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Abstract
This study analyses the impact of using foldable containers in terms of cost savings of truck drayage operations,
of both loaded and empty containers, in the hinterland of a seaport. We model a vehicle routing problem to
optimise empty container relocation. A simulated annealing algorithm is developed to solve the problem.
Numerical experiments are carried out in realistic empty container relocation scenarios. We ﬁnd that, under
certain conditions, foldable containers can offer higher truck productivity compared with standard containers,
hence resulting in substantial cost savings. This paper provides managerial insights into how foldable containers
can help reduce the costs of hinterland transport.

Introduction

The container shipping industry has witnessed overwhelming growth and prosperity over the last decades,
fuelled by worldwide economic growth and globalisation. Global containerised trade increased from 50 million
TEUs in 1996 to about 180 million TEUs in 2016 (UNCTAD 2016). This global volume involves many
containerised trade routes, but there is never a balance between inbound and outbound ﬂows of containerised
cargo; That is to say, the place where containers are unloaded and reloaded is actually never the same, so
transport movements of empty containers are unavoidable. It is clear that many containers have to be
repositioned from areas that have a surplus of empty containers to areas facing a deﬁcit.
On land, container repositioning can take place between the hinterland and seaport and also within the hinterland
to relocate surplus containers from one part of the hinterland area to another. In the latter case, trips are usually
over much shorter distances. The share of empty containers transported over land is estimated to be 40%, much
higher than over sea, where on average 20% of containers transported are empty (Lee and Meng 2015).
Repositioning empty containers is a costly business: about US $300–500 million for a mid-sized global shipping
line, and US $15–20 billion for the industry as a whole (Schlingmeier 2016). These costs accounted for about
20% of the industry’s income on a global scale in 2009 (UNCTAD 2011). Hence, strategies to improve empty
container management are high on the agenda of container shipping lines.
Current strategies to control the costs of repositioning empty containers are geared mainly towards minimising
their movements. However, it might be worthwhile considering options that could reduce the costs of these
movements. Foldable containers (FLDs) are expected to bring about such cost reductions. When an empty
container is folded it needs less space, depending on its design by up to more than 75%, enabling trucks to use
their capacity more efﬁciently. Provided that empty containers can be bundled together during their journeys,
foldable containers are, as a consequence, much cheaper to reposition.
Despite this potential beneﬁt, FLDs have not gained a position in the market yet. In the past, some attempts were
made to develop FLDs (see e.g. Moon et al. 2013), but their technical design could not meet market
requirements, because of the complexity of their folding and vulnerability to damage. Nevertheless, due to
continuing efforts to improve this innovative type of container, more promising FLDs are about to be deployed
into the market soon, to meet practical requirements in container shipping. Some foldable containers have been
introduced into the commercial operations of shipping companies (Holland Container Innovations 2018).
The main contribution of this study is to provide managerial insights into how FLDs can help reduce the costs of
hinterland transport and to help a liner shipping company decide whether to invest in FLDs. The shipping
company also considers the beneﬁts to other stakeholders, such as truck companies, of introducing FLDs into the
maritime transport chain.
In line with such an effort, i.e. to deploy FLDs in the market, Konings and Thijs (2001), Konings (2005) and
Shintani et al. (2010) explored the savings that could potentially be realised by using FLDs in the land leg of the
chain. Their studies focussed on optimisation of empty container movements, but did not address the role of
truck routing. Truck routing is a major factor in the relocation of empty containers, inﬂuencing its costs. When
empty containers can be folded, the challenge is to beneﬁt from bundling them together. Carrying various
empties bundled at the same time can icnrease truck productivity in drayage operations, which motivated us to
address this problem as a vehicle routing problem (VRP) with FLDs.
Against this background, this paper investigates the potential cost savings from the use of FLDs in the land leg
of the maritime chain, by considering truck routing for both loaded and empty container movements. We,
therefore, model the VRP for transporting loaded and empty containers in drayage operations by using foldable
containers (VRPLEF).
To solve this problem, we employ a simulated annealing (SA) algorithm-based metaheuristic. We do this because
the VRPLEF is classiﬁed as an NP-hard problem, and the computational time for optimally solving large-size
problems becomes prohibitive.

The remainder of this manuscript is organised as follows: Section 2 gives a brief literature review. In Sect. 3, we
describe the problem deﬁnition and the models. Section 4 reportes numerical experiments and their results, and
ﬁnally, Sect. 5 presents conclusions and future research directions.

Literature review
This review focusses on the vehicle routing problem with container relocation (VRPLEF) and related studies on
foldable containers.

Vehicle routing with container relocation
Dejax and Crainic (1987) point out that the independent consideration of container relocation and vehicle routing
neglects possible synergies arising from an integrated view of these problems. However, Crainic et al. (1993)
state that a single mathematical model comprising container relocation and vehicle routing would be
computationally cumbersome. So far, a number of attempts have been made to the problem of vehicle routing
with container relocation.
Most studies of vehicle routing with container relocation address full truckload pickup and delivery problems.
Their objective functions are basically to minimise empty vehicle movements. Jula et al. (2006) look at the
repositioning of empty containers to reduce trafﬁc congestion from heavy container truck trafﬁc in the Los
Angeles and Long Beach port area. The container relocation problem (CRP) by trucks with time constraints is
modelled as an asymmetric multi-traveling-salesmen problem with time windows (m-TSPTW). Empty container
movements are optimised from consignees to shippers directly and/or via inland depots. Chang et al. (2008)
expand the problem of Jula et al. (2006) to the multi-commodity empty container substitution problem
considering three types of containers, i.e. 20-foot-, 40-foot- and 40-foot-high cubes. Zhang et al. (2009) study a
VRP with CRP where each truck can carry one container either loaded or empty. They consider a single
container terminal and several vehicle depots. That problem was formulated as an m-TSPTW, and a reactive tabu
search algorithm was developed to solve it. Zhang et al. (2010) extend the problem of Zhang et al. (2009) to a
multiple depot, multiple terminal problem, and solve it by a time window partitioning method. Their problem
was modelled as an m-TSPTW with multiple depots. Moreover, Zhang et al. (2011) investigate the single depot,
single terminal problem where the number of empty containers available at the depot is limited. Braekers et al.
(2013) address an asymmetric m-TSPTW for transporting both loaded and empty containers in haulage
operations, and develop a heuristic approach to solve the problem. This study differs from Zhang et al. (2009,
2010), since it minimises the number of vehicles and the travelling distance of trucks. The authors point out that
their future research should consider the problem as one of two containers to be transported simultaneously by a
single vehicle. Zhang et al. (2014) conduct a dynamic container drayage problem with ﬂexible orders, where
logistics information could be updated during one time horizon. Xue et al. (2014) examine a container drayage
problem under an operation mode in which a tractor can be detached from its companion trailer and assigned to a
new task. The authors conclude that this kind of operation can reduce the total cost compared with the traditional
operation mode.
Lai et al. (2013) address a routing problem where containers must be transported from a port to importers and
from exporters to the port by trucks carrying one or two containers, without separating trucks and containers
during operations. Furthermore, the authors also point out that most of the literature on drayage operations
assumes the transport capacity of a vehicle, with one loaded or empty container at a time, although carrying two
containers per truck is allowed in some countries. Limited literature addresses the possibility of moving two
containers by truck. Deidda et al. (2008) propose a static, deterministic optimisation model that addresses the
CRP between shippers, consignees and a port, and the VRP for empty containers considering the nodes of
shippers and consignees. However, loaded container transport is not considered. Trucks are located at a single
depot at the port and have a capacity of two containers. Huth and Mattfeld (2009) compare the results of
sequential integrated decision-making approaches for allocating and routing swap bodies in a hub-and-spoke
network. They consider the VRP for both loaded and empty containers with a truck capacity of two containers.

Vidovic et al. (2011) determine routes from the matching of pickup and delivery nodes, considering transport of
loaded and empty containers with a combined chassis for two 20-foot or one 40-foot container.
More recently, two articles, closely related to ours, were written by Zhang et al. (2018a, b). Those authors
addressed the foldable container drayage problem as a sequence-dependent multiple-travelling-salesman problem
with time windows. Differences between their study and ours are discussed in Sect. 2.2.

Foldable containers
Only a few studies have explored the potential beneﬁt of using FLDs in container repositioning. Konings and
Thijs (2001) and Konings (2005) address the economic and logistical viability of FLDs, and suggest some
conditions under which they could be operated successfully. Konings (2005) demonstrates that the savings
generated by FLDs are greater in the land leg than in the sea leg of the transport chain. Although these studies
are based on empirical data and carried out sensitivity analyses, they do not consider the possible impact of
variations in the number and location of shippers or the different volumes of containers handled by these
shippers. These shortcomings could be redressed by formulating the problem as a network ﬂow problem.
Shintani et al. (2010) develop integer programming models to analyse the cost savings that could be achieved by
using FLDs in hinterland transport. Zazgornik et al. (2012) build models for the timber transport chain. However,
the latter authors consider FLDs for the transport of timber in a much simpler network than containers in ocean
shipping. Shintani et al. (2012) ﬁnd that savings could be realised in the management costs of container ﬂeets by
applying a proper combination of FLDs and standard containers (STDs) in liner shipping routes. They also show
that the economic viability of FLDs depends on the level of trade imbalances and the exploitation costs of
containers. Moon et al. (2013) compare the empty container repositioning costs of FLDs and STDs in the sea leg,
also ﬁnding cost savings when using FLDs.
The models of Zhang et al. (2018a, b) include the possibility of carrying a loaded container or multiple folded
containers at a time. Their models aim to minimise the total working time of trucks, including waiting time.
Initially, their modelling involved limited truck scheduling (Zhang et al. 2018a), because a truck could neither
deliver a loaded container to a location and load empty containers for the return trip, nor arrive to a site with
empty containers and return with full containers. Later on, this limitation is dropped, and the authors develop a
heuristic approach to solve the problem (Zhang et al. 2018b). Through numerical experiments, Zhang et al.
(2018b) conclude that introducing FLDs can save approximately 10% on transport costs. Although Zhang et al.
(2018a, b) compare the working time of trucks by using FLDs and standard containers (STDs), they do not
concretely examine a more efﬁcient way of using them and the economic characteristics of FLDs.
In contrast, this study clariﬁes a win–win relationship among stakeholders to introduce FLDs. We then discuss
how to use FLDs effectively in the hinterland transport of a seaport, focussing on trade imbalances, the distance
range between inland depot and customers, and the lot size of containers handled by customers.

Problem description
Create a win–win situation by introducing FLDs
We suppose that a liner shipping company takes the initiative of introducing FLDs as the decision-maker. The
trucking company and the customers (shippers/consignees) are the stakeholders, as the possible beneﬁciaries of
using foldable containers. Foldable containers allow different mutual beneﬁts for these stakeholders, and hence a
win–win situation can be created (see also Table 1). How beneﬁts are shared between the stakeholders depends
on the contractual arrangement regarding hinterland transport, i.e. carrier haulage or merchant haulage.
Table 1 Beneﬁts to stakeholders of introducing FLDs
Full size table

Liner shipping company versus trucking company: if the trucking company transports the FLDs, then it
can achieve higher truck productivity (by carrying multiple folded containers at a time), allowing it to
offer a lower drayage price to the shipping company.
Liner shipping company versus customers: when customers do the folding/unfolding (F/UF) process at
their sites while transport is undertaken by the shipping company (carrier haulage), customers create
savings for the shipping company in the trucking costs of repositioning. These savings arise from the fact
that, now, several empty containers can be transported on one truck when they are folded; That is to say,
trucks become more productive, hence the trucking company can offer the shipping company a lower
drayage price per container. In exchange for doing the folding/unfolding themselves, the customers can get
a discounted tariff from the shipping company. As a result, the shipping company is able to attract
customers and gain customer loyalty.
Trucking company versus customers: when customers do the F/UF process at their sites and transport is
carried out by the trucking company (merchant haulage), customers can beneﬁt from the economies of
scale in trucking empty containers; That is to say, the savings that arise from higher truck productivity can
lead to a lower drayage price to customers.
In both the carrier and merchant haulage scenarios, the beneﬁts to the trucking company consist of high truck
productivity, meaning that it can possibly increase its revenues. A more productive use of trucks is also
interesting in many other respects, since truck driver shortages are becoming more and more manifest and
structural in different countries.
As mentioned above, to examine whether the shipping company introduces FLDs or not, we consider the truck
routing problem, focussing on the hinterland transport of a seaport. We evaluate total costs as the sum of
shipping company costs, trucking company costs and costs of the customers, as it is difﬁcult to reduce total costs
by partially optimising the hinterland transport of each party among stakeholders. In other words, by
cooperating, stakeholders can realise the lowest total cost of hinterland transport with loaded and empty
containers, and enjoy the shared beneﬁts.

Model outline
We discuss the advantages of the use of FLDs through the VRPLEF model in two different relocation scenarios,
viz. direct (DX) and indirect reuse of empty containers (IX), as detailed below:
1. 1.
Direct exchange (DX): empty containers are directly exchanged between customers where F/UF is
possible at the customers’ sites for FLDs;
2. 2.
Indirect exchange (IX): empty containers are indirectly exchanged between customers via the inland depot
and F/UF is possible at the customers’ sites for FLDs.
Although IX requires less handling of containers, indirect reuse is much easier and hence more practised than
direct reuse (DX). However, a shipping company guarantees the quality of an empty container to its next user via
a physical inspection. For liability reasons, it is common practice to carry out such inspections at the inland
depot. In addition, temporary storage at the depot may be needed, as the availability of the container once
unloaded and the need of its next user to reload it do not always match in time. Larger volumes of import and
export containers will increase the chance of possible matches, but the fact that shipping companies do not
currently exchange containers with each other makes DX more difﬁcult. Moreover, as Hanh (2003) discusses,
real-time information on export containers is often not available at the time when import containers become
empty. Such restrictions could be mitigated to some extent if information systems, and co-operation among
shipping companies in exchanging containers, are improved and become widespread.

As described above, IX is a practical solution in hinterland drayage operations, although it is theoretically more
costly than DX. Nevertheless, its shortcomings may be overcome through the use of FLDs.
The cost saving possibility of using FLDs is simply demonstrated in Fig. 1, which illustrates the itineraries
during repositioning of two empty containers to fulﬁl two export shipments after use by a single importer in a
DX scenario. The STDs require two trucks, as shown, whereas the FLDs utilise only a single truck for the same
repositioning pattern. So the number of trucks needed for DX repositioning with FLDs (DX_FLD) is smaller,
hence resulting in cost savings. Moreover, the trucking company also beneﬁts from a surplus truck that becomes
available at the consignee when using FLDs, if effective use of the surplus truck is possible with an appropriate
truck dispatching decision made by the VRP.
Fig. 1

Difference between feasible truck routings by container type
Full size image
In the VRPLEF, we consider the distribution of loaded and empty containers between a single inland depot and
customer sites. The models address empty container repositioning by truck, while satisfying transport requests
for loaded import/export containers. Moreover, each customer handles multiple containers for import or export,
then the same truck may be assigned to several routes during a given working time. In the VRPLEF, a vehicle
ﬂeet with a homogeneous type of trucks must satisfy transport requests. Regardless of container type, a single
truck can only transport a single loaded container per trip.
The VRPLEF may have features of four kinds of VRP, namely the VRP with pickup and delivery (VRPPD), the
split delivery VRP (SDVRP), the VRP with multiple use of vehicles (VRPM) and the capacitated VRP (CVRP).

Keeping this in mind, we deﬁne the VRPLEF as follows: Let 𝐺 = (𝑁 , 𝐴) be a complete and directed graph
with node set 𝑁 = {0, 1, … , 𝑛} , where the node 0 represents the inland depot (all truck routes start from/end
at 0) and all remaining nodes represent pickup points (or consignees) and delivery points (or shippers) of empty
containers. The arc set is deﬁned as 𝐴 = {(𝑖, 𝑗) | 𝑖, 𝑗 ∈ 𝑁 , 𝑖 ≠ 𝑗} .
For the STD, the costs of the transport chain consist of:
Location–relocation costs: the costs of the movements of loaded and empty containers by trucks in the
hinterland (mostly fuel costs)
Fixed costs: the ﬂeet-related costs of trucks
Handling costs: the costs of loading and unloading containers to/from trucks
Exploitation costs of the container: the cost associated with the purchase and use of the container (capital,
depreciation, maintenance and repair costs)
In addition to these cost categories, the F/UF costs are included for the FLD.

Assumptions
The models are based on the following assumptions:
1. (a)
The ﬂeet of vehicles performs both the pickup and delivery of loaded and empty containers in the
hinterland on a daily basis. Thus, each truck must complete pickup and delivery services within 1 day.
2. (b)
For the sake of simplicity, containers with homogeneous length are used, viz. both the FLDs and STDs are
40 feet long.
3. (c)
In case of FLDs, up to four empties can be bundled into one unit, corresponding to the size of an STD.
4. (d)
The exploitation cost of an FLD is assumed to be twice as high as that of an STD, due to higher purchase,
maintenance and repair costs. This cost ratio is based on information obtained from a foldable container
designer and container manufacturer. This implies a drop in the current exploitation costs of FLD, but this
is considered realistic when FLDs are produced at larger scale and—just like STDs—can reap economies
of scale in production.
5. (e)
Empty containers at each site are transferred from consignees to the inland depot, or moved directly from
consignees to shippers. Surplus containers, i.e. empty containers which cannot be reused in the hinterland,
return from customers to the inland depot.
6. (f)
The storage capacity at each site and the transport capacity of each link connecting a speciﬁc site pair are
assumed inﬁnite. Since the lot size of containers that one customer handles is assumed small (maximum

four containers on average, see Sect. 3.2), we do not consider the storage capacity at each customer’s site
or the transport capacity of each link.
7. (g)
The storage costs of containers at each site are small enough to be ignored. These costs are marginal,
especially when the planning horizon for empty container relocation is just 1 day.
8. (h)
Empty containers, regardless of whether FLDs or STDs, are handled in the same manner when shipped to
consignees from the places where they are stacked on the ground awaiting the next shipment.
Moreover, in this study, it is assumed that shippers/consignees have equipment at their sites to handle both
loaded and empty containers. Handling empty containers does not require heavy equipment, whereas handling
loaded containers does. Although there are not many shippers/consignees that have such handling equipment, it
is assumed that shipping companies lend shippers/consignees the equipment to handle both loaded and empty
containers, so as to obtain the beneﬁts from employing FLDs. We include this option to provide an outlook on
the potential cost savings of using FLDs under these speciﬁc conditions.

Formulation
The VRPLEF would require four different mixed-integer programming (MIP) models for two scenarios (DX/IX)
and two container types (FLD/STD), as follows:
[DX_FLD] for DX using FLDs
[DX_STD] for DX using STDs
[IX_FLD] for IX using FLDs
[IX_STD] for IX using STDs
To avoid an unnecessarily long paper showing the whole formulation for four models, the details of the
formulation are provided in Appendix 1.

Solution procedure
This subsection describes a solution procedure applying a metaheuristic approach for solving the VRPLEF.
Similar to most VRPs, the VRPLEF is NP-hard. Many such problems can be solved optimally using some exact
methods such as branch and bound. However, the solving process may be time-consuming, especially for large
problems of practical use. The computation time issue is an important one for trucking companies, who often
wish to solve the VRPLEF quickly every day. This encouraged us to apply a metaheuristic for solving the
problems. For possible expansions of the model in future work, such as incorporation of time windows, and for
ease in coding the problem, we employ an SA-based metaheuristic to nearly optimise the solution.
Since SA has been successfully applied to a large number of combinatorial optimisation problems, we refer to
Kirkpatrick et al. (1983) and Cerny (1985) for more details.
SA requires one to design the solution structure for solving the problems. A truck has a capacity and some
shipment states, i.e. loaded container, empty container or no carriage. To address this, we apply a virtual truck
route, associated with several types of dummy nodes. Moreover, the solution presentation is different in each
case. Accordingly, the way in which neighbourhood solutions are generated is different in each case, and is
developed for them, respectively (see Appendices 2 and 3 for more details).

Computational experiments
The SA algorithm is coded in FORTRAN 77 and run on a PC with a 2.4-GHz Intel Xeon CPU and 32 GB of
RAM. Problems used in the experiments are generated randomly but systematically controlled for customers’
locations and transport requests of customers.

Case studies
We provide six basic problem scenarios, corresponding to a total volume of daily cargo trafﬁc (NC) (daily total
of import and export containers) in the hinterland of 30, 60 and 90 FEUs. Since we assume three levels of NC,
we adopt respectively 90, 180 and 270 nodes to form the virtual truck routes from dummy nodes. The other three
problems consider different levels of the imbalance ratio (IR) in cargo ﬂows of approximately 1:1, 2:1 and 3:1
between import and export containers. Note, however, that the assumed total trafﬁc of containers in the
hinterland remains constant for each imbalance ratio.
Scenarios with more scattered customers are prepared to examine the inﬂuence of different customer distribution
patterns: customers located far apart are likely to result in inefﬁcient use of truck working times. Following Imai
et al. (2007), the coordinates (𝑥 , 𝑦 ) of the location of customer 𝑖 are deﬁned as
𝑖

𝑖

(𝑥𝑖 , 𝑦𝑖 ) = {(𝑅1𝑖 × 100 − 50) × (𝑟 + 𝑅2𝑖 × 0.4) , (𝑅3𝑖 × 100 − 50) × (𝑟 + 𝑅4𝑖 × 0.4)} ,

(1)
where the value of the parameter 𝑟 is 0.2, 0.4 or 0.6 and 𝑅1 , 𝑅2 , 𝑅3 and 𝑅4 are four series of random
numbers in the interval [0, 1). By varying 𝑟, we can determine the distance ranges of customer locations from the
inland depot.
𝑖

𝑖

𝑖

𝑖

Furthermore, we examine the effect of the lot size of containers (LS) that customers handle on the beneﬁts of
using FLDs. Larger lot size is expected to provide greater cost savings, because more empty folded containers
can be bundled together. LS is deﬁned as
Lot size of containers (LS) = Number of containers customers handle/
number of customers.

(2)
If the LS takes a real value, the NC is rounded and adjusted to be an integer value. We assume three different
levels of LS as 1, 2 and 4.
The experimental design with the factors is presented in Table 2.
Table 2 Experimental design
Full size table

Parameter settings for the experiments
The following parameter settings were used for the numerical experiments:
1. (i)
Total (daily) cargo ﬂow, NC: 30, 60 and 90 FEUs
2. (ii)
Imbalance ratio between import and export cargo ﬂows to the hinterland region, IR: 1:1, 2:1 and 3:1

3. (iii)
Number of customers: depends on the combination of NC, IR and LS
4. (iv)
Distance range between the inland depot and customers: 0 to 70 km (the range depends on the parameter
𝑟)
5. (v)
Transport cost, 𝐶 , is deﬁned as 𝐶 = 1.45 × distance €/FEU
T

T

𝑖𝑗

𝑖𝑗

(the distance depends on node pairs)
1. (vi)
Truck ﬂeet cost, 𝐶 = 105 €/truck/day
V

2. (vii)
Handling cost, 𝐶 = 40 €/FEU
H

3. (viii)
F/UF cost, 𝐶 = 40 €/FEU/process
U

4. (ix)
Exploitation cost, 𝐶

FF

= 2 €/FEU/day for an FLD, and 𝐶

FS

= 1 €/FEU/day for an STD

Note that an imbalance ratio of 1:1 in (ii) assumes balanced ﬂows at an aggregate level, but it may still involve a
need for container repositioning in the hinterland, because the export and import volumes of the individual
customers are likely to be imbalanced. Once a speciﬁc combination of NC, IR and LS is given, the number of
customers (importers/exporters) (iii) is automatically determined. Following the principles of cost accounting,
the relocation costs by truck can be divided into a variable and a ﬁxed part. The variable costs are denoted as
transport costs (v), and the ﬁxed costs as truck ﬂeet costs (vi). Data on these costs were adopted from Shintani
et al. (2010). The handling costs (vii), covering the costs of placing or displacing a container or bundle of
containers to/from a truck, are based on information from Shintani et al. (2010). For the F/UF cost (viii),
practical experiences with F/UF processes of foldable containers, provided by Holland Container Innovations,
have shown that the times needed to fold and unfold are about the same (and hence these costs were set as equal
in our model), and €40 is a realistic cost for the F/UF of a container.
Based on preliminary experiments, the parameters of the SA are set as follows: total processing time = 100,000,
initial temperature = 100, cooling rate = 0.9, constant = 1.1 and number of parameters updated = 10.

The performance of the SA
To assess the performance of the SA, we compare the near-optimal solutions of the SA with the optimal or nearoptimal solutions of the MIP model coded in Python 3.5, as solved using the commercial Gurobi Optimizer 7.5
solver. All experiments with small- and medium-sized problems for DX_FLD, DX_STD, IX_FLD and IX_STD
are tested using the same PC as used for the SA. Totally, 18 instances for each model are tested with the number
of customers (NN), LS and NC gradually varied from 6 to 16, from 1 to 4 and from 6 to 64 FEUs, respectively,
in the distance range 𝑟 = 0.2; For example, for the ﬁrst instance in Table 3, the number of consignees is set to 3,
the number of shippers is set to 3, and the total cargo demand is assumed as a balanced trade for import/export,

NC = 6 FEUs. The parameters of the SA are set as mentioned in Sect. 4.2. For each instance, the SA is run 30
times with 30 different initial solutions using different sets of random number seeds. The obtained objective
values (€) and the CPU times (s) of the two methods are presented in Table 3. The results of the experiments
revealed that SA found optimal or near-optimal solutions in 30 runs, for the four models within short CPU times
compared with the MIP. Even in small-size instances, the MIP could not obtain the optimal solutions, because of
too much CPU time, especially in DX_FLD and IX_FLD. The improvement offered by the proposed SA,
compared with MIP, is quantiﬁed as the difference between the objective values of the MIP and SA, divided by
the latter. The largest negative improvement is −1.6%. Since the CPU times of the MIP rise signiﬁcantly as NC
increases, small- or medium-size instances cannot be solved by the MIP. As instances of any size can be solved
by the SA quickly, the performance of the SA is reasonably acceptable.
Table 3 Comparison of the two solution methods
Full size table

Experimental results
We perform numerical experiments based on 81 problem samples for each model, with a parameter combination
of NC, IR, LS and 𝑟, where each parameter has three levels of values. We correlate the cases to experimental
designs in the order of LS, IR and 𝑟 (Table 2). For example, case S_T_N corresponds to LS–(S), IR–(T) and 𝑟–
(N). For each sample, the computation of the SA is carried out 30 times with 30 different initial solutions based
on various sets of random number seeds.
First, we compare the total costs of the four models. Due to the wide variety of experiments, Fig. 2a shows
results only for NC = 90 FEUs. Each value for a speciﬁc model represents the best value of the total cost
achieved over the 30 executions. The results for other NC cases, shown in detail in Appendix 4, basically show
the same trend as those presented for NC = 90.
Fig. 2

Total costs in various cases (NC = 90 FEUs)
Full size image
Now, we focus on the two repositioning scenarios DX and IX. Despite some exceptions, DX is superior to IX in
terms of costs. Next, comparing container types, we ﬁnd the superiority of FLDs as a whole. Interestingly,
however, their advantage is not signiﬁcant in the DX scenario with small lot size. A small lot size case has more
customers in the hinterland than a large lot size case. This implies that, when repositioning empties, regardless of
STDs and FLDs, in case of numerous customers, the repositioning trip distance for the DX is likely short. FLDs
must be disadvantageous in terms of costs, due to their higher F/UF, especially for short repositioning distances.
For this reason, FLDs appear not to be promising for small lot size cases. Regarding the IR, as easily imagined,
FLDs are less advantageous with more balanced cases. As mentioned above, the disadvantage of FLDs for
balanced trade is signiﬁcant, especially for small lot size cases.
As total costs comprise various components, we next investigate the inﬂuence of container type on the cost
details. Due to the wide variety of experiments, this investigation is performed only for speciﬁc cases. Figure 2b,
c and Table 4 focus on the breakdown of total costs in four speciﬁc cases, namely, S_T_N, S_T_W, L_T_N and
L_T_W. Observation of Fig. 2b reveals that the handling cost is almost constant in all cases, since the extra
handling cost for the use of FLDs is marginal, as shown in Table 4. The ﬁxed and variable costs vary depending
on the case. Regardless of the container type, these costs increase with a wider range of the hinterland, i.e. W
cases rather than N ones. Cost increases are also observed for IX rather than DX cases. Lot size does not bear
any signiﬁcant impact on costs. However, the advantage of FLDs is considerable for large lot size in the DX
scenario.
Table 4 Breakdown of total costs in speciﬁc cases (NC = 90 FEUs)
Full size table
The costs examined for the comparison of STDs and FLDs include various components, classiﬁed into two
groups: one born by the shipping company, and the other by the trucking company. Costs for the shipping
company are quite minimal (Fig. 2c); it bears only the container-related ﬁxed costs (FC) and no variable costs
(VC) (Table 4). The trucking company is responsible for the truck-related FC and variable cost (VC), and
container handling cost (HC). From this, it seems that only the trucking company beneﬁts from FLDs. However,
an ultimate beneﬁt derived from using FLDs is related to the shipping company. The reason is as follows.

The use of FLDs directly raises the cost born by the shipping company as shown in Fig. 2c. On the other hand,
the trucking company may directly enjoy the beneﬁt of FLDs, in the form of less truck FC and VC. However, the
beneﬁts to the trucking company depend on whether the company passes these beneﬁts onto its customers, i.e.
shippers (in case of merchant haulage) or the shipping company (in case of carrier haulage); For instance, if
customers do F/UF by themselves at their own sites, the shipping company offers a discounted tariff to
customers in exchange for that process. As stated, containers are provided by the shipping company. Therefore,
by offering a cheaper logistics solution to customers, the shipping company gains more customer loyalty through
FLDs.
Figure 3 demonstrates the results of a sensitivity analysis for the total costs in balanced and imbalanced trades,
with a gradual discount on F/UF costs. In the experiments, we set the discount ratio of F/UF cost to range from
×1 to ×0.2. Discounting F/UF costs has a larger effect on total costs for DX_FLD and IX_FLD, with large lot
sizes of containers at customers. Conversely, a small lot size of containers offers hardly any beneﬁt for IX_FLD,
from transporting empty folded containers together. In terms of reducing F/UF cost, the cases of DX_FLD and
IX_FLD in situations of a large lot size of containers at customers decrease total costs by around 19% and 13%
as the maximum, respectively. The results of the sensitivity analysis demonstrate that a discount of F/UF cost
allows signiﬁcant reductions in the total costs by using FLDs.
Fig. 3

Sensitivity analysis on discounting F/UF cost (NC = 90 FEUs)
Full size image
Figure 4 illustrates the truck productivity, deﬁned as the average number of loaded and empty containers carried
by each truck within 1 day (8 h). In this study, we used truck working time in our evaluation of truck
productivity, although we assume that it does not include handling, F/UF, and other dwell times at the inland
depot and customer sites. A larger distance range causes a much lower truck productivity than a small distance
range in all cases. Whilst DX_FLD provides the greatest number of containers that a truck can carry compared
with other cases, the case signiﬁcantly reduces truck productivity in a larger distance range, similar to other
cases. In the case of a larger lot size of containers at customers and imbalanced trade, IX_FLD offers slightly
higher productivity than IX_STD, except for the cases with balanced trade. These results show that DX_FLD has
potential to reduce ﬁxed and variable costs of truck drayage, while its higher truck productivity could mitigate
the problem of truck driver shortage.
Fig. 4

Average number of containers carried by each truck (NC = 90 FEUs)
Full size image

Conclusions
This study addresses the issue of empty container relocation by trucks in the hinterland of a seaport. Mixedinteger programming models are developed with the ultimate aim of showing the possibility of realising savings
by using foldable containers. We model the vehicle routing problem for transporting loaded and empty
containers in drayage operations by using foldable containers to minimise total costs. The simulated annealing
algorithm-based metaheuristic is employed to solve the problem.
From the computational experiments, the conclusion can be drawn that, when customers do the
folding/unfolding process at their sites, foldable containers bring beneﬁts not only to trucking companies but also
to shipping companies and to the customers themselves. Foldable containers can offer signiﬁcantly higher truck
productivity compared with standard containers, resulting in substantial cost savings, especially in situations of
large lot sizes of containers to be handled by individual customers with direct exchange of empty containers
between customers. Moreover, a discount on folding/unfolding costs can signiﬁcantly reduce the total costs when
using foldable containers. Since the use of foldable containers enables more efﬁcient use of transport capacity,
fewer trucks are needed and truck mileage for repositioning can be reduced. In this way, foldable containers also
contribute to mitigating the problem of truck driver shortages.
In summary, the speciﬁc characteristics of the transport chain, as shown here, remain paramount in terms of
achieving real beneﬁts by using foldable containers. Future research can take various forms; For example one

may consider additional aspects of time windows such as on-time delivery and a planning horizon with discrete
time periods, or container ﬂeet mixtures of foldable and standard containers. Furthermore, it could be interesting
to extend this research into the direction of more than one depot in the hinterland area, or taking into
consideration that the container storage capacity of depots is limited.
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Appendices
Appendix 1: Formulation
Given the following notation, each of the four scenarios is modelled as a MIP:

Notation
Sets
:

𝐾

set of trucks
:

𝑁

set of inland depot and customers, that is 𝑁 = {0, 1, … , 𝑛} , where the vertex 0 represents the inland
depot (all truck routes start from/end at 0) and 𝑛 is the number of customers
𝑅

:
set of truck routes. Since each track serves multiple routes within a working time (1 day), this set is for
identifying each route of each truck

𝑆

:
Subset of 𝑁 where 𝑆

𝑄𝑖

⊂ 𝑁

:
subset of 𝑁 where 𝑄 ∈ {𝑗| 𝑗 ≠ 0, 𝑖 = 0, ∀𝑖, 𝑗 ∈ 𝑁 } ∪ {𝑗| 𝑗 = 0, 𝑖 ≠ 0, ∀𝑖, 𝑗 ∈ 𝑁 } , necessary for
the IX scenario to ensure that empty containers are alternatively transported between the inland depot and
customers, not allowing direct transport between customers; For instance, if node 𝑖 is the inland depot 0,
then this subset contains customer sites as node 𝑗. Conversely, if node 𝑖 is a customer’s site, then the
subset includes the depot 0 as node 𝑗
𝑖

Parameters
DF 𝑖

:
number of empty container demand (imported shipment with FLDs) for pickup at customer site 𝑖

DS 𝑖

:
number of empty container demand (imported shipment with STDs) for pickup at customer site 𝑖

PF𝑖

:
number of empty container demand (exporting shipment with FLDs) for delivery at customer site 𝑖

PS𝑖

:
number of empty container demand (exporting shipment with STDs) for delivery at customer site 𝑖

:

FF

= ∑ DF 𝑖

container ﬂeet size of FLDs

𝑖∈𝑁

:

FS

= ∑ DS 𝑖

container ﬂeet size of STDs

𝑖∈𝑁

𝐿

:
working time of trucks
:

𝑀

sufﬁciently large constant
𝐶

:

FF

exploitation cost of FLDs
𝐶

:

FS

exploitation cost of STDs
𝐶

H

:
cost of loading and unloading containers to/from trucks at customer sites

𝐶

U

:
cost of F/UF FLDs at the inland depot and customer sites

𝐶

V

:
ﬂeet-related cost of trucks

𝐶

T

𝑖𝑗

:
costs of movements of empty containers by trucks from depot/customer site 𝑖 to 𝑗

𝑇𝑖𝑗

:
travelling time of truck from depot/customer site 𝑖 to 𝑗, available as the product of the Euclidean distance
between depot/customer sites and an average trucking speed of 40 km/h

Note that 𝐶 is estimated twice as high as 𝐶 , due to higher purchase, maintenance and repair costs of FLDs.
FF and FS specify that the sum of imported shipments corresponds to the total containers in the hinterland.
FF

Decision variables
𝑉

:
Truck ﬂeet size

FS

𝑊

:

𝑘

= 1 if truck 𝑘 is used, and 0 otherwise
EH

𝑘𝑟

:

𝑖

Number of unfolded empty containers that are loaded/unloaded to/from truck 𝑘 on route 𝑟 at customer site
𝑖
𝑘𝑟

:

FH 𝑖

Number of full containers that are loaded/unloaded to/from truck 𝑘 on route 𝑟 at customer site 𝑖
𝑈

:

𝑘𝑟

𝑖

Number of F/UF containers to/from truck 𝑘 on route 𝑟 at customer site 𝑖
UH

𝑘𝑟

:

𝑖

Number of folded empty containers that are loaded/unloaded to/from truck 𝑘 on route 𝑟 at customer site 𝑖
𝑘𝑟

:

FZ𝑖𝑗

Number of loaded containers transported by truck 𝑘 on route 𝑟 from customer site 𝑖 to 𝑗
𝑘𝑟

:

EZ

𝑖𝑗

Number of empty containers transported by truck 𝑘 on route 𝑟 from customer site 𝑖 to 𝑗
𝑘𝑟

:

US 𝑖𝑗

Number of unfolded empty containers transported by truck 𝑘 on route 𝑟 from customer site 𝑖 to 𝑗
𝑋

𝑘𝑟
𝑖𝑗

:
= 1 if arc (𝑖, 𝑗) is used by truck 𝑘 on route 𝑟, and 0 otherwise

Auxiliary variables
𝑘𝑟𝑝

𝛿𝑖

:
= 1 if quantity 𝑝 (≤ 4 ) of containers are loaded/unloaded to/from truck 𝑘 on route 𝑟 at customer site 𝑖, and
0 otherwise

𝑘𝑟𝑝

𝜑

𝑖𝑗

:
= 1 if quantity 𝑝 of containers are transported by truck 𝑘 on route 𝑟 from customer site 𝑖 to 𝑗, and 0
otherwise

𝑘𝑟𝑞

𝜆𝑖𝑗

:
= 1 if truck 𝑘’s transport state is 𝑞 while the truck travels on a series of arcs (𝑖, 𝑗) and the
incoming/outgoing arcs to/from it on route 𝑟, and 0 otherwise

𝑘𝑟

𝜂

𝑖𝑗

:
= 3 if truck 𝑘 is with a single FLD as unfolded while passing arc (𝑖, 𝑗) on its route 𝑟 and is without any
containers before and after arc (𝑖, 𝑗), and < 3 otherwise

Formulation for DX with FLDs
The formulation for DX with FLDs is as follows:
[DX_FLD]
T

Minimize

𝑘𝑟

𝐶𝑖𝑗 𝑋𝑖𝑗

∑ ∑∑ ∑

+ 𝐶

H

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 𝑗∈𝑁

U

+ 𝐶

(

𝑈𝑖

∑

(2FH 𝑖

𝑘𝑟

+ UH𝑖

− 2

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 /{0}

𝑘𝑟

∑ ∑

∑

∑

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 /{0} 𝑗∈𝑁 /{0}

US 𝑖𝑗

+ 𝐶
)

(3)
subject to
𝑋

∑ ∑ ∑

𝑘𝑟

≥ 1

∀𝑖 ∈ 𝑁 ,

≥ 1

∀𝑗 ∈ 𝑁 ,

𝑖𝑗

𝑘∈𝐾 𝑟∈𝑅 𝑗∈𝑁

(4)
𝑘𝑟

𝑋𝑖𝑗

∑ ∑∑
𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁

(5)
∑

𝑋

𝑘𝑟
0𝑗

≤ 1

∀𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

≤ 1

∀𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

−

𝑋

𝑗∈𝑁

(6)
∑

𝑋

𝑘𝑟
𝑖0

𝑖∈𝑁

(7)
∑

𝑋

𝑘𝑟
ℎ𝑖

∑

ℎ∈𝑁

𝑘𝑟

= 0

𝑖𝑗

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑗∈𝑁

(8)
𝑘𝑟

∑∑

𝑋𝑖𝑗

≤ |𝑆 | − 1

∀𝑆 ⊂ 𝑁 / {0} , |𝑆 | ≥ 2, 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖∈𝑆 𝑗∈𝑆

(9)
∑∑ ∑

𝑇𝑖𝑗 𝑋

𝑘𝑟

≤ 𝐿

𝑖𝑗

∀𝑘 ∈ 𝐾 ,

𝑟∈𝑅 𝑖∈𝑁 𝑗∈𝑁

(10)
𝑘𝑟

∑ ∑

FZ

0𝑗

=DF 𝑗

∀𝑗 ∈ 𝑁 ,

𝑘∈𝐾 𝑟∈𝑅

(11)
𝑘𝑟

∑ ∑

FZ

𝑖0

=PF𝑖

∀𝑖 ∈ 𝑁 ,

𝑘∈𝐾 𝑟∈𝑅

(12)
𝑘𝑟

∑ ∑ ∑
𝑘∈𝐾 𝑟∈𝑅 𝑗∈𝑁

EZ

𝑖𝑗

−

)

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁

𝑘𝑟

∑ ∑

𝑘𝑟

∑ ∑∑

𝑘𝑟

∑ ∑ ∑
𝑘∈𝐾 𝑟∈𝑅 ℎ∈𝑁

EZ

ℎ𝑖

= DF 𝑖 − PF𝑖

∀𝑖 ∈ 𝑁 ∖ {0} ,

V

⋅ 𝑉 + 𝐶

FF

⋅ FF

(13)
1

𝑘𝑟

FZ

𝑖𝑗

EZ

𝑘𝑟

𝑘𝑟

=

𝑖

≤ 𝑋

𝑖𝑗

4

(14)
FH

𝑘𝑟

+

FZ

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖𝑗

∑

𝑘𝑟
𝑖𝑗

𝑗∈𝑁

(15)
𝑘𝑟

−EH 𝑖

𝑘𝑟

≤

𝑘𝑟

EZ𝑖𝑗 −

∑
𝑗∈𝑁

∑

𝑘𝑟

EZℎ𝑖 ≤ EH 𝑖

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

ℎ∈𝑁

(16)
4
𝑘𝑟𝑝

(𝑝 ⋅ 𝛿𝑖

∑

𝑘𝑟

) = EH 𝑖

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑝=1

(17)
4
𝑘𝑟𝑝

≤ 1

𝛿𝑖

∑

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑝=1

(18)
4

UH

𝑘𝑟

𝑘𝑟𝑝

=

𝑖

𝛿

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖

∑
𝑝=1

(19)
𝑈

𝑘𝑟

𝑖

= EH

𝑘𝑟

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖

(20)
4
𝑘𝑟𝑝

𝑝 ⋅ 𝜑
𝑖𝑗
∑(

𝑘𝑟

)

= EZ

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖𝑗

𝑝=1

(21)
4
𝑘𝑟𝑝

∑

𝜑

≤ 1

𝑖𝑗

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑝=1

(22)
4
𝑘𝑟

𝜂

𝑖𝑗

=

4
𝑘𝑟𝑝

1 −

∑ ∑

(

ℎ∈𝑁 𝑝=1

𝑘𝑟1

𝜑

ℎ𝑖

+ 𝜑
)

𝑖𝑗

+

1 −
(

𝑘𝑟𝑝

∑∑

𝜑

𝑗𝑙

𝑙∈𝑁 𝑝=1

(23)
3
𝑘𝑟𝑞

∑

(𝑞 ⋅ 𝜆𝑖𝑗

𝑘𝑟

) = 𝜂𝑖𝑗

∀𝑖, 𝑗 ∈ 𝑁 ∖ {0} , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑞=1

(24)
3
𝑘𝑟𝑞

∑

𝜆𝑖𝑗

≤ 1

∀𝑖, 𝑗 ∈ 𝑁 ∖ {0} , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑞=1

(25)
US

𝑘𝑟
𝑖𝑗

= 𝜆

𝑘𝑟3

∀𝑖, 𝑗 ∈ 𝑁 ∖ {0} , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

𝑖𝑗

(26)
∑∑ ∑
𝑟∈𝑅 𝑖∈𝑁 𝑗∈𝑁

(27)

𝑋

𝑘𝑟
𝑖𝑗

≤ 𝑀 ⋅ 𝑊

𝑘

𝑘 ∈ 𝐾,

∀𝑖, 𝑗 ∈ 𝑁 ∖ {0} , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,
)

𝑉 =

𝑊

∑

𝑘

,

𝑘∈𝐾

(28)
𝑉 ≥ 0 and integer,

(29)
EH

𝑘𝑟
𝑖

, FH

𝑘𝑟
𝑖

, UH

𝑘𝑟
𝑖

,𝑈

𝑘𝑟

𝑖

≥ 0 and integer

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(30)
𝑘𝑟

𝑘𝑟

𝑘𝑟

𝑘𝑟

EZ𝑖𝑗 , FZ𝑖𝑗 , US 𝑖𝑗 , 𝜂𝑖𝑗

≥ 0 and integer

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(31)
𝑊

𝑘

∈ {0, 1}

𝑘 ∈ 𝐾,

∈ {0, 1}

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(32)
𝑋

𝑘𝑟
𝑖𝑗

(33)
𝑘𝑟𝑝

𝛿𝑖𝑗

𝑘𝑟𝑝

, 𝜑𝑖𝑗

∈ {0, 1}

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅, 𝑝 ∈ {1, … , 4} ,

(34)
𝑘𝑟𝑞

𝜆𝑖𝑗

∈ {0, 1}

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅, 𝑞 ∈ {1, … , 3} .

(35)
The objective function (3) minimises the total costs, which consist of: the costs of the movements of containers
by trucks, the costs of loading and unloading containers to/from trucks, F/UF costs at customer sites, the ﬂeetrelated costs of trucks and exploitation costs of the FLD ﬂeet. Constraints (4) and (5) ensure that each customer
is served at least once by trucks. Constraints (6) and (7) ensure that each truck route consists of a maximum of
one truck. Constraints (8) guarantee ﬂow conservation. Constraints (9) relate to sub-tour elimination. Constraints
(10) guarantee the feasibility of the working time of trucks. Constraints (11) and (12) state that the import/export
loaded shipment with FLDs is carried directly between the inland depot and customer sites. Constraints (13)
deﬁne empty container demand as the difference between the number of import and export shipments with FLDs
of the customer. Constraints (14) specify the transport capacity of trucks for loaded and empty containers. The
factor 1/4 means that up to four FLDs can be folded and bundled into one package. Four folded and bundled
FLDs correspond to the dimensions of one STD. Furthermore, this constraint guarantees that loaded and empty
containers cannot be moved by the same truck at the same time. Equations (15) and (16) deﬁne the absolute
number of loaded and empty containers that are loaded or unloaded to/from trucks at each site, respectively.
Constraints (17)–(19) specify the substantive number of F/UF containers that are loaded or unloaded to/from
trucks at each site, incorporating a binary auxiliary variable. These constraints mean that up to four folded and
bundled FLDs can be loaded or unloaded to/from trucks as a single STD likewise; For instance, if the absolute
number of FLDs handled is EH = 3 , then the binary auxiliary variable is 𝛿
= 1 . Hence, the practical
number of FLDs handled is UH = 1 . Equation (20) deﬁnes the absolute number of FLDs that are
folded/unfolded at each site. Constraints (21)–(26) determine the number of empty containers which are moved
alone without being folded between customer sites. Speciﬁcally, these constraints count the number of unfolded
containers which are distributed as a single STD between customer sites, because the F/UF process is
unnecessary when a single FLD is directly exchanged between customers. Figure 5 demonstrates an example of
a single FLD movement without F/UF processes between customer sites. In this situation, if 𝜂 in constraint
𝑘𝑟

𝑘𝑟3

𝑖

𝑖

𝑘𝑟
𝑖

𝑘𝑟

12

4

(23) has accordingly the speciﬁc value (= 3), then 𝜆

𝑘𝑟3
12

= 1

and US

𝑘𝑟
12

= 1

. In other words, if

𝑘𝑟𝑝

∑ 𝜑

01

= 0

,

𝑝=1
4
𝑘𝑟1

𝜑

12

= 1

and

𝑘𝑟𝑝

∑ 𝜑

20

= 0

, then 𝜂

𝑘𝑟
12

= 3

. The situation 𝜂

𝑘𝑟
12

= 3

means that truck 𝑘 carries a single empty

𝑝=1

FLD on arc (1, 2) of route 𝑟. Then the truck moves without cargo on arcs (0, 1) and (2, 0) . If 𝜂 = 3 , then
𝜆
= 1 . Moreover, if 𝜆
has the speciﬁc value (= 1 ), it identiﬁes a single container which is not needed to
be folded and unfolded on arc (1, 2) , US = 1 . Equations (27) and (28) deﬁne the truck ﬂeet size. Note that the
characteristics of foldable containers are mainly reﬂected in constraints (14) and (17)–(19). These constraints
𝑘𝑟

12

𝑘𝑟3

𝑘𝑟3

12

12

𝑘𝑟

12

affect the reductions in the number of trucks used, the trip length of truck haulage and the number of handlings
of foldable containers.
Fig. 5
Example of single FLD moving without folding/unfolding
Full size image
Formulation for DX with STDs
The formulation for DX with STDs is as follows:
[DX_STD]
𝑇

Minimize

∑ ∑∑ ∑

𝑘𝑟

𝐶𝑖𝑗 𝑋𝑖𝑗

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 𝑗∈𝑁

+ 𝐶

𝐻

𝑘𝑟

∑ ∑∑

(2𝐹 𝐻𝑖

𝑘𝑟

+ EH
𝑖

) + 𝐶

𝑉

⋅ 𝑉 + 𝐶

𝐹𝑆

⋅ 𝐹𝑆

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁

(36)
subject to (6)–(12),
𝑘𝑟

∑ ∑

FZ

0𝑗

=DS 𝑗

∀𝑗 ∈ 𝑁 ,

𝑘∈𝐾 𝑟∈𝑅

(37)
𝑘𝑟

∑ ∑

FZ

𝑖0

=PS𝑖

∀𝑖 ∈ 𝑁 ,

𝑘∈𝐾 𝑟∈𝑅

(38)
𝑘𝑟

∑ ∑ ∑

EZ𝑖𝑗 −

𝑘∈𝐾 𝑟∈𝑅 𝑗∈𝑁

𝑘𝑟

∑ ∑ ∑

EZℎ𝑖 = DS 𝑖 − PS𝑖

∀𝑖 ∈ 𝑁 ∖ {0} ,

𝑘∈𝐾 𝑟∈𝑅 ℎ∈𝑁

(39)
𝑘𝑟

𝑘𝑟

EZ𝑖𝑗 + FZ𝑖𝑗

𝑘𝑟

≤ 𝑋𝑖𝑗

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(40)
(15), (16), (27), (28),
𝑉 ≥ 0 and integer,

(41)
𝑘𝑟

EZ

𝑖𝑗

𝑘𝑟

, FZ

𝑖𝑗

≥ 0 and integer

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(42)
EH

𝑘𝑟
𝑖

, FH

(43)

𝑘𝑟
𝑖

≥ 0 and integer

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

(32), (33).
The objective function (36) minimises the total costs, which consist of: the costs of the movements of containers
by truck, the costs of loading and unloading containers to/from trucks, the ﬂeet-related costs of trucks and
exploitation costs of the STD ﬂeet. Constraints (37) and (38) specify that the import/export loaded shipments
with STDs are carried directly between the inland depot and customer sites. Constraint (39) speciﬁes the number
of empty containers demanded as a fulﬁlment for the gap between the import and export trafﬁc using STDs.
Constraint (40) speciﬁes the transport capacity of trucks for loaded and empty containers. Moreover, this

constraint guarantees that loaded and empty containers cannot be moved by the same truck at the same time.
Needless to mention, each truck can move only a single STD.
Formulation for IX with FLDs
The formulation for IX with FLDs is as follows:
[IX_FLD]
T

Minimize

∑ ∑∑ ∑

𝑘𝑟

𝐶𝑖𝑗 𝑋𝑖𝑗

+ 𝐶

H

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 𝑗∈𝑁

+

𝐶

V

⋅ 𝑉 + 𝐶

FF

𝑘𝑟

∑ ∑∑

(2FH 𝑖

𝑘𝑟

+ UH𝑖

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁

) + 𝐶

U

𝑘𝑟

∑ ∑

∑

𝑈𝑖

𝑘∈𝐾 𝑟∈𝑅 𝑖∈𝑁 /{0}

⋅ FF

(44)
subject to
(4)–(12),
𝑘𝑟

∑ ∑

EZ

𝑖0

−

𝑘∈𝐾 𝑟∈𝑅

𝑘𝑟

∑ ∑

EZ

0𝑖

= DF 𝑖 − PF𝑖

∀𝑖 ∈ 𝑁 ∖ {0} ,

𝑘∈𝐾 𝑟∈𝑅

(45)
(14), (15),
𝑘𝑟

−EH 𝑖

≤

𝑘𝑟

∑

EZ𝑖𝑗 −

𝑗∈𝑄𝑖

𝑘𝑟

∑

𝑘𝑟

EZℎ𝑖 ≤ EH 𝑖

∀𝑖 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅,

ℎ∈𝑄𝑖

(46)
(17)–(20), (27)–(30),
𝑘𝑟

𝑘𝑟

𝑘𝑟

EZ𝑖𝑗 , FZ𝑖𝑗 , US 𝑖𝑗 ≥ 0 and integer

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅.

(47)
(32), (33),
𝑘𝑟𝑝

𝛿𝑖𝑗

∈ {0, 1}

∀𝑖, 𝑗 ∈ 𝑁 , 𝑘 ∈ 𝐾 , 𝑟 ∈ 𝑅, 𝑝 ∈ {1, … , 4} .

(48)
The objective function (44) is partially changed in terms of the costs of F/UF containers from the objective
function (3), since a single empty FLD is not exchanged between customer sites. Constraint (45) deﬁnes empty
container demand as the difference between the number of import and export containers, and this constraint only
allows empty containers to be exchanged between the inland depot and customers. Inequality (46) determines the
absolute number of empty containers that are loaded or unloaded to/from trucks at each site, because empty
containers cannot be directly exchanged between customer sites.
Formulation for IX with STDs
The formulation for IX with STDs is as follows:
[IX_STD]
Minimize (36)

subject to
(4)–(10), (37)–(39), (45), (40), (15), (46), (27), (28), (41)–(43), (32), (33).

Appendix 2: The virtual truck route with dummy nodes
The SA requires the design of the solution structure for solving the problems. Furthermore, to explicitly
distinguish the shipment states of trucks, i.e. loaded container, empty container or no carriage, we assume a
virtual truck route associated with some types of dummy nodes. The sets of dummy nodes are, namely: for
consignee dummy nodes (𝑁 : delivery point 𝐷 of loaded (imported) container, 𝑁 : supply point Es of empty
container), for shipper dummy nodes (𝑁 : pickup point 𝑃 of loaded (exporting) container, 𝑁 : demand point
Ed of empty container), and for the inland depot dummy nodes (𝑁
: supply point Es of empty container,
: demand point Ed of empty container). We assume ∣∣𝑁 ∣∣ = ∣∣𝑁 ∣∣ = ∣∣𝑁 ∣∣ and
𝑁
D

Es

P

Ed

′

′

Es

Ed

′

′

′

P
Ed
∣
∣ = ∣𝑁 Es ∣
∣𝑁 ∣
∣ = ∣
∣𝑁
∣
∣
∣

D

, where ∣∣𝑁

D

∣
∣

Es

Ed

′

is the cardinality of 𝑁 .
D

Figure 6 shows examples of DX and IX relocation scenarios with dummy nodes in case of using STDs. At the
delivery point 𝐷, once the imported container from the inland depot 0 becomes empty, it is automatically
transferred to the supply point Es, and the empty container is ready to be repositioned from Es to Ed (DX) or
Ed (IX). Moreover, after the empty is repositioned from Es (DX) or Es (IX) to Ed , then the empty container is
automatically transferred to 𝑃 . The empty is loaded with an exporting cargo at 𝑃 , and that loaded container is
transported from 𝑃 to the inland depot 0. In the IX scenario, empty containers are moved through Es → Ed or
Es → Ed , because empty containers enable only indirect exchange via the inland depot. Note that, in case of
using FLDs, since each truck has a transport capacity of four empty FLDs, trucks serve through the DX and IX
scenarios within the capacity between Es, Es , Ed and Ed .
′

′

′

′

′

′

Fig. 6
Example virtual truck routes with dummy nodes in case of using STDs
Full size image

Appendix 3: Solution representation and generating neighbourhood solutions
Figure 7a and b illustrate an example of truck movements and loaded/empty container distributions in a solution
for DX_STD and DX_FLD, respectively. In DX_FLD, loaded (import/export) containers are transported through
the node pair 0 → D or P → 0, then empty containers can be carried between Es, Es , Ed and Ed , because
trucks can freely serve between customers as long as their carrying capacity allows. Surely, trucks run with no
cost in the arc (node pair), if the arc consists of the originally identical node.
′

′

Fig. 7
Example service routes for SA
Full size image
Figure 7c and d show solution representations for DX_STD and DX_FLD. In DX_STD, truck A serves 0–2–6–
12–9–10–0–1–0 and truck B serves 0–5–8–4–0–3–7–11–0. On the other hand, in DX_FLD, truck A serves 0–3–
9–12–0–1–4–0 and truck B serves 0–2–6–5–7–8–10–11–0. If a truck working time reaches the limit, then the
artiﬁcial node pair 0–0, which means the end of the service route by the speciﬁc truck, is inserted into the

previous node pair to obtain a feasible solution. To distinguish the end of the service route by either the speciﬁc
truck or an identical truck, we employ this representation, namely the artiﬁcial node pair 0–0.
To generate a neighbourhood solution, randomly choose two node pairs from the current solution and then
exchange them, or insert another node pair chosen randomly to lie between the two node pairs. Additionally, it is
effective to swap two nodes which are contained within a node pair.

Appendix 4: Total costs in various cases (NC = 30 and 60 FEUs)
See Tables 5 and 6.
Table 5 Total costs in various cases (NC = 30 FEUs)
Full size table
Table 6 Total costs in various cases (NC = 60 FEUs)
Full size table
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