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Abstract: China Railway Express (CR Express) is a pioneer of the Silk Road Economic Belt and the
21st Century Maritime Silk Road. The intermodal container terminal system consisting of a maritime
terminal and a railway terminal is investigated in this paper. It connects the shipping route and the
CR Express route. Typically, there are two container accumulation modes in the railway terminal
to dispatch a train, i.e., the fixed-length and the fixed-time container accumulation modes. The
intermodal container terminal system can be formulated as the two-echelon dual-channel supply
chain model. The steady-state probability matrix is obtained by solving the equilibrium equations.
The cooperation between the maritime terminal and the railway terminal is considered to accelerate
the accumulation of the containers. The total revenue of the two terminals is used as the key system
performance indicator. Numerical experiments are conducted to compare the fixed-length and the
fixed-time container accommodation modes. The situations with and without cooperation between
two terminals are also compared in the two container accumulation modes, respectively.

Keywords: intermodal container terminal; markov analysis; belt and road; container accumula-
tion mode

1. Introduction

In 2013, China put forward the strategic concept of building “the Silk Road Economic
Belt and the 21st Century Maritime Silk Road (B&R)”. As a pioneer of B&R, China Railway
Express (CR Express) is the train operating between China and Europe, which is a new type
of intercontinental trade transport mode. Being faster than maritime transportation and
cheaper than air transportation, the cargo volume of CR Express increases exponentially.
The data from China State Railway Group Co., Ltd. shows that there were 8225 train
journeys in 2019 (http://www.china-railway.com.cn; accessed on 3 January 2020). It was
more than 843 times the cargo volume in 2011, which is the first year that CR Express
operated. It included more than 65 CR Express routes connecting 56 Chinese cities with
49 European cities. At present, the Sino-Europe railway liners are mainly organized
by the local governments in China independently. To achieve the economies of scale
and increase the network coverage, CR Express has been suggested to create the cargo
consolidation hubs. Many Chinese cities are competing to become the consolidation
hubs of CR Express [1]. Currently, consigners are willing to choose rail–sea intermodal
transportation. For example, Korea is seeking the benefits from CR Express. Wang and
Yeo [2] have analyzed three seaports and two inland cities in China for the provision of
transshipment services between Europe and South Korea.

This study focuses on an intermodal container terminal system comprising a maritime
container terminal and a railway container terminal for offering multi-mode container
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transportation services. In order to satisfy the intermodal transportation demand of CR
Express, both the maritime terminal and the railway terminal reserve a certain amount
of storage yards for the CR Express. The process of transporting containers from the
intermodal container terminals to the consolidation hubs of CR Express is as follows.
Firstly, the containers are unloaded from the vessel using quayside cranes to the maritime
container terminal. Next, the containers are stocked in the reserved storage yard of the
maritime terminal, waiting to be transported to the inland consolidation hubs of CR
Express by truck or train. The containers transported by truck are directly picked up from
the maritime terminal to be transported to the consolidation hubs of CR Express. Those
transported by train are picked up from the maritime terminal and delivered to the railway
terminal for waiting to be loaded on a train and sent to the consolidation hubs of CR
Express. Eventually, the containers in the consolidation hubs of CR Express are distributed
to the destinations of Europe or Central Asia by CR Express. In this study, by regarding
the maritime terminal and the railway terminal as the two-echelon inventories, and the
truck and railway modes as the dual-channel, the intermodal container terminal system is
formulated as the two-echelon dual-channel supply chain model [3].

Typically, there are two container accumulation modes in the railway terminal to
dispatch a train. The fixed-length container accumulation mode is that the train simply
departs when the number of containers accumulated in the railway terminal is sufficient
to meet the full capacity of the train [4]. Different from the fixed-length mode, the trains
operate with schedules in the fixed-time container accumulation mode. The train can
depart only if the system is in working state and the transportation demand meets the
minimum requirement. In the fixed-time container accumulation mode, although the
number of containers can be less than the full capacity of the train, it should be a sufficient
number. Otherwise, the train may be canceled. This is because of the economic scale and
the effectiveness of the transportation [5].

Recently, maritime terminals intend to cooperate with the railway terminals. For
example, the Implementation Plan of Transport Structure Adjustment has been issued by
Shanghai. It aims to develop an intermodal freight transportation system for information
sharing between maritime terminal and railway terminals [6]. The intelligent Transporta-
tion Systems are developed to provide the possibilities of the cooperative planning among
multiple participants in the intermodal transportation through the rapid exchange of the
information [7]. In this study, the information of the number of containers accumulating in
the railway terminal is shared between the railway terminal and the maritime terminal.
Their cooperation helps to accelerate the accumulation of containers in the railway terminal.
It decreases the waiting time in the railway terminal dramatically and promotes the shift
from truck to train. The train is a more environment-friendly mode and produces less gas
pollution. It can also improve the satisfaction level of consigners.

The remainder of this study is organized as follows. In Section 2, the literature
is reviewed. The models for two-echelon dual-channel models of two container accu-
mulation modes are presented in Section 3. In addition, the steady-state probability
matrix is obtained by solving the equilibrium equations, and the performance indica-
tors are presented in Section 3. Numerical experiments and conclusions are given in
Sections 4 and 5, respectively.

2. Literature Review

CR Express is one of the most remarkable achievements of the Silk Road Economic Belt.
An increasing number of works have focused on the CR Express. A binary Logit model was
employed to analyze the hinterland patterns of the 5 typical CR Express routes [8]. Shao
et al. [9] proposed a large-scale transnational high-speed railway construction evaluation
problem. The construction priority of the road sections for the high-speed railway was
determined. Sun et al. [10] investigated the selection of consolidation centers of CR Express
in China and constructed the consolidation networks based on the shortest highway
distance within 500 km from origin cities to the consolidation centers. Zhao et al. [1]
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firstly evaluated the significance of city nodes by complex network theory. Then, a mixed
integer programming method was proposed to find consolidation hubs in China for the CR
Express. Wang et al. [11] found that the B&R had a positive impact on strengthening the
connectivity of the transportation network and promoting the intermodal transportation.

“Silk Road Economic Belt” and “21st century Maritime Silk Road” are two equally
important parts in the B&R initiative [12–14]. Considering the competition between CR
Express and the shipping route, a bi-level programming model was proposed for the
Chinese liner shipping companies to re-construct their liner shipping service networks [15].
There are also some studies researching on the cooperation between CR Express and
maritime routes. Kuzmicz and Pesch [16] analyzed the models and a variety of solutions
of the empty container repositioning problems in the context of the Eurasian intermodal
transportation. Xie et al. [17] studied that rail and shipping liner firms cooperate together
to share the empty container resources between them. Firstly, the optimal empty container
repositioning and replenishment policies were proposed for the centralized system. Then,
a bilateral buy-back contract was designed to coordinate the decentralized system. Wang
and Yeo [2] used Fuzzy Delphi and Fuzzy methods to find the best intermodal routes for
transporting cargo from Korea to Central Asia by CR Express. Wei and Dong [18] focused
on the new cross-border logistics network, which connects the maritime logistics network
with the inland cross-border logistics network through dry ports. The organizational
optimization problem of inland import and export goods were studied. However, the
intermodal terminals which serve as hubs to transfer the containers between the maritime
and CR Express routes are not well researched.

There are many studies focusing on the container terminal operations and manage-
ment. Some researchers are further improving transportation services through a variety of
means, including service integration, infrastructure investment, and information systems
implementation [19]. Carlo et al. [20] presented an in-depth overview of storage yard
operations of the maritime container terminal. A classification scheme for storage yard op-
erations was proposed. Guo et al. [21] proposed a yard crane dispatching algorithm based
on real-time data-driven simulation to solve the problem of yard crane job sequencing to
minimize average vehicle waiting time. The application of Radio Frequency Identification
(RFID) and other technologies in container logistics operations in ports was evaluated to
realize real-time tracking of containers and equipment in the maritime terminal [22,23]. In
terms of railway terminal, Boysen et al. [24] presented an exhaustive review of railway ter-
minal operational problems and challenges. Cordeau et al. [4] reviewed papers regarding
the scheduling problem in the freight transport of train. The fixed-length and fixed-time
accumulation modes were discussed. In Reference [5], a finite-capacity queueing system
was proposed to optimize the size of the container yard of the railway station and the
frequency of the shift for CR Express. A fixed-time accumulation mode was studied in the
railway terminal of CR Express. Few studies investigated the railway terminals and mar-
itime terminal in an integrated manner. Hu et al. [25] studied the inter-terminal transport
moving containers between the maritime terminal and the railway terminal. A mathemati-
cal model integrating inter-terminal transport and rail yard operation was proposed and
solved by a tabu search algorithm. Caballini et al. [26] presented a planning approach to
optimize railway operations in seaport terminals by adopting a queue-based discrete-time
model. However, the comparison of the container accumulation modes and the cooperation
between maritime and railway terminals are not well studied in these papers.

In this study, the two container accumulation modes under the cooperation between
the maritime terminal and the railway terminal are investigated. The contributions of this
study to the literatures are as follows:

• This study formulates the operation at intermodal container terminals for CR Express
based on a two-echelon dual-channel supply chain model.

• The fixed-length and the fixed-time container accumulation modes are investigated
and compared.
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• The cooperation between a maritime terminal and a railway terminal is considered.
Specifically, the accelerated accumulation scenario is proposed.

3. Two-Echelon Dual-Channel Models of Two Container Accumulation Modes

In this section, the two-echelon dual-channel models of the intermodal terminals
considering two container accumulation modes are presented. The assumptions and the
parameters are presented as follows:

1. The intermodal container terminal system receives stochastic demand of transporta-
tion containers from the maritime terminal to the CR Express consolidation hub. Some
consigners prefer to transport by railway and others prefer to transport by truck.

2. Each transportation demand has an independent arrival rate.
3. The transportation demand by truck arrives at the maritime container terminal in

accordance with a Poisson process at constant rate λd. When transportation demand
by truck arrives, one container is loaded on the truck and leaves the system.

4. The transportation demand by train arrives at the railway container terminal in
accordance with a Poisson process at constant rate λr. When the transportation
demand by train arrives, the container transported is transferred from the maritime
terminal to the railway terminal.

5. The total transportation demand rate is λ = λd + λr. The preference rate of the
transportation demand by railway is α. Hence, we have λr = αλ, λd= (1 − α)λ. The
inter-arrival time between the successive demands follows an exponential distribution
with mean 1/λ.

6. The containers at the maritime terminal are dispatched from the ship in accordance
with a Poisson process at constant rates µw.The processing time for the maritime
terminal follows an exponential distribution with mean 1/µw.

7. The intermodal terminals system has two-echelon inventories, the maritime terminal
and the railway terminal.

8. When the number of containers in the railway terminal satisfies the requirement to
dispatch a train, the containers are loaded to the train. The loading time of containers
on to a train follows an exponential distribution with mean 1/µl . After loading the
containers on the train, the train leaves the system.

9. The maximum of containers in the storage yards reserved for CR Express in the
maritime terminal and the railway terminal are xl and yl .

10. It is assumed that in the situation with cooperation, the maritime and railway termi-
nals share the information that the trains are ready to depart. It is allowed that the
containers previously transported by truck can be shifted to be transported by train.

11. In the fixed-time container accumulation mode, the train can depart only in the
working state.

3.1. The Two-Echelon Dual-Channel Model of the Fixed-Time Container Accumulation Mode

The two-echelon dual-channel model with fixed-time is shown in Figure 1. The con-
tainer accumulation mode of fixed-time is a two-state Markov Chain. It can be characterized
as a Markov-modulated Poisson process of two-state (MMPP (2)).
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The states’ transition diagram of the fixed-time container accumulation mode with
MMPP (2) is shown in Figure 2. An MMPP (2) switches between the working state and
the vacation state. Let p denote the state of MMPP(2), p ∈ {0, 1}, where p = 1 presents the
working state of the railway terminal, whereas p= 0 represents the vacation state. Figure 2a
presents the vacation state of the railway terminal, and Figure 2b represents the working
state. Circles indicate states of the system with different values of the (k, y, p), where k
is the sum of containers in the maritime terminal and railway terminal and k = x + y.
x is the number of containers at the maritime terminal, and y is the number of containers
at the railway terminal. Arrows indicate system transition rates. The explanations of
the transition rates in Figure 2 are as follows: If one container at the maritime terminal
is transported to the consolidation hub of CR Express by truck at rate λd, the inventory
at the maritime terminal decreases one unit and the state (k, y, p) changes to the state
(k− 1, y, p). If one container from the ship is unloaded to the maritime terminal at rate µw,
the inventory at the maritime terminal increases one unit and the state (k, y, p) changes to
the state (k + 1, y, p). When one container is transported from the maritime terminal to the
railway terminal at rate λr, the inventory at the maritime terminal decreases one unit and
the inventory at the railway terminal increases one unit and the state (k, y, p) changes to
the state (k, y + 1, p).
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In the vacation state, the containers are accumulated continually in the railway ter-
minal. In the working state, the number of containers in the railway terminal is checked
whether to satisfy the requirement of dispatching a train. If the requirement is satisfied, the
containers are loaded on the train and the train departs. Otherwise, the container will wait
in the terminal for the next time interval of working state. This strategy will increase the
utilization of the train. Let θ1 and θ2 denote the transition rates between the two states of
the MMPP (2). For example, Saturday and Sunday are the vacation days, and the railway
terminal dispatches trains on working days from Monday to Friday. Then, θ1

−1 = 2 days
and θ2

−1 = 5 days. It should be noted that these transitions occur from the state (k, y, 0)
to the state (k, y, 1) with rate θ1 and from the state (k, y, 1) to the state (k, y, 0) with rate θ2.
For ease of exposition, some arrows with rate θ1 and θ2 between states (k, y, 1) and (k, y, 0)
are not shown.

In the working state of the fixed-time container accumulation mode, there are three
scenarios of considering the accumulation states of the train, which are accumulation,
accelerated accumulation, and train departure scenarios. Let b be the full capacity of a
train. Let a present a threshold in the working state. When the number of containers
waiting to be transported by a train in the railway terminal is no less than a, the system
changes from the accumulation scenario into the accelerated accumulation scenario. The
three scenarios in the working state and the transition rates specified in each scenario are
described as follows:

• Accumulation scenario: If y < a, there is not enough containers in the railway terminal,
and the containers are continuously accumulated.

• Accelerated accumulation scenario: If a ≤ y < b, the number of containers reaches
the minimum requirements of dispatching a train. This information is shared to the
maritime terminal. The containers in the maritime terminal could be shifted to the
railway terminal and be directly loaded on the train, avoiding waiting in the railway
terminal. Let c be the quantity of shifting containers, then c = min{k− y, b− y}. The
state (k, y, 1) changes to the state (k− y− c, 0, 1) at the loading rate of ul and then a
train departs. For example, the state (5,3,1) changes into state (1,0,1) at the loading
rate of ul in Figure 2b.

• Train departure scenario: If y ≥ b, the train will depart with the full capacity and the
state (k, y, 1) changes to state (k− b, y− b, 1). For example, the state (5,5,1) switches
into state (1,1,1) at the loading rate of ul in Figure 2b.

The system states are presented by the generator Q1. To represent in a compact form,
the states are arranged in an increasing lexicographical order. The generator matrix Q1 is
obtained as follows:

Q1 =

(k, 0, p) (k, 1, p) (k, 2, p) · · · (k, a, p) (k, a + 1, p) · · · (k, b, p) (k, b + 1, p) · · · (k, yl − 1, p) (k, yl , p)

(k, 0, p)
(k, 1, p)
(k, 2, p)

...
(k, a, p)

(k, a + 1, p)
...

(k, b, p)
(k, b + 1, p)

...
(k, yl − 1, p)
(k, yl , p)



G1 ⊕ H1 I2 ⊗ K
G1 ⊕ H1 I2 ⊗ K

G1 ⊕ H1 . . .
. . .

L⊗M1 G2 ⊕ H1 I2 ⊗ K

L⊗M1 G2 ⊕ H1 . . .
...

. . .
L⊗M2 G2 ⊕ H1 I2 ⊗ K

L⊗M2 G2 ⊕ H1 . . .
. . . . . .

G2 ⊕ H1 I2 ⊗ K
G2 ⊕ H2


where I2 is the identity martix of order 2, the operators ⊕ represent the Kronecker sum and
⊗ represent the Kronecker product respectively, and for p ∈ {0, 1}. Matrices G1, G2, L, H1,
H2, K, M1, and M2 are defined in Appendix A.
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3.2. The Two-Echelon Dual-Channel Model of the Fixed-Length Container Accumulation Mode

The fixed-length container accumulation mode is that the train only departs when the
number of containers in the railway terminal reach the full capacity of the train. Otherwise,
the train waits in the railway terminal until enough containers are accumulated. The two-
echelon dual-channel model of the fixed-length container accumulation mode is shown in
Figure 3.
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There are also three scenarios of considering the accumulation states of the train. When
y < b/2, it is the accumulation scenario, and the containers are continually accumulated
in the railway terminal. When b/2 ≤ y < b, it is the accelerated accumulation scenario.
It means that the containers in the railway terminal almost reach the full capacity of
the train and the train is going to depart. This information is shared with the maritime
terminal. The consigners notice that the train will be dispatched soon and the waiting time
in the railway terminal will be decreased dramatically. Some proportion of the containers
previously planning to transport by truck shift to transport by train. When y ≥ b, there are
enough containers at the railway terminal to dispatch a train and it is the train departure
scenario. The containers are loaded to a train and then disappear in the system with the
train departure.

As the space is limited, and the analytical process of the fixed-length container ac-
cumulation mode is similar to the fixed-time container accumulation mode, the analysis
of the fixed-length container accumulation mode is excluded in this paper. For the state
transition diagram, the explanations of transition rates, three scenarios, and the generator
matrix Q2, readers are recommended to refer to our previous conference paper [27].

3.3. Solving the Equilibrium Equations

The steady-state probability matrix π of all states in the system is obtained by using
the standard solution method given by Grassmann and Stanford [28]. In terms of the
fixed-length container accumulation mode, the steady-state probability matrix π is defined
as π =

[→
π0,

→
π1, . . . ,

→
πn, . . . ,

→
πyl

]
, where

→
πn =

[
π(0,n), π(1,n), π(2,n), . . . , π(xl−1,n), π(xl ,n)

]
,

∀n ≥ 0. Whereas the steady-state probability matrix for the fixed-time container accumu-
lation mode is defined as π =

[→
π0,

→
π1, . . . ,

→
πn, . . . ,

→
πyl

]
, where

→
πn = [π(0,n,0), π(1,n,0), · · · ,

π(xl+n,n,0), π(0,n,1), π(1,n,1), · · · , π(xl+n,n,1)], ∀n ≥ 0. The first xl + 1 elements in vector
→
πn represent the steady-state probabilities corresponding to the vacation state, and the
remaining elements correspond to the working state of the fixed-time modes. Since Q f

presents the generator matrix, the steady-state probability matrix π is obtained by solv-
ing the equilibrium equations π·Q f = 0, and the equilibrium equations are subject to
the constraint that the sum of the all elements of the steady-state probability matrix π is
equal to 1.
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3.4. Performance Indicators

The key system performance indicator used in this study is the total revenue of the
maritime terminal and the railway terminal. It consists of the operation revenue of the
maritime terminal, the operation revenue of the railway terminal, the shifting revenue,
and the train departure revenue. The operation revenue is generated from the use of
the resources of the terminal. It mainly includes the revenue of loading and unloading
operations, storage operations, and short-haul transportation operations within the system.
The shifting revenue is the revenue generated when the containers that were previously
planned to transport by truck shift to transport by train in the acceleration accumulation
scenario. The train departure revenue is proportional to the number of trains that depart
from the railway terminal.

The following equations are calculated with the steady-state probability π. Let i
present the terminals. i = 1 represents the maritime terminal and i = 2 means the railway
terminal. Let j represent the container accumulation modes. j = 1 means the fixed-length
container accumulation mode and j = 2 means the fixed-time container accumulation mode.

Let tsqj
i be the container storage quantity at terminal i in the container accumulation

mode j. tsqj
i is calculated by Equation (1):

tsq1
1 =

xl

∑
x=0

yl

∑
y=0

xπxy, tsq1
2 =

xl

∑
x=0

yl

∑
y=0

yπxy, tsq2
1 =

1

∑
p=0

xl+yl

∑
k=0

yl

∑
y=0

(k− y)πkyp, tsq2
2 =

1

∑
p=0

xl+yl

∑
k=0

yl

∑
y=0

yπkyp (1)

Let CSTi be the unit container operation revenue at terminal i. Rsrj
i is the operation

revenue of the terminal i in the container accumulation mode j, which is calculated by
Equation (2):

Rsrj
i = CSTi × tsqj

i (2)

Let ttqj be the container shifting quantity from the truck to the railway in the accel-
erated accumulation scenario of the container accumulation mode j. ttqj is obtained by
Equations (3) and (4):

ttq1 =
xl

∑
x=0

b

∑
y=b/2

βdλd × πxy (3)

ttq2 =
xl+yl

∑
k=0

b

∑
y=a

c× µlπky1, where c = min{k− y, b− y} (4)

Let CSP be the unit container shifting revenue. The shifting revenue Rj
sh f is

calculated using
Rj

sh f = CSP× ttqj (5)

vnumj is the number of trains dispatched in the container accumulation mode j, which
is calculated by Equation (6):

vnum1 =
xl

∑
x=0

yl

∑
y=b

µlπxy, vnum2 =
xl+yl

∑
k=0

yl

∑
y=a

µlπky1 (6)

Let CPR be the unit train departure revenue, and the train departure revenue Rj
dep is

calculated using Equation (7):

Rj
dep = CPR× vnumj (7)
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Finally, the total revenues TRj in the container accumulation modes j are calculated
using Equation (8), as follows:

TRj = Rsrj
1 + Rsrj

2 + Rj
sh f + Rj

dep (8)

4. Numerical Experiments

In this section, we will seek the answers to the following three questions with the aid
of numerical experiments:

Q1. How is the performance of the two container accumulation modes in terms of the
total revenue (Section 4.2)?

Q2. Should the maritime terminal and the railway terminal cooperate with each other
(Section 4.3)?

Q3. How does the important parameter α affect the total revenue (Section 4.4)?

4.1. Setup of Experiments

The full capacity of the train is b = 40, and the threshold in the working state of the
fixed-time container accumulation mode is a = 20. The preference rate of the railway
transportation mode α and the shifting rate from truck to railway βd are set as 0.6 and 0.5,
respectively. The loading time of containers on the train follows an exponential distribution
with µl= 5. The capacities of the storage yards reserved for the CR Express in the maritime
terminal and the railway terminal are xl = yl = 60. The arrival rate µw and total demand
rate λ are set to (10, 9), (15, 13), (25, 20), (40, 30), (60, 45), and (80, 60) in this subsection, to
present the small and large intermodal transportation demand. (θ1, θ2) is set to (0.5, 0.1),
(0.5, 0.2), (0.5, 0.5), (0.2, 0.2), (0.2, 0.5), and (0.1, 0.5) to present different types of fixed-time
container accumulation modes.

The revenue parameters considered in this study are set as follows. The unit container
operation revenue at maritime and railway terminals are CST1 = 5 and CST2 = 5, respec-
tively. The unit container shifting revenue is CSP = 15. The unit train departure revenue is
CPR = 150.

4.2. Comparing Results of Two Container Accumulation Modes

In this subsection, the two container accumulation modes are compared. Figure 4
shows the total revenues of the container accumulation modes under the different inter-
modal transportation demands.

First, the different types of the fixed-time container accumulation modes are compared.
As shown in Figure 4, the total revenues of all of the container accumulation modes increase,
as the intermodal transportation demand increases. In addition, the increment degree of the
total revenue decreases with the decrease of the ratio of θ1 to θ2. Generally, the fixed-time
container accumulation mode with the minimum ratio of θ1 to θ2 (i.e., (0.1, 0.5)) performs
best in the smallest demand of (10, 9). Whereas the fixed-time container accumulation mode
with the maximum ratio of θ1 to θ2(i.e., (0.5, 0.1)) is superior to others in the largest demand
of (80, 60). The reasons are as follows: In the vacation days, the containers are accumulated
in the railway terminal. During the working days, if the number of containers reach the
minimum requirement for dispatching a train, the train could depart. When the demand is
small, more vacation days are needed in order to accumulate enough containers. Therefore,
the small ratios of θ1 to θ2 are preferred under the small intermodal transportation demand.
It is vice versa under the large intermodal transportation demand. Furthermore, when
the ratio of θ1 to θ2 is 1, i.e., (θ1 = θ2), the comparison between different values of θi is
conducted. Under the small intermodal transportation demand, the smaller value of θi
(θ1 = θ2 = 0.2) performs better than the bigger value (θ1 = θ2 = 0.5). This is because the
vacation time is long enough to collect the containers for the train. It is vice versa under
the large intermodal transportation demand.



Sustainability 2021, 13, 2806 10 of 19

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 19 
 

4.2. Comparing Results of Two Container Accumulation Modes 
In this subsection, the two container accumulation modes are compared. Figure 4 

shows the total revenues of the container accumulation modes under the different inter-
modal transportation demands. 

 
Figure 4. The total revenues of the container accumulation modes under different intermodal 
transportation demands. 

First, the different types of the fixed-time container accumulation modes are com-
pared. As shown in Figure 4, the total revenues of all of the container accumulation modes 
increase, as the intermodal transportation demand increases. In addition, the increment 
degree of the total revenue decreases with the decrease of the ratio of 1θ  to 2θ . Gener-
ally, the fixed-time container accumulation mode with the minimum ratio of 1θ  to 2θ  
(i.e., (0.1, 0.5)) performs best in the smallest demand of (10, 9). Whereas the fixed-time 
container accumulation mode with the maximum ratio of 1θ  to 2θ (i.e., (0.5, 0.1)) is su-
perior to others in the largest demand of (80, 60). The reasons are as follows: In the vaca-
tion days, the containers are accumulated in the railway terminal. During the working 
days, if the number of containers reach the minimum requirement for dispatching a train, 
the train could depart. When the demand is small, more vacation days are needed in order 
to accumulate enough containers. Therefore, the small ratios of 1θ  to 2θ  are preferred 
under the small intermodal transportation demand. It is vice versa under the large inter-
modal transportation demand. Furthermore, when the ratio of 1θ  to 2θ  is 1, i.e., ( 1 2=θ θ

), the comparison between different values of iθ  is conducted. Under the small inter-
modal transportation demand, the smaller value of iθ  ( 1 2= = 0 .2θ θ ) performs better than 
the bigger value ( 1 2= = 0 .5θ θ ). This is because the vacation time is long enough to collect 
the containers for the train. It is vice versa under the large intermodal transportation de-
mand. 

Then, the fixed-length and fixed-time container accumulation modes are compared. 
Table 1 shows results of the total revenues of the different types of fixed-time container 
accumulation mode minus the total revenues of the fixed-length container accumulation 
mode. When the demand is (60, 45), all of the fixed-time container accumulation modes 
are better than the fixed-length container accumulation mode. Under the small intermodal 
transportation demand, the fixed-time container accumulation modes with small ratio of 

1θ  to 2θ  are better than the fixed-length container accumulation mode, and the ones 
with large ratio of 1θ  to 2θ  are worse than the fixed-length container accumulation 

Figure 4. The total revenues of the container accumulation modes under different intermodal
transportation demands.

Then, the fixed-length and fixed-time container accumulation modes are compared.
Table 1 shows results of the total revenues of the different types of fixed-time container
accumulation mode minus the total revenues of the fixed-length container accumulation
mode. When the demand is (60, 45), all of the fixed-time container accumulation modes
are better than the fixed-length container accumulation mode. Under the small intermodal
transportation demand, the fixed-time container accumulation modes with small ratio of θ1
to θ2 are better than the fixed-length container accumulation mode, and the ones with large
ratio of θ1 to θ2 are worse than the fixed-length container accumulation mode. It is vice
versa under the large intermodal transportation demand. These are further explained in
Section 4.3 by the composition of the total revenue of the container accumulation modes.

Table 1. The differences of the total revenues between the fixed-time and the fixed-length container
accumulation modes.

(µw,λ)

(θ1,θ2)
(0.5, 0.1) (0.5, 0.2) (0.5, 0.5) (0.2, 0.2) (0.2, 0.5) (0.1, 0.5)

(10, 9) −231.37 −222.38 −202.27 −142.68 −80.76 31.50
(15, 13) −213.06 −196.58 −158.43 −97.71 −26.28 57.83
(25, 20) −145.91 −116.06 −60.37 −31.51 25.67 71.41
(40, 30) −43.12 −19.53 10.67 19.12 44.86 62.46
(60, 45) 17.30 25.15 28.53 28.22 27.66 24.88
(80, 60) 52.57 45.39 25.22 21.30 −2.29 −19.82

4.3. Results of with Cooperation and without Cooperation between Two Terminals

In this subsection, the situations with and without cooperation between the maritime
terminal and the railway terminal are compared. The (θ1, θ2) is set at (0.5, 0.1) as an example
of the fixed-time container accumulation mode. The experiment setup in the situation with
cooperation is the same as mentioned in Section 4.1. In the situations without cooperation,
βd is set to 0 in the fixed-length container accumulation mode, and a = b = 40 in the fixed-
time container accumulation mode, respectively. In this way, the accelerated accumulation
scenario is removed.

The total revenues in the situations with cooperation and without cooperation are
compared in Table 2. For both container accumulation modes, as the demands of the
intermodal transportation increase, the total revenues in the situation with cooperation
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increase much faster than those in the situation without cooperation. For the fixed-length
container accumulation mode, the total revenues in the situations with cooperation are
better than the ones in the situations without cooperation for all demands. However, the
differences are much less when the intermodal transportation demands are small. For the
fixed-time container accumulation mode, when the intermodal transportation demands are
small, the situations without cooperation are better than the situations with cooperation.
It is vice versa when the intermodal transportation demands become larger. Therefore,
the maritime terminal and the railway terminal need not cooperate when the intermodal
transportation demand is small. However, the two terminals should cooperate when the
intermodal transportation demand increases to some extent.

Table 2. The differences of the total revenues between with and without cooperation.

(µw,λ)

Fixed-Length Fixed-Time

With
Cooperation

Without
Cooperation Difference With

Cooperation
Without

Cooperation Difference

(10, 9) 386.73 378.64 8.09 155.37 389.44 −234.07
(15, 13) 416.96 402.10 14.86 203.91 415.77 −211.86
(25, 20) 461.21 434.50 26.71 315.3 450.51 −135.21
(40, 30) 511.57 467.97 43.6 468.45 484.45 −16.00
(60, 45) 578.93 510.31 68.62 596.23 524.00 72.23
(80, 60) 644.35 551.60 92.75 696.92 560.32 136.60

The reason can be explained by the compositions of the total revenues. The composi-
tions of the total revenues of the fixed-length and the fixed-time container accumulation
modes are shown in Figures 5 and 6, respectively. In each figure, there are two situations
with and without cooperation between the terminals. The total revenue in the situations
with cooperation consists of four parts, as explained in Section 3.4. However, the to-
tal revenue in the situations without cooperation consists of three parts, excluding the
shifting revenue.
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First, the operation revenues of the maritime and railway terminals are compared. In
the fixed-length container accumulation mode, the operation revenues of the maritime and
railway terminals in the situations with cooperation are almost as same as the ones in the
situations without cooperation under all demand. In the fixed-time container accumulation
mode, the operation revenues of the maritime and railway terminals in the situations with
cooperation are worse than the corresponding ones in the situations without cooperation
under all demand. However, its differences between the situations with and without
cooperation become smaller with the increase of the intermodal transportation demands.
These can be explained by the steady-state probabilities of the states, as shown in Table 3.
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The following phenomena are observed both under the small and large demand. In the
fixed-length container accumulation mode, the steady state probabilities are almost the
same between the situations with and without cooperation. Whereas, in the fixed-time
container accumulation mode, the higher probabilities are distributed in the states with
larger number of containers in the terminals (i.e., larger (x, y)) in the situations without
cooperation, compared with the situations with cooperation.
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Then, the train departure revenues and the shifting revenues are compared. For
both container accumulation modes, these revenues in the situations with cooperation are
better than the ones in the situations without cooperation under all demands, as shown in
Figures 5 and 6. This is because the information of the number of containers accumulated
in the railway terminal is shared in the situations with cooperation. In the accelerated
accumulation scenarios, the containers are induced to shift from truck to train, and the
number of departure trains also increase. When the intermodal transport demand becomes
larger, the accumulation of containers in the railway terminal accelerates dramatically.

Table 3. The steady-state probabilities of the states.
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Table 3. Cont.
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 Overall, the situations with cooperation perform better than the situation without
cooperation under all demands in the fixed-length container accumulation mode, and
under large demands in the fixed-time container accumulation mode, respectively.

Furthermore, the comparisons of the total revenues between the two container accu-
mulation modes in the situations with cooperation can explain the results of Section 4.2. As
shown in Figures 5a and 6a, the operation revenues of the maritime and railway terminals
in the fixed-time container accumulation mode are less than the fixed-length container
accumulation mode. However, their differences decrease gradually, as the intermodal
transportation demands increase. This can be explained by the steady-state probabilities
of states, as shown in Table 3 in the situations with cooperation. Comparing with the
fixed-time container accumulation mode, the higher probabilities are distributed at the
states with larger number of containers in the maritime and railway terminals (i.e., larger
(x, y)) in the fixed-length container accumulation mode, under both small and large inter-
modal transportation demand. In the fixed-time container accumulation mode, the higher
probabilities move from the states with small number of the containers to the states with
large number of the containers in the terminals (i.e., from small (x, y) to large (x, y)), as
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the demand increases. On the other hand, as shown in Figures 5a and 6a, the shifting
revenues and the train departure revenues of the fixed-time container accumulation mode
increase much faster than the fixed-length container accumulation mode, as the demands
increase. Hence, the fixed-time container accumulation mode with large ratios of θ1 to θ2
(i.e., (0.5, 0.1)) is worse under the small intermodal transportation demand and is better un-
der the large intermodal transportation demand, compared with the fixed-length container
accumulation mode.

4.4. Effects of the Rate α

The impact of parameter α on the total revenue is studied in this section. α represents
the railway transportation preference rates, which are set to 0.1, 0.2, ..., and 1.0. For example,
α = 1 means all containers are transported by railway to the CR Express consolidation hub
and no containers are transported by truck. In this section, the following parameters are
fixed for simplicity: (µw, λ) is set at (15, 13), and (θ1, θ2) is set at (0.5, 0.1) as an example to
present the fixed-time container accumulation mode.

Figure 7 shows the effect of α on the total revenues of the fixed-length container
accumulation mode. With the increase of α, the operation revenues of the maritime are
almost the same, and the operation revenues of the railway terminal increase. These can
be explained by Figure 8. Figure 8 shows that the higher probabilities are distributed to
the states of the larger number of the containers in the railway terminal (i.e., larger y), as α
increases. However, the higher probabilities are distributed to the states of large number of
containers in the maritime terminal (i.e., almost similar ranges of x) for all α. The shifting
revenue increases first and then decreases as the value of α increases. When α = 1, there is
no shifting revenue. Because there is no container previously planned to transport by truck,
no container needs to shift from truck to train. The train departure revenue consistently
increases as α increases. Overall, the total revenues increase as the value of α increases.
Therefore, it is suggested to increase the willingness of consigners to choose the railway
mode to increase the total revenue. It is noted that the degree of increase becomes much
smaller when α reaches 0.6.
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Figure 9 shows the effect of α on the total revenues of the fixed-time container accumu-
lation mode. The operation revenues of the maritime terminal decrease significantly, and
the operation revenues of the railway terminal increase slightly as α increases. Figure 10
shows the distribution of the higher probabilities moving to the states of the smaller
number of the containers in the maritime terminal (i.e., smaller x), as α increases. The
distribution of the higher probabilities remains in the states of small number of containers
in the railway terminal (i.e., almost the same range as y), for all α. The shifting revenues
and the train departure revenues increase as the value of α increases. In summary, first,
the total revenues significantly decrease, and then increase as the value of α increases. The
largest total revenue is reached at α = 0.1, where the operation revenues of the maritime
terminal account for the majority of the total revenue, as Figure 9 illustrates. It is the
mutually beneficial and sustainable way for the cooperation between the maritime and the
railway terminals. Although the maximum total revenue is not obtained, it is better to set
α more than 0.5.
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5. Conclusions

The intermodal container terminal system that connects the maritime route and the
CR Express route is investigated in this study. The containers are stored in the maritime
terminal and the railway terminal and then are transported to the consolidation hub of CR
Express by truck or train. The intermodal container terminal system can be formulated as
the two-echelon dual-channel model. In this study, two-echelon dual-channel models of
the fixed-length and the fixed-time container accumulation modes are proposed. The total
revenue that consists of the operation revenue, the shifting revenue, and the train departure
revenue is used as the key system performance indicator. Numerical experiments indicate
that the fixed-length and the fixed-time container accumulation modes should be carefully
selected according to the intermodal transportation demand. Additionally, the working
and vacation duration (represented by θ1 and θ2) should be well designed in the fixed-time
container accumulation mode. The results further manifest that the maritime terminal
and the railway terminal need not cooperate when the intermodal transportation demand
is small, whereas the two terminals should cooperate as the intermodal transportation
demands increase.

For the future research, our proposed models can be further extended. In this paper,
it is assumed that the containers in the system have the same destination, and only one
train leaves the railway terminal at a time. These assumptions can be removed. Moreover,
the proposed method in this study can be applied not only in the intermodal container
terminals of the CR Express, but also in the other intermodal container terminals.
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Appendix A

Matrices G1, G2, L, H1, H2, K, M1, and M2 in Q1 are defined as follows:

G1 =
(k, y, 0) (k, y, 1)

(k, y, 0)
(k, y, 1)

[
θ1

θ2

]

G2 =
(k, y, 0) (k, y, 1)

(k, y, 0)
(k, y, 1)

[
θ1

θ2 −µl

]
L =

[
0 0
0 1

]

H1 =

(y, y, p) (y + 1, y, p) (y + 2, y, p) · · · (y + xl − 1, y, p) (y + xl , y, p)

(y, y, p)
(y + 1, y, p)
(y + 2, y, p)

...
(y + xl − 1, y, p)
(y + xl , y, p)



−(µw + θ1) µw
λd −(µw + θ1 + λd + λr) µw

λd −(µw + θ1 + λd + λr)
. . .

. . . . . .
−(µw + θ1 + λd + λr) µw

λd −(θ1 + λd + λr)



H2 =

(y, y, p) (y + 1, y, p) (y + 2, y, p) · · · (y + xl − 1, y, p) (y + xl , y, p)

(y, y, p)
(y + 1, y, p)
(y + 2, y, p)

...
(y + xl − 1, y, p)
(y + xl , y, p)



−(µw + θ1) µw
λd −(µw + θ1 + λd) µw

λd −(µw + θ1 + λd)
. . .

. . . . . .
−(µw + θ1 + λd) µw

λd −(θ1 + λd)



K =

(y + 1, y + 1, p) (y + 2, y + 1, p) (y + 3, y + 1, p) · · · (y + xl , y + 1, p) (y + xl + 1, y + 1, p)
(y, y, p)

(y + 1, y, p)
(y + 2, y, p)

...
(y + xl − 1, y, p)
(y + xl , y, p)



0
λr 0

λr 0
. . . . . .

0
λr 0
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M1 =

(0, 0, p) (1, 0, p) (2, 0, p) · · · (y + xl − b, 0, p)
(y, y, p)

(y + 1, y, p)
...

(b− y, y, p)
(b− y + 1, y, p)
(b− y + 2, y, p)

...
(y + xl , y, p)



µl
µl
...

µl
µl

µl
. . .

µl



M2 =

(y− b, y− b, p) (y− b + 1, y− b, p) (y− b + 2, y− b, p) · · · (y− b + xl , y− b, p)
(y, y, p)

(y + 1, y, p)
(y + 2, y, p)

...
(y + xl , y, p)


µl

µl
µl

. . .
µl
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