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This paper uses the EBM model to measure the carbon emission efficiency of

the logistics industry in 30 provinces in China from 2010 to 2019 and analyzes its

spatial and temporal evolution characteristics using ARCGIS visualization. On

this basis, the structural characteristics of the spatial correlation network of

carbon emission efficiency of the logistics industry in China and its influencing

factors are explored and analyzed by using the social network analysis method

and the quadratic distribution method (QAP). The study shows that: 1) The

national average logistics industry carbon emission efficiency increased from

2010 to 2019, and the spatial logistics industry carbon emission efficiency

shows the characteristics of East > Central > Northeast >West, and most of the

provinces in China are still in the middle and low logistics industry carbon

emission efficiency zone. 2) The carbon emission efficiency of logistics industry

in 30 provinces in China has formed a stable spatial correlation network, and

there is an obvious spatial spillover relationship. However, the structure of the

spatial association network is loose, and there are obvious gaps in the status of

each province in the spatial association network. The provinces in the eastern

region are at the core of the spatial correlation network, while the provinces in

the northeast and west are at the periphery of the spatial correlation network. 3)

The reduction of geographical distance between provinces, the greater the

differences in logistics development level, logistics energy intensity and logistics

environmental protection level, and the higher the similarity of logistics

informatization level, the more it can promote the formation of spatial

correlation network.
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1 Introduction

With the deepening of global attention to climate issues, “low-carbon development”

has become the goal pursued in today’s era (Sheng et al., 2021). Logistics industry is one of

the industries with high energy consumption and high carbon emission in China.

According to the China Energy Statistical Yearbook of energy consumption data by

industry, the total energy consumption of China’s logistics industry in 2019 was as high as
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439.09 million tons of standard coal, accounting for 9% of the

total energy consumption, ranking third in the ranking of energy

consumption data by industry. High energy consumption is

inevitably accompanied by high carbon emissions, and carbon

emissions data published by the China Carbon Accounting

Database (CEADs) show that China’s logistics industry

emitted 732.5 million tons of carbon dioxide in 2019,

accounting for 7.48% of the country’s total carbon dioxide

emissions. Carbon emission efficiency is the ratio between the

minimum carbon emission and actual emission that can

theoretically be achieved under the conditions of given input

factors and economic output (Wang et al., 2010; Zhou et al.,

2010). Some scholars believe that carbon emission efficiency is

the unity of economic and environmental benefits. Use as little

carbon emission as possible to obtainmore economic output (Xu,

2021). The essence of these two statements is to regard carbon

emission as an undesired output, and consider the input-output

relationship of the logistics industry under the constraint of

carbon emission. The higher the carbon emission efficiency of

the logistics industry, the higher the economic value or the less

carbon emissions produced under the same logistics industry

input, which is more conducive to the low-carbon development

of the regional logistics industry. Improving the carbon emission

efficiency of logistics industry and fostering a modern low-

carbon green logistics industry have an important role in

promoting the construction of a modernized green economic

system (Chen et al., 2019).

At present scholars’ research on carbon emission efficiency in

logistics industry mainly focuses on the following three aspects:

1) Carbon emission efficiency indicators measured by data

envelopment analysis (DEA) are used for carbon emission

efficiency determination in logistics industry, and the

commonly used models are radial three-stage DEA model

(Wang and Ma, 2012), DEA-BCC model (Zheng et al., 2020;

Ma et al., 2021; Du, 2022), non-radial SBMmodel (Hou and Zhu,

2019; Tao et al., 2021), and super-efficient SBM model (He et al.,

2021; Xu et al., 2022a). The radial three-stage DEA model and

DEA-BCC model are inaccurate in efficiency determination

when there are non-expected outputs; when there are non-

zero relaxation variables, the efficiency values derived from

the non-radial SBM model and the super-efficient SBM model

are usually lower than the actual efficiency values. The EBM

model considers all radial and non-radial relaxation variables

(Yin and Zhu, 2020), which can compensate for their deficiencies

in efficiency determination. 2) Exploratory spatial analysis

(EDSA) was used to conduct spatial autocorrelation analysis

by calculating Moran’s I index, so as to determine the

agglomeration of carbon emission efficiency of logistics

industry in each province and its spatial correlation. Research

(Chen and Pan, 2016) uses the global spatial autocorrelation and

local spatial autocorrelation methods to analyze the spatial

agglomeration of the carbon emission efficiency of the

logistics industry in 30 provinces of China from 2005 to 2014.

The results show that the spatial autocorrelation of the carbon

emission efficiency of China’s logistics industry as a whole has

been enhanced during the research period, while most provinces

have positive spatial autocorrelation, that is, the regions with high

carbon emission efficiency of the logistics industry are

surrounded by other regions with high carbon emission

efficiency, On the contrary, low and low provinces surround.

At the same time, the provinces with low carbon emission

efficiency in China’s logistics industry have the trend of

further gathering. The study (Liu and Guan, 2017) also uses

spatial autocorrelation method to analyze the spatial

agglomeration of carbon emission efficiency of logistics

industry in 30 provinces of China from 2003 to 2014. The

results show that the overall distribution of logistics industry

efficiency shows weak agglomeration, and tends to converge in

the unbalanced development. The spatial linkage between North

China and Central China has been strengthened, while the

development of logistics industry in Guangdong, Fujian and

other provinces has not played a strong role in driving the

surrounding areas. Recent scholars have explored the spatial

pattern of carbon emission efficiency of inter-provincial logistics

industry in China by using Gini coefficient and gravity-standard

deviation ellipse analysis (Liu et al., 2021). The results show that

the distribution center of carbon emission efficiency of China’s

logistics industry tends to shift from inland to coastal areas, and

the distribution pattern has a tendency to concentrate in the east.

3) Tobit regression model was used to quantitatively analyze the

influencing factors of logistics carbon emission efficiency from

the perspectives of economic development level, industry scale,

energy consumption structure and informationization level (Liu

and Guan, 2017; Cao and Deng, 2019).

Driven by the national and regional coordinated

development strategy, today’s social and economic level,

logistics and transportation level, information exchange level,

scientific and technological development level and other multi-

level integrated development, carbon emissions as a product of

social and economic activities, its spatial relationship has broken

through the traditional relationship. The linear mode gradually

presents a nonlinear spatial structure with complex network

structure characteristics (Sun et al., 2016; Wang et al., 2020a).

At the same time, the spatial correlation of the carbon emission

efficiency of the logistics industry in various provinces has also

been strengthened. However, the existing research on the carbon

emission efficiency of the logistics industry lacks integrity. It only

analyzes the spatial relationship of the carbon emission efficiency

of the logistics industry based on the geographical adjacency

relationship between provinces, and does not consider the

possible impact of “non-adjacent” areas on the carbon

emission efficiency of the logistics industry. Characterize the

spatial correlation network formed by the carbon emission

efficiency of the logistics industry among provinces. Moreover,

the existing research on the carbon emission efficiency of the

logistics industry only pays attention to the attribute data of the
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province itself. Few articles explore the carbon emission

efficiency of the logistics industry from the relationship data

between provinces, which makes the spatial correlation research

of the carbon emission efficiency of the logistics industry still

blank. This restricts the coordinated emission reduction of

regional logistics. Social network analysis (SNA) explores the

spatial relationship of each node based on the “relationship data”

between nodes, which can systematically reflect the spatial

correlation network and attribute characteristics (Liu and

Song, 2018). This contributes to the construction and visual

analysis of spatial correlation networks (Wang et al., 2018). Social

network analysis method is widely used in social science,

ecological governance, energy and environment (Zhang et al.,

2022a), and the latest scholars also apply it to power (Wei et al.,

2020), tourism (Wang et al., 2020b), agriculture (He et al., 2020),

transportation (Ma et al., 2019), architecture (Huo et al., 2022)

and other related carbon emission fields.

Therefore, in view of the shortcomings of the existing

research, this paper applies the social network analysis

method to the research on the carbon emission efficiency of

the logistics industry for the first time. From the perspective of

spatial relationship and network, this paper systematically reveals

the spatial correlation network formed by the carbon emission

efficiency of the logistics industry in 30 provinces (cities and

FIGURE 1
Technology roadmap of this paper.
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autonomous regions, hereinafter referred to as “provinces,”

excluding Tibet Autonomous Region, Hong Kong, Macao

and Taiwan), determines the status and role of each

province in the spatial correlation network, and then

analyzes the influencing factors of the formation of the

spatial correlation network using the quadratic assignment

procedure (QAP). Different from the existing spatial

autocorrelation method, which uses the province’s own

attribute data and simple geographic adjacent data to

analyze the spatial relationship of carbon emission efficiency

in the logistics industry, this paper uses the social network

analysis method to accurately depict the spatial correlation

network of carbon emission efficiency in China’s logistics

industry from the relationship data between provinces. This

study found that the spatial relationship of carbon emission

efficiency of logistics industry in 30 provinces of China is no

longer a simple geographical spatial aggregation relationship

presented by existing research, but a complex, multi flow spatial

association network. This research accurately depicts the spatial

correlation network and systematically analyzes the structural

characteristics of the spatial correlation network, which is

helpful to comprehensively understand the spatial

correlation and network structural characteristics of the

carbon emission efficiency of the logistics industry, and

promote the transformation of emission reduction policies

from “local” to “whole.” At the same time, the study found

that the central provinces of the logistics industry’s carbon

emission efficiency spatial correlation network are concentrated

in the eastern region, such as Hebei, Shanghai, Guangdong, etc.,

taking the central provinces of the spatial correlation network

as the starting point, relying on its strong radiation and driving

effect on other provinces, using the inter provincial system

connection network to enhance the spatial linkage effect of the

logistics industry’s carbon emission efficiency, and innovating

the concept of collaborative emission reduction, Provide

scientific basis for coordinated emission reduction of

regional logistics, promote the sustainable development of

China’s logistics industry, and achieve the goal of carbon

emission reduction and carbon neutralization as soon as

possible.

2 Researchmethods and data sources

This paper first uses the EBM model to measure the carbon

emission efficiency of the logistics industry in 30 provinces from

2010 to 2019, and analyzes the spatial and temporal evolution

characteristics of the carbon emission efficiency of the logistics

industry in 30 Chinese provinces through ARCGIS visualization;

then introduces the modified gravity model to construct the

spatial correlation binary matrix of the carbon emission

efficiency of the logistics industry in China, and uses Ucinet

6.0 software to draw the spatial correlation network structure

from 2010 to 2019 and characterize the structure of the spatial

association network using social network analysis. Then the QAP

method was used to analyze the factors influencing the formation

of the spatial correlation network, and finally, based on the

conclusions obtained, corresponding policy suggestions were

made to further strengthen the tightness of the spatial

correlation network and improve the carbon emission

efficiency of China’s logistics industry. The concrete

technology roadmap of the paper is as follows (Figure 1):

2.1 Calculation of logistics industry carbon
emission efficiency

2.1.1 Calculation of logistics industry CO2

emissions
The transportation, warehousing and postal industries

account for more than 85% of the total output value of the

logistics industry (Ma andWang, 2013), which can largely reflect

the development of the entire logistics industry. Therefore, this

paper uses the terminal energy consumption of transportation,

warehousing and postal industries in each province in the

regional energy balance table of the China Energy Statistical

TABLE 1 Coefficient of the eight energy sources.

Energy Standard coal coefficient
(Kg/Kg or Kg/m3)

Carbon emission coefficient
(t/t or t/103m3)

Raw Coal 0.7143 0.7559

Coke 0.9714 0.8550

Gasoline 1.4714 0.5538

Kerosene 1.4714 0.5714

Diesel 1.4571 0.5921

Fuel Oil 1.4286 0.6185

LPG 1.7143 0.5042

Natural Gas 1.3300 0.4483

Note: Data source: 2006 IPCC, guidelines for national greenhouse gas emission inventories.
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Yearbook to replace the terminal energy consumption of the

logistics industry, CO2 emissions of the logistics industry are

calculated based on the requirements of the IPCC coefficient

method in the 2006 IPCC Guidelines for National Greenhouse

Gas Inventories (IPCC, 2006; Jiang et al., 2020). The existing

researches (Zhang and Cai, 2014; Zhang, 2016; Zhao and Yang,

2019; Long et al., 2020; Quan et al., 2020; Xu and Ning, 2020;

Wang, 2021; Li et al., 2022a; Xu et al., 2022b) all use this method

to calculate the CO2 emissions of the logistics industry. The

specific calculation formula is as follows:

C � ∑
i

Ci � ∑
i

Ei · ηi · αi ·
Mco2
Mc

(1)

In Eq. 1, C is the CO2 emissions of the logistics industry from

2010 to 2019, in units of 104 tons; Ci is the carbon emission of the

ith energy, in units of 10,000 tons; Ei is the consumption of the ith

energy, in units of 104 tons; ηi is the coefficient of converting the

ith energy into standard coal, in units of kg/kg or kg/m3;αi is the

carbon emission coefficient of the ith energy, in units of t/t or t/

103 m3; Mco2
Mc refers to 44

12. The conversion coefficient of standard

coal and carbon emission coefficient of the above eight energy

sources are listed in Table 1.

2.1.2 Calculation of logistics industry carbon
emission efficiency

In this paper, a non-oriented, non-expected output-based

EBM model is used to determine the carbon emission

efficiency of the logistics industry in 30 Chinese provinces

from 2010 to 2019, and the model formula is given in reference

(Ren et al., 2020). This paper selects the evaluation index of

carbon emission efficiency of logistics industry from the

aspects of input and output. Combining the existing studies

(Cao and Deng, 2019; He et al., 2021) to establish the carbon

emission efficiency index system of logistics industry in

30 provinces from 2010 to 2019 (Table 2). Descriptive

statistics of sample data are shown in Table 3.

2.2 Identification of spatial association
network

Drawing on themethod of existing studies (Wang et al., 2019;

Zhang et al., 2022b), a modified gravity model was introduced to

measure the spatial correlation intensity of carbon emission

efficiency in the logistics industry among 30 provinces in

China. The calculation formula is as follows.

TABLE 2 Carbon emission efficiency index system of China’s logistics industry.

Indicator type Indicator name Indicator meaning and description

Input indicators Labor input Number of employees in the logistics industry (persons)

Fixed assets input Investment in fixed assets in logistics industry (billion yuan)

Infrastructure input Length of transport routes (km)

Energy input Logistics industry 8 major energy sources terminal consumption: raw coal, coke, gasoline, kerosene, diesel,
fuel oil, liquefied petroleum gas, natural gas (million tons of standard coal)

Expected output indicators Logistics industry value added Gross value of logistics industry (billion)

Non-expected output
indicators

CO2 emissions of logistics
industry

Carbon dioxide emissions of 8 energy consumption in logistics industry (104 tons)

TABLE 3 Descriptive statistics of sample data.

Indicators Minimum Maximum Average value Standard deviation

Number of employees in the logistics industry (persons) 34,000 864,093 268,549 164,738

Investment in fixed assets in logistics industry (billion yuan) 100.29 5644.46 1398.15 1019.53

Length of transport routes (km) 14622.49 353155.00 155647.52 81076.23

Logistics industry 8 major energy sources terminal consumption (million tons of
standard coal)

101.21 3347.83 990.73 626.41

Gross value of logistics industry (billion) 61.26 3657.96 1056.12 772.56

CO2 emissions of logistics industry 222.93 7132.47 2116.39 1368.48

Note: The annual statistical data of 30 provinces from 2010 to 2019 are selected, so the total sample size is 300.
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Fij � Ai

Ai + Aj
×
Gi × Gj

D2
ij

(ai−aj)2
(2)

In Eq. 2, Fij denotes the spatial correlation strength of carbon

emission efficiency of logistics industry between provinces i and j;

Ai, Aj, Gi, Gj, ai, and aj denote the gross value of logistics industry,

carbon emission efficiency of logistics industry and gross value

per employee of logistics industry in provinces i and j,

respectively; Dij denotes the distance of provincial capital

between provinces i and j. According to the spatial correlation

strength of carbon emission efficiency of logistics industry

between provinces, the threshold value is set to the mean

value of each row, and if F is greater than this mean value, it

is recorded as 1, indicating that there is a correlation between the

carbon emission efficiency of logistics industry between

provinces; otherwise, it is recorded as 0, indicating that there

is no correlation between provinces (Liang, 2019; Yu et al., 2022),

which results in the binary matrix of spatial correlation of carbon

emission efficiency of logistics industry in China.

2.3 Analysis of structural features of spatial
association networks

This paper analyzes the structure of the spatially linked

network of carbon emission efficiency in China’s logistics

industry from three aspects: overall characteristics,

individual characteristics and clustering characteristics

using social network analysis (Cheng et al., 2020; Rong

et al., 2022). In terms of overall characteristics, five

indicators are selected to analyze the overall robustness,

closeness of network relationships and differences in

network hierarchy of spatially linked networks (Shao and

Wang, 2021; Shang et al., 2022; Sun et al., 2022): network

relatedness, network efficiency, network number, network

density and network hierarchy. In terms of individual

characteristics, three indicators (Song et al., 2019; Wei

and Chen, 2021; Zheng and Ye, 2022a), degree centrality,

closeness centrality and betweenness centrality, were

selected to quantitatively analyze the roles and positions

played by each province in the spatially linked network.

In terms of clustering characteristics, the spatial

association network was divided into four major plates of

net benefit, broker, two-way spillover, and net spillover using

block model analysis, drawing on existing studies based on

the number of incoming and outgoing relationships in the

plate and the difference between the expected internal

relationship ratio of the plate and the actual internal

relationship ratio of the plate (Zhao et al., 2021; Zheng

and Ye, 2022b), and the interactions within the plate and

between the plate and the plate were studied and analyzed.

2.4 Quadratic assignment procedure
regression analysis

This paper takes relational data as the research object, so

there must be correlations between variables. qap regression

analysis method has no strict requirements for independence

between variables, and the regression results are more robust

than using conventional methods (Doreian and Conti, 2012).

Therefore, the QAP regression analysis method is chosen in this

paper to study the factors influencing the spatial correlation

network of carbon emission efficiency in China’s logistics

industry. Using 2019 data as a representative, the following

model was constructed by combining existing studies (Wang

et al., 2020b; Zheng and Ye, 2022b; Shang et al., 2022).

T � f(L, J, R,N,H, Y,X,Z) (3)

where T denotes the spatial correlation dichotomous matrix of

carbon emission efficiency of China’s logistics industry; L

denotes the spatial adjacency matrix, with the adjacency of

two provinces recorded as 1, otherwise recorded as 0; J

denotes the logistics development level difference matrix,

expressed by the difference of GDP of logistics industry in

each province; R denotes the logistics industry structure

difference matrix, expressed by the difference of GDP of

logistics industry in each province to the total GDP of each

province; N denotes the logistics energy utilization difference

matrix, expressed by N denotes the matrix of differences in

logistics energy utilization, expressed as the difference in the

ratio of logistics integrated turnover to energy consumption by

province, and logistics integrated turnover is expressed as the

difference in road, rail, and water transportation turnover of

freight and passengers by province, respectively, calculated in the

literature (Li and Li, 2019). Y denotes the difference matrix of

logistics transportation intensity, expressed by the difference in

the ratio of turnover volume to GDP of logistics industry in each

province; X denotes the difference matrix of logistics

informatization level, expressed by the difference in total

postal and telecommunications business income in each

province; Z denotes the difference matrix of logistics

investment intensity, expressed by the difference in fixed asset

investment in logistics industry in each province.

2.5 Data source

In this paper, the statistical data of transportation, storage

and postal industry in 30 provinces of China from 2010 to

2019 are used instead of logistics industry, and the data are

obtained from each province’s Statistical Yearbook, National

Statistical Yearbook, China Energy Statistical Yearbook, China

Fixed Assets Investment Statistical Yearbook and China Fixed
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Assets Investment Statistical Annual Report, and the missing

data are complemented by linear interpolation method.

3 Analysis of results

3.1 Analysis of the space-time evolution
characteristics of carbon emission
efficiency in logistics industry

This paper uses the EBM model to calculate the carbon

emission efficiency of logistics industry in 30 provinces of China

from 2010 to 2019. At the same time, Li’s (Li et al., 2022b)

classification of aviation carbon emission efficiency can be used

for reference, the carbon emission efficiency of logistics industry

is divided into four ranks: very low efficiency (0 < ρ ≤ 0.3), low

efficiency (0.3 < ρ ≤ 0.6), medium efficiency (0.6 < ρ ≤ 0.9), and

High efficiency (ρ > 0.9), and the distribution of carbon emission

efficiency of logistics industry in 30 provinces in China is

obtained.

3.1.1 Analysis on temporal evolution
characteristics of carbon emission efficiency in
logistics industry
3.1.1.1 Temporal evolution characteristics of carbon

emission efficiency at provincial level

The carbon emission efficiency of logistics industry in

30 provinces of China from 2010 to 2019 is shown in Table 4.

From the average carbon emission efficiency of the logistics

industry in 30 provinces, 13 provinces, including Hebei,

TABLE 4 Carbon emission efficiency of logistics industry in 30 provinces of China from 2010 to 2019.

Province 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Average Rank Growth
Rate
(%)

Anhui 0.589 0.644 0.591 0.489 0.435 0.392 0.370 0.376 0.416 0.797 0.510 18 35.314

Beijing 0.469 0.649 0.515 0.560 0.541 0.575 0.587 0.620 0.680 0.673 0.587 14 43.497

Fujian 0.531 0.555 0.633 0.584 0.642 0.725 0.800 0.874 0.643 0.697 0.669 7 31.262

Gansu 0.596 0.671 0.653 0.559 0.407 0.415 0.382 0.423 0.516 0.520 0.514 17 −12.752

Guangdong 0.471 0.552 0.615 0.505 0.530 0.506 0.548 0.537 0.568 0.608 0.544 16 29.087

Guangxi 0.299 0.369 0.364 0.351 0.337 0.359 0.369 0.4 0.426 0.435 0.371 25 45.485

Guizhou 0.277 0.306 0.335 0.305 0.334 0.340 0.363 0.408 0.471 0.466 0.361 27 68.231

Hainan 0.313 0.426 0.438 0.313 0.318 0.324 0.324 0.353 0.384 0.588 0.378 24 87.859

Hebei 0.833 0.974 1.000 0.892 0.947 0.971 0.910 1.000 0.992 1.000 0.952 1 20.048

Henan 0.58 0.606 0.652 0.606 0.677 0.602 0.645 0.632 0.733 0.759 0.649 9 30.862

Heilongjiang 0.246 0.281 0.320 0.298 0.286 0.243 0.24 0.247 0.315 0.288 0.276 29 17.073

Hubei 0.432 0.455 0.455 0.426 0.414 0.387 0.362 0.387 0.488 0.65 0.446 19 50.463

Hunan 0.438 0.481 0.596 0.589 0.567 0.535 0.537 0.581 0.617 0.547 0.549 15 24.886

Jilin 0.378 0.465 0.476 0.469 0.418 0.374 0.368 0.390 0.418 0.415 0.417 21 9.788

Jiangsu 0.815 0.940 1.000 0.847 0.739 0.729 0.752 0.802 0.787 0.801 0.821 4 −1.718

Jiangxi 0.505 0.588 0.735 0.690 0.567 0.520 0.515 0.658 0.716 0.710 0.620 12 40.594

Liaoning 0.464 0.602 0.653 0.534 0.539 0.750 0.762 0.827 0.920 1.000 0.705 6 115.517

Inner
Mongolia

0.522 0.629 0.705 0.673 0.661 0.575 0.568 0.587 0.846 0.820 0.659 8 57.088

Ningxia 0.620 0.784 0.793 0.726 0.552 0.503 0.469 0.454 0.458 0.663 0.602 13 6.935

Qinghai 0.251 0.286 0.222 0.202 0.182 0.194 0.197 0.196 0.237 0.235 0.220 30 −6.375

Shandong 0.770 0.852 0.865 0.811 0.65 0.613 0.645 0.718 0.738 0.802 0.746 5 4.156

Shanxi 0.428 0.475 0.517 0.561 0.554 0.56 0.589 1.000 0.899 0.806 0.639 10 88.318

Shaanxi 0.367 0.400 0.483 0.451 0.458 0.402 0.444 0.445 0.435 0.469 0.435 20 27.793

Shanghai 0.695 0.816 0.931 0.867 1.000 0.793 0.786 0.813 0.992 1.000 0.869 3 43.885

Sichuan 0.211 0.228 0.232 0.256 0.258 0.286 0.262 0.286 0.341 0.407 0.277 28 92.891

Tianjin 0.767 0.825 0.835 0.931 0.876 0.879 0.868 0.947 1.000 0.950 0.888 2 23.859

Xinjiang 0.287 0.327 0.401 0.400 0.375 0.347 0.410 0.357 0.439 0.585 0.393 23 103.833

Yunnan 0.213 0.257 0.363 0.322 0.311 0.337 0.373 0.428 0.517 0.568 0.369 26 166.667

Zhejiang 0.565 0.605 0.611 0.617 0.600 0.562 0.601 0.642 0.698 0.727 0.623 11 28.673

Chongqing 0.443 0.477 0.453 0.393 0.385 0.349 0.344 0.339 0.380 0.421 0.398 22 −4.966
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Tianjin, Shanghai, Jiangsu, Shandong, Liaoning, Fujian, Inner

Mongolia and Henan, have carbon emission efficiency of more

than 0.6, which belongs to the medium carbon emission

efficiency level. However, the carbon emission efficiency of

logistics industry in Qinghai, Heilongjiang, Sichuan and other

three provinces is lower than 0.3, which belongs to the very low

carbon emission efficiency level. From the perspective of the

change rate of carbon emission efficiency of the logistics industry

in 30 provinces, from 2010 to 2019, except that the carbon

emission efficiency of the logistics industry in four provinces,

Jiangsu, Qinghai, Chongqing and Gansu, decreased slightly, the

carbon emission efficiency of the logistics industry in the

remaining 26 provinces increased. For the four provinces

where the carbon emission efficiency of the logistics industry

has decreased, among them, the carbon emission efficiency of the

logistics industry in Jiangsu Province has decreased from 0.815 in

2010 to 0.801 in 2019, with a drop rate of 1.718%. The carbon

emission efficiency of the logistics industry has fluctuated

between 0.7–1. Although the carbon emission efficiency of the

logistics industry is relatively high, efforts have been made to

improve the growth rate of the carbon emission of the logistics

industry and reverse the decline in the carbon emission efficiency

of the logistics industry. The carbon emission efficiency of the

logistics industry in Gansu, Qinghai and Chongqing has

decreased by 12.752%, 6.375%, and 4.966% respectively.

During the study period, Gansu and Qinghai have been at a

very low carbon emission efficiency level, while Chongqing has

been at a low carbon emission efficiency level. Due to the

geographical location limitations of these three provinces, the

carbon emission efficiency of the logistics industry is not high

and has a downward trend, so it is necessary to further strengthen

the development of low-carbon logistics industry. For the

26 provinces where the carbon emission efficiency of the

logistics industry has increased, according to their different

growth rates, the natural breakpoint method is used to divide

them into five types. Among them, Yunnan Province belongs to

the rapid growth type. The carbon emission efficiency of its

logistics industry increased from 0.213 in 2010 to 0.568 in 2019,

with a growth rate of 166.667%. The reason is that, due to the

implementation of the Western Development Strategy and the

Bridgehead Project, Yunnan has become an important bridge to

communicate materials, technology, information and other

information in Southeast Asia. In addition, the relevant

national policy support for Yunnan Province has provided a

good political environment for the development of modern

logistics industry in Yunnan Province, which has led to the

rapid growth of carbon emission efficiency of its logistics

industry. Liaoning, Xinjiang, Sichuan, Shanxi, Hainan and

other five provinces are of fast growth type. Guizhou, Inner

Mongolia, Hubei, Guangxi, Beijing, Shanghai, Jiangxi and other

seven provinces are of medium growth type. Anhui, Fujian,

Henan, Guangdong, Zhejiang, Shaanxi, Hunan, Tianjin,

Hebei, Heilongjiang and other 10 provinces are slow growing.

Jilin, Ningxia, Shandong and other three provinces belong to the

extremely slow growth type. It can be seen that the regions with

slow growth in carbon emission efficiency of China’s logistics

industry are mainly concentrated in the economically

underdeveloped regions such as the northwest and northeast,

as well as Shandong, Hebei, Tianjin and other provinces with

high levels of low-carbon logistics.

3.1.1.2 Temporal evolution characteristics of carbon

emission efficiency in four regions

The changes of the average carbon emission efficiency of the

logistics industry in the whole country and the four regions from

2010 to 2019 is shown in Figure 2.

On the whole, from 2010 to 2019, the national average

carbon emission efficiency of the logistics industry in China

showed a trend of “first rising—then falling - then rising.” The

reason is that, with the implementation of the first national

plan of China’s logistics industry in 2009: the Plan for the

Adjustment and Revitalization of the Logistics Industry, and

from 2010 to 2012, the industrial structure of China’s logistics

industry was adjusted to modernize and efficient logistics,

which increased the carbon emission efficiency of the logistics

industry during this period. However, with the rapid

development of the logistics industry and the innovation of

the business model, China’s logistics industry is unable to

coordinate as a whole due to the lack of a unified logistics

management department, forming a unified, open, fair and

orderly modern logistics market system, resulting in the

logistics industry has a great barrier in the optimization of

the allocation of resource elements, and the carbon emission

efficiency of the logistics industry has also shown a short-term

downward trend. After 2015, with the introduction of the

medium and long-term plan for the development of the

logistics industry (2014–2020), the goal of establishing a

modern logistics service system with reasonable layout,

advanced technology, convenience, efficiency, green

FIGURE 2
Trend of carbon emission efficiency in China’s logistics
industry, 2010–2019.
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environment, safety and order was proposed. The level of

socialization and specialization of logistics has been further

improved, and the carbon emission efficiency of the national

logistics industry has been rapidly improved. Under the same

carbon emission conditions, the economic output of China’s

logistics industry has increased, and the industrial efficiency

of the logistics industry has improved. In general, from

2010 to 2019, the average carbon emission efficiency of

China’s logistics industry increased from 0.479 to 0.647,

realizing the transformation from low carbon emission

efficiency to medium carbon emission efficiency, and the

low-carbon development of the logistics industry achieved

significant results.

From the perspective of the four regions, the overall

carbon emission efficiency of the logistics industry in the

four regions also showed a fluctuating upward trend from

2010 to 2019. The carbon emission efficiency in the eastern

region increased from 0.623 to 0.786, which was stable at the

medium carbon emission efficiency level. The reason is that

the eastern region of China has developed economy,

advanced low-carbon logistics development technology,

abundant resources and strict restrictions on

environmental pollution, so its logistics industry has high

carbon emission efficiency. The carbon emission efficiency of

the logistics industry in the central region increased from

0.495 to 0.711, with the largest growth rate. It was

transformed from a low carbon emission efficiency area to

a medium carbon emission efficiency area. This is mainly due

to the country’s strong support for the development of the

central region. With the introduction of the 13th Five Year

Plan for Promoting the Rise of the Central Region and other

relevant policies, the logistics industry in the central region,

as a comprehensive transportation hub, has developed

vigorously. At the same time, the emphasis on ecological

civilization has been deepened, the logistics industry

structure has been adjusted, and low-carbon logistics has

developed rapidly. The carbon emission efficiency of logistics

industry in northeast region rose from 0.363 to 0.568, and

that in western region rose from 0.371 to 0.508, indicating

that the development of low-carbon logistics in the four

regions has achieved certain results. However, during the

study period, the carbon emission efficiency of the logistics

industry in the four regions still has obvious regional

differences. The carbon emission efficiency of the logistics

industry in the eastern region is always higher than the

national average, while the carbon emission efficiency of

the logistics industry in the central region is not much

different from the national average. Although the carbon

emission efficiency of the logistics industry in the northeast

and western regions has improved, due to their geographical

location, the transportation and logistics infrastructure is

backward, the lack of corresponding resources and technical

support, and the constraints on environmental pollution are

relatively loose, Therefore, it has been lower than the

national average and is at the low carbon emission

efficiency level.

3.1.2 Analysis of the spatial evolution
characteristics of carbon emission efficiency

Based on the grade changes of carbon emission efficiency in

the logistics industry in 30 provinces of China, ARCGIS

visualization analysis was used to show the spatial evolution

of carbon emission efficiency grade differences in the logistics

industry in 30 provinces of China from 2010 to 2019, using 2010,

2013, 2016, and 2019 as representative years (Figure 3).

Note: The above four maps are based on the standard map

with the review number GS (2019) 1822 downloaded from the

standard map service website of the National Bureau of

Surveying, Mapping and Geographic Information.

As can be seen from Figure 2, in 2010, the overall level of

carbon emission efficiency of China’s logistics industry was

low, there was no high logistics industry carbon emission

efficiency zone, and only five places, such as Hebei, Shandong,

Tianjin, Jiangsu and Ningxia, were medium carbon emission

efficiency zones, 18 low carbon emission efficiency zones, such

as Beijing, Hunan, Shanxi, Hubei and Jilin, and seven very low

carbon emission efficiency zones, such as Guangxi, Guizhou,

Sichuan and Xinjiang. In 2013, the Tianjin in the eastern

region became a high carbon emission efficiency zone, and

Shanghai and Zhejiang were transformed from low carbon

emission efficiency zones to medium carbon emission

efficiency zones. The carbon emission efficiency of the

logistics industry in the central and western regions

improved significantly, with four places in Xinjiang,

Yunnan, Guangxi, and Guizhou transforming from very

low carbon emission efficiency zones to low carbon

emission efficiency zones, three places in Henan, Jiangxi,

and Inner Mongolia transforming from low carbon

emission efficiency zones to medium carbon emission

efficiency zones, and only three places in Qinghai, Sichuan,

and Heilongjiang being very low carbon emission efficiency

zones. In 2016, four places in Tianjin, Inner Mongolia,

Ningxia, and Jiangxi had their logistics industry carbon

emission efficiency all decreased, Liaoning, Fujian, and

Hebei three logistics industry carbon emission efficiency

increased, Liaoning and Fujian transformed from low

carbon emission efficiency zones to medium carbon

emission efficiency zones, Hebei became the only high

carbon emission efficiency zone, and the remaining

provinces had little change in logistics industry carbon

emission efficiency. 2019, high carbon emission efficiency

zones increased to Hebei, Liaoning, Shanghai, and Tianjin

4, most provinces in the central region logistics industry

carbon emission efficiency increases, with 13 medium

carbon emission efficiency zones in Shanxi, Hubei, Anhui,

etc., 11 low carbon emission efficiency zones in Sichuan and
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Xinjiang, and only two very low carbon emission efficiency

zones in Qinghai and Heilongjiang.

Overall, from 2010 to 2019, the carbon emission

efficiency of the logistics industry in 30 provinces in

China has improved to varying degrees. High carbon

emission efficiency zones increased from 0 to 4, all in the

eastern coastal provinces; medium carbon emission

efficiency zones increased significantly, from 5 to 13,

mainly concentrated in the central region of China; low

carbon emission efficiency zones decreased from 18 to 11,

mostly in the western region provinces; very low carbon

emission efficiency zones decreased from seven to 2. The

overall carbon emission efficiency of China’s logistics

industry shows the trend of East > Central > Northeast >
West. Although the carbon emission efficiency of logistics

industry in each province has improved significantly, most of

the provinces are still in the middle and low carbon emission

efficiency zones, and there is more room for improving the

carbon emission efficiency of logistics industry.

3.2 Structural analysis of the spatial
correlation network of carbon emission
efficiency in logistics industry

3.2.1 Analysis of the overall network structure
characteristics

Based on the spatially correlated binary matrix of carbon

emission efficiency in the logistics industry obtained above,

the visualization tool Netdraw in Ucinet 6.0 software was used

to draw the spatially correlated network structure of carbon

emission efficiency in China’s logistics industry using 2010,

2013, 2016, and 2019 as representative years (Figure 4). The

spatial correlation of carbon emission efficiency of China’s

logistics industry has gone beyond the simple geographical

adjacency, forming a crisscross and multi flow spatial

correlation network. Hebei, Shandong, Beijing and other

economically developed eastern provinces have always been

in the center of this spatial correlation network, which has a

great impact on other provinces and has a strong radiation

FIGURE 3
Distribution of carbon emission efficiency rating differences of logistics industry in 30 provinces in China, 2010–2019.
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and leading role. Xinjiang, Shanxi, Shaanxi and other

relatively backward western provinces are at the edge of the

network, and their carbon emission efficiency radiation ability

is weak.

The overall characteristic index values of the spatial

correlation network of carbon emission efficiency in

China’s logistics industry from 2010 to 2019 were

calculated using Ucinet 6.0 software (Table 5). From

2010 to 2019, the network relatedness of the spatial

correlation network of carbon emission efficiency of

China’s logistics industry was one, indicating that

30 provinces and cities were included in the spatial

correlation network, forming a stable spatial correlation

network. From 2010 to 2019, the network efficiency of

space related networks decreased from 0.702 to 0.562, and

the lowest was 0.382 in 2018. The decline in network efficiency

FIGURE 4
Structure of the spatial correlation network of carbon emission efficiency in China’s logistics industry.

TABLE 5 Overall characteristic indicators of the spatially linked network of carbon emission efficiency in China’s logistics industry, 2010–2019.

Indicators 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Network relatedness 1 1 1 1 1 1 1 1 1 1

Network efficiency 0.702 0.806 0.716 0.429 0.505 0.506 0.509 0.516 0.392 0.562

Network number 175 160 153 177 167 153 163 155 176 184

Network density 0.201 0.184 0.176 0.203 0.192 0.176 0.187 0.178 0.202 0.212

Network hierarchy 0.714 0.739 0.766 0.714 0.734 0.764 0.741 0.756 0.712 0.700
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indicates that the spatial spillover of the network is enhanced,

the carbon emission efficiency relationship of the logistics

industry among provinces and cities is superimposed, the

redundant correlation lines are increased, and the structure

of the spatial correlation network is becoming more and more

stable. From 2010 to 2019, the network number and network

density of the spatial association network showed a trend of

“first decreasing and then increasing.” The network density

increased from 0.201 in 2010 to 0.212 in 2019. Although the

network density value increased, the density of the spatial

association network was still low compared with the

maximum value of network density “1.” The spatial

association degree of the carbon emission efficiency of the

logistics industry in each province was not high. The number

of network connections increased from 175 in 2010 to 184 in

2019, which is still far from the maximum number of possible

network connections (870), which indicates that the network

structure of spatial connection networks is still relatively

loose, and the communication and cooperation between the

logistics industry in various provinces and cities on carbon

emission efficiency should be further improved. Meanwhile

the network hierarchy decreases from 0.714 to 0.700,

indicating that despite the coordinated allocation of

logistics industry labor and information technology across

TABLE 6 Individual characteristic indicators of the spatially linked network of carbon emission efficiency in China’s logistics industry in 2019.

Province Degree centrality Closeness centrality Betweenness centrality

Point-out
number

Point-in
number

Degree
centrality

Rank Closeness
centrality

Rank Betweenness
centrality

Rank

Anhui 5 21 22 2 78.378 3 72.268 3

Beijing 3 17 17 4 70.732 5 9.736 11

Fujian 5 2 6 12 55.769 14 0.450 22

Gansu 7 1 7 11 56.863 13 4.143 14

Guangdong 9 5 11 7 61.702 8 32.462 8

Guangxi 7 2 7 11 56.863 13 0.593 21

Guizhou 9 1 9 9 59.184 11 0.593 21

Hainan 13 2 13 6 64.444 7 7.426 13

Hebei 6 28 28 1 96.667 1 88.279 1

Henan 5 16 19 3 74.359 4 62.401 5

Heilongjiang 9 1 9 9 59.184 11 1.333 17

Hubei 8 10 14 5 65.909 6 78.450 2

Hunan 8 3 9 9 59.184 11 0.986 19

Jilin 6 1 6 12 55.769 14 0.000 26

Jiangsu 4 6 8 10 58.000 12 2.250 15

Jiangxi 6 3 7 11 56.863 13 31.002 9

Liaoning 5 2 6 12 55.769 14 8.575 12

Inner
Mongolia

4 4 7 11 56.863 13 1.018 18

Ningxia 6 1 7 11 56.863 13 0.143 24

Qinghai 7 1 7 11 56.863 13 1.500 16

Shandong 6 22 22 2 80.556 2 68.493 4

Shanxi 2 4 4 14 52.727 17 0.400 23

Shaanxi 5 3 6 12 55.769 14 39.345 6

Shanghai 5 12 13 6 64.444 7 33.094 7

Sichuan 6 1 6 12 55.769 14 0.593 21

Tianjin 3 4 4 14 53.704 16 0.125 25

Xinjiang 6 0 6 12 55.769 14 0.000 26

Yunnan 10 5 10 8 60.417 9 23.800 10

Zhejiang 3 4 5 13 54.717 15 0.950 20

Chongqing 6 2 7 11 56.863 13 0.593 21
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the country due to the influence of policies, transportation and

information, the gap between provinces in the spatially linked

network is still large.

3.2.2 Analysis of the individual network structure
characteristics

The individual characteristic index values of the spatial

correlation network of carbon emission efficiency of China’s

logistics industry in 2019 were calculated using Ucinet

6.0 software (Table 6). From the degree centrality, the

individual degree centrality of eight provinces, including

Hebei, Shandong, Anhui, Henan, Beijing, Hubei, Shanghai,

and Guangdong, are at the top, indicating that these provinces

are closer to the center in the spatial correlation network and

have more influence on other provinces. The reasons for this are

that the above-mentioned provinces are in the economically

developed eastern and central-eastern regions of China, with

mature development of logistics industry, convenient

transportation network, high efficiency of carbon emission in

logistics industry, and good circulation channels for capital,

transportation and low-carbon logistics products, so they can

play an important role in influencing the development of low-

carbon logistics in the surrounding provinces. The number of

point-in is much larger than point-out in Hebei, Anhui,

Shandong, Henan, and Beijing, indicating that the above

provinces have obvious “siphon effect” and can absorb a large

amount of low-carbon logistics development resources, which is

an obvious net gain in the spatially related network. In contrast,

Shanxi, Tianjin, Zhejiang, Jilin, Liaoning, Shaanxi, Sichuan and

Fujian provinces have lower individual degree centrality and have

little influence on other provinces, and are located at the edge of

the spatially linked network. The reason is that most of these

provinces are located in the northeast and western regions of

China, with relatively remote geographic location and backward

logistics industry infrastructure, so it is necessary to increase the

development of low-carbon logistics in these regions and

enhance the closeness of association with other provinces.

In terms of closeness centrality, the individual closeness

centrality of Hebei, Shandong, Anhui, Henan, Beijing, Hubei,

Shanghai, and Guangdong are among the top eight provinces,

indicating that these provinces play the role of “central actor” in

the spatial association network and are easily associated with

other provinces. The change of carbon emission efficiency of

logistics industry in these provinces can significantly affect the

carbon emission efficiency of logistics industry in other

provinces. The individual closeness centrality of Shanxi,

Tianjin, Zhejiang, Xinjiang, Sichuan, Shaanxi, Liaoning, Jilin

and Fujian provinces is low, indicating that these provinces

are in the position of “marginal actors” in the spatial

association network, and are less likely to be spatially

associated with other provinces, and are hardly driven by

other provinces.

In terms of betweenness centrality, there is a wide range of

betweenness centrality among the 30 Chinese provinces. Nine

provinces, including Hebei, Hubei, Anhui, Shandong, Henan,

Shaanxi, Shanghai, Guangdong, Jiangxi, and Yunnan, have the

highest individual betweenness centrality, which indicates that

these provinces have strong control and dominance over the

technology, capital, information, and other factors required for

the development of low-carbon logistics, and play the role of

“bridge” and “intermediary” in the spatial linkage network. They

play the role of “bridge” and “intermediary” in the spatial linkage

network, and have a stronger control and regulation role on the

carbon emission efficiency of logistics industry in other

provinces. The individual betweenness centrality of Xinjiang,

Jilin, Tianjin, Ningxia, Shanxi, Fujian, Guangxi, Guizhou,

Sichuan and Chongqing provinces is low, indicating that these

provinces are not well connected with other provinces in spatial

relations, and their own influence is weak, so it is difficult to

regulate and control the carbon emission efficiency of logistics

industry in other provinces.

3.2.3 Analysis of the clustering network structure
characteristics

The spatial correlation network of carbon emission efficiency

in China’s logistics industry in 2019 was divided into four plates

using the CONCOR method of Ucinet 6.0 software (Table 7). As

can be seen from Table 7, the total number of spatial association

network in 2019 is 184, and the number of relationships between

plates is 153, and the spatial spillover effect between plates is

obvious. Plate I contains six provinces, including Anhui, Beijing

and Hebei, and the expected internal relationship ratio of the

plate is smaller than the actual internal relationship ratio, and the

number of incoming relationships is much larger than the

number of outgoing relationships, which is classified as a net

beneficiary plate; plate II contains five provinces, including

Hubei, Fujian and Jiangsu, and the expected internal

relationship ratio of the plate is higher than the actual

internal relationship ratio, and the number of incoming and

outgoing relationships is close, acting as The proportion of

expected internal relations is higher than the proportion of

actual internal relations, and the number of incoming and

outgoing relations is close to each other, acting as a “link” in

the spatial association network, classified as a broker plate; plate

Ⅲ includes 10 provinces such as Jiangxi, Guangxi and Sichuan,

and the proportion of expected internal relations is higher than

the proportion of actual internal relations. Spillover plate; plate

IV includes nine provinces such as Gansu, Qinghai and Shaanxi,

mainly in the western region provinces, the expected internal

relationship ratio of the plate is greater than the actual internal

relationship ratio, the number of incoming relationships is 14,

the number of outgoing relationships is 53, and the gap between

the number of incoming and outgoing relationships is the largest,

classified as a net spillover plate.
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In order to further analyze the spatial correlation

between carbon emission efficiency of logistics industry in

different plates, the plate density matrix was calculated using

Ucinet 6.0 software. The total density of the spatial

correlation network of carbon emission efficiency of

China’s logistics industry in 2019 was measured above as

0.212, and the density matrix with inter-plate density greater

than 0.212 was recorded as 1, otherwise it was recorded as 0,

which led to the image matrix (Table 8). From Table 8, we

can see that Plate I, where Anhui and Beijing are located,

receives spatial overflow from the remaining three plates and

is the beneficiary of the correlation network; there is a two-

way overflow relationship between Plate II, where Hubei and

Fujian are located, and Plate III, where Jiangxi and Guangxi

are located, with frequent spatial interaction. Plate IV, where

Gansu and Qinghai are located, has less interaction with

Plate II and Plate III, except for the spillover relationship to

Plate I.

4 Analysis of factors influencing the
spatial correlation network of carbon
emission efficiency in logistics
industry

4.1 Quadratic assignment procedure
regression analysis

A QAP regression analysis with 10,000 random

permutations was performed on the spatially correlated

binary matrix of carbon emission efficiency of China’s

logistics industry and the matrix of influencing factors

(Table 9). As can be seen from Table 9, spatial adjacency,

logistics development level, and logistics energy utilization

TABLE 7 Spatially related segmentation of carbon emission efficiency in China’s logistics industry.

Plates Provinces Incoming
relationships

Outgoing
relationships

Expected
internal
relationship
ratio
(%)

Actual internal
relationship
ratio
(%)Plate

inside
Plate
outside

Plate
inside

Plate
outside

Plate I Anhui, Beijing, Hebei, Shandong, Inner Mongolia,
Henan

14 94 14 15 17.241 48.276

Plate II Hubei, Fujian, Jiangsu, Zhejiang, Yunnan 0 27 0 30 13.793 0.000

Plate III Jiangxi, Guangxi, Sichuan, Tianjin, Shanghai,
Guangdong, Hainan, Hunan, Guizhou, Chongqing

11 24 11 61 31.034 15.278

Plate IV Gansu, Qinghai, Shaanxi, Jilin, Ningxia, Liaoning,
Heilongjiang, Shaanxi, Xinjiang

6 8 6 47 27.586 11.321

TABLE 8 Density matrix and like matrix of spatially correlated panels of carbon emission efficiency in China’s logistics industry.

Plates Density matrix Image matrix

Plate I Plate II Plate III Plate IV Plate I Plate II Plate III Plate IV

Plate I 0.467 0.067 0.083 0.148 1 0 0 0

Plate II 0.433 0.000 0.340 0.000 1 0 1 0

Plate III 0.683 0.440 0.122 0.000 1 1 0 0

Plate IV 0.741 0.067 0.011 0.097 1 0 0 0

TABLE 9 Regression analysis of the factors influencing the spatial
correlation of carbon emission efficiency in China’s logistics
industry.

Standardized
regression coefficients

P P1 P2

L 0.144 0.000 0.000 1.000

J 0.262 0.000 0.000 1.000

R 0.061 0.101 0.101 0.899

N 0.159 0.006 0.006 0.994

H 0.081 0.067 0.067 0.933

Y −0.004 0.525 0.475 0.525

X −0.147 0.006 0.994 0.006

Z −0.001 0.521 0.479 0.521
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rate are significant at the 1% level; logistics environmental

protection level is significant at the 10% level, and the

regression coefficients are all positive, indicating that the

closer the geographical distance between provinces, the

easier it is to generate spatial association; the greater the

variability of logistics development level, logistics energy

utilization rate, and logistics environmental protection

level between provinces, the more beneficial the spatial

association network spillover The greater the difference in

the level of inter-provincial logistics development, logistics

energy utilization, and logistics environmental protection,

the more beneficial the spatial correlation network spillover.

The reason is that the closer the spatial distance between

provinces, the easier it is for the technology and capital

required for low-carbon logistics to circulate and be

allocated between provinces, and the stronger the

correlation between the carbon emission efficiency of

logistics industry between provinces. When there is a

difference in the development level of logistics industry,

the larger the logistics industry development province will

provide the surrounding provinces with the technology and

resources required for the development of logistics industry,

the greater the possibility of these logistics resources

circulating between provinces, which can strengthen the

spatial correlation of carbon emission efficiency of

logistics industry between provinces. When there are

differences in logistics energy utilization rates, provinces

with high logistics energy utilization rates have high

integrated turnover per unit of energy consumption, and

their low-carbon logistics development levels are high. The

exchange of low-carbon logistics technologies and resources

between provinces with differences in logistics energy

utilization rates is more frequent, thus promoting the

spatial correlation of carbon emission efficiency in the

logistics industry between provinces. When there is a

difference in the level of environmental protection in

logistics industry, it indicates that the environmental

supervision ability of logistics industry varies between

provinces, and the province with strong environmental

supervision ability will inevitably transfer part of the

carbon emission of logistics industry to the province with

weak supervision ability, thus, the linkage of carbon emission

efficiency of logistics industry between provinces is closer.

The level of logistics informatization is significant at the

1% level, and the regression coefficients are all negative,

indicating that similar levels of logistics informatization

between provinces can improve regional correlation and

help establish regional association. The reason is that the

transfer of technology, capital and resources required for the

development of low-carbon logistics needs to be based on the

information industry as a prerequisite, and the more similar

the level of logistics informatization is, the more favorable it

is to the transfer of low-carbon logistics resources, which also

enhances the spatial correlation of carbon emission

efficiency of logistics industry between provinces.

4.2 Policy recommendations

On the premise of steadily improving the carbon emission

efficiency of the logistics industry in the eastern region, we

should increase the logistics infrastructure construction,

information technology investment and support of low-

carbon logistics resources in the western and northeastern

regions, so as to realize cross-regional and multi-provincial

joint synergistic emission reduction. 2) Bring into play the

leading and driving role of eastern provinces such as Hebei,

Shanghai and Guangdong in the spatial correlation network of

carbon emission efficiency of logistics industry, strengthen the

circulation and transfer of resources, technology and capital

required for low-carbon logistics to western and northeastern

provinces such as Xinjiang, Jilin and Guizhou, break through

the existing regional factor circulation barriers, enhance their

spatial correlation with northeastern and western provinces,

and realize low-carbon logistics among provinces. The

balanced development of low-carbon logistics among

provinces. 3) Each province should continuously improve

its own economic development level, increase

environmental protection efforts in logistics industry,

improve energy utilization rate, enhance its own

information development level, strive to narrow the gap

between itself and provinces with high carbon emission

efficiency in logistics industry, and increase the possibility

of establishing spatial linkages between itself and other

provinces.

5 Conclusion

This paper uses the EBM model to measure the carbon

emission efficiency of the logistics industry in 30 provinces of

China from 2010 to 2019, uses the ARCGIS visualization analysis

to reveal its spatio-temporal evolution characteristics, introduces

the modified gravity model and social network analysis to analyze

the structural characteristics of the overall, individual and cluster

networks of the carbon emission efficiency of the logistics

industry in China, and uses the QAP analysis to analyze the

spatial association network formation The following conclusions

were obtained.

(1) From 2010 to 2019, the overall national average logistics

industry carbon emission efficiency increased. The low-

carbon development of the logistics industry has achieved

some results. However, the imbalance between the carbon

emission efficiency of the logistics industry in 30 provinces

still exists, and overall the national logistics industry carbon
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emission efficiency was shown as follows: eastern region >
central region > northeastern region > western region.

Although the carbon emission efficiency of the logistics

industry has improved, most provinces in China are still

in the middle and low carbon emission efficiency zone, and

there is more room to improve the carbon emission

efficiency of the logistics industry.

(2) The carbon emission efficiency of logistics industry in

30 provinces of China has formed a stable spatial

correlation network, and there is an obvious spatial

spillover relationship. However, the structure of the

spatial association network is loose, the number of

network relationships needs to be further improved, and

the status of each province in the spatial association network

is obviously different.

(3) In the spatial correlation network of carbon emission

efficiency in China’s logistics industry, eastern provinces

such as Hebei, Shanghai and Guangdong have higher

values of individual characteristics indicators and are core

participants in the spatial correlation network. The

northeastern and western provinces such as Xinjiang, Jilin

and Guizhou have lower values of individual characteristics

indicators and are marginal in the spatial correlation

network, which are dominated by other provinces.

(4) Anhui and Beijing provinces are net beneficiaries in the

spatial correlation network of carbon emission efficiency of

logistics industry; Hubei and Fujian provinces act as “bridge”

and “link” and are brokers; Jiangxi and Guangxi provinces

are two-way spillover; Gansu and Qinghai provinces are net

spillover. Western provinces are net spillover segments.

(5) Spatial adjacency, logistics development level, logistics

energy utilization rate, logistics informatization level, and

logistics environmental protection level significantly affect

the formation of the spatial correlation network of carbon

emission efficiency in China’s logistics industry. The

reduction of inter-provincial geospatial distance, the

greater the difference of logistics development level,

logistics energy utilization rate and logistics environmental

protection level, the more favorable the formation of spatial

correlation network; the higher the similarity of inter-

provincial logistics informationization level, the more

favorable the formation of spatial correlation network.

Although this paper analyzes the spatial and temporal

evolution of carbon emission efficiency in China’s logistics

industry and the spatial correlation network structure, which

provides a new idea for the study of carbon emission efficiency in

the logistics industry, there are still some limitations. On the one

hand, this paper only considers the carbon emissions from the

energy consumption of the logistics industry, but does not

consider the whole life cycle of the logistics industry, identify

different carbon sources, carbon emissions, and carbon efficiency

for different periods, stages, and regions. On the other hand, this

paper only considers the spatial correlation of carbon emission

efficiency of logistics industry in 30 provinces of China, but for

important economic zones, such as the Yangtze River Delta, Pearl

River Delta, Beijing-tianjin-hebei and smaller units of city and

county level, it is necessary to study the relationship between the

carbon emission efficiency of the logistics industry, which is

helpful to analyze the spatial relationship of the carbon emission

efficiency of the logistics industry and to formulate the regional

coordinated emission reduction strategy.
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