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Abstract

Energy transition has established hydrogen and compressed natural gas (CNG) as key
alternatives for reducing greenhouse gas emissions and promoting sustainable mobility
in the transport sector. However, the safe deployment of this infrastructure is essential to
ensure that decarbonisation strategies remain environmentally, socially and operationally
sustainable. Filling stations handling flammable gases may release hydrogen or CNG
into open environments where ventilation alone cannot always prevent unacceptable risk
situations in populated and industrial areas. Although the current regulatory framework
sets out essential design requirements, including safety distances, this article argues that
risk management must go beyond minimum compliance, reconsidering the location of
detectors, gas dispersion behaviour and the definition of hazard zones. The analysis takes
into account the rapid dilution of these gases under open air ventilation conditions and
supports a more risk-based approach to infrastructure planning. Since gas supply facilities
operating at 25 MPa, the hazard zone from the vehicle receptacle is estimated at 3 m for
hydrogen and 1.7 m for CNG. These findings contribute to a safer and more sustainable
transport energy infrastructure.

Keywords: hydrogen refueling station; compressed natural gas station; sustainable transport
infrastructure; gas leakage; risk area classification; risk assessment

1. Introduction

Under real-world driving conditions, pollutant emissions are significantly reduced
in vehicles powered by natural gas [1], whether liquefied (LNG) [2] operating at low
pressure [3] or high-pressure compressed natural gas (CNG) [4,5], demonstrating lower fuel
consumption compared to petrol [6] and being non-existent in hydrogen vehicles. Although
the use of natural gas as an alternative to diesel results in an increase in hydrocarbon
emissions to the atmosphere due to unburned methane, this issue can be mitigated with
proper engine tuning [7]; furthermore, the addition of hydrogen to natural gas improves
fuel efficiency [8]. Consequently, the need to control environmental pollution linked to
vehicle emissions [9], combined with the current transition towards more sustainable
and cleaner energy sources, makes hydrogen and natural gas increasingly sought-after
alternatives [10].
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However, the infrastructure required to supply these alternative fuels presents a
greater risk [11-13], and the importance of optimising service stations [9,14], managing
their risks [15], and the potential for incorporating artificial intelligence to ensure their
reliability, stability and safety [16-19] are the subject of ongoing development.

The probability of a catastrophic event such as a jet fire or flash fire and explosion
scenarios at a petrol station—caused by a leak of methane [14], compressed natural gas
(CNG) [5,11,20,21], and hydrogen [16,22-24]—demonstrates that the extent of the area at
risk of fatalities associated with them is incompatible with their installation in urban or
residential areas [5,15].

Consequently, the prevention of leaks in distribution lines [24,25], safety in trans-
port [12] and at both CNG [4,21] and hydrogen [22,26,27] filling stations, as well as accident
prevention and emergency management [22,23,28-34], have become a priority.

2. Materials and Methods

Refuelling areas, for both hydrogen and compressed natural gas, are always situated
in sufficiently open locations that are considered outdoor environments [35]; in both cases,
these gases are lighter than air and tend to rise to higher levels where ventilation is more
effective. This situation allows the minimum effective air velocity for localised methane
leaks to be set at 0.5 m/s at a height of less than 2.0 m above ground level and 1 m/s
above that level. However, in the case of very light gases emitted at high pressures, such
as hydrogen, buoyancy causes them to disperse, and an increase in effective ventilation
velocity is considered safe [36,37]; in this case, effective dilution is considered to occur at
an air velocity of 1.0 m/s even at heights below 2.0 m.

Connectors intended for refuelling land vehicles consist of a receptacle and a pro-
tective cap mounted on the vehicles, a nozzle and communication hardware [38,39]. The
nozzles and sockets are designed and tested to prevent refuelled vehicles from being filled
to working pressures or flow rates exceeding the design values, thereby minimising the
possibility of incorrect assembly; they are also protected against displacement, distortion
and deformation and constructed to maintain functional integrity under normal and rea-
sonable handling conditions. In all performance, durability, ageing, strength, deformation,
contamination, thermal cycling and user abuse tests, leaks are checked, with the permissible
leakage rate for both hydrogen and CNG set at 20.0 cm®/h [38,39].

The design temperature for fuel distribution and supply systems ranges from —40 °C
to 50 °C for hydrogen [40] and from —40 °C to 60 °C for CNG [41].

Vehicles that use hydrogen as fuel are classified according to the pressure at which
it is stored in their storage system [42], the minimum pressure required in a vehicle’s
containment system to allow refuelling is 0.5 MPa [40], with two additional pressures
defined: the maximum filling pressure [38] and the maximum permissible pressure at the
dispenser [35].

The maximum filling pressure during refuelling is defined by the following equa-
tion [35,38,43]:

MOP = 1.25-HSL = 1.25-NWP (1)

where:

MOP = maximum filling pressure during normal refuelling (Pa).

NWP = nominal working pressure or stabilised pressure: the pressure in a vehicle’s
compressed hydrogen storage system when the tank is full and the gas temperature is
15 °C. (Pa).

HSL = operating pressure of the hydrogen dispenser (Pa).
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The maximum permissible pressure at the dispenser [35] is obtained using the follo-
wing equation:
PS = 1.375-HSL )
where:

PS = minimum nominal pressure of the dispenser component (Pa).
HSL = hydrogen dispenser operating pressure (Pa).

The pressures on the supply of the various types of hydrogen-powered vehicles are
(Table 1):

Table 1. Nominal pressures of supply connectors [35,38,42].

Maximum Permissible

Vehicle Class Supply (Il’\l;[elf's)u re HSL P Max1mllglnol;11(1;:[11§ ) Pressure at the
a ressure a Dispenser PS (MPa)
H11 11 13.75 15.12
H25 25 31.25 34.37
H35/H35HF * 35 43.75 48.12
H50 50 62.50 68.75
H70 70 87.50 96.25

* The main difference between the H35 and H35HF hydrogen refuelling standards lies in the refuelling flow rate
and their vehicle applications. The H35 is intended for light passenger cars, whilst the H35HF (High Flow) is
designed for heavy-duty vehicles such as lorries and buses.

The maximum hydrogen flow rate is 60.0 g/s, although 90.0 g/s can be achieved by
using a suitable nozzle in conjunction with a specific filling protocol; flow rates of up to
120 g/s can even be achieved with H35HF high-flow nozzles [40].

The operating pressure at CNG connectors is 20.0 MPa (200 bar) and 25.0 MPa
(250 bar) [39], with the maximum filling pressure being 1.3 times the nominal pressure [41].

The system interrupts the fuel supply after 5 s if it detects a drop in flow rate of 1% in
the case of hydrogen [40] and 10.0% for CNG [41].

Furthermore, the decoupling device must, when separating under pressure, cut off
the gas flow within a maximum of 1 s and allow downstream venting through an orifice
with an equivalent diameter of 1.0 mm (+/—0.1 mm) [41].

The maximum permissible fuel losses, for both hydrogen and CNG, are 20.0 cm3/h
(at 20 °C) [38,39], a value similar to the structural losses of appliances fuelled by piped
gas, which are 5.6 x 107 kg/s [36,37]. In vehicle nozzles and receptacles, gas losses are
attributable to undesirable events, whereas in the case of safety valves and vents, emissions
to the atmosphere are to be expected during normal operation of the system [36,37]; these
devices are never located in the vehicle refuelling area.

The amount of gas released into the atmosphere as a result of a leak is calculated using

Y Pa %
(P) )

the following equation [36]:

B M 2y P,
Wg—CdSP Z~R‘T‘Y*1 1 < )

where:

wg = leak rate of the flammable substance (kg/s).

cq = discharge coefficient (m? /h).

S = opening section, the hole through which the gas escapes (m?).

Z = compressibility factor of gases (dimensionless).

v = polytropic index: a coefficient defined in terms of the ratio y = Cp/Cwv.
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T = fluid temperature (°K).

M = molecular weight (gr/mol).

P, = atmospheric pressure (Pa).

P = absolute pressure of the containment system (Pa).

In the event of a containment system failure, the typical opening area for a connection
or valve is between 0.025 mm? and 0.1 mm?, whilst for pump nozzles it is considered to be
0.25 mm? [36,37].

The characterisation of the hazard posed by the leak, based on the composition of the
fuel [44,45], is carried out using the following equation [36]:

LRC = e (4)
 pgrkLy

where:

LRC = leak characterisation (m3/s).
wg = leak rate of the flammable substance (kg/s).
Ly = lower explosive limit (vol./vol.).
k = safety factor (dimensionless).
pg = gas density (kg/m?>).
In the refuelling area, ventilation is considered adequate as it is an open air space [35];
however, its reliability is not guaranteed, as it depends on weather conditions. The air flow
rate required to dilute the leaked gas is calculated using the following equation [36]:

We T

k-LIE, 293 ®)

Qmin =

where:

Qumin = ventilation flow rate (m3/s).
wg = leakage rate of the flammable substance (kg/s).
LIEy, = lower explosive limit (kg/m?).
k = safety factor (dimensionless).

k = 0.25 for connections, valves, nozzles and vehicle receptacles.

k = 0.5 for safety valves and vents.
pg = gas density (kg/m?).
T = ambient temperature (°K).

The relationship between the required ventilation flow rate and the available flow rate

in the vicinity of the ventilation outlet determines the hazardous volume within which the
concentration of gas in the air may ignite [36,37,46]:

_ Qmin

V="¢

(6)

where:

Qmin = ventilation flow rate (m3/s).
C = number of air changes (s7h.

Dispersion occurs rapidly enough in the open air that the atmosphere is considered
homogeneous within a hypothetical cube with 15.0 m sides; assuming an effective air
velocity of 0.5 m/s, the available ventilation rate is 0.003 s 1[37,47].
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It is assumed that the hazard zone generated by the emission at the connection between
the nozzle and the vehicle’s receptacle is conical, with a radius that increases with the
volume of the exhaust gases according to the following equation:

r = 1.9455-h04342 7)

where:

r = radius of the cone (m).
h = height of the cone (m).

The time required for the flammability hazard to disappear once the emission of gas
into the atmosphere has ceased is obtained using the following equation [35]:

—f  LIE, 'k
= —In

C Xo

(®)

where:

Xo = initial gas concentration in the atmosphere (kg/m3).
C = air change rate (s7h.

LIE, = lower explosive limit (kg/m3).

f = safety factor for imperfect dilution (dimensionless).

k = safety factor (dimensionless).

k = 0.25 for connections, valves, nozzles and vehicle receptacles.
k = 0.5 for safety valves and vents.

Given the behaviour of the gases released into the atmosphere, it is assumed that the
danger zone is conical in shape, with its apex located at the junction between the nozzle
and the vehicle’s fuel tank [36,37].

The physical quantities that characterise the gases under study are shown in Table 2.

Table 2. Physical properties [37].

Hydrogen Methane
Molecular weight M gr/mol 2.016 16.04
Relative density in air Dimensionless 0.07 0.554
Discharge coefficient cd m2/h 0.148 0.074
Polytropic index 0% Dimensionless 1.41 1.31
Lower explosive limit LII vol./vol. 4.0 4.40

3. Results

To avoid the use of statistical atmospheric values, which are only valid at specific
locations, standardised air velocities are used to calculate hazard zones at risk of fire and
explosion; these are conservative and ensure a high level of safety for any site [36,37].

Permissible fuel losses during the refuelling of hydrogen or CNG vehicles generate
very small volumes of hazardous gas, meaning that the area is reclassified as safe provided
there is adequate ventilation [36,37], 2.23 cm? in the case of hydrogen and 0.25 cm? for
CNG. However, the area cannot be considered safe if reliance is placed solely on natural
ventilation, given its unreliability [36], or if refuelling takes place at sites that do not meet
open-space conditions [36].

These zones have been determined on the basis of supply flow rates of between 60 and
90 g/s for hydrogen and 54.0 g/s for CNG, as well as a maximum flow rate of 120.0 g/s
and 200.0 g/s for the H35/70 and H35HF vehicles, respectively [40].
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In addition to the gas leaks permitted by design, consideration must also be given to
those that do not occur during normal operation and last only for short periods, as they are
detected shortly after they begin [36].

The risk areas resulting from a failure in the 250.0 bar refuelling units, for both
hydrogen and CNG vehicles, are as follows [37] (Figure 1):

0.3
€ 025 S
£ S
= 02 )
5 o
© P
- 0.15 o°
& o° @ hydrogen
0 (.1 °
g 7 @ CNG
Z
o 0.05

0 0
0 1 2 3 4

Dangerous distance (m)

Figure 1. Safety distance due to a gas leak whilst refuelling a vehicle at 250 bars.

At 250 bars, a leak in a connection or valve during hydrogen supply (0.025 mm?)
creates a hazard zone of 0.9 m, whereas, in the case of CNG, this is reduced to 0.5 m. If the
leak occurs at the nozzle or the vehicle’s receptacle (0.25 mm?), a hazard zone of 3.0 m will
be created for hydrogen and 1.7 m for CNG. In all cases, these will be classified as Zone
2 [36,37,41].

The design standards for refuelling stations do not specify different hazard distances
for each type of vehicle; however, they are linked to the supply pressure (Figure 2):

0.3
@ H11
‘g 0.25
g o H25
= 02
5
& @ H35
< 0.15
&
éo 0.1 @ H50
g 0.05 @ H70
0
0 1 2 3 4 5 6

Dangerous distance (m)

Figure 2. Safety distance due to a hydrogen leak whilst refuelling a vehicle.

The volume of the danger zone associated with the size of the leak increases in
proportion to the supply pressure.

Distribution systems do not supply vehicles with a pressure lower than 0.5 MPa or
higher than the nominal pressure of the nozzle [40]; distances, depending on the supply
pressure, taking into account the typical values for unexpanded openings for connections,
valves, fuel nozzles and vehicle sockets [36], are as follows (Figures 3 and 4):
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Figure 3. Safety distance due to a hydrogen leak at a hydrogen refuelling station.
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Figure 4. Safety distance due to a natural gas leak at a CNG filling station.

The risk zone increases by 12.6% when the maximum filling pressure is taken into
account, and by 18.46% when the maximum permissible pressure is considered, compared
with the value obtained at supply pressure.

The safety distance increases by 15.0% when the maximum permissible pressure at
the outlet is taken into account, compared with that obtained at the supply pressure.

The hazard zones to be taken into account in the components of gas supply units are
as follows (Tables 3 and 4):

Table 3. Danger zones around components of Hj refuelling units.

Faulty Component
Vehicle Class [43] Connection/Valve Nozzle/Receptacle
r! (m) h!(m) r! (m) h'!(m)
H11 1.5 0.6 2.6 2.0
H25 1.8 0.9 3.1 3.0
H35 2.0 1.0 3.4 3.6
H50 2.2 1.3 3.7 44
H70 2.3 1.5 4.0 53

1 Conical shape: r—radius (m); and h—height (m).
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Table 4. Dangerous distances between components of CNG supply units.

Faulty Component

Vehicle Class [40] Connection/Valve Nozzle/Receptacle
r1 (m) h1(m) r1 (m) h1(m)

20 MPa 1.3 04 2.2 1.5

25 MPa 1.4 0.5 2.3 1.7

! Conical shape: r—radius (m); and h—height (m).

In the design of facilities for the supply of combustible gases, there is a very wide
range of ambient temperatures, ranging from —40 °C to 50 °C [41] for hydrogen and from
—40 °C to 65 °C for CNG [41]; their influence on safety distances is as follows (Figure 5):

1.6
)000000000 1
00050
1.4 °°00000000Q00
g 13
g 1.2
8
Z 11
; 1
> o o o
o ©0000000W00006000006000a0a
2 0.8
[]
A -40 -30 -20 -10 0 10 20 30 40

Room temperature (°C)

® hydrogen ® CNG
Figure 5. The effect of temperature on danger zones.

Both the emission rate and the hazard distance decrease as the ambient temperature
rises; at —40 °C, they increase by 12.13% and 6.3%, whilst at 50 °C, they decrease by 4.7%

and 2.6%, respectively.
The duration of the hazard zone after the emission of flammable gas into the atmo-

sphere has ceased is shown in Table 5.

Table 5. Duration of hazardous conditions following the cessation of the gas leak.

Hydrogen CNG

Time (minutes)

25 MPa 1.5 25

Vehicle Class

Hazard zones can be made safe by increasing ventilation, so that the dilution of gases
is sufficiently high (Figures 6 and 7):
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Figure 6. Air velocity to prevent the formation of hazard zones.
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Figure 7. Air velocity to prevent the formation of hazard zone: typical ventilation scenarios.

In a refuelling system for vehicles operating at a pressure of 25.0 MPa, a potential
leak in a connection or valve will not result in the formation of a hazard zone provided
that an effective air velocity of 2.6 m/s is maintained for hydrogen vehicles and 0.9 m/s
for CNG vehicles. Should the failure occur at the fuel nozzle or vehicle receptacle, these
values would be 26.4 m/s and 9.0 m/s, which are unattainable even with mechanical
ventilation systems.

Given that the effective ventilation rate in open spaces is 1 m/s for hydrogen and
0.5 m/s for methane [36,37], refuelling any vehicle cannot be considered safe in the event
of a fault in the refuelling system.

The air velocity required to avoid the imposition of restrictions on activities carried
out in the vicinity of high-pressure gaseous fuel supply facilities is as follows (Table 6):

https://doi.org/10.3390/su18136768
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Table 6. Air velocity required to prevent the formation of hazard zones.

Hydrogen CNG
Supp}l}\r/lll’,re)ssul‘e Cor;;laelrflzon/ Nozzle/Receptacle Cor\l;:lz‘c,zon/ Nozzle/Receptacle
a
Air Speed (m/s)
11 1.17 11.66
20 0.72 7.22
25 2.64 26.36 0.90 9.02
35 3.69 36.87
50 5.26 52.62
70 7.36 73.63

In most cases, the presence of fuel nozzles and sockets for vehicles makes it impossible
to decontaminate the surrounding area through ventilation alone.

To decontaminate the supply area, such facilities incorporate detectors connected
to the gas supply shut-off system; in the case of hydrogen, these are set to 10.0% of the
lower flammability limit (LFL), and those for CNG to 30.0% [35,39—41]. Design standards
prescribe the location of detectors at the top of structures, where gas accumulation is most
likely to occur [35,39-41]; however, it is essential to adjust the design to account for dilution,
as air velocity and the rate of leakage may disperse the gas before it accumulates at the top,
which could delay its detection [48,49] (Figure 8).

Figure 8. Maximum detection range of the sensors relative to the vehicle’s body.

As these are small, high-pressure leaks, they create high-speed jets of gas that dilute
and disperse on their own, even without any apparent movement of the air [36].

The maximum distance at which the detectors must be positioned from the supply
point, depending on the supply pressure, is shown in Tables 7 and 8.

Table 7. Location of H, detectors.

Vehicle Class H!(m) R (m)
H11 1.9 25
H 25 3.0 3.2
H 35 3.6 4.4
H 50 4.4 5.0
H70 53 5.7

1 Conical shape: R—radial distance (m); and H—height (m).
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Table 8. Location of CNG detectors.

Vehicle Class H!(m) R (m)
20 MPa 0.8 1.9
25 MPa 0.9 2.0

1 R—radial distance (m); and H—height (m).

4. Discussion

At fuel stations, the most critical area is the vehicle refuelling zone, as it is accessed by
both staff and the general public.

Although service stations have areas classified according to risk and explosion haz-
ard [35,41,50], the standards governing their design, for both gaseous hydrogen and com-
pressed natural gas (CNG), consider that, during the refuelling process, gas leaks are very
small and do not give rise to hazard zones, not even during the process of disconnecting
the nozzle from the vehicle’s receptacle [35,41]. With the exception of the Guide to The
Application of European Standards for Vehicle Refuelling [50].

This disparity between regulatory criteria, coupled with the possibility that the deter-
mination of the areas defined by the regulations may be modified by the designer, allows
for a classification of risk areas in the refuelling zone based on the probability of component
failure and the mitigation measures implemented [35].

Consequently, a critical analysis of service station design standards is required with
regard to areas at risk of fire and explosion, focusing in particular on refuelling points for
both hydrogen and compressed natural gas (CNG) vehicles.

Furthermore, there are various empirical models which, by using the rate of fuel
release into the atmosphere, make it possible to determine parameters such as the incident
overpressure, momentum, thermal radiation and dose, which are necessary for assessing
the consequences using probabilistic methodologies, whether the leak develops into a fire
or an explosion, so that safe distances can also be established to prevent harm to both
people and property.

The main limitation of the study lies in the variability of outdoor environmental
conditions, which are key factors in determining the atmosphere’s dilution capacity. The
results should be improved by applying atmospheric simulation and prediction models.

This paper is not intended to replace engineering design standards; rather, it presents
a more conservative estimate in line with risk management.

5. Conclusions

The main innovation of this approach lies in the assumption that the presence of
detectors on the ceiling does not, in itself, justify the declassification of the gaseous fuel
supply area.

Only in CNG refuelling facilities operating at pressures of up to 25.0 MPa do valves
and connections do not create hazard zones in open environments. Although permissible
leaks at the dispenser nozzle or the vehicle’s receptacle during refuelling do not give rise to
hazard zones, their foreseeable failure necessitates the presence of a detection and shut-off
system, as gas emissions into the atmosphere cannot be mitigated by ventilation alone.

Methane leaks tend to return to non-flammable safety conditions at significantly
shorter distances than hydrogen; at 25.0 MPa, a containment failure in a connection or
valve during hydrogen supply creates a hazard zone of 0.9 m, whereas in the case of CNG
this is reduced to 0.5 m. If the failure occurs at the vehicle’s nozzle or receptacle, a hazard
zone of 3.0 m will be generated for hydrogen and 1.7 m for CNG.

The positioning of detectors is a key safety consideration for CNG and hydrogen
refuelling stations. In addition to placing them in the upper parts of the facility, account
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must be taken of the rapid dilution of the gas due to ventilation in an open environment,
which reduces the concentration of the leak before it reaches the sensor. In a gas supply
facility operating at 25.0 MPa, the hydrogen detector must be located at a radial distance of
less than 3.2 m from H 25 vehicles; however, for CNG, it must be situated less than 2.0 m
from the vehicle’s fuel inlet.
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