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Geological CO2 Leakage @=

® Define the storage complex
» Primary/secondary seals
* Wells
» Injection, Monitoring, Legacy?
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The Storage Complex @=

Offshaore facilities
Monitoring surveys ‘ (

e ————— ® Important to distinguish
Overburden between Storage Site and
Storage Complex,
— . — \
— | conceptually and legally
i .. ® Storage Complex more

difficult to understand in
terms of coupled THMC

processes

1000m Ringrose - How to Store CO2 Underground: Insights from early-mover
CCS Projects, 2020




What matters and what we monitor —

Monitoring Area

Storage Cumplex
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£ Defined volume within a geological .| CO, movement within -~ -~
| . i e | ; 5 N\ ¥ 4 A"
v formation used for CO, storage and i the storage complex is ‘\ o K
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Hgisumated injection wells and pumpsﬁ e ::mm ie‘ qm’ €0, MEEmEnt utsIdE

- e / % F 5. \ )- the storage complex is
e - e b Rk g
conside@d leakage

Site and secondary containment formations
ie: surrounding geological domains that can
affect overall storage integrity and security

Complex and surrounding environment in
which maonitoring activities are performed

Shoulders and Hodgkinson, Geoenergy, 2024



Saline Aquifer vs Depleted Reservoir —

Pressure gradierjt



Pressure evolution in saline aquifers @=

Drillin Start of end of Abandonment Integrity of
CO2 injection injection abandonment
up to 50 years 10,000]years

Py above

hydrostatic =
b Potential risk of

leakage

n
»

fime

Reservoir pressurization Reservoir equilibration by
due to CO2 injection solubility/mineral trapping



Pressure evolution in depleted reservoirs @=

Drilling Start of end of Abandonment Integrity of
CO2 injection injection abandonment
30-50 years ago up to 50 years 10,000 years
i hte ¢
// Pgrgs generally
T below hydrostatic
P - Potential low
risk of leakage

v

fime

Pressure Reservoir . Reservoir pressure
Reservoir

drawdown due to pressurization due o . increase due to
i o equilibration o
HC production to CO2 injection hydrodynamic inflow 7



A thorough Risk Assessment is key! —

R S

Possible Risks

i’ 1422. Alien Invasion

1423. dity destroyed by
ANgry Monkey God

1424 Building eaten hy
| giant pig.

“Well he certainly does a very thorough risk analysis.”



ALARP —

® CO2 Leakage rates should be ALARP —
As Low As Reasonably Practical

A
® Leakage 1s legally defined, and rates E -
should be zero eemmeemnndt  —
® Realistic? No! What are monitoring % ALARP /
detection limits? Acceptgbility threShold

® What is a fraction of injected COZ2 that E:’
would be tolerable to leak? 0.01%, 0.1%, ACCERgRBLE
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Giray arrow indicates decreasing risk

From 1i and Lin, 2016 after Schlumberger
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Bowtie risk assessment @=

THREATS/

PREVENTIVE SAFEGUARDS CORRECTIVE SAFEGUARDS CONSEQUENCES
HAZARDS




Bowties - Barriers @=

Barriers
/W » Inherent / Natural
Faults/Fractures g/ co ﬁ People Impact Feature
2
i

» Geological Properties

~ » Operational Strategies
Release

from » Engineering (Design,
storage Equipment)
» Monitoring

> Corrective Action

Barriers

[ Conamination

Lateral Migration

» Public Consultation
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Geological leakage

Leakage via
| existing fault

and/or fracture
netwark

enhances
permeability or
causes shear
failure of existing
faults or fractures

Leakage via exisbing
fault andfor fractura

e bWk
Ef::{ac‘nsffmﬂi Well positioning: Wells Geological Properties: Geological Propertiog: Geological properties: Manitoring: Manitoring: Downhale
permezbility or positicned away from Fracture network Gralogical propertins Storage complex Geophysical monitaring of
fallure of existing axisting faults connactivity - size, of existing faults and prassure Is inftially suo renitoring during pressure, acoustics,
faults or fractures ENG Physical Barrier - leensity and crientation fractures act to limit -hydrestatic; pressure-| | injection checks that seismicity, If
E ¥ s af fractures bo provida vertical flow up driven flaw is COZ plume size and dewiation, gather more
Stress (pressure/ | L a pathway aul of the lowards the surlace raglrictad sehaviour is as data and re-assess
tamperature) - Tiolex - e s i
| ramsenan starage comple GEO Physical Barrier - | GEO Physical Barrier - | S8 flxli"‘ECtEfl- : f:':_‘:ii!f; ""Il:r:ﬁﬂ'&n:: Release from
primary seal GEQ Physical Barrier - Gealogical Geologleal EJ' i‘ g h,ﬂga Ve TP alter i-.'r-?:inn- ﬂch"n complex via
Geologlcal Ahe Al [EmEsses JEEtan | ' geology
models; intervene if

Molecular
diffusion / Capillary
Leakage

necassary to stop or | TS
alter injection pattarn. 2
MON Operational
Barrier - Mantoring

Acidic fluid
carrodes primary
seal (no fracture)

Stress, reactivity, ] H

clay swelling effects H
an E!'stlng Taults
fracture netwarks

Acid weakens
storage reservolr
farmation causing
cempaction and
failura af primary
saal

Work packages 2.1,
2.2, 2.3 asgess the
effect of these
mechanisms - see
Child bowtie

Lateral migratien

Third party
activities e.g.
drilling Inte
complex

Source: DETECT project
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TESLA - Technical Evidence Support Logic Assessment @ —

Shoulders, S., Hodgkinson, J., 2024. Geoenergy 2.

A) Complete certainty that the Uncertainty Hypothesis is true

B) Complete certainty that the Uncertainty Hypothesis is not
true

C) Complete uncertainty — no evidence to support or
contradict the uncertainty hypothesis

D) High-levels of uncertainty but some evidence to support the
uncertainty hypothesis

E) Significant evidence contradicting the uncertainty
hypothesis, but with moderate levels of uncertainty remaining
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TESLA for Clay Swelling

® Example: Clay swelling 1n
CO?2 stores can reactivate
faults

® One of the major geological
risks for the planned
Peterhead CCS project by
Shell

Busch et al..2020. Int ] Greenhouse Gas Control 94, 102924

Pasalve

safeguand

B

Argument

Evidence for argument

Evidence against
argument

Cbenmne

Minetalbogy

The quantiry of
smectite within the
storage seal may be
msufficient to
causE enongh
swelling,

Mong

Detniled laboratory
studies on caprock
samples clearly confirm
the presence of 'ﬂé_l:nlﬁrsl!\r
amount of smectite
(57w,

Crenmetty

I not compliant
with the above,
clay swelling enly
ereates @ build-up
in shear atresses
that extends across
the entire thickness
of the smrage scal
if there isa
significant
dizconunuiry in the
storage seal, e a
Farllr, wiith an offser
comparable o the
thickness of the
storage seal itself,

Faales wath throws (JF\;p o 33 m
have been mapped in parts of
this strucse: The mapped
caprock (U, Valhall/ Redby,
lower pare of the seal) thickness
i5 greater than the maximum
theaws of 33 m, except if the
reservoir were 1o extend further
than {Llrr{'ml:.' mnpp\_\d in the
ME. The inregrity of the upper
part of the seal (Hidea,/Plenus)
extending across the whaole
starage sl g, based an
.1n:||n::1_[\u_' fick . with a tnml
thickness in excess of possible
fault offsers,

The lower part of the seal
(U, Valhall / Ruscdby Fire)
is thin enough o be
offset by mapped possible
faules in a limdted avea a1
the extreme NE of ther
possible nccurrence; shear
failure for this part of the
storage seql wonld
therefiore be posaible. The
imtegrity of the wpper par
of the seal (Hidm &
Plenus) s considened
gtm._i_ bur on the basiz of
analogue felds only.

Threat can be excluded for
entir: storsge seal but a low
possibility semains if
Rawfby, U Valhall shales
ware the only seal; note thar
on the basis of

of the overlying Hidra &
Plenos are considered m be
good, Uncermintics ase in
the Morth of the seservoir,
whene the caprock
thickness decreases.

1 mor eomplian
with the aboee,
plastic deformaton
mechaniames in the
caprock may relax
the nduced shear
EINCES [0 PpICVENT
brittle shear type
failure within the
storage seal.

The higher the smoctite content
the safter the shale; it is
therefore more likely that
sweclling sipess penceated can
relax into the shale marrix, i.e.
more plasic coecp.

Analegpe data o the
R(sdh:.',-'[' Valhall shales
are rare/lackeng from
lirgearure; no direer
assessment possible ar
this podne.

This femaing a vapic of
high uncemainty and no
consistent or sutable
analogue data idenrified.
denailed Hreraruee and lal
sridics.

E.
g
&
2

i

1€ not compliant
with the above,

shear type failure
iy e i
Fanalt p¢r~mu;'=h Kiry.

1€ noe compliant
with all of the
above, clay
sweelling wall nor
bulld up @ swelling
s thar is
significant enough
o cause shoar
faabure of the seal.
Further rescrrair
FEOmeTTy vl et
allovar faule
reactivaton and
there is no
permeability or
pressuse drive oo
cause T tor leak.

A sufficienty large aren of a Faule
needs v undetgo shear falure in
Jevebop permeabilin
,"||(mg Fau s even i‘.-lu:m'k::l'hi“rr
weonald du‘c]np, Mz rates conld
he beloar the desecrion hmies of

fels STl

the monitomng installatons.

The peomesty of the neservoir
f_s-t.'n| thickness versus ]Illrllliu]
Fanlt offser) does nos allow shear
fatlure for the entire seal
scquence Wy cepour, Oy in the
very Morth of the meservoir a
small likelyhood remaing that
faalt offser is comparable o the
thickness of the lower part of

the seal (UL Valhall/ Readby Foas).

O in thee pugervoir
results inoa gras column
thar will always exers a
srall overpressure (<05
MPa) ro the cﬂ?rn:'l:
fellowing hydeostatic
PICSIUIC TTCOVELY.
Therefore, if the faulr i
permealile it will leak with
srnall bur significant fux
mtes, based on annlogue
and concepual data.
Smectite content coubk] be
sufficient to obimin shear
farlure and of the fault
wiuld become
permeable, the possibilit
for a pressure-drive for
faulr leakage eannot be
excluded

Thiz remarins a topic of
high uneersainey and an
RD» effort is negded 1o
solve this issee

TESLA classificatinn




Summary and Conclusion @=

® Geological risks relate to reservoir conformance and seal
containment

» Prediction of CO2 plume migration in subsurface means
understanding reservoir structure and heterogeneity

» Prediction of leakage risks requires understanding of fault and
(legacy) well location, number and condition

® Risk assessment is key in any COZ2 storage project and needs
to be conducted at several stages of the project, involving all
subsurface disciplines and key experts
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Clay swelling and fault reactivation
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‘ water

a interlayer cation

@) CO, molecule

Busch et al. 2020, Int ] GHGC
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