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A B S T R A C T

River–sea intermodal transport is becoming increasingly popular for container repositioning in
hinterland areas, owing to its cost-efficiency and low energy consumption. However, bridge
heights and water depths may restrict the sailing of container vessels on rivers, which presents a
challenge for the wider implementation of river–sea intermodal transport. In this study, we in-
vestigate the potential of foldable containers to improve empty container repositioning in riv-
er–sea intermodal transport, with consideration of bridge height and water depth constraints. A
mathematical model is developed to minimize the total cost. Numerical experiments based on
near-practical instances on the Yangtze River in China are conducted to test the effectiveness of
the model and the efficiency of foldable containers. The results show that introducing foldable
containers into empty container repositioning along a river can utilize vessel space more effec-
tively and decrease the total cost for container shipping companies. The joint impacts of bridge
heights and foldable containers on the overall performance are analyzed to obtain managerial
insights. Finally, policies are suggested to facilitate the implementation of foldable containers for
river–sea intermodal transport.

1. Introduction

River–sea intermodal transport, having high cost-efficiency and low energy consumption, has received increasing attention from
government and industry. For example, the Ministry of Transport of China aims to increase the length of river channels in China from
124,000 km in 2015 to 171,000 km in 2020 (Source: http://www.mot.gov.cn/). Rivers such as the Rhine River in Europe, the
Yangtze River in China, and the Mississippi River in America have played an important role in the economic development of cities
across the world. Many cities along these rivers are also heavily involved with global trade and supply chains. Moreover, countries
that are interested in the Belt and Road Initiative also contain many rivers (such as the Mekong River) and related cities. Rivers can be
good transport corridors for cities to import and export products, and the economic zone along a river is usually connected with
global supply chains and maritime logistics networks by a hub, such as Shanghai for the Yangtze River, Shenzhen for the Pearl River,
and Rotterdam for the Rhine River. Hence, the repositioning of empty containers that result from an imbalance of commerce (Moon
et al. 2013) is becoming increasing common in river–sea intermodal transport networks. For example, container shipping along the
Yangtze River occupies an important position in the “Twenty-First Century Maritime Silk Road” (Wang et al., 2018).

However, economic zones along rivers are associated with large cities and populations. As a result, many bridges have been built
over these rivers, which can be a critical limitation for the capacity of river vessels. Table 1 lists the heights of selected bridges on the
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Yangtze River. It can be seen that each bridge places a restriction on the maximum height of vessels for safe sailing. Moreover, these
bridges are located at the down-, middle-, and upstream sections of the river. On the other hand, in the design of most vessels, the
cockpit of the vessel is usually located at the stern, while containers are loaded to the prow and middle sides. Hence, the total height
of loaded containers is also limited by the need to avoid blocking the view from the cockpit. When only standard containers are used
for empty container repositioning, even a vessel with a large container capacity cannot deliver many empty containers, which results
in a small gross weight of the vessel. In this case, the height of the vessel above the river could be high enough that it cannot pass
under the bridges. As a result, these large vessels would not be available for empty container repositioning on many fairways, which
could limit the efficiency of the vessels.

Foldable containers could be an appropriate solution to address this constraint. These containers can be unfolded to the same size
as standard containers to load cargo, and can be folded and packed together for inventory and transport when they are empty. Several
companies have developed four-in-one foldable containers; the stacking size of four foldable containers in their folded state is the
same one standard container. As shown in Fig. 1, a vessel can deliver more containers without impeding the cockpit visibility using
foldable containers. In addition, as the number of containers on a vessel increases, the gross weight of the vessel will also be higher
than that when only standard containers are transported. As a result, the height of the vessel above the water will be lower, which
implies a greater feasibility for the use of larger-sized vessels. Consequently, introducing foldable containers into river transportation
has practical effects of decreasing the total cost of shipping companies and reducing carbon emissions. It should be noted that
transporting more containers also implies a higher load draught, which may not satisfy the corresponding limitation for some
fairways. Hence, there is a trade-off between the height above the water and the draught when using foldable containers, which
makes the optimization of empty container repositioning with foldable containers more challenging.

Many Asian countries, such as China, require empty containers to deliver exported products to overseas markets. As a result,
empty container repositioning is an efficient approach to meeting this demand, and most of the empty containers are repositioned
from the EU or North America. In this case, the empty containers usually arrive at hubs such as Shanghai, and are then delivered to
the Chinese interior. In addition, different hinterland areas may also have a surplus or shortage of empty containers. Thus, empty
container repositioning among these areas could also meet a part of the overall demand. There are several transport modes to deliver
empty containers to hinterland areas, including trucks, railways, and river barges. In contrast with trucking, railways and river barges

Table 1
Heights of bridges across the Yangtze River.
Source:http://www.cjhdj.com.cn/.

Bridges across the Yangtze River Bridge height (m) Vessel height limit (m)

Su Tong Yangtze River Highway Bridge 62 60
Jiangyin Yangtze River Bridge 50 48
Taizhou Yangtze River Bridge 50 48
Runyang Bridge 50 48
Fourth Nanjing Yangtze Bridge 50 48
Second Nanjing Yangtze River Bridge 24 23
Nanjing Yangtze River Bridge 24 23
Third Nanjing Yangtze River Bridge 24 23
MaAnshan Yangtze River Bridge 32 30
Wuhu Yangtze River Bridge 24 23
Anqing Yangtze River Bridge 24 23
Jiujiang Yangtze River Bridge 24 23
Second Wuhan Yangtze River Bridge 24 23
Wuhan Yangtze River Bridge 18 17
Jingzhou Yangtze River Bridge 18 17
Zhicheng Yangtze Bridge 18 17
Yichang Yangtze River Bridge 18 17
Chongqing Yangtze River Bridge 18 17

Fig. 1. Container vessel sailing on a river.
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have the advantages of lower cost and less greenhouse emissions. Hence, an increasing number of countries are encouraging railway
and river transportation. In addition, river transportation can take advantage of existing riverways in nature, while railways must
occupy land and involve a high capital investment. Thus, it is clear that repositioning empty containers using river transportation has
significant potential to save cost and reduce pollution compared with railway or truck transportation.

It has also been shown that river transportation differs from ocean transportation (Chen and Yahalom, 2013; Wang et al., 2013;
Meng et al., 2014; Sun and Zheng, 2016; Zheng et al., 2016; Grida and Lee, 2018; Qiu et al., 2018; Lian et al., 2019) in a couple of
major respects. For one thing, the distances between ports and between hubs are usually relatively long, e.g., the trip between the
ports of Rotterdam and Busan or Dalian and Shanghai. As a result, ship speeds can play an important role in the shipping plan, and
many researchers have focused on this aspect (Psaraftis and Kontovas, 2014; Wang and Chen, 2017; Wen et al., 2017; Lee et al., 2018;
Du et al., 2019). On the other hand, however, the distances between ports along rivers are relatively short, such as from Shanghai-
Nantong-Suzhou-Nanjing-Anqing-Wuhan on the Yangtze River in China or Rotterdam-Antwerp-Duisburg-Kaub-Manneheim on the
Rhine River (including the Scheldt River) in Europe. Therefore, the issue of ship speeds during river transport has not received much
attention from researchers. Second, because channels on the ocean are much more flexible than those on rivers, ships have a more
space to decide their routes and the sequence of ports to visit. As reported in the rich body of literature on maritime shipping, many
models and algorithms have been developed to solve these problems (e.g., the excellent study by Moon et al. (2015)). The river
network, however, is quite limited in the selection of routes, and the ports are usually located along the river. Generally, ships must
voyage along the waterway, and do not have as much space to design their routes as on the ocean. Hence, most existing studies on
shipping plans for river transport did not consider the ship routing plan, which is another difference in these studies compared with
those on ocean transportation.

Meanwhile, river transportation has unique characteristics, such as the limited capacity of river terminals, limitations of the draft,
and constraints from bridges. Based on our observations and investigations in China, we have attempted to consider the impact of
bridges and drafts in our model to establish the potential of foldable containers. We have developed a model to analyze the decision
framework of shipping companies in order to discuss how to decide where to install special equipment, the number of standard and
foldable containers transported, and the type and number of vessels employed between a pair of ports. With the resulting solution,
managers can obtain a whole shipping plan to achieve low cost.

River transportation has been investigated extensively in recent years (Jonkeren et al., 2011; Veenstra and Notteboom, 2011;
Kaiser et al., 2013; Sun et al., 2013; Caris et al., 2014; Witte et al., 2014; Smid et al., 2016; Zheng and Yang, 2016; Wiegmans and
Witte, 2017; Yang et al., 2017; Yang and Wang, 2017). However, the literature regarding container-shipping on rivers has mostly
focused on standard containers, while few studies have discussed foldable containers or the limitations imposed by bridge heights and
the water depth of rivers. In this study, we investigate the influence of foldable containers on the total cost of empty container
repositioning in a river–sea intermodal transport network.

The main contributions of this study to the existing context and practice are twofold. First, we developed a mixed-integer linear
programming model to solve the empty container repositioning problem in river transport networks through use of foldable and
standard containers. In contrast with most of the existing studies on container shipping, the novel limitations on voyages resulting
from the water depth and bridge height constraints are considered in the model, which can be an efficient tool for managers to
determine optimal plans for vessels and empty containers in practice. Second, we analyzed how bridge heights influence the utili-
zation of different types of vessels and how foldable containers can allow for savings in the total cost under this novel constraint in
river transport. Managerial insights and policy suggestions are obtained from the analysis and numerical experiments to help decision
makers propose tailored policies for wide implementation of foldable containers, which would significantly reduce the total cost of
empty container repositioning in river transportation.

The remainder of this paper is organized as follows: Section 2 reviews the literature related to river transportation and foldable
containers; Section 3 analyzes the problem and discusses the potential advantages and challenges of using foldable containers in a
river transportation network; a mathematical model is formulated in Section 4; In Section 5, experiments are conducted to provide
numerical evidence for managerial insights; finally, Section 6 provides concluding remarks and summarizes some policy suggestions.

2. Literature review

This section presents a survey of the literature related to river transport networks and container transportation involving foldable
containers. Table 2 summarizes a comparison of this study and other relevant studies.

2.1. River transport networks

Many researchers have focused on river transport. Veenstra and Notteboom (2011) discussed the structure and development of
ports along the Yangtze River port system. Witte et al. (2014) applied the concept of port-city challenges to inland ports through a
multi-dimensional approach considering transportation, spatial, economic, and institutional factors.

Zheng and Yang (2016) designed a hub-and-spoke network for laden container shipping along the Yangtze River, and studied the
scale economies of container shipping. In their research, potential hub ports were known in advance, and the results indicated trends
of cargo concentration and port regionalization along the river.

Yang et al. (2017) investigated the evolution of the bulk port system along the Yangtze River through an empirical analysis, and
showed that the structure of bulk ports were shaped by several major driving forces such as geographical conditions, national
policies, and changes in the market. Subsequently, Yang and Wang (2017) analyzed the development potential of the bulk shipping
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network along the Yangtze River under the background of a decreased iron ore trade, and optimized the network with an optimi-
zation model. Considering dynamic purchase prices and timely transportation, Li et al. (2019) presented a mixed-integer pro-
gramming model to formulate the bulk shipping scheduling problem for steel plant clusters in multiple periods along the Yangtze
River, and designed a dynamic programming algorithm to solve the problem. Using the Yangtze River Delta as a case study, Wang and
Yeo (2019) analyzed the factors affecting the selection of transshipment hub ports in a dual-hub port system by developing a
combined multi-criteria decision-making framework.

For inland waterway transport, researchers have taken a number of factors into consideration, including climate change, legis-
lation, and environment protection. A review of inland waterway transport in intermodal supply chains can be found in Caris et al.
(2014). As climate change may affect inland waterway transport, Jonkeren et al. (2011) assessed the effect of low water levels on the
cost of inland waterway transport under different climate scenarios in the Rhine River. Their results showed that the effect of climate
change on the modal split was limited. Kaiser et al. (2013) evaluated the effect of environmental legislation on the development of
inland navigation and port management in Brazil, and suggested that the process of environmental certification should be further
simplified. Sun et al. (2013) studied container shipping along the Yangtze River under two conditions (i.e., calm water and real
navigation), and showed that the operational energy efficiency could be affected by the navigation environment. Smid et al. (2016)
analyzed the cost characteristics of differently sized inland waterway terminals, and found that the average charging cost of a
container at the terminal was affected by a number of factors, such as container throughput, the changing climate, and government
subsidies. Wiegmans and Witte (2017) focused on the design capacity and throughput of inland waterway container terminals using
stochastic frontier and data envelopment analysis methods.

2.2. Transportation of foldable containers

In contrast to standard containers, the number of existing studies on container transport using foldable containers is relatively
limited. Konings and Thijs (2001) analyzed several factors limiting the successful commercial application of foldable containers in
empty container repositioning, including the relatively high cost of producing and operating foldable containers. Similarly, in
subsequent research, Konings (2005) performed a cost-benefit analysis for the use of foldable containers in the chain of container
transport.

Foldable containers have been used in hinterland transport and drayage operations. Shintani et al. (2010) focused on three
scenarios for repositioning empty containers with foldable and standard containers in a hinterland, and the results showed that using
foldable containers could reduce the total management cost for hinterland transport compared with the use of standard containers.
Zazgornik et al. (2012a) discussed a vehicle routing problem for the delivery of wood products from forest sites to customers using
foldable containers, and proposed a heuristic solution methodology to address the problem. A similar study was presented in
Zazgornik et al. (2012b). Myung (2017) developed an efficient methodology for a container drayage transportation problem con-
cerning the relocation of empty containers based on the models in Shintani et al. (2010). Zhang et al. (2018a) applied foldable
containers to container drayage services, and formulated the container drayage problem based on a range-based truck-state transition
method. Their experimental results indicated that introducing foldable containers could reduce transportation cost to some extent.

Recently, a few studies have investigated the repositioning of empty containers in maritime transportation using foldable con-
tainers. Shintani et al. (2012) analyzed several conditions in which foldable containers could reduce the management cost in liner
shipping networks, such as an appropriate combination of foldable and standard containers. Moon et al. (2013) proposed three
mathematical models to compare the empty container repositioning cost in ocean transportation with consideration of foldable and
standard containers; the computational results showed that the high cost of purchasing and transportation restricted the use of

Table 2
Comparison between this study and relevant previous studies.

Foldable containers Empty container repositioning Transshipment Bridge height Water depth

Konings and Thijs (2001) √ √ √
Konings (2005) √ √
Shintani et al. (2010) √ √
Jonkeren et al. (2011) √
Shintani et al. (2012) √ √
Zazgornik et al. (2012a) √ √
Sun et al. (2013) √
Moon et al. (2013) √ √ √
Myung and Moon (2014) √ √ √
Moon and Hong (2016) √ √
Zheng and Yang (2016) √
Wang et al. (2017) √ √
Myung (2017) √ √
Zhang et al. (2018b) √ √ √
Zhang et al. (2018a) √ √
Lee and Moon (2020) √ √
This study √ √ √ √ √

Note: “√” indicates that this topic was covered by the given study.
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foldable containers in practice. Following their previous study, Moon and Hong (2016) built a mathematical model to formulate the
repositioning of empty containers using foldable and standard containers with consideration of the folding and unfolding cost of
foldable containers, and developed a hybrid genetic algorithm to obtain near-optimal solutions. Myung and Moon (2014) proposed a
network flow model for a multi-period and multi-port container allocation problem with both foldable and standard containers. By
introducing foldable containers for the repositioning of empty containers in a liner shipping problem, Wang et al. (2017) investigated
the optimal scenario of ship type selection to reduce the total cost of empty container repositioning. Zhang et al. (2018b) analyzed the
strengths and limitations of using foldable containers in empty container repositioning in the intermodal transportation network of
the Belt and Road Initiative. Quite recently, Lee and Moon (2020) investigated an empty container repositioning problem considering
foldable containers and demand uncertainty in maritime transportation, and developed an effective and robust formulation to
analyze the advantages of foldable containers.

3. Potential advantages and challenges of the practical application of foldable containers for river–sea intermodal transport

3.1. Advantages

Many studies have discussed the common advantages of using foldable containers for empty container repositioning. For example,
when foldable containers are stacked, the inventory space required at port terminals can be reduced significantly. They can also
reduce the handling time when moving containers from a site to vehicles, and vice versa. Moreover, one vehicle can deliver more
foldable containers to meet customers’ demands, which can save transportation cost and contribute to sustainability.

In addition to the above benefits, the implementation of foldable containers has unique advantages in river–sea intermodal
transport. As discussed in Section 1, each bridge on a river creates a restriction on the allowable height of a vessel above the water.
Therefore, one bottleneck of river–sea intermodal transport is the sailing limitation of large-size vessels. When those vessels are
loaded with full containers or heavy cargos, the height above water will satisfy the restrictions. However, it is difficult for a vessel to
deliver many empty standard containers while maintaining adequate visibility from the cockpit. Hence, there are many cases in
which vessels fail to meet the height restrictions as a result of transporting empty containers. This means that large vessels may not be
feasible for repositioning empty containers on rivers. A similar phenomenon also exists with oil tankers because they cannot have a
sufficient gross weight when traveling back from the customer to the supplier. In these cases, the economy of scale of large vessels
cannot be accessed as a result of the bridges. Foldable containers, however, can reduce the height of the containers when they are
folded and stacked. As a result, one vessel can be loaded with more containers without blocking the view from the cockpit, and the
height of the vessel above the water is also reduced. This implies that large vessels departing from hubs would be feasible for empty
container repositioning when foldable containers are utilized, which may decrease the unit cost of river–sea intermodal transport of
empty containers. Moreover, when a vessel delivers empty containers from a hub to the ports along rivers, it would be employed to
deliver full containers which need to be exported through the hub. It means that the vessel is also able to pass bridges due to the
weight contribution from the full containers.

3.2. Challenges

Without doubt, there are challenges and limitations with foldable containers, which may explain why they are not ubiquitous in
current shipping practice. One challenge is the fixed cost of handling foldable containers at ports, including purchasing specific
equipment and employing professional staff. This fixed cost should be allocated per unit handled container. Therefore, if the number
of foldable containers handled at one port is large, then the associated investment will be beneficial. The average purchasing cost of a
foldable container is also higher than that of a standard container. In addition, the implementation of foldable containers within a
container company also depends on the decisions of ports. When a port is not equipped with the infrastructure and employees to
handle foldable containers, the company cannot allocate foldable containers to that port. Consequently, the bargaining among the
container supply chain partners would be very time-consuming, and coordinating contracts would need to be carefully designed. In
this case, positive governmental policies would be helpful to encourage the industry to utilize foldable containers more widely.

The next challenge for implementing foldable containers in river–sea intermodal transport is the complexity of empty container
repositioning. First, the water depth of a river needs to be monitored for the safety of vessels sailing on the river. The draught of a
vessel is limited according to the real conditions of channels. There may be an upper bound on the gross weight of a vessel for a
channel. However, the gross weight has conflicting impacts on the sailing of vessels, i.e., a large weight may violate the draught
limitation, while the constraint on the vessel height may not be satisfied with a lesser weight. This trade-off makes the optimization of
empty container repositioning difficult for managers. Fig. 1 illustrates the problem with a vessel loaded with both standard and folded
containers as an example. Second, large vessels may not be able to sail to the upstream reaches of a river owing to the limitations
imposed by the bridge heights and water depth. As a result, small vessels are widely used to transport containers on rivers (in China
for example), especially in the upstream and middle stream sections of a river. On the other hand, transshipment at some ports would
be beneficial. When a large vessel delivers containers to a port, the containers are continuously transshipped to upstream ports with
smaller vessels. In this case, the decision framework considering transshipment is more complex. Consequently, efficient and effective
methods for obtaining optimal repositioning solutions would help companies to benefit from implementing foldable containers.

Table 3 summarizes the advantages and challenges of using foldable containers in river–sea intermodal transport.
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4. Mathematical model

An empty container repositioning problem with both standard and foldable containers in a river transport network is considered.
The assumptions are described as follows:

● The containers are twenty-foot in length. Both foldable and standard containers are empty.
● The total demand for empty containers needs to be satisfied.
● All information is known in advance and remains static during the planning horizon.
● The number of vessels of each type that can sail from one port to another is fixed.
● The sailing speed of a given type of vessel is fixed.
● A standard container and a foldable container have the same weight when they are empty.
● The height contribution of a standard container to the cargo hold of a vessel is fixed, and the draught contribution of a standard or

foldable container to the vessel is also fixed.

The notations used are as follows:

0 The hub port
PI Set of river ports that have surpluses of empty containers in a planning horizon
PD Set of river ports that have a demand for empty containers in a planning horizon (PI ∩ PD = Ø)
P Set of river ports; P = PI ∪ PD
Ii

s Initial inventory of standard containers at port i ∈ {0} ∪ PI in a planning horizon withI 0i
s

Ii
f Initial inventory of foldable containers at port i ∈ {0} ∪ PI in a planning horizon withI 0i

f

Vij Set of vessel types allowed for the fairways between ports i and j in terms of widths of fairways
Gv Capacity of a vessel of type v ∈ Vij in terms of the number of standard containers
dij Sailing distance between two ports i and j, i ∈ {0} ∪ P, j ∈ {0} ∪ P, i ≠ j
Hij Conservative height limit for a vessel sailing from port i to port j, i ∈ {0} ∪ P, j ∈ {0} ∪ P, i ≠ j, and Hij = min{hia, hab,…, hhj}, in which i, a, b, …, h, and j are

ports along a river in order, and hia indicates the conservative height limit imposed by bridges between ports i and a
Wij Conservative water depth limit for a vessel sailing from port i to port j, i ∈ {0} ∪ P, j ∈ {0} ∪ P, i ≠ j, and Wij = min{wia, wab,…, whj}, in which i, a, b, …, h,

and j are ports along a river in order, and wia indicates the water depth between ports i and a
K Transfer ratio of foldable containers and standard containers, i.e., the volume of K foldable containers in the folded state is equals to that of one standard

container
Ti

s Amortized purchasing cost of a standard container at port i, i ∈ PD

Ti
f Amortized purchasing cost of a foldable container at port i, i ∈ PD

Fi Amortized fixed cost of the arrangement of special equipment to handle foldable containers at port i, i ∈ PD
Li Cost of loading or discharging an equivalent standard container at port i, i ∈ {0} ∪ P
Pijv Set of vessels of type v that can sail from port i to port j, v ∈ Vij, i ∈ {0} ∪ P, j ∈ P, i ≠ j
Di Target inventory of containers at port i at the end of a planning horizon, i ∈ PD, + <I I D( )i PI i

s
i
f

i PD i

hv Height contribution of a standard container to the cargo hold of a vessel of type v, v ∈ Vij, i.e., the height of containers in the cargo hold of type-v vessel will
increase by hv if a container is added to the vessel

wv Draught contribution of a standard or foldable container to a vessel of type v, v ∈ Vij, i.e., the draught of a type-v vessel will increase by wv if a container is
loaded on the vessel

bv Traveling cost per kilometer of a vessel of type v sailing on a river, v ∈ Vij

Mv Relative height of the cockpit to the cargo hold for a vessel of type v, v ∈ Vij

Nv Relative height of the cockpit to the river surface for a vessel of type v when the vessel carries no containers, v ∈ Vij

Qv Draught depth for a vessel of type v carrying no containers in a river, v ∈ Vij

Cijv Traveling cost of a vessel of type v sailing from port i to port j, v ∈ Vij, i ∈ {0} ∪ P, j ∈ P, i ≠ j, Cijv = dijbv
M A large positive number

The following decision variables are introduced:

Table 3
Advantages and challenges of using foldable containers in river-sea intermodal transport.

Advantages Challenges

Cost Less inventory space required and shorter handling time High production, leasing, purchasing, and upkeep cost
Lower unit transportation cost due to higher space utilization ratio on
vessels

Cost of special equipment and trained employees at ports

Lower unit transportation cost due to wider utilization of large-size
vessels under bridge height constraints

Dependence on the number of foldable containers in the market
to achieve the economies of scale

Sustainability Lower greenhouse emission due to high utilization ratio of vessels /

Decision complexity / More difficult for managers to obtain optimal scenario owing to
more types of containers

Note: “/” indicates “not applicable”.
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=R if vessel l of type v is used to sail from port i to port j
otherwise

1,
0,

,ijvl

v V i P j P i j l P, {0} , , ,ij ijv

=z if special equipment for foldable containers is arranged at port i
otherwise

i P1,
0,

,i D

nijv Number of vessels of type v sailing from port i to port j, v ∈ Vij, i ∈ {0} ∪ P, j ∈ P, i ≠ j
xijvl Number of standard containers delivered from port i to port j by vessel l of type v, v ∈ Vij, i ∈ {0} ∪ P, j ∈ P, i ≠ j, l ∈ Pijv
yijvl Number of foldable containers delivered from port i to port j by vessel l of type v, v ∈ Vij, i ∈ {0} ∪ P, j ∈ P, i ≠ j, l ∈ Pijv
si Number of standard containers used to satisfy the target inventory at port i, i ∈ PD
fi Number of foldable containers used to satisfy the target inventory at port i, i ∈ PD

The mixed-integer linear programming model is formulated as follows:

+ + + + + +F z T s T f C n L L x
K

ymin ( ) ( ) 1

i P
i i

i P
i
s

i i
f

i
i P j P j i v V

ijv ijv
i P j P j i v V l P

i j ijvl ijvl
{0} , {0} ,D D ij ij ijv (1)

s.t.

=s x x i P,i
j P j i v V l P

jivl
j P j i v V l P

ijvl D
{0} , ,ij ijv ij ijv (2)

=f y y i P,i
j P j i v V l P

jivl
j P j i v V l P

ijvl D
{0} , ,ij ijv ij ijv (3)

+ =s f D i P,i i i D (4)

f Mz i P,i i D (5)

y Mz i P j P v V l P i j, , , , ,ijvl i D ij ijv (6)

y Mz i P j P v V l P i j, , {0} , , ,jivl i D ij ijv (7)

+I x x i P,i
s

j P j i v V l P
jivl

j P j i v V l P
ijvl I

{0} , ,ij ijv ij ijv (8)

+I y y i P,i
f

j P j i v V l P
jivl

j P j i v V l P
ijvl I

{0} , ,ij ijv ij ijv (9)

+x
K

y R G i P j P v V l P i j1 , {0} , , , ,ijvl ijvl ijvl v ij ijv (10)

+h x
K
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+ +( )L L x y( )i j ijvl K ijvl
1 represent cost related to the arrangement of special equipment to deal with foldable containers, the cost of

purchasing standard and foldable containers, the traveling cost of vessels between different ports, and the cost of loading and
discharging containers, respectively. Therefore, Formulation (1) minimizes the total cost for a container shipping company. Con-
straints (2) and (3) are the flow constraints for standard containers and foldable containers, respectively, at ports that have a positive
demand for containers. Constraint (4) represents that the target inventory of containers at a given depot comprises standard con-
tainers and foldable containers. Constraints (5) to (7) ensure that foldable containers can be operated at a port only when that port is
equipped with the required special equipment. Constraints (8) and (9) require that the inventory of standard containers or foldable
containers at a port having an initial positive inventory of empty containers cannot be negative at the end of a planning horizon.
Constraint (10) is a capacity constraint for the vessel. Constraint (11) requires that the total height of containers cannot be larger than
the height of the cockpit. Constraints (12) and (13) define the height limit and water depth limit of a vessel, respectively. In
Constraint (12), we can see that the height of a vessel of type v above the water is decreased by wv when an empty container is carried.
Therefore, the height of the vessel above the water is Nv – wv(xijvl + yijvl) when the vessel carries xijvl standard containers and yijvl
foldable containers. Constraint (14) represents the number of a given type of vessel sailing between two different ports. Constraints
(15)–(21) define the types of variables, where + is the set of positive integers.

Next, we analyze the computational complexity of the model. The number of ports is |P|+1, and the number of vessel types is |V|.
Usually, owing to the limitations of water depth near the port and the vessels’ designed draughts, only a few types of vessels can visit
a given port during a planning horizon. Therefore, we have +V P| | | | 1 and +P P| | | | 1ijv for any i, j, and v. As a result, the number
of decision variables in the model is bounded by PO(| | )4 . In the real world, the number of major ports along a river such as the
Yangtze River or the Rhine River is usually limited. The mathematical model can be solved using optimization software such as
CPLEX if the number of ports is not large. Hence, the above model would be an efficient and practical method for container shipping
companies to obtain an optimal repositioning scenario for empty containers.

5. Numerical experiments and extended model

This section reports on experiments we conducted based on a near-practical case of the Yangtze River economic zone to evaluate
the effectiveness of the mathematical model.

5.1. Yangtze river in China

The number of major ports along the Yangtze River is usually no more than 20 (Yang et al., 2014; Zheng and Yang, 2016).
Therefore, 19 major ports along the river were selected for these experiments. From upstream to downstream these ports are as
follows: Yibin, Luzhou, Chongqing, Yichang, Jingzhou, Wuhan, Jiujiang, Anqing, Tongling, Wuhu, MaAnshan, Nanjing, Zhenjiang,
Yangzhou, Taizhou, Jiangyin, Suzhou, Nantong, and Shanghai. We suppose that all of these ports are short of empty containers. Fig. 2
shows the location of 18 major river ports along the Yangtze River and the port of Shanghai.

Based on the economy and geography in China, the ports of Yibin, Luzhou, Chongqing, and Yichang are commonly considered to
be at the upstream section of the Yangtze River; Jingzhou, Wuhan, and Jiujiang are at the middle stream, and the other ports are at

Fig. 2. Major ports along the Yangtze River.
Source: https://www.amap.com/.
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the downstream section. The port of Shanghai is the key hub connecting the Yangtze River economic zone with other areas of the
world. Therefore, this port is considered the domain supplier of empty containers for the other 18 ports. Any other river port can
become a transshipment port if it receives and sends out empty containers within a planning horizon. As Table 1 indicates, there are
many bridges across the Yangtze River, which result in restrictions on the heights of vessels.

5.2. Experimental setting

The experiments were conducted on a computer with an Intel Core i7-2600 CPU 3.40 GHz and 7.83 GB of memory under the
Windows 7 operating system. The linear programming model was solved using IBM ILOG CPLEX 12.6.1. The CPU time limit for
CPLEX was set to be one hour.

Data were collected from an anonymous shipping company and the websites of the relevant governments in China. Shanghai is
regarded as the hub, and the initial inventories of the other 18 river ports are negative in the planning horizon owing to a wide
shortage of empty containers among the river ports. Eight types of vessels are used in the experiments, and their parameters are listed
in Table 4. We set |Pijv| = 7 for all i, j, and v ∈ Vij. We let Vij contains all types of vessels for all i and j ∈ {0} ∪ P in the experiments.
Table 5 summarizes the distances, water depth limits, and vessel height limits that result from bridge height restrictions between two
adjacent ports. Data concerning the water depth limits are based on the maintenance depth of the Yangtze River waterway in June
2018, which were obtained from the Yangtze River Administration of Navigational Affairs, Ministry of Transport of China. Data for
the vessel height limits are based on the properties of the bridges built across the Yangtze River as of November 2018. Table 6 lists the
target inventory of containers at different ports at the end of the planning horizon (a month), which was adapted from data available
on the website of the Ministry of Transport of China. The initial inventory of standard containers and foldable containers at the 18
river ports are set as zero. Then, the total demand of empty containers at the ports is equal to Di P iD

: 95,396 TEU. Thus, we set I s
0 =

I f
0 = 95,396 TEU.

Based on the designed drafts of the vessels given in Table 4 and the water depth limitations in Table 5, each port can be visited by
only a few types of vessels. The ports of Shanghai, Nantong, Suzhou, Jiangyin, Taizhou, Yangzhou, Zhenjiang, and Nanjing may be

Table 4
Parameters for different types of vessels.
Source: Partly adapted from Yang et al. (2014), Zheng and Yang (2016).

Vessel type h (m)* w (m)a Capacity (TEU) Molded breadth (m) Mv (m) Nv (m) Qv (m) Designed draft (m) Traveling cost ($/km)

R1 0.0500 0.00267 150 10.5 7.5 8.0 2.6 3.0 7.789
R2 0.0400 0.00250 200 10.8 8.0 8.5 3.0 3.5 8.150
R3 0.0340 0.00200 250 10.8 8.5 9.0 3.0 3.5 9.056
R4 0.0300 0.00167 300 13.6 9.0 9.5 3.5 4.0 8.476
R5 0.0271 0.00114 350 16.4 9.5 10.0 3.6 4.0 9.190
R6 0.0196 0.00053 941 25.6 18.5 19.0 4.5 5.0 15.305
R7 0.0188 0.00088 1140 26.0 21.5 22.0 6.0 7.0 19.933
R8 0.0176 0.00085 1300 27.0 23.0 23.5 8.0 9.1 24.006

* Height contribution of a standard container to a vessel.
a Water depth contribution of a standard container to a vessel.

Table 5
Distances, water depth limits, and vessel heights limit between adjacent ports along the Yangtze River.
Source:http://www.cjhdj.com.cn/.

Port to Port Distance (km) Water depth limit (m) Vessel height limit (m)

Yibin – Luzhou 130 3.2 17
Luzhou – Chongqing 254 3.5 17
Chongqing – Yichang 648 4.0 17
Yichang – Jingzhou 232 4.5 17
Jingzhou – Wuhan 475 4.5 17
Wuhan – Jiujiang 251 5.0 23
Jiujiang – Anqing 196 5.0 23
Anqing – Tongling 113 7.0 23
Tongling – Wuhu 104 7.0 23
Wuhu – MaAnshan 48 9.0 23
MaAnshan – Nanjing 48 9.0 23
Nanjing – Zhenjiang 77 12.5 48
Zhenjiang – Yangzhou 19 12.5 48
Yangzhou – Taizhou 62 12.5 48
Taizhou – Jiangyin 69 12.5 48
Jiangyin – Suzhou 19 12.5 48
Suzhou – Nantong 51 12.5 60
Nantong – Shanghai 128 12.5 68
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visited by all eight types of vessels. MaAnshan, Wuhu, Tongling, and Anqing cannot be visited by vessels of type R8. Jiujiang and
Wuhan can be visited by vessels of type R1, R2, R3, R4, R5, and R6. Jingzhou, Yichang, and Chongqing can be visited by vessels of
type R1, R2, R3, R4, and R5. Luzhou can be visited by vessels of types R1, R2, and R3. Finally, Yibin can be only visited by vessels of
type R1. We set K = 4 because four-in-one foldable containers have been the most widely studied by researchers (Shintani et al.,
2010; Moon et al., 2013). We set Fi = $10000, =T $18i

s , =T $36i
f , and Li = $15 for any i ∈ {0} ∪ P.

5.3. Experimental results and analysis

The solution obtained from CPLEX has an objective value (i.e., the total cost) of 5.1864 million USD, and the computational time
is limited to 3600 s. The lower bound provided by CPLEX is 5.1740 million USD. The difference between the objective value of the
feasible solution and the lower bound is 0.24%, which is sufficiently small to be acceptable in practice. Therefore, the feasible
solution can be regarded as a near-optimal solution.

Most containers are directly delivered from Shanghai Port to the target ports. However, transshipment between several pairs of
ports is efficient in this scenario. Fig. 3 shows the results for transshipment ports and the corresponding feeder ports. The results show
that eight river ports serve as transshipment ports: Wuhu, Anqing, Jiujiang, Wuhan, Jingzhou, Yichang, Chongqing, and Luzhou.
Containers are delivered to these ports and then transshipped to other ports. We can see that the transshipment ports are mainly
located at the upstream or middle stream of the Yangtze River, while most of the feeder ports are in the upstream of the river. This is
because the water depth of the upstream and middle stream of the Yangtze River is usually shallow. The shallower water depth at the
upstream and middle stream sections restricts the direct transportation of vessels with large capacities. In such cases, small vessels are
preferred to transport containers from the hub port to a corresponding feeder port. For example, all of the vessels that sail from hub
ports to corresponding feeder ports are of type R1. We also observe that more than one transshipment port is assigned to serve a
feeder port. For example, Wuhu, Anqing, Jiujiang, and Wuhan are assigned for Chongqing, which has a large amount of export/
import cargo.

Table 7 gives detailed information about each leg in the near-optimal solution. We find that all of the ports except Tongling are

Table 6
Target inventory of containers (TEU) at different ports at the end of the planning horizon.
Source: Adapted from http://www.mot.gov.cn/tongjishuju/.

Port Target inventory Port Target inventory Port Target Inventory

Yibin 2600 Luzhou 3750 Chongqing 6700
Yichang 1060 Jingzhou 1250 Wuhan 10,060
Jiujiang 3790 Anqing 860 Tongling 190
Wuhu 5800 MaAnshan 1270 Nanjing 15,000
Zhenjiang 3500 Yangzhou 4420 Taizhou 2950
Jiangyin 5150 Suzhou 20,286 Nantong 6760
Shanghai –

–: The initial inventory of empty containers at Shanghai is abundant.

Fig. 3. Transshipment ports and corresponding feeder ports in the near-optimal solution.

R. Zhang, et al. Transportation Research Part A 133 (2020) 197–213

206

http://www.mot.gov.cn/tongjishuju/


equipped with special equipment to deal with foldable containers. Although Shanghai Port can provide both standard containers and
foldable containers for other river ports, only foldable containers are selected to be transported. The main reason may be that foldable
containers can be folded, and thus require less space onboard the vessel. Therefore, a vessel can carry more foldable containers under
the constraints of the water depth and bridge height limits. As a result, foldable containers are preferred and transported to the target
ports along the Yangtze River. We also find that seven types of vessels are used during the container shipping activities. Large-
capacity vessels (e.g., R6, R7, and R8) are mainly employed at the downstream and middle stream ports to sail directly from the port
of Shanghai to the destination ports in the lower reaches of the river, such as Nantong, Suzhou, Jiangyin, Taizhou, Yangzhou,
Zhenjiang, Nanjing, Wuhu, and Anqing. These river ports have deep water, and the target inventory of containers is large. For
example, an R8 vessel carrying 5,150 foldable containers sails directly from Shanghai to Jiangyin. Relatively small vessels are mainly
used at the upstream and middle stream ports, such as Yibin, Luzhou, Chongqing, and Yichang, which are associated with shallower
water depths.

5.4. Comparison of different percentages of foldable containers

To evaluate the advantages of using foldable containers further, we compared the cost with use of different percentages of
foldable containers. Let I s

0 + I f
0 = 2 × 95,396 = 190,792 TEU, while the percentage of I f

0 in the total container supply at Shanghai
Port is fixed for six different cases as follows: 0%, 1%, 3%, 5%, 7%, and 10%. In this section, the values of the parameters and some
other information are the same as shown above. Table 8 summarizes the computational results for the six different cases. Here Gap =
(Objective value – Lower bound)/(Lower bound). The maximum gap among the six different cases is 0.38% for Case 4. The minimum
gap is 0.24% for Case 1. The average gap of the six cases is 0.31%, which can be acceptable in a real scenario.

Table 7
Details of the transport legs in the near-optimal solution.**

Legs Vessel type Number of vessels Container type TEU of each vessel

Shanghai → Nantong R6 2 foldable 2996, 3764
Shanghai → Suzhou R6 3 foldable 3764, 3764, 3764

R7 2 foldable 4434, 4560
Shanghai → Jiangyin R8 1 foldable 5150
Shanghai → Taizhou R6 1 foldable 2950
Shanghai → Yangzhou R7 1 foldable 4420
Shanghai → Zhenjiang R6 1 foldable 3500
Shanghai → Nanjing R6 4 foldable 3708, 3764, 3764, 3764
Shanghai → MaAnshan R5 1 foldable 1270
Shanghai → Wuhu R6 2 foldable 3608, 3764
Shanghai → Tongling R2 1 standard 190
Shanghai → Anqing R6 1 foldable 3480
Shanghai → Jiujiang R5 4 foldable 1154, 1228, 1228, 1228
Shanghai → Wuhan R4 3 foldable 995, 1000, 1000

R5 7 foldable 1228, 1228, 1228, 1228, 1228, 1228, 1228
Shanghai → Jingzhou R5 2 foldable 789, 789
Shanghai → Yichang R4 2 foldable 750, 750

R5 3 foldable 789, 789, 789
Shanghai → Chongqing R1 6 foldable 524, 524, 524, 524, 524, 524
Wuhu → Chongqing R1 3 foldable 524, 524, 524
Anqing → Chongqing R1 5 foldable 524, 524, 524, 524, 524
Jiujiang → Chongqing R1 2 foldable 524, 524
Wuhan → Chongqing R1 3 foldable 489, 518, 524
Jingzhou → Luzhou R1 1 foldable 328
Yichang → Luzhou R1 7 foldable 337, 337, 337, 337, 337, 337, 337
Chongqing → Luzhou R1 5 foldable 299, 337, 337, 337, 337
Yichang → Yibin R1 2 foldable 224, 224
Chongqing → Yibin R1 7 foldable 224, 224, 224, 224, 224, 224, 224
Luzhou → Yibin R1 3 foldable 136, 224, 224

Table 8
Computational results for different percentages of foldable containers.

Case Percentages of foldable containers (%) Objective value (million USD) Lower bound (million USD) CPU time (s) Gap (%)

1 0 6.5946 6.5784 3600.00 0.24
2 1 6.4364 6.4148 3600.00 0.34
3 3 6.1733 6.1509 3600.00 0.36
4 5 5.9926 5.9698 3600.00 0.38
5 7 5.8638 5.8482 3600.00 0.27
6 10 5.7411 5.7243 3600.00 0.29
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Fig. 4 shows the total cost, the container loading and discharging cost, the vessel traveling cost, the standard and foldable
container purchasing cost, and the fixed equipment cost for each case. It can be observed that for each case, the container loading and
discharging cost accounts for the greatest proportion of the total cost: 46.46%, 46.13%, 45.64%, 45.52%, 45.26%, and 43.97% for
Cases 1 to 6, respectively. As the percentage of foldable containers increases, the contribution of the container loading and dis-
charging cost to the total cost decreases gradually because of more efficient handling operation of foldable containers. Even though
the absolute value of the loading and discharging cost in the total cost decreases with a higher percentage of foldable containers, and
the traveling cost of the vessel has a more significant degressive trend. This means that the cost saved by the vessels is quite
considerable when the bridge height and water depth restrictions are involved, which reveals a new advantage of foldable containers
in river–sea intermodal transport networks. With an increasing percentage of foldable containers, both the amortized purchasing cost
and fixed equipment cost related to foldable containers increase gradually. However, the other costs decrease more significantly. As a
result, the total cost exhibits a decreasing trend as the percentage of foldable containers increases.

5.5. Sensitivity analyses of the bridge height and percentage of foldable containers

We analyzed the joint impact of bridge heights and the percentage of foldable containers on the total cost by assuming that new
bridges are to be built across the Yangtze River. Sensitivity analyses of the water depth are not considered owing to policies of eco-
environmental protection.

First, it is assumed that new bridges are built randomly between the ports of Yibin and Shanghai. To analyze the effect of bridge
height on the total cost, the height of new bridges can be neither too high nor too low. Therefore, the heights of the new bridges are
set randomly in the range of [20.00, 24.00] (m). Second, we assume that the restriction on vessel height corresponding to the new
bridges is one meter lower than the bridge height. Experiments based on five instances (corresponding to five bridge-building
schemes) are carried out in this subsection. The locations and heights of the new bridges for the five instances are described below.
The notation (A, B, d) denotes that a new bridge is built between adjacent ports A and B, and the bridge height is d meters.

Instance 1. (Taizhou, Yangzhou, 23.80)
Instance 2. (Taizhou, Yangzhou, 23.78), (Nanjing, MaAnshan, 23.86)
Instance 3. (Shanghai, Nantong, 23.42), (Taizhou, Yangzhou, 23.52), (MaAnshan, Wuhu, 23.72)
Instance 4. (Suzhou, Jiangyin, 23.60), (Yangzhou, Zhenjiang, 23.70), (Nanjing, MaAnshan, 23.30), (Chongqing, Luzhou, 21.90)
Instance 5. (Nantong, Suzhou, 23.42), (Yangzhou, Zhenjiang, 23.52), (Wuhu, Tongling, 23.72), (Anqing, Jiujiang, 23.60),
(Jingzhou, Yichang, 20.78).

The total supply of empty containers at the port of Shanghai is the same as in Section 5.4. For each of Instances 1–5, three
percentages of foldable containers were tested: 0%, 30%, and 50%. The results show that the gap between the objective value and the
lower bound obtained by CPLEX ranged from 0.09% to 0.35% for all tests. These gap values are small enough to be acceptable in
practical applications, and the feasible solutions obtained can be regarded as near-optimal solutions. Fig. 5 illustrates the objective
values for each random bridge-building scheme in a given case. In Fig. 5, “0 bridge” specifically represents the case in which no new
bridges are built across the Yangtze River. We can see that the total cost is negatively correlated with the percentage of foldable
containers for each bridge-building scheme. In addition, the total cost increases with more bridges for a given percentage of foldable
containers. This implies that the locations and heights of new bridges restrict the direct transport of a container vessel from the port of
Shanghai to destination ports, necessitating more transshipment activities. On the other hand, when more bridges are built, the total
cost with a higher percentage of foldable containers increases less significantly than that with a lower percentage of foldable con-
tainers. For example, the total cost is increased by 2.9518 million USD from the zero-bridge case to the five-bridge case when no
foldable containers are available; the corresponding increase is 2.8007 million USD when 50% of the containers are foldable.
Therefore, we can conjecture that a wide implementation of foldable containers may mitigate the negative impact of bridges on
river–sea intermodal transport to some extent.

Fig. 4. Cost for six cases with different percentages of foldable containers.
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5.6. Sensitivity analyses of the fixed cost of special equipment and the percentage of foldable containers

In this section, the effective contribution of the fixed cost of special equipment to the total cost is analyzed for varying percentages
of foldable containers. The value of parameter Fi, i PD, ranged from 5000 USD to 250,000 USD. The total supply of empty containers
at Shanghai was the same as in Section 5.4, and the percentage of foldable containers ranged from 0% to 10%. Fig. 6 shows the
obtained objective values, of which 0% is the benchmark.

The results show that the gap between the objective value and the lower bound obtained by CPLEX ranged from 0.23% to 0.64%
for all of the tests, which is acceptable for practical applications. When the fixed cost of the special equipment is relatively low,
introducing foldable containers for river container transport can reduce the total cost. For example, when the fixed cost of the special
equipment is 10,000 USD, the total cost decreases by 0.8535 million USD (from 6.5946 million USD to 5.7411 million USD) if the
percentage of foldable containers increases from 0% to 10%. However, when the fixed cost of the special equipment is relatively high,
implementing foldable containers may not result in a significantly lower total cost. In particular, we can see that the total cost with
0% and 1% foldable containers are almost the same when the fixed cost of special equipment is 250,000 USD. This might explain why
foldable containers are not commonly used in the current transport network. However, the total cost decreases to 6.5266 million USD
if the percentage of foldable containers increases to 5%, although this decrease is not large. This indicates that increasing the
percentage of foldable containers may work to reduce the total cost if the fixed cost is high.

5.7. Sensitivity analyses of the amortized purchasing cost of a foldable container and the percentage of foldable containers

We set =T $18i
s , =T Ti

f
i
s, and the value of α ranged from 1.0 to 2.5. The total supply of empty containers at Shanghai port was

the same as in Section 5.4, and two percentages of foldable containers were tested, i.e., 10% and 50%. The gap between the objective
value and the lower bound obtained by CPLEX ranged from 0.22% to 0.33% for all of the tests, which is acceptable for practical
applications. From Fig. 7, we can see that the total cost decreases with an increasing of the percentage of foldable containers,
although a higher purchasing cost of unit foldable container is involved. For example, when α = 1.5, the total cost decreases by
1.2414 million USD if the percentage of foldable containers increases from 10% to 50%. However, when the purchasing cost of a
foldable container is relatively high, increasing the percentage of foldable containers might not result in a significant decrease of the
total cost (see the case wherein α = 2.5 as an example). Therefore, the foldable container purchasing cost is an important factor
affecting the total cost and the foldable containers are efficient when Ti

f is limited within a reasonable range.

Fig. 5. Total cost for cases with different numbers of new bridges.

Fig. 6. Total cost with different fixed cost of special equipment required to handle foldable containers.

R. Zhang, et al. Transportation Research Part A 133 (2020) 197–213

209



5.8. Experiments on different scales

We conducted experiments based on fourteen instances in which the number of ports ranged from 3 to 40 to validate the
effectiveness of the mathematical model. The percentage of foldable containers in the total container supply at the port of Shanghai
was fixed at 10%, and the other parameters were the same as in Section 5.2. As can be seen from Table 9, for small-scale instances
(i.e., Instances 1–3), optimal solutions were obtained within one hour. When the number of ports is increased, optimal solutions could
not be obtained within the same time limit, and the gap between the objective value and the lower bound increased gradually. For
example, the gap values for Instances 4–11 were less than 1.00%. For Instances 12–14, the gap values were greater than 1.00%.
However, it should be noted that the number of major ports along a river such as the Yangtze River is usually not greater than 20.
Therefore, the gap value and the feasible solution would be acceptable to some extent.

5.9. Extension of the model to multi-period scenarios

The model and experiments above are considered for a single period in a planning horizon. In this subsection, we consider empty
container repositioning in a river transport network for a multi-period scenario. The model presented in Section 4 will thus be
extended. A subscript t will be added to all of the decision variables except zi to represent the period. The main difference lies in the
related Constraints (2) and (3). For a port, the number of foldable and standard containers in the target inventory in a period will be
affected by those in the previous period. Therefore, Constraints (2) and (3) are rewritten as follows:

=s x x i P,i
j P j i v V l P

jivl
j P j i v V l P

ijvl D1
{0} ,

1
,

1
ij ijv ij ijv (22)

= +s s x x i P t T t, , , 2it i t
j P j i v V l P t T

jivlt
j P j i v V l P t T

ijvlt D, 1
{0} , ,ij ijv ij ijv (23)
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jivl
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{0} ,

1
,

1
ij ijv ij ijv (24)

Fig. 7. Total costs with different purchasing cost of a foldable container.

Table 9
Results for cases with different numbers of ports.

Instances No. of ports Obj. (million USD) LB (million USD)a CPU time (s) Gap (%)b

1 3 1.3487 1.3487 1.49 0.00
2 5 1.7573 1.7573 5.56 0.00
3 7 2.1726 2.1726 2649.86 0.00
4 10 3.3336 3.3256 3600.00 0.24
5 13 3.6318 3.6220 3600.00 0.27
6 16 4.4099 4.3943 3600.00 0.35
7 19 5.7411 5.7243 3600.00 0.29
8 20 5.8427 5.8230 3600.00 0.34
9 22 6.1056 6.0773 3600.00 0.46
10 25 6.4512 6.4133 3600.00 0.59
11 27 6.6251 6.5727 3600.00 0.79
12 30 6.9196 6.8492 3600.00 1.02
13 35 7.2950 7.1994 3600.00 1.31
14 40 7.6706 7.4914 3600.00 2.34

a “LB” is the lower bound provided by CPLEX.
b “Gap” is the relative difference between the objective value and the lower bound provided by CPLEX.

R. Zhang, et al. Transportation Research Part A 133 (2020) 197–213

210



= +f f y y i P t T t, , , 2it i t
j P j i v V l P t T

jivlt
j P j i v V l P t T

ijvlt D, 1
{0} , ,ij ijv ij ijv (25)

In Constraints (22)–(25), T represents the set of periods in a planning horizon, and T = {1, 2, 3, …, |T|}. We set |T| = 4; the other
parameters are the same as those in Section 5.2. Table 10 lists the target inventory in each period at different ports; the data were
adapted from the website of the Ministry of Transport of China.

There are seven scenarios representing changes in the initial percentage of foldable containers in Shanghai in each period: 0%,
1%, 3%, 5%, 50%, 90%, and 100%. The total supply of empty containers at the port of Shanghai in each period was assumed to be the
same as that in Section 5.4. Table 11 summarizes the results. The gaps between the objective value and the lower bound ranged from
0.38% to 0.80%, which could be acceptable for practical application to some extent. As the percentage of foldable containers
increased from 0% to 100%, the amortized purchasing cost of a standard container, the loading and discharging cost, and the vessel
traveling cost exhibited a decreasing trend, while both the amortized purchasing cost of a foldable container and the fixed equipment
cost had an increasing trend. The total cost is decreasing with the percentage of foldable containers when the percentage is smaller
than 50%. In these instances, the decrease of the sum of loading and discharging cost and vessel travelling cost is more significant
than the increment in other costs. However, the total cost cannot be decreased when the percentage is higher than 50%. In addition,
as the percentage of foldable containers is increased from 0% to 50%, the total cost is decreased from 11.7671 million USD to
11.5521 million USD. However, as the percentage of foldable containers reaches 100%, the total cost is increased to 15.0467 million
USD. The result shows that the amortized purchasing cost of foldable containers is an important factor affecting the performance of
foldable containers. Moreover, a proper percentage of foldable containers can promote a decreasing of the total costs to some extent.

Table 10
Target inventory in each period at different ports.
Source: Adapted fromhttp://www.mot.gov.cn/tongjishuju/.

Port Target inventory (TEU)

Period 1 Period 2 Period 3 Period 4

Yibin 5760 7760 8760 7760
Luzhou 19,286 20,286 19,786 20,986
Chongqing 5150 4150 5150 6250
Yichang 3850 2750 2950 3650
Jingzhou 3420 4520 4320 4020
Wuhan 2700 3000 2500 3300
Jiujiang 13,000 14,600 14,000 13,500
Anqing 800 1100 1000 1200
Tongling 4800 4900 4800 4200
Wuhu 200 290 270 290
MaAnshan 790 820 860 890
Nanjing 3790 4200 4320 3790
Zhenjiang 9060 9360 9060 9560
Yangzhou 1000 850 1350 1150
Taizhou 860 1260 1060 1360
Jiangyin 5700 5900 6200 5100
Suzhou 3950 3150 3750 3350
Nantong 2600 2900 3200 2600
Shanghai – – – –

–: The initial inventory of empty containers at Shanghai in each period is abundant.

Table 11
Experiment on increasing the initial percentage of foldable containers in Shanghai.

Percentage of foldable containers Cost (million USD) CPU time (s) Gap (%)*

Sta.a Fol.b Loading and discharging Vessel traveling Fixed equipment Total

0% 6.5665 0.0000 3.3332 1.8674 0.0000 11.7671 3600.00 0.54
1% 6.4093 0.3143 3.1563 1.7158 0.0400 11.6358 3600.00 0.56
3% 6.1499 0.8331 3.0319 1.5577 0.0500 11.6226 3600.00 0.72
5% 6.0302 1.0725 2.9292 1.4722 0.0500 11.5542 3600.00 0.78
50% 6.0131 1.1068 2.9097 1.4626 0.0600 11.5521 3600.00 0.75
90% 3.0254 7.0822 2.3352 1.0651 0.1500 13.6579 3600.00 0.80
100% 0.0000 13.1329 0.8957 0.8381 0.1800 15.0467 3600.00 0.38

a Purchasing standard containers.
b Purchasing foldable containers.
* “Gap” is the relative difference between the objective value and the lower bound provided by CPLEX.
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6. Conclusions and policy suggestions

This study investigated the potential performance of empty container repositioning in river–sea intermodal transport by con-
sidering the use of foldable containers and limitations imposed by the bridge height and water depth. The key findings and relevant
policy suggestions are summarized below.

First, bridge heights can be a considerable limitation for the river–sea intermodal transport of empty containers. Large vessels that
can visit seaports and have high capacities may not be feasible on rivers owing to the height restrictions imposed by bridges. For
example, if the water depth at one segment of a river is deep, then a bridge with a small height may make large vessels unseaworthy
at that segment. Hence, in addition to urban traffic, the impact of bridges on river transport should also be considered when deciding
the locations of new bridges across a river.

Second, it is shown that introducing foldable containers might be an efficient way to improve the performance of empty container
repositioning in river–sea intermodal transport networks. By delivering foldable containers in the folded state, a vessel can be loaded
with more empty containers without significantly increasing the height of the vessel above the water. As a result, large vessels can sail
further upstream on the river, which can reduce the average cost of empty container repositioning. Moreover, the numerical results
showed that the cost savings from vessel utilization are more significant than the loading and discharging cost when bridge height
constraints are considered. In addition, the comparative advantage of foldable containers can be more notable when the restrictions
due to bridge heights are more severe.

Third, this study also reveals the cases in which foldable containers may not be very effective, which may explain why they have
not been widely implemented in the real world at this time. When the number of foldable containers is small and the fixed cost of the
special equipment required for their handling is high, it is not beneficial to invest in fixed equipment at many ports and to use many
foldable containers. Relatively high purchasing cost of foldable containers is another important factor affecting the wide usage of
foldable containers. Therefore, it is suggested that governments provide subsidies for container shipping companies to reduce the
fixed cost of using foldable containers and to encourage the supply of foldable containers. For example, governments can develop
training programs to allow more employees to handle foldable containers, which can reduce the cost of human resource development
incurred by ports and companies. It would also be helpful for governments to invest in research and innovation of the equipment
technology for handling foldable containers to reduce the fixed cost. Meanwhile, policies that can motivate container companies to
supply more foldable containers to the market would also have a positive effect.

This research can also be extended in several directions. First, compared with empty container repositioning in river transport,
full containers have different vessel height contributions and draught contributions to a given type of vessel. Considering empty and
full containers simultaneously is more practical. Second, ports along rivers also provide containers or freight for customers in the
local area, and thus connecting container drayage operations with the container river transportation is interesting but definitely more
complicated. Third, although the gap value between the objective value of the feasible solution and the corresponding lower bound
obtained by CPLEX was small, optimal solutions were not obtained within given time limit. Heuristic algorithms could be efficient to
obtain good solutions for large-scale instances to support the decision making in the real world. In addition, analysis of impact of
vessel heights would be a fruitful direction and shed lights on the engineering economy of ship building.
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