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Abstract - Liquefied hydrogen has advantages in terms of storage efficiency, but there is a risk of volume
expansion of 800 times if it fails to maintain temperature. Gaseous hydrogen charging stations are undergoing
various risk assessments, but liquefied hydrogen charging stations have not yet been built and developed. In or-
der to derive harmful risk factors of liquefied hydrogen charging stations and control risks, we aim to secure
high safety of liquefied hydrogen charging stations by applying the LOPA technique. In this study, the HAZOP
technique was applied to derive a scenario and the LOPA technique was applied to ensure high safety against
leakage and explosion of a liquefied hydrogen charging station and to analyze the effectiveness of safety and
protective devices. In addition, the feasibility of applying the LOPA technique used in existing chemical proc-
esses to liquefied hydrogen charging stations was examined and problems were identified.

Key words : liquid hydrogen, hydrogen safety system, LOPA, risk assessment

LM E 238t ZAE sdstr] fiske] 2016\l 2]
HofS Pt $2 AF= 201900 “Fa BA &
A AAD SR AL He 24722 A% AT e 2R S AR R AA S Y& FaFA

2520233 3¢Y 7]1F 227717} FE0] g5 Ho| &3

= = - S
] Syl 91 Qo BT A=A AE ZY)E
TCorresponding author:emtxx@hoseo.edu oA Eel7kal glar & = FasAes 37

[1]
Copyright (© 2024 by The Korean Institute of Gas e} o et

- 87 -



e
)
A
=
9
i
ﬁ
(i
¥
B~
2 ofj
>
2
)
e
Sha
o
‘0,
-
=)

A27 EAA A BA7} HAY, /5 ATE AT 9
Y=ot 45 = ek

o5} 50] BEAL oF 253C & o} thow] &
5§28 A} Sl Jske] 5} 718} Al 800
o) ¥3] RO AT AWYEI} FABTHE B
LR ECECRELRLFRELEE RS
of5}7] S8l AR B PEAA Fo) mIk Aol
asa,

AT} SAT LOPAL Hf3ketE Aol A
WHo] 9lo B Aahrh T thE A g 7}
e nAtI FAY L 22514 B}

ko
of X X ox 2

= dHY E5& Dt 7 EAJ AL Wt s E
2 Fig. 13} Zo] Abd &1], AP 8RAEE, A9
AN Ao g A o2 Rk P8 Bt
= A Y els =E&sty kAU Y-S =Y}
= A2 9194 ¥ 7} (Qualitative risk assessment) 2}
AP QJNE R Afar) YT &85} Abae] v
BEE AFH o2 FA3lete] SEHAE W
ol gt s vidss AFH APAE Hot
(Quantitative risk assessment) 2 U] 2t} A4 A
2184 H7H= PHA, Checklist, What-if, 2t $] 3 <=
], HAZOP, FMECA 5°] o™ AF&& 94 3
7= 4M71 %, FTA, ETA, CCA o] tH,

22 WSAHESEA 7 (LOPA)
W35 A S534 (LOPA, Layer of protection analysis)
© 9]Elx] ©

1) b AaLe] WL RS 7H2A17)

O

!

1% A Z(IPL, Independent protection layer) 2]
EETE S AT HE Sl AT
5ol AAR7ME FUT + Ak

, B AIF Rl AL E = FE HolE e AA

#

7]

A

T 1
TeAeH
4

o

o

ot
9
ol\

do
o
i)
Ho
)
M
1
=
>
N
o
o
T
O
N
8
o,
g
o
Q
=]
3

KIGAS Vol. 28, No. 3, September, 2024

- olEm - e

o

[ Step 1. Advance preparation

L 2

[ Step 2. Derivation of risk factors

L 2

]
]
(sep 5. ik ctutnton ]
)

L ]

[ Step 4. Improvement recommendation and exscution

Fig. 1. Risk assessment flow chart
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Fig. 2. Layers of defense against a possible
accident.
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Fig. 3. LOPA Risk assessment flow chart
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Table 1. Frequency classification

Frequency
5 1 Occurs more than once a year
4 10" Occurs more than once every 1 to 5 years
3 107 Occurs more than once every 5 to 10 years
2 10° Occurs more than once every 10 to 30 years
1| 10* Occurrence rarer than once in 30 years

Table 2. Severity classification

Severity
5 10° Death or injury 2 or more
4 | 10* Injury 1 or more
3 10° 2 or more minor injuries
2 | 107 1 or less minor injuries
1| 10" safety design

Table 3. PFD value by SIL

SIL PFD
Safey integrity | Probability of failure at average operating
Level demand
1 =102 ~ 10"
2 =10° ~ 107
3 210" ~ 10°
4 =10° ~ 10*
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Table 4. Types of initiating events in CCPS[9]

NO. Description of initiating event (peiE)lf:ear) Applicability
1 BPCS control loop failure 10-1 O
2 Spurious operation of SCAI (Safety Controls, Alarms and Interlocks) 1 to 10-1 (0]
3 Human error during a routine task that is performed once per week or more often 1 o
4 Human error during a task that is performed between once per month and once per week 10-1 X
5 Human error during a non-routine task that is performed less than once per month 10-2 X
6 Pressure regulator failure 10-1 (6]
7 Screw conveyor failure 1 to 10-1 X
8 Screw Conveyor Overheating of Materials 10-1 X
9 Pump, compressor, fan, or blower failure 10-1 (0]
10 Single circuit loss of power 10-1 (6]
11 Single check valve failure 10-1 (6]
12 Failure of double check valves in series 10-2 (6]
13 Pump seal leak 1 (0]
14 Complete primary pump seal failure 10-1 (6]
15 Hose failure, leak and rupture Rt;?ll;:;(;)l_z (6]
16 Premature opening of spring-loaded relief valve 10-2 (6]
17 Atmospheric tank: catastrophic failure 10-5 X
18 Atmospheric tank: continuous 10mm diameter leak 10-4 X
19 Pressure vessel: catastrophic failure 10-5 (6]
20 Aboveground piping: full breach failure (pipe size = 150mm, 6in) 10-6/m (6]
21 Aboveground piping in typical service: full breach failure (pipe size > 150mm, 6in) 10-7/m (0]
22 Aboveground piping: leak (pipe size < 150 mm, 6 in) 10-5/m (0]
23 Aboveground piping: leak (pipe size > 150mm, 6in) 10-6/m o

NFfa A4 WA BEE AR T AENZ 5L
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Table 5. Types of IPL in CCPS"!

NO. Description of IPL PFD Applicability
1 Deflagration arrester at the end of pipe 0.01 X
2 Deflagration arrester in-line 0.1 to 0.01 X
3 In-line stable detonation arrester 0.1 to 0.01 X
4 Unstable (overdriven) detonation arrester installed in-line 0.1 to 0.01 X
5 Overflow line with no impediment to flow 0.001 X
6 Overflow line containing a passive fluid or with a rupture disk 0.01 X
7 Line containing a fluid with the potential to freeze 0.1 X
8 Dikes, berms, and bunds 0.01 X
9 Drainage to dikes, berms, and bunds with remote impoundment 0.01 X
10 Permanent mechanical stop that limits travel 0.01 (0]
11 Fire-resistant insulation and cladding on vessel 0.01 X
12 Safety control loop 0.1 [¢]
13 Safety interlock 0.1 [¢]

SIL 1:0.1
14 SISloop SIL 2 : 0.01 (0}
SIL 3 : 0.001
15 Spring-operated pressure relief valve 0.01 (0]
16 Dual spring-operated pressure relief valves 0.001 (0]
17 Pilot-operated pressure relief valve 0.01 to 0.001 X
18 Gas balance/adjustable set pressure surge relief valve 0.1 to 0.01 X
19 Buckling pin relief valve 0.1 to 0.01 X

20 Buckling pin isolation valve (BPIV) 0.1 to 0.01 X
21 Rupture disk 0.1 to 0.01 (6]
22 Spring-operated pressure relief valve with rupture disk 0.1 to 0.01 X
23 Conservation vacuum and/or pressure relief vent 0.1 to 0.01 X
24 Vacuum breaker 0.1 to 0.01 X
25 Frangible roof on flat-bottom tank 0.1 to 0.01 X
26 Explosion isolation valve 0.1 (6]
27 Explosion panels on process equipment 0.01 X
28 Vent panels on enclosures 0.01 X
29 Excess flow valve 0.1 to 0.01 X
30 Restrictive flow orifice 0.01 (0]
31 Pipeline surge dampening vessel 0.01 (0]
32 Check valve 0.1 (0]
33 Pressure reducing regulator 0.1 (0]
34 Continuous pilot 0.1 X
35 Captive key/lock system 0.01 (0]
36 Multiple mechanical pump seal system with seal failure detection and response 0.1 o
37 Continuous ventilation without automated performance monitoring 0.1 (0]
38 Continuous ventilation with automated performance monitoring 0.01 (0]
39 Emergency ventilation initiated by safety controls, alarms, and interlocks 0.1 (0]
40 Mechanically activated emergency shutdown/isolation device 0.1 9}
41 Mechanical overspeed trip on a turbine 0.1 [¢]
42 Automatic fire suppression system (within process equipment) 0.1 X
43 Automatic fire suppression system for local application 0.1 X
44 Automatic fire suppression system for a room 0.1 X
45 Automatic explosion suppression system for process equipment 0.1 (¢]
46 Human response to an abnormal condition 0.1 o
47 Human response to an abnormal condition with multiple indicators and/or sensors, and the 001 X

operator has > 24 hours to accomplish the required response action
An adjustable movement-limiting device that is intended to prevent operation of a device

48 . o 0.1 (0}

or movement of an object beyond a defined limit

49 Personal protective equipment 0.1 (6]
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Table 6. Sample sheet to LOPA
layer of protection
Manageme Initial acci- Mitigated | Additional
NO. Description Causes o legvel dent fre- incident required
quency | BPCS,etc. |  Mitigation measures IPL frequency | criteria
node 1
o . R RD. PSV .
Vacuum Break/insulation Break 107 107 0! 02 107 -
- ati firewall | fire detector R.D. PSV
Overpressure fonn..itlon due to 10° 102 107 R
external fires . | . N
107 10° 107 10°
TRY
LH2 tank SIS LOOP COCK
1-1 explosion Liquefied hydrogen overcharging 10° 10" 10° 10?
10" 10"
collision
Access re- .
R - avoidance
External shocks such as car crashes 10° 10? striction stand 10° -
10" 10"
- SIS LOOP | fire detector
Massive leaks Departure due In? coupler fastening 10% 102 104 R
. failure
during 10" 10"
1-2 |loading/unloadin
g of the tank Hose scparation due to tank lorry . R fire detector chock .,
lorry o 10 102 10 -
misfire
10" 10"
node 2
Massive leak BPCS SIS LOOP | firewall
21 due‘io rupture | Massive leak due to pump room 10° 10 108 .
of high-pressure damage " 5 "
pump 10 10 10
Massive Check vac-
22 hydrogen leak | LH2 piping vacuum break/insulation 107 102 SIS LOOP uum level firewall 106 .
due to LH2 break due to external damage etc.
pipe rupture 102 10" 10"
node 3
Massive 1leak Formation otlpump high Pressure R SIS LOOP PSV .
3-1 due to pipe due to clogging of the discharge 10-4 10 10 -
rupture side during operation 102 102
node 4
Overpressure formation due to o 5 firewall BPCS PSV ”
. 10 10 - - - 10 -
external fires 10 10 10
L regular in- | life evalua-
DCIC:A‘IOI’aIIOn due to use beyond the 10% 10° BPCS spection tion 10° )
life cycle of the storage tank
Storage tank "] "] "
4-1 e 10 10 10
explosion/fire
daily, week-
Design/connection fail 10° 10° ly inspection 10 10"
10"
) 752601
Container Protocol
damage due to 1
high-temperatur Overfill due to malfunction of 4 contro 5
- ] * logic : -
42 ¢ forming of dispenser FCV (BPCS defect) 10 10 e 10
vehicle ’
container 10
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