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DETECT Integrated geological CO, leakage risk assessment

Determining the risk of CO, leakage along fractures of the primary caprock using an

. L . . INTEGRATED GEOLOGICAL CO,
integrated monitoring and hydro-mechanical-chemical approach [EAKAGE RISK ASSESSMENT
Objectives Collaboration
+  Shell-led consortium will generate CCS industry - WP1 Project Management

leading guidance for managing geological CO, . Shel

storage risks allowing stakeholders to:
RISK ASSESSMENT Perform effective caprock and seal

integrity risk assessment
INTEGRATED MODELLING Select realistic and efficient

WP2 Fracture Characterisation
Heriot-Watt University
RWTH Aachen University

WP3 Hydro-mechanical and

leakage rate modelling approaches > ‘ -, 'Y hydro-chemical modelling
LEAKAGE RATES Understand realistic leakage rates and \\‘Vj ( . Shell
related implications +  Heriot-Watt University
- MONITORING Select cost effective and innovative WP Containment Monitoring
containment monitoring technologies . Shell
- COMMUNICATION Communicate clearly and logically . WP5: Risk Assessment

assessed caprock risks Risktec Solutions

The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend November 18 3
Nederland, the Bundesministerium fiir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy, UK.



INTEGRATED GEOLOGICAL CO,
LEAKAGE RISK ASSESSMENT

WP1 - Project Management

Update




Work Packages

M = Month MO 2 et
%) WP2 Laboratory
—..CE samples
o M3 M3
=
Si'CIi'US = WP5 Build initial
o bowties/risk models
1. On Track with Deliverables £ M4
. . - M12
« No major delays or issues
, M10
2. Excellent Collaboration November 2018
WP T2.1 Fracture

«  Regular virtual meetings and email
contact among all partners:
- WP3 biweekly progress meeting
Shell with HW
- 'WP3 and WP5 every three weeks
progress meeting

« Regular F2F meetings:

Shell visits to partners
- 3 meetings/workshops, 4th

planned in January

The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend
Nederland, the Bundesministerium fir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy, UK.




WP1 Project Management

=

Deliverables o conms

D1.1. Dissemination plan and (completed first fedlhon) o
.FF'. Light Reports 1-4 to RVO submitted on time, no maj
Trattic Lig

i d
D1.2. First annual meeting report complete

Workshops/Meetings

S’ I: 4
p 4

Centre Amsterdam . in at Risktec in
TeChnotgy‘Mth 2017: 1¢ bowtie/ln’regrohon workshOp in at Ris
November ’ )

4 °

iversity in Edinburgh
ing at Heriot-Watt University in . ) hen
neene 21-22, 2019: Planned Integration workshop in Aac
January 21-22, ’

D ETECT

LEAKAGE RISK ASSESSMENT

DETEC TINTEGPATEDGEOLCGVCALCO: LEAKAGE RISK ASSESSMENT

Dissemination Plan

Navember 2017 August 2020

EXECUTIVE SUMMARY
DETECT has been fundeq through the ERANET Colund ACT (Accelerate Cg Technologjies
coordinated by fhe Research Council of Norway (RCNJ), the European Commission [EC) and funding

gencies of pormer counjries 1BEIS, RVO, BAWGE), Shelf iy the projiect lead of ths 2.7M Euro Joyeqr

Project that started in September 2077,

The project aims 1o generate guidslines for assessing the risk of Co, leakage whers there may be
in

fauls and fracyres Primary coprock using on infegrated ronitoring and hydro-mechanical.
chemical approach,

EC & ACT Funding TEqUires generating o dissemination plan which outlines haw the knowledge
gained from this Project is disseminated lie. sharing ressarch resuls wih Pofential users - peers iy
the research field, indusiry, other commercial players gnd policymakers). This plan should be
reviewed annually gnd jf fecessary updaied to foks advantage of neyw communication epportunitiss,

Leading a focysed extemal colloboration wif allow us ko adldress one of the outstanding ifems reloted
o CO storage containmany the assessment of leakage risks reloted to fauhs. This s porficularly
relevant when considering vpsealing to Gt €0, storoge if we want 1 achieve the net-rery emission
eenaria. For large scqle implementation of carbon caphyre and storage (CCS), we may not be able
10 only select perfucy sifes fike Quest ang Goldeneye, but muyst consider and Pofentially manage

Dissemination of the profect resyfs 5 reuired by the funding agencies a5 they would fike to see
Positive impact tawards the goal of accelerating large-seqle deployment of cCs Communication of
results vill proyide guidelines for operotors, insights for regulators and ic
frust, thys facilitating societal aeceptance. Collaboration geross the industry and with technica/
Sxperts may lead to addifiong] developments further impraving slorage security,

November 18




WP1 Project Management

Dissemination Activities

Workshops/Industry Conferences
- Marcella Dean (Shell) ACT knowledge sharing workshop (October 24t, 2017, Bucharest)

Il E C T

«  EERA-CCS Joint Program Steering Committee meeting
- Andreas Busch, Stephanie Zihms (HW) poster at the EGU meeting (April 12 2018,

Vienna)

- Florian Doster (HW) talk at PROTECT workshop (April 2018, Geilo, Norway)

- Marcella Dean (She”) year] poster: 1) at GHGT-14, 2) at Curtin University and CSIRO; 3)
at Shell Geophysics Conference

LEAKAGE RISK ASSESSMENT

Determining the risk of CO; leakage dlong fractures of the
primary caprock using an infegrated monitoring and hydro-
mechanical-chemical approach

Collaboration

Focused consortium wihh

recognized rechnology expers:

+ Shell Glebol Solutions
Inbernational B.V. Project bead,
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. + Rigdec Solutions B.V. Rk
e i casessmert with quoliative and
quortiotive bowtie analys s

. . . . m‘:ﬁ;yms Menivring fosbilysndes
- Niko Kampman and Kevin Bisdom (Shell) will present at EAGE CO2 Storage Workshop ot : g:%{%j;
properties o ﬁn&x&d onfrocture flow

in Utrecht 21-23 November 20018

Online Presence

2

Rt bom & DAS micresazmic mashorng facsiit
i2r o e Paehace CCS grcjes iz

. : ‘l’qm:nmm«;mmm
- DETECT page on Research Gate website: - st
Filows in ook do trom sordrivafor bevtis e ok
GeoEnergy Research Group at The Lyell Centre |, ... /T —.
ResearchGate 371 READS! 9y up y oo PR e
° DETECT WebSife ViG HWU WebSite: HOME RESEARCH PEOPLE PUBLICATIONS VACANCIES COLLABORATORS LA j# l; ‘! ';'_——:;_ )
R E P = E
https://geoenergy.hw.ac.uk/research/detect/ DETECT Ry RE, am— 4o
«  Press release on DETECT by HWU in January 2018
qf;;c/r EMEEI()T ml AACHEN Tlvlvl‘lﬁhemland“'* éé‘; nnnnnnn
The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the Eurc S @ SRLE T UEST sk e November 18 7

Nederland, the Bundesministerium fiir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy; UK
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INTEGRATED GEOLOGICAL CO,
LEAKAGE RISK ASSESSMENT

WP2 - Fracture Flow, Mineralisation, Clay Swelling
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WP?2 lead: Andreas Busch, HWU

WP2 - Fracture Flow, Mineralisation, Clay Swelling

WP2 will test sensitivities of leakage rates along fracture networks T

Water Table o 3

or fault damage zones to fluid pressure, chemistry, mineral reaction |

Aquifer
Secondary

rates, saturation changes and effective stress changes to generate

shaiow || - T N\ My
Aquifer

the necessary input parameter for leakage modelling in WP3.

Primary Seal/

- Objectives e

>800m

. Identify and analyse factors controlling fracture flow as a function of

storage reservoir

temperature, pore pressure, confining stress, mineralogy or strength .l'
pq rc mei-e rS G aquifef flow d.irection .
<—— advection/capillary trapping
- Significantly improve fundamental understanding of the impact of CO, M
induced expansion of swelling clays in fractures Fault leak scenario highlighting three

- Determine effects of CO,-induced water-rock interactions on transport processes that will be studied.

through fractures
WP2.72. WP2.T3. Clay

- Collaboration Wi%éy'.sf:eclscst_ure Mineralisation: Sweyfing: clc?/ swelling
. S . : ineralisation i ti f
- Heriot-Watt University, RWTH Aachen University, Shell IRD permeability relations mm?rrgclfui;jn " ¢ eggﬁmﬁi o




WP?2 lead: Andreas Busch, HWU

WP2 - Fracture Flow, Mineralisation, Clay Swelling

T2.1. Fracture Flow Experiments Isotropic and triaxial cell measurements of brine
and CO, flow in fractured mudrocks as a function of effective stress

- Parameterize stress-perm relationships for numerical simulations

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
: :
1 1
: Piston i

1
1.E-09 1.E+06 | :
% ! :
1.E-10 o ° 1.E+05 @ Zhang et al 2013 OPA : X
o, . 1
1
1.E-11 1.E+04 Davwy et al 2007 CO : 1
.sam\;l)letl e : 53 :
1.E-12 1.£+03 . |::> !
° . ® Davy et al 2007, COX 1 :

° sample

1E-13 e “cu,, 1.E+02 he’ : -
®ee, .: __, ®Choetal 2013 Bakken 1 ! :
~ 1.E-14 ® ®e 2ae o 1.E401 o fracture I I
.g, ¢ ¢ ° o E ® Cho et al 2013 Bakken 3 : :
~ 1.E-15 1.E+00 : Fracture 1 :

1
° Cuss & Harrington ! !
1.E-16 LE-01 0t !
1E-17 1E-02 ® Cuss & Harrington 2016 : :
® ° Kaolinite : :
1.E-18 ¢ 1.E-03 @ Cuss & Harrington 2016 : :
° ® COX 1
1.E-19 _ 1.E-04 , | !
%::8..... @ Gutierrez et al 2000 : |
1.E-20 1.E-05 ! !
0 10 20 30 | !

Peff = PC-Pf [MPa]
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WP2 - Fracture Flow, Mineralisation, Clay Swelling

WP?2 lead: Andreas Busch, HWU

Calcite precipitation?

Narrow diameter capillary
- Constant pressure gradient over length
- Transparent: Visual observations

Chemistry

Continuous monitoring of:
- Pressure gradient over capillary
- Water pH, conductivity and chemistry

1

:

. Water supply: - effect on AP

. -pCO2 ~

| - calcite saturated (
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| Syringe pump:

! flow control

1

T2.2. Mineralisation Experiments

Study impact of CO, promoted corrosion and mineralization on fracture self

sealing behaviour.

«  Understand controls on mineralisation (e.g. nucleation, saturation)

Critical supersaturation required for precipitation (nucleation)

T=45°
V5 a
He inlet
(gas bottle)} v4
CO2inlet
(gas bottle) 3
H20 inlet

(HPLC)

.Isco
syringe pump

CO2 outlet

(sorption)

T=60-80"C

optical
displacement
sensor

or

( back-pressure,
burette,
bubble flow
Hf 0 meter)
€02 aq.

inlet
(Reservoir)

T12.3. Clay Swelling Experiments

Study effect of CO, promoted clay swelling on fluid transport in smectitic

mudrocks.

+  What parameters control CO, swelling?

closed

B outflow

PdO wn

in-line filter

in-line filter C )

Flow rate = f{sample composition, fluid phase, pressure, temperature)




WP?2 lead: Andreas Busch, HWU

WP2 - Status 1st November 2018

Temperature control

Marrow diameter capillaries
F'urnp Oven Oven == Constant press_uEa radient
=> Transparant: Visual observations

6 Cr-Alum precipitation

T Contnioss oty ol
Ll
15 16 77 T8] the capillaries

Afthn || [2G & [Photometer]

Status
T2.1: Fracture Flow Experiments on track

Triaxial cell delivered; currently setup and testing.

All testing samples identified, and samples collected T1 im| |[12&
. Flow control Direct relation between extinction
from most case studies L] 2 Amoun of precipnaton "
El_un;én wous mnitnning
Farﬁparal{:.lre gradient TE
L] . . . 1-4 1.4
T2.2: Mineralisation Experiments on track E SWy-2 smectite SWy-2 smedite o
Phase One capillary experimental set-up built and &% [ 2= e -5y 2,Co, 116
5 ', ~~~.‘ % -@-SWy-2, Ca, 32% RH
. . £ ) \ a0 1. -2, Ca, 47%
experiments on-going EN] \ = e
s | \Ca - exchanged £
'-g- 08 ! \ : 0.8
S e §
. . @ A s
T2.3: Clay Swelling Experiments on track goc i » 5 o
& & ﬁ
. . (@) Q
CO, sorption as a function of water Qoer Na - exchanged s 0
E o
o . . £ o
content finished, experimental set-ups for flow 307 o2
1 | : s s s s s . 0.0 ' : - -
measurements built and experiments underway e ee— ——

H,0 content [mmol / g clay] CO, bulk clljnsity Iikg/] 213] 5
ovember



LEAKAGE RISK ASSESSMENT

Fracture geometry Original aperture map Calcite precipitation map

Acceleraﬁng



WP3 lead: Jeroen Snippe, Shell

WP3 - Fracture Characterisation and Modelling

Reference
Solutions Meso-scale
WP3 will characterise 2D/3D fracture network pattern for flow Fine-Scale
) . . . . Link fine and large scale Transfer Functions
mode/lmg. It WI” GISO perform Innovative hydro-mechanlcal- Identify efficient representations of key processes
|dentiFy l(ey geometric features
chemical CO, and brine leakage modelling at fine-scale, meso- | |‘ Develop transfer concepts
scale and large-scale. Results inform WP4 and WP5. &j Large-scale
|
. 1ecti Boundary || |
%ledlves Conditions ra / ._ e
1. Develop and apply a predictive modelling workflow for realistic CO, i S
and brine leakage rates along realistic fault/fracture damage zones Discrete Hierarchical Fracture  Effective I\t
) o . Fracture Model (HFM) / Medium
through the primary caprock and continuing into shallower formations Matrix Embedded Discrete Theory
. . Fracture Model
2. Incorporating effects on fracture aperture of mineral Boundary
Shell
. . S . : i Conditi
dissolution/precipitation and clay swelling From fine to large scale modelling. endens
- Collaboration
Shell IRD, Heriot-Wait University, University of Cambridge \{;/P::'-[] 'nZBv/SrE WP3.T2. Fine-scale WP3.T3. Meso-scale || T3.4. Lor?e-sccﬂe fault
actv eﬂ (:n © mode||in? of flow in @ modelling and zone leak path
har ﬁar.e b for single facture and upscaling of flow in modelling of storage
chgraciersanon 1o connected matrix fault damage zones complexes

flow modelling




WP3 lead: Jeroen Snippe, Shell

WP3 - Fracture Characterisation and Modelling

T3.1. 2D/3D fracture network pattern T3.2. Fine-scale modelling of flow in a single fracture and connected
characterisation (HWU) matrix (HWU)
Establish database for fault attributes and Implementation of the constitutive stress-fracture permeability relations
map fault damage zones for flow modelling derived from laboratory experiments into fine-scale hydro-mechanical model
for single fractures considering RTM and clay swelling
Fault zone
> X
/ X f g/ >4
\L 4 7 \</ X ’ : g /// 2
Protolith \ ; A \ / Protolith < e .
\[\\ | N /\\// e
Y ' PEASY T 05 I 8
s ‘—’T Fracture 28
% 3
w2 &
k (m?) 10"*-10"°
-g -— Hydraulic aperture "G
2 ' 8
£ :
[%2] «—
: ’ o 2
(b) 107-10" g7 2
5 I; . 1E05 + — 8
O ) 0 0 40 6 8 ')
E el il o Fracture geometry Original aperture map Calcite precipitation map
The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend 15
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WP3 lead: Jeroen Snippe, Shell

WP3 - Fracture Characterisation and Modelling

T3.3. Meso-scale modelling
and upscaling of flow in fault
damage zones (HWU)
Meshing and modelling of fault
damage zones and fracture
networks to simulate flow of
CO, through fractured and
faulted caprock

T3.4. Large-scale fault zone leak path modelling
of storage complexes (Shell)
Modelling of CO, and brine flow in fault/fracture

systems in storage complexes

CO2Ws5

Green River

Mancos
Shale
Summerville

Formation

Curtis
Formation

[‘ Entrada

[ |Sandstone
Carmel
Formation

Little Grand
Wash Fault

The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend
Nederland, the Bundesministerium fiir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy, UK.




WP3 status 15t November 2018

Status

T3.1.: Fracture network pattern characterisation, sample
collection and experiments on track
Close working relationship WP2-WP3 to design

experiments that will constrain the models

T3.2 — T3.4: Integrated fine-scale to large-scale modelling
workflow design completed e

Agreement on representation of all considered physical- o

chemical processes at all three model scales

20 4 60 80 100 [ 50

Model implementation on track

The deformed grid X%lplmnnm in the y direction

Working models at all scales. Physical-chemical processes

and realistic fracture geometries gradually being included

0 20 40 60 8 100

dose interaction with Risktec (WP5)

Ensure consistency with quantitative risk assessment models Fine

The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend

Nederland, the Bundesministerium fiir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy, UK.
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WP4 - Containment Monitoring for Caprock Integrity

Accelerahng




WPA4 lead: Marcella Dean, Shell

WP4 - Containment Monitoring for Caprock Integrity

WP4 will select cost-efficient and effective caprock monitoring
technologies which will be incorporated as active safeguards in

bowties and quantitative risk assessment models (WP5).

- Objectives

1. Identify which containment monitoring technologies can act as effective
and efficient barriers to the risks posed by CO, leakage along fractures
of the caprock

2. Give a comprehensive overview of selected containment monitoring
technologies with their respective detection threshold ranges for a

number of investigated leakage path scenarios

. Collaboration

- Shell IRD, Risktec, CaMI.FRS, Otway Project WPAT] Overview

of relevant

containment
monitoring
technologies

Effective Fold map. Bin size=12.5m.

y-y0[m]

-1000 -500 0

500
*-x0[m)

Goldeneye DAS VSP feasibility study.

1000 1500 2000

WP4.T2 Identify
monitoring
technologies suitable
to defect leakage
across caproci

WPA4.T4 Identify
detection thresholds
based on results
from T3 and other
WPs

WPA4.T3 Perform
feasibility studies for
selected monitoring

technologies

WPA4.T5 Incorporate
results as active
safeguards in bowtie
with WP5

N¢ 18 19



WP4 - Overview of Tasks

» T4.1: Overview of relevant containment monitoring
technologies

- Draw on literature and the internal experience from the MMV of the Quest
and Peterhead CCS projects. Overview ready for bowtie workshop

- T4.2: Identify monitoring technologies suitable to detect
leakage across caprock

Reduce the list of potential technologies based on leakage scenarios, the

potential to perform the required monitoring tasks (resolution, space, time),
technology readiness, innovation, cost

» T4.3. Perform feasibility studies for selected monitoring
technologies

- Shortlisted CMTs will then undergo individual feasibility studies considering a
number of different leakage scenarios across the caprock

+ T4.4. Compare Modelled Fracture Flow Rates and
Expected Monitoring Performance

- Compare redlistic leakage rates from WP2&3 with monitoring sensitivities to
determine detection threshold ranges

WP4 lead: Marcella

s
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Incorporate safeguards in project risk assessment




WPA4 lead: Marcella Dean, Shell

WP4 - Status

Formutas D@ Review  View SHELL WIZKIF
Bad

Status

Deliverables on track:
omal |
Neutral

. OVe r .
iew of caprock i :
Infegrity monitori P
technologies has b lforing b
on pleted (comprehensi :
and offshore) nsive for 4 A
3 Geoph\jsical Monitoring
° Feq M b of- 2 | Monitoring Syste™ B Acvonva] information Gained B Availebility B Coverage E Notes B Reference
S I I I ty Sl'U d i e - Time-lapse 3D vertical seismiC VSP3D 3D distribution of CO2 plume On demand, winter only (QUEST) within 1km of the wellbore Considered for Quest 2011 MMV internal Reports
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m Time—iapse surface 2D seismic SEIS2D 2D distribution of CO2 plume on demand, winter only (QUEST) Entire CO2 plume final Quest MMV Internal Reports
| 7 ] surface microseismic monitoring SMS Micmseismi: catalogue Continuously, or on demand Underneath geophone array Considered for Quest 2011 MMV nternal Reports
pown-hote micrcseismic monitoring DHMS Microseismic catalogue Ccmt'muous\y, or on demand <600m of monitoring well Final Quest MMV internal Reports
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WP5 lead: Sheryl Hurst, Risktec

WPS5 - Qualitative and Quantitative Risk Assessment

WP5 will integrate learnings from DETECT into qualitative and
quantitative bowties to serve as an industry guideline for risk

assessment of CO, leakage across fractures in the caprock.

Objectives

1. To develop bowtie diagrams depicting the natural pathways for CO,
release from subsurface storage and the measures in place to
prevent/mitigate the risk

2. To develop a quantitative risk assessment model aligned to the bowtie,
using output from the other WPs to determine prevention/mitigation
measure effectiveness

3. To calculate relative risks of CO, leaking through caprock, enabling

the model o be used for future site comparison/screening purposes

Collaboration
Risktec (TUV Rheinland Group), Shell IRD (build on learnings from

Peterhead and Quest CCS projects)

Top Event Freq. = fT1+ sz+ fT3

FT1, FTZf FT3— Threat Frequency

le 12, fT3—Threat Branch Frequency

FCi " FCZ ch— Consequence Branch Frequency
P — Probability of Failure

e ———————
An example of a semi-quantitative risk analysis model.
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models scenarios

WP5.T1. Identify




WP5 - Overview of Tasks

+ T5.1: Identify suitable bowties and risk analysis models

Draw on literature and experience from the Quest and Peterhead CCS
projects.

+ T5.2: Bowtie risk assessment for different leakage
scenarios

Collaborate with other WPs to build qualitative bowtie diagrams, to
describe the various leak paths and the prevention and mitigation
measures expected fo be in place

» T5.3: Quantitative risk analysis for different leakage
scenarios

Create a quantitative model, aligned with the bowtie analysis, to predict
relative risk associated with leak paths

The project has been subsidized through the ERANET Cofund ACT (Project no. 271497), the European Commission, the Research Council of Norway, the Rijksdienst voor Ondernemend
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lllustration of bowtie risk assessment.

Nederland, the Bundesministerium fiir Wirtschaft und Energie, and the Department for Business, Energy & Industrial Strategy, UK.
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(offshore storage)

Risktec Document Num ._9
Issue: 1.0
———" February /2018

T5.1: Literature review report issued

T5.2: Outline overarching (motherhood) bowtie developed at first bowtie workshop
(November 2017)

+  Detailed (daughter) bowtie reflecting mechanisms influencing leakage via

faults/fractures developed at second bowtie workshop (April 2018)

(no fracture) / TeC SORTONS B.V. SUDJECT Limited and its client.
/ 1t, nor disclosed t a third party without
INpr!vuadfnnhe client of Riskec Solutions B.V. and no

- Currently working on completing prevention and mitigation measures on draft

P1497), the European Commission, the Research Coundl of

motherhood bowtie for early 2019 e e
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WPS5 status 15t November 2018

Status

T5.3: Following on from literature review, investigation of existing quantitative models conducted e.g. MoReS, NRAP

Key input and output parameters confirmed during bowtie workshops

Draft specification developed for quantitative model

Intent is that model will give risk values for candidate CO, storage sites based on key input parameters
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