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A B S T R A C T

Liquid hydrogen represents a potential candidate for a climate neutral fuel for shipping. The utilization of
this fuel necessitates the implementation of safe and reliable bunkering operations. This paper employs a
quantitative risk assessment to compare the safety of bunkering liquid hydrogen with the safety of bunkering
LNG. Initially, a frequency analysis is conducted using an event tree. It can be demonstrated, that the
occurrence of the hazardous events, pool fire, flash fire and explosion, is more frequent with liquid hydrogen
than with LNG. In the second step, the consequence analysis determines necessary safety distances for the
hazardous events under consideration. For the events of pool fire and explosion, LNG-bunkering requires higher
safety distances. Liquid hydrogen-bunkering requires higher distances for flash fire event. Since the safety
distances for flash fire events are largest, they define the distances for the system. However, the consequences
of flash fire events are subject to greater uncertainties and require further investigation. Overall, hazardous
events occur more often with liquid hydrogen-bunkering, but LNG-bunkering requires in two out of three cases
larger safety distances.
1. Introduction

Shipping is responsible for approximately 3% of global CO2 emis-
sions [1]. To meet the decarbonization targets of the Paris Climate
Agreement, alternative fuels are being introduced in the shipping in-
dustry. In addition to methanol and ammonia, hydrogen is an option,
especially for smaller units and shorter distances [2]. This can be used
in either compressed or cryogenic liquefied form, although liquefied
hydrogen may be a more attractive option due to its higher density.
This paper therefore focuses on liquid hydrogen.

One of the concerns that has been raised in the discussion about the
use of hydrogen in shipping is safety [3]. Hydrogen is considered to be
a particularly dangerous fuel due to its high reactivity, which is also
characterized by the fact that hydrogen is flammable from 4–75 vol%
in air [4]. Liquefied Natural Gas (LNG), which is also a cryogenically
liquefied flammable gas, is already used safely and reliably as a ma-
rine fuel and transported as cargo. The flammability range of LNG is
narrower, with limits of 5.3–15 vol% [5].

The bunkering process is rarely considered in the literature. A
search for the terms ‘‘hydrogen AND bunkering’’ in the Scopus database
returns 43 results, whereas searching the same database for the terms
‘‘hydrogen AND ship’’ returns 1,717 results. Duong et al. [6] have pub-
lished a review on ship-to-ship LNG bunkering. Saborit et al. [7] ana-
lyzed offshore produced hydrogen, the transport of hydrogen to the port
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and subsequent bunkering as fuel for ships. Duong et al. [8] employed
numerical analysis to compare the safety zones due to dispersion during
LNG and ammonia ship-to-ship bunkering. Fan et al. [9] presented
a literature review on risk analysis methodology for LNG bunkering
simultaneous operations, which included simultaneously bunkering and
cargo operations or having passengers onboard.

Even if bunkering is not often considered in the literature, it poses
particular challenges in term of safety. The receiving ship has to be
connected to the shore or to another ship by means of flexible pipes
or loading arms. This connection must, for example, compensate for
ship motion or tidal range during the bunkering process, which at cryo-
genic temperatures poses particular challenges for the materials, due to
temperature-induced embrittlement and stresses. Another example are
detachable connections, which are prone to leakage.

Since LNG is already safely used in shipping and is a comparable
substance, its bunkering safety is evaluated in comparison to that of
liquid hydrogen. A quantitative risk analysis (QRA) was chosen as the
most objective method for comparing the bunkering of the two fuels.

Many risk analysis methods rely on ‘‘expert judgment’’. For exam-
ple, in Failure Mode and Effect Analysis (FMEA) the severity, proba-
bility of occurrence and probability of detection of a failure are rated
by a team using catalogs ranging from 1 to 10 [10]. Quantitative risk
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Fig. 1. Conceptual design of considered bunker system for LNG and LH2, die scope of this paper is highlighted in blue. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
analysis, on the other hand, does not depend on the expert judgment.
It uses an evaluation of data from existing systems to analyze the
probability of failure and physical models to analyze the potential
consequences [11].

Tofalos et al. [12] have previously conducted a quantitative risk
analysis (QRA) to assess the safety of the ship-side bunker system,
from the coupling in the bunker station to the receiving tank, for
the two fuels under consideration. The use of a QRA for bunkering
was previously established by Jeong et al. [13] who used the QRA to
establish safety exclusion zones for LNG bunkering. In this work, the
shoreside bunker system – from donating tank to bunker station – is
now analyzed. For this purpose, some modifications are made to the
methodology used by Tofalos et al. By combining the results of Tofalos
et al. with those of this study a comparison of the complete bunker
system, from tank to tank can be made.

2. Material and methods

This chapter first describes the use case. Based on this, the frequency
analysis and the consequence analysis are presented.

2.1. Use case

To perform the QRA, it is necessary to define a ship and a bunker
station as a use case. A small cruise ship with a length of about 140 m
and an engine power of 11.2 MW is selected as the vessel for this
analysis. A voyage time of 7 days is assumed, which results in a power
demand of 4,516 MWh, assuming an energy efficiency of 0.5 and a fuel
margin of 1.2. The fuel margin includes the fact that ships carry more
fuel than necessary for the voyage to be able to respond to unforeseen
events, such as heavy weather.

The bunker station is assumed to be a port-to-ship station at a cruise
center. It is assumed that 280 bunkering operations will be performed
by this station each year. This corresponds to the number of cruise
ships calling the port of Hamburg in 2023 [14]. Not all ships may
use hydrogen in the future, especially larger units, but this can be
compensated by other ship types, such as dredgers, also using the
bunker station. It is assumed that the pipe diameter of the bunker
system will be 150 mm, resulting in a transfer rate of 22.5 t/h for liquid
hydrogen and 289 t/h for LNG. This results in a duration of 6 h for
liquid hydrogen and 1.2 h for LNG for a single bunkering operation.

The system used for the QRA is illustrated in Fig. 1. It should
be noted that the system under consideration is not intended to be
operational; rather, it is designed to serve as a basis for the risk
assessment. The scope of this comparison is also limited to the liquid
system, highlighted in blue in Fig. 1. The vapor return and purging
systems are outside the scope of this paper. The equipment considered
in this paper is shown in Table 1. In this table the diameter for the tank
is not the actual tank diameter, but the diameter of the inlets.
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2.2. Frequency analysis

The frequency analysis follows an event tree established by
Jeong [15] and shown in Fig. 2. Outcome events of this event tree can
be no accident, a pool fire (see chapter 2.3.1), a flash fire (see chapter
2.3.2) or an explosion (see chapter 2.3.3). The steps of the event tree
are discussed further in the following subsections.

2.2.1. Initial leak
The occurrence of an unsafe situation is contingent upon the release

of fluid through a leak. This leak is the initial step in the event tree
and is described in the following chapter. For the purpose of this paper
the leak frequencies established by the International Association of
Oil & Gas Producers (IOGP) [16] are employed. To obtain the leak
frequencies, the IOGP analyzed 4664 reported releases in the United
Kingdom Health and Safety Executives hydrocarbon release database
(HCRD). It considered 24 different equipment types and included the
release frequency as a function of equipment size and leak diameter.

The results of the analysis are functions for the different equipment
types as a function of equipment diameter and hole size. These func-
tions have the form shown in Eq. (1), where the parameters 𝐶, 𝑚 and
𝐵 can be taken from a table as a function of equipment diameter and
𝑑 is the hole diameter.

𝐹 (𝑑) = 𝐶 ⋅ 𝑑𝑚 + 𝐵 (1)

Although the data was obtained from the offshore industry, it can
be used for other purposes. Its use for bunkering infrastructure was
established by Tofalos et al. [12], who used failure frequencies from
DNV [17], also based on the HCRD.

To obtain a system-wide leak frequency the frequency for an in-
dividual piece of equipment is calculated and then multiplied by the
number of that equipment installed in the system. Once this has been
done for all equipment, the individual values are added together and
multiplied by the bunker frequency to obtain the failure frequency for
the entire system.

2.2.2. Event tree
Following the initial release of fuel, Hydrogen or Natural Gas, sub-

sequent events must occur, to cause harm to people. The probabilities
of these events are considered by an event tree. Fig. 2 shows this event
tree.

After the initial release, the fuel may ignite immediately, causing a
pool or jet fire. Ignition probabilities are discussed in detail in chapter
2.2.3. If it ignites immediately, the branch of the event tree is already
complete; if it does not ignite, further steps may lead to an unsafe
situation.

It is assumed that the only safety mechanism is a watchkeeper on
deck who can stop the bunkering process if he notices irregularities. In
this paper it was assumed that the watchkeeper can usually react in a
timely and appropriate manner, so that in 90 % of the cases the leak
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Table 1
Equipment of bunkering system and leak frequencies as described in chapter 2.2.1.

Equipment Diameter (mm) Count Single leak frequency per year System leak frequency per year

3 mm 50 mm 150 mm 3 mm 50 mm 150 mm

Tank Inlet 150 1 3.15E−04 4.92E−05 2.38E−05 3.15E−04 4.92E−05 2.38E−05
Pressure Relieve Valve 150 2 6.31E−05 7.89E−06 3.60E−06 1.26E−04 1.58E−05 7.20E−06
Pressure Indicator 50 2 7.65E−05 6.62E−06 1.53E−04 1.32E−05
Pipes 150 10 6.11E−06 5.39E−07 2.09E−07 6.11E−05 5.39E−06 2.09E−06
Hose 150 30 1.67E−04 4.77E−05 2.93E−05 5.01E−03 1.43E−03 8.78E−04
Actuated Valves 150 2 6.31E−05 7.89E−06 3.60E−06 1.26E−04 1.58E−05 7.20E−06
Manual Valves 150 3 1.35E−05 1.65E−06 7.27E−07 4.04E−05 4.95E−06 2.18E−06
Flanges 150 17 5.39E−06 8.77E−07 5.58E−07 9.16E−05 1.49E−05 9.48E−06
Pump (centrifugal) 150 1 7.94E−04 1.78E−05 4.04E−06 7.94E−04 1.78E−05 4.04E−06

Total Summation 6.72E−03 1.57E−03 9.34E−04
LH2 Inital Frequency
with Bunker Duration 1.29E−03 3.01E−04 1.79E−04
LNG Inital Frequency
with Bunker Duration 2.56E−04 5.97E−05 3.56E−05
Fig. 2. Event tree used for frequency analysis [15].
was limited and no accident occurred. In 10 % of the cases, however, a
late isolated leak occurred and an accident was still possible [12]. This
assumption does not affect the comparison since it is the same for both
fuels.

Bunkering usually takes place on open deck, so there was only
natural ventilation and the ventilation system cannot fail. The result
was a 100 % probability of successful ventilation and therefore the
following branch of unsuccessful ventilation is grayed out in Fig. 2.

After the fuel was vaporized and dispersed, it could ignite again. The
probability for this delayed ignition is also described in chapter 2.2.3.
If it did not ignite, there was no accident. If it did ignite, a flash fire
or explosion was possible, depending on the surrounding conditions.
If the fuel vapor was trapped in a congested space, overpressure built
up and the fuel burned by means of an explosion. If the gas was
not in a congested space, a flash fire occurred that did not build up
overpressure. Since bunkering is done on open deck, it was assumed
that 20 % of the surrounding was congested, while 80 % was not [12].
Again, this assumption does not affect the comparison as it is the same
for both fuels.
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2.2.3. Ignition probabilities
Several models have been developed for the purpose of calculating

ignition probabilities. Three have been considered for this work and are
briefly described below.

Cox et al. [18] introduced a simple ignition probability model. The
model distinguished only between gases and liquids and provided a
curve for both states of aggregation from which the ignition probability
could be read as a function of release rate. It did not distinguish
between the reactivity of the substances. There was also no distinction
between direct and delayed ignition. An approximation for the curve
for gases was given by Eq. (2) [12]. Since the model is not particularly
differentiated, it is not selected for this paper.

𝑃𝑅𝐼 = 0.0158 ∗ 𝑄0.6145
𝐿 (2)

𝑃𝑅𝐼 : ignition probability; 𝑄𝐿: initial liquid release rate, in kg∕s;
The model described in the Dutch Reference Manual Bevi Risk As-

sessments [19] was based on a simple table from which the probability
of direct ignition could be calculated as a function of the leak rate and
the reactivity of the substance. It was assumed that a released substance
always ignites, which meant that the probability of a delayed ignition
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Table 2
Ignition probabilities according to Energy Institute model.

Case No. Case description Release rate Equation
range (kg/s)

5 Small Plant 0.1–1 𝑃𝑖𝑔𝑛 = 0.00250 ⋅𝑄0.357

Gas LPG 1–3 𝑃𝑖𝑔𝑛 = 0.00250 ⋅𝑄1.568

3–498 𝑃𝑖𝑔𝑛 = 0.00624 ⋅𝑄0.735

> 498 𝑃𝑖𝑔𝑛 = 0.600

was 1 − 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝐷𝑖𝑟𝑒𝑐𝑡𝐼𝑔𝑛𝑖𝑡𝑖𝑜𝑛. Given the inherent conservatism of
he approach that a released flammable gas always ignites, this model
s also not considered further.

The UKOOA model, developed by the Energy Institute and described
y the IOGP [20], employs 28 mathematical formulas derived from
8 environmental conditions to calculate the probability of ignition
direct + delayed). It was assumed that the probability of direct ignition
as always 0.001, regardless of the environment or release rate. To

alculate the probability of delayed ignition, the probability of direct
gnition was subtracted from the total probability. According to the
OGP, this method was not applicable to LNG. The reason was that
eat transfer and vaporization effects could have resulted in incorrect
as quantities. Nevertheless, it is used in this paper because it is too
onservative if the values for a pure gas release are selected. For ‘‘very
eactive substances’’ such as hydrogen, the probabilities were doubled.
or this paper, the environmental conditions from Case 5 ‘‘Small Plant
as LPG’’ are identified as being most appropriate for a bunkering

tation. The calculation of the ignition probability is described in
able 2.

The leak rate to be used in Table 2 is calculated according to Eq. (3)
17]. For this paper a height of 30 m and a liquid pressure of 5 ⋅105 N∕m2

is assumed.

𝑄𝐿 = 𝐶𝐷 ⋅ 𝐴 ⋅
√

2 ⋅ 𝜌𝐿[(𝑃0 − 𝑃𝑎) + 𝜌𝐿𝑔ℎ] (3)

𝑄𝐿: initial liquid release rate, in kg∕s; 𝐶𝐷: discharge coefficient (=
0.61); 𝐴: hole area, in m2; 𝜌𝐿: liquid density, in kg∕m3; 𝑃0: initial absolute
pressure of liquid, in N∕m2; 𝑃𝑎: atmospheric pressure (= 105 N∕m2); 𝑔:
cceleration of gravity (= 9.81 m∕s2); ℎ: height of liquid surface above
ole m

Since the UKOOA model has a good level of detail and can distin-
uish between direct and delayed ignition, it is used in this work.

.3. Consequence analysis

After analyzing the frequency of the three hazardous events con-
idered in this paper – pool fire, flash fire and explosion – the conse-
uences of these events must be analyzed to determine safety distances.

.3.1. Pool fire
The primary hazard to humans from a pool fire is the heat radiation

mitted by the flame. In order to calculate the radiation emitted by the
lame, it is first necessary to determine the size of the resulting pool
nd flame. The size of a cryogenic liquid pool is determined by the heat
nput into the pool and the heat of vaporization of the liquid. The heat
nput to the pool consists of heat conduction from the ground 𝑄𝑐𝑜𝑛𝑑 ,
eat convection from the surroundings 𝑄𝑐𝑜𝑛𝑣, heat radiation from the
urroundings 𝑄𝑙𝑜𝑛𝑔 and 𝑄𝑟𝑎𝑑 [21], and possibly heat radiation from the
lame 𝑄𝑓𝑙𝑎𝑚𝑒, see equation (4). Most models of a cryogenic pool did not
ake the flame into account. In this work, however, the proportion of
he resulting heat input is so large that the flame is taken into account.
side from the heat input of the flame, the largest heat source of the
ool is the ground. However, as the ground cools from contact with the
old liquid, the pool will actually continue to expand as long as liquid
s added and no fire is created.

= 𝑄 +𝑄 +𝑄 +𝑄 +𝑄 (4)
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𝑃𝑜𝑜𝑙 𝑐𝑜𝑛𝑑 𝑐𝑜𝑛𝑣 𝑟𝑎𝑑 𝑙𝑜𝑛𝑔 𝑓𝑙𝑎𝑚𝑒
Table 3
Specific heat input into a pool of cryogenic liquid [22].

Heat input by Heat source 𝑞 [kW∕m2]

LH2 LNG

Atmospheric convection 0.8 1.1
Radiation from flame 12 100-200
Radiation from ambient 1.6 1.6
Conduction from ground 100 9.2

Since the calculation of the individual components of the heat input is
relatively complex, the values of Verfondern and Dienhart [22], which
can be taken from Table 3, are used in this work.

The values derived above can be used to calculate the area 𝐴 of
the pool in the equilibrium state of inflow and evaporation, according
to Eq. (5). Assuming circular spread, the diameter of the pool can also
be calculated directly from the area.

𝐴 =
𝑄𝐿 ⋅ 𝛥𝐻𝑉

𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑 + 𝑞𝑓𝑙𝑎𝑚𝑒
(5)

𝐴: area covered by the pool, in m2; 𝑄𝐿: leak rate, in [kg∕s]; 𝛥𝐻𝑣 heat
f vaporization, in [kJ∕kg]; 𝑞𝑐𝑜𝑛𝑑 , 𝑞𝑐𝑜𝑛𝑣, 𝑞𝑟𝑎𝑑 and 𝑞𝑓𝑙𝑎𝑚𝑒 are variables from
q. (4), normalized to the area, in [kW∕m2];

It should be noted that a fraction of the emitted radiation is
bsorbed by the atmosphere, depending on the relative humidity.
he transmissivity of the atmosphere 𝜏𝑎𝑡𝑚 is calculated according to
q. (6) [21].

𝑎𝑡𝑚 = 1.5092 − 0.0708 ⋅ 𝑙𝑛
(

𝑅𝑑 ⋅ 𝑃𝑤,𝑠𝑎𝑡(𝑇𝑎) ⋅
𝑅𝐻
100

)

(6)

𝜏𝑎𝑡𝑚 transmissivity of the atmosphere, dimensionless; 𝑅𝑑 is the distance
traveled, in m; 𝑃𝑤,𝑠𝑎𝑡(𝑇𝑎) is the saturation vapor pressure of water, in Pa,
see Eq. (7); 𝑇𝑎 is the atmospheric temperature, in K; 𝑅𝐻 is the relative
humidity, in %;

𝑃𝑤,𝑠𝑎𝑡 = 𝑒𝑥𝑝(25.897 − 5319.4∕𝑇𝑎) (7)

𝑃𝑤,𝑠𝑎𝑡(𝑇𝑎) is the saturation vapor pressure of water, in Pa; 𝑇𝑎 is the
atmospheric temperature, in K;

With the transmissivity of the atmosphere, the radiation on an
object 𝑄𝑟𝑎𝑑 at a distance 𝑅𝑑 is calculated using the point source model
described in Eq. (8) [23].

𝑄𝑟𝑎𝑑 (𝑅𝑑 ) = 𝜏𝑎𝑡𝑚 ⋅ 𝜒𝑅 ⋅
(𝜋∕4) ⋅𝐷2 ⋅ 𝐶𝑏 ⋅ 𝛥𝐻𝐶

4 ⋅ 𝜋 ⋅ 𝑅2
𝑑

(8)

𝑄𝑟𝑎𝑑 (𝑅𝑑 ): radiation on an object at a distance 𝑅𝑑 , in kW∕m2; 𝜒𝑅:
fraction of combustion energy released, that is radiated (0.045 for LH2
and 0.22 for LNG); 𝐷: Diameter of the fire, in m; 𝐶𝑏 = 10−3 ⋅ 𝛥𝐻𝑐∕𝛥𝐻𝑣
liquid mass combustion flow, in kg∕m2 s; 𝛥𝐻𝑐 lower heat of combustion,
in kJ∕kg; 𝛥𝐻𝑣 heat of vaporization, in kJ∕kg.

2.3.2. Flash fire
A flash fire is defined as a combustion event in which a gas cloud

ignites and burns without an increase in pressure. It can occur, when
a combustible concentration of gas is present. The distance at which
the gas has dispersed below the lower flammability limit is considered
a safety distance in this case. To calculate this distance, a Gaussian
dispersion model is used. These Gaussian models were designed for
the simulation of pollutant in small concentrations, rather than for the
prediction of flammable gas releases in high concentrations. Despite the
limitations of these models, they are employed in this context due to
the lack of more suitable alternatives in the literature and the extensive
computational requirements of CFD analysis. A simplified version of
this model, which considers only the downwind direction (𝑥-direction)
is presented in Eq. (9) [24].

𝐶(𝑥, 0, 0) =
𝑄𝐿 (9)
𝜋𝑢𝑤𝜎𝑦𝜎𝑧
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𝐶(𝑥, 0, 0): Concentration at some point in space in kg∕m3; 𝑢𝑤: wind
speed in m/s (here 5 m/s); 𝜎𝑦 and 𝜎𝑧: dispersion constants as functions
of the distance and the wind stability class, in m;

The parameters 𝜎𝑦 and 𝜎𝑧 can be obtained for the various wind sta-
bility classes from the relevant graphs. The wind stability was classified
into six classes, ranging from A (least stable) to F (most stable). The
classes depended on weather factors such as wind speed, solar radiation
and cloud coverage [24]. As indicated by Jeong [15], Eqs. (10) and
(11) were employed to approximate the aforementioned graphs. For
the purposes of this study, the wind stability class F was selected, as it
represents the most stable condition and allows for the least dispersion,
thereby ensuring the highest safety distances.

𝜎𝑦 = 0.04 ⋅ 𝑅𝑑 ⋅ (1 + 0.0001 ⋅ 𝑅𝑑 )−0.5 (10)

𝜎𝑧 = 0.016 ⋅ 𝑅𝑑 ⋅ (1 + 0.0003 ⋅ 𝑅𝑑 )−1 (11)

Eq. (8) illustrates the concentration in kg/m3. To convert this value
into volume percent, the concentration is divided by the density of the
gas and multiplied by 100, as shown in Eq. (12).

𝐶𝑣(𝑥, 0, 0) =
𝐶(𝑥, 0, 0)

𝜌𝑔
⋅ 100 (12)

𝐶𝑣(𝑥, 0, 0): Concentration at some point in space in vol%; 𝜌𝑔 : density
of flammable gas, in kg∕m3;

2.3.3. Explosion
When a gas cloud ignites with an increase in pressure, this phe-

nomenon is known as an explosion. In this case, the increase in pressure
is the primary hazard for humans. The TNT Equivalency Explosion
Model is employed to calculate the pressure increase resulting from
the explosion. This model is relatively straightforward, yet its accuracy
is limited. If the environmental conditions are known with greater
precision, other models, such as the TNO model or the Baker–Strehlow–
Tang model, are preferable [21]. However, as this information is not
available for this comparison, the TNT Equivalency Explosion Model is
employed.

To determine the overpressure caused by an explosion, the equiv-
alent mass of TNT was initially calculated from the available quantity
of gas using equation (13) [25].

𝑊𝑇𝑁𝑇 =
𝑚𝑣 ⋅ 𝜂 ⋅ 𝛥𝐻𝑐(𝑔𝑎𝑠)

𝛥𝐻𝑐(𝑇𝑁𝑇 )
(13)

𝑊𝑇𝑁𝑇 : equivalent mass of TNT, in kg; 𝑚𝑣: total mass of flammable
as, in kg; 𝜂: explosion yield, dimensionless (= 0.1); 𝛥𝐻𝑐(𝑔𝑎𝑠): lower heat
f combustion of gas, in kJ∕kg; 𝛥𝐻𝑐(𝑇𝑁𝑇 ): lower heat of combustion of

TNT (= 4680 kJ∕kg);
With the equivalent mass the scaled distance was calculated accord-

ing to Eq. (14) [25].

𝑍 =
𝑅𝑑

𝑊 1∕3
𝑇𝑁𝑇

(14)

𝑍: scaled distance, in m∕kg1∕3;
Lobato et al. [25] presented a graph that was used to convert the

scaled distance into the overpressure. Tofalos et al. [12] provided an
approximation of this graph in Eq. (15).

𝑃𝑆 = 573 ⋅𝑍−1.685 (15)

𝑃𝑆 : overpressure, in kPa;

3. Results

The results of the frequency and consequence analysis are presented
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below. Safety distances are then defined based on these results. t
Fig. 3. Initial leaks per year.

3.1. Frequency analysis

The start of the event tree is the initial leak of LH2 or LNG. The
leakage rate for each type of equipment and hole size is calculated
individually, as described in chapter 2.2.1, and can be found in Table 1.
The leakage rate for each piece of equipment is multiplied by the
number of times it is installed and all equipment types are added
together. Finally, the different bunker durations of the two fuels are
taken into account. These individual calculation steps can be seen in
Table 1. The results are the initial leaks per year and are shown in
Fig. 3. These values are incorporated into the subsequent calculations
presented in Table 4.

In this study, three hole diameters are considered: 3, 50 and
150 mm. The 150 mm diameter represents a full rupture of the
equipment. For all hole sizes, the frequency of liquid hydrogen leaks
is five times higher than for LNG, although the frequencies for the
equipment and the system itself are the same. The bunkering process of
LNG takes approximately 1.2 h, whereas the same process for LH2 takes
6 h. The longer duration results in the different occurrence of leaks for
the fuels.

For instance, 1.29 ⋅ 10−3 leaks per year for the 3 mm LH2 leak
implies, that a bunker system must operate for approximately 775 years
or for 775 bunker systems to be operational for one year for a leak to
statistically occur.

Table 4 presents the remaining steps of the event tree, as described
in chapter 2.2. By multiplying the columns, the number of hazardous
events per year can be calculated. These events can also be found in
Fig. 4. The horizontal line in Fig. 4 represents a frequency of 10−6,

hich is a broadly accepted individual risk per annum (IRPA) for mem-
ers of public [11,26]. Fig. 4 illustrates that liquid hydrogen reaches the
hreshold of 10−6 in four cases, with a maximum of 4.58 ⋅ 10−6 events
er year. In contrast, LNG is consistently below this level.

This work does not consider social risk because it requires additional
ssumptions about the ship and its surroundings. For a specific system,
ocial risks should also be considered.

.2. Consequence analysis

In general, the consequences are the three hazardous events: pool
ire, flash fire and explosion. The results of these events, for a pool
ire, include heat radiation; for a flash fire, dispersion and for an
xplosion, overpressure. These results are calculated and presented in

he following sections.
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Table 4
Results of frequency analysis.

Fuel Leak size Initial leaks Fire type Immediate Leak Ventilation Delayed Surrounding Ignition Events
per year ignition duration system ignition conditions probability per year

LNG 3 mm 2.56E−04 Pool Fire 0.001 – – – – 1.00E−03 2.56E−07
Flash Fire 0.999 0.1 1 0.0001 0.8 7.99E−06 2.04E−09
Explosion 0.999 0.1 1 0.0001 0.2 2.00E−06 5.11E−10

50 mm 5.97E−05 Pool Fire 0.001 – – – – 1.00E−03 5.97E−08
Flash Fire 0.999 0.1 1 0.0682 0.8 5.45E−03 3.26E−07
Explosion 0.999 0.1 1 0.0682 0.2 1.36E−03 8.14E−08

150 mm 3.56E−05 Pool Fire 0.001 – – – – 1.00E−03 3.56E−08
Flash Fire 0.999 0.1 1 0.3469 0.8 2.77E−02 9.86E−07
Explosion 0.999 0.1 1 0.3469 0.2 6.93E−03 2.46E−07

LH2 3 mm 1.29E−03 Pool Fire 0.002 – – – – 2.00E−03 2.58E−06
Flash Fire 0.998 0.1 1 0.0002 0.8 1.60E−05 2.06E−08
Explosion 0.998 0.1 1 0.0002 0.2 3.99E−06 5.15E−09

50 mm 3.01E−04 Pool Fire 0.002 – – – – 2.00E−03 6.02E−07
Flash Fire 0.998 0.1 1 0.0621 0.8 4.95E−03 1.49E−06
Explosion 0.998 0.1 1 0.0621 0.2 1.24E−03 3.73E−07

150 mm 1.79E−04 Pool Fire 0.002 – – – – 2.00E−03 3.58E−07
Flash Fire 0.998 0.1 1 0.3201 0.8 2.56E−02 4.58E−06
Explosion 0.998 0.1 1 0.3201 0.2 6.39E−03 1.15E−06
Fig. 4. Events per year, the horizontal line marks the IRPA of 10−6.

3.2.1. Pool fire
The heat radiation from a pool fire is calculated according to chapter

2.3.1 and the resulting values are presented in Fig. 5. The calculated
pool diameters vary between 0.26 m for a 3 mm LH2 leak and 36.98 m
for the 150 mm LNG leak. The heat radiation at a distance of 50 m varies
between 0.63 kW∕m2 for a 3 mm LH2 leak and 36.98 kW∕m2 for the 150 mm
LNG leak. In Fig. 5, the level of 35 kW∕m2, which is the level of significant
probability of death [27], is marked with a horizontal line.

3.2.2. Flash fire
To calculate where a flash fire can occur, the dispersion of the fuels

is calculated using a Gaussian model, described in chapter 2.3.2. The
concentration of fuel in the wind direction can be seen in Fig. 6, where
the lower flammability limits of hydrogen (4%) and LNG (5.3%) are
marked as a horizontal line.

3.2.3. Explosion
For the purpose of calculating the safety distance of an explosion,

an overpressure of 1 bar is assumed to be the level at which a certain
death would occur [12]. In order to calculate the overpressure, the TNT
equivalent model, as described in chapter 2.3.3, is used. The results can
be found in Fig. 7. From which it can be observed that LNG has slightly
1248
Fig. 5. Heat radiation caused by pool fire (the horizontal lines marks the lethal
radiation of 35 kW∕m2).

Fig. 6. Dispersion of hydrogen and LNG (the horizontal lines mark the lower
flammability limits of H2 and LNG).
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Fig. 7. Explosion overpressure vs distance (the horizontal lines marks the lethal
overpressure of 1000 mbar).

able 5
afety distances from consequence analysis.
Fuel Leak size Safety distance (m)

(mm) pool fire vapor cloud explosion flash fire

LNG 3 1.2 4.1 17
50 17 26.7 279
150 49 55.4 922

LH2 3 0.8 3.9 32
50 11 25.2 576
150 32 52.3 2108

higher pressures than LH2. At a distance of 50 m, an explosion resulting
from a 50 mm LNG leak would result in an overpressure of 347 mbar,
whereas the same leak with hydrogen would result in an overpressure
of 314 mbar.

3.3. Defining safety distances

The preceding chapters have yielded data that can be used to
calculate the distances at which the aforementioned limits are reached.
This information can be found in Table 5. It can be observed, that LNG
requires larger safety distances for pool fires and explosions, whereas
LH2 requires larger distances for a flash fire.

4. Discussion

The frequency analysis indicates that hydrogen is more likely to
experience leaks. As the same system is utilized for this comparison, the
equipment employed and its quantity have no impact on the probability
of occurrence. Only the longer bunker duration due to the lower density
of hydrogen and the higher ignition probabilities of hydrogen due to its
higher reactivity have an effect.

The consequence analysis reveals that LNG necessitates greater
safety distances for the explosion and pool fire. Only for the flash fire,
hydrogen requires larger safety distances. Since LNG is below the limit
of 10−6 for the individual risk per annum (IRPA) in all cases in the
requency analysis, it is generally not necessary to consider the safety
istances of LNG. In contrast, the safety distances of the four cases
hat are above the limit in Fig. 4 must be considered for hydrogen.
owever, as the objective of this study is not to perform a quantitative

isk assessment (QRA) for a specific application, but rather to compare
he fuels liquid hydrogen and LNG, all safety distances are considered
1249

n this case.
The safety distances of LNG are higher than those of LH2 for pool
fires and for explosions. However, for flash fires, the safety distance is
larger for LH2 and is also the largest of all the cases considered.

The flash fire, or the dispersion of the fuels, is calculated using a
simple Gaussian model. This model does not consider the buoyancy of
a substance or the influence of the change in density as a substance
heats up. LNG (methane) is eight times heavier than hydrogen and
therefore has significantly less buoyancy [28]. Additionally, when hy-
drogen vaporizes, it only requires a 2 K increase in temperature to
become lighter than air. In contrast, LNG requires a 53.3 K increase
in temperature [5]. These factors are not accounted for in the model
and should be investigated in more detail through a CFD analysis.

The largest safety distance of the cases considered defines the safety
distance of the system. Therefore, a distance more than twice as large
must be maintained during the bunkering of hydrogen than when LNG
is bunkered. However, LNG is above hydrogen in all other cases.

5. Conclusions

Leaks at hydrogen plants occur more frequently and larger safety
distances must also be maintained, whereby the safety distances should
be validated again using CFD analyses.

Consequently, the bunkering of hydrogen can be considered more
dangerous than the bunkering of LNG. Further research into the safety
of hydrogen as a fuel for shipping is therefore necessary to facilitate
the market launch of liquid hydrogen. An increase in demand for
liquid hydrogen will facilitate the growth of the entire liquid hydrogen
value chain. Furthermore, the research results will positively impact
the import of liquid hydrogen, as the loading and unloading processes
for ships are analogous to bunkering.
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