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080201@vision.hoseo.edu Abstract >> This study applies HAZOP and LOPA methodologjes to a liquefied hy-

_ drogen refueling station. HAZOP identified potential hazards, while LOPA quanti-
Ezsggzd z 38 gztti:;?;sgs 5 tatively assessed high-risk scenarios based on accident frequency and the effec-
Accepted 23 October, 2025 tiveness of independent protection layers (IPLs). Results show that existing safe-

ty systems achieved acceptable risk reduction in many scenarios, but some re-
quired additional measures. These findings suggest that integrating HAZOP and
LOPA can enhance safety management in liquefied hydrogen refueling stations.
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Fig. 1. PFD of LH. Refueling Station system
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Probabity of Failure: “_ Reliability
Data
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Table 1. Differences between HAZOP and LOPA

meba] 2 Aol Ak FH Ao His]
HAZOPS 3)3to] 2% 198 Alug] S LOPA
2 dA;Bl HrRke e =2 9 Aue| ez A4
o SEEg B g

HAZOP A9} LOPA EAE =214 - AA 4
oz Ag35t7] fsiA A HAZOP ©HA| oA I
A7Fsdt o2/ El(Deviation)of wh=h A A A o=
AN 8S AR HESAT o] oA ZF
A A, A, 7]E A, HIARNE E&
ShaL, 7 Alukel o 919 J=S PAHOR Bt
stk olg Bl ol 99 Adele 3 ms)
B2 Aeles dgsg ot F2 1 9
A, B e 4 o Auzed s
olek.
A Alue] 24= LOPA E4] ©Alo A 7HAIA}
Ao 2 HAZOPOJA 2] HIEE msio] AAIAA
9] "bA H] = (Initiating Event Frequency)E A5},
EYUIS AZIPL) S| A2 = (Probability of Failure on
Demand, PFD)E W%95}o] 25 ¢J8RI%(Final Event
Frequency) & 451t} o] 2144 7F IPLL CCPS
% KOSHA GUIDE & 3arsto] 285130t o17]4]
E=HUIS A1 Z(IPL)2 HAZOPoJ| A 9] RE Safeguard”}
=] 243t 53 (Independence), 41=}/J(Reliability),
FAA 98 AvkE]eo] thgt 3 vk (Effectiveness),
7] - 2RE L& (Functionality), 712 7F5-4d(Auditability)
5o 2L WESHe YEAFHE Mesfof k)

2= ¢J3 W= (MEF: Mitigated Event Frequency)

4

Category HAZOP (Hazard and Operability Study) LOPA (Layer of Protection Analysis)
Evaluation Level Qualitative Semi-quantitative
Main purpose Identify hazards & effect of operability Quantify risk levels of scenarios
Scope All processes Selected critical scenarios
A comprehensive review Evaluate acceptability against
Purpose L o . ..
of potential risks. quantitative risk criteria.
Output List of hazards, recommendations Frequency, probability, IPL adequacy
Application Basic design and detailed design After HAZOP and decision for safety layers
s Lack of quantitative criteria, Insufficient reliability data,
Limitations: s . . . .
Unable to conduct reliability analysis High difficulty of analysis
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Table 2. Excerpt from HAZOP Worksheet

. Action/
Node Deviation Cause Consequence Safeguard/Management cHo .
Recommendation
Excessive opening of | Increased unloading Operator standby and
Tank Truck Pressure | speed and tank truck |training, tank truck Pressure —
Build-up Unit line pressure rise Transmitter
TRY COCK, Operator check,
HIGH Auto shut valve close
Node 1 FLOW logic wh t li Confi loadi
. oce Over-supply due to | Overflow and H2 loss OBlc whien verit e onfirm un/oading
Liquefied H. . . temperature drops, valve before
instrument error through vent line . .
Storage Tank Temperature Transmitter, operation
Level Indicating Transmitter
(L, LL alarm)
Ak i
HIGH Vacuum t.)re n . TCE periodic vacuum check, Add Pressure
double pipe and Temperature rise . .
PRESS. Operator patrol inspection Safety Valve
annular space
Nowow PRI IS i it | O
Node 2 FLOW pump hydrogen leak accident P . ’
. cryopump Pressure Transmitter
Hiquefied He Excessive BoikOff Gas| P Safety Val
- t
Pump HIGH xcessive Boi : as ressure Safety Valve,
FLOW Feed pump overrun | (BOG) Generation due BOG recovery, —
to Temperature Rise | Feed pump via VFD panel
Temperature rise, .
LN> pump overrun Pressure Transmitter —
Node 3 HIGH prnp H2 loss
Vaporizer FLOW ioh- i
P High-pressure pump | - Equipment da.mage, Pressure Transmitter O&M manual
overrun Pressure rise
HIGH Over-control of flow Storage tank Temperature Transmitter o
FLOW control valve pressure rise P
Node 4 Hose pull-away
Dispenser incident duri . Review break-
P SAFETY feden .urmg Dispenser damage Break-away . ev1ew. rea. avx{ay
refueling installation direction
(drive-off accident)
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LOPA &=

Table 3. Key Scenarios from LOPA Linked with HAZOP

Hazard Cause Severity
Description (Initiating Event) Level
P & (TMEL)
Tank Internal Pressure Increase
Vacuum or Insulation Failure
| External Fires such as Forest Fires .
1. Explosion - Critical
of a LH2 tark Overfilling of LH2 (1.0E-05)
External impact such as vehicle
collision
lightning strike
vessel Internal Pressure Increase
External Fires such as Forest Fires
Exceeding the Design Life of
2 Explosion Pressure Vessel
- =XP (20 years / 340,000 cycles) Critical
of a pressure
vessel Design or Assembly Defect (1.0E-05)
(Omission of Pressure Vessel
Connection)
Pressure Vessel Damage from
Cold Capture System Pump Overrun
3. Leak from| Design or Assembly Defect ..
. Critical
a pressure | (Omission of Pressure Vessel
. (1.0E-05)
vessel Connection)
4. Leak from Leak from Damaged Severe
LH> Pump High-Pressure Pump Seal (1.0E-04)
5. Leak from| Pump Overpressure due to Severe
Pipe Rupture Discharge Blockage (1.0E-04)
6. Leak due to
Insulation | Vacuum or Insulation Failure of| Critical
Failure of |LH2 Piping due to External Impact | (1.0E-05)
LH2 Piping
Hose disconnection during
7. Leak unloading
during Tank | Hose pull-away incident during| Severe
Truck refueling (drive-off accident) | (1.0E-04)
Unloading Purge with Unconnected Coupler
(Operator Error)
8. Vehicle
Vessel Overfilling due to Dispenser FCV
. Severe
Damage due Malfunction (1.0E-04)
to High (BPCS Defect) '
Temperature
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Table 4. Excerpt from LOPA Worksheet

%3 518919 7]
15 AUl 2.9 A4S

M - 017 - 0|30 - Zsi7| - 4| 603
2714 disto] Wag Aow Rl
AR 2ok Aluel e A1 wHle et of

7Fs/dell disll HAZOP ©Alf|A HE=sF3

o1}, LOPAZ £3) 27| AluHEE [.0E2/4rE 7}
ZJ5taL PSV 9 ESD A|ARLS 5] WS A S(IPL) S

Independent Protection Layer (IPL)

Mitigated

Consequence Tttt Dot General Process | Additional Additional Event Remarks
/Severity T . Mitigation Mitigation (Improvement
/Likelihood (IEF) Design, Control > ) Frequency
(TMEL) S otc Access (Dike, Pressure (MEF) Measures)
e " | Restriction etc. | Relief, etc.)
Tank Internal Pressure Auto emergency . Pressure Safety
. vent valve Rupture Disc
Increase/Possible open logic (1.0E-01) Valve 1.0E-06 -
1.0E-02 ha 1.0E-02
(1.0E-02) (1.0E-01) (1.0E-02)
Pressure Safety
. . Valve, Rupture
Explosion of a External Fires such as Fire detector Disc
LH2 tank/Critical| Forest Fires/Possible (1.0E-01) - (1.0E-02) 1.0E-06 -
. 1.0E-02 '
(1.0E-05) ( ) Blast Walls
(1.0E-01)
supply ESD
Overfilling of (rl)p()é.(n) Téy;;(c)lr(’ Install
LH2/Likely Al - Morr)1 itoring 1.0E-04 | Additional LT
1.0E-01 arm 2 out of 3
( ) (1.0E-01) (1.0E-01) ( )
Leak from D d Explosion-proof
Leak from LH, | =0 S0 RS design
Pump/Severe £ > Sump (1.0E-01) ; ; 1.0E-04 -
(1.0E-04) Seal/Possible
. (1.0E-02) Gas detector > ESD
(1.0E-01)
Leak due to Vacuum or Insulation Periodic
Insulation Failure | Failure of LH2 Piping Gas d ~ ESD Vacuum Check, Blast Walls
of LH2 due to External (1.0E-01) Access (1.0E-01) 1.0E-06 -
Piping/Critical Impact/Unlikely ' Restriction ’
(1.0E-05) (1.0E-03) (1.0E-01)
Panel monitoring >
Hose disconnection ESD Check the
during unloading/ (1.0E-01) interlock
. - - 1.0E-04 .
. Possible Gas detector > with Tank truck
Leak during (1.0E-02) AOV shutdown ESD Function
Tank Truck (1.0E-01)
Unloading/Severe '
(1.0E-04) Hose pull-away incident
during refueling Gas detector > | Wheel Chock,
(drive-off accident) AOV shutdown Engine stop - 1.0E-04 -
/Possible (1.0E-01) (1.0E-01)
(1.0E-02)
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