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Abstract
Due to more stringent greenhouse gas (GHG) emission regulations in the maritime industry,
solutions are being sought to decrease the GHG emissions of crew transfer vessels used in
offshore wind farms. Multiple alternative fuels and power generating systems can be used to
decrease these emissions. In this research, a comparative study is performed on six concept
solutions. Four fuel types (hydrogen, HVO, methanol, and renewable energy) and three
different power generating system components (proton exchange membrane fuel cells, lithium-
ion batteries, and internal combustion engines) are considered. The option of charging a
battery-powered ship offshore is also considered. The goal of this research is to identify
the most cost-effective system to reduce GHG emissions. The comparison is based on the
total cost of ownership, the GHG emissions of fuel production and utilisation, and the GHG
emissions of the production of the power generating system. In order to achieve this, the
component sizes and lifetimes are calculated based on the constraints of the ship and the
operational profile with different transit distances to the wind farm. The lifetime of the fuel
cell is based on a cell voltage degradation model developed in this research. A battery electric
ship with a methanol genset is found to be the best method with the largest GHG emissions
reductions in relation to cost. Without charging offshore for a transit distance up to 18 km,
and with offshore charging beyond 18 km. If charging offshore is not considered viable, a
combustion engine with hydrogen is the best option for a transit distance of 18 km up to 68
km, and HVO upwards of 68 km.
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1
Introduction

1-1 Background

To counter global warming, the International Maritime Organisation (IMO) set regulations
to lower the shipping industry’s emissions, forcing the industry to transition from fossil fuels
to cleaner alternatives. According to the initial IMO greenhouse gas (GHG) strategy, the
annual GHG emissions from shipping should be decreased by 50% in 2050 compared to 2008
(IMO, 2018). Besides, global efforts are made to replace fossil fuels for electricity production
with green alternatives such as solar and wind energy. The government of the Netherlands
announced that in 2050 all the electricity used in the Netherlands has to come from renewable
sources and foresees a significant role for offshore wind energy, with a target of 21 GW installed
in 2030 (Government of the Netherlands, 2020). With this large stake in offshore wind, the
use of vessels to install and operate these wind farms will increase. These vessels contribute
to a significant part of offshore wind energy’s life cycle GHG emissions (Yang et al., 2018).

Traditionally, ships have internal combustion engines (ICE) powered by fossil fuels such as
marine gasoil (MGO). Multiple different alternative fuel options are proposed to reduce GHG
emissions. Ammonia, bio-diesel, hydrogen, and methanol are often described as promising
alternatives (van Biert et al., 2016, McKinlay et al., 2021). Besides, battery technology is an
interesting alternative due to its high electrical efficiency. The energy density of these fuels
and the storage systems is lower than MGO resulting in less energy on board. More efficient
fuel conversion systems such as fuel cells can partially solve this problem. Fuel cells transform
chemical energy directly into electrical energy. However, the power density of these systems
is also lower than the traditional ICE.

In the offshore wind industry, multiple installation vessels are used: wind turbine installation
vessels, cable laying vessels, and jack-ups. During maintenance, a crew transfer vessel (CTV)
is used. CTVs are relatively small vessels of 15 to 35m in length that transport the technicians
and small cargo between the wind farm and port daily. CTVs can bunker or recharge after each
day and are therefore easier to convert to alternative fuel systems than the larger installation
vessels. For this reason, CTVs are investigated in this research as a first step into a more
sustainable fleet.

1
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1-2 Problem statement and research questions

Multiple alternative fuels and power generating systems exist with many possible combi-
nations. Each combination has its pros and cons in terms of emissions, range, and costs.
Previous research is often on large vessels, e.g. cruise ships or ferries (Kim et al., 2020, Inal
et al., 2022, Trillos et al., 2021). These ships have completely different operational profiles,
length, weight and volume constraints, energy consumption, power characteristics, etc. There-
fore, to identify a CTV’s future power generating system, knowledge specifically focused on
CTVs is needed. Previous studies in alternative power generating systems for CTVs focused
on diesel-electric hybrids or hydrogen fuel cell ships (Łebkowski, 2020, X. Wang et al., 2021).
However, increasing interest in producing fuels using renewable electricity and captured CO2

or nitrogen provides new alternatives. To the author’s knowledge, no comparative study has
been performed which also takes the lifetime of the power generating systems into account.
It is known that the lifetime of a fuel cell is highly dependent on how it is used (Ren et al.,
2020). As the CTV performs multiple short trips between the turbines each day, there will be
a large number of load transients which leads to a shorter lifetime of the fuel cell. Therefore it
is essential to investigate the influence of the operational profile on the lifetime of the power
generating system. Besides these literature gaps, a secondary problem arises considering the
higher costs of these renewable fuels and power generating systems compared to their fossil
counterpart. As offshore wind energy is on the boundary of being cost competitive, a large
price increase can result in fewer installed wind turbines and thus fewer reductions in GHG
emissions. Therefore the cost is an important factor in the economical feasibility of these
new systems. In this research, an effort is made to identify the most promising solutions to
reduce GHG emissions of CTVs towards zero in the short future, with the following research
question:

What is the most economically attractive alternative fuel and power generating system to
reduce greenhouse gas emissions of crew transfer vessels used for the operation of offshore
wind farms towards zero?

This is divided into the following sub-questions:

• What fuels and power generating systems can be used to reduce GHG emissions towards
zero?

• How can the lifetime of the power generating system be taken into account in the
evaluation of the different power generating systems?

• What are the GHG emissions associated with the operation of CTVs?
• What are the costs associated with the alternative fuels and power generating systems

for a CTV?
• How does the operational profile of the CTV change the choice between the different

alternative fuel options?
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1-3 Methods

First, multiple concept power generating systems are made out of a selection of fuels and fuel
conversion systems. Next, methods to predict the lifetime of these systems are investigated
and a fuel cell degradation model is made. Afterwards, the GHG emissions are calculated
based on life cycle assessment studies, and the total cost of ownership (TCO) is calculated.
To determine the fuel consumption and component sizes of the different system components,
the energy and power requirements of the CTV are needed. This will be based on information
from sea trials and operational data logs, out of which an operational profile is constructed for
multiple transit distances. The cost and GHG emissions will be evaluated for these different
transit distances. This will give insights into how the length of the transit will impact the
choice between power generating systems.

1-4 Scope

As the lifetime of ships is typically over 20 years, a large fleet of existing ships needs to be
converted with these new power generating systems. The possibility of retrofitting an existing
ship is investigated in this research. Therefore, vessel design will not be taken into account.
However, results from this research will give insights on whether vessels need to be designed
differently to fit all the systems on board. The vessel is only considered from a constraints
point of view, such as maximum system weight.

The CTV will be used in wind farms. Therefore there will be a focus on fuels that can be
produced using wind energy. Besides, only fuels that can drastically reduce GHG emissions
towards zero, and that are likely to be available in ports are considered in this research.

Multiple pollutants are emitted during fuel combustion. Under high temperatures, nitrogen
oxides (NOx) are generated by a reaction of atmospheric nitrogen and oxygen. The combus-
tion of fuels containing sulphur will produce sulphur oxides (SOx) emissions. Additionally,
particulate matter (PM) is emitted, originating from the fuel and lubricating oils. State-of-
the-art elective catalytic reduction (SCR) systems can reduce NOx emissions by up to 90%
(Baleta et al., 2015). This is sufficient to comply with the most strict IMO tier 3 NOx reg-
ulations of 2 g/kWh. SOx emissions of alternative fuels are virtually eliminated due to the
low sulphur content of most alternative fuels. Therefore, only GHG emissions are evaluated
in this work. All concepts will be based to comply with the IMO tier 3 NOx regulations. Be-
sides the direct emissions from the exhaust, GHG emissions from fuel production and GHG
emissions of the power generating system are important to reduce GHG emissions. For exam-
ple, batteries and fuel cells provide efficient ways to store and produce power. However, the
GHG impact during production is higher than ICEs (Simons and Azimov, 2021). Therefore,
also the production of the power generating system is taken into account. The recycling of
the components after their use-full life is not considered as this is highly dependent on what
happens with the components at the end of its lifetime.
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The lifetime of the power generating system will be investigated in different depths. The ICE
is an established technology, and its durability is proven. The combustion of alternative fuels
is however still in development. Thus durability of engines with alternative fuels is not as
proven as an ICE with MGO. However, working principles are similar. In this report, it is
assumed that the fuel type does not influence durability. The durability of fuel cells has been
described as a problem for widespread implementation (van Biert et al., 2016). The durability
of fuel cells is highly dependent on how it is operated and hence on the operational profile
(Borup et al., 2007). Consequently, a large part of this research will be focused on investigating
the degradation mechanisms of fuel cells and mitigation strategies to minimise degradation.
Also, a method to estimate the lifetime of the fuel cell will be made. Furthermore, batteries
are known to lose capacity over time. Therefore, the capacity fade of the battery is predicted.

The TCO is based on the cost of the power generating system, the cost of the fuel, SCR
operational cost, and finally, the cost of the battery charger as a battery charger specifically
for the CTV is required due to long charging times. Bunker infrastructure is not included as
this is not explicitly needed for the CTV. Maintenance cost is not included as this is hard
to correctly predict as little practical knowledge is available about the maintenance of these
new systems.

1-5 Document structure & Reading guide

Chapter 1 Introduces the topic of this research, the research questions, the objectives, the
methods used in this research, and the scope of work.
Chapter 2 Provides an overview of the alternative fuel options and the power generating
systems suitable for CTVs. Besides, Offshore charging is discussed.
Chapter 3 Introduces the concepts that will be investigated further as possible solutions to
reduce GHG emissions. Besides, the technology readiness of these concepts is discussed.
Chapter 4 Describes the model and methods used to evaluate the different concepts. Be-
sides, an overview of the made assumptions can be seen.
Chapter 5 Provides the results of the comparison of the different concepts.
Chapter 6 Evaluates the used methods and describes how the results of this work might be
influenced by the assumptions made in this thesis. Furthermore, recommendations are made
for further research.
Chapter 7 Presents the conclusion and the answers to the research questions are given.



2
Alternative fuels and power generating

systems

2-1 Alternative fuels

In this chapter alternative fuels are investigated. The largest part of the emissions from a
CTV originates from the combustion of the fuel. In order to reduce these emissions alternative
fuels can be used. For fuels that can be produced by multiple methods, the method of using
renewable wind energy is used. In this way, the electricity produced by the wind park is also
used to produce the fuel needed to operate the wind park.

In the work of Ampah et al. (2021) ammonia, bio-diesel, electricity, LNG, and methanol are
described as possible alternative fuels. Xing et al. (2021) also did a review of alternative fuel
options and investigated the previously named fuels, in addition LPG and dimethyl ether
(DME) are mentioned. In the work of van Biert et al. (2016), LNG, hydrogen, methanol and
ammonia are described as possible alternatives to MGO. According to Xing et al (2021) LNG
cannot comply with a 50% CO2 reduction, therefore LNG is not further considered. In the
following section, these fuels are discussed further.

2-1-1 Renewable energy

The most direct way of using renewable energy in ships is using it as electricity stored in
batteries. Although electricity can technically not be considered a fuel, in this report the use
of electricity to propel the CTV is considered an alternative fuel option. Besides the use of
renewable energy in batteries, renewable energy can be used to produce hydrogen which will
be discussed next.

2-1-2 Hydrogen

Hydrogen (H2) is an often named alternative fuel option. Hydrogen is at a gaseous state
at atmospheric pressure and standard temperature. Hydrogen can be produced in multiple

5
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different ways. Traditionally, hydrogen is produced by natural gas reforming. However, with
this process CO2 is emitted. Therefore, hydrogen is increasingly produced with renewable
energy. The production of hydrogen with electricity is done via the electrolysis of water.
Hydrogen only consists of two hydrogen atoms; therefore during combustion no carbon is
emitted making hydrogen a carbon free fuel during the usage phase. Of all e-fuels hydrogen
is the cheapest to produce (TNO, 2022). However, due to the low density of hydrogen,
storage is one of the difficulties of hydrogen in ships. Although hydrogen has a very high
gravimetric energy density compared to other fuels, the volumetric energy density of hydrogen
gas under normal atmospheric pressure is very low. To improve the volumetric energy density
of hydrogen it can be compressed to pressures up to 700 Bar or it can be stored as a liquid in
special well-insulated tanks at a temperature below -253° C, cryogenic storage. The safety of
hydrogen is an often discussed topic. Because the hydrogen molecule is very small and storage
is often done at pressures of hundreds of Bars, there is a relatively large risk of leakages. The
flammability range of hydrogen is large, between 4% and 74%, increasing the risks of potential
leakages (TNO, 2022). With many renewable hydrogen projects launched in recent years, the
availability of hydrogen in ports is expected to increase.

2-1-3 Alcohols

In chemistry, an alcohol is an organic material madelarge of at least one hydroxyl group
bound to a carbon atom. For alternative fuels, the class of alcohols which includes methanol
and ethanol are often described as promising fuels for the marine industry. Because of the
possibility of producing methanol from renewable hydrogen, only methanol is considered in
this work.

Methanol (MeOH) is a liquid at atmospheric pressure making storage, distribution, and
bunkering easier. Methanol can be produced in various ways, from fossil fuels, biomass, and
from renewable energy sources in carbon capture and utilisation schemes (Verhelst et al.,
2019). The production of methanol using electricity is done via the synthesis of hydrogen
and CO2. Methanol can be a net-zero carbon fuel when CO2 is captured from, for example,
the steel industry. During the operation of a methanol-powered vessel, CO2 is still emitted.
However, the CO2 emissions during utilisation are compensated by the capture of CO2 during
production. Another benefit of methanol is the SOx-free combustion, as methanol is a sulphur-
free fuel. Methanol has a high autoignition temperature and is therefore more difficult to
combust than diesel fuel. In the report of TNO (2020), three possibilities to combust methanol
are given: 1) Dual fuel, use a certain amount of diesel to initiate the methanol combustion. 2)
Combustion in a spark ignition engine. 3) Use an ignition improver to lower the autoignition
temperature such that it can be used in a diesel engine.
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2-1-4 Ethers

An ether is an organic compound similar to alcohols. In an alcohol, one of the two hydrogen
atoms of water (H2O) is replaced by an alkyl group: CnH2n+1. In an ether both hydrogen
atoms are replaced by an alkyl group or aryl group. Dimethyl ether (DME) is an ether often
described as an interesting option. The chemical formula of DME is CH3OCH3. DME can
be produced by methanol dehydration in the following reaction:

2CH3OH C2H5OH + H2O (2.1)

Alternatively, DME can be produced directly from synthesis gas, a mixture of carbon mono
oxide and hydrogen. DME can be stored in liquid form at a pressure of 5 Bar, with a slightly
higher energy density than methanol (van Biert et al., 2016). To the author’s knowledge there
is no large-scale green DME production project running to date. Therefore, the availability
of green DME is expected to be low in the coming years. Therefore, DME is not considered
further in this work, although it could be an interesting option when production is increased.

2-1-5 Ammonia

Ammonia is a compound of nitrogen and hydrogen with chemical formula NH3. Storage can
be done by compressing it, often to 10 Bar, or stored as a liquid below -33°C. Ammonia has
the highest energy density compared to hydrogen, methanol and DME. Similar to methanol,
ammonia can be produced by the synthesis of hydrogen. Instead of CO2, nitrogen (N2)
is used. The nitrogen can be obtained by air separation, in which nitrogen is extracted
from the air. The synthesis of hydrogen and nitrogen takes place in a Haber-Bosch reactor
with a yield of 70% (Verhelst et al., 2019). A drawback of ammonia is that inhalation of
ammonia is toxic. For the shipping industry probably enough safety measures can be taken
(Verhelst et al., 2019). One of the largest flaws of ammonia for ICEs are the far from ideal
combustion characteristics: small flammability range, high autoignition temperature and low
flame temperature (Kobayashi et al., 2019). In Section 2-2, possible power generating systems
are described, and no fuel cells are deemed suitable for ammonia onboard of CTVs. Ammonia
is not considered in this research because ammonia is not particularly suitable for combustion
engines and fuel cells for ammonia are not suitable for CTVs yet.

2-1-6 FT/Bio - Diesel

Diesel can be produced using different feedstocks, traditionally fossil-based, but diesel can also
be produced with the Fischer-Tropsch process where hydrogen and carbons are transformed
into a mixture of several hydrocarbons, Fischer-Tropsch diesel (FT diesel). Similar to, for
example methanol, production can be done with carbon capture and renewable hydrogen,
making this a carbon neutral alternative. However, the efficiency of this process is lower
compared to methanol production; therefore more hydrogen is consumed during production
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(SMART PORT, 2020). This higher hydrogen consumption will increase the emissions and
cost. For this reason, FT-diesel is not considered. Bio-diesel is another sustainable form of
diesel. Bio-diesel can be produced in several ways. Using biomass, where vegetable oils are
hydrogenated to create a fuel similar to diesel with chemical structure CnH2n+2, hydrotreated
vegetable oil (HVO). Different biomass feedstocks can be used. Residual bio-masses, e.g. from
used cooking oil or from purpose-grown feedstocks, crops that are specifically farmed for fuel
production such as, soybean or rapeseed. A possible feedstock to create HVO is palm oil.
However, this is controversial as palm oil is a major driver for deforestation and is coupled
with the transformation of carbon-rich peat soils where large amounts of GHG emissions are
emitted into the atmosphere and contribute to climate change (WWF, 2022). Therefore palm
based HVO is not considered. It could be argued that the use of other purpose-grown crops
would also lead to deforestation due to the increase of required agricultural land. Besides, the
emissions related to the production of this fuel are still relatively high, this is discussed further
in Appendix E. Therefore, only residual feedstocks are considered. The HVO production
capacity in Europe was around 3.5 million tonnes in 2021 and could grow to 10 million
tonnes in 2030 (SGS Inspire, 2021). Therefore it is expected that there is a sufficient supply
for CTVs, but it would not be sufficient for the entire shipping industry.

2-1-7 Sub-conclusion

Ammonia is not considered a viable option due to the poor ignition properties, and DME
is excluded due to low expected availability. This leaves hydrogen, HVO, methanol, and
renewable electricity as alternative fuel options. The properties used in the coming sections
are listed in Table 2-1.

Property Unit MGO HVO Hydrogen Methanol
Density kg/m3 855 920 0.090* 791
LHV MJ/kg 42.8 37.8 120 19.9
Autoignition temperature °C 210 204 500 464

Table 2-1: Fuel properties at 15 °C. *Density hydrogen at 1 Bar and 0 °C. (EngineeringToolbox,
2022).

2-2 Alternative power generating systems

In this section, possible alternative fuel options and power generating systems are investigated.
In the end, a sub-conclusion is drawn about which fuels and systems will be included in the
concept solutions.
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2-2-1 Internal combustion engine

Instead of changing the power generating system completely in an effort to reduce GHG
emissions, the combustion of alternative fuels in a combustion engine is an interesting option
due to the limited impact on system design compared to the traditional system. Due to
recent developments made by marine engine manufacturers, ICEs running on other fuels such
as methanol and hydrogen are expected to be available in the near future (MAN Energy
Solutions, 2022). Some offer dual fuel capabilities, making it possible to switch between fuel
options, especially useful when the availability of the alternative fuels is not 100%.

Two main types of combustion engines exist, the compression ignited (CI) engine and the
spark ignited (SI) engine. CI combustion engines are the marine industry standard due to
their high energy efficiency and good durability. Within a CI engine, air is compressed in
the cylinders, increasing the temperature to such a high temperature that the injected fuel
ignites. For this process, the autoignition temperature, the minimum temperature at which
the fuel ignites without a spark or flame being present, is important. From the autoignition
temperature in Table 2-1, it can be seen that the autoignition temperature of hydrogen and
methanol are considerably higher and are therefore more difficult to combust in a CI engine.
Inside a SI engine, the combustion of the air-fuel mixture is initiated by a spark, and this
enables fuels to be used with a higher autoignition temperature. Often a distinction is made
between ICEs in the marine industry by the RPM of the engine, low, medium and high-
speed engines. Low speed, often two-stroke, engines are directly coupled to the propeller.
High-speed engines often use a gearbox. For CTVs, high-speed four-stroke engines are used.

Instead of directly connecting the ICE to a gearbox or shaft, it could also be used to generate
electricity. In this situation, the ICE is mechanically connected to an electric motor to
generate electricity, this combination is called a genset in this report. The produced power
can be used by another electric motor connected to the electricity grid via a switchboard and
mechanically connected to the driveshaft. An advantage of this topology is that the ICE can
operate at its most energy efficient point without having to match the torque and rpm of the
driveshaft. Besides, at low power, individual gensets can be switched off to increase efficiency.
Also, the generated electrical energy can be stored and utilised later.

NOx emissions of 3-5 g/kWh were emitted during an emission test on a marine engine with
methanol (Dankwa et al., 2021). This is higher than the maximum of 2g/kWh. The NOx emis-
sions must be reduced to comply with the IMO Tier 3 regulations. For hydrogen combustion
even higher NOx emissions are expected due to the higher combustion temperature.

The most promising way to meet the most strict Tier 3 standards with ICEs is a selective
catalytic reduction (SCR) system (Guo et al., 2015). With a reduction up to 90% the most
strict targets can be met (Baleta et al., 2015). This process works by injecting urea or ammo-
nia into the engine’s exhaust gas. When this mixture is fed through the catalyst converter,
the mixture nitrogen oxides are transformed into non-harmful nitrogen (N2) and water. A
schematic of this process can be seen in Figure 2-1.
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Figure 2-1: Schematic of an SCR system transforming NOx into N2 using urea (Moiras et al.,
2017).

2-2-2 Fuel cells

Fuel cells are often described as an alternative to ICEs due to their high efficiency and
zero local emissions. However, there are also challenges; durability, high cost and limited
dynamic performance are often described as drawbacks of fuel cells (van Biert et al., 2016,
Larminie and Dicks, 2003). Fuel cells can convert hydrogen, or in some cases, other fuels into
usable electric power. There are different types of fuel cells, including solid oxide fuel cell
(SOFC), proton exchange membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC),
and molten carbonate fuel cell (MCFC). These fuel cells have their own characteristics and
differ in terms of efficiency, power density, and fuel options. An overview of different fuel
cells and their properties can be found in the work of van Biert et al. (2016). According
to Gianni et al. (2021), the power density of SOFC systems is between 8-10 kW/m3. If one
takes the daily fuel consumption of a CTV of around 400 kg of MGO at minimum, this results
in roughly 2000 kWh of electrical power at an engine efficiency of 40%. With 10 hours of
operation, the minimum fuel cell capacity would be around 200 kW. With a power density
of 10 kW/m3, the resulting system size would be around 20 m3, excluding battery systems,
switchboards, etc. Therefore, SOFCs are not considered further in this research due to the
large required volume.

PEMFCs have a much higher power density. A system of 200 kW has a volume of around 2
m3 (Ballard Power Systems, 2022), a factor ten smaller than the previously described SOFC
system. The PEMFC is selected as the fuel cell of choice in this research because of its high
power density, high efficiency, and high maturity of technology. When a fuel cell is mentioned
is this work, it refers to a PEMFC.

In Appendix B, an in-depth investigation is performed on PEMFCs. The working principles,
fuel cell components, fuel cell degradation, and fuel cell degradation modelling are discussed.
Besides, a method to calculate the optimal fuel cell size for the lowest levelised cost of energy
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Figure 2-2: Optimal fuel cell operating power for the lowest LCoE, produced by a fuel cell
operating at a constant power, as a function of the hydrogen price for different lifetimes of the

fuel cell and different fuel cell prices.

(LCoE) is made. With Equation 2.2 the LCoE of the fuel cell can be calculated. Minimising
this equation results in the optimal fuel cell operating power shown in Figure 2-2. Often when
a fuel cell system is designed, the smallest fuel cell system is chosen to reduce the CAPEX e.g
(TNO, 2019b). However, Figure 2-2 shows that this is not necessarily the best method to have
the lowest cost over the entire lifetime. The above optimal fuel cell power is only valid for
a fuel cell that is operated at steady-state and when there are no differences in steady-state
degradation rates for different power outputs.

LCoE =
CH2

LHVH2 ∗ ηFC
+

CFC

LFC ∗ PFC
(2.2)
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2-2-3 Batteries

Multiple types of batteries exist, including lead-acid, nickel metal hydride, lithium-ion bat-
teries. The energy density of batteries is still far smaller than diesel fuel. Lithium-ion bat-
teries are considered the most suitable battery technology in this study due to their high
energy density and long lifetime. Safety is also an important topic with lithium-ion batteries.
Lithium-ion batteries can catch fire or even explode. Therefore, safety systems must be in-
cluded besides the battery cells alone. In the marine industry, the individual cells are often
combined into battery packs with the safety system included. These smaller packs can be
combined to form a large energy storage system. An example of such a system can be seen
in Figure 2-3. Multiple types of lithium-ion batteries exist. Including lithium iron phosphate
(LFP) or LiFePO4 , nickel cobalt aluminium (NCA), and nickel manganese cobalt (NMC).
These different cell chemistries have different properties in terms of energy density, depth of
discharge (DoD) and discharge rate. The cycle lifetime is an important parameter for a CTV
as they are used intensively. From the above-mentioned cell chemistries, the LFP battery
has a considerably higher lifetime (Preger et al., 2020). Besides, the LFP is less sensitive to
cycles of 0-100% DoD. In the research of Preger et al. (2020), LFP batteries showed little to
no difference in equivalent full cycle (EFC) lifetime between cycles of 40-60% DoD, 20-80%
and 0-100%. In the same study, the cycle life of the NMC and NCA battery decreased sub-
stantially during complete discharge cycles, up to four times shorter EFC lifetimes. Another
advantage of LFP batteries is that LFP batteries are not dependent on the rare earth metals
nickel and cobalt. A disadvantage of LFP batteries compared to the other chemistries is the
lower energy density. LFP is chosen in this work as the cell chemistry for the batteries of the
CTV.

Figure 2-3: Example of a marine battery system (Corvus Energy, 2022).

2-2-4 Sub-conclusion

LFP batteries, PEMFCs, ICEs, and gensets will be included as power generating components
within the concept solutions.
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2-3 Offshore charging

A possibility to overcome the limited storage capacity of batteries is to charge the batteries
in the wind farm when on standby. Multiple companies are working on systems to enable
offshore charging of vessels (MEARSK, 2022, Offshore, 2022). These systems, in the form of
floating buoys or a connection directly to the turbine, make it possible to connect a ship to
the grid of an offshore wind farm. An example charging buoy can be seen in Figure 2-4. In
this way, a hybrid or full electric ship can draw power directly from the wind park to charge
the batteries. CTVs are on standby for multiple hours each day and could therefore recharge
the batteries during the day.

Figure 2-4: Example of an offshore charging buoy for CTVs (Offshore, 2022).





3
Concept generation

In this chapter, concept solutions are made based on the alternative fuels and power generating
system options from Chapter 2. Three concepts will be considered. A fuel cell based concept,
a concept centred around batteries, and a concept based on ICE using alternative fuels.

3-1 Concept 1 - Fuel cell

The first concept uses hydrogen in combination with a PEMFC. The fuel cell is combined
with a large LFP battery pack to account for load changes based on the degradation cost
comparison outcome in Appendix B-3, the degradation cost for fuel cell load changes were
higher compared to battery load changes. Effectively this is a battery electric CTV with a
fuel cell used to extend the range. The concept components are schematically displayed in
Figure 2-2. In this schematic, only one of each component is shown for all the concepts, in
reality, the concepts consist of two propellers, gearboxes, and motors, each for one side of the
CTV. Also, the number of battery stacks and fuel cells is not displayed for simplicity.

3-2 Concept 2 - Battery - Genset

The second concept consists of a large LFP battery pack. The storage capacity can be too
little for the entire operating profile, as the battery’s energy density is far smaller than diesel
fuel. A genset is used to supply additional energy. Besides offshore charging can reduce the
required battery capacity. Concept 2 is divided into two concepts: Concept 2A, without the
availability of offshore charging and Concept 2B, with the ability to charge at the wind park.
However, there is not always a grid connection offshore due to maintenance. The genset can
supply the power, when power is unavailable at the wind farm. In this research, we assume
a 100% availability in the cost and emissions calculations. However, the space and weight
for the genset, and additional fuel are taken into account. Methanol is taken as the fuel for
the genset. Hydrogen is not a possibility as the required space to store the hydrogen is not
available, the battery pack takes up the space. HVO could also be used. However, this is not
done so that a comparison can be made between fuels based on renewable wind energy.

15
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3-3 Concept 3 - ICE

The last concept consists of a system similar to the standard system used today. It consists
of ICEs with an SCR system to reduce NOx emissions. For simplification, it is assumed that
the engines used for the different fuel types are identical in terms of efficiency, weight, power,
and size. Also, no distinction is made between CI and SI engines. The properties of a Volvo
Penta D13-800 engine are used for all fuel types (VOLVO PENTA, 2022).

3-4 Fuel storage

For HVO and methanol, no special storage systems are needed as these fuels are in a liquid
state at standard temperature and pressure. For hydrogen, the choice between compressed or
cryogenic storage is determined by the constraints of the CTV. Compressed hydrogen at 350
Bar is chosen for simplicity if it does not exceed the maximum available space. Otherwise,
cryogenic hydrogen is used. Compressed hydrogen has fewer storage difficulties than cryogenic
storage such as hydrogen boil-off.

3-5 Charging and bunkering

Bunkering MGO or diesel on a ship is a relatively easy task. However, with hydrogen this
becomes more difficult. Also, recharging the battery is a different process. Chargers of
several hundreds of kW are required to charge the batteries of the CTV. This would be
in the same order of magnitude as the fastest EV chargers currently available. Also, the
first electric ships have been demonstrated and are used today. Therefore it is assumed
that charging the batteries onshore does not imply insurmountable difficulties. Charging
the battery of Concept 2B offshore is however still a new technology. Hydrogen bunkering
is more complex than bunkering diesel fuels or other fuels that are liquid under standard
pressure and temperature. The way the hydrogen can be bunkered depends on the storage
method, either compressed hydrogen or liquid hydrogen must be transferred to the CTV. For
compressed hydrogen storage, the hydrogen is transferred using high-pressure hoses. The
hydrogen can either be transferred from a high-pressure storage tank onshore, e.g. 500 Bar,
and then siphoned to the lower 350 Bar storage without a compressor in between, cascade
filling. Or it can be transferred from a lower pressure storage tank with a compressor to the
higher 350 Bar storage onboard the CTV. Liquid hydrogen bunkering is done by transferring
the hydrogen in a special insulated hose to the storage onboard the CTV.
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3-6 Technology readiness level

In this section maturity of technology is investigated. This is done based on the technology
readiness level (TRL), a method to assess the maturity level of technology on a scale from
1 to 9, with 9 highest level of maturity. The levels are shown in Figure 3-2. The TRL is
estimated for the most important components of the different concepts.

Figure 3-2: Technology Readiness Levels (TWI, 2022).

3-6-1 Power generating system components

Ballard Power Systems recently got the type approval of their marine fuel cell system. A
TRL score of 8 is assigned due to few applications. Lithium-ion battery systems have been
demonstrated in numerous electric ships worldwide and therefore receive a TRL score of 9.
100% hydrogen combustion engines have been launched (BEHYDRO, 2022). However, no
similar engines as the ones used in CTVs are known. Therefore, a score of 6 is assigned.
Methanol combustion engines and gensets are used in multiple large ships. To the author’s
knowledge no projects with a comparable engine to the ones used on CTVs are known, and
thus receive a score of 6. HVO engines and SCR systems are widely used and receive a score
of 9. Compressed hydrogen storage receives a 9, however cryogenic hydrogen storage onboard
ships has not been demonstrated. Cryogenic hydrogen storage is used in other industries and
therefore gets a TRL of 6.
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3-6-2 Bunker system

Bunkering of HVO, methanol, and charging the batteries onshore receive a TRL score of 9
due to proven systems in operation. Compressed hydrogen bunkering receives a TRL of 8
due to the limited demonstration projects. Bunkering liquid hydrogen facilities have been
launched but are not yet demonstrated in the marine industry. However, it is demonstrated
in other industries, and therefore receives a TRL of 6. Charging offshore is only shown on
prototypes and therefore receives a TRL score of 6 (Offshore, 2022).

3-6-3 Overview

In Table 3-1 the TRL scores of the concept components are given. It can be seen that Concept
3A has the highest TRL as this concept is already in use to date. The TRL of the genset
used for Concept 2A and 2B is a limiting factor. This can however be mitigated by replacing
methanol as the fuel with HVO. Lastly, the TRL of offshore charging is the lowest overall.

Concept 1 Concept 2A Concept 2B Concept 3A Concept 3B Concept 3C
ICE 9 6 6
Genset 8 8
Electric motor 9 9 9
Switchboard 9 9 9
SCR 9 9 9 9 9
Fuel Cell 8
Battery 9 9 9
Storage 9/6* 9 9 9 9/6* 9
Bunkering/charging 8/6* 9 5 9 8/6* 9

Table 3-1: TRL of the components of the different concepts. *for compressed/cryogenic
storage.
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Method

In this chapter, the model elements and the methods used to answer the research questions
are described. The structure of this chapter is based on the model structure, this can be seen
in Figure 4-1, where the green elements indicate a step of the calculation. All calculations are
performed in MATLAB version R2019b. First, the energy and power that are required for the
operation of the CTV are determined. Afterwards, the method of how the energy and power
demand are divided between the components of the power generating system is described.
This energy and power distribution are used in an iterative process to find the component
size. Next, the fuel consumption and the lifetime of the components are calculated. Finally,
the TCO and GHG emissions are calculated. The following sections elaborate on these steps
in more detail.

Ship power data

Operational
profile

parameters 

    Operational profile

Component
efficiencies

Energy 

management

Fuel 

consumption

GHG fuel
GHG system 

Lifetime 

calculation

10-year GHG emissions

10-year TCO

Fuel price

Component cost

Input

  Calculation

Result

Degradation 

mitigation

strategy

Component
sizingLegend

Constraints

Figure 4-1: Flow chart of the developed model to compare the different concepts.

21



22 Chapter 4. Method

4-1 Load Profile

In this section, the method of how the power of the CTV is calculated during the day. First,
the operational profile of the CTV must be determined. This operational profile contains the
information about which task the CTV is performing in chronological order. This profile is
then translated into a load profile. The load profile contains the required power over time
during the operation of the CTV. To construct the load profile first, an array is constructed
which contains the modes of the CTV during the day. The mode is the task the CTV is
performing. Five different modes are considered: 1) transit to/from the park, 2) transit in
the park, 3) transfer, 4) standby, 5) manoeuvring.

The operational profile is constructed based on a typical day of operation. An estimate is
made of what a real operational profile would look like. The operational profile is constructed
as follows. First, the CTV transits to the wind farm at the service speed, then, each team
is deployed on a specific turbine. Each deployment is modelled as an approach phase where
the CTV travels at a slow speed to the turbine, called manoeuvring. When contact is made
between the CTV and the turbine, the power is increased to have a firm connection between
the CTV and the turbine in order to transfer the technicians. After which, there is a ma-
noeuvring phase again, followed by a lower transit speed in the park. The transit speed in
the park is lower to navigate safely between the turbines. As an example, one deployment of
technicians will result in the following block, which is placed in the mode array:

deploy = [5 3 5 2] (4.1)

When all the teams are transferred, the CTV will go on standby, waiting for the next task.
When the troubleshoot teams are finished they are collected and transferred to the next
turbine, after which the CTV will go on standby again. At the end of the day, all teams
are collected, and the CTV transits to port again. With this mode array, the load profile
is constructed. When the CTV is in transit the power of the mode is determined by the
speed-power characteristics of the CTV. This speed-power relationship is obtained from sea
trial data where the engine power output of a CTV is measured for multiple speeds. There
were no available measurements of the CTV investigated in this research. Therefore, the
available data of a bigger CTV is used and scaled to estimate the power of the CTV used in
this research. This scaling is done based on the power at maximum transit speed. It is known
that the CTV of this research uses a power of roughly 1100 kW at 22 Kts, the CTV of the
original measurements uses 1467 kW. The scaling factor is then calculated using Equation 4.2.
The power speed relation is then calculated using Equation 4.3, where the scaling factor at 22
Kts is applied on all transits speeds. The original measurements and the estimated power for
the CTV used in this research can be seen in Figure 4-2. In the next chapters and sections,
the term Pshaft will refer to the required mechanical power from the ICE or electric motor.

CScale =
1100

1467
(4.2)

Pestimate(vtransit) = Poriginal(vtransit) ∗ CScale (4.3)
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Assumed value Unit
Transit speed to/from wind farm 19 kts
Transit speed in wind farm 12 kts
Manouvring speed 4 kts
Average transit distance between turbines 2000 m
Number of daily transfer operations 18
Average daily standby time 3:30 h
Average transfer duration 6 min
Average manoeuvring duration 3 min
Days of operation per year 330
Power during transfer / push-on 500 kW
Service teams 3
Nr. of turbines visited by service teams 1
Troubleshoot teams 2
Nr. of turbines visited by troubleshooting teams 3

Table 4-1: Assumed values for the operational profile.

Based on experience from Siemens Gamesa, it is assumed that 500 kW of propulsion power
is used during the transfer operation where the CTV pushes the bow of the CTV against the
turbine to provide access for the mechanics to the turbine. The speed and power combined
with the power during transfer results in the power corresponding to the modes. From
Figure A-1 in Appendix A, it can be seen that up to the year 2024, the furthest wind farm
lies 62 km out of coast. This distance does not include the distance to the port. Therefore a
distance of 75 km is assumed for the offshore wind farm furthest offshore. Tenders after 2024
will likely be further offshore. In the evaluation of the concepts, the transit distance will vary
from 5km up to 100 km. 50 km is taken as the average transit distance of a CTV to the wind
farm. This value will be used for analyses which are performed on a specific transit distance.

With the distance and the speed, the duration of each transit is calculated. Besides, for an
average crew onboard, it is assumed that there are three teams doing regular maintenance,
which visit only one turbine each day, dropped off in the morning and collected at the end of
the shift again, and two teams that are doing troubleshoot work, visiting three turbines each
day. With the power during the different modes combined with the duration of operation
from Table 4-1, the load profile is constructed as an array with a 1s time step, δt. In Figure 4-
3 the load profiles with a transit distance of 5 km, 25 km, 50 km, and 75 km can be seen.
Generally, service technicians work in shifts of around 12 hours. Therefore, for wind farms
further offshore, likely faster vessels will be used, or large vessels that remain offshore for an
extended period of time will be used, which are not considered in this research.
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Figure 4-3: Load profiles of the CTV for the different transit distances.
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Figure 4-2: Relationship between the shaft power and speed. In blue, the original data from a
26m CTV, and in orange, the estimate used for the 20m CTV of this research.
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4-2 Energy management

Multiple energy sources are available on the CTV for some of the concept power generating
systems. For example, fuel cell Concept 1 also contains a battery. In this section, the method
of how the power demand is divided is described. For Concept 1, 2A, and 2B, the electric
power required by the electric motor, Pemotor, is calculated using equation 4.4. With Pshaft

the mechanical propulsion power that is needed to propel the ship at the required speed,
this includes all losses in the drivetrain, such as gearbox losses. For Concept 3, the power
of the ICE is equal to the shaft power. For each concept, the state of charge (SoC) at the
beginning of the day is 95%. This is done to account for capacity loss during the lifetime
of the battery. 95% is taken as the average battery capacity between 0% loss and 10% loss.
Also, each battery is discharged up to a remaining SoC of 10%. In this way, at the EoL of
the battery, the battery can be discharged up to 5% SoC.

Pemotor(t) =
Pshaft(t)

ηEM
(4.4)

4-2-1 Concept 1 - Fuel cell

Based on the results of Appendix B-3, it is chosen to let the fuel cell operate at steady-state.
The battery is used to supply the fluctuating power demand, and the fuel cell delivers the
average power. The power from or to the battery is calculated by subtracting the power
supplied by the fuel cell from the required power by the electric motor. When little power
is required, the fuel cell charges the battery, PB(t)<0, the battery is discharged when PB(t)
is positive. The available power to charge the battery is multiplied by ηB to account for the
round trip energy losses from the battery. For simplification, it is assumed that all losses of
the battery occur during the charging phase of the battery, in this way the available energy in
the battery for propulsion is the same as the SoC of the battery. This results in the equation
to calculate the battery power as follows:

PB(t) =

{
(Pemotor(t)− PFC(t)) ∗ ηB, if Pemotor(t)− PFC(t) < 0.

Pemotor − PFC(t), otherwise.
(4.5)

The SoC is then calculated by subtracting the energy supplied or taken by the battery during
the time step from the SoC of the previous time step.

SoCB(t) = SoCB(t− 1)− PB(t) ∗ δt (4.6)

Fuel cell power, PFC(t), is calculated differently for two situations. 1) The situation where
enough space in the engine room is available for the required battery capacity needed to let
the fuel cell operate at a steady low power. In this way the battery accounts for all load
changes, both during transit to the park and during the operation in the park. This peaks-
shaving results in a smaller fuel cell size, reducing total cost. Besides the efficiency of the fuel
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cell is higher at lower power outputs. 2) The situation when there is not enough engine room
space available for the required battery capacity. This is the case when the transit distance
is large and the battery capacity to supply the energy needed for the long transit exceeds the
maximum engine room area constraint. This will be described in the next section in more
detail. PFCavg is the fuel cell power for situation 1). For situation 2) the power during transit
is PFCtransit , and PFCavg corresponds to the fuel cell power between transits.

4-2-2 Concept 2 - Battery - Genset

This concept contains two energy sources, the battery and the genset. When the battery
capacity, QB is insufficient to supply all the required energy during the day, the genset is
used to supply the additional energy so that at the end of the day the battery is discharged
up to a SoC of 10%. The onshore charger will be used to charge the battery to 95% again.

Concept 2A - Without offshore charging

First, the situation of Concept 2A is considered where the genset is not used. This allows us
to calculate the difference between the total consumed energy and the energy that the battery
can supply. The power from the battery is calculated as follows.

PB(t) = Pemotor(t) (4.7)

The SoC of the battery is calculated with Equation 4.6. When not enough energy is available
in the battery there will be a negative SoC (which is not possible in reality). The energy that
is needed from the genset to reach a minimum SoC of 10% at the end of the day, is calculated
as follows.

EGS = Qb ∗ 0.1− SoCB(end) (4.8)

The power from the genset is calculated by dividing the needed energy by the time the CTV
is in operation, not standby, toperational.

PGS =
EGS

toperational
(4.9)

The battery power is calculated by subtracting the generated power of the genset from the
required electrical power Pemotor.

PB(t) = Pemotor(t)− PGS(t) (4.10)

The SoC of the battery is calculated with the new values for Pemotor(t) and PGS(t) using
Equation 4.6.
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Concept 2B - With offshore charging

For Concept 2B, the power from the battery is calculated as follows.

PB(t) = Pemotor(t)− PGS(t)− Pcharger(t) (4.11)

Pcharger(t) is the power of the offshore charger. When the CTV is on standby, Pemotor(t)=0,
and SoCB is below 95%, the battery will be charged at a CRate of 0.5, meaning that the
battery will be fully charged from 0 to 100% SoC in 2 hours. The total energy charged
depends on how long the CTV is on standby. The resulting power is calculated with the
battery capacity, QB, as follows:

Pcharger(t) =

{
CrateOC ∗QB, if Pemotor(t) = 0.

0, otherwise.
(4.12)

The power from the genset, PGS , is calculated by first calculating SoCB(t) for the situation
when the genset is not used, PGS=0, similarly as is done for the genset of Concept 2A. Only
now the SoC of the battery at the first time the CTV is on standby is used. The power that
is needed from the genset to reach the first time at which the CTV is on standby with a
minimum SoCB of 10% is calculated as follows.

PGS =
Qb ∗ 0.1− SoCB(t = first standby time)

ttransit
(4.13)

Where ttransit is the transit time to the park. In contradiction to Concept 2A, the genset is
only used during the transit as during operation in the park the genset is not required due
to the offshore charger. The genset power during the transit back to port is calculated using
the same formula only then with the SoCB(t) at the end of the day.

4-2-3 Concept 3 - ICE

The ICEs are the only source of energy on board the CTV and therefore supply the entire
demand. Therefore, no energy management strategy is needed.

4-3 Component sizing

This section explains how the size of the various concept’s components is determined. With
the dimensional limitations of the ship and safety constraints considered. For all concepts the
size of the electric motor or internal combustion, whichever applies for the specific concept,
is matched with the originally installed ICE power on the CTV, 2x588kW. How the size of
the other components is determined will be discussed in further sub-sections.
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4-3-1 Constraints

Besides, a CTV’s operational requirements, such as a minimum amount of deck space for
cargo, CTVs also have a minimum speed requirement. In an emergency, CTVs are required
to reach the technicians within 30 minutes to rescue or help the technicians on a turbine.
Therefore, the CTV is required to have a minimum transit speed. The exact minimum
depends on the size of the wind park. In this work, the minimum is set on 10 Kts. Often, this
is not an important criteria as the cruise speed of a CTV is generally in the range of 15-25
Kts. With the energy management strategy for Concept 1, the battery supplies power during
peaks. In an emergency, there must be enough power available to travel at a minimum
speed of 10 Kts, even with empty batteries. Therefore there must be a constraint on the
minimum fuel cell size so that there is always enough power available during emergencies.
From Figure 4-2 it can be seen that the power needed to travel at 10 Kts is around 180
kW. This does not include the losses from the electric motor. Therefore, 200 kW is set as the
minimum power Pmin. For Concept 2, the battery genset CTV the same principle holds. This
constraint does not influence the design for all the other concepts, as already enough power
is available. Another safety measurement is the minimum needed fuel capacity. A change in
weather conditions or additional operations such as rescue operations can result in more fuel
consumption. Therefore, a safety margin of 25% extra available fuel on top of the needed fuel
for the operational profile is applied. Besides, a safety margin of 10% is taken on the size of
the fuel cell and genset to account for changes in the operational profile and sea conditions.

Furthermore, the maximum available volume for fuel storage on the CTV is assumed as 15
m3. For Concept 2A and 2B this also includes the battery storage. Besides, the maximum
available fuel storage space, all the additional power generating system components must fit
inside the engine room. Instead of using the power density of different components in kW/m3,
it is chosen to evaluate the required area. Fuel cells and batteries are often built in high racks,
where an ICE would not use all the available height. Therefore, required floor space is used.
The engine room dimensions are roughly: L: 7m x W: 2.5 x H: 2.5 for both port side and
starboard. However, not all the space is available for power generating system components, as
also water pumps, electrical equipment, etc is needed. Besides, space between the components
must be available to do maintenance. Therefore, the maximum available floor space for power
generating systems is assumed to be a conservative 10 m2. The maximum weight of the power
generating system, fuel, and fuel storage is taken as 20 t. For the concepts with hydrogen
fuel, compressed hydrogen storage is used if the volume of the hydrogen storage does not
exceed the maximum fuel storage volume. Otherwise cryogenic hydrogen storage is used. An
overview of all the applied constraints can be seen in Table 4-2.

4-3-2 Component dimensions and weight

Based on manufacturing specification sheets found online, the estimated floor space and
weight per indicated unit size for different components can be seen in Table 4-3. For the
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Constraint / Variable Symbol Value
Minimum installed power Pmin 200 kW
Safety margin on fuel capacity SFuel 25%
Safety margin power capacity SPower 10%
Maximum system weight mmax 20 t
Fuel storage volume VFuelmax 15 m3

Floor space engine room AFloorspacemax 10 m2

Maximum charge/discharge speed battery Cratemax 1
Offshore charge speed CrateOC 0.5
Maximum fuel cell voltage loss VFCEoL

10%
Maximum capacity loss battery QBloss

10%
Volumetric energy density battery V EDB 0.13 kWh/l
Volumetric energy density compressed hydrogen storage V EDCH2 0.5 kWh/l
Volumetric energy density cryogenic hydrogen storage V EDLH2 1.2 kWh/l
Gravimetric energy density compressed hydrogen storage GEDCH2 2.3 kWh/kg
Gravimetric energy density cryogenic hydrogen storage GEDLH2 2.5 kWh/kg

Table 4-2: Variables and constraints used in this work.

floor space of the genset the floor space of the combustion engine and the electric motor are
added. All electrical equipment needed such as circuit breakers and converters are included
within the switchboard dimension. The total floor space and weight is linearly scaled to the
component size e.g. the floor space of a fuel cell of 250 kW would be: 1.25*0.9m2.

Part Unit size Floorspace Weight Source
Fuel cell 200 kW 0.9 m2 900 kg (Ballard Power Systems, 2022)
Battery 77 kWh 0.35 m2 440 kg (Corvus Energy, 2022)
ICE 588 kW 2 m2 1500 kg (VOLVO PENTA, 2022)
Electric motor 588 kW 0.5 m2 230 kg (Nordelof et al., 2019)
Genset 588 kW 2.5 m2 1730 kg ICE + Electric motor
SCR system PU 1 m2 500 kg (YANMAR, 2020) ,estimate
Switchboard PU 2 m2 1000 kg estimate

Table 4-3: Required floor space and weight of power generating system components

4-3-3 Concept 1 - Fuel cell

The installed fuel cell and battery size are based on the engine room space constraint, maxi-
mum CRate, and minimum and maximum SoC. As described earlier in the energy management
section of Concept 1, the battery size is increased until the maximum area of the engine room
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is exceeded. The way this is modelled can be seen in Figure 4-4. First, initial values for QB

and PFCavg are taken. Then the battery size is increased until values for QB and PFCavg are
found which comply with the conditions of the maximum Crate and with a maximum SoC of
95%. This is done by letting the value of PFCavg converge to a value for which the minimum
SoC is 10%. If the maximum SoC is larger than 95% the battery is too small and the process
is started again with a larger battery capacity. When this first loop does not result in a value
for QB and PFCavg that comply with the constraints, the initial values for the battery are
initiated again, and a similar process is started. Only this time, there is not a fixed fuel cell
power during the entire operating profile but a fuel cell power during transit, PFCtransit , and
the fuel cell power between transits, PFCavg . For each iteration of PFCavg the transit power
is determined. Again, this is iterated until the constraints are met. The installed fuel cell
capacity is calculated as follows.

PFCinstalled
= max(PFCtransit ∗ (1 + SPower), (PFCavg ∗ (1 + SPower), Pmin) (4.14)

The results of Appendix B-5 show that running the fuel cell at a 100% power output is not
the most cost-effective method. Therefore, an investigation is performed on the safety factor
SPower, to see if a larger installed capacity than the minimum required fuel cell size results
in lower cost.

4-3-4 Concept 2 - Battery - Genset

The battery size is based on the available space in both the fuel storage space and the engine
room. The volume of the required methanol must be known to calculate the available space
for the battery. The volume of methanol is based on the safety factor, SFuel. Scaling the
battery with 25% to meet the requirement of 25% extra energy for safety is impossible due
to the constraints on volume and weight. Therefore, the additional fuel is methanol. For
Concept 2A the needed methanol is based on 25% of the energy used by the electric motor
in kWh, Eemotor, and calculated with Equation 4.15.

VMeOH2A
=

SFuel ∗ Eemotor

ηGS ∗ LHVMeOH ∗ ρMeOH
(4.15)

For Concept 2B the methanol storage requirement also includes the needed methanol when
offshore charging would not be available, the needed energy from the genset for this situation
is calculated based on the electricity supplied by the electric motor with the fuel safety factor
included minus the battery capacity. The subtraction of the battery capacity from the energy
of the electric motor gives the energy that the offshore charger would normally supply, hence
the different calculation method as for concept 2A. The storage volume of methanol for
Concept 2B is calculated as in Equation 4.16.

VMeOH2B
=

((1 + SFuel) ∗ Eemotor − QB

(1+SFuel)
)

ηGS ∗ LHVMeOH ∗ ρMeOH
(4.16)
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Figure 4-4: Graphical representation of battery and fuel cell size calculation of Concept 1.
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Figure 4-5: Graphical representation of battery size calculation of Concept 2.

The battery capacity of Concept 2A and 2B is calculated differently for two situations. The
first situation, when the genset is not used, the battery capacity is sufficient to operate on
battery power only. The second, when the battery power is not sufficient to operate on
battery power alone and the genset is used. At the start of the calculation, the battery
capacity is based on the maximum possible battery capacity that fits in the fuel storage space
using Equation 4.17. For the first situation, the battery size is decreased until either the
discharge speed constraint, Cratemax is met or until the minimum SoC is below 10%. For the
second situation, the battery capacity is increased by adding batteries in the engine room
until either the weight constraint mmax, the engine room area constraint AFloorspacemax , or
until the genset is not used anymore (and thus the battery capacity is sufficient). A graphical
representation of both situations can be seen in Figure 4-5.

QBC2
= (VFuelmax − VMeOH) ∗ V EDB (4.17)
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Symbol Assumed value
Electric motor efficiency ηEM 92%
Converter efficiency ηC 98%
Battery efficiency ηB 90%
ICE efficiency ηICE 37%
Genset efficiency ηGS 35%

Table 4-4: Assumed efficiencies for different system components

4-3-5 Concept 3 - ICE

The size of the ICEs is based on the originally installed power, two 588 kW ICEs.

4-4 Fuel consumption

In this section, the method of how the fuel consumption is calculated is described for each
concept. In general, the efficiencies used for the calculations can be seen in Table 4-4.

The required electrical energy to charge the battery of Concept 1, Concept 2A, and Concept
2B in port is calculated as follows.

Eshore =
0.95 ∗QB − SoCB(end of day)

ηB
(4.18)

The charging losses of the charger itself are not taken into account. In the following subsection,
the fuel consumption calculations of each concepts are given.

4-4-1 Concept 1 - Fuel cell

The fuel cell efficiency used to calculate the hydrogen consumption can be seen in Figure 4-6,
this is the efficiency at beginning of life. At the EoL, the cell voltage will be 10% lower due
to degradation. Therefore, the fuel consumption is calculated with an average efficiency over
the lifetime, 95% of the original efficiency. Besides, the fuel consumption is multiplied by the
converter efficiency, ηC account for losses due to the DC converter losses between the fuel cell
and the switchboard. The fuel consumed is calculated with the following function.

mH2 =

∫
PFC(t)

0.95 ∗ ηC ∗ ηFC(PFC) ∗ LHVH2

dt (4.19)

With mH2 the amount of hydrogen consumed in kg. The fuel cell efficiency ηFC(PFC) as
function of the fuel cell power PFC(t) and finally the LHV of hydrogen.
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Figure 4-6: Estimated fuel cell system efficiency at beginning of life.

4-4-2 Concept 2 - Battery- Genset

The mass of methanol, MeOH, consumed is calculated using Equation 4.20. With ηGS , the
thermal efficiency of the genset based on the lower heating value (LHV).

mMeOH =

∫
PGS(t)

ηGS ∗ LHVMeOH
dt (4.20)

4-4-3 Concept 3 - ICE

The amount of fuel used is calculated based on the supplied power of the ICE, Pshaft, a fixed
efficiency, ηICE , and calculated using Equation 4.21, with mfuel and LHVfuel corresponding
to either HVO, hydrogen or methanol.

mfuel =

∫
Pshaft(t)

ηICE ∗ LHVfuel
dt (4.21)

4-5 Fuel cell lifetime

In this section, the method of how the fuel cell lifetime is calculated is described.
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Figure 4-7: Toyota Mirai fuel cell stack voltage measurements (Argon national labratory, 2018).

4-5-1 Fuel Cell Polarisation curve

The polarisation curve is needed to calculate the degradation as a function of the cell voltage.
Fuel cells can differ a lot in for example, cell voltage, cell area, and maximum current density.
Therefore, it is important to obtain the polarisation curve of a similar fuel cell. The polarisa-
tion curve is obtained from a Toyota Mirai fuel cell, a 114kw stack consisting of 370 cells with
an area of 237 cm2. The original measurements can be seen in Figure 4-7. The measurements
of Figure 4-7 are approximated to the relationship that can be seen in Figure 4-8, which is
used to calculate the voltage dependent degradation.

If one uses the number of cells and the cell area of respectively 370 and 238 cm2 the voltage
over the power output can be calculated. In Figure 4-9 the voltage over the power output
can be seen with a power of 100% corresponding to a current density of 2.1 A/cm2. This
voltage-power dependency will later be used to determine the voltage-dependent steady state
degradation rate.

4-5-2 Model description

The lifetime of the fuel cell will be calculated based on the potential loss of a single cell.
The operational conditions of the CTV will be evaluated based on three different potential
losses based on the described degradation mechanisms in Appendix B-2. 1) Potential loss due
to steady state operation, δVSteady−State. 2) Potential loss due to load cycles, δVLoadCycleday

3) The potential loss due to start-stop cycles δVStart−Stop. The ambient conditions are not



36 Chapter 4. Method

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 4-8: Fuel cell Polarisation curve approximation.
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Figure 4-9: Toyota Mirai cell voltage and current density approximation.
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taken into account. It is assumed that the impurities in the air and fuel are filtered out or
not present and thus does not lead to extra degradation. Second, freezing of the fuel cell
is also not taken into consideration. The total degradation is then calculated by adding the
individual contributors from one day of operation of the CTV as follows.

Vlossday = δVSteadyStateday + δVLoadCycleday + δVStart−Stopday (4.22)

The lifetime of the fuel cell can then be calculated from the maximum potential loss from the
EoL condition. A 10% performance loss is used as the EoL condition, at a potential of 0.7 V
this corresponds to a maximum potential loss of 0.07V, this is taken as the value for δVEoL.
The fuel cell lifetime in days, LFC , is then calculated as follows:

LFC =
δVEoL

Vlossday

(4.23)

In the next sub-sections, the method of how the individual contributors are calculated is
described. In Appendix C an in-depth investigation is performed on fuel cell degradation
rates, the resulting values are used in the next subsections.

Steady-State

As described in Appendix B-2, degradation from the idling, the ECSA loss and the membrane
degradation are likely voltage-dependent. This can also be seen by the loss of ECSA due to
different potential holds in Figure C-1. The degradation due to the flooding of the fuel cell
at high power is not considered. Because in Figure 4-7 there are no additional concentration
losses at high power (linear voltage decline versus output power), thus it can be assumed
that flooding does not occur as there would be a large decline in voltage due to the limited
oxygen supply. This leaves the ECSA loss and chemical membrane degradation as the main
influencing factors, which are mostly voltage dependent. Therefore, the degradation due to
steady-state operation is calculated as a function of the power output of the fuel cell. The
degradation rates of the first three experiments of Table C-1 are used as the degradation rate
as a function of the fuel cell voltage. The three experiments are performed on the same heavy-
duty fuel cell by the same researchers. The degradation as a function of the cell potential
can be seen in Figure 4-10, where the degradation rate is linearly interpolated/extrapolated
between/outside the experimental data points.
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Figure 4-10: Extrapolated degradation rate as function of cell voltage based on the degradation
rates found in the work of de Bruijn et al. (2008).

With the polarisation curve from Figure 4-8, the degradation rate as a function of the fuel
cell power can be calculated. This can be seen in Figure 4-11.
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Figure 4-11: Estimated fuel cell degradation rate as function of the fuel cell power.

The steady-state fuel cell degradation is then calculated by using Equation 4.24. With DSS
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the degradation rate as a function of the output power of the fuel cell.

δVSteadyStateday =

∫
DSS(

PFC(t)

PFCinstalled

) dt (4.24)

Load cycle

The degradation due to load changes is mostly mitigated due to the combination of fuel cells
and batteries. The batteries allow the fuel cell to deliver a steady power demand. Therefore,
the fuel cell is not required to perform fast transients as the changes in power demand are
powered by the battery. Therefore, little additional ECSA loss due to load changes is expected,
as ECSA loss due to load cycles comes mostly from fast transients of the fuel cell (Ren et al.,
2020). Therefore, it is assumed that most of the degradation due to the load cycles that
are still present originates from membrane degradation. Within membrane degradation, the
chemical degradation of the membrane is already accounted for in the steady state degradation
rate. The mechanical stresses due to the swelling of the membrane due to the change of
humidity in the fuel cell is however not accounted for in the steady state degradation rate.
The mechanical stress due to the expansion and contraction cycles can be seen as fatigue
stress. For fatigue loading, small individual stress cycles are equal to the combined large
stress cycle with the combined amplitude of the smaller stress cycles. This principle will
be applied to the membrane degradation due to mechanical stress. The daily degradation
is then calculated as the degradation due to one complete load cycle, δVLoadCycle multiplied
by the equivalent number of full load cycles. With δVLoadCycle taken as 1 µV. The number
of full load cycles n1 is calculated with the rainflow counting algorithm of Matlab R2019b.
The algorithm is applied on the fuel cell power PFC(t) divided by PFCinstalled

. The algorithm
outputs a matrix with the corresponding amplitudes of the cycles and a corresponding value of
either 0.5 for half cycles and 1 for complete cycles (up and down). Multiplying the amplitude
of the cycle with 1 for complete cycles and the half cycles with 0.5 gives the total fluctuation
of power in equivalent full load cycles of the fuel cell. Finally, the number of start-stop cycles
is subtracted because the load fluctuation during the start-up and shutdown phase is already
accounted for in the start-stop degradation. The degradation due to start-stop cycling is
calculated with n2 taken as 1, as there is only one start-stop cycle each day, as follows.

δVLoadCycleday = δVLoadCycle ∗ n1 (4.25)

Start-stop

The degradation due to start-stop cycles is calculated by Equation 4.26, with n2 the number
of daily start-stop cycles. VLoadCycle is taken as 14 µV from the work of Pei et al. (2008).

δVstart−stopday = δVstart−stop ∗ n2 (4.26)
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4-6 Battery lifetime

The capacity fade of the battery due to charging and discharging is described in this section.
The charge/discharge profile of the battery differs from a normal charge-discharge profile.
For example, the battery of an EV discharges during the drive and is charged again after
the drive. However, the battery from, for example, Concept 1 has many small charge and
discharge cycles. Therefore, a degradation model based on complete cycles is not suitable.
The model used in this research is a model based on the Ampere-hour throughput. In this
way, the battery degradation is not dependent on the DoD. This makes it possible to apply
the model to the SoC profile of the battery of this research. The battery degradation is
simulated based on a capacity fade model from J. Wang et al. (2011). In this model, the
capacity fade of the LFP battery is described as a function of current throughput based on
experimental results from different ageing experiments. Results showed little dependence of
lifetime on DoD for low C-rates, which is in line with the experimental results of Preger et al.
(2020). The general lifetime equation for the battery capacity loss Qloss, in percentage, is as
follows.

Qloss = B ∗ exp(−31.700 + 370.3 ∗ CRate

RT
)(Ah)0.55 (4.27)

With dimensionless variable B, T; the temperature in Kelvin, R; the gas constant, Ah; the
current throughput of a single cell. As the discharge speed or CRate of the different concepts
is below 1 C, with a mean below 0.5 C the capacity fade model for a CRate of 0,5 C is used,
as there was no experimental data available for a lower CRate. The capacity loss model at 0.5
C is then given as follows.

Qloss = 30330 ∗ exp(−31.500

RT
)(Ah)0.552 (4.28)

For cycles with a distinctive charge and discharge cycle, the current throughput, Ah, can be
calculated using Equation 4.29.

Ah = ncycle ∗DoD ∗ qcell (4.29)

To calculate the current throughput from the SoC profile of the battery from this research the
SoC profile of the entire battery that is expressed in kWh must be converted to Ah throughput
of a single cell. The number of cells in the battery back must be calculated. This is done via
Equation 4.31. With QB the rated battery capacity in kWh, Vnom the nominal cell voltage
of a single battery cell, and qcell the capacity of a single cell in Ah.

ncell =
QB[kWh]

qcell ∗ Vnom
(4.30)

To determine the current throughput for a single cell for one day of operation, all the individual
charge/discharge cycles during a day of operation must be added. This is done with a rain flow
counting algorithm of Matlab R2019b. The rainflow counting algorithm is used to calculate
the amplitude of every small charge and discharge cycle and all the individual cycles can be
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added which results in the total energy throughput, Ebattery in kWh. This energy throughput
is then converted to the current throughput of a single battery cell in Ah, this is done using
equation 4.31.

Ahcycle =
Ebattery

ncell ∗ Vnom
(4.31)

The total current throughput is then calculated using the following equation:

Ah = Ahcycle ∗ ncycle (4.32)

The lifetime of the battery system is then calculated with the number of cycles, ndays, it takes
to reach the EoL criteria, a residual capacity of 90% of the original battery capacity.

4-7 ICE /Genset lifetime

The lifetime of the ICE is taken as 9000h based on operational experience from Siemens
Gamesa. The same lifetime is considered for the genset. The lifetime of the ICE and genset,
LICE and LGS , is days, is calculated by dividing the lifetime in hours by the total time the
ICE or genset is turned on.

4-8 Cost Calculation

This section describes how the costs are calculated for each concept. The costs are based on
10 years of operation with 330 days of operation each year. The costs that are included are
fuel cost, cost of the power generating system, hydrogen storage, and cost of the charger.

4-8-1 CAPEX

Component Symbol Value Unit Source
Lithium-ion Battery CB 500 €/kWh (TNO, 2019b)
PEM Fuel cell CFC 1500 €/kW estimate
ICE (MGO,HVO) CICEHV O/MGO

120 €/kW Siemens Gamesa
ICE (H2, Methanol) CICEH2/MeOH

180 €/kW estimate
Genset CGS 240 €/kW estimate
Hydrogen storage CSH2 1000 €/kg (TNO, 2019b)
Electric motor and switchboard CEM 580 €/kW (TNO, 2019a)
SCR system CSCR 50 €/kW (IACCSEA, 2013)

Table 4-5: CAPEX of different power generating system components
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The CAPEX is based on the major system parts and replacements during 10 years. No
replacements are assumed for the components other than the ICE, genset, battery or fuel
cell. The values of Table 4-5 are used in the next sections. The cost of an ICE running on
hydrogen or methanol is expected to be higher compared to the ICE made for diesel due to
immature technology, costs are assumed to be 50% higher. The genset is also expected to be
more expensive due to the additional electric machine and electronics, the cost is estimated
to be twice as high as an ICE. The cost of the fuel cell, battery, ICE, and genset is calculated
based on the lifetime of the component. The total cost due to replacements is calculated
by dividing the days of operation by the component’s lifetime multiplied by component cost
with a minimum of one, as seen in Equation 4.33. The actual costs due to replacements will
be higher during the 10-year period as the cost is calculated based on a fraction rather than
multiplying the number of replacements by the cost. However, this would not result in a
fair comparison, there could be a large part of residual lifetime available when a replacement
would be required near the end of the 10 year period. The storage cost is only included
for hydrogen as the expected cost for storage of the other fuels is expected to be negligible.
The storage cost are based on compressed hydrogen storage, although the cost is lower for
cryogenic hydrogen storage (cryoworld, 2021), it is expected that this advantage is reduced
due to the required additional equipment, such as a vaporiser to bring the liquid hydrogen
into the gaseous state again. The CAPEX of a specific concept is then calculated by adding
the CAPEX contributions of all the components of the concept.

CAPEXFC = PFCinstalled
∗ CFC ∗max(1,

ndays

LFC
) (4.33a)

CAPEXB = QB ∗ CB ∗max(1,
ndays

LB
) (4.33b)

CAPEXICE = 2 ∗ 588 ∗ CICE ∗max(1,
ndays

LICE
) (4.33c)

CAPEXGS = CGS ∗ PGSinstalled
∗max(1,

ndays

LGS
) + CSCR ∗ PGSinstalled

(4.33d)

CAPEXEM = 2 ∗ 588 ∗ CEM (4.33e)
CAPEXStorage = mH2 ∗ (1 + SFuel) ∗ CSH2 (4.33f)

4-8-2 Charger

The cost of the bunkering installation is not considered as these costs are included in the
fuel price. The cost of the charger is included as this is not part of the electricity price, and
charging times are long, therefore a charger specifically for the CTV is required. The cost
of the charger needed to charge the battery electric vessel onshore is obtained from an EV
supercharger cost evaluation. Nicholas (2019) reports a cost of roughly e190k for equipment
and installation of a 350kW charger in California. However, marine equipment is generally
more expensive. In the TCO a total cost of e200k is assumed for Concept 2 and e100k
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is assumed for the charger of Concept 1 as the battery of Concept 1 is smaller compared
to the battery of Concept 2 and therefore needs less charging power. Charging the batteries
offshore comes with a lot more challenges; a buoy with all the electrical equipment needs to be
installed offshore, the power must be drawn from the high voltage grid and a connection from
the CTV to the buoy must be made, etc. Therefore the cost of the charging infrastructure
is expected to be much higher compared to the onshore counterpart. It is difficult to get a
correct estimate of the cost, a cost of 1 million euros is assumed during the 10-year time span.

4-8-3 OPEX

Fuel Price Unit Source
Electricity 0.1 €/kWh (StatLine, 2022)
Hydrogen 6 €/kg (SMART PORT, 2020)*
HVO 2.1 €/kg (FullTank, 2022)
Methanol 1.45 €/kg (SMART PORT, 2020)*
MGO 1.1 €/kg (BICX, 2022)
OPEX SCR 3 €/MWh (IACCSEA, 2013)

Table 4-6: Fuel prices used for cost calculations. *With adjusted electricity price to 0.1€/kWh

In Table 4-6 the used fuel prices are displayed. Hydrogen and methanol prices are based on the
cost reported in the SMART Port report (2020). The price used for electricity in the report is
50e/MWh, whereas the electricity cost in this research is taken as 100€/MWh. According to
the authors, electricity is the main share of the hydrogen production costs, therefore the cost of
hydrogen is doubled to account for the higher electricity price. This results in approximately
e5/kg for hydrogen and e1.45/kg for methanol. No transportation costs are assumed as the
hydrogen production facilities will likely be around ports. For hydrogen, €1/kg is added for
fuel station cost and the cost of compression or liquefaction. For the other fuels, the cost
of the fuel station is neglected due to the low cost: €4/t for methanol and €7/t for diesel
(SMART PORT, 2020). The operating cost of the SCR consists of catalyst replacements and
urea costs. Based on the cost analysis of the IACCSEA a value of 3€/MWh produced by the
ICE is used (IACCSEA, 2013).

OPEXFuel = mfuel ∗ ndays ∗ Cfuel (4.34a)
OPEXSCR = EICE ∗ 0.003 (4.34b)

4-8-4 TCO

The TCO of each concept is then simply calculated using Equation 4.35.

TCO = CAPEX +OPEX + CCharger (4.35)
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4-9 GHG emissions

The GHG emissions of the concepts are based on GHG emissions from the fuel and GHG emis-
sions of the production of the power generating system components. For the fuel emissions,
two phases are considered. First, the well to tank (WTT) emissions are the GHGs emitted
during fuel production. This typically includes the extraction of raw materials, fuel produc-
tion, fuel compression for storage, and fuel transport. However, it is a challenge to obtain
the correct values for the emissions during the transportation phase as life-cycle assessment
studies from literature investigate different locations. Therefore transportation emissions are
not included. Next are the tank to wake (TTW) emissions, the emissions from fuel com-
bustion. The combined WTT and TTW emissions are the well to wake (WTW) emissions.
Both WTT and TTW in CO2 equivalent are based on a kWh of fuel. The reported values
found online and in articles are often described in different units, e.g. in g CO2-eq/kg fuel,
to transfer this to g CO2-eq/kWh of fuel, the fuel properties of Table 2-1 are used. For the
TTW emissions of fuels which capture and utilise CO2 during the production phase of the
fuel, the CO2 emissions are not included as due to the capture of CO2 during production the
CO2 emissions are net-zero. The emissions originating from the fuel can be seen in Table 4-7.
The GHG emissions from the component production are based on the values from Table 4-8.
Appendix E shows how these values are obtained. The total GHG emissions of a particular
system is calculated with Equation 4.37, with the minimum GHG emission of one system if
the lifetime is longer than 10 years. Equation 4.36 is used to calculate the fuel GHG emissions.

WTT TTW WTW
MGO 51 270 321
HVO 39 4.5 43.5
Wind energy 12 0 12
Hydrogen 32 0 32
Methanol 49 3.9 52.9

Table 4-7: Overview of WTT, TTW, and WTW of different fuels in g Co2-eq per kWh of fuel.

GHGFuel = mFuel ∗ ndays ∗WTWFuel (4.36)

GHGsystem = Sizecomponent ∗GHGComponent ∗max(1,
ndays

Lcomponent
) (4.37)
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Component Unit GHG Source
ICE kW 42 (Simons and Azimov, 2021)
Fuel cell kW 45 (Simons and Azimov, 2021)
Lithium-ion battery kWh 114 (Simons and Azimov, 2021)
PMSM kW 5 (Nordelof et al., 2019)
Genset kW 47 (Simons and Azimov, 2021, Nordelof et al., 2019)
Compressed hydrogen kg 368 (Elgowainy et al., 2012)
Cryogenic hydrogen kg 200* (Elgowainy et al., 2012)

Table 4-8: GHG emissions of different power generating system components in kg CO2-eq per
indicated unit. *Estimated based on the values for cryogenic compressed hydrogen storage

4-10 Parameter investigation

A parameter investigation is performed to see the influence of several assumed parameters.
For the analysed parameter, a range of values will be taken in order to see how a deviation
from the original value will change the outcome of the comparison. A study will be performed
on the prices of hydrogen, HVO, MGO, methanol, and electricity. Besides, the fuel cell and
battery prices and lifetimes are varied. The results will be shown in the results section.

4-11 Overview and assumptions

Table 4-9 shows an overview of what is included and what is not included in this study.

Weight Lifetime GHG TCO
ICE 3 3 3 3

Fuel cell 3 3 3 3

Lithium-ion battery 3 3 3 3

Genset 3 3 3 3

SCR system 3 7 7 3

Electric motor 3 7 3 3

Electronics 3 7 7 3

Hydrogen storage 3 7 3 3

MGO/HVO/MeOH storage 7 7 7 7

Charger N/A 7 7 3

Maintenance N/A N/A 7 7

Installation N/A N/A N/A 7

Table 4-9: Overview of what is included in this study
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The most critical assumptions made in this work are:

• The power speed relationship of a 26m CTV is scaled to the CTV of this work.
• Approximated load profile.
• Fuel cell degradation rates originate from multiple studies.
• No fuel cell degradation from impurities, ambient conditions, and vessel motions.
• Battery capacity fade at fixed Crate of 0.5C.
• No efficiency or size distinction is made between ICEs for different fuels.
• Efficiencies of the components are based on the assumed values of Table 4-4.
• All electric storage losses of the battery are taking place during charging.
• Minimum continuous speed requirement for safety: 10 Kts.
• 10-year lifetime is assumed for components besides ICE, genset, battery, and fuel cells.
• 100% availability of power from the offshore charger.
• Cost of the offshore charger of €1 million.
• No transportation costs of fuels.
• Price cryogenic hydrogen storage based on compressed hydrogen storage.
• ICE and genset prices for different fuels estimated based on regular diesel ICE.

4-12 Verification and validation

In this section, the methods used to verify and validate the results of this work are described.

4-12-1 Verification

Multiple checks are performed to verify the calculations performed by the model. First, an
energy balance check is performed, meaning that the total consumed energy is compared to
the total supplied energy. For Concept 1, Concept 2A and 2B this is done using Equation 4.39.
With EBloss

the energy loss of the battery during operation. Echarger, the energy from the
charger, which is also multiplied by the battery efficiency, to calculate the part of the energy
that can be used. This check cannot and do not need to be performed for Concept 3A, 3B,
and 3C, as only an ICE is present and the used fuel is directly calculated from the power.

Eerror = sum(Pemotor(t))+EBloss
−sum(PB(t))−sum(PFC(t))−sum(PGS(t))−Echarger ∗ηB

(4.38)
Furthermore, a power check is performed, meaning that the power supplied at each time step
of the calculation is the same as the used power.

Perror = Pemotor(t)− PB(t)− PFC(t)− PGS(t))− Pcharger ∗ ηB (4.39)
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The maximum allowable error was set on 1 kWh for Eerror and 0.1 kW for Perror, which were
not exceeded during the calculations.

Next, the model’s outcome with a simplified load profile is compared with manual calculations.
This profile consists of two one-hour-transits at 1000 kW separated by one-hour standby. If
possible, the energy and component sizes are calculated manually beforehand and compared
to the outcome of the model. If it is impossible to easily calculate the component size by hand
beforehand, the results of the model are checked afterwards. In Appendix D, the calculations
can be seen. From these calculations, it can be concluded that the outcome of the model
is in line with the manual calculations for this profile, Indicating that the model correctly
calculates the component sizes and fuel consumption for the given profile.

4-12-2 Validation

The fuel consumption of a day of operation is compared to a mimicked operational profile, to
validate if the load profile approximates real-life operation. The example day had an average
transit duration of 11 min, average transfer of 5 min, and 12 transfers. A total of 386 kg of
HVO was consumed. The model of this research predicts a fuel consumption of 397 kg HVO.
Which is similar, although there is a large chance that this is luck, as a lot of additional
variables influence the model. The chance that the model can predict a day of operation with
the same accuracy as obtained in this example is small. However, it indicates that the results
of the model are in the same ballpark.





5
Results

In this chapter, the results of the comparison of the concepts will be given and discussed,
divided into five sections. First, a section about the constraints, as some concepts exceed the
available space on the CTV. Afterwards, a section about the TCO of the different concepts for
multiple transit distances. Next, GHG emissions of the different concepts will be discussed.
Afterwards, a section of the results of the fuel cell and battery lifetime calculations. Finally,
the results of the parameter investigation. As a reminder, an overview of the concepts is given
in Table 5-1.

Fuel System parts Specialty
Concept 1 Hydrogen & electricity Fuel cell & battery

Concept 2 A Electricity & methanol Battery & genset
B Electricity & methanol Battery & genset Offshore charging

Concept 3
A HVO ICE
B Hydrogen ICE
C Methanol ICE

Table 5-1: Overview of the evaluated concepts.

5-1 Fuel Volume, Area, Weight

In Table 5-2 an overview of the used area by the power generating systems in the engine room
is given, the total weight of the fuel and power generating system, and the occupied volume by
the fuel and or battery system. It can be seen that for a transit distance of 75 km, the required
volume for the hydrogen storage of Concept 3B exceeds the maximum volume, VFuelmax , of 15
m2. The hydrogen storage exceeds the available storage space upwards a transit
distance of 68 km for concept 3A and upwards a distance of 92 km for fuel cell
Concept 1,this can be seen in Table F-1 in Appendix F. Besides, in this table the hydrogen
storage method, compressed or cryogenic, can be seen for all transit distances. Furthermore,
Table 5-2 shows that for Concept 1 the engine room space is a restricting constraint. For

49
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Concept 2A and 2B, the weight of the battery system limits the maximum battery capacity.
The weight of 19994 kg is not equal to the mmax of 20000 kg due to the size of the increments
in the battery sizing method.

5 km 25 km 50 km 75 km
Area Weight Fuel vol. Area Weight Fuel vol. Area Weight Fuel vol. Area Weight Fuel vol.
[m2] [kg] [m3] [m2] [kg] [m3] [m2] [kg] [m3] [m2] [kg] [m3]

Concept 1 8.3 10147 5.6 8.1 11574 14.0 10.0 14559 8.6 10.0 16249 12.7
Concept 2A 6.4 17046 15.0 8.4 19994 15.0 9.0 19994 15.0 9.5 19994 15.0
Concept 2B 4.9 10542 8.5 4.9 12447 11.3 7.1 17699 14.9 8.9 19973 14.8
Concept 3A 6.0 7645 0.6 6.0 8344 1.0 6.0 9219 1.5 6.0 10093 2.0
Concept 3B 6.0 9111 11.8 6.0 10481 8.1 6.0 12414 12.2 6.0 14348 16.2
Concept 3C 6.0 7645 1.4 6.0 8344 2.2 6.0 9219 3.3 6.0 10093 4.4

Table 5-2: Overview of the occupied, area in the engine room, weight, and fuel volume of the
different concepts.

5-2 TCO

In Figure 5-1, the TCO for the different concepts can be seen for transit distances between 5
km and 100 km. First, there are substantial differences in cost between the various concepts.
For a transit distance of 60 km, the TCO of Concept 3C is 86% higher than the TCO of
Concept 2B. Besides, all concepts are not yet cost-competitive compared to the benchmark
CTV running on MGO, with a difference of at least €1.1 million between the concepts and
the benchmark.

Fuel cell Concept 1 is only cost-competitive at a transit distance of 5 km compared to the
other concepts, excluding concept 2A. The biggest difference in TCO between concept 1 and
concept 3B is about €1 million. This indicates that hydrogen fuel cell technology is still more
expensive compared to hydrogen combustion engines.

Concept 2A, the battery-powered CTV without offshore charging, has the lowest TCO up to
a transit distance of 18 km. The all-electric range of Concept 2A lies at a transit distance
of 12 km to the wind farm. Afterwards, methanol is used to extend the range, increasing
the TCO substantially. If the option of offshore charging is unavailable, Concept 2A has the
lowest TCO up to 27 km. After 27 km the hydrogen combustion Concept 3C has the lowest
TCO.

For almost the entire transit distance range, from 18 km up to 93 km, Concept 2B has the
lowest TCO. However, as the fuel volume of concept 3B exceeds the available storage space
for this transit distance, this is not a possible solution. Therefore Concept 2B has the lowest
TCO up to 97 km afterwards, Concept 3A has the lowest TCO. The all-electric range of
Concept 2A is up to a transit distance of 61 km. Afterwards, methanol is used. At the
distance of 61 km the largest cost advantage compared to the other concepts can be achieved.
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Concept 3A and 3B are similar in cost with a slight increasing advantage for Concept 3B with
increasing transit distance. If offshore charging is not an option, these concepts provide the
lowest TCO for a transit distance from 28 km onwards. Finally, Concept 3C has the highest
cost for almost the entire range.
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Figure 5-1: 10-year TCO as function of the transit distance to the wind farm.
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In Figure 5-2 the TCO elements for each concept are displayed for the transit distances of
5, 25, 50 and 75 km. The cost of the power generating system, the CAPEX, for Concept
1, Concept 2A, and Concept 2B contributes to a significant part of the total cost. For a
transit distance of 5 km, the CAPEX contributes to more than half of the total cost in these
concepts. As expected, the share of the CAPEX on the TCO reduces with increasing transit
distances due to the increasing OPEX, indicating that a component price reduction of fuel
cells and batteries will have the largest percentage-wise impact on short transit distances.
Also, Offshore charging is only a good investment for longer transit distances. Furthermore,
for all the ICE concepts, the CAPEX contributes to only a small part of the total cost.
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(a) 5km transit

Benchmark-IC
E-M

GO

Concept 1
-FC

Concept 2
A-B

Concept 2
B-B

 + O
C

Concept 3
A-IC

E-H
VO

Concept 3
B-IC

E-H
2

Concept 3
C-IC

E-M
ethanol

0

1

2

3

4

5

6

7

8
10

6

(b) 25km transit

Benchmark-IC
E-M

GO

Concept 1
-FC

Concept 2
A-B

Concept 2
B-B

 + O
C

Concept 3
A-IC

E-H
VO

Concept 3
B-IC

E-H
2

Concept 3
C-IC

E-M
ethanol

0

2

4

6

8

10

12
10

6

(c) 50km transit
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(d) 75km transit

Figure 5-2: 10-year TCO for 5 km, 25 km, 50 km, and 75 km transit distances consisting of
CAPEX, OPEX, and charger cost.
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5-3 GHG emissions

The total GHG emissions of the different concepts are shown next to the benchmark in
Figure 5-3. It shows that all considered concepts reduce the emissions by at least 80%
compared to the MGO benchmark. The highest reduction is 94% for concept 2B up to
transit distances of 62 km.
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Figure 5-3: Total GHG emissions over a 10-year operating period for transit distances of 5 km
up to 100 km.
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Figure 5-4: 10-year GHG emissions for transit distances of 5 km up to 100 km.

The total GHG emissions of the concepts are displayed in Figure 5-4 without the MGO
benchmark for a better overview. Concept 1 has the lowest GHG emissions for a transit
distance of 84 km upwards if offshore charging would not be an option. Concept 1 has the
lowest GHG emissions from 28 km upwards. The production GHG of cryogenic hydrogen
storage is lower than compressed hydrogen, this explains the slight reduction at 27 km, due
to the transition of the hydrogen storage method. The irregularity at 45 km is due to the
transition from a situation where the battery is used to account for the increased power during
transit, to the situation where fuel cell power is increased during transit. Keeping the fuel
cell power at a low average power results in a smaller required fuel cell capacity. However,
it increases the emissions due to the electric storage losses and more battery replacements.
Furthermore, it can be seen that Concept 2B has the lowest emissions for transit distances
of 5 km upwards to 86 km. The GHG emission of the battery is calculated by the days of
operation in 10 years divided by the lifetime of the battery, with a minimum of one system if
the lifetime is longer than 10 years. This explains the slight advantage at low transit distances
of Concept 2B compared to 2A, as there is still a residual lifetime of the battery of 2A after
the 10-year scope.

At transit distances up to 12 km Concept 2A has low emissions, which rise quickly with
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increasing transit distance due to the used methanol. From the fuel options of Concept 3,
hydrogen has the lowest GHG emissions followed by HVO. Methanol has the highest emissions.

Finally, the contributions of the GHG emissions from fuel production, fuel consumption,
and power generating system production are considered. In Figure 5-5 the GHGs of four
transit distances are displayed. For Concept 1, the power generating system contributes to a
relatively large part of the total emissions at 5 km transit. This contribution decreases with
larger transit distances. For a transit distance of 5 km, the GHG emissions originate largely
from of the production emissions of the power generating system. For the ICE concepts, the
power generating system only contributes to a small part of the total GHG emissions.

Besides, if one would not consider the power generating system in the total GHG emissions,
the comparison of the concepts remains the same relatively. The order of lowest to highest
GHG emissions would still be the same. This indicates that in future work this calculation
is less important if similar power generating systems and operational profiles are considered.
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(a) 5km transit
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(b) 25km transit
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(c) 50km transit
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(d) 75km transit

Figure 5-5: 10-year WTT, TTW, and power generating system GHG emissions of the concepts.
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5-4 Reduction of GHG compared to increased cost

The reductions of GHG emissions in relation to the added costs are compared in this section.
This will provide the answer to the research question. In Figure 5-6 the reduction of GHG
relative to the increased cost can be seen. The GHG reduction is calculated by subtracting
the GHG of a concept from the MGO benchmark. For the cost increase, the MGO benchmark
costs are subtracted from the TCO of a concept. It can be seen that both Concept 2A and
2B result in the best ratio of reduced GHG emissions for each extra euro spend. With 2A up
to transits of 18 km and Concept 2B from 18 km up to 100 km. Besides, the figure shows
two peaks for Concept 2A and 2B, this is the limit of the all-electric range. After the peak,
the methanol genset is used which reduces the ratio of emissions savings to cost.

When offshore charging would not be available, the hydrogen combustion concept has the
best ratio between GHG reduction and added cost from 28 km upwards. Finally, it can be
seen that Concept 3C has the lowest relative reduction of GHG compared to costs. Concept
3B performs slightly better than Concept 3A and Concept 1.
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Figure 5-6: Total GHG emissions reduction as a function of cost as function of the transit
distance.
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5-5 Lifetime battery and fuel cell

The lifetime of the fuel cell and battery are given in Table 5-3. The lifetime of the fuel cell
without battery, is the lifetime calculated for a situation where a fuel cell with the size of the
original ICE power, of 2x 588kW, would supply the power of the electric motor. It can be
seen that the lifetime of the fuel cell of Concept 1 is, as expected, much longer compared to
a fuel cell without a battery. Up to a 60% longer lifetime. Besides this lifetime advantage,
the cost of the fuel cell is largely reduced by the decreased fuel cell capacity. In Table 5-4
the fuel cell sizes can be seen. It shows that especially for shorter transit distances the fuel
cell is substantially smaller. The shorter lifetime of the fuel cell at a transit distance of 5 km
in Table 5-3, can be explained by more start-stop cycles compared to the operating hours.
As the degradation due to start stop-cycling has a relatively large contribution to the overall
degradation, operating profiles with longer transits will have more operating hours per start-
stop cycle and thus a longer fuel cell lifetime. The slight decrease in lifetime at the transit
distance of 25 km compared to 50 km can be explained by the increased fuel cell size. In that
situation, the fuel cell will run at a lower cell potential and thus the steady-state degradation
losses are higher.

5 km 25 km 50 km 75 km
Lifetime fuel cell Concept 1 [hours] 25263 28436 27995 29068
Lifetime fuel cell without battery [hours] 15668 17653 18559 19862
Battery Concept 1 [days] 1432 1249 1249 1248
Battery Concept 2A [days] 3572 3055 2661 2309
Battery Concept 2B [days] 1997 1366 1368 1374

Table 5-3: Lifetime of the fuel cell and the batteries of the different concepts and a fuel cell
lifetime for a hypothetical situation where no battery is used and the fuel cell follows the load

profiles power demand.

5km 25km 50 km 75 km
Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN
[kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW]

Concept 1 970 200 0 0 840 282 0 0 850 687 0 0 520 1038 0 0
Concept 2A 2228 0 0 200 2644 0 0 200 2438 0 0 354 2233 0 0 500
Concept 2B 1091 0 0 200 1424 0 0 200 2338 0 0 200 2618 0 0 278
Concept 3A 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0
Concept 3B 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0
Concept 3C 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0

Table 5-4: Size of components of different concepts
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5-6 Influence of operational profile

In this section, the results of different operational profiles are considered. Changes are made
in transit distance, power during transfer, and number of transfer operations. The used
variables of the different operational profiles can be found in Appendix F. In Figure 5-7 the
original and three other load profiles can be seen with the corresponding TCO. Although the
absolute value of the TCOs for each concept differs for each profile, the relative order from
lowest to highest TCO does not change. Indicating that other parameters besides the transit
distance have a limited effect on the cost-wise performance of a specific concept. In Table 5-5
the component sizes are displayed for each profile. It can be seen that the installed fuel cell
capacity of Concept 1 for the three different profiles are in the range of the installed fuel cell
capacity with the original profile. Indicting that the power generating system of the original
profile is able to supply the energy demand for the other three profiles.

Original profile Second profile Third profile Fourth profile
Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN Battery Fuel cell ICE GEN
[kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW] [kWh] [kW] [kW] [kW]

Concept 1 850 687 0 0 960 580 0 0 850 690 0 0 890 652 0 0
Concept 2A 2438 0 0 354 2498 0 0 346 2445 0 0 320 2534 0 0 369
Concept 2B 2338 0 0 200 2152 0 0 200 2189 0 0 200 2061 0 0 200
Concept 3A 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0
Concept 3B 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0
Concept 3C 0 0 1176 0 0 0 1176 0 0 0 1176 0 0 0 1176 0

Table 5-5: System sizes for different operating profiles for a transit distance of 50 km.

Original profile Second profile Third profile Fourth profile
Elect. HVO H2 MeOH Elect. HVO H2 MeOH Elect. HVO H2 MeOH Elect. HVO H2 MeOH
[kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg]

Concept 1 806 0 247 0 909 0 217 0 721 0 242 0 841 0 200 0
Concept 2A 2303 0 0 1354 2359 0 0 1083 2309 0 0 1335 2393 0 0 911
Concept 2B 5215 0 0 0 4688 0 0 0 5179 0 0 0 4353 0 0 0
Concept 3A 0 1111 0 0 0 999 0 0 0 1104 0 0 0 928 0 0
Concept 3B 0 0 350 0 0 0 315 0 0 0 348 0 0 0 292 0
Concept 3C 0 0 0 2111 0 0 0 1898 0 0 0 2096 0 0 0 1762

Table 5-6: Fuel consumption for the original 50 km transit profile and the three extra profiles.
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(a) Original profile 50 km transit
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(b) Original profile 50 km transit

0 1 2 3 4 5 6 7 8 9 10

0

100

200

300

400

500

600

700

800

900

1000

1100

(c) Second profile 50 km transit
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(d) Second profile 50 km transit
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(e) Third profile 50 km transit
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(f) Third profile 50 km transit
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(g) Fourth profile 50 km transit
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(h) Fourth profile 50 km transit

Figure 5-7: Original 50 km load profile and three adapted load profiles with the corresponding
TCO
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5-7 Fuel cell Size

The results of varying the power safety factor, Spower, of Concept 1 are discussed in this
section. This is done to see if the minimum fuel cell size also results in the lowest cost. In
Figure 5-8 the TCO of Concept 1 is displayed at each transit distance for multiple values of
Spower. At low transit distances, the value of Spower does not influence the total cost. This
can be explained by the constraint Pmin, which determines the installed fuel cell capacity in
this case, and not the maximum power output of the fuel cell. At transit distances up to
around 40 km, higher values of Spower reduces the total cost slightly. This is in line with what
is expected from the results of Appendix B-5. However, the impact of the different values
of Spower on the cost is limited compared to the original value of 1.1. A sudden rise in cost
for higher values of Spower can be seen around a transit distance of 40km. At this point, the
constraint of AFloorspacemax is limiting, meaning that the battery capacity is smaller for a
larger installed fuel cell capacity. Due to this, the battery capacity is too small to supply the
increased power demand during transit and will therefore result in a higher fuel cell power
during transit. The fuel cell size is then determined by the fuel cell power during transit,
PFCtransit . This indicates that installing a larger fuel cell is only beneficial when the battery
can still be sufficiently large for peak shaving during the transits. When the fuel cell size is
determined by the power peaks of the transit it is no longer beneficial to increase the installed
fuel cell capacity.
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Figure 5-8: TCO of fuel cell Concept 1 with different fuel cell safety factors Spower.
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5-8 Parameter investigation

In the previous sections the results of the comparisons of the different concepts are based
on fixed values for certain parameters. In this section, the influence of the value of some
of these parameters is investigated. In this way, one can see how a change in value results
in a different outcome of the comparison. Besides, multiple lifetimes of the fuel cell and
battery are investigated to see what the influence is on the comparison between concepts. All
calculations are performed with a transit distance of 50 km. 50 km is chosen as this is roughly
the average transit distance of a CTV in the Netherlands as can be seen in Appendix A-1.

5-8-1 Fuel price
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Figure 5-9: TCO for a range hydrogen prices with a 50 km transit.

In Figure 5-9, the TCO as function of the hydrogen price can be seen. For a hydrogen price
above 7.4 €/kg the TCO of Concept 1 is lower compared to Concept 3A.
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Figure 5-10: TCO for a range methanol prices with a 50 km transit.

In Figure 5-10, the TCO as function of the methanol price can be seen. For a methanol price
just above 1 €/kg Concept 2A is more attractive than Concept 3C.
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Figure 5-11: TCO for a range MGO prices with a 50 km transit.

In Figure 5-11, the TCO as a function of the MGO price can be seen. For an MGO price of
1.8 €/kg Concept 2B becomes cost competitive. Only at very high prices around 2.5 €/kg
the other concepts become cost competitive.
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Figure 5-12: TCO for a range electricity prices with a 50 km transit.

In Figure 5-12, the TCO as a function of the electricity price is displayed. For all considered
electricity prices Concept 2B has the lowest TCO. Besides, the electricity price does not
influence the order of lowest to highest TCO for the considered prices.
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5-8-2 Component lifetime
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Figure 5-13: TCO for a 50 km transit as a function of the battery lifetime.

The battery’s lifetime in equivalent full cycles (EFC) is evaluated to investigate the influence
of the battery life on the TCO. It can be seen that for battery lifetimes below 1800 EFC,
Concept 2 is not an interesting solution anymore. This indicates that cycle life is indeed an
important parameter for selecting the battery type. The cycle life of NMC and NCA batteries
are below 1000 EFC for 100% DoD cycles (Preger et al., 2020), therefore these chemistries
are less favourable and would result in very high costs.
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Figure 5-14: TCO for a 50 km transit as a function of the fuel cell lifetime.

In Figure 5-14 the TCO as a function of the fuel cell lifetime can be seen. Only for a lifetime
over 35k hours, fuel cell Concept 1 approaches the cost of battery Concept 2B. These lifetimes
are not yet reached by marine fuel cells to date.
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5-8-3 Component price
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Figure 5-15: TCO Fuel cell price sensitivity for a 50 km transit.

In Figure 5-15 the TCO as a function of the fuel cell price is displayed. For a fuel cell
price of €1000/kW fuel cell Concept 1 has the same costs as Concept 3C. This indicates
that a reduction of one-third of the price used in this research of €1500/kg is needed to be
cost-competitive with the ICE technology. The U.S. Department of Energy (2020) has set
a 2030 price target of $80/kW for fuel cell systems of heavy-duty trucks. Besides the U.S.
Department of Energy indicates that for 2019 the estimated heavy-duty vehicle fuel cell is
estimated to cost $190/kW, this would result in a substantially lower TCO compared to the
ICE concepts, including hydrogen combustion.
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Figure 5-16: TCO Battery price sensitivity for a 50 km transit.

In Figure 5-16 the TCO as a function of the battery price is displayed. For a battery price
of 100 €/kWh Concept 2B approaches the total cost of the MGO benchmark. This price
of 100 €/KWh is not far away from the cost of an EV battery pack today. BloombergNEF
(2021) reports an average EV battery pack price of $132/kWh in 2021 and that this is likely
$100/kWh by 2024. When production volumes of marine battery systems scale, the price
should come closer to the cost of EV battery systems. Besides, also for Concept 1, a battery
price of 240 €/kWh results in equal cost compared to Concept 3B.



6
Discussion

From the previous results, it can be seen that there are substantial differences between the
compared concepts. Both the GHG emissions and costs deviate strongly between concepts. In
this research, a concept is considered best performing if the ratio of reduced GHG emissions
divided by extra cost is the highest. Figure 5-6 shows that for concept 2B, up to 3.8 times as
much GHG emissions can be saved compared to methanol concept 3C. An interesting finding
as in the shipping industry in general, methanol is often considered a promising solution.
This indicates that there is no one-of-a-kind solution for the entire industry, as vessels are
substantially different from each other. Besides, in Figure 5-6 it can be seen that ICE concepts
with hydrogen and HVO and the fuel cell with hydrogen have comparable GHG reductions
compared to increased cost. However, there are some limitations of this work, these will be
discussed in the next sections.

Comparison criteria

This research focused on fuels which are produced using wind energy. More methods to
produce for example, green hydrogen and green methanol, exist. This might change the
outcome of this study as the prices and the emissions can change relative to each other. In
the scope of this research, the concepts are compared on cost and GHG emissions. However,
there are more important factors that influence the decision-making process. For example,
the use of (scarce) materials, safety, and the remaining NOx emissions of some concepts.
Also, the energy footprint of alternative fuels is an important factor that should be taken
into account. Not enough renewable energy is available to supply the entire energy demand
at this moment. Using more renewable electricity for ships can therefore increase fossil-based
electricity elsewhere. The energy consumption of the fuels is indirectly taken into account in
this research. With each conversion from electricity to hydrogen and hydrogen to methanol,
the efficiency losses result in a higher fuel price and more electricity used. This is also
in line with the results of this work. The direct use of electricity results in the lowest GHG
emissions followed by hydrogen, and the use of methanol results in the highest GHG emissions.
Besides, including the power generating system produciton GHG emissions did not change
the outcome of the comparison between the concepts. Indicating that the power generating
system production emissions seem to be less relevant to include in future research.
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Load profile

The load profile of the CTV used in this research is a strong simplification of reality. Constant
powers are assumed, while in real-life operation fluctuations are expected as a result of waves,
wind, and actions of the captain. These changes in conditions are not taken into account and
might, for example, result in shorter battery life. Also, the load profile is based on the power-
speed characteristics of a different CTV and is scaled to the size of the CTV considered in
this research as actual data was not available. This is a simplification of reality and is likely
not completely accurate. For a better result, the actual power-speed characteristics must
be determined. If possible, it would be beneficial to obtain actual power measurements of
multiple days of operation. In this way, different weather conditions can be compared, and
system designs can be made that suit all the operational profiles instead of a system sizing
performed on one particular profile.

Another important simplification that has been made is that the weight of the power gener-
ating system does not influence the ship’s fuel consumption. As can be seen in Table 5-2, the
combined weight of the fuel and power generating system differs between the concepts. In the
model of this research, added resistance due to the added weight is not taken into account.
The battery CTV was found to be the best economically attractive method. However, this is
also the heaviest power generating system. For a transit distance of 50 km, this results in a
system of 17.7 t where the total weight of the power generating system of a CTV running on
HVO would only weigh 9.2 t. Therefore, the difference between these two concepts will be
smaller in reality. However, the difference in TCO and GHG emissions between the battery-
powered concepts and the other concepts are large. Therefore, the outcome is expected to be
the same when the added resistance is taken into account.

In this research, auxiliary power consumption is not considered. The auxiliary is expected to
be little compared to the energy used for propulsion. For the concepts containing a battery
for energy storage, powering the auxiliary load is expected to have a small influence on the
system design. However, for Concept 3, there would need to be an additional genset, as is
done today on CTVs, adding cost and weight.

Lifetime

Fuel cell

The lifetime of the fuel cell in this research is based on experimental data found in literature
from multiple studies. The fuel cells used in these studies are not the same as fuel cells used
in the marine industry in terms of power output, number of cells, cell area, materials, etc.
Therefore, actual degradation rates could differ from the values used in this research. Besides,
the voltage losses of the operational conditions of start-stop cycling, load cycling, and steady-
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state operation are added, assuming that the individual contributors do not impact each other.
However, it is likely that these factors will influence each other as ageing mechanisms can be
similar. The measurements used for the steady-state degradation, obtained from the work of
de Bruijn et al. (2008), have lower current densities at a given cell voltage compared to the
Toyota Mirai polarisation curve used in this research. To the author’s knowledge, the current
density alone does not influence the ageing mechanisms. However, the degradation rates
are likely different in reality as the conditions in the cell change with a change in current
density. For example, a different relative humidity, which is known to affect degradation
Borup et al. (2007). Besides, the degradation rate for only three cell potentials was known,
and linearly extrapolated for other cell potentials. More data points are required to see if this
linear dependency is correct. Next, degradation due to load cycling is simplified. Load cycling
degradation is calculated by the equivalent number of full load cycles. However, a lot of factors
influence the degradation due to load cycling, such as the rate at which the load increases and
the cycle’s amplitude. In this research, a battery accounts for almost all changes in the power
demand. The impact of simplifying the load cycle degradation is therefore limited as almost
no load changes happen for the fuel cell. However, this makes the method of degradation
calculation less suitable for other applications with more fluctuations in the output power of
the fuel cell. The experimental data used in this research could be outdated as recent fuel cell
developments might have improved durability. In conclusion, the fuel cell lifetimes obtained
(25263 hours - 29068 hours) in this research are in the range of what can be expected from the
lifetime of 24k-30k hours indicated by marine fuel cell suppliers (Ballard Power Systems, 2022,
Nedstack, 2022). Therefore, for the cost and GHG calculations of this research, this method
is deemed sufficient. However, if one is interested in the exact contributions of different ageing
mechanisms, the method of this research is less suitable. To obtain more insights into the
contributions of different mechanisms, more research is necessary on the degradation rates of
large heavy-duty fuel cells. This will provide accurate degradation rates that apply to fuel
cells in the marine industry. Besides, future research could develop a method to relate single
cell lifetime to full-scale fuel cell lifetime. In this way, single-cell experiments can be used for
full-scale fuel cells in real-life operations. This would increase the usefulness of research on
single-cells tremendously. Also, if the degradation behaviour for transient powers of these fuel
cells is understood better, energy management strategies can be developed that can reduce
the total cost of operation. In this research, the energy management strategy of the fuel cell
was based on the cost of degradation due to a load cycle compared to battery degradation cost.
No difference was made between small and large cycles, as there is, to the author’s knowledge,
no representative data available. When degradation rates are known for different ramp rates
in kW/s, energy management strategies can be developed that optimise battery degradation
versus fuel cell degradation. It is a challenge to obtain such data as both the hydrogen needed
and the fuel cell itself are costly. As there are more and more hydrogen ships in operation, it
might be a good method to obtain the data of these ships with different operating profiles and
compare it to accelerated lifetime experiments. The accelerated lifetime test will give insights
into how the degradation rates of the different operational conditions compare to each other,
and the operational data will provide the absolute values of the degradation rates.
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Battery

The method to calculate the lifetime of the battery is based on an ampere-hour throughput
capacity fade model. A fixed Crate of 0.5 was taken as the discharge rate to calculate the
lifetime. Different fluctuating rates are present in reality. Besides, the lifetime calculation
method used in this research depends on the temperature and is taken as a constant of 20 °C.
This can differ in reality. Also, for Concept 2A and Concept 2B gensets are used, which can
increase the temperature of the engine room. The lifetime of the battery is expected to be
lower at higher temperatures. This could be overcome by making engine room compartments
or by better ventilation. At the used temperature of 20 °C the used battery capacity model
predicts a lifetime of 3295 equivalent full cycles, similar to the lifetimes from the work of
Preger et al. (2020) for a capacity fade of 10%. In future work, the EoL criteria of the battery
can be investigated to see how the total GHG emissions and cost change with a varying battery
EoL condition. Replacing the battery sooner will, for example, result in less methanol used
by the genset to extend the range due to the higher remaining capacity. In that case, there
will be more battery production emissions.

ICE/genset

The lifetime of the ICE and genset is taken as 9000 operating hours. Which might be different
in reality. The cost of the ICE and genset is only a small part of the total cost. Therefore,
the influence of this assumption is expected to be small.

TCO

The TCO is based on a scope of 10 years of operation, because this is often the length of a
service contract of a CTV. Possible price changes during this period might change the outcome
of this research. The cost of replacing, for example, the fuel cell and battery are likely lower
due to price improvements. The results of the parameter investigation will provide a method
to compare the concepts for adjusted prices. Besides, maintenance cost is not included as little
information is known due to limited application. If one compares the maintenance cost of a
diesel truck and hydrogen fuel cell truck, respectively $0.17/mile and $0.17/mile. This is only
a small part of the total cost of $2/mile (U.S Department of Energy, 2020). Low maintenance
costs are expected for the battery concepts, which are already high performing in terms of
TCO. Therefore, not including maintenance is expected not to have a large influence. Also,
the cost of the offshore charger, which is taken as €1 million, is uncertain. This is hard to
predict as it is not a commercial product yet.
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Efficiency ICE and genset

For the thermal efficiency of the ICE and genset a fixed value was used for all power outputs.
The efficiency is dependent on a lot of factors: torque, RPM, power output, etc. The torque
and RPM of the ICE could not be calculated, as there was no information available about
the propeller demand curves of the different gear settings of the CTV. Getting the correct
efficiency for each power output is therefore difficult. An assumed average was used in this
research. This is an important simplification for the comparison between the fuel cell and
hydrogen ICE. This might change the comparison between these concepts when for example,
the efficiency of the ICE in real-life conditions is lower.

Other ship types

Technicians on a CTV often work in shifts of up to 12 hours. At transit distances above
50 km the duration of the operational profile in this research exceeds 12 hours. There are
multiple solutions for this, a large service operating vessel which stays offshore for multiple
days to weeks can be used, or a faster CTV can be used. For example, a 26 m CTV with
a service speed of 25 Kts, has a total 2060 kW of installed engine power. 75% more than
the CTV used in this research. With a maximum weight of 30 t, 50% more as the CTV in
this work (Njord OFFSHORE, 2022). Assuming that the installed ICE capacity is a good
indicator of the energy consumption, it is likely that concept 2B would perform less for this
faster ship type. Another option is a service effect CTV, having a service speed of 27 kts,
with 1324 kW installed power (Cwind, 2022). Likely, this ship would have a lower maximum
weight compared to a normal 26 m CTV due to the fans that have to lift the CTV out of the
water. For concept 2B it is expected that a smaller battery can be installed for this CTV type.
However, less energy is used. It would be interesting to investigate the comparison of these
CTV types for far offshore use in future work. In Appendix G, the use of a gripper system
to reduce the power during transfer is investigated. A potential GHG emissions saving of 1.9
million kg CO2-eq during 10 years was found. For future research, it would be interesting to
include such systems. The outcome of this research has shown that weight is an important
limitation for battery-powered CTVs. Indicating that for new-build vessels, hull types with a
high weight capacity are more suitable for battery-powered concepts. Besides, it was shown
that more fuel storage volume is required for a hydrogen CTV at large transit distances.

The CTV’s operational profile is unique compared to other vessels. Therefore, the outcome
of this research is not directly applicable to other vessels. Besides, CTVs used in offshore
wind have a unique situation where the working area is a large energy source, enabling the
offshore charging option. This is often not the case for other ships outside the wind energy
industry. To the author’s knowledge, the ship types with the most similar profile, profiles
with high peak loads and large intermittent standby times, would be small ferries and work
ships used around ports. The method of this research could be applied to these ship types.
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Practical aspects

The outcome of the comparison of the concepts has given insights into how multiple concepts
would perform relative to each other. In practice, the outcome might be different due to
practical limitations. For example, in the sizing of the components, the exact component
size is likely not commercially available. Besides, the maximum fuel storage volume does
not take form factors into account. As an example, the hydrogen storage energy density is
calculated based on the volume of the smallest square that could surround the cylinder and the
hydrogen content in that cylinder. Because the available storage dimensions were unknown,
the maximum hydrogen storage is calculated with the energy density and the maximum
volume. Not with the actual number of cylinders that fit in this space. Similarly, this is also
done with the maximum battery capacity. A better approach for this would be to take the
dimensions of the available spaces and then determine the actual number of components that
fit in this space. Another practical limitation is that the weight distribution is not considered.
As an example, the changed weight distribution compared to the state-of-the-art CTV can
change the dynamic motion of the ship. Besides the technical difficulties, seasickness of the
technicians after the transit is a large problem. Therefore, it is beneficial to make actual
vessel designs for the different concepts, which enable the investigation of the vessel motions
in future research.
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Conclusion

This research aimed to identify the most economically attractive power generating system
for a CTV to reduce GHG emissions. Multiple fuels and power generating systems have
been investigated. Methanol, hydrogen, and electricity, all based on wind energy, and besides
HVO, were selected as possible fuels. PEM fuel cells, LFP batteries, and ICEs were selected for
these fuels to form multiple concepts. The GHG emissions of these fuels and power generating
systems have been identified. The study into the degradation of fuel cells identified the main
degradation mechanisms and resulted in a method to calculate the expected lifetime based
on a cell voltage loss model. Besides, a model to calculate the cost, GHG emissions, and the
component sizes of the concepts was developed. The model finds the previous values for the
operational profile for different transit distances to the wind farm considering the constraints
of the ship.

All considered concepts can reduce GHG emissions by more than 80%, meeting the IMO GHG
target for 2050. However, there are substantial differences in cost. The battery genset concept
(2A) is the most cost-effective method to reduce GHG emissions for a transit distance of up
to 18 km. Beyond 18 km up to 100 km, the same power generating system, with the ability
to charge the CTV offshore (2B), is the most cost-effective method to reduce GHG emissions.
This distance includes all wind farms in operation in the Netherlands to date. This concept
requires a battery life above 1800 EFC for a transit distance of 50 km to maintain the cost
advantage over other concepts.

If offshore charging is unavailable, the hydrogen combustion concept (3B) is the best method
to reduce the GHG emissions in relation to cost up to 68 km transit, and HVO combustion
(3A) upwards of 68 km. Major cost improvements are possible for the fuel cell concept, as the
CAPEX accounts for up to 50% of the TCO. With the fuel cell and battery price of vehicles
today, the TCO of the fuel cell concept is already significantly lower than the TCO of ICE
concepts. Besides, the fuel cell concept has a longer range than the ICE concept. Together,
this makes fuel cell technology the most interesting technology for future applications if
offshore charging would not be available.

All in all, this thesis provides new insides on the comparison between different alternative fuels
and power generating systems for the CTV of this study. The potential of charging the CTV
offshore is proven as a promising solution towards zero emissions. Besides, it is shown where
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the biggest reductions in GHG emissions can be made for each euro, providing information
for decision-makers on where the greatest GHG reductions can be achieved in relation to cost.
Next, it has been shown that batteries can mitigate the degradation issues related to fuel cells
in a CTV with a transient load profile. The battery can extend the fuel cell lifetime by up to
60% for the considered profiles. Also, it has been shown that the smallest possible fuel cell
does not necessarily result in the lowest TCO. Future work could select promising concepts
and focus on combining actual operational data and fewer detailed concept solutions.
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A
Wind farm sites of the Netherlands

Figure A-1: North Sea Wind farm sites of the Netherlands until 2024 (Government of the
Netherlands, 2020).



B
Proton Exchange Membrane Fuel Cell

To determine how a PEMFC would perform on board a CTV, it is valuable to explain how
a PEMFC works. Therefore, this chapter describes the components of the PEMFC, how
PEMFCs work, and the performance decay of the fuel cell decays over its lifetime. With this
understanding of the degradation mechanisms of PEMFC, mitigation strategies are investi-
gated to find methods to extend the lifetime of the fuel cell. The information on how the fuel
cell ages can then be used to estimate the lifetime of a fuel cell on board of a CTV.

B-1 System components and working principle of PEMFC

In this section, the basic cell components and the system components of the PEMFC are
listed, fuel cell efficiency is discussed, and the working principles are described.

B-1-1 Cell components

An individual cell consists of two electrodes, the anode and cathode, separated by an elec-
trolyte membrane which are displayed in Figure B-1. Each electrode has a gas diffusion layer
(GDL) and an electrocatalyst layer. The GDL distributes the reactant gasses and collects
the current generated by the cell. The GDL typically consists of two layers, a macroporous
layer and a microporous layer. Because of the low voltage of an individual cell, multiple
cells are placed on top of each other forming a stack, as can be seen in Figure B-2. The
individual cells are electrically connected in series to increase the potential. Bipolar plates
are placed between the individual cells. The bipolar plates have multiple functions, electri-
cally connect the individual cells, distribute the reactant gasses across the active membrane
electrode assembly (MEA), remove heat through the cooling channels and provide structural
integrity. The individual cells are compressed together with end plates on either side of the
stack to provide a leak-free assembly. Directly adjacent to the bipolar plates are the GDLs
to distribute the gasses to the catalyst layer, conduct electrical current, and transport the
liquid water from the MEA to the flow channel. In the centre three layers, the MEA, the
electrochemical process that drives the fuel cell reaction occurs. The MEA consists of the
two composite electrocatalyst and a polymeric layer in between. The electrocatalyst layers
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are commonly made of nanoparticles of platinum deposited on a high-surface-area carbon
support. The amount of platinum catalyst surface area which drives the reaction is expressed
as the electrochemically active surface area (ECSA). Nafion, a perfluorinated sulfonic acid
based ionomer (PFSA), is often used as membrane material for PEMFCs (Borup et al., 2007).

Figure B-1: Schematic cross-section of a typical single cell of a PEMFC (Borup et al., 2007).

Figure B-2: Schematic cross-section of a typical PEMFC stack (J. Zhang, 2008).

B-1-2 Balance of plant

The previously described cells that together form a fuel cell stack are only a part of the
complete fuel cell system. In order to let the fuel cell system work properly, additional
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components are needed. These components are called the balance-of-plant (BoP). The extra
components fulfil multiple roles such as cooling the stack, controlling the stack’s power output,
compressing and humidifying the inlet air and much more. A systematic overview of some of
the basic components can be seen in Figure B-3.

Figure B-3: Schematic overview of the components of a PEM fuel cell system (Choi et al.,
2016).

B-1-3 Marine systems

Marine fuel cell systems often come in modules in the range of 100-200 kW. These modules
contain the fuel cell stack and the BoP. The modules can be coupled when higher power is
required. Due to the intensive use of fuel cells in the maritime industry, a long lifetime is
required. According to Nedstack, their marine fuel cell would require a replacement after
24k- 30k running hours (Nedstack, 2022). Ballard reports a similar lifetime of the stack of
over 30k running hours (Ballard Power Systems, 2022). According to de Bruijn et al. (2008)
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the cost of the fuel cell is directly related to the lifetime of the fuel cell, a reduction in cost
can be achieved with less or less expensive materials; less platinum or thinner membranes.
Therefore, marine fuel cells are expected to be more expensive than fuel cells for cars. The
indicated lifetime by the manufacturers could however be different as the lifetime of the fuel
cell is strongly dependent on how it is operated. This will be discussed further in Section B-2.

B-1-4 Working principle

A PEMFC converts the hydrogen electrochemically using two half-reactions. At the anode
side, hydrogen is oxidized, electrons are released and H+ ions are formed following Equa-
tion B.1a. At the cathode side, the oxygen reacts with the H+ ions and electrons from the
anode, forming water as in Equation B.1b. The combined reaction on the anode and cathode
side will result in the total reaction of Equation B.1c.

2H2 −→ 4H+ + 4e− (B.1a)
O2 + 4H+ + 4e− −→ 2H2O (B.1b)

2H2 +O2 −→ 2H2O (B.1c)

On the anode, H+ ions and electrons are released, at the cathode, H+ ions and electrons are
consumed to form H2O. The transportation of the H+ ions or protons happens through the
electrolyte. This electrolyte is a polymer membrane with mobile H+ ions, therefore the H+

ions can travel through the membrane. The electrons will travel from the anode through an
electrical circuit to the cathode, creating a usable current (Larminie and Dicks, 2003).

B-1-5 Gibbs free energy

The Gibbs free energy is the energy that is needed or released by a reversible chemical process
with constant pressure and temperature. Also known as the minimal thermal dynamic work
required to drive the reaction (at constant pressure and temperature) or the other way around
the maximum thermal dynamic work that the reaction can provide. The Gibbs free energy
can be calculated by Equation B.2.

∆G = ∆H − T∆S (B.2)

With∆H: the change in enthalpy, ∆S: the change in entropy, and T: the absolute temperature.
This change in Gibbs free energy is the energy difference between the products and the
reactants of the reaction in Equation B.1c. This change in Gibbs free energy can also be
noted as ∆ḡ, which is the change in Gibbs free energy per mole. The change in Gibbs free
energy per mole can be calculated using Equation B.3.

∆ḡf = (ḡ)products − (ḡ)reactants (B.3)

The change of Gibbs free energy for the reaction inside the fuel cell will be Equation B.4

∆ḡ = (ḡf )H2O − (ḡf )H2 − 1
2(ḡf )O2 (B.4)
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For every mole H2O produced, two moles of electrons travel through the electric system, each
electron carrying a unit negative charge (e−). The Faraday (F) constant represents the charge
of a mole of electrons. There will thus be a charge of -2F. The electrical work done can be
calculated by charge x voltage. The electrical work of a reversible system is the Gibbs free
energy released by the reaction. This results in Equation B.5 (Larminie and Dicks, 2003).

∆ḡ = −2FVr (B.5a)

Vr =
−∆ḡ

2F
(B.5b)

Under standard temperature and pressure, this results in a reversible voltage Vr of about
1.2 V for a single hydrogen cell without losses (Larminie and Dicks, 2003). For a fuel cell
without losses, this reversible voltage, Vr, is equivalent to the open circuit voltage (OCV).
The OCV is the voltage of the cell when no current is drawn. However, in real-life conditions,
the voltage will be lower due to losses in the cell, which will be discussed next.

B-1-6 Efficiency and losses

For an ideally working fuel cell under isothermal conditions, the Gibbs free energy change of
the reaction is completely converted into electrical energy, its maximum efficiency is given by
Equation B.6. However there are multiple sources of fuel cell losses in practice, often called
overpotentials. These overpotentials will lower the operating voltage of the fuel cell and are
current dependent. A polarisation shows the relation between the cell voltage and the current.
A typical polarisation curve can be seen in Figure B-4.

ηmax =
Wmax

∆H
=

∆G

∆H
(B.6)

Figure B-4: Typical polarisation curve of a PEMFC. In grey the polarisation curve, in red the
activation losses, in blue the ohmic losses and in yellow the concentration losses (Li et al., 2019).
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Activation losses represent the slowness of the reaction taking place on the electrodes. A
proportion of the generated voltage is lost in driving the electrons to or from the electrodes.
These losses are the dominant losses of a fuel cell at low power (Larminie and Dicks, 2003).

Fuel crossover and internal currents: Generally, the electrolyte only conducts H+ ions. In
practice, a small amount of fuel and electrons can diffuse through the electrolyte. Voltage
distributions due to imperfect cell composition can result in internal currents on the electrodes.
Generally, the fuel loss due to fuel crossover and the internal current is small. However, it
has a bigger effect on the OCV, being at least 0.3 V lower compared to the reversible voltage
(Larminie and Dicks, 2003).

Ohmic losses: A voltage loss due to electric resistance of electrodes and other interconnections.
Also, the resistance of the ions through the electrolyte membrane causes an ohmic loss. This
loss is dominant in the middle part of the polarisation curve (Larminie and Dicks, 2003).

Concentration or mass-transport losses: These losses arise from the change in concentration
of reactants at the surface of the electrodes. Insufficient concentration of reactants results in a
larger voltage loss. This is the dominant loss at high power where mass transport capabilities
are insufficient to supply reactants or collect the products for the reaction to take place
efficiently (Larminie and Dicks, 2003).

BoP losses: The previously described losses only consider the losses inside the cell. The stack
efficiency can be obtained by adding these losses. This is the efficiency of turning hydrogen
into electric power. As earlier described, the fuel cell stack is not the only component of a
PEMFC, the water pumps, compressors, controllers, etc., also draw power. Therefore, the
total system efficiency is lower than the stack efficiency.

B-2 Degradation

The lifetime of the fuel cell is an important factor in the total cost of fuel cell operation. Over
the lifetime, the previously described losses in the cell increase and efficiency drops, called
degradation, resulting in higher fuel consumption. When the voltage loss becomes too large,
the fuel cell has reached its end-of-life (EoL) condition, generally a performance loss of 10%
is taken as the EoL condition (Ren et al., 2020). It is possible to use the fuel cell after the
EoL condition. However, the power rating of the fuel cell can no longer be met. To miti-
gate the degradation mechanisms, a good understanding of the contributions to the overall
ageing is important to see the relevance of mitigating each ageing mechanism. There are
multiple sources of this degradation, and each cell component has different degradation mech-
anisms. Three loading conditions are often described to increase degradation substantially:
load changing, start-stop cycling and idling. Each load condition has its own degradation
mechanisms. Apart from the degradation due to the dynamic effects, ambient conditions also
affects the degradation (Wu et al., 2008). These accelerating conditions are described next.
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B-2-1 Ambient conditions

Impurities

Impurities in both the hydrogen and impurities in the air supply have a negative effect on fuel
cell durability. Impurities such as ammonia can cause a lower proton conductivity of the MEA,
which will increase the ohmic losses. Foreign substances can also decrease the mass transport
capabilities of the GDL. Ending the introduction of the impurities, or recovery procedures
may end the performance loss but it can also be permanent (Borup et al., 2007). The most
common fuel impurities are Co, ammonia, hydrogen sulfide, hydrogen cyanide, hydrocarbons,
formaldehyde, and formic acid (Borup et al., 2007). Fuel cell manufacturers often state the
hydrogen purity requirement in the manufacturing sheet. The hydrogen that is considered in
this research is made by electrolysis and not by natural gas reforming. Therefore, the purity
of hydrogen is less of an issue. The most common air impurities are sulfur dioxide, nitrogen
oxides, and particulate matter (Borup et al., 2007). These previous mentioned air impurities
are also emitted by ICEs in ships, which could result in problems for hybrid ships that both
use ICE and fuel cells.

Temperature and humidity

Both the temperature and the relative humidity (RH) of the fuel and air affect the durability
of the fuel cell. The temperature and humidity of the cells are dependent on the operational
conditions and are therefore not considered in this section. Humidifiers often increase the
air and hydrogen of large-scale fuel cells and are therefore not dependent on the ambient
conditions. However, sub-zero conditions can lead to fuel cell freezing which can lead to
enhanced degradation. The nafion membrane inside the MEA contains water. It is reported
that there are two states of water, chemically bounded to the nafion membrane and free water.
This free water is prone to freezing at sub-zero temperatures while the bounded water does
not freeze until -120°C. A fuel cell is often capable of self-starting at sub-zero temperatures.
However, start-up during sub-zero conditions can lead to more severe degradation. Freezing
is reported to cause adverse effects on the membrane. Also, it is reported that the mass
transport properties of the GDL can change from freeze/ thaw cycles (Borup et al., 2007).

B-2-2 Operating conditions

The degradation contributions of load changing, start-stop cycling, idling, and high power
were 56.5%, 33.0%, 4.7%, and 5.8%, respectively, for a fuel cell bus according to Pei et
al. (2008). With start-stop cycling and load changing being dominant. Therefore these
conditions are described more in-depth in the following sections.



86 Appendix B. Proton Exchange Membrane Fuel Cell

Load cycling

In mobile applications, load changes happen regularly; due to acceleration and deceleration of
the vehicle or vessel, the required power changes. Load changing is the harshest load condition
of fuel cells, according to Ren et al. (2020). These load changes result in degradation due
to multiple mechanisms, with the main causes: mechanical stress, potential cycling, and fuel
starvation.

The fuel cell is relatively cold and wet at low currents and hot and dry at higher currents.
Due to the load changes, the temperature and water content of the membrane change over
time.The ionomer membrane swells with water uptake, this can cause stresses during cycling
between high and low current because of the expansion and contraction of the ionomer due to
the difference in humidity. These stresses contribute to mechanical failure of the membrane
(Ren et al., 2020).

Load changes result in a fluctuating cell potential, generally between 0.6 V and 1 V (Borup
et al., 2007). The anode will stay fairly close to the reversible hydrogen potential; therefore
the potential of the cathode changes. When the potential rises quickly platinum can dissolve
until a protective oxide layer is formed. This dissolution of the catalyst will lower the ECSA
and increase the activation losses (Borup et al., 2007).

Mobile applications require relatively high power. Therefore, the fuel cell stacks consist of
up to hundreds of cells in series with large area cells. Because the cells are connected in
series, they must carry the same current as the neighbouring cells. When there is not enough
fuel to support the current in a particular cell this can lead to fuel starvation, which can
lead to the oxidation of the carbon support and the associated loss of ECSA due to the
detachment of platinum particles (Borup et al., 2007). This lack of reactants can be caused
by a sudden increase in the power demand. The mass transport capabilities of the cell might
not be sufficient to directly follow the new demand (Ren et al., 2020). When a cell does
not have enough fuel to support the current from the neighbouring cells the cell potential
will rise until oxidation occurs at the carbon support leading to permanent damage (Borup
et al., 2007). Similar to the previously described fuel starvation, there is a process called
local fuel starvation. Cells with a large active area will have different fuel, air and coolant
conditions on the inlet and outlet of the cell. Besides, small blockages in the flow channel
due to water condensation can lead to areas with less fuel. Also, manufacturing errors in the
flow channels lead to different fuel conditions across the cell. For regions where enough fuel
is present, there is no problem. However, for locations on the cell where not enough fuel is
present, the potential difference induced by the active, well-fueled part of the cell must still
be established while maintaining the current. This can lead to a local reversed current, a
current in the opposite direction to the current of the rest of the cell. The hydrogen reaction
that occurs in the rest of the cell cannot sustain this reaction, the reaction that can facilitate
this reverse current is the carbon corrosion reaction. Again, this carbon support corrosion
leads to platinum dissolution and loss of mass transport capabilities (Borup et al., 2007).
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Steady-state

This section investigates fuel cell degradation due to steady state operation. The idling and
high power conditions will be separately investigated.

Idling, running the fuel cell with a close to zero power output will result in a high potential at
the cathode because the current-related voltage losses are small. This high cathode potential
will result in accelerated catalyst decay and the associated loss of ECSA (Ren et al., 2020).
Due to the absence of gas consumption at low current there is a higher partial pressure of
the reactant in the electrode. This will increase oxygen permeation to the anode, forming
a hydrogen-oxygen interface which can lead to the formation of radicals (Ren et al., 2020).
Chemical degradation is one of the major causes of fuel cell failure and said to be higher
during idling (Ren et al., 2020). Hydroxyl or peroxy radicals are thought to attack polymer
groups of the membrane. Also, hydrogen peroxide (H2O2) is thought to be formed during
the oxygen reduction reaction and due to oxygen crossover, which can degrade the polymer
membrane. The exact pathway of chemical degradation is still being researched. However, it
is clear that it plays an essential role in membrane degradation (Bruijn et al., 2008).

High power, running the fuel cell close to the maximum rated capacity, can lead to multiple
mechanisms that affect the fuel cell’s durability. A large amount of water is formed at the
cathode side of the cell at high power. This water must be transported out by the GDL. When
the water transport capabilities of the GDL are insufficient, the fuel cell can be flooded. Due to
the excess water, the required oxygen can no longer be supplied, leading to oxygen starvation
and the resulting corrosion of the GDL and loss of ECSA (Ren et al., 2020). Besides, hot
spot formation is thought to be present during the high power condition (Ren et al., 2020). A
hot spot is a micro crack, or pinhole, in the membrane where oxygen can permeate through
to the hydrogen, which causes an exothermic reaction. This exothermic reaction can worsen
the pinhole creating a positive feedback mechanism (X. Zhang et al., 2017).

Start-stop

One of the main degradation mechanisms of fuel cells is start-stop cycling (Pei et al., 2008).
The main contribution is the presence of a hydrogen-air interface (T. Zhang et al., 2018),
resulting in a high cathode potential and oxidation of the carbon catalyst carrier. Due to this
corrosion, the platinum catalyst can fall off the carbon support, decreasing the ECSA. When
the fuel cell is turned off, air from the exhaust diffuses to the anode due to the concentration
difference. When the fuel cell is turned on again, hydrogen will be supplied at the anode,
leading to a reactive hydrogen-oxygen interface and a high cathode potential. Ettinghausen
et al. (2011) pointed out that for long-term performance, carbon corrosion is more harmful
than the dissolution of platinum. Carbon corrosion leads to a loss of the structural integrity
of the porous electrode, which leads to lower mass transport properties because the poros-
ity decreases. This loss of mass transport capability increases the concentration and mass
transport losses (Ettingshausen et al., 2011).
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Overview

In Figure B-5 a simplified overview of the degradation mechanisms of the operating and
ambient conditions is given.
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Figure B-5: Overview of the degradation mechanisms of operational and ambient conditions.

B-3 Degradation Mitigation

Fuel cell degradation mitigation can be performed on multiple levels. First, degradation can
be mitigated by better cell design: more durable membranes, more stable catalyst, better
flow field design, etc. Also, degradation mitigation can be done by controlling the BoP of
the fuel cell, for example, changing the stoichiometric ratios of fuel and air prior to a load
change to prevent fuel starvation. Fuel cell design and BoP control is not in the scope of
work. Therefore, the focus will be on fuel cell degradation mitigation by reducing transient
loading through temporary energy storage systems. In the following subsections, a strategy to
mitigate degradation is investigated. First, the operational profile of the CTV is investigated
to see how the operational profile of the CTV enhances the degradation.



B-3. Degradation Mitigation 89

B-3-1 Operational Profile

During operation, the CTV sails to many turbines each day to transfer the technicians to
the turbines, resulting in a large amount short trips each day. The power demand often
changes often during transfer: high power during the transit, reducing the power to approach
the turbine and afterwards increase the power again during transfer, etc. Often more than
fifteen of these transfer operations are performed each day. These power fluctuations result
in high degradation due to load changes. Also, the CTV is on standby multiple times each
day. Switching off the fuel cell each time the CTV is on standby would drastically shorten the
lifetime as start-stop cycling is one of the major sources of degradation. However, leaving the
fuel cell on for several hours with no power demand leads to high degradation due to idling.
In either case, the degradation due to these standby times results in enhanced degradation.

B-3-2 Load changing mitigation and cost

To mitigate load changes, fuel cells are often combined with batteries, decreasing the number
of load changes by supplying power during peak loads. This peak-shaving also results in a
smaller fuel cell. The battery is charged during moments where the required energy is small,
e.g. when the CTV is on standby. Mitigating idling and start-stop fuel cell degradation. In
this section, an estimate is made to see whether it is beneficial to use a battery to account for
load changes, by comparing the cost of a load change of the battery and fuel cell. The energy
losses of the battery are not considered in the evaluation. It is expected that the battery losses
are compensated by the increased efficiency of running the fuel cell at a lower power output.
The efficiency of a fuel cell at low power can be as high as 60% compared to values below
45% at high power. The costs of two methods to account for a load change are compared.
First, the fuel cell increases power or second, the battery supplies the additional load. As an
example, the load change due to a transfer operation is considered. During such operations,
the CTV approaches the turbine at low speed until the bow of the CTV touches the turbine.
Then, engine power is increased to keep the CTV steady for crew transfer. We assume that a
power of 500 kW is needed for the transfer operation and 50 kW of power is used during the
approach, a load increase/decrease of 450 kW. The values used in the following sub-sections
are shown in Table B-1.

Value
Fuel cell price 1500 e/kW
Battery price 500 e/kWh
Maximum LFP battery cycle life 3000
Degradation due to a fuel cell load cycle 1 µV
Installed fuel cell capacity 600 kW
Load duration 5 min

Table B-1: Values used in battery and fuel cell load cycle cost evaluation



90 Appendix B. Proton Exchange Membrane Fuel Cell

Fuel Cell

Fuel cell load cycle cost, CcycleB is based on 1 µV per cycle from idle to full power. It is
assumed that the degradation due to a load cycle is proportional to the cycle’s amplitude.
Half a cycle, from idle to 50%, results in half the degradation. Therefore, the degradation
due to the load change is multiplied by the amplitude of the load change divided by the
installed power, 450 kW/PFC . Based on the above criteria the cost related to one load cycle
is calculated using Equation B.7. With, CcycleFC

, the cost due to the load cycle of the fuel cell,
PFCinstalled

the installed fuel cell capacity, and dcycle the voltage decay of one full load cycle
in µV, dEoL the fuel cell EoL criteria of 10% loss at a voltage of 0.7 V, resulting in 70.000 µV.
Based on this calculation, the cost of one cycle due to the transfer operation becomes e9.60.

CcycleFC
= CFC ∗ PFCinstalled

∗
dcycle
dEoL

∗ 350

PFC
(B.7)

Battery

The battery degradation cost due to the energy throughput, CcycleB is calculated based on
the maximum charge cycles of the battery. With EFCB the equivalent number of discharge
cycles, and QB the battery capacity. Ecycle is the energy supplied by the battery during one
transfer operation, which is calculated by multiplying the required power by the duration.
This results in battery degradation cost per cycle of e6.30.

CcycleB = CB ∗
Ecycle

EFCB ∗QB
(B.8)

Sub-conclusion

From the previous calculations, it can be seen that the costs due to degradation are higher for
the case where the fuel cell accounts for the load cycle as for the situation where the battery
supplies the transient load. Besides the benefits of lower component degradation cost, using
the batteries to mitigate the degradation due to start-stop cycling will further reduce the cost
of operation. Therefore, the fuel cell will be combined with batteries in the concept of the
fuel cell CTV. The fuel cell is used as a steady power source to supply the average energy
demand and the battery is used to supply the energy during load transients.

B-4 Degradation modelling

Multiple possibilities exist to determine the lifetime of a fuel cell. For example, one can model
the physical reactions that take place, for example, an ECSA dissolution model (Rinaldo et
al., 2010). However, to get an accurate result, all (important) degradation mechanisms must
be well understood, and it must be possible to quantify the reactions that are taking place.



B-5. Fuel cell size 91

This is however still a challenge as often models do not incorporate all the ageing effects. Also,
due to a lack of experimental data, these models are hard to validate. For the purpose of
lifetime estimation, which is the objective of this model in this research, the physical effects
that are taking place are less important. More important is the degradation rate to determine
the lifetime. For the above reasons, an empirical model will be made in this research. An
example of an empirical model is the model of Pei et al. (2008). In this model, the cell
voltage loss is described as a function of the individual ageing parameters: number of start-
stop cycles, time at high power, time at idling and number of load changes. The parameters
for these ageing mechanisms are obtained from literature. However, it is still challenging to
obtain reliable information, as research often does not consider all the degradation effects.
Therefore, information from multiple studies is combined, with different fuel cells and test
environments. From Table-C-1 it can be seen that degradation rates deviate a lot between
different studies. Because of the long duration of such research and high fuel cell prices,
experiments are costly and are therefore performed on single cells or small kW range stacks.
Therefore, the results of these studies are not necessarily true for large-scale fuel cells. Borup
et al. (2007) pointed out that stacks in the order of several hundred square centimeter will
experience different conditions between the inlet and outlet of the cell, which could lead to fuel
distributions which cannot be tested in sub-scale experiments. Therefore, the degradation
due to load changing might be worse on large marine fuel cells than on the small tested fuel
cells.

B-5 Fuel cell size

From Fig. 4-6 it can be seen that the efficiency of the fuel cell decreases with increasing power.
When sizing the fuel cell, one must make a choice between fuel cell efficiency and CAPEX of
the fuel cell. Operating the fuel cell at a lower power would require more installed capacity.
However, the hydrogen cost would be lower due to increased efficiency. To obtain the lowest
LCoE, three important factors play a role if one would neglect additional maintenance costs
due to increased system size: 1) the hydrogen price, 2) fuel cell system cost 3) the lifetime of
the fuel cell. With these three parameters, the LCoE can be calculated using Equation. B.9.

LCoE =
CH2 + CFC

EProduced
(B.9)

The cost of hydrogen per kWh is calculated by dividing the cost in €/kg by the produced
energy from one kg, which is the LHV of hydrogen multiplied by the fuel cell efficiency as a
function of the power output ηFC . The efficiency is the fuel cell efficiency corresponding to
the power of the fuel cell at which it is operated, as can be seen in Figure 4-6.

CH2 [e/kWh] =
CH2 [e/kg]

LHVH2 ∗ ηFC(PFC)
(B.10)

The fuel cell system cost per kWh produced energy can be calculated by dividing the cost
of the fuel cell system by the amount of energy produced. The produced energy can be
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Figure B-6: Optimal fuel cell operating power for the lowest LCoE, produced by a fuel cell
operating at a constant power, as a function of the hydrogen price for different lifetimes of the

fuel cell and different fuel cell prices.

calculated by the lifetime of the fuel cell in hours multiplied by the power of the fuel cell
(PFC). The cost of the fuel cell is defined per kW of installed capacity, the maximum value
of PFC is therefore 1 kW.

CFC [e/kWh] =
CFC [e/kW ]

LFC ∗ PFC
(B.11)

Combining Equation B.9, B.10, and B.11 gives the total LCoE. Minimising Equation B.12
results in the operating power PFC of the fuel cell system with the lowest LCoE.

LCoE =
CH2

LHVH2 ∗ ηFC
+

CFC

LFC ∗ PFC
(B.12)

From Figure B-6 it can be seen that the optimal operating point for the lowest LCoE changes
with the lifetime of the fuel cell. Often when a fuel cell system is designed, the smallest fuel
cell system is chosen to reduce the CAPEX e.g (TNO, 2019b). However, Figure B-6 shows
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that this is not necessarily the best method to have the lowest cost over the entire lifetime.
The above optimal fuel cell power is only valid for a fuel cell that is operated at steady-
state and when there are no differences in steady-state degradation rates for different power
outputs.





C
Degradation rates

In this section, the the overall contributions of the ageing mechanisms are investigated from
literature in an attempt to quantify the ageing mechanisms that take place. These degradation
rates are used to calculate the lifetime of the fuel cell.

Start-stop cycles

Pei et al.(2008) performed experiments on a 100-cell PEM fuel cell stack with 280 cm2 effective
area. The size of the fuel cell is not stated but the high power condition of 100 A results in
a cell voltage of 0.64 V, with 100 cells, results in a stack power of 6.4 kW at high the high
power condition. A cell voltage decay of 0.00196 %/cycle was found at an operating voltage
close to 0.7 V, resulting in 14 µV/cycle voltage decay. Qiu et al. (2015) investigated the
impact of relative humidity cycles with intermittent start-stop cycles on a single cell. After
300 RH cycles and 40 start-stop cycles, the ECSA decreased by 48%, a very rapid decay. This
higher degradation could be explained by the fact that tests are performed on a single cell
instead of a complete stack. Hydrogen and oxygen crossover is one of the ageing mechanisms
of start-stop cycles, it could be argued that this occurs more easily when the oxygen at the
cathode only has to go through one cell to reach the hydrogen before a harmful reaction takes
place. Zariksson (2011) found degradation rates of 69.7 µV/cycle and 92.5 µV/cycle for two
different start and stop methods during single-cell experiments. Ettingshausen (2011) did a
simulated start-stop cycle experiment where air intrusion at the cathode was mimicked for
500 cycles during single-cell experiments. An ECSA decay from 64.3 m2 g–1 Pt at BoL to
19.3. A loss of roughly 80%, According to Wang et al. (2019) an ECSA loss of approximately
85% results in the EoL criteria of 10% performance loss. The value of 14 µV/cycle from Pei
et al. (2008) is deemed the most representative for a large marine fuel cell of all degradation
rates found.

95
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Load cycling

Garcia-Sanchez et al. (2020) studied the degradation rate of three different load cycles and two
steady-state degradation rates. The first cycle is a cycle between OCV and 0.2 Acm−2, the
second cycle between 0.2 Acm−2 and 1 Acm−2 and the third a complete cycle between OCV
and 1 Acm−2. The results of the experiments are displayed in Figure C-4. Interestingly, the
highest degradation is obtained with a steady current density of 1 Acm−2 closely followed by a
steady current density of 0.1 Acm−2, which is not expected from the degradation mechanisms.
According to the authors, this higher degradation is caused by membrane thinning when OCV
was not included in the cycle. Bose et al. (2013) tested the 10 individual 50m2 cells of a 100W
fuel cell on cycling degradation. The results show variance between the degradation rates of
the individual cells, with cells on the edges of the stack showing the highest degradation. After
480 hours of cycling, the average ECSA decrease was 42%, the stack voltage decreased by 2.8%,
and the individual cell voltage was decreased up to 8%. During the 480h experiment, 4700
cycles were performed, resulting in an average decay rate of around 4µV. This however, also
includes the degradation due to steady operation. Wang et al. (2018) studied the degradation
behaviour on a stack made up out of 10 cells with an area of 330 cm2. The stack was cycled
between 25 mAcm−2 and 600 mAcm−2, after the stack voltage reached the steady-state,
the stack current was held for 30s. The reported degradation rate was 1.0 �V per cycle.
Harzer et al. (2018) studied the degradation voltage loss due to cycling on 5cm2 MEAs. The
different tested load cycles are displayed in Figure C-2. The ECSA decay of these different
load cycles are shown in Figure. C-3. It can be seen that the degradation at the triangular
cycles: TW,TW-H, and TW-LUPL result in lower degradation compared to to the square
wave. After 30000 TW cycles, the cell voltage decreased by roughly 0.04 V at 1 A/cm2, or
1.3 µV/cycle. This is in the same order of magnitude of the results obtained in the research
of Wang et al. (2018). From the previously discussed studies, it can be seen that degradation
rates obtained from the experiments are very different, a value of 1 µV/cycle from Wang et
al. (2018) is used in this research.

steady-state

In this section, we will discuss the degradation from a steady power demand. Rinaldo et
al. (2010) made a physical model to describe the ECSA decay related to platinum dissolution
and Pt nanoparticle size distribution. This model was then used by Y. Wang et al. (2019) to
model the ECSA loss over time as a function of potential. The normalised ECSA decay for
5000 hours can be seen in Figure C-1. As expected, it can be seen that for higher potentials,
the ECSA decay rate is much higher. Although this gives a good understanding of how the
dissolution of platinum depends on the voltage, it does not give a complete picture as the
degradation due to steady-state operation because only Pt dissolution is taken into account
and not other effects such as membrane degradation. In the research of Pei et al. (2008) both
the the degradation due to high power and idling are investigated. The performance decay
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due to high power and idling are 0.00147 %/h and 0.00126 %/h, respectively. Which are
in the same order of magnitude. If one would only look at degradation due to dissolution
as described in the research of Y. Wang et al. a much lower performance degradation is
expected for the high power condition. However, the degradation rate is higher for the high
power condition. Indicating that other degradation rates besides platinum dissolution cannot
be neglected. De Bruijn et al. (2008) reviewed long-term steady-state degradation rates. The
results of the review can be seen in Table C-1. The first three degradation rates from Table C-
1 are performed on a stack with a membrane thickness of 125 µm and show significantly less
degradation compared to the other experiments with membranes between 25 µm and 50
µm. This indicates that also factors such as membrane degradation influences the durability.
Besides, the RH and cyclic versus steady-state looks to greatly impact the durability from the
results seen in Table-C-1. In accelerated membrane durability test performed by Macauley et
al. (2016) the cell voltage was an important ageing factor for chemical membrane degradation.
In conclusion, the cell voltage seems to be the largest influence on both the ECSA loss
and chemical membrane degradation, the two main contributors to steady-state fuel cell
degradation. The first three values of Table C-1 are used in the rest of this work.

Figure C-1: Decay of normalised ECSA under different potentials over 5000 hours (Y. Wang
et al., 2019).
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Voltage decay Cell T RH ano. RH cat. Voltage Current density OCV in cyclee Cyclic/SS Membrane thickness
µ h−1 [°C] [%] [%] [V] [J/ mA cm−2] [µ m]
1 75 100 100 0.62 1,076 No SS 125
1.4 75 100 100 0.82 538 No SS 125
1.3 75 100 100 0.78 861 No SS 125
1.5 75 57 74 0.7 259 No SS ??
2.5 70 100 100 Cyclic 150-300 No Cyclic ??
6 75 100 100 0.7 Not given No SS 36
6.4 70 100 100 0.62 800 No SS 35
20 80 100 100 OCV 0 Yes SS 25
25 80 100 100 0.77 200 No SS 25
28 80 26 26 0.7 300 No SS ??
29 80 26 26 0.7 300 No SS ??
33 80 255 100 0.62 550 No SS 50
2.5-50 75 80 80 0.66 300 No SS 50
45 55 20 20 0.6-0.35 0-700 Yes Cyclic 35
75 120 50 50 0.75 200 No SS ??
75-114 80 26 26 0.7 0.01-300 Yes Cyclic ??
95 55 20 20 0.59 500 No SS 35
180 80 100 100 0.66 1,060 Yes SS 50
210 80 26 26 0.7 0.01-300 No Cyclic ??
Failure 80 100 100 Cyclic Cyclic Yes Cyclic 50

Table C-1: A review of voltage decay rates in long-term PEMFC experiments, in increasing
order of decay rate. Performed by de Bruijn et al. (2008)

Figure C-2: Voltage profiles used in the voltage cycling experiment of Harzer et al.(2018).
Respectively. a) Triangular wave (TW) between 0.6 and 1.0. b) square wave (SW), with a hold
time of 8 s a 0.6 V and 1.0 V. c) Triangular wave with 8s potential hold at the 0.6V and 1V

(TW–H); d) Triangular wave between 0.6 V and a lowered upper potential limit (TW–LUPL) of
0.85V.
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Figure C-3: Experimental ECSA measurements from the research of Harzer et al.(2018).
Platinum loadings of 0.4 mg Pt/cm2 are indicated with the blue symbols, and loadings of 0.1
mg Pt/cm2 with orange symbols. The single point labelled CP, the blue star symbol placed at

30000 cycles depicts the ECSA after an 8-hour hold at 1.2 Vcell,(Harzer et al., 2018).
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Figure C-4: Experimental results of the degradation study of Garcia-Sanchez et al.(2020).

Figure C-5: Relationship between cell voltage and normalised ECSA values from the work of
Wang et al. (2018).



D
Verification

To verify the results of the calculations performed by the model, a simple load profile is used.
In this way the results that come out of this model can be predicted beforehand and compared
to the model’s outcome. The load profile used is a constant power of 1000 kW for one hour
followed by a one-hour standby period and afterwards a one-hour transit back at 1000 kW.

Verification calculations

For the constant power load profile the total consumed energy can be calculated as follows.

Eemotor = 2 ∗ 1000

ηemotor
= 2173.9kWh (D.1)

The total used electricity for for Concept 2, 2A and 2B is as follows.

Eelect =
Eemotor

ηB
= 2415.5kWh (D.2)

The battery capacity for Concept 2 is calculated based on the used capacity (95%-10% SoC)
of the battery and the electric energy usage by the electric motor as follows:

QBC2
=

Eemotor

0.95− 0.1
= 2557.5kWh (D.3)

For Concept 3 the used fuel can be calculated with the ICE efficiency and the LHV of the
fuel. As an example hydrogen is used.

mH2 = 2 ∗ 1000

ηICE ∗ LHVH2/3.6
= 162kg (D.4)

The system dimensions and fuel and electricity consumption of the other concepts are hard
to calculate beforehand therefore the outcome will be verified afterwards.
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Simple load profile results
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Figure D-1: SoC of Concept 1, Concept 2A, and Concept 2B for the load profile used for
verification.
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Fuel System
Elect. HVO H2 MeOH Battery Fuel cell ICE GEN
[kWh] [kg] [kg] [kg] [kWh] [kW] [kW] [kW]

Concept 1 576 0 113 0 610 628 0 0
Concept 2A 2416 0 0 0 2558 0 0 200
Concept 2B 2416 0 0 0 1613 0 0 200
Concept 3A 0 515 0 0 0 0 1176 0
Concept 3B 0 0 162 0 0 0 1176 0
Concept 3C 0 0 0 978 0 0 1176 0

Table D-1: Fuel consumption and component sizes for the verification load profile
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Figure D-2: Fuel cell, battery, and generator power of Concept 1, Concept 2A, and Concept 2B
for the load profile used for verification.
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Calculations

From Table D-1. It can be seen that the battery has a capacity of 628kW. The supplied
energy of the battery can be calculated as follows

Concept 1

Ebat = QB ∗ (0.95− 0.1) = 518.5 (D.5)

The fuel cell is sized using the 1.1 safety factor for installed power. The average fuel cell
power is then:

Pavg =
PFCinstalled

1.1
= 570.9 (D.6)

The supplied energy by the fuel cell is then:

EFC = 3 ∗ Pavg = 1712.7kWh (D.7)

The total supplied power from the battery and fuel can then be calculated.

EtotC1 = EFC + Ebat = 518.5 + 1712.7 = 2231.2 (D.8)

The electric losses of the battery storage during the 1 hour standby can be calculated as
follows.

EBloss
= 1 ∗ Pavg ∗ (1− ηB) = 57.1 (D.9)

The total energy can then be calculated as follows.

Eused = EtotC1 − EBloss
= 2231.2− 57.1 = 2174.1 (D.10)

Eused is approximately equivalent to Eemotor. Which verifies the calculation of the model.
The slight error can be explained by the fact that the rounded value for the fuel cell size is
used to calculate Pavg.

The fuel cell is around 50% efficient at 90% power output at beginning of life as can be seen in
Figure 4-6. With the factor 0.95 for the fuel cell efficiency at half life, and 0.98 the converter
efficiency. The hydrogen consumption can then be calculated as follows.

mH2 =
EFC
LHVH2

3.6∗0.5∗0.95∗0.98

= 110.4kg (D.11)

Which is about the same as the hydrogen consumption from Table D-1.
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Concept 2B

From Table D-1 it can be seen that the battery from Concept 2B is 1613 kW. The total energy
from the offshore charger can then be calculated as follows.

EchargerOC
= QB ∗ CrateOC ∗ t = 1613 ∗ 0.5 ∗ 1 = 806.5kWh (D.12)

The usable capacity of the battery is calculated as follows.

EBuse = QB ∗ (SoCmax − SoCmin) = 1613 ∗ (0.95− 0.1) = 1371.05kWh (D.13)

The total energy from the battery of Concept 2B is then calculated as follows.

EB = EBuse + EchargerOC
= 1371.05 + 806.5 = 2177.55kWh (D.14)

Which is roughly the same as the used electricity by the electric motor, Eemotor. The difference
can be explained by that in the model the battery is not discharged to a SoC of exactly 10%.
Which, is indeed the case if the minimum SoC is investigated in the calculations, the minimum
SoC is 164.5 instead of 161.3 kWh. This leaves a residual error of 0.4 kWh. What is considered
sufficiently accurate for the this research purpose.

Sub-conclusion

From the previous sections it can be seen that the outcome of the model with the simplified
load profile is indeed the same as what can be expected from the manual calculations of the
component size and fuel calculations.





E
Emissions

In order to identify the environmental benefits of the alternative fuel options the the life cycle
emissions are investigated in this section. In the following section GHGs are investigated.
Because, different substances have different contributions to global warming, the emissions
are expressed in CO2 equivalent so that the individual contributors can be added. This is
done using the global warming potential (GWP) on a 100-year timescale. In Table E-1 the
GWP multiplication factors of different GHGs can be seen.

GHGs Time horizon of 100 years
Carbon dioxide (CO2) 1
Methane (CH4) 25
Nitrous oxide (N2O) 298

Table E-1: GWP multiplication values on a time horizon of 100 years to calculate the CO2

equivalent GHG emissions

Fuel emissions

To determine the life-cycle emissions different phases are considered. First, the WTT emis-
sions are the GHGs emitted during the production of the fuel. This normally includes the
extraction of raw materials, fuel production, fuel compression for storage, and transporting
the fuel. However, it is a challenge to obtain the correct values for the emissions during
the transportation phase as life-cycle assessment studies from literature investigate different
locations, therefore transportation emissions are not included. Next are the TTW emissions,
the emissions from combustion of the fuel. The combined WTT and TTW emissions are the
WTW emissions. For both WTT and TTW in CO2 equivalent are based on a kWh of fuel.
The reported values found online and in articles are often described in different units, e.g. in g
CO2-eq/kg fuel, to transfer this to g CO2-eq/kWh of fuel, the fuel properties of Table 2-1 are
used. For the TTW emissions of fuels which capture and utilise CO2 during the production
phase of the fuel, the CO2 emissions are not included as due to the capture of CO2 during
production the CO2 emissions are net-zero.
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Benchmark - MGO

To be able to compare calculate a reduction from the alternative fuel options MGO is taken
as a benchmark, as this is the fuel used to date. Hwang et al. (2019) compared the WTT and
TTW of MGO and LNG fueled vessels. Two different scenarios are investigated, the import
of MGO from Saudi Arabia and import from the U.S. to Korea with respective WTT values
of 126.7 and 151.2 g CO2-eq/kWh. The TTW is reported to be 274 g CO2-eq/kWh. From
TNO (2020) the WTT of MGO is reported to be 51 g CO2-eq/kWh and the TTW to be 270
g CO2-eq/kWh. The WTT on the emission factor website (CO2 emissiefactoren, 2022), a
WTT of 70 g CO2-eq/kWh is found and a TTW of 267.5 is found. The TTW emissions are
similar for all considered sources. However, the WTT values vary substantially due to the
included transportation emissions for the imported MGO from from Saudi Arabia and the
U.S.. As MGO is only used as a benchmark, and transportation emissions are not included
in this work, the lowest reported WTT values are used, TTW 51 g CO2-eq/kWh, and WTT
270 g CO2-eq/kWh from TNO (2020).

Electricity

According to Banou et al. (2016) the GHG emission of electricity based on offshore wind energy
is 11 g CO2-eq/kWh and 7 g CO2-eq/kWh for the onshore counterpart. This difference can
partly be explained by the vessels used to operate the wind farm, hence the topic of this work.
In an review by Dolan and Garwin (2012) the median of wind energy from 49 references was
12 g CO2-eq/kWh, the same order of magnitude as the values reported by Banou et al. (2016).
12 g CO2-eq/kWh is used in this work.

Hydrogen

Bhandari et al. (2014) did a review on LCAs of hydrogen production with electrolysis. The
reported value for the WTT of hydrogen production with electrolysis using wind power is
970 g CO2eq/kg H2. Using the LHV of hydrogen this results in 29.1 g CO2-eq/kWh. The
reported value for green hydrogen using wind energy on the emission factor website (CO2
emissiefactoren, 2022) reports a simular value of 32.8 g CO2-eq/kWh. To store the hydrogen
it needs to be either compressed or liquefied, processes that also consume energy and there-
fore contribute to the GHG emissions of hydrogen. The U.S. Department of Energy (2009)
reported a minimum energy consumption 2.2 kWh/kg for compression to 350 Bar with fast
fill, 3.2 kWh/kg to 700 Bar with fast fill, and 7 kWH/kg for liquefaction of hydrogen. Using
the LHV of hydrogen this respectively results in 0.066, 0.096, and 0.21 kWh of electricity per
kWh of hydrogen. Using the WTT of electricity results in an additional GHG emission of 0.7
g CO2-eq/kWh for compression to 350 Bar, 1.1 g CO2-eq/kWh to 700 Bar and 2.3 g CO2-
eq/kWh for liquefied hydrogen. From the previous values it can be seen that compression and
liquefaction have a relative small effect on the total GHG emissions of hydrogen compared to
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the production value of 29.1g CO2-eq/kWh if renewable electricity is used. However, in this
calculation only the required energy is taken into account and not the equipment needed for
compression or liquefaction. Besides, the boil off of liquid hydrogen is not considered. The
GHG emissions of hydrogen production including compression or liquefaction is rounded up
to 32 g CO2-eq/kWh, due to the small difference in emissions from compression or liquefac-
tion no distinction is made between them. As hydrogen does not contains carbon there are
no TTW emissions.

Methanol

Uusitalo et al. (2017) investigated the emissions of methanol production with CO2 captured
from ethanol and ammonia plants and electricity from solar, wind, and nuclear power plants.
WTT emissions of 13.6 g CO2eq/MJ is reported using wind energy, which is equivalent to
49 g CO2-eq/kWh . To verify this number the hydrogen cost used for methanol production
is compared to the hydrogen cost for pure hydrogen production. With the values obtained
from the SMART PORT (2020) report, the hydrogen cost are roughly 19 euros per GJ for
hydrogen and 33 euro for green methanol. It is assumed that the hydrogen consumption is
directly proportional to the hydrogen cost. If we scale the emissions from hydrogen production
with this hydrogen consumption a value of 54 g CO2-eq/kWh is found, which is in the same
order of magnitude as the 49 g CO2-eq/kWh from Uusitalo et al. (2017). A WTT of 49 g
CO2-eq/kWh is used for methanol in the the rest of this work.

HVO

Soam and Hillman (2019) investigated the WTT GHG emissions of HVO and bio-diesel from
different kind of feed-stocks, purpose grown feed-stocks and residual feed-stocks. HVO from
residual feed-stock has a significantly lower emission impact as purpose grown feed-stocks,
50 g CO2-eq/kWh versus values ranging between 90 g CO2-eq/kWh and 250 g CO2-eq/kWh
for purpose-grown feed-stock HVO. As described in the Alternative fuel Section purpose
grown HVO is not considered due to deforestation. The WTT and TTW emissions from
the emission factor website (CO2 emissiefactoren, 2022), are 28.5g and 3.9g CO2-eq/kWh
respectively. The average of the previous studies of HVO based on waste streams of vegetable
oils is used, a WTT of 39 g CO2-eq/kWh. For the TTW the value of 3.9 g CO2-eq/kWh
is taken (CO2 emissiefactoren, 2022). Within these TTW the CO2 emissions are neglected
because of relatively short cyclic behaviour of the carbon in the vegetable oil. During the
grow of the crops the CO2 is extracted from the atmosphere which is released again during
combustion and therefore does not contribute to the global warming effect.
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Overview

An overview of the WTT, TTW, and WTW emissions that will be used for the GHG calcu-
lations can be seen in Table 4-7.

WTT TTW WTW
MGO 51 270 321
HVO 39 4.5 43.5
Wind energy 12 0 12
Hydrogen 32 0 32
Methanol 49 3.9 52.9

Table E-2: Overview of WTT, TTW, and WTW of different fuels in g Co2-eq per kWh of fuel.

Component production GHG emissions

The GHG emissions of the production of the various components of the power generating sys-
tem and the fuel storage systems are considered in this section. Both the emissions of material
production/extraction as the electricity during the production process are considered.

Simons and Azimov (2021) did a comparative LCA study on different power generating sys-
tems for heavy-duty transport applications. According to this study the GHG emission of
the battery of a heavy-duty PEMFC-battery truck is 8511 kg CO2-eq for a battery with a
capacity of 75 kWh. This equals 114 kg CO2−eq/kWh. For the production of a 190 kW fuel
cell system a value of 8456 kg CO2-eq was found, this equals 45 kg CO2-eq/kW. Finally, for
the production of a diesel engine with a similar size as the previous PEMFC a value of 8043 kg
Co2-eq/kW was found. This results in 42 kg CO2-eq/kW. An overview of the results can be
seen in Table 4-8. For the electric motor a permanent magnet synchronous machine (PMSM)
is used for both the electric machine used for power generating as for the electric machine
connected to the ICE in the genset. Nordelof et al. (2019) did an LCA on the production
of various PMSMs. For a 100kW PMSM produced in Sweden a value of 520 kg Co2-eq was
found or 5.2 kg Co2-eq/ kW. For the genset the combined GHG emissions of the ICE and
PMSM is used, 47 kg CO2-eq/kW.

Another large component is the fuel storage system. For compressed hydrogen strong carbon
fiber storage tanks are needed. According to a study of Elgowainy et al. (2012) the production
of a 350 bar compressed 5.6 kg hydrogen storage system resulted in 2210 kg CO2-eq, 368 kg
CO2-eq per kg of hydrogen storage. In the Elgowainy et al. (2012) liquid hydrogen storage
is not evaluated, the value of cryogenic compressed hydrogen storage is evaluated. For the
production of a cryogenic compressed hydrogen storage tank a value of 260 kg CO2-eq per
kg of hydrogen storage was found. It is assumed that the carbon fiber wrap around the
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Component Unit GHG Source
ICE kW 42 (Simons and Azimov, 2021)
Fuel cell kW 45 (Simons and Azimov, 2021)
Lithium-ion battery kWh 114 (Simons and Azimov, 2021)
PMSM kW 5 (Nordelof et al., 2019)
Genset kW 47 (Simons and Azimov, 2021, Nordelof et al., 2019)
Compressed hydrogen storage kg 368 (Elgowainy et al., 2012)
Cryogenic hydrogen storage kg 200* (Elgowainy et al., 2012)

Table E-3: GHG emissions of different power generating system components in kg CO2-eq per
indicated unit. *Estimated based on the values for cryogenic compressed hydrogen storage

aluminium liner is the only difference between cryogenic compressed hydrogen storage and
normal cryogenic storage. Subtraction results in a value around 200kg CO2-eq per kg of
hydrogen storage. The resulting values used in this research are displayed in Table E-3.
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Transit Storage method Transit Storage method Transit Storage method Transit Storage method
[km] Concept 1 Concept 3B [km] Concept 1 Concept 3B [km] Concept 1 Concept 3B [km] Concept 1 Concept 3B
5 Compressed Compressed 29 Cryogenic Cryogenic 53 Cryogenic Cryogenic 77 Cryogenic Does not fit
6 Compressed Compressed 30 Cryogenic Cryogenic 54 Cryogenic Cryogenic 78 Cryogenic Does not fit
7 Compressed Compressed 31 Cryogenic Cryogenic 55 Cryogenic Cryogenic 79 Cryogenic Does not fit
8 Compressed Compressed 32 Cryogenic Cryogenic 56 Cryogenic Cryogenic 80 Cryogenic Does not fit
9 Compressed Compressed 33 Cryogenic Cryogenic 57 Cryogenic Cryogenic 81 Cryogenic Does not fit
10 Compressed Compressed 34 Cryogenic Cryogenic 58 Cryogenic Cryogenic 82 Cryogenic Does not fit
11 Compressed Compressed 35 Cryogenic Cryogenic 59 Cryogenic Cryogenic 83 Cryogenic Does not fit
12 Compressed Compressed 36 Cryogenic Cryogenic 60 Cryogenic Cryogenic 84 Cryogenic Does not fit
13 Compressed Compressed 37 Cryogenic Cryogenic 61 Cryogenic Cryogenic 85 Cryogenic Does not fit
14 Compressed Compressed 38 Cryogenic Cryogenic 62 Cryogenic Cryogenic 86 Cryogenic Does not fit
15 Compressed Cryogenic 39 Cryogenic Cryogenic 63 Cryogenic Cryogenic 87 Cryogenic Does not fit
16 Compressed Cryogenic 40 Cryogenic Cryogenic 64 Cryogenic Cryogenic 88 Cryogenic Does not fit
17 Compressed Cryogenic 41 Cryogenic Cryogenic 65 Cryogenic Cryogenic 89 Cryogenic Does not fit
18 Compressed Cryogenic 42 Cryogenic Cryogenic 66 Cryogenic Cryogenic 90 Cryogenic Does not fit
19 Compressed Cryogenic 43 Cryogenic Cryogenic 67 Cryogenic Cryogenic 91 Cryogenic Does not fit
20 Compressed Cryogenic 44 Cryogenic Cryogenic 68 Cryogenic Does not fit 92 Does not fit Does not fit
21 Compressed Cryogenic 45 Cryogenic Cryogenic 69 Cryogenic Does not fit 93 Does not fit Does not fit
22 Compressed Cryogenic 46 Cryogenic Cryogenic 70 Cryogenic Does not fit 94 Does not fit Does not fit
23 Compressed Cryogenic 47 Cryogenic Cryogenic 71 Cryogenic Does not fit 95 Does not fit Does not fit
24 Cryogenic Cryogenic 48 Cryogenic Cryogenic 72 Cryogenic Does not fit 96 Does not fit Does not fit
25 Cryogenic Cryogenic 49 Cryogenic Cryogenic 73 Cryogenic Does not fit 97 Does not fit Does not fit
26 Cryogenic Cryogenic 50 Cryogenic Cryogenic 74 Cryogenic Does not fit 98 Does not fit Does not fit
27 Cryogenic Cryogenic 51 Cryogenic Cryogenic 75 Cryogenic Does not fit 99 Does not fit Does not fit
28 Cryogenic Cryogenic 52 Cryogenic Cryogenic 76 Cryogenic Does not fit 100 Does not fit Does not fit

Table F-1: Hydrogen storage method of Concept 1 and Concept 3B

Original profile Second profile Third profile Foruth profile
Transit speed to/from windpark [kts] 19 19 19 19
Transit speed in windpark [kts] 12 12 12 12
Manouvring speed [Kts] 3 3 3 3
Average transit distance between trubines [m] 2000 1500 2500 2000
Average daily standby time [h] 3:30 2:30 4.45 3:30
Average transfer duration [min] 6 4 5 6
Average manoeuvring duration [min] 3 3 3 3
Days of operation per year 330 330 330 330
Power during transfer / push-on [kW] 500 600 400 600
Service teams 3 2 1 1
Nr. of turbines visited by service teams 1 1 1 1 1
Troubleshoot teams 2 2 3 1
Nr. of turbines visited by troubleshoot teams 3 3 3 3
Number of daily transfer operations 18 9 20 8

Table F-2: Values for additional 50 km transit operational profile

5km 25km 50 km 75 km
Elect. HVO H2 MeOH Elect. HVO H2 MeOH Elect. HVO H2 MeOH Elect. HVO H2 MeOH
[kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg] [kWh] [kg] [kg] [kg]

Concept 1 915 0 67 0 793 0 168 0 806 0 247 0 494 0 366 0
Concept 2A 2104 0 0 0 2497 0 0 460 2303 0 0 1354 2109 0 0 2249
Concept 2B 2105 0 0 0 3487 0 0 0 5215 0 0 0 5780 0 0 541
Concept 3A 0 448 0 0 0 743 0 0 0 1111 0 0 0 1480 0 0
Concept 3B 0 0 141 0 0 0 234 0 0 0 350 0 0 0 466 0
Concept 3C 0 0 0 852 0 0 0 1412 0 0 0 2111 0 0 0 2811

Table F-3: Fuel consumption



G
Gripper system

Another possibility to reduce the emissions of a CTV is by reducing the fuel consumption.
During the operation of a CTV a large part of the energy is consumed during the transfer
operation. Because, a relatively high power is used to remain a no slip contact with the
turbine for up to 15 minutes each transfer. With a large amount of transfers each day this
results in a significant amount of the total energy. There are system that can grab the boat-
landings, in this way the CTV does not have to remain trust during the transfer operation.
An example system can be seen in Figure G-1. Besides reduced fuel consumption, this also
increases the safety of the transfer as the risk of a slipping contact between the CTV and the
turbine is reduced. If the average transfer duration is 5 min, 15 times a day, and 500kW of
power is assumed for the transfer operation this system would reduce the energy consumption
by 625kWh each day. With 330 days of operations each year this would result in an energy
reduction of 2 GWh during a 10 year period, equivalent to 470t MGO with an engine efficiency
of 37%, resulting in a large cost reduction. This would result in an GHG reduction of 1.9
million kg CO2 equivalent within 10 years (CO2 emissiefactoren, 2022).

Figure G-1: Crew transfer gripper system. (Mobimar, 2021)
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