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Study on a Quantitative Risk Assessment of
a Large-scale Hydrogen Liquefaction Plant
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Abstract >> In the present study, the frequency of the undesired accident was estimated for a quantitative risk
assessment of a large-scale hydrogen liquefaction plant. As a representative example, the hydrogen liquefaction
plant located in Ingolstadt, Germany was chosen. From the analysis of the liquefaction process and operating
conditions, it was found that a LH, storage tank was one of the most dangerous facilities. Based on the accident
scenarios, frequencies of possible accidents were quantitatively evaluated by using both fault tree analysis and event
tree analysis. The overall expected frequency of the loss containment of hydrogen from the LH, storage tank was
6.83x10"times/yr (once per 1.5 years). It showed that only 0.1% of the hydrogen release from the LH, storage
tank occurred instantaneously. Also, the incident outcome frequencies were calculated by multiplying the expected
frequencies with the conditional probabilities resulting from the event tree diagram for hydrogen release. The results
showed that most of the incident outcomes were dominated by fire, which was 71.8% of the entire accident outcome.
The rest of the accident (about 27.7%) might have no effect to the population.
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Nomenclature Aso : median value of failure frequency, times/hr

F : frequency 1. M 2

P : probability

Q : unavailability SFZHE, A LNG, LPG 59 YA SHE

s : variance oAM= TRt TR ASH, e, FUA, WS

A : mean failure frequency, times/hr A 58 7R E FRHERS ¥R, S, 84, vHA|
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Table 1 Dimension and capacity of the LH, storage tank
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Table 2 Accident scenario list for the LH, storage tank

Component Dimension Capacity

LH, Tank Horizontal Cryogenic Tank | 270,000 Liter

Liquid Lines | Diameter of 101.6mm (4in) 180 kg/hr

Vapor Lines | Diameter of 101.6mm (4in) 180 kg/hr
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Fig. 4 Fault tree diagram for the instantaneous release

Fig. 5 Fault tree diagram for the continuous release in liquid
phase
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Fig. 6 Fault tree diagram for the continuous release in vapor
phase
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Table 3 Probability and frequency estimations of basic events for the instantaneous release
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Evlegr?tSiTC\Io. S(;(I)Tl;rkl)l())l Event/Failure mode F/P | Ay (hr) | Kos Ref.
1 PCV-4 | Remote operated (isolation) valve fails stuck open F 1.80E-5 2.2 | pneu. shutoff valve [4]
2 V-3 Hand operated (isolation) valve fails stuck open F 8.40E-8 6.0 | manual valve [5]
3 LI Level indicator fails to display true level F 7.70E-7 5.6 | [6]

4 - Operator fails to act at level LI P 1.00E-3 2.0 [4, 7]
5 - Operator fails to act at level L2 P 1.00E-3 2.0 4, 7]
6 LSHL | Level switch of high level fails to actuate (low) F 2.80E-5 13.8 | [5]

7 SV-1 Spring loaded pressure safety valve fails blockage F 1.10E-6 84 | [4]

8 Sv-2 Spring loaded pressure safety valve fails blockage F 1.10E-6 8.4 [4]

9 PCV-2 | Control valve fails stuck close F 6.10E-7 8.4 [8]
10 PIC-2 Pressure controller fails to operate F 1.10E-5 149 | [5]
11 PCV-40 | Plant valve fails to close (emergency shutdown valve)| F 4.40E-6 2.8 ESD valve [6]
12 LSH Very high level switch fails to actuate (low) F 2.80E-5 15.1 | [5]
13 V-11 Tree-way valve fails blockage F 3.30E-6 4.7 [9]
14 Sv-4 Spring loaded pressure safety valve fails blockage F 1.10E-6 8.4 [4]
15 PCV-1 | Control valve fails stuck open F 2.50E-7 | 27.7 | [8]
16 PIC-1 Pressure controller fails to operate F 1.10E-5 14.9 | [5]
17 PT Pressure transmitter fails to obtain signal F 5.80E-7 | 32.0 | [8]
18 - Filling take place F | 870E-3 5.0 | 76 times/yr
19 - Loss of vacuum in the annular space F 1.40E-8 2.9 | Guess estimate
20 - External events (e.g. Earthquake) F | 1.10E-12 | 10.0 | [10]
21 - Spontaneous events (e.g. H» embrittlement) F | 1.00E-11 | 10.0 | [10]
A - Shutoff valves fail stuck open

B - Operator fails to respond to LI

C - Operator fails to respond to HL alarm

D - Safety valves fail blockage

E - PCV-2 fails to open

F - Automatic shutoff valve(PCV-40) fails to close

G - Manual shutoff valve fail toclose

H - Primary PRDs fail blockage

1 - Secondary PRDs fail blockage

J - Pressure Building Circuit overheating

K - Tank overfilling

L - Pressure Relief Devices fail blockage

M - Tank overpressure

N - Tank Rupture by overpressure

O - Instantaneous Release of LH, Tank
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Table 4 Probability and frequency estimations of basic events for the continuous release in liquid phase

Basic

Comp.

Event No. | symbol Event/Failure mode F/P | Ay (fhr) | Kys Ref.
1 - Liquid thermal expansion F 1.10E-7 | 10.0 | Guess estimate
2 SV-5 Safety valve(SV-5) fails blockage F 1.10E-6 8.4 [4]

3 PCV-3 | PCV-3 fails stuck open F 1.80E-5 2.2 | pneu. shutoff valve
4 - Operator fials to act P 0.001 2.0 [4, 7]
5 V-4 V-4 leaks to environment F 1.10E-6 | 13.8 | [8]

6 C-2 Connector (C-2) fails to connect F 1.50E-7 | 149 | [5]

7 PCV-4 | PCV-4 fails stuck open F 1.80E-5 22 | [4]

8 - Operator fails to act P 0.001 2.0 [4, 7]
9 - Liquid thermal expansion F 1.10E-7 | 10.0 | Guess estimate
10 SV-6 SV-6 fails blockage F 1.10E-6 8.4 [4]
11 - Dispenser pump fails to stop P 3.80E-5 | 10.0 | [10]
12 - Mechanical impacts (e.g. cranes) F 1.10E-11 | 10.0 | [10]
13 - Withdrawal takes place F 2.30E-2 | 10.0 | 200 times/yr
14 PCV-3 | PCV-3 leaks to environment F 1.00E-7 | 10.0 | [4]
15 C-3 Connector(C-3) fails to connect F 1.50E-7 149 | [5]
16 V-3 V-3 leaks to environment F 1.10E-6 | 13.8 | [8]
17 - Mechanical defect (Weld rupture) F | 3.00E-10 | 31.6 | [10]
18 V-7 V-7 leaks to environment F 1.10E-6 | 13.8 | [8]
19 PCV-4 | PCV-4 leaks to environment F 3.80E-7 5.5 [4]
20 - Leakage from inner tank (refrigerated, double wall) F 2.30E-9 | 10.0 | [10]
A - Pipe rupture due to overpressure

B - Remote operated valve(PCV-3) fails to close

C - Release at upstream line of PCV-3

D - Release at downstream line of PCV-3

E - Remote operated valve(PCV-4) fails open

F - Pipe rupture due to overpressure

G - Release during withdrawal to truck

H - Inlet pipings of the dispenser leak/rupture

I - Release at upstream line of PCV-4

J - Release at downstream line of PCV-4

K - Release at Pressure Building Coil (D) inlet lines

L - Release at withdrawal circuit

M - Release at filling circuits

N - Continuous Release of H, in Liquid Phase
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Table 5 Probability and frequency estimations of basic events for the continuous release in vapor phase

EVI:r?tSiIC\IoA ;ﬁ?}g’l Event/Failure mode F/P | Ay (/hr) | Kos Ref.
1 SV-1 SV-1 fails open prematurely F 4.00E-7 3.9 | PSV-conventional [8]
2 SV-2 SV-2 fails open prematurely F 4.00E-7 39 | [8]

3 PIC-2 Pressure controller(PIC-2) fails to operate F 1.10E-5 149 | [5]
4 PCV-2 | Control valve(PCV-2) fails stuck open F 2.50E-7 | 27.7 | process control valve [8]
5 PT Pressure transmitter(PT) fails to obtain signal F 5.90E-7 2.4 [11]
6 PIC-1 Pressure controller(PIC-1) fails to operate F 1.10E-5 | 149 | [5]
7 PT Pressure transmitter(PT) fails to obtain signal F 5.90E-7 24 | [11]
8 PCV-1 | Control valve(PCV-1) fails stuck open F 2.50E-7 | 27.7 | [8]
9 V-11 Three-way valve(V-11) is directed to one SV P 0.5 2.0

10 SvV-4 Pressure safety valve(SV-4) fails open prematurely F 4.00E-7 39 | [8]
11 PCV-2 | PVC-2 leaks to environment F 4.40E-7 5.5 [8]
12 - Mechanical impacts F 1.10E-11 | 10.0 | [10]
13 V-8 V-8 leaks to environment F 1.10E-6 13.8 | [8]
14 V-10 V-10 internal leakage F 730E-8 | 11.5 | [8]
15 - Downstream line of PCV-1 ruptures F 6.90E-9 15.0 | [5]
16 - Upstream line of PCV-1 ruptures F 6.90E-9 | 15.0 | [5]
17 D Pressure Building Coil(D) ruptures F 9.70E-10 | 2.5 [10, 12]
18 C-1 Connector(C-1) fails to connect F 1.50E-7 | 149 | [5]
19 - Mechanical impacts F 1.10E-11 | 10.0 | [10]
20 V-6 V-6 leaks to environment F 1.10E-6 13.8 | [8]
21 V-11 Three-way valve(V-11) leaks to environment F 1.10E-6 | 13.8 | [8]
22 C-4 Connector(C-4) fails to connect F 1.50E-7 | 149 | [5]
23 - Mechanical impact F 1.10E-11 | 10.0 | [10]
24 V-2 V-2 leaks to environment F 1.10E-6 | 13.8 | [8]
25 PCV-1 | PCV-1 leaks to environment F 4.40E-7 55 [8]
26 - Release at instrumentation system F 1.00E-9 | 10.0 | Guess estimate
A - Pressure safety valves fail open prematurely

B - PCV-2 fails open prematurely

C - PCV-1 fails to close

D - Primary Pressure Relief Devices open prematurely

E - Secondary Pressure Relief Devices open prematurely

F - Gas or Vent lines rupture

G - Release at downstream lines of PCV-1

H - Release at upstream lines of PCV-1

I - Release at return vapor from dispenser

J - Release at venting circuits

K - Release at return vapor line to the plant

L - Release at Pressure Building Circuits

M - Continuous Release of H, in Vapor Phase
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Table 6 Expected frequency for the instantaneous release
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Table 9 Conditional probability of hydrogen release

(Ij\la;e Undesired events Fre(lfl)l(gfcc}t/e((i/yr)
1 Tank rupture by overpressure 7.18x10™
2 Spontaneous events 2.37x107
3 External events 2.54x10°
Instantaneous Release 7.18x10™

Table 7 Expected frequency for the continuous release in

liquid phase
i?;e Undesired events Freft?frfg)t/e(z/yr)
1 Release at PBC inlet lines 3.44x107
2 Release at withdrawal circuit 3.86x107
3 Leakage from inner tank 5.34x10°
4 Release at filling circuits 4.19x107
Continuous Release of H, in Liquid Phase 1.15x10™

Table 8 Expected frequency for the continuous release in

vapor phase

?\?jé Undesired events Frecl;:l)l(grfcc;ec(i/yr)
1 |Release at return vapor from dispenser 3.95x107
2 Release at venting circuit 4.81x10"
3 Release at instrumentation system 237x10°
4 |Release at return vapor line to the plant 3.95x107
5 |Release at Pressure Building Circuits 7.01x10°
Continuous Release of H, in Vapor Phase 5.67x10"
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