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Preface

Dear reader,

In recent years the global container transport has increased significantly. Container transport is essential
to keep the society running. Finding the optimal route for containers decreases the total costs and emis-
sions of the network. I hope to sharpen the expectations about the potential of the joint optimization of both
containers and trucks and to contribute to a more integrated container network.

With the opportunity to dive into one topic for several months, I found the topic of synchromodal trans-
port an interesting topic with incredible potential. The process of modeling was for me like solving a puzzle
and a lot of fun to do so. I am very grateful for all the time, feedback, and discussions with my daily supervi-
sors Bilge and Rie. I feel that I could not have accomplished the goals I had for this research without you. The
knowledge of the topic and the way you both give feedback has brought the research to a whole new level.
Thank you for your continuous support throughout the process.

I would like to end by giving a special word op appreciation to my parents Ronald and Renate for their
continued support throughout all study years, my girlfriend Margot for her advice and support, and all of the
friends with whom I could always exchange ideas and thoughts.

Enjoy!

J.M. Sprokkereef
Delft, December 2020
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Summary

Global container transport has increased significantly in the last decades, which results in an increase in con-
tainer throughput [36]. Containers travel through the hinterland by truck, ship, or train. Existing models
determine the route of a container through a synchromodal transport network assuming that trucks are al-
ways available. Once the container route is determined, the truck companies determine what the best truck
routes are. The aim of this research is to investigate the impact of combining truck and container routing
through a synchromodal network.
To find out what the impact of combining truck and container routing is, first the existing transport mod-
els are explored. Secondly, the key performance indicators are identified. Thirdly, to study this, I create the
Integrated Container and Truck (ICTR) model, which can route both containers and trucks through a syn-
chromodal network in an optimal way, considering costs, distance, and times. The model decides how the
containers travel (by truck, or by a combination with ship and/or train) and the route of the trucks (when
the trucks are full and when the trucks are empty). Followed by developing a benchmark model that both
represents current practice well and provides information on the routes of the trucks (both when empty and
full), by considering which scenarios that can be used to show what impact the integrated routing of contain-
ers and trucks can be. Finally, the results of the experiments conducted with ICTR and the benchmark are
discussed in terms of total costs, CO2 emissions, modal split and the amount of empty truck kilometers.
The existing models considering intermodal or synchromodal container transport, assume that there are un-
limited trucks available at any time. In reality, trucks have to depart and return to depots, drive to a pickup
point and a delivery point, etc. The most relevant papers for this research are first [26] which states that
considering empty truck trips has a significant influence on the performance of the model, it considers the
empty moves of a truck but does not route the truck and the container individually so time windows are not
included. Secondly, the paper of [5] uses a static model which chooses the modes in a static and determin-
istic way, it does not route the truck and it does not consider trains. Finally, the paper of [51] who created a
multi-trip multi-depot vehicle routing problem with time windows and release dates. This enables trucks to
go through a network but it does not include other modes or container routing.
The key performance indicators in synchromodal transport are transport costs, CO2 emissions, time costs,
and waiting time costs. This research does in contrast to other models focus on the full trip of the truck con-
sidering loaded and empty kilometers. This is only possible because the models in this thesis consider the
empty kilometers as well.
To analyse the advantages of integrating the truck route and the container route in a synchromodal network,
the ICTR model and benchmark model are created. The models are static and deterministic, and has the
inputs of the network, trucks, containers and scheduled services. These are models both of which individu-
ally route containers and trucks through the network. The objective is to decrease the costs, considering the
route of the truck (time costs and distance costs) and the route of the container (considering the mode choice
costs and the waiting time at nodes). The ICTR model integrates the routing of the trucks and the containers.
The benchmark has the same constraints but is divided into two stages, since this is how transport typically
is planned in practice. Stage 1 determines the route of the containers, assuming that at all nodes there are
unlimited trucks available at any time. Stage 2 has to find the optimal truck route with the available trucks,
based on the routes of the containers determined in Stage 1. The output of the benchmark is a feasible solu-
tion for the ICTR model, which can be used as a warm start for the ICTR to decrease the calculation time.
Simulated experiments show that there can be up to 25 % cost reduction when using integrated planning
(ICTR) compared to the benchmark. Furthermore, the simulated experiment shows up to 11 % improvement
in the CO2 emissions, without including the emissions in the objective function. The improvement of using
the ICTR model depends on the availability of the trucks for the containers at the nodes. This is firstly deter-
mined by the starting and final location of the truck (the distance from the depot to the start of the loaded
move). Secondly, the network in question (where the scheduled services are and if the truck availability is the
bottleneck), and thirdly, the specifications of the transport demand.
In conclusion, the impact of combining the routes of containers and trucks can be a decrease of costs and
emissions. However, it depends on the location of the demand, the network, the availability of trucks and the
costs of all parameters. If there are limited trucks available with limited time, the possible benefits increase.
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1
Introduction

In this chapter, the scope of the research is introduced. First, the background information is provided on
global transport (Section 1.1) and the role of synchromodal transport (Section 1.2). Section 1.3 summarizes
the relevant previous studies in this field. Section 1.4 identifies the research gap in the literature of transport
routing models and reflects on the drawbacks of missing this information. In Section 1.5 the added value by
closing the research gap is motivated. In Section 1.6 the research gap is translated to a research question with
sub questions. The structure of the report is given in Section 1.7.

1.1. Background
Global transport of containers has increased significantly in the last decades. A lot of the global transport
of goods is transported by containers, which results in an increase in container throughput at container ter-
minals [36]. To handle larger volumes of containers, terminals increase their expenses on improving the
container throughput in the terminal, for instance in Rotterdam [39]. According to Langen and Pallis [25] the
hinterland accessibility is as important as the container throughput of the terminal and has obtained an in-
creasing importance in the seaports competitiveness. In Europe there are several seaports competing which
have invested in the transport networks around the ports, for instance the ports in the region of Le-Havre-
Hamburg [24]. Without investing in efficient and well-functioning hinterland transport chains a seaport can
lose attractiveness to shippers and carriers. More efficient hinterland container transport helps to release
containers faster and reduce the congestion in and around seaports [7].

To transport containers inland, there are several transport options, truck, by ship, or by train. In 2018,
road transport was the leading mode of freight transport in the European Union (52.4%) followed by maritime
transport (30.0%) and rail transport (13.0%) [14]. Unimodal road transport is even more dominant in other
countries. Road transport has several advantages such as flexibility and speed for hinterland transport, but is
undesirable when considering the social and environmental impacts [42]. An important issue in the regions
around the main seaports is traffic congestion. The reason for this is that the roads around the terminals are
not constructed for the growth in container throughput in combination with commuters [30]. The increased
amount of container travels by road can cause a negative environmental impact. It is estimated that for an
import or export container the amount of emission CO2 per kilometer if carried by a small (inland) container
ship is 5.6 CO2/tonne-km and 155 CO2/tonne-km for trucks [27].

Increasing the efficiency of transport can increase the throughput of containers and decrease the costs
and emissions of CO2 per container. To decrease the cost and the emissions of trucks and containers, the
ideal transport routes have to be determined for all modes of transport considering the routes and options.
Determining the ideal routes in real-time can be seen as the final goal for the future.

1.2. Synchromodal transport
Improving the efficiency of freight transport can be done by integrating the freight transport chain. In the
time span of over 35 years, five different concepts relating to freight transport have been introduced [41]. The
concepts are: Multimodal Transport, Intermodal Transport, Combined Transport, Co-modal Transport, and
Synchromodal Transport.

1



2 1. Introduction

Multimodal Transport is the carriage of goods by two or more modes of transport [47]. Intermodal Trans-
port considers the integration of the transport modes into one system from start to end. This includes active
coordination. The aim of Intermodal Transport is to improve the overall efficiency of the transport system.
Combined Transport can be seen as Intermodal Transport with the added dimension of sustainability. Co-
modal Transport can be seen as Intermodal Transport with a focus on efficiency.

Synchromodal Transport is the most recent concept. A definition for synchromodality is: "Mode choice
is made along with the production of the transport service, based on real-time information on the current
conditions of the transport system"[41]. When considering the hinterland network, it results in making the
mode choice for a container between truck, train, and ship. And integrating the modes and containers based
on real-time information on the routes. Within a synchromodal system delays, congestion, reliability, pricing,
availability transit times, etc. can be improved. By including these factors in the routing decision, it can result
in increased reliability and efficiency in the network.

1.3. Related work
In literature on freight routing, there are three different decision groups: strategic planning, which determines
the long-term planning (such as the location of hubs), tactical planning which determine the medium-term
decisions (such as the location of roads) and the operational planning, which determines for instance how a
truck travels through the network. Several studies have been addressing the strategic and tactical planning,
but only a few have been focusing on the operational level [17]. Synchromodal Transport is focused on the
operational level of transport, but even in this field there is limited research available. There are still large gaps
in the literature regarding models for integrated network planning, methods for real-time decision making,
and methods for creating flexibility in the transport planning problem [48].

Recent models such as the model of Behdani et al. (2016) [7] integrate the routing of container transport
with ship and trains. The routing of the trucks is not included in the model, and the trucks are assumed as
always available. It is furthermore often assumed that trucks are always available for the transport of contain-
ers. This assumption is analysed by [26] which includes the kilometers of a truck when it is not transporting
containers. This is the first study to the authors knowledge which considers empty kilometers of the trucks in
the synchromodal transport network. The trucks and containers are routed as flows within the network using
model predictive control. The result of the research was that the assumption that trucks are always instantly
available at a location significantly changes the optimal route. However, a model that can individually route
both trucks and containers is not yet available.

1.4. Problem context
Current synchromodal container transport models consider that trucks are available at all locations and do
not include the entire routing of the truck and the availability of the truck. Not including the entire route
of the truck and the availability of the truck is an assumption that could have significant influences on the
result. Because of this assumption, the optimal route for the container is determined without considering
the optimal route of the truck. Truck transport is often the least environmentally friendly and is the most cost
expensive [26], it is thus important that container routes do not enforce bad truck routes.

If the entire routes of trucks are not considered, the travel distances of the truck when it is not transporting
a container are not included in the entire routing decision. For instance, the trip to the pickup and delivery
point is missing and the empty trip between nodes. The empty kilometers of a truck is not considered. When
the truck is loaded, the truck is earning money, and when the truck is traveling empty the truck is costing
money. When optimizing the route of the truck, the truck should decrease the amount of empty travel dis-
tance. The empty distances are in the first ride, and the last ride (from and to the depot), and between the
different transport jobs. For instance, considering the routing between location A, B, and C, in combination
with different jobs; traveling from location A to location B and thereafter from location B to location C is
more efficient than when the truck travels from location A to location B followed by traveling from location C
to location B, see Figure 1.1.
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Figure 1.1: Truck routing problem, where the lines are loaded trucks and the stripes are the empty trips of trucks

When the trucks are assumed always and infinitely available, the total truck capacity is not included. A
container terminal can be located close to a container terminal and can have a lot of trucks, but this does
not result in infinitely available trucks at any time. Next to the limitation of the total truck capacity, the road
routes a truck is using has also limitations. Traffic jams often occur around deep-sea terminals and should
be considered in the loaded and empty trips. The traffic situation on the road (such as traffic jams) and the
dynamic environment at terminals are a problem in container and truck transport. According to Crainic and
Kim (2007) [11], truckload carriers operate in a highly dynamic environment. There is little known with cer-
tainty regarding the waiting delays at customer locations, precise locations of loaded and empty containers
at later moments in time, future demands, and so on. If the entire route of the truck is analysed there can
be more understanding in the road sections where the truck could be delayed. Research is necessary to im-
prove the vehicle utilization of container trucks in freight transport model in such a way that costs, quality,
and emissions are improved. This could lead to improved understanding of the dynamic environment for
containers and trucks in future research.

1.5. Relevance of research

Synchromodal transport is a relatively new field of research with a limited number of existing models. Ex-
isting models route the containers through the synchromodal network. A clear gap in the literature is the
individual routing of both the trucks and containers within a synchromodal network. This research finds out
what consequences it has to leave out the routing of the individual truck. By routing individual routes of the
trucks and containers, this research includes empty trips and the capacity of trucks. This can result in differ-
ent optimal routes for containers through a synchromodal network, which has an impact on the costs, CO2

emissions and the quality of service.

Costs of the trucks during transport are based on the distance and the time spend. When considering the
integration of the trucks and containers, the trucks can work together to transport. This way the costs of the
total network can be decreased. Trucks emit CO2 which has obtained increased focus last years. Compared
to other modes, the truck emits per container more CO2, so decreasing the empty kilometers results in sig-
nificant emission reduction. When achieving an increased understanding of the network capacity limitations
in truck transport, the quality of the service can increase. With the quality of service the reliability of arriving
before the due date for containers and trucks is meant. This research can be a step towards a fully syn-
chromodal hinterland transport network, by improving the integration of truck routes in the synchromodal
container network.
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1.6. Research questions
The aim of this research is to study the impact of integrated planning by developing a method that is capable
of routing individual containers and trucks through a synchromodal network in an optimal way, considering
costs, distance and emissions. The model decides how the containers travel (by truck, or by a combination
with ship and/or train) and the route of the trucks (when the trucks are full and when the trucks are empty).
This model should be able to decrease the synchromodal transport costs and CO2 emission and increase the
quality of the transport. The following is the main research question:

“What is the impact of combined truck and container routing through a synchromodal transportation net-
work?”

To investigate the impact of combined truck and container routing, we developed a model considering a
Synchromodal Transport system. The model considers a static, deterministic, multi commodity problem
with scheduled services (ship and train) and individual routing of containers and trucks. The ICTR model,
which integrates the route of the container and the trucks is compared with the benchmark model, which
first determines the route for the containers followed by determining the route of the truck. The results will
show what the impact is of the assumption of the current container routing models that trucks are always
available compared to the situation that individual trucks route through the network.

The research question is broken down into several sub questions. The first sub question explores the cur-
rent transport models available and what can be learned from those models. The second question sets the
direction of the research, with the Key Performance Indicators (KPI) the objective function(s) can be deter-
mined. The third sub question explains the used method to build the joint optimization models. The fourth
sub question is considering which scenarios to use in the experiments to find out what impact the integrated
routing of containers and trucks can have. The next sub question discusses the results of the scenarios and
can answer the research question. The question evaluates the possible contribution of this research towards
decreasing the transport costs and the CO2 emissions. The final question evaluates the impact of the individ-
ual routing of containers and trucks on the modal split and the number of empty kilometers of the truck.

1. What current routing models are available in synchromodal transport systems?

2. What are the KPIs in synchromodal transportation?

3. How can a joint optimization model for container and truck routing be developed?

4. What are relevant scenarios for the experiments to evaluate the performance of the proposed joint
optimization model?

5. What is the impact of the individual routing of container and truck on the cost and the amount of CO2

emission?

6. What is the impact of the individual routing of container and truck on the modal split and the amount
of kilometers trucks drive empty?

1.7. Outline
Firstly, in Chapter 2 the literature is introduced where the existing routing models and the KPIs in synchro-
modal transport are explained. Secondly, in Chapter 3, the method is given to develop the joint optimization
model. Chapter 4 explains the performed experiments and shows the impact of the model on the KPIs. Fi-
nally, in Chapter 5 the research question is answered and possibilities for future research are given.



2
Literature Review

In this chapter, the literature background is introduced, in such a way that after this chapter synchromodal
transport is explained, existing models are introduced and the KPIs are described. The differences within
the synchromodal transport definition, the modes involved, the potential, and the challenges are presented
in Section 2.1. Followed by analysing in Section 2.2 what models are available within the intermodal and
synchromodal transport spectrum and determine which could be used for this research. Section 2.3 sums
up the key performance indicators in synchromodal transport. Finally, in Section 2.4 a literature summary is
given.

2.1. Synchromodality
Synchromodal Transport is a recently introduced term based on several already existing terms. This section
introduces and defines the term of Synchromodal Transport and the already existing terms in section 2.1.1.
Introduces the transport modes used in hinterland transport, its advantages and disadvantages in section
2.1.2. And finally, explains what the purported benefits and challenges are of Synchromodal Transport in
section 2.1.3.

2.1.1. Definition
This section gives more insight into the definition of synchromodality and what it is based on, by first in-
troducing the definition of using a single mode followed by the definition of using multiple modes and the
differences in these definitions.

When a container is picked up and delivered using a single mode of transport, the concept of transport is
called uni-modal transport. Despite the fact that linking the transport chain by different modes of transport is
discussed for years, unimodal road transport is still the most preferred hinterland transport [46]. According to
Reis (2015)[41] there are several different concepts to integrate the transport chain. The following concepts
will be discussed in this section: Multimodal Transport, Intermodal Transport, Combined Transport, Co-
modal Transport and Synchromodal Transport.

Multimodal transport is transport of a container using multiple modes. Intermodal transport uses multi-
ple modes and integrates for a unit load the door-to-door transport. Combined transport introduces within
the intermodal transport the component of sustainability. Co-modal transport introduces within the inter-
modal transport the component of efficiency.

Synchromodal transport is in addition to these other definitions, adding the concept of adaptive mode
choice. According to Tavasszy et al. (2015) [46] "Synchromodality, or synchronized intermodality, can be
briefly summarized as the vision of a network of well-synchronized and interconnected transport modes,
which together cater for the aggregate transport demand and can dynamically adapt to the individual and
instantaneous needs of network users." This means that the mode choice is made along with the production
of the transport service. The difference compared to the other transport concepts is that the choice is made
in real-time during transport. Figure 2.1 shows the differences between the transport concepts.

5



6 2. Literature Review

Figure 2.1: Sequential relations between transport concepts [41]

2.1.2. Modes of the synchromodal transport chain
In this section, the modes involved in hinterland container transport around the port of Rotterdam are intro-
duced. The seaport container terminals of Rotterdam can have, contact to sea, inland waterway, rail, and road
[39][19]. Terminals in the hinterland can have contact to the inland waterway, rail, and road. In hinterland
transport the sea-transport is an input.

The transport chain is partitioned into three segments: the pre-haul (which is the first mile for the pickup
process), the long-haul (which is the hub-to-hub transit of containers), and the end-haul (which is the last
mile of the delivery process). The pre-haul and the end haul are in most cases carried out via road transport.
The long haul considers next to road transport also transport via rail and water modes. The long haul trans-
port usually considers the involvement of multiple transport modes [45][46]. The transportation between
terminals can be dependent on the accessibility of the terminal by all hinterland modes [46]. The pre-haul is
the part of the trip where it is transported from a customer towards a container terminal/hub, and the end-
haul is the part of the transport of a container where it is travelling from the container terminal/hub towards
the location of the customer.
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Figure 2.2: Different modes and characteristics

When considering the modes (trucks, trains, and ships) they have differences in costs, environmental
impact and flexibility. The differences can be seen in Figure 2.2 based on [46]. Trucks are the most frequent
used travel mode, and travel by road is available to all terminals/hubs and transport 1 to 2 containers. So, the
trucks have the advantage of being flexible and fast. Because of the direct access of the road to all terminals
and customers, the container is transported by truck mostly in the first and final leg of the journey.

Because a truck has limited space for containers, there are a lot of trucks required to transport a lot of
containers. This causes truck container transport to be relatively less sustainable compared to the other
modes. Also, a truck requires a driver, which compared to other transport modes results in higher personnel
costs.

Trains have the advantage of using electricity and being quick. Which results in the most sustainable
container transport option. The downside of trains is that trains are track dependent and that the tracks can
be busy. Due to the busy tracks, the train is the least flexible option. To make train transport profitable, the
train requires a substantial flow to the hinterland.

Ships have the advantage of being the cheapest compared to the other container transport modes. There
are different uncertainties for ships such as busy locks and changing water levels. Compared to truck trans-
port, ship transport is more sustainable due to the number of containers transported. The disadvantage of
ships is that the travel-velocity of ships is low compared to other modes. Furthermore, to use ships, water
access is required for a terminal. This results in less flexibility in transport compared to trucks, but more
flexibility compared to trains.

All the transport modes have their advantages and disadvantages, combining the advantages of each will
result in the optimal use of the network.

2.1.3. Potential and challenges of the synchromodal transport routing
Currently, uni-modal road transport is the most frequently used mode of transport for containers [14]. This
has the advantage that the transportation in such a system is highly flexible, but the disadvantage of being
costly, being part of traffic jams and it is less sustainable. Optimizing uni-modal transport is considered as
vertical integration. Vertical integration has the aim to optimize the operation of moving resources and sta-
tionery resources. Horizontal transport considers the integration of multiple modalities as a single transport
service [7]. For Synchromodal Transport, vertical and horizontal is required, which can be seen in Figure
[2.3]. A network that is horizontally and vertically integrated could result in better overall network perfor-
mance. Synchronization of ship, train, containers, and trucks could lead to seamless operations, with re-
duced waiting time, storage, and total transportation costs. Furthermore, due to the synchronisation there
can be positive effects on the joint optimized services. Because of the effects on the responsiveness of the
vehicles and the increased possibility to customize the route during the transport.
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Figure 2.3: Modes and integration in synchromodal transport

According to literature [48], the challenges in implementing Synchromodal Transport are threefold. Firstly,
there are currently no suitable methods for creating an integrated network plan. Secondly, adapting that plan
into real-time decision making to react to delays and other spontaneous changes. And thirdly, because of
the customer restrictions with its transportation orders, the network misses the flexibility to switch between
modes and routes and cannot achieve the benefits of synchromodal planning. This research focuses on a
method for creating an integrated network plan by including the routes of the trucks. Future research will be
required for the other gaps in the topic of Synchromodal Transport.

2.2. Models available
When considering transport models there is a wide variety of models available. This section first analyses
the available transport models, when considering the modal choice and the individual route of a vehicle.
Followed by selecting the most relevant models. Finally, the relevant models are compared to the Integrated
Container and Truck Routing (ICTR) model of this thesis.

2.2.1. Transportation models considering multiple modes
This section firstly shows the different types of transport models which consider multiple modes, followed
by analysing which model types are relevant to the research, and finally evaluates the most relevant mod-
els. When considering container transport models, three different planning horizons can be defined. The
decision horizon levels are: strategic, tactical, and operational [45].

Strategic planning

The strategic planning problems considered in multimodal freight transport relates to the investment deci-
sions on the present infrastructures. An example is the model of Meng[32], which determines the intermodal
hub-and-spoke network based on investment budget limits and different stakeholders. The goal of the model
is to decrease the total transport costs by locating the hub on the optimal location. Other strategic models
also include the capacity of the arcs, for instance due to congestion [21].

Strategic considerations are required when optimizing the infrastructure or choosing the locations of the
hubs. For this research it is out-of-scope since it focuses on optimally using a given network, so the strategic
planning models are not further analysed.
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Tactical planning

Tactical planning problems deal with optimally utilizing the given infrastructure, by choosing the services
and transportation modes. For a container the decision is made on which terminals to use and what service
to consider, without deciding the specific route. A service (ship and train) has an origin, destination, and in-
termediate terminals, its transportation mode, route, and its service capacity. A Mode has a Loading capacity,
speed, and price. There can be two categories defined in Tactical planning models, the flow planning models
and secondly the Service network design models [45].

Table 2.1 presents the analysed tactical models. The models are divided into the modes which are sched-
uled and the types of the model: flow, static, and dynamic.

The flow planning models lead to decisions on the movement of commodities through the network. The
category of flow models considers the input of commodities as "flow" instead of as individual commodities.

One example is the research of Meng [33] which proposes a liner ship fleet planning problem that takes the
containers into account. The containers are introduced as an average approximation. Another flow planning
example is train scheduling, where Verma [50] considers flow variables for the container input and optimizes
the schedule for the trains while considering the total costs and the risks during transport.

Both service network design models plan the service schedules including the transportation services and
modes for the commodities. The service network design models can be divided into static and dynamic
problems. The static problems determine the equipment planning, the routing, the flow of commodities,
and the capacity allocation. For dynamic problems at least one feature varies over time.

This research routes the containers/commodities and trucks individually through the network, where the
trains and ships are assumed as scheduled. From the tactical problems the mode choice of the container
is interesting. Because this thesis model does choose the mode of transport implicitly. When applying the
criteria of using a static model and that multiple modes are used, the model of Ayar and Yaman (2012) [5]
and the model of Pazour et al. (2010) [37] could provide an insight into the part of the mode choice for in the
model.

The paper of Pazour [37] considers person transport on high-speed rail network and has the aim to reduce
traffic jams in the United States of America, by using an uncapacitated network design model. However, in
this model it is not possible to follow individual commodities/persons. The paper of Ayar and Yaman (2012)
[5], gives a multi-commodity routing problem with scheduled services. This paper is relevant for the research
and further analysed in Section 2.2.3.

Table 2.1: Tactical models

Flow Static Dynamic
Ship Meng et al. (2011b) [31] Gelareh et al. (2011) [15] Agarwal et al. (2008) [1]

Meng et al. (2012) [33] Hsu et al. (2007) [20]
Shintani et al. (2007) [43]
Caris et al. (2012) [10]

Train Verma et al. (2010) [49] Anghinolfi et al. (2011) [4] Andersen (2009) [2]
Verma et al. (2012) [50] Andersen et al. (2009) [3]

Pedersen et al. (2009) [38]
Zhu et al. (2014) [52]

Truck Hoff et al. (2010) [18]
Lium et al. (2009) [28]

Ship & Truck Ayar et al. (2012) [5]

Truck & Train Pazour et al. (2010) [37] Moccia et al. (2011) [35]

Operational planning

"On operational planning level, we still look for the best choice of services and associated transportation
modes, best itineraries and allocation of resources to the demand. However, we need to answer the real-time
requirements of all multimodal operators, carriers and shippers." is stated in Steadieseifi[45], this means
that in contrast to the tactical level of planning, the individual routing of containers is analysed but not all
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operational models are real-time. This results in more calculation intensive models, which are often solved
by approximation.

In Table 2.2, the literature of of Steadieseifi et al. (2014)[45] is extended with recent literature and analysed
based on the mode(s) used. The available operational planning models be divided into fleet management and
resource allocation models, and itinerary re-planning models.

The fleet management and resource allocation problems focus on decisions such as: (re)positioning and
storing. For instance, in the paper of Lam (2007) [23] uses an approximate dynamic programming approach
for the allocation of empty containers. Or for example, the paper of Erara (2005) [13] focuses on asset man-
agement problems faced by container operators. The problem is formulated as an operational container
management problem as a large-scale multi-commodity flow problem on a time-discretised network.

The itinerary re-planning problems focus on the real-time optimization of routes, which can consider
operational disturbances and multi-modal routes, for instance, Bock (2010) [9], introduces a real-time con-
trol approach for transshipment and dynamic handling of disturbances and accidents. The research of Goel
(2010) [16] combines the shipment and route choice for assets moving through a multi-modal network, where
the trucks are assumed always unlimited available. More up to date itinerary re-planning models are the pa-
pers of Guo et al. (2020) [17], Larsen et al. (2019) [26], Qu et al. (2019) [40], Mes and Iacob (2016) [34] and
Behdani et al. (2016) [7].

This research is an operational model for itinerary planning because of the individual routing of contain-
ers and trucks. The most up to date models with those specifications can be seen in 2.2. These models are
relevant for this research and further analysed in Section 2.2.3.

Table 2.2: Operational models

Fleet management and resource
allocation

Itinerary Re-planning

Ship Di Francesco et al. (2013) [12]
Lam et al. (2007) [23]
Song and Dong (2012) [44]

Train
Truck
Ship and Truck Bock (2010) [9]

Goel (2010) [16]
Truck and Train Bandeira et al. (2009) [6]
Ship and Train
Truck, Train and Ship Erera et al. (2005) [13] Guo et al. (2020) [17]

Larsen et al. (2019) [26]
Qu et al. (2019) [40]
Behdani et al. (2016) [7]
Mes and Iacob (2016) [34]
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2.2.2. Truck routing models
When considering the individual route of trucks that are transporting containers there are several steps dur-
ing a trip. The trucks start at a depot, pick up a container, deliver a container, and then decide if there is
another container to pick up and deliver or to go to the same or another depot. A truck must be able to drive
over an arc multiple times, because it must be able to transport different containers over the same road. It
should also be possible to follow each move of a truck and determine if the capacity of the truck is used and
which specific container it is transporting. Most important of all this is to do it in an optimal way. Zhen (2020)
[51] evaluates the literature of the Vehicle Routing Problems (VRP) and proposes an interesting model which
is able to pick up and deliver goods and individually route trucks to do so.

There are several different vehicle routing problems available, an overview is given in Table 2.3. In this
table the options of a VRP are shown. The first vehicle routing problem (VRP), which selected the optimal
route for a vehicle to a set of customers. The VRP had the following assumptions: each vehicle must depart
and return to the same depot; each customer must be served exactly once and there is a single depot. Over
the years the vehicle routing problem has advanced to consider time windows for the transported goods
(VRPTW).

A multi-depot VRPTW (Multi-D VRPTW) is the next step. This variant serves customers based on multi-
ple depots and the start location and final location must be for each truck at the same depot. A multi-trip
VRPTW (Multi-T VRPTW) has the option for trucks to do multiple trips (visits to the depot). A multi-trip and
multi-terminal problem with VRPTW and release dates (Multi-D&T VRPTW-R) is presented in [51]. The truck
routing of the IRCT model proposed in this research is based on the model of [51] which routes vehicles but
does not consider the intermodal network. This way it is possible for trucks to visit nodes and arcs multiple
times and still be able to know the exact time that truck at a specific location. In Table 2.3 methods for vehicle
routing problems and the IRCT model are compared.

Table 2.3: Different VRP problems

Depot O & D Serving
customer

Time
windows

Multiple
trips

Release date
(associated with
customers)

VRP Single Same Once N N N
VRPTW Single Same Once Y N N
Multi-D VRP Multiple Same Once N N N
Multi-D VRPTW Multiple Same Once Y N N
Multi-T VRPTW Single Same Once Y Y N
Multi-T VRPTW-R Single Same Once Y Y Y
Multi-D&T VRPTW-R Multiple Once Y Y Y
This thesis Multiple Multiple Y Y Y
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2.2.3. Most relevant studies
The most relevant models for this research are determined in Section 2.2 and summarized in Table 2.2. In
this section, we give a detailed overview of these models followed by a thorough introduction of each. Ta-
ble 2.4 gives an overview of the model specification and how this thesis relates to those models. The table
shows if the model is Tactical or Operational (T/O). What modes are used in the model, Truck (Tr) and Ship
(Sh) or truck, ship, and train (All). If empty truck trips (ETT) are considered to some extend. If the trucks are
routed individually (Individual Routing of Trucks (IRT)) and if the containers are routed individually (Indi-
vidual Routing of Containers (IRC)). If the model inputs do not vary over time which is indicated as Static(S)
or vary over time which is indicated as Dynamic (D). If the solution is Approximated (app) or Optimal (Opt).
Finally, what kind of network is used, a network with two nodes with one single origin and destination (single
OD) or using multiple nodes (multi).

T/O Modes ETT IRT ICR S/D App/Opt Network
Guo (2020) O All No No No D App multi
Zhen (2020) O Truck Yes Yes No S Opt multi
Larsen (2019) O All Yes No No D App multi
Qu (2019) O All No No No D App multi
Behdani (2016) O All No No No S Opt single OD
Mes (2016) O All No No No D App multi
Ayar (2012) T Tr&Ba No No Yes S Opt multi
This thesis O All Yes Yes Yes S Opt multi

Table 2.4: Overview of models

Guo (2020)

Guo (2020) [17] introduces an online synchromodal matching problem to match transport services and ship-
ment requests. The objective is to minimize the total costs of the problem over a given planning horizon.
She designs a heuristic algorithm that solves the dynamic planning problem in an efficient way. The model
is a dynamic and stochastic shipment routing model, which involves all modes of transport. The trucks are
routed as capacitated vehicles with fixed routes and flexible departure times. Compared to this thesis model,
the model of Guo does not consider a deterministic result, individual routes of containers and trucks and
empty truck kilometers. The trucks in the model are assumed always and unlimited available.

Zhen (2020)

The model of Zhen (2020) [51] is a uni-modal model, considering only road transport. The problem is a multi-
trip multi-depot vehicle routing problem with time windows and release dates. The goal of this research is
to minimize the travel time as a mixed-integer programming model. The experiments with this model show
that with certain algorithms a near-optimal solution can be found for problems up to 200 demand, 20 depots,
and 40 vehicles. To solve problems with increased numbers of demand, depots, and vehicles there are two
algorithms developed: the hybrid particle swarm optimization algorithm and a hybrid genetic algorithm.
Compared to this thesis model, the model of Zhen does not consider the individual route of containers and
other modes of transport than trucks. This means that the model of Zhen does not route individual containers
through a network.

Larsen (2019)

The model of Larsen (2019) [26] focuses on the optimal use of ship, rail, and truck transport. With the aim
to find an overall efficient solution, taking future actions into account. Larsen focuses on the challenge to
integrate container and truck planning in a synchromodal network, using model predictive control (MPC).
Compared to the other models, the model considers empty truck travels. The model, however, considers
trucks and containers as flows and can thus not guarantee time-constraints for individual trucks and con-
tainers. This results in that there is no individual routing of trucks and containers, so it has not an optimal
solution but it approximates the solution.



2.3. Key performance indicators in intermodal transport 13

Qu (2019)

The model of Qu (2019) [40] focuses on the unexpected uncertainties which could cause deviation from the
original plan. This mixed-integer programming model is able to re-plan the freight transport in the hinter-
land. It uses flow routing for containers. Compared to this thesis model the model of Qu firstly, does not
route the container and the truck individually secondly, assumes trucks as always available thirdly, assumes
different inputs over time, and is dynamic and finally approximates the solution.

Mes (2016)

Mes (2016) [34] is a model which is solving the problem known as the multi-objective k-shortest path prob-
lem, where the shortest path for the container through the network is found, taking into account schedules
of trains and ships, closing times of hubs and time-windows of orders. The main goal of the model is to de-
crease CO2 emissions. Compared to this thesis model the model of Mes firstly, does not route the container
and the truck individually secondly, assumes trucks as always available thirdly, assumes different inputs over
time and is dynamic, and finally approximates the solution.

Behdani (2016)

Behdani (2016) [7] optimizes the schedule of the trains and ships, assuming that all trucks are always avail-
able in unlimited numbers. The model considers a single origin-destination path, with a static demand.
Compared to this thesis the model of Behdani does not consider a network with multiple nodes, and it does
not consider the individual routing of containers and trucks.

Ayar (2012)

The research considers a routing problem for multiple commodities through an intermodal network that
includes trucks and ship transportation. "Given a planning horizon, a set of commodities to be picked up
at their pickup times and to be delivered not later than their due dates, the problem is to decide on routes
for these commodities using trucks and scheduled and capacitated maritime services at minimum cost of
transportation and stocking at the seaports" [5]. Compared to this thesis model the model of Ayar does not
consider firstly, all modes of transport. The train is not included in the network and model of Ayar. Secondly,
the route of an individual truck is not included, the model assumes that trucks are always and unlimited
available.

This thesis

The model presented in this research is a multi-mode, operational, static, and deterministic model that con-
siders all modes of transport. The ships and trains are modeled as scheduled services, and the trucks and
containers are routed individually through the network. The basis of this model is the mode choice procedure
of Ayar (2012)[5] and the detailed individual routing of the trucks by Zhen(2020)[51]. This thesis combines
those two models and furthermore considers the constraints to determine which container is transported
with which truck, constraints for specific time windows for containers and trucks, and constraints to include
trains in the network. For each container in this thesis, it is clear how it routes through the network and on
which moves it uses a specific truck, so empty truck moves can be included. This model is the first model that
integrates the individual truck and the container route through the synchromodal network.

2.3. Key performance indicators in intermodal transport
Synchromodal transport is possible when multiple transport chains are integrated. Each transport chain has
many companies involved, such as terminal operators, transport operators and etc., who all have the primary
objective to optimize the goals of their own company [19]. For instance, a truck company has the goal to
reduce costs and increase profits by having more trips that are optimally connected to each other, but it has
to compete with other truck companies. To achieve the projected benefits from synchromodal transport, an
integrated network and cooperating companies are required. Else, due to the self-serving behaviour there
could be poor performance in the network due to inefficient routing and waiting times.
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In commodity transport problems, to decrease the complexity, the role of all the individual stakeholders is
ignored, and the whole system is managed by one single central party [45]. In reality, companies are compet-
ing with each other in a dynamic market. On the one side, there are the customers who demand the cheapest
service with the highest quality and on the other side, there are the companies, of the shippers, trucks, railway
personnel and the terminal operators. What all the stakeholders have in common that the companies want
to optimize their own goals, which are in most of the times the costs of the transport and being, as a network,
competitive to other networks.

To determine how a transport network is performing Key Performance Indicators where the different de-
cision models can be compared to, have to be determined. Based on the stakeholders the main goal is to
decrease the total network costs. The KPIs in the most relevant studies and this thesis model can be seen in
Table 2.5. All the models consider the total costs of the network as the objective to minimize. In the table can
the difference be seen between the models on what is included and excluded in the total cost. There can also
be seen that some research has KPIs which are not in the objective function.

The modal split is determined by the travel distance of a container using a certain mode divided by the
total transport distance of that container. The modal choice of the model can be indicated by this KPI. Based
on this result the preferred mode of transport can be seen, this shows if the model chooses to use less uni-
modal transport. The waiting time of containers at nodes is included in most of the relevant research, with
an amount of cost per time. Storing a container at a certain location costs money. The waiting time also indi-
cates how long a container has been standing still in the network. This is included in the objective to motivate
the model to decrease the total transport time and to create a more realistic model. In recent years there is
an increased interest in decreasing CO2 emissions. In some research, it is an objective and implemented in
the cost function by a tax per CO2 emissions tonne per kilometer usage of a certain mode [17][34]. In other
papers, the amount of CO2 is a KPI, but not the objective. In the case of this thesis which has the aim of
integrating trucks and containers, the amount of emission is a KPI and not the primary goal of this research,
because stakeholders make decisions primarily based on costs.

Empty truck kilometers cost money, but are not considered in most papers not considered in the objective
function, except for the model of Larsen (2019)[26] and this thesis. This thesis is the only research available
to the authors knowledge that is considering the entire route of the truck and is able to determine what the
effective kilometers are. The trucks effective kilometers, which is the number of loaded kilometers of a truck
divided by the total distance of the truck, indicates if the truck is used optimal or not.

In the case of this research, the situation where the route of the container is determined with the con-
sideration of truck capacity is compared to when the container route is determined when trucks are always
available. This thesis Model has the objective to decrease the costs of the total network. Which considers the
entire trip of the truck, from leaving the depot to returning at the depot and the entire trip of the container,
including all modes used by the container. The key performance indicators of this thesis model are the modal
the total costs, per mode, the modal split, the waiting time, the CO2 emitted, and the truck efficiency.

Modes Total
costs

Modal
split

Waiting
time

CO2 Empty
truck

Truck ef-
ficiency

Guo (2020) All Obj Obj Obj
Zhen (2020) Truck Obj
Larsen (2019) All Obj Obj KPI Obj
Qu (2019) All Obj Obj
Behdani (2016) All Obj KPI Obj
Mes (2016) All Obj Obj
Ayar (2012) Tr & Ba Obj Obj
this thesis All Obj KPI Obj KPI Obj KPI

Table 2.5: Overview of models
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2.4. Summary
This chapter answers the first two sub questions by analysing the existing routing models available in syn-
chromodal transport and indicating the frequently used KPIs in state-of-the-art synchromodal transport
models. This research focuses on the operational problem of routing containers and trucks. There are nu-
merous models available that consider operational transport optimization, but there is no model available
which is able to solve the routing of individual trucks and containers through a synchromodal network.

The key performance indicators in synchromodal transport are costs, CO2, time costs, and waiting time
costs. This research can in contrast to other models, focus on the effective kilometers of the truck as a KPI be-
cause it can track the empty kilometers as well and indicate how effective a truck is used in the network. With
the information gathered in this literature chapter, the next Chapter 3 formulates the model mathematically.





3
Methodology

To analyse what the advantage could be to integrate the truck route and the container route in a synchro-
modal network, the Integrated Container and Truck Routing (ICTR) model and the benchmark model are
created. Both are new models that are routing the trucks and the containers.

The ICTR model determines the optimal route for the containers, considering the entire trip of the trucks.
The benchmark model considers, first that trucks are always available, when determining the route of the
container, followed by finding the optimal route with the available trucks.

This chapter explains how the joint optimization model for containers and trucks through a synchro-
modal network can be developed based on the literature review of Chapter 1.3. In Section 3.1 it is first de-
scribed how the modeling approach was selected. Hereafter, the conceptual model is introduced in Section
3.2. Finally, the mathematical models of the ICTR model and the benchmark model are presented. The sec-
tion concludes with a summary of this chapter.

3.1. Selection of the modeling approach
This thesis has the aim to find out what the impact is of combined truck and container routing through a
synchromodal transportation network. Therefore, two different new models are created, first the integrated
container and truck routing model (ICTR), and secondly the benchmark model which represents the assump-
tion of existing models. Both models should be able to route trucks and containers individually through the
network to find out what route decisions are different when combining the truck and container routes.

The ICTR model integrates the individual routes of trucks and containers to find the optimal solution.
There is no existing model where the results of the ICTR model can be compared to. Therefore, the benchmark
model is created. The benchmark model first routes the containers based on the assumption of existing
models, that assume that trucks are always and unlimited available, followed by finding the optimal route
for the available trucks based on their capacity. The output of the benchmark is the optimal route for trucks
when the route of the containers is already determined. By comparing the ICTR model and the benchmark
model, the added value by the integration of the route of containers and trucks is analysed. Both models are
new models that can route the trucks.

3.2. Conceptual model
The proposed benchmark and the ICTR model are static and deterministic. The models know upfront what
the demand is for the time span of the model. Both individually route the containers and trucks through the
system. Figure 3.1 shows an overview of the inputs and the outputs of both models.

3.2.1. Inputs of the model
The inputs of the model consist of parameters of the network, containers, trucks, trains, and ships. In the
following subsections, the different inputs and their underlying assumptions are described.

17
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Figure 3.1: Model overview

Network

The network in the model is composed of arcs and nodes. The nodes are the hubs, at the hubs the containers
can switch mode and can travel over the arcs by transport modes. There are two different transport networks
used in the model, the road network, and the network of the scheduled services. Those are modeled in dif-
ferent ways, which will be described in Section 3.4. The inputs for the road network are the distance between
the nodes. The road network can be used by empty and loaded trucks. The information on the network of
scheduled services is based on the scheduled services available.

Containers

Containers in the model can use the scheduled services and the trucks to travel over the arcs. Each container
is routed individually and requires an origin, destination, a start time, and a due date. The containers can
travel to all nodes but is not able to travel back over the same arc, so loops can be prevented. This decreases
the calculation options for the models.

When a container is introduced in the network and has arrived at a node, the time between the delivery
and the pickup at the node is the waiting time.

Trucks

Trucks in the model are able to drive through the network and can visit nodes multiple times. The truck
routing is a Multi-D&T VRPTW-R problem based on the model of [51] and the constraints to be able to be
loaded and transporting containers are added.

A truck can use the road network and travel between all nodes with a road. Trucks have an origin, a desti-
nation, a start time and a end time of operation, and a limited set of moves. The operational time corresponds
in real life to the time that a truck is ready to drive, so there is a truck and a driver available. A move is defined
as passing an arc and counted for all nodes a truck visits. The number of moves is introduced so the truck can
be individually tracked and visit nodes multiple times. The time between the start time and the end time is
seen as the active time where the truck can either be used to drive through the network or remain parked at
the depot. Both models only use the trucks needed and the trucks which do not have to transport a container,
stay at the origin and are not included in the total costs. The time before the truck leaves the depot and after
the truck arrives back at the depot counts as the operational time. The trucks have an estimated velocity,
cost per hour of usage, and cost per kilometer of driving. There is no difference in empty driving and loaded
driving when considering the costs, which is an assumption that could be altered in future research.

Scheduled services: Trains and ships

The trains and the ships in the model have fixed departure times, transport times, and costs. Dependent on
the kilometers of the service in combination with the mode (train or ship), the costs per kilometer and travel
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time are estimated. The trains and ships have an associated limited capacity.

3.2.2. Objective function
The objective of the model is to minimize the total costs of the transport, considering the usage of the sched-
uled services paid per container, the waiting time of containers at nodes and the costs of driving the trucks
(which can be divided into time costs and distance costs).

3.2.3. Outputs of the model
The outputs of the model are determined by the minimization of the objective function based on costs. The
output of the model contains the optimal route of the truck and the container based on costs. With these
outputs, the KPIs can be analysed.

Containers

The outputs for the containers are the optimal routes where the costs for the entire system are optimal. Based
on the optimal route, the modal split can be calculated. We define modal split as the percentages of kilometers
a certain mode is used out of the total distance the containers are transported.

Trucks

The outputs of the truck is the optimal route (and time) of the truck to pickup and deliver all the containers.
The route of the truck is not only considered between the pickup and delivery location, but also the empty
moves. Based on this information, the loaded to empty rate (effective ratio) is determined.

Costs

Minimizing the total cost of the model is the objective function of the model. The costs are indicated for
all modes. The truck costs include the costs of the distance driven of the truck and the time costs from the
moment it leaves the depot until it arrives at the depot. The costs of the scheduled services are estimated
based on the costs per container per trip (considering the distance), which is different for both the modes.
The waiting time of the containers at nodes is also included.

CO2 emissions

Based on the driven distances and the amount of CO2 emitted by the modes in Tonne/TEU-km the amount
of CO2 emissions of the transport can be determined. The changes in CO2 emissions are indirect effect of
planning container and truck routes together, because it is not considered in the objective function of both
models.
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3.3. Mathematical model
In this section the mathematical formulation of the ICTR model and the benchmark model are introduced.
By first, showing the sets and indices used for the model. Secondly, by formulating the objective function and
the constraints of the ICTR model. Finally, by mathematically formulating the benchmark model.

3.3.1. Sets and indices

Notations
Indices and sets
T set of trucks indexed by t
M set of moves of a truck indexed by m
N set of nodes in the network indexed by i and j
A set of scheduled services indexed by a
K set of containers indexed by k
Parameters
(ok ,dk ) the origin and final destination of container k
(ot ,dt ) the origin and final destination of truck t
(m0,m f ) move 0 and final move
(rk , qk ) the operational with the beginning and end of container k
(rt , qt ) the start time and end time of the operational time of truck t
σi j travel time by road from node i to node j (including loading and unloading)
la departure time for scheduled service a
va travel time for service a
(sa , ta) starting point of service a and destination of service a
ua container capacity of a service
ca the costs of using service a
fi j the travel distance costs by truck from node i to node j
bi waiting costs of a container at node i
e t truck costs per unit time (driver costs)
Decision variables
zk

a binary, 1 if container k is using service a, zero otherwise
zk

i j binary, 1 if container travels from i to j by a truck over a road, zero otherwise

x t ,m
i j binary, 1 if truck t is moving from i to j in move m, zero otherwise

yk,t ,m
i j binary, 1 if truck t in move m is transporting container k, zero otherwise

ρk
i the time that container k arrives at node i

ξk
i the time that container k leaves node i
τt ,m

i the time that truck t in move m arrives at node i
φt the time that truck t leaves the origin
wk

i waiting time of container k at node i
M a sufficiently large positive number
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3.4. ICTR Model
Objective function

min
∑

k ∈ K
(

∑
a ∈ A

ca zk
a + ∑

i ∈ N
wk

i bi )+ ∑
t ∈ T

∑
i ∈ N

((τ
t ,m f

i −φt )e t + ∑
m ∈ M

∑
j ∈ N

x t ,m
i j fi j ) (3.1)

Objective function [3.1] is minimizing the total costs of the transport by determining the optimal route for
individual trucks and containers through the network. The costs of the container transport are determined
by the costs when the container uses a scheduled service (by

∑
a∈A ca zk

a ), the waiting time at each depot (by∑
i∈N wk

i bi ). The costs of the truck are determined by the time spent by each truck (labour costs), and the
driving costs (costs of fuel). The truck distance used is the total distance of a truck loaded and empty and the
time of the truck is the time from where it leaves the depot to when it arrives back to the depot (operational
time). In the remainder of this section, the constraints of the ICTR model are provided in different groups.

Container routing
The container routes are constrained by [3.2],[3.3],[3.4],[3.5] and [3.6].

Constraint [3.2] ensures that all containers leave the origin and arrive at a node by truck (
∑

i∈N zk
ok ,i ) or by

scheduled service (
∑

a∈A:sa=ok
zk

a ). Constraint [3.3] ensures that all containers arrive by a truck (
∑

i∈N zk
i ,dk

) or

a scheduled service (
∑

a∈A:ta=dk
zk

a ) at the final destination of the container.
Constraint [3.4] is a flow conservation equation which ensures that if a container arrives at a node by truck or
by a scheduled service, it leaves that node by a truck or a scheduled service (unless the node is the origin or
the destination of the container, then constraints [3.2] or [3.3] apply).
Constraint [3.5] ensures that all nodes can be visited once by a container prevents the container from making
loops. Constraint [3.6] prevents the container to return at a node where it has been before. The constraints
state that for all containers and nodes the containers only use an arc (by road or by scheduled service) once.∑

i∈N
zk

ok ,i +
∑

a∈A:sa=ok

zk
a = 1 ∀ k ∈ K (3.2)

∑
i∈N

zk
i ,dk

+ ∑
a∈A:ta=dk

zk
a = 1 ∀ k ∈ K (3.3)

∑
j∈N

zk
j i +

∑
a∈A:ta=i

zk
a = ∑

j∈N
zk

i j +
∑

a∈A:sa=i
zk

a ∀ k ∈ K , i ∈ N \ {ok ,dk } (3.4)

∑
a∈A:ta=i

zk
a + ∑

j∈N
zk

j i ≤ 1 ∀k ∈ K , i ∈ N (3.5)

zk
i j + zk

j i +
∑

a∈A:(ta=i & sa= j )
zk

a + ∑
a∈A:(ta= j & sa=i )

zk
a ≤ 1 ∀ k ∈ K , i ∈ N , j ∈ N (3.6)

Truck routing
The routing of the trucks is bounded by constraints [3.7],[3.8] and [3.9]. Constraints [3.7] and [3.8] ensure
that for all trucks, the moment that the truck has to leave the origin to transport a container, there is a pickup
point and a delivery point. [3.7] bounds the pickup and delivery point for every truck and bounds the number
of trucks departing. [3.8] bounds for every truck the departing value in such a way that there is only a truck
used when a container has to be transported, otherwise the truck will not leave the origin.
Constraint [3.9] is the flow conservation constraint. The trucks which arrive at a node will leave that node, for
all trucks, in all moves (except the last move) at all nodes.∑

i∈N
x t ,m0

ot ,i = ∑
i∈N

x
t ,m f

i ,dk
≤ 1 ∀ t ∈ T (3.7)

∑
i∈N

x t ,m0
ot ,i = ∑

i∈N

∑
j∈N

x t ,m0
i j ∀ t ∈ T (3.8)

x t ,m
i ,i + ∑

j∈N \i
x t ,m

j i = x t ,m+1
i ,i + ∑

j∈N \i
x t ,m+1

i j ∀ t ∈ T,m ∈ M \ m f , i ∈ N (3.9)



22 3. Methodology

Routing of the schedules services
The scheduled services are bounded by constraint [3.10] which ensures that the number of containers trans-
ported by a scheduled service cannot exceed the maximum capacity of that scheduled service.∑

k∈K
zk

a ≤ ua ∀ a ∈ A (3.10)

Combining container and truck routing
The individual containers and the individual trucks are combined by constraints [3.11] and [3.12].
Constraint [3.11] links the truck, move and location of the truck to the loaded moves of the truck.
Constraint [3.12] links the loaded move of a truck to a container.

x t ,m
i j ≥ ∑

k∈K
yk,t ,m

i j ∀t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.11)

zk
i j =

∑
t∈T

∑
m∈M

yk,t ,m
i j ∀k ∈ K , i ∈ N , j ∈ N (3.12)

Time of trucks
The time that trucks arrive at a node is constrained by [3.13],[3.14],[3.15] and [3.16].

Constraint [3.13] ensures that for all trucks, moves, and nodes the time of a truck in move m (except for
m0) is greater or equal than the time a truck arrives at the last node plus the travel time which includes loading
time and unloading time if the truck is travelling from i to j.
Constraint [3.14] constraints the time for the first move (m0). With φt as the departure time of truck t at the
origin.
Constraint [3.15] ensures that the arrival time of the truck cannot exceed the final arrival time (qt ) of that
truck in the final move.
Constraint [3.16] ensures that the truck leaves the first node after the start time of that truck (rt ).

τt ,m
j ≥ τt ,m−1

i + σi j x t ,m
i j ∀ i ∈ N , j ∈ N , t ∈ T, m ∈ M \ m0 (3.13)

τ
t ,m0
j ≥φt + σi j x t ,m0

i j ∀ i ∈ N , j ∈ N , t ∈ T (3.14)

τ
t ,m f

dt
≤ qt ∀ t ∈ T (3.15)

φt ≥ rt ∀ t ∈ T (3.16)

Arrival and departure time of containers at nodes
The time that containers arrive and leave at a node are bounded by the following constraints, [3.17],[3.18],[3.19],
[3.20],[3.21],[3.22], [3.23], [3.24],[3.25],[3.26],[3.27],[3.29],[3.30]. This section introduces the big M. The pa-
rameter M is a large number that makes the constraints inactive when appropriate.

Arrival time at nodes for containers

Constraint [3.17] and constraint [3.18], set the boundaries for the time of the container in the scenario it is
transported by a specific truck in a specific move. The constraint ensures that if the container has arrived by
truck, the arrival time of the truck applies to the arrival time of the container, and if this is not the scenario
(which means that the container did not arrive at node i by a loaded truck t at move m), the time is not
bounded.

Constraint [3.19] and constraint [3.20], set the boundaries for the time of the container in the scenario it
is transported by scheduled services. Where the la is the departure time of service a and the va the travel time
when using the scheduled service. The goal of the 2 formulas is that the time that container k arrives at node
i by a scheduled service is equal to the time when it left a node plus the time required to travel by scheduled
service to node i.
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Constraint [3.21] ensures that if the container is using a scheduled service, the container should arrive at
the node before the pickup time at a node where it is transported from, and there is no scheduled service
used, this restriction is removed by the Big M. If container k is arriving at node i with scheduled service a
(which has the destination of i) the container should be available at the pickup point at the time before the
cut-off time.

ρk
i ≥ τt ,m

i −M(1− yk,t ,m
j i ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.17)

ρk
i ≤ τt ,m

i +M(1− yk,t ,m
j i ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.18)

ρk
i ≥ la + va −M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.19)

ρk
i ≤ la + va +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.20)

ρk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : sa = i (3.21)

Departure time at nodes for containers

Constraints [3.22], [3.23] and [3.24] ensure that the time that if container k leaves node j and arrives at node i
by truck t in move m is equal to the departure time of the container from a specific node.

Constraint [3.22] bounds the value of the departure time at the node of a truck has to be greater or equal
than the time value of the arrival time of a truck if that truck is used to transport the container to the node (so
yk,t ,m

i j should be 1), and if this is not the case, the truck has no extra boundary. Constraint [3.23] and [3.24]

bounds the departure time of a container to the particular truck it is using.
Constraints [3.25] and [3.26] ensure that the departure time of a specific container at a specific node is

equal to the departure time of the used scheduled service or is not bounded. [3.25] ensures also that ξk
i has a

positive value.
Constraints [3.27] and [3.28] ensures that the difference between the arrival and departure time is a posi-

tive value (the truck arrives before it leaves) and that the time between is the waiting time of the truck.
Constraints [3.29] and [3.30], set the boundaries for the time of the container for the departure time at the

origin and the arrival time at the final destination of the container.

ξk
i ≥ τt ,m−1

i −M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M \ m0, i ∈ N , j ∈ N (3.22)

ξk
i ≥ τt ,m

j −σi j −M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.23)

ξk
i ≤ τt ,m

j −σi j +M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.24)

ξk
i ≥ la zk

a ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.25)

ξk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.26)

ξk
i = wk

i +ρk
i ∀i ∈ N ,k ∈ K (3.27)

wk
i ≥ 0 ∀i ∈ N ,k ∈ K (3.28)

ρk
dk

≤ qk ∀ k ∈ K (3.29)

ξk
ok

≥ rk ∀ k ∈ K (3.30)
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Binary variables

The binary decision variables are defined in constraints [3.31], [3.32], [3.33], and [3.34].

zk
a ∈ {0,1} ∀k ∈ K , a ∈ A (3.31)

zk
i j ∈ {0,1} ∀k ∈ K , i ∈ N , j ∈ N (3.32)

x t ,m
i j ∈ {0,1} ∀t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.33)

yk,t ,m
i j ∈ {0,1} ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.34)

3.5. Benchmark model
The benchmark model represents the current practice in the synchromodal transport models. Existing mod-
els in the literature (Chapter 1.3) consider, when routing individual containers, that for road transport the
trucks are always and infinitely available. The benchmark first determines the route of the containers in Stage
1, considering that the trucks are always instantly available. This route is the input for Stage 2 of the bench-
mark, which determines the optimal route for the trucks to meet the demands of the route of the containers.
This means that the optimization of the trucks is not integrated as in the ICTR model.

This interaction between different stages of the benchmark model is presented in Table 3.1. In Stage 1,
the constraints for the routing of the container, the routing of the scheduled services, Container arrival and
departure times - Create road time and the Binary variables - container and truck are implemented. There
is one new formula, which creates time in the mode choice to use a truck. Constraint 3.42 creates time for
the usage of trucks by including the time to travel by road from node i to node j to the arrival time at j for all
containers, at all departure and arrival nodes.

Stage 2 determines the route of the truck considering the route of the container and the specific times of
containers and trucks at all nodes.

Table 3.1: Overview of the formula modules applied in the benchmark (with Stage 1 and Stage 2) and the ICTR model

Modules Stage 1 Stage 2 ICTR
Container routing x x
Truck routing x x
Routing of the scheduled services x x
Combining container and truck routing x x
Time of trucks x x
Container arrival and departure times - scheduled services x x x
Container arrival and departure times - Create road time x
Container arrival and departure times - Trucks x x
Binary variables - Containers x x x
Binary variables - Combining container and truck x x

3.5.1. Stage 1
Objective function of Stage 1

min
∑

k ∈ K
(

∑
a ∈ A

ca zk
a + ∑

i ∈ N
wk

i bi +
∑

i ∈ N

∑
j ∈ N

zk
i j fi j ) (3.35)

The objective function of Stage 1 considers the costs of using a scheduled service, the waiting time and the
costs of using a road segment for a container.
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Routing of the containers

This part sets the route of the container though the network the following optimization problem:∑
i∈N

zk
ok ,i +

∑
a∈A:sa=ok

zk
a = 1 ∀ k ∈ K (3.36)

∑
i∈N

zk
i ,dk

+ ∑
a∈A:ta=dk

zk
a = 1 ∀ k ∈ K (3.37)

∑
j∈N

zk
j i +

∑
a∈A:ta=i

zk
a = ∑

j∈N
zk

i j +
∑

a∈A:sa=i
zk

a ∀ k ∈ K , i ∈ N \ {ok ,dk } (3.38)

∑
a∈A:ta=i

zk
a + ∑

j∈N
zk

j i ≤ 1 ∀k ∈ K , i ∈ N (3.39)

zk
i j + zk

j i +
∑

a∈A:(ta=i & sa= j )
zk

a + ∑
a∈A:(ta= j & sa=i )

zk
a ≤ 1 ∀ k ∈ K , i ∈ N , j ∈ N (3.40)

Routing of the scheduled services ∑
k∈K

zk
a ≤ ua ∀ a ∈ A (3.41)

Time section

Arrival time at nodes

ρk
j ≥σi j +ξk

i −M(1− zk
i j ) ∀k ∈ K , i ∈ N , j ∈ N (3.42)

ρk
i ≥ la + va −M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.43)

ρk
i ≤ la + va +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.44)

ρk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : sa = i , (3.45)

Departure time at nodes
ξk

i ≥ la zk
a ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.46)

ξk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.47)

wk
i ≥ 0 ∀i ∈ N ,k ∈ K (3.48)

ρk
dk

≤ qk ∀ k ∈ K (3.49)

ξk
ok

≥ rk ∀ k ∈ K (3.50)

Binary variables

zk
a ∈ {0,1} ∀k ∈ K , a ∈ A (3.51)

zk
i j ∈ {0,1} ∀k ∈ K , i ∈ N , j ∈ N (3.52)

ξk
i = wk

i +ρk
i ∀i ∈ N ,k ∈ K (3.53)
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3.5.2. Stage 2
Stage 2 routes the trucks optimally when the containers have to follow the routes defined in Stage 1. The
input from Stage 1 is the route of the containers by road (Z k

i j ) and the route of the containers by scheduled

service (Z k
a )

Objective function

min
∑

k ∈ K
(

∑
a ∈ A

ca zk
a + ∑

i ∈ N
wk

i bi )+ ∑
t ∈ T

∑
i ∈ N

(τ
t ,m f

i e t + ∑
m ∈ M

∑
j ∈ N

x t ,m
i j fi j ) (3.54)

The objective function of Stage 2 is the same as the objective function of the ICTR model so the output can
be compared.

Routing the trucks ∑
i∈N

x t ,m0
ot ,i = ∑

i∈N
x

t ,m f

i ,dk
≤ 1 ∀ t ∈ T (3.55)

∑
i∈N

x t ,m0
ot ,i = ∑

i∈N

∑
j∈N

x t ,m0
i j ∀ t ∈ T (3.56)

x t ,m
i ,i + ∑

j∈N \i
x t ,m

j i = x t ,m+1
i ,i + ∑

j∈N \i
x t ,m+1

i j ∀ t ∈ T,m ∈ M \ m f , i ∈ N (3.57)

Combining truck and container

x t ,m
i j ≥ ∑

k∈K
yk,t ,m

i j ∀t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.58)

zk
i j =

∑
t∈T

∑
m∈M

yk,t ,m
i j ∀k ∈ K , i ∈ N , j ∈ N (3.59)

Truck time

τt ,m
j ≥ τt ,m−1

i + σi j x t ,m
i j ∀ i ∈ N , j ∈ N , t ∈ T, m ∈ M \ m0 (3.60)

τ
t ,m0
j ≥φt + σi j x t ,m0

i j ∀ i ∈ N , j ∈ N , t ∈ T (3.61)

τ
t ,m f

dt
≤ qt ∀ t ∈ T (3.62)

φt ≥ rt ∀ t ∈ T (3.63)

Container time when truck use

ρk
i ≥ τt ,m

i −M(1− yk,t ,m
j i ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.64)

ρk
i ≤ τt ,m

i +M(1− yk,t ,m
j i ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.65)

ρk
i ≥ la + va −M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.66)

ρk
i ≤ la + va +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.67)

ρk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : sa = i , (3.68)
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Container departure times

ξk
i ≥ la zk

a ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.69)

ξk
i ≤ la +M(1− zk

a ) ∀k ∈ K , i ∈ N , a ∈ A : ta = i (3.70)

ξk
i ≥ τt ,m−1

i −M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M \ m0, i ∈ N , j ∈ N (3.71)

ξk
i ≥ τt ,m

j −σi j −M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.72)

ξk
i ≤ τt ,m

j −σi j +M(1− yk,t ,m
i j ) ∀k ∈ K , t ∈ T,m ∈ M , i ∈ N , j ∈ N (3.73)

Define waiting time

ξk
i = wk

i +ρk
i ∀i ∈ N ,k ∈ K (3.74)

Binary variables

wk
i ≥ 0 ∀i ∈ N ,k ∈ K (3.75)

ρk
dk

≤ qk ∀ k ∈ K (3.76)

ξk
ok

≥ rk ∀ k ∈ K (3.77)

3.6. Summary
This chapter explains how the joint optimization model for containers and trucks through a synchromodal
network can be developed. The existing models, which consider intermodal or synchromodal container
transport assume that when trucks are used in the model, there are infinite trucks available at any time.
Where as in reality, trucks have to depart and return to depots, drive to a pickup point and a delivery point,
etc. This research is finding out what consequences that could have on the synchromodal transport.

To analyse the potential advantages of integrating the truck routing and the container routing in a syn-
chromodal network, the Integrated Container and Truck Routing (ICTR) model and the benchmark model
are created. Both are new models that are individually routing the trucks and the containers.

The models are static and deterministic models and have the inputs of the network, trucks, containers,
and scheduled services. The objective to minimize the total costs considering the trucks (driving and time
costs) and the container travel costs (costs of all container trips and the waiting time).

The benchmark is divided into two stages. Stage 1 determines the route of the containers, assuming that
at all nodes there are infinite trucks available at any time. Stage 2 has to find the optimal truck route with the
available trucks, based on the input of Stage 1, the route of the container. The output of the benchmark is a
feasible solution for the ICTR mode, which could be used as a warm start when calculation time is a factor
during the experiments in Chapter 4.





4
Numerical Experiments

This chapter firstly explains how the models are implemented in Section 4.1. Secondly, describes how the
scenarios used for the experiments are defined in Section 4.2. In Section 4.3 the results of the models for the
different scenarios are shown and evaluated. The last section summarizes the chapter and gives an answer
to how the choice of model impacts the costs and amount of CO2 emission. It also concludes the impact of
the individual routing of container and truck on the modal split and the number of kilometers trucks drive
empty.

4.1. Implementation of the models
The ICTR model and the benchmark model are two large Mixed-Integer problems. Such problems can be
implemented by several programs. In this research, Matlab is chosen as the programming software with the
extensions of Yalmip and with the solver of Gurobi. Yalmip is a toolbox for modeling and optimization in
MATLAB [29]. It simplifies the process of using optimization as an engineering tool and brings state of the art
solvers and methods to the MATLAB user, and delivers a general framework for control relevant optimization
in MATLAB. The Gurobi optimizer is used because it one of the fastest solvers available for LP, QP, QCP, and
MIP problems [8]. It works firstly, by first pre-solving the problem, as a step to reduce the size of the problem
and tightens the formulation. Thereafter, the cutting planes idea is used, which removes undesirable frac-
tional solutions by tightening the formulation. Finally, the problem is solved by branch and bound which
runs in parallel.

To improve the total computation time, the benchmark method and ICTR are solved at the same time.
The solution procedure is illustrated in Figure 4.1. On the left is the input of the system and on the right is the
output of the system. The benchmark model is the part of the combined implementation that is solved first.
The input is sent to Stage 1 which determines the optimal route without considering the trucks. If the route
is feasible in Stage 1, this route is used as the input to Stage 2. If Stage 1 of the benchmark is infeasible, then
Stage 2 and the ICTR model will be infeasible too. Stage 2 will be infeasible because it requires the output
of Stage 1 as input. The ICTR model will be infeasible because the model has nearly all container routing
constraints of Stage 1, but also the truck routing constraints to integrate the trucks.

Stage 2 of the benchmark model uses the container route of Stage 1 as input and determines the route for
the trucks. If Stage 2 is feasible, then the outputs are the container and truck routes for the benchmark model.
These routes can be used as a warm start for the ICTR model. If Stage 2 is infeasible, then there are no suitable
options for the trucks to transport all containers in accordance with the routes determined in Stage 1. The
output of the benchmark model will be only the route of the containers. In the case of the ICTR model, it tries
to solve the model without a warm start from the benchmark model and may still find a feasible solution.

The benchmark model and the ICTR model increase significantly in size when the number of containers,
moves, nodes, or trucks are growing. The benchmark model has a lot less variables dependent on each other,
because of the decreased inter-dependency of the variables and will solve quicker than the ICTR model. The
processing time of the models is the time where it is required to solve the problem to an optimality gap of
0%. If this is not achieved after two hours, the simulation is stopped and the best, known, feasible solution
is reported together with the optimality gap. If there is a solution for the benchmark, it solves all problems
quicker than the ICTR model. The ICTR model uses the output of the benchmark as the warm start which

29
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saves some time but does not enable ICTR to find an optimal outcome within 2 hours.

Figure 4.1: Solution strategy

4.2. Scenarios
To find out what the added value of the ICTR model could be, several scenarios are designed. In each scenario
one parameter is changed such as; the network (number of nodes), containers, trucks (and moves), and the
scheduled services. This results in eight different scenarios that are described in this section. The scenarios
are used in the ICTR model and the benchmark model to find out what happens to the KPI and the routes of
the trucks and the containers.

The first scenario is the base scenario where six containers travel from terminal to terminal in both export
and import directions. This scenario is the starting point for other scenarios. The second scenario; the single
truck scenario, has the same inputs as the base scenario, except for the number of trucks and the number
of moves of the truck, and was considered to find out what the choices of the model will be when trucks are
limited. Other scenarios focus on what influence one or Import and export of containers has on the result,
what happens when there is an increased number of trucks, containers, and moves, what happens when the
time windows are tightened for containers, what happens when the scheduled services are doubled and what
choices the model makes when the network has increased in size.

4.2.1. Base scenario

The aim of the Base scenario is to set a starting point, where the other scenarios can be compared to. The Base
scenario is a basic possible scenario where containers are travelling from several different terminals to other
terminals in the network. The differences between the benchmark model and the ICTR model is expected
to be visible in the results of this scenario. We expect a difference in the percentage of loaded kilometers of
the trucks because driving with a truck is rather expensive if the whole route (from the starting point and
the destination of the truck) is considered. This is taken into account in the container route choice for the
integrated model, but not for the benchmark.

The input values, that are explained below (the network, the general inputs, the container, the truck, and
the scheduled services) are used in the other scenarios as well. The input parameters of the base scenario
and other scenarios are indicated in Table 4.4 accordingly.
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Network

The network chosen is a synchromodal network based on the real hinterland transport network of the Port
of Rotterdam from the Maasvlakte to Bad-Bentheim and Hengelo (See Figure 4.2). A synchromodal network
can consist of multiple modes, in the hinterland of Rotterdam there is a water section and a rail section. In
the network the modes of transport are represented based on the real world, by the water section from the
open sea to the Maasvlakte and the rail section from the Maasvlakte to Bad-Bentheim. The network gives the
model the option to choose the route of the container between scheduled services and truck, in combination
with routing the trucks through the system. The network has multiple nodes, representing key locations and
arcs representing transport connections by multiple modes. In the network there is also a highway crossing
in at the location of Apeldoorn. This is a place where a container can be delivered and picked up. The node
is included to increase the complexity and show the vehicle routing capability of the model. The trucks start
and end at the truck company depots (Node 6 and Node 4) and are able to drive day and night.

Figure 4.2: Network

The container terminals are at nodes 1, 3, 5, and 7. These are in real-life locations where containers can be
stored, except for node 7. Node 7 is the moment that the container arrives in the dutch waters and enters the
network from a container ship. In this network, the container terminals can be the origin and the destination
of the containers. All nodes can be used for temporary storage and to switch in mode. The truck depot at
node 6 is placed in the harbor of Rotterdam. The depot at node 4 is at Apeldoorn which is a place in the
middle of the network, which is also the highway crossing.

The distances between the nodes are the real distances between the locations. For road transport it can
be seen in Table 4.1, the distances for the scheduled services are 220 km between RSC Rotterdam and Bad-
Bentheim and estimated as 75 km from the sea/international terminal to the Maasvlakte in Rotterdam.

Table 4.1: Road distances in the base scenario network between nodes in km

Arrivals

D
ep

ar
tu

re
s

1 2 3 4 5 6 7
1 - - 42 61 - - -
2 - - - 139 40 10 -
3 42 - - 88 - - -
4 61 139 88 - 172 160 -
5 - 40 - 172 - 48 -
6 - 10 - 160 48 - -
7 - - - - - - -

Containers

The Base scenario contains six containers, with a variety of origins and destinations. They have two different
starting points and three different destinations. The scenario has both import and export; there are contain-
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ers travelling both towards and from the international shipping harbour. There are trips for containers that
require a scheduled service and there are trips that can only be executed by truck.

It is chosen to have six containers in the base scenario because of the computation time and because when
six containers are travelling through the network it remains possible to control the route of the containers by
hand. Four containers are travelling from node 7. Two containers towards node 1 and two towards node 3.
Node 1 and node 7 are the nodes furthest away from each other and most difficult to reach when considering
intermodal transport (at least two truck trips, one ship trip and there is an option to use the train).

The containers travelling from node 7 to node 3 have to use at least two modes and are more likely to take
the train towards node 3 then the containers towards node 1. The containers with as destination node 3, do
not require an extra truck move. The containers with destination node 1 require a truck when it has been
transported by a train service for the last move.

Next to the four containers travelling from node 7 towards the network, there are also two containers
starting at node 3. Container 5 starts at node 3 and arrives at node 1, this is one road trip, which means
the model does not need to make a mode choice. It is included because it is interesting how this booking is
handled in the "priority list" of the trucks. Container 7 is travelling the other way compared to container 1 to
4 and is the only one with tight time windows. There are limited ships moving in the network which will be
further explained in the scheduled service section, so the container should be in time at node 5 to be picked
up by the ship.

General inputs

The time horizon for all scenarios is two days, and it is assumed that the trucks, containers, and scheduled
services are transported during day and night. The two days are chosen because it is a reasonable time span
for containers to travel through the hinterland network. The smaller setting gives more detail on the choices
of the model in the scenarios, and show the route of a container and a truck individually.

Two days could be extended towards a longer horizon, such as a week or a month. The current time
horizon is limited by the computational time, for instance, in the base scenario the computational time is
more than two hours. An increased time horizon would result in a lot of extra computational time.

The costs and velocity of the modes are given in Table 4.2. The costs are based on [40] and the CO2 emis-
sion in Tonne/TEU-km are determined using the method shown in the paper of Kim and Chang (2014)[22].
The costs of waiting is chosen to be €0.0005 per container per minute at every node. And the time costs of
trucks drivers are estimated to be €0.05 per minute.

Table 4.2: Cost input of the model

Mode Capacity Variable cost
TEU/hr

Velocity
km/hr

costs tue/km CO2 ton/tue-
km

Ship 120 0,86 15 0,057 0,0016
Rail 60 15 73 0.205 0,0007
Truck 1 31 90 0,344 0,0019

Trucks

In the base scenario, five trucks with six moves are used. These numbers are chosen because it is possible for
five trucks to transport the containers, the input remains controllable by hand, and because of the calculation
time. The trucks in the network start and finish at the same node, this is chosen because at the end of the
working day truck drivers want to be close to the depot. It is possible to have different starting and end
locations. The operational/start time for trucks and the end of the operational time for trucks are not strictly
bounded, the value of t=2000 is chosen as the time window of the truck. There are three trucks starting and
finishing at node 6 and two trucks starting and finishing at node 4.

Scheduled services

There are two scheduled services, one from the international terminal to the Maasvlakte deep-sea terminal
and one from the train terminal in Rotterdam to Bad-Bentheim. For all the scheduled services the follow-
ing information is required: From which node the scheduled service departs and at which node it arrives.
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Secondly at what time the scheduled service is departing and how long it takes to travel to the destination.
Finally, the capacity and costs of using a scheduled service for an individual container are considered.

The train is driving in both directions, twice a day. So, when considering two days of modeling the trains
have eight trips. The Ship is travelling once a day. The details can be found in Table 4.3.

Table 4.3: Scheduled services

Mode Departure node Arriving node Departure time Travel time Capacity Costs

Train

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Ship

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

4.2.2. Overview of the scenarios
The scenarios are chosen to illustrate what the difference is between the benchmark model and the ICTR
model. This section contains general settings for the model and gives an overview of the input values used
for the different scenarios. An overview of the scenarios and their input values can be found in Table 4.4,
while their details are described in the following sections.
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Table 4.4: Input values of the scenarios

Network
Container Truck

Scheduled
#K Origin Destination Release

and
Due
date

#T #M Origin Destination Release
and
due
date

Base Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.3
Single truck Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 1 20 [4] [4] [1,2000] Table 4.3
Import only Base 6 [7 7 7 7 7 7] [ 1 1 1 1 1 1] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.3
Import and export Base 6 [7 7 7 1 1 1] [1 1 1 7 7 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.3
Increased containers and
trucks

Base 10 [7 7 7 7 3 3 7 1 3 3] [3 3 1 1 1 7 1 7 7 7] [1,2000] 6 6 [4 4 4 6 6 6] [4 4 4 6 6 6] [1,2000] Table 4.3

Tight time windows Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] Table
4.5

5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.3

Doubled scheduled ser-
vices

Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.6

Extended network Figure 4.3 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Table 4.8
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Single truck scenario

The single truck scenario is a scenario which simulates shortage of trucks. This is the most extreme scenario
for when there are limited transport resources available. Input values for the truck are that the single truck
starts and finishes at node 4 and has 20 moves to move the containers. The containers are booked in the
same way for the single truck scenarios as the base scenario. Expected is that there will be significant differ-
ences between the benchmark (which assumes that trucks are always available) and the ICTR model, which
includes the trucks in the routing process.

Import only

When there is one-way transport of multiple containers, there can be a shortage of trucks at certain locations.
In this scenario there are six containers travelling from node 7 to node 1 and only five trucks to transport them
through the network. All the other input values are the same as in the benchmark.

Import and export

In the import and export scenario, three containers are placed at both sides of the network (node 1 and node
7). This is the opposite to the Import scenario. Now the usage of trucks in a smart way can give benefits for
the network. It is interesting to compare these results to the Import scenario, because the same number of
kilometers are travelled by the containers but this time the trucks can be optimally used. Input values are
except for the pickup and delivery node the same as the Base scenario.

Increased containers and trucks

The increased containers, trucks, and moves scenario increases the throughput of the network and this is
expected to increase the calculation time. The aim of this scenario is to test the effectiveness of integrating
trucks and container routing for increased throughput and what the limits of the model due to calculation
time are.

The number of containers is increased to ten. There is one container travelling from node 7 to node 1 and
one container from node 1 to node 7, this is through the network and requires at least two modes. There are
two containers that are travelling from node 3 to node 7 which improves the balance between the import and
the export.

Tight time windows

This the scenario where the containers have tightened time windows compared to the Base scenario. In the
Base scenario, all time windows are within the two days, this scenario considers restrictions so there are less
options available. Trucks in Stage 1 of the benchmark model are assumed unlimited and always available at
every node. In real-life this is hardly the case, this scenario is expected to show that when integrating the
trucks in the routing of the container, a problem which is infeasible in the benchmark will be feasible in the
ICTR model. The input values are the same as for the Base scenario but with the time windows as shown in
Table 4.5.

Table 4.5: Input of container in the tight time window scenario

Container Pickup node Delivery node Departure time Arrival time
1 7 3 5 1070
2 7 3 5 1070
3 7 1 5 1000
4 7 1 5 1120
5 3 1 60 120
6 3 7 160 2000

Containers 1,2,3 and 4 arrive in the network by the first ship from nodes 7 to 5, which means that they
can not be earlier than t=310. The logical reachable train, if the train is used, is the train from node 2 to 3
departing at t=885. To reach node 2, four loaded truck moves are required that can be done by two trucks.
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This means that containers 1,2,3 and 4 can reach node 1 within t=1070. From node 1, containers 3 and 4 have
to be transported with one truck move from both to node 1.

Container 5, which is travelling from node 3 to 1, must be transported directly from the start of the sim-
ulation and requires one loaded truck move. Container 6 is the most difficult one, due to the schedule of the
ship, this one has to reach node 5 before t=600.

Doubled scheduled services

The doubled scheduled services scenario doubles the number of scheduled services to find out what effect
that has on the model. This means that the containers in the situation to take a train or ship will have a
departure sooner available, which leads to decreased waiting times. The expected result of this change is
that the benchmark model will route all containers through the same scheduled service (because there is no
integration) and the integrated model will choose different departures to fit the truck limitations better.

In this scenario, the input values are the same as for the Base scenario but with doubled scheduled ser-
vices. The extra departures are scheduled in between the departures from the Base scenario and has the same
capacity and costs for containers. The new schedule is shown in Table 4.6.

Table 4.6: Doubled scheduled services

Mode Departure node Arriving node Departure time Travel time Capacity Costs

Train 1

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Train 2

2 3 365 180 50 45
3 2 725 180 50 45
2 3 1085 180 50 45
3 2 1445 180 50 45
2 3 1805 180 50 45
3 2 2165 180 50 45
2 3 2525 180 50 45

Ship 1

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

Ship 2
7 5 310 300 200 4,3
5 7 900 300 200 4,3
7 5 1750 300 200 4,3
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Extended network

The Base scenario determines the optimal route for containers and trucks in a network of seven nodes. The
question arises what would happen if the network size increases. The extended network thus models ex-
tra roads and extra scheduled services when considering the same input parameters for the containers and
trucks as in the Base scenario. Due to the calculation time, the network is increased only by two nodes, the
corresponding roads, and a shipping line. With this extension, the possible outcomes of increase in network
size can be analyzed. The estimated result is that due to the extra nodes, which lead to extra transport op-
tions, the number of possibilities for the routing of containers and trucks increases, and this is expected to
the benefits.

The extended network changes the Base network of seven nodes to a network with nine nodes, that can
be seen in Figure 4.3. Nodes 8 and 9 are added, which have connections to the road network and to an added
ship line that sails back and forth between node 8 and Hengelo with a stop around Nijmegen.

Figure 4.3: Extended network

Node 8 is a node in the center of the network and with a connection to nodes 2, 4, 5, 6, and 9. The network
is connected between nodes 8 and 9 with a road and a scheduled service. Node 9 is a node located at Nijmegen
and is connected to node 4 and 8 by road and to node 1 and 8 by ship. The distances between the nodes are
estimated based on real distance data. The distance can be seen in Table 4.7.

Table 4.7: Travel distance between nodes of the truck network in kilometers

Arrivals

D
ep
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1 2 3 4 5 6 7 8 9
1 - - 42 61 - - - - -
2 - - - 139 40 10 - 7 -
3 42 - - 88 - - - - -
4 61 139 88 - 172 160 - 144 67
5 - 40 - 172 - 48 - 38 -
6 - 10 - 160 48 - - 16 -
7 - - - - - - - - -
8 - 7 - 144 38 16 - - 112
9 - - - 67 - - - 112 -

The scheduled services in the extended network are the same as in the Base scenario, with the extension
of ships 2 and 3, who are sailing between node 8 - 9 - 1 and node 1 - 9 - 8 can be seen in Table 4.8.

For the shipping line between node 8 - 9 - 1 and node 1 - 9 - 8, there are two ships sailing. One starting
at node 1 with the departure time of 200, so containers released at an early time at node 1 or node 3 can use
the ship. The ship is sailing in 480 minutes toward node 9 where it stops and has time to load and unload
containers, before the ship continuous toward node 8 in 440 minutes. After node 8 the ship goes back with
the same travel times as the other way towards node 9 and 1.
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The other ship starts at node 8 at time 50, which means that only containers released early at node 5 can
use this first services and is sailing with the same travel time between the nodes from nodes 8 - 9 - 1 and
afterwards back to nodes 1 - 9 - 8.

Table 4.8: Scheduled services in the extended network

Mode Departure node Arriving node Departure time Travel time Capacity Costs

Train

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Ship

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

Ship 2

8 9 50 440 100 6,31
9 1 550 480 100 6,88
1 9 1100 480 100 6,88
9 8 1600 440 100 6,31

Ship 3

1 9 200 480 100 6,88
9 8 750 440 100 6,31
8 9 1300 440 100 6,31
9 1 1800 480 100 6,88
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4.3. Results
In this section the results of the experiments are analysed by first showing KPIs achieved with the models at
the different scenarios in Section 4.3.1, followed by an elaboration on the KPIs for the different scenarios. In
Section 4.4 the differences between the scenarios are explained.

4.3.1. Result overview
Tables 4.9 and 4.10 show the results of the scenarios in costs, distance, modal split, truck distance, processing
time and CO2 emissions. These tables are explained here and the detailed information can be found in the
following sections of the specific scenarios.

The costs are determined by a standard price in €/km for each mode and displayed for each mode and
the waiting time. Significant improvement in costs can be made by integrating truck and container planning.
The differences in costs are for the Base network mostly in truck costs and the train costs. The waiting time
is also different, but it is only 0,1 % of the total costs. The difference in truck and train costs has the most
influence on the results.

The distances in Table 4.9 and Table 4.10 are the distances travelled by the container in kilometers. For
the trucks, these are the loaded kilometers. What in general can be seen is that there is no decrease in loaded
truck kilometers, often an increase when ICTR is used instead of the benchmark. The ship kilometers are
constant because the container has no other choice than to use the ship. The distance of the containers
travelling by train does not increase in the ICTR model. The total distance of the travel of the containers
decreases in nearly all scenarios. This happens due to the route choice of the model which minimizes the
costs. For the chosen scenarios the optimal route of the container is always the route with the least distance.
This does however not always have to be the case, if it would be cheaper to travel longer distances by a mode
which costs less per kilometer then the optimal distance of the container will increase.

The modal split is determined by dividing the number of effective kilometers travelled by a particular
mode to the total container transport distance. Based on the modal split, it is clear that there is no decrease in
truck use for transport and often a decrease in train transport. It is important to mention that the modal split
related considerations were not included in the objective function. For example, the share of train and ship
could have been included in the objective to maximize their usage and the model then could have responded
to that. This can be investigated as future work.

The truck distance results consider the loaded, empty, and total kilometers of the truck. A truck is creating
value if it is driving with a container and losing value if it is driving empty. In Tables 4.9 and 4.10 it is clear that
for all scenarios, when using the ICTR model compared to the benchmark model, most of the time there is
a significant increase in effectiveness. The reason for this is explained by the route choice of the containers.
In general, the trucks are relatively costly so improving the route and distance has a significant influence
on the cost outcome of the model. Therefore, when the trucks are integrated into the routing process of
the containers the model will try to route the trucks more reasonably and decrease the number of empty
kilometers. It will be elaborated upon in the discussion of the results in Section 4.4.

The CO2 emissions are estimated based on the value of the amount of CO2 emissions in Tonne-TEU
per kilometer, combined with the transported kilometers. Interesting to see is that, although it is not in the
objective function of the models, the emissions decrease when the ICTR model is used (except for the doubled
scheduled scenario), because the total travel distance is reduced the effective truck kilometers are increased.
Even though the modal choice of trucks has increased, total CO2 emission has decreased. The increase in
CO2 emission in the doubled schedule case can be explained by the costly waiting time for trucks at nodes,
so it is more cost friendly to use a truck compared to other modes.
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Table 4.9: Results of the scenarios (1)

Scenario Base Single truck Import Import and export Incr. containers&trucks
Model Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR
Costs (€) Truck (empty

and loaded)
562,2 474,6 485,1 419,2 Infeasible 777 932,5 732,9 1.232,0 1.056,0

Ship 21,5 21,5 21,5 21,5 - 25,8 25,8 25,8 38,7 38,7
Train 180 135 180 135 - 180 135 90 263,7 218,7
Waiting costs 1 1,9 1,1 1,8 - 1,2 1 2,3 1,5 3,1
Total 764,7 633,0(-17%) 687,7 577,5(-16%) - 984,0(-%) 1.094,3 851,0(-22%) 1499 1276(-%15)

Container Truck 546 697 546 697 492 794 945 1096 1381 1531
distance Ship 375 375 375 375 450 450 450 450 675 675
(km) Train 880 660 880 660 1320 880 660 440 1100 880

Total 1801 1732(-4%) 1801 1732(-4%) 2262 2124(-%) 2055 1986(-3%) 3156 3086(-2%)
Modal Truck 30% 40% 30% 40% 22% 37% 46% 55% 44% 50%
split (%) Ship 21% 22% 21% 22% 20% 21% 22% 23% 21% 22%

Train 49% 38% 49% 38% 58% 41% 32% 22% 35% 29%
Truck Loaded 546 697 546 697 - 794 945 1096 1381 1531
distance Empty 629 389 580 353 - 848 1022 657 1381 1048
(km) Total 1175 1086(-8%) 1126 1050(-7%) - 1642(-%) 1967 1753 (-11%) 2762 2579(-7%)

Effective 46% 64% 48% 66% - 48% 48% 63% 50% 59%
Processing
(s)

Processing
time

310 7200 52 7200 76 7200 601 7200 1080 7200

optimality
gap

0% 9% 0% 2% Infeasible 12% 0% 39% 0% 38%

CO2

emis-
sions
(ton)

total CO2 ton
of container
travel)

3,45 3,13(-9%) 3,36 3,06(-9%) - 4,46(-%) 4,92 4,36(-11%) 7,10 6,60(-7%)

Truck 65% 66% 64% 65% - 70% 76% 76% 74% 74%
Ship 17% 19% 18% 20% - 16% 15% 17% 16% 17%
Train 18% 15% 18% 15% - 14% 9% 7% 9% 9%
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Table 4.10: Results of the scenarios (2)

Scenario Base Tight time windows Doubled scheduled Extended network
Model Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR
Costs (€) Truck (empty

and loaded)
562,2 474,6 482,9 482,9 570,4 457,5 487,7 487,7

Ship 21,5 21,5 21,5 21,5 21,5 21,5 35,3 35,3
Train 180 135 135 135 225 135 90 90
Waiting costs 1 1,9 1 1 0,5 1,1 0,7 0,7
Total 764,7 633,0(-17%) 640,4 640,4(-0%) 817,4 615,1(-25%) 613,7 613,7(-0%)

Container Truck 546 697 697 697 326 697 682 682
distance Ship 375 375 375 375 375 375 525 525
(km) Train 880 660 660 660 1100 660 440 440

Total 1801 1732(-4%) 1732 1732(-0%) 1801 1732(-4%) 1647 1647 (-0%)
Modal Truck 30% 40% 40% 40% 18% 40% 41% 41%
split (%) Ship 21% 22% 22% 22% 21% 22% 32% 32%

Train 49% 38% 38% 38% 61% 38% 27% 27%
Truck Loaded 546 697 697 697 326 697 682 682
distance Empty 629 389 389 389 496 371 471 471
(km) Total 1175 1086(-8%) 1086 1086(-0%) 822 1068(+30%) 1153 1153 (-0%)

Effective 46% 64% 64% 64% 40% 65% 59% 59%
Processing
(s)

Processing
time

310 7200 53 7200 54 7200 185 7200

optimality
gap

0% 9% 0% 9% 0% 5% 0% 37%

CO2

emissions
(ton)

total CO2 ton
of container
travel)

3,45 3,13(-9%) 3,13 3,13(-0%) 2,93 3,09(+5%) 3,35 3,35(-0%)

Truck 65% 66% 66% 66% 53% 66% 65% 65%
Ship 17% 19% 19% 19% 20% 19% 25% 25%
Train 18% 15% 15% 15% 26% 15% 9% 9%
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4.3.2. Base
When considering the results of Table 4.9 there are several differences between the route choices of the bench-
mark model and the ICTR model. The benchmark model determines the optimal route of the container with-
out considering the optimal route of the truck. This results in different optimal solutions for the benchmark
model and the ICTR model.

There is a significant improvement in the costs which decrease with 17 %, total container distance which
decreases with 4 %, total truck distance decreases with 7 % and CO2 emissions decrease with 2 %. The im-
provements when using the ICTR model compared to the benchmark model can be explained by the different
routes of the containers.

Table 4.11 shows the route of the containers through the network, with for all containers the number of
the specific container and the moves of the container where the first number is the departure node and the
second number the node where the container arrives. The table contains the information of the route of all
individual containers and shows if the container is travelling by truck (T) or by a scheduled service (S).

The benchmark model shows the expected result, which is that for containers with the same origin and
destination the route is always the same because the availability of trucks is left out of the equation when the
route of the container is determined. This results in the same route for containers 1 & 2 and containers 3 &4.

The ICTR model has found a better result by integrating the routing of the trucks and the containers. The
difference in the routing can be seen in bold in the table. Container 3 chooses instead of taking the scheduled
service from (2-3)S and Truck (3-1)T, to use the truck more. When only considering the costs when the trucks
are loaded this would be a worse scenario (the transport by the truck is more expensive than using the train
from node 2 to node 3).

The costs of the train and the costs of the truck, that can be explained by the different route choices the
model has made. The ship costs are for both models the same, the reason for this is that when travelling from
or to node 7 the only option is by ship, so the ship has a monopoly on the water segment. For the train and
truck costs the specific route of the container is explained. Interesting to see is that the waiting time at the
nodes has doubled.

Table 4.11: Route of the containers in the Base scenario with T=truck and S is scheduled service (train or ship)

Container ICTR Container Benchmark
1 (7-5)S (5-2)T (2-3)S 1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S 2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-4)T (4-1)T 3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (7-5)S (5-2)T (2-3)S (3-1)T 4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (3-1)T 5 (3-1)T
6 (3-4)T (4-5)T (5-7)S 6 (3-4)T (4-5)T (5-7)S
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Table 4.12 shows the route of the truck from move to move. In bold are the moves in which the truck is
transporting a specific container (given behind the move). What can directly be seen is that by optimally using
the driving trucks, the number of trucks is reduced and the number of loaded trips per truck has increased.

In the benchmark model, truck 5 is not used and remains at its start location, the other trucks are driving
to pick up and deliver two or three containers within the six moves of the trucks. The ICTR model requires
three trucks to deliver the same number of containers. Due to the integration of the trucks and the container
decisions, in this scenario moves which are not used in the Benchmark model (the first and the last) are
used for transport. Now on average a truck is loaded three moves of six compared to two out of six for the
benchmark model.

The ICTR sends truck 1 in moves 5 and 6 to pick up and deliver container 3 from node 5 to node 4. Truck
2 starts with driving in the first move at the time that it is loaded with container 3. The truck can wait for
free because only the time that the trucks leave from the depot until the truck arrives back at the depot count
towards the transport cost. Due to the integration, moves that can occasionally be used by the benchmark
model (when the container is at the right time at the right place) can be planned by the ICTR model.

Table 4.12: Truck route for ICTR and Benchmark model with in bold the loaded moves and the containers which it transports

ICTR
Move

Truck 1 2 3 4 5 6
1 (4-3) (3-4) (K6) (4-5) (K6) (5-2) (K2) (2-5) (5-4) (K3)
2 (4-1) (K3) (1-3) (3-1) (K5) (1-3) (3-1) (K4) (1-4)
3 - - - - - -
4 (6-5) (5-5) (5-2) (K4) (2-5) (5-2) (K1) (2-6)
5 - - - - - -

Benchmark
Move

Truck 1 2 3 4 5 6
1 (4-3) (3-1) (K4) (1-1) (1-3) (3-1) (K3) (1-4)
2 (4-3) (3-3) (3-1) (K5) (1-3) (3-4) (K6) (4-4)
3 (6-5) (5-2) (K2) (2-5) (5-2) (K1) (2-2) (2-6)
4 (6-4) (4-5) (K6) (5-2) (K4) (2-5) (5-2) (K3) (2-6)
5 - - - - - -

The experiment with the Base scenario shows that there is a significant cost reduction when using the
ICTR model because of the increase in effectiveness of trucks. By choosing the container routes optimally the
trucks in the network can be used more effectively by increasing the number of effective kilometers.

4.3.3. Single truck
The single truck scenario has one truck to transport all containers over the roads. When comparing the results
of the Single truck scenario to the Base scenario. The only difference in the container route choice compared
to the base scenario is in the ICTR model, where containers 3 and 4 shifted the route which has no impact on
the system. This is because the input values for both containers are the same and there is no cost difference
in switching container 3 and 4. The fact that the ICTR model chooses the same route for the containers
is interesting because of the change in the number of trucks. It can be explained by that the route of the
base scenario is already optimal in effective truck kilometers and can be executed by a single truck. The
container route in the benchmark model is the same for both scenarios, which is logical to choose because
the benchmark does not consider the availability of trucks which is changed in this scenario.

The route of the single truck is given in 4.13. For both models the first ten moves are the same, both decide
to transport container 6 first (before container 1-4 arrive at node 5), because it has to be in time for the ship
from node 5 to 7. Followed by transporting the containers which have to be in time for the train. Finally, the
models transport the last moves of the containers. It is clear that the trucks honor the time windows of the
scheduled services and prioritize the containers which have to be in time. The improvements in the costs are
due to the truck route of the single truck scenario. Which is compared to the base scenario with less moves
from the depot and to the depot.

When considering a single truck, the expectation is that there could be time issues in the benchmark
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model when the container has to be in time for a scheduled service and there is limited capacity of truck
available. This could not be confirmed by the single truck scenario, because there was enough time for the
truck to travel twice (even three times) over the same road and deliver the container in time for the scheduled
service. Interesting would be what happens in the single truck scenario if the time windows are tightened, so
the truck demand at the same time increases to transport all the containers within the departure time and
due date.

The improvements of the ICTR model compared to the benchmark in this scenario can be explained by
that the ICTR optimally uses the movements of the truck across the network to assign containers. Whereas,
the benchmark model does not consider those movements of the truck. This results in that the ICTR model
requires less moves and less distance to transport all containers. The single truck scenario shows that the
time windows of the scheduled services are limitations for the order of moves and that a single truck is able
to transport all containers through the model.

When considering the KPI of the Single truck scenario, compared to the base scenario, the truck costs are
significantly reduced. The total container distance is equal to the base scenario. Interestingly, the total truck
distance has decreased for both models. This means that when using one truck with a lot of moves, the truck
can have more effective kilometers. The explanation is the influence of the first and last trips of the truck,
which are often empty.

Table 4.13: Single truck route, with in bold the loaded moves with the container indication behind and the underlined segments are the
standstill moves



4.3. Results 45

4.3.4. Import only
The Import only scenario is only feasible when the ICTR model is used.The first stage of the benchmark model
is feasible. The results in Table 4.9 show that the modal choice for containers of the benchmark is mostly on
the usage of trains with 58%. Stage 2 of the benchmark is infeasible.

In Table 4.14 is the optimal choice of the route of containers of both the models displayed. The benchmark
model chooses the same route for all the containers, because they have the same start and finish point and
the truck availability is not considered. This becomes an issue when Stage 2 of the benchmark model is not
able to find an optimal route for the trucks. Since only the second stage is infeasible, the truck capacity is
the bottleneck. In such a scenario the bottleneck can be the number of moves, the number of trucks or the
departure time of scheduled services. In this case the route determined by Stage 1 of the benchmark shows
that the number of truck moves is the bottleneck.

The ICTR model is able to solve the scenario. What can be seen in Table 4.14 is that the choice of the route
of the container is not the same for all containers although they have to travel between the same origin and
destination. There are 4 containers travelling from node 7 to 5 to 2 to 3 and arrive at node 1 and there are
two containers travelling from node 7 to 5 to 4 and arrive at 1. When considering the route of all the trucks in
Table 4.15. There can be concluded that compared to the Base scenario all trucks are used and need at least
five moves.

The ICTR model has compared to the base scenario a decrease in effective kilometers percentage. This
can be explained by the one-way route of the containers which results in a lot of empty return trips. The
driving from and the driving back to the depot has an influence on the result.

When comparing the benchmark to the ICTR model in the Import only scenario can be concluded that
the ICTR model is able to solve the problem when there are limited trucks available where the benchmark is
not able to. The reason for this is that the ICTR model is able to use the limited availability of trucks at certain
locations optimally. Spending the limited moves of trucks effectively is important and can be the difference
between feasible and infeasible.

Table 4.14: Container routes in the import only scenario

Container ICTR Container Benchmark
1 (7-5)S (5-4)T (4-1)T 1 (7-5)S (5-2)T (2-3)S (3-1)T
2 (7-5)S (5-2)T (2-3)S (3-1)T 2 (7-5)S (5-2)T (2-3)S (3-1)T
3 (7-5)S (5-2)T (2-3)S (3-1)T 3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (7-5)S (5-2)T (2-3)S (3-1)T 4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (7-5)S (5-4)T (4-1)T 5 (7-5)S (5-2)T (2-3)S (3-1)T
6 (7-5)S (5-2)T (2-3)S (3-1)T 6 (7-5)S (5-2)T (2-3)S (3-1)T

Table 4.15: Truck routes in the import only scenario for the ICTR model, the Benchmark model is infeasible

ICTR
Move

Truck 1 2 3 4 5 6
1 (4-1) (K1) (1-3) (3-1) (K2) (1-3) (3-1) (K6) (1-4)
2 (4-1) (K5) (1-3) (3-1) (K3) (1-3) (3-1) (K4) (1-4)
3 (6-5) (5-4) (K5) (4-5) (5-2) (K6) (2-6) (6-6)
4 (6-5) (5-5) (5-4) (K1) (4-5) (5-2) (K4) (2-6)
5 (6-5) (5-5) (5-2) (K3) (2-5) (5-2) (K2) (2-6)
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4.3.5. Import and export
The import and export scenario has three containers from node 7 to node 1 and three containers from node 1
to node 7. Due to the limited number of trucks compared to the number of containers, not all containers can
be transported at the same time. There are a lot of similarities in the container route choice of both models,
that can be seen in Table 4.16. For instance, the route of the containers travelling from node 1 to node 7, no
containers use the train from node 1 to node 7 in both models. This is due the departure time of the ship from
node 5 to node 7. If the containers use the earliest train from node 3 to node 2, the containers arrive to late for
the ship. For the three containers travelling from node 7 to node 1 the models have chosen a different route
for a container. Where the benchmark model chooses the same route for all three containers, the ICTR model
chooses a different route for container 2. Container 2 is travelling by truck moves: (5-4) and (4-1). When
considering the truck route choice of both models in Table 4.17, the ICTR model requires one truck less due
to the more effective use of the trip from an to the truck deport. Because, in the ICTR model truck 1 is waiting
on truck 2 to deliver container 2 to node 4. Which can also be seen in the output of the ICTR model of the
base scenario.

Based on this scenario there can be concluded that compared to the import scenario there are more effec-
tive kilometers of the truck, because the truck has less empty return moves. There is a significant increase in
truck costs due to the optimal routing of the containers. For both models the schedule of the scheduled ser-
vice between 5 and 7 is tight for containers starting from node 1 or node 3, so the scheduled services between
(3-2)S are not an option.

Table 4.16: Container route in the import and export scenario for the ICTR and Benchmark model

Container ICTR Container Benchmark
1 (7-5)S (5-2)T (2-3)S (3-1)T 1 (7-5)S (5-2)T (2-3)S (3-1)T
2 (7-5)S (5-4)T (4-1)T 2 (7-5)S (5-2)T (2-3)S (3-1)T
3 (7-5)S (5-2)T (2-3)S (3-1)T 3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (1-4)T (4-5)T (5-7)S 4 (1-4)T (4-5)T (5-7)S
5 (1-4)T (4-5)T (5-7)S 5 (1-4)T (4-5)T (5-7)S
6 (1-4)T (4-5)T (5-7)S 6 (1-4)T (4-5)T (5-7)S

Table 4.17: Truck route in the import and export scenario for the ICTR and Benchmark model

ICTR
Move

Truck 1 2 3 4 5 6
1 (4-1) (K2) (1-3) (3-1) (K3) (1-3) (3-1) (K1) (1-4)
2 (4-1) (1-4) (K4) (4-1) (1-4) (K6) (4-5) (K6) (5-4) (K2)
3 (6-2) (2-4) (4-5) (K4) (5-2) (K3) (2-6) (6-6)
4
5 (6-4) (4-1) (1-4) (K5) (4-5) (K5) (5-2) (K1) (2-6)

Benchmark
Move

Truck 1 2 3 4 5 6
1 (4-4) (4-3) (3-1) (K1) (1-3) (3-1) (K3) (1-4)
2 (4-1) (1-4) (K6) (4-3) (3-1) (K2) (1-4) (4-4)
3 (6-4) (4-1) (1-4) (K4) (4-5) (K5) (5-2) (K3) (2-6)
4 (6-2) (2-4) (4-4) (4-5) (K6) (5-2) (K1) (2-6)
5 (6-4) (4-1) (1-4) (K5) (4-5) (K4) (5-2) (K2) (2-6)
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4.3.6. Increased containers and trucks
The possible improvement compared to the other scenarios by increasing the demand in the network is de-
pendent on the start and finish location of the containers and the trucks. This scenario adds four containers
and one truck. In Table 4.18 the routes of all the containers can be seen. The ICTR takes one different decision
for container 3 compared to the benchmark model. In Table 4.19 the routes of the trucks can be seen. The
difference in container route choice of container 3 which is using two truck moves without using a train. This
can be explained by truck 6 which has to travel node 4 as the last move towards the deport and container 4 is
picked up by truck 1 which has to leave node 4.

The ICTR model route choice of container 3 is the same situation as for the base scenario. Where a truck
starts later such that its first move can be used to transport a container. This time the benchmark has also
found a solution where the first and last move are used.

When considering the results on the KPI of the model in Table 4.9, there can be concluded that the costs,
container distance, truck distance, and the total CO2 has decreased when the ICTR model is used. But it has
decreased relatively less than in the base scenario. This results from the origin and destination chosen for the
new containers. The added containers do not have the option to use the train from node 3 to 2 due to the
departure time of the ship at 5.

In conclusion, increased containers and trucks can lead to improved KPIs, but it all depends on the origin
and the destination of the added containers. In this scenario it is only possible to travel by road from 1 to 5
(the scheduled service between (3-2)S is not an option due to time considerations).

Table 4.18: Container route in the increased containers and trucks scenario

Container ICTR Container Benchmark
1 (7-5)S (5-2)T (2-3)S 1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S 2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-4)T (4-1)T 3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (7-5)S (5-2)T (2-3)S (3-1)T 4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (7-5)S (5-2)T (2-3)S (3-1)T 5 (7-5)S (5-2)T (2-3)S (3-1)T
6 (1-4)T (4-5)T (5-7)S 6 (1-4)T (4-5)T (5-7)S
7 (3-4)T (4-5)T (5-7)S 7 (3-4)T (4-5)T (5-7)S
8 (3-4)T (4-5)T (5-7)S 8 (3-4)T (4-5)T (5-7)S
9 (3-4)T (4-5)T (5-7)S 9 (3-4)T (4-5)T (5-7)S
10 (3-1)T 10 (3-1)T

Table 4.19: Truck route in the increased containers and trucks scenario

ICTR
Move

Truck 1 2 3 4 5 6
1 (4-1) (K3) (1-3) (3-1) (K4) (1-3) (3-1) (K5) (1-4)
2 (4-4) (4-3) (3-1) (K10) (1-1) (1-4) (K6) (4-4)
3 (6-4) (4-3) (3-4) (K7) (4-5) (K9) (5-2) (K1) (2-6)
4 (6-4) (4-5) (K6) (5-2) (K2) (2-5) (5-2) (K4) (2-6)
5 (6-4) (4-3) (3-4) (K9) (4-5) (K7) (5-2) (K5) (2-6)
6 (4-4) (4-3) (3-4) (K8) (4-5) (K8) (5-5) (5-4) (K3)

Benchmark
Truck 1 2 3 4 5 6
1 (4-4) (4-3) (3-1) (K3) (1-3) (3-1) (K4) (1-4)
2 (4-5) (K6) (5-2) (K4) (2-4) (4-3) (3-1) (K5) (1-4)
3 (6-4) (4-3) (3-4) (K8) (4-5) (K9) (5-2) (K1) (2-6)
4 (6-4) (4-5) (K7) (5-2) (K2) (2-5) (5-2) (K3) (2-6)
5 (6-4) (4-3) (3-4) (K9) (4-5) (K8) (5-2) (K5) (2-6)
6 (4-4) (4-3) (3-4) (K7) (4-3) (3-1) (K10) (1-4) (K6)
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4.3.7. Tight time windows
The tight time windows scenario does not have any improvement of the ICTR model compared to the bench-
mark model. This can also be seen in the routes of the containers in Table 4.20. This can be explained by the
decrease in options for the trucks and containers to move due to the time windows. If there is only one option
left where the trucks are not the limitations and then the result is the same both models.

When comparing the tight time windows scenario to the base scenario, the benchmark shows improve-
ment and the ICTR model shows regression. The improvement of the benchmark model are due to the de-
crease in transport options, and the option left happens to be an improvement. The regression in the ICTR
model are because the container has less feasible travel options for scheduled services and has to choose a
truck on a specific moment. The ICTR model has a slight increase in costs that can be explained in using an
extra truck due to the availability requirements (Table 4.21).

In this scenario the route options are limited by time windows in such a way that the optimal solution
is not bounded by the availability of trucks in the container routing process. For other time windows of the
containers this could be the case. Under different assumptions on the time windows this may be the case and
can be further investigated.

Table 4.20: Container routes in the tight time windows scenario

Container ICTR & Benchmark
1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-4)T (4-1)T
4 (7-5)S (2-3)S (5-2)T (3-1)T
5 (3-1)T
6 (3-4)T (4-5)T (5-7)S

Table 4.21: Truck route in the tight time windows scenario

ICTR & Benchmark
Move

Truck 1 2 3 4 5 6
1 (4-3) (3-1) (K5) (1-3) (3-3) (3-4) (K6) (4-4)
2 (4-5) (K6) (5-4) (K3) (4-1) (K3) (1-3) (3-1) (K4) (1-4)
3
4 (6-6) (6-5) (5-5) (5-2) (K4) (2-6) (6-6)
5 (6-6) (6-5) (5-2) (K1) (2-5) (5-2) (K2) (2-6)
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4.3.8. Doubled scheduled services
When the scheduled services are doubled, there are more options for the containers to use scheduled services.
The benchmark model and the ICTR model cope with this differently.

Stage 1 of the benchmark model determines the route for the container based on the situation that trucks
are always available see Table 4.22. The use of scheduled services is cheaper than the use of trucks so the
benchmark model routes as much as possible scheduled services. When the model has to choose between
multiple scheduled services over the same arc, it chooses the one with the least transport time from the origin
to the destination. Therefore the output from Stage 1 of the benchmark will be having less spare time to cope
with possible truck limitations. This causes the second stage to have less options for the trucks to move all
the containers in time for the scheduled services. In this scenario Stage 2 of the benchmark has found a way
to deal with this (Table 4.23).

This scenario compared to all the other scenarios has the most relative costs benefits for the ICTR model
compared to the benchmark model. The doubled scheduled services lead to increased total costs for the
benchmark model, because of the departure times of the scheduled services. It, furthermore decreases the
costs in the ICTR model compared to the base scenario, because there is an added scheduled service which
now can be used to decrease the total travel time of both the trucks and the containers.

It is interesting to see that the total truck kilometers of the benchmark are lower than the ICTR model, but
the trucks have higher costs, this is because of the truck waiting time at nodes. The travel time of all trucks in
the ICTR model is 1802 min and in the benchmark 5752 min. When considering the driver costs of €0.05 per
minute this results in truck time costs of €90,1 for the ICTR model and € 287,6 for the benchmark model.

It can be concluded that when there are upfront plans made for scheduled services truck availability could
be an issue for the benchmark model, which will become more expensive or infeasible. The ICTR model
profits from the increased availability of scheduled services, due to the increased departure times.

Table 4.22: Container route in the doubled scheduled service scenario

Container ICTR Container Bench
1 (7-5)S (5-2)T (2-3)S 1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S 2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-2)T (2-3)S (3-1)T 3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (7-5)S (5-4)T (4-1)T 4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (3-1)T 5 (3-1)T
6 (3-4)T (4-5)T (5-7)S 6 (3-2)S (2-5)T (5-7)S

Table 4.23: Truck route in the doubled scheduled service scenario

ICTR
Move

Truck 1 2 3 4 5 6
1 (4-1) (K4) (1-3) (3-1) (K3) (1-3) (3-1) (K5) (1-4)
2 (4-3) (3-4) (K6) (4-5) (K6) (5-2) (K3) (2-5) (5-4) (K4)
3
4 (6-5) (5-2) (K2) (2-5) (5-2) (K1) (2-6) (6-6)
5

Benchmark
Move

Truck 1 2 3 4 5 6
1 (4-3) (3-1) (K3) (1-3) (3-3) (3-1) (K4) (1-4)
2 (4-3) (3-1) (K5) (1-4) (4-4) (4-4) (4-4)
3 (6-5) (5-2) (K4) (2-5) (5-2) (K2) (2-6) (6-6)
4 (6-5) (5-2) (K3) (2-5) (K6) (5-2) (K1) (2-6) (6-6)
5
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4.3.9. Extended network
When the network is extended, dependent on how the network has increased, the options for the transporta-
tion of the containers increase. The extended network scenario has an extra scheduled service, which is the
cheapest way to transport from node 7 to node 1. By using the added ship, the number of required truck
moves decreases, and the trucks are not the bottleneck of the system. The container and truck route deter-
mined by both models in the extended network is the same for both, this can be seen in Table 4.24. This can
be explained that by adding the scheduled service, which has an optimal route for the containers. The trucks
are not the bottleneck in the system and can be available at all nodes at any time.

Table 4.24: Container route in the extended network scenario

Container ICTR Container Benchmark
1 (7-5)S (5-2)T (2-3)S 1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S 2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-8)T (8-9)T (9-1)S 3 (7-5)S (5-8)T (8-9)T (9-1)S
4 (7-5)S (5-8)T (8-9)T (9-1)S 4 (7-5)S (5-8)T (8-9)T (9-1)S
5 (3-1)T 5 (3-1)T
6 (3-4)T (4-5)T (7-5)S 6 (3-4)T (4-5)T (7-5)S

4.4. Evaluation of the KPIs
The improvement of the ICTR model compared to the benchmark is dependent on several factors. The most
important one is if the trucks are the bottleneck in the system. When considering the values of the system,
given in Table 4.9 and 4.10, Table 4.25 can be created. This table evaluates the differences between the bench-
mark and the ICTR model in costs, transport distance, total truck distance and the differences in total CO2

emissions. It can be seen in this overview, that in nearly all scenarios there is a decrease in costs and total
container transportation distance when the ICTR model is used. Although it is not considered explicitly in
the objective function, there is a slight decrease in the CO2 emissions.

The doubled scheduled services have the most improvement compared to the benchmark model, an im-
provement of 25% in costs. The explanation for this is twofold. Firstly, the benchmark model costs increase
due to the scheduled services chosen by Stage 1 which chooses the first possible service without considering
the availability of the trucks. When doubling the scheduled services, this results in less time to reach the de-
parture time of the chosen scheduled service. If multiple containers are scheduled on the same service and
there is less time to reach the departure time, this results in a peak demand for the trucks or an infeasible
result. The second part of the explanation is that the ICTR model performs better than in the base scenario, it
optimally uses the extra available scheduled services. The route of the containers and the trucks are the same
for the ICTR model in the base scenario and the doubled scheduled services scenario, the difference is in the
waiting time of trucks and containers. The model chooses a more efficient scheduled service which decreases
the waiting time and the active time of the truck. The ICTR model decreased the costs when there are more
scheduled services by choosing service that worked well with the truck routing instead of the tightest time
window.

Table 4.25: Changes in KPIs when ICTR is used in percentage of the KPI obtained using the benchmark model

Base Single
truck

Import
only

Import
and
export

Increased
contain-
ers and
trucks

Tight
time
win-
dows

Doubled
sched-
uled
services

Extended
network

Decrease in costs 17% 16% - 22% 15% 0% 25% 0%
Decrease in trans-
port distance of con-
tainers

4% 4% - 3% 2% 0% 4% 0%

Decrease in total
truck distance

8% 7% - 11% 7% 0% -30% 0%

Decrease in CO_2
emissions

9% 9% - 11% 7% 0% -5% 0%
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4.5. Summary
In this chapter, the scenarios are introduced to find out what kind of benefits there could be of using the ICTR
model compared to the benchmark model. The implementation of the models is done in Matlab by using
Gurobi and Yalmip. The benchmark model is solved faster compared to the ICTR model and is used as the
warm start generator for the ICTR model in order to reduce the computational time.

The scenarios are introduced in reference to a base scenario by varying a parameter such as the number of
trucks, the origin, and destination of the containers (import and export), the number of moves, the number
of containers and trucks, tightening the time windows of the containers, doubling the scheduled services,
and extending the network.

The results of the scenarios show that a significant cost and CO2 emission reduction is possible, in some
cases 25 % in costs and up to 11 % of CO2. The most important reason for possible benefits is the availabil-
ity of trucks. When the trucks are not the bottleneck (and can be seen as always available) for the chosen
route of Stage 1 in the benchmark, then there is no benefit in using the ICTR model. But if there are limited
trucks available, or there is cooperation required between trucks and containers to fulfill the demand the
ICTR model has significant advantages. The benefits of using the ICTR model compared to the benchmark
increase when there are more time restrictions. When trucks are not always available, or it has to be in time
for the departure of scheduled services the profits increase.





5
Conclusion and Recommendations

This chapter answers the research question of Chapter 1 in the conclusion (Section 5.1) and gives recommen-
dations for further research in Section 5.2.

5.1. Conclusion
This research evaluates the impact of combining truck and container routing through a synchromodal trans-
portation network. First, the current routing models in the literature are analysed. Secondly, the key perfor-
mance indicators in synchromodal container transport are determined. Thirdly, a joint optimization model
is developed and compared to a benchmark model which is also developed in this thesis representing the
current practice. Fourthly, several scenarios are designed to evaluate the performance of the joint optimiza-
tion model (ICTR). Finally, the results of the experiments are evaluated based on the performance indicators,
including the total costs and CO2 emissions.

The current synchromodal models consider the modal choice for containers without the individual rout-
ing of trucks. In the case that trucks are not unlimited and at any time available at all nodes, but have a
starting location, final location, and time windows, this may lead to routes that are difficult to satisfy for the
trucks.

Using the developed the Integrated Container and Truck Routing model (ICTR) in a synchromodal trans-
port network there can be up to 25 % cost reduction compared to the models that assume that trucks are
always available. Furthermore, there is CO2 emission reduction by improving the effectiveness of trucks.
Additionally, the ICTR model is able to solve scenarios that can not be solved by the benchmark model.

The improvement of using the ICTR model depends on the availability of the trucks for the containers at
the nodes. This is first determined by the starting and final location of the truck (the distance from where the
depot is to the start of the first loaded move), secondly the network in question (where the scheduled services
are and if the trucks the bottleneck), and thirdly the specifications of the demand of the containers.

In conclusion, the impact of combined transport of containers and truck transport can be a decrease up
to 25% in costs and up to 11% in CO2 emissions, but it is dependent on the location of the demand, the
availability of trucks, and the cost parameters. If there are limited trucks available with limited time, the
potential benefits increase.

5.2. Recommendations
There are several interesting future research directions possible: to make the model more realistic, to include
different terms in the objective function such as CO2 emissions, to find a road map to implementation and
the development of solution methodologies for the proposed ICTR model.

To create a more realistic model there are several options for further research. Firstly, considering more
realistic parameter choices, considering more realistic networks with more nodes and arcs, considering the
limitations of using a deterministic model .

The parameters used in the model are based on literature and include various assumptions. Simulating
with real-world parameters will result in a more realistic outcome. When considering the terminals, there are
different handling times per terminal and different storage costs per terminal, in the current model they are
assumed equal for all nodes.
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Extending the network would increase the reality of the model. Now a small part of the hinterland network
of Rotterdam is modeled. Extending the network towards the furthest point of the Rotterdam hinterland
network would increase the reality. Furthermore, the total time of the system should be more than two days.
It would be really interesting to see what would happen in the extended more realistic cases.

The containers in this report are assumed to be one TEU containers, in reality there are different types of
containers transported. One TEU 20ft containers are used a lot but the two TEU (high cube 40ft containers)
should be included as well. Further research should look into the different types of containers. Another inter-
esting future research topic would be what influence the load of the container has on the travel. A container
which is loaded to the max could be possible cheaper to transport by truck and train then by ship. For ex-
ample, when the water level is to low, the number of containers which can be transported by ship, is weight
dependent because of the draft of the ship.

When considering the trucks, the driver and the truck costs must be analysed. The hourly costs of the
truck are now assumed to be a constant, while in real life drivers get paid more during some hours for in-
stance when driving through the night or driving on Sundays. When considering the fuel costs, the trucks
fuel consumption is depend on the type of the truck, and the activity of the truck (using less fuel when turned
off when waiting and more in hilly areas). In the ICTR and the benchmark models the costs of a truck driving
with a container and without is assumed to be the same. The difference in the truck cost when transporting
a container and when the truck is empty should be applied in further research. Other truck information to
consider is the hourly availability of trucks. Trucks are not able to drive for unlimited hours since drivers have
obligatory rest times. This is possible to handle in the ICTR model if the rest-locations are known. There are
different truck driver types, some drive for a day, others for a week before returning to their origin. The truck
velocity is estimated on average 90 km/hr, this is not considering any uncertainties on the road.

The scheduled services (ship and train) in the ICTR and the benchmark model are assumed as fixed sched-
ules with a departure time and an arriving time and standard costs. For the scheduled services in the models,
there is a standard price set for a container using a service. In reality the costs dependent on the departure
time (when there is more demand for a spot on a train or ship the price is likely to increase) and on the number
of containers which are on a service (if it is full it is cheaper then when there is only one truck on a service).
Furthermore, It would be also interesting to find out what would happen if the empty travels of scheduled
services were included.

For the ship, the schedules are not always pre-scheduled. The departure time is dependent on the han-
dling time at the terminals and is dependent on the number of containers which have to be transported. The
travel time is dependent on the load, direction of the current of the river, water depth, and the wind direction.

Currently, the ICTR model is limited by the calculation time. Future research on using a solution method
which does not provide an optimal solution but an improvement to the current solution, could improve the
possibility for extending the model. In the results of the ICTR model there is a significant optimality gap,
therefore it is not certain what the optimal result is. It would be interesting to see what would happen if the
gap decreases. This can be solved by increasing the running time or make the formulation of the problem
more efficient, furthermore solution methodologies are potential research directions.

The ICTR and the benchmark model are deterministic models with the assumption that everything will
go as planned. In reality this will not be the case, there are delays in the handling times of the containers and
there are traffic jams.

We observed a decrease in CO2 even though the current model has the aim to decrease the costs, the
amount of CO2 emission is not in the objective function. It would be interesting to see what would happen if
a CO2 tax would be included.

The implementation of such a model requires a single central operator for the optimal result, which has
the intention to decrease the costs of the entire network instead of their own company. It would be interesting
how the stakeholders in this network could cooperate to achieve the maximum benefit for the entire network.

The solution strategy for the ICTR model and benchmark model could help to extend the network, con-
tainers, trucks, and moves. Further research is required to find a solution strategy with the intention to finally
update the route for all the vehicles to a real-time situation.
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Abstract: When containers are transported on synchromodal bookings from their origin to
their destination, the transport supplier can decide which combination of trucks, trains, and
ships to use. This gives transport suppliers many options to route the container through the
synchromodal network. Current literature on the individual routing of containers assumes that
the trucks are always available and they do not consider empty truck kilometers. A model which
individually routes both containers and trucks through a synchromodal network is presented
in this paper. We study the effect of integrating the route of individual trucks and containers,
considering costs, emissions, and empty truck kilometers by creating the Integrated Container
and Truck (ICTR) model, and comparing it to the existing assumption in literature that trucks
are always available when routing the container through a synchromodal network. Numerical
experiments on a simulated, synchromodal, hinterland network are used to illustrate the model’s
potential.

1. INTRODUCTION

Global container transport has increased significantly in
the last decades which results in an increase in container
throughput (Notteboom and Rodrigue, 2009). Containers
travel through the hinterland by truck, ship or train. In
2018, road transport was the leading mode of freight trans-
port in the European union (52.4%) followed by maritime
transport (30.0%) and rail transport (13.0%) (Eurostat,
2018). Truck transport is often the least environmentally
friendly and the most expensive option. It is thus impor-
tant that container routes do not enforce bad truck routes
(Larsen et al., 2019).
The aim of this research is to investigate the impact of
combining truck and container routing through a syn-
chromodal network. This is achieved by creating the In-
tegrated Container and Truck (ICTR) model, which can
route both containers and trucks through a synchromodal
network in an optimal way, considering costs, distance,
and emissions. The model simultaneously decides how the
containers travel (by truck, or by a combination with ship
and/or train) and the route of the trucks (when the trucks
are full and when the trucks are empty). The ICTR model
is compared to a two-stage planning, with the existing as-
sumption in literature that trucks are always and infinitely
available to transport containers. The two-stage planning,
which first determines the route of container, with the
existing assumption, followed by optimizing the available
trucks to transport the containers.
In this paper, first the current available transport models
are explored, and secondly, the Key Performance Indica-
tors (KPI) are identified (Section 2). Thirdly, the ICTR
model is defined, followed by a two-stage model which
represent current practice (Section 3). Hereafter, the two

models have been compared in several, simulation exper-
iments and the results are discussed which evaluate the
total costs, CO2 emissions, modal split and the amount of
empty truck kilometers (Section 4).

2. LITERATURE

Based on Steadieseifi et al. (2014) the container rout-
ing models can be divided into three different planning
horizons: the strategic, which relates to the investment
decisions on the infrastructures, the tactical, which deals
with optimally utilizing the given infrastructure (this is
not applicable in the individual routing of containers), by
choosing the services and transportation modes (truck,
train, or ship), and the operational, which contains spe-
cific routing and timing. Operational models are relatively
calculation intensive models, which are often solved by ap-
proximative methods. The routing problem of this research
can be seen as an operational routing problem, due to the
detailed routing of the containers and trucks.
An overview of the relevant literature can be seen in
Table 1. The table shows if the model is Tactical or
Operational (T/O). What modes are used in the model,
Truck (Tr) and Ship (Sh) or truck, ship, and train (All). If
empty truck trips (ETT) are considered to some extend. If
the trucks are routed individually (Individual Routing of
Trucks (IRT)) and if the containers are routed individually
(Individual Routing of Containers (IRC)). If the model
inputs do not vary over time which is indicated as Static(S)
or vary over time which is indicated as Dynamic (D). If the
solution is Approximated (app) or Optimal (Opt). Finally,
what kind of network is used, a network with two nodes
with one single origin and destination (single OD) or using
multiple nodes (multi).



Table 1. Overview of models

T/O Modes ETT IRT ICR S/D App/Opt Network

Guo (2020) O All No No No D App multi
Zhen (2020) O Truck Yes Yes No S Opt multi
Larsen (2019) O All Yes No No D App multi
Qu (2019) O All No No No D App multi
Behdani (2016) O All No No No S Opt single OD
Mes (2016) O All No No No D App multi
Ayar (2012) T Tr&Ba No No Yes S Opt multi
This research O All Yes Yes Yes S Opt multi

Table 2. Different VRP problems

Time
windows

Depot Multiple
trips

Release
date

Goods
through
network

O&D Different
modes

VRP N Single N N N Same N
VRPTW Y Single N N N Same N
Multi-D VRPTW Y Multi N N N Same N
Multi-D&T VRPTW Y Multi Y N N Same N
Multi-D&T VRPTW-R Y Multi Y Y N Same N
This research Y Multi Y Y Y All Y

When considering the operational models using all modes
of transport, the current synchromodal containers models
assume that there are infinite trucks available at any time.
Where in real life, trucks must depart and return to depots,
drive to a pickup point and a delivery point, etc. Behdani
et al. (2016) optimize the schedule of the scheduled services
on a single origin and destination. Mes and Iacob (2016)
optimize the distance of the truck with the aim to decrease
CO2 emissions. Qu et al. (2019) consider the unexpected
uncertainties in the model which could deviate from the
original plan. Guo et al. (2020) match transport services
and shipment requests optimally using a dynamic and
stochastic model. In contrast to the other models, Larsen
et al. (2019) consider empty truck travels, and find out
that it has a significant influence on the outcome of the
optimal route. All the operational models above consider
trucks as flow, in other words, the trucks are not routed
individually.
The routing of individual trucks through a network can
be seen as a Vehicle Routing Problem (VRP), an overview
of vehicle routing problems can be seen in Table 2. The
truck routing of the model proposed in this research is
uses parts of Zhen et al. (2020), which investigates a
multi-depot multi-trip vehicle routing problem with time
windows and release dates, which is a practical problem
in the last mile distribution operations.Zhen et al. (2020)
considers a multi- trip, terminal and depot problem with
Vehicle Routing Problem with Time Windows (VRPTW)
and release dates (Multi-D&T VRPTW-R). By using this
vehicle routing model, it is possible for trucks to visit
roads and hubs multiple times and still be able to know
the exact time of that truck at a location. This model
does not consider containers but packages which have to
be delivered to the depot, the packages do not have the
option to go through the network (on different trucks or
modes), and the trucks do not have the option to drive to
a different final depot.
The tactical model by Ayar and Yaman (2012) route
containers through a deterministic network using infinite
truck capacity and finite ship capacity. It has inspired the
formulation of mode choice decisions and time window
constraints in the ICTR model.

There are numerous models available which consider trans-
port optimization (1), there is no model available which
can solve the individual routing of trucks and containers
through a synchromodal network.
The key performance indicators in synchromodal transport
are costs, CO2, time costs, and waiting time costs. Beside
these KPIs, we evaluate ICTR on effective truck kilome-
ters, which is the percentage of loaded traveled kilometers
and can only be considered if individual truck routing is
incorporated.

3. METHODOLOGY

The current models, which consider intermodal or synchro-
modal container transport assume that there are infinite
trucks available at any time. Where in real life, trucks must
depart and return to depots, drive to a pickup point and
a delivery point, etc.
In order to address this research gap, we propose an
Integrated Container and Truck Routing (ICTR) model.
To evaluate this integrated model, we also developed a
benchmark model which models the routing process in a
two-stage fashion representing the current practice. Both
are new models which are routing the trucks and the
containers. The ICTR model integrates the route decision
of the container and the truck and the benchmark uses the
assumption of the current models.

3.1 Conceptual model

Both the ICTR and the benchmark model are static,
deterministic models where the demand is known upfront
and they are formulated as Mixed-Integer Linear Program
(MILP). Figure 1 shows an overview of the model’s inputs
and outputs.

The network in the model is an arc and node network.
The nodes are the hubs, where the containers can switch
in mode and where containers and trucks are released and
due. There are two different types of arcs, the road arcs,
and the arcs for the scheduled services.
The input for the road network is the distance between the



Fig. 1. Model overview

nodes. The road network can be used by containers and
trucks. The input for the scheduled services is the details of
the train and the ship: the departure time and the travel
distance. Based on those inputs the travel distance and
costs can be determined.
Containers in the model can use the scheduled services and
the trucks to travel over the arcs. Each container is routed
individually and requires an origin, destination, a release
time, and a due date. The container can travel to all nodes
but is not able to travel back over the same arc, so loops
can be prevented. When the container arrives at a node,
the time between the delivery and the pickup at the node
is seen as waiting time.
Trucks in the model can drive through the system and
can visit nodes multiple times. The trucks are modelled
as a Multi-D&T VRPTW-R problem and is based on the
model of Zhen et al. (2020).
A truck can travel between all nodes by roads. Trucks
have an origin, a destination, a departure time and a due
date, and a limited set of moves. A move is a travel over
an arc and counted when the truck arrives at each node.
The number of moves is introduced so the truck can be
individually tracked and visit nodes multiple times. The
time between the departure time and the due date is seen
as the active time and can be used to drive through the
system.
Both ICTR and the benchmark model only use the trucks
needed, the trucks which do not have to transport a con-
tainer stay at their origin. The trucks have an estimated
velocity, cost per hour of usage and cost per kilometer of
driving. There is no difference in empty driving and loaded
driving when considering the costs.
The train and the ship in the model are assumed as sched-
uled services, with fixed departure times, transport times,
and costs. Dependent on the kilometers of the service in
combination with the mode (train or ship), the costs per
kilometer and velocity are estimated. The trains and ship
have limited capacity.
The objective of the models is to decrease the total costs
of transport, including the costs for containers to be

transported by modes, the waiting time of containers at
nodes, and the time and distance of the trucks (loaded and
empty). The truck costs includes the costs of the distance
driven of the truck and the time costs from the moment
it leaves the depot until it arrives at the depot. The costs
of the scheduled services are divided in cost per mode and
is per container using the service. The waiting time of the
containers is the time that a container is waiting at a node
which is not the first or last node.
Next to the cost outputs of the objective function, other
outputs of the model are the KPIs which can be calculated
based on the route choice of the model. For containers the
total distance travelled and the modal split are evaluated.
The modal split is how many percentages of kilometers
a certain mode is used compared to the total container
distance. For trucks the total distance travelled, including
empty and loaded trips, and the ratio between the loaded
and unloaded kilometers (effective ratio) are the KPIs.
Based on the driven distances and the amount of CO2

emission emitted by the modes in tonne/TEU-km the
amount of CO2 emissions of the system can be determined.
This is not part of the objective function, but will be used
as a KPI to compare ICTR and the benchmark model.
Below are the sets and indices used in both models in
Table 3.1.



Table 3. Notations used in this research

Notations

Indices and sets
T set of trucks indexed by t
M set of moves of a truck indexed by m
N set of nodes in the network indexed by

i and j
A set of scheduled services indexed by a
K set of containers indexed by k
Parameters
(ok, dk) the origin and final destination of con-

tainer k
(ot, dt) the origin and final destination of truck

t
(m0,mf ) move 0 and final move
(rk, qk) the operational with the beginning and

end of container k
(rt, qt) the start time and end time of the

operational time of truck t
σij travel time by road from node i to node

j (including loading and unloading)
la departure time for scheduled service a
va travel time for service a
(sa, ta) starting point of service a and destina-

tion of service a
ua container capacity of a service
ca the costs of using service a
fij the travel distance costs by truck from

node i to node j
bi waiting costs of a container at node i
et truck costs per unit time (driver costs)
Decision variables
zka binary, 1 if container k is using service

a, zero otherwise
zkij binary, 1 if container travels from i to j

by a truck over a road, zero otherwise

xt,mij binary, 1 if truck t is moving from i to
j in move m, zero otherwise

yk,t,mij binary, 1 if truck t in move m is trans-
porting container k, zero otherwise

ρki the time that container k arrives at
node i

ξki the time that container k leaves node i

τ t,mi the time that truck t in move m arrives
at node i

φt the time that truck t leaves the origin
wk

i waiting time of container k at node i
when the container is not at the origin
or at the final destination

M a sufficiently large positive number

3.2 ICTR Model

The ICTR model is the first model able to route the
individual trucks and containers through a synchromodal
network. By integrating, the empty truck distance and
time is included in the optimization. Below is the model
formulated.

Objective function

min
∑

k ∈ K (
∑

a ∈ A ca z
k
a +

∑
i ∈ N wk

i bi)

+
∑

t ∈ T

∑
i ∈ N ((τ

t,mf

i − φt)et
+
∑

m ∈ M

∑
j ∈ N xt,mij fij)

(1)

Routing of containers∑
i∈N

zkok,i +
∑

a∈A:sa=ok

zka = 1 ∀ k ∈ K (2)

∑
i∈N

zki,dk
+

∑
a∈A:ta=dk

zka = 1 ∀ k ∈ K (3)

∑
j∈N zkji +

∑
a∈A:ta=i z

k
a =

∑
j∈N zkij

+
∑

a∈A:sa=i z
k
a ∀ k ∈ K, i ∈ N \ {ok, dk}

(4)

∑
a∈A:ta=i

zka +
∑
j∈N

zkji ≤ 1 ∀k ∈ K, i ∈ N (5)

zkij + zkji +
∑

a∈A:(ta=i & sa=j) z
k
a

+
∑

a∈A:(ta=j & sa=i) z
k
a ≤ 1 ∀ k ∈ K, i ∈ N, j ∈ N

(6)

Routing of trucks∑
i∈N

xt,m0

ot,i
=

∑
i∈N

x
t,mf

i,dk
≤ 1 ∀ t ∈ T (7)

∑
i∈N

xt,m0

ot,i
=

∑
i∈N

∑
j∈N

xt,m0

ij ∀ t ∈ T (8)

xt,mi,i +
∑

j∈N\i x
t,m
ji = xt,m+1

i,i

+
∑

j∈N\i x
t,m+1
ij ∀ t ∈ T,m ∈ M \mf , i ∈ N

(9)

Scheduled services∑
k∈K

zka ≤ ua ∀ a ∈ A (10)

Combining truck and container

xt,mij ≥
∑
k∈K

yk,t,mij ∀t ∈ T,m ∈M, i ∈ N, j ∈ N (11)

zkij =
∑
t∈T

∑
m∈M

yk,t,mij ∀k ∈ K, i ∈ N, j ∈ N (12)

Time of trucks

τ t,mj ≥ τ t,m−1i + σijx
t,m
ij

∀ i ∈ N, j ∈ N, t ∈ T,∈ M \m0
(13)

τ t,m0

j ≥ φt + σijx
t,m0

ij ∀ i ∈ N, j ∈ N, t ∈ T (14)

τ
t,mf

dt
≤ qt ∀ t ∈ T (15)

φt ≥ rt ∀ t ∈ T (16)

Arriving time of containers

ρki ≥ τ
t,m
i −M(1− yk,t,mji )

∀k ∈ K, t ∈ T,m ∈M, i ∈ N, j ∈ N (17)

ρki ≤ τ
t,m
i +M(1− yk,t,mji )

∀k ∈ K, t ∈ T,m ∈M, i ∈ N, j ∈ N (18)



ρki ≥ la + va −M(1− zka)
∀k ∈ K, i ∈ N, a ∈ A : ta = i

(19)

ρki ≤ la + va +M(1− zka)
∀k ∈ K, i ∈ N, a ∈ A : ta = i

(20)

ρki ≤ la +M(1− zka)
∀k ∈ K, i ∈ N, a ∈ A : sa = i

(21)

Departure times of containers

ξki ≥ τ
t,m−1
i −M(1− yk,t,mij )

∀k ∈ K, t ∈ T,m ∈M \m0, i ∈ N, j ∈ N
(22)

ξki ≥ τ
t,m
j − σij −M(1− yk,t,mij )

∀k ∈ K, t ∈ T,m ∈M, i ∈ N, j ∈ N (23)

ξki ≤ τ
t,m
j − σij +M(1− yk,t,mij )

∀k ∈ K, t ∈ T,m ∈M, i ∈ N, j ∈ N (24)

ξki ≥ lazka ∀k ∈ K, i ∈ N, a ∈ A : ta = i (25)

ξki ≤ la +M(1− zka) ∀k ∈ K, i ∈ N, a ∈ A : ta = i (26)

ξki = wk
i + ρki ∀i ∈ N, k ∈ K (27)

wk
i ≥ 0 ∀i ∈ N, k ∈ K (28)

ρkdk
≤ qk ∀ k ∈ K (29)

ξkok ≥ rk ∀ k ∈ K (30)

Binary variables

zka ∈ {0, 1} ∀k ∈ K, a ∈ A (31)

zkij ∈ {0, 1} ∀k ∈ K, i ∈ N, j ∈ N (32)

xt,mij ∈ {0, 1} ∀t ∈ T,m ∈M, i ∈ N, j ∈ N (33)

yk,t,mij ∈ {0, 1} ∀k ∈ K, t ∈ T,m ∈M, i ∈ N, j ∈ N (34)

The objective function (1) minimizes the total costs of the
model, considering the costs of using a scheduled service
and the waiting costs for all containers and the costs of
truck distance and time. Constraints (2)-(6) ensure that a
container flows through a network from their origin to their
destination, and are not able to make loops. Constraints
(7)-(9) route the trucks through the network, if it is
transporting a container in one of the moves, and when
the truck leaves the origin the truck must travel to the
final destination. Constraint (10) ensures the limitations
of the capacity of scheduled services. Constraints (11) and
(12) ensure the combination of a specific container to a
specific truck in the case that the container uses a trip
by road. Constraints (13)-(16) guarantee the truck arrival

time at all nodes it visits. Constraints (17)-(21) ensure
that the arriving time of the container at a node matches
the used mode. Constraint (22)-(30) ensure the departure
time of containers at nodes and the waiting time at
nodes. Constraint (31)-(34) define the domain of decision
variables. The big M, is used in several constraints, to
linearize the constraints.

3.3 Benchmark Model

The benchmark model represents the current practice in
the synchromodal transport models, which consider that
for road transport of containers the trucks are always
and infinitely available. The benchmark has two stages.
In the first stage it analyses the optimal route of the
container, considering that the trucks are always instantly
available. This route is the input for the second stage
of the benchmark, which determines the optimal route
for the trucks to meet the demands of the route of the
containers. This means that the optimization of the truck
is not integrated as in the ICTR model.
The constraints used in the two stages are the constraints
used in ICTR divided as indicated in Table 4. In the first
stage, the objective function does not consider the entire
route of the truck and the time the truck is used, only the
distance costs when the truck is loaded. The first stage
thus optimizes the objective function:

min
∑

k ∈ K (
∑

a ∈ A ca z
k
a +

∑
i ∈ N wk

i bi
+
∑

i ∈ N

∑
j ∈ N zkijfij)

(35)

In the first stage, an additional constraint is furthermore
needed. Constraint (36) creates time for the usage of trucks
by including the time to travel by road from node i to node
j to the arriving time at j for all containers, at all departing
and arriving nodes.

ρkj ≥ σij + ξki −M(1− zkij) ∀k ∈ K, i ∈ N, j ∈ N (36)

The second stage of the model determines the route of the
truck and the specific times of containers and trucks at all
nodes, considering the route of the container of the first
stage. The objective function is the same as for the ICTR
model (1), so the output is comparable. The constraints
of the second part of the benchmark are the same as the
ICTR model except for the constraints to determine the
route of the container and the capacity limitations of the
scheduled services.

4. SIMULATION EXPERIMENTS

In this section the ICTR Model and the benchmark model
are applied on several different scenarios to find what
differences and limitations the integration of trucks and
container routes has compared to the existing planning
methods.

4.1 Implementation of the models

Matlab is chosen as the programming software with the
extensions of Yalmip and with the solver of Gurobi. The
benchmark has less options during the calculations, and
the outcome of Stage 2 is a feasible solution for the ICTR
model. The solution procedure is illustrated in Figure 2,
on the left is the input of the system and on the right is the
output of the system. The benchmark model is the part of



Table 4. Overview of the constraints applied
in the benchmark (with the first stage and the

second stage) and the ICTR model

Modules Stage 1 Stage 2 ICTR

Objective (35) (1) (1)

Constraints
Container
routing

(2)-(6) - (2)-(6)

Truck rout-
ing

- (7)-(9) (7)-(9)

Scheduled
services

(10) - (10)

Combining
container
and truck

- (11),(12) (11),(12)

Time of
trucks

- (13)-(16) (13)-(16)

Container
times

(19),(20),(21),
(25),(26),(27),
(29),(30),(36)

(17)-(30) (17)-(30)

Binary
variables

(31),(32) (31)-(34) (31)-(34)

the model which is solved first. The input is sent to Stage
1 which determines the optimal route without considering
the trucks. If the route is feasible in Stage 1, the route
determined in Stage 1 of the benchmark is used as the
input of Stage 2. If Stage 1 of the benchmark is infeasible,
then Stage 2 and the ICTR model will be infeasible too.
Reason for this is that Stage 1 of the benchmark considers
that trucks are always available, so if Stage 1 is infeasible,
there is no option to arrive within the time windows
with unlimited truck capacity. This results in an infeasible
ICTR model because even without capacity limits for
trucks the model is infeasible. If Stage 2 is infeasible, then
the benchmark is not used as a warm start and the input
is directly implemented in the ICTR model because the
ICTR model can still be feasible.

Fig. 2. Solution strategy

4.2 Scenarios

For evaluating the proposed ICTR, eight scenarios are
designed by changing the input parameters such as the net-
work (number of nodes), containers, trucks (and moves),
and the scheduled services.
The network used in the base scenario includes seven nodes
and several arcs, which can be seen in Figure 3. There are
two scheduled services, one deep sea transport possibility
and one train. The container terminals are at nodes 1, 3 ,5

and 7 and the truck depots are at node 6 and node 4. Node
7 is the moment that the container arrives in the Dutch
waters and enters the network from the container ship. The
depot at node 6 is place in the harbor of Rotterdam where
trucks are parked. The depot at node 4 is at Apeldoorn,
which is also the highway crossing.
The distances between the nodes are the real distances
between the locations. For road transport they can be seen
in Figure 3. The distances for the scheduled services are
220 km between RSC Rotterdam and Bad-Bentheim and
estimated as 75 km from the sea/international terminal to
the Maasvlakte in Rotterdam.

Fig. 3. Network

The Base scenario contains six containers, with a variety
in the origins and destinations, with two different starting
points and three different destinations. The inputs can be
seen in Table 6.
There are two scheduled services, one from the inter-
national terminal to the Maasvlakte deep sea terminal
and one from the train terminal in Rotterdam to Bad-
Bentheim. The train is driving in both directions, twice a
day. The ship is travelling once a day. These characteristics
can be found in Table 5.
The costs and velocity of the modes are given in Table

Table 5. Scheduled services

Mode Dep.
node

Ari.
node

Dep.
time

Travel
time

Capacity Costs

Train

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Ship

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

7. The costs are based on Qu et al. (2019) and the CO2

emission in ton/TEU-km are based on Kim and Chang
(2014). The costs of waiting is chosen at €0.0005 euro per
container per minute at every node and the truck time
costs are €0.05 per minute.

Next to the base scenario there are seven other scenarios,
the details can be found in Appendix A. The first scenario
is the base scenario. Other scenarios focus on how the
results change when considering a single truck, what
influence import and export of containers has on the
result, what happens when there are increased number of



Table 6. Input values of the scenarios

Network
Container Truck

Scheduled
#K Origin Destination Dep.

and
Due
date

#T #M Origin Destination Dep.
and
due
date

Base Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. 5

Single
truck

Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 1 20 [4] [4] [1,2000] Tab. 5

Import
only

Base 6 [7 7 7 7 7
7]

[ 1 1 1 1 1
1]

[1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. 5

Import and
export

Base 6 [7 7 7 1 1
1]

[1 1 1 7 7
7]

[1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. 5

Incr.
containers
and trucks

Base 10 [7 7 7 7 3 3
7 1 3 3]

[3 3 1 1 1 7
1 7 7 7]

[1,2000] 6 6 [4 4 4 6 6
6]

[4 4 4 6 6
6]

[1,2000] Tab. 5

Tight time
windows

Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] Tab.
A.1

5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. 5

Doubl.
scheduled
services

Base 6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. A.2

Extended
network

Fig.
A.1

6 [7 7 7 7 3 3] [3 3 1 1 1 7] [1,2000] 5 6 [4 4 6 6 6] [4 4 6 6 6] [1,2000] Tab. A.4

Table 7. Cost input of the model

Mode Capacity Variable
cost
€*TEU/hr

Velocity
km/hr

costs
€*tue/km

CO2
ton/tue-
km

Ship 120 0,86 15 0,057 0,0016
Rail 60 15 73 0.205 0,0007
Truck 1 31 90 0,344 0,0019

trucks, containers and moves, what happens when the time
windows are tightened for containers, what happens when
the scheduled services are doubled and what choices the
model makes when the network has increased in size.

4.3 Results

For the base scenario, there is a significant improvement by
using the ICTR over the benchmark model: 17% reduction
in costs, 4% reduction in container distance, 7% decrease
in total truck distance, and 2% decrease in emissions. The
differences in cost in the base scenario between the ICTR
and benchmark model are explained by the different route
choices. Table 9 shows the route of all containers through
the network, with the number of the specific container and
the moves of that container. When the container has to
travel from or to node 7 the only option is by ship, so the
ship usage is the same for both models. The waiting time
at nodes has doubled, this is explained by the difference in
waiting cost for containers and the truck time cost (which
is not included in the container routing of the benchmark
model).
The benchmark model shows the expected result, which
is that if the containers have the same starting point and
destination, the route is the same because the availability
of trucks is not considered when the route of the container
is determined. This results in the same route for container
1 & 2 and container 3 & 4.
The ICTR model finds a better result by integrating the
routing of the trucks and the containers. The difference in
the routing can be seen in bold in the table. Container 3
takes the scheduled service from node 2 to 3 and truck
from node 3 to 1, to use the truck more. When only

considering the costs of loaded trucks, this would be less
optimal (the transport by the truck is more expensive then
using the train from node 2 to node 3), but when the
cost of driving empty is considered, it is overall cheaper to
use that capacity. Table 8 shows the differences between
the benchmark and the ICTR model in costs, transport
distance, total truck distance and the differences in total
CO2 emissions emitted. It can be seen in this overview,
that in nearly all scenarios neither costs nor total container
transportation distance increase, when the ICTR model is
used. Although it is not considered explicit in the planning,
integrated planning causes a slight decrease in the CO2

emissions.
In the scenario with doubled scheduled services, the ICTR
model has the most improvement compared to the bench-
mark model, an improvement of 25% in costs. The expla-
nation for this is twofold. Firstly, the benchmark model
costs increase due to the scheduled services chosen by the
Stage 1 of the benchmark. When more departures are
available, Stage 1 chooses services which depart close to
the release time of the containers, but with just enough
time to travel by truck. There is no time included for
possible capacity issues of trucks. When doubling the
scheduled services, this results in less time for potential
truck capacity limitations to reach the departure time of
the chosen scheduled service. If multiple containers are
scheduled on the same service and there is less time to
reach the departure time, this results in a peak demand for
the trucks. The second part of the explanation is that the
ICTR model has an improved result compared to the base
scenario; it optimally uses the extra available scheduled
services. The route of the containers and the trucks are
the same for the ICTR model in the base scenario and
the doubled scheduled services scenario, the difference is
in the waiting time of trucks and containers. The model
chooses a more optimal scheduled service which decreases
the waiting time and the active time of the trucks.
The results of the scenarios show that a significant cost
and CO2 emission reduction is possible, in some scenarios
25% in costs and up to 11% of CO2. Also, the amount



Table 8. Changes in KPIs when ICTR is used in percentage of the KPI obtained using the
benchmark model

Base Single
truck

Import
only

Import
and
export

Increased
containers and
trucks

Tight time
windows

Doubled
scheduled
services

Extended
network

Decrease in costs 17% 16% - 22% 15% 0% 25% 0%
Decrease in transport
distance of containers

4% 4% - 3% 2% 0% 4% 0%

Decrease in total truck
distance

8% 7% - 11% 7% 0% -30% 0%

Decrease in CO 2 emis-
sions

9% 9% - 11% 7% 0% -5% 0%

Table 9. Container routes in the Base scenario,
the notation (1-2)T means that the container
travels from node 1 to 2 by truck, if it is trans-
ported by schedules service, the indication is

(1-2)S

Container ICTR

1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-4)T (4-1)T
4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (3-1)T
6 (3-4)T (4-5)T (5-7)S

Container Bench

1 (7-5)S (5-2)T (2-3)S
2 (7-5)S (5-2)T (2-3)S
3 (7-5)S (5-2)T (2-3)S (3-1)T
4 (7-5)S (5-2)T (2-3)S (3-1)T
5 (3-1)T
6 (3-4)T (4-5)T (5-7)S

of effective kilometers of truck increase significantly, for
instance in the base scenario where the effectiveness in-
creases from 45% to 64%. The most important reason for
possible benefits is the availability of trucks. When the
trucks are not the bottleneck (and can be seen as always
available) for the chosen route of stage 1 in the benchmark,
then there is no benefit in using the ICTR model. But
if there are limited trucks available, or there is coop-
eration required between trucks and containers to fulfill
the demand the ICTR model has significant advantages.
The benefits of using the ICTR model compared to the
benchmark increase when there are more time restrictions.
When trucks are not always available, or it has to be
in time for the departure time of scheduled services the
profits increase.

5. CONCLUSION

Integrating the route of containers and trucks in a synchro-
modal network improves the performance significantly.
The current synchromodal models consider the modal
choice for containers without the individual routing of
trucks. When trucks are not infinite and at any time
available at all node, there could be an entirely different
situation. In reality trucks have a starting location, final
location and time windows, this research shows the short-
comings of that assumption.
The benefits of the ICTR model compared to the existing
models depend on the extend of capacity limitations of
trucks. The limitations of the trucks are: moves, the time
windows, origin and destination, and the number of trucks.
If there are no capacity limitations due to trucks, the

results of the models show no difference. If the number
of moves are the bottleneck, the benchmark model can
become infeasible or use ineffective roads, where the ICTR
model could solve the scenario. If the time windows or ori-
gin and destination are the limitations, there is significant
improvement if the depot is used as a place to change truck
for a container. When the number of trucks are limited,
the model is not able to transport multiple containers at
the same time, in this case the ICTR model shows the best
results.
In conclusion, combining the planning of containers and
truck transport can decrease the cost up to 25%, increase
in the effectiveness of trucks significantly and up to 11% in
CO2, but it is dependent on the location of the demand,
the availability of trucks and the costs of all parameters.
If there are limited trucks available with limited time,
the possible benefits increase. Furthermore, there is CO2

emission reduction without the focus on decreasing the
emissions just by improving the efficiency of trucks.

There are several interesting future researches possible.
First of all, the model can be made more realistic by
considering the chosen parameters (e.g. handling times,
cost parameters), the used network. Furthermore, the
deterministic nature of the model is a limiting factor given
the stochastic nature of such systems. Delays in the system
and predictive information on travel times and demand
can be incorporated for more advanced models. Moreover,
the objective function can be enhanced to include CO2
emissions and potentially other KPIs. Furthermore, the
computational time is a major challenge which limited
our experimental work to small size instances. Therefore,
studies on solution methods including heuristic algorithms
are definitely a promising direction to pursue. Finally, the
implementation of such a model requires a single central
operator which has the intention to decrease the costs of
the entire network instead of their own company. For a
company with the availability of multiple terminals which
is reachable by multiple modes the model is interesting. It
would be interesting how the stakeholders in this network
could cooperate to achieve the maximum benefit for the
entire network.
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Appendix A. EXPLANATION OTHER SCENARIOS

Single truck scenario The single truck scenario is a
scenario which simulates the maximum shortage in trucks.
This is the most extreme scenario for when there are
limited transport resources available. Input values for the
truck are that the single truck starts and finishes at node
4 and has 20 moves to move the containers as in the
base scenario. Expected is that there will be significant
differences between the benchmark (which assumes that
trucks are always available) and the ICTR model, which
includes the trucks in the routing process. The input values
can be seen in Table 6.

Import only When there is one way transport of multiple
containers, there can be a shortage of trucks at certain
locations. In this scenario there are 6 containers travelling
from node 7 to node 1 and only 5 trucks to transport them
through the network. All the other input values are the
same as in the benchmark, the input values can be seen in
Table 6.

Import and export The import and export scenario
places three containers at both sides of the network (1
and 7), and is completely the opposite to the import only
scenario. Now the usage of trucks in a smart way can give
benefits for the network. It is interesting to compare this
results to the one way transport scenario, because the same
amount of kilometers are travelled but this time the trucks
can be more optimally used. Input values are except for
the pickup and delivery node the same as the Base scenario
and can be found in Table 6.

Increased containers and trucks The increased contain-
ers, trucks and moves scenario increases the throughput
of the network, this results in more calculation time. The
aim of this scenario is test the effectiveness off integrating
trucks and container routing for increased throughput and
what the limits of them model based on calculation time
are.

The number of containers are increased to ten. There is
one container travelling from node 7 to node 1 and one
container from 1 to 7, this is through the network and
requires at least two modes. There are two containers
are travelling from node 3 to node 7 which improves the
balance between the import and the export.

Tight time windows The tight time windows scenario is
the scenario where the containers have tight time windows.
Trucks in a normal network are assumed infinite and
always available at every node. In real life this is hardly
the scenario, this scenario shows that when integrating the
truck in the routing of the container, a problem which is
infeasible in the benchmark will be feasible in the ICTR
model. The input values are the same as for the ”Base”
model but with the time windows shown in A.1.

Container 1,2,3 and 4 arrive in the network by the first
ship from nodes 7 to 5 which means that they can not be
earlier then t=310. The logical reachable train, if the train
is used is train from node 2 to 3, the train departing at
t=885 will be the one to take. To reach node 2, 4 loaded
truck moves are required which can be done by 2 trucks.
This means that container 1,2,3 and 4 can reach node 1



Table A.1. Input of container in the tight time
window scenario

Container Pickup
node

Delivery
node

Departure
time

Due
date

1 7 3 5 1070
2 7 3 5 1070
3 7 1 5 1000
4 7 1 5 1120
5 3 1 60 120
6 3 7 160 2000

within t=1070. From node 1, container 3 and 4 must be
transported with 1 truck move for both to node 1.

Container 5, which is travelling from node 3 to 1, must be
transported directly from the start and requires 1 loaded
truck move. Container 6 is the most difficult one, this one
has to reach node 5 before t=600 due to the schedule of
the ship.

Doubled scheduled services The doubled scheduled ser-
vices scenario doubles the number of scheduled services to
find out what effect that has on the model. This means
that for the containers in the situation to take a train
or boat will have one sooner available which leads to
decreased waiting times. The goal of this scenario is to find
out what different choices both models make due to the
tight schedules. Expected result: the benchmark model will
route all containers through the same scheduled service
(because there is no integration) and the integrated model
will chose the optimal without.

In this scenario the input values are the same as for the
Base scenario but with doubled scheduled services. The
second train or ship departs around halfway of the first
ship or train and has the same capacity and costs for
containers. The new schedule is shown in Table A.2.

Table A.2. Doubled scheduled services

Mode Departure
node

Arriving
node

Departure
time

Travel
time

CapacityCosts

Train 1

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Train 2

2 3 365 180 50 45
3 2 725 180 50 45
2 3 1085 180 50 45
3 2 1445 180 50 45
2 3 1805 180 50 45
3 2 2165 180 50 45
2 3 2525 180 50 45

Ship 1

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

Ship 2
7 5 310 300 200 4,3
5 7 900 300 200 4,3
7 5 1750 300 200 4,3

Extended network The Base scenario determines the
optimal route for containers and trucks in a network of
7 nodes. The question arises what would happen when the

network size increases, with extra roads and extra sched-
uled services when considering the same input parameters
for the containers and trucks as in the Base scenario. Due
to the calculation time the network cannot be increased
with a lot of nodes, so an increase of 2 nodes with roads
and a shipping line are implemented in the model. With
this result there can be estimated what a possible outcome
could be when the network would increase even further.
The estimated result is that due to the extra nodes, which
lead to extra transport options, increase the number of
possibilities for the routing of containers and trucks and
will increase the benefits.

The extended network changes the Base network of 7 nodes
to a network with 9 nodes, which can be seen in Figure
A.1. Nodes 8 and 9 are added, which have connections to
the road network and to an added shipline between node
8, stopping at Nijmegen and sailing towards Hengelo and
returns the same way.

Fig. A.1. Extended network

Node 8 is a node in the center of the network and with
connection to node 2,4,5,6 and 9. The network is connected
between node 8 and 9 with a road and a scheduled service.
Node 9 is a node located at Nijmegen and is connected to
4 and 8 by road and to 1 and 8 by ship.

The distances between the nodes are estimated based on
real distance data. The distance can be seen in Table A.3.

Table A.3. Travel distance between nodes of
the truck network in kilometers

Arrivals

D
ep

a
rt

u
re

s

1 2 3 4 5 6 7 8 9

1 - - 42 61 - - - - -
2 - - - 139 40 10 - 7 -
3 42 - - 88 - - - - -
4 61 139 88 - 172 160 - 144 67
5 - 40 - 172 - 48 - 38 -
6 - 10 - 160 48 - - 16 -
7 - - - - - - - - -
8 - 7 - 144 38 16 - - 112
9 - - - 67 - - - 112 -

The scheduled services in the extended network are the
same as in the Base scenario, with the extension of ships
2 and 3, who are sailing between node 8 - 9 - 1 and node
1 - 9 - 8 can be seen in Table A.4.

For the shipping line between node 8 - 9 - 1 and node 1 - 9
- 8, there are 2 ships sailing. One starting at node 1 with
the departure time of 200, so containers appearing at an
early time at node 1 or node 3 can use the ship. The ship
is sailing in 480 time units toward node 9 where it stops
and has time to load and unload any container, before the



ship continuous toward node 8 in 440 time units. After
node 8 the ship goes back in the same time as the other
way towards node 9 and 1.

The other ship starts at node 8 at time 50, which means
that only containers appearing early at node 5 can use
this first services and is sailing with the same time units
between the nodes from node 8 - 9 - 1 and afterwards back
to node 1 - 9 - 8.

Table A.4. Scheduled services extended net-
work

Mode Departure
node

Arriving
node

Departure
time

Travel
time

Capacity Costs

Train

2 3 165 180 50 45
3 2 525 180 50 45
2 3 885 180 50 45
3 2 1245 180 50 45
2 3 1605 180 50 45
3 2 1965 180 50 45
2 3 2325 180 50 45
3 2 2685 180 50 45

Ship

7 5 10 300 200 4,3
5 7 600 300 200 4,3
7 5 1450 300 200 4,3
5 7 2040 300 200 4,3

Ship 2

8 9 50 440 100 6,31
9 1 550 480 100 6,88
1 9 1100 480 100 6,88
9 8 1600 440 100 6,31

Ship 3

1 9 200 480 100 6,88
9 8 750 440 100 6,31
8 9 1300 440 100 6,31
9 1 1800 480 100 6,88



Appendix B. OUTPUT TABLES

Table B.1. Results of the scenarios (1)

Scenario Base Single truck Import Import and export Incr. containers&trucks

Model Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR

Costs (€) Truck (empty
and loaded)

562,2 474,6 485,1 419,2 Infeasible 777 932,5 732,9 1.232,0 1.056,0

Ship 21,5 21,5 21,5 21,5 - 25,8 25,8 25,8 38,7 38,7
Train 180 135 180 135 - 180 135 90 263,7 218,7
Waiting costs 1 1,9 1,1 1,8 - 1,2 1 2,3 1,5 3,1
Total 764,7 633,0(-17%) 687,7 577,5(-16%) - 984,0 1.094,3 851,0(-22%) 1499 1276(-%15)

Container Truck 546 697 546 697 492 794 945 1096 1381 1531
distance Ship 375 375 375 375 450 450 450 450 675 675
(km) Train 880 660 880 660 1320 880 660 440 1100 880

Total 1801 1732(-4%) 1801 1732(-4%) 2262 2124 2055 1986(-3%) 3156 3086(-2%)

Modal Truck 30% 40% 30% 40% 22% 37% 46% 55% 44% 50%
split (%) Ship 21% 22% 21% 22% 20% 21% 22% 23% 21% 22%

Train 49% 38% 49% 38% 58% 41% 32% 22% 35% 29%

Truck Loaded 546 697 546 697 - 794 945 1096 1381 1531
distance Empty 629 389 580 353 - 848 1022 657 1381 1048
(km) Total 1175 1086(-8%) 1126 1050(-7%) - 1642 1967 1753 (-11%) 2762 2579(-7%)

Effective 46% 64% 48% 66% - 48% 48% 63% 50% 59%

Processing
(s)

Processing
time

310 7200 52 7200 76 7200 601 7200 1080 7200

optimality gap 0% 9% 0% 2% Infeasible 12% 0% 39% 0% 38%

CO2 emis-
sions (ton)

total CO2 ton
of container
travel)

3,45 3,13(-9%) 3,36 3,06(-9%) - 4,46 4,92 4,36(-11%) 7,10 6,60(-7%)

Truck 65% 66% 64% 65% - 70% 76% 76% 74% 74%
Ship 17% 19% 18% 20% - 16% 15% 17% 16% 17%
Train 18% 15% 18% 15% - 14% 9% 7% 9% 9%



Table B.2. Results of the scenarios (2)

Scenario Base Tight time windows Doubled scheduled Extended network

Model Benchmark ICTR Benchmark ICTR Benchmark ICTR Benchmark ICTR

Costs (€) Truck (empty
and loaded)

562,2 474,6 482,9 482,9 570,4 457,5 487,7 487,7

Ship 21,5 21,5 21,5 21,5 21,5 21,5 35,3 35,3
Train 180 135 135 135 225 135 90 90
Waiting costs 1 1,9 1 1 0,5 1,1 0,7 0,7
Total 764,7 633,0(-17%) 640,4 640,4(-0%) 817,4 615,1(-25%) 613,7 613,7(-0%)

Container Truck 546 697 697 697 326 697 682 682
distance Ship 375 375 375 375 375 375 525 525
(km) Train 880 660 660 660 1100 660 440 440

Total 1801 1732(-4%) 1732 1732(-0%) 1801 1732(-4%) 1647 1647 (-0%)

Modal Truck 30% 40% 40% 40% 18% 40% 41% 41%
split (%) Ship 21% 22% 22% 22% 21% 22% 32% 32%

Train 49% 38% 38% 38% 61% 38% 27% 27%

Truck Loaded 546 697 697 697 326 697 682 682
distance Empty 629 389 389 389 496 371 471 471
(km) Total 1175 1086(-8%) 1086 1086(-0%) 822 1068(+30%) 1153 1153 (-0%)

Effective 46% 64% 64% 64% 40% 65% 59% 59%

Processing
(s)

Processing
time

310 7200 53 7200 54 7200 185 7200

optimality gap 0% 9% 0% 9% 0% 5% 0% 37%

CO2 emis-
sions (ton)

total CO2 ton
of container
travel)

3,45 3,13(-9%) 3,13 3,13(-0%) 2,93 3,09(+5%) 3,35 3,35(-0%)

Truck 65% 66% 66% 66% 53% 66% 65% 65%
Ship 17% 19% 19% 19% 20% 19% 25% 25%
Train 18% 15% 15% 15% 26% 15% 9% 9%
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