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Abstract: Supporting policies to achieve a green revolution and ecological transition is a global
trend. Although the maritime transport of goods and people can rightly be counted among the least
polluting sectors, much can be done to further reduce its environmental footprint. Moreover, to
boost the ecological transition of vessels, a whole series of international regulations and national
laws have been promulgated. Among these, the most impactful on both design and operational
management of ships concern the containment of air-polluting emissions in terms of GHG, NOx,
SOx and PM. To address this challenge, it might seem that many technologies already successfully
used in other transport sectors could be applied. However, the peculiar characteristics of ships make
this statement not entirely true. In fact, technological solutions recently adopted, for example, in the
automotive sector must deal with the large size of vessels and the consequent large amount of energy
necessary for their operation. In this paper, with reference to the case study of a medium/large-sized
passenger cruise ship, the use of different fuels (LNG, ammonia, hydrogen) and technologies (internal
combustion engines, fuel cells) for propulsion and energy generation on board will be compared.
By imposing the design constraint of not modifying the payload and the speed of the ship, the
criticalities linked to the use of one fuel rather than another will be highlighted. The current limits of
application of some fuels will be made evident, with reference to the state of maturity of the relevant
technologies. Furthermore, the operational consequences in terms of autonomy reduction will be
presented. The obtained results underline the necessity for shipowners and shipbuilders to reflect
on the compromises required by the challenges of the ecological transition, which will force them to
choose between reducing payload or reducing performance.
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1. Introduction

Ships are responsible for almost all world trade; in fact, about 90% of goods are
transported by sea [1]. Maritime transport allows moving large quantities of goods in an
economic, efficient and sustainable way, even over long distances [2]. Passenger transport
by sea also has a relevant role. The world fleet is composed of about 120,000 ships (having
more than 100 GT), and 7.6% of them are passenger ships [3]. The data for the year 2019
show that passenger ships transported about 29.7 million people [4]. Among these vessels,
a significant percentage is made up of cruise ships, especially as regards the turnover
generated. As a matter of fact, in 2021, despite the limitations imposed to fight the COVID-
19 pandemic, cruise ship industry revenues reached USD 13.6 billion [5]. The forecasts for
2023 suggest that the number of passengers and revenue will return to the levels of 2019 [5].

The indissoluble link between the global economy and international transport by sea
identifies the weight that shipping has in terms of emissions of pollutants and greenhouse
gases (GHG), due to the volume of traffic involved. Phenomena such as climate change
and rising temperatures, associated with the release of these substances, have led govern-
ments and international bodies to issue regulatory measures for greening the maritime
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industry. In this framework, international regulations such as the Paris Agreement [6]
and the International Maritime Organization (IMO) resolutions [7] were issued to impose
limitations on emissions of pollutant substances. Among these substances, greenhouse
gases (GHGs) must be reduced the most; indeed, according to the IMO, their quantity
at entire fleet level is expected to sit at 50% by 2050 with respect to the 2018 levels, with
a specific measure regarding carbon dioxide (CO,) that requires a reduction of 70% per
transport work [7]. In addition to the aforementioned regulations, the European Union
(EU) introduced resolutions aimed at addressing climate changes that are in force within
the EU area and its inbound and outbound transport routes, such as the “Fit for 55” policy.
The most relevant rules introduced by the EU are an emission trading system for maritime
transport (similar to the one already existing for land producers), the FuelEU Maritime
Initiative and the Energy Taxation Directive. In particular, the FuelEU imposes a maximum
tier on a quantity that could be defined as the GHG intensity of the energy used on board
ships, and requirements regarding power supply modes and emissions levels at berth in
ports. As a target, the 2020 fleet average level of GHG intensity should be reduced starting
from 2025 and should reach a reduction of 75% by 2050 [8]. As for the Energy Taxation
Directive, it aims at promoting sustainable and environmentally friendly fuel usage; hence,
it introduces a new taxation structure that impacts fuel and electricity and is based on the
energy efficiency and environmental performance of vessels.

Therefore, in response to recent regulatory limits, the challenge of energy transition
has also begun in the maritime sector, which requires its major players to make decisions
that are difficult to predict and have a great impact on the future of shipping and the related
production chains.

To increase the energy efficiency of ships and reduce their environmental impact across
time, different strategies have been developed and tested with an increasing impact on
the structure of the vessel [9]. In the passenger ship sector, and in particular for cruise
ships, the keyword immediately identified was vehicle electrification. Many innovative
technologies have found application on board passenger ships, integrating appropriate
storage systems for energy so that it can be available at the right time [10]. For small-
and medium-sized ships (<30,000 GT), the optimal solution proved to the application
of hybrid-electric propulsion systems with battery-based storage systems [11]. For large
ships that may need up to 80 MW, the available technologies are not yet mature enough
to be used on board. In other words, it is still early for disruptive innovations and it is
necessary to identify a technological roadmap that allows the incremental achievement
of the decarbonization result using technologies that are mature or are maturing in the
short term. The greater risk is the loss of performance/payload. Many new fuels are
being tested even though it is worth remembering that traditional diesel engines have an
exceptional efficiency of 52%. In any case, a fundamental issue to address will be the cold
ironing/recharging of the energy storage systems installed on board in port [12].

In this article, after a description of the technologies already or soon-to-be available on
the market, a reference 112,000 GT ship was selected to estimate and present the impact
of the adoption of new fuel/generation systems in terms of capacity and consumption.
Although cruise ships represent just a small part of the maritime transport sector, their
choice is justified by their complex layout compared to merchant vessels along with their
peculiar operative profile. Cruise ships should satisfy relevant hotel loads even at berth,
having a higher environmental impact in port [13]. Considering that they are often berthed
near city centers and that their operation is far less justifiable to the general public compared
to merchant vessels, defining strategies towards passenger ships’ ecological transition is
a primary concern. Furthermore, the introduction of alternative fuels and new power-
generation technologies is far more challenging in terms of space availability and impact
on range on a cruise ship compared to merchant vessels, where new storage might be
fitted on main deck or beside/beneath the superstructure [14]. In this work, the focus is on
technical aspects, leaving aside other primary concerns such as emissions (that can be easily
computed from fuel consumption rates by applying proper emission factors) or economic
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aspects (due to the current volatility of the market and unpredictable effects of an increase
in the demand for green fuels). Subsequently, step-by-step innovation solutions will be
proposed with the aim of providing a series of technology mixes specifically suited to
passenger ships, assuming improvements in the efficiency of the components. Specifically,
the focus will be on liquid natural gas (LNG) and two alternative fuels applicable to the
cruise sector: ammonia (AMM) and liquid hydrogen (HYD). They have been considered as
the most challenging due to their temperature, toxicity and storing/fuel system compared
to other viable options such as methanol. In fact, methanol can be stored in structural tanks
at atmospheric pressure and temperature like traditional fuels. Thus, due to its volumetric
energy density, it just implies a reduction in range if cruise ship layout is kept as it is. On
the other hand, AMM, LNG, and HYD are far more challenging since they require special
containment systems, which have a significant impact on cruise ship internal layout.

2. Technology Overview

In this section, an overview of the conventional energy-generation system on cruise
ships is presented first. Then, the effects of the application of LNG as a transition fuel
towards decarbonization are discussed. Furthermore, alternative fuels (ammonia and
hydrogen) and the technological implications/challenges of their adoption on a cruise ship
are discussed. The focus is on internal combustion engines (ICEs) and two of the most
promising types of fuel cells in the maritime fields.

2.1. Conventional Energy-Generation System on Cruise Ships

Nowadays, most existing ships utilize liquid fossil fuels [15]. Specifically, 47% of ships
in the world fleet, corresponding to 69% of total gross tonnage, still use heavy fuel oil
(HFO) as primary fuel [16]. In 2017, 76% of marine fuel consumed was HFO, whereas 23%
was marine diesel oil (MDO) [17]. The most important parameter when dealing with fossil
fuels is the carbon/hydrogen (C/H) ratio, which impacts the main fuel characteristics,
e.g., density, viscosity, heat value, etc. Liquid fossil fuels are composed of a mixture of
hydrocarbons derived from crude oil distillation at different temperatures. These fuels are
employed in ICEs, which convert the fuel chemical energy into mechanical energy.

The combustion creates five main types of pollutants: carbon dioxide (CO,), the
most relevant greenhouse gas, sulfur oxides (SOx) depending on the sulfur content in the
fuel, nitrogen oxides (NOx) depending mostly on the combustion temperature, particular
matter (PM), divided into PM0.1, PM2.5, and PM10 based on particle size, and volatile
organic compounds (VOC). Recently, several international regulations stated limits for
pollutants emissions; in particular, the sulfur content in liquid fuels and the emissions of
NOx and CO, were regulated through the introduction of the Energy Efficiency Design
Index (EEDI), Energy Efficiency Existing Ship Index (EEXI), and Carbon Intensity Indicator
(CII) limits [9,18]. These led to the adoption of devices to treat exhaust gases such as
scrubbers for SOx [19,20] and selective catalytic reduction (SCR) reactors for NOx [21,22].
These systems require additional capital, operative costs, and space (especially scrubbers),
leading to larger engine casing that reduces ships’ payload (i.e., number of cabins and area
of public spaces).

However, these systems do not radically change the energy-generation/distribution
system of conventional cruise vessels fueled with MDO or HFO, which represent the
large majority of the world fleet. Most cruise ships have diesel-electric propulsion sys-
tems. Usually, four to six 4-stroke ICE generators are located in two separate watertight
compartments. Then, the electric power is distributed through the main switchboards
to the propulsion electric motors (PEMs) and all the other systems which use electricity
(e.g., conditioning systems, auxiliaries, lighting systems, navigation systems, etc.). Hence,
two propellers are driven by two PEMs that can be located on board (connected through
traditional shaft lines) or in pods. In conventional cruise vessels, fuel is stored in structural
tanks, usually located in the double bottom.
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2.2. LNG as a Transition Fuel

Starting from the beginning of this century, the development of dual-fuel 4-stroke
engines capable of utilizing both liquid fuels and natural gas fostered the application of
LNG as a marine fuel. In the 2010s, the applicability of this technology was improved by
the introduction of 2-stroke dual-fuel engines into the market that became an interesting
alternative for merchant ships. LNG, obtained by purification and liquefaction of natu-
ral gas, is the greenest fossil fuel, having reduced emissions of all the main pollutants
when used in 4-stroke ICEs (CO, reduction about 20-30%, NOyx 80-85%, SOx 92-99%,
PM 95-97% [23-26]). Nevertheless, natural gas has 28-34 times higher global warming
potential compared to CO,. Hence, in the long term, the emissions of unburned methane
coming from LNG-fueled ships (methane slip) might provide a relevant contribution to cli-
mate change and should be limited by dedicated rules [27]. Nonetheless, LNG-fueled ships
comply with current international regulations for emissions without the need for scrubbers
or SCR systems. This aspect, along with the lower price compared to liquid fuels in recent
decades, has driven an increase in LNG-fueled ships and a continuous development of
bunkering facilities [28]. Now, about 2% of the world fleet is LNG-fueled [15] with an
increasing share in new orders. LNG has good technological maturity and a well-defined
rule framework [29]. Therefore, it can be considered a good transition fuel, moving towards
greener and alternative ones [30].

On a cruise ship, ICE dual-fuel generators are currently used. Hence, the conventional
energy-generation and distribution systems are only slightly affected by the introduction of
LNG as a marine fuel. The main changes compared with traditional solutions concern fuel
storage and the fuel systems (from storage to ICEs), which can be combined in a dedicated
module. LNG requires a storage temperature of about —163 °C to maintain its liquid state.
Hence, it should be stored in insulated cryogenic tanks. Moreover, the IGF code states
specific requirements regarding the positioning of these storage tanks; they should be
located at proper distances from the side shell and bottom. In addition, LNG has a lower
volumetric energy density compared to liquid fossil fuels (Table 1, Figure 1). Thus, keeping
constant the stored energy, the required tank volumes of LNG are 1.2 times those of HFO.
Considering the insulation and shape of storage spaces, a more realistic volume factor
related to HFO is greater than 2 [31].

Table 1. Comparison between fuels [15].

Fuel Lower Calorific Densi Volumetric Energy Storage Storage Volumetric
Value (LCV) ty Density Pressure Temperature Factor_HFO
- [MJ/kg] [t/m3] [MJ/m3] [bar] [°Cl -
HFO 42.70 0.97 41,419 1.0 50 1.0
MDO 44.00 0.87 38,280 1.0 20 0.9
LNG 49.80 0.45 22,410 1.0 —163 1.8
AMM! 18.60 0.68 12,648 1.0 —33 3.3
HYD 2 120.0 0.07 8520 1.0 —253 49

1 Ammonia is considered to be stored in liquid state. 2 Hydrogen is considered to be stored in liquid state.
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Figure 1. Comparison between fuels in terms of LCV and volumetric energy density.

Regarding the containment system, four categories can be defined according to IGF

code [29]:

IMO Type-A: self-supporting independent prismatic tanks with two barriers (the second
enclosing the tank and capable of containing LNG for 15 days. LNG should be maintained
at —163 °C at a pressure lower than 0.7 bar. They are independent of ship structure and
usually prefabricated using 9% nickel steel, stainless steel, and /or aluminum.

IMO Type-B: similar to IMO Type-A but having only a partial secondary barrier, still
capable of containing LNG for 15 days. They are usually made of 9% nickel steel
and/or high-manganese steel.

IMO Type-C: single-barrier self-sustaining tanks having cylindrical, bilobate, or trilo-
bate design. They imply the worst space utilization compared to other types, but they
can operate at pressures higher than 2 bars. They are independent of ship structure,
usually prefabricated using 9% nickel steel and can be fitted below deck or on the
open decks.

Membrane: prismatic tanks supported by ship structure with two barriers. They
should be constructed inside the pre-manufactured tank compartment and are usually
made of stainless steel. As with IMO Types A and B, LNG should be maintained at
—163 °C at a pressure lower than 0.7 bar.

2.3. Alternative Fuels

Although greener than traditional fuels, LNG is still a fossil fuel that implies relevant

emissions of GHG. To move towards climate-neutral shipping, several alternative marine
fuels have recently been proposed and tested. As mentioned, in this work, ammonia and
hydrogen will be investigated.

Ammonia is a colorless, toxic, corrosive gas that contains no carbon and, thus, can-

not generate CO, when used as fuel. In fact, the following combustion reaction applies
to ammonia:

ANH; 4 30, — 2N, + 6H,0 )
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Ammonia is not present in kind; thus, it is produced by combining hydrogen (Hy)
and nitrogen (Ny). Depending on the production process, it is classified as gray, blue, or
green ammonia. Gray and blue ammonia are produced from methane using the Haber—
Bosch process that emits carbon dioxide. If the process is combined with carbon capture,
blue ammonia is obtained, otherwise, it is classified as gray. Green ammonia is produced
through electrolysis using renewable energy for electricity generation (e.g., wind, solar
energy, etc.) [32]. Ammonia can be stored in liquid phase at —33 °C at atmospheric pressure.
Thus, although temperatures are higher compared to LNG, it should be stored in cryogenic
tanks made of proper materials to avoid corrosion. Additionally, the fuel system should
avoid materials such as mild steel with impurities/contaminants that are corroded by
ammonia. Ammonia presents boil-off rates of about 0.025% [33], which can increase the
pressure inside the tank and should be re-liquefied to avoid spills in the atmosphere.
Ammonia is extremely dangerous compared to LNG, although it is less flammable. LNG is
mostly composed of methane, which is a powerful GHG, but ammonia is toxic for humans
and other living beings. Thus, a gas spill can generate a toxic atmosphere whereas a liquid
spill in water might cause serious environmental damage due to ammonia’s solubility
in water.

Hydrogen (Hj) is a non-toxic, odorless, and colorless gas that is not present in kind.
The combustion reaction for hydrogen is:

2H, + Oy — 2H,0 )

Similar to ammonia, hydrogen can be classified as gray, blue, or green depending on
the production process. Gray hydrogen is obtained through steam methane reforming
(SMR) or auto thermal reforming (ATR) which splits the natural gas into hydrogen and
COs,. Blue hydrogen is produced with the same process, but CO; is captured instead of
being emitted into the atmosphere. Green hydrogen is produced using electrolysis from
water using renewable sources. Although non-toxic, hydrogen is extremely flammable
(flammability range between 4% and 75% by volume of air and a self-ignition temperature
of 571 °C); thus, fuel storage should be subject to strict safety requirements [34]. Liquid
hydrogen should be stored at temperatures lower than LNG (about —253 °C at atmospheric
pressure), with increased insulation and boil-off issues [15].

As shown in Table 1 and Figure 1, the main issue related to all alternative fuels is
related to the volumetric energy density. In fact, to store the same energy, a 3.3 times larger
volume is required than HFO for liquid ammonia and about 5 times for liquid hydrogen.
These volumes are even larger considering the need for cryogenic tanks compared to
structural tanks [35]. Liquid hydrogen, despite having a very high energy density per unit
of mass, has a density of 71 kg/m3. This leads to unreasonable fuel storage volumes to
keep the ship range constant or, alternatively, a considerable reduction in ship range.

2.4. Innovative Technologies Associated with Alternative Fuels

Considering the combustion reactions, ammonia and hydrogen are very promising
marine fuels to meet the shipping decarbonization targets stated by the IMO. Hydrogen
4-stroke marine engines are already available on the market. Their application has been
limited by previously discussed storage issues and the unavailability of bunkering facilities.
Ammonia can be also used in modified ICEs that are in advanced development status.
Currently, a primary engine manufacturer has already carried out experimental trials of an
engine burning a fuel blend composed of 70% ammonia and 30% hydrogen [36,37], whereas
full-ammonia 4-stroke and 2-stroke engines are expected to reach the market by 2023 and
2024, respectively [38]. As mentioned, the combustion does not produce CO,, but, due to
the ammonia slip phenomenon, NOyx is still produced. Thus, an SCR system is required
within the exhaust gas system. Due to its peculiar characteristics, the use of pure ammonia
is not recommended. In fact, as well as having a rather high auto-ignition temperature,
a low volumetric flammability range, and a low propagation speed of the flame front,
ammonia requires higher compression ratios. Moreover, the ammonia slip phenomenon is
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responsible for nitrogen oxides emissions and lower efficiency of the combustion itself. For
all these reasons, the common strategy consists of lowering temperatures and making it
as homogenous as possible by means of an optimal premixing of ammonia and hydrogen
before injection.

The hydrogen for the fuel mixture or pilot flame is not necessarily required to be stored
in a dedicated tank, but can be directly produced on board through ammonia cracking. In
a cracker, hydrogen is produced using the following endothermic reaction [32]:

2NH; — N, — 3H, 3)

The cracker requires a heat source (46.22 kJ /mol) that can be partially provided to
the catalyst using exhaust gas energy recovery or from the engine cooling system. Such
a process can be also applied to systems using hydrogen, to avoid the flammability risk,
and partially solve the fuel storage issues; ammonia can be stored in tanks at higher
temperatures exploiting the higher energy density compared to hydrogen. Then, hydrogen
can be produced on board by cracking ammonia.

Aside from ICEs, in order to avoid the generations of NOy, fuel cells (FCs) might be
applied. An FC directly converts the chemical energy contained in a fuel into direct electric
current (DC) using an exothermic electrochemical process (fuel oxidation) [39]. Thus,
they do not require several systems (e.g., scrubbers, SCRs, boilers, and ICEs auxiliaries).
These saved spaces can be assigned, for instance, to additional fuel storage volumes.
Considering a power-generation system based on FCs, it should be noted that FC output
voltage is not regular, thus, a voltage converter (DC-DC) should be installed downstream.
Then, for ships with alternating current (AC) distribution systems, an inverter (DC/AC) is
needed before connecting the main switchboard. Moreover, FCs’ load cannot be rapidly
changed as happens for ICEs gensets. Thus, when FCs are employed, an energy storage
system is also required to sustain fast change in electric power demand (e.g., during
maneuvering) [40]. Hence, a power system based on FCs is, by definition, a hybrid-series
propulsion system [41,42], also enabling the application of additional benefits in terms of
energy efficiency, such as peak shaving [43]. The remaining electrical distribution system
will be similar to the conventional ones installed on ships fueled with HFO, MDO, or LNG.
Here, there will be a focus on the following two types of fuel cells for marine application:
proton exchange membrane fuel cell (PEMFC) and solid oxide fuel cell (SOFC).

PEMEFCs are a mature technology and the most common FC on the market [44]. They
can use only hydrogen gas; thus, they require a purifier to remove any other substance
from the fuel. Therefore, if ammonia is employed as an onboard energy storage, a cracker
is required too, in order to produce hydrogen. Moreover, since PEMFCs operate at tem-
peratures about 80-100 °C (FC based on Nafion), they require a cooling and ventilation
system. PEMFCs’ efficiency ranges from 45% to 60%; for calculation purposes, 55% can be
assumed, also accounting for the efficiency of cooling pumps and ventilation systems [45].
A single PEMFC module has a maximum power of about 120 kW. Therefore, multiple FCs
are required for marine applications. Based on the specifications provided by the manu-
facturers, the energy density and overall dimensions of a fuel cell system can be roughly
estimated as a function of the required installation power. The power-weight density of
a PEMFC, in combination with auxiliary cooling systems, is about 250-1000 kW /t and
300-1500 kW /m3 [46]. PEMFCs can operate from a 6% load up to the nominal power. Thus,
it is recommended to switch off some modules to reduce consumption at low load, as is
already the case when using diesel generator sets [32].

SOFCs can be fueled with several different fuels including hydrogen (even non-pure),
ammonia, and LNG [44,47]. Therefore, it is not required to install a cracker on board
to produce hydrogen from ammonia. SOFCs operate at higher temperatures compared
to PEMFCs (about 600-800 °C) and are available in modules with 1-2 MW of nominal
power. SOFCs have an electric efficiency of about 60% with the application of heat recovery
systems [45,48]. The main drawback of SOFCs is the lower power density compared to
PEMECs: about 8-80 kW /t and 4-32 kW /m?3 [46]. Furthermore, they are less flexible;
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start-up requires several hours and they are slower in load changing compared to PEMFCs.
Finally, if they are fueled with LNG, SOFCs are not carbon-neutral, since CO, is emitted.

3. Reference Ship

For this study, a 112,000 GT passenger ship able to transport approximately 5000 people
(passengers and crew) has been selected (Figure 2). The main characteristics of the reference
ship are reported in Table 2. Cruise ships of this size are the most popular on the market
and have an average age of over 10 years. For these ships, shipowners must decide what
to change during the mid-life revamp as regards their energy efficiency and the possible
installation of new systems for propulsion and generation on board.

Figure 2. Profile view of the reference ship.

Table 2. Main characteristics of the reference ship.

Length overall Loa 290 m
Breadth B 35.5m
Construction height D 70 m
Draught T 82m
Gross tonnage GT 112,000 gt
Passengers - 3780
Crew - 1500
Cruise speed Veruise 19.6 kn
Maximum speed Vmax 23.2 kn
Range m 8000 nm
Autonomy d 17 days
Total installed power Piot 75.6 MW
Alternator efficiency MAlt 0.97
Total electric power Pelec_tot 73.3 MW
Propulsion power Pprop 42 MW

Ship propulsion is performed through a diesel-electric layout, in which six 12.6 MW
diesel generators (DGs) power the ship in the various operational configurations. Consid-
ering an alternator efficiency equal to 97%, each DG provides an electric power equal to
12.2 MW for a total equal to 73.3 MW.

The ship is equipped with six 1720 kW transverse thrusters, three forward and three
aft, two propellers powered by two 21 MW electric motors, two rudders, and stabilizing
fins. The onboard electrical system redistributes the power through the onboard control
unit in medium and low voltage (11 kV-440 V-220 V, three-phase, 60 Hz).

3.1. Fuel Used

The main fuel used by the reference ship is the HFO. This is stored in numerous
tanks located in the ship double bottom; the total capacity, including settling and service
tanks, is approximately 3665 m>. Table 3 shows the total amount of energy stored on board
calculated through the fuel LCV that will serve as a comparative term with the solutions
based on alternative fuels provided in Section 4.
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Table 3. Total amount of energy stored on board the reference ship.

Density [t/m3] LCV [M]/kg] Energy Stored [T]]
HFO 3665 0.97 42.70 151.8

Fuel Volume [m?]

In addition, for specific operational conditions, the ship is powered through MDO,
which is stored in tanks having a total capacity equal to 227 m®.

3.2. Energy Balance and Shipboard Power System Layout

The energy balance calculation is crucial to estimate the energy needs for propulsion,
maneuvering, and hoteling at berth. Furthermore, for the reference ship, both the cruise
and the maximum speed have been considered. Table 4 shows the results obtained for the
energy balance in terms of power required for the considered conditions and load factors
for the onboard DGs.

Table 4. Power required and DG load factors for the reference ship in different conditions.

Cruise-Speed Max-Speed . .
Navigation Navigation Maneuvering Hoteling at Berth
Power required
Services P [MW] P [MW] P [MW] P [MW]
Propulsion and 2 34 14.82 /
Maneuvering
Hull and
Machinery 1.25 1.25 1.25 1.25
Services 2
Main Systems 3 0.5 0.5 0.3 0.4
Other Services * 0.05 0.05 0.05 0.05
HVAC> 6.0 7.5 6.0 6.0
Accommodations © 1.4 14 14 14
Communication
and Navigation ” 0.1 0.1 0.1 0.05
Lighting 8 1.2 1.2 1.2 1.2
Total 32,5 46 25.1 104
Total with SM 40.6 57.5 / /
DG load factors
Number 'ofDGs 4 6 4 2
required
Awailable electric
power at MCR 48.9 MW 73.3 48.9 244
Load factor 0.83 0.78 0.51 0.43

1 Propellers, thrusters, steering gear, and stabilizer fins. 2 Hull services, fuel management and transfer system,
engine room systems. 3 Bilge, ballast, and firefighting systems; watertight doors; engine-room UPS. * Mooring
systems, side doors. 5 Heating, ventilation, and air conditioning system. 6 Accommodation services: e.g., lifts,
sewage systems, fresh water system, galleys, etc. 7 Communication and navigation systems: e.g., radar, radio
station, navigation lights, etc. ® Internal and external lighting systems, emergency lights.

As a contractual requirement, the shipboard power system (shown in Figure 3) has to
guarantee a cruise-speed navigation taking into account a value for sea margin (SM) equal
to 25% and an auxiliary load equal to 10.5 MW. From the results shown in Table 4, it is
evident that the use of four DGs out of six is more convenient for such conditions; in fact,
the load factor value is close to 83% of the maximum continuous rating (MCR) and this
ensures a better energy efficiency with a consequent reduction in terms of specific fuel oil
consumption (SFOC).
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Figure 3. Shipboard power system layout.

4. Results

First of all, some considerations regarding the adoption of alternative fuels in place of
HFO must be drawn on the basis of their properties. On the basis of the total energy stored
on board reported in Table 3 and equal to 151.8 T], the volumes and masses necessary to
ensure such an amount of energy were calculated for each fuel considered by exploiting the
data presented in Table 1. The results obtained (Figure 4) are fundamental for the next steps
of the research, as the fuel switch proposed by the authors aims at reducing modifications
to the reference ship’s internal layout as much as possible.

Volumes and masses of fuels with equal energy stored on board

20,000

17,817
18,000
16,000
14,000 12,002
12,000
10,000 8,161
8,000 6,774
6,000
4,000 3,665 3,555 3,048
| . |
0 |
HFO LNG Ammonia Hydrogen
B Volume [m3] 3,665 6,774 12,002 17,817
B Mass [t] 3,555 3,048 8,161 1,265

Fuels

Figure 4. Comparison between fuels in terms of volumes and masses with equal energy stored
on board.

At first glance, from Figure 4, it can be asserted that storing hydrogen in liquid state
would be quite impossible without bringing about significant changes that would impact on
both the internal space subdivision and the spaces intended for the payload. On the other
hand, storing LNG and ammonia in liquid state using dedicated tanks would represent a
valid alternative due to the less invasive modifications required. Nevertheless, the space
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FR. 160

available for the location of such tanks is still limited, therefore, the total capacity of the
stored fuel is reduced with respect to HFO. As a result, a reduction in the ship range is an
inevitable consequence of the employment of alternative fuels, as will be highlighted in the
next sections.

4.1. Storage System for LNG and Ammonia in Liquid State

As previously explained, in the reference ship, HFO tanks are located in the ship
double bottom. In view of proposing a fuel switch based on LNG or ammonia, such space
can be reallocated to substances other than HFO. In particular, due to the necessity of
reserving a significant amount of space for LNG/ammonia tanks, the ship double bottom
may be used to contain the fresh water supply. Indeed, in the reference ship, this is
stored in a dedicated space between Decks C and A. By moving fresh water to the ship
double bottom, such space can be emptied to allocate to LNG/ammonia tanks, as shown
in Figures 5 and 6. Here, four Type-C bilobed tanks can be positioned in full compliancy
with the requirements of the IGF Code regarding both distances from the ship’s bottom
and sides and areas that may be affected by potential explosions, as provided in Section 2.

; FR. 236
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Figure 5. Type-C bilobed tanks’ location: (a) Section at frame 160; (b) Section at frame 236.

Figure 6. Type-C bilobed tanks location: 3D rendering.

Table 5 shows the main geometric dimensions and properties of the four Type-C
bilobed tanks and their onboard longitudinal position. With respect to the selected fuel (i.e.,
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LNG or ammonia), the material used for the construction of the tanks and the thickness of
both the walls and the insulating layer will be different, in order to consider the peculiar
characteristics of each fuel. However, as an example, for a 20 m long and 5 m tall Type-C
bilobed tank, a typical wall thickness without considering the insulating layer is equal to
25 mm [49].

Table 5. Geometric properties and positions of the Type-C bilobed tanks selected.

Tank

Code

Frame Aft Frame Fore L [m] B [m] H [m] V [m3]

Tank 1
Tank 2
Tank 3
Tank 4

TK.1P
TK.1S
TK.2P
TK.2S

144 194 36 8.5 5.0 953
144 194 36 8.5 5.0 953
201 251 36 8.5 5.0 953
201 251 36 8.5 5.0 953

Total volume stored on board 3812

Two other fundamental characteristics for tanks are the filling limit (FL) and the
loading limit (LL). The FL is the maximum allowable liquid volume in the tank, expressed
as a percentage of the total tank volume: for LNG at the reference temperature', the FL is
equal to 98%. The LL is the maximum allowable liquid volume to which the tank may be
loaded, expressed as a percentage of the total tank volume. This limit depends on the LNG
densities at the loading temperature and reference temperature: typical loading limits for
gas-fueled vessels are expected to range from 85 to 95 percent [50].

For both LNG and ammonia, the loading limit has been considered equal to 85%.

4.2. LNG Scenario

In this first scenario, the six 12V46 DGs currently present in the reference ship are
replaced with six dual-fuel DGs having the same main characteristics of the HFO-fueled
DGs. Specifically, the dual-fuel DGs maintain the same number of cylinders and bore;
consequently, their dimensions, volume, and weight are quite equal to the ones offered by
the current DGs, with very slight increases in quantities, as shown in Table 6. Due to the
similar characteristics of the dual-fuel DGs, the changes to be implemented within engine
rooms are limited.

Table 6. Properties of both the HFO and the dual-fuel DGs.

Engine

Cylinder

Bore L B H W \% Pg rpm
[em] [mm] [mm] [mm] [t] [m3] [kW] -

HFO
Dual-fuel

12
12

46 10.26 4.530 5.16 169 240 12.60 514
46 10.38 4.555 5.29 184 268 13.74 600

The calculation of the consumption of the DGs is based on the efficiencies provided
by the manufacturer expressed as a function of the load percentage with respect to the
MCR. For the purposes of calculation, a load percentage equal to 76% and the subsequent
efficiency of each DG equal to 47.8% were considered. As power input data, the value of
the overall electrical load required by the ship at cruise-speed navigation (19.6 kn) with sea
margin (25%) was assumed (Table 4). Furthermore, the consumption of boilers was also
added. The results obtained from the calculation are collected in Table 7.
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Table 7. Consumption calculations for dual-fuel DGs at cruise speed.

DGs Boiler
Number of DGs required 4
Available electric power at MCR [MW] 53.3
Load factor 0.76
Efficiency 0.478 -
LNG consumption [kg/s] 1.70 -
LNG consumption [t/day] 146.9 16.3
Total LNG weight for 17-day navigation [t] 2775
Total LNG volume for 17-day navigation [m?] 6166

4.3. Ammonia Scenario

This second scenario is based on the use of ammonia as fuel for internal combustion
engines (ICEs). Assuming their dimensions and brake power are comparable with the DGs
installed on the reference ships, the main changes will regard auxiliary systems. Indeed,
due to the absence of sulfur in ammonia and the low emissions of particulate matter, it is
reasonable to assume the removal of the scrubber system, with a consequent advantage in
terms of space gain and reduction in related costs. However, in addition to the cracker and
the ammonia treatment system, a possible resizing of the SCR plant should be considered.
This precaution derives from both the increase in NOx emissions and the release of unburnt
ammonia with the consequent production of nitrous oxide (N,O). In addition to the above,
the installation of a recirculation system for the excess of liquid ammonia coming out of
the feed pumps or from the engine itself is envisaged; such a system must also provide for
the installation of a device to separate ammonia from any contaminating oils coming from
the fuel system. Finally, it is necessary to provide an inert gas system for the ventilation
and purification of the engine after operation in dual-fuel mode, for the removal of any
remaining gases, and for the pressure seal test of the fuel system. In this system, carbon
dioxide or nitrogen can be used. Moreover, the system must be sized in such a way as
to provide a sufficient flow of inert gas at a higher pressure than the daily service box. A
possible scheme for an ammonia power system is shown in Figure 7. Here, the tanks for
the storage of ammonia in liquid state are visible (as explained in Section 4.1), as well as
the evaporator for the production of hydrogen via cracking (see Section 2.3 for details).

The calculation of consumption is made assuming an energy efficiency similar to
LNG-fueled engines. As reported before, a mixture consisting of 70%vol ammonia and
30%vol hydrogen is considered. It is assumed that the heat of the exhaust gases of the
engines is sufficient for the operation of the evaporator and the ammonia cracker, with a
consequent increase in the overall efficiency of the system. The results obtained for the
whole system considering both DGs and the cracking system are reported in Table 8.

Table 8. Consumption calculations for ammonia-fueled power system.

Ammonia Hydrogen
Efficiency 0.493
System consumption [kg/s] 3.48 0.98
Boiler consumption [t/day] 43.7 -
Ammonia consumption [t/day] 429 -
Total ammonia weight for 17-day navigation [t] 7298
Total ammonia volume for 17-day navigation [m?] 10,732
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Figure 7. Ammonia power system scheme.

4.4. Fuel Cell Scenario

In the third scenario, the assumption is made to remove components related to the
current reference ship propulsion system and to equip the ship with fuel cells powered
by ammonia/hydrogen and combined with energy accumulation systems. The volume
gained from the removal of machinery, equal to almost 5700 m?, is exploited to allocate fuel
cell moduli, fuel treatment and management systems, and batteries (Figure 8).

ALY, ‘ .

Long.View.
CL

~/ DIESEL /ENGINES 1 SEWAGE

PG T Sy

(a) Plant view (b) Longitudinal view

Figure 8. Spaces for the allocation of the fuel cell moduli, the fuel system, and batteries.
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4.4.1. Consumption Calculations

For both PEMFCs fueled with hydrogen and SOFCs fueled with either LNG or am-
monia, consumption calculations were performed starting from the power required for
cruise-speed navigation (40.6 MW, Table 4) and by taking into account the FC efficiencies,
the LCI of the employed fuel, and the consumption of boilers. For PEMFCs, the cracking
process to produce hydrogen from ammonia was also considered. Tables 9 and 10 show
the results obtained for PEMFCs and SOFCs, respectively.

Table 9. Consumption calculations for hydrogen-fueled PEMFCs.

PEMEFC Cracker Boiler
Efficiency 0.55 0.63 -
Ammonia consumption [kg/s] 0.62 3.49 -
Ammonia consumption [t/day] 346 302 43.7
Total ammonia weight for 17-day navigation [t] 5874
Total ammonia volume for 17-day navigation [m3] 8638

Table 10. Consumption calculations for LNG- or ammonia-fueled SOFCs.

LNG Ammonia
Efficiency 0.60

SOFC consumption [kg/s] 1.37 3.67

Boiler consumption [kg/s] 0.19 0.51

Total consumption [kg/s] 1.56 4.18
Daily consumption [t/day] 134.7 360.7

Total fuel weight for 17-day navigation [t] 2290 6132
Total fuel volume for 17-day navigation [m3] 5090 9018

4.4.2. FC System Layout

Taking as a reference the values of the total power originally installed on the ship
and the total electrical load value at cruise speed, for both PEMFCs and SOFCs an equally
adequate power could be ensured by adopting fuel cell modules having a nominal power
of 50 MW and considering a load factor equal to 85%. As regards the possible dimensions
of the fuel cells, the energy densities reported in Section 2.3 represent reference values.
Since these quantities are subject to a large uncertainty depending on the model of the
cell, the layout of spaces, and electrical and secondary systems not taken into account, the
results obtained are purely indicative. Therefore, considering a fuel cell installed power of
50 MW, different volumes and weights may result depending on the FC types.

In addition, battery modules need to be installed to compensate for load peaks in
case of bad weather, maneuvering or in cold start/back-up conditions. Such accumulation
systems should be increased for SOFCs, which have a slower response to load variations.
The batteries should be enough to cover either the required load in maneuvering reduced by
the auxiliary load or the necessary power, in combination with the fuel cells, for navigation
at the maximum speed with a 25% sea margin, which means ensuring a power equal
to 57.5 MW (Table 4). Consequently, the estimated energy capacity required for battery
modules is equal to 20 MWh. Common lithium-ion batteries have an energy density equal
to 260 kWh/t and efficiency that varies from 85 to 90%; as a result, the required powers
could be satisfied by 113 t of batteries installed on board (Table 11).
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Table 11. Properties of the battery modules.

Energy Required Energy Density Efficiency Discharge Percentage Modules
MWh M]J KkWh/t MWh/m?3 - % t m3
20 72,000 260 0.70 0.85 80 113 40

5. Discussion

In the previous sections, three different alternatives to the conventional propulsion
system of the reference ships were presented. For each solution, the authors studied the
onboard arrangement and calculated the fuel consumption at the cruise speed of 19.6 knots
for a total duration of 17 days of navigation. As a preliminary observation, it is necessary
to specify that, for each conversion option discussed, it is plausible to believe that the
total power required may be greater due to additional systems related to the analyzed
configuration. These loads are difficult to estimate in the initial stages of reasoning and
have values of the order of 1 MW. Therefore, for simplicity of analysis, this increase was
neglected in the previous calculations.

As explained in Section 4.1, the same bilobed storage system, having a total capacity
of 3812 m?, was studied for both LNG and ammonia in liquid state. Starting from this
value and considering the consumptions calculated for each solution, the days of autonomy
and the relative range in nautical miles were estimated, as provided in Table 12, which
also provides data related to the reference configuration (ICE HFO) having 3665 m? of fuel
stored in double bottom structural tanks. The same outcomes are reported in Figure 9 as
percentages, assuming the reference ship case as the term of comparison.

Table 12. Comparison of autonomies and ranges for each propulsion alternative at cruise speed.

Solution Fuel Embarked Autonomy Range
- [m3] [days] [nm]
ICE HFO 3665 17.5 8224
ICE LNG 3812 10.5 4945
ICE NH3 3812 6.0 2841
PEMEFC 3812 7.5 3530
SOFC LNG 3812 12.7 5990
SOFC NHg 3812 7.2 3381

Of all the solutions considered in this paper, the conversion to LNG-fueled DGs
is, undoubtedly, the most immediate and technologically mature one. Despite being a
fossil fuel, natural gas is a cleaner and denser energy carrier. Furthermore, it allows a new
consolidated and flexible operation of marine ICEs. In addition, among the fuels considered,
it offers the best compromise in terms of volume occupied on board and autonomy as
visible from Table 12 and Figure 9.

Compared to natural gas, ammonia is a preferable fuel in terms of release of emissions,
as it does not contain carbon. In addition, it is less flammable and has more permissive stor-
age conditions in terms of temperature. However, ammonia is highly toxic and extremely
harmful to the marine ecosystem. Moreover, ammonia ICEs are subject to an increase
in NOx due to the higher quantity of nitrogen and they suffer from the ammonia slip
phenomenon. Even though not enough information is available yet as regards ammonia
combustion emissions, technologies for the abatement of NOx are now mature and have
been commonly used for several years on cruise ships employing traditional fuels. With
regard to the release of ammonia, on the other hand, the main engine manufacturers are
developing techniques for the optimization of combustion in order to minimize this phe-
nomenon. With reference to autonomy, as shown in Table 12 and Figure 9, ammonia-fueled
ICEs give the worst values overall but can represent a valuable solution for the production
of hydrogen to be employed in PEMFCs and for its use as fuel in SOFCs.
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Figure 9. Comparison in percentage between autonomies for the different propulsion solutions.

As in the case of ammonia, hydrogen is also a good candidate for use in ICEs and
fuel cells, although its storage in liquid form is prohibitive nowadays due to the volume
occupied and the storage temperatures close to absolute zero. Nonetheless, due to its
excellent energy-carrier properties, its use is more likely in the near future, mainly when
stored in the form of ammonia and obtained through the cracking process.

As a final consideration, fuel cells seem to represent a better solution with respect
to ICEs (both LNG- and ammonia-fueled) as they offer higher efficiencies. However, it
should be considered that many aspects of their actual use and implementation on board
are currently unknown. Reference is made to aspects of a technical and operational nature,
such as, for example, the response to load variations, operational stability and lifespan
in a brackish environment, onboard accommodation, consumption of auxiliary systems
such as the cracker, deterioration of components, system maintenance, and safety aspects.
Furthermore, fuel cells have not yet reached a level of development that guarantees powers
of the order of megawatts unless several modules are used at the same time. Therefore, the
entire internal arrangement of a ship would need to be rethought in order to allocate space
for not only the storage system for the new fuel, but also the necessary number of fuel
cell modules. Such a huge modification could result in a severe reduction in the volume
dedicated to the ship payload and a subsequent reduction in shipowner earnings.

The results of the present study might provide useful insights for cruise companies
and shipbuilders, who are constantly seeking solutions to move towards greener passenger
vessels. In particular, the results might be immediately transferrable for retrofitting an
existing vessel. Furthermore, the proposed technical solutions can also be transferred to
other vessel types or new designs that offer larger degrees of freedom in terms of main
dimensions and general arrangement. For a new build, the range is usually a design
requirement, hence, if this will be kept constant by cruise companies, an increase in ship
size seems currently mandatory to enable the fuel switch. Moreover, a revision of general
arrangement will be required too: more space should be allocated on lower decks for fuel
storage systems which can be obtained by moving some technical spaces onto higher decks.
For instance, engine room size might be reduced in favor of distributed generation or crew
accommodations located below the bulkheads deck might be replaced by auxiliaries or
co-generation systems.



J. Mar. Sci. Eng. 2023, 11, 67

18 of 20

Notes
1

References

6. Conclusions

As the requirements regarding pollutants emitted by ships become stricter day by
day, ship designers and shipowners are called to study and implement solutions able
to guarantee the necessary reduction in atmospheric emissions. In recent years, several
measures have been adopted and are now commonly implemented on board. Indeed,
equipment such as heat recovery systems and pollution reduction systems (e.g., scrubbers
and SCRs) combined with operational measures such as speed reduction and advanced
maintenance are the new norm for ships. However, looking at even more advanced
technologies is of paramount importance, since emissions limits are going to exponentially
lower in the next few years. As a result, the adoption of both alternative fuels and innovative
systems will be mandatory to overcome future challenges. In the present paper, with
reference to a medium-sized cruise ship, the authors analyzed three possible technologies
able to replace the conventional propulsion system installed on board. ICEs fueled with
LNG and ammonia, and fuel cells were studied in depth, and their arrangement and
allocation on board was hypothesized.

As pointed out in the previous section, the main challenge in fuel conversion and
system updates concerns the necessity of reducing the ship’s autonomy. This transpired to
be significantly lowered for each solution considered due to the limited space available for
the installation of the LNG/ammonia tanks. With reference to fuel cells, both PEM and SO
types seem to have the technological potential to become the main system for generating
electricity on board in the near future. However, due to the high demand for power and
energy stored on board a large passenger ship, their adoption will not be feasible until
their upgrade in technological maturity, which will grant an increased power density and
reliability for operations in marine conditions.

To conclude, the present study highlighted that, in the current state of the art, imple-
menting a propulsion conversion of a cruise passenger ship based on the use of alternative
fuels and innovative technologies is still not possible without affecting the ship’s autonomy
and sacrificing space dedicated to the payload.
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