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Abstract: This study focuses on the route selection problem of multimodal transportation: When
facing a shortage of containers, a transport plan must be designed for freight forwarders that realizes
the optimal balance between transportation time and transportation cost. This problem is complicated
by two important characteristics: (1) The use of containers is related to transport routes, and they
interact with each other; and (2) Different types of containers should be used in different time
ranges for different modes of transportation. To solve this problem, we establish a multi-objective
optimization model for minimizing the total transportation time, transportation cost and container
usage cost. To solve the multi-objective programming model, the normalized normal constraint
method (NNCM) is used to obtain Pareto solutions. We conducted a case study considering the
transportation of iron ore in Panzhihua City, Sichuan Province. The results demonstrate that using
railway containers and railway transportation as much as possible in route selection can effectively
solve the problem of container shortage and balance transportation time and transportation cost.

Keywords: routing optimization; multimodal transportation; multi-objective; containers

1. Introduction

With the increasing global economic integration, the sustainable development of world economy
and society needs the support of an efficient freight transportation system [1] (Wu and Chang, 2019).
By relying on two or more modes of transportation, multimodal transport can substantially improve
transport efficiency and reduce transportation costs for the entire process integration organization
transportation service. According to statistics, multimodal transport can improve transportation
efficiency by 30%, reduce cargo damage by 10%, reduce transportation costs by 20%, reduce highway
congestion by more than 50%, and promote energy savings and emissions reduction by more than
one third [2]. Multimodal transport has been vigorously promoted and developed all over the world.
According to statistics, multimodal transport accounts for 80% of the total traffic in Canada and it
is estimated that by 2040, the total freight volume of the United States will reach 3.575 billion tons,
accounting for 12.5% of the total freight volume. Under its influence, China has also begun to vigorously
develop multimodal transport. According to China’s logistics industry development plan, the volume
of multimodal freight in China is expected to reach 3.02 billion tons by 2020 and will account for
approximately 6% of the total freight volume of the whole country, which demonstrates the broad
development prospects of multimodal transport in China [3]. As a new mode of transport organization,
container-based multimodal transportation can improve transport efficiency, achieve “door-to-door”
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transport, reduce the damage and loss of goods caused by intermediate links and replacement, and
has become the main development form of multimodal transport [4,5]

The vast logistics market and strong freight demand has led to the creation of many multimodal
freight forwarding enterprises. These enterprises identify the transport needs of shippers, formulate
multimodal transport plans and implement transport operations and they are the actual organizers and
promoters of the development of multimodal transport [6]. However, various challenges are inevitably
encountered in transportation operations. For example, due to the restriction on regional industrial
development, unbalanced cargo flow often leads to unbalanced container flow. In many areas, empty
containers are overstocked, whereas in other areas, container shortages occur occasionally. If there is
a shortage of containers, freight forwarders will be unable to implement transport plans in time to
satisfy the carrier’s transport time requirements and will face the risk of default and the decline in
their service reputation [7,8]. As the largest material base of iron ore and titanium in China, Panzhihua
is one of the four major iron ore deposits in China and it is also known as “the world’s capital of
vanadium and titanium”. There are nearly 10 billion tons of proven reserves of vanadium-titanium
magnetite in this city. Among these reserves, the vanadium reserves account for 87% of those in China,
ranking third in the world, and titanium reserves account for 94.3% of the proven reserves in China,
which ranks first in the world [9]. The long-term stable transportation demand for vanadium and iron
ore export has led to the growth of many multimodal freight forwarding enterprises. However, the
volume of freight imports in this area is much lower than the volume of freight exports. Hence, the
multimodal freight forwarding enterprises often face a shortage of containers.

Typically, there are three ways to solve the problem of container shortages for freight forwarding
enterprises. The first is to own the containers. These self-owned containers have no use restrictions on
the time or on the mode of transport. This option is the most flexible. However, the cost of purchasing
containers is very high and containers will be lost during use and have a high risk of vacancy [10].
The second approach is to charter the shipping company’s containers. Leasing containers can reduce
the purchase cost and the vacancy risk of freight forwarders, thereby reducing the maintenance
and management costs of containers simultaneously [11]. In terms of quantity, the container stock
of shipping companies is much larger than that of freight forwarding enterprises. That is to say,
if there is no restriction on using conditions, enterprises can rent unlimited container of shipping
companies. In the process of container leasing, freight companies must pay rent to the shipping
company. The longer they use the containers, the more rent they pay. To maximize their profits,
shipping companies typically lease containers to freight forwarders who use shipping companies’
fleets for waterway transport. Hence, if freight forwarders want to lease containers of shipping
companies, they must consider waterway transport when formulating their multimodal transport
schemes. Sometimes, water is clearly not a wise choice for goods that require short-term, fast delivery
which means no shipping company containers can be used. Finally, freight forwarders can use railway
containers [12].

Railway stations are a state-controlled department that has a strong financial and business
guarantee. Compared with freight enterprises, railway stations have a certain container stock.
In a sense, there will be no shortage of railway containers for freight companies to lease. However,
railway containers are managed and dispatched by the State Railway Administration, which imposes
many restrictions on the use of their containers. First, if freight forwarders want to borrow railway
containers, they must use the railway transport mode. Secondly, various limitations are imposed on
the use times of railway containers according to the transport conditions. If only railway transport in
combination with road transport is used, the time limit for using each railway container is approximately
7 days. After 7 days, the container must be returned to the railway freight station. If water transport
is carried out during railway container transportation, the railway administration will extend the
use time accordingly. However, the use time cannot exceed 12 days. As the main waterway from
the southwest to the southeast of China, the Yangtze River is congested, and the transport time is
uncontrollable. Therefore, if railway containers are transported by water, freight transport enterprises
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will face the risk of overdue return times for containers. If the containers are returned when they are
overdue, the enterprise will incur a poor use record in the railway freight transport system, which will
result in late fines and will render it more difficult to rent containers next time.

When making transport plans, freight forwarding enterprises must carefully calculate the cost of
using containers and weigh the conditions of using containers. Conversely, it is also a constraint of
“container shortage”. After all, there are potential economic risks for individuals to hold redundant
containers. The main contribution of this paper is to establish a multi-objective programming model to
solve the multimodal transportation planning problem when freight forwarders are facing container
shortage, considering the binding of container usage and transport modes.

The three main objectives of this paper are:

(1) Minimizing the total transportation cost to maximize the profit of freight forwarders;
(2) Minimizing the total transport time to meet the shipper’s transport time requirements;
(3) Minimizing the use cost of containers, when freight forwarders are facing container shortage, and

reducing the cost of enterprises as much as possible.

The remainder of the paper is organized as follows: the third part introduces the optimization
model of the routing problem for multimodal transport under a container usage restriction; the fourth
part describes the solution algorithm for the model; the fifth part presents the case study; and the last
section presents the conclusions of this work and discusses its prospects.

2. Literature Review

As a key research area in tactical planning problems of multimodal freight transportation, route
optimization is used to select the transport service mode and the arc in the transportation network,
which has attracted wide attention from scholars [2]. As a precursor, Barnhart [13] explored the
truck–rail multimodal routing problem. They regard the routing optimization problem as a shortest
path problem in which the objective is to minimize the transportation cost and the inventory cost and
use a b-matching algorithm to solve it. Subsequently, many scholars have investigated the routing
optimization of multimodal transportation. These studies are grouped into three main categories.

The first category corresponds to the conventional optimization problems. Among them, the
route planning problem with a time window is one of the most popular research areas. According to
the present research, a type of time window is defined for the nodes in the transportation network.
Each node stores the earliest and latest acceptable arrival times of products and the limited scheduled
departure time. The main objective of these problems is to identify optimal paths that minimize the total
transportation cost and the travel time while satisfying the time window constraints [14,15]. Another
type of time window is defined for transportation services that have a limited start time of loading
and cut off [16,17]. Trucks, maritime services and trains are used to minimize the total transportation
costs and most of these studies are aimed at multimodal transport of multi-products. In addition
to the time window, other constraints have been studied by scholars: In the process of multimodal
transport, transshipment is unavoidable. In the research of Sun and Lang [18], the transshipments
are considered at each node in the transportation network. Transshipments between transportation
modes will incur replacement costs and time costs, which are considered in the objective function. The
capacity limits of cargo volume at each seaport and vehicle at each transportation mode are considered
in Kim’s study [19]. Moreover, the carbon emission cost is considered in the objective function of the
model [20]. The objective functions of these papers can be divided into two types: single-objective,
in which minimizing transport costs is the main objective, and multi-objective, in which minimizing
the transportation time and cost is the most common objective. The inventory cost, the carbon emission
cost, the loading and unloading cost and the transshipment cost will also be considered.

Due to the many participants and transport links, there are substantial uncertainties in the process
of multimodal transport [21–23]. The multimodal transportation path planning problem in an uncertain
environment has attracted much attention from scholars. The ever-changing market can influence
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customers’ demand at any time. Only when the actual transportation begins can the demand be truly
determined. Therefore, scholars have studied the uncertainty of the demand. Triangular fuzzy numbers
are often used to describe the demand uncertainty in the routing problem of road–rail multimodal
transportation [24–26]. To improve flexibility, Sun [27] used trapezoidal fuzzy numbers to describe the
uncertain demand. In contrast to fuzzy programming, Cao [28] used stochastic programs to express the
random demands in a transportation network with a single origin and multiple destinations. Stochastic
programming is used to describe the uncertainty of the demand in Dong’s research [29] to solve the
problem of shipment routing with service capacity planning. In that study, a container routing model is
constructed as a dynamic link-based routing model and the sample average approximation algorithm
is used to solve it. In addition, the uncertain demand for containers is considered in the problem of
short-term liner ship fleet planning to identify an optimal ship route to maximize the total cost [30].

In terms of the time uncertainty, the randomness of transport time can be expressed by setting the
probability of delivery within a specified time range and the probability of completing the transport
mission within the specified time range [31]. The travel time uncertainty of road services that is caused
by traffic congestion was studied by Rouky and Sun [32,33], and the influence of CO2 emissions on
the dynamic routes are also considered. However, in transport networks, multi-product flows often
have multiple origin–destinations (ODs). The capacity uncertainty of rail services and the travel
time uncertainty of road services have been studied [20,34] with the objective of optimizing the CO2

emissions in the routing. Yang et al. [35] considered uncertainty in the unit transportation cost, which
is regarded as a fuzzy variable in the rail traffic system, and uncertainty in the transportation capacity
of arcs in a complex system with multiple ODs and set the upper limit of the transport distance for
each route.

Finally, the problem of routing optimization is considered in a multimodal transport network
as a location-routing problem (LRP). Selecting the facility locations and the routing of vehicles
simultaneously will yield superior, non-suboptimal solutions [36]. Decision making typically involves
the selection of open construction facilities, which include distribution depots and mode changing
facilities, and the matching between vehicles and demand customers. An LRP with a time window
requires products to be delivered to the customer within a limited transportation time. An LRP in an
uncertain environment considers uncertainty in, e.g., the demand or the time, which has attracted the
attention of many scholars. Random variables and fuzzy variables are the two most common ways of
describing uncertainty. The objective function of this problem typically minimizes the costs of facility
construction and transportation [24,37–40].

In addition, several papers have focused on the container routing and scheduling of liner
shipping companies [30,41] and the current research on containers mainly focuses on empty container
repositioning. These studies involve the rational allocation and scheduling of empty containers without
cargo loading in the process of cargo transportation. The main purpose of these studies is to balance
the number of containers in various places and avoid the backlog of empty containers in one place and
the shortage of empty containers in another place [42–50].

Overall, route planning, which is a key tactical planning problem, has been extensively studied
in both routine scenarios and uncertain environments. The main objective of these papers is to
reduce transport costs, transport time and carbon emissions by optimizing transport routes from the
perspective of the carrier. As the main carrying tool of multimodal transport, freight forwarding
enterprises sometimes face shortages of containers. However, most studies assume an adequate
number of containers. This paper mainly focuses on the scenario in which freight forwarders must
consider the links between containers and transport routes when planning multimodal transport routes
in the case of a shortage of containers.

3. Problem Description and Mathematical Formulation

This paper presents a routing design for a freight forwarder who is the organizer and implementer
of multimodal transport from a specified origin point to a specified destination. The freight company
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must establish the transport channels—that is, it must construct a multimodal transportation network.
Transport nodes, such as railway stations, ports, and routes, constitute the most important part of the
network. Once the network has been constructed, the freight company will choose the nodes and
routes for the transportation scheme. However, containers are indispensable in the transportation
process as an important means of transport. In parts of China, the freight company must consider the
container availability prior to formulating the transportation plan due to the shortage of containers.
If there are no available containers, transportation will become impossible. Typically, the three most
common approaches to container acquisition for a freight company are the use of railway containers,
the use of the ship company’s containers and the use of self-owned containers. Each approach has
shortcomings: A railway container and a ship company’s container must be utilized via rail transport
and water transport, respectively, whereas a self-owned container will generate high acquisition and
management costs. Therefore, we establish a multi-objective model for minimizing the transportation
time and the costs that are incurred during transportation, which include the transshipment cost
and the usage charges of containers. This model aims at selecting an optimal route for transporting
goods from its origin to its destination via multimodal transport networks while satisfying the time
requirement of the shipper and considering the availability of containers. With reference to [15,18], the
main assumptions of the model are as follows:

� Goods should be transported at one time and cannot be transported in batches.
� Only one type of container is used throughout the transportation process.
� Transportation between two conjoint nodes should use only one arc and one transportation mode.
� Transportation between two conjoint nodes should use only one container.
� If transshipment is required at a node, the number of consignment transshipments at the node

should not exceed one.
� The number of times that the consignment of goods is transported across a node should not

exceed one.
� The total transportation time of the consignment of goods should not exceed the transit period of

the goods.
� The total transportation time of the consignment of goods should not exceed the time limit of

the containers.

Let G = (N, A, M, R) denote the multimodal transportation network, where N is the transportation
node set, A is the transportation arc set, M is the transportation model set and R is the container set. Let
o, d and Tr denote the origin node, the destination node and the candidate transhipping node. Then,
N = Tr ∪ (o, d). The parameters and the decision variables in the model are defined as follows:

Sets:
N: Transportation node set.
A: Transportation arc set.
M: Transportation model set.
R: Container set.
I: Conjoint node set of node i, with I ∈ N.

Parameters:
Q: Number of containers (measured by TEU) that are carrying the consignment of goods.
h, i, j: Indices of the transportation nodes in the multimodal transportation network.
k, l: Indices of the transportation modes in the multimodal transportation network.
Cm

i, j: Transportation cost of transportation mode m on arc (i, j).
dm

i, j: Transportation distance of transportation mode m on arc (i, j).
vm

i, j: Transportation speed of transportation mode m on arc (i, j).
v: Transhipping cost at node i from mode k to mode l.
Tkl

i : Transhipping time at node i from mode k to mode l.
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Tm
r : Limited use time of container r under mode m.

Cr: Use cost of container r.
T: Transit period of goods.

Decision variables:
Xm

i, j: 0–1 decision variable. If the consignment of goods is transported across arc (i, j) via
transportation mode m, Xm

ij = 1; otherwise, Xm
ij = 0.

Ykl
i : 0–1 decision variable. If the consignment of goods is transhipped from transportation mode k

to mode l at node i, Ykl
i = 1; otherwise, Ykl

i = 0.
Zr: 0–1 decision variable. If using container r, Zr = 1; otherwise, Zr = 0.
The problem is formulated as follows:

minZ1 =
∑

(i, j)εA

∑
m

Cm
ij ∗Xm

ij +
∑
k∈M

∑
iεTr

∑
l∈M

Ckl
i ∗ ykl

i (1)

minZ2 =
∑

(i, j)∈A

∑
m

dm
ij

Vm
ij
∗Xm

ij +
∑
i∈Tr

∑
k∈M

∑
l∈M

Tkl
i ∗Ykl

i (2)

minZ3 =
∑
r∈R

Cr ∗Q ∗Zr (3)

such that ∑
h∈I

∑
m

Xm
hi −

∑
j∈I

∑
m

Xm
ij =


1 i = d

0 ∀i ∈ Tr

−1 i = o
(4)

∑
k∈MI

∑
l∈MI

Ykl
i ≤ 1 ∀(i, j) ∈ A (5)

∑
m∈Mi j

Xm
ij ≤ 1 ∀(i, j) ∈ A (6)

∑
r

Zr = 1 ∀r ∈ R (7)

Zr ≤ max
{
Xm

ij

}
(8)∑

k∈M

Ykl
i =

∑
j∈M

Xl
i j ∀i ∈ Tr ∀l ∈MI (9)

∑
h∈I

Xk
hi =

∑
l∈M

Ykl
i ∀i ∈ Tr ∀k ∈MI (10)

∑
(i, j)εA

∑
mεM

dm
ij

Vm
ij
∗Xm

ij +
∑
iεTr

∑
kεM

∑
lεM

Tkl
i ∗Ykl

i ≤ T (11)

Zr ∗


∑

(i, j)εA

∑
mεM

dm
ij

Vm
ij
∗Xm

ij +
∑
iεTr

∑
kεM

∑
lεM

Tkl
i ∗Ykl

i

 ≤ max
{
Tm

r ∗Xm
i, j

}
∀r ∈ R (12)

Xm
ij =

{
0
1
∀(i, j) ∈ A m ∈M (13)

Ykl
i =

{
0
1
∀ i ∈ Tr ∀k ∈M ∀l ∈M (14)
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Zr =

{
0
1
∀ r ∈ R (15)

Ykl
i = 0 ∀ i ∈ {o, d} ∀k ∈M ∀l ∈M (16)

The objective consists of three parts: Function (1) minimizes the total cost, which includes the
transportation cost that is incurred in the arcs and the transshipment cost that is incurred at the nodes
between transportation modes. Function (2) minimizes the total transportation time on the arcs and
the transshipment time at the nodes between transportation modes. Function (3) minimizes the total
cost of using containers. Constraint set (4) ensures the balance between the inbound and outbound
flows at each node of the network. Constraint set (5) ensures that the consignment of goods will not be
split into several sub-consignments during transport. Constraint set (6) specifies that only one mode
of transportation can be used in a network arc. Constraint set (7) ensures that only one container is
used in the multimodal network. Constraint set (8) is the corresponding relationship between the
transportation mode and the container. Constraint sets (9) and (10) express the logical relationships
between the decision variables. Constraint set (11) ensures that the total transportation time does not
exceed the transit period of the goods. Constraint set (12) ensures that the total transportation time
does not exceed the limited use time of the containers. Constraint sets (13)–(15) ensure that the decision
variables are 0–1 integers. Constraint set (16) ensures there is no transshipment at the origin node or
the destination node.

4. Solution Method

The model presented in this paper is a multi-objective nonlinear integer programming model
and the transportation cost and the transportation time are the two major optimization objectives.
Unfortunately, there is a conflict between these two objectives; hence, we cannot minimize all objective
functions simultaneously. According to previous research, Pareto optimality is a typically accepted
solution to this problem.

To solve the multi-objective model, we use the normalized normal constraint method (NNCM) to
obtain the Pareto solutions. This method was proposed by Messac and has been accepted and used by
many scholars. According to Messac’s description (16), this method is divided into seven steps:

Step 1: ANCHOR POINTS

We establish three single-objective problems named, P1, P2 and P3. The objective of P1 is to
minimize total transportation costs Z∗1 and the model consists of objective function (1) and constraints
(4)–(16). The objective of P2 is to minimize the total transportation time Z∗2 and the model consists of
objective function (2) and constraints (4)–(16). The objective of P3 is to minimize the total use costs of
containers Z∗3 and the model consists of objective function (3) and constraints (4)–(16). Solving problem
P1, P2 problem P3 independently and obtaining the optimal solutions of these three problems. Let
µ1∗ =

[
x1∗, y1∗

]
, µ2∗ =

[
x2∗, y2∗

]
, µ3∗ =

[
x3∗, y3∗

]
represent the optimal solutions of problem P1, P2 and

problem P3, respectively.

Step 2: OBJECTIVE NORMALIZATION

In order to obtain the required mapping parameters, we define the two points: the Utopia point
µN, which are evaluated as follows:

µN =
[
µN

1 ,µN
2 ,µN

3

]T

µN
i = max

[
µi

(
x1∗

)
,µ

(
x2∗

)
,µ

(
x3∗

)]T

and the Nadir point µu.

µu =
[
µi

(
x1∗

)
,µ

(
x2∗

)
,µ

(
x3∗

)]T
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The matrix L is evaluated as follows:

Let L =


l1
l2
l3

 = µN
− µu

Finally, the normalized form of vector Z can be evaluated as the following formula:

Zi =
µi − µi

(
xi∗

)
li

, i = 1, 2, 3

Step 3: UTOPIA LINE VECTOR CALCULATION

Taking Dk as the direction from µk∗ to µ3∗ for k ∈ {1, 2} then:

Dk = µ
3∗
− µk∗

Step 4: NORMALIZED INCREMENT DEFINITION

As we know, Pareto is a solution set. If the normalized increment δk along the direction Dk consists
of mk prescribed number of solutions, δk can be defined as follows:

δk =
1

mk − 1
, 1 ≤ k ≤ 2

Among them,

mk =
m1∗

∣∣∣∣∣∣Dk
∣∣∣∣∣∣∣∣∣∣∣∣D1

∣∣∣∣∣∣
Step 5: UTOPIA LINE POINT GENERATION

The points evenly distributed on the utopia hyperplane can be obtained by the following equation:

xpj = α1 j ∗ µ
1∗ + α2 j ∗ µ

2∗ + α3 j ∗ µ
3∗

Among which,
0 ≤ α1 j ≤ 1 ∀ j ∈ {1, 2, · · ·m}

0 ≤ α2 j ≤ 1 ∀ j ∈ {1, 2, · · ·m}

0 ≤ α3 j ≤ 1 ∀ j ∈ {1, 2, · · ·m}

3∑
k=1

αkj = 1

The generation of these points is shown in the following Figure 1:

Step 6: PARETO POINT GENERATION

The point set xpj we obtained on the utopia hyperplane from step 5 corresponding to the Pareto
solutions. The solution formula is as follows:

Min Z∗n
s.t. Equations (4)–(16)

xli ≤ xi ≤ xui , 1 ≤ i ≤ 3

Dk ∗
(
Z− xpj

)T
≤ 0, 1 ≤ k ≤ 2
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Zi =
µi − µi

(
xi∗

)
li

, i = 1, 2, 3

Step 7: PARETO DESIGN METRIC VALUE DETERMINATION

After the Pareto points have been identified, the solution points are substituted into the objective
function equation and the corresponding values of the multi-objective model are obtained.
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5. Case Study

5.1. Case Design

The large demand for the export of vanadium iron ore in Panzhihua city, which is located in
the southwest of China, has led to the establishment of many freight forwarders, of which Decheng
freight company of Sichuan province is a typical representative. This company performs a complete
set of service functions, such as freight forwarding, booking, customs declaration, agent inspection,
highway transportation, tallying, warehousing, agent insurance and modern integrated logistics,
and undertakes domestic and international freight transportation via rail, sea, river, land and air
multimodal transport. To more effectively complete the freight service, the company has established
its own logistics transportation network. The company’s vanadium iron ore export transport network
is illustrated in Figure 2 below.

Using the navigation resource of the Yangtze river, the vanadium iron ore of Panzhihua can be
transported to Nanjing and Shanghai via Chengdu, Wuhan and other important railway and port
hubs. In this transportation network, there are three modes of transportation: railway, waterway
and highway. The average speeds of these three transportation modes were obtained from Zhao’s
study [31] and are listed in Table 1.

Table 1. Container Transportation Speeds of the Three Transportation Modes.

Transportation Mode Speed

Train 65 km/h

Highway 85 km/h

Water 25 km/h
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In China, railway transportation is managed by the Ministry of Railways and the unit transport
cost of railway can be obtained from the freight information network platform of the Ministry of
Railways. After logging onto the official website (http://www.95306.cn/) and specifying the type of
goods and the origin and destination, the unit transport cost of railway containers between the two
stations is displayed. The unit transport costs for highway and water are obtained from the real-time
dynamic-updating freight website http://www.jctrans.com/, the distances between pairs of points in
the network are obtained from Auto Navi Map and the enterprise investigation of Decheng freight
company. Table 2 lists the unit transport costs and the transportation distance of the three modes
of transport.

Since the cost of transshipment between modes is difficult to estimate, the transshipment costs
and times that are used in this paper are obtained mainly from the research of Sun and Lang [18] and
the investigation of Decheng freight company, as shown in Table 3.

To solve the problem of limited container resources, the freight company can rent containers
from railway stations and shipping companies. However, according to the regulations of the Sichuan
Railway Administration, railway containers are subject to strict limitations on the use time, which
are listed in Table 4. Considering the loss of containers and the cost of purchase, it is impossible
for freight companies to buy new containers every time when they transport goods. Therefore, we
set the cost of using company own containers as the current sale price of second-hand containers
in the region. According to the market situation of China’s second-hand container market, the use
price of enterprises’ own containers is positioned at 947.07 USD/TEU. In addition, according to the
regulations, the transport prices of different sizes containers are different, and the charging items in the
process of container transportation include transportation fees, handling fees, warehousing fees, etc.

http://www.95306.cn/
http://www.jctrans.com/
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Among them, instead of charging separately for the use of containers, the purchase cost and loss of
containers are divided into specific operating charges such as transportation, handling, storage and
so on. Similar to railway containers, the cost of shipping company containers is included in various
processes, not charged separately. Since the use cost of railway containers and shipping company
containers is included in the transport cost, the cost of these two containers is positioned symbolically
at 1.39 USD/TEU and 2.08 USD/TEU.

Table 2. Unit Costs and Transportation Distance of Three Transportation Modes on the Arcs.

Arc

Rail Water Road

Cost
(USD/TEU)

Distance
(km)

Cost
(USD/TEU)

Distance
(km)

Cost
(USD/TEU)

Distance
(km)

(1, 2) 485.40 2762.5 — — 835.65 694.2

(1, 3) — — — — 1880.22 816.8

(2, 3) 231.55 650 — — 1086.35 288.1

(2, 4) 353.15 975 — — 1169.92 280.2

(2, 5) 370.56 975 — — 1253.48 471.2

(2, 6) 793.68 1787.5 — — 1545.96 1130.6

(2, 7) 862.26 2275 — — 1671.31 1249

(3, 4) — — — — 1378.83 178.3

(3, 6) — — 116.99 1680 1378.83 1010.6

(4, 5) — — — — 1253.48 310.7

(4, 6) 697.73 1462.5 88.72 1274 1671.31 889.6

(5, 6) — — 65.95 947 1253.48 669

(6, 7) — — — — 626.74 119.4

(6, 8) 426.13 812.5 51.04 733 1253.48 524.1

(7, 8) — — 41.09 590 1504.18 522.7

Table 3. Costs of Transferring between Transportation Modes.

Cost: USD (Time: h) Train Water Highway

Train 0 (0) 142 (12) 63 (6)

Water 142 (12) 0 (0) 120 (8)

Highway 63 (6) 120 (8) 0 (0)

Table 4. Limited Use Times of Containers under Three Transportation Modes.

Containers (h) Train Water Highway

Railway 168 288 168

Self — — —

Water — — —

5.2. Solution and Sensitivity Analysis

5.2.1. Solution of the Case Study

In China, parcels typically arrive in three days. However, freight products take longer to transport.
Considering the time of transport via water, we set the transportation time to 120 h in this case. Using
the NNCM, which is proposed in the fourth part of this paper, we obtained a set of six Pareto solutions,
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which are listed in the Table 5 below. All solutions in this paper are obtained on a laptop computer
using CPLEX software.

Table 5. Pareto set of the case study using CPLEX software.

Container Route Mode Transportation
Time (h)

Container
Cost (USD)

Transportation
Cost (USD)

1 Self 1-2-6-8 Road-Road-Road 30.40 9470.75 173,000

2 Water 1-2-6-7-8 Road-Road-Road-Water 57.10 20.89 145,000

3 Water 1-2-7-8 Road-Road-Water 58.00 20.89 121,000

4 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

5 Railway 1-2-6-7-8 Rail-Rail-Road-Water 109.70 13.93 44,800

6 Railway 1-2-6-8 Rail-Rail-Water 111.32 13.93 14,800

If the total transportation time is relatively small, freight forwarders prefer to choose their own
containers. The shorter the transport restriction time, the fewer alternative transport routes. In extreme
cases, when all routes are highways, freight companies cannot use railway containers or a ship
company’s containers; hence, they must use their own containers, which will generate huge container
usage costs. With the relaxation of the transportation time, freight companies have more alternative
transport routes. In this scenario, railways and waterways will be incorporated into the routes to create
conditions in which freight companies can use railway containers and a ship company’s containers. The
higher the transportation cost is, the more inclined freight companies are to use their own containers.
According to Table 5, the transportation route that is associated with the highest transportation cost
is road-only transportation, in which freight companies cannot use railway containers and water
containers. With the use of railway and water containers in the transportation process, transportation
costs gradually decrease while opening the door for freight companies to choose such containers.

According to Figure 3, the transportation cost and the transportation time are negatively correlated.
The transportation speed of highways is the fastest but the cost is the highest. The shorter the total
transportation time, the higher the probability of choosing road transportation and, therefore, the higher
the total transportation cost. With the increase in the transportation time, railway and water transport
modes become more likely to be selected, which will substantially reduce the transportation costs.
Moreover, the multimodal transportation of highway, railway and water can balance the transportation
time and cost and ultimately maximize the economic benefits. Comparing with Sun and Lang [18]
shown in Figure 3c, we found that the change curves of the two studies are in the same direction,
which proved the reliability of our model and solution.
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5.2.2. Sensitivity Analysis of the Transportation Time Limit

For this multi-objective problem, we used the NNCM to obtain the Pareto solutions. In this part,
we set the number of Pareto solutions (m) as 3 and choose the intermediate solutions of the set as
the final solutions when we changed the transportation time limit T. We considered 15 values of the
transportation time limit T and obtained the corresponding solutions, which are listed in Table 6.

When the total transportation time is limited to less than 30 h, there is no available transport route
in the transport network. Similarly, regardless of which type of container is selected, it is impossible
to satisfy the transportation time limit. Over time, more alternative routes and containers become
available. Self-owned containers are rarely selected. Railway and water transport are adopted when
the transportation time permits, which provides conditions for the use of railway containers and water
containers, while reducing the need to use self-owned containers.

According to Figure 4, changing the total transport time limit results in corresponding changes in
the transport schemes. The choice of containers also changes. However, when the transport time is
limited to a specified range, the transport plan does not change. For example, when the transportation
time limit ranges from 60 to 84 h, the optimal route solution is 1-2-6-7 and the multimodal transport
mode is Road-Road-Water. When the transportation time limit exceeds 84 h, the optimal multimodal
transport mode changes to Road-Rail-Water and the selection of containers changes from ship company
containers to railway containers. According to the solution, each scheme has a suitable transportation
time range. We fixed the size of the Pareto solution set and select one solution from the Pareto solution



Sustainability 2019, 11, 5320 14 of 18

set as the optimal solution under these data. From the perspective of the solution method, it has
directivity. In addition, we built a discrete model in which the transport scheme and the objective
function of each group of solutions are independent of each other and there will be numerical differences
between the discrete solutions. When a transportation time limit falls within this range, there is no
corresponding solution in the network; hence, the solution with the smallest difference is selected
as the optimal solution. Therefore, the scope of use of each transport scheme is limited. When the
transportation time limit is relaxed sufficiently, the network time constraint is removed. In this case,
only the transportation cost is considered in the optimization objective and the network will eventually
form a stable optimal solution. In the case that is examined in this paper, when the transportation time
limit exceeds 84.22 h, the final optimization solution of the route selection scheme is available—that is,
when the shipper’s time limit exceeds 84 h, the best method of transport for freight forwarders is to
use railway containers and route 1-2-6-8 under multimodal transport mode Road-Rail-Water.
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Table 6. Solutions under Various Transportation Time Limits.

Time
Limit (h) Container Route Mode Transportation

Time (h)
Container

Cost (USD)
Transportation

Cost (USD)

1 30 - - - - - -

2 39 Self 1-2-6-8 Road-Road-Road 30.4 9470.75 173,000

3 48 Railway 1-2-6-8 Road-Road-Rail 41.9 13.93 118,000

4 54 Railway 1-2-6-8 Road-Road-Rail 41.9 13.93 118,000

5 60 Ship 1-2-7-8 Road-Road-Water 58 20.89 121,000

6 66 Ship 1-2-6-8 Road-Road-Water 60.72 20.89 115,000

7 72 Ship 1-2-6-8 Road-Road-Water 60.72 20.89 115,000

8 78 Ship 1-2-6-8 Road-Road-Water 60.72 20.89 115,000

9 84 Ship 1-2-6-8 Road-Road-Water 60.72 20.89 115,000

10 90 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

11 96 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

12 102 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

13 108 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

14 114 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

15 120 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

5.2.3. Sensitivity Analysis of the Use Time Limits of Containers

In practice, due to the management of the Ministry of Railways, the use conditions of railway
containers are more stringent. Hence, it is necessary to study the influence of the change of the railway
containers’ use time on the route choice. We set the transportation time limit to 120 h in this case and
use the same calculation method as in part 2 to obtain the optimal solutions. Then, the service time of
railway containers under one mode is changed while those of the other two modes of transport remain
unchanged. The solutions are presented in Table 7.

Table 7. Objectives of transportation time and transportation cost.

Mode Time
Limit (h) Container Route Mode Transportation

Time (h)
Container

Cost (USD)
Transportation

Cost (USD)

1

Road

48 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

2 72 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

3 84 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

4 96 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

5 108 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

6

Rail

48 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

7 72 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

8 84 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

9 96 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

10 108 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

11

Water

48 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

12 72 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

13 84 Ship 1-2-6-8 Road-Rail-Water 84.22 20.89 50,300

14 96 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

15 108 Railway 1-2-6-8 Road-Rail-Water 84.22 13.93 50,300

With the change in the time limit for the railway containers, the multimodal transport scheme
does not change. However, the container selection does change. Although the railway transport
mode is selected in the optimal scheme, railway containers remain unavailable under various time
constraints. Regardless of the mode of transportation, when using a time limit of containers that is
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less than 84.22 h, no railway containers are available, and the final result is the selection of shipping
containers. By comparison with Table 7, we found that compared with the use time limit of containers,
the total transport time limit has a larger impact on the choice of the optimal route. The container use
time restriction has a larger influence on the selection of containers and a smaller influence on the
choice of the optimal route.

6. Conclusions

Under the guidance of China’s “one belt and one road” economic strategy, multimodal transport
ushered in vast potential for development, which has spawned many multimodal freight forwarding
enterprises. To overcome the shortage of containers that is faced by freight forwarders in the
transportation process, they must consider the source of the containers and use railway containers
and shipping company containers. However, the use of containers is related to the choice of routes.
If freight forwarders want to use railway containers or shipping company containers, then they must
choose railway or water transportation accordingly.

We developed an optimization model for multimodal transport route selection, in which the
interrelationship between container and route selection is considered, along with the time limit on
container usage. The objective function of the model minimizes the total transportation cost, the
transportation time and the container use cost. To solve this multi-objective problem, we used the
NNCM to obtain the Pareto solutions. Considering the transportation of Panzhihua iron ore in Sichuan
province as an example, we conduct a case study. According to our analysis, when facing a shortage of
containers, freight companies should choose railway transportation as frequently as possible and use
railway containers at the same time, which most effectively balances the transportation time and cost
and overcomes the shortage of containers.

In this paper, we investigated the route selection problem of multimodal transportation in which
the source of the containers is considered. Overall, this path selection model is a deterministic
optimization model. However, in practice, a multimodal transport system is a complex transport
system that involves many transport links, which produce substantial uncertainties. For example,
due to the overloading of the Yangtze River, cargo shipments often must wait in line, which leads to
unpredictable transport times. Therefore, we suggest considering uncertainty in transport times as an
area of future study.
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