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Abstract

In response to climate change, the marine sector is increasingly focused on the energy transition.
New marine power plants operating more efficiently and on cleaner fuels are receiving significantly
more attention. While the transition to different power plants and fuels results in reduced fossil fuel
consumption and emissions, waste heat recovery systems can aid in obtaining both as well. Current
as well as future marine power plants do not convert all of the energy contained in the fuel into useful
power, with significant amounts of energy being wasted as heat. Waste heat recovery technologies
can be applied to recover some of this energy and generate additional power, effectively boosting total
system efficiency, with the resulting benefits of improved fuel economy and reduced specific emissions.

This study first provides an extensive summary of all the different marine power plants, fuels, and
waste heat recovery technologies, of both the present and future. One type of power plant that could
be an advantageous alternative for future marine propulsion is the solid oxide fuel cell (SOFC) due
to its high efficiency and potential to run on clean fuels. SOFCs generate electricity from chemical
energy using a high-temperature electrochemical process, resulting in high-temperature waste heat
being expelled. Therefore, the potential for a waste heat recovery technology to boost system efficiency
is high, and it is chosen to investigate several power cycles for the waste heat recovery of a case study
vessel powered by a 2 MW SOFC system. The aim of this study is to develop and execute an approach
to evaluate these waste heat recovery technologies regarding their efficiency, size, and associated cost.

While numerous power cycles for waste heat recovery are in existence, a selection of potentially
suitable systems with a number of different setups is made to investigate further. Thermodynamic mod-
els are created for the selected power cycles to determine and compare their theoretical efficiencies.
Subsequently, the size of the heat exchangers are calculated for the evaluation of system size, consid-
ering the size of other components such as turbomachinery as well. Two types of heat exchangers are
considered in this study: the compact and innovative printed circuit heat exchanger (PCHE) and the
classic but commonly large shell and tube heat exchanger (STHE). Finally, the investigated systems
are subjected to an economic analysis based on the cost associated with the main components, with
again considerations being made regarding excluded additional components.

The results indicate that various configurations of the (transcritical) Rankine cycle operating on
steam and CO , as well as the (supercritical) Brayton cycle operating on CO and air, present with
significant theoretical efficiencies ranging from 41 to 52% and electrical power outputs ranging from
approximately 530 kWe to over 670 kWe. From the evaluation of the system size it is concluded
that the smallest systems are those operated on CO equipped with PCHEs, while the largest are
the air Brayton cycles equipped with STHEs. The economic analysis revealed that the systems with
the lowest costs are the configurations of the (transcritical) Rankine cycle operating on steam, as well
as certain air Brayton cycles equipped with PCHEs. The systems with the highest cost are found
to be the air Brayton cycles equipped with STHESs, due to the significant sizes of the required heat
exchangers. In general, it is concluded that no system outperforms the others simultaneously across all
three investigated aspects of efficiency, size, and cost, and trade-offs will be required when selecting a
waste heat recovery technology for the presented case study vessel. Nonetheless, a detailed process-
oriented approach has been developed and executed to allow various waste heat recovery solutions to
be compared, and it is proven that a significant amount of power can be produced from recovered waste
heat. The results from this study can be directly consulted by ship owners and designers considering the
application of waste heat recovery to an SOFC powered vessel. Furthermore, the developed approach
can also be applied to waste heat recovery in other industries and power generation systems, as it
provides a step-by-step guide on relevant calculations and considerations.
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Subscripts

%

ambient
Compressor (or Cold flow)
electric

generator

Heater (or Hot flow)
Heat exchanger
isentropic
maximum
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Process fluid
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Turbine

theoretical
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%o

Area

Cost scaling factor
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Enthalpy change
Mass flow rate
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Pressure ratio
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Specific entropy
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(Minimum) temperature difference

Nomenclature

Overall heat transfer coefficient
Work
Specifc work
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Greek symbols
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Acronyms
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Nomenclature
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LTP  Low-temperature pump
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Introduction

Climate change has been a looming danger for many years now and is becoming increasingly catas-
trophic; with more extreme weather, a rising sea level, and other symptoms being the expected result.
The cause of climate change has also been plainly evident for years now: harmful emissions such as
carbon dioxide are resulting in global warming [69].

To even start mitigating climate change, a large decrease in emissions is required. One way to
flatten the curve is through more stringent regulations on emissions, and several institutions such as the
Intergovernmental Panel on Climate Change are advocating these. Besides international agreements
to decrease emissions, there have been suggestions of more enforceable regulations such as carbon
pricing.

The largest share of greenhouse gas emissions (GHG) are caused by the energy sector, which
accounts for 73.2% of all GHG emissions [97]; this gives rise to the need for an energy transition.
The world is slowly transitioning from highly polluting fossil fuels for energy to cleaner, or even fully
renewable, energy; where the desired goal is to be fully transitioned by the second half of this century
[15].

Approximately 80% of global trade goods is transported by marine vessels [5], and as a result
the maritime transport sector is responsible for nearly 3% of all GHG emissions [31]. Therefore, the
maritime transport sector is looking for an energy transition, incentivized by the International Maritime
Organization (IMO) setting emission goals, companies are looking into alternative ways of propulsion
and fuels. However, there are currently limited green alternatives available in this sector, and imple-
mentation of alternatives is at the moment a complex and costly endeavour.

Alternative prime movers and fuels could significantly reduce emissions, and although there is an
increase in research and development into cleaner alternatives, many ships still use diesel engines
that run on polluting heavy fuel oils (HFO). One of the drawbacks of alternative propulsion systems and
fuels are the accompanying costs. Advanced propulsion technologies are expensive to design and
implement, and the prices of alternative fuels are relatively high with respect to their energy content.
Because of current emission regulations and higher (alternative) fuel prices, there is an ever growing
desire for increased fuel efficiency to provide the necessary cost and emissions decrease.

Technological advancements have caused efficiencies to increase, with current marine diesel en-
gines having relatively high efficiencies of approximately 50%; however, the remaining energy con-
tained in the fuel is still lost and largely expelled as waste heat [38]. These losses are not unique to
diesel engines, and other types of power plant display varying efficiencies and operational characteris-
tics, expelling different amounts of waste heat at different temperatures. To improve the efficiency and
fuel economy of any given power plant, the concept of waste heat recovery can be applied. Waste heat
recovery technologies are designed to use the otherwise lost waste heat for purposes such as power
generation for propulsion or heating. Application of waste heat recovery in current marine propulsion
has been proven effective and increasingly applied, but the benefits to possible future marine propul-
sion may be even greater. Especially when considering relatively expensive alternative fuels, the use
of waste heat recovery technologies to generate power for propulsion could lead to significant cost
savings, and potentially make such alternative fuels more cost-competitive.
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2 1. Introduction

On the topic of waste heat recovery, a lot of research has focused on maximizing system efficiency
through large waste heat recovery cascades; however, for marine applications, the size of a waste heat
recovery technology is a largely limiting factor, which should not be ignored to achieve an incremental
increase in efficiency. Additionally, while there has been significant research into waste heat recov-
ery for current marine propulsion systems, extensive overviews of marine propulsion and waste heat
recovery appear to be lacking, and there has been little research conducted into waste heat recovery
for future marine propulsion. With the increased likelihood of a shift in marine propulsion, a structured
approach to evaluate different waste heat recovery technologies for future marine applications may
prove vital.

Therefore, this study has been conducted to provide such an extensive summary and overview of
marine propulsion and waste heat recovery, and to apply a straightforward approach to investigate
waste heat recovery options for future marine application. The first part of which has been achieved
by structuring marine propulsion and waste heat recovery into separate sections, summarising rele-
vant literature regarding each component, and finally evaluating these components to find promising
technologies for further investigation, and therewith the research topic of the second part.

In chapter 2, first the scientific and societal relevance will be briefly touched upon, specifically in
relation to climate change and the effect of the shipping industry on it. Subsequently, the following
sections discuss the different types of marine power plants and fuels of the past, present, and future;
including noteworthy characteristics. After that, waste heat recovery will be introduced, followed by
an overview of common sources of waste heat and different waste heat recovery systems. Chapter 3
contains an evaluation applied to the previously discussed marine power plants, marine fuels, waste
heat sources, and waste heat recovery systems to determine a promising scope of research. Finally,
in chapter 4, the aforementioned scope of research will be used and a case study will be specified; this
will be followed by the problem statement as well as the planned approach & methodology.

The second part of this study contains the process-oriented approach to evaluate different waste
heat recovery options for the presented case study. This is done through a stepwise structure through
which a number of waste heat recovery technologies are modelled, evaluated, and omitted if necessary.
Chapter 5 contains the first step in which the group of promising waste heat recovery technologies, as
obtained at the end of chapter 3, is further reduced to match application to the case study, and their de-
signs are specified. In chapter 6, the selection of waste heat recovery technologies is compared based
on their performance regarding their thermodynamic efficiency; this is done through the description and
creation of first law thermodynamic models, and the subsequent evaluation of the results. Next, chapter
7 contains the third step of the evaluation regarding the size of the waste heat recovery technologies,
which specifically focuses on heat exchangers by further extending the thermodynamic models with
heat transfer calculations. This chapter also presents relevant sizing considerations regarding turbo-
machinery and other components.

In chapter 8, the final parameter of the evaluation is presented: the economics. In this chapter, the
waste heat recovery technologies are broken down into their main components, namely heat exchang-
ers and turbomachinery, and component costs are determined as a basis to compare the economics
of the different technologies. Finally, in chapter 9, summaries of the results are provided and the final
conclusions are presented, followed by recommendations for further research.



Background

This chapter provides a comprehensive overview on marine propulsion in terms of power plants and
fuels, as well as on waste heat generation and recovery. In the first section of this chapter, the issue of
climate change and its connection to the maritime sector is discussed to present the societal relevance
of the topic. In the second section, several types of marine power plants will be explained regarding
relevant operational aspects and their classification. In the third section, various marine fuels will be
presented and discussed with respect to, amongst others, their characteristics, production pathways,
and application. In the final section, an overview of the waste heat generated by the aforementioned
marine power plants is presented; additionally, a number of waste heat recovery systems are discussed
and finally summarised in an overview containing relevant characteristics.

2.1. Climate change

The global temperature is rising due to the increasing concentration of a number of anthropogenic pol-
lutants in the atmosphere. The most impactful of these pollutants are carbon dioxide (CO ), methane,
and nitrous oxide, which account for 66%, 16%, and 7%, of the effect on global warming respectively
[11]. Other harmful pollutants include nitrogen oxides (NOx), and sulfur oxides (SOx). Apart from
methane, which mainly results from natural gas leaks and livestock industry, the aforementioned pollu-
tants are predominantly the result of conversion processes, such as combustion, in which substances
containing carbon, nitrogen, and/or sulfur react with oxygen.

In light of the devastating effects of climate change, such as rising sea levels and extreme weather
conditions, 196 parties reached a consensus at the 2015 United Nations Climate Change Conference
and adopted the Paris Agreement. The goal of the Paris Agreement is to limit the global temperature
rise, with respect to the pre-industrial temperature, to a maximum of 2 degrees Celsius [49]; this should
be achieved reducing GHG emissions and becoming climate neutral by the second half of this century.

Through the combustion of fossil fuels, the energy sector is responsible for the bulk of emissions;
this includes energy used in the maritime transportation industry, and to achieve climate goals, it will
have to transition to more sustainable energy.

2.1.1. Shipping industry

Many emissions are caused by the maritime transport sector, and although marine engines have rel-
atively high efficiencies, roughly 3% of all global emissions are the result of this sector [31]. Reaching
climate goals will involve the implementation of new marine propulsion systems able to run on cleaner
fuels. However, there are many barriers to overcome as alternatives are often underdeveloped, too
complex, too expensive, or lacking necessary infrastructure.

Like many institutions the IMO has introduced regulations to mitigate the impact of shipping on the
climate and environment, with the goal to have the sector reduce GHG emissions compared to 2008
levels with 50% by 2050 [31]. In pursuit of the reduction of GHG emissions, the IMO has introduced
thresholds regarding engine efficiency for new marine vessels to uphold. To limit emissions of harmful
pollutants such as NOx and SOx, the IMO continues to set higher standards for the maritime transport
sector to comply with. In addition to these regulations, the International Convention for the Prevention

3



4 2. Background

of Pollution from Ships (MARPOL) has designated certain emission control areas to limit environmental
pollution of SOx, NOx, and particulate matter (PM) [21].

Most of the active marine vessels currently operate on large diesel engines running on HFOs. The
reason for this is the low cost of HFO, high energy density, and widespread availability. In addition,
marine diesel engines have relatively high efficiencies [29]. However, with regards to the energy tran-
sition, companies within the marine sector are becoming increasingly interested in alternative prime
movers and fuels. This has resulted in vessels operating on cleaner fuels such as liquefied natural gas
(LNG) and methanol, as well as increased research and development of even cleaner alternatives such
as fuel cells and zero-emission fuels [78]. Unfortunately, many of these alternatives are not applicable
yet or have barriers preventing implementation.

One of these barriers is the large power requirement, and thus high fuel consumption, of marine
vessels. Many marine vessels travel long distances without refuelling, which provides complications for
alternatives such as batteries since these often can not provide enough energy for a long voyage [44].
Additionally, alternative fuels often have lower energy densities compared to HFOs, which is undesir-
able due to the limited storage capabilities of marine vessels and could require significant modifications
to compensate.

Another barrier is cost, which is a driving factor for the use of HFOs. Acquiring new vessels, or
retrofitting current ones, that are equipped with more advanced power plants and operate on alternative
fuels, requires high capital expenditure. Many vessels and their power plants are not at the end of their
life cycle and could still operate for quite some time [37]; therefore, it is often financially desirable to
continue business as usual until they are fully depreciated. The main reasons most alternative fuels are
significantly more expensive than common fuel oils are because of their limited and complex production
and transportation, as well as their relatively low energy density [130].

Finally, because the demand for alternative fuels is still low, there are limited ports with suitable
bunkering infrastructure to supply possible alternatives, which makes the fuels in turn less attractive
[138]. The result is somewhat of a paradox; for as long as demand is low, so will be the willingness to
build bunkering infrastructure, which will disincentivize marine vessel operators to switch to alternative
fuels. To mitigate this final problem along with emission reductions, inroads have been made by the
invention of dual-fuel engines providing fuel flexibility; these engines typically operate on HFOs and
another (cleaner) fuel such as LNG or methanol [138].

2.2. Marine power plants

There are several types of power plants for the propulsion of marine vessels; over the course of history
the choice of marine engine has changed significantly. The four overarching classes of power plants
discussed here are turbines, reciprocating engines, full-electric and assisted-drive. In which full-electric
power plants consist of batteries and fuel cells as those directly provide electricity without an additional
generator, and assisted-drive is considered as renewable energy technologies that are typically not
suitable to be the sole means of propulsion. A selection of marine power plants applied historically,
currently, and potentially in the future, is described here.

2.2.1. Turbines

Turbine power plants are continuous internal/external combustion engines, and are based on the prin-
ciple of expanding gases through (a series) of blades attached to a shaft. The moving gases, either
steam or combustion gases, act on the blades to produce rotational shaft power. In general, turbine
powered vessels are not very common, and find their application in naval vessels and some commer-
cial transport vessels. The disadvantages of turbines are due to their high shaft speeds which need
to be lowered to obtain efficient propeller speeds; therefore, they require large gearboxes as well as
having poor efficiency at low power output [96]. Turbines are therefore commonly used in combination
with another type of engine [29].

Steam turbine

As an external combustion engine, the steam turbine was historically widely used, powered by the
burning of coal to create steam; it was later also powered by the burning of other fuels and nuclear
energy. There are several types of steam turbine with varying applications, they can be categorised
as a condensing, back-pressure, reheat, and extraction steam turbine; for simplicity, this research will
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only consider condensing steam turbines. Steam turbines present advantages regarding their high
power output, size, low noise and vibration, and ease of maintenance; regardless, steam turbines are
currently relatively uncommon for main propulsion apart from some applications in LNG carriers and
nuclear powered naval vessels [59]. The main advantage of steam turbines is the option to use polluting
and corrosive fuels; however a disadvantage is that load change can only occur relatively slowly [96].

Gas turbine

In contrast to steam turbines, gas turbines are of the internal combustion type, and burn a fuel/air
mixture after which the combustion gases are expanded to produce power. Internal gas turbines are
the most common type of turbine for marine application, and are used in naval vessels and increasingly
in large passenger vessels [29]. Gas turbines have several advantages, one of which is that they allow
for a fast change of the load level to produce large amounts of power. Additionally, they have high
power density, fuel flexibility, ease of maintenance and robustness due to simplicity, and they have the
possibility of being swapped out instead of requiring time-consuming repairs [29]. However, in addition
to the aforementioned disadvantage regarding the poor efficiency at low load levels of turbines, gas
turbines require relatively clean and expensive fuels [96]. Naval vessels mainly equip gas turbines for
their ability to provide fast load changes and high speeds due to their high specific power. Similarly,
while passenger vessels primarily apply them for their high speed applications, they also often equip
them to be used in areas where emissions have to be reduced.

2.2.2. Reciprocating engine

The class of reciprocating engines used in marine applications is currently comprised of the internal
combustion engine, and the Stirling engine. Both engines are based on the combustion of fuel driv-
ing reciprocating pistons to generate power. However, they have widely different designs, operating
principles, and application.

Internal combustion engine (ICE)

Reciprocating internal combustion engines are subdivided into spark-ignition engines, commonly re-
ferred to as petrol engines, and compression-ignition engines, also known as diesel engines. The
diesel engine is the most commonly used prime mover in the maritime transport sector, and nearly all
commercial vessels are equipped with this type of engine. The main reason for its popularity is that this
type of engine can run on relatively inexpensive fuels with high energy densities. Additionally, these
engines have the advantage of high thermal efficiencies in the range of 50%, combined with (increas-
ing) fuel flexibility [29]. Marine diesel engines have a low speed two-stroke variant and higher speed
four-stroke variant; the two-stroke variant is typically the dominant choice for large ocean going vessels.
Compared to the four-stroke variant, the advantages of the two-stroke engine are its high efficiency, its
low maintenance requirement, and the reduced need for a transmission system as direct drive without
a gearbox is possible due to the low shaft speeds. The four-stroke engine is typically used in smaller
vessels that require higher shaft speeds for manoeuvring purposes; the main advantage of this variant
is its compactness and higher power-to-weight ratio.

Stirling engine

Unlike the reciprocating internal combustion engine, the Stirling engine is of the external (closed sys-
tem) combustion type, which allows for the use of a wide variety of fuels, including ones that could be
damaging to the engine internals. Stirling engines operate using the expansion and compression of a
working medium between a hot and cold source respectively. Their marine application is limited and
Stirling engines are mainly found in naval submarine vessels for air-independent propulsion, benefiting
from seawater as the cold source, and because of its low noise and vibration generation [116].

2.2.3. Full-electric

In recent years more attention has been given to alternative ways to power marine vessels, mainly with
respect to emission reductions. Full-electric marine power plants are one of the alternatives, and are
based on chemical energy being converted into electricity; however, there is currently little application.
Depending on the origin of their fuel or electricity, the following marine power plants have the possibility
of being zero-emission. It should be noted that full-electric propulsion in this study does not refer to
electric motors powered by diesel generators, but refers to the application of charged batteries and fuel
cells.
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Batteries

Batteries are a commonly used energy storage device, with increasing application in road transporta-
tion. In the marine sector, lead-acid batteries have been traditionally used for backup power, and due
to the development of lithium-ion (Li-ion) batteries these types are becoming increasingly applied. Bat-
teries being used as the main power source can find their application in smaller vessels, vessels that
travel relatively short distances, or vessels that have the possibility of recharging frequently. Examples
of this are inland shipping, ferries, and small specialized ships. However, batteries are unsuitable as
the main power source for vessels undergoing long voyages because they lack the ability to deliver the
required power [134]. Batteries are often used in a hybrid combination with generators, either to allow
running of the generators at a more efficient operating point or because the use of batteries permits
vessels to operate in emission control areas. If the electricity stored in the battery has been produced
from renewable sources, this technology classifies as zero-emission.

Fuel cells

There are several types of fuel cells, all of which are based on the principle of redox reactions that
produce electricity [66]. Unlike batteries, fuel cells are continuously fed with a fuel and oxidizing com-
ponent, flowing along two electrodes: the anode and cathode. As ions from the fuel or oxidizing com-
ponent move from one electrode to the other through the electrolyte, electrons flow through a circuit
which generates an electric current. Fuel cells are often categorized by the used electrolyte, and typi-
cally have different operating temperatures [48]. A common fuel and oxidizing component for fuel cells
are hydrogen and oxygen respectively, producing only water as a result, making it a zero-emission
technology as long as green hydrogen is used. Additionally, certain types of fuel cells can have ef-
ficiencies of 60%, and produce little to no noise [128]. The technology has proven suitable for road
transportation and has substantial application in space travel; however, there have been only few ap-
plications of fuel cells as marine power plants, mostly in small vessels and naval submarines [128].
While hydrogen is the most common fuel for fuel cells, other alternatives containing hydrogen, such as
ammonia, can be applied as well; however, fuel reforming may be required. In such instances, a fuel
cell with a high operating temperature, such as a solid oxide fuel cell (SOFC), can be advantageous.
Because of their zero-emission potential there is increasing interest in fuel cells and some projects are
underway, perhaps most notably the Viking Energy, which is to run on a 2 MW ammonia-fed SOFC
[34].

The most common types of fuel cells are briefly discussed regarding their efficiency, operating
temperature, power density and output, or their respective application. The alkaline fuel cell (AFC) is
suitable for application in several industries due to its low production cost and relatively high efficiency
[48]; however, its low power output makes it unsuitable for large marine applications. Additionally,
the electrolytes of an AFC can be poisoned by CO , resulting in the necessity of applying CO -free
fuels and oxidants [48]. The polymer electrolyte membrane fuel cell (PEMFC) has a low and high-
temperature version, the latter of which will be touched upon later. The low-temperature PEMFC has
an operating temperature of 50-100 °C, presents with advantageous power output and has found ap-
plication in the automotive industry [128] [48]. The phosphoric acid fuel cell (PAFC), which operates at
temperatures near 200 °C, has shown higher power outputs than the AFC [48], but low power densities
and durability issues; therefore, it has yet to find marine application [128]. High-temperature PEMFCs
have been developed by combining the technology of the aforementioned low-temperature PEMFC
and PAFC to increase power density while operating at temperatures similar to PAFCs [20] [128]. The
aforementioned fuel cell types all present with relatively low operating temperatures of less than 200°C;
consequently, these low temperatures make them advantageous regarding startup times. The high-
temperature fuel cells (HT-FC) consist of the molten carbonate fuel cell (MCFC) and the previously
mentioned SOFC, which operate at temperatures of 650-700 °C and 500-1000 °C respectively [128].
These two types of fuel cells are suitable for large power outputs at high efficiencies, and have the
benefit of being capable of the direct internal reforming (DIR) of fuels; additionally, these fuel cells have
a significant potential for waste heat recovery due to their high operating temperatures, which stands
to increase their efficiencies even further [128]. However, HT-FCs are currently still associated with
high cost, low power density, slower startup, and difficulties regarding powering down [128] [48]. A
schematic of an example SOFC operating on hydrogen is provided in figure 2.1, most other fuel cells
operate in a somewhat similar manner.
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Figure 2.1: A schematic of an SOFC and its operation

2.2.4. Assisted drive

Renewable energy sources, such as wind, wave, and solar power, can be used in the propulsion of
a vessel and allow for zero-emission propulsion; the technologies used for this type of propulsion will
be classified as "assisted drive” due to their limited suitability for main propulsion. Since these power
suppliers are dependent on renewable energy sources which are not always present for harvesting
energy, assisted drive systems will most likely have to be used in combination with another type of
marine power plant, such as ICEs. Of the three aforementioned renewable energy sources, solar
and wind power are described below, while wave energy has been omitted due to it being relatively
underdeveloped compared to the other energy sources.

Solar power

The first common renewable energy source is solar power; using photovoltaic cells to harvest energy
from the sun, electricity can be generated to provide propulsion. Since the required area of photovoltaic
cells needed to generate sufficient power typically surpasses the available space on a vessel, and
vessels often have to operate at night or when it is cloudy, this type of power generation will have to be
part of a hybrid system.

Wind power

The second renewable energy source is wind power and has worldwide application in energy production
with the use of wind turbines. To harvest wind power in marine propulsion applications there are several
possibilities such as wing sails, kite sails, and Flettner rotors [83]. Like solar power, these applications
are dependent on the presence of sufficient wind speeds, and vessels will require additional power
generation systems.

Figure 2.2 provides an overview of marine power plants and their fuel consumption classification.
Stirling engines are not present in this overview, and are categorised as "Conventional fuel-consuming”.
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