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Abstract: The intermodal transportation system plays a pivotal role in a global supply chain. Despite
the benefits of intermodal transportation, it still has negative impacts, which are associated with
congestion and emission. Greenhouse Gas (GHG) emission is highly associated with the
transportation industry, and the share of the transportation sector is growing at a rapid pace. This
paper discusses intermodal transportation and its effects on port efficiency. We proposed a new
layout for the container terminal in the seaport in order to decrease cost as well as emission
generated by the port operations. The proposed layout can improve the sustainability of port
activities by decreasing the distance between the berth and interface points as well as avoiding
double handling. We propose multi-objective optimization using the e-constraint method to solve
this problem. The model was tested through a case study of the Port of Montreal in Canada. The
findings reveal that the proposed layout resulted in considerable emissions and costs reduction.
Compared with the current layout of Port of Montreal, the proposed layout achieved a reduction of
46.5% in the total transportation cost of the containers to their final destination, as well as 21.6% in
the emission.

Keywords: maritime transportation; intermodal transportation; container terminals; sustainable
terminals

1. Introduction

It is worth noting that the massive amount of global trade flows between the countries through
seaports. These seaports, in the past, acted as a point to change the mode of transportation only.
However, currently, the ports exceeded this traditional concept and became logistic centers and
intermodal terminals. The intermodal transportation term indicates to transport the cargo from
origin-destination to final destination in the same loading unit without handling merchandise
themselves during the exchange between transportation modes [1]. As a result of the increase in the
size of container ships, advantages of economy of scale, and global competition, the ports are
suffering from a lot of obstacles and challenges limiting their ability to survive and grow. The increase
in the size of ships causes congestion in the ports and the area surrounding the port, and usually
slows down the flow of containers. The studies show that about 65% of delay in maritime
transportation is because of congestion in the ports [2].

In most cases, long distances separate the source of raw material (production site) from the
consumption location, and wusually, these locations are separated by oceans. Therefore,
transportation, especially maritime transportation and the container terminal, is considered as the
most significant component of the cost structure of the global supply chain [3]. Consequently,
seaports have been enforced to meet the increased needs of global supply chains and flow of
commodities. In order to meet the increased demands, intermodal transportation is being used. The
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use of efficient intermodal transportation has significantly reduced handling operations and
congestion at ports and all other transfer points, thus increasing the efficiency of the ports [4].
Intermodal transportation is also playing a significant role in the industry of freight transportation
because of its benefits regarding minimization of cost, greenhouse gas emissions (GHG), and
congestion [5]. Trans-shipment operations in intermodal transportation systems in the container
terminal also releases GHG emissions. The emissions from these operations in a particular terminal
depend on the type of equipment used for handling the containers and infrastructure and layout of
the terminal [5]. However, greenhouse gas emission is a significant threat to the human and
environment [3].

Globally, in 2016, the transportation sector represents one-quarter of overall emissions at about
8 GtCO2, which is a level 71% higher than what it was in the year of 1990. Road transportation
constituted the highest percentage. Overall, the share of air and water transport remained unchanged
while road transport emissions increased by two percentage points to 74% [6].

In Canada, approximately 20% (by dollar value) of Canadian imports and exports are
transported by maritime transportation. Canadian ports are in need of a move forward in
environmental performance, concurrently, to meet the sustainability demands [7]. Though, as our
research is concentrated upon reduction of GHG and cost at Canadian Ports, it has been seen that in
2017, the total greenhouse gas (GHG) emissions in Canada reached 716 megatons of carbon dioxide
equivalent or CO2 eq; the second-largest GHG emitter in Canada was the transportation sector with
174 Mt CO2 eq, meaning 24% of total emissions, closely followed by the largest emitter in Canada,
the oil and gas sector that emitted 195 Mt CO2 eq, and representing 27% of total emissions. The
increase in GHG emissions was mostly due to growth in the transportation and oil-gas sectors.
Regarding transportation emissions, from 1990 to 2017, GHG emissions from the transportation
sector increased by 43%. This increase was due to freight trucks, whereas it increased by 122%
between 1990 and 2017 [8]. The amount of transportation emissions depends on the amount of fuel
used [5]. Generally, fuel consumption can be calculated by taking into account many factors such as
road type, loading factors, and speed. So, we assume the value of 3.24 kilograms CO2 emissions per
ton as the emissions factor used for diesel [5]. The energy consumption of the equipment that is used
in handling containers relies on the traveled distances between the different sub-processes. However,
the consumption of energy can be calculated, taking into account these distances by type of
equipment, per modality [9]. In order to overcome these challenges, seaports need particular
attention to deliver their service to their stakeholders in an efficient and productive way [10].

The transportation sector represents 30% of the overall cost of logistics operations [11]. The
growth in demand for container transport has many undesirable effects (congestion, emissions, noise,
etc.). Unfortunately, it generates a conflict with the port city as it has to endure the undesirable effects
of the port operations. In this regard, sustainable solutions are essential for the development of both
ports and surrounding urban areas [12]. One major tradeoff between the transportation systems is its
effect on the environment. Thus, calculating the emissions from all transportation systems is the main
step in the performance measurement for the transportation system [13].

The minimization of transportation costs is the key objective of traditional logistics models.
However, taking into account wider objectives and problems such as changes in the layout of
container terminals, reduction of GHG emissions, and a decrease of congestion will lead to new
models and solutions. These models and solutions can be used to define efficient intermodal
transportation [3]. In this paper, the above-defined intermodal problems have been considered. In
the case of the container terminals, in which every container terminal has a particular design and
layout with distinctive dimensions between interface points, we use the concept of the dry port as
one of the ways to increase the use of rail transportation instead of trucks [4]. The current study uses
the concept of the dry port by introducing a new container terminal far from the seaport in the
proposed layout model. Thus, the result of solving such problems and overcoming the challenges
will be the increase in terminal productivity. Moreover, it will minimize transportation time, cost,
and emissions (sustainability), followed by an increase in the capability of the container terminal to
meet the recent high demand for containerization. However, this paper makes a comparison between
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the common layouts of the container terminal with a new proposed developed layout. This
comparison is in terms of cost and emission generated by different equipment and modes of
transportation used in transferring containers from the container ship to their final destination. The
multi-objective optimization approach has been used to optimize the model. In this paper, we took
the case of Port of Montreal to validate the proposed model.

The remainder of the paper is organized as follows: In section (2) a comprehensive review of
previous researches relevant to the current study will be discussed. Section (3) presents a real case
study. Section (4) and (5) are devoted to the problem definition and problem formulation. Section (6)
analyzes computational results. The conclusion is reported in section (7).

2. Literature Review

The basic concept of intermodal transportation is consolidating shipments for efficient long-
distance transportation such as by large ocean vessels or rail, at the same time, taking advantage of
the efficiency of local delivery and truck pick-up operations. The definition of Intermodal
Transportation is transporting cargo from origin to its final destination in the same transportation
unit [14]. The cargo itself is not handled during the transferring activity from one mode of
transportation to another [2]. Due to the advantages of trucking transportation, such as flexibility and
high frequency, the market share of trucking transportation is increasing around the world [15]. All
these have caused huge truck flows and congestion on public roads and in cities. In addition to that,
it produces a high level of emissions. In Canada, based on The Railway Association of Canada, 2006,
the number of intermodal carloads increased by 77.5 % in the last decade; this demonstrates 26.3 %
of the overall growth in carloads industry appearing during this period. Avoiding congestion and
unplanned delays are one of the primary objects in intermodal terminals’ operations. Intermodal
transportation performance is associated with the performance of every component of the chain
individually, ports, maritime lines companies, motor carriers and rail, also the efficient integration
between them regarding operations, decisions, and information [16]. In this respect, the authors in
[16] provided an overview of the intermodal transportation system. This study presented intermodal
transportation from the perspective of both carriers and suppliers; as well, the study showed
significant problems and difficulties in planning, designing, and operating networks of intermodal
transportation. The study focused on the modeling approach, and it paid attention to the role of
operations research in the intermodal transportation domain [16]. Most studies in the field of
intermodal transportation have only focused on minimizing operation costs as a single objective
[15,17,18]. For ensuring the intermodal transportation system efficiency, some researches on the
intermodal transportation system are focused on analyzing the optimal location of the intermodal
terminal itself [17,18]. The European Commission has pointed out that it is necessary to use efficient
intermodal transport instead of using unimodal road transport, in light of the evidence that the latter
contributes significantly to increasing CO2 emissions [17].

The container’s flow from port to the next destination has become a challenge for many container
terminals in the ports. Although using trucks offers door-to-door service that cannot be provided by
the train service, using this option is impeded due to congestion and emissions. The use of trains has
the advantage of preventing congestion, thus decreasing container delivery time resulting in
minimizing transport cost and accelerating containers’ flow [18]. European Commission aims to shift
30% of transported freight more than 300 km by trucks to rail or maritime transportation by 2030,
with more than 50% by 2050 [19]. A comprehensive study by P.T. Aditjandra et al. in 2016,
investigated the advantages of rail transportation to enhance sustainable transportation [20]. A large
number of existing studies in the broader literature have investigated the economic and
environmental benefits of shifting freight transport from road to rail transportation [21-25].
Regarding all these concerns, Woodburn [21] investigated the effect of rail track transportation on
container flow and port efficiency in the United Kingdom by using a 'before and after' survey of the
capacity of container train supply and loading factors. The author found that rail connectivity is
essential for efficient container flow, which means better port efficiency [21]. Similarly, the author in
[22] investigated the relationship between the operating environment and port efficiency. The study
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took 420 container terminals as a sample to study the operating conditions and the market. The
terminal efficiency is significantly influenced by operating conditions changes [22]. Another study
shows how the amount of equipment on the site has an impact on delay more than it does on the
throughput time of the train [23]. Providing a sufficient and integrated rail network and excellent
organization for train schedules to meet the demand helps containers in traffic processes and
minimizes transport costs. In addition, it enables shipping companies to offer reliable services at a
competitive cost. However, developed network designs by using real-world data guarantee the
applicable plans that assist decision-makers in utilizing advantages of distribution network designs.
Such researches seek to improve port operations’ efficiency. Due to increased pressure on industries
and governments to come forward with initiatives to reduce GHG emissions, the reduction of GHG
emissions has become a priority for these organizations [24]. Chen et al. used Interpretative Structural
Modeling (ISM) to analyze relationships between different structural factors, and they propose
governance policies and specific countermeasures to construct green and smart ports [25]. Gibbs et
al. conducted a study to evaluate the role of seaports in the chain of maritime transport emissions.
Port operations and transportation activities from the port to hinterland generate a large amount of
emissions [26].

Some publications have appeared in recent years documenting the assessment of the current
state of sustainability in Canadian ports by analyzing their strategy and KPIs to meet sustainability
goals such as [7,27]. Although some research has been carried out on sustainability in Canadian ports,
to our knowledge, no single study exists, which adequately covers the effect of changing the layout
of the container terminal in the port on the transportation cost and emission.

It is not easy to make a comprehensive estimation of the total emissions generated in the seaport
[27]. Although there is intensive research to calculate the environmental performance for modes of
transportation, most of them investigate the negative effect on the environment for each mode of
transportation individually. Some of these studies investigated the emissions generated from shore
crane [28]. Liu et al. studied the emissions from gantry crane in the terminal [29]. The emissions from
yard tractor in the terminal have been investigated by Yu, Ge, Chen et al. [30], while the emissions
from the trucks were investigated by Berechman and Tseng [31]. Since the terminal operators do not
own these trucks, thus terminal operators do not have direct control over reducing emissions from
these trucks. In some ports with fewer environmental regulations, the trucks are responsible for
generating a significant share of emissions in the port. Therefore, optimizing truck flow to reduce
idling time for trucks in the terminal is the only action terminal operators can take to reduce the
emissions [32].

There are different models to calculate fuel consumption and emissions from freight
transportation. Demir et al. conducted a study to compare some models that have been deployed to
calculate greenhouse gas emissions and fuel consumption related to road freight transportation. The
results of this study showed there are some differences in findings in simulations of the models using
largely realistic assumptions, but in general, are consistent with their expectations, such as
consumption of fuel differs with the size of the vehicle, road track gradient, and speed [33]. For
policymakers, and as a first step, it is essential to understand the quantity of CO2 emissions for
different terminals [9]. Some studies focus on analyzing and estimating emissions from handling
equipment in the terminal [18,24]. Duin and Geerlings presented a methodology to calculate
emissions of CO2 generated from the container terminal in the seaport [34]. The model was validated
through different case studies (sea and inland container terminals) in the Netherlands. The model
took into account the traveled distance and fuel consumption for each piece of equipment in the
terminal but did not take congestion into account, which often takes place, and generates a significant
amount of emissions. This model will be used in our study to calculate the emissions from both
layouts of the container terminal with consideration of congestion and changing the layout of the
terminal to improve the efficiency and decrease the emissions.

2.1. Common Container Terminal Layout
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Container terminals are described in some related references as an open system of cargo flow
with two interface points (see Figure 1). The first interface point is the quayside, where the operations
of loading and unloading the ships are done. The second interface point is the landside where the
operations are of picking up containers by trucks and trains to move them to the next destination and
vice versa [35]. Every terminal has a particular layout and associated dimensions between the
different locations of operations in the terminal. The terminal’s design determines these distances.
Figure 1 illustrates the common layout of the container terminal. In the common container terminal
layout, the location of the rail track and truck terminal is at the end of the terminal opposite the berth.
This layout involves using different types of equipment to transfer containers from ship operations
area to truck and train operations area. This equipment generates emissions in the terminal. Figure 1
demonstrates the sequence of operations in container terminals: After the container is brought to the
terminal by train or truck, the container will be checked to identify and register it (e.g., destination,
content, shipping lines, and exported ship). Internal equipment for transportation picks up the
container and distributes it to its exact position in the yard (bay, row, and tier within the block) by
using specific cranes. Finally, after the ship arrives, the container is discharged from its place in the
storage yard block; it will then be carried to the quay where berth cranes pick up and load it onto the
ship at the exact location, which is pre-defined based on the storage plan. The containers' import
operations are executed in reverse order [36]. Improving container handling processes and making
them more efficient will save energy and decrease emissions of CO2 [33]. The increase in the amount
of container cargo results in a high level of demand for the services of container terminals at seaports,
container logistics, and technical equipment [36].
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Figure 1. Common container terminal layout.

The environmental concern, aside from being assessed based on factors and measures that aim
to decrease pollution, depends on the modal shift. In this situation, it is associated with economic
factors because maritime transportation is becoming more attractive to transport cargo, and it is
preferred to other kinds of transportation [37]. Scheduling several synchronized operations, activities
with various modes of transportation, and handling equipment for containers are very complicated
processes. Intermodal Transportation offers an opportunity to lower shipping costs and congestion.
Shifting transportation systems from their route to rail and sea is a way to eliminate congestion on
the roads, thus GHG emissions.

On the other hand, intermodal transportation systems in container terminals in ports face
problems and challenges such as low efficiency, land scarcity, and labor shortage [2]. The result of
solving such problems and overcoming the challenges will be an increase in terminal productivity
and minimizing logistics of time, cost, and emissions (sustainability), thus increasing the capability
of the container terminal to meet the recent high demand for containerization.
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The literature review shows that prior studies have noticed the importance of the intermodal
transportation system in reducing the cost and emissions. Although there are different researches in
the field of container terminals and environmental effects of these operations, most of the studies that
consider the environmental effects dealt with every mode of transportation individually. According
to the literature review conducted by Lam et al., there is a big concern about a research gap in
intermodal container flow with respect to sustainability [38]. Therefore, it is constructive for the
analyses by taking into account sustainable intermodal transportation issues into the layout of the
terminal with respect to environmental aspects, even though there is still a research gap in the field
of sustainable intermodal transportation systems [27]. To the best of our knowledge, no study has
been conducted and published on comparing different layouts of the container terminal in the
seaport. In other words, there is an urgent need to focus upon the proposed novel terminal layout for
the terminal efficiency. Whereby, this research aims to narrow the research gap and to develop a
sustainable intermodal transportation system to enhance the efficiency of port activities, which is the
main contribution of this paper. Besides, the comparison of time and cost between two layouts of the
terminal, considering the congestion on the public roads, is an additional contribution. Moreover,
evaluating the different combinations of import and export containers and testing the influence of
these changes on the cost of transportation and travel time is being investigated.

3. Case Study of Port Of Montreal

In order to examine the methodology’s conduct and compare the results of the proposed layout
and the Port of Montreal layout, a realistic case study was investigated. This investigation includes
trucks, rail, and equipment that are used in the terminal as transportation and handling modes to
transfer containers from the container ship to the destination and vice versa. We visited the site of
Port of Montreal several times to observe the operations being conducted over there. We also
collected the data from the respective authorities about its layout as well as its functioning. So, we
took Port of Montreal, as our case study, and it has the same layout as the common layout, where the
rail track is located at the end of the terminal. The location of the intermodal road terminal is also at
the end of the terminal. The container terminal in the Port of Montreal uses trucks to transfer
containers that have a domestic destination. The train is used to transport containers to destinations
such as cities like Toronto, Detroit, and Chicago. However, the Port of Montreal has the problem of
congestion due to:

a. At the peak period, truck traffic is increasingly congested because about 2500 trucks pass
through the port daily. (According to the speech of Chief Executive of the Port Authority, March 19,
2015) [39].

b. Inefficient intermodal transportation causes congestions in the port, terminal, and area
surrounding the port.

c.  The distance between the berth and intermodal terminal and storage area causes an increase
in the movement of trucks and equipment, thus increases the congestion from this equipment and
trucks.

The congestion in the terminal generates GHG emissions in the atmosphere and, thus, air
pollution in the port and surrounding area.

In order to formulate the problem, the sketch for the Montreal Port layout was created, shown
in Figure 2. The layout of the current case study has three storage yards; firstly, storage yard for
imported containers that have a domestic destination; secondly, a storage yard for exported
containers; and lastly, storage yard for imported containers that transport to Toronto, Detroit, and
Chicago. Each region represents a node. Arcs connect these nodes. Each arc presents transfer of a
container from its origin to its destination by using a specific transportation mode. In addition to
using road transportation to deliver containers that have domestic destinations, the train is used to
deliver containers to different regions. Transportation by trucks is comparatively flexible regarding
route and time of departure since there is no need to operate the trucks according to fixed schedules
in the container terminal. Therefore, every container that arrives can be transported by truck. Travel
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time was calculated based on the distance between nodes and speed of transportation mode,
considering congestion on the road.
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Figure 2. The layout of the Port of Montreal

4. Problem Definition

Container terminals face many interconnected issues such as storage space allocation problems,
crane assignment, truck assignment, and sustainable challenges [4]. In addition, nowadays, many
ports face pressing regulatory and public policy pressures to work toward zero or near-zero
emissions technology, which means electrification of most cargo handling equipment and other clean
technologies for equipment that cannot run on electricity or batteries [40]. Many ports are not able to
serve their customers with the right mix or standard of services because they do not have the right
combination of infrastructure.

The long distance between the marshaling area and rail terminal influences the efficiency of the
container terminals. It requires more horizontal transport vehicles to move containers between the
marshaling area and rail terminal as well as cranes to lift the containers from the trucks and drop
them on the real wagon or storage yard of a rail terminal and vice versa. Consequently, congestion
will be higher. The amount of fuel consumption determines emissions, which is not the same for all
sources of energy: for instance, the burning of a liter of diesel generates about 2.65 kg of CO2 [9].
Additionally, using trucks as multimodal transport may increase congestion at the terminal and
impede terminal throughput. All of these factors influence terminal productivity and reduce
container terminal efficiency.

Based on the problem definition, the research question is as follows:

How does the newly proposed sustainable intermodal terminal design layout improve port
efficiency?

To what extent does the new proposed layout contribute to the decrease in the cost of
transportation handling and GHG emissions from the operations in the terminal?

Thus, the container terminal and movement of containers between the origins to their
destination have become a source of concern for governments, environmental associations, and
decision-makers. Therefore, studying and facing these challenges have become very necessary to
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guarantee container flow smoothly and minimize the negative impacts at the same time. So, we try
to propose the novel approach by considering all the above concerns and propose the new layout, as

seen in Figure3.
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Figure 3. The proposed layout.

5. Problem Formulation

The Port of Montreal and the proposed layout of the terminal is divided into different locations,
such as marshaling area, rail track, storage yard, etc., as shown in Figure 2 and Figure 3. These
locations are connected by arcs. The containers are transferred between these locations on the arcs by
different modes of transportation. The different modes of transportation used in the terminal are as
follows: Shore cranes are used to transfer containers between the ship and the seaside; tug master
(diesel and electricity) is used to transfer containers between the nodes in the container's terminal in
the seaport; trucks are used to carry containers from the intermodal road terminal in the seaport to
the destination; and the train is used to transfer the containers from the intermodal rail terminal to
the destination.

In this study, we propose another type of cargo equipment handling, which is an electric straddle
carrier. Therefore, in order to minimize the cost and emissions at the same time, the model will
tradeoff between the usage of electrical straddle carriers and diesel straddle carriers. In order to
formulate the problem, a network representation of flows is designed for each layout. Figure 4
represents the network for the Port of Montreal layout, while Figure 5 represents a network for the
proposed improved layout for the case of Port of Montreal. As we have seen in Figure 4 (the proposed
layout), the nodes are rearranged for the optimization. Port of Montreal has three storage yards,
whereas the proposed layout has only two storage yards, which is the difference between the two

layouts.



Sustainability 2020, 12, 1165 9 of 21

........................ » Shore crane @Ship
Marshalling arca
igens o= oo = Tug master @ g L
8 @ Storage area (Domestic destination)
—r — > Truck (@ Road intermodal terminal
— == = — = Train @!O®Final destination (domestic)

@) Storage area (export)
(@ Storage area (imported to transported by train)
(E) Rail intermodal terminal

Toronto

@ Detroit
@9 Chicago

Figure 4. A network for the Port of Montreal layout.

IO

o0 Q} @ﬁ ..... ¢@_...@<\@
eeenel BN
———— 3

......................... » Shore crane @ Shlp
_________ » Tug master ®) Ma.rs.halling area

(@ Rail intermodal terminal
e s — » Truck (@ Storage area (export)
—— e w5 Tty (® Road intermodal terminal

(@© Container yard (outside the port)

@ to (D Final destination (domestic)
@ Toronto

@ Detroit
@ Chicago

Figure 5. A network for the optimized proposed layout.

In this research, we solve the intermodal transportation system problem to minimize the cost
and GHG emissions considering two objectives functions, considering the congestion on the arcs in
the network. The objectives of the study are as follows:

The primary objective function aims to minimize the cost, while the second objective function is
to minimize GHG emissions. The proposed model generates different Pareto-optimal solutions for
activities of the intermodal transportation system in the Port of Montreal.
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Figure 6. The framework of the problem solution.

The framework of the problem’s solution is illustrated in the flow chart Figure 6. Since the
congestion function is a non-linear function, the approximation method will be used. The primary
objective of approximation (Linearization) is to figure out the best representation of the original non-
linear objective function of the model. A good expressing of piecewise linear functions has an
effective role in minimizing the size of the problem and promoting the efficiency of computation.
Generally, a piecewise linear function of a single variable x with m + 1 acts as a breakpoint by
adding extra m binary variables and 4m constraints, which usually raise computational efforts
when m becomes large.

G = (N,A) is a network graph presenting the network of the container terminal and next
container terminal, which is located outside the seaport. N is a set of nodes, where every node n €
N represents a specific element in the terminal. For example, a node could represent a ship,
marshaling area, storage yard, intermodal road terminal, intermodal rail terminal, or container yard,
which is the final distance in this modal.

On the other hand, A is a set of arcs in graph G, where for every arc a € A and (j,i,k) € A and
a = (m,n, k) represents a link from node m to node n using transportation mode k, where n,m €
N,a € A, and k € K. The notations, scalars, parameters, and variables are as follows:

K: Set of transportation modes.

U: Set of container types.

Syt Set of arcs that have origin node n.

S, : Set of arcs that have destination node n.

Scalars

a: BPR (Bureau of Public Roads) equation constant.
B: BPR (Bureau of Public Roads) equation exponent.

Parameters

D}: A number of containers type u that already exist at node n.

B7: The storage capacity of node n.

Cio: Transportation cost per container of type u on arc a.

T;': Transportation time of container type u on an arc a.

Pf: Total time available for transportation mode k.

P;: Unit storage space for container type u.

Hy: Unit storage cost container type u in node n.

L,: Length of arc a.

Vi.: A speed limit of equipment types k for free-flow transportation.
v,: The total volume of traffic on the arc.

V: Speed of equipment on the port.

Cap,: The overall capacity of the arc between node i and j for the mode of transportation k.
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El (mn,k): Total emission to transport container u from node m tonode n using equipment k.

fr: The factor of emission for electric equipment = 0.52 (in kg of CO2 emission per kWh), and =
2.65 (in kg of CO2 emission per liter diesel).

Fy: For fixed use, per ride in liters (such as lifting operations).

1 Variable usage per km in liters.

d: Traveled Distance for equipment k.

Variables

Yun : Number of containers type u stored in node n.
Xyua : Number of containers type u moved on arc a.

Objective functions:

min fl = Z Z Cg;,(m,n,k) xu,(m,n,k) + Z Z H# Yun (1)

u€ev a€A u€eU neN
min f2 = z Z E];,(m,n,k) Xu’(m’n’k) (2)
u€evU a€A
L
Td =2
A (3)
= e |0 @
T =% X [1+a[ ] ]
Vk Capq
Eg,(m,n,k) = filFx + 1 * d] 5)
Constraints
6
Z Xu,(mnk) ~ Z Xu,(mnk) = Dy + Yun VvneN,VuelU (6)
aesy aesy
ZPuSYun < B VneN (7)
ueu
Z Z T(l;n,n,k) Xumunk) = P]E VkeK (8)
a€A ueu

The functions (1) and (2) represent the objective functions. Function (1) is the cost objective
function and function (2) is emissions function. The first expressing of Eq. (1), expresses the total cost
of transportation on the network while the second expressing indicates the overall cost of storage
containers. In Eq. (2), the first part shows the overall emissions corresponding to transfer containers
from the container vessel to the last destination on the network. Since management of time functions
a vital role in intermodal transportation problems, and it describes the main factor of the intermodal
transportation cost. The cost of transportation equipment is determined based on the hourly cost of
each type. Eq. (3) is to calculate the traveling time of the equipment in the terminal, while the BPR
equation (Eq. (4)) is used to calculate the transportation congestion on the network because the BPR
equation relies on the transported volume on the way [41]. Eq. (5) is to calculate emissions from the
container terminal. The model has three main constraint conditions. The first is the flow constraint;
the second is the capacity of each node; and the last one is the capacity of the equipment. The rest of
the constraints are to assure the non-negativity of the model variable. The Eq. (6) is a set of constraints
to enforce the maintenance of flow between the nodes. By Eq. (7), we guarantee that the inventory
capacity of the nodes that have a storage yard is not violated. The current layout has three storage
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yards: storage yard for an imported container which has a domestic destination, storage yard for
imported containers which will be transported by train, and storage yard for exported containers. In
contrast, the proposed layout has two storage yards: storage yard inside the port and container yard
in a location outside the port. Eq.(8) is a set of constraints to ensure that the time of using equipment
k does not exceed the total time the company has available for equipment. The equation of BPR
(Bureau of Public Records) [42] and, as seen in equation 4, was applied to calculate the congestion of
traveling on the network. Eq. (3) is used to figure out times of transportation of the modes considering
the congestion on the road. In addition to road transportation, the times of transportation for
equipment inside the seaport terminal and train modes are presumed to be fixed and calculated by
using the average speed, equation (2). The cost is calculated based on using the time of transportation
mode. Based upon the case study, which represents the layout of Port of Montreal, we have described
the problem definition, problem formulation, and the computational analysis in the following
sections. The following sections will put an insight into the proposed layout, and the comparison has
been made thereof.

Approximation

To introduce this method, let us consider a convex function f(x) of a one-variable x; f(x) is a
continued function, and x is between the interval [ay,a,,] [43].

f(x)

L (X)) |
. W .E,-_..o..m t

.

(;0 a, a, az : : = = — G
Figure 7. Piecewise linearization of (x) (Adapted from [43])

.Firstly, denote a; (k =0, 1, ... m) as the breakpoints of f(x), ay < a;< ...< a,,, and Figure 7
presents the linearization of f(x) using the piecewise method.
f (x) then can be linearized approximately over the interval [ay,a,,] as:

LF@) = ) fladt ©)
k=0

where x = Y750 Qg ty, 2neotr=1tx = 0, in which only two adjacent t;’s are liable to be nonzero. A
nonlinear function is then changed into this equation.

LF®) = ) f@ e (10)
k=1
x = ay t, (11)
kzzl k “k

Z te =1, (12)

m
k=0



Sustainability 2020, 12, 1165

This method is used to linearization the proposed model functions for both cost and emission as

following:

min f1 = Z Z Z Clzflb) Xed, ek, + Z z HY v

u€eU a€A beB

where:

u€eu neN

T(b) _
Cu,a - Gl?(a)Wk(a)Tu,a

min f2 = Z Z Z EY, Xeb, teb,

u€eU a€A beB

where:

Ellt’,a =fx (Fk(a) + Gllg(a) Tk(a) dq)

subject to:

Z Xu,(mnk) — Z Xu,(mmnk) = D% + Yun

aes, aes;y

D B un < B

uev

Z Z Tl Xumnk) < Pt

a€A ueu
Z teb, =1
ueu
Z tel, =1
ueu

— < ~b b
Xu a — Xcu,a tcua
uevu
— Ypob b
Xua - Xeu,a teua
ueu
tck, =0
tel, =0

VneN

VkeK

VueUa€eA

VueUa€eA

VueUa€eA, beB

VueUa€eA

VueUa€eA

VueUa€eA, beB

VueUa€A, beB

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

21)

(22)

(23)

(24)

(25)

(26)
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After approximation, the Eq. (1) converted to Eq (9), which is a linear objective function of cost
minimization. In a similar manner, Eq. (2) turned into Eq. (11) to represent the emission objective
function. Additionally, for approximation, we introduce new terms, which are Xcg,a to denote to
the number of breakpoints (b) on an arc a in cost objective function. Xefj,a denotes to the number
of breakpoints (b) on an arc a in emission objective function, while tcg'a is a decision variable €
{0,1} in cost objective function, and teg‘a is a decision variable € {0,1} in emission objective
function. The Eq. (10) is to calculate total cost based on time, taking into account congestion between
nodes. Eq. (12) is used to calculate the emission from every piece of equipment. Constraints (6), (7),
and (8) have been previously explained. Constraints (13), (14), (18) and (19) are devoted to
maintaining the values of tc2, and tel, within {0,1}. Eq. (15) is linking constraint, to link decision
variable tcl, in cost objective function with tc, in emission objective function. Constraints (16)
and (17) to link X, , with Xcb,tct, and Xel,tel, in cost objective function and emission
objective function, respectively based on the piecewise linearization method.

The epsilon constraint method is applied to find a solution to this problem [44]. The epsilon
constraint method generates non-extreme efficient solutions, and usually, each run generates a
different and new efficient solution, so a number of these solutions are beneficial for decision-makers.
After calculating the lower and upper bounds of the function of the cost and the emission function,
respectively, the epsilon constraint method is applied.

6. Computational Results

The data used in this model include distances between the nodes in the network, transportation
modes, fuel consumption, transfer costs and times, average speeds for transportation modes and
equipment that are used in handling and transferring containers, and costs of storage containers in
the seaport. This data involves the Port of Montreal as a real case study. There are some restrictions
on using transportation modes on the network because every mode of transportation is designed for
performing a different task. The data was collected based on the operations in the Port of Montreal.

The collecting data started from March 2017 until October 2017. The Port of Montreal layout and
its dimensions were drawn based on real layout through many visits to the Port of Montreal and
meetings with the Operations Manager. The measurement of distances were taken between the nodes
from the map of the port and measured by Google Earth. The number of equipment is the real number
used by the Port of Montreal. Speed and time of movement of the equipment were taken from the
manufacturer’s manual. In the computational results, we presented an overview of both layouts and
related data used in this model and computed the analysis of the results obtained. The model of this
study was written in the IBM ILOG OPL Studio modeling environment. However, the model was
solved by using IBM ILOG CPLEX 12.1[45]. The model is executed on a computer with 2.50 GHz
dual-core processor, with Intel Core I5 2520M CPU, and with 4.00 GB of RAM. The mathematical
model showed in this paper is applied to the Port of Montreal with a network containing five different
transportation modes (shore crane, diesel tug master, electrical tug master, road, and rail). Using
transportation modes between the nodes differs based on the characteristic of each mode of
transportation and type of operation. Figure 2 and Figure 3 show feasible links between the nodes
for varying modes of transportation in the current and proposed layout, respectively. The layout of
the container terminal of Montreal Port shows that the location of the rail track and truck terminal is
at the end of the terminal, as shown in Figure 2, and this is the common layout in many terminals. In
this section, we will solve both Port of Montreal and proposed layout as a bi-objective function
problem to minimize the cost function, and GHG emissions function simultaneously. We will also
present a comparison between them. In order to use the e-constraint method for both layouts, the
emission function was minimized to find the bounds of the objective function. Then, this value was
used as a constraint in addition to constraints, Eq. (13-22) to minimize the cost function. The right-
hand-side value of the emission function changes in each iteration of the e-constraint method by
adding the ¢ value for the iteration to the lower bound of the emission function. The solution depends
on the decision-makers' preferences, if the emission has higher priority, they will choose the solution
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with low emission and high cost, or they can tradeoff between the number of emissions and the cost
to find an acceptable solution which meets minimization of emissions and cost. In order to derive the
solution, we had used the e-constraint method for the Multi-objective problem, which thereafter
generate the Pareto set with varying solutions. So, the problem is reformulated by keeping the cost
function as an objective function and transforming the emission function to a constraint. Eventually,
the implementation of the e-constraint for both layouts becomes as follows:

min f1 = Z Z z Cz;slb) chj,a tcfj,a + Z Z HY Vun (27)

U€eU a€A beB uelU neN

subjected to:

Z Z Z E{;a Xe{{_a teg_a <e¢ (28)

U€EU a€A beB

and the rest of the constraints can be seen in (Eq. 6, 7, 8, 13, 14, 15, 16, 17, 18, and 19).

To develop the Pareto set of the Port of Montreal and the proposed layout, we determined the
optimal value of the emission function (f2) only. Afterward, we considered the obtained value of {2
as the epsilon value of optimized cost function (f1). The value of epsilon has been changed multiple
times within the imposed range of the upper and lower bounds. Before delving into the Pareto sets,
we show the difference between the Cost of Transportation comparisons between Port of Montreal
and the proposed layout, which can be seen in Figure 8 and Figure 9, considering cost and emissions,
respectively.

808,590 809,148

800,000
700,000
600,000
491,822

500,000 432,267
400,000
300,000
200,000
100,000

0

Proposed Layout Current Layout

Costin US $

Figure 8. Cost of transportation comparison.

From Figure8, the proposed layout proposal demonstrated a notable reduction in the overall
cost by 46.5 % compared to the Port of Montreal layout, while the minimum emissions decreased by
21.6 %. Figure 9 shows a comparison of the minimum and maximum values of emissions between
both layouts. In addition, the flow of containers became smoother, where the congestion was
minimized.
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£ 1,500,000
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é -
o 1,000,000 § g S g
500,000
0
Proposed Layout Current Layout

Figure 9. Emissions comparison.

The main reason behind taking into account the congestion is to reduce emissions and to save
the time of transportation of containers from the origin node to the destination, whereby, reducing
the cost. The results show the cost of container transportation from the berthed ship to the final
destinations. It also shows that the time of the proposed layout is less than the cost and time of
transportation of the common layout; Table 1 shows this comparison.

Table 1. Cost and emissions comparison between the layouts.

Current Layout Proposed Layout
Minimum total cost (in thousands) $ 808,590 $ 432,267
Minimum total emission (kg CO2e) 2,305,630 1,805,949
Difference % in the total cost 46.5%
Difference % in the total emission 21.6%

It is clear that the proposed layout produces a significantly lower level of CO2. This can be
explained while the proposed layout relatively decreased the amount of equipment used in handling
and transferring the containers, and in addition, traveled distances.

By using the objective function as discussed above, we had generated the Pareto sets of Port of
Montreal and Proposed Layout. The Port of Montreal layout Pareto set, which is represented in
Figure 10, shows the minimum cost $808,589.80 with emission 2,340,496 kg CO2e, whereas the
proposed layout, as represented in Figurell, shows the minimum cost $432,266.60 with emission
1,954,317.7 kg CO2e. By this, we can clearly see, we had significantly optimized cost and emission by
using the proposed layout.
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Figure 10. Pareto solutions of the Port of Montreal layout.
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Figure 11. Pareto solutions of the proposed layout.

Now, taking into consideration Figure 11 (Proposed Layout Pareto set), we had selected three
different solutions from Figurell, which represent the minimum, average, and maximum values of
the solution. These solutions are indicated on the graph with a red triangle. These solutions were
analyzed in Table 2.

Table 2. Cost-emissions comparison of different solutions in the proposed layout.

Solution I Solution II Solution III
Total cost ($) 491,821.60 439,481.15 432,266.6
Total emissions (kg CO2e) 1,805,949.47 1,865,296.762 1,954,317.70
Solutions I and II Solutions II and III
Difference % in the total cost 11.9 1.67
D1fference_%.1n the total 33 48
emissions

According to the analysis in Table 2, while minimizing the cost factor by 11.9 %, only 3.3 % of
additional emissions are incurred on the overall emissions. Furthermore, if the total cost decreases
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by 1.67 %, only 4.8 % of extra emissions must be emitted to fulfill that requirement. Since the objective
of the proposed layout is minimizing the total cost of transportation containers as well as the number
of equipment and trucks used in transferring containers, the optimal solution depends on the
preferences of decision-makers. These outcomes may provide strategic management with a valuable
guide to reduce the negative impact of the port operations. Based on the results, mitigating the
negative impacts of port operations on the environment requires moving the focus of decision-
makers from financial and operational performance to environmental performances. The port
infrastructure should be adopted and upgraded to achieve this goal. These include changing the
layout of the terminal and shifting from road transportation to rail tracks, establishing a remote
container terminal outside the city, and connecting it with the port depending on rail tracks more
than trucks. Moreover, using electric equipment in container handling is a way to lower emissions.
This paper analyzes and evaluates the performance of the current terminal layout and the proposed
layout in terms of cost, time, and environment. The proposed layout considers all the factors that help
in reducing emissions. These factors include using electric equipment, establishing a remote
container terminal, and connecting this terminal with the port by rail tracks. However, most ports in
the world are surrounded by cities, and they are not able to extend their borders. Thus, the proposed
layout takes this issue into account, and it works with a remote container terminal. In the proposed
layout, most of the containers will move to the remote container terminal, and the container yard in
the port will keep the containers that have a domestic destination. Therefore, there is no need for a
spacious storage yard in the port.

7. Conclusion

Although problems of container terminals in the ports have been well studied from engineering,
economic, and management aspects, numerous significant issues have yet to get the attention that
they deserve. Enhancing terminal operations’ efficiency is pivotal to improve maritime shipping
reliable, which we had done over here by proposing the novel layout. The Port of Montreal Layout
has several deficiencies due to the flow trade changes, and can be improved by implementing our
proposed layout. The major contribution of the paper is proposing the novel model, which reduces,
simultaneously, the cost and emissions in the environment. Hence, we tried to find a sustainable
layout for decreasing the ever-increasing emissions from the port industry. Yet, further study can be
done for the expense of the implementation of the proposed layout. In this paper, the optimization
of the intermodal transportation problem is also studied for different modes of transportation in
order to minimize the cost and emissions principle by considering traffic congestion. The results of
this research reveal significant managerial insights, such as the advantages of reducing the distance
between the berth and rail intermodal terminal and introducing another container yard out of the
city. Moreover, there is a dependence on rail transportation to move the containers from the port to
the container yard. The study will help decision-makers in the seaports industry to evaluate
investment decisions in container terminals. In addition, the study could be used by port authorities
in evaluating port performance. Moreover, the results of this study will help to obtain more effective
solutions for intermodal transportation to create more balance between the conflicting objectives:
emissions and costs. The study will help to maximize the benefits of the intermodal transportation
system, such as environmental advantages. The implementation of the proposed layout will lead to
effective use of the land, which is usually limited and impossible to expand because the ports usually
are surrounded by the city. Implementation of this proposed layout depends on the port
infrastructure and the accurate configuration between the ship and train regarding the handling
operations. Future work in the intermodal transportation system area is using simulation to evaluate
the performance of different layouts in the terminal. In addition, researches on how to choose
geographical locations for inland intermodal terminals is required.
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