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 A B S T R A C T

Hydrogen, in its various storage forms, represents a potential fuel for climate-neutral shipping. In order to 
evaluate the safety of bunkering liquid hydrogen and to establish a basis for a comparison with the bunkering 
of LNG, a quantitative risk assessment has been conducted. This paper continues this work, by first realizing 
a quantitative risk assessment (QRA) with adopted systems allowing for the same bunkering duration for both 
fuels. The investigation shows that the diameter of the pipe has a significant impact on the frequency of 
hazardous events. To gain a deeper understanding of the effect, a sensitivity analysis is conducted. In addition 
to the frequencies, a notable impact of the pipe diameter can also be observed with regards to the safety 
distance in the full rupture case. Furthermore, the safety distances are found to be significantly impacted by 
wind speed and release time. The ambient temperature and humidity are identified to have only a minor 
impact.
1. Introduction

Although maritime transportation is currently the most efficient 
method of transporting goods, it is nevertheless necessary to reduce 
emissions in order to achieve the goals set out in the Paris Agree-
ment and to prevent global warming from exceeding 2 ◦C. Presently, 
approximately 80 % of global trade is conducted via maritime trans-
portation [1], with the shipping industry accounting for approximately 
3 % of global CO2-emissions [2]. It is evident that optimization of 
energy efficiency alone will not be sufficient to achieve the objectives 
defined within the Paris agreement [3]. Thus, novel and greenhouse 
gas (GHG) neutral fuels must be introduced into the maritime industry. 
In previous years, the international shipping industry has focused on 
LNG as an alternative fuel [4]. However, since LNG is still a fossil 
fuel, attention has shifted to ‘‘green’’ methanol, ‘‘green’’ ammonia and 
‘‘green’’ hydrogen [4–6]. Due to the physical–chemical properties of 
these various ‘‘green’’ energy carrier the former two options are pro-
posed more for longer distances while the latter is typically discussed in 
relation to smaller units and shorter distances. Hydrogen can be stored 
in different forms, for example, compressed in vessels with more than 
200 bar or liquefied at roughly 20 K; due to spatial limits on ships 
the latter option is most widely discussed. But the low temperature of 
liquefied hydrogen and its high flammability present unique challenges 
to the safety of liquid hydrogen utilization in shipping.
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1.1. Motivation and outline

The safety of a bunkering operation is of particular importance, 
given the inherent challenges associated with this type of activity. 
In [7] a comparison of the safety of bunkering liquid hydrogen and LNG 
has been performed, given that both fuels are flammable gases liquefied 
at cryogenic temperatures. A Quantitative Risk Assessment (QRA) was 
employed for the purpose of comparison. The same bunker system, 
comprising the same pipe and equipment with an identical diameter, 
was subjected to analysis. The different densities of the two fuels under 
investigation resulted in different transfer rates, which in turn yielded 
different bunker durations. It was found, that the bunker duration for 
liquid hydrogen (LH2) was six times longer than that for LNG [7]. In 
accordance with the aforementioned bunker duration, the overall leak 
frequency was also six times higher for LH2. The frequencies of the 
hazardous events of LH2 were larger by factors between 4.6 and 10. 
A consequence analysis was conducted, which revealed that liquefied 
natural gas (LNG) necessitates larger safety distances for the pool fire 
and explosion scenario. Conversely, liquefied hydrogen (LH2) required 
larger safety distances in the event of a flash fire. Given that the 
flash fire necessitated larger safety distances than the other hazardous 
events, LH2 requires the largest safety distances.
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This paper continues this research [7] by adapting the LH2 system in 
a way that the bunker durations for both liquid gases are approximately 
equivalent. A new Quantitative Risk Assessment (QRA), following the 
methodology described in [7], is conducted with this newly defined 
system. To gain a deeper understanding of the factors influencing the 
results of such a QRA, additionally a sensitivity analysis is conducted 
and discussed.

This paper is therefore structured into five sections. The introduc-
tion provides an overview of the various bunkering methods and a 
summary of the current status of bunkering safety research. Subse-
quently, the employed methods for the QRA are briefly introduced, 
and methodological changes made compared to [7] are discussed. The 
system employed within this study is introduced and the methodology 
for the sensitivity analysis is outlined. The detailed results of the QRA 
and the sensitivity analysis are subsequently presented, and finally a 
conclusion is drawn.

1.2. Bunkering methods

The various bunkering methods are illustrated in Fig.  1. The afore-
mentioned methods are independent of the fuel that is bunkered; 
however, it is possible that some may be more suitable for a specific 
fuel than others.

• The most prevalent method is ship-to-ship bunkering (Fig.  1(a)), 
whereby the fuel is supplied from a bunkering vessel to the 
receiving vessel. This method permits the transfer of substantial 
quantities of fuel at high flow rates. As the fuel supply to the ship 
is conducted from the sea side, cargo operations are typically not 
impeded, thereby enabling simultaneous operations [8].

• In the case of truck-to-ship bunkering (Fig.  1(b)), the fuel is 
transported to the quayside by a truck or semi-trailer. Then it is 
transferred to the ship using equipment attached to the trailer. 
Consequently, the transfer rate is constrained and the volume 
of fuel available to the ship is defined by the truck capacity. 
Furthermore, the presence of the truck on the quayside can 
impede the simultaneous execution of loading operations. There-
fore, truck-to-ship bunkering is typically employed for smaller 
units [8].

• Shore-to-ship bunkering (Fig.  1(c)), also referred to as port-to-
ship or terminal-to-ship bunkering, allows for the transfer of high 
flow rates and high volumes of fuel. However, the receiving vessel 
must be docked to the landside terminal, which restricts the possi-
bility of conducting simultaneous cargo operations. Consequently, 
it is a relatively uncommon method [9].

• Container-to-ship bunkering (Fig.  1(d)) is not a conventional 
bunkering method, as it does not entail the transfer of fuel from 
one tank to another. Here, interchangeable tanks containing the 
fuel are loaded onto the ship and subsequently connected to the 
propulsion system (i.e., a cassette-type fuel system). Thus, when 
the tank is empty, the entire tank is replaced. Typically, ISO 
container frames should be used for convenient handling. Existing 
port infrastructure, such as cranes, can be employed to exchange 
the tanks allowing this method to be utilized in nearly every 
port. However, during the exchange of the tanks, the cranes are 
obviously not available for cargo operations, which extends the 
time the ship spends in port [10].

1.3. Current status of bunkering safety research

In light of the inherent dangers associated with bunkering, research 
has been conducted with the aim of enhancing its safety. However, the 
existing knowledge remains limited, particularly with regard to hydro-
gen as a novel fuel. With regard to LNG bunkering, a review of risk 
analysis methodology for simultaneous operations has been published 
2 
Fig. 1. Bunkering methods.

by Fan et al. [11], while a review of ship-to-ship LNG bunkering has 
been published by Duong et al. [12]. A comparative analysis of safety 
zones due to dispersion was conducted for LNG and ammonia by Duong 
et al. [13].

Fan et al. [14] compared the evaporation and dispersion of LNG, 
LH2 and ammonia for accidental releases during bunkering. A simple 
analytical relationship was chosen for the evaporation comparison, 
while a CFD analysis was created for the dispersion comparison.

Saborit et al. [15] considered the value chain of offshore hydrogen 
production, transport to the port, and then bunkering, analyzing each 
stage in turn. Aneziris et al. [16] employed a quantitative method to as-
sess the safety of LNG ship-to-ship bunkering in a Greek port. Lee et al. 
compared the different bunkering methods (outlined in Section 1.2) 
by means of an analytical hierarchy process to determine the optimal 
method for a shipyard [8].

Zanobetti et al. [17] employed a multi-objective approach to com-
pare four different onboard carbon capture and storage (OCCS) systems 
to a conventional LNG powertrain, an ammonia (NH3) solid-oxide fuel 
cell (SOFC) powertrain and a liquid hydrogen proton-exchange mem-
brane fuel cell (PEMFC) system. The LH2 system has been identified to 
offer greater advantages than the onboard carbon capturing and storage 
(OCCS) system in terms of the volume occupied onboard, net present 
cost and global warming impact. In terms of safety, however, the OCCS 
system is to be preferred over the LH2 or NH3 systems. The NH3 system 
occupied a smaller volume on board compared to the LH  system. 
2
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Fig. 2. Flow diagram of the QRA methodology.
Nevertheless, the LH2 system was found to be more economically and 
safely advantageous than the NH3 system. A quantitative methodology 
was also utilized for the purpose of comparing the safety of the two 
systems.

Klebanoff et al. [18] compared the physical and combustion proper-
ties of LH2 and LNG with a focus on a cryogenic release and subsequent 
pool fire in a context of a high-speed ferry operating in the Say 
Francisco Bay. The study came to the conclusion, that the physical 
and combustion properties, and thus the risk, of LH2 and LNG are very 
similar.

Tofalos et al. [19] employed a Quantitative Risk Assessment (QRA) 
for the purpose of comparing the safety of bunkering LH2 and LNG, 
focusing on the ship-side bunker system. Jeong et al. [20] established 
the use of a QRA for the purpose of establishing safety zones for LNG 
bunkering.

A sensitivity analysis has not yet been conducted for a Quantita-
tive Risk Assessment. This paper aims to fill this gap and provide a 
deeper understanding on the factors influencing the results of such a 
Quantitative Risk Assessment (QRA).

2. Methodology

Due to the fact that the methodology has been described in detail 
in [7], this section will commence with a brief summary of the applied 
method and then proceed to elucidate the modifications compared 
to [7] and the conducted sensitivity analysis.

The methodology employed for a comparison of safety was initially 
introduced by Tofalos et al. [19] and has been further developed in [7]. 
It is illustrated in Fig.  2.

2.1. Frequency analysis

The initial step is to follow an event tree (e.g., Jeong [21]) in 
order to obtain the frequencies of hazardous events. This event tree 
is illustrated in Fig.  3. The event tree [7,21] yielded three hazardous 
events: a pool fire, a flash fire and a vapor cloud explosion.

The initial leak frequency is obtained using a method established by 
the International Association of Oil & Gas Producers (IOGP) based on 
the UK Hydrocarbon Release Database [22].

In order to calculate the ignition probabilities, the Energy Institute 
model [23] was employed, calculating ignition probabilities for 28 
environmental conditions. It assumed, that the probability for direct 
ignition is always 0.001. This probability had to be subtracted from 
the overall modeled ignition probability to obtain the probability for 
delayed ignition. For this study case number 5 ‘‘small plant gas LPG’’ 
is selected as the most accurate [7]. The formulae for this case are 
described in Table  1.

Each step of the event tree is then combined with the initial leak fre-
quency to a frequency of the hazardous event. In general, a frequency of 
3 
Table 1
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  

a hazardous event of 10−6 is accepted as the individual risk per annum 
(IRPA) [24,25]. This indicates that the risk of a lethal accident for an 
individual can be as high as 10−6 without the necessity for additional 
safety measures such as a safety distance.

Additionally, the social risk can also be considered. An accident with 
a high number of fatalities is generally perceived as being less socially 
acceptable than a series of accidents with a single fatality each. This is 
the case even if the total number of fatalities remains constant. As the 
social risk requires detailed knowledge about the surroundings, which 
are not known for this hypothetical case, it is beyond the scope of this 
paper.

2.2. Consequence analysis

Subsequently, the dispersion of the fuel in the flash fire case is then 
calculated using a Gaussian model according to [26]. This Gaussian 
model is employed due to its minimal computational requirements, 
despite its lack of accuracy. Here, a simplified version of the Gaussian 
model only considering the direct downwind direction (𝑥-direction) is 
employed (Eq. (1)). 

𝐶(𝑥, 0, 0) =
𝑄𝐿

𝜋𝑢𝑤𝜎𝑦𝜎𝑧
(1)

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 dispersion constants 𝜎𝑦 and 𝜎𝑧 (both in m) can be calculated 
using Eqs.  (2) and (3). 
𝜎𝑦 = 0.04 ⋅ 𝑅𝑑 ⋅ (1 + 0.0001 ⋅ 𝑅𝑑 )−0.5 (2)

𝜎𝑧 = 0.016 ⋅ 𝑅𝑑 ⋅ (1 + 0.0003 ⋅ 𝑅𝑑 )−1 (3)

In order to calculate the consequences from a vapor cloud explosion 
the TNT equivalent model was employed. As the name indicates, the 
equivalent mass of TNT, which can be derived from the available 
quantity of gas as illustrated in Eq. (4) [27], was used to calculate the 
overpressure caused by the vapor cloud explosion. 

𝑊𝑇𝑁𝑇 =
𝑚𝑣𝜂𝛥𝐻𝑐(𝑔𝑎𝑠) (4)

𝛥𝐻𝑐(𝑇𝑁𝑇 )
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Fig. 3. Event tree used for frequency analysis ©CC-BY [7].
𝑊𝑇𝑁𝑇 : equivalent mass of TNT; 𝑚𝑣: total mass of flammable gas; 𝜂: 
explosion yield (= 0.1); 𝛥𝐻𝑐(𝑔𝑎𝑠): lower heat of combustion of gas; 
𝛥𝐻𝑐(𝑇𝑁𝑇 ): lower heat of combustion of TNT (= 4680 kJ∕kg);

The scaled distance 𝑍 was then calculated by Eq. (5) [27]. 

𝑍 =
𝑅𝑑

𝑊 1∕3
𝑇𝑁𝑇

(5)

𝑍: scaled distance;
The scaled distance can be converted into the overpressure by a 

graph (see [27]). Eq. (6) was an approximation of said graph [19]. 
𝑃𝑆 = 573 ⋅𝑍−1.685 (6)

𝑃𝑆 : overpressure, in kPa;
The critical effect in the pool fire case is the heat radiation, which 

is calculated using the point source model [28] according to Eq. (7). 

𝑄𝑟𝑎𝑑 (𝑅𝑑 ) = 𝜏𝑎𝑡𝑚𝜒𝑅
(𝜋∕4)𝐷2𝐶𝑏𝛥𝐻𝐶

4𝜋𝑅2
𝑑

(7)

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

The transmissivity of the atmosphere 𝜏𝑎𝑡𝑚 is calculated with the 
saturation vapor pressure 𝑃𝑤,𝑠𝑎𝑡 (Eq. (9)) according to Eq. (8). 

𝜏𝑎𝑡𝑚 = 1.5092 − 0.0708𝑙𝑛
(

𝑅𝑑𝑃𝑤,𝑠𝑎𝑡(𝑇𝑎)
𝑅𝐻
100

)

(8)

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. (9); 𝑇𝑎 is the atmospheric temperature, in K; 𝑅𝐻
is the relative humidity, in %; 
𝑃𝑤,𝑠𝑎𝑡 = 𝑒𝑥𝑝(25.897 − 5319.4∕𝑇𝑎) (9)

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

The diameter of the pool is estimated by a simple heat balance. The 
heat input into the pool normalized to the surface area (see [29]) is 
4 
Table 2
Specific heat input into a pool of cryogenic liquid [29].
 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  

illustrated in Table  2. The heat input is then compared to the heat of 
vaporization of the leaked fuel. The pool area is then calculated in the 
state of equilibrium by Eq. (10). 

𝐴 =
𝑄𝐿𝛥𝐻𝑉

𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑 + 𝑞𝑓𝑙𝑎𝑚𝑒
(10)

𝐴: area covered by the pool; 𝑄𝐿: leak rate; 𝛥𝐻𝑣 heat of vaporization; 
𝑞𝑐𝑜𝑛𝑑 , 𝑞𝑐𝑜𝑛𝑣, 𝑞𝑟𝑎𝑑 and 𝑞𝑓𝑙𝑎𝑚𝑒 heat input into the pool, according to
Table  2;

3. Frame conditions, definitions and data

In the following section the system employed in this analysis and 
the parameter considered during the sensitivity analysis are defined.

3.1. System definition

The system itself utilized in this paper is presented in Fig.  4 and 
is identical to that employed in [7]. Accordingly, the quantity of the 
installed equipment remains unaltered. The sole modification is another 
pipe and equipment diameter. The diameter of the LNG system is 
retained at 150 mm, while the diameter of the LH2 system is increased 
to 350 mm. The diameter results in a bunker duration of 1:11 h for 
LNG and 1:06 h for LH2. Consequently, the same amount of energy 
can be transferred to the ship. To achieve the same bunker duration, a 
technically hardly realizable diameter of 336.7 mm would be necessary. 
Thus, the diameter is rounded to the more practical 350 mm accepting 
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Fig. 4. Bunker system, the scope of this paper is highlighted in blue ©CC-BY [7].
Fig. 5. Results of frequency analysis.

a minor discrepancy in bunkering durations. The quantity and diameter 
of the equipment used in the LNG and LH2 system is detailed in Table  3.

In addition to the leak diameters of 3, 50 and 150 mm, a 350 mm 
LH2 leak is incorporated into the analysis to represent the full rupture 
case for this fuel.
5 
Table 3
Equipment of bunkering system used in this paper.
 Equipment Count Diameter (mm)
 LNG LH2  
 Tank inlet 1 150 350  
 Pressure relieve valve 2 150 350  
 Pressure indicator 2 50 50  
 Pipes 10 150 350  
 Hose 30 150 350  
 Actuated valves 2 150 350  
 Manual valves 3 150 350  
 Flanges 17 150 350  
 Pump (centrifugal) 1 150 350  

An ambient temperature of 10 ◦C and a wind speed of 5 m∕s was 
chosen as atmospheric conditions being representative for Northern 
Germany. The relative humidity was set to 10 % to represent a worst 
case for the pool fire model.

Additionally, it was assumed that the safety mechanisms need a 
maximum of 30 s to stop a release. It was assumed, that 90 % of the 
leaks are limited and 10 % are late isolated leaks. Since bunkering 
is conducted on open deck, it was assumed, that the ventilation was 
always successful. It was assumed as well, that 80 % of the surrounding 
was not congested and 20 % was congested.

3.2. Sensitivity analysis

A sensitivity analysis is conducted for the four distinct phases of the 
Quantitative Risk Assessment (QRA), namely the frequency analysis, 
the vapor cloud explosion model, the pool fire model and the flash fire 
model. Subsequently, the model allows to analyze which parameters 
can be influenced and have an effect on the results. These parameters 
are listed in Table  4. With regard to the frequency analysis, the outcome 
is the leak frequency and the probabilities of the three hazardous 
events.

In the consequence analysis, the safety distance is the parameter of 
interest for the three models. As with the frequency analysis, the pipe 
diameter is investigated, but in contrast to that analysis, it represents 
only the full rupture case; other leak sizes are not considered. When 
the leak size remains constant, the amount of fuel released remains 
the same, and thus the consequence is the same. The parameters 
investigated for the consequence analysis can be found in Table  4.

4. Results and discussion

The following section presents the results of the Quantitative Risk 
Assessment (QRA), which are subsequently complemented by a sensi-
tivity analysis.
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Fig. 6. Frequencies as function of pipe diameter (a) without considering the bunker duration, (b) considering the bunker duration of LH2 and (c) considering 
the bunkering duration of LNG.
Table 4
Analyzed parameter in sensitivity analysis.
 Model Parameter Variation range 
 Frequency analysis Pipe diameter 1 mm–500 mm 
 Vapor cloud explosion Pipe diameter 1 mm–500 mm 
 Release time 1 s–300 s  
 Pool fire Pipe diameter 1 mm–500 mm 
 Humidity 5 %–100 %  
 Ambient temperature −10 ◦C–50 ◦C  
 Flash fire Pipe diameter 1 mm–500 mm 
 Wind speed 1 m∕s–20 m∕s  

4.1. Quantitative risk assessment

The results of the conducted Quantitative Risk Assessment can 
be distilled into two principal findings: the frequencies of hazardous 
events and the requisite safety distances for each event. The results 
of the frequency analysis are given in Section 4.1.1 and those of the 
consequence analysis are given in Section 4.1.2.

4.1.1. Frequency analysis
The initial step is to conduct a frequency analysis. Fig.  5(a) presents 

the initial leak frequencies of both systems. Thus, hydrogen exhibits 
significantly lower frequencies than LNG, as larger pipes are less prone 
to leakage than smaller ones.

The initial leak frequencies presented in Fig.  5(a) are subsequently 
integrated with the ignition probabilities and other steps of the event 
tree (Fig.  5(b)). The IRPA of 10−6, as described in Section 2, is indicated 
in Fig.  5(b) with a horizontal red line. Hydrogen displays elevated 
ignition probabilities in comparison to LNG, attributable to its high 
reactivity. This effect serves to counteract the lower leak frequencies 
of hydrogen to a certain extent. The outcome frequencies for hydrogen 
remain lower than those for LNG, even when the leak size is identical. 
The full rupture cases of both fuels are relatively comparable; however, 
a full rupture of hydrogen results in a leak of 350 mm, whereas a full 
rupture of LNG results in a leak of only 150 mm. A smaller leak releases 
a lesser quantity of fuel, thereby reducing the probability of ignition.

For a given leak size, the frequency of occurrence of incidents 
involving hydrogen is lower than that of incidents involving LNG. 
6 
Nevertheless, the frequencies of the full rupture case are higher than 
those of LNG for two events, namely flash fire and explosion. The only 
event that exceeds the IRPA of 10−6 is the LH2 full rupture flash fire.

4.1.2. Consequence analysis
The safety distances for the 3, 50 and 150 mm leak remain con-

sistent with those previously established. As the leak size remains 
constant, the quantity of released fuel is also unaltered. The leakage 
rate is contingent upon the density of the released fuel. Consequently, 
LNG and LH2 experience different release rates. Therefore, the effect of 
the fuel is also identical. As the LH2 full rupture case is considerably 
larger than the one for LNG, it releases a greater quantity of fuel. 
Consequently, the larger amount of released fuel results in larger safety 
distances (see Table  5).

An increase in the leak diameters of LH2 from 150 to 350 mm has 
been demonstrated to enhance the safety distances by approximately 
a factor of 2 for the pool fire and explosion case. Furthermore, the 
increase for the flash fire case is even more pronounced.

The results of the QRA demonstrate that the safety distances remain 
constant when the diameter of the leak and the quantity of released fuel 
remain unaltered. Conversely, the QRA demonstrates that increasing 
the pipe diameter to a value that yields equivalent bunker duration for 
both fuels reduces the frequencies of harmful events to a level below 
that which would be anticipated based on the reduced time. To gain 
further insights into the impact of these factors, a sensitivity analysis is 
subsequently performed.

4.2. Sensitivity analysis

As demonstrated in Section 4.1, the pipe diameter has a significant 
impact on the outcomes. In order to identify other parameters with a 
substantial impact, a sensitivity analysis is conducted.

4.2.1. Frequency analysis
Initially, the leak frequencies are examined as a function of the pipe 

diameter, with the results presented in Fig.  6. Fig.  6(a) illustrates the 
leak frequencies are shown for the full rupture case and leak sizes of 
3 mm, 50 mm and 150 mm; the bunkering duration is so far not taken 
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Fig. 7. Probability of a flash fire.
Table 5
Safety distances of the considered system. The full rupture case is represented 
by the 150 mm leak for LNG and the 350 mm leak for LH2.
 Fuel LeakSize release rate Safety distance for hazardous event
 Pool fire Explosion Flash fire
 LNG 3 mm 0.095 kg/s 1.2 m 4.1 m 16.3 m
 50 mm 26.4 kg/s 17.0 m 26.7 m 279.1 m
 150 mm 237.6 kg/s 49.0 m 55.5 m 922.0 m
 LH2 3 mm 0.033 kg/s 0.8 m 3.9 m 31.7 m
 50 mm 9.26 kg/s 11.0 m 25.2 m 575.7 m
 150 mm 83.31 kg/s 31.6 m 52.4 m 2108.0 m
 350 mm 453.6 kg/s 71.3 m 92.1 m 7701.8 m

into consideration. The model employs disparate functions to calculate 
the leak frequency above and below a diameter of approximately 
170 mm. The precise point at which the function changes depend on the 
equipment type and varies in this case between 165 mm and 174 mm. 
Fig.  6 illustrates the average point of change in the function, which is 
indicated by a vertical line at 170 mm.
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The bottom of Fig.  6 illustrates the leak frequencies when the 
bunkering duration is taken into account. Therefore, the bunkering 
duration has an influence solely on the gradient of the curve.

The initial leak frequencies illustrated in Fig.  6, when integrated 
with the remaining components of the event tree, facilitate the calcu-
lation of the probabilities associated with the three hazardous events. 
Fig.  7(a) illustrates the probability of a flash fire. Accordingly, the tra-
jectory of the initial leak curve (represented in black) can be discerned 
within the flash fire probability curves (represented in color). However, 
additional inflection points are observable in the graph’s progression. 
These are attributable to the specific ignition model employed. The 
Energy Institute Model [23] employs a distinct probability calculation 
methodology at release rates of 0.1, 1, 3 and 498 kg∕s, indicated in Fig. 
7(b) with arrows. Fig.  7(b) focuses on the curves for LNG, but the same 
is applicable for LH2 as well. The inflection points occur exclusively in 
the full rupture case, as the release rate is no longer a variable, once 
the leak size is fixed. With a fixed release rate the ignition probability 
is also constant.
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Fig. 8. Probabilities of an Explosion and a Pool fire as functions of the pipe diameter.
Fig.  8(a) illustrates the probability of an explosion as a function of 
pipe diameter. The distinction between Figs.  7(a) and 8(a) is the gra-
dient of the curves, as the sole discrepancy between the two events in 
the event tree is the step of surrounding conditions. If the surrounding 
is congested, an explosion will occur. In the absence of congestion, a 
flash fire will occur. According to Section 2, it is assumed that 20 % of 
the surrounding area is congested and 80 % is not. This assumption is 
the source of the observed differences in gradient.

Fig.  8(b) illustrates the probability of a pool fire. In contrast to 
Figs.  7(a) and 8(a), no additional inflection points are evident in the 
curve. This is once more based on the Energy Institute Model [23] for 
the ignition probabilities. A flash fire and explosion are the result of 
a delayed ignition, whereas a pool fire is the result of an immediate 
ignition. According to the model, the probability of an immediate igni-
tion was fixed at 0.001, as discussed in Section 2. The Energy Institute 
Model states that for highly reactive substances, such as hydrogen, 
this probability was doubled. Consequently, no inflection points in the 
curve occur; rather, the curves are only shifted.

A reduction in pipe diameter has been observed to result in a 
notable decrease in the frequency of both leaks and harmful events.
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4.2.2. Consequence analysis
Subsequent to an investigation into the impact of pipe diameter on 

the probabilities of hazardous events and initial leak frequency, now 
factors influencing the safety distance are examined. Fig.  9 illustrates 
the impact of wind speed on the required safety distance for a flash 
fire. Even due to the fact that the employed model is not designed to 
simulate the release of large clouds of fuel, it is employed due to the 
unavailability of a more suitable alternative. As illustrated in Fig.  9, the 
lower wind speeds, approximately 5 m∕s, are of greater relevance than 
the higher values. The wind probability 10 m above ground for the 
city of Hamburg based on historic data from 1950 to 2023 provided 
by the German Weather Service (Deutscher Wetterdienst, DWD) [30] 
is plotted in Fig.  9 in green. The impact of wind speed on dispersion 
is more pronounced at lower wind speeds, with a gradual decline at 
higher wind speeds. As the wind speed is the sole independent factor, 
no further factors were examined in the context of the flash fire case.

The greatest impact of the examined variables is observed in the 
context of wind speed in the flash fire case. An increase in wind 
speed from 1 to 20 m/s results in a reduction in safety distances by 
a factor of between 4.5 and 7.8, contingent on the dimensions of the 
leak and the type of fuel involved. The results indicate that larger 
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Fig. 9. Safety Distance Flash Fire as a function of wind speed and the probability of wind speed.
leaks result in a more pronounced reduction in the safety distance. The 
greatest alterations are observed in the context of low wind speeds. It is 
important to note that the Gaussian model employed in this QRA was 
not originally designed for large fuel releases and does not account for 
the buoyancy of fuels such as hydrogen or LNG. It is utilized primarily 
to reduce the computational time required for a CFD analysis; it was 
also selected as the most suitable alternative model for this purpose 
given the lack of other suitable models in the literature.

In order to calculate the requisite safety distance for the explosion 
case, the TNT equivalent model [27] (Section 2) was employed. In 
this calculation, the sole independent factor is the release time. Fig. 
10 illustrates the safety distance for the explosion case as a function 
of the release time; i.e., the safety distance increases with the release 
time. The longer the fuel is released, the greater the quantity of fuel 
and, consequently, the greater the energy available for combustion 
in the explosion. This results in higher pressures from the explosion, 
necessitating larger safety distances.

The geometry of the congested space has an influence on the ex-
plosion; however, it is not considered in this hypothetical case due to 
the necessity of further assumptions. At a certain point, the congested 
space is entirely filled with fuel gas, which displaces oxygen from 
the space. This results in the upper flammability limit (UFL) being 
exceeded, which prevents the occurrence of an explosion. This effect 
is not included in the analysis presented here.

The second-largest effect is observed with regard to the release 
time in the explosion case. The safety distance increases by a factor 
of approximately 6.5 for all release rates and fuels when the release 
time is increased from 1 to 300 s. This is due to the possibility that the 
congested space may become completely filled with the fuel, resulting 
in the UFL being exceeded. In the absence of detailed knowledge of the 
surrounding environment, it is not possible to consider this effect.

In the pool fire model, two independent factors are examined: 
ambient temperature and humidity. The primary hazard associated 
with a pool fire is the heat radiation emitted by the fire. The absorption 
of radiation by humid air is greater than that of dry air, which conse-
quently reduces the requisite safety distance. Fig.  11(a) illustrates the 
safety distance as a function of humidity. The influence of humidity 
is relatively minor in comparison to other factors, such as wind speed 
in the flash fire case. Similarly, cold air absorbs more radiation than 
warmer air. Fig.  11(b) illustrates the safety distance as a function 
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of ambient temperature. Despite the dissimilarity in curve shape, the 
overall influence is of a comparable magnitude to that of humidity.

The safety distance is observed to remain relatively constant when 
the humidity and ambient temperature are varied for the pool fire case. 
An increase in temperature from −10 to 50 ◦C and humidity from 5 to 
100 % results in a decrease in the safety distance of approximately 1.1.

4.2.3. Summary consequence models
The aforementioned results are summarized in Fig.  12(a), in which 

the corresponding maximum safety distance is normalized to the min-
imum value of each analysis. Fig.  12(a) illustrates that the wind speed 
in the flash fire case and the release time in the explosion case have a 
compatible impact on the outcome. In the flash fire case, a greater effect 
is observed for hydrogen than for LNG. Furthermore, wind speed has a 
more pronounced influence on larger release rates than on smaller ones. 
In the vapor cloud explosion case, the order of magnitude is consistent 
across all leak diameters and thus release rates. The aforementioned 
observations are very similar for LNG and LH2. In the pool fire case, 
the investigated factors have a minimal influence, with the normalized 
safety distance approaching 1.

In the full rupture case, the pipe diameter also has an influence 
on the safety distance. The relationship between safety distances and 
pipe diameter is illustrated in Fig.  12(b). Thus, that the flash fire case 
necessitates the greatest safety distances of the three cases, exhibit-
ing the most significant increase. As the pipe diameters increase the 
explosion and pool fire case converge. For smaller pipe diameters, 
the explosion case requires larger safety distances than the pool fire 
case. However, the pool fire case’s safety distance increase is more 
pronounced, resulting in a gradual convergence.

An increase in pipe diameter for the full rupture case results in an 
augmented safety distance. In the flash fire case, the greatest safety 
distance is observed for all diameters. In the pool fire case, the safety 
distance exceeds that of the explosion case for the largest diameters; 
otherwise, the explosion necessitates larger safety distances.

4.3. Limitations

This study utilizes a quantitative risk assessment to comparatively 
analyze the safety of bunkering LNG and LH2. The analysis thus con-
centrates on the primary hazards associated with the two fuels, namely 
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Fig. 10. Safety distance for explosion as function of release time.
Fig. 11. Safety distance pool fire.
their flammability. This study does not address other potential hazards, 
such as temperature or asphyxiation.

The analysis deliberately excludes the safety subsystem, thereby 
isolating the comparison to the fuel characteristics alone. Furthermore, 
10 
the modeling framework has been deliberately simplified to reduce 
computational overhead while still delivering robust and reliable out-
comes. The system itself is also presented in a simplified version, as 
the objective of this study is to compare the fuels and not the systems. 
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Fig. 12. Results of sensitivity analysis of safety distance.
 

The integration of a more detailed system can be undertaken at a 
subsequent stage.

5. Conclusions

The following conclusions can be drawn:

• The pipe diameter has a significant effect on the leak frequencies. 
Nevertheless, the necessary safety distance for a full rupture 
increases with increasing system diameter. As a result of the 
increased pipe diameter, the frequency of hydrogen leaks is lower 
than that of LNG for the same leak diameter, as demonstrated in 
this analysis.

• The frequency of the full rupture case of both fuels (LNG: 150 mm;
LH2: 350 mm) is comparable , but hydrogen is slightly larger. The 
requisite safety distance for a given leak diameter is smaller for 
both explosion and pool fire cases involving hydrogen, and the 
safety distance for flash fires is smaller for LNG. A comparison of 
the full rupture cases for both fuels reveals that LH2 necessitates 
the implementation of larger safety distances.

• The wind speed and the release time have a significant impact 
on the safety distance. It is imperative to exercise greater caution 
when selecting the wind speed for analysis and to implement mea-
sures to minimize the release time. However, the Gaussian disper-
sion model is not optimally suited for this analysis, necessitating 
further research into hydrogen dispersion.
11 
• Ambient temperature and humidity have minimal influence on 
the safety distance for pool fires. Nevertheless, the employed 
pool model is a relatively rough estimation, designed to minimize 
computational requirements. This highlights a potential avenue 
for future work to enhance the accuracy of the model.
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