed the same pattern, from 0.242
in 2012 to 0.287 in 2021, indicating that the spatial
correlation of LCEY in Anhui Province gradually
increased. (2) The connectedness is always 1 from 2012
to 2021, which indicates that there is direct or indirect
correlation between all cities, there is no “isolated
point,” and the network accessibility is good. (3) From
2012 to 2021, the hierarchy revealed a pattern of initially
declining and then increasing, from 0.5 in 2012 to 0.125
in 2017, and then rising to 0.4103 in 2021, but it was
always at a low level. This indicates that the LCEY in 16
cities in Anhui Province had a strong mutual influence,
there was no strict rating structure, and the network
structure was good. (4) From 2012 to 2021, efficiency
showed a slight downward trend, from 0.7619 in 2012
to 0.6857, indicating that there were more connections
and more spatial spillover paths, and the stability
of the network structure was improved. The LN in
Anhui Province should continue to strengthen regional
coordination and cooperation to bring the advanced
technology, capital, and other factors in southern Anhui
closer to northern Anhui, promote the rational allocation
of factors, and narrow regional differences.

Individual Network Characteristics

Individual network characteristics, including the
point-in and point-out degrees (Table 5 and Fig. 1),

Table 4. Overall network characteristics of LCEY.

degree centrality (nDegree) (Fig. 2a), proximity
centrality (FreeClo) (Fig. 2b), and intermediate
centrality (nBetween) (Fig. 2c) of each city were
calculated.

(1) The relationship between spillover and benefits

Table 5 and Fig. 1 show that, in 2021, the point-
in degree of Hefei, Lu’an, Ma’anshan, and Wuhu is
higher than the point-out degree. This indicates that
these areas benefit more than spillover relationships
in the spatial network and have a siphon effect on
other areas. The point-out degree of Huaibei, Bozhou,
Suzhou, and Fuyang is higher than the point-in degree.
This shows that the spillover relation number is greater
than the benefit relation number, and the spillover
effect is obvious. The point-out degree of others, such
as Tongling and Xuancheng, was approximately equal
to the point-in degree, indicating that the spillover and
benefit relationships were equivalent in these areas.
During the development of LN, Hefei, the provincial
capital city, and its surrounding cities absorbed talent,
resources, and other elements from other regions and are
in a state of benefit, with less spillover effect on other
regions. This is contrary to people’s cognition and is an
interesting discovery that shows that developed cities
should export advanced technologies, resources, and
other advantages to underdeveloped cities.

(2) Degree centrality

Fig. 2a illustrates that the average value of
nDegree increased from 33.33 to 40% during 2012-
2021, exhibiting a varying increasing trend and an
increase in the level of network agglomeration. In 2021,
the average value of degree centrality was 40, and
the degree centrality of Hefei, Ma’anshan, and Wuhu
was undoubtedly greater than the mean value; they
were in the center position, which is very important for
the stability of the spatial network structure. Cities with
a degree of centrality lower than average mainly include
Chizhou, Anqing, Huaibei, and Huangshan. These cities
exhibit weak control and are marginal. The degree of
centrality in most cities fluctuated and rose, whereas

Year Density Connectedness Hierarchy Efficiency No. of Ties
2012 0.2420 1 0.5000 0.7619 58
2013 0.2370 1 0.5000 0.7429 57
2014 0.2250 1 0.5000 0.7619 54
2015 0.2540 1 0.2353 0.7143 61
2016 0.2500 1 0.1250 0.7143 60
2017 0.2580 1 0.1250 0.7048 62
2018 0.2540 1 0.2353 0.7238 61
2019 0.2370 1 0.2353 0.7429 57
2020 0.2790 1 0.1250 0.6857 67
2021 0.2870 1 0.4103 0.6857 69
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Table 5. Continued.
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that of Tongling dropped sharply in 2016 and lost
its central position.

(3) Proximity centrality

As shown in Fig. 2b), proximity centrality can be
used to judge whether each city in Anhui Province is
easily associated with other cities. In 2021, the average
proximity centrality of 16 cities in Anhui Province was
63.89, among which the proximity centrality of Hefei,
Ma’anshan, and Wuhu was higher than the average.
This suggests that it is simple to connect these cities
to other cities in the LCEY spatial network and cannot
be easily controlled by other cities. These cities have
a strong ability to gather resources, sophisticated
transportation networks, and a high degree of economic
growth. The low proximity centrality in other cities
indicates that the regional gap in LCEY in Anhui
Province is too large, which limits the LCEY in
Anhui Province. Compared to the change in proximity
centrality between 2012 and 2021, except for Tongling,
which declined in 2015, the other cities changed little
and increased steadily, indicating that the LCEY in
Anhui Province was stable.

(4) Intermediate centrality

Fig. 2c) shows that the average intermediate
centrality in 2021 is 4.29, and the intermediate centrality
of Hefei, Ma’anshan, and Wuhu is higher than the mean.
This indicates that these cities have strong control over
resources related to logistics carbon emission efficiency
and play the roles of intermediaries and bridges.
The intermediate centrality of other cities is far lower
than the average, and the spatial correlation between
cities is not close, which is in a “dominated” role.
Compared with the change in intermediate centrality
between 2012 and 2021, except for Tongling, which
declined in 2015, there was no obvious difference in
other cities, and it steadily increased.

Generally, the Matthew effect of the LCEY in Anhui
Province is obvious and is characterized by a serious
range and uneven spatial distribution. From 2012 to 2021,
Hefei, Ma’anshan, and Wuhu ranked first, indicating that
these three cities were at the center of Anhui Province,
controlling most resources and having a linkage effect
with other cities. Affected by geographical conditions,
economic levels, and other factors, other cities have a
relatively weak attraction to the resource elements of
the LCEY. They are frequently passive members of the
spatial network who are unable to establish friendly
interactions with other cities, especially in northern
Anhui.

Block Module and Clustering Feature Analysis

Cluster analysis and plate division were performed
using a block model analysis (Fig. 3 and Table 6).

According to the division results of Fig. 3, in 2012,
Hefei, Ma’anshan, Wuhu, and Tongling belonged to the
first plate; Huaibei and Huainan belonged to the second
plate; Bozhou, Suzhou, Bengbu, and Fuyang belonged
to the third plate; and Chuzhou, Lu’an, Xuancheng,
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Fig. 3. Spatial network division of LCEY in Anhui Province.

Chizhou, Anqing, and Huangshan belonged to the fourth
plate. Compared with 2012, Ma’anshan and Tongling
in the first plate withdrew in 2021; Ma’anshan entered
the second plate; and Tongling entered the fourth plate.
Huaibei and Huainan changed from II to III; Fuyang
changed from IV to III; and Chuzhou, Lu’an, and
Xuancheng changed from IV to II. Generally, the first

and second plates were mostly the provincial capital
cities of Hefei and its surrounding cities, whereas the
third and fourth plates were mostly northern Anhui and
its surrounding cities.

There were 58 correlation numbers in the spatial
network of LCEY in Anhui Province in 2012,
including three internal plate correlation numbers
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Table 6. Spatial network division of LCEY in Anhui Province.

. Receive relational Overflow relation Proportion Proportion
Plate matrix Number
numbers numbers of cities of expected of actual
] i in the internal internal
I o lm | Internal Outside Internal | Outside relations relations
plate plate plate plate plate (%) %)
Plate | 3/0 | 0/0 | 0/6 | 13/3 3/0 29/26 3/0 13/9 4/2 20.00/6.67 | 18.75/0.00
Plate Il | 3/0 | 0/0 | 6/5 | 1/1 0/0 6/11 0/0 10/6 2/1 6.67/ 0.00 0.00/ 0.00
Plate IIT | 13/16 | 6/7 | 0/7 | 0/0 0/6 6/12 0/16 19/23 4/8 20.00/ 46.67 | 0.00/53.33
Plate IV | 13/10 | 0/4 | 0/1 | 0/9 0/3 14/4 0/9 13/16 6/5 33.33/26.67 | 0.00/41.67
Note: The numerator and denominator represent the data for 2012 and 2021 respectively
Table 7. Density matrix and image matrix.
Density matrix Image matrix
Plate Plate I Plate 11 Plate 11T Plate IV Plate 1 Plate 11 Plate I1I Plate IV
Plate I 0.25/0 0/0 0/0.375 0.542/0.3 1/0 0/0 0/1 1/1
Plate II 0.375/0 0/0 0.75/0.625 0.083/0.2 1/0 0/0 1/1 0/1
Plate IIT 0.813/1 0.75/0.875 0/0.125 0/0 1/1 1/0 0/0 0/0
Plate IV 0.542/1 0/0.8 0/0.025 0/0.45 1/1 0/1 0/0 0/1
Note: The numerator and denominator represent the data for 2012 and 2021 respectively
and 55 out-of-plate correlation numbers. In 2021, the Discussion
correlation number increased to 69, the internal plate
correlation number was 4, and the out-plate correlation Enlightenment

number was 60, which indicated that the LCEY
between plates was mainly a spatial spillover effect,
and the correlation degree of members within plates
showed an upward trend with time. In particular,
in 2012, plates I, II, III, and IV were part of the “net
spillover,” “broker,” “net benefit,” and “net spillover”
plates, respectively. In 2021, the receiving correlation
number of plate I changed from 29 to 26, and the
benefit in the related network decreased. The reception
relation number of plate II increases, and the reception
and spillover relation numbers are close, which
functions as a “broker” plate in the association
network by acting as a “bridge” and an “intermediary.”
Plates III and IV’s spillover correlation figures clearly
increased.

To further reveal the spatial correlation between
plates, a plate density matrix was constructed (Table 7).

Table 7 illustrates that the first plate is the net benefit
plate, the second plate transfers cash and technology
associated with LN development, and the third
and fourth plates exhibit spillovers to the other plates.
The first plate’s cities are situated in and around Anhui
Province’s main cities, which serve as the province’s
hub for economic development.

As we have shown, spatial network research on the
LCEY is still in its early stages, and we have made
some contributions to this research. Although we
studied the LCEY, our research results have certain
reference values for other industries and enterprises.
The main innovations include: (1) The SNA method is
applied to the research of LCEY, and the spatial network
matrix of LCEY is constructed by using the modified
gravity model, and the “attribute data” of LCEY is
converted into “relational data,” and its overall network
and individual network characteristics are analyzed.
(2) By analyzing the spatial network characteristics
of the LCEY, this paper proposes more scientific and
targeted countermeasures to improve the LCEY.

When the aforementioned findings and studies are
considered, we could obtain the following managerial
insights:

(1) The LCEY is a major statistic for gauging the
logistics industry’s SP. Improving LCEY and reducing
carbon emissions while maintaining economic
growth is one of the most important ways to improve
environmental quality in Anhui Province and is
a direction for future development.

(2) Applying the SNA method to LCEY management
can reveal the characteristics of the spatial network
structure of the LCEY in Anhui Province, as well as
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the positions and roles of each of the 16 municipalities
in the network, which can strengthen cooperation and
communication between the municipalities from the
perspective of complex relationships and ultimately
realize the coordinated win-win development of the
logistics system of each municipality and provide
intelligent decision-making for the improvement of
LCEY.

(3) Vigorously developing economies, strengthening
scientific and technological innovation, increasing
government investment, and implementing
environmental regulation linkages are the main
countermeasures to promote the LCEY network
structure. should exploit their unique geographic
advantages, resources, science, and technology and carry
out regional differentiation and linkage development.

Recommendations

The above research conclusions show that the
overall level of LCEY in Anhui Province is unbalanced,
and the association network between cities presents
significant regional differences. To further enhance and
stabilize the LCEY in Anhui Province and narrow the
development differences among regions, we make the
following recommendations:

(1) Cities with high economic levels should increase
support for economically underdeveloped areas. Network
efficiency decreased from 0.7619 to 0.6857 during the
study period. Individual network indicators in cities
such as Hefei and Wuhu have almost always been above
average, belonging to the net gain segment, which has
been acquiring resources from other cities to expand its
logistics strength while ignoring its own spillover effects
of support and influence on other cities. Therefore,
these cities should further strengthen cooperation and
exchange in the logistics industry and use their solid
economic foundations and advanced scientific and
technological levels to drive the low-carbon development
of LN in other places. Huaibei, Huainan, and other cities
should play the role of “middlemen,” strive for the input
of logistics resources to Hefei, Wuhu, and other cities,
and drive the development of LN in other cities.

(2) All plates and cities should strengthen their
exchanges and interactions during LN development.
In 2021, only the image matrices of plates I and III,
I and IV, and IV and IV were 1, whereas the rest were
0. The correlation densities between most plates were
lower than the overall network density. Therefore, cities
should further promote the cross-city flow of logistics
elements, such as people, finances, and materials;
strengthen cooperation between cities within and
between plates; and enhance their density. It is necessary
to correctly understand the position and role of cities in
the spatial network, improve the regional coordinated
development mechanism, vigorously stimulate the
radiation-leading role of Hefei, Wuhu, and other cities,
and strengthen cooperation with marginal cities such as
northern Anhui.

(3) Improve economic levels and establish
environmental control mechanisms. Suzhou, Huaibei,
and other northern Anhui municipalities have been
on the net overflow plate. Therefore, to return to the
provinces and cities with poor economies, it is necessary
to continuously improve the economic development
level, narrow the gap in economic development,
increase the network density, bolster the development of
transportation infrastructure, provide sufficient financial
support to the north of Anhui, guarantee the welfare of
scientific and technological personnel, and narrow the
difference in science and technology levels between
cities. Boost spending on reducing environmental
pollution, and strive to achieve balanced development
between cities.

Conclusions

Compared to the existing literature, this study
has the following advantages: First, the LCEY model
is constructed from the perspective of sustainable
development, which provides theoretical support for
evaluating the sustainable development capability of the
logistics industry. Second, the application of the SNA
method provides a new perspective for studying LCEY.
This study offers a fresh perspective on the evolution
of LN by examining the traits and variables that have
shaped the spatial network structure of LCEY in Anhui
Province from the perspective of complex relationships.
However, this study has the following shortcomings:
first, it lacks the combined use of relational and attribute
data in the LCEY; SNA and traditional econometric
models have their own advantages and disadvantages;
and comparative studies can be conducted to bring
together their strengths and study the spatial relationship
between any two places and better promote the SP
of LN; second, the sample size and time span can
be expanded. This study only examined the spatial
network of LCEY in Anhui Province from 2012 to 2021.
In the future, we will explore the dynamic correlation
and spillover effects of the LCEY in other provinces
and cities by refining the research scope and time span.
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