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Abstract: This study presents a methodology of a quantitative risk assessment for the scenario of an
onboard hydrogen storage tank rupture and tunnel fire incident. The application of the methodology
is demonstrated on a road tunnel. The consequence analysis is carried out for the rupture of a 70 MPa,
62.4-litre hydrogen storage tank in a fire, that has a thermally activated pressure relief device (TPRD)
failed or blocked during an incident. Scenarios with two states of charge (SoC) of the tank, i.e., SoC =
99% and SoC = 59%, are investigated. The risks in terms of fatalities per vehicle per year and the cost
per incident are assessed. It is found that for the reduction in the risk with the hydrogen-powered
vehicle in a road tunnel fire incident to the acceptable level of 10~ fatality/vehicle/year, the fire-
resistance rating (FRR) of the hydrogen storage tank should exceed 84 min. The FRR increase to this
level reduces the societal risk to an acceptable level. The increase in the FRR to 91 min reduces the risk
in terms of the cost of the incident to GBP 300, following the threshold cost of minor injury published
by the UK Health and Safety Executive. The Frequency-Number (F-N) of the fatalities curve is
developed to demonstrate the effect of mitigation measures on the risk reduction to socially acceptable
levels. The performed sensitivity study confirms that with the broad range of input parameters,
including the fire brigade response time, the risk of rupture of standard hydrogen tank-TPRD systems
inside the road tunnel is unacceptable. One of the solutions enabling an inherently safer use of
hydrogen-powered vehicles in tunnels is the implementation of breakthrough safety technology—the
explosion free in a fire self-venting (TPRD-less) tanks.

Keywords: risk assessment; hydrogen safety; tunnel

1. Introduction

Many countries throughout the world are deploying hydrogen fuel cell vehicles
(HFCV), including cars, buses, trucks, trains, watercrafts, and aircrafts. A fire incident such
as a flammable liquid spill, hydrogen jet fire, or smouldering fire, could cause a hydrogen
tank rupture. The onboard composite high-pressure tanks of the current design have a low
fire resistance rating (FRR) of 4-8 min in gasoline/diesel/hydrogen fires with intensity
HRR/A = 1-4 MW/m? [1-4]. A vehicle incident in a confined space, such as a tunnel where
a HFCV can be equally involved too, could escalate to a fire. In such cases there are high
chances that an onboard hydrogen storage tank (in HFCV) could rupture catastrophically,
bringing devastating consequences for life, property, and the natural and built environment.
The severity of an incident and the value of risk will depend on the storage tank volume
and pressure, tunnel, and traffic parameters.

While the models for the quantitative risk assessment (QRA) in tunnels [5] focus on
the societal risk and fire safety measures in a tunnel, a QRA methodology considering all
relevant safety issues, including a low-frequency high consequences scenario of onboard
tank rupture in a tunnel fire, is still lacking. The study [6] has shown that the increase in
the FRR of onboard storage is required to reduce the risk to the acceptable level of 107>

Hydrogen 2022, 3, 512-530. https:/ /doi.org/10.3390/hydrogen3040033

https://www.mdpi.com/journal /hydrogen


https://doi.org/10.3390/hydrogen3040033
https://doi.org/10.3390/hydrogen3040033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com
https://orcid.org/0000-0003-1715-3268
https://orcid.org/0000-0002-9545-021X
https://doi.org/10.3390/hydrogen3040033
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com/article/10.3390/hydrogen3040033?type=check_update&version=1

Hydrogen 2022, 3

513

fatality /vehicle/year [7-9]. The use of innovative engineering solutions such as explosion
free in fire self-venting (TPRD-less) tanks is another approach.

The specific heat release rate of fire, HRR/A, directly affects the tank’s FRR [4]. The
current standard tanks may withstand about 4-8 min in a fire, considering that the higher
the HRR/ A is, the shorter the FRR is. One of the reasons for the scatter of FRR values ob-
tained in different laboratories found in the literature is the fire test protocol of GTR#13 [10]
or R134 [11] with no specified control of HRR/A. Another factor directly influencing the
FRR scattering is the variation in the tank wall thickness depending on the ratio of length
over diameter, L/D. Some storage solutions that have to fit into certain space constraints,
may include several elongated tanks in one compressed hydrogen storage system (CHSS),
but of smaller volumes each. These would have a bigger L/D value, e.g., 9, and hence
would have quite a low FRR due to the smaller diameter and thus the thinner composite
overwrap. As a result of the authors” numerical study on the performance of a 70 MPa
“cigar”-shaped tank in a fire, it was assessed that its FRR is only 2 min. Another factor
influencing the FRR is the tank’s state of charge (SoC). Driving a vehicle in-between the
fuelling would always be characterised by the SoC below 100%. It was observed for the
selection of 17 hydrogen-powered cars that the SoCs of onboard tanks before refuelling
varied from 17% to 59% on average [12]. Hence, looking at the consequence analysis of a
tank rupture, the SoC = 100% is deemed to represent a worst-case scenario, as such a tank
would be storing the higher amount of energy of compressed gas than that at any lower
SoC. The study [13] showed that with the decrease in SoC to a certain level, for example
below 54%, the standard tank does not rupture in a fire, but leaks after the high-density
polyethylene (HDPE) liner had been melted. This inherently safer feature of the HDPE
liner is not attributable to polyamide (PA) liner due to the higher melting temperature of
the latter.

The detailed comprehensive analysis of different hazards, including jet fires from
thermally activated pressure relief devices (TPRD), possible pressure and thermal effects
from deflagrations and detonations, and fragments travelling for tens of meters at a high
speed after a tank rupture, are out of the scope of this study. This QRA study is performed
to address what is “missing” in previous studies’ risks associated with the blast waves after
a tank rupture in a tunnel. The developed QRA methodology in this work is demonstrated
on a typical road tunnel, i.e., the Dublin tunnel [14], to calculate the blast wave decay
and define hazard distances to human fatality, injury, and no-harm. The risk in terms of
fatalities per vehicle per year and the cost per incident (accounting for the loss of human
lives only) are assessed for tank rupture at a reduced SoC = 59% compared to the fully
charged tank.

2. QRA Methodology for Hydrogen Tank Rupture in a Tunnel

The QRA methodology diagram is provided in Figure 1. The annual risk in terms of fa-
talities per vehicle (Figure 1a) is evaluated using the consequence analysis of a catastrophic
tank rupture and the annual frequency of tank ruptures inside road tunnels. Following an
analogous consequence analysis procedure, the risk in terms of cost per incident (Figure 1b)
is estimated via the probability of a tank rupture with an additional extension to account
for the financial losses of human lives in the incident scenario.

The frequency analysis in Figure 1a includes the estimation of a tank rupture frequency
(rupture/year) by multiplying the following parameters: the fire initiation frequency, the
probability of tank rupture, tunnel parameters (i.e., tunnel length and tunnel throughput),
and the probability of a localised fire mode (among all the fires occurred). Here, the
fire initiation frequency is calculated by multiplying: the incident in a tunnel frequency,
the severe incident probability and post-crash fire probability. The probability of a tank
rupture includes the probability of no hydrogen leak (as no leak is considered before the
tank rupture), following [15], the probability of the fire escalation and the TPRD failure
probability.
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Figure 1. The QRA methodology flowchart for HFCV in a tunnel: (a) risk in terms of fatality per
vehicle per year; (b) risk in terms of monetary losses per incident. *—fireball and thermal hazards are
excluded from consideration in this study due to the current unavailability of the tool for assessment
of a fireball propagation inside tunnels; **—serious and slight injuries are excluded from consideration
in this study; only fatalities are considered.

There are no, and probably cannot be, any statistics on the probability of a localised
fire type (in the sense of affecting or not the TPRD) among all fires. Indeed, each fire could
be both a localised fire, e.g., when an edge of a liquid spill fire is affecting a CHSS, or a
fire engulfing the CHSS. Moreover, the fire could start as localised due to a small initial
portion of the combustion area and develop into engulfing fire (as per the GTR#13 fire test
protocol). Examples of other sorts of localised fires include a smouldering fire [16-18], fire
from a vehicle saloon, hydrogen fire from leaking after incident piping system, etc. Thus,
in our study, we assume that half of all fires would affect the CHSS as an engulfing fire
and half as a localised fire, i.e., the probability of a localised fire, Pjo fire, is assumed in this
study as 0.5.

The first step in the consequence analysis in Figure 1a,b is the identification of the key
hazards relevant to the incident scenario with a CHSS in a fire. The detailed comparative
analysis of hazards different from tank rupture in fire, including jet fires, deflagrations, and
projectiles emanating from a tank explosion, is out of the scope of this study. The hazards
from fireballs after tank rupture are investigated in the HyTunnel-CS project [19,20] but no
engineering correlations are available to be used for consequences analysis in QRA. The
CFD assessment of fireball hazards is possible but is out of the scope of this paper that aims
rather at the QRA methodology rather than the detailed consequences analysis of fireballs.
The fireball is not taken into account in this study, but it is worth mentioning that it could
propagate inside a tunnel with a velocity of up to 25 m/s behind the shock wave, as per
simulations performed at Ulster University [19,20]. It has been concluded that the main
pressure hazard is a blast wave from a tank rupture in a tunnel fire. This is the focus of
our study.

The following step in the consequence analysis is the assessment of hazard distances
where overpressures cause fatalities. To estimate the hazard distances due to a blast wave
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in a tunnel, the engineering correlation developed at Ulster University [21] is employed.
The consequence analysis aims at the estimation of the fatality probability (P, /rupture)
and the number of individuals affected by the blast wave, i.e., passengers of the vehicles
(person/vehicle) within the fatality distance depending on the parameters of the CHSS and
the tunnel. The risk in Figure 1a is shown for the units fatality /vehicle/year.

The risk in terms of cost per incident (Figure 1b) is estimated as a product of the
financial loss due to the fatality (based on the people affected) and the tank rupture
probability. The latter is calculated by multiplying the no hydrogen leak probability, the
fire escalation probability (EP), and the TPRD failure probability. No losses from injury and
property losses are accounted for in this study but can be easily added to the methodology
if needed.

The main hazard after a tank rupture in a tunnel fire is the blast wave, which has little
decay with distance along a tunnel due to the one-dimensional character of the problem
compared to the significantly faster blast wave decay in three-dimensional open atmosphere
conditions.

The impact on humans from blast wave overpressures in the tunnel that is adopted
in our study for consequence analysis (see Figure 2) are based on the pre-defined harm
criteria [22]:

Blast wave decay along the tunnel Tunnel
R > continuation
Fatality & Serious injury Slight injury
100 —16.5 kP 16.5—1.35kPa
2100 kPa Hydrogen a
tank
,
! \Tunnel
’ exit

Figure 2. Schematic representation of possible overpressure threshold locations inside and outside
the tunnel, corresponding to hazard zones.

The four zones in a tunnel are a result of dividing the spectrum of overpressures in
the tunnel by the three overpressure thresholds, i.e., fatality (100 kPa), injury (16.5 kPa),
and no-harm (1.35 kPa).

3. Methodology

The dimensions of the hypothetical tunnel suggested for this study are similar to those
of the Dublin Tunnel 2.89 miles in length (4650 m), as extracted from the information on
different tunnels in the UK and Ireland [14]. The tunnel has 2 tubes with 2 lanes each. Each
tube has traffic travelling in the same direction on both lanes, but the direction in one tube
is the opposite to the direction in another tube.

The most likely place for an accident to occur is 50 m from the tunnel exit/entrance.
This can be supported by the studies on the crash rates inside the tunnels found else-
where [23,24]. The scenario of the incident in the end of the tunnel was chosen for the
paper for the reason of conservatism. It is suggested that in such cases all vehicles passing
the tunnel and facing the exit will be forced to stop behind the incident (in the end of the
tunnel). Hence, practically the entire tunnel length will be populated with vehicles and all



Hydrogen 2022, 3

516

of them would be subject to the hazards associated with the tank rupture. In the example of
the QRA methodology application, the consequence analysis will be performed for 1 tube.
The considered scenario is based on the following assumptions:

i An HFCV is trapped in a severe incident inside the tunnel, that has escalated into a
fire. The vehicle has the CHSS consisting of two hydrogen tanks. The bigger tank of
62.4 L volume and NWP = 70 MPa (containing m = 2.5 kg of hydrogen) [25] was
subject to a fire with a subsequent rupture. The larger tank is chosen for the reason
of conservatism. The rupture of one tank is assumed not to provoke the rupture of
another tank, i.e., an isolated case of rupture of one tank is considered.

ii. The blast wave decay in the tunnel is estimated based on the formulation of a
stand-alone tank rupture, i.e., no mechanical energy of compressed gas was spent
on vehicle destruction and body frame translation [21]. This is justified by the
observation that the blast wave strengths after ruptures of stand-alone and under-
vehicle tanks are similar in the far-fields [26]. Most of the tunnel length represents a
“far-field” distance from the tank rupture location.

iii. The car incident location is 50 m away from the tunnel tube exit and it blocks both
lanes in the tube (as the direction of traffic on both lanes in the tunnel tube is the
same). This causes all the vehicles, that have entered the tunnel, to stop inside and
be unable to leave the tunnel. This means the affected tunnel length of (4650 — 50) m
= 4600 m. There may be several scenarios with many combinations of the incident
location and the number of vehicles stopped in the tunnel. An incident could
happen in the middle of the tunnel (which is less likely, as per the literature [23,24]),
blocking both lanes. Hence, all the vehicles after the incident location will leave
the tunnel and only those vehicles inside the tunnel before an incident location
are forced to stop and will be affected by the tank rupture consequences. In such
cases, twice less of the vehicles/passengers will be in danger, compared to the
scenario previously described (and suggested for this paper). Additionally, in
order to demonstrate the value of the proposed methodology and risk mitigation
strategy, the authors conducted F-N curve analysis using several rupture scenarios,
including a rupture at the midway of the Dublin tunnel. It is worth mentioning that
the consequences analysis for outside the tunnel is essentially the assessment of the
people affected by the tank rupture in the open (similar to the work by authors [6])
and is out of scope of this study.

iv. Considering that the SoC of CHSS will normally be from 17% to 59% on average
before refuelling [12], the value of SoC = 59% (equivalent to 35.5 MPa at 20 °C) is
selected for the consequence analysis. The tank filled up to NWP =70 MPa at 20 °C
would have SoC = 99% (the SoC of 100% for such pressure is achieved at hydrogen
temperature 15 °C). The SoC = 59% is considered as an attempt to approach a real
incident scenario as close as possible.

Table 1 shows the mechanical, E;,;, and chemical, E.j, energy fractions (1.8 and 0.052,
respectively) contributing to the blast wave strength and calculated using [26].

Table 1. Portions of mechanical and chemical energies contributing to the blast strength after 62.4 L
tank rupture in a fire for two different SoC.

Tank SoC, % Storage Pressure, MPa E.n, MJ E.,, M] Etot, MJ
99 70 13.6 15.6 29.2
59 * 35.5* 8.1* 93* 174 *

Note: * This SoC will be used for the consequence analysis in the methodology application example.

Table 2 presents the parameters of the tunnel, number of cars, and the average number
of people per car for this study.
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Table 2. Tunnel and vehicle parameters and the average number of passengers per vehicle.

Tunnel and Vehicle Parameters Values Units
Overall tunnel length [14] 4650 m
Tunnel cross-section area [21] 39.5 m?
Tunnel length used in calculations 4600 m
Tunnel throughput [14] 55%* 10° vehicle
Car length (calculated average from [27]) 45 m
Length of the gap between cars (assumption) 5 m

The average number of passengers per vehicle [28] 1.55 person/vehicle

Note: *—the throughput of 5.5 x 10° vehicles is for two tubes of the tunnels; the throughput for one tube is
5.5 x 10° vehicles/2 = 2.75 x 10° vehicles and it will be used in this study.

3.1. Consequence Analysis

The tank rupture happens as a result of the exposure of the CHSS to a fire provided
that both the safety barriers, i.e., TPRD activation by high temperatures, and putting out
the fire fail. The sequence of events for an incident is as follows:

(a) Fire due to the car incident;

(b) TPRD failure to operate;

(c) Failure of emergency operation;
(d) Hydrogen tank rupture;

(e) Blast wave.

Experimental [29-31] and numerical [4,13,32,33] studies on the performance of hy-
drogen storage tanks in a fire, the consequences of tank rupture, and the mechanism of
blast wave formation and decay have been carried out for the open atmosphere. Only
partial data are available on high-explosive charges with the mass equivalent to that of
trinitrotoluene (TNT). The TNT blast wave, on the other hand, differs from the blast wave
generated by a hydrogen tank rupture in a fire, by the process of the release of chemical
energy. The dimensionless correlation [21], which has been developed using simulations
by a validated CFD model and recently validated against tank rupture in real tunnel exper-
iments of CEA [34], is applied in this study to calculate the blast wave decay in the tunnel
after the rupture of a 62.4 L, 70 MPa tank at SoC = 99% (70 MPa at 20 °C) and SoC = 59%
(35.5 MPa at 20 °C). The dimensionless correlation [21] allows for consequence assessment
for the rupture of any hydrogen tank in a fire inside a tunnel of any cross-section area,
aspect ratio, and length. The calculated overpressure decay along the Dublin Tunnel is
shown in Figure 3 together with three thresholds (fatality, injury, and no-harm).

The four hazard zones, i.e., fatality, serious injury, slight injury, and no harm due to a
blast wave together are shown in Table 3.

Table 3. Hazard zones from the blast wave after the tank rupture inside one tube of the tunnel.

Harm to Blast Wave Hazard Zone for Tank Rupture at Different SoC
People Tank SoC =99% (70 MPa, at 20 °C) Tank SoC = 59% (35.5 MPa, at 20 °C)
Fatality 0-90 m 0-70 m
Serious Injury 90-1150 m 70-900 m
Slight Injury 1150-4600 m (end of the tunnel) 9004600 m (end of the tunnel)
No harm Does not exist Does not exist

For the tank rupture at SoC = 59%, the first 70 m of the tunnel extent (from the rupture
location) is the fatality zone. The number of people affected in this zone is estimated as
follows. Given the vehicle length of 4.5 m and the assumed gaps between vehicles of 5 m,
the number of vehicles in 2 lanes (per the tube) within the fatality zone is [70 m /(4.5 m +
5m)] x 2 =15 (we assume that vehicles downstream of the incident location left the tunnel).
Given the average number of passengers per vehicle is 1.55, the average number of people
affected in the fatality zone per tank rupture is 15 x 1.55 = 23.25.
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Figure 3. Blast wave decay in the Dublin Tunnel for the 62.4 L tank for SoC = 99% and SoC = 59%
(T=20°C).

The cost of fatality, serious injury, and slight injury are GBP 1,336,800, GBP 207,200, and
GBP 300, respectively, as per the UK’s Health and Safety Executive (HSE) guidance [35]. In
this study, only the cost of fatality is accounted for in the risk calculations. By multiplying
the single fatality cost by the number of fatalities, the cost of losses of people due to
fatalities in an incident involving an HFCV inside the tunnel is calculated as 23.25 x GBP
1,336,800 = 31,080,600 GBP/incident. This value will change if a traffic incident happens at
another location not 50 m from the tunnel portal as in the considered scenario. However,
independent of location, it will be still 7 digits number.

3.2. Frequency Analysis
3.2.1. Frequency of the Initiating Fire Event

There is a small number of hydrogen-powered vehicles at the moment, compared
to conventional fuel vehicles. There are no statistics on fire incidents with HFCVs. It is
suggested in this study that the parameters relevant to assessing the frequency of initiating
fire events associated with HFCVs are the same as for fossil fuel cars. The frequency of fires
due to a vehicle incident in the tunnel was estimated using data [15,23,36]:

Ff.init. = Frn.inc. % Psev.inc. X Pp—crash fire- 1

Using the data available from [15,23,36], it is calculated as Fy, ;i =3.1 x 10! incident/10°
vehicle-mile/year x 5.94 x 1072 x 3.17 x 1071 =5.84 x 1073 fire/10° vehicle-mile/year.

3.2.2. TPRD Failure Probability

There is no published information on the TPRD rate of failure for hydrogen-powered
vehicles. The conservative characteristic number for the probability of unexpected mechan-
ical failure of pressure relief devices (PRD) was suggested by the NPRD database [37] as
6.04 x 1073, This value is used in the calculation of TPRD failure probability similar to
Dadashzadeh et al. [6]. The FireComp project [38] suggested the TPRD failure probability
in fire conditions as 0 for the engulfed fire and 0.5 for the localised fire. Hence, taking this
into account, the failure probability of TPRD in our study can be calculated as (1 — 0) x
(6.04 x 1073) + 0 = 6.04 x 1073 for the engulfing fire and (1 — 0.5) x (6.04 x 1073) + 0.5 =
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5.03 x 107! for the localised fire. Although Dadashzadeh et al. [6] demonstrated that the
highest risk for a hydrogen-powered vehicle on London roads is due to a localised fire; in
this study, the risk for both localised and engulfing fires will be quantitatively assessed.

3.2.3. Escalation Probability

The likelihood of emergency actions failing to put out a fire, resulting in tank catas-
trophic rupture, also known as the escalation probability, EP, could be estimated by imple-
menting a probit function, Y [39,40]:

w2

EP Zdu. ()

1 =5
= — e
oV 21 /—oo
To bypass the challenges of integrating equation (2) and calculating the standard
deviation of the emergency reaction time value (¢) to calculate u = response time — /o and
the mean value of emergency response time (), the EP was expressed in the following
form using the error function (er f) following [41]:

EP—;[H—erf(Y\éS)]. 3)

Here, Y represents the probit function, earlier applied as the general equation in the
probit analysis [39,40,42], which assumes log-normal distribution:

Y =a+b x In(FRR), @)

where the FRR is the time from fire initiation until the tank rupture in case of failed /blocked
TPRD. In the study [40] the regression method was applied to determine 4 and b considering
the data on emergency operations deployment. According to the authors, only in 10% of
cases, the emergency operation procedures started in under 5 min and 90% of cases only in
under 20 min. Hence, the failure probability for 5 min response time of emergency services
is 90% and for 20 min response time is 10%. Using Equation (3) the probit function, Y, was
obtained as 6.28 and 3.72 for 5- and 20-min response times, respectively. Utilising these
values of Y, the a and b coefficients were obtained as 2 =9.25 and b = —1.85 [6,40].

The probit function in a scenario involving a fire brigade reaching the incident with an
FCEV, with a 90% failure probability for a 5 min response time and a 10% failure probability
for a 20 min response time, may be represented as [6]:

Y =9.25 —1.85 x In(FRR). (5)

For a 70 MPa Type 1V tank, the FRR is 8 min [4,43]. Hence, the use of Equations (2)
and (3) allows for the calculation of the EP value as: Y =9.25 — 1.85 x In(8) = 5.403, hence

EP=1/2 [1+erf(%g5)] =657 x 1071

3.2.4. Probability of a Tank Rupture
The tank rupture probability is calculated as:

Pt.rupt.: Prprp fail. X EP X Py leak- (6)

Using the value of 9 x 10~! [15] for the “No H2 leak probability”, the tank rupture
probability is obtained as P rypture = 5.03 x 107! x 6.57 x 107! x 9 x 1071 =2.97 x 10~1.
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3.2.5. Frequency of a Tank Rupture

Having already calculated the values of the fire initiation frequency, Equation (1), the
probability of tank rupture, Equation (6), and the tank rupture frequency can be obtained
as follows:

Frrupt.= Ff_init. X Proc fire X Prrupt. X Ltun X THpun. )

Hence, the tank rupture frequency for the considered incident scenario is: Fp.rypt. =
5.84 x 1073 fire/10° vehicle-mile/year x 0.5 x 2.97 x 1071 x 2.89 mile x 2.75 10° vehicle
=6.89 x 1073 rupture/year.

3.2.6. Risk

The risk of fatality is calculated as:
Risk= Pfut X Ft.rupt. x N. (8)

Here, in Equation (8) we assume that the fatality probability, P, for people affected
by the blast wave in the fatality zone in the tunnel would be 1, as all the people in this
zone would be subject to overpressure equal to or above the fatal overpressure threshold.
The tank rupture frequency, Fi yypt., is obtained from Equation (7). The fatality probability
strongly depends on a tank’s FRR. The FRR of an unprotected hydrogen tank in a realistic
fire, e.g., gasoline/diesel spill fire source of HRR/A =1 MW/ m2, is as low as 4-6 min. It
can reach tens of minutes for the quite low HRR/A =02 MW/ m? [4].

4. QRA Results and Discussion
4.1. Effect of Tank FRR on the Risk in Terms of Annual Fatality Rate per Hydrogen-Powered
Vehicle

The example of calculation of the risk in terms of the annual fatality rate is shown for
a tank rupture in a localised fire, whereby the tank FRR is 8 min:

Risk = Prat X Frrupt. X N =1 /rupture x 6.89 x 1073 rupture/year x 23.25 fatal-
ity /vehicle = 1.6 x 107! fatality /vehicle/year.

Figure 4a presents the calculated risk of fatality as a function of FRR of the onboard
hydrogen storage tank in a localised fire. The risk acceptance criteria for the third party (pub-
lic) value were accepted as in previous studies 10~ fatality /vehicle/year [7-9]. Figure 4b
shows a similar risk as a function of the FRR of the tank in an engulfing fire.
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Figure 4. Risk (fatality /vehicle/year) as a function of hydrogen storage tank FRR for 62.4 L tank
rupture at SoC = 59%: localised fire (a) and engulfing fire (b).

It can be seen in Figure 4a that for a hydrogen tank in a localised fire with FRR =
8 min [43] the risk is 1.6 x 101 fatality /vehicle/year, which is more than four orders of
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magnitude bigger than the acceptable level (shown with a red line and a green transparent
filling under it in the secondary inserted graph with blue dotted frame). The risk for engulf-
ing fire (Figure 4b) is lower for the same FRR = 8 min, i.e., 1.92 x 10~ fatality /vehicle/year,
yet unacceptable.

The risk in the case of a localised fire is significantly larger for tanks with FRR =
4 min associated with the tanks subject to hydrogen jet fires [44] or for FRR = 2 min for
elongated conformable tanks with thinner walls (estimated by numerical experiments at
Ulster University), being 2.44 x 101 and 2.33 x 1071 fatality /vehicle/year, respectively.
The increase in the tank FRR for a localised fire reduces the fatality rate progressively, until
the risk becomes below the acceptable level at FRR = 84 min. Such FRRs for tank-TPRD
systems without other protection measures seem hardly possible. The argument that fire
will be extinguished before this time can exist but it can be easily negated by a tunnel fire
of a much longer duration of up to a few days.

4.2. Effect of Tank FRR on the Risk in Terms of Costs

The example of the calculation of the risk in terms of cost per incident is shown for a
tank rupture in a localised fire, whereby the tank FRR is selected as 8 min:

Risk= Py rypt. x Cost of life = 2.97 x 10! x 31,080,600 GBP/incident = 9,237,614 GBP /incident.
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Figure 5 shows the risk in terms of the cost per incident. The monetary costs of an
incident for the tank with FRR = 8 min totals 9.42M GBP/incident for localised (Figure 5a)
and 111k GBP/incident for engulfing fire (Figure 5b), respectively.

The cost of an incident becomes very high when it comes to the aforementioned
conformable tanks with FRR = 2 min, i.e., 14.1M GBP/incident for localised (Figure 5a) and
169k GBP/incident for engulfing fire (Figure 5b), respectively.

The monetary cost of an incident (based only on harm to people in this study not
the effect of property loss), however, can be significantly reduced down to below GBP
300 (threshold cost of minor injury, according to HSE), but only if the FRR can be as long
as at least 91 min and 49 min for localised fire (Figure 5a) and engulfing fire (Figure 5b),
respectively.

As there is an insignificant difference (9%) between FRR = 84 min and FRR = 91 min
for localised fires (see Figure 4), the FRR = 84 remains a recommended threshold for this
particular case of a storage tank and the tunnel, beyond which the risk is acceptable from
the societal perspective, i.e., below an acceptable risk level of 10~° fatality /vehicle/year.
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Figure 5. Risk (GBP/incident) as a function of hydrogen storage tank FRR for 62.4 L tank rupture at
SoC = 59%: localised fire (a) and engulfing fire (b).

One of the potential solutions to achieve such a prolonged FRR could be the use of
intumescent paint. However, the available experimental studies, e.g., [43], have shown
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that the increase in FRR beyond 1.5 h would not be possible if the intumescent paint layer
thickness is below about 1 cm, which is hardly acceptable due to the increased volume of
the onboard storage tanks onboard of vehicles. Fortunately, the microleak-no-burst (LLNB)
breakthrough safety technology for explosion free in fire self-venting (TPRD-less) Type IV
tanks [45], conceived at Ulster University, has been successfully tested in several national
and international projects. The TPRD-less technology allows manufacturing tanks with
the same wall thickness as an original tank (using an HDPE liner; the use of a PA liner
would require a somewhat increase in tank wall thickness, probably similar to the thickness
of intumescent paint) with unprecedented safety features, i.e., the exclusion of the tank
rupture in a fire and avoidance of the use of TPRDs as a potential source of failure.

4.3. Societal Risk: F-N Curve Results

It is important to demonstrate the suggested mitigation measure’s validity for risk
reduction to socially acceptable levels while taking into account all the potential tank
rupture scenarios within the Dublin Tunnel, in addition to the incident scenario that
was already investigated. For this purpose, the Frequency-Number of fatalities (F-N)
curves show the overall risk level for different possible tank rupture incident outcomes.
The F-N curve is the most common way in QRA studies to express a collective risk and
the frequencies at which such multi-fatality events would be tolerated within socially
acceptable criteria. The F-N curves are cumulative distributions that graphically relate
the number of fatalities (N) in an incident to the occurrence frequency (F) causing the
‘N’ or more fatalities [46]. Such graphical representation of societal risk expands the risk
indicators as they depict the likelihood of all possible incident scenarios with different
severities of consequences, i.e., fatalities. At the same time, it proves the significance of
the proposed mitigation measure for overall risk reduction [47]. Since the cumulative
frequency values and the number of fatalities vary by several orders of magnitude, the
logarithmic scales are typically used for F-N curves. The methodologies for building F-N
curves have been extensively studied over the years for chemical industries [48]. A similar
model for F-N curve generation based on the literature [48] has been developed in this
section for analysing hydrogen tank rupture scenarios in tunnels (see Figure 6.).
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Figure 6. Procedure for the calculation of societal risk: F-N curve.
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The possible tank rupture cases considered for constructing the F-N curve in this
section are detailed in Table 4.

Table 4. Tank rupture events, which are used for building the F-N curve.

Tank SoC Fire Mode Hydrogen Tank Location

At 50 m from the tunnel exit

Localised fire At the tunnel’s midway length

59%
Enculfing fire At 50 m from the tunnel exit
J & At the tunnel’s midway length
Localised fi At 50 m from the tunnel exit
ocalised fire At the tunnel’s midway length
99%

At 50 m from the tunnel exit

Engulfing fire At the tunnel’s midway length

The population data, i.e., people affected in each incident outcome case is used as the
number of people present within the fatality zone obtained from “consequence analysis”.
Finally, to build the F-N curve, a list of all incident outcome cases, corresponding frequen-
cies and number of fatalities are compiled in the descending order of “N” such that the
cumulative frequencies are determined for each case including the occurrence of that event
and all events preceding it.

Figure 7 depicts the graphical representation of F-N curves, with the as low as rea-
sonably practical (ALARP) level shown. The ALARP level typically denotes the minimum
tolerable risk level required for society to accept hydrogen-powered vehicles, considering
the hazards associated with onboard tank ruptures. The risk criterion for the ALARP level
in the F-N curve was selected in this study following [49].
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Figure 7. F-N curve—societal risk representation.

As can be seen in Figure 7, the societal risk associated with conformable tanks and
standard tanks with FRR = 2 min and FRR = 8 min, respectively, is high and occurs in the
region of intolerable risk level above ALARP. The increase in FRR to 49 min reduced the
risk by almost three orders of magnitude within the ALARP region. The risk is reduced
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even further to a negligible (or broadly acceptable) level (below ALARP), as the tank FRR
is increased to 84 min and even further to 91 min. This proves again the validity of the
proposed risk reduction measures (“infinitely” increased tank FRR and the use of self-
venting tLNB safety technology) for reducing the overall risk level of onboard hydrogen
tank rupture in the road tunnel considering all potential incident outcome cases.

4.4. Sensitivity Analysis

The analysis of the QRA model’s sensitivity to uncertainties resulting from proba-
bilistic information produced and assumptions made in the absence of statistical data is
necessary. In this study, the absence of statistical data for HFCVs, the type of fire resulting
in a tank rupture, and the inherent uncertainty associated with the fire brigade’s response
time to incidents are among the sources of uncertainty. The sensitivity of the proposed
methodology to the uncertainty of selected input parameters is analysed. In this section, the
sensitivity of the risk of the tank rupture to the traffic throughputs in the tunnels, frequen-
cies of incidents inside tunnels, severe incident occurrence probabilities, and post-crash
fire probabilities are assessed. The resulting risk (fatalities/vehicle/year) of hydrogen tank
rupture for the particular scenario is calculated and presented as a function of the FRR by
utilising the adjusted parameters [15,22] in the methodology. Table 5 provides the base
value that was used in the proposed QRA methodology and the adjusted values used for
sensitivity analysis for the aforementioned input parameters along with the FRR required
to reduce the risk to socially acceptable levels for the adjusted values.

Table 5. Sensitivity analysis for selected input parameters.

Minimum Base 2 Maximum
. b b C )
Parameter Value FRR, Min Value FRR, Min Value FRR, Min
Loc. Eng. Loc. Eng. Loc. Fire Eng.
Fire Fire Fire Fire ' Fire
Pyep.inc. 5.00 x 1073 60 26 594 x 1072 1.43 x 1071 94 50
Py_crash fire 223 x 1071 80 41 317 x 1071 " 5 555 x 1071 90 48
THiyp © 2.04 x 10° 81 41 2.75 x 10° 438 x 10° 89 47
Frumine. 6.00 x 1072 67 32 3.10 x 1071 8.10 x 101 95 51

Notes: a—The obtained (base) risks in the current study are shown in Figure 4; b—FRR for achieving the acceptable
risk level, i.e., 105 fatalities /vehicle/year; c—Units for the annual tunnel throughput, THy,,, are 106 vehicles;
d—Units for the frequency of incidents in a tunnel, Fj;; inc, are incident/106 vehicle-mile/year.

The risk (fatalities/vehicle/year) as a function of the FRR was assessed for these
parameters for the tank rupture scenario of a localised fire at 50 m from the tunnel exit and
compared to the previously calculated risk (see Figure 8).

The calculation results for deviations of input parameters observed from different
road tunnels from across the world (Figure 8) clearly demonstrate that the unprotected
standard and conformable hydrogen storage tanks with FRRs of 8 min and 2 min, respec-
tively, provide the socially unacceptable risk level in the event of a hydrogen tank rupture
inside a tunnel. An increased FRR of CHSS with TPRD and the use of alternative safety
technologies that exclude a tank rupture in a fire is an effective safety measure for reducing
and eliminating the risk of hydrogen-powered vehicle use in tunnels.
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nel: (a)—tunnel incident frequency; (b)—the probability of occurrence of severe incident; (¢)—annual
throughput for Dublin tunnel; (d)—the probability of post-crash fires.

4.5. Sensitivity of Tank Rupture Risk—Fire Brigade Response Time

In this section, the authors have attempted to understand the inherent uncertainty
of the fire brigade’s response time to road tunnel fire incidents and its effect on the risk
of tank rupture. In the proposed methodology, the fire brigade response time plays a
significant role in determining the fire escalation probability, EP, which affects the risk
of hydrogen tank rupture in road tunnels. The benchmark data developed by Landucci
et al. [40] was utilised in this work where the authors had developed a distribution that
in 10% of the cases the brigade responds within 5 min and in 90% of the cases in only less
than 20 min. However, it can be understood that not all road tunnel fires will fit within
this benchmark distribution for brigade response time. It is also worth acknowledging that
not in all cases the fire brigades will be able to respond within a safe time owing to several
reasons including (but not limited to) the fire brigade’s distance from the fire location, a
road being blocked during an incident, a delay in the detection and activation of fire alarms,
potential time delays for reconnaissance and operations setup, and finally suppression
time, which is highly dependent on the fire brigade team. Hence, in this section, the impact
of uncertainty associated with the brigade response time on the risk of hydrogen tank
rupture was evaluated. This was performed by developing new probit equations based
on brigade response time distribution from past incident data for road tunnel fires. For
this uncertainty analysis, the authors compiled incident information for which the data on
brigade response time is available starting from the moment of fire detection to the time
when a fire was declared extinguished by the fire brigade. Very severe cases of time delay
in brigade responses such as in the case of the Nihon—Zaka tunnel fire (1979) [50] and the
Mont Blanc Tunnel fire (1999) [51,52] which required almost 159 h and 53 h, respectively, for
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extinguishing and were excluded in this uncertainty analysis as response time distribution
could not be developed without sufficient data points.

Table 6 presents detailed information on the response time distribution categorised
into two groups to understand the sensitivity of response time on risk, corresponding
data points used along with references, the calculation of new probit equation, and fire
escalation probability.

Table 6. Detailed calculations for uncertainty analysis based on incident data in real road tunnel
fires [53-55].

Group 1 Group 2

No. of data cases
(tunnel fires)

78 incidents 110 incidents

Response time
distribution

19% response time response time

. 5% cases .
cases under 5 min under 5 min
81% response time 95% response time
cases under 30 min cases under 120 min

Hence, failure probability: Hence, failure probability:

for 5 min response time—=81%,
for 30 min response time—19%

for 5 min response time—95%,
for 120 min response time—5%

. . 5.88 —for 5 min 6.6 —for 5 min
a
Calculated probit function values 112 for 30 min 336 for 120 min
The new probit coefficients, b= (588-412) _ —0.98 b= (664-3.36) —-1.03

aand b

{In(5)—In(30))
a=5.88—b.In(5) =746

In(5)—In(120))
a=6.64—bln(5) =83

Y =7.46 — 0.98 x In (8) = 5.422

Y =83 — 1.03 x In (8) = 6.158

The new EP

_ 5.422-5 _
EP=1/2[1+ erf(T>] = 6.635
x 1071

EP=1/2[1 +er f(6~1\5/%*5>] =8.766 x 10~

2—The value of the probit function, Y, can be calculated using Equation (4).

The data used to develop the distribution of brigade response time were compiled
from the following references [53-55]. For example, in Group 1, 19% of the analysed data
points have a response time of under 5 min, while for the remaining 81% of the cases the
tunnels the fires were responded to in less than 30 min. As a result, the failure probability
for a 5 min response time is 81%, whereas for a 30 min response time it is 19%.

As mentioned before, it has to be acknowledged that not all tunnel fires can be
responded to within an ideal time limit and hence it is essential to understand the influence
of this parameter on the subjected risk. To understand the sensitivity of risk to fire brigade
response time, the authors had represented the risk (fatalities/vehicle/year) as a function
of the FRR based on the new probit equations following the same methodology presented
in this paper. Figure 9 shows calculations for the same incident scenario of hydrogen tank
rupture at 50 m from the tunnel exit due to a localised fire for tank SoC of 59% for both
Group 1 and Group 2 (described in Table 6) response time distributions obtained from past
incident data.

It is evident from this sensitivity analysis that the response time is critical in reducing
the risk of tank rupture to an acceptable level. It is not realistically and practically possible
to increase the FRR of CHSS with TPRD to such high values (in the case of TPRD failure
or blockage in the incident), as shown in Figure 9 (685 min and 1128 min, i.e., 11 h 25 min
and 18 h 48 min). For example, the FRR required for Group 1 response time distribution
based on past incident data is nearly eight times higher than that required for the idealistic
brigade response time, i.e., benchmark distribution used previously.
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Figure 9. Risk (fatality /vehicle/year) as a function of hydrogen storage tank FRR for 62.4 L tank
rupture at SoC = 59% due to localised fire: Group 1 (left) and Group 2 (right).

Hence, the authors emphasise the importance of the use of the breakthrough safety
technology of explosion free in fire self-venting (TPRD-less) containers. The technology
provides an unprecedented improvement in hydrogen storage safety level and excludes
the risk of tank rupture irrespective of fire intensity and the fire brigade response time.

5. Conclusions

Considering previously unavailable knowledge on the hazards and associated risks of
catastrophic hydrogen tank rupture in a tunnel fire, the significance of this study is in the
developed QRA methodology and its demonstration on the example of the Dublin Tunnel.
This empowers the stakeholders including the public by knowledge of the specific hazards
and risks and elucidates the available prevention and mitigation strategies and engineering
solutions.

The originality of the developed QRA methodology includes but is not limited to the
application of the novel dimensionless correlation of the blast wave decay in a tunnel for
an incident with a hydrogen-powered vehicle. The QRA for the road tunnel incident is
demonstrated as a holistic analysis of the risk in terms of fatality /vehicle/year, including
the sensitivity analysis, monetary losses, and the Frequency-Number of fatalities (F-N)
curves. The pressure hazard to people in a tunnel due to the blast wave travel as a result of
a hydrogen tank catastrophic failure in a fire and the linked risks are estimated in terms of
fatalities per vehicle per year and cost per incident. The risks were assessed for the cases of
a 62.4 L, NWP =70 MPa hydrogen tank rupture in a fire with SoC = 99% and SoC = 59%.
The frequency analysis is carried out by using existing statistical datasets for road tunnel
incidents. The probability analysis resources provided by the Health and Safety Executive
(HSE) in the UK were used to assess the risk in terms of costs per incident. By building
F-N curves to analyse the degree of overall risk associated with different hydrogen tank
rupture possibilities within the considered tunnel, it was consistently demonstrated that
the FRR of standard high-pressure tanks represented the risk of an incident with ruptures
of such tanks of several orders of magnitude above the acceptable level. At the same time,
an increase in the FRR reduces the risk to the ALARP level and, depending on the safety
technology applied, even below the acceptable risk criteria level.

The rigour of the research is supported by the use of related data from safety science
and engineering sources. The described QRA methodology is applied to a fire in one of the
tubes of a Dublin tunnel involving a hydrogen-powered vehicle with the aforementioned
contemporary Type IV hydrogen storage tank. The QRA is based on statistics on car
incidents and car fires in the UK. The cost of an incident was assessed using data from
the HSE (UK). The increase in the FRR to 91 min reduces both risks to acceptable levels
below 10~ fatality /vehicle/year and the cost of minor injury of 300 GBP/incident. The
competing technology to increase the FRR and exclude tank rupture in a fire is mentioned.
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The conservative values for the failure rate of PRD available from the industry and the
European project FireComp are used as the TPRD failure frequency.

The results of the sensitivity analysis show that the efficient brigade response is
crucial for reducing the risk of tank rupture in tunnels. As it was highlighted, the time
of the brigade response to a fire incident can be delayed, especially in tunnels where the
consequences are far more severe than in the open. It is impracticable to further increase
FRR as a safety measure at such high-risk levels and any delay in the fire brigade’s response
substantially increases the risk of a tank rupture by several orders of magnitude.

The authors are recommending the way out through the use of the ground-breaking
safety technology of pLNB self-venting/TPRD-less tanks to eliminate the risk of tank
catastrophic ruptures regardless of the potential time delays associated with fire brigade’s
response time to tunnel incidents with hydrogen-powered vehicles.
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