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1. Introduction

With the implementation of the Belt and Road Initiative, inland ports are playing an increasingly prominent role in cross-
border trade for inland cities in China. Over the past decade, China's inland cities have experienced rapid growth in export-
oriented economies. The construction of inland ports also provides the basis for the operation of the China-Europe Railway
Express. According to the China Inland Port Development Report, there are over 200 inland ports in China by the end of
2021(Association of Development District in China, 2021). More and more inland cities in China are realizing that the inland
ports are no longer just an extension of seaports in the inland areas but have become the new hub for cross-border trade,
especially for inland cities. However, issues such as inappropriate distribution of investment in the inland ports and duplication
of functional positioning of the inland ports hinder the development of inland ports and waste resources such as land and
capital. Zeng et al. (2013) made an innovative suggestion, noting that although inland ports can support the increasing volume
of inland freight, there is a certain risk in investing in inland ports. Chang et al. (2019) pointed out that overinvestment has
become a major constraint to the development of inland ports in China. The investment gap between different inland ports in
China is large, the investment in 40.39% of inland ports is less than 1 billion yuan, while 13.79% reach more than 10 billion
yuan. Ma et al. (2023) mentioned that the larger freight volume share of inland ports in the cross-border transportation network

* Corresponding author

E-mail: kaiyang@bjtu.edu.cn (K. Yang)

ISSN 1923-2934 (Online) - ISSN 1923-2926 (Print)
2023 Growing Science Ltd.

doi: 10.5267/j.ijiec.2023.5.001



484

can help to reduce the total cost of the network. Therefore, how to make a more reasonable plan for inland ports becomes the
key issue that needs to be solved for the future development of inland ports. Moreover, inland port investors frequently make
decisions on their own regarding the scale and functionality of the inland ports. In China, 78.82% of inland port investors are
government or state-owned enterprises (Association of Development District in China, 2021), and in the planning process of
inland ports, they prioritize adaptability with national policies and the amount of land resources. However, in practice,
investors should not only consider the above-mentioned conditions but also pay more attention to the transportation needs of
manufacturing enterprises and the degree of competition among inland ports in the planning region.

By combining these aspects, we develop a bilevel programming model to characterize the dynamic interaction relationship
between the local government and the manufacturing companies in the selected region. More specifically, at the upper level,
the local government determines the scale and function of different potential inland ports for maximizing the market share.
At the lower level, we consider multiple manufacturing companies, which make their respective cargo flow allocation plans
for the inland ports and seaports in cross-border trade. By combining the genetic algorithm and the exact solution method, we
proposed a hybrid heuristic algorithm to solve the proposed bilevel program and described the key steps of the algorithm.
Furthermore, we introduce the planning problem of inland ports for the Huaihai Economic Zone in China as a case study and
apply the proposed optimization approach to obtain computational results. Based on the obtained results, the sensitivity
analysis is performed, and several planning insights are given.

We summarize the major contributions as follows. The first contribution is to optimize the planning of multiple inland ports
in a certain region to increase the cross-border transportation market share of inland ports and reduce the competition among
inland ports within a limited investment amount. The second contribution is to develop a bilevel programming model to
consider both the local government and manufacturing companies hierarchically throughout the inland port planning process.
The third contribution is to identify the impact of different factors related to the planning of inland ports, providing valuable
managerial insights based on sensitivity analysis of several factors.

The rest of the paper is structured as follows: Section 2 provides an overview of the current literature on inland port investment
problems, cargo flow allocation problems, and the application of bilevel programming. Section 3 develops the up-per-level
and lower-level programming models for the mentioned problem. Section 4 designs the algorithm used in this study. Section
5 investigates a case study of the inland ports in Huaihai Economic Zone, analyzes the computational results, and proposes
inland port planning strategies. Section 6 gives the main conclusions and makes recommendations for further research.

2. Literature review

In this section, we identify the most relevant attributes that play a role in port planning problems, cargo flow allocation
problems, and applications of bilevel programming approach. Additionally, we highlight the characteristics of the primary
research and the methods employed to solve the model.

2.1. Research on port planning problems

Port planning problems generally contain the port layout, port investment strategy, port scale, and function decision and other
elements (Ho & Ho, 2006). This paper focuses on the strategic decisions of inland port planning regarding inland port
investment, scale, and function. Investment in port planning is often large in scale and requires prudent decision-making (Ho
and Ho, 2006). Scholars have taken note of this phenomenon and made attempts to optimize the investment of (inland) ports.
The contribution of (Koh, 2001) was to develop realistic and relevant investment planning models for inland container
transportation systems. Kaysi and Nehme (2016) investigated the optimal strategy for potential investments that port
authorities may adopt to attract more carriers. Qu et al. (2020) put forward the idea that with the increasing container cargo
throughput and the arising port congestion, container ports start to choose the investment expansion strategy to increase port
efficiency and then figure out the problem of port congestion. Based on Qu’s study, Wang et al. (2020) derived the optimal
equilibrium outcomes of the investment expansion strategy and investment constant strategy. Moreover, considering the
function decisions of ports, Zhang et al. (2021) found a cluster of issues in some port functions was continuously neglected
following several non-technical reasons since no sufficient approach has been made to present it. Yu et al. (2022) show that
ports with a developed hinterland economy have obvious advantages in the evolution process, and the reasonable synergistic
planning of inland ports and seaports is the key to promote the economic status of the port hinterland. Although some
suggestions regarding investment in inland ports have been provided, the actual process of investment in inland ports is more
like a game process. Because there remains an information gap between the investment decision-makers and the numerous
manufacturing enterprises that the inland ports face. Moreover, studies that consider the planning process from the perspective
of an inland port cluster are still lacking. Therefore, in determining the scale and function of inland ports in a certain region,
the decision makers need to take into account not only the investors' own investment objectives and investment restrictions
but also the varied reactions from the production companies in the hinterland of inland ports.
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2.2. Research on cargo flow allocation problems

The topic of liner shipping network design has gained growing attention in recent years, and the cargo flow distribution
problem is considered part of it (Brouer et al., 2011). Wang et al. (2014) developed a mathematical programming model to
maximize the carrier’s profitability by simultaneously optimizing the ship route scheduling and interrelated cargo allocation
scheme. Gasnikov ef al. (2018) studied dual methods for finding equilibriums in mixed models of flow distribution in large
transportation networks. Wang et al. (2020) noted that a freight resource sharing platform with accurate and acceptable
vehicle-cargo matching results is significant in improving information asymmetry and matching efficiency in cargo allocation
problems. Ma (2021) used some relevant literature to explain the key elements of the logistics network flow distribution
problem and set up the BP algorithm that will be used to optimize the logistics network flow distribution. While a considerable
body of research has been carried out on the cargo flow allocation problems, much less combines the problem with the
planning of logistics infrastructures. This research is an attempt to combine the planning of inland ports and the flow allocation
of cross-border cargo at the same time, and findings in this work imply that there is a strong relationship between these two
problems.

2.3. Research on the applications of the bilevel programming approach

Since Vicente and Calamai (1994) made a bibliography review of bilevel programs, the bilevel optimization models exhibit
wide applicability in various interdisciplinary research areas, such as biology, economics, engineering, physics, etc. Zhang et
al. (2012) proposed a high-level programming model by using the methods of scenario analysis and robust optimization.
Kalashnikov et al. (2015) provided a comprehensive review of some of the above-mentioned new areas including both
theoretical and applied results. Sinha et al. (2018) provided a comprehensive review of bilevel optimization from the basic
principles to solution strategies; both classical and evolutionary. For the application of the bilevel programming approach in
(inland) ports, we briefly review closely related studies in Table 1. Even though the bilevel program has been widely utilized
in port-related areas, there is a dearth of studies using bilevel models to optimize the planning of inland ports, especially for
Chinese inland ports. Based on the actual investment process, this paper applies the bilevel program to characterize the
relationship between the upper-level local governments and the lower-level manufacturing enterprises and makes
recommendations considering both upper and lower objectives. In addition, this paper develops a hybrid heuristic algorithm
by integrating the genetic algorithm with the exact linear programming method.

Table 1
Summary of closely related studies

Publication Application area Upp.er-lfe vel Decision variables Lower-level model Solution
objective method
Qiu et al. Storage pricing strategy . Total cost Heuristic
(2015) in ports el pro Sl puEs minimization algorithm
Molavi et al. Stimulate sgst.a}nable Multiple objectives Number of components N Heuristic
energy activities at L . Profit maximization .
(2020) maritime ports related to emissions installed algorithm
. . .. Rail transportation charge Ot
bl eo ot Serv%ce. pricing strategy Total profit and rail shuttle service ".Foltal. cost Heur.lstlc
(2019) in inland ports . minimization algorithm
time interval
Lee et al. Network planning for Equilibrium Service charge and Shipment patter Heuristic
(2013) ports conditions of SPE routing pattern decisions algorithm
Jiang et al. Reorganization of inland Vel cgntrlbutlon Ports layout plan and g eellesition o Hyb.m.j
(2022) river port grou andl el expansion scale ey ilony e
port group competition P allocation algorithm
. Planning of inland port Cross-border Scale and function of Cargo flow Hyb.rlc'l
This work transport market . . heuristic
group inland ports allocation .
share algorithm

3. Problem statement and formulation

In this section, we describe the bilevel planning problem for the inland port in this study. Fig. 1 illustrates the decision makers,
decision content, and decision objectives for the upper-level and lower-level models. The dynamic interactions exist between
the local government and manufacturing enterprises in inland port hinterland. The government's planning decisions for inland
ports will influence the enterprises' cargo flow allocation schemes, while the enterprises' cargo flow allocation schemes will
also have an impact on the government's planning goals for inland ports. Fig. 1 also shows the expected effect after
optimization, suggesting that we can get a more reasonable investment strategy for inland ports in a certain region, and the
competition among inland ports will decrease.
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Fig. 1. The framework of the bilevel planning in this study

3.1. Assumptions and definitions

3.1.1 Assumptions

To construct the bilevel model to address the main research questions, we make the following necessary assumptions:

Assumption 1. For some economic zones in China, the decisions on the scale and function of inland ports in a certain region
are made by the joint committee affiliated with the local government. Considering this situation, we assume that the planning
of inland ports is carried out by a single decision-maker in this study.

Assumption 2. The transportation mode in short-distance transport is commonly road. Based on this, we assume that the
transportation cost from each enterprise in the region to the inland ports or seaports is only related to the transport distance.
Assumption 3. The seaports tend to be larger in scale and more diverse in functionality compared to inland ports. Hence, we
suppose that all seaports are integrated ports, that is, each seaport has the function to serve all types of cargo. At the same
time, we assume no upper limit for the handling capacity of the seaport.

3.1.2 Definition of sets, parameters, and decision variables

To formally characterize the problem, we first list all sets, parameters, and decision variables used in the problem formulation,
as shown in Table 2.

Table 2
Symbols and parameters used in this problem.
Notations Detailed definitions
Sets
1 the set of inland ports in the region

J the set of seaports in the region
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M the set of cities in the region
N the set of types of import and export cargo
Parameters

i the transport distance by road between city m and inland port i

dpj the transport distance by road between city m and seaport j
z the total investment limit for inland ports in the region

Om the total volume of cargo # in city m for import and export
R; the upper limit of the planning scale of inland port i

P, the import and export value of unit cargo n
c the unit transport cost by road
U; the transport cost from inland port i to foreign countries by CRE
Vi the transport cost from seaport j to foreign countries by shipping
A the unit construction cost
p the factor of the scale effect for inland port investment

Omn the weight of manufacturing company of cargo # in city m in the cargo allocation optimization
O the functional area required for handling unit cargo n

bi the proportion of functional area for handling import and export cargo in inland port i to total inland

port area
Decision variables

S, the planning scale of inland port i.

4 the selection variable for the functions in inland port; takes a value of 1 if inland port i has the serving

" functions required for cargo of type n and a value of 0 otherwise.
Qimn the volume of cargo » transported from city m to inland port i for import and export
9 jun the volume of cargo » transported from city m to seaport j for import and export

3.2. Bilevel programming model formulation

3.2.1 Upper-level programming model

The decision maker of the upper-level planning problem is the local government for maximizing the market share of the cross-
border transport value of inland ports in the total network, in other words, maximizing the role of inland ports in promoting
the import and export for inland cities. The expression of the upper-level objective function is as in Eq. (1).

Z Z Z Ain qimnﬂ

icl meM neN

Yoo G + )P, (1)

iel jeJ meM neN

max Ratio =

The upper-level programming problem also needs to consider some constraints as discussed below. The investment constraint
is expressed by Eq. (2). Zhang et al. (2017) proposed the idea that the investment in logistics parks has a certain scale benefit.
Hence, we introduced the scale benefit coefficient for inland port investment in this paper. The sum of the investments in each
inland port should be less than the government’s investment limit.

Z;}“<Si>p <Z (2)

The function overlap constraint is expressed by Eq. (3). To realize specialized inland ports and reduce competition among
inland ports in a certain region, the functions of each inland port should be different.

ZAingl,VnGN (3)

iel

The expansion scale constraint is expressed by Eq. (4), the scale of each inland port should not exceed its maximum
expandable area and should be non-negative.

0<S <R,Viel (4)

The logical constraint on function selection variables is expressed in Eq. (5). That is the function selection variables are 0 or
L.

4, €{0,1},Vie I,vhe N (5)
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3.2.2 Lower-level programming model

The decision-makers of the lower-level planning problem are manufacturing enterprises from different cities and different
types of cargo. Each enterprise’s goal is to minimize their logistics costs. The cargo flow allocation plan is related to the
inland port function and scale from the upper-level planning also. By introducing the enterprise importance factor ¢ _, we

mn

derive the following lower-level planning objective in Eq. (6).
min W = ZZ Z Z(Dmn [qimn (dmic + U/) + qjmn (dmjc + Vj)] (6)
i€l jeJ meM neN

The inland port service constraint is shown in Eq. (7). Only when an inland port is planned to serve a certain type of cargo »,
can the enterprises related to cargo »n choose this inland port to import and export.

Sign [ Z Dimn

meM

<A ,Niel,¥YneN (7)

in?

The inland port capacity constraint. The size of the functional area required for the total amount of import and export cargo
allocated to the inland port does not exceed the size of the functional area planned by the inland port to serve the import and
export business as in Eq. (8).

SN 4.q,a, < SBLViel "

meM neN

The flow balance constraint. The total amount of cargo allocated to each inland port and each seaport by each enterprise is
equal to the total amount of import and export cargo actually produced by each enterprise as in Eq. (9).

> o +> i = OproVmEM,nEN o

icl jeJ

The non-negative flow constraint. That is, the cargo volume from each enterprise to each inland port or seaport is non-negative
as in Eq. (10).

>0,q,, >0,Yiel,jeJ,me M,neN (10)

3.2.3 Model complexity analysis

According to the notations, the bilevel programming model for the considered inland port planning problem can be formulated

as:
2200 AP,

iel meM neN

Yoo i+ )P,

iel jeJ meM neN
A(SY <z
> 4,<1VneN

max Ratio =

in
iel

0<S <R,Viel
4,€{0,1},Viel,Vhe N

where ¢, is determined by the following function

stAmin =%">"3"%"9,.14,.(d,c+U)+4q,,(d,c+7))

i€l jeJ meM neN

Z qimn

meM

Z ZAinqimnan <SpB.viel

St meM neN

Zqinm +Zq/‘mn :an’vm eMﬁn € N

il jeJ

sign <4, VielNneN

qimn 207qjm/z ZO,VZGI,]GJ,MEM,YIGN

In the proposed bilevel model, there are four types of decision variables. In addition, the dynamic interaction between the
upper and lower models increases the difficulty to solve the problem. Firstly, we need to decide whether the S;and 4,, are
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satisfied with the constraints in the upper-level model, and can be input into the lower model as parameters for the constraints
in the lower model to solve the current optimal cargo allocation plang,,, andg,,, . Secondly, the optimal cargo allocation

plang,,, andg,,, is fed back to the upper objective value to obtain the current optimal value. As a result, the proposed model

cannot be directly handled by the solvers, e.g., Lingo. Therefore, we designed a hybrid heuristic algorithm in Section 4 to
solve the mentioned bilevel programming model.

4. Algorithm design

Due to the hierarchical structure of the proposed bilevel program, the feasible domain is no longer convex and closed,
rendering it a non-convex and non-integrable problem, which is typically exceedingly challenging to solve. In this section,
we propose a hybrid heuristic algorithm in detail below.

4.1. Core ideas of the algorithm in this problem

Note that the proposed model has a linear programming problem nested inside to solve the minimum logistics cost of each
production enterprise. Hence it can be combined with the exact linear programming solution algorithm at the same time under
the framework of a heuristic algorithm to improve the solution efficiency and accuracy based on previous studies (Jiang et
al., 2022; Chagas et al., 2022; Vega-Mejia et al., 2019). Considering the mentioned situation, a hybrid heuristic algorithm
based on an improved genetic algorithm combined with an exact solution algorithm is proposed in this paper with the
following core ideas.

Reduce data dimensions

Since the data structure related to the port cargo volume in the proposed model is two-dimensional or even three-dimensional,
for instance, @~ dp;. In the model, the above expression is easier to understand, but in the actual solving process, the above
expression increases the complexity of the solution. Therefore, such data should be reduced in dimensionality before a formal
solution.

Combined coding

In this paper, the core variables are the construction scale and functional positioning of each inland port. The scale of inland
port construction is real number variables, and the functional positioning of the inland ports are 0-1 variables. Therefore, this
paper proposes to combine the two decisions in the form of binary coding, i.e., to reflect both the construction scale of each
inland port and the functional position of each inland port in one chromosome, and to cross the scale and function separately
in the subsequent crossover process, to improve the efficiency of algorithm optimization.

Algorithm nesting

The genetic algorithm is applied to the solution of the scale and function positioning scheme of the inland port construction;
the exact algorithm, as nested in the genetic algorithm, is applied to the solution of the cargo flow allocation scheme in the
lower-level model in combination with the strategy of relaxing the constraints. Among them, the exact algorithm can directly
use the linprog linear programming solver that comes with MATLAB software. By finding the approximate optimal target
value of the upper-level planning through the iterative optimization process of the genetic algorithm, the corresponding
construction scale and function positioning scheme of the inland port and the cargo flow allocation scheme of each production
enterprise can be found.

Genetic algorithm improvement

The genetic algorithm is improved in two ways by the combined coding of both the scale and function of the inland ports at
the same time and by employing the adjustment method to improve the constraint satisfaction of newly generated populations
in the genetic algorithm.

4.2. Key steps of the algorithm

The key steps of the proposed hybrid algorithm are shown in Fig. 2, in which there are four key problems to be solved: 1) data
dimensionality reduction and parameter preparation; 2) combined coding of the scale and function of inland port; 3) judgment
and adjustment of the generated individuals in the initial solution set; 4) selection, crossover, mutation, judgment, adjustment
and reorganization operations.
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Fig. 2. Flow chart of the hybrid heuristic algorithm.
Data dimensionality reduction, parameter preparation
Multidimensional data are dimensionally reduced in this step. For instance, gim» and gjm» will be reduced to IXMxN and JxMxN

variables, and together they form the decision vector in the lower-level planning. This process can also be understood by the
following Figure 3.

A
;/ - .
2 q112 q212 _— '
N
1 qi11 q211 q1 q3
I 2 . J,
Decision variable vector: x & [91929594959697.95]

Fig. 3. Data dimensionality reduction process.

Meanwhile, the main parameters in the genetic algorithm need to be set, including population size S, selection ratio Ry,
crossover probability P,, variation probability B,,, and the maximum number of iterations gen,, .-

Combined coding of the size and function of the inland port

In genetic algorithms, the population consists of multiple individuals, and the number of individuals indicates the population
size. In this paper, everyone consists of a sequence of 0 and 1, the length of which is determined by the number of inland ports
to be decided (I), the function of the inland port (N), and the number of bits used in the coding for the area of the inland port
(D). The first IxD codes represent the area of each inland port, e.g., “10101100” when I=2 and D=4 mean that the area of the
first inland port is 10 and the area of the second inland port is 12.
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The last IxN codes indicate the function of each inland port, 0 means the inland port does not have the function, and 1 means
the inland port has the function. For example, when [=2 and N=3, “100001” means that the first inland port has the first
function and the second inland port has the third function.

Judgment and adjustment of the generated individuals in the initial solution set

For each randomly generated individual in the initial solution set, the area and function are judged separately to see if the
conditions in the upper-level constraint are satisfied. If not, the individuals are adjusted to reduce the area of the inland port
or adjust the function of the inland port, so that all the individuals in the initial solution satisfy the upper-level constraints.

Selection, crossover, mutation, judgment, adjustment and reorganization operations

After the initial population generation, genetic operations are needed to generate more excellent and diverse individuals for
finding the approximate optimal solution more efficiently and precisely, as shown in Fig. 4.

Assume: The number of inland ports is 2, the number of functions is 3, the number of digits we use to
encode the area of each inland port is 4, and the population size is 5.

Area for Area for Function for . Function for
inlandport 1 inland port2 | inland port 1, inland port 2
individual 1 [0 [0 [1]1[0JoJo ][0 1]of0fo]1] Pr=tos% | | | o o clected for
Individual 2 ‘ 0 ‘ 1 ‘ 0 ‘ 1 ‘ 0 ‘ 0 ‘ 1 ‘ 1 H 1 | 0 ‘ 001 ‘ 0 ‘ 1 ‘ P2=35% crossover operation
operaion | Inaividuat3 [0 [0 [1 [ 100 o] 1][o[0[1|1[o[0] roaoms | Inividusssclected for
Rs=0.4 Individual4‘0‘1‘0‘0‘1‘0‘1‘1“0|0‘110‘1‘0}] P4=3% ]Individualsmbe
individual 5 [ 0 [0 [1 o 1] 1o]1][o]1Jo 1]o]o}) Ps=2% eliminated
Cromsover [Individual]* ofof1]1]ofoo]1][0 1‘0‘0‘0‘1‘m [o]1]o]zo o s 1][2]o]o]1]0]1]
(’per@am’“ individuat2[0 [1Jo[1Jo o 1 1 ][1]o o 1 o 1] [ofox]a]o o o]t o]z o o]0 1]

Mutation [Individual 1%

; oft]of1]ofof+] o] 1 o] t]==>[o]1 o1 o o] ][Ol [o]1]
operation —L

Reverse sort
@ ndividual 1 0 [ 1o [1 oot [1][oJo[a] 1 o[a]e=>{o]1]o]1o]o]1]1][o]o]1]1]0]0]
Adjust E

opearation “Individual 2*

ofof1]1]ofo o 1]lo]1 o oo]1]
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Fig. 4. Genetic operators

Firstly, we select S = S, X Ry individuals from the S, individuals of the parent population. The fitness of each individual

in the parent population influences its selection probability, which can be expressed by: P; = szm&’
Y, = Fitness;

Secondly, the selected individuals are divided into % groups (if Syis odd, then divided into % groups), the probability of

crossing two individuals from the same group is P.. During the crossing, a number less than the number of digits of the code
of the group is randomly generated as the intersection position for each group of codes indicating the area of the inland port
and each group of codes indicating the function of the inland port, such as 4,3,2,3 for the case, and the segment before the
specific position of the code of the group is exchanged.

Thirdly, the mutation operation is conducted on every individual in the new generation, with a mutation probability of P,,.
When two integers less than the total number of coding bits, such as 9 and 11 in the figure, are randomly picked from the
mutation population, the 9" through 11" coding sequences are rearranged in reverse order.

Fourthly, each newly generated individual is judged to comply with each constraint in the upper-level planning, and if not,
adjusted, such as the 14" coding in the adjust operation in Fig. 5.

Finally, the number of individuals obtained after the preceding procedure is S5, which is less than the size of the parent
population S,. To solve this problem, we then choose the individuals from the parent population whose fitness ranks in the
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top S,-Ss place, and then add them to the next generation population. A new generation of the population is formed at this
time.

5. Case study

In this section, we adopt the planning of inland ports in Huaihai Economic Zone as a case study and conduct extensive
numerical experiments by using MATLAB r2021a. The experiments were implemented on a Lenovo Thinkpad laptop with
an AMD Ryzen 7 6800H with Radeon Graphics @3.2GHz CPU and 16.00 GB RAM using Microsoft Windows 11(64-bit).

5.1. Case data and algorithm parameter setting
5.1.1 Case data

To test the proposed model, we introduce the planning problem of inland ports in Huaihai Economic Zone in this section.
According to a previous study (Ma et al., 2023), there are three important inland ports in this Economic Zone, Xuzhou inland
port, Zaozhuang inland port, and Yanzhou inland port, and the seaport in this region is Rizhao port. The number of cities in
this region is 10, including Xuzhou, Lianyungang, Suqgian, Suzhou, Huaibei, Shangqiu, Zaozhuang, Jining, Linyi, and Heze.
And the number of types of cargo related to foreign trade is five, including Advanced equipment, Agricultural products,
Textiles, Biomedical products, and Coal & Chemicals. These are also five types of cargo with the best cross-border trade
performance in the Huaihai Economic Zone (Tao et al., 2022 and National Bureau of Statistics of China, 2003).

Table 3 shows some basic data (P, and a,) related to the type of cargo. Data related to the inland ports is set as in Table 4, we
use mu as the unit to describe the area of an inland port (1 mu = 666.67 m?). Table 5 shows some input parameters of the
model. Table 6 shows the assumed output of different import and export cargo by enterprises in each city. The transportation
distances are based on Ma et al. (2023). The investment limit Z is set to be 8 billion yuan. The weight of manufacturing
companies is set to be the same in the original scheme.

Table 3
Basic data related to the type of cargo
Type of cargo P, On
Advanced equipment 1.5 5
Agricultural products 0.7 3
Textiles 0.8 4
Biomedical products 0.7 3
Coal & Chemicals 1.2 5
Table 4
Basic data related to the inland ports
Name of inland port R; (mu) bi
Xuzhou inland port 6000 0.2
Zaozhuang inland port 5000 0.1
Yanzhou inland port 2000 0.15
Table S
Input parameters for the model
Parameter Baseline value Data source
G 10 (yuan/TEU-km) Ma et al. (2023)
A 190 (10000yuan/mu) CFLP (2022)
p 0.9 Zhang et al. (2017)
Table 6
The assumed output (unit: 10000t) of different cargo in different cities
City Advanced equipment Agricultural products Textiles Biomedical products Coal & Chemicals
Xuzhou 75 25 25 50 25
Lianyungang 0 12.5 0 375 25
Sugian 25 0 37.5 50 12.5
Suzhou 25 0 12.5 25 12.5
Huaibei 50 25 0 12.5 0
Shangqiu 37.5 25 25 0 0
Zaozhuang 25 0 12.5 12.5 25
Jining 50 12.5 25 0 0
Linyi 25 375 25 0 50

Heze 25 0 12.5 12.5 25
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5.1.2 Algorithm parameters
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We change various values of the algorithm parameters in the numerical experiments, as can be seen in Figure 5. According
to the performance of the factors and in combination with the calculation time, we selected the following parameters for

subsequent calculations: S,=120, R¢=0.4, ,=0.4, B,=0.12.

Mutation probability

anen ewndo

Fig. 5. Test results of the genetic algorithm with different parameters.

With the above algorithm parameters, bring in the actual data of the case and perform 20 Bernoulli tests. The statistical results
of the optimal values are shown in Table 7. The optimal values under the selected algorithm parameters differ from 0.3523 to
0.3892. The variance and the standard deviation of the optimal value is relatively small, indicating that our experimental
results are concentrated, and the results obtained with the same parameters are acceptable. In order to simplify the content in
the charts, in the rest of this paper, S1 represents the planned area of Xuzhou inland port, S2 represents the planned area of
Zaozhuang inland port, and S3 represents the planned area of Yanzhou inland port. Fig. 6 shows us the distribution of the
scale of each inland port in the Bernoulli test. The experimental group corresponding to the nearest optimal value to the

median (0.3734) is used as the basis for subsequent analyses.

Table 7
Descriptive statistics of the optimal value
Min Max Mean value Median value Variance Standard deviation
Optimal value 0.3523 0.3892 0.000117 0.010816
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Fig. 6. The distribution of the scale of each inland port



494

5.2. Computational results and analysis

The optimization process of this case is shown in Fig. 7. As the number of iterations increases, the planning area of Xuzhou
inland port and Yanzhou inland port keeps increasing and the planning area of Zaozhuang inland port keeps decreasing, until
it reaches stability at about 100 iterations. For the objective value, during the first few iterations, faster growth is achieved
and eventually, stabilization is also reached, proving that the hybrid heuristic algorithm proposed in this paper is effective in

searching for the optimal solution.
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Fig. 7. Iterative optimization search process.

Comparing the objective value of solutions between traditional investment strategy (allocate investments based on land
resources) and the optimal plan we proposed in this study, we can get the following results as in Table 8. The results report
that the optimal plan significantly outperforms the traditional plan, with a rise of 14.68% in the objective value while the total
land use decreased by 1.6%. The results prove to us that our optimized planning will save land resources while increasing the

inland ports’ market share in overall cross-border trade.

Table 8
Comparison of the traditional plan and the optimal plan
Objective value and Traditional plan Optimal plan
solutions
Objective value Ratio=0.3256 Ratio=0.3734 (14.68%1)
Total land use (mu) 9646.8 9498.1 (1.6%)])
Inland port area S; S1=4644.5, S2=3684.5, S3=1317.8 S§1=4962.9, $2=2671.9, §3=1863.3
Inland port function 4;, A;,=1 for any i and n A;=1, A;5=1, A2~=1, A3,=1, other 4;,=0
Zaozhuang Yanzhou Yanzhou Zaozhuang
Xuzhou inland port inland ﬁon inland ion Xuzhou inland port inland iorl inland port
== I
Advanced equipment  Agricultural Textiles Biomedical Coal & Advanced equi Ag i Coal &
products products Chemicals products products Chemicals

(a) (b)

Fig. 8. (a) Competition for different types of cargo before optimization and (b) after optimization.

Moreover, Fig. 8 illustrates the competition for different types of cargo before and after optimization. It can be observed from
Fig. 8(a) that before the optimization, the inland ports will compete for the same type of cargo in Huaihai Economy Zone, for
example, all three inland ports serve for coal and chemicals. However, after optimization, there remains no competition for

the same type of cargo as in Fig. 8(b).
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The cargo flow of the optimal plan is shown in Fig. 9. We use two Sankey diagrams to indicate the cargo flow allocation for
different types of cargo and different cities. More agricultural products choose inland port as a hub to import and export, and
for textiles, all textiles will choose seaport to import and export in this case. And all cities except for Lianyungang will use
both inland port and seaport for cross-border transportation, indicating that the cities do not have a strong preference for the
type of hub they use regarding cross-border transport.
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Fig. 9. Sankey diagrams for cargo flow allocation.

5.3. Sensitivity analysis

Sensitivity analysis is conducted with respect to the manufacturing enterprises weights, the investment limit, the effects of the
investment scale, and the cargo value weights to demonstrate their impacts on the optimal plan for inland port scale and

function.

5.3.1 Impact of manufacturing enterprises weights

To demonstrate the impact of manufacturing enterprises weights, we assume the following four scenarios:

. Scenario 1: The weight of each manufacturing enterprise is consistent (the original scheme),

. Scenario 2: Higher weighting for enterprises located in cities with inland ports,

. Scenario 3: The weights are assigned according to the output volume of each manufacturing enterprise,

. Scenario 4: Allocate weights according to the average GDP in the last three years of the cities where each

manufacturing enterprise is located in.

The comparison results are shown in Fig. 9. From the figure, different weights of manufacturing enterprises will have some
influence on the optimal target value and the size of each inland port. The difference between scenario 1, scenario 2, and
scenario 4 is not significant. However, in scenario 3, the optimal target value is significantly improved, and the differences of
the inland port scale plan is also significant. It can be inferred that using the output volume of each manufacturing enterprise
as its weight will effectively improve the applicability of the planning and help the inland port system to behave better in the

cross-border trade process.
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In the meantime, Fig. 10 also shows the optimal inland port function scheme under different scenarios. In this case, Xuzhou
inland Port will have the function of serving advanced equipment and coal & chemicals, regardless of the weight of each
manufacturing enterprise.

5.3.2 Impact of investment limit

Fig. 11 shows that the increase in investment limit in inland ports will enhance the role of inland ports in the whole network.
Meanwhile, the growth is not linear, and the growth is faster when the total investment scale in inland ports is less than 6
billion yuan. On the other hand, when the investment limit is less than 5 billion yuan, nearly all investments will be applied
to the construction of Xuzhou inland port. And only when the investment limit is higher than 7 billion yuan will the
construction of Zaozhuang inland port be considered. Moreover, when the investment limit is less than 6 billion yuan, Xuzhou
inland port will serve three to four types of goods because most of the investment will be used to build Xuzhou inland port.
And when the investment limit is more than 7 billion yuan, the scale and function of Xuzhou inland port and Yanzhou inland
port will not change significantly, while the Zaozhuang inland port will realize services for one to two types of cargo as the
investment increases.
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Fig. 11. Impact of investment limit on optimal plan

5.3.3 Impact of the scale effect on inland port investment

Fig. 12 depicts the impact of the effects of the economies of scale. The current study found that the optimal value will decrease
as the scale effect of inland port investment becomes smaller. When the scale effect factor p is 1, in other words, there are no
scale effects in the investment process, the optimal value is only 0.2133. The results once again demonstrate to us the
importance of scale effects in a large-scale investment process such as inland port investment. Additionally, different scale
effect factors will also have an impact on the optimal inland port scale and function scheme, but in spite of these factors,
Xuzhou inland port has unique advantages of consolidation and distribution of advanced equipment.
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Fig. 12. Impact of scale effects on optimal plan.
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5.3.4 Impact of cargo value weights

To illustrate the impact of cargo value weights, we suppose the following four scenarios:

. Scenario 1: Original plan,

. Scenario 2: All cargo has the same value,

. Scenario 3: Advanced equipment has the outstanding weights,
. Scenario 4: Agricultural products have outstanding weights.

And the comparison is displayed in Fig. 13. The value weights of the cargo will largely affect the proportion of cargo
transported by inland ports. When not considering the difference in value between types of cargo (as in Scenario 2), the
volume of different types of cargo transported by inland ports will be relatively balanced.

Advanced equipment

Coal & Chemicals Agricultural products

Biomedical products Textiles
@ Scenario 1 @ Scenario 2 Scenario 3 Scenario 4

Fig. 13. Comparison of the cargo transported by inland ports in different scenarios.

5.4 Managerial insights

Based on our computational results, we provide the following managerial insights for inland port planning. The current study
demonstrates that the bilevel programming model and the hybrid heuristic algorithm proposed in this research are useful tools
for the planning optimization of inland ports in a certain region. The optimization results are significantly better than the
results under traditional investment. Meantime, the competition between inland ports is narrowed as can be seen in Figure 8.
The above results demonstrate that our optimal plans have practical implications. Determine the weight of each enterprise
according to its output volume. By comparing the optimal inland port scale and function scheme and optimal target values
under different scenarios, we find that using the manufacturing enterprise output volume as the weight of each manufacturing
enterprise in the lower-level planning will effectively improve the overall planning objective compared to other weighting
schemes. The proper investment limit for inland ports should be determined. When the investment limit is too low, only one
inland port will be constructed to achieve the scale investment effect. However, when the investment limit for inland ports is
too high, the marginal advantage to the objective value is not readily apparent. The scale effect of the investment in inland
ports will largely affect the market share of inland ports in cross-border transport in the whole network. Therefore, we need
to improve the investment scale effect of inland ports by methods regarding optimizing the investment mode, resource
utilization, etc. Prior to planning the inland port, it is important to define the value weights for each import and export cargo
category in the region, as the value weights have a significant impact on the objective values and the cargo flow allocation
plan. For instance, in some regions, they will pay more attention to the development of certain categories of special cargo,
which may be small in volume at present. However, considering future development, it should be given sufficient value
weighting in the actual planning.

6. Conclusions

In this paper, we focused on the inland planning problem by considering the objective of maximizing the cross-border
transportation market share of inland ports within a limited investment amount. Noting that the manufacturing companies are
often ignored in the planning of inland ports, we innovatively proposed a bilevel programming model to include both local
government and manufacturing companies in the planning process. Furthermore, we developed a hybrid heuristic algorithm
to solve the proposed model. Additionally, extensive numerical experiments were carried out on a real-world case study of
the Huaihai Economic Zone to verify the applicability and efficacy of the proposed model and algorithm. Finally, valuable
managerial insights are proposed.
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The major limitation of the present study is that we only considered the cargo related to foreign trade, although the role in
domestic logistics is also important when planning inland ports. In addition, this study only considered the problem of planning
multiple inland ports by a single decision-maker. Future research should be undertaken to explore the issues regarding multi-
investors planning multiple inland ports.
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