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Abstract: This study presents an approach for estimating fuel boil-off behaviour in cryogenic energy
carrier ships, such as future liquid hydrogen (LH2) carriers. By relying on thermodynamic model-
ling and empirical formulas for ship motion and propulsion, the approach can be used to investigate
boil-off as a function of tank properties, weather conditions, and operating velocities during a laden
voyage. The model is first calibrated against data from a liquefied natural gas (LNG) carrier and is
consequently used to investigate various design configurations of an LH2 ship. Results indicate that
an LH2 ship with the same tank volume and glass wool insulation thickness as a conventional LNG
carrier stores 40% of the fuel energy and is characterised by a boil-off rate nine times higher and
twice as sensitive to sloshing. Adding a reliquefaction unit can reduce the LH2 fuel depletion rate
by at least 38.7% but can increase its variability regarding velocity and weather conditions. In calm
weather, LH2 boil-off rates can only meet LNG carrier standards by utilising at least 6.6 times the
insulation thickness. By adopting fuel cell propulsion in an LH2 ship, a 1.1% increase in fuel delivery
is expected. An LH2 ship with fuel cells and reliquefaction is required to be at least 1.7 times larger
than an existing LNG carrier to deliver the same energy. Further comparison of alternative scenarios
indicates that LH2 carriers necessitate significant redesigns if LNG carrier standards are desired.
The present approach can assist future feasibility studies featuring other vessels and propulsion
technologies, and can be seen as an extendable framework that can predict boil-off in real-time.
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1. Introduction

Traditionally, energy carrier ships transport fossil fuels over long distances for utili-
sation in locations far from their origin [1]. However, the current global drive to limit
greenhouse gas emissions has led to a search for low-carbon energy transport carriers
propelled by low-carbon fuel. The use of cryogenic liquid low-carbon fuels for these pur-
poses could significantly decarbonise the shipping industry and increase the capacity for
transportation of low-carbon energy stores [2]. Due to their low temperatures, cryogenic
liquids gradually boil off throughout a voyage [3]. The boiled-off gas (BOG) can be used
to propel a ship [4], but it has to be of the right quantity to avoid losing excess gas to the
atmosphere or passing it through costly reliquefaction systems [5]. Sloshing, i.e., fluid
movement induced by ship motion increases BOG generation by (i) transferring heat to
the tank system in the form of dissipated kinetic energy and (ii) increasing the surface
area between the liquid and vapour phases [6]. As a result, the final fuel boil-off rate (BOR)
is sensitive to tank design, ship operation, and weather conditions and needs to be care-
fully considered to minimise cost and energy losses in current and future cryogenic fuel
carriers.
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Two examples of cryogenic liquid fuels are liquified natural gas (LNG) and liquid
hydrogen (LH2) [7]. On the one hand, LNG is commonly transported by and used to pro-
pel energy carrier ships [8], with LNG ships having a lower carbon dioxide (COz) equiva-
lent emission due to propulsion than conventional oil-powered ships [9]. These ships can-
not be carbon-neutral unless the CO: is captured during the voyage [10]. To make matters
worse, the methane contained in the BOG can have 25 times the warming effect of COz if
released directly into the atmosphere [11]. On the other hand, an LH2 ship does not con-
tribute any significant greenhouse gas emissions during its voyage. LH2 ships can also
result in lower overall CO: equivalent emissions than LNG ships (depending on the fuel
source), showing excellent carbon neutrality potential [7]. Given the compelling nature of
hydrogen, the construction of LH2 carriers is of vital importance for future decarboniza-
tion strategies, and their design can benefit from existing knowledge on LNG ships. How-
ever, the boiling point of LH2 is around 90 °C less than that of LNG, raising several tech-
nical challenges since BOR effects on LH2 can be more pronounced and more insulation
and reliquefaction infrastructure is required to contain the fuel [12-14].

Relative to LNG carriers, LH2 carrier design is still in the development stages, so
design specifications are not well established. While the largest existing LNG ships can
carry 265,000 m? of fuel [15], the only existing LH2 carrier ship (the Suiso Frontier) trans-
ports 1250 m? at a time. This ship employs one horizontal, cylindrical, vacuum-insulated
tank and utilises a hybrid natural gas and hydrogen turbine for propulsion [16]. A work-
ing LH2 carrier has also recently been commissioned with a volumetric capacity of the
order of an LNG ship: it will transport 160,000 m? of LH2 in 4 spherical vacuum-insulated
tanks [17,18]. Other variants of conceptual LH2 ships that employ several forms of pro-
pulsion are still under investigation. For example, future LH2 ships may be propelled by
hydrogen combustion using reciprocating engines [19] or combined-cycle gas turbines
[19,20]. Alternatively, ships may employ electric propulsion with fuel cells using proton
exchange membrane (PEM) [21-24], solid oxide [22], or molten carbide [19] technology.
The possibility of including a reliquefaction unit on these ships also exists, as discussed
by Ahn et al. [19].

In conceptual LH2 ship studies, LH2 is assumed to be stored either in prismatic (type
A) containers [19,24], spherical (type B) containers [14], or cylindrical (type C) containers
[20,23,25,26]. The storage tanks are insulated by vacuum casing [19] or a low-conductivity
material such as Polyurethane Foam [20]. The required thickness of insulation is not
widely reported. In Alkhaledi et al. [20], it is assumed that 1 m of Polyurethane Foam is
required to insulate the tank appropriately. In contrast, a recent whitepaper examining
the sustainability of hydrogen as a fuel for shipping estimates that two to three times the
insulation of a conventional LNG tank is required to appropriately insulate LH2 (equiva-
lent to 1 to 1.6 m of low-conductivity material insulation) [27,28]. As far as BOR in LH2
tanks is concerned, only three conceptual LH2 ship investigations attempt its prediction
[14,19,29]. Either experimental observations [29] or thermodynamic models [14,19] are
used to relate the heat transfer coefficient through the tank walls to the BOR. In particular,
Al-Breiki et al. [14] compared the BOR properties of LH2 and other low-carbon fuels to
LNG showing that an LH2 ship has a BOR of 1.063%/day while a similar LNG ship has a
much lower BOR of 0.1204%/day. The studies of References [14,19,29] relate the BOR of
LH2 to a specific ship design; however, none investigate the impact of ship design on BOR
or Vvice versa.

The thermodynamic effects of sloshing in LH2 ships are also not widely investigated.
Maekawa et al. (2017) [30] and Maekawa et al. (2018) [31] observed liquid level and tem-
perature measurements for 0.02 m? of LH2 in a test ship subjected to manoeuvre-induced
sloshing in several planes of motion. Wei et al. [32] further investigated sloshing-induced
pressure changes in the specific case of a tank filled with LH2. Other cryogenic fluids have
been studied more closely. For example, Behruzi et al. [33] and Grotle and Aesoy [34]
modelled pressure and temperature changes in sealed LNG tanks that result from slosh-
ing at various excitation frequencies and amplitudes. In some cases, thermodynamic
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changes can also be related to BOG generation during a ship voyage, as in Wu and Ju [35].
In other cases, the BOR in unsealed tanks can be directly investigated at various slosh
excitations as in Yu et al. [36] and Mir et al. [37]. In addition, Ludwig et al. [38] derived a
relationship between sloshing frequency, sloshing amplitude, and heat transfer rate across
the liquid-vapour interface, general enough to apply to any cryogenic fuel. For modelling
purposes, the sloshing-induced heat transfer is of special interest; hence it must be con-
sidered in any thermodynamic modelling approach focusing on the BOR.

The external weather conditions and ship operation, including cruising speed and
manoeuvring that can cause intense sloshing, have been the subject of many investiga-
tions as they are essential for any cargo type, including cryogenic fuels [39,40]. However,
the resultant BOR of LH2 has never been studied in this context, with data being available
primarily for LNG. For example, Jeong et al. [41] present a model that suggests routing
and operating velocities for an LNG ship voyage to minimise fuel depletion. Although the
BOR and fuel utilisation rate are estimated, sloshing effects are not considered in this
study. Simple empirical relationships that directly relate weather parameters to thermo-
dynamic properties can be derived and used to calculate BOR due to sloshing along a
voyage with a non-constant ship velocity [6]. More detailed models linking the ship’s cou-
pled motion with fluid movement in the tank are also available [42] but have not yet been
coupled with thermodynamic models due to their complexity.

This paper introduces an approach that predicts the natural and sloshing induced
BOR properties of cryogenic energy carrier ships, and considers various practical impli-
cations relevant to the tank properties, weather conditions, and operating velocities dur-
ing a laden voyage. Any cryogenic liquid can be modelled, but a conceptual LH2 ship is
selected here, given its potential for decarbonization and the associated design problems
that may arise due to BOR. As a demonstration, the conceptual LH2 ship is based on the
standards of a conventional LNG ship with a 173,600 m? capacity, for which data are avail-
able. The approach is then employed to explore the effects of (i) weather conditions, (ii)
operating velocity, (iii) sloshing, and (iv) ship design on the BOR properties of a concep-
tual LH2 ship.

The approach integrates existing relationships from a range of areas in the literature
such as thermodynamics, ship power consumption, ship motion in rough seas, and slosh-
ing in cryogenic tanks. As discussed above, several of these areas lack sufficient scrutiny,
meaning that the relationships employed are often not well established, and data (exper-
imental or otherwise) is insufficient to conduct an in-depth evaluation of the model. How-
ever, the merit of the current approach is its novelty for estimating the BOR and final fuel
delivery of conceptual LH2 ships directly from voyage weather conditions. The overall
modelling framework is amenable to updates as more data becomes available, with all
sub-models and governing equations being consolidated in a Python-based interface
named Chione.

The remainder of the paper is as follows. First, the thermodynamic equations for a
cryogenic tank, including boil-off and sloshing, are detailed. Next, the ship model is out-
lined: the sizing of the ship, its power consumption, and the relationship between ship
velocity, weather conditions, and sloshing are explored. The approach is then calibrated
using data from a conventional LNG ship, conceptual studies on LH2 ships, reliquefaction
units, and electric component data. This is followed by an investigation of the suitability
of using LH2 ships as fuel carriers, focusing on the effects of insulation thickness, the pres-
ence or absence of reliquefaction, and propulsion type. Finally, conclusions and recom-
mendations for future work close the paper.
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2. Thermodynamic Model
2.1. Generalised Thermodynamic Model

A representation of the liquid and vapour control volumes in the fuel tanks is shown
in Figure 1. The control volumes are annotated with symbols representing relevant prop-
erties of the liquid and vapour phases and heat, mass, and enthalpy transfer rates to and
from them. This approach is similar to those presented in Al Ghafri et al. and Petitpas et
al. [29,43]. In this study, however, the tanks are unsealed, so the internal tank pressure is
assumed to be constant. The application of the First Law of Thermodynamics to the va-
pour control volume results in:

QV - Qv,i{"(mL — my)xhy = UV/ (1)
where
UV=(IhL — mv) Xuy t+ mVXTVX dU.V/dTV , (2)

with hy representing the specific enthalpy of the vapour. Likewise, by applying the First
Law of Thermodynamics to the liquid control volume, Equations (3) and (4) are derived:

QL+Qif,L —mpxhy = UL/ 3)
where
U, = — iy xuy +my xT; xduy /0T, , 4)

with hy being the specific enthalpy of the liquid.

The heat transfer rate across the walls into the liquid (QL) and vapour (QV) are func-
tions of the temperature difference between the external environment (T,,,;) and the liquid
(TL), and vapour (Ty) as well as the surface area of heat transfer and the heat-transfer
coefficient through the tank walls (Uj,,). It is evident from Equations (2) and (4) that the
rate of change of internal energy of the liquid (Up) and vapour (Uy) are functions of the
specific internal energy of the liquid (uy) and vapour (uy). In turn, these variables are
functions of the liquid and vapour temperatures and are here calculated using Cantera
[44]. The variables U and Uy are also functions of the mass of liquid (m;) and vapour
(my), the mass flow rates out of the liquid (mh ) and vapour (1hy), and the rates of change
of the liquid (T ) and vapour (Ty) temperatures.

th Ihv Tout

L Uy
Qy=—> )
4 4 4y it Ty My
WS]OSF’. O Ny Ty aE e aae -'_f--.llnterface

g Thy  VQue UL
I |
o l
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olume
TL My Liquid
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Figure 1. Control volume for liquid and vapour phases of cryogenic fuel in an unsealed container
and control surface for the liquid-vapour interface. The cryogenic tank is assumed to operate with-
out reliquefaction. Thermodynamic properties are shown, including the temperature of liquid (Ty),
vapour (Ty), and external environment (T,,,); the mass of liquid (M) and vapour (My); the heat
transfer rate into the liquid (QL), into the vapour (QV) and across the liquid-vapour interface (Qif);
the rate of change of the internal energy of the liquid (U) and vapour (Uy); the specific enthalpy
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flow out of the liquid (h) and through the vapour (hy); the mass flow rate out of the liquid (ri)
and vapour (riy) the kinetic energy transfer rate due to sloshing (Wyjogn)-

A control surface representing the liquid-vapour interface is also shown in Figure 1.
The control surface is used to define the heat transfer rates from the vapour to the interface
(erif) and from the interface to the liquid (QmL) in Equations (1) and (3). The surface is
treated similarly to the liquid and vapour control volumes, but it has no mass. The inter-
face is assumed to be the site of boil-off within the tanks, so its temperature is assumed to
be that of the saturated cryogenic fluid (T,). Thus Equation (5) represents the First Law
of Thermodynamics for the liquid-vapour control surface:

Qujie — Qg *rix(hy —hy) =0. ®)

The kinetic energy transfer rate to the tank due to sloshing (Wy,;) acts to increase

the BOR, so this term can be modelled to act at the interface control surface. However, the

kinetic energy term is negligible relative to the heat transfer rates through the interface.

Therefore, it is not included in Equation (5), and sloshing is assumed to act only in the

context of increasing the heat transfer rate across the liquid-vapour interface. QV,if intro-
duces sloshing to the thermodynamic model, as in Equation (6):

Qy ¢ = SSExUipxAipx(Ty — Tea) (6)
where Aj represents the surface area of the interface. The heat transfer coefficient across
the interface is separated into two independent variables: Uy and SSF. The variable Uy
represents the heat-transfer coefficient across the interface in the absence of sloshing. The
Sloshing Scaling Factor (SSF, dimensionless) is the degree by which heat transfer across
the interface increases with the sloshing of the cryogenic fuel. It is dependent on the ve-
locity of the ship and the external weather conditions.

2.2. Thermodynamic Model for an Unsealed, Laden Cryogenic Tank

The thermodynamic model of the fuel tanks in Section 2.1 is general but can be sim-
plified by defining the fuel tanks as unsealed and laden. In an unsealed tank, the BOG is
vented, so the pressure remains constant instead of rising as the BOG accumulates. The
ship tank carries a high proportion of liquefied fuel during a laden voyage, with only a
small volume of fuel vapour on top of the liquid. Qu et al. [6] models an unsealed LNG
carrier subjected to sloshing and is undertaking a laden voyage and shows that liquid and
vapour temperature measurements display only minor variations over several days. In
the present study, the liquid and vapour temperatures are thus modelled as constants
over time. An approximately constant liquid temperature is also consistent with observa-
tions by Krikkis et al. [4]; however, a constant vapour temperature was not observed as
the vapour fraction during the laden voyage is significantly higher than that modelled
here. Since the pressure and temperature of the liquid and vapour are assumed constant
over time, the vapour mass must also be considered constant. Hence, the fuel evaporation
rate (or my) is assumed equal to the total BOR from the tanks (or my) based on mass
conservation.

Furthermore, by applying the unsealed and laden assumptions to Equation (1), it is
evident that there is no net enthalpy transfer into and out of the vapour and no net change
in internal energy. The vapour thus acts as an extra insulating layer on top of the liquefied
fuel. The heat transfer rate into the layer is equal to the heat transfer rate out, as in Equa-
tion (7):

Qv = QV,if . ()

The vapour temperature can thus be related directly to the surface areas and heat-
transfer coefficients across the wall and the interface, as in Equation (8):
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(Tour — Tv)/(Ty — Tea) =SSFx(Uit/Uine)*(Ait/Avin) » (8)

where Ay, (m?)is the surface area of heat transfer across the tank walls to the vapour.

By summing the governing equations for the vapour, liquid, and their interface
(Equations (1), (3), and (5)), an expression can be derived for the whole tank. The assump-
tions outlined above may also be applied to simplify the expression further, as in:

Myge + Mygss = (QL + Qv)/(hv —up). )
total BOR

Without reliquefaction, the total BOR can be expressed as the sum of the fuel loss rate
to the atmosphere (1) and the fuel utilisation rate in the engine (1h,s.). The value of
My is determined from the power requirements of the ship, so Equation (9) can also be
expressed in terms of my,g.

Equations (8) and (9) form the system of thermodynamic equations used to determine
the BOR from the external weather conditions and the ship's velocity. The heat transfer
coefficients and the surface area of the tank walls can be determined from empirical data
of the tank properties. For a design BOR and fuel temperature, Equation (8) can be solved
to determine the temperature of vapour, and then Equation (9) can be utilised to deter-
mine Uy. This process will be demonstrated in the following sections using data for a
173,600 m? capacity LNG carrier. Uy is, by definition, independent of any changes caused
by sloshing. Thus, for any SSF value around the design point, a corresponding tempera-
ture of vapour, hence BOR, can again be determined using Equations (8) and (9). The de-
pendency of SSF on external weather conditions and ship velocity may also be defined
using existing data and relationships from the literature, as will be shown later.

2.3. Addition of a Reliquefaction Unit

The reliquefaction process considered in this study is based on a reverse Brayton cy-
cle [45-48]. When reliquefaction is employed, the unutilised BOG is recycled back to the
tank, with some additional fuel consumed to generate electricity for the work needed to
drive the reliquefaction process. In place of Figure 1, Figure 2 represents the liquid and
vapour control volumes in such a ship. By applying the First Law of Thermodynamics to
the vapour, Equation (1) is replaced with:

QV - QV,if"'(th — my — ri‘1reliq)xhv=tjvr (10)

where myiq (kg s™) represents the rate of fuel reliquefaction. Likewise, Equation (3) for
the liquid is replaced with:

QL + Qif,L - Wreliq + 1’i‘lreliqxlﬁlv - IhLXhL = UL ’ (11)

where Wreliq (W) is the enthalpy extraction rate during the reliquefaction process. This
quantity can be expressed in terms of the rate of fuel reliquefaction as in:

Wreliq = - 1'].f’lreliqx(lllv - hL) . (12)

All assumptions made in Section 2.2 that are associated with the tank being unsealed

and laden also apply here. It is thus assumed that the liquid and vapour temperatures are

constant, and the mass flow rates into and out of the vapour sum to zero. By summing
Equations (5), (10), and (11), Equation (9) can then be replaced with:

Ihuse +Ihr-use = (QL +QV - Wreliq)/(hv - uL)/ (13)

total fuel depletion rate

which provides an expression for the whole tank with reliquefaction.
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Figure 2. Control volume for liquid and vapour phases of cryogenic fuel in an unsealed container,
and control surface for the liquid-vapour interface. The cryogenic tank is assumed to operate with
reliquefaction. Thermodynamic properties are shown, which include: the temperature of liquid (Ty),
vapour (Ty) and external environment (T,;); the mass of liquid (M) and vapour (My); the heat
transfer rate into the liquid (QL) into the vapour (Qv) and across the 11qu1d vapour interface (Qlf)
the rate of change of the internal energy of the liquid (UL) and vapour (Uy); the specific enthalpy
flow out of the liquid (hy) and through the vapour (hy); the mass flow rate out of the liquid (rhr)
and vapour (thy); the rate of fuel reliquefaction (th|;q); the kinetic energy transfer rate due to slosh-
ing (Weosn); and enthalpy extraction rate during the reliquefaction process (Wrehq).

It is assumed that all unutilised boil-off gas is reliquefied as myq so that the term
My, is small enough to be negligible. Thus, the fuel depletion rate from the tank can be
expressed as the sum of the fuel utilisation rates for propulsion (1h,) and reliquefaction
(M;_yse)- While the fuel utilisation rate for propulsion is dependent only on the ship power
requirements, the fuel utilisation rate for reliquefaction is also dependent on the electricity
requirements of reliquefaction and the rate of fuel reliquefaction (thj;q).-

Equation (8) can be combined with Equation (13) to form a system of equations that
can be solved to find the fuel depletion rate at different ship velocities and weather con-
ditions. As in the tank model without reliquefaction, data from an LNG ship will be used
in the following sections to find Uy in the case with reliquefaction, which can, in turn, be
used to find the fuel depletion rate at different values of SSF. Note that the independent
variable in Equation (13) is mjiq, as opposed to mjus, used in Equation (9).

3. Ship Model
3.1. Ship Sizing

It is assumed that stored energy in the cryogenic fuel is converted into ship motion
by reciprocating internal combustion (IC) engines, or else Proton Exchange Membrane
(PEM) fuel cells and electric motors, using BOG. Some BOG may also be lost to the atmos-
phere unless reliquefaction is included. The cryogenic ship propelled by combustion is
modelled to consist of fuel (in both liquid and vapour phase), IC engines, fuel tanks, bal-
last water, and extra volume that is not accounted for by any of the former components
(referred to as unassigned volume). Onboard a ship that employs electric propulsion, the
IC engines are substituted for fuel cells and electric motors.

In a ship that employs reliquefaction, the unutilised BOG is reliquefied and fed back
into the fuel tank as a liquid. A reliquefaction unit, powered by electricity, performs this
function. Therefore, two extra components are required onboard combustion ships: a rel-
iquefaction unit and a generator. A generator is not required onboard electric ships that
employ reliquefaction; instead, electricity from the PEM fuel cells is used to power the
reliquefaction unit.
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3.2. Power Consumption and Fuel Utilisation

The power consumption of the cryogenic ship (P,s.), is estimated using Equation (14),
which is derived from formulas in Molland et al. and Chi et al. [49,50], as in:

I)use = CusewaethseaXPFxf . (14)

Using an equation for LNG carriers in Moser et al. [51], the wetted surface area, A,
is estimated from the ship deadweight. The power factor (PF, dimensionless) is a function
of the Beaufort number (BN). The velocity function (f, dimensionless) is dependent on the
velocity of the ship relative to a fixed point (vgp;p). Formulae that describe the power factor
and velocity function are expressed as follows:

3
PF = (1+0.005<BN + BN**/(270x(Myeus/2,.,)"")) (15)

sea

2
f=venip’/(log,, Rewea — 2)°, (16)

where Mge,q is the ship deadweightand ¢ is the density of sea water. In Equation (16),
the Reynolds number (Re,,), is based on the ship’s length and uses sea water as a working
fluid with properties detailed in Table Al in Appendix A.

The fuel utilisation rate of the ship makes up part of the total BOR or fuel depletion
rate (Sections 2.2 and 2.3). It is calculated from the power consumption as in:

Ihuse = Puse/(ﬂengxﬂFCxLCV) ’ (17)

where LCV (J kg™) is the lower calorific value of the fuel. The unknowns in Equations
(14) to (17) are the power consumption calibration factor (c,s, dimensionless), the effi-
ciency of fuel cells () if present (if not, n,.=1), and the efficiency of the ship IC engines
or electric motors (r]eng). For combustion ships, the unknown values can be determined by

scaling them to match empirical data on power, fuel utilisation rate, and velocity. This is

further discussed using data for an existing LNG carrier. For electric ships, MNeng and n.

may be found from the literature (e.g., see References [52-55]).
Onboard a ship that employs reliquefaction, extra fuel must be utilised to reliquefy
the unutilised BOG, as demonstrated by:

Mr—use = erelinmreliq/(nenganCXngenxLCV) . (18)

The required fuel utilisation rate (mh,. ) is dependent on the mass flow rate of fuel
to be liquefied (determined as in Section 2.3) and the electrical energy required per unit
mass of reliquefied fuel (e;q)- It is also dependent on the efficiency of the generator (T]gen,

dimensionless) onboard combustion ships (on electric ships Neen = 1). The value of eiq

is dependent on the cryogenic fuel undergoing reliquefaction; due to its lower boiling
point, LH2 requires more energy to reliquefy than LNG. Its value and the value of T]gen

can be determined from the literature (e.g., References [45-48,56,57]).

3.3. Sloshing

Waves at the liquid-vapour interface of the fuel are produced as a result of sea waves
that cause the ship to tilt. This fuel wave enhances heat transfer between the liquid and
vapour. Figure 3 represents a cryogenic fuel carrier tilting due to the uneven distribution
of waves around its centre of mass. Here, we provide a method of deriving the amplitude
and frequency of the fuel wave and the subsequent enhancement of heat transfer for a
range of weather conditions and ship velocities. It should be noted that more precise phys-
ical descriptions of this relationship are either complex or specific to conditions the ship
is travelling in. Given the lack of data for calibration, and for the sake of simplicity, we
herein focus only on simplified relationships that demonstrate the effects of the external
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conditions on sloshing and, by extension, sloshing-induced heat transfer. The model is
constructed so that, in future work, these equations may be updated or substituted to im-
prove reliability. For example, sloshing responses of the ship may be determined with
more accuracy by utilizing ship accelerometer data to obtain response amplitude opera-
tors [39].

Tank Fuel

Force Distribution Due to Uneven Up-
Thrust from Waves

Force Distribution Due to Up-Thrust
from Uneven Ship Depth

Figure 3. Force distributions acting upon a tilting ship carrying liquid fuel.

Figure 4a—c shows the velocities, amplitudes, and frequencies used to calculate the
sea and fuel wave properties. These quantities are shown at Beaufort numbers (BN) of 0
to 12, a value which we use to quantify the weather conditions through which the ship is
travelling. To determine the frequency and amplitude of the waves, the velocity of the sea
(Vsea) and ship (Vgyip) must first be determined. Figure 4a details all velocities involved in
this calculation. For each BN, the variable ship velocity is shown at its maximum value,
assumed to be the velocity at which the ship engines operate at their rated power. The
ship velocity relative to a fixed point and to the sea are shown. As a worst-case scenario,
the velocity of the sea is assumed to act opposite to the ship’s progress. This assumption
is not applicable under many circumstances as the relative direction of ship and sea ve-
locities are specific to the voyage.

The velocity of the sea is determined from the mid-range value of wind velocity
(Vwing), Which is found from raw data ranges detailed in tables relating BN to weather
conditions [58]. The relationship between wind velocity and sea velocity is found by cor-
relating data in Xue and Chai [59]. The resulting relationship can be expressed by:

Veea = 0.1179%v, ;g — 0.2528, (19)

which is based on sample data specific to location and weather conditions. As a result, it
may not apply to all voyages. By directly applying a voyages’ sea speed and direction
data, the model presented in this study could instead be utilised to predict sloshing char-
acteristics specific to the voyage in question.

The frequencies of the sea and fuel waves are shown in Figure 4b. Both waves are
assumed sinusoidal. The external sea waves are assumed to have a natural frequency of a
gravity wave (ws,), given by:

Wgea = 27-0(\/ g/Dsea/ (20)

where D, represents the amplitude of the sea wave and g the acceleration due to grav-
ity. Like vy,ing, the amplitude of sea waves shown in Figure 4c is obtained from raw data
that relate BN to weather conditions [58]. The breaking of sea waves occurs between BN
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=7 and BN =9, and there is little variation in sea wave amplitude within this range [60].
The frequency of the fuel waves is assumed to be equal to the frequency of the sea waves,
scaled by the ratio of the resultant velocity of the ship and the velocity of the sea. At a ship
velocity of zero, the frequency of the fuel wave is thus equal to the frequency of the sea
wave.
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Figure 4. Sea and fuel properties involved in the calculation of heat transfer enhancement due to
sloshing as a function of Beaufort number (BN). The trends shown are: (a) Velocity of the wind
(Vwind), € (Vsea), and liquefied natural gas ship at rated power (vgpp); (b) Frequency of sea (wsea)
and liquefied natural gas waves at rated power (wr); (¢) Amplitude of sea (Ds,) and liquefied nat-
ural gas waves at rated power (D ); (d) Sloshing scaling factor (SSF) of liquefied natural gas at a
ship velocity of 0 kn and at rated power.

The amplitude of the fuel waves shown in Figure 4c is determined by considering a
balance of moments acting on the centre of mass of the ship. A representation of the force
distributions acting on the ship is detailed in Figure 3. There are three force distributions
included in the balance of moments: (i) an uneven hydrostatic force distribution due to
the tilt of the ship, (ii) a hydrostatic force distribution due to the uneven distribution of
sea waves, and (iii) the uneven weight distribution of fuel. The fuel wave amplitude is
assumed to be the height that the fuel rises to keep its surface level within the tilting tanks.
This height is low relative to the length of the ship, so it is approximated as half the length
of one tank multiplied by the tilting angle of the ship. In the case presented here, the ship's
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hull is assumed to be rectangular. The tilting hydrostatic force and fuel weight distribu-
tions are dependent on the tilt angle of the ship, so the moment balance allows this angle
and the fuel amplitude to be obtained. As the ballast water is present to stabilise the ship,
it is assumed that its weight imparts no net moment.

Given fuel wave amplitude and frequency knowledge, the sloshing-induced heat
transfer rate enhancement can then be approximated based on Ludwig et al. [38]. In par-
ticular, the dependence of SSF (appearing in Equations (6) and (8)) may be given by:

SSF =1 + yosn*Regpoqn " xPry /2, (1)

where
Regiosn = @ *wp XD %/, - (22)

In Equations (21) and (22), Reys, takes the form of a Reynolds number, and Pri is
the Prandtl number, o, is the density and p, is the dynamic viscosity of the cryogenic
fluid. The relationship in Equation (21) has been generalised by constraining SSF to 1 in
the absence of any sloshing and adding a calibration factor, cg,g,. Thus, all variations in
SSF occur above unity. The calibration factor is evaluated by using First Law equations in
Lin et al. [61] and Petitpas et al. [29] to obtain best-fit from data in Grotle and Aesoy [34]
and Ludwig et al. [38]. Figure 4d shows the resulting variation of SSF with BN for an LNG
ship travelling at the maximum ship velocity and at standstill. The best fit was found to
be cgosn = 0.0225, but this value is uncertain due to the scarcity of experimental data. Fu-
ture work should focus on acquiring more data (either via experiments or Computational
Fluid Dynamics simulations) and a more rigorous expression for SSF.

4. Investigated Fuel Carriers and Design Alterations
4.1. Conventional Liquefied Natural Gas Carrier

The system of equations described in Sections 2 and 3 is validated here using empir-
ical data that relates to a conventional LNG carrier ship, named the Maran Gas Amphip-
olis, that is currently registered in Greece [28]. Component masses and volumes of the
laden LNG ship are estimated using data in Table 1. A simplified representation of the
ship layout is employed in sizing calculations, as illustrated in Figure 3. The fuel tanks
onboard the conventional ship are assumed to be cuboidal and insulated by glass wool.
Their dimensions, end-to-end, are assumed to be proportional to those of the ship. The
engines are assumed similar to a natural gas reciprocating engine, the MAN B&W
6G70ME-C (Table 2). Deadweight that is not provided by fuel is assumed to be provided
by ballast water. This stabilises the ship and ensures it floats at the correct height within
the water. The internal volume of the ship is estimated from its gross tonnage using a
standard formula [62]. Any internal volume that is not occupied by the fuel, tank, engines,
or ballast is left unassigned. Whatever occupies this unassigned volume may contribute
to the total mass of the ship but does not contribute to its deadweight. It could be made
up of empty space (e.g., capacity for more ballast water to be taken on as the ship con-
sumes fuel) or of the mass present when the ship is empty (e.g., structural mass).
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Table 1. Data for the conventional LNG ship [28,63,64].

Input Unit Quantity Source
Number of Tanks - 4 [28]
Deadweight ton 95,190 [63]
Density of Glass Wool kg m= 48 [64]
Fraction of Fuel Vapour % 2 [28]
Fuel Capacity m? 173,600 [28]
Gross Tonnage ton 113,000 [63]
Rated Power MW 234 [28]
Ship Beam m 46 [63]
Ship Length m 295 [63]
Thickness of Glass Wool m 0.53 [28]
Reliquefaction Unit Present True/False False [28]

Table 2. MAN B&W 6G70ME-C engine data [65].

Input Unit Quantity
Rated Power MW 21.84
Mass ton 665
Estimated Volume m3 1568

A reliable way to validate the model against an existing LNG ship would be to cali-
brate the boil-off rate, velocity, and BN against real voyage data. However, there is cur-
rently no data suitable for this purpose. Instead, the data in Table 3 are only applicable to
a specific operating condition of the ship, hereafter referred to as the design point. The
existing LNG ship is assumed to be exposed to a wind speed of 5 kn, equivalent to BN =
2 [28]. Power consumption and fuel utilisation data for a range of velocities is detailed in
Table A2 of Appendix A. Equations (14) to (17) can be applied to this data to find c s and
the efficiency of the ship engines. Using the deadweight in Table 1 and equation in Moser
et al. [51], the wetted surface area of the laden ship is estimated to be 16,300 m?. A value
of cuse=0.07121 thus appeared to fit the data best. Equation (23) relates the resultant ve-
locity, expressed in knots, to the efficiency of the ship engines:

—0.061

Meng = 0.4587-(Vapip + Vsea (23)

Also using the data in Table A2, the ship velocity at the design point is found to be
16.7 kn as this is where the fuel utilisation rate is equal to the unforced BOR. At the design
point, the engine efficiency is thus 38.6%.

Table 3. Fuel consumption data for the conventional LNG ship at design point [28].

Input Unit Quantity
Ship Velocity kn 16.7
Beaufort Number - 2
Fuel Utilisation Rate for Propulsion (Best Fit) kg s, %/day 0.757,0.0905
Power Consumption (Best Fit) kW 14,600

As 98% of the volume of the fuel tanks is liquid cryogenic fluid (Table 1), it is assumed
that heat transfer into the fuel is governed by conduction across the glass wool insulation.
The effects of convection and radiation are thus neglected. The thermal conductivity of
the insulation is determined by the temperatures and heat transfer rates in Table 4. The
temperature between the fuel tanks is assumed to be close to the temperature of the exter-
nal environment. The fuel tank dimensions are then used to determine the surface area of
heat transfer from the external environment to the liquid and vapour phases. Therefore,
the thermal conductivity is found to be 0.049 W m~' K-, which is within the range of values
tabled by Ref. [64]. At an insulation thickness of 0.53 m, Uy, is thus 0.092 W m=2 K-
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Equation (8) and the total BOR in Table 4 are used to find the existing ship’s vapour
temperature at the design point. The internal pressure within the tank is equal to the av-
erage external pressure at 1.01325 bar. The difference between the specific enthalpy of the
vapour and the internal energy of the liquid is determined using Cantera [44]. The vapour
temperature is found to be 119.5 K, which is 7.9 K above the saturation temperature, and
168.4 K below the temperature of the external environment. At BN = 2, the SSF is 1.002
(Section 3.3). Using this SSF and vapour temperature, the calculated value of U, the
surface areas in Table 4 and Equation (9), U for LNG is estimated to be 2.02 W m2 K.

Table 4. Thermodynamic data for the conventional LNG ship [28,44,63,66,67].

Input Unit Quantity  Source
Internal Pressure of Tank bar 1.01325 [28]
Average External Pressure bar 1.01325 [67]
Average External Sea Temperature K 288 [66]
Heat Transfer Rate to Liquid kW 386 [28]
Temperature of Liquid K 110 [28]
Spec1f1F .Enthalpy of Vapour Re.zla’?ve K kg 685.8 [44]
to Specific Internal Energy of Liquid *
. kg s 0.757

Total Boil-Off Rate %/day 0.0905 [28]

Surface Area of Tank in Contact with Vapour )
(Calculated from The Tank Dimensions) m 8610 (631

Surface Area of Tank in Contact with Liquid )
(Calculated from The Tank Dimensions) m 23,660 (631
Surface Area of Liquid-Vapour Interface m? 8296 (63]

(Calculated from The Tank Dimensions)

* Dependent on vapour temperature.

4.2. Conceptual Liquid Hydrogen Carrier

To model the BOR properties of a conceptual LH2 carrier ship, the equations pre-
sented in Sections 2 and 3 are calibrated against the conventional LNG ship derived in
Section 4.1. For comparison purposes, all LH2 ship variants in this study are assumed to
have the same ballast water weight and internal volume as the LNG ship. In addition, it
is assumed that they have at least the same unassigned volume. The LH2 tanks are as-
sumed to be of the same number and have the same basic shape as the LNG tanks, with
the same insulation type and thickness. The IC engines are also assumed to have the same
power and efficiency specifications as the LNG ship. Beyond this, ship design parameters
are varied to accommodate the LH2 fuel. Some properties of LH2 relative to LNG are
detailed in Table 5, and the lower density of LH2 should lead to a lower mass of fuel
onboard the LH2 ship. It is also evident that, for the same ship deadweight, the fuel utili-
sation rate in kg s is 41.7% of that of the LNG ship at any velocity or BN (see Equation

(17)).
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Table 5. LNG and LH2 properties at the design point [14,28,44,67,68].

Quantity
Input Unit  Natural Source Hydrogen Source
Gas
Temperature of Liquid K 110 [28] 20.15 [14]
Density of Liquid kg m™ 425 [28] 70.95 [44]
Temperature of Vapour (Evaluated) K 119.5 - 24.3 -

Density of Vapour kgm?  1.684 [44] 1.071 [44]

Lower Calorific Heating Value M] kg™ 50.01 [67] 120 [68]

Specific Enthalpy of Vapour Relative to

~1
Specific Internal Energy of Liquid * kg 6858 [44] 698.1 [44]

All properties at a pressure of 1.01325 bar, * At vapour temperature detailed here.

Due to its low temperature (Table 5), the heat transfer properties of LH2 are different
from LNG. Al-Breiki and Bicer [14] compare the boil-off properties of LH2 and LNG dur-
ing a ship voyage. The relevant findings of this investigation are detailed in Table 6. The
BOR of LH2 in %/day is 8.829 times that of LNG for the same fuel volume. Scaling this
value by the ratio of fuel masses onboard each ship (which is approximately equal to the
ratio of fuel densities), the BOR is 1.469 times that of LNG. The results of Al-Breiki and
Bicer [14] are thus reproduced by using Equation (8) to obtain the vapour temperature
onboard the LH2 ship (as in Table 5). Using this vapour temperature, Uj,,, the surface
areas in Table 4 and Equation (10), Uy for LH2 is estimated to be 6.16 W m™ K.

Table 6. LNG and LH2 data on BOR and operating temperature [14].

Input Unit Quantity
Boil-Off Rate of Liquefied Natural Gas Ship %/day 0.1204
Boil-Off Rate of Liquid Hydrogen Ship %/day 1.063
Temperature of Liquid Natural Gas K 111
External Temperature K 298

All properties at a pressure of 1 bar.

The procedure outlined in Section 3.3 is followed to determine the off-design BOR
properties of the LH2 ship. The velocities and frequencies of the LH2 waves are the same
as those shown in Figure 4a,b. However, the lower fuel mass in the LH2 ship results in a
different fuel weight distribution and thus a different fuel wave amplitude. In Equations
(21) and (22), the Prandtl number for LH2 is 56.7%, and its kinematic viscosity is 68% of
that of LNG. Therefore, for the same internal wave, any increase in the SSF above unity
(the SSF minus 1) in an LH2 tank is 1.08 times that in an LNG tank.

4.3. Addition of a Reliquefaction Unit

To meet the highest cooling requirement within the operating range of the ship
(about 1.3% of the rated power [28]), the required mass and volume of generator and rel-
iquefaction unit are less than 1% of the reciprocating engine’s mass and volume, and so
can be neglected (see Table A3 in Appendix A). Consequently, the ships that utilise rel-
iquefaction are assumed to have the exact component masses and volumes as the equiva-
lent cryogenic ships that do not. The fuel utilisation rate for propulsion, vapour tempera-
ture at the SSF and Uy values are also the same as those calculated for the equivalent
cryogenic ships that do not employ reliquefaction.

Using these observations, fuel utilisation rates are calculated. Table 7 details the rel-
iquefaction unit and generator data for an LNG and LH2 ship, as well as the specific en-
thalpy difference between the fuel liquid and vapour. As in Section 4.1, the IC engine ef-
ficiency can be evaluated using Equation (23). At the design point, Equations (13) and (18)
are solved simultaneously to find the reliquefied mass rate, using the fuel utilisation rate
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for propulsion and the data in Tables 4, 5, and 7 as inputs. For an LH2 ship, the fuel utili-
sation rate for reliquefaction is found to be 27.7% of the fuel reliquefaction rate, whereas
Mpyse 1525.2% of ey for an LNG ship (Equation (18)). At the design point onboard the
LNG ship, the fuel utilisation rate for propulsion is, by definition, equal to the total BOR.
Thus, no fuel is reliquefied, and the total fuel depleted is equal to that utilised for propul-
sion.

Table 7. Input data for fuel utilisation calculation for reliquefaction [44-48,56,57].

Input Unit  Quantity Source
Electricity Requirement Per Unit of Reliquefied Natural Gas Mass
Flow Rate, ereliq kWh/kg 1.25 [45-48]

(Approximately Mid-Range)
Electricity Requlrement;er Unit of Reliquefied Hydrogen Mass KWhykg 3.30 [57]
ow Rate, erelig
Specific Enthalpy of Vapour Relative to Liquid for
Natural Gas *
Specific Enthalpy of Vapour Relative to Liquid for
Hydrogen *
Efficiency of Generator (Independent of
Engine, Approximately Mid-Range)
* At a pressure of 1.01325 bar and the vapour temperature detailed in Table 5.

Kkg! 5331 [44]
K kg! 4942 [44]

% 92.5 [56]

4.4. Use of Electric Propulsion

The electric engines are assumed to have the same rated power as the IC engines.
Using data from Table 8, it is evident that the required mass of electric engines is 0.63% of
that of the IC engine and that the volume required is 0.03% of that of the IC engine. As
displayed in Ref. [69], it is assumed that the electric engines mainly consist of iron. The
fuel cells are sized to provide power to the electric engines equal to the rated engine power
divided by the engine efficiency. Thus, the mass of fuel cells required is 2.9% of that of the
IC engine, and the volume required is 0.8% of that of the IC engine. From Table 8 and
Equation (17), it can be shown that, for the same power requirement, an LH2 electric ship
requires 67.3% to 81.1% of the fuel utilisation rate for propulsion relative to the combus-
tion ship. Using Equation (18), the LH2 electric ship requires 59.1% to 67.5% of the fuel
utilisation rate for reliquefaction if the same fuel reliquefaction rate is required.

Table 8. Electric propulsion component data [52-55,69,70].

Input Unit Quantity Source
Overall Electric Engine Efficiency

9 92.5,90 to 95 52,53
(Mid-Range, Conservative Estimate to Upper Bound) & © [ ]
Gravimetric Power Density of Electric Engine W kgt 5200 [69]
Density of Iron kg m3 7880 [69]
I7r0t0n Exchange Me@bran§ Fuel Cell Efficiency o 57, 54 t0 60 [54,55]
(Mid-Range, Conservative Estimate to Upper Bound)
Gravimetric Power Density of .
Proton Exchange Membrane Fuel Cell Whs 1980 701
Volumetric Power Density of W m 3,120,000 [70]

Proton Exchange Membrane Fuel Cell

5. Model Application

To determine the fuel carrier and BOR properties of LH2 ships relative to the con-
ventional LNG ship, the calibrated models are here applied to several design and operat-
ing scenarios. For an LH2 ship with the same tank volume and insulation thickness as the
conventional LNG ship, the component masses, component volumes, and BOR properties
are analysed at a wide range of external weather conditions and ship velocities, with and
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without a reliquefaction unit. The variation of BOR with tank insulation thickness and the
impact of electrification on delivered energy is also investigated. Finally, a comparison of
the design point performance of LNG, LH2 combustion, and LH2 electric ships is con-
ducted to highlight favourable design features for LH2 ships. The design variations pre-
sented here are a small, non-exhaustive selection of those that the presented model can be
configured to investigate.

5.1. Boil-Off Properties of Combustion Ship Models

The model presented in the previous sections is here used to estimate the fuel carrier
properties of the existing LNG ship and the conceptual LH2 combustion ship variants and
their BOR properties at a range of BN and ship velocities. Table 9 details the component
masses and volumes for the ships that result from the analysis in Sections 4.1 and 4.2. The
LH2 carrier can only contain 16.8% of the fuel mass and 40.2% of the fuel energy of the
LNG ship. This is because the volumetric density of LH2 is 16.7% of that of LNG, which
means a lower mass of fuel can be fitted in the fuel tanks. It is also evident that the LH2
ship deadweight is 37% of the LNG ship deadweight. This has several implications.
Firstly, the ship sits higher in the water than the LNG ship, which may mean that a flatter
hull is required to stabilise the ship sufficiently. Secondly, assuming the conventional
LNG ship hull shape, the wetted surface area of the LH2 ship is lower than that of the
LNG ship at 8420 m?, so its power consumption is also lower (see Equation (14)). The latter
also means that higher velocities can be reached by the LH2 ship before the rated power
is exceeded.

Table 9. Component mass and volume estimates for the conventional liquefied natural gas ship and
a liquid hydrogen ship with the same tank insulation thickness.

Quantity Liquefied Natural Gas Liquid Hydrogen
Mass of Fuel (ton) 72,000 12,100
Mass of Ballast Water (ton) 23,200
Mass of Tank (ton) 846
Mass of Engines (ton) 713
Volume of Fuel (m?) 174,000
Volume of Ballast Water (m?) 22,600

Figure 5 details the fuel utilisation rates, lost BOR, and total BOR from 0 kn to maxi-
mum velocity and BN 0 to 12. The mass flow rates are shown for the conventional LNG
ship and the LH2 combustion ships that operate with and without a reliquefaction unit.
The fuel utilisation rate for propulsion is determined by the propulsion model in Equa-
tions (14)—(17). The engine is at a higher power for the same velocity if the ship moves
against the weather; hence the curve shifts upwards as BN increases. The maximum fuel
utilization rate (at rated power) also varies with BN, as the maximum resultant velocity
of the ship, and thus the efficiency of the engines, varies with the external weather condi-
tions (Figure 4a). The BOR curves in Figure 5a,b and the fuel depletion rate curves in Fig-
ure 5c are calculated using the thermodynamic tank model and include the effects of slosh-
ing (Sections 2 and 3.3).

In Figure 5a,b, the difference between the BOR and the fuel needed for propulsion is
the rate of fuel loss. Regarding LNG, it is evident from Figure 5a that, below a critical
velocity, the fuel utilisation rate of the existing LNG ship is less than its total BOR, so the
BOR is unforced. The unforced BOR at BN =12 is 3.8% higher than at BN = 0. This suggests
that sloshing effects are small but significant. Above critical velocity, the fuel utilisation
rate exceeds the unforced BOR, so the total BOR is made equal to the fuel utilisation rate.
Some fuel heating is required to achieve this, assumed to be carried out by heat exchange
with the environment or with hotter components in the ship, such as the engines. As the
fuel is much colder than the environment, the fuel heating is assumed to be provided
passively.
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Mass Flow Rate, (%/day)

Regarding LH2, and at all velocities and BN considered in Figure 5b, the BOR is al-
ways unforced. The ship has an unforced BOR 8.94 times higher than that of the conven-
tional LNG ship at the design point. There is a significant increase in unforced BOR with
velocity and BN. In particular, the BOR at the maximum velocity and BN = 12 is 7.6%
higher than that at BN = 0. The latter suggests that the effect of sloshing on BOR is twice
as significant as that onboard the LNG ship. The fuel utilisation rate of the LH2 engine,
expressed as a percentage of the fuel mass, is higher than the fuel utilisation rate of the
LNG engine due to the smaller amount of LH2 carried (see Table 9).
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Figure 5. Variation of key mass flow rates with Beaufort number (BN) and ship velocity (vgyip)- The
trends shown are: (a) fuel utilisation rate for propulsion (tis.) and BOR (th},sst1iyse) for an existing
LNG ship model; (b) fuel utilisation rate for propulsion (mhs) and BOR (1hjygs+myee) for an LH2
combustion ship with the same tank insulation thickness as the LNG ship, without reliquefaction;
(c) fuel utilisation rates for propulsion (m,.) and reliquefaction (h,.s.) for an LH2 combustion ship
with the same tank insulation thickness as the LNG ship, with reliquefaction.

Figure 5c details the fuel utilisation rates for propulsion and reliquefaction for an
LH2 ship that employs reliquefaction. No fuel is vented, so the total fuel depletion rate for
an LH2 ship with reliquefaction is the sum of these two fuel utilisation rates. A compari-
son with the results of Figure 5b shows that adding a reliquefaction unit to the LH2 ship
reduces the total fuel depletion rate by at least 38.7%. However, the variation in fuel de-
pletion rate with velocity and BN is considerable, increasing by 144% when transitioning
between a velocity of 1 kn at BN=0 to the maximum velocity at BN = 12. Thus, the reduc-
tion in fuel depletion rate with a reliquefaction unit is achieved at the cost of increased
fuel depletion rate sensitivity to the operating conditions.
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5.2. Effect of Insulation Thickness

The model is here used to compare the effect of varying the glass wool insulation
thickness for the conventional LNG ship and the conceptual LH2 combustion ship with-
out reliquefaction. Commonly, the insulation of an LNG ship is sized so that the BOR at
the design point matches the fuel utilisation rate [7]. Figure 6 shows the variation of the
BOR and fuel utilisation rate with the thickness of tank insulation for both ships. At each
BN, the LNG ship velocities are selected so that the LNG ship’s BOR matches its fuel uti-
lisation rate at an insulation thickness of 0.53 m (Figure 6a). In Figure 6b, the LH2 ship is
assumed to have the same velocity as the LNG ship at each BN. However, the points at
which the fuel utilisation rate matches the BOR occur at a higher insulation thickness than
0.53 m: they occur at thicknesses of 3.51 to 0.55 m for a BN of 0 to 12, respectively. There-
fore, to insulate the LH2 ship to the same standards as the existing LNG ship, 1.04 to 6.62
times the insulation thickness is required, with more insulation being required at lower
BN. It should be noted that, as hydrogen BOG has a negligible greenhouse effect relative
to natural gas [11], it is likely that the insulation standards assumed here do not need to
be met. However, the safety hazards of venting hydrogen BOG should not be disregarded.
Relative to natural gas, hydrogen has similar risks associated with its physical and com-
bustion properties [23].
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Figure 6. Variation of boil-off (. + myess) and fuel utilisation rate (m,s.) with insulation thickness,
at Beaufort numbers (BN) of 0 to 12 and ship velocities (Vship) of 16.9,16.9, 16.7, 16.4, 15.2, 11.8, 7.06,
3.50, 1.63, 0.779, 0.390, 0.205 and 0.113 knots, respectively. The ship models are: (a) an LNG ship;
and (b) an LH2 combustion ship without reliquefaction.

5.3. Effect of Electrification

Here, the ability of all LNG, LH2 combustion, and LH2 electric ships to transport fuel
at the design ship velocity and in calm weather (BN = 2) is investigated. The ship design
variations are summarised in Table 10 and concisely represented using a key (comprising
a specific colour and symbol). An optimised insulation thickness is selected for each tank
design. As there are no fuel losses onboard ships with reliquefaction, a fair comparison of
ship designs can be better achieved when maximising the mass of fuel remaining onboard
the ship after 20 days. This voyage duration was chosen as it allowed the ship to reach
typical voyage distances in the range of those recorded by El-Gohary [71] and Lasserre
and Pelletier [72]. More specifically, at the design ship velocity, a 20 day-long voyage al-
lows the ship to travel 14,890 km. The resulting component masses and volumes are de-
tailed in Table 11, together with the fuel depletion and revenue loss rates. The latter value
is determined by multiplying the fuel depletion rate (measured in ton/day) by current
prices per ton of each fuel [73,74].
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Table 10. Key to identify the symbols that represent all investigated ship designs.

Ship Variable  Identifier Type Categories Identifier Demonstration
Methane Internal
Combustion Pink
Engine
Fuel and Hydrogen Internal
. Colour .
Propulsion Type Combustion Green
Engine
Hgli:t)iin Light Blue
Reliquefaction Symbol
Presence of Rel- Pr(.esen(f:e O,f Rel- lilresent P}r,esent <2
iquefaction Iqlsle a;him Reliquefaction Symbol
ymbo Absent Absent

Table 11. Estimated ship properties, set to maximise the delivered mass after 20 days for all inves-
tigated ship designs: (a) thickness of insulation and component masses; (b) component volumes,
fuel depletion rate, and revenue loss rate [73,74].

(@)

Fuel and Ship Thickness of Initial Mass of Fuel Mass of Tank 1\(/[) ther
Propulsion Type Type Insulation (m) (103 ton) (10° ton) a Ozst:;s)
Methane Internal ~ [__] 0.53 72.29 0.85 23.62

Comb‘?smn 0.31 72.64 0.49 23.62

Engine

Hydrogen Internal [ 0.72 11.65 1.14 23.87

Combustion
[<3 . . E .

Engine =3] 0.38 12.42 0.61 23.87

0.71 11.78 1.13 23.18

Hydrogen Fuel Cell | 0.32 12.67 0.52 23.18

(b)
Initial Fuel
Fuel and Ship Volume of Volume Other Depletion Revenue
Propulsion Type Type Fuel of Tank  Volumes Rate Loss Rate
3 3 3 3 3
(10° md) (10°m3  (10°m?) (%/day) (10° $/day)
Methane 1 173.63 17.62 171.97 0.0905 21.6
Internal
Combustion 174.48 10.20 178.54 0.1048 25.1
Engine
Hydrogen 1 167.46 23.79 171.97 0.6224 57.7
Internal
Combustion 178.55 12.70 171.97 0.3816 37.7
Engine
| 169.35 23.57 170.31 0.6258 58.6
Hydrogen Fuel Cell \ 182.15 1076 17031 0.3061 30.9

Note that the fuel depletion rates of the LH2 tanks without reliquefaction (~0.6%/day,
see Table 11b) are of a similar order to the existing, stationary tank modelled in Al Ghafri
et al. (~0.7 to 0.8%/day) [43]. This reinforces that the tanks are appropriately insulated for
calm weather, despite not being insulated enough for the boil-off rate to be equal to the
fuel utilization rate, as in Section 5.2. Should ships be designed to regularly travel in con-
ditions rougher than BN =2, a higher insulation thickness would be required to maximise
the mass of fuel remaining onboard the ship, and higher fuel depletion rates would be
expected.
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Out of all the LH2 ship variants, the LH2 employing fuel cells has the highest spatial
efficiency for fuel storage. Fuel cell ships deliver at least 1.1% more fuel than direct com-
bustion ships. This is because the volume of engines is almost eliminated by electrifying
them. The combined volume of fuel cells and electric engines is about 0.004% of the inter-
nal volume, whereas the internal combustion engines take up around 0.46% of the internal
volume. The onboard space available for fuel is thus increased by 0.46% of the internal
volume of the ship. Fuel cell ships also have a higher propulsion efficiency (Section 4.4),
so the total fuel depletion rate of the LH2 fuel cell ship is 80.2% of that of the LH2 com-
bustion ship.

Figure 7 shows the variation of remaining mass and energy of fuel with time for all
investigated ships. The ships are operated at 16.7 kn and BN = 2. For all voyage lengths
considered in this study, the LH2 electric ship that employs reliquefaction has the highest
delivered mass of fuel out of all the LH2 ships due to its higher spatial efficiency and lower
fuel depletion rate (see also Table 11). However, it should be noted that, relative to the
existing LNG ship, it can only deliver 41.4% of the fuel energy for a voyage length of 5000
km, and 40.2% of the fuel energy for a voyage length of 15,000 km. It has revenue loss
rates due to fuel depletion of 1.43 times those expected onboard the LNG ship (Table 11).
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Figure 7. Variation of remaining fuel mass and energy with voyage duration at BN = 2 and a ship
velocity of 16.7 knots. All investigated ships are shown at the insulation thickness that maximises
the fuel delivered after a voyage of 20 days. The trends shown are (a) the remaining mass onboard
all LNG ships; (b) the remaining mass onboard all LH2 ships; (c) the remaining energy onboard all
investigated ships.
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As discussed previously, ships that employ reliquefaction have a fuel depletion rate
sensitive to the ship velocity and BN. If such variability must be avoided, the best-per-
forming delivery fuel design is again the LH2 fuel cell ship. The resulting loss in delivered
fuel is 9.1% at 5000 km and 13.4% at 15,000 km, which is equivalent to a revenue loss of
$895,000 at 5000 km and $1,270,000 at 15,000 km [73,74].

5.4. Additional Fuel Tank Design Variations

The model may also be used to investigate the BOR and fuel carrier properties of
other conceptual LH2 ship designs than those presented previously. More detailed calcu-
lations were performed to understand vacuum insulation as an alternative to glass wool
and the effects of fuel tank number and shape. The inputs and detailed results are given
in Appendices B-D. It has been found that spherical tanks are more effective at eliminat-
ing sloshing effects than cuboidal tanks. The ship’s available volume is better utilised by
cuboidal tanks only at low tank numbers. In terms of maximising the delivered fuel (but
not minimising its variability), the best performing LH2 designs employ four vacuum in-
sulated spherical tanks along with reliquefaction and electric propulsion. Such ship de-
signs outperform all others due to their superior spatial efficiency and fuel depletion rate.

5.5. Sizing Considerations for Targeting a Specific Delivered Energy

To demonstrate how the present model can be used for further explorations into LH2
ship design and optimisation, sizing considerations for targeting specific delivered energy
at the end of a voyage are made here. The total energy delivered by the conventional LNG
carrier is set as the target, and the conceptual LH2 ship is re-sized accordingly. For the
sake of simplicity, it is assumed that the volume of tank structure onboard the ship in-
creases to hold the extra volume of fuel, whereas the BOR in %/day and the ballast water,
engine, fuel cell, and unassigned volumes do not vary with the size of the ship.

To deliver the same energy as an LNG ship, the best performing LH2 ship in Section
5.3 (the LH2 ship with fuel cells and reliquefication) is required to carry approximately
2.42 times the volume of fuel for a voyage length of 5000 km and 2.49 times the volume of
fuel for a voyage length of 15,000 km (see the delivered energies for this ship in Section
5.3). A ship carrying these fuel volumes requires approximately 18,300 m? and 18,600 m?
of tank structure, respectively. The “Other Volumes” (Table 11) onboard the ship are as-
sumed constant so that the resulting LH2 ships designed for 5000 km and 15,000 km voy-
ages would be approximately 1.73 and 1.77 times the size of the LNG ship (based on in-
ternal volume). Such a ship would require major alterations to re-optimise design features
such as its streamlining and stability, so its sizing and power consumption would differ
significantly from those presented in this study.

6. Conclusions and Recommendations for Future Work

A model has been developed to estimate fuel boil-off rates (BOR) for cryogenic en-
ergy carrier vessels. The model is based on thermodynamic modelling of the fuel tank and
empirically derived trends for required engine power, ship motion, and heat transfer en-
hancement due to sloshing at a range of ship velocities and weather conditions repre-
sented by Beaufort number (BN). BOR estimates are first calibrated using data for an ex-
isting liquefied natural gas (LNG) carrier, modelled as comprising four cryogenic fuel cu-
boidal tanks insulated by glass wool. Although not limited to any specific cryogenic fuel,
the approach is then adapted for liquid hydrogen (LH2) as this fuel may have a crucial
role in future decarbonised energy storage and transportation systems. Consequently,
various candidate designs and configurations potentially suitable for future LH2 carriers
are investigated. The analysis indicates that:

(1) An LH2 carrier with the same fuel tank volume and insulation thickness as an LNG

carrier can contain 16.8% of the fuel mass and 40.2% of the fuel energy. The unforced
BOR of the LH2 carrier is 8.94 times higher than that of an LNG ship.
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(2) The heat transfer and boil-off effects of sloshing on an LH2 carrier are more signifi-
cant than those on an LNG carrier. In particular, the rate of BOR increase with BN on
board the LH2 ship is twice as large relative to an LNG carrier.

(3) Adding a reliquefaction unit to the vessel reduces the fuel depletion rate by at least
38.7%. However, this reduction is highly dependent on the weather and ship velocity,
so reliquefaction introduces a significantly higher sensitivity of the fuel depletion rate
and delivered fuel to the operating conditions.

(4) A parametric analysis illustrated that 1.04 to 6.62 times the insulation thickness of
glass wool is required to allow the LH2 carrier to have BOR properties equivalent to
the LNG ship, primarily due to the lower LH2 temperature.

(6) An LH2 carrier powered by fuel cells and electric motors delivers at least 1.1% more
cargo fuel than one with internal combustion engines due to the lower volume of the
electric propulsion system and the higher efficiency of fuel cell and electric motor
propulsion.

(6) AnLH2 carrier operating with fuel cells and reliquefaction must be at least 1.73 times
larger by volume than the LNG carrier to deliver the same energy.

In summary, conceptual LH2 carriers require significant redesign if the BOR and fuel
carrier standards of LNG carriers are to be achieved. This is also indicated by the effect of
further alterations to the fuel tank, e.g., variations to the total number of tanks, their shape,
and the insulation type.

The presented approach features a novel framework that relies on the integration of
physical and empirical modelling to estimate the BOR properties of cryogenic fuel carriers
from voyage conditions. The approach is extendable and amenable to updates as and
when advances are made in the various sub-models relevant to ship motion, propulsion,
sloshing, and heat transfer. The current formulation is suitable for comparing the proper-
ties of a wide variety of conceptual and existing cryogenic fuel carriers and is not limited
to the variants of LH2 ship design detailed in this study. Future work should focus on
validation against hydrodynamic and thermodynamic voyage data from real cryogenic
ships and application to real-time prediction of BOR properties using onboard data acqui-
sition.
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Appendix A. Additional Data Tables

Table Al. Properties of sea water [67].

Value Name Unit Quantity
Density of Sea Water kg m= 1026
Dynamic Viscosity Pa-s 0.00117

Table A2. Power and fuel utilisation rates of the conventional LNG ship at velocities of 10 to 19.5
kn [28].

Velocity (kn) Propulsive Power (kW) Fuel Utilisation Rate (ton/day)
10 3442 29
11 4537 34
12 5837 40
13 7334 47
14 9033 55
15 10,936 63
16 13,037 73
17 15,340 83
18 17,878 95
19 20,746 108

19.5 22,361 115

Table A3. Inputs for sizing the reliquefaction unit and generator [75-77].

Input Unit  Quantity Source
Volumetric Power Density of Heat Exchangers

-3
in Reliquefaction Unit * Wm 75,700 (73]

Estimated Percentage Volume of Aluminium

in Reliquefaction Unit Heat Exchangers * & 4 (751
Density of Aluminium kg m 2700 [76]
Gravimetric Power Density W kg™ 1020 [77]
Volumetric Power Density MW m-3 1.74 [77]

* The reliquefaction unit is assumed to consist entirely of heat exchangers.

Appendix B. Variation of Boil-Off with Fuel Tank Number and Shape
Appendix B.1. Effect of Fuel Tank Number with Cuboidal Tanks

Sloshing can be reduced by dividing the fuel into a greater number of tanks, equiva-
lent to using baffles, i.e., rigid boundaries within a tank that reduce fluid movement from
one region of the tank to another [78]. This effect is here considered assuming that each
tank onboard the cryogenic ship is evenly spaced along the ship’s length. For cuboidal
tanks, each tank’s length is thus considered the length of the ship divided by the number
of tanks onboard the ship. The same thickness of insulation is assumed to surround each
tank, so that as the number of tanks increases an increased volume of tank material occu-
pies the space onboard the ship available for cryogenic fuel. As the temperature between
the tanks is assumed to be that of the external environment (Section 4.1), the surface area
for heat ingress increases as the number of tanks increases.

Figure Al shows the variation of total BOR onboard the LNG and LH2 ship with BN
and tank number (n) at a velocity of 10 kn, utilising cuboidal tanks without a reliquefac-
tion unit. It is evident that the effects of sloshing lead to a BOR increase with increasing
BN and that sloshing effects decrease as the number of tanks increases (note the decreas-
ing gradient of the curves). In contrast, the BOR increases with the number of tanks at any
fixed BN since the tank surface area to volume ratio increases.
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Figure Al. Variation of total boil-off rate with Beaufort number (BN) and number of fuel tanks (1)
at a ship velocity (vgyip) of 10 kn (a) An LNG ship; (b) An LH2 ship with the same insulation thick-
ness as the LNG carrier, without reliquefaction.

As mentioned in Section 4.1, the conventional LNG ship contains four fuel tanks. At
a tank number of n=4, the effects of sloshing onboard the LH2 ship are greater than those
onboard the LNG ship, while the proportional increase in BOR from one to four tanks is
lower. Therefore, an appropriate number of tanks onboard the LH2 ship is likely to be
above four. This allows for a more significant reduction in sloshing effects while limiting
the proportional increase in BOR to around that of the LNG ship. The increase in BOR
with sloshing onboard an LH2 ship with eight tanks is of the same order as that of an LNG
ship with four tanks. Nevertheless, the increase in BOR from one to eight tanks is 1.8 times
that of an LNG ship when its tank number is increased from one to four tanks. Therefore,
relative to the LNG ship, the increase in BOR that results from increasing the tank number
yields a lower reduction in sloshing effects. This indicates that selecting the number of
cuboidal tanks onboard the LH2 ship involves navigating a trade-off. The trade-off entails
limiting the unforced BOR while also limiting its variation with ship operating conditions.

Appendix B.2. Conversion to Spherical Tanks

Like the cuboidal tanks, the spherical tanks must be sized so that the internal volume
of the existing LNG ship is not exceeded. However, the tanks must also be sized to ensure
that the tank radius cannot exceed half the ship’s beam. The number of tanks is important
in this aspect. Concerning the insulation thickness of the conventional LNG ship investi-
gated in this paper (Section 4.1), the spherical tank size is limited by the ship radius when
n < 4, and by the internal volume when 1 > 4. At an insulation thickness of 0.53 m, the
total surface area for heat transfer of four spherical tanks is 24,300 m?, the total volume of
tank material is 13,200 m? and the Uj,, value is 0.023 W m=2 K-! (based on the thermal
conductivity of glass wool estimated in Section 4.1).

On the one hand, if the number of spherical tanks onboard the LH2 ship is increased
up to four (n < 4), more tanks of the same size can be added to the ship; therefore, more
fuel can be fitted onboard. This does not affect the surface area to volume ratio, so there
is no increase in heat ingress from the external environment per unit volume of fuel. On
the other hand, if n > 4, the individual tank size decreases with increasing n (as with
cuboidal tanks), increasing their surface area to volume ratio. Consequently, more insula-
tion is added to the ship, decreasing the space available for fuel. At the same time, the
BOR increases due to the additional heat transfer from the external to the internal envi-
ronment.

The degree of sloshing in the spherical fuel tanks is less than in the cuboidal tanks. If
the ship's tilt is assumed to be small, the force distribution of the fuel weight around the
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ship’s centre of mass does not vary with tilting angle, so no unbalanced moment is pro-
duced by the tilt. Therefore, the amplitude of the fuel wave within the spherical tanks only
depends on the force distributions that result from the hydrostatic and sea waves. In an
LH2 ship with n=4, travelling at a velocity of 10 kn and BN =5, the SSF above unity (SSF-
1) is 67.5% of that of a ship carrying cuboidal tanks. It also follows that increasing the
number of tanks has little effect on the decrease of SSE. For the same conditions, the SSF
above unity only decreases by 20% when the tank number is increased from one to six
tanks, whereas it decreases by 92% for a ship with cuboidal tanks.

In summary, as increasing the number of spherical tanks has little effect on sloshing,
the number of spherical tanks should be selected to maximise the fuel stored on-board the
ship while limiting the heat ingress from the external environment. An appropriate num-
ber of spherical tanks on board the ship modelled in this investigation is thus n=4.

Appendix C. Heat Transfer Properties of Vacuum Insulated Tanks

Vacuum casing insulation typically consists of a vacuum gap with a thin layer of
structural material on each side. Here, it is assumed that aluminium is utilised for this
purpose [79]. For a cuboidal tank with a vacuum gap thickness of 0.53 m at atmospheric
pressure, 8 mm of aluminium is required at either side of the vacuum gap. For a spherical
tank, 3.5 mm of aluminium is instead required (see Table A4 for the data used to calculate
these values). It is assumed that heat transfer across the vacuum gap occurs predomi-
nantly due to radiation. Hence, the standard Stephan-Boltzmann equation for radiative
heat transfer may be used to determine the heat transfer between two surfaces in an en-
closure [80]. The insulation heat transfer coefficient, Uy, is 0.080 W m=2 K- when consid-
ering the emissivity of aluminium (see Table A4) and a vacuum gap thickness of 0.53 m
for a cuboidal tank containing hydrogen. For a spherical tank, the value is 0.083 W m2 K-

Table A4. Inputs for vacuum casing calculations [67,79,81].

Input Unit  Quantity Source
Failure Stress of Aluminium MPa 438 [81]
Acceptable Ratio of Maximum Tensile Stress ) 17 [79]
to Failure Stress (mid-range value)
Emissivity of Aluminium - 0.1 [67]

The area-dependent heat transfer coefficient is the heat transfer coefficient of the in-
sulation multiplied by the total surface area of external to internal heat transfer. Table A4
details its value, and the volume of insulation material, for four cuboidal and spherical
tanks insulated by glass wool and vacuum casing at a thickness of 0.53 m. The insulation
thickness for the vacuum casing is assumed to be the thickness of the vacuum gap. Simi-
larly, the variation of area-dependent heat transfer coefficient and insulation volume with
thickness is shown in Figure A2. Area-dependent heat transfer coefficients are shown for
thicknesses from 1 cm to 5 m. For glass wool insulated tanks, the area-dependent heat
transfer coefficient has an approximately inverse relationship to insulation thickness,
while the tank volume is directly proportional to it. As unforced BOR is a function of heat
ingress into the tank, the maximum delivered fuel mass occurs at a non-zero insulation
thickness.
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Table A5. Area-dependent heat transfer coefficient and volume of tank material for four tanks of
insulation thickness of 0.53 m. Values for spherical and cuboidal tanks with glass wool and vacuum
casing insulation are shown [67,79,81].

Input Unit Tank Shape Insulation Type Quantity Source
Cuboid Glass Wool 0.092  Section 4.1
Heat Transfer Wm?2  Cuboid Vacuum Casing 0.080  This Section
Coefficient, Uj, K- Sphere Glass Wool 0.023  Section B.2
Sphere Vacuum Casing 0.083  This Section
Surface Area for Heat Cuboid Any 32,200  Section 4.1
2
Ingre;f/apﬁc roAss Tank  m Sphere Any 24,300 This Section
7 in
1 1 2 A R
Area Dependent Cuboid Class WOO_ 260 bove Rows
Heat Transfer W K4 Vacuum Casing 2590  Above Rows
Coefficient Us._-A Sphere Glass Wool 570  Above Rows
e P Vacuum Casing 2010  Above Rows
Volume of Tank e Cuboid Any 17,600 Table 1
Material Sphere Any 13,200  Section B.2
5000 150
4500 -|<* D Cuboids, Glass Wool Insulation /K
4
S 4000 125 ~
. £
g 3500 ’ 100
w = Cuboids, ’ =
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Figure A2. Variation of area-dependent heat transfer coefficient (U;ys-Aj,) and volume with insula-
tion thickness (t;,s) for four spherical and cuboidal tanks insulated by glass wool and vacuum casing
onboard an LH2 ship. Values are displayed for 0.01 to 5 m.

Conversely, the vacuum insulation’s area-dependent heat transfer coefficient does
not change as rapidly with insulation thickness. As a result, the maximum delivered mass
of fuel appears to occur at the minimum possible thickness of the vacuum gap. However,
as only radiative heat transfer is considered in this analysis, the modelled vacuum heat
transfer coefficient is somewhat idealised. In reality, structures such as pillars must span
the vacuum gap to maintain their integrity. As a result, some heat loss via conduction
across these structures leads to a high heat transfer coefficient, especially at low insulation
thicknesses [82]. The maximum delivered mass of fuel thus occurs at a low but non-zero
vacuum gap thickness. At high insulation thicknesses, glass wool is a superior insulator
compared to vacuum casing. For example, at an insulation thickness of 3.51 m, the spher-
ical vacuum insulated container has an area-dependent heat transfer coefficient of 26.15
times, and the cuboidal container 6.80 times, the insulation thickness of the equivalent
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glass wool containers. As the area-dependent heat transfer coefficient of vacuum insula-
tion does not change significantly with insulation thickness, it is impossible to achieve the
same standard of insulation achieved by glass wool at this thickness setting. However,
below an insulation thickness of 0.61 m for cuboidal containers and 0.16 m for spherical
containers, vacuum casing has a lower area-dependent heat transfer coefficient than glass
wool, so vacuum casing can be considered a better insulator than glass wool when low
insulation thicknesses are desired. It should be noted that, despite these favourable prop-
erties, vacuum insulation has both a higher cost and is heavier than glass wool at all insu-
lation thicknesses [8].

Appendix D. Comparison of Additional Designs

As in Section 5.3, the model is employed to compare the ability of LNG, LH2 com-
bustion, and LH2 electric ship designs to transport fuel at the design velocity and BN = 2.
Here, the comparison includes the additional ship designs investigated in Appendixes B
and C. The ships are represented concisely using symbols identified by a key in Table A6,
an extension of the key in Table 10. Again, the insulation thickness is optimised by max-
imising the mass of fuel remaining on board the ship after 20 days. As mentioned in Ap-
pendix C, it is impossible to insulate a ship that employs vacuum casing to the same stand-
ards as a glass wool ship, but vacuum casing is superior to glass wool insulation at low
insulation thicknesses. Following the discussion in Appendix C, the vacuum gap is set to
0.01 m for all vacuum insulation ships. It is assumed that each ship has four fuel tanks.
Table A7 provides an extension to Table 11, detailing the component masses, volumes,
insulation thicknesses, fuel depletion rates, and revenue losses for all investigated de-
signs.

Table A6. Key to identify the symbols that represent all investigated ship designs.

Ship Variable Identifier Type Categories Identifier = Demonstration
Methane Internal .
. . Pink
Fuel and Combustion Engine
Propulsion Colour Hydrogen Internal
. . Green
Type Combustion Engine

Hydrogen Electric Light Blue

Cuboid Rectangle D

Tank Shape Icon Shape
Sphere Circle O

Glass Wool Single Line —_—
Insulation Type Outline Type
Vacuum Insulation Double Line S

Reliquefacti
Presence of eliquefaction Symbol Present <D
Presence of . . Present
Reliquefaction Reliquefaction Reliquefaction
d Symbol d Symbol Absent
Absent

Out of all the LH2 ships, the LH2 fuel cell ship with vacuum insulated spherical tanks
has the highest spatial efficiency for fuel storage. This is because, for spherical tanks, the
same thickness of insulation takes up less volume relative to cuboidal tanks (see Appendix
C). As aresult, 36.1% of the ship’s total mass and 53% of its internal volume are occupied
by fuel. Furthermore, Figure A3 shows the variation of remaining mass and energy of fuel
with time for all the LH2 electric ships investigated. The ships are operated at the design
point. For all voyage lengths considered in this study, the LH2 electric ship that employs
vacuum insulated spherical tanks and reliquefaction has the highest delivered mass of
fuel, again due to its high spatial efficiency and low fuel depletion rate. If variability in
the mass of delivered fuel is undesirable, the best-performing delivery fuel design is the
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LH2 ship with vacuum insulated spherical tanks that does not use reliquefaction. The re-
sulting loss in delivered fuel is 0.88% at 5000 km and 2.7% at 15,000 km, which is equiva-
lent to a revenue loss of $93,000 at 5000 km and $279,000 at 15,000 km [73,74].

Table A7. Estimated ship properties, set to maximise the delivered mass after 20 days for all inves-
tigated ship designs: (a) thickness of insulation and component masses; (b) component volumes,
fuel depletion rate, and revenue loss rate [73,74].

(a)
Fuel and Thickness of Initial Mass Mass of Other
Propulsion Ship Type . of Fuel (10° Tank (10° Masses (103
Insulation (m)
Type ton) ton) ton)
- 0.53 72.29 0.85 23.62
— 0.01 71.67 1.46 23.62
Methane O 0.07 73.05 0.09 23.62
Internal O 0.01 72.60 0.53 23.62
Combustion 0.31 72.64 0.49 23.62
Engine 0.01 71.67 1.46 23.62
2] 0.07 73.05 0.09 23.62
& 0.01 72.60 0.53 23.62
— 0.72 11.65 1.14 23.87
— 0.01 13.24 1.60 23.87
Hydrogen O 0.26 12.85 0.31 23.87
Internal @) 0.01 13.27 0.53 23.87
Combustion 0.38 12.42 0.61 23.87
Engine 0.01 13.24 1.60 23.87
2] 0.17 13.00 0.21 23.87
Z) 0.01 13.27 0.53 23.87
0.71 11.78 1.13 23.18
0.01 13.35 1.62 23.18
0.26 12.96 0.32 23.18
Hydrogen 0.01 13.39 0.54 23.18
Fuel Cell 0.32 12.67 0.52 23.18
0.01 13.35 1.62 23.18
0.15 13.15 0.18 23.18
0.01 13.39 0.54 23.18
(b)
Fuel
Fuel and Volume Other Depletion Revenue
Propulsion Type Ship Type of Tank Volumes II;ate Loss Rate
103 m3 103 m3 103
(10°m3)  (10°m?) (%/day) (10°$/day)
— 17.62 171.97 0.0905 21.6
Methane —J 0.84 190.24 0.1043 24.7
Internal @) 1.78 171.97 0.0895 21.6
Combustion
Engine O 0.44 171.97 0.0901 21.6
10.20 178.54 0.1048 25.1
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0.84 190.24 0.0944 223
e 1.78 171.97 0.0895 216

e 0.44 171.97 0.0901 21.6
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Figure A3. Variation of remaining fuel mass and energy with voyage duration at BN =2 and a re-
sultant velocity of 16.7 knots. All investigated LH2 fuel cell ships are shown at the insulation thick-
ness that maximises the fuel delivered after a voyage of 20 days.
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