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Taking logistics time, logistics cost, and carbon emissions as optimization objectives, air transportation is included in the cross-
border logistics paths optimization of multimodal transportation. Considering the scale effect of transportation, a multiobjective
optimization model of cross-border logistics paths including road, water, railway, and air is constructed. The problem of cross-
border logistics paths along the “Belt and Road” regions for cities in inland is studied via the NSGA-II method. The research results
show that Chengdu and Xi’an should bear a large number of cross-border air transportation and be constructed as the national
airport-type logistics hub. The foreign destinations of cross-border air transportation are distributed in different regions, mainly in
Eastern Europe and Eastern Central Europe. The optimization result shows that if there is a 1-fold increase in logistics cost, the
logistics time can reduce by 1.37 folds after the cross-border air transportation joins in the model. Such a result has effectively

guided the transition from cross-border water transportation to cross-border air transportation.

1. Introduction

The “Belt and Road” is a major national initiative for China’s
opening up. It aims to promote trade development through
the interconnection between China and the countries along
the “Belt and Road.” Efficient cross-border logistics can
promote international transaction processing and accelerate
the development of international trade [1]. In China, the
economic development of different regions is unbalanced,
and the level of logistics development in the inland regions is
generally slow. To a certain extent, although the “China
Railway Express” has strengthened the cross-border logistics
capacity of inland regions to the west, its function is still very
limited. Taking the western region of China as an example,
according to the “Belt and Road Trade Cooperation Big Data
Report” released by the State Information Center, the cross-
border transportation in the region to the “Belt and Road”
countries are mainly by water transportation and road
transportation, which account for about 78% of the total
exports of freight, while air transportation and railway
transportation account for about 15% and 4% of the total
exports of freight respectively. Inland regions of China are

excessively relying on water transportation of coastal ports
and highly polluted road transportation. This not only
hinders the development of cross-border logistics and trade
but also has a negative impact on the trade of the whole “Belt
and Road” initiative. Therefore, based on the existing
transportation facilities, inland regions effectively organize
cross-border logistics according to their transportation
conditions, which is the key to improve the level of inter-
connection between China and the countries along the “Belt
and Road.”

Cross-border logistics has the characteristics of long-
distance transportation, usually using multimodal trans-
portation [2-5]. At present, the theoretical research of cross-
border multimodal transportation mainly focuses on road-
sea multimodal transportation, road-rail multimodal
transportation, and road-rail-sea multimodal trans-
portation. These researches are optimized by developing a
mathematical model. According to different optimization
objectives, they can be classified into two categories as
follows:

One is to construct a single-objective optimization
model to minimize logistics costs. For example, some
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scholars not only consider transportation cost but also
consider transit costs, storage costs, and transportation scale
effects when constructing an optimization model [6-8].
Among them, Zhang et al. [6] put forward a basic framework
to solve the problem of multimodal transportation paths
optimization, which provided a solid foundation for future
research. These studies did not consider logistics efficiency
and environmental factors, thus, time and carbon emission
restrictions are absent in their models. However, with the
trend of high-quality economic development, logistics effi-
ciency and environmental factors have become important
objectives of cross-border logistics transportation. Scholars
have further studied the optimization model, including
adding the time window constraint into the optimization
model [9-11] or adding logistics time and carbon emissions
to logistics costs for optimization [12-15]. Moreover, some
scholars have studied models under uncertainty [16-18].

The other one is to construct a multiobjective cross-
border logistics optimization model that includes logistics
cost, logistics time, and carbon emission [19-21]. It is dif-
ficult for single-objective optimization model to balance
logistics time, logistics cost, and carbon emission [19]. Due
to the release of low-carbon policy, some scholars have
focused on the optimization of cross-border logistics paths
under low-carbon policy [22-24]. The optimization con-
clusion of the above literatures is that the proportion of
road-sea multimodal transportation and road-rail-sea
multimodal transportation is much higher than that of road-
sea multimodal transportation. Such a result indicates that it
is important for supporting road-rail multimodal trans-
portation and road-rail-sea multimodal transportation to
construct the dry ports. We can find that the exploration of
air transportation on cross-border multimodal trans-
portation is absent in the existing theoretical studies.

In December 2018, the logistics hub policies were
published by relevant departments of the Chinese govern-
ment. In September 2019 and October 2020, there are 23
cities and 22 cities respectively that became national logistics
hubs. Among these cities, there are 13 dry port-type national
logistics hubs, 14 seaport-type national logistics hubs, and 3
airport-type national logistics hubs. Since the inland cities in
China are far away from seaports, air and railway trans-
portation are important ways for them to carry out cross-
border logistics. However, inland cities in China mainly
build dry port logistics hubs, while the existing airport-type
national logistics hubs are only Beijing, Zhengzhou, and
Shenzhen. Therefore, the importance of air transportation in
inland cities and the impact of air transportation on cross-
border logistics along the “Belt and Road” need to be
explored.

This study incorporates air transportation into the
theoretical framework of cross-border multimodal trans-
portation. Taking logistics cost, logistics time, and carbon
emission as the optimization objectives, a cross-border lo-
gistics path optimization model including water, railway, air,
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and road is constructed. This study not only improves the
theory of multimodal transportation but also provides de-
cisions for cross-border logistics transportation and airport-
type national logistics hubs construction in inland regions.

2. Construction of Cross-Border Logistics Paths
Optimal Model

2.1. An Abstract Description of Cross-Border Transportation
Problems. The cross-border transportation, consisting of
different types of transportation nodes, is to transport
cargoes from the domestic source of supply to the foreign
destination. As shown in Figure 1, the different types of
transportation nodes are represented by different graphics,
including the domestic source of supply i(i € I), domestic
dry port d(d € D), domestic airport a(a € A), domestic
seaport p(p € P), foreign dry port d'(d' € D'), foreign
airporta’ (a’ € A"), foreign seaport p' (p’ € P'), and foreign
destination j(j € J). Among them, the channels between the
nodes represent different transportation modes, including
road transportation, railway transportation, air trans-
portation, and water transportation. The railway trans-
portation involves both domestic railway transportation and
cross-border railway transportation. The channels between
different transportation nodes have resulted in multiple
paths of multimodal transportation.

As shown in Figure 1, four multimodal transportation
modes can be selected for cross-border transportation of
cargoes from the domestic source of supply i to foreign
destination j.(1) The cargoes are transported first from the
domestic source of supply i to domestic seaport p through
road transportation, then to foreign seaport p' through
water transportation, and finally to the foreign destination j
through road transportation. This mode is the road-sea
multimodal transportation. (2) The cargoes are transported
first from the domestic source of supply i to domestic dry
portd through road transportation, then to domestic seaport
p through railway transportation, and then to foreign sea-
port p' through water transportation, and finally to the
foreign destination j through road transportation. This
mode is road-rail-sea multimodal transportation. (3) The
cargoes are transported first from the domestic source of
supply i to domestic dry port d through road transportation,
then to foreign dry port through cross-border rail trans-
portation, and finally to the foreign destination j through
road transportation. This mode is the road-rail multimodal
transportation. (4) The cargoes are transported first from the
domestic source of supply i to domestic airport a through
road transportation, then to foreign airport a’ through air
transportation, and finally to the foreign destination j
through road transportation. This mode is the road-air
multimodal transportation.

When cargoes are transported from domestic source of
supply i to foreign destination j, there are not only four
multimodal transportation modes to select but also many
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FIGURE 1: Abstract description of cross-border transportation problems.

TaBLE 1: Model parameters.
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border logistics paths optimization is to find out the best
cross-border logistics paths from the numerous logistics
paths corresponding to the four multimodal transportation

different cross-border logistics paths in each mode. Every
cross-border logistics path is accompanied by logistics costs,
logistics time, and carbon emissions. The purpose of cross-



modes, so as to implement the optimization of logistics costs,
logistics time, and carbon emissions.

2.2. A Bi-Objective Mixed-Integer Programming Model for
Cross-Border Logistics Path Optimization. According to the
method in the literature [14], this study converts emission
into carbon tax costs and incorporates them into logistics
costs. A bi-objective (logistics cost and logistics time) mixed-
integer programming model is constructed in this study on
the basis of the four multimodal transportation in Figure 1.

2.2.1. Model Parameters and Variables. Set the decision
variables as follows: X, ; as the road-sea multimodal
transportation mode decision variable, X4, ; as the road-
rail-sea multimodal transportation mode decision variable,
Xigpj as the road-rail multimodal transportation mode
decision variable, and X;,,/; as the road-air multimodal
transportation mode decision variable. These decision var-
iables are binary variables. If a certain multimodal trans-
portation mode is adopted, the corresponding decision
variable is 1; otherwise, the decision variable is 0. In addition,
the related parameters need to be selected including unit
transportation cost, carbon emissions, transportation
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distance, fixed cost, storage time, transportation speed, and
freight volume. The specific parameter symbols and
meanings are listed in Table 1.

2.2.2. Model Objective Function. As for cross-border lo-
gistics paths optimization, there are two objective functions
including cross-border logistics cost and cross-border lo-
gistics time in the bi-objective mixed-integer programming
model.

Cross-border logistics costs consist of transportation
costs, fixed costs at each port, and carbon tax costs converted
from carbon emissions during transportation. Considering
the scale effect of railway transportation, the growth rate of
total transportation costs will slow down as freight volumes
increase. Therefore, a constant unit transportation cost can
be equivalently considered as a decrease in freight volume.
Based on the size of freight volume, the decreased freight
volume can be divided into three intervals with different
discount factors, which is expressed as the original freight
volume multiplied by the discount factor of the corre-
sponding interval [25]. Therefore, the cost objective function
is constructed as follows:

minfl = Z qinipp'j((Crd €O X re)(lip + Zp'j) + (Csea T COgeq X re)lpp')

ij,psp’

+ Z Xidpp’j(qij (Zcrd + €O X re)lid + (Csea T COgeq X re)lpp')

i,j,d,p,p'

+(C,q + €O X ”e)lp'j) +q;B[m] (co, + co, x re)ldp)

+ Z Xidd'j(qij (Crd T COg X re)(lid + ld'j) + quB[m] (corl +Coy X reﬂdp)

i,j,d,d'

(1)

+ Z qiniaa’j((Crd €Oy X 7’e)(lia + la'j) + (Cra T €Oy X 7’e)laa')

i
i,j,a,a

+ Z (ded +y,F, + prp).
a,d,p

The first part of the objective function of the road-
sea multimodal transportation is the transportation
cost and carbon tax cost. The second part is the
transportation cost and carbon tax cost of the road-rail-
sea multimodal transportation which has the scale ef-
fect. The third part is the transportation cost and carbon
tax cost of the road-rail multimodal transportation
which has the scale effect. The fourth part is the
transportation cost and carbon tax cost of the road-air

multimodal transportation. The last part is the fixed cost
at each port, and the binary variables including y,, y,,
and y, indicate whether the airport, dry port, and
seaport provide services respectively.

Cross-border logistics time consists of transportation
time and storage time at each port. The transportation time
is the distance between two logistics nodes divided by the
speed. Therefore, the time objective function is constructed
as follows:
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min f, = z Xipp' i (lip+lplj)+ oy
2 'PPJ Ved Viea T 1y + 1y

a,apdidp.p.p'

La+1y:) 1 1.
+Xidpp’j<M+ﬂ+$>

Vea ¥ g+ 1, +1y

Li+1,. Ly
+ Xy (ld d1)+ dd
pJ Vid Vrl+td+td,

iaa’ j 24
(2)

The first part of the objective function is the trans-
portation time of the road-sea multimodal transportation
and the storage time of domestic and foreign seaports. The
second part is the transportation time of the road-rail-sea
multimodal transportation and the storage time of domestic,
foreign seaports, and domestic dry ports. The third part is
the transportation time of the road-rail multimodal trans-
portation and the storage time of domestic and foreign dry
ports. The fourth part is the transportation time of the road-
air multimodal transportation and the storage time of do-
mestic and foreign airports.

2.2.3. Constraint Conditions. The constraint conditions that
must be met by the variables in the model are as follows:

Y (X + Xiapy'j + Xiap'j + Xigwrj) = LVi€ I j €.
da,pd.a,p'

(3)

XigpjSyaVielje];deD;d e D', (4)
Xy j<ypViel,je];ac Aja € A, (5)

Xy iSypVieLje];peP;p eP. (6)
Xigpp jSypVieLje];pePip' €ePideD.  (7)

Xigpp jSYoVieLjeJ;pePip' eP;deD.  (8)
Yar Yar ¥ p» Xidp' j» Xiaa' j» Xipp' j» Xiapp'j € {0: 1} (9)

Among them, constraint conditions (3) indicate that
only one multimodal transportation mode can be used for
cross-border transportation. Constraints conditions (4) to
(8) indicate that multimodal modes passing through this
port can be adopted only after the corresponding seaport,
airport, or dry port has been passed through. Constraint
condition (9) indicates that the variables in the constraint are
binary variables.

3. The Solution to the Optimization Model of
Cross-Border Logistics Path:
Genetic Algorithm

In the bi-objective mixed-integer programming model for
cross-border logistics path optimization, the two optimi-
zation objectives of logistics cost and logistics time cannot be
optimized at the same time. Therefore, how to balance the
importance of these two optimization objectives is the key to
obtain the optimal cross-border logistics paths. Following
the method of solving multiple objective functions in the
existing literature [22, 26, 27], the genetic algorithm is used
to find the Pareto optimal solution of logistics cost and
logistics time in this study. In the solution process, this study
adopts the NSGA-II algorithm [28] that ensures the diversity
of the population and high computational efficiency. This
algorithm cannot directly calculate the fitness of the chro-
mosomes to select the optimal solution like the single-ob-
jective algorithms, while it is used to select the optimal
solution by calculating the nondominated sorting level and
crowding distance of each chromosome. The optimal so-
lutions are further optimized by genetic operations and
repeated until the solutions are obtained that outperform
other chromosomes in both objectives within a specified
maximum number of generations. The optimal solutions are
called the Pareto optimal solution sets. The specific process is
as follows:

3.1. Chromosome Encoding and Decoding of Cross-Border
Logistics Paths. In this study, the chromosome is encoded by
integer coding. Each chromosome represents a cross-border
logistics path with 8-bit codes. The first part of the chro-
mosome is the code of multimodal transportation mode, and
the second part is the code of passing through ports. The
specific coding structure is shown in Figure 2.

The first part of the chromosome consists of the first four
codes, representing different multimodal transportation
modes. They are road-sea multimodal transportation, road-
rail-sea multimodal transportation, road-rail multimodal
transportation, and road-air multimodal transportation,
successively. The code is taken as an integer from 0 to 1. If
the multimodal transportation mode is selected, the code is
1, otherwise, the code is 0. Since only one multimodal mode
can be selected for each cross-border logistics path, only one
of the 4-bit codes is 1.

The second part of the chromosome consists of the last
four codes that represent the number of the port passed
through. They are domestic dry port or airport, domestic
seaport, foreign dry port or airport, and foreign seaport,
successively. Since dry port and airport do not appear in the
same multimodal transportation mode, they are represented
by the same location code. The second part of the code is
taken as the number of the different ports (m,, m,, m;, and
my) or 0. If any port is passed through, the corresponding
code is the number of this port, otherwise, the code is 0. The
second part of the chromosome is determined by the first
part of the chromosome. For example, in the road-sea
multimodal transportation mode, the code representing the
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FIGURE 2: Chromosome coding.
seaport is the port number, while the code representing the
other ports is 0. The specific decoding process is given in 1 0 0 0 0 3 0 4

Figure 3.

As shown in Figure 3, based on the first part of the
chromosome, it is known that the chromosome is a road-sea
multimodal transportation mode. From the second part of
the chromosome, the cargoes are transported through road
transportation from the source of supply to the domestic
seaport 3, then through cross-border water transportation to
the foreign seaport 4, and finally through road trans-
portation to destination.

3.2. NSGA-II Algorithm Process

3.2.1. Nondominated Sorting and Calculating Crowding
Distance. The code is initialized to obtain the initial pop-
ulation of cross-border logistics paths. The two objective
function values are calculated for each cross-border logistics
path in the population. Such a result indicates that each
logistics path is sorted nondominated, and the logistics paths
with the least dominated rank are selected from them.
Moreover, the crowding distance of logistics path in the
same rank is calculated to ensure the diversity of the pop-
ulation. As shown in Figure 4, the crowding distance of any
logistic path is the difference between two adjacent logistic
paths, and the crowding distance of node 7 can be calculated
by equations (10)-(12) [29]. Equations (11) and (12) indicate
the difference between the node 7 + 1 and the node n -1 in
the objective function (1) and the objective function (2),
respectively. After finishing the sorting and the calculation of
crowding distance for all logistics paths, the logistics paths
with the least dominant sorting and the largest crowding
distance are selected as the candidate populations.

The crowding distance of noden = Af, + A f,. (10)
Af,=fi(n+1)- fi(n-1). (11)
Af,=f,(n+1)- f,(n-1). (12)

3.2.2. Select. The tournament selection algorithm is used to
simulate the elimination system [13] in this study. A certain

road-sea multimodal Domestic No. 3 Foreign Seaport

. 14
transport Seaport No.

FIGURE 3: Chromosome decoding.
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)

FiGUure 4: Crowding distance for node n.

number of cross-border logistics paths are randomly se-
lected from the population for comparison every time, and
the cross-border optimal logistics path is selected to join the
next-generation population. This operation is repeated until
the size of the next-generation population reaches the
number that needs to be selected.

3.2.3. Crossing and Mutation. Based on the set crossover
and mutation probabilities, some cross-border logistic paths
in the new population are selected for crossover and mu-
tation. Then crossover and mutation should follow the
coding rules in 2.1, otherwise the logistics path will be
discarded. The SBX [30] (simulated binary crossover) and
polynomial mutation [25] are adopted to further increase the
diversity of the population, enhance the local search ability,
and speed up the convergence.
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(1) /* Initial population =/
(2) while g=0. g<G do

(7) until number of population < NUM
(8) return population
(9) /* Start to evolve =/

(14) g:=g+1
(15) end do
(16) return population

Input: Number of individuals in the population, NUM; Maximum evolutionary generation, G;
Output: The population that completes the optimization is the pareto optimal solution;

(3) population: = population + offspring;/+ Father and son merged */

(4) levels:=ndSort (population, NUM);/+ Non-dominant ranking =/

(5) distance: = crowdis (population, levels);/« Calculate the crowded distance */
(6) population, FitnV: =argsort (lexsort ([dis-levels]));/*Calculate fitness */

(10) offspring: = population|selecting (population, FitnV, NUM)|;/*Select individuals to participate in evolution s/
(11) offspring: =recOper (offspring);/+ Simulated binary crossover s/

(12) offspring: = mutOper (offspring);/+ Polynomial mutation */

(13) population: = reinsertion (population, offspring);/*Reinsert to get a new generation of population */

ALGORITHM 1: NSGA-II algorithm.

3.2.4. Elitism Strategy. When generating the cross-border
logistics path population of the offspring, the elitism strategy
is introduced to ensure that the optimal solution is obtained
[28]. This strategy combines parental population with off-
spring population to compete together. This results in an
increased space of the selected logistics path, and hence it is
helpful to improve more optimal solutions for the next
generation.

3.2.5. Algorithm Pseudocode. Based on the above algorithm
design, the specific steps of NSGA-II algorithm are shown in
Algorithm 1.

4. The “Belt and Road” Cross-Border Logistics
Path Optimization Program

4.1.  Freight City and Model Parameter Selection.
Considering the optimization of the “Belt and Road” cross-
border logistics paths in inland regions, this study focuses on
the key regions including the urban agglomeration in the
middle reaches of the Yangtze River, Chengdu-Chongging
urban agglomeration, and Zhongyuan Urban agglomera-
tion. Among these regions, 14 cities such as Yibin, Baoji,
Dagqing, and Luoyang are selected as domestic sources of
supply. According to indicators such as economic aggregates
and trade levels of foreign cities along the “Belt and Road,”
11 cities, including Tashkent, Nur-Sultan, and Moscow, are
selected as foreign destinations. According to the govern-
ment policy issued in 2018, 10 cities such as Zhengzhou,
Chengdu, and Xi’an are selected as both domestic dry ports
and domestic airports, and 6 cities such as Shanghai, Dalian,
and Lianyungang are selected as domestic seaports. At the
same time, 10 cities such as Lodz, Almaty, and Moscow are
selected as foreign dry ports or foreign airports, and 6 cities
such as Haiphong are selected as foreign seaports based on
the total economic volume and infrastructure of the overseas
cities along the “Belt and Road.” Due to good trade

development and a high level of logistics development, some
cities such as Moscow and Tashkent are both destinations
and hub ports, as listed in Table 2.

According to the literatures [23, 31, 32] and the actual
data collected, various parameters, such as the trans-
portation costs, carbon emission factor, and speed, are set as
listed in Tables 3 and 4 (1 yuan=0.1547 $) [33]. Then the
average storage time in dry ports, airports, and seaports is
12h, 12h, and 24h, respectively [31]. The fixed fees for
services provided by seaports, dry ports, and airports are
2,000yuan, 2,000 yuan, and 1,500 yuan, respectively [32].

4.2. Experimental Results and Analysis. Considering the
parameter setting in the relevant literatures [34, 35] and the
result of our tests, the algorithm parameters are set as fol-
lows: the population number is 2000, the maximum number
of iterations is 500, the probability of crossover is 0.9, the
probability of mutation is 0.01, and the distribution indexes
of SBX and polynomial mutation are both 20. Based on the
above model parameters and algorithm parameters, the
model is programmed by Python to obtain the Pareto op-
timal solution sets for the cross-border logistics paths.
Taking the cross-border logistics paths from Baoji to New
Delhi as an example, its optimal Pareto solution sets are
shown as star-shaped points in Figure 5.

According to the method for obtaining Pareto satis-
factory solutions in the literature [22], the percentage
changes of logistics cost and logistics time for the five Pareto
solutions are analyzed in Figure 5. Among them, the solution
indicated by the arrow is the Pareto satisfactory solution. The
characteristic of this solution increasing the least logistics
costs can save the most logistics time. The logistics path
corresponding to this Pareto satisfactory solution is Baoji-
Changsha-Guangzhou-Mumbai-New Delhi (road-rail-sea
multimodal transportation). The logistics cost of this path is
232,304.24 yuan and the logistics time of this path is
18.09 days. Similarly, the optimal cross-border logistics
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TaBLE 2: Source, destination, and port hub.

Domestic sources of
supply

Dagqing, Tongliao, Luoyang, Xiangyang, Xinyang, Zunyi, Huaihua, Yibin, Zhaotong Yulin, Baoji, Shangrao,
Changzhou, Jiaxing

Domestic dry ports/
airports

Domestic seaports
Foreign dry ports/
airports

Foreign seaports
Foreign destination

Harbin, Zhengzhou, Changsha, Chengdu, Kunming, Xi’an, Nanjing, Hangzhou, Chongqing, Guiyang
Dalian, Lianyungang, Qingdao, Guangzhou, Tianjin, Shanghai
Tashkent, Almaty, Moscow, Rhodes, Tehran, Minsk, Riga, Prague, Istanbul

Haiphong, Mumbai, Abbas, Mersin, Odessa, Gdynia, Riga
Tashkent, Nur, Sultan, Moscow, Warsaw, Tehran, Minsk, Riga, Prague, Ankara, New Delhi, Hanoi, Kiev

TaBLE 3: Transportation mode parameters.

Mode of transportation

Unit transportation cost (yuan/t-km) Unit carbon emission factor Average speed (km/h)

Road transportation 1 0.283 90
Railway transportation 0.65 0.022 60
Water transportation 0.35 0.016 30
Air transportation 2 1.036 900

TaBLE 4: Discount factor of freight volume.

Range of freight volume More than 30t

Between 15t and 30t Less than 15t

Discount factor of freight volume 0.93

0.96 1

18.3-*— . *

Pareto
* . - - satisfactory -

solution

182 !

18.1 4.

logistics time (days)

18.0

17.9 -

T T T T T T T T
140000 160000 180000 200000 220000 240000 260000 280000

logistics cost (yuan)

* Pareto Front

FIGURE 5: Baoji-New Delhi optimal path Pareto optimal solution
sets.

paths corresponding to all Pareto satisfactory solutions from
the source to the destination can be obtained, and there are
168 paths in total. Among them, the number of optimal
cross-border logistics paths using road-air multimodal
transportation, road-rail multimodal transportation, road-
rail-sea multimodal transportation, and road-sea multi-
modal transportation are 47, 93, 26, and 2, respectively.
For simplicity of analysis, the road-sea multimodal
transportation and the road-rail-sea multimodal trans-
portation are collectively called cross-border water trans-
portation;  meanwhile the road-rail multimodal
transportation and road-air multimodal transportation are

called cross-border water transportation and cross-border
air transportation, respectively. According to the geo-
graphical regions of the domestic sources of supply, the
cross-border logistics paths are divided into five regions
including the northeast region of China, the northwest
region of China, the southeast region of China, the south-
west region of China, and the central region of China.

4.2.1. Proportion Analysis of Optimal Cross-Border Logistics
Paths. The proportion of transportation modes in the op-
timal cross-border logistics paths in the five regions is given
in Figure 6.

As shown in Figure 6, the highest proportion of
transportation modes is cross-border railway transportation.
It indicates cross-border railway transportation should be
more adopted by inland regions for organizing cross-border
logistics. That is to say, China Railway Express is now a
powerful way to enhance the capacity of cross-border lo-
gistics in the inland regions, while the lowest proportion of
transportation modes is cross-border water transportation
in inland regions. Though there are the greatest advantages
of cross-border water transportation in southeast regions,
cross-border water transportation accounts for only 9.1%. It
indicates that inland regions should not use cross-border
water transportation in large quantities to organize cross-
border logistics. Cross-border air transportation accounts
for an important proportion in all optimal cross-border
logistics paths of inland regions. Among them, the region
with the highest proportion of cross-border air trans-
portation is the northwest region, reaching 45.5%. The re-
gions with a middle proportion of cross-border air
transportation are the southwest regions and central regions,
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FIGURE 6: Proportion of transportation modes in optimal cross-
border logistics paths.

reaching between 30% and 35%. The regions with the lowest
proportion of cross-border air transportation are the
northeast regions and southeast regions, reaching 25% and
18.2% respectively. Such a result indicates that there is a
great potential for northwest regions, southwest regions, and
central regions to organize cross-border logistics through
cross-border air transportation.

However, only Beijing, Shenzhen, and Zhengzhou have
been constructed as airport-type national logistics hubs
among the existing national logistics hubs according to the
recent government policies. Therefore, there is an urgent
need for China to build national airport-based logistics hubs
in the northwest and southwest regions, which can optimize
and enhance the cross-border air logistics capacity of these
two regions.

4.2.2. Result Analysis of Optimal Cross-Border Logistics
Paths. The transportation modes of cross-border logistics
from inland regions to foreign destinations are different.
From the results of optimal cross-border logistics paths, the
cross-border railway transportation accounts for 81% of
cross-border logistics paths to Central and West Asia. That is
to say, when cargoes are transported from inland regions to
Central and West Asia, cross-border railway transportation
should be given priority, while destinations of inland regions
using cross-border water transportation to organize cross-
border logistics are South Asia. It indicates cross-border
water transportation should be given priority, when cargoes
are transported from inland regions to South Asia. Cross-
border air transportation accounts for 47% of the cross-
border logistics paths to Central and Eastern Europe.
Therefore, cargoes are transported from inland regions to
Central and Eastern Europe, and cross-border air trans-
portation should be given priority. Among them, there are
89% paths are passing through Lodz in Central Europe and
Minsk in Eastern Europe. Therefore, Lodz and Minsk are
significant foreign airports for inland regions to organize
cross-border logistics.

In order to analyze the optimal cross-border logistics
paths for different regions, the results of the optimal cross-
border logistics paths in five regions are given in
Figures 7-10.

As shown in Figures 7-10, cargoes are transported from
northwest region mainly to Central and Eastern Europe, and
partly to Central and Western Asia by cross-border air
transport. Cargoes are transported from southwest region
mainly to Eastern Europe, and partly to Central Europe and
Central Asia. Cargoes are transported from central region
mainly to Eastern European, and partly to Central European.
Although cargoes are transported from southeast region and
northeast region rarely to foreign destinations by cross-
border air transportation, there are still stable cross-border
logistics paths by this transportation mode. Among them,
cargoes are transported from northeast region to Kiev via the
path of “Chengdu-Lodz,” and cargoes are transported from
southeast region to Tashkent via the path of “Xi’an-Almaty.”
Therefore, there are differences in foreign destinations to
which the cargoes are transported from each region.
Therefore, the selection of cross-border air transportation
should be based on the above results. Similarly, when inland
regions choose other cross-border transportation modes for
cross-border logistics, the optimal cross-border logistics
paths should be selected based on the above results.

Since there is an urgent need for the construction of
airport-type national logistics hubs in the northwest and
southwest regions, the percentage of optimal cross-border
logistics paths through each airport hub within these two
regions is calculated. The results are listed in Table 5.

As listed in Table 5, the percentage of optimal cross-
border paths through Xi’an in northwest region and inland
regions are 50% and 30%, respectively. The percentage of
optimal cross-border paths through Chengdu in southwest
region and inland regions are 80% and 53%, respectively. For
other airports hubs, Chongqing is only passed by a few
optimal cross-border logistics paths. At present, according
to the list of national logistics hubs, Xi’an and Chengdu are
only constructed as dry port-type national logistics hubs.
Therefore, China should build Xi’an and Chengdu as air-
port-type national logistics hubs when planning the con-
struction of national logistics hubs in the future.

4.2.3. Necessity Analysis of Introducing Cross-Border Air
Transportation. The main theoretical contribution of this
study is to integrate air transportation with the theoretical
research framework of cross-border logistics multimodal
transportation. Therefore, this study compares the optimi-
zation results of the abovementioned cross-border logistics
paths with those excluding cross-border air transportation,
and focuses on analyzing the logistics cost and logistics time
in the optimization objectives. The results of the comparison
are given in Figures 11 and 12.

As shown in Figures 11 and 12, the logistics cost and
logistics time of each logistics path are summarized in this
study. The total logistics cost of all optimal cross-border
logistics paths is C; = 236554507 yuan and the total logistics
time is T, = 636.33 days, while the total logistics cost of all
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FIGURE 8: The optimal cross-border logistics paths in southwest region.

optimal cross-border logistics paths excluding cross-border
air transportation is C,=71196217.86 yuan and the total
logistics time is T, =2654.67 days. Therefore, if there is a 1-
fold increase in logistics cost, the logistics time can reduce by
1.37 folds after joining the cross-border air transportation.

The reduction of logistics time is far greater than that of the
increase in logistics cost.

To explore the impact on cross-border logistics after
joining cross-border air transportation, this study compares
the transportation proportion of the above two optimal
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TaBLE 5: The percentage of the optimal cross-border paths through the airport.

City Xi’an (%) Chengdu (%) Chongging (%) Kunming (%) Guiyang (%)

Percentage of region 50 80 20 0 0
Percentage of all regions 30 53 7 0 0
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TaBLE 6: The comparison of transportation proportions for optimal cross-border logistics paths based on bi-objective optimization.

The result of optimal cross-border
logistics paths (%)

The result of optimal cross-border logistics paths excluding cross-
border air transportation (%)

Cross-border air

: 28 0
transportation

Cross—bordfar water 17 47.70
transportation

Cross-bord.er railway 55 52.30
transportation

results based on bi-objective optimization. Table 6 lists the
results of the comparison.

As listed in Table 6, in the result of optimal cross-border
logistics paths excluding cross-border air transportation, the

transportation proportions of cross-border railway trans-
portation and cross-border water transportation are 52.3%
and 47.7%, respectively. After joining cross-border air

transportation, the proportion of cross-border air
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transportation increases to 28%, cross-border water trans-
portation decreases to 17%, while cross-border railway
transportation slightly increases to 55%. Therefore, the
joining of cross-border air transportation will not affect the
development of the “China Railway Express” but will only
reduce the pressure on the coastal ports of cross-border
water transportation. Such a result will promote the effi-
ciency of cross-border logistics and the development of trade
along the “Belt and Road.”

5. Conclusions

It is important for inland regions to choose cross-border
logistics paths reasonably to participate in the “Belt and
Road” initiative. In this study, the logistics cost, logistics
time, and carbon emissions are taken as optimization ob-
jectives, and a mixed-integer programming model for the
multiobjective optimization of the cross-border logistics
paths is constructed. We integrate innovatively air trans-
portation with the theoretical research framework, and then
explore the influence of air transportation on cross-border
logistics and the importance of building airport-type lo-
gistics hubs in the national logistics hub system. The NSGA-
IT algorithm is used to obtain the optimal cross-border
logistics paths.

Based on the proportion of transportation modes in
optimal cross-border logistics paths, cross-border railway
transportation should be more adopted by inland regions,
but the importance of cross-border air transportation
cannot be ignored. Although Northwest China and
Southwest China are the regions with the highest pro-
portion of cross-border air transportation, there are no
airport-type national logistics hubs in these two regions to
organize cross-border logistics. Therefore, according to the
percentage of the optimal cross-border paths through the
airport, Chengdu and Xi’an should be constructed as
airport-type national logistics hubs. Moreover, the foreign
destinations of cross-border air transportation are dis-
tributed in different regions, mainly in Eastern Europe and
Eastern Central Europe. To explore the impact of joining
cross-border air transportation on cross-border logistics,
we compared the cross-border logistics path optimization
with that excluding air transportation. The results show
that if there is a 1-fold increase in logistics cost, the logistics
time can reduce by 1.37 folds, and the reduction of logistics
time is far greater than the increase of logistics cost. Such a
result has effectively guided the transition from cross-
border water transportation to cross-border air trans-
portation. Therefore, cross-border air transportation can
play a more important role in the cross-border logistics of
the “Belt and Road.” China should speed up the con-
struction of national airport-type logistics hubs in the
Northwest and Southwest. The results of the optimal cross-
border transportation paths will provide a direct basis for
inland regions to organize cross-border logistics by con-
sidering cost, time, and carbon emissions. Our study
provides important insight for inland regions to better
participate in the “Belt and Road” initiative and enhance
the level of opening up to the outside world. [36].
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Data Availability

Previously reported data were used to support this study and
these prior studies (and datasets) are cited at relevant places
within the text as references.

Additional Points

Significance. The theoretical significance of current work lies
in incorporating air transportation into the multimodal
transportation theory research framework of cross-border
logistics transportation. In this article, the inland regions are
optimized to participate in the “One Belt and One Road”
cross-border logistics route, and it is found that Chengdu
and Xi'an should carry a large amount of cross-border air
transportation and be constructed as a national-level air-
port-type logistics hub city. In addition, compared with the
optimization results without air transportation, the opti-
mization results after adding cross-border air transportation
can reduce logistics time by 1.37 times for every doubling of
the logistics cost. This shows that in the “Belt and Road”
cross-border logistics transportation, cross-border air
transportation can play a more important role.
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