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summary

The maritime industry is under increasing pressure to reduce its greenhouse gas (GHG) emissions.
European ports, including the Port of Rotterdam, are transitioning to sustainable solutions to reduce
their environmental impact [1]. Since the Port of Rotterdam is large, patrol and incident-response (RPA)
vessels are needed to ensure a safe port. However, the existing fleet is reaching its operational end
of life. These vessels currently rely on conventional propulsion systems, which are not in line with the
sustainability goals of the Port of Rotterdam. The Port of Rotterdam performed research with several
companies to see what type of renewable energy solutions could be applied to the new RPA vessels.
Given the 24/7 operational profile and energy demands of (relatively small) RPA vessels, a battery
or hydrogen propulsion system installed onboard the vessels was not an option. Therefore, another
possibility was proposed: the (rapid) swapping of energy modules to and from the vessel at swapping
stations.

This research addresses the challenge of designing an optimal configuration for such a swapping
method based on the operational sailing profiles of RPA vessels. A systematic methodology was ap-
plied, starting with a literature review for the technical and operational issues. The findings highlighted
the feasibility of implementing a Battery Energy Storage System (BESS) powered by lithium-ion batter-
ies, supported by decentralised swapping and charging stations structure. Different concepts for the
Battery Swapping Method (BSM) were considered from which the Shfitr concept was the most promis-
ing application for this thesis. The Shiftr concept uses cranes to automatically swap energy modules
to and from vessels. Different optimisation methods were investigated to see which one best supports
finding an optimal configuration (energy modules, swapping/charging stations and vehicle related). It
was concluded that a Mixed Integer Linear Programming method could be best applied, with the objec-
tive to minimise downtime of the swapping process for different configurations.

A mathematical model for the optimisation model was developed to minimise downtime during swap-
ping, incorporating historical AIS data to simulate the vessels’ operational profiles. This optimisation
model can track both the vessel r and the modules m for each time ¢t. This mathematical model is made
in Gurobi (Python) and can, for different configurations, minimise the total swapping time for a given
period of data. The configurations are used as input data, including the number of energy modules and
the number/placement of swapping and charging stations based on the energy consumption of vessels
and their sailing path defined during the pre-processing. Verification and validation confirmed the opti-
misation model was working, although computational challenges were observed when validating each
individual vessel.

After verification and validation, two case studies were performed, which included multiple vessels. Due
to the rapid increase in computational time, only two case studies were performed with two and three
vessels, respectively. Except for the number of vessels, the configuration from the pre-processing
was the same for both the case studies. For both cases, the number of swaps was in line with the
expectations of each case and confirmed the working of the optimisation model. As the vessels only
lost minutes on swapping while sailing for hours before the modules were depleted, a low swapping
frequency was observed in the optimisation model. At the same time, there are too many swapping
stations in the configuration, leading to a lot of unused energy modules.

In conclusion, the optimisation model can successfully optimise the sailing path to minimise swapping
time, for a specific configuration. However, the research question of finding the optimal configuration
could not be answered fully. Therefore, further research is needed to address computational limitations
and to optimise module utilisation. This thesis provides a foundation for swapping renewable energy
sources in modules, for relatively small vessels, which are operational 24/7.
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Introduction

The European Union (EU) has set targets for Greenhouse Gas (GHG) emissions. According to the
European Climate Law, net GHG emissions should be reduced by, at least, 55% compared to the
(overall) levels of 1990 by 2030 to reach net zero GHG emissions by 2050 eventually [2]. To quantify this
goal, the European Environment Agency (EEA) has published a data viewer [3] (with data until 2021)
where the (total) GHG emissions for each EU member state for each year can be seen compared to the
levels of 1990. According to this data viewer, the EU achieved a total reduction (all member states) of
net emissions (UNFCCC) of 30.41% in 2021, where an overall trend in the reduction of GHG emissions
can be seen. The transport sector has a substantial negative effect on the environment in the EU, where
25% of the total GHG emissions are related to transport [4]. This percentage is mainly because of the
current advanced modern society, where production and consumption depend on transport [5].

In the transport sector, maritime transport contributes to many cumulative pressures on Europe’s re-
gional seas [5]. It is estimated that maritime transport represented 3 to 4% of the total GHG in 2021 [6].
The EEA has provided a factual analysis of environmental pressure exerted by the maritime transport
sector, the ‘European Maritime Transport Environmental Report 2021’ [7]. This report researches the
challenges and opportunities for the shipping sector. The EEA has concluded that the maritime indus-
try has a significant environmental pressure on the atmosphere of the marine environment. To reduce
GHG emissions, renewable energy is used to achieve the reduction goal. Transitioning to renewable
energy sources, such as solar, wind and hydropower, is essential to reduce climate change and sig-
nificantly reducing carbon dioxide and other harmful emissions associated with conventional energy
production [8].

Ports in Europe have identified the necessity for implementing more sustainable alternatives for prod-
ucts and/or services and using renewable energy sources. The Port of Amsterdam, for instance, has
set the objective of becoming one of Europe’s most sustainable ports by 2030 [9]. Additionally, the Port
of Antwerp has established objectives for a more sustainable port in the future, including an increase
in freight transported by rail, inland navigation, and pipelines [10]. Furthermore, the Port of Rotterdam
is improving the sustainability of marine transport by facilitating the use of clean bunkering fuels and
new innovative developments (green hydrogen, biofuels and recycling activities). They also stimulate
users to be sustainable through discounts if the companies comply with environmental performances in
order to be net-positive [11]. As GHGs become increasingly important for clients and regulation, it is in
the interest of the ports to consider sustainable solutions and make business cases of those. With this
growing emphasis on sustainability, the ports are competing at the level of applying ‘green’ solutions
since environmental issues are and will be more important in the future.

Among the ports in Europe, the Port of Rotterdam is the largest port [1]. In 2018, the Port of Rotterdam
handled 441 million tonnes of freight, more than double compared to the second largest European port,
the Port of Antwerp (212 million tonnes of freight) [12]. Besides the large numbers of freight, the Port
of Rotterdam also has a large surface area of 12,600 hectares [1]. To ensure a safe port, the Port of
Rotterdam has a fleet of patrol- (Figure 1.1) and incident-response (Figure 1.2) vessels, also known
as RPA (Rotterdam Port Authority) vessels. Their task within the Port of Rotterdam is to patrol and



respond to incidents. Both vessel types are operating 24/7. However, these vessels have conventional
propulsion systems, which are not sustainable and are not in line with the goals of the Port of Rotterdam.

Figure 1.1: Patrol vessel (RPA 8) [13] Figure 1.2: Response-incident vessel (RPA 12) [14]

In the coming years, the majority of those vessels will reach their end of life. As a result, the RPA ves-
sels must either be refitted or renewed. Since the vessels will be refitted or renewed in the near future,
the Port of Rotterdam wants to do this in line with their sustainability goals, where zero-emission opera-
tion of the vessel is their primary goal. The Port of Rotterdam has collaborated with several companies
to research the possibility of applying renewable energy for RPA vessels, including batteries and hydro-
gen. According to these internal sources, the required energy demand for the given operational profile
(maximum speeds, range, and duration of shifts) exceeds the available space in those vessels. It was
therefore concluded that either the operational profile should be reconsidered or alternative solutions
should be proposed.

Since the operational profile is not likely to be changed, an alternative possible concept is proposed:
swapping energy modules with renewable energy. A swapping concept is where a vehicle (vessel) can
access swapping- and charging locations, enabling the swapping of depleted energy modules for fully
charged energy modules where the empty energy modules will be charged outside the vehicle (vessel).
The range of vehicles to which this method is applied varies from electric vehicles (EVs) [15], electric
taxis [16], [17], electric scooters [18], automated guided vehicles (AGVs) [19] and specific application
in the maritime sector [20]-[22]. For all those (commercial) transportation methods, the main reason is
minimising downtime while maintaining operational efficiency.

For example, Zero Emission Services (ZES) has already implemented this strategy with a similar con-
cept of swapping battery containers for container barges in the Netherlands, parts of Germany and
Belgium [21]. Existing infrastructure is used for container terminals to swap the depleted battery con-
tainers for fully charged battery containers. Furthermore, the container barges have pre-defined sailing
paths where swapping stations are stationed alongside the route. Besides ZES, the company Shiftr
plans to use the swapping concept for ferries in Norway with a pre-defined sailing path [22].

Nonetheless, the swapping concept has already been applied for container vessels (and will be for
ferries) in the maritime sector but it is not yet applied to RPA vessels. Compared to ferries and container
barges, the design of an RPA vessel is significantly different (e.g. smaller), and thus the method of ZES
can probably not be applied. Furthermore, the infrastructure to facilitate the swapping concept within
the port of Rotterdam is not yet available.

There are two problems with applying this method to these vessels. The first problem is the technical
issue, so what is needed to use a swapping mechanism with those relatively small vessels? Since the
RPA vessels will be refitted or renewed in the future, research is required to apply such a system for
these vessels. This will be researched on a high level, where the concept of a swapping method for
this vessel type is discussed. The other issue is the question of how often these vessels need a swap,
and due to the 24/7 response task of those vessels, what is the most optimal configuration? To answer
the second question, the first part should be known. Since the swapping concept has not yet been
applied to patrol and incident-response vessels (RPAs), research will be done whether this concept
can be used. This thesis focuses on the second problem, which is to optimize different configurations
of the swapping method. In this way, the Port of Rotterdam can use this optimisation model to also



consider other configurations. Therefore, the main research question of this thesis is as follows:

What is the optimal configuration (number of energy modules, swapping stations and charging
stations) for the swapping concept for patrol and incident-response vessels (RPAs) in the Port of
Rotterdam?

The thesis is divided into different chapters, in which the thesis outlines to answer the main research
question. Every chapter has its own sub-question, which are answered in the specific chapter. The
thesis will start with a literature review, where the first part of the literature review is used to research the
necessary parts of the swapping concept. This first part discusses the type of energy storage that can
be used, the storage medium, the swapping method, the charging methods, and the actual concept.
Together, they will define what is needed to apply this to RPA vessels and when this method can be
applied in the future. This first part is based on the technical application and what is required to have
such a system. The second part of the literature review is what method can be used to optimise such
a system. Based on this optimisation model, other configurations can also be used, which can be
beneficial for the Port of Rotterdam when more details are known about the replacement of the RPA
vessels.

Based on the literature review, the methods chapter (CH3) is discussed. This chapter begins with the
scope (CH3.1) of this research based on a literature review. After the scope, the conceptual process
(CH3.2) is discussed. This is for the current situation and the “improved” situation. Then, the model
description and the Mathematical Model are described. The mathematical model includes everything
to model the situation for this research.

After defining the mathematical model as discussed in CH3.2, the pre-processing chapter (CH4) is
specified. This chapter consists of everything needed to optimise based on the mathematical model.
The main objective of pre-processing is to reduce the calculations for the optimisation model, which
can be done upfront. Also, pre-processing is necessary so that the optimisation model does not have
to calculate each distance, time, and power consumption, which would make the optimisation model
slower in computational time. This ranges from the choice of which data is used (vessels and swapping
method) to the estimations of the power consumption of the RPA vessels. The data for the vessel,
the (historical) AIS location data specific zones, data handling (when there are data gaps), the power
estimation and the actual parameters for the used swapping method are discussed.

After specifying the mathematical model, verification and validation (CH5) are performed. This chapter
ensures the optimisation model is correctly implemented and feasible for this research. For the vali-
dation, each RPA vessel is validated if this specific RPA vessel can use the swapping method based
on the pre-processing. The actual choice of the vessels should be valid; when a vessel cannot be
swapped as an individual vessel, applying those vessels in combination has no purpose. After this
validation, different case studies (CH6) are performed. These case studies focus on applying multiple
RPA vessels, which is used to answer the main question of whether a swapping method can be used
and what the optimal configuration is. Based on these chapters, a conclusion, discussion and future
research are discussed in CH7.



Literature Review

Renewable energy adoption is a fundamental driver in the transition of global energy systems away from
fossil fuels. This shift is needed to achieve carbon neutrality and is critical in promoting sustainability in
various industrial sectors, including the maritime sector. Central to this transition is optimising energy
storage solutions, which are needed for managing renewable energy sources.

The Port of Rotterdam has performed internal research (with multiple companies) to apply (installed)
batteries and hydrogen in the RPA vessels. According to these internal researches, both options were
considered unfeasible since the required energy demand for the operational profile of the RPA vessels
was higher than the space available. Therefore the swapping of energy was suggested. Because
the swapping concept has not yet been applied to RPA vessels, it is important to study the relevant
literature for this method. Given that the Port of Rotterdam is still in the early stages of the renewal and
refitting of the RPA vessels, there is great uncertainty. Consequently, it is necessary to ascertain what
can be found in the literature.

The primary purpose of the literature is to research both the technical and the operational aspects of a
swapping method for RPA vessels in the Port of Rotterdam with random sailing paths. The literature
review is divided into seven sections, each with its sub-questions. The first five sections are used to
research the technical issue, so what is needed to apply a swapping method within the Port of Rot-
terdam for RPA vessels? Chapter 2.1 describes the different energy storage systems (ESS) used to
store renewable energy. In the next Chapter 2.2, the application of this ESS for a swapping method is
described. Chapter 2.3 discusses the various types of batteries available in the market. Chapter 2.4
describes what battery charging stations are and which configuration best suits for this research. Chap-
ter 2.5 describes different (applied) swapping methods in the maritime sector. Chapter 2.6 describes
the operational issue and what optimisation can be used to research the optimal configuration of the
swapping method in the Port of Rotterdam, and the research methodology that can best be applied to
this thesis. Finally, chapter 2.7 provides the literature gap for the thesis. The sub-questions used in
each chapter are listed below:

1. What is an Energy Storage System (ESS) and which system can be best applied for this thesis?
(CH2.1)

What is a Battery Swapping Method (BSM)? (CH2.2)

Which battery types are used for Energy Storage Systems? (CH2.3)
What is the best charging strategy for charging stations? (CH2.4)
What are the different swapping concepts in the market? (CH2.5)
What is the research methodology for the thesis? (CHZ2.6)

What is the literature gap? (CH2.7)
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2.1. Energy Storage System

The increasing global adoption of renewable energy sources has increased the amount of generated
energy [23]. Since renewable energy output fluctuates because of weather conditions and time of day,
energy storage is important if the renewable electricity cannot be used instantly. Therefore, Energy
Storage Systems (ESS) have been introduced. An ESS refers to converting energy, in different forms,
to a storage medium. These systems enable excess energy, produced during optimal conditions, to be
stored and utilised during periods of low generation or high demand which increases the reliability and
efficiency [24]. Eventually, this energy is converted back to electrical energy when needed. It can be
used for different purposes, such as [25]:

Peak shaving electrical load demands

Offering dynamic energy management

Mitigating the variability of power generation from renewable sources
Improving power quality/reliability

Electric Vehicle Charging Stations

Helping with the management of distributed/standby power generation
Reducing electrical energy import during peak demand periods

NOoO O WN =

These systems come in various forms, each suitable for different scales and applications. Common
types of energy storage include Pumped Hydro Storage (PHES), Thermal Energy Storage (TES), Fly-
wheel Energy Storage (FES), Compressed Air Energy Storage (CAES), Hydrogen Energy Storage
(HES) and Battery Energy Storage (BES). Each ESS plays a crucial role in smoothing out the supply
variability, ensuring that the energy generated from renewable can replace conventional power sources
effectively. Based on the initial research performed by the Port of Rotterdam and the application of ESS
for vessels, the BES (Chapter 2.1.2) and HES (Chapter 2.1.1) systems will be discussed in this chapter.
Both will be compared with the direct and indirect use of the ESS for the application of the RPA vessels.

2.1.1. Hydrogen Energy Storage

Hydrogen is considered a promising secondary energy source (energy carrier) for future applications
[26], [27], and is the most abundant and simple substance in the universe [28]. Hydrogen is a carbon-
free fuel (if the used electricity is renewable electricity [29]), and its oxidation process results in zero
carbon dioxide emissions [27]. Moreover, it can be converted to electricity, and compared to fossil
fuels, it is quieter, produces less pollution (the only byproduct is water), and can be more efficient [25],
[30], [31]. The hydrogen can be stored and used as a clean fuel for various applications, including
electricity generation, transportation, and industrial processes [26]. It uses two separate processes for
storing energy and generating electricity [25]. Firstly, HES converts (surplus) renewable electricity into
hydrogen through electrolysis [26]. Electrolysis is the process where electricity is used to split water
H>0 into hydrogen H, and oxygen O, where the overall reaction is 2H,O — 2H5 + O, [28], [31]. The
hydrogen is then stored or fed into a fuel cell, which converts chemical energy in hydrogen and oxygen
into electricity [32]. Figure 2.1 illustrates the process schematically.
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Figure 2.1: Hydrogen Energy Storage Topology [25].
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The HES system can be split into hydrogen production (with renewable energy sources for powering
this system) and electricity generation with fuel cells. The produced hydrogen can be stored in the
vessel, where these tanks are connected to the fuel cells, which convert the hydrogen into electricity
to directly propel the vessel. The production of hydrogen can either be centralised or decentralised,
where the first has transportation issues (e.g. carbon emissions due to the transport), and the second
could potentially have safety issues when producing this in the port. It is crucial that, if a HES system
is used, the hydrogen is produced with 100% renewable energy to ensure the produced hydrogen is
renewable as well. This method was also researched by the Port of Rotterdam, but due to the lack of
available space this was no option. If this method is applied to interchangeable modules, it will take
time to refuel the energy modules. Even more, it is most likely that the use of interchangeable modules
with hydrogen will have technical issues.

2.1.2. Battery Energy Storage System (BES)

A Battery Energy Storage System (BESS) system uses batteries as a storage medium. A battery con-
verts chemical energy into electrical energy and uses the electrochemical reactions to store and release
energy efficiently (varies with battery types and technology) [33]. The BESS systems consist of inter-
connected arrays of rechargeable batteries (in series or parallel) for later electricity use [25]. Bu et al.
[34] researched the BESS for external power supply, which contains all the necessary parts such as
fans, air conditioning, battery modules, safety modules and fire measurement features. Electrochemi-
cal energy storage in batteries is attractive because it is compact (compared to the other ESSs), easy
to deploy, economical and provides virtually instant response to the input from the battery and output
from the network to the battery [23]. The schematic diagram of a BESS can be seen in Figure 2.2.
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Figure 2.2: Battery Energy Storage System schematic diagram [25].

For the BES system, renewable energy can be used to power the vessel with batteries via cables directly.
The vessel should then need enough batteries to power the vessels for the sailing profile, which is also a
disadvantage because the energy density of batteries is lower compared to that of internal combustion
engines (ICE). Another disadvantage is that charging the vessels takes significantly more time than
fuelling conventional fuels, which decreases the operational time of the vessels. This was also the
conclusion of the Port of Rotterdam, so installing batteries to directly power the vessel is no option. On
the other hand, if batteries can be swapped in and from the vessel this could be an option. Therefore,
this could be an interesting swapping method.

2.1.3. Conclusion

In this section, the BES and HES were discussed. The application to RPA vessels in the Port of
Rotterdam is specific, and due to the 24/7 response task it is essential to swap the energy as fast as
possible. The BES system could potentially be applied when batteries are interchangeable. For the
HES, it is more complicated to apply this method with interchangeable energy modules. Therefore, the
BES will be used in this thesis for further research. However, it is essential to keep track of the progress
of ESSs, especially when ESSs will be available with more energy-dense structures and other storage
mediums, which could be interesting for the application to RPA vessels in the future.
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2.2. Swapping Station

Conventional plug-in EVs (PHEV), which are charged on site, have experienced several problems in
the past such as high purchase costs [35]-[39], long charging times [35], [40], [41], battery degradation
[35], [42], travelling distance per charge [35], [39], [43], [44] and inconvenient charging facilities [35],
[45] have been restricted the promotion of EVs. Therefore, Battery Charging Stations (BCS) have been
introduced [35], [39] to optimise the charging problem. However, due to the material properties of the
batteries and the charging technologies, queuing and range anxiety were still a problem [35], [46].

One of the mentioned problems is range anxiety. According to the Cambridge Dictionary [47], range
anxiety is: “The fear that an electric vehicle will not have enough battery charge to take you where you
want to go”. This problem is addressed in the literature and is one of the prominent substantial barriers
to the eventual adoption of EVs [48]. Noel et al. [48] raised the question whether range anxiety was a
technical, mental problem, or even both and whether the range anxiety decreased the experience or
not. They argued that those questions could not be answered and introduced a rhetorical construction
of range anxiety. This was based on rhetoric reaction, where conservative forces and actors often
resisted social changes and innovations. They concluded that range anxiety is neither purely technical
nor psychological.

Based on the disadvantages of EVs, an alternative method was researched and introduced: the Battery
Swapping Method (BSM). A BSM is the swapping of depleted batteries (DB) for fully charged batteries
(FD) at a Battery Swapping Station (BSS) [49], where the depleted batteries are charged at a BCS [50].
This method is applied to reduce the downtime due to charging. The BSM was initially introduced in
2011 by the company Better Place [51]. They experimented with this method in Denmark and later
promoted it in Australia, Japan and China. However, the company went bankrupt in 2013 because
the market was not ready, the customer acceptance was low due to not owing the battery [52], it was
premature, and there was a lack of understanding of battery characteristics, swapping costs, charging
time and maintenance [51], [53]. However, in recent years, the BSM has been applied in several cases.
The BSM is shown in Figure 2.3.
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Figure 2.3: The operation framework of BSS [39].

2.2.1. Electric Vehicles

Due to the continuous growth of the EV market and technological advances, many companies have
accelerated the adoption of the BSM. The range of vehicles in which the BSM is applied varies from
Electric Vehicles (EVs) [15], electric taxis [16], [17], electric scooters [18], electric Busses [54] and
Automated Guided Vehicles (AGVs) [19]. Also, For all these (commercial) transport methods, the main
reason is to minimise downtime while maintaining operational efficiency.

Despite the increased adoption of the BSM, the BSM also has challenges. Schmidt [51] has researched
this for the BSM in the car industry. He discussed the acceptance of battery-swapping technology
and the lack of support from (car) manufacturers for implementing the BSM. Schmidt mentioned that
for success, disadvantages needed to be eliminated. Both Adegbohun et al. [52] and Schmidt [51]
mentioned the low customer acceptance for BSS operators, the swapping of healthier batteries for older
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batteries (range uncertainty and degradation), the low support of (car) manufacturers, standardisation
of battery packs, disproportional high infrastructure and logistical costs (compared to conventional/fast-
charging stations) and concerns about data protection due to the need of tracking of the battery packs.

Adegbohun et al. [52] researched the methodology for increasing EV adoption based on the Battery
Sharing Stations (BShS), Battery Sharing Networks (BShN), which are a variant of the BSS. In their
research, they mentioned that one of the disadvantages is the high costs of ownership because the
price of the battery of an EV is 25% - 50% of the vehicle [49], [52], [55]. The high ownership costs can
be solved by a third party, leasing/pay-as-you-go model, which owns the batteries and is responsible
for the health, decommissioning and battery recycling. This leasing/pay-as-you-go construction can be
a possible solution to this high initial investment cost [45].

2.2.2. Shipping industry

The BSM is significantly less applied in the shipping industry compared to other transportation sectors,
as mentioned in the previous sections. Therefore, the European Commission has performed an inno-
vation research named Current Direct, funded by the European Commission’s Horizon 2020 program,
to research the (battery) swapping concept [56]. They researched an innovative energy-as-a-service
platform to accelerate the shift to clean energy. This study researched the relevant stakeholders, the
operational and business requirements, the certification/ regulatory framework for waterborne transport
batteries, the battery charging infrastructure and the recycling method. Figure 2.4 shows the layout of
the Current Direct EcoSystem.
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Figure 2.4: Current Direct EcoSystem [56]

Despite the pushing of the European Commission, problems still occurred. One of the problems is the
amount of energy needed to propel a ship, which is based on the vessel's shape. Therefore, larger
ships need significantly more energy to propel them compared to other transportation sectors (e.g. cars
and buses). Moreover, the weight of the batteries is a problem since vessels are limited in the weight
they can carry because of their buoyancy. Also, an increase in weight, and therefore draft, will increase
the power needed to propel the ship since the resistance is higher (squared to the needed power). Also,
infrastructure is a problem where vessels are floating; therefore, swapping energy is more difficult than
BSM on land.

However, there is research on the application of the BSM in the Maritime industry. Zhang et al. [20]
stated that the increased needed power for all-electric battery-powered ships resulted in increased
charging times, longer routes and more batteries that could not be placed in the vessels. Therefore,
Zhang et al. proposed the application of the BSM for an All Eclectic Ship (AES) in the Yangtze River
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in China. They proposed a BSM for cargo vessels, with a sailing path between Port A and Port B.
Intermediate BSSs were added, and for each swapping station, the batteries were charged on the spot.
Zhang et al. have researched the siting, sizing, optimal scheduling and cost-benefit analysis of battery
swapping stations [53]. The primary purpose of the research of Zhang et al. [20] was to determine the
optimal speed for AES where battery-swapping was used to minimise the operational costs between
Port A and Port B. This can be seen in Figure 2.5 and Figure 2.6.
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Figure 2.5: The battery-swapping process in the battery swapping station (BSS) [20]
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Figure 2.6: The battery-swapping process in the battery swapping station (BSS) [20]

Zhang et al. [20] are not discussing the layout of the BSS since those BSS are using the infrastruc-
ture of the container transhipment. For a BSS on land, the accessibility of swapping stations is more
straightforward compared to swapping stations where ships are involved. Compared to land transporta-
tion, the vessel has to connect to the swapping station or have systems to load the batteries into the
vessel. Therefore, most of the literature is not directly applied to the maritime sector, but the main
working principle is (discussed in the previous section).

2.2.3. Conclusion

It can be concluded that there is a potential for adopting the battery swapping method in the maritime
industry compared to the battery swapping stations used for land infrastructure-based EVs. However,
the maritime industry faces obstacles to the energy requirements of ships, the significant weight con-
straints due to buoyancy, and the complexity of swapping batteries in a floating environment, especially
when applied to RPA vessels. While the BSM offers a potential reduction in downtime for recharging
and could theoretically improve operational efficiency, the practical application within the maritime in-
dustry requires innovative approaches to overcome the physical and logistical problems, which include
adapting the infrastructure for effective battery swapping and swapping mechanisms specifically made
for maritime conditions for specific types of vessels.
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2.3. Energy Modules

Based on the ESS discussed in Chapter 2.1 and the BSM in Chapter 2.2, the storage medium will
be batteries. A battery is a device which stores electrical energy. In a battery, chemical energy is
converted into electrical energy [57]. There are two types of batteries [58]; disposable and rechargeable
batteries (Redox, reduction-oxidation, a process when the battery is charged and discharged) [59].
This process involves electrochemical reactions where electrons are transferred from one material to
another (depending on the type of battery), creating an electrical current. Specifically, a battery consists
of two electrodes (an anode and a cathode) and an electrolyte [33]. The anode undergoes oxidation
(loses electrons), and the cathode undergoes reduction (gains electrons). The electrolyte facilitates the
movement of ions between the electrodes, which helps maintain charge balance throughout the cell.
The flow of electrons from the anode to the cathode through an external circuit provides the electrical
energy to power devices. A battery has two stages: charging (Figure 2.7) and discharging (Figure 2.8).
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Figure 2.7: Charging Battery [57] Figure 2.8: Discharging Battery [57]

In the following subsections, three different battery types are discussed: Lead-Acid (Chapter 2.3.1),
Nickel-Cadmium (Chapter 2.3.2) and Lithium-lon batteries (Chapter 2.3.3) for the potential application
for a swapping method (Chapter 4.6). The utilisation of EVs remains limited compared to ICEs because
of their low energy densities [60]. Especially when looking at the application of batteries in vessels with
limited space, the energy/power density and specific energy/power are essential. Furthermore, the
round trip efficiency and service life will impact the choice of battery type. Also the environmental impact
is important. At last, the batteries are compared on energy and power costs. All these specifications
will be compared for the considered battery types.

2.3.1. Lead-Acid Batteries

Gaston & Plante invented the Lead-Acid battery (Pb-Acid) type (LABs) in 1859 [61], [62], one of the
oldest battery types in the world. The main component of LABs is lead (Pb) and can be divided into
two categories: Flooded and sealed/valve-regulated LABs [62]. LABs have the advantages of mature
technology, stable performance, good safety, low price and reliability [61]. For example, this battery
type is used in the automobile and electric bike market [61]. Disadvantages for LABs are short cycle life
(500- 1000 cycles [33]), low energy density, low cycle life when deeply discharged, and low-temperature
performance of LABs [61], [63]. Also, 85% of the worldwide production of lead is used for those battery
types [64] where lead is very toxic and is found in the earth’s crust, which is harmful [64] and has a
high impact on the environment (mining, processing and recycling). Another disadvantage is battery
degradation. The temperature sensitivity of LABs degrades significantly above 25°C. Also, the typical
state of charge (SOC) window is 50%, and above this percentage, the efficiency significantly drops.

2.3.2. Nickel-Cadmium Batteries

Nickel-based batteries were invented in 1899 by Waldemar Jungner [65]. The positive electrode has
nickel oxyhydroxide as the active material and metallic cadmium as the negative electrode [63]. Cad-
mium is highly toxic, but NiCd batteries can be recycled or disposed safely when the proper precau-
tionary actions are taken [59]. Nickel-cadmium batteries have high charge/discharge cycle life [58],
can function at extreme temperatures, have high internal resistance [58] and charge quickly. However,
those batteries also have rapid self-discharge, low cell voltage, low energy density, and hazardous
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Cadmium [59]. Nickel-Cadmium batteries can withstand high temperatures but perform poorly and are
generally avoided for ESS [63]. Nickel-cadmium batteries are affected by the memory effect, which
defines battery degradation when it is partially charged and discharged [58].

2.3.3. Lithium-ion Batteries

The concept of Lithium-lon (Li-lon) batteries (LIBs) dates from the 1970s, when the widespread adop-
tion came in the '90s [62]. LIBs operate on the principle of lithium ions moving between the cathode and
anode during charging and discharging cycles, allowing energy storage and release [62], [66]. LIBs are
applied to a wide range of devices such as phones, laptops, Electric Vehicles (EVs) and large-scale
ESS (BES), and more than 85% of new energy storage distribution installations from 2016 are using
Li-ion batteries [67]. Storage systems using LIBs have the advantages of long life, lightweight and high
adaptability and therefore, these systems are preferred in BESS [34]. Furthermore, LIBs have high
power density and high efficiency [63]. Disadvantages are high production cost and special charging
circuit requirements [63]. Furthermore, the cycle-life of LIBs will significantly increase when the limit
is 89% of the rated capacity [62]. However, it significantly decreases when the temperature is above
45°C due to the temperature sensitivity of LIBs.

2.3.4. Conclusion

Based on the previous sub-sections, different types of batteries were discussed and compared to each
other. The summary can be seenin Table 2.1. It can be concluded, based on Table 2.1, that Lithium-lon
can be best applied for this thesis. First of all, the application of lithium-ion batteries is widely adopted.
This means that the technological readiness of those batteries is higher than that of other battery types.
Also, the battery energy/power density, the specific energy/power and efficiency are high. The only
disadvantages are investment and operational costs, but those are expected to decrease in the future.
Therefore, this is the best option to use at this moment for a BSM.

Table 2.1: Comparison of available batteries to store renewable energy

Energy Power Specific Specific Round-trip Serive Technology Envir Energy Power
Density Density Energy Power Efficiency Life Maturity Impact Costs Costs
(kWh/m?) (kW/m?) (kW/kg) (W/kg) (%) (years) -) ) ($/kWh) ($/kW)
80 [62] 10 - 400 [68] 30- 50 [69] 75-300[68] | 65-80[70] | 5- 15 [68] Commercialized [71] | High [72] 120 - 150 [73] | 300 - 600 [73]
100 [33] 10 - 400 [72] 25-32[73] 180 -200[69] | 70-90[68] | 5- 15 [69] 54-337[74] | 326 -651[74]
PbAcid | 50-80[68] | 10-700(73] 20 - 35[75] 74-415(76] | 85[77) 200 - 400 [73] | 200 - 300 [72]
(cHz1) | 50-801721 15 - 40 [76] 25 [75) 70 - 80 [69] 200 - 400 [78]
<) | 50-90[25]
100 [62]
30 - 50 [70]
60- 150 [68] | 150 - 300 [73] | 50 - 75 [68] 150 - 300 [68] | 72 [69] 10-20[68] | Commercialized [72] | High [72] 800 - 1500 [25] | 500 - 1500 [73]
NiCd 30- 150 [76] | 100 -450 [25] | 50 - 75 [79] 100 - 160 [69] | 60-70[79] | 13 -20 [69] 400 - 2400 [73]
(CH2.3.2) | 60150 73] 50 - 75 [70] 140 - 180 [75] 10 [76]
e 30 - 80 [69] 150 - 300 [79] 5-20[79]
40 - 60 [75] 50 - 150 [76]
200- 500 [68] | 50 - 800 [80] 200 [70] 150 - 315 [68] | 95 [70] 5-15 [68] Demonstration [77] | Medium/low [72] | 600 - 2500 [81] | 1300 - 4342 [74]
200-500[82] | 1000 - 5000 [68] | 75-200 [68] | 80-200[67] | 85-98[79] | 5-15[79] Proven [72] 600-1300[72] | 1200 - 4000 [72]
Li-lon 150 -400[25] | >5000 [79] 75-200([79] | 185-370[69] | 78-88[69] | 14-16[69] | Commercialized [72] 900 - 4000 [73]
(CH2.3.3) | 170-300[69] 80 - 200 [69] 85 [83] 6- 20 [76]
100 - 200 [75]
90 - 200 [76]

The literature also shows that Lithium-lon is applied more. Liu et al. [84] have predicted that in the
coming years, nickel- and lead-acid-based batteries will be replaced by LIBs and that those batteries
will dominate the market in powering and transportation in the next decade(s). This aligns with the
literature found and displayed in Table 2.1. Muslimin et al. [58] also concluded that Li-ion batteries
are the most common used batteries in EVS because of the long cycle life, high energy capacity, high
safety level and lack of toxic gassing problems. The only disadvantage of Li-lon batteries is their cost,
which is higher than that of other battery types. However, studies suggest that the energy and power
costs of Li-lon batteries will decrease in the future [85].

However, the battery market is evolving and several studies have indicated that more energy-dense
batteries could enter the market in the coming years [86]. For example, the solid state batteries which
promise higher energy densities, excellent safety, and longer lifespans than traditional lithium-ion batter-
ies due to their solid electrolyte (replacing the liquid/gel electrolytes in conventional Li-ion batteries) [87].
Disadvantages are the slow kinetics of ion diffusion, chemical instabilities, local mechanical and struc-
tural instabilities, and the necessity of renewing the existing Li-ion assembly [87], [88]. Furthermore,
solid-state batteries are more expensive to produce than traditional lithium-ion batteries [89]. However,
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Solid-state batteries are still in the development and testing phases and have not been widely commer-
cialised [90]. The technology is advancing, but there are challenges related to manufacturing at scale,
cost and ensuring consistent performance across a wide range of temperatures and usage conditions
[91]. But, these battery types should be followed.

2.4. Charging Station

A part of the BSM is Battery Charging Stations (BCS). A BCS is a station where the depleted batteries
are stored and charged to be swapped at a later stadium when an EV wants a swap. This process can
be seen in Figure 2.9. The BCS is not newly introduced for the BSM; it was already applied for PHEVs.
The difference, however, is that the batteries, in combination with the BSM, are stored and charged
separately. In this way, the EV does not have to wait until the batteries are fully charged.

Battery
SHATEINE Bl Fesrersm I -------------------------

discharging | Empty batteries |
BSS | Batteries under charging |

| Full batteries |

e e s R

EV1 EV2 ... EVn
Empty | | Empty || || Empty

battery | | battery battery

Figure 2.9: Structure of EVs power supply through BSS [92].

2.4.1. Charging strategies

Leijon and Bostrom [46] researched different charging strategies for different EVs since there was an
expected increase in used EVs. There are two types of charging, by cables and conductive charging
[46]. Leijon and Bostrém [46] concluded that the preferred charging strategy depends on the type of
electric vehicles and other factors where battery data is crucial for charging strategies. Charging can
be divided into three different charging modes. Level 1 (AC) charging with speeds up to 5kW, level
2 charging (AC) with speeds typically ranging from 5kW — 50kW and Direct Current Quick Charging
(DCQC) or DCFC (Direct Current Fast Charge) with typical speeds ranging from 50kW and higher[38],
[93]. However, types of EVs (especially PHEVs) and batteries may have different charging service
requirements. Therefore, it is difficult to have one charging station which could facilitate a multi-class
of customers and service quality [38]. This would be different if one type of battery is used in the BSM.
In this way, the charging can be optimised for BCS.

Wu et al. [55] mentioned that the charging time varies depending on different charging technologies and
equipment types. Fast charging is a solution, but it can potentially cause damage/ battery degradation
to batteries and give rise to a heavy load on the power grid [38], [93]. This is higher than slower
AC charging, especially with the DCFC of Li-ion battery cells. Timilsina et al. [94] researched the
degradation mechanism in lithium-ion batteries for EVs and PHEVs. Also, these high charging speeds
can lead to unsustainable load spikes on the distribution grid [52]. Different operating conditions affect
the ageing mechanism differently. Timilsina et al. [94] focused on the physical and chemical changes,
and they concluded that the battery’s operating condition and environment are essential for the charging
strategy. Therefore, slow charging is still dominant [86]. Furthermore, Infante et al. [45] mentioned that
the charging strategy is highly correlated to battery degradation and service time.

Feng et al. [39] have discussed the three different charging strategies. The first one is reducing the grid
load. The charging costs can be reduced significantly if a charging model is making load predictions [95],
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which can reduce the grid load. Secondly is the Queuing theory, which influences the main indicators
considered to be the blocking degree at the service level. The last is the economic perspective, which
aims to achieve the maximum benefit or lowest cost of BSSs and, thus, BCSs.

2.4.2. Battery degradation

Battery degradation refers to the process by which a battery loses its capacity and efficiency over time,
losing its ability to store and deliver power effectively [96]. This phenomenon is particularly relevant
in lithium-ion batteries for EVs and renewable ESSs [97]. The primary mechanisms driving battery
degradation include physical changes such as the growth of the solid electrolyte interphase (SEI) layer,
lithium plating, and mechanical stresses within the cell, as well as chemical changes like electrolyte
decomposition and active material dissolution [98]. These degradation processes are influenced by
charge/discharge cycles, depth of discharge, operating temperature, and current intensity. As a result,
battery degradation reduces the battery’s usable life in terms of performance, safety, and economic
viability [99]. Understanding and mitigating battery degradation is crucial for improving battery systems’
cycle life and efficiency [100].

Since battery degradation affects the performance of the batteries, it is important to indicate this to
elaborate this with the customer. This is done with the State of Health (SOH). The SOH is essential
because if batteries are delivered to customers when their performance (the amount of energy deliv-
ered) is lower, it will affect their acceptance eventually. Yang et al. [101] proposed a battery allocation
strategy where batteries were divided into different levels. The first level (SOH < 0.6), the second level
(0.6 < SOH < 0.8) and the third level (0.8 < SOH < 1). In this way, the batteries are continuously
recycled between the BSS (and thus BCS) and the customers. This can be seen in the following figure,
Figure 2.10.
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Figure 2.10: Battery Allocation strategy [101].

2.4.3. (De)Centralised charging infrastructure

There are two different charging infrastructures; centralised and decentralized charging structures [53].
In Centralized Battery Charging Stations (CBCS), depleted batteries are collected and transported to
centralised facilities or sites for recharging [102], [103]. They are often located away from the swapping
station, leading to logistical challenges such as higher operational costs due to warehouse rents. This
model benefits from economies of scale in energy management and can integrate seamlessly with
existing power grid systems [103], but also has a low utilisation rate of charging facilities.

The Decentralised Battery Charging Stations (DBCS) approach addresses some of the inefficiencies
seen in CBCS. In this model, the BCS is stationed near the BSS so that fully charged batteries can
quickly be deployed, empty batteries can quickly be charged, and it has a local inventory that can
be easily accessed. DS also significantly cuts down on the costs of renting large warehouse spaces
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and increases the utilisation rates of recharging facilities. On the other hand, decentralised systems
involve numerous smaller, strategically placed swapping stations that offer flexibility and access across
a broader area. These stations typically support the localised charging of batteries, and reduce the
centralised grid load[35], [104]. A drawback of the DC Stations is the need for perfectly coordinated
swapping station requirements, the scheduling of charging operations and battery logistics [105].

2.4.4. Impact on electricity grid

Rao et al. [106] discussed how EV drivers’ behaviour in battery swapping affects the power grid, sug-
gesting that optimal charging management (OCM) could minimise adverse impacts on the power grid
and generation. Sarker et al. [107] investigated the business case and optimisation model for EV
battery swapping stations, emphasising their benefits to the power system by providing better energy
management solutions and balancing demand and supply on the grid. Wu [35] surveyed operational
modes and decision scenarios in battery swapping stations, pointing out the direct influences on power
grid performance and the need for strategic planning to accommodate the growing number of EVs. Li et
al. [108] discussed a centralised scheduling strategy for battery swapping, which could potentially im-
prove the stability and reliability of power grid operations by mitigating the erratic nature of EV charging
demands.

2.4.5. Safety

The safety of charging is highly important, which includes the EV itself, batteries, electrical systems, fire,
electrical shocks and cyber-security [46]. Acharya et al. [109] are mentioning that the charging infras-
tructure can be attacked by spoofing (disguising as a legitimate source or process), tampering (unautho-
rised alteration or destruction of data or a process), repudiation (irresponsibility of actions performed),
information disclosure (unauthorised acquisition and dissemination of information), Denial-of-service
(DOD) (state where any authorised entry is deprived of reliable and timely access to services and infor-
mation) and elevation of privilege (attacker gains extra privileges circumventing standard authorisation
protocols). Nowadays, those types of cyber-securities are relevant and should be considered.

2.4.6. Conclusion

In this section of the literature review, the BCS was discussed. Several strategies have been presented
for charging the batteries. The benefit of BSSs, and thus charging stations, is that batteries can be
charged as optimally as possible. This can reduce battery degradation, improving the SOH and optimal
use of the BCS. However, the advantage of slower charging also has a downside. Slower battery
charging results in fewer batteries being available if there are a lot of EVs demanding batteries. One
advantage of slower battery charging is that it extends the battery’s lifetime. However, the optimisation
between battery lifetime and charging speed is not within the scope of this thesis. For this thesis,
a specific (constant) charging speed will be chosen. This can be modified if the optimisation model
indicates that the BSM cannot be applied. The primary focus is on the general applicability of the BSM
and the potential for applying the RPA vessel with this method.

The centralised and decentralised charging infrastructure were discussed as well. Applying (large)
battery modules on RPA vessels is the best way to do this in decentralised in combination with the
BSS. To move the batteries to a centralised facility or site is, from the perspective of the BSM, not
the most ideal option for this application of the BSM. Therefore, in this thesis, a decentralised BCS in
combination with a BSS will be used. Optimal charging management could be introduced to optimise
this. However, for this thesis, this is not within the scope.

This is more complicated when looking at the impact on the electricity grid. The battery charging is
correlated with the demand of the electricity grid. This can be solved by optimal charging management.
Also, safety is important since the batteries are within the Port of Rotterdam. The BSS can also have
two additional benefits for the power grid: the reliability of unsustainable penetration of the grid and a
controlled/scheduled charging of depleted batteries and charging those batteries at peak hours. Also,
charged batteries can be used as storage aggregators and the application of smart grids [52]. In this
way, it can be solved. However, this is not directly within the scope of the thesis.
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2.5. Swapping Concepts

From a market perspective, the BSM is already applied in the maritime industry, but not specifically for
vessels with an uncertain sailing profile like the RPA vessels. This section discusses the application of
three different Battery Swapping Concepts. The first is the ZES-pack container concept, which uses
containerised energy modules that are already operational for container barges. The second battery-
swapping concept is based on the ZES-pack containerised energy modules. However, it has another
application (container barges differ from RPA vessels) and is in an early design phase. The last one is
a concept that uses cranes to load and unload battery modules on the vessel.

2.5.1. ZES-pack containers (Zero Emission Services)

Zero Emission Services (ZES) is a company with the objective of accelerating the energy transition
for sustainable inland waterway transport. ZES uses BSSs to facilitate swapping depleted battery
containers for fully charged batteries (within 15 minutes) [21]. This technology is currently applied at
container barges to reduce charging downtime. ZES facilitates the pay-per-use of 20-foot containers
(2000 kW h) with renewable energy, which can be easily scaled and are available at different locations
in the Netherlands and some parts of Belgium and Germany. This pay-per-use method minimises
the upfront costs for ship owners, reduces financial barriers, and promotes the widespread adoption
of sustainability in the maritime sector. The containers have control, safety and cooling systems and
are fire-safe. When the containers are not in use, the ZES-pack containers can stabilise or balance
the energy demand and supply for the electricity grid. Furthermore, these containers can be used for
purposes other than the shipping industry, such as events or construction sites. Additionally, different
energy sources could be used for the same concept in the future. The ZES-pack concept can be seen
in Figure 2.11.

Exchangeable energy containers Charging infrastructure Pay-per-Use
(ZESpacks)

Figure 2.11: Zero Emission Services (ZES) [21]

2.5.2. Pontoon concept (with ZES-containers) (Port of Rotterdam)

Based on the ZES-pack concept, the Port of Rotterdam has explored the market and came up with an
alternative. This is an implementation where the ZES-packs play a significant role. Since the ZES-pack
is based on container barges, the RPA vessel design should need an adoption where the containers
can be (un)loaded to the RPA vessel. The idea is to use a floating pontoon, where the ZES-pack
containers are stationed and charged, to move containers (automatically) to and from the vessel. One
of the disadvantages is that this concept is not yet applied in the industry and, therefore, needs to be
researched. The concept can be seen in Figure 2.12.

Figure 2.12: Port of Rotterdam concept (internal source)
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2.5.3. Cranes (SHIFTR)

SHIFTR has a system where battery packs are interchanged on deck with a crane. SHIFTR is a
company that aims to enable zero-emission operations for ferries in Norway through an autonomous
battery swap system. This system reduces time at the quay and allows for continuous operation at high
speeds, benefiting ship owners, passengers, and the environment. SHIFTR’s technology can also suit
new vessels and retrofits, including wave tide compensation. The technology aims to keep vessels
running efficiently without charging during peak hours. SHIFTR does not yet have an operational func-
tioning system, but SHIFTR’s autonomous battery-swapping solution with a cutting-edge autonomous
battery swap has the potential. SHIFTR plans to apply this system to Norway’s fast-ferry industry,
where the crane system can revolutionise this branch. Also, the batteries’ footprint is smaller than that
of ZES-pack containers since the batteries are designed specifically for this system. The concept can
be seen in 2.13 and Figure 2.14.

>\ Nz A

Figure 2.13: SHIFTR concept for interchangeable Figure 2.14: SHIFTR concept for interchangeable
batteries (1) [22] batteries (2) [22]

2.5.4. Conclusion

Based on the three different BSM applications, the concept of the Port of Rotterdam is not likely to be
applied during this thesis. The main reason is the early design phase and the resources (e.g. money,
time and infrastructure) needed to further design this concept, which is not within the scope of the thesis.
Also, the practical application of the BSM is different from that of RPA vessels compared to container
barges since RPA vessels are not designed to accommodate 20-foot containers. Furthermore, the
main station (where the RPAs are stationed) will need a pontoon (design) from which the containers
are charged and swapped. This is different compared to container barges, which already have the
necessary infrastructure available on their route. Also, the technology readiness level (TRL) from the
ZES-pack-based concept of the Port of Rotterdam is less than the SHIFTR concept. The SHIFTR
concept also requires modifications to the current RPA design since the energy containers will be placed
on the deck (e.g. stability). However, the SHIFTR concept is more likely to be used compared to the
other concepts.

The choice of the SHIFTR concept is mainly due to the practical application based on the current
design of the RPA vessels. However, it should be mentioned that every concept is effectively related
to parameters. This parameter-based approach defines various concepts, applying one concept to the
optimisation model. This approach allows flexibility, as the model can be hypothetically adjusted to
accommodate new concepts as the market evolves. In Chapter 4, the SHIFTR concept and the used
parameters for the optimisation model will be discussed.
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2.6. Operational Research Methodology

From the previous sections, it was concluded that a BESS (CH2.1) could be used in this thesis, in
combination with a BSS (CH2.2) with Lithium-lon batteries (CH2.3). Furthermore, a BCS (CH2.4) was
researched to facilitate the BSM. The combination resulted in the SHIFTR concept (CH2.5). Based on
this technical part of applying a BSM, the operational part is discussed in this section. It is essential
to research how the BSM can be optimised. From this point forward, the literature review is used to
research potential optimisation methodologies. This can be divided into four different types of optimi-
sation based on the already discussed literature:

1. Swapping Stations
There are two views of the BSS: the view of the customer and the BSS operator. From the per-
spective of BSS, optimal sizing and siting are important for BSS operators since the accessibility
of BSS is an important service for customers. From a customer perspective, fast service time is
important since longer waiting times reduce the operational time of the customers.

2. Energy Modules
The energy modules in the system can be optimised independently; too many energy modules will
affect the cost, but fewer energy modules will increase the service time since customers cannot
swap batteries instantly.

3. Charging Stations
For the BCS, effective charging could be the main optimisation method.

4. Vehicle related (Shortest path and optimal scheduling)
From the perspective of the customers, going to the swapping station, swapping and going back
to the original tasks can be minimized to maximize operational time.

Based on these four topics, different literature is research and displayed in Table 2.2. In this table,
the relevant studies (including references), objectives, subjects and used optimisation methods can be
seen. In this table, six different optimisation methods were found: Linear Programming (LP), Mixed
Integer Linear Programming (MILP), Mixed Integer Programming (MIP), Robust Optimization (RO),
Markov Decision Process (MDP) and General Algorithm (GA). These optimisation methods will be first
explained, and in 2.6.6 in the following section, followed by the Table 2.2 in Chapter 2.6.6.

2.6.1. Linear Programming

Linear programming (LP) is a mathematical method used to optimise a linear objective function, which
includes decision variables and linear (in)equality constraints applied for different fields such as trans-
portation and production planning [110]. LP has multiple advantages such as quality decision, maximi-
sation of resources, complex problems, multiple constraints, simplicity, and multi-purpose [111]. The
downsides of LP are the assumption of constant parameters, integer values, single objective, linear
objective functions and constraints and certainty is needed for objectives and constraints which might
not be known beforehand [111]. LP models are primarily categorised into two types: deterministic and
stochastic. Deterministic LP assumes that all parameters are known with certainty, simplifying prob-
lem formulation and solution. In contrast, stochastic LP deals with uncertainty in data, incorporating
scenarios or probability distributions within constraints or the objective function [112].

2.6.2. Mixed Integer (Linear) Programming

Mixed Integer Programming (MIP) is a mathematical optimisation technique that involves problems
where some variables are constrained to be integers while others can be non-integers [113]. A specific
form of MIP is mixed integer linear programming (MILP), which is restricted to a linear objective func-
tion and its constraints. These models are formulated with a linear objective function to be optimised
(maximised or minimised) subject to a set of linear constraints [114]. The integration of integer vari-
ables allows these techniques to handle complex scheduling, resource allocation, and network design
tasks effectively, making MIP and MILP powerful tools in operational research and various industrial
applications [115], [116]. For example, in supply chain optimisation, MILP can determine the most
cost-effective way to transport goods while adhering to capacity constraints [113], [117]. MIP problems
typically involve advanced algorithms such as branch-and-bound, cutting planes, and heuristic meth-
ods [118]. These algorithms use an iterative method to explore feasible solutions and improve them to
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find the optimal solution. MIP is a powerful tool for decision-making involving continuous and discrete
choices in real-world scenarios [118].

2.6.3. Markov decision process

A Markov Decision Process (MDP) is a mathematical framework utilised for modelling decision-making
scenarios where the outcomes are influenced by randomness and the decisions made by the decision
maker [119]. MDPs are characterised by a set of states, actions, transition probabilities that define the
likelihood of moving from one state to another given an action, and a reward function which assigns a
value to each transition between states [120]. The objective of an MDP is to find a policy, which is a
rule that the decision maker follows in selecting actions based on the current state, that maximises the
cumulative reward over time, often under conditions of uncertainty [119]. This framework is widely used
in various fields such as robotics, automated control, economics, and artificial intelligence, particularly
in stochastic control and reinforcement learning, where an agent learns to make decisions by interacting
with a complex, uncertain environment [120].

2.6.4. Robust optimization

Robust optimisation is a branch of optimisation that deals with decision-making under uncertainty [121],
[122]. It aims to provide solutions immune to input data variations within specified bounds. Traditional
optimisation methods often assume precise and deterministic input data, which is not always realistic in
many practical applications (e.g. supply chain management) [123], finance [124], and engineering [125].
Robust optimisation counters this by incorporating uncertainty directly into the optimisation model. The
method focuses on constructing feasible solutions for all possible variations of the uncertain parameters
defined within a prescribed uncertainty set [126]. The key feature of robust optimisation is its ability
to offer solutions that guarantee performance against the worst-case scenario, thus ensuring greater
reliability and stability of the outcomes in unpredictable environments [121]. This approach is precious
when it is difficult to accurately estimate the uncertain parameters’ probability distributions, making it a
conservative yet convenient tool for decision-makers facing uncertain conditions [125].

2.6.5. Generic Algorithms

Genetic algorithms (GAs) are heuristic optimisation methods inspired by the principles of natural se-
lection and genetics [127]. These algorithms are particularly effective for solving complex optimisation
problems where traditional methods may falter due to the non-linearity, high dimensionality, or discon-
tinuity of the solution space [128]. A typical GA operates by maintaining a population of potential solu-
tions encoded as chromosomes [127]. Through iterative selection, crossover, and mutation processes,
GAs evolve this population towards optimal solutions [55]. The selection emphasises fitter solutions,
enhancing their likelihood of propagating their characteristics to subsequent generations. Crossover
combines pairs of solutions to explore new regions of the solution space, while mutation introduces
random alterations to maintain genetic diversity and avoid premature convergence [129]. The robust-
ness of GAs in exploring diverse solution landscapes makes them valuable in various fields, including
engineering, economics, and biological research [129]. Their adaptability and efficiency in handling
multi-objective and constrained optimisation problems underscore their significance in contemporary
optimisation models [130].

2.6.6. Relevant literature

In this section, the considered studies are discussed based on the discussed optimisation methods: Lin-
ear Programming (LP), Mixed Integer Linear Programming (MILP), Mixed Integer Programming (MIP),
Robust Optimization (RO), Markov Decision Process (MDP) and General Algorithm (GA). If the optimi-
sation method is used, it is indicated with a green checkmark.
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Table 2.2: Different optimisation studies from the literature
Reference Objective Subject LP | MILP | MIP | RO | MDP | GA

Kuby and Lim (2005) [131]

Maximise traffic flow

Refueling range-limited AFVs

Kuby and Lim (2007) [132]

Maximise traffic flow

Candidates site along arcs for
range-limited vehicles

Kim and Kuby (2013) [133]

Maximise traffic flow

Refueling range-limited AFVs

Chung (2015) [134]

Maximise traffic flow

Multi-period  optimisation  for
charging station location plan-
ning for EVs

Wang and Lin (2009) [135]

Minimise total costs

Battery Charging Stations EVs

Wang and Wang (2010)
[136]

Minimise costs and
maximise coverage

Refueling range-limited AFVs

worst-case probability

Tu et al. (2016) [137] Maximise (charging) | Battery Charging stations EVs
service (ET)

Mak et al. (2013) [138] Minimise worst-case | Infrastructure planning EVs Bat-
costs, maximise | tery Swapping

Yang et Sun (2015) [92]

Minimise travel/ invest-
ment cost

BSS locating-routing problem for
EVs

Hof et al [139]

Minimise travel/ invest-
ment cost

BSS locating-routing problem for
EVs

Yang et al. (2017) [140]

Maximise total profit

Optimising
BSS/BCS

planning of

Chen et al. (2016) [141]

Minimise social costs

Optimising deployment of charg-
ing lanes for EVs

Xi et al. (2013) [142]

Maximise the number
of charged EVs

Location of (public) BCS infras-
tructure

Dong et al. (2014) [143]

Minimise missed trips

EVs BCS location and siting

Cavades etal. (2015)[144]

Maximise satisfied de-
mand

EVs BCS location and siting

Asamer et al. (2016) [145]

Maximise total trips

EVs BCS location

Chen et al. (2017) [146]

Minimise total costs

Planning PHEVs for BSCs

Flath et al. (2014) [147]

Minimise total charg-
ing costs

Improving EVs Charging Coordi-
nation

Qi et al. (2014) [148]

Maximise total utility

Coordination of charging PHEVs

Iversen et al. (2014) [149]

Maximise revenue

Optimal charging of EVs

Nurre et al. (2014) [150]

Maximise profit

BSS for PHEVs

Boyaci et al. (2014) [151]

Maximise net revenue

Relocation problem one-way
(sharing) EV

Bruglieri et al. (2014) [152]

Maximise satisfied re-
quest

Relocation problem one-way
(sharing) EV

Kim and Kuby (2011) [153]

Station location opti-
mization model

Hydrogen Stations

An et al. (2020) [104]

Minimise total invest-
ment BSS

BSS planning electric buses with
local charging

battery costs

Sarker et al. (2015) [107] Maximise operator | Limited EV range vehicles
profit
Armstrong et al. (2013) | Maximise operator | Optimal recharging strategy
[154] profit BSS EVs
Wau et al. (2015) [55] Maximizing batteries | Optimisation for EVs for BSSs
in stock, minimise

Wu et al. (2018) [50]

Minimizing the number
of batteries

Optimisation for EVs for BSSs

Infante et al. (2020) [45]

Minimizing battery
degradation costs

Coordinated management and
ration assessment of EVs BCS

Sepetanc et al.  (2020) | Maximise number of | EVs BSSs

[155] batteries, minimizing
charging power

Zhang et al. (2014) [156] Minimizing  charging | Optimal scheduling of EVs BSS
costs

Mahoor et al. (2019) [157]

Minimizing operation
costs

Least-cost operation for BSS
with random customer request

2.6.7. Conclusion

Optimising on four different topics requires more advanced optimisation models. Since the RPA ves-
sel should have a maximal operation profile, the optimisation will be based on minimising the time a
vessel is busy with the swapping process (so vehicle related). Based on the studied literature, most
optimisations were executed with MILP and thefore this optimisation method will be used in this thesis.
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2.7. Literature Gap

Based on the literature discussed in this chapter, the literature gap can be formulated. In this literature
review, both the technical as the operation issue for a BSM was discussed. For the technical part, the
ESS (CH2.1), the swapping station (CH2.2), the energy modules (CH2.3, the charging station (CH2.4
and concepts for applying the BSM (CH2.5) were discussed.

It was concluded that a BESS (CH2.1) could be best applied for this research, in combination with a
swapping method explained in Chapter 2.2. The Battery Swapping Stations were introduced as an
alternative to PHEVs, which had several problems in the past. In the transportation sector, it was
already applied to different types of vehicles, such as electric cars, buses, taxis, and steps and was
discussed in Chapter 2.2.1. However, little to no literature was available for the application of the
BSM for vessels (CH2.2.2) and if available, this would have been with specific sailing paths instead of
uncertain sailing paths.

In Chapter 2.3.4, the energy modules were discussed. Based on a comparison of different batteries
(Table 2.1), it was concluded that lithium-ion batteries could be best applied in this research for the
BSM. From a literature perspective, there is enough research available on lithium-ion batteries, and
there is no specific literature gap in this field for applying those batteries.

In the fourth section (CH2.4), the Battery Charging Station (BCS) was discussed. This section dis-
cussed multiple topics such as the charging strategies (CH2.4.1), battery degradation (H2.4.2), cen-
tralised or decentralised charging infrastructure, the impact on the electricity grid (CH2.4.4) and safety
(CH2.4.5). Battery degradation, the impact on the electricity grid, and the safety of BCS are important,
but they are not directly relevant to the scope of the thesis. The integration with the BSS is important for
this thesis, especially if the BSS and the BCS are combined (decentralised) or not (centralised). A cen-
tralised infrastructure was not feasible for applying the BSM for RPA vessels. Combined with lithium-ion
batteries, it was concluded that the BSS and BCS should be combined; thus, a decentralised structure
was needed. From a literature perspective, the combination of BSSs and BCSs was discussed in
different papers, but not specifically for vessels with uncertain sailing paths.

In the fifth section (CH2.5), the different potential concepts were discussed based on the first four
sections. The company ZES, a variant of the ZES concept and the SHIFTR company were discussed.
None of the companies applied the BSM for vessels with an uncertain sailing path. However, the
SHIFTR concept can potentially be used for this thesis because the integration with the cranes can be
better implemented than in the case of the cranes and ZES-pack containers. Little to no literature was
available on the application of those systems. Some applications were applied, like the company ZES,
which uses the BSM for inland container barges with a specific sailing path. Again, the application
for vessels with an uncertain sailing path was unavailable. In conclusion, for the technical part of the
literature, it was concluded that there is a literature gap for the application of renewable energy sources
for vessels with an uncertain sailing path, with a relatively small footprint.

The second part of the literature discussed the operational part of applying the BSM (CH2.6). In this
section, the discussed technical parts of the BSM were considered and used to research different
optimisation methods based on several relevant studies (Table 2.2). Since the application of uncertain
sailing paths for vessels was (mostly) unavailable, similar studies were researched. In line with the
technical part of the literature, little to no literature was available for the application of optimisation
methods for this type of research. However, it was concluded that for this type of research, MILP is
most suitable for this thesis.

The overall conclusion is that the combination of BESS, lithium-ion batteries, BSS, BCS, the SHIFTR
concept and the optimisation model is not yet researched in literature. The topics are not specifically a
literature gap, but combined, they are. From this point, the thesis is performed to investigate whether
the BSM can be applied for RPA vessels in the Port of Rotterdam.



Methods

This thesis researches the application of the BSM for RPA vessels in the Port of Rotterdam where
the objective is to minimise the total swapping time time. Based on the technical part of the literature
review, a BES system with Li-lon batteries and a decentralised BCS in combination with a BSS is used
to evaluate this. Additionally, the operational part was discussed and a MILP optimisation model will
be made to identify the most optimal configuration of the BSM.

This chapter describes the methodology and is divided into three sections. Firstly, the scope of the
thesis is discussed (CH3.1). Since the thesis is in the early stages of the renewal/refitting of the RPA
vessels, it should be defined correctly. Then, the conceptual process (CH3.2) is discussed. This is
mainly based on the tasks of the vessel, the decisions that should be made, and the primary process
for both vessel types (blue and red). Finally, the mathematical model (CH3.3) is discussed, which
includes everything which is needed to make the optimisation model (sets, decision variables, param-
eters, objective function and functional constraints). Each section has its research question:

1. What is the scope of this research? (CH3.1)
2. What is the current conceptual process and how can a BSM be applied to this? (CH3.2)

3. How can the mathematical model be formulated to make an optimisation model for this specific
research for RPA vessels in the Port of Rotterdam? (CH3.3)

21
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3.1. Scope

Since the refitting/renewal of RPA vessels is in an early stage, with uncertain parameters, the thesis
must be well-scoped. Based on the technical part of the literature review (CH2.1 - CH2.5), the scope
is formulated to research the operational part of the thesis: Minimising the downtime due to swapping
for RPA vessels. As mentioned in the literature review, some of the discussed topics will be outside the
scope of this thesis. The scope of this thesis is defined as follows:

1. Swapping Stations

» Physical swapping of energy modules onto the RPA vessel, is assumed to be working. The
explained Shiftr concept is working.

» The layout of the swapping station is only implemented in the way that model-based param-
eters are used and could be changed if necessary.

» The average service time of swapping energy modules is a constant as an input parameter.

* Energy module strategies are not applied; the energy modules stationed the longest at the
swapping station are not explicitly used first (First In, First Out).

2. Energy Modules

+ Batteries are used (CH2.3) to store energy in the energy module and their characteristics
are assumed constant.

+ Battery degradation is not considered.

* Energy modules have the same dimensions and the same power output.

* The batteries’ State of Health (SOH) is the same during the optimisation.

* Linear charging speed.

3. Battery Charging Stations (BCSs)

+ Battery strategies are not considered as explained in the literature.

4. Vessels

» The sailing profile is a pre-defined set based on AIS data.

» The connection between the swapping station/crane, from a vessel’s perspective, is feasible
and assumed to be working.

* Modular design is available for the application of energy modules. However, the modular
design of the RPA itself is not within the scope.

» The energy consumption is pre-defined from a data set based on the AIS data.

+ If a swap is made, a predefined vessel speed is used to go to and from swapping stations.

» The vessel’'s design, including any system for swapping (e.g. the battery carousel as seen
in the SHIFTR concept) for swapping, is outside the scope of this thesis.

« The operating area of the RPAs remains the same.

» Distances to other swapping stations are calculated in the pre-processing.
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3.2. Conceptual process

The conceptual process of the RPA vessels is discussed in this section. In the current operation, each
RPA vessel (red or blue) starts at its main harbour, which is the Pistoolhaven, Madroelhaven or Duivel-
seiland (an outpost in Dordrecht, which is under the jurisdiction of the Port of Rotterdam). Furthermore,
a bunker location is located in the Eemhaven. From these main harbours, the vessels will sail and do
tasks such as inspecting vessels or responding to incidents (e.g. fire, man overboard or (dangerous)
goods in the water). The RPA vessels have 24/7 availability and operate three shifts (during the day)
with a different crew. The duty starts and ends at the same harbour, and the vessels have enough
energy onboard to complete the shifts (conventional power). The operating area for each location can
be seen in Figure 3.1.

Figure 3.1: Operational area RPA vessels Port of Rotterdam [Internal source/own work]

However, when a swapping method is applied to those vessels, the operating pattern will be affected
by this method since the vessel’s total energy is significantly less than conventional energy sources,
which means that the vessels most likely need a swap during the current shift. Figure 3.2 gives an
example. At time = 6 the vessel has two empty (red) modules and cannot sail further. Therefore, the
vessel should initiate a swap going to the swapping where the empty modules can be swapped for fully
charged modules (green). After the swapping of the modules, the vessel should sail back to the original
path. The implementation can be seen in the mathematical model which will be discussed in the next

section (CH3.3).
v [ mowrmsin ]
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Figure 3.2: Swapping concept
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3.3. Mathematical model

Based on the conceptual process and the scope, this section discusses the mathematical model. The
summarised version of the mathematical model can be seen in Appendix A. In this section, the sets and
indices (CH3.3.1), the (decision) variables (CH3.3.2), the parameters (CH3.3.3), the objective function
(CH3.3.4) and the (functional) constraints (CH3.3.5) will be discussed.

3.3.1. Sets and indices

Based on the scope and the conceptual process, the sets and indices are discussed. In this optimisation
model, both the vessel r and the energy modules m should be tracked for each time ¢. Furthermore,
the swapping areas s should be indicated since different zones will be used during this thesis. Due to
the decentralised structure of the BSM, the swapping station, charging station and inventory area are
indicated with index s. The reason why this same index s is used for these different sub-locations is
to make the optimisation smaller in terms of indices, which could improve the structure of the model
(otherwise, an index for charging ¢ and an index for the inventory ¢ would have been introduced). The
different sets are summarised in Table 3.1.

Table 3.1: Sets and indices for the optimisation model

Sets and indices for the optimisation model

M  Setof Energy Modulesm m € M
R  Setof RPA Vessels r r € R
S Set of Swapping Area s s €8
T Set of time ¢ t e T

3.3.2. (Decision) Variables

For this optimisation model, different (decision) variables are used. These variables can be divided into
two levels: the module and vessel level, where the module level has at least an index m, and the vessel
level has exclusive indices r and t. The module level can be divided into different subjects: modules m
located on the vessel r or located in the swapping area s, the energy level (and state) of module m and
an indication that the module is used for energy consumption for a specific vessel state. This can be
seen in Table 3.2. In this table, one continuous variable is used (l; ,,,) to indicate the actual energy level
of each module m at time ¢ while the other variables are binary variables, meaning those variables can
either be zero or one. Figure 3.4, in Chapter 3.3.5, shows the variables in an example.

Table 3.2: (Decision) Variables for the optimisation model

(Decision) Variables Explanation

Module Vessel Tt,m,r Indicating module m is located on vessel r at time t

Level Ut m,r Indicating module m is used for propulsion on vessel r at time ¢

Module Swapping  yt,m,s Indicating module m is located at swapping station s at time ¢

Level Area Ot,m,s Indicating module m is at the swapping station s at time ¢, comes from the vessel r
At,m,s Indicating module m in swapping station s at time ¢, comes from the swapping area s
SWAP; s Variable used to ensure module m is for exactly Ts.ap period at the swapping station s
Chit,m,s Indicating module m is at the charging station s at time ¢
Ingm,s Indicating module m is in inventory area, within the swapping area s, at time ¢
InSt,m,s Indicating module m is in InventorySwap area, within the swapping area s, at time ¢

Module Energy lt,m Continuous variable for the energy level of module m at time ¢

Level Modules €t,m Indicating module m is below SF,,;,, attime ¢

(EM) it,m Indicating module m has a intermediate power level at time ¢

ft,m Indicating module m has a fully charged energy module m at time ¢

Module Energy PSLt m,r Indicating module m is used at vessel r during sailing the original path at time ¢

Level Consumption PStS m, Indicating module m is used at vessel r during sailing to the swapping station at time ¢
PSbOP; m,» Indicating module m is used at vessel r during sailing back to the original path at time ¢

Vessel Vessel SLy Indicating vessel r is at a swapping station s at time ¢

Level State StSt,r Indicating vessel r is sailing to a swapping station s at time ¢
VSt,r Indicating vessel r is at swapping station s at time ¢
SbOPy Indicating vessel r is sailing back to the original path at time ¢

StartSbOP; - Indicating vessel r starts sailing back to the original path at ¢
StartStSy -  Indicating vessel r starts sailing to a swapping station at ¢
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3.3.3. Parameters

There are two different types of parameters, where the first parameters are constant for the optimisation
model. The second set of parameters depends on time ¢ for a particular vessel r or swapping area s.
This can be seen in Table 3.3. The meaning of the parameters is discussed in this chapter, but this will
be explained further in the chapter pre-processing (CH4).

Table 3.3: Parameters

Parameters for the optimisation model

Tperiod The (actual) timestep for one timestep in the model CH4.1 [ min]
Tswap The time it takes to swap CH4.6 [min]
EMy The number of modules m on each vessel r CH4.6 [-]
EMiotal Total modules m in the system - [-]
EMcapacity The total capacity of an energy module m CH4.6 [kWh]
EMstart The set of modules starting at each inventory s - [-]
SFmin The minimum safety level of modules m CH4.6 [-]
SFmaz The maximum safety level of modules m CH4.6 [-]
Psis The energy consumption for sailing to the swapping station s CH4.4.2 [kWh]
Psyop The energy consumption for sailing back to the original path s CH4.42 [kWh]
Umagz,StS The speed for sailing to the swapping station CH4.4.2  [km/h]
Umaz,SbOP The speed for sailing back to the original path CH4.4.2  [km/h]
CS Charging speed for a certain time period ¢ CH4.6 [kWh]
Py Energy consumption for sailing the original path for time ¢ for vessel CH4.4.1  [kWh]
RinZi v s The vessel r is in zone s at time ¢ CH4.4.1  []
DTss, . The time it takes to go to a swapping station at a certain time ¢ for vessel CH4.5 [min]
DTss,actuals The actual time it takes to go to a swapping station at a certain time ¢ for vessel r  CH4.5 [min]
DTspop, ' The time it takes to go back to the original path at a certain time ¢ for vessel r CH4.5 [min]
DTspop,atual, . The actual time it takes to go to a swapping station at a certain time ¢ for vessel r ~ CH4.5 [min]
SPost,r The possibility to swap for vessel r at time ¢ CH4.71  []
RBy,r Parameter which is used to indicate a vessel r is doing a task at time ¢ CH4.7.2 []
Tioaly The total duration of a swap for vessel r at time ¢ CH4.8 [min]

A more detailed explanation can be found in CH4, pre-processing. The first parameter is the energy
consumption of the vessel r, P, ,., which time and vessel depended. Also, the vessel location (latitude
and longitude) is used to specify where the vessel r is in a specific zone (RinZ; . ), which can only
be one for a particular location s. If the optimisation is considering every time to any station, this will
affect the computational time, which is not needed. Based on the objective of this thesis and the wide
span of the Port of Rotterdam, reducing the possibility of swapping (calculating the time) can reduce
the computational time. Therefore, the input parameter RinZ; , , is introduced which is used for a
vessel r sailing in a specific zone s. This parameter is essential since if all the zones s are considered,
computational time is increasing. Each zone s consists of one swapping station, charging station,
inventory and one InventorySwap are due to its decentralised structure as explained in Chapter 2.4.3.
For example, if the vessel is positioned at the Maasvlakte, it would not make sense to calculate all the
times to each swapping station besides the closest swapping area s.

Besides the locations of each vessel r for each time ¢, the optimisation model should determine for
each timestep ¢ what time it takes to reach the swapping station or return to the original path. For this
specific zone, the time it takes to reach a swapping station is calculated (DT’s;s qctual, ,.) @nd rounded
to the timestep (1}crioq), Which results in DTs.g, . Sailing back to the original path is more complicated,
but for now, the only important thing to mention is that this is the time to sail back to the original path.
This will be further elaborated in Chapter 4.5.

For some timesteps ¢, data is unavailable. To prevent the model from giving an infeasible result, pa-
rameter SPos; , excludes this timestep ¢ for vessel r for the optimisation model. Furthermore, if the
RPA is outside the main harbour and is stationary for more than two executive timesteps ¢, the vessel
r is most likely busy. This results in the parameter RB; . As said earlier, this will be explained in more
detail in the pre-processing chapter (CH4). But since those parameters are used in the mathematical
model, at least the main concept of those should be explained.
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3.3.4. Objective function

The objective of the mathematical model is to spend the least time as possible for swapping to improve
the operation time of the vessels. Suppose that a vessel r is sailing (SL; ) which can be seen in Figure
3.3. The vessel r has two modules m (z;,,.,) on the vessel r where one module m is empty (et ),
indicated with red and the other module m is intermediate (i ,,,), indicated with orange. At some point
in time, at ¢t = 6, the modules m will both be empty. Therefore, the vessel r should have started at
an earlier timestep ¢ with sailing to the swapping station (5tS; ,.), which takes DTs;s, , periods. After
this time, the vessel r reaches the swapping station s (V'.S; ) and the modules m for the vessel r can
be swapped for fully charged energy modules (f;..,) (indicated with green) which takes exactly T,yqp
periods. After the swapping sequence, the vessel r can sail back to the original path (SbOP; ;) which
takes DTsiwop,,, periods to eventually arrive at a certain point in time of the original sailing path (SL; ).

Sailing Original Path (SL[t,r]) Sailing Original Path (SL[t,r])
x[t,m, ] . xt,m,r]
s e | B [ |
x[t,m,r]
‘ t=2 ‘ Sailing to Swapping Staion (StS[t,r]) ‘ l Sailing back to Original Path (StS[t,r]) ‘ t=8 ‘
x[t,m,r] @ x[t,m,r]
StS[t,r] SbOP[t,r]
: x[tm,r]
E [ ]

l Vessel at Swapping Station (VS[t,r]) ‘ l Vessel at Swapping Station (VS[t,r]) ‘

t=5 ) J ol
-

x[t,m,r]
o B

x[t,m,r]

[t

InS[t,m,s]

InS[t,m,s]

Ch[t,m,s] i)

‘ Charging Area ‘ ‘Inven(Or‘/SwapArea‘
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o | (o o] ] ] oo o o] o] ] ] o ] [
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Figure 3.3: Summary of the mathematical model

Due to swapping sequence, the vessel r spends time which is not used for operational purposes. This
time that the vessel r is not sailing its original path (SL, ,.), is considered as downtime and this downtime
should be minimised. Therefore, the objective of this thesis is as following:

min Y Y (StSaart,, - DTsts, , + VSir + SbOPutart, , - DTsiop,,) (3.1)
teT reR
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3.3.5. (Functional) Constraints

Based on the indices (Table 3.1), the variables (Table 3.2), the parameters (Table 3.3), the objective
function (Equation 3.1) and the conceptual process (Figure 3.2) the functional constraints can be de-
fined. As discussed in Figure 3.2, the vessels r will eventually run out of energy, and a swap is required.
Figure 3.4 shows an example for a vessel r, sailing with two modules m. In this example, a fictive time
t is used. The blue parts refer to binary variables where the index r is used for either the vessels state
(SLty, StSi,r, VSt and SbOP, ) or a module m located on the vessel r (24, », and ug ., » = 1 if used
for propulsion). At the vessel level, two additional colours can be seen referring to binary variables
InS¢m,s and y; s, Which are not directly related to the vessel r (in means of the index r). If the vessel
r is sailing to the swapping station s (StS; ,.), an module m should be reserved for DTs;s, ,, , periods
at the InventorySwap (In.S; ,,s) which is indicated with gray. Furthermore, when the vessel r is at the
swapping station ('S, ,-), the module m should be swapped which is indicated with green. In this figure,
one module m will be swapped while the other is still on the vessel ». However, it is possible in this
optimisation model to swap both the modules m. The reason why the colour for V'S, ,. is green and blue,
is that one module m is still on the vessel r. The green colour indicates that the vessel r is physically
at the swapping station s where at least one module m of the vessel r is swapped for another module
m (coming from the InventorySwap InS; ., s).

Vessel level Module level
t 1 t. m=1 m=2 m=3 t
] 1 s=1 1 1
[ 2| SLer T e Xtmr Ingps T
T (Per) RinZy, =1 T (Wepmr s PSLemy) T
Stsstart tr I i T i X, i T
| 5 | 'fpgt" DTsys,, | 5| Xtmr | R nSgms | 5 | DTsts, .
6 1 6 6 1
s 1 7| | 7 |
(o] vsy | | Toum IR I S B Il 0 R
9 1 9 9 1
SbOPseare,, | [10] [ 10]] [10]
| 11 | Szgg tr DTspor,,, |11 | " xt,;mp | en Xtmr 11 DTspoep,,.
12 1 12 |7 Mems 12 |
13 13 13
[14] Sker (14 Fomr | I Temr |14
— (Per) —— Cuemr PSLemy) o —
15 15 17
SL;y; Attimet vessel r is sailing Xemr : Attimet modulemis at vesselr
StS,,: Attimet vessel r is sailing to Swapping station s Utmr ; Attimet module mis used forpropulsion of vesselr
VS, : Attimet vessel r is at Swapping station s PSLemy @ Attimetmodule mis used for propulsion when sailing (SLJt,r])
SbOPyy Attimet vessel r is sailing back to the original path PStSemr o Attimetmodule m is used for propulsion when sailing to swapping station s (StS[t,r])
P,y : Energy consumption forsailing the original path forvessel rattime t PSbOPemy : Attimetmodule m is used for propulsion when sailing back to the original path (SbOPJt,])
Psts : Energy consumption (paramter) for sailing to the swapping station Yems 1 Attimet module m is at swapping station s
Pspor : Energy consumption (parameter) for sailing back to the original path Ocms @ At t— Tswap the module m was atthevessel r
StSseart, 1 Attimetvesselris initiaing sailing to the swapping station Atms : At t=Towep themodule mwas in the swapping area s
SbOPstartyr ;  Attimetvessel ris initiating sailing back to the original path Chyms @ Attimet module m is at charging station s
Ingms @ Attimet module m is atinventory s
InSems : Attimet module m is atInventorySwap s
*Allthe variables used in this figure are binary, meaning that ifthose are displayed those are 1. Used input parameters are only used

Figure 3.4: Module level

Lets suppose that a vessel r is sailing (SL; ) in zone s (RinZ; ,, = 1) with two modules m (z¢ ).
During this sailing (SL; ), one energy module m is located on the vessel r (z ., ) and used for propul-
sion (u¢,m,» = 1) with a specific energy consumption of P, ,.. Eventually, the module m on the vessel r
(w¢,m,r) will be empty. Therefore, the optimisation model should initiate a swap (StSs¢ar, ) to prevent
the vessel r from being empty. After initiating this swap, the vessel r sails to the swapping station s
(StS;,), with an energy consumption of Ps;s, for DTs;s, , periods of time. During this DTs;s, . periods
of time, a module m from the InventorySwap (In.S; ., s) is reserved until the vessels r reaches the swap-
ping station s (V.S ,.). When the vessel r arrives at the swapping station s (V'.S; ,.), at least one module
m from the vessel r (2., ,) is transferred to the swapping station s (y; ., s) (indicated with A, ,,, ;). On
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the other hand, one module m should be transferred from the InventorySwap (/nS; ., ) (indicated with
0:.m,s)- Both the modules m should be at the swapping station s for exactly T, periods of time. Now
the modules m are swapped at the swapping station s, the modules m should correctly move to the next
location based on where the modules m came from. The module m coming from the InventorySwap
(InSt,m,s) is transferred by the swapping station s to the vessel r. After swapping the module m, the
vessel r initiates (SbO Ps;q,+, ,.) sailing back to the original path (SbOPF; ;) for DTsyop,,- periods. The
other module (m = 2) on the vessel r, which was not swapped, is now used for propulsion (u m, » = 1),
using an energy consumption of PsbOP. When the vessel r finishes sailing to sailing back to the orig-
inal path (SbOP, ), it reaches the original path (SL; ) and sails further with the power consumption
P, .. The module m coming from the vessel r goes through the swapping station to the charging station
(CH¢,m,s), where this module m is charged. Eventually, the energy module is fully charged and stored
in the Inventory (In; ., s), waiting until it is needed for the next swap.

In Figure 3.4, the energy level I, ,,, is not defined. The energy level I, ,,, decreases or increases de-
pending on the location of the module m at time ¢. There are three different levels which are used in
this thesis, which will be explained later in the constraints. The modules can be full ( f;.,,), intermediate
(4¢,m) or empty (e;..,). In Table 3.4 the restrictions can be seen for the state of the energy modules m for
different locations. Modules m at the vessels r or at the swapping station s can be full, intermediate or
empty, but if the module m is used for propulsion (u; ), the module m cannot be empty. When look-
ing to the swapping area s, modules at the charging area (Ch: ,,, s) cannot be fully charged. Modules m
in either the Inventory (In; ., ) or the InventorySwap (In.S; ., s) cannot be empty (e; .,) or intermediate
(4¢,m) since those modules should be fully charged.

State Energy range Vessel r Swapping area s

Tt,m,r Ut m,r Yt,m,s Cht,m,s Int,m,s InSt,m,s
€t,m 0 S lt,m SSszn X X X
Z't,m Sszn S lt,m S SFmax X X
ft,m SFmax S Zt,m S EMcapacity X

Table 3.4: The indication of different states of modules with a certain energy level l; .,

The previous explanation was a high level summary of the working of the constraints. The actual
(functional) constraints are divided in different parts, where each part will be discussed separately (the
overall constraints can also be seen in Appendix A):

Module position (Chapter 3.3.5.a)

Logical flow of modules (Chapter 3.3.5.b)

Modules at Swapping Station (Module level) (Chapter 3.3.5.c)
Energy level and module state(Chapter 3.3.5.d)

Vessel state (Chapter 3.3.5.e)

The correct indication of the energy level of modules (Chapter 3.3.5.1)

o gk wWwh =

a. Module position

The modules m can only be located at one specific location for each time ¢. The modules m can either
be at the vessel r (x+,,,,) or in the swapping area s (Ch¢ s, In¢.m,s OF INS: ) Which can be seen in
Constraint 3.2. Furthermore, the sum of all the modules m at a certain location r or s should be equal
to the total energy modules EM;,;,; in the system, which can be seen in Constraint 3.3.

Z xt,m,r + Z yt,m,s + Z Cht,m,s + Z Int,m,s + Z InSt,m,s =1 V te Tv m e M (32)
reR seS seS ses seS
Z Z Ti,m,r + Z Z Yt,m,s + Z Z Oht,m,s
reRmeM seSmeM seSmeM
+ Z Z Int,m,s + Z Z InSt,m,s = EMtotal Vte Tvm eEM (33)
seSmeM seSmeM
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b. Logical flow of modules

The specific module flow, as can be seen in Figure 3.4, is essential since the modules should follow this
flow at all times. Therefore, the following constraints discuss the flow of modules for a specific location.

Vessel

As can be seen in Figure 3.4 the modules m have a specific flow. A module m coming from a vessel
r (T1—1,m,r) Can only stay at the vessel r (z,.,,,) or go to the swapping station s (y: m,s), realised
by Constraint 3.4. Constraint 3.5 ensures that an module m at the vessel r (z: ) could only have
come from the vessel r (z¢—1 ) Or a swapping station s (y:—1, ). Constraints 3.6 - 3.7 ensure that
the modules m cannot move directly between the vessel r to the charging area (Chy ), inventory
(In¢,m,s) or InventorySwap (115 m ).

Z Tt—1,m,r < Z Ttm,r + Z Yt,m,s Vte {17 e 7T}7 m € M (34)
reR reR ses
Z Tt,m,r S Z Tt—1,m,r + Z Yt—1,m,s Vte {17 o aT}7 m € M (35)
ré€R reR ses
Zl‘t«,mvr < 1_ZCht—17m,s —Zlnt_17m73 —ZlnSt_l,m}s Vte {17...,T},m€ M (36)
reR ses ses ses
> wrime 1= Chims— Y Inims— Y InSim. Vte{l,...,T},me M (3.7)
reR ses seSs ses

When the module m is on the vessel r, one extra binary variable is introduced, u; ., ., which is the
usage of a specific module m on a vessel r, for time ¢. This variable can only be one if the module m is
on the vessel r, so that z; ,, , = 1. This can be seen in Constraint 3.8. The vessels r can have multiple
energy modules m onboard. However, at most, one module can be used at time ¢ for vessel r. This
can be seen in Constraint 3.9.

Ut,m,r < Ttm,r Vite T, m < M, renRr (38)

Dty <1 VteT,meM (3.9)
réR

Swapping station

Looking at Figure 3.4 the modules at the swapping station (y: , s) can come from two different locations
either the vessel(x¢—1 ) Or the InventorySwap (InS;—1,m,s). Similarly, the modules from swapping
(yt—1,m,s : green) can either go to the vessel (z;,, ) or the charging area (Ch;,, ). The swapping
station s then serves as a crossing point for modules m and therefore logic of the flow is different
from the flow of the vessel r. This logic is formulated in Constraint 3.10 - 3.11. If a module m was in
the charging area (Ch;—1.m,s) or the Inventory (In._i ., s), it cannot go to the swapping station (y: .s)
(Constraint 3.12). Also, if a module m was at the swapping station (y;_1 ), it cannot go directly to
the InventorySwap (InS; . s) or Inventory (In; ., s) (Constraint 3.13).

S s <Y Trmr + > Yerms + Y InSicims Vi€ {l....ThmeM  (3.10)

seS rER seS seS
Zyt—l,m,s S Z Ttm,r + Z Yt,m,s + Z Cht,m,s Vi S {17 “ee ,T}7 meM (311)
seES reR ses ses
D Yims 1= Chitms— > Ini1.ms Vte{l,...,T}yme M  (3.12)
seS ses ses
> Yitms 1= InSims—> Inems vie{l,....ThmeM  (3.13)

ses seS seS
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Charging, inventory and InventorySwap

The logical flow of the modules at the charging station, inventory and InventorySwap are similar to the
logical flow of the modules m onboard the vessel r. The constraints for the flow of those energy modules
m can be seen in the appendices. For the flow of modules m for the charging area in Constraint A.16
- A.19, for the modules m in the charging area Constraint A.20 - A.23, for modules m going for the
Inventory in Constraint A.24 - A.27 and modules m for the InventorySwap Constraint A.24 - A.27.

Additional

In the addition of the logical flow of the energy modules, the modules can only go to swapping station
if the vessel r is in the correct swapping area s, so the parameter RinZ, , s = 1 (CH3.3.3). This can be
seen in Constraint 3.14 - 3.15 for the vessel. Furthemore, the same is true for modules in the swapping
area and can be seen in Constraint 3.16 - 3.17.

Tt,m,r < Tt—1,m,r T Z (yt—l,m,s : RinZt,r,s) Vite {1, s aT}a meM,reR (314)
ses
Tt—1,mr < Tem,r + Z (Yt,m,s - RinZy . s) vee{l,....,T},me M,r€ R (3.15)
ses

Ytm,s < Z (Ti—1,mr - RinZy o) +InSt—1ms + Yt—1,ms VE€{l,....T},me M,se€S (3.16)
reR

ytfl,m,s S Z (:Et,m,r : RinZt,T,s) + Cht,m,s + yt,m,s v te {la e 7T}a m e Ma s € S (317)
reR

The constraints for the flow of specific modules in the swapping area s (Charging, inventory and Inven-
torySwap) can be seen in Appendix A in Constraint A.37 - A.42.

There are more specific constraints for the flow of the modules m, especially those modules m leaving
the swapping station y; ,,, s in the swapping area s. Therefore, additional constraints are introduced to
ensure the swapping of modules m is correctly performed. This is because a module m could, in theory,
come from the vessel (z ., ), go to the swapping station (y: . s), and eventually return to the same
vessel (z;m, ) (or, worse, another vessel x, ,,, ). Therefore, Constraint 3.18 and 3.19 are introduced,
preventing a module m from coming from the vessel (x; ,,, ), going to the swapping station (y: . s), and
returning to the same vessel r or a vessel r in general. When a module is at the vessel (x: ., ) and
came from the swapping station (y;rs,,.,.m,s), the module cannot be at the same vessel at the time
step t — Tswap — 1 (Tt-Ts,.,~1,m,s) SiNCE this constraint does not allow to be higher or equal to two
which prevent this situation from happening. Since the module m should stay for at least one period of
time ¢ at the vessel (x¢ ,,, ), this constraint is always working.

RinZt,'r,s (It—TS“,ap—l,m,r + yt—Tsum,p,m,s + CEt,’m,r) S 2 Vte {Tswap + 17 cee 7T}7m S ]\/Iv re R7 se s (318)

D T Tt F Yt Toagumis + 3 Tty <2 VEE{Towap +1,...,Th,m € Mys € S (3.19)
TER TER
As discussed earlier, there are two distinct flows of modules going to the swapping station (y;.., s), the
modules m coming from the vessel z; ., , and the modules m coming from the InventorySwap (In.S; , s).
The modules m from the InventorySwap (In.S; . s) also need a similar constraint. If the module m was
at time ¢t — Tsyap — 1 in the InventorySwap (InS;_ry,,,-1,m,s), it cannot be at the charging station
(Chy,m,s) at time t. This constraint can be seen in Constraint 3.20).

InSt—T —1,m,s + Cht,m,s <1 Vi € {Tswap + 1a tee 7T}a me Ma s € S (320)

swap —

InS;_1,pup—1,ms + Yt-Towapmys + Chims <2 Vi€ {Towap+1,....T},me M,se€ S  (3.21)
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c. Modules at Swapping Station

In Figure 3.4 the crossing point of modules m in the swapping station s can be seen. To ensure this, the
binary variables 6, ,, ; and A, ,,, s are used. If a module m is at swapping station s at time ¢ (y¢ s = 1),
one of these new variables must be one. This can be seen in Constraint 3.22. At the swapping station
s, one module m should come from the vesselr (z; ., ) which is indicated with 6 ,,, ;. The other module
m should come from the InventorySwap (InS; ., <), which is indicated with A, ,,, ;. These modules m
should stay for exactly T, periods at the swapping station s. After this T’s,,q, period, the modules m
should flow to the next (correct) location as also indicated in the logical flow of modules m.

Gt,mys —+ At,m,s = Yt,m,s Vit S T,m c ]V[, S € S (322)

To ensure the introduced variables are correctly indicated, extra constraints are introduced. First, lets
discuss the variable ¢; ,,, s, which can only be 1 if a module m is coming from the vessel x;_1,,.,.m,--
This can only be true if the vessel r is sailing in the correct zone s (RinZ; . = 1), which can be seen in
Constraint 3.23. Constraint 3.24 - 3.22 force this variable zero if the module m was not at the vessel r
(Cht—Typapymyss 1Ny .m,s OF INS_7, . 1.m.s). These constraints can only work if the module m was
at the vessel r for at least 1,4, periods, which results in a restriction. However, this is considered not

a problem since the module m will be longer on the vessel r.

Orims < Y (Tt Typupmr - RiINZi ) Vte {Toap,-.., T}, meMsecS (3.23)
reR

Gt,m’s S 1 — Chthswap’mys — Inthswap’mys Vt € {Tswapa e ,T}, m & ]\/.[, S € S (324)

Otym,s <1 —=InSi 1,0y mys = Yt—Towap,m,s Vte{Tswap,--., T},meM,seS (3.25)

For the variable A, ,, s, the module m should come from the InventorySwap (/nS; ., ;). However, to
reduce the problem as indicated in the previous constraints, the constraints are slightly different for-
mulated. Since the flow of the modules m in the swapping area s is defined, it does not matter where
the module m was in the swapping area s ((Ch¢-1,,.,.m,s» 1T, ,0p,m,s OF INS_T,,, t.m,) as long as
the module m was not at the vessel r (z;-7,,,,m,). This can be seen in the following constraints,
Constraint 3.26 and Constraint 3.27. However, this does not solve the problem, in theory, entirely. If
the swapping T,,qp > 3, it can in theory result in a restriction. But, in practice, charging will normally

will take longer than one t.

Atms < Chi_r,,,,. Vte {Tswap,---.TH,meMseS (3.26)

At,m,s <1- Z (xt—Tswa,,,m,r : Rinzt,r,s) — Yt—Tewap,m,s Vite {Tswap, cee aT}7m €M,s e S (327)
reR

m,s + InSt—T

swap,M,;S

m,s + Int—TS

wap,

To ensure the correct number of modules m at the swapping station s, additional constraints are in-
troduced. Constraint 3.28 ensures that the same number of modules m are coming from the vessel r
as the modules m coming from the swapping area s. Furthermore, there cannot be more than EMy
modules m coming from the vessel r, which can be seen in Constraint 3.29.

S Orms= > A VteT,sesS (3.28)
meM meM

> Orms < EMy VteT,seS (3.29)
meM

Furthermore, the variables 6, ,, s and A, ,, ;) should be coupled to the modules m at the swapping
station s (y:,m,s). The sum of the both the variables should equal the total sum of modules m at the
swapping station s, which can be seen in Constraint 3.30. Since the number of both the variables should
be equal to each other, constraint 3.31 is added to maintain this. At last, in general, there cannot be
more than 2 - EMy at the swapping station s which is defined in Constraint 3.32.
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D At t D Orms = D Yems VteT,seS (3.30)
meM meM meM
23 Aims <Y Yems VteT,seS (3.31)
meM meM
> Yrms <2 -EMy VteT,ses (3.32)
meM

Besides the origin of the modules m in the swapping station s, the modules m in the swapping station
s (yt,m,s) should stay for exactly T,,,, periods in the swapping station s. Binary variable SW AP, ,,, s is
used to force this which is one if the module m is first located at the swapping station s (y; , s), Since
Yt.m,s — Ye—1,m,s = 1 (Constraint 3.33). This binary variable SW AP, ,,, ; will stay 1 (Constraint 3.34)
until the T4y is reached (Constraint 3.35). This way, the modules m stay in the swapping station s for
exactlyT,,qp periods.

SWAP; s > Ytoms — Yt—1,m,s VEE{L ..., T}y meMreR,seS (3.33)
Yt+dt,m,s Z SWAPf”m,S Vte {0, ‘e ,T — Tgwap}, m e M, S € S, dt € {O, e aTswap} (334)
Yt+Tarap,m,s <1- SWAPLm’S Vite {0, B e Tswap}7 reR (3.35)

d. Energy level and module states

In Table 3.4, the indication of the state of the energy modules m was discussed (e, it,m and fi ).
This is necessary because the location of modules m depends on the energy level [, ,,, which must
have an state for each time ¢, which can be seen in Constraint 3.36. For now suppose a energy level
of I; ., the actual constraints for the definition of /, ,,, are discussed in CH3.3.5.f.

etm +itn + fom =1 VieT,meM (3.36)

To actually indicate the energy level (1, ,,,) for each state of the module m, the Big M method is used. The
Big-M method is a method that is used to force binary variables to a certain level to be activated (one)
or deactivated (zero). Big M should not be taken too large, but should also not be taken small. If big M
M, is too high, this can result in numerical instability, resulting in infeasible solutions of the optimisation
model. Also, the constraint coefficients are substantial, which can slow down the solver significantly.
Making big M too small will result in not working at all. Big M is taken as 1.5 - EM_ qpacity Which can
be changed in the optimisation model if necessary. This can be seen in the following constraints:
Constraint 3.37 - Constraint 3.40.

lim < SFmin + M1 - (1 — epm) VieT,meM (3.37)
lem > SFpin — M1 -erm VvteT, meM (3.38)
lem = SFpaz — My - (1 — fim) VteT,mecM (3.39)
lim < SFmax + M1 - ftm VteT,meM (3.40)

With the definition of the the states of the modules m, the restrictions of Table 3.36 can be formulated
in constraints (indicated with the red crosses). For the modules m at the vessel r(z; ) and in the
swapping station s (y;.m,,s), €ach state (e, i+, Or fi,m) can be assigned. However, when a module m
is used for for propulsion (u:,., ), the module m cannot be empty (e; .,). This can be seen in Constraint
3.41. In the charging area (Ch; ,, s) modules m cannot be full (f; ,,,), which can be seen in Constraint
3.42. At last, for both the inventory (In; ., s) and the InventorySwap (InS; . s), the modules m cannot
be empty which can be seen in Constraint 3.43.
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> Uty <1—erm VteT,meM (3.41)
reR
Z Cht,m,s S 1- ft,m V te T, m € M (342)
ses
Z Int,m.,s + Z Inst,m.,s <1- €t,m — Z‘t.,m Vie T, me M (343)
seS seS

Besides the previous constraints, one set of constraint is defined extra for the intermediate state (i; ,,,).
If a module m is intermediate (i;,,), the module m can only be used for propulsion on the vessel r
(ut,m,» = 1), at the charging station (Ch. ,, ) or at the swapping station (y; .., ;). This ensures a module
m is used until it is empty (e; ., ), which can be seen in Constraint 3.44.

Z't,m S Z Ut,m,r + Z Chtnn,s + Z Yt,m,s Vite T, Yme M (344)

reR seS SES

It should be mentioned that the state of the modules m, based on the energy level of module m (I; ),
has one flaw. Since big M ensures that the constraints correctly indicate the modules m, there is one
exception: When the energy module m has exactly SF,,.. or SF,.;, energy. The module m can be
theoretical in multiple states (in terms of either in location « or either in location b, since a module m can
be only in one specific location). However, this does not matter since the constraints are also coupled
to the state of the modules m, to a specific location. For example, a module m cannot be fully (f; )
charged in the charging station Ch, .,, ;. This is also verified in the verification chapter (CH5).

e. Vessel state

In Figure 3.4 the vessel level can be seen for the vessel level, which also has a specific logical flow
for each vessel r. First, the vessel  can only have one state (SL; ,, StS; ,, VS;, or SbOP; ;) at one
time ¢, which can be seen in Constraint 3.45. However, it is not always possible to initiate a swap or
being in the swapping process (StS; ., VS, or SbOPF, ). This is depended on the input parameter
SPos;,, (CH4.7) and RB,, (CH4.7.2) and explained in the beginning of this chapter in the Chapter
3.3.3. Therefore, Constraint 3.46 - 3.47 are introduced.

SLi, + StSy, + VS, + SbOP,, =1 VteT,reR (3.45)
StSy, + VS, + SbOP,, < SPos, , VteT,reR (3.46)
StSy, + VS, + SbOP,, <1— RBt,r VteT,reR (3.47)

First, the logical flow of the vessels r are discussed. When a vessel r is sailing its original sailing path
SL. ., the vessel r can either stay in this state or sail to the swapping station 5tS; , (Constraint 3.48). On
the other hand, the vessel - could come from sailing back to the original path S6O P, ,. (Constraint 3.49).
Furthermore, the other states are not possible, which can be seen in Constraint 3.50 - Constraint 3.51.
The other states (5tS; ., V'S; » and SbOF; ,.) have an similar logical flow, and are discussed in Appendix
A (5tS;,, in Constraint A.99 - A.102, V'S, ;- in Constraint A.103 - A.106 and SbOP, ,. in Constraint A.107
- A.110). One important note is that each vessel r is sailing at the first time step, so SLy, = 1.

SLi 1, < SLi, + StSi, vte{l,...,Th,reR (3.48)
SLiy < SLi-1, + SbOP,_1 . Vite{l,...,T},reR (3.49)
SLi, <1-VSi1, — StSi 1, Vte{l,....T},reR (3.50)

SLi_1, <1—VS,, — SbOP,, Vite{l,....T},reR (3.51)

To ensure the vessel can exclusively be at a certain swapping station s, for 7,4, periods, four additional
constraints are introduced. A vessel can only be at a swapping station if the vessel is in the correct
zone (RinZ, , ) to prevent the vessel r swapping in an swapping area s where the vessel r is not
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located at a given time ¢. Furthermore, the vessel cannot be at the swapping station for more extended
than T, period. These constraints can be seen in Constraint 3.52 - 3.54. At last, a minimum of two
modules should be at the swapping station if the vessel r is at the swapping staiton s, which can be
seen in Constraint 3.56.

VSir <Y RinZi,. VteT,reR (3.52)
seS

> (VS RinZy,s) <1 VteT,ses (3.53)

r€ER
> (VSis-RinZy,s) <1 VteT,reR (3.54)

seS
VSt.’r + VsthSwap < 1 Vte {Tswapa - 7T}7 re R (355)
> Yrms =2 RinZyy - VS, ViteT,reR,seS (3.56)

meM

In Figure 3.4, it can be seen that one module m is still on the vessel r which is not swapped at swapping
station s. could be seen that two states of the vessel r (StS;, and V S; ,.) have an dependency to the
module level. If a swap is initiated, a module m should be available for the vessel r to be swapped
when the vessel arrives at the swapping station (V.S; ). The constraints to ensure this can be seen
in Constraint 3.57 - 3.58. The first constraint ensures that the at least one module m is reserved if a
vessel is sailing to the swapping station (StS; ,.) for DTs;s, , time. The second constraint ensures that
the maximum number of modules can be at the InventorySwap (InS5; ., s), where the total amount of
vessels r sailing to the swapping station s is multiplied with EMy modules m. This works because of
the flow of the modules m, the module m cannot go back and thus the correct number of modules m is
reserved by the optimisation model.

Z InSt,m,s 2 Z (RinZt,r,s : StSt,r) Vit € T’7 s € S (357)
meM reR

> InSyms < EMy-» (RinZi,o(1—VS;, —SOP,, — SLi,)) VteT,seS  (3.58)
meM reR

In Figure 3.4, if the vessel r is at the swapping station (V' S; ), is coupled. At least one module m
should be swapped, so at time ¢ there can be at most EMy — 1 modules m on the vessel r. Since
the vessel r at the swapping station s is indicated with the binary variable V'S, .., this can be used to
define constraint 3.59. On the other hand, alle the modules may be at the swapping station s, resulting
in no modules m on the vessel r (2, = 0. Constraint 3.61 states that if the vessel is sailing (SL; ),
sailing to the swapping sation (StS; ) or sailing back to the original path (SbOF; ,.) there should alwasy
be EMy modules m on the vessel r. Also, a module m cannot be used (u; ., ) for propulsion if the
vessel r is at the swapping station (Constraint 3.62).

> Time < EMy = VS, VteT,reR (3.59)
meM
> Time = EMy - (1-VSy,) VteT,reR (3.60)
meM
> @mr = EMy - (SLy, + StSi, + SbOP; ;) VteT,reR (3.61)
meM
> Uy =1-VS;, VteT,reR (3.62)
meM

In Figure 3.4 two variables indicate the first time a vessel r is sailing to (StS; ) the swapping station
s, indicated with StSs;4,+,, and sailing back to the original path (SbOP; ;.), SbO Ps;qrt, , is used. Both
variables are related to the objective function (Equation 3.1), and are therefore important. First of all,
similar to Constraint 3.46 - 3.47, the variables are couple to the input parameters SPos,, and RB; .,
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which can be seem in in Constraint 3.63 - 3.63. Both the variables have similar constraints, so only
StSstart,, Will be discussed in this section. The constraints for SbO P, ,. can be found in Appendix A.
The start StSs;qr¢, ,. is indicated with Constraint 3.65, and Constraint 3.66 is used to prevent that two
executive time steps StSsqart, . are both one.

StSstart, . + SbOPysars, . < SPost, VteT,reR (3.63)
StSstart, . + SVOPstart, . <1 — RBy VteT,reR (3.64)

StSstart, . > StSur — StSi_1 ., Vite{l,....T},reR (3.65)
StSstart,, + StSstart, ,, <1 vie{l,....,ThreR (3.66)

If the vessel r is starting its journey (either StS; ,. or SbOP; ;) the vessel r should sail for exactly DT's;s, .
or DTsyop,, time periods (input parameter, explained in more detail in CH4.5). The constraints to
ensure the correct time of a vessel r being in a certain state can be seen in Constraint 3.70 - Constraint
3.69.

StSiyatr > StSStartt,T Vte {1, B DTStSt,T}a re R,dt € {0, ey DTStSt,T} (3.67)
StSt“FDTStSt o S 1-— StSStartm vie{l,...,T — DTStS,,,T}ar €R (3.68)
VSt*’DTStSt’Tﬂ' > StSStartt,r Vte {1, B DTStSt,,,.}v reR (369)

One extra constraint should be added to these constraints. When no data is available, there is also no
value for the data, which can introduce problems that could potentially make the model infeasible. The
value for the data used in the Constraint 3.71 should be an integer. When this has a none value, it will
introduce problems. Therefore, this is solved by having the maximum for the data set plus one. This
ensures that the data is higher than the actual data. When this is the case, the vessel cannot begin
sailing to or from the swapping station. Therefore, this error is used to force the StS,4r¢,, = 0 and is
not forcing the model infeasible if it has a value lower or equal to the maximum value for StSpar 4, ...

Errorrspop = max (StSDATAt’T) +1 VteT,reR (3.70)
Errorrspop — StSDATAt,T > StSStartt,r Vite T, re R (371)

Number of required swaps

From the input, the total energy is known and it is also known what the maximum usable energy level of
the energy modules is. With this information, a lower bound can be introduced which may improve the
computational time. When a vessel r has for example a usage of 2000 kWh, and the energy modules
have a combined (EMy) capacity of 1000 kWh, at least one swap should occur.

SWAPrequired,T' - Z Pr7t Vr € R (372)

<EMcapacity . EMN) .

With this said, the model does not need to search possibilities for swapping without at least one swap.
In this way, the model decreases its solution space, which can result in less computational time

> StSstart,, > SWAPrcquired.r VteT,reR (3.73)
teT
Z VSStaTtty,,w > SWAPrequired,r : TSwap vVteT,reR (374)
teT
> " SbOPstart,, > SWAPrequired.r VteT,reR (3.75)
teT

Furthermore, one full cycle of the swapping process, including the sailing to the swapping station,
swapping the modules and sailing back to the original path, should be aligned with each other. This
can be seen in Constraint 3.76 until Constraint 3.78.
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Z StSStart,,‘T = ZSbOPStartt)T Vite T, reR (376)
teT teT

Z VSStarttm = Tswap : Z StSSta’rtm Vite Ta renr (377)
teT teT

> VSstart,, = Tewap - »_, SbOPstart, VteT,reR (3.78)
teT teT

f. The correct indication of the energy level of modules

In Figure 3.4, each sailing state of the vessel »(SL; ., StS;, and SbOP; ) has an energy consumption
(P:,r), Psis or Psyop) Which should be subtracted from the energy level [, ,,, for the module m which
is used on the vessel r (u:,,,» = 1). Each vessel state has its energy consumption, which should be
defined. First, only one state can be applied when the module m is at the vessel r where the power
consumption for sailing (7 ), explained in CH4.4), for sailing to the swapping station (Ps.s) and at
last for the modules on the vessel sailing back to the original path (Psy,op) are defined. The only
time-dependent input parameter is P, ,, where the others are defined as constant input parameters.

Quadratic Energy level of modules
To define the energy level [, ,, for a module m with the current binary variables, this will result in
quadratic constraints, which can be seen Constraint 3.79.

lt+1,m = lt,m - Z (SLt,r ' Pt,r . ut,m,r) - Z (StSt,r : PStS’ . ut,m,r)
reR reR
— > (SbOP; - Pspop - ttmr) + CS+ Y Chy s ViteT,meM  (3.79)
rcR seS

Constraint 3.79 is not linear since the multiplication of binary variables is used. Therefore, this con-
straint needs a linearisation. Since the problem, from the literature perspective, is a MILP, the quadratic
constraints will be linearised. Furthermore, Gurobi is highly optimised for linear constraints. The opti-
misation model will contain the option to use these quadratic constraints if needed. Gurobi can handle
the multiplication of binary variables, but with large problems, this may slow down the optimisation.

Linearisation of the Energy level of modules

For the linearisation, the variables are used to indicate a vessel r is used for propulsion, PSL; ,, , for
sailing the original path, PStS; ., . for sailing to the swapping station s and PSbO P, ,,, - for sailing back
to the original path. At each time ¢, only one of these binary variables can be one which can be seen
in Constraint 3.80. Evermore, when the vessel is using a module m (u;,., » = 1) to propel the vessel r,
one of these variables should be one. This can be seen in Constraint 3.81.

> PSLimy+ >, PStSime+ Y, PSVOPy, <1 VteT,reR  (3.80)
meM meM meM

PSLymy + PStSimy + PSYOPrmy =usmr VteT,meMreR  (3.81)

Futhermore, the indication of the usage of energy should be couple to the state of the vessel r (SL; ,,
StS:» and SbOP; ). Constraint 3.82 - Constraint 3.84 show that if a vessel r is, for example sailing,
the variable for the energy usage should also be one, resulting in PSL; , = 1.

SLiy < > PSLyp, VteT,reR (3.82)
meM

StSpr < Y PSSy, VteT,reR (3.83)
meM

SbOP,, < Y PSbOP; pm.r VteT,reR (3.84)

meM
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After linearising the problem, the energy level I, ,, can be formulated again with the linearised con-
straints which can be seen in Constraint 3.85.

lt+1,m = lt,m - Z (PSLt,m,r . Pt,r) - Z (PStSt,m,r : PStS)
reR reR
— Y (PSbOP; .- Pspop) + CS > Chipm.s VieT,meM (3.85)
reR sSES

3.4. Conclusion

After the literature review, the methods section was discussed (CH2.6). This chapter consisted of the
scope (3.1), conceptual process (CH3.2) and the mathematical model (CH3.3). The mathematical
model was used to make the optimisation model in Gurobi (python). The optimisation model is able
to track the vessels and modules for every timestep, to minimise the downtime due to the swapping
process based on data of specific sailing profiles with an energy consumption. For this chapter, it can
be concluded that the model is implemented as needed. However, verification and validation should
be performed. This is discussed in Chapter 5.



Pre-Processing

After defining the mathematical model, the described input parameters should be established to pro-
ceed with the verification/validation process (Chapter 5) and to perform case studies. This chapter
comprehensively explains all the requirements for running the Gurobi optimisation model in Python.
While the input parameters were briefly mentioned in (Table 3.3) of the mathematical model (Chapter
3.3), this chapter elaborates on their definitions and implementation for both the constant as the time,
vessel, and swapping area dependent input parameters.

A critical reason why this chapter is important is to reduce computational time. Everything which can
be calculated upfront will make the optimisation model less heavy. Since optimisation can take a long
computational time, pre-processing is performed to calculate all the necessary data upfront, which is
not needed in optimisation. This chapter will explain those and how vessel and swapping are depen-
dent parameters for the time. This chapter aims to remove every unnecessary computational step the
optimisation model has to make to decrease the computational time for the model.

Before actually discussing the input parameters, it should be mentioned that A Python script is made
where the data can be decreased to a specific time step and time frame. This is based on different
parameters such as the maximum speed (and thus travelling distance), the sailing profile, the estimated
energy consumption, the shifts of the RPAs and the location data (if a vessel is stationary due to repair
or other situations). The estimated energy consumption is based on the PRA data, where the velocity
is translated to used energy consumption. Since the vessels will be renewed, the energy demand will
also differ from the old vessels. The preprocessing is done at the servers of the Port of Rotterdam,
which means that this data is preprocessed in DataBricks. As briefly explained in the chapter (CH3),
where the mathematical model is discussed, there is the input needed for the preprocessing. These
input parameters will be discussed in this chapter.

This chapters answers the sub-question of what is needed to actually define the input parameters, and
what is used to define these parameters. This can be seen in the following sub-questions:

Which RPA vessels are used? (CH4.1)

How is the location data retrieved of the RPA vessels (CH4.2)
How is the Port of Rotterdam divided, in zones? (CH4.3)

How is the power estimation performed for RPA vessels? (CH4.4)
How is swapping duration defined? (CH4.5)

Which swapping method is applied for this thesis? (CH4.6)
Possible swap (CH4.7)

8. Time-intervals (CH4.8)

N Ok WN =

Every parameter defined in this chapter could, in theory, be different when other data is used. From
this chapter and forward, if not explicitly noted, this chapter is leading for the used data. From the
verification chapter, it is said that the parameters are changed to test the optimisation model and to
verify this. More can be found in Chapter 5.2 and Chapter 6 for the verification validation and the case
studies, respectively.
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4.1. RPA vessels

The vessels used for the case study and the validation are specified in this chapter. Usually, three
patrolling (blue-)vessels and three Incident Response (IRV) (Red-)vessels are sailing in the Port of
Rotterdam from two different main harbours (Pistoolhaven/Madroelhaven) which can be seen in Figure
4.1

Figure 4.1: Used operational areas for RPA vessels (Pistoolhaven/Madroelhaven) [Internal source/own work]

The choice of the actual data was based on several factors. The first factor is that there was enough
available AIS data (vacation periods, weather conditions, available vessels, events etc.). Furthermore,
the vessel should be sailing for most of the time considered. This was quite difficult since the vessels
had shifted and were out of use, for example, due to docking or repairs at the 'Eemhaven’. The actual
window for the different vessels » can be seen in Table, table 4.1. The used data windows can be
seen in Figure 4.1. Three vessels were chosen to start in the Madroelhaven and three vessels in the
Pitstoolhaven. It can be seen in Table 4.1 that the RPA6 and the RPA16 have a different day compared
to the other vessels. One of the arguments is that at least three blue and three red vessels should be
used, which is not more than for the general application of those vessels. The reason why this was
chosen was to make sure the vessels were sailing. The choice was made to have at least three vessels
in a specific area since the vessels operate in their own harbours.

Vessel Type MSSI Date Begin End Main Visit
Time Time Harbour Eemhaven Eemhaven

RPA6 Blue 245127000 4/24/23 0:00 23:59 Madroelhaven

RPA7 Blue 245549000 4/5/23 0:00 23:59 Pistoolhaven X

RPA10 Blue 244050426 4/5/23 0:00 23:59 Madroelhaven

RPA13 Red 244070288  4/5/23 0:00 23:59 Madroelhaven

RPA15 Red 245209000 4/5/23 0:00 23:59 Pistoolhaven X

RPA16 Red 244757000 4/24/23  0:00 23:59 Pistoolhaven X

Table 4.1: Chose of RPA vessels, and time frame for those vessels
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4.2. Location data RPA vessels

The RPA vessels have historical Automated Identification System (AIS) data. AIS data refers to a
standardized data format where the movement of vessels is monitored and tracked. AIS is used for
safety, navigation, and operational efficiency and operates through VHF radio frequencies. The AIS
data consists of two different types of information: dynamic data (position, course over ground, speed
over ground, heading, rate of turn, navigational status and time of transmission) and static voyage data
(vessel’s name, IMO number, MMSI number, ship type, size, destination, ETA and draught). The latter
are more manually entered information and are more constant over time. The Port of Rotterdam uses
this AIS data to automatically track their RPA vessels, where the position and velocity of each vessel
are shared every three seconds, which results in large databases. This data is stored and used for
different purposes.

Since there will be different vessels r in the optimisation model, where every vessel r shares its position
(not necessarily at the same time), the data should be aligned with all the vessels r for a specific time t.
As the mathematical model explains, CH3.3, the data points should be aligned for each time ¢ to have
a working optimisation model to have a location of each vessel r at a specific time ¢. This is done by
linear interpolating two points closest to the specifically defined time ¢ and determining the theoretical
location of that specific location for time ¢. For example, if the time step is one minute, it should be
known exactly every minute for each vessel r (12:00:00, 12:01:00 and so on).

The actual choice of the timestep is more nuanced since Implementing (large) AlS-data sets will impact
the computational time. Therefore, it is necessary to quantify the data carefully to avoid unnecessary
computation time for the optimisation model. The optimisation model does not need to determine every
3 seconds if the vessels r need a swap. On the other hand, increasing the time steps will result in less
accuracy, especially when the RPA vessels are sailing at higher speeds. Also, the estimated power
over a larger time step is more uncertain because the vessel could have changed its cruising speed, for
this thesis has determined that the smallest timestep is one minute. From now on, all the data will be
pre-processed using this timestep. However, based on this input, it is possible to increase the timestep.
This is only possible if the timestep is a certain number of times within 60 minutes. Therefore, one, two,
three and six minutes can be, for example, increased timesteps, which can be interesting when the
computation time is increased. This is determined for each case, depending on the time needed for a
swap compared to the total time a vessel is sailing.
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Figure 4.2: Sailing distance for each RPA vessel validation test case
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4 3. Zones

As discussed in Chapter 3.3.3, the zones are needed to decrease the swapping possibilities. In this
chapter, the specific locations of the swapping stations s are discussed. Based on internal communi-
cation with the Port of Rotterdam, a total of fourteen different swapping areas are considered (Table
4.2 - 4.3). Each swapping area consist of its ‘'own’ swapping station, charging station, inventory and
InventorySwap due to its decentralised structure (CH2.4.3). Note that the swapping station locations in
this thesis are fictive, which means that these locations are not definitive to be used in the future (see
the discussion chapter, CH7.3). From those different locations, the 'Pistoolhaven’ and 'Madroel Haven’
are harbours where the crew does their crew changes for each shift and therefore have a large poten-
tial. Also, the Eemhaven is a bunker/repair location where vessels come more often. Those locations
are highly likely to be swapping locations since the RPA vessels are at least three times a day at those
crew-changing locations. The 'Eemhaven’ is also expected to have a swapping station, for the same
reason.

Zone | Name X-COR Y-COR Zone | Name X-COR Y-COR

1 Margriet Haven 60358.82 | 442139.2 8 4e Petroleum Haven 69600.75 | 441232.9
2 Pistool Haven 65775.00 | 442189.00 9 Madroel Haven 85700.00 | 434480.00
3 Monding Hartelkanaal 65065.45 | 439708 10 Eem Haven 88335.00 | 433805.00
4 Dintel Haven 67936.51 | 441168.2 11 RDM 88611 434904

5 Geul Haven 81161.46 | 433993 12 LekHaven/Radar post | 89117.36 | 435569.3
6 Stormvloedkering 71455.29 | 441266.7 13 SS Rotterdam 92159.07 | 434946

7 Scheur Haven 69219.81 | 4422221 14 Bunker Noordereiland 93947.77 | 436899.3

Table 4.2: Zones 1-7 for the optimisation model Table 4.3: Zones 8-14 for the optimisation model

These swapping areas s are fixed and not variable. The reason for this is that optimising potential
swapping areas is also an optimisation problem itself. Since the renewal of the fleet is in an early
stage, adding an extra variable will make the model more complex. The names and locations of the
swapping stations can be seen in, and these corresponding zones can be seen in Figure 4.3 (including
the AIS location of all the vessels based on Chapter 4.2). The zones could, in theory, be adjusted
since an Excel script is made to import the correct polygons in the Python script. In this Excel sheet,
adjustments can be made to the (polygon) zones, and Python reads this file automatically. However,
when the zones are changed, this will affect the pre-processing and the data, meaning that the zones
will greatly impact the optimisation since changing this will affect the optimisation. From now on, those
14 different locations are used for this thesis.
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Figure 4.3: Zones for the RPA vessels
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4.4. Power estimation of the RPA vessels

The power estimation of the RPA vessels can be divided into two different estimations, one for the
original path (CH4.4.1) and the power consumption for the sailing to and from the swapping station
(CH4.4.2).

4.41. Original path

The power estimation of each RPA vessel should be known to determine if a vessel » needs a swap.
As described in CH4.1, six different vessels (shape, engines, power consumptions, etc.) are used
for this thesis. Normally, the equation to calculate the power for a vessel can be seen in Equation
4.1. However, the torque T is not known for each timestep used in the optimisation model. The RPM,
however, (which can be translated to an angular velocity w) is known. But, as can be seen in Equation
4.1, the torque T and the angular velocity w depend on each other and therefore this equation cannot
be used. Therefore, another method should be considered to estimate the power consumption.

T -w

P="—"F 4.1
1000 W (4.1)

So, another way is introduced to estimate the power consumption of the RPA vessels. Data is available
on the engine load E'L, a percentage of the engine used to propel the vessel at a certain speed. These
data points can be plotted, and an (average) function of the speed versus the engine load can be made
with a scatter diagram. Based on the AIS data (travelled distance, CH4.2), the (average) speed of the
vessel r sailing its original path (SL; ;) can be calculated for each At. This speed is then translated to
an engine load using the scatter diagram. Unfortunately, this data is not available for all the vessels.
The RPA10 and RPA13 already had a sensor installed on the vessel where the engine load is saved.
An extra sensor is installed onto the RPA16 to have more data for this thesis. The scatter diagrams
can be seen in Figure 4.6 - 4.6 for RPA10, RPA13 and RPA16, respectively.
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The scatter diagrams are used to make polynomial fits, as seen in the previous figures. The actual
equations for these polynomial fits can be seen in Equation 4.2 - 4 4.

ELrpa10(SOG) = 6.1651 - 1072 - SOG® — 4.3394 - 1072 - SOG? + 1.4067 - 10~ - SOG + 6.5348 (4.2)
ELrpa13(SOG) = 3.9572- 1072 - SOG® + 5.4067 - 1072 - SOG? — 1.0718 - 10~ - SOG + 1.2368 (4.3)
ELgrpa1s(SOG) =8.6772-1073 - SOG® — 1.1111- 1072 - SOG? + 4.7908 - 10~ - SOG + 8.7017 (4.4)
ELcompine(SOG) = 6.2665 - 107 - SOG® — 3.3480 - 1072 - SOG? — 1.5067 - 10~ - SOG + 9.2015 (4.5)

Looking at the polynomial fits of the scatter diagram ( Equation 4.2 - 4.4), it can be seen (Figure 4.4 - 4.6)
that the vessels have an increasing engine load when the vessel is sailing faster, but also consumes
energy when stationary. These patterns align with the expectations since if a vessel has a low velocity,
the vessel’s acceleration from zero will consume more energy to overcome the resistance, drag and
other external forces/ factors. Also, when the vessel is sailing faster, the power should increase non-
linear, as seen in the Figures. Note that the auxiliary is not considered in these figures since the
auxiliary does not come from the main engine on which this data is based. However, when the vessel
is stationary (not accelerating), the vessel will also consume power, which can compensate for this
auxiliary data. Since the estimation is not the main objective of the thesis, these values will be used for
all the vessels. In the discussion, CH7.2 this will be elaborated further.

In Figure 4.7, the polynomials for the engine loads are combined to have a general engine load for all
the vessels. The combined graph and the polynomial fit in Equation 4.6 and in Figure 4.7. Based on
the engine load, the actual power for a particular speed can be calculated using the specifications of
the engines of the RPA vessels. It is chosen to use an engine with a power output of Psg = 485 k.
The PRA vessels have two engines, producing a total power output of P,y = 2 - 485 = 970 kW. The
power output for RPA10, RPA13 and RPA16 can be seen in Figure 4.8 and the actual power output for
the combined engine load can be seen in Equation 4.6.

Puessel(SOG) = EL(:O'mbine(SOG) : Ptotal (46)
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Figure 4.8: Combined power output
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4.4.2. Sailing to and from the swapping station

Based on the power output for the vessels (Figure 4.8) , the power consumption for sailing the original
path (P;,) can be defined. For the power consumption for sailing to (Ps:s) and from the swapping
station (Ps,op), this is different from the power consumption for sailing the original path. The power
consumption sailing to Ps;s and from Ps,op the swapping station is a constant input parameter and
only based on a certain velocity of vessel, related to the power output for that speed (V;;,42,sts and
Vimaz,s00P)-

To make a make a better decission on the actual power consumption of the vessel, and to better
understand the vessel’s energy efficiency, the energy consumption in kWh/km is calculated using
Equation 4.7. This metric reflects the energy consumed to travel one kilometre at a given speed SOG.
The combined power consumption (Equation 4.6, P,.ss.:(SOG)) for a specific SOG by the SOG in
km/h, resulting in the unit kKWW h/km. The combined power consumption equation (Equation 4.6) as a
function of the speed (SOG) is divided by the actual speed which can be seen in Equation 4.7 .

Pvessel (SOG)
SOG

The power consumption curve, as discussed earlier, shows that increasing speed leads to higher power
consumption (Figure 4.8). However, equation 4.7 shows how much energy is needed to travel one
kilometre, which gives additional insight which can be seen in Figure 4.9. For slower speeds, the
vessel takes longer to finish one kilometre, leading to higher total energy consumption. From a certain
point, the increased speed will result in a higher energy consumption for one kilometre, where the most
opitimal speed for one kilometre can be seen in this Figure.

EnergyConsumption = [kWh/km)] 4.7)
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Figure 4.9: Energy consumption for one kilometre

It can be seen in Figure 4.9 that based on the power consumption (Equation 4.6), the most optimal
speed to finish one kilometre is approximately 10 km/h. Sailing at the maximum speed (25 km/h) will
impact the power consumption four times more than 10 km/h. Figure 4.9 shows the impact of sailing
faster, which increases power consumption and should be considered thoroughly, especially when this
will be different in the following research.

Based on the objective of minimising the time a vessel is busy with swapping, more priority is given to
faster sailing to reduce the total swapping time than saving power consumption. Therefore, this thesis
uses a speed of 25 km/h, which is the most conservative choice. As mentioned, the time it takes to
go to or from the swapping station is rounded up (Chapter 4.5), implying a higher power consumption
because of the longer duration due to the increased timesteps. This is even more conservative.
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4.5. Swapping duration

If a vessel r needs a swap, it will differ from its original path. This time should be calculated upfront
to prevent the optimisation model from having more calculations. This is possible since the AIS data
locations, the zones, and the parameter RinZ, , s are known. With this information, the distance and
time to get to (DTs;s, ,.) or go from (DTsyop, ) @ swapping station s can be calculated. To determine
the path of each vessel r within a specific area RinZ, , s, the shortest path algorithm by Dijkstra is used
(which is already available from the Port of Rotterdam). Since the optimisation model depends on time-
synchronised time steps ¢, it is necessary to precisely calculate those times to prevent time-shifts in the
optimisation model.

At each time step, if the vessel r is in a specific zone (RinZ, , . = 1), both the distance to get to the
swapping station and the distance to get back to the original path should be calculated. For calculating
the distance to the swapping station, at each time ¢, the distance to the swapping station is calculated.
This distance is then used to calculate the time to the swapping station (DT;s, ) based on a certain
speed vpq,. This actual time (DT sis qctuat, ) iS then rounded up to the nearest (integer) timestep.

Calculating the time to reach the original path is somewhat different. The problem is that the vessel
r should return to a certain point in time to avoid a time-shift. Since the distance to a certain point in
time will vary, from the moment a vessel » complets the swapping at swapping sataion s, each point in
time should be considered to know where the vessel r should return to. Therefore, an extra step in the
calculation is performed to ensure the vessel r reaches a specific point in time with a given maximum
speed v,,4,. This calculates where the vessel r should return to, and the value of DTs;0p, , is used if
a vessel r leaves the swapping station at a certain point ¢ in time.

Figure 4.10 shows an example of how this is calculated. The original path (upper part), the path to the
swapping station, and the swapping station and sailing back to the original path (lower part) can be
seen. Especially for the time to get back to the original path (DTsy0p, ,.), an example is discussed in
Figure 4.10. A vessel r initiates sailing to the swapping area s (StS; = 1). In this case, this takes the
vessel r 1.6 timesteps rounded to two timesteps t. When the vessel r arrives at the swapping station
s (VS,r = 1), the vessel r will stay there for exactly T,., = 1 periods. After the swap is complete,
an additional algorithm is used to decide where the vessel r can rejoin the original path. The first
considered location where the vessel can return to is ¢t + n (only for RinZ, ,. = 1). However, the time
to arrive there in time (DT sy0p, . = 2.6) is higher than the considered timestep. Therefore, the following
point in time (n = 2) is considered. This next point (¢ = 5) is as well not suited, DTspop,, = 2.6 > 2.
This calculation is performed until the bound is satisfied (with a maximum of 12 timesteps), increasing
n with one each time until the bound is satisfied, where DTs,op, . < n. For this exmaple, the bound is
satisfied at t = 4 (DTspop,, = 3.2 < 4). The value used for (DTsy0p, ) should always be in line with
the timestep t used in the optimisation model, in this case, rounded to the nearest integer number.
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4.6. Swapping method

Based on the literature, the Shiftr method will be applied in this thesis (CH2.5.3). However, there
should be a decision on the number of energy modules m on the vessel , which will impact the optimi-
sation model. The modules used by the shifter have a capacity of 980 kW, where the safety factor of
SFmaz,shiftr = 0.7and SFpi shirer = 0.1 (depth of charge is 0.6) is used resulting in a usable capacity
of 588 kW for each module m. Based on the mathematical model (CH3.3), at least two modules should
be used to maintain the possibility of only swapping one module m to have more possibilities for swap-
ping in the optimisation model. For the Shfitr concept, four modules could be installed on the vessel.
According to calculations of both the Port of Rotterdam and Shfitr, four modules should be enough to
have shifts of eight hours, where swaps only happen at the main harbours. This approach is redundant,
but it might be too redundant for this thesis because the other swapping locations besides the main
harbour will be irrelevant. Also, this exclusive swapping in main harbours can result in a bottlenecks
when charging the modules m. To accommodate the decision of the number of modules, an estimation
is made for the correct number of moudles for the purpose of this thesis. This can be seen in Equation
4.8.

EMy - Ccapcity

Tsailing,SOG = Pvessel(SOG) [h] (48)

The equation’s results are presented in Figure 4.11. This figure shows the duration an RPA vessel
can sail (at a constant speed) with a specific number of modules m. The RPA vessels have shifts of
eight hours, so if looking at one module m, this cannot be used at any speed for eight hours, and in
combination with redundancy and the mathematical model, at least two modules should be used. If two
modules m are used, the RPA vessel can have a constant speed of approximately (up to) 12 km/h to
finish an eight-hour shift. When an extra module m is used, this duration is increased to approximately
(up to) 15 km/h. Since the shifter concept has either two or four modules (as can be seenin Figure 2.13 -
2.14), two modules are used for this thesis to have a more challenging optimisation model. The capacity
of two modules is displayed to each vessel’s initial cumulative power consumption. When doing this,
the vessel should at least swap three times, as shown in Figure 4.12 (indicated with red lines). Note
that the actual power consumption will be higher because if a vessel differs from its original path, a
higher power consumption is more likely to be used, see Chapter 4.4.2.

T_sailing Input for EM_N=4

—&— 1 Module(s)
2 Module(s) 500

®— 3 Module(s) 4250
—e— 4 Modulels) e
=== Shift =8

Cumulative Power Consumption P{r.t] for the original path - Test

T =ailing Input (h)

0 10 20 30 40 50 60 70 80 90 100110120130 140 150 160 170 180 190 200 210 220 230 240

0 5 10 15 20 i
S0G (km/h)
Figure 4.12: The initial power consumption with the

Figure 4.11: Engine load for RPA 10

Figure 4.11, needs more explanation. The power consumption does not increase linearly with speed.
Typically, power consumption increases exponentially with velocity because of factors such as drag (air
resistance for vehicles or water resistance for ships), which grows roughly with the cube of the speed.
If the power consumption is increased by increasing speed, the time to drain the battery decreases, but
not as quickly as might intuitively be expected. This is because dividing by a larger power value results
in a slower decrease in time. Because power consumption scales with the cube of speed (or another
non-linear factor), the energy module m drain time will decrease slower for higher speeds. Therefore,
the relationship between speed and sailing time is non-linear, and the 'odd’ curvature can be seen.
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4.7. Possible Swap

The input for the possible swap can be divided into two different parameters on a specific vessel r
and a particular time ¢. The first one is defined if there is no data (Chapter 4.7.1), and the other is an
estimation when an RPA vessel is busy doing a swap (Chapter 4.7.2).

4.7.1. Data gaps

In the previous sections, the data is considered. The data points should not be considered if the data is
missing for one of those input parameters. Therefore, the input parameter SPos, . is introduced, which
is one if there are no data gaps and zero when there are data gaps. When there is a gap in the data,
the vessel r cannot be sailing to (StS; ), from (SOOPF, ,-) or being at the swapping station (V'S; ;) which
is also explained in Constraint 3.46 - 3.64 in the methods chapter (CH3.3).

This preprocessing is done in the Excel file, those gaps are indicated with null values, meaning no
data is available for that specific vessel r for a particular time ¢. As the mathematical model indicates,
those missing data have at least a value to prevent the model from being infeasible due to null values.
Due to this parameter SPos; ., it prevents these values from being used in the optimisation model
(SPos:, = 0). As discussed in the mathematical model, this parameter is zero for the constraints
depending on specific times. For example, the first T, periods, where some constraints are not
defined due to time-dependent constraints. This is done in the optimisation itself by applying certain
rules to the data frame for this specific parameter SPos, .. This parameter will decrease the possibility
of swapping and should improve the computational time needed to solve.

4.7.2. RPAs doing tasks

The other input parameter used for an RPA vessel when a swap, or the process, is excluded is the input
parameter where the RPA vessel is doing tasks, RB; ., which is also time ¢ and vessel r dependent.
Suppose the vessel r is doing a particular task; the vessel r cannot do anything that has to do with
swapping. In that case, this should also not be part of the optimisation. This is for sailing to (StS; ),
from (SbO P, ) or being at a swapping station (V'S; ). When a vessel r is at the exact location, outside
the main harbours, for more than two time steps, it is most likely that a vessel is doing a task. Since
the AIS data does not contain information about the tasks of vessels r, this is the only way to include
some tasks a vessel r can do. One important note is that if the time step is increased, this can result in
less accuracy. Conversely, when fewer options are available, the computational time could decrease.
For the tasks of the RPA vessels, it is essential to know if a vessel r is doing a task since if the vessel r
is doing tasks, it should not initiate a swap, sailing to a swapping station or sailing back to the original
path.

4.8. Time-intervals

There is one more step important for the pre-processing. This step is not directly an input parameter
for the optimisation model based on a particular index or constant value but will impact all the other
input parameters when changed. This is increasing or decreasing the actual time step. Reducing the
time steps can reduce the computational time since fewer considered time steps will result in fewer
data points to be considered. The input from the Port of Rotterdam is defined for each minute during
the day (Table 4.1), based on the input of the Port of Rotterdam.

Based on this input, another data-based is made. These databases are used to calculate different
timesteps. The swapping method is Shiftr, which has a six-minute swapping time for two modules
(Chapter 4.6. This timestep is the largest timestep that can be used in the model, where the smallest
timestep is one minute. Since the data is based on this one minute, this will be the minimum timestep.
The other considered timesteps are two and three minutes since those can be divided by six to indicate
the timesteps correctly. The choice of the time steps is case-dependent, but they can only be considered
time steps, as discussed in this chapter. Note that increasing the timestep will affect the accuracy of
the data, but the decreased computational time can be worth it.
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4.9. Conclusion

In this chapter, the pre-processing steps required to define and prepare both constant and time-dependent
input parameters for the optimisation model were explained (as also described in the mathematical
model, Table 3.3). Pre-processing ensures the model functions efficiently by minimizing computational
load, enabling faster and more accurate runtime performance.

This chapter specified and discussed everything which is needed to perform verification, validation and
the case studies in the following chapters. This chapter outlined the necessary steps to prepare input
data, including the choice of the vessels » (Chapter 4.1), the location data of the vessels (Chapter 4.2),
AlS-data of the vessels (Chapter 4.3), the critical role of zones and swapping areas (Chapter 4.3, the
power consumptions (Chapter 4.4), the swapping duration (Chapter 4.5) and method (Chapter 4.6),
the possibilities to actual swap (Chapter 4.7) and the particular time interval which can be used for this
specific thesis (Chapter 4.8). The main purpose was aligning the (time-dependent) input parameters,
and structuring vessel-specific attributes.

All the used data in the pre-processing is considered the best available data at this point. However, it
should be mentioned that this can be more detailed, and the pre-processing has limitations. First, the
data is based on conventional vessels with traditional power consumption. Future RPA vessels will not
have a conventional power supply, which will differ. However, this is not yet defined, and no specific
design has been suggested. While the optimisation model is using this data, if the optimisation model
is working as expected (Chapter 5), this will result in less accurate results. But since this is the first
research for these type of vessels for the Port of Rotterdam, this is considerede enough to have at least
an beginning. Future work should aim to refine these estimates, particularly for electric-driven vessels
or next-generation designs.

Furthermore, The pre-processing is based on the best availba data. this data is important for the output
because the more accurate the input, the better the optimisation model results. Since it is known that
this is an estimation, it can be calculated in more detail in the future. A working optimisation model is
the main objective of this thesis. If there is more specific information, this can be used as input, and
the power consumption can be estimated, for example, for the electrical-driven vessels.

This pre-processing will impact the optimisation model since those calculations upfront will not be calcu-
lated again in the optimisation model. Firstly, when looking at the used vessels (and the data), it should
be mentioned that this data is based on conventional vessels with a traditional power consumption of
marine engines. The power consumption estimations are therefreo based on conventional vessels, but
for the purpose of this thesisi this data is an beginning since no data of the actual desing of the RPA
vessels is known. For the optimisation model, it does not matter what the input is for the power con-
sumption since it will calculate when a specific vessel » needs a swap. However, it affects the outcome,
but this pre-processing will be used due to the lack of (detailed) data.

Based on the available information, this is the best data which can now be used for this thesis. However,
it should be noted that this data can be more detailed. However, more research is needed to determine
this. However, the mathematical and optimisation models can also be used for other cases. Therefore,
it is concluded that this data is, for now, enough to proceed.



Verification & Validation

While the mathematical model chapter describes the optimisation model and how it should function
theoretically, the verification section demonstrates that the model is accurately implemented in Gurobi
and that every constraint behaves as expected within the Python environment. On the other hand, vali-
dation is used to validate real-world scenarios or theoretical expectations. Typically, validation involves
comparing test data with actual data or findings from other studies. Both are important, since the. BSM
has not yet been implemented for this type of vessels. For the validation of this research, it is checked
whether an individual RPA vessel can perform battery swaps independently, ensuring that when RPA
vessels are combined for the case study discussed in the next chapter (CH6), an potential infeasible
model result is due to one specific RPA vessel.

1. How can the model be verified? (CH5.1)
2. How can the model be validated? (CH5.1.2)

49
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5.1. Verification
The verification is used to verify that the mathematical model aligns with the optimisation model. The
Python Gurobi optimisation model has a particular testing mode for this verification phase. An Excel file
is coupled to the model where the (random) input can be generated to test and verify the mathematical
model. It should be mentioned that the testing mode is built so that every (verification) test case is
saved automatically to a certain path to prevent data loss and (human) errors. This automatic saving is

also used during building the model, meaning that the model was verified for each next step of the op-

timisation. In this sub-chapter, the final verification checks are performed. Based on the mathematical
model (CH3.3), there are six different subjects where the verification checks are performed on.

1. Module position (Chapter 3.3.5.a)

areDN

Logical flow of modules (Chapter 3.3.5.b)

Modules at Swapping Station (Module level) (Chapter 3.3.5.c)
Energy level and module state(Chapter 3.3.5.d)

Vessel state (Chapter 3.3.5.e)

6. The correct indication of the energy level of modules (Chapter 3.3.5.1)

Each subject (number) corresponds to specific constraints from the mathematical model (letters), which
can be seen in Table 5.1. This number-letter combination will be used as a reference in this chapter.

Check

Verification

Constraints

1(a—b)

(a) One module m should be assigned to the one location (x¢,m,r, yt,m,s, Cht,m,s, It,m,s Or
InSt m,s)- (b) Modules m cannot be located at multiple locations at the same time ¢.

Constraint
(3.2-3.3)

2(a=f)

(a) The logical flow of modules m, where each module m is at least in one location before going
to the next location, is correctly applied. (b) Additional logical flow constraints for the modules m,
restricting modules m can only flow to the swapping station s if the vessel r is in the correct zone
RinZ; r s. (c) Modules m can only flow to the charging area (Ch¢,m,s), Inventory (In¢,m,s) or
the InventorySwap (In.S¢,m,s) if the module m are in the same swapping area s. (d) A module
m cannot came from the vessel r, going to the swapping station y: . s and then go to a vessel
r. (e) Amodule m can not go from the InventorySwap In.S; s to the swapping station y¢ m, s
to the charging area Ch¢,m,s. (f) Modules cannot jump from locations.

Constraint
(3.4-3.21)

3(a—e)

(a) Inthe swapping station, there should be at least two modules m, one coming from the vessel
r (0¢,m,s) and one from the swapping area s (A¢,m,s). (b) A module m in the swapping station
yt,m,s has a correct indication of where it came from. (c¢) A module m coming from the vessel
r is correclty assigned. (d) A module m coming from the swapping area s is correclty applied.
(e) There can be at most 2 - EMy modules m in the swapping stations for each time t. (f)
Modules m are staying for exactly Ts.qp periods of time at the swapping station.

Constraint
(3.22 - 3.35)

4(a—f)

(a) Each module m should be indicated with a correct energy level state (ft,m, it,m and e¢ m.
(b) Each state can only be assigned once. (c) The energy level ; ,, is correctly coupled to a
specific state. (d) If the module m is full (f¢,,), it cannot be at the charging area (Ch¢, m,s). (e)
If the module m is intermediate (i¢,,, ), it cannot e a the Inventory (In¢, m,s) or the InventorySwap
(InSt,m,s). (f) If the module m is empty (e¢,m ) it cannot be propelling the vessel r (ut,m,r)
or being at the Inventory (In¢,m,s) or the InventorySwap (InSt,m,s). g An energy module m is
allowed to go over or beneath the safety factors (S Fy,in and SFy,q) but can never be lower
than either zero or the maximum capacity of the energy modules m.

Constraint
(3.36 - 3.44)

5(a—1)

(a) The state of the vessel r is correctly applied (SL¢,r, StSt,, V.St,r or SbOP ), where only
one state is applied at each time t. (b) When the vessel r is at the swapping station (V'S ),
modules m cannot be used for the propulsion of vessel r. (¢) The logical flow of the vessel
states is correct, where each state is visited at least once before going to the next state. (d)
If the vessel r is sailing tot the swapping station (StS;,), the correct number of modules m
should be at the InventorySwap during this time ¢. (e) If the vessel r is not at the swapping
station (V' St,»), and thus sailing, there are always E My modules m on the vessel r. (f) If the
vessel r is at the swapping station (V'S;,,-), at most EMpy — 1 modules m are on the vessel
r. (g) When the vessel r is at the swapping station (V' S;,,-) there are at least two modules m
located at the swapping station and at most 2 M modules m. (k) When the vessel r either
starts to sail to (StSt,) or sail back (SbOP ), it should take the correct time based on the
input parameters (DTs;s, ,. or DTsyop, .. (i) When there no swap possible (Spos:,» = 1) or
a vessel r is doing task RB; » = 0, the vessel cannot do anything with swapping (StS,» = 0,
VStyr =0and SbOPt,r = 0.

Constraint
(3.45-3.78)

6(a—c)

(a) The modules m have a correct indication of the energy module level l; .,,. (b) The variables
(PSLt,m,r, PStSt,m,» and PSbOP; ) for indicating which energy consumption is taken is
correctly applied, where at most one of these variables can be one at the same time ¢. ¢ If the
vessel r has a module m which is being used (u¢,m,» = 1), either one of the energy consumption
variables (PSL¢,m,r, PStSt,m,r and PSbOP; p, ) is one.

Constraint
(3.79 - 3.85).

Table 5.1: Verification checks based on the mathematical model
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5.1.1. Test Base Case

Before doing the verification tests where parameters are varied, a base case (I'Cg) is introduced. This
base case explains the formatting the tables and the results. It provides a benchmark for comparing the
actual test cases to assess the impact of parameter changes and verify the model’s behaviour based
on the mathematical model. The verification checks, as explained in Table 5.1, are then discussed. To
do this, two table types are generated. One is for the vessel and module level, and the other only for
the vessel level and the objective function output.

The first table is presented in Table 5.2, where the vessel state (left side) and the modules m on a
certain location (right side) can be seen. For T'C, two vessels r and two swapping areas s are used.
Each state of the vessel r (SL; ,, StS:,, V.S;, and SbOP, ;) is denoted with the corresponding zone
s the vessel r is sailing in (RinZ, . ) for each time ¢ (indicated after the state within brackets). The
energy consumption (P, ., Ps:s or Psyop) for a vessel r at time ¢ is kept constant, with a value of 10.
The run will have a duration of 17 timesteps ¢ to ensure at least one swap is initiated (170 > 160). When
a swap is initiated both the input parameter DTs;s, , and DTs,0p, . are kept constant, with the value
one. When the vessel r reaches the swapping station s, the vessel r will be kept for exactly Ty, = 2
periods at the swapping station s.

For the module level (right side of the table), the location of the modules m (z¢m.r, Yt,m,s» Cht.m,ss
Ing m s and InS; ., ), the energy level (l; ,,,) and the state of the energy module m (e, it.m, ft,m)
can be seen. When looking first at the location of the modules m at the vessel r, this is indicated with
R. When a specific module m is used on the vessel (u; ., = 1), this is indicated 'R were the energy
level I; ,,, should decrease with P, ., Ps;s or Psyop depending on the state of the vessel r until the
minimum safety factor SF,,;, is reached. When this value is reached, the module m cannot be used
any more. All the modules m have an energy module capacity (EM qpaicity) Of 100, where a safety
factor of 0.8 (SF,,..) and 0.2 (SF,,;,) are used. Note that each module m has one extra unit (81) to
ensure the module is full. The energy level I, ,,,,- is indicated for each module m (full=F, intermediate=1
and empty=F).

Looking to the modules m located at the swapping station s, this is indicated with A or 6. This can only
be true if the vessel r is at the swapping station s (V' Sy ,.), for T’s..q, periods both for the modules m
coming from the vessel (6,..,, ;) and the modules coming from the swapping area s (A ,,, s). The module
m from the swapping station s should go to the charging station s (Ch; . s). When the module m makes
a swap, and the module m is going to the charging area (Chy ., ), the charging speed (Chgpecq) is taken
as 10. If a module m is charging (Ch: ) this is denoted with C. After the module m is fully charged,
it flows to the inventory (In. ,, s) indicated with I, which is only possible when the module m is above
S Fnae- Furthermore, there are two modules m starting at each inventor s. When the vessel r is sailing
to a swapping station s (5tS; ), there should be the correct number of modules m at the vessel.

t Vessel r Module m with energy level [, ,,
R1 R2 0 1 2 3 4 5 6 7

0 SL (1) SL (2) R181.0(F) | 'R181.0(F) | R281.0 (F) | 'R281.0 (F) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)

1 SL (1) SL (2) R181.0(F) | 'R171.0() | R281.0(F) | 'R271.0(l) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)

2 SL (1) SL (2) R181.0 (F) R161.0(l) | R281.0(F) | 'R261.0(l) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)

3 SL (1) SL (2) R181.0 (F) R151.0(l) | R281.0 (F) R251.0 (1) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 12 81.0 (F)

4 SL (1) SL (2) R181.0 (F) R141.0(l) | R281.0(F) | 'R241.0(I) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F) 12 .81.0 (F)

5 SL (1) SL (2) R181.0 (F) R131.0(l) | R281.0(F) | 'R231.0(I) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F) 12 .81.0 (F)

6 SL (1) SL (2) R181.0 (F) R121.0(l) | R281.0(F) | 'R221.0(I) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F) 12 .81.0 (F)

7 SL (1) StS (2) 'R181.0(F) | R111.0(E) | 'R281.0 (F) | R211.0 (E) 11 81.0 (F) 11 81.0 (F) 1IS281.0 (F) | 1S281.0 (F)
8 StS (1) VS (2) R171.0(1) | R111.0(E) | 8S271.0(l) | 6S211.0(E) | IS181.0(F) | I1S181.0(F) | AS281.0 (F) | AS281.0 (F)
9 VS (1) VS (2) 0S161.0(1) | 6S111.0 (E) | 8S271.0 (1) | 6S2 11.0 (E) | AS181.0 (F) | AS181.0 (F) | AS281.0 (F) | AS281.0 (F)
10 VS (1) SbOP (2) || 8S161.0(l) | 6S111.0(E) | C271.0(I) | C211.0(E) | AS181.0(F) | AS181.0(F) | R281.0 (F) R2 81.0 (F)
11 | SbOP (1) SL (2) C161.0() | C111.0(E) | 1281.0(F) C221.0 (1) R181.0 (F) R181.0(F) | R281.0 (F) R271.0(l)
12 SL (1) SL (2) C171.0 (1) C121.0() 1281.0 (F) C231.0 (1) R181.0 (F) R171.0(l) R2 81.0 (F) R261.0 (1)
13 SL (1) SL (2) 1181.0 (F) C131.0() 1281.0 (F) C241.0 (1) R181.0 (F) 'R161.0 (1) R2 81.0 (F) R251.0(I)
14 SL (1) SL (2) 1181.0 (F) C141.0 () 1281.0 (F) C251.0 (1) R181.0 (F) R151.0 (1) R2 81.0 (F) R241.0(l)
15 SL (1) SL (2) 11 81.0 (F) C151.0 () 1281.0 (F) C261.0 (1) R181.0 (F) 'R141.0 (1) R2 81.0 (F) R231.0(I)
16 SL (1) SL (2) 11.81.0 (F) C161.0 () 1281.0 (F) C271.0(l) R181.0 (F) 'R131.0 (1) R2 81.0 (F) 'R2 21.0 (1)

Table 5.2: Verification TCB

In Table 5.2 the actual results can also be seen. For this base test case the verification checks as
explained in Table 5.1 are checked. The first checks, 1(a —b), have a positive result where the modules
m are at each time step ¢ are correctly assigned to the vessels ». When multiple modules m, or none,
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are assigned to a location, this would be indicated with ’-’, which is not the case. Also every module
m has a correct flow (Table 5.2 2(a — f)). This base test case also passes when zooming in to the
swapping station s, indicated with the verification checks 3(a — ¢). As expected, the vessels r should
swap at least once, which can be seen at ¢t = 10 for vessel R1 and at ¢t = 9 for vessel R2, where each
vessel r is swapping in the correct zone RinZ, , s. To zoom further in the swapping station s, there is
indeed a correct indication of the modules m coming from the vessel r (6 ,,, s) and modules m coming
from the swapping area s (A;,,,,s). For both the vessels r, there is a swap with a maximum of 2- EMy
modules m at the swapping station s, which takes exactly 7%, periods. The verification checks for
the energy level ., of the modules I; ,,, and the states of the modules m (e; m, it.m and f; ), with
verification checks 4(a — f) are also passing. Every module m does indicate the energy module level
l+ m, Which is also in line with the energy consumption for each vessel r for each time ¢. This can be
seen with vessel R1, where module m = 1 is used because it is indicated with ’, and it indeed decreases
in energy level [, ,,,. However, due to the constant value of the energy consumption, this should have
a separate test case since it can not be verified if the correct energy consumption is taken. All the
modules m have a correct indication of the energy level state (¢, i+, and f;,,). Furthermore, the
level is never higher than 100 or less than 0, which would give an infeasible result.

The second table type can be seen in Table 5.3 - 5.4. The first column indicated the time ¢, followed
by the possibility of a swap (either SPos;, or RB;,). The possibility of a swap (CH4.7), is indicated
with a green check mark or a red cross. Additionally, if a vessel r is within the area of a main harbour
(based on latitude and longitude) at time ¢ this is indicated with « after SPos; ,. The other columns
represent the objective function. This shows whether a vessel r is initiating sailing to (Starts;s, ,) or
initiates sailing back to the original path (Startsyop, ) and is indicated with | time | based on the time
t it takes (DTsys, . or DTsyop,, ). Note that this can only be true if RinZ; ., = 1, and that after ¢ time
steps the start was initiated, it vessel r is in the next state. Furthermore, the first time a vessel r is at
the swapping station s, indicated with the corresponding T, is indicated as well. For each timestep,
the total time a vessel would need to swap from that point in time, can be seen with T}otal.

For this specific test base case T’g¢, there is no restriction on additional timesteps ¢ where the vessel r
cannot swap. Due to the constraints (CH3.3), the first and last 7,,,,, + 1 timesteps ¢ are excluded. This
means the vessel r can be used in 11 different time steps for this test base case, from ¢ = 3 to ¢t = 13.
This is relevant because the main harbour has most likely a short sailing to (DT5s;s, ,) and sailing from
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5.1.2. Test cases

After defining the test base case Tzc and explaining the results in the tables, the actual verification
with eleven specific test case scenarios can be performed. This is done to evaluate the optimisation
model’s behaviour and ensure alignment with the expected results of the mathematical model. The
input parameters for the test cases can be categorized into two types: those defined in the optimisation
model (Ttotala EMcapacityy SFmaw: Sszna Chspeeda Psis, Psvop, Tswa;m EMstart,inventorya EMp, r and
s) and those from the Excel file (P; ., RinZ; ;. s, SPosyr, RBy ., DTsts, ., DTsts,actual,.,.» DTsvop, . and
DTspop,actual, ). These parameters can be adjusted during testing and can be seen in Table 5.5.

In the second part of Table 5.5, the input parameters for the Excel file can be seen. This Excel file
has several tabs with time ¢, vessels r or swapping area s dependent parameters which can be kept
constant or randomised within a specified range. This allows for more thorough model testing where
randomisation is particularly useful for testing diverse scenarios and stress-testing the optimisation
model. It should be noted that all the inputs have integer values.

Model input TCB TC, TCo TCg TCy TC5 TC(j TC7 TCg TCg TCl() TCh1
Trotal 17 34 ' 34 ; 34 g 7 ; 7 ; 34
EMcapacity 100 " 200 " ” "
SFmaz 0.8 ? ? ?
SFmin 0.2 " ” "
Chipecd 10 5 ’ ’ 5
Pgys 10 » 40 ” 20
Psyor 10 40 ” 20
Tswap 2 i 4 ” i
EMstaA‘t,invento'ry 2 ? 3 1 ?
EMpy 2 1 ? ?

r 2 " 3 3

s 2 ? ? " ? ? 1 ? ? 3
Excel input TCp TC, TC2 TCs3 TCy4 TCs TCg TCY TCg TCo9 TCi9 TCi1
Pra [10] 7 7 g ; ; — 510] g ; [5,10]
RinZ r s [0,1* ? [t [0,2]
SPost,r [0] i [0,1] i
RB,r (1] [0.1] i
DTs¢s, (11 i (1,31 [1.3]
DTStS,actualt’r [011] [1!3] [113]
DTsvop;,, 1 1,31 1.3
DTsv0P,actualy - [0,1] [1,3] [1,3]
Ts=r

Table 5.5: Overall verification test cases

a. Testcase 1: T,

For the first test case (Appendix B.1), the optimisation’s total time T}, is increased from 17 to 34
timesteps to verify if a vessels r can swap multiple times. The other parameters will be the same as
those in the base test case. Due to the energy consumption of the vessels r and the time the vessels
r are sailing, it is expected that both the vessels r should swap at least twice. This is confirmed with
Table B.1, where both vessels r are swapping twice. What is interesting to see is that both the vessels
r do not necessarily swap all the modules m at the swapping station s. For example, vessel R1 at
timesteps 7 and 8 only swaps one module m. In the test base case, it could not be verified whether
one module m could be at the vessel r and the other module m at the swapping station s without having
an incorrect logical flow of the modules m in general. Also the modules m at the swapping station s
stay for T4, = 2 periods at the swapping station s where one module m came from the inventory
(A¢,m,s) while the other module m came from the vessel r (6, ,, ). It can be concluded that all the other
verification checks, as can be seen in Table 5.1, are passing the criteria.

Test case 2: TCy

For the second test case, the capacity of the energy modules (EMy) is varied (higher and lowered)
(Appendix B.2). Increasing the capacity of the modules m to a level where no swapping should happen
(200) will result in no swaps (Table B.4 - B.12). On the other hand, reducing the energy modules’
capacity should result in more swapping of modules m, which will increase total swapping time (Table
B.7 - B.12). For the increased energy modules capacity, the vessels r are not swapping. Besides that,
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the vessels r are not swapping; the usage of modules and the energy consumptions are still until the
modules m reach the safety factors, so this is correctly applied. The decrease in the capacity of the
modules m is indeed resulting in more swapping. This can be seen in Table B.7. It can be seen that
both vessel are swapping twice. All the other verification checks are also verified.

Test case 3: TCy

The third verification test case is used to decrease the availability of modules m at the swapping stations
s due to the longer charging times of the energy modules m. Due to these longer charging times,
modules m will stay longer at the charging area (Ch; ., s) before going to the Inventory area (Ins; p, s).
The other parameters will stay the same compared to the base test case. However, the optimisation
time (T;o101) is increased to 34 to compensate for the decrease in charging speed. Since the vessel
r will have a energy consumption of 10, the vessel r should visit the swapping station s at least two
times to keep the vessel r sailing. The outcomes can be seen in Appendix B.3. Table B.10 indeed
shows that both the vessels r are swapping two times, where charging of the modules m is considered
(with the decreased charging speed). Itis interesting to see that the modules m in the swapping area s
are more frequently used than the base test case. Figure B.1 shows the percentage of modules in the
swapping area s for the charging, inventory, and InventorySwap area. In Figure B.2, this can be seen
for test case T'C, where also a time step T;,:,; = 34 is used (charging capacity is 10). It can be seen
that the interaction can indeed result in a more optimal usage of the modules m in the system.

Testcase 4: TC,

In the fourth test case, the energy consumption for sailing to (Ps;s) and sailing from (Psyop) the swap-
ping station is increased to 40 (four times the value for the base test case) (Appendix B.4). This verifi-
cation test is needed for energy consumption. This will be as fast as possible for real-world scenarios
when sailing to or from a swapping station. This is to decrease the maximum operation time and
thus minimise downtime due to the swapping process (as discussed in CH4, pre-processing). When
increasing this energy consumption, the optimisation model also challenges whether a swap can be
made. This means the vessels r can only swap if an energy module m capacity is at least 60 or higher.
This reduces the timesteps ¢t where a vessel r can swap. Test case 4 does pass the verification checks.

Test case 5: TCjx

For the fifth test case, the swapping time T, is increased to four (Appendix B.5), which is two times
more compared to the test base case T'Cg. Since the swapping time T, is used in multiple con-
straints, mainly for the bounds where the restrictions apply, testing and verifying whether the optimi-
sation model can correctly use these swapping time T, is necessary. One of these constraints is
the possibility of swapping (S Pos; ). If the swapping time T, is increased, this will result in fewer
swapping options for at least the first and last 7,4, periods of the optimisation model. It can indeed be
seen that this is correct in Table B.17 - B.18. Furthermore, the modules m coming from the swapping
station (¢;,,»,s) and modules m coming from the swapping area s (At, m, s) should be stationed at the
swapping station for exactly T, periods resulting in more total time T34, which can be seen in Table
B.16. It can indeed be seen that the indication of the modules m coming from the vessel r (2., ) are
indicated correctly with 6, ,,, s for exactly T,,,, periods each time the vessel ris the swapping station
VS . Since the time of swapping T, is adjusted the possibility of exchanging modules m for the
first Tsyap + max(DTs,s, ,.) and for the last part of the optimisation is correctly indicated. Furthermore,
the correct indication of StS,iar¢,, and SbO Pstqr+, . as the first time a module m is at the swapping
station, is correctly. '

Test case 6: TCq

Test case 6 is used to verify that one module m can also be used on the vessel r (Appendix B.6). This
should result in more initiated swaps because there is simply less energy onboard the vessel r. Due
to the expected increases in swapping, the number of modules m starting at the inventory has also
increased for this test case to three. Based on the actual checks of the model, it can also be concluded
that this test case does pass. However, this test case will be probably rare since, due to redundancy, at
least two energy modules m should be on a vessel . When a module m cannot deliver energy for some
reason, there should always be an extra module m to propel the vessel r. Besides the redundancy,
this case does show that it is possible for the model to sail with one model m. This case can be used to
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run a model with an increased capacity where two modules m are represented by one model m. This
can be interesting when the model should swap, for example, in pairs of two.

Test case 7: TC,

For test case 7 (Appendix B.22), the energy consumption P, ,. of the vessel r is randomised in a range
of [5,20]. This is important because the vessel » should then consider when to swap. To verify that
the correct energy consumption is used for each vessel r, an additional table is made for a specific
module m, Table B.22, which shows that this indeed happens. It can be concluded that the verification
for this test case indeed passes. This means that the optimisation incorporates individual needs for
swapping based on the mathematical model and that swapping highly depends on each vessel’s energy
consumption resulting that the consumption is a critical input parameter and should be as accurate as
possible to achieve a precise optimisation result.

Test case 8: TCy

For test case 8, the vessels r are located in the same swapping area s (Appendix B.8). In combination
with the charging rate of the modules m, the optimisation should determine the correct initiated swap.
There is a high probability of multiple vessels » within the swapping area s for actual cases. Initially,
three vessels r were added to the optimisation model with the same number of modules m and charging
speed with the same total time T;,;,;. The optimisation was infeasible, due to the energy consumption.
Therefore, the total time T}, is increased with one. Each vessel r should swap with one module m
at least once. This test case also passes the verification checks.

Test case 9: T'Cy

For the ninth test case, the possibility of swapping (either SPos, , or RB; ,) is tested (Appendix B.9).
This is not randomised since this would probably impact the entire optimisation model. In the mathemat-
ical model, if data is not available or the vessel r is doing a task, the vessel » can not sail to a swapping
station StS; ., not being at a swapping station V'S, ,. or sailing back to the original path SOOP; ,.. This
means those parameter will highly impact the model if too much data is missing. On the other hand, if
a random input is applied for testing, the model will be infeasible most of the time. The model should
have a corresponding time window to initiate or begin a swap. Therefore, it is chosen to have a specific
range deleted, in terms of SPos; , = 0 and RB; , = 1, to indicate time windows. This can be seen in
Table B.29. Test case 9 is passing the verification checks. Table B.30 - B.31 shows that, indeed the
vessel is not doing or initiating a swap when there cannot be a swap (red crosses).

Test case 10: T'C4y

For this test, there is a random input for the time it takes to sail to (D7s;s, ) and sailing back to the
original path (DTsy0p, ) With a range of [1, 3]. The actual data can be seen in the following table, Table
B.32. This test passes the verification checks as well. In Table B.33 and Table B.34, the objective can
be seen for every initiated swap. It can be seen that, indeed, the correct time is initiated for a swap.
Both vessels r initiate a swap where the total time is the lowest to have the most optimal operational
time.

Test case 11: T'Cy;

For the last case, multiple parameters are adjusted (Appendix B.11). This will challenge the optimisation
model in a way that combines most of the test cases, as seen in the previous tests. First, the total time
Tiotar IS increased since this will allow other parameters or input for Excel to be changed. Then, the
charging speed is lowered. Since sailing to and from the swapping station will be done as fast as
possible, this has been increased to 20 (doubled). The energy consumption is random [5, 10] and the
swapping areas s and the number of vessels r is increased to three. The swapping area s of the vessel
r is randomised, meaning there can be multiple vessels r in a specific swapping area s. At last, the
sailing to the swapping station (DT;s, ) and the time to get to the original path (DTsyop, ) is also be
randomised [1, 3]. This will likely challenge the optimisation model, and the computational time should
also increase. The last test case also passes the verification test. This test case did challenge the
optimisation model more in terms of computational time. Since this is a somehow controlled space
where parameters are used as input, this will most likely impact the model if real-world scenarios are
applied, which will be done in the next chapter validation (CH5.2).
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5.2. Validation

The validation section aims to validate if the optimisation model can be used for real-world applications
despite the novelty of this swapping method for this specific type of vessel. Since no direct historical
data exists for comparison (e.g. other studies), alternative validation approaches are required. The
primary objective (obj) of this section is to confirm whether the data from the pre-processing chapter
(CH4 for each individual vessel (Table 4.1) can be used. In this pre-processing chapter, the used
vessels (CH4.1), the AIS location data (CH4.2), the power estimation (CH4.4), the swapping (method)
(CH4.5 - 4.6) were discussed and this data will will be used in this section. Each RPA vessel will be used
for one run to see if it can swap independently to ensure that if multiple RPA vessels are introduced for
one optimisation, it cannot be one vessel, which could result in an infeasible optimisation result.

For this validation, the parameters of the pre-processing are used, with a timestep of 6 minutes, re-
sulting in a total of 240 timesteps (for the 24-hour run). This specific timestep is chosen because if
swapping is valid for these timesteps, it is also possible with a smaller timestep. After all, there are
more options to swap. The six different validation checks are summarised in Table 5.9 where the spe-
cific vessel, the data, the zones the RPA vessel is sailing in, the (main) harbours the vessel is visiting,
the travelled distance, the energy consumption and estimation of swaps can be seen. Also, in the
pre-processing, the zones (Figure 4.3), the distance (Figure 4.2) and the initial energy consumption
including the estimated swaps (Figure 4.12) can be seen in the pre-processing chapter (CH4).

Appendix | Vessel | Zones Travelled Initial energy Estimated
Distance [km] Consumption [kwh] Swaps
C.11 RPA6 | 9-13 (Figure C.1) 75 (Figure C.2) 4,485 (Figure C.3) 3
Cc.21 RPA7 | 1-4,7-8  (Figure C.9) 65 (Figure C.10) | 4,138 (Figure C.11) | 3
C.31 RPA10 | 9-14 (Figure C.17) | 110 (Figure C.18) | 3,944 (Figure C.19) | 3
C.4.1 RPA13 | 9-14 (Figure C.25) | 150 (Figure C.26) | 4,201 (Figure C.27) | 3
C.5.1 RPA15 | 1-3,5 (Figure C.33) | 161 (Figure C.34) | 4,455 (Figure C.35) | 3
C.6.1 RPA16 | 1-3 (Figure C.41) | 148 (Figure C.42) | 4,434 (Figure C.43) | 3

Table 5.6: Input for validation cases

The summary of the results can be seen in Table 5.7. This table shows the appendix for each RPA
vessel with the results and figures. First of all, all the vessels are swapping optimally. It was expected
that the vessels should have at least swapped three times, and this is also happening, with an objective
function value of 54 minutes for each vessel. Since the timestep is chosen as six, and the vessels have
a minimum of 18 minutes for one swap, resulting in a total of 54 minutes. This validation validates that
the vessel can indeed swap individuals with a correct output. Note that the actual energy consumption
will be slightly higher (compared to Table 5.9), the actual energy consumption differs because the vessel
has another energy consumption when sailing to and sailing from the swapping station as discussed
in the pre-processing chapter (CH4.4.2).

Ap- Vessel| Obj | Runtime| Estimated/ actual swaps | Swapsin | Correct Charging/correct Inventory/
pendix [min]| [s] Zone Optimal usage modules
C1.2 RPA6 | 54 11,947 3/3 /(Figure C.4 - C.5) 9/9/10 / X(Figure C.6 - C.8)
Cc.22 RPA7 | 54 136,028 | 3/3 /(Figure C.12-C.13) | 9/9/10 / X(Figure C.14 - C.16)
C.3.2 RPA10| 54 5,385 3/3 /(FigureC.20-C.21) | 1/2/3 / X(Figure C.22 - C.24)
C4.2 RPA13| 54 18,106 3/3 /(Figure C.28-C.29) | 9/9/9 | X(Figure C.30 - C.32)
) )
) )

C.5.2 RPA15| 54 16,632 3/3 /(Figure C.36-C.37) | 9/11/12 / X(Figure C.38 - C.40
C.6.2 RPA16| 54 15,731 3/3 /(Figure C.44 - C.45 1/2/2 / X(Figure C.46 - C.48

~———

Table 5.7: Results for validation cases

This chapter confirms that the individual vessels can swap optimal. Also, when looking at the swapping
area, where modules are charged and stored in the inventory when fully charged, this is also as pre-
dicted. The modules charge in the correct swapping area s and are correctly stored in the inventory s.
To look at the efficiency of the modules, a figure is displayed where the percentage of modules in the
swapping area can be seen. Since the vessels are only individually in the optimisation, it is expected
that this efficiency of modules will improve in when more vessel are added. This will be done in the
next chapter Case Study.
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5.3. Conclusion
In this chapter, the verification and the validation were performed where it was concluded that the
verification of the mathematical model was successfully. The verification summary can be seen in
Table 5.8 where eleven different test cases were performed.

Appendix Test | Verification (Ta- | Result Check
Case | ble 5.5)

- TCp At least one swap for each vessel r, which is happening.

B.1 TC1 | Tiotal The total time is increased from 17 to 34, which should increase the num-
ber of swaps for each vessel r (at least two swaps). Results show that
indeed the vessels r are swapping twice, but not necessarily all the mod-
ules m on the vessel r. This verification therefore also shows that swap-
ping one module m is possible, which could not be seen in the test base
case.

B.2 TCy | EMcapacity The capacity of one modules m is increased to 200, and decreased to 50.
Resulting in no swaps and twice the number of swaps, as expected.

B.3 TCs | Tiotal, Chspeed The charging speed is decreased to 5, twice as low. Modules m will stay
longer at the charging station, and fewer modules are available for cer-
tain timesteps ¢. To facilitate this, the total time was increased to 34. The
results show that indeed modules m charge longer, without having infea-
sible flows of modules.

B.4 TC4 | Psis, Psvop The energy consumption when sailing to and from the swapping station s
is increased. Modules m should decrease in power more rapidly. Results
show that this indeed happens.

B.5 TCs | Tiotal> Tswap In the fifth case, the swapping time of a module m is increased to 4.
Also, the total time is increased to see what is happening. It can be con-
cluded that the swapping of modules is indeed as expected, with every-
thing needed.

B.6 TCg EMstart, Tnow The number of modules m at the vessels r is decreased to 1, with an

EMpy increase in starting modules at the inventory. Results show that it is pos-
sible to have one module m onboard of the vessel r.
B.22 TC7 | EMgiart,inv, 7> | Randomised energy usage, which will impact the number of swaps of
s individual vessels. The verification checks pass.

B.8 TCs | RinZirs In this test case three vessels are within the same swapping area. This is
possible.

B.9 TCgy | SPost, RBi r The state of the swapping stations S Pos;,, and the RB; ;- is indeed show-
ing that these are excluded for the possibility of swapping.

B.10 TCro| DTstsy Random input for sailing to and from the swapping station, where the

DTsts,actualy,, model should determine the most optimal total swapping time. This test
DTsvop, ., passes the criteria.
DTSbOP,actualt .

B.11 TC11 | Combined Combined case or T'C';—1; to test the model. Resutls show a correct

verfication.

Table 5.8: Summary verification

After verification of the optimisation model, the validation is performed. This validation was done with
each individual RPA vessel. The input for these validation cases was explained in the prep-processing
(CH4). The summary of the input for the validation and the actual results can be seen in Table 5.9. In
this table, the results show that the vessel can indeed be swapped individually. However, the efficiency
of the usage of modules is low, meaning that there are more modules in the system for too many
swapping stations. Adding more vessels should improve the usage of the modules.

Ap- Vessel| Zones Travelled | Initial Estimated/ Obj | Runtime Swap in | Correct Check
pendix Dis- En- actual [min]| [s] Zones Ch/in |
tance ergy Swap optimal
[km] [kWh] usage
C.1 RPA6 | 9-13 75 4,485 | 3/3 54 11,947 9/9/10 [V/1X
C.2 RPA7 | 1-4,7-8 | 65 4138 | 3/3 54 136,028 9/9/10 11X
C.3 RPA10| 9-14 110 3,944 | 3/3 54 5,385 1/2/2 /11X
Cc4 RPA13| 9-14 150 4,201 3/3 54 18,106 9/9/9 11X
C5 RPA15| 1-3,5 161 4455 | 3/3 54 16,632 9/11/12 /1 X
C.6 RPA16| 1-3 148 4,434 3/3 54 4,434 11212 /11X

Table 5.9: Summary Validation



Case study

In the previous chapter, the validation and verification were performed. With the insights of these
chapters, actual case studies can be performed with different vessels based on the preprocessing
chapter (CH4). For the validation, it was seen that the computational time was already high. So,
adding more vessels will result in ever more computation time. Therefore, not all the six vessels are
added to the optimisation model. Because the preprocessing had already been performed, which took
significant time, it was chosen to consider only the area from the Pistoolhaven. Therefore, one case
study is performed with two vessels (CH6.1) and one with three vessels (CH6.2) where all three vessels
are sailing within the area of the Pistoolhaven.
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6.1. Caste study 1: two RPA vessels

Based on the validation, it was concluded that the vessels could swap separately with an optimal result.
In this case study, more vessels are added to the optimisation model. Two RPA vessels are chosen
based on the sailing profile, where RPA15 and RPA16 sail within three overlapping zones, zones 1,2
and 3. For both the vessels, the Pistoolhaven is their main harbour. RPA15 also sails within zone 5
but has just one data point. This case study is performed for 720 minutes, with an actual timestep of
6 minutes, resulting in 120 timesteps for the optimisation model. The sailing profile for this case study
can be seen in both the vessels, RPA15 and RPA16, in Figure 6.1.
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Figure 6.1: RPA15 and RPA16 locations (timestep = 6)

Also, for the case study, the distance for each RPA can be seen, which can be seen in Figure 6.2. In
this graph, it can be seen that both vessels are stationed at the Pistoolhaven between approximately
timestep 25-70. For the rest of the time, both vessels sail. For the initial power usage, this can also be
seen in Figure 6.3. The RPA15 has a power initial usage of 2,717 kWh, meaning the vessels should
have at least two swaps. For the RPA16, the vessel consumes 2,443 kWh, so the vessels should swap
twice.
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Figure 6.3: Cumulative energy consumption for RPA15 and

Figure 6.2: Cumulative distance for RPA15 and RPA16 RPA16

In the following two figures, the swapping for both the RPA vessels (Figure 6.4) and the actual power
level for each RPA vessel (Figure 6.5) can be seen. This run took 17,426 seconds, which is almost 5
hours. Both the vessels were swapped two times, which was expected due to the pre-processing of
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Figure 6.4: Swapping state RPA vessels for case study 1
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Figure 6.5: Power level RPA vessels Case Study 1

Looking at the charging (Figure 6.6 and inventory area (Figure 6.7), the correct swapping areas s are
used. The vessels are swapping in swapping zone 2 and 3.
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Figure 6.6: Charging area Case Study 1

For this case study, again, the modules in the system are not efficiently used. There is still a low
percentage of the time the modules are used in the swapping area. For the areas where both vessels
are not sailing, this is straightforward. However, the zones where the vessels are located are used
relatively less. This can be seen in Figure 6.8.
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Figure 6.7: Inventory area Case Study 1
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6.2. Case study 2: Three RPA vessels

For the second case study, one addition vessel (RPA7) is added to the optimisation model, which
will result in more computational time. However, this case study suggests that the efficiency of the
modules can be increased for the modules in the swapping section. Due to this expected increased
computational time, the optimisation is ran for the same timesteps. Therefore, the model has an actual
timestep of 6 minutes, where 120 timesteps were used for the optimisation model. The RPA7, RPA15
and RPA16 locations can be seen in the following figure, Figure 6.9.
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Figure 6.9: RPA locations for Case Study 1 (timestep = 6)

The sailed distance for all the vessels can be seen in Figure 6.10. The RPA7 is also at the Pistool-
haven, as are the RPA15 and RPA16. The RPA7 sails less compared to the RPA15 and the RPA16
for these timesteps, approximately two hours, between steps 80-90 and 110-120. RPA7 has a power
consumption of 2,113 kWh, the RPA15 2,717 kWh and RPA16 2,443 kWh, where it is expected that
the RPA15 and RPA16 should swap at least two times and the RPA7 at least once. Since the vessels
also consume energy when stationary, these values are high when not used, especially for the RPA7.
This can be seen in Figure 6.11.
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Figure 6.10: Cumulative distance for Case Study 2 Figure 6.11: Cumulative power consumption for Case Study 2

The actual results for the swapping for all three RPA vessels can be seen in Figure 6.12. The optimi-
sation ran for 340,390 seconds, which is almost 4 days. This is a significant increase in computational
time compared to the first case study, which ran for nearly 5 hours. There could be several reasons,
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such as a specific solution that is hard to converge with the actual value in Gurobi. There are just more
possibilities to swap with different vessels where the actual swapping of a vessel has an impact on the
rest of the model. The energy level of each RPa vessel can be seen in Figure 6.13.
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Figure 6.13: Power level RPA vessels Case Study 2
Figure 6.12: Vessel state RPA vessels Case Study 2

In the following two figures, the modules m in the charging area (Figure 6.14) and the modules m in
the inventory (Figure 6.15) can be seen. As can be seen, the modules are only swapping in two zones,
zone 2 and zone 3. When looking at the swapping behaviour, it can be concluded that the time in the
zones will affect this swapping. For example, the RPA7 sailing in zone 7 (Figure 6.9) has only one
step before the vessel moves to the next zone. Thus, the timesteps do have an impact on the place of
swapping, especially when the time to go to the swapping station D7’s,s, , and the time to go back to
the original path DTsvop,., will take longer which is the case if RPA7 is swapping in zone 7.
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Figure 6.14: Charging area Case Study 2 Figure 6.15: Inventory area Case Study 2

For this specific case, it can be seen that the modules are slightly more efficient, but there is also an
extra vessel. Therefore, this the usage of modules is still inefficent.
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Figure 6.16: Percentage of modules for each location in different swapping stations s for RPA10
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6.3. Conclusion

The conclusion of these studies were that the number of swaps was in line with the expectations of
each case. However, no optimal usage of modules was seen. The reason for this, was that a vessel
takes multiple hours to deplete an energy module, while the swapping of an module was in minutes
which resulted in an inefficient usage of modules in the system. Adding more vessels to the system
would result in more efficient usage of modules. However, the optimisation model needs significant
more computational if more vessels are added to the system. An other conclusion from the case study,
was that there too many swapping stations in the model for the used configuration. Despite constraints
that exclude zones from being considered (if RinZ; ,, = 0), this is most likely not enough. In the
following research, it may be better to shrink the zones or apply less zones across the entire harbour,
which could potentially increase the computational time. At last, the decision was made to have three
energy modules at each swapping station.



Conclusion & Discussion

7.1. Conclusion

For this thesis, a study is performed to model an optimisation model capable of tracking energy modules
m and vessels r. First, there was literature research on the implementation of such a system for both
the technical and the operational issues. Followed by a mathematical model, implementing the actual
optimisation model in Python (Gurbobi). Finally, verification and validation were performed to check
whether the mathematical model and, thus, the optimisation model could optimise where it was built.
In this chapter, the main research question is answered which is:

What is the optimal configuration (number of energy modules, swapping stations and charging
stations) for the swapping concept for patrol and incident-response vessels (RPAs) in the Port of
Rotterdam?

The optimisation model successfully tracks the module and vessel level with different vessels » and
(decentralised) swapping areas s (swapping and charging stations). The mathematical model is verified
and validated with the Port of Rotterdam input data. It is concluded that it is possible (with the provided
data) to swap energy modules for the RPA vessels if those conventional RPA vessels are equipped
with energy modules. However, the optimisation took extensive time to solve when more data input
was applied. This was because of the ratio of the actual time considered in the optimisation and the
total time a swap took place. Therefore, an actual answer to a specific configuration cannot be found
within this thesis. However, the optimisation model is successful in minimising the total swapping time.

Due to this increasing computation time, it was difficult to determine the sensitivity of the input param-
eters and the variables. Thus, this has not been researched in detail because of the time available for
this thesis. For example, the combination of the number of energy modules at the swapping stations
and the charging speed impacts the overall efficiency of modules in comparison with the actual swap-
ping of vessels. What can be said with certainty is that too many swapping stations are included in
this research. In all the validation tests, it can be seen that modules were not efficiently used. Based
on this, there can be fewer swapping/charging stations and thus swapping areas in the model. If there
are fewer swapping stations, it cannot be stated that this also means decreased computational time.
Less swapping areas will increase vessels’ visits to each swapping station. This could result in bot-
tlenecks. Furthermore, applying fewer zones will affect the pre-processing but can be adjusted (with
the pre-processing and automatic scripts for Python and Excel). However, this sensitivity has not been
researched.
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7.2. Discussion

Since this thesis is based on early research for the optimisation of specific vessels, the discussion
chapter is used to look back and discuss the thesis. After concluding that the optimisation model is
working for the designed purpose, but the main research question could not be answered fully, an
discussion is needed.

In the literature review, the conclusion was made that for this specific case for the Port of Rotterdam,
the application of batteries was the most promising and that Li-lon batteries were the best possible
storage medium for the new RPA vessels. Since the conventional RPA vessels will be replaced in
the future, which will take multiple years from now on, there could be a shift in the specific storage
medium for the application of energy modules. For this thesis, an actual choice of the storage medium
is not needed since the optimisation model only needs a certain energy consumption input. As well,
the charging speed, the depth of charge, and certain safety limits (SF,,;, and SF,,,.) should be known.
The main discussion part is that the application of a storage medium is case-dependent and that, in
future research, this can be easily adjusted because of the generic optimisation model.

Furthermore, the Battery Swapping Method (BSM) was discussed (based on batteries). The implication
of this method was discussed for specific markets, with an example of a case where it is applied to the
maritime industry but not for vessels with a response task, meaning that for this type of vessel, this
swapping mechanism is not yet used. This thesis assumes that the (physical) swapping mechanism is
working, meaning that this is implemented correctly for the RPA vessel. However, this is not the case at
the moment since the conventional RPA vessels are not sailing with energy modules, and even more,
those vessels have no system onboard to load these modules. This means that the parameters used in
this thesis for swapping modules are purely based on theoretical methods to use the energy modules
on vessels. Companies like ZES-Pack and Shifter are working on these types of systems, but neither
of them used these systems for vessels with 24/7 response tasks. On the other hand, if there is an
actual indication that it is possible to apply these types of (different) swapping mechanisms, it can be
used to test this for each specific case with the optimisation model.

For the optimisation model, the charging of modules is also incorporated. As discussed in the literature,
there are different strategies to optimise the charging so that the energy modules will last as long as
possible. However, the basic charging structure is only applied in this optimisation model. The model
does take into account the depth of charge, with the safety level, but does not apply specific charging
strategies such as the First in, First out (FIFO) principle or the keeping track of the State of Health
(SOH) of energy modules. This means that an energy module is not ranked into a state, where energy
modules are not used if those energy modules are below a specific value. Since the maximum time an
energy module is used for the validation chapter is, at most, 24 hours this will not affect this. However,
when longer runs are considered, this should be incorporated.

One important yet critical assumption is that the electricity grid can handle the increased energy de-
mand. For this thesis, it is assumed that this increased energy demand can be met. In the Port of
Rotterdam, and also in general, there is an increase in energy demand due to the energy transition,
where energy congestion could occur. In this thesis, 14 different swapping locations are introduced,
and each of those swapping stations should be connected to the energy grid with this increased en-
ergy demand. Again, this fleet renewal will cost multiple years, and the energy demand could potentially
have been increased in the coming years. Therefore, it is hard to say if this energy demand can be
met, and therefore, for this thesis, this will be assumed to be working.

As discussed in this thesis, the vessels on which this thesis is based are conventional RPA vessels
with conventional energy consumptions. Since there are no newly built RPA vessels or at least con-
crete plans for the actual design, the question is whether the power consumption can be more accurate.
Therefore, conventional RPA vessels and their power consumption (without having actual energy mod-
ules installed on the vessel) were used as a starting point to look at the operational profiles of the RPA
vessels in the Port of Rotterdam. Another assumption was that newly built vessels would probably
have a more energy-efficient design, which should justify the decision to use the conventional vessels
since those vessels had actual sailing profiles. However, this new design will affect, for example, what
type of swapping method can be used or the actual power consumption. Since this design parallels this
master thesis, it was essential that those changes could be incorporated into the actual optimisation
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model if this information is available.

Another input parameter is the zone where a vessel r is sailing in (RinZ; . s), which depends on the
choice of total swapping stations s in the Port of Rotterdam. The number of swapping stations will
also define the number of zones a vessel r can sail in. This constant input parameter of the swapping
stations s will impact the total optimisation model for different input parameters, such as the time it takes
avessel r to go to (DTs;s, ) or return from (DTspop, ) @ swapping station which are calculated in the
pre-processing. If the number of zones are reduced, this will result in more vessels in the same zone s.
Since the vessels have a limit for those sailing times, possiblity of swapping is affected (SPos; , = 0).

For the pre-processing, the zones are based on possible locations. As can be read in the conclusion,
there are too many swapping stations compared to the number of vessels in this optimisation model,
which results in a less efficient usage of the energy modules. This is a discussion point since this
parameter will heavily impact the optimisation model and computational time. Again, the Port of Rot-
terdam is at the start of its fleet renewal. Therefore, the choice of swapping station locations is difficult.
However, the locations of the swapping stations can be changed, including the range of the zones, if
more data is available. On the other hand, applying fewer swapping stations will introduce more traffic
in zones, which can also increase the computational time of the optimisation model. So, this relation
is not as straightforward as it might seem, and more research is needed for the exact locations of the
swapping stations.

Looking at the actual optimisation model, this should be discussed as well. First, the timestep is dis-
cussed for the optimisation model, where an increase in the number of timesteps will result in an in-
creased computational time in general. On the other hand, decreasing the timesteps will reduce the
computational time, but since this is not linear, it is hard to say what the actual impact is. This rela-
tion was reported, but could not be tested. On the other hand, when applying larger timesteps (fewer
timesteps in the model), this decreased accuracy.

Since there was an increase in computation time, it was chosen to maximise the timestep used (six
minutes), which significantly reduced the computational time but impacted the accuracy of the model.
For a working model, each module location must be visited at least once timestep ¢ before going to
the following location. If the time is increased, a module could be longer in a specific location than
necessary. A way to get insights was to have an output displaying the actual time, which could be
compared to the values of the used timestep in the optimisation model. Furthermore, this increase in
time also impacts the constraints of the mathematical model. For example, the vessel consumes more
power to and from the swapping station since there is a larger timestep.

Zooming into the charging area, there are also discussion points for the optimisation model. The charg-
ing of modules is working because the energy modules will charge until the actual capacity, to have
a correct state, of the energy module is (at least) higher than SF,, ... But in reality, SF,,,, should be
the maximum due to degradation and the state of health of energy modules. This is not implemented
because the way the model works now would result in the infeasibility of the optimisation model. For
example, if an energy module is charged for 79%, it cannot go to the Inventory In, ,, s but cannot go
to the charging area. In this optimisation mode, the first time ¢ the module m is above this value, it will
move on to the Inventory In. ,, s. Since the charging speed is a constant value, it should be allowed
to go slightly above this value or below, with the maximum bound of the energy modules in place. An
extra measurement could be to lower the SF,, ., by changing this parameter in the Gurobi model, but
that should be case-dependent.

In the optimisation, settings are incorporated to tweak the way Gurboi handles the optimisation. These
settings can be changed, such as the cutting planes, the heuristics, the optimality gap, or the specific
method applied for optimisation. Since the computational time of the model was substantial, it was
challenging to research the effect of changing these parameters. This can potentially decrease the
computational time, but it was hard to research due to the significant computational time it could not be
researched in detail.
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7.3. Future Research

Based on the conclusion and the discussion, more research can be applied. This sub chapter will
describe this.

7.3.1. Vessels

First, the future research for the vessels is discussed. For the vessels, the energy consumption is
critical since the power consumption is directly related to the optimisation model; the better the power
consumption is estimated, the better the optimisation model can optimise the problem. In this thesis, the
energy consumption is based on the RPA10, RPA13 and RPA16, with an average for all the vessels
considered. This is done with sensors to relate the given engine load to the speed of the vessel,
which is explained in CH4. Since the vessels are all different and have different designs and thus
resistance, as described in the discussion, this should be researched further to better estimate the
energy consumption for each vessel ». The RPA vessels will be replaced in the future, impacting the
actual design and, therefore, the energy consumption. At this moment, an overestimation can result in
swapping more than needed, or worse, an underestimation would result in less swapping. The latter
is most likely not the problem within this thesis. In conclusion, the power estimation can be better
estimated if the new design of the RPA vessels is known and should be researched.

Moreover, the power consumption estimation is based on conventional propulsion power in this thesis.
Since there is a difference in power consumption between conventional and electrically driven vessels,
this can be researched in the future. An option is to look at the RPA8, a hybrid vessel. This can help
get insights into the electrification process and, thus, the energy consumption. This hybridisation does
not involve energy modules with a swapping method. However, this might be useful and result in a
better prediction of energt usage for the vessels.

Besides the vessel’'s energy consumption, the RPA vessels’ operational time is essential since this is
the main objective of the thesis. When the RPA vessels are doing these tasks, the vessels should
not initiate a swap or being in the swapping process. The problem is that, at this moment, this data
cannot be retrieved. Therefore, an estimation is performed when the AIS data shows that a specific
RPA vessel is stationary outside the main harbour for more than two executive time steps. As described
in the discussion, the timesteps impact this estimation. Doing more research will better predict whether
a vessel should swap or not if a vessel is doing tasks, which will result in a more accurate swapping
sequence.

7.3.2. Swapping Stations

In this thesis, 14 different potential swapping locations are proposed. However, as explained in CH4.3
and the discussion (CH7.2, the actual choice of the swapping station is more nuanced. The location
of the swapping station should be available; the electricity grid should be present; permits should be
arranged, etc. Since the place of these swapping stations impacts the results, future research should
be performed to have a more detailed plan for locating these swapping stations.

Also, the swapping stations now have one swapping possibility for each time ¢ for a maximum of EM,,
modules for a particular vessel . When this is expanded further, this will affect the mathematical model
but will allow swapping with more vessels at the same time. This has not yet been implemented in the
optimisation model, but it would be interesting to see if there are more vessels in the optimisation model.

7.3.3. Charging Stations

In the literature review, charging stations and strategies for these charging stations were discussed
(CH2.4). This thesis does not consider charging strategies (except for applying a specific range for
maximum depletion and an upper bound). However, these charging strategies are essential when
energy modules m are used for a more extended period of time. This will reduce battery degradation,
and if energy modules are no longer used, the State of Health (SOH) will be more important and should
be considered. Since this thesis is only considered, at most, 24 hours, this is unnecessary but should
be incorporated when doing longer runs.

Looking at the charging stations, there should be enough electricity available. When a swapping mech-
anism is introduced, this can significantly impact the electric grid. Some studies suggest using smart
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grids, where ESS can charge when electricity demands are low. This can also be combined with al-
ready built facilities, and looking at this from a "smart” perspective can create a solution. This problem is
complex and, therefore, not studied in this thesis. However, this should be researched when planning
to apply the swapping method.

7.3.4. Inventory area

In this thesis, the inventory has a dedicated area for the actual inventory (In; ,,, s) and an area where the
modules m are kept for swapping if a swap is initiated by a particular vessel r. For this InventorySwap
area, there is no specific order in which module m is used first. Again, with a maximal estimation model
time of 24 hours, this will not affect the energy module states. But, if longer, more extended periods
are used, it should be incorporated.

7.3.5. Optimisation model

The optimisation model consists of various options, but this can be expanded even further. In a way,
this will impact the working way of the optimisation model. For example, the model can be integrated
with the internal programming environment to have an update on the vessels. This will update the
model as much as possible. Also, a sequence can be introduced so that a particular day is calculated.
After this day, the settings are saved (which module m is at the vessel, how many modules m are at
a specific charging station (Chy ,, s), Inventory area (In., ) or an InventorySwap are (InS; ,,, s). To
break down the optimisation model. This could be an option since the vessel are sailing in time shifts.

In this thesis, there are different variables. With the verification and validation, those variables are
checked and researched. However, due to large computational times, the variables’ actual dependency
could not be researched in detail. In future research, a detailed sensitivity analysis can be performed.
In this way, the exact choice of certain variables can be more thorough.

For this research, the operational time was the objective. This was chosen since this would be the
basis to actually see if this method could be applied. However, the costs of battery swapping stations
and the modules can also be an objective to minimise expenses. Since the optimisation model consists
of the locations of the swapping stations, the number of modules, the charging rates, and so on, this
can be coupled with an actual price. In this way, the system can be optimised from the perspective of
the energy module supplier. In most cases, this is a pay-to-use construction, which means that these
optimisations are more interesting for supplies of the energy modules and the system itself. This is not
implemented, but could be researched in the future.
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Position of Modules - in general
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Position of the modules - Swapping location
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Movement of Modules - Inventory location
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Energy Modules States (Full/Intermediate/Empty) (no adjustments)
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Usage of modules
Ut m,r < Temr VieT,me M,reR
Z Ut,m,r = 1- VSt,’!' Vit € T,’I" €eR
meM
Zut7m,r§ l_et,m VieT,meM
rcR
> Ut < it + frm VteT,meM
reR
Zut,m,r§1 vt€T7’l’€R
meM
Modules on the Vessel
Z Tt,m,r < EMpy — VSt,T Vite T,T €R
meM
Z Tt,m,r ZEMN(l_VSt,T) VtET,T cR
meM
EMy - (SLy, + StSy, + SbOP ) < Y @y VteT,reR
meM

Power level - quadratic constraints

lt+l7m = lt,m - Z (SLt,T . Pt7r ' ut,m,r) - Z (StSt,r . PStS ' ut7m,r)
rcR rcR

— Y " (SVOP:, - Pspop - trmr) + CS - Y Chi s Vte T,me M

reR seSs

(A.43)
(A.44)
(A.45)
(A.46)
(A.47)

(A.48)
(A.49)
(A.50)
(A.51)

(A.52)

(A.53)
(A.54)

(A.55)
(A.56)

(A57)

(A.58)
(A.59)

(A.60)

(A.61)
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Power level - linearisation

SLiy < Y PSLym, VteT,reR (A.62)
meM
StSy, < Y PStSim., VteT,reR (A.63)
meM
SbOP;, < > PSbOP, ., VieT,reR (A.64)
meM
> PSLypy <1 VteT,reR (A.65)
meM
> PStS;my <1 VieT,reR (A.66)
meM
> PSVOP, <1 VieT,reR (A.B7)
meM
PSLt,7n77- + PStSt’mJ- + PSbOPLm,T = Ut,m,r Vit € T meM,reR (A68)

lt+1,m = lt,m - Z (PSLt,m,r . Pt,'r‘) - Z (PStSt,m,r . PStS)
reR reR

— > (PSbOP, - Pswor) +CS - Chym. VteT,meM (A.69)
TER SES

Vessel at swapping station

VSir <Y RinZiys VteT,reR,seS (A.70)
seS
> (VSis-RinZy,.) <1 VieT,reR (A.71)
seS
> (VSir- RinZ,,) <1 VieT,seS (A.72)
reR

Vessel at swapping station (actual lineraizatoin)

Yt,m,s = et,m,s + Atm@,s VieT,meM,s e S (A73)
Orams <Y (@-Trppmr - RinZyys) Vt € {Tswap,---, T}, me M,s€ S (AT74)
rER

Ht,m,s S 1- Oht—Tswap,m,s - Int—Tswap,m,s Vt € {Tswapy e aT}7 m e M7 s € S (A75)

Otim,s <1 —=1InSt 1,0, ms = Yt—Tewap,m,s Vt € {Tswap,---,T},me M,seS (A.76)

At,m,s § Cht*Tswap”m’S + I’I’Lthswap’m’s + I’I’LSthswap’m}S Vt € {Tswap7 eey T}, m & M, S € S (A??)

At <1=3 (2e-1pupimir - RinZirs) = Y-Tpupimis 9t € {Towaps - Thm e M,s €S (AT8)
reER

Vessel at swapping station (actual lineraizatoin)

D Atms= > Oms Vt € {Towap, .-, T}, s €S (A.79)
meM meM
> O < EMy V{Tswaps--- T}, s €S (A.80)
meM
ST At + D s> Y Yemes Vt € {Towap, ... T}, s €S (A.81)
meM meM meM
2 Arms <Y Yemas Vt € {Towap, ... T}, s €S (A.82)
meM meM
> Yims <2-EMy VteT,seS (A.83)

meM
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Swapping possible
VSt’T S SPOSt’T
StSt,r < SPOStJrDTStSt r
VSir <1— DTrp,,
StSt’T S 1— DTRBt,T

Module swap duration

SWAP, s > Ytoms — Yt—1,ms  VEE{L,..
Yt+dt,m,s > SWAPtm%S Vit € {0, ..
yt+Tswap77n’73 S 1 - SWAPtanas Vt € {0? .

Vessel tracking

ViteT,re R
vVt € {0,...,T — DTss,.},r €R
VteT,r€R
ViteT,re R

LThymeM,reRseS
T —Towapt,me M,s € S,dt €{0,...,Tswap}
-aT_Tswap}vT S R

SLi,+ StSir + VS, + SbOP; , =1 vteT,reR
VSt,r + VSt_TSwap7T S 1 Vit S {Tqu)ap7 e ,T}, reR
SLQ,T =1 Vr € R
Vessel tracking - Sailing original path
SLiy <1—=V8_1,—5tSi—1,r vte{l,....,T},reR

SLi1, <1-VS,, — SbOP,,
SLt,r < SLtfl,r + SbOPtfl,r

SLi_1, < SL;,+ StS; ,

Vte{l,....,T},reR
vte{l,....,T},r€R
vte{l,....,T},reR

Vessel tracking - Vessel sailing to Swapping station

StS;r <1—=SbOP; 1, —VS; 1, vie{l,....,T},reR

StSy_1, <1—SbOP,, — SLy,
StSt,r S Stst—l,r + SLt—l,r

StSt—l,'r < VSt,’r + StSt,’r

vte{l,...,T},r€R
vte{l,....,ThreR
vte{l,...,T},reR

Vessel tracking - Vessel at Swapping Station

VStﬂ« < 1*SLt_1’T*SbOPt_1’T Vit € {1,...,T},7"€R

VSi—1,p <1— 8Ly — StS;,
Vstﬁr S Vstfl,r + StSthr

VS 1, < VS, + SbOP,,

vte{l,...,ThreR
vte{l,...,T},r€R
vte{l,...,T},r€R

Vessel tracking - Sailing back to Original Path

SbOPtJ‘ < 1—StSt_1,T—SLt_1)T Vit € {1,...,T},7‘€R

SbOP,_1, <1— 5tS;, — VS,

vte{l,...,T},r€R

SbOP,,. < SbOP,_1 ., + VSi_1, vte{l,....T},reR

SbOP,_1, < SbOP,, + SL,,

vte{l,....,ThreR

Vessel tracking - Sailing to the Swapping Station - Definition

> InSims > (StSiy- RinZy, )Vt €T,r € R,s€ S

meM

reR

> InSims < EMy Y ((1=VS;, — SbOP,, — SLy,) - RinZy, )Vt € T,s € S

meM reR

SPOSt-&-DTSTS,,‘T,r > StSWVt eT,reR

(A.84)
(A.85)

(A.86)
(A.87)
(A.88)

(A.89)
(A.90)
(A.91)

(A.92)
(A.93)
(A.94)

(A.95)
(A.96)
(A.97)
(A.98)

(A.99)
(A.100)
(A.101)
(A.102)

(A.103)
(A.104)
(A.105)
(A.106)

(A.107)
(A.108)
(A.109)
(A.110)

(A.111)

(A112)

(A113)
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Vessel tracking - Sailing to the swapping station - Indication and duration

StSstart,, > StSi, — StS;_1, Vte{l,...,T},r€R (A114)

StSstart,., + StSstart,_,, <1 vie{l,...,T},reR (A.115)
StSivar.r > StSstart,., Vte{l,...,T — DIsss, .}, 7 € R,dt € {0,...,DTs;s,, }

(A.116)

StSisprsss, » < 1— StSstart,,  Vte{l,...,T — DIgs, },7 € R (A117)

V Sty DTsys, v = StSstart,., Vte{l,...,T — DTss,,}, 7 €R (A.118)

Vessel tracking - Sailing back to Original Path - Definition

SbO Pstart, . > SbOP; . — SbOP;_1 vte{l,...,T},re R (A.119)
SbOPStartm + SbOPStartt,lvr <1 YVt € {17 .. ,T},T € R (A.120)
SbOPt+DATAT_SbOPt,r,r <1- SbOPStartt,r Vie{l,...,T — DTSbOPtJ};r e R (A.121)

SbOPH_dt,T > SbOPStarttm Vit € {1, R DTSbOPtm}a re R, dt € {0, ey DTSbOPt,T} (A122)

(A.123)
Minimum swaps required
> StSstare,, > Swapmin, Vr e R (A.124)
teT
Z V‘S’Startt,,,. > Tswap ' Swapmin,,, VreR (A125)
teT
Z SbOPS’ta’rtt,,. Z Swapminr Vr € R (A126)

teT
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B

Appendix




B.1. Verification Test Case 1

B.1. Verification Test Case 1

t Vessel r Module m with energy level [ ,,,
R1 R2 0 1 2 3 4 5 6

0 SL (1) SL (2) R181.0(F) | 'R181.0(F) | 'R281.0(F) | R281.0(F) | 1181.0(F) 1181.0 (F) 1281.0 (F)

1 SL (1) SL (2) R181.0 (F) R171.0(1) R271.0() | R281.0(F) | 1181.0(F) 1181.0 (F) 1281.0 (F)

2 SL (1) SL (2) R181.0 (F) R161.0 (1) R261.0() | R281.0(F) | 1181.0(F) 1181.0 (F) 1281.0 (F)

3 SL (1) SL (2) R181.0 (F) R151.0 (I) R251.0(l) | R281.0(F) | 1181.0(F) 1181.0 (F) 12.81.0 (F)

4 SL (1) SL (2) R181.0(F) | 'R141.0(l) 'R241.0(I) | R281.0(F) | 1181.0(F) 1181.0 (F) 1281.0 (F)

5 SL (1) SL (2) R181.0(F) | 'R131.0() 'R231.0(l) | R281.0(F) | 1181.0(F) 1181.0 (F) 1281.0 (F)

6 StS (1) SL (2) R181.0(F) | 'R121.0() 'R221.0(l) | R281.0(F) | 1181.0(F) 1S181.0 (F) 1281.0 (F)

7 VS (1) SL (2) R181.0(F) | 6S111.0(E) | R211.0(E) | 'R281.0(F) | 1M181.0(F) | AS181.0(F)| 1281.0(F)

8 VS (1) SL (2) R181.0(F) | 8S111.0(E) | R211.0(E) | 'R271.0(I) 1181.0(F) | AS181.0(F) | 1281.0(F)

9 | SbOP (1) | StS(2) 'R181.0(F) | C111.0(E) | R211.0(E) | 'R261.0(I) 1181.0 (F) R181.0(F) | 1S281.0 (F)
10 SL (1) VS (2) R171.0(I) C121.0() | 6S211.0(E) | 86S251.0(I) | 1181.0 (F) R181.0(F) | AS281.0 (F)
11 SL (1) VS (2) R161.0(1) C131.0(l) | 6S211.0(E) | 8S251.0(l) | 1181.0 (F) R181.0 (F) | AS281.0 (F)
12 SL (1) | SbOP (2) R151.0(1) C141.0(l) C211.0(E) | C251.0(l) 1181.0 (F) R181.0(F) | R281.0 (F)
13 SL (1) SL (2) R141.0(1) C151.0(l) C221.0() C261.0(1) 1181.0 (F) R181.0(F) | R281.0 (F)
14 SL (1) SL (2) R131.0(I) C161.0(l) C231.0(I) C271.0(1) 1181.0 (F) R181.0(F) | R281.0(F)
15 SL (1) SL (2) R121.0(I) C171.0() C241.0(I) 1281.0 (F) 1181.0 (F) R181.0(F) | R281.0(F)
16 SL (1) SL (2) R111.0 (E) 1181.0 (F) C251.0(1) 1281.0 (F) 1181.0 (F) 'R181.0(F) | R281.0(F)
17 | StS(1) SL (2) R111.0(E) | IS181.0(F) | C261.0(l) 1281.0(F) | I1S181.0(F) | 'R171.0(I) | R281.0(F)
18| VS(1) SL (2) 6S111.0(E) | AS181.0(F) | C271.0(l) 1281.0(F) | AS181.0(F) | 6S161.0(I) | R281.0 (F)
19| Vs(1) SL (2) 6S111.0(E) | AS181.0(F) | 1281.0 (F) 1281.0(F) | AS181.0(F) | 86S161.0(I) | 'R281.0 (F)
20 | SbOP (1) SL (2) C111.0(E) | 'R181.0 (F) 1281.0 (F) 1281.0(F) | R181.0(F) C161.0(l) R271.0 (1)
21 SL (1) SL (2) C121.0(I) 'R171.0(I) 1281.0 (F) 1281.0(F) | R181.0(F) C171.0() R261.0 (1)
22 SL (1) SL (2) C131.0(1) 'R161.0 (1) 1281.0 (F) 1281.0(F) | R181.0(F) 1181.0 (F) R2 51.0 (1)
23 SL (1) SL (2) C141.0(I) 'R151.0 (1) 1281.0 (F) 1281.0(F) | R181.0(F) 1181.0 (F) R241.0 (1)
24 SL (1) SL (2) C151.0(1) 'R141.0 (1) 1281.0 (F) 1281.0(F) | R181.0(F) 1181.0 (F) R2 31.0 (1)
25 SL (1) StS (2) C161.0(I) 'R131.0(I) | 1IS281.0(F) | 1281.0(F) | R181.0(F) 1181.0 (F) 'R221.0 (1)
26 SL (1) VS (2) C171.0(l) 'R121.0(I) | AS281.0(F) | 1281.0(F) | R181.0(F) 1181.0(F) | 6S211.0 (E)
27 SL (1) VS (2) 1181.0 (F) R111.0(E) | AS281.0(F) | 1281.0 (F) R181.0 (F) 1181.0 (F) | 6S211.0 (E)
28 SL (1) | SbOP (2) 1181.0 (F) R111.0 (E) R281.0(F) | 1281.0 (F) R171.0(1) 1181.0 (F) C211.0 (E)
29 SL (1) SL (2) 1181.0 (F) R111.0(E) | 'R271.0(l) 1281.0(F) | 'R161.0(I) 1181.0 (F) C221.0()

30 SL (1) SL (2) 1181.0 (F) R111.0(E) | 'R261.0(l) 1281.0(F) | 'R151.0(l) 1181.0 (F) C231.0()

31 SL (1) SL (2) 1181.0 (F) R111.0(E) | 'R251.0(l) 1281.0(F) | 'R141.0(l) 1181.0 (F) C241.0(1)

32 SL (1) SL (2) 1181.0 (F) R111.0(E) | 'R241.0(l) 1281.0(F) | 'R131.0(l) 1181.0 (F) C251.0(I)

33 SL (1) SL (2) 1181.0 (F) R111.0(E) | 'R231.0(l) 1281.0(F) | 'R121.0(I) 1181.0 (F) C261.0(1)

Table B.1: Verification TCy
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B.1. Verification Test Case 1

Tiotal

[41

[41

SbOP:.,

1]

[1]

V'St r

2]

[2]

StS;.,

1]

1]

SPost,r

X*

X*

X*

X*

X*

X*

10

11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32

33

Tiotal

[4]

[4]

SbOPr.,

1]

1]

VSt,'r

[2]

[2]

StS.,

[1]

[1]

SPosg,r

X*

X*

X*

X*

X*

t

10

11

12
13
14

15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32
33

Table B.3: Verification T'C; for R2 - objective

Table B.2: Verification T'C; for R1 - objective



B.2. Test Case 2 89
B.2. Test Case 2
t Vessel r Module m with energy level [, ,,,
R1 R2 0 1 2 3 4 5 6 7
0 [ SL(1)|SL(2) || 'R1161.0(F) | R1161.0(F) | R2161.0(F) | 'R2161.0(F) | 11161.0(F) | 11 161.0 (F) | 12 161.0 (F) | 12 161.0 (F)
1 |SL(1)|SL(2) | 'R1151.0(I) | R1161.0(F) | R2161.0 (F) | 'R2151.0() | 11 161.0(F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
2 | SL(1) | SL(2) R1141.0() | R1161.0(F) | R2161.0(F) | 'R2141.0(l) | 1 161.0 (F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
3 | SL(1) | SL(2) R1131.0() | R1161.0(F) | R2161.0(F) | 'R2131.0(l) | 1 161.0 (F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
4 [SL()|[SL@) || 'RT121.0() | RT161.0(F) | R2161.0(F) | 'R2121.0(l) | 11 161.0(F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
5 [ SL(1) | SL(2) R1111.0(I) | R1161.0(F) | R2161.0(F) | 'R2111.0(I) | 1 161.0(F) | 11 161.0 (F) | 12 161.0 (F) | 12 161.0 (F)
6 | SL(1) | SL(2) R1101.0(l) | R1161.0(F) | R2161.0(F) | 'R2101.0(l) | 1 161.0 (F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
7 | SL(1) | SL(2) R191.0(I) | R1161.0(F) | R2161.0(F) | 'R291.0(I) | 11161.0(F) | 1 161.0(F) | 12161.0 (F) | 12 161.0 (F)
8 [SL(1) [SL(@) || 'R181.0() | RT161.0(F) | R2161.0(F) | 'R281.0() | 11 161.0(F) | I1 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
9 [ SL(1) | SL(2) R171.0(1) | R1161.0(F) | R2161.0(F) | 'R271.0(I) | 11161.0(F) | 11 161.0(F) | 12161.0 (F) | 12 161.0 (F)
10 | SL(1) | SL(2) R161.0(I) | R1161.0(F) | R2161.0(F) | 'R261.0(I) | 11161.0(F) | I1161.0(F) | 12161.0 (F) | 12 161.0 (F)
11 | SL(1) | SL(2) R151.0(I) | R1161.0(F) | R2161.0(F) | 'R251.0(I) | 11161.0(F) | 1 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
12 [SL(1) [SL(@) || R141.0(l) | RT161.0(F) | R2161.0(F) | 'R241.0(1) | 1 161.0(F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
13| SL(1) | SL(2) R1310() | 'R1161.0(F) | ' R2161.0(F) | R231.0(E) | 1161.0(F) | 11 161.0(F) | 12161.0 (F) | 12161.0 (F)
14 | SL(1) | SL(2) R131.0() | 'R1151.0() | 'R2151.0() | R231.0(E) | 1161.0(F) | 11 161.0 (F) | 12161.0 (F) | 12 161.0 (F)
15 | SL(1) | SL(2) R131.0(E) | 'R1141.0() | 'R2141.0() | R231.0(E) | 1161.0(F) | 11 161.0(F) | 12161.0 (F) | 12 161.0 (F)
16 | SL(1) | SL(2) R131.0(E) | 'R1131.0() | 'R2131.0() | R231.0(E) | 1161.0(F) | 11 161.0(F) | 12161.0 (F) | 12161.0 (F)
Table B.4: Verification T'C3 1
t SPOSt,r StSM Vsi,'r SbOPt,r Ttotu.l t SPOSt,r StSt,,« VSM SboPtﬂ« Ttotal
0 X* 1 2 1 4 0 X* 1 2 1 4
1 X* 1 2 1 4 1 X* 1 2 1 4
2 X* 1 2 1 4 2 X* 1 2 1 4
3 * 1 2 1 4 3 * 1 2 1 4
4 * 1 2 1 4 4 * 1 2 1 4
5 * 1 2 1 4 5 * 1 2 1 4
6 * 1 2 1 4 6 * 1 2 1 4
7 * 1 2 1 4 7 * 1 2 1 4
8 * 1 2 1 4 8 * 1 2 1 4
9 * 1 2 1 4 9 * 1 2 1 4
10 * 1 2 1 4 10 * 1 2 1 4
1 * 1 2 1 4 1 * 1 2 1 4
12 * 1 2 1 4 12 * 1 2 1 4
13 * 1 2 1 4 13 * 1 2 1 4
14 X* 1 2 1 4 14 X* 1 2 1 4
15 X* 1 2 1 4 15 X* 1 2 1 4
16 X* 1 2 1 4 16 X* 1 2 1 4

Table B.5: Verification T'C ; for R1 - objective

Table B.6: Verification T'C'> ; for R2 - objective




B.2. Test Case 2

t Vessel r Module m with energy level I; ,,
R1 R2 0 1 2 3 4 5 6 7
0| SL(1) SL(@2) || R1410(F) |'R1410(F) | R241.0(F) | 'R241.0(F) | M41.0(F) | M41.0(F) | 1241.0(F) | 1241.0(F)
1 SL() SL(2) | RT41.0(F) | R131.0() | R2Z41.0(F) | 'R231.0() | 1141.0(F) | M41.0(F) | 1241.0(F) | 1241.0(F)
2| sL() SL(2) | RT41.0(F) | 'R121.0() | R2Z41.0(F) | 'R221.0(l) | M41.0(F) | M41.0(F) | 1241.0(F) | 1241.0 (F)
3| StS(A) | StS(2) || R141.0(F) | 'R111.0() | R241.0(F) | 'R211.0(I) | IS141.0(F) | M41.0(F) | 1S241.0(F) | 1241.0 (F)
4| vs(1) VS(2) |[R141.0(F) | 8ST1.0(E) | R241.0(F) | 6S21.0 (E) | AST41.0(F) | 11 41.0(F) | AS241.0(F) | 1241.0(F)
5 VS(1) VS(2) || R1T41.0(F) | 6ST1.0(E) | R241.0(F) | 8S21.0(E) | AST41.0(F) | 1141.0(F) | AS241.0(F) | 1241.0(F)
6 | SbOP (1) | SbOP (2) |['/RT41.0(F) | C11.0(E) | 'R241.0(F) | C21.0(E) | R141.0(F) | M41.0(F) | R241.0(F) | 1241.0 (F)
7 SL() SL(@2) | 'R131.0() | C111.0() | 'R231.0() | C211.0() | R141.0(F) | M41.0(F) | R241.0(F) | 1241.0(F)
8 StS (1) SL (2) 'R121.0() | C121.0(l) | 'R221.0(I) | C221.0(l) | R141.0(F) | IS141.0(F) | R241.0 (F) 1241.0 (F)
9| VS() | StS@2) |[6S111.0(l) | C131.0() | 'R211.0(]) | C231.0(]) | R141.0(F) | AST41.0(F) | R241.0 (F) | 1S241.0 (F)
0 Vs{) VS(2) || 6ST11.0() | M41.0(F) | 8S21.0(E) | 1241.0(F) | R141.0(F) | AST41.0(F) | R241.0(F) | AS241.0
11 [ SbOP (1) | VS (2) C111.0() | 141.0(F) | 8S21.0(E) | 1241.0(F) | 'R141.0(F) | R141.0(F) | R241.0 (F) | AS241.0
12| SL(1) | SbOP(2) | C121.0() | M41.0(F) | C21.0(E) | 1241.0(F) | 'R131.0() | R141.0(F) | 'R241.0(F) | R241.0(
13| SL(1) SL(@2) C131.0() | M41.0(F) | C211.0() | 12410(F) | 'R121.0() | R141.0(F) | 'R231.0() | R241.0(
14| SL(1) SL(2) M410(F) | M410(F) | C221.0() | 1241.0(F) | 'R111.0() | R141.0(F) | 'R221.0() | R241.0(
15 [ SL(1) SL(2) [M410(F) | M41.0(F) | C231.0() | 1241.0(F) | R11.0(E) | 'R141.0(F) | 'R211.0()) | R241.0(
16 | SL(1) SL(2) M41.0(F) | M41.0(F) | 12410(F) | 1241.0(F) | R11.0(E) | 'R131.0() | R21.0(E) | 'R241.0(F)
Table B.7: Verification TC> >

t SPOSt,r StSt,r VSt,r SbOPtJ- Tiotal t SPOStm StSt,r VSt,r SbOPtﬂ» Tiotal

0 X* 1 2 1 4 0 X* 1 2 1 4

1 X* 1 2 1 4 1 X* 1 2 1 4

2 X* 1 2 1 4 2 X* 1 2 1 4

3 * | 1] 2 1 |4 3 * | 1] 2 1 | 4]

4 * 1 | 2] 1 4 4 * 1 |2 1 4

5 * 1 2 1 4 5 * 1 2 1 4

6 * 1 2 | 1] 4 6 * 1 2 1 1] 4

7 * 1 2 1 4 7 * 1 2 1 4

8 * | 1] 2 1 | 4] 8 * 1 2 1 4

9 * 1 | 2] 1 4 9 * 1 1] 2 1 4]

10 * 1 2 1 4 10 * 1 12 1 4

1 * 1 2 | 1] 4 1 * 1 2 1 4

12 * 1 2 1 4 12 * 1 2 | 1] 4

13 * 1 2 1 4 13 * 1 2 1 4

14 X* 1 2 1 4 14 X* 1 2 1 4

15 X* 1 2 1 4 15 X* 1 2 1 4

16 X* 1 2 1 4 16 X* 1 2 1 4

Table B.8: Verification T'C> ; for R1 - objective Table B.9: Verification T'C> 1 for R2 - objective
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B.3. Test Case 3

Location

Figure B.1: Verification T'Cs - Optimal usage

t Vessel r Module m with energy level l;
R1 R2 0 1 2 3 4 5 6 7
0 SL (1) SL(2) 'R181.0(F) | R181.0(F) | 'R281.0(F) | R281.0(F) 1181.0 (F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
1 SL(1) SL(2) 'R171.0() | R181.0(F) | 'R271.0() | R281.0(F) 1181.0 (F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
2 SL (1) SL(2) 'R161.0() | R181.0(F) | 'R261.0(I) | R281.0(F) 1181.0 (F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
3 StS (1) SL(2) 'R151.0() | R181.0(F) | 'R251.0(I) | R281.0(F) | IST181.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
4 VS (1) SL(2) 0S141.0() | R181.0(F) | '/R241.0() | R281.0(F) | AST181.0(F) | 1181.0(F) 1281.0 (F) 1281.0 (F)
5 VS (1) SL(2) 0S141.0() | R181.0(F) | 'R231.0() | R281.0(F) | AST181.0(F) | 1181.0(F) 1281.0 (F) 1281.0 (F)
6 | SbOP (1) SL(2) C141.0() | R181.0(F) | 'R221.0() | R281.0(F) | R181.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
7 SL (1) SL(2) C146.0 (1) 'R171.0() | R211.0(E) | 'R281.0(F) | R181.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
8 SL (1) SL(2) C151.0 () 'R161.0(I) | R211.0 (E) R271.0() | R181.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
9 SL (1) SL(2) C156.0 (1) 'R151.0(I) | R211.0 (E) R261.0(l) | R181.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
10 SL(1) StS (2) C161.0 () 'R141.0(I) | R211.0 (E) R251.0() | R181.0(F) 1181.0 (F) 1IS281.0 (F) | 1S281.0 (F)
11 SL(1) VS (2) C166.0 (1) 'R131.0(]) | 8S211.0 (E) | 6S241.0() | R181.0(F) 1181.0(F) | AS281.0(F) | AS281.0 (F)
12 SL(1) VS (2) C171.0(l) 'R121.0(]) | 8S211.0 (E) | 6S241.0() | R181.0(F) 1181.0(F) | AS281.0(F) | AS281.0 (F)
13 SL (1) SbOP (2) C176.0 (1) R111.0 (E) | C211.0 (E) C241.0() | 'R181.0(F) 1181.0 (F) R281.0(F) | R281.0(F)
14 SL(1) SL(2) 1181.0 (F) R111.0(E) | C216.0(E) | C246.0() 'R171.0 (1) 1181.0 (F) R271.0() | R281.0(F)
15 | SL(1) SL(2) 1181.0 (F) R111.0(E) | C221.0() C251.0(l) 'R161.0 (I) 1181.0 (F) R261.0(l) | R281.0(F)
16 SL(1) SL(2) 1181.0 (F) R111.0 (E) | C226.0() C256.0 (I) R151.0 (I) 1181.0 (F) R251.0(l) | R281.0(F)
17 SL (1) SL(2) 1181.0 (F) R111.0 (E) | C231.0() C261.0(l) 'R141.0 (I) 1181.0 (F) R241.0(I) | R281.0(F)
18 | StS(1) SL(2) IST81.0(F) | R111.0(E) | C236.0() C266.0 (I) 'R131.0() | IST81.0(F) | 'R231.0() | R281.0(F)
19 [ VS(1) SL(2) AST81.0(F) | 6ST111.0(E) | C241.0()) C271.0(I) | 6S121.0() | AST81.0(F) | 'R221.0(l) | R281.0(F)
20 | VS(1) SL(2) AST81.0(F) | 6S111.0 (E) | C246.0 () C276.0(I) | 6S121.0() | AST81.0(F) | R211.0 (E) R281.0 (F)
21 | SbOP (1) SL(2) 'R181.0(F) | C111.0(E) | C251.0() 1281.0 (F) C121.0()) R181.0(F) | R211.0 (E) R271.0 (I)
22 SL (1) SL(2) 'R171.0() | C116.0(E) | C256.0(l) 1281.0 (F) C126.0 (1) R181.0(F) | R211.0 (E) R261.0 (I)
23 SL (1) SL(2) 'R161.0 (I) C121.0 (1) C261.0 (I) 1281.0 (F) C131.0(l) R181.0(F) | R211.0 (E) R251.0 (I)
24 SL (1) StS (2) 'R151.0 (I) C126.0 (1) C266.0(I) | 1IS281.0(F) | C136.0() R181.0(F) | R211.0 (E) R241.0 (I)
25 | SL(1) VS (2) 'R141.0 (1) C131.0(l) C271.0(I) | AS281.0(F) | C141.0() R181.0(F) | R211.0(E) | 6S231.0(l)
26 SL (1) VS (2) 'R131.0 (I) C136.0 (1) C276.0(I) | AS281.0(F) | C146.0() R181.0(F) | R211.0(E) | 6S231.0(l)
27 SL(1) | SbOP (2) || 'R121.0()) C141.0(l) 1281.0 (F) R281.0(F) | C151.0()) R181.0(F) | R211.0 (E) C231.0(l)
28 SL (1) SL(2) RT11.0(E) | C146.0() 1281.0 (F) R271.0 (I) C156.0() | R181.0(F) | R211.0 (E) C236.0 (1)
29 SL (1) SL(2) RT11.0(E) | C151.0() 1281.0 (F) R261.0 (I) C161.0 (1) 'RT71.0(I) | R211.0 (E) C241.0(l)
30 SL (1) SL(2) RT11.0(E) | C156.0() 1281.0 (F) R251.0 (I) C166.0 (1) 'R161.0(I) | R211.0 (E) C246.0 (1)
31 SL (1) SL(2) RT11.0(E) | C161.0() 1281.0 (F) R241.0 (I) C171.0(l) R151.0() | R211.0 (E) C251.0 (1)
32 SL (1) SL(2) RT11.0(E) | C166.0() 1281.0 (F) R231.0 (I) C176.0 (1) 'RT410(l) | R211.0 (E) C256.0 (1)
33 SL (1) SL(2) RT11.0(E) | C171.0() 1281.0 (F) R221.0 (I) 1181.0 (F) 'R131.0(I) | R211.0 (E) C261.0 (1)
Table B.10: Verification T'C3
Percentage of Time Modules Spend in Each State at Each Location Percentage of Time Modules Spend in Each State at Each Location
sl — ——— 5l — ——
2| I o 2| I e
- o] [ - o1 [
g 11 [ g 11 [
e 0000 [ H — _
HE —— ER ——
9] B — .
: I —— : ——
20 = Inventory (%) 20 = Inventory (%)
15 e Charging (%) 15 s Charging (%)
S CC D B CEEC
5 ___ mm InventorySwap (%) —_ 5 _— = InventorySwap (%) —_
° 1 2 ° 1 2

Location

Figure B.2: Verification TCg¢ - Optimal usage
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Table B.12: Verification T'C3 for R2 - Objective

Table B.11: Verification T'C'3 for R1 - Objective
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B.4. Test Case 4

t Vessel r Module m with energy level [; ,,
R1 R2 0 1 2 3 4 5 6 7
0 SL (1) SL (2) R181.0(F) | 'R181.0(F) | 'R281.0 (F) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)
1 SL (1) SL (2) R181.0(F) | 'R171.0 () R271.0(l) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)
2 SL (1) SL (2) R181.0 (F) R161.0 (1) R261.0(I) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)
3 SL (1) SL (2) R181.0 (F) R151.0 (1) R251.0(l) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 1281.0 (F)
4 SL (1) SL (2) R181.0 (F) R141.0 (1) R241.0(l) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 1281.0 (F) 1281.0 (F)
5 SL (1) SL (2) R181.0 (F) R131.0(I) R231.0(l) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 12 81.0 (F)
6 SL (1) SL (2) R181.0 (F) R121.0(l) | 'R221.0(I) | R281.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 12 81.0 (F)
7 SL (1) SL (2) 'R181.0(F) | R111.0(E) | R211.0(E) | 'R281.0(F) | 1181.0(F) 11 81.0 (F) 12 .81.0 (F) 12 .81.0 (F)
8 SL(1) SL(2) 'R171.0() | RT11.0(E) | R2Z11.0(E) | 'R271.0(I) | 1M1 81.0(F) 1181.0 (F) 1281.0 (F) 1281.0 (F)
9 | StS(1) StS(2) || 'R161.0() | RT11.0(E) | R211.0(E) | 'R261.0(l) | IST81.0(F) | IST81.0(F) | 1S281.0 (F) | 1S281.0 (F)
10 VS (1) VS (2) 0S121.0(l) | 6S111.0 (E) | 6S2 11.0 (E) | ©6S221.0 (1) | AS181.0 (F) | AS181.0 (F) | AS281.0 (F) | AS281.0 (F)
11 VS (1) VS (2) 0S121.0(1) | 6S111.0 (E) | 6S2 11.0 (E) | ©6S221.0 (1) | AS181.0 (F) | AS181.0 (F) | AS281.0 (F) | AS281.0 (F)
12 | SbOP (1) | SbOP (2) || C121.0(I) | C111.0(E) | C211.0(E) | C221.0(l) | 'R181.0(F) | R181.0(F) | 'R281.0(F) | R281.0 (F)
13 SL (1) SL (2) C131.0 () C121.0() C221.0 () C231.0() 'R141.0 (1) R181.0 (F) 'R241.0 (1) R2 81.0 (F)
14 SL (1) SL (2) C141.0 (1) C131.0() C231.0 (1) C241.0() 'R131.0 (1) R181.0 (F) 'R231.0(I) R2 81.0 (F)
15 SL (1) SL (2) C151.0 () C141.0() C241.0 (1) C251.0 () 'R121.0 (1) R181.0 (F) 'R221.0(l) R2 81.0 (F)
16 SL (1) SL (2) C161.0 (1) C151.0 () C251.0 (1) C261.0 () R111.0(E) | 'R181.0(F) | R211.0(E) | 'R281.0 (F)
Table B.13: Verification T'C}

t SPOSt,r StSM VSt,'r SbOPt’»,« Ttotul t SPOSt,r StStyr VStyr SbOPt,T Ttotal

0 X* 1 4 1 6 0 X* 1 4 1 6

1 X* 1 4 1 6 1 X* 1 4 1 6

2 X* 1 4 1 6 2 X* 1 4 1 6

3 X* 1 4 1 6 3 X* 1 4 1 6

4 X* 1 4 1 6 4 X* 1 4 1 6

5 * 1 4 1 6 5 * 1 4 1 6

6 * 1 4 1 6 6 * 1 4 1 6

7 * 1 4 1 6 7 * 1 4 1 6

8 * 1 4 1 6 8 * 1 4 1 6

9 * 1 4 1 6 9 * 1 4 1 6

10 * 1 4 1 6 10 * (1] 4 1 [6

11 * 1 4 1 6 11 * 1 | 4] 1 6

12 * (1] 4 1 [6] 12 * 1 4 1 6

13 * 1 | 4] 1 6 13 * 1 4 1 6

14 * 1 4 1 6 14 * 1 4 1 6

15 * 1 4 1 6 15 * 1 4 (1] 6

16 * 1 4 1 6 16 * 1 4 1 6

17 * 1 4 (1] 6 17 * 1 4 1 6

18 * 1 4 1 6 18 * 1 4 1 6

19 * 1 4 1 6 19 * 1 4 1 6

20 * 1 4 1 6 20 * 1 4 1 6

21 * 1 4 1 6 21 * 1 4 1 6

22 * 1 4 1 6 22 * 1 4 1 6

23 * (1] 4 1 [6] 23 * (1] 4 1 [6

24 * 1 [4] 1 6 24 * 1 [4] 1 6

25 * 1 4 1 6 25 * 1 4 1 6

26 - 1 4 1 6 26 * 1 4 1 6

27 1 4 1 6 27 * 1 4 1 6

28 * 1 4 (1] 6 28 * 1 4 (1] 6

29 X* 1 4 1 6 29 X* 1 4 1 6

30 X* 1 4 1 6 30 X* 1 4 1 6

31 X* 1 4 1 6 31 X* 1 4 1 6

32 X* 1 4 1 6 32 X* 1 4 1 6

33 X* 1 4 1 6 33 X* 1 4 1 6

Table B.14: Verification T'C for R1 - Objective

Table B.15: Verification T'C4 for R2 - Objective
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B.5. Test Case 5

t Vessel r Module m with energy level I, ,,,
R1 R2 0 1 2 3 4 5 6

0 SL (1) SL (2) 'R181.0(F) | R181.0(F) | R281.0(F) | 'R281.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F)

1 SL (1) SL (2) 'R171.0(I) | R181.0(F) | R281.0(F) | 'R271.0 (1) 11 81.0 (F) 11 81.0 (F) 1281.0 (F)

2 SL (1) SL (2) 'R161.0(I) | R181.0(F) | R281.0(F) | 'R261.0 () 11 81.0 (F) 1181.0 (F) 1281.0 (F)

3 SL (1) SL (2) 'R151.0(I) | R181.0(F) | R281.0(F) | 'R251.0 () 11 81.0 (F) 1181.0 (F) 1281.0 (F)

4 SL (1) SL (2) 'R141.0(I) | R181.0(F) | R281.0(F) | 'R241.0 () 11 81.0 (F) 1181.0 (F) 1281.0 (F)

5 SL (1) SL (2) 'R131.0(I) | R181.0(F) | R281.0(F) | 'R231.0(l) 11 81.0 (F) 11 81.0 (F) 12.81.0 (F)

6 SL (1) SL (2) 'R121.0() | R181.0(F) | R281.0(F) | 'R221.0(l) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F)

7 SL (1) SL (2) R111.0(E) | 'R181.0(F) | 'R281.0(F) | R211.0 (E) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F)

8 SL (1) SL (2) R111.0(E) | 'R171.0(l) | 'R271.0 (I) R2 11.0 (E) 11 81.0 (F) 11 81.0 (F) 12 .81.0 (F)

9 SL (1) SL (2) R111.0 (E) R161.0(l) | 'R261.0 (1) R2 11.0 (E) 11 81.0 (F) 11 81.0 (F) 1281.0 (F)

10 SL (1) StS (2) R111.0 (E) R151.0(l) | 'R251.0(l) R2 11.0 (E) 11 81.0 (F) 1181.0 (F) 1S2 81.0 (F)
1 SL (1) VS (2) R1 11.0 (E) R141.0(l) | 6S241.0(l) | 6S211.0(E) | 1181.0 (F) 1181.0(F) | AS281.0 (F)
12 | StS(1) VS (2) R1 11.0 (E) R131.0(l) | 6S241.0(l) | 6S211.0(E) | 1181.0 (F) 1IS181.0 (F) | AS281.0 (F)
13 VS(1) VS (2) R111.0(E) | 6S121.0(I) | 6S241.0(l) | 6S211.0(E) | 1181.0(F) | AS181.0(F) | AS281.0 (F)
14| VS(1) VS (2) R111.0(E) | 6S121.0(I) | 6S241.0() | 6S211.0(E) | 1181.0(F) | AS181.0(F) | AS281.0 (F)
15| VS (1) SbOP (2) || R111.0(E) | 6S121.0(l) | C241.0 (l) C211.0 (E) 1181.0(F) | AS181.0(F) | R281.0 (F)
16 | VS(1) SL (2) R111.0(E) | 6S121.0(l) | C251.0(l) C221.0(l) 1181.0(F) | AS181.0(F) | R281.0 (F)
17 | SbOP (1) SL (2) R111.0(E) | C121.0(l) C261.0(l) C231.0(l) 11 81.0 (F) 'R181.0(F) | R281.0 (F)
18 SL (1) SL (2) R111.0(E) | C131.0(l) C271.0(l) C241.0(l) 11 81.0 (F) 'R171.0(I) R2 81.0 (F)
19 SL (1) SL (2) R111.0(E) | C141.0(l) 1281.0 (F) C251.0(I) 11 81.0 (F) 'R161.0 (1) R2 81.0 (F)
20 SL (1) SL (2) R111.0(E) | C151.0(l) 1281.0 (F) C261.0(I) 11 81.0 (F) 'R151.0 (I) R2 81.0 (F)
21 SL (1) SL (2) R111.0(E) | C161.0(l) 1281.0 (F) Cc271.0() 11 81.0 (F) 'R141.0 (1) R2 81.0 (F)
22 SL (1) SL (2) R111.0(E) | C171.0(l) 1281.0 (F) 1281.0 (F) 11 81.0 (F) R131.0(I) | 'R281.0(F)
23 | StS(1) StS (2) R111.0 (E) 1181.0 (F) | 1S281.0 (F) 1281.0 (F) 1S181.0 (F) R121.0(I) R271.0(I)
24| VS (1) VS (2) 0S111.0(E) | 1181.0(F) | AS281.0(F) | 1281.0(F) | AS181.0(F) | R111.0(E) | 6S261.0(l)
25| VS(1) VS (2) 0S111.0(E) | 1181.0(F) | AS281.0(F) | 1281.0(F) | AS181.0(F) | R111.0(E) | 6S261.0(l)
26| VS(1) VS (2) 0S111.0(E) | M1 81.0(F) | AS281.0(F) | 1281.0(F) | AS181.0(F) | R111.0(E) | 6S261.0(l)
27| VsS(1) VS (2) 6S111.0(E) | M1 81.0(F) | AS281.0(F) | 1281.0(F) | AS181.0(F) | R111.0(E) | 6S261.0(l)
28 | SbOP (1) | SbOP (2) || C111.0 (E) 11.81.0 (F) R2 81.0 (F) 12 81.0 (F) R181.0(F) | R111.0 (E) C261.0 ()

29 SL (1) SL (2) C121.0() 11.81.0 (F) R271.0(I) 1281.0 (F) R171.0(I) R1 11.0 (E) C271.0()

30 SL (1) SL (2) C131.0(l) 11.81.0 (F) R261.0 (1) 1281.0 (F) R161.0(I) R111.0 (E) 1281.0 (F)

31 SL (1) SL (2) C141.0() 1181.0 (F) R251.0(I) 1281.0 (F) R151.0(I) R111.0 (E) 12.81.0 (F)

32 SL (1) SL (2) C151.0 () 11 81.0 (F) R241.0 (I) 12 81.0 (F) R141.0 (1) R111.0 (E) 12 .81.0 (F)

33 SL (1) SL (2) C161.0 (1) 11 81.0 (F) R2 31.0(I) 12 .81.0 (F) R131.0(l) R111.0 (E) 12.81.0 (F)

Table B.16: Verification T'Cs
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X*

X*

X*

10

11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32

33

Tiotal

16|

16|

SbOPr.,

[1]

[1]

VSt,'r

[4]

[4]

StS.,

[1]

[1]

SPosg,r

X*

X*

X*

X*

xX*

X*

X*

X*

t

10

11

12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32
33

Table B.18: Verification T'Cs for R2 - Objective

Table B.17: Verification T'Cs for R1 - Objective
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B.6. Test Case 6

t Vessel r Module m with energy level [; ,,
R1 R2 0 1 2 3 4 5 6 7

0 SL (1) SL (2) 'R181.0 (F) | 'R281.0 (F) 11 81.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 1281.0(F) |1281.0
1 SL (1) SL (2) R171.0(l) | 'R271.0 () 11 81.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 1281.0(F) |1281.0
2 SL (1) SL (2) R161.0(l) | 'R261.0 () 11 81.0 (F) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 1281.0(F) |1281.0
3 StS (1) StS (2) 'R151.0(1) | 'R251.0(1) | 1S181.0 (F) 11 81.0 (F) 1181.0 (F) | 1S281.0 (F) 1281.0(F) |1281.0
4 VS (1) VS (2) 0S141.0() | 6S241.0() | AS181.0(F) | 1181.0(F) 1181.0(F) | AS281.0(F) | 1281.0(F) | 1281.0
5 VS (1) VS (2) 0S141.0(l) | 6S241.0(l) | AS181.0(F) | 1181.0(F) 1181.0(F) | AS281.0(F) | 1281.0(F) | 1281.0
6 | SbOP (1) | SbOP (2) || C141.0(l) | C241.0(l) | 'R181.0(F) 11 81.0 (F) 1181.0 (F) | 'R281.0 (F) 1281.0(F) |1281.0
7 SL (1) SL (2) C151.0(l) | C251.0(l) 'R171.0 (1) 11 81.0 (F) 1181.0(F) | 'R271.0(l) 1281.0(F) |1281.0
8 SL (1) SL (2) C161.0(l) | C261.0(l) R161.0 (I) 11 81.0 (F) 11 81.0 (F) R261.0 (1) 1281.0(F) |1281.0
9 SL (1) SL (2) C171.0() | C271.0(l) R151.0 (1) 11 81.0 (F) 11 81.0 (F) R251.0 (1) 1281.0(F) |1281.0
10 | StS (1) StS (2) 11 81.0 (F) 12 .81.0 (F) R141.0 (1) 1IS181.0(F) | 1181.0(F) | 'R241.0 (l) 1IS281.0(F) | 1281.0
1 VS (1) VS (2) 11 81.0 (F) 1281.0(F) | 6S131.0(l) | AS181.0(F) | I181.0(F) | 86S231.0(l) | AS281.0(F) | 1281.0
12 VS (1) VS (2) 11 81.0 (F) 1281.0(F) | 6S131.0(l) | AS181.0(F) | I181.0(F) | 86S231.0 () | AS281.0(F) | 1281.0
13 | SbOP (1) | SbOP (2) 11 81.0 (F) 12 .81.0 (F) C131.0 (I) R181.0(F) | 181.0(F) | C231.0() 'R281.0(F) | 1281.0
14 SL (1) SL (2) 11 81.0 (F) 12 .81.0 (F) C141.0 () R171.0() | 1M181.0(F) | C241.0(l) 'R271.0(l) | 1281.0
15 SL (1) SL (2) 11 81.0 (F) 12 .81.0 (F) C151.0 (1) R161.0() | 1181.0(F) | C251.0(l) 'R261.0(l) | 1281.0
16 SL (1) SL (2) 11 81.0 (F) 12 .81.0 (F) C161.0 (I) 'R151.0() | 181.0(F) | C261.0(l) 'R251.0(l) | 1281.0

Table B.19: Verification T'Cg

t | SPosi, | StSty | VS, | S60Pi, | Trorar t | SPosi, | StSir | VS, | S60P., | Trorar
0 X 1 2 1 4 0 x* 1 2 1 4
1 X 1 2 1 ] 1 x* 1 2 1 ]
2 x* 1 2 1 Z 2 X 1 2 1 Z
3 * 1] 2 1 4] 3 g ER 2 1 4]
Z g 1 2] 1 Z Z g 1 2] 1 Z
5 g 1 2 1 7] 5 g 1 2 1 7]
6 g 1 2 ER 7] 6 g 1 2 ER 7]
7 g 1 2 1 7] 7 g 1 2 1 7]
8 g 1 2 1 7] 8 g 1 2 1 ]
9 * 1 2 1 ] 9 g 1 2 1 ]
) * 1] 2 1 4] 10 g 1] 2 1 4]
11 g 1 2] 1 ] 11 g 1 2] 1 ]
12 g 1 2 1 ] 12 g 1 2 1 ]
13 * 1 2 ER Z 13 g 1 2 1] Z
14 X 1 2 1 Z 14 x* 1 2 1 Z
15 X 1 2 1 7] 15 x* 1 2 1 7]
16 x* 1 2 1 7] 16 x* 1 2 1 7]

Table B.20: Verification T'C¢ for R1 - Objective Table B.21: Verification T'C¢ for R2 - Objective
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B.7. Test Case 7
t Py Module m with energy level i3 ,,
R1 | R2 0 1 2 3 4 5 6 7
0 12 | 20 12.0 - 20.0 - - -
1 18 10 18.0 - 10.0 - - - - -
2 15 13 15.0 - 13.0 - - - - -
3 5 10 5.0 - 10.0 - - - - -
4 5 13 5.0 - 13.0 - - - - -
5 13 19 - - - - - - - -
6 12 15 - - - - - - - -
7 18 15 - 18.0 - 15.0 | - - - -
8 13 14 - 13.0 - 14.0 | - - - -
9 18 17 - 18.0 - 170 | - - - -
10 | 17 16 - 17.0 - - - - - -
1" 5 17 - 5.0 - - - - - -
12 | 10 | 20 - - - - - | 10.0 | 20.0 | -
13 | 12 | 20 - - - - - | 120 | 20.0 | -
14 7 7 - - - - - 7.0 7.0 -
15 9 18 - - - - - 9.0 18.0 | -
16 | 14 5 - - - - - | 14.0 5.0 -
Table B.22: Verification T'C; - energy consumption
t Vessel r Module m with energy level ; ,,,
R1 R2 0 1 2 3 4 5 6 7
0 SL (1) SL (2) R181.0(F) | R181.0(F) | 'R281.0(F) | R281.0(F) [ 1181.0(F) | 1181.0(F) 1281.0 (F) 1281.0 (F)
1 SL (1) SL (2) R169.0(I) | R181.0(F) | 'R261.0() | R281.0(F) | 1 81.0(F) | 1181.0 (F) 12 81.0 (F) 1281.0 (F)
2 SL (1) SL(2) R151.0(I) | R181.0(F) | 'R251.0()) | R281.0(F) [ 1 81.0(F) | 11 81.0(F) 1281.0 (F) 1281.0 (F)
3 SL (1) SL(2) R136.0(I) | R181.0(F) | 'R238.0() | R281.0(F) | 181.0(F) | 1181.0(F) 1281.0 (F) 1281.0 (F)
4 | StS(1) StS (2) R131.0(l) | R181.0(F) | 'R228.0() | R281.0(F) [ 181.0(F) | IS181.0(F) | 1281.0(F) | 1S281.0 (F)
5 VS(1) VS(2) ||6S121.0() | R181.0(F) | 6S218.0(E) | R281.0(F) | 1 81.0(F) | AST81.0(F) | 1281.0(F) | AS281.0(F)
6 VS (1) VS (2) 6S121.0() | RT81.0(F) | 6S218.0(E) | R281.0(F) | 1181.0(F) | AST81.0(F) | 1281.0(F) | AS281.0 (F)
7 | SbOP (1) | SbOP (2) || C121.0() | 'R181.0(F) | C218.0(E) | 'R281.0(F) | 1181.0(F) | R181.0 (F) 1281.0(F) | R281.0 (F)
8 SL (1) SL (2) C131.0() | 'R171.0() | C228.0() | 'R271.0() | 181.0(F) | R181.0 (F) 1281.0(F) | R281.0 (F)
9 | SL(1) StS(2) || C141.0() | R158.0() | C238.0() | 'R257.0() | 181.0(F) | R181.0(F) | 1S281.0(F) | R281.0 (F)
10| SL(1) VS (2) C151.0(I) | '/RT40.0(I) | C248.0() | 6S247.0(l) | 181.0(F) | R181.0(F) | AS281.0 (F) | R281.0 (F)
11 SL (1) VS (2) C161.0(l) | 'R123.0() | C258.0() | 8S247.0(l) | 181.0(F) | R181.0(F) | AS281.0(F) | R281.0 (F)
12| SL(1) | SbOP(2) | C171.0() | R118.0(E) | C268.0(]) | C247.0() | M181.0(F) | 'R181.0(F) | 'R281.0(F) | R281.0 (F)
13| SL(1) SL(2) 1181.0(F) | RT18.0(E) | C278.0(I) | C257.0() |11 81.0(F) | 'R171.0(]) R2710() | R281.0 (F)
14 SL(1) SL (2) 11810(F) | R118.0(E) | 1288.0(F) | C267.0(I) | 1181.0(F) | 'R159.0(I) R251.0() | R281.0 (F)
15[ SL(1) SL (2) 11810(F) | R118.0(E) | 1288.0(F) | C277.0(I) | 1181.0(F) | 'R152.0 () R244.0() | R281.0 (F)
16 | SL(1) SL (2) 1181.0(F) | R118.0(E) | 1288.0(F) | 1287.0(F) | 181.0(F) | 'R143.0() | 'R226.0(]) | R281.0 (F)
Table B.23: Verification T'C~
t SPOSt,r StSt,r VSt,r SbOPtJ- Tiotal t SPOStm StSt,r VSt,r SbOPtﬂ» Tiotal
0 X* 1 2 1 4 0 X* 1 2 1 4
1 X* 1 2 1 4 1 X* 1 2 1 4
2 X* 1 2 1 4 2 X* 1 2 1 4
3 * 1 2 1 4 3 * 1 2 1 4
4 * |1 2 1 |4 4 * | 1 2 1 | 4]
5 * 1 | 2] 1 4 5 * 1 |2 1 4
6 * 1 | 2] 1 4 6 * 1 |2 1 4
7 * 1 2 1 1] 4 7 * 1 2 1 1] 4
8 * 1 2 1 4 8 * 1 2 1 4
9 * 1 2 1 4 9 * | 1 2 1 4]
10 * 1 2 1 4 10 * 1 |2 1 4
1 * 1 2 1 4 1 * 1 |2 1 4
12 * 1 2 1 4 12 * 1 2 | 1] 4
13 * 1 2 1 4 13 * 1 2 1 4
14 X* 1 2 1 4 14 X* 1 2 1 4
15 X* 1 2 1 4 15 X* 1 2 1 4
16 X* 1 2 1 4 16 X* 1 2 1 4

Table B.24: Verification T'C7 for R1 - Objective

Table B.25: Verification T'C; for R2 - Objective
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B.8. Test Case 8
t Vessel r Module m with energy level [; ,,,
R1 R2 R3 0 1 2 3 4 5 6 7
0 SL (1) SL (1) SL (1) 'R181.0(F) | R181.0(F) | R281.0(F) | 'R281.0(F) | R381.0 (F) | 'R381.0 (F) 1181.0 (F) 1181.0 (F)
1 SL (1) SL (1) SL (1) 'R171.0() | R181.0(F) | R281.0(F) | 'R271.0(I) | R381.0 (F) 'R371.0 (I) 11 81.0 (F) 11 81.0 (F)
2 SL (1) SL (1) SL (1) 'R161.0() | R181.0(F) | R281.0(F) | 'R261.0(I) | R381.0 (F) ’R361.0 (I) 11 81.0 (F) 11 81.0 (F)
3 SL (1) SL (1) StS (1) 'R151.0() | R181.0(F) | R281.0(F) | 'R251.0(l) | R381.0 (F) 'R351.0 (1) 1S1 81.0 (F) 11 81.0 (F)
4 SL (1) SL (1) VS (1) 'R141.0(I) | R181.0(F) | R281.0(F) | 'R241.0(1) | R381.0(F) | 6S141.0() | AS181.0(F) | 1181.0 (F)
5 SL (1) SL (1) VS (1) 'R131.0(I) | R181.0(F) | R281.0(F) | 'R231.0(l) | R381.0(F) | 6S141.0() | AS181.0(F) | 1181.0 (F)
6 SL (1) StS(1) | SbOP (1) || 'R121.0() | R181.0(F) | R281.0(F) | 'R221.0(I) | R381.0(F) | C141.0(l) | 'R381.0(F) | 1S181.0 (F)
7 SL (1) VS (1) SL (1) R111.0(E) | 'R181.0(F) | R281.0(F) | 6S111.0(E) | R381.0(F) | C151.0(l) 'R371.0() | AS181.0(F)
8 SL (1) VS (1) SL (1) R111.0(E) | 'R171.0(l) | R281.0(F) | 6S111.0(E) | R381.0 (F) C161.0(l) 'R361.0(l) | AS181.0 (F)
9 SL (1) SbOP (1) SL (1) R111.0(E) | 'R161.0() | R281.0(F) | C111.0(E) | R381.0 (F) C171.0(l) 'R3 51.0 (I) 'R2 81.0 (F)
10 SL(1) SL(1) SL(1) R1T11.0(E) | ' R151.0() | R281.0(F) | C121.0() | R381.0(F) | 1181.0(F) | 'R341.0(]) | 'R271.0(])
11 StS (1) SL (1) SL (1) R111.0(E) | 'R141.0(l) | R281.0(F) | C131.0() | R381.0(F) | IS181.0(F) | 'R331.0(l) 'R261.0 (I)
12| VS(1) SL (1) SL (1) R111.0(E) | 6S131.0(l) | R281.0(F) | C141.0(1) | R381.0(F) | AS181.0(F) | 'R321.0(l) 'R251.0 (I)
13| VS(1) SL (1) SL (1) R111.0(E) | 6S131.0() | R281.0(F) | C151.0() | 'R381.0(F) | AS181.0(F) | R311.0(E) | 'R241.0()
14 [ SbOP (1) | SL(1) SL (1) RT1.0(E) | C131.0() | R281.0(F) | C161.0() | 'R371.0() | R181.0(F) | R3M.0(E) | 'R231.0(])
15| SL(1) SL (1) SL(1) R111.0(E) | C141.0() | R281.0(F) | C171.0() | 'R361.0()) | 'R171.0() | R31.0(E) | 'R221.0(l)
16| SL(1) SL (1) SL(1) R111.0(E) | C151.0() | 'R281.0(F) | 1181.0(F) | 'R351.0(]) | 'R161.0(]) | R311.0(E) | R211.0 (E)
17 SL (1) SL (1) SL (1) R111.0(E) | C161.0(I) | 'R271.0(I) | 1181.0(F) R341.0() | 'R151.0()) | R311.0(E) | R211.0 (E)
Table B.26: Verification T'Cy

t SPOSt,r StSt,T VSLT SbOPtﬂn Ttotal t SPOSf,m StSt,r VSt,r SbOPt,T Ttotal

0 X* 1 2 1 4 0 X* 1 2 1 4

1 X* 1 2 1 4 1 X* 1 2 1 4

2 X* 1 2 1 4 2 X* 1 2 1 4

3 * 1 2 1 4 3 * 1 2 1 4

4 * 1 2 1 4 4 * 1 2 1 4

5 * 1 2 1 4 5 * 1 2 1 4

6 * 1 2 1 4 6 * (1] 2 1 (4]

7 * 1 2 1 4 7 * 1 |2 1 4

8 * 1 2 1 4 8 * 1 |2 1 4

9 * 1 2 1 4 9 * 1 2 1 1] 4

10 * 1 2 1 4 10 * 1 2 1 4

11 * 1] 2 1 4] 11 * 1 2 1 4

12 * 1 (2] 1 4 12 * 1 2 1 4

13 * 1 (2] 1 4 13 * 1 2 1 4

14 * 1 2 1] 4 14 * 1 2 1 4

15 X* 1 2 1 4 15 X* 1 2 1 4

16 X* 1 2 1 4 16 X* 1 2 1 4

17 X* 1 2 1 4 17 X* 1 2 1 4

Table B.27: Verification T'C's for R1 - Objective

Table B.28: Verification T'Cs for R2 - Objective
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B.9. Test case 9

t Vessel r Module m with energy level ; ,,
R1 R2 0 1 2 3 4 5 6 7
0 SL (1) SL (2) R181.0(F) | 'R181.0(F) | R281.0(F) | 'R281.0(F) | 181.0(F) | 1181.0(F) 12 81.0 (F) 12 81.0 (F)
1 SL (1) SL (2) R181.0(F) | 'R171.0(l) | R281.0(F) | 'R271.0(I) | 181.0(F) | 1181.0(F) 12 .81.0 (F) 12 81.0 (F)
2 SL (1) SL (2) R181.0(F) | 'R161.0(l) | R281.0 (F) R261.0(I) | 1181.0(F) | 1181.0(F) 12 81.0 (F) 12 81.0 (F)
3 StS (1) SL (2) R181.0(F) | 'R151.0(l) | R281.0 (F) R251.0(1) | 1181.0(F) | 1S181.0 (F) 12 81.0 (F) 12 81.0 (F)
4 VS (1) SL (2) R181.0(F) | 6S141.0 () | R281.0 (F) R241.0(l) | 181.0(F) | AS181.0(F) | 1281.0(F) 12 81.0 (F)
5 VS (1) SL (2) R181.0(F) | 6S141.0 () | R281.0 (F) R231.0(1) [ 1181.0(F) | AS181.0(F) | 1281.0 (F) 12 81.0 (F)
6 | SbOP (1) SL (2) R181.0(F) | C141.0(l) | R281.0 (F) R221.0(I) | 1181.0(F) | 'R181.0 (F) 12 .81.0 (F) 12 81.0 (F)
7 SL (1) StS (2) R181.0(F) | C151.0(l) | 'R281.0(F) | R211.0 (E) | 11 81.0 (F) R171.0 (I) 1IS281.0 (F) | 1S281.0 (F)
8 SL (1) VS (2) R181.0(F) | C161.0(l) | 86S271.0(l) | 6S2 11.0 (E) | 11 81.0 (F) R161.0(l) | AS281.0(F) | AS281.0 (F)
9 SL (1) VS (2) R181.0(F) | C171.0(l) | 6S271.0(l) | 6S2 11.0 (E) | 11 81.0 (F) R151.0(l) | AS281.0 (F) | AS281.0 (F)
10 SL (1) SbOP (2) || R181.0 (F) | 1181.0 (F) C271.0() | C211.0(E) | I1181.0(F) R141.0(l) | 'R281.0(F) | R281.0 (F)
1 SL (1) SL (2) R181.0(F) | 1181.0(F) 12 .81.0 (F) C221.0(l) | 181.0(F) R131.0 (I) 'R271.0(I) R2 81.0 (F)
12 SL (1) SL (2) R181.0(F) | 1181.0(F) 12 81.0 (F) C231.0(1) | 181.0(F) R121.0 (I) 'R261.0 (1) R2 81.0 (F)
13 SL (1) SL (2) 'R181.0(F) | 1181.0 (F) 12 81.0 (F) C241.0() |1M181.0(F) | R111.0(E) 'R251.0 (1) R2 81.0 (F)
14 SL (1) SL (2) 'R171.0(1) | 1181.0(F) 12 .81.0 (F) C251.0(1) | 1181.0(F) | R111.0(E) 'R241.0 (1) R2 81.0 (F)
15 SL (1) SL (2) 'R161.0(l) | 1181.0(F) 12 .81.0 (F) C261.0(1) | 1181.0(F) | R111.0(E) 'R231.0(I) R2 81.0 (F)
16 SL (1) SL (2) 'R151.0(1) | 1181.0(F) 12 81.0 (F) C271.0(l) | 1M81.0(F) | R111.0(E) 'R221.0(I) R2 81.0 (F)
Table B.29: Verification T'Cy

t SPost,r StStW VStyr SbOP; Tiotal t SPost,r StSt,r VSt,r SbOPt,T Tiotal

0 X* 1 2 1 4 0 X* 1 2 1 4

1 X* 1 2 1 4 1 X* 1 2 1 4

2 X* 1 2 1 4 2 X* 1 2 1 4

3 * | 1] 2 1 | 4] 3 * 1 2 1 4

4 * 1 (2] 1 4 4 X 1 2 1 4

5 * 1 | 2] 1 4 5 X* 1 2 1 4

6 * 1 2 (1] 4 6 X 1 2 1 4

7 * 1 2 1 4 7 * 1] 2 1 | 4]

8 X 1 2 1 4 8 * 1 [2] 1 4

9 X* 1 2 1 4 9 * 1 |2 1 4

10 X* 1 2 1 4 10 * 1 2 1 1] 4

11 * 1 2 1 4 11 * 1 2 1 4

12 * 1 2 1 4 12 * 1 2 1 4

13 * 1 2 1 4 13 X* 1 2 1 4

14 X* 1 2 1 4 14 X* 1 2 1 4

15 x* 1 2 1 4 15 x* 1 2 1 4

16 X* 1 2 1 4 16 X* 1 2 1 4

Table B.30: Verification T'Cy for R1 - Objective

Table B.31: Verification T'Cy for R2 - Objective
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B.10. Test Case 10
t Vessel r Module m with energy level ; ,,
R1 R2 0 1 2 3 4 5 6 7
0 SL (1) SL (2) R181.0(F) | R181.0(F) | R281.0(F) | 'R281.0(F) | 1181.0(F) 11 81.0 (F) 1281.0(F) | 1281.0(F)
1 SL (1) SL (2) R171.0() | R181.0(F) | R281.0(F) | 'R271.0(l) 11 81.0 (F) 11 81.0 (F) 12 81.0 (F) 12 81.0 (F)
2 | SL(1) SL (2) R161.0(I) | R181.0(F) | R281.0(F) | 'R261.0(1) | 1181.0(F) | M81.0(F) | 1281.0(F) | 1281.0(F)
3 SL (1) StS (2) R151.0(l) | R181.0(F) | R281.0 (F) R251.0(I) 11 81.0 (F) 11 81.0 (F) 1S281.0 (F) | 1281.0 (F)
4 SL(1) VS (2) R141.0() | R181.0(F) | R281.0(F) | 6S241.0(l) | 1181.0 (F) 1181.0(F) | AS281.0(F) | 1281.0 (F)
5 SL (1) VS (2) R131.0(l) | R181.0(F) | R281.0 (F) | 6S241.0(l) 11 81.0 (F) 11 81.0 (F) AS281.0 (F) | 1281.0 (F)
6 | SL(1) | SbOP(2) || 'R121.0() | R181.0(F) | ' R281.0(F) | C241.0() | 1M181.0(F) | 1181.0(F) | R281.0(F) | 1281.0 (F)
7 StS (1) SL (2) R111.0 (E) R181.0(F) | 'R271.0(l) | C251.0(I) 1S1 81.0 (F) 1S1 81.0 (F) R281.0(F) | 1281.0 (F)
8 VS (1) SL (2) 6S111.0(E) | 8S171.0(l) | 'R261.0(1) | C261.0(I) | AS181.0(F) | AS181.0(F) | R281.0(F) | 1281.0 (F)
9 VS (1) SL (2) 6S111.0(E) | 8S171.0() | 'R251.0(I) | C271.0(l) | AS181.0(F) | AS181.0(F) | R281.0(F) | 1281.0 (F)
10 | SbOP (1) | SL (2) C1MO(E) | C171.0(]) | 'R241.0() | 1281.0(F) | R181.0(F) | R181.0(F) | R281.0(F) | 1281.0 (F)
" SL (1) SL (2) C121.0() 11 81.0 (F) R2 31.0 (I) 12 .81.0 (F) R181.0 (F) 'R171.0 (1) R281.0(F) | 1281.0 (F)
12 SL (1) SL (2) C131.0(l) 1181.0 (F) R221.0(l) | 1281.0 (F) R181.0 (F) R161.0 (1) R281.0(F) | 1281.0 (F)
13 SL (1) SL (2) C141.0(l) 11 81.0 (F) R2 11.0 (E) 12 81.0 (F) R181.0 (F) R151.0 (1) R281.0 (F) | 1281.0 (F)
141 SL(1) SL (2) C151.0() | M810(F) | R2Z1M.O(E) | 1281.0(F) | R181.0(F) | R141.0(]) | 'R271.0(1) | 1281.0 (F)
15 SL (1) SL (2) C161.0(l) 11 81.0 (F) R2 11.0 (E) 12 81.0 (F) R181.0 (F) 'R131.0 (1) R261.0(I) | 1281.0 (F)
16 SL(1) SL (2) C171.0(l) 1181.0(F) | R211.0(E) | 1281.0(F) R181.0 (F) 'R121.0 (1) 'R251.0(I) | 1281.0 (F)
Table B.32: Verification T'C1g

t SPost,r StStW VStyr SbOP; Tiotal t SPost,r StSt,r VSW SbOPt,T Tiotal

0 X* 1 2 1 5 0 X* 1 2 2 6

1 X* 3 2 2 6 1 X* 2 2 1 6

2 X* 3 2 3 7 2 X* 3 2 2 8

3 * 2 2 2 6 3 * 1 1] 2 3 4]

4 * 2 2 1 5 4 * 2 |2 2 7

5 * 3 2 3 6 5 * 1 |2 2 6

6 * 3 2 1 6 6 * 3 2 | 1] 7

7 * | 1] 2 2 |4 7 * 3 2 3 8

8 * 2 [2] 1 6 8 * 3 2 3 6

9 * 2 | 2] 2 6 9 * 2 2 2 5

10 * 1 2 | 1] 5 10 * 1 2 2 4

1 * 3 2 1 7 1 * 3 2 2 8

12 X* 1 2 2 8 12 X* 3 2 3 8

13 X* 1 2 2 8 13 X* 1 2 1 8

14 X* 2 2 3 8 14 X* 2 2 3 8

15 X* 1 2 2 8 15 X* 3 2 3 8

16 X* 1 2 2 8 16 X* 1 2 3 8

Table B.33: Verification T'C for R1 - Objective

Table B.34: Verification T'C( for R2 - Objective



B.11. Test Casell 101

B.11. Test Case 11

P Vessel 1 Module 1 with energy level 1.,
R R2 0 1 2 3 7 5 3 7 5 9 10 T 2
0| SL(2 | SL() | SL@ || RI8T.0(F) | ‘RIBT0(F) | 'R281.0(F) | R281.0(F) | 'R381.0(F) | R38I.0(F) | MBT.0(F) | M8T.0(F) | 1281.0(F) | 2810(F) | 1B3810(F) | 13810 (F)
T SL@ | SL() | SL(3 || R1810(F) | RI71.0() | 'R271.0() | Re81.0(F) | 'R3760() | R381.0(F) | 11810(F) | MBI0(F) | 1281.0(F) | 1281.0(F) | 1B81.0(F) | B8I0(F)
2 [ SL(@ | SL() | SL() | RI81.0(F) | R1650() | 'R2620() | R281.0(F) | 'R366.0() | R38I.0(F) | MB1.0(F) | MBI0(F) | 1281.0(F) | 1281.0(F) | 1B81.0(F) | 1381.0(F)
3 SL(2) | SL(A) | SL(3) || RI8T.0(F) | 'R159.0() | 'R257.0() | R281.0(F) | 'R361.0() | R38I.0(F) | MBT0(F) | M8T.0(F) | 1281.0(F) | 2810(F) | 1381.0(F) | 13810 (F)
[4 ] StS@ | SL() | SL(3 || R1810(F) | R1500() | 'R247.0() | Re81.0(F) | 'R351.0() | R381.0(F) | 11810(F) | MBI0(F) | 1281.0(F) | 1S281.0(F) | 1381.0(F) | 13810 (F)
51 VS(2 | St5(1) | SL(3) | R181.0(F) | 852300() | 'R241.0() | R281.0(F) | 'R341.0() | R381.0(F) | 1181.0(F) | IS181.0(F) | 1281.0(F) |AS281.0(F)| 1381.0(F) | 13810 (F)
6] VS(@ | VS(1) | SL(3) || RI8T.0(F) | 652300() | 651210 () | R281.0(F) | 'R335.0() | R381.0(F) | MB1.0(F) | AST8I1.0(F) | 1281.0(F) | AS2810(F)| 1381.0(F) | 13810 (F)
7 [ SbOP (2) | VS(1) | StS(3) || 'R181.0(F) | C230.0() | 65121.0() | R281.0(F) | 'R329.0() | R381.0(F) | M81.0(F) | AST81.0(F) | 1281.0(F) | R1810(F) | 1S3810(F) | 13810 (F)
8 | SL(2) | SbOP(1)| VS(3 || 'R161.0() | C240.0() | Ci21.0() | 'R281.0(F) | 6S39.0 (E) | R381.0(F) | M81.0(F) | R281.0(F) | 1281.0(F) | R181.0(F) | AS381.0(F) | 13810 (F)
9 [ SL(2) | SbOP(1)| VS(3) || 'R1550() | C250.0() | CT31.0() | 'R261.0() | 6539.0(E) | R38I.0(F) | MB1.0(F) | R281.0(F) | 1281.0(F) | R181.0(F) | AS3BT.0(F) | 13810 (F)
10| SL(2) | SL(1) | SbOP(3) | 'R148.0() | C2600() | C1410() | "R241.0() | C39.0(E) | R381.0(F) | M 81.0(F) | R28T0(F) | 1281.0(F) | RI81.0(F) | R38I.0(F) | 1381.0(F)
11| SL(2) | SL(1) | SbOP(3) | 'R138.0() | C2700() | C151.0() | 'R233.0() | C319.0(E) | 'R361.0() | 1M 81.0(F) | R2810(F) | 12810(F) | R181.0(F) | R381.0(F) | 1B81.0(F)
12 SL( | SL(1) | SbOP(3) | 'R132.0() | 1280.0(F) | C161.0() | 'R2230() | C329.0() | R341.0() | M81.0(F) | R281.0(F) | 1281.0(F) | R181.0(F) | R3B1.0(F) | 1381.0(F)
13| SL(2) | SL(1) | SL(3) | 'Ri27.0() | 1280.0(F) | C171.0() | R2140(E) | C3390() | "R321.0() | M 81.0(F) | 'R281.0(F) | 1281.0(F) | RI81.0(F) | R38I.0(F) | 1381.0(F)
74| SL(2 | SL(1) | SL(3 | Ri220() | 1280.0(F) | M 81.0(F) | R2140(E) | C3490() | R3130(E) | 1 81.0(F) | 'R2720() | 12810(F) | R181.0(F) | 'R381.0(F) | 1381.0(F)
15[ SL(2 | SL(1) | SL(3 | R1150(E) | 1280.0(F) | M81.0(F) | R2140(E) | C359.0() | R313.0(E) | M81.0(F) | R2640() | 1281.0(F) | RIBI0(F) | 'R372.0() | 1381.0(F)
16| SL(2) | SL(1) | SL(3 | RI150(E) | 1280.0(F) | M81.0(F) | R2140(E) | C3690() | R313.0(E) | M81.0(F) | 'R257.0() | 1281.0(F) | 'R1730() | 'R363.0() | 1381.0(F)
17| SL(2) | SL(1) | SL(3 | RI150(E) | 1280.0(F) | M81.0(F) | R2140(E) | C379.0() | R3130(E) | M 81.0(F) | 'R2490() | 1281.0(F) | 'R1650() | 'R354.0() | 1381.0(F)
18] SL(2) | SiS(1) | SL(3 | RI150(E) | 1280.0(F) | 1S181.0(F) | R214.0(E) | 1389.0(F) | R313.0(E) | 1S181.0(F) | 'R2400() | 12810(F) | 'R1600() | 'R349.0() | 1381.0(F)
19| SL(2) | SiS(1) | SL(3) | RI150(E) | 1280.0(F) | IST81.0(F) | R214.0(E) | 1389.0(F) | R313.0(E) | IST81.0(F) | 'R2200(l) | 1281.0(F) | 'R1500() | 'R344.0() | 1381.0(F)
20| SS(2) | VS(1) | StS(3) || R115.0(E) | 152800 (F) | AST81.0 (F) | 651140 (E) | 15389.0 (F) | R313.0(E) | AST81.0 (F) | 6ST0.0(E) | 1S281.0(F) | 'R1420(l) | 'R336.0() | 138710 (F)
21 VS(2) | VS(1) | VS(3) | 852150 (E) | AS280.0 (F) | AST81.0(F) | 651140 (E) | AS3 89.0 (F) | 653 130 (E) | AST81.0 (F) | 6510.0 () | AS281.0 (F) | 652220 () | 6S3 16.0 (E) | AS381.0 (F)
22| VS(2) | SbOP ()| VS(3) [ 652150 (E) | AS280.0(F) | 'R281.0(F) | C114.0 (E) | AS389.0 (F) | 853130 (E) | R281.0(F) | C10.0(E) | AS281.0(F) | 65222.0()) | 653 16.0 (E) | AS3 81.0 (F)
23 | SbOP (2) | _SL(1) | SbOP (3) || C275.0 (E) | 'R180.0(F) | 'R261.0() | CT124.0() | 'R389.0(F) | C313.0(E) | R281.0(F) | C110.0(E) | RIBI0(F) | C222.0() | C316.0(E) | R38I0(F)
24 | SbOP (2) | SL(1) | SbOP(3) | C225.0() | 'R160.0() | 'R256.0() | C134.0() | 'R369.0() | C323.0() | Re81.0(F) | C120.0() | RI81.0(F) | C2320() | C3260() | R3810(F)
25| SL(2) | SL() | SL@ | C2350() | R140.0() | 'R249.0() | C144.0() | 'R349.0() | C333.0() | R281.0(F) | C130.0() | R181.0(F) | C2420() | C336.0() | R3BI0(F)
26 SL(2) | SL() | SL(3) || C2450() | 'R1320() | 'R242.0() | CT1540() | 'R342.0() | C3430() | R281.0(F) | C1400() | RIBI0(F) | C2520() | C346.0() | R8I0 (F)
27 SL(2) | SL(1) | SL(3) || C2550() | 'R1250() | 'R232.0() | CT640() | 'R3320() | C3530() | R281.0(F) | CI1500() | RIBI0(F) | C262.0() | C356.0() | RI8IO(F)
28] SL(2) | SL(1) | SL(3) || C2650() | 'R1200() | 'Re27.0() | CI74.0() | 'R323.0() | C363.0() | R281.0(F) | C1600() | RIBI0(F) | C272.0() | C366.0() | R3I8I0(F)
29 SL(2) | SL() | SL(3) || C2750() | R1150(E) | R219.0(E) | M840(F) | R318.0(E) | C373.0() | 'R281.0(F) | C1700() | RI8I.0(F) | 2820(F) | C376.0() | 'R3810 (F)
30 SL(2) | SL(1) | SL(3) | 12850(F) | R1150(E) | R219.0(E) | 1840(F) | R318.0(E) | 13830(F) | 'R271.0() | MB00(F) | 'R172.0() | 12820 (F) | 1386.0(F) | R3740())
31 SL(2) | SL() | SL(3) || 12850(F) | R1150(E) | R219.0(E) | 11840(F) | R318.0(E) | 13830(F) | 'R266.0() | 1M 800(F) | 'R167.0() | 12820(F) | 1386.0(F) | R3680() |
32| SL(@) | SL() | SL(3) | 12850(F) | R1150(E) | R219.0(E) | 1840(F) | R318.0(E) | 1383.0(F) | 'R259.0() | 1180.0(F) | 'R1580() | 12820(F) | 1386.0(F) | R359.0() |
33| SL(2) | SL(1) | SL(3) | 12850(F) | RI150(E) | R219.0(E) | M840(F) | R318.0(E) | 13830(F) | 'R251.0() | T80.0(F) | 'RI51.0() | 12820 (F) | 1386.0(F) | 'R349.0())
Table B.35: Verification T'C11
t SPOSt,r StSt,r VSt,',n SbOPtA’ry' Tiotal t SPOStﬂr StSt,r VSt,r SbOPtn» Tiotal
0 * 1 1 2 3 0 X* 1 1 1 3
1 * 2 1 1 6 1 X* 3 1 1 5
2 * 2 1 1 5 2 X* 1 1 1 4
3 * | 1] 1 1 |4 3 X* 3 1 2 6
4 * 1 [ 1] 3 5 4 * 2 1 2 5
5 * 3 1 12 5 5 * 3 1 1 7
6 * 2 1 3 4 6 * 1 1 1 4
7 X* 1 1 3 3 7 * 3 1 2 6
8 X* 2 1 2 4 8 * | 1] 1 2 4]
9 X 7 1 1 3 9 g 3 ] 3 5
10 X* 3 1 3 7 10 * 2 1 12 4
1 * 2 1 1 6 1" * 1 1 2 3
12 * 3 1 2 7 12 * 2 1 1 6
13 X* 2 1 1 4 13 X* 1 1 1 4
14 X* 2 1 3 4 14 X* 3 1 1 4
15 X* 1 1 3 4 15 X* 3 1 3 4
16 X* 3 1 3 4 16 X* 1 1 1 4

Table B.36: Verification T'C; for R1 - Objective Table B.37: Verification T'C; for R2 - Objective
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C.1. Validation RPA6

C.1.1. Input
Zones and Vessel Positions RPA6
52.050 1
52.025 1
52.000
51.975 ]
) ]
el 4
2 51.950
£ ]
3 ]
51.925 ]
51.900 ]
51.875 1
5 117 J 2 A
395 400 405 410 415 420 425 430 435 440 445 450 455 460  4.65
Longitude
Zones Vessels
~—— Zone 1 Zone 4 ~—— Zone 7 —— Zone 9 Zone 11 —— Zone 13 + RPA6
—— Zone 2 —— Zone 5 Zone 8 ~—— Zone 10 ~—— Zone 12 Zone 14
—— Zone 3 Zone 6
Figure C.1: RPAG locations (timestep = 6)
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Figure C.2: Cumulative sailed distance for RPA6
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4500 ~
4250 1
4000 ~
3750 A
3500 A
3250 A
3000 A
2750 A
2500 A
2250 A
2000 A
1750 A
1500 A
1250 A
1000 A

750

Cumulative Power Consumption (kWh)

500 ~
250 1

Cumulative Power Consumption P[r,t] for the original path - RPA6

Vessel
—— RPA6

0 10 20 30 40 50 60 70 80 90 100110120130140150160170180 190200210220 230240
Timestep t [- 6 min]

Figure C.3: Cumulative initial power for the RPA6

C.1.2. Results

Total Energy Level

Total Energy of Modules on All Vessels Over Time (with Swapping Shifts)
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Figure C.4: Power consumption RPA6
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Vessel State

for all vessels for all vessels

SbOP[t,r] — RPAG
VS[t,r] -
StS[t,r] 4
SLIt,r]
0 50 100 150 200 250
Time Step
Figure C.5: Swapping states RPA6
3 Zig-Zag Plot: Number of Charging Modules at Each Inventory Location Over Time
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Figure C.6: Charging area for validation RPA6
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Percentage of Time (%)

Zig-Zag Plot: Number of Modules at Each Inventory Location Over Time
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Figure C.7: Inventory area validation RPA6
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Figure C.8: Percentage of modules for each location in different swapping stations s, validation RPA6
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C.2. Validation RPA7

C.2.1. Input
Zones and Vessel Positions DS1-RPA7-1
52.050 1
52.025 1
52.000
51.975 ]
) ]
el 4
2 51.950
£ ]
3 ]
51.925 ]
51.900 ]
51.875 1
5 117 J 2 A
395 400 405 410 415 420 425 430 435 440 445 450 455 460  4.65
Longitude
Zones Vessels
~—— Zone 1 Zone 4 ~—— Zone 7 —— Zone 9 Zone 11 —— Zone 13 + RPA7
—— Zone 2 —— Zone 5 Zone 8 ~—— Zone 10 ~—— Zone 12 Zone 14
—— Zone 3 Zone 6
Figure C.9: RPA7 locations (timestep = 6)
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Figure C.10: Cumulative sailed distance for RPA7
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Cumulative Power Consumption P[r,t] for the original path - RPA7
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Figure C.11: Cumulative initial power for the RPA7

C.2.2. Results
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Figure C.12: Power consumption RPA7
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Figure C.13: Power consumption RPA7
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Figure C.14: Charging area for validation RPA7
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Modules at Inventory - DS1-RPA7-1
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Figure C.15: Inventory area validation RPA7
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Figure C.16: Percentage of modules for each location in different swapping stations s, validation RPA7
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C.3. Validation RPA10

C.3.1. Input
Zones and Vessel Positions RPA10
52.050 1
52.025 1
52.000
51.975 ]
) ]
el 4
2 51.950
£ ]
3 ]
51.925 ]
51.900 ] z
51.875 1
5 117 J 2 A
395 400 405 410 415 420 425 430 435 440 445 450 455 460  4.65
Longitude
Zones Vessels
~—— Zone 1 Zone 4 ~—— Zone 7 —— Zone 9 Zone 11 —— Zone 13 + RPA10
—— Zone 2 —— Zone 5 Zone 8 ~—— Zone 10 ~—— Zone 12 Zone 14
—— Zone 3 Zone 6
Figure C.17: RPA10 locations (timestep = 6)
Cumulative Distance Traveled by Each Vessel Over Time
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Figure C.18: Power consumption RPA10
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Cumulative Power Consumption P[r,t] for the original path - RPA10

40001 Vessel
3750 4 —— RPA10
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0 10 20 30 40 50 60 70 80 90 100110120130140150160170180 190200210220 230240
Timestep t [- 6 min]

Figure C.19: Cumulative initial power for the RPA10

C.3.2. Results
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Figure C.20: Power consumption RPA10
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Vessel State

Vessel Positions for vessel
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SIO 160 15;0 Z(I)O 2_’;0
Time Step
Figure C.21: Swapping states RPA10
3 Zig-Zag Plot: Number of Charging Modules at Each Inventory Location Over Time
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Figure C.22: Charging area for validation RPA10
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Figure C.23: Inventory area validation RPA10
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Figure C.24: Percentage of modules for each location in different swapping stations s for RPA10
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C.4. Validation RPA13
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Figure C.25: RPA13 locations (timestep = 6)
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Figure C.26: Cumulative sailed distance for RPA13
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Figure C.27: Cumulative initial power for the RPA13
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Figure C.28: Power consumption RPA13
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Figure C.29: Swapping states RPA13
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Figure C.31: Inventory area validation RPA13
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Figure C.32: Percentage of modules for each location in different swapping stations s for RPA13




C.5. Validation RPA15 119

C.5. Validation RPA15
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Figure C.33: RPA15 locations (timestep = 6)
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Figure C.34: Cumulative sailed distance for RPA15
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Figure C.35: Cumulative initial power for the RPA15
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Figure C.36: Power consumption RPA15
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Figure C.37: Swapping states RPA15
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Figure C.38: Charging area for validation RPA15
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Zig-Zag Plot: Number of Modules at Each Inventory Location Over Time
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Figure C.39: Inventory area validation RPA15
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C.6. Validation RPA16
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Figure C.41: RPAG locations (timestep = 6)
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Figure C.42: Cumulative sailed distance for RPA16
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Figure C.43: Cumulative initial power for the RPA16

C.6.2. Results

Total Energy of Modules on Vessel 0 Over Time (with Swapping Shifts)

—— RPAl6
1400 4

1200 4

1000 4

800 A

600 -

Total Energy Level

400 1

200 A

0 50 100 150 200 250
Time Step

Figure C.44: Power consumption RPA16
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Figure C.45: Swapping states RPA16
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Figure C.46: Charging area for validation RPA16
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Figure C.47: Inventory area validation RPA16
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Figure C.48: Percentage of modules for each location in different swapping stations s for RPA16
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