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A Study on the Analysis of Layer of Protection Analysis (LOPA) to
Large-Capacity Liquefied Hydrogen Unloading and Refueling Facilities
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080201@vision.hoseo.edu Abstract >> With the increase in greenhouse gas emissions since the Industrial

_ Revolution, climate change has emerged as a major global concern, driving
Ezsies';’zd ii :\\:2\\/’222:: zg;g growing interest in renewable energy sources. Among these, hydrogen has
Accepted 24 November, 2025  8ained significant attention, with rising demand across various sectors such as

automobiles and ships worldwide. Ensuring a stable hydrogen supply is crucial
for the transition to a hydrogen based society. While gaseous hydrogen is cur-
rently commercialized, the increasing demand for hydrogen energy makes the
adoption of liquefied hydrogen essential. However, due to the cryogenic temper-
atures and large-scale storage systems involved, any leakage of liquefied hydro-
gen could lead to severe accidents. Therefore, this study aims to assess the safe-
ty of a large-capacity liquefied hydrogen unloading and refueling facility using
Layer of Protection Analysis (LOPA) and to examine the applicability of the LOPA
methodology to such systems.
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Table 3. Risk matrix

Frequency =i > 4 2 2 L
5 5 5 4 3 3
4 5 4 3 3 2
3 4 3 3 2 2
2 3 3 2 2 1
1 3 2 2 1 1
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Table 1. HAZOP frequency
O|SIMIE:
2 TI%I o C‘17|. No. Frequency
5 | More than one occur on operating time
4 | Not more than one occur on operating time
3 | Sometime can occur on operating time
BOG Re-liquefacti
r System 2 | Probability of hazard exists on operating time
1 | Very rarely occur on operating time

= Plant

= 2

: Unload from the tank lorry and store in a storage tank

Unloading
Vapor Return  : Vapor recocery in storage tank
Supply : Supply from storage tank to power plant
Re-liquefaction : BOG re-liquefaction

Recirculation  : Circulation to maintaining cooling temperature

Fig. 1. PFD of Large-scale liquid hydrogen unloading and
charging facility
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Table 2. HAZOP severity

No. Severity

5 | Fatality, more than two men injured
4 | More than one man injured

3 | More than two men hurt

2 | Not more than one man hurt

1 Safely designed process
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Table 4. Risk scenarios of ammonia ship system
Risk level i
Deviation Cause Consequence Safety/ - Action/ .
management | Frequency| Severity | Level recommendation
- Establish a leak test plan.
- Establish an emergency
Poor connection of] - Visual ZZ;I;O nsrfrzlarrrll:n:rar'ller(lltncmdmg
- Hydrogen leak| cross-check by Y | g
tank lorry into the tank lorry side regulations).
unloading line w - Confirm tank lorry monitoring
No/low atmosphere |- Gas detector
- Leakage at the 2 5 3 measures.
flow s (fire, - Emergency . .
unloading line . . - Personal protective equipment
.. explosion, shut-off device .
between the piping etc) - Safety officer - Need to discuss
and the tank lorry ’ Y communication with tank
present
lorry.
- Additional review of LOPA.
- P i
Tessure expansion LISV
Hich due to liquid seal|- Damage to Pressure cauge H
& phenomenon in the| pipes and g 1 5 2 |- Additional review of LOPA.
Press. . alarm
section after valves . .
. - Liquid drain
unloading
- Level gauge - Establish an operating manual
- Level gauge H o .
specifying valve operation,
alarm including sequential
- Measurement - Unloading after . 8 sed
High errors and - Overpressure checking the operation.
& - Damage to . 1 4 2 |- Confirm tank lorry's safety
Level operator errors preload capacity .
tank top roof . measures when interlocks are
- Pump overruns - Automatic .
. activated.
blocking
mterlm.:k on. the - Additional review of LOPA.
unloading side
- TSV - Establish work procedures to
High |- Insufficient - S1gmﬁc.ant - BQG 4 enable supply operations
generation of| reliquefaction 1 2 1 after checking the
Temp Cooldown . .
BOG facility temperature of pipes, etc. at
- PSV the time of supply.
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Table 5. LOPA severity

No. Severity TMEL
5 Fatality, more than two men injured | 1.00E-06
4 More than one man injured 1.00E-04
3 More than two men hurt 1.00E-03
2 Not more than one man hurt 1.00E-02
1 Safely designed process 1.00E-01

Table 6. Types of initiating events
No. Initiating events IEF (per year)
| Human error during routine tasks |
performed at least once a week
) Human error during tasks performed 1 00E-01
between once a month and once a week
3 Human error during tasks performed 1 00E-02
less than once a month
4 Failure of pump, compressor, fan or 100E-01
blower
Leak:
1.00E-01
5 Hose failures, leaks and ruptures 00E-0
Rupture:
1.00E-02
Atmospheric tank: catastrophic failure | 1.00E-05
Pressure Vessel: Catastrophic Failure | 1.00E-05
8 Pressure regulator failure 1.00E-01
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Table 7. Critical Scenarios of LOPA

Mitigated | Additional
- .. Management | . . .
Description Initial cause Level incident | required
frequency | criteria
Fatal accident caused. by g large leak at the Poor connection 1 00E-06 1 00E-06 )
unloading line
i Level sensing error
Fatal accident due to leak caused by tank lorry : g 1.00E-06 1 00E-06 )
overflow Level check failed (human error)
Overpressure inside the pipes and tanks due . . . T
to BOG generation of stagnant liquefied | 001" failure d;‘;;‘r’erec‘rc“lamn fine| | 00E-06 | 1.00E-05 | 1.00E-01
hydrogen in the pipes
Overpressure and damage inside the tank Tank lining damage 1.00E-06 1.00E-08 -
Hydrogen gas leak due to negative pressure | Negative pressure formation due to
e . . 1.00E-06 1.00E-05 | 1.00E-01
inside the tank and damage to the tank roof | non-supply of BOG gas during reloading
Damage to piping icing and breakage due to Liquid hydrogen overflow due to
. . . . . . 1.00E-04 1.00E-04 -
inflow of liquefied hydrogen into the gas line overcharging of liquid hydrogen
Small atmospheric leak of hydrogen Flange joint leak 1.00E-04 | 1.00E-04 -
(fire and explosion)
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