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Abstract: After the Paris Agreement was signed in 2015, many countries worldwide focused on
the hydrogen economy, aiming for eco-friendly and renewable energy by moving away from the
existing carbon economy, which has been the primary source of global warming. Hydrogen is the
most common element on Earth. As a light substance, hydrogen can diffuse quickly; however, it
also has a small risk of explosion. Representative explosion accidents have included the Muskingum
River Power Plant Vapor Cloud Explosion accident in 2007 and the Silver Eagle Refinery Vapor Cloud
Explosion accident in 2009. In addition, there was an explosion in a hydrogen tank in Gangneung,
Korea, in May 2019, and a hydrogen refueling station (HRS) in Norway exploded in 2018. Despite this
risk, Korea is promoting the establishment of HRSs in major urban centers, including downtown areas
and public buildings, by using the Regulatory Sandbox to install HRSs. This paper employed the
Hydrogen Risk Assessment Model (HyRAM) of Sandia National Laboratories (SNL), a quantitative
risk assessment (QRA) program specialized in hydrogen energy for HRSs installed in major urban
hubs. A feasibility evaluation of the site conditions of an HRS was conducted using the French land
use planning method based on the results obtained through evaluation using the HyRAM and the
overpressure results of PHAST 8.0. After a risk assessment, we confirmed that an HRS would be
considered safe, even if it was installed in the city center within a radius of influence of jet fires
and overpressure.

Keywords: hydrogen; HyRAM; hydrogen risk assessment model; hydrogen refueling station; quantitative
risk assessment

1. Introduction

Since the Paris Agreement in 2015, the importance of climate change and renewable
energy has increased globally. Hydrogen has recently been focused on as a potential
environmentally friendly energy source because of its high energy density and low energy
loss. Further, when hydrogen is used in mobility, power generation, or combustion, there is
no emission of global warming gases. Hence, hydrogen is referred to as “future energy” [1].
Major countries worldwide, including the United States, Germany, Japan, the United
Kingdom, and Australia, have announced roadmaps for hydrogen energy. These also
include various strategies from hydrogen production to usage.

South Korea announced a hydrogen economy roadmap in 2019 and the first hydrogen
economy basic plan in 2021, with updated strategies for an all-hydrogen value chain. One
strategy presented was a hydrogen refueling station (HRS) propagation strategy to be
conducted between 2022 and 2050. The HRS building plan suggested by South Korea is
presented in Table 1.

The South Korean government plans to build new HRSs or convert existing fuel sta-
tions into HRSs, with the HRSs being either single or combined fueling stations. Ultimately,
this plan means that HRSs could be built everywhere, including in urban areas. How-
ever, an HRS cannot be built in an urban area because of the High-Pressure Gas Safety
Management Act.
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Table 1. Hydrogen refueling station (HRS) forecast from 2022 to 2050 [2].

Year 2022 2025 2030 2040 2050

The number of

HRS dispensers 310 450 600 1200 2000<

In Korea, a policy system called the Regulatory Sandbox exists for the deregulation
of new products or technology during a specific period. The ultimate purpose of the
Regulatory Sandbox is to create an innovative industrial ecosystem by revising laws and
regulations on new technologies or services that are difficult to apply to existing regulations.
For this, several prerequisites are required. First, in order to prepare a win-win strategy
for new and old industries, it is necessary to establish a safety net for existing industries
and strengthen industrial competitiveness. Building an integrated control tower that can
create issues of interest and conflict between ministries is also necessary. The convenience
of administrative procedures should be improved by increasing the efficiency of the project
operating system. With the establishment of a partnership between the central and local
governments, the powers should be delegated to local governments step by step, and the
project’s impact should be maximized by including the metropolitan area in the “Regional
Special Zone Act”. Some business owners participate in the Regulatory Sandbox system
and have submitted letters of application to build an HRS in an urban area [2].

On 11 February 2019, the South Korean government approved the installation of an
urban HRS beside the Korea National Assembly, which was the first Regulatory Sandbox
project to build an HRS. The Korea National Assembly HRS was built on 10 September
2019, and is still being operated safely. Thus far, there has been no information regarding
hydrogen accidents or incidents in an HRS. Hence, on 11 March 2021, the second Regulatory
Sandbox HRS near Seosomun was approved to be built beside the Seoul City Hall Annex.
However, in principle, the HRS will not be built next to the Seoul City Hall Annex because
the safety separation distance required by protection facilities is not met according to the
High-Pressure Gas Safety Management Act.

With the completion of the HRSs at the National Assembly and Seoul City Hall through
the Regulatory Sandbox, the installation of HRSs in downtown areas and public buildings
in each region of Korea could be accelerated. However, safety accidents related to hydrogen
energy could occur at any time; thus, it is necessary to analyze the safety of HRSs.

The hydrogen storage equipment in hydrogen refueling stations mainly includes long
tube trailers, hydrogen storage cylinders, and fuel cell vehicles. The working pressures
of the equipment are mainly 20 MPa, 35 MPa, and 70 MPa [3]. In the case of damage to
hydrogen storage equipment, leakage of large amounts of hydrogen generates critical fire
and explosion hazards, presenting a tremendous risk to humans and equipment.

Many previous studies on HRSs with CA (consequence analysis) and QRA (quantita-
tive risk assessment) have been conducted [4]; however, these studies differed to those on
installed HRSs in some aspects. An installed HRS is in the form of a surrounded box, and
many previous studies have been conducted based on an open type; therefore, differences
may exist between the types and causes of accidents.

Therefore, this study used the Hydrogen Risk Assessment Model (HyRAM) of Sandia
National Laboratories (SNL), which is a quantitative risk assessment (QRA) program
specializing in hydrogen energy, to assess HRSs installed in downtown areas and public
buildings to (i) confirm their safety through CA and QRA; (ii) make more rational decisions
regarding the siting of HRSs; and (iii) improve stakeholder awareness. The main aim of
this study was to improve the understanding of safety and HRSs.

2. Methodology

This study employed the necessary information to establish an accident scenario and
then quantitatively evaluated this using CA and QRA in order to evaluate the safety of
an HRS.

The accident scenario was selected based on the following.
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2.1. Scenario
2.1.1. Selection of the Location

The location of the accident scenario was selected based on the type of hydrogen filling
station currently installed in Korea, the pressure of the tank at the filling station, and the
hydrogen production method. Table 2 shows how many stations existed in the country
as of September 2022 depending on the supply type, i.e., onsite or offsite. The location is
very important for a full QRA since the populations around the facility affect the shape
of the FN curve—the so-called societal risk. In this study, the population density of the
location (Yeoui-doing, Seoul) in 2022 was 3919 persons/km? according to a government

reference [5].

Table 2. Hydrogen supply type [6].

Method Number of Stations
Hydrogen Offsite 119
supply
type Onsite 4

Table 3 shows the pressures of the tube trailer and storage tank that HRSs currently
use and Figure 1 shows the PFD of a typical HRS.

Table 3. Scenario locations.

Method
Hydrogen supply type Offsite
Pressure Tube trailer: 20 MPa
Storage tank: 80 MPa
Hydrogen delivery Tube trailer
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Figure 1. Process flow diagram (PFD) of a typical HRS.
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Figure 2 shows the map of the HRS location near the capitol and in Figure 2, “A” is
the location of the HRS, and Residential 1, 2, and 3 are the buildings occupied by people.
Its location is near the parliament capitol; the northeast section is a park, and the fueling

station is surrounded by wide roads.
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Figure 2. HRS location in Seoul.

2.1.2. Selection of Weather Conditions

The weather conditions for the accident scenario were selected based on the content
of the Occupational Safety and Health Agency’s “Technical Guidelines for Selection of
Worst and Alternative Leakage Scenarios”. In addition, hydrogen is a combustible gas, and
thus the analysis conditions for combustible gases (not toxic gases) in the guidelines were
utilized. The conditions are shown in Table 4.

Table 4. Guideline for analysis conditions for combustible gases [7].

Explosion Fire
. Overpressure point: 1 psi Exposed to radiant heat of
Condition (0.07 bar) 5kW/m? for 40 s

Wind speed, atmospheric stability, atmospheric temperature, and humidity are essen-
tial weather conditions in the accident scenario and were selected based on the contents of
2-3 and 2—4 in the published guidelines.

For the accident scenario of this study, the values of the wind speed, atmospheric
stability, atmospheric temperature, and humidity corresponding to the worst-case scenario
are shown in Table 5.

Table 5. Wind speed, air stability, air temperature, and humidity conditions [7].

. Atmospheric Atmospheric
Wind Speed Stability Temperature
Condition 1.5m/s F 25°C

2.1.3. Selection of Accident Scenario

Hydrogen filling stations are operated by using by-product hydrogen generated in the
petroleum refining process and filling the tube trailers with by-product hydrogen, which is
then sent to compressors. It is then compressed under high pressure and sent to priority
panels, moving from the priority panels to the storage tank and dispenser. The hydrogen
bath is charged at 35 Mpa from the dispenser. In addition, the dispenser sends hydrogen
for pre-cooling at 70 Mpa, following the format whereby the hydrogen vehicle is charged
at 70 MPa.

Accident frequency data for HRSs from the SNL report are presented in Table 6 [7]. In
the current study, these accident scenario data were based on the hydrogen storage tank
and tube trailer, which have the largest amount of hydrogen storage and are advanced
in terms of technology based on the result values for jet fire and overpressure risk effects
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according to each leak scenario. The conditions for the accident frequency data are shown
In Table 6.

Table 6. Accident scenario data of hydrogen charging station [8].

. Hydrogen
Component Tube Trailer Storage Tank
Pressure
20 80
(Mpa)
Temperature
Inventory o 15 15
°O)
Mass volume 2282 263
(m3)
Leak Small leak 0.4 0.23
size Medium leak 4.02 2.26
(mm) Large leak 12.7 7.16
-3 _ -3
Scenario Leak Small leak 1.30 x 10 1.76 x 10
rate Medium leak —1.31 x 1071 —1.70 x 1071
(kg/s) Large leak 1.31 1.71
Orifice diameter 79 716

(mm)

The hydrogen storage data are provided in Table 7. In accordance with the SNL report,
the volume was selected with reference to 700 bar, i.e., the system volumetric capacity [9].
Further, the orifice diameter was selected based on the values below in Table 7.

Table 7. Input range for NFPA 2 and NFPA 55 separation distance tables and related system charac-
teristic pipe diameters [8].

Storage Pressure Range Characteristic Pipe Diameter (I1.D.)

>0.103 to <1.72 Mpa (gauge) 52.50 mm
(>15 to <250 psig) (2.07 in)

>1.72 to <20.68 Mpa (gauge) 18.97 mm
(>250 to <3000 psig) (0.75 in)
>20.68 to <51.71 Mpa (gauge) 7.92 mm
(>3000 to <7500 psig) (0.31in)
>51.71 to <103.42 Mpa (gauge) 7.16 mm
(>7500 to <15,000 psig) (0.28 in)

2.2. Hydrogen Risk Assessment Model (HyRAM)

The program used in this study, the HyRAM, is hydrogen-energy-specialized and
functions as a QRA program. In addition, the hydrogen gas leak and jet fire models used in
the HyYRAM have already been widely used in previous studies [10].

The scenario model used in this study is as follows.

2.2.1. Scenario Model
Jet Fire

A jet fire is the most likely accident when hydrogen gas leaks. Therefore, a jet fire was
selected as a scenario model in this study. As models for a jet fire, two models proposed by
Houf and Schefer [11] and Ekoto et al. [12] were considered, and the model proposed by
Ekoto et al. was used in this study.
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The main difference between the jet/plume model and the flame model is that the
mixture fraction, not the mole fraction, is a scalar that is preserved, and in the case of
hydrogen flames, it is defined as Equation (1) below.

_ MWg, (xm, + xm,0)

fo MWy,
MW

MWy, 0

= Yu, + Yn,0 M
where f is the mixture fraction, MW is the molecular weight, and the variables x and y
represent each type of mole and mass fraction.

Additionally, the value of the notional nozzle is essential when analyzing a jet fire. The
nozzle is used to calculate the effective diameter, velocity, and thermodynamic state after
the complex impact structure of the low-expansion jet, which conserve mass or momentum,
and in some cases, other properties are used across the impact so that the jet pressure
determines the conditions when returning to the surroundings again.

Among the five nozzle models provided by the HyRAM, the formula proposed by
Birch et al. was used [13]. First, the expression of the conservation of mass is shown in
Equation (2) below.

Peff UeffAeff = Pthroat UthroatAthroat Cp (2)

The momentum is equal to Equation (3):

2 2
PeffV effAeff = PthroatV throatAthroatCD + Athroat(P throat — P throat) (3)

Through Equation (4), the effective speed (vegf) can be calculated:

P throat — P ambient ( 4)

Veff = UthroatCD
Pthroat UthroatCD

In addition, the effective area (A¢) is calculated through Equation (5):

2 2
A — PthroatV” throat AthroatC D 5
eff = P P > 2 5)
Peff ( throat — “ambient T PthroatV” throat D)

where p is the density; v is the velocity; A is the cross-sectional area; Cp is the discharge
coefficient, which would be calculated as 1.0; P is the pressure; the subscript throat repre-
sents the choke point (calculated as i = 71/4d?pvCy) in the orifice; and the subscript eff
represents the effect of pressure returning to the atmosphere after the impact structure.

The shape of a jet fire through buoyancy correction according to the above equation is
shown in Figure 3 below.

y | gravity length

leak diameter
discharge point—

flame centerline
X

z

Figure 3. Jet fire with buoyancy correction.

The range of influence of a jet fire is determined based on the heat flux of radiant heat
after determining the jet fire and the type of damage that would be caused if a person is
exposed to radiant heat of 5 kW/m?2, 12.5 kW /m?, or 35 kW/mZ.

Among the contents of the KGS Code [14] for HRSs produced and announced by the
Gas Technology Standards Committee, the safety distance from the protection facility was
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also checked and comparatively analyzed to determine the optimal safety distance in case
of a jet fire.

Overpressure

The advantage of the HyRAM is that, unlike other risk assessment programs, the risk
assessment for hydrogen facilities can be carrided out easily. The HyRAM'’s analysis of the
risk effects of overpressure allows for the assumption that hydrogen leaked in a closed state
explodes in response to an unknown ignition source. As a result, the HyRAM can help
to conduct a more thorough risk assessment of HRSs than the risk assessment simulation
program that has been widely used in the past. Figure 4 shows a general description of
the HyRAM.

/— floor ceiling area

ceiling vent 4 .
area .
discharge coefficient N .

¥

enclosure height layer (assumed ur:tiform)

ceiling vent hejght

distance.from release t¢ wall
: floor vent
! — cross-sectional area
N\ - . discharge coefficient

i)

Release height
(floor is 0)
Release angle

Release
Discharge coefficient-release Tank
Release area H, Pressure

Orifice H, Temperature
Volume

— floor vent height

Leak diameter
Discharge coefficient-orifice

Figure 4. HyRAM.

Significant overpressure can occur if a limited mixture is ignited inside an enclosed
HRS. The overpressure was calculated assuming that the cause of overpressure is the
volume change during combustion, which pressurizes the enclosure. However, this as-
sumption is different from the overpressure calculation based on the blast wave of the
available mixture, and it is assumed that all hydrogen above the LFL reacts [15], as in

Equation (6).
B V1 + Vi, \ (V1 + Vowien (0 =D\
P—Po({( Vr )( Vr )} _1> ©

where py is the initial pressure, V' is the total volume of the enclosure, Vi, is the volume
of expansion of pure hydrogen after leakage, Vi is the volume of the stoichiometric
mixture of hydrogen consumed, o is the expansion ratio of the stoichiometric hydrogen—
air mixture, and vy is the specific heat ratio of air. The expanded volume is given by
Vy, = my,/pH,, where my, is the hydrogen consumption mass, and pp, is the hydrogen
density at ambient conditions. Vgch divides Vi, by the stoichiometric mole fraction
of hydrogen.

In addition, explosion overpressure was calculated through the TNT mass equivalent,
and the equation is as follows (Equation (7)):

Meyuel X Y x AH¢
4500 K] /kgrn

@)

MTNT =
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where mg,] represents the flammable vapor release mass, Y represents the explosive energy
yield, AH¢ represents the combustion heat, and hydrogen amounts to 118,830 k] /kg.

Method of French Land Use Planning

French land use planning investigates all possible accident scenarios in hazardous
installations and estimates their likelihood of achieving acceptable safety. Individual risk
and societal risk were evaluated. Individual risk was determined using an alert level map,
and societal risk was evaluated through a risk matrix. The risk assessment was investigated
based on the following factors.

In this study, the French land use planning technique was converted to meet the
domestic standards. As a domestic standard, the Korea Occupational Safety and Health
Agency’s “Technical Guidelines for Selection of Worst and Alternative Leakage Scenarios”
were referred to. The information converted to meet the domestic standards is shown
in Table 8. In addition, because an evaluation of the effects on toxicity among the infor-
mation was not performed in this study, only information on radiant heat and explosion
overpressure was converted.

Table 8. Intensity of impact on population converted to domestic standards [6] and human harm [7].

Fire Radiation

Human Harm Explosion Overpressure Human Harm

first-degree burn. Intensity

Pain for 20 s exposure, No serious injuries to people located

2
5 kW/m tolerable for those performing 5kPa outdoors
. (<8 kPa).
emergency operations.
First-degree burn after 10 s Threshold for eardrum rupture
2 g , P
125 kW/m 1% fatality in 1 min. 14 kPa (>13.8 kPa).

Threshold of survivability (>20 kPa,
35 kW/m? 1% fatality in 10 s. 20 kPa 20% probability of fatality indoors;

0% probability of fatality outdoors).

The range of influence of explosion overpressure was tested using PHAST 8.0 from
DNV GL, instead of the HyRAM. The French land use planning method was used to
approach the damaging effect conservatively using PHAST.

Through PHAST, the French land use planning method was applied to qualitatively
evaluate the risk in the downtown area of Seoul.

3. Results and Discussion
3.1. Results of HyYRAM Simulation

The HyRAM simulation results are as follows.

3.1.1. Results for Jet Fire

The risk effect of a jet fire was modeled using the HyRAM, and ten heat flux points
were designated.

Ten heat flux points were analyzed for each X-axis, Y-axis, and Z-axis, and the results
of the jet fire modeling simulation for small, medium, and large leaks of tube trailers were
as follows.

Figures 5-7 present three 2D plots of radiative heat flux that correspond to the jet
flame: side view (top left), front view (top right), and top view (bottom left). Analyzing the
results shown in Figure 5, radiant heat does not appear to significantly affect people, except
for at X—0.01 m, where a jet fire will ensue when a small leak occurs in the tube trailer.
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Figure 5. Heat flux and temperature of a jet fire in a small-leak scenario of the tube trailer. Tube
trailer—small leak (heat flux).
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Figure 6. Heat flux of a jet fire in a medium-leak scenario of the tube trailer. Tube trailer—medium

leak (heat flux).
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Analyzing the results shown in Figure 6, it is indicated that a jet fire will occur due
to a medium leak in the tube trailer, and heat flux points 1 to 6 can be exposed to radiant
heat of up to 29.20 kW/m?, which can be dangerous. However, the radiant heat reduces to
3 kW/m? at point 7, which is 10 m from the X-axis. Thus, the safety distance recommended
in KGS Code FP 217 is sufficiently achieved.

Analyzing the results shown in Figure 7, it is shown that all values from heat flux
points 1 to 9 are valid when a jet fire occurs due to a large leak in the tube trailer. In
particular, since the maximum heat flux of a jet fire due to a large leak is 373.71 kW /m?,
there is damage due to the radiant heat. Up to 15 m from the X-axis, the risk effect of the
radiant heat is very large, but it decreases sharply at 25 m, and the effect is insignificant at
40 m.

The jet fire modeling simulation results for small, medium, and large leaks in the
hydrogen storage tank were as follows.

Radiant heat will not significantly affect people, except for at 0.01 m, where a jet fire
will ensue when a small leak occurs in the hydrogen storage tank (Figure 8) and a medium
leak occurs (Figure 9). The dangerous distances from both leak sizes would be in the
boundary of the station.

1.5 4z = 0.00 Jx=0.35 |
E ]
R e - ®
£ ]
‘@ 0.5 4 b
x
0.0 1— T . T T T r
{y =1.00 -1 o 1

1.0 4 Perpendicular Distance (z) [m]

e 5.0 12.5 35.0

Heat Flux [kw/m™2]

Perpendicular Distance (z) [m]
o
o

-1 o] 1 2
Horizontal Distance (x) [m])

Figure 8. Heat flux of a jet fire in a small-leak scenario of the H; storage tank. Hydrogen storage
tank—small leak (heat flux).
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Figure 9. Heat flux of a jet fire in a medium-leak scenario of the Hj storage tank. Hydrogen storage
tank—medium leak (heat flux).
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If a medium leak occurs in the hydrogen storage tank, resulting in a jet fire, heat flux
points 1 to 6 will be exposed to radiant heat of up to 29.93 kW /m?, which can be dangerous
(Figure 7). However, the radiant heat reduces to 3 kW/m? at point 7, which is 10 m from
the X-axis. Hence, the safety distance recommended in KGS Code FP 217 is sufficiently
achieved. Figure 10 below show the result with the large leak.

E >0{z=0.00 {x=1007

=

=

3 o- . ! ! !

a0y =109 —40 -20 0 20 40
Perpendicular Distance (2) [m]
—_— 30 -
E
N 204
L
§ 10 4
%
EEECE
5
T 7197 5.0 12.5 35.0
2 50 Hoat Flux [KW/m~2]
S 30
—40

-20 0 20 40 60
Horizontal Distance (x) [m)
Figure 10. Heat flux of a jet fire in a large-leak scenario of the H; storage tank. Hydrogen storage
tank—large leak (heat flux).

Analyzing the results shown in Figure 8, it is indicated that all values from heat flux
points 1 to 9 are valid when a jet fire occurs as a result of a large leak in the hydrogen
storage tank. In particular, since the maximum heat flux of a jet fire due to a large leak is
369.52 kW/m?, there would be damage from the radiant heat. Up to 15 m from the X-axis,
the risk effect due to the radiant heat is very high; however, it declines sharply at 25 m, and
the effect is insignificant at 40 m.

The results of the radiant heat for each heat flux point of the tube trailer and the
hydrogen storage tank are shown in Figures 11 and 12. Similar results were obtained, as the
leak size difference offset the pressure difference (20 Mpa vs. 80 Mpa), and the discharge
rates for both scenarios were similar. In both the small- and medium-leak scenarios, it
is indicated that radiant heat rapidly increases at 10 m. This reduces further, and in the
case of a large leak, it rapidly increases at the point of 5 m, and the highest radiant heat is
measured at 15 m. It was confirmed that it rapidly decreases at the point of 25 m.

Heat flux - Tube trailer

400

350

Heat flux (kw/m2)

0.01 05 1 2 25 5 10 15 25 40
Heat flux point (m)

—e—small —s—medium large

Figure 11. Variation in radiant heat according to the heat flux points of the tube trailer.
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Heat flux - H2 storage tank

Heat flux (kW/m2)

Heat flux point (m)

—e—Small leak Medium leak  —e—Llarge leak

Figure 12. Variation in radiant heat according to the heat flux points of the storage tank.

In both scenarios, if a jet fire occurs as a result of a small or medium leak and a person
within 5 m is exposed for more than 1 min, 100% death can occur. However, it is still
considered safe because there is a mitigation wall at the point where the facility and people
in both scenarios are expected to be located. Also from the risk assessment perspective, this
area is regards as no population zone. Outside of the site, serious heat flux is not observed.
Thus, this also meets the jet fire safety distance recommended in KGS Code FP 217.

In the case of a large leak, if a jet fire occurs, it can result in a considerable risk;
however, as the leak diameter of a large leak is larger than the orifice diameter of the actual
pipe, the probability of a large leak is very small. Though SNL suggests a frequency of
1.80 x 1074/ year for large leaks of a tube trailer and 1.02 x 10~4/ year for those of a
hydrogen storage tank, the frequency in this case should be lower than these due to the size

matter. Therefore, potential damage caused by a jet fire at an HRS installed in a downtown
area is expected to be minimal, and these installations can be deemed safe.

3.1.2. Overpressure Result Value

The results of the tube trailer overpressure measured through HyRAM simulation are
shown in Table 9. The HyRAM'’s results demonstrate the overpressure when the ignition
point is reached according to the time since the hydrogen leak.

Table 9. Tube trailer—overpressure for a small and a medium leak.

Time Overpressure Time Overpressure Time Overpressure Time Overpressure
(Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa)
1 0.02/0.14 16 0.02/0.14 1 0.45/3.1 16 17.14/118.18
2 0.02/0.14 17 0.02/0.14 2 0.45/3.1 17 18.26/125.9
3 0.02/0.14 18 0.02/0.14 3 0.45/3.1 18 19.40/133.76
4 0.02/0.14 19 0.02/0.14 4 0.42/2.9 19 20.55/141.69
5 0.02/0.14 20 0.02/0.14 5 1.36/9.377 20 21.71/149.68
6 0.02/0.14 21 0.02/0.14 6 6.39/44.06 21 22.87/157.68
7 0.02/0.14 22 0.02/0.14 7 7.42/51.16 22 24.04/165.75
8 0.02/0.14 23 0.02/0.14 8 8.44/58.19 23 25.23/173.95
9 0.02/0.14 24 0.02/0.14 9 9.5/65.5 24 26.44/182.3
10 0.02/0.14 25 0.02/0.14 10 10.56/72.81 25 27.62/190.43
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Table 9. Cont.

Time Overpressure Time Overpressure Time Overpressure Time Overpressure
(Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa)
11 0.02/0.14 26 0.02/0.14 11 11.64/80.25 26 28.84/198.84
12 0.02/0.14 27 0.02/0.14 12 12.69/87.49 27 30.08/207.39
13 0.02/0.14 28 0.02/0.14 13 13.79/95.08 28 31.31/215.87
14 0.02/0.14 29 0.02/0.14 14 14.90/102.73 29 32.54/224.35
15 0.02/0.14 29.5 0.02/0.14 15 16.02/110.45 29.5 33.17/228.7
Overpressure resulting from the large leak of a tube trailer could not be determined
due to a HyRAM error. As explained in Table 8, the orifice diameter is 7.92 mm for storage
tanks over 20 Mpa. However, in each leak scenario of the tube trailer presented by SNL, the
leak diameter of the large leak is 12.7 mm. In this case, the orifice diameter was calculated
to be smaller than the leak diameter. Therefore, when the orifice diameter size exceeds the
leak diameter, the calculation is correct.
The overpressure values for each leak of the hydrogen storage tank are shown in
Table 10.
Table 10. Overpressure values for a small and a medium leak.
Time Overpressure Time Overpressure Time Overpressure Time Overpressure
(Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa) (Seconds) (psi/kPa)
1 0.02/0.14 16 0.02/0.14 1 0.44/3.03 16 17.78/122.59
2 0.02/0.14 17 0.02/0.14 2 0.44/3.03 17 18.97/130.79
3 0.02/0.14 18 0.02/0.14 3 0.44/3.03 18 20.16/139
4 0.02/0.14 19 0.02/0.14 4 0.42/2.9 19 21.37/147.34
5 0.02/0.14 20 0.02/0.14 5 5.54/38.2 20 22.59/155.75
6 0.02/0.14 21 0.02/0.14 6 6.60/45.5 21 23.80/164.09
7 0.02/0.14 22 0.02/0.14 7 7.68/52.95 22 25.03/172.58
8 0.02/0.14 23 0.02/0.14 8 8.73/60.19 23 26.29/181.26
9 0.02/0.14 24 0.02/0.14 9 9.83/67.78 24 27.54/189.88
10 0.02/0.14 25 0.02/0.14 10 10.94/75.43 25 28.80/198.57
11 0.02/0.14 26 0.02/0.14 11 12.06/83.15 26 30.08/207.39
12 0.02/0.14 27 0.02/0.14 12 13.16/90.73 27 31.37/216.29
13 0.02/0.14 28 0.02/0.14 13 14.31/98.66 28 32.67/225.25
14 0.02/0.14 29 0.02/0.14 14 15.46/106.59 29 33.98/234.28
15 0.02/0.14 29.5 0.02/0.14 15 16.63/114.66 29.5 34.63/238.76

Similar to the tube trailer, the large-leak scenario of the hydrogen storage tank also has
a larger leak diameter than the orifice diameter; therefore, the HyRAM simulation results
could not be obtained.

When both the tube trailer and the hydrogen storage tank reach the ignition point
and explode after 4-5 s, the overpressure value increases rapidly. Additionally, in both
scenarios, the overpressure value rises similarly after five seconds.

3.2. Results of French Land Use Planning Method

In order to evaluate the HRS using the French land use planning technique, the results
obtained using PHAST 8.0 from DNV GL were used. The results obtained using PHAST
8.0 were simulated on the basis that there was no mitigation wall in the HRS. In the case of
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PHAST, the risk effect diameter for the damage radius is shown for an explosion compared
to the leak diameter, regardless of the leakage time.

Among the scenarios, small and medium leaks did not exceed the area of the HRS;
thus, a large leak was added, and a catastrophic rupture that was not simulated in the
HyRAM was also simulated. The results are shown in Figures 13 and 14.
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Figure 13. Large leak of the tube trailer and overpressure of a catastrophic rupture.
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Figure 14. Large leak of the storage tank and overpressure of a catastrophic rupture.

The French land use planning technique was implemented using the results of the
catastrophic ruptures among the risk effect diameters of the tube trailer and hydrogen
storage tank.

Briefly, 200 mbar is suggested for the overpressure value of “5% lethality”, 140 mbar
is suggested for the value of 1%, and 50 mbar is suggested for “irreversible effects” [16].
Using the population density and the impact diameters in Figures 13 and 14, populations
of 1% and 5% lethality were calculated, as shown in Tables 11 and 12. The area of the
HRS itself (https:/ /www.h2news.kr/news/article.html?no=7555, accessed on 1 November
2022), 1236 m?, was used to calculate the number of impacted people (for vacancy) [17].
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Table 11. Number of people in the potential impacted areas of large-leak scenarios.

. Over Diameter Population Gravity
Component Scenario Pressure
[m] [Persons] Level
[mbar]

50 76.9 134 Major
Tube trailer 140 32.2 0.0 Moderate
200 24.7 0.0 Moderate

Large leak

50 78.9 14.3 Major

H2 storage 140 33 0.0 Moderate
tank

200 253 0.0 Moderate

Table 12. Number of people in the potential impacted areas of catastrophic rupture scenarios.

Component Scenario Overpressure Diameter Population Gravity
P [mbar] [m] [Persons] Level

50 369.9 416.3 Catastrophic

Tube trailer 140 154.7 68.8 Catastrophic
Catastrophic 200 101.4 26.8 Disastrous

rupture 50 547.7 918.5 Catastrophic
H2 storage 140 215.2 137.7 Disastrous

tank

200 165.1 79.1 Disastrous

Fatal overpressure does not touch any of the residential sectors. In fact, the HRS is
surrounded by wide roads that are inhabitable. As for the irreversible effects as defined
in French LUP (50 mbar), the area is enormous, but the impacted population is less than
1000 when using the population density of Yeoui-dong, which is 3919 persons/km?. We
subtracted the area of the HRS itself, i.e., 1236 m?2 [5,17]. For large leaks, the number of
impacted people is between 10 and 100, which is regarded as “Major”. For catastrophic rup-
tures, the numbers are high enough to correspond to “Disastrous” overall. Table 13 shows
the gravity levels expressed in relation to the number of people exposed in French LUP.

Table 13. Gravity levels expressed in relation to the number of people exposed (courtesy copied from

UNEC [16]).
Gravity Level 5% Lethal Effects 1% Lethal Effects Irreversible Effects
Disastrous More than 10 More than 100 More than 1000
Catastrophic 1-10 10-100 100-1000
Major 1 1-10 10-100
Serious 0 1 1-10
Moderate 0 0 Less than 1

The large-leak frequencies for a tube trailer and an HP storage tank are 1.8 x 10~4/yr
and 1.03 x 10~ /yr, respectively. Additionally, the catastrophic rupture frequency is equal
to or less than 1 x 1070/ yr in general QRAs [18]. Thus, in Table 14 below, “C” is chosen for
large leaks and “E” is chosen for catastrophic ruptures.
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Table 14. French national risk acceptability matrix for land use planning evaluations and restrictions
in relation to the presence of hazardous activities (courtesy copied from UNEC [16]).

ce s Quantitative Semi-Quantitative
Frequency Class Qualitative Frequency Frequency Frequency
Possible considering
E Extremely unlikely current knowledge, but Less than 1072
scenario never occurred event/year
anywhere worldwide
. Possible but never
Realisti likel : -
D ea IStslie}i::;ili)n ey occurred in a Leesvsetn}la/n ;gr A hybrid risk-based
similar facility y model that takes
. Already occurred in a Less than 1073 into account
C Improbable scenario - . - factors/measures
similar facility worldwide event/year .
reducing the level
Already occurred(or of risk
-2
B Probable scenario suppos.ed to haye gccurred) Less than 10
during the lifetime of event/year
the facility
. Already ocicurred(gev.eral Less than 10-1
A Frequent scenario times) during the lifetime t/
of the facility event/yeat

For large leaks, “Major” and “C” are chosen, corresponding to the “MMR2” grade in
Table 15.

Table 15. Zoning criteria in the national guide for technological risk prevention plans (courtesy
copied from UNEC [16]).

Frequency Class

E
Disastrous | NO MMR2
Catastrophic =~ MMR1

D C B A

MMR2

Ko,
>
9
>~
=
s
©
=
V)

Major MMR1 MMR1 MMR2
Serious OK OK MMR1 MMR2
Moderate OK OK OK OK MMRI1

Notes: Red (NO): unacceptable risk; green (OK): acceptable risk, i.e., the hazardous facility can operate without
additional safety measures; orange (NO for the future / MMR?2 for the existing buildings): no more than five
dangerous phenomena can be placed in these cells after the operator has taken all measures to reduce the risk;
yellow (MMR1): a permit to operate a hazardous facility can be issued after all practicable safety measures have
been implemented.

Catastrophic ruptures are categorized as “Disastrous” and “E”, corresponding to NO
MMR?2, which means “(NO for the future/MMR?2 for the existing buildings): no more than
five dangerous phenomena can be placed in these cells after the operator has taken all
measures to reduce the risk”.

Since the HRS already exists and there are less than five dangerous phenomena under
MMR?2, it is appropriate to be operated with the current status.

3.3. Discussion

There have been many QRA studies on actual HRSs recently. The following are two
representative studies that used individual risk curves to calculate the safety distances. We
attempt to compare and discuss the results.

Gye et al. used a full QRA methodology to obtain the individual risk (IR) contours
and societal risk for the population around an HRS, and verified that leaks from the tube
trailer and dispenser, as well as potential explosions of the tube trailer, were the main
risks [19]. Park et al. also used a LOPA technique to take active and passive safety devices
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into account [20]. In their study, the population was also used for the decision making of
the HRS.

The process conditions as well as accident scenarios used in these studies were ob-
viously different from one another, and the conclusions drawn regarding the acceptable
location are arguable when considering different populations around the facilities.

Unlike other studies, this study presents an approach that uses the CA matrix and
frequency of LUP. However, the results from LUP and CA in this study have drawbacks:
for example, they do not consider safety measures to decrease the distances of potential
fatality contours. This demonstrates the limitation in using only the consequences without
the safety measures, which needs to be improved in the future.

The HRS was already located where it is now, which means it was an existing plant.
The condition of “no more than five dangerous phenomena can be placed in these cells” has
been achieved, since only two catastrophic rupture scenarios and two large-leak scenarios
can be found under the MMR2 cells.

On the other hand, there can be issues with HyRAM and PHAST simulations, which
use a 2D layout. As hydrogen is released, it will easily rise due to its low density. Therefore,
3D modeling using CFD (computational fluid dynamics) for dispersion and jet fires can be
utilized as an alternative method. However, a limitation of CFD programs is that they are
very expensive and time-consuming. In the near future, with the continuous advancement
of computer techniques, these limitations are expected to be overcome.

4. Conclusions

This study confirmed the safety against jet fires and overpressure via simulations
based on modeling close to an actual HRS through the HyRAM and PHAST 8.0. Using the
French land use planning technique, the adequacy of the site location was analyzed. The
results are as follows.

1. As aresult of the analysis based on the HyRAM'’s jet fire modeling, the risk effect
distance of a jet fire that occurs after hydrogen leakage due to small and medium leaks
is small enough to comply with the jet fire safety distance suggested in the KGS Code.
Large leaks are less likely, since the leak diameter is larger than the pipe diameter.
Therefore, we conclude that installation would be safe even if a jet fire occurs in the
tube trailer and hydrogen storage tank, which stores the largest quantity of hydrogen.

2. Based on the HyYRAM'’s overpressure modeling, if an explosion occurs after a long-
term leakage, which indicates a later ignition point, the damage will be considerable;
however, hydrogen cannot stay in one place for a long time. Therefore, by analyzing
the graph of the change in overpressure of the tube trailer and hydrogen storage
tank, if the hydrogen remains for approximately five seconds after the leak and then
explodes, the explosion impact would be considerable.

3. As aresult of analyzing the overpressure results obtained through PHAST 8.0, the
risk impact distance of the scenarios for small and medium leaks did not exceed
the range of the HRS; therefore, no effect on the outside area of the HRS was identi-
fied. Large-leak scenarios would impact the outside of the HRS. Using the French
land use planning technique, all scenarios correspond to MMR2, which is the extent
to which hazardous facility permits can be issued after implementing all possible
safety measures.

4. According to the accident frequency data, the probability that a catastrophic rupture
will occur at an HRS is very low. In the LUP matrix, the catastrophic rupture scenar-
ios correspond to MMR2. Only two scenarios correspond to this category and are
appropriate for the existing plant.

To summarize, the risk of HRSs appears to be acceptable; however, all feasible safety
measures should be implemented when HRSs are installed in this area. Comprehensive
management is also essential to prevent accidents. Incident frequencies due to car accidents,
power loss, and natural disasters were not discussed in this study but may be a topic of
future works on hydrogen fueling station safety.
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