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Abstract

CCS (Carbon Capture and Storage) is considered as the most promising interim solution to
deal with the greenhouse gas such as CO, responsible for global warming. Even though
carefully chosen geologic formations are known to contain stored gas for a long time period,
there are potential risks of leakage. Up to now, applicable risk assessment procedures for the
leakage of CO, are not available. This study presents a basis for risk analysis applicable to a
complex geologic storage system. It starts with the classification of potential leakage pathways.
Receptors and the leakage effect on them are identified and quantified. Then, a fault tree is
constructed, which yields the minimum cut set (i.e., the most vulnerable leakage pathway) and
quantifies the probability of the leakage risk through the cut set. The methodology will provide
a tool for risk assessment in a CCS project. The outcomes of the assessment will not only ensure

the safety of the CCS system but also offer a reliable and efficient monitoring plan.
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Figure 1. Potential pathways of CO, leakage
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Table 1. Influence to CO, exposure (Adapted and Modified from West et al., 2005)

Receptor

Influence

Human

Headache, blood pressure increasing, shortness of breath, dizziness, loss of
consciousness or death

Terrestrial | Vertebrates (rodents)

Evacuation

Invertebrates (insect)

Behavioral change

Plants

Inhibition of growth

Soils

Acidification

Subsurface | Subsurface microbes

Aerobic organism: decrease
anaerobic organism: increase

Aquifer (groundwater) | Acidification
Seawater Acidification
Marine . ; - . -
Invertebrates (shellfish) | Corrosion of the shell which made up with calcium
ecosystem

Vertebrates (fish)

Little direct influence (but, can cause disturbances of the food chain)

Atmosphere

Climate change (rising temperature, changes in precipitation and greater
frequencies of extreme events)
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OR-Top event

AND-GATE OR-GATE

Event 1 Event 2 Event 3 Event 4

Figure 2. Example of a simple FT
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Table 2. Cut sets of the FT in Figure 2

No. Cut set
1 OR-Top event / AND-GATE 1/ Event 1
2 OR-Top event / AND-GATE 1 / Event 2
3 OR-Top event / OR-GATE 2 / Event 3
4 OR-Top event / OR-GATE 2 / Event 4

OR-Top event

Proq 0.0315
AND-GATE OR-GATE
Pr.ug 0.0015 Pror 0.03
Event 1 Event 2 Event 3 Event 4
Preq: 0.01 [T Preeg: 002 Preey: 0.01
Figure 3. Calculation of failure probability (Bold line: Minimal
cut set)
Pror = 2Pt Fyems M
P, F-AND = HPFvaents (2)

7M., Pror, Prano™ Prpven= 22 OR-
GATE, AND-GATE, 7|2AMFES 1% g5
=3t

Figure 3914 AND-GATES] 1% &2 51
AMFES 1% FEY =EFoR 0.01X0.15 =
0.00157} ©t}k, =3 OR-GATES] 1% &2 3}
QA=Y 1 FE] =23 e & 0.02 + 0.01 =
0.03¢] Ht}, m7HA]2 OR-Top event®] 1%
352 AND-GATES} OR-GATES] 1% S-&9
=g)gto 2 0.0015 + 0.03 = 0.03157} Ft},
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Leakage

OR-Top Event

Injection well Other pathways
Gate 1 Gate 2

Figure 4. OR-Top event of CO, leakage
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Figure 5. Branch events of OR-Gate 1
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F|gure 6. Branch events of OR-Gate 3
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Figure 7. Branch events of OR-Gate 2
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Figure 8. Branch events of OR-Gate 4
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Leakage

OR-Top Event

Injection well Other pathways
OR-Gate 1 OR-Gate 2
Inappropriate Bad sealing Poorly designed Bypassing Undetected fractures New fractures
injection pressure of wells wells the cap rock in the cap rock in the cap rock
OR-Gate 3 Event 1 Event 2 Event 3 Event 4 OR-Gate 4
Operator Software Hardware Earthquake Diastrophism High pressure Geochemical
9 P of injected CO; reaction
OR-Gate 5 OR-Gate 6 OR-Gate 7 Event 5 Event 6 Event7 Event 8
» Crime * Virus * Electric power interruption
» Sleepiness = O/S error « Bad maintenance
* Etc. * Etc. » Low performance equipment
* Etc.
Events Events . Events
Figure 9. The overall FT for CO, leakage
Arglerao] shobd Whe(Event 8)% 5 4 At & 3.92%F YRR B, ojAlsiEA Eof 7}
Gate 49 SIYAAIES EHo g 7F4siH, A 2 7195 ste 7]E AR minimal cut set)S
Figure 83} Z+& =ejgto = vehd 4 girk, T4 Aulo] A7) el 2A7F Aze AR, &
Ao R JRAREAAE FHH B Beld) oIA AF BARE WFHE Ve
¥ Figure 99 gth, BE 7| 2AVSES] ¢lo] H SjoF o5 AlAFSIAL Sl
< SIS A4 o= QlTh g B0, & =2 H =wolA] Fofet 7| RBAME Y AR ES o

oA 7] EAMEOZ A3t OR-Gate 79 SFIAMS
5 KBS PP #4598 0

o}, E=3F B =R ASt Gater= BT OR-
GateZ, Z} Gated sIAMES SHO 2 7PA%H
Axtolct,
V. A= 4
3EN F=HF (Figure 9)9] Zt 7|1 EAMYE

o] 1A FEL Hojgyo U%(Table 3, A D= °ol&
3 A9AIAIS o] 14EES AL Figure 10).

2 QJHo]]t 3

4 ael 728 AolehEA

==

7
1999a; 2|4

*‘l )
1999b). ©] A2 7] A4S $gt du]E9] o]
L£E5S WJAWOE st sl A 0.1049
%, QREEAALE 0.0045 %2 1ASES AA]
Ak
o|AbabekA Q) o] XS VIO R T}
4 7S, A AujE o] 88T, A
s 9 WA A7) 8] 1A 5 oohekel 7] EAMY
S 74 2 Aol webA, B =59 7BV F
skl 4 FA B IS ER 2

of o, A liﬂ & 20| dojd e 4 5 =l
Table 3. Probability of fault for basic event (%)
Event El E2 F3 F4 ES E6 B/a E8 E9 E10 | E11 | E12 | E13 | E14 | E15
Probability 0.9 0.5 0.1 01 | 005|005| 01 | 031 | 0.1 01 | 009|009 | 1.0 |003 | 04
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Other pathways (G2)
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Figure 10. Quantitative analysis and minimal cut set (Bold line: Minimal cut set)
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