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Summary
The maritime industry is responsible for 3% of the annual global CO2 emissions, which is a cause of global
warming and the consequent climate change due to the use of fossil fuel oil. Without any intervention,
these emissions will further rise, and therefore the International Maritime Organization has implemented
greenhouse gas emission restrictions with the goal of eliminating them before the end of this century.
Consequently, fossil fuel oil will be forced out of the ship powering market for what are now considered
alternativemarine energy carriers (AMECs). The predicted AMECs of the near future are still fuel oil, but it
is quickly making way for LNG, hydrogen based fuels, alcohol fuels, batteries, and bio/renewable versions
of these energy carriers. However, all these AMECs have a lower contained volumetric and gravimetric
energy density compared to fuel oil. As a result, ship designs would require more volume and weight to
accommodate the same amount of effective energy to perform the same operational requirements. In
general, a larger and heavier ship results in higher propulsion powering and thus a higher energy carrier
consumption.

It is generally acknowledged that the use of AMECs for equal power is more environmentally friendly.
However, to the authors’ knowledge, it has not been researched if this is still the case when taking the in‐
creased energy carrier consumption into account for constant operational requirements. In ample cases,
there is the compromise of cargo volume, service speed, sailing range, or a combination of these opera‐
tional requirements to accommodate the additional AMEC bunker space. Maritime design and engineer‐
ing company Vuyk Engineering Rotterdam has identified this issue and values sustainable solutions in
their vessel designs and strive to become more environmentally friendly. To support Vuyk’s environmen‐
tal ambition, the goal of this research is to determine the full environmental impact of AMECs on ships
while taking the powering impact into account with regards to conventional fuel oil.

Two models have been developed to determine the powering impact and the environmental impact of
the future predicted AMECs. The powering impact assessment model generates new ship designs for
existing ships for their constant operational requirements. This assessment is performed on bulk carriers,
tankers, container ships and trailing suction hopper dredgers. The design generation procedure applies
the additional required AMEC bunker space to the original design to optimize for the least additional
resistance, while adhering to the dimension trends of the ship type. The AMEC types considered are
fuel oil, methanol, LNG, liquid hydrogen, ammonia, and lithium ion batteries. The environmental impact
assessment model consists of a comparative life cycle assessment of the operational stage of a ship with
the AMECs. For each AMEC type, a conventional version and a bio/renewable version are investigated.

The results show that the average additional main engine brake power increase for methanol, LNG, liquid
hydrogen, ammonia and batteries are +2.3%, +1.1%, +8.6%, +3.7%, and +235.3% respectively. The results
for the gross environmental impact show that conventional methanol, conventional liquid hydrogen, con‐
ventional ammonia, and conventionally charged lithium ion batteries perform worse than conventional
fuel oil in terms of global warming. When taking the powering increase per ship type into account, only
renewably charged lithium ion batteries transition from a performance that is better to worse in terms
of global warming for all ship types. The criteria for the recommended AMEC for the environment is
suggested to perform better in terms of the three environmental endpoint areas of protection and global
warming ‐ all while taking the powering impact into account. Renewable liquid hydrogen and renewable
ammonia are the only AMECs that comply with this criteria, and therefore these are the recommended
energy carriers for the least amount of damage to human health, ecosystems and natural resource avail‐
ability.
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1
Introduction and problem analysis

The maritime industry is responsible for 3% of the annual global CO2 emissions, which is a cause of global
warming and the consequent climate change due to the use of fossil fuel oil [70]. Ship engines run on
fossil fuels and emit CO2 which is the primary green house gas (GHG) responsible for climate change [70].
In 2013 the International Maritime Organization (IMO) enforced a regulation to reduce GHG emissions
from newly built international shipping vessels. As a result the measure encourages the use of more en‐
ergy efficient propulsion methods and equipment on board. However in 2015 the United Nations (UN)
set out the treaty in the Paris Agreement to take further urgent action as the total global GHG emis‐
sions were not declining. The IMO therefore presented a new strategy to reduce GHG emissions from
international shipping by 50% annually by the year 2050. Consequently new and stricter GHG emission
regulations followed that also apply to existing vessels. The new regulations boosted technical research
and innovative development regarding energy consumption by engine manufactures and ship designers.
Accordingly alternative marine energy carriers (AMECs) which result in less or no GHG emissions become
more lucrative in order to comply with the regulations. It is projected that conventional fuel oil in ships
will be reduced by more than 50% by the year 2050 [91]. Be that as it may, the regulations only apply
to direct GHG emissions and it does not take into account the emissions from the production process. It
could be possible that the production and usage emissions of an AMEC are greater than that of conven‐
tional marine fuel oil. Thus not achieving the goal of reducing GHG emissions as a whole. In addition,
AMECs have a lower contained energy density than fuel oil and therefore ships will have to become larger
and heavier to travel the same distance with the same cargo space. As a result more power is necessary
and the energy consumption will increase. Accordingly an AMEC that does produce less GHG emissions
might result in higher emissions due to the increased energy consumption. Furthermore climate change is
not the only environmental impact as there are also other emissions resulting in other effects. It could be
possible that the overall climate change impact is reduced by switching to an AMEC, but then resulting
in an other environmental issue. In conclusion, there is a need to research the broader environmental
effects of AMECs including the effect on energy consumption.

Maritime design and engineering company Vuyk Engineering Rotterdam has also identified these issues.
Vuyk specializes in dredging, heavy lift, subsea and offshore vessels which do not have to comply with
the IMO’s GHG regulation as those vessels are not shipping vessels. However, there is a possibility that
these vessel types might also have to comply in the future, just like the regulation expansion from new
to existing shipping vessels in the past. In addition, Vuyk Engineering and their clients value sustainable
solutions in their vessel designs and strive to become more environmentally friendly. The goal of this re‐
search is to determine the full environmental impact of AMECs in ships while taking the powering impact
into account with regards to conventional fuel oil.

This chapter consists of a literature research to analyze the extended problem into greater detail and
the research project description. First the current situation regarding changing ship design aspects is ex‐
plained using a model in section 1.1. Thereafter each aspect of ship design contributing to the changing
vessel specifications is investigated into greater detail in sections 1.2 to 1.5. After this follows an analysis
on the possible environmental consequences of the changing ship design aspects in section 1.6. Finally,

1



2 Chapter 1. Introduction and problem analysis

the research project is described for its novelty, scope, methodology and reporting in section 1.7.

1.1. The current situation
According to Vossen et al. the ship design or mission requirements of a vessel are composed of four
aspects [136]. The four aspects are Available Technology, Operational Requirements, External Requirements,
and Commercial Aspects and are illustrated in figure 1.1. With these four aspects the current situation can
be depicted more clearly where the External Requirements are affecting the other aspects and causing a
change in ship design. As a result, there are various environmental consequences.

Figure 1.1: Ship design aspects by Vossen et al. (2013) adapted by author

The External Requirements of ship design concern the domestic and international rules and regulations.
They are governed on national level (flag administration) and international level (IMO) for safety, security
and environmental motivations. The IMO’s environmental emission regulations for ships are becoming
significantly stricter and will progress further in the future [131]. This change in External Requirements is
causing an out roll of new powering technologies to comply with these regulations and consequently it
is changing the Available Technology aspect. This aspect affecting the ship design is driven by the avail‐
able equipment and building materials on the market. The new powering technologies are accompanied
by AMECs and thus changing the Commercial Aspects of ships. The Commercial Aspects of ship design
concern the profitability of its service. The demand for newly built ships is amongst others driven by
the international oil and gas prices which determines the fuel cost. In addition the domestic and global
economic status drives the future outlook of the demand for new ships. However now that other energy
carriers have entered the market, the prices and availability of conventional fuels and AMECs will change.
Unlike the others, the Operational Requirements division is affected to a lesser extent. TheOperational Re‐
quirements concern the requirements to perform the vessel’s tasks. When focusing on new ships and
their design, the main dimensions are not necessarily a part of that. They are considered to be the result
of the four ship design aspects rather than a given requirement. However the ship dimensions do not
necessarily affect the operational transportation service demand from a client, as long as the original task
can still be performed. Therefore the Operational Requirements aspect remains the same for newly built
ships with AMECs.
To summarize this section, the External Requirements, Available Technology and Commercial Aspects of ship
design are changing, while the Operational Requirements remain the same. This affects the vessel specifi‐
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cations of newly built ships and might bring environmental consequences with it. This situation is driven
by the IMO’s GHG regulations which are further investigated in greater detail in the next section.

1.2. External requirements
Ships must comply with global and domestic regulations and thus are affected by these external require‐
ments. The IMO is a specialized agency within the UN which governs the global regulations for safety,
security and environmental performance for the maritime industry. In 1973, the International Conven‐
tion for the Prevention of Pollution from Ships (MARPOL) was adopted into the IMO [65]. This is the first
international external requirement concerning the environment for ships. MARPOL is themost important
international convention for preventing pollution of the marine environment by ships due to operational
or unintentional causes. This convention covers many types of pollution by ships, such as toxic chemicals,
oils, packaging, wastes, air emissions and other harmful substances and went into force in 1978.

In 1997, Annex VI: Prevention of Air Pollution from Ships protocol was added into MARPOL and went
into force in 2005 [69]. From these regulations, sulphur oxide (SOx) and nitrogen oxide (NOx) emissions
from ship exhausts are limited, and purposeful emissions of ozone‐depleting compounds are prohibited.
Furthermore designated Emission Control Areas (ECAs) have been introduced for more rigorous rules
for SOx, NOx, and particulate matter. These areas are close to the shore and therefore the emission
have a higher impact on human health. Only until 2011 did the IMO introduce an amendment to Annex
VI to reduce GHG emissions from international shipping vessels in order to combat global warming and
consequently climate change [63]. This is done by making the Energy Efficiency Design Index (EEDI) for
newly built ships and the Ship Energy Efficiency Management Plan (SEEMP) for all ships mandatory. The
amendment went into force in 2013 where it progressively restricts CO2 emissions which must be mon‐
itored by ship operators and owners. The EEDI results in more efficient energy use from engines and
equipment through emission limits while the SEEMP provides improvement approaches to become more
energy efficient.

The UN set out seventeen Sustainable Developent Goals (SDGs) in 2015 of which goal thirteen advo‐
cates to ”Take urgent action to combat climate change and its impacts” [128]. As the IMO is a body of
the UN, the current emissions regulations on GHG needed to become stricter to coincide regulation and
vision. Therefore, in 2018, the Marine Environment Protection Committee (MEPC) of the IMO adopted a
the Initial Strategy which ratifies the commitment to reduce GHG emissions from international shipping
while continuing efforts to phase them out as quickly as practicable during the next century. The Initial
Strategy by the IMO on the reduction of GHG emission from ships states:

”The initial GHG strategy envisages, in particular, a reduction in carbon intensity of international shipping
(to reduce CO2 emissions per transport work, as an average across international shipping, by at least 40%
by 2030, pursuing efforts towards 70% by 2050, compared to 2008); and that total annual GHG emis‐
sions from international shipping be reduced by at least 50% by 2050 compared to 2008.” [64]

The emission pathway from international shipping according to the IMO’s GHG Initial Strategy, can be
seen in figure 1.2. The EEDI only affects newly built ships to reduce emissions, however that is not enough
to meet the GHG strategy. It can be seen in the figure that the ’Business‐as‐usual emissions’ pathway
first slightly decreases until 2020 but thereafter significantly increases. Therefore to close the gap, the
most recent regulations were adopted in 2021 for already existing ships: the Energy Efficiency Existing
Ships Index (EEXI) and the Carbon Intensity Indicator (CII). Due to these measures it is inevitable for the
shipping industry and shipbuilding sector to face some radical changes, including tightening regulations
and the use of alternative fuels [76].
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Figure 1.2: IMO’s Initial Strategy GHG emission pathway [31]

The EEXI and CII regulations will go into force in 2023, while the last phase of the EEDI goes into effect
shortly later in 2025. The most relevant air pollution regulations have been considered and an overview
of them is given in table 1.1. It is possible to complywith these considered regulations by using alternative
fuels which result in less direct GHG emissions. In order to understand how these AMECs can benefit,
the working principles of these regulations are presented in the following subsections.

Table 1.1: Timeline overview of air pollution regulations in the IMO

Adopted Enforced Regulation

1973 1978 MARPOL ‐ Convention for prevention of pollution from ships
1997 2005 Annex VI ‐ Prevention of air pollution
2011 2013 EEDI and SEEMP
2018 Initial Strategy on reduction of GHG emissions (not regulation)
2021 2023 EEXI and CII

1.2.1. The EEDI and SEEMP regulations
The EEDI for newly built ships encourages the use of more energy efficient equipment and engines for
various ship types, and sizes and specifies a minimum energy efficiency level per capacity distance (e.g.
tonne‐km). The EEDI regulation is proposed to boost technical research and innovative development of all
mechanisms regarding fuel efficiency for vessels in their design phase [107]. It is however only mandatory
for ships of 400 GT and above. The attained EEDI is a numerical value for a ship design and is expressed in
grams of CO2 per tonne‐km and it is calculated according to the simplified equation1.1. The attained EEDI
must be lower than the required EEDI per equation 1.2. The attained EEDI formula takes energy saving
technology into account and also accounts correction factor for certain design elements, for instance an
ice class [43]. These design elements negatively impact the propulsion performance and therefore result
in more CO2 emissions. However these design elements are necessary for safety purposes. Accordingly
these ships deserve a correction factor in the attained EEDI to make the playing field even for all ships.
The attained EEDI formula is the same for all ships, but the required EEDI is calculated differently per ship
type.

Attained EEDI =
CO2 emissions
Transported work

[
g CO2

t · km

]
(1.1)

Attained EEDI ≤ Required EEDI (1.2)
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The calculation of the attained EEDI in more detail is computed according to equation 1.3 [21]. The total
CO2 emissions are dependent on the ship’s energy consumers and energy savers. They are related to the
engine power (P ), fuel conversion factor to CO2 (CF ) and specific fuel consumption of the engine (SFC).
The transported work is dependent on the capacity, service speed (VS ) and correction factors (f ). The
denominator in the equation contains the previously determined constant operational factors. Therefore
the parameters in the numerator are deciding factor for direct emissions. Consequently the influencing
factors for direct emissions are the power which corresponds to the energy consumers, conversion factor
which corresponds to the energy carrier type, and the specific fuel consumption which corresponds to
the engine (power plant) efficiency.

Attained EEDI =
∑

(P · CF · SFC)consumers −
∑

(P · CF · SFC)savers
Capacity · VS · f

[
g CO2

t · km

]
(1.3)

The required EEDI is calculated according to equation 1.4 and differs per ship type and size [10]. The
EEDI regulation went into effect on January 1st 2013 where new ships needed to meet the required
EEDI for the next two years, called Phase 0. Every five years after Phase 0, the required EEDI is tightened
by an additional 10%. The EEDI requirement during the different phases is illustrated in figure 1.3. This
regulation is aimed to increase the energy efficiency of ships over time. However according to a study
by Transport & Energy, 71% of container ships, 69% of general cargo ships, 26% of tankers, and 13% of
gas carriers built between 2013 and 2017 already comply with the Phase 3 requirement (‐30% emissions)
[1]. On the contrary, for bulk carriers this is only 1%. This exposes the inequality of the regulation and
also the lost potential to further reduce its emissions in ships (e.g. container ships) that already meet the
harshest requirement.

Required EEDI = a · b−c · (100%− phase %) [g CO2/t · nm] (1.4)

Figure 1.3: An illustration of the required EEDI phases over time [64]

The required EEDI is calculated by three parameters (a, b and c), of which parameter a and c are fixed
values [67]. Parameter b is the deadweight tonnage (DWT) of a ship. The DWT is the total carrying
capacity of a ship at loaded design draft. The DWT is the sum of all the free weights on board, thus
excluding the weight of the ship itself: DWT is the weight of cargo, fuel, fresh water, ballast water,
provisions, passengers, and crew [127]. The formula for the DWT is expressed in equation 1.5. According
to McKinsey Energy Insights, the cargo weight is approximately 95% of the DWT [97]. Therefore it is
not calculated exclusively with the cargo weight and thus does not fully represent the emissions of the
transport of the cargo. As not all ship types must comply with the EEDI, such as TSHDs, the EEDI is not
relevant for them. However, the IMO’s Initial Strategy states that all ships must have zero GHG emissions
before 2100, thus non‐compliant ship types will also have to surrender to the alternative energy carriers
in the future.
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DWT = mcargo +mfuel +mfreshwater +mballast water +mprovisions +mpassengers +mcrew (1.5)

The SEEMP is an operational strategy that creates a system to increase a ship’s energy efficiency in a
profitable way. The SEEMP also offers an approach for managing the efficiency performance of a fleet
over time utilizing a software indicator as a monitoring tool [62]. The software tool facilitates ship opera‐
tors to monitor the ship’s fuel consumption and efficiency to determine how an operational or technical
implementation change will affect it. This strategy will drive ship operators to not be able to slack in the
future when going into a stricter EEDI phase.

1.2.2. The EEXI and CII regulations
To further reduce emissions from ships, the IMO has adopted the Energy Efficiency Existing Ships Index
(EEXI) and the Carbon Intensity Indicator (CII) that will go into force on the first of January 2023. As
the name already states, the EEXI is for already existing ships and the CII is for existing and newly built
ships. Existing ships did not have to comply with the EEDI regulation, but significant emission reduction is
still possible for these vessels. Therefore these indexes have come into practice to strengthen the IMO’s
GHG strategy goals and to coincide with the UN’s Paris Agreement. The EEXI regulation works in the
same principle as the EEDI regulation: where the attained EEXI must be lower than the required EEXI.
The attained EEXI is calculated according to the same formula as the attained EEDI in equation 1.3. The
required EEXI is similar to the required EEDI, however a reduction factor (X) has been introduced and is
calculated according to equation 1.7. The reduction factors are not equal over all ship types and also not
within a ship type. A higher DWT results in a higher reduction factor. The parameters a, b, and c within
the required EEXI are the same as for the required EEDI. The required EEXI is only subjected to phase 0
(0% reduction) of the required EEDI and does not change over time.

Attained EEXI = Attained EEDI ≤ Required EEXI [g CO2/t · nm] (1.6)

Required EEXI =
(
1− X

100

)
· a · b−c [g CO2/t · nm] (1.7)

The EEDI is required to all shipping vessels that are 400 GT and above. This is not the case for the EEXI,
where it is required for a minimal DWT dependent per ship type. In addition to the EEXI regulation, the
ship owners of existing ships must also provide an SEEMP to ensure that the regulation will be met in the
future. According to ClassNK, on the day that the EEXI will go into force, 84% of the ships that are com‐
pliant need to take technical action to comply with the ruling [25]. However, the EEXI will only reduce
CO2 emissions from the 2030 fleet by 0.8% ‐ 1.6% compared to no EEXI regulation [112].

The CII is an annual carbon emissions registration‐ and rating system for all shipping vessels above 5000
GT regardless ofwhen theywere built. The CII is calculated according to equation 1.8 [28]. In comparison,
the EEDI and EEXI focuses on the physical ship properties, while the CII focuses on the operational
properties. Particularly on the efficiency of transported passengers or cargo. With the collected CII’s
from all compliable ship types, a ship can be given a operational carbon intensity rating. The CII rating
ranges from A (best) to E (worst) and is illustrated in figure 1.4. The CII rating system is based on the
relative performance rather than a predefined value. Due to the fuel and distance registry going into
affect in 2023, the distribution scale of CII’s is currently unknown. In addition, the first assessment will
take place in 2024 and thereafter the carbon emission targets will be set in 2025 for the duration of 2027
to 2030. Even though there is much unknown about the scale distribution, the idea is that a ship that is
rated an E for a single year or rated aD for three consecutive years, must take immediate action to achieve
a C rating the next year [28]. This approach will be applied in the SEEMP. Once again the denominator in
the equation contains the previously determined constant operational factors. Therefore the parameters
in the numerator are deciding factor for direct emissions. Consequently the influencing factors for direct
emissions are the same as in the EEDI and EEXI regulation.

CII =
Annual fuel consumption · CF

Annual distance traveled · Capacity
· f [g CO2/t · nm] (1.8)
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Where:

Annual fuel consumption (t) of fuel type
CF: Conversion Factor of fuel type to emissions (t CO2/t fuel)
Annual distance traveled (nm)
Capacity: Deadweight tonnage (DWT) (or Gross Tonnage (GT) for passenger ships)
f : Corrections factor (‐) To be developed

Figure 1.4: The CII rating system over time [28]

The main difference between the CII compared to the EEDI/EEXI is that the CII uses the total distance
travel while the EEDI/EEXI uses the ship’s service speed. Therefore the EEDI/EEXI is a predetermined
fixed value based on the physical properties of the ship, whereas the CII is a combination of the physical
properties of the ship and the operational use. Wang et al. found that in some situations the current
indicator method creates a paradox where in theory total carbon emissions can increase while simulta‐
neously lowering a ship’s average [139]. Since the indicator is distance based, a ship operator can travel
longer distances while sailing empty. As a result it lowers the average emissions due to the lower fuel
consumption in this empty state. However this does come at the expense of the additional fuel cost to
perform this technicality. Overall the IMO does expect the total carbon emissions by shipping sector to
decrease with the implementation of the CII. In addition, the CII will be reviewed in 2025 and therefore it
can be remodeled to fix issues. Just like the EEDI/EEXI, AMECs can result in less or no carbon emissions
by changing the input chemicals and consequently the resulting output emissions.

To summarize this section, the direct GHG emission regulations are being expanded to existing ships
and becoming stricter as well for new ships. The regulations are currently intended for combustible and
carbon containing fuels and therefore have a common calculation method. Energy carriers such as hy‐
drogen, ammonia and batteries do not emit GHGs and therefore their EEDI, EEXI or CII would equal
zero. However, GHGs are emitted during the production and distribution of these energy carriers, espe‐
cially when produced from fossil sources. Both calculation methods are related to the propulsive energy
consumption, non‐propulsive energy consumption, energy carrier type, power plant efficiency, service
speed, carrying capacity, sailing distance/endurance, and design elements. Of these eight ship features,
five are considered to remain constant when changing to a different energy carrier: ship type (design
elements), service speed, sailing range/endurance, non‐propulsive energy consumption, and carrying ca‐
pacity. The three features that are considered to change are the propulsive energy consumption, energy
carrier type and power plant efficiency. These features are strictly related to the available technology.
In the following section, the available technology in the maritime industry and the future outlook of it is
further investigated.

1.3. Available technology
Currently fossil fuels dominate the marine power generation market and 100% of the bunkered fuels in
the Port of Rotterdam originates from fossil sources in the year 2020 [51]. 99% of those bunker sales
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were oil fuels, such as heavy fuel oil, marine diesel oil and marine gas oil which are used in the internal
combustion engine. However fuel oils are not the only available technology to power a ship. Therefore
any other energy carrier other than oil fuel is considered to be alternative. Previously the term ’energy
carrier’ and ’fuel’ were used interchangeably, however they are not the same. Energy carriers are sub‐
stances or phenomenons that contain energy and can produce mechanical work, for instance batteries.
Fuels are specifically combustible substances that produce heat or power. Meaning that all fuels are en‐
ergy carriers, but not all energy carriers are fuels.

The emissions of fossil fuels are harmful to the environment, reduce resource availability and cause hu‐
man health issues [110]. The emissions of the combustion of these fuels have a 3% annual share on the
global warming effect and cause climate change [70]. Oil fuels have been used in marine power plants for
over a hundred years. One of the many reasons is due to it having the highest energy density from all the
marine energy carriers [30]. Due to the fossil fuel market dominance there is an unsustainable technology
lock‐in and therefore a voluntary switch to less harmful energy carriers is unlikely [134]. However, the
implementation of GHG emission regulations has caused a global quest to find alternative energy car‐
rier solutions to comply with these laws. At present much research is being done on alternative energy
carriers, power plants and emission reduction technologies. This is not only the case for the maritime
industry, but the whole global energy sector is shifting towards non‐fossil energy solutions.

The designed service life of a ship is typically 20 to 30 years [27], meaning the physical life expectancy
of a ship can be 30+ years. Consequently, a ship built today could still be in service in the year 2050
when the total GHG emissions need to be reduced by 50%. In the operational stage or also known as the
service life, the chosen energy carrier results in certain emissions based on its chemical composition and
usage. Kameyama et al. found that the operational stage contributes to 98.3% of the total environmental
impact of a Panamax bulk carrier powered by oil fuel [77]. The shipbuilding and dismantling & recycling
stage contributes less than 2% to the total environmental impact as can be seen in figure 1.5.

Figure 1.5: Panamax bulker environmental impact share per stage [77]

1.3.1. Future marine energy carrier outlook
Ship energy carriers play an important role to reach the IMO’s GHG strategy goal of reducing emissions
by 50% in 2050. Liu and Duru compiled five different projections by various institutions on future marine
energy carriers and constructed an average scenario which can be seen in figure 1.6 [91]. From the aver‐
age future scenario in figure 1.6 it can be seen that oil fuels from fossil sources account for approximately
98% of energy use by energy carriers in the maritime market today. However in the 2050 projection,
that share will be down to only ∼45%. Moreover, it is also projected that hydrogen in combination with
a fuel cell will have a 20% average share of energy use of all energy carriers. The use of ammonia in a
fuel cell has been categorized in the projection as hydrogen by Liu and Duru. In the projection by the
University Maritime Advisory Services (UMAS), the fuel cell energy carrier share is even as high as 75%.
Furthermore battery powered ships are also expected to be present, although at a very small share of
∼2%. Therefore the conventional marine power plant is partially making its way for fuel cell and full elec‐
tric powering technologies. As mentioned previously, a ship built today will probably still be in service in
2050 and thus making this energy transition a slow process.
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Figure 1.6: Future marine fuel projections from 2020‐2050 [91]

1 U.S. Energy Information Administration (EIA)
2 Sustainable Power Generation and Supply initiative (SUPERGEN)
3 Lloyd’s Register (LR)
4 University Maritime Advisory Services (UMAS)
5 Det Norske Veritas and Germanischer Lloyd (DNV GL)

DNV‐GL has established seven high priority parameters and an additional four key parameters which de‐
termine the future outlook of marine fuels [30]. The seven high priority parameters are: energy density,
technological maturity, local emissions, GHG emissions, energy cost, capital cost/converter storage, and
bunkering availability. The four additional parameters are: flammability, toxicity, regulations & guidelines,
and global production capacity & locations. The other companies and institutions from figure 1.6 have
similar parameters to DNV GL’s in their projection reports. This research focuses on the effects of these
energy carriers on the ship powering and the environment, and not on the proportions of the energy
carriers in the maritime sector. Therefore the presence of an energy carrier in the future is more relevant
rather than the share of it.

To summarize this section, there is a technology lock‐in by fossil fuel oil accompanied by the internal
combustion engine in the maritime power generation market. The use of this fuel contributes to almost
all the environmental impact during a ship’s lifetime. However, due to the stricter GHG emission regula‐
tions by the IMO, AMECs can offer a solution and therefore change the available technology in ships. The
expected future marine energy carrier types are alcohol, LNG, hydrogen, ammonia and batteries. These
new energy carrier types are accompanied by new energy converters such as fuel cells. Therefore the
supply and demand of these substances and powering technologies will change the commercial aspect
of the maritime powering market. In the next section, the energy carrier types are investigated for their
contribution to the commercial aspect of ship design.
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1.4. Commercial aspects
Financial performance is the key to being successful in the shipping market and shipowners must take
three key variables into account according to Stopford: revenue from chartering/operating the ship, cost
of operating/owning the ship, and method of financing the business [117]. As mentioned previously,
the demand for newly built ships is amongst others driven by the international prices for oil and gas
together with the cost of manufacturing [136]. The oil and gas prices eventually determine the conven‐
tional fuel oil costs of a ship. According to Stopford, voyage costs account for 40% of the total cost of
operations/ownership. Of the voyage costs, 76% originates from fuel costs and totalling at 27% of the
total cost of operations/ownership [117]. Lindstad even states that fuel cost accounts for 50% of the
total cost of operations/ownership [89]. Therefore introducing alternative energy carrier types that do
not originate form oil and gas will change the supply and demand of all energy carriers. Consequently the
cost of ship operations changes and subsequently the commercial aspect of ship design as well.

Energy carrier types are not interchangeable as their energy conversion method differs. Energy carri‐
ers that are combusted in the internal combustion engine are instantly converted to mechanical work
to drive the propeller. The first internal combustion for the propulsion of a ship was launched over 100
years ago and since then the efficiency and compactness of the propulsion plant has improved signifi‐
cantly [42]. On the contrary, the first fuel cell powered ship was only launched in 2021 and its still in its
infancy [41]. Usually all energy carrier types (except batteries) contain a specific amount of energy that
is that is constant by weight. However they must be contained in order to be ’carried’, hence the term
’energy carrier’. Therefore the size and weight of the storage tank and necessary bunker handling systems
influences the energy density.

1.4.1. Energy density
Marine energy carriers have different chemical properties which determines the power plant configura‐
tion, components, and processes. Therefore conventional oil fuels cannot easily be interchanged with
non oil fuels in the same power plant installation. The caloric value of a fuel is one of the most important
properties for combustion engine performance and it is defined as the amount of heat of combustion for
a unit quantity of fuel [8]. During the combustion process not all of the fuel is transformed into usable
heat, but some energy remains in the exhaust. Therefore the lower heating value (LHV) portrays the net
energy availability in an energy carrier. The LHVs of a selection of energy carriers are given in table 1.2.
Hydrogen has the highest LHV of 120.2 MJ/kg and it is 2.5 times the LHV of methane (LNG) which is the
second highest. Nevertheless, these LHVs do not include the storage tank and necessary bunker handling
systems. Generally, all energy carrier types (except batteries) contains a specific amount of energy that
is generally constant by weight. However they must be contained in order to be ’carried’, hence the term
’energy carrier’. Therefore the size and weight of the storage tank and necessary bunker handling systems
alters the energy density.

Table 1.2: Conventional and alternative marine carrier properties [137]

Property Unit MGO HFO Methane Methanol Hydrogen Ammonia

Chemical composition CxHx CxHx CH4 CH3OH H2 NH3

Boiling point ◦C, 1bar 180...360 180...360 ‐166 65 ‐253 ‐33
Density (liquid) kg/m3 900 991 450 790 76.9 696
LHV MJ/kg 42.7 40.2 48 19.9 120.2 22.5
Flashpoint ◦C >60 > 60 ‐188* 11* ‐ 132
Auto‐Ignition ◦C 210 256‐262 580 470 536 651
Water solubility No No No Complete n/a n/a

* LFL: Low‐Flashpoint Liquid per SOLAS II‐2/4, 2.1.1

Unfortunately for hydrogen, its storage tank and necessary bunker handling systems are heavy and vo‐
luminous relative to hydrogen. Consequently this reduces the amount of available energy per volume
and weight. Therefore the energy carrier densities in their contained form are an important aspect to
their spatial characteristics. Figure 1.7 illustrates the volumetric (MJ/L) and gravimetric (MJ/kg) energy
density of marine energy carriers including and excluding storage tanks and necessary systems. The dots
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represent the energy carriers in uncontained form and the arrows display the shift in energy density after
including the storage tank and necessary systems. The graph is divided into four sections and has diesel
as its middle point as it is the most similar to conventional fuel oil. All the contained energy carriers in
the top left section require less volume, but are heavier than diesel. The contained energy carriers in the
bottom right section require more volume, but are lighter than diesel. The top right section is where the
superior contained energy carrier would be, however there are none. A contained energy carrier in this
section would require less volume and less weight compared to diesel. The bottom left section is where
the inferior contained energy carriers are. In this section the contained energy carriers require more
volume and more weight compared to diesel. It should be noted that the shift (arrow) of the contained
energy densities of various energy carriers such as diesel, coal, and CNG 200 are not displayed in figure
1.7. The values of the contained energy densities are given in table 1.3. From this it can be concluded
that all the AMECs shift into the bottom left quadrant and therefore require more volume and weight
for equal energy content as fuel oil.

Figure 1.7: Comparison of gravimetric and volumetric storage density of energy carriers [30]

Table 1.3: Contained gravimetric and volumetric energy densities of energy carriers [138]

Contained volumetric energy density Contained gravimetric energy density
Energy carrier Abbr. (MJ/L) (MJ/kg)

Marine Diesel Oil MDO 33.200 29.650
Bio Diesel HVO 31.900 31.064
Synthetic Diesel GTL 30.890 31.064
Marine Gas Oil MGO 29.500 a 29.900 a
Methanol MeOH 13.634 14.533
Dimethyl Ether DME 13.300 19.800
Liquefied Natural Gas LNG 13.170 28.370
Ammonia NH3 9.450 11.700
Compressed Natural Gas CNG 8.500 4.500
Liquefied Hydrogen LH2 4.600 11.700
Compressed Hydrogen CH2 3.730 6.600
Lithium battery Li‐NMC 0.220 0.330
a Biert (2016) [11]

An important observation can be made that liquefied and compressed gaseous energy carriers have stor‐
age tanks that highly impacts the volumetric and gravimetric energy densities. In spite of hydrogen having
the highest gravimetric energy density in uncontained form, it is not the case in contained form. All the
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contained energy carriers other than coal will require more volume and more weight compared to diesel
(fuel oil). Therefore if a ship were only to replace its fuel oil bunker space with an AMEC in contained form
inside the main hull for the same amount of energy content, it would increase in size and in weight. The
efficiency of the power plants is one factor that is not taken into account yet. However certain energy
carriers can be used in different power plants with different efficiencies and resulting in various effective
energy densities. For example, the uncontained volumetric energy density of diesel compared to am‐
monia is ∼2.8 times larger. Therefore it is expected that 2.8 times the volume of ammonia is necessary
for the same energy content. Nevertheless, according to Castro et al. the required ammonia volume
compared to diesel is only twice as much (‐30%) [22]. For this reason other factors such as power plant
efficiency must be taken into account as a case study in this research. Moreover, this does not even
take the storage tank and necessary bunker handling systems into account which requires the use of the
contained volumetric energy density.

1.4.2. Ship design and size
The vessel specifications are the starting point to the design process of a ship. There are many models of
the ship design process, therefore it is crucial to find an appropriate and applicable model of the design
stage. This will help to understand when an energy carrier is introduced in the process and how that
influence the rest of a ship’s life. In 1959, Evans constructed the design spiral to illustrate the naval
architecture process of vessels [36]. To this day the design spiral is still applicable and is considered the
classical approach to the ship design process [114]. However, due to technological advancement and
the increasing complexity of ships there are many variations of the design stages. The design spiral is
depicted in figure 1.8 with the starting point mission requirements on top. The mission requirements are
to be considered the same as the vessel specification/ship design from the four aspects in figure 1.1 from
section 1.1 ’The current situation’.

Figure 1.8: Ship design spiral [36]

As a result of the additional volume and weight of an AMEC for the same amount of energy content, a
ship will increase in total internal volume and lightweight ship. Consequently it also leads to a higher re‐
sistance and thus more engine power is necessary to propel the ship at the same service speed. A higher
engine power also results in a higher energy consumption and thus additional bunkering is necessary to
compensate for the increased energy consumption to have the same endurance range.
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The first step of the numeric ship sizing process in figure 1.9 starts with the carrying capacity (payload)
and accompanying equipment to estimate a ship’s total internal volume. However the historical data is
based on ships powered by conventional fuel oil and thus there is no to very little historical sizing data
available on ships with AMECs. Consequently there is no other choice than to use fuel oil powered ship
data as a starting point. Since there is no step in the process accounting for the selecting of an energy
carrier, it is assumed that this would take place in the ’Selection of machinery’ as the power plant com‐
ponents (machinery) are dependant on the energy carrier. Taking into account the constant operational
ship requirements, the change in the ’Selection of machinery’ step impacts the following three steps:
’Complement’, ’Auxiliary power and services’ and ’Tank volume’. An AMEC power plant can require com‐
plementary space for safety reason or just because the machinery is larger compared to the conventional.
For this same reasoning the space requirement for the auxiliary power and services are impacted as well.
Finally, the tank volume of an AMEC is calculated with its energy characteristics and efficiencies of the
accompanying power plant.
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Figure 1.9: A simple numeric ship sizing iterative sequence with feedback [7]

1.4.3. Ship resistance and propulsion
A ship that moves through the water and air is subjected to the forces acting on the outer hull surface.
These forces by the water and air are a reaction to the ship’s size, shape and speed. All of the forces
combined are known as the total hull resistance. The total hull resistance is the sum of the resistance
components: viscous resistance, wavemaking resistance and air resistance. The viscous andwavemaking
resistance are a result of the underwater volume of the ship and the air resistance is a result of the
volume above the waterline. The underwater volume and above water volume are related to the main
ship dimensions and its shape. The main ship dimensions being the length (L), beam (B), depth (D), and
draft (T ). The resistance component proportion to the total resistance is speed dependant and visualized
in figure 1.10. At lower ship speeds the viscous resistance proportion is the highest, while at higher ship
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speeds the wave making resistance is dominant. The viscous resistance is the friction between the water
and the hull. Therefore a higher wetted surface area results in a higher viscous resistance at the same
speed. Just like the viscous resistance, the air resistance also has a near‐linear correlation to the ship
speed. The mechanism of the air resistance component is similar to the viscous resistance, but it involves
the air friction and pressures above the waterline.

Figure 1.10: Components of hull resistance with varying speed [130]

The wave making resistance is not near‐linear correlated to the ship speed and it highly shape dependant.
As the name suggests, it involves the resistance caused by the resultingwaves by the ship moving through
the water. The waves are created by the pressure build up at the bow and pressure release at the stern
of the ship. The wave making resistance curve first rises at an increasing rate, then flattens out and
then rises at an increasing rate again. This slope discontinuity is the result of the bow and stern waves
first being in phase, then out of phase and then in phase again. When the bow and stern waves are in
phase they enhance each other and when they are out of phase they cancel each other out [18]. In 1868
William Froude found a relation between the wave making resistance and wave length. He found that
the higher the ship speed with respect to to the waterline length, the higher the wave making resistance.
The relation is known as the Froude number and it is expressed in equation 1.9.

Fn =
VS√
g · L

[−] (1.9)

In section 1.4.1 it was concluded that the contained energy density of the AMECs are all lower than con‐
ventional fuel oil. As a consequence the tank volume and weight will increase for the same operational
ship requirements. In section 1.4.2 it was concluded that the overall internal volume will thus increase
for the additional tank volume. Accordingly, to accommodate the increased overall internal volume, the
ship’s main dimensions will change as well. All the resistance components are related to the underwater
and above water volumes and therefore a change in the main dimensions will result in a change the ship’s
total resistance. However the air resistance only contributes a small portion of the total resistance and
thus the most valuable main dimensions are length (L), beam (B) and draft (T ).

The Froude number is a parameter which is often optimized in ship design in order to lower the total
resistance according to Wilson et al. [144]. To lower the Froude number and therefore the wave making
resistance, the ship speed (VS ) has to decrease or the ship length (L) has to increase according to the
equation. The additional length will result in a lower wave making resistance but also in a higher viscous
resistance as there is more surface area. It will only result in a lower total resistance in the speed range
where the wave making resistance is dominant. One of the constant operational conditions considered
is the ship speed. Therefore increasing the ship’s length to accommodate for the additional overall inter‐
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nal volume is a solution within the Froude number parameter to decrease the wave making resistance.
However it is not practical to accommodate all the additional volume in the length as it would cause high
bending moments in the ship’s structure. In a study by Lindstad et al. in 2013, they evaluated the cost
and emissions associated with various fuel oil powered bulk vessel designs with equal carrying capacity
(DWT), focusing on the vessel’s beam, length, hull slenderness, and bow section length [89]. The results
show that more slender designs with lower block coefficients are themost energy efficient and reduce the
added resistance significantly. The added resistance is the extra resistance caused by winds and waves
and can be increased about 10–40% compared to calm water [80]. In a follow up study on slender body
designs in 2014, the results show that slender designs reduce emissions and increase the profit [90].
The total ship resistance is a parameter for determining the effective towing power (PE ). This is the re‐
quired power to tow the ship at a given speed. The effective towing power is calculated by multiplying
the total ship resistance (RTOT ) by the ship speed (VS ). With the given propulsion plant components, the
propulsion main engine brake power can be determined. In section 1.2.1 it was determined that the en‐
gine brake power is a parameters for the energy carrier consumption and direct emissions. Accordingly,
a ship that increases in total resistance will also increase in energy carrier consumption and subsequently
also cost of operation/ownership. This results in an iterative issue where the increased energy carrier
consumption needs to be compensated by additional energy carrier bunker volume to operate for the
same amount of time or distance. This ship resizing problem is in agreement with the numeric ship sizing
process by Andrews and Dicks within figure 1.9 [7].

To summarize this section, the introduction of AMECs will change the cost of ship operations/ownership
and therefore the commercial aspect of ship design. However energy carrier types are not interchange‐
able as their energy conversion method differs. An additional issue to the increased energy carrier types
is the storage and handling properties. All AMECs have a lower volumetric and gravimetric energy density
than conventional fuel oil. Therefore it is anticipated that more bunkering is necessary for the same oper‐
ational conditions. The additional bunker volume and weight result in a larger overall internal volume and
ship weight. Accordingly the main ship dimensions increase and yield a higher total ship resistance and
consequently engine powering. The higher powering causes an iterative issuewhere additional bunkering
is required to compensate for the increased consumption for the same operational conditions. In conclu‐
sion, an AMEC can lead to increased energy carrier consumption and therefore increasing the operational
cost and additionally could cancel out the GHG emission reduction which it was intended to solve. It was
determined that the operational conditions must remain the same to have the same operational require‐
ments, but it was not yet explained how that is applied. Therefore the operational requirements and
conditions are elaborated and applied in the following section.

1.5. Operational requirements
There is not a one size fits all ship design that fulfils all the requirements for the shipping industry. There‐
fore merchant ship types are categorized based on their function even though they are all constructed
using the same naval architecture principles [106]. According to Levander, the function of a shipping
vessel can be divided into two main categories: inherent ship functions and payload functions [85]. The
function categories and sub categories are depicted in figure 1.11. The inherent ship functions are re‐
lated to safely transporting the payload from one port to another in a timely manner, while the payload
functions are related to the handling of the payload content. In this section, the operational requirements
affecting the ship design are analyzed and questioned whether they change if a ship substitutes its fuel
with an AMEC.
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Figure 1.11: Shipping vessel function categories [85]

1.5.1. Ship functions and ship design
According to Levander, first the inherent ship functions and payload functions are selected in this system
based design process. Thereafter the required areas and volumes for the ship to house all systems are
then determined. There is no requirement for pre‐selected main dimensions, hull lines, or typical layouts
using this design approach [85]. From there on the total internal volume and first estimate of weight are
calculated. With that information the main dimensions and ship form are selected using historical data
based on performance and operating economics. In section 1.4, it was determined that the operational
key variables to financial performance (operating economics) are revenue and cost of operations [117]. In
that same section it was also established that fuel cost is amajor contributor and it is directly related to the
main ship dimensions, hull form and ship speed. Therefore to strive for the highest profit given the same
operational requirement (constant speed), themain dimensions and hull form are selectedwhich generate
the lowest fuel cost. The approach by Levander is almost identical to the numeric ship sizing sequence
by Andrews and Dicks, especially the use of historical data [7]. In conclusion, Levander, Andrews and
Dicks, and Vossen et al. are all in agreement that the main ship dimensions are motivated by external
factors, are based on historical data and are not pre‐selected by default. Essentially all historical ship data
is based on vessels powered by fuel oils as AMEC types are still in their infancy. However that does not
signify that the powering and dimensional historical data is inaccurate for achieving lowest energy carrier
consumption and thus cost. Therefore the historical powering and dimensional ship data is still useful in
determining the ship dimensions powered with AMEC types.

1.5.2. Constant operational requirements
The five considered operational conditions result in the same operational requirements for a new design.
The operational requirements are not necessarily determined, but are considered by using an existing
ship and substituting the fuel oil with an AMEC for equal effective energy. The equal effective energy
is the product of the lower heating value and the power plant efficiency. Accordingly additional bunker
volume and weight is necessary due to the lower gravimetric and volumetric density of AMECs. As a
reminder, the five constant operational conditions are listed below. The ship type must remain constant
because it is defined by the payload function and accompanying design elements and trends. A ship that
increases in internal volume due to switching to an AMEC should not contain new or less design elements
that it is considered a different ship type. The original internal volume minus the bunker volume must
remain constant as the original internal volume houses all the inherent ship functions and payload function
systems, excluding the bunker volume. The service speed, sailing range/endurance and non propulsive
energy users are related to the energy carrier consumption and therefore determine the varying bunker
volume. Theymust remain constant to complywith the inherent ship function of transporting the payload
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from one port to another in a timely matter and handling the payload.

Ship type (design elements/dimension trends)
Original internal volume minus the bunker volume
Service speed
Sailing range/endurance
Non propulsive energy consumers (cargo handling/treatment)

It is considered that the original ship design results in the lowest energy consumption feasible for its given
multi objective operational requirements. Accordingly, the new lowest energy consumption equilibrium
for the new ship design will be near for the additional volume and weight. For that reason the new ship
dimensions will be within the maximum expansion of a single dimension to accommodate for the addi‐
tional volume and weight. In simpler explanation, a single dimension (L, B, or D) can be increased to a
maximum distance while the other dimensions remain constant to accommodate for the additional vol‐
ume and weight. For example only increasing the length (L + ∆Lmax, B, D). Or it can be achieved by
increasing multiple dimensions to anywhere less the than the maximum to accommodate the additional
volume and weight. Traditionally ships are designed to maximize its dimensions to the spatial limits for
locks, canals, bridges, etc. Therefore, it is possible that the newly generated ship designs exceed the spa‐
tial limitations and consequently it cannot perform its operational tasks. For the purpose of determining
new ship designs based on existing ships, the spatial limits are not taken into account as an operational
requirement. A method of avoiding this spatial limit issue is by surrendering cargo space for bunker space,
however this does change the operational requirements.

In a master’s thesis by Bodewes in 2020, he modeled the refit design impact on a general cargo vessel
for various AMECs and assessed the energy carrier cost and GHG emissions [14]. The model approached
the additional bunkering volume for equal amount of effective energy to be added by lengthening in the
midship section. According to Bodewes this was done because the beam was restricted, however there
is no mentioning of increasing the ship’s depth as an option. By using an existing ship the operational
requirements were kept constant. However, the added resistance and powering impact due to length‐
ening on the effective energy were not taken into account. Additionally, the contained energy density
was correctly used, but only the efficiency of the prime mover was used to calculate the effective energy.
Moreover this research is intended for refit purposes and accordingly does not take new design options
as a possibility.

In a recent study by Terün, Kana and Dekker, an ultra large container vessel (ULCV) is subjected to var‐
ious AMECs intended for the same power plant to investigate the cost and GHG emission performance
[118]. The additional bunker volume and weight is determined using the same range at the same service
speed. The power plant efficiency is assumed to be the same and therefore also the efficiency, however
all auxiliary loads were neglected. The additional volume and weight is added to the ULCV by lengthening
in the midship section and substituting container bays for tanks. Therefore the operational requirements
are not kept constant. Moreover the added resistance of the lengthening was not taken into account in
the fuel consumption and neither the indirect GHG emissions.

To summarize this section, to keep the operational requirements constant, five operational conditions
have been determined to remain the same. The constant operational conditions are related to existing
ships substituting their fuel oil with an AMEC for equal effective energy. As a result the ship’s weight
and internal volume will increase and causes the main dimensions to increase as well. This further in‐
creases the energy carrier consumption and therefore more bunkering is necessary to keep the same
sailing range/endurance. This results in an iterative issue where the increased energy carrier consump‐
tion needs to be compensated by additional bunkering and then causes increased consumption again.
Therefore also causing an accelerated emission issue by the AMECs. Up until now, only direct GHG
emissions are taken into account as an environmental impact, yet global warming is not the only envi‐
ronmental effect nor are direct emissions the only contributor. In the next section, other environmental
effects of energy carriers are investigated including the non‐direct emissions. Furthermore, the approach
to quantitatively assessing the environmental impact is researched as well.
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1.6. Environmental consequences
The green house gas reduction strategy by the IMO is the initial driver for the change in vessel specifi‐
cations/ship design in order to stop global warming effects. As mentioned previously, global warming is
not the only effect on the environment. Kameyama et al. found that within operational stage of a ship,
the direct emissions of conventional fuel oil account for 81% of the total environmental effects while
the production and distribution only accounts for 19% [77]. A well known previous global environmen‐
tal effect caused by humans is the depletion of the ozone layer and without it it would cause damage
to exposed life forms from the sun’s ultraviolet light [32]. Since the phasing out of the ozone depleting
substances (ODSs) by the Montreal Protocol, an international treaty by the UN, the ozone layer is finally
healing [115]. It was a simple solution by phasing out the chemicals which caused the ozone depletion
and using alternatives. However the alternatives to ODSs are potent green house gasses [132]. Thus
solving one environmental effect and causing another. Therefore it is necessary to determine the types
and magnitude of the environmental effects of the production and use of AMECs.

1.6.1. Life cycle assessment (LCA)
Life cycle assessment (LCA) is a methodology for quantitatively assessing the environmental and social
impacts of a system, product, service or process over its full life time [37]. The environmental impact is
measured in effects on ecological consequences, resource use and human health. An LCA takes all the
materials, resources and consumed energy into account over all the life cycle stages and it also takes trans‐
portation into consideration. When researching a life cycle, the life system boundaries need to be known.
Figure 1.12 displays the ecological loop with the system boundaries of cradle, gate and grave. From the
time natural resources are mined from the earth (cradle) and processed through each consecutive stage
of manufacture, transport, product usage, and finally disposal (grave), a ’cradle‐to‐grave’ assessment eval‐
uates impacts at each stage of a product’s life cycle’s trajectory. It is also possible to do an assessment
on only a part of a life cycle (gate‐to‐gate), namely a conceptual LCA [37]. In such a conceptual LCA, the
environmental impact results are valuable for comparative reporting. Since this research is focused on
determining the environmental impacts of AMECs during the operational stage of a ship’s life cycle it is
deemed as a conceptual LCA.

Hausschild et al. provide a comprehensive description in their book Life Cycle Assessment on the the‐
ory and practice of LCAs [50]. According to them there are four essential phases to an LCA, which are:
1 ‐ The goal and scope definition, 2 ‐ The life cycle inventory analysis (LCI), 3 ‐ The life cycle impact
assessment (LCIA), and 4 ‐ The life cycle result interpretation. Major components of the goal and scope
definition phase include defining the system boundaries, function of the output, the unit of comparison,
and the reference flow of the inventory. The LCI phase consists of compiling the inventory process data
sets for the in‐ and output materials, energy, resources and emissions. Activities in this phase include
process identification, planning and collection of data, constructing and quality check of the data, uncer‐
tainty preparation, and reporting. The LCIA phase consists of conducting the impact assessment on the
environment for a system in a quantitative manner. It include selecting impact categories, impact classifi‐
cation, characterization, normalization, and weighting. The final phase consists of identifying the critical
environmental issues, evaluation of the analyzed results, sensitivity analysis, conclusions, and further
recommendations. The major components of this phase include high impact process identification, com‐
pleteness and quality analysis, consistency examination over all the systems in the LCA, and a sensitivity
analysis.
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Figure 1.12: The ecological loop and system boundaries [105]

The cradle‐to‐grave principle is similar to the well‐to‐wake pathway principle, except it is the general‐
ized for all products and processes in an ecological perspective. The well‐to‐wake pathway is specific
to energy carriers and GHG emissions in the maritime industry. The cradle‐to‐grave concept takes all
environmental effects into account, while well‐to‐wake only takes the emissions into consideration in
a global warming impact perspective. Nevertheless, the well‐to‐wake pathway targets the impact from
the contributors from the moment of extraction to disposal. Therefore the well‐to‐wake pathway is the
cradle‐to‐grave system boundary for an LCA. The GHG emissions contribute to global warming, mainly
carbon dioxide, but also contributes to the acidification of the ocean [109]. Acidification is also one of
the environmental impacts in an LCA. This shows how an LCA takes more into consideration than just
global warming, even though it is the driver of this research.

LCA is the most extensive and dominant method for studying the environmental impacts throughout
a product’s full life cycle. The LCA methodology is globally recognized by the International Organization
for Standardization (ISO) for its environmental management procedure in the ISO14040 standard [71]. A
comparable method of studying a product or process’s life cycle is a Life Cycle Screening (LCS). An LCS
focuses on the finding the key issues in a part of a life cycle to optimize it with new technologies in a
environmental perspective [39] [38]. According to Hung et al. the LCS method is intended for upcoming
technologies where the technology has a low readiness level [60]. Castro et al. found that an internal
combustion engine fueled by ammonia is not technically ready for application [22]. However, this tech‐
nical readiness grading is featured in their 2019 study and in the mean time engine manufacturer MAN
Energy Solutions is launching an ammonia internal combustion engine in 2024 [104].

In 2021, Bilgili was the first to perform a quantitative comparative LCA on AMECs in a life cycle per‐
spective [12]. In his research he performed an LCA using the SimaPro 9 software in combination with
the Ecoinvent database and the ReCiPe 2016 method on a selection of AMECs. Unlike other studies that
focused on pollutant emissions (especially GHG), he focused on the damage of the pollutant to human
health. He concluded that biogas is the best in terms of human health in the short, medium and long term.
However, the comparative LCA study does have limitations, such as the functional unit of comparison
was determined as 1 ton or equivalent volume of fuel. Therefore not taking the power plant efficiency
or the contained energy density. Therefore the operational requirements were not taken into account
to compare on the same playing field. Additionally, the largest limitation in his study is the differing LCA
research scope. Bilgili uses the results from other LCA researches and compiles them. Consequently, it is
unknown what is and is not included in the scope of these studies and how the inputs and wastes were
measured. Differing research scopes can cause different results for the same system and therefore as
well when comparing various energy carriers.
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1.6.2. Well‐to‐wake pathway
It is possible that a specific energy carrier can be sourced, produced and distributed in a variety of path‐
ways. All these pathways have a different effect and magnitude on the environment. There is ample re‐
search done on global warming effects of GHG emissions originating from marine energy carriers. AMEC
emissions in the maritime industry can be categorized into two phases of its life cycle: well‐to‐tank (WTT)
and tank‐to‐wake (TTW) [46]. The well‐to‐tank phase consists of the extraction, processing, transporta‐
tion and distribution of the energy carrier. This phase is not specific to the maritime industry. However,
the tank‐to‐well phase consists of the use of the energy carrier in the maritime industry. During these
two phases harmful green house gasses are emitted into the atmosphere and the two phases together
form the full life cycle: well‐to‐wake (WTW). The emissions from the tank‐to‐wake phase are the primary
cause of global warming, but without the preceding well‐to‐tank phase it would not exist [108]. If the
primary goal is to stop contributing to global warming, accordingly the use of fossil resources for energy
carriers must stop. However, an energy carrier such as hydrogen does not contribute to global warm‐
ing in the tank‐to‐wake phase as there are no emissions. Yet, if it is sourced from natural gas, then the
well‐to‐tank phase is the primary contributor to global warming. As in this phase there are not any GHG
emissions. Therefore, the full well‐to‐wake pathway for every chosen energy carrier must be taken into
account to determine the full environmental effect. The possible well‐to‐tank pathways from source to
energy carrier can be seen in figure 1.13.

Figure 1.13: Overview of main well‐to‐tank energy carrier pathways and labels [61]

In a 2019 study by DNV‐GL on the comparison of alternative marine, it was concluded that renewable
hydrogen in a fuel cell power plant has the least GHG emissions in the well‐to‐wake pathway/system
boundary [30]. The functional unit of comparison was determined as 1 kWh shaft output and therefore
taking the power plant efficiency into account. Unfortunately the research was only performed on the
global warming environmental impact.
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1.6.3. Environmental impact method: ReCiPe 2016
Depending on which LCA method is used, there are environmental impact results which come forth from
the LCIA phase. These impact categories are the environmental effects and are mostly similar to one
and other. One of the LCA methods is ReCiPe 2016 and it is developed in collaboration with the Dutch
National Institute for Public Health and the Environment (RIVM), Radboud University Nijmegen, Norwe‐
gian University of Science and Technology, and PRé Sustainability. ReCiPe 2016 uses impact categories
at two levels: midpoint and endpoint. There are eighteen midpoint impact categories which can be re‐
duced down to three endpoint categories. The midpoint and endpoint categories and their relationship
are displayed in figure 1.14.

Figure 1.14: Overview and relation from midpoint (18) to endpoint (3) in ReCiPe 2016 [58]

The midpoint impact categories are classified by their identical environmental impact mechanism. For
example, carbon dioxide (CO2) absorbs infrared radiation (light) from the earth and emits thermal radia‐
tion. As a result the earth heats up and causes the climate to change. CO2 is characterized as the global
warming potential and expressed in terms of thermal energy for a year per square meter (W·yr/m2) also
known as the characterization factor (CF). Other chemicals can also have this mechanism, but in a differ‐
ent magnitude, such as methane. The global warming potential of 1 kg methane is 84 worse than 1 kg
of CO2 over the course of 20 years time. That is why a normalization factor of 84 is used to translate
this effect for methane for the same weight. Therefore the environmental impact measurement is in kilo‐
grams of CO2 to the atmosphere. In addition, one midpoint impact category can influence the other, for
example climate change can cause dry periods without rain and thus will cause increased use of water
consumption for the agriculture sector. Therefore weighting factors are used to convert characteriza‐
tions across the midpoint impact categories. The three endpoint impact categories are classified by their
identical damage mechanism. The reduction from eighteen to three impact categories provides better
information to compare results in a broader perspective, however this yields higher uncertainty than the
midpoint indicators [59]. The translation frommidpoint to endpoint impact category is also done through
weighting factors by their identical damaging mechanism. Luckily, by using the ReCiPe through a soft‐
ware, the characterization, normalization and weighting is done automatically.

To perform a conceptual LCA on an AMEC through the ReCiPe 2016 method, all the in‐ and output mate‐
rials, energy, resources and emissions need to be identified of the life cycle in a life cycle inventory (LCI)
analysis. This involves compiling the inventory processes and collection of data. The data is sourced from
databases as a finished result or self constructed from intermediate results from previous LCAs. The Delft
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University of Technology offers a free license to the LCA software SimaPro 9. This software can perform
LCAs through different LCA methods and LCI databases. The software includes the ReCiPe 2016 method
and many different databases. One of those LCI databases is the Ecoinvent database which is provided
by the Ecoinvent Association. The Ecoinvent Association is a non‐profit dedicated to high quality envi‐
ronmental data for environmental assessments [35]. The database contains more than 19,000 life cycle
inventory data entries and is updated every year. According to openLCA Nexus, an online repository for
LCA data, ”Ecoinvent is a very transparent, consistent and most popular database containing industrial
life cycle inventory data on energy supply, resource extraction, material supply, chemicals, metals, agri‐
culture, waste management services, and transport services” [45]. By using the Ecoinvent database for
the LCI phase in combination with the ReCiPe 2016 method will result in the LCIA results. This process
can be automated by using the SimaPro 9 software. To fully understand what the environmental impacts
are from the ReCiPe 2016 method, the endpoint and midpoint impact categories are briefly explained in
the following subsections.

1.6.4. Endpoint area of protection
The three endpoint areas of protection are a convenient outcome to compare life cycle impact assess‐
ments as they contain less end factors. The endpoint areas are a result of the damage pathways from the
midpoint categories. Every midpoint impact category has a conversion factor to result in the endpoint
area.

Human health Damage to human health is the result of the years of life that are lost or that a human
is disabled as a result of a disease or accident. This can be caused by an increase in respiratory disease,
increase in various types of cancer, increase in other diseases/cause, or increase in malnutrition resulting
from a midpoint category. The unit of characterization for damage to human health is disability‐adjusted
loss of years (DALY).

Natural environment Damage to ecosystems is the result of loss in quality of an ecosystem. This can be
caused by damage to freshwater, terrestrial or marine species. The unit of characterization for damage
to ecosystems is local species loss integrated over time (species x year).

Resource scarcity Damage to resource availability is the result of the extra cost involved for future
mineral and fossil resource extraction due to its scarcity. This can be caused by increased extraction
costs and fossil energy cost. The unit of characterization for damage to resource availability is US dollars
($) in valued in 2013.

1.6.5. Midpoint impact categories
The eighteen midpoint categories contain the characterization identity of the emitted substances. The
emitted substances are gathered from the life cycle inventory (LCI) and their environmental impact is
categorized by these eighteen categories.

Climate change Climate change is the result of green house gas emissions into the atmosphere. There‐
fore the atmospheric green house gas concentration rises. The radiative forcing capacity of these green
house gasses causes an increase in the global mean temperatures. It results in climates all around the
world to change. As an effect it damages human health as it causes a change in disease distribution and
flooding. It also disappears terrestrial species due to change in biome distribution, and it disappears fresh
water fish due to changes in river discharge. The unit of characterization for climate change is kg of CO2

equivalent to the air.

Stratospheric ozone depletion Stratospheric ozone depletion is the result of Ozone Depleting Sub‐
stance (ODS) emissions into the atmosphere. Therefore the ODS concentration in the troposphere and
stratosphere rises. The ODSs interact with ozone and decrease atmospheric ozone concentrations which
causes more ultraviolet B (UVB) radiation to reach the earths surface. The UVB radiation increases the
chance of getting skin cancer and cataracts. Therefore increasing damage to human health. The unit of
characterization for ozone depletion is kg of CFC‐11 equivalent to the air.
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Ionizing radiation Ionizing radiation is the result of radionuclide emissions into the biosphere. Therefore
the radionuclide concentration increases in the biosphere and the dispersion causes it to come in contact
with the human population. The exposure of radionuclides increases the chance of getting cancer and
other hereditary effects. Therefore these effects damage the human health. The unit of characterization
for ionizing radiation is kBq Cobalt‐60 equivalent to the biosphere.

Fine particulatematter formation Fine particulate matter formation is the result of aerosol emissions of
up to 2.5 µm into the atmosphere. These aerosols include nitrogen oxides (NOx), ammonia (NH3), sulfur
dioxide (SO2) which cause secondary aerosols to form in the air. Therefore the aerosol concentration
increases in the atmosphere which then can be inhaled by the human population. The fine particulate
matter causes an increase in mortality cases and thus damages human health. The unit of characterization
for fine particulate matter is kg PM2.5 equivalent to the atmosphere.

Photochemical ozone formation Photochemical ozone formation is the result of nitrogen oxides (NOx)
and non‐methane volatile organic compounds (NMVOC) into the atmosphere. Therefore these chemical
concentrations in the atmosphere increase which transform to ozone in the air. The ozone can be inhaled
by the human population, leading to higher cases of mortality. Consequently damaging human health. In
addition, plants can also uptake ozone and die off, leading to disappearing plant species. Thus damaging
terrestrial ecosystems as well. The unit of characterization for photochemical ozone formation is kg NOx

equivalent into the atmosphere.

Terrestrial acidification Terrestrial acidification is the result of inorganic substance emissions into the
atmosphere which eventually deposit into the soil. The concentration of these substances in the soil
cause the soil to acidify and eventually killing specific plant species. Therefore the terrestrial acidifica‐
tion damages terrestrial ecosystems. The unit of characterization for terrestrial acidification is kg SO2

equivalent into the atmosphere.

Freshwater eutrophication Fresh water eutrophication is the result of nutrient emissions, for instance
phosphorus and nitrogen, into fresh bodies of water or soil. The nutrient concentration increases in
the water and soil. Autotrophic organisms, for instance photosynthesizing bacteria and algae, as well as
heterotrophic species such as bottom feeders and fish, thrive on these nutrients while other organisms
do not. This causes an imbalance in the organism and species population in these fresh bodies of water.
Therefore the freshwater eutrophication damages freshwater ecosystems. The unit of characterization
for freshwater eutrophication is kg phosphorus (P) equivalent into freshwater.

Marine eutrophication Marine eutrophication is the result of diffusion and direct emission of dissolved
inorganic nitrogen (DIN) to soil, rivers and coastal environments. The DIN concentration increases in the
coastal water which were previously limited. Therefore certain organisms and species thrive and uptake
other limiting nutrients. This increases the disappearance of marine species, especially demersal fish.
Therefore marine eutrophication damages marine ecosystems. The unit of characterization for marine
eutrophication is kg nitrogen (N) equivalent into rivers and coastal waters.

Toxicity Toxicity is the result of chemical emissions to the biosphere. The chemical concentration in‐
creases in the habitable environment. The increased concentration of chemicals is exposed to humans
and other species. Therefore it can cause species to die off and potentially disappear in its habitat. Thus
damaging ecosystems in fresh water, marine and terrestrial environment. In addition it can cause in‐
creased incidence of carcinogenic and non‐carcinogenic diseases in human health. Thus damaging human
health. The unit of characterization for toxicity is kg 1,4‐dichlorobenzene (1,4‐DCB) equivalent into the
air, freshwater, seawater, and industrial soil.

Water use Water use is the result of fresh water consumption from the environment. The fresh water
consumption results in a reduction of fresh water availability. This can lead to three damage pathways.
The first being that it can cause a water shortage for irrigation and eventually resulting in an increase
in malnutrition. Therefore damaging human health. The second damage pathway due to water use is
the reduction in plant diversity as result of drought which kill off plants. Thus disappearing terrestrial
species. The third damage pathway due to freshwater use is the reduction in river discharge rate and thus



1.7. Research project 25

resulting in disappearing freshwater species. The last two damage pathways cause damage to terrestrial
ecosystems. The unit of characterization for water use is m3 freshwater consumption from the biosphere.

Land use Land use is the result of change of land cover and land use intensification from habitable land.
Change in land cover leads to loss of habitat and thus resulting in potentially disappearing terrestrial
species. Land use intensification leads to loss of habitat as well and also to soil disturbance, thus also
resulting in potentially disappearing terrestrial species. Therefore land use causes damage to ecosystems.
The unit of characterization for land use is m2 arable land use equivalent annually from the biosphere.

Mineral resource scarcity Mineral resource scarcity is the result of mineral resource extraction which
leads to a decrease in concentration of that mineral (ore grade) worldwide. The demand for the mineral
will increase as it becomes more valuable and therefore it will be extracted from sites with higher con‐
centrations. Once these highly concentrated sites are depleted, it will cause the extraction to be done at
less accessible sites which causes the cost of extraction to increase. Therefore mineral resource scarcity
causes damage to resource availability. The unit of characterization for mineral resource scarcity is kg
copper (Cu) equivalent from the earth.

Fossil resource scarcity Fossil resource scarcity is the result of fossil resource extraction. Fossil source
concentration are similar around theworld and therefore are not susceptible to concentration differences.
However, it will cause the extraction to be done at less accessible sites one the easily accessible ones
are depleted which causes the cost of extraction to increase as well. Therefore fossil resource scarcity
causes damage to resource availability. The unit of characterization for fossil resource scarcity is kg oil
equivalent from the earth.

To summarize this section, the direct emissions during the use of energy carriers does not represent
the total emissions as the production and distribution needs to be accounted for. Therefore the life
cycle system boundaries are determined as the well‐to‐wake pathways which is the equivalent of the
cradle‐to‐grave trajectory in an energy carrier perspective. With the well‐to‐wake pathways an LCA can
be performed to determine the environmental impacts and their magnitude. The software SimaPro 9
that automates the LCI phase to the LCIA phase is accessible to perform the LCA. Within SimaPro 9 the
Ecoinvent database for the LCI phase and the ReCiPe 2016 method for the LCIA are available.

1.7. Research project
To conclude the extended problem analysis on ship design/vessel specifications, the External Requirements
are actively changing through GHG emission regulations and thus involuntarily impacting the Available
Technology and Commercial Aspect while the Operational Requirements do not change. Consequently the
main dimensions of a ship will increase due to equal effective energy from AMECs, resulting in higher
propulsion powering and cause increased energy carrier consumption. Additionally the regulations only
apply to direct GHG emissions, however the indirect emissions also account for a significant proportion.
Moreover, there are many other environmental impacts by emissions over the full life of energy carriers.
Therefore a comparative environmental assessment on AMECs which takes into account the increased
AMEC consumption needs to be researched to determine the total Environmental Consequences.

1.7.1. Knowledge gap in literature
Based on the extended problem analysis, there is ample individual research on AMECs and their power‐
ing technologies, energy saving ship designs and propulsion, and maritime environmental assessments.
Nevertheless there are only a few studies inwhich two of these three elements are taken into account. Ac‐
cording to the author’s knowledge there are no studies taking all three elements into account. However,
as demonstrated, current AMEC properties and their powering technologies require additional bunker
volume and weight to maintain the same operational requirements. Consequently this affects the ship
design and additional propulsion power is necessary, resulting in more energy carrier consumption. It
consequently causes increased direct and indirect emissions that impact the environment in many differ‐
ent ways than just global warming. Accordingly, the main goal of this research is to determine the total
environmental impact including the powering impact by AMECs.
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The flaws of the existing literature have already been discussed in the extended problem analysis. Nev‐
ertheless, the existing literature contains valuable approaches which can be combined in order to achieve
the main goal. The studies by Terün, Kana and Dekker, and Bodewes maintain the operational require‐
ment of service speed and sailing range/endurance and define this by calculating the effective energy
of the bunkered fuel [118] [14]. They also use the contained energy densities of the AMECs and the
power plant efficiencies to determine the additional bunkering volume and weight. This approach will
also be used, but with more accurate power plant efficiencies and auxiliary powers. The additional vol‐
ume and weight can best be applied to strive for the lowest propulsion power possible. Lindstad et al.
determined that higher length‐beam ratios for ships with equal carrying capacity are the most energy
efficient [89] [90]. Additionally, Liu and Pananikolauo determined that the added ship resistance de‐
creases for lower Froude numbers, which can be achieved by increasing the length of a ship [92]. They
also demonstrated that increasing the beam‐draft ratio for a constant speed further reduces the added
ship resistance. Therefore both methods are useful for modelling the additional bunkering volume and
weight of the AMECs. Levander, Andrews and Dicks, and Vossen et al. all conclude that ship designs
are based on historical data and therefore the maximum dimensions will be determined using historical
ship design aspects [85] [136] [7]. Terün, Kana and Dekker used the Holtrop & Mennen method and
also the propulsion chain method by Klein Woud and Stapersma to parametrically determine the ship
resistance and necessary propulsion [118]. These are accurate and practical methods to determine the
resistance and propulsion while keeping the design aspects of the ship types into account. Lastly, Bilgili
uses SimaPro 9 software in combination with the Ecoinvent database and the ReCiPe 2016 method to
conduct a comparative LCA on various AMECs [12]. SimaPro 9 including the Ecoinvent database and the
ReCiPe 2016 method are also available and necessary to conduct an environmental assessment.

Project goal
To achieve the main goal of this research and support the energy carrier selection of the future by the
maritime industry, a main research question and sub‐questions are established to be answered in the
methodology. The goal of this research project is to determine the full environmental impact of AMECs
in ships while taking the powering impact into account with regards to conventional fuel oil powered
ships. The main research question states:

What is the impact on the ship’s propulsion powering and consequently the environment by alternative marine
energy carriers?

The sub research questions state:

• What are the power plant efficiencies and energy densities of the current and future (A)MEC types?
• What are the historical design elements/dimension trends of ship types?
• How can the resistance and propulsion power be calculated while taking the design elements per
ship type into account?

• How can the total bunker volume and weight change by the AMEC types be determined while
maintaining the same operational requirements?

• How can the total bunker volume and weight change be applied to the ship design while striving
for the lowest propulsion power as possible within a ship type?

• How can the magnitudes of the environmental impacts be determined of the operational stage of
a ship for current and future (A)MECs?

1.7.2. Research approach
A case study will be constructed containing four ships with six energy carrier types. Four ship types
have been selected for this research: bulk carriers, tankers, container ships, and trailer suction hopper
dredgers. The first three ship types account for 85% of the global seagoing merchant vessels of 100 GT
and above in 2021 [129]. Therefore this project will relate to the largest share of seagoing vessels. In
addition, these vessel are subjected to the emission regulations by the IMO and therefore are more likely
to be involved in being powered by AMECs. However, it is expected that other ship types that do not
have to comply nowwill also have to follow in the future. Hence, trailer suction hopper dredgers (TSHDs)
have been included as well to represent the ships that are not subjected to the emission regulations and
the non international shipping vessels. Twelve ships of which their main design and energy parameters
are known are compiled per ship type to be analyzed how an energy carrier type will impact the design
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and consequently the energy carrier consumption.

Six energy carrier types have been selected for their current and future predicted presence with accom‐
panying power plant in the maritime industry from section 1.3.1. The selected energy carrier types are
fuel oil (current/original), methanol, LNG, liquid hydrogen, ammonia, and charged batteries. The power
plants of the energy carriers are investigated for their components, performance and total efficiency.
Each energy carrier type has a different uncontained and contained energy density. The uncontained
energy density is used to determine the volume and weight of the energy carrier on board and it is a
part of the variable free weights (DWT). The contained energy density includes the tank system as well
and it is used to determine the additional volume and weight to the ship’s overall internal volume and
lightweight ship (design). A change to the design of the ship results in a change in the ship resistance,
main engine power and consequently the energy carrier consumption. Therefore the design impact of
an energy carrier type is modeled to determine the powering (=consumption) impact. The design impact
model strives to generate a new design which causes the least additional powering. This is done by taking
into account that a higher length‐beam ratio is favorable in terms of resistance. Consequently, the ship
design generation procedure will apply the additional required AMEC bunker space by first lengthening,
thereafter heightening, and lastly widening the ship.

The six energy carrier types can be produced from many different sources and processes and therefore
two sources with their accompanying production processes are selected. The first source of the energy
carrier type originates from their conventional origin while the second source originates from biomass
or renewables. For electricity as an energy carrier in the form of batteries, the environmental impact of
the production of a lithium ion battery (LIB) will be included in the assessment. This is done because the
extraction and production of LIBs is known to be severely environmentally unfriendly.

Model description
A model is fabricated to determine the total environmental impact for a ship with constant operational
requirements for the twelve energy carriers. The model consists of two main components which are per‐
formed separately: the powering impact per energy carrier type and the environmental impact per energy
carrier. the total researchmodel is displayed in figure 1.15. The two impact assessments result in the total
environmental impact of an energy carrier. The total model uses five separate inputs/data. The powering
impact assessment component uses four inputs. The first input is detailed information of a sample set of
existing ships per ship type (1). Together with the second input, the dimension trends per ship type (2),
the new design of a ship can be determined which corresponds to historical design data. The third and
fourth inputs are the energy densities (3) and power plant efficiencies (4) per energy carrier type. With
these four inputs, the iterative powering impact assessment can be conducted which consists of three
sub‐models: a resistance approximation‐, propulsion power approximation‐ and ship design generator.
The environmental impact component uses three inputs of which two are the same from the powering
impact inputs. The first is the well‐to‐wake characteristics per energy carrier (5). The second and third
inputs are the energy densities (3) and power plant efficiencies (4) per energy carrier type which are the
same from the powering impact component. With these three inputs, an LCA can be performed which
yield the environmental effects.

The powering impact assessment component and its inputs of the model result in the total installed
power changes in the ship by an energy carrier type. The total installed power is direct related to the
energy carrier consumption. Therefore a higher total installed power yields a higher energy carrier con‐
sumption and therefore also higher emissions. The environmental impact assessment component and its
inputs of the model result in the quantifiable net environmental effect of the energy carrier. The purpose
of AMECs is to reduce the environmental effects compared to conventional fuel oil. However, if the
AMEC causes the total powering to be increased to the point that the environmental effects of the ad‐
ditional AMEC consumption surpasses the environmental effects of conventional fuel oil, the opposite is
achieved. Additionally, the focus of AMECs in the maritime industry is focused on climate change/global
warming, however the regulations do not take other environmental impact types into account. Therefore
AMECs could possibly solve one effect and cause another one. With this model the total environmental
impact can be determined and compared to conventional fuel oil in different ship types.
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Figure 1.15: Total research model

1.7.3. Research scope and methodology
The scope of this research is bounded to the constant operational requirements. This can be achieved
by maintaining the operational conditions. While the main dimensions of a ship can be an operational
requirement, it is considered that they are driven by the other operational requirements. This is in agree‐
ment with the ship design requirements considered by Vossen et al. [136]. As reminder from section 1.1,
the operational conditions are:

Ship type (design elements/dimension trends)
Original internal volume minus the bunker volume
Service speed
Sailing range/endurance
Non propulsive energy consumers (ship functioning and cargo handling/treatment)

In order to answer the sub research questions and subsequently the main research question, a research
methodology is constructed to achieve the research goal. The research methodology consists of three
parts where the first part is the data collection and case study set up. With the information from the case
study generation (part one), the powering impact assessment (part two) and the environmental impact
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assessment (part three) can be performed independently. The methodology is as follows:

1. Data collection & case study generation
(a) Well‐to‐wake characteristics per energy carrier
(b) Energy densities per energy carrier type
(c) Total power plant efficiency per energy carrier type
(d) Detailed data of sample ships per ship type
(e) Dimension trends per ship type

2. Propulsion power impact assessment
(a) Resistance approximation method on sample ships
(b) Propulsion power approximation method on sample ships
(c) Design impact assessment on sample ships
(d) Parameter: iterative process of resistance, propulsion power and design

3. Environmental impact assessment
(a) LCA of energy carriers

1.7.4. Report structure
In chapter 2, the case study is presented. In the case study chapter, the input data for both the powering
impact and environmental impact assessment are determined. In the following chapter 3, the powering
impact assessment of the AMEC types on the ship types is conducted and the results are discussed. In
chapter 4, the environmental impact assessment of the (A)MECs are determined for equal shaft output.
The powering impact and environmental impact results are combined to determine the total environmen‐
tal impact. The total environmental impact results are discussed and a conclusion on the total research
given in the next chapter 5.





2
Case study

Fuel oil currently dominates the marine powering industry. In section 1.3.1, it was determined that the
energy carrier types of the future are relatively certain but their share is less predictable. Therefore
the future presence of the energy carrier types will be considered as the deciding factor to investigate
their powering and environmental effects. The energy carrier types selected are fuel oil, methanol, LNG,
liquid hydrogen, ammonia, and electricity in batteries. LNG, methanol, liquid hydrogen and ammonia
are carried in a liquid state. However only liquefied natural gas (LNG) and liquid hydrogen (LH2) are
specifically titled ’liquid/liquefied’ because they also are available in compressed gaseous state (CNG and
CGH2), whereas methanol and ammonia are not. The energy densities in compressed state are lower
than in their liquid state and therefore are less favorable for spatial reasons. The energy carrier types
are subjected to the four selected ship types: bulk carriers, tankers, container ships and TSHDs. The
merchant shipping vessels account for the largest share of seagoing vessel and are compliant with the
IMO’s GHG regulations. Therefore they are more involved with AMECs and their powering technologies.
TSHDs are not shipping vessels and thus do not need to comply with the regulations. However the
goal by the IMO is to have zero carbon emissions by 2100 and therefore non compliant ship types will
eventually have to follow. In this chapter, the data collection and case study generation is presented to
be subjected to powering impact and environmental assessment. In section 4.1.1, the conventional and
alternative energy carrier types and their power plants are investigated. In section 2.2, the ship types are
investigated for their design elements and dimension trends from historical data.

2.1. Energy carrier types and power plants
In simple terms, energy carriers are substances or phenomenons that are ’carried’ to power a mobile
power plant. In section 1.6.2, it was determined that a single energy carrier type can be sourced, pro‐
cessed and used in many different ways. Therefore for each energy carrier type, two different sources are
selected. The first source of each energy carrier type is from the conventional origin and the second from
biomass or renewable origin. It is generally known that the conventional source fully or partially origi‐
nates from fossil reserves whereas the biomass or renewable sources are more diverse. Consequently the
source also determines the production process and thus the emissions from well‐to‐tank differ as well
per single energy carrier. For every energy carrier type, the usage in the power plant from tank‐to‐wake
is the same.

In this section, the energy carriers are described for their method of production, energy producing mech‐
anism (usage), safety hazards and notorious environmental issues. For every energy carrier type, the
components related to the total power plant efficiency and the auxiliary power required for those com‐
ponents are investigated. The total power plant efficiency and the required auxiliary power are used in
the powering impact assessment. The source and production methods of the energy carriers are used in
the environmental impact assessment. The energy carrier types, specific energy carrier, state, source and
power plant type to be investigated are displayed in table 2.1
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Table 2.1: Energy carrier, processed state, source and power plant to be investigated

Energy carrier type Marine energy carrier Carried state Source Power plant

Fuel oil Diesel ‐ Fossil MechanicalBioDiesel Biomass

Methanol Methanol Liquefied Fossil MechanicalBio Methanol Biomass

LNG Natural gas Liquefied Fossil MechanicalBio Natural gas Biomass

Liquid hydrogen Hydrogen Liquefied Fossil ElectriceHydrogen Renewable

Ammonia Ammonia Liquefied Fossil ElectriceAmmonia Renewable

Electricity + LIB Electricity mix Li‐ion battery Regional mix ElectricElectricity renewable Renewable

2.1.1. Fuel oil
As the name already advocates, fuel oil is an oil intended as a fuel to be combusted in an internal combus‐
tion engine or burned to generate heat. It is a group name for all petroleum distillates in liquid oil form.
It is the most common energy carrier in the maritime industry and it comes in different forms. The dom‐
inant source of fuel oil is petroleum (crude oil) where the fuel oil is separated from other hydrocarbons,
for instance butane and propane by the process of distillation. In this process, the crude oil is heated and
the lighter hydrocarbons will boil before the heavier hydrocarbons and rise. The heaviest hydrocarbons
will stay at the bottom of the distillation tank and removed resulting in heavy fuel oil. Heavy fuel oil
(HFO) is therefore also known as a residual oil and it is extremely viscous compared to other fuel oils. It
requires to be heated in order to become more fluid‐like to flow through pipes. In addition, HFO is the
remnant of the distillation process and therefore it is the cheapest oil fuel on the market. Therefore it
is commonly used in the maritime sector as large quantities are necessary. However, HFO also contains
the highest amount of contaminants which are more polluting than other oil fuels. If ingested it could be
fatal and thus it is also very to toxic to aquatic lifeforms [98]. Another source of fuel oil is vegetable oil. In
the production process oil is extracted from biomass such as palm trees. The vegetable oil hydrocarbon
chains are too short to be immediately used as a fuel and thus a chemical is used to combine them to
create long chains similar to fuel oil resulting in biodiesel. Biodiesel is however problematic when coming
in contact with water as it can slightly absorb water and cause combustion problems. Due to biodiesel
originating from biomass, it is labeled as a biofuel, however it is criticized for the environmental impact it
has. Natural forest are burned or cut down in order to make space for palm tree plantations. Only a small
portion of bunkered fuel oil is bio‐fuel oil or a distillate from the bunker sales from the Port of Rotterdam
and thus not widely applied [52].

Fuel oil has a contained volumetric energy density (ρV E con) of 33.20 MJ/L and a contained gravimetric
energy density (ρG E con) of 29.65 MJ/kg [138]. Together, the contained density (ρcon) is 1.12 kg/L.
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Figure 2.1: Generalized fuel oil power plant system [93]

Fuel oil power plant system
Heavy fuel oil is bunkered externally through the fuel oil transfer system to the settling tank. At the point
of bunkering the fuel is heated to be less viscous, making it easier to flow and pump. In the settling tank
residues and/or water settle to the bottom to be discarded and thereafter pumped through the transfer
pump to the storage tank. When fuel is demanded from the storage tank, the fuel oil gets pumped through
the transfer pump and to the settling tank again for the fuel oil treatment system. In this system the fuel
oil is cleaned through a two stage process. The fuel oil is purified and clarified in a heated centrifuge and
transferred to the heated service tank. This system decontaminates the heavy fuel oil more rigorously
than the settling tank. From the settling tank, the fuel oil is transferred to the fuel oil supply systemwhere
the flow and fluid characteristics are monitored and controlled more precisely to the specifications of the
internal combustion engine. Finally the fuel is pumped to the main or auxiliary engines where it will
drive the propeller, generator or other mechanical consumers. The heating of the heavy fuel oil is done
by contained pressurized steam originating from a boiler which uses fuel oil and/or exhaust waste heat
recovery system. Other fuel oils do not need the fuel oil treatment system as they are not as viscous and
do not contain as many impurities. In order to start the whole fuel oil system, a purer fuel oil distillate
is used such as marine diesel oil (MDO) to make the heavy fuel oil usable. Therefore a small amount of
diesel oil is bunkered. All the pumps and centrifuges are powered by the generator which is driven by
the fuel oil. Likewise the heating system is also powered by fuel oil in the boiler. This displays how the
additional energy necessary from using cheap heavy fuel oil is still more profitable than usingMDOwhere
the heating and treatment is not necessary due to its lower viscosity and purity.

Power plant components and total efficiency The fuel oil power plant efficiency is primarily dependent
on the internal combustion engine cycle. A slow speed 2‐stroke diesel engine has an efficiency up to
49,34%, while a medium speed 4‐stroke diesel engine has an efficiency of 41% [102] [20]. It is assumed
that there are not any other energy losses in the fuel oil power plant system and the total power plant
efficiency (ηPP ) is 49.34%. Additionally to main engine power, the auxiliary power (PPaux) is estimated
to be 5% of the main engine power to drive all the components necessary for the power plant [101]. In
ships that fully run on MDO, there are not any components involving the processing of heavy fuel oil.
Therefore the minimal auxiliary power is decided to be 1% for simplicity to power the necessary pumps.
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2.1.2. Methanol
Methanol is an alcohol and belongs to the category of lowflashpoint fuels. Therefore it turns into a vapour
in ambient conditions, making it highly flammable. In addition, the vapour is also corrosive to the respi‐
ratory system and can also cause suffocation if the vapour displaces oxygen [6]. It can be combusted
in the same internal combustion engine as fuel oil with minor modifications. Methanol is synthesized
by the hydrogenation process of carbon dioxide which can originate from fossil natural gas or biomass.
Methanol fuel originating from biomass is therefore also a biofuel. Methanol fuel contains significantly
less impurities than fuel oil and therefore burns cleanly. It burns so clean that the flame is invisible and
there is no smoke formation, causing the fuel to be a safety issue [95]. It also contains some contaminants
which cause the fuel to be corrosive on metals. Even though methanol can be combusted in the same
internal combustion engine as fuel oil, a small amount of pilot fuel is necessary to improve the ignition
and combustion process. This can done with diesel oil at 1% of the injected fuel [20]. Methanol is already
applied in the maritime industry as an energy carrier. Especially on methanol carriers such as the Man‐
chac Sun (IMO: 9724013) and the Mari Couva (IMO: 9848584) where it is already on board as a cargo.
However, it is less applied to other ships and as can be seen by the Port of Rotterdam bunker sales, it is
barely sold at at all [51].

Methanol has a contained volumetric energy density (ρV E con) of 13.83 MJ/L and a contained gravi‐
metric energy density (ρG E con) of 15.67 MJ/kg [138]. This is calculated using 99% pure methanol and
1% fuel oil for the pilot fuel. Together, the contained density (ρcon) is 0.88 kg/L.

Figure 2.2: Methanol power plant system MethanolPac by Wärtsila [26]

Methanol power plant system
Methanol is bunkered externally through the bunkering skid to be purified and drained from impurities
during the bunkering process, where it continues to the methanol tank. As methanol is a low flash point
fuel, all piping must be be double walled for inerting with nitrogen to lessen the chance of ignition. Con‐
sequently a nitrogen generator is used for the inerting. From the fuel tank it is transferred by the low
pressure pump to the methanol preparation room through where the methanol is cooled and excess flow
is recirculated back to the tank. The methanol further continues to the fuel valve train where the flow
is filtered and the pressure is controlled with a block and bleed arrangement. Finally, the methanol is
supplied to the fuel pump unit which receives signals from the engine to adjust its speed and deliver the
correct amount of fuel accordingly. The low pressure pump, fuel valve train, and fuel pump unit are all
located in the fuel preparation room which is enclosed by a coffer dam with nitrogen to further reduce
the risk off ignition. Additionally, a sealing and control oil pump unit located in the engine room filters
and controls the flow, pressure and temperature of the lubrication oil of the engine.
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Power plant components and total efficiency The methanol internal combustion engine in figure 2.2 is
the Wärtsila 32 and it is fuel flexibility allows for it to operate not only on methanol, but also on HFO,
MDO and liquid biofuels [141]. It is assumed that there are not any other energy losses in the fuel oil
power plant system and therefore the same power plant efficiencies as fuel oil apply. Meaning a total
power plant efficiency (ηPP ) of 49.34% for a 2‐stroke engine and 41% for a 4‐stroke engine. Additionally
to main engine power, the auxiliary power (PPaux) is estimated to be 3% of the main engine power to
drive all the components necessary for the power plant [17].

2.1.3. LNG
Liquefied natural gas (LNG) is natural gas that has been liquefied by cooling it to approximately ‐162
degrees Celsius and thereby decreasing the volume by almost 600 fold. Just like fuel oil and methanol,
natural gas is highly flammable and used in internal combustion engines or burned to generate heat. Just
like methanol, a small amount of pilot fuel is necessary to improve the combustion process in the engine.
Natural gas can be extracted from fossil wells deep in the ground and predominantly contain methane,
but also small amounts of other hydrocarbon gases. The bio version of natural gas is called biogas and it
is usually produced from biomass through a process where microorganisms break down the biomass and
release methane in return. Biogas can be produced from a wide variety of organic wastes, making it a
volatile production process. The difference in biodiesel and biogas is that biogas can be produced from
wastes rather than fresh agricultural biomass. Therefore biogas does not require agricultural plantations
which contributes to land use and can cause deforestation. LNG comes with a few hazardous elements
due to it chemical properties, but also because of its containment state [5]. Natural gas is also a low
flashpoint fuel and therefore extremely flammable by the slightest ignition in the presence of oxygen. In
addition, LNG is stored under pressure and therefore it can explode by a tank breach. The gas is also
colorless and odorless and therefore it is difficult to detect, thus it can cause suffocation by oxygen dis‐
placement. LNG has become an increasingly popular fuel in the maritime industry. From 21,242 m3 in
sales in 2018 to 603,690 m3 in sales in 2021 in the Port of Rotterdam [52] [51]. It is especially popular
for its lower price compared to fuel oil for its energy content, however since the war in Ukraine that is not
the case anymore. Additionally, natural gas contains significantly less contaminants and therefore burns
more cleanly than fuel oil and emits less CO2. Nonetheless, 0.2 to 3 percent of natural gas slips from the
combustion process and is released into the atmosphere [19]. Yet, methane is 34 times more potent than
CO2 in its global warming properties [58].

LNG has a contained volumetric energy density (ρV E con) of 13.37 MJ/L and a contained gravimetric
energy density (ρG E con) of 28.38 MJ/kg [138]. This is calculated using 99% pure LNG and 1% fuel oil
for the pilot fuel. Together, the contained density (ρcon) is 0.47 kg/L.

Figure 2.3: Partial generalized LNG power plant system [86]
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LNG power plant system
The LNG power plant is similar to the methanol power plant, mainly due to the low flash point property
of LNG. LNG is also bunkered through the bunkering skid to be refined from impurities in the bunkering
process. The LNG flows to the cylindrical tanks under high pressure. Since its a low flash point fuel
all piping must be double walled with inert gas in between such as nitrogen to minimize the chance of
ignition. Therefore a nitrogen generator can be used to extract the nitrogen from the air. The LNG is
extracted from the tank by the LNG pump and pumped to the vaporizer where the liquid returns to a
gaseous state in the fuel preparation room. The natural gas has extremely low temperature at this point
and thus it is passed through a heater. The now heated gas is supplied to the buffer tank where it can
continue to the fuel valve train or excess natural gas can be resupplied to the LNG tank by a compressor.
The fuel valve train controls the pressure of the flow through a block and bleed arrangement to the
internal combustion engine in the engine room. Additionally, a sealing and control oil pump unit located
in the engine room filters and controls the flow, pressure and temperature of the lubrication oil of the
engine.

Power plant components and total efficiency The LNG power plant efficiency is also dependent on the
efficiency of the internal combustion engine. With an efficiency of 49.34% for a 2‐stroke diesel engine
and 41% for a 4‐stroke diesel engine. Unlike fuel oil and methanol, the natural gas slip will be taken into
account as a loss at an average of 1.6%. Therefore the total LNG power plant efficiency (ηPP ) for a 2‐
stroke diesel engine configuration is 48.55% and 40.34% for a 4‐stroke diesel engine configuration. It is
assumed that there are not any other energy losses in the LNG power plant system other than slip and
engine efficiency. Additionally to main engine power, the auxiliary power (PPaux) is estimated to be 3%
of the main engine power to drive all the components necessary for the power plant [17].

2.1.4. Liquid hydrogen
Liquid hydrogen (LH2) is hydrogen gas that is liquefied by cooling it to approximately ‐253 degrees Cel‐
sius. Hydrogen is extremely flammable without a visible flame and may also form an explosion [4]. It can
be used in an internal combustion engine as well as in a fuel cell. Be that as it may, hydrogen internal
combustion engines have a much lower overall efficiency than a fuel cell [15]. Hydrogen is predominantly
produced by methane pyrolysis, where fossil natural gas is reacted in a catalyst and breaks down into hy‐
drogen gas and solid carbon without any other byproducts. Although it is produced from natural gas,
hydrogen itself does not contain any carbon. An other method of production is through water electrol‐
ysis, where an electrical current is passed through pure water and oxygen gas forms at the anode side
while hydrogen forms at the cathode side. Hydrogen internal combustion engines are not used in the
maritime industry, but hydrogen fuel cells are an upcoming technology of interest as fuel cell efficiencies
and reliability keep improving further. The reaction of hydrogen and oxygen in a fuel cell solely emits
water and thus the reaction has negligible impact on the environmental.

Liquid hydrogen has a contained volumetric energy density (ρV E con) of 4.6 MJ/L and a contained gravi‐
metric energy density (ρG E con) of 11.7 MJ/kg [138]. Together, the contained density (ρcon) is 0.39 kg/L.
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Figure 2.4: Generalized hydrogen power plant system [126]

Liquid hydrogen power plant system
The liquid hydrogen is bunkered through a skid to remove any impurities during bunkering. It is also a low
flashpoint fuel and therefore double walled piping with inert nitrogen gas in between walls is necessary.
The hydrogen is pumped from the tank to the fuel preparation roomwhere is vaporized and heated before
entering the fuel valve train to control the pressure. Thereafter it enter the fuel cell on sidewhile air enters
through the other side. There are different types of fuel cells available, yet a solid oxide fuel cell (SOFC)
is most applicable due to its high thermal efficiency, high electrical efficiency and long term stability. The
fuel cell is kept at a constant temperature and therefore it is cooled by an air blower. The hydrogen and
oxygen react in the fuel cell which produces a direct current electricity. The electrical energy is transferred
to the energy management system (main switchboard) where the electricity is distributed, transformed
and converted to all electrical consumers. The main electrical consumer is the electric propulsion motor
on a ship.

Power plant components and total efficiency The hydrogen power plant contains significantly more
parts that contribute to the overall efficiency than the previous three power plants. A marine SOFC
system with hydrogen has a net electrical efficiency of 47.1% [133]. The total losses in the main switch‐
board are from the average electrical distribution losses at 0.45%, the average losses due to transforming
at 1.05%, and the average converting losses at 2% [75]. Finally the electric motor has an average load
loss of 3.5% [75]. The total hydrogen power plant efficiency (ηPP ) comes down to 43.88%. Additionally
to main engine power, the auxiliary power (PPaux) is estimated to be 11% of the main engine power to
drive all the components necessary for the power plant [49].

2.1.5. Ammonia
Liquid ammonia is ammonia gas that is liquefied by cooling it to approximately ‐33 degrees Celsius. Am‐
monia is also flammable, but ammonia internal combustion engines are practically non existent due to the
unstable combustion conditions it requires. Due to its flammability and low boiling point, it is a low flash‐
point fuel. It can be used directly in solid oxide fuel cells (SOFC) or only as an energy carrier where it is
cracked into nitrogen and hydrogen before entering a proton exchange membrane fuel cell (PEMFC). The
PEMFC is currently themost commercialized fuel cell type due to its lower cost and power flexibility. Am‐
monia is predominantly produced through the Haber‐Bosch process, where nitrogen and hydrogen react
under specific temperature and pressure to form ammonia. The hydrogen used in this process generally
originates from the methane pyrolysis process as mentioned in the previous section 2.1.4. Ammonia can
also be synthesized electrochemically with water and nitrogen. This process can be done with renewable
energy and therefore making the production process a sustainable method. In addition to ammonia being
flammable and explosive, ammonia is also extremely toxic and can cause respiratory damage, suffocation,
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eye damage, and can easily kill aquatic life [3]. Currently, there are not any ships powered by ammonia,
however the Kriti Future (IMO: 9924326) is ammonia‐ready. This means that the engine is designed to
be easily converted to run on ammonia. Moreover, the Viking Energy (IMO: 9258442) is planned to be
refitted to be powered by ammonia fuel cells in 2024. Ammonia emissions have severe impacts on the
environment [48]. For example, ammonia emissions negatively affect biodiversity as the result of an over‐
abundance of nutrients. In addition, it also causes increased soil acidity and oxygen depletion of fresh
water ecosystems.

Ammonia has a contained volumetric energy density (ρV E con) of 9.45 MJ/L and a contained gravimetric
energy density (ρG E con) of 11.7 MJ/kg [138]. Together, the contained density (ρcon) is 0.81 kg/L.

Figure 2.5: Generalized ammonia power plant system [79]

Ammonia power plant system
The liquid ammonia power plant is practically the same as the liquid hydrogen power plant, however
there aremajor two practical fuel cell options. The first option is to ’crack’ the ammonia into hydrogen and
nitrogen, and use the hydrogen in a PEMFC rather than a SOFC. The CAPEX of a PEMFC is approximately
a fifth of a SOFC for the same output, while the OPEX is the same [79]. However in this configuration
an ammonia cracker and hydrogen purifier needs to be installed before the PEMFC as in figure 2.5. In an
SOFC configuration the cracker and purifier would be removed.

Power plant components and total efficiency The ammonia power plant is comparable to the hydrogen
power plant. Amarine SOFC systemwith ammonia has a net electrical efficiency of 55.1% [133]. The total
losses in the main switchboard are from the average electrical distribution losses at 0.45%, the average
losses due to transforming at 1.05%, and the average converting losses at 2% [75]. Finally the electric
motor has an average load loss of 3.5% [75]. The total ammonia power plant efficiency (ηPP ) comes down
to 51.33%. Additionally to main engine power, the auxiliary power (PPaux) is estimated to be 11% of the
main engine power to drive all the components necessary for the power plant [49].

2.1.6. Electrically charged lithium ion batteries
Li‐ion batteries are a type of rechargeable battery which contains lithium ions which can discharge elec‐
trons to create an electrical current and charge again to serve as an energy carrier. Li‐ion batteries are
widely used in small electronic mobile devices such as cell phones, but also in larger machines as electric
vehicles. Li‐ion is extracted from two different sources. The first source is from water brine basins under
the ground which contain the lithium ions which are pumped up and extracted by evaporating the water.
The remaining solution continues to further refining. The second method is from ore mining where it is
extracted from the rock and further processed. Additional minerals such as nickel, cobalt, manganese,
and graphite are necessary to produce the battery. The actual battery production is extremely energy
intensive containing many parts which are shipped form all around the world. During the use of the
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batteries there are no direct emissions, however depending on the source of the electricity there are
indirect emissions. For example, electrically charging the batteries where the electricity originates from
a coal power plant will have considerably more emissions than originating from renewable sources. A
very small share of ships use li‐ion batteries for propulsion in the maritime industry. Ships that do use
batteries as energy carrier are generally ferries that travel a fixed short distance. Batteries can also be
useful for non‐propulsive uses such as peak shaving where the energy load of the ship is highly incon‐
sistent. Therefore only using the battery during infrequent times when the electrical load demanded is
higher than the installed electrical power is a good solution. Li‐ion batteries are extremely harmful to
the environment if not disposed properly as they contain poisonous minerals. These toxic minerals mines
have also been associated to child labour, birth defects, fresh water contamination, and extreme land use.

Electricity in LIB has a contained volumetric energy density (ρV E con) of 0.22 MJ/L and a contained
gravimetric energy density (ρG E con) of 0.33 MJ/kg [138]. Together, the contained density (ρcon) is 0.67
kg/L.

Figure 2.6: Generalized Li‐ion battery power plant system [78]

Li‐ion battery power plant system
A li‐ion battery power plant contains a few major components. The main switchboard is the center of
the whole system. Through this component the batteries are charged through a cable from ashore. The
discharging of the batteries to supply energy to all the consumers also passes through the main switch‐
board. The battery stack contains a battery management system and cooling fans. Moreover, the largest
energy consumer is the electric main motor which drives the propeller.

Power plant components and total efficiency Lithium‐ion batteries are subjected to energy losses due
to self discharging and heat loss, thus having an overall average efficiency of 92% [145]. The total losses
in the main switchboard are from the average electrical distribution losses at 0.45%, the average losses
due to transforming at 1.05%, and the average converting losses at 2% [75]. Finally the electric motor
has an average load loss of 3.5% [75]. The total li‐ion battery power plant efficiency (ηPP ) comes down
to 85.70%. Additionally to main engine power, the auxiliary power (PPaux) is estimated to be 1% of the
main engine power to drive all the components necessary for the power plant [34].

2.1.7. Overview energy carrier types and power plants
The energy carriers and their accompanying power plants that are going to be used in the ship powering
assessment have been presented in the previous sections. Fuel oil, methanol, and LNG are converted
to mechanical energy in the internal combustion engine. Therefore they have direct emissions. Hydro‐
gen and ammonia are first converted to electrical energy through an SOFC and thereafter converted to
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mechanical energy by an electrical motor. The li‐ion batteries do not need any converting as the electri‐
cal energy is stored within them. The electrical energy can be instantly converted to mechanical power
through the electric motor. The power plants containing the internal combustion engine have a similar
power plant efficiency as there no to minor components causing energy losses. The energy carriers that
contain an electric motor in their configuration are all affected by the losses in the switch board, which
are assumed to be the same regardless of the energy carrier. Therefore the energy carrier losses and the
fuel cell efficiency play an important role on the total power plant efficiency respectively. The SOFC has
a significantly higher auxiliary power necessity as the fuel cell operates at a high temperature needing
a high cooling power. The resulting total power plant efficiencies, minimal auxiliary power necessities
and energy carrier densities are displayed in table 2.2. Additionally the volumetric (ρV E ) and gravimetric
(ρG E ) energy densities of the energy carrier types in the contained and uncontained form are displayed
as well. All the densities and efficiencies are necessary for the powering impact assessment and the
environmental impact assessment.

Table 2.2: Overview (A)MEC type densities and power plant efficiencies

Power plant Contained Uncontained
ηPP PPaux ρV E con ρG E con ρcon ρV E uncon ρG E uncon ρuncon
‐ ‐ MJ/L MJ/kg kg/L MJ/L MJ/kg kg/L

Fuel oil (original) *49.34% **5% 33.20 29.65 1.12 35.70 41.00 0.87
Methanol 49.34% 3% 13.83 15.67 0.88 15.60 19.90 0.78
LNG 48.55% 3% 13.37 28.38 0.47 22.37 49.20 0.45
Liq. hydrogen 43.88% 11% 4.60 11.70 0.39 7.55 120.00 0.06
Ammonia 51.33% 11% 9.45 11.70 0.81 12.70 22.00 0.58
Elec. + LIB 85.70% 1% 0.22 0.33 0.67 2.98 0.50 5.96

* 41% for pure MDO in 4‐stroke diesel engines
** 1% for pure MDO in 4‐stroke diesel engines

2.1.8. Sensitivity analysis power plant efficiencies
The total power plant efficiency is the product sum of the efficiencies of the power plant components.
Therefore the decision of selecting the average from an efficiency range for a single component can
influence the total power plant efficiency. In the fuel oil and methanol power plant configurations, it was
considered that only the ICE contributes to the total power plant efficiency. Therefore the uncertainty for
the fuel oil and methanol power plant efficiency calculation is zero. However, in the other power plants
there are more components contributing to the total power plant efficiency. The power plant efficiencies
are calculated for the pessimistic scenario with the components containing the lowest efficiencies and for
the optimistic containing the highest efficiencies. Only in the case of the hydrogen power plant where
the permeation rate of 1% loss per day is used, does the pessimistic scenario account for every five weeks
(35 days) of bunkering and optimistic scenario account for every three weeks (21 days) of bunkering. The
power plant efficiency ranges are displayed in table 2.3. The lithium ion battery power plant has the
highest uncertainty due to the largest efficiency spread.

Table 2.3: Sensitivity marine power plant efficiencies

Energy carrier Average efficiency Pessimistic Optimistic Spread

Fuel oil 49.34% 49.34% 49.34% 0.00%
Methanol 49.34% 49.34% 49.34% 0.00%
LNG 48.55% 47.86% 49.24% 0.69%
Hydrogen 33.11% 29.80% 36.78% 3.67%
Ammonia 51.33% 49.56% 53.14% 3.58%
Li‐ion battery 85.70% 76.46% 95.47% 9.77%
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2.2. Ship types and design aspects/trends
Bulk carriers, tankers and container ships together account for 85% of the global seagoing merchant
vessels of 100 GT and above in 2021 [129]. These ship types must therefore comply with the EEDI, EEXI
and CII regulation. In addition, trailing suction hopper dredgers (TSHD) are also included in the research
to represent the non merchant vessels and for the interest of Vuyk Engineering. Currently ships such
as TSHDs do not have to comply with these regulations. However, in order to fulfill the goal of having
zero carbon emissions before the end of the century in the maritime industry, they will eventually also
have to comply. In addition, a TSHD is a specialty work ship and therefore their operational mode is
completely different from merchant ships. Such specialty and non‐merchant ships are underrepresented
in studies concerning sustainability as they are exempt from IMO’s emission regulations. A high detailed
data sample of twelve ships per ship type is acquired to represent bulk carriers, tankers, container ships
and TSHDs in the powering impact assessment. The twelve sample ships per ship type do not represent
the design aspects of a ship type enough and therefore a larger data set is acquired for the dimension
trends.

Sampled ships Highly detailed information of ships is not easily to come by publicly. Therefore the data
for the sampledmerchant ships is acquired through themagazine Significant Ships by TheRoyal Institution
of Naval Architects. The 2015 to the 2020 edition are openly available for Marine Technology students
of the Delft University of technology. Significant Ships is an annual publication of the 50 most innovative
and important commercial ships launched in the year of the edition of at least 100m in length. In addition,
a detailed technical drawing is mostly included of each ship. The data of the TSHDs is acquired through
Vuyk Engineering as most of the sample ships have been fully or partly designed by Vuyk Engineering.
Additionally, to verify the data from Significant Ships and Vuyk Engineering, the World Fleet Register
by Clarksons is used. This is done because the data from Significant Ships is submitted voluntarily by
shipbuilders, designers or owners and can be altered or classified [124]. The World Fleet Register by
Clarksons is the market leading online vessel reference tool and provides comprehensive, authoritative
and timely information in a powerful and user friendly format. However, it contains less or inconsistent
information compared to the Significant Ship entries.

Design aspect ship type Clarksons World Fleet Register has also been used to determine the length‐
beam (L/B) ratios per ship type. This is necessary to constrain the design impact assessment to adhere to
design aspects of the ship type. In section 1.4.3 it was determined that the additional volume and weight
can best be applied in a specific way to strive for the lowest propulsion power possible. Lindstad et al.
determined that higher length‐beam ratios for ships with equal carrying capacity are the most energy
efficient [89]. Additionally, Liu and Pananikolauo determined that the added ship resistance decreases
for lower Froude numbers, which can be achieved by increasing the length of a ship [92]. Therefore
lengthening a ship to what is deemed plausible and thereafter increasing the beam to accommodate for
the additional volume and weight is the considered method. What is deemed ’plausible’ is considered
through a maximum length‐beam ratio trend. The merchant ship trend data sets from Clarksons are
filtered to correspond to the sampled ships from Significant Ships and therefore they had to be built be‐
tween 2015 and 2020, and be at least 100meters in length. The TSHD data set is filtered to contain ships
that were built after the year 2000 and be at least 50 meters in length. The time constraint for TSHDs is
to adhere to the length‐beam ratios of ships still in service. The length constraint is to adhere to TSHDs
that are primarily intended for coastal services rather than ports and rivers. The results of the data gath‐
ered for the sample ships and the length‐beam ratios per ship type are presented in the following sections.

The linear equation parameters are selected to intersect the highest length‐beam ratio of a highly dense
coordinate (dark blue) at higher ship lengths. The slope is adjusted in order for the highest length‐beam
ratios of a highly dense coordinates at lower ship lengths to be lower than the line. This approach is
chosen as it is expected that ships with higher lengths are less or not capable of being lengthened further
compared to widening.

2.2.1. Bulk carriers
Bulk carriers, also known as bulkers, are merchant vessels which transport dry non‐packed cargo in its
cargo holds, such as ores, coal, and grains. Each hold has a hatch on top to prevent containment from the
external environment. Bulk carrier often are categorized by their maximum size to fit through a specific
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canal or lock. Some bulkers have their own cranes on deck to load and unload their cargo and therefore
being independent of terminal equipment in ports. Bulk carriers generally travel fully loaded to a port,
unload all cargo and travel unloaded (in ballast) to the next port to be fully loaded again. Their voyage
distribution is therefore∼40% of the time in loaded condition,∼35% of the time in ballast condition, and
∼25% of the time in port [9]. The service speed of bulk carriers in loaded condition is 14 ± 0.5 knot for
all sampled ships. The sampled ships for this research are presented in table 2.4. A typical bulk carrier
with cranes from the sampled ships is displayed in the figure below.

Table 2.4: Bulk carrier sample ships

Name IMO

CIELO D’ITALIA 9539274
TRUE LOVE 9697143
VENTURE GOAL 9670731
RB JORDANA 9730816
GREAT INTELLIGENCE 9800623
YUAN HE HAI 9806873
SAO DIANA 9822255
ADMIRAL SCHMIDT 9838838
CHINA STEEL LIBERTY 9832975
DIETRICH OLDENDORFF 9860350
SARA 9837119
BEATE OLDENDORFF 9853022

Bulk carrier (TRUE LOVE) with cranes [83]

Length‐beam ratio trend bulk carriers
There are 2823 entries which fulfill the filter criteria for bulk carriers from the World Fleet Register by
Clarksons. The length overall ranges between 130.00 m and 362.00 m. The beam ranges between 20.20
m and 65.00 m. As the length and beam are going to be adjusted for the additional volume for an al‐
ternative marine energy carrier, the length overall over beam per length overall (Loa/B per Loa) of bulk
carriers is plotted in figure 2.7. The blue dots represent the Clarksons entries of which the darker the
color represents a higher density. The red squares represent the sampled bulk carriers from table 2.4.
The maximum Loa/B for bulk carriers has been set to equation 2.1 and it is displayed in figure 2.7 as the
dashed blue line.

LOA/B MAX, BULKERS = −0.0125858 · LOA + 10.1251 [−] (2.1)
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Figure 2.7: Length‐beam ratio of Clarksons data and sampled bulk carriers

2.2.2. Tankers
Tankers are merchant ships which transport liquid cargo in pressure tight cargo holds and can be di‐
vided into sub‐types for their unique property within their fluid state: oil tankers, chemical tankers, gas
carriers and combination carriers [140]. Due to the liquid state of the cargo, the fluid can be pumped
into the vessel. Oil tankers carry a range of oil types such as crude to petroleum derivatives. Heavy
petroleum products are highly viscous and therefore need to be heated to become less viscous in order
to be pumped. Therefore tankers carrying heavy oil product have many heating elements in their holds.
Chemical tankers carry highly toxic chemicals and therefore have special safety features to minimize the
risk of the chemicals escaping. Gas carriers transport liquefied gasses that are cooled to extremely low
temperatures. Chemical tankers and gas carriers both have inert gas plants on board which mostly pro‐
duce nitrogen from the air. The nitrogen gas flows through double walled piping and other spaces to
minimize the risk of the product igniting or reacting if it escapes. Tankers generally travel fully loaded
to a port, unload all cargo and travel unloaded (in ballast) to the next port to be fully loaded again. This
is similar to bulk carriers. The voyage distribution of tankers is dependent on its size, unlike bulk carri‐
ers. For instance, a Handysize tankers spend ∼30% of the time in loaded condition, ∼15% of the time
in ballast condition, and ∼55% of the time in port [9]. A Suezmax tankers spend ∼35% of the time in
loaded condition,∼35% of the time in ballast condition, and∼30% of the time in port [9]. Larger tankers
spend more time in laden, more time in ballast, and less time in port. The service speed of tankers in
loaded condition is 14 ± 1 knot which is similar to bulk carriers. The sampled ships for this research are
presented in table 2.5. A typical tanker from the sampled ships is displayed in the figure below.

Table 2.5: Tankers sample ships

Name IMO

ASPHALT SPLENDOR 9763332
D&K ABDUL RAZZAK KHALID ZAID 9700213
KMARIN RESPECT 9683001
HERON 9730086
WHITE STAR 9799109
CABO VICTORIA 9778674
IBERIAN SEA 9815604
NAUTICAL DEBORAH 9794836
HILI 9851830
BOW ORION 9818515
SOLAR SHARNA 9877614
TOVE KNUTSEN 9868376
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Tanker (ASPHALT SPLENDOR) [119]

Length‐beam ratio trend tankers
There are 1299 entries which fulfill the filter criteria for tankers from the World Fleet Register by Clark‐
sons. The length overall ranges between 99.71 m and 339.50 m. The beam ranges between 16.00 m and
60.04 m. As the length and beam are going to be adjusted for the additional volume for an alternative
marine energy carrier, the length overall over beam per length overall (Loa/B per Loa) of tankers is plotted
in figure 2.8. The blue dots represent the Clarksons entries of which the darker the color represents a
higher density. The red squares represent the sampled tankers from table 2.5. The maximum Loa/B for
tankers has been set to equation 2.2 and it is displayed in figure 2.8 as the dashed blue line.

LOA/B MAX, TANKERS = −0.0080163 · LOA + 8.3795 [−] (2.2)
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Figure 2.8: Length‐beam ratio of Clarksons data and sampled tankers

2.2.3. Container ships
Container ships are merchant vessels which transport fixed sized metal box containers that are stowed in
its holds below deck and on top of the hatch covers on deck. The containers comply with an ISO standard
for their size measurements in order to improve intermodal transport for trucks, trains and ships. The
containerization makes handling of cargo standardized and requires less specialization. A container ship’s
capacity is measured in the amount of twenty foot equivalent units (TEU). The containers are fitted on
top of each other, mostly assisted by cell guides for easy stacking. Some containers are climate controlled
or refrigerated (reefers) for perishable cargo. These containers have generators to produce electricity for
the air conditioner, however on board a ship there are designated spaces for these reefers to be plugged
in. Some container ships have cranes on the deck which gives the advantage of being able to sail to ports
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which do not have a container terminal availability. Container ships do not travel fully loaded and fully
unloaded because empty containers must be transported back to the where export is higher than import.
Their voyage distribution is therefore ∼70% of the time in loaded condition, ∼0% of the time in ballast
condition, and∼30% of the time in port [9]. The service speed of container ships in loaded condition is 21
± 2 knots for all sampled ships, which is significantly higher than bulkers and tankers. The sampled ships
for this research are presented in table 2.6. A typical container ship from the sampled ships is displayed
in the figure below.

Table 2.6: Container sample ships

Name IMO

AL MURABBA 9708837
CMA CGM ARKANSAS 9722651
CAPE AKRITAS 9706190
MAERSK BERMUDA 9697014
EVER BLISS 9786932
OOCL HONG KONG 9776171
DANIEL K INOUYE 9719056
SABRE TRADER 9817884
MSC JOSSELINE 9842061
SEATRADE GREEN 9810915
KMTC SEOUL 9882205
YM CELEBRITY 9864502

Container ship (EVER BLISS) [121]

Length‐beam ratio trend container ships
There are 788 entries which fulfill the filter criteria for container ships from the World Fleet Register
by Clarksons. The length overall ranges between 99.71 m and 339.50 m. The beam ranges between
16.00 m and 60.04 m. As the length and beam are going to be adjusted for the additional volume for
an alternative marine energy carrier, the length overall over beam per length overall (Loa/B per Loa) of
container ships is plotted in figure 2.9. The blue dots represent the Clarksons entries of which the darker
the color represents a higher density. The red squares represent the sampled container ships from table
2.6. The maximum Loa/B for container ships has been set to equation 2.3 and it is displayed in figure 2.9
as the dashed blue line.

LOA/B MAX, CONTAINER = 0.0047341 · LOA + 5.8620 [−] (2.3)
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Figure 2.9: Length‐beam ratio of Clarksons data and sampled container ships

2.2.4. Trailing suction hopper dredgers
Trailing suction hopper dredgers (TSHD) are self propelled ships which trail the bottom of a body of water
with a suction pipe and a drag head to extract the bottom soil material. The soil and water mixture is then
pumped into the hold (hopper) where the material settles to the bottom while the redundant water flows
over board. The material in the hoppers can be dumped through doors on the bottom, pumped through
a piping system connected to the pump ashore system on the bow, spouted out through a nozzle on
the bow (rainbowing), or even pumped back through the trailing pipe for precision dumping. TSHD are
especially used to deepen andmaintainwaterways, the reclamation of land, and beach nourishment. They
generally work within 15 nautical miles from shore and do not have a common pattern in their voyage
distribution like the merchant ships. The service speed of TSHD in loaded condition is 17± 2 knots for all
sampled ships, however in trailing condition the speed is between 2 and 3 knots [135]. The sampled ships
for this research are presented in table 2.7. A typical trailing suction hopper dredger from the sampled
ships is displayed in the figure below.

Table 2.7: TSHDs sample ships

Name IMO

BONNY RIVER 9810939
CHARLES DARWIN 9538079
CONGO RIVER 9574523
GALILEO GALILEI 9872365
HAM 318 9229556
INAI KENANGA 9568782
LEIV EIRIKSSON 9429584
PRINS DER NEDERLANDEN 9263899
QUEEN OF THE NETHERLANDS 9164031
VASCO DA GAMA 9187473
VOX MAXIMA 9454096
WILLEM VAN ORANJE 9449065
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Trailing suction hopper dredger (QUEEN OF THE NETHERLANDS) [111]

Length‐beam ratio trend TSHD
There are 139 entries which fulfill the filter criteria for TSHDs from theWorld Fleet Register by Clarksons.
The length overall ranges between 99.71 m and 339.50 m. The beam ranges between 16.00 m and 60.04
m. As the length and beam are going to be adjusted for the additional volume for an alternative marine
energy carrier, the length overall over beam per length overall (Loa/B per Loa) of TSHD is plotted in figure
2.10. The blue dots represent the Clarksons entries of which the darker the color represents a higher
density. The red squares represent the sampled TSHDs from table 2.7. The maximum Loa/B for TSHD
has been set to equation 2.4 and it is displayed in figure 2.10 as the dashed blue line.

LOA/B MAX, TSHD = −0.0068975 · LOA + 7.2756 [−] (2.4)
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Figure 2.10: Length‐beam ratio of Clarksons data and sampled TSHD

2.2.5. Parameters sampled ships
To approximate the resistance, propulsion powering and design impact of the ship powering impact as‐
sessment, the parameters of the sampled ships in table 2.8 are acquired. The data is gathered through the
magazine Significant Ships, from Vuyk Engineering and from Clarksons Fleet Register. Not all the param‐
eters are used in the design impact, but are also used to compare the original ship geometry and weight
to the new. The data of the parameters of the sampled ships are displayed per ship type in appendix A.
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Table 2.8: Sampled ship parameters

Parameter Symbol Unit

Length overall LOA m
Length between perpendiculars LPP m
Beam moulded B m
Depth moulded D m
Draft T m
Gross tonnage GT gt
Deadweight tonnage DWT t
Ship speed VS kt
Diameter propeller DP m
Fuel oil bunker volume VBUNK m3

TEU capacity nTEU ‐
Cargo capacity volume VCC m3

Total main engine power (MCR) PME kW
Number of main engines kME ‐
Total auxiliary engine power (MCR) PAE kW
Total shaft generator/PTO power PPTO kW
Bulbous bow presence BB ‐
Number of propellers kp ‐
Number of bow thruster tunnels nTH ‐

To assess the volume impact of a ship, the overall internal volume (VINT ) is calculated. The overall in‐
ternal volume can be calculated using the inverse formula for the calculation of the given gross tonnage
(GT ). The formula for the gross tonnage in equation 2.5 is from the International Convention on Tonnage
Measurement of Ships [66]. The inverse formula is therefore given in equation 2.6 in which W is the
Lambert function.

GT = VINT · (0.2 + 0.02 · log10(VINT )) [gt] (2.5)

VINT =
50 · ln(10) ·GT

W (5 · 1014 · ln(10) ·GT )
[m3] (2.6)

The lightweight ship (mLIGHT ) is also assessed to determine the weight impact of a ship and calculated
according to equation 2.7. The lightweight ship is equal to the gravimetric displacement (∆) minus the
deadweight tonnage (DWT ). The gravimetric displacement is equal to the volumetric displacement mul‐
tiplied by the density of seawater (ρsw). The volumetric displacement is calculated in the resistance ap‐
proximation method in section 3.1.1 according to equation equation 3.6.

mLIGHT = ∆−DWT [t]

= ∇ · ρsw −DWT [t]
(2.7)

The energy operational profiles of TSHDs is considerably diverse compared to shipping vessels. The main
engines generally deliver power to other power consumers than just the propeller. In some cases the
main engines drives the propeller, dredging sand pump and a generator all at the same time or separately
through a gearbox. Therefore the total auxiliary engine power (PAE ) is determined to be the total installed
engine power (PTOT INSTALLED) minus the calculated main engine power (MCR) (PME CALC ) according
to equation 2.8. The total installed power is sourced from Clarksons. The generator/PTO power (PPTO)
therefore must equal zero, however this does not change the usage of the sample parameter as it is used
to calculate the total auxiliary engine power.

PAE = PTOT INSTALLED − PME CALC [kW ] (2.8)
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2.2.6. Overview maximum length‐beam trend ratios per ship type
The length‐beam ratio trends per ship type is constructed using the World Fleet Register by Clarksons
Research [24]. The Clarksons data is filtered for ships ≥ 100 meters in length and built between 2015
and 2020 to coincide with the Significant Ships entry conditions for the commercial vessels. The length‐
beam ratios of the Clarksons ships and Significant Ships data are displayed in figures 2.7, 2.8, 2.9, and
2.10 for bulk carriers, tankers, container ships, and TSHDs respectively. The maximum length‐beam ratio
constraint formula is displayed in equation 2.9 and the parameters per ship type are displayed in table 2.9.
The linear equation parameters are to intersect the highest length‐beam ratio of a highly dense coordinate
(dark blue) at higher ship lengths. The slope is adjusted in order for the highest length‐beam ratios of a
highly dense coordinates at lower ship lengths to be lower than the line. This approach is chosen as
it is expected that ships with higher lengths are less capable of being lengthened further compared to
widening. The maximum length‐beam ratio trends will be used specifically in the common design impact
assessment as a part of total powering impact assessment.

LOA/BMAX, ship type = a · LOA + b [−] (2.9)

Table 2.9: Maximum length‐beam ratio
contraint parameters per ship type

Ship type a b

Bulk carriers ‐0.0125858 10.1251
Tankers ‐0.0080163 8.3795
Container ships 0.0047341 5.8620
TSHDs ‐0.0068975 7.2756





3
Ship powering impact assessment

Themain objective of the ship powering impact assessment is to determine the powering increase caused
by the AMECs with the same operational requirements. The constant operational requirements are de‐
fined by constraining the physical conditions related to the original ship volume and weight, and the
varying energy carrier volume and weight. The total powering impact assessment is done on each sam‐
pled ship of the four ships types using each of the six energy carrier types. The total powering impact
assessment model consists of three calculation sub‐models. The first sub‐model calculates the ship re‐
sistance. The second sub‐model calculates the propulsion power. The third sub‐model calculates the ad‐
ditional bunker volume and weight and generates a design impact model. The additional bunker volume
and weight includes the storage tank and necessary bunker handling systems. The resistance calculation
model is according to the Holtrop &Mennen method compiled by Birk [13]. The propulsion power calcu‐
lationmodel is according to the propulsion chain method by KleinWoud & Stapersma [81]. The additional
bunker volume and weight calculation is based on the constant operational requirements and modeled
based on the energy efficient ship design characteristics from section 1.4.

In this chapter, first the full model is described as an iterative process in the form of a spiral using the sub‐
models. Additionally the sub‐models are described into higher detail for their required input parameters
and procedure. Throughout the third sub‐model detailed description, the bulk carrier Cielo D’Italia (IMO
9539274) is used as an example to understand the process more clearly. The Cielo D’Italia is the first
in the list of the sampled bulk carriers and its detailed information is displayed in table A.1 in appendix
A. For the first and second sub‐model, only the total ship resistance and main engine brake power are
given respectively, because these models are generally understood in the ship design industry. Finally
the results are presented of the powering impact of an energy carrier type on a ship type.

3.1. Model description
In the simplest explanation, the total ship powering impact assessment model is comparable to the ship
design spiral in section 1.4.2. This is because of the iterative sizing issue explained in section 1.4.2. The
powering impact assessment model is displayed in figure 3.1. The model starts with the original (0) ship
design parameterswhich already fulfils all the operational requirements. With the parameters, the original
resistance is approximated using the resistance calculation sub‐model. With the original resistance, the
original propulsion powering is approximated in the power approximation sub‐model. Thereafter the
first step of the design generation model is conducted by substituting the fuel oil (1) with an AMEC
based on equal effective energy. The additional bunker space is applied to the original design by first
lengthening, thereafter heightening, and if necessary widening. With the first revision design, the first
revision parameters necessary to conduct the resistance and power approximation sub‐model. With
the first revision powering impact results, the second step of the design impact model is conducted by
upscaling the AMEC bunkering (2) based on the first revision powering impact results. Once again, the
design procedure is applied in the same manner and the final ship parameters, resistance and powering
are determined using the sub‐models. In theory the total powering impact assessment iterative process
can be repeated infinitely until the powering impact and design are in equilibrium. However, for simplicity
the assessment model goes through two design generation cycles.
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Figure 3.1: Ship powering impact assessment model

3.1.1. Resistance sub‐model
The approximate resistance prediction method by Holtrop and Mennen is considered to be efficient and
accurate for determining the required propulsive power [103]. The method is based on a regressional
statistical analysis from random model tests and full scale ship trials [57]. The method is established
on the basis of five papers by Holtrop alone or Holtrop and Mennen together which are presented in
table 3.1. Some papers are re‐assessments of previous papers to further increase the accuracy of the
approximation. The resistance and powering calculation process is based on a wide range of existing
mono‐hull ships and therefore the method is not applicable to atypical vessels. In order to compute the
resistance approximation method, a limited amount of required design parameters are necessary. There
are also optional parameters for additional ship characteristics such as bilge keels, stabilizer fins and bow
thruster tunnels near the water surface. The required and optional parameters can be found in table 3.2.

Table 3.1: The papers necessary for the Holtrop & Mennen resistance and power prediction method

Title Author Year Reference

A statistical analysis of performance test results J Holtrop 1977 [55]
A statistical power prediction method J Holtrop & GGJ Mennen 1978 [56]
An approximate power prediction method J Holtrop & GGJ Mennen 1982 [57]
A statistical re‐analysis of resistance and propulsion data J Holtrop 1984 [53]
A statistical resistance prediction method with a J Holtrop 1988 [54]
speed dependent form factor

As mentioned, some estimation equations have been re‐assessed for higher accuracy, therefore making
the method puzzling to find the most recent equations. Luckily Lothar Birk dedicated a whole chapter in
his book Fundamental of Ship Hydrodynamics: Fluid Mechanics, Ship Resistance and Propulsion with all the
necessary equations present and in their newest form [13]. The Holtrop & Mennen method is extremely
suitable in this situation due to the small amount of parameters necessary [96]. The assessment can rea‐
sonably estimate the resistance and powering for the following conditions according to equations 3.1,
3.2 and 3.3 according to Birk [13].

Fn =
Vs√

g · LWL
≤ 0.45 [−] (3.1)

0.55 ≤ CP =
CB

CM
≤ 0.85 [−] (3.2)
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3.9 ≤ LWL

B
≤ 9.5 [−] (3.3)

With the input parameters, the Holtrop & Mennen method computes the total ship resistance (RTOT) as
a sum of all the resistance components, which are:

• Frictional resistance (RF)
• Appendage resistance (Rapp)
• Wave making and wave breaking resistance (RW)
• Pressure resistance due to bulbous bow near water surface (RB)
• Pressure resistance due to immersed transom (RTR)
• Model‐ship correlation resistance (RA)
• Air resistance (RAA)

Required input
The resistance approximationmethod byHoltrop&Mennen requires a certain amount of ship parameters,
listed in table 3.2. These parameters are known to the ship designer in the initial design phase. However
most of the parameters are unknown to the public and therefore are approximated. The approximation
formulas for these required input parameters are givenwithin the Holtrop &Mennenmethod, or in Lothar
Birk’s chapter, or found in other literature. After table 3.2 the approximation formulas from the table are
presented and described. All the required input parameters are either already given from the sampled
ship parameters or approximated using these sampled ship parameters. The sampled ship parameters
per ship type are located in appendix A.

Table 3.2: Required input parameters for the Holtrop‐Mennen resistance approximation method [13]

Parameter Symbol Unit Value/Source

Length waterline LWL m Calculated according to equation 3.4 a
Moulded beam B m Sampled parameter
Moulded mean draft T m Sampled parameter
Moulded mean draft at aft TA m Assumed to be TA = T (Sampled parameter)
Moulded mean draft at fore TF m Assumed to be TF = T (Sampled parameter)
Block coefficient CB ‐ Calculated according to equation 3.5 b
Volumetric displacement ∇ m3 Calculated according to equation 3.6
Midship section coefficient CM ‐ Calculated according to equation 3.7 b
Prismatic coefficient CP ‐ Calculated according to equation 3.8 c
Waterplane area coefficient CWP ‐ Calculated according to equation 3.9 d
Longitudinal center of buoyancy lcb % Calculated according to equation 3.10 c
Area of ship above waterline AV m2 Calculated according to equation 3.11
Immersed transom area AT m2 Calculated according to equation 3.16
Transverse area of bulbous bow ABT m2 Calculated according to equation 3.17 e
Height of center of ABT hB m Calculated according to equation 3.18
Propeller diameter Dp m Sampled parameter
Stern shape parameter Cstern ‐ Normal shape for simplicity and constant
Ship design speed Vs m/s Sampled parameter
Wetted surface area S m2 Calculated according to equation 3.19
Half angle of waterline entrance iE

◦ Calculated according to equation 3.21
Wetted surface area appendages Sapp m2 Calculated according to equation 3.24
Number of bow thruster tunnels nTH ‐ Sampled parameter
Diameter of bow thruster tunnel dTH m Calculated according to equation 3.31
Bulbous bow presence BB Yes/No Sampled parameter
Number of propellers kP 1 / 2 Sampled parameter
a MAN Energy Solutions (2018) [94]
b Jensen (1994) [74]
c Guldhammer and Harvald (1974) [47]
d Schneekluth (1998) [113]
e Castro et al. (1997) [23]
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LPP = [0.96− 0.98] · LWL ≈ LWL =
LPP

0.97
[m] (3.4)

CB = −4.22 + 27.8 ·
√

Fn − 39.1 · Fn + 46.6 · F 3
n [−] (3.5)

The block coefficient formula in equation 3.5 is only applicable to shipping vessels. According to Vlasblom,
the block coefficient for TSHDs lies between 0.78 ‐ 0.85 and therefore the average of 0.815 is used [135].

∇ = CB · LWL ·B · T [m3] (3.6)

CM =
1

1 + (1− CB)3.5
[−] (3.7)

CP =
CB

CM
[−] (3.8)

CWP =
1 + 2 · CB

3
[−] (3.9)

lcboptimal = −(0.44 · Fn − 0.094) [% w.r.t.
1

2
LWL] (3.10)

The area of ship above the waterline in its projected speed direction (AV ) is approximated by equation
3.11. For simplicity, the deckhouse (Adh) is approximated by multiplying the width by the height of the
deckhouse (hdh). The width is approximated as 75% of the moulded beam (B). The height of the deck‐
house is calculated by using the SOLAS requirements of minimum bridge visibility [68], which is displayed
in figure 3.2. The regulation states that the view of the sea surface from the bridge is not to be hidden by
more than two times the length of the ship or 500 m, whichever is less. Using simple trigonometry rules
for similar triangles, the main ship parameters, a forecastle height equal to twice the height of tween deck
for a main public room (2.9 m) [142], and the bridge located at 15% of the overall length (LOA), the mini‐
mum bridge height for visibility can be approximated. As this height is the minimum, an additional height
of a tween deck will be added for trim and safety reasons. The trigonometry rule for similar triangles for
ships less than 250 m is presented in equation 3.12 and for ships larger or equal than 250 m is presented
in equation 3.14. The deckhouse height above the main deck for ships below 250 meters is equal to
equation 3.13 and ships of 250 m and above equal to equation 3.15. This method is not fully accurate for
container ships as the visibility from the bridge at the aft would be obstructed by the containers on top of
the main deck. This would result in a higher bridge. However, the air resistance only contributes approx‐
imately for 2% of the total resistance [140], therefore the additional air resistance on top of this method
for container ships is expected to have an even smaller effect on the total ship resistance. Accordingly,
this method is also applied to container ships.

AV = B · (D −Dp) + 0.75 ·B · hdh [m2] (3.11)

Figure 3.2: SOLAS bridge visibility law [99]
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hdh +D −Dp

2 · LOA + 0.85 · LOA
=

D −Dp + 2 · 2.9
2 · LOA

(3.12)

hdh (LOA < 250m) =
D −Dp + 2 · 2.9

2 · LOA
· (2.85 · LOA)−D +Dp + 2.9 [m] (3.13)

hdh +D −Dp

500 + 0.85 · LOA
=

D −Dp + 2 · 2.9
500

(3.14)

hdh (LOA ≥ 250m) =
D −Dp + 2 · 2.9

500
· (500 + 0.85 · LOA)−D +Dp + 2.9 [m] (3.15)

The immersed transom area is approximated by using the formula for the area of an oval A = a · b · π.
Parameters a and b are the long and short radius of an oval respectively. Where the immersed transom
area is half of the oval area, where a is estimated to beHalf (50%) of themoulded beam (B) and b estimated
to be an eighth (12.5%) of the draft (T).

AT =
1

2
· (0.5 ·B) · (0.125 · T ) · π [m2] (3.16)

The bulbous bow is useful for reducing the wave making resistance for the condition 0.9 ≤ V /
√
L ≤

1.9 according to Wigley [143], which coincides with the Holtrop‐Mennen acceptable conditions from
equation 3.1. The transverse area of the bulbous bow (ABT ) from Castro et al. in equation 3.17 also
contains a bulbous bow breadth coefficient (CBB ), where typical values are 0.170 ≤ CBB ≤ 0.200 [82].
For the reason that the minimum and maximum value are close to each other, the average is taken at
0.185 for CBB . If a bulb is not present, the transverse area of the bulbous bow is set to zero.

ABT = CBB ·B · T · CM = 0.185 ·B · T · CM [m2] (3.17)

The height of the center of the bulbous bow hB must be less than 0.6·TF according to Birk [13]. According
to Ghani and Wilson there are three typical transverse bulbous bow shapes, seen in figure 3.3. The
average hB of all the three bulb types is equal to the center of the O‐type bow. Therefore, for simplicity
reasons, hB will be set to half of the draft (T ), which also fulfils the condition by Birk.

hB = 0.5 · T [m] (3.18)

Figure 3.3: Typical bulbous bow transverse shapes [2]

The wetted surface area (S) according to Holtrop is calculated according to equation 3.19 [54]. An ear‐
lier version of the wetted surface area equation was first presented in a previous paper by Holtrop and
Mennen in 1982, but was later updated for higher accuracy [54].
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S = LWL · (2T +B)
√
CM ·

[
0.615989 · c23 + 0.111439 · C3

M + 0.000571111 · Cstern + 0.245357 · c23
CM

]
+3.45538 ·AT +

ABT

CB
·
(
1.4660538 +

0.5839497

CM

)
[m2]

(3.19)

With the factor c23 according to Holtrop and Mennen for equation 3.19 [57]:

c23 = 0.453 + 0.4425 · CB − 0.2862 · CM − 0.003467 · B
T

+ 0.3696 · CWP [−] (3.20)

The half angle of waterline entrance (iE ) according to Holtrop and Mennen is calculated according to
equation 3.21 [57].

iE = 1 + 89 · ea [−] (3.21)

With the factor a according to Holtrop and Mennen for equation 3.21 [57]:

a = −
(
LWL

B

)0.80856

· (1− CWP )
0.30484 · (1− CP − 0.0225 · lCB)

0.6367

·
(
LR

B

)0.34574

·
(
100 · ∇
L3
WL

)0.16302

[−]

(3.22)

With the length of run (LR) according to Holtrop for equation 3.22 [53]:

LR = LWL ·
(
1− CP + 0.06 · CP · lCB

4 · CP − 1

)
[m] (3.23)

The total wetted surface area of the appendages (Sapp) is calculated by summing the approximate surface
area of the rudder(s) (AR), bilge keels (AB ), and skeg(s) (AS ) according to equation 3.24. There are no
other appendages considered for all ship types in this research. The resistance of the suction pipe and
mouth of the TSHD cannot be calculated with the Holtrop & Mennen method. However the trailing
speed is 2‐3 knots with the suction pipe and head in the water and the non trailing speed is around 16
knots. Therefore it is assumed that the resistance of the suction pipe and head at 2‐3 knots is equal to
the resistance at its service speed.

Sapp = AR +AB +AS [m2] (3.24)

The rudder surface area (AR) recommended by DNV‐GL is given in equation 3.25 [29]. Factor C1 will be
equal to 1.0 for container ships and bulk carriers and tankers with less than 50.000 tonnes of displace‐
ment. For bulk carriers and tankers with a displacement of 50.000 t and over will have a C1 factor of
0.9. TSHDs will have a C1 factor of 1.7 as they have similar characteristics to a trawler where they are
dragging an object through the water. Factors C2, C3, and C4 will be set to 1.0 as it is not expected that
special rudder types, profiles or arrangements are used.

AR = C1 · C2 · C3 · C4 ·
1.75 · L · T

100
[m2] (3.25)
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C1 = Factor for ship type
= 1.0 in general
= 0.9 for bulk carriers and tankers having a displacement over 50.000 t
= 1.7 for tugs and trawlers

C2 = Factor for rudder type
= 1.0 in general
= 0.9 for semi‐spade rudder
= 0.7 for high lift rudders

C3 = Factor the rudder profile
= 1.0 for NACA profiles and plate rudders
= 0.8 for hollow profiles and mixed rudders

C4 = Factor for the rudder arrangement
= 1.0 for rudders in the propeller jet
= 1.5 for rudders outise the propeller jet

It is assumed that every ship has bilge keels of 20 cm over the full parallel body (LX ) on each side. There‐
fore the bilge keel surface area (AB ) is calculated according to equation 3.26.

AB = 2 · 0.2 · LX [m2] (3.26)

The parallel middle body (LX ) is approximated by subtracting the length of run (LR) and the length of
entrance (LE ) from the length of waterline (LWL), according to equation 3.27.

LX = LWL − LR − LE [m] (3.27)

With the length of run (LR) according to equation 3.23 and the length of entrance (LE ) calculated by
equation 3.28 according to Lindblad [87].

LE = LWL · (1.975− 2.27 · CB) [m] (3.28)

The skeg (sometimes referred to as gondola) surface area (AS ) is estimated as the surface area of a triangle,
where the length of the base is equal to the length of the skeg (LS ) and the height is equal to the propeller
diameter (Dp). The surface area of one face is therefore a half times the base times the height. For the
full surface area and thus both faces of the triangle, it is multiplied by two. The estimation is calculated
according to equation 3.29 and is dependent on the amount of propellers (kp).

AS = kp · 2 · 0.5 · LS ·Dp [m2] (3.29)

With the length of the skeg (LS ) approximated according to equation 3.30. The length of the skeg is
estimated to be the length of the runminus the part behind the rudder axis which is equal to (LWL−LPP ).
However, the skeg does not really cover the full distance from the rudder axle to where the parallel middle
body starts and therefore an estimated length equal to the propeller diameter is subtracted.

LS = LR − (LWL − LPP )−Dp [m] (3.30)

The final parameter necessary to perform the Holtrop & Mennen method is the diameter of the bow
thruster tunnel (DTH ). If there are bow thrusters present, the diameter of the tunnel will be approximated
as a quarter of the draft (T ), according to equation 3.31.

DTH = 0.25 · T [m] (3.31)

Procedure
The Holtrop & Mennen is a lengthy procedure with hardly any additional input other than the required
input from the previous section. The full Holtrop & Mennen procedure is reported in appendix B. The
total ship resistance is the sum of all the resistance components calculated in the method according to
equation 3.32.

RTOT = RF +Rapp +RW +RB +RTR +RA +RAA [kN ] (3.32)
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Cielo D’Italia According to the resistance approximation method by Holtrop & Mennen, the Cielo
D’Italia has a total ship resistance of 1 351 kN. The detailed intermediate results of the ship resistance
are displayed in table B.2 in appendix B.

3.1.2. Propulsion power sub‐model
Holtrop and Mennen’s method does not provide the final powering prediction, because it is also depen‐
dent on the propeller(s), configuration and ship geometry. However, the Holtrop &Mennen method does
provide the hull‐propeller interaction parameters, which are the wake fraction factor (w), thrust deduc‐
tion fraction (t), and the relative rotative efficiency (ηR). Together with the total ship resistance, propeller
characteristics, and the power plant configuration, the necessary power types can be calculated accord‐
ing to the propulsion chain in figure 3.4 by Klein Woud and Stapersma. The thrust towing power (PT),
open water propeller power (PO), and shaft power (PS) are not necessary as there is an alternative route
within the chain to calculate the final main engine brake power which can be seen in figure 3.4. The
different powers calculated in the propulsion chain are:

• Effective towing power (PE)
• Thrust towing power (PT) (not necessary)
• Open water propeller power (PO) (not necessary)
• Propeller power (PP)
• Delivered power (PD)
• Shaft power (PS) (not necessary)
• Main engine brake power (PB)
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Figure 3.4: Propulsion chain generally intended for fossil fuel power plants [81]
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Required input
The required input for the propulsion power sub‐model originate from the ship sample data or are esti‐
mated using literature data. The required input parameters and value/source are displayed in table 3.3.
The total ship resistance (RTOT ), thrust deduction factor (t), wake fraction factor (w), and relative rotative
efficiency (ηR) are parameters which are estimated within the Holtrop & Mennen method.

Table 3.3: Required input parameters for propulsion chain [81]

Parameter Symbol Unit Value/Source

Number of propellers kp ‐ Sampled parameter
Number of main engines per shaft kME ‐ Sampled parameter
Ship design speed Vs m/s Sampled parameter
Total ship resistance RTOT kN Value from Holtrop & Mennen
Thrust deduction factor t ‐ Value from Holtrop & Mennen
Wake fraction factor w ‐ Value from Holtrop & Mennen
Relative rotative efficiency ηR ‐ Value from Holtrop & Mennen
Open water efficiency ηO ‐ Approximated ηO ≈ 0.625 [94]
Hull efficiency ηH ‐ Calculated according to equation 3.33
Shaft efficiency ηS ‐ Dependent on the propulsion plant
Gearbox efficiency ηGB ‐ Dependent on the propulsion plant
Engine margin EM % EM = 12.5% [140]

The open water efficiency (ηO) is typically between 0.55 and 0.7 according to MAN Energy Solutions
[94]. The actual efficiency is dependent on the propeller characteristics which is matched by the pro‐
peller designer to the ship characteristics. The open water efficiency of modern propellers is classified
by the designers and therefore the average of typical values is used at 0.625.

The hull efficiency (ηH ) is the ratio between the effective towing power (PE ) and the thrust towing power
(PT ). It essentially refers to the connection between the thrust deduction factor (t) and the wake fraction
factor (w).

ηH =
PE

PT
=

1− t

1− w
[−] (3.33)

The shaft efficiency (ηS ) is based on the ship type. According to Basic principles of ship propulsion by MAN
Energy Solutions, the shaft efficiency for directly coupled engines, the shaft efficiency is ηS ≈ 0.99 for
short shafts, which is common in bulk carriers and tankers. The shaft efficiency is ηS ≈ 0.98 for long di‐
rect coupled shafts and is common in container ships. If a reduction gear is installed, the shaft efficiency
is ηS ≈ 0.955 and it is common in TSHDs [94].

The gearbox efficiency (ηGB ) is dependent on the propulsion plant arrangement. If the propeller is di‐
rectly coupled to the engine, there is no gearbox and thus ηGB= 1. This direct coupling is the case for
bulk carriers, tankers and container ships, . According to MAN Energy Solutions, single step gearboxes
have a power loss of 1 to 2% and for more complex gearboxes, the power loss is 3 to 5% [94]. TSHDs
commonly have an engine that drives the propeller and the dredging pump according to Vlasblom [135].
In addition, TSHDs that have a pump ashore installation need an extra transmission within the gearbox
and thus have an extra axis [135]. Therefore the gearbox for the TSHD is considered a complex gearbox
with a power loss of 4%, resulting in ηGB ≈ 0.96.

The engine margin (EM ) is a power reserve on top of the necessary brake power. It is recommended to
have a margin to lower maintenance costs, lower fuel consumption and have extra power for increased
speed [140]. Generally the engine margin is between 10% and 15%, therefore the average is used at
12.5% [94].
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Procedure
The propulsion chain starts by calculating the effective towing power (PE ) with the total ship resistance
(RTOT ) and design speed (VS ) according to equation 3.34.

PE = RTOT · VS [kW ] (3.34)

The thrust towing power (PT ) is calculated according to equation 3.35 with the necessary total thrust (T )
and speed of advance (VA). The necessary total thrust does not equal the total ship resistance because
the water in front of the propeller is ’sucked’ into the propeller, creating an additional resistance on the
hull. This additional resistance is constructed using the thrust deduction factor (t). The speed of advance
(VA) is the speed of the water entering the propeller at behind ship conditions. Due to the water flow
direction following the hull boundary, the water does not flow straight into the propeller. The flow into
the propeller will therefore be less than the ship’s speed and this speed reduction is constructed using
the wake fraction factor (w).

PT =T · VA [kW ]

PT =
RTOT

(1− t)
· VA [kW ]

PT =
RTOT

(1− t)
· VS · (1− w) [kW ]

PT =RTOT · VS · 1− w

1− t
[kW ]

PT =
RTOT · VS

ηH
[kW ]

PT =
PE

ηH
[kW ]

(3.35)

The delivered power to all the propeller(s) (PD) is calculated with the thrust towing power (PT ), open
water propeller efficiency (ηO) and the relative rotative efficiency (ηR) according to equation 3.36.

PD =
PT

ηO · ηR
[kW ] (3.36)

The delivered power to a single propeller (PP ) is the total delivered power (PD) divided by the number of
propellers (kp) according to equation 3.37.

PP =
PD

kp
[kW ] (3.37)

The total shaft power (PS ) is the total delivered power to all the propellers divided by the shaft efficiency
(ηS ) according to equation 3.38. The shaft power of a single shaft is the total shaft power divided by the
number of shafts which is equal to the number of propellers.

PS =
PD

ηS
[kW ] (3.38)

The total main engine brake power (PB ) is the total shaft power divided by the gearbox efficiency (ηGB )
according to equation 3.39. Themain engine brake power of a single engine is the total main engine brake
power divided by the number of engine (kME ).

PB =
PS

ηGB
[kW ] (3.39)

The maximum continuous rated power (PMCR) is the total main engine brake power including an engine
margin (EM ). The maximum continuous rated engine power is the maximum power of the main engine(s)
installed in the ship.
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PMCR =
PB

1− EM
[kW ] (3.40)

Cielo D’Italia According to the propulsion chain method by Klein Woud and Stapersma, the Cielo
D’Italia requires a main engine brake power (PB ) of 10.964 kW. The detailed intermediate results of the
propulsion chain are displayed in table B.3 in appendix B. With an engine margin of 12.5%, the maximum
continuous rated engine power (PMCR) is 12.531 kW, which is 14% higher than the given total main
engine power (PME ) from the sampled ship parameters. However, according to the article fromSignificant
Ships 2015, the Cielo D’Italia has a 20% lower fuel consumption in relation to comparable ships due to
its extremely efficient design particulars [119].

3.1.3. Design generation sub‐model
The design generation is done twice in the total model approach. The additional contained AMEC bunker
volume and weight is first calculated before each revision and thereafter applied to the original design.
It is performed once to accommodate for the substitution of fuel oil bunker space with that of an AMEC
(first revision). The second time it is performed to accommodate the upscaling of the AMEC bunker space
proportionate to the propulsion power increased caused by the first revision ship design.

In order to maintain the operational requirements, the effective energy of the AMEC type must remain
the same as that of fuel oil. Themethod of calculating the original effective energy is explained in the next
section. To calculate the bunkered volume andweight associated to the AMECs, the following parameters
are necessary for both steps of the design impact: the contained volumetric energy density (ρV E con),
contained gravimetric energy density (ρG E con), density contained (ρcon), power plant efficiency (ηPP ),
and power plant auxiliary engine power (PPaux). The values of the parameters are displayed in table 2.2
from the case study chapter.

Lindstad et al. determined that higher length‐beam ratios for ships with equal carrying capacity are the
most energy efficient [89] [90]. Additionally, Liu and Pananikolauo determined that the added ship re‐
sistance decreases for lower Froude numbers, which can be achieved by increasing the length of a ship
[92]. For that reason, to accommodate the additional AMEC bunker space, the ship is first lengthened at
the midship transverse plane area (a). Thereafter heightened at the water plane area (b) and if necessary
widened in the center plane area (c). The sequence design generation sequence is depicted in figure 3.5.
The lengthening is constrained to a maximum length‐beam ratio within the length‐beam ratio trend per
ship type.

(a) Lengthening at midship transverse
plane area (b) Lengthening at water plane area (c)Widened at center plane area

Figure 3.5: The design generation sequence to accommodate additional AMEC bunker space

Step one: Fuel oil substitution
The total effective energy (Eeff, total) of the bunkered fuel oil on board is calculated with the given fuel oil
bunker volume (VBUNK, FO), the contained volumetric energy density (ρV E, FO con) and the power plant
efficiency (ηPP, FO). It is assumed that the given bunker volume is in contained form. The total effective
energy is calculated according to equation 3.41.

Eeff, total = VBUNK, FO · ρV E, FO con · ηPP, FO [MJ ] (3.41)

Cielo D’Italia With a given fuel oil bunker volume of 3.020 m3, the total effective energy (Eeff, total)
is 49.470.258 MJ.
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The total effective energy consists of the effective energy for the main engine(s) (Eeff, ME ) and the
effective energy for the auxiliary engine(s) (Eeff, AE ) according to equation 3.42. The effective energy
for the auxiliary engines is divided into the effective energy for the power plant (Eeff, AE PP ) and the
effective energy for non power plant consumers (Eeff, AE non−PP ). It is necessary to distinguish the dif‐
ference as the powering impact only effects the engine powers associated to the propulsion (Eeff, ME

and Eeff, AE PP ). The effective energy share for the other energy users is not impacted by the powering
impact and therefore it remains constant.

Eeff, total = Eeff, ME + Eeff, AE [MJ ]

= Eeff, ME + Eeff, AE PP + Eeff, AE non−PP [MJ ]
(3.42)

The main engine effective energy and auxiliary engine effective energy are determined based on the
specific fuel consumption (sfc) and brake power (PB ). The specific fuel consumption for the main engine
according to Lamb is between 160 and 180 g/kWh for a slow speed two stroke diesel engine and between
165 and 250 g/kWh for a medium speed four stroke diesel engine [84]. The average of 170 g/kWh is
selected for a two stoke diesel engine and the average of 207.5 g/kWh for a four stroke diesel engine.
The main engine brake power (PB, ME ) is determined using the powering approximation method. The
auxiliary engine brake power (PB, AE ) is equal to the given installed auxiliary engine power, plus the main
engine shaft generator/PTO power (PPTO) and minus the engine margin (EM ). The main engine effective
energy is calculated according to equation 3.43. The auxiliary engine effective energy is therefore the
total effective energy minus the main engine effective energy and calculated according to equation 3.44.

Eeff, ME =
sfcME · PB, ME

sfcME · PB, ME + sfcAE · PB, AE
· Eeff, total [MJ ] (3.43)

Eeff, AE = Eeff, total − Eeff, ME [MJ ] (3.44)

Cielo D’Italia The main engine brake power (PB, ME ) is determined to be 10.964 kW according to the
propulsion powering method. The given installed auxiliary engine power is 2.340 kW and there is no
shaft generator or power take off (PPTO). With the engine margin (EM ) of 12.5%, the auxiliary engine
brake power (PB, AE ) is 2.048 kW. Therefore the main engine effective energy (Eeff, ME ) is 40.287.319
MJ at 81% and the auxiliary engine effective energy (Eeff, AE ) is 9.182.938 MJ at 19%.

The auxiliary engine effective energy is split into power plant users (Eeff, AE PP ) and non power plant
users (Eeff, AE non−PP ). In section 2.1.7 it was concluded that the auxiliary engine power for the power
plant differs per power plant configuration and energy carrier. Therefore the effective energy content for
the non power plant users must remain constant as it will not change due to changing the energy carrier
and power plant. The shares calculated according to equation 3.45.

Eeff, AE = Eeff, AE PP + Eeff, AE non−PP [MJ ] (3.45)

The auxiliary engine effective energy for the power plant users is calculated according to equation 3.46.
With the minimum auxiliary brake power necessary for the fuel oil power plant (PB, AE PP ) is equal to
5% (PPaux, FO) of the main engine brake power (PB, ME ) as per section 2.1.7.

Eeff, AE PP =
PPaux, FO · PB, ME

PB, AE
· Eeff, AE [MJ ] (3.46)

Cielo D’Italia The auxiliary engine power for the power plant (PB, AE PP ) with fuel oil is 5% of the
main engine brake power (PB, ME ) and is equal to 548 kW. The auxiliary engine brake power (PB, AE )
is 2.048 kW and therefore 27% (548/2048) of the total auxiliary engine power is for the power plant.
The auxiliary engine effective energy for the power plant (Eeff, AE PP ) is therefore also 27% and equal
to 2.458.711 MJ.
The auxiliary engine effective energy not for the power plant users (Eeff, AE non−PP ) is therefore cal‐
culated according to equation 3.47.

Eeff, AE non−PP = Eeff, AE − Eeff, AE PP [MJ ] (3.47)
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Cielo D’Italia The remaining auxiliary effective energy by non‐power plant users (Eeff, AE non−PP ) is
therefore 6.724.224 MJ at 73% of the total auxiliary power.

The powering impact only influences the effective energy for the propulsion which translates to the
effective energy for the main engine (Eeff, ME ). However, the effective auxiliary energy for the power
plant (Eeff, AE PP ) is based on a percentage of the main engine brake power which is impacted by the
powering impact. Therefore this part of the effective auxiliary energy is also influenced.

Cielo D’Italia Overview of the effective energy of fuel oil in the Cielo D’Italia:

Eeff, total = 49.470.258 MJ
Eeff, ME = 40.287.319 MJ (81% of total)
Eeff, AE = 9.182.938 MJ (19% of total)

Eeff, AE PP = 2.458.711 MJ (27% of auxiliaries)
Eeff, AE non−PP = 6.724.224 MJ (73% of auxiliaries)

Step one of the design impact is the energy carrier substitution where the fuel oil bunker space is re‐
placed with the AMEC bunker space. The total effective energy is not exactly the same as the power
plant auxiliary power differs. The effective energy for the main engine and for the auxiliary engines not
for the power plant do not change. The total effective energy for an AMEC is calculated according to
equation 3.48. The resulting total bunker volume by an AMEC (VBUNK, AMEC ) is calculated according
to equation 3.49 and the total bunker weight by an AMEC (mBUNK, AMEC ) is calculated according to
equation 3.50.

Eeff, total AMEC = Eeff, ME + Eeff, AE PP · PPaux, AMEC

PPaux, FO
+ Eeff, AE non−PP [MJ ] (3.48)

VBUNK, AMEC =
Eeff, total AMEC

ρV E con AMEC · ηPP AMEC
[L] (3.49)

mBUNK, AMEC = VBUNK, AMEC · ρcon AMEC [kg] (3.50)
The volume and weight of the fuel oil bunker space is substituted with that of the AMEC bunker space.
Therefore the additional bunker volume of the AMEC (∆VBUNK, AMEC ) is the difference between the
total AMEC bunker volume and that of the fuel oil. The same applies to the additional bunker weight of
the AMEC (∆mBUNK, AMEC ). The additional volume and weight of the AMEC are calculated according
to equation 3.51 and 3.52 respectively.

∆VBUNK, AMEC = (VBUNK, AMEC − VBUNK, FO) · 1000 [m3] (3.51)

∆mBUNK, AMEC = (mBUNK, AMEC −mBUNK, FO) · 1000 [t] (3.52)

Cielo D’Italia The original contained fuel oil bunker volume (VBUNK, FO) is 3020 m3 and its contained
weight (mBUNK, FO) is equal to 3382 t. The bunker substitution results in the following necessary effec‐
tive energy, contained volume addition and contained weight addition are displayed in the table below.

Effective energy, additional bunker volume and weight per energy carrier type

Energy carrier type Eeff, total AMEC [MJ] ∆VBUNK, AMEC [m3] ∆mBUNK, AMEC [t]

Fuel oil (original) 49 470 258 0 0
Methanol 48 486 773 4 086 2 888
LNG 48 486 773 4 449 137
Liq. hydrogen 52 420 711 22 952 6830
Ammonia 54 422 102 7 787 5 347
Elec. + LIB 47 503 288 248 923 164 581
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Additional AMEC bunker space application procedure
Both the bunker space substitution and scaling result in a new bunker volume and weight. The additional
volume andweight affect the ship dimensions using the same design impactmethod. Themethod involves
applying the additional bunker space to the ship dimensions. The additional bunker volume is added by
lengthening the ship in the midship section to the maximum length‐beam ratio and thereafter increasing
the beam if necessary. The additional bunker weight is calculated to determine the new draft. First
the midship area (AMID) is calculated according to equation 3.53 to determine the maximum volume by
lengthening the ship.

AMID = B ·D · CM [m2] (3.53)

CieloD’Italia With an original beam (B) of 43m, a depth (D) of 21.6m and amidship section coefficient
(CM ) of 0.998, the Cielo D’Italia has an original midship area (AMID) of 927 m2.

To find the new maximum length overall while keeping the beam constant, the maximum length‐beam
formula per ship type must intersect the length‐beam ratio formula of the ship. The maximum length‐
beam formulas per ship type are established and presented in section 2.2 and has the form according to
equation 3.54. The length‐beam ratio formula for lengthening is equal to the directional coefficient of
the current length‐beam ratio. The length‐beam ratio formula of the ship is according to equation 3.55
with directional coefficient (c) is equal to 1/B. The intersection between the two formulas results in the
maximum length overall for a specific ship according to equation 3.56

LOA/BMAX, ship type = a · LOA + b = a · x+ b [−] (3.54)

LOA/Bship =
1

B
· LOA = c · x [−] (3.55)

a · x+ b = c · x → x =
b

c− a
=

b
1
B − a

= LOA, MAX [m] (3.56)

In some cases the length‐beam ratio exceeds the calculated maximum length‐beam ratio (LOA/Bship >
LOA/BMAX ). In those cases the additional bunker volume of the AMEC (∆VBUNK, AMEC ) is immedi‐
ately applied as the additional volume by increasing the beam (∆VB ). This volume is reintroduced into
the method from equation 3.69 onwards.

CieloD’Italia With an original length overall (LOA) of 245m and an original beam (B) of 43m, the length
beam ratio (LOA/B) is 5.698. Themaximum length‐beam ratio of a bulk carrier at this given length overall
(LOA/BMAX, bulker) is 7.042. Therefore the maximum length overall for the Cielo D’Italia is 282.49 m.

The maximum lengthening (∆LMAX ) of the ship is therefore the difference between the maximum length
and the current length according to equation 3.57. The maximum volume available by lengthening the
ship (∆VL, MAX ) is consequently the maximum lengthening multiplied by the midship area according to
equation 3.58.

∆LMAX = LOA, MAX − LOA [m] (3.57)

∆VL, MAX = AMID ·∆LMAX [m3] (3.58)

Cielo D’Italia With an original length overall (LOA) of 245 m and the maximum length overall
(LOA, MAX ) of 282.49 m, the maximum lengthening (∆LMAX ) equals 37.49 m. With the midship area
(AMID) of 927 m2, the maximum volume available by lengthening the ship (∆VL, MAX ) is 34 766 m3.

The actual lengthening of the ship (∆L) is based on the AMEC bunker volume change (∆VBUNK, AMEC )
and the maximum volume available by lengthening the ship (∆VL, MAX ). If the bunker volume change is
less than the available volume by lengthening, the actual lengthening is calculated according to equation
3.59. Only 50% of the necessary additional AMEC bunker volume is applied, because the heightening in
the next step is done for constant depth‐length ratio. Therefore, the additional volume by heightening is
practically the same volume. If the bunker volume change exceeds the available volume by lengthening,
the actual lengthening is equal to the maximum lengthening according to equation 3.60. The resulting
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new length overall (LOA, new) and new waterline length (LWL, new) are calculated according to equation
3.61 and 3.62 respectively.

∆L (∆VBUNK, AMEC < ∆VL, MAX) =
50% ·∆VBUNK, AMEC

AMID
[m] (3.59)

∆L (∆VBUNK, AMEC > ∆VL, MAX) = ∆LMAX [m] (3.60)

LOA, new = LOA +∆L [m] (3.61)

LWL, new = LWL +∆L [m] (3.62)

Cielo D’Italia The additional bunker volumes (∆VBUNK, AMEC ) of methanol, LNG, hydrogen, and am‐
monia do not exceed the maximum volume available by lengthening the ship (∆VL, MAX ). Therefore the
actual lengthening (∆L) is less than the maximum lengthening (∆LMAX ). The additional bunker volume
for electricity in lithium ion batteries does exceed the maximum lengthening volume. The new lengths
per energy carrier are displayed in the table below.

Additional length, new length overall and new waterline length
per energy carrier type

Energy carrier type ∆L [m] LOA, new [m] LWL, new [m]

Fuel oil (original) 0.00 245.00 245.00
Methanol 2.20 247.20 247.20
LNG 2.40 247.40 247.40
Liq. Hydrogen 12.38 257.38 257.38
Ammonia 4.20 249.20 249.20
Elec. + LIB *37.49 282.49 282.49

* equal to ∆LMAX

The length overall and the waterline length are the same for the Cielo D’Italia and therefore their new
length overall and new waterline length are identical.

The actual volume change by lengthening (∆VL) is calculated according to equation 3.63. The remaining
volume after lengthening is calculated according to equation 3.64. For ships where the total necessary
additional bunker volume was less than the maximum volume available by lengthening, there still is 50%
additional bunker volume remaining after lengthening.

∆VL = ∆L ·AMID [m3] (3.63)

∆VBUNK, REMAIN L = ∆VBUNK, AMEC −∆VL [m3] (3.64)
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Cielo D’Italia With midship cross sectional area of 927.2m2 and the actual lengthening per energy car‐
rier type. Only the additional bunker volume for the battery electric configuration requires more volume
than maximum volume by lengthening. Therefore for the other AMECs, the remaining volume is 50% of
the total additional bunker volume, which is equal to the additional volume by lengthening.

Additional bunker bunker volume, actual volume change by lengthening and remain
bunker volume after lengthening per energy carrier type

Energy carrier type ∆VBUNK, AMEC [m3] ∆VL [m3] ∆VBUNK,REMAIN L [m3]

Fuel oil (original) 0 0 0
Methanol 4 086 2 043 2 043
LNG 4 449 2 225 2 225
Liq. Hydrogen 22 952 11 476 11 476
Ammonia 7 787 3 894 3 894
Elec. + LIB 248 923 *34 766 214 157

* equal to ∆VL, MAX

Lengthening a ship causes higher bending moments in the ship structure, therefore to prevent higher
stresses and subsequently structural failures, the depth‐length ratio (D − L) is kept constant. This also
coincides with adhering to dimension trend of the ship type. In order to keep the depth‐length ratio con‐
stant for a lengthened ship, the depth must increase as well. The additional depth (∆D) is equal to the
depth‐length ratio multiplied by the actual lengthening (∆L) according to equation 3.65. The new depth
(Dnew) is calculated accordingly to equation 3.66. The additional volume by increasing the depth (∆VD)
is applied to the new waterplane area (AWP ) of the ship according to equation 3.67. The new waterplane
area is equal to the original waterplane area plus the actual lengthening (∆L) over the beam (B).

∆D =
D

LOA, original
·∆L [m] (3.65)

Dnew = D +∆D [m] (3.66)

∆VD = ∆D ·AWP, new = ∆D · (AWP, original +∆L ·B) [m3] (3.67)

Cielo D’Italia With a depth‐length ratio (D − L) of 0.088, an original waterplane area (AWP ) of 9 403
m2, and beam (B) of 43 m. The resulting additional depth (∆D), new depth (Dnew) and additional volume
by increasing the depth (∆VD) are displayed in the table below.

Additional length, additional depth, new depth and additional
volume by increasing the depth per energy carrier type

Energy carrier type ∆L [m] ∆D [m] Dnew [m] ∆VD [m3]

Fuel oil (original) 0 0 0 0
Methanol 2.20 0.19 21.79 1 845
LNG 2.40 0.21 21.81 2 011
Liq. Hydrogen 12.38 1.09 22.69 10 841
Ammonia 4.20 0.37 21.97 3 548
Elec. + LIB *37.49 3.31 24.91 36 413

* equal to ∆LMAX

The remaining volume after heightening (∆VBUNK, REMAIN, D) is calculated according to equation 3.68.
There are three scenarios for calculating the additional volume by widening (∆VB ) according to equa‐
tion 3.69. The first is if there is a positive remaining volume after heightening (∆VBUNK, REMAIN, D).
In general this is always the case unless the waterplane area coefficient is larger than the midship area
coefficient (CWP > CM ). The second scenario is for when the remaining volume after heightening is
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negative. In this case, there is more volume applied to the ship design than required and therefore the
excess volume is considered a surplus volume (∆VSURPLUS ) and calculated according to equation 3.70.
Consequently, the additional volume by widening (∆VB ) is zero and the surplus volume is deducted from
the necessary AMEC bunker volume for the second revision design generation (AMEC upscaling) later
on in equation 3.82. The third scenario is if the original length‐beam ratio exceeds the maximum length‐
beam ratio line (L/B > L/BMAX ). In this case, the lengthening and heightening is skipped and the total
additional AMEC bunker volume is immediately applied by widening. See for instance figure 2.9 where
there is a single container ship above the maximum L/B‐line line at ∼ 260 m.

∆VBUNK, REMAIN, D = ∆VBUNK, REMAIN L −∆VD [m3] (3.68)

∆VB (∆VBUNK, REMAIN, D > 0) = ∆VBUNK, REMAIN, D [m3]

∆VB (∆VBUNK, REMAIN, D < 0) = 0 [m3]

∆VB (L/Boriginal > L/BMAX) = ∆VBUNK, AMEC [m3]

(3.69)

∆VSURPLUS (∆VBUNK, REMAIN, D > 0) = 0 [m3]

∆VSURPLUS (∆VBUNK, REMAIN, D < 0) = −∆VBUNK, REMAIN, D [m3]
(3.70)

CieloD’Italia The second scenario where the remaining volume after heightening is negative, is uncom‐
mon. It only occurs if the total additional bunker volume exceeds the maximum volume by lengthening,
but is less sum of the additional volume by lengthening and heightening. In the case of the Cielo D’Italia,
there is not an AMEC that results in this situation. Therefore the remaining volume after heightening is
equal to the additional volume by widening and there is no surplus volume.

The additional bunker volume remaining after increasing the depth, additional
volume by increasing the beam and the surplus volume per energy carrier type

Energy carrier type ∆VBUNK, REMAIN D [m3] ∆VB [m3] ∆VSURPLUS [m3]

Fuel oil (original) 0 0 0
Methanol 198 198 0
LNG 214 214 0
Liq. Hydrogen 635 635 0
Ammonia 346 346 0
Elec. + LIB 177 744 177 744 0

The additional bunker volume by increasing the beam (∆VB ) is applied in the centerline cross sectional
area of the ship. The centerline cross sectional area is approximated to be 90% of the area of the new
length overall (LOA, new) by the new depth (Dnew). Accordingly the beam increase (∆B) is calculated
according to equation 3.71 and results in the new beam (Bnew) according to equation 3.72.

∆B =
∆VB

0.90 · LOA, new ·Dnew
[m] (3.71)

Bnew = B +∆B [m] (3.72)
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Cielo D’Italia As mentioned previously, the additional beam (∆VB ) for the first scenario is relatively
small due to the difference in midship area‐ and water plane area coefficient. However, the second sce‐
nario, which only occurs for the battery configuration is significantly large.

The additional bunker volume by increasing the beam
and new beam per energy carrier type type

Energy carrier type ∆VB [m3] ∆B [m] Bnew [m]

Methanol 198 0.04 43.04
LNG 214 0.04 43.04
Liq. Hydrogen 635 0.12 43.12
Ammonia 346 0.07 43.07
Elec. + LIB 177744 28.07 71.07

The new overall internal volume (VINT, new) is the sum of the original overall internal volume (VINT ), the
additional volume change by lengthening (∆VL), the additional volume by increasing the depth (∆VD),
and the additional volume by increasing the beam (∆VB ). It is calculated according to equation 3.73.

VINT, new = VINT +∆VL +∆VD +∆VB [m3] (3.73)

Cielo D’Italia With an original overall internal volume of 172 955m3, the new overall internal volumes
per energy carrier type are displayed in the table below.

Additional volumes and new internal volume per energy carrier type

Energy carrier type ∆VL [m3] ∆VD [m3] ∆VB [m3] VINT, new [m3]

Fuel oil (original) 0 0 0 172 955
Methanol 2 043 1 845 198 177 041
LNG 2 225 2 011 214 177 405
Liq. Hydrogen 11 476 10 841 635 195 908
Ammonia 3 894 3 548 346 180 743
Elec. + LIB 34 766 36 413 177 744 421 879

The new draft (Tnew) is calculated to be the original draft (T ) plus the additional draft (∆T ) caused by
the additional weight, additional waterplane area and sea water density (ρsw). The total additional weight
is equal to the weight of the contained bunker volume (∆mBUNK, AMEC ) and the additional weight of the
steel structure (WS ). The additional weight of the steel structure is calculated by the structural density
(CS ) multiplied by the sum of the additional volumes (∆VL + ∆VD + ∆VB ). The structural density (CS )
is estimated at an average of 0.08 t/m3 for ship with a gravimetric displacement (∇) ranging between 10
000 and 1 000 000 tons according to Friis et al. [40]. the sea water density is approximated at 1.025
t/m3. The new waterplane area coefficient (CWP ) is calculated according to equation 3.9 from the resis‐
tance sub‐model with the new ship dimensions. The new draft and new depth result in a new freeboard,
calculated according to equation 3.75.

Tnew = T+∆T [m]

Tnew = T+
∆mBUNK, AMEC +WS

LWL, new ·Bnew · CWP, new · ρsw
[m]

Tnew = T+
∆mBUNK, AMEC + CS · (∆VL +∆VD +∆VB)

LWL, new ·Bnew · CWP, new · ρsw
[m]

(3.74)

fnew = Dnew − Tnew [m] (3.75)
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Cielo D’Italia Due to the high amount batteries necessary to keep the operational conditions constant,
the new freeboard (f ) of this case is negative and therefore does not float. The AMECs that have a higher
uncontained gravimetric energy density than fuel oil (LNG and Liq. hydrogen) cause the ship to have a
higher freeboard even though the draft (T ) has increased.

The additional draft, new draft and new freeboard per
energy carrier type

Energy carrier type ∆T [m] Tnew [m] fnew [m]

Fuel oil (original) 0.00 15.60 6.00
Methanol 0.33 15.93 5.86
LNG 0.05 15.65 6.16
Liq. Hydrogen 0.85 16.45 6.24
Ammonia 0.61 16.21 5.76
Elec. + LIB 10.06 25.66 ‐0.75

A larger propeller diameter (DP ) generates a higher thrust and therefore the new propeller diameter
(DP, new) is determined by scaling the original propeller diameter by new draft (Tnew) over the original
according to equation 3.76.

DP, new =
Tnew

T
·DP [m] (3.76)

Cielo D’Italia Due to higher new drafts for all energy carriers, all designs have a larger propeller diam‐
eter.

The new draft and new propeller diameter per
energy carrier type

Energy carrier type Tnew [m] DP, new [m]

Fuel oil (original) 15.60 8.19
Methanol 15.93 8.36
LNG 15.65 8.22
Liq. Hydrogen 16.45 8.64
Ammonia 16.21 8.51
Elec. + LIB 25.66 13.47

The new deadweight tonnage (DWTnew) is calculated by subtracting the original uncontained fuel oil
weight (mFO uncon) from the original deadweight tonnage (DWT ) and adding the uncontained AMEC
weight (mAMEC uncon). The contained densities include the weight of the tanks which are not free
weights and therefore are not included in the deadweight tonnage. The new deadweight tonnage is calcu‐
lated according to equation 3.77. Theweights of the fuel oil and AMEC are calculated using the contained
volumetric energy density (ρV E con) and the uncontained gravimetric density (ρG E uncon), also known as
the lower heating value (LHV). Only in the case of the electrically charged lithium ion batteries is the
new energy carrier not a free weight and therefore does not contribute to the deadweight tonnage. The
new deadweight tonnage for the case of electrically charged lithium ion batteries is calculated accord‐
ing to equation 3.78. The new lightweight ship (mLIGHT new) is calculated according to equation 3.79
by subtracting the new deadweight tonnage from the new gravimetric displacement (∆new). The new
gravimetric displacement (∆new) is the sum of the original gravimetric displacement (∆original), additional
contained bunker weight (∆mBUNK, AMEC ) and the weight of the additional steel structure (WS ).
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DWTnew = DWT−mFO uncon +mAMEC uncon [t]

DWTnew = DWT−VBUNK, FO · ρV E FO con

ρG E FO uncon
+ VBUNK, AMEC · ρV E AMEC con

ρG E AMEC uncon
[t]

(3.77)

DWTnew ELEC+LIB = DWT−mFO uncon [t] (3.78)

mLIGHT, new = ∆new −DWTnew [t]

mLIGHT, new = ∆original +∆mBUNK, AMEC +WS −DWTnew [t]

mLIGHT, new = ∆original +∆mBUNK, AMEC + CS · (∆VL +∆VD +∆VB)−DWTnew [t]

(3.79)

Cielo D’Italia With a contained fuel oil bunker volume (VBUNK, FO) of 3 020m3 and an original dead‐
weight tonnage (DWT ) of 117 438 t, the resulting new deadweight tonnages and lightweight ships are
displayed in the table below.

The new deadweight tonnage and new lightweight ship
per energy carrier type

Energy carrier type DWTnew [t] mLIGHT, new [t]

Fuel oil (original) 117 438 23 870
Methanol 119 937 24586
LNG 117 028 24 773
Liq. Hydrogen 115 994 33 980
Ammonia 119 641 27 638
Elec. + LIB 114 998 210 804

Step two: Upscaling AMEC bunker space
Step one of the powering impact accounted for the substitution of the fuel oil with an AMEC for con‐
stant operational requirements. This results in new ship dimensions and weights caused by the additional
bunker and structural volume and weight. Therefore the total ship resistance after the energy carrier
substitution (RTOT 1) is calculated according to the same resistance sub‐model in section 3.1.1. Con‐
sequently the propulsion power after the energy carrier substitution (PB, ME AMEC 1) is calculated as
well with the same propulsion power sub‐model in section 3.1.2. The new engine brake power for the
AMEC is used to scale the bunkering which is intended for the main engine and power plant components.

Cielo D’Italia The main engine brake power after the energy carrier substitution (PB, ME AMEC 1)
increases for all AMEC types for the Cielo D’Italia. The results are displayed in the table below.

The resistance and main engine brake power after the energy
carrier substitution per energy carrier type

Energy carrier type RTOT 1 [kN ] PB, ME AMEC 1 [kW ]

Fuel oil (original) 1 351 10 964 (0.0%)
Methanol 1 372 11 158 (+1.8%)
LNG 1 359 11 057 (+0.8%)
Liq. Hydrogen 1 416 11 630 (+6.1%)
Ammonia 1 390 11 326 (+3.3%)
Elec. + LIB 2 854 22 254 (+103.0%)
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The main engine power and the auxiliary engine power for power plant components are impacted by
the propulsion power increase. Therefore the effective energy intended for these engines is scaled by
the power increase. The additional effective energy necessary after the energy carrier substitution is
calculated according to equation 3.80. The power increase is equal to the new main engine brake power
(PB, ME AMEC 1) divided by the original fuel oil main engine brake power (PB, ME FO). The effective en‐
ergy that is impacted is equal to the total AMEC effective energy (Eeff, total AMEC ) minus the auxiliary
non power plant effective energy (Eeff, AE non−PP ).

∆Eeff, total AMEC =

(
PB, ME AMEC 1

PB, ME FO
− 1

)
· (Eeff, total AMEC − Eeff, AE non−PP ) [MJ ] (3.80)

The gross additional AMECbunker volume (∆VBUNK, AMEC GROSS ) and netweight (∆mBUNK, AMEC NET )
due to upscaling the bunker space is calculated according to equation 3.81 and 3.83 respectively. How‐
ever, the surplus volume (∆VSURPLUS ) of the energy carrier substitution is subtracted from the necessary
additional bunker volume to determine the net additional bunker volume (∆VBUNK, AMEC NET ) and cal‐
culated according to equation 3.82. If the net additional bunker volume is negative, there is no volume
change applied to the design and therefore equals zero. The additional bunker weight (∆mBUNK, AMEC )
is not affected by the surplus volume.

∆VBUNK, AMEC GROSS =
∆Eeff, total AMEC

ρV E con AMEC · ηPP AMEC · 1000
[m3] (3.81)

∆VBUNK, AMEC NET = ∆VBUNK, AMEC GROSS −∆VSURPLUS [m3] (3.82)

∆mBUNK, AMEC = ∆VBUNK, AMEC · ρcon AMEC [t] (3.83)

CieloD’Italia Due to there not being a surplus volume after the fuel oil substitution, the gross additional
bunker volume is equal to the net additional bunker volume.

The gross additional bunker volume, net additional bunker volume and additional bunker
weight per energy carrier type

Energy carrier type ∆VBUNK, GROSS [m3] ∆VBUNK, NET [m3] ∆mBUNK, AMEC [t]

Fuel oil (original) 0 0 0
Methanol 108 108 96
LNG 63 63 30
Liq. Hydrogen 1 577 1 577 620
Ammonia 356 356 288
Elec. + LIB 259 429 259 429 172 952

The additional net bunker volume (∆VBUNK, AMEC NET ) and the additional bunkerweight (∆mBUNK, AMEC )
is applied in the common ship design impact in the previous section at equations 3.51 and 3.52 respec‐
tively and results in the final ship dimensions.
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Cielo D’Italia The final ship design dimensions, overall internal volume, deadweight tonnage, and
lightweight ship per energy carrier type are displayed in the table below. Notice that the draft is higher
than the depth in the electrically charged lithium ion batteries case and therefore it is not feasible.

The final ship design dimensions per energy carrier type

Energy carrier type LOA [m] B [m] D [m] T [m]

Methanol 247.26 43.04 21.80 15.94
LNG 247.43 43.04 21.81 15.65
Liq. Hydrogen 258.18 43.14 22.76 16.53
Ammonia 249.39 43.07 21.99 16.24
Elec. + LIB 379.84 71.07 33.49 34.12

The final overall internal volume, lightweight ship, and deadweight tonnage

∆VINT ∆VINT% ∆mLIGHT ∆mLIGHT% ∆DWT ∆DWT%

Fuel oil (original) 172 955 0.0% 23 870 0.0% 117 438 0.0%
Methanol 177 150 +2.4% 24 615 +3.1% 120 012 +2.2%
LNG 177 468 +2.6% 24 791 +3.9% 117 046 ‐0.3%
Liq. Hydrogen 197 485 +14.2% 34 666 +45.2% 116 055 ‐1.2%
Ammonia 181 099 +4.7% 27 801 +16.5% 119 794 +2.0%
Elec. + LIB 806 808 +366.5% 414 551 +1636.7% 114 998 ‐2.1%

Step one and two of the powering impact accounted for the substitution of the fuel oil and upscaling
of the bunkering for constant operational requirements. This results in the final ship dimensions, vol‐
umes and weights caused by the additional bunker and structural volume and weight. Therefore the final
total ship resistance after both steps (RTOT 2) is calculated according to the same resistance sub‐model
in section 3.1.1. Consequently the propulsion power after both steps (PB, ME AMEC 2) is calculated as
well with the same propulsion power sub‐model in section 3.1.2.
Cielo D’Italia The final total ship resistance and main engine brake power per energy carrier type are
displayed in the table below. The main engine brake power percentage increase is with respect to the
original power (10 964 kW).

The resistance and main engine brake power after both steps
per energy carrier type

Energy carrier type RTOT 2 [kN ] PB, ME AMEC 2 [kW ]

Fuel oil (original) 1 351 10 964 (0.0%)
Methanol 1 373 11 164 (+1.8%)
LNG 1 360 11 060 (+0.9%)
Liq. Hydrogen 1 422 11 684 (+6.6%)
Ammonia 1 392 11 344 (+3.5%)
Elec. + LIB 3 672 33 189 (+202.7%)

3.1.4. Design impact results
The ship parameters after conducting the design impact assessments of the energy carrier substitution
(step one) and the upscaling of the bunkering space (step two) are displayed in appendix C. The design
impacts for all energy carriers on all the sampled ships are displayed in table C.1 for bulk carriers, table
C.2 for tankers, table C.3 for container ships, and table C.4 for TSHDs. The impacted parameters included
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in the tables are listed below.

• Length overall (LOA)
• Beam (B)
• Depth (D)
• Draft (T )
• Freeboard (f )
• Overall internal volume (VINT )
• Deadweight tonnage (DWT )
• Lightweight ship (mLIGHT )
• Length‐beam ratio (L/B)

The average overall internal volume change (∆VINT ), average lightweight ship change (∆mLIGHT ), and
average deadweight tonnage change (∆DWT ) per (A)MEC type and ship type combination are displayed
in tables below. These parameters are an effect of the design generation procedure whereas the main
dimensions are an impact. The difference being that themain dimensions are a marked/targeted outcome
and the effected parameters are a consequence of the marked/targeted outcome.

Table 3.4: The average result of the effected
parameters for bulk carriers

∆VINT ∆mLIGHT ∆DWT

Fuel oil (original) 0.0% 0.0% 0.0%
Methanol +2.7% +4.1% +2.4%
LNG +2.9% +5.1% ‐0.4%
Liq. hydrogen +18.1% +62.7% ‐1.2%
Ammonia +5.3% +21.8% +2.2%
Elec. + LIB +509.9% +2514.0% ‐2.3%

Table 3.5: The average result of the effected
parameters for tankers

∆VINT ∆mLIGHT ∆DWT

Fuel oil (original) 0.0% 0.0% 0.0%
Methanol +2.7% +1.8% +2.8%
LNG +2.8% +2.3% ‐0.4%
Liq. hydrogen +17.6% +27.6% ‐1.5%
Ammonia +5.2% +9.6% +2.5%
Elec. + LIB +552.0% +1118.1% ‐2.6%

Table 3.6: The average result of the effected
parameters for container ships

∆VINT ∆mLIGHT ∆DWT

Fuel oil (original) 0.0% 0.0% 0.0%
Methanol +3.8% +3.5% +6.0%
LNG +4.0% +4.3% ‐0.9%
Liq. hydrogen +22.3% +51.1% ‐3.1%
Ammonia +7.4% +18.5% +5.5%
Elec. + LIB +490.5% +1881.7% ‐5.6%
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Table 3.7: The average result of the effected
parameters for TSHDs

∆VINT ∆mLIGHT ∆DWT

Fuel oil (original) 0.0% 0.0% 0.0%
Methanol +3.8% +3.5% +6.0%
LNG +4.0% +4.3% ‐0.9%
Liq. hydrogen +22.3% +51.1% ‐3.1%
Ammonia +7.4% +18.5% +5.5%
Elec. + LIB +490.5% +1881.7% ‐5.6%

3.2. Powering impact results
The auxiliary engine power for non power plant consumers (PB, AE non−PP ) is not effected by the design
impact and therefore it remains constant. The design impact does impact the necessary propulsion power
which is expressed as the main engine brake power (PB, ME ). The auxiliary engine power for the power
plant consumers (PB, AE PP ) is also affected by the design impact as it is a percentage of the main engine
brake power. The sum of all the engine powers is the total installed engine brake power (PB, TOT ). A
detailed overview of the impacts on the total engine brake power and main engine brake power after the
first step of the design impact (fuel oil substitution) and after the second step of the design impact (bunker
upscaling) is presented in appendix D. The average final main engine power impact per energy carrier and
ship type combination is displayed in table 3.8. The main engine power impact represents the additional
propulsion power necessary to fulfill the ship type’s operational requirements with its new design. The
average total installed engine brake power impact per energy carrier and ship type combination is dis‐
played in table 3.9. The total installed engine brake power impact takes into the account all the engine
power and is necessary for the environmental impact assessment. Ships with a small design impact (small
change in overall internal volume and lightweight ship) will result in a small main engine powering impact
and similar total installed brake power impact. However, ships with a large design impact will result in
a large main engine powering impact, but not similar and large total installed powering impact. In con‐
clusion, the larger the design impact, the larger the difference in main engine and total installed engine
power.

Table 3.8: The average final main engine brake power (propulsion power) impact per
(A)MEC and ship type combination

Bulk carriers Tankers Container ships TSHDs Average

Fuel oil (original) 0.0% 0.0% 0.0% 0.0% 0.0%
Methanol +2.3% +2.2% +3.1% +3.1% +2.7%
LNG +1.1% +1.1% +1.2% +7.5% +2.7%
Liq. hydrogen +10.3% +9.8% +10.2% +17.2% +11.9%
Ammonia +4.4% +4.2% +5.9% +11.6% +6.5%
Elec. + LIB +280.8% +309.7% +229.7% +502.2% +330.6%

The total installed brake power of all engines for an AMEC (PB, TOT AMEC ) is therefore calculated ac‐
cording to equation 3.84.

PB, TOT AMEC =
PB, ME AMEC 2

PB, ME FO
·PB, TOT [kW ]

PB, TOT AMEC =
PB, ME AMEC 2

PB, ME FO
·PB, ME · (1 + PPaux, AMEC) + PB, AE non−PP [kW ]

(3.84)

The total installed brake power impact of an AMEC type on a ship is calculated according to 3.85.

PB TOT AMEC

PB TOT FO
= Total installed brake power impact of an AMEC (3.85)
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Table 3.9: The average total installed brake power impact per (A)MEC and ship type
combination

Bulk carriers Tankers Container ships TSHDs Average

Fuel oil (original) 0.0% 0.0% 0.0% 0.0% 0.0%
Methanol +1.9% +1.6% +2.6% +1.5% +1.9%
LNG +0.9% +0.8% +1.0% +3.4% +1.6%
Liq. hydrogen +8.6% +7.4% +8.4% +8.4% +8.2%
Ammonia +3.7% +3.2% +4.9% +5.5% +4.3%
Elec. + LIB +235.3% +234.4% +190.1% +249.9% +227.4%

3.3. Discussion and conclusion
The design impact method is modeled in accordance with historic ship dimension data and therefore it
is based on fuel oil powered ships. It is possible that historic dimension data for fuel oil powered ships
is not fully applicable for AMEC powered ships. For instance, the first LNG powered container ship, the
Isla Bella (IMO: 9680841) has its tanks on top of its deck at the aft of the ship. However, the model
generates a design for bunkering tanks to be inside the main hull. As a result, the generated dimensions
of the main hull are larger than in reality in this design case. Consequently, it justifies that historical ship
data for fuel oil powered ships might not coincide with AMEC powered ships. Nonetheless, the bunkering
tanks on top of the deck on the Isla Bella occupy space for containers at an easily accessible part of the
ship for container cranes. This is not a standard design aspect of container ships and therefore it changes
the standard operational requirement of cargo handling. Furthermore, on the contrary, the largest LNG
powered container ship, CMA CGM Jacques Saade (IMO: 9839179), does have its LNG tanks within the
main hull. It is the first of its class of nine sister ships and thus it is considered that LNG tanks on the top
deck is not the standard design principle.

The design impact model is constructed under the assumption that the original overall internal vol‐
ume is designed to not have excess/redundant space. There might already be a surplus volume avail‐
able for the AMEC bunker space requirements. Therefore the necessary additional AMEC bunker vol‐
ume (∆VBUNK, AMEC ) calculated in the model results in the maximum overall internal volume increase
(∆VINT ) and thus the maximum overall internal volume (VINT ). Accordingly, this also generates the di‐
mensions of the main hull to be larger than in reality. Moreover, the design impact model does not
generate slender body designs if the maximum volume by lengthening (∆VL, MAX ) including the vol‐
ume by increasing the depth (∆VD) is only a fraction of the total necessary additional AMEC bunker
volume. In all ship types, the average length‐beam ratio increases for all AMECs except for the battery
electric configuration. This is however only true for ship designs of which their original length‐beam
ratio (L/B) did not exceed the determined maximum length‐beam ratio (L/BMAX ). Nonetheless, the
generated designs for the battery electric configurations do not coincide with the goal of the design
impact model and therefore the designs are considered inaccurate. For the battery electric configura‐
tion, it was expected that the generated ship design would have a lower length‐beam ratio after the first
step of the design impact (energy carrier substitution), but that the ratio would increase again by the
second step of the design impact (bunker upscaling). However, the main engine power impact after up‐
scaling the bunkering (PB ME AMEC 2/PB ME AMEC 1) is practically non existent for all AMECs except
the battery electric configuration compared to the main engine power impact after fuel oil substitution
(PB ME AMEC 1/PB ME FO). As a result, the design does not become slender in the second design impact
step after becoming considerably wide in the first step of the design impact.

The resistance approximation method by Holtrop and Mennen is based on a regressional statistical anal‐
ysis from randommodel tests and full scale ship trials from shipping vessels. Therefore the method is not
fully intended for TSHDs. However the results of the main engine brake power impact of the AMECs are
not out of the ordinary compared to the shipping vessels. Additionally, there are four TSHDs of which
their length‐beam ratio exceeds the maximum length‐beam ratio. These are: HAM 318, Prins der Ned‐
erlanden, Queen of the Netherlands, and Vox Maxima. As mentioned previously, the generated designs
of these vessels do not result in a slender body. These four TSHDs had their beam increased first to
accommodate the additional bunker volume. In table 3.10, the final main engine brake power impact
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(PB, ME AMEC 2/PB, ME FO) results are displayed for all TSHDs, lengthened TSHDs (L/B < L/BMAX )
and widened TSHDs (L/B > L/BMAX ). The final main engine brake power of the widened TSHDs is
significantly higher than those that were lengthened and therefore validating the lower ship resistance for
slender body ship design. Moreover, the main engine power impact due to upscaling the AMEC bunker
capacity (PB, ME AMEC 2/PB, ME AMEC 1) is negligible in all ship types and (A)MEC combinations com‐
pared to the main engine power impact due to fuel oil substitution (PB, ME AMEC 1/PB, ME FO), except
for two cases. The first case is when the maximum volume by lengthening (∆VL, MAX ) including the
volume by increasing the depth (∆VD) is only a fraction of the total necessary additional AMEC bunker
volume. Which is the case for the battery electric configuration in all ship types. The second case is
when the length‐beam ratio exceeds the maximum length‐beam ratio (L/BMAX ). Which is the case for
the four TSHDs and thus highly influence the average result.

Table 3.10: The final main engine brake power (propulsion power)
impact for TSHDs

All L/B < L/BMAX L/B > L/BMAX

Fuel oil (original) 0.0% 0.0% 0.0%
Methanol +3.1% +2.0% +5.3%
LNG +7.5% +0.2% +22.1%
Liq. hydrogen +17.2% +9.7% +32.4%
Ammonia +11.6% +4.1% +26.6%
Elec. + LIB +502.2% +403.7% +699.0%

In many cases of energy carrier type and ship type combinations it is questionable if the resulting small
additional overall internal volume (∆VINT ) and additional lightweight ship (∆mLIGHT ) should be applied
to the design to keep the operational requirements constant. For example, LNG in tankers results in an
average 4.8% additional overall internal volume (∆VINT ) and an average 0.4% reduction in lightweight
ship (∆mLIGHT ). Consequently resulting in an 1.33% increase in main engine brake power compared to
fuel oil. As mentioned previously, if there is already excess/redundant volume available it could be used
to accommodate for this small volume increase without affecting the operational requirements or ship
design.

Fixed ship dimensions were not taken into account as a design requirement, however it is possible that a
ship dimension is limited due to lock‐, (dry) dock‐, bridge‐ or port infrastructure size restrictions. There‐
fore in the case of ships being subjected to these dimension restrictions, the higher the additional overall
internal volume (∆VINT ), the lower the feasibility of the design. In most cases where ships are subjected
to these restriction, the ship dimensions are selected to be the maximum allowable dimensions to have
the highest space utilization possible. As a result, the main dimensions are not optimized for propulsion
power as done in the design impact model, but rather must commit to geometry shape aspects to reduce
ship resistance. For example, Suezmax and Panamax vessels have dimensions that are slightly lower than
the maximum requirement to pass through the Suez and Panamax canal. An example from the generated
ship design that is probably not feasible is the container ship OOCL Hong Kong with an original length
of 400 m. The new generated lengths overall are therefore higher than 400 m for all AMEC types, but
currently there are not any shipping vessels longer than 400 m according to the Clarksons historic data.

Ships currently have a higher bunker capacity than necessary to purchase cheaper fuel oil on its route.
According to Terün, Kana and Dekker, a container ship can sail 2.5 times its route to do this [118]. Given
the data of the sampled ships, bulk carriers have an average range of 95% of the circumference of the
earth (40 075 km), tankers at 75%, container ships at 67%, and TSHDs at 44%. For TSHDs, the range is
the lowest as expected because it is not a shipping vessel and therefore does not have a route that passes
ports with cheaper fuel. Given the original fuel oil bunker volumes (VBUNK, FO), power plant efficiencies
(ηPP ) and contained volumetric energy densities (ρV E con) of the energy carrier types, the approximate
ranges per energy carrier and ship type combination are displayed in table 3.11. These ranges are based
on continuous service speed at loaded design draft and therefore the ranges are considered to be the
minimum distances. The average fuel oil powered container ship can sail 26 914 km and with its bunker
capacity of 2.5 its route, the average route is 10 766 km. Therefore the average container ship can still sail
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its full route powered by methanol or LNGwithout altering the ship design. Ammonia powered container
ships can sail approximately 70% of the route and thus only needs minor additional bunker capacity. For
container ships powered by liquid hydrogen and electrically charged lithium ion batteries there is signifi‐
cant additional bunker capacity necessary to accommodate the full route, however considerably less than
the 1.5x overcapacity.

Table 3.11: The average approximate ranges per energy carrier and ship type combination for equal
contained bunker volume

Range Bulk carriers (km) Tankers (km) Container ships (km) TSHDs (km)

Fuel oil (original) 100% 38163 30174 26914 13955
Methanol 42% 16206 12813 11429 5926
LNG 40% 15417 12190 10872 5637
Liq. hydrogen 12% 4448 3517 3137 1626
Ammonia 28% 10690 8452 7539 3909
Elec. + LIB 1% 457 361 322 167

To determine the design impact and powering impact of a reduced bunkering capacity to sail the range
of its route, the original fuel oil bunker volume has been reduced to 40% (1/2.5). In the reduced bunker‐
ing capacity case, all shipping vessels and half of the TSHDs have a positive freeboard (f ) in the battery
electric case. For all ship types and energy carrier combinations, the additional overall internal volume
(∆VINT ) is reduced by a minimum of 59% and a maximum of 84%. Moreover, the additional lightweight
ship (∆mLIGHT ) is reduced by a minimum of 61% and a maximum of 79%. Likewise for the deadweight
tonnage (DWT ), the reduction is consistently ∼60%.

On the contrary, it is also possible that future ship designs powered by AMECs need more than 2.5
times the effective energy to sail their current route due to lower supply distribution around the world.
For example, if a certain AMEC is only available in a certain part of the world, there is a high dependency
on that location. Therefore it would be wise to have an even higher bunker overcapacity to minimize the
chances of running out of bunkering. In this case, ship designs will be even more voluminous and heavier
than the current design generation model produces. Consequently, it also causes an even higher energy
consumption.

In conclusion, the design impact method is modeled in accordance with historic ship dimension data
for fuel oil powered ships. In fuel oil powered ships, the fuel tanks are located inside the main hull and
therefore the design impact method is modeled in that manner as well. However, the location of the
AMEC tanks are not necessarily located within the main hull and thus the model can generate unrealistic
designs. Additionally, themodel is constructed under the assumption that the original overall internal ship
volume does not have excess/redundant volume to accommodate for additional AMEC bunker volume.
Accordingly this results in overestimated necessary additional overall internal volume for the new gen‐
erated ship designs. Nonetheless, the new designs are generated to have the least additional resistance
and therefore not taking into account the applicability of the additional volume in the designs. For this
same reasoning it is questionable if small necessary additional overall internal volumes should be applied
to the design.
The design impact method first increases the length and thereafter the beam for ships with a lower

length‐beam ratio than the determined maximum length‐beam ratio. For ships with a higher length‐beam
ratio than the determinedmaximum length‐beam ratio, the beamwas increased first to accommodate the
additional volume. As a result, the model does not generate a slender body design. Consequently, the
resulting final main engine brake power (propulsion power) of the ships with higher length‐beam ratios
than the determined maximum were significantly higher than the ships with lower length‐beam ratios
than the determined maximum. This validates that slender body ship designs have a lower total ship
resistance which is applied in the model. There are four sampled TSHDs with significantly higher length‐
beam ratios than the determined maximum length‐beam ratio which cause the powering impact results
to be considerably higher for all AMEC types. As a result, the additional overall internal volume and
additional lightweight ship are relatively higher than for other ship types in the second step of the design
impact (upscaling bunkering).
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It is also questionable if significantly large additional overall internal volumes and large additional
lightweight ship should be designed according to the design generation model or even not even consider
the AMEC type. In all designs for battery and ship type combinations it results in considerably large and
heavy ship that the utilization of the ship’s volume is remarkably low or does not even float. Moreover, the
generated large and heavy ship designs are less feasible as dimension restrictions for locks, (dry) docks,
bridges and port infrastructure exist, which were not taken into account for the operational requirements.
One of the constant operational requirements is to maintain the original sailing range, however fuel oil
powered shipping vessels have higher bunker capacities to purchase cheap on their route. Their sailing
range is estimated to be 2.5 times their route distance and it results in a significant increase in overall
internal volume, lightweight ship and necessary propulsion power. However, ships powered by methanol
and LNG with equal fuel oil bunker volume can sail their full route distance. consequently the full power‐
ing impact assessment was conductedwith a 40% (1/2.5) fuel oil bunker volume. As a result, for all energy
carrier and ship type combinations the additional overall internal volume is reduced by a minimum of 59%
and a maximum of 84%. Moreover, the additional lightweight ship is reduced by a minimum of 61% and
a maximum of 79%. Likewise for the deadweight tonnage (DWT ), the reduction is consistently ∼60%.
However, due to possible uneven distribution of AMEC supply around the world the world, the the AMEC
bunker supply in ships could also be higher in future ship designs. In this case, ship designs will be even
more voluminous and heavier than the current design generation model produces. Consequently, it also
causes an even higher energy consumption.

3.4. Sensitivity analysis powering impact assessment
The resistance approximationmethod, the powering approximationmethod and the design impactmethod
of the total ship powering impact assessment generation contribute to the total powering impact. How‐
ever, the decisions made in the resistance and powering approximation methods for efficiencies and
factors barely have an impact on the total powering impact. The ship design impact assessment does
contain highly sensitive parameters which influence the total powering impact.

Within the common ship design impact method, the chosen maximum length‐beam ratio of a ship type
(LOA/BMAX, ship type) significantly influences the total powering impact. As an example, a 0.01 decrease
in the directional coefficient (a) of the maximum length‐beam formula, results in an increase of propul‐
sion power for all energy carrier and ship type combinations. On average the propulsion power increases
with 0.3% for methanol, 8.5% for LNG, 8.0% for liquid hydrogen, 8.3% for ammonia, and 1.2% for battery
electric. For a 0.01 increase, on average the propulsion power barely changes with a slight increase of
<0.15% for methanol, LNG, liquid hydrogen, and ammonia. However, for battery electric the propulsion
power decreases with 47.2%. By increasing the initial value (b) of the maximum length‐beam formula
by 1%, the propulsion power barely changes with <0.25%, except for battery electric which decreases
with 4.0%. By decreasing the initial value (b) of the maximum length‐beam formula by 1%, the propulsion
power barely changes with <0.25%, except for battery electric which increases with 3.5%.

In the allocation of bunkering share based on the brake powers of the main and auxiliary engine in the
most energy consuming operational mode influences the total powering impact significantly. For exam‐
ple, TSHDs do not spendmost of their time in themost energy consumingmode. By increasing the bunker
space share with 50% to the main engine, the total powering impact increases for all AMECs. The total
powering impact increases by ∼1% for methanol, ∼1% for LNG, ∼6% for hydrogen, ∼2% for ammonia,
and ∼128% for batteries.

In the common ship design impact, the power plant efficiency of an AMEC effects the total powering
impact. For example, the determined efficiency of the hydrogen power plant is 43.88% with a lower
value of 42.23% and a higher value of 45.32%. In bulk carriers, the total powering impact increases by
∼2% for the lower efficiency and decreases by ∼2% for the higher efficiency.





4
Environmental impact assessment
resistance, powering and design

sub‐models
The main objective of the environmental impact assessment is to determine and quantify the net envi‐
ronmental effects the selected energy carriers for equal energy content. The environmental impact of an
energy carrier is assessed as a conceptual life cycle assessment. A conceptual life cycle assessment (LCA)
is only performing the assessment of a part of a life cycle (gate‐to‐gate). In this case it is the operational
stage of a ship with various energy carriers.The outcome of an LCA is the life cycle impact assessment
(LCIA) in which the environmental effects are quantified per category. In this chapter the LCA generation
is explained concerning the model, method and setup. Thereafter the approach to the life cycle inventory
(LCI) per energy carrier is established. It is followed up by the gross and net LCIA results from the ReCiPe
LCAmethod and power plant efficiency for the two energy carriers per energy carrier type. The gross and
net results of each of the twelve energy carriers are given in the midpoint and endpoint impact category.
The gross and net environmental impact results are then compared to literature for verification. Finally,
the powering impacts per energy carrier type and ship type combination are introduced to the net LCIA
results for the final environmental impact.

4.1. Model description
The environmental impact assessment model is significantly less complex than the powering impact as‐
sessment model. The environmental impact assessment model uses the LCA results for the selected
energy carriers from a database. Together with the uncontained energy density, the environmental ef‐
fects are determined for equal energy content. Thereafter the power plant efficiency is taken into account
which yields the net environmental impact of the selected energy carriers for equal energy content. The
final step is incorporating the powering impact assessment results per energy carrier and ship type com‐
bination. The final result is the environmental impact per energy carrier and ship type combination with
respect to conventional fuel oil powered ships.

4.1.1. LCA method description
The assessment is done with the software SimaPro 9 which incorporates the collecting, analyzing and
monitoring of the environmental performance of a service or product. The life cycle assessment method
performed is ReCiPe 2016 V1.05 and it is developed by PRé Sustainability. The ReCiPe 2016 method
can display the results in the eighteen midpoint categories and in the three endpoint areas of protection.
The level of accuracy for endpoint area of protection is lower due to the use of a conversion factor from
midpoint to endpoint. However, with only three endpoints the results are easier to distinguish rather
than eighteen. For the reason of accuracy and ease, both midpoint and endpoint results are generated.

Within ReCiPe 2016 there are three perspectives for the characterization factor values as each perspec‐
tive has its own time frame and impact within it. The hierarchist (H) perspective is selected as it is based
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on a scientific consensus and in agreement of the plausibility of the impact mechanisms in a 100 year time
horizon. The other two are the individualist and egalitarian perspectives. The individualist perspective is
established on the basis of short term interests with environmental impacts that are acknowledged and
it includes an optimistic stance towards human adaptation and technological solution generation. The
egalitarian perspective takes into account the longest time frame and therefore it is the most precaution‐
ary.

To perform the life cycle assessment a life cycle inventory analysis (LCI) is done. It consists of compiling
the inventory process data sets for the in‐ and output materials, energy, resources and emissions. Major
components of this phase include process identification, planning and collection of data, constructing
and quality check of the data, uncertainty preparation, and reporting [50]. Luckily the whole production
process of the energy carriers does not have to be studied as existing LCI entry data exist. In these LCI
databases the final energy carrier can already be present with its accompanying inputs and outputs. In
some cases the energy carrier does not exist and therefore it must be fabricated with materials and pro‐
cesses that are available.

The impact magnitude can differ for the same process based on its location in the world. Therefore
the listed process entries in the database are assigned to the location of where the LCA study was con‐
ducted. However, shipping vessels travel across the globe and are thus not subjected to a specific area.
Fortunately many process entries are listed as a weighted global average (GLO) or they are extrapolated
from a local process entry to the rest of the world (RoW). To apply the global impact of the energy carriers,
only GLO and RoW process entries are selected if available.

Carbon sequestration, the process of capturing and storing atmospheric carbon dioxide by biomass, can‐
not be generated in the LCA. Accordingly, it can be perceived that the captured carbon from the atmo‐
sphere is returned back when combusted and therefore the net CO2 change to the atmosphere is zero.
This net zero change principle can also be applied to other substances from the atmosphere and bio‐
sphere. To apply this principle in the LCA, the combustion of the biofuels is not modeled. This does not
yield a fully accurate result as the combustion can produce other (harmful) substances than the original
captured substance.

4.1.2. LCA comparison issues
The LCI database in SimaPro 9 is compromised of many different libraries. In general, each library has its
own theme which contains a list of processes to support the common subject. The in‐ and outputs per
process are already predetermined, however the LCIA results are generated based on the LCA method.
All the listed processes originate from a unique LCA study where all the input and outputs of substances
and energy are measured. Consequently it causes issues if the scope of an LCA study is different for the
same process. Despite the fact that the process is the same, the LCIA results are different. This scope
discrepancy issue can be mitigated by using the same library because the library is governed by a single
organisation. In general, the organisation will have a consistent guideline and approach to performing
the LCA study. Therefore, this research strives to use a single library if possible. As mentioned in section
1.6.3, the Ecoinvent 3 database/library is the most consistent and popular database with high quality data
with varying themes. Accordingly, the Ecoinvent 3 database is the preferred library.

An additional comparison issue is the varying source and production of the alternative energy carrier
within an energy carrier type. The first energy carrier of the six energy carrier types is considered the
conventional kind which is fossil sourced. There is less variety in the extraction, production and process‐
ingmethod of fossil sourced energy carriers than the bio or renewable version. For example, conventional
diesel originates from crude oil wells and it is produced through the distillation process at refinery plants.
This simplified example is the norm globally. However, biodiesel can be produced from various sources
through various production processes and procedures. Therefore, there are significantly more well‐to‐
tank pathways for the alternative version than the conventional fossil version. As a result, the selected
process in the LCI database will not yield a generalized outcome for bio fuels. Accordingly, the bio‐ and
renewable version of the energy carrier type should rather be consider a case study. There is not any
real mitigation strategy to this pathway discrepancy issue. However, it can be considered that selecting
a bio/renewable process with the highest production volume has the highest contribution towards the
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general outcome of an alternative energy carrier type. Unfortunately, it is not possible to sort processes
by production volume, but the Ecoinvent 3 database primarily does not contain processes of low volumes.

4.2. Gross LCIA results per (A)MEC type
Some (alternative) marine energy carriers are listed in the LCI databases and some are not. For the energy
carriers that are not listed in the databases, literature of the production process is used to fabricate the
entry. In this section, the six energy carrier types are investigated for two different sources. The first
source is the traditional source which is fully or predominantly from fossil origins. The second source is
considered to be the natural sourcewhich originates from biomass or renewable energy. To compare their
impact on the environment, all energy carriers are in the same unit of comparison in mega joules (MJ). The
database entries are listed as environmental impact per volume (m3) or per weight (kg). Together with the
uncontained gravimetric and volumetric energy densities of the energy carriers, they are all adjusted to 1
MJ. The LCIA results are displayed per energy carrier type from two sources in midpoint impact categories
and in endpoint areas of protection. The power plant efficiencies are not taken into account yet in the
results and therefore the results are the gross impact per 1 MJ.

4.2.1. Fuel oil
Fuel oil is the conventional energy carrier of the maritime industry of which very low sulphur fuel oil
(VLSFO) is the most sold kind in the port of Rotterdam [51]. However this fuel oil kind is not available
in the LCI databases. Diesel is a comparable fuel oil which is produced in the same process, has a similar
chemical composition and equal uncontained energy density. Both the production of diesel and biodiesel
are available in the databases and thus these entries will be used. The regular diesel is listed as low sulfur
diesel and it includes combustion. It is from the IDEMAT 2022 V2.1 database. The biodiesel is listed as
vegetable oil methyl ester for the global market and it is from the Ecoinvent 3 database. 1 kg of each entry
is added to the inventory and with the uncontained gravimetric energy density, it yields the impact for 1
MJ. The environmental impact of the production and combustion of 1 MJ fossil diesel and production of
biodiesel at midpoint and endpoint are displayed in table 4.1.

Table 4.1: Fuel oil LCIA at midpoint and endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Midpoint impact category Unit Diesel Bio diesel

Global warming kg CO2 eq 8.95E‐02 6.52E‐02
Stratospheric ozone depletion kg CFC‐11 eq 1.82E‐08 4.23E‐07
lonizing radiation kBq Co‐60 eq 2.43E‐05 1.00E‐03
Ozone formation (human health) kg NOX eq 3.21E‐05 1.00E‐04
Fine particulate matter formation kg PM2.5 eq 1.96E‐05 8.03E‐05
Ozone formation (ecosystems) kg NOX eq 3.38E‐05 1.05E‐04
Terrestrial acidification kg SO2 eq 7.47E‐05 3.04E‐04
Freshwater eutrophication kg P eq 7.62E‐08 1.19E‐05
Marine eutrophication kg N eq 1.35E‐06 1.32E‐04
Terrestrial ecotoxicity kg 1,4‐DCB 4.87E‐03 6.35E‐02
Freshwater ecotoxicity kg 1,4‐DCB 5.13E‐06 1.02E‐03
Marine ecotoxicity kg 1,4‐DCB 6.69E‐05 1.22E‐03
Human carcinogenic toxicity kg 1,4‐DCB 7.23E‐06 1.63E‐03
Human non‐carcinogenic toxicity kg 1,4‐DCB 1.10E‐02 6.57E‐02
Land use m2 a crop eq 8.20E‐03 1.20E‐01
Mineral resource scarcity kg Cu eq 6.03E‐06 1.07E‐04
Fossil resource scarcity kg oil eq 2.63E‐02 6.96E‐03
Water consumption m3 2.82E‐07 1.00E‐03

Endpoint area of protection Unit Diesel Bio diesel

Human health DALY 9.81E‐08 1.32E‐07
Natural environment Species x yr 3.44E‐10 1.35E‐09
Resource scarcity USD (2013) 1.18E‐02 2.37E‐03

1 MJ = 0.2778 kWh
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4.2.2. Methanol
For the energy carrier type methanol, both the production process of fossil methanol and bio methanol
are available in the databases. The production of fossil methanol is listed as methanol production for the
global market and the production of the bio methanol is listed as methanol production from synthetic
biomass. Both are form the Ecoinvent 3 database. 1 kg of each is added to each inventory. Methanol
requires a pilot fuel to improve the combustion process of which 1% of fuel oil by weight is sufficient [20].
Consequently the inventory of both energy carriers are multiplied by 99% and 0.01 kg of fossil diesel is
added to the fossil methanol inventory, and 0.01 kg of bio diesel is added to the bio methanol inventory.

The combustion of the fossil methanol is fabricated by using the fuel conversion factor by the IMO for
natural gas which 1.375 kg CO2 / kg methanol [61]. Therefore 99% of 1.375 kg is added to the global
warming midpoint impact category. The combustion of the bio methanol is not accounted for since car‐
bon sequestration cannot be generated. Using the uncontained gravimetric energy density yields the
environmental impact for 1 MJ. The environmental impact of the production and combustion of 1 MJ
fossil methanol and production of bio methanol at midpoint and endpoint are displayed in table 4.2.

Table 4.2: Methanol LCIA at midpoint and endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Midpoint impact category Unit Methanol Bio methanol

Global warming kg CO2 eq 1.03E‐01 3.45E‐02
Stratospheric ozone depletion kg CFC‐11 eq 1.76E‐08 2.59E‐08
lonizing radiation kBq Co‐60 eq 5.08E‐04 2.69E‐03
Ozone formation (human health) kg NOX eq 5.64E‐05 1.38E‐04
Fine particulate matter formation kg PM2.5 eq 2.84E‐05 7.48E‐05
Ozone formation (ecosystems) kg NOX eq 6.09E‐05 1.42E‐04
Terrestrial acidification kg SO2 eq 7.82E‐05 1.41E‐04
Freshwater eutrophication kg P eq 2.88E‐06 1.50E‐05
Marine eutrophication kg N eq 3.00E‐07 5.53E‐06
Terrestrial ecotoxicity kg 1,4‐DCB 9.90E‐03 9.93E‐02
Freshwater ecotoxicity kg 1,4‐DCB 4.72E‐04 1.68E‐03
Marine ecotoxicity kg 1,4‐DCB 6.38E‐04 2.25E‐03
Human carcinogenic toxicity kg 1,4‐DCB 1.07E‐03 3.31E‐03
Human non‐carcinogenic toxicity kg 1,4‐DCB 8.93E‐03 8.10E‐02
Land use m2 a crop eq 2.98E‐04 1.23E‐01
Mineral resource scarcity kg Cu eq 4.18E‐05 1.21E‐04
Fossil resource scarcity kg oil eq 3.76E‐02 9.30E‐03
Water consumption m3 2.18E‐04 6.23E‐04

Endpoint area of protection Unit Methanol Bio methanol

Human health DALY 6.50E‐08 1.10E‐07
Natural environment Species x yr 1.97E‐10 1.26E‐09
Resource scarcity USD (2013) 2.43E‐04 2.43E‐03

1 MJ = 0.2778 kWh

4.2.3. LNG
For the energy carrier type LNG, both LNG and bio LNG are not available in the databases (in a liquefied
state). However, the production of vehicle grade natural gas for the global market and the production
of vehicle grade bio methane for the rest of the world market are listed. Both production processes are
listed in the Ecoinvent 3 database. 1 kg of each is added to each inventory. According to Mohkatab et
al. about 8% of the feed gas to the LNG plants is used for the liquefaction process [100]. Therefore 0.08
kg of natural gas is added to each inventory to produce a net 1 kg of LNG. Like methanol, LNG also re‐
quires a pilot fuel to improve the combustion process of which 1% of fuel oil by weight is sufficient [20].
Consequently the inventory of both energy carriers are multiplied by 99% and 0.01 kg of fossil diesel is
added to the fossil natural gas inventory, and 0.01 kg of bio diesel is added to the bio natural gas inventory.

The combustion of the fossil natural gas is fabricated by using the fuel conversion factor by the IMO
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for natural gas which 2.75 kg CO2 / kg natural gas [61]. Therefore 99% of 2.75 kg is added to the global
warming midpoint impact category. The combustion of the bio natural gas is not accounted for since
carbon sequestration cannot be generated.

Lastly, approximately 1.6% of methane slips during the combustion process as described in section 2.1.3.
1.6% might not be much, however the global warming potential of methane is around 35 times more ef‐
fective than CO2 in the hierarchist perspective of ReCiPe 2016. Therefore 1.6% of 1 kg of natural gas is
equal to 35 times 0.016 kg of CO2 to global warming. Using the uncontained gravimetric energy density
yields the environmental impact for 1 MJ. The environmental impact of the production, combustion and
slip of 1MJ fossil LNG and production and slip of bio LNG at midpoint and endpoint are displayed in table
4.3.

Table 4.3: LNG LCIA at midpoint and endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Midpoint impact category Unit LNG Bio LNG

Global warming kg CO2 eq 8.28E‐02 3.27E‐02
Stratospheric ozone depletion kg CFC‐11 eq 1.16E‐08 1.21E‐08
lonizing radiation kBq Co‐60 eq 7.99E‐04 1.44E‐03
Ozone formation (human health) kg NOX eq 3.49E‐05 3.22E‐05
Fine particulate matter formation kg PM2.5 eq 2.55E‐05 3.17E‐05
Ozone formation (ecosystems) kg NOX eq 3.75E‐05 3.27E‐05
Terrestrial acidification kg SO2 eq 5.98E‐05 5.97E‐05
Freshwater eutrophication kg P eq 3.20E‐06 6.28E‐06
Marine eutrophication kg N eq 3.17E‐07 1.59E‐06
Terrestrial ecotoxicity kg 1,4‐DCB 5.43E‐03 1.26E‐02
Freshwater ecotoxicity kg 1,4‐DCB 2.21E‐04 6.52E‐04
Marine ecotoxicity kg 1,4‐DCB 3.20E‐04 8.41E‐04
Human carcinogenic toxicity kg 1,4‐DCB 7.99E‐04 9.51E‐04
Human non‐carcinogenic toxicity kg 1,4‐DCB 6.55E‐03 1.30E‐02
Land use m2 a crop eq 1.92E‐04 2.37E‐03
Mineral resource scarcity kg Cu eq 1.45E‐05 2.58E‐05
Fossil resource scarcity kg oil eq 2.70E‐02 4.91E‐03
Water consumption m3 5.05E‐05 1.04E‐04

Endpoint area of protection Unit LNG Bio LNG

Human health DALY 5.67E‐08 5.33E‐08
Natural environment Species x yr 1.32E‐10 1.25E‐10
Resource scarcity USD (2013) 9.42E‐03 1.23E‐03

1 MJ = 0.2778 kWh

4.2.4. Liquid hydrogen
For the energy carrier type hydrogen, only the production of liquid fossil hydrogen is available and thus the
renewable liquid hydrogen is fabricated. The fossil liquid hydrogen is listed as liquid hydrogen for the rest
of world market and it originates from the Ecoinvent 3 database. Hydrogen can be produced from pure
water and electricity through the process of electrolysis. To fabricate renewable liquid hydrogen, 9 kg of
ultrapure water is necessary to produce 1 kg of hydrogen based on its molar mass. According to Bossel
and Eliasson, the energy cost of electrolysis, liquefaction, distribution, storage, and transfer is 2.12 times
the higher heating value (HHV) of hydrogen [16]. Ultrapure water is listed in the Ecoinvent 3 database
and 9 kg is added to the inventory. The electrical renewable energy originates from the Ecoinvent 3
database as well and is listed as high voltage electricity from wind power. Accordingly 2.12 times the
higher heating value of 39.4 kWh/kg for 1 kg of hydrogen is added to the inventory from wind power.
There is no combustion in the fuel cell power plant, but there is an electrochemical reaction which only
emits pure water. Using the uncontained gravimetric energy density yields the environmental impact for
1 MJ. The environmental impact of the production and use of 1 MJ fossil and renewable hydrogen at
midpoint and endpoint are displayed in table 4.4.
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Table 4.4: Hydrogen LCIA at midpoint and endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Midpoint impact category Unit Hydrogen Renew. hydrogen

Global warming kg CO2 eq 2.08E‐02 1.23E‐02
Stratospheric ozone depletion kg CFC‐11 eq 5.66E‐09 5.37E‐09
lonizing radiation kBq Co‐60 eq 4.33E‐04 6.77E‐04
Ozone formation (human health) kg NOX eq 3.36E‐05 3.73E‐05
Fine particulate matter formation kg PM2.5 eq 1.97E‐05 2.41E‐05
Ozone formation (ecosystems) kg NOX eq 3.55E‐05 3.90E‐05
Terrestrial acidification kg SO2 eq 4.18E‐05 4.25E‐05
Freshwater eutrophication kg P eq 2.62E‐06 9.28E‐06
Marine eutrophication kg N eq 2.78E‐07 1.48E‐06
Terrestrial ecotoxicity kg 1,4‐DCB 8.18E‐03 6.35E‐02
Freshwater ecotoxicity kg 1,4‐DCB 3.17E‐04 6.03E‐03
Marine ecotoxicity kg 1,4‐DCB 4.12E‐04 7.43E‐03
Human carcinogenic toxicity kg 1,4‐DCB 5.79E‐04 1.82E‐02
Human non‐carcinogenic toxicity kg 1,4‐DCB 6.67E‐03 2.96E‐02
Land use m2 a crop eq 1.15E‐04 1.02E‐03
Mineral resource scarcity kg Cu eq 1.73E‐05 3.00E‐04
Fossil resource scarcity kg oil eq 1.38E‐02 3.45E‐03
Water consumption m3 3.63E‐04 2.34E‐04

Endpoint area of protection Unit Hydrogen Renew. hydrogen

Human health DALY 1.93E‐08 1.14E‐08
Natural environment Species x yr 5.81E‐11 3.45E‐11
Resource scarcity USD (2013) 1.59E‐15 9.42E‐16

1 MJ = 0.2778 kWh

4.2.5. Ammonia
For the energy carrier type ammonia, only the production of liquid fossil ammonia is available and thus
the renewable liquid ammonia is fabricated. The fossil liquid ammonia is listed as liquid anhydrous am‐
monia from steam reforming for the rest of world market and it originates from the Ecoinvent 3 database.
Renewable ammonia can be produced from renewable hydrogen, nitrogen, and renewable electricity
through the electrochemical synthesis process. To fabricate ammonia through this process, 0.178 kg of
hydrogen and 0.822 kg of nitrogen is necessary to produce 1 kg of ammonia based on the molar masses.
Renewable hydrogen was previously fabricated in section 4.2.4 and 0.178 kg is added to the inventory.
Liquid nitrogen is available in the Ecoinvent 3 database and it is listed as liquid nitrogen from cryogenic
air separation in Europe. 0.822 kg is added to the inventory. According to Soloveichik, the conventional
Haber‐Bosch process to produce 1 kg ammonia from natural gas uses 7.9 kWh of electricity [116]. A large
portion of the energy is for the reforming of the natural gas to remove the carbon and produce nitrogen
and hydrogen [44]. The other part of the process is to combine the nitrogen and hydrogen to form ammo‐
nia. Soloveichik states that 2.0 kWh/kg of the 7.9 kWh/kg electricity is used for pressurization, heating,
pumping and so on. Therefore 5.9 kWh electricity is added to the inventory from the high voltage wind
power. Using the uncontained gravimetric energy density yields the environmental impact for 1 MJ. The
environmental impact of the production and use of 1 MJ fossil and renewable ammonia at midpoint and
endpoint are displayed in table 4.5.
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Table 4.5: Ammonia LCIA at midpoint and endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Midpoint impact category Unit Ammonia Renew. ammonia

Global warming kg CO2 eq 1.16E‐01 2.52E‐02
Stratospheric ozone depletion kg CFC‐11 eq 1.44E‐08 1.12E‐08
lonizing radiation kBq Co‐60 eq 1.10E‐03 5.31E‐03
Ozone formation (human health) kg NOX eq 1.27E‐04 6.57E‐05
Fine particulate matter formation kg PM2.5 eq 5.68E‐05 4.51E‐05
Ozone formation (ecosystems) kg NOX eq 1.33E‐04 6.82E‐05
Terrestrial acidification kg SO2 eq 1.63E‐04 8.90E‐05
Freshwater eutrophication kg P eq 6.00E‐06 1.97E‐05
Marine eutrophication kg N eq 6.82E‐07 2.42E‐06
Terrestrial ecotoxicity kg 1,4‐DCB 7.32E‐02 9.21E‐02
Freshwater ecotoxicity kg 1,4‐DCB 2.30E‐03 8.52E‐03
Marine ecotoxicity kg 1,4‐DCB 2.95E‐03 1.05E‐02
Human carcinogenic toxicity kg 1,4‐DCB 4.64E‐03 2.53E‐02
Human non‐carcinogenic toxicity kg 1,4‐DCB 3.48E‐02 5.09E‐02
Land use m2 a crop eq 7.36E‐04 1.58E‐03
Mineral resource scarcity kg Cu eq 2.74E‐04 4.16E‐04
Fossil resource scarcity kg oil eq 4.00E‐02 6.95E‐03
Water consumption m3 2.60E‐03 7.38E‐04

Endpoint area of protection Unit Ammonia Renew. ammonia

Human health DALY 1.08E‐07 2.34E‐08
Natural environment Species x yr 3.25E‐10 7.05E‐11
Resource scarcity USD (2013) 8.88E‐15 1.93E‐15

1 MJ = 0.2778 kWh

4.2.6. Electrically charged lithium ion batteries
For the energy carrier type li‐ion battery (LIB), the electrical charging energy from global mix and renew‐
able energy are both available in the Ecoinvent 3 database. The global mix electricity is listed as high
voltage electricity as a global average. The renewable electricity is listed as high voltage wind power
imported from Germany to Switzerland. 1 MJ of both sources is added to the inventory. As explained in
section 2.1.6, the production of li‐ion batteries is extremely energy intensive and it involves extracting
many minerals which are reactive and or toxic. Therefore the lithium battery is also included in the inven‐
tory. In the IDEMAT 2022 V2.1 database a lithium battery is available. It is listed as Lithium NMC 811
(241 Wh/kg cell). Consequently 1.153 kg is necessary for 1 MJ worth of charge. However, the assump‐
tion is made that the battery lasts a full ship service lifetime of approximately 25 years [27]. Moreover, it
is assumed that the battery is charged every four weeks (28 days) and thus the battery goes through ap‐
proximately 326 cycles in its lifetime. This is significantly less than the 50,000 cycle capability and 10 year
life expectancy of an existing li‐ion battery intended for maritime application by Echandia [33]. Lastly,
presumably the battery is recycled for the extraction and recycling of the valuable minerals. According
to Jacoby the recycling process is also energy intensive with similar processes as in the production of the
batteries [73]. Therefore the battery is not fully allocated to the ship owner but at 75% and the remaining
25% is for the future battery owners. The total environmental impact of 1 MJ of lithium ion battery is
thus 435 times less (326/0.75) than a single use charge. Thus 1/435 of the 1.153 kg of the lithium NMC
811 battery is added to the inventory. The environmental impact of 1 MJ charge from global electricity
mix and renewable electricity including a single use equivalent of production for the LIB at midpoint and
endpoint are displayed in table 4.6.
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Table 4.6: Electrically charged li‐ion battery LCIA at midpoint and endpoint for 1 MJ
‐ ReCiPe 2016 (H)

Midpoint impact category Unit E mix + LIB E renew + LIB

Global warming kg CO2 eq 3.08E‐01 1.18E‐01
Stratospheric ozone depletion kg CFC‐11 eq 8.42E‐08 9.16E‐09
lonizing radiation kBq Co‐60 eq 2.38E‐02 2.82E‐04
Ozone formation (human health) kg NOX eq 5.03E‐04 9.54E‐05
Fine particulate matter formation kg PM2.5 eq 5.66E‐04 1.50E‐04
Ozone formation (ecosystems) kg NOX eq 5.09E‐04 9.93E‐05
Terrestrial acidification kg SO2 eq 1.12E‐03 4.94E‐04
Freshwater eutrophication kg P eq 9.45E‐05 2.30E‐06
Marine eutrophication kg N eq 6.62E‐06 4.61E‐07
Terrestrial ecotoxicity kg 1,4‐DCB 1.32E‐01 4.53E‐02
Freshwater ecotoxicity kg 1,4‐DCB 3.30E‐03 2.40E‐03
Marine ecotoxicity kg 1,4‐DCB 4.59E‐03 2.99E‐03
Human carcinogenic toxicity kg 1,4‐DCB 8.67E‐03 7.28E‐03
Human non‐carcinogenic toxicity kg 1,4‐DCB 1.41E‐01 1.25E‐02
Land use m2 a crop eq 2.68E‐03 4.26E‐04
Mineral resource scarcity kg Cu eq 1.62E‐03 1.66E‐03
Fossil resource scarcity kg oil eq 8.39E‐02 3.63E‐02
Water consumption m3 1.45E‐03 5.92E‐05

Endpoint area of protection Unit E mix + LIB E renew + LIB

Human health DALY 7.04E‐07 2.31E‐07
Natural environment Species x yr 1.26E‐09 4.56E‐10
Resource scarcity USD (2013) 2.39E‐02 1.53E‐02

1 MJ = 0.2778 kWh

4.2.7. Compiled gross and net LCIA results all (A)MECs
The LCIA results of all the (alternative) marine energy carriers for 1 MJ (LCIA MJ (A)MEC GROSS ) are
displayed in the appendix in table E.1. The results are displayed in midpoint impact categories and end‐
point areas of protection according to the hierarchist perspective (H) of the ReCiPe 2016 method. The
CII regulation will go into effect in 2023 and its purpose is to combat global warming by reducing green
house gas emissions. However, the regulation only accounts for the direct green house gas emissions
from the energy carrier use in ships, but not the emissions from production. If the total emissions from
the AMEC production and use surpass that of conventional fuel oil, the purpose of the regulation will
not be achieved. According to the midpoint impact category Global warming results in table E.1, fossil
methanol, fossil ammonia, electricity mix + LIB, and electricity renew + LIB perform worse than conven‐
tional diesel in this category.

The LCIA results of all the (alternative) marine energy carriers for 1 MJ in table E.1 do not take into
account the power plant efficiency of the energy carrier type (ηPP, EC ). A more efficient power plant is
better at converting the chemical energy (1MJ) of the (A)MEC intomechanical or electrical energy. There‐
fore the LCIA results for 1 MJ are revised to include the power plant efficiency (LCIA MJ (A)MEC NET )
and are displayed in table E.2 in the appendix. By taking the power plant efficiency into account, the
unit of comparison is per 1 MJ of engine/motor shaft output. According to the midpoint impact category
Global warming results in table E.2, electricity renew + LIB now performs better than conventional diesel
in this category. The other AMECs that performed worse than conventional diesel previously still per‐
form worse. The results of the three endpoint areas of protection are visualized for the impact of 1 MJ
of LHV (LCIA MJ (A)MEC GROSS ) and compared to 1 MJ shaft output (LCIA MJ (A)MEC NET ).

Human health
The LCIA results for human health area of protection with the characterization factor disability‐adjusted
loss of life years (DALY) are visualized in figures 4.1 and 4.2. The results are compared per 1 MJ excluding
and including the power plant efficiency. The least damaging energy carrier to human health is renewable



4.2. Gross LCIA results per (A)MEC type 89

hydrogen including the power plant efficiency with 3.59E‐08 DALY. The most harmful energy carrier to
human health is the electricity mix + LIB including the power plant efficiency with 8.53E‐07 DALY. This
is a factor of 24 times more harmful.
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Figure 4.1: Gross human health impact by (A)MECs
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Figure 4.2: Net human health impact by (A)MECs

Natural environment
The LCIA results for natural environment area of protectionwith the characterization factor time‐integrated
species loss (Species x Year) are visualized in figures 4.3 and 4.4. The results are compared per 1 MJ ex‐
cluding and including the power plant efficiency. The least damaging energy carrier to the natural envi‐
ronment is once again renewable hydrogen including the power plant efficiency with 1.08E‐10 species x
year. The most harmful energy carrier to the natural environment is bio diesel including the power plant
efficiency with 2.73E‐09 Species x Year. This is a factor of 25 times more harmful.
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Figure 4.3: Gross natural environment impact by (A)MECs
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Figure 4.4: Net natural environment impact by (A)MECs

Resource scarcity
The LCIA results for the resource scarcity area of protection with characterization factor surplus cost
of extraction (USD) are visualized in figures 4.5 and 4.6. The results are compared per 1 MJ excluding
and including the power plant efficiency. The least damaging energy carrier to resource scarcity is the
electricity mix + LIB including the power plant efficiency with 2.89E‐02 USD. The most harmful energy
carrier to resource scarcity is renewable hydrogen including the power plant efficiency with 2.96E‐15
USD. This is a factor of 9.8 billion times more harmful.
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Figure 4.5: Gross resource scarcity impact by (A)MECs
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Figure 4.6: Net resource scarcity impact by (A)MECs

4.2.8. Verification
In order to verify the results, the net midpoint global warming impact per MJ shaft output value of the
various energy carriers is used to compare to literature results. The 2019 report ’Comparison of Alterna‐
tive Marine Fuels’ by the classification organization DNV‐GL [30] and the 2021 study titled ’Reduction of
maritime GHG emissions and the potential role of E‐fuels’ by Lindstadt et al. [88] are used to conduct the
verification. Both sources provide the well‐to‐wake (WTW) CO2 equivalent emissions per energy carrier.
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The energy densities of various energy carrier types and power plant efficiencies of various power plant
types are taken into account. This is identical to the method in this research. The use of CO2 equivalent
emission data is different in the two sources. The report by DNV‐GL does not mention using LCA results
in their methodology, yet does use more than 100 sources to assess the GHG emissions. Many of these
sources are LCA studies on energy carriers. The study by Lindstadt et al. does conduct an LCA in a 100
year time horizon which is also identical to the LCA method in this research. The report by DNV‐GL does
not specify a time horizon, but provides the emission data as an average and range. Both sources present
their emission data as the global average, also identical to this research.

The global warming midpoint impact category in this research is the equivalent to the well‐to‐wake global
warming potential in the two sources. The current unit of ’kg CO2 eq/MJ shaft output’ are adjusted to
unit of ’g CO2 eq/kWh shaft output’ of the two sources. The global warming potential of the lithium
ion batteries are excluded to coincide with the results exclusively for the electricity mix. The results of
DNV‐GL and Lindstadt et al. are displayed in figures 4.7 and 4.8 respectively. The resulting well‐to‐wake
grams of CO2 equivalent per kWh shaft output of this research are displayed in table 4.7. DNV‐GL pro‐
vides their results in a range and weighted average while Lindstadt et al. provide their results as a single
value. Each source does not provide all the results for all the energy carrier and power plant combination
in this research. Therefore both are necessary for verification. The calculated results are in agreement if
they are within the given range by DNV‐GL and/or within 10% range of the single value from Lindstadt
et al.

Figure 4.7: Well‐to‐wake CO2e emissions for various energy carrier and power plant pathways [30]
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Figure 4.8: Well‐to‐wake CO2e emissions for various energy carrier and power plant pathways [88]

Fuel oil Conventional and bio fuel oil result in 653 and 476 WTW g CO2e/kWh shaft output respec‐
tively. Only the study by Lindstadt et al. provide a value for conventional fuel oil (HFO&Scrubbers, MGO,
VLSFO), ranging from 637 to 663 WTW g CO2e/kWh shaft output. Therefore the results for conven‐
tional fuel oil are in agreement with the literature. Only DNV‐GL provides a value/range for advanced bio
fuels which is approximately between 75 and 600 with a weighted average of 240 WTW g CO2e/kWh
shaft output. Therefore the results for bio fuel oil are in agreement with the literature. However, the
range for advanced bio fuels is significantly larger compared to the conventional fossil fuels in the report.
This is most likely due to the high susceptibility for the pathway discrepancy issue by bio fuels, explained
in section 4.1.2.

Methanol Conventional and bio methanol result in 750 and 252 WTW g CO2e/kWh shaft output re‐
spectively. Only the report by DNV‐GL provides a value for conventional methanol, ranging approxi‐
mately between 620 and 760with aweighted average of 670WTWgCO2e/kWh shaft output. Therefore
the results for conventional fuel oil are in agreement with the literature. Both sources do not specifically
provide a value for bio methanol, however when comparing to the value/range by DNV‐GL for advanced
bio fuels, it is in agreement with the literature.

LNG Conventional and bio LNG result in 614 and 243 WTW g CO2e/kWh shaft output respectively.
Both sources provide a value/range for conventional LNG. DNV‐GL provides two ranges for two stroke
configuration with a combined approximate range between 550 and 700 with a combined weighted aver‐
age of 625 WTW g CO2e/kWh shaft output. Lindstadt et al. provide a value of 549 WTW g CO2e/kWh
shaft output for the conventional LNG diesel cycle, which is within a 10%. Therefore the results for
conventional LNG are in agreement with the literature. Both sources do not specifically provide a value
for bio LNG, however when comparing to the value/range by DNV‐GL for advanced bio fuels, it is in
agreement with the literature.

Liquid hydrogen Conventional and renewable liquid hydrogen result in 170 and 101WTWgCO2e/kWh
shaft output respectively. Both sources provide a value/range for conventional and renewable liquid hy‐
drogen. DNV‐GL provides a value for conventional liquid hydrogen, ranging approximately between 650
and 1000 with a weighted average of 775 WTW g CO2e/kWh shaft output. Lindstadt et al. provide
a value of 1086 WTW g CO2e/kWh shaft output for conventional liquid hydrogen. The values/ranges



4.3. Discussion 93

by both sources are five to six times higher and therefore the results for conventional liquid hydrogen
are conflicting with literature. DNV‐GL provides a value for renewable liquid hydrogen, ranging approx‐
imately between 0 and 115 with a weighted average of 40 WTW g CO2e/kWh shaft output. Lindstadt
et al. also provide a value of 0 WTW g CO2e/kWh shaft output for renewable liquid hydrogen. A value
of 0 is not considered accurate as can be seen that the well‐to‐tank (WTT) emissions are not taken into
account for the renewable energy carriers (E‐fuels). Therefore the results for renewable liquid hydrogen
are considered in agreement with the literature.

Ammonia Conventional and renewable ammonia result in 813 and 176WTWgCO2e/kWh shaft output
respectively. Only Lindstadt et al. provide a value for these energy carriers, however it is calculated for
an ICE configuration compared to a fuel cell configuration in this research. Therefore only the results for
WTT are compared as the overall power plant efficiency is similar (51% vs 50%). Since theWTT emissions
are not taken into account for the renewable energy carriers, it does not yield a conclusive result. The
WTT value by Lindstadt et al. for conventional ammonia is 874 WTW g CO2e/kWh shaft output. This
is within the acceptable 10% range and therefore the conventional ammonia is in agreement with the
literature.

Electricity (no LIB) Conventional and renewable electricity result in 819 and 20 WTW g CO2e/kWh
shaft output respectively. Only DNV‐GL provides a value/range for the global electricity mix which is
approximately between 210 and 775 with a weighted average of 500 WTW g CO2e/kWh shaft output.
Therefore the result for conventional electricity mix is considered in agreement with the literature, but on
the higher end. The range is based regional averages where there can be significant differences within it.
DNV‐GL states that the minimal value of the range represents Europe as an average, but there are some
countries with a near zero emission electricity production. Therefore the calculated result for renewable
electricity is in agreement with the literature.

Table 4.7: Well‐to‐wake g CO2e/kWh shaft output

Energy carrier type Conventional Bio/Renewable

Fuel oil 653 476
Methanol 750 252
LNG 614 243
Liq. hydrogen 170 101
Ammonia 813 176
Electricity (no LIB) 819 20

In agreement Conflicting No data/Inconclusive

4.3. Discussion
In all cases, the bio/renewable energy carrier version has a significant lower net global warming impact
compared to its conventional fossil version. This is expected as the focus of bio/renewable versions is
generally aimed to combat global warming. However, not every fossil energy carrier version of the al‐
ternative energy carrier types has a lower net global warming impact. In other words, not all the other
fossil energy carriers have a lower net global warming impact than conventional diesel. Fossil methanol,
fossil ammonia and electricity mix including LIB have a greater net global warming impact than conven‐
tional fossil diesel. The combustion of bio diesel, bio methanol and bio LNG have not been taken into
account because carbon sequestration, the process of capturing and storing atmospheric carbon dioxide
by biomass, cannot be modeled. Additionally other substances captured and stored by biomass also can‐
not be modeled. However, it is still not accurate to fully not include the combustion of these fuels. The
outputs/emissions during the use of hydrogen, ammonia and batteries is harmless or non existent and
thus this issue is only specific to fuels.

The bio fuel energy carriers (bio diesel, bio methanol and bio LNG) have a lower fossil resource scarcity
and a higher mineral resource scarcity compared to its conventional fossil counterpart. This is expected as
the bio version does not originate from fossil sources and the cultivation of the biomass requires minerals
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to grow. However, only bio methanol results in a higher ’resource scarcity’ endpoint impact compared to
its conventional fossil counter part. The midpoint impact categories ’fossil resource scarcity’ and ’mineral
resource scarcity’ units are measured in weight whereas the endpoint impact category ’resource scarcity’
unit is measured in USD. Therefore it can only be concluded that the price of the extraction of minerals
used to produce bio methanol are the significantly high and are specifically used to for the biomass pro‐
duction for methanol. It is however unlikely that the minerals for the cultivation of biomass for methanol
highly differ from the minerals for the cultivation of biomass for bio diesel. This is probably due to the
LCA scope and pathway discrepancy issue explained in section 4.1.2.

The bio LNG is sourced from bio waste and therefore the environmental impact from the biomass pro‐
duction is not allocated to the waste user. In LCA impact allocation, the user of waste materials does
not carry the environmental consequences of the previously caused damages by the used waste mate‐
rial. The production of bio LNG from bio waste is limited by the bio waste production volume. It is not
possible to intentionally manufacture bio waste as it would not be considered waste anymore. Therefore
the environmental impact of bio LNG exclusively includes the production and distribution processes. It
is expected that the supply of bio LNG cannot keep up with the demand of fossil LNG without having
to manufacture biomass. Accordingly, the LCIA results for bio LNG from waste materials is less harmful
compared to intentionally produced bio mass for bio diesel or bio methanol. This is a prime example of
the scope discrepancy issue for comparative LCA studies.

The battery electric operational use in ships does not coincide with the operational use of ships. The
lithium ion batteries are modeled to only be charged 326 while they can achieve up to 50 000 cycles. Ad‐
ditionally, the LIBs are modeled to reach the full service life of a ship at 25 years, but the life expectancy
of LIBs for maritime application is only 10 years. Therefore the environmental impact of LIBs in shipping
vessels is unrealistic from an operational perspective. This does not even incorporate the extreme pow‐
ering impact results of the battery electric configuration.

The conflicting well‐to‐wake global warming potential result for conventional liquid hydrogen with lit‐
erature is surprising as it was expected that there would be less discrepancy in the scope and pathway
for conventional energy carriers. The calculated value is three to five lower than the values by DNV‐GL
and Lindstadt et al. and therefore not reasonably close either. The value calculated by Lindstadt et al.
also does not fall between the range of DNV‐GL, but it is slightly higher. Therefore, it seems that the
global warming potential for conventional liquid hydrogen is inconsistent. Additionally, there is only a
single process listed in Ecoinvent 3 for conventional liquid hydrogen, yet it is the most consistent and
popular LCI database. Hence, it is questionable where the LCA data originates from or what is included
in the scope of the LCA.

4.4. Total environmental impact all (A)MECs
The total environmental impact of an (A)MEC per ship type (EITOT (A)MEC, ST ) is the LCIA result of an
(A)MEC including power plant efficiency (LCIA MJ (A)MEC NET ) multiplied by the average total installed
power impact factor per energy carrier type per ship type (

(
PB TOT AMEC

PB TOT FO

)
ST
) according to equation 4.1.

The LCIA MJ (A)MEC NET results are displayed in table E.2 in the appendix and are compiled from the
individual tables per (A)MEC type in the previous section 4.2. The

(
PB TOT AMEC

PB TOT FO

)
ST
values are from

table 3.9 in section 3.2 and are displayed in table 4.8 below once again. The total environmental impact
of an (A)MEC per ship type:

EITOT (A)MEC, ST =LCIA MJ (A)MEC NET ·
(
PB TOT AMEC

PB TOT FO

)
ST

EITOT (A)MEC, ST =
LCIA MJ (A)MEC GROSS

ηPP, (A)MEC
·
(
PB TOT AMEC

PB TOT FO

)
ST

(4.1)

In simple terms, the LCIA MJ (A)MEC NET table E.2 is multiplied by each column of table 4.8 and con‐
structing four results tables per ship type. Table 4.8 is a duplicate of table 3.9 for easy retrieval.
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Table 4.8: The average total installed power impact factor per energy carrier
type per ship type

Bulk carriers Tankers Container ships TSHDs

Fuel oil (original) 0.0% 0.0% 0.0% 0.0%
Methanol +1.9% +1.6% +2.6% +1.5%
LNG +0.9% +0.8% +1.0% +3.4%
Liq. hydrogen +8.6% +7.4% +8.4% +8.4%
Ammonia +3.7% +3.2% +4.9% +5.5%
Elec. + LIB +235.3% +234.4% +190.1% +249.9%

(
PB TOT AMEC

PB TOT FO

)
ST
for fuel oil is 100% and therefore there is no powering impact

The results of the total environmental impact of an (A)MEC per ship type (EITOT (A)MEC, ST ) are dis‐
played in appendix F in table F.1 for bulk carriers, table F.2 for tankers, table F.3, and table F.4 for TSHDs.
According to the midpoint impact category Global warming results for all ship types, electricity renew +
LIB now performs worse again compared to conventional diesel in this category. The other AMECs that
performed worse than conventional diesel including the power plant efficiency still perform worse.

4.5. Sensitivity analysis environmental impact assessment
The total environmental impact of an (A)MEC per ship type (EITOT (A)MEC, ST ) is dependent on two
intermediate results: LCIA MJ (A)MEC NET and

(
PB TOT AMEC

PB TOT FO

)
ST
. However, both are considerably

influenced by the power plant efficiency (ηPP ). The power plant efficiency parameter functions as a
denominator in the powering impactmodel and especially in the net LCIA results. As a result, the lower the
power plant efficiency, the higher the total powering impact and the higher net LCIA results. Nonetheless,
as explained in the sensitivity analysis of the powering impact assessment, the power plant efficiency does
strongly influence the powering impact results, but to a considerably lesser extent than in the net LCIA
results. For example, the optimistic power plant efficiency of liquid hydrogen in bulk carriers results in a
∼2 decrease in net total powering impact. The results from the power plant efficiency sensitivity analysis
in section 2.1.8 are used to determine the multiplier values for the net LCIA results and presented in
table 4.9. The net LCIA results for electrically charged lithium ion batteries could be ∼11% higher or
lower, depending on the chosen optimistic and pessimistic component efficiencies.

Table 4.9: Power plant efficiency sensitivity on net LCIA results

Energy carrier Average multiplier Pessimistic Optimistic Half range* Effect

Fuel oil (original) 2.03 2.03 2.03 0.00 0.0%
Methanol 2.03 2.03 2.03 0.00 0.0%
LNG 2.06 2.09 2.03 0.03 1.5%
Liq. hydrogen 2.28 2.37 2.21 0.08 4.2%
Ammonia 1.95 2.02 1.88 0.07 3.6%
Elec. + LIB 1.17 1.31 1.05 0.14 11.1%

* Half range = (Pessimistic ‐ Optimistic)/2

Within the LCI generation of LNG, the addition of 1.6% methane slip in the combustion engine causes
a 16% increase in Global warming LCIA result. This is primarily due to the global warming potential of
methane being 35 times more potent than CO2 in the hierachist perspective. However, in the egalitarian
perspective this is only ∼5 times more potent and causes a 2% increase in Global warming LCIA result.
Moreover, within the LCI generation of electrically charged lithium ion batteries, the lithium ion battery
contributes the most to the environmental impact. The allocation of environmental impact based on the
amount of cycles causes this. The batteries are assumed to go through 326 cycles over the course of
its life time, which is significantly less than the 50 000 cycle capability. Therefore the endpoint LCIA
has been reassessed for 50 000 cycles and the reduction results are displayed in table 4.10. Extreme
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reductions up to 97% (resource scarcity) can be achieved and consequently it can be concluded that the
operational use of lithium ion batteries does not match the operational fueling frequency of ships.

Table 4.10: Electrically charged li‐ion battery LCIA reduction for 50.000 vs
326 cycles at endpoint for 1 MJ ‐ ReCiPe 2016 (H)

Endpoint area of protection Unit E mix + LIB E renew + LIB

Human health DALY ‐27% ‐83%
Natural environment Species x yr ‐34% ‐94%
Resource scarcity USD (2013) ‐62% ‐97%

1 MJ = 0.2778 kWh



5
Conclusion

The External Requirements for shipping vessels are actively changing through GHG emission regulations
and therefore involuntarily impacting the Available Technology and Commercial Aspect while the Opera‐
tional Requirements do not change. As a result, ship designs will change for different energy carrier types
and cause the required propulsion power to change as well. However the Environmental Consequences
relative to conventional fuel oil powered ships for equal operational requirements are unknown. There‐
fore, the goal of this research project is to determine the full environmental impact of AMECs in ships
while taking the powering impact into account with regards to conventional fuel oil powered ships. This is
necessary because the space requirements for AMECs cause significant additional volume and weight to
the ship design for equal operational requirements. As a result, the ship resistance, propulsion powering
and energy carrier consumption increase as well. Accordingly, if the total environmental impact including
the increased consumption of an AMEC exceeds the total environmental impact of conventional fuel oil,
the purpose of the AMEC is not achieved.
To support the research approach, six sub research questioned have been established to be answered

before answering the main research question. In this chapter, the sub research questions are answered
based on literature and assessment results, followed by the overall conclusion which answers the main
research question. Lastly, the research approach and results are discussed including further recommen‐
dations.

In order to determine the full environmental impact of an AMEC, the powering impact and environmen‐
tal impact need to be determined separately. The powering impact is performed on four ship types (bulk
carriers, tankers, container ships, and trailing suction hopper dredgers) which are represented by twelve
existing ships per ship type. Six selected energy carrier types (fuel oil, methanol, LNG, liquid hydrogen,
ammonia, electrically charged lithium ion batteries) are applied to the designs of these sampled ships. The
environmental impact is performed on the six energy carrier types originating from the conventional and a
bio/renewable source through a life cycle assessment. Some of the answers to the sub research questions
are necessary for both the powering‐ and environmental impact assessment. The first sub research states:

1. What are the power plant efficiencies and energy densities of the current and future (A)MEC types?

The total power plant efficiencies of fuel oil, methanol and LNG are primarily determined by the internal
combustion efficiency. However, in the liquid hydrogen, ammonia and battery power plants, there are
more components that cause energy losses. Besides the total power plant efficiency, the necessary aux‐
iliary power to run the power plant differs per power plant type. This is caused by the necessary power
to store, prepare and apply the energy carrier. Various energy carrier types require specialized tanks to
contain it under specific conditions. These tanks therefore add extra volume and weight alongside the
volume and weight of the energy carrier alone. The energy carrier contained in the tank characterizes the
contained energy density, while the energy carrier alone characterizes the uncontained energy density.
The total power plant efficiency, necessary auxiliary power, contained energy density and uncontained
energy density are presented in the table below and are necessary to answer the forthcoming sub ques‐
tions.

97
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Table 5.1: Overview (A)MEC type densities and power plant efficiencies

Contained Uncontained Power plant
ρV E con ρG E con ρcon ρV E uncon ρG E uncon ρuncon ηPP PPaux

MJ/L MJ/kg kg/L MJ/L MJ/kg kg/L ‐ ‐

Fuel oil 33.20 29.65 1.12 35.70 41.00 0.87 49.34%* 5%**
Methanol 13.83 15.67 0.88 15.60 19.90 0.78 49.34% 3%
LNG 13.37 28.38 0.47 22.37 49.20 0.45 48.55% 3%
Liq. hydrogen 4.60 11.70 0.39 7.55 120.00 0.06 43.88% 11%
Ammonia 9.45 11.70 0.81 12.70 22.00 0.58 51.33% 11%
Elec. + LIB 0.22 0.33 0.67 2.98 0.50 5.96 85.70% 1%

* 41% for pure MDO in 4‐stroke diesel engines
** 1% for pure MDO in 4‐stroke diesel engines

2. What are the historical design elements/dimension trends of ship types?

According to the literature, slender body ships have a lower total resistance compared to ships with equal
internal volume and weight. A lower resistance results in a lower propulsion powering and consequently
a lower energy carrier consumption. Therefore the length‐beam ratio is the governing dimension trend to
be determined for a given ship type. As a consequence additional volume for existing ship designs should
be applied to the length within the maximum boundaries of the historical length‐beam ratio trend. The
maximum boundaries of the length‐beam ratio trend are determined by using the World Fleet Register
by Clarksons. The determined maximum length‐beam ratio trend is formulated according to equation 5.1
with the parameters for the selected ship types in table 5.2. A negative slope value (a) results in a lower
maximum length‐beam ratio at a greater length. Therefore only container ships increase in a maximum
length‐beam ratio at greater lengths, however they also have a lower startingmaximum length‐beam ratio
(b) compared to the other ship types. Additionally, specific design elements related to the ship resistance
such as a bulbous bow, bow thruster tunnels and propeller configurations are acquired and noted in the
sampled ship data parameters.

LOA/BMAX, ship type = a · LOA + b [−] (5.1)

Table 5.2: Maximum length‐beam ratio
trend parameters per ship type

a b

Bulk carriers ‐0.0125858 10.1251
Tankers ‐0.0080163 8.3795
Container ships 0.0047341 5.862
TSHDs ‐0.0068975 7.2756

3. How can the resistance and propulsion power be calculated while taking the design elements per ship type
into account?

The resistance approximationmethod by Holtrop &Mennen is considered to be efficient and accurate for
calculating the required propulsive power. It is applicable for this research project to determine the ship
resistance, because it can be applied analytically on all the ships with the ship type design elements. The
propulsion power can be approximated analytically as well using the results from the Holtrop & Mennen
method together with the given sampled parameters. Both the resistance and propulsion power approx‐
imation method can be performed regardless if the value of the sampled parameters changes. Therefore
the combination of the two approximation methods are highly suitable for the iterative ship design pro‐
cess.
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4. How can the total bunker volume and weight change by the AMEC types be determined while maintain‐
ing the same operational requirements?

The total bunker volume and weight for an AMEC type is determined for equal and increased propulsion
power. In order to maintain equal operational requirements for equal propulsion power, the effective
energy of the original fuel oil must be the same when substituting for an AMEC type. However, the ship
design requires additional volume and weight to accommodate for equal effective energy by an AMEC
type without surrendering the original spaces to perform its tasks. As a result, the necessary propulsion
power will increase and simultaneously the energy carrier consumption as well. Therefore, the effective
energy associated to the propulsion power is proportionately scaled to the propulsion power increase.
The bunker volume and weight for the AMEC types are calculated using the original total effective en‐
ergy, the contained volumetric and gravimetric energy densities, power plant efficiencies and minimum
auxiliary power plant power percentages. By subtracting the original fuel oil bunker volume and weight
from the AMEC bunker volume and weight for equal and increased propulsion power, yields the total
bunker volume and weight change. To summarize, the total additional AMEC bunker volume and weight
is applied in two steps within the iterative process of ship design. In the first step the additional AMEC
bunker volume and weight is applied by means of fuel oil substitution. In the second step the additional
AMEC bunker volume and weight is applied by means of the propulsion power bunker scaling.

5. How can the total bunker volume and weight change be applied to the ship design while striving for the
lowest propulsion power as possible within a ship type?

It was determined that slender body ships have a lower total resistance compared to ships with equal
internal volume and weight. Therefore the additional AMEC bunker volume and weight is applied in a
manner which takes this principle into account while also staying within the maximum dimension trend
limits. The determination of the amount of additional AMEC bunker volume and weight is different, but
the application is the same. The additional AMEC bunker volume and weight is applied by first length‐
ening, then deepening and finally widening the ship design. The lengthening is applied in the midship
section until the additional AMEC volume is accommodated or until the maximum length‐beam ratio
trend is met of the ship type. Thereafter the depth is increased to keep the depth‐length ratio of the
original ship constant, regardless if the AMEC bunker volume was accommodated previously. This is to
prevent structural failures from occurring due to increased bending moments by lengthening the ship. If
there is additional bunker volume remaining after lengthening and deepening, the beam is increased in
the longitudinal section.

6. How can the magnitudes of the environmental impacts be determined of the operational stage of a ship
for current and future (A)MECs?

To determine the magnitudes of the environmental impacts of the operational stage of a ship, a con‐
ceptual life cycle assessment was conducted for the selected (A)MEC types. The (A)MEC types were
selected based on their current and future predicted presence according to literature. For each (A)MEC
type, a conventional fossil sourced well‐to‐wake pathway and a bio/renewable sourced pathway were
selected. The LCA was performed using the ReCiPe 2016 method in a hierarchical perspective (100 year
time horizon) as a global average. The gross LCIA results were determined in midpoint and endpoint im‐
pact categories for equal energy content based on the uncontained energy density. Lastly, the gross LCIA
results were adjusted by implementing the previously determined total power plant efficiency, yielding
the net LCIA results per shaft output.

What is the impact on the ship’s propulsion powering and consequently the environment by alternative ma‐
rine energy carriers?

The research approach is modeled by two main components which are performed separately: the pow‐
ering impact per (A)MEC type on a ship type, and the net environmental impact per (A)MEC. All the
considered AMEC type and ship type combinations result in a larger overall internal volume to accom‐
modate the necessary additional AMEC tank volume for constant operational requirements. The average
additional overall internal volume for methanol, LNG, liquid hydrogen, ammonia and batteries are +3.3%,
+3.5%, +21.5%, +6.7%, and +771.3% respectively. As a result the lightweight ship increases for all AMEC
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type and ship type combinations except LNG. The average additional lightweight ship by methanol, LNG,
liquid hydrogen, ammonia and batteries are +3.3%, +4.1%, +53.8%, +18.6%, and 2 558.9% respectively.
Battery electric propulsion is not considered feasible in many ship types as the generated ship design
cannot withstand the additional weight by the batteries and therefore does not float. All the generated
designs result in a higher required propulsion power for all AMEC types. The average additional main en‐
gine brake power increase for methanol, LNG, liquid hydrogen, ammonia and batteries are +2.3%, +1.1%,
+8.6%, +3.7%, and +235.3% respectively. The additional propulsion power is significantly lower for ships
which are lengthened rather than widened to accommodate for equal percentage additional volume.
This concludes the lower total ship resistance for slender body ship designs. Currently, fuel oil powered
shipping vessels have a higher bunker capacity than necessary to sail their shipping route 2.5 times to
purchase cheap fuel elsewhere in the world. By reducing the capacity to equal the distance of a single
route the additional overall internal volume is approximately reduced by a minimum of 59% and a maxi‐
mum of 84%. Likewise, the additional lightweight ship is approximately reduced by a minimum of +61%
and a maximum of 79% compared to the results of the full bunker capacity. Likewise for the deadweight
tonnage (DWT ), the reduction is consistently around ∼60%.

The net environmental impacts of the (A)MECs were compared and concluded that eight of the eleven
AMECs result in a lower global warming impact per shaft output compared to conventional diesel. The
AMECs with a higher global warming impact compared to conventional diesel are fossil methanol, fos‐
sil ammonia, and electricity mix including lithium ion batteries. When taking the powering impact into
account, it only causes renewable electricity including LIBs to reverse from a lower to a higher global
warming impact compared to conventional diesel. This is the case in all ship types. The net environmen‐
tal impact at the three endpoint categories (human health, natural environment and resource scarcity),
five of the eleven AMECs have a lower impact in all three endpoints compared to conventional diesel:
fossil methanol, bio LNG, fossil liquid hydrogen, renewable liquid hydrogen, and renewable ammonia.
Only electricity mix including LIBs performs worse in all three endpoints. When taking the powering im‐
pact into account, it does not cause an AMEC to reverse from better to worse performing on the human
health endpoint in all ship types. Fossil ammonia in container ships reverses the performance from bet‐
ter to worse performing on the natural environment endpoint category. Renewable electricity including
LIBs reverses the performance from better to worse performing on the natural environment and resource
scarcity endpoint category in all ship types. There are four AMECs which perform better on global warm‐
ing impact and all three endpoint categories: bio LNG, fossil liquid hydrogen, renewable liquid hydrogen,
and renewable ammonia.

5.1. Discussion and recommendations
In this section, the research approach and results are discussed. Based on the limitations and interpre‐
tations of this discussion, further research recommendations are made. The main goal of this research
project is to determine the total environmental impact of AMECs in ships in order to support the energy
carrier selection of the future by the maritime industry. Therefore a recommendation is made on the
preferred energy carrier based on environmental performance.

Research input data
Both the powering impact assessment and the environmental impact assessment use two mutual input
data sets: the energy densities and total power plant efficiencies. These two data sets are in agreement
with literature with slight variations. A lower technical readiness of the AMECs and their accompanying
power plant result in higher contained energy density and power plant efficiency variations. However,
this is not the case for the uncontained energy densities as they are considered scientific standards. The
low technical readiness particularly varies the density of the tank system and power plant components. It
is possible that contained energy densities and total power plant efficiencieswill increase in the future due
technical advancement. As a result, the powering impact and net LCIA results will decrease separately.
Consequently, the total environmental impact results will decrease further due to double dependence.

The powering impact assessment uses two more data sets: detailed data of sampled ships and the di‐
mension trends. In order for the powering impact results to be practical, the detailed sample data must
coincide with the trend data. The length‐beam ratio trendline of the sampled bulkers, tankers and con‐
tainer ships are similar to the dimension trend trendlines and therefore they are representative. However,
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the length‐beam ratio trendline of the sampled TSHDs is significantly different compared to the dimen‐
sion trend data set. Seven of the twelve sampled TSHDs are the seven largest in the dimension trend data
set out of 140 entries. Consequently, the powering impact results of the TSHD are less representative.
It can also be questioned whether twelve sample ships are enough to represent a whole ship type.

The life cycle inventory phase of the LCA consists of gathering LCI information from a database. The
listed processes in the database originate from LCA studies where all the in‐ and output materials, en‐
ergy, resources and emissions are recorded of a a system, product, service or process over its full life time.
Therefore if the scope of the LCA studies are not the same for a similar products such as energy carriers,
the LCIA results will be less comparable. Moreover, this varying scope issue can be mitigated by using a
single database. For most of the (A)MECs this is the case. The Ecoinvent 3 database was the primary LCI
library used which according to literature is the most popular, transparent, consistent and high quality.
However, just because an other database is used as well, does not mean that the LCIA is incorrect.

Powering impact assessment approach and results
The powering impact assessment approach is an iterative process of which the design impact sub model
is the academic research novelty. The propulsion power was determined twice in the powering impact
assessment model for a new generated ship design. The first time is after substituting the fuel oil bunker
volume with the necessary AMEC bunker volume. The second time is after upscaling the bunker volume
based on the first propulsion impact determination. Therefore if the first propulsion impact is minimal,
the second propulsion impact is minimal as well. For methanol and LNG, the design impact is minimal
where in almost all cases, the sample ship only needed to be lengthened. As a result, the propulsion
impact is also minimal. Therefore, conducting a powering impact on AMEC types which have a relatively
high combination of contained energy densities and total power plant efficiency is less necessary. On
the contrary, batteries have a significantly low contained energy density that the design impact sequence
does not result in slender body ship design. Consequently, the resulting propulsion power is higher than
necessary for a slender body ship design with equal overall internal volume. Additionally, many of the
battery powered ship designs do not float due to the weight of the batteries. Accordingly, it could be
concluded that battery powered shipping vessels are not feasible and/or the design impact model is not
suitable for relatively low combination of contained energy density and total power plant efficiency.

Currently merchant shipping vessels have enough fuel oil bunker volume to travel 2.5 times their ship‐
ping route. This is done to purchase cheap fuel oil along their route and use fuel price outlooks to deter‐
mine when to refuel. However, this overcapacity causes significant additional AMEC bunker volume and
weight for various AMEC types. Therefore it is expected that the bunker capacity to be reduced to at
least a single route. This results in the total additional AMEC bunker volume andweight to be significantly
reduced, and consequently also the propulsion power impact. Additionally, it also is not certain if AMECs
will have the same global price variations comparable to fuel oil in the future that it is profitable to have
the bunker overcapacity. On the contrary, uneven global distribution of AMECs could potentially cause
an even higher overcapacity to decrease the consequences of this dependence.

Environmental impact assessment approach and results
The environmental impact assessment approach is conducted through a life cycle assessment. The LCI
phase consisted of selecting processes from the database to construct the well‐to‐wake life cycle of the
(A)MECs. In order to produce LCIA results as a global average, the geography of the process listings was
set to global or rest‐of‐world market processes. However, the approach of selecting processes in the LCI
database was on the basis of what was available. Accordingly, it was not always possible to select a global
market process. Moreover, this availability issue is also prevalent in the bio/renewable AMECs selection.
The chance that conventional versions of the marine energy carriers are available in the LCI database
is considerably higher than the bio/renewable version. Therefore the bio/renewable versions consist of
more LCI process entries and does not encompass the full well‐to‐wake pathway as in a true LCA study.
Additionally, the bio/renewable versions have many more possible well‐to‐wake pathways and therefore
the LCIA results vary significantly. In conclusion, the selection method of LCI processes on the basis of
availability causes variations in the LCIA results, especially for bio/renewable AMECs. Consequently, the
LCIA results should not be interpreted as factual, but rather as a generalized case study.

The combustion of bio diesel, bio methanol and bio LNG have not been taken into account because car‐
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bon sequestration, the process of capturing and storing atmospheric carbon dioxide by biomass, cannot
be modeled. Additionally other substances captured and stored by biomass also cannot be modeled. In
the case of carbon dioxide, it is captured and emitted again into the atmosphere in the same form. How‐
ever, this not necessarily the case for the other substances which are captured. Therefore it is not fully
accurate to not include the combustion of bio fuels and thus the LCIA results are not fully accurate as well.

The energy carrier market for the maritime industry will not voluntarily switch to an AMEC if fuel oil
can still be used under the emission regulation. Due to the emission regulations becoming stricter, the
AMECs and accompanying technologies become more attractive to use. According to the future outlook
of AMEC will increase in ships and therefore the production and distribution will increase as well. There‐
fore it is expected that use, production and distribution of AMECs with a low technical readiness will
become more efficient and durable. Additionally, as the purpose of AMECs is to become more environ‐
mentally friendly (specifically global warming), it is also expected that the production and distribution will
be become more environmentally friendly. Consequently, the obtained AMEC environmental impacts
will probably decrease in the future.

Recommendations
The design impact assessment does not take into account the stability or manoeuvrability of the newly
generated ships with AMECs. Therefore it is unknown how the newly generated ships will behave in
sea state. A possible consequence of liquid hydrogen is that the sloshing of the liquid hydrogen in the
relatively large tanks can cause the ship to capsize. A possible consequence of, for instance batteries,
is that the generated ship is remarkably heavy that it will ’plow’ through the waves and cause structural
damages. This uncertainty in stability and manoeuvrability needs to be researched further to determine
the feasibility of the generated ship designs.

The constant operational requirements are based on fuel oil powered ships. However it is possible that
these might change due to using an AMEC and its accompanying technology. It could also be possible
that the used dimension trends for the considered ship types, that are based on fuel oil powered ships, are
not relevant for AMEC powered ships. Moreover, the generated designs for constant operational opera‐
tional requirements are based on existing ships with a multi purpose objective to have the least amount
of added resistance with the additional AMEC bunker volume and weight. Nonetheless, this does not
have to be the case when considering a completely new design where it does not have to be related to
an existing ship design.

Climate change due to global warming is currently the main environmental concern around the world.
The maritime industry is responsible for 3% of the global GHG emissions which originate from fossil
sources. Therefore the preferred AMEC is not from a fossil source and has a lower well‐to‐wake global
warming impact than conventional fuel oil. Additionally, the preferred AMEC also has a lower impact on
all three net endpoint areas of protection. Renewable liquid hydrogen and ammonia are most environ‐
mentally friendly energy carrier including the powering impact on the criteria of global warming impact
and all three endpoint areas of protection. Bio fuels offer a solution to lower the global warming impact
in current marine power plants with minor alterations, however the renewable energy carriers signifi‐
cantly better. Therefore it is recommended to research the application of these AMECs in the internal
combustion engine as it plays an important role in the maritime powering industry.
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5.80

8.70
Fueloilbunkervolum

e
V
B
U
N

K
m

3
1251

1874
3175

6609
769

3200
3530

2770
7085

2686
1370

3513
TEU

capacity
n
T
E
U

‐
0

0
0

0
0

0
0

0
0

0
0

0
Cargo

capacity
volum

e
V
C
C

m
3

35660
54012

124952
344826

8073
126000

130200
86716

341870
54600

30200
170028

Totalm
ain
engine

pow
er(M

CR)
P
M

E
kW

6400
7020

11890
17200

3400
12420

13500
10850

24510
7820

7000
16190

N
um
berofm

ain
engines

k
M

E
‐

1
1

1
1

1
1

1
1

1
1

1
1

Totalauxiliary
engine

pow
er(M

CR)
P
A
E

kW
2700

3150
3960

3789
1680

3060
2700

2880
4620

4240
3150

18720
Totalshaft

gen./M
E
PTO

pow
er

P
P
T
O

kW
0

0
0

0
0

0
0

0
0

0
0

0
Bulbous

bow
presence

B
B

‐
Yes

Yes
Yes

Yes
Yes

Yes
Yes

N
o

N
o

N
o

Yes
N
o

N
um
berofpropellers

k
p

‐
Single

Single
Single

Single
Single

Single
Single

Single
Single

Single
Single

Single
N
um
berofbow

thrustertunnels
n
T
H

‐
1

0
0

0
1

0
0

0
0

1
0

3

Sourced
from

SignificantShips
edition

2015
to
2020

[119][120][121][122][123][124]and
Clarksons

W
orld

FleetRegister
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Table
A
.3:Ship

param
eterdata

ofsam
pled

containerships

CO
N
TA
IN
ER
SH
IP

AL MURABBA

CMA CGM ARKANSAS

CAPE AKRITAS

MAERSK BERMUDA

EVER BLISS

OOCL HONG KONG

DANIEL K INOUYE

SABRE TRADER

MSC JOSSELINE

SEATRADE GREEN

KMTC SEOUL

YM CELEBRITY

IM
O
num

ber
I
M

O
‐

9708837
9722651

9706190
9697014

9786932
9776171

9719056
9817884

9842061
9810915

9882205
9864502

Length
overall

L
O
A

m
368.52

299.99
330.00

194.93
211.90

399.87
260.30

172.00
365.84

185.00
197.40

209.75
Length

betw
een

perpendiculars
L
P
P

m
352.00

286.00
316.40

184.93
206.90

383.00
248.50

164.00
347.00

176.00
185.00

206.20
Beam

m
oulded

B
m

51.00
48.20

48.20
32.20

32.80
58.80

35.00
28.40

48.20
30.00

32.50
32.80

D
epth

m
oulded

D
m

30.35
25.00

27.20
17.00

16.80
32.50

21.00
14.20

29.85
16.50

16.80
16.80

D
raft

T
m

15.50
14.50

16.00
11.50

11.20
16.00

12.20
9.50

16.00
10.00

11.70
11.20

G
ross

tonnage
G
T

gt
153148

94440
112836

28316
32659

210890
48409

19035
140976

24876
27997

32720
D
eadw

eighttonnage
D
W

T
t

149360
104236

134869
35157

37546
191400

51400
23439

150893
26868

37200
37435

Ship
speed

V
S

kts
21.00

22.00
22.16

19.00
21.80

23.00
23.50

18.50
22.00

18.90
18.60

21.00
D
iam
eterpropeller

D
P

m
10.00

9.00
8.70

6.80
6.09

10.50
8.70

6.60
10.00

6.70
7.20

7.80
Fueloilbunkervolum

e
V
B
U
N

K
m

3
8834

8500
8307

2725
2970

14850
4594

1590
8700

2111
1480

2900
TEU

capacity
n
T
E
U

‐
14990

9896
11037

2508
2926

21413
3652

1774
14300

2266
2540

2940
Cargo

capacity
volum

e
V
C
C

m
3

0
0

0
0

0
0

0
0

0
0

0
0

Totalm
ain
engine

pow
er(M

CR)
P
M

E
kW

54900
45300

54960
13400

24260
61530

38000
11150

46422
13100

16700
20500

N
um
berofm

ain
engines

k
M

E
‐

1
1

1
1

1
1

1
1

1
1

1
1

Totalauxiliary
engine

pow
er(M

CR)
P
A
E

kW
17280

16000
17000

9240
6000

18000
8550

5480
13416

7360
5100

5700
Totalshaft

gen./M
E
PTO

pow
er

P
P
T
O

kW
4140

0
0

0
0

4000
0

0
0

0
0

0
Bulbous

bow
presence

B
B

‐
Yes

Yes
Yes

Yes
N
o

Yes
Yes

Yes
Yes

Yes
Yes

N
o

N
um
berofpropellers

k
p

‐
Single

Single
Single

Single
Single

Single
Single

Single
Single

Single
Single

Single
N
um
berofbow

thrustertunnels
n
T
H

‐
2

1
1

1
0

2
1

1
2

1
1

1

Sourced
from

SignificantShips
edition

2015
to
2020

[119][120][121][122][123][124]and
Clarksons

W
orld

FleetRegister
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Table
A
.4:Ship

param
eterdata

ofsam
pled

TSH
D
s[CO

N
FID

EN
TIA

L]

TSH
D

BONNY RIVER

CHARLES DARWIN

CONGO RIVER

GALILEO GALILEI

HAM 318

INAI KENANGA

LEIV EIRIKSSON

PRINS DER NEDERLANDEN

QUEEN OF THE NETHERLANDS

VASCO DA GAMA

VOX MAXIMA

WILLEM VAN ORANJE

IM
O
num

ber
I
M

O
‐

9810939
9538079

9574523
9872365

9229556
9568782

9429584
9263899

9164031
9187473

9454096
9449065

Sourced
from

Vuyk
Engineering

and
Clarksons

W
orld

FleetRegister
CO

N
FID

EN
TIA

L
IN
FO

RM
ATIO

N





B
Holtrop & Mennen resistance

approximation procedure
The frictional resistance as of a flat plate is calculated according to equation B.1. The correlation line
factor (CF ) is calculated according to equation B.2 [125].

RF =
1

2
· ρ · V 2

S · S · CF [kN ] (B.1)

CF =
0.075

(log10(Re)− 2)2
[−] (B.2)

With the Reynolds number (Re) according to equation B.3 with the kinematic viscosity (ν) of seawater at
15◦ Celsius equal to 1.1892E‐06m2/s [72].

Re =
Vs · LWL

ν
(B.3)

The frictional resistance is calculated as a flat plate and therefore does not represent the underwater
shape of a ship. The flat plate frictional resistance is multiplied by a form factor 1 + k to embody the
underwater ship shape. The form factor is calculated according to equation B.4 [53].

k = 0.07 + 0.487118 · c14 ·

[(
B

LWL

)1.06806

·
(

T

LWL

)0.46106

·
(
LWL

LR

)0.121563

·
(
L3
WL

∇

)0.36486

· (1− CP )
−0.604247

]
[−]

(B.4)

With the only unknown parameter being the constant c14 which is calculated according to equation B.5.

c14 = 1.0 + 0.011 · Cstern [−] (B.5)

The next resistance component is the appendage resistance (RAPP ) and is calculated according to equa‐
tion B.6. The resistance component is compiled of the sum of the resistances from all the appendages.
The resistance of the bow thruster tunnels (RTH ) is calculated separately. For simplicity, all merchant
ships have a rudder behind skeg, bilge keels and a skeg. The TSHD have twin screw rudder (slender), two
skegs and bilge keels. The appendages have their own form factor (k2i) and are presented in table B.1.
The rudder surface area for all ships is calculated according to equation 3.25. The skeg(s) surface area
for all ships is calculated according to equation 3.29. The bilge keel surface area for all ships is calculated
according to equation 3.26.

RAPP =
1

2
· ρ · V 2

S · (1 + k2)eq · CF ·
∑
i

SAPPi +
∑

RTH [kN ] (B.6)
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118 Appendix B. Holtrop & Mennen resistance approximation procedure

Table B.1: Approximate values for appendage form factor k2i [54]

Appendage k2i value Remark

Rudder behind skeg 0.2‐0.5
Rudder behind stern 0.5
Twin screw rudder (slender) 1.5
Twin screw rudder (thick) 2.5
Shaft brackets 2.0‐4.0
Skeg 0.5‐1.0
Strut bossing 2.0‐3.0
Hull bossing 1.0
Exposed shafts 1.0 Angle with buttocks 10 degrees
Exposed shafts 4.0 Angle with buttocks 20 degrees
Stabilizer fins 1.8
Dome 1.7
Bilge keels 0.4

Just like the frictional resistance form factor (1 + k), the resistance of all the appendages is compiled to a
single equivalent form factor (1+k2). The appendage single equivalent form factor is calculated according
to equation B.7.

(1 + k2)eq =

∑
i (1 + k2i)SAPPi∑

i SAPPi

[−] (B.7)

The resistance of the bow thruster tunnels is added to the total appendage resistance according to equa‐
tion B.8. The value for the drag coefficient for the thruster tunnel CDTH

is between 0.003 and 0.012
[13]. The average of the two is taken for simplicity.

RTH = nTH · ρ · V 2
S · π · d2TH · CDTH

[kN ] (B.8)

The wave making resistance (RW ) equation for ships that have a Froude number below 0.4, this is the
equation, however different for Fn ≥ 0.4

RW = c1 · c2 · c5 · ρ · g · ∇ · e[m1·F−0.9
n +m4·cos(λ·F−2

n )] [kN ] (B.9)

With the following coefficients also for the condition Fn ≤ 0.4. All ships have a Froude number below
0.4, however different for Fn ≥ 0.4.

c1 = 2223105 · c3.786137 ·
(
T

B

)1.07961

· (90− iE)
−1.37565

[−] (B.10)

With

c7 (B/LWL ≤ 0.11) = 0.229577 ·
(

B

LWL

)1/3

[−] (B.11)

Or

c7 (0.11 < B/LWL) ≤ 0.25 =
B

LWL
[−] (B.12)

Or

c7 (B/LWL > 0.25) = 0.5− 0.0625 · LWL

B
[−] (B.13)

With

c2 = e−1.89·√c3 [−] (B.14)

With
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c3 = 0.56 · A1.5
BT

B · T ·
(
0.31 ·

√
ABT + TF − hB

) [−] (B.15)

With

c5 = 1− 0.8 · AT

B · T · CM
[−] (B.16)

With

m1 = 0.0140407 · LWL

T
− 1.75254 · ∇

1/3

LWL
− 4.79323 · B

LWL
− c16 [−] (B.17)

With

c16 (CP ≤ 0.8) = 8.07981 · CP − 13.8673 · C2
P + 6.984388 · C3

P [−] (B.18)

Or

c16 (CP > 0.8) = 1.73014− 0.7067 · CP [−] (B.19)

With

m4 = 0.4 · c15 · e−0.034·F−3.29
n [−] (B.20)

With

c15 (
L3
WL

∇
≤ 512) = −1.69385 [−] (B.21)

Or

c15 (512 ≤ L3
WL

∇
≤ 1726.91) = −1.69385 +

LWL
∇1/3 − 8

2.36
[−] (B.22)

Or

c15 (
L3
WL

∇
> 1726.91) = 0 [−] (B.23)

With

λ (
LWL

B
≤ 12) = 1.446 · CP − 0.03 · LWL

B
[−] (B.24)

Or

λ (
LWL

B
> 12) = 1.44 · CP − 0.36 [−] (B.25)

The pressure resistance due to the bulbous bow near the water surface (RB ) is calculated according to
equation B.26.

RB = 0.11 · ρ · g · (
√
ABT )

3 ·
F 3
nB

1 + F 2
nB

· e−3.0·P−2
B [−] (B.26)

FnB
=

VS√
g(TF − hB − 0.25 ·

√
ABT + hF + hW )

[−] (B.27)

hF must be ≥ ‐0.01·LWL

hF = CP · CM · B · T
LWL

(136− 316.3 · Fn) · F 3
n [m] (B.28)

hW must be ≤ 0.01·LWL
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hW =
iE · V 2

S

400 · g
[m] (B.29)

PB = 0.56 ·
√
ABT

TF − 1.5 · hB + hF
[−] (B.30)

The pressure resistance due to immersed transom (RTR) is calculated according to equation B.31.

RTR =
1

2
· ρ · V 2

S ·AT · c6 [−] (B.31)

With

c6 (FnT
< 5) = 0.2 · (1− 0.2 · FnT

) [−] (B.32)
Or

c6 (FnT
> 5) = 0 [−] (B.33)

FnT
=

VS√
2·g·AT

B+B·CWP

[−] (B.34)

The model‐ship correlation resistance (RA) is calculated according to equation B.35.

RA =
1

2
· ρ · v2S · (CA +∆CA)

[
S +

∑
SAPP

]
[kN ] (B.35)

With

CA = 0.00546 · (LWL + 100)−0.16 − 0.002 + 0.003 ·
√

LWL

7.5
· C4

B · c2 · (0.04− c4) + ∆CA [−] (B.36)

With

c4 (
TF

LWL
≤ 0.04) =

TF

LWL
[−] (B.37)

Or

c4 (
TF

LWL
> 0.04) = 0.04 [−] (B.38)

With standard surface roughness of kS = 150 µm, the ∆CA is equal to 0.

∆CA = 0 [−] (B.39)
The air (above water plane) resistance (RAA) with default drag coefficient CDA is equal to 0.8 and the
standard air density ρA is equal to 1.225 kg/m3.

RAA =
1

2
· ρA · V 2

S · CDA ·AV [kN ] (B.40)

The total ship resistance is the sum of the resistance components according to equation B.41

RTOT = RF +Rapp +RW +RB +RTR +RA +RAA [kN ] (B.41)
The following formulas calculate the wake fraction factor (w) and the thrust deduction factor (t) for a
single or twin screw ship which are necessary for the propulsion chain method.

wsingle = c9 · c20 · CV · LWL

TA
·
[
0.050776 + 0.93405 · c11 · CV

1− CP1

]
+0.27915 · c20 ·

√
B

LWL · (1− CP1)
+ c19 · c20 [−]

(B.42)
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Or

wtwin = 0.3095 · CB + 10 · CV · CB − 0.23
D√
B · T

[−] (B.43)

tsingle =
0.25014 ·

(
B

LWL

)0.28956

·
(√

B·T
D

)0.2624

(1− CP + 0.0225 · ℓCB)
0.01762 + 0.0015 · Cstern [−] (B.44)

Or

ttwin = 0.325 · CB − 0.1885 · D√
B · T

[−] (B.45)

ηR single = 0.9922− 0.05908 · AE

A0
+ 0.07424 · (CP − 0.0225 · lCB) [−] (B.46)

Or

ηR twin = 0.9737 + 0.111 · (CP − 0.0225 · lCB)− 0.06325 · P
D

[−] (B.47)

With

AE

AO
= K · (1.3 + 0.3 · Z) · T

D2
p · (po − pv + ρsw · g · hp)

[−] (B.48)

Chosen five blade on the propeller (Z=5), K=0.05 for twin screw, K=0.2 for single screw, T is thrust, po−pv
= 99047, hp=Ta − 0.5 ·Dp.

CV =
(1 + k) ·RF +RAPP +RA
1
2 · ρ · V 2

S · (S +
∑

SAPPi)
[−] (B.49)

c9 (c8 ≤ 28) = c8 [−] (B.50)

Or

c9 (c8 > 28) = 32− 16

c8 − 24
[−] (B.51)

With

c8 (B/TA ≤ 5) =
S

LWL ·D
· B

TA
[−] (B.52)

Or

c8 (B/TA > 5) =
S ·

(
7 · B

TA
− 25

)
LWL ·D ·

(
B
TA

− 3
) [−] (B.53)

c11 (TA/D ≤ 2) =
TA

D
[−] (B.54)

Or

c11 (TA/D > 2) = 0.0833333 ·
(
TA

D

)3

+ 1.33333 [−] (B.55)

c20 = 1 + 0.015 · Cstern [−] (B.56)

CP1 = 1.45 · CP − 0.315− 0.0225 · lCB [−] (B.57)
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B.1. Resistance approximation example
Cielo D’Italia The detailed procedure results for the Holtrop & Mennen method for the original resis‐
tance of the Cielo D’Italia

Table B.2: Resistance approximation of the Cielo D’Italia

Parameter Symbol Unit Value

Prismatic coefficient CP ‐ 0.840
Midship section coefficient CM ‐ 0.998
Waterplane area coefficient CWP ‐ 0.893
Longitudinal center of buoyancy lcb % midship 2.71
Height deck house hdh m 16.86
Projected frontal area above waterline AV m2 801.9
Immersed transom area AT m2 65.9
Bulbous bow presence BB ‐ No
Transverse area bulbous bow ABT m2 0.0
Height bulbous bow hB m 7.8
Stern shape parameter CSTERN ‐ 0
Diameter bow thruster tunnel dTH m 0.00
23 coefficient c23 ‐ 0.859
Wetted surface area S m2 15684.3
Displacement volumetric V m3 137862
Half angle waterline entrance iE deg 59.61
a coefficient a ‐ ‐0.42
Length of run LR m 30.73
Length of entrance LE m 17.35
Frictional coefficient ITTC 1957 CF ‐ 0.00145
Reynolds number Rn ‐ 1577647215
14 coefficient c14 ‐ 1.00
Form factor (1 + k1) ‐ 1.39
Rudder surface area AR m2 60.2
Rudder behind skeg form factor (1 + k2)R ‐ 1.35
Rudder appendage single screw (behind skeg) AR(1 + k2)R 81.27
Bilge keel surface area AB m2 78.8
Bilge keel form factor (1 + k2)B ‐ 1.40
Bilge keel appendage AB(1 + k2)B ‐ 110.28
Skeg surface area single screw AS m2 156.7
Skeg form factor (1 + k2)S ‐ 1.75
Skeg appendage AS(1 + k2)S ‐ 274.29
Appendages form factor (1 + k2) ‐ 1.58
Total appendage surface area SAPP m2 295.7
Total surface area (ship app) STOT m2 15980.0
Total resistance bow thruster tunnels RTH kN 0.0
7 coefficient c7 ‐ 0.176
1 coefficient c1 ‐ 9.349
3 coefficient c3 ‐ 0.000
2 coefficient c2 ‐ 1.000
5 coefficient c5 ‐ 0.921
15 coefficient c15 ‐ ‐1.694
16 coefficient c16 ‐ 1.136
Lambda coefficient λ ‐ 1.044
1 m coefficient m1 ‐ ‐2.127
4 m coefficient m4 ‐ ‐3.93E‐08
Forward sinkage at bulbous bow hF m 0.71
Local wave height at bow hW m 0.85
Froude number immersed bulbous bow Fn i−B ‐ 0.78
Bulb emergence parameter PB ‐ 0.00
Froude number immersed transom stern Fn i−T ‐ 1.87
6 coefficient c6 ‐ 0.125
4 coefficient c4 ‐ 0.04
Correlation allowance coefficient CA ‐ 0.000144
Total resistance RTOT kN 1350.8
Frictional resistance including form factor RF(1+ k1) kN 898.0
Resistance of appendages RAPP kN 19.2
Model‐ship correlation resistance RA kN 64.8
Wave‐making and wave‐breaking resistance RW kN 111.9
Additional pressure resistance of bulbous bow RB kN 0.0
Additional pressure resistance of transom stern RTR kN 235.0
Air resistance RAA kN 21.9



B.1. Resistance approximation example 123

Propulsion approximation example
Cielo D’Italia The detailed procedure results for the propulsion chain method for the original main
engine brake power of the Cielo D’Italia

Table B.3: Engine/propulsion power approximation for the
Cielo D’Italia

Parameter Symbol Unit Value

Viscous resistance coefficient CV ‐ 0.000040
8 coefficient c8 ‐ 71.81
9 coefficient c9 ‐ 31.67
11 coefficient c11 ‐ 0.72
19 coefficient c19 ‐ 0.13
20 coefficient c20 ‐ 1.00
CP1 coefficient CP1 ‐ 0.843
Wake fraction factor w ‐ 0.425
Thrust deduction factor t ‐ 0.163
Thrust T kN 1613.4
Hull efficiency ηH ‐ 1.457
Propeller expanded area ratio AE/AO ‐ 0.514
Propeller open water efficiency ηO ‐ 0.625
Relative rotative efficiency ηR ‐ 1.020
Advance speed of the propeller VA m/s 4.29
Shaft efficiency ηS ‐ 0.990
Gearbox efficiency ηGB ‐ 1.00
Effective towing power PE kW 10076.2
Thrust power PT kW 6917.9
Open water propeller power PO kW 11068.6
Propeller power PP kW 10854.6
Delivered power PP kW 10854.6
Shaft power PS kW 10964.3
Brake power main engine PB kW 10964.3
Maximum continuous rating engine power PMCR kW 12530.6
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Figure C.1: Design impact results bulk carriers
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Figure C.2: Design impact results tankers
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Figure C.3: Design impact results container ships
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Figure C.4: Design impact results TSHD





D
Detailed powering impact results

The powering impact is the result of the changed ship ship design to accommodate for the additional
bunker volume and weight. The powering impact results are displayed per ship type in table D.1 for bulk
carriers, in table D.2 for tankers, in table D.3 for container ships, and in table D.4 for TSHD’s. The brake
power impact only applies to the main engine (PB ME ) and the auxiliary engine power for the power plant
systems (PB AE PP ). The auxiliary engine power for the power plant systems (PB AE PP ) is calculated as a
percentage of the main engine brake power per energy carrier type (PPaux). The auxiliary engine power
for non power plant users (PB, AE non−PP ) remains constant as it is not influenced by the necessary
propulsion power. The general total installed brake power of all engines (PB, TOT ) is therefore calculated
according to equation D.1. An overview of the total installed brake power impact per energy carrier and
ship type combination is displayed in tabled 3.9.

PB, TOT =PB ME + PB AE PP + PB AE non−PP [kW ]

PB, TOT =PB ME + PB ME · PPaux + PB AE non−PP [kW ]

PB, TOT =PB ME · (1 + PPaux) + PB AE non−PP [kW ]

(D.1)

The total installed brake power of all engines for an AMEC (PB, TOT AMEC ) is therefore calculated ac‐
cording to equation D.2.

PB, TOT AMEC =
PB, ME AMEC 2

PB, ME FO
·PB, TOT [kW ]

PB, TOT AMEC =
PB, ME AMEC 2

PB, ME FO
·PB, ME · (1 + PPaux, AMEC) + PB, AE non−PP [kW ]

(D.2)

The following notations are used for the brake power definitions within the powering impact assessment
results:

PB, TOT AMEC = The total installed brake power for an AMEC after the full powering impact assessment
PB, TOT FO = The original total installed brake power (fuel oil)
PB, ME AMEC 2 = The main engine brake power after the full powering impact assessment for an AMEC
PB, ME AMEC 1 = The main engine brake power after the energy carrier substitution for an AMEC
PB, ME FO = The original main engine brake power (fuel oil)

The results are displayed in columns two to five of the result table according to equations D.3 to D.6
respectively:

PB TOT AMEC

PB TOT FO
= Total installed brake power impact of an AMEC after fuel oil

substitution and upscaling the bunkering
(D.3)
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PB ME AMEC 2

PB ME FO
=Main engine brake power (propulsion power) impact of an AMEC after fuel oil

substitution and upscaling the bunkering
(D.4)

PB ME AMEC 1

PB ME FO
=Main engine brake power impact of an AMEC after fuel oil substitution (D.5)

PB ME AMEC 2

PB ME AMEC 1
=Main engine brake power impact of an AMEC after upscaling the bunkering (D.6)

Table D.1: The average powering impact per energy carrier type in bulk carriers

BULK CARRIERS PB TOT AMEC

PB TOT FO

PB ME AMEC 2

PB ME FO

PB ME AMEC 1

PB ME FO

PB ME AMEC 2

PB ME AMEC 1

Fuel oil (original) 0.0% 0.0% 0.0% 0.0%
Methanol +1.9% +2.3% +2.2% +0.1%
LNG +0.9% +1.1% +1.1% +0.0%
Liq. hydrogen +8.6% +10.3% +9.4% +0.7%
Ammonia +3.7% +4.4% +4.2% +0.2%
Elec. + LIB +235.3% +280.8% +129.1% +66.2%

Table D.2: The average powering impact per energy carrier type in tankers

TANKERS PB TOT AMEC

PB TOT FO

PB ME AMEC 2

PB ME FO

PB ME AMEC 1

PB ME FO

PB ME AMEC 2

PB ME AMEC 1

Fuel oil (original) 0.0% 0.0% 0.0% 0.0%
Methanol +1.6% +2.2% +2.1% +0.1%
LNG +0.8% +1.1% +1.0% +0.0%
Liq. hydrogen +7.4% +9.8% +9.0% +0.7%
Ammonia +3.2% +4.2% +4.0% +0.3%
Elec. + LIB +234.4% +309.7% +135.7% +73.8%

Table D.3: The average powering impact per energy carrier type in container ships

CONTAINER SHIPS PB TOT AMEC

PB TOT FO

PB ME AMEC 2

PB ME FO

PB ME AMEC 1

PB ME FO

PB ME AMEC 2

PB ME AMEC 1

Fuel oil (original) 0.0% 0.0% 0.0% 0.0%
Methanol +2.6% +3.1% +3.0% +0.1%
LNG +1.0% +1.2% +1.2% +0.1%
Liq. hydrogen +8.4% +10.2% +9.0% +1.0%
Ammonia +4.9% +5.9% +5.4% +0.5%
Elec. + LIB +190.1% +229.7% +117.6% +51.5%

Table D.4: The average powering impact per energy carrier type in TSHDs

TSHDs PB TOT AMEC

PB TOT FO

PB ME AMEC 2

PB ME FO

PB ME AMEC 1

PB ME FO

PB ME AMEC 2

PB ME AMEC 1

Fuel oil (original) 0.0% 0.0% 0.0% 0.0%
Methanol +1.5% +3.1% +3.0% +0.1%
LNG +3.4% +7.5% +1.2% +6.2%
Liq. hydrogen +8.4% +17.2% +13.6% +3.2%
Ammonia +5.5% +11.6% +5.7% +5.6%
Elec. + LIB +249.9% +502.2% +225.7% +84.9%
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+4259%
+6525%

+15357%
+15739%

Fossilresource
scarcity

kg
oileq

5.33E‐02
‐74%

+43%
‐65%

+4%
‐81%

‐41%
‐85%

+46%
‐75%

+84%
‐20%

W
aterconsum

ption
m

3
5.72E‐07

+354210%
+77106%

+220498%
+18087%

+37251%
+144663%

+93199%
+886960%

+251375%
+295694%

+11980%

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

Endpointarea
ofprotection

U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix+LIB
E.ren+LIB

H
um
an
health

D
A
LY

1.99E‐07
+35%

‐34%
+12%

+19%
‐23%

‐78%
‐87%

+6%
‐77%

+313%
+36%

N
aturalenvironm

ent
Species

x
yr

6.97E‐10
+291%

‐43%
+265%

‐9%
‐44%

‐81%
‐89%

‐9%
‐80%

+112%
‐24%

Resource
scarcity

U
SD
(2013)

2.38E‐02
‐80%

‐98%
‐79%

‐19%
‐89%

‐100%
‐100%

‐100%
‐100%

+17%
‐25%

Pow
erplanteffi

ciency
‐

49.34%
49.34%

48.55%
43.88%

51.33%
85.70%

1
M
J
=
0.2778

kW
h
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Table
F.1:Totalenvironm

entalim
pactbulk

carriers
[LCIA

/M
J
shaft

output]

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

M
idpointim

pactcategory
U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

G
lobalw

arm
ing

kg
CO

2
eq

1.81E‐01
1.32E‐01

2.12E‐01
7.12E‐02

1.72E‐01
6.81E‐02

5.14E‐02
3.04E‐02

2.34E‐01
5.08E‐02

1.21E+00
4.61E‐01

Stratospheric
ozone

depletion
kg
CFC11

eq
3.70E‐08

8.58E‐07
3.63E‐08

5.34E‐08
2.41E‐08

2.52E‐08
1.40E‐08

1.33E‐08
2.90E‐08

2.27E‐08
3.29E‐07

3.58E‐08
lonizing

radiation
kBq

Co‐60
eq

4.93E‐05
2.04E‐03

1.05E‐03
5.56E‐03

1.66E‐03
2.99E‐03

1.07E‐03
1.68E‐03

2.21E‐03
1.07E‐02

9.32E‐02
1.10E‐03

O
zone

form
ation

(hum
an
health)

kg
N
O

X
eq

6.51E‐05
2.03E‐04

1.16E‐04
2.86E‐04

7.25E‐05
6.70E‐05

8.31E‐05
9.23E‐05

2.57E‐04
1.33E‐04

1.97E‐03
3.73E‐04

Fine
particulate

m
att
erform

ation
kg
PM

2.5
eq

3.97E‐05
1.63E‐04

5.86E‐05
1.54E‐04

5.30E‐05
6.58E‐05

4.87E‐05
5.96E‐05

1.15E‐04
9.11E‐05

2.22E‐03
5.88E‐04

O
zone

form
ation

(ecosystem
s)

kg
N
O

X
eq

6.85E‐05
2.13E‐04

1.26E‐04
2.94E‐04

7.80E‐05
6.79E‐05

8.79E‐05
9.66E‐05

2.68E‐04
1.38E‐04

1.99E‐03
3.88E‐04

Terrestrialacidification
kg
SO

2
eq

1.51E‐04
6.16E‐04

1.61E‐04
2.91E‐04

1.24E‐04
1.24E‐04

1.04E‐04
1.05E‐04

3.29E‐04
1.80E‐04

4.40E‐03
1.93E‐03

Freshw
atereutrophication

kg
P
eq

1.54E‐07
2.42E‐05

5.95E‐06
3.10E‐05

6.65E‐06
1.30E‐05

6.48E‐06
2.30E‐05

1.21E‐05
3.99E‐05

3.70E‐04
8.99E‐06

M
arine

eutrophication
kg
N
eq

2.74E‐06
2.67E‐04

6.19E‐07
1.14E‐05

6.59E‐07
3.31E‐06

6.87E‐07
3.65E‐06

1.38E‐06
4.88E‐06

2.59E‐05
1.80E‐06

Terrestrialecotoxicity
kg
1,4‐D

CB
9.86E‐03

1.29E‐01
2.04E‐02

2.05E‐01
1.13E‐02

2.62E‐02
2.03E‐02

1.57E‐01
1.48E‐01

1.86E‐01
5.17E‐01

1.77E‐01
Freshw

aterecotoxicity
kg
1,4‐D

CB
1.04E‐05

2.07E‐03
9.75E‐04

3.47E‐03
4.60E‐04

1.36E‐03
7.84E‐04

1.49E‐02
4.65E‐03

1.72E‐02
1.29E‐02

9.40E‐03
M
arine

ecotoxicity
kg
1,4‐D

CB
1.36E‐04

2.47E‐03
1.32E‐03

4.65E‐03
6.66E‐04

1.75E‐03
1.02E‐03

1.84E‐02
5.95E‐03

2.13E‐02
1.80E‐02

1.17E‐02
H
um
an
carcinogenic

toxicity
kg
1,4‐D

CB
1.46E‐05

3.30E‐03
2.21E‐03

6.84E‐03
1.66E‐03

1.98E‐03
1.43E‐03

4.52E‐02
9.37E‐03

5.11E‐02
3.39E‐02

2.85E‐02
H
um
an
non‐carcinogenic

toxicity
kg
1,4‐D

CB
2.23E‐02

1.33E‐01
1.84E‐02

1.67E‐01
1.36E‐02

2.70E‐02
1.65E‐02

7.33E‐02
7.04E‐02

1.03E‐01
5.51E‐01

4.90E‐02
Land

use
m

2a
crop

eq
1.66E‐02

2.44E‐01
6.15E‐04

2.54E‐01
4.00E‐04

4.92E‐03
2.85E‐04

2.51E‐03
1.49E‐03

3.19E‐03
1.05E‐02

1.67E‐03
M
ineralresource

scarcity
kg
Cu
eq

1.22E‐05
2.16E‐04

8.63E‐05
2.49E‐04

3.01E‐05
5.37E‐05

4.27E‐05
7.44E‐04

5.53E‐04
8.40E‐04

6.34E‐03
6.50E‐03

Fossilresource
scarcity

kg
oileq

5.33E‐02
1.41E‐02

7.77E‐02
1.92E‐02

5.61E‐02
1.02E‐02

3.42E‐02
8.53E‐03

8.07E‐02
1.40E‐02

3.28E‐01
1.42E‐01

W
aterconsum

ption
m

3
5.72E‐07

2.03E‐03
4.50E‐04

1.29E‐03
1.05E‐04

2.16E‐04
8.99E‐04

5.80E‐04
5.26E‐03

1.49E‐03
5.67E‐03

2.32E‐04

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

Endpointarea
ofprotection

U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

H
um
an
health

D
A
LY

1.99E‐07
2.68E‐07

1.34E‐07
2.27E‐07

2.39E‐07
1.54E‐07

4.77E‐08
2.83E‐08

2.18E‐07
4.72E‐08

2.75E‐06
9.04E‐07

N
aturalenvironm

ent
Species

x
yr

6.97E‐10
2.73E‐09

4.06E‐10
2.59E‐09

6.38E‐10
3.91E‐10

1.44E‐10
8.54E‐11

6.57E‐10
1.42E‐10

4.95E‐09
1.78E‐09

Resource
scarcity

U
SD
(2013)

2.38E‐02
4.80E‐03

5.01E‐04
5.03E‐03

1.96E‐02
2.55E‐03

3.93E‐15
2.33E‐15

1.79E‐14
3.89E‐15

9.34E‐02
5.99E‐02

Pow
erplanteffi

ciency
‐

49.34%
49.34%

48.55%
43.88%

51.33%
85.70%

Totalpow
ering

im
pact

‐
0.0%

+1.9%
+0.9%

+8.6%
+3.7%

+235.3%

1
M
J
=
0.2778

kW
h
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Table
F.2:Totalenvironm

entalim
pacttankers

[LCIA
/M
J
shaft

output]

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

M
idpointim

pactcategory
U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

G
lobalw

arm
ing

kg
CO

2
eq

1.81E‐01
1.32E‐01

2.12E‐01
7.10E‐02

1.72E‐01
6.80E‐02

5.08E‐02
3.01E‐02

2.33E‐01
5.06E‐02

1.20E+00
4.59E‐01

Stratospheric
ozone

depletion
kg
CFC11

eq
3.70E‐08

8.58E‐07
3.62E‐08

5.33E‐08
2.40E‐08

2.52E‐08
1.39E‐08

1.31E‐08
2.89E‐08

2.26E‐08
3.28E‐07

3.58E‐08
lonizing

radiation
kBq

Co‐60
eq

4.93E‐05
2.04E‐03

1.05E‐03
5.55E‐03

1.66E‐03
2.99E‐03

1.06E‐03
1.66E‐03

2.20E‐03
1.07E‐02

9.30E‐02
1.10E‐03

O
zone

form
ation

(hum
an
health)

kg
N
O

X
eq

6.51E‐05
2.03E‐04

1.16E‐04
2.85E‐04

7.24E‐05
6.69E‐05

8.22E‐05
9.13E‐05

2.56E‐04
1.32E‐04

1.96E‐03
3.72E‐04

Fine
particulate

m
att
erform

ation
kg
PM

2.5
eq

3.97E‐05
1.63E‐04

5.84E‐05
1.54E‐04

5.30E‐05
6.57E‐05

4.82E‐05
5.90E‐05

1.14E‐04
9.06E‐05

2.21E‐03
5.87E‐04

O
zone

form
ation

(ecosystem
s)

kg
N
O

X
eq

6.85E‐05
2.13E‐04

1.25E‐04
2.93E‐04

7.79E‐05
6.78E‐05

8.69E‐05
9.56E‐05

2.67E‐04
1.37E‐04

1.99E‐03
3.87E‐04

Terrestrialacidification
kg
SO

2
eq

1.51E‐04
6.16E‐04

1.61E‐04
2.91E‐04

1.24E‐04
1.24E‐04

1.02E‐04
1.04E‐04

3.27E‐04
1.79E‐04

4.38E‐03
1.93E‐03

Freshw
atereutrophication

kg
P
eq

1.54E‐07
2.42E‐05

5.94E‐06
3.09E‐05

6.64E‐06
1.30E‐05

6.41E‐06
2.27E‐05

1.21E‐05
3.97E‐05

3.69E‐04
8.97E‐06

M
arine

eutrophication
kg
N
eq

2.74E‐06
2.67E‐04

6.17E‐07
1.14E‐05

6.58E‐07
3.31E‐06

6.80E‐07
3.61E‐06

1.37E‐06
4.86E‐06

2.58E‐05
1.80E‐06

Terrestrialecotoxicity
kg
1,4‐D

CB
9.86E‐03

1.29E‐01
2.04E‐02

2.05E‐01
1.13E‐02

2.62E‐02
2.00E‐02

1.56E‐01
1.47E‐01

1.85E‐01
5.16E‐01

1.77E‐01
Freshw

aterecotoxicity
kg
1,4‐D

CB
1.04E‐05

2.07E‐03
9.73E‐04

3.47E‐03
4.60E‐04

1.35E‐03
7.75E‐04

1.48E‐02
4.62E‐03

1.71E‐02
1.29E‐02

9.38E‐03
M
arine

ecotoxicity
kg
1,4‐D

CB
1.36E‐04

2.47E‐03
1.31E‐03

4.64E‐03
6.65E‐04

1.75E‐03
1.01E‐03

1.82E‐02
5.92E‐03

2.12E‐02
1.79E‐02

1.17E‐02
H
um
an
carcinogenic

toxicity
kg
1,4‐D

CB
1.46E‐05

3.30E‐03
2.20E‐03

6.82E‐03
1.66E‐03

1.98E‐03
1.42E‐03

4.47E‐02
9.32E‐03

5.09E‐02
3.38E‐02

2.84E‐02
H
um
an
non‐carcinogenic

toxicity
kg
1,4‐D

CB
2.23E‐02

1.33E‐01
1.84E‐02

1.67E‐01
1.36E‐02

2.70E‐02
1.63E‐02

7.25E‐02
7.00E‐02

1.02E‐01
5.50E‐01

4.89E‐02
Land

use
m

2a
crop

eq
1.66E‐02

2.44E‐01
6.13E‐04

2.53E‐01
3.99E‐04

4.92E‐03
2.82E‐04

2.49E‐03
1.48E‐03

3.17E‐03
1.04E‐02

1.66E‐03
M
ineralresource

scarcity
kg
Cu
eq

1.22E‐05
2.16E‐04

8.61E‐05
2.48E‐04

3.01E‐05
5.37E‐05

4.22E‐05
7.36E‐04

5.50E‐04
8.36E‐04

6.32E‐03
6.48E‐03

Fossilresource
scarcity

kg
oileq

5.33E‐02
1.41E‐02

7.75E‐02
1.92E‐02

5.60E‐02
1.02E‐02

3.39E‐02
8.44E‐03

8.03E‐02
1.40E‐02

3.27E‐01
1.42E‐01

W
aterconsum

ption
m

3
5.72E‐07

2.03E‐03
4.49E‐04

1.28E‐03
1.05E‐04

2.15E‐04
8.90E‐04

5.73E‐04
5.23E‐03

1.48E‐03
5.66E‐03

2.31E‐04

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

Endpointarea
ofprotection

U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

H
um
an
health

D
A
LY

1.99E‐07
2.68E‐07

1.34E‐07
2.26E‐07

2.38E‐07
1.54E‐07

4.72E‐08
2.80E‐08

2.16E‐07
4.69E‐08

2.75E‐06
9.01E‐07

N
aturalenvironm

ent
Species

x
yr

6.97E‐10
2.73E‐09

4.05E‐10
2.59E‐09

6.37E‐10
3.90E‐10

1.42E‐10
8.44E‐11

6.53E‐10
1.42E‐10

4.93E‐09
1.78E‐09

Resource
scarcity

U
SD
(2013)

2.38E‐02
4.80E‐03

5.00E‐04
5.02E‐03

1.96E‐02
2.54E‐03

3.89E‐15
2.31E‐15

1.78E‐14
3.87E‐15

9.31E‐02
5.97E‐02

Pow
erplanteffi

ciency
‐

49.34%
49.34%

48.55%
43.88%

51.33%
85.70%

Totalpow
ering

im
pact

‐
0.0%

+1.6%
+0.8%

+7.4%
+3.2%

+234.4%

1
M
J
=
0.2778

kW
h
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Table
F.3:Totalenvironm

entalim
pactcontainerships

[LCIA
/M
J
shaft

output]

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

M
idpointim

pactcategory
U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

G
lobalw

arm
ing

kg
CO

2
eq

1.81E‐01
1.32E‐01

2.14E‐01
7.17E‐02

1.72E‐01
6.81E‐02

5.13E‐02
3.04E‐02

2.37E‐01
5.14E‐02

1.04E+00
3.98E‐01

Stratospheric
ozone

depletion
kg
CFC11

eq
3.70E‐08

8.58E‐07
3.66E‐08

5.38E‐08
2.41E‐08

2.52E‐08
1.40E‐08

1.33E‐08
2.93E‐08

2.29E‐08
2.85E‐07

3.10E‐08
lonizing

radiation
kBq

Co‐60
eq

4.93E‐05
2.04E‐03

1.06E‐03
5.60E‐03

1.66E‐03
2.99E‐03

1.07E‐03
1.67E‐03

2.24E‐03
1.08E‐02

8.06E‐02
9.55E‐04

O
zone

form
ation

(hum
an
health)

kg
N
O

X
eq

6.51E‐05
2.03E‐04

1.17E‐04
2.88E‐04

7.26E‐05
6.71E‐05

8.30E‐05
9.21E‐05

2.60E‐04
1.34E‐04

1.70E‐03
3.23E‐04

Fine
particulate

m
att
erform

ation
kg
PM

2.5
eq

3.97E‐05
1.63E‐04

5.90E‐05
1.55E‐04

5.31E‐05
6.59E‐05

4.86E‐05
5.95E‐05

1.16E‐04
9.21E‐05

1.92E‐03
5.09E‐04

O
zone

form
ation

(ecosystem
s)

kg
N
O

X
eq

6.85E‐05
2.13E‐04

1.27E‐04
2.96E‐04

7.80E‐05
6.80E‐05

8.77E‐05
9.64E‐05

2.71E‐04
1.39E‐04

1.72E‐03
3.36E‐04

Terrestrialacidification
kg
SO

2
eq

1.51E‐04
6.16E‐04

1.62E‐04
2.93E‐04

1.24E‐04
1.24E‐04

1.03E‐04
1.05E‐04

3.32E‐04
1.82E‐04

3.80E‐03
1.67E‐03

Freshw
atereutrophication

kg
P
eq

1.54E‐07
2.42E‐05

5.99E‐06
3.12E‐05

6.66E‐06
1.31E‐05

6.46E‐06
2.29E‐05

1.23E‐05
4.03E‐05

3.20E‐04
7.78E‐06

M
arine

eutrophication
kg
N
eq

2.74E‐06
2.67E‐04

6.23E‐07
1.15E‐05

6.60E‐07
3.31E‐06

6.86E‐07
3.65E‐06

1.39E‐06
4.94E‐06

2.24E‐05
1.56E‐06

Terrestrialecotoxicity
kg
1,4‐D

CB
9.86E‐03

1.29E‐01
2.06E‐02

2.06E‐01
1.13E‐02

2.62E‐02
2.02E‐02

1.57E‐01
1.49E‐01

1.88E‐01
4.47E‐01

1.53E‐01
Freshw

aterecotoxicity
kg
1,4‐D

CB
1.04E‐05

2.07E‐03
9.82E‐04

3.50E‐03
4.61E‐04

1.36E‐03
7.82E‐04

1.49E‐02
4.70E‐03

1.74E‐02
1.12E‐02

8.13E‐03
M
arine

ecotoxicity
kg
1,4‐D

CB
1.36E‐04

2.47E‐03
1.33E‐03

4.69E‐03
6.67E‐04

1.75E‐03
1.02E‐03

1.84E‐02
6.02E‐03

2.15E‐02
1.55E‐02

1.01E‐02
H
um
an
carcinogenic

toxicity
kg
1,4‐D

CB
1.46E‐05

3.30E‐03
2.22E‐03

6.89E‐03
1.66E‐03

1.98E‐03
1.43E‐03

4.51E‐02
9.47E‐03

5.17E‐02
2.93E‐02

2.46E‐02
H
um
an
non‐carcinogenic

toxicity
kg
1,4‐D

CB
2.23E‐02

1.33E‐01
1.86E‐02

1.68E‐01
1.36E‐02

2.70E‐02
1.65E‐02

7.32E‐02
7.11E‐02

1.04E‐01
4.77E‐01

4.24E‐02
Land

use
m

2a
crop

eq
1.66E‐02

2.44E‐01
6.19E‐04

2.55E‐01
4.00E‐04

4.93E‐03
2.84E‐04

2.51E‐03
1.50E‐03

3.22E‐03
9.05E‐03

1.44E‐03
M
ineralresource

scarcity
kg
Cu
eq

1.22E‐05
2.16E‐04

8.69E‐05
2.51E‐04

3.01E‐05
5.38E‐05

4.26E‐05
7.42E‐04

5.59E‐04
8.50E‐04

5.48E‐03
5.62E‐03

Fossilresource
scarcity

kg
oileq

5.33E‐02
1.41E‐02

7.82E‐02
1.93E‐02

5.61E‐02
1.02E‐02

3.42E‐02
8.52E‐03

8.16E‐02
1.42E‐02

2.84E‐01
1.23E‐01

W
aterconsum

ption
m

3
5.72E‐07

2.03E‐03
4.53E‐04

1.29E‐03
1.05E‐04

2.16E‐04
8.98E‐04

5.79E‐04
5.32E‐03

1.51E‐03
4.91E‐03

2.00E‐04

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

Endpointarea
ofprotection

U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

H
um
an
health

D
A
LY

1.99E‐07
2.68E‐07

1.35E‐07
2.28E‐07

2.39E‐07
1.54E‐07

4.76E‐08
2.82E‐08

2.20E‐07
4.77E‐08

2.38E‐06
7.82E‐07

N
aturalenvironm

ent
Species

x
yr

6.97E‐10
2.73E‐09

4.09E‐10
2.61E‐09

6.38E‐10
3.91E‐10

1.44E‐10
8.52E‐11

6.64E‐10
1.44E‐10

4.28E‐09
1.54E‐09

Resource
scarcity

U
SD
(2013)

2.38E‐02
4.80E‐03

5.05E‐04
5.06E‐03

1.96E‐02
2.55E‐03

3.92E‐15
2.33E‐15

1.81E‐14
3.93E‐15

8.08E‐02
5.18E‐02

Pow
erplanteffi

ciency
‐

49.34%
49.34%

48.55%
43.88%

51.33%
85.70%

Totalpow
ering

im
pact

‐
0.0%

+2.6%
+1.0%

+8.4%
+4.9%

+190.1%

1
M
J
=
0.2778

kW
h
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Table
F.4:Totalenvironm

entalim
pactTSH

D
s
[LCIA

/M
J
shaft

output]

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

M
idpointim

pactcategory
U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

G
lobalw

arm
ing

kg
CO

2
eq

1.81E‐01
1.32E‐01

2.12E‐01
7.09E‐02

1.76E‐01
6.98E‐02

5.12E‐02
3.04E‐02

2.38E‐01
5.17E‐02

1.26E+00
4.81E‐01

Stratospheric
ozone

depletion
kg
CFC11

eq
3.70E‐08

8.58E‐07
3.62E‐08

5.32E‐08
2.47E‐08

2.58E‐08
1.40E‐08

1.33E‐08
2.95E‐08

2.31E‐08
3.44E‐07

3.74E‐08
lonizing

radiation
kBq

Co‐60
eq

4.93E‐05
2.04E‐03

1.05E‐03
5.54E‐03

1.70E‐03
3.07E‐03

1.07E‐03
1.67E‐03

2.25E‐03
1.09E‐02

9.73E‐02
1.15E‐03

O
zone

form
ation

(hum
an
health)

kg
N
O

X
eq

6.51E‐05
2.03E‐04

1.16E‐04
2.85E‐04

7.43E‐05
6.87E‐05

8.29E‐05
9.20E‐05

2.62E‐04
1.35E‐04

2.05E‐03
3.89E‐04

Fine
particulate

m
att
erform

ation
kg
PM

2.5
eq

3.97E‐05
1.63E‐04

5.84E‐05
1.54E‐04

5.44E‐05
6.75E‐05

4.86E‐05
5.95E‐05

1.17E‐04
9.27E‐05

2.31E‐03
6.14E‐04

O
zone

form
ation

(ecosystem
s)

kg
N
O

X
eq

6.85E‐05
2.13E‐04

1.25E‐04
2.93E‐04

7.99E‐05
6.96E‐05

8.77E‐05
9.64E‐05

2.73E‐04
1.40E‐04

2.08E‐03
4.05E‐04

Terrestrialacidification
kg
SO

2
eq

1.51E‐04
6.16E‐04

1.61E‐04
2.90E‐04

1.27E‐04
1.27E‐04

1.03E‐04
1.05E‐04

3.34E‐04
1.83E‐04

4.59E‐03
2.02E‐03

Freshw
atereutrophication

kg
P
eq

1.54E‐07
2.42E‐05

5.93E‐06
3.09E‐05

6.82E‐06
1.34E‐05

6.46E‐06
2.29E‐05

1.23E‐05
4.06E‐05

3.86E‐04
9.38E‐06

M
arine

eutrophication
kg
N
eq

2.74E‐06
2.67E‐04

6.16E‐07
1.14E‐05

6.76E‐07
3.39E‐06

6.85E‐07
3.65E‐06

1.40E‐06
4.97E‐06

2.70E‐05
1.88E‐06

Terrestrialecotoxicity
kg
1,4‐D

CB
9.86E‐03

1.29E‐01
2.04E‐02

2.04E‐01
1.16E‐02

2.69E‐02
2.02E‐02

1.57E‐01
1.50E‐01

1.89E‐01
5.39E‐01

1.85E‐01
Freshw

aterecotoxicity
kg
1,4‐D

CB
1.04E‐05

2.07E‐03
9.72E‐04

3.46E‐03
4.72E‐04

1.39E‐03
7.82E‐04

1.49E‐02
4.73E‐03

1.75E‐02
1.35E‐02

9.81E‐03
M
arine

ecotoxicity
kg
1,4‐D

CB
1.36E‐04

2.47E‐03
1.31E‐03

4.64E‐03
6.83E‐04

1.79E‐03
1.02E‐03

1.84E‐02
6.05E‐03

2.17E‐02
1.88E‐02

1.22E‐02
H
um
an
carcinogenic

toxicity
kg
1,4‐D

CB
1.46E‐05

3.30E‐03
2.20E‐03

6.82E‐03
1.70E‐03

2.03E‐03
1.43E‐03

4.51E‐02
9.53E‐03

5.20E‐02
3.54E‐02

2.97E‐02
H
um
an
non‐carcinogenic

toxicity
kg
1,4‐D

CB
2.23E‐02

1.33E‐01
1.84E‐02

1.67E‐01
1.40E‐02

2.77E‐02
1.65E‐02

7.31E‐02
7.16E‐02

1.05E‐01
5.75E‐01

5.12E‐02
Land

use
m

2a
crop

eq
1.66E‐02

2.44E‐01
6.13E‐04

2.53E‐01
4.10E‐04

5.05E‐03
2.84E‐04

2.51E‐03
1.51E‐03

3.24E‐03
1.09E‐02

1.74E‐03
M
ineralresource

scarcity
kg
Cu
eq

1.22E‐05
2.16E‐04

8.60E‐05
2.48E‐04

3.08E‐05
5.51E‐05

4.26E‐05
7.42E‐04

5.62E‐04
8.55E‐04

6.61E‐03
6.78E‐03

Fossilresource
scarcity

kg
oileq

5.33E‐02
1.41E‐02

7.74E‐02
1.91E‐02

5.75E‐02
1.05E‐02

3.42E‐02
8.51E‐03

8.21E‐02
1.43E‐02

3.43E‐01
1.48E‐01

W
aterconsum

ption
m

3
5.72E‐07

2.03E‐03
4.48E‐04

1.28E‐03
1.08E‐04

2.21E‐04
8.97E‐04

5.78E‐04
5.35E‐03

1.52E‐03
5.92E‐03

2.42E‐04

Fueloil
M
ethanol

LN
G

Liq.hydrogen
A
m
m
onia

Elec.+
LIB

Endpointarea
ofprotection

U
nit

D
iesel

Bio
diesel

M
ethanol

Bio
m
eth.

LN
G

Bio
LN
G

LH
2

eLH
2

N
H

3
eN
H

3
E.m

ix
+
LIB

E.renew
+
LIB

H
um
an
health

D
A
LY

1.99E‐07
2.68E‐07

1.34E‐07
2.26E‐07

2.45E‐07
1.58E‐07

4.76E‐08
2.82E‐08

2.21E‐07
4.80E‐08

2.87E‐06
9.43E‐07

N
aturalenvironm

ent
Species

x
yr

6.97E‐10
2.73E‐09

4.05E‐10
2.58E‐09

6.54E‐10
4.01E‐10

1.44E‐10
8.52E‐11

6.68E‐10
1.45E‐10

5.16E‐09
1.86E‐09

Resource
scarcity

U
SD
(2013)

2.38E‐02
4.80E‐03

4.99E‐04
5.01E‐03

2.01E‐02
2.61E‐03

3.92E‐15
2.33E‐15

1.82E‐14
3.96E‐15

9.74E‐02
6.25E‐02

Pow
erplanteffi

ciency
‐

49.34%
49.34%

48.55%
43.88%

51.33%
85.70%

Totalpow
ering

im
pact

‐
0.0%

+1.5%
+3.4%

+8.4%
+5.5%

+249.9%

1
M
J
=
0.2778

kW
h
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