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A Study on the Adequacy of Safety Distances through Quantitative and
Qualitative Risk Assessment of Gas and Liquid Hydrogen Vehicle
Charging Stations
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Nowon-gu, Seoul 01811, Korea

TCorresponding author :
hyshin@seoultech.ac.kr Abstract >> In order to increase the public acceptance of hydrogen in the process

_ of expanding the supply of gaseous hydrogen and liquid hydrogen vehicle charg-
Ezszzzd 3 : Zﬁﬁiﬁfgiz . ing stations in accordance with the government's revitalization of the hydrogen
Accepted 25 October, 2024 economy policy, the safety of hydrogen vehicle charging stations has been

strengthened through the introduction of a risk assessment system, unlike the
existing liquefied petroleum gas or high-pressure gas charging stations. In this
paper, a risk assessment was conducted for the newly introduced hydrogen ve-
hicle charging station, and a comparative analysis was conducted between the
results and the required legal safety distance. To this end, the node classification
for the qualitative evaluation of hydrogen refueling stations was classified in the
same way as the safety distance facility classification of the law, and the fire ex-
plosion caused by hydrogen leakage was separately classified among the sce-
narios according to the risk review results to conduct a quantitative risk
assessment. As a result of quantitative risk evaluation, the personal risk level is
1.0x107 (1/year) with a radius of 24 m, and the social risk is 1.5x10° (1/year),
which satisfies the acceptable criteria. As a result of the risk assessment of gas-
eous hydrogen and liquid hydrogen charging stations, it was confirmed that the
legal safety distance of domestic hydrogen charging stations is longer than the
results of safety distance and risk assessment in foreign countries, and it is
judged that it is possible to scientifically discuss the safety distance of hydrogen
vehicle charging stations on the premise that sufficient accident damage can be
minimized through safety measures.

Key words : Hydrogen(£4 ), Liquid hydrogen(2li 3t A ), Quantitative risk assessment
(HHX™ Q84 B It), Safety distance( JH 7{2]), Risk level(YH L)
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Table 1. Status of hydrogen refueling station in Korea (2024)

Number of
T Hydr .
ype ydrogen source station
Mobile Container 6
Hydrogen generators using fuel )
) processing technologies
On-site -
Water electrolysis hydrogen |
generator
Pipe 9
Off-site Tube trailer 184
Liquefied hydrogen tank 7
Tube trailer and hydrogen
Mixed | generators using fuel processing 9
technologies
Total 218

H 35T HMb5E 2024 10
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Table 2. Classification of hydrogen refueling stations by supply type

Classification |  Supply type Supply pressure (design pressure, MPa)

Reformer Production (<1) — compression (90-105) — compressed gas facility (50-55, 100-105) —
production refueling (87.5-95)

On-site
Water electrolysis| Production (<1) — compression (90-105) — compressed gas facility (50-55, 100-105) —
production refueling (87.5-95)
Pine suppl Pipe (<20) — compression (90-105) — compressed gas facility (50-55,100-105) —
, PESIPPY | refueling (87.5-95)
Off-site

Trailer (<200) — compression (90-105) — compressed gas facility (50-55, 100-105) —

Trailer supply | ¢ cling (87.5-95)

Table 3. Classification of hydrogen refueling stations by refueling method

Classification Refueling process (design pressure, MPa)

Differential pressure | (Preliminary operation) storage facility (5-20) — compressor (>105) — compressed gas facility (100,50)
refueling (Refueling) compressed gas facility (100,50) — refueling (87.5)

Direct refueling (Refueling) compressor (>100) — compressed gas facility (100,50) — refueling (87.5)

Mixed refueling (Preliminary operation) storage facility (5-20) — compressor (>105) — compressed gas facility (100,50)
(direct + differential | (Step 1) compressed gas facility (100,50) — refueling (87.5)
pressure) (Step 2) compressor (>900) — compressed gas facility (100,50) — refueling (87.5)
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Table 4. Classification of hydrogen refueling stations by installation type

Classification | Subcategories Installation type
Fixed type Fixed installation of storage and refueling facilities (on-site, off-site)
Startl}tli;ione Package type Mobile refueling by fixedly installing storage and compression facility in one protective box
Mobile type Mobile refueling by fixedly installing storage and compression facility in a vehicle
Fusion type CNG or LPG vehicle refueling station, gas station + on-site refueling station mixed type
Complex type CNG or LPG vehicle refueling station, gas station + off-site refueling station mixed type
Cryogenic Tank

<10MPa, <-253°C

15 \
© ! 7
8 4ol M8 Gas
& ; —i}m—fu:;wju« =
@3 [ - @ |
51 % B 5 L 1l el - Jihe
Filing Liquid Hydrogen Dispenser
B A Puqmp R ?E;E;f,;"ge" Compressor S Pa, <40 C
<5MPa, <-240°C
1. liquid hydrogen storage unit 8. chiller 15. pressure regulator
2. gaseous hydrogen storage unit | 9. dispenser 16. breakaway coupling
3. intermediate gas storage 10. safety valve 17. pressure build-up evaporator
4. evaporator 11. delivery hose
5. emergency shutdown system 12. off-loading hose LT level sensor
6. pump 13. fill FT flow sensor
7. compressor 14. purifier TT temperature sensor

Fig. 1. Schematic of the liquefied hydrogen refueling station'”
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Table 5. Korea laws to be applied at each stage of construction of hydrogen refueling stations

4) A%, A2, A7k, S Aok Ak

5) A, A=, =7k, S Aol ARla AL

Construction stage

Refueling facility safety codes

Technical review

Enforcement regulation of the High Pressure Gas Safety Management Act, Article 7 (Application
for Technical Review) Paragraph 1

permission

Gas) Paragraph 1

High Pressure Gas Safety Management Act, Article 4 (Permission for Production of High-Pressure

Inspection

Common (gas +
liquefied hydrogen)

Enforcement regulation of the High Pressure Gas Safety Management Act, Article 8, Appendix 5
KGS FP 217 2022 (off-site), KGS FP 216 2022 (on-site)

liquefied hydrogen

Enforcement Decree of the Industrial Convergence Promotion Act, Article 11

Table 6. Distances that must be maintained between hydrogen refueling stations and major facilities according to Korean codes

Hydrogen refueling
station type

Safety distance

Protection facility

Separation target

Separation distance (m)

Note

. Type 1 pI'OtCCﬁOIl facility 17-30 Depends on storage
Storage, throughput facility - —
Type 2 protection facility 12-20 and throughput
o Combustible gas 10
Other gas facilities
Oxygen gas 5
Standalone or fixed Throughput, compressed . 10 (when installing a
Onssite or off-site aas facility Business office boundary firewall, 5)
Throughput, compressed | Protective facility, building | 30 (excluding when | Building within the
gas facility to accommodate people installing a firewall) business office
Refueling facility Road 5
Gas facility Railroad 30
Standalone or fixed - . . (Firewall) or (8 or
facil Refueling facil
Off-site Storage facility efueling facility higher)

Fusion or complex

Storage, throughput facility

Protection Facility

Gas facility

Business office boundary

Refueling facility

Road

(Firewall) or (8 or
higher), safety
evaluation results

Gas facility

Railroad

(30 or higher), safety
evaluation results

Vol. 35, No. 5, October 2024
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Table 7. Overseas status of hydrogen refueling stations safety distances

Separation Safety distance (m)
target Japan (High Pressure Gas Security Act) USA (NFPA2) | UK (BCGA CP41)
Protection | Buildings type 1 and 2: 12-17 3 3
Facility | Apply detour distance when installing a firewall (refueling location)
Working pressure exceeding 40-82 MPa or less: straight line distance 8
Firearms Working .pressure 40.MPa or less:. straight line dis?ance 6 13.8 5
Detour distance applied when taking flow prevention measures
There is no distance limit when installing an automatic fire extinguisher
Other gas | flammability: 6 6.1 5
facilities | Oxygen: 10 '
Business | Working pressure exceeding 40-82 MPa or less: straight line distance 8
office Working pressure 40 MPa or less: straight line distance 6 13.8 8
boundary | Apply detour distance when installing a firewall
Road Working pressure exceeding 40-82 MPa or less: straight line distance 8 3 3
boundary | Working pressure 40 MPa or less: straight line distance 6 (refueling facility)
Railroad 3
N lati N lati
boundary | O CewAtons (refueling facility) | oo HonS
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: [ Low-presue Bark (P3| :
MNode 1 I I Node 3
I H I I 1
| Tube Trailer L1l Compressor Prionity Il Disperser e W2 car |
I || Tube Trailer |: (50,90 MPe) Panel : : (27 Mg, -45°0) I
1 1
1 :' _________________ 11 I 1
________________ 4 1
! . I I
1 Chiller [ Pre-Cocler I
| 1 I
Fig. 2. Node classification for QRA of refueling station by type of compressed hydrogen delivery
Table 8. Results of risk assessment according to node (compressed hydrogen refueling station type)
Unit Review section Main components
Hydrogen supply unit | From hydrogen tube trailer to compressor front end Hydrogen tube trailer
From the front of the compressor to the back of the Compressor +
compressed gas facility compressed gas facility
From the compressed gas rear end to the charger Dispenser-cooler-charger

Node

01

Compressed storage unit

02
Refueling unit

03

Vol. 35, No. 5, October 2024
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Table 9. Fire explosion scenarios of the compressed hydrogen refueling station
Node Cause of accident Result Safety measures* Class
Gas tight test
123 Hose, tube rupture, poor connection of gas equipment Installation of high pressure prevention safety )
77 | parts, instrument damage, valve hydrogen leakage valve
High pressure prevention interlock
The connection part is separated due to abnormal Chock
movement of the tube trailer . . ..
1 . . . Refueling manual, driver training 2
Damage to pipes, loosening of flanges and couplings due . . . .
. . . . Installation of high pressure blocking device
to collisions with tube trailers parking stop
L.eaka'ge of valves, instrumepts, and fittings due to Confirmed by test run
vibration caused by malfunction of valves at the frontand|  f;,. .. . .
€ Addition of fixing devices for compressor and
2 rear of the compressor xplosion . 3
. . . CXplOSION | front and rear piping
Loosening of connections due to compressor's own due t o
o UC 10 | Use of low vibration compressor
vibration hydrogen
. . leak Daily inspection
1,2,3 | Leakage due to poor fastening of flanges and connections . . 3
Real-time monitoring
The valve opens due to aging of the safe.ty valve spring Safety valve cycle test
1,2,3 | The valve opens due to an error in the setting value of the . 3
Low pressure alarm and interlock
safety valve
High igh i
2 Abnormal high pressure operation of compressor . 18hp ressgre/hlg .temp era:ture prevention 3
instrument installation and interlock
ke ks in di ipi lves, fl
Cracks/breaks in dispenser piping and valves, flow Check refueling station refueling protocol
3 meters, and hoses . 2
. Check with pressure gauge
Damaged hydrogen pipe in pre-cooler

*Safety measures: measures to supplement safety equipment to reduce the frequency of personal and social risks

Common safety measures: installation of hydrogen gas detector, flame detector, and explosion-proof electrical equipment/regular
inspection, maintenance, compliance with hydrogen refueling protocol
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Table 10. The probability of hydrogen ignition (source: Sandia Report 2009-0874, p. 55)

Hydrogen release rate (kg/s) Immediate ignition probability

Delayed ignition probability

<0.125 0.008 0.004
0.125-6.25 0.053 0.027
>6.25 0.230 0.120

Societal Risk F-N Curve

1eak 1ad sanijejed aiow 1o N 40 Aduanbaig

[ Conditional acceptance
s )
allowance | .

Not allowance

<Criteria>

(a) Individual risk

Fig. 3. Individual risk (a) and societal risk (b) of the compressed hydrogen delivery type
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Table 11. Accident scenarios of the compressed hydrogen refueling station

Fig. 42} 22

5.1 x-IA'II-I °|%4A'I -l_-djl-

SKISTA QHE Hot 21

T22 dSpAs gae|R 3t
Meleh =2 Z2AL 17]4E dike2 HAZOP

St s Storage/thr(?u design ' operating Vel [T [ NE N e~ Ignition probability
classification Node | Component |ghput capacity| pressure | quantity | Tempera ke) %) (mm) | (lyear) ]
(individual) | (MPa) ture (C) g o y Immediately| Delay
1 1.27 4.14E-4 0.008 0.004
1
ia‘c’fﬁ’f; 1 | Tube trailer | 4,833 m’ 20 2 15 | 342 | 10 402 | 321E4 | 0008 0.004
100 12.70 1.08E-4 0.053 0.027
Compressor 1 0.72 | 9.92E-4 0.008 0.004
Throughput p 3
facility 2 (high  |10,639 m’/day| 103.4 2 15 1 10 226 | 2.62E-5 0.008 0.004
pressure) 100 7.16 | 4.24E-6 0.053 0.027
Middle 1 0.79 2.38E-4 0.008 0.004
pressure 1,LISO L 50 4 15 33 10 2.50 1.83E-4 0.008 0.004
Compressed | Storage 100 7.92 | 9.78E-5 0.053 0.027
gas facility 1 0.72 | 2.38E-4 | 0.008 0.004
Highpressure) o) 100 16 15 28 10 | 226 | 1.83E4 | 0008 0.004
Storage
100 7.16 | 9.78E-5 0.053 0.027
1 0.72 1.74E-4 0.008 0.004
Refueli
feaciii‘ylg 3 | Charger |58247m’/day| 95 2 40 | 25 10 | 226 | 832E5 | 0008 0.004
100 7.16 3.84E-5 0.053 0.027
*Use Hy-RAM mass calculation program
Node 3 _ _ _ _ ________ .
1| [ High-pressure Barig<8960Pa, <050 | ]
1 1
1 [ Low-pressire Bark (<4ShiPa-<0FC) ] 1
| o ———— F- .r I
__MNedel _ ________ 1 MNode2_ _ _ ___ I - Noded _ _________
b 1 11 Jf ]
I LH2 ! Feed H ! 1
1 LHZ 1| e Comp. |} I|Heat|! Disperser 1
Sorage Tk pPump[ | T H = HZ2 - Car
: Tank Lorry (<12MBg, 253°0) : < 12Pa (<E96MIPE) i Ex I (875 MPa, 40FQ) :
| 1 11 :I I
———————————————————————— F--==F= .: |
1 _ 1
1 Chiller 4| Pre-Cooler 1
| I |
——————— B I e

Fig. 4. Node classification for QRA of refueling station by type of liquid hydrogen delivery

rot
+
B
ag

>>

2

>

UL

ﬁ
rr
ro
ied]

H 35T HMb5E 2024 10



2 ol g3l S84 WIS ANSIGITE Ak A AT VIBE F 44 wE, ) ko] Auz ol
node Fig. 49} Zo] 1ol ] A% A% M2l 34, A= AUR|eS 4} AR BRste] ok 23]
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O] 253CQl 01 (3}0] AR, dlskeas 12 o o] Helstark 72 ol e ofskea A
MPaclAf 896 MPa ZHOISI 02 (s 19F  vle] B, AIE U A0l T Az 3]

), FASAR AWMEAA IO Ak EKE B olFW A R olst o2 £, v
Aulol] AR 03 (WEed g, AAdE AT 5, o= QA ko gy & WE. B
87.5 MPa, -40C 2 F70517] $13 04 (/1A 5 B4 Soln] obd Ak 34 AZY A, Sa7}
A Lo HAZOPS AAISHATE Nodels 94 24171, sk A)7] 4%, %7] A, 2447 7
o e, &, heio] et FHAATE Noded A A ERBHH

B 8 el
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Tables 12, 133} Zt} HAE

Table 12. Comparison of QRA results and safety distances within the business site (compressed hydrogen refueling station type)

Design Safety distance (m)
Safety code Node Component pressure Houf. Schef Risk
classification out, scheter 1S
(MPa) model (a) assessment (b) Korea (¢) USA ()
Storage facility 1 Tube trailer 20 5.42-54.08
Throughput 2 Compressor 103.4 6.02-59.82
facility (high pressure)
Middl 30
iddle pressure 50 5.07-50.48 245 3,138
Compressed gas 5 storage
facili i
o High pressure 100 6.02-59.82
storage
Refueling facility 3 Charger 95 6.02-59.82 24

(a) Calculated excluding safety measures using Sandia 2009 Report Appendix D Hydrogen Facility Risk Model

(b) Quantitative risk assessment results using Hy-KoRam(Based on personal risk 1.00E-06 [1/year])

(c) Based on Enforcement Regulation of the High Pressure Gas Safety Management Act, Article 8, Appendix 5, 30 m from business
office buildings (excluding when installing a firewall), 24 m from type 1 protection facility

(d) Refueling facility, road and railway 3 m, business office boundary 13.8 m

Table 13. Results of risk assessment according to node (liquid hydrogen refueling station type)

Node Facility Description of review section Main facilities
01 Storage facility From tank lorry to liquefied hydrogen storage | Tank lorry, .off-road panel, liquefied hydrogen storage
tank tank, refueling hose, connector, valve, vent line, PBUC
F he liquefied h k
Compressed rom the liquefied hydrogen .storage tan Feed pump, high pressure compressor, recovery line,
02 throughput facilit through the feed pump and high-pressure safety valve, vent line
P Y compressor to the front of the heat exchanger Y ’
03 Phase conversion | From the front end of the heat exchanger to the| Heat exchanger, cold heat recovery facility, safety
throughput facility | front end of the high pressure storage vessel | valve, vent line
H \ 1 trol valve), high-
. .- From high-pressure storage containers to ydrogen supp y panel (control valve), hig pressure
04 | Refueling facility chareers storage container, low-pressure storage container,
g pre-cooler, charger
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Table 14. Fire and explosion scenarios of the liquid hydrogen refueling station

stk WA A1,
AEa] Sl 2] 28 T HAZOPS
Ba) HUE Ateec] W Aud RE 942
A AR QA S AN R230) 3713 Ad dwAo)

Node Cause Consequence Safety measures* Rank
Poor connection of unloading BIONET fastening method
L4 coupling Unloading and refueling procedure manual 3
’ | Loosening coupling for vehicle operation and automation
refueling . Emergency shutoff valve operation
Hydrogen leak and fire explosion - —
. L Pressure resistance, air tightness test
Loosening of pipe joints and . . .
1,2, . Confirmation of construction by registered
valves, metal flexible hoses, . . . 3
3,4 . . professional construction business
fittings, and pump connections . . . .
Confirmation of fitting worker qualifications
Exceeded regulatory differential |Fire explosion due to hydrogen release|Safety valves and vent lines are installed to
1 |pressure of tank lorry and liquefied|into the atmosphere due to excessive |allow hydrogen to diffuse into the 3
hydrogen tank supply of liquefied hydrogen atmosphere without generating flames
Facility regular inspection and maintenance
| Double vacuum pipe vacuum (vacuum level cycle management) 3
destruction Installation of a safety valve and atmospheric
) o vent line of sufficient capacity
Hydrogen atmospheric emissions due - -
to the increase in temperature and Install.atlon ofa safety valve a}nd atmospheric
pressure inside the liquefied hydrogen éentl line of sufﬁmen; cz:iacny level and
. . cle management of tank vacuum level an
1, 2, |Long-term non-use without tank and piping yeer g .. vacuumm fev
.. insulation condition management 2
3,4 |hydrogen emissions
For safety management, measures are taken
to release hydrogen and charge nitrogen
when not in use
. . Installation of a large-capacity safety valve to
Fire explosion due to hydrogen g . pacity safety valv
. .., |prevent overpressure in the storage tank
leakage due to destruction of the inside ..
. . Vacuum level monitoring
. . and outside of the liquefied hydrogen
| Vacuum destruction of liquefied tank Storage tank pressure gauge and )
hydrogen tank . thermometer installation
Equipment such as AOV valves cannot . . .
. . Installation of non-combustible materials
be operated due to freezing and air . . . .
. . and insulation materials inside and outside
liquefaction .
the machine room
E top of , etc. and | L tion due t . .
5 mergency stop of pump, etc. and| Loosen connection due to pump Safety valve installation 3
valve stop vibration
Lock failure when breaking away
4 |from breakaway coupling Hydrogen leak through refueling hose 2
Start with vehicle hose installation Emergency shutoff device operation
4 Solenoid valve lock failure Charger shutdown failure )

Manual valve lock failure

Hydrogen leak through nozzle

*Safety measures: measures to supplement safety equipment to reduce the frequency of personal and social risks
Common safety measures: installation of hydrogen gas detector, flame detector, and explosion-proof electrical equipment/regular
inspection and maintenance, compliance with hydrogen charging protocol
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1%, 10%, 100%7%, +Z =3k
1

100%, & A2 A% FAL 712 9o P QPAuH, Savfs
A7) AR AZEe 0EE FpAteY, % 710 2L AR R QI8 AL Y 913
Gk ABAFAL K9] AL A DA UE A7 wrRie
2)9] s Al FRgro R Sk APUEL B £
° o em e 5.2.2 At AlLi|2 714
AL Aatol Em 84 B7F 2 jet fires?} ex-
plosion model-& Z183I. $24x A3} 5L Table 15 NBg AEAEA 4] B ZnAk AL AU
2 AGATY, B Mu] 7 Hupe] S 20gfe] oM b 1 HBS FHA AN BIh D
Table 15. Accident scenarios of the liquid hydrogen refueling station
- loniti i
Safety code . |Diameter Operating Scenari |Leak size| frequency gnition probability
. . Node | Component | Quantity Temperature
classification (mm) C) o (mm) (l/year) |Immediately| Delay
liquefied 1% 2.54 2.08E-5 0.008 0.004
1, | hydrogen 1 25.40 -253 10% 8.03 5.70E-6 0.053 0.027
storage tank 100% | 254 | 120E-6 | 0.053 0.027
1% 2.28 5.40E-5 0.008 0.004
2 Valve* 37 22.83 -253 10% 7.22 2.50E-5 0.032 0.016
. 100% | 22.83 4.80E-6 0.042 0.021
Storage facility
or 1% 2.22 2.40E-4 0.008 0.004
pressurized 2 Flange 4 22.23 -253 10% 7.03 2.70E-5 0.031 0.016
throughput 100% | 2223 | 2.90E-6 | 0.053 0.027
facility
1% 1.59 7.90E-6 0.008 0.004
2 Joint 15 15.88 -253 10% 5.02 7.50E-6 0.031 0.016
100% | 15.88 | 6.40E-6 0.031 0.016
1% 3.30 9.60E-7 0.008 0.004
2 Pipe 10 33.02 -253 10% 10.44 | 4.60E-7 0.044 0.022
100% | 33.02 | 1.50E-7 0.053 0.027
1% 1.43 5.40E-5 0.019 0.010
Valve 4 14.29 <0 10% 4.52 2.50E-5 0.053 0.027
100% 14.29 4.80E-6 0.186 0.097
Phase ) 1% 2.54 7.90E-6 0.053 0.027
transformation | 5 Joint 4 | 2540 <0 10% | 803 | 7.50E6 | 0053 0.027
throughput
facility 100% | 254 | 640E-6 | 0.230 0.120
1% 1.91 5.76E-6 0.053 0.027
H
cat 4 19.05 <0 10% | 602 | 276E-6 | 0053 0.027
exchanger
100% 19.05 9.00E-7 0.230 0.120
Refueling
.. 4 Valve 4 14.29 <0 100% | 14.29 | 6.29E-5 0.186 0.097
facility

*Leak diameter, size, ignition probability: valve average value
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Fig. 5. Individual risk (a) and societal risk (b) of the liquid hydrogen delivery type

Table 16. Comparison of QRA results and safety distances within the business site (liquid hydrogen refueling station type)

Safety code Design Safety distance (m)
classification Node Component pressure (MPa)| Risk assessment (a) | Korea (b) USA (c)
Storage facility 1 Hydrogen tank lorry 1
Compressor (low pressure) 3
Throughput facility 2 Compressor (high pressure) 100 " 30 3138
Heat exchanger 100
Compressed gas facility| 2 High pressure storage 103
Refueling facility 3 Charger 95 24

(a) Quantitative risk assessment results using Safeti (based on personal risk 1.00E-07 [1/year])

(b) Based on Enforcement regulation of the High Pressure Gas Safety Management Act, Article 8, Appendix 5, 30 m from business
office buildings (excluding when installing a firewall), 24 m from type 1 protection facility

(c) Refueling facility, road and railway 3 m, business office boundary 13.8 m
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