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This paper explores the design and feasibility of a 200-passenger, 30- to 40-knot emission-free ferry
as a potential variant of the traditionally powered Coastal Cruiser 200 ferry currently operating in the
Chinese Pearl River Delta. The Pearl River Delta is one of China’s most densely urbanized regions and
faces numerous social, health, and economic issues due to air pollution. In addition, globally, there are no
currently-operating zero-emission ferries that, at minimum, sail at 30 knots and carry 200 passengers. To
assess the feasibility of the new ferry, a two step approach was followed. First, an evaluation of efficiency
improving measures, energy carriers, and propulsion systems was performed to assess the tradeoffs and
identify early design choices. Second, to quantify the most technically feasible design, a technical para-
metric model was developed specifically for this case study. Results showed that the ferry is technically
feasible using batteries, compressed hydrogen fuel cells, or liquid hydrogen fuel cells; however, each has
its distinct advantages and disadvantages which influence the potential final viability. Despite the regional
focus of the case study, results are applicable to all ferries with similar design requirements.

Keywords: Zero-emission ferry, feasibility study, alternative fuels, ship design, parametric modelling

1. Introduction

Globally around 66,000 people die prematurely due to ship-related air pollution
each year, and roughly one-third of these deaths happen in China [39]. Premature
deaths are one of the most considerable effects of ship-related harmful health emis-
sions, which mainly consist of NOy, SOy, and particulate matter. These problems
are particularly acute in China’s Pearl River Delta, one of China’s most densely ur-
banized regions, which experiences relatively high amounts of ship-related emissions
due to the high number of river transportation services and the close proximity to the
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Fig. 1. A CC-200 operating in the Pearl River Delta [6].

ports of Shenzhen and Hong Kong. Adverse health effects in the Pearl River Delta
are not the only reason why ship internal combustion engine (ICE) emissions should
be reduced or eliminated. Greenhouse gases (GHGs), most notably CO;, have so-
cial and environmental effects as they lead to global warming, contributing to effects
like extreme weather, rising sea levels, and animal extinctions. These social, envi-
ronmental, and health effects also lead to economic losses. For example, the Pearl
River Delta has experienced economic losses as a result of floods and adverse effects
on public health. [38] found that ICE emissions in the Pearl River Delta resulted in
a total economic loss of around $15-25 billion USD in 2013, equivalent to 1.4% to
2.3% of China’s GDP.

To help address this problem, this research explored the design and feasibility
of a 200-passenger, 30- to 40-knot emission-free ferry for use in the Chinese Pearl
River Delta, where currently a ferry named the Coastal Cruiser 200 (CC-200) (Fig. 1)
uses traditional power and propulsion to operate. The current CC-200 takes part in
the Pearl River Delta’s river transportation services, commonly sailing the 25 NM
route between Zhuhai and Shenzhen. During a one-way trip on the Zhuhai—Shenzhen
route, the CC-200 spends 50 minutes in transit, 10 minutes maneuvering in port, and
30 minutes in port between its trips [20]. On average, the ferry completes nine trips
per day.

In order to develop a suitable ferry for this route, the new ferry should also meet
the high speed requirements of the current CC-200 to stay commercially competitive.
To test the feasibility of this new emission-free ferry concept, the following require-
ments were set: a transit speed of at least 30 knots, a passenger capacity of 200, a
minimum range of 30 NM, a zero-emission power, propulsion, and energy system,
the ability to operate on the CC-200’s operating profile, and at least equal safety and
comfort levels to the CC-200.

A state-of-the-art review of zero-emission ferries (Table 1) revealed that no zero-
emission ferry currently exists that meet the set of requirements. The most prominent
and identifiable gap is that no currently-operating, state-of-the-art, zero-emission
ferry offers a passenger capacity of at least 200 in combination with a 30- to 40-knot
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Table 1

Overview of state-of-the-art zero-emission ferries and ferry feasibility studies [4,8,19,22,24,53,57,58,60,
64,70]

Zero-emission ferry State of development Energy source Capacity (-) Speed (knots)
MF Ampere Operating since 2015 Batteries 360 pax, 120 cars 10
BB Green Built 2016 (not in Batteries 80 pax 28
service)
Medstraum In construction June Batteries 150 pax 23
2021
SF-BREEZE Concept (2016) Hj fuel cells 150 pax 35 (60% of transit time)
Sea Change Built early 2021 Hj fuel cells 75 pax 22
Beluga24 Expected operation ~ Batteries / Hy 150 pax 30
2023 fuel cells
Zero-emission Feasibility study Hj fuel cells 300 pax 30
CC-300 (2019)
NAVAIS ferry Project ended 2022  Batteries < 450 pax, 120 cars 8.5-23
family

service speed. Thus, the feasibility of the ferry cannot be concluded by a state-of-
the-art review alone. Therefore, the objective of this research is to investigate the
feasibility of a 200-passenger, 30- to 40-knot emission-free ferry operating on the
Zhuhai—Shenzhen route in the Pearl River Delta, where technical feasibility is de-
fined as compliance with the main requirements provided above.

2. High level approach and initial design tradeoffs

This research followed a high level two step approach to meet this research ob-
jective. First, an evaluation of efficiency improving measures, energy carriers, and
propulsion systems was performed to assess the tradeoffs and identify early design
choices for the ferry (Section 2). This section is not intended to be a detailed re-
view of all the literature, but instead to be an evaluation of the relevant technologies
and approaches that may be applicable to this ferry concept. Second, to quantify and
determine the most technically feasible design, a custom parametric model was de-
veloped (Section 3) and used in a study focused on the targeted Zhuhai—Shenzhen
route (Section 4).

2.1. Improving the efficiency of fast ferries
Two approaches were used to improve the efficiency of fast ferries: first by weight

saving measures, and second by implementing hydrofoils.

2.1.1. Weight saving measures
Several weight saving measures were studied: (1) using fiber reinforced compos-
ites, (2) removing unnecessary items, and (3) reducing the mass of the currently
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equipped items. In addition, the weight difference between removing the old diesel
engine and propulsion system and the added weight of new power, propulsion, and
energy system was considered.

First, carbon fiber-reinforced polymers (CFRP) were identified as one of the ma-
jor solutions to help reduce structural weight; however, the weight savings of using
CFRP instead of metals, such as steel or aluminum, is hard to calculate directly
without a detailed design. CFRP is a nonhomogeneous material, meaning that the
material properties fluctuate depending on the direction of the force. In a CFRP ship
hull, the fibers’ orientation can be placed along the path of the load in a particular
component, making a weight estimation based on material properties alone inaccu-
rate. Studies have shown that CFRP structures are approximately 20% to 30% lighter
than glass fiber-reinforced structures [25]. For this reason, the weight saving of using
a fiber-reinforced hull instead of a metal hull was estimated based on five case stud-
ies that researched this exact problem. Those studies, and their relevant ship type,
concluded a structural weight saving of:

e 33% for a 40-meter catamaran ferry [34]
e 45% for a 13.7-meter electric yacht [49]

e 50% for a 20-meter catamaran ferry [11]

e 50% for a 24-meter high-speed patrol craft [7]
e 529% for a 24-meter civil passenger ship [28].

For the zero-emission CC-200, CFRP could be applied as the material for the
hull, superstructure, and U-shaped fender, which are currently constructed from alu-
minum. Considering that the hull of the CC-200 is already optimised for a low
weight, a structural weight saving of 35% has been assumed for this research.

The second identified weight-saving measure consists of the removal of unnec-
essary items when switching to the zero-emission variant. These include removing:
watertight doors placed between the engine room and auxiliary room, the thermal
insulation of the interior arrangement which is possible due to the heat conductivity
of composites that is around 40 times lower compared to aluminum [1], and the extra
noise insulation of the auxiliary rooms due to the reduced noise signature of electric
motors.

The third measure taken to lower the mass involves replacing several items with
lighter variants. For most items, this measure makes the ferry either more expensive
or less comfortable, which is why the measure has not been taken for the original
CC-200. First, the glass windows on the upper and main deck can be replaced for
polycarbonate windows, saving around 50% in weight [55]. Next, the cooling water
system can be replaced with an air cooling system, which is assumed to weigh 70%
less as it eliminates the need for metal piping and carrying water in the system. The
mass of the electrical systems can also be reduced. The current lead-acid batteries can
be replaced with Li-ion batteries, which are almost 60% lighter [36]. Also, the copper
electric cables of the control, power, and communication systems can be replaced
with aluminum cables, which will save around 40% in weight [12]. Lastly, the ferry
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can be equipped with lighter standard and VIP seats, saving 22% and 39% in weight,
respectively [41].

2.1.2. Use of hydrofoils

As reducing the ferry’s energy consumption was one of the main focuses of this
study, hydrofoils were identified as a potential solution to help reach this goal. [22]
concluded that the larger 300-person variant of the Coastal Cruiser powered by bat-
teries or hydrogen and sailing at a speed of 30 knots would not benefit from im-
plementing hydrofoils due to the considerable weight of the vessel. This research
re-examined the use of hydrofoils as the smaller and lighter CC-200 would increase
the likelihood of a feasible hydrofoil system, as studies have shown that the effective-
ness of hydrofoil systems is reduced as the ship size increases [44]. Fully submerged
hydrofoils were selected over surface piercing hydrofoils due to their high seaworthi-
ness, good high speed maneuverability, and higher lift-to-drag ratio. A hydrofoil and
resistance model was created as part of the parametric model to assess the technical
performance of this design choice (see Section 3).

2.2. Energy carriers

Batteries and hydrogen fuel cells were examined as to their suitability for the zero-
emission CC-200.

2.2.1. Batteries

Various battery options were examined, and Li-ion batteries were selected due
to their high gravimetric and volumetric energy density [5]. Specifically, Lithium
Manganese Oxide (LMO), Nickel Manganese Cobalt (NMC), Litium Iron Phosphate
(LFP), and Lithium Cobalt Oxide (LCO) were examined based on the criteria energy
density, life-cycle cost, safety, charging, and availability. Table 2 presents the com-
parison of the examined batteries where it was concluded that NMC or LTO batteries
are likely to be the most suitable battery option for the ferry. For the detailed analysis,
the NMC battery is used to test the technical feasibility in Section 4.

2.2.2. Fuel cells

Fuel cells can be divided into low-temperature fuel cells, which operate at 50°C to
220°C, and high-temperature fuel cells, which operate above 650°C. High temper-
ature fuel cells were eliminated from consideration due to their long start up times

Table 2
Comparison of LMO, NMC, LFP and LTO batteries

Battery  Energy density Life-cycle cost Safety Charging Availability

(Wh/kg) (USD/(kWh*cycle)) capability

[48,73] [3] [13,17,45,69,73] [3,62] [17,26,35,69]
LMO 100-140 0.0875 Good Good Average
NMC 140-200 0.113 Average Average Very good
LFP 90-140 0.233 Good Good Good

LTO 45-100 0.0750 Very good Very good Good
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(30 minutes to several hours), longer time for load transients (0—100%) (15 minutes
compared to less than 10 seconds for low temperature), and lower power density. For
example, high temperature solid oxide fuel cells (SOFCs) have a gravimetric power
density of 20 to 230 (W/kg) and a volumetric power density of 8 to 60 (W/1). Mean-
while low temperature proton exchange membrane fuel cells (PEMFCs) achieve up
to 229 W/kg and 138 W/1 [52].

The following low-temperature fuel cell types have been studied: alkaline (AFC),
phosphoric acid (PAFC), and PEMFCs. AFCs have an efficiency of around 50% to
60% and are generally seen as low-cost systems. They have some notable disadvan-
tages, including require a separate potassium hydroxide (KOH) solution to supply
the fuel cell module, a high intolerance to CO;, and no current heavy-duty marine
availability [57,66]. PAFCs operate at a higher temperature, roughly 150 to 200°C
[65], have sluggish kinetics due to the PAFC reaction, requiring a warm-up time of 4
to 6 hours [57], and commonly run on natural gas, causing them to release CO. For
these reasons, AFCs and PAFCs were removed from consideration.

PEMFCs are considered one of the most versatile types of fuel cells and are being
used in applications like transport and portable power with an excellent track record.
It was thus concluded that a PEMFC would be the most suitable type of fuel cell
due to its highest power output per given weight or volume [51], short start-up time,
commercial availability, and possibility to operate on pure hydrogen.

In terms of hydrogen storage, both compressed (CH>) and liquid hydrogen (LH>)
tanks could be feasible. However, it is expected that due to the large temperature
difference between LH, and ambient air, LH; storage will be better for higher energy
demands (i.e., larger tanks) as the stored hydrogen scales with tank volume, while
the heat exchange scales with tank surface. Meanwhile, compressed hydrogen (CH>)
storage is expected to be the better option for lower energy demands, as smaller
hydrogen tanks can be used effectively. Thus, the choice for liquid or compressed
hydrogen cannot be determined at this stage, and both options have been included in
the parametric model.

2.3. Propulsion

Three main categories of propulsion systems were examined: waterjets, propellers,
and thrusters. Waterjets are traditionally the propulsion system of choice for high-
speed vessels as they provide a low risk of cavitation [72], have a relatively high
power density [23], and emit little waterborne noise [42]. However, using waterjets
with a hydrofoil system would significantly lower their efficiency due to the pressure
loss caused by the seawater that would have to be pumped through two 90-degree
bends and a strut of over 2 meters in height. In addition, the resistance of the vessel
would also be higher, as the struts need to be larger in order to house the waterjet inlet
ducting. Moreover, waterjets come with high initial costs. Therefore, waterjets may
be possible for non-hydrofoil configurations, but were removed from consideration
for configurations that employ hydrofoils.
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When comparing propellers and thrusters, propellers are likely less expensive.
However, they come with a significant set of disadvantages when combined with a
hydrofoil system. First, additional support struts are required for the propeller shaft,
which increases resistance and weight. Secondly, the propeller shaft should be de-
signed to be as parallel as possible to the water surface. Therefore, it would be a
long shaft, increasing resistance, weight, vibrations, and limiting the flexibility in
the placement of the prime mover.

Propellers mounted to L-drive or Z-drive thrusters provide a solution to some of
these disadvantages. The thruster’s propulsion shaft can be designed to be inside the
struts, which would not cause a significant resistance, vibration, or weight increase.
Besides, many thrusters have also been designed with electric motors in mind, which
is an advantage for the zero-emission CC-200. Although most commercially avail-
able thrusters are designed for lower service speeds and are not plug-and-play com-
patible with hydrofoil ships, it is expected that modifications can be made to over-
come these challenges, like mounting a custom propeller or electric motor, elongat-
ing the propulsion shaft, or eliminating the 360-degree steerability feature by fixing
the bottom part of the thruster to the foils. For these reasons, thrusters are chosen as
the propulsion system if hydrofoils are the chosen configuration.

3. Parametric model

Following the initial trade-offs in Section 2, a parametric model was developed
to assess the feasibility of the ferry concept. A flowchart of the parametric model is
shown in Fig. 2, which consists of the following main modules: 1) inputs, 2) weight
calculation, 3) hydrofoil and resistance model, 4) power demand and propulsion sys-
tem selection, 5) energy demand and energy carrier selection, and 6) outputs. Due
to the interdependencies between various modules, three loop structures have been
implemented to ensure convergence of the parametric model. These three loop struc-
tures are:

(1) A hydrofoil mass loop between modules 2 and 3, to ensure convergence on
the weight estimation including the hydrofoil weight;

(2) A power demand and propulsion system selection loop (modules 2, 3 and 4),
to ensure a correct match between the power demand, and electric motor and
gearbox selection;

(3) A main loop, controlling the correct mass of the zero-emission energy carrier
(module 5), propulsion system (module 4), and hydrofoil system (module 3)
input to the model’s weight calculation module (module 2).

3.1. Inputs

The parametric model requires inputs related to design inputs, ship inputs, and
constants. The inputs include:
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»| and energy carrier
selection

Fig. 2. A flowchart of the developed parametric model.

e Design inputs

* K X X ¥

Design velocity: Valid values are 30, 32, 34, 36, 38, and 40 [knots].
Required range: Range includes 30 NM to 90 NM.

Use of composites: Choice to use: yes/no.

Remove unnecessary items: Choice to use: yes/no.

Reduce weight of items: Choice to use: yes/no.

e Ship inputs

* K X X X X

*

Maximum mass of the CC-200 [kg]

CC-200 diesel engine and propulsion-related systems mass [kg]

Weight saving due to use of composites [kg]

Weight saving due to the removal of unnecessary items [kg]

Weight saving due to a reduction in weight of items [kg]

Air resistance coefficient [-]: Air resistance coefficient for catamarans in foil-
borne mode, assumed to be 0.9. Typical values lie between 0.6 and 0.9 [43].
Waterline length CC-200 [m]

x Foilborne frontal area [m?]: Frontal area of the CC-200, including tunnel

area as a measure of safety in case of unfavorable wind angles.

Planing frontal area [m?]: Frontal area of the CC-200 in planing mode, esti-
mated at 85% of the foilborne frontal area.

Available volume energy carrier [m]: Available volume for energy carrier,
assumed to be 100 m? for both the starboard and portside hull compartments.
Hotel load [kW]: Hotel load of CC-200, assumed to be 50 kW.
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o Constants

* Air density (air): Assumed 1,225 kg/m3.
x Seawater density (psw): Assumed 1,025 kg/ m’.
% Seawater viscosity [m?/s]: Assumed 1.2E—6 m?/s.

3.2. Weight calculation

The parametric model calculates the weight of the zero-emission ferry exclud-
ing hydrofoils (Mexcl foils) by taking the weight of the CC-200 (Mcca00) as a refer-
ence, subtracting any saved weight from the removal of propulsion-related systems
(Mcca00,,) and weight-saving measures, and adding the weight of the new energy
carrier and propulsion system (Equation (1)). Additional weight differences between
the zero-emission ferry and the CC-200 are neglected.

Mexclfoits = Mcc200 — Mcc200,, — Mws + Mec + Mops (1

Where Mccz00 and Mcczo()pp come from estimates based on the original CC-200,
M, is based on the weight saving due to the selected measures, and M. and M
are the mass of the new energy carrier and propulsion system. Once the ferry’s mass
excluding the hydrofoil system (Mex foils) is known, the mass of the hydrofoil system
(Mioi1s) can be estimated using Equation (2), which is derived from [61].

Mo
Mioiis = | 0.020 + 0.031 100 ) Mo 2)

Depending on the ferry’s speed and range requirement, the parametric model used
Equation (2) to estimate the hydrofoil system weight of six to eight tonnes. This out-
come was checked by estimating the hydrofoil system weight based on the volume
of the foils and the density of the material. This resulted in a mass of approximately
4.30 tonnes for aluminum, 2.80 tonnes for CFRP, and 12.5 tonnes for steel, assuming
the foils are not hollow. This is a conservative estimate, as it is likely possible that
the mass could become lower, as room inside of the foils is needed for a possible
propeller shaft or flap system.

For these reasons, it could be said that the expected hydrofoil system weight of
six to eight tonnes is overestimated when considering the hydrofoils are expected
to be constructed from aluminum or CFRP. However, if a zero-emission hydrofoil
CC-200 were to be built, it would need local structural reinforcements on the hull to
cope with the forces from the struts, which can lift the entire ferry’s weight. These
structural reinforcements will add weight. Therefore, a high margin of safety is taken
for the expected hydrofoil system weight, which is assumed to compensate for the
added weight of the structural reinforcements, which is not yet accounted for.
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Since My, given by Equation (3), is depended on M5 and is used to calculate
Miois, the calculation loop between modules 2 and 3 is necessary to find a feasible
solution.

Mot = Mexcl foils + Mroils (3
3.3. Hydrofoil and resistance model

To investigate the potential benefits of a hydrofoil system’s performance on the
ferry, a more detailed model is required. For this, the Autowing software [2] was
chosen. Autowing uses the vortex lattice method and models a wing configura-
tion advancing at a constant speed in an incompressible, inviscid, and irrotational
fluid domain. Effects of viscosity are considered by an iterative procedure following
viscous-inviscid flow interaction theory and boundary layer theory. Various studies
have found Autowing to be a suitable theoretical design tool and validated that the
results of the tool are in good agreement with available experimental results from
model tests [33,37,43,47].

Using Autowing, a preliminary assessment of the hydrofoil system’s generated
lift and drag in the ferry’s operating conditions were made and the characteristics of
the resistance hump were estimated. It was assumed that the resistance hump occurs
at a volumetric Froude number F,, = 1.7. This adds a slight margin over [43]’s
estimation of F,, = 1.5 but matches more closely with known resistance hump
speeds of similar hydrofoil crafts, which lie between 20 and 22 knots [10].

Data of the CC-200’s specifications, such as its mass and dimensions, were used
as a basis to form the geometry of a hydrofoil system. It was assumed that the di-
mensions of the zero-emission ferry’s hull would remain equal to those of the current
CC-200. Two lifting foils, one placed aft of the ship and the other placed forward of
the ship were chosen in a tandem configuration with equally-sized foils to minimize
the geometry’s complexity and keep an equal aspect ratio for both foils. To increase
the lift to drag ratio, the span of the foils was chosen to be as long as possible and
equal to the ferry’s beam, which is nine meters. The chord of the lifting foils should
be as short as possible, but structural considerations constrain it [30]. Furthermore,
the span between the struts and the distance between the lifting foils were chosen to
be 6 meters and 16 meters, respectively.

The hydrofoil system also consists of four support struts, connecting the lifting
foils to the hull of the zero-emission ferry. According to [46], the submergence of
the hydrofoils should be at least 1.5 times the chord to avoid most free surface ef-
fects, which negatively affect the foil’s lift to drag ratio. For an additional margin of
safety, the submergence of the foils was chosen to be two times the chord, or 1.6 me-
ters. It was assumed that in foilborne condition, the zero-emission ferry’s hull would
be lifted 1 meter above the free water surface. Therefore, the span of the support
struts is 2.6 meters. The forward support struts are constructed from a NACA 0015
profile, while the aft struts will be constructed from a thicker NACA 0024 profile to
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Table 3
Specifications of the defined hydrofoil system geometry
Foils s [m] ¢ [m] Profile [-] Ao0A [deg]
Lifting (2x) 9 0.8 63-615 Var.
Forw. supp. (2x) 2.6 0.8 0015 0
Aft supp. (2x) 2.6 0.8 0024 0

Fig. 3. A halved hydrofoil system geometry modeled in Autowing.

accommodate a possible propeller shaft or a water intake. The hydrofoil system ge-
ometry was modelled using NACA foil profiles, with specifications, span (s), chord
(c), profile, and Angle of Attack (AoA), provided in Table 3.

The span between the struts was chosen to be six meters. In the modeled geometry,
the distance between the lifting foils was chosen to be 16 meters, while the distance
from the center of gravity and a lifting foil is eight meters (tandem configuration).
However, this can be adapted without many consequences based on the center of
gravity of the final ferry, its mass moment of inertia, and design preferences. For
example, the ratio of the distance between the foils and the total ship length is slightly
smaller compared to other state-of-the-art ferries, which adds a margin of safety. By
making this distance larger, the aft lifting foil would experience a more uniform
incoming flow, likely resulting in a better lift to drag ratio.

The length of the support struts modeled in Autowing stops at the free water sur-
face and thus the resistance of the part of the struts above the water surface was not
accounted for. However, it was assumed that this resistance is negligible compared
to the resistance of the hydrofoil system below the free water surface and the air
resistance of the ferry itself. Additionally, a number of safety margins were applied
where possible to compensate for the resistance that is not accounted for by Au-
towing. These include the previously mentioned shorter distance between the lifting
foils, thicker chord, and longer struts, as well as a relatively high frontal area and
air resistance coefficient for the wind resistance calculation. An illustration of the
halved hydrofoil system geometry as modeled in Autowing is given in Fig. 3.
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Table 4
Lift and drag data results from experiments using Autowing
Speed [knots] Angle of attack [deg] Lift [t] Drag [t] Lift/drag [-]
30 4 132.6 —8.06 16.44
30 35 124.7 —7.38 16.89
30 3 116.6 —6.74 17.31
30 2.5 108.5 —6.14 17.67
30 2 100.3 —5.58 17.97
32 4 150.1 —9.28 16.17
32 3 131.9 =7.77 16.97
32 2.5 122.7 —7.08 17.32
32 2 113.4 —6.44 17.60
32 1.5 104.1 —5.85 17.80
34 2.5 137.8 —8.01 17.20
34 2 127.4 —7.28 17.49
34 1.5 116.9 —6.61 17.69
34 1 106.3 —5.98 17.76
36 2 142.1 —8.17 17.39
36 1.5 130.4 —7.41 17.59
36 1 118.6 —6.71 17.68
36 0.5 106.3 —6.04 17.59
38 1 131.6 —7.47 17.61
38 0.5 117.9 —6.72 17.52
38 0 104.9 —6.06 17.32
40 0.5 130.2 —7.45 17.48
40 0.25 122.7 —7.06 17.38
40 0 115.8 —6.70 17.28

The lift of the hydrofoils was assumed to equal the ship’s mass. The angles of
attack have been varied with the goal of achieving lift values of 100 to 150 tonnes,
which is the expected range of the zero-emission ferry’s mass. Furthermore, the cal-
culations, each taking around 10 minutes of computing time, used the following
inputs:

e Configuration, as illustrated in Fig. 3 and Table 3 using NACA 63-615, NACA
0015, and NACA 0024 foils.

Roughness, assumed equal to 40 microns for fresh paint [27]

Coefficient of kinematic viscosity, assumed equal to 1.063 mm? /s [63]
Temperature, assumed equal to 20 degrees Celcius

Number of iterations, set equal to 20 to reach a converged solution for an ac-
ceptable computing time

Data of the hydrofoil system’s lift and drag forces is listed in Table 4, where, it
can be seen that the acquired lift to drag ratios range between 16.2 and 18.0. These
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results were compared to lift to drag data from literature. The acquired lift to drag
ratios are somewhat higher but in reasonably good agreement with the lift to drag
ratios of existing hydrofoil vessels built in the 20th century, which range between
8 and 12.5 [14]. A number of possible reasons can explain the lower lift to drag
ratios of the existing vessels. First, the used configurations vary extensively, as the
compared hydrofoil vessels use other foil profiles, arrangements, aspect ratios, and
speeds that are often higher than 40 knots. Additionally, the lift to drag ratios could
be based on the whole vessel (including air resistance), while the acquired lift to drag
ratios are based on the hydrofoil resistance only. For the zero-emission CC-200, it
should be noted that the effective lift to drag ratios will lower once the (air) resistance
of the hull itself is added, which can be significant considering the relatively high
operational speed of 30 to 40 knots.

Moreover, researchers that performed experimental validation of lift and drag
forces on an asymmetrical hydrofoil found that for an angle of attack between zero
and three degrees, the lift to drag ratio can be between 92.6 and 18.5, respectively
[9]. Although the results of these studies can not be compared directly to the results
of Autowing because of the varying foil geometry and conditions, they indicate that
higher lift to drag ratios can be achieved. Therefore, it is assumed that the obtained
lift to drag ratios are reasonable and can be used in this research.

Additionally, in regards to the interaction between the two foils, it was seen that
the aft foil provided slightly less lift and had a lower lift to drag ratio compared to
the forward foil, presumably due to an interaction between the foils. In one of the
analyses, both foils provided 116.59 tonnes of lift in total. The forward foil was re-
sponsible for roughly 53% of the total lift, while the aft foil caused roughly 47% of
the total lift. If the forward foil provides more lift compared to the aft foil, a disrup-
tion in the balance of the system may be created. However, it is assumed that this
can be compensated by the hydrofoil’s active control system, increasing the angle
of attack of the aft foil, or by placing the aft foil a further distance from the ferry’s
center of gravity.

By curve fitting the lift and drag force data for each tested speed, the following
speed-specific equations (Equations (4) to (9)) were obtained that estimate the resis-
tance of the hydrofoils based on the mass of the ferry and are used to estimate the
ferry’s hydrofoil resistance:

30 knots:  Rgoits = 0.000369325 - MFerry2 —0.00923751 - MEerry

+ 2.79409 “
32 knots:  Rgoits = 0.00030512 - Mlcerry2 —0.0029254 - MFerry

+2.84703 (5)
34 knots:  Rgoits = 0.00025522 - MFerryz +0.00203548 - MFerry

+2.88229 (6)
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36 knots:  Rpoits = 0.000219345 - Mrerry + 0.00487874 - Mierry

+3.04589 )
38 knots:  Roits = 0.000147621 - Mrerry” + 0.0179634 - Merry

+2.55171 ®)

40 knots:  Rpoits = 0.000019212 - Mrerry? + 0.0471586 - Mrerry
+0.984514 )

For a hydrofoil ferry at operational speed, the air resistance must be added to the
hydrofoil drag to obtain the total resistance. The air resistance of the zero-emission
ferry in foilborne mode was calculated using Equation (10).

Rair = 0.5 - puir - Vg - Afrontal - Can (10)

The resistance of the hydrofoil is compared with the resistance of a ferry sail-
ing without hydrofoils in the same conditions. The frictional resistance of the ferry
without hydrofoils is calculated using the ITTC-1957 frictional resistance coefficient
formula (Cr, Equation (11) [31]). The residual resistance coefficient (Cr, Equa-
tion (12)) and wetted surface area (S, Equation (13)) were modelled after estimates
derived by [22] for the Coastal Cruiser series.

o 0.075 an
"7 (logioR, — 2)2
Cr = (V0f82.8 _ V72‘8) -Cp7+ (V72.8 _ V0f72‘8) -Crs (12)
V();;z'8 - V0f72 *
§=078-L-V'/34+82.v*3 (13)

Once the frictional resistance coefficient (Cr), residual resistance coefficient
(CR), and wetted surface area (S) are known, the hull resistance (Rpyj) can be esti-
mated by Equation (14).

Ruut = (CF +CR) - 0.5 pw - V2 - S (14)
Using a combination of above methods, the characteristics of the zero-emission

ferry’s resistance hump (Ryot,) has been estimated using Equation (15). Here, a 25%
margin is added due to possible increased resistance in operational sea states [18].

Riot,h = (Rair,n + Rioils,n + Ruun,p) - 1.25 (15)
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3.4. Power demand and propulsion system selection

The power demand and propulsion system selection part of the parametric model
determines the required brake power for the zero-emission ferry. If a hydrofoil sys-
tem is applied, the parametric model uses the performance of a propeller for further
calculations. It is assumed that the modifications required to make a commercially
available thruster compatible with a hydrofoil system are feasible. If a hydrofoil sys-
tem is not applied, it was assumed that a waterjet is used as it is also currently applied
on the CC-200.

The propeller calculations are based on the open water characteristics of Wagenin-
gen B-series propellers. The PropCalc software was used to evaluate the open water
characteristics of the used propeller [68]. Using an optimization method based on
a known velocity, thrust, and propeller diameter, PropCalc searches for the optimal
open water efficiency configuration and provides the propeller revolutions (7prop),
thrust coefficients (Kr), and torque coefficients (K o) for various speeds and thrusts.
For a particular operating condition, these three values lead to the propeller torque
(Q) from Equation (16) and the delivered propeller power (Pp) from Equation (17).

2
n
Q=Ko pow Doy | 2> (16)
60
n
p=0Q (60 a7

With the delivered propeller power known, the required brake power of the propul-
sion system is determined using Equation (18), taking the following efficiencies into
account: shaft (nghatt), DC-DC converter (1dcdc), DC—AC converter (ngcac), gearbox
(n¢gb) and electric motor (Nemotor)-

Pp
Pp = (18)
Nshaft * Mdede * Mdcac * Mgb * Nemotor

3.5. Energy demand and energy carrier selection

The final part of the parametric model calculates the energy demand of the zero-
emission ferry and selects an energy carrier system based on the outcome of the
power demand and propulsion system selection module. From the range require-
ment input, the ferry’s operational time is estimated. The energy demand in kWh is
obtained by multiplying the operational time with the total power, consisting of total
propulsion brake power and hotel load.

Based on the selection of energy carrier systems in Section 2.2, the following three
options for the energy carrier system are implemented in the parametric model:
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(1) A battery system. For the batteries, the XMP 98P battery module manufac-
tured by Xalt Energy was selected as the most feasible option [71].

(2) A hydrogen fuel cell with CH, storage system.The total volume of CH»
tanks quickly scales, considering they will be placed in a pod arrangement.
Therefore, a fuel cell with a high power density [kW/m?] like the PowerCell
MS200 [56] was considered most favorable.

(3) A hydrogen fuel cell with LH, storage system. The LH, tank would likely be
placed on the CC-200’s top deck for venting purposes. Therefore, the volume
inside the ferry is non-critical. From this, a system like the Ballard FCwave
[40] was considered to be a promising choice, as it is more optimized for its
specific power [kW /kg] than its power density [kW/m?>]. LH; can be refueled
by a LH» trailer brought to the port. Due to the weight of the selected tank,
structural reinforcements of the CC-200’s top deck would be required.

The parametric model assesses which of these three options is best suited to satisfy
the energy demand of the zero-emission ferry. For each option, the energy carrier
system’s total mass, volume, and range is calculated. Subsequently, the energy carrier
that is both the lightest and most compact is selected. In the situation that none of
the three options is both the lightest and most compact, it was assumed that there is
a preference for the lightest energy carrier, as long as it fits the volume constraint
based on the available room inside the ferry.

3.6. Output

The primary outputs of the parametric model include:

(1) The selected propulsion system

(2) The selected energy carrier

(3) The energy consumption [kWh/NM]

(4) Whether the concept has hydrofoils or not

Using these outputs, the parametric model can be used to investigate what combi-
nation of design choices in terms of the emission-free energy carrier, weight saving
measures, inclusion of a hydrofoil system, and the propulsion system is expected to
result in the most technically feasible configuration for a range of design inputs.

4. Case study

The model was used to both check the technical feasibility of the ferry concept on
the Zhuhai—Shenzhen route, as well as to understand the technical boundaries of the
zero-emission concept for possible use in other ferry markets.
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4.1. Setting a baseline for evaluating technical feasibility

First a baseline was set based on the minimum speed (30 knots) and range (30
NM) requirements for the emission-free CC-200. This baseline also included the
considered weight saving measures. The model showed that the hydrofoil system
lowers the resistance of the zero-emission ferry by around 10% at operational speed
and the total mass of the would be around 120 tonnes, similar to the mass of the
current CC-200. This shows that for the applied requirements, the zero-emission
ferry would be heavier than the CC-200 if the lightest emission-free energy carrier
would not have been chosen and the identified weight-saving measures would not
have been applied. The required installed propulsion power for the ferry would be
2,285 kW, which is higher than the installed 2,160 kW on the CC-200, mainly due to
a 15% margin that is applied in the parametric model between the used brake power
and required brake power [67].

It can be preliminarily concluded that a zero-emission ferry with the aforemen-
tioned requirements is technically feasible. The zero-emission ferry would apply
weight-saving measures, hydrofoils, a thruster propulsion system, and a CH»> en-
ergy carrier system to transport its passengers at a speed of 30 knots over a distance
of 30 NM. In this configuration, the zero-emission ferry would have to be refueled
with CH after every one-way trip, likely requiring a hydrogen refueling station to
be built at both ports.

4.2. Influence of speed and range requirements

The influence of the speed and range requirements were then tested, based on the
assumption that the hydrofoil system will continue to be beneficial, even at the higher
speeds. The results in this sensitivity study incorporate a CH; energy carrier because
for an operational speed of 30 to 40 knots and a required range of 30 to 90 NM, the
CH; energy carrier is the lightest option and fits in the ferry at all times. Figures 4
and 5 show the influence of range and speed on the ferry’s total mass and total used
brake power.

The results are in line with expectations. A higher operational speed requires a
more powerful power plant, which increases the total used brake power. A more
powerful power plant is also heavier as more fuel cells and larger electric motors
are required. Therefore, the mass of the ferry increases. Moreover, a higher required
range increases the required amount of hydrogen tanks, leading to a higher mass and
brake power.

Figure 4 shows how the ferry’s mass increases at higher required operational
speeds. The increase in mass is mainly caused by fuel cell units added to the de-
sign. The zero-emission ferry is designed with symmetry in mind, so the number of
required fuel cells is always an even number. In Fig. 4, the required number of fuel
cells increases from 12 to 14 when going from 30 to 32 knots for the three tested
ranges. Consequently, a sharper increase in the ferry’s total mass is observed. Also,
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Fig. 4. The zero-emission ferry’s mass as a function of its required speed and range.
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Fig. 5. The zero-emission ferry’s total used brake power as a function of its required speed and range.

when looking at the 30 and 60 NM requirements, two additional fuel cells are re-
quired when going from 34 to 36 knots, but this is not yet required for the 90 NM
requirement. This is why the lines of Fig. 4 do not follow the exact same pattern.

Figure 5 shows that a higher required speed does significantly increase the used
brake power. The used brake power increases from around 2,000 kW at 30 knots
to almost 3,400 kW at 40 knots. It is also concluded that increasing the required
range has a much less significant impact on the used brake power. By increasing
the required range, the most significant change is an increased number of required
hydrogen tanks, causing only a slight increase in weight and therefore power.

Next, Figs 6 and 7 show how the required operational speed and range affect
the ferry’s resistance and energy consumption. Figure 6 shows how the ferry’s re-
sistance changes by using hydrofoils or altering its range or speed. First, a higher
required range increases the ferry’s resistance, as a higher range requirement results
in a larger energy carrier system, which increases the ferry’s weight and thus its re-
sistance. However, this impact is relatively small, which was expected as the impact
of increasing the required range on the brake power is also small, as was seen in
Fig. 5. Next, it is concluded that a hydrofoil system lowers the ferry’s resistance for
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Fig. 6. The zero-emission ferry’s total resistance as a function of its required operational speed and range.
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Fig. 7. The zero-emission ferry’s energy consumption as a function of its required operational speed and
range.

the entire range of operational speeds. This difference is smallest at an operational
speed of 30 knots and highest at 40 knots. In other words, the hydrofoil ferry’s resis-
tance increases relatively little when the operational speed is raised. This is one of
the main reasons why only very high-speed ships use hydrofoils.

Figure 7 shows the ferry’s energy consumption as a function of the required speed.
It shows similar characteristics as Fig. 5. The ferry’s energy consumption ranges
between roughly 66 kWh/NM at 30 knots and 84 kWh/NM at 40 knots. The energy
consumption at 40 knots is slightly lower compared to the 150-passenger Electra
hydrofoil ferry concept, which is expected to have an energy consumption of 90
kWh/NM at 40 knots [16]. On the other hand, the energy consumption at 30 knots of
66 KWh/NM is significantly higher compared to the 150-passenger Beluga24 ferry
concept, which promises a consumption of 30 kWh/NM at 30 knots [29].

Figures 8 and 9 compare how the mass and volume of the three energy carrier
options are affected by the speed and range requirements. The figures are created
using total ferry mass based on the mass of the CH> energy carrier system for the
listed range and speed requirements. In other words, the increased mass of the energy
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Fig. 8. The mass of the energy carrier system as a function of the required range.
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Fig. 9. The volume of the energy carrier system as a function of the required range.

carrier system for higher ranges is not accounted for in the case of the battery- and
LH;-powered ferries. As a result, it is important to note that, for example, the battery
energy carrier mass would likely increase in a more exponential manner in reality.
Still, the figures can be used to compare how the masses and volumes of the three
energy carrier systems depend on the speed and range requirements.

Figure 8 shows the energy carrier system mass for a required range of 30 to 90
NM and a required speed of 30 or 40 knots. It shows that the CH, energy carrier
system is the lightest, especially at lower required speeds and ranges. As discussed
in Section 2.2.2, LH, storage is most interesting for higher energy demands and
larger storage tanks. The LH> tank used in this analysis is rather large, and hydrogen
itself is very light, so the mass of the LH, energy carrier stays almost equal as the
required range increases. Smaller LH; tanks could be used too but may come with
challenges such as a more significant energy loss due to the heat exchange and a more
complex refueling system. Therefore, smaller LH» tanks have not been considered.
At 40 knots and a required range of 90 NM, the mass of the CH, system comes
close to the mass of the LH, system but does not transcend it. Lastly, the mass of a
battery system quickly increases at higher energy demands. Consequently, it can be
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concluded that a battery-powered ferry is not the most attractive for the studied range
requirements if the goal is to minimize weight and, therefore, energy consumption.

Finally, Fig. 9 compares the energy carrier’s volume instead of its mass. It can
be seen that the battery system scores much better on compactness than lightness as
it is the most compact option below a required range of roughly 80 NM for a 30-
knot ferry and around 83 NM for a 40-knot ferry. For higher ranges, the LH»> system
becomes the most compact, while the volume of a CH» energy carrier system is
relatively high, especially for higher required ranges. So, although a CH system
does have the advantage of low weight, it also shows a disadvantage in the form of a
high volume.

4.3. Comparing CH»-, LH>-, and battery-powered ferries

So far the model has shown that a CH» fuel cell system is the lightest and fits
in the ferry. To investigate the technical feasibility of other energy carrier systems,
this section provides an evaluation of the potential technical advantages of a battery-
powered, CH»-powered, and LH;-powered ferries.

4.3.1. Qualitative comparison

First, a battery-powered ferry is studied. From Figs 8 and 9, it can be concluded
that a battery system is most attractive for lower range requirements as the system’s
mass and volume scale strongly when the range requirement is increased. There-
fore, it is chosen to study a 30-knot battery-powered ferry with the minimum range
requirement of 30 NM.

Second, a CH;-powered ferry would have to be refueled more often compared to
a LH,-powered ferry, it would be advantageous to limit the required range to a value
where the ferry could be refueled during the 30 minutes it spends in port. CH, tanks
with a pressure of 350 bar can be refueled with a standard flow rate of 120 g/s [50].
Assuming time is needed to connect the ferry to a hydrogen refueling station and 20
minutes are available for refueling, results in 144 kg of CH> that could be refueled
during one stop. The model found that for a 30-knot ferry, a required range of 31 NM
at most results in six required CH; tanks, which would store 135 kg of hydrogen.
Therefore, the range requirement of the CH,-powered ferry is mainly limited by the
refueling speed. A range requirement of 30 NM was chosen so that the CH,-powered
could be more easily compared with the battery-powered ferry with the same speed
and range requirements.

Finally, the LH» fuel cell system is most attractive when a relatively large hydro-
gen storage tank is used. This enables a better efficiency of the system due to a lower
effective heat exchange, as the tank’s surface-to-volume ratio is minimized. It would
be attractive to fill it up as much as possible to increase the ferry’s range and min-
imize the total required refueling procedures during a day of operation. The model
found that a full LH; tank would give a 30-knot zero-emission ferry a total range of
255 NM.
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Table 5
Comparison of a CH;-, LH;-, and battery-powered ferry on the Zhuhai—Shenzhen route

CHj + fuel cells LHp + fuel cells  Batteries ~ CC-200

Speed [knots] 30 30 30 ~30
Range [NM] 30 255 30 ~420
Required refills per day [-] 9 1 9 1
Time in port [min] 30 30 30 30
Minimum refuel or recharge time [min] 20 N/A 18 N/A
Energy consumption [kWh/NM] 66 73 73 ~80
Mass energy carrier system |[t] 15 24 24 N/A
Volume energy carrier system [m”3] 37 58 22 N/A
Total mass [t] 120 131 131 ~120

4.3.2. Technical comparison

The main specifications of the baterry-, CH»-, and LH,-powered ferry are listed
in Table 5, in which the ‘Speed’ and ‘Range’ are input values for the parametric
model. The refueling time of the LH;-powered ferry and CC-200 are not listed as
they are not critical. The mass and volume of the CC-200’s energy carrier system are
not listed due to the confidential nature of the information.

The parametric model found feasible ferry configurations that comply with the
minimum requirements. Table 5 shows that the most technically-feasible ferry con-
figuration depends on the preferences of the ferry’s designer and operator, as each
configuration has its own advantages and disadvantages.

First, an advantage of the battery-powered ferry is that there is no requirement for
the presence of a hydrogen supplier in the proximity of the ferry’s port. However,
there is a requirement for a suitable electricity grid and charging station. If enough
power is available, the selected battery modules can be fully charged in 18 minutes.
However, to minimize the load on the charging station, a time of 25 minutes is as-
sumed for the charging procedure. Based on the ferry’s energy consumption, it can
be found that around 1,823 kWh of energy must be charged after a one-way trip.
Together with the charging time, it would require a charging infrastructure that can
charge at approximately 4.4 MW. In this research, it is assumed that this charging
power is technically feasible, as other electric ferries like the MF Aurora (10.5 MW)
and MS Color Hybrid (7 MW) charge at higher powers [32]. Another advantage of
the battery-powered ferry is that its required energy carrier volume (21.6 m3) is much
lower compared to both the CH»> (36.6 m3) and LH», (57.5 m3) ferries. This frees up
additional room inside the ferry, which could be used for various purposes, like in-
creasing the passenger capacity or increasing the passenger’s comfort by making the
layout more spacious.

The CH>-powered ferry is the lightest and therefore has the lowest energy con-
sumption in kWh/NM. It has a range of 30 NM, limited by the speed at which the
hydrogen tanks can be refueled. Considering a single trip from Zhuhai to Shenzhen
covers around 25 NM, the CH> tanks would be refueled every single-way trip, taking
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at least 20 minutes. The refueling procedure and logistics could be a disadvantage for
the CH;-powered ferry as a hydrogen refueling station will have to be built onshore
at both ports, increasing costs.

Finally, the LH,-powered ferry has a much higher range compared to the CH>-
and battery-powered ferry, being 255 NM. During an entire day of operation, the
current CC-200 completes nine one-way trips on average and thus sails 225 NM.
Hence, the applied LH> tank is sufficient to store enough LH; needed for a whole
day of operation. The LH,-powered ferry can be operated by refueling it just once
at the start of the day, which is a significant advantage compared to the CH»- and
battery-powered ferries. The main downside of the LH,-powered ferry is that a rel-
atively large LH, tank must be mounted on the top deck. Based on dimensions, the
selected LH> tank would fit on the top deck of the CC-200. However, additional
structural reinforcements would be needed, which would increase the ferry’s weight
and therefore decrease its range. Additionally, the LH,-powered ferry is the heaviest
and has the highest energy consumption.

4.4. Technical boundaries

In this section, the technical boundaries of the zero-emission ferry configurations
are tested. For operating speeds between 30 and 40 knots, the following configura-
tions of the three zero-emission variants were evaluated to find the technical bound-
aries:

Optimized (hydrofoils and all weight-saving measures incorporated)
No hydrofoils

No weight saving measures

No weight saving measures and no hydrofoils

The technical boundaries of the ferries are assumed to be reached at one of the
following limits:

e Mass > 150 tonnes. If this limit is exceeded, it is assumed that the ferry be-
comes too heavy, as no hydrofoil lift and drag data are collected for a lift greater
than 150 tonnes. It was chosen not to make this limit foil-specific to prevent a
skewed comparison between a normal and hydrofoil ferry.

o Total resistance > 105 kN (foil-specific). If this limit is exceeded, no data
relevant to the propeller calculations was collected, which means results start
becoming inaccurate. This limit is foil-specific as the ferry without hydrofoils
uses a waterjet propulsion system.

o Total brake power > 4,400 kW. Above this point, the most potent electric
motors and gearboxes selected for the ferry are not powerful enough to comply
with the ferry’s power demand.

e Energy carrier volume > 100 m3. If this limit is exceeded, it is estimated that
the energy carrier will not fit onboard the ferry.
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Fig. 10. The technical boundaries of the battery-powered ferry.

Table 6
Overview of the reached technical limits of the battery-powered ferry
Configuration Speed [knots] Reached limit
Optimized 3040 Mass > 150 tonnes
No WSM 3040 Mass > 150 tonnes
No foils 30-32 Mass > 150 tonnes
34-40 Total brake power > 4,400 kW
No WSM + no foils 30-32 Mass > 150 tonnes
34-40 Total brake power > 4,400 kW

e Required charging power > 11 MW (battery-specific). This charging power
is the limit of the Tower-type FerryCHARGER charging station [21]. The re-
quired charging power is based on a charging time of 25 minutes and a one-way
sailing distance of 25 NM.

e Hydrogen consumption per 25 NM > 180 kg (CH;-specific). This will ex-
ceed the maximum refill mass of the CH» tanks per trip of the CC-200, based
on 25 minutes of refueling time and a standard flow rate of 120 g/s [50].

e Required LH; tanks > 2 (LH-specific). It is assumed that only one of the
selected LH tanks fits on the ferry’s top deck.

4.4.1. Technical boundaries of the battery-powered ferry

The technical boundaries of the battery-powered ferry are illustrated in Fig. 10,
and were limited by the constraints in Table 6. Based on these results, the following
conclusions can be made:
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Table 7

The impact of hydrofoils on a 30-knot, 30 NM, battery-powered ferry
Ferry Hydrofoils Tot. req. Battery Energy cons. Total mass [t]
reqs. P_B [MW] modules [-] [kWh/NM]
30 knots, Yes 2.5 280 73 131
30 N\M
30 knots, No 3.2 354 92 130
30 NM

e The 30 NM range requirement can only be achieved for speeds up to 40 knots by
the optimized configuration. The ferry without foils can only achieve the range
requirement at a maximum speed of 34 knots. The other two configurations can
not reach the range requirement.

e The speed of a hydrofoil ferry has a much less significant impact on its maxi-
mum range compared to a ferry without foils. This is mainly due to the ferry’s
resistance, which increases less significantly in case hydrofoils are used.

As a 30-knot, 30 NM, battery-powered ferry without hydrofoils is also technically
feasible, it is compared to the same ferry with hydrofoils in Table 7:

From these specifications, eliminating the hydrofoil system does not prevent it
from being technically feasible, but it does increase the required brake power and
energy consumption. For this reason, the propulsion and energy carrier system of the
ferry without foils will be larger. To decide between these configurations, it is recom-
mended to look at the economic feasibility. If the capital and operating expenses of
the hydrofoil system are lower compared to the extra capital and operating expenses
of the larger propulsion and energy carrier systems (compared to the systems of the
hydrofoil ferry), then the hydrofoil ferry will be more attractive from an economic
perspective, and vice versa.

4.4.2. Technical boundaries of the CHy-powered ferry

The technical boundaries of the CH»-powered ferry are illustrated in Fig. 11 and
were limited by the constraints in Table 8. From these results, the following conclu-
sions can be made:

e The 30 NM range requirement can only be achieved for speeds up to 40 knots
by the optimized configuration. The ferry without weight-saving measures be-
comes too heavy at speeds at and above 34 knots and the ferry without hydro-
foils requires too much brake power at and above 36 knots.

e The maximum range for the optimized configuration of the CH,-powered ferry
is significantly higher compared to the battery-powered ferry. This maximum
range is limited by the available room for the energy carrier system. However, it
should also be noted that at higher range capabilities, the amount of time needed
to fully refill the hydrogen tanks will increase significantly.

o If the maximum mass limit is eased, the ferry without weight-saving measures
would likely also comply with the 30 NM range requirement at speeds of 30 to
40 knots.
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Compressed hydrogen-powered ferry
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Fig. 11. The technical boundaries of the CH»-powered ferry.
Table 8
Overview of the reached technical limits of the CH-powered ferry
Configuration Speed [knots] Reached limit
Optimized 3040 Energy carrier volume > 100 m?
No WSM 3040 Mass > 150 tonnes
No foils 30-34 Energy carrier volume > 100 m?
3640 Total brake power > 4,400 kW
No WSM + no foils 30-32 Energy carrier volume > 100 m3
3440 Total brake power > 4,400 kW

At last, the same main conclusions can be made regarding the comparison of a
30-knot, 30 NM ferry with hydrofoils and the same ferry without hydrofoils as for
the battery-powered ferry.

4.4.3. Technical boundaries of the LHy-powered ferry

The technical boundaries of the LH,-powered ferry are illustrated in Fig. 12 and
were limited by the constraints in Table 9. From these results, the following conclu-
sions can be made:

e The 30 NM range requirement can only be achieved for speeds up to 40 knots
by the optimized configuration. The ferry without weight-saving measures be-
comes too heavy at all speeds, and the ferry without hydrofoils requires too

much brake power at and above 36 knots.

e In general, the maximum range of the LH»-powered ferry is significantly higher
compared to the CH»- or battery-powered ferry. For the optimized configura-
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Liquid hydrogen-powered ferry
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Fig. 12. The technical boundaries of the LH>-powered ferry.

Table 9
Overview of the reached technical limits of the LH,-powered ferry

Configuration Speed [knots] Reached limit

Optimized 30-40 Required LH, tanks > 2

No WSM 30-40 Mass > 150 tonnes

No foils 30-34 Required LH» tanks > 2
3640 Total brake power > 4,400 kW

No WSM + no foils 30-32 Required LH> tanks > 2
34-40 Total brake power > 4,400 kW

tion, the maximum range is limited by the hydrogen storage capacity of the
selected LH tank.

o If the maximum mass limit is eased, the ferry without weight-saving measures
would likely also comply with the 30 NM range requirement at speeds of 30 to
40 knots.

5. Conclusions

Internal combustion engine (ICE) emissions cause numerous social, environmen-
tal, health, and economic issues, including extreme weather or harm to public health.
These effects are also experienced in the Chinese Pearl River Delta, where a 30-knot,
200-passenger ferry named the Coastal Cruiser 200 (CC-200) uses ICEs to operate.
To negate its contribution to the total ICE emissions, the technical feasibility of a
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Table 10

Conclusions of advantages and disadvantages of battery-, CH»-, and LH-powered configurations

Advantages Disadvantages
Battery No requirement for hydrogen supplier near A charging station with sufficient power output
port must be available at both ports (roughly 4.4
MW in case of the Zhuhai—Shenzhen route)

Requires low volume for the energy carrier, Limited range (only around 40 NM at most)
allowing for additional usable space inside
ferry.

CH, The lightest and most energy-efficient ferry. Requires to refuel multiple times per day
No cooling system needed for hydrogen tanks A refueling station must be installed at at least
one port.

LH, Full-day energy storage capacity Structural reinforcements needed for
placement of hydrogen tank, increasing
weight.

Tanks can be refueled by LH» trucks, reducing Heaviest and least efficient configuration
port infrastructure requirements

zero-emission CC-200 variant was investigated. It was found that there are currently
no zero-emission ferries sailing at 30 knots and carrying 200 passengers. A two step
approach was followed to explore the technical feasibility of a zero-emission ferry
meeting these requirements. First, a qualitative trade-off study was performed on the
efficiency improving measures, energy carriers, and propulsion systems. Secondly, a
parametric model was developed to explore in more detail the technical feasibility of
such a concept.

Results of the case study showed that a 200-passenger, 30- to 40-knot, emission-
free ferry is technically feasible when implementing a battery-, CH»- or LH» energy
carrier system, hydrofoils, and weight-saving measures. It was concluded that for
these configurations, the 30-knot, battery-powered hydrofoil ferry has the highest
likelihood of being technically feasible. The advantages and disadvantages of the
three powering configurations are summarized in Table 10.

Additionally, by assessing the technical boundaries of the zero-emission ferry con-
figurations, the most important conclusions are:

e Using the weight saving measures and hydrofoils, the 30 NM range can be
achieved by all three power and energy configurations sailing up to a speed of
40 knots.

e In general, a zero-emission ferry without hydrofoils is technically feasible at
30 knots; however, the likely feasibility drops at close to 40 knots where the
required brake power increases greatly.

e A 30 knot, 30 NM battery-powered ferry without hydrofoils is technically fea-
sible but requires a significantly larger and more powerful energy carrier and
propulsion system.

e For larger range requirements, the LH» powered ferry is likely to be the most
technically feasible configuration.



P. Doornebos et al. / Design and feasibility of a 30- to 40-knot emission-free ferry 109

This research has showed the initial technical feasibility of zero-emission ferry
concept for a specific route; however, results can easily be extrapolated to other ferry
routes with similar requirements.

6. Future work

Based on these conclusions, several recommendations are provided to build on,
confirm, and enrich these results. As this study was aimed to perform an initial
feasibility of the overall concept, future work should entail higher fidelity analyses
into weight and weight saving measures, stability and safety, geometry optimiza-
tion, cavitation and ventilation characteristics of the hydrofoil system, and power
and propulsion modeling to help validate these results. This is especially important
as the hydrodynamic and weight design of hydrofoil vessels is particularly complex,
and these details need to be incorporated when the concept progresses to a more
detailed design stage. Second, this study focused specifically on concepts with zero
or only H,O emissions that are available now or in the coming five years. Future
studies could include additional future low-emission or carbon-neutral energy carri-
ers, such as: hydrogen in combination with ICEs (releases NOy), (green) ammonia
(releases NOy), (green) methanol (releases CO» and NOy), renewable methane (re-
leases CO; and NOy), future flow batteries, supercapacitors, solid-state batteries, or
graphene batteries. Third, this model can be used to explore the technical feasibility
of larger ferry variants. For example, [22] concluded that a 300-passenger, battery-
powered CC-300 was not technically feasible in 2019; however, given technological
advances in recent years, these findings could be reevaluated. Finally, it is recom-
mended to widen the view of the study, past the ferry itself, to include other aspects
such as: port and harbor interfaces, influence of rules and regulations, well-to-wake
emissions, and other specific ferry routes.
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Nomenclature

S Span of a foil [m]

c Chord of a foil [m]

AoA Angle of Attack of a foil [deg]

Pp Total required brake power per electric motor [kW]

Pp Delivered power per propeller [kW]

Nshaft Shaft efficiency, assumed to be 95% (typical shaft efficiency of 97% and
additional transmission gear losses of Z-drive of two percentage points
[57D

Ndede Efficiency of the DC-DC converter, assumed to be 98% [22]

Ndcac Efficiency of the DC—AC converter, assumed to be 98% [22]

Ngb Gearbox efficiency, assumed to be 98% [59]

Nemotor Efficiency of the electric motor, assumed to be 97.2% [54]

Rhull Resistance of the hull [N]

Cr Frictional resistance coefficient [-]

Cgr Residual resistance coefficient [-]

Psw Seawater density [kg/m’]

Vv Ship’s velocity [m/s]

Vo.7 Ship velocity at Froude number of 0.7 [m/s]

Vo.g Ship velocity at a Froude number of 0.8 [m/s]

S Wetted surface area of ferry [m?]

Riot,n Total resistance at the hump [N]

Rair i Air resistance at the hump [N]

Rioils, h Foil resistance at the hump [N]

Rhuil,n Hull resistance at the hump [N]

Rn Reynolds number [-]

Cr Frictional resistance coefficient [-]

Mot Total mass of the hydrofoil ferry [t]

Myoils Mass of the hydrofoil system [t]

Rair Air resistance [N]

Pair Air density [kg/m?]



Vair

P. Doornebos et al. / Design and feasibility of a 30- to 40-knot emission-free ferry 111

Air velocity [m/s], assumed equal to the ferry’s speed

Afrontal Frontal area of ferry [m?2]

Cana

MCX.

Air resistance coefficient of ferry [-]
foils ~ Mass of the ferry, excluding hydrofoils [kg]

Mcca00 Mass of the CC-200 [kg]
Mcczoopp Mass of the CC-200’s propulsion-related systems [kg]

Mass difference due to the applied weight-saving measures [kg]

ws
Mo Mass of the energy carrier system [kg]
My Mass of the propulsion system [kg]
Fuy Volumetric Froude number [-]
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