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Abstract

This thesis aims to evaluate the feasibility of carbon reductive energy systems aboard wellboats
in the maritime industry using simulations. Initially, a short introduction presents the motivation
behind the report, as well as giving a short overview of the structure. The introduction covers
the rising need for decarbonizing modern society as climate change approaches. As the maritime
sector faces the green shift, wellboats have been observed as a source of greenhouse gas emissions
where improvements can be made.

Following the introduction is a chapter including theory. This covers technology and standards
in today‘s maritime industry, aiming to show the different advantages and disadvantages that
influence the operation of wellboats today. Parameters for calculation and working principles are
shown to give an understanding of the related consequences of alternative energy systems and
storage methods.

The different systems simulated in this report revolve around carbon-reductive energy systems.
The various energy carriers are presented to show what aspects are advantageous as well as the
affiliated obstacles. Hydrogen and batteries are the main technologies presented as they have
the potential to be entirely green. The derivatives of hydrogen, e.g. ammonia and methanol are
displayed in a smaller extent, along with biodiesel and liquid natural gas, given that they are not
entirely emission-free during operation.

Thereafter the problem is defined more specifically along with the goals of the report, as well as
the boundaries and limits. A strategy for accomplishing this is then presented. The goal being
informing the industry about carbon reductive systems is to be achieved by simulation and system
modeling The boundaries and limits showcase the scope as well as the restraints shaping the report.

Subsequently, the methods used for producing results are presented. The methods cover data
gathering, simulation, and calculation strategies. Using the methods presented makes it easy to
replicate the results given similar datasets. Assumptions related to calculations are also mentioned
to justify the end results produced.

The results obtained from the literature study and the methods used are then presented and
discussed. The discussion aims to reveal the benefits and complications surrounding the different
solution proposals, with a basis in numerical results. Using the numerical foundation, a perspective
concerning logistics, emissions, cost, and infrastructure is investigated. Most of the results indicate
the same outcome, where the feasibility of carbon reductive systems suffers heavily from high costs
and low energy densities compared to traditional fuels. Sources of error are then addressed to give
reason to different assumptions and possible non-representative values. Factors such as uncertain
data, approximations and placeholders are some of the sources discussed.

The thesis concludes that carbon reductive systems suffer from several factors such as infrastructure
and cost, and that the feasibility of these systems remains questionable, until the aforementioned
reasons and market changes, to better support the various carbon reductive energy bearers.
However, the possibility of a transitory period is more promising but still requires a technological
and economic push to be realized.

ii
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Sammendrag

Denne rapporten vurderer egnetheten til forskjellige karbonreduserende energisystemer i maritim
industri ved hjelp av simulering. Det er forst skrevet en innledning med formal om & presentere
motivasjonen bak, og oppbygningen av rapporten. Introduksjonen tar for seg problemet med den
maritime industriens klimautslipp og legger til grunn for hvordan brgnnbater kan veere et punkt
for forbedring i mgte med det grgnne skiftet.

Folgende blir relevant teori vist for & gi en oversikt over dagens teknologiske standard for fartgy, da
spesielt brgnnbater, med fordeler og ulemper knyttet til industriens metoder. Parametere som er
relevante for beregninger og prinsipper blir ogsa inkludert i dette kapitlet. Med teorien presentert
skal konsekvensene knyttet til de forskjellige teknologiene veere enkle a begripe.

De forskjellige systemene simulert i denne rapporten benytter seg av hver sin energibeerer eller en
hybrid bestaende av to. De forskjellige lagringsmediene blir gatt igjennom for & vise forskjellige
utfordringer og seerskilte konkurransefortrinn. Hydrogen og batterier er energibsererene som blir
presentert i stgrst grad ettersom de har potensialet for fullstendig gregnn drift. Derivatene av
hydrogen, altsa amoniakk og methanol, samt flytende naturgass og biodisel, blir presentert men
til en mindre grad ettersom de ikke er fullstendig grgnne i drift.

Problemstillingen til rapporten blir deretter definert tydelig sammen med oppgavens mal, omfang
og begrensninger. Strategien for gjennomfgrelse blir ogsa presentert her. Omfanget tar for
seg utslippene, energibehovet, kostnadene, infrastrukturen, og logistikken knyttet til drift av en
brgnnbat ved bruk av forskjellige energibezerere.

For at resultatene skal kunne enkelt replikeres med liknende datasett, presenteres metodene brukt i
rapporten. Beregninger, datainnsamling, samt simuleringsparametere blir gjort rede for og diverse
antakelser forbundet med beregninger blir ogsa tatt opp for a gjore rede for resultatene som er
produsert.

Resultatene som er produsert og innhentet med de nevnte metodene blir deretter presentert, og
diskutert. Diskusjonen tar for seg de forskjellige energisystemene i et energi- og miljgorientert
perspektiv. Med de tidligere nevnte simuleringssystemene, males energisystemene opp mot dagens
referansesystem drevet med diesel som brennstoff. Utslipp, energitetthet, logistikk og infrastruktur
er viktige aspekter som tas opp i dybden.

Oppgaven konkluderer med at grgnne alternative energisystemer sliter med & konkurrere mot
dieselsystemer pa grunn av en lav energitetthet, hgye kostnader og et skjgrt rammeverk som
stgtter disse alternativene. Muligheten for et transitorisk system som ikke ngdvendigvis er
fullstendig grent viser seg & veaere en mer realistisk mulighet, sammenliknet med a konvertere
uten sikkerhetsmarginer. Selv om det er mer realistisk, kreves det fortsatt en stor investering i
marked og infrastruktur for a realisere dette.

iii
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Abbreviations

Abbreviation Meaning

AC
AIS
CCSs
CH,
CcO
COs
0026
CH3OH
DC
DoD
GHG
H,
H>0O
HVO
ICE
LCA
LH,
LHV
LIB
LNG
MGO
NHs
nm
NO,
PEMFC
RTE
SoC
SOFC
SO,
H>0
B100
ft

Alternating current
Automatic identification system
Carbon capture and storage
Compressed hydrogen gas
Carbon monoxide

Carbon dioxide

Carbon dioxide equivalent
Methanol

Direct current

Depth of discharge

Green house gas

Hydrogen

Water

Hydrogenated vegetable oil
Internal combustion engine
Life cycle assesment

Liquid hydrogen

Lower heating value
Lithium-ion battery

Liquid natural gas

Marine gas oil

Ammonia

Nautical miles (1.852 km)
Nitrous oxides

Proton exchange membrane fuel cell
Round-trip-efficiency

State of charge

Solid oxide fuel cell
Sulphur oxides

Chemical formula for water
100% biodiesel

feet
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Symbols

Symbol

Meaning

ST YIS

Mass density
Volume or voltage
Volume-flow

Mass flow

Power

Time

Packing factor
Efficiency
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1 Introduction

As the earth gradually approaches an irreversible climate change the challenge of reducing emissions
has become increasingly important. One of the most important measures is transitioning away from
fossil fuels, which currently dominate most of the global industry. [117]

Being a mature technology and boasting a large energy density, diesel is the fuel of choice for heavy-
duty machinery, such as wellboats in the maritime industry. Being able to supply the necessary
power and energy, as well as being convenient in practice, diesel is put in a position where it is
hard to replace [163]. New technology within energy storage is making alternative solutions to
fossilized fuels, with little to no climate gas emissions. The relevancy of new storage technologies
becomes bigger, as the energy density and efficiencies increase, but they are not yet competitive
without compromising cost, and practice in the industry. Long charge times, low efficiencies, and
poor infrastructure make for great challenges given the current circumstances. [30]

This report investigates the potential scenario where conventional diesel vessels are either retrofitted
or replaced entirely with carbon-reductive energy bearers. Including mediums such as hydrogen,
ammonia, methanol, liquid natural gas (LNG), and biodiesel, with the aim of reducing the maritime
industry’s carbon footprint. With extensive literature search and dialogue with several companies
within the industry, data has been gathered to simulate carbon reductive proposals to the current
fossilized systems. Utilizing software such as Python, the data has then been presented to give an
overview of the different advantages and disadvantages of various configurations.

The theory behind wellboats is presented to give an insight in why the problems connected to the
green shift arise, covering topics such as current technology used aboard a boat in the industry.
Information regarding the wellboat in question is given by an anonymous partner of this report.
The technology necessary for the green transition is also covered, showcasing the potential as well
as shortcomings.

Objectives are presented to show the motivation of the report. Showcasing the goal, scope,
and wanted effects of this report. The methods are then showcased to explain the analysis and
computation of data necessary for producing results. The necessary assumptions are also shown
so the results can be replicated using any set of similar data.

The results of computation and research are displayed giving a comparative foundation for potential
solutions. Discussion revolving around the different problems in transitioning to a green system is
then reasoned for, explaining the advantageous as well as disadvantageous effects the solution can
inflict. The report then concludes with important findings, notes, and a final perspective on the
matter reviewed, providing an evaluation of the feasibility of the various systems.
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2 Theory

The term zero-emission systems in this report is defined as any system trying to achieve a
major reduction in greenhouse gas emissions. This section covers the technology used in
these systems.

This chapter provides the necessary background theory used to carry out the methods, as well as
produce and understand the results. It includes an overview of the aquaculture industry, along
with wellboat operations. The theory of relevant energy carriers and systems is provided, including
logistics, infrastructure, and current status in the marine industry.

2.1 The Norwegian aquaculture industry

The maritime fish farming industry is facing tremendous challenges related to carbon footprint
and sustainable implementation. Zero-emission systems are a key aspect of a future green society.
This section explores the theoretical framework that shapes the aquaculture industry,

Since its beginning in the early 1970s, the Norwegian aquaculture industry has grown to deliver
more than half of the world’s farmed salmon. In 2023 alone, salmonoid fish had an export value
of nearly 128 billion NOK, making it one of Norway’s most important trades [142]. Furthermore,
there is a strong political will for further growth. [107]

2.1.1 Life cycle of the farmed salmon

The production cycle of salmonids, from eggs to finished products, takes an average of three years.
The cycle is illustrated in Figure 1.

10-16 months

Transfer
to sea

Growth phase
in sea

12-24 months

Figure 1: Production cycle, illustration from Mowi. [112]
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The land-based process of breeding the fish up to a desired size takes between 10 — 16 months.
After this, wellboats transport fish to the sea location. The fish spend the next 12 — 24 months
in seawater cages/pens. Here, they are grown to approximately 4 — 5 kg. When the fish have
reached their preferred weight, they are slaughtered, either at land-based processing plants or
aboard specialized ships. [112]

Most of the smolt in Norway is released in sea cages during spring and autumn, although some are
released at different locations all year round. The harvesting of fish is spread across the year, with
a higher frequency in the last half. After harvesting, the site is laid fallow 2 — 6 months before new
fish are introduced, to minimize disease. [112]

2.1.2 Environmental impacts

Despite the industry’s beneficial impact on Norway’s economy, there are environmental concerns.
In a life cycle analysis (LCA) conducted by Asplan Viak in 2021, the total emissions from the fish-
farming industry were estimated to be 8.46 Mton COse. It is possible to divide the emissions into
two categories: direct emissions related to the production, and emissions related to the processing
and transportation of the finished product. The emissions from processing and European as well as
intercontinental transportation are estimated to be a total of 1.2 Mton C'Ose according to Asplan
Viak. [121]

Asplan Viak’s calculations show that the biggest environmental impact stems from the production
of fish. The feeding of fish contributed the most with a total of 5.82 Mton COse. They also
estimated the total direct COse emissions from the energy use in the fish farming industry to be
570 Mton COse. When including the indirect emissions, from the production of fuel and electricity,
the total was estimated to be a total of 697 Mton C'Ose. The wellboats are the main contributor
of greenhouse gas emissions (GHG), with a total of 384 Mton COgze [121].

Other concerns regarding the aquaculture industry are organic waste affecting local ecosystems,
animal welfare, and how escaped salmon are cross-breeding with wild salmon [137]. In this report,
only GHG emissions will be investigated. Several of the big aquaculture industry companies have
pledged to cut emissions in line with the Paris Agreement, including the world’s biggest salmon
manufacturer Mowi. [80]

2.1.3 Vessels used in the aquaculture industry

In 2021, Asplan Viak conducted a mapping of the vessels associated with the aquaculture industry.
This was partly based on updated numbers from a previous statistic where Apoint, Doxacom, and
Kontali examined smaller boats, as well as the larger vessels in the industry. The results are given
in Table 1. [121]

Table 1: Number of vessels in the aquaculture industry. [121]

Vessel Fossilized fuel consumers | Hybrid-electric / electric ¢ | Total
Wellboat 75 15 90
Service vessel >15 m 35 9 44
Work-/servicevessel <15 m 297 3 300
Workboat 609 4 613
Smaller vessels 697 1 698
Total 1713 32 1745

@ Only a few work-/servicevessels are pure electric. The remaining vessel uses hybrid solutions

This overview has certain shortcomings, as several types of vessels are excluded. These include
feeding boats, diving boats, process boats, and feeding barges [121]. Despite this, it provides a
useful indication of the fuel system distribution in the aquaculture industry.
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The feeding barge is a stationary on-site vessel. It contains living quarters for the workers, control
rooms, feeding and lighting systems for the pens, as well as other equipment for day-to-day work. A
master thesis from 2019, focusing on the electrification of a feeding barge in Trgndelag, investigated
the power and energy consumption from a feeding barge during summer and winter. Some of the
results from the report are shown in Figure 2. There is both daily and seasonal variation in the
demand. The seasonal changes in both power and energy demand are mostly affecting the base
load, whereas the daily change is due to production operations. [109]
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Figure 2: Power and energy consumption from a feeding barge. [109]

Previously, all feeding barges were run on diesel generators. In recent years, shore power has been
increasingly common. In 2021, it was estimated that 57% of the feeding barges used shore power,
6% used diesel generators in combination with batteries, and 37% used only diesel generators as
their power supply. [3] A master thesis from 2019 concluded that given energy efficiency measures,
83% of Trendelag’s feeding barges could be electrified without triggering grid investments [109].
A similar thesis examining feed barges in Finnmark had similar findings, where the degree of
electrification could be increased from 62% to 80% with a positive economic impact [111]. The
main difficulties related to shore power are associated with too low capacity in the local power
grid, and/or the feeding barges being too far away from the grid. [3, 109, 111]

There are roughly 700 small boats in the aquaculture industry, with their main purpose being
the transportation of people and smaller equipment to the fish farms. Based on the summary
from Asplan Viak, the use of electrical/hybrid propulsion systems on these boats is close to non-
existent. Each boat has an estimated yearly average fuel consumption of 15.000 — 18.000 liters of
fuel, resulting in a total of over 10 million liters of fuel each year. [121]

The work and service vessels have similar tasks. Work vessels are the smallest of the two, at
lengths varying between 10 and 15 meters. They are typically associated with a specific fish farm,
performing daily tasks such as supervision, cleaning, feeding, handling dead fish, light lifting, etc.
The work vessels are commonly owned by the company that operates the fish farm. [18].

Service vessels, such as the one shown in Figure 3, are generally larger, ranging from 15— 30 meters,
and operate between different fish farms. They perform heavier work, which includes heavy lifting,
high-pressure washing, delousing, changing of fishing nets, etc. Part of the industry’s service vessel
fleet is owned by separate service companies, who rent out their services and crew. Service vessels
can also be used as dive boats, and may have equipment for emergency slaughter of fish. [18]
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Figure 3: A 24-meter service vessel. [55]

Both work and service vessels are used in the day-to-day operations, close to the fish farms.
During nighttime, both vessel types tend to moor either in port or at the fish farm. The reports
from ABB/Bellona and Sintef Ocean identified a high electrification potential for this category of
vessels. However, a feeding barge connected to shore power is a prerequisite. For Hy-driven vessels,
additional infrastructure would be required. [3, 88|

In 2017, the first two electric aquaculture workboats were delivered. ”GMV Zero” a fully electric
vessel, and "Elfrida” with a backup diesel generator [88]. In later years fully electric and hybrid
workboats have increased in numbers, although, as shown in Table 1, they only counted less than
2% of the total fleet in 2021 [3].

A 15-meter Hs-electric working vessel for the aquaculture industry is currently being developed in
Norway. It will use Hs in compressed form, produced by a local pilot facility. The project aims to
pave the way for a larger Hy hub in the region and gain insights into the performance of Hs as an
energy carrier for such a vessel. A concept drawing is shown in Figure 4. [68, 49]

Figure 4: Concept drawing of a Hs-fueled work vessel. [68]

Specialized vessels are used for slaughtering and processing the fish. The smallest are typically
used for small-scale operations or emergency slaughter and can have overlapping functions with
service vessels for other uses, while newer concepts for process vessels include a large ship that
slaughters and transports the fish directly abroad. Varying sailing routes and operations indicate
that the different vessels have different needs in terms of energy storage. [88]




2 THEORY B NTN U

2.2 Wellboats

As this thesis aims to evaluate possible alternative fuels for wellboats, this type of vessel will be
more thoroughly explained in this section. This includes the status of today, certain trends for the
future, their typical operational pattern, and a more thorough explanation of the delousing.

Most wellboats today use diesel as their only energy supply, but low-emission solutions are
becoming increasingly popular, particularly battery-hybrid solutions. Besides lowering fuel
consumption, large battery packs are expected to decrease engine maintenance, enhance working
conditions, and become increasingly economically favorable. One wellboat currently use liquid
natural gas (LNG) in combination with a battery pack [113], and a wellboat using N Hs (N H3) as
its fuel source is currently in early development [144, 88|

2.2.1 Operational pattern

Wellboats are larger ships transporting live fish, and one is shown in Figure 5. They transport both
smolts from land-based facilities to sea locations, mature fish ready for slaughter back to land, and
fish between different locations. Boats specialized for transporting smolt are considerably smaller
than those transporting mature fish in the 4-5 kg range, with the latter including some of the biggest
ships in the aquaculture industry. The fish are transported in onboard wells with circulating water.
28]

Figure 5: Tllustration of a wellboat. [59]

Long sailing routes for these large vessels in combination with energy-demanding operations result
in the largest fuel consumption of the mapped vessels shown in Table 1. Ranging from 312 000
to 2 400 000 liters, with an average of 1 700 000 liters per boat per year, they contribute to a
significant part of the industry’s pollution [18].

Where wellboats previously were dedicated to fish transport, they have become increasingly
complicated in recent years. Modern wellboats have equipment for disinfecting the water coming
in and out of the cargo hold, delousing, counting, and sorting fish. However, current trends now
indicate a higher degree of specialization, not only for different-sized fish but also for lice treatment.
This trend will have a direct impact on their energy demand, which will vary even more than with
today’s fleet. [88]
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2.2.2 Delousing

Delousing is a process that removes salmon lice, Lepeophtheirus salmonis, from the skin of the fish.
There are various approaches to delouse the fish. The three most common methods are mechanical
and thermal delousing, as well as freshwater baths. Chemical delousing were previously carried
out, but are being phased out [29]. The Norwegian Institute of Marine Research recently indicated
that freshwater baths had the best results for both delousing and animal welfare, which could
suggest that this will be more common in the years to come. [129]

The mechanical delousing consists of either low-pressure (LP) water jets, brushes, or a combination
of these. During thermal delousing, water is heated up to 28 — 34°, and the salmon is treated for
20-30 sec. This process heats the lice enough for the muscles to relax and let go of the skin [62].
Different companies have different solutions and varying capacities in terms of tonne fish they
delous per hour. In Figure 6 shown two different concepts, where Optimars solution is shown in
Figure 6a and Thermolicers solution shown in Figure 6b [128, 158]. From a welfare perspective,
neither is ideal, as bleeding fish with several wounds are frequently reported from mechanical
delousing, and the salmon shows signs of pain at temperatures above 28°C' [129].

(a) Optimars delouser in operation. [128]  (b) Thermolicers delousing concept. [158]

Figure 6: Two different thermal delousing systems.

2.3 Power generation

Onboard power is a crucial part of today’s ships, which include systems such as internal combustion
engines (ICE), generators, and fuel cells.

2.3.1 Internal combustion engine

The ICE is responsible for generating mechanical power. The typical peak efficiency of a modern
diesel engine is approximately 50%, with losses mainly due to heat. [166] Diesel ICEs can be
modified to run on biodiesel without major modifications. [168]

The ICE works by compressing injected fuel to its ignition point. As the fuel ignites, pressure is
generated to exert force on pistons mounted on the engine axle, resulting in rotational movement.
Due to the varying thermodynamic properties of different fuels, ICEs have certain differences, such
as spark plugs or the use of pilot fuels to start the ignition. The product of the combustion is
exhaust, which is pushed out of the system. The process is shown in Figure 7.[27]
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Figure 7: ICE process schematic. [27]

2.3.2 Electrical machines

To convert the chemical energy stored in fuels to electric power, a generator can be used. First, it
is converted to mechanical energy like the ICEs, before an alternator is used to further convert the
mechanical energy into electric energy. The electricity can then be used for a variety of onboard
equipment. In summary, the chemical energy of the diesel is converted to mechanical energy in
the engine, and consequentially into electrical power using the alternator.

The electrical alternative to diesel engines is the three-phase alternating current (AC) asynchronous
and synchronous machines. Three-phase motors work by applying electrical power to wound
coils to induce a rotating electromagnetic field. This rotating field then pulls the rotor around
either by interlocking with the rotor magnets in a synchronous machine or by inducing another
electromagnetic field in the squirrel cage in an asynchronous machine. [83]

Typical efficiencies are 85 — 96% and 92 — 97% for asynchronous and synchronous machines
respectively [153, 44]. Direct current (DC) machines provide high control and starting torque
but are not very relevant due to their low efficiency of approximately 50 — 80% [138], compared to
their AC counterparts. The aforementioned machines can be used as generators by reversing the
process of induction.

2.3.3 Fuel cells

A fuel cell generates electric energy through chemical reactions and consists of electrodes covered
in an electrolyte. The technological principle behind fuel cells has been known since 1839, but it
took more than a hundred years to make operating fuel cells. [70]

Several types of fuel cells exist. The different fuel cells have different operating parameters, with
their respective advantages and challenges, and for the last 15 years, proton exchange membrane
fuel cells (PEMFC) and solid oxide fuel cells (SOFC) have been discussed for maritime applications.
The working principle of a PEMFC, which is the most common is shown in Figure 8. [167]
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Figure 8: Working principle of a PEMFC [135]

PEMFC has a high dynamic response, relatively high power density, and low operating
temperatures compared to many others. Shortcomings include the requirement for an expensive
platinum catalyst in the electrode, a relatively low power output, and limitations regarding the fuel
input. These limitations have increased the interest in SOFC, as it is more flexible regarding fuel.
For SOFC, reformed-, natural-, coal- and N H3 can be utilized for fuel. The lifetime expectancy is
also up to ten times higher for SOFC than PEMFC. The issue of slow dynamic responses can be
solved by integrating battery packs to smooth the operations, and equipm