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Abstract

This study aims to explore the freight demand network spatial patterns in six provinces of

central China from the perspective of the spread of the epidemic and the freight imbalance

and breakout. To achieve this purpose, the big data of “cart search” demand information

provided by small and medium freight enterprises on the freight information platform are

analyzed. 343,690 pieces of freight demand big data on the freight information platform and

Python, ArcGIS, UCINET, and Gephi software are used. The results show that: (1) The

choke-point of unbalanced freight demand network is Wuhan, and the secondary choke-

points are Hefei and Zhengzhou. (2) In southern China, a chain reaction circle of freight

imbalance is formed with Wuhan, Hefei, and Nanchang as the centers. In northern China, a

chain reaction circle of freight imbalance is formed with Zhengzhou and Taiyuan as the cen-

ters. (3) The freight demand of the six provinces in central China exhibits typical characteris-

tics of long tail distribution with large span and unbalanced distribution. (4) The import and

export of freight in different cities vary greatly, and the distribution is unbalanced. This study

indicates the imbalance difference, chain reaction, keys and hidden troubles posed by the

freight demand network. From the perspectives of freight transfer breakout, freight balance

breakout, freight strength breakout, and breakout of freight periphery cities, we propose

solutions to breakouts in the freight market in six provinces of central China in the post-epi-

demic era.

Introduction

At present, the novel Coronavirus (COVID-19) outbreak has spread to more than 140 coun-

tries and regions and ’the global economy is estimated to have contracted 4.3 percent in 2020,
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representing the deepest recession since World War II. Director-General Tedros of the WHO

has stated that the effect of the coronavirus will be felt for decades to come [1]. During this epi-

demic, China has achieved a phased victory in the battle, however, the severe shock of the epi-

demic has made China’s economic market more complex and interlaced. The characteristics

of non-linearity, chain reactions, and feedback cycles make it difficult to predict how changes

will affect the entire economic system. This has also exposed the vulnerability of some markets

to the spread and volatility of the epidemic. Unfortunately, our knowledge of the topology is

limited, especially on the shape, pattern, and connectivity that will determine how a supply

shock affects global production under the COVID-19 epidemic. The real threat is to expose

previously unknown choke-points in the economic web. Many market networks are, per se,
hierarchical and unbalanced, with the network’s key central point having an extraordinary

influence. These centers are likely to become the choke-points that lead to market imbalances

and even shocks, and when they are cut off, economic activity will be severely disrupted [2].

Some studies focus on the COVID-19 battle. Population migration and urban traffic are

two important aspects of these studies [3–5], and the data analysis in geographical flow is a

useful tool for the spread of the COVID-19 epidemic analysis. These techniques were adopted

to forecast the levels of an epidemic [5], but few studies predicted and analyzed the market

economy in the post-epidemic era. Xu et al pointed out that the foundation of the market

economy lies in the full free flow of elements and resources, including people, materials, and

information [3]. Hence, logistics, especially for the materials transportation, that is freight

flow, is also an important element of the market economy. Our study focuses on the freight

flow and freight economic market development in the post-epidemic era based on the freight

demand big data analysis during the spread of COVID-19.

After experiencing the COVID-19 shock, the survival and development of small and

medium enterprises are more difficult. In the post-epidemic era, it is imperative to find oppor-

tunities from the new crisis and seek new development opportunities. Based on the above

problems, we crawled 343,690 pieces of cargo demand data through the Haoyun Logistics

Website (http://www.haoyun56.com), to ascertain the evolution characteristics of topological

structure of freight demand network in six provinces of central China from the perspective of

the spread of the epidemic, we then assessed structural changes of different center nodes in the

six provinces of central China to clarify the six provinces of central China in terms of freight

demand market imbalance and even the key node of the shock from the perspective of the

spread of the epidemic. Afterwards, the coping mechanism for small and medium freight

enterprises in six provinces of central China in the post-epidemic era is revealed to find oppor-

tunity from the new crisis centering on “imbalance” and “breakout”. Based on the analysis of

the spatial patterns of freight demand in the six provinces of central China from the perspec-

tive of the epidemic spread, we analyze the imbalance of the freight demand market in these

regions, and explore methods and coping strategies for small and medium freight enterprise

development in the post-epidemic era from the perspective of urban freight flow analysis dur-

ing the spread of COVID-19.

The urban logistics system is a support network system to meet the needs of cities. Due to

the increasingly expanding competitive environment, it shows the characteristics of dispersed

resources and low efficiency. Imbalance between supply and demand is an important issue in

logistics supply and demand network. It is also an important factor that causes many social

and economic problems [6]. The urban freight market is no exception, and the phenomenon

of “high consumption and low energy” in small and medium freight enterprise markets is

becoming more serious. With the rapid growth of road freight volumes, the problems in the

freight market are becoming more prominent [7, 8]. 70% of China’s freight enterprises are

small and medium enterprises, and they have been seeking a breakthrough in the dilemma
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posed by the imbalance between supply and demand. Affected by the spread of the epidemic,

the supply and demand of small and medium freight enterprises are becoming more imbal-

anced. They have been living in the dilemma and gap between supply and demand for years

and need an urgent breakthrough in this turmoil.

Many scholars have researched the structural characteristics of freight networks and have

achieved a series of excellent results. These results describe the structural characteristics and

evolution trends of different freight markets from different aspects. Yamada et al. established

a network equilibrium model based on supply chain and transportation network to deter-

mine the transportation cost in the freight supply chain network [9]. Cao and Li developed a

transport efficiency analysis framework based on spatial regional units, which provided a sci-

entific reference for optimizing the spatial layout of regional transport infrastructure [10]. Li

and Ma extracted microscopic freight data directly based on express way-bills, and discussed

the spatial patterns, structural features, and functional organization of China’s express trans-

port network [11]. Mi used 55623 O-D data from water freight, road freight, railway freight,

and air freight on the freight website in 2015. Based on the perspective of freight flow, he

performed regression analysis to identify the current status of logistics links and their influ-

encing factors in the Yangtze River Economic Belt [12]. However, with the continuous

development of the freight market in recent years, its network features of networking and

complexity are becoming increasingly obvious. Its complex structural characteristics,

dynamic formation process, and overly complicated representation have become major

problems in the structural characteristics in logistics network analysis [13, 14]. Its topological

properties require urgent attention [2, 15]. Particularly during the novel Coronavirus pan-

demic, 12 prefecture-level cities and one autonomous prefecture in Hubei Province, as com-

prehensive transportation hubs in six provinces of central China, adopted the measure of

“closed city management”. The effective absence of some important freight hubs such as

Wuhan led to the imbalance between supply and demand in the freight market of the six

provinces of central China, and the vulnerability of their demand network became promi-

nent. Dubie et al. found that for the spatial patterns of various logistics activities, a more

multi-dimensional and broader perspective is needed [16]. The cyberspace-based structure

of freight market demand under the influences of major public health events is one of them.

It is necessary to study the complexity, dynamics, and multi-module characteristics of the

freight demand network in this complex and changeable environment.

Data and methods

Date sources

In this study, Python software is used to edit programs and crawl 343,690 pieces of freight

data information from February 6 to 18, 2020 on the Haoyun Logistics Website (http://www.

haoyun56.com), which is one of the largest Internet freight information platforms in China.

The data pertain to “cars looking for goods, goods looking for cars”, that is “car search”, on

the website http://www.haoyun56.com, and can represent the freight demand of small and

medium freight enterprises between cities. This study is expressed in terms of two parameters,

namely freight frequency and freight volume. The more the cities that are connected by freight,

the more frequent the freight demand. Meanwhile, a city with more freight indicates a greater

demand for freight in that city. To establish the intercity freight demand network, we set the

origin, destination, traffic volume, and time (four parameters), and connect the freight infor-

mation between the starting city and arriving city to form the O-D (origin-destination) dataset

of freight demand between cities based on big data information of freight demand in six prov-

inces of central China.
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All of the inter-city freight data is from the GitHub database at https://github.com/Runda-

Liu/research-into-the-spatial-patterns-of-freight-demand-network-in-six-provinces-of-

central-China-data and made available under License CCBY4.0. The Geo map data is from

openstreetmap.org and made available under the License CCBY 4.0 whose full text can be

found at: https://www.openstreetmap.org/copyright.

Methods

(1) Network analysis. UCINET and Gephi software are used to analyze the intercity

freight demand network of six provinces of central China from three aspects, namely the

topology, centrality (including degree centrality, weighted degree centrality, closeness central-

ity, and betweenness centrality) and core-periphery structure, in combination with Python

software.

(2) Spatial interpolation analysis. Inverse distance weighted (IDW) features in ArcGIS

are used for the spatial interpolation analysis of degree centrality in the freight network.

Wi ¼
h� piXn

j¼1
h� pj

ð1Þ

p = 2, hi is the distance between the discrete point and the interpolation point, wi denotes

the interpolation weight.

Ẑðs0Þ ¼
XN

i¼1

wiZðsiÞ ð2Þ

Z(Si) denotes the degree centrality value at position I, wi is the interpolation weight at posi-

tion I, s0 represents the predicted position, and N is the practical measurement values of degree

centrality.

The overall spatial patterns of freight demand network in six

provinces of central China from the perspective of epidemic spread

The overall spatial patterns of the freight demand network in six provinces

of central China

To obtain the freight demand network connection diagram of six provinces in the central

region, Gephi software is employed to calculate the degree centrality of the relevant city nodes

based on the freight demand data in the central region (343,690 items in total) crawled from

the Haoyun Logistics Website (http://www.haoyun56.com/). It can be found that Wuhan and

Hefei have high value in the freight demand network, followed by provincial capitals such as

Zhengzhou, Taiyuan, Changsha, and Nanchang. This finding shows that, during the epidemic,

the provincial capital city has a dominant position in the freight demand network, and its

freight demand is greater, which is related to the concentration of freight enterprises in the

central city of the provincial capital. Wuhan, with the highest value, has the highest freight

demand during the epidemic period which is attributed to the implementation of a “city clo-

sure” measure and the traffic control on the import and export of goods during the epidemic.

The strength of freight demand network in six provinces in central China

In the theory of complex networks, a scale-free network is a severely heterogeneous network.

Most network nodes only have connections or contacts with a few key nodes in the network,

such as Wuhan. Relevant statistical variables show that the freight demand network of six
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provinces in central China follows a power-law distribution across its complex network. By

drawing the distribution map of the proportion in freight demand network intensity from

February 6 to 18, 2020 (Fig 1), the freight demand of six provinces in central China presents a

typical long-tail distribution characteristic. The distribution span and proportion of freight

demand intensity between cities are not balanced, indicating that freight demand in six prov-

inces of central China displays a typical uneven distribution during the period of the epidemic.

Cities such as Wuhan, Hefei, Zhengzhou, Taiyuan, Changsha, and Nanchang have higher

demand; cities such as Tongling, Chizhou, Huangshan, Pingxiang, Yiyang, and Xiantao have

lower demand (Fig 1).

We use SPSS software to fit the power function of the distribution chart of demand inten-

sity of urban freight network in six provinces of central China (as shown in Table 1). The

results show that R2 is greater than 0.8 and Sig is less than 0.001, which fits the power function.

This indicates that the freight demand network of six provinces in central China conforms to

the characteristics of a scale-free network and the related Pareto law. It shows that the fre-

quency of freight transport in 18 cities (about 21% of 83 cities in six provinces of central

China), such as Wuhan, Hefei, Zhengzhou, Taiyuan, and Changsha, accounts for more than

70% of the freight frequency.

Fig 1. Distribution of the freight demand network strength among six provinces in central China during the spread of the epidemic.

https://doi.org/10.1371/journal.pone.0250375.g001

Table 1. Fitting the distribution of inter-city freight demand network strength in six provinces of central China

during the epidemic period.

Power function equation R2 F Sig

0.306�x−1.109 0.803 335.055 0.000

https://doi.org/10.1371/journal.pone.0250375.t001
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Network analysis of freight demand impact in six provinces of central

China

Using ArcGIS 10.6 software platform, the O-D matrix is constructed through a network

analyst module, and the O-D network connection path is thus visualized. The freight fre-

quency in O-D data is used as the freight connection strength between the two cities to

assess the connection strength between the six cities in central China. Our study selects the

top 1, top 5, and top 10 cities with the strength of each city to analyze city networks. By

strengthening the network interweaving, the network system characteristics of six provinces

in central China are ascertained, and the top 1, 5, and 10 networks of freight links among

cities are plotted to analyze the pattern of freight connection network in six provinces of

central China (Fig 2).

The overall network density is relatively low (at 0.081) and is affected by the overall freight

demands in six provinces of central China. This is because many cities in six central provinces

have not yet opened freight stations, and the inter-city freight connections in six provinces are

weakly connected due to the closure of cities and roads during the epidemic. The freight

demand impact network of six provinces in central China presents a “multi-center and radia-

tion” pattern (Fig 2), with Wuhan, Hefei, Nanchang, Zhengzhou, Taiyuan, and Changsha as

the center, affecting cities in a radial pattern. It shows that these seven cities are the central

nodes of the overall freight demand network in six provinces, and they have the greatest

impact on the freight transport of other cities in six provinces of central China. From the per-

spective of local distribution characteristics, there are two “chain reaction circles” in the freight

demand network: the first is in the south of the six provinces in central China, with Wuhan,

Hefei, and Nanchang as the center. The three cities jointly influence the freight demand net-

work of Puyang, Changsha, Shangqiu, Zhoukou, Anqing, and other cities, to form a “chain

reaction circle” in the form of a rhomboidal spatial structure (Fig 2a). The second one is

located in the north of the six provinces, with Zhengzhou and Taiyuan as its center. The two

cities jointly influence cities such as Luliang, Yuncheng, Yangquan, and Anyang, and its influ-

ence is smaller than the southern “chain reaction circle” (Fig 2a), as related to the weaker

spread of the epidemic in the northern cities of six provinces in central China compared with

the situation in southern China.

Fig 2a shows the first contact method of the city with the strongest connection strength

with each city. From the perspective of the first demand contact network for freight, the

“multi-center-radiation” pattern centered in Wuhan, Zhengzhou, Nanchang, Hefei, Taiyuan,

Puyang, and Changsha is obvious. There are nine cities with Wuhan as the first connected

city (Xiangtan, Hengyang, Yongzhou, Shaoyang, Loudi, Huaihua, Pingdingshan, Yichun,

and Chuzhou), and five cities with Hefei as the first connected one (Yueyang, Ji’an, Puyang,

Suizhou, and Anqing), accounting for 18% and 10% of all cities in six provinces of central

China, respectively. The first contact area of other central cities is relatively small, indicating

that the freight demands of nine cities including Xiangtan are most affected by the Wuhan

central node. After the closure of the city, Wuhan became a choke-point that caused imbal-

ance and even shocks in the freight market in nine cities including Xiangtan. Wuhan’s

freight demand network was cut off and nine cities were involved, its freight market-related

activities were severely affected. Hefei (from February 6 to February 18, 2020, the number of

confirmed cases was 123) is the highest in Anhui Province. After the city’s “closure manage-

ment” measure was adopted in Hefei, some trains were suspended, and traffic and roads

were restricted. The result is that urban freight network was implicated, and five cities

including Yueyang were affected by the chain effect of the partial cut-off of the central node

in Hefei.
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Fig 2. Connection patterns of top 1, 5, and 10 cities in terms of the freight demand impact network in six

provinces of central China. a. The first contact map of freight demand. b. The contact map of the top 5 freight demand

cities. c. The contact map of the top 10 freight demand cities.

https://doi.org/10.1371/journal.pone.0250375.g002
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Through the calculation and analysis of the impact network of freight demand of each city,

the preliminary conclusion can be drawn: Wuhan is the most influential city in the freight

demand network, followed by Zhengzhou and Hefei, forming a multi-center structure in the

freight demand influence network of six provinces in central China. Among them, the freight

impact capacity of Wuhan is 11.6 times the average value of six provinces in central China,

and 1.3 and 1.2 times that of the secondary centers of Hefei and Zhengzhou, respectively. This

shows that after the closure of the city, Wuhan, as a comprehensive freight hub of six provinces

in the central China, has cut off its traffic, leading to the imbalance on the freight demand net-

work of the six provinces. Wuhan is the first choke-point for the imbalance and turbulence of

freight demand network in six provinces in central China: Hefei and Zhengzhou are secondary

choke-points.

Analysis of a complex network of freight demand in six provinces

of central China

A complex-network topology structure

This study demonstrates the complex-network topology structure of freight demands of six

provinces in central China from three dimensions: centrality-topological structure analysis,

correlation analysis between network measurements, and core-periphery analysis.

The complex-network centrality topological structure. We use Gephi software for cal-

culating the degree centrality, weighted degree centrality, closeness centrality, and betweenness

centrality (Fig 3), to show the topological structure of the freight demand network of six prov-

inces in central China.

Degree centrality. Degree centrality is the most direct measurement indicator of node

centrality in complex network analysis. The larger the degree centrality, the higher the node

centrality, and the more important the node is in the complex network. It represents the cen-

trality and dominance of a city in the freight demand network. The larger the value is, the

more critical the position of the city in the freight demand network. Degree centrality is fur-

ther divided into two types: in-degree and out-degree. In-degree reflects the demand for goods

input (i.e., “demand” in the balance between supply and demand); out-degree reflects the

demand for goods output (i.e., “supply” in the balance between supply and demand). Based on

the calculation of degree centrality, Fig 3a shows that the central nodes and values of the degree

centrality network are Wuhan (96), Nanchang (80), Taiyuan (79), Zhengzhou (77), Hefei (74),

and Changsha (71). Among them, Wuhan represents the first choke-point (Nanchang ranks

second). The in-degree values of Wuhan, Nanchang, Taiyuan, Zhengzhou, Hefei, and Chang-

sha exceed the out-degree values. The six provincial capitals form a pentagon and spread to

affect other cities in the six provinces of central China. The primary factor of the imbalance of

the freight demand market is that the output demand of goods is much greater than the input

demand of small and medium freight enterprises in the six provinces of central China (the

out-degree value on average is 9.07 which is greater than the average in-degree value of 1.62).

This indicates that the backlog of goods for output became more serious during the COVID-

19 pandemic.

Fig 4 illustrates that the spatial heterogeneity of the cargo output network is very significant,

presenting an island distribution. The out-degree values of Wuhan (79.98), Taiyuan (71.62),

Nanchang (70.15), Zhengzhou (68.46), Changsha (65.84), and Hefei (63.71) are the highest.

The demand for goods output is relatively strong. However, the spatial heterogeneity of the

cargo input network is not obvious in the freight demand network of the six provinces in cen-

tral China, and the difference of degree value between cities is small, which means they are uni-

formly distributed. The sum of in-degree values in the first six sites accounts for 11.78% of the
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total, while the out-degree values account for 78.21%. It discloses that the input freight

demands of cities are scattered, and the demands for goods input remain too weak. During the

spread of the disease, anti-epidemic materials and necessities in Wuhan and other cities are

transported and supplied by the state. The small and medium freight enterprises (accounting

for about 70% of China’s freight transport enterprises) suffer a serious imbalance between sup-

ply and demand, especially in terms of blocked demand for goods output.

Fig 5 highlights that the out-degree values of 17 cities are greater than their in-degree values,

of which six provincial capital cities have a larger difference, especially Taiyuan (the difference

is 65). 66 cities’ out-degree values minus corresponding in-degree values return a negative

value, such as for Xinyang, Zhumadian, Changde, Zhangjiajie, Jiujiang, Jingmen, Xiaogan, and

Fuzhou, but the differences are minor, and the maximum difference value among them is -9 in

Zhumadian and Xinyang. This indicates that another reason for the imbalance between supply

Fig 3. Complex-network topology structure of freight demand. a. Degree centrality. b. Weighted degree centrality. c. Closeness centrality. d.

Betweenness centrality.

https://doi.org/10.1371/journal.pone.0250375.g003
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and demand in the freight market lies in the large difference between freight input and output

among different cities and the uneven distribution.

Weighted degree centrality. Weighted degree centrality considers the connection of

weights. In the weighted centrality network, the higher the weight of a city, the higher the level

of its centrality. Fig 3b shows that the cities with the highest weighted degree centrality are

Wuhan (40,952.13) and Hefei (39,492.54), both of which are located at the highest level of the

intercity freight demand network. The two cities are also choke-points in the imbalance of the

freight demand market, which can determine the imbalance and development of the whole

weighted degree centrality network. Zhengzhou (30,112.00) and Taiyuan (27,170.78) are the

secondary choke-points of the imbalanced freight market.

Closeness centrality. Closeness centrality is used to describe the difficulty of inter-node

transit through the network, representing the sum of shortcut distances between a point and

all other points. If a journey from one node to other cities is easy, then the node can be consid-

ered as having good accessibility. High closeness centrality indicates that the city has a strong

demand for freight accessibility and urgently needs to realize smooth transportation. Fig 3c

shows that Wuhan, Taiyuan, Nanchang, Changsha, and Hefei have the most vigorous demand

for freight accessibility, and the congestion values of their freight channels are also the highest,

with their closeness centrality being 0.97, 0.91, 0.90, 0.86, and 0.84, respectively. This shows

Fig 4. Spatial distribution of in-degree and out-degree in six provinces in central China. a. In-degree. b. Out-degree.

https://doi.org/10.1371/journal.pone.0250375.g004
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Fig 5. The differences in the spatial distribution of out-degree and in-degree values.

https://doi.org/10.1371/journal.pone.0250375.g005

PLOS ONE Freight demand network in the post-epidemic era

PLOS ONE | https://doi.org/10.1371/journal.pone.0250375 April 22, 2021 11 / 18

https://doi.org/10.1371/journal.pone.0250375.g005
https://doi.org/10.1371/journal.pone.0250375


that the accessibility of freight transport demands in these five cities is high, and the urban

freight backlog is severe.

The spatial distribution of closeness centrality presents high-value aggregation in Shanxi

Province. Cities whose closeness centrality is above average are concentrated in the north, cen-

tral, and south-east of the six provinces in central China, such as Taiyuan, Wuhan, Nanchang,

Hefei, Changsha, Luoyang, Zhengzhou, etc. Compared with betweenness centrality, closeness

centrality has a balanced spatial distribution, showing a dispersed distribution with Wuhan

and Hefei as dual-cores (Fig 4c).

Betweenness centrality. Betweenness centrality is used to measure the degree to which a

point is located in the middle of other point pairs in a complex network, as a tool to reflect the

ability and status of a node as a medium for other nodes in the network. Betweenness centrality

mainly represents the control capability on the freight network resources and plays a decisive

role in the process of highway freight transit. Therefore, those cities with high betweenness

centrality are mostly transit stations and have strong transit demand in the freight network.

Fig 3d illustrates that Wuhan and Hefei have the strongest demand for freight transit, with the

betweenness centrality of 1142.05 and 1139.27, and many goods need to be transferred from

the two cities. Ji’an, located in Jiangxi, is closely following, with a betweenness centrality of

541, and strong demand for freight transit. Ji’an is the one of top 100 foreign trade cities in

China, plus with convenient transportation, so the freight volume is high. Under the influence

of COVID-19, many goods are being transferred from Ji’an due to the mild epidemic situation

compared with other cities in Jiangxi.

Overall, the geographical distribution of betweenness centrality is unbalanced. Wuhan and

Hefei have greater weight in the overall network, accounting for 24.4% and 24.3% of the total

value of betweenness centrality of six provinces in central China. The betweenness centrality

network of the six provinces appears a typical dual-core structure (Fig 3d).

Correlation analysis of freight demand network measurement in six

provinces of central China

The different network centrality of six provinces in central China is calculated by Gephi soft-

ware and the correlation coefficient is deduced by the Pearson function in the SciPy module of

Python to analyze the correlation between network measurements in the freight network. The

positive correlation is remarkable and the correlation coefficients between degree centrality

and out-degree, weighted out-degree and weighted degree centrality, weighted degree central-

ity and betweenness centrality, as well as degree centrality and betweenness centrality are 0.99,

0.99, 0.69, and 0.58 respectively.

Out-degree values are greater than in-degree values in the degree centrality network, so the

out-degree determines the development trend of the degree centrality network and output

freight demand has a greater influence on the freight imbalance. In the weighted degree cen-

trality network, weighted out-degree has a greater influence on the freight market. This means

that Wuhan and Hefei, with higher hierarchy in the network, exert a diffuse impact on other

cities in the six provinces in central China, and the related economic activities of freight enter-

prises in Wuhan and Hefei are affected, which is likely to trigger a chain reaction in the freight

demand market of other cities at different levels. Wuhan and Hefei are the cities with the high-

est value of weighted degree centrality and betweenness centrality. This indicates that cities

with high levels often take responsibility for goods transit in the freight demand network. This

is to say, the cutting-off of the choke-point of the freight demand network will lead to the

breakdown of the whole freight network. By comparison, the correlation between closeness

centrality and betweenness centrality is weak and so does betweenness centrality and weighted
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centrality. This shows that there is not a strong correlation between freight accessibility and

transit capacity. In other words, if the freight accessibility of a city is blocked, the smooth trans-

portation of goods can be realized through transit via other cities. However, a city with a high

degree of centrality and strong traffic radiation capacity does not mean that it has a high hier-

archy in the freight demand network. For example, Wuhan, Changsha, Hefei, Nanchang,

Zhengzhou, and Taiyuan have strong radiation capacity (Fig 3a), but only Wuhan and Hefei

occupy the first level of freight demand network. Hence, the other four provincial capital cities

should take measures to cope with the imbalance of the freight market, to prevent a series of

chain reactions triggered by Wuhan and Hefei.

Core-periphery analysis of the freight demand network

Cities are divided into the core, semi-periphery and periphery cities of the freight demand net-

work using a continuous core-periphery model in UCINET software. The fitting value of the

model is 0.933, with high confidence. According to the continuous core-periphery model,

there are six core cities, namely, the six provincial capitals: Wuhan, Hefei, Zhengzhou, Chang-

sha, Taiyuan, and Nanchang and 14 semi-peripheral cities showing a strong spatial adjacency

effect in the south of the six provinces in the central region (Fig 6). The 63 periphery cities

(such as Huangshan, Xuancheng, and Ma’anshan), are distributed in bands around the core

cities, indicating that, once the six core cities have sustained more shocks, leading to the imbal-

ance in freight transport, semi-peripheral cities are easily affected.

Impact of epidemic evolution on the freight demand network of six

provinces in central China

We demonstrate a correlation analysis between the number of COVID-19 confirmed cases of

six provinces in central China from February 6 to 18, 2020, and network measurements

including degree centrality, weighted degree centrality, closeness centrality, and betweenness

centrality of the freight demand network.

The correlation coefficients between the number of COVID-19 confirmed cases and

betweenness centrality, closeness centrality, degree centrality, and weighted degree centrality

are 0.63, 0.22, 0.47, and 0.51, respectively. The correlation coefficient between betweenness

centrality and the number of COVID-19 confirmed cases is the highest (0.63). On the one

hand, this indicates that cases of COVID-19 will intensify due to multiple freight transit opera-

tions, on the other hand, it implies that the spread of COVID-19 may provide new opportuni-

ties for the improvement of transit function of small and medium cities. The correlation

coefficient between degree centrality and the number of COVID-19 confirmed cases is 0.47.

On the one hand, this means that the more serious the COVID-19 caseload in a city, the stron-

ger the demand for goods, which is related to banned traffic and freight transportation missing

after the lockdown of the cities. On the other hand, the cities with milder epidemic caseloads

will have opportunities after Wuhan, Hefei, and other freight choke-points are cut off. The cor-

relation coefficients between the number of COVID-19 confirmed cases and in-degree and

out-degree are 0.48 and 0.44, respectively. This suggests that both the output and input of

goods will affect the COVID-19 situation, and the goods output has a greater influence on the

epidemic.

The correlation coefficient between the number of confirmed cases and the difference

between out-degree value and in-degree value is only 0.068, implying no absolute correlation

between the freight market imbalance and the epidemic. Perhaps the imbalance between sup-

ply and demand in the freight market of the six provinces in the central region has always
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Fig 6. Core-periphery analysis of the freight demand network.

https://doi.org/10.1371/journal.pone.0250375.g006
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existed, but the COVID-19 pandemic has struck the freight demand market, rendering it more

complicated with a series of chain reactions.

Imbalance and breakout: The imbalance under the spread of the epidemic

(1) Imbalance difference: The intensity of freight demand is seriously unbalanced, lead-

ing to a significantly uneven spatial distribution between the output and input of goods.

According to the above analysis, it can be found that the freight demands in six provinces of

central China exhibit a typical long-tailed distribution, with a large distribution span, and the

proportions of freight demand intensity among cities are seriously unbalanced (Fig 1). During

the spread of the epidemic, the spatial distribution heterogeneity of cargo output network in

six provinces of central China is very significant, showing typical “island” distribution charac-

teristics. The spatial heterogeneity of the goods input network is not obvious, and the differ-

ence of degree value between cities is small, implying that they are uniformly distributed.

Overall, the demand for goods export is much greater than that for their import.

Freight output and input, namely supply and demand, are the most basic demand points in

a freight demand network. The main reason for the imbalance between supply and demand in

the freight market is the large difference in freight input and output in different cities, and the

distribution is uneven. Freight enterprises in various cities exhibit large differences in the

import and export demands of goods, and the supply and demand are imbalanced. Wuhan,

Nanchang, Taiyuan, Zhengzhou, and Hefei, which are in the top rankings in terms of central-

ity, have far greater out-degree values than in-degree values. Those six cities form a pentagonal

chain reaction area and spread the effect thereof to other cities in the six provinces of central

China.

(2) Imbalance of chain reaction: There are multiple “chain reaction circles” in the state

of weak freight connection. The inter-city freight links present an unbalanced network in a

state of weak connectivity, affected by the closure of cities and roads during the pandemic.

Although the connection is weak, Wuhan, Hefei, Zhengzhou, Nanchang, Zhengzhou, Taiyuan

and Changsha, as the center, have formed two chain reaction circles in the north and south of

the freight demand network. The influence of the northern “chain reaction circle” is smaller

than that of the southern one, and the latter has spread widely, even affecting Shangqiu, Zhou-

kou, and other cities in the north. This finding shows that, even if the connection and radiation

capacity of the seven freight hubs are weakened, the non-linear chain reaction, caused by epi-

demic shock, persists and propagates.

(3) The key to the imbalance: The choke-point is the crux of the imbalance and even

shock of the freight demand network. Wuhan is the choke-point which leads to the imbal-

ance and even turbulence in freight demand network, and it affects a wide range. Hefei and

Zhengzhou are secondary choke-points; the other three provincial capitals have a profound

influence. According to the analysis of the “core-periphery”, it indicates that once the six pro-

vincial capitals are disturbed, it will lead to the imbalance of freight transport, and the 14 semi-

peripheral cities such as Pingdingshan and Anqing are easily affected. Therefore, the keys to

preventing the chain reaction in freight demand networks are controlling the choke-point and

secondary choke-points.

(4) Hidden danger of imbalance: The hidden danger of imbalance between supply and

demand in freight market is gradually exposed. The difference between the out-degree and

in-degree is not correlated with the number of confirmed cases. It shows that the imbalance

between supply and demand in the freight market in six provinces of central China is not abso-

lutely related to the epidemic. The hidden danger of the imbalance has existed for a long time

and has been gradually exposed under the spread and shock of the epidemic. The epidemic is
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only the “fuse” on the imbalance in the freight market, and its violent shock has made the mar-

ket more complex and intertwined and produced a series of chain reactions related to freight

imbalance.

Breakout in the post-epidemic era

(1) Freight transit breakout: Small and medium cities break through to form new

freight transit stations. The correlation coefficient between betweenness centrality and the

number of confirmed cases is the highest, which indicates that multiple transfers of goods will

increase the spread of the epidemic. On the other hand, it shows that the spread of the epi-

demic may provide new opportunities for the promotion of the transit function in small and

medium-sized cities. Ji’an, which ranks the third in terms of betweenness centrality, is close to

Nanchang, the capital of Jiangxi Province and on the border of Jiangxi and Hunan. It bears

traffic in all areas. With the spread of epidemic, the situation in Ji ’an, located in Jiangxi Prov-

ince, is relatively mild. Enjoying a superior geographical position, Ji’an can improve its freight

transit capacity and seek breakout and development in the post-epidemic era.

(2) Freight balance breakout: Eliminate hidden dangers, and actively promote the bal-

ance between import and export of goods in the six provinces of central China. It can be

found that the primary factor of the imbalance in the freight demand market is that the

demand of goods output is much greater than input (the average out-degree is 9.07 which is

greater than the average in-degree of 1.62) implying that they are extremely unbalanced. “Ice a

meter deep is not frozen in one day”, as the saying goes, the difference between the out-degree

and in-degree is not correlated with the number of confirmed cases, and the hidden danger of

the imbalance between supply and demand may endure. Therefore, to avoid the imbalance

and even turbulence of the freight demand network, it is necessary to promote the balance of

input and output in the freight market in the post-epidemic era, eliminate the hidden dangers

and seek breakout and development opportunities.

(3) Freight intensity breakout: Take advantage of geographical proximity, tap freight

potential, increase freight volume, and explore new economic growth points. From the

perspective of the first demand contact network for freight, the “multi-center-radiation”

pattern centered on Wuhan, Zhengzhou, Nanchang, Hefei, Taiyuan, Puyang, and Changsha

is obvious. Puyang’s freight frequency ranks among the top cities in six provinces of

central China, with strong goods input (freight frequency and in-degree are both ranked in

the top ten). Puyang has an obvious geographical proximity advantage, as it is located at the

junction of Henan, Hebei, and Shandong Provinces and sits adjacent to Liaocheng, Tai’an,

Handan, Anyang, and Xinxiang and other cities, and Daguang Expressway, Puhe Express-

way, Nanlin Expressway, and Pufan Expressway run through the whole city. The weakness

of Puyang’s freight demand network lies in its small freight volume, while its advantage lies

in its high freight frequency, so its freight potential needs to be further developed. In the

post-epidemic era, relying on Puyang’s advantages in terms of highway accessibility

and geographical proximity, its freight network can be expanded. By improving the accessi-

bility of its local freight network, the development of freight enterprises in Puyang can be

promoted.

Other cities akin to Puyang are Xuchang and Kaifeng: Xuchang is a transportation and

logistics hub city in the Central Plains Economic Zone, bordering Zhengzhou in the north and

Kaifeng in the east, with superior geographical position and developed transportation and

logistics. Kaifeng, bordering Zhengzhou in the west, is one of the central cities in the core area

of Central Plains urban agglomeration approved by the State Council. Kaifeng Free Trade

Zone is one of the three major areas of China. Xuchang and Kaifeng are both adjacent to
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Zhengzhou, a comprehensive logistics hub. In the post-epidemic era, we can consider follow-

ing the “Ningbo-Zhoushan” model to determine new economic growth points in Xuchang

and Kaifeng and build a “Zhengzhou-Xuchang-Kaifeng” highway freight hub. Through indus-

trial transfer, the surplus freight volume of Zhengzhou will be transferred to Xuchang and

Kaifeng, and the freight absorption capacity of the two cities will be improved. Zhengzhou

develops its freight development and improves the volume in transit, to promote the develop-

ment of its small and medium freight enterprises. The formation and development of a new

urban agglomeration centered on Zhengzhou can then be promoted.

(4) Breakout of freight in peripheral cities: Improve the freight input function and

enhance the ability to receive more traffic. Based on the above analysis, during the epi-

demic, there are 17 cities with mainly export demand, especially provincial capitals. There are

66 cities that mainly import, but the demand is not high. The maximum levels occur in Zhu-

madian and Xinyang (at -9). This shows that there is a certain potential for the import of

goods in the six provinces of Central China. The 66 cities with import demand as the main fac-

tor do not have a strong external freight influence but have a strong ability to receive traffic, so

their importance in the freight network is relatively limited. In the post-epidemic era, these cit-

ies can consider expanding the freight market demand, and absorb from other major export

cities. Cities that focus on import are suggested to guide freight companies to form a “freight

alliance” with those in cities that focus on export demand to eliminate the hidden dangers of

freight imbalance. Most of periphery cities dominated by import demand, and the develop-

ment of small and medium freight companies in those cities have become more difficult since

the outbreak. In the post-epidemic era, the “freight alliance” can be used to eliminate the hid-

den dangers of freight imbalance, allowing small and medium freight companies in peripheral

cities to seek breakout and development.
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