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Abstract

Due to the increasing trade of bulk cargo and the growing attention to efficiency in all steps of a sup-
ply chain that continuously becomes more complex, a thorough understanding of dry bulk terminal
operations is crucial. While research on dry bulk terminal operations exists, it remains scarcely com-
prehensive. Existing studies primarily focus either on the storage space allocation problem, often in
conjunction with berth allocation or on the simulation of the system, usually built for a specific case
study. Furthermore, environmental factors have received limited attention in this context. Incorporating
environmental considerations into this topic is crucial for sustainable and efficient terminal operations,
especially when dealing with such a vastly spread sector as bulk cargo handling.

This work proposes a generic simulation model for grain terminals featuring a storage space allocation
heuristic and the option to include cold ironing operations and unloading operations involving wind-
assisted carriers. The generic character of the model is obtained by understanding what processes
are common to different terminals and to what minimal level of detail they have to be modelled in order
to obtain reliable simulation results. Moreover, the model gains further versatility due to its parametric
and period-based character. These two features enable users to effortlessly conduct reliable simula-
tions throughout all stages of design or revamping projects. This includes using information typically
available at the start of a project as well as more detailed data that becomes available in later phases.
The model includes the possibility to visualise and investigate the energy consumption of the system,
crucial information to face present-day challenges such as the adaptation and enlargement of the elec-
trical grid and the capacity estimation for the installation of new green energy production plants. The
effectiveness of the model and its generic quality are validated with different study cases from real-
world terminals. Additionally, in order to show the genericity of the model and its potential, this study
features multiple experiments to investigate different aspects of terminal operational and energetic ef-
ficiency, involving the changes in operations caused by the introduction of shore power connections
and wind-assisted carriers, a comparison of different unloading technologies, and a validation of the
industrial common practices in the field.

11
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Symbol Definition Unit
Qi s aomunt stored in silo s in time step 4

Bk, breakdown time index [-]

¢ number of cargoes per carrier in period ¢ [-]
C; effective capacity of equipment i [T/h]
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Cratio connection ratio [-]
TATucks trucks inter arrival time [h]
M, maintenance time index [-]

n number of servers/silos [-]
Nim number of cargoes of material m in period i [-]
Ntrucks number of trucks [-]
N; number of carriers in period i [-]
Ny non-working time index []
P; length of period 4 [h]
St simulation time [h]
touttake outtake time [h]
tu utilization time [h]
Tomount amount of a parcel carried by a truck [T]
Tim throughput of material m in period i [T]
Tgize amount carried by one truck [T]
w wasted space [-]
W; weather time index [-]

A service rate [1/h]
1 arrival rate [1/h]

v



List of abbreviations

Abbreviation Definition

DES International Standard Atmosphere
RHDHV Royal HaskoningDHV

DE Discrete Events

KPI Key Performance Indicator

SC Straddle Carrier

RTG Rubber Tyred Gantry Crane

URCS Underground Reefer Container Storage
MILP Mixed-Integer Linear Programming
ABM Agent-Based Modeling

PROPER PROcess PERformance

FCFS First Come First Served

HEF Highest Earning First

SPTF Shortest Processing Time First
EDD Earliest Due Date

HDF Highest Demurrage First

BAP Berth Allocation Problem

QCSP Quay Crane Scheduling Problem
QCAP Quay Crane Allocation Problem
GHG GreenHouse Gas

OPEX OPerating EXpenses

OPS Onshore Power Supply

SSE Shore Side Electricity

SP Shoreside Power

Cl Cold Ironing

UK United Kingdom

DWT Dead Weight Tonnage

LVSC Low Voltage Supply Connection
HVSC High Voltage Supply Connection
CMS Cable Management System

IEC international Electrotechnical Commission
AC Alternate Current

DC Direct Current

WPT Wind-assisted ship Propulsion Technologies
WASP Wind-Assisted Ship Propulsion
EEOI Energy Efficiency Operational Indicators
VLCC Very Large Crude Carrier

USA United States of America

IAT Inter Arrival Time

FIFO First In First Out

MTTR Mean Time To Repair

MTBF Mean Time Between Failures
COVID Coronavirus Disease

OOP Object-oriented Programming




contents

Preface ii
Abstract iii
1 Introduction 1
1.1 Objective andscope . . . . . . . . . . 3
1.2 Structure . . . . . e 3

2 Literature review 4
2.1 Drybulk terminal simulation . . . . . .. ... 4
2.2 Other terminal simulation . . . . . . ... ... 6
2.3 Storage spaceallocation. . . . . . . . . ... .. 8

3 Methodology 10
3.1 Genericmodelapproach . . . . . . . . . . .. ... 10
3.2 Delft System Approach and PROPER model . . . . ... ... ... ........... 12

4 Terminal operations description and challenges 14
4.1 Terminal structure . . . . . . . . . . 14
411 Seaside operations . . . . . . . . ... 16

4.1.2 Stockyard operations . . . . . . . ... 19

4.1.3 Landsideoperations . . . . . . . . . . ... 20

4.2 Environmental friendly operations . . . . . . .. .. ... ... 21
421 ShOrepower . . . . . . . e 22

4.2.2 Wind-assisted shipping . . . . . . .. ... 25

4.3 Seasonality . . . . . . . 28
4.4 Externalfactors . . . . . . . . . . . e 30

5 Simulation model 31
5.1 PROPER model application . . . . . . . . . ... ... . . . 31
5.1.1 Firstaggregationlayer . . . . . . . . ... 31

5.1.2 Second aggregationlayer . . . . . . . ... 32

5.2 Modelstructure . . . . . . e 33
5.3 Genericcharacter . . . . . . . . . .. 34
531 ReSOUrCeS . . . . . . . . e e 34

532 Inputs . . . . . 34

5.3.3 Policies . . . . . . e 35

5.34 Objectives . . . . . . . e 35

535 Outputs . . . . . . . e 35

5.4 Implementationsetup . . . . . . . . L 38
5.5 Continuous process discretization . . . . .. ... .. ... ... .. . . . L. 39
56 Importterminal . . . . . . . . . 39
5.6.1 Seasideoperations . .. ... .. .. ... 39

5.6.2 Stockyard operations . . . . .. . . ... ... 43

5.6.3 Landsideoperations . . . . . . . . .. .. ... 45

5.6.4 Seasonality and modalities generation . . . . . .. ... ..o 49

5.7 Exportterminal . . . . . . . . 50
5.7.1 Landsideoperations . . . . . . . . . . .. ... 50

5.7.2 Stockyard operations . . . . .. .. ... ... 53

5.7.3 Seasideoperations . ... . ... ... 54

5.7.4 Seasonality and modalities generation . . . . . . ... ... 58

5.8 Enivronmental friendly operations . . . . . . . ... o 58

vi



Contents vii
5.8.1 Shorepower. . . . . . .. 58

5.8.2 Wind-assisted shipping . . . . . . . . ... 58

5.8.3 Energy consumption . . . . . . ... 59

5.9 Externalfactors . . . . . . . . . . . .. 59
591 Weather . . . . . . . . e 59

5.9.2 Non-workingtime . . . .. . . . . ... 59

5.9.3 Breakdown . . . . . . ... 60

594 Maintenance . . . . . . . . . .. e e 60

5.9.5 Tidalbehaviour . . . . . . . . ... 60

5.10 Interface and Animation . . . . . . . . ... 60

6 Verification 63
6.1 Definition and utilised techniques . . . . . . . . . . . ... ... ... . . .. 63
6.2 Through work techniques . . . . . . . . . . . . . 63
6.2.1 Modules and subprogramscoding . . . ... ... .. ... ... .. .. .. ... 63

6.2.2 Trace . . . . . . . e e e e 64

6.2.3 Animation . . . . . . .. e 64

6.3 Aposterioritechniques . . . . . . . . .. 64
6.3.1 Distributionscheck . . . . . . . . . . ... 64

6.3.2 Experimental verification . . ... ... ... ... ... ... .. .. . ... 68

7 Validation 73
7.1 Definition . . . . .. e e e 73
7.2 Model validation process . . . . . . . . . . 73
7.21 Import . . . . e e e 74

7.22 Export . . . . e 78

8 Experiments 82
8.1 Terminalperformances . . . . . . . . . . . . . e 82
8.1.1 Seaside . . . . . . . e 82

8.1.2 Stockyard . . . . . . . 85

8.2 Emissionreducingoperations . . . . . . .. . ... e 88
8.2.1 ShOre power . . . . . . . . . 88

8.2.2 Wind-assited shipping . . . . . . . . ... 90

8.3 Common Industrial Practices . . . . . . . . .. ... . .. . ... 90

9 Conclusion and future work 95
Bibliography 96
Appendix A: Scientific Research Paper 103



Introduction

Dry bulk trade made up for more than 50% of the total marine commerce in 2023 [94], amounting to
more than 5 billion tonnes. These figures show this trade’s vital role in the global economy and today’s
society. Such a significant exchange of raw materials is motivated by the fact that some locations in the
world dispose of large minerals, food reserves, or production facilities, but still have little local demand.
On the other hand, other sites find themselves in the opposite situation, requiring inputs for processing,
distribution, or manufacturing.

Dry bulk is generally divided into major bulk and minor bulk. The former comprises iron ore, coal and
grain (oats, wheat, millet, corn, sorghum, rice, soybeans, sunflower seeds, etc.) making up respec-
tively 20, 24, and 10 % of the dry bulk trade, these being thus dedicated materials for many routes and
terminals. The latter includes all the other materials traded in bulk such as other minerals and agribulk
being responsible for the remaining 46 % [94].

In this context, grain trade is of crucial importance being fundamental for the availability of nourishment
for a large portion of both the human and animal population in the present world [107].

It is agreed that the current climate crisis will affect the cultivation of different crops around the world
[43]. This will possibly lead to changes in grain trade routes and volumes, due to the new climatic
conditions of traditionally producing and consuming countries. Another possible outcome will be an im-
portant decrease in the amount of grain harvested around the world, making efficient transport without
losses of paramount importance. Furthermore, the predicted world population growth [95] will definitely
influence food trade in an extreme way, not only intensifying the trade but also forcing society to find
new solutions to meet the population’s needs. Finally, current and future political unrest in different
producing countries could have a major effect in grain production and export.

The grain supply chain is thus a fundamental cog in the wheel of today’s economics and way of life,
in particular in the more developed countries. However, it appears to be a not extremely efficient cog
with major losses in different phases of the chain [33], in some cases accounting for up to 60% of the
harvested quantities. In fact, in comparison with other dry bulk materials, grains have the peculiar char-
acteristic of being perishable and require special storing and handling solutions and conditions to face
this issue.

Given these reasons, it is evident that a deeper understanding of the grain supply chain is crucial. The
implementation of more effective methodologies to address the issues affecting it is essential to tackle
the current challenges facing the world with the proper means. By doing so, the efficiency and resilience
of this field can be enhanced, ultimately contributing to global food security and sustainability.

In every dry bulk supply chain, an essential element is commonly recognised in the marine terminals.
The terminals essentially act as buffers between different transportation means characterised by differ-
ent schedules, sizes and logistical issues. The presence of the terminal thus allows the two different
branches of the chain to behave in relatively decoupled manners with less detrimental effects on each
other. Because of this decoupling nature terminal operations can be quite complex and are nowadays
unthinkable without effective and efficient use of information technology as well as appropriate opti-
mization and operations research methods.

Most of these research methods are normally utilised to help terminal managers to face operational
decisions such as scheduling and planning. In particular, a great challenge in terminal management
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is storage space allocation. The storage space allocation problem deals with finding the most suitable
parcel-storage coupling taking into account particular storing characteristics of the material, dwell time
and terminal-specific storage policies. These decisions can have a great influence on both the terminal
yearly throughput, product cost, and and client satisfaction. Furthermore, an efficient storage space
allocation policy influences the actual space needed for storage, affecting greatly the capital costs dur-
ing the design phase.

Another important issue in dry bulk terminal design is equipment selection. The selection of the right
equipment is crucial for the system to obtain positive performance and, just as storage space, has a
great influence on capital costs [23]. The material handled by the terminal is the first discriminant to
choose the right machines. Still, many different combinations of technologies, capacities and rated
power are possible inside a group of devices able to handle the same material.

To study these problems, numerous experts have turned to Discrete Event Simulation (DES). DES mod-
eling involves simulating real-world operations within a controlled computer environment. This method
offers a logical and quantitative approach to enhance understanding of the outcomes resulting from dif-
ferent proposals. A DES model is built by treating each physical item as a discrete entity, characterized
by its distinct set of defined properties or attributes. These entities simulate the operational activities
that constitute the processes being analysed. Activities have finite execution times, introducing delays
to the modelled system. Both these delays and other process times can be stochastic in nature, and
various methods are normally used to generate randomly induced delays based on data and opera-
tional rules specific to each process or piece of equipment. The combination of logical and random
events aims to reflect the most likely operational environment.

In this context, not enough attention to energy consumption and environmental issues had been put
into terminal operations optimization. In particular, almost no study including these aspects in a simula-
tion model has been found. However, new laws taking effect in the near future are expected to change
radically the way port operations are led, especially in Europe. For example, ports will be obliged to
guarantee shore power connections to container and passenger ships starting from 2030 [77], and dry
bulk is expected to follow shortly after.

Furthermore, in most recent studies a detachment between coefficients and industrial common prac-
tices suggested in classical handbooks such as [103] and [51] and the reality of the terminals has been
underlined ([97],[48],[101]). Understanding where reality lies and thus which coefficient to utilize when
designing a new terminal or evaluating the efficiency of an existing one becomes a crucial issue. This
problem claims even more attention in a time in which precise design becomes of paramount impor-
tance in order to meet environmental goals and approximation coefficients are looked upon as wasteful.
Amongst the users of DES there are not only academics and theory experts concerned with cutting-
edge innovation and research. In fact, DES is a powerful tool, often applied by professionals in their
work. By its intrinsic nature, simulation is an instrument that synergizes perfectly with technical consul-
tancy practices. The study, analysis, and modelling of a system to understand its shortcomings and
strengths is something common in this work field, that can thus exploit massively the potentials of sim-
ulation.

Royal HaskoningDHYV is a technical consultancy firm with many different branches and engagements.
In particular, the Bulk Handling Center of Expertise is a group of professionals specialised in dry bulk
maritime terminals and other logistic hubs. The group carries on very different kind of projects such as
greenfield terminal designs, equipment selection, studies for terminal, and due diligence projects.
These projects are usually approached with the technical knowledge of the professionals composing
the group and relying on industrial common practices mostly taken from handbooks such as [103]. Fur-
thermore, the Center of Expertise makes use of DES models too. However, as agreed by many experts
in the field ([9],[81],[49]), producing a simulation model from scratch can be a very cumbersome and
long process, even if using a commercial simulation software. Thus, this tool is commonly used only
as a dedicated service for clients that particularly request it and not a basic instrument that could help
the Royal HaskoningDHV engineers in their work.

In this environment, a generic tool featuring the standardised operations of a terminal could revolution-
ize the way simulations are managed. This tool would allow for the rapid integration of simulations
into static calculations during the initial phases of projects, enabling quick analysis of multiple different
situations. In this way, simulation would no longer be seen as a specific service, but as a versatile and
easily applicable element, improving the efficiency and flexibility of project processes.
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1.1. Objective and scope

In this work, a generic DES model for grain terminals is developed. The model is meant to approach the
system in a generic way so that it could be applied to the great majority of terminals with minor modifi-
cations, and in case expanded to other kinds of dry bulk terminals. In this model, the option to simulate
shore power supply and the arrival and service of wind-assisted carriers is included in order to allow
users to understand better what changes these implementations mean for such a system. Furthermore,
the model is able to collect energy consumption data from the simulation run, valuable information for
energy transition-related problems such as grid expansions and sizing of new renewable energy farms.
Other than various case studies to validate the model, an attempt to evaluate the validity of the com-
monly used industry practices and a consequent discussion is presented. Finally, a comparison of
the influence of pieces of equipment with different specific consumption on the total terminal energy
consumption is provided.

The research question was thus formulated as follows:

To what extent is a DE generic simulation model able to give useful insights into grain terminal op-
erations and energy consumption?

In order for it to be answered comprehensively and in a structured way, the main research question
is broken down into the following sub-questions :

* What are the minimum requirements and characteristics for a generic model?

* Is it possible to define a methodology to obtain a generic simulation model for a certain system?
If yes, what would the main steps of this methodology be?

» To what extent will the introduction of shore power affect terminal operations and energy consump-
tion? How does the terminal size relate to the characteristics of the shore power connections
(number of served berth ranges)?

* What other possible emission-reducing operations can be included in the model and how would
they affect the system?

» What is the most energy-consuming process inside the terminal? How do different installed pow-
ers and capacities affect the energy consumption of the terminal?

» Are the industrial common practices still a reliable guideline when designing or redesigning a
terminal?

1.2. Structure

The organization of the work is described below. Chapter 2 proposes a literature review of dry bulk and
other cargoes terminals simulation-related works. In Chapter 3, a description of the utilised method-
ology is provided, together with the introduction of a newly developed methodology to face generic
simulation problems. Chapter 4 provides a thorough description of the generalised operations taking
place in grain terminals, underlining the similarities and differences between import and export systems.
In Chapter 5 the modelling of the previously described operations is described in detail. Chapters 6 and
7 respectively describe the verification and validation process of the model. In Chapter 8 the design
of the various experiments set up to answer the different sub questions are depicted, together with
the consequent results. Lastly, Chapter 9 presents the conclusions about the whole model and the
developed experiments together with future research lines.



Literature review

In this chapter, a review of the relevant literature found and analysed for this study is reported. Due to
the lack of literature on grain terminals and grain terminals simulation and to the variety of other topics
faced in this work, the chapter is divided into dry bulk terminal simulation literature, general terminal
simulation literature and storage space allocation literature.

2.1. Dry bulk terminal simulation

It is interesting to mention that almost no study dealing with grain terminal simulation was found. This
shows the lack of research in this direction. However, many studies were carried out on iron ore and
coal terminal simulation, probably because of the larger dimension of the trade and the higher eco-
nomic interests in it. The differences between these systems are not small in reality, still, they remain
similar from a modelling point of view, thus a literature review of this kind was deemed satisfying as a
first approach to the field.

The first application of DES to a dry bulk terminal environment was found in [10]. In this work, a feasi-
bility study for an expansion of a coal terminal on Batam Island, Indonesia. The focus of the simulation
was the ship arrival patterns and the consequent loading and unloading operations. Only the large ore
carriers’ inter-arrival times were generated through a distribution while the smaller ships’ arrivals were
simulated based on the travelling times to the served customers.

On the other hand, in [28] was made use of a DES model to test different storing strategies in an iron
ore terminal connected with a mine. The need for the ore to dry was taken into account, making it an
interesting case to compare with similar grain terminal operations.

Amongst many other models developed for different specific cases, in [24] is discussed the design of
a dry bulk terminal DES general tool featuring both a port equipment library and optimization capabil-
ities. A Genetic Algorithm was applied to solve the optimization problem, focused on the design and
scheduling of operations.

In [69] a new approach to the system was proposed. This new modelling path consisted in schematising
the terminal as a job shop made of different equipment line groups and transport jobs. Each equipment
line consists of various pieces of equipment with different characteristics and results available only if all
of them are. Different equipment assignment options were evaluated together with several breakdown
behaviours.

A whole doctorate thesis [101] was dedicated to developing a complex DES tool for dry bulk design
and study and applying it and its variants in multiple investigations. The main objective of the project
was to provide port planners with a useful tool during the design process. The model featured different
dedicated modules to simulate only the seaside, the landside, the stockyard, and the routing system.
In [98], two different levels of simulation concerning a short horizon were developed to help terminal
managers in making routing decisions. One simulated the terminal dynamics while another took care
of the routing simulation based on the output of the first. The selection of the best route was made in
three phases taking into account respectively total time, waiting time and needed electricity. With [102]
a simulation-based approach was applied to the dimensioning of the stockyard for dry bulk terminals
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including shipload splitting and piles relocation options in the simulation tool. The study showed quite
some discrepancies with and amongst generally used rules of thumb, with some of them corroborated
by academia but in discord with common industrial practices and vice versa. The investigation of the de-
sign of a conveyor belt network by simulating its behaviour for different storage policies and layouts was
described in [99]. The work took into account stochastic processes and conveyor breakdown. One of
the findings was that installing the maximum number of connections does not necessarily lead to better
performance of the system. In [100] the simulation tool was applied to reschedule stacker-reclaimers
operations in order to increase the terminal’'s performance. An operations interruption option and a
wide-lane/dedicated layout option were part of the simulation and analysed in the study.

A new discrete event simulation model for the analysis of the unloading operations in RUSAL Aughinish
Alumina refinery was introduced in [19]. The model took into account both deterministic and stochastic
processes including tidal constraints. Furthermore, a heuristic queue sorting mechanism based on cost
reduction was developed and integrated into the simulation. In [18] the model was improved and the
scope enlarged, taking into account the transport and storage operations, maintenance activities and
unloading hatch sequences, a detail often not taken into account in these models but that can greatly
affect loading and unloading times.

In [110] a simulation model was implemented to identify terminal throughput capacity. Other than tak-
ing into account classical factors used in similar simulations such as equipment efficiency and ships’
and trains’ arrival frequency, a typical characteristic of this model was to divide the stockyard into small
grids in order to better describe it. An interesting characteristic of this model was the attempt to connect
train arrivals to the ship arrival plans, as usually happens in reality.

As one can see most of the models are clearly focused on the seaside of the terminal, probably because
of the economic importance of the shipping industry. Furthermore, it seems to be commonly agreed
that badly planned seaside operations typically have more detrimental effects on terminal operations
than inefficient landside planning. However, it has been seen that this lack of attention to landside
planning can lead to serious disruptions in the supply chain. For these reasons, in [64] a discrete event
simulation was applied to a wood chip export terminal in Australia to investigate congestion on the ter-
minal’s landside. The model analysed the effects of the variations of the terminal’s configuration, the
application of a terminal appointment system and the implementation of a gate automation technology
in four different truck arrival frequency scenarios. By taking into account different products and truck
sizes it was found that the introduction of an appointment system can reduce turnaround times by ap-
proximately 20% while adding unloading capacity obtains a relatively small improvement. Furthermore,
in [62] more possible improvements were proposed in terminal management to avoid gate congestion
and in [63] a similar model was applied to study them with an additional view on environmental issues.
Integrating data collected from weighbridges and truck geo-positioning systems, the already studied
improvements of a terminal appointment system and a new terminal configuration were compared with
the introduction of an integrated weighbridge database and the use of higher-capacity trucks. Other
than classical KPls such as turnaround times, waiting times and turnaround time reliability, engine idling
emissions were taken into account during this research.

Table 2.1 reports a comparison of the just described works with the present one under a series of spec-
ifications. As one can quickly grasp from the diagram, a relatively large attention to the production of
generic models is present in the field, especially represented by van Vianen’s works [101]. However,
the generic model was often developed based on a case study or adapted by it, without precise initial
attention to develop such a tool. Oftentimes, simulation of such a system is not approached as a prob-
lem on its own but mostly as a tool to demonstrate or prove the validness of results obtained in other
ways. The possibility of simulating different policies or scenarios in a computer environment without a
real-world implementation is indeed the main advantage and objective of simulation. Still, in order to
obtain reliable results the topic itself should deserve more attention and dedicated study, without being
a sidekick in works dedicated to other matters.

It is interesting to point out the difference made between the two parameters "Terminal” and "Storage”
in the classification of the works. With "Terminal” the modelling and simulation of the stockyard op-
erations was meant. On the other hand, with "Storage” the possibility of setting a maximum capacity
for the storage area was indicated. In fact, a relatively common practice found in these works was to
leave no maximum constraint to the storage space capacity (and thus describe the whole storage as
one infinitely large bin). By running simulations in this fashion, the maximum capacity needed under a
series of determined factors (equipment fleet, throughput, etc.) could be easily estimated. However, it
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is clear that a certain detail in the simulation of stockyard operations is lost.

Furthermore, with the exception of Dipsar’s [28] and Zhu’s [110] works, no example of a model able to
simulate the whole system was found, with a major interest in the seaside subsystem, for reasons that
were already stated.

Table 2.1: Comparison of dry bulk terminal simulation works with the present work

Work Generic model Seaside Terminal Storage Landside Alt. Operations Energy

Baunach et al. [10]
Dipsar et al. [28]
Dahal et al. [24]
Ottjes et al. [69]
van Vianen [101]

<

v

L

van Vianen et al. [98]
van Vianen et al. [102]
van Vianen et al. [99]

Ll

van Vianen et al. [100]
Cimpeanu et al. [19]
Cimpeanu et al. [18]

Zhu et al. [110]
Neagoe et al. [64]

L O Ul

<
L

Neagoe et al. [62]
Neagoe et al. [63]

This work vV Vv vV

L U L
LK

L

<

2.2. Other terminal simulation

Since port simulation is a very extended field and the works found that strictly dealt with dry bulk termi-
nal simulation were not deemed to be in sufficient number, or still the impression was that there was
more to understand about this field, the literature review was extended to port simulation in general
(mostly container trade ones). A few of the articles found are reported in the following paragraph, try-
ing to delineate a brief history and state of the art of port simulation.

One of the earliest works found dealing with port simulation is [57]. In this study, the key issues of the
application of modelling and simulation for the management of the Riga Harbour Container Terminal
were discussed. Thanks to the financing of the European Commission, this research studied problems
and approaches to solve them that are typical for growing harbours, producing results that could be
used as a guideline for solving analogous issues in similar systems. The simulation model was divided
into a micro level, where separate technological operations were simulated in order to investigate their
durations, and a macro level, where results of micro-modelling were used within the overall model of
the container terminal.

In the same years, in [34] a process-oriented DES model was used to validate solutions to the resource
allocation problem obtained through different optimisation methods. In the model, the different objects
were classified according to their "intelligence” obtaining three different classes: Planners, Operators,
and Components. External events such as trucks, trains, and carriers’ arrivals trigger responses from
the simulation agents, which in turn operate on the simulation components.

In [29] a distributed simulation model was developed including all the characteristics of container han-
dling between the ships and the container stack. The model was decomposed into small, easy to
understand sub-models communicating with each other: the Quay System, the Transport System, the
Container System, and the Control System.

Again, in [46] the role of computer simulation in the evaluation of the performances of a container ter-
minal was investigated in relation to its handling techniques and their impact on the capacity of the
terminal. Furthermore, the authors addressed the crucial issue of performance criteria and the model
parameters when dealing with port terminal congestion and terminal capacity.

With [71] a peculiar modular DES modelling approach was developed and applied to the logistic chain
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of the northwestern Italian port system. The main container terminals in the area are modelled using a
modular structure that is able to efficiently represent both the logistic activities and the interconnection
phases between each mode of transport, allowing the user to modify parameters and rules in each
module without changing the functional behaviour of the global model. In particular, the constituting
modules of each terminal were schematised in the ship berthing, the truck gate and the rail yard.

In [85] DES was applied to investigate the optimization of an internal transport cycle for a marine con-
tainer terminal managed by straddle carriers (SC). The system was divided into the three classical
subsystems: landside transportation, container storage in the yard, and quayside transportation. The
model was used to compare SC operational strategies, different-sized fleets of handling equipment
optimization algorithms for the assignment, and optimization algorithms locating import and export con-
tainers in the yard.

Arena [20] software was used in [21] to develop a complex simulation model of the Seville Port, taking
into account all the materials handled by it, namely: containers, cereals, cements, scrap, iron ore and
fertilizers. In this work, particular attention was given to the modelling of the estuary leading to the port
and all the carriers approaching the process. Furthermore, since the model covered the whole port,
a dock assignment procedure based on the material carried by the ship was featured. Each of the
different locks was characterised by policies based on the material handled and the specific company
managing it. A very peculiar feature of this model was the simulation of human resources (coastal pilot,
mooring rope workforce, etc.) usually overlooked in this kind of work.

In [1] DES was applied to understand the operational costs of a container terminal. To obtain this
objective, three different models were developed: a macroscopic model to simulate terminal and port
operations, a microscopic one capturing the adjacent road network behaviour, and a cost model that
processed the inputs obtained from the previous two produced results of economical nature. The
macroscopic model was used to simulate the behaviour of 14 container terminals simultaneously. In
order to do so, a flow paradigm was applied, losing the possibility to track single entities but allowing
the model to handle large systems.

In [87] the development of a general simulation platform, named MicroPort, is described. The tool was
meant to provide an integrated and flexible modelling system for evaluating the operational capability
and efficiency of different designs of container terminals. The platform featured several decision pro-
cesses, covering almost all decision problems in major container terminals. The option to input decision
algorithms was part of the model. However, complex and thorough decision procedures were part of
the platform and available to users.

Arena [20] was once more used in [47] to build a generic discrete-event simulation model to investigate
container terminals operations, with a focus on throughput, resource utilization and waiting times. The
model covered the whole system with a high level of detail, including port operations, and movement of
ships, trucks and trains and featuring a wide range of different resources such as quay cranes, RTGs,
berths and storage areas.

With [52] an investment planning problem for the seaside operations of the container terminal in Hu-
men Port was addressed. The simulation model was developed using Arena [20] and featured various
types of container ships and cranes, flexible berth allocation and dynamic crane scheduling. As in other
cases, the model was decomposed into four subsystems working independently as well as interacting
with each other.

In [44] a study on the impact of using a new intelligent vehicle technology (Intelligent Automated Vehi-
cles) on the performance and total cost of a European port is presented. In order to do so, a low-level
DE simulation model and a cost model were developed.

Some attention to environmental issues was given in [108], in which a study on the quantification of the
impact of mitigation strategies on carbon emissions from port operations and shipping inside container
terminals was carried on. For this purpose, a carbon emission quantification DE simulation model was
developed by use of Arena [20]. A formulation to calculate carbon emissions was introduced together
with a series of mitigation strategies: reduced speed in waterway channels, reduced auxiliary time at
berth, onshore power supply, alternative fuels, and increased working efficiency of port equipment. In
this work too, the simulation model included different sub-models: ship arrival and berth assignment
sub-model, ship going through waterway sub-model, ship handling operation sub-model, and external
truck operation sub-model. Obtaining the working time for each piece of equipment in the terminal
through the simulation model and embedding the presented carbon emission formulation, the emis-
sions for each kind of component were given as model output.
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Table 2.2: Comparison of other terminal simulation works with the present work

Work Generic model Seaside Terminal Storage Landside Alt. Operations Energy
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Kavakeb et al. [44]
Cortés et al. [21]
Lin et al. [52]
Soriguera et al. [85]
Kotachi [47]
Moros-Daza et al. [59]
Feng et al. [31]
Yun et al. [108]
Duinkerken et al. [29]
Abadi et al. [1]
Gambardella et al. [34]
Parola et al. [71]
Merkuryev et al. [57]
Kia et al. [46]
Sun et al. [87]
This work
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Various detailed simulation models were developed in [31] in order to examine how different seaside
infrastructure improvement measures of a marine crude oil terminal could increase its maximum oil
throughput, reduce tanker delays, and minimize the total system cost over a certain planning horizon.
The models featured special navigation constraints for oil tankers, realistic tidal constraints, and practi-
cal priority rules for different tanker types at the Rizhao Shihua Oil Terminal in China. Only the seaside of
the system was modelled, diving it into two different subsystems: a navigation subsystem that contains
tanker anchorages and a one-way channel connecting to the dockyard and a dockyard that contains
dwelling berths and a turning basin where tankers make turning manoeuvres before entering berths
and after exiting berths. The different infrastructure improvement measures were compared based on
the annual crude oil throughput for each of the above improvement measures, and their resulting aver-
age tanker delays under given demands.

Recently, the viability of an innovative infrastructure termed Underground Reefer Container Storage
(URCS) was assessed in [59]. This measure was meant to mitigate the significant and increasing en-
ergy demand posed by reefer containers in ports. A DES model was used to evaluate the feasibility,
environmental implications, and cost-effectiveness of three distinctive URCS infrastructure designs. In
order to measure the impact of all the resources of a port, not only the reefer container operations were
simulated, but the entire port operations. The DES model included all the elements of a foreign trade
supply chain, from the arrival/departure of trucks to the arrival/departure of vessels.

Just as in the previous paragraph, Table 2.2 compares the just reported works with the present one.
The trends described in the previous paragraph still hold, with minor differences. In particular, a larger
amount of generic models was found in this different field together with a way larger number of studies
simulating the system in its entirety. This could be explained by the way higher economic interests
are involved in this field. However, it is important to remember how the intrinsic discrete nature of the
container is more easily coupled with DES if compared with the continuous processes typical of dry
bulk trade.

2.3. Storage space allocation

Another great issue in terminals is storage space allocation. In recent times a relatively large amount
of studies on the topic has been carried out using simulation but mostly addressing the problem as an
optimization one. In [105] a constraint programming approach was developed to solve the Stockyard
Management Problem studying the strategy of allocating stockyard space to coal stockpiles dynami-
cally such that the overall utilization of stockyard space could be maximized.

In [70], a real-world storage space allocation problem at an export bulk terminal was considered for-
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mulating the problem as MILP (Mixed Integer Linear Programming) and proposing a heuristic method
inspired by bin packing problem to solve large-scale data sets while minimizing the cost of tardiness
and undesired mixing.

Furthermore, some attention to environmental issues has been taken into account in the approach to
these problems. For example, [84] proposed a formulation for a stockyard planning problem focused
on minimizing energy consumption during operations. On the other hand, a first study [88] proposed a
similar approach minimizing the total travel distance of incoming ores as a proxy to reduce energy con-
sumption and operational time. Later [89] enlarged the problem scope by integrating stacker-reclaimer
and mist cannons operations to decrease the amount of dust emitted from the terminal. Lastly, [30]
developed a mathematical formulation to solve and integrated energy and transport scheduling of ter-
minal operations, taking into account the electric network and bunkering system modelling.

The literature review carried out highlighted a significant gap in research specifically focused on grain
terminal simulation, despite the critical role these terminals play in global trade. While numerous studies
have been conducted on iron ore and coal terminals, the unique challenges and requirements of grain
terminals remain underexplored. Existing research primarily addresses specific case studies or focuses
on particular aspects such as storage space allocation and equipment selection, often neglecting envi-
ronmental considerations. Furthermore, other than case-specific and problem-specific research, most
of the works found focused on only a portion of the terminal, not trying to grasp the complexity of the
balancing of relatively uncoordinated supply and demand that takes place in such a system.

Despite the enumerated deficiencies, significant insights can be drawn from studies on dry bulk ter-
minals and general terminal operations. Both the dry bulk and the other materials terminals studies
had as main simulation goals the optimization of terminal efficiency, reduction of operational costs, and
enhancement of throughput capacity. In both kinds of works the principles of the principles of efficient
space utilization, resource allocation, and process optimization were vastly applied, even if with the
due differences.

From a chronological point of view, we can see that methods have evolved from simple determinis-
tic models to more sophisticated approaches, including discrete event simulation (DES), agent-based
modelling (ABM), and hybrid models that combine various techniques. These advancements allowed
for more accurate and comprehensive analyses of terminal operations, accommodating the complexi-
ties and dynamic nature of modern logistics.

From the studies reported, two key insights emerged that shaped this work. First, the complex system
can be effectively managed by subdividing it into smaller subsystems, specifically seaside, storage,
and landside. Additionally, classifying the various simulation components based on the intelligence
required for their operations proved essential.



Methodology

This chapter gives a brief overview of the two methodologies applied during the development of this
work.

The first one presented reflects the outcome of the thoughts, experiences, mistakes, and lessons
learned throughout this work on creating a generic model. The result is a methodology applicable
to the process of creating a generic simulation model, independent of the kind of simulated system.
The second, The Delft System Approach and more in particular the PROPER model, is a widely known
and applied methodology in industrial systems management. It was used in this work to approach the
analysed system with a structured approach.

3.1. Generic model approach

As already stated one of the main goals of this work was to produce a model that would be generic.
Thus, the first and most important step was understanding what generic actually means and how
generic such a model could be, without hindering the quality of the results.

Two other words were found that convey the same message intended by the author with "generic”: ver-
satile and flexible. In fact, the generic character of this model is mostly the ability to be easily applied
to different scenarios and situations. However, "general” was also found to fit quite well under certain
circumstances. A generic model should thus be flexible and versatile enough to be able to adapt itself
to the variety of scenarios it could be applied. Still, it should have some general characteristics that
remain consistent, usually the ones characterising the group of systems the model will be used to sim-
ulate.

The genericness of the model was thus expressed in five different aspects of a simulation model:

* Resources
One of the first issues that comes to mind when applying the same model to multiple scenarios is
the obvious fact that the scenario will be different. In particular, the resources of the actual system,
and thus the actual structure of the system itself, will be different in numbers and characteristics.
It thus becomes an essential characteristic of a generic model to not rely on specific elements of
the system but give the user the possibility to vary them and their characteristic at will.

* Inputs

Another difference between the scenarios that the user could be willing to simulate with a generic
tool resides in the inputs the system receives from the environment and are thus not part of the
system itself. It is clear that the capability to variate the system inputs becomes essential in a
generic model, giving the possibility to compare the simulated performance of the same system
in different conditions or of the same system in the same conditions.

Furthermore, quite some effort was spent understanding the time flexibility needed in a generic
model. In fact, oftentimes inputs need to change not only from one scenario to another, but inside
the same scenario too (and thus simulation run). Another important feature of a generic tool was

10
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thus individuated in the possibility to not only vary the system inputs scenario by scenario but to
be able to vary them and their rate of change inside the same scenario.

Policies

Systems can differ not only for inputs and resources but for policies too.

To some extent, a policy could be seen as a specific type of external input. However, three main
differences were individuated between these two aspects of a system which made it more logical
to categorise them into two different groups. Firstly, a policy is something that does not come
from the outside environment (such as weather, or carrier’s arrival in the system discussed in this
work). Secondly, policies are not intrinsic characteristics of the system but can be varied without
having to change the physical nature of the system (such as equipment capacity, breakdown
rate, and storage layout). Thirdly and most importantly, policies are the outcomes of managerial
or operational decisions made by the system’s operators concerning the way the system faces
different situations. Examples of a policy related to the discussed system are the order in which
carriers are served or the way parcels are allocated inside the terminal’s storage.

Oftentimes, simulation studies are used precisely to understand the behaviour of the same system
if managed according to different policies.

However correct the previous reasoning is, another turn was taken during the development of this
work. In fact, policies are usually one of the hardest parts to model in a simulation environment,
often involving cumbersome optimizations or heuristic logics that try to mimic (or optimize) the
operational decisions taken by systems’ managers, which cannot be easily specified by the user
without having to quite radically change the model itself.

The outcome on the matter would thus be that in this case, the generic model should steer more
towards the general side. Understanding what policies are the most commonly used in the specific
field and integrating into the tool should be a fundamental part of the model development. If more
than one policy is individuated, the implementation of all of them could be a good practice, giving
the option to the user to choose the preferred one. Still, the possibility to create and implement
alternative options should not be a requirement for a generic tool.

Objectives

The simulation of a system can have very different objectives under the common one of exploring
an alternative scenario to the real one, without the efforts and circumstances needed to make
it happen. Normally, a simulation model is built to explore a specific characteristic of a system.
Furthermore, it is clear to all simulation experts that "There is No Such Thing as General Validity”
and that "’A model is only validated with respect to its purpose. It cannot be assumed that a model
that is valid for one purpose is also valid for another.” [80].

However, a generic model should at least try to be able to cover multiple objectives and be reliable
for different kinds of studies. In order to achieve this, a thorough review of the most common
objectives of simulation studies in the specific field and a consequent validation is taken as best
practice. Furthermore, overall attention to all the taken assumptions and how they could affect
all the activities taking place in the model would surely help in achieving this desirable multi-
objectivity.

Still, it should be clear to the developer that a certain explicit hierarchy in the objectives should be
set based on the available inputs. In other words, one objective should be set as the end goal of
the model if all the other inputs are available. If some are missing, the main objective becomes
dependable and this dependency should be made explicit. Otherwise, if the model is generic
enough the investigation could be shifted towards the missing inputs.

Outputs

The last aspect analysed is the model outputs. Such as the objectives, the outputs of a simulation
model are highly variable and strongly depend on the former.

However, some common ground can always be found inside the specific field. The idea is thus to
keep the model more towards its "general” character than its "versatile” one with respect to this
element.

Just as with the policies, a review of the most common outputs of interest in the field is advised
and an automatised generation of easily understandable plots and graphs featuring them should
be embedded in the tool. Still, the possibility to access relatively raw output data should be left
to the user in order to extract factors and indices of their likes.
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3.2. Delft System Approach and PROPER model

The Delft Systems approach is an analysis and design method that employs an interdisciplinary per-
spective to examine and describe a system and its interrelationships. The main principle of this ap-
proach is the holistic concept of ‘thinking in systems,” which focuses on studying the entire system
rather than its individual components.

A system is defined as a collection of elements that can be identified within the broader reality. These
elements are interconnected through mutual relationships and also have connections with other ele-
ments in the overall reality. Elements reflect a real entity, in particular the smallest one considered in
the system. The size and complexity of a single element depend thus on the system considered by the
researcher and the level of detail applied.

A steady-state model is chosen as the basic function model of the Delft Systems Approach [96]. Then
again, an important flaw of this choice is that it only models one aspect at a time while an industrial
system is properly described by three different flows: the material flow, the order flow, and the resource
flow.

To tackle this issue, the PROPER (PROcess PERformance) model was developed in [96], comprising
three steady-state models for these three aspects as shown in (Figure 3.1). The three different flows
make up the transformation function.

Another property of the PROPER model is the control function, acting as a translator of data flows
between the environment and the transform function. In one direction the requirements coming from
the environment are converted to standards, in the other the transformation results are measured and
reworked into performances, a source of information about the system.

According to the PROPER model, the design of industrial systems is divided into two main steps: func-
tion design and process design. From an analysis point of view, the two steps are translated to function
analysis and process analysis:

1. Function analysis
The PROPER model defines Function design objectives as "determining a system configuration
that can provide a required performance optimally”. Function analysis is thus translated into the
study of an already existing configuration that provides a required performance. In other words,
during this phase, all ‘what’ questions about the system are answered.

2. Process analysis
Process design is defined as "specifying how the system will work and defining structure, pro-
cesses and resources ”. Process analysis becomes thus the investigation of the working way
of an already existing system. In other words, during this phase, the main ‘how’ questions are
answered.



3.2. Delft System Approach and PROPER model

13

Environment

Requirements

Performance

/

\

Control

Standards

Results

__ Oe -
| Product 2

Transform

Resource

.

Delivered Product

Used Resource

Figure 3.1: The PROPER model of an industrial system



Terminal operations description and
challenges

4.1. Terminal structure

As already stated, dry bulk terminals often represent the bottleneck in the supply chain of raw materials
due to their intrinsic nature. Being the connection between two or more modes of transport, operations
can become very complex inside them. This section aims to briefly describe the typical layout, char-
acteristics and operations of a general dry bulk terminal, and grain terminal specifically. For a more
in-depth and technical description, the reader is advised to check [103] or other technical reports.

In contrast with containerized transportation terminals, dry bulk terminals are designed to handle dif-
ferent grades of a specific product or a group of very similar products in a loose form and without any
containment, hence bulk. In fact, since the material is directly in contact with the equipment, the differ-
ent characteristics of the product strongly determine the way of handling it and thus the machines that
can be utilised in such a system.

A terminal could handle different materials in the case that the products are very similar and thus the
same equipment can be used for all of them without any substantial change in configuration and with
little and inexpensive cleaning operations.

Otherwise, the terminal could own dedicated equipment for all the materials handled and even have
dedicated berths in order to prevent cross-contamination. In this case, it would be wiser to talk about
different terminals each one handling one material but located in the same port and thus sharing a
channel and other infrastructures.

Based on the kind of material handled, terminals can be generally divided into mined ores terminals,
processed minerals terminals, and organic products terminals.

Mined ores terminals (e.g. iron ore, coal) handle mineral products shipped in their natural state without
any chemical or concentrating process. The terminal sometimes provides services such as washing,
drying, screening, crushing and blending in order to obtain different grades and quality of the handled
mineral.

Processed minerals terminals handle mined ores that have been subjected to physical or chemical
processes to produce a product ready for use or content-rich mineral for direct feed to an industrial
process for the production of metal. The range of processed minerals transported by sea is significant
and the properties and hazards in each instance vary widely.

Organic product terminals handle foodstuff or other organic products that are suitable for transport by
sea in loose bulk form. Some examples are the various kinds of grains, sugar and wood chips. Gen-
erally speaking, these materials are chemically stable but biologically active and do not present a high
risk of hazard from that point of view, although self-heating and explosion hazards have to be kept into
account.

Another division that is usually made amongst terminals is their purpose. In fact, as a consequence
of the material-specific nature of the terminals, it is very logical that the flow direction of the material
is specific to the system too. Furthermore, the complexity of operations is quite mitigated by such a
practice.

14
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We can thus individuate import terminals, export terminals and, in a smaller amount, transhipment
terminals. Obviously, their purpose has a substantial influence on the characteristics of the terminal,
ranging from equipment to general layout.

Import terminals are located in those regions or locations in need of determined raw materials. They are
usually single-product terminals with high to moderate throughput, even though multi-product import
terminals exist where volumes are lower and asset utilisation favours a more flexible facility servicing
more than one product. This is often the case of industry-owned terminals that import multiple materials
to sustain their processes (e.g. steelmaking). Very often import terminals are coupled with energy pro-
duction centres needing a continuous supply of raw material (coal, biomass) to keep the plant running.
Unloading operations require smaller wave (current)-induced vessel motions in comparison with load-
ing ones, as the equipment makes direct contact with the product. Import terminals are thus almost
always located in protected harbours or naturally sheltered calm water.

Furthermore, import terminals have higher rated equipment and storage capacities than export ter-
minals with similar throughput. This is usually explained by the fact that import terminals have less
decisional power on the arrival of carriers and of the landside logistics and thus higher capacities allow
terminals to be able to almost always handle ships in relatively quick times.

On the other hand, export terminals are built in those regions with high availability of raw materials but
without a comparable amount of demand. Export terminals’ location is thus dictated by the proximity
to the product source. In fact, the easier loading operations, in which the product is simply poured into
the holds, allow for picking less protected locations in comparison with import terminals.

Export terminals are usually single product terminals linked with one or multiple production facilities.
The terminal can be operated, owned or partially owned by the facility itself and thus operations run
more smoothly than in import terminals since options to regulate the flow of material to the terminal’s
stockyard are available. This explains the lower storage and equipment capacity generally installed in
export terminals.

Transhipment terminals may be needed in particular cases to perform both the import and export of
dry bulk. In some cases, the infrastructure is shared between the two processes, in others dedicated
equipment and infrastructure are allocated to the two tasks.

Usually handling a variety of materials, major problems for such a terminal are product hazards and
cross-contamination. These terminals are normally built in the vicinity of an inland waterway or an-
other installed terminal with draught or traffic restrictions for determined vessels. A typical example is
a terminal positioned (offshore or not) at the mouth of a river along whose banks another terminal is
positioned. Since seagoing vessels are not able to go up the river, barges are utilised to transport the
material from the inland terminal to the transhipment one where sea-going vessels will be loaded.
Regardless of the purpose and the material handled by a terminal, its operations are divided into three
sections: seaside operations, stockyard operations, and landside operations.
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Figure 4.1: Dry bulk terminal explanatory diagram

4.1.1. Seaside operations

Seaside operations consist of various steps involving berths, ships, and seaside equipment. After arriv-
ing at the port a ship is sent to anchorage, a relatively open sea zone where carriers can wait their turn
to be served. As soon as its turn has come, the ship is pointed to a specific berth based on capacity,
drought or material restrictions. Travel to berth and berthing operations take place in which the ship is
secured to the berth and made ready to (un)load products.

Interaction with ships during these operations can be quite a difficult and dangerous procedure for
various reasons. One of them is the ship balance. Since the cargo makes up for a large percentage
of a fully loaded ship weight, its draft varies largely during (un)loading operations. For this reason,
(de)ballasting (pumping water in or out designated tanks in order to keep the ship draft and balance
relatively stable) operations have to take place, during, before or after (un)loading. Furthermore, the
balance of the ship is influenced not only by the quantity of material present in the holds but by its
positioning as well. Therefore, a specific hold order has to be followed during (un)loading operations
usually determined by the ship’s captain. These two crucial operations make the sea-side process a
relatively cumbersome one. Furthermore, both the unloading and loading capacity of the equipment
varies greatly during the filling or emptying of a hold depending on the quantity of material still present
in the hold itself. Additional equipment can be needed in the ending phase of both operations to level
up the created pile or to clean up the hold.

Once a ship is completely (un)loaded and other administrative procedures are taken care of, the ship
unberthing operations can begin and after that, the carrier can sail away and leave the port as a new
vessel starts the berthing process.

Vessel arrival process and distribution depend greatly on the kind of terminal, materials handled, and
contracts standing with clients. Many studies have been carried out to fully model and predict such pat-
terns, obtaining the best results with an Erlang distribution, with the shape parameters depending on
the planning ability of the terminal ([103],[51]). Erlang-1l was found best suited for small terminals with
low planning and prediction capabilities, while Erlang-VIll is a good fit to model the arrivals of carriers
in larger terminals where the supply chain is better understood and controlled [103].

Furthermore, seaside operations are strongly influenced by different environmental constraints such
as high tides, storms, snow, and high winds that impair the normal procedure of operations.

Finally, it is crucial to understand that charting contracts usually entail clauses regarding demurrage
(fines that the terminal has to pay for vessels’ delays) and despatch (fines paid to the terminal by clients
if the terminal is able to service a ship before the agreed terms), thus timely seaside operations are
essential for the economic performance of a terminal.
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Figure 4.2: Diagram of the different subsystems

Seaside logistic problems

On dry bulk terminal seaside, several logistic problems can be individuated.

Firstly, once the ships arrive at the port they have to be sorted to the different berths based on tidal,
draught, capacity and material constraints. The first two problems are thus the scheduling and the
berth allocation of ships.

The scheduling problem deals strictly with the order in which to serve the different ships. Sometimes
terminals observe strict policies about this matter such as FCFS (First Come First Served), HEF (High-
est Earning First), SPTF (Shortest Processing Time First), EDD (Earliest Due Date) or HDF (Highest
Demurrage First). However, other strategies for optimization are possible and often taken into account
and studied.

The Berth Allocation Problem (BAP) is concerned with finding the optimal ship berth combination when
given some constraints. When the order of the vessels is a variable, the BAP can be seen as a larger
version of a scheduling problem. A large number of approaches to BAP are found in literature and a
relatively strict definition of the different BAP problems can be found in [12] and [72].

One way to categorise BAPs is by the way the berth(s) is modelled, dividing them in discrete (in which
the berth is divided into sections and only one ship can berth in each section), hybrid (in which the berth
is divided in multiple berths but more than one ship can berth in each section, if fitting), and continuous
(in which ships can berth freely at the berth if they fit).
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Another way to categorise BAPs is by the arrival of ships. In static BAP, all the ships are already
present in the port and no new arrivals are taken into consideration, making it a sorting problem. On the
other hand, dynamic BAP takes into account the arrivals of ships at the port thus changing the vessels
to be allocated during the duration of the problem.

Furthermore, some BAPs take into consideration the difference in handling time at the different berths
when allocating ships and in calculating when they will be freed.

BAPs can be modified and enlarged with a long list of constraints bringing them closer or further from
real situations. Tidal windows, capacity constraints, and drought constraints are only the most com-
monly taken into account in literature.

Other problems arising on the seaside of the terminal are the Quay Crane Allocation Problem (QCAP)
and the Quay Crane Scheduling Problem (QCSP).

As in the BAP, these logistic problems deal with the allocation of quay cranes to berths and thus to
arriving ships. The amount of constraints that can be taken into account is quite vast in this case as
well, ranging from berth fixed equipment to material-specific ones and capacity restrictions.

In container literature, these two problems are often faced on their own. Conversely, in the literature
found about dry bulk terminals these two problems are always linked and integrated into the BAP mak-
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ing it very specific to the dry bulk terminal system.

In fact, in container terminals all cranes exhibit the same general characteristics and no specific equip-
ment is required for a specific cargo. On the other hand, in dry bulk terminal equipment choice is highly
dependent on the material handled and thus the connection of the QCAP and the QCSP with BAPs
becomes completely logical.

4.1.2. Stockyard operations

Yard operations consist of all the procedures taking place inside the stockyard of the terminal. These
comprise not only the movement of material from the seaside and from the landside to the stockyard
and vice versa, but internal rearrangements as well. Furthermore, drying, blending and recirculation of
products are usually counted as yard operations. A great amount of pieces of equipment is used during
yard operations based on the kind of product handled, not only stackers or reclaimers but all kinds of
assisting machines utilised to fully clean stockpiles or covered storage. Planning of movements and
coordination with land and seaside is crucial in order to optimize yard operations. Furthermore, sam-
pling and weighing of materials is normally performed at the moment the product enters the yard.

The horizontal movements of material that happen thus inside the terminal are usually entrusted to two
different kinds of equipment: conveyors and vehicles.

Conveyors are relatively effective pieces of equipment with relatively low operational costs and high
energy efficiency. They rely on electrical motors for their functioning making them a perfect choice from
an environmental point of view. However, the capital costs and installation times linked with this kind of
technology are relatively high. Furthermore, due to the inherent nature of fixed equipment, they have
some major flexibility limits during operations.

On the other hand, wheeled vehicles can be used as a connection between the yard and the seaside
of the terminal. This option has very low capital costs in comparison with a conveyor system but the
operational costs are usually higher due to the necessity of drivers while the capacity of such a system
is relatively low. Vehicles are thus generally used in an initial phase of operations or in a temporary
terminals, where the construction of a conveyor system is not deemed profitable.

The choice among the different kinds of conveyor systems depends on numerous factors. As usual,
the product handled is one of the most crucial since different technologies are feasible for different
materials. Furthermore, risks of spillage and explosion involved with the material are another critical
selection criterion. Finally, energy consumption, capacity and space available in the terminal can have
a fundamental influence in such a decision as well.

In the particular case of grain handling terminals, conveyors are usually preferred if capital is available,
making the terminal more efficient and the operations environmentally friendly.

Stockyard logistic problems

A dry bulk terminal yard is a complex system with many agents conducting many different linked and
not-linked processes. It is then obvious that many operational problems arise in such an environment
and a robust and thorough optimization and planning procedure is not only beneficial but almost nec-
essary to avoid disturbances and mistakes.

Since the yard can basically be looked at as a storage, one of the main problems faced when managing
one is the parcel allocation problem. When a cargo arrives at the terminal both from the landside or
the seaside it usually has to be stored for a certain period of time constrained by contracts and fines.
Since the sizes of the parcels handled cause their allocation or relocation to take up to some days, their
optimal positioning in the stockyard becomes of crucial importance.

Furthermore, the characteristics of each parcel create numerous constraints to be taken into account.
For example, not all materials can be stored in the same way and position and some space between
different materials has to be left empty to avoid contamination.

Another problem arising in the yard system is the routing one. While in a container terminal finding
an optimal solution to the parcel allocation problem could be a already a satisfactory step towards an
operational improvement on its own, that is not the case in a dry bulk terminal. In fact, routes do not
consist of roads or passages travelled via wheeled equipment but in most cases of fixed conveying
systems that occupy the whole path. It is thus a way less flexible system that requires a higher level of
planning and most importantly a precise definition of the required functionality during the design phase
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of the terminal. In this case, as well, the duration of the movement of a parcel also influences greatly
the importance of operational decisions.

Optimally solving the routing problem thus consists of finding the best solution to bring a specific parcel
in the destined location taking into account the limited number of routes and equipment available.

It is clear that only finding a common solution to these problems actually proposes a new operational
plan for yard management, while taken singularly these issues become scientifically and mathemat-
ically interesting issues but without real application. Therefore, these two problems or part of them
are usually combined in different fashions (either integrally or hierarchically), often adding other oper-
ations (such as blending or mist cannon operations) and a variety of constraints and objective functions.

4.1.3. Landside operations

Landside operations consist of the interaction of the terminal with the hinterland logistic system tak-
ing care of the redistribution or supply of products. This process can be seen as a mirroring one of
the seaside one, with the due differences. Given the sizes of the vehicles, the amount of trucks or
railcars involved in such a process is way higher than the ships berthing on the seaside. This brings
to a different level of complexity and thus approach to entering, registering and weighing procedures.
Usually, a series of weighbridges is utilised to gain information about trucks and wagons weight when
entering and leaving the terminal and thus calculating the amount of product that either left or entered
the system.

Again because of the large amount of vehicles that take part to this process, the arrival pattern is nor-
mally hard to predict and control. Different policies are envisioned in contracts with clients, featuring
maximum days of possible layover in the terminal and fines in case of an extended stay of the product.
In the case of export terminals, the situation can be slightly different since the terminal is often at least
partially operated (or owned) together with the supplying facility and thus some kind of control on the
arriving material is possible.

From an equipment point of view, these operations are way less demanding than the other two kinds
since the machines involved are usually smaller and simpler. However, especially when dealing with
organic products the landside of the terminal can be affected by a strong seasonality that can create
large disruptions in operations.

Furthermore, landside operations deal with cargo split into different terrestrial modalities: trucks and
trains. Managing these two different kinds of operations characterised by different necessities and con-
straints can become a difficult challenge if not addressed with the right amount of preparation.
Another crucial activity that happens on the landside of an export terminal, particularly in organic prod-
ucts ones, is cargo sampling. In fact, in export terminals, every single truck and wagon is sampled in
order to check that the material entering the terminal fulfils the requirements of the specific batch. As
cargo capacities of ships are way larger than the ones featured by landside modalities, the number of
entities entering the terminal on the landside is quite higher than on the seaside. This operation (even
if not involving large and costly pieces of equipment) requires thus a high amount of workforce, time
and preparation or a series of automated probing stations.

Lastly, it is important to underline a major difference between an import terminal and an export terminal
structure. In fact, in an import terminal, a component can often be found that is not present in an export
one. In order to avoid overuse of the conveyor belts and to improve the efficiency of landside loading
operations, import terminals are often times equipped with loading bins. Loading bins are smaller-size
bins that work as a buffer between the actual terminal silos and the vehicles visiting the terminal. Once
the terminal gathers the information about a fleet or vehicles starting the reclaiming campaign for a
specific client, a proportionate amount of the specific parcel is moved from the main silos to a number
of assigned loading bins. In this way, the lengthy reallocation of material towards a truck or a wagon
from a silo is simplified without the involvement of conveyor belts, that can be utilised for other parcels.
The timely refilling of the loading bins in order to be ready to serve trucks and trains is a fundamental
operation to obtain the proper functioning of an import terminal landside.

In an export terminal, the presence of loading bins is not needed since carriers contain such a large
amount of material that the allocation of a conveyor belt to the loading operation of a single carrier is
beneficial, without the necessity of a buffer bin.
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Landside logistic problems

The main problems on the landside of a dry bulk terminal derive from the fact that the number of entities
interacting with this part of the system is much higher than the seaside, due to the sizes of the single
entity. In fact a relatively large truck can carry up to 40 T of material and a wagon up to 150 T, various
orders of magnitude smaller than the amount that can be stored in a carrier. Thus, even if the actual
unloading time per vehicle is quite low, all the rest of the operations that accompany this process, and
the fact parking space for trucks is often underestimated, make congestion on the terminal land side
quite common.

Adding to the problem is the lower costs associated with this logistic chain and thus the smaller atten-
tion given to solving the related issues in comparison with the seaside ones. In fact a fleet of trucks
operating a reclaiming campaign has a relatively small cost in comparison with the figures featured in
vessels chartering contracts.

These two factors lead the landsides of terminals to be way busier and more chaotic parts of the sys-
tems, with many actors interacting and often leading to great congestion.

In order to solve this issue many policies and technologies have been tested such as scheduled ar-
rivals and automated weight bridges. Still, very often the application of new policies leads to one or
more players using them to gain a short-term advantage over the competitors or other actors part of
the supply chain. Strategies and policies that would guarantee a more collaborative behaviour of this
peculiar sector of the supply chain would surely bring numerous long-term advantages.

4.2. Environmental friendly operations

The objective of limiting the rise in global average temperature to below 2°C, as outlined in the Paris
Agreement [61], is becoming increasingly challenging. This is due to the slow pace of global action,
and the necessity for all greenhouse gas-emitting sectors to achieve significant decarbonization within
the next few decades.

Transportation and in particular maritime transportation play a large role in this challenge. In fact,
according to [22] transportation accounted for 20% of global CO2 emissions in 2022, [40] reports that
shipping was responsible for 2.89% of global anthropogenic greenhouse gas (GHG) emissions in 2018,
and in [67] 13% of the NOx emissions, and 12% of sulfur oxides (SOx) emissions was attributed to this
sector. Furthermore, in a business-as-usual scenario with a world trade that will be tripling in size and
without any further measures taken, emissions are expected to increase up to 150% by 2050 [40]. In
this scenario, ports, even if accounting for a small portion of shipping emissions, are a hotspot for pol-
lution due to significant anthropogenic inputs, primarily from their high fossil fuel consumption and the
inevitable emissions due to concentrated maritime transport ([25],[93],[36]).

Nevertheless, local air pollutants continue to be the primary concern for port authorities [35] while re-
ductions in greenhouse gas emissions occur incidentally [74].

Studies on the reduction and mitigation of GHG emissions in ports are widely spread, showing the
importance of this topic both from an academic point of view and from a societal one.

In particular, [2] and [14] are two brilliant examples of reviews of this field. In order to understand how to
introduce the option to simulate green operations in the developed tool these two works were analysed
and compared with the simulated systems.

At the actual state, grain terminals are already quite electrified (taking out the rare cases in which trucks
are utilised for horizontal transport) thus the amount of operations that could change the environmen-
tal impact of a terminal is quite limited. Many of the energy management measures suggested in [2]
could cut the amount of emissions in grain terminals, still the great majority involve policies that are not
reproduced in the model or fall out of the tool's generic character. Thus the focus was shifted to the
measures affecting terminals’s clients (shipping industry and land logistics companies) that would still
involve the terminal, the so-called Ship-port Interface Measures [2].

The following aspects/technologies were thus found in line with the scope of this work:
» Energy Usage Inventory

Creating an energy usage inventory is the initial crucial step in the port's emission reduction
strategy. This practice is relatively straightforward and aligns with international climate change
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concerns. However, very few terminals actually keep track of energy consumption on individual
equipment level but merely check the total energy consumption of the system in order to estimate
and justify OPEX.

The results of the inventory offer an analysis to identify effective and appropriate measures, im-
plement GHG reduction strategies, track and benchmark emissions, and ultimately position the
port at the forefront of sustainability.

+ OPS
Onshore Power Supply (OPS) refers to the practice of providing a connection to the local grid
to carriers berthed at the port. This allows the ships to completely shut down their engines and
thus do not consume any fossil fuel during their stay. OPS technology and operations are further
explained in section 4.2.1

» Wind assisted shipping
In recent years a quite ancient trend has become popular again: propelling carriers using the
power of the wind. The practice of retrofitting ships with sails or other kinds of equipment in order
to harvest wind power when the conditions are favourable and thus save fuel is one of the most
promising ones in cutting shipping emissions. Further details and what this technology entails for
a terminal are discussed in 4.2.2

4.2.1. Shorepower

In 2009, [25] discovered that 5% of fuel consumption from ships occurs while they are at berth. Addi-
tionally, [40] indicates that an average of 16% of CO2 emissions happen when ships are either at berth
or anchorage. From a port perspective, [86] notes that emissions from ships at berth can account for
up to 50% of total ship emissions in port areas.

Looking at the air quality, in [58] it was found that 90% of NOx and SO2 depositions in Prince William
Sound, Alaska, were caused by ship emissions. Similarly, in [6] is reported that the Port of Piraeus, in
Greece, contributed to 2% of NOx, 2.5% of SOx, and 0.23% of PM10 of the country’s total emissions.
Itis evident that both air quality and greenhouse gas emissions could be significantly improved with the
widespread adoption of shore power. Since the first commercial shore power system for cargo ships
was installed in the port of Gothenburg, Sweden, in 2000, its use has been growing globally.

When ships are berthed, they typically use onboard diesel auxiliary engines to generate electrical power
for essential operations like lighting, ventilation, pumps, cranes, and other equipment needed for load-
ing and unloading cargo. These auxiliary engines are necessary because the main ones are usually
shut down while at berth. During cruising, ships generate electrical power using generators attached
to the main engine shafts.

Auxiliary engines, which can run on various fuels such as marine gas oil, marine diesel oil, and residual
oil, are connected to electrical generators. Ships often have multiple auxiliary engines, with the total in-
stalled capacity usually exceeding the average load required, so not all engines operate simultaneously.
However, the use of low-quality fuel and the power demands of ships mean that auxiliary engines emit
significant amounts of pollution and greenhouse gases.

Shore power (also called Onshore Power Supply (OPS), Shoreside Power (SP), Shore Side Electricity
(SSE), and Cold Ironing (Cl)) replaces the use of onboard auxiliary engines by connecting ships to a
shoreside power supply while they are berthed. Although this does not completely eliminate emissions
from docked ships (since boilers may still need to operate and auxiliary engines are used as thrusters
during docking and manoeuvring) it significantly reduces atmospheric emissions from ships at berth.
Many quantitative studies have been carried on to analyse the possible benefits of the utilisation of
shore power connections. The results obtained by [111] and [39] are reported in Table 4.1
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Pollutant World Wide Reduction [111] UK Reduction [39]
GHG emissions 48% - 70% -
CO2 emissions 3% - 60% 91.6%
SO2 emissions 40% - 60% 75.6%
NOx emissions 57% - 70% 45.8%
CO emissions - 24.5%
Black carbon (BC) emissions 57% - 70% -

Table 4.1: Reduction in emissions using shore power

Since one of the major factors that slows down the wide implementation of this technology are the large
costs of investment, various studies on the economic aspects were produced as well.

In [106] it was found that the potential to reduce carbon emissions through SSE implementation in Eu-
rope can reach 800,000 T of CO2, a reduction in yearly CO2 emissions for all maritime shipping of 39%.
Furthermore, the possible health impacts of shore power connections in Europe and their monetization
were investigated.

A similar approach was applied in [7] to 2012 cruise ship traffic data in Copenhagen, showing that the
total potential external health cost benefit of 60% of cruise vessels using cold-ironing (while 40% use
AE-generated power) would amount to approx. € 2.8 million annually.

In [112] and [113] the fleet owners’ economic perspective was analysed too, building a case on the
fact that, at the current electricity price levels, on-shore electricity is less expensive than the electricity
generation on board. The cost of retrofitting was taken into account and payback periods for both the
port and the shipe were estimated.

Lastly, a specific study on the effect of SSE of bulk carriers was reported in [26] showing that the effi-
ciency of a 34 564 DWT carrier could increase by 1.2%-10% depending on its calculation procedure.
Although the effects just reported are clearly positive, it is important to remember that the use of shore-
side power does not eliminate greenhouse gas and priority pollutant emissions, but merely outsources
them to the power generation industry. In fact, the GHG emission reduction capability of shore power
is impressive mainly because of the inefficiency of generating electricity from diesel engines, the low
grade of fuel used to power auxiliary engines onboard ships, and the lack of any post-combustion pol-
lution control systems on many ships. It is thus important to consider that the energy production mix
present in a determined region has a strong influence on the actual effectiveness of this technology.
The fact that in some countries electricity from the grid has higher CO2 emissions than electricity from
onboard auxiliary engines and that there are transmission and energy conversion losses associated
with cold ironing (2% and 8%, respectively) must be included when evaluating the application of SP.
In not-so-rare cases, the implementation of shore power could actually bring an increase in CO2 emis-
sions instead of a decrease ([39],[113]).

Still, the other main outsourcing realised through OPS is geographical. Shore power implementation
is in fact able to move the pollutant emissions from populated areas such as the port regions to more
remote areas where power plants are usually located. Therefore SSE would lower emissions’ explicit
damages such as health impacts in those regions [106].

Technological description

The technological aspects of a shore power connection system are relatively out of scope, still a brief
description is reported in the following paragraph.

Correctly dimensioning a shore power connection is not a simple process and many studies dealt with
this topic in the past, such as [41] and [38]. Furthermore, many companies (RHDHYV in the first place)
are specialised in the design of these systems and many others in the production. In order to design
an efficient system, a careful study of the fleet visiting the terminal and its load profile has to be carried
out so that the proper characteristics can be selected.

As explained in [5], cold ironing systems can use two types of connections: Low Voltage Supply Con-
nection (LVSC) and High Voltage Supply Connection (HVSC). The key differences between these two
options are the cable requirements and the limitations in supply capacity.

The first examples of shore power connections relied on Low Voltage Supply Connection (LVSC), typi-
cally ranging from 380 to 690 V, which necessitates numerous connection cables.
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In more recent times HVSC (6.6 to 11 kV), has become a preferred option due to its ease of handling
with just 1 or 2 high-voltage cables. This technology also offers the flexibility to supply electricity to
various ships with different voltage requirements, including those needing low voltage. However, an
onboard transformer is necessary on the served ships. Additionally, the high voltage results in heavier
cables, requiring a Cable Management System (CMS), such as a crane. Still, the CMS not only facili-
tates easy cable handling but also ensures adequate cable length and periodic tension checks.

A general HVSC-based setup of an OPS system as described in [45] and [73] consists of the following
and is depicted in Figure4.4.

Berth Ship
Step-down Step-up On-board
transformer transformer transformer

Shore connection
switchboard

|
BR—CQO-BE—

Connection
cable

*—

-D-R-@

‘ On-board

Shore connection =l
Frequency e 7 = G5
Local/National converter Berthside SWIEhDoar . ==
grid switchboard - =
On-board

generator set(s)

Figure 4.4: HVSC OPS generic setup

On the shoreside, the frequency converter is needed to convert the electrical frequency provided
by the utility supply to that demanded by ships. Besides, shore transformers are necessary both to
provide galvanic isolation and voltage step-up/down to match the voltage of shore supply and ships. In
addition, onboard transformers are required to perform voltage matching to ensure that ships whose
onboard voltage level is different from the supplied can still connect shore supply. Berth side switch-
boards and shore connection switchboards are also required in OPS systems which provide protection
respectively to the ship-to-shore connecting cables and the rest of the downstream system of ships.
According to IEC standards, each berth side connection necessitates a shore transformer while a fre-
quency converter can be used by multiple berths. Given these constraints and the choice of having an
AC or a DC system, various systems topologies are possible. The classification and the consequent
differences between these options are described in [5], [73], and [75].

From an operational point of view, the most interesting characteristics of an SSE system are whether
or not it is mobile and how many berths it can provide with a power connection simultaneously or not.
Lastly, another important characteristic of an OPS connection is its Cable Management System. In
fact, CMS can vary from very simple appliances to more complex ones. The most important CMS
characteristic is the range of a berth it can cover. So-called *fixed” CMS are cheaper options for termi-
nals, imposing stronger constraints on ship berthing. On the other hand, mobile CMS require higher
investments but do not alter berthing operations since they can reposition themselves in order to make
connections more favourable.

It is important to mention that many kinds of shore power connections exist and not all of them were
covered in this brief review. In particular, ship cable solutions were not mentioned. These kinds of
solutions involve a higher investment on the ship side and make connection operations quite more
complex than shore cable options. For these reasons and given that this thesis is focused on terminal
operations, these solutions and their application were not considered in this work.
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Figure 4.5: Fixed CMS
From Shore Power, by CAVOTEC
(https://www. cavotec. com/en/your-applications/ports-maritime/shore-power)

J

Figure 4.6: Mobile CMS
From Mobile Cable Positioning Device, by Watts Marine
(https://static.wizstatic.com/media/bic77e_b4c10271553745719¢c9e1052047866bd~mv2. jpg/vl/fill/w_613,h_664,al_c, q_85,usm_1.
20_1.00_0.01, enc_auto/b4c77e_b4c10271553745719c9e1052047866bd~mv2. jpg)

4.2.2. Wind-assisted shipping

Wind propulsion for ships, an ancient technology, has made a comeback as part of efforts to decar-
bonize the shipping industry.

Nowadays, a wide range of wind propulsion devices are being developed with the primary purpose of
cutting down on fuel usage and thus decreasing air pollution emissions. These technologies can exploit
wind either in a complementary set-up with conventional power sources such as batteries [90], hydro-
gen [83] fossil fuel [53] (wind-assisted ship propulsion technologies (WPTs)) or as the primary source
of propulsion when the conventional engine is used only exceptionally [11]. Following technological
advancements in the 1980s, wind propulsion adaptation as a retrofit for existing ships to help reduce
fuel consumption has been preferred to a role as the main propulsion method [4]. Hybridization, in
which wind propulsion assists the main traditional fossil fuel running engines which serve to ensure the
schedule is maintained, is thus seen as crucial for the broader adoption of wind propulsion technologies
in shipping fleets [55].

Many studies have been carried out to investigate the environmental and economic advantages ob-
tainable with the application of this technology. However, since the adoption of technologies of this
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type is still in the early stages and depends on a wide range of variables (wind conditions, ship hull
design, type of wind propulsion device, setup of these devices, engine setup, etc.) results are still a bit
controversial and do not always point in the same direction [8].

Still in [17] the following advantages of this technology are summarised:

» 10-40% improvement in the EEOI (Energy Efficiency Operational Indicators)
* 1-50% CO2 emission reduction

» 2-60% fuel saving; particularly suitable for high sea shipping

* No infrastructure required

* Proven technology from long-term development

+ High cost-effectiveness (negative marginal abatement cost)

Various wind propulsion technologies have been developed, each operating slightly differently. How-
ever, they all share the common goal of providing propulsion power as wind speed increases, thereby
reducing voyage time and fuel consumption [8]. Different authors have grouped them in several cate-
gories, based on their functioning ([55],[82],[17]. We report here a brief description of them:

* Flettner rotors:
Flettner rotors, initially patented by Anton Flettner, are rotating cylinders installed on deck that
work under the Magnus Effect, which generates lifting and drag forces in the spinning electric
motor-aided cylinder aboard the vessel [3].
At the current moment, this technology is deemed one of the most promising given the large fuel
reduction potential (14%-30% [91]) and flexibility ([109], [92], [66]). Given these characteristics,
they have attracted the attention of policymakers, shipping firms, energy companies, and aca-
demic institutions that have been conducting research on several parameters that influence its
aerodynamic performance [13].
Since Flettner-rotors generate propulsive power over a wider range of wind directions, particu-
larly thriving on sideway winds [56], their performance is less sensitive to geographic location
and weather conditions.
In terms of scalability, this technology has the potential to scale up as the ship size increases and
the power contribution is expected to increase linearly with the number of rotors [50]
While absolute fuel savings from rotors increase with ship speed, relative fuel savings decrease.
This is because, as energy demand rises, the ship’s power requirements have a greater impact
on fuel consumption than the rotors’ contribution [54].

Towing kites:

Towing kites provide thrust to ships with the lift generated by high-altitude winds. Commercial
applications of towing kites are nowadays produced almost exclusively by Skysails while Airseas,
Airbus Group, is in the developing phase of automated products.

Because of their more complex functioning, kites have a smaller range of ideal and acceptable
working conditions. For example, kites produce the largest amount of propulsive power under
tailwind with this amount quickly decreasing under sideways wind. For this reason, the power
output of kites is more volatile than that of other simpler and more reliable technologies [92].
However, kites have a number of advantages, as they can catch stronger winds that are at higher
altitudes, as well as having a lower attachment point to the ship and therefore create a smaller
roll heeling moment [60]. Furthermore, they make up for a lower scalability, with the fact that they
do not take much deck space [65].

Lastly, in comparison with Flettner rotors, kites not only generate more savings in relative terms
under lower speed, but they also generate more or equal absolute savings, as the apparent tail-
wind is likely to be stronger [76].
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Suction wings:

Suction wings generate an upward lifting force similar to aeroplane wings. One notable developer
in this field is eConowind. Their products are non-rotating wings equipped with vents and internal
fans that create force through boundary layer suction.

Even though not many producers and developers were found in the commercial phase until the
recent past, this technology is currently facing a rise of popularity due to its low costs [17].

Rigid sails:

Rigid sails, or wing sails, are adjustable foils designed to generate aerodynamic forces. Japanese
ship owners experimented with this technology already in the 1980s but faced operational chal-
lenges that led to the projects being discontinued. Recently, the “Wind Challenger Project” has
revived this development. Besides, in 2018 Dalian Shipbuilding Industry Corporation Chinese
completed the construction of a Very Large Crude Carrier (VLCC) equipped with two aerofoils for
the ship owner China Merchants Energy Shipping [17].

A fuel consumption reduction of between 10% and 30% was obtained by the application of this
technology in the 1980s. However, it has been reported that neither of these concepts is com-
mercially viable due to their high cost [4]

Soft sails:

Soft sails are traditional sails with modern features. Until the recent past, this technology was
applied in a limited measure on commercial ships although it is gaining popularity given its ma-
noeuvrability and safety characteristics [54].

Wind turbines:

Wind turbines installed on a ship’s deck generate thrust or electricity for propulsion. However,
their use on large commercial ships is still limited due to the technology’s size and the relatively
small amount of energy that can be harnessed. At the moment, they are mostly used on yachts
[42]

Hull sails:
Hull sails are hulls that use relative wind in combination with their symmetrical hull foils to generate
aerodynamic lifts. Currently, the application of this technology on commercial ships is limited [65].

SkySails

Figure 4.7: A mooring ship retrofitted with a towing kite WPT
From MV Beluga SkySails, by Marine Service Noord
(https://marine-service-noord.com/en/projects/mv-beluga-skysails/)

As already stated, the application of this technology is only at its beginning and a small number of
companies are already putting it in place on their carriers.
Other than its newness, the reasons for this low popularity are individuated in uncertainties in economic
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benefits and low levels of knowledge amongst shipping firms [16].

For this reason, many studies were developed to better understand how to support the spreading of
this innovation. Installation and use subsidies, market-based measures, and stimulation of knowledge
about WPTs amongst industry players were identified as the best solutions ([8],[16],[78],[82]).

It is important to mention that researchers have pointed out the importance of the type of vessel when
it comes to the financial benefits to be gained, with particular reference to ocean-going low-speed bulk
carriers and oil tankers. In fact, this kind of vessel has a wider capacity to easily accommodate addi-
tional wind propulsion structures on deck [66].

However, tankers face stricter safety regulations compared to other cargo ship types, complicating the
installation of permanent wind propulsion devices. As a result, tankers are not well-suited for WASP
devices. Bulk carriers, with design speeds below 15 knots, appear to be more suitable. Additionally,
cargo ships are costly to build and have a lifespan of 25-30 years, with WASP ships being even more
expensive than traditional cargo ships. Therefore, retrofitting existing vessels with wind propulsion de-
vices is a more cost-effective and quicker option to increase the number of wind-assisted sailing vessels
[8].

Given these facts, it is safe to presume that in the coming years, this technology will be applied in this
shipping sector. Investigating its operational risks and performance is thus of paramount importance,
especially for what concerns the interactions and possible interferences with port infrastructure [78].

4.3. Seasonality

Grain production is inherently seasonal, closely tied to nature’s rhythms. Each specific grain has its own
planting (spring for corn, soybeans and spring wheat, and fall for winter wheat), growth, and harvest
period (early summer for winter wheat, early winter for corn and soybeans, and late summer for spring
wheat) depending on its characteristics and the ones of the land where it is cultivated. This seasonality
clearly extends to trade, with demand and prices fluctuating throughout the year due to the dynamics
between so so-called "Old Crop” and "New Crop” [37].

During the planting months, the source of grain that is available for sale or purchase by end users
is from the crops that were harvested during the previous harvest season ("Old Crop”). On the other
hand, during the harvest months, the newly harvested crop comes to market and supply is higher ("New
Crop”).

From a trade perspective, for each commodity one new crop month futures delivery month is defined
while the remaining 11 are designated as old crop months. During the old-crop months, when supply is
typically lower, grain tends to be priced higher with prices growing over the course of the other old-crop
trading months. When a new crop is harvested, there is once again a higher level of supply. This is
why many of the grain markets tend to reflect their lowest seasonal prices during the new crop trading
month.

These variations in prices and thus amounts traded significantly impact operations, as the volume of
cargoes and ships required changes over the year, leading to a system that is constantly in variation.
As an example, in 4.8 we report data from the USA wheat trade.

Some of the features described in the previous paragraph are recognisable in the data such as the high
peak of both import and export from the beginning of summer until early fall (both for the northern and
the southern hemisphere). However, it is important to remember that grain trade cannot be simplified
to a simple supply-demand balance. In the current globalised world, many different players and factors
such as economy and politics have a great influence on this kind of matter, making it very difficult to
establish a fixed pattern.
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Figure 4.8: USA wheat trade overview

As another example of the high variability of this sector, in 4.9 the (un)loading activities of the ports
in the USA Gulf area are reported.
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Figure 4.9: Grain carriers (un)loading activities in the USA Gulf in the last four years

In order to obtain reliable results from a simulation model input data are of paramount importance.
In the case of a terminal, the carriers’ arrival times are the main input data, representing the arrival rate
of the entities that flow through the system.
Numerous studies have been conducted on the matter as shown in [103], common practice is to use
the Erlang distribution to represent the carriers’ IAT since it has been seen that they fit relatively well
to real times. However, by using whatever sort of distribution along the whole year the seasonal be-

haviour of the system is

lost.

The link between terminal throughput, carriers’ IAT and seasonality is almost never explicitly discussed.
Since terminal throughput is one of the most accessible and determining pieces of information about
this kind of system, establishing a connection between these two input becomes a crucial matter to
which a relatively straight-forward solution has been proposed in 5.7.4 and 5.6.4
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4.4. External factors

A terminal is not a completely closed system and thus its operations strongly depend on many external
factors. In this work, it was deemed an “external factor” whatever event (even if planned) obliges
operations to deviate from the most efficient (physical or temporal) path, without taking into account
other transport operations in this list. According to this definition, the external factors having an influence
on the analysed system were summarised in:

» Weather

Since the terminal is an open-air system not all operations can proceed in all kinds of weather. In
particular, while stockyard operations and landside operations usually happen in covered areas,
loading and unloading operations on the seaside always suffer hard weather such as intense wind,
rain, and snow. When one of these conditions takes place, operations are usually suspended and
start again once the situation allows it.

As with the seasonality of the supply, weather strongly depends on the time of the year and the
location of the terminal.

* Non-working time
As in almost every industrial system, there are not only machines working in the terminal but peo-
ple too. Shift work, holidays, and periodic closures are essential to ensure continuous operation
and workers well-being.
Holidays and periodic closures provide workers with necessary rest, reducing fatigue and pre-
venting burnout, which in turn enhances productivity and safety.

» Maintenance

Maintenance in industrial systems is essential for ensuring the smooth and efficient operation of
machinery and processes. Regular maintenance helps to identify and address potential issues
before they lead to breakdowns, thereby minimizing downtime and costly repairs. Furthermore, it
extends the lifespan of equipment, ensuring that it operates at optimal performance levels, and it
contributes to workplace safety by preventing accidents caused by equipment failures. Overall, a
robust maintenance program is crucial for sustaining productivity, reliability, and safety in industrial
operations.

» Breakdown

Even if periodic maintenance and checks are performed flawlessly, breakdowns in industrial sys-
tems are inevitable and even if are commonly taken as setbacks and a loss of resources and time,
they serve as critical indicators of system weaknesses, highlighting areas that require immediate
attention and improvement and ensuring that minor issues are addressed before they escalate
into major problems. Additionally, breakdowns can drive innovation by prompting the develop-
ment of more resilient and efficient processes and technologies, ultimately enhancing the overall
reliability and performance of industrial operations.

» Tides
Oftentimes, ports are located in protected stretches of coast with peculiar characteristics. How-
ever, not always is possible to satisfy all the desirable conditions either for economical, environ-
mental or technical restrictions.
One of the most frequent limitations a port encounters is the draft of the channel, not always
deep enough to allow large carriers to enter or leave the port at all times. In fact in order to avoid
expansive and complex dredging works, channels are often times dimensioned so that the draft
during high tides is enough to let larger ships transit only during that time window.
In these cases, monitoring tide windows and patterns becomes crucial for the optimal functioning
of the terminal.

Along with the possibility to incorporate various input distributions, the ability to model external fac-
tors is a fundamental strength of simulation compared to static calculations. By dynamically simulating
events such as weather conditions, equipment breakdowns, and maintenance schedules, simulations
provide a more realistic and adaptable representation of terminal operations. This flexibility allows
for a deeper understanding of system behaviour under different scenarios, leading to more informed
decision-making and optimized performance.



Simulation model

This chapter describes how the operations described in Chapter 4 were translated into the simulation
model with the application of the methodologies described in Chapter 3.

5.1. PROPER model application

As already stated the PROPER model prescribes the use of three steady-state models in order to rep-
resent the three different flows that constitute the transformation process. Furthermore, the PROPER
methodology suggests developing a conceptual model by “increasing aggregation layer”, or in other
words zooming into the system by opening up the black box created to describe the previous level.

5.1.1. First aggregation layer

Applying this approach, in the first aggregation layer we consider the whole terminal as a single black
box in which the transformation function is not yet divided into the three different flows. The transforma-
tion function takes the explicit form of the final objective of the system. For the studied system the final
objective was synthesized as: "offer transportation and temporary storage of grains, and thus decouple
material flows different in size, times, type, and direction”.

Furthermore, in Fig 5.1 the Control function is shown as well, with the double role of translating the "En-
vironment Requirements” into "Terminal Decisions” and "Terminal Results” into "Performance Output”
once the transformation function is completed.

Environment

Environment Performance
Requirements Output

r \

Control

Terminal Terminal
Decisions Results

Offer transportation
and temporary
storage of grains, and
thus decouple
material flows
different in size,

times, type, and
direction

\ 4

Figure 5.1: PROPER aggregation layer 1
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5.1.2. Second aggregation layer

In the second aggregation layer the transformation function is decomposed into the three flows, each
of them reinterpreted according to the studied system: the order flow becomes thus the (de)coupling
requests one, the product flow the material one, and the resource flow the equipment one. Conse-
quently, the transformation function is split into (de)couple, handle, and use. It is clear by this choice
that this kind of modelling leads to two different models for import and export terminals due to the crucial
difference in the order flow.

Furthermore, in this step, the "environment requirements” and the "performance outputs” are made
explicit.

The former summarises the requests the system receives from its surroundings: economic individuals
such as shipowners, importers or terminal owners but external events as well such as the atmospheric
weather or tides. Each of these entities has different requirements or constraints for the terminal. Group-
ing them together, provides all the general inputs the control function needs to steer the system in the
correct way, done through the setting of standards.

The latter is the translation of the results obtained by the system after processing the orders, handling
the material and utilising the resources under the aforementioned requirements. In other words, the
answers to the request made by the environment.

In Fig 5.2 the PROPER model of an import terminal is reported.

* Carriers arrivals *  Equipment utilisation
* landside modalities arrivals *  Energy consumption
*  Weather and tides *  Storage utilisation
*  Desired throughput 1+ Obtained throughput
*  Desired dwell times *  Delays
- B
Control
Terminal T terminal
Decisions Results
A 4

Decouple

Incoming Materi: Handle Outgoing Material

Use d Equipment

Figure 5.2: PROPER aggregation layer 2
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This brief analysis through an established methodology was fundamental to better understanding
the system’s nature and objectives. The three different flows individuated, their interaction inside the
terminal, and the definition of the requirements and the outputs were the basis for the development of
the model structure exposed in the following paragraph.

5.2. Model structure

Starting from the description obtained in the previous section, the model was further structured following
two different axes, one vertical and one horizontal that allowed to categorise each component present
in the system based on two characteristics.

The horizontal axis, and thus categorisation, was chosen based on the many examples seen in Chap-
ter 2 and the operational characteristic of the single component, leading to a division of the model into
three different sub-models: seaside, landside and stockyard.

The division was made only from a formal point of view, all the three sub-models are actually part of
one single simulation model, running on the same simulation clock, without the need of any special
communication between the three. Still, grouping the different agents into different operational sets
made the activities, interactions, and information flows easier to schematise, helping to clearly state
which components interacted with each other and which did not.

The other axis was strongly inspired by [34], in which the components are categorised by their intelli-
gence. In this work three different levels of intelligence were defined:

* Allocator/Manager
The Allocators are at the highest level of intelligence and they represent the local control function
of the PROPER model, translating requirements of the environment external to their sub-system
into operational tasks to assign to components of lower intelligence. Their role is to make opera-
tional decisions based on the current state of the terminal such as allocating resources and tasks
to operators or components. In other words, the Allocators represent the policies implemented
by the terminal manager and trigger the other agents to start, interrupt or stop a process.

» Operator
The Operators represent the core of the terminal, carrying out the actual operations and repre-
senting the higher level of the transformation function of their sub-system. Still, Operators have
some decisional capabilities and can switch from one process to another based on their states
or the states of the components they are interacting with, without the intervention of an Allocator.
Furthermore, being the main agent of changes in the terminal state, are the principal triggers of
Allocators’ activities.

» Component
The Components are the lowest rank of the terminal in terms of intelligence and represent the
lower level of the transformation function of their sub-system. They can either have no processes
and just represent a terminal entity with specific characteristics that change or are changed over
time or they can have a process that simulates some sort of operational activities. Still, the pro-
cess is set, and once triggered is not stopped, interrupted or changed by the component itself but
only by the intervention of an Allocator or an Operator.
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Figure 5.3: Model structure diagram

5.3. Generic character
This section explains how the generic model characteristics individuated in Chapter 3 were integrated
in the model.

5.3.1. Resources

To address the resource challenge inherent in a generic model approach, the concept of parametriza-
tion was applied. This term is widely used in many different fields with different meaning. What is
meant in this work by the use of the word parametrisation can be easily explained with a parallelism
with Object-oriented programming (OOP).

OOP is a programming paradigm that revolves around the concept of objects. These objects can hold
data, known as attributes or properties, and code, known as methods or procedures. In OOP, programs
are constructed by creating objects that interact with each other. Furthermore, by defining a series of
fixed objects, similar programs with minor differences can be easily and quickly created only varying
their number and properties without having to radically change the nature of the objects themselves
and the way they interact.

A simulation model can be developed using the same procedure, creating objects with specific proper-
ties and methods that represents the different entities and processes present in the simulated system.
Applying this method, the typical resources used in a grain terminal were categorised and translated
into simulation agent classes. Each class is defined by a series of specific characteristics that detail its
features and capabilities within the system.

Through an interface, which is described more in detail in 5.10, users have the flexibility to select the
number of different resources available in the system. Additionally, they can specify the values for
each characteristic, allowing for an easily customizable simulation environment. This approach pro-
vides thus the users with the tools to tailor the simulation to their specific needs and scenarios.

5.3.2. Inputs

To resolve the input issue, a period-based approach was implemented. This feature allows users to
specify different distributions for the various inputs required for a simulation, such as weather distribu-
tions and inter-arrival time distributions.

Given the numerous distributions used to replicate the behaviours of different processes in a terminal
and the possibility that different users might prefer different distributions, the option to choose from
the most commonly used distributions was provided. Consequently, every stochastic variable can be
generated using a constant distribution, a normal distribution, or a custom probability density function
(PDF), which theoretically can represent any other distribution. Additionally, the option to use the Er-
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lang distribution for inter-arrival time generation was included.

As previously mentioned, the patterns of different inputs can vary not only between different simulations
but also within the same simulation run. Therefore, users are given the ability to specify the number
of periods into which the simulation time is divided for each variable input. This allows users to have
different distributions not only for different inputs but also for the same inputs in different periods of the
simulation, choosing a different period length and thus the rate of change for each one of them. This
feature is crucial for simulating systems involving processes such as the arrival of ships and trucks and
seasonality, which vary significantly throughout the year and would otherwise be oversimplified by a
single distribution covering the entire simulation time. This innovative feature allows the user to analyse
not only the systems behaviour in different conditions throughout the simulation time, but the transient
behaviour consequent to these changes too.

5.3.3. Policies

In Section 3.1, an approach favouring generality over versatility was proposed and subsequently ap-
plied in this work concerning the policies aspect of a simulation. This approach involved conducting a
comprehensive study of the common policies used in the field. From this study, the most popular and
fitting policies for a generic simulation model were selected. The chosen policies aim to balance the
need for a broad application with the practical requirements of specific scenarios. By focusing on widely
applicable policies, the model ensures a robust framework that can be adapted to various situations
without compromising on the core principles. The detailed descriptions of these applied policies can
be found in Sections5.6 and 5.7, where their implementation and relevance to both import and export
terminal models are thoroughly discussed.

5.3.4. Objectives

Two different ways of utilisation of the model were defined, which lead respectively to two different
objectives: operations investigation and inputs investigation.

The former, defined as the main objective of the model, entails applying fixed inputs to a varying sys-
tem in order to gain operational insights into it. In this scenario, the resources and their characteristics
should be varied and their performances monitored. This kind of experimentation is particularly useful
during design or redesign projects in order to understand the behaviour of the system before actual
changes or investments are made.

A great example of this kind of application is storage dimensioning. The accurate sizing of storage
facilities in order to allow a desired throughput while guaranteeing client satisfaction is a cumbersome
process. In fact, not only the total capacity of the storage has to be determined, but its discretisation
too. By applying this kind of investigation the user would test different storage layouts in the same
situation and understand which is the most suitable.

The second kind of experimentation deals with the investigation of an existent terminal, whose layout
is not challenged. By fixing the system, the user can test its performances in different situations, either
to monitor its performances under other circumstances than the real ones or to gain better insights into
the system itself.

Varying the arriving amount of materials to an existing terminal is an example of this kind of utilisation.

5.3.5. Outputs

Seen the objectives in the previous section and the considerations made in Section 5.3, a series of
standard outputs were defined and an automatic generation of plots reporting them was embedded in
the simulation tool. The list of outputs is reported in table 5.3.5.
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Depending on the output shown, the model can produce three different kinds of plot: period-based,

factor-based and time-based, as shown in Fig. 5.4, 5.5, and 5.6.
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Furthermore, the data from which these outputs are derived are made available to the users through
simulation-generated .ixt files.

5.4. Implementation set up

Analysing the operations described in the previous chapter from a system theory point of view, the
terminal can be categorised as a dynamic, time-invariant, non-linear, discrete-state, event-driven, and
stochastic system [15].

This this kind of systems rarely conform to usual assumptions made to simplify them in order to obtain
analytical solutions. Furthermore, when this is not the case and a system of equations is obtainable,
the tools to solve them often do not exist.

In this situation, simulation becomes a very interesting tool to study these systems. Simulation is a pro-
cess through which a system model is evaluated numerically, and the data from this process are used
to estimate various quantities of interest. In particular, DES modeling involves replicating real-world op-
erations within a controlled computer environment. This technique provides a logical and quantitative
means to better understand the outcomes of various proposals. In a DES model, each physical item is
treated as a distinct entity with its own set of defined properties or attributes. These entities simulate
the operational activities that make up the processes being analyzed. Activities have specific execu-
tion times, which introduce delays into the modeled system. These delays, along with other process
times, can be stochastic. Various methods are used to generate these random delays based on data
and operational rules specific to each process or piece of equipment. The combination of logical and
random events aims to accurately reflect the most likely operational environment.

Three main approaches to discrete system modelling (and thus simulation) can be individuated [68]:

1. Event-scheduling approach:
In this approach each event is described through a specific event routine. The role of the executive
routine is thus only to process a time-ordered calendar of events and select one for execution.
Consequently, the event with the earliest scheduled time is processed first. The clock is always
updated to the time of the next event, the one which will occur first. Furthermore, events can be
added, removed and sorted.

2. Activity-scanning approach:
Essentially groups the events in order to describe an activity carried out by every entity: the start
event and completion event. The executive routine scans the activities for satisfied time and
conditions and executes the actions of the first activity whose conditions are satisfied. When
execution of an activity completes, the scan begins again.

3. Process-interaction approach:
The process interaction worldview focuses on the flow of entities through a model. This strat-
egy views systems as sets of concurrent, interacting processes. A process class describes the
behavior of each class of entities during its lifetime. The executive routine uses a calendar to
keep track of forthcoming tasks. However, apart from recording activation time and process iden-
tity, the executive routine must also remember the state in which the process was last suspended.

A process-interaction approach was deemed most suitable for modelling a terminal in an object-
oriented way and thus fulfilling the parametric characteristic that was previously individuated as basic
need of a generic model 5.3.1.

The suitable use of object-oriented programming to model process interaction simulations was already
outlined in [79] and many simulation softwares rely on it.

Among the many viable options, it was chosen to develop the model using the Python discrete event
simulation package Salabim. The package was developed exactly to model systems of the nature of
the one discussed in this work with a process-interaction approach. The package comprises discrete
event simulation, queue handling, resources, stores, statistical sampling, and real time 2D- and 3D-
animation and video production.

Lastly, the fact that both Python and Salabim are open source resources was seen as an added value.
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5.5. Continuous process discretization

Two options were considered to model the movement of material in the terminal: time discretization
and mass discretization.

The first one is based on a user-selected time-step in which the material moved is calculated through
the capacity of the equipment in question. This allows to discretize the process according to time
and thus generates an event with a specific time length after which other events will happen (such as
breakdown, non-working times or maintenance). The strict control on the duration of the moving event
leads thus to the option to better model external events without losing precision due to the modelling
or at least being more in control of the loss. However, the inconsistency of the mass moved in every
time step brings to "weird” amount in the different storage facilities, especially when the capacity of
the pieces of equipment is sampled from a distribution. This option forces thus to implement various
checks on the amount stored before starting new operations involving said material, making the model
more complex.

The second one is based on a user-selected mass-step in which the time used to move the material is
calculated through the capacity of the equipment in question. This method works thus in a diametrically
opposed way to the first one. In order to apply this method cargo quantities have to be "fixed” when
arriving in order to be in an integer number of mass-steps. This second option leads thus to irregular
time-steps due to the varying of the equipment capacity, producing some irregularities in the modelling
of external events.

In order to avoid increasing the complexity of the model with numerous checks on the material and
having checked that with mass steps under a certain measure the subsequent irregualarities do not
alter the model beaviour in a substantial way, the second method was chosen.

5.6. Import terminal
This section deals with the specifics of the import terminal model and its functioning.

5.6.1. Seaside operations

Carriers IAT are sampled by a dedicated distribution and used to generate the carriers’ calls. At the
call moment, carriers activate the parcel allocator that will apply a heuristic to find a favourable position
to allocate the carrier cargoes. After their call, carriers take a certain amount of time, again sampled
from a dedicated distribution, to reach the anchorage. Once at anchorage, carriers request a berth. A
berth is found according to different parameters, most importantly a carrier is allocated to a berth only
if one of its cargoes has already been fully assigned to the storage. After obtaining a berth, the carrier
triggers the search for a shore power connection (if equipped with shore power technology) and one or
more unloaders. Once the unloaders are found, the needed routing to connect each of them to the first
of the assigned storage positions is looked for. Meanwhile, the ship requests use of the channel. If the
channel is free to use, the carrier proceeds to transit in. After the transit time, the carrier arrives at the
berth where berthing and administrative operations can take place. If the unloader and the routing are
already in place at this moment, unloading operations can start and won’t stop until the carrier is empty.
Once the carrier is completely empty, post-operational procedure and unberthing can take place and
the channel use is requested once more. Once the channel is free, the carrier is allowed to transit out
and leave the system.

The modelling of seaside operations features the following Allocators, Operators, and Components.

Seaside Allocators
* Berth Allocator

The Berth Allocator is activated by the arrival of carriers at the anchorage, a carrier leaves a berth
or a new parcel has been allocated.
After checking that at least one of the parcels has been allocated, the free berth with the minimum
wasted length is selected and assigned to the handled carrier.
If no berth has been found, all free berths are scanned a second time adding the length of the
contiguous berth to them to check if the handled carrier can be allocated in this enlarged resource.
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Once the berth is assigned, the Unloader and Shore Power Allocators are triggered and the carrier
enters the channel requesting queue.

Unloader Allocator

The Unloader Allocator is triggered by the allocation of a carrier to a berth or the end of operations
on a different carrier.

Since different transported parcels are assigned to different storage locations and thus require
different routing, the Unlaoder Allocator handles the parcels and not the carriers themselves. In
particular, each unloader is assigned to a specific parcel storage location, allowing the maximum
number of unloaders serving the same parcel to be the number of locations in which the parcel will
be stored. Once a parcel storage location enters the unloader allocation procedure, a check on
the maximum number of unloaders allowed to serve the specific carrier is done. If the maximum
number has not been reached yet the unloader with the higher capacity available on the berth
is chosen to unload the specific portion of the handled parcel to the assigned storage location.
Once the unloader has been assigned, the Routing Allocator is triggered.

If no free unloader has been found through this procedure, unloaders serving other carriers are
checked and, if one of the serving unloaders meets the specific requirements, one of them is
reassigned to the new carrier. Parcel portions whose unloading process has been interrupted
rejoin the unloader allocation queue with higher priority than untouched portions.

This procedure thus has as a main objective to maximise the number of carriers served at the
same time and as a secondary objective to maximise the number of unloaders serving each
carrier.

Channel Allocator

The Channel Allocator is activated whenever a carrier requests channel usage or a carrier fin-
ishes its transit in or out. Once activated it proceeds with checking all the carriers requesting the
channel usage. For every carrier the live channel draft is compared with the carrier’s draft, if this
check is passed and the channel longitudinal capacity still allows it, the carrier’s process "transit
in” or "transit out” is activated. In performing this process, priority is always given to the carrier
requesting transit in, in order to optimise the unloading operations and lower demurrage costs.

Seaside Operators
» Unloaders
Unloaders are modelled as Operators with the following properties.

— Capacity: fixed capacity of the unloader, used for the allocation process.

— Capacity distribution: capacity distribution, sampled every mass-step to better model the
unloading process.

— Set up time distribution: distribution of the time needed to ready the unlaoder to operate on
a carrier.

— Cleaning time distribution: distribution of the time needed to clean the unloader after operat-
ing on a carrier.

— Switching time distribution: distribution of the time needed to ready the unloader to operate
on a new parcel on the same carrier.

— Power: rated power of the equipment, needed to calculate energy consumption.

— Power coefficient: coefficient (usually 0.7) used to calculate the actual energy consumption
of the equipment.

— Wind coefficient: hindering coefficient used to simulate operations on wind-assisted carriers.

As previously stated the unloading process is discretised through mass-steps. Every mass-step
an operational check for external factors takes place and a comparison between the sampled
unloader capacity and the selected routing fixed capacity is carried out in order to select the
lower amongst the two. Furthermore, the process is discretised on a higher level based on the
different destinations of the parcel being unloaded.

Furthermore, Unloaders possess the following processes.
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Set up: the unloader gets ready to proceed with operations on a new carrier. After checking
that the assigned routing is in place, the unloading of a batch of parcel assigned to the
same storage destination is carried out. If another batch of the same parcel is available on
the carrier "Next destination” process is carried out. Otherwise, the carrier is checked for
a different parcel. If a parcel is available "Next cargo” process is carried out. In the case
no other batch or parcel is available maintenance request is checked and either "Clean up”
process or "Maintenance” process is carried out.

Next destination: once the cleaning time has elapsed and the availability of the assigned
routing is checked unloading of a batch of parcel assigned to the same storage destination
is carried out. If another batch of the same parcel is available on the carrier "Next destination”
process is carried out. Otherwise, the carrier is checked for a different parcel. If a parcel is
available "Next cargo” process is carried out. In the case no other batch or parcel is available
maintenance request is checked and either "Clean up” process or "Maintenance” process is
carried out.

Next cargo: the unloader samples the Switching time distribution, once the switching time
has elapsed and the availability of the assigned routing is checked unloading of a batch of
parcel assigned to the same storage destination is carried out. If another batch of the same
parcel is available on the carrier "Next destination” process is carried out. Otherwise, the
carrier is checked for a different parcel. If a parcel is available "Next cargo” process is carried
out. In the case no other batch or parcel is available maintenance request is checked and
either "Clean up” process or "Maintenance” process is carried out.

Clean up: Cleaning time distribution is sampled, after the cleaning time has elapsed the
unloader is set free and becomes available to serve a new carrier.

Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed the Unloader is set free and becomes available to
serve a new carrier.

» Berths
A hybrid approach has been chosen to model the terminal’s berth. One berth is thus a portion of
the quay in which a maximum one carrier is allowed to berth (if conditions are met). However, the
model is able to use multiple contiguous berths to let a larger carrier berth at the terminal. Mod-
elled berths thus do not coincide with real entities since the latter are often arbitrarily determined
for organizational or operational reasons.
Berths are modelled as Operators with the following properties.

Draft: berth’s allowed draft.
Length: berth’s length.

Transit in time distribution: distribution of the time needed for a carrier to reach the specific
berth from anchorage.

Transit out time distribution: distribution of the time needed for a carrier to leave the system
from the specific berth.

Pre-operation time distribution: distribution of the time needed to carry on berthing opera-
tions and other bureaucratic procedures.

Post operation time distribution: distribution of the time needed to carry on unberthing oper-
ations and other bureaucratic procedures.

Unloaders: unloaders able to work on the specific berth.
Shorepowers: shore power connections able to serve carriers berthed at the specific berth.

Contiguous berths: berths connected on the left or on the right of the specific berth, available
to be used to host a large carrier in collaboration with the specific berth.

Furthermore, Berths possess the following processes.

Berthing: the berth samples the pre-operation time distribution and thus simulates berthing
and other bureaucratic procedures. After this process unloading operations can start.
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— Unberthing: the berth samples the post-operation time distribution and thus simulates un-
berthing and other bureaucratic procedures. Shore power connections are disconnected
from the served carrier and after this process, the berth is set free and open to serve new
carriers.

» Shore power connections
Shore power connections are modelled as Operators with the following properties.

— Set up time distribution: distribution of the time needed to connect a shore power connection
to on a carrier and perform the synchronization.

Furthermore, Shore power connections possess the following processes.

— Set up: the shore power gets ready to serve with a new carrier.

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed the shore power is set free and becomes available
to serve a new carrier.

Seaside Components
» Anchorage
A queue where carriers wait their turn to enter the terminal.

* Channel
Channels are modelled as Components characterised by the following properties.

— Transit in capacity: the number of carriers that can proceed in a line while transiting towards
the terminal.

— Transit out capacity: the number of carriers that can proceed in a line while transiting towards
the open sea.

— Draft: maximum allowed carrier draft to transit in the channel.

— Cross: boolean value that indicates if the channel is wide enough to allow two carriers going
in opposite directions to cross each other.

+ Carriers
Carriers are modelled as Components characterised by the following properties.

— Length: carrier’s length, sampled from a dedicated distribution selected based on the amount
of material transported by the ship.

— Draft: carrier’s draft, sampled from a dedicated distribution selected based on the amount
of material transported by the ship.

— Number of cargoes: number of different parcels carried by the ship, sampled from a dedi-
cated distribution based on the simulation period.

— Time to anchorage: time between carrier’s call and arrival at anchorage, sampled from a
dedicated distribution based on simulation period.

— Cargoes: list of parcels transported on the carrier.

— Wind assisted: boolean value indicating if the carrier is equipped with wind-assisted technol-
ogy, sampled by a dedicated distribution based on simulation period.

— Shore power equipped: boolean value indicating if the carrier is equipped with shore power
technology, sampled by a dedicated distribution based on simulation period.

— Installed power: rated power of carrier appliances supplied during connection to the local
grid, sampled from a dedicated distribution selected based on the amount of material trans-
ported by the ship.

Furthermore, Carriers possess the following processes.

— Call: after the travelling time to the anchorage has elapsed, the carrier enters the anchorage
and activates the berth allocation process.

— Transit in: the carrier leaves the anchorage and travels to the berth, activating it.
— Transit out: the carrier leaves the berth and uses the channel to leave the system.
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Other Seaside processes
+ Carrier and cargo generation
The carriers, the transported cargoes and the relative characteristics are generated based on
user’s input and the procedure described in 5.6.4.

 Cargo correction
As already discussed, the choice of a mass discretisation of continuous processes calls for a
correction of the amount handled by the terminal. This procedure is applied in the following way.
When a cargo is generated based on the given distribution, an initial train amount (the amount of
the parcel that will be taken out by train) is calculated through a percentage sampled from a ded-
icated distribution. This initial amount is then checked and compared with the train dimensions
connected to the parcel (also sampled by a distribution). If the initial amount does not fit perfectly
in an integer amount of trains the remainder is shifted to the truck moved amount, obtaining a
final train amount. At this point the just obtained initial truck moved amount is checked and ap-
proximated (by excess) in order to fit precisely in an integer amount of trucks.
Furthermore, the mass step used during moving operations is the same truck size used for the
previously explained calculations.
Given the size of trucks currently used in grain transportation in comparison with the entire parcel
size, this method should not produce worrying mistakes in the model. Furthermore, the small
size of the mass step should not make unbearable the negative effect regarding external events,
leading in fact to a relatively small time-step (capacity of conveyors and equipment are usually in
the order of the multiple hundreds T/h, while a large truck size is about 40T, thus a consequent
time-step between 5 and 15 minutes).

5.6.2. Stockyard operations

In the model, stockyard operations are of secondary importance. In fact, no real operations happen
in the stockyard itself since the moving of materials is mostly dictated by Allocators and Operators be-
longing to the other two sub-systems. However, handling the different cargoes inside the system is a
very complex procedure since many different batches of the same cargo are often flowing through it
and the amount of every single one of them determines different decisions and behaviours.

The following paragraph describes the modelling solution developed in this work in order to solve this
problem:

As soon as a parcel is allocated, the different storing locations and relative stored amounts are gener-
ated and stored.

Once the unloading operations begin, a copy of cargo is generated to keep track of the amount flowing
inside the terminal and oversee the unloading operations. The initial amount of a stored parcel is set
to 0, the increase of this number and the decrease of the original amount model the flow of material
from the carriers to the storage on a high level.

Furthermore, for each storage destination, an additional stored cargo is generated to keep track of the
exact amount stored in the specific bin. These "lower level” stored parcels are generated with a starting
amount of 0 as well and a total amount equal to the specific allocated amount, the comparison of these
two numbers models the flow of material from the carriers to the storage on a lower level, involving the
specific destination bin.

Furthermore, for both the high-level and low-level cargoes an available amount is used to manage op-
erations. This variable represents the amount of the parcel present in the terminal not yet allocated to
any loading bin, essential since allocation on actual transport happens at different times due to opera-
tional delays and unforeseen circumstances.

Unloading operations take amounts from the cargo and move it to both parcels and stored cargo simul-
taneously.

As soon as the first mass-step of a parcel arrives inside the storage, a parcel-dedicated outtake man-
ager is generated and triggered. The functioning of the outtake manager is explained in 5.6.3.

The modelling of stockyard operations features the following Allocators and Components.
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Stockyard Allocators
» Parcel Allocator

The way parcels are allocated in the terminal is of paramount importance and the right use of
silos of different sizes can make a great difference in yearly throughput.
Once a carrier calls the terminal the Parcel Allocator is activated. The process consists of a simple
heuristic trying to mock the minimization of wasted space and freeing time of silos.
The first thing the Parcel Allocator does is check if there is enough space in the terminal to allocate
the incoming cargo. If there is not enough space then the carrier will wait at anchorage.
If there is enough space the Allocator tries to fit all the cargo in the largest silo available until they
are always completely full (O wasted space). If the last silo encountered in this process is not
completely full the wasted space w = 1 — ggggigf is calculated. If the wasted space of this last
silo is under a user-selected threshold the silo will be used for that particular cargo. Otherwise,
if the wasted space is above the user-selected threshold, the Allocator will check silos with a
smaller size and repeat the process. If no silo satisfying the threshold is found the cargo will be
allocated in the best-fitting silo found during the described process.

Stockyard Path Allocator

Since two different kinds of agents (unloaders and stations) request path utilization in the different
zones of the terminal, Path allocation is divided into stockyard Path allocation and landside Path
allocation. In this paragraph, the former is explained.

The Stockyard Path Allocator is triggered by the allocation of an unloader to a specific parcel
storage destination. The Allocator checks all available Paths in an established order for their
start and end in order to find the correct one. Once a Path is selected, it becomes temporarily
linked with the unloader and its setting up procedure is triggered.

Stockyard Components
* Routes
Routes are the building blocks of the Paths components, and depending on the level of modelling
chosen by the user can either represent a single piece of equipment (conveyor, bucket elevator,
etc.). Routes are thus used to be able to model a single piece of equipment without great attention
to its position and role in the terminal.
Routes are characterised by the following properties.

— Distance: distance covered by the piece of equipment, either vertical or horizontal based on
the kind of equipment. Used together with the speed to calculate the flowing delay of the
material.

— Capacity: fixed capacity of the equipment, used to simulate the material flow.

— Speed: average speed of the piece of equipment. Used together with the distance to calcu-
late the flowing delay of the material.

— Set up time: time needed to ready the piece of equipment to operate.

— Cleaning time distribution: distribution of the time needed to clean the piece of equipment
after operating on a parcel.

End: endpoint of the equipment, if different than another piece of equipment.

Start: start point of the equipment, if different than another piece of equipment.

Power: rated power of the equipment, needed to calculate energy consumption.

Power coefficient: coefficient (usually 0.7) used to calculate the actual energy consumption
of the equipment.

After all the Routes are input, the model generates a table where the user can connect them
providing the information needed to model the real routing system of the terminal.
Furthermore, Routes possesses the following processes.

— Clean up: Cleaning time distribution is sampled, after the cleaning time has elapsed the
piece of equipment is set free and becomes available.
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— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed the equipment is set free and becomes available.

» Paths
Paths are generated by the model using the information provided by the user about the Routes
and their relative connections. When a Path is selected for operations its components are tem-
porarily linked to the Path and made unavailable to other Paths.
Paths are Components characterised by the following properties.

— Components: list of Routes that compose the Path.

— Capacity: fixed capacity of the series of Routes, used to simulate the material flow. The
Path capacity is the lowest of the Components’ capacities.

— Set up time: time needed to set up the series piece of equipment to operate. It is assumed
that the different components can be set ready at the same time, thus the Path set-up time
is the highest of the Components’ set-up times.

— Start: starting point of the Path, obtained from the Components.
— End: ending point of the Path, obtained from the Components.

— Time: time needed for a batch of material to cross the whole path. Obtained by the sum of
the time needed to cross each of the pieces of equipment listed in the Paths Components.

— Power: power consumed by the Path. Obtained by the sum of the rated powers of the
different components, multiplied by the relative power coefficient.

— Furthermore, Paths possess the following processes.

— Carrier set up: after setting up time has elapsed, the path is ready to be used in seaside
operations.

— Inland set up: after setting up time has elapsed, the path is ready to be used in landside
operations.

— Clean up: clean up of all the components is triggered and the components are freed from
the temporary Path dependency.

+ Silos
Silos are only characterised by their capacity, consistently, floored in order to obtain an integer
multiple of the mass-step (truck size) of each parcel.

5.6.3. Landside operations

Once the first mass-step of a parcel arrives at the assigned storage location, its dwell time starts run-
ning. Once the parcel dwell time has elapsed trucks and trains to collect the material are generated
and arrive at the terminal and a portion of the material is moved to the loading bins serving the landside
stations.

From a landside modality point of view, once arrived at the terminal, trucks and trains are queued in the
parking and in the marshalling yard respectively. As soon as a station handling the requested material
is available the modality is served and then sent to the scales to be checked, always simulating service
times and movements through dedicated distributions. Once weighted, the modality is free to leave the
terminal.

The modelling of landside operations features the following Allocators, Operators, and Components.

Landside Allocators and Managers
» Outtake Manager
As explained in Section 5.6.2, an Outtake Manager linked to a specific parcel is generated as
soon as the first mass-step reaches the storage. The outtake manager keeps track of the dwell
time the parcel is supposed to stay in the terminal and once this has elapsed takes care of the
trucks and trains generation according to the cargo characteristics.
The trucks and trains IAT calculations are described in Section 4.3.
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Furthermore, the user has the possibility to give as input a preparation time to the outtake man-
ager. This value is used to simulate the terminal knowledge about the customer reclaiming cam-
paign of a particular parcel. In other words, the preparation time is the interval of time between
the moment the terminal receives information about the arrival time of the first train or truck to
reclaim a specific parcel and the arrival time itself. Once the terminal receives this information,
preparation to make loading operations as smooth as possible takes place and thus the Loading
bin allocators are triggered.

Truck and Train Loading bin Allocators

Once activated the Loading bin Allocator proceeds to allocate part of the material stored in the
main storage into the loading bins serving the landside stations according to the following proce-
dure.

The allocation of material to truck loading bins depends on the number of stations used to load
the specific parcel. A maximum amount of stations per parcel is set by the user, and a heuristic
based on queue theory manages the number of stations allocated if the maximum is not reached.
The heuristic tries to steer the system towards a steady state, according to the following equation:

< (5.1)

where T is the average truck arrival rate, )\ is the average truck service rate (calculated by adding
up the average service time and the average transit time), and n is the number of loading station
allocated to the specific parcel.

Between the two conditions, the maximum number of stations is set as the stricter one. Further-
more, the heuristic can be activated or deactivated by the user.

If both (or only the first if the heuristic is not activated) conditions are not met the allocator looks
for a new station to assign the parcel to.

Other than assigning new stations, the allocator takes care of the refilling of already assigned
when needed.

Firstly, all stations are checked. The amount stored in the loading bin connected to the ones
already utilized for a specific parcel is controlled. If one of the quantities falls under the user-set
threshold, the relative loading bin is filled up.

In this case, the amount allocated is selected according to the following algorithm:

If the remaining amount of the truck-handled cargo is larger (or equal) than the capacity (or empty
space) of the selected bin there are two options.

— The parcel available amount is more (or equal) than the bin capacity(or empty space). So
the allocated amount will be set equal to the bin capacity (or empty space) and taken out of
the truck-handled cargo amount and of the parcel available amount.

— The parcel available amount is less than the bin capacity(or empty space). The allocated
amount will be set equal to what is available and this amount will be taken out of the truck-
handled cargo amount and of the parcel available amount.

Otherwise, if the amount of truck-handled cargo is less than the bin capacity there are two alter-
native options.

— The parcel available amount is more (the train also gets fed by this same parcel) or equal to
the truck handled amount. Thus the allocated amount is the whole remaining truck handled
amount, which is then set to zero.
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— The parcel available amount is less than the truck handled amount. Thus all the parcel avail-
able amount is allocated.

The allocated amount is linked to the selected bin and the loading process of the bin is triggered.
In the case that a not allocated station is selected to handle a parcel, the parcel is linked both
to the station and the bin connected to it. The amount allocation proceeds in the same way de-
scribed above.

Once an amount is allocated the loader linked to the specific bin is activated.

The allocation of material to train loading bins follows the same procedure, but given that the
trains reclaiming a parcel are typically way less in number than the trucks and their arrival is more
scheduled, no option to use the heuristic was integrated in the model.

Truck and Train Allocator

The truck Allocator is triggered whenever a new truck enters the parking and whenever a loading
station becomes free.

The Allocator checks the handled parcel of the available stations in determined order. Once an
available station handling the same parcel as the requesting truck is found, the truck and the sta-
tion are linked and transit in process of the truck activated. The Allocator serves thus the following
truck.

The Train Allocator follows the same procedure.

Scale Allocator

The scale allocation process is triggered as a truck enters the post-operational parking or as a
scale becomes available.

As with most of the other allocation processes described, the scale Allocator checks the available
scales in a prescribed order. Once a free scale is found it is linked to the requesting truck. The
truck is then removed from the post-operational parking and the weighting process is activated.

Landside Operators
* Loading bin loader

Once activated, the loader checks the amount allocated to the served bin and searches the rel-
ative parcel for the storage locations and the relative connections to the bin following the same
procedure as the Stockyard Path allocation process. Once found, it activates them and through
mass-steps, it simulates the moving of material.

Gathering material in the right order can have a crucial influence on terminal operations and
achievable throughput. Since grain is a perishable product whose quality and characteristics can
suffer from long still standing periods, is essential to respect FIFO (First In First Out). However,
if the product is allocated according to the process previously described in Section (5.6.2) this
would mean gathering first the full silos, leaving a possible half-full silo (the one on which the
wasted space was checked) storing grain for the longest time amongst the silos containing ma-
terial from the same parcel. For this reason during gathering operations, priority is given to silos
with a higher wasted space among the same parcel and then a FIFO policy is followed.

 Truck loading stations
Truck loading stations are modelled as Operators with the following characteristics.

— Capacity: loading capacity of the loading station.

— Set up time distribution: distribution of the time needed by the truck loading station to serve
a new truck.

— Post operational time distribution: distribution of the time needed by the truck loading station
to become available again after serving a truck.

— Amount limit: the relative amount that triggers the stop of operations and the subsequent
refilling of the bin.
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Furthermore, Truck loading stations possess the following processes.

— Load: After the sampled set-up time has elapsed, loading operations take place. The mass
step used for the operations is the size of a truck and thus this process does not loop. After
the loading of one truck has taken place, the sampled post-operational time has elapsed and
a check on external events has been carried out, the station becomes available to serve a
new truck.

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed, the station is set free and becomes available.

* Train loading stations
Train loading stations are modelled as Operators with the following characteristics.

— Capacity: loading capacity of the loading station.

— Set up time distribution: distribution of the time needed by the train loading station to serve
a new train.

— Post operational time distribution: distribution of the time needed by the train loading station
to become available again after serving a train.

— Amount limit: the relative amount that triggers the stop of operations and the subsequent
refilling of the bin.

Furthermore, Train loading stations possess the following processes.

— Load: after checks on external events have been carried out and the sampled set-up time
has elapsed, loading operations take place. The mass step used for the operations is the
size of a wagon and thus this process does not loop. After the loading of one wagon has
taken place, a check on the remaining number of wagons in the train is carried out. If the
train is finished a post-operational time is sampled and let elapse and the station becomes
free to serve a new train. Otherwise, the next wagon process is triggered.

— Next wagon: after checks on external events have been carried out, loading operations take
place. The mass step used for the operations is the size of a wagon and thus this process
does not loop. After the loading of one wagon has taken place, a check on the remaining
number of wagons in the train is carried out. If the train is finished a post-operational time is
sampled and let elapse and the station becomes free to serve a new train. Otherwise, the
next wagon process is triggered.

» Scales
Scales are modelled as Operators with the following characteristics.

— Service time distribution: distribution of the time needed by the station to weigh a truck.
Furthermore, Scales possess the following processes.

— Weight: the station let the sampled service time elapse to simulate weighting operations.
After this, checks on external events are carried out.

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed, the station is set free and becomes available.

Landside Components
» Parking
A queue where trucks wait their turn to be served by the loading stations.

* Post operational parking
A queue where trucks wait their turn to be served by the scales.

» Marshalling yard
A queue where trains wait their turn to be served by the loading stations.
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 Loading bins
Loading bins are modelled as Components with the following properties.

— Capacity: the amount of cargo the bin can hold, consistently rescaled (down) in order to
obtain a multiple of the mass-step (truck size) of the stored parcel.

— Station: station served by the bin.

— Check amount: the relative amount that triggers the refilling of the bin.

It is important to note that train loading bins have an inherent check on the minimum amount of
material that can be stored in them, equal to the wagon size of the handled parcel.

* Trucks
Trucks are modelled as Components with the following characteristics.
— Cargo: parcel the truck has to load.
— Size: amount that can be carried by the truck.

— Transit time distribution: distribution of time needed by a truck to reach a station from the
parking.

— Scale time distribution: distribution of time needed by a truck to reach a scale from a station.
Furthermore, Trucks possess the following processes.

— Transit in: the truck leaves the parking and after the transit time has elapsed reaches the
assigned station and activates it.

— Scale transit: the truck leaves the station and after the scale time has elapsed reaches the
post-operational parking.

* Trains
Trains are modelled as Components with the following Characteristics.

— Cargo: parcel the train has to load.
— Size: amount that can be carried by one wagon.

— Transit time distribution: distribution of time needed by a train to reach a station from the
marshalling yard.

— Number of wagons: number of wagons in the train.
Furthermore, Trains possess the following processes.

— Transitin: the train leaves the marshalling yard and after the transit time has elapsed reaches
the assigned station and activates it.

5.6.4. Seasonality and modalities generation
Due to the characteristic of seasonality of the arrival of carriers and cargoes the following method was
developed to capture it.
The method consists in dividing the simulation time into periods of length P and allocating a certain
amount of the total annual throughput of a certain material (7; ,,) to that specific period.
Furthermore an average cargo size per material (5, ,,,)can be specified for that same period, the average
number of cargoes (7, ,,) per period is thus calculated as:

Tim = @—”” (5.2)

Si,m

Summing up all the different materials handled during the considered period we obtain the total number
of cargoes handled:

Zﬁi,m = ﬁi,tot (53)
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Introducing the average number of cargoes per carrier (¢;), we can calculate the average number of
carriers (N;) as:

N, = Dot (5.4)
Cj

The average inter arrival (iat;) time is finally obtained as:
— B Pie;

at] = — = ———— 55
ia Ny T (5.5)

™ Sim

Starting from this factor the user still has freedom to decide what kind of distribution to use (Pdf, Eerlang
K, Normal) and the parameters required for it to be fully defined.

Having thus an IAT, the arrival time of different carriers can be generated. When a carrier is generated
the number of cargoes the carrier is transporting is sampled from a dedicated distribution (which av-
erage was used in the previous calculations) together with the type of the different cargoes and their
amount, conditional to this last information (each cargo type has its distribution for cargo amount).
Since the amount of the different cargoes taken from different distribution independent of each other
and that now consider the presence of another cargo on the same ship, the total amount carried from
a ship could become quite high and not realistic. The possibility to set checks for the generated ships
(e.g. max amount of material transported) is part of the model. Based on these last numbers (thus
on the total amount transported by the carrier), the length and draft of the carrier are set as well. The
user can in fact define a series of DWT thresholds and link each one of them to a length and a draft
distribution, from which these two characteristics are sampled.

This method guarantees reliable IAT, total throughput per material and cargo amounts per material in
line with the data used to generate the distributions.

Starting from the parcel amount due to be transported by truck (T,.ount) @nd the truck size (7s;..), the
amount of needed trucks is obtained:

Tamount
5.6
Tsize ( )

The average of the IAT (I AT ..cks) distribution is found by dividing by this number the outtake time
(touttake), @ parcel characteristic sampled by a dedicated distribution influenced by the parcel amount,
by the truck number.

Nitrucks =

7IATtrucks _ touttake (57)

Nitrucks

The other parameters to define the IAT distribution are calculated as fractions of the average, based
on user inputs.
The calculations to obtain the train IAT distribution follow the same procedure, using the train size in-
stead of the truck one.

5.7. Export terminal
This section deals with the specifics of the import terminal model and its functioning.

5.7.1. Landside operations

Landside operations of an export terminal naturally mirror the behaviour of the seaside ones in an import
one. As soon as a modality (either truck or train) arrives at the terminal its content is sampled and the
modality is sent to a waiting parking in order to wait for the sampling results. Once the good-to-go is
obtained and the quality of the material is certified trucks and trains are sent to the respective station,
connected to the specific silo where the parcel was allocated.
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The modelling of landside operations of the export terminal features the following Allocators, Oper-
ators, and Components.

Landside Allocators
» Truck and Train station Allocator

Just as for the import model, the number of stations dedicated to a specific cargo is handled by
a dedicated allocator. However, since no loading bins are involved in this process the allocation
process is quite simplified. When a cargo is allocated to a storage location it enters the station
allocation queue and the station Allocator is activated. After checking the number of stations
handling the specific cargo, the Allocator proceeds to find a free station. If a station is available,
the cargo is assigned to it together with a target storage location and the Routing Allocator is
activated.

A user-set maximum constrains the number of stations assigned to one cargo. After allocating
a station to a cargo, if the maximum is not reached the Allocator attempts another search, other-
wise, the process stops.

Truck and Train Allocator

The truck Allocator is triggered whenever a new truck enters the parking and whenever a loading
station becomes free.

The Allocator checks the handled parcel of the available stations in determined order. Once an
available station handling the same parcel as the requesting truck is found, the truck and the
station are linked and transit in process of the truck is activated. The Allocator thus serves the
following truck.

The Train Allocation follows the same procedure.

Sampling station Allocator

The sampling station allocation process is triggered as a truck enters the pre-sampling parking
or as a station becomes available.

As with most of the other allocation processes described, the scale Allocator checks the available
scales in a prescribed order. Once a free scale is found it is linked to the requesting truck. The
truck is then removed from the post-operational parking and the weighting process is activated.

Destination Allocator

The Destination Allocator is activated whenever a train station interrupts the unloading opera-
tions because the current destination is completely full or an uncompleted destination becomes
available for loading. The allocation procedure simply consists of a scan of the remaining free
destinations where the parcel was allocated. If a free destination is found, the Path Allocator is
activated. Otherwise, the requesting station stays in the queue and will be the first one to be
processed at the new activation.

Landside Operators
» Truck unloading stations
Truck loading stations are modelled as Operators with the following characteristics.
— Capacity: unloading capacity of the unloading station.

— Set up time distribution: distribution of the time needed by the truck unloading station to
serve a new truck.

— Post operational time distribution: distribution of the time needed by the truck unloading
station to become available again after serving a truck.

Furthermore, Truck unloading stations possess the following processes.

— Load: After the sampled set-up time has elapsed, unloading operations take place. The
mass step used for the operations is the size of a truck and thus this process does not loop.
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After the unloading of one truck has taken place, the sampled post-operational time has
elapsed and a check on external events has been carried out, the number of served trucks
belonging to the handled cargo is adjourned and the station becomes available to serve a
new truck.

Furthermore, a check on the assigned destination and the assigned cargo is done. If the
destination is full the station becomes available for the assignment of a new cargo and the
served cargo reenters the station requesting queue. Otherwise, if the trucks carrying the
cargo have all already been served, the station becomes available to handle a new cargo
and the cargo is considered completely arrived at the terminal (from the truck side).

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed, the station is set free and becomes available.

 Train unloading stations
Train unloading stations are modelled as Operators with the following characteristics.

— Capacity: unloading capacity of the unloading station.

— Set up time distribution: distribution of the time needed by the truck unloading station to
serve a new train.

— Post operational time distribution: distribution of the time needed by the truck unloading
station to become available again after serving a train.

Furthermore, Train unloading stations possess the following processes.

— Load: after checks on external events have been carried out and the sampled set-up time has
elapsed, unloading operations take place. Differently from the import model, the mass step
used for the operations is the size of a truck, to allow materials coming from both landside
modalities to enter the same storage without discretisation problems. After the unloading
of one mass step has taken place, a check on the served train and the served destination
is made. if the served train is fully unloaded or the served destination is completely full,
operations stop. In the first case, after a post-operation delay sampled by the dedicated
distribution, the destination and the station are set free. In the second, the destination is
labelled as full, while the station enters the destination allocator queue in order to receive
a new destination to continue unloading. If both checks are passed, next step process is
triggered.

— Next step: after checks on external events have been carried out, unloading operations take
place. Once more, after the unloading of one mass step has taken place, a check on the
served train and the served destination is made. if the served train is fully unloaded or the
served destination is completely full, operations stop. In the first case, after a post-operation
delay sampled by the dedicated distribution, the destination and the station are set free. In
the second, the destination is labelled as full, while the station enters the destination allo-
cator queue in order to receive a new destination to continue unloading. If both checks are
passed, next step process is triggered.

» Sampling station
Sampling Stations are modelled as Operators with the following characteristics.

— Service time distribution: distribution of the time needed by the station to sample material
from a truck.

Furthermore, Sampling stations possess the following processes.

— Sample: the station lets the sample service time elapse to simulate sampling operations.
After this, checks on external events are carried out.

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed, the station is set free and becomes available.
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Landside Components
* Trucks
Trucks are modelled as Components with the following characteristics.

— Cargo: parcel the truck is carrying.

— Size: amount carried by the truck.

— Transit time: time needed by a truck to reach a station from the post-sampling parking (also
used to model the analysis operations if needed).

— Sample time distribution: time needed by a truck to reach a scale from a station.
Furthermore, Trucks possess the following processes.

— Transit in: the truck leaves the post-sampling parking and after the transit time has elapsed
reaches the assigned station and activates it.

— Sample transit: the truck leaves the sampling stations and after the sample time has elapsed
reaches the post post-sampling parking.

* Trains
Trains are modelled as Components with the following Characteristics.

— Cargo: parcel the train is carrying.
— Size: amount carried by one wagon.

— Transit time distribution: distribution of time needed by a train to reach a station from the
marshalling yard.

— Number of wagons: number of wagons in the train.
Furthermore, Trains possess the following processes.

— Transitin: the train leaves the marshalling yard and after the transit time has elapsed reaches
the assigned station and activates it.

* Pre-sampling parking
A queue where trucks wait their turn to be served by a sampling station.

* Parking
A queue where trucks wait their turn to be served by an unloading station.

» Marshalling yard
A queue where trains wait their turn to be served by an unloading station.

Other Landside processes
» Parcel and carriers generation
The carriers and the transported cargoes are generated based on the user’s input and the proce-
dure described in 5.7 4.

» Cargo correction
The same procedure described in 5.6.1 is applied to correct the cargoes’ amounts in order to
avoid discretization problems.

5.7.2. Stockyard operations

As already stated no real operations happen in the stockyard itself since the moving of materials is
mostly dictated by Allocators and Operators belonging to the other two sub-systems. The cargo han-
dling procedure described in 5.6.2 was applied in the export terminal too.

The modelling of stockyard operations of the export terminal features the following Allocators and Com-
ponents.
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Stockyard Allocators
+ Path Allocator
The Path Allocator is triggered by the allocation of a loader or an unloading station to a specific
parcel storage destination. The Allocator checks all available Paths in an established order for
their start and end in order to find the correct one. Once a Path is selected, it becomes temporarily
linked with the requesting entity and its setting up procedure is triggered.

Parcel Allocator

Once a cargo is generated the terminal the Parcel Allocator is activated. The process consists of
a simple heuristic trying to mock the minimization of wasted space and freeing time of silos.
Since the complete allocation of the generated cargoes linked to one carrier is an important trigger
for carrier and landside modalities generation, the Parcel Allocator tries to allocate every cargo
belonging to the same carrier following the heuristic described in Section5.6.2. If one of them
does not fit in the storage, the allocation is suspended and will start again as soon as a storage
space gets free. Otherwise, the allocation is confirmed and the generation of landside modalities
is carried out by the Parcel Allocator according to the procedure described in Section 5.6.4.

Stockyard Components
The Stockyard Components of the export terminal were modelled just as the ones reported in 5.6.2.

* Routes
» Paths

 Silos

5.7.3. Seaside operations

Seaside operations begin as soon as a carrier calls. After this, carriers take a certain amount of time,
sampled from a dedicated distribution, to reach the anchorage. Once at anchorage, carriers request
a berth. A berth is found according to different parameters, most importantly a carrier is allocated to a
berth only if the parcels desired by it are already fully stored inside the storage. After obtaining a berth,
the carrier triggers the search for a shore power connection (if equipped with shore power technology)
and one or more loaders. Once the loaders are found, the needed routing to connect each of them
to the first of the assigned storage positions is looked for. Meanwhile, the ship requests use of the
channel. If the channel is free to use, the carrier proceeds to transit in. After the transit in time, the
carrier arrives at the berth where berthing and administrative operations can take place. If the loader
and the routing are already in place at this moment, loading operations can start and won’t stop until the
carrier is completely full. Once the carrier is completely full, post-operational procedure and unberthing
can take place and the channel use is requested once more. Once the channel is free, the carrier is
allowed to transit out and leave the system.

The modelling of seaside operations features the following Allocators, Operators, and Components.

The modelling of seaside operations of the export terminal features the following Allocators, Oper-
ators, and Components.

Seaside Allocators
* Loaders Allocator
The Loader Allocator is triggered by the allocation of a carrier to a berth or the end of operations
on a different carrier.
Since different transported parcels are assigned to different storage locations and thus require
different routing, the Laoder Allocator handles the parcels and not the carriers themselves. In
particular, each loader is assigned to a specific parcel storage location, allowing the maximum
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number of loaders serving the same parcel to be the number of locations in which the parcel is
stored. Once a parcel storage location enters the loader allocation procedure, a check on the
maximum number of loaders allowed to serve the specific carrier is done. If the maximum num-
ber has not been reached yet the loader with the higher capacity available on the berth is chosen
to load the specific portion of the handled parcel reclaiming it from the assigned storage location.
Once the loader has been assigned, the Routing Allocator is triggered.

If no free loader has been found through this procedure, loaders serving other carriers are checked
and, if one of the serving loaders meets the specific requirements, one of them is reassigned to
the new carrier. Parcel portions whose loading process has been interrupted rejoin the loader
allocation queue with higher priority than untouched portions.

This procedure thus has as a main objective to maximise the number of carriers served at the
same time and as a secondary objective to maximise the number of loaders serving each carrier.

+ Berth Allocator
As previously stated, the Berth Allocator is activated by the arrival of carriers at the anchorage or
by a carrier leaving a berth.
After checking that all the parcels are fully present in the terminal, the free berth with the minimum
wasted length is selected and assigned to the handled carrier.
If no berth has been found, all free berths are scanned a second time adding the length of the
contiguous berth to them to check if the handled carrier can be allocated in this enlarged resource.
Once the berth is assigned, the Loader and Shore Power Allocators are triggered and the carrier
enters the channel requesting queue.

Channel Allocator

The Channel Allocator is activated whenever a channel requests channel usage or a carrier fin-
ishes its transit in or out. Once activated it proceeds with checking all the carriers requesting the
channel usage. For every carrier the live channel draft is compared with the carrier’s draft, if this
check is passed and the channel longitudinal capacity still allows it, the carrier’s process "transit
in” or "transit out” is activated. In performing this process, priority is always given to the carrier
requesting transit in, in order to optimise the loading operations and lower demurrage costs.

Seaside Operators
* Loaders
Loaders are modelled as Operators with the following properties.

— Capacity: fixed capacity of the loader, used for the allocation process.

— Capacity distribution: capacity distribution, sampled every mass-step to better model the
loading process.

— Set up time distribution: distribution of the time needed to ready the laoder to operate on a
carrier.

— Cleaning time distribution: distribution of the time needed to clean the loader after operating
on a carrier.

— Switching time distribution: distribution of the time needed to ready the loader to operate on
a new parcel on the same carrier.

— Power: rated power of the equipment, needed to calculate energy consumption.

— Power coefficient: coefficient (usually 0.7) used to calculate the actual energy consumption
of the equipment.

— Wind coefficient: hindering coefficient used to simulate operations on wind-assisted carriers.

Just as the unloading process, the loading process is discretised through mass-steps. Every
mass-step an operational check for external factors takes place and a comparison between the
sampled unlaoder capacity and the selected routing fixed capacity is carried out in order to select
the lower amongst the two. Furthermore, the process is discretised on a higher level based on
the different destination of the parcel being unloaded.

Furthermore, Unloaders possess the following processes.
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Set up: the loader gets ready to proceed with operations on a new carrier. After checking
that the assigned routing is in place, the loading of a batch of parcel assigned to the same
storage destination is carried out until the storage is empty or the carrier is full. In the first
case "Next destination” process is activated. Otherwise, if a different parcel is requested by
the carrier "Next cargo” process is carried out. In the case no other destination or parcel is
requested maintenance request is checked and either "Clean up” process or "Maintenance”
process is carried out.

Next destination: the loader samples the Cleaning time distribution and once the cleaning
time has elapsed and the availability of the assigned routing is checked, the loading of a
batch of parcel assigned to the same storage destination is carried out until the storage is
empty or the carrier is full. In the first case "Next destination” process is activated. Otherwise,
if a different parcel is requested by the carrier "Next cargo” process is carried out. In the case
no other destination or parcel is requested maintenance request is checked and either "Clean
up” process or "Maintenance” process is carried out.

Next cargo: the loader samples the Switching time distribution, once the switching time has
elapsed and the availability of the assigned routing is checked, the loading of a batch of
parcel assigned to the same storage destination is carried out until the storage is empty
or the carrier is full. In the first case "Next destination” process is activated. Otherwise, if a
different parcel is requested by the carrier "Next cargo” process is carried out. In the case no
other destination or parcel is requested maintenance request is checked and either "Clean
up” process or "Maintenance” process is carried out.

Clean up: Cleaning time distribution is sampled, after the cleaning time has elapsed the
loader is set free and becomes available to serve a new carrier.

Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed the loader is set free and becomes available to
serve a new carrier.

» Berths
A hybrid approach has been chosen to model the terminal’s berth. One berth is thus a portion of
the quay in which a maximum of one carrier is allowed to berth (if conditions are met). However,
the model is able to use multiple contiguous berths to let a larger carrier berth at the terminal.
Modelled berths thus do not coincide with real entities since the latter are often arbitrarily deter-
mined for organizational reasons.
Berths are modelled as Operators with the following properties.

Draft: berth’s allowed draft.
Length: berth’s length.

Transit in time distribution: distribution of the time needed for a carrier to reach the specific
berth from the anchorage.

Transit out time distribution: distribution of the time needed for a carrier to leave the system
from the specific berth.

Pre-operation time distribution: distribution of the time needed to carry on berthing opera-
tions and other bureaucratic procedures.

Post operation time distribution: distribution of the time needed to carry on unberthing oper-
ations and other bureaucratic procedures.

Unloaders: unloaders able to work on the specific berth.
Shorepowers: shore power connections able to serve carriers berthed at the specific berth.

Contiguous berths: berths connected on the left or on the right of the specific berth, available
to be used to host a large carrier in collaboration with the specific berth.

Furthermore, Berths posses the following processes.

Berthing: the berth samples the pre-operation time distribution and thus simulates berthing
and other bureaucratic procedures. After this process unloading operations can start.
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— Unberthing: the berth samples the post-operation time distribution and thus simulates un-
berthing and other bureaucratic procedures. Shore power connections are disconnected
from the served carrier and after this process, the berth is set free and open to serve new
carriers.

» Shore power connections
Shore power connections are modelled as Operators with the following properties.

— Set up time distribution: distribution of the time needed to connect a shore power connection
to on a carrier and perform the synchronization.

Furthermore, Shore power connections posses the following processes.

— Set up: the shore power gets ready to serve with a new carrier.

— Maintenance: the specific maintenance interval is sampled and maintenance is carried out.
Once the maintenance time has elapsed the shore power is set free and becomes available
to serve a new carrier.

Seaside Components
» Anchorage
A queue where carriers wait their turn to enter the terminal.

* Channel
Channels are modelled as Components characterised by the following properties.

— Transit in capacity: number of carriers that can proceed in a line while transiting towards the
terminal.

— Transit out capacity: number of carriers that can proceed in a line while transiting towards
the open sea.

— Draft: maximum allowed carrier draft to transit in the channel.
— Cross: boolean value that indicates if the channel is wide enough to allow two carriers going
in opposite directions to cross each other.

+ Carriers
Carriers are modelled as Components characterised by the following properties.

— Length: carrier’s length, sampled from a dedicated distribution selected based on the amount
of material transported by the ship.

— Draft: carrier’s draft, sampled from a dedicated distribution selected based on the amount
of material transported by the ship.

— Number of cargoes: number of different parcels carried by the ship, sampled from a dedi-
cated distribution based on the simulation period.

— Time to anchorage: time between carrier’s call and arrival at anchorage, sampled from a
dedicated distribution based on simulation period.

— Cargoes: list of parcels transported on the carrier.

— Wind assisted: boolean value indicating if the carrier is equipped with wind-assisted technol-
ogy, sampled by a dedicated distribution based on simulation period.

— Shore power equipped: boolean value indicating if the carrier is equipped with shore power
technology, sampled by a dedicated distribution based on simulation period.

— Installed power: rated power of carrier appliances supplied during connection to the local
grid, sampled from a dedicated distribution selected based on the amount of material trans-
ported by the ship.

— Campaign time distribution: time the carrier is actually generated and calls the terminal after
the start of supply of the carried parcels began.

Furthermore, Carriers possess the following processes.
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— Call: after the campaign time has elapsed, the carrier simulates the travel to the anchorage
through the given distribution. After this, the carrier enters the anchorage and activates the
berth allocation process.

— Transit in: the carrier leaves the anchorage and travels to the berth, activating it.
— Transit out: the carrier leaves the berth and uses the channel to leave the system.

5.7.4. Seasonality and modalities generation

As with the import model, a method was developed to manage seasonality in the export model. The
main issue in this case, is that usually detailed arrivals and operations logs are only available for the
seaside, because of the more conspicuous costs linked to that branch of the supply chain.

Therefore, the methodology to derive carriers’ average IAT is the same as described in 5.6.4, but its
application differs slightly. In fact IAT distribution obtained is used to generate cargo arrivals instead of
carriers. Cargoes belonging to one carrier are generated together following the same procedure pre-
viously described, sampling the various user-provided distributions in order to determine the different
characteristics. However, after being tested against the maximum allowed carrier tonnage, an attempt
to allocate all the cargoes belonging to one carrier is made. If this attempt fails, cargoes are queued
just as carriers at anchorage, and a new allocation effort is made whenever a new storage position
becomes free. As soon as all the parcels carried by one ship are allocated, the generation of the car-
rier and landside modalities takes place. To the former a campaign time is associated, reflecting the
time the parcel owner will take to gather the specific parcel in the terminal. Once this time elapses, the
carrier will call and then arrive at the anchorage.

By applying this method, it is thought that disruptions in the supply chain and different client behaviours
can be better simulated. It is important to note that carriers’ waiting times highly depend on the cam-
paign time set by the user and will capture the delay in retrieving the single group of parcels, not
the overall nonperformance of the terminal, as is done in the import model. To have a more general
overview, the difference between obtained throughput and generated throughput (representing the car-
goes waiting to be allocated in the terminal) must be considered.

Furthermore, the derivation of IAT for landside modalities follows the same procedure described before,
based on the user-provided input “intake time.”

5.8. Enivronmental friendly operations
5.8.1. Shorepower

As explained in 4.2.1, shore power connection operations differ for many factors depending on the tech-
nology used. Depending both on the physical connection and the electrical toponomy of the system a
shore power connection can be able to serve one or multiple berths, and more in particular a specific
section of a berth or the whole berth.

Based on the berth modelling developed in this work as explained in 5.6.1, both these limitations can
be modelled. Shore power connections are in fact linked to one or more berths. Being modelled berths
able to describe either a whole physical berth or only a portion of it, cold ironing devices can be asso-
ciated to either of them. However, berthing restrictions due to the shore power connection positioning
are not part of this model, since the only discriminant taken into consideration is if the berthing ship is
using or not the specific portion of the berth. If this is the case, the ship is eligible to be connected.
The flexibility obtained with this approach allows the user to simulate different fleets of shore power
connections, varying both by number and technology. The latter is described by their capability of cov-
ering one or more berths, or portions of it.

5.8.2. Wind-assisted shipping

As mentioned in 4.2.2, a significant concern with adopting wind-assisted carriers is their potential in-
teraction and interference with port infrastructure. While new wind-assisted carriers can be designed
to avoid these issues, retrofitted ones might face challenges where the addition of wind propulsion de-
vices hinders normal port operations. Furthermore, not all technologies listed in 4.2.2 face this problem.
For instance, towing kites, which are highly flexible and occupy minimal deck space, do not cause such
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issues.

For bulk carriers, the primary concern is that loading and unloading operations could be severely im-
pacted by the placement of rotors or masts. The model addresses technologies like Flettner rotors and
wingsails, which significantly alter the carrier’s layout, potentially slowing down these operations and
reducing the terminal’s loading or unloading capacity.

The model allows users to set a distribution for the percentage of carriers arriving at the terminal with
these problematic retrofits. These carriers will apply a hindering factor to the capacity of the seaside
equipment serving them, reducing it and thus simulating the real-world difficulties associated with such
retrofits.

5.8.3. Energy consumption

One of the natural outputs of an industrial system simulation model is the working times of each machine
involved in the process. By knowing their rated power and an efficiency factor, it becomes straightfor-
ward to estimate their energy consumption. Although the procedure is simple, many terminals do not
monitor this, and during design phases, energy consumption is often calculated in even simpler ways.
It was thought that even a small improvement, such as obtaining working times through simulation in-
stead of static calculations, could enhance the overall understanding of the system.

This approach relies on the user providing accurate data about power consumption, which is not always
easy to find. However, it is expected that the rated power for the equipment can be located, and [40]
offers useful data to estimate the installed power of ships based on their tonnage. In fact, the ship’s
rated power dictates the amount of energy consumed by shore power connections.

5.9. External factors

As highlighted in 4.4, the ability to estimate the impact of unexpected events on normal operations is
what makes simulation such a powerful tool for understanding systems too complex for other analysis
methods. Therefore, correctly modelling these factors is a crucial aspect of a simulation study. The
following paragraph describes how the various external factors previously listed were addressed in this
project.

5.9.1. Weather

Since weather is highly time-dependent, the user is given the possibility to divide the simulation time in
a certain number of periods to better capture the atmospheric behaviour.

For each of these periods, the user has to provide a weather distribution reporting the percentage of
time of that period in which the weather is not favourable for seaside operations.

Furthermore, the user provides a time step. At every time step the distribution is sampled and the
weather characteristics of the following time-step are determined and passed to the seaside pieces of
equipment in order to behave consequently. In this way the user is able to discretise the behaviour of
the weather according to the available data and the weather behaviour of the region where the terminal
is positioned

5.9.2. Non-working time

Non-working time is estimated to be a quite recurrent and periodic event, modelling shift changes or
the closure of the terminal (or one of its subsystems) in determined hours. For example, the landsides
of terminals are usually not open 24/7.

The user can thus input the different active or non-active shifts for every component of the system, in
order to accurately represent its daily schedule. The total sum of the inputs is expected to amount to
24 hours and the model was thought so that a maximum of four daily interruptions can be part of a
component behaviour.

Just as all the other external factors, the inputs regarding non-working time are period-dependent, al-
lowing the user to model the variation of these patterns throughout the simulation time.
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5.9.3. Breakdown

As in almost all operational simulation studies, breakdown behaviour was modelled through the use
of Mean Time Between Failures(MTBF) and Mean Time To Repair(MTTR). The former is the average
amount of working time between two consequent breakdowns, while the latter represents the average
time needed after a breakdown for the specific resource to be able to resume operations.

In this tool, the user is allowed to input a stochastic distribution for both of these parameters and a time
step to monitor the working time of the specific equipment.

As soon as the resource starts its operative time a value is sampled from the MTBF distribution and
a counter is started, monitoring the working time of the resource. As soon as the counter reaches the
sampled value, a breakdown is simulated and an MTTR value is sampled from the respective distribu-
tion. After the repairing time has elapsed, the counter is set to zero and the component can be used in
operations again.

The possibility to vary the distribution along the simulation time was given to the user in order to model
the different sensibilities of the pieces of equipment to different environmental circumstances (high-low
temperatures, humidity, etc.).

5.9.4. Maintenance

Differently from the other external events, maintenance was modelled without a periodic behaviour in
mind, since maintenance periods can vary significantly during the year and be scheduled very differ-
ently due to high or low business of the system.

For this reason, the user is asked to input a non-period-dependent time series reporting all the main-
tenance occurrences and the intervals between them. Once one of these intervals is reached by the
simulations, a trigger is sent to a specific piece of equipment triggering its maintenance process. Once
this is completed, the resource is again available to be used and the MTBF counter previously men-
tioned is setto 0. As explained in 5.6 and 5.7, each class of equipment handles maintenance differently,
proceeding to it only in specific circumstances to better reflect the actual operational decisions made
in the real system.

5.9.5. Tidal behaviour

Similarly to non-working time, the tidal behaviour of the system was modelled with a daily cycle in mind
since this is the pattern of tides around the world. The user is allowed to input up to two tidal windows
and three intervals dividing them during which the channel draft decreases of a set depth, not allowing
carriers with higher draft to enter or leave the port.

However, the draft check is done only at the moment of a carrier’s request for use of the channel and
thus does not consider the transiting time. Due precautions to properly model this behaviour have to
be taken by the user, shifting the high tides windows appropriately.

5.10. Interface and Animation

In order to make the model user-friendly, an essential but efficient graphic interface was developed. An
Excel file was linked to the Python code to allow the user to quickly change the input required for the
model to run.

Each sheet featured in the interface file deals with a different aspect of the model, making the set-up
of a new simulation run a relatively simple process. Two examples of the interface sheets are reported
in Fig. 5.7 and 5.8.



5.10. Interface and Animation 61

capacity capacity distribution et up time set up time distribution MTTR breakdown time-  cleaning time
Unloader  Capacity distribution parameters. distribution parameters breakdown periods MTBF distribution  MTBF distribution parameters distribution  MTTR distribution parameters step distribution

unloaderl 1200 pdf .0,18.2, 1 Constant Constant . Constant
unloader2 600 pdf .0,15. 1 Constant Constant . Constant
unloadera 600 pdf [360.0,15.5,300.0,18.2,4: Constant 6] 1 Constant [13500] Constant 6] . Constant

Figure 5.7: Unloaders interface sheet

Fig. 5.8 shows a resources inputinterface sheet, the unloaders one. In order to input a new unloader
in the model, the user has to simply fill in a new line of cells specifying all the requested parameters and
pieces of information. To make the process easier, an explanation cell about the specific parameter
and the syntax to input it was featured.

Connections BC105 BC106 BC223 BC224 BC225 R33 R34 R14
BC105
BC106
BC223 Connected Connected

BC224 Connected Connected

BC225 Connected Connected

R33 Connected

R34 Connected

R14 Connected

R13 Connected

R15 Connected

R35 Connected

V33104 Connected

V33103 Connected

V33102 Connected

V33101 Connected

V34304 Connected
V34203 Connected
V34403 Connected
V34303 Connected
V34202 Connected
V34402 Connected
V34302 Connected
V34201 Connected
V34401 Connected
V34301 Connected
V35504
V35503

Figure 5.8: Routing connections interface sheet

Fig. 5.8 reports the routing connections interface sheet. With the piece of information reported on
this sheet, the building of Paths from Rotues is made possible. The sheet is automatically generated
after all the routing components are input and it allows the user to simply define which of them are
interconnected.

Furthermore, a simple 2D animation was developed in order to check the system’s behaviour. Just like
the model, the animation is parametric and it automatically adapts to the different specifications of the
simulated system. Fig 5.9 reports an examples.
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Verification

This chapter deals with the verification process of the model. the techniques chosen to develop it, the
different experiments, and the obtained results.

6.1. Definition and utilised techniques

[27] defined verification as "the process of ensuring that the model design has been transformed into a
computer model with sufficient accuracy”. In other words, making sure that the model was build right,
with "right” meaning in the way it was envisioned by the modeller. Put in an even easier way, verification
is the process of checking that the model behaves as it is meant to behave.

Simulation verification is almost a science on its own and a great deal of literature exists on the matter,
involving very different techniques and practices from the very informal ones to the most rigorous and
formal ones. In this study, the techniques described in [49] were taken into consideration and the ones
deemed appropriate for the scope and time on this work were applied.

6.2. Through work techniques

Many verification techniques take place during the development of the model itself and are meant to
ensure the avoidance of the most futile errors, normally generated during the translation of a logic
statement into a coding line. Still, applying these "debugging” techniques guarantee a robust method
to save time and effort, obtaining a partially verified model as soon as the model is completed and
reducing the cumbersomeness of what is commonly referred to as the verification process.

6.2.1. Modules and subprograms coding

One of the techniques reported in [49] is probably the most cited and commonly recommended practice
in software engineering and programming in general. The method consists in writing and debugging
the simulation program in modules of subprograms. In fact, given a large simulation model, it would be
malpractice to code the entire program without any attention to debugging and it would surely bring to
a ruinous first execution, with multiple hardly identifiable errors.

These techniques thus advise to write and debug the model’s main program and a few of the key sub-
programs, representing the other required subprograms as “dummies” or “stubs”. Step by step, and
only after the correct functioning of the previously coded bits, additional subprograms or levels of detail
are to be added and debugged.

During this work, this principle was thoroughly applied. Every newly introduced class and its interaction
with the previously created ones were tested before starting to work on the next component. In partic-
ular, great attention was given to the allocators’ behaviours and policies, testing different scenarios to
ensure the correct functioning of their multiple processes.
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6.2.2. Trace

Another "through work” technique vastly applied in verification is the utilisation of the Trace. A Trace
represents the state of the simulated system (i.e., the contents of the event list, the state variables,
certain statistical counters, etc.) just after the occurrence of each single event. It is thus evident how a
Trace is a powerful debug and verification tool. Furthermore, its feature when applying the previously
described practice makes the checking of every new module extremely efficient, being able to quickly
grasp the effect of the introduced sub-program on the whole system.

Still, due to the amount of data included in a Trace, checking it can become quite a cumbersome opera-
tion. For this reason, in the present work, self-developed traces were developed to check the behaviour
of specific components or processes. These traces are included as an output of the simulation, making
the user always able to check the weird or unnatural behaviour of the system in specific circumstances.

6.2.3. Animation

As already stated, a Trace can be a cumbersome object to analyze and even the self-developed
component-specific traces are mostly suitable to understand an error or misbehaviour of the system
previously individuated. In order to do so, a system animation is often times advised. In fact, an ani-
mation can give superficial but fundamental information (such as position and currently held quantity)
that clearly steers the mind of the verifier towards the individuation of a malfunctioning that can then
be investigated further.

As described in 5.10, a simple 2D animation was implemented to be able to check the main processes
happening in the system (loading/unloading of bins, resource allocation, queuing, etc.).

6.3. A posteriori techniques

Another kind of verification techniques is the one applied once the model is (thought) complete. These
methods are thus extra procedures to perform on top of the simulation modelling and are usually more
rigorous than the "through work” ones.

6.3.1. Distributions check

As already stated, one of the most crucial parts of a simulation model is the different distributions used
to generate stochastic inputs for it. A thorough check of the correct functioning of these distributions is
thus fundamental when verifying the model since wrong inputs mean undoubtedly wrong outputs.
The most common way to verify the correctness of the used distributions is by analysing their average
and standard deviation over a large enough population of samples. Furthermore, when distributions
are truncated, it can be useful to compare the shape of the original distribution with the truncated one
and evaluate if the difference is negligible.

The distributions used in this work were generated through the Salabim library and thus evaluation was
not deemed necessary. However, especially in the generation of carriers and cargoes, truncation takes
place as explained in 5.7.4 and 5.6.4, and thus the previously mentioned comparison was carried on.

Carriers and cargoes generation distribution check

The distributions used to verify the model were built based on data from the Study Case 1 7.2.1.
Firstly, the procedure to calculate the average IAT starting from throughput and vessel size data de-
scribed in 5.6.4 was applied, obtaining an average IAT of 208.8 hours.

The analysed case provided IAT data that were thus used for comparison. The real average |IAT (ob-
tained from the terminal data) amounted to 188.9 hours, leading thus to a 4.9% error.

Secondly, the throughput and length data from the terminal were used to generate distributions to input
into the model. The results, averaged over 10 simulations, were in turn compared to the original data.
The following plots summarise the results.
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Figure 6.1: Number of cargoes per carrier comparison

Figure 6.1 reports the comparison of the generated number of cargoes per vessel and the relative
data obtained from Case Study 1. As expected, the results are quite promising. The wider range of
generated ships carrying one cargo in comparison with carriers with two or three cargoes is due to the
truncation of the distribution. In fact, the truncation taking place (a check on the maximum amount of
material brought by the ships) influences only the two last groups, because of the possible overlap of
two large cargoes in the same carrier.
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Figure 6.2: Vessels’ lengths comparison

Figure 6.1 reports the comparison of the generated ship lengths and the relative data obtained
from Case Study 1. The spread of the various results is quite high. This is due to the specific length
selection mechanism chosen and applied as described in 5.6.1. In this particular case, an analysis of
the available data was carried on and specific PDFs were built for each amount range. A more in-depth
analysis with smaller lengths and amount bins could probably obtain better results.

Still, it is important to underline that a strict correlation between ship length and amount carried is
not always obtainable due to the nature of grain trade (carriers could be arriving at the terminal after
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another stop, thus carrying only a fraction of their maximum dwt). Instead of using historical data from
a terminal, another option for the user is to define carrier classes based on shipyard standards and
thus with strict specifications on dimensions and dwt.

The ship length data used to build the different distributions are reported in 6.3.
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Figure 6.3: Original vessel length and carried amount data

Figure 6.4 reports the comparison of the generated cargo size and the relative data obtained from
Case Study 1. The same considerations made for the comparisons of number of cargoes per carrier
hold in this case. Smaller cargoes are slightly more likely to be generated in comparison with larger
ones as a consequence of the truncation mechanism.
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Figure 6.4: Cargoes amounts comparison

Figure 6.5 and 6.6 report the comparison of the generated throughput per material and of the gen-
erated cargoes per material with the relative data obtained from Case Study 1. Results appear to be
in line with the distributions obtained from the data.
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Figure 6.7 and 6.8 report the comparison of the generated cargo size and the relative data obtained
from Case Study 1 for two of the various materials handled by the specific terminal. The two materials
were chosen because deemed representative of all the material analysed, one being the second for
the total amount of material and the other being the third to last. It appears clear that the spreads for
these cases are quite high. Still, the results are deemed acceptable since the high variability depends
on the distributions used. Furthermore, since the total throughput per material results exact, a larger
error on the exact size of each cargo is deemed not excessively detrimental for the simulation model.
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Figure 6.8: Soy cargoes amount comparison

6.3.2. Experimental verification

The most common and known kind of verification is probably the so-called experimental verification.
This procedure consists in the setting up of a series of experimental scenarios in which outputs are
known (not by real-world data, otherwise this would overlap with validation) or obtainable in a differ-
ent way than using the simulation model. Often times these scenarios are simplified versions of the
simulated system, each one of them thought to make a different aspect of it easily derivable by static
calculations or other means.

In this work, experimental verification was applied to various processes. The following paragraphs de-
scribe the different cases and the procedures applied.

External events verification
As already stated, a quite complex system of external events interaction was developed in this work in
order to bring the simulation environment a step closer to reality. Since the interaction of the different
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events with normal operations involves a wide range of states, many different scenarios that bring to
different behaviours, and a relatively complex hierarchy it was decided to carry on a verification process
dedicated to it.

By setting quite simple distributions, the behaviour of the external events can be easily calculated with
static calculations and then compared with the simulation results.

In the following paragraph, we report the results obtained by carrying on the verification study on the
external behaviours affecting the Unloaders.

10 1 — simulation
Calculation

08

06

0.4

02

Non-working time index output value

01T 02 03 04 05 06 O0F 08 09 1
Non-working time index input value

Figure 6.9: Unloader non-working time index comparison

The different external events were investigated separately, varying the dedicated distributions in
order to obtain a different behaviour of the system but leaving the rest of the inputs unchanged unless
the external events hierarchy pushed towards other choices.

Figure 6.1 depicts the effects of variation of the non-working time inputs on the non-working time index
B, defined as:

non — working time
N; =

(6.1)

simualtion time

It is clear to see that the results obtained through the simulation are very close to the ones obtained
through static calculations. The small discrepancy can be attributed to the mass-step discretisation
described in 5.5, which leads to a small system delay.

Furthermore, the non-working state is on top of the external events hierarchy and thus is not affected
by their distributions, thus further investigation was not deemed required.
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Figure 6.10: Unloader breakdown time index comparison

In figure 6.10 we report the results of the same study but concerning the breakdown time index,
defined as:

Bk, = break:d'own 'time 6.2)
working time
We can see how the results obtained with the normal setup of the simulation are pretty far from the
expected behaviour. Removing the non-working times from the system did not change the situation,
even though the non-working state has a higher hierarchy than the breakdown one.
Once the maintenance was removed from the simulation, satisfying results were obtained. This is in
line with the desired behaviour, in fact after maintenance is performed the working time counter that
leads to a breakdown is set to 0, as explained in 5.9.3. The still visible differences with the expected
results can once more be justified with the previously discussed delay. Furthermore, in the modelling of
the breakdown behaviour, a time step is involved to keep track of the working time that leads to further
delay and thus justifies the larger distance.
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Figure 6.11: Unloader weather time index comparison

Figure 6.11, shows the results of the weather behaviour verification. In particular, the plot reports a
comparison of the weather time index 1;, defined as:

W, = weather time (6.3)

simulation time
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Figure 6.12: Unloader maintenance time index comparison

In Figure 6.12 the same comparison for the maintenance time index M, defined as:

maintenance time
M; =

(6.4)

simulation time

is reported.

Both a normal run and a "no weather” run were reported. In fact the weather state has a higher hierar-
chy than the maintenance one and thus has an influence on the index shown.

Results could seem quite off both for both situations, but that is not the case. In fact, as explained in
5.9.4, the maintenance process heavily depends both on the user inputs and the equipment behaviour.
Maintenance is in fact delayed if the equipment is involved in operations. The time in which the delayed
maintenance operations will be carried on depends on the specific equipment and in some cases they
could easily overlap with other scheduled maintenance operations, resulting in less equipment mainte-
nance time. For example, unloaders will postpone maintenance until the end of the operations on the
served carrier, making it quite easy to skip one or more scheduled maintenance operations.

Moved material verification

The fundamental process of the model is the movement of material, it was thus deemed essential to
verify its correct behaviour and its connection to equipment utilisation.

A common way to calculate general equipment utilization times (often used to estimate energy costs
and other OPEX) is the following:

P Troughput
u Z,L- Cz

where C; is the effective capacity of a piece of equipment i belonging to a specific group of machines.
Obviously, the machines belonging to the analysed group have to work in parallel in the system, other-
wise, the proposed calculation loses validness.
Comparing the utilization times obtained through this static calculation with the utilization times obtained
by the model set up with predictable capacity distributions was the chosen method to verify the material
transport process.
Fig 6.13 reports the results obtained during this process over multiple simulations based on data from
Study Case 1.

(6.5)
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Validation

7.1. Definition

According to [32]: "Validation is the process of determining whether a simulation model is an accurate
representation of the system, for the particular objectives of the study”.

Although often left as the last (and even optional) step of a simulation study, validation is a crucial
part of such a kind of work and only a model that is considered to be “valid” should be used to make
decisions about the simulated system.

When tackling the validation process of a model, it is crucial to keep in mind that its ease or difficulty
strongly depends on the system’s complexity and whether an existing version of the system is avail-
able. Furthermore, a fundamental assumption is that a simulation model of a complex system can only
approximate the actual system.

Generally, time and money invested in model development are linked with a direct linear correlation
to the validity of the model. However, the most valid model is not the most cost-effective per se. For
example, improving a model’s validity beyond a certain point could be very costly due to extensive data
collection, but still not yield significantly better insights or decisions.

Finally, when validating a model it should be clear that the model has been developed for specific objec-
tives and applications and thus, regardless of the effort put into model building, absolute model validity
is neither achievable nor desirable. Furthermore, since the model will be used to make decisions about
a system, the KPI's taken into consideration in the decision-making process should be not only unam-
biguous but used as main guidelines during the validation.

The main difference between validation and verification is thus the stronger relationship of the former
with reality and real data. The availability, format, and precision of the data about the system perfor-
mance become the major constraint to the possibility of validating the model simulating it.

In this chapter, the validation process of the developed model is discussed, in relation to the data made
available by Royal Haskoning DHV concerning past clients and projects.

7.2. Model validation process

As already stated, the data that us most commonly made available by a terminal manager or owner
are the vessels’ arrival and operational log and the throughput, both with various kinds of time-frames.
Besides this practical reason, These data summarise in a quite straightforward way the performance
of a rather complex system. Furthermore, from a purely economical point of view, the throughput of a
terminal and the time at the anchorage of the served carriers are the main sources of income and loss
for this kind of system.

Being thus the two high-level KPIs of a dry bulk terminal, they are commonly used for validation pur-
poses and will be used in this work as well. The standard practice is thus to generate vessels’ (and thus
cargoes’) arrivals according to historical data (or a historical data based distribution) and then check
if the achieved throughput is in line with the available data. At the same time, operational KPIs such
as carriers waiting and (un)loading times, utilisation of different equipment, and parcel dwell time are
compared with industrial practices or further data, if available.
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In this work, the same approach is followed.

7.2.1. Import

The Import Case Study to which the model was applied concerns an import terminal with a yearly
throughput of approximately 1 MT in the years 2017-2021 (with the exception of the period interested
by the COVID pandemic).

The following paragraph summarises the terminal’s layout, and how it was modelled in this work.

* Quay
The quay of the terminal is 290 m long and is served by a conveyor gallery 288 m long, making
thus possible to unload two carriers of a maximum length of 130 m simultaneously.

» Seaside equipment
The seaside pieces of equipment available to the terminal are a mechanical unloader with a rated
capacity of 1200 T/h and two pneumatic unloaders with rated a capacity of 600 T/h each. However,
as explained in the next point only two unloaders can work at the same time.
Policy-wise, priority is given to the mechanical unloader being the one with the highest capacity.

Conveying lines

Two 2.5 km long main conveying lines with 1200 T/h and 600 T/h capacity respectively connect
the seaside of the terminal to the storage and landside. This layout imposes a strict constraint on
unloading operations, allowing only two unloaders at a time to work on served carriers.
Furthermore, the two main conveying lines are connected to all the terminal’s silos not constrain-
ing the choice of the line based on the storage destination of the parcel.

» Storage
The storage facilities of the terminal consist of 24 silos with a 2200 T capacity and 12 silos with a
400 T capacity.

Landside equipment

Concerning the Landside, the terminal is provided with 7 truck loading stations with an average
capacity of 200 T/h. The stations are served by 12 loading bins with a capacity of 316 T each.
Since the built model only allows one loading bin per station, the landslide layout was modified
and modelled with 7 loading bins with a respective capacity of 540 T, obtained by dividing the total
capacity by the number of stations. The reason for this peculiar layout is that the terminal loading
bins are not provided with any sensors, thus the second loading bin was added as a backup to
feed the station when the first one is empty without having to wait for its refilling.

The data made available were the following:

* Arrivals log
The carriers’ arrival log of the terminal was the most important data obtained from this system.
The dataset reported arrival times, types of cargo, amounts of each cargo and length of every
ship for four years. With this data, it was possible to generate distribution for the |1ATs and the
arriving cargoes.

Storage log

Another important dataset provided by Royal HaskoningDHV’s client was the storage log, report-
ing the amount of material entering and leaving the terminal daily.

For this data, it was possible to generate type-specific dwell time distributions and size-specific
outtake time distributions, as explained in 5.6.3. Furthermore, by comparing the daily intake with
the rated capacities of the unloading equipment it was possible to generate unloading capacities
distributions. Lastly, the average truck size was derived from this data as well.

* Operational information
The terminal provided some operational information as well.
The terminal is normally open from 6:45 to 22:30 and maintenance operations take place during
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closing times. Furthermore, the weather downtime was estimated at 5% of the total year equally
distributed between January and March. Lastly, breakdowns and operational disturbances were
reported to take up to 10-15% of the working hours.

Based on the terminal characteristics and the data provided it was decided to validate the model
by comparing the original throughput obtained by the storage data, the generated arrived throughput,
and the obtained throughput while monitoring utilisation KPlIs, in particular the average waiting time of
carriers.

Figures 7.1 and 7.2 report the obtained results on 10 simulation runs, one of them based on the histor-
ical data and the other nine based on distributions generated based on the data.

The duration of the simulation runs was 10 months since reliable storage data were available only for
that duration. Furthermore, a mass imbalance between the arrived amount and the outgoing one was
detected in the data without having the possibility to explain the reason behind it. Still, the original
throughput is reported in 7.1 as a reference.
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Figure 7.1: Throughput validation results
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Figure 7.2: Carriers average waiting time

The results obtained are deemed satisfying, in fact, the deviations seen in the plot can be attributed
to the partial (or total) unloading of one carrier (of different size) that the terminal was serving (or start-
ing to serve) when the run was interrupted. Furthermore, discrepancies of the order of 10-30% are
considered acceptable, given the generic character of the model and the situations it should be applied
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to.
The carriers’ anchorage times obtained were in line with standards too and with a notable correlation
with the obtained throughput, showing that the terminal was behaving in a healthy way.

Convergence and warm-up time

To use a simulation model effectively, it's essential to have accurate performance metrics. This ne-
cessitates making decisions in two critical areas: warm-up period and the number of replications. To
determine the duration and frequency needed for the simulation model to yield satisfactory results,
these aspects must be thoroughly examined.

It is important to underline that the study of these parameters and their values is not relevant to the
model in general but only to a specific set up. Every time the set up of the system, thus the simulation
input, are varied this study has to be repeated, producing results ans insights to be taken into account
the single simulation study.

However, the process to determine these parameters during the validation is reported here as an ex-
ample and to give some general insights about the performance of the model.

The study of the convergence of a model deals with the determination of the number of replications (a
replication is a simulation run of a set-up in which the random seed used to generate stochastic variable
is changed) in order to obtain trustful results regarding a specific simulation output.

Amongst the many methods to do so the popular half-width ratio method was selected. The following
paragraph described the method and its application.

Starting from a population of nq replications, and thus with ny sampled values of an output variable T,
the average T and an estimation of standard deviation s can be obtained according to the following
equations:

_ 1 &
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Using these values the half width confidence interval for a certain confidence level can be calculated

utilising the following equation and the t-student table:
ho =t i 7.3
T (7.3)

A confidence interval is the mean of an estimate plus and minus the variation in that estimate. This
is the range of values in which the estimate is expected to fall between if a simulation is done again,
within a certain level of confidence. The half width confidence interval is the absolute value of the vari-
ation around the average, and thus it represents an error bound.
In other words, if a half width interval of hq is found from ny samples of variable T, obtained from nq
repetitions, with a confidence level of 95%, it is expected that the value of T' obtained from repetition
no + 1 will fall in the interval [T — ho, T — ho] with a confidence level of 95%. This information is of
paramount importance when evaluating the outcome of a simulation study, since it gives fundamental
insights on the accuracy of the study.
Determining how many repetitions are needed in order to obtain an acceptable (negligible with respect
to the specific simulated system) error bound is the ultimate goal of a convergence study.
Since the relation between number and repetitions and the half width can be approximated by a
quadratic behavior, the following equation allows to estimate the number of repetitions needed n to
obtain the desired half width interval i based on an initial run and repetitions and the consequent half

width interval:
h 2
n=ng (;) (7.4)

By applying this method the number of replications to ensure a 95% confidence interval with an
error bound of £ 10000 T on the difference between obtained and generated throughput for simulation
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with a generated throughput in the range 0.7-0.9 MT was estimated.

From the initial pilot run with ng = 10, an error bound of hy = 20377 T was found. Based on this it was
estimated that in order to obtain an error bound of £ 10000 T a total of 41 repetitions is needed.
Another issue when dealing with a simulation study is the determination of the warm-up period. Ac-
cording to [9] systems can be divided in terminating (finite horizon) or non-terminating (infinite horizon)
ones. In the former, the duration of the simulation is fixed as a natural consequence of the model and
its assumptions. The duration can be fixed by specifying a finite length of time to simulate or by limiting
the number of entities created or disposed. By definition, a terminating system is one that has a fixed
starting condition and an event definition that marks the end of the simulation. The system returns
to the fixed initial condition, usually "empty and idle,” before the system begins operation again. The
objective of the simulation of terminating systems is to understand system behavior for a "typical” fixed
duration. An example of a terminating system is a bank that opens at 9: 00 A.M. and closes at 4: 00
P.M. or a ticket booth that remains open until all the tickets are sold or the event begins.

On the other hand, in a non-terminating (infinite horizon) system, the duration is not finite; the system
is in perpetual operation. An example of a non-terminating system is an assembly line that operates 24
hours a day, 7 days a week. The objective in simulating a non-terminating system is to understand the
long-run, or steady-state, behavior. To study steady-state behavior accurately, the effects of the initial
conditions, or transient phase, must be removed from the simulation results.

Itis clear then, that when dealing with an infinite horizon system such as the one described in this work,
determining the length of the warm-up period becomes essential in order to have trustworthy results.
In [104], a graphic approach to the problem was proposed, called Welch Plot.

Starting from a number R of replications, with R > 5, let T, ; be the be the j*" observation on replication
rfor j =1,2,...,n where n is the total number of observations per replication and r = 1,2, ... R.
Averages across replications can thus be calculated according to the equation:

1 B
Tj=4 > T, (7.5)

r=1
After applying smoothing techniques to the series of values obtained, a visual assessment of the
convergence of the observed data is possible.
Applying the just described method and selecting a cumulative average as a smoothing technique to
720 observations of the amount of stored materials in the terminal (taken as the best estimator of steady
state performance) across the 10 simulations used in the convergence procedure, the Welch Plot re-
ported in Fig. 7.3 was obtained.
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Figure 7.3: Storage levels Welch plot

Observing Fig. 7.3 it can be assessed that the system starts to report steady state related outputs
after approximately 4500 hours.
Furthermore, a second method to investigate the warm up period of the system was applied. This
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method is based on the analysis of the slope of the function obtained by applying linear regression to
the same set of data.

Looking at these values allows to understand the trend in the total amount of material stored in the
terminal. In a steady state behaviour, it is expected that the amount stored in the terminal fluctuates
around a constant value, without a marked decreasing or increasing pattern. Finding thus a sub-period
of the simulation (obtained excluding only data previous to the specific sub-period) in which the stored
amount is approximated by a linear regression with slope equal to 0 is deemed to be a valid hint to the
start of the steady state behaviour period and thus to the length of the warm-up one.
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Figure 7.4: Storage levels linear regression approximation

Fig. 7.4 reports the results obtained through this method, showing that it is possible to find a sub-
period with the characteristics previously defined already with a starting time of t = 3500h.
It is important to underline that correctly individuating the warm-up period of a simulation is essential
when the objective of a simulation study is to obtain an estimation of steady state parameters. However,
it can sometime be that the simulation study has as objective the better understanding of the transient
behaviour of the system. In fact, being the tool presented in this work able to change inputs during the
same distribution one of its innovative application could be the study of transients. For example, the
change of behaviour of a terminal when the IATs vary because of seasonality could be an interesting
study of a transient. In these cases, there is no need to study the warm-up period of the simulation runs
while close attention should be given to the accurate modelling of the rate of change of the transient.

7.2.2. Export

The Export Case Study to which the model was applied concerns a wheat export terminal with an aver-
age yearly throughput of 3.6 MT between 2007 and 2019, with peaks of 5 MT. The following paragraph
summarises the terminal’s layout, and it was modelled in this work.

* Quay
The quay of the terminal is 310 m long and is served by a conveyor gallery 296 m long, according
to the terminal operator this makes it possible to unload two carriers of a maximum length of 130
m simultaneously.

» Seaside equipment
The seaside pieces of equipment available to the terminal are two continuous loaders with rated
a capacity of 800 T/h each.

» Conveying lines
Two 500 m long main conveying lines with 800 T/h capacity respectively connect the storage to
the seaside of the terminal.
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The layout of the conveying system connecting the landside allows all train and truck unloading
stations to unload simultaneously in all the silos composing the storage. The lines interacting with
the train stations have a capacity of 800 T/h while the ones serving the truck stations of 400 T/h.

» Storage
The storage facilities of the terminal consist of 4 silos of 1 kT, 3 silos of 10.6 kT, and 7 silos of
14.3 KT. In the real system, the 4 smaller silos are used as a buffer between the actual storage
and the truck stations, since truck arrivals are relatively intermittent. Since this operational policy
is not available in the developed tool, the 4 silos were added to the normal storage.

Landside equipment

Concerning the Landside, the terminal is provided with 3 truck unloading stations with an average
capacity of 200 T/h and 3 train unloading stations with an average capacity of 800 T/h. As already
stated each station can serve any of the silos while the other stations are functioning too.

The data made available were the following:

» Seaside arrivals log

The carriers’ arrival log of the terminal was the most important data obtained from this system.
The dataset reported arrival times and amounts of each cargo for the years 2016-18. With this
data, it was possible to generate distribution for the IATs and the arriving cargoes.

Furthermore, the operational time of each carrier was reported in this dataset, allowing the gen-
eration of loading capacity distributions. However, the operational times reported include stops
due to breakdown and other operational reasons, that were thus not taken into consideration in
the simulation set-up.

» Landside arrivals data
Due to the amount of information that would be stored in it due to the enormous amount of trucks
and wagons served, no landside arrivals log was available. However, some data about the visit-
ing importing entities was obtainable.
From these data, it was possible to derive the average size of trucks and wagons arriving at the
terminal and their monthly amount, from which their average IAT was derived.
Furthermore, the yearly modality split amongst rails and roads was obtained from this dataset.

Operational information

The terminal provided some operational information as well.

Very surprisingly, the demurrage costs are not paid by the terminal managing firm and thus a
carrier waiting time of 6-8 days is in line with normal operations. On another note, the average
dwell time of a parcel in the terminal is 8 days.

Furthermore, weather downtime is expected to take up to 5% total year time, divided between
January and March.

As in the previous case the chosen method to validate the model based on the data provided was to
compare the obtained throughput with the generated one while monitoring utilisation KPls, in particular
the average waiting time of carriers.

Furthermore, the terminal energy consumption was compared with the one provided by the terminal.
Fig 7.5 and 7.6 show the results of 10 simulation runs, the first based on historical vessels’ arrivals from
the year 2016-17, the remaining 9 using distributions obtained from the historical data.
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Figure 7.5: Carriers average waiting time

As stated in 5.7.4, carriers’ waiting times are not representative of the general terminal performance
in the import model, since they mostly depend on the input given by the users about the "campaign
time”. However, this output can still provide useful information on the performance of the landside
sub-system. The fact that the average carriers’ waiting time is consistently acceptable among simula-
tions with quite different generated throughputs reflects that the landside sub-system is performing in
a proper way. In fact, with the campaign times chosen in the set-up, low carriers’ waiting times show
that the parcels requested are almost always already completely present in the terminal and the an-
chorage time imposed on the carriers is due only to the loading process. This information (confirmed
by animation checks) proved to be very valuable in the analysis of the throughput data, as explained
in the following paragraph.
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Figure 7.6: Throughput validation results

What is fundamental to analyse in order to understand the terminal performance and during the val-
idation process the model one is the comparison between achieved throughput and generated one. In
fact, the difference between these two values represents the amount of cargo that was reneged since
not enough space was available in the storage.

Fig ?? shows how the model reports an underperformance of the system in comparison with real-world
data, setting the maximum yearly throughput around 3.1 MT. It is important to keep in mind that the
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most important data point is the one reported in the simulation run based on the historical data. The
performance shown in that specific case is still within the limit proposed in the scope of this project, and
the other data points are relatively in line as well. The results obtained are thus still satisfying, even if
of lesser quality in comparison with the ones obtained with the import model.

At first glance, the discrepancy just described and thus the lower validness of the export model in com-
parison with the import was attributed to the complexity of the landside sub-system and the consequent
difficulty in capturing it with this generic tool.

In the particular case of the terminal analysed, the real system features various policies to optimise
the intake of material from the two different modalities serving the landside. Through the utilisation of
buffer bins, direct unloading of trains in the main storage was prioritised in respect of trucks unloading.
The material unloaded by trucks is then periodically moved towards the main storage once the buffer
bins are completely filled, not hindering the movement of materials from the train stations to the main
storage. This simple expedient makes the unloading of both modalities possible at the same time while
decreasing the intake time of parcels in comparison with the one obtained in the simulation environ-
ment.

However, the previously analysed low anchorage times pointed in another direction. In fact, if the land-
side sub-system was under-performing as described in the previous paragraph much higher anchorage
times would be given as results by the model, due to the fact that the requested parcel was not yet fully
present in the terminal at the ship arrival.

For this reason, it is thought that the loading distribution obtained by the terminal data was not fully
corrected by the exclusion of breakdowns in the simulation set-up, bringing the simulated system to
work with two underperforming fundamental pieces of equipment and thus emptying the storage at a
much lower rate than the real system. This entailed that the silos were occupied for longer times and
thus not available to allocate incoming parcels. A series of new experiments was thus carried on with
modified distributions, more in line with efficiencies commonly assumed in the sector (80%).
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Figure 7.7: Throughput results with improved loading distribution

The results shown in Fig 7.7 support the previously made hypothesis. In particular, the first data
point shows how in the the results obtained with the historical data set the obtained throughput coin-
cides with the generated one.



Experiments

8.1. Terminal performances

The model was used to carry out a series of experiments on the terminal described in Study Case 1.
In order to understand which of the various resources present in the terminal has the strongest impact
on its performance, it was decided to investigate the terminal behaviours varying and their characteris-
tics.

As already stated the terminal can be divided into three different subsystems each of them with its
importance for the healthy behaviour of the terminal. Each of them has an installed capacity either for
loading, unloading, or storing. The performance of the terminal varying two of these three capacities
was investigated.

Two different kinds of variations in the capacity of each of the analysed subsystems were performed,
one from a quantitative point of view and one from a flexibility one. In the former, the capacity of each of
the servers (unloaders or bins) was changed in value, keeping the number of servers constant. In the
latter, the opposite operation was performed, keeping constant the capacity of the whole subsystem
but varying the one of the single servers, and thus their number.

In all cases, the routing system was modified to the best of the author’s capacity in order to make op-
erations run as smoothly as possible.

8.1.1. Seaside

The first subsystem analysed was the Seaside one, in which the servers are represented by the un-
loaders.

In the first series of experiments, the capacity of each unloader was multiplied by four different factors,
maintaining a fixed throughput.

82
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Figure 8.1: Seaside capacity investigation results

The results reported in 8.1 show how a smaller capacity highly affects the terminal performance
hindering its capacity to obtain the objective throughput. On the other hand, augmenting the capacity
of the unloaders doesn’t improve the terminal because of the fixed throughput constraint imposed on
the experiments.

In the second series of experiments, four different scenarios were created, selecting the capacities and
rated powers of existing pieces of equipment and combining them in order to obtain the capacity of the
original system. The specifics are reported in 8.1.

n. unloaders capacity [T/h] rated power [kKW] specific consumption [KW/T]

3 800 540 - 500 0.675 - 0.625
2 1600 - 800 855 - 500 0.53 - 0.625
6 400 320 0.8
4 600 500 0.83

Table 8.1: Unloading capacity specifications

Interestingly, Fig. 8.2 shows that the general terminal performance is not altered by this variation
in the flexibility of the seaside subsystem. In fact, having the same total installed capacity and having
modified the routing system in order to allow operations of each unloader at the same time, the terminal
is able to achieve the set throughput.
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Figure 8.2: Seaside number of servers investigation results

Since not only the capacity but also the rated power and thus the specific consumption of the un-
loaders was varied, the energy consumption of the terminal in the different scenarios was analysed.
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Figure 8.3: Seaside number of servers energy investigation results

As expected, scenarios with a higher average specific consumption lead to a higher amount of en-
ergy consumed in order to perform operations. However, the number of unloaders results in an effect
on the energy consumption as well. This was attributed to the changes made to the routing system,
which, featuring a larger amount of smaller conveyors, has a lower efficiency, leading to higher energy
consumption. This explanation is also supported by the results shown in 8.4, showing the percentage
of energy used by the unloading system becomes lower when more unloaders are put in place.
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Figure 8.4: Seaside number of servers consumption percentage investigation results

8.1.2. Stockyard

Experiments concerning the stockyard subsystem followed the fashion of the ones performed on the
seaside. A first series of scenarios were created by multiplying the capacity of each silo by a factor,
thus varying the total capacity of the terminal, and leaving the throughput constant.
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Figure 8.5: Storage capacity investigation results

The results reported in Fig.8.5 show how the reduction of the total capacity of the stockyard has a
very high influence on the performance of the terminal, leading to greater disruptions than the one seen
in the previous analysis. Again on the other hand, augmenting the stockyard capacity did not achieve
any improvement because of the fixed throughput constraint.

In order to create the second series of experiments, the total number of silos in the terminal was modi-
fied by multiplying it by four different factors. In order to keep the total capacity constant, the capacity
of each bin was multiplied by the inverse of the relative factor.
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Figure 8.6: Storages number investigation results

Conversely to what was seen in the seaside experiments, if the number of silos inside the terminal
is reduced too much while keeping the total capacity constant, operations are relatively hindered. This
happened because bins are occupied for longer times by smaller amounts of parcels, not allowing new
cargo to be unloaded in the terminal.
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Figure 8.7: Storages number investigation results

To get more insights into these experiments the specific average bin space utilisation (defined in
8.1) was analysed.

DIV
o n T

Where n is the number of silos, q; ; is the amount is silo s in time step i, At; ; is the duration of time
step i of silo s (that varies dynamically based on material movement), C; is the capacity of silo s, s; is
the total simulation time, and T is the total obtained throughput.

This index permits us to look at the stockyard as one large storage bin and analyse its behaviour. Re-
sults shown in Fig.8.7 display how the difference in the size of the bins does not have a great influence
on the average amount of material stored in the bins during time. In fact, considering that the value of
this index for a silo that is continuously loaded and unloaded at the same rate should be 0.5, the results
show that the storage faces longer times in which its utilisation is lower than 50%. In other words, the
reason for such a high capacity is only the possibility of handling peaks of stored material when large

(8.1)
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carriers arrive, while most of the time the storage is underutilized.

This result shows once more that the reason for such an imposing infrastructure is the decoupling role
between modalities of different sizes. It is clear that better coordination (in time and size) between the
two branches of the supply chain would lead to the possibility of handling the same throughput with
smaller infrastructures.

The slight plummet of the index towards lower values as the number of silos increases is due to the
fact that smaller silos are filled up and emptied more often than larger ones, reporting thus in the index
a much larger amount of zeros that lower the average.

0.8 1

0.6 1

Utilization [-]

0.4 1

505 506 507 508 305 306 405 205 406
Siles

Figure 8.8: Storage capacity investigation results

Fig. 8.8 and 8.9 depict how this index behaves in two of the simulation runs, showing how silos of
different sizes behave differently. The smaller silos show more disperse values due to the continuous
loading and unloading happening due to their size and number, while the large ones show more regu-

lar values since loading and unloading operations lead to complete emptiness more rarely than in the
other case.
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Figure 8.9: Storage capacity investigation results
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8.2. Emission reducing operations

To show the capabilities of the model to capture the behaviour of the system when introducing the
energy-reducing operations discussed in 4.2, the set-up of Case Study 1 was modified accordingly and
tested.

8.2.1. Shore power

Given the berth size of the terminal and the restrictions it imposes on the amount of carriers that can
be unloaded at the same time two different possible set-ups were investigated, the first in which only
one shore power connection capable of serving both berths was added to the system and the second
in which two different shore power connections were added, each one serving one berth.

As suggested in 5.8.1, the data relative to the auxiliary installed power on carriers were taken by [40]
based on the carrier’s DWT.

Furthermore, the fleet composition was changed along the different simulation runs, varying the num-
ber of carriers visiting the terminal equipped to be served by a shore power connection.

connection time
Cratio= ————— 8.2
ratio berth time (8.2)

Given the small number of carriers with a length under 130m, and thus allowing simultaneous op-
erations at the berth, the difference between the two shore power set-ups was unnoticeable. All the
carriers allowing shore power connection were served in all the different simulations, with a connection
ratio (defined in 8.2) of around 0.98, perfectly in line with the input given regarding shore power con-
nections set-up times.

Other results from this investigation are shown in Fig. 8.10,8.11,8.12 and8.13.
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Figure 8.10: Terminal specific energy consumption

Adding the possibility of connecting to the terminal’s grid, is it obvious that the terminal energy con-

sumption will increase due to the supply of electricity to the carriers. Fig 8.10 reports the variation of
the terminal-specific energy consumption along the different simulation runs, showing the predictable
increase of energy consumption at the increase of the percentage of shore power-equipped carriers
visiting the terminal.
Furthermore, Fig. 8.11 depicts the share of the total energy consumption of the terminal attributed to
shore power connections utilisation. This kind of information is essential to understand what changes
will have to happen to the electrical grid of a terminal in order to be able to provide this service to dif-
ferent percentages of the visiting carriers.
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Figure 8.12: Shore energy consumption

Lastly, Fig. 8.12 and 8.13 show quantification of the previously discussed phenomenon. The for-
mer gives some specific values to the energy consumption of the shore power process while the latter
transposes the energy provided into CO2 emissions relocated to the energy production industry, utilis-
ing conversion data from [40].



8.3. Common Industrial Practices 90

450 1

5
[=]
s I
0~

E 350 ’L
1A
5 300
i A L
E 250 1 |1_|
b=}
£ 200 |l|
L =
2
glsn-’l‘ L \_[‘
| -

100 - %
1,25% 2,25% L30% 2.50% 1.75%% 2 75% L 100% 2 100%
shorepower connections, % of equipped carmiers

Figure 8.13: CO2 emissions relocation

8.2.2. Wind-assited shipping

To test the effects of wind-assisted carriers visiting the terminal, similar experiments to the one de-
scribed in the previous sections were carried out.

As stated in 4.2.2, no changes should take place in the terminal in order to be able to serve carriers
equipped with wind propulsion technologies, thus the only varying input amongst the different simula-
tion runs was the percentage of wind-assisted carriers visiting the terminal. Furthermore, a hindering
coefficient of 0.7 was set to alter the capacity of the unloaders interacting with these ships.
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Figure 8.14: Obtained throughput for fleets characterised by different wind-assisted carriers percentage

As expected, the results shown in Fig. 8.14 underline how the service of wind-assisted carriers
slows down terminal operations on the seaside, reducing the throughput capacity of the terminal. As
stated in 4.2.2

8.3. Common Industrial Practices

As in many other sectors dealing with complex systems, the design of dry bulk terminals is strongly
based on common industrial practices. Handbooks such as [103] and [51] provided a huge variety of
factors and rules of thumb that are normally applied in this field, obtaining results that are in line with
the necessities of the systems.

For example, the total capacity of a terminal is normally set on the common benchmark rules that a



8.3. Common Industrial Practices 91

terminal performs a turnover between 12 and 24 times a year (the yearly throughput is between 12 and
24 times the total capacity) and that in order to be able to serve carriers timely a minimum capacity of
one and half the DWT of the largest served carrier should be available in the terminal.

However valid these practices could be, in a world in which the efficient allocation of resources becomes
every day more important for both economic and environmental reasons, a review and investigation of
the most common (and vague) used design rules would surely bring benefits.

As a first small step, in this work, the initial design obtained through static calculations based on these
common practices of a terminal commissioned to RHDHV was simulated and its performance was anal-
ysed.

The following paragraph summarises the terminal’s suggested layout, and how it was obtained.

* Quay
The length of the maximum carrier that will be served at the terminal amounts to 255m, thus the
quay has to be at least of this length. In the simulation, the quay was thus discretised into two
berths each of 122.5m each.

Seaside equipment
One of the possible equipment selections proposed by RHDHV engineers features two mechan-
ical continuous unloaders with a capacity of 900 T/h each.

Conveying lines

Two conveying lines with 900 T/h capacity respectively connect the seaside of the terminal to the
storage and landside.

It is assumed that by proper design of the system, the two main conveying lines are connected
to all the terminal’s silos not constraining the choice of the line based on the storage destination
of the parcel.

» Storage
The targeted throughput in the first phase of the project amounts to 1.2 MT per year. According
to the previously mentioned 12-24 rule, the total storage capacity should amount to 0.5-1MT.
Furthermore, in the first phase of the project, the largest servable ship DWT amounts to 45 kT
leading to a minimum required storage of 0.67 MT. The storage was thus designed with a capacity
of 0.68 MT divided into 12 5000 T and 4 2000 T silos.

Landside equipment

Concerning the Landside, the terminal is provided with 4 truck loading stations with an average
capacity of 200 T/h. This number is obtained by dividing the yearly throughput by the truck size
thus obtaining the yearly number of trucks, and consequently the trucks per day. Multiplying this
number by the rule of thumb peak coefficient 1.5, the peak number of trucks is obtained. Using
this number and the service and transit time of each truck and dividing it by daily working hours,
the needed number of stations is obtained.

Other assumptions about the terminal and the relative rework in order to utilise them in the simulation
model are reported in the next paragraph.

» Seaside arrivals
It was assumed that the arriving carrier could have a DWT of 35 or 45 kT, with the cargo divided
into 4 or 5 holds respectively. The methodology described in 5.6.4 was applied to this data, ob-
taining an average IAT of 297 h, used as the mean for an Eralng Il distribution.

» Landside arrivals
The only assumption made for landside arrivals was the truck size of 35 T. In order to model the
dwell time and outtake time of the parcels the distributions from Case Study 1 were used since
the yearly throughput is similar.
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Fig. 8.8 shows that the terminal designed has a healthy behaviour, being able to achieve the de-
sired throughput in all the simulation runs.
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Figure 8.15: Obtained throughput in different simulation runs

As depicted in Fig. 8.16, exceptionally good average waiting times were obtained by the simulated
system leading to thinking that the seaside infrastructure was overestimated. However, the considered
terminal shares the berth with other stakeholders in the region, making evaluation on this subsystem
unsuitable when simulating only the designed system.
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Figure 8.16: Average carrier anchorage time in different simulation runs

Lastly, the values reported in Fig. 8.17 show a satisfactory behaviour of the storage system, char-
acterised by a strong link with the generated and obtained throughput.
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Figure 8.17: Average silo utilisation in different simulation runs

In order to validate or debunk the factors commonly used in the industry previously explained, a
series of simulation runs were performed analysing systems in which those rules were not applied.
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Figure 8.18: Obtained throughput in different simulation runs

Fig. 8.18 features the results obtained without applying the peak factor when calculating the nec-
essary number of landslide stations, leading to 3 stations instead of four. The results show how the
system severely under performs with this new setup, being able to reach approximately 50% of the
targeted throughput.
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Figure 8.19: Simulation run 7 storage amount

Analysing the amount stored in the terminal along the original simulations it was noted that only in
a few occasions during the year the terminal would reach maximum capacity. For this reason another
series of simulations was carried out with a total capacity reduced to 0.52 MT.
The results reported in Fig.8.20 shows that, when the generated throughput equal the targeted one, the
terminal does face some minor difficulties. Even thought this under performance could be explained by
a carrier being served at the moment the simulation was stopped as already suggested in 7.2.1, it was
not present in the simulation featuring the designed capacity, showing that the total capacity needed
to properly perform is indeed better estimated by the design process conducted using the common
industrial practices.
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Figure 8.20: Obtained throughput in different simulation runs

These experiments showed how, even if not supported by much scientific proof, the utilisation of
peak factors and other coefficients is fundamental to design appropriate systems. This shows that
queuing theory and static calculations are able to capture the system behaviour only until a certain
degree and thus the results obtained with these methods have to be tweaked in order to reach the
targeted design objectives.



Conclusion and future work

The current work features the modelling and implementation of a generic DE simulation tool for grain
terminals, involving emission-saving operations such as cold ironing and wind-assisted carriers’ recep-
tion. In order to obtain this final objective, a literature study about simulation in both dry bulk terminals
and other cargo terminals was performed, to understand the main challenges and trends of the sector.
Furthermore, the operations typical to this system were accurately investigated, described and mod-
elled through two different methodologies, the second of which focuses on the development of generic
models and was developed in this work.

Along with the analysis of the normal operations of the system, the gaps for the implementation of GHG
emissions-saving procedures and innovations were investigated, identifying the previously mentioned
ones.

Verification and validation of the model are included in the work together with an accurate description
of the model’'s working principles. Furthermore, the created tool was applied to different scenarios
to gain insights into the analysed system and its behaviours, to understand to what extent the added
emissions-saving operations would affect the system and what gains they would produce, and to vali-
date or debunk common industrial practices of the field.

The developed model is able to capture the general behaviour of the system with good approximation
while simplifying the simulation setup process, normally very cumbersome. Furthermore, the tool fea-
tures standardised inputs and outputs, chosen according to the system needs and the common KPls
monitored when evaluating this kind of system. In addition, the model reports outputs concerning the
energy consumption of the system, not often included in normal analysis.

The series of experiments carried out showed that the one analysed is a very complex system, act-
ing as a major buffer in a fundamental supply chain. This last function obliges terminals to feature
imposing infrastructures, fundamental to face peaks of arrivals but otherwise characterised by low util-
isation. Moreover, the importance of seaside and storage capacity was analysed, showing how these
two characteristics strongly affect terminal overall performances. The importance of the correct selec-
tion of seaside equipment and relative connecting routing system in order to achieve energy efficiency
with respect to capacity, specific energy consumption, and number of pieces was underlined by the
performed experiments too. Lastly, some quantitative results concerning the implementation of GHG
emissions-reducing operations were obtained, showing that OPS could lead to the relocation of a sub-
stantial amount of emissions while increasing the energy consumption of the terminal in the range of
5-25% and that the reception of wind-assisted carriers will have relatively high detrimental effects on
terminal performances if the considered coefficients are in line with real operations. Lastly, the utili-
sation of the common industrial practices was validated, showing that the avoidance of the use of the
so-called rules of thumb leads to inefficient systems.

From these results it appears clear that smoothing of the supply chain through better coordination
between the two different branches would allow terminals for smaller infrastructure and complexity,
obtaining more efficient and less environmentally taxing systems. Furthermore, the implementation of
shore power connections and wind-assisted carriers’ reception would bring major improvements in the
marine trade environmental impact, while necessitating great measures and investments to achieve
their correct implementation without incurring in hindering the system’s performance. With the employ-
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ment of both these innovations terminals do not alter their direct environmental impact but allow their
clients to reduce theirs. However, the adoption of the first technology would bring direct economic
advantages to the terminals, making them energy supplier for the carriers at berth and thus creditable
of a payment. On the other hand, the reception of wind-assisted carriers would only be a source of
more inefficient operations for the terminal operators, making them major negative stakeholder in the
implementation of this revolutionary technology. Attention of policy makers and market regulators will
be needed in order to not hinder the commercial development of this new emissions-cutting trend.
However, this study is affected by a series of limitations. As for all simulation model, the results ob-
tained by the one discussed in this work depend heavily on the input data available. If incomplete or
inaccurate data is used to develop a simulation set-up, incomplete and inaccurate results will be ob-
tained. Gathering accurate data of such economically and strategically import system is not always
straightforward. If the specific data required to run the model is not obtained its performance are fairly
hindered, an example of this is the loading distributions mentioned in the validation of the export model.
Furthermore, an approximation was made on the density of the materials handled was made, consid-
ering all quantities by their weight and by their volume. The difference between the density values of
the materials is not vast and thus it should not have led to major mistakes. However, given the amount
of material handled, it could have a non-negligible effect on the system’s behaviour.

From the environmental point of view, two major limitations were individuated. Firstly, the energy con-
sumption monitoring method implemented in the model is based on a constant rated power value and
coefficient. This choice is not in line with the utilisation of equipment capacity distribution and could
lead to an overestimation of the consumed energy. Furthermore, the wind-assisted hindering coef-
ficient was chosen in a relatively arbitrary manner, because of the complete lack of data about the
operations. This could lead to unreliable results.

Nonetheless, it is believed that this tool could play an important role in the normal engineering process
followed by RHDHV engineers, making high-level simulation an embedded and low-cost practice in the
design and evaluation of terminals. Furthermore, the possibility of easily simulating the implementa-
tion of GHG emissions-saving operations could lead to a larger interest in both the engineers and the
clients, enhancing the efforts to reach the energy efficiency needed to meet the current environmental
needs.

Based on the work reported in this study many research lines could be followed in order to improve
both the developed tool and the understanding of the analysed system. Firstly, the investigation and
implementation of different operational policies and the possibility of choosing between them would
surely enhance the tool’s effectiveness, making it able to simulate different managerial choices done in
different situations and thus analyse their effectiveness. Furthermore, embedding an optimised parcel
allocation procedure would allow users to get further insight into the correct utilisation of such a funda-
mental resource for the system. Moreover, better modelling of the power consumption of equipment
and the correct calibration of the coefficients used in this process and in the wind-assisted carriers’
reception would give the tool more accuracy and adherence to reality when used to analyse those
aspects of the system. Lastly, the experiments reported in this work barely scratch the surface of the
possible application of this tool to gain better insights into the system performances and the shore power
connections in particular. The use of the developed tool to analyse more complex layouts and scenar-
ios would bring important results to better understand how these newly introduced operations would
affect the terminal behaviours and what environmental gains could be obtained by their implementation.
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Generic simulation model for green grain terminal operations
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Abstract

Due to the increasing trade of bulk cargo and the growing attention to efficiency in all steps of its supply chain, a
thorough understanding of dry bulk terminal operations is crucial. Existing studies on this subject primarily focus
either on the storage space allocation problem, often in conjunction with berth allocation, or on the simulation of this
system, usually built for a specific case study. Furthermore, environmental factors have received limited attention in
this context, while incorporating environmental considerations into this topic is crucial for sustainable and efficient
terminal operations, especially when dealing with such a vastly spread sector as bulk cargo handling.

This work proposes a generic simulation model for grain terminals featuring a storage space allocation heuristic and
the option to include cold ironing operations and the reception of wind-assisted carriers. The generic character of
the model is obtained by understanding what processes are common to different terminals and to what minimal level
of detail they have to be modelled in order to obtain reliable simulation results. Moreover, the model gains further
versatility due to its parametric and period-based character.

The model includes the possibility to visualise and investigate the energy consumption of the system, crucial
information to face present-day challenges such as the adaptation and enlargement of the electrical grid and the
capacity estimation for the installation of new green energy farms.

Additionally, in order to show the genericity of the model and its potential, this study features multiple simulation
experiments to investigate different aspects of terminal operational and energetic efficiency, involving the changes
in operations caused by the introduction of shore power connections and wind-assisted carriers, a comparison of
different unloading technologies, and an attempt to validate the industrial common practices in the field.

Keywords: GHG emissions, grain trade, dry bulk, DES, shore power

Introduction world population growth [40] will definitely influence
the food trade, not only intensifying the trade but
also forcing society to find new solutions to meet the
population’s needs.

Given these reasons, it is evident that a deeper un-
derstanding of the grain supply chain is crucial. The
implementation of more effective methodologies to
address the issues affecting it is essential to tackle the
current challenges facing the world with the proper
means. By doing so, the efficiency and resilience of this
field can be enhanced, ultimately contributing to global
food security and sustainability.

In every dry bulk supply chain, an essential element is
commonly recognised in the marine terminals, acting
as buffers between different modalities characterised
by different schedules, sizes and logistical issues. The
presence of the terminal thus allows different branches
of the chain to behave in relatively decoupled manners

Dry bulk trade made up for more than 50% of the
total marine commerce in 2023 [39], amounting to
more than 5 billion tonnes. Among the various dry
bulk trades, grain trade is of crucial importance being
fundamental for the availability of nourishment for a
large portion of both the human and animal population
in the present world [43].

It is agreed that the current climate crisis will affect
the cultivation of crops around the world [20]. This
will lead to changes in grain trade routes and volumes,
due to the new climatic conditions of traditionally
producing and consuming countries. Another possible
outcome will be an important decrease in the amount
of grain harvested around the world, making efficient
transport without losses, that in some cases can ac-
count up to 60% of the harvested quantities [14], of
paramount importance. Furthermore, the predicted
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with less detrimental effects on each other. For this rea-
son, terminal operations can be quite complex and are
nowadays unthinkable without effective and efficient
use of information technology and appropriate opti-
mization and operations research methods, commonly
used by terminal managers face operational decisions
such as scheduling and planning or by engineers during
designing and revamping projects.

One of the most used methods by the latter group is Dis-
crete Event Simulation (DES). DES modeling involves
simulating real-world operations within a controlled
computer environment. This method offers a logical
and quantitative approach to enhance understanding
of the outcomes resulting from different proposals. A
DES model is built by treating each physical item as
a discrete entity, characterized by its distinct set of
defined properties or attributes. These entities simulate
the operational activities that constitute the processes
being analysed. Activities have finite execution times,
introducing delays to the modelled system. Both these
delays and other process times can be stochastic in na-
ture, and various methods are normally used to generate
randomly induced delays based on data and operational
rules specific to each process or piece of equipment.
The combination of logical and random events aims to
reflect the most likely operational environment.
However, as agreed by many experts in the field [34],
producing a simulation model from scratch can be a
very cumbersome and long process, even if using a
commercial simulation software. Thus, a generic tool
featuring the standardised operations of a terminal
could revolutionize the way simulations are developed
allowing an integration of simulations into static cal-
culations during the initial phases of projects, enabling
quick analysis of multiple situations.

In this context, not enough attention to energy con-
sumption and environmental issues has been put into
terminal operations optimization. However, new laws
taking effect in the near future are expected to change
radically the way port operations are led, especially in
Europe. For example, ports will be obliged to guarantee
shore power connections to container and passenger
ships starting from 2030 [29], and dry bulk is expected
to follow shortly after.

In this work, a generic DES model for grain terminals is
described. The model is meant to approach the system
in a generic way so that it could be applied to the
great majority of terminals with minor modifications.
In this model, the option to simulate shore power
supply and the arrival and service of wind-assisted
carriers is included. Furthermore, the model is able to
collect energy consumption data from the simulation

run, valuable information for energy transition-related
problems such as grid expansions and sizing of new
renewable energy farms.

Furthermore, in most recent studies a detachment
between coefficients and industrial common practices
suggested in classical handbooks such as [15] and
the reality of the terminals has been underlined [41].
Understanding, where reality lies and thus which
coeflicient to utilize when designing a new terminal
or evaluating the efficiency of an already existing
one becomes a crucial issue. This problem claims
even more attention in a time in which precise design
becomes of paramount importance in order to meet
environmental goals and approximation coefficients are
looked upon as wasteful.

A attempt to evaluate the validity of the commonly
used industry practices and a consequent discussion
is presented. Finally, a comparison of the influence
of different unloading technologies on the energy
consumption of the terminal is provided.

The organization of the work is described below.
Section 1 proposes a literature review of dry bulk
terminals simulation-related works. Section 2 provides
a thorough description of the generalised operations
taking place in grain terminals, underlining the similar-
ities and differences between import and export systems
and individuating the gaps for the implementation of
emissions-saving operations. Section 4 describes the
design of various experiments set up, together with
the consequent results. Lastly, Section 5 presents
the conclusions about the whole model and the de-
veloped experiments together with future research lines.

1. Literature Review

It is interesting to mention that almost no study
dealing with grain terminal simulation was found.
This shows the lack of research in this direction.
However, many studies were carried out on iron ore
and coal terminal simulation, probably because of the
larger dimension of the trade and the higher economic
interests in it. The differences between these systems
are not small in reality, still, they remain similar from a
modelling point of view, thus a literature review of this
kind was deemed satisfying as a first approach to the
field.

The first application of DES to a dry bulk terminal
environment was found in [5]. In this work, a feasibility
study for an expansion of an Indonesian coal is de-
scribed. The focus of the simulation was the ship arrival
patterns and the consequent loading and unloading



operations. Only the large ore carriers’ inter-arrival
times were generated through a distribution while the
smaller ships’ arrivals were simulated based on the
travelling times to the served customers.

On the other hand, in [13] DES model was used to
test different storing strategies in an iron ore terminal
connected with a mine. The need for the ore to dry
was taken into account, making it an interesting case to
compare with similar grain terminal operations.
Amongst many other models developed for different
specific cases, in [11] the design of a dry bulk terminal
DES general tool is discussed, featuring both a port
equipment library and optimization capabilities. A
Genetic Algorithm was implemented to solve the
optimization problem, focused on the design and
scheduling of operations.

In [28] a new approach to the system was proposed.
This new modelling path consisted in schematising the
terminal as a job shop made of different equipment
line groups and transport jobs. Each equipment line
consists of various pieces of equipment with different
characteristics and results available only if all of them
are. Different equipment assignment options were
evaluated together with several breakdown behaviours.
A whole doctorate thesis[41] was dedicated to de-
veloping a complex DES tool for dry bulk design
and study and applying it and its variants in multiple
investigations. The main objective of the project was
to provide port planners with a useful tool during the
design process. The model featured different dedicated
modules to simulate only the seaside, the landside, the
stockyard, and the routing system.

A new discrete event simulation model for the analysis
of the unloading operations in an alumina refinery was
introduced in [9]. The model took into account both
deterministic and stochastic processes including tidal
constraints. Furthermore, a heuristic queue sorting
mechanism based on cost reduction was developed and
integrated into the simulation. In [8] the model was
improved and the scope enlarged, taking into account
the transport and storage operations, maintenance
activities and unloading hatch sequences, a detail often
not taken into account in these models but that can
affect loading and unloading times.

In [44] a simulation model was implemented to identify
terminal throughput capacity. An interesting charac-
teristic of this model was the attempt to connect train
arrivals to the ship arrival plans, as usually happens in
reality.

As one can see most of the models are clearly focused
on the seaside of the terminal, because of the economic
importance of the shipping industry. Furthermore,

it seems to be commonly agreed that badly planned
seaside operations typically have more detrimental
effects on terminal operations than inefficient landside
planning. However, it has been seen that this lack
of attention to landside planning can lead to serious
disruptions in the supply chain. For these reasons, in
[24] a discrete event simulation was applied to a wood
chip export terminal to investigate congestion on the
terminal’s landside. The model analysed the effects
of the variations of the terminal’s configuration, the
application of a terminal appointment system and the
implementation of a gate automation technology in four
different truck arrival frequency scenarios. By taking
into account different products and truck sizes it was
found that the introduction of an appointment system
reduces turnaround times by approximately 20% while
adding unloading capacity obtains a relatively small
improvement. Furthermore, in [26] more possible
improvements were proposed in terminal management
to avoid gate congestion and in [25] a similar model
was applied to study them with an additional view on
environmental issues.

Table 1 reports a comparison of the described works
with the present one under a series of specifications.
As one can grasp from the diagram, a relatively
large attention to the production of generic models
is present in the field. However, the generic models
were developed based on a case study or adapted by
it, without precise initial attention to develop such a
tool. Oftentimes, simulation of such a system is not
approached as a problem on its own but mostly as a
tool to demonstrate or prove the validness of results
obtained in other ways. The possibility of simulating
different policies or scenarios in a computer environ-
ment without a real-world implementation is indeed the
main advantage and objective of simulation. Still, in
order to obtain reliable results the topic itself should
deserve more attention and dedicated research, without
being a sidekick in works dedicated to other matters.

It is interesting to point out the difference made be-
tween the two parameters “Terminal” and “Storage”
in the classification of the works. With “Terminal”
the modelling and simulation of the stockyard opera-
tions was meant. On the other hand, with “Storage”
the possibility of setting a maximum capacity for
the storage area was indicated. In fact, a relatively
common practice found in these works was to leave
no maximum constraint to the storage space capacity
(and thus describe the whole storage as one infinitely
large bin). By running simulations in this fashion, the
maximum capacity needed under a series of determined
factors (equipment fleet, throughput, etc.) can be easily



estimated. However, it is clear that a certain detail in
the simulation of stockyard operations is lost.
Furthermore, with the exception of Dipsar’s [13] and
Zhu’s [44] works, no example of a model able to
simulate the whole system was found, with a major
interest in the seaside subsystem, for reasons that were
already stated.

The literature review carried out highlighted a sig-
nificant gap in research specifically focused on grain
terminal simulation, despite the critical role these
terminals play in global trade. While numerous studies
have been conducted on iron ore and coal terminals,
the unique challenges and requirements of grain
terminals remain underexplored. Existing research
primarily addresses specific case studies or focuses on
particular aspects such as storage space allocation and
equipment selection, often neglecting environmental
considerations. Furthermore, other than case-specific
and problem-specific research, most of the works found
focused on only a portion of the terminal, not trying
to grasp the complexity of the balancing of relatively
uncoordinated supply and demand that takes place in
such a system.

From the studies reported, two key insights emerged
that shaped this work. First, the complex system can
be effectively managed by subdividing it into smaller
subsystems, specifically seaside, storage, and landside.
Additionally, classifying the various simulation com-
ponents based on the intelligence required for their
operations proved essential.

2. System description

Dry bulk terminals often represent the bottleneck in
the supply chain of raw materials due to their intrinsic
nature. In fact, being the connection between two or
more modalities, their operations can become very
complex. This section aims to briefly describe the typi-
cal layout, characteristics and operations of a general
dry bulk terminal, and grain terminal specifically. For a
more in-depth and technical description, the reader is
advised to check [15].

2.1. Terminal structure

In contrast with containerized transportation termi-
nals, dry bulk terminals are designed to handle different
grades of a specific product or a group of very similar
products in a loose form and without any containment,
hence bulk.

Based on the kind of material(s) handled, terminals
can be generally divided into mined ores terminals,
processed minerals terminals, and organic products
terminals.

Mined ores terminals (e.g. iron ore, coal) handle
mineral products shipped in their natural state without
any chemical or concentrating process.

Processed minerals terminals handle mined ores that
have been subjected to physical or chemical processes
to produce a product ready for use or content-rich
mineral for direct feed to an industrial process for the
production of metal.

Organic product terminals handle foodstuff or other
organic products that are suitable for transport by sea in
loose bulk form. Some examples are the various kinds
of grains, sugar and wood chips. Generally speaking,
these materials are chemically stable but biologically
active and do not present a high risk of hazard from
that point of view, although self-heating and explosion
hazards have to be kept into account.

Another division that is usually made amongst ter-
minals is their purpose, leading to the individuation
of import terminals and export terminals. In fact, as
a consequence of the material-specific nature of the
terminals, it is very logical that the flow direction of the
material is specific to the system too. Furthermore, the
complexity of operations is quite mitigated by such a
practice.

Import terminals are located in regions or locations
in need of determined raw materials. They are usu-
ally single-product terminals with high to moderate
throughput, even though multi-product import terminals
exist where volumes are lower and asset utilisation
favours a more flexible facility servicing more than one
product.

Unloading operations require smaller wave (current)-
induced vessel motions in comparison with loading
ones, as the equipment makes direct contact with the
product. Import terminals are thus located in protected
harbours or naturally sheltered calm waters.
Furthermore, import terminals generally have higher
rated equipment and storage capacities than export
terminals with similar throughput. This is explained by
the fact that import terminals have less decisional power
on the arrival of carriers and of the landside logistics
and thus higher capacities allow terminals to be able to
almost always handle ships in relatively quick times.
On the other hand, export terminals are built in regions
with high availability of raw materials but without
a comparable amount of demand. Export terminals’
location is thus dictated by the proximity to the product
source.



Table 1: Comparison of dry bulk terminal simulation works with the present work

Work Generic Seaside

Terminal

Storage  Landside  Alt. Operations  Energy

Baunach et al. [5]
Dipsar et al. [13]
Dahal et al. [11]
Ottjes et al. [28]
van Vianen [41]

Cimpeanu et al. [9]
Cimpeanu et al. [8]
Zhu et al. [44] v

Neagoe et al. [24]

Neagoe et al. [26]

Neagoe et al. [25]

This work vV v v
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Export terminals are usually single product terminals
linked with one or multiple production facilities. The
terminal can be operated or owned by the facility itself
and thus operations run more smoothly than in import
terminals since options to regulate the flow of material
to the terminal’s stockyard are available. This explains
the lower storage and equipment capacity generally
installed in export terminals.

Regardless of the purpose and the material handled by a
terminal, its operations are divided into three sections:
seaside operations, stockyard operations, and landside
operations.

Seaside Yard Landside
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Figure 1: Diagram of the different subsystems

2.2. Seaside operations

Seaside operations consist of various steps involving
berths, ships, and seaside equipment. After arriving
at the port a ship is sent to anchorage, an open sea
zone where carriers can wait their turn to be served.
As soon as its turn has come, the ship is pointed to a
specific berth based on capacity, drought or material
restrictions. Travel to berth and berthing operations
take place in which the ship is secured to the berth and
made ready to (un)load products.

Interaction with ships during these operations can be a
difficult and dangerous procedure for various reasons.
One of them is the ship balance. Since the cargo makes
up for a large percentage of a fully loaded ship weight,
its draft varies largely during (un)loading operations.
For this reason, (de)ballasting operations have to take
place, during, before or after (un)loading. Furthermore,
the balance of the ship is influenced by the positioning
of the carried materials as well. Therefore, a specific
hold order has to be followed during (un)loading
operations usually determined by the ship’s captain.
These two crucial operations make the sea-side process
a relatively cumbersome one. Furthermore, both the
unloading and loading capacity of the equipment
varies greatly during the filling or emptying of a hold
depending on the quantity of material still present in the
hold itself. Additional equipment can be needed in the
ending phase of both operations to level up the created
pile or to clean up the hold.

Once a ship is completely (un)loaded and other ad-
ministrative procedures are taken care of, the ship
unberthing operations can begin and after that, the
carrier can sail away and leave the port as a new vessel
starts the berthing process.

Vessel arrival process and distribution depend greatly
on the kind of terminal, materials handled, and contracts
standing with clients. Many studies have been carried
out to fully model and predict such patterns, obtaining
the best results with an Erlang distribution, with the
shape parameters depending on the planning ability
of the terminal [15]. Erlang-1I was found best suited
for small terminals with low planning and prediction
capabilities, while Erlang-VIII is a good fit to model
the arrivals of carriers in larger terminals where the



supply chain is better controlled [15].

Furthermore, seaside operations are influenced by
different environmental constraints such as high tides,
rain, and strong winds that impair the normal procedure
of operations.

Finally, it is crucial to understand that charting contracts
usually entail clauses regarding demurrage (fines that
the terminal has to pay for vessels’ delays) and despatch
(fines paid to the terminal by clients if the terminal is
able to service a ship before the agreed terms), thus
timely seaside operations are essential for the economic
performance of a terminal.

2.3. Stockyard operations

Yard operations consist of all the procedures taking
place inside the stockyard of the terminal. These
comprise not only the movement of material from
the seaside and from the landside to the stockyard
and vice versa, but internal rearrangements as well.
Furthermore, drying, blending and recirculation of
products are usually counted as yard operations.
Planning of movements and coordination with land and
seaside is crucial in order to optimize yard operations.
Furthermore, sampling and weighing of materials is
normally performed at the moment the product enters
the yard.

The horizontal movements of material that happen thus
inside the terminal are usually entrusted to two different
kinds of equipment: conveyors and vehicles.
Conveyors are efficient pieces of equipment with rela-
tively low operational costs and high efficiency. They
rely on electrical motors for their functioning making
them a perfect choice from an environmental point
of view. However, the capital costs and installation
times linked with this kind of technology are relatively
high. Furthermore, due to the inherent nature of fixed
equipment, they have some major flexibility limits
during operations.

On the other hand, wheeled vehicles can be used as
a connection between the yard and the seaside of the
terminal. This option has very low capital costs in
comparison with a conveyor system but the operational
costs are usually quite higher due to the necessity of
drivers. Vehicles are thus generally used in an initial
phase of operations or in a temporary terminal, where
the construction of a conveyor system is not deemed
profitable.

In the particular case of grain handling terminals,
conveyors are usually preferred if capital is available,
making the terminal more efficient and the operations
environmentally friendly.

Since the yard can basically be looked at as a storage,
one of the main problems faced when managing one
is the parcel allocation problem. When a cargo arrives
at the terminal both from the landside or the seaside
it usually has to be stored for a certain period of time
constrained by contracts and fines. Since the sizes of
the parcels handled cause their allocation or relocation
to take up to some days, their optimal positioning in the
stockyard becomes of crucial importance.

Another problem arising in the yard system is the
routing one. While in a container terminal finding an
optimal solution to the parcel allocation problem could
be a great step towards an operational improvement,
that is not the case in a dry bulk terminal. In fact,
routes do not consist of roads or passages travelled via
wheeled equipment but in most cases of fixed convey-
ing systems that occupy the whole path. It is thus a
way less flexible system that requires a higher level of
planning and most importantly a precise definition of
the required functionality during the design phase of
the terminal.

Optimally solving the routing problem thus consists
of finding the best solution to bring the parcel in
the destined location taking into account the limited
number of routes and equipment available.

It is clear that only finding a common solution to
these problems actually proposes a new operational
plan for yard management, while taken singularly they
become scientifically and mathematically interesting
issues but without real application. Therefore, these
two problems or part of them are usually combined in
different fashions, often adding other operations and a
variety of constraints and objective functions.

2.4. Landside operations

Landside operations consist of the interaction of the
terminal with the hinterland logistic system taking care
of the redistribution or supply of product. This process
can be seen as a mirroring one of the seaside one, with
the due differences. Given the sizes of the vehicles,
the amount of trucks or railcars involved in such a
process is way higher than the ships berthing on the
seaside. This brings to a different level of complexity
and thus approach to entering, registering and weighing
procedures. Usually, a series of weighbridges is utilised
to gain information about trucks and trains weight when
entering and leaving the terminal.

Again because of the large amount of vehicles that
take part to this process, the arrival pattern is normally
quite hard to predict and control. Different policies
are envisioned in contracts with clients, featuring



maximum days of possible layover in the terminal and
fines in case of an extended stay of the product. In
the case of export terminals, the situation can be a bit
different since the terminal is often at least partially
operated together with the supplying facility.
Furthermore, landside operations often deal with the
cargo split into different terrestrial modalities: trucks
and trains. Managing these two different kinds of
operations characterised by different necessities and
constraints can become a difficult challenge if not
addressed with the right amount of preparation.
Another crucial activity that happens on the landside
of an export terminal, particularly in organic products
ones, is cargo sampling. In fact, in export terminals,
every single truck and wagon is sampled in order to
check that the material entering the terminal fulfils the
requirements of the specific batch. As cargo capacities
of ships are way larger than the ones featured by
landside modalities, the number of entities entering the
terminal on the landside is quite higher than on the
seaside. This operation (even if not involving large
and costly pieces of equipment) requires thus a high
amount of workforce, time and preparation or a series
of automated probing stations.

The main problems on the landside of a dry bulk
terminal derive from the fact that the number of entities
interacting with this part of the system is much higher
than the seaside, due to the sizes of the single entity.
In fact a relatively large truck can carry up to 40 T of
material and a wagon up to 150 T, various orders of
magnitude smaller than the amount that can be stored
in a carrier. Thus, even if the actual unloading time per
vehicle is quite low, all the rest of the operations that
accompany this process, and the fact parking space for
trucks is often underestimated, make congestion on the
terminal land side quite common.

Adding to the problem is the lower costs associated
with this logistic chain and thus the smaller attention
given to solving the related issues in comparison with
the seaside ones. In fact a fleet of trucks operating
a reclaiming campaign has a relatively small cost
in comparison with the figures featured in vessels
chartering contracts.

2.5. Seasonality

Grain production is inherently seasonal, closely tied
to nature’s rhythms. Each specific grain has its own
planting, growth, and harvest period depending on
its characteristics and the ones of the land where it is
cultivated. This seasonality clearly extends to trade,
with demand and prices fluctuating throughout the year

due to the dynamics between so so-called ”Old Crop”
and “New Crop” [17].

During the planting months, the source of grain that is
available for sale or purchase by end users is from the
crops that were harvested during the previous harvest
season (”Old Crop”). On the other hand, during the
harvest months, the newly harvested crop comes to
market and supply is higher ("New Crop”).

From a trade perspective, for each commodity, one new
crop month futures delivery month is defined while
the remaining 11 are designated as old crop months.
During the old-crop months, when supply is typically
lower, grain tends to be priced higher with prices
growing over the course of the other old-crop trading
months. When a new crop is harvested, there is once
again a higher level of supply. This is why many of
the grain markets tend to reflect their lowest seasonal
prices during the new crop trading month.

These variations in prices and thus amounts traded sig-
nificantly impact operations, as the volume of cargoes
and ships required changes over the year, leading to a
system that is constantly in variation.

As an example, in 2 we report data from the USA wheat
trade.

Some of the features described in the previous para-
graph are recognisable in the data such as the high
peak of both import and export from the beginning
of summer until early fall (both for the northern and
the southern hemisphere). However, it is important
to remember that grain trade cannot be simplified
to a simple supply-demand balance. In the current
globalised world, many different players and factors
such as economy and politics have a great influence on
this kind of matter, making it very difficult to establish
a fixed pattern.
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Figure 2: USA wheat trade overview



In order to obtain reliable results from a simulation
model input data are of paramount importance. In the
case of a terminal, the carriers’ arrival times are the
main input data, representing the arrival rate of the
entities that flow through the system.

Numerous studies have been conducted on the matter
as shown in [15], common practice is to use the Erlang
distribution to represent the carriers’ IAT since it has
been seen that they fit relatively well to real times.
However, by using whatever sort of distribution along
the whole year the seasonal behaviour of the system is
lost.

The link between terminal throughput, carriers’ IAT
and seasonality is almost never explicitly discussed.
Since terminal throughput is one of the most accessible
and determining pieces of information about this kind
of system, establishing a connection between these two
input becomes a crucial matter.

2.6. External factors

A terminal is not a completely closed system and thus
its operations strongly depend on many external factors.
In this work, it was deemed an “external factor” what-
ever event (even if planned) obliges operations to devi-
ate from the most efficient (physical or temporal) path,
without taking into account other operations in this list.
According to this definition, the external factors having
an influence on the analysed system were summarised
in:

o Weather

Since the terminal is an open-air system not all op-
erations can proceed in all kinds of weather. In
particular, loading and unloading operations on the
seaside always suffer hard weather such as intense
wind, rain, and snow. When one of these condi-
tions takes place, operations are usually suspended
and start again once the situation allows it.

As with the seasonality of the supply, weather
strongly depends on the time of the year and the
location of the terminal.

o Non-working time

As in almost every industrial system, there are not
only machines working in the terminal but people
too. Shift work, holidays, and periodic closures are
essential to ensure continuous operation and work-
ers well-being.

Holidays and periodic closures provide workers
with necessary rest, reducing fatigue and prevent-
ing burnout, which in turn enhances productivity
and safety.

e Maintenance

Maintenance in industrial systems is essential for
ensuring the smooth and efficient operation of ma-
chinery and processes. Regular maintenance helps
to identify and address potential issues before they
lead to breakdowns, thereby minimizing downtime
and costly repairs. Furthermore, it extends the
lifespan of equipment, ensuring that it operates at
optimal performance levels, and it contributes to
workplace safety by preventing accidents caused
by equipment failures.

e Breakdown

Even if periodic maintenance and checks are per-
formed flawlessly, breakdowns in industrial sys-
tems are inevitable and even if are commonly taken
as setbacks and a loss of resources and time, they
serve as critical indicators of system weaknesses,
highlighting areas that require immediate attention
and improvement and ensuring that minor issues
are addressed before they escalate into major prob-
lems.

o Tides
Oftentimes, ports are located in protected stretches
of coast with peculiar characteristics. However, not
always is possible to satisfy all the desirable condi-
tions either for economical, environmental or tech-
nical restrictions.
One of the most frequent limitations a port encoun-
ters is the draft of the channel, not always deep
enough to allow large carriers to enter or leave the
port at all times.
In these cases, monitoring tide windows and pat-
terns becomes crucial for the optimal functioning
of the terminal.

Along with the possibility to incorporate various
input distributions, the ability to model external factors
is a fundamental strength of simulation compared to
static calculations. By dynamically simulating events
such as weather conditions, equipment breakdowns,
and maintenance schedules, simulations provide a more
realistic and adaptable representation of terminal opera-
tions. This flexibility allows for a deeper understanding
of system behaviour under different scenarios, leading
to more informed decision-making and optimized
performance.

2.7. Environmental friendly operations

Maritime transportation play a large role the chal-
lenge of limiting the rise in global average temperature



to below 2°C outlined in the Paris Agreement [23].
In fact, according to [10] transportation accounted for
20% of global CO2 emissions in 2022, and [19] reports
that shipping was responsible for 2.89% of global
anthropogenic greenhouse gas (GHG) emissions in
2018.

In this scenario, ports, even if accounting for a small
portion of shipping emissions, are a hotspot for
pollution due to significant anthropogenic inputs,
primarily from their high fossil fuel consumption and
the inevitable emissions due to concentrated maritime
transport [12].

Nevertheless, local air pollutants continue to be the
primary concern for port authorities while reductions in
greenhouse gas emissions occur incidentally [31].
Studies on the reduction and mitigation of GHG
emissions in ports are widely spread, showing the
importance of this topic both from an academic point
of view and from a societal one.

In particular, [1] is a brilliant example of a review of
this field. In order to understand how to introduce the
option to simulate green operations in the developed
tool this work was analysed and compared with the
simulated system.

At the actual state, grain terminals are already quite
electrified and thus the amount of operations that could
change the environmental impact of a terminal is quite
limited. Many of the energy management measures
suggested in [1] could cut the amount of emissions
in grain terminals, still the great majority involve
policies that are not reproduced in the model or fall
out of the tool’s generic character. Thus the focus was
shifted to the measures affecting terminals’s clients that
would still involve the terminal, the so-called Ship-port
Interface Measures [1].

The following aspects/technologies were thus found in
line with the scope of this work:

e Energy Usage Inventory

Creating an energy usage inventory is the initial
crucial step in the port’s emission reduction
strategy. However, very few terminals actually
keep track of energy consumption on individual
equipment level but merely check the total energy
consumption of the system in order to estimate
and justify OPEX.

The results of the inventory offer an analysis
to identify effective and appropriate measures,
implement GHG reduction strategies, track and
benchmark emissions, and ultimately position the
port at the forefront of sustainability.

e OPS

Onshore Power Supply (OPS) refers to the prac-
tice of providing a connection to the local grid to
carriers berthed at the port. This allows the ships
to completely shut down their engines and thus do
not consume any fossil fuel during their stay. OPS
technology and operations are further explained in
Section 2.7.1

e Wind assisted shipping

In recent years the trend of propelling ships by
using wind power has become popular again.
The practice of retrofitting ships with sails or
other kinds of equipment in order to harvest wind
power is one of the most promising ones in cutting
shipping emissions. Further details and what this
technology entails for a terminal are discussed in
2.7.2

2.7.1. Shorepower

In 2009, [12] discovered that 5% of fuel consumption
from ships occurs while they are at berth. Additionally,
[19] indicates that an average of 16% of CO2 emissions
happen when ships are either at berth or anchorage.
From a port perspective, [37] notes that emissions from
ships at berth can account for up to 50% of total ship
emissions in port areas.
It is evident that greenhouse gas emissions could be
significantly improved with the widespread adoption of
shore power. Since the first commercial shore power
system for cargo ships was installed in the port of
Gothenburg, Sweden, in 2000, its use has been growing
globally.
When ships are berthed, they typically use onboard
diesel auxiliary engines to generate electrical power for
essential operations like lighting, ventilation, pumps,
cranes, and other equipment. These auxiliary engines
are necessary because the main engines are usually
shut down while at berth, in fact during cruising ships
generate electrical power using generators attached to
the main engine shafts.
Auxiliary engines, which can run on various fuels, are
connected to electrical generators and ships usually dis-
pose of multiple units, with the total installed capacity
usually exceeding the average load required, so that
not all engines operate simultaneously. However, the
use of low-quality fuel and the power demands of ships
mean that auxiliary engines emit significant amounts of
pollution and greenhouse gases.



Pollutant ‘World Wide Reduction[46] UK Reduction [18]

GHG emissions 48% - 710%

91.6%

CO2 emissions 3% - 60%
SO2 emissions 40% - 60% 75.6%
NOx emissions 57% - 710% 45.8%
CO emissions - 24.5%
BC emissions 57% - 710%

Table 2: Reduction in emissions using shore power

Shore power (also called Onshore Power Supply (OPS),
Shoreside Power (SP), Shore Side Electricity (SSE),
and Cold Ironing (CI)) replaces the use of onboard
auxiliary engines by connecting ships to a shoreside
power supply while they are berthed. Although this
does not completely eliminate emissions from docked
ships it significantly reduces atmospheric emissions
from ships at berth.

Many quantitative studies have been carried on to
analyse the possible benefits of the utilisation of shore
power connections. The results obtained by [46] and
[18] are reported in Table 2

Although the effects reported are clearly positive, it
is important to remember that the use of OPS does
not eliminate greenhouse gas and priority pollutant
emissions, but merely outsources them to the power
generation industry. In fact, the GHG emission reduc-
tion capability of shore power is impressive mainly
because of the inefficiency of generating electricity
from diesel engines, the low grade of fuel used to
power auxiliary engines onboard ships, and the lack
of any post-combustion pollution control systems on
many ships. It is thus important to consider that the
energy production mix present in a determined region
has a strong influence on the actual effectiveness of this
technology. The fact that in some countries electricity
from the grid has higher CO2 emissions than electricity
from onboard auxiliary engines and that there are trans-
mission and energy conversion losses associated with
CI (2% and 8%, respectively) must be included when
evaluating the application of SP. In not-so-rare cases,
the implementation of shore power could actually bring
an increase in CO2 emissions instead of a decrease
([181,[45D.

Still, the other main outsourcing realised through OPS
is geographical. CI implementation is in fact able to
move the pollutant emissions from populated areas such
as the port regions to more remote areas where power
plants are usually located. Therefore SSE would lower
emissions’ explicit damages such as health impacts in
those regions [42].
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The technological aspects of an OPS system are out of
the scope of this work, and the reader is recommended
to consult [3], [30], and [32] to gain further insights on
the topic.

From an operational point of view, the most interesting
characteristics of an SSE system are whether or not it
is mobile and how many berths it can provide with a
power connection simultaneously or not.

Furthermore, another important characteristic of an
OPS connection is its Cable Management System.
In fact, CMS can vary from very simple appliances
to more complex ones. The most important CMS
characteristic is the range of a berth it can cover. So-
called fixed” CMS are cheaper options for terminals,
imposing stronger constraints on ship berthing. On the
other hand, mobile CMS require higher investments
but do not alter berthing operations since they can
reposition themselves in order to make connections
more favourable.

2.7.2. Wind-assisted shipping

Wind propulsion for ships, an ancient technology, has
made a comeback as part of efforts to decarbonize the
shipping industry.
Nowadays, a wide range of wind propulsion devices
are being developed with the primary purpose of cut-
ting down on fuel usage and thus decreasing air pol-
lution emissions. These technologies can exploit wind
either in a complementary set-up with conventional
power sources such as batteries [38], hydrogen [36] fos-
sil fuel [21] (wind-assisted ship propulsion technolo-
gies (WPTs)) or as the primary source of propulsion
when the conventional engine is used only exception-
ally [6]. Following technological advancements in the
1980s, wind propulsion adaptation as a retrofit for exist-
ing ships to help reduce fuel consumption has been pre-
ferred to a role as the main propulsion method [2]. Hy-
bridization, in which wind propulsion assists the main
traditional fossil fuel running engines which serve to en-
sure the schedule is maintained, is thus seen as crucial
for the broader adoption of wind propulsion technolo-
gies in shipping fleets [22].
Many studies have been carried out to investigate the en-
vironmental and economic advantages obtainable with
the application of this technology. However, since the
adoption of technologies of this type is still in the early
stages and depends on a wide range of variables results
are still a bit controversial and do not always point in
the same direction [4].
Still in [7] the following advantages of this technology
are summarised:



e 10-40% improvement in the EEOI (Energy Effi-
ciency Operational Indicators)

e 1-50% CO2 emission reduction

e 2-60% fuel saving; particularly suitable for high
sea shipping

e No infrastructure required
e Proven technology from long-term development

e High cost-effectiveness (negative marginal abate-
ment cost)

Various wind propulsion technologies have been de-
veloped, each operating slightly differently. However,
they all share the common goal of providing propulsion
power as wind speed increases, thereby reducing voy-
age time and fuel consumption [4]. Different authors
have grouped them in several categories, based on their
functioning ([22],[35],[7].

It is important to mention that researchers have pointed
out the importance of the type of vessel when it comes
to the financial and environmental benefits to be gained,
with particular reference to ocean-going low-speed
bulk carriers and oil tankers. In fact, this kind of vessel
has a wider capacity to easily accommodate additional
wind propulsion structures on deck [27].

However, tankers face stricter safety regulations
compared to other cargo ship types, complicating the
installation of permanent wind propulsion devices.
As a result, tankers are not well-suited for WASP
devices. Bulk carriers, with design speeds below 15
knots, appear to be more suitable. Additionally, cargo
ships are costly to build and have a lifespan of 25-30
years, with WASP ships being even more expensive
than traditional cargo ships. Therefore, retrofitting
existing vessels with wind propulsion devices is a more
cost-effective and quicker option to increase the number
of wind-assisted sailing vessels [4].

Given these facts, it is safe to presume that in the
coming years, this technology will be applied in this
shipping sector. Investigating its operational risks and
performance is thus of paramount importance, espe-
cially for what concerns the interactions and possible
interferences with port infrastructure [33].

3. Methodology and model structure

This section gives a brief overview of the methodol-
ogy applied during the development of this work and
the model obtained through its use.
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3.1. Generic model approach

As already stated one of the main goals of this work
was to produce a model that would be generic.
Tow different concepts were found to be represented in
the word generic. On one side versatility (or flexibility)
and thus the ability to be simply applied to different
scenarios and situations was clearly deemed to be part
of this broader concept. On the other, generality was
also found to fit quite well under certain circumstances.
A generic model should thus be flexible and versatile
enough to be able to adapt itself to the variety of
scenarios it could be applied. Still, it should have some
general characteristics that remain consistent, usually
the ones characterising the group of systems the model
will be used to simulate.
The genericness of the model was thus expressed in
five different aspects of a simulation model and each
of them was solved through the implementations and
model characteristics described:

e Resources

One of the first issues that comes to mind when
applying the same model to multiple scenarios is
the obvious fact that the scenario will be different.
In particular, the resources part of the actual sys-
tem will be different in numbers and characteris-
tics. It thus becomes an essential characteristic of
a generic model to not rely on specific elements of
the system but give the user the possibility to vary
them and their characteristic at will. To address
this challenge, a parameterized approach was ap-
plied. This method involves categorizing the typi-
cal resources used in a grain terminal and translat-
ing them into simulation agent classes. Each class
is defined by a series of specific characteristics that
detail its features and capabilities within the sys-
tem.

Users have the flexibility to select the number of
different resources available in the system and thus
tailor the simulation to their specific needs and sce-
narios.

o Inputs
Another difference between the scenarios that the
user could be willing to simulate with a generic
tool resides in the inputs the system receives from
the environment and are thus not part of the sys-
tem itself. It is clear that the capability to variate
the system inputs becomes essential in a generic
model, giving the possibility to compare the simu-
lated performance of the same system in different



conditions or of the same system in the same con-
ditions.

Furthermore, quite some effort was spent on the
time flexibility needed in a generic model. In fact,
oftentimes inputs need to change not only from one
scenario to another, but inside the same scenario
too (and thus simulation run). Another important
feature of a generic tool was thus individuated in
the possibility to not only vary the system inputs
scenario by scenario but to be able to vary them
and their rate of change inside the same scenario.
In line with this thought, a period-based approach
was implemented allowing users to specify dif-
ferent distributions for the various inputs required
for a simulation, such as weather distributions and
inter-arrival time distributions. Furthermore, users
are given the ability to specify the number of pe-
riods into which the simulation time is divided for
each variable input. This allows users to have dif-
ferent distributions not only for different inputs but
also for the same inputs in different periods of the
simulation, choosing a different period length and
thus the rate of change for each one of them.

Policies

Systems can differ not only for inputs and re-
sources but for policies too.

To some extent, a policy could be seen as a spe-
cific type of external input. However, three main
differences were individuated between these two
aspects of a system which made it more logical to
categorise them into two different groups. Firstly,
a policy is something that does not come from the
outside environment (such as weather, or carrier’s
arrival). Secondly, policies are not intrinsic char-
acteristics of the system but can be varied without
having to change the physical nature of the sys-
tem (such as equipment capacity, breakdown rate,
and storage layout). Thirdly and most importantly,
policies are the outcomes of managerial or opera-
tional decisions made by terminals’ operators con-
cerning the way the terminal faces different situa-
tions. Classical examples of a policy are the order
in which carriers are served or the way parcels are
allocated inside the terminal’s storage.

Because of the inherent difficulty in making the
modelling of different policies easily modifiable by
users, it was deemed reasonable that in this case
the generic model should steer more towards the
general side. Understanding what policies are the
most commonly used in the specific field and inte-
grating into the tool should be a fundamental part
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of the model development.

In this specific work, a comprehensive study of the
common policies used in the field was conducted.
From this study, the most popular and fitting poli-
cies for a generic simulation model were selected.
The chosen policies aim to balance the need for a
broad application with the practical requirements
of specific scenarios. By focusing on widely appli-
cable policies, the model ensures a robust frame-
work that can be adapted to various situations with-
out compromising on the core principles.

Objectives

Normally, a simulation model is built to explore
a specific characteristic of a system. However,
a generic model should at least try to be able
to cover multiple objectives and be reliable for
different kinds of studies. In order to achieve this,
a thorough review of the most common objectives
of simulation studies in the specific field and a
consequent validation is taken as best practice.
Furthermore, overall attention to all the taken
assumptions and how they could affect all the
activities taking place in the model would surely
help in achieving this desirable multi-objectivity.
Concerning this specific work, two different ways
of utilisation of the model were defined, which
lead respectively to two different objectives:
operations investigation and inputs investigation.
The former, defined as the main objective of the
model, entails applying fixed inputs to a varying
system in order to gain operational insights into
it. In this scenario, the resources and their charac-
teristics should be varied and their performances
monitored. This kind of experimentation is partic-
ularly useful during design or redesign projects in
order to understand the behaviour of the system
before actual changes or investments are made.
An example of this kind of application is storage
dimensioning.

The second kind of experimentation deals with the
investigation of an existent terminal, whose layout
is not challenged. By fixing the system, the user
can test its performances in different situations,
either to monitor its performances under other
circumstances than the real ones or to gain better
insights into the system itself. Varying the arriving
amount of materials to an existing terminal is an
example of this kind of utilisation.

Outputs
The last aspect analysed is the model outputs.



Such as the objectives, the outputs of a simulation
model are highly variable and strongly depend on
the former.

However, some common ground can always be
found inside the specific field. The idea is thus
to keep the model more towards its “general”
character than its “versatile” one with respect to
this element.

Just as with the policies, a review of the most
common outputs of interest in the field is advised
and an automatised generation of easily under-
standable plots and graphs featuring them should
be embedded in the tool. Still, the possibility to
access relatively raw output data should be left to
the user in order to extract factors and indices of
his likes. in this work, a series of standard outputs
were defined and an automatic generation of plots
reporting them was embedded in the simulation
tool.

3.2. Model structure

The model was further structured following two
different axes, one vertical and one horizontal that
allowed to categorise each component present in the
system based on two characteristics.

The horizontal axis, and thus categorisation, was cho-
sen based on the many examples seen in Section 1 and
the operational characteristic of the single component,
leading to a division of the model into three different
sub-models: seaside, landside and stockyard.

The division was made only from a formal point of
view, all the three sub-models are actually part of
one single simulation model, running on the same
simulation clock, without the need of any special
communication between the three. Still, grouping the
different agents into different operational sets made the
activities, interactions, and information flows easier to
schematise, helping to clearly state which components
interacted with each other and which couldn’t.

The other axis was strongly inspired by [16], in which
the components are categorised by their intelligence.

In this work three different levels of intelligence were
defined:

o Allocator/Manager
The Allocators are at the highest level of in-
telligence and they represent the local control
function of the PROPER model, translating
requirements of the environment external to their
sub-system into operational tasks to assign to
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components of lower intelligence. Their role
is to make operational decisions based on the
current state of the terminal such as allocating
resources and tasks to operators or components. In
other words, the Allocators represent the policies
implemented by the terminal manager and trigger
the other agents to start, interrupt or stop a process.

Operator

The Operators represent the core of the terminal,
carrying out the actual operations and representing
the higher level of the transformation function
of their sub-system. Still, Operators have some
decisional capabilities and can switch from one
process to another based on their states or the
states of the components they are interacting
with, without the intervention of an Allocator.
Furthermore, being the main agent of changes
in the terminal state, are the principal triggers of
Allocators’ activities.

Component

The Components are the lowest rank of the
terminal in terms of intelligence and represent the
lower level of the transformation function of their
sub-system. They can either have no processes
and just represent a terminal entity with specific
characteristics that change or are changed over
time or they can have a process that simulates
some sort of operational activities. Still, the
process is set, and once triggered is not stopped,
interrupted or changed by the component itself
but only by the intervention of an Allocator or an
Operator.

Operational Area

Stockyard
Allocators.

Stockyard
Operators

Seaside
Components

Intelligence

Figure 3: Model structure diagram

The following Sections give a brief overview of the



model functioning and its most interesting features.
Both an import and an export model were developed in
this work, for the sake of brevity only the description of
the import model is reported here.

3.2.1. Seaside

Carriers IAT are sampled by a dedicated distribution
and used to generate the carriers’ calls. At the call
moment, carriers activate the parcel allocator that will
apply a heuristic to find a favourable position to allo-
cate the carrier cargoes. After their call, carriers take a
certain amount of time, again sampled from a dedicated
distribution, to reach the anchorage. Once at anchorage,
carriers request a berth. A berth is found according
to different parameters, most importantly a carrier is
allocated to a berth only if one of its cargoes has already
been fully assigned to the storage. After obtaining a
berth, the carrier triggers the search for a shore power
connection (if equipped with shore power technology)
and one or more unloaders. Once the unloaders are
found, the needed routing to connect each of them to
the first of the assigned storage positions is looked for.
Meanwhile, the ship requests use of the channel. If the
channel is free to use, the carrier proceeds to transit in.
After the transit time, the carrier arrives at the berth
where berthing and bureaucratic operations can take
place. If the unloader and the routing are already in
place at this moment, unloading operations can start
and won’t stop until the carrier is empty. Once the
carrier is completely empty, post-operational procedure
and unberthing can take place and the channel use is
requested once more. Once the channel is free, the
carrier is allowed to transit out and leave the system.

3.2.2. Stockyard

In the model, stockyard operations are of secondary
importance, since no real operations happen in the
stockyard itself since the moving of materials is mostly
dictated by Allocators and Operators belonging to the
other two sub-systems. However, handling the different
cargoes inside the system is a very complex procedure
since many different batches of the same cargo are often
flowing through it and the amount of every single one of
them determines different decisions and behaviours.
As soon as a parcel is allocated, the different storing lo-
cations and relative stored amounts are generated and
stored.
Once the unloading operations begin, a copy of cargo
is generated to keep track of the amount flowing inside
the terminal and oversee the unloading operations. The
initial amount of a stored parcel is set to 0, the increase
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of this number and the decrease of the original amount
model the flow of material from the carriers to the stor-
age on a high level.

Furthermore, for each storage destination, an additional
stored cargo is generated to keep track of the exact
amount stored in the specific bin. These “lower level”
stored parcels are generated with a starting amount of 0
as well and a total amount equal to the specific allocated
amount, the comparison of these two numbers models
the flow of material from the carriers to the storage on a
lower level, involving the specific destination bin.
Furthermore, for both the high-level and low-level car-
goes an available amount is used to manage operations.
This variable represents the amount of the parcel present
in the terminal not yet allocated to any loading bin, es-
sential since allocation on actual transport happens at
different times due to operational delays and unforeseen
circumstances.

Unloading operations take amounts from the cargo and
move it to both parcels and stored cargo simultaneously.
As soon as the first mass-step of a parcel arrives inside
the storage, a parcel-dedicated outtake manager is gen-
erated and triggered.

3.2.3. Landside

Once the first mass-step of a parcel arrives at the
assigned storage location, its dwell time starts running.
Once the parcel dwell time has elapsed trucks and trains
to collect the material are generated and arrive at the
terminal and a portion of the material is moved to the
loading bins serving the landside stations.
From a landside modality point of view, once arrived
at the terminal, trucks and trains are queued in the
parking and in the marshalling yard respectively. As
soon as a station handling the requested material is
available the modality is served and then sent to the
scales to be checked, always simulating service times
and movements through dedicated distributions. Once
weighted, the modality is free to leave the terminal.

3.2.4. Shore power

Shore power connection operations differ for many
factors depending on the technology used. Depending
both on the physical connection and the electrical
toponomy of the system a shore power connection can
be able to serve one or multiple berths, and more in
particular a specific section of a berth or the whole
berth.
Both these limitations can be modelled, using the
berth modelling developed in this work. Shore power
connections are in fact linked to one or more berths.



Being modelled berths able to describe either a whole
physical berth or only a portion of it, cold ironing
devices can be associated to either of them. However,
berthing restrictions due to the shore power connection
positioning are not part of this model, since the only
discriminant taken into consideration is if the berthing
ship is using or not the specific portion of the berth. If
this is the case, the ship is eligible to be connected.

The flexibility obtained with this approach allows
the user to simulate different fleets of shore power
connections, varying both by number and technology.
The latter is described by their capability of covering
one or more berths, or portions of it.

3.2.5. Wind-assisted carriers’ reception

A significant concern with adopting wind-assisted
carriers is their potential interaction and interference
with port infrastructure. While new wind-assisted car-
riers can be designed to avoid these issues, retrofitted
ones might face challenges where the addition of wind
propulsion devices hinders normal port operations.
For bulk carriers, the primary concern is that loading
and unloading operations could be severely impacted by
the placement of rotors or masts. The model addresses
technologies that significantly alter the carrier’s layout,
potentially slowing down these operations and reducing
the terminal’s loading or unloading capacity.
The model allows users to set a distribution for the
percentage of carriers arriving at the terminal with
these problematic retrofits. These carriers will apply a
hindering factor to the capacity of the seaside equip-
ment serving them, reducing it and thus simulating the
real-world difficulties associated with such retrofits.

3.2.6. Energy monitoring

One of the natural outputs of an industrial system
simulation model is the working times of each machine
involved in the process. By knowing their rated power
and an efficiency factor, it becomes straightforward to
estimate their energy consumption. Although the proce-
dure is simple, many terminals do not monitor this, and
during design phases, energy consumption is often cal-
culated in even simpler ways. It was thought that even
a small improvement, such as obtaining working times
through simulation instead of static calculations, could
enhance the overall understanding of the system.
This approach relies on the user providing accurate data
about power consumption, which is not always easy to
find. However, it is expected that the rated power for the
equipment can be located, and [19] offers useful data to
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estimate the installed power of ships based on their ton-
nage. In fact, the ship’s rated power dictates the amount
of energy consumed by shore power connections.

4. Experiments

In order to showcase its capabilities, the model was
used to carry out a series of experiments on an import
terminal with a yearly throughput of approximately 1
MT in the years 2017-2021.

The following paragraph summarises the terminal’s
layout, and how it was modelled in this work.

e Quay
The quay of the terminal is 290 m long, making
thus possible to unload two carriers of 130 m si-
multaneously.

o Seaside equipment
The seaside pieces of equipment available to the
terminal are a mechanical unloader with a rated ca-
pacity of 1200 T/h and two pneumatic unloaders
with rated a capacity of 600 T/h each.
Policy-wise, priority is given to the mechanical un-
loader being the one with the highest capacity.

o Conveying lines
Two 2.5 km long main conveying lines with 1200
T/h and 600 T/h capacity respectively connect the
seaside of the terminal to the storage and landside.
This layout imposes a strict constraint on unload-
ing operations, allowing only two unloaders at a
time to work on served carriers.

e Storage
The storage facilities of the terminal consist of 24
silos with a 2200 T capacity and 12 silos with a
400 T capacity.

e Landside equipment
Concerning the Landside, the terminal is provided
with 7 truck loading stations with an average ca-
pacity of 200 T/h and 7 loading bins with a respec-
tive capacity of 540 T.

The data made available were the following:

e Arrivals log

The carriers’ arrival log of the terminal was the
most important data obtained from this system.
The dataset reported arrival times, types of cargo,
amounts of each cargo and length of every ship for
four years. With this data, it was possible to gen-
erate distribution for the IATs and the arriving car-
goes.



o Storage log
Another important dataset was the storage log, re-
porting the amount of material entering and leaving
the terminal daily.
For this data, it was possible to generate type-
specific dwell time distributions and size-specific
outtake time distributions.

e Operational information

The terminal provided some operational informa-
tion as well.

The terminal is normally open from 6:45 to 22:30
and maintenance operations take place during clos-
ing times. Furthermore, the weather downtime was
estimated at 5% of the total year equally distributed
between January and March. Lastly, breakdowns
and operational disturbances were reported to take
up to 10-15% of the working hours.

4.1. Terminal performances

In order to understand which of the various resources
present in the terminal has the strongest impact on its
performance, it was decided to investigate the terminal
behaviours varying and their characteristics.

As already stated the terminal can be divided into three
different subsystems each of them with its importance
for the healthy behaviour of the terminal. Each of them
has an installed capacity either for loading, unloading,
or storing. The performance of the terminal varying
two of these three capacities was investigated.

Two different kinds of variations in the capacity of each
of the analysed subsystems were performed, one from
a quantitative point of view and one from a flexibility
one. In the former, the capacity of each of the servers
(unloaders or bins) was changed in value, keeping the
number of servers constant. In the latter, the opposite
operation was performed, keeping constant the capacity
of the whole subsystem but varying the one of the
single servers, and thus their number.

In all cases, the routing system was modified to the best
of the author’s capacity in order to make operations run
as smoothly as possible.

4.1.1. Seaside

The first subsystem analysed was the Seaside one, in
which the servers are represented by the unloaders.
In the first series of experiments, the capacity of each
unloader was multiplied by four different factors, main-
taining a fixed throughput.

16

n. unloaders capacity[T/h] specific consumption[kW/T]

3 800 0.675 - 0.625
2 1600 - 800 0.53-0.625
6 400 0.8
4 600 0.83

Table 3: Unloading capacity specifications
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Figure 4: Seaside capacity investigation results

The results reported in 4 show how a smaller capacity

highly affects the terminal performance hindering its
capacity to obtain the objective throughput. On the
other hand, augmenting the capacity of the unloaders
doesn’t improve the terminal because of the fixed
throughput constraint imposed on the experiments.
In the second series of experiments, four different
scenarios were created, selecting the capacities and
rated powers of existing pieces of equipment and
combining them in order to obtain the capacity of the
original system. The specifics are reported in 3.

Interestingly, the general terminal performance is not
altered by this variation in the flexibility of the seaside
subsystem. In fact, having the same total installed
capacity and having modified the routing system in
order to allow operations of each unloader at the same
time, the terminal is able to achieve the set throughput.
Since not only the capacity but also the rated power
and thus the specific consumption of the unloaders was
varied, the energy consumption of the terminal in the
different scenarios was analysed.
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Figure 5: Seaside number of servers energy investigation results

Fig. 5 shows that, as expected, scenarios with a
higher average specific consumption lead to a higher
amount of energy consumed in order to perform
operations. However, the number of unloaders results
in an effect on the energy consumption as well. This
was attributed to the changes made to the routing
system, which, featuring a larger amount of smaller
conveyors, has a lower efficiency, leading to higher
energy consumption. This explanation is also supported
by the results shown in 6, showing the percentage of
energy used by the unloading system becomes lower
when more unloaders are put in place.
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Figure 6: Seaside number of servers consumption percentage investi-
gation results

4.1.2. Stockyard

Experiments concerning the stockyard subsystem
followed the fashion of the ones performed on the
seaside. A first series of scenarios were created by
multiplying the capacity of each silo by a factor, thus

varying the total capacity of the terminal, and leaving
the throughput constant.
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Figure 7: Storage capacity investigation results

The results reported in Fig.7 show how the reduction

of the total capacity of the stockyard has a very high
influence on the performance of the terminal, leading
to greater disruptions than the one seen in the previous
analysis. Again on the other hand, augmenting the
stockyard capacity did not achieve any improvement
because of the fixed throughput constraint.
In order to create the second series of experiments, the
total number of silos in the terminal was modified by
multiplying it by four different factors. In order to keep
the total capacity constant, the capacity of each bin was
multiplied by the inverse of the relative factor.
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Figure 8: Storages number investigation results

Conversely to what was seen in the seaside exper-
iments, if the number of silos inside the terminal is



reduced too much while keeping the total capacity
constant, operations are relatively hindered.  This
happened because bins are occupied for longer times
by smaller amounts of parcels, not allowing new cargo
to be unloaded in the terminal.
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Figure 9: Storages number investigation results

To get more insights into these experiments the spe-
cific average bin space utilisation (defined in 1) was
analysed.

Zs Zi %: As;:s 1 1
= ; T ey

Where 7 is the number of silos, a; ; is the amount is
silo s in time step i, At is the duration of time step
i of silo s (that varies dynamically based on material
movement), Cy is the capacity of silo s, s, is the total
simulation time, and T is the total obtained throughput.
This index permits us to look at the stockyard as one
large storage bin and analyse its behaviour. Results
shown in Fig.9 display how the difference in the size of
the bins does not have a great influence on the average
amount of material stored in the bins during time. In
fact, considering that the value of this index for a silo
that is continuously loaded and unloaded at the same
rate should be 0.5, the results show that the storage
faces longer times in which its utilisation is lower
than 50%. In other words, the reason for such a high
capacity is only the possibility of handling peaks of
stored material when large carriers arrive, while most
of the time the storage is underutilized.
This result shows once more that the reason for such
an imposing infrastructure is the decoupling role
between modalities of different sizes. It is clear that
better coordination (in time and size) between the two
branches of the supply chain would lead to the pos-
sibility of handling the same throughput with smaller

u
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infrastructures.

The slight plummet of the index towards lower values
as the number of silos increases is due to the fact that
smaller silos are filled up and emptied more often than
larger ones, reporting thus in the index a much larger
amount of zeros that lower the average.
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Figure 10: Storage capacity investigation results

Fig. 10 and 11 depict how this index behaves in two
of the simulation runs, showing how silos of different
sizes behave differently. The smaller silos show more
disperse values due to the continuous loading and
unloading happening due to their size and number,
while the large ones show more regular values since
loading and unloading operations lead to complete
emptiness more rarely than in the other case.
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Figure 11: Storage capacity investigation results



4.2. Emission reducing operations

To show the capabilities of the model to capture
the behaviour of the system when introducing the
energy-reducing operations discussed in 2.7, the set-up
of Case Study 1 was modified accordingly and tested.

4.2.1. Shore power

Given the berth size of the terminal and the restric-
tions it imposes on the amount of carriers that can
be unloaded at the same time two different possible
set-ups were investigated, the first in which only one
shore power connection capable of serving both berths
was added to the system and the second in which two
different shore power connections were added, each
one serving one berth.
Furthermore, the fleet composition was changed along
the different simulation runs, varying the number of
carriers visiting the terminal equipped to be served by a
shore power connection.

connection time )
berth time @
Given the small number of carriers with a length
under 130m, and thus allowing simultaneous operations
at the berth, the difference between the two shore power
set-ups was unnoticeable. All the carriers allowing
shore power connection were served in all the different
simulations, with a connection ratio (defined in 2)
of around 0.98, perfectly in line with the input given
regarding shore power connections set-up times.
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Figure 12: Terminal specific energy consumption

Adding the possibility of connecting to the terminal’s
grid, is it obvious that the terminal energy consumption
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will increase due to the supply of electricity to the carri-
ers. Fig 12 reports the variation of the terminal-specific
energy consumption along the different simulation
runs, showing the predictable increase of energy
consumption at the increase of the percentage of shore
power-equipped carriers visiting the terminal.
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Figure 13: Percentage of shore energy consumption

Lastly, Fig. 14 shows quantification of the previously
discussed phenomenon. The former gives some specific
values to the energy consumption of the shore power
process while the latter transposes the energy provided
into CO2 emissions relocated to the energy production
industry, utilising conversion data from [19].

450

400

—
=

330

300

H T

250

—H—h

200

150 ﬁ
=
—
100 I:I_[

T
1, 25%

1]

Relocated emissions [T]

T T T T T T T
2,25% 1,50% 2,50% L, 75% 2,7%% 1 100% 2 100%
shorepower connections, % of equipped carriers

Figure 14: CO2 emissions relocation

4.2.2. Wind-assited shipping

To test the effects of wind-assisted carriers visiting
the terminal, similar experiments to the one described
in the previous sections were carried out.
As stated in 2.7.2, no changes should take place in the



terminal in order to be able to serve carriers equipped
with wind propulsion technologies, thus the only
varying input amongst the different simulation runs was
the percentage of wind-assisted carriers visiting the
terminal. Furthermore, a hindering coefficient of 0.7
was set to alter the capacity of the unloaders interacting
with these ships.
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Figure 15: Obtained throughput for fleets characterised by different
wind-assisted carriers percentage

As expected, the results shown in Fig. 15 under-
line how the service of wind-assisted carriers slows
down terminal operations on the seaside, reducing the
throughput capacity of the terminal. As stated in 2.7.2

4.3. Common Industrial Practices

As in many other sectors dealing with complex
systems, the design of dry bulk terminals is strongly
based on common industrial practices. Handbooks
such as [15] provided a huge variety of factors and
rules of thumb that are normally applied in this field,
obtaining results that are in line with the necessities of
the systems.

For example, the total capacity of a terminal is normally
set on the common benchmark rules that a terminal
performs a turnover between 12 and 24 times a year
(the yearly throughput is between 12 and 24 times the
total capacity) and that in order to be able to serve
carriers timely a minimum capacity of one and half the
DWT of the largest served carrier should be available
in the terminal.

However valid these practices could be, in a world in
which the efficient allocation of resources becomes
every day more important for both economic and
environmental reasons, a review and investigation of

the most common (and vague) used design rules would
surely bring benefits.

As a first small step, in this work, the initial design
obtained through static calculations based on these
common practices of a terminal commissioned to
the engineering consultancy company Royal Haskon-
ingDHV was simulated and its performance was
analysed.

The following paragraph summarises the terminal’s
suggested layout, and how it was obtained.

e Quay
The length of the maximum carrier that will be
served at the terminal amounts to 255m, the quay
was thus discretised into two berths each of 122.5m
each.

e Seaside equipment
One of the possible equipment selections proposed
by Royal HaskoningDHV engineers features two
mechanical continuous unloaders with a capacity
of 900 T/h each.

e Conveying lines
Two conveying lines with 900 T/h capacity respec-
tively connect the seaside of the terminal to the
storage and landside.

e Storage
According to the previously metioned rules of
thumbs, the storage was designed with a capacity
of 0.68 MT divided into 12 5000 T and 4 2000 T
silos.

e Landside equipment

Concerning the Landside, the terminal was de-
signed with 4 truck loading stations with an aver-
age capacity of 200 T/h. This number is obtained
by dividing the yearly throughput by the truck size
thus obtaining the yearly number of trucks, and
consequently the trucks per day. Multiplying this
number by the rule of thumb peak coefficient 1.5,
the peak number of trucks is obtained. Using this
number and the service and transit time of each
truck and dividing it by daily working hours, the
needed number of stations is obtained.

Fig. 10 shows that the terminal designed has a
healthy behaviour, being able to achieve the desired
throughput in all the simulation runs.
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Figure 16: Obtained throughput in different simulation runs

Furthermore, the values reported in Fig. 17 show a
satisfactory behaviour of the storage system, charac-
terised by a strong link with the generated and obtained
throughput.
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Figure 17: Average silo utilisation in different simulation runs

In order to validate or debunk the factors commonly

used in the industry previously explained, a series of
simulation runs were performed analysing systems in
which those rules were not applied.
Fig. 18 features the results obtained without applying
the peak factor when calculating the necessary number
of landslide stations, leading to 3 stations instead of
four. The results show how the system severely under
performs with this new setup, being able to reach
approximately 50% of the targeted throughput.
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Figure 18: Obtained throughput in different simulation runs

Analysing the amount stored in the terminal along

the original simulations it was noted that only in a few
occasions during the year the terminal would reach
maximum capacity. For this reason another series
of simulations was carried out with a total capacity
reduced to 0.52 MT.
The results reported in Fig.19 shows that, when the
generated throughput equal the targeted one, the ter-
minal does face some minor difficulties, showing that
the total capacity needed to properly perform is indeed
better estimated by the design process conducted using
the common industrial practices.
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Figure 19: Obtained throughput in different simulation runs

These experiments showed how, even if not sup-
ported by much scientific proof, the utilisation of
peak factors and other coefficients is fundamental to
design appropriate systems. This shows that queuing
theory and static calculations are able to capture the
system behaviour only until a certain degree and



thus the results obtained with these methods have to be
tweaked in order to reach the targeted design objectives.

5. Conclusions and outlook

The current work features the modelling and imple-
mentation of a generic DE simulation tool for grain
terminals, involving emission-saving operations such
as cold ironing and wind-assisted carriers’ reception.
In order to obtain this final objective, a literature study
about simulation in both dry bulk terminals and other
cargo terminals was performed, to understand the
main challenges and trends of the sector. Furthermore,
the operations typical to this system were investi-
gated, described and modelled through two different
methodologies, the second of which focuses on the
development of generic models and was developed in
this work.

Along with the analysis of the normal operations of
the system, the gaps for the implementation of GHG
emissions-saving procedures and innovations were
investigated, identifying the previously mentioned
ones.

The created tool was applied to different scenarios
to gain insights into the analysed system and its
behaviours, to understand to what extent the added
emissions-saving operations would affect the system
and what gains they would produce, and to validate or
debunk common industrial practices of the field.

The developed model is able to capture the general
behaviour of the system with good approximation while
simplifying the simulation setup process, normally
very cumbersome. Furthermore, the tool features stan-
dardised inputs and outputs, chosen according to the
system needs and the common KPIs monitored when
evaluating this kind of system. In addition, the model
reports outputs concerning the energy consumption of
the system, not often included in normal analysis.

The series of experiments carried out showed that
the one analysed is a very complex system, acting as
a major buffer in a fundamental supply chain. This
last function obliges terminals to feature imposing
infrastructures, fundamental to face peaks of arrivals
but otherwise characterised by low utilisation. More-
over, the importance of seaside and storage capacity
was analysed, showing how these two characteristics
strongly affect terminal overall performances. The
importance of the correct selection of seaside equip-
ment and relative connecting routing system in order
to achieve energy efficiency with respect to capacity,
specific energy consumption, and number of pieces was
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underlined by the performed experiments too. Lastly,
some quantitative results concerning the implemen-
tation of GHG emissions-reducing operations were
obtained, showing that OPS could lead to the relocation
of a substantial amount of emissions while increasing
the energy consumption of the terminal in the range of
5-25% and that the reception of wind-assisted carriers
will have relatively high detrimental effects on terminal
performances if the considered coefficients are in line
with real operations. Lastly, the utilisation of the
common industrial practices was validated, showing
that the avoidance of the use of the so-called rules of
thumb leads to inefficient systems.

From these results it appears clear that smoothing of
the supply chain through better coordination between
the two different branches would allow terminals for
smaller infrastructure and complexity, obtaining more
efficient and less environmentally taxing systems.
Furthermore, the implementation of shore power con-
nections and wind-assisted carriers’ reception would
bring major improvements in the marine trade environ-
mental impact, while necessitating great measures and
investments to achieve their correct implementation
without incurring in hindering the system’s perfor-
mance. With the employment of both these innovations
terminals do not alter their direct environmental impact
but allow their clients to reduce theirs. However, the
adoption of the first technology would bring direct
economic advantages to the terminals, making them
energy supplier for the carriers at berth and thus cred-
itable of a payment. On the other hand, the reception of
wind-assisted carriers would only be a source of more
inefficient operations for the terminal operators, making
them major negative stakeholder in the implementation
of this revolutionary technology. Attention of policy
makers and market regulators will be needed in order
to not hinder the commercial development of this new
emissions-cutting trend.

However, this study is affected by a series of limita-
tions. As for all simulation model, the results obtained
by the one discussed in this work depend heavily on
the input data available. If incomplete or inaccurate
data is used to develop a simulation set-up, incomplete
and inaccurate results will be obtained. Gathering
accurate data of such economically and strategically
import system is not always straightforward. If the
specific data required to run the model is not obtained
its performance are fairly hindered, an example of this
is the loading distributions mentioned in the validation
of the export model. Furthermore, an approximation
was made on the density of the materials handled was
made, considering all quantities by their weight and by



their volume. The difference between the density values
of the materials is not vast and thus it should not have
led to major mistakes. However, given the amount of
material handled, it could have a non-negligible effect
on the system’s behaviour.

From the environmental point of view, two major
limitations were individuated. Firstly, the energy
consumption monitoring method implemented in the
model is based on a constant rated power value and
coefficient. This choice is not in line with the utilisation
of equipment capacity distribution and could lead to an
overestimation of the consumed energy. Furthermore,
the wind-assisted hindering coefficient was chosen in
a relatively arbitrary manner, because of the complete
lack of data about the operations. This could lead to
unreliable results.

Nonetheless, it is believed that this tool could play
an important role in the normal engineering process
followed by RHDHV engineers, making high-level
simulation an embedded and low-cost practice in the
design and evaluation of terminals. Furthermore, the
possibility of easily simulating the implementation of
GHG emissions-saving operations could lead to a larger
interest in both the engineers and the clients, enhancing
the efforts to reach the energy efficiency needed to meet
the current environmental needs.

Based on the work reported in this study many research
lines could be followed in order to improve both the
developed tool and the understanding of the analysed
system. Firstly, the investigation and implementation
of different operational policies and the possibility
of choosing between them would surely enhance
the tool’s effectiveness, making it able to simulate
different managerial choices done in different situations
and thus analyse their effectiveness. Furthermore,
embedding an optimised parcel allocation procedure
would allow users to get further insight into the correct
utilisation of such a fundamental resource for the
system. Moreover, better modelling of the power
consumption of equipment and the correct calibration
of the coefficients used in this process and in the
wind-assisted carriers’ reception would give the tool
more accuracy and adherence to reality when used
to analyse those aspects of the system. Lastly, the
experiments reported in this work barely scratch the
surface of the possible application of this tool to gain
better insights into the system performances and the
shore power connections in particular. The use of
the developed tool to analyse more complex layouts
and scenarios would bring important results to better
understand how these newly introduced operations
would affect the terminal behaviours and what environ-
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mental gains could be obtained by their implementation.
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