Y

norway
grants

Risk assessment’i A

Eric Ford, IRIS
12th October, 2016



(@3, Agenda oy

1. Overview of SOW for the Risk Assessment activity in
the REPP-COZ2 project

2. Area of interest
3. Risk identification process (completed)
4. Risk analysis process (completed)

5. Risk evaluation process (ongoing)
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Risk assessment framework:

Main objective: Assess the risk ISO 31000:2009
of carbon dioxide leakages from |
the storage system situated in +—E<tablishing the context (5.3

the LBr-1 gas and oil reservoir

(for the post-capture phase — transport-related ot assessf]-'e"t (54)
risks assessed as separate sub-activity, but not + Risk identification (5.4.2)
presented here)
Commal;nciication Monitoring
Main approach: Bow-tie consultation [T 7__Riskanabvsis (549 roviow (5.5
analysis to map causes, &2
preventive and  mitigating ‘[ Riskevaluation (5.4.4)
barriers, and  undesirable ,
effects (to humans, operations . Risk treatment (5.5)
and environment i
. Prewvention | ~ Mitigation

|

I -
(proactive) : (reactive)
|

|
|
Causes i Effects |
Causes | D—H Effects |
| Causes ! Effects

barriers - barriers -
prevention remedies
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Main concern: 51 abandoned oil & gas
wells, 22 of which were re-abandoned in
recent years.

Potential location of CO2 injection site
Town of Lanzhot

Morava river (drinking water supply for
the towns Hodonin and Breclav

Area was incorporated into the system of
protected areas of European significance
- Natura 2000 and is included in the
UNESCO Biosphere reserve

Both motorway and railway crosses the
area - the motorway D2 (part of E65)
from the North to the South and a
railway transit corridor from the NW to
the SE. Both the motorway and the
railway are lines of international
importance.

Area of interest and potential consequences
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Human effects
= Health dagradation
depending on
exposure levels
= Agricultural changes
= Water contamination
= Damage to
Infrastructure

Environmental
effects

= Damageto
flora,/fauna

= Changes to sail &
vegetation

+ Damage to animals
- Damageto
ROOSYEIEMS

Economic/other
effects

= Econornical
ramifications
= Degradation of natural
IESOQUICES
= Other




@ Risk identification B‘r’é‘ﬁ‘@"/

Using traditional RM techniques/ tools, each of the elements in the bow-tie

diagram will be mapped:

 What are the main causes initiating a leakage? l Left side of bow-tie

* What are the preventive barriers of the system?

 What are the mitigating barriers of the system?

 What are the consequences, with respect to
humans, operations and environment,

of a leakage?

Identification of leakage scenarios

Right side of bow-tie

____________________________________________

| Prevention ! | Mitigation |
Barrier h ol | sl Features, Events &
analysis Processes

(FEP) analysis

barriers - prevention barriers - remedies



Leakage scenario

Leakage through wells

Leakage from an
injection well to

atmosphere

Blowout from an injection

well during drilling

Leakage from an
abandoned well to the

atmosphere

— e - s s e s )

Reservoir leakage

Leakage through the
caprock due to gradual

failure

Leakage through the
caprock due to rapid,

catastrophic failure

Leakage through existing
faults due to increased

pressure

Leakage through induced
faults due to increase

pressure

Leakage through spill
points

Injection Well —
g CO2q = o

| eakage through——— —— -
induced fractures — — _—_

Geomechanical causes
= Local pressure increase near fault
= Pervasive pressure changes throughout

reservoir

= Pressure depletion

= Reservoir expansion

+ Fracture treatments
« waterflooding
* Cementing/WoO

= Too high injection pressure
» High near-well stresses
= Nigh near-well permeability zones

Geochemical causes
= Corrosion-related causes
- Cement degradation-related causes

Operation-related causes
= Improper cement job
= Improper completion
= Improper abandonment

Equipment-related causes
= Design-related causes
* Fabrication/finstallation-related causes
= Failure related to operation/maintenance
= Failure related to management
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Barrier type

Primary well barrier

Secondary well barrier, reservoir

Well barrier elements
(NORSOK D-010)

Well barrier elements

In-situ formation

Cement plug

Formation in-situ

Casing cement

Casing

Cement plug

Casing cement

Casing

Cement plug

Mudline conductor pipe hangerfzeal
Mudline surface casing hanger/seal

Mudline production casing hanger/seal

Surface plug

Potential breaches in
the well barriers

Mud line

Drive pipe

Conductor pipe

Production Casing

Producing Zone B1 Zone isolation plug

Focus: What are
the barrier

elements of the
system, and how
can they fail?



Name

Quintessa

Description

Risk Assessment
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5.2.2 Seal failure P‘ y T
F''E P

Borehole linings and seals {metal and cement) will evolve with time and may degrade. The nature of the evolution, and whether it will be
detrimental to seal performance, will depend on the temperature and stress conditions and natural fluid compositions in the deep reservair and
overlying rocks. This evolution may be influenced by the input of high concentrations of CO2. Any H2S present may accelerate corrosion of
metal linings. Cement will react with CO2 at high partial pressures and may underge a range of reactions in the presence of fluid with low pH
and appreciable concentrations of sulphate, chloride, and magnesium ions. Seal failure will occur if liners have degraded and corroded.

Borehole seals will be designed to minimise the likelihood of failure. Monitoring will typically be undertaken to ensure performance and to
mitigate any observed performance defects. The main risk therefore will typically be associated with the langer-term post-monitaring period.

L_ 4.1.15 Petrophysical properties
L— 4.2 Fluids

L_ 4.2.1 Fluid properties

L_ 4.2.2 Hvdrogeology

L_ 4.2.3 Hydrocarbons

5 Boreholes

L_ 5.1 Drilling and completion

5.1.1 Formation damage

5.1.2 Well lining and completion

5.1.3 Workover

5.1.4 Monitoring wells
5.1.5 Well records

Frrrr

-

.2 Borehole seals and abandonment

5.2.1 Closure and sealing of boreholes

5.2.2 Seal failure

rrr

5.2.3 Blowouts

5.2.4 Orphan wells

-

5.2.5 Soil creep around boreholes

6 Near-Surface Environment

L_ 6.1 Terrestrial environment

L_ 6.1.1 Topographv and morphology

L_ 6.1.2 Scils and sediments

5.2 Borehole seals

and abandonment

FEPs relevant to the dosure of borzhales drilled

within the system domain.
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5.2.1

Closure and
sealing for
boereholes

Features related to the cessation of CO2
injection operations at a site and the sealing of
injection and monitoring wells.

When 2 borehole is drilled to the potential
Storage reservoir, it creates communication with
possible overlying reservoirs and with the
surface. Cementing and abandonment
procedures are designed to permanently plug
such communication channel. At the time of well
abandonment, cement plugs tens to hundreds of
metres thick are placed at intervals inside the
well casing. The cement plugs ara commonly
located acrozs potential problem spots (.9,
perforations, casing shoes, top of liner, etc.), to
minimise leaking risks. Particular attention
should be paid to the guality of the original
cement job behind the casing string

The schedule and procedure for sealing and
closure may need to be considered in the
assessment.

¥ES (State of
sealing after
abandonment
will be assess -
leakage risk
during
abandonment

may not ba)

5.2.2

Seal failure

Degradation of borehole linings (metal and
cement] will occur with time, depending on the
natural fluid composition of the deep reservoir
and the input of high concantrations of COZ.

Any H2S present may accelerate corrosion of

YES




Mitigation
(reactive)

MOonItonng
*  Micrasesmic
*  Gas snalyzo
*  Soniclogging
= Wellhead PET

[ Onsmmumr._ “ﬂﬁshmnnrl'y

[] onshore & otshare

B Primary B Secondary use

usg

130140 surface seismic
Tima lapse 2D surface seismic

| Multi =)

Acoustic  Boomer | Sparker

SeiSMIC | imaging _uigh resolution acoustic maging |
ik

P

‘Well based

Sonar Bathymetry

Gravimetry




1a
1b

2a
2b

2c
Ja
3b

Human health damage due to a CO, leak

Human health damage due to mobilisation of other contaminants
{radon...)

Underground potable water supply pollution

Modified physical-chemical quality of groundwater and consecutive
impacts

Groundwater extraction yield reduction
Surface potable water supply pollution

Modified physical-chemical quality of surface water and consecutive
impacts

0 O ~N O

Terrestrial fauna and flora damage

Fish stock damage =

harine fauna and flora damage (incl. microbes)

Livestock damage

Pedological and microbiological impacts
Damage to buildings due to geotechnical motions
Increased greenhouse effect

Impact on the use of other underground resources
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Geomechanical causes
= Loczl pressure increase near fault
= Pervasive pressure changes throughout

reservoir

= Pressure depletion

+  Reservoir expansion

+ Fracture trestments
= wiaterflooding
= Camenting/\Wo

= Too high injection pressurs
= High near-well stresses
= Migh near-well permeability zones

Geochemical causes
= Corrosion-related causes
= Cement degradation-related causes

*  Casing c=ment

Operation-related causes
= Improper cement job
= Improper completion
= Improper abandonment

Equipment-related causes
= Design-related causes
= Fabrication/installation-related causes
= Failure relsted to operation/maintenance
= Failure related to management

Main approach:
preventive and mitigating Dbarriers,

(proactive)

‘well barriers

Casing
= Packer
= Completion
string
= DSV

= Casing hanger
= Wellhead |8V}
=  Tubing hanger

" Surfape tres

barriers - prevention

Mitigation
(reactive)

Operational
*  Microseismic = Injection
*  (Gas analysi
*  Sonic IDgging
" Wellhead PET
* DOownhale PET
D

pressures
= Reservair
pressures
=  Lo=s contraol
material
= Stop injection
= Relief well
* Foult
resctivation
=  Shuk-in
= Wellidll
= Repair
= PRA
= Pressurization

i
i
i
i
:
l  naconitoring
i
i
i
i
i
i

barriers - remedies

, A4.1 Risk identification - Summary
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Human effects
= Health degradation
depending on
Exposure levels
= agricultural changes
= ‘Water contamination
= Damage to
infrastructurs

Environmental
effects

= Damage to
flora/fauna

= Changes to soil &
vegetation

= Damage to animals
= Damage to
BOOTYEtEMS

Economic/other

effects
= Economical
ramifications

= Degradation of naturzl

resOurces
= Other

Bow-tie analysis to map causes,
and undesirable

effects (to humans, operations and environment




"(@5, A4.2 Risk Analysis

Main objective:

« Determine most important CO2 leakage risk factors,
 Quantify probabilities of leakage scenarios and

 Quantify effects,
e Assess uncertainties

(Primary focus on leakage from abandoned wells)
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Coarse probability assessments

Leakage scenario Classification
Probability classification table
1 | | = Ey Class Frequency of Description
occurrence range Leakage from an Mot expected nor anticipated to occur
(per year) injection well to
HR atmosphere
«o: Parameter-probability assessments
3506401 1 - Improbable < 10°€ Virtually improbable and Blowout from an injection | Not expected nor anticipated to occur
A unrealistic well during drilling
3,00E+01
/ \ 2 - Remote 10%- 10 Not expected ner anticipated Leakage from an Occurrence considered rare [/ Expected
2,50E+01 .
( \ to occur abandoned well to the to occur at least once in 10 years
Enz'UUEwl / \ 3 - Rare 104- 102 Occurrence considered rare tmosphere
2
%LSDBM / \ ‘eakage through the Virtually improbable and unrealistic
3
£ 1,00E+01 \ 4 - Probable 103%- 101 Expected to occur at least caprock due to gradual
;5,005+00 once in 10 years failure
2
ED,DDHDD 5 - Frequent > 107 Likely to occur several times a Leakage through the Virtually improbable and unrealistic
1,00E-05 1,00E-04 1,00E-03 1,00E-02 1,00E-01 1,00E+00
. ‘ ! : ’ : year caprock due to rapid,
Probability of abandoned well leakage[-] P P
catastrophic failure
Leakage through existing | Virtually improbable and unrealistic
1 1fi faults due to increased
Site-specific data
T Tt e L Br73 - well design after abandonmant pressure
Contucoscoing = s Leakage through induced | Virtually improbable and unrealistic
Li-lm = i depth 18w
by bred ] faults due to increase
— I— igeie seam
= 1o 12m pressure
iy v g = Coment plug
rammelB mhTm Leakage through spill Virtually improbable and unrealistic
Cament head oints
o depih 425 m ey p

T Comant plug
AT 482 m

Prodhtben chsing
s AEm |

Cormnt phog
RII - 1O

. dat pactorusion
W5 - A m
St pertoraticnn
1100 - 1188 m
Camani piog .~
1098 1208 m




REPP@ Abandoned wells — Leakage simulation
- framework

Objective: Quantify uncertainty on leakage-related
parameters based on available information, and quantify
COZ2 leakage rate and duration through the cement plug

a

well i y .
i I it :ﬁfmw 7[,3 . Framework: Wertz (2012): Report on analytical
rock F 4 : Leakage computation of leakage on a cement plug
Cement V4 | P q q A
( . Model parameters as probability distributions
-wel\ plug through plug P P Yy
. . Use a Monte Carlo framework to propagate
— or CaSlng uncertainty in the model
cement
o Input parameters to the model:
ﬁ;?\ Mud line
= ‘ B5 - .
. - B3 prive pipe e Overpressure (AP) of the reservoir due to CO2
g eSS _ injection. Not meant to exceed 20-30% of initial
Conductor pipe pressure'
B6
- erace Casig * Buckley-Leverett front propagation saturation (Sg)
> * Relative permeability at propagation saturation k.
Production Casing (ng)

e Cement plug thickness (€)

e Cement porosity (@)

e Cement permeability (k)

* CO2 density (0coz)

P, T, Salt, p, 4, Scoz I + CO2 viscosity (Hcoz)

e CO2 solubility (Sco»)

¢ Aqueous CO2 well potential (CO,,,)

Producing Zone B1 Zone isolation plug




Leakage simulation framework - parametersy),, .,
grants

&

2

- = = a el e Foral plug
Input parameters to the model: * Use specified plug thickness dae | thickoestnr | ehihnens o
where these data are
. BR-T T(5, 178, 300)|_T(20, 430,
known, l.e. for re- BR-20 T(5, 178, 300) | T(20, 430,
BR-22 T(5, 178, 300)_T(20, 430,
abandoned wells. BR-27 a2 i3
BR-34 T(5, 178, 300)|_T(20, 430,
. . . BR-35 (5, 178, 300)_T(20, 430, 1100)
. Oth@lese, create statistical BA-38 T(5, 178, 300) | T(20, 430, 1100)
. . . . BR-43 (5, 178, 300)_T(20, 430, 1100)
distribution on the basis of 2 TINN (1(5176.300) [1(20.430;
BR-45
the known p|ugs’ to BR-47 T(5, 178, 300)_T(20, 430,
BR-48 T(5, 178, 300)_T(20, 430, 1100)
BR-43 T(5, 178, 300)_T(20, 430, 1100)
represent the unknown BR-50 T(5, 178, 300)_T(20, 430, 1100)
BR-51 (5, 178, 300)_T(20, 430, 1100)
wells BR-52 T(5, 178, 300) | T(20, 430,
BR-54 T(20, 430,
. BR-55
« Cement plug thickness (&) BR-57 Ti5, 178, 300) | T(20, 430,
BR-58 . 178. 3001 T(20, 430, 1100)
Br73 - well design after abandonment BR-53 )| Ti20. 430,
BR-60 38 5.4
Distribution plot { Triangle distribution ) Surface Coment cap BR-E1 =11 214
Conductor casing peepss  |BR-62 140 6052
st Bl e son) 120,430,100
e 0] — m— e sean | BP0 o o
e — Production casing head Coment plug BR-66 35,2 131,58
100 200 EBR-E5 45 mzAar
D 7 Commers == in dopth 423 ~Comentoug BR-59 5 376.2
-29741m BR-TO 189 15
BR-T1 25 11343
BR-72 1173 1173
o Semantplog BR-73 102 324,53
BR-T4 11576 15T 6
BR-T5 T(5, 178, 300)_T(20, 430, 1100)
BR-TE 120 1643
BR-T7 33 7361
roduction casing BR-78 £0 M
1155 - 288 m BR-73 200 2614
BR-60 2964 69,1
BR-81 54 184,
BR-82 140, 392.9
Coment plug BR-53 183 3n
1028.33 - 10945 m BR-34 &0 B0
B eyl BR-85 30 110
BR-86 74 2432
s iosm BR-55 T(5, 178, 300)_T(20, 430, 1100)
fm%ﬂ: ER-83 12z 2554
R BR-30 54 1a1,7




L) Leakage simulation framework - parameterﬁ,’rway 4
yl

rants Plag
g n‘::mi permeabiity
fmZF

BR-7 U fE-15, 1E-20)
Input parameters to the model: * Degraded cement = 107*m? e WEp 20
(Fabbri) BR-2T  TUE-16,E-18, -2

BR-34 TME-16, 1E-18. TE-20

; _ -18y12 BR-35 THE=16, 1E- 18, E-2i
* Typical well cement = 10*°m BR-35 THE-16, 1E-18, JE-2L
(Fabbri) EF-43 THE-15, 1E-1, 1E-21
BR-dd UIrE-18, E-20
° We”_formed Cement — 10-20m2 BR-45 T(IE-1E, 1E-18, 1E-2C
: BR-47 TIIE-16, 1E-13, 1E-2L
(Celia & Bachu) BR-48  TIE-18,1E-18, TE-2
BR-43 UE-18, 1E-200]
* Assumed that re-abandoned BRSO UME-18, 1E-20)
. . BR-51 UHE-18, 1E-201]
wells in 2015 are «good» quality BR-52  U(E-18, TE-20]
BR-54 UE-18, TE-200]
o Assumed that BR-62 & BR-64 BR-55 TrE-18. 1E-18, TE-2L
BR-57 UrE-18, E-20
(b I owo Ut we I IS) are « bad ER-5& U:‘IE-18, ‘IE-ZEI;
q u al ity)) BR-53 LIME-15, 1E-20)
BR-E0 THE=16, 1E- 18, E-2i
R B I Id B BR-61 THE=16, 1E- 18, E-2i
¢ emaining wells cou € BR-62 LIE-TE, 1E-18]
« Cement permeability (k) anywhere within this region. e [Tt

BR-65 T(1E-16, 1E-13, 1E-21
BR-B6 IUME-13, 1E-200
BR-6T UME-15, 1E-20)
BR-65 IUME-13, 1E-200

BR-E3 LIME-15, 1E-20)
Good: U(1e-20, 1e-18) T e
BR-72 LIE-15, 1E-20)

Unknown: T(1e-20, 1e-18, 1e-16) % [ewis
Bad: U(le_181 1e'16) e [

BR-7T TME-16, 1E-18. TE-20
BR-TS TME-16, 1E-18. TE-20
BR-73 TOE-16, 1E-18. 1E-20
BR-50 T(E-16, 1E-15. 1E-20
BR-&1 T(1E-16, 1E-13, 1E-21
BR-G2 T(1E-16, 1E-13, 1E-21
BR-53 T(E-16, 1E-15. 1E-20
BR-Gd T(1E-16, 1E-13, 1E-21
BR-55 T(1E-16, 1E-13, 1E-21
BR-36 TME-16, 1E-18. 1E-20
BR-G5 UME-18, 1E-20)

BR-53 T(1E-16, 1E-13, 1E-21
BR-30 T(1E-16, 1E-13, 1E-21
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CO2 leakage through plug

CO2 rate:
Mean = 0,6 kg/year
Max = 30,7 kg/year

CO2 duration:

CH4 rate:
Mean = 0,3 kg/year

Max = 2.6 kg/year

Per we

OO0 eale (hgpese)

CHA4 duration:

Mean = 300 000 years Mean = 3.2 years

Min = 10 years

Min = 27 000 years

L1 ]
T



Sensitivity analysis

Cement plug permeability vs. CO2legkage rate om0z leaage e

CO2 leakage rate [kg/year]

[ L L L SEEEE
1,00E-20 1,00E-15 1,00E-18 1,00E-17 1,00E-16

Cement plug permeability [m2]

Cement plug thickness vs. CO2 leakage-tate: of cement plug thickness vs. co2

leakage rate

7

[=3]

(]

o

5]

%]

CO2 leakage rate [kg/year]

[y

0 2 4 6 8 10 1z 14 1a 18

Cement plug thickness [m]

1,00E-15

20
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Blowout simulations

Blowout simulations for hydrocarbon

releases using BlowFlow — CO2

releases inferred based on these

o

____________ l Model input

Oil & gas properties:

w

r“_ - o - —‘— — —1—

L ___N+1 | ] ] ] |

——m e ——

Rs,z, BOp,p,T, efc.

.;
I;
|
|
!

Mixture properties:
V. U p

Ap (pressure loss
across cell):

V. i, P

J (inflow from
resernvair)

Model output Well discretization Model framework



COg in air at 1 atmosphere (%)

3
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Carban Dicu o Mux Gamai o4}

T

- | T'hresholds

Zone IV: Dizziness, stupor, unconsciousness

F—|

—

Zone I1I: Mental depression, headache, dizziness, nausea

—_—
in depth

——
_@T;lemu‘mmm ln‘n doublii
I T

Zone 1: No noticeable effect
| I

0 k] -« 50
Time, minutes

Environmental

Class Safety Operational
q es q es q es
1- Medical treatment, 0-10M USD Small scale and short

Insignificant

minor health
effects, first aid

case, or less

recovery time

norway
grants

Simulation res

2 - Minor Medical treatment 10-100M USD Large scale and short
with restricted duty recovery time
or medium health
effects
3- One or more lost 100M-1MM USD Short scale and long
Moderate time workday cases recovery time
or significant
medical treatment
4 - Major Permanent 1-10MM USD Large scale and long
disability, multiple recovery time
hospitalizations, or
major health effects
5- Fatality, Public > 10MM USD Large scale and long-

Catastrophic

hospitalization, or
severe health

effects

lasting effect or

permanent damage

[F] Effect of exposure on | Leakage type Duration u
exposure | human health m? reaches
loval [%6] axposura laval
Maximum allowable Mean leakage = 0.0005 6.6 days
concentration at tons/year
waorkplaces
Max leakage - 0.0105 8 hours
0.5 H
an blowout = 0,15/tons 0.5 hours
year
Max blowout = 5.7 1 minute
tons/year
Breathing rate Mean leakage - 0.0005 19.8 days
Increases to 404 tonsfyear
above the normal level
Max leakage - 0.0105 0.9 days
tons/year
1.5
Mean blowout - 0.15/tons 1.5 hours
year
Max blowout = 5.7 2.5 minutes

tons/year



Consequences - humans e

Y

CO2 Effect of exposure on | Leakage type Duration until 1
exposure human health m? reaches
S evosurelvel - Time to reach various
m R
Maximum allowable Mean leakage - 0.0005 6.6 days \402 Concentratlon
concentration at tons/year ( H
a)
e levels (assuming CO2
Max leakage — 0.0105 8 hours is trapped)
tons/year
0.5
Mean blowout - 0.15/tons 0.5 hours . .
year Dispersion of CO2 - Leakage from abandoned wells
1,00E+00
Max blowout - 5.7 1 minute 1,00E-01
tons/year
Breathing rate Mean leakage - 0.0005 19.8 days 1,00E-02
increases to 40% tons/year
above the normal level 1,00E-03 Varlatlon In C02
Max leakage - 0.0105 0,9 days =
tons/year y MR concentration level for
1.5 (=] - .
.. 1,00E-05
Mean blowout - 0.15/tons 1.5 hours =] dlfferent Wlnd Speeds
put
year S 1,00E-08
=
Max blowout — 5.7 2.5 minutes T 1,00E-07
tons/year g
Breathing increases to Mean leakage - 0.0005 66 days o 1,00E-08
u
approximately four tons/year = 1 0DE-08
times the normal rate, = ' =
=
symptoms of Max leakage - 0.0105 3.1 days g 1 0DE-10
intoxication become tons/year .;Lg '
5 evident, vertigos, slight 1,00E-11
feeling of choking Mean blowout - 0.15/tons 5 hours
year 1,00E-12
Max blowout - 5.7 8 minutes 1,00E-13
tons/year
. v 1,00E-14
unconsclousness Mean leakage - 0.0005 132 days 10 50 100 200 00 500 1000 1500 2000 2500 3000 5000
occurs more rapidly; tons/year o ind dict [ ]
oWnwin Istance [m
prolonged exposure Moming: windspeed= 6to 9m/s, lightinsolation, dear cloud Moon: wind speed = & to 9my's, strong insolation, dear doud
may result in death Max leakage - 0.0105 6.3 days —— Night: wind speed =3 m/'s, doudy —— Night: wind speed= 0,1 m/'s, cloudy
from asphyxiation tons/year
10
Mean blowout - 0.15/tons 11 hours
year
Max blowout - 5.7 17 minutes

tons/year




@ Task 4.3 Risk evaluatior®

e Dominating risks in the CCS system related to CO2 leakage

e Findings vs. acceptance criteria set for the system

e |sthe level of risk presented in a format that is suited to guide relevant
decision making?

e What information has the most value? (Can be evaluated from the
results of standard value of information (VOI) analysis).



Evaluations — cement plugs oy
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Br73 - well design after abandonment

Surface ____Cement cap I
casing . - Stoel plate
I 18-18m _,| {,__ in dopth 1.8
Surfaco casing = Comant plug
15-z0858m | [ 1.8 - 46.42 m I
I I I Lignite seam
108 - 112 m
Production casing head T~
I e iy e | [N | Coreriets, |
k. - -
. Well b I
P -.\_ | ell barrier evaluations
I in depth 425 m Coment plug
Mud| 2564520741 m
L Length |Cement plug
I - I well Perforation interval [m] Cement plugs aboue top |couers entire | Evaluation
" Ccrmcr: plug From To From To perforation |perforation
3077 - 48256 m I BR-G 0665 070 T04E3] 10728 Length OF, perfor ations entirely plugged
I BR-EE JUEE] 101 1037 150 Perforations plugged, but length < 30 m
083 1093 TIRIT| FYEIA Length OF, but perforations are not plugged
ER-66 1098.§| 1085 TT4E 1140 Length Ok, perforations entirely plugged
Mud W I I b d m Mo data available
I . i e a‘ a'n O n e nt 0n7a 095 9573 145 Length O, perforations entirely plugged
Production casing i ER-62 10045 msq 957,3] 11045 Length OK, perfar ations entirely plugged
I SC h e m a_t | C s I T4t T4ES BTZE 367 Length OF, perfor ations entirely plugged
ER-E3 Mo perforations listed
ER-T0 101 10 041 30 Length O, perforations entirely plugged
I I 19335 1937, 910 35 Length < 30 m, perforations only partially plugged
1304 130 1837 T Length OF, but perforations are not plugged
BR-T
‘Mc;;;n_n:‘g:gm 771 17 9278 | Length OF, but perforations are not plugged
- Jet perforation I 10E7 170E 9275 1726 Length OF, perforations entirely plugged
I 10015 - 1094 5 m ER-T2 oz e 2 175 Length OF, perforations entirely plugged
Mud Lt perforations ER.73 18110%' m‘E‘ 102?28 ; ;1;32 Perforations plugge.d. but Ie_ngth < 30m
] gy i X 2 X Length OK, perforations entirely plugge:
I Comant plug Wy BR-T4 10955 1Uq 18,6 Length OE, Eerforat!ons entirelg plugge
1098 <1200 m 95,5 2965 18,6 Length OF, perforations entirely plugge:
T0 1200 m aer oot w e I BR-T5 Mo perforations listed
I - ER-TE 1036 0975 1060 180 Length OF, perforations entirely plugged
P & A re q uirements ER-77 0z 10 04335] 10,3 Length (K. perforations entirely plugged
I BR-T& 1036 iz 952 087 Length OF, but perforations are not plugged
I 25 [E| 950 1180 Length OF, perforations entirely plugged
ER-T9 10905 1094 880 180 Length O, perforations entirely plugged
1012 1015 280 180 Length OF, perforations entirely plugged
I BR-50 1096 1106 915,65 1180 Length DK, perForat?ons ent!relg plugged
1021 nzzs SI5ER 180 Length QK, perforations entirely plugged
ER-31 93 5| 1024 1054, ength OK, but perforations are not plugged
I Min. 50 m I ER- 0335 10332 Length Ok, perforations entirely plugged
ER- 97 1037 1 | Length O, perforations entirely plugged
ER- 150 152, e Unknown plug interaal
Min. 30 m I EF-35 1093 o7 [ IS Perforations plugged, but length < 30 m [partially unkna
Min. 30 m ER-26 M35 1045 33| 10707 Length OF, but perforations are not plugged
ER-82 Mo perforations listed |
I ER-83 1084] 102 057,32 1180 Ferforations plugged, but length < 30m
I ER-90 147 151 1097 1155 Length OK, perforations entirely plugged
| Min. 30 m |
I Min. 30 m| I
I Case 2: Perforate casing Case 5: Uncemented casing removed I

CBU Decree No. 239/1998 Coll., safety and occupational health and safety in mining and

I processing of oil and natural gas and drilling and geophysical work and amending certain I
regulations to ensure safety and occupational health and safety in mining activities and

I activities perform mining, as amended by Decree No. 360/2001 Coll CBU, Decree 298/200
and Decree No. 52/2011 Coll.

N |



RIS

matrix

1 - Insignificant 2 - Minor 3 - Moderate 4 - Major & - Catastrophic
Consequence Safety Medical treatment, Medical treatment One or more lost Permanent Fatalty, Public
minor health effects, with restricted duty | time workday cases disahility, multiple hospitalization, or
first aid case, or less or medium health or significant hospitalizations, or severe health effects
Probability effects medical treatment | major health effects
Operational 0-10M UsD 10-100M USD 100M-1MM USD 1-10MM USD = 10MM USD
Environmental Small scale and short Large scale and short | Short scale and Large scale and long | Large scale and long-
recovery time recovery time long recovery time recovery time lasting effect or
permanent damage
E
1 Improbable =10 Leakage through
faults, fractures
Leakage into aguifer
2 Remote 108 - 10 K ¢ N i h - ) -
Leakage from an injection well to atmosphere Blowout from an injection well during dnlling
Leakage from an abandoned well to atmosphere
3 Rare 10%- 10° & P
4 o o -
5 - o --
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Abstract

The storage of CO, in depleted oilfields i1s one of the possible measures for reducing CO, emissions to the
atmosphere. In parallel with the technical feasibility study. a risk assessment focusing on storage risk and reliability
need to be undertaken prior to CO: storage. This is to demonstrate that the quality of the storage site, often formulated
as the risk of CO: containment failure, is acceptable. Legislations in various European countries state such risk
assessments shall be provided as part of making a decision with respect to accepting a storage site solution. However,
the details and the choices on the risk assessment approach itself are often arbitrary. In the REPP-CO2 project. a
research cooperation initiative between Czech Republic and Norway, the main goal is to evaluate the feasibility of a
storage site in the Vienna Basin, in the southeastern part of the Czech Republic. As part of the REPP-CO2 project,
two different approaches have been selected for performing the risk analysis part, namely the features, events and
processes (FEP) approach and the barrier analysis approach, to quantify storage risk. This paper elaborates both
approaches and presents strengths and weaknesses for each of them, with respect to work process scalability, available
analytical modeling tools, their role in a classical risk assessment context, uncertainty treatment, system suitability
and their effectiveness with respect to communication of results. To highlight different aspects of comparison,
examples from the Czech storage site candidate are also described in the paper.

@ 2017 The Authors. Published by Elsevier Lid.
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