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This study aims to establish safety zones for bunkering operations of hydrogen propulsion ships in coastal areas through risk
assessment and evaluate their validity, Using a 350 kW-class ferry operating in Busan Port as the subject of analysis, with
quantitative risk assessment based on accident consequence and frequency analysis, along with a social risk assessment
considering population density. The results of the risk assessment indicate that all scenarios were within acceptable risk criteria
and ALARP region, The most critical accident scenarios involve complete hose rupture during bunkering, resulting in jet flames
(Frequency: 2. 76E-06, Fatalities: 9,81) and vapor cloud explosions (Frequency: 1.33E-08, Fatalities: 14.24). For the recommended
safety zone criteria in the 6% hose cross—sectional area leakage scenario, It could be appropriate criteria considering overall
risk level and safety zones criteria for hydrogen vehicle refueling stations, This research contributes to establishing safety zone
for bunkering operations of hydrogen propulsion ships through risk assessment and provides valuable technical guidelines,
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1. A—I = AT, dzsaad|, ARMK|, Hief2] & MYIFE AA> S
o £ VA Z FHECE $AMEE T[ES CI-ARE AR
S 2ot dlustH Aisls, FlskE, o|MHx|eL 22
=G AR [7H(International Maritime Organization, IMO)& = th7 |2 =22t o[MBIE-E MY HiESIK| 2=Ch (Ahn et
HMekliete] 24T BiEZ XMZ2 /5l 2008 ChH| al., 2022). E3| Li£0i1} oiZelE T2 Laksls LiE 0fZ4M
2030A7FK| 20%, 2040E771K| 70% A=, 2050471K| & HiZE I} Z+S Mk 2aoiz AlROZ oI5t 2AI7IA HiE XZha}
2 M 23Hnet zero)E B Z2E2 MASIFCH (IMO, 2023). 2 slokx|od 7| JiMol 2 galE ¢ 4 9k
2|Li2} S IHALEe] e FR|ZE| MHMez fSst AZR| MY} 0| BHE FQ 7|7 JHLEo| wet 4
7| S5l Tl k=AROF 2050 EMEE 2EM, 2 F=RIsi0] A AZR|MEL 222 95t HFE| MH|Q} 2+ olma} E0| TQ
BHd MeT|soldn) R o2 FE Ml 2 olzzfo| SICh SIX|E Zifo| AiMoz 2= MEHER 44 HIEY
A=) 7|HE PEE WS WESIICH (MOF, 2021). 0|2t 2+ AMH|= OfF| o|H|E AIMo|C} 4 HA2 AMd| o=z} =S
2T 24T USRS flst Fuliel Md 7|z w2} 258 Qst MH| 3 MxH|E, £X|&E 53t 22 2MES 125l
ol ENFEiRZ FEUD Qs $AE F HEE Sl0] 2 M2 Z=Q sl chA|Zlol| TRI5P o= of2{=20] Qlct R
T Qe TAFEIM0| 25 ATt AlHAIIS0| atds| TAFTMEE £Q| T(ofl= ol=Zet B gMsiet 8 Ao
Zl=|T AT (Lee et al, 2019). HolMdE flsto] &8t RFEFA| +ARE E2fYiet 0|SH
TOFLMER HRTX 2 SEEE ToHRRY LbH|(S7] MR a2 ZME & = AUs TTS(Truck to Ship) SEHe]
T Aol HY st HI2o R MIU|E dMsi] & FRIeR HAY Mu|7} Lesict AY FA| Mgt o=t 15, HA
At8sh= MElO|Ch $AFRMEER $A017 HAY Mu|2t X A Al 2IF ol SHIQE oAz MEE ¢lslo HHY ot
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7} gk (Population Dependent Analysis,

Jeong et al, 2021)2 M50 F-N Curve ZHMEE Sl AlEX
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Vessel and Bunkering Facility Data
Hydrogen Property & Leak Characteristic

Data Collection Geometric Data, Sailing Profile

|

Accident Leak & Accident Scenario

. Scenario - Leak Area / Leak Rate

- Frequency Data

v |
Consequence Frequency
Analysis Analysis
Dispersion, Fire, Explosion Simulation $ Statistic Analysis
CFD or Consequence Modeling .
(Flacs, Phast, HyRam, etc.) Risk
Assessment

Population Independent Analysis (PIDA)

v Population dependent Analysis (PDA)

Acceptable Risk

Risk Reduction v Y

Fig. 1 Process of risk assessment for determining
hydrogen bunkering safety zone
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Table 1 Specification of hydrogen fuel cell propulsion ship

[tem Description

Passengers ferry
175kW x 2sets
75kW x 4sets

100kwh
175liter x 10ea

Vessel type

Motor power

FC capacity

ESS capacity

Hydrogen tank capacity

Hydrogen tank

3
refueling capacity 50kg (612Nm?)

Hydrogen tank pressure 350bar

Fié. 2 Expected sailing route of hydrogen propulsion ship

CHAL B2 SAIBHSEY AN AR HEint Sux|e] shot
o H20| AR 2ES S poFAMue| XEHel 2Y
g flslol et 2 ¢S g REshs Aoz JjEkrie
of, et A 1250 elolofii ol Mute] F Fuix|z
Ll £ AT i Fa2 MYEIRICKFQ. 2).

Aol welel S4uIt FESH 4 BF el=alE nefe
o, RE sglo DHE $4 STMHIS MAlsP (Rt saxioz
Of{POR PAAIEA EUECE HLE 05 T
£ 22510§ TTS(Tank to Ship) EEf2| $a0iz HAHE =g
DRfBiZich WY dulel F2 M@ ofzlot Zenf (Table

Table 2 Specification of mobile hydrogen bunkering station

ltem Description
Compressor bar 500
Refueling pressure bar 350
Flowrate Nm3/h 1200
_ inch 9/16

Hose diameter (mm) (ID 7.92mm)

Expected bunkering hour 05~ 10

time

(¢]

2) H7{2 Mu| L 21&7(9| 500bare| 22YUHo 2 =AX{Et
&710ll 350bare| L=X| St = QUCk

0| Mu|E £3310] HAHY ZAS Fa6IH A FAHEY
4T 2k 15kge| EXsZol tishAl 15~308, 126l 0244 oy
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oz Mg 4 9lct
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o Zo| 1 ZE TESICE 2 ATIME JIY saiz
YIS Mot SAARMA| FIMEES AT ez 125t
Mooz st 4 £H00| wE HHE(pool fire)2t EA|nt
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Initial Leak Ignition
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Fig. 3 Event tree for accident scenario analysis
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Table 3 Leak modeling scenario of hydrogen bunkering
facility. (Based on 9/16 inch Hose)

No | Leak hole Leak holle Leak frequency
area ratio
1 0.005mm?| 0.01% 1.10 E-03
2 | 0.025mm?| 0.05% 6.00 E-04
3 | 0.049mm? 0.1% 1.80 E-04
4 0.49mm? 1% 1.50 E-04
5 2.96mm? 6% 1.42 E-04
6 4.93mm? 10% 1.40 E-04
7 49.3mm? 100% 5.20 E-05
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Table 4 Hydrogen ignition probabilities (Canadian
Hydrogen Safety Program, 2006)

Immediate Delayed
Hydrogen release rate L o
(Ka/s) ignition ignition
probability probability
< 0.125 0.008 0.004
0.125 - 6.25 0.053 0.027
> 6.25 0.23 0.12

2 54o| en, FE=s 2o R0l Uk Hat &E
—

ol eHE=E B7fske dekg 2elct

e
L
s

Event Tree AnalysisS S8t 2+ Al A|LIZ|22} 2t £hA

T HO[HE 7|E2R Al BT 248 il =&5& 21t
= OPEH E0|=(Table 5)of LIERHRACE 7HE L Bl=ot =
2 Al AlHE|2Z2= 0] F&(0.005me, 0.01%) ofl ti$h A
E351(8.80 E-06)0[04, VCE Alx1o| ZhyH l_'.:_E X|¢d Esoi| o
oF CAZE UKol w2t MERH Afne| Bl =Eot Mk

oz 2 oz solsk 4= ct

Table 5 Accident frequency of hydrogen bunkering facility.

No | Leak Hole | Consequence | Accident Frequency
1-1 0.005 ) Jet fire 8.80 E-06
. mm
1-2 VCE 4.36 E-08
2—-1 0.025 ) Jet fire 4.80 E-06
. mm
2-2 VCE 2.38 E-08
3-1 0.049 mm? Jet fire 1.44 E-06
3-2 ' VCE 7.14 E-09
4-1 0.49 mme Jet fire 1.20 E-06
4-2 ' VCE 5.95 E-09
5-1 2 96 mm Jet fire 1.14 E-06
5-2 ' VCE 5.63 E-09
6-1 4.93 mmt Jet fire 1.12 E-06
6-2 ' VCE 5.56 E-09
7-1 49.3 it Jet fire 2.27 E-06
7-2 ’ VCE 1.33 E-08

4.2 mlsiFe =4

HEzkl (et fire)Lt HHSH(pool fire)2F Z2H2 219 SAKo||
ot msiyeke iP“'BI T2, oA 7Helof| wE SAKZEe| M7 IEP
& ARIE DE{sio] H FEE 4= QICE EAIYE KW/t T2

Table 6 Fatality of accident type and effect

) Probability of fatality
Accident type
10% 50% 99%
Jet fire 5 37.5
(Heat radiation) 4 KRN/? |25 K KW/
Vapor cloud explosion
(Over pressure) 2pa Tkpa 15kpa

QIX[oll CHSE Alsl| 2HM {7} Rlon], SAlEo| STeof w2t
AIUR} 2hof| it 7HsAd0| Z715104 25kW/nt OfAke| ZAl
Asts g T UolME SAl Al 2 Todoz Must £

2ACt (AIChE, 2000).

Z7|® ZEHVCE)2} 22 ZUA|D S A ZLo=of| w2
oFM7{2l:= 0.02kgf/ont, (2kpa)2l ZLRie| Haho| TEksk=
el MAE 4= 2lond, 0.07kgf/cn, (Tkpa)el ZLiotzdol of
0| U= XY UolMe AT g7 2x=20f tist 827t <
2{=|od, 0.15kgf/cn?, (15kpa) FEIE B4, AR 2Tt £
Tx20| 81?247t WS Fyol wisrido| Zesth 7

o=z HMo| g = qlCt (AIChE, 2000).

SR EAlEn Zelotof| w2 MAM mE ks Malslo] cf
=ah Zo| ZH Al 81 s MEof wE XHES HH5IN
CHTable 6).

& AT0M= Sandia LaboflAM 7iEkst MEH e Tmrt =
202l HyRamS &85101 71A =& ¥ i, =4 mHof|
2l plume =HI4E|, MESIE T2 20|, MESE SAIYE, Zw
2ol CHet mlsh FeF HEIE 2ASINNC) Che HE(Table 7)<t
7F0| Zt AL AlLfz|20flAe] mis Pl Cieh 24 AnE &

-'T—% ”d’i*.oil IhE umfoidet Hal= Fig. 42t 22 e &
Ol g =ele = ot ZLQt wloiHe(v} shfer Ml
Ct 57 Fek2 o|xl= A2Z LIEiTh TR o A2k gk
2 O|Xl= AL Al- EI 2= EAHE 32 2R micte] ZEAfIo|
S =0y 2kpall ZLURZ0| 61m Hel7HK| Feks olZich

70 T T

4 kw/m?

60 - —o— 125 kw/m?
—e— 25kw/m?
@ 2 kpa
L —e— 7kpa

50 15 kpa

40+ 4

Effective Distance (m)

Leak Area (mm?)

Fig. 4 Effective distance per leak area (Based on
9/16 nch (ID 7.92mm) Hose, 500bar)
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Table 7 Effective distance per leak area (Based on 9/16 inch bunkering hose, 500 bar)

Plure Distance affected by Distance affected by
Leak ) Jet flame o
No | Leak hole | flowrate dspersion length heat radiation (m) dverpressure (m)
distance 2
Akw/m? | 12.5winf | 25kwint 2kpa 7kpa 15kpa
(kg/s) (LE100%m) (m) / | | P ol P
1 0.005mm? |1.22 E-04| 0.35 0.19 0.2 0.2 0.2 0.7 0.2 0.1
2 0.025mm? |6.21 E-04| 0.80 0.43 0.5 0.4 0.4 1.4 0.4 0.2
3 0.049mm? |1.22 E-03 1.20 0.60 0.7 0.6 0.6 2.0 0.6 0.3
4 0.49mm? |1.25 E-02 3.70 1.91 2.3 2.0 1.9 6.2 2.3 1.0
5 2.96mm? |7.34 E-02 8.80 4.65 6.0 51 4.7 15.5 4.5 2.2
6 4.93mm? | 1.22 E-01 11.30 5.97 7.9 6.6 6.0 20.0 6.0 3.0
7 49 3mm? |1.25 E+00| 37.00 19.12 28.0 221 19.2 61.0 17.0 7.0

2kpa, 61.0m

Fig. 5 Effective heat radiation distance in case of 100%
rupture of hose diameter (2.76 E—06)

4kw/m2, 28.0m SN
)

Effective overpressure distance in case of 1
rupture of hose diameter (1.33 E-08)

Fig. 6 00%

2 A7 YTtttk X|del £
SXloll Choto] maAEe M7t 7FE 71| LiEk-10f, x[Qfe| At
0 A0 sigsls HAHY SA 2 mich Afof cish A
Esl SAld mali#e(Fig. 5)2t Z mlahHel(Fig. 6)5
Chat Zo| XAl Zizt Z7[514ck

IEC-60079-10-1(IEC, 2020)0llM HMeolsk= 2} F&S2oll
siEskE 57 oA(0.025mT)ollM  FEEE  plume(lEL
100%)2| =hAR = 0.8mel H2I7kK| LIERACE SMGFOlA &
oksh= Y ok M J|Eel (SGMF, 2018) S THH
M 6%2| FET HEOIM FE= = AL AlHR]|20)M2| HESt

At ofZiMEo|E 22X

Leak Hole : 0.025mm2, LEL 100%

\ y L R s Ny

lo LY .~ N NN .

Fig. 7 Effective distance in case of 0.025mm? and 6%
rupture of hose hose cross sectional area

El

el mlehHZlE 6.0m,

1} Fig. 72t 20| oS HiHAE

[siH2l= 15.5mo|oq, k2
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AHsICt (Table 8).

Table 8 Population density of hydrogen bunkering and port

area
Radius | Population density
Area' People (m) (People/m?)
Bunkering 6 <10 0.0191
area
Port area 20 < 50 0.0025
Office & 200 < 100 0.0064
working areg
Residence | \ote 1 | > 100 0.0043
area

Note 1 : Average population density of Busan (KSIS, 2021)
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Table 9 The number of fatalities of accident scenarios

No | Leak hole | Consequence | Number of fatalities
- fi .
1-1 0.005mm? Jet fire 0.00
1-2 VCE 0.00
2-1 ) Jet fire 0.01
gy | 0-025mm VCE 0.02
3-1 0.049mm? Jet fire 0.02
3-2 ’ VCE 0.04
4-1 ) Jet fire 0.02
4 | 048mm VCE 0.39
5-1 ) Jet fire 1.53
5—p | 296mm VCE 142
6-1 ) Jet fire 2.57
g—p | H93mm VCE 205
7-1 Jet fire 9.81
49.3mm? :
72 m VCE 14.24
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