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Abstract: Long-haul continental freight flows still heavily rely on unimodal road transport. Inter-
modal transport, combining road transport with other transport modes, has the potential to have
lower operating costs and to be more environmentally sustainable. However, road transport benefits
from its better flexibility and adaptability to sudden disruptions and uncertainties. To facilitate a
modal shift towards intermodal transport, it is crucial to improve its resilience (i.e., capability to
resist and recover from sudden disruptions). Synchromodality is an extension of intermodality in
which decisions on modal choice and routing are not predefined long in advance but are taken based
on real-time information and may provide a step in that direction. The conducted literature review
investigates how uncertainty can be handled in intermodal and synchromodal freight transport
networks. The literature is classified based on the planning level, which is either strategic, tactical
or operational. The main focus is on the studied types of uncertainty and the proposed solution
approaches. This work contributes to the research field by reviewing the literature on intermodal and
synchromodal transport with uncertainty, presenting measures to mitigate the effects of uncertainty
and proposing future research directions.

Keywords: intermodal transport; synchromodal transport; disruption; stochastic; literature review

1. Introduction

In 2017, 73.3% of all inland freight transport was by road in the European Union, and
this value is increasing [1] (p. 37). In an effort to reduce the environmental impact and
costs, more efficient transport modes are being considered by logistics service providers. A
combination of modes is often used in which high-capacity modes such as trains and ships
perform long-haul transport and trucks perform first- and last-mile delivery. Intermodal
transport is the transport of goods with at least two different modes, whereby the goods
remain in the same loading unit throughout the whole trip [2]. Although no formal
definition exists, this definition is widely adopted [3].

Intermodal transport is potentially cheaper and more sustainable than unimodal
road transport [4]. This results from the lower costs and emissions per ton/km of trains,
barges and ships compared to trucks. For instance, a study that compares road and coastal
container transport in Taiwan concludes that emissions could be reduced by over 60% by
switching from road to ships [5]. However, pre- and end-haulage are typically performed
by trucks in intermodal transport. The cost and environmental benefits of the modal switch
should therefore compensate for the additional trans-shipment operations, making it less
attractive for short distances [6]. Apart from more energy-efficient transport modes, total
emissions can also be reduced by consolidating shipments, which in turn increases fill-rates
and reduces empty vehicle trips. Studies from Pan et al. [7] and Van Heeswijk et al. [6]
indicate that intermodal transport with consolidation can lead to higher fill-rates and lower
costs and emissions compared to road transport.
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Despite having a higher operating cost than other modes, road transport remains
heavily used. One reason is that logistics service providers are faced with many uncertain-
ties that can lead to disruptions and variations. Supply chain disruptions are defined as
unplanned and unanticipated events that disrupt the normal flow of goods in a supply
chain [8,9]. Examples of disruptions are labour strikes, accidents, natural disasters and bro-
ken infrastructure. Besides disruptions, networks are also subject to normal variations (e.g.,
variations in travel times due to normal congestion). Although the distinction between
them is not clear-cut, both aspects are the result of uncertainties.

As a result of these uncertainties, there is a need for flexibility and resilience. An exact
definition of flexibility is not available, since its meaning varies depending on the literature.
Evans [10] defines flexibility as the ability to make continuous adjustments in constantly
changing conditions. It is a general term that encompasses concepts such as resilience
and corrigibility, among others. Resilience is defined by Goetz and Szyliowicz [11] as
the ability of an organisation to continue to function after unexpected changes, whereas
corrigibility is the ability to learn and adapt to new conditions. For transport networks,
Chen and Miller-Hooks [12] define resilience as the capability to resist and recover from
disruptions. SteadieSeifi et al. [13] define a resilient freight transport network as one that
can recover from any disruption by preventing, absorbing, or mitigating its effects. The last
two definitions can be interpreted as a combination of resilience and corrigibility, which
illustrates that the differences between these concepts are vague. A measure of resilience
used by Chen and Miller-Hooks [12] and Miller-Hooks et al. [14] is the expected fraction of
demand that can be satisfied post disaster. In this paper, this definition of resilience from
Chen and Miller-Hooks [12] is used.

A review from Flodén et al. [15] on transport service choice indicates that cost is the
most important factor when choosing the transport service. However, only alternatives
that meet an adequate service quality are considered. Transport time and reliability are
major components of service quality. Intermodal transport is slower than unimodal road
transport, for instance due to trans-shipments and consolidation [16], and road transport
is more flexible than other transport modes [17-19], thereby hindering a modal switch.
Mitigating this lower flexibility is a key issue to facilitate a modal shift. Synchromodal
transport is meant to resolve this issue by allowing more flexible planning and real-time
updates. Synchromodal transport is an extension of intermodal transport with synchro-
nised operations between carriers, by including real-time rerouting of loading units over
the network to cope with uncertain events and operational or customer requirements [20].
According to Ambra et al. [21], synchromodality can be perceived as real-time, dynamic
and optimised intermodal transport. In their review on developments on synchromodal
transport related to the hinterland network of European Gateway Services (EGS), van
Riessen et al. [22] report that the main challenge for a transportation network operator
is the allocation of containers to inland services. They define the following three steps
to enable synchromodal transport: integrated network planning, real-time planning and
creating planning flexibility. Synchromodal transport has the potential to offer a better
performance than intermodal transport on flexibility, reliability and capacity utilisation.

Compared to unimodal transport, intermodal networks have more sources of un-
certainty with the additional use of terminals and trans-shipment [23]. Although many
studies address uncertainties in intermodal networks, an extensive overview of the existing
literature on the topic is missing. SteadieSeifi et al. [13] include but are not focused on
uncertainty in their large-scale literature review on intermodal transport. The authors
classify the literature into strategic, tactical and operational problems based on the planning
horizon. These horizons correspond, respectively, to long-term, medium-term and short-
term decisions. The strategic planning level regards the design of the physical network
and the investment decisions in the infrastructure. The tactical level concerns the design of
the service networks and planning routes. These decisions are made such that resources
for a given network are allocated and utilised optimally [13,24]. The containers can be
aggregated at this level. Operational planning problems address some of the same issues as
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tactical problems, such as routing and scheduling, but with individual containers and much
shorter planning horizons, such as on a day-to-day basis or in real-time [25,26]. Another
literature review by Elbert et al. [27] provides a detailed overview of the literature on both
deterministic and stochastic tactical planning in a multimodal setting. Our study differs
by specifically focusing on stochastic problems and by including all planning levels. The
aim of this study is to provide an extensive overview of the literature on intermodal and
synchromodal transport with uncertainty.

The main three contributions of our paper are: (1) an exhaustive overview of the
literature on intermodal and synchromodal transport with uncertainty; (2) an overview of
measures to mitigate the effects of uncertainty to facilitate the implementation of intermodal
transport; and (3) the proposal of relevant future research directions. Our methodological
approach is described in Section 2. The following sections each focus on one of the three
planning levels. Section 3 investigates strategic planning problems, studies on tactical
planning are reviewed in Section 4, and Section 5 addresses operational planning problems.
Each of these sections is further divided into a discussion of the studied planning problems
and a discussion of the proposed solution methods. Finally, Section 6 contains an in-depth
overall discussion and presents future research opportunities for each planning level.

2. Methodology

This section describes the method that was used to identify relevant papers and the
criteria to retain them. Searches are performed in the databases of Google Scholar and
the Hasselt University library. Only peer-reviewed journal publications are considered.
Academic literature is searched by looking up key words in the title. The title must contain
the word multimodal, intermodal or synchromodal and at least one of the following words:
uncertain(ty), stochastic(ity), random, disruption, perturbation or robust. This led to
561 results, of which 487 contain multimodal in their title, 70 contain intermodal and only
4 contain synchromodal. The ancestry approach is also used where literature that contains
uncertainty is cited.

To retain the most relevant literature, only papers which meet the following criteria are
kept: (1) the paper studies intermodal or synchromodal freight transport; (2) it contains at
least one source of uncertainty and (3) it presents a planning model. The scope of this review
is limited to network and flow planning in continental intermodal and synchromodal
transport. For instance, the study from Pizzol [28] was not selected because although it
includes uncertainty in an intermodal network, it focusses on the uncertainty of emissions
rather than intermodal planning. Terminal operations and maritime transport are also left
out of this review and therefore papers such as Carlo et al. [29-31] are omitted. Drone
delivery concerns small packages, which is why studies of this transport mode are left out.
This left us with 42 references, which are classified into different planning levels. Table 1
shows the number of studies on each planning level and type of uncertainty. Studies that
consider multiple uncertain elements appear several times. The number of studies per
year is shown in Figure 1. This figure indicates that the focus on uncertainty in intermodal
transport planning is a recent development, with most of the research performed in the
last ten years. The year 2018 appears as an outlier with the most publications. Figure A1l
in Appendix A lists the number of studies per journal, which shows a vast range of
journals with a single reference. Only the European Journal of Operational Research,
Transport Research part B: Methodological and Transport Research part E: Logistics and
Transportation Review contain three or more references.
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Table 1. Number of studies and types of uncertainty by planning level.

Planning
Level

Total

Transit . Hub Departure Times
Times Demand Capacity Costs Failures and Cancellations

Strategic
Tactical
Operational

23
12

3 4 1 2 1
12 11 7 1
6 7 2 1 1

Studies by year

2004  —

2007 ———

2000

2010 ————

2011 ——

2012

2013 Se—

2014  —

2015 m—

2016 |
2017 ——

201 |
2019

Figure 1. Number of studies on intermodal and synchromodal transport planning with uncertainty
per year.

3. Strategic Decisions

In their literature review on multimodal freight transport planning, SteadieSeifi
et al. [13] conclude that research on strategic problems mostly addresses hub location
problems, but only rarely considers uncertainties. The objective of hub location problems
is to find the optimal locations of hubs to transport orders from their origin to their destina-
tion. Apart from direct shipping, orders can be consolidated at hubs to create economies of
scale. In the context of intermodal transport, hubs can refer to intermodal terminals such as
seaports and rail terminals. An example of a hub location problem is shown in Figure 2. For
general overviews of hub location problems we refer to Alumur and Kara [32], Campbell
and O’Kelly [33] and Farahani et al. [34]. In the following section (Section 3.1), studies
on strategic planning problems that specifically account for uncertainties are discussed.
Considered uncertainties are related to transit times, demand, terminal capacity, costs and
hub failures. Section 3.2 gives an overview of the applied solution approaches to solve
these problems. An overview of the literature on the strategic planning of intermodal
transport with the type of uncertainty, solution methods and measures against uncertainty
is given in Table 2. All papers in Table 2 study hub locations problems. Most studies do not
take any active measures such as rerouting to mitigate the effects of uncertainty. Instead,
the scenarios are generated from random distributions and the solution with the lowest
expected cost is kept. This is referred to as “Scenario generation”. Three studies at the
strategic level apply robust optimisation. One of these constructs solutions which remain
feasible for any realisation of uncertainty, whereas the other two minimise the cost of the
worst case scenario.
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O Origin/destination
|:| . Opened terminal
|:| Unopened terminal
Rail connection
Road connection
Figure 2. Example of a hub location problem.
Table 2. Strategic studies with uncertainty.
Mot reterence TGRSt TN pamand  Copy ghi,  Cows g Uneiy
Si(%gg)a L [35] Unspecified X A: Heuristic gz;ir;:ggn
Soctory P Railmoad x Sncharioie gemeraton
Me;;}ﬁ;ind 1371 Unspecified X de}g;}r?jr?n(i?{ison 0 {i{r%]:i‘:asttion
(2016) p P
Foﬁlil};lin?d [38] Rail, road X X ?l:gcofirgﬁglc op{i{;?:asttion
(2017)
Ka1(‘121(1)111 éc)t al. [39] Unspecified X E: Solver gi;i?;ggn
Wagedp maleed : C A St
Ablz;giiggzt al. [41] Ship, road X X A;I?ilrg:ﬁli?ltgd op tl—i{r(x)l?:asttion

metaheuristic

1 E: Exact method, A: Approximation.

3.1. Planning Problems

Stochastic transit times are a first category of uncertainty considered at the strategic
level. Sim et al. [35] investigate small package delivery companies and include time-
windows. Deliveries have an origin and destination node. They must first be transported
to a hub, then possibly to another hub, and finally to the destination. A hub-and-spoke
network [42] is considered in which transport between two hubs is faster than between
nonhub nodes. The objective is to minimise the longest path for a given minimum service
level and number of hubs to be located. The model is applied on a case with up to 25
demand nodes and four facilities located in the US. The authors conclude that increased
transit time variability leads to optimal locations for hubs closer to a central hub.

Ishfaq and Sox [36] study hub location problems while accounting for delays at hubs,
which are a type of transit time uncertainty. Hubs are modelled as a queuing system
with limited resources and time constraints. The more resources are available at a facility,
the higher its processing capacity. Shipments need to be transported from an origin to a
destination in a hub-and-spoke network that includes road and rail transport. They can
be transported at lower cost on inter-hub connections. In contrast to Sim et al. [35], the
number of hubs is not predetermined. A fixed cost is incurred per opened facility. The
results of a case study of 25 US cities reveal an interaction effect between resources and
time constraints. Differences in the amount of resources only affect the costs if the time
constraints are strict, in which case lower resources lead to higher costs. The result is that
more hubs are opened when resources per hub are lower and shipments are more spread
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out over facilities to reduce queue lengths. With smaller time-windows, fewer facilities are
opened and more shipments only pass through a single facility. This is caused by more
direct shipments, which are faster than inter-hub transport. The total costs are higher as a
result because direct shipments are more expensive than inter-hub transport.

Stochastic demand is the second category of uncertainty. Karimi et al. [39] propose a
mixed-integer linear program (MILP) for the hub location problem with stochastic demand
and multiple commodities. Their model allows orders to be split and transported separately.
The objective is to minimise costs, which include flow costs, costs for establishing and
operating hubs and costs for new infrastructure. The number of hubs to build is not fixed.
A sensitivity analysis shows that splitting orders results in total cost reductions of up to
50% by fully using vehicle capacities.

Merakli and Yaman [37] investigate the robust uncapacitated hub location problem
with demand uncertainty. To model demand, upper bounds are defined for inbound
and outbound traffic at each node. The objective is to determine locations for a fixed
number of hubs such that costs of the worst-case demand scenario are minimised. As
the problem is uncapacitated, all demand is routed through the shortest path between
its origin and destination. Three test instances are used with 25, 81 and up to 200 nodes.
The problem is solved with a linear mixed integer programming formulation and two
Benders decomposition based exact algorithms. The authors conclude that the optimal
hub locations when uncertainty is accounted for are either identical or close to those in the
deterministic case.

The third category of uncertainty is hub failures. Strategic studies without hub failures
mitigate the expected effects of uncertainty by reducing their likelihood or impact, but
do not provide an answer on how to resolve disruptions when they occur. Orders are
either rejected or delivered late and a penalty cost is incurred. Studies that account for hub
failures reroute flows from inoperative to operating facilities, thus presenting a solution in
case of disruptions. A study on the expansion of intermodal networks from Fotuhi and
Huynh [38] includes both stochastic demand and hub failures. These networks can be
expanded by increasing the capacities or adding new terminals and links. Only existing
infrastructure can be affected by disruptions, in which case their capacities are reduced.
Fixed costs are incurred for infrastructure investments. Late deliveries incur a penalty cost
and deliveries are not carried out if the delivery cost is higher than the penalty cost. The
objective is to minimise total costs. Robust optimisation is used to solve the problem under
uncertainty. It constructs a solution that remains feasible for any realisation of uncertainty.
The paths are infeasible if they include a terminal which has not been selected to be built.
The solution with the lowest optimality gap for all scenarios is chosen. The sum of losses
by not choosing the optimal solution in each individual scenario is called regret. The test
case includes a realistic-size rail-road network with 20 terminals, 10 potential locations for
new terminals and 45 cities. Five demand scenarios are run based on forecasted demands
from 2020 to 2040. The results suggest that expanding the rail network will cost less in
the long run. New facilities are opened that provide sufficient capacity to absorb demand
from disrupted facilities. Disruptions have a higher impact on total costs than demand
uncertainty. As the robust function also includes the worst-case scenarios, regret is high in
about 30% of experiments. If those scenarios are unlikely to happen, it may be better to
exclude them.

Wang et al. [40] study the design of rail-road networks with fuzzy demand, cost
and transit time uncertainty. The considered costs are hub construction costs, transport
costs and trans-shipment costs. A hub-and-spoke network is designed with the following
decisions: (1) determine the locations of intermodal hubs and (2) assign spokes to hubs. The
weighted expected costs and the maximum time requirement are minimised in a biobjective
optimisation formulation. A MILP is formulated which is solved with a memetic algorithm.
The experiments are performed on a realistic dataset with 81 nodes. Compared to the
deterministic model, the fuzzy model leads to better results.
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Abbassi et al. [41] propose robust models for the intermodal terminal location problem.
The study considers a road and maritime network where the location of ports must be
determined. A deterministic case is compared against three models with each a different
type of uncertainty, namely terminal operating costs, terminal capacities and transportation
costs. Similarly to Merakli and Yaman [37], the objective is to minimise the cost of the worst
case scenario. Direct shipments are allowed. The share of direct unimodal shipments is
slightly higher in instances with uncertainty at the terminals.

3.2. Solution Methods

Hub location problems are NP-hard, which means that finding an optimal solution
is not always viable. The only studies that exclusively opt for an exact solution method
are Karimi et al. [39], which uses an exact solver on a MILP, and Merakli and Yaman [37],
which compares their proposed Benders decomposition algorithms against a mixed inte-
ger programming formulation with a 10 h time limit. The mixed integer programming
formulation can solve instances with up to 50 nodes within the time limit, compared to
200 node instances with the Benders decomposition algorithms. Ishfaq and Sox [36] use a
nonlinear mixed integer solver for problems of up to five cities, but the high computational
times render this method infeasible for larger problems. These larger problems are solved
with a tabu search metaheuristic. To benchmark the heuristic performance, the results are
compared against lower bounds that are obtained with a partial linear relaxation of one of
the subproblems. The heuristic obtains solutions in less than one minute for problems of
up to 15 cities and has an average optimality gap of 0.12%.

Due to the poor performance of exact solution methods, Sim et al. [35] also opt for
a heuristic approach to solve the stochastic p-centre problem. They test three different
heuristics: a radial heuristic based on the one from Dyer and Frieze [43], a randomised
greedy local-search heuristic proposed by Teitz and Bart [44], and a combination of both in
which the result from the radial heuristic serves as the initial solution for the Teitz—Bart
heuristic. On average, the combined heuristics result in the lowest optimality gap and
lower run times than the Teitz—Bart heuristic in the instances treated by Sim et al. [35].
Abbassi et al. [41] propose two solution methods: a simulated annealing metaheuristic and
a hybrid approach in which the result of the metaheuristic serves as an initial solution for
an exact method. Both approaches are compared against an exact method and the hybrid
method leads to lower optimality gaps.

Fotuhi and Huynh [38] propose a genetic algorithm combined with column generation
to obtain near-optimal solutions. The genetic algorithm is used to determine strategic
decisions and flows are assigned with column generation. Wang et al. [40] use a memetic
algorithm, which combines a genetic algorithm with two local search methods.

4. Tactical Decisions

Decisions at the tactical planning level involve allocating the resources optimally on
a given network. These decisions consist of determining on which routes services are
offered and the scheduling of those services, as well as routing freight [24]. SteadieSeifi
et al. [13] identify two recurrent groups of models on tactical planning: Service Network
Design (SND) and Network Flow Planning (NFP). NFP determines how to route orders
within a given service network, whereas SND decides what services to offer to route orders.
SND problems require two types of decisions. First, the service network is designed by
deciding which services to offer and their frequency. Then, freight is routed through the
selected services. The networks are typically modelled as a set of nodes that are connected
with arcs. The orders have an origin and destination node. For every arc, a fixed cost is
incurred if it is used in SND problems. These are the design costs for offering services on
those arcs. Flow costs are variable and depend on the amount of freight routed through
every arc. The objective of basic SND problems is to minimise the total cost, which is
equal to the sum of the design and flow costs. NFP problems are similar to SND problems
but exclude the design step. An example of a service network is shown in Figure 3. For
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more information on tactical planning, we refer to Wieberneit [45] and Elbert et al. [27].
Wieberneit [45] provides a literature review on SND which does not limit its scope to
multimodal and stochastic problems. The review of Elbert et al. [27] focusses on tactical
studies in a multimodal setting and also includes deterministic problems.

O Origin/destination
. Intermodal terminal

Selected rail service
= = = = Not selected rail service

Road connection

Figure 3. Example of a service network.

4.1. Planning Problems

At the tactical level, uncertainties related to demand, transit times, capacity and costs
are studied. However, the studied types of uncertainty differ between NFP and SND
problems. Demand uncertainty is the most studied type of uncertainty for SND problems
because the networks are usually set up in advance for longer periods of time. Therefore,
complete demand information is not available yet. In contrast, stochastic demand is rarely
studied in NFP problems since it is often assumed that demand is already known before
routes are determined. Transit times and capacity are the most studied uncertainties for
NEFP, but are rarely included in studies on SND. Capacity uncertainty is modelled by
lowering the capacities of links, nodes and intermodal terminals following disruptions. For
severe disruptions such as disasters, capacities can also be set to zero. Only one study on
SND considers capacity uncertainty, since the other studies assume that once a service is
scheduled, it will never fail. One study on SND accounts for cost uncertainty by treating
transport costs per arc as random variables within an interval [46].

Due to capacity restrictions and disruptions, it may be impossible to deliver all orders
in time. A recurrent solution to deal with this problem is to impose a penalty cost for orders
which cannot be delivered in time. These orders can either be delivered with a delay or
handled by a subcontractor at the price of the penalty cost [19,47]. Both options can be
used simultaneously if a delay leads to a missed transfer [48].

Although the objective of tactical planning problems is often to minimise costs, multi-
objective optimisations are also used. Other elements in the objective function can include
total transport time and emissions [19,49]. Demir et al. [19] minimise costs, time and
greenhouse gas emissions by assigning different weights to each objective. The authors
find that when only emissions are minimised, penalty costs and transportation costs are
very high. Trucks must wait for electric trains, which have insufficient capacity to transport
all loads at once. As an alternative, Sun et al. [47] include emissions in their objective
function by adding emission costs. A different objective which does not include costs at
all is to maximise the fraction of demand that can be satisfied following a disaster [12,14].
The remainder of this section is divided between studies on SND (Section 4.1.1) and NFP
(Section 4.1.2).

4.1.1. Service Network Design

Studies on service network design with uncertainty are listed in Table 3.
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Table 3. Studies on Service Network Design (SND) with uncertainty.
Authors (Year) Reference Modes Transit Times Demand Capacity Costs Late Deliveries Solution Method ? II{/I[llctfé;Tlg:\y
Andersen and Penalty for .
Christiansen [50] Rail X delivery time E: Solver zgfrlgggn
(2009) variability &
. o Ad hoc capacity Scenario
Lium et al. (2009) [51] Unspecified X increase E generation
ps Ad hoc capacity . g Scenario
Hoff et al. (2010) [52] Unspecified X increase A: Metaheuristic generation
o . Scenario
Crainic et al. o Ad hoc capacity A: Tabu-search .
[53] Unspecified X - S generation,
(2011) increase metaheuristic recourse
Psltlaeéttrf; ir(lgofi%;l [54] Road, ship X Not allowed E: Solver Collaboration
. (o Ad hoc capacity . :
Bai et al. (2014) [55] Unspecified X increase, rerouting E: Solver Rerouting
Meng et al. (2015) [56] Barge, rail, road X Ad }.Llr?ccrgzgeadty A: SAA, matheuristic Recourse
Demir et al. (2016) [19] Barge, rail, road X X Penalty cost A: SAA, solver Recourse
/ P Travel time in A Simuﬁated Scenario
Yang et al. (2016) [46] Air, rail, road X X objective annealing generation
metaheuristic
Hrusovsky et al. - Ad hoc capacity A: Simulation— Scenario
(2018) (571 Barge, rail, road X increase optimisation generation
. . Penalty and . . . Scenario
Zhao et al. (2018) [48] Rail, ship X nonfulfilrent cost A: Genetic algorithm generation
A: SAA, ant colony
Zhao et al. (2018) [58] Rail, Ship X X Penalty cost optimisation Recourse
metaheuristic
. A: Simulation— Scenario
Layeb et al. (2018) [59] Barge, rail, road X X Penalty cost op tliﬁlils:tilgrr’: generafilon
Sun et al. (2018) [60] Rail, road X Not applicable E: Solver gigeer;:fiig n

1 E: Exact method, A: Approximation.
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Andersen and Christiansen [50] study travel time uncertainty in the European freight
train netw