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summary

The demand for Energy Transition Metals has been rising due to the worldwide shift towards sustainable
energy sources [19]. Deep-sea Nodule Collection (DSNC) has the potential to address current demands
for nickel, copper, cobalt, and manganese [13, 17]. In contrast to traditional onshore mining methods,
DSNC results in a notable decrease in emissions [25] and a substantial reduction in waste generation [23].
Furthermore, the usage of advanced equipment in DSNC e [eckively tackles the inherent socioeconomic
issues associated with conventional mining.

The current state-of-the-art method for DSNC is to use a large, remotely operated vehicle known as the
collector to drive across the deep-sea floor and to collect the nodules. Due to the constraints within the
design of the DSNC system and the need for systematic nodule collection, the collector should follow a
pre-determined global path. The global path is created from inaccurate presurvey measurements, and
is therefore ine [cieht and hazardous if followed directly. This research aims to examine if a local path
planning can be used to improve the imperfect global path.

Existing literature within the field of DSNC is limited, therefore local path planning methods from
other applications are examined. From the found local path planning methods, it was found that an
Interpolating Curve Planner (ICP) could be most suitable due to its ability to directly incorporate the
collector constraints and production rate objectives. This has led to the following research question: In
the context of deep-sea nodule collection, how does an Interpolating Curve Planner perform in terms of reliability,
collection rate and area coverage, and how are they influenced by varying presurvey measurement resolutions?

The ICP was specifically developed to align with the objectives of DSNC. To increase the overall area
coverage, it is desired for the collector to follow the path exactly next to the previous track %gyy. This
objective conflicts with the objective to follow the global path % . To address this, each timestep, a
decision-making method was used to choose one of the two as the input path to follow % for the ICP.
Based on % , multiple path candidates are proposed using one of the three examined path proposal
methods: the Curvilinear method as defined by Chu et al. [5], and the Local and Global Orthogonal
methods, both simplifications of the Curvilinear method. Finally, the collector moves forward on the
path with the lowest total cost. This cost function is designed to consider the objectives of obstacle
avoidance, production rate maximisation, and adherence to % .

The designed ICP is tested in a simulator based on real bathymetric data from a measured section of the
Clarion-Clipperton Zone. Before a simulated test, the presurvey measurements are modeled with a
certain resolution 4. Based on these presurvey measurements, a global path is created that moves
around detected obstacles. The global path and presurvey measurements form the initial knowledge
of the ICP. In the simulation, based on the local sensor setup and the simulated environmental noise
level #,,C”, the collector measures the environment with a certain accuracy, and responds accordingly.
The performance of a simulated test is compared against the oracle performance, which is a standard
representing the possible performance if the environment is precisely known before operation. The
total area coverage as percentage of the oracle ), and the mean area coverage per second as percentage
of the oracle ),-3 are used as performance metrics.

A series of experiments were conducted to investigate the impact of ICP parameters. Firstly, the
Curvilinear and Local Orthogonal path proposal techniques were deemed unsuitable for DSNC due to
intrinsic limitations, which resulted in increased susceptibility to collisions. The Global Orthogonal path
proposal method is selected for the other experiments. Secondly, a timestep ) larger than 30 seconds
is found to decrease )75, and ) = 20 s is used for the subsequent experiments. The third experiment
examines the longitudinal path proposal distance ....o 403. Itis found that for 5.9 503 50 mand

55-0 403 150 m, the ICP is susceptible to collisions. Furthermore, a lower ..5.¢ 43 results in a
higher )¢, but at the cost of a decreased );-5. Finally, the influence of changing the weights within the
cost function is examined. It is found that increasing priority to maximizing production rate at each
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timestep does not result in a higher ),73. Contrary, prioritizing following % does result in a greater

)228.

A second set of experiments was performed to examine the influence of the presurvey resolution o
and environmental noise level #,,0” on the performance of the ICP. It was found that -4 does not
meaningfully influence ) or )75, but it does influence if a test results in a collision. Within the created
simulation environment, the ICP cannot safely navigate around undetected obstacles that are wider
than 65 meters. Furthermore, along di [erent #,,(", it was found that the total area coverage does not
increase when the ICP follows the path next to the previous track %zyy. This shows that %y and %
cannot be used interchangeably as path to follow within the ICP, and that they should be followed in
di [erknt manner.

Given that obstacles wider than 65 meters are detected during presurvey, the ICP is able to improve the
imperfect global paths. On four large test areas, the ICP achieves more than 95% of the area coverage of
the oracle, and more than 93% of the area coverage per second of the oracle. It is a first step towards
optimized nodule collection. Further research is needed to examine di Lerknt cost functions and to find
a method of considering %y that will increase the total area coverage.
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Introduction

1.1. Problem introduction

There is a growing emphasis on reducing greenhouse gas emissions as a response to the global climate
problem. To achieve this goal, society must shift away from reliance on fossil fuels and embrace more
environmentally friendly technologies such as electric vehicles. The growing demand for batteries
and similar green technologies is leading to an increasing demand for various elements, which are
recognized as the 20 Energy Transition Metals [19]. Among those metals are copper (Cu), cobalt (Co)
and nickel (Ni) [13].

Currently, these metals are mined predominantly in onshore mines. These onshore mines have
drawbacks which will only grow with the increasing demand for metals. The rst drawback is related to
the declining ore grades, requiring more raw material to produce the same amount of desired material
[2, 14]. Meeting the increasing demand will necessitate mining operations to delve deeper into the earth
and extract more materials, resulting in elevated waste production and energy consumption.

The second drawback of onshore mining is related to its inherent socioeconomic problems. While the
extraction of resources from onshore mines holds the potential to strengthen the economic standing
of a developed nation, it frequently gives rise to pervasive issues such as corruption and exploitation,
exempli ed vividly by the cobalt mines in the Democratic Republic of the Congo [33]. Likewise, in
Tanzania, the operations of gold mines have given rise to issues such as increased unemployment, the
forced displacement of local inhabitants, the involvement of children in labor, and heightened challenges
in land acquisition for Tanzanians [16]. The combination of these socio-economic challenges, along with
growing environmental concerns, emphasizes the necessity for a departure from conventional mining
practices.

Figure 1.1: Picture of a polymetallic nodule collected by Allseas.

One potential solution to address the increasing need for materials is the collection of polymetallic
nodules [13]. These black, potato-shaped mineral concretions, known as nodules, are found unattached
on the deep-sea oor, particularly on the abyssal plains of the Clarion Clipperton Zone (CCZ). An
example of a nodule can be seenin gure 1.1. They are rich in manganese, nickel, cobalt and copper, and

1



1.1. Problem introduction 2

could be used as an alternative for onshore resources [7, 13]. Estimates indicate that the CCZ harbors
over 21 billion tonnes of nodules, surpassing global land reserves for manganese, nickel and cobalt [17].

At this moment, the state-of-the-art method for collecting polymetallic nodules includes using a remotely
operated vehicle known as a collector or mining robot. The collector employs a suction mechanism to
gather nodules from the sea oor. The nodules are then transported to the main vessel through an airlift
riser system, also referred to as the vertical transport system (VTS) [1, 20]. From the main vessel, they
are transported to the shore by o oading vessels. A schematic overview of deep-sea nodule collection
(DSNC) can be seenin gure 1.2.

Figure 1.2: Overview of the current state of the art for DSNC.

DSNC provides an answer to the drawbacks inherent to onshore mining. The unique characteristic of
nodules resting atop the sea oor allows for collection without excavation, and the process produces less
waste of lower quantities compared to onshore mining [23]. Furthermore, the production of battery
metals from polymetallic nodules has the potential to decrease CO2 emissions produced during the
mining process by over 70% [24, 25]. Additionally, deep sea mining involves advanced automated
technologies, minimizing the reliance on manual, strenuous labor. The process of collecting minerals
from the bottom of the deep sea is by de nition without human involvement, making it a signi cant
stride towards eradicating child labor from the mining industry.

DSNC is currently in its developmental phase, with industry leaders such as Allseas actively working
to advance the state of the art technologies. Together with The Metals Company (TMC), a Canadian
mining company, Allseas aims to develop a commercially viable DSNC system. By the end of 2022, a
successful pilot mining test (PMT) in the CCZ was conducted using a 6-meter wide collector. During
that test, an estimated 4500 tonnes of polymetallic nodules were collected, showing the feasibility of the
proposed DSNC system. This research is performed in collaboration with Allseas.

DSNC has a range of technological, regulatory, and economical challenges. Firstly, the deep-sea
environment poses signi cant engineering and logistical obstacles. The polymetallic nodules are
situated between 4.5 and 6 km beneath the sea surface, subject to extreme pressure, near-freezing
temperatures, absence of sunlight, and fast light dispersion [1, 36]. The complexity goes beyond the
mere extraction of nodules, as there is also a need for a system for transporting nodules from the mining
vessel to the shore via bulk carriers. Additionally, it is essential to build new processing factories to
convert the raw material into usable resources.

Secondly, environmental concerns arise during the collection process [4]. The spading and disturbance
of the deep-sea oor during nodule extraction result in the suction mechanism not only picking up
nodules, but also organisms and a thin top layer of sediment [13]. The sediment is separated from the
nodules partly on the collector, and partly on the vessel, as visualized in gure 1.2. The sediment gets
released both around the collector and from a discharge pipe in the sea at a depth of 1.5 kilometers. The
resulting sediment plumes could su ocate organisms living in the deep-sea or in the sea around the
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discharge pipe. Though there is signi cantly less biomass in the deep-sea compared to shallow waters,
it consists of largely undiscovered species using living mechanisms not well understood [8, 9, 32].

Furthermore, lack of understanding about the deep-sea ecosystem makes it di cult to evaluate the
environmental impacts of deep-sea mining [13]. The International Seabed Authority (ISA), responsible
for managing the deep-sea beyond national jurisdictions, faces the challenge of regulating DSNC while
ensuring marine environmental protection. The uncertainties in the deep-sea environment make the
formulation of regulatory guidelines a di cult task.

Lastly, DSNC has yet to achieve economical viability [4]. No company has successfully rendered DSNC
economically feasible, given the substantial resources required for nodule collection and transportation
to the vessel. The implementation of new infrastructure, including a 4.5 km long Vertical Transport
System (VTS) and umbilical for power and communication, poses technical and nancial challenges.
Additionally, the vehicle must exhibit exceptional robustness to endure continuous collection in the
harsh conditions of the deep-sea [4]. These challenges collectively underscore the intricate nature of
transitioning to DSNC as an alternative to conventional mining practices.

The economical, environmental and regulatory obstacles have impeded the widespread adoption of
commercial DSNC. Nevertheless, with the depletion of onshore mines and the resultant rise in metal
prices, there is a growing interest in DSNC. This thesis concentrates on optimized continuous operation,
as itis a crucial part in making DSNC economically viable.

There is a need for a systematic approach to collecting nodules, because the collector is subject to several
constraints. As can be seenin gure 1.2, the collector is connected to the VTS using a exible hose at the
bottom, and it cannot deviate too much from the VTS to avoid damaging the system. Furthermore, an
umbilical is attached to the collector and may be destroyed or entangled if the collector turns around too
quickly or drives in reverse. Additionally, there are multiple o oading vessels continuously moving

to the mother ship, so the location of the mining vessel should be known several days in advance.
Combined with the objectives to collect nodules e ciently and consistently, these limitations highlight

the necessity for the collector to adhere to a pre-determined global path.

Itis not possible to plan a global path before operation that avoids all obstacles, collects as many nodules
as possible and maximizes area coverage. The route is planned based on pre-operation measurements
performed by an Autonomous Underwater Vehicle (AUV). These measurements will be referred to as
presurvey measurements. The cost related to surveying the area is exponential to the desired resolution
and the acquisition and post processing time is also a signi cant factor considered when de ning the
speci cations of the presurvey measurements. Therefore, it is accepted that ahead of operation, certain
obstacles and local seabed characteristics may be missed. In order to minimize the imperfections of
the global path, a conservative approach is selected with large bu ering around known objects and
bu ering in between parallel paths. Additionally, a requirement for during operation is posed to be able

to independently detect and react on obstacles, with the primary objective being equipment safety. This
process necessitates the use of a local path planning algorithm, that takes an imperfect global path as
input and locally improves it using live sensor measurements.

While a human operator is capable of performing local path planning, there are inherent drawbacks
to this approach. Human operators may encounter challenges in maintaining a consistently high
production rate and are vulnerable to uctuations in concentration. Additionally, the response time of

a human is lower than a control system, posing potential risks to the collector's e ciency and safety.
For a DSNC system to achieve sustainable pro tability, depending on a human operator is neither
economically scalable nor practical. Conversely, a local path planner maintains steadfast attention,
potentially enhancing safety and ensuring a more consistent and possibly higher collection e ciency
compared to human operators. This research centers on evaluating the e ectiveness of a local path
planning algorithm speci cally designed for DSNC applications.
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